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Abstract 

 

 

 NMR spectroscopy in weakly and highly orienting media is used as a route for dealing 

with orientational, positional, structural and conformational problems of a variety of small 

rigid and flexible organic molecules in solution. 

 First, the very weak orientational order of a quasi-spherical molecule dissolved in a 

nematic phase is exploited for exploring the role of the different contributions to the observed 

dipolar coupling. In such a limit condition, a predominant effect of the non-rigid reorientation-

vibration coupling term emerges. Then, NMR data obtained from small rigid probes dissolved 

in smectic solvents are combined with a statistical thermodynamic density functional theory, in 

order to measure the positional order parameters of both solutes and solvent. The 

methodology gives good results when applied to a conventional smectic A liquid crystal and to 

the more delicate case of an interdigitated smectic Ad phase. 

 The strategy is subsequently extended to the investigation of structure, order and 

conformational equilibrium of flexible bioactive or biomimetic molecules dissolved in various 

partially ordered NMR solvents. A first experimental and theoretical study is presented on the 

symmetric single-rotor molecule of biphenyl dissolved in a thermotropic liquid crystal. This 

test-case indicates molecular dynamics simulations are a promising tool for estimating a set of 

dipolar couplings of a solute in a thermotropic solvent, to be used as starting set of parameters 

in a standard operator-mediated NMR spectral analysis. Then, we report the conformational 

study of some single- and two-rotor nonsteroidal anti-inflammatory drugs, belonging to the 

families of salicylates and profens, dissolved in weakly orienting chiral nematic PBLG phases. A 

new pulse sequence, the Gradient Encoded heTeronuclear 1H-19F SElective ReFocusing NMR 

experiment (GET-SERF), is proposed here for the trivial edition of all 1H-19F couplings in one 

single NMR experiment, for a given fluorine atom. Starting from homo- and heteronuclear 

dipolar couplings, difficult to extract in thermotropic solvents because of a too complex 

spectral analysis, the torsional distributions of such molecules can be satisfactory described by 

the Additive Potential model combined with the Direct Probability Description of the torsional 

distribution in terms of Gaussian functions (AP-DPD approach). Finally, the conformational and 

orientational study of two stilbenoids displaying cooperative torsions is discussed in both a 

highly and weakly ordering liquid crystal phase. This comparative study allows to draw some 

conclusions on reliability, accuracy and accessibility of desired data in the two phases. 

 Overall, this work proves NMR in liquid crystals is a flexible and meaningful tool for 

studying order, structure and conformation and it can greatly benefit from the availability of 

several aligning media inducing a different degree of order. 
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 The investigation of molecular properties, namely structure, order and, for flexible 

compounds, conformational equilibrium, is a crucial goal chemists, physicists and biologists 

pursue. Among the different techniques available for this purpose, NMR spectroscopy proved, 

since its first observation in 1945 by Bloch and Purcell, to be “an analytic method of the 

highest value in the hands of scientists” [1]. Over the decades, the technique gained a leading 

role for yielding detailed information on the topology, dynamics and three-dimensional 

structure of molecules, both in solution and in solid state, in a large variety of disciplines of 

natural science, from solid state physics to chemistry, biochemistry, biology, pharmaceutics, 

medicine and food science [2-3]. Its potentiality is further risen when it is combined with the 

use of partially ordered media, where molecules take up a preferred orientation with respect 

to the magnetic field [4-5]. Thanks to the peculiar dualism “flow-anisotropy” of these media, 

anisotropic interactions can be observed, even if partially averaged by molecular motions, with 

a quite high resolution. Indeed, these second-rank tensor quantities, averaged to zero in 

isotropic liquids by brownian motions, are the observables that, in anisotropic phases, do allow 

to extract the desired information. We have, in other words, a gateway giving direct access to 

molecular properties in solution. Out of the four anisotropic observables - chemical shift 

anisotropy, anisotropy of indirect coupling, direct dipolar coupling and quadrupolar splitting, - 

mainly dipolar couplings have been recognised to contain a unique wealth of structural, 

orientational and conformational data, thanks to their dependence on the spin-spin distances 

and on the orientations of the internuclear vectors with respect to the external magnetic field 

[4-5]. In the last 50 years, the NMR technique in partially ordered media has been largely 

applied both to investigate structure, order and dynamics of mesogenic molecules and to 

study solutes dissolved therein, with the aim of directly exploring their molecular properties or 

of using them as indirect probes of solute-solvent interactions and/or phase properties. At the 

beginning the anisotropic observables were essentially used for the determination of very 

accurate structural and orientational parameters in small rigid molecules dissolved in highly 

ordering liquid crystals. The technique was later extended to the study of small symmetric 

flexible compounds, where the description of conformational equilibrium, more than 

structural and orientational information, was the main target. The current interest moves 

towards more and more complex, large and asymmetrically substituted flexible molecules and 

this trend is particularly marked for biomolecular systems. However, if intramolecular dipolar 

couplings represent the “door” towards all these molecular properties, we need a “key”, that 

is a tool able to translate the experimental data enclosed in NMR spectra into the desired 

physical information. Indeed, orientational order and conformational distribution are 

inextricably linked together. As a result of this interdependence, theoretical models are 
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needed in order to relate the experimental set of dipolar couplings to structure, order and 

conformational equilibrium of the molecule of interest [6]. A series of theoretical approaches 

have been proposed in the past for solving this problem and among them one of the most 

useful is a combination of the Additive Potential model [7] with the Direct Probability 

Description of the torsional distribution [8].  

 The orienting media used almost exclusively up to the mid-1990s include thermotropic 

liquid crystals, mainly nematic ones, which induce a rather high degree of alignment to the 

solute. Spectra of organic molecules dissolved therein consist of thousand of lines evenly 

dispersed in the kHz range, due to intramolecular dipolar interactions among all magnetically 

active nuclei in the molecule, carrying highly precise information. Despite the extremely 

informative content, spectral analysis is not trivial and requires graphical iterative procedures, 

where the availability of a good set of starting parameters represents the crucial step. With the 

increase in the size of the spin network and the decrease in molecular symmetry, the 

determination of the dipolar coupling set becomes problematic and this is the reason why the 

technique was traditionally limited to highly symmetric molecules with no more than 8-10 

spins [4-6]. An appealing alternative came with the advent of orienting media that induce a 

lower degree of order compared to thermotropic mesophases. In weakly ordering phases, 

anisotropic interactions are averaged significantly but not entirely, so that the dipolar 

couplings can be scaled down from many kHz to a few Hz and the spectral quality of high-

resolution NMR spectra is retained. Hence, these so-called residual dipolar couplings (RDCs) 

make it possible to access structural and conformational information even for large 

compounds with low symmetry. During the years several aligning media with a low-order 

parameter for molecules soluble in polar or non-polar media have been reported and 

successfully applied to the structural study and enantiomeric discrimination of a variety of 

compounds [9-12]. Among them, the chiral liquid crystalline phases made of poly-γ-benzyl-L-

glutamate (PBLG) dissolved in helicogenic organic solvents are probably the most popular [13]. 

Despite the spreading success obtained by weakly orienting media, it should be remembered 

they may have some drawbacks, too. First, although the information accessibility seems to be 

easier than in highly ordering liquid crystals, the extraction of a large set of couplings often 

requires performing several multidimensional experiments and in some cases developing ad 

hoc pulse sequences. Additionally, since the size of couplings is tremendously reduced 

compared to strongly orienting systems, only the largest dipolar couplings between the 

nearest nuclei can be practically measured and the percentage error in the extracted data is 

supposed to be higher than in thermotropics. Generally speaking, two main philosophies have 

been individuated [9]. One is the “physicists’ approach”: the central idea is to learn as many 
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details as possible about a molecule in solution, in order to disclose fundamental accurate 

understanding of molecular arrangements and motions. In this case, thus, the molecule should 

be aligned as strongly as possible to give valuable long-range dipolar couplings. The second 

one is the “chemists’ approach”: the goal here is to get limited information of more complex 

molecules for solving specific constitutional and configurational questions. In this case, one 

works with very weakly aligning samples, where relatively small RDCs are available, but with 

sufficiently resolved spectra also to look at complex organic molecules as spin networks. The 

two approaches should not be considered antithetical, but rather complementary. Indeed, the 

possibility of following one philosophy rather than the other, i.e. of choosing between highly 

and weakly aligning media, makes NMR spectroscopy a flexible and versatile tool able to face 

multiple issues and to obtain molecular information in various systems, while taking into 

account each time the balance between difficulty in spectral analysis versus extent and 

precision of the data set. 

 The basic idea of this Ph.D. thesis will be then the use of NMR spectroscopy of a variety 

of small organic molecules dissolved in different partially ordered media as a route for (i) 

treating orientational and positional problems in systems composed of rigid compounds in 

uniaxial highly orienting nematic and smectic phases, and (ii) exploring 3D structure and 

conformational equilibrium of flexible bioactive molecules as solutes in highly and/or weakly 

aligning media. The discussion will be organized into three chapters.  

 An overview on the basic tools of NMR spectroscopy in partially ordered media will be 

given in the first chapter, with a recall of all NMR interactions and their relationship with 

structure, order and conformational equilibrium, along with a survey of the main theoretical 

models required to unlock such an extremely valuable information content. Moreover, the 

main classes of aligning media will be described, giving more emphasis to thermotropic LCs 

and PBLG phases that are used in this thesis. We will end with a discussion of the peculiar NMR 

methodologies necessary for recording and analysing NMR spectra of solutes dissolved in 

these two classes of solvents.  

 The second chapter will focus on the ordering behavior in highly orienting 

thermotropic phases. In the first part, we will study the highly symmetric molecule of 

tetramethylallene dissolved in the I52 nematic phase, with the aim of exploiting such a limit 

condition of very small orientational order to explore the role of reorientation-vibration 

coupling on the observed dipolar coupling. In the second part, NMR data obtained from small 

rigid probes dissolved in smectic solvents will be combined with a statistical thermodynamic 

density functional theory (ST-DFT) in order to measure the positional order parameters of both 
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solutes and solvent. The methodology will be applied to the conventional smectic A liquid 

crystal HAB and to the more delicate case of the interdigitated smectic Ad liquid crystal 8OCB.  

 In the third chapter the attention will be moved to flexible molecules, whose structure 

and conformational equilibrium will be investigated when dissolved in various liquid crystalline 

phases. The elucidation of the spatial arrangement of flexible organic chemicals in solution is a 

common target for the scientific community and this is especially true in life science and 

medicinal chemistry. Indeed, bioactivity and 3D structure are often intimately related. NMR in 

oriented phases reveals in this context particularly useful when classical NMR structural 

determination by short-range 3J-coupling constants or nOe measurements fails in refining the 

spatial distribution of molecular sites that are far apart. In this last chapter a clearer picture 

will emerge about the different problems one has to face and the quality of the results one can 

get in the conformational analysis of a solute dissolved in a highly or weakly ordering phase. 

First, we will present a comparative study - NMR experiments versus molecular dynamics (MD) 

simulations - of the symmetric single-rotor molecule of biphenyl dissolved in the thermotropic 

8CB liquid crystal. This well-studied molecule is chosen as test for evaluating the predictivity of 

MD in simulating dipolar couplings of solutes in highly ordering media, to be used as starting 

set of parameters for the iterative operator-mediated spectral analysis. Second, we will 

address the conformational investigation of some more complex anti-inflammatory molecules. 

Due to the asymmetry and large spin system of these drugs, PBLG-based mesophases will be 

used as solvent for all studies. Thanks to the small magnitude of dipolar couplings, a broad 

array of 1H, 13C, 19F and 2H 1D and 2D experiments are performed - or even designed - for 

samples of diflunisal (and its non fluorinated analogue) and naproxen, in order to collect an 

experimental data set as large as possible. The torsional distribution of these single- and two- 

independent rotor molecules will be described by the AP-DPD approach. Finally, the 

conformational and orientational study of two stilbenoids, trans-stilbene and trans-4,4’-

dichlorostilbene, displaying two cooperative torsions, will be discussed in both a thermotropic 

and a lyotropic phase. From this final comparison it will be possible to draw some interesting 

conclusions on reliability, accuracy and accessibility of conformational information in highly 

and weakly ordering phases. 
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1.1. Introduction 

 

 NMR spectroscopy is currently recognised as an extremely powerful technique to 

obtain detailed information on the topology, dynamics and three-dimensional structure of 

molecules both in solution and solid state as well as on the solute-solvent interaction nature. 

In isotropic liquids, the brownian motions average all anisotropic spin interactions to zero, 

yielding quite simple and well resolved spectra. On the other hand, in solids, that are “fully 

oriented”, intra- and intermolecular interactions are present, and this results in broad and 

featureless spectra, which contain yet plenty of information. Only in 1963, when Saupe and 

Englert reported the first highly resolved spectrum in a liquid crystalline solvent [1], a smart 

compromise could be achieved and the potential usefulness of a study of solute molecules in 

liquid-crystalline phases became evident [2]. Since then, many different alignment media have 

been published for various applications. The uniqueness of this approach is that in partially 

ordered media molecules still rotate and diffuse as in normal liquids, but, owing to their 

anisotropic interactions, they are partially oriented [3-4]. The diffusion and rotation are 

responsible for the averaging out of intermolecular direct dipolar coupling so that we observe 

the “isolated” spins system of one molecule. Since the motion of the molecules does not 

deviate appreciably from that of normal liquids, linewidths of the order of few Hertz can be 

obtained. Therefore, anisotropic interactions can be measured with considerable accuracy. 

Among them, residual dipolar couplings (RDCs) have come to occupy a leading position since 

they provide access to incomparable information about molecular structure, orientation and 

conformation [3, 5-6]. 

 The aim of this chapter is to present a rapid overview on the basic tools of NMR 

spectroscopy in partially ordered media. In section 1.2 we will briefly describe the main classes 

of aligning media, focusing principally on those used in this thesis. A recall of the theoretical 

principles of NMR spectroscopy, including the description of all the NMR interactions, will be 

given in section 1.3. The relationship existing between such anisotropic observables and the 

structure, order and conformational equilibrium will be described in section 1.4, where the 

theoretical models required to unlock such an extremely valuable information content will be 

also presented. Finally section 1.5 will display the NMR methodology necessary for recording 

and analysing NMR spectra of solutes dissolved in partially ordered media.  
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1.2. Partially ordered media for NMR studies 

 

 What makes partially ordered media exceptional materials for NMR studies is that they 

provide a unique balance between the order of solids and the flow of liquids [7-9]. Indeed, 

molecules in partially ordered media diffuse about much like the molecules of a liquid but 

concomitantly they maintain some degree of orientational order and sometimes some 

positional order too [10]. The amount of ordering is quite small relative to a crystal: there is 

only a slight tendency for the molecules to point more in one direction than others. This 

preferred direction is called director and is denoted by   . In the absence of aligning forces the 

director is not constant over large volumes but varies smoothly throughout a sample without 

discrete changes, hence one often speaks of the director field      , where   is the space 

coordinate [9]. Broadly speaking, when a partially ordered phase is put into the magnetic field 

    , the latter will induce a uniform order in the mesophase so that the preferred orientation, 

the director   , is the same for the whole sample [11]. The orientation dependent free energy 

of the interaction,  , between the magnetic field and the mesophase can be expressed as [12]: 

       
                                                                      

where          is the difference between the magnetic susceptibility parallel and 

perpendicular to the director (that is the anisotropy in the bulk diamagnetic susceptibility) and 

  is the angle between the director and the magnetic field. The direction of minimal  , that is 

the preferred alignment, will depend on the quantity    [11]: if    is positive    will align along 

     (  is zero to give a minimum free energy), if    is negative the perpendicular orientation is 

preferred (  = π/2 to give a minimum free energy). Fluctuations in the alignment are always 

present so that a more or less peaked distribution around the direction of the preferred 

alignment is obtained depending also on the strength of     .  

 There are in principle many different possible ways to classify ordered media. For the 

purpose of this thesis the degree of alignment they induce on a solute dissolved therein rather 

than their structural properties will be underlined. For this reason, we distinguish between 

highly ordering and weakly ordering media. Whereas only thermotropic liquid crystals are 

known to induce a strong alignment, a broad array of phases inducing weak alignment of the 

solute molecule has been published. Among them we will give a concise description for the 

main classes, namely lyotropic liquid crystals and strained gels. 

 From the above, the needful features for a medium to be used as solvent in NMR 

studies are: (i) ability to be ordered in a magnetic field and (ii) ability to induce order to solutes 

dissolved therein. Looking at materials available in literature, many examples of anisotropic 
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phases that order homogenously in a magnetic field can be found among synthetic liquid 

crystal polymers [13-14], carbon nanotubes [15-18], ionic liquid crystals (such as ammonium, 

phosphonium, imidazolium, pyridinium, vinamidinium, and dithiolium salts) [19-24] or 

chromonic liquid crystals [25-27]. It may be interesting in the future to evaluate whether such 

ordered phases are also able to induce a detectable order to a solute dissolved therein and if, 

eventually, they could offer some advantages with respect to the already available NMR 

ordered phases. 

 

 

 1.2.1. Highly ordering media: thermotropic liquid crystals 

 

 Two main classes of liquid crystal (LC) exist, thermotropics and lyotropics. The former 

induces a high degree of orientational order for a solute dissolved inside the mesophase, while 

the latter will be considered in the next section, among the weakly ordered media. 

 Thermotropic liquid crystals are built up by individual molecules and no further 

molecular species (specifically solvent molecules) are required for the liquid crystal phase 

formation. Temperature is the fundamental thermodynamic control parameter determining 

the phase, the two key temperature values being those defining the beginning and the end of 

liquid crystalline order, the melting point Tm from the crystalline solid and the clearing point Tc 

into an isotropic liquid [28]. Typical thermotropic liquid crystalline molecules have either a rod-

like (or calamitic) or disk-like (or discotic) shape (Figure 1.1), but many exceptions on this basic 

motif have been described, such as sanidic (or lath-like or board-like) liquid crystals [29-30], 

bent-core (or banana-shaped) liquid crystals [31-35] and LC dendrimers [36-38]. 

 Depending on the arrangement of molecules and the degree of order, thermotropic 

liquid crystals can show different supramolecular assemblies. The nematic phase (abbreviated 

N or ND, for rod-shaped and disc-shaped molecules, respectively) is the least ordered 

mesophase that generally precedes the isotropic transition temperature. In this phase long-

range order is of purely orientational type: the anisometric building blocks (rods or discs) are 

roughly oriented along one and the same direction, the director    (Figure 1.2). At the 

microscopic level, these molecules are mobile and their centers of mass are distributed at 

random throughout the volume. In other words, these molecules do not have any positional 

order [4, 9]. 
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Figure 1.1. Representations of typical rod-like (4-pentyl-4’-cyanobiphenyl, 5CB, on the left) and disk-like 

(hexa-peri hexabenzocoronene, HBC-C6, on the right) mesogen molecules at different levels of 

precision: (a) topological structure, (b) “balls” representation and (c) classical schematic picture.  

 

 

 When both orientational long-range and positional order are observed, the phase is 

called smectic for rod-shaped molecules and columnar for disk-shaped ones. 

 In smectic phases, rod-shaped molecules are arranged parallel to each other and are 

separated into layers such that their long axes preferentially point in the same direction. The 

degree of positional order is still not very high and molecules frequently move from one layer 

to the next [9, 28]. Smectics are further classified depending on the molecular arrangement 

within and between the layers (smectic A, B, C etc) (Figure 1.3). 

 

 
Figure 1.2. Molecular organization in a nematic phase composed of (a) rod-like and (b) disk-like 

molecules. The order degree is strongly exaggerated.  
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Figure 1.3. Molecular organization in the (a) smectic A and (b) smectic C phases. (c) Molecular 

arrangement of apolar or polar constituents of smectic layers in a monolayer SmA, bilayer SmA2 and 

interdigitated bilayer SmAd phase. (d) Schematic representation of the short-range ordering 

organization within the hexagon layers of a smectic B, smectic F and smectic I phase. In SmB phase, 

molecules are perpendicular to the smectic plane and are indicated by circles, while in SmF and SmI 

phases mesogens are tilted, with the major axis of the ellipse indicating the molecular tilt direction with 

respect to the hexagon axes. In all figures the order degree is strongly exaggerated.  

 

 

 For the smectic A (SmA) phase, the least ordered smectic phase, the director points 

along the smectic layer normal. The molecules are arranged randomly within each layer, and 

they have a considerable freedom for rotation around their long axis and even for translation 

in the smectic layer. Two modified forms of the conventional non-polar monolayer smectic A 

phase are generated when the constituent molecules contain strong dipole moments [39-41]: 

the bilayer smectic A2 phase, where the molecules are arranged up to down within each layer 

producing a periodicity equal to twice the molecular length; the interdigitated bilayer smectic 

Ad phase, with molecules tending to pair up in a slipped-parallel configuration. The smectic C 

phase (SmC) is very similar to the smectic A phase but with the difference that the director 

makes an angle, the so-called tilt angle, with the smectic layer normal [10]. In the smectic B 
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phase (SmB or hexatic B phase) the symmetry within the layers is higher than A or C [9-10]: 

there is a 6-fold bond orientational order, which means that the lattice orientation is retained 

in the layers, but the translational order is lost within a few intermolecular distances. The 

hexagonal nature of the SmB phase generates two tilted analogues called the smectic I (SmI) 

phase and the smectic F (SmF) phase, where the molecules are tilted such that the hexagonal 

lattice tilts toward the apex and the side, respectively [10]. 

 The columnar phase (Ncol) is typically formed by discotic mesogens, stacked in order to 

form columns as in piles of coins. The columns themselves can be arranged in different two-

dimensional lattices (Figure 1.4). In the hexagonal columnar phase (Dh) the molecules are 

stacked into columns that are further arranged into a hexagonal lattice [10]. The lattice 

distance from a molecule to its nearest neighbour is identical whatever the direction. Another 

types of columnar phases is the rectangular columnar phase (Dr), characterized by a 

rectangular unit cell. The lattice distance from a molecule to its nearest neighbour is 

directional [10].  

 

 

Figure 1.4. Molecular organization in a nematic columnar, hexagonal columnar and rectangular 

columnar phase. The order degrees (orientational and positional) are strongly exaggerated.  

 

 

 When optically active mesogens are used or chiral non-mesogenic dopants are added 

to a liquid crystal phase, the macroscopic liquid crystal phase is also chiral (this is generally 

indicated by adding a star to the shorthand of the corresponding achiral phase). The best 

studied chiral liquid crystal is the chiral calamitic nematic phase, N*, often referred to as the 

cholesteric phase, since many of the first compounds that possessed this phase were 

derivatives of cholesterol [10]. In such phases the director rotates in helical fashion about an 

axis perpendicular to the director (Figure 1.5). The pitch of the N* phase is the distance along 

the helix over which the director rotates by 360° [10]. Note however that the structure repeats 

itself every half pitch due to the equivalency of    and    .  

 The chiral discotic nematic phase (ND*) has an analogous structure to the calamitic 

chiral nematic phase with a gradual rotation of the molecular director through the phase 
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which describes a helix [10]. In smectic A phases, a helical director modulation perpendicular 

to    would break the layers and is thus not normally admitted (an exception is the rare class of 

twist-grain boundary phases) [28]. The SmA* phase therefore has the same structure as an 

achiral SmA phase, but it shows interesting paraelectric properties unlike its achiral analog 

[28]. In contrast to SmA*, the chiral SmC* phase does allow a helical superstructure, but it 

applies to the direction along which the molecules tilt away from the layer normal. In other 

words,    in SmC* does not twist as in N*, but rotates around the cone generated by the tilt 

angle as the position along the normal to the layers is varied [10, 28, 42]. The SmC* phase 

exhibits a spontaneous polarization and can thus shows ferroelectric and antiferroelectric 

switching properties [43]. More recently, chiral discotic materials that exhibit tilted columnar 

mesophases have attracted attention too [10]. 

 

 

Figure 1.5. Calamitic nematic (or cholesteric) phase. 

 

 

 Out of the different types of thermotropic liquid crystals, nematics are the most 

commonly used as solvents in high resolution NMR studies since they are the least ordered 

and enjoy low viscosity and high mobility [4, 9]. Since nematic phases have densities and 

viscosities of the same order of the most common isotropic liquids, solutes in such anisotropic 

phases are usually considered to share the same behavior in terms of structure and 

conformation as in ordinary liquid phases. This issue is quite important and different opinions 

about the point can be found in literature [44]. Smectic and columnar phases are rarely used 

as NMR solvents, mainly because of their very high viscosity path [4]. Cholesterics also are not 

routinely used as solvents in NMR studies, probably owing to difficulty in their alignment [4], 

although their use may be an advantage in studying the optically active solutes [45]. In the 

choice of the most suitable thermotropic liquid crystal for NMR studies, attention should be 

paid on the two key temperature values Tm and Tc. In fact, in order to easily handle the sample, 

i.e. to obtain homogeneous samples and consequently resolved spectra, the liquid crystalline 

range should occur around room temperature. Additionally, it is easily understandable that the 
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choice of the liquid crystal for a particular NMR study strongly depends on the solubility of the 

solute. In Table 1.1 are listed some of the most commonly used thermotropic mesophases, 

together with their transition temperatures. 

 

 

Table 1.1. Examples of thermotropic nematic liquid crystals used as NMR solvents. 

Type Formulae 
Approximate 

nematic 
range (°C) 

Approximate 
smectic 

range (°C) 

Azoxybenzenes RO-C6H4-NNO-C6H4-OR’ 
R=R’=C4H9 
R=R’=C6H13 

R=R’=C7H15 (HAB) 

18-27 
20-48 
53-70 

- 
- 

29-53 

Azobenzenes RO-C6H4-NN-C6H4-OR’ 
R=C2H5; 

R’=COC11H23 
64-107 - 

Schiff’s bases R-C6H4-CHN-C6H4-R’ 

R=OCH3; R’=C4H9 

(MBBA) 
21-46 - 

R=OC2H5; R’=C4H9 

(EBBA) 
35-79 - 

Cianobiphenyls R-C6H4-C6H4-CN 
R=C5H11 (5CB) 

R=C6H13O (6OCB) 
R=C8H17O (8OCB) 

24-35 
58-76 
67-80 

- 
- 

55-67 

Benzoic acid 
derivatives 

R-C6H4-COOR’ 

R=C8H17O; R’=H 107-147 101-107 

R=C4H9OCOO; 
R’=OC2H5 

56-87 - 

Cinnamic acid 
derivatives 

R-C6H4-CH-CH-COOR’ R=CH3O; R’=H 171-189 - 

 

 

 1.2.2. Weakly ordering media 

 

 A wide array of aligning media inducing a low degree of order does exist. In the 

following, only the main families will be described, even if many other methods for the weak 

alignment of solutes are actually employed, such as purple membrane fragments [46-48], the 

use of thermotropic liquid crystals close to their clearing point [49], methods of orientation of 

macromolecules via paramagnetic ions and tags [50-53] and the alignment of biomolecules as 
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a result of their own magnetic susceptibility anisotropy [54-56]. For a brief summary of some 

selected weakly ordered solvents see Table 1.2. 

 

 

  1.2.2.1.  Lyotropic Liquid Crystals 

 

 The most widely used weakly ordered media are lyotropic liquid crystalline phases, 

which are composed, in contrast to thermotropic mesophases, of at least two components: a 

“liquid crystal builder”, which is responsible for the anisotropic behaviour, and a solvent, that 

is generally polar (mainly water) but can also be apolar. For these compounds, the 

concentration is as important, if not more important, than the temperature in determining 

whether a liquid crystal phase is stable [10]. 

 The standard constituent molecules of the liquid crystal builder are typically 

amphiphilic but lyotropic liquid crystals can form also by anisometric non-amphiphilic 

macromolecules or particles such as viruses or inorganic rods or disks in colloidal suspension. 

At extreme dilution, the constituent compounds are distributed randomly throughout the 

solution and interact only transiently with each other [57]. As their concentration is increased, 

molecules start aggregating and at a concentration known as critical micellar concentration, 

aggregates of the molecules begin to form stable semispherical entities known as direct or 

reversed micelles [10] (Figure 1.6). 

 

 

Figure 1.6. Cross sections of (a) direct and (b) reversed spherical micelles. 

 

 

 With a continued increase in the concentration of the constituent compound, a variety 

of differently shaped aggregates forms, so that several lyotropic liquid crystal phases 

(hexagonal, lamellar, cubic) are observed. Their description is out of the scope of this work and 

the reader is referred to references for more information [10, 57-60]. 

 Compared to thermotropic systems, a remarkable advantage of lyotropic LCs is that 

the order induced can be manipulated within certain borders since it varies with the 
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concentration of the liquid crystal builder. Nevertheless, it has to be noted that the existence 

of a critical concentration imposes a lower concentration limit below which the liquid 

crystalline phase is disrupted. 

 

 

   i. Water-based lyotropic LCs 

 

 A large amount of lyotropic phases are known for water soluble compounds and this 

explains why RDCs have been extensively used in biomolecular NMR spectroscopy [56, 61-67]. 

Among them we just recall: 

- Lipid bicelles, formed by planar phospholipid particles, like mixtures of dimyristoyl 

phosphatidylcholine (DMPC) and dihexanoyl phosphatidylcholine (DHPC), in aqueous 

buffer [68-71]. Their use has greatly improved the accuracy in the structural 

determination of biologically interesting macromolecules and in the study of 

intermolecular interactions [72-74]. 

- Surfactant/n-alkyl alcohol mixtures, namely aqueous solutions of cetylpyridinium 

chloride (CPCl) or cetylpyridinium bromide (CPBr) and n-hexanol [75-76] or mixtures of 

n-alkyl poly(ethylene glycol)/glucopone and n-alkyl alcohol (the so-called Otting phase) 

[77]. 

- Rod-shaped negatively charged virus, like the filamentous bacteriophage Pf1 [78-80], 

the bacteriophage fd [81-82] and the tobacco mosaic virus [82].  

- DNA nanotubes [83] and crystalline phase G-tetrad DNA [84]. Unlike previous lyotropic 

phases, they show the advantage of being compatible with the solvents typically used 

to solubilise membrane proteins for structural study.  

- Cellulose crystallites in aqueous suspensions [85-87]. 

- Mineral lyotropic liquid crystals, such as V2O5 (vanadium pentoxide) [88-89] or 

H3Sb3P2O14 [90]. Important to note is that they might change the conformational 

equilibrium in flexible domains of the molecule studied. Although this result is not 

causing a problem for the structure determination of large structured biomolecules, 

the alignment tensor of small molecules might change.  
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   ii. Organic solvents-based lyotropic LCs 

 

 Although widely used to align biomolecules, lyotropic LCs were not as extensively 

exploited at the beginning for the analysis of small organic molecules [5, 91-92], principally 

because the traditional aligning media were only applicable to water-soluble compounds. In 

order to be able to partially align small molecules that are typically insoluble in water, it is 

necessary to have access to orienting media compatible with organic solvents. 

 The first available lyotropic media based on organic solvents were the chiral liquid 

crystalline phases made of homopolypeptides, namely poly-γ-benzyl-L-glutamate (PBLG), poly-

γ-ethyl-L-glutamate (PELG), or poly-ε-carbobenzyloxy-L-lysin (PCBLL), dissolved in helicogenic 

organic solvents, introduced as NMR solvents first in the mid 1990s [93-102]. In helicogenic 

cosolvents the main chain of the synthetic polypeptide adopts a rigid chiral -helical 

conformation, while the substituted aminoacid (glutamate or lysin) side chains, which branch 

from the main helix, may also form a secondary molecular helix [103-104]. Spontaneously, the 

chiral fibers orientate to form a macroscopic, supramolecular helical structure of directors in 

the mesophase, typical of that exhibited by cholesteric liquid crystals. When submitted to a 

routine NMR magnetic field, the supramolecular helix unwinds, and the system behaves like a 

chiral nematic phase with positive anisotropy of the molecular diamagnetic susceptibility, with 

the director homogeneously aligned parallel to the static magnetic field [96, 105-106]. It can 

then be considered as parallel rods (formed by the -helices of the main chain, pointing in the 

direction of the magnetic field) with glutamate/lysin side chains pointing out into the 

interstices between the rods [107] (Figure 1.7). The solute molecules are oriented in these 

interstices.  

 First advantages of homopolypeptides are their chemical inertness and ready 

commercial availability with high degree of polymerisation (DP) which ensures the existence of 

a large liquid-crystalline phase range. An additional benefit is that both the organic molecule of 

interest and polypeptide are readily soluble in common low viscosity organic solvents [96, 108-

109]. This allows orientational information to be accessible for small organic molecules that 

have little or no solubility in aqueous based alignment systems. Note that the organic co-

solvent employed has to homogeneously dissolve the polypeptide and preserve the -helical 

structure of the polymer [96]. Therefore, trifluoroacetic acid and DMSO, for instance, are not 

suitable co-solvents since they form strong intermolecular hydrogen bonds with the 

polypeptide chain, giving rise to a random coil conformation for the polymer, and 

consequently, the liquid crystalline properties of the solvent disappear [96, 109]. 
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Figure 1.7. (a) Structural formulae of the chiral homopolypeptides poly-γ-benzyl-L-glutamate (PBLG), 

poly-γ-ethyl-L-glutamate (PELG), and poly-ε-carbobenzyloxy-L-lysin (PCBLL), and (b) the uniaxial nematic 

chiral liquid crystalline phase they create when dissolved in helicogenic organic solvents. 

 

 

 Probably the most exploited advantage of the LC phases made of homopolypeptides is 

their chirality, which formed the basis for the impressive work on enantiodiscrimination done 

first by the precursor group of Courtieu [110-120]. This property arises because the difference 

in the enantioselective interactions between the S and R isomers and the chiral liquid crystal 

generally generates a differential ordering effect (DOE) large enough to discriminate between 

them using order-sensitive NMR observables [97, 100, 121]. This method is found to be useful 

not only for systems that possess a chiral center but also for those that exhibit enantiomerism 

due to the presence of either a chiral axis or a chiral plane [122] and also for atropisomers 

[123]. Besides enantiodiscrimination, the chirality of the LC phase would, in principle, allow the 

determination of the absolute configuration without any derivatisation [124]. However, this is 

possible only if supplementary data, as the interaction of liquid crystal and single enantiomers, 

are known precisely in addition to NMR observables [125]. 

 As seen above, the main disadvantage of lyotropic liquid crystalline systems is their 

limitation to certain concentration ranges. Indeed, this is especially true for polypeptidic 

lyotropic LCs since most of them align very strongly for medium-sized organic molecules even 

at the lower concentration limit. However, RDC amplitudes can be monitored by means of the 

so-called Variable Angle Sample Spinning (VASS) [126-128], which consists in spinning the 

sample close to the magic angle, thus reducing the magnitude of RDCs. 

 Recently, in the wake of the success gained by homopolypeptides, a new class of one-

handed helically chiral non-racemic polymers suitable for the orientation of organic 
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compounds and the discrimination of enantiomers, have been proposed, including 

polyisocyanates [129-131], polyacetylenes [132-134], polyisocyanides [135-137], and 

polyguanidines [138-140]. The major drawback of these new compounds is that signals from 

solvents may hide those from solutes unless deuterated polymers are synthesized.  

 

 

  1.2.2.2.  Strained gels 

 

 A conceptually different approach of inducing order is the SAG method, Strain induced 

Alignment in a Gel [141-143]. A common preparation scheme consists in introducing a dry 

polymer cylinder into an NMR tube which is then swollen by adding a solvent. Initially, the gel 

has pores that can be considered spherical. Homogeneous mechanical stress of the gel distorts 

the pores and induces partial orientation of dissolved molecules. Two main procedures can be 

applied to induce strain into the gel:  

 a) vertical stress, compression: by pushing the plunger of a Shigemi tube onto the gel 

which has a slightly smaller diameter (0.5 mm) than the inner diameter of the NMR tube, at 

the end of the reswelling process. As a consequence, the cavities in the gel will be oblate with 

their normal axis in the direction of the tube. 

 b) radial stress, stretching: by squeezing into a regular NMR tube a gel originally 

polymerized in a tube of larger diameter than the sample tube. In this case, the gel in the 

swollen state has an equilibrium diameter larger than the inner diameter of the NMR tube, so 

that the swelling is confined by the glass walls of the NMR tube (Figure 1.8). This results in 

prolate shaped pores. Radial compression can be also obtained via a commercially available 

device [144]. 

 A series of different gels is currently available for the measurement of RDCs in 

compounds soluble both in aqueous solutions (stretched poly(acrylamide) (PAA) [143, 145-

146], charged poly(acrylamide) derivatives [147-149], collagen-based gelatin [150-153] and 

collagen itself [154-155]) and in organic solvents (poly(vinylacetate) (PVAc) [156], polystyrene 

(PS) [142, 157], poly(dimethylsiloxane) (PDMS) [158], poly(methylmethacrylate) (PMMA) [159], 

poly(acrylonitrile) (PAN) [160], PH-poly(dimethylacrylamide) (PH-PDMAA) [161] and 

polyurethane (PU) [162]). Very recently, poly(ethyleneoxide) (PEO) cross-linked with γ-

irradiation (γ-PEO) and chemically cross-linked (PEO-methylmethacrylate, PEOMMA) has been 

proposed as alignment medium possessing exceptional compatibility with both polar and 

nonpolar solvents [163]. 
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 The main advantage of SAG media in comparison to liquid crystalline solvents is that 

the order induced is independent of the strength of the magnetic field and there is no critical 

concentration below which phase anisotropy is lost. Therefore, RDCs can be modulated at will 

by varying the degree of cross linking of the gel [156-160] and by mechanically compressing or 

stretching the gel within the NMR sample tube, both in highly polar [151-152, 164-165] and 

apolar solvents [160, 166]. Other advantageous features of SAG include its effectiveness over 

wide ranges of temperature, pH, and ionic strength. One major drawback, however, is that, 

although a chiral gelatin-based SAG medium for water soluble molecules has been reported 

[150, 152, 167], there is, to the best of our knowledge, no chiral SAG medium based on organic 

solvents. Another remarkable disadvantage of stretched gels is the long time that is sometimes 

required for equilibration of the stretched polymer gel and for diffusion of the solute molecule 

into the gel (typically several days) [168]. 

 

 

Figure 1.8. Cross-linked polystyrene in different swelling states as an example of the SAG method. From 

left to righ: unswollen polymer stick in a standard NMR tube, polymer stick directly after polymerization; 

fully swollen polymer stick; polymer stick swollen in an NMR tube with effective stretching along the 

tube axis [142]. 
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Table 1.2. Selected solvent and alignment media combinations. 

Description Compatible solvents Remarks Ref. 

Liquid crystals    

Pf1 phage H2O Charged [79] 

Bicelles H2O  [67] 

Otting phases H2O  [77] 

Poly-γ-benzyl-L-
glutamate (PBLG) 

CHCl3, CH2Cl2, DMF, 
dioxane, THF 

Chiral [105, 109] 

Poly-γ-ethyl-L-glutamate 
(PELG) 

CHCl3, CH2Cl2, DMF, 
dioxane, THF 

Chiral [93] 

Poly-ε-carbobenzyloxy-L-
lysin (PCBLL) 

CHCl3, CH2Cl2, DMF, 
dioxane, THF 

Chiral [116] 

Polyguanidines CHCl3 Chiral [138] 

Polyisocyanides CHCl3, CH2Cl2, THF Chiral [135] 

Polyacetylenes 
CHCl3, CH2Cl2, C6H6, 

pyridine, THF, toluene 
Chiral [132] 

Stretched gels    

Gelatin H2O Chiral [153] 

Poly(acrylamide) (PAA) H2O  [143, 145] 

Poly(dimethylacrylamide) 
copolymers (PH-PDMAA) 

H2O, DMF, DMSO Charged [161] 

Poly(acrylonitrile) (PAN) DMF, DMSO  [160] 

Poly(vinylacetate) (PVAc) 

acetone, CHCl3, CH2Cl2, 
CH3CN, CH3OH, C6H6, 

DMSO, dioxane, DMF, 
EtOAc, THF 

 [156] 

Poly(methylmethacrylate) 
(PMMA) 

acetone, CH3CN, C6H6, 
CHCl3, CH2Cl2, EtOAc 

 [159] 

Polystyrene (PS) 
CHCl3, CH2Cl2, C6H6, 

dioxane, THF 
 [142, 157] 

Poly(dimethylsiloxane) 
(PDMS) 

CHCl3, CH2Cl2, C6H6, 
dioxane, hexane, THF 

Single NMR signal [158] 

Polyurethane (PU) 
acetone, CHCl3, CH2Cl2, 
DMF, hexane, THF, TFE 

 [162] 

Poly(ethyleneoxide) 
(PEO) 

acetone, CHCl3, CH2Cl2, 
CH3OH, CH3CN, dioxane, 
DMF, DMSO, H2O, THF, 

TFE, toluene 

 [163] 
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 1.2.3. Macroscopic and molecular orientational order in a partially ordered phase 

 

 The common feature of all media presented above is the existence of anisotropic 

forces between their molecules, leading to the long range orientational order of the molecules 

of the phase. From this it follows that the anisotropic part of the physical properties such as 

the optical refractive index  , the magnetic susceptibility  , and the electric permettivity  , are 

not null anymore and can be measured. The simplest way to detect the presence of 

orientational order in a liquid sample is to observe it through a polarizing miscoscope. The 

coloured and complex patterns qualitatively reveal that the sample is birefringent and hence 

anisotropic in nature, but this experiment does not give a way of quantifying the extent of 

orientational order. In order to do that, it is necessary to produce a sample in which all the 

local directors are at the same orientation with respect to an external direction [169]. This can 

be achieved by confining appropriately the sample between closely spaced glass plates or by 

application of polarized magnetic or electric fields. These uniformly, macroscopically ordered 

samples can then be used to measure components     or     relative to the single 

macroscopic director   , where   is either   ,   or  . These values can be used to define a 

macroscopic order parameter      [169], as: 

     
       

  
                                                                          

where    is the maximum value of         which may be measurable in a single crystal 

sample.  

     is a very useful indication of the extent of orientational order in the liquid crystalline 

phase but is not a precise measure of the molecular orientional order in the phase [169]. To 

describe the orientation of a single molecule relative to the director   , it is useful to define 

from now properly the reference frames and their notation used in this thesis (see Figure 1.9): 

- LAB frame: the LABoratory frame, a         Cartesian frame with the  -axis parallel 

to the alignment axis imposed by a uniaxial external field. In the following it will be the 

external magnetic field     ; 

- DIR frame: the DIRector frame, a            Cartesian frame with the   -axis parallel 

to the average director of the anisotropic phase; 

- MOL frame: the MOLecular frame, a         Cartesian frame fixed on the molecule or 

a rigid fragment of the molecule. 
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Figure 1.9. Laboratory, director and molecular frames and their relationships. 

 

 

 The molecule is first considered to be rigid and cylindrically symmetric about an axis   

so that the orientation of the k-th molecule is specified completely by the angle   between the 

axes   and    . 

The quantities   ,   and   are each second rank tensor so that [169]: 

             
 

 
           

 

 
      

 

 
                                    

Averaging over the orientations of all the molecules then gives [169]: 

             
 

 
                                                           

where 

          
 

 
      

 

 
                                                             

is an order parameter for rigid, cylindrically symmetric molecules. The angular brackets 

denotes an average over either the ensemble or time. If      
 

 
           can be 

measured and equated to    then          is equal to     . Therefore, for rigid cylindrically 

symmetric molecules there is an equivalence between the macroscopic and molecular 

interpretations of an order parameter. However, most molecules, even if rigid, are not 

cylindrically symmetric and in these cases the order parameters are the components of the 

Saupe matrix defined as [169]: 

   
   

               

 
                                                          

where    is the angle between the director and the molecular axis α and     is the Kronecker 

delta (    = 1 if α=β and 0 otherwise). The Saupe ordering matrix is a 3X3 real, symmetric 
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(       ), traceless (       ) tensor, hence there are a maximum of five independent 

non-zero elements,    ,          ,    ,     and    . Expressing these elements in spherical 

coordinates (     ), it is easy to derive the following limits [170]: 

 
 

 
                

 
 

 
              

 

 
                                                             

 It is worth to point out that it is not possible to obtain the five independent order 

parameters from the measurement of the  ,   or   anisotropies, but this is possible using NMR 

spectroscopy [169]. Indeed, what is directly probed via NMR spectroscopy of a partially 

ordered sample is typically the     ordering matrix relative to the   axis of the LAB frame, that 

is the direction of the external magnetic field. The relation between     and    
  is the 

following [171]: 

       
                                                                        

where                 
          and     is the angle between        and the liquid 

crystal director,   . It is evident that when    is parallel to     , then        
 . This is the case 

of liquid crystalline solvents with positive diamagnetic anisotropy we dealt with in this Ph.D. 

thesis. For this reason in the following we will always refer to molecular order parameters 

omitting the subscript  . 

 In thermotropic liquid crystals the orientational order parameters of solute molecules 

are typically on the order of 10−1-10−2 [171]. In lyotropics and other low order aligning media 

the order parameters of solutes are only of the order 10−5-10−3, that is much smaller than that 

in thermotropic LCs [171]. Note that the order of the mesogen molecules themselves is 

invariably much higher, in the 0.5-0.85 range [172] and then for achieving such a weak solute 

alignment in the strongly oriented medium, interaction between solute and solvent must be 

very weak.  

 

 

1.3. Principles of NMR spectroscopy 

 

 Nuclear Magnetic Resonance (NMR) spectroscopy is now a commonly used method to 

investigate properties of both mesogen molecules and partially oriented solutes. 

 Research on oriented mesogens is particularly interesting due to their multiple 

applications. Among thermotropic low-molecular-weight LCs, ferroelectric rod-like smectogens 

[173-175] and banana-shaped liquid crystals [33-34, 176] were the most studied LCs in the last 
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decades due to their high potentialities for liquid-crystal display technology. Also discotic LCs 

were found to be very promising for application in nonlinear optics and charge/ions transport 

[177]. At the frontier between chemistry and biology, lyotropic LCs and biological LCs 

represent the second family of LCs that was object of recent intriguing research [178] thanks 

to their potential applications spanning from biomimetic technology [179] to drug delivery 

vehicles [180-181]. Aiming at investigating these liquid-crystalline systems, NMR spectroscopy 

is a well-adapted technique. Indeed, by combining information from different NMR 

experiments it is possible to study properties like structure, order and dynamics, that have a 

significant role in the technological and biological applications of these materials. 13C [182] and 

especially 2H [183] NMR spectroscopies have been extensively used to study molecular- and 

phase- structure and order parameters of thermotropics like commercial nematics and 

smectics [184-185], ferroelectric smectogens [42, 186-187], biaxial nematic phase of banana-

shaped LC materials [188-190], discotic LCs [191-192], LC dendrimers [36-37], LC polymers and 

elastomers [193-195]. The structural and ordering study of lyotropic liquid crystals is more 

challenging since they are highly heterogeneous systems. Anyway, several NMR experiments 

can be carried out, possibly combining the complementary properties of different nuclei, such 

as 13C, 1H, 15N, 14N, 31P, 2H, and 19F [196-200]. Besides structural and ordering studies, NMR 

spectroscopy has been widely used to investigate the molecular dynamics in liquid-crystalline 

materials, which can be rather complex due to the occurrence of several kinds of motions and 

to the partial overlapping among their characteristic times [201-203]. For this purpose, 1H 

relaxation dispersion measurements together with 13C and 2H linewidth and relaxation studies 

have been employed to characterize (i) single-molecular motions, including internal motions 

(such as rotations around single or double bonds and trans-gauche isomerizations of alkyl 

chains) [204-206] and single-molecular diffusion motions [207-209] and (ii) collective motions 

(that is the motion of groups of molecules fluctuating or diffusing in anisotropic ways, 

maintaining a symmetry which reflects that of the mesophase), such as the order director 

fluctuation in uniaxial phases [210-212] and the layer undulation in smectic phases [213-214]. 

 Together with the NMR study of mesogenic molecules themselves, a huge research 

field is addressed to the investigation of solute molecules dissolved in partially ordered 

solvents. Due to the ordering of the solvent molecule, also the solute molecules tend to have a 

preferred orientation and residual anisotropic spectral parameters can be observed in NMR 

experiments. At the beginning these anisotropic observables were essentially used for the 

determination of structural parameters (with up to 10-3 Å of accuracy in bond length and 10-1 

degree in bond angles) and orientational order parameters in small rigid molecules dissolved in 

highly ordering liquid crystalline solvents [3, 215]. Over the years the liquid crystal NMR 
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technique was extended to the study of flexible molecules, where not only structural and 

orientational information, but also conformational equilibria can be investigated. The extreme 

complexity of the 1H-spectra (the most studied nucleus) of small flexible compounds dissolved 

in thermotropics generally required some methods to simplify the spectral analysis and limited 

the technique to highly symmetric molecules with no more than 8-10 spins [216-218]. The 

methodological and instrumental development as well as the advent of new aligning media 

allowed then larger and asymmetrically substituted flexible molecules to be investigated [5, 

92, 219], up to larger biomolecular systems, such proteins or nucleic acids [54, 67, 172, 220]. 

The widespread interest in the investigation of solutes’ properties by liquid crystal NMR 

spectroscopy mainly resides in the possibility to have access, unlike any other technique, to 

experimental information about three-dimensional structure and conformational distribution 

directly in a liquid phase.  

 Whatever the kind of molecule - mesogen or solute - its NMR spectra in an anisotropic 

environment are dominated by second rank tensorial properties partially averaged by the 

anisotropic molecular tumbling. Intermolecular interactions are averaged to zero by molecular 

translational diffusion so that the intramolecular interactions can be detected without the 

complications of intermolecular ones which dominate the NMR spectra of solids [11]. In order 

to understand the general factors determining the structure taken by the spectra of nuclei in 

partially oriented media, it is first necessary to discuss the principal contributions to the 

nuclear spin Hamiltonian. The intent of this section is thus not to deeply explore the 

theoretical basis of NMR spectroscopy (many reviews and books already did in comprehensive 

and elegant way), but to underline those fundamental concepts that are necessary to 

understand the source of such an astonishingly informative technique. 

 

 

 1.3.1. Nuclear spin Hamiltonian 

 

 A NMR spectrum of an ensemble of N spins contains typically two kinds of information 

which may be classed as static and dynamic. The static information is contained in the position 

and intensities of the lines, whereas the dynamic information in the spin-lattice and spin-spin 

relaxation times of the nuclei [6, 11]. We will treat here only the static part; for a general 

treatment of the spin Hamiltonian the reader is referred to references [221-222]. 

 Frequencies and intensities are obtained by solving the time-independent Schrödinger 

equation: 
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where    is the Hamiltonian operator of the considered system and    is the energy eigenvalue 

corresponding to the  -th eigenstate       . 

The nuclear spin Hamiltonian can be written as sum of Hamiltonians accounting for the 

different interactions [6]: 

       
 

                                                               

where    ,    ,    ,     and     are the terms accounting respectively for the Zeeman and the 

shielding interaction, the indirect and the direct spin-spin coupling and the quadrupolar 

coupling. Each of them will be discussed in section 1.3.2.      is the spin-rotation coupling that 

accounts for the interactions of the nuclear spins with magnetic fields generated by the 

rotational motions of the molecules [223]. Albeit it is a dominant relaxation mechanism in 

gases, it is of marginal importance in liquid- and solid-state NMR, then it will be neglected in 

the following. 

 Each generic interaction    , and then the nuclear spin Hamiltonian, can be written 

using either Cartesian or irreducible spherical tensor form. Both will be used since there are 

useful to underline different aspects. 

 In the Cartesian representation the various terms of the spin Hamiltonian can be 

expressed as scalar product [11]: 

        
                                                                           

where     is a second rank Cartesian tensor representing the λ-th interaction,     and     are the 

vector operators of two interacting physical quantities, which can be two spins or a spin and an 

external magnetic field, and the superscript   (omitted for simplicity in the following) stands 

for transposed. (1) 

It does exist a Principal Axis Frame or Principal Axis System (PAS), which is a particular 

molecular frame in which a selected interaction     is described by a diagonal tensor. Note that 

the frame is principal for that specific interaction and, in general, different interactions have 

different principal axis systems. 

 Generally speaking, even though the Cartesian representation of a tensor is often the 

easiest way of visualizing its components and their meaning in the chosen basis, from a purely 

mathematical point of view it may be preferable to express tensors in terms of their 

                                                           
(1)

 We assume, here and throughout the thesis, to work in a Cartesian (rectangular) coordinate system, 

so (i) there is no need to distinguish between covariant and contravariant tensors, thus the notation 

with indices as subscripts will be always used, and (ii) a second rank tensor and the matrix by which it 

can be represented have the same transformation laws upon a change of basis, thus allowing tensor or 

matrix to be used indistinctly. 
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irreducible form. Indeed, any second rank Cartesian tensor can be always decomposed into 

three tensors [224]: 

      
   
   

   
   

   
                                                            

In the Cartesian notation each term is represented by a 3X3 matrix:   
   

 is the diagonal matrix 

 

 
         , that corresponds to a scalar component proportional to the trace of the tensor; 

  
   

 is an antisymmetric tensor having three independent components; and finally   
   

 is a 

traceless symmetric matrix with five independent components. In principle, this 

decomposition does not require any basis change but it is convenient to use spherical 

coordinates in order to obtain objects possessing simple transformation properties under 

rotations. The obtained irreducible tensors expressed in spherical coordinates are called 

irreducible spherical tensors [224]. An irreducible spherical tensor of rank   is composed of 

     components   
     

, where   goes from –   to    in unitary step. In this notation, the 

Hamiltonian of a spin interaction   can be expressed as a sum over scalar products of two 

irreducible spherical tensors, in the following way [11, 225]: 

           
  

    

  
     

 

   
      

                                               

where   
     

 are the irreducible spherical components of the tensor representing the λ-th 

interaction and    
      

 is the appropriate nuclear spin operator. 

 Since NMR investigations are aimed at molecular properties whereas the observable 

quantities are measured in the LAB frame, a continuous change of reference frame is needed. 

Basic tools for rotating the reference frame in Cartesian and spherical notation are recalled in 

Appendix A1. 

 NMR experiments are usually performed with a static magnetic field which is very high, 

such that interaction with it is several order of magnitude bigger than other interactions 

(sometimes quadrupolar interaction may be significative for nuclei with very high nuclear 

quadrupolar constants). It is possible thus to consider interaction with    as the predominant 

and to treat other interactions as a perturbative correction to the energy. In this 

approximation, called secular or high field approximation (HFA), the only part of the spin 

Hamiltonian that is relevant for the various internal interactions is the one commuting with the 

interaction term with   , while non commuting terms will be discarded [11]. In the Cartesian 

representation this corresponds to take only the component of the Cartesian tensor in the   

direction (defined as the direction of the field   ), that is    , which is called its secular part. In 

the irreducible spherical representation it implies to neglect tensor components with    , 
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that is, to retain only the        terms. Note that in the case of uniaxial phases with   ║     we 

do not need the HFA in order to delete non-secular terms and     terms vanish because of 

the     symmetry of the phase [11]. 

 It is possible to simplify further the NMR Hamiltonian in the irreducible spherical form. 

Because all NMR observable quantities are described by second rank tensors, it is possible to 

retain only terms with        . Moreover, for symmetric second rank tensor terms with 

    disappear and only components with     and     do not vanish. (2) Combining these 

arguments with HFA, equation (1.13) may be re-written as [225]: 

      
     

   
     

   
     

   
     

                                                 

The spherical notation clearly shows that in general there are rotationally invariant 

contributions (those with    ), which is the only part surviving in isotropic phase spectra, 

and anisotropic contributions (those with    ). 

 

 

 1.3.2. NMR interactions 

 

 Spherical tensor notation has been appropriate so far since this facilitates the 

identification of which components can be simplify in the Hamiltonian, but it is more useful to 

use a Cartesian frame when considering individual contributions    . Thus, the spin operators 

are best represented in term of       and the raising and lowering operators      . (3) 

 Before describing the individual contributions to the Hamiltonian it is useful to write 

the general relationship between the   -component of the second rank tensor     and its 

components in a molecular frame     [11]. 

                    
   

                                                  

where    is the angle between the  -axis in the LAB frame and the  axis in the MOL frame. 

By addition and subtraction of the trace of    , we get: 

    
 

 
              

 

 
 

 

 
                      

   

                 

                                                           
(2)

 Note that, while dipolar and quadrupolar tensors are recognized to be symmetric, the symmetry of 
chemical shift and indirect spin-spin coupling tensors has not yet been demonstrated. Even in this case, 
however, terms with     may be neglected without significant errors in the routine NMR. 
(3)

 The raising and lowering operators are defined as: 
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where     is the Kronecker delta (unity if =β and zero otherwise).  

For 

     
 

 
              

 

 
                                                      

and 

       
 

 
 

 

 
                      

   

                                            

we have 

     
                                                                            

 Only quantities      are measurable in isotropic solutions. The direct dipolar couplings 

and quadrupolar interactions are both traceless, so they give no observable splitting in 

isotropic phase spectra, although they influence the linewidth and relaxation times. On the 

other hand, the quantities        appear in and can dominate the partially oriented spectra.  

 

 

Nuclear Zeeman interaction and shielding interaction 

 The interaction of spin moments with the static magnetic field is described by a 

Zeeman Hamiltonian given by: 

          
 

             
 

            
 

                                      

where             is the magnetic dipolar moment,       , with   the Planck’s constant, 

   is the magnetogyric ratio,    is the static magnetic field aligned with   -axis in the laboratory 

frame and            can be identified as the Larmor frequency of spin   . 

 The external static magnetic field induces currents in the electron clouds surrounding 

the nuclei, which in turn generate an induced magnetic field. The induced magnetic field is 

proportional to the static field    and interacts with nuclear spins through the shielding tensor 

  . In the HFA, the associated Hamiltonian has the following form: 

             
 

                          
 

                                       

where       is the   -component of the tensor   .  

 It is common to combine the Zeeman interaction with the static magnetic field and the 

shielding interaction by introducing the modified Zeeman interaction or chemical shift 

interaction,    , that is defined as the interaction between the nuclear magnetic dipole 

moment and the effective magnetic field at the nucleus   [6].  
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As seen for a generic second rank tensor    , it is possible to write       as [225]: 

        
      

                                                               

then the equation (1.22) becomes: 

               
      

      

 

                                                 

where of course   
    

 

 
              is the isotropic contribution normally measured in 

conventional liquid samples, and   
      

 

 
 

 

 
                          is the 

anisotropic contribution that appears in partially ordered liquid samples. 

 In molecules with high symmetry (possessing at least a threefold symmetry axis) 

  
      reduces to the shielding anisotropy term         

 

 
          [171]. Despite its 

measurement is of considerable importance in partially ordered systems, its treatement falls 

outside the purpose of this thesis and more information can be found in references [171 and 

refs. therein, 226-227]. 

 

 

Scalar or indirect spin-spin coupling 

 The indirect spin-spin coupling interaction represents the indirect magnetic interaction 

of nuclear spins with each other mediated by bonding electrons. The most general form of     

is [6]: 

        
   

                                                                          

where      is a second-rank tensor. In the HFA, the only terms remaining in the equation are 

those which involve spin operators commuting with    , the total   component of spin angular 

momentum [6]: 

                       
 

 
                                       

   

                         

As before, the components in the (     ) space-fixed axis system can be expressed in terms of 

molecule-fixed axes (     ) as [6]: 

 

 
                

 

 
   
    

 

 
   
                                                   

and 
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with again    
    

 

 
              the isotropic contribution and    

       

 

 
 

 

 
                          the anisotropic contribution, that is non-zero only in 

partially ordered solvents [171, 228-229]. 

Substituting equations (1.27) and (1.28) into equation (1.26) gives [6, 170]: 

        
               

 

 
                        

   

     
                 

 

 
                        

   

        

 

 

Dipolar or direct spin-spin coupling  

 The through-space or direct dipolar spin-spin interaction corresponds to the classical 

coupling between magnetic dipoles. Every spin magnetic moment generates a magnetic field a 

second spin can interact with: the interaction is mutual and does not involve the electron 

clouds.  

 The classical interaction energy   between two magnetic dipole moments     and     is 

given by [170]: 

  
       

   
 
 
                     

   
 

                                                

where      is the vector from     to     with magnitude    . 

In quanto-mechanical form, treating     and     as operators, the equation becomes: 

          
   

           
  
  

      

      
  

   

    
                                              

The indices   and   label the LAB axes and       is the   component of     . 

Introducing the polar coordinates (     ) (4) and by employing the ladder operators the 

dipolar Hamiltonian can be written as [170]: 

     
  
  

    

   
  

 

   
             

   

                                 

where  

                        

   
 

 
                                   

   
 

 
               

                           

                                                           
(4)

 To convert from Cartesian to polar coordinates, consider that: 
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with    the vacuum permeability,   the Planck’s constant,    and    the magnetogyric ratios of 

the nuclei   and   and     the angle between the internuclear vector     and the magnetic field. 

 In the HFA, the contribution from the terms from   to   becomes negligible and these 

terms can therefore be dropped from    . Under this approximation thus only the secular 

terms   and   contribute to the NMR spectrum and the dipolar Hamiltonian can be written as 

[170]: 

     
  
  

     

      
         

                 
 

 
                        

   

                    

The spatial part of the interaction is the   -component of the dipolar tensor     , so that [170, 

225]: 

                        
 

 
                        

   

                                     

with  

          
       

 

 
 
       

       
      

         
 

 

   

   
      

                     

where     is a constant for a given pair of nuclei denoted as: 

    
       

    
                                                                      

Note here that the dipolar tensor is traceless thus it is purely anisotropic. 

 

 

Total spin-spin coupling  

 Comparing equations (1.29) and (1.35) for     and     it is seen that the multiplier of 

the spin operator for    
      has the same form as that of        and therefore    

      is also 

called pseudo-dipolar coupling.     and     can then be combined to give the Hamiltonian for 

the total coupling [6]: 

                 
               

                
   

 

  
 

 
    
           

 

 
   
                                            

The total splitting that can be measured in a spectrum between spins   and   is: 
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with     the total spin-spin coupling and     the absolute value bars. (5) 

 From the analysis of a spectrum in isotropic phase one may obtain values of    
   , while 

analysis of a spectrum of oriented molecules yields values of (   
       

             ). This 

means one can have by subtraction separate values of    
    and             

       but not of 

       and    
     . 

 For nuclear pairs 1H-1H and 13C-1H the ratio    
             has be found to be of the 

order of 10-4 and 10-3, thus    
      is safely neglected, leading to a relative error of the order of 

3x10-4 [3, 228]. In general, every    
      between a proton and a general   nucleus is small 

enough to be neglected [228]. For example the value of    
             in the case of 19F-1H 

couplings was estimated to be of about 10-3 [3]. In such cases, the total splitting observable 

between two nuclei can be rewritten as [11]: 

        
                                                                          

                                                                                    

 Contrarily, in couplings between two nuclei other than 1H (such as 13C, 14N, 15N, 19F, 29Si, 

31P, 77Se, 111Cd, 113Cd, 119Sn, 199Hg) contribution of    
      was found to be small but significant 

[228 and refs. therein] and several liquid crystal NMR studies were focused on estimating 

accurately its size and comparing it to the corresponding theoretically computed value, 

especially in the case of 13C-13C couplings [230-234], 14,15N-13C couplings [233-235], 19F-13C and 

19F-19F couplings [236-241]. 

 Unfortunately, J anisotropies are not so simple to determine and in this thesis we will 

neglect them not only for 1H-1H, 1H-13C and 1H-19F couplings, as usually done, but also in the 

case of 13C-19F and 19F-19F couplings. This can be justified considering that the ratio    
      

       for nuclear pairs such as 13C-19F and 19F-19F does not exceed values of 10-2 - 10-1 [3, 236, 

238], and then neglecting it does not invalidate the degree of accuracy achieved in our 

analysis.  

 

 

 

 

                                                           
(5)

 Note that the symbol     used here for the total spin-spin coupling is different from the   generic 

interaction defined before. 



Chapter 1.   NMR in partially ordered media 

 

- 39 - 

Quadrupolar interaction 

 Nuclei with spin moment higher than 1/2 experience a non-spherical distribution of 

the electric charge around the nucleus producing an electric quadrupole moment and, in the 

presence of an external electric field gradient, there is a contribution to the Hamiltonian. 

 The general case of a quadrupole interaction comparable with the Zeeman term is 

complex because the magnetic field direction is not a unique axis of quantization of the 

nuclear spin angular momentum [225]. However, most studies in partially oriented phases 

involve the much simpler case where the quadrupolar interaction is much smaller than the 

Zeeman term, and the Hamiltonian for this situation is given here. In this case [225]: 

        
 

          
     

          
 

                                              

The term       is given by 

      
        
 

                                                               

where     is the nuclear electric quadrupole moment of nucleus   and       is the partially 

averaged component of the electric field gradient tensor measured at the nucleus, and in the 

direction of     . Note that, as the dipolar interaction, also the quadrupolar tensor is purely 

anisotropic. 

 

 

1.4. Relationship between NMR observables and structure, order and conformational 

equilibrium 

 

 In the previous section we outlined the interactions that are responsible for the typical 

features displayed by the spectrum of a molecule dissolved in a liquid crystalline medium. 

However, we did not explain yet how these experimental data are linked to orientational and 

conformational information. Indeed, the equations above are incomplete, since we neglected 

molecular motions, which happens in a quicker time-scale that NMR ones, and thus average 

NMR interactions. Molecular motions include reorientational motions (the molecule rotates as 

a whole with respect to a chosen direction) and internal motions, namely translational, 

vibrational and rotational motions. It is convenient in the following to separate the case of (i) 

rigid molecules, showing only fast, high frequency, small-amplitude vibrational motions (in the 

10-12 s range) and (ii) flexible molecules, showing large-amplitude, low frequency, torsional 

motions, typically internal rotations and ring puckering (spanning timescales ranging from 10-9 

s to 10-1 s) [218]. 
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 1.4.1. Rigid compounds  

 

 If we consider again the observed   -component of a generic second rank tensor     

and its components     in the molecular frame and we take equilibrium averages over the 

relevant motions in the mesophase, we get [11]: 

       
                

 

 
  

                 

 
    

   

                 

with     the angle between the  -axis in the LAB frame and the molecule-fixed α-axis and     

the Kronecker delta symbol. The angular brackets of equation (1.45) denote averaging over all 

the relevant molecular motions that, for rigid molecules (i.e., lacking of low-frequency internal 

torsional degrees of freedom), reduce to small-amplitude, high-frequency “hard” molecular 

vibrations (typically, bond stretchings and bond angle bendings) and reorientational motions. 

When the only internal degrees of freedom are vibrational motions, internal and 

reorientational (or tumbling) motions can be decoupled to a good approximation [11, 218]. In 

this rigid molecule case the following expression holds: 

       
 

 
  

                 

 
    

   

 
 

 
       
   

                      

where the 

     
                 

 
                                                     

are the elements of the Saupe ordering matrix described in 1.2.3.  

 It is thus implicit from equation (1.46) that the anisotropic contribution of each NMR 

interaction is directly associated to the orientational parameters     of the molecules in the 

ordered medium. It is worth to underline that for rigid molecules a single order matrix is 

needed to describe the molecular orientational order [218]. This is no longer true for the 

flexible molecule case. 

 Depending on the symmetry of the molecule and the suitable choice of the coordinate 

system, the number of independent elements of the ordering matrix required to describe 

molecular orientation varies from zero to five. The number of non-zero, independent elements 

of the Saupe order matrix has been calculated for a molecule belonging to all the point groups 

[170] and this is resumed in Table 1.3. Note that the Saupe matrix can always be diagonalized 

to give, in this case, a matrix with only two independent non-zero elements.  
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Table 1.3. Independent non-zero elements of the Saupe order matrix for various point groups.  

Point group     

  ,       ,          ,    ,    ,     

  ,    ,       ,          ,     

   ,   ,        ,           

  ,    ,     (  = 3-6)     

   ,         

        

  ,    ,     (  = 3-5)     

  ,         

  ,        

  ,  ,   ,  ,    all     = 0 (6) 

 

 

 In this Ph.D. thesis the key NMR interaction we are focused on to obtain structural and 

orientational information is the dipolar interaction. Expressing        for a totally rigid 

molecule in a uniaxial phase in the molecular frame we get [6, 170, 225]: 

       
 

 
           

   

                     

 
   

   
  
 

 
        

         
 

 
             

         
      

                                                           

       

where 

        
       

       
                        

 

 

   

   
                                

and     as in equation (1.37). 

The number of terms in equation (1.48) can be reduced if any of the principal axes of S can be 

identified from the symmetry of the molecule.  

                                                           
(6) Molecules with sufficiently high symmetry (tetrahedral, octahedral, cubic) are expected not to orient (S value is 

zero) even in an anisotropic environment, and hence the dipolar couplings in such systems should average to zero. 

However, in actual practice, dipolar splittings are observed [242-246], as a result of the vibration-reorientation 

coupling (see section 1.4.3). 

 



Chapter 1.   NMR in partially ordered media 

 

- 42 - 

 It is evident the extremely informative content enclosed inside dipolar couplings: their 

edition gives direct access to geometrical as well as orientational parameters of the molecules 

oriented in the aligning medium. However, these two kinds of information, structure and 

orientation, cannot be separated easily. As a general rule, to interpret the dipolar couplings 

derived from the analysis of NMR spectra in terms of molecular structure and orientation, the 

measurable dipolar couplings should be at least equal to the total number of S values and 

geometrical parameters to be determined. In general, for a system of   interacting spins and 

without any symmetry, we have          dipolar couplings to determine five elements of 

the ordering matrix and        coordinates. The minimum number of interacting spins 

required to derive information for such system is given by the following expression [3, 4]: 

                                                                     

The minimum value of   required to satisfy the conditions of equation is 7. By similar 

arguments, it can be shown that in    symmetry molecules,    , and with C2 symmetry, the 

condition is    . In most cases, anyway, the geometry is assumed and just some critical 

geometrical parameters may be varied in the iterative procedure. Even in this way, the number 

of independent dipolar couplings determined experimentally has to be greater than the total 

number of the structural and order parameters to be determined, otherwise the system is said 

to be underdetermined, and it is not possible to extract the complete structural information 

without making some other assumptions [3, 4].  

 Together with dipolar interaction, that affects spectra of all magnetic nuclei, the 

second purely anisotropic contribution to the spin Hamiltonian is the quadrupolar splitting. 

The latter exists only for nuclei with I ≥ 1, and among them deuterium was the most studied. 

The relationship between       and its components       in a molecular frame can be 

expressed as [170, 225]: 

        
      

 

 
          
   

           
 

 
                               

where  

   
           

     
                                                                 

is the asymmetry parameter. 

 In this thesis we exclusively dealt with the deuterium nucleus (I = 1), for which the 

principal axis   lies approximately along the bond C-2H. We define thus           and 

          (with D = 2H). Since normally    is not very large (its values fall in the range 

             ) [11], it can be neglected and we get: 
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Taking into account the selection rule we have for a single nucleus two transitions in the 

deuterium NMR spectrum with a splitting: 

    
 

 
                                                                      

For C-2H bonds,     has typical values depending on hybridation state of the carbon bonded to 

a given deuteron: it is approximately equal to 170 ± 5 kHz, 185 ± 5 kHz and 200 ± 5 kHz, for sp3, 

sp2 and sp carbons, respectively [11]. It is easy therefore to obtain the order parameters     

from the quadrupole-split doublets.  

 Traditionally, specifically totally or partially deuterated samples were employed in 

order to overcome the limitation of the low natural deuterium sensitivity (1.45 x 10-6 with 

respect to proton). The technique has been and is extensively used for structural and 

orientational studies of solutes and above all for investigations of orientational order, phase 

type, and molecular dynamics of several liquid crystals [183 and refs. therein, 247 and refs. 

therein]. The success of 2H-NMR is mainly due to the relative simplicity of deuterium spectra 

compared to those of the corresponding protonated molecules. Indeed, since dipolar 

couplings are usually considerably smaller than quadrupolar splitting, 2H-spectra are often 

observed as superpositions of simple well-resolved quadrupolar doublets [225]. As discussed in 

the following, this feature is also exploited as method for spectral simplification (see section 

1.5.2). On the other hand, the preparation of deuterated molecules to yield observable 

resonances represents a major disadvantage, since synthetical strategies for labeling organic 

compounds with deuterium are complex, expensive and time-consuming. However, thanks to 

the development of high-field, high-sensitivity NMR instrumentation (remember the S/N ratio 

is proportional to     
    for a given experimental time [96]), the natural abundance 

deuterium (NAD) spectroscopy is become a viable alternative and it is now possible to obtain 

natural abundance 2H-NMR spectra of molecules dissolved in ordered media in a reasonable 

time [248 and refs. therein]. An important technological development that made NAD 

spectroscopy easier to apply is the availability of selective deuterium cryogenic probes, whose 

receiver coils and preamplifiers are cooled to very low temperatures by helium gas for high 

resolution, liquids spectrometers. As a result, these probes allow a gain in signal sensitivity of a 

factor 3 to 4 compared with standard high resolution probes [249] and have essentially 

overcome the problem of low sensitivity of deuterium nucleus. Note that, despite 2H-2H spin 

couplings are absent in a NAD spectrum due to the very low probability of having two 

deuterons in the same isotopomer (2.40·10-6 %), 2H-1H couplings are still present, so that 
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proton decoupling is highly recommended. Unfortunately, the classical low-power decoupling 

allowed with cryoprobes is large enough to properly decouple the 2H-1H dipolar interactions in 

low ordering samples, but it does not work perfectly in thermotropic samples. A better 

technical solution has been the use of solid state NMR spectrometers equipped with more 

than adequate proton decoupling power to give resolved resonance on static liquid crystalline 

samples [185]. 

 Thanks to these recent advances, the quadrupolar interaction is increasingly used as 

routine tool, and its role in spectral analysis and data interpretation is seen as complementary 

to that of dipolar couplings. Indeed, it is worth noting that no information on the sign of     is 

contained in a 2H-NMR spectrum. There is a similar problem with dipolar couplings, unless 

sophisticated sign-sensitive pulse sequences are used. It has be demonstrated that comparing 

quadrupolar and dipolar data may help in the assignment of both signs [185]. In particular, for 

a specific 13C-1H (13C-2H) bond, one can take advantage of a useful relationship between the 

direct 13C-1H dipolar coupling and the corresponding quadrupolar splitting. Since the two local 

order parameters can be assumed equal to within about 5% (       ) [250 and refs. 

therein], the ratio           is approximately independent of the two order parameters, and 

it is equal to [250]: 

    
    

  
      

    
 

       
                                                          

It is demonstrated that this ratio             lies approximately in the range 10–12 [185, 

250]. 

 

 

 1.4.2. Flexible compounds and conformational problem 

 

 The presence of conformational flexibility, that is large, low frequency torsional 

motions, considerably complicates the interpretation of the NMR data compared to the case 

of rigid molecule. Indeed, in the case of flexible molecules we must deal with the effect of two 

simultaneous motional averagings: the averaging process due to the tumbling motion of the 

compound (as for rigid compounds) and the averaging process due to conformational 

flexibility, which implies the existence of a number of different rotamers [11, 218]. The flexible 

molecule exists thus in more than one conformation each with its own probability and its own 

Saupe ordering matrix. If the rate of conformer interconversion is in the slow exchange NMR 

limit, a separate spectrum would be obtained for each conformer. The analysis of these 

spectra would yield separate conformer geometries and order tensors, while conformer 
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probabilities would be obtained from relative integrated intensities. Most case of interest, 

however, are in the fast exchange NMR limit, and a single, statistically averaged spectrum is 

measured [11, 217]. 

 To explicitely take into account both the orientational overall motion and the internal 

rotation one, it is possible to define a singlet (the conformational probability of a molecule is 

independent on the probability of its neighbours) orientational distribution function, 

          . It is more useful at this point to deepen the conformational problem for the 

specific case of the dipolar interaction        rather than a generic interaction    , since it will 

be the informative observable used in all the following studies. 

 In a uniaxial liquid crystalline medium where the director aligns along the external 

applied magnetic field, the averaged     
    dipolar coupling between the  -th and  -th nuclei of 

a flexible molecule can be written as [251]: 

    
    

 

 
                                                                      

where            is [251]: 

                                                                               

Here           denotes the set of Euler angles characterizing the orientation of the 

mesophase director in the chosen molecular frame, the angular brackets     indicate the 

statistical average over the small-amplitude high-frequency molecular vibrational modes 

(torsion   excluded) and the symbol “ ” represents the inner product of the two tensors.  

 The elements of the tensor      correspond to [251]: 

 αβ    
                 

 
                                                   

where     is the instantaneous angle between the director and the molecular axes (     ), 

and     is the Kronecker delta function. 

 The term          is the geometry-dependent dipolar coupling tensor expressed in 

the molecular frame [251]: 

             
 

 
   

                         

   
      

                           

with     as in equation (1.37). 

 The function            describes the properly normalised orientational-

conformational probability distribution function of the solute in the partially ordered 

environment. In other words, it represents the probability of finding the mesophase director 

 -oriented in the solute-fixed frame when the probe-molecule is in its     conformation in the 

aligned solution. This quantity can be related to the total singlet orientational energy 
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           . The latter can be built as “mean-torque” potential by adding together an 

anisotropic, intermolecular potential,             (which depends on both orientational and 

internal angles and vanishes in the isotropic phase) and an internal rotational potential, 

          (which is independent of the orientation and depends only on the conformational 

state, and hence the bond rotational potentials) [169, 217, 252]: 

                                                                       

In this assumption the            becomes [217]: 

           
                                 

                                          
                  

with   the absolute temperature and    the Boltzmann constant. 

 The probability of finding a molecule in an anisotropic phase in a particular 

conformation     independent of its orientation can be derived by summing over all the 

orientations [217]: 

                                                                             

 A convenient way to express the            is to consider it as a product of a         

and a           [251]: 

                                                                            

where 

          
                     

 
                                          

with 

                                                                      

and 

                 
          

 
                                               

where 

                                                                        

                                                                           

                                                                               

 The distribution function           represents the real target of conformational 

studies in liquids. Unlike        ,           is, in principle, free from possible conformational 

effects induced by the orientational ordering of the mesophase. So, it should be considered 

the real conformational distribution of our solute in a conventional liquid sharing, at the 
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temperature studied, the same physical properties (determining the thermodynamics of the 

solution, as polarity, density etc.) of the liquid crystalline solvent used, with the exception of 

the ordering strength [251].           can be written as a function of           as in the 

following [217]: 

          
                     

                          
                                      

Note that           and          are in general not equal, with the difference between them 

increasing as the orientational order increases [169]. For instance, differences of up to 30% 

were found for liquid crystal 5CB [253]. However, for low-order small solutes the differences 

are usually negligible [217, 254-257]. 

 In order to simplify equation (1.56) a series of approximations can be adopted. Firstly, 

it is quite usual to assume that internal vibrations and overall reorientational (tumbling) 

motions of the molecule can be decoupled in Equation (1.57), because the dependence of 

     on the vibrational state of the molecule is believed to be small enough to be neglected to 

a good approximation [251, 257-259]. Thus Equation (1.56) can be re-written as [251]: 

    
    

 

 
            

  

                                                    

where  

         
  αβ              

            
                                                 

are the familiar solute orientational order parameters of the Saupe ordering matrix. 

 Moreover, the dependence of the order parameters on the vibrational state is usually 

assumed to be much smaller than their dependence on the bond rotational angles, and it can 

be neglected to a good approximation. Neglecting vibrational motion reduces equation (1.71) 

to [257]: 

    
     

 

 
    

       

   
      

               
                                                

                                                                                        
               

             

                                                                                                     

                                                                                                     

                                                                     

with 
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 It is tempting to assume that the dependence of          on     can also be 

neglected, but although this is often done when dipolar couplings are used to study protein 

structures, it is likely to lead to major errors in the function          and the structures 

derived when there is an appreciable degree of intramolecular motion present in the molecule 

[257]. It is worth to remark the dependence of          on the molecular conformation 

defined by the torsional angles     has an important consequence: it is not possible to 

describe the orientational order by a single Saupe order matrix, but it is necessary to recognize 

that the elements of this matrix depend on the internal coordinates, that is they are 

conformationally dependent [216]. 

 The implications of equations (1.73) and (1.74) are quite significant: the experimental 

observables involve products of conformational probabilities and orientational factors and 

they cannot be determined individually [217-218]. Therefore, for a solution of equation (1.73) 

either the Saupe order matrix     (one for each conformer) or the conformer populations 

should be known. In the absence of any reliable equation relating the     elements of 

different conformers all that we can do is to test theoretical models [218]. Even so, the 

number of unknowns versus the number of independent variables is often critical and, if 

flexible systems are to be described exactly, a huge amount of experimental data would be 

necessary to describe all degrees of freedom. Definitely, one has to be aware that the more 

conformational flexibility the compound exhibits the less determined the system will be and 

the more assumptions have to be made with our current means of data interpretation [217-

218]. In other words, the chance that conformation determination can be solved exactly 

decreases with increasing flexibility of the compounds. 

 

 

  1.4.2.1.  Theoretical approaches describing the interdependent   

  conformational orientational problem 

 

 To extract useful information from the experimental dipolar couplings in a flexible 

molecule, it is clear a theoretical tool has to be adopted in order to treat the interdependent 

conformational-orientational problem. Ultimately, we need models: (i) to shape the 
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conformational distribution function, i.e. to introduce a set of potential/probability 

parameters, and (ii) to treat, in some way, the conformational dependence of the order 

parameters. Several such approaches have been considered for the interpretation of dipolar 

couplings. The simplest possible model, the Rotamer Isomeric State (RIS) model [260-261], 

assumes that only a small set of minimum-energy structures is populated. More realistic 

models allow for continuous bond rotations. Two different approaches have been attempted 

in the past: the Additive Potential (AP) methods [253], an “approximate” approach whose aim 

is to reduce equation (1.73) to manageable expressions by using some physically justifiable 

approximations; the Maximum Entropy (ME) method [262-263], an “unbiased” method based 

on Information Theory. More recently, a hybrid approach was proposed, that is based on a 

combination of both AP and ME approach and it is called Additive Potential Maximum Entropy 

(APME) method [264]. All these approaches will be presented in the following sections. Note 

other models have been proposed in the past, based, for instance, on the idea that the 

anisotropic intermolecular potential is dominated by short-range anisotropic interactions 

depending on the conformer size and shape [265-267], but they will not be discussed in this 

thesis. 

 

 

   i. The RIS model 

 

 For some molecules a reasonable approximation of the conformational distribution is 

that only a set of few discrete minimum energy conformations is accessible to the molecule, 

that is only the minimum energy structures are populated on a bond rotational pathway. This 

approximation is often referred to as the Rotamer Isomeric State (RIS) model approximation 

[260-261]. In such approximation the internal potential function can be written as: 

                         

 

 

                                               

where   is the number of minima potential functions and      is the set of internal 

coordinates corresponding to the  -th conformer.             is the Kronecker’s delta 

function which is 1 if          and 0 otherwise. From this potential it is possible to derive 

the probability for the  -th conformer,     , so that the dipolar coupling can be written as 

[217]:  
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The molecule is thus described as a collection of rigid conformations, having each orientational 

order        and weight     . The adjustable parameters in the fitting procedure of 

calculated versus experimental dipolar couplings are the products           , implying that 

all      values that give physically meaningful        values represent possible solutions.  

 The RIS model works well if only a set of symmetry-related conformations is 

populated. A good example is represented by benzaldehyde, that is interconverting between 

two, planar conformations which are related by a mirror plane (Scheme 1.1) [216].  

 

 

Scheme 1.1. 

 

 

If all other conformations are neglected: 

             ,              ,               

               

                

                

The observed and calculated dipolar couplings can be brought into agreement by adjusting the 

values of these order parameters [216]. It is obvious that the number of parameters increases 

rapidly when equilibria among non-symmetry related conformers are involved since each 

conformation is described by its own probability      and its own ordering matrix        

[217]. 

 Of course the RIS approximation is more robust if the real conformational distribution 

has a discrete number of very sharp maxima and it becomes inappropriate when rotation 

about a bond is described by a continuous function         . 
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   ii. The AP methods 

 

 These methods are based on modeling             and          , the components of 

the mean potential              Several ways of modeling             and           

individually have been proposed, but just some of them are discussed in the following. 

 For molecule containing one or more rotor groups the so-called AP-Independent 

Fragment model has been the most commonly used approach to model            . This 

model was first introduced by Marčelja [268] and subsequently modified by Emsley et al. 

[253]. According to this approach, the             can be written as [216]: 

                                                                          

where         are modified spherical harmonics.           are elements of a suitable 

conformation-dependent solute-solvent interaction tensor expressed with respect to the 

principal axes for each conformation    ; they are related to the strength of the interaction 

between the molecular mean field and the molecule in the conformation described by the 

angles     [269]. The sum in equation (1.77) does not contain odd terms because of the 

symmetry of the phase (   ) and it can be truncated at the second order term to a good 

approximation when used to calculate second-rank quantities, particularly when the ordering 

is small [269 and refs. therein].  

 The peculiar feature of the AP method is that these conformationally dependent 

interaction tensors           can be written as a sum of conformationally independent 

contributions from each rigid fragment   in which the molecule can be decomposed [217]: 

                
 

  

    
     

 
                                                 

here   runs on the number of fragments and    
 
  is the set of Euler angles that describes the 

orientation of the  -fragment in the molecule with respect to fixed axes in a rigid fragment of 

the molecule. Therefore, the Wigner rotation matrix     
     

 
   relates the principal axes of 

   to the molecular reference frame. In this way, with     
 

 as adjustable terms, it is possible to 

express the continuous dependence of the order parameters on the set of internal 

coordinates. It should be noted that the number of unknowns is strongly reduced as all the 

order parameters for each conformer can be calculated starting from few unknown     
 

, the 

number of which depend on the number and the local symmetry of the fragments in the 

molecule. As a general operative rule they should be the minimum number that assures the 

independence of the order parameters while keeping their correct symmetry. For instance, 

there will be just one contribution,     
 

, from a fragment with cylindrical symmetry and two, 
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 and     
 

, from a fragment with lower symmetry, provided that the principal axes for    are 

known [216].  

 Thanks to the AP method, relatively large molecules can be treated and their 

conformational distribution obtained. As an example, consider here the mesogen molecule of 

4-pentyl-4’cyanobiphenyl (5CB) [169], whose structure is reported in Figure 1.10. 

 

 

Figure 1.10. Structure and labeling of 4-pentyl-4’-cyanobiphenyl (5CB). 

 

 

 There are six bonds about which rotation occurs, and if a simplified, discrete 

conformational model is used in which the molecules are considered to move between 

positions of local minimum energy, there are 216 discrete conformational forms [169]. This is 

based on the C–C–C–C chain segments being either in a trans or one of the two energetically 

equivalent gauche forms, the plane C8C9C10 being orthogonal (90° or 270°) to the attached ring, 

and the two rings being in one of four equivalent minimum energy positions generated by 

rotation about the C1–C5 bond. Symmetry considerations reduce the number of conformations 

which are different in energy to 14, and so there are 28 values of the           in equation 

(1.77) [169]. The powerful AP model allows to greatly reduce the number of interaction 

parameters. In fact, by assuming a     symmetry for the ring and only cylindrically symmetric 

fragments in the alkyl chain, only four fragment tensors are required to describe the whole 

mesogenic molecule:         and         for the biaxial cyanobiphenyl group,           and 

          for the C-C and C-H bonds in the alkyl chain [169]. 

 When dealing with very flexible molecules such as alkyl chains, the independent 

fragment model does not always produce        matrix which accounts correctly for the 

shape of the conformer. In these cases, it may be preferable to use the AP-Correlated 

Fragment or “Chord” model [270-271], which adds terms to             depending on the 

relative orientation of different fragments. In this model Photinos et al. considered fragments 

with cylindrical symmetry, such as C-C bonds, and proposed a potential of mean torque of the 

form [216]: 
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where 

          
 

 
                                                                  

and  

     
        

 

 
                

                                                 

where    is the angle between the  -th C-C bond and the director,    and      are unit vectors 

along the  -th and ( + )-th C-C bonds (see Figure 1.11). The    and     terms are the 

interaction strengths. For the case of an alkane, the    are all given the same value of    and 

so the     can be denoted as   .  

 

 

Figure 1.11. The unit vectors used in the chord model (from refs. [270-271]). 

 

 

 It has been also showed [270-271] that an equivalent representation for             

is obtained by considering not bonds but chords    joining the midpoints of adiacent bonds. In 

this chord representation, and including only nearest neighbor chord correlations 

(corresponding to bond correlations of next-nearest neighbors) [216]: 

                         

   

   

   
                                          

where         
            and   

  
 

 
  . The first and last bonds are denoted by unit 

vectors    and     . 

 In this thesis flexible molecules without long alkyl chains were investigated and the AP-

Independent Fragment model was found to be an easy and reliable approach to shape 

            in all cases. As a consequence, in the following we will refer to this method simply 

as the”AP method”. 

 To fully describe            and finally          , the AP approach requires an 

appropriate model for the          . Models for           may vary, and are often specific to 



Chapter 1.   NMR in partially ordered media 

 

- 54 - 

the molecule under consideration and the amount of experimental data available from which 

they may be characterized. 

 The conventional way to deal with internal potential of a flexible molecule is to use a 

truncated Fourier cosine series such as [257, 272-278]: 

                     

 

                                                      

whit   = 0,1,2,3… taking values to give the right periodicity of potential. The series has to be 

kept as shorter as possible compatibly with a correct description of the overall shape of the 

rotational potential of the molecule (at least near to the expected potential minima) [257]. 

Such a treatment is rather easy for single rotors but becomes more and more complex as the 

shape of the potential does and as the number of rotors increases, and this is even more 

problematic in the case of cooperative motions. In fact, not only the number of terms 

increases but their value is not independently linked to the shape of the potential itself, that is, 

it is their combination that contributes to the shape. In this case there are essentially two 

options: (i) adding more terms in order to obtain a very general function, which may entail 

excessive parameterization, (ii) fixing a number of constraints, which could further bias the 

solutions [217]. Moreover, even when the set of experimental data is large enough, fitting 

calculated to observed dipolar couplings by varying Fourier coefficients has the general 

problem that changing these coefficients affects the whole bond rotation potential and not 

just one parameter [255]. 

 To overcome such drawbacks an approach based on the Direct Probability Description 

(DPD) of the conformational distribution was introduced [257]. According to this model, 

         can be written as a sum (for interdependent conformations) or product (for 

independent states) of Gaussian functions. Thus, in a molecule with   independent rotors and 

   minima for the  -th rotor, the general form can be written as: 

                          
              

  
 

          
  

         

     

 

 

   

                      

where          
  are the maxima position angles and           their relative weights. The 

distribution width of each Gaussian is given by 2         , defined as [279]: 

          
    

      
                                                              

where FWHM, defined experimentally, is the full-width-at-half-maximum. 

The variables can then be varied independently, but with the constraint that          is 

normalized [257].  

From the equation: 
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it is straightforward to calculate the distribution          . Indeed, since           is the real 

target of conformational studies, the model was subsequently modified in order to directly 

expand          , instead of       , in terms of Gaussian functions [254-255, 269] and this 

will be the method applied in the following.  

 Compared with the Fourier expansion approach, the DPD method has particular 

advantages: (i) a smaller number of parameters is required to give a correct description of the 

probability; (ii) each parameter in the expansion influences only one particular aspect of the 

probability distribution (maximum positions, the width and height at the maxima giving the 

conformer relative population and so on), and (iii) conformational parameters are usually less 

correlated. This makes very easy to describe even complicated conformational probability 

density functions (even those needed to deal with cooperative motions) through a few 

Gaussian functions centered at properly chosen angles (the locations of the maxima) [257, 

279]. 

 It is clear that, depending on modeling the mean potential, all the AP methods have 

the limitation of providing biased estimates of the distribution functions. However, they do 

have some important advantages with respect to other models, first of all the possibility to 

obtain both            and           [216]. The molecules of interest chosen in this Ph.D. 

thesis were all investigated by using the AP method for the treatment of the ordering 

interactions combined with the Direct Probability Description (DPD) of the torsional 

distribution. Such approach will be referred to as AP-DPD method. 

 Technically speaking, all the calculations required to extract the desired information 

from the experimental dipolar couplings, via the proper theoretical model, are carried out 

through a dedicated software, the AnCon package [280], developed in the LXNMR S.C.An. 

laboratory. The determination of structure, order and conformational distribution of the 

molecule under investigation is obtained by fitting a set of calculated dipolar couplings 

(obtained by a trial set of orientational, geometrical and conformational parameters) against 

the experimental ones, while iterating on a set of unknown parameters till their optimized 

values. Such unknowns can be collected into three categories: (i) geometrical parameters, 

namely bond distances and angles, (ii) orientational parameters, whose number and nature 

varies with the molecule and the model used to fit the data, and (iii) potential parameters, 

including those parameters required to shape the internal potential. For rigid molecules just 

geometrical and orientational (namely the Saupe order parameters) unknowns are included in 

the calculation. For flexible molecules, also potential parameters must be considered. In the 
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case of the AP-DPD approach used for all the flexible molecules of this Ph.D. thesis, the 

orientational parameters are the set of     
 

 solute-solvent interaction tensor elements while 

the potential unknowns are represented by the parameters needed to model the 

conformational probability in terms of Gaussian functions (namely the          
 ,           and 

          parameters). Of course, the ratio data/unknowns should be kept as high as possible to 

assure an high determinacy. Iteration parameters and observed dipolar couplings are read and 

passed to a minimization routine which calls the routine for the calculation of dipolar 

couplings. Dipolar couplings are calculated for each selected conformation, averaged on the 

whole distribution, and then fitted against their observed counterpart. A new set of iteration 

parameters is produced and the whole procedure repeated until the root mean square 

between the   calculated and observed dipolar couplings: 

          
       

     
 

 

 

   

                                                        

reaches a minimum.  

To avoid local minima, procedure is repeated starting from different initial values. 

 

 

   iii. The ME approach 

 

 Another approach for obtaining            is this so-called Maximum Entropy 

method, suggested first by Zannoni [262-263] an subsequently demonstrated by application to 

the study of substituted biphenyls dissolved in liquid cristalline solvents [281-282]. According 

to this approach it is not possible to determine the “real” conformational distribution, or the 

molecular order parameters, but only the most likely            distribution that is 

compatible with the set of observables and can be written as [216]: 

           
          

              

                         
                                         

where   
             is the spherical tensor component of a set of   dipolar or quadrupolar 

interaction, expressed in a frame fixed in a rigid part of the molecule.    are adjustable 

parameters, whose values are varied in order to bring calculated and observed data into 

agreement. 

 The ME method is very attractive in that no assumptions are necessary about the 

functional form of the rotational potentials. On the other hand it has a drawback, that is it 

cannot yield          , the probability distribution for an isotropic phase, but it just derives 
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the entire probability distribution function [216]. Another intrinsic problem in the ME method 

is the dependence of its results on the orientational order of the solute molecule [283-284]. 

Indeed, by the ME method we achieve qualitative information which has also as much 

quantitative character as the orientational order increases. In the ideal case of perfect order 

the dipolar couplings depend only on the internal coordinates, so that they bring with 

themselves pure pieces of information on the conformational motion. Contrarily, as the 

molecular order decreases, i.e. as dipolar data approaches zero, the probability distribution 

obtained by ME approach becomes flatter and flatter. This generally occurs for solutes with 

low orientational order, thus only qualitative results can be extracted by ME method from 

their spectral analysis [217]. In general, in order to obtain more peaked distributions by the ME 

approach, extended data sets and the use of strongly orienting mesophase are required [217].  

 To overcome the problem of flatness of the resulting ME distribution as far as the 

orientational order of the solute molecule decreases, a Constrained Maximum Entropy (CME) 

method was proposed [284], that adds additional constraints for which a parallelism of the 

type “absence of data-absence of order” does not exist. Since ME results are typically in very 

good agreement with quantum chemical calculations, ab initio calculations on the isolated 

molecule were used as a source of information.  

 Taking into account all pros and cons, the question of whether the unbiased ME or the 

biased AP approach gives the most accurate distribution is not easily answered and the choice 

strongly depends on the specific solute/solvent system. Anyway, comparisons between results 

obtained for the same solute from both methods did not reveal significative differences in the 

shape of the conformational distribution, though highlighting the strong effect of the 

orientational ordering on the ME distributions, as reported for 4-nitro-1-(2,2,2-

trifluoroethoxy)benzene (ME and AP approach applied in [273]), ethylbenzene (refs. [272] and 

[284] for the AP and ME method, respectively), benzyl chloride (refs. [278] and [284] for the AP 

and ME/CME method, respectively) and biphenyl (studied in ref. [276] via the AP and ME 

method). 

 

 

   iv.The APME approach 

 

 In the last decade, a novel approach for the description of the conformational 

distribution function from the NMR parameters entered the field. This procedure was 

constructed as combination of the AP and ME approaches and it is referred to as the Additive 

Potential Maximum Entropy (APME) method [264]. This new approach overcomes some 
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serious limitations of the two previous models: (i) unlike the AP approach, it does not require 

an a priori knowledge of the functional form of the intramolecular potential; (ii) in contrast 

with the ME approach, it correctly describes also systems with low orientational order. To 

date, few examples are reported where the APME model has been applied for thermotropic 

[285-286] or lyotropic [287-289] samples. However, it seems to be a very promising tool for 

conformational investigation of flexible molecules when the functional form of the torsion 

angles becomes more and more complicated and especially when dissolved in weakly ordered 

systems.  

 

 

 1.4.3. Vibrational corrections to dipolar couplings  

 

 Since both rigid and flexible molecules undergo vibrational motions, their effects 

should be taken into account in the edition of dipolar couplings, especially when geometrical 

data derived from various physical techniques are compared.  

 An expansion for small amplitudes of vibration provides the relation [171, 290]: 

   
   

    
  
    

     
     

         
                                                

   
  

 corresponds to the molecular equilibrium structure that minimizes the electronic 

potential within the Born-Oppnheimer approximation.    
  is the anharmonic term which for a 

pair of nuclei at distance   on the   axis is given by    
           

  
  , where      is the 

average  -vibration amplitude.    
  is the harmonic term which is given by    

       

C⊥     / 2, where C  and C⊥ are the diagonal terms of the covariance matrix of vibrations. 

Finally,    
         

 is the non-rigid term, and it represents the contribution arising from the 

correlation of vibrational and reorientational motions [3, 291-292]. For this reason, it is also 

known as vibration-reorientation coupling. This term becomes particularly evident in spectra 

of tetrahedral molecules, isotropic by symmetry (all     are calculated to be zero, see Table 

1.3), that show unexpected splittings when aligned in liquid crystals. The contribution of the 

non-rigid term to the dipolar coupling will be discussed in chapter 2 for the highly symmetric 

molecule of tetramethylallene.  

 Owing to their     dependence, the harmonic vibrational corrections are particularly 

large for directly bonded nuclei such as in direct 13C-1H bonds or between geminal protons in 

methyl and methylene protons [217]. It has been calculated, for example, that for 13C-1H bonds 

in benzene,    
  is approximatively 8% of    

   
 and the neglect of such correction leads to an 
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error in the bond length of 2.7% [228, 259]. The prior requirement for the application of these 

corrections is the availability of a valence force field of the studied molecule. Harmonic force 

fields obtained from the analysis of a vibrational spectrum are not easy to be found in 

literature and when available they are limited to small simples molecules. However, thanks to 

theoretical improvement of computational methods, it is now possible to calculate force fields 

with a reasonable accuracy also for relatively complex molecules. From a force field and 

assuming the corresponding molecular geometry, some computer programs [293-294] derive 

then normal coordinates, vibrational frequencies, covariance matrices of quadratic 

displacements and, finally,    
  coupling. In some cases, a mixed approach combining 

calculated normal modes and experimental vibrational frequencies was adopted in calculating 

the covariance matrix elements and this demonstrated to improve the quality of the 

estimation [230, 255-256, 279, 295]. The computation of anharmonic terms is more 

complicated. However, though programs were developed to compute the effects of 

anharmonic vibrations [296], it has been pointed out that the structure calculated after the 

application of the harmonic corrections is internally consistent and comparable directly with 

the geometrical data obtained with other techniques [3, 215]. Therefore, the contribution of 

the anharmonic term to the observed dipolar coupling is typically neglected. 

 Unfortunately, the extension of vibrational corrections to flexible molecules is not 

straightforward. Indeed, the conformational dependence of observed dipolar couplings has to 

be translated into a conformational dependence of the harmonic force field which complicates 

further the calculation of the vibrational corrections. A central problem is for which 

conformation(s) to calculate the force field. In a “massive” approach all the force fields (one 

for each conformation explored) are calculated and used in the determination of the 

vibrational corrections. This method is of course CPU expensive and consequently very often 

too hard to follow. In a “light” approach, only force fields corresponding to the more stable 

conformers are calculated and used. This method is not particularly expensive and its 

successful application in several papers [230, 255-256, 279, 295] is easily justified by 

considering that the increasing error in neglecting contributions from conformers away from 

the minima is rapidly cut off by the Boltzmann probability factor of those conformers. 

 A notable point is that the importance of vibrational corrections to dipolar couplings is 

related to the precision with which    
    can be measured. Since dipolar couplings of up to 

several thousand Hertz are observed in strongly orienting systems, opposed to only some 

Hertz (or tens of Hertz) in weakly aligning media, a greater relative precision can be achieved 

in the former case. This means that in thermotropic LCs al least the harmonic vibrational 
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corrections should be taken into account. However, for samples in highly ordered media 

studied in this Ph.D. thesis, only nDHH (with n ≥ 3) were considered, for which, as a general rule, 

vibrational corrections are relatively unimportant [217]. Hence, we safely neglected them in all 

cases. Contrarily, in conformational studies on solutes dissolved in PBLG systems performed in 

this project, RDCs between nuclei other 1H were observed, requiring in principle the inclusion 

of vibrational corrections in the calculations. Anyway, in all cases, it can be assumed that the 

error derived from neglecting vibrational corrections falls within the “intrinsic” degree of error 

due to the edition of dipolar couplings. Note, for instance, that the largest vibrational 

corrections observed for a monosaccharide dissolved in a lyotropic LC are around 0.3 Hz and 

0.1 Hz for 1DCH and 2DHH coupling, respectively, that is ~10% of the amplitude of     [297]. 

When compared to absolute errors on    
    associated with all NMR experiments we used, 

such corrections can be considered not relevant. Therefore, we neglected vibrational 

corrections for all PBLG systems, without noticeably affecting the conformational results. 

 

 

1.5. NMR methodology in partially ordered phases 

 

 Conveying the idea of the orientational order adopted by a solute dissolved in an 

aligning medium and understanding to what extent such orientational order affects its NMR 

spectrum may be difficult, but this becomes striking looking at an example, as the one 

reported in Figure 1.12. The same solute, trans-stilbene, gives different single-quantum (SQ) 1H 

spectra when dissolved in different phases, the THF-d8 isotropic phase, and the two anisotropic 

phases represented by the lyotropic PBLG/THF-d8 mixture and thermotropic liquid crystal 

ZLI1132. These two anisotropic phases, PBLG and ZLI1132, can be considered as illustrative of 

what we have more generally in a highly and weakly ordering media. 

 Two main comparisons should be addressed. Firstly, NMR spectra of oriented 

molecules, both in lyotropic and thermotropic solvents (Figure 1.12 (b) and (c)), are 

characterized by a greater number of transitions than conventional high-resolution NMR 

spectra in conventional liquids (Figure 1.12 (a)), i.e. they are more complex. This is obviously 

due to the presence of dipolar interactions between the most or the totality of the active spins 

in the molecule. A direct consequence is that the definition of weak and strong coupling in 

spectra of oriented molecules depends on the strength of both dipolar and indirect spin-spin 

couplings compared to chemical shifts, unlike the strength of only the indirect spin-spin 

couplings in the conventional liquid-state NMR spectra. Another important point is that even 
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dipolar couplings between equivalent nuclei influence the NMR spectrum. A group which is 

magnetically equivalent and provides a single resonance line in the isotropic phase gives rise to 

a multiplicity of lines in oriented systems [3, 4]. For example, in benzene in the isotropic phase, 

all six protons have the same chemical shift, and the indirect spin-spin couplings do not affect 

the spectrum, giving rise to a A6 spin system. Contrarily, in the oriented phase the spectrum of 

benzene is designated as AA’A’’A’’’A’’’’A’’’’’ (72 transitions) and it depends upon all the direct 

as well as the indirect coupling constants [3, 4]. Furthermore, for oriented molecules, even 

fully equivalent groups An (where n is the number of fully equivalent spin-1/2 nuclei) give rise 

to a multiplicity of n transitions with a separation equal to 3    between adjacent transitions 

[3, 4]. 

 

 

Figure 1.12. SQ 
1
H spectra of trans-stilbene dissolved in (a) THF-d8, (b) PBLG/ THF-d8 mixture and (c) 

ZLI1132. 

 

 

 In general, for   interacting spins I=1/2, the maximum number of lines appearing in 

the single-quantum NMR spectrum of a compound partially oriented in a mesophase can be 

calculated using equation [298-299]: 

                      
     

            
                                         

For example, for systems with five, six, seven and eight interacting spins, there are 210, 792, 

3003, and 11440 allowed transitions, respectively. Hence, for every addition of an interacting 
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spin, the number of allowed transitions increases by nearly fourfold. However, elements of 

symmetry in the spin system decrease the number of different transitions, simplifying the 

spectra. For example, a completely unsymmetrical six-spin system will show 792 transitions in 

the 1H SQ spectrum, while a more symmetrical molecule such as benzene, exhibits only 72 

transitions in the SQ proton spectrum [298-299]. 

 The second - even more important in the context of this thesis - comparison we should 

make is between spectra of solutes dissolved in lyotropic and thermotropic solvents, as the 

ones reported in Figure 1.12 (b) and (c). If in both cases the same anisotropic Hamiltonian 

influences the spectral pattern, why are these spectra so different? The answer clearly resides 

in the different ordering power of the solvent (lyotropic versus thermotropic liquid crystal), 

that directly affects the entity of dipolar couplings, and this in turn results in significantly 

different spectral patterns. Typically values of the solute’s orientational order parameter are 

on the order of 10−1-10−2 in thermotropic LCs and in the range 10-3 to 10-5 in organic solutions 

of poly-γ-benzyl-L-glutamate (PBLG). This difference has two main consequences. (i) First, the 

spectra of solutes dissolved in highly ordering liquid crystals are characterized by the presence 

of a very high number of distinct transitions evenly dispersed over a few 104 Hz frequency 

range and exhibiting strong second order features [4]. Contrarily, in mixtures of PBLG and 

organic co-solvent the dipolar couplings are often small values compared to Larmor frequency 

differences [99-100], i.e, dipolar and scalar couplings are of the same order of magnitude. 

Therefore, spectra may sometimes retain first-order features or, more often, they display 

second order effects that are much weaker than in thermotropic LCs. (ii) Secondly, unlike 

thermotropics, the exact measurement of scalar couplings is a crucial step in PBLG samples. 

Indeed, while in thermotropic LCs scalar couplings can be even roughly estimated, since the 

contribute they give to the total coupling is much smaller than the corresponding dipolar 

couplings, in weakly ordered media a precise edition of scalar couplings is essential to avoid 

transferring a significant error in the extraction of the dipolar couplings. The measurement of 

dipolar couplings in PBLG samples, therefore, has the prerequisite of performing two series of 

precise measurements, one in isotropic solution yielding the scalar coupling constants     and 

one in anisotropic solution yielding the total coupling constants     [219]. The value of     can 

then be obtained from the difference of the former two. 

 Being the differences in the spectra of highly and weakly ordered solutes so 

prominent, it is evident that the extraction of the experimental data set poses specific issues 

according to the ordering power of the aligning medium. This means that the adopted 

operational strategies may be different.  
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 1.5.1. NMR experiments 

 

 The different degree of complexity between highly and weakly ordered samples 

influences the NMR experiments one can perform in order to gather a data set that is as large 

as possible. 

 The total absence of first-order features in spectra of molecules in strong aligning 

media poses some obvious limitations. Therefore, monodimensional proton spectra are the 

most used and actually the maximum number of interacting spins in a molecule from which a 

resolved 1H-spectrum can be obtained is about 12 [225]. For some small molecules, 1D 13C-

spectra and especially carbon satellite spectra of protons [254-255, 279, 295] can be useful to 

extend the data set. Besides the more common monodimensional spectra, some 2D and 3D 

pulse sequences have been specifically developed for thermotropic liquid crystalline samples 

[300-303], the most relevant being spin-echo techniques [304-305], 2D COSY and modified Z-

COSY techniques [305-307] and 2D heteronuclear correlation experiments [308-310]. Further 

improvements were made by introducing the 2D separated-local field (SLF) 13C experiments 

[182] and their several implementations, including 2D and 3D proton-detected local field 

(PDLF) techniques [185, 311-314], and 2D SLF 13C combined with off-magic angle spinning 

techniques [128, 315-316]. Both SLF and PDLF experiments require, however, high power 

proton decoupling, which can be achieved only with spectrometers designed to study solid 

samples. 

 Unlike thermotropic samples, spectra in weakly ordering phases generally retain some 

first-order features so, in principle, most 1D and 2D experiments for measuring scalar 

couplings in isotropic samples can be used to extract dipolar couplings from spectra of 

lyotropic samples [166, 317]. However, in practice, the required precision for measuring RDCs 

is usually higher than that for scalar couplings and consequently existing methods have been 

strongly revised and extended in the past decades [166, 317]. A variety of excellent 2D state-

of-the-art pulse sequences initially developed for isotropics have been successfully applied on 

PBLG samples, the most popular being homonuclear J-resolved experiments [318-319] for the 

determination of 1H-1H couplings, E.COSY (exclusive correlation spectroscopy) methods [320-

323] for the sign-sensitive determination of nJHH/nDHH, adequately modified HSQC [324-331] 

and heteronuclear J-resolved [297, 332-334] experiments for the edition of one-bond as well 

as long-range 13C-1H dipolar couplings. The first-order nature of spectra in PBLG medium offers 

an additional advantage: it is possible to select signals from a given pair of spins in the 

molecule so that just one desired coupling can be selectively edited. Following this principle 

homonuclear [335-343] and heteronuclear [344-347] SElective ReFocusing (SERF) experiments 
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have been reported. As a further development, the use of selective pulses may be combined 

with the spatial frequency encoding approach. This means the pulse is effectively applied on a 

broad range of chemical shifts according to their spatial position in the NMR tube, as if 

different selective experiments were run on different parts of the NMR tube at the same time 

[348-350]. 

 Both in highly and weakly ordered media, the presence of other magnetically active 

heteronuclei may be an interesting alternative to get additional information by recording NMR 

spectra of such spins. Fluorine and phosphorous NMR spectroscopies, for example, were 

demonstrated to be particularly attractive, thanks to higher sensitivity with respect to 13C. 

Indeed 19F and 31P are 100% naturally abundant spins ½ nuclei and possess relatively high 

magnetogyric ratios, providing respectively about 83% and 7% of the proton NMR sensitivity 

for a given magnetic field. For these reasons they were exploited both in thermotropic [236, 

351-352] and lyotropic [112, 353-355] solvents. 

 Another magnetically active nucleus that has recently gained more and more attention 

is 2H. Indeed, since at natural abundance level 2H-2H spin–spin couplings are not detected, the 

NAD 1D 2H-{1H} spectra in ordered media simply consist of the superposition of independent 

quadrupolar doublets. For large molecules, the correlation between the two components for 

each quadrupolar doublet is not always simple to achieve, mainly due to overlapping of peaks. 

To overcome this limitation, several two-dimensional autocorrelation deuterium NMR 

experiments referred to as QUOSY (for QUadrupole Ordered SpectroscopY) have been 

developed [356], among which the Q-COSY and Q-resolved sequences were found to be the 

most useful [357-358]. Even if NAD spectroscopy has been showed to offer advantages for 

studying thermotropic samples [359], it is in lyotropic systems that the technique has really 

gained a leading position and has been also extensively applied for enantiomeric 

discrimination [184-185, 248, 360-366]. 

 In principle the number and the variety of NMR pulse sequences that can be used to 

measure dipolar couplings is greater for lyotropic than thermotropic samples. However, it is 

worth to underline that even in polypeptidic liquid crystalline solvents the edition of the 

desired couplings is not always trivial with existing methods and significant signal overlaps may 

prevent from a fast and/or simple interpretation of complex multiplicities. Therefore, despite 

the extremely broad array of experiments already available for the measurement of dipolar 

couplings in PBLG systems, there is still the continuous need for the design of new pulse 

sequences.  
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 1.5.2. Spectral analysis 

 

 As highlighted in the previous paragraph, the difference in the degree of orientational 

order and then in the extent of first- or second-order spectral features substantially 

distinguishes spectra of solutes dissolved in thermotropic or lyotropic LCs. This has an abvious 

consequence in the strategy adopted for spectral analysis, too. 

 A first-order analysis similar to that of isotropic liquids is generally possible in weakly 

ordered liquid crystals such as organic solutions of PBLG. In this case, once measured the scalar 

couplings    
    from the isotropic sample and the total couplings     from the anisotropic one, 

the values of     can then be obtained such as: 

    
          

    

 
                                                        

    
    

 
                                                                   

 However, care must be taken concerning the sign. As only the absolute values of 

coupling constants are observed in conventional spectra, both sign and value of     can be 

edited only if the signs of    
    and     are known. The determination of the sign is typically 

straightforward for 1DCH, since the sign of 1JCH are known to be positive [367] and in the PBLG 

phase 1JCH are generally larger than corresponding 1DCH [99-100]. The situation is more complex 

for nDCH (with n1) and nDHH. Some measurement methods which also provide the sign of 

scalar coupling constants (see section 1.5.1) or other considerations taken by literature (for 

instance JHH between aromatic protons are positive [368]) can be exploited, but even in this 

case two possible values of     can be obtained starting from the absolute values of     

observed in conventional spectra. Finally, for totally unknown signs of    
    and    , up to four 

values of     are possible. It is evident that methods for choosing the “correct value” of     are 

thus essential. 

 In thermotropic liquid crystals, a first-order analysis of the spectra similar to those of 

liquids is generally not possible and spectral simulation packages are essential for the edition 

of all dipolar couplings. Just in few cases signal overlap and strong coupling in spectra of large 

molecules dissolved in a PBLG phase may also require the use of such graphical interfaces. 

Several iterative computer programs suitably modified by the inclusion of the dipolar couplings 

are commonly used [369-372]. An home-made graphical package dubbed ARCANA [373] was 

developed in the LXNMR S.C.An. group, and it is the software used in all the spectral analysis of 

solutes dissolved in thermotropic solvents considered in this thesis. The strategy adopted for 
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the analysis of the spectra is shown in the form of a flowchart in Figure 1.13. It consists 

essentially of few steps: 

step 1. A spectrum is calculated from a trial set of input parameters and it is compared 

 to the experimental one; 

step 2. As many as possible calculated to experimental frequencies are assigned; 

step 3. Trial sub-sets of spectral parameters are modified iteratively by the Castellano 

 Bothner-By algorithm [374] to fit experimental frequencies; 

step 4. The simulated spectrum is re-calculated and steps 2 and 3 are repeated while 

 assigning/deleting lines and modifying the parameters iteration set; the 

 iteration procedure is continued until good correspondence between the 

 calculated and experimental spectrum is reached and the root-mean-square 

 error between the calculated and experimental line positions reaches a 

 minimum. 

 It is worth remarking that the spectral analysis via ARCANA software bypasses the 

problem of sign discussed for lyotropic samples, since both sign and value of     are obtained 

in the output file. Note that the iteration procedure uses only line frequencies; it is the 

operator who, on the basis of intensities and line distribution, makes the proper assignments. 

It is evident then that an expert operator is needed, his role fundamental in step 2.  

 Step 1 remains the critical point in the procedure given the nature of anisotropic 

spectra. The trial spectrum computed should closely resemble the experimental one such that 

a sufficient number of transitions can be assigned for subsequent iteration and refinement of 

the parameters. It is thus evident that, without a judicious choice of the starting parameter 

set, the number of lines and the lack of first order features are such that there is no chance of 

success. The starting parameters for the iterative spectral analysis include chemical shifts, 

indirect spin-spin couplings, and direct dipolar couplings. Starting values for the chemical shifts 

and indirect spin-spin couplings are usually taken from spectra of isotropic samples. The 

dipolar couplings constitute the bigger problem. They may be calculated assuming the 

molecular geometry and certain guessed values for the orientational tensor components but 

the analysis is often quite complex because, even if an appropriate molecular geometry can be 

guessed, the degrees of order are difficult to predict [3, 4]. Definitively, it is with the intuition, 

experience and sometimes also the luck of scientists working in the field that the trial spectra 

can be simulated with reasonable resemblance to the experimental ones so that the 

complicated spectra can be analyzed. 
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Figure 1.13. Flowchart showing the strategy adopted for analysis of the NMR spectra of oriented 

molecules. 

 

 

 Even with the help of a simulation program, the high intrinsic complexity that 

characterize 1D proton spectra in thermotropic liquid crystals imposes an upper limit on the 
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number of interacting spins for which the spectral analysis can be carried out conveniently. 

The difficulty obviously increases with the increase in the number of spins, with the decrease 

in the symmetry and with solute flexibility. Severe overlap between transitions in 

unsymmetrical spin systems containing more than about 8 spins makes analysis of single-

quantum spectra often too complicated and virtually impossible [298]. If elements of 

symmetry are present in the spin system, the resulting spectrum is simplified and, in such 

conditions, spectra of up to 12 interacting spins can be analyzed [251, 256, 258]. In order to 

overcome this practical limitation, several techniques, both experimental and methodological, 

have been and are being developed to aid in the analysis of the complex spectrum, and we 

give in the following a brief description of the most popular: 

 1. Isotopic substitution 

Isotopic substitution, and in particular partially or totally deuteration of samples, is one of the 

oldest procedure suggested for the simplification of the spectra of strongly oriented 

molecules. As deuterium splits signals in more complex way (I = 1) and the     couplings are 

small (     /6.5) the common strategy is recording SQ 1H spectra with deuterium 

decoupling [375-379]. In this way it is possible to dramatically simplify the proton spectrum 

(i.e. deuteration and 2H-decoupling reduces the spin system) while keeping - in first 

approximation - the same order and the same internal potential. The extracted dipolar 

couplings can then be safely transferred back to the analysis of the 1H spectrum recorded for 

the fully protonated solute [257, 272]. Another method that has been used to aid the analysis 

is to deuterate and estimate the order parameters from the deuteron NMR spectrum. The 

order parameters thus derived are used, assuming a molecular structure for a fixed 

conformation, to estimate the starting parameters for the analysis of the complicated proton 

NMR spectrum [276]. Since specific deuteration is generally synthetically challenging, time 

consuming and, in some cases, impractical, this method has not found widespread application, 

but with the enhanced sensitivity of the spectrometers, the natural abundance 2H-NMR 

spectra can be alternatively employed to derive orientation information.  

 2. Off Magic Angle (OMAS) or Variable Angle Sample (VASS) Spinning experiments 

A convenient method for systematically scaling anisotropic interactions in orientationally 

ordered systems is provided by spinning the sample about an axis that makes an angle  with 

the external magnetic field [215]. If the rate of spinning exceeds the rate of director 

reorientation, the director aligns along the spinning axis instead of along the magnetic field. 

When  equals 54.7° (the “magic angle”), the anisotropic interactions vanish. When spinning 

close to the magic angle the anisotropic interactions, including the dipole-dipole interaction, 
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are scaled by a factor                  , and first order features can then be 

introduced in the spectrum [127-128]. The technique is referred to as “off magic angle 

spinning” or “variable angle spinning”, since it can be performed, in principle, at different 

angles, and it has be exploited both for thermotropic [380-382] and lyotropic [126, 383-385] 

systems. However, the usefulness of this method is limited by interference of lines from the 

liquid crystal medium. The use of fully deuterated liquid crystals as solvents may be helpful in 

such cases [215]. 

 3. Multiple Quantum (MQ) spectroscopy [298-299, 386] 

MQ NMR is concerned with the indirect observation of transitions between energy levels 

differing in total spin quantum number by      . The main benefit lies in the fact that 

there are fewer transitions in the high-order MQ spectra, leading then to a dramatic 

simplification of the spectrum of a solute dissolved in a liquid crystalline solvent [300-301, 387-

389]. The number of  -quantum transitions in a system of   nuclei (I = 1/2) without symmetry 

is given by [298-299]: 

                                
     

            
                         

It must be pointed that the frequencies of the resonances in the MQ-NMR spectra are 

governed by exactly the same parameters as those in conventional single-quantum NMR 

spectra, so they contain the same information. In principle, the  -1 and  -2 quantum spectra 

contain sufficient transitions to solve the spectrum completely for all of the spectral 

parameters for most spin systems [298]. In many cases, the analysis of the high-order MQ-

NMR spectra has been used to provide initial spectral parameters that have been used as 

starting point for the more complex analysis of the single-quantum spectrum [272, 279, 390-

393]. 

 4. Automated spectral fitting routines 

There have been many attempts to develop totally automatic computer procedures for 

spectral analysis [394-399]. The automatic programs avoid the assigning of experimental to 

calculated transitions, but their usefulness decreases significantly when the guess starting 

parameters are far from their real values or when the system has a large number of 

independent spectral parameters [215]. More recently, novel methods based on Evolutionary 

Strategies and Genetic Algorithms [400-407] have been developed. A fascinating example of 

the potentiality of Genetic Algorithm is the successfull analysis of the very complicated 1H 

spectrum of pentane as a solute in nematic liquid crystalline solvents [401]. Pentane is a highly 

flexible molecule whose proton spectrum consists of roughly 20000 transitions with many 

overlapping lines and few distinguishing features, making it essentially impossible to analyse 
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with the traditional “line-assignment” technique. However, it should be noted that the use of 

evolutionary algorithms for the spectral analysis requires as a prerequisite a good starting set 

of parameters or a good estimation of the solute degree of orientational order. In the case of 

pentane, initial estimates of the dipolar couplings were done by considering nine RIS structures 

and assuming values for their conformational probabilities and by using a model for estimating 

solute conformer order parameters. Then, despite evolutionary strategies might represent an 

important breakthrough in spectral analysis of complicated spectra offering the possibility of 

extending investigations to more complicated spin systems than ever envisaged in the past, 

the need for a good starting set of parameters is still of undoubtable importance. 

 5. Molecular dynamics 

Recently, atomistic molecular dynamics simulations of liquid crystalline systems have proven 

to be a reliable way to reproduce mesogens’ properties as well as solutes’ experimental 

dipolar couplings [408-413]. The simulated     can be used as an useful starting point to aid in 

spectral analysis in cases that would be otherwise impossible to solve in a reasonable time. 

Their application in conjunction with evolutionaty algorithms has been very recently illustrated 

in the case of n-pentane dissolved in 5CB [409]. In this thesis the usefulness of the strategy 

when combined with classical spectral “line-assignment” analysis carried out by an operator 

will be investigated in chapter 3 in the case of biphenyl. 

 Despite in principle several methods to simplify the spectral analysis do exist, in 

practice each of the developed techniques has some practical difficulties, and hence so far 

none has been used as a routine method. However, the availability of ultrahigh-field magnetic 

fields and the sensitivity enhancement in the modern spectrometers as well as the 

improvements in atomistic simulation methods and the enormous power of modern computer 

technology are likely to provide more advances in the field.  

 

 

1.6. Conclusion 

 

 This first chapter has been intended to outline the basic tools of NMR spectroscopy in 

partially ordered media, which will be applied in the next chapters to the study of different 

rigid and flexible molecules. What it should be emphasized is that dipolar couplings 

characterizing spectra of partially ordered solutes are an astonishing source of information, 

but it is not trivial to get it since (i) more or less sophisticated NMR experiments have to be 

performed in order to obtain resolved spectra from which    
   

 could be measured and (ii) a 
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priori knowledge of molecular structure and theoretical models are necessary in order to give 

to such    
   

 a physical meaning, that is in order to get information on orientational order, 

structure and conformational equilibrium. It can be useful to resume with a flowchart the 

whole analytical strategy presented in this chapter and adopted in the following studies. 

 

 
Figure 1.14. Flowchart showing the whole analytical strategy adopted for structural, orientational and 

conformational studies of partially ordered molecules. 
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2.1. Introduction 

 

 The spin-spin dipolar couplings that dominate the spectra of rigid molecules dissolved 

in liquid crystalline phases can give access to valuable information about structure and order. 

Several reviews report the extensive use of the method for molecular as well as 

macromolecular structure determination [1-2]. In this Ph.D. thesis, we mainly used some small 

rigid compounds as “probes” with the purpose of getting interesting considerations about the 

orientational and positional ordering phenomena. The investigation of the degree of order 

may evidently be carried out both for solute and solvent molecules and in this chapter both 

issues will be addressed. 

 The Saupe orientational order parameters of compounds dissolved in liquid crystalline 

media have been widely exploited in the past as a key to understand the basic mechanism for 

the orientational order acting in an anisotropic fluid and to formulate more or less simple 

models for the liquid crystal environment [3]. In this regard, especially small rigid well 

characterized solutes, whose spectrum is amenable to analysis, are often chosen as probes of 

the intermolecular potential. A case in point are molecules which possess a tetrahedral or 

higher symmetry. In the early years of liquid crystal NMR, it came as a surprise that such 

solutes, when dissolved in a nematic phase, showed spectral splittings that, under the 

assumption of rigidity of the molecular structure, should not be there [4-5]. To approach such 

issue a number of simple molecules like hydrogen, methane, ethane and their deuterated and 

tritiated isotopologues, whose electronic structure and vibrational force fields are well known, 

were studied as solutes in nematic phases [6-15]. Actually, this unexpected behavior is 

interpreted as arising from a sort of interplay between vibrational and reorientational solute 

motion and it is taken into account in the non-rigid, vibration-reorientation contribution 

   
         

 to the observed dipolar couplings (equation (1.89)). Therefore, in contrast to the 

initial point of view [4, 16-17], solute-solvent interactions do not lead to any significant 

“distortion” or “deformation” of the solute molecule [6, 18 and refs. therein], but only affect 

to some extent the rotational part of the wavefunction, while leaving the vibrational and 

electronic parts essentially untouched. Although the    
         

 contribution completely 

dominates in methane and other tetrahedral molecules, it may be supposed to become less 

significant in other less symmetrical solutes. Currently, the assessment of its relative weight is 

a debated question [18], mainly because the term    
         

 is hardly estimated by available 

experimental procedures; therefore it is usually considered as an adjustable parameter [6, 18] 

or its value is transferred from that of similar groups in different, simpler molecules [19-20]. 
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Anyway, when the orientational ordering of the molecule is very small and some of the other 

contributions can be safely neglected, it is still possible to appreciate the experimental value of 

the non-rigid term. This is the case of the quasi-spherical     symmetry tetramethylallene 

molecule (TMA) dissolved in uniaxial nematic solvents. Aiming at attempting an experimental 

assessment of the vibration-reorientation correlation in weakly oriented molecules, we 

studied the peculiar orientational behavior of TMA dissolved in the I52 nematic solvent. 

Section 2.2 reports the results we obtained. 

 The application of NMR spectroscopy for studying the order of the molecules that 

constitute the liquid crystalline phase is a more difficult proposition from a purely 

experimental point of view. Indeed, such mesogenic molecules normally possess a plethora of 

coupled spins and interconvert among many different conformations. Their high resolution 1H 

spectra, averaged over all conformers, are thus composed of a huge number of mostly 

unresolved lines and are impossible to analyze without a tool for spectral simplification. 

Deuterium NMR spectroscopy has proven to be the most popular alternative strategy for 

measurement of order parameters in various mesophases [21-24]. Over the last decade, 

interest in smectic rather than nematic liquid crystals has experienced a renaissance, with 

active research in both materials themselves and their promising technological applications. 

Smectics are characterized by a layered structure, with the constituent particles having not 

only a long-range orientational order, but also a quasi-long-range one-dimensional positional 

order along the axis perpendicular to the layers [25]. For the investigation of orientational 

order parameters many spectroscopic and diffractometric techniques are used (Raman [26-27] 

and fluorescence depolarization [28] spectroscopies, or X-rays and neutron diffraction 

techniques [29-30]). Among them, NMR has already played and will play in the near future a 

major role [22, 31-32], particularly 2H NMR, since orientational order parameters can be 

obtained in a straightforward way by simple quadrupolar splitting measurements. Contrarily, 

for the measurement of positional order parameters, no straightforward experiment is 

available at present. Recently, a novel method to estimate the positional order parameters of 

a smectogenic liquid crystal solvent from knowledge of the orientational order parameters of a 

number of rigid probe solutes dissolved therein has been proposed [33]. The technique was 

applied as first example to the smectogen 4,4’-di-n-heptylazoxybenzene (HAB), in which the 

solutes 1,4-dichlorobenzene and naphthalene were dissolved. Following this approach, during 

this thesis project the bilayer and partially bilayer smectic A liquid crystals HAB and 8OCB (4-n-

octyloxy-4’-cyanobyphenyl) have been further investigated, leading to the determination of 

both the positional order parameters of the solvents and the positional distribution functions 

of the solute molecules. 
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 In the following paragraphs then the main theme, i.e. the degree of order in an 

anisotropic sample, will be investigated focusing on two different aspects: (i) in section 2.2 the 

very small orientational order of the highly symmetric molecule of TMA dissolved in a nematic 

phase will be exploited as limit condition for measuring, within some approximations, the 

vibration-reorientation contribution affecting the observed 1DCH; (ii) section 2.3 will report two 

applications of a recently suggested route for the determination of the latter’s positional order 

parameters through the solutes orientational order parameters. In all cases, the solute is 

represented by a rigid small molecule, and the solvent is a highly orienting, nematic or smectic, 

thermotropic liquid crystalline phase. 

 

 

2.2. Study of highly symmetric rigid solutes in uniaxial nematics: the vibration-

reorientation contribution to dipolar couplings in very weak orientational ordering 

conditions 

 

 The orientational order of a solute dissolved in a nematic liquid crystal arises from the 

anisotropy,         , of the liquid crystal mean field, which often has cylindrical 

symmetry around the direction of the space-fixed magnetic field direction,  . The potential,  , 

that describes the interaction leading to solute orientational order in this anisotropic mean 

field is given by [34]: 

   
 

 
          

  

                                                              

with the orientation operator 

       
                 

 
                                                       

where α and β axes are in the MOL frame,        is the direction cosine between the  -axis in 

the LAB frame and the   axis in the MOL frame and     is the Kronecker delta function.    

stands for the  -th vibrational normal mode and finally the     tensor denotes some 

electronic property of the solute that can couple with the liquid-crystal solvent field. 

 This simple model gives a picture of the liquid crystal environment as providing an 

average second-rank mean field tensor,    , that interacts with some second-rank tensorial 

property,    , of the solute molecule. Tensor     is supposed to be determined by the electronic 

structure and hence the geometry of the solute molecule, and therefore depends on its 

vibrational coordinates. The potential   is a function of both the vibrational normal modes    

of the solute and of the Euler angles   that describe its orientation, so it couples 
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reorientational and vibrational motions. Such potential is treated as a perturbation on the 

freely rotating and vibrating solute molecule. In a complete perturbation treatment, it was 

found [6, 15, 19, 34] that only the solute rotational wavefunctions were somewhat affected 

and that the anisotropic dipolar couplings could be expressed as a sum of various terms.  

 Consider the following general expression for a dipolar couplings between two nuclei 

  and   [35]: 

   
                                

            

                                                 

where 

         
       

    
 
              

   
                                                  

with    the vacuum permeability,   the Planck’s constant,    and    the magnetogyric ratios of 

the nuclei   and  , and      the angle between the  -axis in the MOL frame and the 

internuclear vector    . The angular brackets of equation (2.3) denote averaging over all the 

relevant molecular motions, namely the vibrational and reorientational motions of the 

molecule. 

Within the perturbation theory,    
    is decomposed in the following contributions [6, 19, 35]: 

   
       

  
    

     
     

         
                                            

In this equation there are two sorts of terms:  

- the first three terms,    
  
    

  and    
 , where averaging over vibrations and 

reorientations can be carried out independently, leading to contributions of the type: 

   
                                        

   

                                      

- the fourth term,    
         

   where this separation cannot be made: 

   
         

                            
            

                                            

   
  

 is usually the dominant contribution, but the other terms are by no means negligible if 

one wants to extract accurate bond distances and bond lengths. Moreover, for small degrees 

of orientational order the relative importance of the non-rigid term compared to the other 

contributions tends to increase, preventing from accurate solute structure determinations. 

The four terms can be written in their explicit form as in the following: 

   
  

       
  

    

   
    

        

   
 

  

 

          



Chapter 2.   Structural and orientational analysis of rigid molecules 

 

- 105 - 

   
  

 

 
  

         

      
 

  

   

             

   
         

 
 

 
    

        

   
 

  

 

 
     
   

 
   

  
 
                                          

where    is the vibrational frequency of the  -th normal mode, the   and   subscripts run 

over the components of the second-rank tensorial property     of the solute molecule, and 

                      are the Saupe order parameters that describe the orientational order 

of the solute in the anisotropic solvent. 

 From equations (2.8) it is evident that the first three terms,    
  
    

  and    
 , are 

proportional to the Saupe order parameters    , so that they can be written according to the 

following generalized formula: 

   
   

 

 
              

  

   

                                                      

where                  and       
  are generic terms. These three contributions to the 

dipolar couplings can be calculated directly from the known equilibrium geometry and from 

the anharmonic and harmonic force fields, without any knowledge about the mechanism(s) 

that determine the solute partial orientation in the nematic solvent. Expressions for the 

derivatives               
  

 and                   
  

 have been given in various places 

[15, 36-38]. The situation is entirely different for the non-rigid contribution to the dipolar 

coupling. Indeed,    
         

 has a more complex orientational dependence, of the type 

                        . Moreover, it depends on the quantity            
  

 that is 

unknown as long as the orienting mechanism is unknown. In the case of methane, a well-

characterized molecule that possesses an equilibrium structure with tetrahedral symmetry, 

this term is the only contribution to the dipolar couplings and it is responsible of the 

unexpected anisotropic splitting in its NMR spectrum. Hence, the importance of this term can 

be studied independent from other complications. Although the mechanism(s) that are at the 

root of the interaction between solute and solvent field are not known, the relevant 

           
  

 parameters can be fitted to the experimentally observed dipolar couplings. In 

all other less symmetrical solutes, the experimental assessment of the single non-rigid 

contribution becomes more difficult because, of course, only the whole sum giving the 

observed    
    is known from the experiment. Therefore,    

         
 is admittedly 

complicated to obtain and it is usually considered as an adjustable parameter [6]. 
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 Anyway, a peculiar - and particularly favorable - situation is found when the 

orientational ordering of the molecule is very small and some of the other contributions to the 

observed dipolar couplings can be safely neglected. In these cases, the value of the    
         

 

term can be experimentally calculated. Such a situation may occur when a highly symmetric 

rigid solute is dissolved in an uniaxial nematic thermotropic liquid crystal. In this context we 

studied the case of the tetramethylallene (TMA), a quasi-spherical molecule possessing a     

symmetry, dissolved in the nematic solvent 4-ethyl-2-fluoro-4’-[2-(trans-4-n-

pentylcyclohexyl)ethyl]biphenyl, commonly known as I52. Structure, molecular frame, and 

atom numbering of TMA and chemical structure of I52 are reported in Figure 2.1. In the 

numbering of TMA, the carbon and protons of a first methyl group were labeled as 13C1, H2, 

H3, and H4, while the other equivalent methyl protons they are coupled to are considered as 

groups and are labeled 5, 6, and 7. Note that the symmetry of the molecule in the non-chiral 

nematic LC requires only one order parameter (namely,    ) to describe the orientational 

ordering of the solute (see Table 1.3 in chapter 1). 

 

 

Figure 2.1. (a) “Balls” structure, atomic labeling and molecular frame of the     symmetry 

tetramethylallene (TMA) and (b) topological structure of the liquid crystal I52. 

 

 

 2.2.1. Analysis of proton and carbon spectra of TMA dissolved in I52 

 

 Proton and carbon spectra of a sample of TMA/I52 (∼2.3 wt %, see Appendix A3) were 

recorded on a Bruker Avance 500 MHz instrument (11.74 T) equipped with a BBI probe and 

analyzed by the homemade iterative program ARCANA [39], in order to collect the 

experimental 1H-1H and 1H-13C dipolar couplings. Spectra were recorded upon cooling from the 

isotropic phase, throughout the range of the nematic phase, with 40-50 min intervals of 
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thermostabilization for each value of the working temperature,  . A preliminary   calibration 

curve was performed and an accuracy of 0.5 K on the  -control was provided by a standard 

variable-temperature unit BVT-2000 and a B-TO2000 thermocouple. 

 It is common to introduce a reduced temperature,     , defined as the ratio between 

the working temperature,  , and the nematic-isotropic phase-transition temperature of the 

solution,    : 

     
 

   
                                                                     

This dimensionless quantity allows a direct comparison of temperature values regardless of 

sample concentration or temperature unity control of the spectrometer. In terms of reduced 

temperature the 1H spectra were collected in the range 0.70 - 0.99. Figure 2.2 shows the 

experimental 1H spectra at some different values of     .  

 

 

Figure 2.2. 500 MHz experimental 
1
H spectra of TMA dissolved in I52 at different values of     . 

 

 

 Unfortunately, as a result of the low ordering of the solute and the high number of 

transitions of the 12-spin system, some spectra appear crowded with quite broad lines, so that 

an extremely thorough analysis was possible only for some more resolved spectra. Two crucial 

features, however, can be clearly appreciated: (i) all the spectra are characterized by a whole 

spectral width of only a few tens of Hertz, indicating a very weak orientational order of the 
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molecule; (ii) a peculiar behavior can be observed on cooling, that is the spectral width initially 

decreases until it reaches its minimum value at      = 0.82 (where the narrowest spectrum is 

recorded), then it starts to increase again at lower temperatures. The latter point is particularly 

intriguing and it may suggest two possible explanations:     changes its sign (scenario a) or 

reaches a minimum/maximum (scenario b) at about      = 0.82. As discussed in the following, 

even if the hypothesis a of the change of sign appears the most intuitive, it is not fully 

satisfactory because it conflicts with other reasonable considerations that can be made about 

our system. 

 The more resolved 1H spectrum corresponds to the      = 0.79, where the D26 is zero 

(see below) and the proton NMR spectrum is simply described by two coupled methyl groups 

(i.e. the same 6-spin system as that of acetone). This explains the relatively simple spectrum 

obtained. The comparison between the experimental and fitted spectrum at this      is 

displayed in Figure 2.3.  

 

.  

Figure 2.3. Comparison between the experimental (on the bottom) and the calculated (on the top) 

spectra for the best case (     = 0.79). The dipolar couplings used to obtain the calculated spectrum are 

those reported in Table 2.1. Moreover, only J25 has been set slightly different from 0 (J25 = -0.2 Hz) to 

reproduce some fine features of the spectrum. 

 

 

 The analysis of the proton spectra at      = 0.77, 0.79, 0.83 and 0.86 gave the set of 

three DHH reported in the last three lines of Table 2.1. Despite the low resolution of the 

spectra, the    
    values we extracted are the only ones able to reproduce, at best, our 

experimental spectra and can thus be considered reliable enough to carry out our study at a 

semi-quantitative level. The main problem is that, together with the magnitudes, only the 

relative signs of the three DHH couplings can be determined from the proton spectra. 

 To resolve such ambiguity, 13C NMR spectra revealed essential, since 1DCH 

(corresponding to    
   ) is the only    

    for which the magnitude and absolute sign can be 
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assigned unequivocally. Each 13C NMR spectrum resulted to be basically composed by the lines 

resulting from the C1 carbon coupled with the three equivalent protons H2, H3, and H4, so 

producing a quadruplet from which the D12 dipolar coupling constant was extracted by fixing 

J12 = +127 ±0.3 Hz (value obtained from the isotropic spectrum of TMA in CDCl3). 

Unfortunately, the 13C spectra showed a satisfactory signal-to-noise ratio only at three     , in 

common with the 1H spectra, namely 0.79, 0.83 and 0.86. The values extracted at these      

are reported in the first line of Table 2.1. 

 

 

Table 2.1. Observed dipolar couplings    
    (in Hz) of TMA in I52. 

     0.77 0.79 0.83 0.86 

D12 not determined 9.92 ± 0.10 4.82 ± 0.17 2.92 ± 0.47 

D23 14.87 ± 0.30 9.70 ± 0.20 9.13 ± 0.11 12.26 ± 0.20 

D25 -14.89 ± 0.25 -8.11 ± 0.10 -7.61 ± 0.11 -10.07 ± 0.18 

D26 2.61 ± 0.60 0.04 ± 0.15 2.18 ± 0.50 4.29 ± 0.60 

 

 

 2.2.2. Data interpretation and calculation of the order parameter 

 

 Two possible scenarios, a and b, were considered for the explanation of the 

experimental observations. Although none of them is fully satisfactory in explaining all the 

observations, both converge in indicating that the contribution to the dipolar couplings 

accounting for the vibrational-reorientational correlation plays a very important role. 

 Scenario a. The first hypothesis is that the three DHH couplings change sign at some 

     between 0.79 and 0.83 as a consequence of the fact that     crosses through 0. 

According to the literature, the non-rigid contribution for the long-range D26 as well as the 

anharmonic and harmonic contributions for all three interproton couplings are usually very 

small or even negligible [40-45] (less than 1%). Following these assumptions, we can simply 

write from equation (2.5): 

   
       

  
    

         
 

   
       

  
    

         
 

   
       

  
                                                                   

Contrarily, the anharmonic and harmonic contributions to    
    cannot be neglected: 
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 The surviving term    
  

 is seen to vanish at      about 0.79 (see Table 2.1), and this 

could be read as a symptom that     is about 0 at that     . As a consequence, the 

contributions    
  

,    
  

 and    
  

 should vanish at      = 0.79, too, so that: 

    
    

         
     

         
 
         

 

    
    

         
     

         
 
         

 

    
    

         
     

                
  

         
     

         
 
         

          

 There are, however, a couple of considerations that argue against this very simple and 

physically sensible interpretation of the data. First of all, the values of    
    and    

    reported 

in Table 2.1 seem too large to be due exclusively to the non-rigid term. This prompted us to 

test indirectly the influence of the non-rigid contributions on    
    and    

    by plotting the 

ratio    
   /   

    as a function of the     . Since our     molecule requires that all except non-

rigid contributions to the     be proportional to the     order parameter, the ratios between 

the experimental dipolar couplings are expected to be essentially independent of   when the 

non-rigid contributions are negligible. The ratio    
   /   

    for the four considered      is 

shown in Figure 2.4.  

 

 

Figure 2.4.    /    ratio and corresponding error as a function of the reduced temperature. 

 

 

 A temperature-independence of the    
   /   

    ratio is observed, more markedly 

between      = 0.79 and      = 0.86, suggesting that both    
    and    

    are approximately 

devoid of non-rigid effects. In this case, since the harmonic and anharmonic terms scale as    , 

thus entailing very small corrections to the already small couplings, we should reject what was 

said above, and on the contrary, we should write: 
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 A second criticism against the scenario a is based on the decreasing of    
    with 

increasing     . Such reduction should be due to an additional, opposite in sign, contribution 

to the non-rigid term. Admitting that    
  

 is much greater than    
     

 , and considering that 

   
  

 has opposite sign with respect to    , in order to have a negative additional contribution 

to    
         

 at      = 0.83, we should have a positive order parameter. In the scenario a, 

where     changes its sign crossing through 0 at      ≈ 0.79, this means that the order 

parameter is negative at temperatures lower than      = 0.79 and becomes positive for higher 

temperatures. This result seems counterintuitive, because the solute would prefer the parallel 

alignment for higher temperatures (where the orientational thermal disorder is higher) 

whereas it would adopt a more hampered perpendicular orientation when the temperature is 

lower and the thermal disorder is less important. Assuming the more reasonable trend for    , 

that is positive for      < 0.79 and negative for      > 0.79, the behavior of    
    as a function 

of the      becomes inexplicable, because after      = 0.79,    
  

 is positive and adds up to 

   
         

 so that an increase of    
    with the increase in temperature should be expected. 

These two argumentations make the hypothesis a not completely satisfactory. 

 Scenario b. If the change of sign of     does not occur, the order parameter has to be 

necessarily negative (as a result of the    
    trend), and the dipolar couplings pass through a 

minimum/maximum when     reaches its smallest possible magnitude. Looking at Figure 2.5, 

it is realized that the three interproton dipolar couplings share their minimum magnitude at 

the same           of about 0.82 (exactly the temperature where the experimental 1H 

spectrum shows its narrowest spectral width), while the minimum of the 13C-1H dipolar 

coupling falls at      > 0.86.  

 

 

Figure 2.5. Behaviors of D12 (red square), D23 (blue triangle), D25 (orange rhombus) and D26 (green circle) 

as a function of      when     < 0 is assumed.  
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 Keeping the approximation of neglecting the vibrational contributions we get: 

   
       

  
 

   
       

  
 

   
       

  
                                                                 

 Following this assumption, it is very simple to calculate the values of     (reported in 

Table 2.2 and shown in Figure 2.6) from the interproton dipolar couplings D23 and D25 at the 

different temperatures. In the calculation we adopted the following standard regular 

geometries for the molecule: C=C = 1.31 Å, C-CMe = 1.50 Å, C-H = 1.11 Å, CMeĈCMe = 120°, and 

regular tetrahedral structures. For the description of the rotation of methyl groups when 

calculating intermethyl couplings, we used the usual 120° three site jump model, exploiting the 

3-fold symmetry of the methyl groups and “freezing” them in their sterically less hindered 

conformations (RIS model). Note that the observed D26 couplings have been excluded in this 

case from the calculation of the order parameter because they are too small and affected by 

large relative errors. Their inclusion leads to the same values of     even though affected by 

quite high relative errors. D12 was not used in the calculation due to its vibrational 

dependence. 

 

 

Table 2.2. Values of the order parameter     and the calculated dipolar couplings    
     and    

     (in 

Hz) of TMA in I52 at different reduced temperatures. The RMS between observed and calculated     is 

also reported. 

     0.77 0.79 0.83 0.86 

   
     14.29 8.52 8.01 10.68 

   
     -15.42 -9.20 -8.65 -11.53 

RMS 0.55 1.13 1.08 1.52 

    -0.0119 ± 0.0005 -0.0070 ± 0.0009 -0.0070 ± 0.0009 -0.009 ± 0.0013 

 

 

 In Figure 2.6, it is seen that the minimum of magnitude of the     order parameter 

falls at            0.82, the temperature where the interproton dipolar couplings are 

simultaneously the smallest ones in magnitude and the 1H spectrum is the narrowest one.  
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Figure 2.6. Behavior of the     order parameter as a function of     . The cubic fitting of the curve is 

also shown. The value    =0 at      = 1 has been added as a boundary condition for the fitting of the 

curve. 

 

 

 A first important conclusion then is that the hypothesis b, the presence of a minimum 

of magnitude for    , appears to be the most reasonable explanation for the observed data. 

What is more, we tried at this point to evaluate at a semi-quantitative level the different 

contributions playing a role in the remaining C-H coupling    
   . 

 

 

 2.2.3. Quantification of the vibration-reorientation contribution  

 

 From equation (2.5) we can write: 

       
       

  
    

     
     

         
                                       

where the    
  

 are calculated by using the     values of Table 2.2. In Table 2.3, the obtained 

   
  

 and     are reported. 

 

 

Table 2.3. Values of    
  

 and     (in Hz) of TMA in I52 at different reduced temperatures obtained by 

using the     values of Table 2.2. The errors affecting the    
  

 values have been estimated, by error 

propagation, from the corresponding errors on the order parameter. 

     0.79 0.83 0.86 

   
  

 6.36 ± 0.25 5.98 ± 0.48 7.97 ± 1.11 

    3.56 ± 0.35 -1.16 ± 0.68 -5.05 ± 1.58 
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 By following equation (2.9), the sum of harmonic and anharmonic contributions can be 

collected as: 

   
     

                                                                        

where  

    
 

 
          

        
                                                           

Then equation (2.16) becomes: 

               
         

                                                        

Since     as a function of      is known from the interproton dipolar couplings, if we are able 

to determine the     term of equation (2.18), we can thus quantitatively assess, within the 

approximations used in the derivation, the    
         

 contribution from equation (2.19). 

 To evaluate     without force fields and theoretical calculations about harmonic and 

anharmonic vibrational corrections affecting    
   , it can be useful to plot     as a function of 

     (Figure 2.7). 

 

 

Figure 2.7. Behavior of     as a function of     . The quadratic fitting of the curve is also shown. The 

value     = 0 at      = 1 has been added as a boundary condition. 

 

 

 Note that     crosses through 0, changing its sign, at     = 0.82, that is the           

of the three interproton dipolar couplings. Because when     = 0 then    
    =    

  
, this result 

seems to suggest that at least at     = 0.82, only the equilibrium contributions survive for all 

the dipolar couplings, including    
   . This can occur when the single    

 ,    
  and    

         
 

are negligibly small (as we assumed for interproton couplings in the whole temperature 

range), or when it does exist a perfect balance of the effects, such that from equation (2.19) 

we got: 
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 Equation (2.20) cannot be directly exploited to determine    
         

, because the 

non-rigid contribution itself is involved. On the other hand, if we consider     to be 

independent of      (which is a reasonable approximation), we can exploit the fact that the 

function    (    ) reaches its minimum at      = 0.91 (see Figure 2.7); so, its derivative 

calculated there must vanish. Then the following relation holds: 

 
    
     

 
         

      
    
     

 
         

  
    

         

     
 

         

              

So that     is given by: 

     
    

         

     
 

         

 
    
     

 
         

  
 

 
                              

with  

   
    
     

 
         

                                                                

   
    

         

     
 

         

                                                         

By introducing equation (2.22) in equation (2.19) we obtain the following explicit general 

equation giving the    
         

 contribution as a function of     : 

   
                                                          

 

 
             

 In order to use such equation, we should be able to evaluate the terms   and  . The 

term   can be calculated by the equation corresponding to the cubic fitting shown in Figure 

2.6: 

                                          
               

                

Then we have: 

   
    
     

 
         

                                                       

 The calculation of   is more complicated. Assuming   is constant within a very narrow 

range of      in the proximity of the minimum of     (     = 0.91), we will consider the 

following limit expressions: 
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The limits reported above for equations (2.29) and (2.30) (approaching 0.91 from the right and 

left but, of course, never reaching exactly 0.91) have been calculated numerically from 

equation (2.25), by exploiting equation (2.26) for the evaluation of the function           and 

the equation corresponding to the quadratic fitting of          , shown in Figure 2.7: 

                                               
                        

By using the   value of equation (2.27), equations (2.29) and (2.30) converge to equation 

(2.28) for   = -3.487.  

 Finally, by introducing the   and   values in equation (2.25) we obtain: 

   
                                                                              

By calculating the non-rigid contributions for    
         

 at the three experimental 

temperatures, we obtained the results reported in Table 2.4.  

 

 

Table 2.4. Values of    
         

 (in Hz) of TMA in I52 at different reduced temperatures.
 
The errors have 

been estimated, by error propagation, starting from those affecting the     and the order parameters. 

     0.79 0.83 0.86 

   
         

 3.44 ± 0.39 -2.15 ± 0.72 -5.00 ± 1.64 

 

 

 Knowing    
         

,    
   , and    

  
 as functions of     , we can also obtain, by 

difference, the contribution (   
  +    

 ) vs     . The behaviors of the different contributions 

are plotted in Figure 2.8. It is worth emphasizing that the information emerging from the figure 

should be considered only at a semi-quantitative level.  It can be seen that in the scenario b, 

the non-rigid contribution (blue large-dashed line) basically represents the whole     (red 

small-dashed line). In other words, the difference between    
    and    

  
 dipolar coupling 

terms seems to be essentially due to the reorientation-vibration correlation, while the sum of 

the harmonic and anharmonic contributions (yellow dotted line) plays a very minor role. This 

predominance is reasonably due to the fact that our solute is a very symmetric and quasi-

spherical molecule, so that a very low orientational ordering (linearly affecting    
  and    

 ) 

has to be expected. TMA in I52 possesses then a “methane-like” behavior, which can be 

associated with that described not only for methane [5, 13-15, 46-51] but also for other very 

symmetric (about spherical) molecules [4, 16-17, 50, 52] dissolved in uniaxial orienting 

mesophases. Of course, the imperfect reliability of our observed dipolar couplings and/or the 

adopted assumptions and approximations are likely to bias our results and conclusions. For 

instance, the scenario b describes a situation where the order parameter would have a 
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minimum of magnitude at           = 0.82. Hypothetical suggestions to explain such trend 

may include competition between opposite ordering/disordering mechanisms and collective 

phase order effects due to the TMA doping, but definitely there are no resolutive explanations 

and the issue will be addressed in the future. However, although the calculations are evidently 

approximate, we are convinced that the significant predicted values of    
         

 are 

physically sensible, thus representing a very important contribution to the experimental    
   . 

 

 

Figure 2.8. Different D12 contributions as a function of     :    
         

 (blue large-dashed line),    
  + 

   
  (yellow dotted line), and    

  
 (gray solid line). For comparison,    

       
  
    

     
  

   
         

 (green dotted-dashed line) and        
       

  
    

     
     

         
 (red small-

dashed line) have been plotted. The large errors affecting the curves are not shown in the figure. 

 

 

 2.2.4. Conclusions 

 

 The essence of the phenomenon of reorientation-vibration coupling has been 

investigated and a semi-quantitative assessment of the non-rigid contribution to the 13C-1H 

dipolar coupling has been derived, within some approximations, from NMR study of the very 

weak orientationally ordered molecule TMA in I52. Two possible interpretations of the 

experimental observations have been presented and discussed with their pros and cons. In any 

case, the main result is that the reorientation-vibration interaction represents a fundamental 

contribution to the value of the observed experimental dipolar coupling, further confirming 

the conclusions given in the past for perfectly symmetric molecules dissolved in liquid 

crystalline phases. Although the amounts of approximations used probably affects the 

accuracy in the outcome, final results can be considered quite plausible in indicating the 

magnitude of    
         

. These results have been published in a paper [53] reported at the 

end of the thesis. 
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2.3. Study of rigid probe solutes in smectic phases: determination of positional order 

parameters 

 

 The distinctive feature of smectic liquid crystals is their layered structure [54]. This 

means their constituent particles both have an orientational order, as in the more common 

nematic phase, and a quasi long-range one-dimensional positional order. As described in 

chapter 1, smectics further differentiate on the basis of the orientation that molecule long 

axes preferentially take with respect to the layer normal and of the degree of positional order 

within a given layer. In the simplest case, the smectic A (SmA) phase, particles preferentially 

orient along the layer normal (the director    points along the smectic layer normal) [55-56] 

and possess a short-range, liquid-like in-layer positional order. This state of affairs readily 

complicates when molecules do not preferentially arrange side-by-side but in some shifted 

configuration, as in the case of the bilayer A2 and interdigitated bilayer Ad smectic phases. 

 The degree of orientational and positional order is quantitatively expressed by a 

number of order parameters. Whereas several experimental techniques are able to measure 

orientational order parameters [26-32], perhaps surprisingly there is no straightforward 

experimental method to quantitatively assess the extent of layering. 

 Positional order can be readily quantified through a series of parameters   , defined as 

[56-57]: 

   
 

 
           

 

 
     

 

 

                                                   

with      the distribution function of  , the molecular centre displacement from the mid-layer 

position resolved along the director   ,   the layer spacing and   a positive integer. Note that 

the definition of equation (2.33) implies that   = 0 corresponds to the center of a layer, where 

     takes its maximum value. These parameters    quantify the extent of layering with   = 0 

meaning absence of a layered structure and   = 1 corresponding to molecules locked in the 

mid-layer positions. Positional order parameters can be measured of course both for the liquid 

crystal solvent   (  
 ) and the solute   (  

 ). 

 Yet the very value borne by these parameters is experimentally hard to know for a 

molecular smectic liquid crystal. Diffraction techniques would appear as the most suited to 

investigate positional order in smectics. Such methods provide accurate values of the layer 

spacing,  , that for a SmA phase turns out of the order of the molecular length. Unfortunately, 

they cannot provide as straightforwardly also the values of the parameters   . Indeed, it can 

be shown [29] that the quantities directly measured in a diffraction experiment, i.e. the 

relative scattering intensities of the  -th layer diffracted peak,     , are proportional to   
 , 
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but the constant of proportionality, that is the value of      for the perfectly ordered smectic, 

    
 , is unknown. Particular assumptions on     

  may lead to an estimate of ratios of the type 

         though, in practice, only peaks up to the second only can be detected, so that solely 

the ratio       can be effectively measured in a diffraction experiment [57]. In order to obtain 

values of the parameters   , the use of a Gaussian shape for      was proposed in the past 

[58-60]. To further improve such procedure, two methods have been recently reported, that 

lead to the measurement of the parameter    for a range of smectogenic materials [61-62]. 

 In recent years, the problem of determining positional order parameters in smectics 

was being addressed from viewpoints other than the traditional one based on diffraction 

techniques and NMR spectroscopy is at the heart of these new attempts. Two different 

pathways were followed. In one case, proton NMR was used to determine the diffusion 

coefficients in the N and SmA phases and then these data were related to the   ’s via a 

theoretical model validated by computer simulations [63]. In the other cases, rigid and 

relatively small molecules were dissolved in a smectogenic solvent and their Saupe ordering 

matrices determined via liquid-crystal NMR spectroscopy. The aim of these studies is to exploit 

the fine changes that the orientational order parameters of certain solutes may undergo upon 

the onset of layering to get information on the positional order of the smectic liquid crystalline 

solutions. These studies can be further subdivided in two groups depending on how they 

analyse solutes’     matrix. This analysis has important consequences on what can be unveiled 

about the structure of the smectic liquid-crystalline solutions. A first series [64-68] makes use 

of mean-field models, developed from the classic Maier-Saupe and McMillan theories, and 

their outputs are the positional order parameters of the solutes. In the second group instead 

[33, 69], a statistical thermodynamic density-functional theory (ST-DFT), developed from the 

classic Onsager theory, is used that expresses solutes’ positional-orientational distribution 

function in terms of the solvent’s positional-orientational distribution. The main advantage is 

this method allows the determination not only of the positional distribution functions of the 

solute molecules (from which the   
  solute’s positional order parameters can be derived), but 

also of positional distribution function of the solvent, which leads to the desired   
  solvent’s 

positional order parameters. Note that as the solutions are sufficiently dilute (~2-3% by mole 

fraction), these parameters should not differ from those characterizing the pure smectic 

solvent.  

 This part of the Ph.D. work belongs to the above-mentioned second group. The 

method has been recently applied to the determination of the positional order parameter of 

the smectogenic liquid crystal solvent 4,4’-di-n-heptylazoxybenzene (HAB) through the probe 
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solutes 1,4-dichlorobenzene (DCB) and naphthalene (NFT) [33]. In the present project, new 

experimental data for the Saupe ordering matrices of the solutes biphenylene (BIF) and pyrene 

(PYR) dissolved in the nematic and smectic A phases of HAB were determined and then 

merged with those previously determined to form a larger set, with which potentialities and 

limits of the ST-DFT-based methodology can be better assessed.  

 As stated before, the study of smectic LCs when modified forms of the conventional 

non-polar monolayer smectic A phase are considered is more complicated. Encouraged by the 

results obtained for a typical SmA phase, the ST-DFT methodology has been then tested on 

such a more delicate situation. In particular we chose as liquid crystalline solvent of interest 

the partial bilayer smectic A phase of the 4-n-octyloxy-4’-cyanobyphenyl (8OCB), a member of 

the well-known n-alkoxycyanobiphenyl series of liquid crystal molecules (nOCB). 

 All this part of the project was carried out in collaboration with Prof. Giorgio Cinacchi 

at the University of Madrid, who first developed the ST-DFT method. Therefore, in the 

following paragraphs a description of the NMR experiments and a discussion of the data 

acquired will be given, with emphasis on the information one can extract from them. A very 

concise picture of the methodology underlying the ST-DFT approach will be given as essential 

tool to understand the results. For an accurate theoretical description of the methodology, 

including calculation details and implementation for the smectic Ad case, the reader is referred 

to the first papers [33, 69] and those published during this thesis [70-71]. 

 

 

 2.3.1. Concise recall of the methodology 

 

 The key point of the ST-DFT approach is that, for those particular binary mixtures 

whose one of the component, the liquid crystal solvent  , is in large majority with respect to 

the second component, the solute  , the following relationship between the positional-

orientational distribution function of solute         and the positional-distribution function of 

the solvent     
       stands [33]: 

        
 

 
        

  

          
             

                                           

where   is a normalization constant,   and    define the position of the solute’s and solvent’s 

center of mass along   , and   are the usual Euler angles defining the orientational state.   is a 

prefactor which helps correct in an effective way for the neglect of higher-order terms 

involving ever more complicated integrals. It is a solvent property only that can be interpreted 

as the solvent’s effective density. Finally,                 is a specific function measuring 
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the solute-solvent interactions. A more rigorous derivation is given in references [33, 69]; here 

the purpose is only to illustrate that, in the very dilute limit,         is linked to the positional-

orientational distribution function of the solvent via the function    . Note that the dilute limit 

is the condition under which we operate since, if the solutions are dilute, it is reasonable to 

expect that these parameters are, at most, only slightly different from those of the pure 

smectic liquid crystal. 

 In a good approximation [72],     
       can be written as depending on three 

parameters: the layer spacing  , the solvent orientational order parameter  , and the smectic 

amplitude  , a parameter that accounts for the strength of the positional mean-field potential 

energy. Therefore, in combination with equation (2.29), within this approximation, the 

positional-orientational distribution function of the solute         depends solely on four 

parameters:  ,  ,  , and  . The NMR investigation of the solvent allows the experimental 

determination of the term  , while other parameters can be determined by a fitting procedure 

of the experimental Saupe ordering matrices of a number of solutes       
   

, obtained by 

means of NMR, to the corresponding ones calculated by the ST-DFT,       
    

. The quantity 

one is required to minimize is: 

    
 

 
         

   
       

    
 
 

   

                                           

with   the number of data minus the number of parameters and the two sums running over 

the solute molecules dissolved and the independent elements of their respective Saupe 

ordering matrices. 

 From the above, some key points are now clear: (i) NMR spectroscopy is a particularly 

indicated technique since it gives access to essential experimental data both for the solvent 

(the parameter  ) and for the solute (the Saupe ordering matrices       
   

); (ii) small rigid 

molecules act as probes of the smectic solvent structure and provide the set of Saupe ordering 

matrices necessary for the fitting procedure; (iii) aiming at fitting the three parameters  ,   

and  , a large set of Saupe ordering matrices of different solutes is preferable. In the following 

such methodology will be applied to the smectogenic liquid crystal solvents HAB and 8OCB. 

 To make the just described methodology, ST-DFT combined with liquid crystal NMR, 

more clear, it is useful to resume the main points in a flowchart (Figure 2.9). 
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Figure 2.9. Flowchart showing the ST-DFT - liquid crystal NMR methodology proposed for the 

determination of positional order parameters. 

 

 

 2.3.2. The smectic A phase of 4,4’-di-n-heptyl-azoxybenzene (HAB) 

 

 Collecting a large set of solutes’ ordering Saupe matrices is an experimentally 

demanding condition, hard to be fulfilled. When such condition is not met, a simpler version of 

the procedure can alternatively be applied by exploiting the knowledge of   in the nematic 

phase and extrapolating its value down into the smectic phase [66-68], together with making a 

reasonable assumption on the value of the smectic layer spacing. Thus, only   would remain to 

be determined and, from this, the solvent smectic order parameters could be estimated. This 

strategy was the one exploited in ref. [33] for determining the    parameters for HAB using 

DCB and NFT as probe molecules. Besides the theoretical limitations of this first example, the 

main experimental drawback was represented by the relatively small amount of experimental 

data. Therefore, being the method promising, a more extended data set was the goal to 

pursue. This part of the Ph.D. thesis fits into such a context and aims at investigating by NMR 

spectroscopy two dilute solutions (approximately 2.0% by mole fraction) prepared by 

dissolving the rigid solutes biphenylene (BIF) and pyrene (PYR) in a mixture of HAB and HAB-d4 
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(deuterated in the ortho positions with respect to the alkyl chains, provided by Prof. C. A. 

Veracini from University of Pisa) in order to measure the solvent’s second-rank orientational 

order parameter   and the Saupe ordering matrices of the solutes. For details on samples 

preparation see Appendix A3. This new data set was then merged with the one previously 

obtained from DCB and NFT in the same solvent and the resulting overall data set analyzed 

with the ST-DFT theory to provide the smectic solvent’s positional order parameters along with 

the positional-orientational distribution functions of the various solutes. In Figure 2.10 the 

structure of the solvent and the solute molecules considered are reported, together with the 

molecular reference frame chosen for these solutes molecules. For sake of completeness also 

the chemical structure of DCB and NFT are displayed. 

 

 

Figure 2.10. “Ball-and-stick” structures of the solvent and solute molecules, referred to with their 

respective label defined in the text. The (     ) axes of the molecular reference frame adopted for the 

solute molecules are also shown. 

 

 

  2.3.2.1. Experiments 

 

 1H spectra of the solutes and 2H spectra of the solvent were recorded on a Bruker 

Avance 500 MHz spectrometer (11.74 T) equipped with BBI probe, a temperature control unit 

BVT-2000 and a B-TO2000 thermocouple. Spectra were recorded upon cooling from the 

isotropic phase, with 40-50 min intervals of thermostabilization for each   value, spanning 

both the nematic and the smectic A liquid-crystal phases, that is in the temperature range 313 

K - 333 K for the first sample, BIF/HAB-d4/HAB (    = 343 K), and in the range 307 K - 328 K for 
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the second sample, PYR/HAB-d4/HAB (    = 338 K). In terms of reduced temperatures, this 

corresponds to the range 0.91-0.97 for both samples, where the transition between the 

nematic and smectic A phases,    , is recorded at 0.94. 

 All proton spectra were analyzed through an iterative procedure using ARCANA 

software [39]. Figure 2.11 reports, as an example, the calculated and the experimental 1H 

spectra in HAB at      = 0.93 for BIF and PYR, respectively. The final experimental data, that is 

the residual dipolar couplings    , are given, for each reduced temperature, in Table 2.5 for BIF 

and in Table 2.6 for PYR. In order to easily follow their trend versus the reduced temperature, 

plots are also given in Figures 2.12 and 2.13 for BIF and PYR, respectively. The Saupe ordering 

matrices were obtained, fixing standard molecular geometries, from the residual dipolar 

couplings for the two solutes and are reported in Tables 2.7 and 2.8. 

 

 

Figure 2.11. Calculated and experimental 
1
H-NMR spectra of (a) BIF and (b) PYR in HAB at      = 0.93. A 

Gaussian multiplication was applied prior to Fourier transform. 

 

 

 

 



Chapter 2.   Structural and orientational analysis of rigid molecules 

 

- 125 - 

Table 2.5. Experimental     (in Hz) obtained at different      from the spectral analysis of BIF in HAB by 

ARCANA software. The transition between the nematic and smectic A phases is recorded at      = 0.94. 

The chemical structure provides the hydrogen atom numbering. 

 

     D12 D13 D14 D15 D16 

0.97 -1349.93 ± 0.08 -75.07 ± 0.11 13.24 ± 0.31 -39.94 ± 0.33 -60.57 ± 0.10 

0.96 -1444.93 ± 0.08 -78.38 ± 0.12 17.11 ± 0.36 -40.76 ± 0.35 -65.06 ± 0.12 

0.95 -1512.69 ± 0.06 -80.26 ± 0.08 19.47 ± 0.24 -43.02 ± 0.24 -68.11 ± 0.08 

0.94 -1572.97 ± 0.05 -83.03 ± 0.06 19.83 ± 0.19 -45.46 ± 0.22 -70.62 ± 0.06 

0.93 -1634.03 ± 0.04 -88.10 ± 0.05 20.25 ± 0.15 -46.78 ± 0.15 -73.46 ± 0.05 

0.92 -1661.51 ± 0.04 -90.88 ± 0.04 18.68 ± 0.16 -48.01 ± 0.13 -74.73 ± 0.04 

0.91 -1679.02 ± 0.04 -93.08 ± 0.05 17.46 ± 0.16 -48.67 ± 0.17 -75.38 ± 0.05 

      

     D17 D18 D23 D26 D27 

0.97 -125.54 ± 0.09 -529.65 ± 0.25 124.17 ± 0.31 -44.91 ± 0.31 -56.90 ± 0.25 

0.96 -135.06 ± 0.10 -568.15 ± 0.25 151.58 ± 0.34 -49.29 ± 0.33 -60.69 ± 0.26 

0.95 -141.27 ± 0.07 -595.34 ± 0.17 171.23 ± 0.25 -51.48 ± 0.24 -63.94 ± 0.18 

0.94 -147.15 ± 0.05 -620.20 ± 0.14 183.44 ± 0.18 -52.78 ± 0.20 -66.58 ± 0.16 

0.93 -152.51 ± 0.05 -642.55 ± 0.11 175.21 ± 0.15 -55.44 ± 0.15 -69.26 ± 0.11 

0.92 -154.93 ± 0.04 -652.48 ± 0.10 167.01 ± 0.13 -56.02 ± 0.13 -70.24 ± 0.10 

0.91 -156.39 ± 0.04 -658.69 ± 0.11 158.09 ± 0.15 -56.78 ± 0.15 -70.53 ± 0.11 
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Table 2.6. Experimental     (in Hz) obtained at different      from the spectral analysis of PYR in HAB by 

ARCANA software. The transition between the nematic and smectic A phases is recorded at      = 0.94. 

The chemical structure provides the hydrogen atom numbering. 

 

     D12 D13 D14 D15 D16 

0.97 -554.17 ± 0.09 -154.98 ± 0.14 -84.65 ± 0.14 -56.82 ± 0.10 -43.02 ± 0.16 

0.96 -569.45 ± 0.08 -161.67 ± 0.12 -86.89 ± 0.12 -60.24 ± 0.09 -46.20 ± 0.15 

0.95 -578.34 ± 0.07 -166.66 ± 0.11 -91.04 ± 0.12 -60.71 ± 0.08 -46.87 ± 0.13 

0.94 -586.90 ± 0.06 -171.01 ± 0.10 -94.70 ± 0.09 -64.21 ± 0.07 -49.80 ± 0.10 

0.93 -592.99 ± 0.05 -175.54 ± 0.09 -96.13 ± 0.09 -65.42 ± 0.07 -51.36 ± 0.09 

0.92 -597.84 ± 0.07 -178.06 ± 0.11 -99.92 ± 0.11 -68.87 ± 0.07 -53.65 ± 0.11 

0.91 -601.79 ± 0.07 -183.01 ± 0.12 -102.03 ± 0.11 -69.39 ± 0.08 -54.57 ± 0.11 

      

     D23 D24 D25 D27 D28 

0.97 -1654.15 ± 0.09 -291.28 ± 0.10 -115.05 ± 0.12 -48.67 ± 0.16 -37.78 ± 0.14 

0.96 -1733.40 ± 0.07 -308.14 ± 0.07 -118.41 ± 0.10 -51.07 ± 0.14 -39.46 ± 0.11 

0.95 -1798.50 ± 0.06 -319.87 ± 0.07 -123.35 ± 0.09 -53.88 ± 0.12 -39.58 ± 0.10 

0.94 -1864.45 ± 0.06 -331.40 ± 0.06 -127.18 ± 0.08 -54.04 ± 0.10 -42.46 ± 0.09 

0.93 -1911.60 ± 0.05 -341.11 ± 0.05 -131.37 ± 0.07 -54.44 ± 0.10 -43.42 ± 0.09 

0.92 -1974.15 ± 0.06 -352.22 ± 0.07 -135.20 ± 0.08 -55.30 ± 0.12 -43.58 ± 0.11 

0.91 -2015.29 ± 0.06 -359.85 ± 0.07 -139.14 ± 0.08 -58.66 ± 0.13 -44.41 ± 0.10 

      

     D29 D210 D34 D38 D39 

0.97 -24.12 ± 0.15 -4.46 ± 0.16 -2269.34 ± 0.12 -12.84 ± 0.19 -1.23 ± 0.20 

0.96 -22.40 ± 0.11 0.27 ± 0.14 -2383.02 ± 0.09 -12.40 ± 0.16 -0.82 ± 0.17 

0.95 -22.31 ± 0.10 1.70 ± 0.12 -2474.10 ± 0.08 -12.06 ± 0.14 0.37 ± 0.13 

0.94 -22.20 ± 0.09 4.88 ± 0.11 -2572.08 ± 0.07 -11.05 ± 0.12 0.76± 0.12 

0.93 -22.02 ± 0.08 10.58 ± 0.10 -2642.06 ± 0.07 -10.79 ± 0.11 1.88 ± 0.11 

0.92 -21.12 ± 0.10 12.30 ± 0.12 -2734.75 ± 0.08 -10.49 ± 0.15 4.03 ± 0.16 

0.91 -20.44 ± 0.10 15.41 ± 0.12 -2796.91 ± 0.09 -10.35 ± 0.15 4.25 ± 0.15 
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Figure 2.12. Experimental dipolar couplings obtained from the spectral analysis of BIF in HAB, as 

function of     . 

 

 

 

Figure 2.13. Experimental dipolar couplings obtained from the spectral analysis of PYR in HAB, as 

function of     . 
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Table 2.7. Elements of the Saupe ordering matrix for BIF in HAB as a function of reduced temperature. 

                 

0.97 0.2560 ± 0.0003 0.2261 ± 0.0004 

0.96 0.2767 ± 0.0003 0.2382 ± 0.0002 

0.95 0.2882 ± 0.0003 0.2469 ± 0.0003 

0.94 0.3002 ± 0.0003 0.2561 ± 0.0004 

0.93 0.3111 ± 0.0003 0.2689 ± 0.0004 

0.92 0.3158 ± 0.0003 0.2757 ± 0.0003 

0.91 0.3210 ± 0.0003 0.2855 ± 0.0003 

 

 

Table 2.8. Elements of the Saupe ordering matrix for PYR in HAB as a function of reduced temperature. 

                 

0.97 0.2876 ± 0.0016 0.2903 ± 0.0028 

0.96 0.3038 ± 0.0027 0.2998 ± 0.0023 

0.95 0.3150 ± 0.0029 0.3080 ± 0.0023 

0.94 0.3271 ± 0.0028 0.3152 ± 0.0022 

0.93 0.3375 ± 0.0025 0.3196 ± 0.0019 

0.92 0.3477 ± 0.0028 0.3262 ± 0.0024 

0.91 0.3561 ± 0.0027 0.3300 ± 0.0020 

 

 

 The deuterium spectra of the solvent were used to obtain the numerical values of the 

solvent’s second-rank orientational order parameter  , following a standard procedure [73-

74]. The 2H spectrum of HAB-d4 consists of a pair of doublets due to the quadrupolar splitting 

    of the four deuterated ortho positions (with respect to the alkyl chains) and the additional 

dipole-dipole coupling     between the deuterium in ortho and the proton in meta position 

(see Figure 2.14). The heteronuclear dipolar coupling between a deuterium and a proton 

produces a splitting given by [73]: 

     
     

      
                                                                 

where     is the H-D distance (equal to 2.48 Å) and         
  = 1.844·104 Hz Å3. 

     depends on only one order parameter,    , which is expected to be positive (    

will thus be negative). Since     is expressed in the molecular fragment-fixed frame, a rotation 

has to be performed in order to obtain it in the PAS frame (see Figure 2.14). Assuming from 

literature an angle of 16.8° between the principal axis of HAB and the direction D-H of the two 
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rings [74], and using conventional rotational matrices of director cosine, we calculated the 

   
      solvent orientational order parameters at different      listed in Table 2.9. Note that 

extracted data are consistent with the orientational order parameters recently reported for 

pure HAB [75] obtained by the analysis of several NMR observables (13C chemical shift 

anisotropies, 1H-2H and 13C-2H dipolar couplings, and 2H quadrupolar splittings) supplemented 

by quantum chemical density functional theory calculations, and claimed to be more reliable 

than the ones obtained by the traditional approach, based on the simpler analysis of 2H 

spectra. The   values obtained after proper rotation from quadrupolar splittings were also 

used to confirm the values of Table 2.9. 

 

 

Figure 2.14. Location of the molecular frame fixed on each phenyl ring (     ) and of the principal 

frame (              ) with respect to which the solvent orientational order paremeter   is defined. 

Axes   and     , not shown, define right-handed Cartesian systems. 

 

 

Table 2.9. Mean value of the solvent’s orientational order parameter   as a function of the reduced 

temperature. The error estimated for them is 10% (from resolution of 
2
H spectra and by error 

propagation). 

       

0.97 0.65 

0.96 0.68 

0.95 0.71 

0.94 0.72 

0.93 0.75 

0.92 0.78 

0.91 0.80 
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  2.3.2.2. Data analysis  

 

 The analysis of the whole set of experimental data in HAB, composed of the ordering 

matrices of DCB, NFT, BIF, and PYR as a function of temperature, requires a proper model for 

solute-solvent interactions. The choice is driven by a compromise between the desire of 

preserving the chemical identity of the molecules under consideration and the one of keeping 

the calculations as simple as possible. Following an intermediate choice, both solute and 

solvent molecules were described at the atomistic, chemically detailed level. Atom-atom 

interactions were taken of the hard sphere type, with each sphere radius equal to the 

corresponding atom or group (the united atom approximation was used for methylene and 

methyl groups in the alkyl chains of HAB) van der Waals radius [76]. To reduce computational 

burden, the solvent was allowed to adopt a single conformation, having the central core 

planar, the dihedral angles defined by the first two methylene groups of the chains and the 

corresponding phenyl ring set, respectively, at ±90° and the two chains in an all trans 

conformation. 

 After parametrization of the solvent distribution function, the parameters ( ,   and  ) 

are determined by fitting the predicted elements of solute Saupe ordering matrices with those 

obtained experimentally. Two series of fittings were performed: (1) the phase was assumed 

nematic throughout the temperature range explored,   was set equal to 0 and   thus left 

undefined, so that   was the sole parameter left to vary; (2) the phase was assumed smectic A 

throughout the temperature range explored,   was varied together with  , while   was fixed 

at the value of 28.9 Å as reported in a past diffraction experiment [77]. Note that as the 

experimental data set was large enough, there was no need to make any extrapolation of the 

result for   in the N phase down to the SmA phase, as done in the previous work [33]. 

 Table 2.10 gives the values of the quantity     resulting from the two series of fittings. 

Its trend is in good agreement with the known phase sequence: while      increases with 

decreasing temperature,        has in general the opposite behavior. This means that, as 

expected, the addition of the parameter   leads to progressively better fittings. Nonetheless, 

     remains smaller for the first two highest temperatures, while at      = 0.95 the two 

values of     are essentially equivalent, indicating that, for the three highest temperatures, the 

extra parameter added does not improve the quality of the fitting obtained by varying the sole 

parameter  . This is consistent with the N character of the liquid-crystalline solutions for      

≥ 0.95. The addition of   leads to fittings of a substantially better quality for      ≤ 0.94, where 

the liquid crystalline solutions are indeed in the SmA phase. While        does decrease in 
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general with temperature, it does not do so at the lowest temperature considered (     = 

0.91), at which its value is comparable to the one obtained at      = 0.95. There is no evident 

reason for that at the moment. 

 

 

Table 2.10. Parameters of the two series of fitting as a function of reduced temperature. 

     104      104        

0.97 5.73 6.66 

0.96 5.90 6.52 

0.95 6.11 5.93 

0.94 6.60 4.92 

0.93 7.94 3.77 

0.92 9.65 3.56 

0.91 12.11 5.88 

 

 

 The main result of the analysis of the       
   

 are the solvent’s positional order 

parameters   
 , that are reported in Figure 2.15 as a function of reduced temperature for   = 

1,2,3. The error in these parameters was estimated assuming a 10% error in the value of   . 

Values of   
  reported in Figure 2.15 are consistent with those previously obtained with the 

same methodology using a smaller experimental data set derived only from the probe solutes 

DCB and NFT [33]. Moreover, similar values of the positional order parameters were found for 

HAB through a different method, based on the NMR measurement of self-diffusion coefficients 

in the liquid crystalline phase [63]. 

 

 

Figure 2.15. Solvent’s positional order parameters   
  as a function of reduced temperature:   

   = 1 (red 

circles),   
   = 2 (green squares), and   

   = 3 (blue diamonds). In the nematic phase there is no positional 

order. 
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 By-products of the analysis are the solutes’ positional-orientational distribution 

functions          , from which the positional order parameters of the solutes  
  can be 

calculated. Figure 2.16 shows these parameters as a function of the reduced temperature for    

= 1,2. Noteworthy is the negative value of   , indicating that the solutes prefer to reside in the 

interlayer regions. This confirms what was previously found elsewhere [33, 66-69]. The 

positive value of    is just a further reflection of the layered nature of the SmA phase. 

 

 

Figure 2.16. Solutes’ positional order parameters   
   

  as a function of reduced temperature: DCB (red 

circles), NFT (green squares), BIF (blue diamonds), and PYR (black triangles). Full symbols correspond to 

   = 1, while empty symbols to    = 2. 

 

 

 2.3.3. The partial bilayer smectic Ad phase of 4-n-octyloxy-4’-cyanobiphenyl (8OCB) 

 

 Encouraged by the promising results obtained for the conventional smectic A phase of 

HAB, the performances of the proposed methodology, combining a statistical thermodynamic 

density functional theory (ST-DFT) with liquid crystal NMR spectroscopy, has been tested on a 

more delicate solvent which displays a partial bilayer SmAd phase. In particular the liquid 

crystal medium we started with was the 4-n-octyloxy-4’-cyanobyphenyl (8OCB), a member of 

the well-known nOCB series of liquid crystal molecules. This series of compounds, together 

with the series of n-alkylcyanobiphenyls (nCB), was first reported in the ‘70s [78] and they 

have been the object of a wealth of studies ever since. Provided n is large enough, a nematic 

phase and, for n ≥ 8, also a SmA phase form. Soon after their synthesis, X-ray diffraction 

studies were carried out that revealed that the layer spacing    in the SmA phase of the higher 

alkyl and alkoxy homologues were between once and twice a molecular length [79-81]. It was 

readily recognized that this had to be due to some sort of dimerisation, induced by the strong 

dipole moment borne by the terminal cyano groups, which interact between them and with 
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the phenyl groups of the biphenyl moiety: as a result, a partial bilayer SmA phase, labelled 

SmAd, turns out; its structure is schematically given in Figure 2.17. 

 

 

Figure 2.17. (a) “Ball-and-stick” structure of the 8OCB solvent molecule and (b) schematic illustration of 

a partial bilayer smectic Ad phase it creates, with molecules tending to pair up in a slipped-parallel 

configuration. 

 

 

 The picture deducted from the diffraction experiments later received several 

confirmations (see, for instance, ref. [82]), more recently also from a few computer simulation 

studies conducted on atomistic models of 8CB [83-86]. These computational studies also 

confirmed how the layered structure of the SmAd of this compound is somewhat loose, 

supporting then the well-known very weak, second-order character of the nematic-smectic 

phase transition in these compounds [87-88]. Though, to the best of our knowledge, similar 

simulations are not available on 8OCB, it is very likely that what found for 8CB applies also to 

its alkoxy counterpart, given the many similarities shared by the two compounds. It is thus 

evident that the loose, partial bilayer character of its structure, linked to the very weak, 

second-order character of the nematic-smectic phase transition in compounds of this sort, 

would seem to play against a smooth extension of the previous results to this case. It is in fact 

not warranted that solutes’ orientational order parameters do show any detectable sign of 

entering a smectic phase. 

 

 

  2.3.3.1. Experiments 

 

 The solute molecules employed in the present work were 1,4-dichlorobenzene (DCB), 

biphenylene (BIF) and pyrene (PYR), whose structures are reported in Figure 2.10, along with 
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the axes of their molecular reference frame. Dilute solutions (approximately 3.0% by mole 

fraction) were prepared by dissolving BIF and PYR in a mixture of 8OCB and 8OCB-d8 

(deuterated in the biphenyl fragment, prepared by Prof. H. Zimmermann), while DCB were 

dissolved in 8OCB. For details on samples preparation see Appendix A3. 

 1H spectra of the solutes and 2H spectra of the solvent were recorded at different 

common reduced temperatures      on a Bruker Avance 500MHz spectrometer (equipped 

with BBI probe, BVT-2000 temperature control unit and B-TO2000 thermocouple) upon cooling 

from the isotropic phase, with 40-50 min intervals of thermostabilization for each   value. In 

particular, 1H spectra of the solutes were recorded and analysed using the home-made 

program ARCANA [39] in the temperature range 320 K - 344 K for the first solution, DCB/8OCB 

(    = 347 K), in the range 325 K – 348 K for the second solution, BIF/8OCB-d8/8OCB (    = 352 

K), and in the range 323 K – 334 K for the third solution, PYR/8OCB-d8/8OCB (    = 350 K). In 

terms of reduced temperatures, this corresponds to the range 0.92-0.99 for samples 

containing DCB and BIF, spanning both the nematic (in the range 0.97-0.99) and the smectic-Ad 

(in the range 0.92-0.95) liquid-crystal phases, and to the range 0.92-0.95 for the sample 

containing PYR. Note that for the last sample it was possible to analyze the proton spectra only 

at low temperatures in the SmAd phase. Indeed, due to their low quality, in terms of linewidth 

and signal-to-noise ratio, it proved impossible to analyze such complex spectra (10 spins) at 

higher temperatures in the N phase. In Figure 2.18 the calculated and experimental 1H spectra 

of DCB, BIF and PYR in the liquid crystal solvent at      = 0.93 are reported. 

 The experimental residual dipolar couplings     extracted from spectral analysis are 

listed for each temperature, in Tables 2.11, 2.12 and 2.13, and reported graphically in Figures 

2.19, 2.20 and 2.21, for DCB, BIF and PYR, respectively. The Saupe ordering matrices for the 

three solutes were obtained from the corresponding set of residual dipolar coupling data upon 

adoption of standard molecular geometries and are reported in Tables 2.14, 2.15, and 2.16. 
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Figure 2.18. Calculated and experimental 
1
H-NMR spectra of (a) BIF, (b) PYR and (c) DCB in 8OCB at      

= 0.93. A gaussian multiplication was applied prior to Fourier transform.  
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Table 2.11. Experimental     (in Hz) obtained at different      from the spectral analysis of DCB in 8OCB 

by ARCANA software. The transition between the nematic and smectic-A phases is recorded at about 

     = 0.96. The chemical structure provides the hydrogen atom numbering. 

 

     D12 D13 D23 

0.99 59.35 ± 0.07 -29.10 ± 0.08 -1797.19 ± 0.07 

0.98 65.48 ± 0.10 -33.04 ± 0.11 -2020.42 ± 0.10 

0.97 68.17 ± 0.09 -35.02 ± 0.09 -2125.43 ± 0.08 

0.95 72.03 ± 0.09 -36.91 ± 0.09 -2244.50 ± 0.07 

0.94 74.22 ± 0.06 -37.81 ± 0.07 -2303.16 ± 0.05 

0.93 77.01 ± 0.03 -38.91 ± 0.03 -2396.70 ± 0.03 

0.92 78.88 ± 0.06 -39.03 ± 0.06 -2412.36 ± 0.06 

 

 

 

 

 

Figure 2.19. Experimental dipolar couplings obtained from the spectral analysis of DCB in 8OCB, as 

function of     . 
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Table 2.12. Experimental     (in Hz) obtained at different      from the spectral analysis BIF in 

8OCB/8OCB-d8 by ARCANA software. The transition between the nematic and smectic-A phases is 

recorded at about      = 0.96. The chemical structure provides the hydrogen atom numbering. 

 

     D12 D13 D14 D15 D16 

0.99 -1292-98 ± 0.08 -75.27 ± 0.10 -11.29 ± 0.35 -38.65 ± 0.38 -58.32 ± 0.11 

0.98 -1387.49 ± 0.11 -80.34 ± 0.14 4.17 ± 0.51 -43.39 ± 0.46 -63.14 ± 0.16 

0.97 -1482.65 ± 0.07 -86.53 ± 0.10 12.06 ± 0.34 -44.34 ± 0.33 -66.97 ± 0.10 

0.95 -1597.19 ± 0.07 -91.65 ± 0.11 12.36 ± 0.32 -46.74 ± 0.34 -72.20 ± 0.11 

0.94 -1662.52 ± 0.06 -93.79 ± 0.09 16.24 ± 0.23 -48.35 ± 0.25 -75.38 ± 0.08 

0.93 -1739.29 ± 0.06 -96.17 ± 0.07 18.53 ± 0.25 -50.56 ± 0.25 -78.29 ± 0.08 

0.92 -1801.83 ± 0.05 -96.21 ± 0.06 21.92 ± 0.21 -51.89 ± 0.22 -81.41 ± 0.07 

      

     D17 D18 D23 D26 D27 

0.99 -113.98 ± 0.09 -487.16 ± 0.23 85.45 ± 0.32 -41.00 ± 0.35 -54.12 ± 0.25 

0.98 -125.38 ± 0.11 -539.56 ± 0.35 100.16 ± 0.50 -44.52 ± 0.46 -60.12 ± 0.35 

0.97 -137.73 ± 0.08 -579.29 ± 0.21 109.45 ± 0.33 -49.33 ± 0.31 -62.73 ± 0.20 

0.95 -148.39 ± 0.09 -625.75 ± 0.22 133.55 ± 0.30 -53.87 ± 0.31 -66.83 ± 0.22 

0.94 -154.70 ± 0.07 -652.01 ± 0.19 150.34 ± 0.24 -56.60 ± 0.24 -69.58 ± 0.21 

0.93 -162.57 ± 0.07 -683.95 ± 0.16 178.22 ± 0.23 -59.15 ± 0.23 -73.39 ± 0.17 

0.92 -168.91 ± 0.06 -709.50 ± 0.22 206.85 ± 0.19 -61.46 ± 0.22 -77.15 ± 0.15 
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Table 2.13. Experimental     (in Hz) obtained at different      from the spectral analysis PYR in 

8OCB/8OCB-d8 by ARCANA software. Only 
1
H spectra in the SmAd range could be analyzed. The chemical 

structure provides the hydrogen atom numbering. 

 

     D12 D13 D14 D15 D16 

0.95 -695.22 ± 0.38 -180.66 ± 0.64 -93.79 ± 0.58 -59.87 ± 0.49 -47.19 ± 0.58 

0.94 -717.25 ± 0.06 -188.03 ± 0.10 -99.06 ± 0.10 -66.21 ± 0.08 -52.08 ± 0.12 

0.93 -728.17 ± 0.07 -192.80 ± 0.11 -102.05 ± 0.11 -67.99 ± 0.08 -53.60 ± 0.12 

0.92 -731.32 ± 0.07 -194.81 ± 0.10 -103.60 ± 0.10 -69.77 ± 0.08 -53.99 ± 0.12 

      

     D23 D24 D25 D27 D28 

0.95 -1862.04 ± 0.38 -326.75 ± 0.41 -128.89 ± 0.49 -55.27 ± 0.78 -46.38 ± 0.71 

0.94 -1961.02 ± 0.06 -344.87 ± 0.07 -131.78 ± 0.09 -57.01 ± 0.11 -46.92 ± 0.09 

0.93 -2019.41 ± 0.07 -354.93 ± 0.07 -136.01 ± 0.09 -59.95 ± 0.13 -47.82 ± 0.10 

0.92 -2043.68 ± 0.07 -359.40 ± 0.07 -137.88 ± 0.09 -60.64 ± 0.12 -49.00 ± 0.10 

      

     D29 D210 D34 D38 D39 

0.95 -32.71 ± 0.63 -24.65 ± 0.82 -2517.23 ± 0.57 -17.46 ± 0.86 -6.96 ± 0.14 

0.94 -32.50 ± 0.09 -23.12 ± 0.12 -2657.81 ± 0.08 -16.56 ± 0.13 -6.45 ± 0.17 

0.93 -32.05 ± 0.10 -21.25 ± 0.13 -2740.09 ± 0.09 -16.40 ± 0.13 -6.08 ± 0.14 

0.92 -31.93 ± 0.10 -18.98 ± 0.12 -2774.83 ± 0.09 -16.32 ± 0.14 -5.47 ± 0.15 
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Figure 2.20. Experimental dipolar couplings obtained from the spectral analysis of BIF in 8OCB, as 

function of     . 

 

 

 

Figure 2.21. Experimental dipolar couplings obtained from the spectral analysis of PYR in 8OCB, as 

function of     . 
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Table 2.14. Elements of the Saupe ordering matrix for DCB in 8OCB as a function of reduced 

temperature. 

                 

0.99 0.2068 ± 0.0001 0.1379 ± 0.0008 

0.98 0.2307 ± 0.0001 0.1525 ± 0.0010 

0.97 0.2729 ± 0.0001 0.1829 ± 0.0009 

0.95 0.2881 ± 0.0001 0.1929 ± 0.0008 

0.94 0.2957 ± 0.0001 0.1977 ± 0.0010 

0.93 0.3077 ± 0.0001 0.2057 ± 0.0008 

0.92 0.3097 ± 0.0001 0.2055 ± 0.0011 

 

 

Table 2.15. Elements of the Saupe ordering matrix for BIF in 8OCB/8OCB-d8 as a function of reduced 

temperature. 

                 

0.99 0.2415 ± 0.0009 0.2211 ± 0.0011 

0.98 0.2617 ± 0.0010 0.2377 ± 0.0011 

0.97 0.2810 ± 0.0003 0.2549 ± 0.0004 

0.95 0.3037 ± 0.0003 0.2720 ± 0.0004 

0.94 0.3163 ± 0.0002 0.2805 ± 0.0003 

0.93 0.3324 ± 0.0003 0.2901 ± 0.0003 

0.92 0.3447 ± 0.0004 0.2954 ± 0.0005 

 

 

Table 2.16. Elements of the Saupe ordering matrix for PYR in 8OCB/8OCB-d8 as a function of reduced 

temperature. 

                 

0.95 0.3217 ± 0.0038 0.3486 ± 0.0026 

0.94 0.3373 ± 0.0034 0.3637 ± 0.0024 

0.93 0.3480 ± 0.0033 0.3713 ± 0.0024 

0.92 0.3531 ± 0.0034 0.3738 ± 0.0023 

 

 

 The 2H spectra of the solvent were recorded and analysed, in the range of      

between 0.92 and 0.99, only for the samples of BIF and PYR, containing deuterated 8OCB. 

According to standard procedures [89-90] it was possible to obtain the numerical values of the 

solvent’s second-rank orientational order parameter   listed in Table 2.17.  
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 The analysis of the 2H spectrum of 8OCB-d8 gives the quadrupolar splitting     of the 

deuterated positions in the biphenyl fragment, which, assuming the quadrupolar tensor axially 

symmetric along the C-D direction, are directly related to the order parameter     by (see 

chapter 1): 

    
 

 
                                                                         

Assuming the typical value for sp2 carbon of     = 185 kHz [91], it is easy to obtain the order 

parameters     from the quadrupole-split doublets. From standard geometries a simple 

rotation of 60° provided the   solvent orientational order parameters expressed in the PAS 

frame (see Figure 2.22). 

 

 

Figure 2.22. Location of   axis in the molecular frame fixed on each phenyl ring and      axis in the 

principal frame with respect to which the solvent orientational order paremeter   is defined. The      

axis coincides with the molecule main axis direction (passing through the oxygen atom, the carbon atom 

bonded to it, the two carbon atoms joining the two phenyl groups, the carbon atom bonded to the 

cyano group and the carbon and nitrogen atoms of the latter). 

 

 

 Note that the quadrupolar doublet is further split into three lines by the vicinal 2H-2H 

dipolar coupling [92]: 

     
  
  

      
                                                                 

The     order parameter is already expressed in the PAS system (the direction 2H-2H is parallel 

to the principal   axis, see Figure 2.22) so it represents the   parameter. Such dipolar data 

were used to further confirm the values of   reported in Table 2.17. 
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Table 2.17. Mean value of the solvent’s orientational order parameter   as a function of the reduced 

temperature. The error estimated for them is 10%. (from resolution of 
2
H spectra and by error 

propagation). 

       

0.99 0.44 

0.98 0.47 

0.97 0.50 

0.96 0.56 

0.95 0.61 

0.94 0.62 

0.93 0.64 

0.92 0.67 

 

 

  2.3.3.2. Data analysis  

 

 In the analysis of the experimental data via the ST-DFT method, the centre of a 8OCB 

molecule was taken coincident with the position of its oxygen atom. With regards to solute-

solvent interactions, we followed again the intermediate choice that involves modeling these 

interactions at an atomistic, chemically detailed level yet retaining only the repulsive part of 

the atom-atom interactions and assuming the latter of the hard-sphere type. To reduce 

computational burden further, some simplifications were adopted: (i) the alkyl chain was kept 

in its fully extended, all trans, conformation; (ii) the hydrogen atoms of the liquid crystal 

molecule were grouped together with the carbon atom they are bonded to and each group so 

formed was described by a single hard sphere; (iii) according to previous quantum chemical 

calculations, the chemical bond joining the first two methylene groups of the chain was 

constrained to lie on the plane of the oxygen atom and nearby phenyl group [93] and the 

dihedral angle between the two phenyl groups was set at the value of 42° [94]. An 

implementation of the ST-DFT method was necessary in this case to account for the partial 

bilayer nature of the 8OCB smectic liquid crystal, which implies the presence of two classes of 

solvent molecules, having the cyano group parallel or anti-parallel to the arbitrarily chosen 

direction of the layer normal. All details are reported in ref. [70]. 

 After parametrization of the solvent distribution function, three series of fittings were 

performed. In a first series the data in the N phase (available for DCB and BIF only) were 

considered. For each of three temperatures,     and         of the two compounds were 

fitted, using the corresponding value of   in Table 2.17, constraining   = 0 and letting   be the 
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sole parameter to vary. In a second series, the data in the smectic phase, this time including 

PYR, were analysed assuming that the solutes remain in a N phase, i.e. constraining   = 0 and 

varying   only. The values of     for both these fittings are reported in the second and third 

column of Table 2.18. In both case the value of     increases with decreasing temperature. 

Unlike the previously described case of HAB, the experimental data set available for 8OCB was 

not large enough for allowing a contemporary fitting on both the   and   terms in the smectic 

phase. Thus, we resort to the alternative strategy already exploited [33], which consists in 

extrapolating the result for   obtained in the N phase down to the SmAd phase, taking 

advantage of it being slightly dependent on temperature.   was fixed at the value determined 

experimentally (  = 32Å [79]), so that   was the sole parameter left to vary. The last column of 

Table 2.18 gives the results of this fitting. One can observe that the two series of fittings in the 

last two columns of Table 2.18 are essentially of the same quality, with the fittings assuming 

the phase as smectic just slightly better, as measured by the values of    . This result can be 

thought of as consistent with the loose character of the layered structure in the smectic phase 

of 8OCB.  

 

 

Table 2.18. Parameters of the three series of fittings as a function of reduced temperature. 

     103     
(a) 103       

(b) 104       
(c) 

0.99 0.36   

0.98 0.57   

0.97 1.17   

0.95  1.52 1.40 

0.94  1.98 1.80 

0.93  2.38 2.00 

0.92  2.54 2.00 
(a)

 results from fitting in the N phase, varying   only 
(b)

 results from fitting in the SmAd, assumed as a N phase, varying   only 
(c)

 results from fitting in the SmAd, obtained by extrapolating the result for   obtained in the N phase, varying   only 

 

 

 From the analysis of the       
   

, the solvent’s positional order parameters   
  can be 

calculated.   
  for  =1,2,3, shown in Figure 2.23 as a function of the reduced temperature, 

appears immediately smaller and affected by a larger uncertainty than the ones previously 

determined for HAB at the same reduced temperatures. Comparing our results for 8OCB with 

the ones obtained over the years for the series of n-alkyl and n-alkoxy cyanobiphenyls [61-62, 
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83, 95], it is to remark the values of    found in this work for 8OCB are consistent with values 

found for 8CB (comprised between 0.4 and 0.6) by diffraction based methods [61, 95]. 

 

 

Figure 2.23. Solvent’s positional order parameters   
  as a function of reduced temperature:   = 1 (red 

circles),   = 2 (green squares), and   = 3 (blue diamonds). 

 

 

 The ST-DFT analysis gives as by-products the solutes’ positional-orientational 

distribution functions        , shown in Figure 2.24. It is clear the solutes prefer, as usual, to 

lie in the regions where the terminal chains of the liquid crystal molecule are more likely 

located. The extent of the partitioning is considerable: a solute has nearly 90% probability to 

be found dwelling in the chain region. Dwelling in the core or in the chain regions is associated 

to a different degree of orientational ordering for the three solutes. It is of interest to see that 

for DCB and BIF     is always larger than        , be a solute in the core or in the chain 

regions, whereas for PYR             all across the layers. This would mean that, while 

DCB and BIF behave as ordinary rod-like particles, tending to be more aligned to the layer 

normal when they are in the core rather than in the chain regions, the orientational order of 

PYR changes little across a layer, its  - and  -axes always tending to be parallel and 

perpendicular to the director, respectively, and its  -axis more isotropically distributed. 
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Figure 2.24. (a) Positional distribution functions    and (b) orientational order parameters     (on the 

top) and         (on the bottom) for the three solutes, DCB (black), BIF (red) and PYR (green) as a 

function of the position inside the liquid crystalline phase. 

 

 

 2.3.4. Conclusions 

 

 In this section some recent applications of a new methodology for the determination 

of the solvent’s positional order parameters, exploiting a combination of liquid crystal NMR 

spectroscopy and a statistical thermodynamic density functional theory (ST-DFT), are 

presented. The approach has been applied first on the conventional SmA liquid crystal HAB, 

and then on the more delicate case of the interdigitated SmAd liquid crystal 8OCB. Depending 

on the amounts of experimental data, a “full” or “simple” version of the methodology have 

been applied. However, in both case we obtained realistic results in good agreement with the 

data available from diffraction methods. The presented methodology represents thus a 

complementary or alternative tool with respect to standard methods, all relying on diffraction 

experiments, and it would be of interest in perspective to extend it to a smectic C phase. 

Consider, additionally, that this methodology rests upon the partitioning of small solutes in 

intra- and inter-layer regions of a smectic liquid crystal and their experiencing different 

orientational torques in the different regions, and that the similar portioning behavior of small 

solutes in lipid bilayers is of basic importance in biochemistry and pharmacology [96-98]. It is 

tempting therefore to speculate on how the present approach could be adapted to contribute 

to this issue. 
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2.4. Conclusion 

 

 This second chapter showed how the application of 1H, 13C and 2H 1D NMR 

spectroscopy to rigid probes molecules dissolved in highly orienting thermotropic phases 

allows to collect valuable experimental data useful to face two arduous issues.  

 In section 2.2 the highly symmetric molecule of TMA dissolved in the uniaxial nematic 

I52 solvent was chosen as example of solutes experiencing very weak orientational ordering 

conditions. The investigation of the peculiar 1H spectral behavior obtained under cooling 

revealed in turn an interesting trend for the     order parameter, from which, under some 

approximations, a semi-quantitative assessment of the non-rigid contribution to the 1DCH could 

be derived. 

 In section 2.3 some rigid solutes, DCB, BIF, NFT and PYR, dissolved in LCs displaying 

both nematic and smectic phase were used as probes to derive the solvent’s positional order 

parameters, that are typically hard to obtain by standard diffraction techniques. This recently 

proposed methodology, which combines NMR spectroscopy in liquid crystals and a ST-DFT 

approach, gave realistic results when applied on the apolar SmA phase of HAB and the 

interdigitated SmAd phase of 8OCB. 

 A basic conclusion should be inferred: when the attention of NMR researchers is 

focused on more and more complex and flexible systems, it should not be forgotten that rigid 

small molecules still retain a great interest. It is just the expertise scientists have gained over 

the years in studying relatively simple solutes that may be now smartly exploited for 

contributing to more general problems, as the determination of the non-rigid contribution to 

dipolar couplings or of the positional order parameters in smectic LCs.   
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3.1. Introduction 

 

 In the previous chapter the molecules we considered are rigid objects, but they 

constitute only a small part of the reality. Most of compounds are in fact flexible and undergo 

not only small-amplitude vibrational motions but above all large-amplitude, low frequency, 

torsional motions. This means a flexible molecule switches constantly between some more 

stable conformations, and it does exist as an average structure. Torsional internal motions are 

rapid enough, on the NMR timescale, that the dipolar couplings and the quadrupolar splittings 

which are obtained by analysis of the NMR spectrum of a liquid crystalline sample are averages 

over these motions. Via these averaged values, it is thus possible to investigate by liquid 

crystal NMR techniques the molecular internal motions and then the flexibility of molecules in 

solution. 

 NMR studies of flexible molecules in liquid crystalline phases are mainly of two kinds, 

those of the mesogens themselves (or smaller molecules that mimic part of them) and of non-

mesogenic solutes. In this thesis the emphasis was given to studies of solutes dissolved in 

liquid crystalline phases, aimed at determining their conformational distribution. The 

knowledge of three-dimensional structure and conformational equilibrium of flexible organic 

solutes in liquid phase represents indeed a fundamental subject both for theory and 

applications and the molecules under investigation in this Ph.D. thesis try to cover as many 

areas of interest as possible.  

 From a theoretical point of view, investigating the molecular conformational 

equilibrium has represented a challenging and intriguing topic. Efforts for example have been 

concentrated in rationalizing the influence of the phase on the changes in the dihedral angles 

observed for some molecules in different state of matters [1-3], or in explaining the detailed 

mechanisms of chemical reaction pathways in terms of steric hindrance and conformational 

arrangements [4-5]. Over the years, the theoretical conformational analysis via molecular 

modeling calculations has gained an impressive importance as technique for investigating 

structures, determining spatial and thermodynamic properties, calculating conformational 

energies, exploring orientational behaviors and conformational potentials [6-10]. Besides the 

interest in itself, an experimental and/or theoretical description of potential surfaces and 

conformational distributions is intimately linked to a plethora of applications. In fact, it is 

generally recognized that the spatial arrangement that a compound adopts can deeply affects 

its chemical reactivity, molecular packing and biological activity. This gains a special interest in 

the life science and medicinal chemistry, since the conformational distribution may guide the 

interactions the therapeutic agents create with endogenous ligands as well as specific delivery 
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systems [11-15]. The elucidation of their three-dimensional structure and conformational 

description can be then of valuable help for the rational drug design and screening processes 

as well as for the pharmaceutical formulation development. 

 From the above, it is obvious that a tool allowing structural and conformational 

analysis of flexible molecules is extremely meaningful in multiple fields. The possibility of 

performing such investigation in a liquid environment is even more interesting, since it is the 

state of matter where molecules generally interact and, if bioactive, play their role. NMR 

spectroscopy evidently satisfies both requirements. Classical NMR strategy for investigating 

molecular structure and conformation in solution has, for a considerable time, relied on scalar 

spin-spin couplings measurements, for torsional constraints [16-17], the nuclear Overhauser 

effect (nOe) measurements, for short and medium-range distance constraints [18], or a 

combination of these two. However, standard NMR parameters are short ranged in nature, 

thus these methods have limitations for obtaining connectivity information between atoms 

which are far apart and are often insufficient for an unequivocal structural and conformational 

determination, particularly when the measurement averages over two or more conformers 

[15, 19-22]. Moreover, NOESY experiments may be very time-consuming if mixing time is not 

well defined, because a build-up curve is required in this case. Giving access to anisotropic 

observables, NMR spectroscopy in ordering liquid crystalline phases provides with a reliable 

alternative and makes it possible to obtain an amount of experimental information not 

available with other techniques. Indeed, thanks to their dependence on the spin-spin distances 

and on the orientations of the internuclear vectors with respect to the external magnetic field, 

dipolar couplings represent a valuable probe of long-range constraints of even spatially remote 

parts of molecules, typically absent in J-coupling and nOe measurements, and can thus provide 

with an unique insight into the conformational design of organic compounds. 

 Despite the extremely informative content, the effective application of liquid crystal 

NMR techniques to the conformational problem meets some difficulties in the extraction as 

well as the interpretation of experimental data. A first obstacle is related to the complexity of 

NMR spectra in partially ordered media, which rises quickly with the increase in the size of the 

spin networks. In thermotropic LCs, analysis of single-quantum 1H spectra (proton being the 

most studied magnetically active nucleus) of spin systems larger than 10 nuclei is a very hard 

task and spectral analysis needs the help of simulation programs. In this Ph.D. thesis we used 

the home-made software ARCANA [23]. An alternative strategy may reside in the use of 

automated spectral fitting routines like Genetic Algorithms [24-27]. In all cases, the availability 

of a good set of input parameters for the iterative spectral analysis remains a crucial step (see 

chap. 1 section 1.5.2). Whereas input values for chemical shifts and indirect couplings are 
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usually taken from spectra of isotropic samples, guessing adequate starting values for dipolar 

couplings is a real problem. This point will be central in section 3.2 in the case of biphenyl. In 

lyotropic LCs, some graphical packages can be sometimes used (MestRe, NMRSIM, PANIC or 

ARCANA), but this is not generally required, since second-order features are typically weak and 

a first-order spectral analysis is often possible. This does not mean that in PBLG phases the 

extraction of the desired large set of     is trivial, because of significant signal overlaps and 

complex multiplet structures. Moreover, since experimental RDCs that can be obtained in 

PBLG phases have typically small magnitude (Hz or tens of Hz), (i) the percentage error in the 

measured    
    is, for the same absolute error, generally greater than in thermotropic spectra, 

and (ii) only the largest dipolar interactions can be practically measured, so that the number of 

collected data is not always large enough for a subsequent conformational analysis. These 

issues will be discussed in more detail for the anti-inflammatory molecules described in section 

3.3. Attempting to extract as many    
    as possible, various NMR experiments on different 

nuclei may be combined. However, even though a broad array of 1D and 2D NMR pulse 

sequences is already available, we will see for example in the case of diflunisal (section 3.3.1.1) 

that there is always the need for new experiments allowing a simple and time-saving edition of 

experimental dipolar couplings. 

 A second difficulty one has to face in the study of the conformational problem is 

related to the interpretation of the experimental data. Indeed, in order to yield the desired 

conformational information from the dipolar couplings set, some basic initial information must 

be available and some assumptions must be made [28]. First, we need starting values for 

molecular structure. This kind of information can be derived from data of other techniques 

available in literature or mostly from molecular modelling calculations. Secondly, we have to 

choose a proper method to model the solute-solvent anisotropic orientational potential and 

the intramolecular potential from which           , and possibly          , can be obtained. 

From this point of view, the simplest case of flexible molecules to be studied is represented by 

single rotors. The choice for a “reasonable” shape of the potential barrier is rather easy, and a 

description through a small number of terms with a limited number of adjustable parameters 

turned out to be generally adequate. Many example exist [2, 29-43] whose experimental data 

have been fitted by different methods, RIS, AP or ME. A more complex case is represented by 

molecules which display two rotations. Moreover, for some two-rotor molecules it may be 

necessary to allow for cooperative rather than independent rotations [44-48] and in these 

cases the reproduction of potential surfaces is not trivial. It is logical that the extension of such 

methodology for the treatment of the conformational problem to molecules displaying more 
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degrees of flexibility becomes a formidable task. With the increase in bond rotations within a 

molecule, it becomes impracticable to sample enough points for each rotation, in order to be 

able to characterize the functional form of the potentials by NMR. In some cases a dramatically 

simplification of the conformational distribution taking into account only the conformers at 

the minima in the rotational potential (the RIS model) is sufficient [49]. Alternatively, residual 

dipolar couplings alone or combined with nOe data and/or long range scalar coupling 

constants can be used to refine structures or validate a minimum energy conformation 

obtained by molecular modelling calculations [15, 50-58]. 

 In an effort to organize logically this chapter, the studies will be presented following a 

certain degree of complexity. For this reason, the single-rotor molecule of biphenyl will be 

presented as first example. Then, the class of anti-inflammatory drugs will be investigated, 

starting from single rotors (diflunisal and phenylsalicylic acid), towards more complex cases 

like naproxen, displaying two non-coupled rotations. In the last part, we will discuss the 

cooperative motions of trans-stilbene and trans-4,4’-dichlorostilbene, two prototype 

molecules for a series of stilbenoids endowed with multiple biological activities and involved in 

a variety of human pathological processes. The choice of the suitable liquid crystalline phase 

will be explained each time according to the nature of the solute, i.e. taking into account 

number of spin and symmetry. 

 

 

3.2. Starting set of dipolar couplings for spectral analysis from molecular dynamics: the 

case of biphenyl in thermotropic nCB 

 

 Biphenyl is a well-known single-rotor molecule that has attracted researchers’ interest 

for years. It interconverts among four symmetry-related structures characterized by a dihedral 

angle   between the two ring planes (see Figure 3.1). Such molecule represents a building 

block for the rigid core of many mesogens [59-60] and the value of   plays an important role in 

determining the physical properties of such materials and their molecular packing [61-62]. 

From the theoretical viewpoint, the investigation of the torsional distribution is interesting 

since it offers insights into the competitive interactions that are responsible of the inter-ring 

torsion: the conjugation of the π electronic system versus the repulsive forces between 

hydrogen atoms at ortho positions. It has be found that the value of   at the global minimum 

of the torsional potential,   , shows a strong dependence on the phase of the material, 

ranging from values of about 45° in the gas phase [63-66], 30-40° in solution [67-69], to 0°-10° 

in the solid phase [70-76]. Moreover, the torsional angle    plays a role in determining the 
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reactivity of biphenylic molecules, too. It has been found for example that when biphenyl is 

enclosed in the binding pocket of the biphenyl dioxygenase, an enzyme involved in 

degradation pathways of biphenyls and polychlorinated biphenyls in bacteria, it is the 

staggered arrangement of the substrate that is bounded and fixed by the aminoacid residues 

of the protein’s active site [77]. To contribute to this debated subject, some researchers faced 

the issue using liquid crystal NMR spectroscopy. Several 1H-NMR studies of the conformational 

distribution of biphenyl and substituted analogues as solutes in different strongly ordering 

nematic solvents have been reported [2, 43, 78-83], that gave values for    in the range 32-

38°, depending on the method (RIS, ME or AP) chosen for the analysis of the experimental DHH. 

 Unfortunately, the single-quantum spectrum of the biphenyl molecule, a 10-spin 

system, is quite complicated and its spectral analysis was achieved only resorting to 

deuteration as method for simplifying the spectrum [2]. The quadrupolar splittings from the 

2H-spectrum of the totally deuterated molecule were measured and used to calculate the 

values of the order parameters, which were exploited in turn, by assuming a regular hexagonal 

structure (aromatic C-C bonds = 1.40 Å, inter-ring C-C bond = 1.46 Å, C-H bonds = 1.08 Å, and 

all angles equal to 120°), to estimate trial values for the dipolar couplings. As for biphenyl, the 

availability of a good set of input parameters, and in particular of dipolar couplings, is probably 

the main obstacle in the iterative analysis of proton spectra of solutes dissolved in highly 

ordering media. Next to deuteration and isotopic substitution in general, several strategies 

have been proposed to aid in the analysis, but none of them has proven to be resolutive.  

 In this context, from the collaboration between the LXNMR S.C.An. group at the 

University of Calabria and the LCGroup at the University of Bologna, a new potential procedure 

was suggested. The idea is related to the recent advances in atomistic molecular dynamics 

(MD) simulations of liquid crystalline systems made by the team of Prof. Zannoni, which 

demonstrated to be promising in reproducing real experimental results of the phase itself and 

of solutes dissolved therein [84-88]. A particularly appealing outcome was the ability in 

reproducing properties like phase transition temperatures, orientational order parameters and 

13C-1H residual dipolar couplings of commercial standard mesogenic compounds like 4-n-

pentyl-4’-cyanobiphenyl (5CB) and 4-n-octyl-4’-cyanobiphenyl (8CB) [89]. Though, for a given 

temperature, the dipolar couplings simulated for the mesogenic molecules were systematically 

higher than the experimental ones, indicating some defects in predicting the orientational 

order of the phase, the results are interesting. The logical following question is whether or not 

(i) residual dipolar couplings can be simulated also for flexible solutes partially ordered in such 

liquid crystalline phases and (ii) these MD couplings can be used as starting parameters for the 

analysis of their NMR experimental spectrum. In a first recent test [90], MD simulated dipolar 
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couplings for the flexible molecule of n-pentane dissolved in 5CB seemed to provide a good 

starting point for analysis of the experimental NMR spectrum using an evolutionary strategy 

algorithm, even if again the MD couplings for a given temperature are larger in magnitude 

than the NMR ones. Evolutionary strategies are essentially brute-force methods that will 

always be able to reach convergence if reasonable ranges for the dipolar couplings are defined 

beforehand. The questionable point may be eventually to define to what extent a CPU-time is 

acceptable or not. A more effective proof of the reliability of MD simulated dipolar couplings 

of a partially ordered solute should repose on evaluating if such MD couplings well reproduce 

the experimental values obtained by a standard operator-mediated spectral analysis and, even 

more, if such simulated set is good enough to be used as starting input set in the iterative 

analysis. With this aim, the LXNMR S.C.An. group and the LCGroup have tackled a joint 

experimental and MD-simulated 1H NMR study at different temperatures of the flexible 

aromatic π-conjugated molecule of biphenyl, employed as a probe dissolved in the well known 

liquid crystalline solvents 5CB (exhibiting only a nematic phase) and 8CB (exhibiting both a 

nematic and a smectic A phase, see Appendix A2). The contribution of this Ph.D. work relates 

in particular to the experimental study of biphenyl (2P) in 8CB (Figure 3.1).  

 

 

Figure 3.1. “Balls and cylinders” structure of (a) the liquid crystal 8CB and (b) biphenyl (2P). 

 

 

 The choice of biphenyl as solute for the comparison is largely justified by the amount 

of experimental liquid crystal NMR investigations already done and by the wide expertise 

acquired within the LXNMR S.C.An. group in the analysis of its spectra in thermotropic phases 

as well as the interpretation of the extracted     using proper theoretical models. However, 

note that, though many NMR studies of biphenyl have appeared, the case of biphenyl in n-

alkylcyanobiphenyl (nCB) liquid crystals has never been treated before. By similar arguments, 

the choice of 5CB and 8CB as liquid crystalline solvents is due to the recent development and 

validation made by the LCGroup of a force field (FF) for nCB, that proved to be able to 

reproduce transition temperatures within a few degrees from experiment and to obtain a 
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good agreement with the available NMR data [89, 91]. Through this validated FF, the 

alignment of 2P in 8CB was simulated by molecular dynamics, providing a set of MD dipolar 

couplings to be compared with the experimental ones obtained by an operator-mediated 

analysis of its NMR 1H spectrum. In the following a direct comparison aimed at “quantifying” 

the predictivity of liquid crystal modeling will be presented, followed by a brief discussion on 

the real applicability of the MD simulated dipolar couplings as good set of input parameters for 

the iterative spectral analysis. 

 

 

 3.2.1.  Comparison between experimental and MD simulated results 

 

 In order to compare NMR and MD data, the experimental and simulated systems 

should be kept as similar as possible. For NMR experiments we used a dilute sample of 2P/8CB 

(2.8 wt%), added of 1,3,5-trichlorobenzene (TCB) as orientational probe (see Appendix A3 for 

details on sample preparation). Proton spectra were recorded on a Bruker Avance 500MHz 

(11.74 T) instrument, equipped with a Bruker BVT-2000 temperature control unit (accuracy of 

0.5 K on the  -control), at temperatures ranging from 273.0 K to 307.0 K (0.88-0.99 in terms of 

          , where the SmA phase is in the range 0.88-0.96), allowing for a 

thermostabilization of 40-50 min for each temperature. Spectral analysis was performed 

through the program ARCANA [23], yielding the 1H-1H dipolar couplings reported in columns 

“exp” of Table 3.1. Figure 3.2 reports, as an example, the calculated and the experimental 1H 

spectra at      = 0.97. 

 

 

Figure 3.2. Calculated (on the top) and experimental (on the bottom) 
1
H-NMR spectra of 2P in 8CB at 

     = 0.97. The RMS agreement is 0.97. 
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 To compare with NMR experiments, a solution of 2P in 8CB at 2.7 wt% (added of TCB) 

has been simulated by the MD technique [92] in the range of temperature between 294.0 K 

and 306.0 K (0.963-1.003 in terms of     ). Note that this system, composed of 1892 

molecules of 8CB, 8 of TCB and 100 of 2P, is the biggest that can be simulated for approaching 

the experimental concentration. Both solutes and solvent have been described with atomistic 

detail, using for the 8CB the previously validated force field. Simulation details will be reported 

in a paper that is currently in preparation [93]. 

 Before discussing NMR and MD results in terms of dipolar coupling values, it is 

interesting to compare experimental and simulated transition temperatures. The experimental 

values were obtained by observing the solution through a polarizing optical microscope 

equipped with temperature unit and high resolution camera and confirmed from the NMR 

spectral pattern. The corresponding values for the simulated system can be obtained by 

plotting the macroscopic orientational order parameter      (defined as in chapter 1 section 

1.2.3) against the temperature (Figure 3.3). Note that (i) simulations are very time-consuming 

(about six months were required to collect points in the whole range of temperature) and (ii) 

for      < 0.3 the phase is considered to be isotropic. For these reasons only one value of 

simulated      (corresponding to   = 306.0 K) is reported in the isotropic range.  

 

 

Figure 3.3. MD simulated orientational order parameter as a function of temperature for pure 8CB [91] 

(blue) and 8CB with 2P as solute (red). The simulated transition temperatures are indicated by dashed 

vertical lines. 

 

 

 Results from both experiments and simulations are summarised in Figure 3.4. Consider 

first the nematic-isotropic transition temperature,    . For the pure 8CB, the experimental 

value of     is 313.5 K [59] and the simulated one is 312.5 K [91]. From NMR experiments it is 

observed that, as expected, dissolving 2P in 8CB reduces the LC order, leading to a shift of     

to lower temperatures (   
   

 = 311.0 K). In simulations, when 2P is present, the    
    has been 

estimated to be 305.0 K, and this is revealed by a significant decrease of ordering between 
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304.0 K and 306.0 K (Figure 3.3). Although a downshift of this transition temperature is 

expected because of the addition of the solute, and also taking into account the significant 

statistical error usually affecting the determination of     in the simulations (~4-5 K), the 

consequences of doping 8CB with a small quantity of biphenyl appear to be significantly 

overestimated when compared to the real ones. In other words, the simulations describe a 

situation where the doping of the solvent compromises in a significant way the ordering of the 

studied system, causing an extreme narrowing of the nematic range. Contrarily, if we compare 

the smectic A - nematic transition temperature,    , a better agreement can be observed 

between experimental and simulated results. From Figure 3.4 it can be seen that     is 

estimated to occur at around 301.0 K and 303.0 K from the simulations and the NMR 

experiments, respectively, that is few degrees below the     for pure 8CB at 306.5 K [59]. Note 

that MD simulations do not cover the temperature range below 294.0 K (gray zone in Figure 

3.4), which corresponds approximately to the crystal - smectic A transition temperature     

for the pure 8CB [59]. On the contrary     for the experimental sample was recorded at 270.0 

K, hence indicating a significant influence on the solvent’s order caused by the addition of 

solute. 

 

 

Figure 3.4. Comparison between simulated and experimental transition temperatures for 8CB with 2P as 

solute. Nematic and smectic ranges are in orange and blue, respectively. Gray area represents the 

temperature range not considered in MD simulations. 

 

 

 The main target of this study is a comparison of experimental and simulated data in 

terms of dipolar couplings. In the NMR technique, these quantities can be derived from the 

analysis of the spectral lines, while in the simulation they are calculated from atomic 

coordinates, relating them to the direction of maximum alignment of the sample, that is 

assumed to be coincident with the direction of the magnetic field used in the experiment. The 

dipolar couplings of a given solute are thus intrinsically dependent on the average order of the 

liquid crystal solvent, which is directly transferred to the solute through intermolecular 

interactions. Moreover, dipolar couplings contain the ensemble average of the molecular 
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internal degrees of freedom. Therefore reproducing RDCs for biphenyl with a simulation 

implied a sufficiently realistic description of its intramolecular potential. 

 The discrepancies observed in the transition temperatures for the experimental and 

simulated cases are of course translated in terms of magnitude of dipolar couplings at a 

specific temperature, preventing from a comparison of dipolar couplings at the same absolute 

temperature. However, despite these differences, an effective comparison between simulated 

and experimental dipolar couplings is possible when considering same values of     . Table 3.1 

and Figure 3.5 report the experimental and MD simulated dipolar couplings of selected 

hydrogen pairs as a function of     . It can be seen that there is a acceptable general 

correspondence between experimental and MD simulated dipolar couplings at the same     . 

This denotes a fair ability of MD simulations to reproduce the conformation of 2P and its 

order, induced by the liquid crystal, and their temperature dependence. Looking at single 

couplings more carefully, one can observe that the worst agreement occurs for two intra-ring 

dipolar couplings,     =      and    =    . Though in both cases    
    is 2.5 - 3 times greater 

than    
   

 (see Table 3.1), the discrepancy is much more evident in Figure 3.5 for    =    , as 

an obvious consequence of the absolute magnitude of the two couplings. Though at present 

no evidence definitely explains why molecular dynamics simulations fail in reproducing such 

couplings, a couple of considerations have to be made. Concerning     =     , it should be 

noted that its magnitude is very small. Therefore, even if the percentage error is large 

(   
       

   
 is about 150-200% than    

   
 , the absolute error (around 10 Hz) is similar to 

those observed for other dipolar couplings (see, for instance,    =      =    =     ,    =     

or    =    ) or even less (i.e.    =     or    =     ). Concerning    =    , it should be 

considered that the angle between the orientation of the internuclear vector         and the 

main molecular axis   is near to the “magic angle”. As a consequence, even very small 

geometrical changes have a great effect on the entity of the corresponding dipolar coupling. It 

can be supposed then that the simulated value for such coupling is affected by a larger 

indeterminacy. 
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Table 3.1. Experimental and simulated 
1
H-

1
H dipolar couplings (all values in Hz) for biphenyl in 8CB at 

different reduced temperatures. The chemical structure provides the hydrogen atom numbering. Errors 

on simulated DHH are estimated to be around 10Hz. 

 

        =        =          =      

 exp sim exp sim exp sim 

0.880 -3766.82 ± 0.05  -1284.43 ± 0.10  236.76 ± 0.15  

0.890 -3686.11 ± 0.04  -1252.34 ± 0.08  229.61 ± 0.13  

0.910 -3565.24 ± 0.05  -1205.94 ± 0.09  218.99 ± 0.15  

0.920 -3481.88 ± 0.05  -1174.29 ± 0.11  212.47 ± 0.17  

0.930 -3391.12 ± 0.03  -1140.11 ± 0.07  205.33 ± 0.12  

0.940 -3290.35 ± 0.03  -1102.17 ± 0.06  196.66 ± 0.10  

0.960 -3158.86 ± 0.03  -1054.30 ± 0.06  187.44 ± 0.10  

0.963  -3174  -924  164 

0.970 -3022.42 ± 0.03 -3093 -1004.91 ± 0.06 -895 177.16 ± 0.10 155 

0.977  -3002  -867  149 

0.980 -2556.68 ± 0.05  -844.09 ± 0.11  145.95 ± 0.17  

0.983  -2891  -833  141 

0.990 -2348.86 ± 0.08 -2198 -771.09 ± 0.16 -620 132.39 ± 0.28 98 

0.996  -2054  -578  90 

       

         =         =      =    =         =      

 exp sim exp sim exp sim 

0.880 235.85 ± 0.15  -317.02 ± 0.05  -119.63 ± 0.10  

0.890 229.37 ± 0.12  -313.98 ± 0.04  -117.27 ± 0.08  

0.910 218.66 ± 0.14  -303.63 ± 0.05  -113.54 ± 0.09  

0.920 212.03 ± 0.17  -300.79 ± 0.05  -110.33 ± 0.11  

0.930 204.32 ± 0.11  -289.01 ± 0.03  -107.82 ± 0.06  

0.940 197.51 ± 0.10  -280.65 ± 0.03  -105.08 ± 0.06  

0.960 186.44 ± 0.10  -269.17 ± 0.03  -100.57 ± 0.06  

0.963  165  -271  -101 

0.970 176.90 ± 0.11 156 -257.51 ± 0.03 -264 -96.17 ± 0.07 -99 

0.977  150  -256  -96 

0.980 145.85 ± 0.17  -217.93 ± 0.05  -81.45 ± 0.11  

0.983  142  -247  -93 
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0.990 131.69 ± 0.28 98 -200.64 ± 0.08 -188 -75.47 ± 0.17 -70 

0.996  90  -176  -66 

       

         =         =        =     

 exp sim exp sim exp sim 

0.880 1.55 ± 0.07  -222.26 ± 0.12  -473.00 ± 0.12  

0.890 0.30 ± 0.05  -217.02 ± 0.11  -464.04 ± 0.10  

0.910 -1.07 ± 0.06  -210.28 ± 0.12  -449.47 ± 0.13  

0.920 -2.06 ± 0.06  -205.12 ± 0.16  -439.59 ± 0.15  

0.930 -2.56 ± 0.05  -200.03 ± 0.09  -428.38 ± 0.09  

0.940 -3.57 ± 0.04  -193.89 ± 0.08  -417.12 ± 0.08  

0.960 -4.47 ± 0.04  -186.30 ± 0.09  -400.61 ± 0.09  

0.963  -14  -271  -405 

0.970 -5.05 ± 0.04 -15 -178.78 ± 0.08 -189 -383.78 ± 0.09 -395 

0.977  -15  -179  -384 

0.980 -6.37 ± 0.07  -151.70 ± 0.14  -325.68 ± 0.14  

0.983  -16  -173  -370 

0.990 -6.77 ± 0.11 -17 -139.88 ± 0.23 -132 -298.88 ± 0.22 -284 

0.996  -17  -123  -266 

       

        =        =         

 exp sim exp sim exp sim 

0.880 -90.35 ± 0.12  -2.22 ± 0.12  -71.74 ± 0.09  

0.890 -88.93 ± 0.10  -9.93 ± 0.10  -70.33 ± 0.07  

0.910 -86.03 ± 0.12  -21.28 ± 0.12  -67.84 ± 0.08  

0.920 -83.19 ± 0.16  -31.28 ± 0.15  -66.33 ± 0.09  

0.930 -81.89 ± 0.09  -34.48 ± 0.09  -64.82 ± 0.06  

0.940 -79.84 ± 0.08  -39.89 ± 0.08  -62.76 ± 0.06  

0.960 -76.72 ± 0.09  -46.66 ± 0.08  -60.14 ± 0.05  

0.963  -77  -126  -61 

0.970 -73.25 ± 0.08 -75 -51.75 ± 0.08 -139 -57.76 ± 0.05 -59 

0.977  -73  -142  -57 

0.980 -61.52 ± 0.13  -58.70 ± 0.13  -49.21 ± 0.09  

0.983  -70  -147  -55 

0.990 -56.39 ± 0.22 -53 -62.23 ± 0.21 -149 -44.66 ± 0.14 -42 

0.996  -50  -146  -39 
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Figure 3.5. Comparison of experimental (empty symbols) and simulated (filled symbols) dipolar 

couplings as function of      in 2P/8CB system. Lines are reported as eye-guide. 

 

 

 Encouraged by the satisfactory overall agreement, the next step is obviously to 

evaluate whether or not the set of MD dipolar couplings can be used as starting parameters 

for a operator-mediated analysis of the experimental NMR spectra. To investigate this 

possibility, we input the initial dipolar couplings obtained from MD into the ARCANA program 

in order to calculate a trial spectrum to be compared with the experimental one. The iterative 

analysis described in chap. 1 was carried out and it was possible to finally assign a high number 

of transitions, achieving a low RMS, while iterating on all parameters (chemical shifts and    ). 

This result demonstrates the differences found for some couplings (namely     =      and 

   =    ) do not invalidate the operator’s task. Hence, MD atomistic simulations seem to 

represent a viable strategy to provide a starting set of parameters for the analysis of NMR 
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spectra of orientationally ordered solutes in anisotropic environments when no other 

information is available. 

 As seen in chapter 1 section 1.4.2, experimental dipolar couplings in flexible molecules 

are directly linked to the probability distribution function           , which in turn can be 

related to the intermolecular potential,            , and the internal rotational potential, 

         . Hence, as last comparison, it is interesting to look at the torsional free energies of 

biphenyl in 8CB calculated by molecular dynamics simulations and obtained experimentally. 

Indeed, in MD simulations and NMR experiments this relationship     - torsional potential is 

“read” in the opposite sense. In fact, in order to calculate from the atomic coordinates and the 

orientation of internuclear vectors the    , especially the inter-ring ones, MD simulations 

require a precise description of the phenyl-phenyl torsional potential to be inserted in the 

force field. Therefore, knowing the profile of           is a prerequisite for computing the 

averaged dipolar couplings. From the experimental viewpoint, dipolar couplings are the 

observed quantities that are directly extracted from the spectral analysis. They contain in 

themselves the conformational information but proper theoretical models and some 

assumptions are needed in order to finally get the conformational equilibrium described. Thus, 

the     are essential if one wants to obtain, via liquid crystal NMR, the solute’s          . In 

the case of biphenyl, the theoretical approach used to treat the conformational problem was 

the AP-DPD method, as already done by Celebre et al. for biphenyl dissolved in the 

thermotropic LCs I52, MM (55 wt% ZLI1132/EBBA magic mixture) and HAB [78]. 

 Biphenyl belongs to the     point group if the inter-ring angle   is equal to 0° and     

if   = 90°. For all other values of  , it possesses a    symmetry. Therefore, if the molecular 

axis system is chosen to be coincident with the PAS for the Saupe matrix (the    plane bisects 

the inter-ring angle  , and axis   is along the molecular long axis (see Figure 3.6)), only two 

independent order parameters (namely,     and        ) are needed to describe completely 

the solute ordering in achiral nematics (see Table 1.3 in chapter 1).  

 Within the AP method, the fragmental contributions required to construct (via 

equation (1.78)) the solute-solvent interaction tensors, are chosen to be those of the rings, 

        and        . As usual, the two phenyl ring fragments are assumed to keep a rigid     

symmetry structure as they rotate relative to each other. According to the DPD approach, the 

normalized           is modeled as a sum of Gaussian functions as in the following [78]: 
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where    is the most probable value of the twist angle, and   gives the width at half 

maximum height, as in equation (1.85).  

 

 

Figure 3.6. Molecular reference frame chosen in biphenyl molecule. Axis  , not shown, defines a right-

handed Cartesian system. 

 

 

 Once the theoretical apparatus is established, the experimental     of Table 3.1 have 

to be fitted against the calculated ones by using the program AnCon [94], while varying the 

orientational (        and        ) and conformational (   and  ) parameters, until a 

satisfying RMS (equation (1.87)) is reached. In this specific case, 10 sets (one for each 

temperature) of     are available. Therefore, following a well established procedure [78], we 

performed a simultaneous fit of the 10 temperature-dependent data sets (12     x 10 

temperatures = 120    ), adjusting 31 parameters, that is 10 pairs of         and         (one 

pair for each temperature), 10 values of    (one for each temperature) and a single value of   

(assumed to be common for all the temperatures). In the fitting procedure the geometry was 

fixed as the one optimised in [78], assuming it does not change significantly within the range of 

temperatures studied. As an example, Table 3.2 reports the resulting    and   parameters 

along with the calculated order parameters     and         obtained from the 

conformational analysis at two chosen temperature, 290.0 K (smectic A phase) and 305.0 K 

(nematic phase). These results are perfectly in agreement with those found for the same 

molecule dissolved in the thermotropic LCs I52, MM and HAB [78], where, at      ~0.93,    

was found in the range 35.4° - 36.3°. 
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Table 3.2. Order parameters and values of    and   for biphenyl dissolved in 8CB at two chosen 

temperatures. 

   (K) /      

 290.0 / 0.93 305.0 / 0.98 

   (degree) 35.37 ± 0.12 35.51 ± 0.12 

  (degree) 11.93 ± 0.28 11.93 ± 0.28 

    0.425 ± 0.004 0.321 ± 0.005 

        0.182 ± 0.005 0.152 ± 0.003 

 

 

 Finally, it is interesting to compare the effective torsional free energy obtained for 

biphenyl in 8CB by MD simulations with the same potential calculated experimentally via the 

AP/DPD method. In particular, Figure 3.7 displays the torsional potentials obtained at two 

different temperatures (one in the nematic and one in the smectic phase) by both MD 

simulations and the AP/DPD approach.  Observing Figure 3.7 a couple of considerations 

emerges immediately: (i) the simulated profile is qualitatively similar to the experimental one, 

in terms of position of the minima and width of the potential wells; (ii) both in the simulated 

and in the experimental curves, there are no changes in the torsional energy of biphenyl when 

it is dissolved in the nematic or smectic phase of 8CB. Note, however, that a quantitative 

comparison between the simulated and the experimental torsional potentials cannot be made, 

since conformational analysis via AP-DPD method does not allow a quantitative description of 

the torsional barriers. This means that, while an effective difference of ~2 kcal/mol is observed 

between the values of the maxima at 0° and 90° in the simulated torsional distributions, the 

energy gaps shown in the experimental curves are not realistic. 

 

 

Figure 3.7. Torsional potential for biphenyl in 8CB obtained experimentally in the nematic (T = 305.0 K, 

violet dashed line) and smectic (T= 290.0 K, pink dashed line) phases with the AP-DPD method and 

calculated in the nematic (T = 304.0 K, blue solid line) and smectic (T= 290.0 K, yellow solid line) phases 

via MD simulations. 



Chapter 3.   Structural, orientational and conformational analysis of flexible molecules 

- 171 - 

 3.2.2. Conclusions 

 

 With the aim of overcoming one of the main problems faced in the spectral analysis of 

partially ordered solutes, that is the need for a good starting set of spectral parameters, 

atomistic simulations of liquid crystalline systems may represent a new effective tool. In this 

section the results obtained by MD simulations for the system biphenyl/8CB were compared 

with NMR experimental outcomes. Despite not negligible differences in terms of transitions 

temperatures emerge from the comparison, the set of simulated     is rather in agreement 

with the experimental one and allows a standard “line-assignment” operator-mediated 

spectral analysis when used as starting set of parameters. Same considerations were derived 

from a similar procedure performed on a sample of 2P dissolved in 5CB (data not shown). The 

strategy is applied here to the relatively simple molecule of biphenyl (a single-rotor with 4 

symmetry-related conformations) but it might represent in the future a viable solution in the 

NMR spectral analysis of more complex compounds dissolved in anisotropic media when no 

other information is available. 

 

 

3.3. Conformational investigation in solution of anti-inflammatory drugs by NMR 

spectroscopy in weakly ordering media 

 

 As stated in section 3.1, the conformational problem is a crucial point when dealing 

with flexible molecules endowed with biological or pharmacological activity. Indeed, a 

fundamental topic in medicinal chemistry is the investigation of the relationship between 

conformation and drug activity. It is well recognized that the spatial arrangement adopted by a 

bioactive molecule affects the interactions it creates with endogenous ligands, influencing its 

biological activity, pharmacokinetic properties and metabolic degradation pathways [11-12, 

14-15]. Additionally, an area of growing interest is the development of vehicles for the 

controlled delivery of the active agent. Even in this case, conformational equilibria may play an 

important role [13, 95]. Several experimental techniques, namely X-ray, solid-state 

fluorescence and solid state NMR spectroscopies, offer well established protocols for 

collecting useful data in solid systems. Anyway, it is obvious that investigating conformational 

distribution in solution can be substantially more interesting, being the liquid medium the 

environment where the bioactive molecule interacts with its partner or is released by a 

delivery system. Over the years, liquid state NMR spectroscopy, based on J-couplings and nOe 

measurements, has proven to provide with clues about the conformation the drug can adopt 
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in solution [96]. However, the technique shows at least a couple of limitations. Firstly, the 

information it can give is evidently short-range: 3J-couplings are limited to dihedral angles via 

three covalent bonds, while through space nOe connectivities show a     dependence (  

being the internuclear distance) and can then be found only up to ~5 Å in favorable cases. In 

order to obtain the relative orientation of remote centers, multiple nOe or J-coupling 

connections have to be performed in series to transverse the entire molecule. As soon as the 

chain of short-range information is broken, distant parts of a molecule cannot be correlated 

anymore and the whole structure refinement is bound to fail [97-98]. A second, perhaps not 

immediate, drawback is that only the most stable conformation(s) can be detected, but no 

information on the potential energy surface can be yield. The knowledge of the most likely 

conformer matches well with the classic “lock-and-key” model for drug-ligand interactions, 

which suggests a drug will interact with a target only if its shape, i.e. the most populated 

conformation, is complementary to the active site [11]. Anyway, this model offers an 

oversimplified picture of the interaction processes in living organisms and it does not take into 

account the conformational heterogeneity of the substrates. Therefore, it has been replaced 

by the more dynamic “conformational selection” model, which considers that a 

macromolecular ligand can sample a vast ensemble of drug’s conformations and consequently 

each thermally accessible conformer other than the lowest energy may play important roles in 

molecular recognition [11, 14]. In other words, also weakly populated, higher energy 

conformations may be responsible for recognizing and binding to partners.  

 

 

Figure 3.8. (a) “Lock-and-key” and (b) “conformational selection” models describing interaction 

processes in living organisms. 

 

 

 A landmark case is that of the neurotransmitter acetylcholine, that can exist in trans, 

gauche and eclipsed conformations. Liquid state NMR studies and X-ray crystallography 

indicate that, despite the gauche conformation is predominant in solution [99], the bound 
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conformations of this flexible molecule appear to differ substantially with receptor subtype, 

that is the gauche form is the active conformation at nicotinic receptors [100-101], whereas 

the anti form binds to the muscarinic receptors [102]. Moreover, theoretical conformational 

analysis revealed that only the completely extended conformation of acetylcholine and its 

analogues is productive for the enzymatic hydrolysis by the degradative enzyme 

acetylcholinesterase [12, 103]. It is clear the estimating only the most stable conformer may be 

no longer sufficient. The proposed methodology, i.e. NMR spectroscopy in partially ordered 

media combined with AP-DPD model, represents an alternative and/or complementary tool 

for conformational studies of flexible bioactive molecules. Its strength resides in measurement 

of     that (i) depend on both the internuclear distance (with a     dependence) and the 

orientation of the internuclear vector relative to the external magnetic field, making it 

generally possible to correlate distant parts of the molecule, and (ii) for flexible molecules are 

averaged not only on the vibrational but also over the torsional internal motions, containing 

then information on the conformational equilibrium. The achievement of this kind of fine 

conformational description is evidently dependent on the complexity of the molecule, and the 

treatment of the conformational problem becomes more and more intricate with the 

increasing number of spins and degrees of flexibility. Drug molecules are typically highly 

substituted, unsymmetrical, very flexible compounds, that is far from those presented till now 

in this thesis (rigid molecules in chapter 2 and biphenyl in section 3.2). Their investigation in 

thermotropic LCs as the ones we described for the previous studies is thus a formidable task, 

that has been up to now limited to molecules with no more than 10-12 spins (see section 3.4). 

The alternative strategy we chose to apply is the use of weakly ordering liquid crystalline 

media like PBLG mixtures that, preserving some first-order character of spectra, facilitates the 

extraction of residual dipolar couplings (RDCs). Even simplifying the spectral analysis, the 

extraction of the sufficient number of experimental informative data may present some 

limitations, as discussed in 3.1. Moreover, the theoretical treatment poses an upper limit to 

the degree of torsional flexibility that can be described. The description of the conformational 

potential is attemptable, within some assumptions, for molecules with no more than two or 

three bond rotations and in all cases the a priori knowledge of molecular structures is 

required. As illustration of the potentiality together with the limitations of the technique we 

present here the conformational investigation via NMR in PBLG phases of some nonsteroidal 

anti-inflammatory drugs (NSAIDs). NSAIDs are a class of drugs that provide analgesic, 

antipyretic and anti-inflammatory effects and the most prominent members (namely aspirin, 

ibuprofen and naproxen) are available over the counter in most countries. They act by 

inhibiting the enzyme cyclooxygenase (COX) [104-105], and reducing then the formation of 
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thromboxane and prostaglandins, messenger molecules in cellular processes like 

inflammation, platelet aggregation and pyresis [106]. We have considered two of the most 

common families, salicylates and 2-arylpropionic acids (or profens). Concerning the first class, 

we report in section 3.3.1 the conformational investigation of the molecule of diflunisal (DFL, 

Figure 3.9). The presence of two fluorine atoms in its structure led to the development of a 

new pulse sequence in order to overcome the problem of the arduous NMR data extraction. 

Moreover, the comparison of its torsional distribution with that of its non-fluorinated 

analogue, the phenylsalicylic acid (APS, Figure 3.9), allowed to derive some considerations 

about the influence that the substitution of proton by fluorine atoms (simply referred to as 1H-

19F substitution in the following) has on structure and conformational equilibrium. Both DFL 

and APS display a single bond rotation, very similar to that of biphenyl, thus the AP-DPD 

approach has been used again for their theoretical description. Note that this is one of the first 

examples of extension of the Additive Potential model to flexible molecules dissolved in 

weakly orienting phases [107-108]. Therefore, even if relatively simple, the case of DFL and 

APS are useful also as test to confirm the efficacy and robustness of the AP-DPD approach 

when applied to lyotropic systems. More complicated from this viewpoint is the treatment of 

conformational distribution of profen derivatives. The molecule of naproxen (NAP, Figure 3.24) 

was chosen as illustrative of two-rotor molecules with non-coupled rotations and results 

obtained for its conformational analysis will be presented in section 3.3.2. It is worthwhile 

remarking that similar investigations were undertaken on two other compounds of the same 

class, namely flurbiprofen (2-(2-fluoro-4-biphenyl)propanoic acid) and ibuporofen (2-(4-(2-

methylpropyl)phenyl)propanoic acid). The former displays two non-coupled torsions, like 

naproxen, and was mainly chosen for investigating the effect on the torsional potential of the 

fluorine atom in ortho position relative to the inter-ring C-C single bond. The aim was to 

compare the inter-ring torsional distribution obtained for such mono-fluorinated molecule 

with those already obtained for the non-fluorinated biphenyl molecule and the bifluorinated 

molecule of diflunisal. Preliminary conformational results have been obtained from 1H-1H, 1H-

19F, 1H-13C and 19F-13C dipolar couplings extracted for a sample of flurbiprofen dissolved in 

PBLG/CDCl3, suggesting a good agreement with molecular modelling calculations. 

Unfortunately, the superposition of several lines as well as the presence of non neglectable 

second order effects prevented from collecting an experimental data set large enough to 

accurately describe the torsional potential. More sophisticated NMR experiments on the same 

sample and/or change in organic co-solvent will be explored as alternative solutions. In the 

attempt to extend the methodology to anti-inflammatory drugs possessing a greater number 

of torsional degrees and/or coupled rotations, we selected ibuprofen as test compound. 
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Indeed, the treatment of the two coupled rotations of its methylpropyl substituent, together 

with the additional torsion of the propionic fragment with respect to the central phenyl ring, is 

theoretically challenging. From the experimental viewpoint, 1H and 13C spectra of a sample of 

ibuprofen dissolved in PBLG/CDCl3 are promising, since the double substitution on the phenyl 

ring allows for signals that are sufficiently far apart to precisely measure an acceptable number 

of residual dipolar couplings. It is to verify if such data set is really enough to perform a 

conformational analysis that takes into account all the degrees of flexibility in the molecule. 

Since the results for flurbiprofen and ibuprofen are only partial and they cannot be completed 

before the end of the Ph.D., they will not be included in the following discussion and only 

outcomes for the molecule of naproxen will be presented. 

 

 

 3.3.1. Single rotor: diflunisal and and its non-fluorinated analogue, phenylsalicylic 

 acid 

 

 The 2',4'-difluoro-4-hydroxy[1,1’-biphenyl]-3-carboxylic acid, commonly known as 

diflunisal (DFL, Figure 3.9) is a FDA-approved cyclooxygenase inhibitor, difluorphenyl-derivate 

of aspirin, presenting similar analgesic and anti-inflammatory therapeutic indications and side 

effects. It was first sold under the brand name Dolobid®, marketed by Merck & Co., but generic 

versions are now widely available. 

 

 

Figure 3.9. Topological structure and atomic labelling of diflunisal and phenylsalicylic acid, referred to 

with their respective label defined in the text. The (     ) axes of the molecular reference frame 

adopted for the molecules are also shown. 

 

 

 The structural and conformational problem in complexes that DFL forms with 

polymeric matrices or metals as well as target proteins has been investigated in solid state by 

both computational techniques and X-ray, solid-state fluorescence and solid-state NMR 

measurements [109-116]. Aiming to explore the conformational distribution of DFL directly in 
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a liquid medium, we resort to NMR spectroscopy combined to the use of PBLG phases. It is 

worth to underline here that the ability of the polypeptic fibers to readily dissolve in common 

low viscosity organic solvents allows to overcome the problem of sparing water solubility of 

the DFL.  

 From Figure 3.9, it can be seen that the presence of an hydrogen bond between -C13=O 

and -O-H2, confirmed by theoretical calculations and NMR spectral evidences, reduces to one 

the degree of flexibility of the molecule. This means that the conformational study of DFL is 

the description of a single inter-ring torsion angle φ, defined as the dihedral angle C4-C5-C7-C8. 

 In the optic of studying the conformational equilibrium of the molecule of DFL, another 

structural feature has to be taken into account, that is the presence of two fluorine atoms in 

the same aromatic ring. This has a dual importance in this thesis project. (i) From an 

experimental point of view, 19F NMR is extremely advantageous in order to gather a more 

extended data set. 19F is a 100% naturally abundant ½-nuclear spin and it possesses a high 

magnetogyric ratio, providing 83% of the proton NMR sensitivity for a given magnetic field. 

Moreover, the 19F chemical shift is exquisitely sensitive to changes in the local environment, 

making it a very attractive nucleus for NMR studies of various complex molecules [117-122]. It 

has been demonstrated for example that JHF can provide insights for structural elucidation and 

conformational design of organic compounds. Indeed Karplus-type relationships have been 

described for 3JHF [123-124], allowing their exploitation for conformational analysis [125-126] 

and many studies show how much long-range scalar nJHF couplings (n > 3) could report on local 

bond geometries [127-129]. More information can be obtained of course in anisotropic media 

by 1H-19F residual dipolar couplings [130-131]. Though DHF are very informative, their use is 

often hindered by the inherent difficulties in their measurement. This is exactly what occurs in 

the case of diflunisal, where the very large number of long and short-range residual dipolar 

couplings between all the magnetically active nuclei in the molecule makes standard spectra 

overcrowded and extremely complicated to analyse. This prompted us to develop a new 

frequency spatially encoded heteronuclear 1H-19F selective refocusing NMR experiment (GET-

SERF) [132] that allows editing in one single 2D experiment all couplings between a selected 

fluorine site and all the proton nuclei of the molecule. (ii) The presence of fluorine atoms also 

makes diflunisal a good model molecule to study the influence of 19F nucleus on bond rotation. 

Next to the interest in fundamental research, this subject has implications in drug synthesis, 

too. At present, the replacement of hydrogen atoms by fluorine is a well-established practice 

adopted by pharmaceutical chemists to obtain fluorinated compounds displaying similar 

biological activity to their hydrogen natural analogues but greater resistance to metabolic 

degradation and improved bioavailability [133-136]. Indeed, though fluorine atom is still the 
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substituent with the smallest size that can be used as replacement for the C-H bond in drug 

design, it is known that it can have an influence on inter- and intramolecular forces and the 

substitution 1H-19F can alter the physical and chemical properties of compounds, because of its 

electronegativity, low polarisability and bond strength [137-138]. In the case of diflunisal, it is 

expected that fluorine atom in 2’ position affects rotation about the inter-ring bond. 

Compared to other halogens, the presence of fluorine in biphenyl-like molecules has a much 

smaller influence on the φ value (the optimized twist angle was found in vacuo to be of 42.5°, 

45.1° and 59.9° for biphenyl, 2-fluorobiphenyl and 2-chlorobiphenyl, respectively, by B3LYP/6-

311+G* calculations [139]) and the torsional barrier (for instance, in 2-fluoro substituted 

biphenyls it is found to be barely detectable [140]). Albeit small, an influence does exist and 

the similarity, in terms of bulkiness, between 19F and 1H is currently not unanimously 

recognised [140]. In this thesis, aiming to probe whether the 19F nuclei have or not significant 

effects on the structure and/or conformational distribution of the DFL, we decided to 

investigate its non-fluorinated analogue, the 4-hydroxy[1,1’-biphenyl]-3-carboxylic acid (or 

phenylsalicylic acid, APS, structure and numbering reported in Figure 3.9). To make the 

discussion clearer, the molecule of DFL will be presented first, followed by the case of APS, 

with a comparison between the two compounds in terms of structure and torsional potential. 

 

 

  3.3.1.1. Diflunisal 

 

i. NMR experiments. Development of a new gradient encoded SERF experiment for the trivial 

edition of 1H-19F couplings  

 

 With the aim of probing the conformational distribution of the investigated molecule 

we firstly need a large set of experimental data, represented by the observed dipolar couplings 

   
   . Indeed, what is directly read from the anisotropic spectra is the total coupling constant 

                   (note that there are no fully equivalent nuclei in the DFL molecule). This 

means that to edit    
    two series of measurements were performed: one on the isotropic 

sample (DFL in THF-d8), to obtain the scalar couplings    
   , and one on the anisotropic sample, 

to get access to the total couplings    
   . As liquid crystalline phases we chose those commonly 

used in the LRMN group at the University of Paris-Sud, that is solutions of poly-γ-benzyl-L-

glutamate (PBLG) and racemic mixtures, named PBG, of PBLG and its enantiomer PBDG. 

Although the easily commercially available L-enantiomer (PBLG) is the solvent typically used 
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for most studies, in this work we prepared two samples of DFL, in the chiral PBLG/THF and 

achiral PBG/THF phase (see Appendix A3 for more details). The idea was to highlight whether 

or not the chirality of the phase influences the conformational distribution. In the following 

more emphasis will be given to the chiral sample DFL/PBLG/THF, since the procedure carried 

out on the achiral sample DFL/PBG/THF led to same considerations. 

 1D NMR 1H, 19F, 19F-{1H}, 13C, 13C-{1H} and 13C-{19F} spectra were recorded on both the 

isotropic and anisotropic samples of DFL. Spectral assignment of the peaks was performed on 

the basis of 1H-1H COSY, 1H-13C and 19F-13C HSQC, 1H-13C and 19F-13C HMBC correlation 

experiments. All the 1H, 19F and 13C spectra were recorded at 300 K on a liquid high-resolution 

Bruker Avance 400MHz spectrometer (9.4 T) equipped with a standard variable-temperature 

unit (BVT-3000) and a BBI or QXO probe with a z field-gradient coil. The 19F lock channel of 

QXO probe was used for the fluorine pulses. 

     and     couplings between nuclear pairs 1H-1H, 1H-13C and 19F-13C were measured 

from experiments as 2D 1H-13C J-resolved, 1H-1H SERF and 1D 13C-{1H}. The extraction of JHF and 

THF couplings in the diflunisal molecule revealed more difficult. As seen in Figure 3.10, an 

immediate measurement of 1H-19F couplings is complicated in spectra (a) and (b) of the 

isotropic sample and almost impossible in spectra (c) and (d) of the anisotropic sample. We 

tried then to develop a simple pulse sequence allowing the trivial, precise and quick edition of 

such coupling constants. 

 As 1H and 19F have similar NMR properties, in order to design a new NMR tool aiming 

to simply edit spectral 1H-19F couplings, it is reasonable to start from NMR methodological 

strategies already developed for simplifying 1H-1H spectral patterns. In the case of the 

homonuclear proton-proton couplings, an appealing approach is based on the use of semi-

selective pulses. In particular, an efficient 2D NMR method for the measurement of a single 

specific JHH coupling in isotropic media, the SElective ReFocusing (SERF) experiment, was 

developed in 1995 by Fäcke and Berger [141]: by replacing the two hard pulses of a standard 

1H-1H J-resolved method by selective and doubly selective RF pulses, this sequence simplifies 

the proton NMR spectra by selecting a coupling between a pair of nuclei and allows the 

detection of the desired information. The SERF experiment was then successfully improved 

and applied on a variety of compounds [142-149]. 
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Figure 3.10. (a) 1D 
1
H and (b) 

19
F broadband excitation spectra of diflunisal in THF-d8. (c) 1D 

1
H and (d) 

19
F broadband excitation spectra recorded on diflunisal in PBLG/THF at 300 K. In both (b) and (d) F8 

signal was arbitrary set at 0 ppm, whereas in (a) and (c) residual 
1
H lines of solvent were used as internal 

reference.  

 

 

 With the purpose to extract the 1H-19F couplings, we adapted the SERF standard 

sequence replacing the doubly semi-selective π pulse on proton nuclei at the center of the t1 

evolution time by a doubly semi-selective π pulse on proton and fluorine. This new 

heteronuclear 1H-19F SERF experiment is denoted HF-SERF [132] and the pulse sequence is 

reported in Figure 3.11 (a). Consider how it acts in the simplest case of two nuclei, proton A 

and fluorine X: the first semi-selective π/2 pulse is applied at υA, the proton resonance 

frequency, which is the nucleus to be detected in the t2 acquisition time. After an evolution 

time t1/2 two semi-selective π pulses are applied on A and X nuclei. Then only the desired 

coupling evolves during the t1 delay, whereas all the other couplings and the chemical shifts 

are refocused. In other words, one gets on the 2D map the signal corresponding to A with the 

full coupling multiplicity in the F2 dimension and only the coupling between A and X in the F1 

domain. After tilt of the 2D spectrum, the selected couplings are removed from the direct 
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dimension, allowing a simplification of the spectral pattern. The phase of the signal is 

modulated by the coupling during t1 and thus the resulting lines are “phase-twisted”, so that 

the 2D spectrum is generally processed in magnitude mode.  

 

 

Figure 3.11. Pulse sequences for the (a) HF-SERF and (b) GET-SERF experiments. Black and white ellipse 

shapes correspond to π/2- and π-shaped pulses, respectively. The π/2 and π pulses used here are the E-

BURP and RE-BURP shape pulses [150-151]. On the pulsed-field gradient (PFG) channel white 

rectangular bars refer to the application of a rectangular-shaped z-field gradient. The phase cycle is: φ1 = 

φrec = x, -x, x, -x; φ2 = x, x, -x, -x. 

 

 

 Note that in the latest years, heteronuclear 1H-13C selective refocusing experiments 

have been developed to benefit from the chemical shift dispersion of the 13C nucleus [152-

155]. Unlike 19F, 13C is a rare and poor sensitive spin. Therefore, even if only selective pulse on 

proton nucleus is necessary, such sequences often require NMR methods for enhancing signal 

intensity before acquisition (i.e. INEPT transfer) and a filter for eliminating 1H-12C coherences. 

The high sensitivity and abundance of 19F explain why the 1H-13C selective refocusing 

experiments are not an adapted solution to resolve 1H-19F couplings. An alternative approach 

for the extraction of 1H-19F couplings could be the homonuclear J-resolved experiments where 

the heteronuclear couplings are read on the F2-trace. Though commonly used [156-158], this 

method is not always efficient because, due to the numerous JHF, the spectrum is not always 

resolved enough to edit the couplings and, even well resolved, the assignment of couplings 

could remain difficult. The HF-SERF experiment approach proposed here permits to overcome 

these difficulties. 

 However, one of the main drawbacks of the SERF-type experiments, and then of HF-

SERF, is that in each spectrum only the couplings between the nuclei covered by the selective 

pulses (i.e. the selected proton and fluorine sites) are edited on the 2D map. As a consequence 
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several spectra should be acquired in order to gather the measurements of all couplings within 

the molecule, thus multiplying the experiments to be performed and therefore requiring a 

significant experimental time. To overcome this limitation, as previously proposed by Giraud et 

al. [159], the frequency encoding approach can be used. Indeed, the simultaneous application 

of a pulsed field gradient along the sample allows surmounting the problem by effectively 

applying the pulse on a broad range of chemical shifts according to their spatial position in the 

NMR tube [159-163]. In other words, in a Gradient encoded homonuclear SERF experiment (G-

SERF) it becomes possible, thanks to the creation of a spatial frequency encoding along the 

sample, to run different selective experiments on different parts of the NMR tube and thus to 

individually assign and measure, in a single 2D spectrum, all the homonuclear couplings 

experienced by a given proton site in the molecule. In order to trivially edit in one single NMR 

experiment all 1H-19F couplings, we combined the frequency encoding approach to the HF-SERF 

pulse sequence, and we developed the new Gradient Encoded heTeronuclear 1H-19F SElective 

ReFocusing NMR experiment (GET-SERF) experiment [132], whose pulse sequence is shown in 

Figure 3.11 (b). The application of two weak field gradients in correspondence of the proton 

selective pulses allows to carry out this selective experiment on each proton in separate 

“slices”, editing all the 1H-19F couplings between a given fluorine site X and every others 

protons of the compound, within one single 2D spectrum. Note that in the HF-SERF pulse 

sequence of Figure 3.11 (a) the two semi-selective π pulses on A and X nuclei at the end of the 

evolution time t1/2 are applied sequentially in order to permit the encoding in the GET-SERF 

experiment. 

 We applied the novel GET-SERF experiment to the diflunisal molecule dissolved both in 

THF-d8 and PBLG/THF phase, collecting in each 2D spectrum all the scalar or total couplings 

between the selected fluorine site and all the protons of the molecule. Figure 3.12 shows the 

GET-SERF spectra recorded on diflunisal dissolved in THF-d8, selecting each time F8 (spectrum 

(a)) or F10 (spectrum (b)). In order to optimize the spatial encoding, the spectral width was 

limited to the aromatic region. 

 Consider the spectrum (a), where the offset of the non-encoded semi-selective pulse in 

the refocusing block was set at the F8 resonance frequency, so as to edit every coupling 

involving this selected fluorine. The first frequency encoded π/2 pulse excites the proton spins 

having different chemical shifts in different cross sections of the sample and subsequently the 

selective refocusing block allows every interaction undergone by these protons to be 

refocused, except their couplings with F8. The resulting spectrum is thus the sum of four sub-

spectra originating from every slice in the sample. All the three cross sections corresponding to 

υ6, υ4, υ12 (with υi the resonance frequency of the i-th nucleus) have a doublet structure in the 
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indirect domain, with splittings JH6F8, JH4F8, and JH12F8, respectively. The last cross section 

corresponds to the three different protons, H3, H9 and H11. In this case, the chemical shift 

difference is lower than the excitation band frequency, then interactions among them will not 

be refocused and will appear in the F1 dimension together with their couplings with F8. For this 

reason, a doublet of doublet with splitting JH9H11 and JH9F8 and a doublet with the same splitting 

JH9H11 are observed at υ9 and υ11, respectively. H3 is not coupled to H9, H11 or F8 and it gives a 

singlet signal in the F1 dimension. Note how the separation of the information in different 

dimensions makes it trivial to assign the different couplings to each proton. Artifacts visible in 

this cross section can be attributed to second-order coupling effects which for strongly 

coupled spin systems contribute to the creation of coherences that follow the same coherence 

transfer pathway as the desired signals and cannot be removed by standard phase cycling and 

gradient selection procedures. Analysis as well as individuation of methods for their 

suppression is out of the scope of this project.  

 This experiment has also been successfully applied on the F10 resonance (spectrum (b) 

of Figure 3.12). It is observed that H6 and H4 are not coupled with F10, while H12 has a doublet 

structure in the indirect domain, with splitting JH12F10. In the last cross section, a doublet of 

doublet with splittings JH9H11 and JH9F10 and a doublet of doublet with splittings JH9H11 and JH11F10 

are observed at υ9 and υ11, respectively. Again, H3 gives a singlet signal because it is not 

coupled to H9, H11 or F10. 

 One could argue that 1H-19F J-couplings in such a system composed of only two fluorine 

nuclei could be extracted from simpler classical experiments as selective decoupling. However, 

compared to a 1D proton spectrum, a better resolution is obtained with the GET-SERF 

experiments, thanks to the inhomogeneity refocusing. 

 In order to extract the 1H-19F total couplings, the GET-SERF experiment was applied on 

the anisotropic sample, where the additional very large number of long and short-range 

residual dipolar couplings makes the spectra even more complicated and often impossible to 

analyse. Figure 3.13 (a) shows the GET-SERF spectrum of the sample DFL/PBLG/THF where the 

offset of the non-encoded inversion pulse is set at υ8. In this case, the 1D proton and fluorine 

spectra are too complex to unambiguously edit the whole set of heteronuclear couplings using 

simpler classical experiments (Figure 3.10), supporting our effort to develop the GET-SERF 

experiment. The 2D map is the sum of three sub-spectra originating from different slices of the 

sample. The cross section corresponding to υ6 shows clearly a doublet in the indirect domain 

with splitting TH6F8. Unlike the isotropic sample, the signals at υ4 and υ12 are not far enough to 

allow the individual extraction in different slices of the NMR tube and they are collected 

together so that both TH4H12 and their couplings with F8 will appear in the indirect dimension. In 
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particular a doublet with splitting TH4H12 and a doublet of doublet with TH4H12 and TH12F8 

splittings are visible at υ4 and υ12, respectively. Similar considerations on the cross section 

containing signals from H3, H9 and H11 lead to the extraction of the coupling constants TH9F8, 

TH9H11, TH3H9 and TH3H11. This experiment has also been successfully applied on the F10 resonance 

and is presented in Figure 3.14 (a).  

 

 

Figure 3.12. 2D GET-SERF tilted spectra at 300 K of diflunisal in THF-d8 where the offset of the non-

encoded inversion pulse is set at (a) υ8 and (b) υ10. Each F1-trace obtained for a given proton Hi (at υi) is 

modulated by the heteronuclear coupling Hi-F8 (or Hi-F10) selectively edited as well as by all homonuclear 

couplings Hi-Hj it is submitted to. Each GET-SERF spectrum was recorded using a data matrix of 4096 (t2) 

x 512 (t1) with four scans per t1 increment. The relaxation delays were 1 s. A zero filling to 1024 data 

points was applied in t1 and sine functions in both dimensions were applied prior to double Fourier 

transform. The duration of the encoded RE-BURP refocusing and the E-BURP excitation pulses on the 

proton channel was 49.5 ms corresponding to a frequency width of 100 Hz. The sample was spatially 

encoded by a rectangular z pulsed field gradient of strength 0.3 G/cm. The duration of the RE-BURP 

refocusing pulse on the fluorine channel was 16.5 ms corresponding to a frequency width of 300 Hz. 

Each spectrum was recorded in 4.5 h. 
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Figure 3.13. (a) 2D GET-SERF tilted spectrum recorded on diflunisal in PBLG/THF at 300 K. The offset of 

the non-encoded inversion pulse is set at υ8. This spectrum was recorded in 13 min. (b) Set of three HF-

SERF tilted spectra recorded on the same sample under same experimental conditions. The offsets of 

the selective pulses were set at υ8 on the fluorine channel for all experiments, and at υ6, υ4,12 or υ3,9,11 on 

the proton channel, respectively. Each 2D spectrum was recorded in 13 min, i.e. 39 min for the whole 

set of HF-SERF experiments. Both the GET-SERF and the three HF-SERF tilted spectra were recorded 

using a data matrix of 2048 (t2) x 64 (t1) with four scans per t1 increment. The relaxation delays were 1.5 

s. Data were processed using zero-filling up to 256 points and a sine filter in t1. On the proton channel 

the duration of the soft pulses was 27.5 ms corresponding to a frequency width of 180 Hz, while on the 

fluorine channel the duration of the RE-BURP pulse was 12.4 ms corresponding to a frequency width of 

400 Hz. In the GET-SERF spectrum the sample was spatially encoded by a rectangular z pulsed field 

gradient of strength 0.2 G/cm. 
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Figure 3.14. (a) 2D GET-SERF tilted spectrum recorded on diflunisal in PBLG/THF at 300K. The offset of 

the non-encoded inversion pulse is set at υ10. This spectrum was recorded in 13 min. (b) Set of three HF-

SERF tilted spectra recorded on the same sample under same experimental conditions. The offset of the 

selective pulses were set at υ10 on the fluorine channel for all experiments, and at υ6, υ4,12 or υ3,9,11  on 

the proton channel, respectively. Each 2D spectrum was recorded in 13 min, i.e 39 min for the whole set 

of HF-SERF experiments. Both the GET-SERF and the three HF-SERF tilted spectra were recorded using a 

data matrix of 2048 (t2) x 64 (t1) with four scans per t1 increment. The relaxation delays were 1.5 s. Data 

were processed using zero-filling up to 256 points and a sine filter in t1. On the proton channel the 

duration of the soft pulses was 27.5 ms corresponding to a frequency width of 180 Hz, while on the 

fluorine channel the duration of the RE-BURP pulse was 12.4 ms corresponding to a frequency width of 

400 Hz. In the GET-SERF spectrum the sample was spatially encoded by a rectangular z pulsed field 

gradient of strength 0.2 G/cm.  

 

 

 To stress the advantages derived by the use of spatial frequency encoding we 

compared the GET-SERF experiments with the series of three HF-SERF experiments, run under 

the same experimental conditions on the anisotropic sample, which allows to gather the same 

collection of data (Figures 3.13 (b) and 3.14 (b)). Despite the same correlation pattern can be 

observed in both kinds of spectra, it has to be mentioned that the gradient encoding approach 

is intrinsically less sensitive than the non-encoded experiment, because only a spatially 

restricted cross section of the sample is responsible for the signal at a given resonance 

frequency. In the case of diflunisal, a 4-fold difference in intensity is observed between the 
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broadband and the encoded spectra recorded under the same experimental conditions (Figure 

3.15). Note that the loss in sensibility is, in this case, lower than previously reported [159], due 

to the small spectral width to be encoded. 

 

 

Figure 3.15. Comparison between the standard broadband 
1
H 1D spectrum (blue) and the 

1
H 1D 

spectrum spatially encoded by a rectangular z pulsed field gradient of strength 0.2 G/cm (red), recorded 

on diflunisal in PBLG/THF at 300K.  

 

 

 As a consequence of the reduced sensibility of an encoded spectrum with respect to 

the non-encoded one, a greater number of scans and a longer experimental time are in 

principle required to obtain the same sensitivity for a single map. In the case of diflunisal, 

however, we can observe that the result of the gradient encoded experiment is still sensitive 

enough to be valuably exploited. Moreover, to collect every coupling involving F8 (or F10) spin 

at least three HF-SERF experiments are necessary, leading finally to a total protocol that is 

longer than the spatial encoding approach (see Figures 3.13 and 3.14). More generally, for a 

spin system composed of   non-equivalent proton nuclei coupled to   fluorine sites,     

HF-SERF spectra have to be recorded to measure every 1H-19F coupling constant. The design of 

the GET-SERF pulse sequence, which allows   spins to be individually probed, and their 

coupling to the  -th nucleus to be selected, reduces the number of experiments required for 

the same coupling network to  . This constitutes a further proof of the potentiality of gradient 

encoded selective refocusing spectroscopy as a tool for acquiring more rapidly all the 

information about large spin networks. 

 Thanks to the novel GET-SERF experiment the totality of 1H-19F couplings was then 

measured for the diflunisal molecule. These coupling constants, together with the 1H-1H, 1H-13C 

and 19F-13C J and T, are reported in the third and fourth columns of Table 3.3.  
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Table 3.3. Experimental chemical shifts   
   , scalar couplings    

   , total couplings    
   , dipolar couplings 

   
    and quadrupolar splittings      

 determined by the NMR analysis of DFL dissolved in THF-d8 and 

PBLG/THF. Errors are estimated from spectral resolution. In the last column, the    
     values are also 

reported for comparison. The whole agreement between    
    and    

     is given by the RMS. 

       
    (Hz)    

    (Hz)
 

   
    (a) (Hz)    

     (b) (Hz) 

C-H couplings     

C3 H3 162.9 ± 0.2 222.8 ± 0.6 30.0 ± 0.4 30.0 

C3 H4 0.0 ± 0.2 -18.0 ± 0.6 -9.0 ± 0.4 -10.0 

C4 H4 160.0 ± 0.2 110.2 ± 0.6 -24.9 ± 0.4 -24.8 

C4 H6 8.7 ± 0.2 9.6 ± 0.6 0.5 ± 0.4 1.1 

C6 H4 7.9 ± 0.2 8.4 ± 0.6 0.3 ± 0.4 0.4 

C6 H6 162.5 ± 0.2 226.1 ± 0.6 31.8 ± 0.4 31.7 

C9 H9 165.9 ± 0.2 175.2 ± 0.6 4.7 ± 0.4 4.4 

C9 H11 5.5 ± 0.2 7.1 ± 0.6 0.8 ± 0.4 1.1 

C11 H11 166.0 ± 0.2 193.6 ± 0.6 13.8 ± 0.4 13.8 

C12 H12 162.8 ± 0.2 170.1 ± 0.6 3.7 ± 0.4 4.1 

C-F couplings     

C8 F8 -247.7 ± 0.3 -231.7 ± 0.6 8.0 ± 0.5 8.3 

C8 F10 12.0 ± 0.3 9.3 ± 0.6 -1.4 ± 0.5 -1.3 

C9 F8 26.3 ± 0.6 20.1 ± 0.6 -3.1 ± 1.1 -3.4 

C9 F10 26.3 ± 0.6 20.1 ± 0.6 -3.1 ± 1.1 -3.2 

C10 F8 12.1 ± 0.3 11.3 ± 0.6 -0.4 ± 0.5 -0.4 

C10 F10 -246.6 ± 0.3 -311.9 ± 0.6 -32.7 ± 0.5 -32.5 

C12 F8 4.7 ± 0.3 6.5 ± 0.6 0.9 ± 0.5 0.9 

C12 F10 9.4 ± 0.3 6.5 ± 0.6 -1.5 ± 0.5 -1.5 

H-H couplings     

H3 H4 8.6 ± 0.1 -36.4 ± 0.4 -22.5 ± 0.3 -23.0 

H3 H6 0.5 ± 0.1 4.5 ± 0.4 2.0 ± 0.3 1.3 

H4 H6 2.4 ± 0.1 5.2 ± 0.3 1.4 ± 0.2 1.7 

H4 H9 0.0 ± 0.1 -2.9 ± 0.4 -1.5 ± 0.3 -1.1 

H4 H11 0.0  ± 0.1 -2.9 ± 0.4 -1.5 ± 0.3 -1.0 

H4 H12 0.0  ± 0.1 -5.0 ± 0.2 -2.5 ± 0.2 -2.3 

H6 H9 0.0  ± 0.1 -4.5 ± 0.4 -2.3 ± 0.3 -2.4 

H6 H11 0.0  ± 0.1 -4.5 ± 0.4 -2.3 ± 0.3 -2.2 

H6 H12 0.0  ± 0.1 -10.1 ± 0.3 -5.1 ± 0.2 -5.4 

H9 H11 2.6 ± 0.1 7.2 ± 0.2 2.3 ± 0.2 2.2 

H11 H12 8.7 ± 0.1 -35.7 ± 0.4 -22.2 ± 0.3 -22.1 

H-F couplings     

H4 F8 1.7 ± 0.1 0.0 ± 0.5 -0.9 ± 0.3 -0.7 

H4 F10 0.0 ± 0.5 -2.1 ± 0.5 -1.1 ± 0.5 -0.7 
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H6 F8 1.5 ± 0.1 -11.1 ± 0.5 -6.3 ± 0.3 -6.6 

H6 F10 0.0  ± 0.5 -3.9 ± 0.5 -2.0 ± 0.5 -1.6 

H9 F8 10.9 ± 0.1 -26.8 ± 0.5 -18.9 ± 0.3 -18.3 

H9 F10 9.1 ± 0.1 14.4 ± 0.5 2.7 ± 0.3 2.1 

H11 F8 -1.0 ± 0.1 0.0 ± 0.5 0.5 ± 0.3 0.5 

H11 F10 8.1 ± 0.1 7.0 ± 0.5 -0.6 ± 0.3 -1.0 

H12 F8 9.0 ± 0.1 12.8 ± 0.5 1.9 ± 0.3 1.8 

H12 F10 6.4 ± 0.1 1.9 ± 0.5 -2.3 ± 0.3 -2.6 

F-F couplings     

F8 F10 7.2 ± 0.2 4.1 ± 0.4 -1.6 ± 0.3 -1.5 

      

RMS   0.31 Hz 

      

    
    (c) (ppm)       (Hz) 

H2 11.26 ± 0.05 -249.4 ± 0.5 

H3 7.00 ± 0.05 -359.9 ± 0.5 

H4 7.62 ± 0.05 324.0 ± 0.5 

H6 8.02 ± 0.05 -368.2 ± 0.5 

H9 7.03 ± 0.05 -40.9 ± 0.5 

H11 7.01 ± 0.05 -162.0 ± 0.5 

H12 7.47 ± 0.05 -36.5 ± 0.5 

C1 110.7 ± 0.3  

C2 160.1 ± 0.3  

C3 115.6 ± 0.3  

C4 133.9 ± 0.3  

C5 123.7 ± 0.3  

C6 128.6 ± 0.3  

C7 122.5 ± 0.3  

C8 157.9 ± 0.3  

C9 102.1 ± 0.3  

C10 160.3 ± 0.3  

C11 109.5 ± 0.3  

C12 129.4 ± 0.3  

C13 170.0 ± 0.3  

F8 0.0 ± 0.1  

F10 1.8 ± 0.1  
(a)

 calculated from    
          

         
        (see chapter 1 section 1.5.2) 

(b)
 from the AP-DPD method (see below)

  

(c)
 chemical shifts are given from calibration with THF signal (at 1.72 ppm and 25.37 ppm for proton and carbon-13, 

respectively), while in the absence of internal standard for the fluorine, the chemical shifts of F8 was calibrated at 0 

ppm 
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 A crucial point is that, in all the experiments we performed, only the absolute values of 

the indirect and total coupling constants is measured from spectra, leading to an uncertainty in 

the signs and magnitudes of the values of the    
    to be used in the following conformational 

analysis. A common strategy [164-166] was adopted here to solve this uncertainty for the one-

bond 1H-13C dipolar couplings, 1DCH, by measuring from natural abundance deuterium (NAD) 

spectra the corresponding quadrupolar splittings       for the  -th deuterium nucleus. The 

difficulties in the assignment of the quadrupolar doublets in the 1D 2H-{1H} spectrum were 

overcome by recording the NAD 2D autocorrelation Q-COSY spectrum reported in Figure 3.16 

[167-168].  

 

 

Figure 3.16. Q-COSY Fz spectrum recorded on diflunisal in PBLG/THF at 300 K in 57 h. The data acquired 

had 2048 (t2) x 512 (t1) points with 592 scans per t1 increment. An exponential filtering (LB = 4.0 Hz and 

2.0 Hz) is applied respectively in the F1 and F2 dimension and the data were symmetrized. The WALTZ-16 

sequence was used to decouple the protons. Peaks labeled with an asterisk are from the solvent 

stabilizer (butylated hydroxytoluene, BHT). 

 

 

 The basic idea of this experiments is to obtain a 2D contour plot in which the 

correlation peaks appearing between the two components of each quadrupole doublet reflect 

their connectivity, as in a classical 2D COSY spectrum. By comparison with the 1D spectrum it is 

thus simple to attribute unambiguously each doublet on the basis of chemical shifts. By 

applying a 45° tilt, the individual quadrupolar doublets could hence be extracted from the 

columns of the 2D spectrum, allowing the edition of       at each deuterium position 
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reported in Table 3.3. The 1D and 2D 2H NMR spectra were recorded on a high-resolution 

Bruker Avance II 600MHz spectrometer (14.1 T) equipped with a 5-mm selective 2H cryoprobe. 

Temperature was carefully fed-back at 300 K by a standard variable-temperature unit (BVT-

3000). 

 As discussed in chapter 1 (section 1.4.1), for a specific 13C-1H (13C-2H) bond, the ratio 

            lies approximately in the range 10-12 [107, 169]. Hence, as the 1JCH scalar 

couplings are always positive [170], by a simple comparison of the two experimental 1DCH 

possible values with the expected one predicted by the ratio            , the correct 

magnitude and sign was unambiguously determined. Once we got a starting reliable set of 

dipolar couplings, the determination of the rest of the    
    was carried out, in the different 

fragments first and in the total molecule then, by a trial and error process. This means that, for 

each single coupling, one assumes one by one a possible value (sign and magnitude) and 

evaluates the consistence with the structure and the complete set of dipolar couplings [171 

and refs therein]. From the totality of the experimental couplings, only those whose sign and 

value were assigned with a high level of confidence were included in the analysis, for a total of 

40    
    (reported in the fifth column of Table 3.3). 

 

 

ii. Molecular modelling calculations 

 

 Although the NMR collected data set on the sample is large, in order to determine the 

complete structure and the energy differences defining the conformational distribution, we 

also need the geometry of the most stable conformers and a good estimate of the potential 

energy surface (PES). For this reason we performed molecular modelling calculations for an 

isolated molecule by a density functional theory (DFT) approach. Structures and locations of 

the lowest minimum energy forms for the DFL molecule were estimated in vacuo with the 

functional B3LYP and the basis set 6-31++G** using the Gaussian09 software package [172]. 

The bond lengths and angles are, to a good approximation, independent on the 

conformational state, so the minimum energy structure was used to perform a rigid PES scan 

for the torsion angle   = C4-C5-C7-C8 over the 0°-360° range with a 5°-step sampling (Figure 

3.17). 

 From Figure 3.17 it is seen that four minimum energy conformers were found: (i) a 

couple of “trans” conformers with F8 opposite to the carboxylic group (  = ±43.2°) 

corresponding to the absolute minima (where the normalized potential energy,     
    , is fixed 
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to be 0 kJ/mol), and (ii) a couple of “cis” conformers with F8 on the same side to the carboxylic 

group (  = ±135.2°) corresponding to the relative minima (    
     ~1.18 kJ/mol). The 

theoretical Boltzmann distribution can be roughly calculated from the potential energy values 

as:  

                  
                                                                  

with   the absolute temperature and   the ideal gas constant. From equation (3.2) we derived 

relative percentages of 30% for each “trans” conformer and 20% of each “cis” conformer.  

 Note that in order to exclude significant solvent effects, geometry optimization jobs 

were also performed taking into account in the calculation tetrahydrofuran as medium by 

means of the default Polarizable Continuum Model (PCM) [173] implemented in the Gaussian 

package. No significant difference in terms of structure and relative energies of the most 

stable conformers emerged between the gas and liquid state. 

 

 

Figure 3.17. Normalized potential energy as a function of   = C4C5C7C8 obtained for DFL from B3LYP/6-

31++G** calculations, including structures of the corresponding minimum energy conformers. 

 

 

iii. Conformational analysis 

 

 To extract the desired conformational information from the observed dipolar couplings 

in the flexible molecule of diflunisal, we used the AP-DPD approach, which, as discussed in 

chapter 1, is a combination of Additive Potential model for the treatment of the ordering 

interactions, with the Direct Probability Description of the torsional distribution. Within the AP 

model, we can describe DFL by six fragment tensors     
 

 (the MOL frame is reported in Figure 

3.9):  

     
      

 and     
      

, for the    -symmetry fluorinated ring (ring A) 

     
      

 and     
      

, for the    -symmetry salicylic ring (ring B) 
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   , for the monoaxial component along the C8-F8 bond direction 

     
   , for the monoaxial component along the C1-C13 bond direction. 

 In the DPD approach, the isotropic probability distribution           is described in 

terms of Gaussian functions. For diflunisal,           corresponds to the torsional probability 

distribution around the inter-ring angle  , the        , which can be directly modelled as a 

sum of four Gaussian functions corresponding to the two non-equally probable couples of 

conformers:  

           
  

 
      

     
     

   
    

  

 
      

         
     

   
    

            
  

 
      

         
     

   
     

  

 
      

         
    

   
            

where   
    and   

    are the most probable values of the torsion angle,   and    are the 

relative weights of the two couples (we also fixed the constraint        ) and, finally, 

  and    give the width at half maximum height of each Gaussian according to equation 

(1.85). 

 Being the theoretical apparatus defined, the software AnCon [94] was used to fit the 

experimental dipolar couplings of Table 3.3, while fixing molecular geometry as from 

molecular modelling calculations and by iterating on a pertinent number of unknowns 

(namely, the orientational parameters represented by the six     
 
 and the potential terms 

represented by   
   ,   

   ,        and        ), until an acceptable value for the 

RMS target function is reached. Note that we have, for 10 unknowns, 40    
    (21 for the 

fluorinated ring, 9 for the salicylic ring, 10 between the two rings). Therefore, the problem 

should be overdetermined from the ratio (independent target    )/(adjustable parameters) = 

40/10 = 4. However, because of the strong interdependence between the potential terms, and 

especially because of the small magnitude of the experimental    
   , the system does not 

converge when a simultaneous iteration is performed. As a consequence, we adjusted the 

different parameters of equation (3.3) step by step. After optimization, a good agreement 

between    
    and    

     (reported in the last column of Table 3.3) has been obtained, as one 

can appreciate in Figure 3.18. The optimized parameters and the torsional potential         

calculated by this approach are shown in the second column of Table 3.4 and in Figure 3.19 

(red solid line), respectively.  
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Figure 3.18. Observed versus theoretical dipolar couplings obtained for the diflunisal respectively from 

NMR experiments and by the AP-DPD approach. 

 

 

Table 3.4. Optimized values of the iteration parameters used in the conformational analysis with the AP-

DPD approach of the DFL molecule dissolved in PBLG/THF and PBG/THF. 

 DFL in PBLG/THF DFL in PBG/THF 

  
    (degree) 45.5 ± 2.1 45.2 ± 2.1 

  
    (degree) 41.1 ± 1.2 41.6 ± 1.1 

       (degree) 10.5 ± 1.8 10.7 ± 2.2 

   0.56 ± 0.02 0.56 ± 0.05 

    
      

 (RT) -0.03 ± 0.01 -0.012 ± 0.003 

    
      

 (RT) -0.02 ± 0.01 -0.009 ± 0.002 

    
    (RT) -0.00040 ± 0.00001 -0.0006 ± 0.0001 

    
      

 (RT) 0.04 ± 0.01 0.026 ± 0.003 

    
      

 (RT) -0.018 ± 0.005 -0.026 ± 0.001 

    
    (RT) 0.0087 ± 0.0005 0.0097 ± 0.0002 

RMS 0.35 0.43 

 

 

 The         is characterized by a couple of “trans” conformers (absolute maxima), 

having   
    = ±45.5° and a relative percentage of 56%, and a couple of “cis” conformers 

(relative maxima), having   
    = ±41.1° and a relative percentage of 44%. This solution is in 

good agreement with molecular modelling calculations, with only small changes in the values 

of the probability ratio between the two couples of conformers and the torsion angles 

corresponding to the maxima positions. The similarity between experimental and theoretical 

results is straightaway to catch in Figure 3.19, where the theoretical probability distribution, 

        , calculated from the potential energy values obtained by DFT calculations is plotted 

(green dashed line) together with the        . 
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Figure 3.19. Experimental (red solid line) and theoretical (green dashed line) torsional probability 

distributions as a function of φ obtained for the diflunisal, respectively by the AP-DPD approach and 

from B3LYP/6-31G** calculations. Both curves are obtained by varying φ over the 0°-360° range with a 

5°-step sampling. 

 

 

 For sake of completeness we remark that the same analysis was carried out on the 

achiral DFL/PBG/THF system, leading to the same conclusions (optimized values of the 

iteration parameters are reported for comparison in the third column of Table 3.4). Testing the 

same achiral molecule in both PBLG and PBG phases proves there are no effects on the 

conformational equilibrium resulting from the chirality of the medium and supports the 

reliability of the proposed methodology for the conformational analysis of compounds 

possessing stereocenters. 

 

 

  3.3.1.2. Phenylsalicylic acid 

 

 The molecule of APS, the analogue of DFL without the fluorine atoms, was investigated 

with the intent of probing any effect of the 19F nuclei on the structure and/or conformational 

distribution. The same procedure described for DFL was used for the APS, too. Then, we will 

only focus on the results in order to highlight eventual similarities and differences between the 

two compounds.  

 

 

i. NMR experiments  

 

 1H-1H and 1H-13C indirect and total spin-spin couplings were measured from 2D 1H-13C J-

resolved and 1H-1H SERF experiments performed on the isotropic (APS in THF-d8) and 

anisotropic (APS in PBLG/THF) samples (see Appendix A3). The extracted values of    
    and 
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    and the calculated    

    are reported, together with experimental chemical shifts   
   , in 

Table 3.5. 

 

 

Table 3.5. Experimental chemical shifts   
   , scalar couplings    

   , total couplings    
    and dipolar 

couplings    
    determined by the NMR analysis of APS dissolved in THF-d8 and PBLG/THF. Errors are 

estimated from spectral resolution. In the last column, the    
     values are also reported for 

comparison. The whole agreement between    
    and    

     is given by the RMS. 

        
    (Hz)    

    (Hz)
 

   
    (a) (Hz)    

     (b) (Hz) 

C-H couplings     

C1 H3 5.3 ± 0.3 6.6 ± 0.6 0.7 ± 0.5 0.7 

C1 H4 0.0 ± 0.3 -2.0 ± 0.6 -1.0 ± 0.5 -0.5 

C3 H3 162.1 ± 0.3 213.9 ± 0.6 25.9 ± 0.5 25.6 

C3 H4 0.0 ± 0.3 -11.6 ± 0.6 -5.8 ± 0.5 -5.7 

C4 H4 158.1 ± 0.3 115.5 ± 0.6 -21.3 ± 0.5 -21.3 

C4 H6 8.1 ± 0.3 9.3 ± 0.6 0.6 ± 0.5 0.7 

C6 H3 -1.2 ± 0.5 0.0 ± 0.6 0.6 ± 0.6 0.6 

C6 H4 7.1 ± 0.3 7.4 ± 0.6 0.2 ± 0.5 0.1 

C6 H6 160.4 ± 0.3 211.6 ± 0.8 25.6 ± 0.5 25.9 

C8 H8 159.1 ± 0.3 192.0 ± 0.8 16.5 ± 0.5 16.8 

C9 H9 161.3 ± 0.3 195.1 ± 0.6 16.9 ± 0.5 16.7 

C10 H9 0.0 ± 0.3 8.2 ± 0.6 4.1 ± 0.5 4.0 

C10 H10 160.9 ± 0.3 102.4 ± 0.8 -29.3 ± 0.5 -30.0 

C10 H11 0.0 ± 0.3 8.2 ± 0.6 4.1 ± 0.5 4.0 

C11 H11 161.3 ± 0.3 195.1 ± 0.6 16.9 ± 0.5 16.7 

C13 H6 4.5 ± 0.3 0.0 ± 0.6 -2.3 ± 0.5 -2.3 

H-H couplings     

H3 H4 8.6 ± 0.1 -12.8 ± 0.4 -10.7 ± 0.3 -10.0 

H3 H6 0.5 ± 0.1 3.3 ± 0.4 1.4 ± 0.3 1.1 

H4 H6 2.5 ± 0.1 4.7 ± 0.4 1.1 ± 0.3 0.8 

H4 H8 0.0 ± 0.1 -4.1 ± 0.4 -2.1 ± 0.3 -2.1 

H4 H12 0.0 ± 0.1 -4.1 ± 0.4 -2.1 ± 0.3 -2.1 

H6 H8 0.0 ± 0.1 -11.3 ± 0.4 -5.7 ± 0.3 -5.7 

H6 H9 0.0 ± 0.1 -3.2 ± 0.6 -1.6 ± 0.4 -1.2 

H6 H10 0.0 ± 0.1 -2.9 ± 0.6 -1.5 ± 0.4 -1.0 

H6 H11 0.0 ± 0.1 -3.2 ± 0.6 -1.6 ± 0.4 -1.2 

H6 H12 0.0 ± 0.1 -11.3 ± 0.4 -5.7 ± 0.3 -5.7 

H8 H9 7.8 ± 0.1 -13.7 ± 0.6 -10.8 ± 0.4 -10.2 
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H8 H10 1.2 ± 0.1 0.0 ± 0.6 -0.6 ± 0.4 -0.9 

H8 H11 0.7 ± 0.1 2.4 ± 0.6 0.9 ± 0.4 0.7 

H8 H12 1.4 ± 0.1 5.8 ± 0.6 2.2 ± 0.4 2.0 

H9 H10 7.4 ± 0.1 18.0 ± 0.6 5.3 ± 0.4 5.3 

H9 H11 1.4 ± 0.1 6.0 ± 0.6 2.3 ± 0.4 2.0 

H9 H12 0.7 ± 0.1 2.4 ± 0.6 0.9 ± 0.4 0.7 

H10 H11 7.4 ± 0.1 18.0 ± 0.6 5.3 ± 0.4 5.3 

H10 H12 1.2 ± 0.1 0.0 ± 0.6 -0.6 ± 0.4 -0.9 

H11 H12 7.8 ± 0.1 -13.7 ± 0.6 -10.8 ± 0.4 -10.2 

      

RMS   0.35 Hz 

      

k   
    (c) (ppm)  

H2 11.17 ± 0.07  

H3 7.00 ± 0.07  

H4 7.75 ± 0.07  

H6 8.12 ± 0.07  

H8, H12 7.56 ± 0.07  

H9, H11 7.38 ± 0.07  

H10 7.26 ± 0.07  

C1 113.7 ± 0.3  

C2 162.9 ± 0.3  

C3 118.7 ± 0.3  

C4 134.9 ± 0.3  

C5 133.0 ± 0.3  

C6 129.3 ± 0.3  

C7 141.0 ± 0.3  

C8, C12 127.3 ± 0.3  

C9, C11 129.6 ± 0.3  

C10 127.7 ± 0.3  

C13 173.0 ± 0.3  
(a)

 calculated as    
          

         
        (see chapter 1 section 1.5.2) 

(b)
 from the AP-DPD method (see below)

  

(c)
 the chemical shifts are given from calibration with THF signal (at 1.72 ppm and 25.37 ppm for proton and carbon-

13, respectively) 
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ii. Molecular modelling calculations 

 

 As for DFL, in vacuo molecular modelling calculations for an isolated molecule were 

performed on APS by the Gaussian09 software package (B3LYP/6-31++G**) [172]. Fixing the 

structure of the minimum energy conformer, a rigid PES scan was carried out for the torsion 

angle   = C4-C5-C7-C8  over the 0°-360° range with a 5°-step sampling (Figure 3.20). As expected 

for symmetry reasons, four equally probable minimum energy conformers resulted from the 

molecular modelling calculations of APS. Torsion angle values of the conformers are 

respectively   = ±39.1° and 180°±39.1°. 

 From a purely geometrical viewpoint it is reasonable the replacement 1H-19F in APS 

with respect to DFL affects some bond lengths and angles. In Appendix A4 we report for 

comparison the optimised geometries obtained for a trans and a cis minimum energy 

conformers of DFL and for one of the four equally probable minimum energy conformers of 

APS. Besides the obvious difference in the length of the C-F bonds (~1.35 Å) compared to the 

corresponding C-H bonds (~1.086 Å), it is more interesting to note that the presence of 

protons instead of fluorine atoms in APS molecule affects almost all internal angles of ring A as 

well as angles between the inter-ring C5-C7 bond and each phenyl ring. 

 

 

Figure 3.20. Normalized potential energy as a function of   = C4-C5-C7-C8 obtained for APS from 

B3LYP/6-31++G** calculations.  

 

 

iii. Conformational analysis and comparison between the conformational probability 

distribution of the fluorinated and non-fluorinated molecule 

 

 Similarly to DFL, the AP-DPD approach was applied to treat the conformational 

problem for the phenylsalicylic acid. 

Within the AP model, the molecule is described by five fragment tensors     
 

: 
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 and     
      

, for the    -symmetry unsubstituted ring (ring A) 

     
      

 and     
      

, for the    -symmetry salicylic ring (ring B) 

     
   , for the monoaxial component along the C1-C13 bond direction 

 When modelling the torsional distribution for APS, the symmetry of one ring 

(compared to DFL) has to be taken into account. Then,         is simply the sum of four 

Gaussian functions with equal weight:  

                
         

   
        

             

   
   

                                    
             

   
         

             

   
                 

where      represents the most probable value of the torsion angle and   gives the width at 

half maximum height of the Gaussians, as in equation (1.85). 

 As above, the orientational parameters (the five     
 
 ) together with the potential 

terms (     and  ) are the unknowns in the iterative fitting procedure of the    
    of Table 

3.5 (molecular geometry is taken from molecular modelling calculations). With respect to DFL 

the amount of both the target     and the adjustable parameters is reduced. In particular, 

because of the symmetry of one ring with respect to the DFL, there are 27 independent    
    

(10 for ring A, 13 the salicylic ring and only 4 between the two rings) and 7 unknowns. 

Calculations were performed by varying     , with a parametrical adjustment of  . The best 

fit between    
    and    

     (reported for comparison in the last column of Table 3.5) was 

reached (see Figure 3.21) for the optimized parameters reported in Table 3.6, corresponding 

to the         shown in Figure 3.22 (blue line), characterized by four equally probable 

conformers having      = ±40° and 180° ±40°. This result is evidently in close agreement with 

the values obtained for an isolated molecule by the DFT calculation. 

 

 

Figure 3.21. Observed versus theoretical dipolar couplings obtained for the phenylsalicylic acid 

respectively from NMR experiments and by the AP-DPD approach. 
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Table 3.6. Optimized values of the iteration parameters used in the conformational analysis with the AP-

DPD approach of the APS molecule dissolved in PBLG/THF. 

 APS in PBLG/THF 

     (degree) 40 ± 15 

  (degree) 27.5 ± 2.5 (after parameterization) 

    
      

 (RT) -0.005 ± 0.002 

    
      

 (RT) -0.0152 ± 0.0009 

    
      

 (RT) 0.009 ± 0.002 

    
      

 (RT) -0.0014 ± 0.0008 

    
    (RT) 0.0064 ± 0.0002 

RMS 0.31 

 

 

 

Figure 3.22. Comparison between experimental torsional probability distributions obtained in PBLG/THF 

for phenylsalicylic acid (blue line) and diflunisal (red line), as a function of φ. Both curves are obtained 

by varying φ over the 0°-360° range with a 5°-step sampling. 

 

 

 A comparison between the conformational probability distributions (reported in Figure 

3.22) obtained for the fluorinated DFL (red line) and non-fluorinated APS (blue line) molecules 

in the PBLG/THF solvent immediately reveals two main differences, in the exact position of the 

maxima and in the width of the Gaussian functions. Firstly, the inter-ring torsion angles found 

for the most stable conformers of APS are slightly smaller than those resulted in the analysis of 

DFL (about 3° between the average    
      

       in DFL and      in APS). This result 

could be merely associated to the greater van der Waals radius of the fluorine nucleus 

compared to the proton [174], implying a weak steric hindrance effect in the rotation around 

the C5-C7 bond. Indeed, if one looks at the error associated to      value in APS it is evident 

that the torsion angle value can cover a large range, including the   
    and   

    values 

found for DFL. Secondly, the peaks characterizing the         distribution of APS appear less 

sharp than those obtained for the DFL. From a physical point of view, this could suggest that 
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the presence of 19F nuclei makes DFL be more confined in proximity of its conformational 

minima with respect to APS. However, it should be remarked that the sharpness of the peaks is 

related to the magnitude of the   parameter and the data set collected for APS was not 

sufficient to make the software able to converge when the   parameter is put as a variable in 

the iteration process. The value of 27.5° ±2.5 reported in Table 3.6 comes thus from a 

parametrical adjustment process of 5° ≤   ≤ 35°, yielding the best fitting between    
     and 

   
    in the window ranging from   = 25° to   = 30°. Hence, a value of   greater than        

found in DFL seems to be necessary in order to reproduce the experimental dipolar couplings 

for APS, suggesting a difference in the rotational barriers for the fluorinated and non-

fluorinated compounds. 

 

 

 3.3.2. Two and more rotations: profens 

 

 The second family of NSAIDs considered in this Ph.D. thesis is that of the 2-

arylpropionic acid derivatives, commonly known as profens, whose general structure is 

reported in Figure 3.23. In particular, naproxen, flurbiprofen and ibuprofen were selected as 

molecules of interest. Results for the former will be presented here, while preliminary studies 

started on flurbiprofen and ibuprofen will be left out. 

 

 

Figure 3.23. Structure of 2-arylpropionic acids (profens) composed of three basic units: the propionic 

acid side chain, the central aryl moiety and a hydrophobic terminal residue R.  

 

 

 Profens are chiral bioactive compounds, most of them traditionally marketed as 

racemic mixtures. Indeed, individual enantiomers differ in both pharmacokinetics and 

pharmacodynamics [175-177], and in particular in vitro and in vivo studies demonstrated that 

the anti-inflammatory activity, i.e. the ability of inhibiting COX, is largely stereospecific for the 

S-enantiomers [178-181]. However, since R-enantiomer is generally inactive, its presence in 

the formulation can be easily justified when compared to the complicated and expensive 

methods for enantioselective synthesis and enantiomeric purification. Moreover, most 

compounds usually undergo a unidirectional chiral inversion from R- to S-isomer in biological 
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systems [182-186], so that the R-enantiomer acts as a prodrug for the S-isomer and 

contributes to the pharmacodynamics of the racemate. Naproxen represents an exception 

because it is internationally sold as S-enantiomer due to the potential toxicity of the R-isomer 

[187]. Currently, also ibuprofen is being marketed in several European countries as the 

stereochemically pure S-(+)-enantiomer [187] because of relevant difference between physical 

properties of the racemate and S-ibuprofen (dexibuprofen) [188-192]. Moreover, the general 

recent trend pursued by many companies is toward reevaluating drugs previously marketed as 

racemates and marketing them as single-enantiomer, in order to improve its therapeutic 

efficacy and to extend patent protection [187]. Therefore, the need for convenient and 

effective techniques for the differentiation and the study of enantiomers as well as the 

measurement of enantiomeric purity is continuously growing [193-198]. Next to the 

investigation of methods for enantiomeric synthesis and chiral discrimination, a quite large 

number of papers focused on studying the three dimensional structure of this class of anti-

inflammatory drugs, with the aim of predicting the localization of interaction sites, 

rationalizing their accommodation inside the receptor cavity and designing new anti-

inflammatory drugs with improved activities [106, 199-203]. In this context, our purpose is to 

offer a contribution by accurately describe the conformational equilibrium of such molecules 

in a liquid state, by exploiting the potentiality of liquid crystal NMR spectroscopy. For the 

arguments presented in section 3.3, the structural and conformational analysis of profens is 

quite impossible to perform by NMR spectroscopy in thermotropic LCs, at least without an 

extremely good set of starting parameters. Moreover, these molecules possess a higher 

number of magnetically active nuclei with respect to diflunisal. Thus, we resort again to PBLG 

phases that, inducing a smaller degree of order, facilitate the extraction of residual dipolar 

couplings. Even so, the structural and conformational analysis poses some difficulties. 

Experimentally speaking, collecting a large set of independent RDCs is not trivial, and this was 

the main obstacle encountered in the study of naproxene and flurbiprofen. From a theoretical 

viewpoint, the presence of two or more degree of flexibility makes the torsional potential 

description challenging, compared to the single-rotor case seen in the previous section. 

Naproxen and flurbiprofen were chosen as model compounds for molecules which display two 

rotations that are far enough to be considered as independent, while the study of ibuprofen 

was intended to deal with the more delicate case of cooperative rotations. Note that the use 

of PBLG-organic co-solvent mixtures has the additional advantage of overcoming the problem 

of very poor water solubility of the chosen drugs. Finally, it is worth remarking that the 

attractive well-recognized qualities of NMR spectroscopy in chiral PBLG phases as a tool for 

enantiomeric discrimination [164, 204-211] could in principle be exploited also for these chiral 
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drugs. However, enantiodiscrimination studies were out of the scope of this Ph.D. thesis. For 

the conformational and structural analysis, PBLG was still used instead of the achiral PBG 

phase, as a consequence of its simpler and cheaper commercially availability. This required 

pure isomers to be used as solutes, in order to avoid difficulty in the differentiation of 

superposed spectra of each enantiomer. 

 

 

  3.3.2.1. Naproxen 

 

 The S-(+)-2-(6-methoxy-2-naphthalen)propanoic acid (Figure 3.24), commonly known 

as naproxen (NAP), is used as a therapeutic agent for the treatment of rheumatoid and 

osteoarthritis. Originally introduced in prescription form as Naprosyn® by Syntex in 1976 and 

as the over-the-counter drug Aleve® by Bayer in 1994, NAP is currently sold under various 

tradenames including Anaprox®, Antalgin®, Apranax®, Midol Extended Relief®, Naprelan®, 

Synflex® and so on. It exhibits analgesic, anti-pyretic, and anti-inflammatory activity and was 

recently reported to be effective in the prevention of bladder cancer progression [200]. The S-

enantiomer of NAP is 28-fold more active as anti-inflammatory than the R-isomer [212], which 

is reported to be a liver toxin [213] and to incidentally causes gastrointestinal disorders [214]. 

As a consequence, NAP and its sodium salt are internationally delivered as the pure S-(+)-

isomers. 

 

 

Figure 3.24. Topological structure, atomic labelling and torsional angles of S-(+)-naproxen (NAP). The 

(     ) axes of the molecular reference frame adopted are also shown. 

 

 

 The NAP molecule possesses two flexible substituents that may take different 

orientations with respect to the naphthalene ring and lead to several stable isomers: the 

methoxy group and the propionic fragment, that is the chain bearing the asymmetric carbon. 

The conformational investigation of NAP resides then in the description of two dihedral 

angles:  , defined as the dihedral angle C8-C9-O-C14, and  , defined as the dihedral angle C13-
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C4-C2-H2 (Figure 3.24). The crystal structure of NAP and its sodium salt have been determined 

by X-ray measurements [215-218] and computer modelling for crystal structure prediction 

found very different crystal packing for the enantiomeric and racemic form [219]. The scarce 

solubility of NAP in water can be substantially enhanced after inclusion in cyclodextrins and 

analogues. Structure and intermolecular interactions of the resulting complexes were studied 

in solid state and in solution by molecular modelling as well as X-ray diffractometry and 1H 

NMR spectroscopy [220-222]. Theoretical calculations were performed also in the gas and 

liquid phase [202, 223]. An attempt to experimentally refine the spatial arrangement of NAP in 

solution was done by two-dimensional 1H nOe measurements, which indicated that, while for 

the methoxy group a single well defined conformation (  = C8-C9-O-C14 ~0°) can be assumed to 

be almost exclusively populated, the description of the torsion around the C2-C4 axis is more 

complex [224]. Indeed, nOe data seem to be better reproduced taking into account an average 

of more theoretical calculated conformations with respect to a mono-conformational model. 

However, experimental outcomes are not sufficient to unambiguously distinguish between the 

models. Aiming at overcoming the limitations related to a conformational analysis by nOe 

measurements we decided to exploit the potentiality of NMR in liquid crystalline phases for 

describing the torsional probability distribution of S-naproxen. 

 

 

i. NMR experiments  

 

 In order to extract the large set of experimental dipolar couplings necessary for the 

conformational analysis of NAP, a series of 1D and 2D NMR spectra was recorded on the 

isotropic and anisotropic samples (see Appendix A3) to obtain respectively the scalar    
    and 

the total    
    coupling constants. Unfortunately, 1H signals of THF fall very near to signals 

from aliphatic protons of NAP (i.e. H2, H3 and H14), preventing from an accurate measurement 

of     when the molecule of interest is dissolved in PBLG/THF. For this reason proton and 

carbon spectra were recorded on a sample obtained by using totally deuterated THF as organic 

co-solvent. 

 All spectra were recorded at 300 K on a liquid high-resolution Bruker Avance 400MHz 

spectrometer (9.4 T) equipped with a standard variable-temperature unit (BVT-3000) and a BBI 

or QXO probe with a z field-gradient coil. Spectral assignment of the peaks was performed by 

1D 1H, 13C, 13C-{1H} spectra and 2D 1H-1H COSY, 1H-13C HSQC and HMBC correlation 

experiments. JHH and THH were measured from homonuclear J-resolved and SERF experiments. 
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Note that in PBLG phases even dipolar couplings between the three equivalent protons of each 

methyl groups (H3 and H14) influence the NMR spectrum. For instance, H3 gives a doublet of 

triplets due to the coupling with the proton directly attached to the asymmetric carbon (H2) 

and to the dipolar couplings between the three equivalent protons of the methyl group. Albeit 

not well resolved in the 1H 1D spectrum (Figure 3.25 (a)), this multiplet structure is evident in 

the homonuclear SERF experiment shown in Figure 3.25 (b). We underline that, even though 

signals of H2 and H14 are superposed in the single-quantum 1H spectrum, the positions of each 

proton in distinct fragments of the molecule avoids ambiguities in the assignment of each 

coupling to a specific nuclear pair. 

 

 

Figure 3.25. (a) 1D 
1
H spectrum recorded on S-naproxen in PBLG/THF-d8 at 300 K. (b) 2D SERF tilted 

spectrum of the same sample where the offsets of the selective pulses were set at υ3 on the F2 

dimension and at υ2,14 on the F1 dimension. The SERF spectrum was recorded in 26 min using a data 

matrix of 2048 (t2) x 64 (t1) with 16 scans per t1 increment. The relaxation delays were 1 s. Data were 

processed using zero-filling up to 256 points and a sine filter in both dimensions. The duration of the RE-

BURP refocusing and the E-BURP excitation pulses was 12.4 ms corresponding to a frequency width of 

400 Hz. Solvent peaks are labeled with asterisks. 

 

 

 The 1H-13C J-resolved experiment was not resolved enough to allow the measurement 

of all desired long-range couplings, especially those between spins belonging to different 

fragments of the molecule (i.e. methoxy group, naphthalene, propionic acid). Therefore, we 



Chapter 3.   Structural, orientational and conformational analysis of flexible molecules 

- 205 - 

applied the heteronuclear selective refocusing 13C-1H NMR experiments, HETSERF, originally 

developed by Bax and Freeman for the measurement of long-range 1H-13C scalar couplings in 

isotropic media [225], and applied after to the extraction short- and long-range total spin-spin 

couplings in solutes dissolved in chiral liquid crystals [155]. The basic pulse sequence, reported 

in Figure 3.26, is based on the heteronuclear J-resolved 2D experiment but involves a 180° 

shaped proton RF pulse for selecting a single type of proton in the studied molecule. Then, 

after a double Fourier transformation, the couplings between the selected proton and all the 

interacting carbon atoms are observed in the indirect dimension while the 13C-{1H} spectrum 

appears in the F2 dimension. 

 

 

Figure 3.26. Pulse sequence for the HETSERF experiment. Black and white rectangles correspond 

respectively to π/2- and π-shaped pulses, while white ellipse shape corresponds to π RE-BURP shape 

pulse. On the proton channel rectangular bar refers to the application of a classical WALTZ-16 

decoupling sequence. The 16-steps phase cycle is: φ1 = φrec = x, -x, x, -x, y, -y, y, -y, -x, x, -x, x, -y, y, -y, y; 

φ2 = x, x, -x, -x, y, y, -y, -y, -x, -x, x, x, -y, -y, y, y. 

 

 

 While retaining the advantage of the large chemical shift range of 13C spectra, this 

experiment (i) reduces the multiplicity of proton coupled 13C lines resulting in increased 

sensitivity and (ii) leads to narrower linewidths thanks to the refocusing of field 

inhomogeneities during t1. One severe limitation of HETSERF experiment is related to the 

superposition of proton signals. Indeed, a single proton can be selected only when its signal is 

far enough, i.e. if its chemical environment is sufficiently different, from the others. In the 

molecule of NAP the overlap of aromatic 1H signals (see Figure 3.25 (a)) prevents from applying 

HETSERF experiment to all protons in the molecule. However, the pulse sequence proved to be 

a valuable aid for editing critical dipolar couplings between aromatic carbons and aliphatic 

protons. As an example, Figures 3.27 and 3.28 display the HETSERF spectra recorded selecting 

H2 and H14 on the proton channel, respectively on the isotropic and anisotropic sample, 

together with selected signals from the corresponding proton-coupled 13C 1D spectra. It can be 

observed that the heteronuclear selective spectra allows: (i) scalar couplings such as 2JC4H2, 

3JC5H2 or 3JC13H2, which are already seen in the 1D spectrum, to be precisely measured and 
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unequivocally assigned (Figure 3.27) and (ii) total couplings such as 2TC4H2, 
3TC5H2, and 4TC8H14, 

which cannot be measured in the 1D spectrum, to be easily edited (Figure 3.28). 

 

 

Figure. 3.27. (a) Signals of some selected aromatic carbons (C4, C5 and C13) extracted from the 1D 

proton-coupled 
13

C spectrum of S-naproxen in THF-d8. The spectrum was recorded by using 32768 

points and 8192 scans and processed using zero-filling up to 65536 points. (b) 2D HETSERF spectrum of 

the same sample where the offsets of the π selective pulse on the proton channel was set at υ2,14. The 

HETSERF spectrum was recorded in 5.5 h using a data matrix of 4096 (t2) x 512 (t1) with 16 scans per t1 

increment. The relaxation delays were 1.5 s. Data were processed using zero-filling up to 1024 points 

and no filter. The duration of the RE-BURP refocusing pulse was 49.5 ms corresponding to a frequency 

width of 100 Hz. Enlarged maps of selected carbon signals (C4, C5 and C13) are also shown. Solvent peaks 

are labeled with asterisks. 
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Figure. 3.28. (a) Signals of some selected aromatic carbons (C4, C5 and C8) extracted from the 1D proton-

coupled 
13

C spectrum of S-naproxen in PBLG/THF-d8. The spectrum was recorded at 300 K by using 

32768 points and 4096 scans and processed using zero-filling up to 65536 points and an exponential 

filter (LB = 0.5 Hz). (b) 2D HETSERF spectrum of the same sample where the offsets of the π selective 

pulse on the proton channel was set at υ2,14. The HETSERF spectrum was recorded in 2 h using a data 

matrix of 4096 (t2) x 288 (t1) with 16 scans per t1 increment. The relaxation delays were 1 s. Data were 

processed using zero-filling up to 512 points and no filter. The duration of the RE-BURP refocusing pulse 

was 16.5 ms corresponding to a frequency width of 300 Hz. Enlarged maps of selected carbon signals 

(C4, C5 and C8) are also shown. Solvent peaks are labeled with asterisks. 

 

 

 By combining different experiments a large set of scalar and total coupling constants 

was finally collected, whose values are reported in the third and fourth columns of Table 3.7. 

 As for diflunisal, only the absolute values of the indirect and total coupling constants is 

measured from spectra, thus requiring the measurement of quadrupolar splittings in order to 

solve the uncertainty in the signs and magnitudes of 1DCH. NAD 1D 2H-{1H} and 2D Q-COSY 

spectra cannot be conveniently performed on the sample NAP/PBLG/THF-d8, because signals 

deriving from the deuterated solvent completely hide signals from deuterium sites at natural 
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abundance in the molecule of interest. For this reason, another sample was prepared 

dissolving NAP in PBLG/THF, while keeping the same concentration of solute (~8 wt%) and 

polymer (~15 wt%) (see Appendix A3). Deuterium spectra were recorded on a high-resolution 

Bruker Avance II 600MHz spectrometer (14.1 T) equipped with a 5-mm selective 2H cryoprobe. 

Temperature was carefully fed-back at 300K by a standard variable-temperature unit (BVT-

3000). The       measured at different deuterium positions are reported in Table 3.7. In the 

aliphatic region only quadrupolar doublets for methyl protons H3 and H14 could be 

individuated, since peaks of H2 are of lower intensity and then easily hidden from solvent 

signals.  

 

 

Table 3.7. Experimental chemical shifts   
   , scalar couplings    

   , total couplings    
   , dipolar couplings 

   
    and quadrupolar splittings      

 determined by the NMR analysis of NAP dissolved in THF-d8, 

PBLG/THF-d8 and PBLG/THF. Errors are estimated from spectral resolution. In the last column, the    
     

values are also reported for comparison. The whole agreement between    
    and    

     is given by the 

RMS. 

i j    
    (Hz)    

    (Hz)
 

   
    (a) (Hz)    

     (b) (Hz) 

C-H couplings     

C2 H2 129.7 ± 0.6 246.3 ± 0.6 58.3 ± 0.6 58.3 

C2 H5 3.4 ± 0.4 6.5 ± 0.6 1.6 ± 0.5 1.4 

C3 H2 -4.2 ± 0.4 7.0 ± 0.6 5.6 ± 0.5 5.3 

C3 H3 128.4 ± 0.6 115.7 ± 0.6 -6.4 ± 0.6 -6.6 

C4 H2 -6.7 ± 0.4 -9.3 ± 0.8 -1.3 ± 0.6 -2.0 

C4 H3 4.5 ± 0.6 4.4 ± 0.6 -0.1 ± 0.6 -0.4 

C4 H5 0.0 ± 0.4 14.7 ± 0.8 7.4 ± 0.6 6.9 

C5 H2 5.2 ± 0.4 3.0 ± 0.8 -1.1 ± 0.6 -1.1 

C5 H5 156.9 ± 0.6 171.2 ± 0.8 7.2 ± 0.7 7.3 

C5 H13 7.8 ± 0.4 11.2 ± 0.6 1.7 ± 0.5 1.8 

C6 H6 157.7 ± 0.6 238.0 ± 0.6 40.2 ± 0.6 39.5 

C7 H5 8.2 ± 0.4 6.4 ± 0.8 -0.9 ± 0.7 -1.2 

C8 H8 157.9 ± 0.6 233.1 ± 0.6 37.6 ± 0.6 37.8 

C8 H11 -1.3 ± 0.6 0.0 ± 0.6 0.7 ± 0.6 0.8 

C8 H14 0.0 ± 0.6 -4.4 ± 0.8 -2.2 ± 0.7 -2.4 

C10 H8 5.7 ± 0.6 9.4 ± 0.6 1.9 ± 0.6 1.8 

C10 H10 160.1 ± 0.6 176.0 ± 0.6 8.0 ± 0.6 7.9 

C11 H8 0.0 ± 0.6 1.5 ± 0.6 0.8 ± 0.6 0.8 

C11 H11 159.2 ± 0.6 234.2 ± 0.8 37.5 ± 0.7 38.2 

C11 H13 5.1 ± 0.6 -4.5 ± 0.6 -4.8 ± 0.6 -4.5 

C13 H2 6.0 ± 0.4 0.0 ± 0.8 -3.0 ± 0.7 -3.5 
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C13 H5 6.2 ± 0.4 9.1 ± 0.8 1.5 ± 0.7 1.5 

C13 H13 156.7 ± 0.6 232.6 ± 0.8 38.0 ± 0.8 38.5 

C14 H8 0.0 ± 0.6 -6.8 ± 0.6 -3.4 ± 0.6 -3.7 

C14 H14 143.6 ± 0.6 132.9 ± 0.6 -5.4 ± 0.6 -5.2 

H-H couplings     

H2 H3 7.2 ± 0.2 20.5 ± 0.8 6.7 ± 0.5 6.5 

H2 H5 0.0 ± 0.2 -6.8 ± 0.2 -3.4 ± 0.2 -3.2 

H3 H3 0.0 ± 0.2 -29.0 ± 0.8 -9.7 ± 0.5 -9.8 

H3 H5 0.0 ± 0.2 1.0 ± 0.2 0.5 ± 0.2 0.4 

H5 H6 8.5 ± 0.2 -35.7 ± 0.4 -22.1 ± 0.3 -22.6 

H5 H8 0.0 ± 0.2 -6.2 ± 0.4 -3.1 ± 0.3 -3.1 

H5 H14 0.0 ± 0.2 -2.0 ± 0.2 -1.0 ± 0.2 -0.8 

H6 H8 1.2 ± 0.2 -33.9 ± 0.4 -17.6 ± 0.3 -17.2 

H6 H10 0.0 ± 0.2 1.8 ± 0.4 0.9 ± 0.3 0.6 

H6 H11 0.0 ± 0.2 4.3 ± 0.4 2.2 ± 0.3 1.6 

H6 H13 0.9 ± 0.2 4.3 ± 0.4 1.7 ± 0.3 1.6 

H6 H14 0.0 ± 0.2 -4.1 ± 0.2 -2.1 ± 0.2 -2.1 

H8 H10 2.6 ± 0.2 9.5 ± 0.4 3.5 ± 0.3 3.4 

H8 H11 0.7 ± 0.2 4.3 ± 0.4 1.8 ± 0.3 1.6 

H8 H14 -0.3 ± 0.1 28.8 ± 0.4 -14.6 ± 0.3 -14.8 

H10 H11 8.9 ± 0.2 -39.8 ± 0.4 -24.4 ± 0.3 -23.8 

H11 H13 0.6 ± 0.2 -32.8 ± 0.4 -16.7 ± 0.3 -17.4 

H14 H14 0.0 ± 0.2 -22.0 ± 0.4 -7.3 ± 0.3 -7.4 

      

RMS   0.40 Hz 

      

    
    (c) (ppm)       (Hz) 

H2 3.79 ± 0.05 - 

H3 1.51 ± 0.05 63.0 ± 0.8 

H5 7.42 ± 0.05 -99.9 ± 0.8 

H6 7.68 ± 0.05 -342.5 ± 0.8 

H8 7.17 ± 0.05 -345.9 ± 0.8 

H10 7.09 ± 0.05 -80.3 ± 0.8 

H11 7.68 ± 0.05 -342.5 ± 0.8 

H13 7.69 ± 0.05 -342.5 ± 0.8 

H14 3.85 ± 0.05 60.7 ± 0.8 

C1 175.8 ± 0.3  

C2 46.0 ± 0.3  

C3 19.2 ± 0.3  

C4 137.6 ± 0.3  



Chapter 3.   Structural, orientational and conformational analysis of flexible molecules 

- 210 - 

C5 127.2 ± 0.3  

C6 127.7 ± 0.3  

C7 134.9 ± 0.3  

C8 106.3 ± 0.3  

C9 158.8 ± 0.3  

C10 119.6 ± 0.3  

C11 129.9 ± 0.3  

C12 130.1 ± 0.3  

C13 126.7 ± 0.3  

C14 55.5 ± 0.3  
(a)

 calculated from           
         

        (non-equivalent nuclei) or    
         

      (equivalent nuclei) 
(b)

 from the AP-DPD method (see below)
  

(c)
 chemical shifts are given from calibration with THF signal (at 1.72 ppm and 25.37 ppm for proton and carbon-13, 

respectively) 

 

 

ii. Molecular modeling calculations  

 

 As seen before, the a priori knowledge of the geometry of the most stable conformers 

and a good estimate of the potential energy surface (PES) is required. Hence, a molecular 

dynamics calculation was first performed by the MD module of HyperChemTM software 

package [226] with the semiempirical AM1 method, in order to individuate approximately 

structures and locations of the lowest minimum energy conformers for the NAP molecule in 

vacuo. An accurate geometry optimization was performed then on the minimum energy 

structures at DFT level by means of the B3LYP hybrid density functional using the 6-31++G** 

basis set provided by the Gaussian03 software package [227]. Theoretical calculations predict 

four minimum energy conformers, whose relative energies together with the most relevant 

structural parameters related to the geometry of the flexible substituents are reported in 

Table 3.8.  

 For both conformers I and II, the O-C14 bond lies in the plane of the aromatic ring and 

the methoxy group adopts a cis orientation with respect to the C8-C9 aromatic bond (  = C8-C9-

O-C14 ~0°). The isomers involving the trans geometry of the methoxy group (  = C8-C9-O-C14 

~180°) and the same geometry of the chiral side chain (III and IV) are about 6 kJ/mol less stable 

than their cis analogues. Calculating roughly the Boltzmann population distribution of the four 

conformers from their relative energies (equation (3.2)), we obtain that isomers I and II count 

for more than 90% with respect to conformers III and IV. The conformational preference for 

the cis configuration of the methoxy group has already been found for naproxen and 
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analogues [219, 224, 228]. In general, in the absence of overriding steric effects from 

substituents on adjacent ring positions, a methoxy group attached to an aromatic ring is 

known to adopt a conformation with its heavy atoms in the ring plane [46, 229-231]. The 

stability of this coplanar conformation is accepted to be mainly defined by the conjugation 

between the oxygen in-plane lone pairs and the aromatic π system [229] and/or the 

electrostatic interaction between the methyl and the proximate ring atoms [232]. If the system 

is not symmetrical with respect to the methoxy Cipso - Cpara axis, coplanar conformers are 

generally not equally populated and in this case the cis orientation of the methoxy group to 

the aromatic C–C bond with the larger π bond order is preferred [233-234]. 

 

 

Table 3.8. Relative energies and selected dihedral angles of the four lowest minimum energy 

conformers obtained for NAP from B3LYP/6-31++G** calculations. 

conformers I II III IV 

    
     (kJ/mol) 0.00 1.18 6.31 7.25 

  = C8-C9-O-C14 (degree) 0.48 0.05 179.97 -179.98 

  = C13-C4-C2-H2 (degree) 5.61 -173.29 5.13 -173.93 

C13-C4-C2-C3 (degree) -115.12 66.01 -115.63 65.32 

C13-C4-C2-C1 (degree) 121.42 -57.56 120.89 -58.25 

      (%) (a) 56.9 35.4 4.6 3.1 
(a)

 Calculated by equation                   
         

 

 

 The two isomers I and II of Table 3.8 (and the two isomers III and IV) differ by the 

torsion angle   of the chiral substituent around the C2-C4 axis. The dihedral angle   is, 

respectively, 5.61° and -173.29° for isomers I and II. This means the two bulky methyl and 

carboxylic acid groups are located on each side of naphthalene plane in both isomers to 

minimize steric repulsion and the hydrogen atom directly bound to the stereogenic carbon 

atom (α-hydrogen) lies almost in the naphthalene plane. Thus, the two isomers correspond to 

a rotation of about 180° of the whole chiral substituent around the C2-C4 bond. Conformation I 

(and III) seems to be slightly stabilized with regard to conformation II (and IV), with relative 

percentages of about 60% and 40% respectively. The quasi-planarity of the α-hydrogen atom 

relative to the aromatic ring is in agreement with previous results [202, 219, 235-236]. Note, 

however, that in literature slightly different outcomes are reported in some cases, with 

additional relative minima for   = C13-C4-C2-H2 at about 134°, that is with the C2-C3 bond lying 

almost in the plane of the naphthalene ring [224, 237]. In order to further verify our 
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theoretical results, optimized PES scans (i.e. allowing for bond lengths and angles relaxation of 

the structure) were performed separately (thanks to the limited interactions between the 

methoxy group and the propionic acid group) for the torsion angle   and  , over the 0°-360° 

range with a 5°-step sampling (Figure 3.29). 

 

 

Figure 3.29. Normalized potential energy as a function of (a)   = C8-C9-O-C14 and (b)   = C13-C4-C2-H2, 

obtained for NAP from B3LYP/6-31++G** calculations, including spatial arrangement of the 

corresponding fragment at the lowest minimum energies.  

 

 

 The one dimensional scan for   (Figure 3.29 (a)) revealed again two minima, in which 

the methoxy group adopt coplanar conformations relative to the naphthalene ring. From the 

one dimensional scan for   (Figure 3.29 (b)) it can be observed that the potential wells for the 

rotation of the chiral side chain are not perfectly symmetric. Nevertheless, at   ~135° no real 

minima can be observed. Hence, the conformer exhibiting the C2-C3 bond almost in the plane 

of the naphthalene ring is not a minimum energy structure. Note, finally, that also changing 

the functional and the basis set from B3LYP/6-31++G** to MP2/6-31G gave similar results.  

 

 

iii. Conformational analysis 

 

 Once collected a large set of experimental    
    and calculated the geometries of the 

most stable conformers, the conformational analysis can be performed by using the AP-DPD 
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approach. As assumed in the molecular modeling calculations, torsional potentials for the two 

dihedral angles   and   are non-cooperative motions, due to the limited interactions between 

the methoxy group and the propionic acid group. Therefore, the more convenient strategy to 

describe the conformational distribution for this molecule is a two-step approach: 

1) each non-cooperative motion is first treated separately, in order to quickly optimize the 

orientational and potential parameters, avoiding huge computational burden; 

2) the two non-cooperative rotations are treated together, in order to describe the potential 

surface for the whole molecule. 

 

 

Torsional potential for the dihedral angle   = C8-C9-O-C14 

 For describing by the AP model the 2-methoxynaphthalene fragment (composed of the 

naphthalene, N, and the methoxy, M, group), 4 fragment tensors     
 

 are required: 

     
  and     

 , for the naphthalene fragment (N) 

     
   , for the monoaxial component along the C9-O bond direction 

     
     , for the monoaxial component along the O-C14 bond direction. 

Within the Direct Probability Description model the torsional probability distribution around   

can be modelled as a sum of two Gaussian functions centered at 0° and 180°. Some 

convergence problems sometimes occur if the centers of a Gaussian coincides with the 

boundaries of the space that is sampled. In these cases a common trick is to change the space 

boundaries. To overcome this usual obstacle, a more general expression has been designed in 

the LXNMR S.C.An. group to describe the sum of two Gaussian functions separated by 180°. 

The         function for the 2-methoxynaphthalene fragment of S-naproxen can be then 

written as: 

          
           

 
              

            

   
                          

where      is the first most probable value of the torsion angle (the second one being 

180°+    ),    is the relative weight of the first Gaussian (the relative weight of the second 

Gaussian is fixed to be equal to     ) and, finally,    gives the width at half maximum 

height of each Gaussian according to equation (1.85). 

 With this theoretical apparatus and fixing molecular geometry as from molecular 

modelling calculations (the used molecular geometry is reported in Appendix A5), a subset of 

   
    of Table 3.7 (that is those corresponding to the 2-methoxynaphthalene portion of the 

molecule) was fitted by using the software AnCon [94], iterating on the orientational 
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parameters     
 
 and the potential terms      and    separately, and parametrically adjusting 

  , until an acceptable value for the RMS target function is reached. Overall, we have 23 

independent    
    (16 for N, 2 for M and 5 between the two fragments) for 7 unknowns. After 

optimization we obtained the torsional potential         reported in Figure 3.30, which is 

characterized by an absolute maximum at 0° with relative percentage of 87% and a relative 

maximum at 180° with relative percentage of 13%. 

 

 

Figure 3.30. Experimental (solid line) and theoretical (dashed line) torsional probability distributions as a 

function of φ obtained for S-naproxen respectively by the AP-DPD approach and from B3LYP/6-31G** 

calculations.  

 

 

 This solution confirms the coplanar arrangement of the methoxy group with a 

preference for the cis configuration relative to the C8-C9 bond which has been found by DFT 

theoretical calculations. The agreement between experimental and theoretical results can be 

easily seen in Figure 3.30 where the theoretical probability distribution,         , calculated 

from the potential energy values obtained by DFT calculations is plotted (blue dashed line) 

together with the         obtained from AP-DPD approach (blue solid line). A slight change in 

the probability ratio between the two conformer is observed (90:10 in          versus 87:13 

in experimental        ), but it is worth underlining that this ratio is extremely sensitive to the 

geometry of the methoxy group with respect to the naphthalene fragment, especially to the 

angle OC9C8. In our calculation such angle is fixed at 125.76° as from molecular modelling 

results, but it can be seen from Figure 3.31 that, for small changes of its value, the best fit 

between    
    and    

     (with RMS values being invariably of 0.44-0.45) is reached for a 

significantly different probability ratio of the conformers. In other words, an acceptable 

correspondence between    
    and    

     can be achieved for a wide range of values for the 
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angle OC9C8, while simultaneously varying the probability distribution of the two most stable 

conformers. 

 

 

Figure 3.31. Optimized values of    as a function of the angle OC9C8 calculated for S-naproxen by the 

AP-DPD approach while fixing      = 0° and    = 12. 

 

 

Torsional potential for the dihedral angle   = C13-C4-C2-H2 

 The second torsional potential to be investigated in the molecule of NAP is that around 

the dihedral angle  . Hence, we consider in this case the S-(+)-2-(2-naphthyl)propanoic acid 

(composed of the naphthalene, N, and the propanoic acid, P). Within the AP model, this 

portion of the molecule can be described by six fragment tensors     
 

: 

     
  and     

 , for the naphthalene fragment (N) 

     
   , for the monoaxial component along the C4-C2 bond direction 

     
   , for the monoaxial component along the C2-H2 bond direction 

     
     , for the monoaxial component along the C2-C3 bond direction 

     
     , for the monoaxial component along the H2-C3 direction. 

The same expression used previously for the torsional potential of the methoxy group works 

well for the rotation of the propanoic fragment, since the two lowest energy conformers 

derive from a rotation of about 180° of the whole chiral substituent around the C2-C4 bond. 

The torsional probability distribution about   is then written as: 

          
           

 
              

            

   
                             

where      and 180°+     are the most probable values of the torsion angle,    is the 

relative weight of the Gaussian centered at      (the relative weight of the Gaussian centered 

at 180°+     is equal to     ) and, finally,    gives the width at half maximum height of 

each Gaussian according to equation (1.85). 
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 The orientational parameters (the six     
 

) and potential terms      ,    and   ) 

represents the 9 unknowns that the software AnCon iterates on, while fitting the subset of 27 

independent    
    (16 for N, 7 for P and 4 between the two fragments) of Table 3.7 

corresponding to the naphthylpropanoic portion of the molecule. As previously, calculations 

were performed by fixing molecular geometry as from molecular modelling calculations 

(Appendix A5) and by varying      and    separately, with a parametrical adjustment of   . 

The torsional potential         obtained after optimization is reported in Figure 3.32 (pink 

solid line), together with the theoretical probability distribution,          (pink dashed line) 

calculated from the potential energy values obtained by DFT calculations.  

 

 

Figure 3.32. Experimental (solid line) and theoretical (dashed line) torsional probability distributions as a 

function of   obtained for S-naproxen respectively by the AP-DPD approach and from B3LYP/6-31G** 

calculations.  

 

 

 Experimental         displays an absolute maximum at 15.8° with relative percentage 

of 66% and a relative maximum at 195.8° with relative percentage of 34%. The experimental 

curve is similar to the theoretical one, confirming again the quasi-planarity of the α-hydrogen 

atom relative to the aromatic ring with a slight preference for the cis configuration relative to 

the C4-C13 bond. A shift of      value (and consequently 180°+    ) from about 6° in DFT 

calculations to 15.8° in the AP-DPD conformational analysis can be observed. However, it 

should be remarked that even if the iteration process converges for      = 15.8°, a similar 

acceptable correspondence between    
    and    

     can be obtained for a wider range of 

     values. In Figure 3.33 we report as an example the minimum RMS AnCon converges to, 

while varying      from -30° to 60°. The curve is almost flat and the RMS error is practically 

indiscernible in the range 10°-25°. This trend may indicate that: (i) the spatial arrangement of 

the propionic group relative to the naphthalene is not very fixed, i.e. the α-hydrogen prefers 
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lying almost in the naphthalene plane in the cis configuration relative to the C4-C13 bond, but it 

is not well confined in this position, and it fluctuates adopting different arrangements between 

  = 10° and   = 25°; and/or (ii) the experimental data we extracted from spectra of NAP 

dissolved in PBLG/THF-d8 between the two fragments are not numerous and large enough to 

individuate a peaked preferred position, but rather a limited region of space where the lateral 

chain is confined. In both cases, even though the conformational information we gain is not 

extremely precise, we have experimental evidence that restrict the most probable values 

adopted in solution by the angle   from the 0-360° whole space to a small range of 15° 

degrees. 

 

 

Figure 3.33. RMS value as a function of      calculated for S-naproxen by the AP-DPD approach while 

fixing    = 0.66 and    = 17. 

 

 

Torsional potentials for the non-coupled rotations around   = C8-C9-O-C14 and   = C13-C4-C2-H2 

 Since the propanoic and the methoxy groups are relatively far from each other in the 

molecular structure, it can be safely assumed that the rotations around the two dihedral 

angles   and   are non-cooperative motions. Hence, once treated each motion separately, it is 

quite simple to describe the whole molecular potential surface, since the total probability 

distribution function           is simply the product between the single probability 

distribution for each torsion: 

                                                                                  

 As for the definition of the fragment tensors     
 

 for the whole molecule, it is to 

remember that in the AP model the conformationally dependent interaction tensors           

necessary to define the intermolecular potential            , can be written as the sum of 

the conformationally independent     
 

 from each rigid fragment. Hence, in the case of S-

naproxen, we just need to add the interaction tensors defined for the two substructures 

considered before. A simplification is obtained considering that the direction of the C9-O and 

C4-C2 bonds is parallel, thus     
   =     

   . Definitely, 7     
 

 are required: 
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  and     

  for the N fragment 

     
      for the M fragment 

     
   ,     

     ,     
      for the P fragment 

     
   =     

    for connecting N, P and M. 

These seven orientational parameters represent the unknowns that the software AnCon 

iterates on, while fitting the 34 independent    
    (16 for N, 7 for P, 2 for M, 4 between N and 

P, and 5 between N and M) of Table 3.7. The six potential terms (    ,     ,   ,   ,    and 

  ) were taken from the optimised values of the single rotations, whereas molecular geometry 

was fixed again as from molecular modelling calculations (Appendix A5). A satisfactory RMS 

error of 0.40 was reached, with a good correspondence between    
    and    

     (reported in 

the last column of Table 3.7), as it can be seen in Figure 3.34. The optimized parameters and 

the torsional distribution           are shown in Table 3.9 and Figure 3.35, respectively. 

 

 

Table 3.9. Optimized values of the iteration parameters used in the conformational analysis with the AP-

DPD approach of the NAP molecule dissolved in PBLG/THF-d8. 

 NAP in PBLG/THF-d8 

     (degree) 0.15 ± 10.0 

     (degree) 15.80 ± 5.9 

   0.87 ± 0.02 

   0.66 ± 0.03 

   (degree) 12.0 

   (degree) 17.0 

    
  (RT) -0.0096 ± 0.0003 

    
  (RT) -0.0045 ± 0.0003 

    
   =     

    (RT) 0.0059 ± 0.0002 

    
    (RT) -0.0123 ± 0.0003 

    
      (RT) -0.0076 ± 0.0006 

    
      (RT) 0.0054 ± 0.0006 

    
      (RT) 0.0073 ± 0.0003 

RMS 0.40 
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Figure 3.34. Observed versus theoretical dipolar couplings obtained for NAP respectively from NMR 

experiments and by the AP-DPD approach. 

 

 

 

Figure 3.35. Experimental probability distribution           obtained by AP-DPD approach for S-

naproxen dissolved in PBLG/THF-d8, including structures of minimum energy conformers and their 

relative abundance.  

 

 

 Four minimum energy conformers can be seen in the experimental potential surface 

obtained by the AP-DPD approach. Conformers I and II, having   = C8-C9-O-C14 ~0° and and   = 

C13-C4-C2-H2 respectively equal to ~15° and ~195° are the most stable conformers, with relative 

percentages of 57.4% and 29.6%. The isomers III and IV involving the trans geometry of the 

methoxy group (  = C8-C9-O-C14 ~180°) and the same geometry of the chiral side chain (  = C13-

C4-C2-H2 equal to ~15° and ~195°, respectively) are less stable than their cis analogues, 

showing relative percentages of 8.6% and 4.4%. Comparing    
    and    

     reported in the last 

two columns of Table 3.7, it can be observed that the conformational equilibrium between 
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these four isomers provides a good fit of experimental dipolar couplings (Figure 3.34). An 

acceptable reproduction cannot be achieved with a mono-conformational model, that is 

considering just one most stable conformer. Therefore, NMR in PBLG phases reveals an 

efficace technique to acquire conformational information on two-rotor bioactive molecules in 

solution starting from experimental NMR data. Albeit a margin of error has to be considered 

around the optimised values found for torsional angles, it is possible to gather reliable 

experimental information on the preferred spatial arrangements adopted by the flexible 

molecule in a liquid medium. 

 

 

 3.3.3. Conclusions 

 

 Examples reported in this section prove that NMR spectroscopy in weakly orienting 

PBLG phases, combined with the AP-DPD approach, is a valuable tool for investigating the 

structure and the conformational equilibrium of anti-inflammatory drugs displaying one or two 

torsional degrees. 

 From the study of diflunisal and its non-fluorinated analogue, phenylsalicylic acid, 

(section 3.3.1) some interesting remarks can be derived. First, in order to overcome the 

difficulties in the extraction from standard spectra of DFL of proton-fluorine couplings, 

necessary for tackling the conformational analysis, the new GET-SERF pulse sequence has been 

developed. Combining selective refocusing and spatial encoding approaches, this experiment 

allows the trivial edition of all long and short range 1H-19F scalar or dipolar couplings in one 

single NMR experiment. The probability distribution of DFL dissolved in the polypeptidic 

PBLG/THF solvent shows a couple of trans conformers with   
    = ±45.5° and relative 

percentage of 56% and a couple of cis conformers with   
    = ±41.1° and a relative 

percentage of 44%, in very good agreement with the theoretical results obtained at DFT level. 

Moreover, the similar experimental outcomes in both chiral (PBLG/THF) and achiral (PBG/THF) 

phases proves there are no effects on the conformational equilibrium resulting from the 

chirality of the medium. Finally, APS has been studied under similar conditions to probe the 

influence the fluorine nuclei have on the conformational equilibrium of the diflunisal. Results 

seem to suggest a smoothing in the rotational barriers. 

 In section 3.3.2 the same promising strategy has been applied to the naproxen 

molecule, whose torsional description implies two non-cooperative rotations to be considered. 

In agreement with DFT theoretical calculations, four minimum energy structures have been 
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individuated by treating the experimental    
    with the AP-DPD approach: a couples of more 

stable conformers (I and II, with relative percentages of 57.4% and 29.6%, respectively) with 

the methoxy group in the cis arrangement (  = C8-C9-O-C14 ~0°) and  -hydrogen atom quasi-

planar relative to the aromatic ring (  = C13-C4-C2-H2 equal to ~15° and ~195, respectively); a 

couple of less stable conformers (III and IV, relative percentages of 8.6% and 4.4%, 

respectively) involving the trans geometry of the methoxy group (  = C8-C9-O-C14 ~180°) and 

the same geometry of the chiral side chain (  = C13-C4-C2-H2 equal to ~15° and ~195°, 

respectively). 

 From these three examples we can conclude that (i) the use of PBLG phases seems to 

be a promising approach in the study of conformational equilibria of complex flexible 

molecules, otherwise impossible to treat using thermotropic solvents and (ii) the AP-DPD 

model appears as a solid method also for weakly ordered solutes. At the same time, it is 

evident that in order to achieve an accurate conformational description one has to face a 

series of difficulties: (i) multiple adapted NMR experiments have to be combined - and 

eventually designed - in order to extract a set of experimental data that is as large and 

accurate as possible; (ii) a reliable geometry is necessary, to be kept fixed in the iteration 

procedure. However, the existence of a broad array of weakly ordering phases, providing with 

a different degree of order and, for lyotropic systems, with different aligning medium/solvent 

combinations, together with the recognized efficacy of AP-DPD approach, make NMR in these 

phases a promising competitive tool for conformational investigations of small flexible 

bioactive molecules. 

 

 

3.4. Conformational investigation in solution of stilbenoids by NMR spectroscopy in highly 

and weakly ordering media 

 

 The last family of molecules investigated in this Ph.D. thesis is that of trans-stilbenoids, 

i.e. derivatives of trans-diphenylethene, commonly known as trans-stilbene (t-St), reported in 

Figure 3.36 (a). 

 t-St and its derivatives show several interesting biological and technological properties 

that could be affected, to a certain extent, by the rotameric distribution of the molecule. 

Green plants of various taxonomic groups naturally biosynthesize stilbenoic compounds, the 

most common being resveratrol (trans-3,4′,5-trihydroxystilbene), piceatannol (trans-3,3′,4′,5-

tetrahydroxystilbene) or rhapontigenin (trans-3,3′,5-trihydroxy-4′-methoxystilbene), that act as 
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protective agents against adverse conditions, such as microbial attacks or environmental stress 

[238-240]. These naturally occurring stilbenic compounds have been reported to possess 

multiple biological activities, including antioxidant [241], antiproliferative and proapoptotic 

[242-244], anti-ciclooxygenase [245], estrogenic/antiestrogenic [246], antiplatelet and 

vasodilating [247-249], antifungal [250] and antiallergic [251] properties. As a consequence, 

the last decades have witnessed intense research devoted to understanding the mechanisms 

underlying the activities of these natural compounds [252-256] as well as designing and 

evaluating synthetic analogues like the popular trans-4,4’-dihydroxystilbene [257-262]. These 

compounds are indeed very promising since they can play an important role in the prevention 

and the treatment of a wide variety of human pathological processes, like inflammation [263-

264], atherosclerosis [265] and cardiovascular diseases [266-267]. They can delay the onset of 

age-related diseases, such as diabetes [268], can found application in hormonal and anticancer 

therapies [269-274] and may be an important tool for the early diagnosis of Alzheimer’s 

disease [275-276]. 

 From the viewpoint of technology and material science, t-St is a well-known building 

block of several commercially available liquid crystals and it has been included in many 

macromolecular backbones, such as polymers or dendrimers, for inducing liquid crystalline 

behavior [277-278]. t-St represents also the shortest oligomer of the poly(p-

phenylenevinylene) family, conjugated polymers presenting semiconducting characteristics 

together with mechanical flexibility and low manufacturing costs [279]. Finally, stilbene and its 

related substitute analogues are associated with photochemical and photophysical 

phenomena and are among the most widely investigated organic chromophores [280]. 

Photosystems including stilbenic molecules are used in LEDs, photoresistors, photoconductive 

devices, imaging and optical switching techniques, materials for nonlinear optic and laser dyes 

[281] and stilbene moieties have been exploited as photoresponsive groups to functionalize 

devices such as hydrogels or polymeric vescicles for the photochemically controlled drug 

release [282-283]. 

 As said above, all these properties could depend (totally or, at least, partly) on the 

spatial arrangement the molecule adopts and this is why the structure and conformational 

distribution of trans-stilbene has attracted much interest over the last decades. The structures 

and the point groups of the presumed three most stable conformations for t-St are shown in 

Figure 3.36 (b) (the sign convention for internal rotations is shown in Figure 3.36 (a)):     (full 

planar molecule),    (disrotatory, propeller-like conformation, where the rings are tilted at the 

same angle with respect to the ene plane, i.e.    =   ) and    (conrotatory conformation, 
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where the rings are parallel to each other, i.e. tilted at angles equal in magnitude but opposite 

in sign:    =    ). 

 

 

Figure 3.36. (a) Topological structure and torsional angles and (b) possible conformers with 

corresponding point groups of trans-stilbene (t-St). 

 

 

 The torsional distribution of the π -conjugated t-St molecule is the result of the balance 

between different forces, that are the steric repulsions of the phenyl groups and the vinyl 

system and the loss in conjugation energy stabilization of the π systems. As for biphenyl 

(section 3.2), the conformational equilibrium of t-St is, in principle, affected by the phase of 

the material. It has been found that in solid phase the t-St molecule tends to be basically 

planar or at most just slightly twisted [284-290], so that its symmetry is either     or   . 

Experimental results in gas phase are quite controversial, some works leading to a     or at 

most    structure for the isolated molecule [291-298], while others finding out exclusively a 

twisted structure [299-302]. The results of theoretical calculations are also not uniform, giving 

planar or twisted structures depending on the methods and basis sets used [303-315]. Being 

the torsional distribution so questionable in solid and gas state, it is obvious that in the 

intermediate liquid state the debate is totally open. Raman spectroscopy studies in fluid 

phases found out both a    symmetry [316-318] and a planar form [313]. Evidence from 

vibrational spectra seemed to indicate the molecule is planar in solution [319], whereas NMR 

experiments in isotropic phase suggested for t-St in solution a twisted structure, from studies 

on the conformational dependence of deuterium-induced isotopic effects [320] or a flat 

molecular geometry, from considerations on 1H chemical shifts [321]. 

 In a so wide plethora of theoretical and experimental outcomes, we decided to 

investigate the conformational distribution of trans-stilbene in solution by the liquid crystal 

NMR spectroscopy. Since t-St has been largely studied by different experimental and 

theoretical techniques, if we want to add meaningful information, we have to seek for a 

methodology that can give results as strong as possible. Hence, the idea is (i) to dissolve the t-

St solute in thermotropic phases in order to extract from the 1H spectrum - that, even if 
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complex, is amenable to analysis - an accurate set of    
   , from which a reliable 

conformational and structural refinement can be derived, and (ii) to dissolve then the same 

molecule in a PBLG phase, in order to compare results from both phases and especially to 

collect evidence about the accuracy and reliability of the data extracted by NMR spectroscopy 

in weakly ordering phases. At this point, which strategy to use for analysing the complex NMR 

spectrum of t-St in thermotropic LCs? t-St is a 12-spin system and even if it possesses a 

symmetric structure, when dissolved in thermotropic LCs, it gives very challenging NMR 

spectra. Several different methods for spectral simplification have been proposed in the past 

and one of the most popular is the isotopic substitution (see section 1.5.2). Though deuterium 

has been traditionally chosen for replacing 1H, in the case of t-St we decided to substitute 

protons in para positions with chlorine atoms, reducing thus the number of magnetically active 

spins from 12 to 10. We synthetised then the trans-4,4’-dichlorostilbene (DCS), that can be 

considered a prototype molecule for 4,4’-disubstituted analogs of trans-stilbene, such as the 

trans-4,4’-dihydroxystilbene, which is endowed with interesting biological properties [257-258, 

261, 270]. A rigorous investigation of the conformational equilibrium of these derivatives, and 

then of DCS, can help in shedding more light on the mechanisms by which they play their role. 

Of course, van der Waals radius and electric properties of chlorine differ from proton. 

Although the substitution at para positions minimises the effect on rotations deriving from the 

greater steric hindrance of Cl, the replacement Cl-1H may have some influences on the 

molecular torsional equilibrium, that are worth to be explored. 

 In order to present clearly all the mentioned points for the two molecules, t-St and 

DCS, in the different phases, ZLI1132 and PBLG, the discussion will be organised in the 

following way: the NMR spectral analysis and conformational investigation of DCS and t-St 

dissolved in the nematic solvent ZLI1132 will be reported first (section 3.4.1), comparing the 

conformational distributions found for the chlorinated and non-chlorinated analogues; then, 

the molecule of t-St dissolved in a PBLG phase will be studied in section 3.4.2, with a final 

comparison between orientational and conformational outcomes of the highly and weakly 

ordered sample.  

 

 

 3.4.1. trans-4,4’-Dichlorostilbene and trans-stilbene in ZLI1132 

 

 The conformation equilibria of DCS and t-St in the nematic solvent ZLI1132 are 

investigated in this section, with (i) a comparison between results found for the chlorinated 
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and non-chlorinated analogues and (ii) a comparison between the conformational distributions 

found for t-St in solution by the AP-DPD approach and in vacuo from theoretical calculations. 

 

 

  3.4.1.1. Synthesis of trans-4,4’-dichlorostilbene and NMR experiments 

 

 DCS has been synthesized following the procedure described in [322] (Scheme 3.1). 

The 4-chlorobenzyldiethylphosphonate (1.19 g, 4.53 mmol) and sodium methoxide (10% 

excess) were dissolved in dry dimethylformamide (25 mL) in a 250 mL three-necked flask fitted 

with a thermometer, calcium chloride guard tube, dropping funnel and magnetic stirrer. A 

solution of 4-chlorobenzaldehyde (640 mg, 4.57 mmol) in dry dimethylformamide (10 mL) was 

added dropwise, with stirring and cooling in an ice-bath (the temperature of the reaction was 

kept between 30 °C and 40 °C). The reaction mixture was left stirring at room temperature for 

~20 h, then hydrolyzed with water (25 mL). The precipitated product was collected on a filter, 

washed with water and freed of the solvent at reduced pressure. The trans-4,4’-

dichlorostilbene obtained was further purified by column chromatography with Merk 60 silica 

gel (70–230 mesh) and with hexane as eluent. Finally, the solid DCS weighed 810 mg (3.2 

mmol, yield equal to 42%). From NMR characterization in THF we got:           = 7.47 ppm (d, 

3JHH = 8.5 Hz, 4H);          = 7.28 ppm (d, 3JHH = 8.5 Hz, 4H);         = 7.14 ppm (s, 2H); 

         = 128.57 ppm (1JCH = 163.8 Hz);         = 127.88 ppm (1JCH = 154.5 Hz);          = 

127.74 ppm (1JCH = 159.5 Hz). 

 

 

Scheme 3.1. 

 

 

Spectral analysis of DCS 

 DCS so synthetized was dissolved at approximately 2.6 wt% in the commercial nematic 

solvent ZLI1132 (see Appendix A3) and its 1H spectrum (shown in Figure 3.37) was recorded at 
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room temperature (298 K) on a Bruker Avance 500 MHz (11.74 T) instrument, equipped with a 

Bruker BVT-2000 temperature control unit. 

 

 

Figure 3.37. The 500 MHz 
1
H NMR experimental spectrum (bottom, in blue) of trans-4,4’-

dichlorostilbene dissolved in the liquid crystalline nematic mesophase ZLI1132 at 298 K. For comparison, 

the spectrum calculated by using the    
    spectral parameters (obtained from the analysis and reported 

in Table 3.10) is also shown, in black, at the top of the figure. 

 

 

 The analysis of such spectrum is clearly not trivial, even if it is “simpler” than for t-St 

(see below, Figure 3.39). The first step requires a quite good estimation of the spectral 

parameters, which must be close enough to the correct set, so that the trial parameters can be 

used in a successful iterative analysis. As usual, the starting values of chemical shifts     

(defined as the difference between the    and    chemical shifts) and the scalar couplings     

were taken from the routine analysis of the proton NMR spectrum of an isotropic solution of 

DCS dissolved in THF. Looking for a set of     good enough to reproduce at best (or, at least, in 

an acceptable way) the basic features of the spectrum of DCS, starting values for dipolar 

couplings were guessed assuming the molecular geometry and certain tentative values for the 

the longitudinal order parameter     and the biaxiality order parameter         (see Figure 

3.38 for the definition of the         molecular frame). In particular, two different sets of     

were produced by fixing the geometry of the molecule in both planar,     symmetry, and 

slightly non-planar,    symmetry, conformation. The    
      obtained by fixing the molecule in 

the planar conformation and adjusting, by trial and error, the longitudinal and the biaxiality 

order parameters, turned out to give simulated trial spectra (corresponding to different sets of 

   
      obtained as functions of the     variables) invariably showing a distribution of lines 
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completely incompatible with the experimental one. Therefore, they were rejected, together 

with the hypothesis of the full planarity of the molecule. This was the first significant, “model-

free” symptom indicating the molecule is not planar in solution. On the contrary, a reasonable 

set of starting dipolar couplings was predicted by assuming a non-planar    conformation with 

a torsion angle    =    of about 17° and two trial order parameters having the values     = 

0.6 and         = 0.12. In this case, the trial spectrum showed a certain similarity, in terms of 

total width and lines distribution, with the experimental one. Hence, the set of dipolar 

couplings obtained in this way has been used as starting set of parameters in the spectral 

analysis that was successfully carried out by using the home-made program ARCANA [23], 

obtaining a satisfactory RMS of 0.78. The set of resulting observed DHH is reported in the third 

column of Table 3.10, whereas the calculated spectrum is shown in Figure 3.37 (top). 

 

 

Figure 3.38. Definition of the         molecular frame for DCS (the   axis, perpendicular to the (  ) 

plane where the vinyl group lies, defines a right-handed Cartesian system). 
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Table 3.10. Experimental chemical shifts     =      , scalar couplings     and dipolar couplings    
   , 

determined from the analysis of 
1
H NMR spectrum of trans-4,4’-dichlorostilbene dissolved in ZLI1132. In 

the last column, the    
     are reported for comparison. The whole agreement is given by the RMS 

between AP-DPD-calculated and observed dipolar couplings. The chemical structure provides the 

hydrogen atom numbering. 

 

 ,       (Hz)    
    (Hz)    

     (a) (Hz) 

15, 16 8.0 -4860.10 ± 0.02 -4860.20 

15, 18  31.86 ± 0.03 31.09 

15, 19 2.0 371.32 ± 0.06 370.09 

15, 20  -458.92 ± 0.03 -459.33 

15, 21  -165.66 ± 0.02 -164.26 

15, 25  -1881.08 ± 0.04 -1881.07 

15, 26  -2965.13 ± 0.05 -2965.13 

16, 18 2.0 373.17 ± 0.05 374.87 

16, 21  -76.77 ± 0.04 -75.50 

16, 25  -440.17 ± 0.05 -439.78 

16, 26  -442.16 ± 0.05 -442.32 

25, 26 17.5 1020.72 ± 0.07 1020.22 

    

       

15, 16  -115.23 ± 0.04  

25, 16  -206.54 ± 0.04  

    

  RMS 0.85 Hz 
(a)

 from the AP-DPD method (see below)
  

 

 

Spectral analysis of t-St 

 The    
    obtained for the 10-spin system DCS were used as starting point for the 

analysis of the extremely complex 1H spectrum (reported in Figure 3.39), recorded at 298 K on 

the same Bruker Avance 500 MHz instrument, on a sample at approximately 3.6 wt% of t-St in 

ZLI1132 (see Appendix A3 for sample preparation). Being the molecule a 12-spin system and 
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taking into account molecular symmetry, the spectrum is affected by 19 independent dipolar 

coupling constants. 

 

 

Figure 3.39. The 500 MHz 
1
H NMR experimental spectrum (bottom, in blue) of trans-stilbene dissolved 

in the liquid crystalline nematic mesophase ZLI1132 at 298 K. For comparison, the spectrum calculated 

by using the    
    spectral parameters (obtained from the analysis and reported in Table 3.11) is also 

shown, in black, at the top of the figure. 

 

 

 By fixing again the molecule in the    conformation with a torsion angle    =    of 

about 15°, the longitudinal and biaxiality order parameters were varied parametrically in order 

to reproduce the 12 independent    
    extracted from the spectral analysis of the chlorinated 

compound. The best correspondence was achieved for the two order parameters     = 0.590 

and         = 0.134, allowing a good estimation of the other 7 dipolar couplings for the t-St. 

The spectrum of t-St simulated with this set of    
     , properly scaled, was sufficiently close, in 

terms of total width and lines distribution, to the observed one and this led to the successful 

analysis by ARCANA software [23], obtaining a RMS of 0.88 Hz. The whole set of final spectral 

parameters is reported in Table 3.11, whereas the calculated spectrum is shown in Figure 3.39 

(top). 
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Table 3.11. Experimental chemical shifts     =      , scalar couplings     and dipolar couplings    
   , 

determined from the analysis of 
1
H NMR spectrum of trans-stilbene dissolved in ZLI1132. In the last 

column, the    
     are reported for comparison. The whole agreement is given by the RMS between AP-

DPD-calculated and observed dipolar couplings. The chemical structure provides the hydrogen atom 

numbering. 

 

 ,       (Hz)    
    (Hz)    

     (a) (Hz) 

15, 16 8.0 -4004.33 ± 0.03 -4004.85 

15, 17 2.0 -507.48 ± 0.06 -507.37 

15, 18  -1.48 ± 0.04 -0.69 

15, 19 2.0 247.46 ± 0.08 246.73 

15, 20  -397.17 ± 0.05 -399.16 

15, 21  -140.41 ± 0.04 -138.98 

15, 22  -104.60 ± 0.06 -103.64 

15, 25  -1732.91 ± 0.07 -1732.84 

15, 26  -2462.52 ± 0.08 -2462.51 

16, 17 6.0 -20.45 ± 0.06 -19.85 

16, 18 2.0 246.98 ± 0.08 248.33 

16, 21  -64.74 ± 0.06 -63.36 

16, 22  -50.75 ± 0.06 -49.68 

16, 25  -364.85 ± 0.09 -364.74 

16, 26  -380.11 ± 0.09 -376.75 

17, 22  -39.58 ± 0.08 -39.82 

17, 25  -271.60 ± 0.14 -270.23 

17, 26  -254.36 ± 0.14 -256.08 

25, 26 17.5 681.36 ± 0.10 676.55 

    

       

15, 17  -459.39 ± 0.06  

16, 17  -444.85 ± 0.07  

25, 17  -666.61 ± 0.07  

    

  RMS 1.67 Hz 
(a)

 from the AP-DPD method (see below)
  

 



Chapter 3.   Structural, orientational and conformational analysis of flexible molecules 

- 231 - 

  3.4.1.2. Conformational and orientational analysis 

 

 The sets of experimental    
    extracted from the analysis of the two spectra (Tables 

3.10 and 3.11) have been exploited to investigate structure and conformational equilibrium of 

the two molecules, using the AP-DPD theoretical model. In treating the two symmetric 

stilbenic molecules, the phenyl rings and the vinyl rigid fragments were assumed, as usually 

done in literature [28, 31], to keep a fixed structure as they rotate relative to each other. 

Moreover, each ring was assumed to have a     symmetry, so requiring a couple of interaction 

parameters         and        , while the ene group, assumed as effectively described by an 

axially-symmetric interaction tensor, needs a single independent element     
   , the 

component along the C=C bond direction. According to the DPD method, the             was 

modelled directly as a sum of bidimensional Gaussian functions, by using the following general 

form: 

              
   

                                            

 

        
           

      
  

   
  

           
      

  

   
   

   

   

                 

where     is the number of rotamers belonging to the    point group and     is the global 

relative weight of the    structures (so that                        ).    
      

  represents, 

for the  -th torsion, the twist angle corresponding to the  -th of the the     most probable 

conformations with    symmetry. Finally,   and    give the width at half maximum height 

along each dimension of the bidimensional Gaussians. Note that the use of sinusoidal 

functions in the exponent of the Gaussians, introduced here for the first time, assures the right 

periodicity of the probability distribution, simplifying its analytical expression with respect to 

those used in past papers [29-31, 45, 78, 169, 323-324]. 

 Once the theoretical apparatus is established, the experimental dipolar couplings have 

to be fitted via the software AnCon [94], while fixing a molecular geometry and simultaneously 

iterating on a number of unknowns, that is the three orientational parameters (       , 

        and     
   ), the potential terms (represented by the   

       
    angle, the 

      value and the           weight of Equation (3.8)), and some selected geometrical 

parameters, in order to minimize the RMS target function. For t-St we have 19 independent 

DHH and in particular 12 connecting the different rigid subunits of the molecules (6 between 

each ring and the central ene group and 6 between the two rings). For the DCS, out of the 12 

independent DHH, 7 couple protons of different fragments. For this reason, calculations were 
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performed first by fitting the DHH obtained for t-St, in order to adjust not only orientational and 

potential terms, but also selected bond lengths and valence angles, hence refining molecular 

geometries. Fixing the same optimised structure for the DCS, its potential surface was then 

explored by fitting 12 independent DHH, with iteration on orientational and potential 

parameters. 

 

 

Geometry of rigid fragments 

 For the trans-stilbene, a first otpimization was performed on the rigid phenyl ring 

(structure, labelling and fragment-fixed frame reported in Figure 3.40). 

 

 

Figure 3.40. Reference frame fixed on the phenyl rigid fragment of the trans-stilbene molecule (the    

axis defines a right-handed Cartesian system). 

 

 

 From the whole set of observed interproton dipolar couplings of Table 3.11, we have 

for the phenyl ring subunit a subset of 6 intraring    
          values (of course, the two ring 

subunits in the molecule have been assumed to be structurally identical). Note that, from the 

1H NMR spectrum, we cannot have direct information on the carbon geometries of the 

molecule. Hence, only a “virtual” skeleton of the molecule can be hypothesized and assumed, 

compatible with the proton coordinates, able to reproduce the observed    
   . First of all, we 

fixed the proton coordinates correspondingly to an “all-120°” regular hexagon with        = 1.40 

Å and        =1.09 Å. This implies for the rings a     local symmetry, that is consistent with the 

nuclear spin symmetry. Then, we adjusted the local order parameters,      
    

 and        

      
    , and the          angle (similarly, also the          angle has been correspondingly 

changed to keep the     symmetry of the rings) in order to reproduce the 6 intraring dipolar 

couplings (3 degrees of freedom versus 6 experimental data represents a good 

overdetermination of the system). The final results were:          = 119.25°,      
    

 = 0.5068 
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and              
     = 0.1754. These ring geometries were then kept fixed in all subsequent 

calculations. 

 For the vinyl fragment only one local direct coupling is experimentally available (the 

      
    coupling constant). Hence, we were forced to start by borrowing the geometries of this 

subunit from theoretical calculations, carried out by the MP2/6-31G ** method, reported in 

the second column of Table 3.12 (see section 3.4.1.3), and iterating on them only when we 

considered the entire molecule.  

 

 

Table 3.12. Starting and refined geometries of the vinyl group. 

 

Geometrical parameter Initial value (a) Refined value (b) 

   (Å) 1.352 1.337 

   (Å) 1.466 1.477 

        (degree) 124.83 125.54 

        (degree) 120.80 122.49 

         (degree) 118.78 120.24 
(a)

 from MP2/6-31G** theoretical calculations 
(b)

 from the iterative procedure carried out by Ancon software on the whole molecule 

 

 

Conformational distribution and orientational ordering of t-St 

 Starting with the optimised geometries of the ring and the theoretical geometry of the 

vinyl group, we tried to reproduce the whole set of    
    measured for t-St (Table 3.11), 

simultaneously iterating on the        ,         and     
    interaction tensor parameters, the 

potential terms   
       

    ,       and          , and the geometrical 

parameters of the ene group, until the RMS reached an acceptable value. The ratio between 

19 target     (of which 12 inter-fragment) and 6 adjustable parameters makes the problem 

well determined. It is worth emphasizing that   
   ,    and     can be varied independently, 

but with the constraint that            , sampled in this case every 3° torsional steps, is 

normalized (in particular, because of the molecular symmetry, we normalized the distribution 

function for               ).The refinement of the initial geometries used for the vinyl 

fragment provided with a better reproduction of the whole set of the observed couplings for 
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the whole molecule. Note that the final refined values, reported in the third column of Table 

3.12, are similar to the starting ones, so that the used geometries can be considered reliable. 

By the slight refining of the vinyl geometries and by the optimized values of iteration 

parameters (reported in Table 3.13) we were finally successful in reproducing the observed 

direct couplings with a low RMS of 1.67 Hz (the single dipolar couplings    
     calculated by this 

approach are reported, for comparison, in the last column of Table 3.11). 

 The surface             resulting from the procedure described above and the 

corresponding contour plot are shown in Figure 3.41. The main feature of the obtained 

            function is represented by the existence of four symmetry related maxima of the 

probability function, corresponding to the    (absolute maxima) and    (relative maxima) 

structures characterized by having, respectively,   
      

    and   
       

   , with 

  
    = 16.8°. Note that the planar structure with     is not a minimum. 

 

 

Table 3.13. Optimized values of the iteration parameters used in the conformational analysis with the 

AP-DPD approach of the t-St molecule dissolved in ZLI1132. 

 t-St in ZLI1132 

  
       

    (degree) 16.80 ± 0.02 

    0.59 ± 0.01 

      (degree) 10 (after parameterization) 

        (RT) 1.349 ± 0.002 

        (RT) 0.650 ± 0.001 

    
    (RT) 0.473 ± 0.006 

RMS 1.67 

 

 

Figure 3.41. Experimental probability distribution             for t-St dissolved in the nematic solvent 

ZLI1132 at 298 K, obtained by the liquid crystal NMR conformational analysis (both the 3D surface and 

its contour plot are shown). 
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 Even though the main objective of this study is the conformational analysis, it can be 

interesting to briefly discuss here the orientational ordering of t-St in the thermotropic LC 

ZLI1132 at 298 K. This will lead to some useful considerations when compared to the 

orientational behaviour in the PBLG phase (section 3.4.2.2). For the    conformation, the 

order parameters given in the PAS of the Saupe matrix (see Figure 3.42 for the definition of the 

        molecular frame and of the   angle, giving the location of the PAS) are the following: 

    = 0.525 and         = 0.174, with   = 44.92°. In the same molecular frame, i.e. the PAS 

of the S matrix of   , the    order parameters are:     = 0.506,         = 0.176,     = 

±0.055,     ∼0.0 and     = ∓0.029 (the ± and ∓ signs are referred to the two possible forms of 

  , namely {  
    = +16.8°;   

    = −16.8°} and {  
    = -16.8°;   

    = +16.8°}). It is clear that 

(i) the molecule is basically oriented with the main molecular axis   (Figure 3.42) parallel with 

respect to the director of the phase, and (ii) the orientations of the    and    conformers are 

essentially the same. 

 

 

Figure 3.42. Definition of the         molecular frame for trans-stilbene (the   axis, perpendicular to 

the (  ) plane where the vinyl group lies, defines a right-handed Cartesian system). Note the   angle 

describing an integral rotation of the         system about the   axis, which locates the principal axis 

system of the S matrix for the    structure. 

 

 

Conformational distribution of DCS 

 Finally, in order to evaluate the influence resulting of the Cl-1H substitution at the para 

positions on the conformational distribution, also the torsional potential surface of DCS was 

described by fitting the whole set of 12 independent    
    of Table 3.10. We assumed the 

same geometries of the fragments adopted for trans-stilbene and adjusted the        ,         

and     
    interaction tensor parameters, the   

       
    angle, the       value and the 

          weight of Equation (3.8). By the optimized values of iteration parameters, 

reported in Table 3.14, we were finally successful in reproducing the observed direct couplings 

with a satisfactory RMS of 0.85 Hz. The    
     calculated by this approach are reported, for 

comparison, in the last column of Table 3.10, while the resulting surface             is shown 
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in Figure 3.43. As for t-St, the main feature of the obtained             function is the 

existence of the four symmetry related maxima of the probability function, corresponding to 

the    (absolute maxima) and    (relative maxima) structures, characterized by having, 

respectively,   
      

    and   
       

   , with   
    = 18.69°. 

 

 

Table 3.14. Optimized values of the iteration parameters used in the conformational analysis with the 

AP-DPD approach of the DCS molecule dissolved in ZLI1132. 

 DCS in ZLI1132 

  
       

    (degree) 18.69 ± 0.17 

    0.63 ± 0.01 

      (degree) 4.66 ± 2.64 

        (RT) 1.702 ± 0.002 

        (RT) 0.720 ± 0.004 

    
    (RT) 0.291 ± 0.015 

RMS 0.85 

 

 

 

Figure 3.43. Experimental probability distribution             for DCS dissolved in the nematic solvent 

ZLI1132 at 298 K, obtained by the liquid crystal NMR conformational analysis. 

 

 

 The result obtained about the locations of the stable rotamers of DCS is very close to 

that of trans-stilbene, the magnitude of torsional angles being 18.7° for DCS versus 16.8° for t-

St. This basically indicates very limited effects of the 4,4’ Cl-substitution on the positions of the 

conformational minima, as reasonably expected. Also the relative weights     of the two 

structures    and    in DCS (amounting to     = 63% and     = 37%) are not far from what 
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found for trans-stilbene (where the ratio     :     was 59:41 in percentage). The main 

difference one can observe between the             distributions obtained for t-St and DCS 

(Figures 3.41 and 3.43) resides in the relative height and width of the maxima. Indeed, the 

conformational surface obtained for DCS is characterized by peaks that appear sharper and 

higher than for trans-stilbene, suggesting that the chlorinated molecule is more confined in 

the vicinity of its conformational minima with respect to t-St. However, this simple deduction 

should be more carefully evaluated. The sharpness of the peaks is in fact related to the 

magnitude of the    parameters, determining the width at half-maximum height along each 

dimension of the bidimensional Gaussian. The value       = 10° for t-St has been obtained 

by a parametrical adjustment process, so that it is difficult to estimate the possible error 

affecting it. On the contrary, the smaller value       = 4.7° for DCS resulted from a fitting of 

the experimental data where the   parameter has been used as a variable in the computer 

iteration process. Hence, we can assess it is affected by an error of ±2.64°, leading to a window 

of possible   values ranging from 2° to 7.5°. This indeterminacy on the “real” value of   makes 

the results for DCS and t-St more similar than it seems apparently.  

 

 

 3.4.1.3. In vacuo theoretical calculations for t-St and comparison with experimental 

 results 

 

 In order to corroborate the conformational results obtained experimentally for trans-

stilbene, we decided to perform also theoretical calculations in vacuo. To date, several papers 

reported calculations for the isolated molecule of t-St, with different results depending on the 

methods and basis sets used, and the controversy is still unresolved [309 and refs. therein]. 

Computations by means of semiempirical AM1 [325] and PM5 [306], the Hartree-Fock HF [305, 

326] and the single point second-order Møller-Plesset MP2 [319] approaches led to a 

nonplanar structure of    symmetry as global energy minimum, characterized by a torsion 

angle from 15° to 29°. In sharp contrast, theoretical investigations at the semiempirical PM3 

level [314] and DFT level, employing the BLYP, BVWN and B3LYP functionals [310, 319, 326-

327], led to the conclusions that the ground-state structure of trans-stilbene is planar or 

practically planar in vacuo. Indeed, DFT functionals (producing the planar result) are believed 

to fail in correctly describing long-range nonbonding interactions [309 and refs. therein], while 

for these kind of molecules MP2 is considered more reliable [303, 309]. For this reason, we 

used the MP2/6-31G** method to perform a relaxed PES scan for t-St (reported in Figure 
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3.44), over the 0°-360° range with a 3°-step sampling, using the Gaussian03 (rev. C.02) 

software package [227]. 

 

 

Figure 3.44. The conformational potential energy surface (PES) obtained for trans-stilbene from MP2/6-

31G** calculations. The locations of absolute and relative minima are labeled by means of their point 

group symbols. Calculations required 17 days, 17 h and 15 min of CPU time on a server IBM e326, 

equipped with two processors AMD Opteron 2.6 GHz and 2GB of RAM (O.S.: SUSE Linux Enterprise 

Server 9 for AMD64).  

 

 

 From the obtained conformational PES shown in Figure 3.44 it is evident the presence 

of four symmetry related minimum energy conformers: a couple of absolute minima (   

structures, where the relative torsional energy, RTE, is fixed to be 0 kJ/mol) and a couple of 

relative minima (   structures corresponding to a RTE ∼1.2 kJ/mol), characterized by having, 

respectively,   
      

    and   
       

   , with   
    = 27°. The     planar 

conformation (  
      

    = 0°) is neither a minimum nor a saddle point, but rather a local 

maximum corresponding to a RTE of about 3 kJ/mol. Even though the past literature witnesses 

that different theoretical approaches can give quite different results, it should be noted that 

interestingly something very similar to what we have found here has been already obtained by 

ab initio RHF/3-21G calculations [305]. This increases, in our opinion, the reliability of our 

findings. 

 In order to make more effective and immediate the comparison between the 

theoretical results, referred to the isolated molecule, and the experimental liquid crystal NMR 

results in solution, it is useful to plot the probability resulting from the ab initio calculations as 

a function of    and   . The theoretical probability distribution              (normalized for 

-45° ≤   ,    ≤ 45°) is shown in Figure 3.45. 
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Figure 3.45. Normalized probability distribution              for trans-stilbene, obtained from the 

theoretical PES of Figure 3.44 (both the 3D surface and its contour plot are shown for the sake of 

clarity). 

 

 

 A comparison of Figures 3.41 and 3.45 immediately reveals significant similarities in 

the shape of the conformational probability distributions obtained from MP2/6-31G** 

calculations and the AP-DPD approach. Both the investigations agree in indicating non planar 

structures as the more stable conformations for the molecule and in particular the same 

peculiar four peaks of probability belonging to the same symmetries (the two    global and 

the two    local maxima) are found in both cases. Moreover, a crude ratio between the 

probabilities exactly corresponding to    and    structures roughly indicates relative 

percentages to be about 62% of    against 38% of    both in liquid and in gas phase. Important 

differences, however, have to be noted, in terms of precise locations of the maxima and in 

their different heights. Firstly, the values of the twist angles experimentally found in solution 

(  
    = 16.80°) seem to be smaller with respect to those theoretically predicted in vacuo 

(  
    = 27°). This result is not surprising. Indeed, it is reasonable that in in the gas phase, 

where the intermolecular interactions are absent or very weak, the isolated molecule adopts 

basically a    structure, with a relatively big twist angle (for example it has been found of 32.5° 

in [302], that is not very dissimilar from our calculated 27°). Contrarily, passing to the liquid 

phase, intermolecular interactions grow, forcing the molecule toward a less twisted 

arrangement (i.e. smaller twist angle values). Finally, in the solid phase they dominate so that 

t-St is practically planar [285-290]. This behavior is quite usual in conjugated systems, as it has 

been already discussed for biphenyl in section 3.2. Secondly, from MP2 theoretical 

calculations, the isolated molecule seems to be “less confined” in the    and    high 

probability conformations with respect to the liquid state, where the probability peaks appear 

higher and sharper. Nonetheless, discerning with certainty to which extent this difference is 
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physically sensible is difficult since (i) the obtained results may be biased by the adopted 

methods of investigation of the torsional equilibrium and (ii) the term    =   , giving the width 

at half maximum height along each dimension of the bidimensional Gaussians, has been 

parameterized during the AP-DPD calculations. 

 

 

 3.4.2. trans-Stilbene in PBLG/THF-d8 

 

 Once described the conformational and orientational behavior of trans-stilbene in a 

highly ordering LC phase as ZLI1132, the next goal we wanted to pursue is the study of the 

same solute dissolved in a weakly PBLG-based aligning phase. This allows (i) to compare results 

from both phases, for evaluating the different degree of order induced to the solute and 

highlighting possible effects on the conformational equilibrium, and (ii) to evaluate the extent 

of information as well as the accuracy of the experimental data that can be extracted by NMR 

spectroscopy in weakly ordering phases. 

 

 

  3.4.2.1. NMR experiments 

 

 Unlike sample of t-St in thermotropic ZLI1132, where the analysis of only the 1D 1H 

spectrum yields a data set that is large enough to be informative in the conformational study, 

the edition of a sufficiently extended set of experimental dipolar couplings requires not only a 

series of 1D and 2D NMR spectra to be recorded on different nuclei, but also isotropic spin-

spin couplings to be precisely measured. Hence, as seen for the anti-inflammatory drugs of 

section 3.3, multiple homo- and heteronuclear experiments were carried out on both an 

isotropic (t-St/THF-d8) and anisotropic (t-St/PBLG/THF-d8) sample (see Appendix A3 for sample 

preparation), in order to extract respectively the scalar    
    and the total     coupling 

constants.  

 All spectra were recorded at 298 K on a liquid high-resolution Bruker Avance 500MHz 

spectrometer (11.74 T) equipped with a TBO probe and a standard variable-temperature unit 

BVT-3000. As usually, spectral assignment of the peaks was performed by 1D 1H, 13C, 13C-{1H} 

spectra and 2D 1H-1H COSY, 1H-13C HSQC and HMBC correlation experiments, while homo- and 

heteronuclear J-resolved and SERF experiments were used to extract 1H-1H and 1H-13C scalar 

and total couplings. Unfortunately, spectra are not well resolved and the superposition of 
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signals from three of the four chemically equivalent protons (see the 1D 1H broadband 

spectrum in Figure 3.46 (a)) makes it difficult (i) to accurately measure 1H-1H couplings and (ii) 

to apply selective pulses on proton in order to edit specific 1H-13C couplings. Indeed, even 

when a visible splitting can be measured from the spectrum, it is difficult to unambiguously 

assign it to a pair of coupled nuclei. Some tricks can sometimes be exploited in order to extract 

as many couplings as possible. As an example, Figure 3.46 reports the 1H-1H J-resolved 

spectrum (b) and the SERF-like spectrum resulting from the application of a semi-selective 

pulse selecting meta, para and ethylenic protons and excluding ortho protons (c).  

 

 

Figure 3.46. (a) 1D 
1
H broadband excitation spectrum recorded on trans-stilbene in PBLG/THF-d8 at 298 

K. (b) Tilted 
1
H-

1
H J-resolved spectrum recorded on the same sample in 6 h using a data matrix of 2048 

(t2) x 256 (t1) with 24 scans per t1 increment. The relaxation delays were 1s. Data were processed using 

zero-filling up to 4096 (t2) x 1024 (t1) points and a sine filter in t1. (c) Tilted SERF spectrum resulting from 

the application of semi-selective E-BURP excitation and RE-BURP refocusing pulses on the proton 

channel at υ16,17,25, with duration of 29.1 ms, corresponding to a frequency width of 170 Hz. Spectrum 

was recorded in 6 h using a data matrix of 2048 (t2) x 256 (t1) with 24 scans per t1 increment. The 

relaxation delays were 1s. Data were processed using zero-filling up to 1024 points and a sine filter in t1. 

Columns extractions corresponding to H17 for both J-resolved and SERF spectra are also shown. 
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 Signal from H17 gives a triplet of triplets in the J-resolved spectrum, from which two 

couplings can be measured. A simple conclusion is these total couplings correspond to H16-H17 

and H15-H17, that is the nearest nuclear pairs. Looking at SERF spectrum, where only couplings 

between H17, H16 and H25 should be present (H15 is the only proton having chemical shift far 

enough from the others to be excluded from the semi-selective pulse) a similar spectral 

pattern is observed for H17. This means that T15,17 is not observed and H17 is coupled to H25 and 

H26 with a similar coupling constant (i.e. the resolution does not allow to appreciate the 

predictable difference between T17,25 and T17,26). To be sure only H17, H16 and H25 have been 

really selected by the soft pulse, consider that (i) no signal at 7.56 ppm (i.e. the resonance 

frequency of H15) is present in the SERF 2D spectrum, and (ii) F2 projection after tilt gives for 

H16 a singlet in the J-resolved spectrum (all couplings appear in the F1 dimension) and a 

doublet in the SERF spectrum (after tilt of the 2D map, couplings among selected protons 

appear only in the F1 dimension, while coupling with H15 is refocused and appears in the direct 

dimension). 

 Finally, a total amount of 13 independent    
    (reported in Table 3.15) between the 

nuclear pairs 1H-1H and 1H-13C were collected, and in particular 7 for the phenyl ring, 2 for the 

ene group and 4 between each ring and the ene group. The amount of dipolar couplings 

extracted so far is evidently lower than the DHH set extracted from a single 1D 1H spectrum in 

thermotropic phase. It could be of interest in the future to use more and different NMR pulse 

sequences and/or simulation graphical packages like ARCANA for the spectral analysis, to help 

in editing a larger number of more accurate couplings. However, an important point emerges. 

From the experimental viewpoint, the presence of elements of symmetry in the spin system 

represents a big advantage for highly ordering systems, since they decrease the number of 

different transitions, simplifying the spectrum. Contrarily, molecular symmetry seems to 

complicate NMR spectral analysis when the same solutes are dissolved in weakly aligning 

media, because the number of independent couplings one can hope to extract is reduced. 

Moreover, in the absence of asymmetric substitutions in the molecular structure, nuclei are 

more likely to possess a similar chemical environment, i.e. their signals are more likely to 

appear at very close frequencies in the spectrum or even to overlap. The phenomenon is 

obviously field-dependent and the use of spectrometers operating at higher magnetic fields 

could be useful in this case. 
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Table 3.15. Experimental chemical shifts   
   , scalar couplings    

   , total couplings    
    and dipolar 

couplings    
    determined by the NMR analysis of t-St dissolved in THF-d8 and PBLG/THF-d8. In the last 

column, the    
     values are also reported for comparison. The whole agreement is given by the RMS 

between AP-DPD-calculated and observed dipolar couplings. The chemical structure provides the 

hydrogen atom numbering. 

 

 ,      
    (Hz)    

    (Hz)    
    (a) (Hz)    

     (b) (Hz) 

C-H couplings     

1, 20 4.6 ± 0.5 7.4 ± 0.6 1.4 ± 0.6 1.1 

1, 25 -3.5 ± 0.8 -12.0 ± 0.6 4.3 ± 0.7 4.4 

1, 26 153.4 ± 0.5 249.4 ± 0.2 48.0 ± 0.4 48.1 

3, 15 0.0 ± 0.8 13.6 ± 0.6 6.8 ± 0.7 6.2 

4, 15 6.6 ± 0.8 9.6 ± 0.6 1.5 ± 0.7 1.5 

4, 19 156.4 ± 0.5 211.4 ± 0.6 27.5 ± 0.6 27.8 

5, 16 7.7 ± 0.2 10.5 ± 0.2 1.4 ± 0.2 1.4 

5, 18 158.7 ± 0.2 213.5 ± 0.2 27.4 ± 0.2 27.3 

6, 15 7.6 ± 0.5 7.4 ± 0.6 -0.1 ± 0.6 -0.1 

6, 17 160.8 ± 0.5 86.4 ± 0.6 -37.2 ± 0.6 -37.3 

H-H couplings     

16, 17 7.5 ± 0.2 27.0 ± 0.5 9.7 ± 0.4 9.1 

16, 25 0.0 ± 0.2 -2.8 ± 0.5 -1.4 ± 0.4 -0.9 

16, 26 0.0 ± 0.2 -2.8 ± 0.5 -1.4 ± 0.4 -1.2 

17, 25 0.0 ± 0.2 -2.2 ± 0.5 -1.1 ± 0.4 -0.7 

17, 26 0.0 ± 0.2 -2.2 ± 0.5 -1.1 ± 0.4 -1.0 

     

   RMS 0.35 Hz 

     

    
    (c) (ppm)  

15 7.56 ± 0.3  

16 7.34 ± 0.3  

17 7.24 ± 0.3  

25 7.20 ± 0.3  

1 129.44 ± 0.2  

3 138.56 ± 0.2  
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4 127.25 ± 0.2  

5 129.30 ± 0.2  

6 128.39 ± 0.2  
(a)

 calculated from    
          

         
        (see chapter 1 section 1.5.2) 

(b)
 from the AP-DPD method (see below)

 

(c)
 chemical shifts are given from calibration with THF signal (at 1.72 ppm and 25.37 ppm for proton and carbon-13, 

respectively) 

 

 

  3.4.2.2. Conformational and orientational analysis 

 

 Albeit the set of experimental    
    extracted for t-St dissolved in PBLG/THF-d8 is not 

significantly extended (13 independent    
   , but only 4 connecting the phenyl ring with the 

ene group) and the small values of dipolar couplings are affected by not negligible errors when 

compared to values in ZLI1132 of Table 3.11, a conformational analysis is still affordable. The 

software AnCon was used again to reproduce the set of    
    measured for t-St in PBLG/THF-d8 

(Table 3.15), by fixing the molecular geometry previously optimised in ZLI1132. A first test is to 

verify whether or not the potential distribution obtained from the AP-DPD conformational 

analysis of t-St/ZLI1132 is still consistent with experimental data obtained for the same 

molecule in PBLG phase. Then, keeping the potential terms   
       

    ,       and 

          fixed at their optimized values of Table 3.13 (obtained for t-St in ZLI1132), the 

       ,         and     
    interaction tensor parameters were varied until RMS reached an 

acceptable value. The optimised values, reported in Table 3.16, gave a good reproduction of 

   
    with a low RMS of 0.35 Hz. The dipolar couplings    

     calculated by this approach are 

reported, for comparison, in the last column of Table 3.15. 

 

 

Table 3.16. Values of the iteration parameters used in the conformational analysis with the AP-DPD 

approach of the t-St molecule dissolved in PBLG/THF-d8.  

 t-St in PBLG/THF-d8 

  
       

    (degree) 16.80 (a) 

    0.59 (a) 

      (degree) 10 (a) 

        (RT) 0.00388 ± 0.00003 

        (RT) -0.00582 ± 0.00005 

    
    (RT) 0.00568 ± 0.00014 

RMS 0.35 
(a)

 potential terms from conformational analysis in ZLI1132 
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 The consistence of data in the thermotropic and lyotropic phases represents a 

satisfactory outcome. Moreover, due to the small values of dipolar couplings, we 

parametrically changed the potential terms, one by one, and we followed the trend of the RMS 

target function (and the corresponding reproduction of each single    
   ). In particular the 

probability ratio     was varied in the range 0.2-0.8 (Figure 3.47) and the torsion angle 

  
       

    from 0° to 40° (Figure 3.48). 

 

 

Figure 3.47. RMS value as a function of probability ratio     calculated for t-St in PBLG/THF-d8 by the 

AP-DPD approach while fixing   
    = 16.80 and    = 10. The curve is also drawn as eye-guide. 

 

 

 It can be observed from Figure 3.47 that the RMS error gradually decreases, reaching a 

minimum at     ~0.5, and then increases again. The main conclusions are: (i) an equilibrium 

between the two couples of conformers has to be considered in order to reproduce the 

experimental data set with a low RMS, i.e. neither the couple of    conformers nor that of    is 

sufficient alone (this would translate to     = 1 and     = 0, respectively) to fit the    
   ; (ii) 

situations with 0.4 ≤     ≤ 0.6 cannot be practically distinguished, since in this range not only 

RMS is acceptably low but also the differences between each inter-ring    
    and its 

corresponding    
     is lower than 0.5. 

 

 

Figure 3.48. RMS value as a function of   
       

    calculated for t-St in PBLG/THF-d8 by the AP-

DPD approach while fixing     = 0.6 and    = 10. The curve is also drawn as eye-guide. 
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 Despite the lowest RMS value appears at   
       

    = 20°, the curve shown in 

Figure 3.48 is substantially flat - and the RMS error practically indiscernible - in the range 0°-

20°, increasing quickly after 20°. As a result, the conformational analysis we performed on the 

sample t-St/PBLG/THF-d8 does not individuate a precise value of the torsion angle but rather a 

limited range of about 20°. This interval is perfectly in agreement with results found for the 

thermotropic sample. 

 Summarising the results obtained for this sample, it can be reasonably said that the 

our experimental data lead to a             (equation 3.8) characterized essentially by 0 ≤ 

  
       

    ≤ 20° and 0.4 ≤     ≤ 0.6 (fixing       = 10). Then, even from data in a 

weakly orienting phase as PBLG/THF-d8, a restricted range for the twist angle of the most 

probable conformations and for their relative weight is unambiguously determined and the 

corresponding conformational distribution is the only possible solution to fit experimental 

data. Hence, when treatment in a thermotropic solvent is not a viable way to obtain 

conformational information, the use of PBLG phases as alternative solvent can, together with 

the AP-DPD approach, yield important meaningful results. 

 Next to the conformational equilibrium, a second valuable information one can get 

from residual dipolar couplings is the orientational order. As seen in the case of t-St dissolved 

in ZLI1132, the orientations of the    and    conformers are essentially the same, and this 

behaviour is expected to be even more prominent in the weakly orienting PBLG phase. 

Therefore, we consider here the averaged order parameters rather then those for the single 

   or    conformation. In the PAS of the Saupe matrix (see Figure 3.42 for the definition of the 

        molecular frame and of the   angle, giving the location of the PAS), we obtained:     = 

0.0019 and         = -0.0024, with   = 37.45°. Table 3.17 sums up the orientational order 

parameters found for t-St in the two phases. Few points are worthy to be noted: (i)     in 

PBLG is still positive, even if smaller than in thermotropic solvent (    ∼0.5); (ii) the biaxiality 

order parameter         is negative in PBLG/THF-d8 and positive in ZLI1132; (iii)     is 

negative in both cases but its absolute value in the low ordering phase is comparable with    , 

while in the thermotropic phase it is three times smaller; (iv)     is the smallest order 

parameter in PBLG phase, while in ZLI1132 it is negative and two times greater than    . 

Overall, these evidences would indicate that in the weakly oriented sample the biaxiality order 

parameter - and in particular     - increases at the expense of the longitudinal order 

parameter    . It would be interesting in the future to investigate more deeply if this 

orientational trend may be driven by some interactions with the phenyl rings in the side chains 

of PBLG. 
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Table 3.17. Orientational order parameters found for t-St in ZLI1132 and PBLG/THF-d8 mixture.  

 t-St in ZLI1132 (a) t-St in PBLG/THF-d8 
(b) 

    0.525 0.0019 

        0.174 -0.0024 

    -0.176 -0.0021 

    -0.350 0.0003 

  (degree) 44.92 37.45 
(a)

 Results for the    conformer given in the PAS of the Saupe matrix for this conformation 
(b)

 Results for the averaged conformation given in the PAS of the averaged Saupe matrix 

 

 

 3.4.3. Conclusions 

 

 In this section, structure, order and conformation of the trans-stilbene have been 

investigated at various levels. Firstly, its orientational and conformational behavior was 

studied in solution by NMR spectroscopy when dissolved in both a highly (ZLI1132) and a 

weakly (PBLG/THF-d8) ordering liquid crystal. AP-DPD treatment led to a torsional surface 

characterized by four more stable symmetry-related conformations, that is a couple of global 

minima, where the molecule exhibits a propeller-like    symmetry, and a couple of    local 

minima, where the rings are conrotated of the same angle. Data in thermotropic phase clearly 

individuated minimum conformers existing at   
      

    (relative percentage of 59%) and 

  
       

    (relative percentage of 41%), with   
    = 16.8°. In PBLG phase, a reduced 

number of small residual dipolar couplings allowed to define limited ranges where conformers 

are more probably confined, 0 ≤   
       

    ≤ 20° and 0.4 ≤     ≤ 0.6. This is a proof of 

the reliability of NMR in PBLG phases for the conformational study of flexible more complex 

molecules when their spectra in a thermotropic phase are too hard to be recorded at high 

resolution and/or analysed. In other words, the agreement between outcomes from the two 

phases testifies that: (i) there is no perceptible influence of the phase on the conformational 

equilibrium; and (ii) conformational information derived from a weakly ordered sample is 

reliable in individuating restricted intervals that contain the “real” minimum energy 

conformers. This encourages then the application of NMR in PBLG phase to more complex 

molecules otherwise impossible to treat. To procede further in the comparison between the 

highly and weakly oriented sample, the order parameters have been evaluated, observing in 

the PBLG phase a rise in the biaxiality at the expense of    . 

 As a second point, the similarity between the conformational distributions found for t-

St in solution and via MP2/6-31G** theoretical calculations in vacuo seem to suggest that the 
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differences between the conformational behavior of the molecule in solution (where inter- 

and intramolecular forces act), with respect to the calculations on the isolated molecule 

(where only intramolecular interactions are considered), are not enough to cancel the main 

features of the probability distribution. Torsional distributions in the two phases are of course 

not identical and in particular the calculated potential (Figure 3.41) shows lower barriers, 

comparable with    at room temperature. This means that: (i) since the preference for one or 

the other conformation is relatively weak, the system has to be described in terms of the full 

torsional distribution (i.e. at room temperature    and    conformations are simultaneously 

present, and also the planar conformation is not totally absent); (ii) the small energy 

differences may be one reason for the discrepancies between the results of different 

experiments (small changes of the experimental conditions, as the temperature and/or the 

solvent, might significantly affect the torsional distribution) and for the discrepancies between 

theoretical calculations performed at different levels. 

 Finally, the conformational distribution of trans-4,4’-dichlorostilbene, prototype 

molecule of 4,4’-substituted trans-stilbene derivatives endowed with innumerable properties 

(consider for instance the trans-4,4’-dihydroxystilbene), was investigated in the nematic 

ZLI1132 liquid crystal, with the aim of (i) contributing to a better understanding of useful 

structure-property relationships for 4,4’-disubstituted trans-stilbene analogs and (ii) evaluating 

the influence of the Cl-1H substitution at the para positions on the conformational distribution. 

The same    and    stable conformations were found having   
    = 18.69° and, respectively, 

    = 63% and     = 37%. Overall, this indicates very limited effects of the 4,4’ Cl-substitutions 

on the positions of the conformational minima, even if the sharper and higher peaks with 

respect to trans-stilbene seem to suggest a slightly greater confinement of the chlorinated 

molecule in proximity of its conformational minima. 

 

 

3.5. Conclusion 

 

 In this chapter NMR spectroscopy in liquid crystals revealed a valuable tool for 

investigating structure, order and conformational equilibria of different flexible molecules 

possessing one or two torsional degrees. The potentiality of this technique, disclosing such 

molecular information from residual dipolar couplings directly in a liquid medium, is evident, 

especially when compared to classical NMR strategies relying on short-range interactions. On 

the other hand, it is clear that some assumptions must be made and proper theoretical models 

must be adopted, in order to translate the experimental dipolar couplings into the desired 
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molecular information. The edition of the experimental     and their physical interpretation 

follow different routes and pose different problems depending on the kind of liquid crystalline 

phase – highly or weakly orienting – that is used as NMR solvent. Complex overcrowded 

spectra composed of thousands of transitions characterize NMR spectra of highly oriented 

compounds, but when their analysis is successfully achieved with the aid of graphical 

packages, it leads to a set of very accurate dipolar couplings with magnitude up to several 

thousand of Hertz. The treatment of these    
    by the AP-DPD approach, unanimously 

recognized as an efficace and robust method for these systems, gives a reliable description of 

the torsional probability with a precise location of the minimum energy conformers and very 

small margins of error. Unique limitation is the difficulty of spectral analysis, that restricts its 

application to no more than 12-spin symmetric systems. The cases of biphenyl in section 3.2 

and stilbenoids in section 3.4 illustrate well the high spectral complexity versus high accuracy 

of extracted     and following molecular information that can be obtained for symmetric small 

solutes dissolved in thermotropic phases. In the case of biphenyl, molecular dynamics 

simulations were tested as a tool for obtaining a good starting set of spectral parameters, 

leading to an encouraging agreement between the experimental and simulated sets of    . In 

the case of stilbenoids, the spectral analysis of the 10-spin system trans-4,4’-dichlorostilbene 

in ZLI1132 was achieved by guessing a trial set of order parameters corresponding to a non-

planar    structure. The independent    
    extracted for the chlorinated compound were used 

for facing the more complex 12-spin system of trans-stilbene. The accurate sets of    
    

obtained for both molecules gave detailed             distributions after AP-DPD treatment, 

corresponding to two    and two    minimum conformers existing at   
      

    and 

  
       

    (  
    = 16.8° and relative percentage of 59% and 41% for trans-stilbene, and 

  
    = 18.7° and relative percentage of 63% and 37% for trans-4,4’-dichlorostilbene). 

 When asymmetric more complex molecules such as the anti-inflammatory drugs 

diflunisal and naproxen (section 3.3) are studied, the need for an alternative strategy becomes 

mandatory and here we chose to resort to weakly orienting PBLG phases as alternative NMR 

solvents. Compared to thermotropic ones, spectra display weak second-order features and 

appear simpler to analyse without using graphical packages. Indeed, spectral simplification is 

often only apparent, because for the extraction of the desired large set of     various NMR 

experiments on different nuclei must be combined. In the absence of available simple and 

time-saving experiments, new pulse sequence may be designed and this is the case of the new 

GET-SERF experiment proposed in section 3.3.1.1 for the trivial edition of 1H-19F couplings. If its 

application appears relatively easy in the case of a difluorinated molecule as diflunisal, it may 
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represent a relevant tool when dealing with more complex molecules. Indeed, for a system 

containing   and   non-equivalent proton and fluorine sites,   experiments are sufficient in 

order to selectively extract all 1H-19F couplings in the whole molecule. Another issue to be 

taken into account when investigating conformational equilibria in weakly ordering media is 

that the accuracy in the edition of experimental data and in the derived structural and 

conformational information may be lower than in thermotropics. Indeed, the correct 

description of rotations is associated with the number and the entity of the inter-fragment    . 

Hence, in the case of diflunisal, a favourable line distribution in the spectra along with the 

presence of magnetically active heteronuclei allowed to gather a reasonable amount of inter-

ring     for a quite accurate description of the torsional distribution, with a couple of trans 

conformers, with F8 opposite to the carboxylic group (  
    = ±45.5° and relative percentage of 

56%), and a couple of cis conformers, with F8 on the same side to the carboxylic group (  
    = 

±41.1° and a relative percentage of 44%). Contrarily, in the case of naproxen or trans-stilbene, 

due to the overlap of signals and/or symmetry of the structure, a smaller number of 

independent inter-fragment    
    was collected, so that no precise values of torsional angles 

but rather small ranges could be individuated for the major conformers. In particular, four 

minimum energy structures have been found for naproxen: a couples of more stable 

conformers (I and II) with the methoxy group in the cis arrangement (  ~0°) and  -hydrogen 

atom quasi-planar relative to the aromatic ring (  equal to ~15° and ~195, respectively), and a 

couple of less stable conformers (III and IV) involving the trans geometry of the methoxy group 

(  ~180°) and the same geometry of the chiral side chain (  equal to ~15° and ~195°, 

respectively). The conformational equilibrium among these four structure seems to be the only 

model able to reproduce experimental data. More informative for the direct comparison 

between highly and weakly ordered media is probably the case of trans-stilbene. Analysis in 

PBLG phase allowed to define restricted ranges where conformers are more likely to be 

confined (0 ≤   
       

    ≤ 20° and 0.4 ≤     ≤ 0.6). These intervals are perfectly 

consistent with the more precise location of the minima found in the thermotropic LC. 

Therefore, examples presented here testifies that the conformational information achieved in 

PBLG phases is reliable, though sometimes not very precise, and becomes extremely 

meaningful when no other data in solution are available. 

 At the end of this third chapter the main conclusions to draw are: (i) NMR in liquid 

crystals is effectively a valuable tool for studying the conformation of small flexible molecules; 

(ii) the AP-DPD model represents a robust approach for treating both highly and weakly 

ordered solutes; (iii) highly and weakly ordering phases possess each their pros and cons and 
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the choice between them should be done by considering spectral complexity and degree of 

accuracy. For small symmetric molecules accurate molecular information are likely to be 

accessible from the    
    extracted from their spectra in thermotropic LCs. For more complex 

asymmetric molecules the smarter choice is to use PBLG phases, that reveal a meaningful and 

reliable source of conformational information when no other investigation in solution is 

possible. 
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 Aim of this Ph.D. project – in cotutorship between Università della Calabria and 

Université Paris Sud - was to explore orientational and positional order, structure and 

conformational distribution of small rigid and flexible organic molecules in solution, starting 

from experimental dipolar couplings that can be extracted from their NMR spectra when 

dissolved in partially ordered media. As discussed in the first chapter, these observables    
    

can give direct access to such valuable information - structure, order and, for flexible 

molecules, conformational equilibrium - through respectively the internuclear vector    , the 

Saupe order parameters     and the orientational distribution function           . 

 In the second chapter, the highly symmetric molecule of tetramethylallene (TMA) was 

chosen as example of solutes experiencing very weak orientational ordering conditions and 

investigated by 1H and 13C NMR spectroscopy when dissolved in the uniaxial nematic I52 

solvent. A peculiar 1H spectral behavior was observed on cooling, that is the spectral width 

initially decreases until it reaches its minimum value, before increasing again at lower 

temperatures. Some considerations individuated the most reasonable explanation for the 

observed data in the presence of a minimum of magnitude for    . Following this hypothesis, a 

series of approximations led us to estimate the different contributions playing a role in the 

direct C-H coupling. A predominant effect of the non-rigid term emerged. Indeed, this 

contribution is typically very small compared to other terms and then difficult to appreciate 

and estimate in non-symmetric solutes, but it becomes relevant in a quasi-spherical methane-

like molecule as TMA. Therefore, an approximate assessment of the non-rigid contribution to 

the direct 13C-1H dipolar coupling was derived. 

 In the second part of chapter 2 the orientational analysis of small rigid solutes 

dissolved in smectic solvents was demonstrated to be a promising route to probe the latter’s 

positional order. The basic idea is to exploit the fine changes that the orientational order 

parameters of certain solutes may undergo upon the onset of layering to get information on 

the positional order of the smectic liquid crystalline solutions. The strategy bases on the 

treatment by a statistical thermodynamic density-functional theory (ST-DFT) of a series of 

NMR experimental data, that is the solvent orientational order parameter   (obtained from 2H 

spectra of the deuterated solvent) and the Saupe ordering matrices      
 

   
 of a number of 

rigid solutes dissolved therein (obtained from their 1H spectra). Realistic results for both the 

solute’s and the solvent’s positional order parameters were obtained after application of this 

methodology to the apolar SmA phase of 4,4’-di-n-heptylazoxybenzene (HAB) and the 

interdigitated SmAd phase of 4-n-octyloxy-4’-cyanobyphenyl (8OCB), by using 1,4-

dichlorobenzene, naphthalene, biphenylene and pyrene as probes. This strategy may 
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represent thus a complementary or alternative tool with respect to standard methods, all 

relying on diffraction experiments, and it would be of interest to extend it to a smectic C phase 

or even speculate on how it could contribute to study the partitioning of small solutes in lipid 

bilayers, an issue of basic importance in biochemistry and pharmacology. 

 In chapter 3 conformational distribution as well as structure and order of various 

flexible molecules were investigated when dissolved in highly or weakly ordering liquid 

crystals. The achievement of such amount of information requires, however, proper 

theoretical models in order to give to    
    a physical meaning. In all studies we used the 

Additive Potential model combined with the Direct Probability Description of the torsional 

distributions in terms of Gaussian functions. This AP-DPD approach is recognized to be reliable 

and effective for highly ordered solutes, but to date there are no many evidences of its 

robustness for weakly orienting phases, too.  

 The first case discussed in chapter 3 is the single-rotor 10-spin system of biphenyl, 

dissolved in the thermotropic 4-n-octyl-4’-cyanobiphenyl (8CB) liquid crystal. The molecule was 

chosen as test for a joint experimental and MD-simulated 1H NMR study at different 

temperatures, aimed at evaluating if molecular dynamics simulations can be exploited as tool 

for estimating a set of dipolar couplings to be used in a “line-assignment” operator-mediated 

analysis of the 1H NMR spectrum of a solute in a thermotropic solvent. Indeed, the availability 

of a good set of input parameters, and in particular of dipolar couplings, is probably the main 

obstacle in the iterative analysis of proton spectra of solutes dissolved in highly ordering media 

and, even if several strategies have been proposed in the past, none of them has proven to be 

resolutive. Despite not negligible differences in terms of transitions temperatures emerged 

from the comparison on the biphenyl/8CB system, the set of simulated     was rather in 

agreement with the experimental one and allowed a standard operator-mediated spectral 

analysis when used as starting set of parameters. The strategy applied here to the relatively 

simple molecule of biphenyl may represent in the future a viable solution in the NMR spectral 

analysis of more complex compounds dissolved in anisotropic media when no other 

information is available. 

 The conformational problem becomes crucial when dealing with flexible molecules 

endowed with biological or pharmacological activity. This is the reason why we tackled the 

conformational study by liquid crystal NMR of some nonsteroidal anti-inflammatory drugs 

(NSAIDs) belonging to the families of salicylates (diflunisal and its non-fluorinated analogue, 

phenylsalicylic acid) and profens (naproxen, flurbiprofen and ibuprofen). Being the NMR 

spectra of these asymmetrical flexible compounds in thermotropics difficult to be recorded at 
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high resolution and almost impossible to analyse without a very good set of starting 

parameters, we chose to dissolve them in PBLG phases, where spectra retain only weak 

second-order features and extraction of residual dipolar couplings (RDCs) appears simpler. This 

is not properly true and in the case of diflunisal the absence of simple and time-saving 

experiments for the edition of proton-fluorine couplings prompted us to develop the new GET-

SERF pulse sequence. Combining selective refocusing and frequency spatial encoding 

approaches, this experiment allows the trivial edition of all long and short range 1H-19F scalar 

or dipolar couplings in one single NMR experiment, for a given fluorine atom. If its application 

appears relatively easy in the case of a difluorinated molecule as diflunisal, it may represent a 

relevant tool when dealing with more complex systems containing   and   non-equivalent 

proton and fluorine sites, since only   experiments are needed to selectively extract all 1H-19F 

couplings in the whole molecule, and it might be extended to other high-abundance 

heteronuclei. With a large set of 40    
    (among which 10 inter-ring RDCs) the probability 

distribution of diflunisal in PBLG/THF could be quite accurately described, obtaining a couple of 

trans conformers (global minima, with 19F in ortho position opposite to the carboxylic group), 

with   
    = ±45.5° and relative percentage of 56%, and a couple of cis conformers (relative 

minima, with 19F in ortho position on the same side relative to the carboxylic group), with 

  
    = ±41.1° and a relative percentage of 44%, in very good agreement with the theoretical 

results obtained at DFT level. Moreover, the similar experimental outcomes in both chiral 

(PBLG/THF) and achiral (PBG/THF) phases proves there are no effects on the conformational 

equilibrium resulting from the chirality of the medium. In order to probe the influence the 

fluorine nuclei have on the conformational equilibrium of the diflunisal, its non-fluorinated 

analogue, phenylsalicylic acid, was studied under similar conditions. Results seem to suggest 

no significant effects on the torsion angle values and a smoothing in the rotational barriers. 

Encouraged by the results obtained for these salicylic acid derivates, displaying only one 

degree of flexibility, the same strategy was applied to the naproxen molecule, whose torsional 

description implies two non-cooperative rotations to be taken into account. In agreement with 

DFT theoretical calculations, four minimum energy structures have been successfully 

individuated by treating the experimental    
    with the AP-DPD approach: a couples of more 

stable conformers (I and II, with relative percentages of 57.4% and 29.6%, respectively) with 

the methoxy group in the cis arrangement and  -hydrogen atom quasi-planar relative to the 

aromatic ring, and a couple of less stable conformers (III and IV, relative percentages of 8.6% 

and 4.4%, respectively) involving the trans geometry of the methoxy group and the same 

geometry of the chiral side chain. Despite a better or even similar reproduction of the 
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observed dipolar couplings cannot be achieved considering a different conformational 

equilibrium, it is to admit that, due to the relatively small number of independent inter-

fragment    
    collected, it is not possible to unambiguously individuate precise values of 

torsional angles for the major conformers but rather small ranges where molecule is more 

likely to be confined. These first studies prove then that NMR spectroscopy in weakly orienting 

PBLG phases, combined with the AP-DPD model, is a promising approach in the study of 

conformational equilibria of anti-inflammatory drugs displaying one or two torsional degrees, 

encouraging the extension towards more complex flexible molecules, otherwise impossible to 

treat using thermotropic solvents. To proceed further, preliminary studies have been already 

carried out on two other profen derivatives, flurbiprofen and ibuprofen. The former displays 

two non-coupled torsions and was mainly chosen for investigating the effect on the torsional 

potential of the fluorine atom in ortho position relative to the inter-ring C-C single bond, with 

the final purpose of comparing the inter-ring torsional distribution obtained for this mono-

fluorinated molecule with those already obtained for the non-fluorinated biphenyl and the 

bifluorinated diflunisal. However, the overlap of several lines along with second order effects 

prevented so far from collecting an experimental data set that is large enough to accurately 

describe the torsional potential of the biphenyl fragment. Alternative solutions to test in the 

near future include more sophisticated NMR experiments on the same sample and/or a 

change in the organic co-solvent. The conformational study of ibuprofen, displaying two 

coupled rotations in the methylpropyl substituent, together with an additional torsion of the 

propionic fragment with respect to the central phenyl ring, is theoretically more challenging. 

From the experimental viewpoint, the double substitution on the phenyl ring allows for 1H and 

13C signals that are sufficiently far apart in the anisotropic NMR spectra to precisely measure 

an acceptable number of RDCs. Next task is to treat such data set by the AP-DPD approach to 

perform a conformational analysis that takes into account all the degrees of flexibility in the 

molecule.  

 The last study presented in the third chapter was intended to provide a comprehensive 

orientational, structural and conformational investigation of the same molecule, trans-

stilbene, in both a highly and weakly orienting medium. trans-Stilbene is indeed a 12-spin 

system possessing two cooperative rotations. Therefore, even considering its symmetry, 

neither the 1H spectral analysis nor the conformational description via the AP-DPD approach 

are trivial. In order to have a good set of starting parameter for the analysis of its 1H spectrum 

in the thermotropic ZLI1132 liquid crystal, we synthesised the trans-4,4’-dichlorostilbene. 

Twelve independent    
    were extracted from the 1H spectrum of this 10-spin system 
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dissolved in ZLI1132 by guessing a trial set of order parameters corresponding to a non-planar 

   structure. This    
    set was subsequently used for estimating a good trial set of     for the 

analysis of the more complex spectrum of trans-stilbene. The AP-DPD treatment of the 

accurate sets of    
    obtained for both molecules gave detailed             distributions 

characterized by four more stable symmetry related conformations, that is a couple of global 

minima, where the molecule exhibits a propeller-like    symmetry (  
      

   ), and a 

couple of    local minima, where the rings are conrotated of the same angle (  
    

   
   ). The four minima energy conformers were found to be located at   

    = 16.8° with 

relative percentages of 59% and 41% for t-St, and at   
    = 18.7° with relative percentages of 

63% and 37% for DCS. Overall, this indicates very limited effects of the 4,4’ Cl-substitutions on 

the positions of the conformational minima, even if the sharper and higher peaks with respect 

to trans-stilbene seem to suggest a preference for the chlorinated molecule to be confined in 

proximity of its conformational minima. Note, moreover, that the trans-4,4’-dichlorostilbene 

can be considered as a prototype molecule of 4,4’-substituted trans-stilbene derivatives, such 

as the trans-4,4’-dihydroxystilbene that is known to possess innumerable interesting healthy 

properties. Hence, a rigorous investigation of the conformational equilibrium of DCS may help 

in shedding more light on the mechanisms by which para-disubstituted trans-stilbene analogs 

play their role and contribute then to a better understanding of useful structure-property 

relationships. Once obtained a reliable conformational and structural description of t-St in the 

highly orienting liquid crystal, it was dissolved in a PBLG/THF-d8 phase, in order to compare 

results from both phases and especially collecting evidence about the accuracy and reliability 

of the data extracted by NMR spectroscopy in weakly ordering phases. In the PBLG medium, a 

reduced number of small residual dipolar couplings allowed to define limited ranges where 

conformers are more probably confined, 0 ≤   
       

    ≤ 20° and 0.4 ≤    
 ≤ 0.6. 

Despite the evident loss of precision when compared to thermotropic data, the intervals 

determined are perfectly consistent with the more precise location of the minima found in the 

thermotropic LC. The agreement between outcomes from the two phases testifies that there is 

no perceptible influence of the phase on the conformational equilibrium and represents a 

proof that conformational information derived from a weakly ordered sample is maybe less 

accurate than from the corresponding thermotropic one, but it is reliable in individuating 

restricted intervals that contain the “real” minimum energy conformers. This encourages the 

application of NMR in PBLG phases for the conformational study of flexible more complex 

asymmetric molecules, whose spectra in a thermotropic phase are too difficult to be recorded 

at high resolution and/or to be analysed by standard techniques. A last remark on the 
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comparison between the highly and weakly oriented sample was derived about the 

orientational order. When t-St is dissolved in the PBLG phase, an increase of     at the 

expense of     and     is recorded. This would indicate that in the weakly ordering phase the 

molecule has a more marked preference to orient with its   axis perpendicular with respect to 

the director, while its   axis is basically oriented parallel to the director but undergoes more 

fluctuations than in ZLI1132. 

 To conclude, the work carried out during this thesis project covered different issues 

having the same common starting point, i.e. (residual) dipolar couplings extracted from NMR 

spectra of small organic molecules dissolved in thermotropic or PBLG phases. These 

experimental data were then used to investigate both orienting behaviours of rigid molecules 

and conformational equilibria of flexible molecules. Outcomes demonstrated that NMR in 

liquid crystals is effectively a flexible and meaningful tool for studying order, structure and 

conformation and can greatly benefit from the availability of several aligning media inducing a 

different degree of order. 
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Appendix A1. Rotation of reference frames 

 

 NMR investigations focus on molecular properties, expressed in the MOL frame, but 

the observable quantities are typically measured in the LAB frame. This needs a continuous 

change of reference frame to be performed. In order to switch among frames, rotation around 

axes is needed. The angles of rotation for switching from the         frame    to the         

frame   are the well-known Euler angles 

(Figure A1.1), defined as      

                   , with   being the 

angle of rotation around the    axis of   ;   

being the angle between the    axis of    

and the     axis of   spanned by the 

rotation around a chosen axis and, finally, 

  being the angle of rotation around the     

axis of  . The line of nodes ( ), shown in 

green, is defined as the intersection of the 

   and the    coordinate planes. It can be 

observed that it corresponds to the 

orientation of   after the first elemental 

rotation. 

 Rotations in Cartesian representation are carried out using conventional rotational 

matrices of director cosine. Wigner matrices are the analogues in the irreducible spherical 

representation [1]. In general, it is always possible to express the   
     

 irreducible spherical 

components of the tensor representing the  -th interaction as: 

   
     

 
 

     
      

 
  

  

     

    
         

where     
  is the  -th,   -th component of a rank   Wigner matrix which transform the 

frame    into  . 
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Figure A1.1. Euler angles describing the rotation 

from the         frame    to the         frame   
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Appendix A2. Structure and main properties of the used liquid crystals 

 

 We report here a list of the liquid crystals used in this Ph.D. thesis, including structure, 

magnetic anisotropy   , transition temperatures (for thermotropics) and liquid-crystal 

concentration range (for lyotropics). Double-headed arrows indicate bidirectional transition 

phases, while single-headed arrows represent phase transition after supercooling. All 

transition temperatures are given in °C. 

 

Thermotropic LCs acronym 
magnetic 

anisotropy 
transition 

temperatures 

 
 

4-ethyl-2-fluoro-4’-[2-(trans-4-n-pentylcyclohexyl)-

ethyl]biphenyl 

I52       

  
    

  
  

      
     
     [1] 

 
 

4,4’-di-n-heptyl-azoxybenzene 

HAB      
 

  
   

  
  

  
   [2] 

 
 

4-n-octyloxy-4’-cyanobyphenyl 

8OCB      
 

  
   

  
  

  
   [3] 

 
 

4-n-octyl-4’-cyanobiphenyl 

8CB      
 

    
    

    
   

    
    [4] 

 
 

mixture of  

trans-4-n-propyl-(4-cyanophenyl)-cyclohexane (24%), 

trans-4-n-pentyl-(4-cyanophenyl)-cyclohexane (36%), 

trans-4-n-heptyl-(4-cyanophenyl)-cyclohexane (25%), 

trans-4-n-pentyl-(4’-cyanobiphenyl-4)-cyclohexane (15%) 

ZLI1132       
    
     

  
   

[5] 
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Lyotropic LCs 

acronym 
magnetic 

anisotropy 

LC 
concentration 

range polymer 
organic  

co-solvent 

 
poly-γ-benzyl-L-glutamate  

(DP = 743)  

THF 
CHCl3 

PBLG      12-15 wt% [6] 

 
poly-γ-benzyl-D-glutamate  

(DP = 685)  

THF PBDG      12-15 wt% [6] 
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Appendix A3. Samples preparation 

 

 Details about the preparation of the different samples studied in this Ph.D. thesis are 

reported here, including concentration of various components and standard preparation 

procedures. 

 

 

Highly ordered samples 

Sample are heated several times up to their clearing point, strongly shaken to give a very 

homogeneous solution and left to cool slowly in the magnetic field of the NMR spectrometer 

solute solvent 

10 mg TMA (1)  433 mg I52 (2) 

10 mg BIF (1) 550 mg mixture HAB (1) / HAB-d4 
(3) at 9.3 wt% 

12 mg PYR (1) 570 mg mixture HAB (1) / HAB-d4 
(3) at 9.3 wt% 

15.3 mg DCB (1) 499 mg 8OCB (1) 

14.4 mg BIF (1) 468 mg mixture 8OCB (1) / 8OCB-d8 
(4) at 8.0 wt% 

14.9 mg PYR (1) 502 mg mixture 8OCB (1) / 8OCB-d8 
(4) at 8.0 wt% 

16.0 mg 2P (1) 

+ 1.5 mg 1,3,5-trichlorobenzene (1, 5) 
550 mg 8CB (1) 

14.4 mg DCS (6) 540 mg ZLI1132 (2) 

20.6 mg t-St (1) 550 mg ZLI1132 (2) 

Weakly ordered samples 

Samples were prepared using standard procedure described in ref. [2] and the resulting 5 mm 

NMR tubes were centrifuged back and forth until an optically homogeneous birefringent phase 

was obtained 

solute solvent 

33 mg DFL (1) 
82 mg PBLG (1, 7) 
+ 474 mg THF 
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33.5 mg DFL (1) 
87 mg PBG (8) 

+ 471.5 mg THF 

27 mg APS (1) 
84 mg PBLG (1, 7) 
+ 484.5 mg THF 

41.0 mg NAP (1) 
76.4 mg PBLG (1, 7) 

+ 393.0 mg THF-d8 
(9)

 

40.6 mg NAP (1) 
76.0 mg PBLG (1, 7) 
+ 392.6 mg THF 

47.2 mg t-St (1) 
92.5 mg PBLG(1, 7) 

+ 483.6 mg THF-d8 
(9) 

Isotropic samples 

solute solvent 

30 mg DFL (1) 483 mg THF-d8 
(9)

 

23 mg APS (1) 490 mg THF-d8 
(9)

 

39.5 mg NAP (1) 519 mg THF-d8 
(9) 

36.2 mg t-St (1) 665.5 mg THF-d8 
(9) 

(1)
 purchased from Sigma Aldrich 

(2)
 purchased from Merck Ltd 

(3)
 deuterated in the ortho positions with respect to the two alkyl chains, provided by C. A. Veracini 

(Dipartimento di Chimica, Università di Pisa) 
(4)

 deuterated in the biphenyl fragment, prepared according to the procedure described in ref. [1] 
(5)

 added as orientational probe 
(6)

 synthetised as described in section 3.4.1.1 
(7)

 DP= 743 
(8)

 racemic mixture composed of equimolar amounts of PBLG 
(1, 7)

 and PBDG (DP = 685, purchased from 

Sigma Aldrich) 
(9)

 purchased from Eurisotop 
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Appendix A4. Optimised geometries of minimum energy conformers of DFL and APS 

 

 This appendix reports the optimised geometries obtained by the Gaussian09 software 

package (B3LYP/6-31++G**) for a trans and a cis minimum energy conformers of diflunisal and 

for one of the four equally probable minimum energy conformers of phenylsalicylic acid 

(structure and atomic labelling are reported in Figure A4.1). Bond lengths (R) are given in Å; 

valence angles (A) and dihedral angles (D) are expressed in degrees.  

 

 

Figure A4.1. Topological structure and atomic labelling of diflunisal (DFL) and phenylsalicylic acid (APS). 

 

 

 
DFL  

trans conformer 
DFL  

cis conformer 
APS 

R(1,2) 1,3932 1,3943 1,3940 

R(1,6) 1,4145 1,4133 1,4142 

R(1,7) 1,4857 1,4856 1,4862 

R(2,3) 1,4086 1,4074 1,4088 

R(2,13) 1,0841 1,0828 1,0839 

R(3,4) 1,4186 1,4193 1,4188 

R(3,19) 1,4649 1,4665 1,4650 

R(4,5) 1,4047 1,4038 1,4040 

R(4,23) 1,3435 1,3438 1,3448 

R(5,6) 1,3851 1,3861 1,3860 

R(5,14) 1,0847 1,0846 1,0848 

R(6,15) 1,0847 1,0863 1,0861 

R(7,8) 1,4075 1,4075 1,4063 

R(7,12) 1,4019 1,4022 1,4063 

R(8,9) 1,3949 1,3950 1,3958 

R(8,16) 1,0853 1,0855 1,0862 

R(9,10) 1,3893 1,3892 1,3976 

R(9,17) 1,0840 1,0840 1,0863 
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R(10,11) 1,3886 1,3886 1,3974 

R(10,26) 1,3565 1,3565 1,0860 

R(11,12) 1,3895 1,3895 1,3959 

R(11,18) 1,0833 1,0833 1,0863 

R(12,25) 1,3591 1,3585 1,0863 

R(19,20) 1,2334 1,2334 1,2339 

R(19,21) 1,3500 1,3485 1,3499 

R(20,24) 1,7510 1,7504 1,7500 

R(21,22) 0,9719 0,9719 0,9719 

R(23,24) 0,9858 0,9857 0,9856 

A(2,1,6) 117,7633 117,7233 117,4574 

A(2,1,7) 120,3735 122,0226 121,3723 

A(6,1,7) 121,8509 120,2424 121,1699 

A(1,2,3) 121,7113 121,5391 121,8013 

A(1,2,13) 120,0726 120,2326 119,9877 

A(3,2,13) 118,2077 118,2262 118,1967 

A(2,3,4) 119,4950 119,7007 119,5782 

A(2,3,19) 121,6630 121,5141 121,6510 

A(4,3,19) 118,8405 118,7847 118,7687 

A(3,4,5) 118,9014 118,8784 118,8442 

A(3,4,23) 123,0706 123,1030 123,1035 

A(5,4,23) 118,0279 118,0183 118,0522 

A(4,5,6) 120,4694 120,2737 120,3393 

A(4,5,14) 118,3141 118,3983 118,3297 

A(6,5,14) 121,2159 121,3239 121,3268 

A(1,6,5) 121,6583 121,8838 121,9792 

A(1,6,15) 119,4330 119,2546 119,1857 

A(5,6,15) 118,9061 118,8524 118,8226 

A(1,7,8) 121,2821 121,1832 120,9982 

A(1,7,12) 122,8170 122,9384 120,8713 

A(8,7,12) 115,8970 115,8744 118,1305 

A(7,8,9) 122,4667 122,5048 120,9435 

A(7,8,16) 118,4961 118,5633 119,5019 

A(9,8,16) 119,0274 118,9213 119,5396 

A(8,9,10) 118,2029 118,1918 120,2847 

A(8,9,17) 121,6768 121,6723 119,6251 

A(10,9,17) 120,1159 120,1319 120,0867 



Appendix A4.   Optimised geometries of minimum energy conformers of DFL and APS 

- 293 - 
 

A(9,10,11) 122,3204 122,3020 119,4136 

A(9,10,26) 119,2129 119,2211 120,2879 

A(11,10,26) 118,4664 118,4768 120,2984 

A(10,11,12) 117,3244 117,3664 120,2675 

A(10,11,18) 121,6712 121,6592 120,1085 

A(12,11,18) 121,0014 120,9721 119,6209 

A(7,12,11) 123,7880 123,7603 120,9596 

A(7,12,25) 119,2800 119,3538 119,5754 

A(11,12,25) 116,9239 116,8787 119,4479 

A(3,19,20) 124,2811 124,2197 124,3161 

A(3,19,21) 115,0586 115,0466 115,1043 

A(20,19,21) 120,6602 120,7337 120,5795 

A(19,21,22) 106,8873 106,9621 106,8398 

A(4,23,24) 107,9586 107,9452 107,8825 

D(6,1,2,3) 0,4314 0,3096 0,0920 

D(6,1,2,13) -178,4930 179,7637 -178,5030 

D(7,1,2,3) -178,3200 -178,4487 179,8744 

D(7,1,2,13) 2,7556 1,0054 1,2798 

D(2,1,6,5) -0,3620 -0,3906 0,0744 

D(2,1,6,15) -179,7763 178,4906 -178,6240 

D(7,1,6,5) 178,3698 178,3908 -179,7090 

D(7,1,6,15) -1,0445 -2,7280 1,5929 

D(2,1,7,8) 43,2010 135,9499 39,4107 

D(2,1,7,12) -136,0481 -44,8090 -140,4800 

D(6,1,7,8) -135,4983 -42,7777 -140,8150 

D(6,1,7,12) 45,2526 136,4634 39,2948 

D(1,2,3,4) -0,2704 -0,0648 -0,2152 

D(1,2,3,19) -179,8162 179,6733 -179,6790 

D(13,2,3,4) 178,6733 -179,5295 178,4036 

D(13,2,3,19) -0,8725 0,2086 -1,0598 

D(2,3,4,5) 0,0242 -0,1141 0,1710 

D(2,3,4,23) -179,9137 -179,9277 -179,9150 

D(19,3,4,5) 179,5829 -179,8593 179,6498 

D(19,3,4,23) -0,3551 0,3270 -0,4361 

D(2,3,19,20) 179,7094 179,8358 179,7693 

D(2,3,19,21) -0,3842 -0,2066 -0,3275 

D(4,3,19,20) 0,1607 -0,4237 0,3018 
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D(4,3,19,21) -179,9328 179,5338 -179,7950 

D(3,4,5,6) 0,0431 0,0371 -0,0106 

D(3,4,5,14) 179,7687 -179,2457 179,2595 

D(23,4,5,6) 179,9841 179,8602 -179,9290 

D(23,4,5,14) -0,2902 0,5775 -0,6590 

D(3,4,23,24) 0,2708 -0,0146 0,1941 

D(5,4,23,24) -179,6677 -179,8297 -179,8910 

D(4,5,6,1) 0,1296 0,2210 -0,1149 

D(4,5,6,15) 179,5469 -178,6646 178,5884 

D(14,5,6,1) -179,5880 179,4824 -179,3630 

D(14,5,6,15) -0,1707 0,5969 -0,6595 

D(1,7,8,9) -179,0985 179,1670 -179,7140 

D(1,7,8,16) 2,0512 -2,0356 1,7013 

D(12,7,8,9) 0,2000 -0,1252 0,1797 

D(12,7,8,16) -178,6503 178,6723 -178,4060 

D(1,7,12,11) 179,2734 -179,2715 179,9637 

D(1,7,12,25) 0,3406 -0,2768 1,4788 

D(8,7,12,11) -0,0132 0,0069 0,0704 

D(8,7,12,25) -178,9461 179,0017 -178,4150 

D(7,8,9,10) -0,2817 0,1970 -0,2860 

D(7,8,9,17) -179,5210 179,4726 -179,6090 

D(16,8,9,10) 178,5628 -178,5964 178,2986 

D(16,8,9,17) -0,6766 0,6793 -1,0239 

D(8,9,10,11) 0,1777 -0,1527 0,1379 

D(8,9,10,26) -179,6597 179,7334 -179,8210 

D(17,9,10,11) 179,4293 -179,4399 179,4573 

D(17,9,10,26) -0,4081 0,4462 -0,5018 

D(9,10,11,12) -0,0025 0,0416 0,1104 

D(9,10,11,18) 179,3665 -179,4090 179,4616 

D(26,10,11,12) 179,8361 -179,8453 -179,9310 

D(26,10,11,18) -0,7950 0,7041 -0,5792 

D(10,11,12,7) -0,0823 0,0335 -0,2159 

D(10,11,12,25) 178,8738 -178,9842 178,2710 

D(18,11,12,7) -179,4557 179,4880 -179,5700 

D(18,11,12,25) -0,4996 0,4704 -1,0835 

D(3,19,21,22) 179,7747 179,7921 179,9010 

D(20,19,21,22) -0,3152 -0,2487 -0,1919 



Appendix A5.   Optimised geometry for NAP used in the conformational analysis  

 

- 295 - 

Appendix A5. Optimised geometry for NAP used in the conformational analysis 

 

 The averaged geometry used for the conformational analysis of S-(+)-naproxen 

(structure and atomic labelling reported in Figure A5.1) and derived from theoretical 

calculations by the Gaussian09 software package (B3LYP/6-31++G**) is given here in the Z-

matrix format. Bond lengths are given in Å, while valence angles and dihedral angles in 

degrees.  

 

 

Figure A5.1. Topological structure and atomic labelling of S-(+)-naproxen (NAP). 
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atom 
number 

atom 
type 

1st 
connection 

bond 
length 

2nd 
connection 

valence 
angle 

3rd 
connection 

dihedral 
angle 

1 C 
  

    

2 C 1 1.432     

3 C 2 1.420 1 119.370   

4 C 3 1.382 2 121.540 1 0.000 

5 C 4 1.423 3 118.780 2 0.000 

6 C 5 1.377 4 121.120 3 0.000 

7 C 1 1.420 6 122.269 5 180.000 

8 C 7 1.383 1 120.444 6 180.000 

9 C 8 1.422 7 120.233 1 0.000 

10 C 9 1.376 8 120.072 7 0.000 

11 O 8 1.367 7 125.762 1 -179.965 

12 C 11 1.422 8 118.732 7 variable   

13 H 12 1.095 11 109.532 8 179.860 

14 H 12 1.095 11 109.532 8 298.569 

15 H 12 1.095 11 109.532 8 61.149 

16 H 9 1.084 8 120.072 7 180.000 

17 H 10 1.087 9 119.710 8 180.000 

18 H 3 1.088 2 118.472 10 0.000 

19 C 4 1.529 3 121.033 2 180.000 

20 H 19 1.094 4 107.579 3 variable   

21 C 19 1.539 4 112.620 20 -120.743 

22 H 21 1.094 19 110.521 4 56.790 

23 H 21 1.094 19 110.521 4 176.799 

24 H 21 1.094 19 110.521 4 -63.282 

25 C 19 1.523 4 109.389 20 115.780 

26 O 25 1.214 19 125.779 4 91.293 

27 O 25 1.357 19 112.026 4 -87.619 

28 H 27 0.973 25 107.084 19 177.136 

29 H 5 1.087 6 119.663 1 180.000 

30 H 6 1.087 1 118.946 7 0.000 

31 H 7 1.085 8 120.203 9 180.000 

 



Abbreviations 

 

- 297 - 

1D, 2D, 3D: one-, two-, three-dimensional 

2P: biphenyl 

5CB: 4-n-pentyl-4’-cyanobiphenyl 

8CB: 4-n-octyl-4’-cyanobiphenyl 

8OCB: 4-n-octyloxy-4’-cyanobyphenyl 

AM1: Austin Model n°1 

AP: Additive Potential 

APME: Additive Potential Maximum Entropy 

APS: phenylsalicylic acid 

B3LYP: Becke, 3-parameter, Lee-Yang-Parr functional 

BBI: BroadBand Inverse 

BHT: butylated hydroxytoluene, 2,6-bis(1,1-dimethylethyl)-4-methylphenol 

BIF: biphenylene 

BLYP: Becke-Lee-Yang-Parr functional 

BVWN Becke-Vosko-Wilk-Nusair functional 

COSY: COrrelation SpectroscopY 

COX: enzyme cyclooxygenase 

CPCl: cetylpyridinium chloride 

CPBr: cetylpyridinium bromide 

CPU: Central Processing Unit 

Dh: hexagonal columnar 

Dr: rectangular columnar 

DCB: 1,4-dichlorobenzene 

DCS: trans-4,4’-dichlorostilbene 

DFL: diflunisal 

DFT: Density Functional Theory 

DHPC: dihexanoylphosphatidylcholine 

DIR: DIRector frame 

DMF: dimethylformamide 

DMPC: dimyristoylphosphatidylcholine 

DMSO: dimethylsulfoxide 

DOE: Differential Ordering Effect 

DP: Degree of Polymerization 

DPD: Direct Probability Description 

EBBA: 4-butyl-N-(4-ethoxybenzylidene)aniline 
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E-BURP: Excitation Band-selective Uniform Response Pure-phase 

E.COSY: Exclusive COrrelation SpectroscopY 

FDA: Food and Drug Administration 

FF: Force Field 

FWHM: Full-Width-at-Half-Maximum 

GET-SERF: Gradient Encoded heTeronuclear 1H-19F SElective ReFocusing 

G-SERF: Gradient encoded homonuclear SElective ReFocusing 

HAB: 4,4’-di-n-heptylazoxybenzene 

HETSERF: HETeronuclear 13C-1H SElective ReFocusing 

HF: Hartree-Fock 

HF-SERF: heteronuclear 1H-19F SElective ReFocusing 

HFA: High Field Approximation 

HMBC: Heteronuclear Multiple Bond Correlation 

HSQC: Heteronuclear Single-Quantum Coherence 

I52: 4-ethyl-2-fluoro-4’-[2-(trans-4-n-pentylcyclohexyl)ethyl]biphenyl 

INEPT: Insensitive Nuclei Enhanced by Polarization Transfer 

LAB: LABoratory frame 

LB: Line Broadening 

LC: Liquid Crystal 

MD: Molecular Dynamics 

ME: Maximum Entropy 

MOL: MOLecular frame 

MM: Magic Mixture (55wt% ZLI1132/EBBA) 

MP2: Second-order Møller-Plesset  

MQ: Multiple Quantum 

N: nematic 

N*: calamitic nematic or cholesteric 

Ncol: columnar 

ND: discotic nematic 

ND*: chiral discotic nematic 

NAD: Natural Abundance Deuterium 

NAP: naproxen 

NFT: naphthalene 

NMR: Nuclear Magnetic Resonance 

nOe: nuclear Overhauser effect 
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NOESY: Nuclear Overhauser Effect SpectroscopY 

NSAIDs: NonSteroidal Anti-Inflammatory Drugs 

OMAS: Off Magic Angle Spinning 

PAA: poly(acrylamide) 

PAN: poly(acrylonitrile) 

PAS: Principal Axis System 

PBG: racemic mixture of PBLG and PBDG 

PBDG: poly-γ-benzyl-D-glutamate 

PBLG: poly-γ-benzyl-L-glutamate 

PCBLL: poly-ε-carbobenzyloxy-L-lysin 

PCM: Polarizable Continuum Model 

PDLF: Proton-Detected Local Field 

PDMS: poly(dimethylsiloxane) 

PELG: poly-γ-ethyl-L-glutamate 

PEO: poly(ethyleneoxide) 

PEOMMA: poly(ethyleneoxide)-methylmethacrylate 

PES: Potential Energy Surface 

PFG: Pulsed-Field Gradient 

PH-PDMAA: poly(dimethylacrylamide) copolymer 

PM3: Parametric Model n°3 

PM5: Parametric Model n°5 

PMMA: poly(methylmethacrylate) 

PS: polystyrene 

PU: polyurethane 

PVAc: poly(vinylacetate) 

PYR: pyrene 

Q-COSY: Quadrupolar COrrelation SpectroscopY 

QUOSY: QUadrupole Ordered SpectroscopY 

QXO: Quadruple resonance X-Observed 

RDCs: Residual Dipolar Couplings 

RE-BURP: REfocusing Band-selective Uniform Response Pure-phase 

RF: RadioFrequency 

RHF: Restricted Hartree-Fock 

RIS: Rotamer Isomeric State 

RMS: Root Mean Square 
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RTE: Relative Torsional Energy 

SAG: Strain induced Alignment in a Gel 

SERF: SElective ReFocusing 

SLF: Separated-Local Field 

SmA: smectic A 

SmA*: chiral smectic A 

SmA2: bilayer smectic A 

SmAd: interdigitated bilayer smectic A 

SmB: smectic B 

SmC: smectic C 

SmC*: chiral smectic C 

SmF: smectic F 

SmI: smectic I 

SQ: Single-Quantum 

ST-DFT: Statistical Thermodynamic Density Functional Theory 

Tc: clearing point 

Tm: melting point  

t-St: trans-stilbene 

TBO: Triple resonance Broadband Observe 

TCB: 1,3,5-trichlorobenzene 

THF: tetrahydrofuran 

TFE: trifluoroethanol 

TMA: tetramethylallene 

VASS: Variable Angle Sample Spinning 

ZLI1132: mixture of alkylcyclohexylcyanobenzenes and alkylcyclohexylcyanobiphenyl 
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 La spettroscopia NMR in mezzi fortemente e debolmente orientanti è stata la tecnica 

utilizzata efficacemente per trattare problemi orientazionali, posizionali, strutturali e 

conformazionali di una varietà di piccole molecole organiche rigide e flessibili in soluzione. 

 Inizialmente, per una molecola di forma globulare disciolta in una fase nematica, 

l’ordine orientazionale molto basso è stato sfruttato per esplorare il ruolo dei diversi contributi 

agli accoppiamenti dipolari osservati. In tale situazione limite, è emerso un effetto 

predominante del termine di accoppiamento riorientazione-vibrazione. In seguito, dati NMR, 

ottenuti a partire da piccole molecole usate come sonde all’interno di solventi smettici, sono 

stati combinati con metodologie di termodinamica statistica e teoria del funzionale densità, 

con l’obiettivo di misurare i parametri di ordine posizionale sia del solvente che dei soluti. La 

metodologia ha dato risultati incoraggianti per cristalli liquidi formanti sia la comune fase 

smettica A che la fase smettica interdigitata Ad. 

 La strategia è stata estesa successivamente all’indagine di struttura, ordine ed 

equilibrio conformazionale di molecole flessibili bioattive o biomimetiche disciolte in vari 

solventi NMR parzialmente ordinati. Dapprima è stato affrontato uno studio sperimentale e 

teorico sulla molecola simmetrica del bifenile, caratterizzata da una singola rotazione tra i due 

anelli benzenici (singolo rotore), disciolta in un cristallo liquido termotropico. Questo caso 

esemplificativo dimostra che le simulazioni di dinamica molecolare rappresentano uno 

strumento promettente per stimare un set di accoppiamenti dipolari di un soluto in un 

solvente nematico termotropico. Il set di     ottenuto dalla dinamica molecolare è stato infatti 

usato come set di parametri di partenza in un’analisi spettrale standard. In seguito è stato 

preso in esame l’equilibrio conformazionale di alcuni farmaci anti-infiammatori non steroidei a 

singolo e doppio rotore, appartenenti alle famiglie dei salicilati e dei profeni, disciolti in fasi 

nematiche chirali debolmente orientanti a base di PBLG. È stata sviluppata in questo contesto 

una nuova sequenza di impulsi che consente, per un dato atomo di fluoro, l’estrazione di tutti 

gli accoppiamenti 1H-19F in un singolo esperimento NMR. Partendo dagli accoppiamenti 

dipolari omo- ed eteronucleari, difficili da estrarre in cristalli liquidi termotropici per via della 

complessità spettrale, le distribuzioni torsionali di tali molecole sono state adeguatamente 

descritte attraverso il modello AP-DPD. Infine, l’equilibrio conformazionale e l’ordine 

orientazionale di due stilbenoidi aventi torsioni cooperative sono stati indagati in una fase 

liquido cristallina sia fortemente che debolmente orientante. Questo studio comparativo ha 

permesso di trarre alcune interessanti conclusioni circa affidabilità, accuratezza e accessibilità 

dei dati desiderati estratti nelle due diverse fasi. 
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 La spectroscopie RMN alliée à l’utilisation de solvants cristal-liquide fortement et 

faiblement orientants est une stratégie efficace pour élucider les structures et distributions 

conformationnelles de petites molécules organiques rigides et flexibles en solution, et 

déterminer les ordres orientationnel et positionnel des solutés comme des solvants orientés. 

 Dans une première partie, afin d’explorer les différentes contributions aux couplages 

dipolaires d’un soluté donné, la très faible amplitude de l’ordre orientationnel d’une molécule 

quasi-sphérique, le tetramethylallène, dissoute dans un nématique thermotrope est exploitée. 

Dans cette situation limite, le caractère prédominant des mécanismes de réorientation et de 

vibration moléculaire est mis en évidence, et estimé. Dans une seconde partie, les données 

RMN obtenues à partir de solutés de petites tailles dissous dans des solvants smectiques sont 

combinées aux résultats de calculs reposant sur des concepts de thermodynamique statistique 

et de la théorie de la fonctionnelle de densité. L’efficacité de cette méthode dans la 

détermination des paramètres d’ordres positionnel du solvant et orientationnel des 

molécules-sondes est démontrée aussi bien dans le cas de phases conventionnelles 

smectiques A que celui plus délicat de smectiques interdigitées Ad.  

 La stratégie d’analyse proposée est ensuite étendue à l’investigation des structures 

tridimensionnelles et équilibres conformationnels de molécules flexibles bioactives ou 

biomimétiques. Dans une perspective méthodologique, à l’aide d’études expérimentale et 

théorique portant sur le biphényle, molécule symétrique constituée d’un unique rotor, il est 

tout d’abord démontré l’intérêt des méthodes de simulations par dynamique moléculaire pour 

évaluer l’ensemble des couplages dipolaires d’un soluté donné dans une phase thermotrope, 

ultérieurement utilisés comme paramètres initiaux dans une analyse spectrale itérative, et in 

fine déterminées précisément. L’analyse spectrale chronophage et dont l’aboutissement est 

incertain si les paramètres initiaux sont difficiles à estimer, en est ainsi facilitée. Puis, les 

distributions conformationnelles d’anti-inflammatoires non stéroïdiens de dérivés salicylés et 

profènes, fluorés ou non, constitués d’un ou deux rotors indépendants sont présentées. Via 

l’utilisation inédite du modèle AP-DPD dans les solvants nématiques (chiraux) lyotropes 

faiblement orientants, et à partir des couplages dipolaires homo- et hétéronucléaires 

notamment obtenus grâce à l’expérience RMN GET-SERF, créée à propos pour permettre 

l’extraction simple et rapide des couplages 1H-19F, les surfaces d’énergie potentielle de ces 

biomolécules sont décrites de façon satisfaisante. Enfin, les équilibres conformationnels de 

deux stilbénoïdes constitués de deux rotors coopératifs sont déterminés dans deux solvants 

cristal-liquide, l’un fortement, l’autre faiblement orientant. Ces études comparatives 

permettent de discuter la fiabilité, la précision et l’accessibilité des observables RMN extraites 

dans les phases, et d’établir la complémentarité des analyses RMN réalisées dans ces solvants. 
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