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Introduction

In the past four decades, high-performance liquid chromatography has gained
universal acceptance in numerous fields (e.g. pharmaceutical, biological, environmental and
food analysis). In the early 1970s, the first commercial packings became available (uBondapak
C18, 30 cm X 3.9 mm x 10 pym) and John Knox proved the theoretical benefits of using
columns packed with small particles. Twenty years later, James Jorgenson provided the proof-
of-concept of extending the HPLC performances by using systems capable of working at higher
pressures with sub-2 pm particle columns. Their commercial introduction came in 2004 with
short narrow-bore columns packed with sub-2 um fully porous particles and chromatographic
systems capable of supporting pressures up to 1000 bar. This technology is referred as Ultra-
High-Performance Liquid Chromatography (UHPLC) and provides faster analyses while
maintaining the chromatographic performance, or higher resolution with a reasonable
analytical throughput. Another efficient approach is High-Temperature Liquid
Chromatography (HTLC), but as UHPLC it requires a costly dedicated instrumentation. An
alternative way allowing to work with a conventional HPLC instrumentation is the use of core-
shell particles (i.e. superficially porous particles). This technology is of crucial interest as it
combines low-pressure with high efficiency. These particles consist in a solid core surrounded
by a porous shell, and the columns packed with them allow for working faster with
performances equivalent to those obtained with smaller particles.

One of the main axis of the SMS laboratory concerns the development of original
stationary phases based on fully porous particles. This PhD work was devoted to the transfer
and the development of this expertise in functionalization and characterization. The main goal
was to extend the range of stationary phases based on superficially porous particles. As the
column packing is an important step that directly impacts the efficiency, this PhD work was
achieved in collaboration with Interchim R&D, which provided the bare silica material and

managed the column packing.

This thesis presents a multidisciplinary character that is summarized in the scheme
below. Indeed, the strategy followed during this work encompasses the silica pretreatment and
the functionalization step (i.e. Synthesis), the characterization of the modified particles through
various and complementary techniques (i.e. Characterization); and finally the chromatographic
study by selecting the adapted test (Tanaka, Veuthey) for the properties to be evaluated and
the surface chemistry of the stationary phases. Those tests were also conducted on the

commercial ones, which generated an important amount of data. Consequently, chemometric
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approaches (Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA)) were
used to process the data and to place the home-made stationary phases among the

commercial ones (i.e. Analysis & Data processing).

Synthesis izati
’ Characterizstion Analysis & Data processing
| |
Pretreatment & Functionalization i \
b= = Elemental analysis
| ey 28§, 13C, 'TH NMR
Microwave / HPLC column
" N\ . IR spectroscopy
Silica LS l“ S
particles Microscopy
o = =~ "\ Granul
0.0 @ | ranulometry
O = Modified

s Specificsurface area
particles Statistics (PCA, HCA)

Thermogravimetry

Representation of the three main steps for the development of new stationary phases: synthesis,

characterization, and data processing

The present thesis is divided into four parts:

Chapter 1 introduces the theoretical bases and the concepts that will be used in this
manuscript. A brief review of the recent technology developments is proposed, and among
them the core-shell technology (I.1). The different chromatographic modes are presented (1.2)
with a particular emphasis on the silica functionalization (1.3) and the techniques available to
characterize the grafting (1.4), including the precise molecular modeling (I.5). The
chromatographic evaluation, both kinetic and thermodynamic aspects, are then covered and
the data processing by chemometric approaches is finally presented (1.6).

Chapter 2 gathers the four articles published corresponding to the development of
stationary phases, from the silica pretreatment and the grafting, to the stationary phase
characterization. The first study is focused on the experimental conditions to graft efficiently
silica, whatever the organosilane chosen (1I.1.1). The second study presents the impact of the
silica thermal pretreatment on the silanol population and finally on the chromatographic
properties (11.2.1). Additionally, a high temperature pretreated C18 silica was used in the context
of phenanthrene ultra-purification (11.2.2). The last study of thermally pretreated silica has been
conducted during an internship with Prof. Jean-Luc Veuthey and Dr. Davy Guillarme, LCAP,

Université de Genéve. The kinetic performances and the applications of the different pretreated
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silicas were particularly investigated in Hydrophilic Interaction Chromatography mode (HILIC
mode, in 11.2.3).

Chapter 3 is devoted to the development of non-conventional stationary phases from
the grafting to the stationary phase characterization, and the ligand modeling by Density
Functional Theory (DFT). The last article pointed out the potential of DFT to help understanding
the chromatographic properties of some original stationary phases capable of developing
multiple interactions. This is the case of the polar-embedded aromatic stationary phase that
have been developed in the mono- and tri-functional version (Ill.1). Also, the second part of
my internship has been achieved under the supervision of Prof. Ivan Jabin (LCO, Université
Libre de Bruxelles) to synthesize calix[6]arene derivatives, and characterize them for further
grafting onto silica particles (lll.2).

Finally, the Appendices report the collaborative works that have been achieved during

this thesis.
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Chapter I. Generalities and State of the Art

I-1. Throughput analyses in Liquid Chromatography: Sensitivity,

speed, resolution compromise

I-1-1. Chromatographic fundamental background

Before enter into details, it seems adequate to specify some fundamentals that will highlight

the last developments in terms of instrumentation and chromatography developments.

[-1-1-1. Retention factor

The retention factor (k) described in Equation 1 and 1’ is a thermodynamic parameter,
independent of some key variable factors including flow rate variations and column
dimensions. It is a useful parameter when comparing the retention of various solutes obtained

using different HPLC systems in isocratic mode (Figure 1).

tr, —t . .

ky = RAti 2 withty = te +t; Equation 1

tr, —to
o

So thatk, = with t, K« t; Equation 1’

With tg, the retention time of the solute A, t. and t; the mobile phase time outside and inside

the column, respectively ; and t, the dead time.
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Figure 1: Standard chromatogram of two solutes

fime

Chromatographers like keeping retention factor values between 2 and 10 for optimized
separations. The most effective and convenient way to alter the retention factor is to adjust the
solvent strength of the mobile phase, typically by modifying the amount of organic modifier

in the mobile phase mixture.



Chapter I. Generalities and State of the Art
[-1-1-2. Selectivity factor

The selectivity factor (a) described in Equation 2 is another thermodynamic parameter, and

corresponds to the ability of the chromatographic system to distinguish two successive eluted

components.
k .
Oap = k—B Equation 2
A

With k, and kg the retention factors of the solute A and B, respectively (and B the later eluting

compound)

The selectivity is equal to one for co-eluted compounds, and then a higher value indicates
better separation. This factor depends on the system solute- Mobile Phase- Stationary Phase
(MP-SP) for a given analysis temperature; and may be modified to optimize or change the
HPLC separation. Altering the system selectivity is a good strategy to optimize the resolution
since small changes in selectivity can lead to large changes in resolution.
For a specific application with a specific column, various changes in the mobile phase can be
envisaged to change the selectivity:

> Nature and amount of organic modifier that impact the solvent strength and change

the type of interactions

> pH value as the degree of ionization of some solutes affects their hydrophobicity
The temperature has also to be considered as it alters drastically the selectivity for some pairs
of solutes.
Last but not least: one of the most efficient way to change the selectivity is to change the

stationary phase for another chemistry.

[-1-1-3. Efficiency

The efficiency is a kinetic parameter measuring the dispersion of the solute band during the
path through the HPLC system and column. This dispersion depends on the system solute-
mobile phase- stationary phase for a given analysis temperature. The chromatographic
parameter reflecting the column performance is the number of theoretical plates (N) and is

calculated using the following Equation 3, provided a Gaussian peak:

Equation 3

With w, /, the half-height peak width, H the height equivalent to a theoretical plate, and L the

column length.
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Martin and Synge’, by analogy to distillation, introduced the concept of height equivalent to a
theoretical plate (H, or H.E.T.P.,) as a measure of the chromatographic efficiency and as a means
to compare column performances. Each plate represents the distance over which the solute
achieves one equilibration between the stationary phase and the mobile phase. Measuring the
separation efficiency is answering at the question: How many times is the Analytemr — Analytesp
equilibrium achieved? Consequently, the higher the number of plates available is, the more
important the possible equilibria are, and so the better the quality of the separation is. Martin
and Synge recognized that a homogeneous bed packed with the smallest possible particle size
(requiring higher pressure) was a key to achieve the maximum efficiency. The relation between
column and separation system parameters affecting bandspreading was later described by van

Deemter?.

Many factors contribute to the peak broadening, but considering an optimized system with
negligible extra-column volumes; the biggest contribution comes from the column itself. The
quality of the column packing, the length of the column, but also both the particle size

dispersion and dimension, play an important role in the overall efficiency.

The diffusion of solutes through the column is represented by the 3 terms explained in
Equation 4, with the dependence of the diffusion coefficient D, in the MP, the retention factor

k, and the particle diameter d,, on the height equivalent to a theoretical plate (H):
B D d3 .
H=A +H+C ><u=27\dp+2yT+f(k)D—u Equation 4

With A, B,C the coefficients as described below, u the linear velocity, A the packed bed
structural uniformity factor, y the tortuosity factor.
A schematic representation of the contribution of those diffusion terms is presented in Figure

2.
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Figure 2: Schematic representation of the van Deemter terms. Adapted from’

In general, the nature and the size of the particles impact the efficiency: Efficiency is improved
when using Superficially Porous Particles (SPP) instead of Fully Porous Particles (FPP), and also
the smaller the particles are, the higher the efficiency is.

A-term is the convective dispersion or streamline-splitting (eddy-diffusion) parameter, related
to channeling through a non-ideal packing. It can be minimized by packing columns
homogeneously with silica particles of small and controlled particle size.

B-term is the longitudinal molecular diffusion coefficient of the eluting solutes in the
longitudinal direction. It can be minimized by working at high flow rates and using organic
modifier of lower viscosity (by reduction of D)

C-term is the resistance to the mass transfer of the solute in the stagnant mobile phase and in
the stationary phase. It can be minimized by working with a lower flow rate and finally at a

higher temperature.

[-1-1-4. Resolution

Obtaining an optimal resolution in a minimum of time is a challenge for chromatographers.
Indeed, a value of 1.5 between two consecutive peaks of approximately same magnitude
ensures a convenient baseline separation. Assuming that the two adjacent peaks of solutes A
and B that have equivalent half-height peak widths, the fundamental Purnell equation can be
expressed (Equation 5). The resolution (Rs) is affected by three important parameters:

selectivity, efficiency, and retention, and their importance is illustrated in Figure 3.

\’NB aag—1 k .
x 2B« B Equation 5

Rspyp =
AB 4 oA B kg+1

10



Chapter I. Generalities and State of the Art

30¢
s a
25
— 20
) [
= L
S 15t
32
§ 10F
o ' k
o5
Aedededeccd bbb a A bbb b L b b b 2 L 4 4 A b
00‘ & -~ (L
1.00 1.05 1.10 1.15 1.20 1.25
LAl L L Lttt
0 5000 10000 15000 20000 25905”!
o 5 10 15 20 zsk

Figure 3: Incidence of selectivity, efficiency, and retention on resolution, adapted from®*

[-1-1-5. Peak asymmetry

Ideally, all chromatographic peaks would be symmetrical (Gaussian). However, due to the
effects of extra-column volumes, adsorptive effects of the stationary phase and the quality of
the column packing, peaks can be distorted. Asymmetrical peaks lead to a loss of resolution
making the quantification imprecise, and to poor retention reproducibility. The asymmetry
factor is estimated at 10% of the peak height. The tailing factor is estimated at 5% of the peak
height. These two parameters are calculated according to the Equation 6 and represented in
Figure 4.

AB

BC .
As = e and TF = TAC Equation 6

time =

Figure 4: Representation of peak asymmetry and peak tailing factors

Standard limits are set for peak asymmetry. An As value between 1.00-1.05 (1.00<TF<1.03) is

considered as excellent.

Some standard values have been proposed, as by the Food and Drug Administration (FDA)

that deemed acceptable the chromatographic values listed below (Table 1).

11
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Parameter Limit
Retention factor k>2
Resolution Rs > 2
Tailing factor TF <2
Efficiency N > 2000

Table 1: The current FDA values for the validation of chromatographic methods®

[-1-2. Modern instrumentation

In the past four decades, High-Performance Liquid Chromatography (HPLC) has been largely
used and there is no doubt that it has now gained universal acceptance in industrial as in
academic laboratories. This is the method of choice for various fields such as pharmaceutical,
biological, environmental and food analysis.

The main evolutions are presented in Figure 5.

HPLC UHPLC

First systems

1
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o
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chlorophyliin o
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Chromatography discovery, Tswett ==y Sub-3 ym

Figure 5: Schematic representation of the main technology developments over the years
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Many improvements have been done in terms of instrumentation but also in terms of
chromatographic supports, and the following part is dedicated to the strategies allowing to

increase the throughput of HPLC.

[-1-2-1. Last evolutions in LC systems

Last years, important improvements have been done in LC systems to fit with the new column
generation®®,

Indeed, due to the lower peak width obtained in UHPLC (<5 s), the UV detector acquisition
rate (Vacg) has to be high enough to ensure a sufficient number of acquisition points per peak.
As analysis time is a big deal, the delay volume (Vq) and injection cycle time (tij) have to be

reduced to ensure fast analysis.

The evolutions on those parameters are listed in the Table 2, adapted from the Fekete et al.

publication®.
LC systems Vg (mL) ting (S) Pmax (bar) Vacq (HZ) 0%ec (UL?)
HPLC 05-50 60 400 10 - 20 > 50
UHPLC 0.1-1.0 8-60 600 - 1,300 40 - 200 1-25

Table 2: Technical values for the modern UHPLC instrument and HPLC instrument, adapted
from®. Values ranged from the worst and the best commercial instrument.

Another critical point is the extra-column volumes, as they directly impact the global efficiency.
Indeed, the peak width depends on the column itself, but also the ability of the instrument to
preserve it by reducing the dispersion sources that contribute to peak broadening’. It is

especially important when using short and/or small I.D. columns®.

[-1-2-2. Extra-column volume evaluation

Such volumes came from injector, tubing, and detector cell. To evaluate their contribution,
different methods have been developed and allowed for the determination of extra-column
variance (0°%) in uL% Such evaluation is not trivial because it is influenced by many parameters:
mobile phase viscosity, flow rate, molecular diffusion coefficient of the solute, temperature,

and injection volume.

13
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Gritti et al. proposed to measure 0% without the column®'® considering the half height peak
width, or using the method of moments. It is also possible to measure it with column, by
subtraction of the column variance (0%o) to the global variance (0% for a solute which
extrapolated retention is equal to zero (k = 0)"".
This determination is possible considering that the experimental value g% corresponds to the

sum of 6% and 0% as represented in Figure 6.

|

HPLC
ALY

Injector Detector

HPLC column

HPLC
solvent

=P Tubing

waste

Figure 6: Representation of the contributions to peak width 0%t = 0ol + O%ec

The total variance 0%t depends on the column dead volume, efficiency and retention factor of

the solute (Equation 7)

2 2 2 2 Vi 2 Vax(k+1)?
Otot = Oec + Ocol = Oec + = O¢c +

Neo Equation 7

Neol

With o? the variance, V, the column dead volume, and V, the retention volume.

Considering this equation, it is important to reduce 6%, by reducing the detector cell volume,
the injection volume, and the tubing dimensions”'?. Modern “zero dead volume” connectors
are commercially available, but reducing the I.D. generates backpressure that has to be

considered during the optimization of the system.

The final efficiency (called the restituted efficiency, E;) is necessary less important than what it
should be, and this loss of efficiency could be expressed as a percentage of the “real” column

efficiency (Equation 8)

2

Er = 100 X 12 = 100 x <ol — Equation 8

col OextT Ocol

With o? the variance and N the efficiency.
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The absolute importance of reducing extra-column variance has been highlighted by Fekete et
al® who calculated that with a HPLC system (0%c > 100 uL?), a 2.1 mm I.D. x 50 mm, 1.7 ym
column and for a solute of k = 5, only 30% of the column efficiency could be restituted. As a
comparison, on a UHPLC system with only 10 uL? of extra-column variance, 80% of the column

efficiency could be restituted.

This performance loss could be minimized by using the gradient mode that allows to
compensate the peak broadening pre-column contribution by the elution band compression
that occurs for separation in gradient mode™ ™. The post-column contributions (detector cell
and tubings) are nevertheless remaining so there is a need to evaluate precisely the
chromatographic system, especially the extra-column volumes, to select the most adapted

column dimensions and avoid important loss of efficiency.

Also, it has to be noticed that even with reduced extra-column volumes such as those of
modern UHPLC instrument, the columns used on it are also extremely minimized (2.1 mm I.D.
x 50 mm), justifying continuous effort to benefit of the best performances of such column

technology.

I-1-3. Kinetic performance evaluation

[-1-3-1. Van Deemter equation

To evaluate the kinetic performances of columns, the van Deemter curve is often plotted,
recording the efficiency N (inversely proportional to H, as expressed in Equation 3) at different
mobile phase linear velocity u. This curve allows for determining the optimal linear velocity

U,pt at which the efficiency is maximal (Hpin) ™.

15
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'3
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u

Figure 7: Predominant terms in the van Deemter curve depending on the mobile phase linear
velocity

As can be noticed in Figure 7, the A-term that depends on the particle diameter and expresses

the packing quality is constant. The B-term (f(Dy,,k)) is predominant at low linear velocity,

2
contrary to the C-term (f(];i—p,k)) that is the most important at high linear velocity.

m

Consequently, the most flat and low, the most efficient at high flow rate is the column.
However, the van Deemter curve does not provide information about the permeability and the
backpressure'.

When evaluating different columns of different geometries, another equation proposed by
Knox uses the reduced parameters that are dimensionless quantities. The reduced plate height
(h) is defined in Equation 9 and the reduced velocity (v) in Equation 10, for the Knox equation

in Equation 11.

H

h = pm Equation 9
V= u;ﬂ Equation 10
h=av'/? + % +cv Equation 11

For well-packed columns of varying particle size and differing conditions, the coefficients a, b

and c will be roughly constant (e.g. a =1, b = 2, and ¢ = 0.05 for porous particles).

[-1-3-2. Kinetic plots
Instead of considering the experimental plate number, the kinetic plot methodology considers
an extrapolated value, namely the pressure drop limited plate number, which can be easily

calculated and combine both efficiency and permeability (K,) (Equation 12, 13 and 13")".

uxLxn _ Lxn
Ky Ky

AP = X u Equation 12
With n the viscosity.
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Recording the backpressure at different mobile phase velocities give access to the column
permeability that is the slope of the plot AP = f(u) (provided that the instrument backpressure

is subtracted at each u)

K, = L% Equation 13
dyp . '
Kyi = r» Equation 14

With, S the slope of the plot AP = f(u), and ¢; the resistance flow factor.

The impedance parameter (E; in Equation 14 and 14') is a dimensionless value that describes
the overall separation power (i.e. the ability to produce high efficiency with short retention time
and low pressure drop). So the lower the value is, the most efficient the column is for a low

backpressure'®.

t AP H_z .
Ej =5 % TR Equation 15
With AP the backpressure.
E; = h? X ¢; Equation 16’

In the early 70's, Knox and Saleem already noticed that a compromise has to be found between
efficiency and analysis time™. It was the beginning of the particle diameter decrease for faster
analysis, as it was later confirmed by Poppe®. Then, Desmet proposed a refined simplified
model of the Poppe developments that led to the so-called kinetic plots. Those plots allow for

knowing the required time to reach a desired theoretical plates?®?'

. Basically, instead of
considering the theoretical N, this theory takes into account an extrapolated value of N, for a
column length and a mobile phase velocity generating a backpressure that corresponds to the
instrumentation maximal backpressure. The two fundamental equations (Equation 15 and 16)

are used to generate such data, by adding the experimental values of u and H*.

AP _ Ky

Kyi AP .
u=—X-"-andL=NXH—->N=—"/—x— Equation 17
n L uxH n
AP _ Kyi L Kyi AP .
u=—X-—"—andtj=-—>tj=—"F%X— Equation 18
n L u u n

The advantage of using the kinetic plot theory is the possibility to directly compare different
columns or different technologies (e.g. monolithic vs particulate columns). Indeed, the theory
takes into account both the column and instrumentation characteristics, allowing, for a given
efficiency, to select the most adapted support to reach this efficiency as fast as possible on the
given LC instrument.

17
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Figure 8: Kinetic performances of different HPLC technologies with the kinetic plot approach. (a)

L=f(N), (b) N=f(to), (c) to/N?=f(N), (d) to=f(N). (d) corresponding to kinetic plots constructed for
Waters Acquity BEH C18, 1.7um, considering n= 0.85cp. Adapted from?®

In the example illustrated in Figure 8, the kinetic performances of different technologies were
compared. The Figure 8a (L=f(N)) presents which column reaches a certain number of plates
on the shortest column length. For example, the best solution to obtain faster 10,000 plates is
doing UHPLC or using the sub-2 um particles. Also, it proved that in UHPLC, having a column
length higher than 60 c¢cm is not interesting as efficiency cannot be higher (due to the
backpressure restriction). The Figure 8b (N=f(to)) gives insight on the time analysis, especially,
the dead time necessary to obtain the 10,000 plates. Then the Figure 8c allows for conserving
the van Deemter curve shape, and by tracing the time lines, having directly the time necessary
to obtain the required efficiency. With this representation, the most to the bottom left it is, the
best is the ability to generate quickly high efficiency. For a given plate numbers (x-axis), the
lower curve is the technology allowing to reach it as fast as possible, changing both the column
length and the mobile phase velocity to maintain a specific maximal backpressure. For instance,

if we focus on the particle diameter importance, for fast analysis with an efficiency lower than
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50,000, sub-2 ym columns (Figure 8c in green) are recommended. However, when very high
efficiency is required, columns packed with larger particles (Figure 8c in black) are more
adapted. As they generate lower backpressure, longer columns that improve efficiency can be
used, without exceeding the maximal pressure. Increasing the fixed value of backpressure
would shift the curves towards higher efficiency, which could extend the range of use of sub-
2 pum columns. This feature is illustrated in Figure 8d, in which the fixed data is the column
dimensions and no more the backpressure. High-throughput and high-efficiency experiments
can be done in LC by increasing the backpressure available.

This discussion applies for k being constant, so adapting the mobile phase conditions from a
column to another one. If the data presented here were obtained in isocratic mode, such
representations can also be done in gradient mode. In this condition, instead of efficiency, the

peak capacity (n) is considered® with the maximal backpressure during the gradient™.

I-1-4. Technology strategies: faster, hotter, smaller

Previously achieved with conventional LC columns (4.6 mm (1.D.) x 150 to 250 mm length)
packed with Fully Porous Particles (FPP) of 3.5 to 5 um as particle diameter (d,), and with
analysis time ranged from approximately 10 minutes to one hour, HPLC encountered
limitations due to new analytical challenges. Among them, the number of samples and their
constant complexity (e.g. metabolomics) led to new LC instruments, allowing to reduce the
analysis time and to reach better resolution as presented previously.

The following part of this manuscript is focused on the different technology strategies that
could be set up to achieve high efficient separation, in a continuously reduced time, and
increased sensitivity.

Among them, the core-shell technology (i.e. use of SPP) is a very performant one that allows
for working faster, achieving high efficient separation without generating pressure
incompatible with conventional HPLC equipment. Before deeply presenting this technology,
some others are also of interest such as monolithic columns®*, sub-2 ym columns of FPP'>?*,

and High-Temperature Liquid Chromatography (HTLC).

[-1-4-1. Monolithic supports
Increasing the mobile phase velocity is a direct way to ensure fast analysis. However, it impacts

efficiency and generates excessive backpressure due to the resistance of the liquid mobile
19
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phase passing through the particle packed bed. The permeability of the column can be

improved by increasing the column porosity.

First developments of monolithic columns were reported in the 90's***° and led in 2000 to a

commercialization by Merck (Darmstadt, Germany).

In this technology, a porous one-piece stationary phase is trapped into a PolyEtherEtherKetone

(PEEK) tube. The stationary phase can be based on polymer or on silica, the latter being more

adapted to the analysis of low molecular mass solutes and providing better performance in

HPLC. The interest of monoliths is essentially due to the bimodal structure made of macropores

(1 to 5 ym) and mesopores (10 to 30 nm). Macropores provide good permeability and allow

for working at high flow rate without excessive pressure drop, and mesopores provide a large

surface area in which retention occurs®'.

Many advantages result from this monolithic structure:

» High mobile phase velocity: It was shown that this parameter could be inscreased by 5-
fold compared to columns packed with 5 um silica FPP at equivalent dimensions, at
pressure compatible with HPLC systems®*3,

> High kinetic performances: The reduction of the C-term of the van Deemter curve
allowed for reaching comparable kinetic performances for monolithic silica and
columns of the same length packed with 3-4 ym FPP silica particles®.

» High-resolution analysis: For very high efficiency, monoliths are of prime interest, due
to the possible connection of monoliths in serie. Plate count higher than 100,000 have
been reached in such configuration®3*,

Also, a second generation appeared in 2011 and provided efficiency comparable to sub-2 pm

particles, but backpressure 3-fold higher than the first generation. Concerning efficiency, Gritti

37-39

and Guiochon published a study in three parts devoted to the Eddy diffusion coefficient

determination.

Nevertheless, some limitations associated with monoliths have to be noticed and
counterbalance such advantages. First, couple many monolithic columns is costly, and not
compatible with high throughput separations. Also, silica-based monoliths present some
disadvantages such as low mechanical (Pressure < 200 bar due to PEEK bursting), thermal
(temperature < 60°C) and chemical resistances (2 <pH< 8); and the loss of chromatographic

performances due to inhomogeneity of the silica network.
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Also, there is a limited number of providers of such technology (mainly Merck and
Phenomenex), offering narrow range of surface chemistries (essentially C8 and C18) and
column geometries (essentially 2 or 3 or 4.6 mm I.D. X 100 mm maximum). Moreover, bleeding

is encountered when using Mass Spectrometry (MS) detection.

I-1-4-2. High-Temperature Liquid Chromatography (HTLC)

Many parameters can be considered during method developments: those concerning the
mobile phase (composition, pH, and ionic strength), those concerning the stationary phase
(type, particle, pore size and column dimensions). In addition to the liquid chromatography
parameters, temperature has gained greater attention as another important variable in HPLC
during the last decades.

Some good reasons led the researchers to investigate methods at elevated temperature due
to some theoretical analytical benefits. Nevertheless, some practical issues must be considered

in developing High Temperature Liquid Chromatography (HTLC) approaches.

Major advantages of HTLC include shortened separation time, improved peak shape and
increased efficiency (on a larger flow rate range), and reduction of organic solvent amount.
Indeed, working at high temperature allows for increasing the optimal linear velocity and
improves the mass transfer. The Wilke/Chang equation takes into account the effect of
temperature for the diffusion coefficient Dy, (Equation 17), explaining why at higher flow rates
the C-term is lower and uopt is improved (Equation 18 and 19)*. Also, the lower backpressure
(Equation 20) due to the decrease of viscosity of the mobile phase when using HTLC allows for

working at higher flow rates to reduce run times.

Dy % Equation 19

With T the temperature.

vXDm

u=—=2 Equation 20
p
C= f(gim) Equation 21
Also, the Darcy's law specifies the effect of viscosity in backpressure in Equation 20.
AP = uxl(;x;qxq) Equation 22
p

With ¢ the resistance flow factor.
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First, regarding efficiency (Figure 9), temperature is a useful parameter to be considered when
optimizing methods. While the A-term could be considered independent of temperature, the
remaining B and C-terms are both temperature-dependent. Indeed, the B-term is directly

proportional to the diffusion coefficient Dy, which is also a function of the temperature.
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Figure 9: Representation of the van Deemter curves as a function of the isothermal separation
temperature (a) T= 75°C, (b) T= 125°C, (c) T= 175°C, adapted from™'

From this representation, it can de deduced that the minimum plate height obtained is
relatively independent of the temperature employed. Moreover, when the temperature is
increased, the profile of this curve changes. At elevated temperatures, the minimum of the
curve is shifted to higher linear velocities. In addition, at flow rates higher than the optimal, the
increase is more moderate. This means that if a separation is carried out with a mobile phase
flow rate which is much higher than the optimal flow rate, the loss of efficiency at higher
temperatures is less pronounced than at lower temperatures. So there is a significant
advantage of applying higher temperature when working at flow rates above the optimal value

due to the lower C-term.

More viscous organic modifiers such as 2-propanol can be employed to tune selectivity®.If
high efficiency is required, smaller particles or longer columns can be employed, and at above
optimal flow rate to obtain fast efficient separations. The decrease of retention leads to a lower
organic solvent consumption, which presents financial benefits. Also, less expensive and/or

toxic solvent such as ethanol can be used as mobile phase, even pure water®.

Then, the temperature impacts also the retention and selectivity as described in the Van't Hoff
equation (Equation 21)*.

Ink = §—2+A7:+1n[3 Equation 23

22



Chapter I. Generalities and State of the Art
With R the universal gas constant, AH and AS the enthalpy and entropy of transfer,
respectively, and B the phase ratio (i.e. the ratio of the volume of mobile phase to that of the

stationary phase).

As a function of variations of the temperature, changes in retention can be caused either by
changes in enthalpy or entropy. However, deviations from linearity derived from different
desorption kinetics of functional groups (e.g. ionizable groups), dual retention mechanisms, or

temperature-related changes of the mobile phase (e.g. pH)*.

Despite those advantages derived from using HTLC, some considerations have to be taken into
account such as the suitability of instrumentation to operate at high temperature, the thermal
stability of solutes and stationary phases used, and the suitability of the detection method

employed.

When operating at high temperatures, radial temperature gradients across the
chromatographic column can lead to thermal mismatch band broadening which is a major
drawback for HTLC systems*. Preheating the mobile phase or using capillary columns can

minimize this effect.

Considering instrumentation, if the majority of the conventional HPLC components can be
used, dedicated oven enables to work up to 200°C*'. Also, compatibility with high temperatures
is necessary for a number of instrumental components inside the oven and post-column.
Efficient heating and precise temperature control are critical in HTLC. Ideal HTLC temperature
control systems should ensure effective homogeneous heating efficiency for both the mobile
and the stationary phases throughout the separation column to eliminate thermal mismatch.
Indeed, because the analytical column is heated in HTLC at a temperature higher than that of
the mobile phase in the reservoir, the low temperature of the incoming mobile phase does not
match the high temperature of the separation column if the eluent is not preheated efficiently.
This thermal mismatch causes poor reproducibility and other separation problems. Some
instrumental strategies were developed as the addition of a preheating coil inside the oven or
a heating unit can be added to heat the mobile phase before entering into the column*. The
extra tubing void volume has to be minimized to reduce additional peak broadening.

The major drawback is the degradation of the SP***°, Some stationary phases were investigated
in HTLC>"*? and in general, some silica-bonded packings showed good long-term stability at
temperatures around 100°C, although many of them cannot tolerate such temperatures.
Zirconia- and other metal oxide-based columns normally can be used at temperatures ranging
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from 100°C to 150°C for several thousand column volumes without significant degradation of
the stationary phase. Among all existing LC packing materials, polymer stationary phases (e.g.
poly(styrene-co-divinylbenzene)) are very stable ones, and can be used reliably at high
temperatures, typically at 150°C or higher. However, the efficiency of polymer columns is
poorer than that of silica- and zirconia-based columns. Other stationary phases tested in HTLC
included Porous Graphitized Carbon (PGC) up to 200°C, and monolithic, encapsulated silica
and ethylene-bridged hybrids are stable above 180°C under aqueous conditions®. Specially
designed HPLC chips columns also were used for LC separations at various temperatures®. In
addition, microbore columns, packed capillary and open tubular columns also have been used

in HTLC, and they are more appropriate for separations with programmed temperature.

HTLC separation shortens the solute exposure time to high temperature, which minimizes the
solute degradation>*. Even some pharmaceuticals can withstand high temperatures on the time
scale of fast HTLC separation®*. For separation and analysis of biomolecules, sub-ambient or
low temperature can be more appropriate to avoid degradation. If HTLC is used for analysis of
biomolecules, ultrafast separation conditions should be considered to minimize the solute

exposure time to the harsh high-temperature conditions.

Concerning detection, the most attractive option is to use Mass Spectrometry (MS), but UV-
visible can also be used with some considerations. The temperature of the UV flow cell should
be constant even during temperature-programmed elution. Moreover, the oven has to contain
a post-column cooling to avoid damage of UV cell. Also, the risk of bubbles formation can be
countered by adding a pressure restrictor post-detector. Some other detectors such as
Evaporative Light Scattering Detector (ELSD) and Corona Charged Aerosol Detector (CAD) can
be used without post-column cooling®. Also, flame ionization detection is practicable but is

limited to non-organic mobile phases®.

The combined effects of high temperature and low pressure make it possible for HTLC to use
very high flow rates to achieve fast separations, which make HTLC a performant technology to
deal with applications requiring high efficiency at elevated flow rates, and for selectivity
optimization or increased eluent strength for complex matrices. More robust columns are still

needed to cope with long-term operation at high temperatures.
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[-1-4-3. Sub-2 ym and UHPLC

At the same time of improving and diversifying the stationary phase chemistry, the silica
particle itself evolved with the trend of reducing particle diameter (dy) to reach better
chromatographic performances®’. The theoretical benefits for columns packed with small

particles (sub-2 pm) were demonstrated in the 70’s by Knox et al.".

The main reports dealt with lab-made ultrahigh pressure instrumentation usually connected
with capillary columns, with a special study of the injection and pumping devices. The main
papers were published by MacNair et al*®*°, Halasz et al®® and many others®" . Even chiral
separations were done, Lee et al. used a UHPLC system capable to reach 3600 bar and allows
for the separation of a 6 racemic herbicides in less than 1 minute in 1999%. In 2003, Jorgenson
et al. succeeded in reaching 300,000 plates on a 430 mm x 50 mm, 1.0 ym column but with a
pressure of 7200 bar®. At the same time, Xiang et al®’ discussed about safety aspects in
ultrahigh pressure capillary chromatography. They provided the proof-of-concept that working
with columns packed with sub-2 um particles on systems able to support very high pressures

was a good combination to extend significantly the HPLC performances.

The breakthrough came in 2004 with the commercial introduction of short narrow-bore
columns packed with FPP of 1.7-1.9 uym diameter (sub-2 um) and chromatographic systems
capable to support pressures up to 1000 bar.

Compare to FPP of 5 um, the size reduction increased significantly the efficiency (N) as

described by Equation 22.

L L
N = —=
H hxdp

Equation 24

With UHPLC, three strategies are of interest depending on what has to be favored:

» High throughput: To ensure fast analyses, it is possible to reduce the column and
particle dimensions (from 150 mm x 5 pm to 50 mm x 1.7 ym) with preservation of
efficiency, provided that low dispersion systems are used.

> High efficiency: By maintaining the column length and using 1.7 pm particle instead of
5 um particles, efficiency can be increased by 3-fold.

> High resolution: If very high efficiency is required, working with 150 mm length column
packed with 1.7 um particles instead of 5 um, it is possible to couple the columns to
increase peak capacity while maintaining an equivalent time of analysis.
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Moreover, when d; is reduced, the optimal linear velocity is higher as illustrated by Equation
18.

Sub-2 um particles are even more advantageous when working at u>u.p: because the C-term
of the van Deemter equation-the most important term in those conditions- is reduced as
illustrated in Equation 19.

Also, the Darcy relation links the diameter particle with the backpressure generated in Equation
20.

The use of sub-2 pum particles requires UHPLC systems because of the generation of
backpressure not compatible with conventional HPLC instruments limited at 400 bar®®®°. Some
limitations or precautions have to be underlined when using such technology to benefit of its

advantages over the long-term.

First, the mechanical resistance of sub-2 um particles has to be very important to support
packing pressures that are higher than those used during UHPLC analysis. It is a necessary
condition to avoid the formation of preferential ways during packing that are deleterious for
efficiency. Moreover, cracks of the silica particles may lead to frit clogging that have smaller
porosity than those used in HPLC (0.2 - 0.5 pm in UHPLC vs. 2 pym in HPLC). Due to the higher
risk of column frits clogging, it is necessary to use only high grade for solvents and salts, and

to filter the mobile phase through 0.22 ym membrane filters.

To increase the column lifetime, the chemical resistance can be improved by the Bridged
Ethylene Hybrid (BEH) technology, which corresponds to a hybrid silica particle containing
ethane bridges between two adjacent silicon atoms® 7,

All'in all, to extend column and instrument lifetimes, it is recommended to work at 70-80% of
APmax.

Another phenomenon that negatively impacts efficiency is the frictional heating that occurs
when the pressure exceeds 400 bar®®. The mobile phase percolation through the sub-2 pm
particle packed column induces overheating that, if not dissipated, leads to gradient
temperatures (both radial and longitudinal) inside the column®". In particular, longitudinal
gradients change the mobile phase viscosity and so the retention; and radial gradients cause
a deformation of the elution band in which the solutes at the center are faster than those near
the column walls. The elution band being wider, a loss of efficiency is noted’®’. This

phenomenon can be attenuated by using smaller column geometries (50 x 2.1 mm I.D. instead

of 150 x 4.6 mm |.D.)".
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Despite those possible complications that are intrinsically due to the use of ultra-high pressure,
the combination of sub-2 pm/UHPLC dedicated system is a very effective strategy to quickly
generate important plate numbers. Many investigations were done on theoretical aspects and
applications (mainly small and biomolecules). Nowadays, this technology is still in progress,
both concerning columns with particles down to 1.3 ym, and UHPLC systems operating at
pressure up to 1500 bar’®"8, The interest of UHPLC in 2D-LC has also been recently highlighted
and seemed a reliable way to plenary benefit of the UHPLC advantages. On UHPLC
instrument, higher flow rates can be employed if ultra-fast separations are required; or higher

column length can be used if ultra-high efficiency is necessary®®®'.

[-1-4-4. Core-shell technology

This technology was originally developed by Horvath® who proposed 30-50 pym particles
surrounded by a 1-2 um polymer, but with limited specific surface area and non-uniform and
instable surface. Then, in the early 70’s, Kirkland proposed a solid core of 10 ym surrounded

by a layer of spherical nanoparticles®.

The first commercialization by Agilent took place in the 90's under the trademark Poroshell,
and corresponded to a 5 um particle with a shell of 0.25 pym. The particles presented a better
mass transfer allowing for good performances for macromolecules (peptides/proteins)®, and

afterward for small solutes.

This technology was further updated and widespread since 2007 with the commercialization
of 2.6-2.7 um Superficially Porous Particles (SPP) made of a solid core with a shell thickness of
0.35-0.50 ym. It was rapidly used as an alternative to sub-2 um particles as they preserve
around 80% of Fully Porous Particles (FPP) sub-2 um efficiency with a backpressure 2-fold
lower®8>8¢ Sych sub-3 um SPP can be used with a conventional HPLC instrument provided
that the extra-column volumes are minimized.

SPPs allow for higher efficiency than the porous ones, as a result of the reduction of the
diffusion phenomena. Many studies and papers were done to explain the higher
chromatographic performances®’.

Actually, the narrow particle size distribution combined with a higher roughness allow for a
reduction of the A term of the van Deemter curve. Moreover, no longitudinal diffusion can take

place in the solid inner core, minimizing the B term. Finally, the global mass transfer resistance
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is slightly lower with SPP, so the C term is also reduced. Moreover, a study conducted by Gritti
and Guiochon showed that SPP had a higher thermal conductivity that decrease the radial
gradient temperature in the column and allows for working at higher mobile phase velocity

without increasing too much H%,

If only Agilent provided the Poroshell particle (4.50 pm core-0.25 pm shell) in the 90's, several
morphologies (diameter, porous shell thickness, porosity) are now available. Since 2007, the
real trend is the 2.6-2.7 um SPP. If there are many providers of columns based on SPP, few are
manufacturers. Consequently, the solid core is mainly 1.6-1.7 um surrounded by a porous shell,

further functionalized and commercialized on their own trademark.

The morphology impacts the kinetic performances and especially the shell thickness that
constitutes the active exchange surface for solutes®'%. As the layer is thin, the efficiency is
higher but the retention capacity and the loadability are limited, the latter being especially

deleterious for ionizable solutes™".

Some factors may limit the application of SPP for method scale up. First, few manufacturers
offer a preparative column format, making difficult the transposition from low quantitative
methods to preparative scale chromatography. Also, the loading capacity is lower due to
limited surface area (170-210 m?/q). It seems, at least for the moment, that a method has to
be run at the analytical scale (Quality and Control) and one at the preparative scale

(production).

A good compromise between efficiency, retention and loading capacity has to be found, but

this technology is now widely used for ultra-fast analysis'® and/or high-resolution analysis'®.

Nowadays, two opposite trends are noticed in terms of SPP size. The use of sub-2 um SPP
launch in 2009 (Kinetex 1.3 and 1.7 um by Phenomenex, and Cortecs 1.6 um by Waters) allowed
for reaching up to 500,000 plates/meter and pushed the chromatographic performance
limits'®1%, On the contrary, 4-5 um SPP launch in 2012 were developed for pharmaceutical
purposes to avoid the revalidation of methods already developed on FPP. Halo and Ascentis
Express 5 um SPP are available from Advanced Material Technologies and Sigma, respectively;
Kinetex 4.6 pm from Phenomenex and Accucore 4 um from Thermofisher Scientific.

Additionally, developments were proposed in terms of pore size, for instance, widepore SPP
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(300-400 A), launch in 2011, are available from Advanced Material Technologies (Halo 400 A)
and Phenomenex Aeris (300 A). Even with those improvements, there is still a lack scalability,
so it is stillimportant that manufacturers develop a wide range of stationary phases with scaling
options to improve lab-productivity. Especially, preparative SPP columns (21.2 mm I.D. launch

in 2013) and chiral columns are not very widespread.

As UHPLC, the SPP technology offers high efficiency with reduced run times, and require low

dispersion LC systems to provide the vaunted efficiencies.
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Conclusion

In the past four decades, many evolutions were done on HPLC that is nowadays, considered as

the technique of choice in numerous fields, including pharmaceutical, forensic, biological,

environmental and food analysis. Those evolutions encompassed the modern instrumentation

with continuously lower extra-column volumes to minimize the diffusion phenomena and to

obtain the highest possible efficiency.

To evaluate such kinetic performances, the van Deemter plots are widely used, and can be

completed by using the kinetic plot theory. In recent years, kinetic plots have become the tool

by which different LC columns, particle types, and particle sizes have been compared with each

other. Also, questions about performance, column length, and the merits of different

technologies (UHPLC, monoliths, SPP, HTLC) have been tackled using the same tools.

Some conclusions about those technologies and the modern instrumentation can be drawn

and are summarized in Table 3. Some assumptions for the future also have been highlighted

in a review of Guillarme et al.%®

Technology
- Low backpressure (high permeability)
Monoliths - HPLC system compatibility
- Lower organic modifier consumption
HTLC - Better peak shape for basic and large

molecules

- Ultra-fast analysis and high-resolution
in combination with UHPLC

- Easy method transfer from HPLC to

UHPLC UHPLC
- Fast analysis
- Availability of many sub-2 pm columns
- Lower diffusion than in FPP (especially
Core-shell for large molecules)
(SPP) - Better packing quality

- HPLC system compatibility

- Lack of chemistries, providers and long columns (150-
250mm)
- Undirect method transfer from HPLC to monolith

- Resistance (P<200 bar) and pH (2<pH<38)

- Thermal stability of SP and solutes at T>100°C

- Dedicated instrumentation (preheating + cooling devices,
backpressure regulator)

-Method transfer difficult as o depends on T

- Dedicated instrumentation ((low 0%, elevated acquisition
rate, fast injection, pumps)

- Consumable costs

- Frictional heating, solvent compressibility around 1000 bar
- Need of UHPLC columns for biomolecule analysis such as
large proteins

- Need of widepore SPP for large protein analysis

- Lower retention and loading capacity than FPP

- Lower backpressure resistance (<600 bar) than FPP sub-2 um
and pH (1<pH<11 for some surface chemistries)

Table 3: Advantages and drawbacks of approaches for high-throughput and high-resolution
analysis in liquid chromatography
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I-2. Liquid chromatography modes

Liquid chromatography is one of the most used separation techniques in many fields (e.g.
environment, pharmaceutical and food industries, chemistry, toxicology). The
chromatographic modes employed have to be adapted depending on the physico-chemical
properties of solutes. The partition coefficient (logP) is the ratio of the concentration of the
compound in octanol to its concentration in water (Equation 23). The distribution coefficient
(log D) is the ratio of the sum of the concentrations of all species of the compound in octanol
to the sum of the concentrations of all species of the compound in water (Equation 24).

[solute]sctanol
un—ionized

un—ionized)
[solute] i grer

log Poctjwat = log( Equation 25

log D  log (Eotuelbiat e isotutel ey
oct/wat [solute] e oM 7%+ [solute] 9726

Equation 26

In general, three primary characteristics of chemical compounds can be used to monitor HPLC
separations: polarity, charge, and molecular size. The following sections are devoted to the

presentation of the different achiral LC modes that can be set up depending on the solutes.

|-2-1. Normal Phase Liquid Chromatography (NPLC)

Normal Phase Liquid Chromatography (NPLC) was, chronologically, the first Liquid
Chromatographic technique. In the separations of plant extracts, Tswett used a polar stationary
phase of chalk in a glass column with a much less polar mobile phase. This classical mode of
chromatography became known as normal phase.

This mode is especially used for purification purposes, for example, the separation by class of
polarity of the lipid polar groups.

The stationary phase is mainly silica (pH stability 2-8) or alumina (pH stability 2 - 12) and the
retention of the compounds is governed by an adsorption mechanism of solutes on the polar,

1'% Also, bonded SP such as cyano, diol or amino groups have

weakly acidic surface of silica ge
been developed. In such case, the mechanism involved is similar to partitioning.

The mobile phase usually consists of an organic solvent mixture of a very nonpolar with a
slightly more polar solvent such as heptane/ethyl acetate or heptane/isopropanol. Therefore

polar compounds are retained longer than the nonpolar ones.
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However, this mode has some limitations: the solvents used are pollutant and/or toxic,
unsuitable with ESI-MS'®, and sometimes the solubility of the solute is not good with the
solvents. Also, this mode is extremely sensitive to water leading to repeatability troubles
(especially when adsorption mechanism), the equilibration time is long and often peaks are

broadened.

|-2-2. Reversed-Phase Liquid Chromatography (RPLC)

The Reversed-Phase Liquid Chromatography (RPLC) is the most LC mode employed in
chromatography. The mobile phase usually consists of a mixture of water with organic solvent
(e.g. methanol, acetonitrile, ethanol, isopropanol, tetrahydrofuran...). The stationary phase is
commonly based on silica particles, functionalized with hydrophobic ligand such as alkyl
chains. The universal ligand (= 90% of the separations) is the octadecylsilane group (C18), but
some other short alkyl chains (octylsilane group: C8, butylsilane: C4) can be used, especially in
case of the separation of highly hydrophobic solute that are too retained on C18. The
popularity of RPLC and its wide application range is explained by its robustness, MS
compatibility, and its versatility. Solutes from a middle to a low polarity are well separated by
hydrophobic interactions. But hydrophobic stationary phases have some disadvantages: they
can be incompatible with a high aqueous content, the polar solutes retention can be too low,
and important peak tailing for such solutes (i.e basic solutes) leads to poor resolution. The
introduction of a polar group into the structure of the ligand, often alkyl stationary phases'®~
18 led to what is now called polar-embedded stationary phases. Embedding a polar functional
group (e.g. amide, carbamate’"’) into a bonded alkyl chain reduced the peak tailing for basic
analytes and showed unique selectivity for certain classes of analytes such as phenols. Also,
when high aqueous content in the mobile phase is necessary to achieve the baseline resolution
or for solubility purposes, a polar end-capping can be achieved enhancing the wetting of the
C18 stationary phase, and/or protect from the residual silanols, and/or tune selectivity'""""8-121,
Also, original stationary phases such as pentafluorophenyl (PFP) were developed and gave rise
to orthogonal retention and selectivity for the analysis of polar/ionisable solutes with
conditions of RPLC mode'?*'%,

lonisable solute can be analyzed by RP-mode by adjusting the pH of the mobile phase as they

are more retained in their neutral form'*'?_ Caution has to be taken to ensure a pH in the

stability range of the stationary phase, which can be for the most stables from 1 to 12.
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|-2-3. lon Exchange Chromatography (IEC)

lon Exchange Chromatography (IEC) is widely used in industrial processes (e.g. separation of
inorganic ions, biomolecules, and oligosaccharides). The resin matrix has generally quite high
binding capacities and is usually relatively inexpensive when compared with other types of
stationary phase. lon exchange chromatography is probably the most widely used large-scale
chromatographic process but is limited to ionizable water soluble molecules.
Stationary phases for ion-exchange separations are characterized by the nature and strength
of the acidic or basic functions on their surfaces and the types of ions that they attract and
retain. Positively charged ions are retained and separated on a cation exchange possessing a
negative surface. On the contrary, negatively charged ions are analyzed on an anion exchange
having positively charged ligands at the surface. The rate of migration and hence the
separation depends on the charge, polarizability, and size of solvated ions. Two categories of
exchangers can be distinguished: strong and weak ion exchangers.

» Strong ion exchangers:
The functional groups (e.g. quaternary ammonium or sodium sulfonate) are always ionized and
allow for retaining and separating weak ions. The elution comes from displacement by ions of
the mobile phase that are more strongly attracted to the stationary phase.

» Weak ion exchangers:
Depending on the pH, the functional groups (e.g. with secondary-amine or carboxylic-acid
functions) are charged and retain strong ions. The ions are eluted by displacement or, if not
possible, the exchange sites can be neutralized, losing their ability to retain ions by charge. In
their neutral form, weak ion exchangers could retain and separate solutes by hydrophobic or
hydrophilic interactions. Then, elution strength is determined by the polarity of the mobile
phase, so weak ion exchangers may be used for mixed-mode separations (separations based
on both polarity and charge). Also, it is possible to change the mobile phase pH to tune the
selectivity. Nowadays, new SPs for IEC allow for adjusting the retention and the elution order
depending on the polarizability of the ions. Such new SPs developed by Thermo Scientific™
rely on secondary interactions, depending on the functional group inserted in the structure of
the SP.
The most widely used type of stationary phase is a synthetic copolymer of styrene and divinyl
benzene (PS-DVB), produced as very small beads in the micrometer range. Careful control over
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the amount of DVB added dictates the degree of cross-linking, the porosity of the resinous
structure, and its stability.

To optimize binding of all charged molecules, the mobile phase is generally a low to medium
conductivity (i.e. low to medium salt concentration) solution. By increasing the salt
concentration (generally by using a linear salt gradient) the molecules with the weakest ionic
interactions start to elute from the column first. Molecules that have a stronger ionic interaction
require a higher salt concentration and elute later in the gradient. Some precautions have to
be taken, especially if using a strong-cation exchanger to retain a strong base, which leads to
strong attraction as they both remain charged. The elution can only be achieved by swamping
the strong cation exchanger with a competing ion that exhibits even stronger interactions with

the active exchange sites than the solute does.

However, IEC suffers from some limitations: the low kinetic leads to lower efficiency, the MS

126 ;

compatibility'= is still difficult, a specific instrumentation is required to support aggressive pH

conditions.

|-2-4. Hydrophilic Interaction Liquid Chromatography (HILIC)

Initially described by Alpert in 1990' | it is really since 2006 with the studies of McCalley,

Hemstroem and Irgum'1%

that HILIC-mode became largely used. The main applications are
for polar solutes, but the HILIC mode is also applicable for lower polar solutes, allowing for
orthogonal separations to RPLC™. The stationary phases are polar (e.g. bare silica, polar
modified silica such as amide, amine or diol) and the mobile phase is composed of water (>
3%), with a high percentage of organic modifier (> 60%, mainly acetonitrile). The retention
mechanisms are influenced by the SP chemistry, the MP composition (pH, ionic strength,
organic modifier), and the solute. The retention mechanisms are multimodal and not

d130,132,133

completely well-understood™' and can be summarize as represented in Figure 10:

» Hydrophilic partition between the ACN enriched mobile phase and the water layer
adsorbed through hydrogen bonds to the silica surface
» Adsorption at the SP surface through hydrogen bonds with silanols, diols or amides

groups onto the silica surface
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> Electrostatic interactions between ionic or ionizable solutes, and the charged silica
surface (negatively from the silanols, positively from amino groups, or both in case of

zwitterionic ligand).

Figure 10: Schematic representation of the HILIC mechanisms'*

The elution order prediction is tricky as it depends on the polarity, hydrogen bonds capacity,
and ionization state of solutes, which is difficult to predict because of the high content of ACN
that influences pH of the mobile phase and pK, of the solute™'*’_Even if there is no standard
SP such as C18 in RPLC, many stationary phases devoted to HILIC are available, mainly on silica

support or polymeric material**'3® as presented in Figure 11.
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Figure 11: Stationary phase chemistries for HILIC mode and their representation, based on'3°13
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The bare silica material is the main used as it represents 35% of the applications published.
This SP presents good retention of polar solutes and positively charged solutes by electrostatic
interactions with the deprotonated silanols at the surface. The second most used SP is the
zwitterionic support (25%), with the sulfoalkylbetaine and the phosphocholine-type. The
sulfoalkylbetaine contains a sulfonic acid and a quaternary ammonium linked by an alkyl chain.
The phosphocholine material possesses both negatively charged phosphoric acid and
positively charged quaternary ammonium groups. The positively and/or negatively charged
solutes can both be retained by hydrophilic partition and electrostatic interactions. Finally,
neutral stationary phases are also used and ionic interactions are only due to residual silanols
in those SP. The diol SP is a good one in this category and even more the amide SP, particularly
useful for peptides, glucans and oligosaccharides analysis. Then, SP containing a basic function
are also available and the most common is aminopropyle, This SP is mainly used for saccharide
analyses, as it improves the mutarotation of saccharides anomers, avoiding the double peak
formation'. Indeed, the amine functionality on the bonded phase creates a local high pH
environment that is advantageous for collapsing the sugar anomers by increasing the kinetics
of interconversion between a and  forms. Some other ligands can be employed in HILIC mode
such as cyanopropyle, fluorophenyl, cyclodextrins, polysuccinimide, often for specific
applications™'.
The MP choice is important as it impacts the retention mechanisms. Buffers are used as they
improve the peak shape of ionic compounds'®'#. Also, the water layer is probably thinner
without buffers, which decreases the neutral solutes retention™*'* Two requirements have to
be fulfilled: to be MS compatible, the buffers have to be volatile; also they have to be soluble
in high ACN content mixtures such as ammonium acetate or ammonium formate'*,
lonic interactions are dependent of the salt concentration: the most ionic strength, the less
ionic interactions involved in retention. With negatively charged SP (as silica above pH 3), basic
solutes are less retained when the salt concentration increases. Conversely, the negatively
charged solutes are more retained due to a reduction of electrostatic repulsion. lonic strength
generally improve the shape and peak width, but is detrimental to MS detection.
Concerning the organic modifier, a classification has been done depending on their elution

strength as presented in Figure 12.
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 isopropanol < ethanol <

Figure 12: Elution strength evolution in HILIC-mode

ACN is largely favored as it is aprotic, and has a low cut-off compare to acetone that absorbs
between 220 and 330 nm. Alcohols are protic, so they may disturb the water layer at the SP
surface and decrease the hydrophilic partition. Temperature is also a parameter to consider as
it influences diffusivity, viscosity, and transfer enthalpy of the solute between the two phases'®.
However, the effect is solute-dependent, for highly polar compounds mainly separated
through hydrophilic partition, the increase of temperature may lead to a decrease of retention.
Another crucial parameter is the injection solvent that has to be as close as possible to the
initial conditions of the MP. A minimum of 80% (v/v) of ACN is a good value, but has to be
adapted depending on the solute and its solubility. For highly hydrophilic solutes, IPA, DMSO,
EtOH, and in last alternative MeOH, or water can be used, mixed with ACN™®'¥_ |t has also to
be noticed that the injection volume has to be minimized, between 0.5 and 1.5% of the column
volume to avoid losing efficiency'®.

In conclusion, HILIC mode allows the separation of hydrophilic and/or ionizable solutes with
MS compatibility. The high organic content favors desolvation of solutes for MS detection™84,
and reduces the mobile phase viscosity, decreasing the backpressure up to 3-folds. This
approach is highly compatible with sub-2 pym packed columns, and/or with the use of longer
columns for fast and/or high resolution analyses™. HILIC mode can be seen as a
complementary techniques to RPLC due to the variety of mechanisms involved that offers
different selectivities.

The main drawback is the use of high content of ACN, which may suffer from high cost
depending on the plastic market. Also, the mechanisms being various, HILIC mode is not as
predictable as RPLC. As they are dependent of pH, ionic strength, pKa solute, and that all those
parameters depends on the organic content, the results can be complicated to rationalize'®'’,
Another aspect that has to be taken into account is the equilibration time up to 2-4 times
longer than in RPLC. Also, the efficiency is generally lower than those obtained under RPLC

conditions. It has to be noticed that the sample solvent and the salt concentration are critical

parameters that strongly affect efficiency (peak width and peak shape)™™.
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|-2-5. Mixed Mode Chromatography (MMCQ)

The development of this approach is linked to the need of simultaneous analysis of polar and
non-polar, ionizable and neutral, and organic and inorganic compounds. Mixed-Mode
Chromatography (MMC) is a powerful tool in separation of various molecules as it presents at
least two modes of interactions simultaneously that could be modulated by mobile phase
selection. Multiple mechanisms of interactions allow the use of one stationary phase for a wide
range of applications compared to RPLC or IEC™'. Many LC modes can be combined, like RPLC-
IEC, HILIC-IEC, RPLC-HILIC, IEC-RPLC-HILIC™>™3 Those modes being orthogonal and
complemental, they allow simultaneous separations that could not be achieved in a single
mode. For example, for a sample containing apolar and ionized polar molecules, RPLC-IEC
avoid using lon Pairing Reagent (IPR) or high amount of salts, such that MS detection is

possible™,

In the last few years, several companies have introduced new mixed-mode columns with
different stationary phases (SIELC, Dionex, Imtakt, Sepax, Agela, etc). The first generation of
mixed-mode columns corresponded to low coverage C18 stationary phases. Residual silanol
groups that have acidic properties with pKa of 5 provide additional ionic interactions. But
contaminations in silica gel (i.e. metallic impurities...) can affect the silanol acidity, leading to
variability of the ionic sites. Other problems include the reproducibility of partial coverage, and
the narrow range of mobile phase pH to provide the silanol ionization.

Second-generation mixed-mode columns combine one of the ion-exchange groups as a part
of hydrophobic ligand attached to the surface. These columns show better reproducibility and
retention control for neutral and ionic compounds'. In case of dual interactions, ions opposite
to the stationary phase are retained by ion-exchange interactions’®.

Third-generation mixed-mode columns have an increased capacity and retention control. lonic
compounds can be retained by cation and anion-exchange mechanisms, and the hydrophobic
compounds by reversed-phase mechanism. The main advantage of this stationary phase
configuration is an ability to retain both cations and anions at the same time with low buffer
concentration in the mobile phase. lonization state of stationary phase and ratio between
cation-exchange and anion-exchange sites can be adjusted by changing the pH of the mobile

phase.
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Modern mixed-mode SPs offer various benefits: great flexibility, reproducibility, and loadability
for separation of a wide range of compounds and often, symmetrical peak shape for basic
molecules. Multiple controllable interactions on a column allow for a better control of retention
for various solutes that can be separated in a single run. In mixed-mode chromatography, the
same column can be used either in a single mode (cation-exchange, anion-exchange, reversed-
phase), or in combination of modes. Complex interaction of mixed-mode SPs with solutes often
produce superior selectivity as compared to single mode SP. The selectivity of separation can
be controlled by varying the amounts of organic component, buffer pH, and buffer
concentration. Buffer pH will affect both solutes and SP ionization state, because the ionic
strength of the column can be modulated based on the pH of the mobile phase.

All modern mixed-mode SPs are compatible with LC/MS and preparative chromatography, and
can be used to successfully develop methods in various sectors (e.g. pharmaceutical, chemical,
food, and environmental industry). Method development in mixed-mode chromatography is

based on understanding of individual interactions (i.e. hydrophobic, HILIC and ion exchange).
However, MMC suffers from a lower efficiency resulting from the multiple interaction types.

Also, there are still few mixed-mode columns available in FPP sub-2 pm commercial columns

(for UHPLC) and SPP columns (for HPLC).
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Conclusion

As the SPs developed during this thesis are usable in different LC-mode (essentially RPLC, JILIC,
and MMCQ), this part was devoted to the presentation of the main LC-modes. Depending on
the physico-chemical properties of the solutes to be analyzed, the chromatographic mode
have to be adapted. The chromatographic mode choice mainly depends on the polarity of the
sample and its solubility in the chromatographic conditions.

The Figure 13 summarizes which LC mode has to be selected depending on the balance

hydrophobicity/hydrophilicity.

Lipophilic

0
) N i \'I ’ 1 \
i 1 Metabolites | i Lipids i
Specific instrument 1 Antibiotics {1 Neurotransmitters 1 I pharmaceutical solutes ;! Vitamins |
Hardly MS compatible} Polysaccharides §= Amino acw.is-peptldes ! ! :: Vegetal compounds | by
M e 5 Wit L S P /

_ﬂi} ’_ High ACN consumption
Tediows retention prediction
Not adapted for polar ar ionic solutes
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Figure 13: Representation of the chromatographic modes used depending on the log P/log D
range. Here the SFC is not represented, but by modulation of the additives, a wide range of
polarity can be covered.

Each mode has its own advantages and drawbacks, and some of them can be combined in
order to increase orthogonality and have a diversity of interactions allowing for better
resolution of complex mixtures. Such attempt is the challenge of 2D-LC using two different SP

chemistries.
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I-3. Stationary phase synthesis: From bare silica to functionalized

silica

The solid supports that can be used for surface modification are polymers, titania, alumina,
zirconia, thoria, and silica. Silica is the most widely used solid support in liquid chromatography
because it is inexpensive and is commercially available in many particle sizes and in different
pore sizes, which make it possible to modify at ease. Moreover, it has a very high mechanical

stability and provides high efficiency.

Although silica has been one of the dominant choices as a solid support for stationary phases,
numerous attempts have been made to find an alternative material to overcome some of its
drawbacks. The major issues of using silica as support are the pH instability and the strong
affinity of basic compounds for the silanols at the silica surface. At a pH less than 2, the
stationary phase undergoes ligand cleavage, while at pH greater than 8 silica begins to dissolve.
However, it is possible to operate columns at a higher pH, provided the silica support is densely
bonded, extensively end-capped, or has a longer chain column packing that allows the use of

organic buffers as part of the mobile phase.

The following part is dedicated to the pathways developed to functionalize the bare silica
material and the different types of bonded phases that could be obtained. Also, the major

issues related to the use of silica as bare material, and the way to overcome it are highlighted.

I-3-1. Silica as chromatographic support

The synthetic process for producing very pure starting silica with very controllable particle and
pore sizes has enhanced chromatography immensely. Silica gel, SiO;, is a partially hydrated
and a highly porous form of silica, which is made from the most abundant elements in the
earth’s crust. Since the 1970s, silica gel has been the most widely used support for RPLC.

There are two main types of silica gel referred to as Type A and B forms, and a specific Type C
that corresponds to hydride silica. Type A silica gels are made by aggregating silica-sol
particles. This type of silica has a low surface area (< 200 m?/g), a low porosity, and regular

pore sizes. Gelling soluble silicates produce type B silica, called xerogel and silgel, or coalescing
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fumed silica. This process leads to high surface area (200 m?/g), higher porosities, and irregular
pore volumes. The walls of silgels have variable wall thickness leading to a less rigid surface’’.
The silica surface has different kinds of active groups presented in Figure 14. It consists of
three distinct silanol groups: free or isolated, vicinal, and geminal, along with physio-adsorbed
water and siloxanes. All three types of silanols can play important roles during a
chromatographic experiment and have different activity levels (Table 4). Acidic silanol groups
interact with basic analytes which leads to poor resolution, and peak tailing. Metals such as Fe,
Al, and Zn which are found in silica can also contribute to peak tailing and retention properties

during separation. As the quantity of metal impurities is largely reduced for the Type B silica,

it is nowadays the most commonly used.

Internal metal activated Most
H H H H _H
o~ é tl) ~o~" ‘o Free or isolated
Hlsifﬂﬁsifmsir s .J,..G.___é,,,. Si IDRSi
/A ?' e Geminal
Free Geminal Vicinal . o
SI|Oxane V|C|na|
silanol silanol silanol
Siloxane Least

Figure 14: Active groups onto the silica surface

Table 4: Activity level of the silica surface sites

Despite the physical characteristics of the bare silica material, the surface chemistry is similar
and corresponds to silanol groups that can be modified through various synthetic routes

presented in the following part.

|-3-2. Synthetic procedures

The nature of the starting silica is of major concern. Column-to-column reproducibility is based
on the batch-to-batch reproducibility of the manufacturer’s silica. Problems can lie in poor
particle size, poor control of pore volume and size, and metal impurities that change the acidity
of the silanols on the surface. There have been numerous studies looking at the impurity effects

180 showed that rehydroxylation with

on the properties of the SP™®'®" Barrett and coworkers
dilute hydrofluoric acid gives less metal contamination than hydrochloric acid or nitric acid

treatments. The metals on the surface are very high energy adsorption sites for basic solutes
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and metal complexation can occur. Also, the newer types of base silica have less metal

contamination (Type B) and do not require specific pretreatment before grafting.

Bare silica has limited pH stability and may lead to peak tailing when analyzing basic
compounds due to interactions with the silanol groups. Making modification can be
advantageous in terms of pH stability, as well as peak tailing, and allows the silica to be used
with aqueous solutions for a longer period of time. Silanol groups onto the silica surface react
with bonding groups to form the bonded phase. Different methods have been developed to

modify the silica surface and are presented in the following part.

[-3-2-1. Etherification

The reaction is achieved between a silanol and an alcohol group: Si-OH + R-OH — Si-OR +
H.O

This method is simple and the bonded phase is thermally stable. The drawback of this
modification is the instability of the linkage (Si-O-C) in the presence of water. Therefore it is
not possible to use stationary phases based on this modification for many HPLC applications

with agueous mobile phases.

[-3-2-2. Chlorination reaction and organometallic compounds

The first step of this procedure consists in a reaction between silica and thionyl chloride to
form an unstable chlorinated intermediate. In the second step the chlorinated intermediate
reacts with an organometallic compound (i.e. Grignard reagent or organolithium) leading to
the formation of a Si-C linkage.

The reaction can be written as: Si-OH + SOCl, — Si-Cl + SO, + HCI

And then Si-Cl + BrMgR — Si-R + MgCIBr or Si-Cl + Li-R — Si-R + Li-Cl

The disadvantages of this reaction are the elimination of the metal salt byproduct. Also, the
chlorinated intermediate is very unstable, hence the reaction has to be carried out in dry

solvent'®'% which can lead to reproducibility troubles.

[-3-2-3. Silanization and hydrosilation

Another approach developed by Pesek et al.'®>'® consisted in modifying the silica surface in
two steps: first, a silanization with triethoxysilane (TEOS) and then, a hydrosilation reaction to

attach an alkyl group onto the silica surface (Figure 15). The silanization reaction involves the
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formation of a stable hydride monolayer in the presence of an acid catalyst. The hydride
intermediate formed can be stored for longer periods of time, as it is stable in air or water
without degradation. A very good yield, up to 95% surface coverage with a nonpolar Si-H

monolayer has been reported’.

oYy
u* i
= Si-OH + (OE9sSi-H —= {=5i-0Si-H + nEIOH
|

(0) ¢
where n = 1-3 and Y = H or Si(OSi)2R depending on the extent of crosslinking
%Si—H + R-CH=CHp =~ %Si*CHszHz——R
where cat = catalyst, metal complex such as hexachloroplatinic acid or free radical initiator such as t-butyl peroxide

Figure 15: Silanization followed by hydrosilation to functionalize the silica surface, based on’®

The linkage grafting of the organic group at the silica hydride surface occurs in the
hydrosilation step and forms the Si-C linkage. The reaction is facilitated by the presence of a
transition metal complex catalyst, usually Speier's catalyst: a 2-propanol solution of
hexachloroplatinic acid. However, the transition step while attaching an olefin to the silica
hydride forms a complex with the catalyst. The latter being a transition metal complex catalyst,
the large size of the intermediate generate steric hindrance, which might result in a lower rate
of organic group on the surface. Also, the catalyst can undergo reduction by itself. The silica
hydride and metal complex catalyst react together and form Pt (0) deposition on the surface,
deleterious for the chromatographic performances. The use of free radical initiation instead of
a transition metal complex might solve the problem, but limited studies have been done'®.
The formation of the Si-C bond at the surface seems to be more stable than the commercially
available stationary phases that are formed after an organosilation reaction. An important
advantage of hydrosilation method is that the silica hydride intermediate can be used by itself
as a stationary phase in reversed-phase conditions, organic normal phase conditions, and

aqueous normal phase condition.

[-3-2-4. Organosilanization

Most of commercially available columns result from the silica modification by
organosilanization. The reaction involves an organosilane reagent with a leaving group that
can be a halide, a dimethylamino group, a methoxy, or an ethoxy group, and the silanol groups

at the silica surface. The reactivity is represented in Figure 16, based on the study of Unger et
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al'® The highest grafting rate they obtained was 4.1 mol/m? using an organosilane with

dimethylamino as leaving group.

Figure 16: Scale of the silane reactivity

The organosilanization reaction can be written as: Si-OH + X-Si R'R — Si-O-Si R'R + HX with
X the leaving group, R and R’ the ligand groups. Due to the low cost and commercial
availability, chlorosilanes are often used.

The general disadvantage of organosilanization is that an acid by-product is formed during the
reaction which can hydrolyze the Si-O-Si-C bonds already formed. Monomeric organosilane
stationary phases have poorer hydrolytic stability under acidic and basic conditions than those
obtained through hydrosilation procedure'®*'®, but some approaches discussed later can
improve it.

The organosilane reagent is covalently bonded onto the silica surface and depending on the
functionality of the reagent, monomeric or polymeric stationary phases are produced.
Nevertheless, the one-step organosilanization procedure being relatively easy, reproducible,
and thanks to the diversity of commercially available organosilanes, this method is actually the

most used to functionalize silica.

I-3-3. Types of bonded stationary phases

Usually, three types are distinguished: the brush phase, the oligomeric phase, and the bulk
phase.

They differ by the number of leaving groups, mono, di, or tri substituted'.

Unfortunately, the orientation of the alkyl chains on the surface is not known as silanols can be
evenly or randomly distributed at the silica surface, and inside the pores. Also, steric hindrance
has to be considered when large organosilanes (e.g. octadecyldimethylsilane) have to be
attached onto the silica surface. Despite those difficulties intrinsically due to the diversity of
the bare silica material, some procedures have been developed and allow, on average, to

obtain reproducible and efficient supports.
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[-3-3-1. Monomeric phases “brush-type”
The first type of bonded phase is the brush-type phase that requires a silane reagent containing
only one leaving group. The bonding can only be done through one linkage resulting from the
reaction with the silanol functions onto the silica surface. This type of phase is also called
monomeric phase. Since the end of 70's, some studies were done to develop such
functionalization, that is still largely used today'’%'"".
Monomeric phases using organosilane chemistry are mainly dimethyl substituted, but sterically
protected monomeric SPs can be synthesized if the ligand contains hindering group. Kirkland
and Henderson showed that using phases with diisobutyl and diisopropyl side chains led to
lower surface coverage but better peak shapes, leading to higher column efficiency for basic
drugs at pH 7'"%,
A major advantage of the monomeric reaction is the reproducibility and the single layer
coverage'”®. The amount of surface coverage or bonding density is very important to the
chromatographer. The maximal surface coverage was estimated around 8 + 1 umol/m?.
However, only about one-half of the silanols can react due to steric hindrance of the side chains
on the ligand. Commercially available columns usually have a bonding density range to 3.0 -
3.5 umol/m?.
Generally, five main variables can alter the reaction: the solvent, the base, the leaving group,
and the reaction temperature and time. The amount of starting materials in the reaction and
the amount of water onto the silica surface is also of concern for reproducible high
density'®”* The schematic representation of monofunctionalization using n-

octadecylsimethylchlorosilane presented in Figure 17.
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Figure 17: Schematic representation of monofunctionalization using n-

octadecyldimethylchlorosilane, from'”
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Often, dipolar aprotic solvent such as dichloromethane, tetrahydrofurane, ether, acetonitrile,
or N,N-dimethylformamide are used. Also, a base (imidazole, pyridine, 2,6-lutidine,
quinuclidine, or 4-dimethylaminopyridine) is used to react with the silane and form an
intermediate'’®. Until 1988, almost all bonding reactions were done under refluxing condition.
Sentell et al. used sonication to drive reactions at low temperatures'’” and observed a higher
bonding. It was previously explained that reactions occurring at a liquid-solid interface are
enhanced by ultrasound.

Monochlorosilanes used for monomeric phases have a relatively low reactivity. The role of the

d 167,176,178-180

leaving group was investigate and the reactivity scale is represented in Figure 16.

[-3-3-2. Oligomeric-type and bulk-phase type

The second and third types of stationary phases are called the oligomeric-type phase and the
bulk-phase type. The oligomeric phase uses a disubstituted silane reagent, and the bulk phase
uses a trisubstituted silane one, leading to covalent bonding onto the silica surface with more
than one bond possible (the case of monomeric phases)'’?. With these phases, vertical

polymerization or horizontal polymerization can occur as presented in Figure 18.
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Figure 18: Representation of vertical (a) and horizontal (b) polymerization when using
polysubstituted silane reagents, from'”
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The vertical polymerized phase shows a very high carbon content, however some of the alkyl
chains can be hidden from analyte interaction. There is also a problem with any unreacted
functional silane groups that will be hydrolyzed in aqueous mobile phase conditions to form
silanols. Moreover, these phases are more difficult to reproduce because the degree of

polymerization is due to the amount of water added to the reaction medium.
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The horizontal polymerized phases have a very strong connection between short and long
chain silanes. In Figure 18b, the short chain is a C3, and the long chain silane is a C8. The main

advantage of this type of phase is its ability to support extreme pH'™'.

For oligomeric phases it is necessary to stop the reaction at the last step by capping, to avoid
deleterious effects due to reactive final functions of the oligomer. Also, for the bulk-type
bonded phase, water is required onto the surface to allow for the polymerization. Also, it was
noticed that polymerized phases have poor peak shape and poor mass transfer compare to
monomeric ones'”. The use of organosilanes with two or three reactive groups results in
bonding to the surface and crosslinking among adjacent bonded moieties, which enhance the

stability, but is less reproducible than monomeric stationary phases.

[-3-3-3. Monomeric phase: chlorination and organometallic methylation ligand

Finally, another type of SP of interest is that obtained through first chlorination onto the silica
surface, followed by attachment of an organometallic methylating agent. The major advantage
of such strategy is that the direct Si-C linkage is very strong. Moreover, due to the bulky size
of the alkyldimethylsilane used for monomeric phase synthesis, the coverage of the silica
surface is incomplete. By chlorinating the surface, prior to covalently bound the methylating
agents in a second step, avoid side group steric constraints. With this strategy, Deuel et al.
obtained 5.3 umol/m? of chlorines to the surface of Aerosil, approaching the maximum silanol

t'82. Almost complete coverage was obtained on porous silica (i.e. 7 umol/m?

concentration of i
of chlorine) by Unger and coworkers'. It has to be noticed that Aerosil has a much lower
silanol concentration than porous silica. There are numerous reagents that can be used to

chlorinate the silica surface such as S,Cl,, Cl,CO, CCls, CH3;COCI, and SOCI,'®.

Finally, due to the ease of preparation and reproducibility, monomeric phases are the most
commonly used. Very good coverage could be obtained with by prior chlorination and
organometallic coupling, but due to the disadvantages explained in part 13.2.2,
organosilanization is the method of choice. Commercially available column syntheses are
proprietary and are not disclosed. Therefore, exact surface chemistry of commercial stationary

phases is difficult to obtain.
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|-3-4. Dealing with residual silanols

As discussed previously, the main stationary phases used are monomeric and synthesized by
organosilanization, meaning that the silica surface has been derivatized with monofunctional
silanes. However, this reaction is incomplete due to the spatial requirements or steric hindrance
of the silanes. Consequently, the silica surface still contains silanol groups (called residual
silanols) that are usually weakly acidic. They are responsible for peak tailing of basic solutes
that reduces resolution and column efficiency; and in the worst case, can lead to irreversible

adsorption',

185

The density of coverage is important to limit or suppress the silanol activity'®. However, even

with densely covered silicas, the residual silanols still play an important role in retention'8’,
Different strategies can be proposed to eliminate silanol interactions: higher bonding
densities, ligand chemistry, silica pretreatment, silica post-treatment (i.e. end-capping), or

adjusting the mobile phase pH or modifiers.

[-3-4-1. Silica pretretament

It is possible to reduce silanol amount by dehydroxylation of the native silica. The silanols are
not only on the surface but also exist throughout the entire porous particle. Many researchers
have determined the concentration of silanols onto the silica surface using a variety of
techniques that will be highlighted here: chemical methods, physical methods and theoretical

calculations.

Dehydroxylation have been used in the past, followed by rehydroxylation of the silica surface
to homogenize it. It was believed that if silica was heated above 400°C only partial
rehydroxylation can occur'®® and can be fully rehydroxylated if treated with water, and if the
water is heated, the process is expedited'®. It was observed that a silica dehydroxylated at
900°C can be rehydroxylated by treatment in boiling water for 60 hours. Also, Kohler et al.'*
obtained a much more homogeneous and chemically stable phase by pretreating the Zorbax
PSM-60 at 650°C before derivatization with trimethylsilyl enolate™'. Then, Boudreau and
Cooper studied more deeply the dehydroxylation at different pretreatment temperatures'’.

They noticed that the 400°C thermally treated surface was more homogeneous and contained

fewer residual silanols than the silica treated at 180°C. It was also noted that increasing the
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temperature of pretreatment (above 840°C) decreases the specific surface area, until shrinkage

and sintering of the silica matrix, making it difficult to pack homogeneously.

There are two other major dehydroxylation techniques besides thermal dehydroxylation. The
ultraviolet radiation can be compared to thermal treatment at 1000°C with the major
advantage of being specific to eliminate silanols'?

The other technique to effectively dehydroxylate the silica surface is plasmachemical

dehydroxylation at room temperature', which is fast and consume lower energy.

[-3-4-2. Silica post-treatment

Applying a treatment on the derivatized silica is called end-capping and refers to the bonding
of a small silane reagent to a derivatized silica'. This secondary derivatization reaction is used
to shield and reduce silanol groups on a modified silica surface’'*'® Indeed, the
organosilane reagent reacts with approximately 50% of the available silanols and the remaining
groups can interact with the solutes. These strongly adsorption sites on the surface of silica are
the targets of the end-capping'®, which aim is to convert Si-OH groups to Si-O-Si-C groups.
The residual silanols can be not accessible for the long alkyl chain silanes but still accessible by
a short chain silane such as the trimethylsilyl group™®. A representation of an end-capped C8

phase is shown in Figure 19.
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Figure 19: Representation of an end-capped C8 stationary phase, from ' It has to be specified
that the arrangement of the end-capping and the C8 groups is not known.

End-capping can be done using polar reagents with an amide group or an alcohol group, or
using nonpolar reagents with a methyl group depending on the type of separation that needs
to be achieved. The two main end-capping reagents are trimethylchlorosilane and
hexamethyldisilazane'®. Some authors investigated the efficiency of other end-capping

reagents such as trimethylimidazole'®, trimethylsilylphosphine?, N,O-
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200201 and  hexamethylcyclotrisiloxane®®. Pesek and coworkers

bis(trimethylsilyl)acetamide
studied the use of a silica hydride intermediate for end-capping@®?®. As shown in part 1.3.2.4,
the reactivity depends on the leaving group, so N,N-dimethyltrimethylsilylamine was selected
as end-capping ligand during this thesis work.

However, it was pointed out that the total residual silanol concentration can be reduced but

not eliminated™® by such strategy.

I-3-4-3. Mobile phase additives

Other ways to mask the residual silanols onto the silica surface is to use mobile phase
modifiers®® or to change the pH acidic mobile phases®®. However, mobile phases at the pH
extremes is not possible due to stability of the silica matrix and of the grafting'®?%2%_At the
intermediate pHs (pH 3-8), large percentage of the silica surface is ionized so the protonated
bases yield high silanol-base ionic interactions®®’. To overcome this problem, mobile phase
additives (i.e. masking agents) can be used such as quaternary ammonium salts with a long
alkyl chain'. As quaternary ammonium are aggressive towards silica-based stationary
phases®®, tertiary amines such as trimethylamine or long hydrocarbon amines like hexylamine
and N,N dimethyloctylamine can be employed to suppress silanol activity at low and neutral
pHs?®. However, under certain conditions, poor efficiency and high peak asymmetry®'® were
noticed, and those masking agents can be very difficult to remove from the column when
switching to other mobile phases®'’. The use of cyclohexylamine was reported as efficient
masking agent®'? that presented reduced UV-background compare to triethylamine and did
not require purification before use. Also, different alkaline earth metal cations including
calcium, magnesium, and barium®"® seemed also of interest to act as chelating agents of

silanols.

The use of modifiers for the masking of silanols has been shown to be successful in many cases,
but it still has many problems that must be overcome. First, the background is higher, especially
at low wavelength detection. Then, re-equilibration time is significantly higher, and washing
column also needs time. Finally, it is not suitable with LC-MS detection and if the fractions

have to be collected, the removal can be challenging®®.
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I-3-4-4. Stability under extreme pHs

The second major problem with silica stationary phases is the pH stability of silica. Operating
above pH 8 for reversed-phase separations on silica stationary phases can lead to early
degradation of the column because of dissolution of the silica?™2". It was shown that using
densely bonded dimethyl-C18 ligands was preferable to the bulky diisopropyl- and diisobutyl-
C18 ligands™'. Other interesting SPs have been developed such as polar embedded SPs or
hybrid silicas covered by a polymer.

At low pH, the problem comes from the ligand cleavage, which lead to column degradation
due to progressive removal of the graft (e.g. TMS end-capping group, C8, C18...). Another
interesting feature is that there is no significant influence of the column degradation whether
a monomeric or polymeric stationary phase is used, but the type of base silica played an
important role in the rate of dissolution. One of the most interesting conclusions was that Type
A silica always had better stability towards pH than Type B silica.

Then, the effect of the type of buffer was studied”’®*'” and it was concluded that at pH 7 - 10,
carbonate and phosphate buffers alter columns faster than organic (i.e. glycine and TRIS) and
borane buffers. Also, the temperature is a factor that decrease the column life.

Kirkland et al. studied effects of pH 7 and 11 on end-capped silica based columns™’. The use
of mobile phases at pH 11 with organic buffers, such as pyrrolidine, is feasible with certain silica
based columns at temperatures below 40°C.

Using untreated silica pre-columns has to be considered as a good solution to greatly extend

the lifetime of a column?'®,
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Conclusion

Silica remains the mainstay of SP because of its unique properties, including its high surface
area, high-mechanical stability and controllable pore structure. Different synthetic strategies
have been proposed to functionalize the silica surface as presented previously (etherification,
chlorination, hydrosilation, organosilanization). Among them, the most employed is
organosilanization with monofunctional reagents to avoid the polymerization or the formation
of a complex architecture when using polyfunctional reagents. Because the ligands (e.g. C8,
C18), generate steric hindrance, the functionalization is not complete and some silanols are still
accessible. Many strategies were developed to hinder the silanol accessibility either by treating
directly the silica surface before or after attachment of the ligand, or by adding additives in the
mobile phase, or by adjusting the ligand structure. In this work, thermal pretreatment was
further considered and led to modification of the silanol rate and nature. Depending on the
type of silanols, their reaction with an organosilane is different and led to more or less
homogeneous grafted silicas depending on the nature and number of those silanols. Such
study is presented in 11.2.1. The Figure 20 based on*'® summarizes the important parameters

that have to be considered when functionalizing the silica surface.
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Figure 20: Important parameters for silica functionalization by organosilanization
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I-4. Silica characterization

Many techniques are available to characterize both bare silica and modified silica. It
encompasses physical and chemical characterization through various and complementary
techniques. Some allow for the qualitative determination of the species at the silica surface,

other quantitative approaches allow for obtaining the amount of those species.

|-4-1. Morphological structure

[-4-1-1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a reliable technique to have a view of the silica surface
and estimate the homogeneity of the sample. This microscope produces images thanks to a
focused beam of electrons, which interact with atoms in the sample giving access to the
sample's surface topography. The presence of aggregates (Figure 21a) or damaged (Figure
21b) particles can be detected, which is of primary concern for packing homogeneity of the

resulting column and to avoid frits clogging. The silica bed being the most homogeneous and

stable with particles such as those presented in Figure 21c.

Figure 21: SEM pictures of (a) aggregates, (b) damaged particles, (c) homogeneous and entire particles. The same

scale applies for all pictures.

[-4-1-2. Specific surface area

The specific surface area is determined by physical adsorption of a gas on the surface of the
solid and by calculating the amount of gas adsorbate corresponding to a monomolecular layer
on the surface. Physical adsorption results from van der Waals forces between the adsorbate

gas molecules and the adsorbent surface area of silica. Usually, the Brunauer, Emmett,Teller
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theory (BET) is used with nitrogen as gas®®, and the values correspond to bare silicas and not
grafted ones. The internal surface of silica is irregular and disordered, providing good
adsorption properties. The higher the specific surface area, the higher the retention of a solute.
Using a support of high specific surface area can allow for decreasing the column length while
maintaining the column capacity, or improving the resolution. But the higher the specific
surface area, the lower the pore diameters that can lead to size exclusion of some molecules.
Also, it was shown that the number of free silanols per surface unit decreases when the specific
surface area increases®'??>. As the number of OH per nm? is constant and close to 4.6, it

signifies that the proportion of linked OH sites is higher, and those silanols are less active®®.

1.4.1.3 Particle size distribution

Measurement of the particle size and particle size distribution is an extremely important tool
for research and development, as the quality of the final stationary phase also depends on the
quality of the bare silica material. Indeed, damaged particles and large range of sizes can lead
to frits clogging, and decrease the column efficiency due to the inhomogeneity of the silica
bed. Such silica is called polydisperse, meaning that the particles in a particular batch vary in
size. To adequately characterize it, the simple determination of a particle size by SEM is not
sufficient. We must instead determine the system’s particle size distribution, which is the
purpose of such technique.

Moreover, as the silica particles are spherical, the theory allowing to obtain the Gaussian
distribution from the raw data is very well adapted. As can be seen in Figure 22a, the Gaussian
distribution is typical for a monodisperse sample, with a narrow peak centered on the average
particle size previously determined by SEM (2.6 um, Figure 21c).

On the contrary, the Figure 22b represents the Gaussian distribution of a polydisperse silica
batch, which presents a large proportion of silica particles at the average value, but the peak
is broader and presents some seconds population at the lower (0.4 pm) and higher particle

sizes (30 um).
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Figure 22: Gaussian distribution of homogeneous silica particles (a) and large size range silica particles (b)
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|-4-2. Ligand grafting analysis

[-4-2-1. Elemental analysis
The carbon elemental analysis allows for the quantitative characterization of monofunctional
grafting, as only the grafted species contain carbon. The grafting rate (') can be expressed as

followed (Equation 25).

108xp,

=
[102XM¢Xne—peX(My—1)IXSBET

Equation 27

With p. the carbon percentage by weight of the bonded material, M. the atomic weight of
carbon, My the molecular weight of the grafted molecule, nc is the total number of carbon
atoms of the bonded organic group and Sger the specific surface area. It is also possible to

obtain the grafting rate from the sulfur and/or nitrogen percentage.

However, it is required that no species containing carbon (included the silane reagent and
solvents) are adsorbed onto the silica surface to avoid overestimation. It demonstrates the

interest of coupling this technique with others to be sure that those requirements are fulfilled.

I-4-2-2. Thermogravimetric Analysis (TGA)
Thermogravimetric Analysis (TGA) is also a good technique to determine the silica surface
groups. It was shown that the number of silanols onto the silica surface could be estimated by
the mass loss during a heating at 5°C/min until 1250°C?**. The main difficulty lies in the
differentiation of dehydration phenomenon (from physically adsorbed water onto the silica
surface) and dehydroxylation (from silanol species). It is generally considered that upon 200°C,
the mass loss is due to the removal of physio-sorbed water, but it can vary depending on the
heating rate used®*.

After silica functionalization, the mass loss measured in TGA allows the calculation of the
grafted silane percentage defined in Equation 26.
= 100 X(wWj—wyg)

Equation 28

Wg

With t the grafted silane percentage, w; and wg the initial and final mass of silica, respectively.

Caution must be taken for the interpretation of the dehydroxylation of the silanols formed after

removal of the organic chains. Also, the calculation details are not often furnished, which makes
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comparisons difficult. Also, it does not give structural indications of the grafting, which is the

purpose of the next spectroscopic methods.

|-4-3. Spectroscopic methods

In order to characterize the silica surface and to follow the grafting, two spectroscopic
approaches have been widely used: Infrared spectroscopy (IR) and Nuclear Resonance

Magnetic spectroscopy (NMR). Concerning the silanols, those two techniques are

R225—230

complementary as | allows for the determination of free and geminal silanols, and NMR

allows to differentiate the geminal silanols but also the free and vicinal ones®*'"%*4. Also, they

give indications of the nature and structure of the ligand at the silica surface.

[-4-3-1. Infrared spectroscopy

Infrared spectroscopy has been widely used to characterize the bare silica surface (adsorption

235,236 237-239

study , influence of thermal treatment and rehydroxylation , or study of the modified

surface®40-24%).

The region 3660-3750 cm™' concerns the vibrational stretching bands of silanols. Depending
on the silanol type and its environment, the vibration band are differents. Below 1200 cm™', the
siloxane bridge vibration bands can be distinguished. The near-IR region®* has not been done

in this study, but is also of interest as it allows for the differentiation of free and vicinal silanols.

225,226 227-229

The main vibrational bands of silanols and siloxane bridges are summarized in Table
5. In the 3690-3750 cm™ region, the interpretation can be difficult, especially if water is

adsorbed onto the silica surface, which leads to superimposition to the bands of interest.

IR 0, ~3740cm  o,~3747cm o, ~3500cm. 6, ~470 cm’
0, ~810cm’
0o~ 1110 cm’’
0.~ 1050-1085 cm "
O~ 1870 cm

4

NMR *’si Q’~-90 ppm Q’~-100ppm  Q'~-100 ppm Q"~-110 ppm

Table 5: Main vibrational bands and chemical shifts of silanols and siloxane bridges

62



Chapter I. Generalities and State of the Art

When silica is derivatized, some other vibrational bands appeared. A review is focused on the
comparison by IR, for different modification procedures, of the species onto the silica surface
(Si-OR, Si-O-Si(CH3)3, Si-R)%4¢.

It can be noticed that IR allows for differentiating the geminal and free silanols from the vicinal
silanols that have almost the same chemical shift in NMR. Nevertheless, those results gave
preliminary insights but are not sufficient to describe accurately the silica surface because the
differentiation of free and geminal silanols is not gained, as well as the difficult differentiation
of “internal” silanols (i.e. those that cannot be exchanged into SiOD in presence of deuterium
in NMR) and “external” silanols.

IR spectroscopy is a good tool to characterize silica, but is often used in combination with other
techniques as it does not furnish direct quantitative results. Many researchers have studied
silica surfaces and stationary phases using both IR and NMR?*247248 this second technique is

presented on the following part.

[-4-3-2. Nuclear Magnetic Resonance

Some interactions (dipolar-quadrupolar interactions) that are averaged at the liquid state due
to brownian movement, are not at the solid state, leading to broader signals. By rotation of the
sample at a specific angle (54.7°), it is possible to average those interactions and obtain
narrower signals. Also, using cross-polarization allow the amplification of the signal of scarce
spin such as *°Si. Consequently, Cross Polarization at the Magic Angle Spinning (CP/MAS) has
proved to be a good tool to characterize the silica species.

Different species can be distinguished by NMR: Q% Q* and Q*presented in Table 5 and in Figure
23. After derivatization, for example in the case of the grafting of trimethylsilane units, an
additional band is noticed at around 14 ppm"90:233:234:236.238.249-251

Q? are converted into Q* (or Q* and M, Q° are converted into Q* and M. The grafting rate can

be defined as the ratio between the number of modified sites over the total number of sites

(Equation 27)

— Im
IM+IQ2 +IQ3

Equation 29

with Iy, Ig2,]gs the integrations of the species M, Q°, Q°

This determination is semi-quantitative as it only gives the proportion of grafted groups over
the total number of silanols, which is a relative value instead of an absolute value. To obtain

such amount, it is necessary to multiply the relative value by the total number of silanols.
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Moreover, to have quantitative NMR measures, it is necessary to take into account only the
species onto the silica surface (and not the silica volume), and so use contact time

appropriated®**2>2,

When the silica surface is funtionalized with polyfunctional organosilanes, different structures
can be observed: M", D", or T" respectively for a reagent mono-RsSi(OR’), di- R:Si(OR"), or tri-
functional RSi(OR")3 (n being the number of bridging oxygene linked to the central atom). The
chemical shifts of such species are represented in Figure 23.

Sppm D T Q

. . . ) | | | | | N
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Conclusion

The combination of the methods presented above and used during this work allows for a full
characterization of the bare, as well as the modified silica materials (Figure 24).

The silica modification and the surface coverage can be characterized quantitatively and
qualitatively. The structure of the modified silicas and the species at the surface can be

elucidated by various chemical, spectroscopic and physical techniques.

Synthesis l Characterization

[ |
N\ i -
\ | gl e |
Silica = - >
particles = o
0 Modified
O ——

particles |
O
HO OR
Physical methods Spectroscopic methods
Grafting amoun
Microscopy (SEM) Infrared spectroscopy (IR)

Specific surface area (BET . 29 _.
P (BED Elemental analysis Solid State NMR (*Si)

Particle size distribution
Thermogravimetry (TGA)

Figure 24: General summary of the techniques available to characterize the bare and the modified silica particles
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I-5. Molecular modeling by Functional Density Theory (DFT)

Different methods exist to compute the energy of a structure, allowing for an increase accuracy
of the description of the system, but also a higher calculation time. First, force-fields/molecular
mechanics correspond to the “ball-and-spring” approach can be employed and give rapidly
some insights on the system. Nevertheless, it neglects the electronic structure and is not
convenient for accurate description of the intermolecular interactions for example. Then, semi-
empirical molecular orbital methods allow for better description by using quantum methods
with an approximate/parameterized Hamiltonian. Finally, ab initio methods are the most
accurate, and consist in a fully quantum mechanical treatment of the electronic wavefunction.
For instance, Density Functional Theory (DFT) method takes into account the electronic

structure.

DFT is presently the most successful approach to compute the electronic structure of matter.
It is especially adapted to chemistry as a predictive method for many molecular properties (e.g.
molecular structures, vibrational frequencies, electric and magnetic properties, reaction paths,
etc.) In the last years, there have been a growing interest of theoretical conformational
calculations or molecular dynamic simulations, sometimes in combination with experimental
studies. DFT and its implementation are arguably the most significant developments in the

field in the last 40 years. A brief history of DFT is presented here in Figure 25.

Thomas-Fermi
Kohn and Pople Nobel Prize in

theory and KS equations g
extensions chemistry
1926 50-60's 1965 1993 1998 2010
Slater and co- Local Density Approximation Modern functionals
corkers develop (LDA) and gradientexpansion ~ (GGA’'s and hybrids)
as crude KS-LDA approximation Accurate for thermochemistry

Figure 25: History of DFT developments
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I-5-1. Principle

The ultimate goal in quantum chemistry is to solve the time-independent, non-relativistic
Schrédinger equation (Equation 28):

HY,, = E¥, Equation 30
With H the Hamiltonian operator corresponding to the total energy and ¥ a set of solutions

of the Hamiltonian. Methods differ in how H and W are described.

The quantum mechanical wavefunction contains, in principle, all the information about a given
system. For the hydrogen atom we can solve the Schrédinger equation exactly in order to get
the wavefunction. The big deal is how to solve such equation for many particles (electrons +
nuclei) interacting together. This is the many-body problem (N-component system), and some
fundamental approximations have to be made. DFT can be defined as method of obtaining an

approximate solution to the Schrédinger equation for systems larger than the hydrogen atom.

[-5-1-1. Born-Oppenheimer separation

The aim is to reduce as far as possible the number of degrees of freedom of the system. It
refers to the adiabatic approximation, the nuclei can be frozen in their equilibrium positions.
Then, the Hamiltonian only contains terms referring to electrons.

In DFT the functional is the electron density which is a function of space and time. Contrary to
the Hartree-Fock theory that deals with the N-component wavefunction, DFT uses the electron
density as the fundamental property.

Whereas the N-component electronic wavefunction is a function of 3N variables (the
coordinates of all N atoms in the system independently from the spin), the electron density is
only a function of three variables (x, y, z), which speeds up the calculation.

Especially, Hohenberg and Kohn?*?

stated a theorem telling that the density of any system
determines all ground-state properties of the system. In this case the total ground state energy
of a many-electron system is a functional of the density. Knowing the electron density
functional, gives access to the total energy of the system, which means that the basic variable
is no more the many-body wavefunction W ({r)} but the electron density p(r). The original proof

is valid for local, spin-independent external potential, non-degenerate ground state, but there

exist extensions to degenerate ground states, spin-dependent, magnetic systems, etc.
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I-5-1-2. Kohn-Sham method
Now the need is to compute these functionals with the Kohn-Sham method?®**, in atomic units
(Equation 29).

gipi(F) = —%Vzﬁpi(f") + Verr(F) @3 (F) Equation 31

Instead of the many-body system of interacting electrons, we define a set of 'KS-orbitals’ (¢;)
of fictitious, non-interacting electrons moving in an effective potential (vq¢). Then the orbitals
satisfying the KS equations give the same density as the interacting system. All the electron-
electron interactions are included in the exchange-correlation potential.

It has to be noticed that effective potential depends on the density, which depends on the
potential. The use of Self-Consistent Field (SCF) approach (KS-DFT Algorithm) represented in

Figure 26 allows for solving it.

Initial density p(F}

1 I

Computation of K-S potential
Very

Solvation of K-S equations to

obtain K-S orbitals — g, s »
nverge

Calculation of density from the |gm
orbitals p(F) = ZiLq [¢; (F)]*

Figure 26: Schematic representation of the SCF used to solve the KS equations

[-5-1-3. DFT in practice
In DFT, electrons are delocalized. The distribution has to be characterized and that is the

purpose of the electron density (p) defined in Equation 30.

p(M) =X, ¥ (H* Equation 32

The knowledge of the density is all that is necessary for a complete determination of all

molecular properties. The quality of the description of the system is dependent on the method
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selected (i.e. the functional and basis set). Within the framework of this thesis, this part was in
collaboration with a quantum chemist specialized in DFT, Dr. Vincent Tognetti (COBRA,

Université de Rouen) for the right selection of the method.

The functional describes the total energy of the system. The lower level of theory takes only
into account local density (LDA) while the higher level of theory also consider explicit
dependence of unoccupied orbitals. Different functionals have been developed for each level
of theory, and have to be used adequately regarding the compromise calculation time-
accuracy of description-system to be studied. The Figure 27 presents the Jacob and Perdew

scale, with some functionals and examples for each type.

Higher level of theory

Explicit dependence on

: : Fully non-local > B2PLYP
unoccupied orbitals
Global B3LYP
Explicit dependence on i PBEO

: : Hybrid functional .-~
occupied orbitals “« Range- wB97XD

separated CAM-B3LYP

Ef(pliifit depende nce. on meta-GGAs o . TPSS
kinetic energy density MO6L
Explicit dependence on GGAS . BLYP
gradients of the density PBE

L{Jcal densit\; only LDA N SVWN

Low level of theory

Figure 27: Description of some functionals developed, according to the level of theory

The basis describes the molecular orbitals, the following description ranges the basis from the

lower to the higher electronic description (Figure 28).
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Higher electronic description

6-311+G”
6-311G”
6-311G
6-31G(3df, 3pd)
6-31+G”
6-31G"
6-31G
6-21G
4-31G
4-21G
3-21+G" With polarization and diffuse functions
3-21+G Diffuse functions
3-21G" Polarized
3-21G
Lower electronic description

Figure 28: Description of some basis depending on the electronic description

|-5-2. Own N-layered Integrated molecular Orbital and molecular

Mechanics (ONIOM) method

IMOMM is a “subtractive” or "extrapolative” method: the total energy of the whole ("real”)
system is evaluated as the MO (or QM) energy of the model system (Eqwm, model) plus the MM
energy of the real system (Emm, real), and minus the MM energy of the model system (Emm, model).

The subtractive operation removes the “"double-counted” MM contributions (Equation 31).

Eimomm = Eontom2(oM:MM) = EQMmodel + EMM,real = EMMmodel Equation 33

As shown in Figure 29, subtraction of the MM energy of the real system from that of the model
system (i.e. Emm, real — Emm, model) is Used to obtain the effect of the environment on the model
system with an inexpensive MM method. Therefore, the IMOMM method can be considered
as a size extrapolation from the accurate QM calculation of the small model system (Eqwm, model)
to the large real system (Erar), by adding the approximate environmental effect evaluated by
the inexpensive MM method. From an alternative viewpoint, the IMOMM method can also be
considered as the extrapolation of the method (i.e., Eqm, model — Emm, moder) from the MM level to

the high accuracy QM level starting from the MM energy of the real system, Emm, real.

71



Chapter I. Generalities and State of the Art
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Figure 29: Schematic partitions of the whole system by the ONIOM methods: (a) two-layer
ONIOM, (b) three-layer ONIOM, and (c) n-layer ONIOM, from?*®

The ONIOM method (including IMOMM and IMOMO methods) can be considered as a hybrid
method based on a somewhat different concept from the “"generic” two-layer QM/MM
method. Although ONIOM can be used as a two-layer QM/MM method, it can also, uniquely,

combine different QM and QM methods, and can easily be extended to multiple layers.

|-5-3. Solvation effects

Many calculations are performed at the gas state, but some models have been developed to
take account for solvation effects. Two approaches are possible: the implicit model and the
explicit model, depending on the system, the accuracy needed, and the calculation time
available. Explicit solvent modelling consists in explicitly adding the solvent molecules, which
is intuitive but very costly. In the implicit solvent modelling approach, the solvent is represented
as a Polarizable Continuum Model (PCM), and free energies of solvation are computed, which

is less intuitive, but feasible.
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[-5-3-1. Implicit solvation
In this approach, the solvent is represented by a uniform polarizable medium with a dielectric
constant €. The solute is a molecule in a suitably shaped cavity in the medium (Figure 30).
Finally, the solute-solvent interactions are electrostatic interactions between the solute charge
distribution and the solvent. This is calculated through a SCF approach as the solute and the
solvent polarize each other, inducing charge redistribution until self-consistency.
The solvation free energy is calculated according to Equation 32:
AGgoly = AGcay + AGgisp + AGelec Equation 34
With AGcy the free-energy for the creation of the excluded volume for the solvent S around
the solute M, AGe the free energy related to the formation of electrostatic interactions between
M and S, and AGygisp @ short-range free-energy containing the repulsive and attractive van der

Waals-like interactions between M and S.

Three contributions determine the solvation free energy: creating a cavity in the medium costs
energy, dispersion interactions between solute and solvent lower the energy, and polarization
between solute and solvent induces charge redistribution until self-consistency.

It needs to solve the Poisson equation for discrete or continuous charge distribution of the
solute depending on the electrostatic potential (p) (Equation 33):

V29(r) = —M%(r) Equation 35

Figure 30: Schematic representation of the implicit solvation method
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I-5-3-2. Explicit solvation

In this approach, all the system is described accurately, giving access to the full details on the
molecular structure. But treating both solute and solvent at the quantum molecular level is very
time-consuming. Some strategies have been proposed, such as treating the solvent at lower
quantum molecular level, or at the molecular level, but that is not always possible. Also, Car-
Parrinello ab initio molecular dynamic approach can be used. Another trick is to use periodic
boxes to limit the system size, with Ewald sums for electrostatics. The following table (Table 6)

summarizes the main advantages and drawbacks of using one approach instead of the other.

Solvation model ‘ .
Explicit - Full details on the molecular structure - Many atoms: costly
- Realistic physical picture of the system - Multiple minima: difficulties in equilibrating

(all-atoms description)
solvent and solute

Implicit - No explicit solvent atoms: faster - All solvent structural information is lost: No
(continuum description) - Treatment of solvent effects at QM level modelling of specific interactions such as H-bonds
possible - Need to define an artificial boundary between

solute and solvent

Table 6: Advantages and drawbacks of each solvation model
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Conclusion

DFT can be defined as method of obtaining an approximate solution to the Schrodinger
equation for systems larger than the hydrogen atom.

The ultimate goal in quantum chemistry is to solve the time-independent, non-relativistic
Schrédinger equation, which is analytically only possible for the hydrogen atom. The many-
body problem can be solved by using some fundamental approximations

The electron density is the key-variable to study ground-state properties of an interacting
electron system. The ground state expectation value of any physical observable of a many-
electron system is a unique functional of the electron density p.

The total energy functional Exk) has a minimum, the ground state energy Eo, in correspondence
to the ground state density po. The universal functional Fuk is hard to approximate.

The Kohn-Sham scheme proposed a reformulation in terms of one-particle orbitals that
allowed for a solvation through the SCF approach. Caution must be taken to rigorously choose
a functional/basis set that is suitable for the system studied.

Larger systems can be analyzed with the ONIOM method, allowing to divide the system in
different layers with their own level of theory. Also, those calculations are done in the gas
phase, but solvation effects can be taken into account by using explicit or implicit methods,

depending on the system, the accuracy needed, and the calculation time available.
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I-6. Chromatographic evaluation and data processing by

chemometric methods

I-6-1. Chromatographic evaluation of thermodynamic properties

The characterization of stationary phases is of primary concern as it aims to obtain a
quantitative understanding of the properties influencing the retention. Considering the
properties, the researcher can select the appropriate one that fits with its needs.

Over the years, several methods have been established to study the interactions between the
stationary-phase and the solutes. As it was discussed earlier (1.4), the silica particles can be
analyzed right after the functionalization by different techniques (e.g. spectroscopic
techniques, morphological study, ligand grafting analysis...). In addition, the stationary phase
can be characterized after being packed into a column using chromatographic test methods.
The chromatographic tests can be further divided into the determination of physico-chemical
properties and the model based tests. Finally, chemometric methods allows to compare test
results and to classify columns as similar or dissimilar'2°6257,

Although the test procedures seek to evaluate similar SP characteristics, different
methodologies have been proposed®*®2®'. Snyder et al*®' defined a hydrophobic subtraction

1% adapted the solvatochromic parameters from Taft et al*®® to

model and Abraham et a
linear solvation energy relationship. At the same time, Engelhardt®® and Kimata et al*®®
proposed a procedure (the so-called Tanaka test) that has now relatively widespread
acceptance and least recognition. Also, some specific tests have been developed, for instance
the Veuthey test for basic compounds®©-2¢8,

In many tests proposed, experimental retention data of a set of compounds are modelled as a
function of a number of their structural properties (e.g. log k or log (k/krer) Where ks is the k
value of a non-polar reference solute). Different properties can be estimated such as column
efficiency, hydrophobicity, silanol activity, ion-exchange capacity, steric selectivity and
presence of metal impurities. The solute probes have to be adequately chosen to reflect given
stationary phase properties, considering their retention/separation information. It has also to
be diverse enough to account for the diversity of the physical interactions involved in

chromatography. The model coefficients provide information on the properties of the column

(e.g. hydrophobicity, hydrogen-bonding, steric selectivity).
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Some key reviews have been proposed regarding the different characterization methods and
techniques. Lesellier and West*?° presented general tests, their extensions, and data
treatment to highlight factors that are important when comparing and classifying different
stationary phases. The Tanaka and Engelhardt tests are presented as well as the hydrophobic
subtraction model, the linear solvation energy relationship model, and the carotenoid test''.
Also, Neue®”" highlighted the impact of different parameters (e.g. column hydrophobicity,
hydrogen-bonding properties, mobile-phase solvent strength, and column temperature) that
lead to various selectivities. Finally, Galea et al*’® proposed a review concerning the

characterization and classification of stationary phases in HPLC and SFC.

[-6-1-1. Hydrophobic subtraction model

The conditions and calculations described in the hydrophobic-subtraction model of Snyder et
al*®" help defining a basis for stationary phase and silica contributions to selectivity, as well as
a qualitative approach to column equivalency. The Equation 34 defines the model and the
Table 7 the parameters, respectively.

loga = log (%) = ('H) — (¢'S") + (B'A) + ('B) + kK'C Equation 36
Here k is the retention factor of a given solute, kes the value of k for a non-polar reference
solute (ethylbenzene in the present treatment) on the same column under the same conditions,
and the remaining selectivity-related symbols represent either empirical, eluent- and
temperature-dependent properties of the solute (n” , " , B" , o’ , k" ), or eluent- and
temperature-independent properties of the column (H, S*, A, B, C). Thus, the various column
parameters measure the following column properties: H the hydrophobicity (hydrophobic
retention), S* the steric resistance (resistance to penetration of molecules into stationary
phase), A and B the column hydrogen-bond acidity and basicity (with free silanol/siloxanes),
respectively and finally C the column cation-exchange activity (ionized silanols — charge

measure, pH dependent).
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Phase-Solute Solute Retention Description Term in the hydrophobic
Interaction Characteristic subtraction model
Dispersion Hydrophobic Van der Waals interactions in organic H

molecules
Charge Transfer Tt- Aromatic Electron deficient solutes interacting with Kanisole / KEthylbenzene
Acidity Lewis base phases
Hydrogen Acidic Proton donor solute interacting with B
Bonding proton acceptor group embedded in the
SP

Induced Dipole or Basic Electron rich solutes interacting with C

Tt-Basicity Lewis acid phases or phases with an

induced dipole

Table 7: Phase-solute interactions contributing to reversed-phase selectivity

The mobile phase is acetonitrile— 0.06M potassium phosphate buffer 50:50 (v/v); the pH is set
at 2.8 and the temperature at 35°C. It requires the analysis of a wide range of compounds (at
the beginning 67, later reduced to 16) to set up a link between the retention and the properties

of these solutes.

[-6-1-2. Engelhardt test

The test has become a standard procedure for the evaluation of hydrophobicity and silanol
activity. It is carried out with a non-buffered methanol-water 55:45 (v/v) mobile phase, with a
temperature set at 40°C. The test solutes used are toluene and ethylbenzene to evaluate
hydrophobicity, phenol, benzoic acid and ethylbenzoate to evaluate the polar interactions,
N,N-dimethylaniline, aniline and o-, m- and p-toluidine for the silanophilic interactions or the
electrostatic interactions. If the stationary phase presents a low silanol activity, aniline should
be eluted before phenol with a good peak shape, and the ethylaniline isomers should be co-
eluted. The composition of the mobile phase was chosen for its capacity to discriminate C8
and C18 phases, thanks to the reversal in the elution order of ethylbenzoate and toluene®®.
However, the test is not done at different pHs, so the silanol activity is not completely

evaluated.
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[-6-1-3. Tanaka test
Kimata et al.*® developed their test at the same time as Engelhardt et al. The parameters as
well as the chromatographic conditions are summarized in Table 8. The tests solutes used are
pentylbenzene, butylbenzene, caffeine, benzylamine, phenol, triphenylene and o-terphenyl.
data are normalized and presented through radar plots, allowing for a visualization of the

properties of any studied phase.

Property of stationary phase | Chromatographic | Mobile phases (v/v) | Property evaluated
parameters
Hydrophobicity e S 80% CH3OH Comparison of the
20%H.0 molecular interaction
mechanisms (for 2
SPs considered)
Amount of alkyl chains K og 80% CH3OH Surface area of silica,
20%H,0 surface coverage
Steric selectivity o 80% CH3OH Functionality of
20%H:0 silane, surface
coverage
Hydrogen bonding capacity A 30% CHsOH Amount of silanols,
70%H:0 end-capping, surface
coverage
lon exchange capacity (pH %y 30% CH3OH 70% Amount of silanols
7.6) phosphate buffer and ion exchange
(0.02M) sites
lon exchange capacity (pH % 30% CH3OH 70% Amount of ion
2.7) phosphate buffer | exchange sites at pH
(0.02M) 3, silica pretreatment

Table 8: Chromatographic conditions and parameters of the test

Compared to Engelhardt's test, Tanaka's test introduced additional evaluations such as the

hydrogen bonding due to the residual silanol groups, evaluated through the caffeine/phenol

selectivity. The separation factor decreases with the bonding density and with end-capping

treatments, as the retention of caffeine reduces with the proportion of silanol groups. Also, the

ion exchange capacity is studied through the benzylamine/phenol selectivity, at two pHs. This

test also evaluates the shape selectivity: while the hydrophobicity of triphenylene (planar) and

o-terphenyl (twisted) is identical, they do not penetrate in the stationary phase to the same

extent because of their different volumes.

Finally, the probes are commercially available and cheap, which makes this test a good

compromise for fast versus complete evaluation.
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[-6-1-4. Carotenoid test

The carotenoid test'?'

especially used in SFC investigates the hydrophobicity, polar surface area
and shape selectivity by analyzing carotene pigments. The retention factor of all-trans-p-
carotene, the separation factor of all-trans-f-carotene and zeaxanthin, and the separation 13-
cis and all-trans isomers of 3-carotene are the parameters needed to study the hydrophobicity,
silanophilic interactions and the steric selectivity, respectively.

The carotenoid method allows for the characterization and classification of aromatic ligand
and classical C18 bonded phases. The results can be visualized in a classification diagram based
on the accessibility of polar sites on the stationary surface, the polar surface area, a(all-trans-

B-carotene/zeaxanthin), the hydrophobicity of the stationary phase and the shape selectivity

a(13-cis-/all trans-B-carotene). However, the solutes are not necessarily easily available.

[-6-1-5. Other tests and extensions

Sander and Wise shape test is focused on the evaluation of the shape selectivity and is based
on the separation of solutes having a different spatial arrangement'”*2”3, The national institute
of standards and technology uses it as a column selectivity test to certify the performance

characteristics of C18-type phases.

Following the Tanaka and Engelhardt tests, several teams proposed modifications of the tests,
and/or extensions to other types of phase. Also, Neue et al.?"*?"> developed a test based on
the Engelhardt test, Cruz et al®*® have followed the Tanaka method and added an efficiency
criterion based on a ratio of two theoretical plate numbers measured for two positional isomers
of dihydroxynaphthalene (2.3 and 2.7). This evaluation is not only thermodynamic but also

kinetic as it takes into account the packing column quality.

Still on the basis of the Tanaka test, Layne?’® suggested a test to estimate the properties of
polar-embedded and polar-end-capped phases. Also, Sandi et al.?’’ measured the retention of
thirteen solutes, for a large part of them, in the Engelhardt and Tanaka tests. Finally, some
insights in data treatments were presented to deal with results for a large number of tested

columns.

For the specific case of basic solutes, the Veuthey test®®*2%® proposed the analysis of 14

compounds, later reduced to seven basic solutes, with various pKa values and molecular
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weights. The retention and asymmetry factors were studied at pH 3 and 7, and the authors

used chemometric methods to define clusters of stationary phases.

[-6-1-6. Linear Solvation Energy Relationship (LSER)

LSER model is known as a Quantitative Structure Property Relationship (QSPR), in which the
property is modelled as a function of a number of molecular descriptors, representing physico-
chemical properties of the analytes. Considering retention as the property investigated, we talk
of Quantitative Structure Retention Relationship (QSRR). The goals of applying such approach
encompass the prediction of a new solute retention, the understanding of the system
molecular separation, or the evaluation of the stationary phase properties?’®*?®, This approach

C281—285

was used extensively to study columns in HPLC, GC and SF , making comparisons of the

same columns in the different chromatographic systems.

The most widely applied representation of the LSER model was presented by Abraham et al.?*
and is given in Equation 35.

logk =c+eE+sS+aA+bB+vV Equation 37
E is the excess molar refraction (calculated from the refractive index of the molecule) and
expresses polarizability contributions from n and p electrons; S is the solute
dipolarity/polarizability; A and B are the solute overall hydrogen-bond acidity (donating ability)
and basicity (accepting ability); and V is the McGowan characteristic volume. Model coefficient

c is a system constant or the model intercept term.

In the equation, the retention is the dependent variable, usually a measure related to solute
partitioning (e.g. log k). The terms E, S, A, B, and V are solute-dependent molecular descriptors.
Each descriptor is deliberately included in the LSER equation to account for a specific
intermolecular interaction. Lower case letters represent the coefficients of the model or system
constants, related to the complementary effect of the phases (solute, SP, MP) on these
interactions. The different solute interactions incorporated in the LSER model for

chromatographic retention are illustrated in Figure 31.
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Figure 31: Schematic representation of the LSER parameters, adapted from?*°

A minimum of 20 carefully chosen solutes need to be included to have a relevant model*®®. The
descriptors of the chosen solutes should be evenly distributed over the interactions. Frequently,
the test solutes chosen are simple aromatic compounds, like benzene or naphthalenic
derivatives, with different polar and non-polar substituents to represent the diversity of organic
groups encountered in chromatography?®’. The system constants (e, s, a, b and v) are estimated
through a multiple linear regression analysis of the retention data for a range of solutes with
known descriptors. These system constants mirror the magnitude of difference for that
particular interaction between the stationary and mobile phases. A positive sign of a coefficient
indicates that the respective molecular interaction is stronger in the stationary phase than in

the mobile phase, thus increasing retention.

By conducting LSER studies, different stationary phases can be compared to gain important
chemical insight. An important point is that the mobile-phase composition has to be kept
constant for all stationary phases being studied. Indeed, modification of the stationary phase
by the mobile-phase components varies with the type of bonded functional groups onto the

silica support®®,
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| (oo
[-6-2. Chemometric methods Il{@_ =

Chemometric methods have been used to evaluate or visualize given chromatographic data. It
is a rational way to handle and interpret data sets that can be huge. Two approaches can de

distinguished as represented in Figure 32.

Configuration of the scatter in the space

Reduced space visualization * ¢ Space clustering
Factorial methods Classification method

Figure 32: Schematic representation of data classification

Such methods include Principal Component Analysis (PCA) as exploratory data analysis
combined with Hierarchical Component Analysis (HCA) to order the data. The following

section is dedicated to the presentation of those two methods.

I-6-2-1. Principal Component Analysis (PCA)

PCA is a descriptive statistical method introduced by K. Pearson in 1901%% that allows to
represent in one graph a big amount of the information contained in a data table. Various
algorithms for the PCA calculation have been developed such as NIPALS (Nonlinear Iterative
Partial Least Squares) or SVD (Singular Value Decomposition).

Due to the large number of data generated during the SP characterization through the different
tests presented previously (1.6.1), the issue is to represent those n dimensions and summarize
the data set by choosing the best projection axes. The aim is to transform p initial variables
inter-correlated in p new variables non-correlated called Principal Components (PC) (Figure

33).
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Figure 33: Schematic representation of the transformation of the p initial variables inter-
correlated in p new variables non-correlated

The first step is the data standardization (Equation 36) to ensure equal importance of each
variables in the final representation.
Xik—Xk

Equation 38
Sk

With xi« the value, x« the average value and sk the standard deviation.

Then, the variance-covariance (or the correlation matrix) is constructed and PC weights (i.e.
eigenvalues) are calculated by the determinant of the matrix in Equation 37.

det(A—AI) =0 Equation 39

With A the matrix of eigenvalues and | the identity matrix of order n.

After calculation of the coefficients of the 2 CPs (i.e. eigenvectors) associated to the
eigenvalues, the scores of individuals are obtained by linear combination of the initial variables
(Equation 38).

Fij=2X1 ++,X, Equation 40

With Xj,..., X, the initial variables.
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Figure 34: Summary of the PCA procedure

At the end of the procedure, two plots are generated by the software (in our case, XLStat,
Addinsoft): score plots for the observables and loading plots for the variables. Those two
representations are complementary and can be superimposed to generate the biplot. The score
plot is a representation of the projections of observables, and the loading plot is useful to
visualize the correlation between variables and PCs.
A tricky point is the choice of the number of factorial axes, some rules help defining it:
» Kaiser limit in normalized PCA: Preserve all the principal components associated to
eigenvalues A > 1 on the eigenvalues histogram (scree plot in Figure 35).
Minimal inertia rule: Preserve 50-70% of the cumulated variance

Common sense: Keep interpretable axes

Inertia
Inertia

Factorial axes Factorial axes

Figure 35: Representation of the inertia cases that can be encountered
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Also, the representation quality has to be checked to ensure reliable (amenable) interpretation.
Inertia calculation can be used, and the cos® 6 can be calculated as represented in Figure 36. A
value close to 1 ensures a good quality of the representation. In the loading plot, it signifies

that variables close to the circle are well represented, while those close to the origin are not.

cos’ 0 =cos? 0, +cos’ 9,

Figure 36: Global quality representation

[-6-2-2. Hierarchical Component Analysis (HCA)

The Cluster Analysis is an explorative analysis that tries to identify structures within the data.
Especially, it tries to identify homogenous groups of cases (i.e. observations, participants...).
Because it is explorative it does make any distinction between dependent and independent
variables. The cluster analysis is often part of the sequence of analyses of factor analysis, cluster
analysis, and finally, discriminant analysis. First, a factor analysis that reduces the dimensions
and therefore the number of variables makes it easier to run the cluster analysis. Also, the
factor analysis minimizes multicollinearity effects. The next analysis is the cluster analysis,
which identifies the grouping. Lastly, a discriminant analysis checks the goodness of fit of the

model that the cluster analysis found and profiles the clusters.

In almost all analyses, a discriminant analysis follows a cluster analysis because the cluster
analysis does not have any goodness of fit measures or tests of significance. The cluster
analysis relies on the discriminant analysis to check if the groups are statistically significant and
if the variables significantly discriminate between the groups. However, this does not ensure
that the groups are actually meaningful; interpretation and choosing the right clustering
requires know-how. It is up to the understanding of the researcher and how well he makes
sense of his data. Furthermore, the discriminant analysis builds a predictive model that allows

us to plug in the numbers of new cases and to predict the cluster membership.
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Figure 37: Representation of a HCA analysis

The first step in the hierarchical clustering process is to look for the two elements that are the
most similar, that is are the closest in the sense of having the lowest dissimilarity (e.g. elements
1and 2, and 3 and 4). These two elements are then joined at in the first step of the dendrogram,
or clustering tree, this cluster becoming a new element submitted to the same procedure until
all elements have been clustered (Figure 37). The distance measure is mostly defined as the
Euclidean distance, and different choices are available to define the “between-groups” linkage
(distance between clusters is the average distance of all data points within these clusters):
nearest neighbor (single linkage: distance between clusters is the smallest distance between
two data points), furthest neighbor (complete linkage: distance is the largest distance between
two data points), and Ward's method (distance is the distance of all clusters to the grand
average of the sample). The usual recommendation is to use single linkage first. Although
single linkage tends to create chains of clusters, it helps in identifying outliers. After excluding
these outliers, we can move onto Ward's method. Ward's method uses the F value (like an
ANOVA) to maximize the significance of differences between cluster, which gives it the highest
statistical power of all methods. The downside is that it is prone to outliers and creates small

clusters.
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Conclusion

Stationary phases are continuously improved and some new ones are introduced each year,
on different supports (monolith, sub-2 um particles, SPP...). The lack of information from
manufacturers regarding the exact functionality of their stationary phases highlight the need
of classification. Also, it is essential to be able to identify columns possessing similar selectivity
for use as replacement/back-up columns. Alternatively, for method development purposes,
phases possessing differing selectivities are a prerequisite.

Many authors developed chromatographic tests to evaluate some key properties of the

stationary phases. The main strategies are summarized in Figure 38.

e . { Hydrophobic
Eng:.-gtardt subtraction

model

Characterization

Carotenoid
test

Figure 38: Schematic representation of the main chromatographic tests, from*”?

Chemometric methods are also used, such as HCA to measure the proximity between
stationary phases. Also, PCA is of interest to identify the criteria affecting retention and the
correlations, and to group the stationary phases in a two- or three-dimensional space based
on the data initially spread in a multi-dimensional space.

More complex models are also used, based on quantitative structure-retention relationships
like the LSER model of Abraham et al. or the hydrophobic subtraction model proposed by
Snyder et al. These thermodynamic approaches necessitate the analysis of a wide range of
compounds, properties of which are well known, then setting up of a link between the retention
and the properties of these solutes in order to identify the interactions taking place between

the solutes and the stationary phase.
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Chapter Il. Conventional reversed-phase stationary phases

Introduction

This second chapter gathers the results obtained during my thesis concerning the silica surface
pretreatment, the grafting of silica particles, especially superficially porous particles. Also, for
each new stationary phase, the full characterization of the modified silica particles have been
done through different and complementary physico-chemical methods. The packing step is
one of the critical stages that directly impacts the efficiency. This step was achieved by
Interchim as the company mastered the column packing. We could then estimate that the
chromatographic properties of the new stationary phases were independent of the packing

quality.

The first study is focused on the development of an efficient route to graft superficially porous
silica particles, to successfully obtain various surface chemistries and so different stationary
phase selectivities (Il.1.1). The choice of the organosilane, and the advantages of using
microwave irradiations were particularly highlighted. This methodologic approach was

published in Chromatographia in 2014.

Then, the impact of thermal pretreatment on silica particles was investigated and led to three
publications. The first study published in Journal of Chromatography, A in 2015 presents the
potential of thermal pretreatment of silica to select the silanol population and finally give
access, after organosilanization, a new range of C18 stationary phases starting from the same
silica batch (1.2.1). Chemometric approaches allowed for differentiating the C18 pool, and

highlighted the specificity of the high temperature pretreated C18 silica.

A concrete application of its unique selectivity is presented, in the context of phenanthrene
ultra-purification (11.2.2). This stationary phase presented unique chromatographic properties
that allowed baseline resolution of the critical pair phenanthrene/anthracene in a matrix
constituted of phenanthrene 98% with some impurities to be quantified at very low level. This

study was published in Chemical Engineering and Technologies in 2016.

Finally, starting from the same silica batch and without any further grafting, the different
pretreatment temperatures applied on silica led to various stationary phases that could be used

in HILIC mode. The kinetic performances and the applications of the different pretreated silicas
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(I.2.3) were investigated during an internship with Prof. Jean-Luc Veuthey and Dr. Davy
Guillarme, LCAP, Université de Geneve. The results were published in Journal of Separation

Science in 2016.
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I1-1. Microwave organosilanization of silica

The first part of this work was devoted to the development of a fast, efficient, and reproducible
grafting method that could be transposed at the industrial scale. First, we focused on the
grafting of an alkyl chain containing 18 carbons (C18) onto the silica surface. As it is the
common SP used in RP-mode, C18 is a reference and can be considered as the flagship product

of any SP range.

Two pathways were tested: the first one, reported in the literature relied on silanization
followed by hydrosilation, as presented in section 1.3.2.4. It was compared to the second one,
established in collaboration with the company Interchim, as referred to organosilanization
(1.3.2.2). Also, two grafting modes were evaluated: under conventional heating and microwave

irradiation procedure.

Grafted silicas were fully characterized by several techniques presented in section 1.4: elemental
analysis, DRIFT, solid state CP/MAS NMR, microscopy, and the chromatographic properties

were evaluated by mean of the Tanaka test presented in section 1.6.1.3.

Such studies and evaluation led to the first article entitled "High-Density Octadecyl Chemically
Bonded Core-Shell Silica Phases for HPLC: Comparison of Microwave-Assisted and Classical
Synthetic Routes, Structural Characterization and Chromatographic Evaluation” published in

Chromatographia in 2014.
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lI-1-1. Article 1: Around the development of a fast, efficient, and

reproducible grafting method for C18 functionalization of bare silica

SPP.

Chromatographia (2014) 77:1577-1588
DOI10.1007/510337-014-2802-x
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Abstract In this study, different grafting methods were
examined to develop high-density chemically modified octa-
decyl core—shell silica particles for HPLC applications. The
influence of the reagents and the experimental conditions
were evaluated, either through conventional heating or by
microwave irradiation. For both experimental synthetic pro-
cesses, chemically bonded phases were prepared by grafting
the functionalized silane (octadecyldimethylchlorosilane or
octadecyldimethyl(dimethylamino)silane) and, on the other
hand, using a hydrosilylation procedure. The bonded silica
phases were fully characterized by elemental analysis, dif-
fuse-reflectance infrared Fourier transform (DRIFT) spec-
troscopy, 2°Si cross-polarization magic angle spinning NMR
and "H magic angle spinning NMR; and the granulometric
distribution was evaluated by SEM. The maximum graft-
ing rate (4.4 pmol m~2) was determined by direct silani-
zation with hexamethyldisilazane. The best grafting rate
(3.8 umol m=2) for octadecyl functionalization was obtained
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using octadecyldimethyl(dimethylamino)silane, The Tanaka
test was used to estimate the chromatographic behavior of
the overall set of synthesized bonded stationary phases, and
their chromatographic performances were compared with
similar columns available on the market. In this article, we
used microwave irradiation methods to drastically reduce
the reaction time for a comparable grafting rate and equiva-
lent chromatographic performances.

Keywords High-performance liquid chromatography -
Core—shell silica - C18 chemically bonded phase -
Microwave irradiation - Octadecylsilane - Stationary phase

Introduction

Various silica-based columns packed with chemically bonded
phases (CBPs) have been developed to improve the chroma-
tographic selectivity and enhance the analytical capability
of reversed-phase liquid chromatography (RP-HPLC). The
packing materials in liguid chromatography can be divided
into three groups: polymeric. inorganic and hybrid materi-
als. However, silica remains the mainstay of CBPs hecause
of its unique properties, including its high surface area, high
mechanical stability and controllable pore structure. Nev-
ertheless, this inorganic material presents some drawbacks,
such as poor pH stability, which can limit its applications.
Fully porous spherical silica is widely used as a support in
the preparation of CBPs. Pellicular silica particles named,
i.e., core—shell or fused core or superficially porous particles.
were developed in the late 19605 to improve column effi-
ciency and to reduce band dispersion in the column [1].
According to Guiochon et al, [2], the success of this type
of particles can be explained by the resulting low mini-
mume-reduced plate height of their packed columns, which

@ Springer
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are in the range of 1.2-1.5 instead of near 2.0 for the same
columns packed with Tully porous particles. Consequently,
this type of material is the best solution Lo improve the sen-
sitivity, the resolution and to decrease the analysis time
with high efficiency for a conventional HPLC mstrument
13 5]

The bondage efficiency of silica using different silani-
zation reagents to chemically modify core—shell silica par-
ticles under conventional heating or microwave irradiation
has not yet been compared.

In the literature, monofunctional reagents have been
used to avoid the polymerization or the formation of a
complex architecture resulting in a partial silanization of
the silanol groups on the surface [6-8]. In this study, two
monofunctional octadecylsilanes with different reactive
groups were investigated. n-octadecyldimethylchlorosilane
(ODMCS) was compared to n-octadecyldimethyl{dimethyl
amino)silane (ODMAS), which was the most efficient rea-
gent [9, 10] for the preparation of well-defined and densely
covered silica particles [11]. Another method described by
Pesck et al. [12] involved bending hydrocarbon chains onto
silica through a direct silicon—carbon linkage via hydrosi-
Iylation using the Speier catalyst.

The use of microwave activation was motivated by the
specific absorption of microwave energy by silicon. As a
result of an intrinsic property. this absorption leads to con-
fined heating near the surface of the material. The selec-
tive heating of the substrate was expected to influence the
course and the rate of the silanization reaction at the sur-
face. For a large-scale batch, there are several large labo-
ralory microwave systems available, which use a variety
of approaches to achieve kilogram scale; parallel vessels,
stopped-flow and continuous-flow, large vessel content, for
example, although some of them have inherent limitations
and the choice depends on the application. An additional
key point in processing comparatively large volumes under
pressure in g microwave field is the safety aspect, as any
malfunction or rupture of a large pressurized reaction ves-
sel will have a significant impact. Many efforts are still in
progress o achieve large-scale reactors with good batch to
batch reproducibility, in safety [13].

There are only few reports on the use of microwave irra-
diation to grafl organic lunctional groups onte silica sur-
faces |14-16]. For the hydrosilylation procedure, micro-
wave-assisted chemical functionalization was previously
used for undecene grafting [17] onto hydride-modified
porous silica without the platinum catalyst. In this study,
the three synthetic routes (ODMAS grafting, ODMCS
grafting. hydrosilylation) were applied using conventional
heating and microwave irradiation. Previous surface acti-
vation | 18] by acid treatment and the influence of an end-
capping reaction were also evaluated following the grafting
rate and the chromatographic properties.

@ Springer

The primary goal of this study was to compare the func-
tionalization of core—shell silica particles into C18-bonded
silica using conventional heating and a microwave irradia-
tion method for RP-HPLC applications. The starting core—
shell particles and the bonded particles were investigated by
SEM. The degree of coverage was determined by elemen-
tal analysis. The presence of the specific vibrational bands
of the organic moilety linked to the surface was followed
by diffuse-reflectance infrared Fourier transform (DRIFT)
spectroscopy. The confirmation of covalent bonding onto
the silica surface and the distribution of the CI8 chain
linked to the different silicon atoms were obtained by 2Si
cross-polarization magic angle spinning (CP/MAS) NMR
and by "H magic angle spinning (MAS) NMR. Finally, the
chromatographic properties of the columns packed with the
C18-core—shell silica particles were studied via the Tanaka
test [19].

Experimental
Chemicals

The core—shell silica particles were provided by Interchim
{Montlugon, France): their specific surface area, nominal
particle diameter and pore diameter were 126 m* ¢!, 2.6 ym
and 90 A, respeetively. Dichloromethane was purchased
from VWR (Fontenay-sous-Bois, France) and was distilled
with phosphorus pentoxide. Aminoiriethoxysilane was pur-
chased from Lancaster (W1, USA), and chloroplatinic acid
hexahvdrate was acquired from Strem Chemicals (Bis-
chheim, France). n-octadecyldimethyl{dimethylamino)silane
(ODMAS), n-octadecyldimethylchlorosilane  (ODMCS),
bis(dimethylamino)dimethylsilane (BMMS), imidazole and
hexamethyldisilazane (HMDS) were obtained from ABCR
{Karlsruhe. Germany). Toluene, benzylamine (B). phenol
(P), caffeine (C). octadecene and uracil were supplied by
Sigma-Aldrich (Saint-Quentin Fallavier, France). Butylben-
zene (BB), triphenylene (T} and o-terphenyl (O) were pur-
chased from Alfa Aesar (Schiltigheim, France). Methanol,
toluene, tetrahydrofuran, acetomitrile, pentylbenzene (PB)
and ether were purchased from VWR (Fontenay-sous-Bois,
France). All of the solvents were of HPLC quality.

Materials

The columns (4.6 mm = 50 mm} were packed by Inter-
chim and were compared to various commereial columns,
including 4 Halo CI18 column from Advanced Materials
Technology (Wilmington, DE, USA), a Poroshell ES-CI8
column from Agilent-Technologies-France (Courtaboeuf,
France) and an Accucore C18 column from Thermo Fisher
Scientific-France (Courtaboeuf, France).
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Scheme 1 Silanization with
HMDS

2 sioH + (CH;),SiNHSI(CH;),

Apparatus

Carbon analysis by the conventional combustion method
was performed using a Flash 2,000 organic elemental ana-
lyzer from Thermo Scientific.

The DRIFT spectra were obtained using a PerkinElmer
(Norwalk, CT, USA) Spectrum 100. The sample consisted
of a mixture of silica with potassium bromide [10 % (m/m)
in KBr] placed in a 2-mm-diameter cup. The spectra,
which consisted of 64 scans, were acquired at a resolution
of 2 cm~" and were referenced against pure KBr over the
range 4,000-450 cm ',

SEM images were obtained using a JEOL JCM 5,000
NeoScope (Miinchen, Germany) operated at an accelerat-
ing voltage of 15 kV. The magnification was approximately
440 and 20,000x. The powder samples were stabilized
on analyzing plots using conductive adhesives; they were
subsequently coated with gold using a NeoCoater MP-
19020NCTR to reduce charge accumulation during the
observations.

The Si CP/MAS NMR measurements were performed
with a Bruker (Wissembourg, France) DSX 400 specirom-
eter equipped with a 4-mm MAS probe. The magic angle
spinning was performed at 10 kHz, and 12,288 scans were
collected for each sample. The 'H 90° pulses and contact
times were 3.05 s and 5 ms, respectively, with a repetition
time of 5 s. High-speed "H MAS NMR measurements were
perfarmed with a Bruker DSX 400 spectrometer equipped
with a 2.5-mm probe. The sample spinning rate was 30 kHz,
the 907 pulse length was 3.25 s, the repetition tilme was 3 §
and 128 scans were collected for each sample, All chemical
shifis were referenced 1o tetramethylsilane (TMS).

The syntheses were performed in a CEM (Bucking-
ham, UK) Discover microwave at 2,450 MHz. The power
delivery system was adjusted during the reaction with a
maximum of 300 W, The instrument was monitored with a
touch-screen control panel.

The chromatographic measurements were performed
with a liguid chromatograph from Thermo-Fisher-Scien-
tific, which consisted of a P680) pump, an injection valve
(ASI-100 automated sample injector) equipped with a
20-pLL injection loop, and a model UVD 340U diode array
detecior (DAD). The column temperature was controlled
with a TCC-100 thermostated column compartment. The
data were collected in a computer using the Chromeleon
software.

—_— 2 SIOSi(CH3); + NH,4

Chemical Bonding Procedures

Each bonding procedure was performed three times. Two
columns were packed for each bonding procedure, except
for the HMDS grafting. As the results were similar, the
chromatographic performances of one column for each
bonding procedure were presented.

Activation of Silanols

In a 1-L three-necked round-bottom flask equipped with a
condenser and a mechanical stirrer, 10 g of core—shell silica
and 500 mL of a solution H,O/HNO./H,SO, 7/2/1 (viviv)
were added. The mixture was heated at 100 °C for 24 h.
After being rinsed with H,O until neutral, the silica was hl-
tered and dried at 110 °C for 12 h under vacuum,

Conventional HMDS Grafting (Scheme 1)

In a 500-mL three-necked round-bottom flask equipped
with a mechanical stirrer, 2.5 g of the activated silica was
mixed with 50 mL of toluene, A solution of 11.7 mL of
HMDS in 26 mL of toluene was added dropwise. The mix-
ture was reacted for 16 h at 110 °C. The silica was then
washed with 50 mL of toluene, 50 mL of tetrahydrofuran
and 50 mL of acetonitrile to remove the excess reagent.
After filtration, the silica was dried at 110 °C for at least
12 h under vacuum.

Microwave HMDS Grafting

A mass of 500 mg silica, 10 mL of toluene and 2.3 mL
of HMDS were placed in a 25 mL Pyrex vessel, and the
mixture was reacted for 30 min. The reactor was cooled
1o room temperature, and the excess reagent was sub-
sequently remaved by rinsing with 10 mL of toluene,
10 mL of tetrahydrofuran and 10 mL of acetonitrile.
After filtration, the silica was dried at 110 °C for 12 h
under vacuum,

CI18 Grafring by the Pesek Method (Scheme 2)
The CI8 grafting was performed by hydrosilylation
between the hydride-modified silica surface and octadecene

using a procedure previously described [12]. The grafting
wis followed by an end-capping step with HMDS.

@ Springer
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CH,
u Pt cat.
SH + CH & ——— =

('l.‘Hz}m

Hs

Si(CH),;CH,

Scheme 2 Hydrosilylation

Hydrosilylation under Microwave Trradiation

The triethoxysilane-modified silica (500 mg). 10 mL of tol-
uene and 1.2 mL octadecene were mixed in a 25 mL Pyrex
vessel, and the mixture was reacted for 30 min. The reac-
tor was cooled to room temperature, and the excess reagent
was removed by rinsing with 10 mL of toluene, 10 mL of
tetrahydrofuran and 10 mL of acetonitrile. After filtration,
the silica was dried at 110 °C for 12 h under vacuum.

Conventional ODMAS Grafting (Scheme 3)

The ODMAS grafting was performed according to the pro-
cedure described by Szabd et al. [207].

Microwave ODMAS Grafting

A mass of 500 mg of activated silica, 10 mL of (oluene and
1.15 g of ODMAS were placed in a 25-mL Pyrex vessel,
and the mixture was reacted for 30 min, The reactor was
cooled to room temperature, and the excess reagent was
removed by rinsing with 10 mL of toluene, 10 mL of tet-
rahydrofuran and 10 mL of acetonitrile. After filtration, the
silica was dried at 110 °C for 12 h under vacuum.

Conventional ODMCS Grafting (Scheimne 3)

The same procedure previously described was used with
ODMCS reagent instead of ODMAS.

Micrawave OQDMCS grajfting

In total, 500 mg of the activated silica. 1 g of imidazole,
10 mL of toluene and 1.12 g of ODMCS were placed in a

Scheme 3 Silanization of
silica particles with ODMAS
(X = (N[CHj)s) and ODMCS
(X==Ch

@ Springer

25-mL Pyrex vessel. and the mixture was reacted for 30 min,
The reactor was cooled (o room temperature, and the excess
reagent was removed by rinsing with 10 mL of toluene,
10 mL of tetrahydrofuran and 10 mL of acetonitrile. After fil-
tration. the silica was dried at 110 °C for 12 h under vacuum.

Tanaka Test Procedure

The Tanaka test procedures were performed as described
in the literature [19], except for the flow rate. which was
reduced to (.5 mL/min hecause of the column dimensions
(50 »x 4.6 mm). The oven temperature was set at 30 °C
without pre-heating of the mobile phase. The solutes were
detected at 254 nm, and the injection volume was 5 pL.

The retention factors (k) were calculated using Eq. 1:

e — I

k=
T (1)

where 7, 15 the retention time for the solute and ¢, is the
retention time of uracil taken as the unretained component.
The selectivity factors (o) were calculated using Eq. 2:

o
(&)

o= (2)
1

o

where k; and &, are the retention factors for solutes | and 2,
respectively.

The six parameters considered in the Tanaka test and the
maobile phases used are described in Online Resource, Table 1.
To estimate the influence of the acid pretreaiment, the end-
capping step, and the grafting methods on the chromato-
araphic properties, six columns were prepared and evaluated
using the Tanaka test (see Table 1). In addition, three com-
mercially available columns packed with core—shell C18 silica
from different manufacturers (Poroshell ES-C18, Halo CI8.
Accucore C18) were also tested for comparison, Each target
compound was injected three times. The results are presented
in radar plots to magnify the small differences between some
parameters and to differentiate each modified silica material.

Results and Discussion

Elemental Analysis

The carbon content was determined by elemental analysis, and
the results were obtained from the amount of organic moieties

SiOH + CH,(CH,),;Si{CH;),X H)—s.csfcwztcmhycm +HX
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Table 1 Summary of all synthesis performed with conditions of heating and the corresponding columns packing

Acid pretreatment Silanization reagent  Heating End capping Column name Efficiency (N)*
(4.6 x 50 mm)

No HMDS Conventional No - -

No HMDS Microwave No = =
HyO/HNOy/H,50, ODMAS Conventional BMMS, concentrated Number 1 12,730
H,O/HNOy/H,SO, ODMAS Conventional BMMS Number 2 11,360
No ODMAS Conventional BMMS Number 3 11,470
No Octadecene Conventional HMDS Number 4 10,840
No Octadecene Microwave No - -

No ODMAS Conventional No Number 5 10,910
No ODMAS Microwave No Number 6 12,630
No ODMCS Conventional No - -

No ODMCS Microwave No - -

— No column packed

2
@ Caleulated with ffuorene 70 % CH,CN 30 %H, O {viv) N = 5.54 = [‘—:ﬂ with 1, and wy, the total retention time and the peak width at half

height respectively

bonded to the silica. The grafting rate (1) was calculated using
Eq. 3, where p_ is the carbon percentage by weight of the
honded material, M_ is the atomic weight of carbon. M, is the
molecular weight of the grafted molecule, i, is the total num-
ber of carbon atoms of the bonded organic group and Sy 1s
the specific surface area (m® g~ of native silica).

(e molm %) = ————

3)

Table 2 summarizes the average results obtained using
the different methods. The maximum coverage obtainable
with an octadecyldimethylsilane ligand was approximately
4,0-4.7 pmol m 2. The typical bonding densities of mono-
meric synthesis of C18 materials were between 2.5 and 3
pmol m~ [18]. The reported value (3.8 umol m™%) corre-
sponds to an efficient bonding process,

As expected, the alkyl chain length of the ligands influ-
enced the grafting rate [21]; thus, smaller chain lengths
resulted in greater surface coverage, The maximum grafting
rate was obtained for HMDS. which was previously used
as a probe [22] because of its high reactivity and its ability
to access the maximum amount of silanols. The maximum
value reported for a trimethylsilane was 5.43 pmol m™ [18].

The grafting rates obtained with ODMAS and with
ODMCS were similar: however, the ODMCS grafting
method required a basic molecule like imidazole able to
capture the byproduct (hydrochloric acid). which had to
be removed by rinsing with solvents of various polarities
(toluene, tetrahydrofuran, acetonitrile),

The use of microwave iradiation for these reactions
did not improve the grafting rate (except for HMDS grafi-
ing). The polar components of the reaction mixtures directly

absorbed microwaves to efficiently supply energy to the reac-
tants. Thus, microwave heating was quicker and so increased
the productivity compared to that achieved with conventional
methods, In this process. the enhancement of the grafting
amount by microwave irradiation was strongly dependent on
the length of the alkyl side chain [15], which explains the effi-
ciency of HMDS grafting compared to that of the ODMAS or
ODMCS silanization reagent. For the conventional grafting
process, we performed kinetic studies (see Online Resource,
Fig. 1) by modulating the reaction time (between 30 min and
16 h); a minimum time of 5 h was required 1o mamtain the
grafting rate. For the microwave grafting procedure. different
experiments were done at 30, 45, and 6() min, and the grafting
rate was similar. Consequently, we decided to set the time at
30 min for the further reaction.

The grafting rate was clearly lower for the CI8 func-
tionalization by hydrosilvlation. Moreover, the procedure
was longer and required the Speier catalyst, which could
adhere to the silica surface. A catalyst was still necessary
when the microwave irradiation method was used because
the grafting rate was lower (1.4 versus 1.7 umol m~2 for the
hydrosilylation step). However, chromatographic evaluation
of the grafted silica packed into a column was necessary to
determine if replacement of the silanol groups with silane
groups was beneficial despite the lower-density coverage. In
addition, pretreatment with an acid solution of H,G/HNO,/
H.SO, 72/ (viviv) was performed to activate the silica sur-
face to maximize the number of silanol groups. However,
the grafting rate was nol modified (data not shown).

Finally, an end-capping reaction with BMMS was
performed to eliminate the residual silanol groups. As
expected. the grafting rate did not increase because of the
high degree of coverage of the bonded phases.
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2;l};l:nzodg;::t::nofelj:;:l(ln;lica Type of synthesis G%C (£04) Anchored group n. M,, (g mol bh ill:lgir;ﬁ _r%tc
particles for the different
methods Conventional 1.6 ~Si(CH,); 3 73.19 36
HMDS 1.5 34
Grafting 1.6 3.6
Microwave 1.9 —8i(CH,); 3 73.19 4.4
HMDS grafting 1.8 4.1
1.7 39
Conventional 4.4 —CgH3; 18 253.49 1.7
Hydrosilylation 43 1.7
42 1.6
Microwave 3.7 —CgHs37 18 253.49 1.4
Hydrosilylation 3.6 1.4
36 1.4
Conventional 10.1 =8i(CH;),C gH35 20 311.65 3.8
ODMAS grafting 10.0 3.8
2.9 s
Microwave 9.5 —Si(CH4),C yHyy rad) 31165 3.6
ODMAS grafting 9.0 34
8.9 33
Comventional 9.9 =Si(CH4)C \yHy; 20 31165 38
ODMCS grafting 9.8 38
9.7 3.7
Microwave 84 —SitCH;),C yHy; 20 31165 31
ODMCS grafting 83 31
83 3.1
DRIFT the anti-symmetrical stretching band of methyl groups and

DRIFT spectroscopy is a useful tool for investigating chemi-
cally modified surfaces and provides valuable information
about the structure of the chermically bonded phases. The sub-
stantial structural changes that occur on the silica surface allow
for the characterization of the organic moiety. The primary
vibration bands are specified in Onling Resource, Table 2,
Compared (0 the spectrum of the native silica (Fig, la),
the presence of the strong siretching bands in the 3,000
2,800 cm ' region as well as weak deformation bands in the
1,370-1,470 cm™ ' region of the modified silica corresponded
with the decrease in intensity of the Si—OH bands at approxi-
mately 3,600 and 3,300 cm~', which clearly indicated the
bonding of the alkyl chain (see Fig. 1b). Specifically, the
stretching band near 3.653 em™! (Fig. 1b) was attributed to
the internal hydroxyl groups and the band near 3,328 cm ™’
was attributed to the hydrogen-bonded hydroxyl groups.
Absorption bands were not observed at 3,747 em ', which
would correspond 1o isolated hydroxyl groups; absorption
bands were also not observed at 3.535 cm™ !, which would
comespond o vicinal hydroxyl groups |8]. The specific car-
bon-hydrogen vibration bands indicated successful bonding
of the organic moiety at 2,958 and 2,833 cm™', representing

@ Springer

the symmetrical stretching band of methylene groups, respec-
tively: in addition, the symmetrical stretching band of methyl
groups and the anti-symmetrical stretching band of methylene
groups were observed at approximately 2,.870-2930 em ',
The relative intensity between the aliphatic chain stretch-
ing bands and the silanol stretching bands suggested that an
important part of the silanols was grafted duning the reaction
with ODMAS, which was confirmed by the carbon content
{10.1 % C). The primary feature of the silica hydride for the
Pesek grafting procedure was the presence of the silicon—
hiydrogen stretching band at 2,258 cm ™' (online resource,
Fig. 2a, b afier the end-capping procedure). After hydrosilyla-
tion, this band decreased in intensity compared to that in the
spectrum of the original silica hydride material and different
carbon-hydrogen bands appeared. All precise vibration bands
are detailed in online resource, Table 2.

SEM

According 1o the SEM images in Fig. 2, the sphericity was
considerable and the distribution was homaogeneous with an
average value of 2.6 pm, and no aggregate was observed.
Each particle was well-defined, which confirmed that the
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Fig. 1 DRIFT spectra of

silica (a) and silica grafted by
ODMAS under microwave 90 |
irradiation (b)

a 1000 .
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b 1000 _

%T

10 |
00
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silica particles were not damaged by the mechanical stir-
ring. Similarly, the SEM pictures confirmed that the mag-
netic stirring did not damage the silica particles as the
grafting time of the microwave procedure was shorter.

81 CP/MAS NMR

According to the literature [23-25], the spectrum of the
native silica has a primary resonance centered at 100 ppm
because the silicon atoms are linked to a hydroxyl group
((8i-0):8i-OH, Q. single silanol). In addition, the spec-
trum of our sample also exhibited two peaks attributed to
siloxane atoms close to the surface, (Si (O-5i),, Q) at

2000 1500 1000 4000
cm-1

approximately 110 ppm and to silicon atoms linked to two
hydroxyl groups ((Si-0,),8i-(0OH),, Q», geminal silanols)
at approximately 90 ppm.

The spectrum of C18 grafted silica with ODMAS after
microwave irradiation and the spectrum of C18 grafted sil-
ica with ODMCS after microwave irradiation are presented
in Fig. 3 and Online Resource, Fig. 3, respectively, All of
the chemical shifis are shown in Online Resource, Table 3.

The peak observed at 13.1 ppm in Fig, 3 corresponds 1o
the chemical shift for the species resulting from the reaction
of the ODMAS on the silica surface. The Q5 and Q, reso-
nances were still present, and no Q, signal was detected. As
expected, no polymerization occurred on the silica surface;

@ Springer
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Fig. 2 SEM pictures of silica core-shell particles after the grafting
procedure

the peak for the organic moiety was unique and confirmed
that the ODMAS reagent was a monofunctional silane.

CP experiments primarily reveal signals of silicon atoms
that are close to a hydrogen atom (Q, and Q,) and/or dipo-
lar coupling (siloxanc Q, close to the surface). however,
analysis of the spectra led to other considerations. For
example, the Q, and the M signals were predominant as a
consequence of the dense coverage of the silanol groups.
The intensity of Q, could also be explained by the different
proton density at the silica surface. Under CP conditions,
the moiety grafted onto the silica surface is a proton source

and magnetization may be transferred to siloxane nuclei
close to the surface [24].

Q, signal was at the limit of detection, because of the high
grafting rate. They were converted into Q and/or Q1 if only
one of the two SIOH was grafted. After the single-silanol
groups were grafted, the (3, signal was converted into Q).

Finally. these two spectra (Fig, 3 and Online Resource,
Fig. 3) were very similar, which indicates that the structure
of the grafted silica surface was not dependent on the silane
reactive group (chloro or dimethylamino).

The high-speed 'H MAS NMR specira of the vari-
ous phases were all similar to those presented in Online
Resource, Fig. 4, The resolution at 30 kHz spinning was
sufficient to clearly distinguish the different signals of the
{CH,) units (1.2 ppm) and the methyl groups (0.7 ppm).
The starting reagent contained 5-10 % CI8 isomers
because the precursor for the product did not contain only
alpha-isomers; thus, hydrogen linked to carbon (CH type)
was present and was confirmed by the signal at (0.1 ppm.,

The spectra were very similar to those previously pre-
sented. irrespective of the heating condition (conventional
or microwave irradiation). This similarity is consistent with
the DRIFT characterization and the elemental analysis
measurements that showed the functionalization of silica
particles by an alky] chain at similar grafiing rates. In the
case of the ODMCS grafting procedure {conventional and
microwave), hydrochloric acid was trapped and the result-
ing imidazole hydrochloride was partially adsorbed onto
the silica surface. The presence of imidazole was confirmed
on the hydrogen spectrum in Onling Resource, Fig, 4; with
the appearance of proton signals in the region 8-9 ppm.

134

H;
;—D%HJH;—R
H;
v

— Rt
— 1108

f

ViAo

FMWMMWJ I‘”MM“MMWWW,‘

-100 -150 [ppm)

Fig. 3 2gi CPAMAS NMR spectra of core—shell silica grafied with ODMAS under microwave irradiation
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Tanaka Test

The radar plots in Fig. 4 were constructed by plotting the
results of the chromatographic characterization. The data
were used 10 describe the predominant properties of the
chemically bonded phases synthesized. Table 3 summa-
rizes the results of the Tanaka tests for the different tested
packing materials. Greater values of Kpg, oppge and oy
indicate greater retention of hydrocarbons, greater hydro-
phobicity and greater shape selectivities (steric constraint
selectivities). respectively. Conversely, smaller values of
e “Topp and "Capp indicate smaller amounts of avail-
able silanol or fewer ion-exchange sites.

An excess of silanol was present in the case of the silica
CI8 grafted by the Pesek method (column 4), which was
reflected in the most important ion-exchange capacity at
pH 7.6 ("%, = 2.86) and in the value of the hydrogen
honding capacity and peak asymmetry (see Table 3). This
excess silanol may be correlated with the small value for
the amount of alkyl chain, which was indicated by a lower
degree of coverage, as determined by elemental analysis.

Each of the parameters for the three packing materi-
als synthesized by the ODMAS grafting method with
an end-capping step (columns 1, 2 and 3) was very
similar, The predominant characteristics of the station-
ary phases were hydrophobicity and the amount of
alkyl chains, which was in agreement with the grafting
of an organic moiety containing a long alkyl chain and
with the high surface coverage determined by elemental
analysis. The two columns synthesized by the ODMAS
grafting method using conventional heating (column 5)

Steric selectivity

2

Hydrogen bonding capacity

and microwave irradiation (column 6) without an end-
capping step had similar profiles. However, the amount
of alkyl chain (k,; = 5.3) and the hydrophobicity (wpg,
sp = 1.54) were higher as a result of betier surface
coverage by the CI8 chains. The corresponding end-
capped phase (column 3) exhibited a lower kyy as the
grafting rate was lower. Morcover, cven if the carbon
pereentage was not improved by the end-capping step.
it appeared to influence the chromatographic perfor-
mances. Indeed. the hydrogen bonding capacity and the
total ion exchange were higher compared to column 3
(o = 0.46, "Copp = 0.37 for column 5 and acp = 0.52,
7"‘(1,;", =0.49 for column 6). The peak asymmetry of the
caffeine and the phenol are detailed in Table 3. All the
end-capped grafted silicas (columns 1, 2, 3) presented
values similar to those obtained for the commercial col-
umns. For the end-capped grafted silicas, the peak asym-
metry of the caffeine presented values lower than those
of the non-end-capped ones (columns 5, 6). But for the
peak asymmetry of the phenol, non-end-capped columns
give lower values than the end-capped grafted ones.

All the packing materials (except the silica modified via
the Pesek procedure) exhibited results (see Fig, 5) similar
to those obtained for the three tested commercial columns
{for column specifications, see Online Resource, Table 4),

The hydrophobicity and the amount of alkyl chain for
columns 1, 2 and 3 are similar to those for the Poroshell
ES-C18 column. The values for columns 3, 6 and the Halo
C18 column were the highest as a consequence of their
greater retention (Fig. 6, blue), whereas the Accucore C18
column exhibited lower retention (Fig. 6, pink).
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-rl:::h + s Parameter Kpg  Cppmn ®T0 dep R @Be AS e AS gl Carbon
load (%)
Number | 404 151 176 030 .27 0.04 1.66 1.37 8.5
Number 2 423 151 L70 030 0,14 0.04 1.65 1.50 8.6
Number 3 421 151 173 031 (.22 0.04 1.69 |.45 8.6
MNumber 4 126 1.48 .54 062 2.86 0.02 1.53 .15 4.6
Number § 530 1.54 L66 046 037 0.02 1.79 1.29 10.1
Number 6 531 154 1.65 052 049 0.03 180 1.30 9.5
Halo CI8 516 1.53 146 035 0.20 0.04 1.61 1.34 7
Poroshell ES-C18 430 1.51 133 036 011 0.06 1.62 1.30 9.0
Accucore C18 i85 151 1L70 030 001 0.04 1.74 |.45 B0
Fig. 5 Chromatographic prop- Amount of alkyl chains
eriies of the different commer-
cial packing materials compared
[0 the ODMAS microwave
srufted packing
ERyg packing lon exchange capacity pH 7.6 -
5 Hydrophobicily
A
1
“‘“x\ :
—m—Hab C18

05
lon exchange capacity pH 2.7

The silanol activity measured by opp at pH 2.7 is a
measure of the acidic activity of the silanol groups and pro-
vides information related to the presence of metal impuri-
ties. At pH 2.7, the silanol moieties were mostly uncharged,
Higher values were obtained for silica-containing metal
contaminants. which increased the silanol acidity. The total
silanol activity was estimated on the basis of wggp at pH 7.6
and reflected the greater accessibility to residual silanol as
a result of a lower coverage or density. In this study, the
contribution of ion-exchange sites at pH 2.7 was low for all
of the calumns tested because the bonded phases were pre-
pared from pure silica, Type B. The small values for ion-
exchange sites at pH 7.6 (columns 1, 2 and 3) suggest that
few silanol groups remained, which is consistent with the
low hydrogen bonding capacity indicated by the agp value.

The acid pretreatment was not useful in our case, most
likely because of the high purity and the homogeneity of
the silica starting material. Moreaver, the concentration of
the end-capping reagent did not appear (o affect the amount

@ Springer
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Steric selectivity

-

Hydrogen bonding capacily

of ion-exchange sites at pH 7.6 because the values were
similar for columns 1, 2 and 3. However, in the case of
the columns synthesized by the ODMAS grafting method
without end capping, the ion-exchange site values at pH 7.6
{columns 5 and 6) suggested that some silanol groups were
still accessible to small solutes. As previously reported 7],
the end-capping step can affect the chromatographic prop-
erties, even if the carbon percentage is not affected.

Lastly, the C18 core—shell columns were tested and com-
pared to commercial columns (Halo C18, Poroshell ES-
C18, Accucore CI18). The highest values were obtained for
the hydrophobic selectivity and the amount of alkyl chains,
few silanols remained. The steric selectivily values for our
columns were in the range of the most important values
for a C18 grafting with a monofunctional reagent. These
phases can be considered high-density (HD) monomeric
phases that combing the advantages of the HD phases (i.e.,
restricted accessibility to silanols, high hydrophobicity and
steric selectivity) while avoiding the high retention of the
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Fig. 6 Chromatogram of Tanaka 1: CH,OH-H,0 (80:20, viv) for column Number 2 (black), Halo C 18 column (dlue) and Accucore C18 column
(pirk). In order ol relention: uracil, bulylbenzene, o-lerphenyl, pentylbenzene, triphenylene

totally porous HD silica phases. However, if the steric con-
straint selectivity value is high for a monomeric phase, it
remains below the steric constraint selectivity determined
for phases that lead to a separation of PAHs, carotenoids
or steroid isomers (i.c., parameters such as the numerical
value of ay, are greater than three).

Finally, the microwave process resulted in similar sepa-
ration performance compared to the high-boiling solvent
synthesis process. However, the microwave process pro-
vided a final CBP with a synthesis reaction time reduced
to 30 min,

Concluding Remarks

The best strategy in terms of grafting rate (3.8 pmol m~2)
was to perform the C18 grafting procedure using ODMAS,
which did not require imidazole for the synthesis process.

The hydrosilylation process resulted in the lowest graft-
ing rate (1.7 umol m~?) among the tested processes. In
the Pesek method, the major disadvantage was the use of
the platinum catalyst that may adhere to the silica surface.
And this catalyst was necessary; also when the procedure
was performed under microwave irradiation as the graft-
ing rate was lower (1.4 pmol m~? for the hydrosilylation
under microwave without catalyst versus 1.7 ymol m~2 for
the hydrosilylation with catalyst). However, the enhanced
grafting induced by the microwave irradiation was strongly
dependent on the length of the alkyl side chain; in this
study, a long non-polar chain of 18 aliphatic carbons was
used.

The Tanaka test was performed to determine the prin-
cipal chromatographic properties. The highest values
were obtained for hydrophobicity and the amount of alkyl
chains, which was consistent with the high degree of cov-
erage for the different C18 bonded phases. The low ion-
exchange capacity at pH 7.6 suggested that few silanol

groups were accessible to solutes, which was confirmed by
the low hydrogen bonding capacity. The pretreatment was
not useful, most likely because of the high purity of the sil-
ica starting material. The end-capping reaction influenced
the chromatographic properties because the greater ion-
exchange capacity at pH 7.6 suggested that some silanol
groups were accessible to solutes, which was confirmed by
the higher hydrogen bonding capacity for the phases with-
out an end-capping step.

The microwave synthetic process was very advanta-
geous to perform the previously described synthetic pro-
cesses for preparing CBPs. Nowadays, with a large-scale
reactor; a batch of 20 g of silica can be grafted with good
reproducibility, which is partly due to using multimode
microwave reactors more efficient at transferring the
microwave energy to a larger reaction mass. This amount
of grafted silica allows packing about one hundred col-
umns (50 x 2.1 mm), This method allows obtaining sta-
tionary phases exhibiting as good chromatographic per-
formances than those prepared in conventional synthetic
process, but ten times faster.
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This first study allowed for establishing a robust protocol, in this case for C18 functionalization
of SPP. The best strategy in terms of grafting rate (3.8 umol/m?) was to functionalize the silica
particles through organosilanization, with n-octadecyldimethyl(dimethylamino)silane.

The hydrosilation process was also tested, but resulted in a lower grafting rate (1.7 umol/m?).
Moreover, in the Pesek pathway method, the major disadvantage was the use of the platinum
catalyst that may adhere to the silica surface. The use of microwave irradiation instead of
conventional heating was very advantageous in terms of synthesis time and reproducibility for
a similar surface coverage. Finally, the protocol selected was to functionalize the silica particles
by organosilanization with n-octadecyldimethyl(dimethylamino)silane, under microwave
irradiations, and with an end-capping step. It allowed to obtain stationary phases exhibiting as
good chromatographic performances than those prepared with conventional synthetic
process, but ten times faster. The Tanaka test was performed to determine the principal
chromatographic properties of the C18 stationary phases synthesized through different
pathways (organosilanization versus hydrosilation, conventional heating versus microwave
irradiation) or with different organosilanes (chlorosilane versus dimethylaminosilane) and
compare them to commercial ones. The highest values of our C18 home-made stationary
phases were obtained for the hydrophobicity and the amount of alkyl chains, which was
consistent with the high degree of coverage for the different C18 bonded phases. The low ion-
exchange capacity at pH 7.6 suggested that few silanol groups were accessible to solutes, which
was confirmed by the low hydrogen bonding capacity. This parameter being higher when no
end-capping step has been performed, justifying the importance of this post-treatment.

The next step was to investigate the influence of the silica thermal pretreatment. Especially the
effect of temperature on the silanol population was studied to evaluate the possibility of
obtaining different stationary phases, from the same silica batch functionalized with the same

procedure.
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11-2. Thermal pretreatments of silica

[1-2-1. Article 2: Towards a wide range of C18 stationary phases from the
same SPP silica batch functionalized with the same microwave

procedure

After the development of a robust C18 grafting method on bare silica, the influence of thermal
pretreatment of silica was investigated. Especially, the possibility to modify the silica surface by
applying different thermal pretreatments was studied in order to obtain a range of various C18

SPs from the same silica batch functionalized with the same grafting procedure.

Both bare and C18 silicas pretreated at different key temperatures were characterized by
microscopy and BET measurements to check the morphological structure at the different
temperatures. Also, infrared spectroscopy and solid state CP/MAS NMR were used to
characterize the silanol types at the silica surface depending on the temperature applied, and
the vibrational bands of the ligand grafted. Finally, the chromatographic properties and
especially the performances towards basic solute analysis were evaluated by mean of the
Veuthey test. All the data generated were treated through chemometric approaches: PCA and

HCA presented in section 1.6.2.

Such study and evaluation led to the second article entitled "Thermal pretreatments of
superficially porous silica particles for high-performance liquid chromatography: Surface
control, structural characterization and chromatographic evaluation” published in Journal of

Chromatography, A in 2015.
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Figure 1: Temperature effect on the silanol population at the silica surface. Inspired from’
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1. Introduction

ABSTRACT

This study reports the impact of thermal pretreatment between 400 and 1100°C on superficially porous
silica particles (e.g. core-shell, fused-core; here abbreviated as SPP silica). The different thermally pre-
treated SPP silica (400°C, 900°C and 1100°C) were chemically bonded with an octadecyl chain under
microwave irradiation.

The bare SPP silica, thermally untreated and pretreated, as well as the chemically bonded phases
(CBPs) were fully characterized by elemental analysis, diffuse reflectance infrared Fourier transform
spectroscopy (DRIFT), and solid state cross polarization magic angle spinning (CP-MAS) 29Si NMR. The
chromatographic properties of the overall set of Cyg-thermally pretreated SPP silica stationary phases
were determined using the Tanaka test. Complementary, the simplified Veuthey test was used to deeply
study the silanol activity, considering a set of 7 basic solutes with various physicochemical properties.
Both tests were also performed on different commercial SPP silica columns and different types of bond-
ing chemistry (C18, Phenyl-hexyl, RP-amide, C30, aQ). Multivariate data analyses (hierarchical cluster
analysis and principal component analysis) were carried out to define groups of stationary phases with
similar chromatographic properties and situate them in relation to those commercially available. These
different Cy5-thermally pretreated SPPsilicas represented a wide range of stationary phases as they were
spread out along the score plot. Moreover, this study highlighted that the thermal pretreatment improved
the chemical stability of the SPP silica compare to untreated SPP silica and untreated porous silica. Con-
sequently, higher thermal pretreatment can be applied (up to 900°C) before functionalization without
destruction of the silica matrix. Indeed, a significantly lower dissolution of the thermally pretreated SPP
silica under aggressive conditions could allow the use of the corresponding functionalized stationary
phases at high temperature (60 C) with good lifetime of the colummns.

© 2015 Elsevier BV. All rights reserved.

spheres with a narrow size distribution and a controlled pore size,
which makes a good starting material for preparing efficient HPLC

Silica is largely used as a support of the stationary phase in
High-Performance Liquid Chromatography (HPLC) because of its
numerous advantages, including its large specific surface area and
its mechanical stability, The particles can be manufactured as small
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stationary phases.

To increase the chromatographic efficiency and improve the
productivity, several methods are currently used such as Ultra-
High-Performance Liquid Chromatography (UHPLC) with fully
parous sub-2 wm particles, which may or may nat be coupled with
High-Temperature Liquid Chromatography (HTLC), or the use of
monolithic stationary phases. Among these methods, the use of
superficially porous silica particles (SPP silica) is another alterna-
tive requiring neither specific apparatus nor complicated transfer
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methods | 1] Moreover, various chemistries of superficially porous
silica particles are commercially available, which is not currently
the case for the monolithic stationary phases.

Generally, the analysis of basic molecules is still a challenge in
HPLC because of the peak tailing resulting from the strong interac-
tions between these molecules and the different residual silanols
presentonto the silica surface (hydrogen bonding, ion interactions),
Because the ligands {e.g.. commonly: Cy, C;z), generate steric hin-
drance, the functionalization is not complete. As a result, some
silanols are still accessible, leading to a non-univocal molecular
mechanism of retention, which affects the efficiency by peak tailing.
Many strategies were developed to hinder the silanol accessibil-
ity of the porous stationary phases, such as vertical and horizontal
polymerization [2-6, applying a polymer coating [7-11], and the
use of lateral bulky chains [12- 14] or propylene bridges for biden-
tate phases|15,16]. The silanols can alse be blocked by the addition
of a polar embedded group (PEG phases), such as an amide, carba-
mate, urea, sulfonamide, quaternary ammonium, or an ether group,
to the alkyl structure [ 17-21}. Recently, a new generation of mixed
octadecylsilane (0DS) bonded phase called Charge Surface Hybrid
(CSH) was developed to improve the peak symmetry in a low ionic
strength mobile phase by realizing a first coating with charged com-
pounds [22], Alternatively, Pesek and coworkers modified the silica
structure before the final bonding step by forming a monolayer of
SiH groups on the surface [23],

In addition, a second treatment of the silica surface is com-
maonly used to reduce the number of residual silanals after the first
attachment of the main ligand |24 ], This end-capping involves the
bonding of a smaller organosilane such as hexamethyl-disilazane,
trimethylsilyl-imidazole or trimethyl-chlorosilane. Another strat-
egy based on the blockage of the remaining silanol groups during
the chromatographic analyses was proposed by Reta and Carr [25],
who added divalent metals and amines in the mobile phase as
silanol blocking agents. Alternatively, Hill 26| and Vervoort et al.

27] used triethylamine and longer hydrocarbon tertiary amines to
block the acrivity of the silanols,

Lastly, another method consists of controlling the silanol pop-
ulation before any derivatization or chromatographic analyses.
Halfpenny et al. [28] proposed to use ultraviolet laser radiation to
dehydroxylate the surface with controlled irradiance, This dehy-
droxylation can also be achieved by a thermal treatment of the silica
surface [ 29,30], Three types of silanols are present on the silica sur-
face; the vicinal silanols that interact through hydrogen bonds, the
geminal silanols for which two hydroxyl groups are linked to the
same silicon atom and finally, the isolated single silanols. It is estab-
lished that the type of silanol differs on the silica surface depending
on the temperature. Indeed. temperature treatments transform
silanols into more hydrophobic siloxane bridges by dehydroxy-
lation [31]. Some authors used the thermal process to selectively
rehydroxylate the silica surface for better homogeneity [32.33] and
may include an acid treatment |34]; Boudreau and Cooper [35]
described a dehydroxylation without rehydroxylation. Different
stages can be distinguished during a thermal treatment. At a tem-
perature lower than 400 °C, the dehydration occurs as multilayers
of water physically adsorbed on the silica surface are removed. The
siloxane bonds formed are unstable, and the silanols can be restored
by exposure to water, However, above 400 °C, the siloxane bonds
are much more stable, such that even after 2500 columns volumes,
na rehydroxylation was noticed by Sunserietal, [36], Van der Voort
and Vansant [30] as well as Zhuravlev [ 37| also closely studied the
surface chemistry of amorphous silica and noticed that between
190 and 400°C, the first silanols to disappear were the vicinal
silanols, favored by the hydrogen bond already created that facili-
tates the departure of the water molecules. This process is readily
reversible upon the introduction of an excess of water, and the
complete rehydroxylation takes place by splitting of the wealkened

strained siloxane bridges. Then, geminal silanols are totally
removed at 400°C, and the amount of vicinal silanols decreases
from 0.8 to 0.2 pmale m~? between 200°C and 800°C; finally, the
isolated single silanol amount is maximized from 400°C. Those
remain at the surface at higher heating temperatures (1 pmole m 2
at 800°C) [30], where shrinkage and sintering of the silica matrix is
noticed |37), Tt is necessary to heat to 1200°C to achieve the com-
plete remaoval of all silanol groups (only siloxane bridges), but the
surface fusion forms a solid network that is chromatographically
unusable [36].

Different thermal treatments have already been applied to
tatally porous silica gels. Maws and Engelhardt showed the influ-
ence of the type of silanols on the selectivity of the stationary phase
|38], and the ability to reduce the residual silanels was reported by
Sunseri et al. [36]. El Rassi and Gonnet [39] found that the most
convenient phase for the analysis of apolar solutes was the bonded
300-400"C pretreated silicas, which presented the maximum cov-
erage. On the contrary, the most suitable phase for the analysis
of polar solutes was the bonded 600°C pretreated silicas, which
presented the minimum concentration of hydroxyl groups.

To our knowledge, the present study is the first detailed study
of the effect of thermal pretreatments on superficially porous silica
particles, Starting from the same superficially porous silica batch,
the aim of this work is to control the type of silanol groups on the
silica surface before applying the Cy grafting under microwave
irradiations, as previously described [40]. Each step was followed
by DRIFT, and the degree of coverage was determined by elemen-
tal analysis. The type and relative abundance of silanol groups,
as well as the covalent honding of the Cyg=chains to the differ-
ent silicon atoms were determined by 2Si CP/MAS and HPDEC
solid state NMR, as well as '*C, 'H solid state NMR. The general
chromatographic properties of the columns packed with the Cyg-
thermally pretreated SPP silica were studied via the Tanaka test
|41]. In addition, the maodified [42] and simplified Veuthey test
|43] was performed to study the residual silanol activity toward
basic solutes in detail and to determine whether a thermal treat-
ment is to be favored for a better base-deactivation of the final SPP
silica stationary phases. Starting from the same SPP silica batch,
functionalized with the same organosilane, the effect of thermal
pretreatment on the final stationary phases was investigated in
terms of selectivity and hydrophabicity.

2. Experimental
2.1. Chemicals

The SPPsilica particles were provided by Interchim (Montlucon,
France). Their specific surface area, nominal particle diameter
and pore diameter were 126m2g-', 2.6 um and 90A, respec-
tively. Bis{dimethylamino){dimethyl)octadecylsilane ({ODMAS),
bis(dimethylamino){trimethyl)silane (DATS) and bis(dime-
thylamino)dimethylsilane (BMMS) were obtained from ABCR
(Karlsruhe, Germany). Toluene, benzylamine (B), phenol (P],
caffeine (C) and uracil were supplied by Sigma-Aldrich (Saint-
Quentin Fallavier, France). Butylbenzene (BB), triphenylene (T),
g-terphenyl (Q) were purchased from Alfa Aesar (Schiltigheim,
France). Procainamide hydrochloride, pyridine, anhydrous qui-
nine and L-nicotine were purchased from Acros Organics (Geel,
Belgium) and penbutolol hydrochloride by Dr. Ehrenstorfer GmbH
(Augshurg, Germany). Sodium nitrate was supplied by Carlo Erba
{Val-de-Reuil, France). Chloroprocaine hydrochloride was sup-
plied by BASF Orgamal Pharma (Saint-Vulbas, France), Carvedilol
was supplied by TCI (Tokyo, Japan). Methanol, acetonitrile and
pentylbenzene {PB} were purchased from VWR (Fontenay-sous-
Bois, France). For the chromatographic tests, all solvents were
of HPLC grade. The columns (4.6 mm x50mm = 2.6 wn} were
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packed by Interchim and were compared [0 various commer-
cial SPP silica columns with different chemistries: Halo C18
(4.6 mm x 50mm x 2.7 pm), Phenyl-Hexyl (4.6mm = 100 mm =
2.7 pm), RP-Amide (4.6mm x 100mm = 2.7 pm) from Advanced
Materials Technology (Wilmington, DE, USA); Accucore C18
(4.6 mm = 50mm x 2.6 um), Accucore C30 (4.6mm = 100 mm =
2.6 pm), Accucore aQ (4.6 mm x 100mm = 2.6 pm) fram Thermo
Fisher Scientific (Courtaboeuf, France); Poroshell 120 EC-C18
(4.6 mm = 50mm x 2.7 pum) from Agilent-Technologies-France
(Courtaboeuf, France): Kimetex EVO C18 (4.6mm = 150 mm =
5um) from Phenomenex (Torrance, CA, USA); and ACE C18
(4.6mmx 150mm x5um) from Advanced Chromatography
Technologies (Aherdeen, Scotland),

2.2, Apparatus

Thermal treatments were performed using a Navertherm oven
(Aubervilliers, France ) operating from 20 to 1100°C.

The syntheses were performed in a CEM Discover microwave
reactor (Buckingham, UK) operating at 2450 MHz. The power deliv-
ery system was adjusted during the reaction, with a maximum of
300W. The instrument was monitored with a touchscreen control
panel.

SEM images were obtained using a JEOL JCM 5000 MeoScope
(Miinchen, Germany) operating at an accelerating voltage of 15 kv,
The magnifications were approximately 440x and 20,000x. The
powder samples were stabilized on analyzing plots using conduc-
tive adhesives; they were subsequently coated with gold using a
NeoCoater MP=19020NCTR ( Miinchen, Germany) to reduce charge
accumulation during the observations,

The granulometry was measured by a Mastersizer 2000
(Malvern Instruments Ltd, United Kingdom) at a data acquisi-
tion rate of 1kHz, with a maximum red light source of 4mw
He-Ne at 632.8 nm and a maximum blue light source of 0.3 mW
LED at 470nm. The range of particle size measurements was
0.02-2000 jum, The SPP silica was in suspension in acetonitrile for
cach measurement. The suspension was sonicated for 2 min before
measurement.

The determination of the specific surface area of bare silica and
of the thermally pretreated materials was achieved by nitrogen
adsorption with the BET method on a Quantachrome Nova series
(Odelzhausen, Germany) with a 10 mTorr vacuum,

Elemental analysis by the conventional combustion method was
performed using a Flash 2000 organic elemental analyzer from
Thermo Fisher Scientific (Courtaboeuf, France).

The DRIFT spectra were obtained using a PerkinElmer Spec-
trum 100 (Norwalk, CT, USA). The sample consisted of a mixture
of SPP silica and potassium bromide (KBr, 10% (m/m}) placed in a
2 mm diameter cup. The spectra, which consisted of 64 scans, were
acquired ata resolution of 2cm~! and were referenced against pure
KBr over the range 4000-450cm F.

NMR measurements were carried out with a Bruker {Wissem-
bourg, France) Avance |1l 400 spectrometer equipped with a 4mm
MAS probe. For '"H MAS (Magic Angle Spinning) experiments, sam-
ple spinning was executed at 10 kHz. 'H 80" pulse and recycle delay
times were 5.6 s and 55, respectively. 2°si HPDEC (High Power
Decoupling) and CP (Cross Polarization) experiments were exe-
cuted under MAS at 5 kHz, For 2°8i HPDEC experiments, 298i 90
pulse and recycle delay times were 2.5 s and 20s, respectively.
295 CPMAS experiments were recorded with a contact time of 8 ms
and a repetition time of 15s. All chemical shifts were referenced
externally to Octakis(trimethylsiloxy)silsesquioxane (Q8MS),

The chromatographic measurements were performed with a
liquid chromatograph from Dionex/ThermoFisher (Courtaboeuf,
France), which consisted of a P680 pump, an injection valve [ASI-
100 automated sample injector) equipped with a 20 pL injection
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Fig. 1. Dehydroxylation of the silica surface,

loop, and a model UVD 340U diode-array detector (DAD)L The
column temperature was controlled with a TCC-100 thermostat-
controlled column compartment. The data were collected on a
computer using the Chromeleon software from Dionex/Thermo-
Fisher (Courtaboeuf, France ).

23, Procedures

2.3.1. Thermal treatments (Fig. 1)}

Three portions of 5g of SPP silica were heated |39 separately
at 400°C, 900°C, and 1100 °C. The temperature set was reached
after 5-10minand maintained for 5 h withoutspecific atmosphere,
Then, the silica was slowly conled to room temperature by stopping
the oven.

2.3.2. ODMAS grafting (Fig. 2

The grafting was achieved under microwave irradiation accord-
ing to the grafting procedure previously developed in our
labaratory [40], A mass of S g of activated SPP silica, 50 mLoftoluene
and 5.75 g of ODMAS were placed in a 100 mL Pyrex vessel, and
the mixture was reacted for 30min. The reactor was cooled to
room temperature, and the excess reagent was removed by rins-
ing with 50mL of teluene, 50 mL of tetrahydrofuran and 50 mL of
acetonitrile. After filtration, the SPP silica was dried at 110°C for
12 h under vacuum. For the phases end-capped, 2.4 mL of the end-
capping reagent was added with 50mL of toluene, The mixture
was reacted for 30 min. The reactor was cooled to room temper-
ature, and the excess reagent was removed by rinsing with 50 mL
of toluene, 50 mL of tetrahydrofuran and 50 mL of acetonitrile. After
filtration, the SPP silica was dried at 110°C for 12 h under vacuum,

2.3.3. Silica dissolution experiments

In a 500 mL three-necked round-bottom flask equipped with a
mechanical stirrer, 100 mg of silica were added to a solution com-
pased of 250 mL of acetonitrile-0.25M phosphate buffer (pH 7.0),
20:80 (v/v). The temperature of the mixture was set at 60°C with
stirring for 20 h. The silica was filtered, washed with water, and
dried at 110°C for at least 12 h under vacuum. The same process
was applied to the bare SPP silica, the bare porous silica, and the
900-C pretreated SPP silica.

2.4. Chromatographic procedures

24.1. Tanaka test procedure

The Tanaka test was performed as described in the literature
|41]. Each target solute was injected three times, with a standard
deviation less than 1% for the retention time values,

The retention factors (k) were calculated using Eq. (15
(58 (tr —tq) (1)
fa

where [ is the retention time of uracil, taken as the dead time, as
recommended.
The selectivity factors («) were calculated using Eq. (2]

U= E
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SiOH + CHy{CH,),;8i(CH;),X _">75‘05‘(C|'Uz{¢”a§wcﬂi +HX

Fig. 2. Silanization with ODMAS (X=(NCHy ).

where ky and ky are the retention factors for solutes aand b, respec-
tively.

The six parameters considered in the Tanaka test and the mobile
phases used are described in Table 2. The columns were com-
pared to commercially available columns with different SPP silica
chemistries from different manufacturers. The results are pre-
sented in radar plots to magnify the small differences between
some parameters and to differentiate between each modified SPP
silica.

24.2. Veuthey test procedure

The simplified Veuthey test is especially useful to evaluate the
performance of each stationary phase for the analysis of basic
solutes and to classify the chromatographic supports. This method
is one way to investigate in detail the silanol activity depending
on the thermal pretreatment performed before the lunctionaliza-
tion. According to the simplified Veuthey test [43], a set of seven
solutes with different physico-chemical properties was injected
(acetonitrile-0.0375M phosphate buffer (pH 7.0}, 40:60 (v/v)). As
two previously described probes, e, methadone and fentanyl,
were not easily available, they were substituted by carvedilol and
penbutolol hydrochloride to simplify the test [42]. The tempera-
ture was set at 30 °C in the oven without pre-heating the maobile
phase. The solutes were detected at 215 nm, and the injection vol-
ume was 5 pL. Each target solute was injected three times with
standard deviations of less than 1% for the retention time values
and the asymmetry factors.

The retention factor was calculated using Eq. (1) with NaNO; as
the dead time, as recommended. The asymmetry factor was calcu-
lated using Eq. (31

As:;x(l-o-z) (3)

where A and Bwere hall-width before and after the apex, evaluated
at 5% of the peak height using the Chromeleon software.

24,3, Data analysis
The efficiency (N) values were calculated by the Chromeleon
software using Eq. (4):

2
e (L (4}
Wiz

Where t; and wy ;5 are the retention time and width of the peak at
half height, respectively.

Principal Component Analysis (PCA) and Hierarchical Cluster
Analysis (HCA) were performed using X[Stat 2014,3.05 software
(Addinsoft, New York, NY, USA). For HCA, Ward's method was used
to cluster the normalized data, and the Euclidean distance defined
the distance between two clusters.

3. Results and discussion

3.1. Characterization of the SPP silica surface before
[functionalization

According to the SEM images, the sphericity was considerable
and the distribution was homogeneous. The diameter was found
to be approximately 2.6-2.7 pm for the non-treated SFP silica and
remained the same after a 400°C (data not shown) and a 900-C
thermal pretreatment (Fig. 3a), However, after a thermal pretreat-
ment at 1100 “C, a sintering and shrinkage of the SPP silica matrix
was noticed as the diameter decreased to 2.1-2.3 um (Fig. 3b).
Complementary to the microscopic observations, granulometric
measurements were achieved to furnish a size distribution of the
overall sample of SPP silica. Thus, the three curves obtained for
SPP silica {untreated, 400°C-pretreated, and 900" C-pretreated) in
acetonitrile were identical and totally stackable, they showed that
the distribution is very homogeneous (Fiz. 4, in blue). Moreover,
the distribution of particle sizes was narrow, centered on 2.6 pm
for the bare silica. as well as for the 400 °C and 900 °C pretreated
SPPsilica. The shrinkage and sintering of the matrix for the SPP sil-
ica pretreated at 1100 °C was confirmed; the size distribution was
wider because of aggregation (Fig. 4, in red).

Fig. 3. SEM pictures of 900" C-pretreated SPP silica (a) and 1100 C-pretreated SPP silica {b).
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Fig. 4. Granulometric curves of silica (superimposition of the untreated, 400°C-
pretreated, and 900 “C-pretreated) (in blue) and after the thermal treativent at
1100 € {in ved), {For interpretation of the references to eolour in this figure legend,
the reader is referred to the web version of this article.)

After these morphological characterizations, the specific surface
area was measured using the BET method. The values abtained for
the bare SFP silica (126 m# g 1), as for the 400°C (120m? g !)and
900°C (116 m* g ') pretreated SPP silica were close together and
confirmed that up to 900-C, thermal treatment did not produce
noticeable morphological changes, However, after the 1100°C-
pretreatment, the specific surface area drastically decreased to
1m?g ', These results are in contrast to the results obtained for
totally porous silica. [ndeed, Zhuravlev [37] observed a progressive
sintering and shrinkage between 400 and 900 “Cinvaccuo, and Sun-
seri | 36] noticed that temperatures above 800°C led to sintering
and chromatographically useless silica.

These data suggested that the “solid core” morphology asso-
ciated with the “porous shell” (core-shell particle) improved the
thermal stability compare to the totally porous silica. Consequently,
higher thermal pretreatment can be applied (up to 900°C) before
functionalization without destruction of the SPP silica matrix.

3.2, Characterization after functionalization

The elemental analysis was used to determine the grafting rate
using Eq. (5):

o6
T(pwmel m )= 107 %P

e (5)
[10% % Mg = ne — pe % (M — 1)]  Sger

where p, isthe carbon percentage by weight of the bonded material,
M is the atomic weight of carbon, My, is the molecular weight of
the grafted molecule, n: is the total number of carbon atoms in the
bonded organic group, and Sggr is the specific surface area (m?g-!
of silica),
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Fig. 6. NMR signal identification,

The maximum coverage was observed for the SPP silica previ-
ously treated from ambient temperature to 400°C (Table 1), and
above this temperature, coverage decreased progressively with
the thermal pretreatment temperatire, until the absence of graft-
ing was observed for the SPP silica treated at 1100 °C. Indeed, it
was reported [30,37| that the total silanol group concentration
decreased progressively by increasing the temperature and that the
concentration of isolated silanol groups was maximized at 400°C
when the vicinal groups were no longer present,

DRIFT spectroscopy is a useful tool to study chemically modi-
fied surfaces hy the determination of the specific vibrational bands.
Compared to the bare SPP silica(Fig. 5a), the progressive decrease of
the silanol stretching bands between 3700-3200 em ! was noticed,
until the complete disappearance for the 1100 “Ccalcined SPP silica,
Strong stretching bands in the 3000-2800cm~! region as well as
weak deformation bands in the 1350-1550cm ! region appeared
and clearly indicated the bonding of the alkyl chain (see Fiz. 5h).
More precisely, for the SPP silica treated at 900°C before graft-
ing, bands appeared as follows: at 2947 cm~! and 2852¢m~", the
anti-symmetrical stretching band of methyl groups and the sym-
metrical stretching band of methylene groups, respectively; and at
approximately 2870-2930 cm™', the symmetrical stretching band
of methyl groups and the anti-symmetrical stretching band of
methylene groups, The stretching band near 3660cm~! {Fig. 5b)
was attributed to the isolated silanols which remained ungrafted
during the silanization process.

In addition, 295i solid state NMR spectroscopy is useful to study
the chemically modified surfaces by determination of the chemical
shifts of the species linked to the silicon atoms. All thermally pre-
treated bare SPP silica, as well as the Cyg-thermally pretreated SPP
silica, were analyzed by 2%5i CP/MAS (Cross Polarization with Magic
Angle Spinning) and #¥Si HPDEC (High Power Decoupling) NMR,
The ?7si CP/MAS measurements allowed a good characterization
with an appropriate signal to noise ratio for the 400°C thermally
pretreated SPP silica. After pretreatment at 900°C and 1100°C, the
sensitivity of the *?Si CP[MAS measurements decreased. In these
samples, there are probably fewer protons in proximity to the sili-
con atoms, and the Hartmann-Hahn match could not be efficient]y
achieved, Consequently, the 2?Si HPDEC spectra were used.

According to reports in the literature [44] (Fig. 6), the 295i
CP{MAS spectrum of the bare SPP silica (Fig. 7a) showed main

N I

aum’\ A
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Fig. 5. (a] DRIFT comparison of 3PP silica before the thermal treatment (green) and thermally treated at 400 °C (blue), 900-C [black) and 1100°C [red] (b) DRIFT of the 900
C18 EC MW SPP silica {blue), and the 400 C18 EC MW 3PP silica (red ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Table 1

Grafting rates of chemically modified SPP silica under microwave irradiations.
Type of synthesis End-capping reagent HC Thermal treatment { ©}) Grafting rate {pmolm—=) n
ClH MW SFP - a5 - 36 12600
C18 EC MW SPP BMMS a5 - 36 12100
400 C18 MW SP - 4.1 44 36 12800
400 C18 ECMW SPP BMMS 9.3 400 37 12500
900 C18 MW SPP - 7.7 500 31 12000
900 C18 EC MW 5PP DATS 79 200 32 11300
1100 C18 MW 5PF - 00 1100 nn -

With MW= MicroWave, EC=End-Capping, BMMS = bis-dimethylamino jdimethylsilane, DATS =dimethylaminotrimethylsilane, SPP=superficially porous particle,
2 Calculated with Muorene CHyCN-HaO 70: 30 (viv), 23°C, 254 nim, values rounded (o the nearest 100,

resonances at — 100 ppm, and — 110 ppm, corresponding to isolated
silanol (3 and siloxane ()4 groups, respectively (Fig. 6). A small sig-
nal at about —90 ppm, characteristic of geminal silanol ©; groups,
was also observed. *?Si NMR spectra of the thermally pretreated
bare SPP silica demonstrated that depending on the thermal treat-
ment, the silanol/siloxane group population was not the same.
For the 400°C thermally pretreated SPP silica, the Qu, Q3 and
Q4 signals were distinguished by the 29Si CP/MAS measurements
(Fig. 7h). After pretreatment at 900-C, the *Si HPDEC spectrum
revealed two peaks: the Qu signal {(—110ppm) and the Q; signal
(=100 ppm) (Fiz. 7c). No (3 signal was detected, which confirmed

M

(g)

(£)

{e)

{d)

{c)

BIYAN A

(a)

that the geminal silanols were either in very low concentration or
entirely removed at this temperature. For the 1100°C thermally
pretreated SPP silica, only the siloxane groups (—110ppm) were
clearly detected (Fig. 7d) in the *Si HPDEC spectrum, Even if, due
to the low number of protons, the spectrum is not well resolved,
it confirmed thar the silanol population was totally removed ar
this temperature, which was in accordance with the infraved spec-
froscopy measurements.

After the derivatization of each thermally pretreated SPP silica,
TH MAS, 2Si and "*C CP/MAS and 2Si HPDEC NMR spectra con-
firmed (see below for a full description) the Cig grafting for the

Q’*at
|

T
0 =50

1 1
=100 =150 pEm

Fig. 7. 245i NMR spectra of untreated and thermally pretreated bare SPP silica. (3 geminal silanols, Gy isolated silanols, @ siloxane groups. (a) 25§ CPMAS spectrum of
untreated bare SPP silica, (b) 2S5t CPMAS spectrum of 400 °C-pretreated bare SPP silica, () 245i HEDEC spectrum of 900 C-pretreated hare SPP silica, [d) 251 HPDEC spectrum
of 1100°C-pretreated bare SPP silica, (&) #5i CPMAS spectrum of 400 C18 MW SPP silica, () 451 HPDEC spectrum of 900 C18 MW SPP silica, {2) *Si HPDEC spectrum of 1100

€18 WV SPP silica,
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Fig. 8. 13C CPMAS spectrum of 400 C18 MW SPP silica.

400°C as well as for the 900 “C thermally pretreated SPP silica. The
13¢ MAS NMR spectrum was a first confirmation of the grafting of
the Cy5 chain {Fig. 8). The peak at 0 ppm was assigned to the methyl
groups directly linked to the silicon atom; another peak at approx-
imately 30 ppm corresponded to the methylene units 3-16; and
carbons 1, 18 and 2, 17 are associated with peaks at approximately
20 ppm and 25 ppm, respectively.

In the ??5i NMR spectra, the peak at 13 ppm corresponding to
the Si-C bond (M groups) confirmed the grafting for the 400°C
as well as for the 900 “C-pretreated SPF silica (Fig. 7e and f). This
signal was not observed for the 1100-C thermally pretreated SPP
silica (Fig. 7g). As previously concluded by the elemental analysis
and DRIFT measurements, the SPP silica thermally pretreated ar
1100 “C was not grafted. The geminal silanol (Q;) pealk at =90 ppm
detected for the 400°C thermally pretreated bare SPP silica com-
pletely disappeared, whereas the Q3 peak at —100ppm was greatly
reduced. These data suggested that the geminal silanols were the
mast reactive on the surface, whicli was in accordance with the
results presented by Sunseri et al. [36].

The comparison to the 'H MAS NMR spectra presented in Fig. 9
warrants additional comment. The resolution was sufficient to
clearly distinguish the different signals associated with the (CH;)
units (1.2 ppm) and the methyl terminal groups (0.7 ppm), Accord-
ing to Pursch et al. [44], the changes in resolution of the spectra
are dependent of the coverage. The high loading of the C5-400°C
pretreated SPP silica led to restricted motions of the alkyl chains
and stronger dipolar interactions, which resulted in line broaden-
ing in the "H MAS NMR spectrum ( Fig. 9a). In contrast, the peaks of
the Cy3-900°C pretreated SPP silica were narrower, due to a lower
coverage (Fig. 9b), which was in accordance with the elemental
analysis results.

3.3, Chromatographic studies

Two columns were packed with each type of Cyg-bonded pre-
treated SPP silica (no pretreatment, 400°C, 900 °C, 1100°C), and
two columns were packed for each end-capped Cyg-bonded pre-
treated SPP silica (no pretreatment, 400-C, 900°C, 1100 C). These
columns were tested with probe solutes (uracil, naphtalene flu-
orene) in CH3;CN-H:0, 70:30 (v/v), to evaluate their retention
behavior and to determine their efficiency (Table 1 for the average
values). Three intermediate temperatures (450, 525, and 600°C)
were applied to the SPP silica from the same batch without the G5
functionalization. Polar solutes were tested (Table 1) to charac-
terize the evolution of the retention factor and asymmetry factor
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with the thermal treatment. The trend was the same: the higher
the temperature of the thermal treatment, the higher the reten-
tion of the columns but also the higher the asymmetry factors (a
discussion with the Tanaka test and Veuthey test is included in
the following sections). As expected, for the column packed with
the SPP silica thermally pretreated at 1100°C, no retention was
obtained as a result of an absence of T g coverage (data not shown),
For the other columns, all of the results were very similar for the
two columns of each type, so we decided to perform the Tanaka
test and the Veuthey test on one column of each type. We chose
SPP silica commercial columns of various functionalities and with
similar physical characteristics (particle size, specific surface area,
porosity) to compare the chromatographic properties of columns
packed with our SPP silica stationary phases. The specifications
are available in Table 52, All values reported in the following sec-
tion correspond to the average value for three injections of each
probe.

3.3.1. Tanaka test

The Tanaka test is commonly used in the literature to study
the general chromatographic behavior of Cyg stationary phases,
The retention factor kyy describes the hydrophobic retention mea-
sured using the retention of pentylbenzene. The highest values
were obtained for the Cx-900C pretreated phases (namely 900
C18 MW SPP and 900 C18 EC MW SPP), despite a lower specific
surface area and a lower grafting rate due to the reduced amount of
silanol groups still present after the thermal pretreatment (Table 2,
Maoreover, this result demonstrated that the numerous siloxane
bridges resulting from the dehydroxylation of the silanol groups
play a role due to their hydrophobicity and polarizability. An
illustration of the powerful resolution of this specific phase (900
€18 EC MW SPP) is presented in Fig. 10 with the separation of
electron-rich hydrophobic solutes of high concern. The baseline
resolution of the 18 standard PAHs was achieved in less than
48 min,

Hydrophobic selectivity, opgpp. is the selectivity between
pentylbenzene and butylbenzene. It reflects the ability of the phase
to separate compounds that differ by only a single methylene group,
Only non-end-capped phases were considered Lo estimate the
effect of pretreatment without any contribution of the end-capping
ligand, The selectivity was similar regardless of whether the ther-
mal pretreatment was applied {from 1,54 for the non-treated SPP
silica to 1.50 for the 900°C pretreated SPP silica). Indeed, this
parameter is dependent of the surface coverage and the nature of
the ligand, which was in each case an octadecyl group.
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Fig. 9. 'H NMR spectra of prafted silica (a} 400 C18 MW SPP silica, (D) 900 CL8 MW silica, (¢] 1100 CT8 MW SPP silica.

Shape selectivity, g, describes the ability of the phase to
discriminate between planar structures (triphenylene) and those
with greater hydrodynamic volume (o-terphenyl). This parameter
is dependent on the silane functionality and the surface coverage.
For our stationary phases, the highest values were obtained for the
Cyg-400°C pretreated phase (400 C18 MW SPP and 400 C18 EC
MW SPP), which was in accordance with the literature data [ 36,39
obtained for porous material.

Hydrogen bonding capacity, oy, describes the column's abil-
ity to interact through hydrogen bonds with a polar solute, The
necessity of end-capping was evaluated considering this fac-
tor, a significant decrease of this factor was noticed for the
end-capped-Cyg-non pretreated (C18 EC MW) as for the end-
capped-Cyg-thermally pretreated {400 C18 EC MW SPP and 900 C18
EC MW SPP) (Table 2) compare to their equivalent non-end-capped

(C18 MW SPP, 400 C18 MW SPP and 900 C18 MW SPP). From this
point of view, the 400 C18 EC MW SPP was the best.

Total ion-exchange capacity at pH 7.6, ?'sﬂ'slrp‘ reflects the total
silanol activity of the column, affecting the peak shape and the
selectivity for polar and ionizable analytes. The importance of end-
capping was also demonstrated considering this factor; for the C18
MW SPP, the value decreased from 0.49 to 0.30 after end-capping
(C18 EC MW SPR): for the 400 C18 MW SPP, from 0.37 to 0,30 after
end-capping (400 C18 EC MW SPP), and for the 900 C18 MW SPP,
from 0.84 to 0.68 after end-capping (900 C18 EC MW SPP). Per-
forming a pretreatment at 900°C reduced the amount of silanols,
and may favor the accessibility of solutes to residual silanols. More-
over, as the amount of metal impurities was not impacted by the
thermal treatment, this led to a lower silanolfmetal ratio and the
acidic residual silanols (single free silanols) activated by the metals

Table 2

Values ohtained in Tanaka tast for the stationary phases studiad,
Stationary phasc ke i o @ep oy Moy a0 Sper (mPg")
C18 W SPP 531 1.54 1,65 0,52 0,03 049 9.5 126
C18 EC MW SPP 5.24 151 1.50 043 0.06 030 77 126
400 C18 MW 5PF 459 155 1.74 054 006 037 a1 120
400 C18 EC MW SPP 4.53 1.3 1.74 0.37 005 030 %3 1200
GO0 CTR MW SPP 593 150 16D 060 nos na4 13 116
900 C18 EC MW SPP 534 151 1.55 052 0.05 nes 78 116
Halo (18 516 153 146 0,35 004 020 7.7 150
Poroshell 120 E5-C18 430 151 133 D36 0.0 11 8.0 130
Accucore C18 335 151 L70 030 0.04 o1 9.0 130
ACEC18 586 150 158 0.41 ooy 024 155 300
Kinetex EVO C18 365 148 132 D46 006 021 12.0 200
Halo Phenyl hexyl 241 1.38 116 085 0.0G 025 7.1 150
Halo BRI Amide 352 147 1.88 020 002 020 82 150
Accucore al) 447 149 235 04D 002 0Bl 0.0 120
Accucore 30 331 1.52 1.89 058 007 024 50 130

With PB=pentylbenzene, BB - butylbenzene. T = triphenylene, @=o-terphenyl, C=caffeine. B - benzylaming, P= phenol,
Chromategraphic conditions: CHyOH-Ha0 80:20 (v{v) for the determination of hydrophobicity (ks ), amount of alky] chains [ oppep ) and steric selectivity (amg ) CH3OH-
Ha 0 30: 70 {v/v) for the determination of hydrogen bonding capacity (wee) and CHy OH-phosphate buffer (.02 M) 30:70 {v/v) lor the determination of ion exchange capacity

oy and Mg, 30°C, 254 nm.
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Fig. 10. Chromatogram chtained on 900 C18 EC MW superficially porous phase, 250 « 46 mm, F=1mL/min. 5 min at 50/50 (v} CHyCNfHLO o 100% CH1CN in 50min,

254nm, 22°C (") Impurity. (1) Maphthalene, (2] Acenaphthylene, (3) 1-Methylnaphthalene, [4) 2-Methylnaphthalene, {5) Acenap
[8) Anthracene, {9) Fluoranthene, {10) Pyrens, {11) Chrysene, (12] Benz{ajanthracene, (13 Beneodb)Muor

Dibenzo(ahjanthracene, (17) Benzo{g luilperylene, (18] Indenol 1,23 -cd)pyrene.

could interact strongly by ion interaction with the benzylamine
protonated at this pH. Indeed, for the 900 C18 MW SPFP and 900
C18 EC MW SPP, a higher value was obtained (0.84) than for the
other pretreated phases.

3.3.2. Multivariate data analyses: HCA and PCA of the Veuthey
test results

According to the modified Veuthey test, the chromatographic
parameters (k and As) were calculated for a mobile phase com-
posed of phosphate buffer (0.0375 M, pH 7) and acetonitrile, (6040,
viv) A set of 7 solutes was tested, representing 4 groups: large
polar molecules (procainamide, quinine), large apolar molecules
(carvedilol, penbutolol), small polar melecules (nicotine, pyridine)
and an intermediate one (chloroprocaine). Under these conditions,
the residual silanols and the basic solutes were mostly charged.
Consequently, high asymmetry values could be obtained as a result
of strong ion interactions. Considering this wide range of physico-
chemical properties, different types of interactions between the
molecules and the stationary phases could accur, providing a bet-
ter understanding of the support characteristics. The more data
collected, the more relevant the statistical representation of the
overall information, So, we considered the retention factors and the
asymmetry factors for all of the columns tested (various thermal
pretreatment, Cyg-functionalization under microwave irradiation,
and Cyg-funcrionalization under conventional heating). The chro-
matographic properties were independent from the heating source
used for the syntheses, as for each Cyg-pretreated SPP silica, the
corresponding columns were gathered (see the explanation of the
score plots below). The grafting rates of the supplementary columns
are provided in Table 53, and the values for the Tanaka test and
Veutliey test are given in Tables 54 and S5, respectively.

The Principal Component Analysis {PCA) was useful to provide
a better understanding of the repartition of the columns in a single
projected space. The data were normalized (centered and reduced)
to give equal significance to each. The score plots are shown in
Fig. 11a, and we note that the first two principal components
together account for more than 93% of the total variance, Conse-
quently, this representation contained a significant amount of the
total information and was amenable to interpretation. For a better
understanding of the position of the stationary phases in the score
plots in Fig. 11a, it was necessary to take into account the load-
ing plots in Fig. | 1b. Firstly, we note that the mean vector of the
retention factor is located in the bottom right, or near the abscissa
axis. On the contrary, the asymmetry factor vector is located in
the top right with an angle approximately 45°, This indicates that
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(6] Fluorene, (7} Phenanthrene,
hene, {14) Benzo{k)fluoranthene, (15) Benzo{a)pyrene, (16)

the further toward the right a phase is located, more important
the retention is, whatever its position on the ordinate axis. The
higher it is, the more it provides high asymmetry values for the
analysis of basic solutes in these chromatographic conditions. This
was the case for our non-end-capped phases and particularly for
the phases pretreated at 900 °C before grafting (900 C18 MW SPP,
900 C18 EC MW 5PP), as alreacly noticed with the high value of ion
exchange capacity for the Tanaka test. The other supports presented
chemistries better adapted to the analysis of basic solutes as they
were located on the opposite side of the asymmetry vector. Inter-
estingly, the RP amide phase containing a polar embedded group
in the hydrocarbonated chain was not necessarily better than the
Poroshell 120 ES-C18 or our400 C18 EC MW SPP(Tahle 3), Secandly,
the retention factors were located in the same direction and were
generally well represented. This signified that the supports in this
direction provided high retention for the analysis of basic solutesin
these chromatographic conditions, The phases pretreated at 900°C
exhibited a particular behavior in terms of retention capacity (see
Table 3 for the Veuthey test and Tanaka test values), despite a lower
grafting rate. Actually, as the temperature pretreatment increased,
the amount of silanol decreased to the benefit of the formation
of siloxane bridges, which are more hydrophobic than the silanol
groups. However, these phases also exhibited the highest asymme-
try factors. Indeed, at 900°C, only the iselated silanols remained,
which are known to be the most acidic [453], and could interact
strongly by hydrogen bonds and ionic interactions, depending on
the pH conditions of the analysis. Moreover, the silica contains
traces of metal ions left from the manufacturing process, which
activates the silanols, making them highly acidic. This phenomenon
could be exacerbated if the metal/silanol ratio increases (lower
silanol population), leading to higher retention and tailing pealss
for the basic solutes. Another interesting result was the location
of the €30 phase, at the opposite side of the hydrophobicity vec-
tor, This phase did not exhibit as high retentions compared to the
Cyg phases, but exhibited a relatively high value of the asymme-
try factor (see the values of the Tanaka test and Veuthey test in
Tables 2 and 3, respectively),

Complementary to PCA, which furnishes a global view of all
columns, the Hierarchical Component Analysis (HCA) allows for
defining clusters of columns that exhibit similar behavior with
respect to the Veuthey test. This is a method of grouping objects
(here stationary phases) by similarity, which is evaluated by a mea-
surement of distance berween pairs of samples. The ourput is a
dendrogram, where the phases separated by a small distance are
close to one another and joined by short lines, whereas the most
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Fig. 11. Principal component analysis based nn normalized retention factor and asymmetry factor for the solutes in Table 3, Chromatographic conditions: acetonitrile-pH
7.0, 00275 M phesphate buffer 40:60, viv), 30°C, 215nm. (a} Score plot and (b) loading plot.
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Table 3

Values of the stationary phases for the Veuthey test, Chromategraphic conditions: CHaCN-phosphate buffer pH7, 0.0375 M 60040 (w/v], 30°C, 215 nm.
Stationary phase ki1) k(2) R(3) ki) k(3) (3] k{71 AS(1) As(2) As(3) As(4) As(5)  As () As(7)
Ci8 MW SPP 1.87 0.69 1.65 287 0.55 59 o7 274 317 4.80 3.2 1.490 1.57 1.59
C18 EC MW SPP 282 0.70 D66 2.69 L] 51 .05 227 2.58 .79 4.28 185 206 135
400 C18 MW 5PP 237 062 1.48 286 0.56 .68 .06 1.52 285 4.90 4.24 1.81 233 1.41
400 C18 EC MW sPT 1.64 0.36 0.43 200 0437 42 0.03 1.18 1.73 252 232 1.44 1.45 1.46
200 C18 MW SPP 11.81 2273 342 8523 412 091 0.63 436 913 870 7.04 3.50 3.53 248
900 C18 EC MW 5PP 5.44 774 130 2860 LA 056 031 218 B3 466 8.67 328 173 1.34
Poroshell 120 ES-C18 228 042 029 193 0.5 maz 002 151 1.65 1.57 197 157 1.26 152
Accucore C18 157 032 032 1.42 036 o35 .02 173 1.78 2.00 234 1.58 1.54 1.52
Halo C18 212 042 0.45 (B-12] 046 oAy .04 210 120 243 280 1.46 1.68 1.40
Halo Pheny] Hexyl 307 a.76 0.43 356 041 b4z 019 144 1.83 2.97 313 1.49 1.43 1.53
Halo RP Amide 475 0.98 D4z 537 077 (FES] w1l 127 1.96 2.37 2.74 1.50 1.42 1.53
Accucore af) 545 205 1.21 9,79 1.23 67 0.32 1.81 319 4.13 3.26 1.65 1.53 1.55
Accucore C30 247 0.84 023 332 044 026 0.08 218 3.40 1.57 GGE 1,35 1.43 1.33
Kinetex ENO C18 248 0.65 D40 207 055 a3 0.03 157 1.75 1.68 2.53 139 1.34 1.40
ACEC1E 380 085 069 417 081 o6 .07 124 1.59 298 244 1.20 150 148

With 1 - Carvedilol, 2 - Quinine,

dissimilar phasesare linked by longer lines. Afternormalization, the
HCA calculation was obtained using the Ward aggregation method
with Euclidean distances.

As for PCA, the HCA analyses were performed on the integral
set of data, and the resulting dendrogram is presented in Fig. 12. It

3 - Nicotine, 4 - Penbutolol, 5 - Chleroprocaine, 6 - Pyridine, 7 - Procainamide,

provided aclassification of the 15 SPP silica columns studied, based
on the normalized retention factors and asymmetry factors forthe 7
solutes of the simplified Veuthey test. [n accordance with the above
classification in Fig. 12, different groups could be distinguished
as the clusters are based on the nature of the stationary phases
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Fig. 12. Hierarchical cluster analysis based on normalized retention factor and asymmetry factor for the solutes in Table 3, Chromarographic conditions: acetonitrile-pH 7.0,
0.0375 M phasphate huffer 40:60. w/v), 30-C, 215nm.
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and the thermal pretreatment. Although the similarity between
the commercially available C;g phases was somewhat expected,
the singular position of our Cy3-900°C pretreated phases (900 C18
MW SPP, 900 C18 conv. SPP, 900 C18 EC MW SPP) was notice-
able. As demonstrated by the Tanaka test and the Veuthey test, the
higher the temperature of pretreatment (until 900°C), the higher
the retention of the corresponding Cys phases but also the higher
the asymmetry factors. Another interesting fact was the effect of
end-capping, as demonstrated for the 400 C18 MW SFF. Indeed,
the end-capping put this phase among the C;s commercially avail-
able phases, whereas the absence of end-capping made it close to
the Accucore aQ phase because of accessible silanals. This was also
the case for the 900 C18 EC MW SPP; the end-capping step brought
it into the other cluster.

3.3.3. Thermal stability of the stationary phases

As demonstrated by Claessens et al. [46], column degradation is
affected by pH, buffer type and concentration but is also strongly
affected by temperature. Indeed, the solubility of unmodified sil-
ica increases substantially with the temperature. After 20h (in
acetonitrile-phosphate buffer 0,25 M pH 7.0, 20:80 {v/v}), at G0°C,
49% of the bare porous silica was dissolved. The dissolution was
lower for the bare SPP silica (37%) than for the bare porous sil-
ica; and even lower for the SPP silica pretreated at 900:C (27%).
Regarding these results, we can assume that the SPP structure of
the silica made it less soluble under aggressive conditions at high
temperature and that this benefit can be improved by the ther-
mal pretreatment. Consequently, the corresponding functionalized
stationary phases can be used at higher temperature to increase
efficiency and to improve productivity.

4. Conclusion

Thermal dehydroxylation prior to functionalization can be used
to obtain different Cyg phases. Depending on the temperature of
pretreatment, the silica surface evolved as the silanol groups were
progressively removed due to a thermally induced condensation
process. DRIFT and NMR experiments confirmed that after dehy-
dration, the vicinal silanols were progressively removed as the
temperature increased (until 400+C), then the geminal silanols
(until 900 °C), and finally the complete disappearance of all silanol
groups at 1100°C. The grafting of an octadecyl-chain was success-
fully performed with a maximum coverage of 3.7 umolm -2 for the
end-capped-Cyz-400 “Cpretreated SPP silica. The use of chemomet-
ric analysis methods allowed the grouping of columns depending
on their hydrophobic properties and on their peak asymmetry for
the analysis of basic solutes, In general, the non-end-capped phases
presented higher peak asymmetry values as residual silanols were
still accessible. Alternatively, the non-end-capped phase contain-
ing residual accessible silanols was close to the Accucore aQ
column. Up to 900°C, the higher the temperature of pretreat-
ment, the higher the retention of the corresponding C,; phases.
The high content of siloxane bridges showing additional hydropho-
bicity and polarizability made the C,,-900°C pretreated phase
efficient for the separation of PAHs isomers with full resolution,
However, the residual free acidic silanols led to high asymmetry
factors, Sa, the pure silica (Type B) was not enough to eliminate
these secondary interactions. Additional specific treatments have
to be performed to remove the metal impurities because that dele-
terious effect became significant when the ratio of metal to silanol
increased. Finally, a wide range of C;g columns could be obtained,
depending on the choice of the temperature of pretreatment and
of end-capping or not. Although the properties could be different,
depending on the process of manufacture and the type of silica,
we believe that the general strategy can be applied in all silicas

to obtain different stationary phases based on the same batch of
material functionalized with the same Cyg-reagent. Last, under a
high concentration of phosphate buffer and temperature (0.25M,
60 °C), the 900 °C pretreated SPP silica was more stable to disso-
lution than the untreated SPP silica, which was itself more stable
than the porous silica. The corresponding functionalized stationary
phases can be used at higher temperatures, increasing chromato-
graphic efficiency and improving productivity.

As this paper was focalized on the thermodynamic study of
these Cyg-thermally pretreated phases, the evaluation of the kinetic
parameters is in progress by determination of the kinetic plots.
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With this study, it has been shown that thermal dehydroxylation prior to functionalization can
be used to obtain different C18 phases. Depending on the temperature of pretreatment, the
silica surface evolved as the silanol groups were progressively removed due to a thermally
induced condensation reaction. DRIFT and NMR experiments confirmed that after dehydration,
the vicinal silanols were progressively removed as the temperature increased (until 400°C), then
the geminal silanols (until 900°C), and finally the complete disappearance of all silanol groups
at 1100°C. The grafting of an octadecyl-chain was successfully performed with a maximum
coverage of 3.7 pymol/m? for the end-capped-C18-400°C pretreated SPP silica. The use of
chemometric methods allowed for grouping the columns depending on their hydrophobic
properties and on their peak asymmetry for the analysis of basic solutes. In general, the non-
end-capped phases presented higher peak asymmetry values as residual silanols were still
accessible. Alternatively, the non-end-capped phase containing residual accessible silanols was
close to the Accucore aQ column. Up to 900°C, the higher is the temperature of pretreatment,
the higher is the retention of the corresponding C18 phases but also the asymmetry factors
due to the residual free silanols activity. The high content of siloxane bridges showing
additional hydrophobicity and polarizability made the C18-900°C pretreated phase efficient for

the separation of PAHs isomers.

An application of the original selectivity of this SP is presented in the next paper (11.2.2).
Finally, a wide range of C18 columns could be obtained, depending on the choice of the

temperature of pretreatment and of end-capping or not.

This paper was focused on the thermodynamic study of C18-thermally pretreated phases. The
evaluation of the kinetic parameters of pretreated stationary phases without any grafting was

done in HILIC mode and is presented later (I1.2.3).
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[I-2-2. Article 3: Use of a high temperature pretreated C18 silica for the

separation of phenanthrene/anthracene in a phenanthrene batch

The use of chemometric approaches as data analysis revealed and highlighted the specific

behavior of the C18 SP resulting from the functionalization of silica pretreated at 900°C.

Among the column tested, the use of 900°C C18 SP allowed for a complete resolution of many
critical pairs of PAHs (e.g. phenanthrene-anthracene), even in a batch of phenanthrene as it is
the case here. Indeed, the deal was double: the quantification of the phenanthrene impurities
at low concentration in phenanthrene 98%, and the nature of those impurities that are

essentially isomers or close structural molecules of the PAHs family.

The quantification of the phenanthrene impurities after purification is presented in Article 3
entitled: "Phenanthrene Purification: Comparison of Zone Melting and Co-Crystallization”,

published in Chemical Engineering Technology in 2016.
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1 Introduction

Chemicals of high purily are required for many applications:
preparation of active pharmaceutical ingredients (APIs) [1],
polymorphism selection and solid-state design [2, 3], electron-
ic-grade materials [4,5] or elaboration of analytical standards
|6]. Reaching the target purity for one compound generally
requires complementary techniques that must be combined in
the appropriate order. Among many purification techniques
like preparative chromatography [7]. phase-separation-based
methods, etc,, crystallization is one of the most employed tech-
niques to purify chemical specics, It offers a large pancl of
methods that can be combined when appropriate. e.p., solvent-
assisted crystallization [8,9], crystallization from the melt [10]
or [rom the gas phase [11].

One of the most well-known purification methods using
crystallization from the molten state is zone melting (ZM)
[12]. This technique is widely used to prepare >99.999 %
pure silicon [13,14]. However, it is rarely applied to organic
molecules [15] due to their tendency to chemical degradation
upon heating. During ZM, a small molten zone is generated
by heating a cylindrical sample of a solid to purify, and it is
slowly displaced from one extremity of the sample to the
other (Fig.1a). At every slight translation of the liquid phase,
the impurities are displaced according to their equilibrium

Correspondence: Dr. Yohann Cartigny (yohann.cartigny@univ-rouen.
fr), Normandie Université, Laboratoire SMS-EA3233, Université
Rouen, 76821, Mont Saint Aignan, France.
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partition coefficient k"', defined by Eq.(1), between the solid
recrystallized phase and the parent molten zone,

k=Gl (1)

During ZM, an impurity decreasing Lhe melting point of the
compound to purify (k <1) is displaced towards the same
direction as the molten zone. On the conuary, impurilies
increasing the melting point (k = 1) are displaced towards the
opposite direction, Consequently, the number of molten zone
passes has to be adapted in order to reach the requested purity
in one part of the treated sample. Displacements of the impur-
ities (k values) can be predicted using binary phase diagrams
between the compound to purify and the impurities (Fig. 1 b).

Solvent-assisted crystallization techniques are widely applied
to purify organic compounds [8-10]. Nevertheless, simple
recrystallizations generally lead to limited purifying effects
when the compound to purify exhibits a solid solution with the
impurities. An alternative to that technique is to add another
component to the system, which is able to make a compound
(salt, co-crystal, host-guest association, etc.) with the species to
purify. In favorable cases, co-crystallization [16-18] can be
exclusive: the impurities are not included into the co-crystal
lattice and thus remain in the solvent. An improved purifying
effect is thus obtained, provided that the target compound can
be recovered by a complete removal of the co-crystal former
from the isolated co-crystal.

1) List of symbols at the end of the paper.

www.cet-journal.com
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Figure 1. Relationship between ZM and phase diagrams applied on a hypothetical k < 1 impurity, (a) General principle of the ZM meth-
od; (b) phase diagram between the compound te purify and its impurity.

In this study, the case of phenanthrene (PHEN) molecule is
investigated. This polycyclic aromatic hydrocarhon (PAH)
exhibits a reversible order-disorder solid-solid phase transition
al ca. 65-70°C [19,20]. The low-temperature (LT) and high-
temperature (HT} phases crystallize in space groups P2; and
P2, /e, respectively. Tn several studies, the chemical purity of the
compound has been highlighted as one major factor affecting
the transition temperature [21,22]. Consequently, ultrapurity
{chemical purity =99.9 mol % [23]) has to be reached to study
thoroughly the mechanism of the transition al the molecular
scale,

This study investigates the ability of two different purification
methods to remove impurities from PHEN, Firstly, ZM has been
tested on PHEN, which is possible due to the chemical stability of
the molecule in the molten state. Secondly, purification of
PHEN by co-crystallization has been attempted.

During preliminary studies, fluorene (FLLU),
9,10-dihydroanthracene (9,10-DHA), 9,10-dihydro-
phenanthrene  (9,10-DHP),  I-methylfluorene
{1-MeF), dibenzothiophene (DBT), anthracene
{ANT), and carbazole (CARB) (see Fig.2) were a)
identified as major PHEN impurities [21]. The
impurity levels can vary according to the supplier
and the batches, The existing data related to k val-
ues of PHEN impurities imply different behaviors
of these impurities during solidification (Tab. 1)
[21,22,24,25]. Consequently, opposite impurity
displacements are expected during ZM of PHEN,
The efficiency of this method in displacing known
PHEN impurities is experimentally quantified and
discussed on the basis of existing data on phase
equilibria mentioned above.

For the purification of PHEN by co-crystalliza-
tion, a preliminary screening of PHEN co-crystal
formers led to the selection of 35-dinitrobenzoic

dy

a)

Table 1. PHEN impurity partition coefficient values reparted in
the literature.

Tmpurity & value

Fluorene <1 (bur-1)[21]
Dibenzothiophene <1 [21,24]

Anthracene =1[21]

Carbazole s1]23]

order to characterize the co-crystal in terms of melting point
and stoichiometry. In addition, the ability of 3,5-DNBA to
co-crystallize with the main impurities of PHEN has been
investigated by X-ray powder diffraction (XRPD).

©Q

ot

b}

Cr

€)

248

hy

acid (3.5-IDNBA, Fig.2i). The PHEN/3,5-DNBA
binary phase diagram has been investigated in

www.cet-journal.com
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Figure 2. Developed formulae. (a) PHEN; (b} FLU; (¢} 9,10-DHA; (d) 9,10-DHP; (2)
1-MeF; (f) DBT; (g} ANT; (h) CARB; (i) 3,5-DNBA.

Chem. Eng. Technol 2016, 35, No. 7, 1317-1325

135



Chapter Il. Conventional reversed-phase stationary phases

Chemical Engineering  Research Article

1319

Technology

The purification results of the two methods were discussed
in the frame of phase equilibria. The methods were compared
in terms of processing time and efficiency of the removal of
impurities.

2  Materials and Methods
2.1 Chemicals

Acetone, dichloromethane, chloroform, n-heptane, and aceto-
nitrile were obtained from VWIL All solvents were of HPLC
grade. Hydrochloric acid (HCL 37 %), sodium hydroxide
(NaOH) (98 %), naphthalene (99%), and CARB (96 %) were
purchased from Acros Organics. 1-MeF (98 %), 3,5-DNBA
(98 %), PHEN (98 %, used for co-crystallization experiments),
FLU (98+ %), and DBT (98 %) were obtained from AlfaAesar.
9,10-DHA (99 %) was from TCI Chemicals; 9,10-DHP (94 %),
ANT (99%), and PHEN (98 %, used for ZM experiments) were
purchased from Sigma Aldrich.

2.2 Chromatography

The purifying effect of both techniques was monitored by GC
and HPLC. Due to the difficulty to separate PHEN and ANT
h}r G, a homemade HPLC column was es.pecia]!y desigued
for this separation. GC was used to estimate FLU, 9,10-DHA,
9,10-DHP, 1-MeF, and DBT traces in PHEN, ANT and CARB
contents were determined from HPLC measurements. All the
samples were replicated three times. The confidence intervals
on the impurity levels were estimated with a 95 % confidence
level.

2.2.1 Analytical Gas Chromatographic Conditions

GC experiments were performed on a Thermo Finnigan Focus
Gas Chromatograph equipped with a split/splitless injector, a
flame ionization detector, and 4 Thermo AI3000 autosampler.
A Phenomenex ZB-5 column (30 mx0.25 mm»0.25 jum) was
selecled for separations and helium served us carrier gas with
1.0mLmin™" constant column outlet flow. The split flow was
set at 10mLmin™". The injector and detector temperatures
were set at 300°C. The column oven temperature was
programmed as follows: a first ramp from 70°C to 100 °C at
10°C min ' was applied. Then, the temperature was then held
al 100°C for 5 min and a second 10°C min ' ramp was applied
up to 150 °C. The oven was maintained at 150 °C for 5min and
a last 10°C min™" heating ramp was programmed up to 280 °C.
The final temperature was maintained constant during 15 min.
The injection volume was set at 1 puL. All the chromatograms
were processed using the Thermo ChromCard software
(2.4.1 version, Jan. 2007).

The detector calibration was performed according to the
internal standard calibration method, using naphthalene as
internal standard (ca. 5ppm). The standard concentration
range was 0.5-50 ppm for all impurities. All sample solutions
were prepared in 2-mL GC vials, by dissolving ~ 10 mg of

Chem. Eng. Technol. 2016, 39, No. 7, 1317-1325
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PHEN in ~ 2 g of chleroform; ~ 20t mg of a 550-ppm naphtha-
lene solution in acetonitrile was also added to the sample.

Under these conditions, the following retention times were
measured (in minutes): Naphthalene: 11.50, FLU: 23.62,
9,10-DHA: 26.63, 9,10-DHP: 26,98, 1-MeF: 27.27, DBT: 28,25,
PHEN: 28.62, ANT: 2893, CARB: 29.68.

2.2.2 HPLC Column Preparation

A Cl8-type porous silica column of 250mm length with
46mm internal diameter and 3 pm particle diameter was
packed to perform a part of PHEN analysis. The silica pretreat-
ment and functionalization were achieved according to the
procedure developed in our laboratory [26,27],

2.2.3 Analytical HPLC Conditions

HPLC experiments were performed on a Dionex apparatus,
equipped with a P680 punip, an ASI-100 autosampler, a 20-uL
injection loop, and a UVD 340U dicde array detector, The
homemade column as described above was used for separa-
tions, applying LOmLmin ' flow rate of an acetonitrile/water
65/35 viv mobile phase, The column was kept at 30°C with a
TCC-100 thermostat. The solvents were degassed with an on-
line degasser, The detection was performed at 234 and 250 nm,
using two different acquisition channels.

Detector calibration was performed according to the external
standard calibration method, with CARBE and ANT standard
solution concentrations ranging from —0.1 to —2ppm in a
65/35 viv acetonitrilefwater mixture. CARB and ANT calibra-
tion curves were plotted using the data recorded at 234 and
250 nm, respectively,

The sample solutions were prepared by dissalution of
~5myg of PHEN in ~ 3g of acetonitrile, The solutions were
then diluted aboul ten times in an acetonitrile/water 65/35 viv
mixture, Under the sustained conditions, CARB and ANT
retention times were found to be 6.95 and 17.95 min, respec-
tively,

2.3 Solid-State Analyses

2.3.1 PHEN/3,5-DNBA Phase Diagram

Mixtures of PHEN/3,5-DNBA of known compositions were
dissolved in acetone. The solvent was then evaporated to air.
The crystallized powders were manually ground and analyzed
by differential scanning calorimetry (DSC) and XRPD.

2.3.2 3,5-DNBA Co-crystals Screening with PHEN Impurities
The ability of major PHEN impurities (FLU, 9,10-DHA, DBT,
AN, and CARB) to co-crystallize with 3,5-DNBA was investi-
gated by preparing ~200mg of 1:1 stoichiometry physical

mixtures that were dissolved in acetone. The solvent was then
evaporated to air. The formation of co-crystals was checked by

www.cet-journal.com
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XRPD, by comparing mixtures XRPD patterns with those of
the starting materials,

2.33 X-Ray Powder Diffraction

XRPD experiments were performed on a Bruker AXS
Dai00matic X-Rays diffractometer, using the Cu Kee radiation.
The 26 scan range was set between 37 and 307 with a step of
(.047 and a measurement time of 4 5 per step.

2.3.4 Differential Scanning Calorimetry

DSC measurements were performed on a Netzsch DSC214
Palyma equipped with an autosampler and an intraconler. The
samples (ca. 5-6 mg) were put into closed aluminum pans and
submitted 1o 4 5Kmin ' heating rate under a 50mL min '
nitrogen flow. Data were processed using the Netzsch Proteus
Thermal Analysis software (version 6.1.0).

2.4 Purification
2.4.1 Purification by Zone Melting

PHEN was pretreated in order to remove some of its inorganic
impurities. For this, 10 g of PHEN was dissolved in 50 mL of
dichloromethane. Three successive liquid-liquid extractions
with 50mL of a 1molL™ aqueous HCI solution were per-
formed. The operation was repeated with a 1 mol L™ aqueous
NaOH solution, and eventually with water. The organic phase
was then recovered and dichloromethane was evaporated. The
obtained powder was dried one night at 50 °C. It was then mol-
ten in a cylindrical glass tube of 25 cm length and 11 mm inter-
nal diameter using a heat gun, to obtain a 9cm long solid
ingot.

The tube was placed in a vertical ZM prototype developed in
our laboratory and described in Fig.3. Fifteen molten zone
passes were performed at a 5mmh" translational rate, from
the bottom to the top parts of the ingot. A 0.21 rad's ' axial ro-
tation speed was set, with a reversal of the rotational direction
every m rad. After ZM, the tube was segmented into ~ 1-cm
parts that were analyzed by chromatography.

In the PHEN batch used for this experiment, FLU
(043 wit%), 9,10-DHA (0.07%), 1-MeF (D02%), DBT
(0,58 %), ANT (0.08 %), and CARB (0.05 %) were identified as
impurities (see Tab.2). No additional impurity was detected.
The purity of this pretreated commercial PHEN is thus
98.77 wit %,

2.4.2 Purification by Co-Crystallization

Co-crystal formation: 1 g of an equimolar mixture of PHEN/
3,5-DNBA, prepared from commercial products, was added to
S0 mL of acetone. The system was heated under reflux until a
single liguid phase was obtained, and was then cooled down to
room temperature under magnelic stirring at 600 rpm for 24 h.

www.cet-journal.com
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Figure 3. New ZM prototype developed in our laboratory. (1)
Glass tube containing the solid to purify; (2) adjustable power
annular heater generating the molten zone; (3) autoreverse mo-
tor providing glass tube axial rotation to improve the molten
zone homogenization; (4) bench allowing glass tube vertical dis-
placement using a step-by-step motor.

A suspension of yellow crystals was obtained. Vacuum filtration
was carried out on a 0.45-um PTFE membrane filter. The crys-
tals were washed with 5 mL of cold (0 °C) n-heptane. The solid
was dried one night at 50 °C.

Removal of 3,5-DNBA: 4 g of the solid was put into 100 mL
of a 10 wt % NaOH aqueous solution. The system was stirred at
600 rpm for 1h to dissolve 3,5-DNBA in the aqueous phase by
sodium salt formation. A purple solution with a white PHEN
suspension was obtained. The suspension was filtered accord-
ing to the same procedure. The filtered solid was washed with
2x50mL of the 10% NaOH solution, and then 4x50 mL of
water. It was eventually dried at 50 °C for 48 h. Finally, 1.4 g of
purified PHEN was obtained.

In the PHEN batch used for this operation, FLU (0.32 wt %),
9,10-DHA (0.43 %), 9,10-DHP (0.02 %), 1-MeF (0.06 %), DET
(0.82 %), ANT (0.28 %), and CARB (0.33 %) were identified as
major impurities (see Tab.3). Some other minor impurities
have not been detected and could not be quantified (see Fig. 6).
The purity of this PHEN batch is thus at the best 97.75 wt %.

3 Results and Discussion

3.1 Purification by Zone Melting

The impurity contents in the different parts of the treated sam-
ple after ZM are given in Tab. 2. The first column entry denotes

the pasition in the treated sample, where 0 represents the start-
ing position of the molten zone (lowest part) and 9 cm its final

position (upper part].

Chem. Eng. Technol 2016, 35, No. 7, 1317-1325



Chapter Il. Conventional reversed-phase stationary phases

Chemical Engineering  Research Article 1321
Technology
Table 2. Impurity content in PHEN before and after ZM, in wt %.
Impurity FLU 9.10-DHA 1-MeF DBET ANT CARB Total
Pretreated commercial PHEN 0.43 £0.03 0065 £0.004 0015 £0.002 058+ 0405 0084 20001 0.052 £0.002  L23:x0.09
01 cm 0.42 £ 0.02 ND 0008 £ 0001 G018 =000 0101 = 0.004 0093 20003 (LB0 +0.04
1-2cm 0.3% £ 0.02 ND D007 £ 0002 017 £ 0.01 0,099 0002 00900001 076 £ 0.04
I-3em 0.41 £0.01 ND 000% + 0003 024 £ 0.01 0.083 = 0002 0.063 £ 0001 (L8] £0.03
M :iimlph: F-4cm 0.43 +0.02 ND 0 £ 0001 33+ 002 0077 £ 0001 0052 +0.001 [L90 + (L.04
parl 4-5cmt 0.45 £ 0.01 0009+ 0001 0014 £ 0002 047 £001 0.075 20005 00440002 106003
5-f cm 0.45 + 002 0018 +£0.002 016 + 0.001 (57 £ 002 DOED = 0001 0.036 + 0.001 1.17 + 0.03
6-7.5 em 0.48 +0.03 0.051 £0.003 D020+ 0002 085 £0.05 0.083 £ 0001 0.028 0001 151 £0.09
75-9cm 0.48 + 001 0.087 + 0.003 0025 + 0.003 119+ 0.03 0.080 = 0001 0019 + 0.001 L&% + 0.05

ND, not detected,

Considering impurity distributions, various behaviors are
observed: (i) no significant effect can be detected for FLU
(K~ 1 behavior); (ii) 9,10-DHA, 1-MeF, and DBT exhibit £ <1
behaviors as they were displaced towards the same direction as
the molten zone; (iii) Upp()sildy. ANT and CARB were dis-
located towards the opposite direction, which corresponds to a
k=1 behavior. The displacements of FLU, DBT, ANT, and
CARB in the ZM sample are consistent with the existing &
values of the literarure (Tab. 1),

The total impurity content distribution in the treated sample
is almost monotonic and inereases with the position in the
samiple from 0,76 % in the 1-2cm part to 1LE9 % in the upper
part. Nevertheless, even if the process exhibited a powerful
ability to displace 9,10-DHA and DBT towards the upper part,
some other impurities, e, ANT and CARB, exhibited antago-
nist  behaviors. Consequently, no ultrapure PHEN was
obtained. Further molten zone passes
(> 15) are thus required Lo concentrate

zation can be an interesting complementary method provided
that it can remove some impurities,

3.2 Purification by Co-Crystallization
3.2.1 PHEN/3,5-DNBA Phase Diagram

The XRPD patterns of PHEN/3.5-DNBA mixtures at room
temperature are presented in Fig.4. A 11 stoichiometry co-
crystal is observed. Between 0 and 50mol% of 3,5-DNBA, a
mixture of the PHEN LT and the co-crystal phases is evidenced.
For the upper composition range, a mixture of the co-crystal
and 3,5-DNBA phases is observed. No solid solution domain
was detected for the PHEN LT, PHEN/3,5-DNBA co-crystal
and 3,5-DNBA phases.

the impurities at the extremities of the
sample and to access to a purer inter-

mediate part.
Due to the constraints discussed

above, ultrapurification of PHEN using
ZM requires an appropriate strategy.
Different approaches can be employed

52 % 3,5-DNBA

40000
to tackle this problem:

(i) Adjusting the ZM parameters, i.e.,

50 % 3,5-DNBA e by
) Nes : Aok
30000

molten zone translational rate, number
of passes, length of the zone, length of

Intensity / counts

105500 [ I NN

the sample; this approach is nevertheless 20000
time-consuming due to the number of
experiments to perform for process opti-

2% 3,5-DNBA k

e X 5 10000
mization, even using modeling tools.

(ii) Performing ZM experiments on pre-

*
o2z o | .
.ﬁ
0

I N A N——

purified PHEN samples. A prepurifica-
tion technique, applied on the starting
commercial product, could allow the
partial or total removal of some
impurities to simplify the ultrapurifica-
tion by ZM. In this context, co-crystalli-

Chem. Eng. Technol. 2016, 39, No. 7, 1317-1325
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Figure 4. XRPD patterns at room temperature of different PHEN/3,5-DNBA mixtures (compo-
sitions in mol %). Ticks: main diffraction peaks associated with * the PHEN LT phase; ** the
PHEN/3,5-DNBA co-crystal phase; *** the 3,5-DNBA phase.
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The DSC measurements (data not shown) al-
lowed characterizing two eutectic transformations:
1} <PHEN HT> + <cc. PHEN/3,5-DNBA> &

Liguid at ~97°C in the 0-50 mol % 3,5-DNBA

region;

<cr, PHEN/3S-DNBA> + <35-DNBA> &

Liquid at ~188°C in the 50-100mol%

3,5-DNBA region,

It is worth noting that the accuracy of lquidus
points was certainly affected by sublimation of Lhe

=]

solid mixtures at high temperatures, In addition,
an insufficient resolution between eutectic and
liquidus endotherms prevented from determining
accurate eutectic compositions from Tammann
plots, The thermal events measured with DSC were
used to construct the PHEN/35-DNBA binary
phase diagram in Fig, 5.

3.2.2 Screening of PHEN Impurity Co-Crystals
with 3,5-DNBA

The XRPD patterns of FLU/3,5-DNBA, 9,10-DHA/
3.5-DNBA, DBET/3,5-DNBA, ANT/3,5-DNBA, and
CARE/3,5-DNBA equimolar mixtures are pre
sented in the Supporting Information (Fig, §1),
Starting materials patterns were used as references.
One can note that new co-crystals were obtained
only with LU, DBT, and CARB, The stoichiome-
Iry of Lthese co-crystals is assumed to be 1:1 bul fur-
ther investigations are required for conlirmation.

3.2.3 Phenanthrene Purification by
Co-Crystallization with 3,5-DNBA

PHEN impurity contents before and after purifica-
tion by co-crystallization with 3,5-DNBA are given
in Tab. 3. Normalized GC chromatograms of
PHEN samples are presented in Fig. 6. After the re-
covering of PHEN from the co-crystal, no trace of
3.5-DNBA was detected. The sum of identified
impurities contents led us to estimate a commercial
PHEN purity of 97.8 wt %, at the best. The co-crys-
tallization-purified PHEN sample purity was ap-
proximately 99.5 wt %.

As indicated by these quantifications, the purification experi-
ment provided promising results. Remaining traces of FLU,

Technalogy
220 |
Liquid + <3,5-DNBA>
Liquid 2 il
180 = 1
Liquid + <cc, PHEN/3,5-DNBA> + |
© <cc. PHEN/3,5-DNBA> Liquid |
3 140 |
5 <PHEN HT> + Liquid
&
g
£ 100 4 |
= <PHEN HT> +
<cc. PHEN/3,5.DNBA> <cc. PHEN/3,5DNBA>
o 1 e +<3,5-DNBA> a
<PHEN LT> + |
<cc. PHEN/3,5-DNBA> |
20

0% 10% 20% 30% 40% 350% 60% 70% B80% 90%
3,5-DNBA contents [ mol. %

Figure 5, PHEN/3,5-DNBA binary phase diagram determined in this work.

100%

Signal / normalized
w

L

23 24 25 26 27 28 29 30 31 32
Time [ min

Figure 6. Mormalized GC chromatograms with respect to analyzed PHEN
amount. (1) Commercial Alfadesar PHEN; (2) PHEN recovered from PHEN/3.5-
DNBA co-crystal. Marks: (a) FLU, (b) 9,10-DHA, (c) 9,10-DHP, (d) 1-MeF, (e) DBT, (f)
CARB; *unidentified impurities,

DBT, ANT, and CARB were still observed after the purification
treatment, but their contents were significantly reduced.
9,10-DHA, 9,10-DHP, and 1-MeF were no more detected by

Table 3. Impurity contents (in wt %) in PHEN before co-crystallization and after recovering from the co-crystal.

Impurity FLU 9,10-DHA 9,10-DHP 1-MeF DBT ANT CARB Total
Commercial 0.316 £0.001 0426 £0.001 0018 £0.001 0056 £ 0.001 0.824 £0.001 0.282 £0.002  0.326 £0.002  2.25+ 0.01
PHEN

PHEN 0.028 £ 0.001 ND ND ND 0.326 £ 0.004  0.073 £0.002  0.060 £ 0.001 049 £ 0.01

recovered from
the co-crystal

www.cet-journal.com
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the GC analytical method; detection limits were approximately
0.005-0.01 wt %,

Besides, no absolute correlation could be established between
the ability of an impurity to co-crystallize with 3,5-DNBA and
its presence in the PHEN/3,5-DNBA co-crystal: (i) FLU, DBT,
and CARB are able to co-crystallize with 3,5-DNBA but were
not completely removed from PHEN, {ii) 9,10-DHA was totally
removed but is unable to form co-crystals with 3.5-DNBA, and
(i) ANT was still detected after purification, while it does not
co-crystallize with 3,5-DNBA.

One way to explain the presence of a certain impurity in
PHEN after co-crystallization could be related to its ability to
make some solid solution with the new PHEN/35DNBA
co-crystal phase. This siluation can be explained by considering
the PHEN/3,5-DNBA/impurity isothermal phase diagrams at
room temperature (Fig 7). The cases where an impurity does
not co-crystallize with 3,5-DNBA are considered in Figs. 7a
and 7 ¢. The presence of a co-crystal with an impurity of PHEN
and the coformer is represented in Figs. 7b and 7d. The
schematic ternary systems of Figs. 7a and 7b both show the
existence of PHEN/3,5-DNBA co-crystal solid solutions, In
these two cases, traces of impurities should remain in the
PHEN/3,5-DNBA co-crystal and their amounts depend on the
extent of the co-crystal solid solation in the ternary system.
Oppositely, if no PHEN/3,5-DNBA co-crystal solid-solution
exists (Figs. 7¢ and 7d), the impurity should stay in the sol-

a) PHEN
<58, PHEN LT> +
<55 PHEN [T+ <55, oe, PHEN/3 5 DN BA>
=35 cc. PHEN/S S-ONBAS + =imgurity>
P
«x5.cc. PHEM/3, 5-DNBAS . <35-DNBA> +
<38, cc. PHEN/3,5-ONBA>

+ simgnirity>

4uy, ce. PHEN/3,5-DNBA>
) 5ONBA

<85, cc, FHEN/3, 5-ONBA»
=+ <impuritys

3,5-DNBA Impurity

PHEN

“mi PHEM LTx &
<cc. PHEN/AS-ONBA>

<s3. PHEN (Ts =
- e PHEN/3.5-DNBA>
* cimpuriny>

<cc. PHENSS, S-DNBA>

<o, PHEN/3,5-DNBA
+ <15 DNBA>
+ <hmpurity o

3,5-DNBA Impurity

vent, regardless the ability of the impurity to co-crystallize or
not with 3,5-DNBA. In this case, the obtained co-crystal should
be free of impurities.

Tt can be deduced from the gquantification of impurities after
co-crystallization that FLU, DBT, ANT, and CARE can be
inserted into the PHEN/3,5-DNBA co-crystal lattice. By con-
trast, no solid solution including 9,10-DHA, 9,10-DHP, and
1-MeF seems to exist, Note that in this approach the effects of
each impurity were considered separately but the situation is
certainly more complex since the actual vrder of the thenno-
dynamic system is 2+4n, n being the number of impurities of
PHEN.

3.3 Comparison of ZM and Co-Crystallization
Applied on PHEN

As explained in the previous paragraphs, under the tested con-
ditions, co-crystallization appeared more suitable to remove
impurities from PHEN than ZM. The best global purity
obtained by ZM was approximately 99.2wi%, whereas
99.5 wt % was obtained after co-crystallization. An interesting
difference between the two methods is the ability of co-crystal-
lization to remove FLLU from PHEN, whereas inadequate phase
equilibria between both compounds prevented an efficient
removal of FLU by ZM.
h}_ FHEN <55, PHENET> »
_ ax v, PHEN/3,5-ONBA>

=as ce. PHEN/3.5-DNBA»
\

<s5, PHEN LT>+
<gs. ez, PHEN/LS-DNBA>
+ eimpurity>

<. o PHEN/3,5-DNBA> \l‘
+ <35 ONBA> \

458, ¢c. PHEN/3.5-DNBA \
+ <oz, 3,5-ONBAMmgurity » ‘g/

<58, oc. PHEN/1,5-DNBA

<35 of. PHEN/L5-DNBA> e = dlmipuirity>

* <3,5-DHEAS +
=ce. 3.5-DNBA/ Impurity>

3,5-DNBA Wl Impurity
<ce. 3.5-ONBA B >
- _— x5, o, PHEN/3,5-DNBA>
= cee. 1.5-DNBAimpurity> +
<impurity=
PHEN

d)
<55, PHENLT> +
“ee. PHEN/3,5-DNBA

<55, PHEN IT> «
<cc. PHEN/S, 5-DINBA
+ Citputity>
<cc. PHEN/L5-DNBA>

<impurity> +

wer. PHEN/3,5-DNEAs
e PHEN/3 5-DNBA> + <ce. 3.5 DNBAS e purity>
» <3,5.0NBAS
+-<ee. 1 5-DNEA Impurieys

3,5-DNEBA !
ceg. 3,5-DNDAimparity=

Impurity

Figure 7. Hypothetical isothermal phase diagrams betwesn PHEN, 3,5-DNBA, and any considered impurity. (3) With a PHEN/3,5-DNBA
co-crystal solid solution and no co-crystal between 3,5-DNBA and the impurity; (b) with a PHEN/3,5-DNBA co-crystal solid solution and a
co-crystal between 3,5-DNBA and the impurity; {c) with a PHEN/3,5-DNBA co-crystal without solid solution and no co-crystal between
3,5-DNBA and the impurity; (d) with @ PHEM/3,5-DNBA co-crystal without solid solution and a co-crystal between 3,5-DNBA and the im-
purity.
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In addition, the purest part of the ZM PHEN sample corre- k [-] impurity partition coefficient
sponds to only — 11 % of the initial amount of sample. A better & [rmm| molten zone solidification
vield was obtained by a single crystallization of the PHEN/3,5- surface position
DNBA co-crystal, as the recovered mass of purified PHEN cor- [} 17 X-ray incident beam angle

responds to ~ 30% of the initially engaged PHEN mass. Con-
versely, successive co-crystal recrystallization steps could lead
to a complete removal of FLU, DBT, ANT, and CARB.

Finally, the processing time of PHEN purification by ZM
was aboul three limes higher than thal of co-crystallization.
For all these reasons, co-crystallization seems to be an appro-
priate technique for a first PHEN purification step, whereas
ZM could allow the removal of remaining traces after this first
purj.ﬁcntion treatment.

4 Conclusions

ZM and co-crystallization exhibited different abilities to re-
move PHEN impurities under the tested conditions. ZM has
shown a limited purifying effect due to the number of impur-
ities and their antagonist behaviors, ie., k values greater and
lower than 1. Cippositely, co-crystallization served to reduce the
amount of every impurity present in PHEN by forming a new
crystalline phase. In both cases, the use of phase diagrams helps
at understanding the purification efficiency and its limits, e.g.,
presence of solid solutions. As a result, co-crystallization ap-
pears as the most relevant first purification process for PHEN
hefore using other appropriate technique(s) such as ZM or sub-
limation to achieve ulirapurity.

In future work, purification work on PHEN should be pur-
sued by combining these processes in the right order. Some
other PHEN co-crystal formers should be tested to check their
selectivity with respect to its impurities. A side challenge of this
study is to develop appropriate analytical methods in order 1o
measure low amounts of impurities in PHEN samples close 1o
ultrapurity. In this study, two different chromatographic meth-
ods had to be used in order to benefit their different selectivity.
All known impurities of PHEN could thus be determined.
Nevertheless, measuring the purity of PHEN purity beyond ul-
trapurity will probably require more sensitive methods, with
appropriate detection means. In this context, HPLC with fuo-
rescence detector seems to be a promising tool to reach that
aim,
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Symbols used

G [%] impurity concentration

e [mm] malten zone thickness

I [mm] zone melling sample length
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Sub- and superscripts

L liquid phase

s solid phase

Abbreviations

ANT anthracene

APls active pharmaceutical ingredients

CARB carbazole

oc. co-crystal

DBET dibenzothiophene

9,10-DHA  9,10-dihydroanthracene

9,10-DHP  9,10-dihydrophenanthrene

3,5-DNBA  3,5-dinitrobenzoic acid

nsc differential scanning calorimetry

FLU fluorene

HT high-temperature phase

LT low-temperature phase

1-MeF I-methylfluorene

pPAll polyeyclic aromatic hydrocarbon

PHEN phenanthrene

55, solid solution

XRPD X-ray powder diffraction

ZM zone melting
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In this article dedicated to the ultra-purification of phenanthrene, the use of dedicated HPLC
column was of primary concern to be able to quantify rigorously the phenanthrene impurities
at low concentration in phenanthrene 98%.

Those impurities being essentially isomers or structural molecules close to the PAHs family, the
separation required high shape selectivity to obtain full resolution between phenanthrene and
its isomer anthracene.

The specificity of the home-made column from silica pretreated at 900°C before C18 grafting
(Figure 2) allowed for obtaining quantification of all major impurities of phenanthrene, at very

low levels.

mAU 300
250
200 1

150

12 4 1718
16

100

50

15 20 25 30 35 40 45

50

Figure 2: Chromatogram obtained on 900°C C18 home-made column, 250 mm x 4.6 mm x 3 um,
F = TmL/min, 5 min at 50/50 (v/v) CH3CN/H:O to 100% CHsCN in 50 min, 254 nm, 22°C, (*)
Impurity, (1) Naphthalene, (2) Acenaphthylene, (3) 1-Methylnaphthalene, (4) 2-
Methylnaphthalene, (5) Acenaphthene, (6) Fluorene, (7) Phenanthrene, (8) Anthracene, (9)
Fluoranthene, (10) Pyrene, (11) Chrysene, (12) Benz(a)anthracene, (13) Benzo(b)fluoranthene, (14)

Benzo(k)fluoranthene,  (15)  Benzo(a)pyrene,  (16) Dibenzo(a,h)anthracene,  (17)

Benzo(g,h,iperylene, (18) Indeno(1,2,3-cd)pyrene

It was shown that various C18 SPs can be obtained by variating the surface state of the silica
through thermal pretreatment with Article 2, and a concrete use of one C18 SP with silica
pretreated at 900°C was presented in Article 3.

The next study was devoted to the possibility of obtaining various SPs from the same silica by
variating the temperature of pretreatment. The thermodynamic and especially the kinetic

evaluation of the SPs in HILIC mode is the focus of the following part.
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[I-2-3. Article 4: Use of superficially porous silica particles pretreated at

different temperatures in HILIC

The impact of thermal pretreatment on silica and the use of bare silica pretreated at different

temperatures in HILIC mode was considered.

This work was achieved in collaboration with the LCAP, University of Geneva, where | spent one
month internship under the supervision of Prof. J.L. Veuthey and Dr. D. Guillarme. Evaluating
the kinetic performances of SPs with the kinetic plot theory required the use of a dedicated
instrumentation with optimized extra-column volumes and capable of supporting very high
pressures. A sufficiently retained compound has to be selected to limit the system
contributions, in our case cytosine was the probe solute; and at least 10-15 values have to be
acquired at various flow rates for suitable fitting. Contrary to Van Deemter plot that
corresponds to experimental plate number, the kinetic plot method give access to extrapolated
value called the pressure drop limited plate number. By working with one column of a
particular length, values can be obtained for other lengths by extrapolation, allowing to have
a global evaluation of the column kinetic performances when working at the maximal pressure

(600 bars for the SPPs and 1000 bars for the sub-2 um particles).

The study encompassed the kinetic evaluation of 3 SPs resulting from the pretreatment of bare
SPP silica at 3 different temperatures (400°C, 525°C, 900°C). Also, two applications were
presented on nucleobases and derivatives, and nicotine and derivatives to demonstrate the
potential of such SPs. This work led to the publication entitled “Evaluation of thermally
pretreated silica stationary phases under hydrophilic interaction chromatography conditions”

in Journal of Separation Science in 2016.

144



Chapter Il

J. Sep. Sei. 2016, 38, 18111618

Mélanie Mignot'
Aurélie Périat?

Valérie Peulon-Agasse’
Pascal Cardinael’
Jean-Luc Veuthey?®
Davy Guillarme?

"Normandie Univ, Laboratoire
SMS-EA3233, Univ Rouen,
Mont-Saint-Aignan, France

?5chool of Pharmacautical
Sciences, University of Geneva
University of Lausanne,
Geneva, Switzerland

Received January 11, 2016
Revised Fabruary 17, 2016
Accepted February 17, 2016

1 Introduction

Even if RPLC is considered as the gold standard in several do-
mains, the analysis of polar/ionizable solutes remains chal-
lenging with this chromatographic mode. There have been
attempts to improve retention of these solutes, mainly by
incorporating a polar embedded group within the bonded
ligand, or performing a polar endcapping, to moderate the
stationary phase hydrophobicity. Nonetheless, the retention
of the most polar substances still remains insufficient. lon
pairing is an interesting solution to analyze any ionizable
hydrophilic substances, allowing the use of RP columns.

. Conventional reversed-phase stationary phases

1611

Research Article

Evaluation of thermally pretreated silica
stationary phases under hydrophilic
interaction chromatography conditions

Three novel hydrophilic interaction chromatography columns packed with bare silica
2.6 pm superficially porous particles were evaluated. These stationary phases undergo a
different pretreatment temperature (400, 525, and 900°C) that might infuence their kinetic
pc‘rfananct: and Ihcrmod}fnarnic properties. Tn. the first instance, we demonstrated that the
performance of these columns was inferior to the commercial ones in the low plate count
range (10 000 plates), but was more favorable for N values beyond 40 000 plates. Thanks to
its high permeability and reasonable flow resistance (¢ = 695), together with & minimum
reduced heights equivalent to a theoretical plate value of only 2.4, the stationary phase pre-
treated at 400°C was particularly attractive for N = 70 000 plates with a remarkably low
impedance value (E = 2488). In a second step, the impact of pretreatment temperature was
evaluated using two mixtures of polar substances, namely nucleobases and derivatives, as
well as nicotine and derivatives. Retentions and selectivities achieved on the tested stationary
phases were appropriate, but selectivity differences were minor when modifying pretreat-
ment temperature from 400 to 525°C. When we increased the pretreatment temperature up
10 900°C, the surface chemistry was more seriously modified. Finally, the columns presented
a good stability even at high temperature (70°C), especially for the phases pretreated at 400
and 525°C,

Keywords: Hydrophilic interaction chromatography / Kinetic plots / Nicotine
derivatives / Pretreatment temperature / Thermal stability
DOI 10.1002/jssc.201600034

Dl Additional supporting information may be found in the online version of this article
at the publisher’s web-site

However, the equilibration times may be significantly ex-
tended in presence of ion pairing reagents, stationary phase
memory effects are critical for repeatability and such strategy
is not suitable for MS detection.

Over the years, HILIC has thus been shown as the most
promising chromatographic approach for the analysis of hy-
drophilic /charged/polar compounds [1-5]. In HILIC, the re-
tention mechanism is more complicated than in RPLC, since
adsorption, ion exchange, hydrogen bonding, and hydrophilic
partitioning between the mobile phase and a water-enriched
layer at the surface of the stationary phase, take place to-
gether [6—11]. However, HILIC allows achieving orthogonal
selectivity[12] and higher ESI-M S sensitivity [13] compared to
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vard d"Yvoy 20, 1211 Geneva 4, Switzerland

E-mail: davy guillarre & unige.ch
Fax: +41 22 379 68 08

Abbreviations: d,, the particle diameter; E, separalion
impedance; H, height equivalent to a theoretical plate; byin,
minimum reduced height equivalent to a theoretical plate;
Ky, column permeability; o, mobile phasa interstitial linear
valocity; AP, prassure drop: &, flow resistance; w), viscosity
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RPLC. In addition, due to the low viscosity of highly organic
HILIC eluents [14], faster separations can be attained, us-
ing state-of-the-art columns packed with superficially porous
particles. These particles are composed of a solid inner core
surrounded by a porous shell, large enough to solve the prob-
lem of low capacity of the old pellicular particles proposed
in the 1960s [15,16]. The great success of this new technol-
ogy started in 2006, with the commercial introduction of sub-
3 pm RPLC colurnns packed with superficially porous par-
ticles [17-19]. Gritti and Guinchon described the theoretical
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understanding of the kinetic benefits of such particle mar-
phology, compared to fully porous ones [20-23] and HILIC
columns packed with superficially porous particles are now
commercially available.

Under HILIC conditions, the nature and amount of
silanols located at the surface of the stationary phase are par-
ticularly important, since they strongly contribute to retention
and selectivity. Silanols can be modified by applying, for ex-
ample, thermal treatments. This strategy was used on porous
silica [24-26), but also recently on supetficially porous mate-
rials [27]. Different silica surface states can be distinguished
during a thermal treatment, as reported in [24] on porous
silica, treated at different temperatures under vacuum. It was
noticed that after the dehydration of the water multilavers
physically adsorbed at the silica surface, the first silanols to
disappear were vicinal silanols, between 190 and 400°C. Then,
geminal silanols were progressively removed upon 400°C and
isolated single silanols were the last remaining at the sur-
face at 900°C. The complete removal of all silanol groups
(only siloxane bridges) was reached after thermal treatment
at 1200°C, but the surface fusion formed a nonporous solid
material that was chromatographically unusable [24].

The aim of this work is to evaluate the influence of ther-
mal treatments on columns packed with superficially porous
silica-based particles employed in HILIC mode, from a ki-
netic and thermodynamic point of view. To evaluate kinetic
performance, three home-made stationary phases were com-
pared with commercial HILIC materials also made from bare
silica particle of different sizes. The thermodynamic aspect
was also considered with the fast separation of two mixtures
of polar and ionizable solutes, namely nicotine derivatives
and nucleobases, nucleosides, and nucleotides.

2 Materials and methods
2.1 Chemical and reagents

Water was obtained from a Mili-Q water purification system
from Millipore (Bedford, MA, USA). Acetonitrile (ACN) and
formic acid of ULC-MS grade were purchased from Biosolve
(Valkenswaald, Netherlands). Ammaonium formate buffer
20 mM was prepared by measuring adequate volume of
formic acid. The pH was then adjusted to 3.0with ammonium
hydroxide 28% v jv. All nucleobases, nucleotides and nucleo-
sides (i.e. uracil, uridine, adenine, guanosine, adenosine, cy-
tidine, cytosine, and adenosine mong-phosphate; structures
reported in Supporting Information Fig. $1) were purchased
from Sigma-Aldrich (Steinheim, Germany), while nicotine
derivatives (i.e. hydroxycotinine, cotinine, cotinine N-oxide,
anatabine, anabasine, nornicotirie, nicotine, and nicotine
N'-pxide; structures teported in Supporting Information
Fig. S2)were a kind gift from the Swiss antidoping laboratoty
{Epalinges, Switzetland), Stock solutions of each individual
sample were prepared at 1 mg/mL in an adequate ACN Jwater
proportion to ensure a good dissolution of nucleobases, nu-
cleatides, and nucleosides. Stock solutions of each individual
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sample were prepared at 1 mg/mL in pure MeQH for nico-
tine derivatives. [n cach case, samples were then diluted in
ACN and injected at 50 ppm.

2.2 Instrumentation

The measurements were performed using a Waters Ac-
quity UPLC™ I-Class system (Milford, MA, USA) equipped
with a binary solvent delivery pump (maximum fHow rate of
2 mL/min and upper pressure limit of 1200 bar), an autosam-
pler and UV detector. The system includes a flow through
needle (FTN) injection system with 15 pLneedle anda 0.5 pL
UV flow-cell. The connection tube between injector and col-
umn inlet was 0.003" 1.D. and 200 mm long {active preheater
included), and the capillary located between the column and
detector was 0.004" [.D. and 200 mm long. The overall extra-
column volume (V) was about 8.5 pL as measured from
the injection seat of the autosampler to the detector cell. Data
acquisition and instrument control were performed by Em-
power Pro 2 Software (Waters). Calculation and data transfer-
ring were achieved by using a home-made MS Excel template.

The commercial columns employed in this study were
Ascentis Express HILIC (50 x 2.1 mm, 2.7 pm) from Supelco
(Bellefonte, PA, USA), Acquity bridged ethyl hybrid (BEH)
HILIC (50 x 2.1 mm, 1.7 pm) from Waters, Kinetex HILIC
(50 x 2.1 mm, 1.3 pm) from Phenomenex (Torrance, USA)
and Cortecs HILIC (50 x 2.1 mm, 1.7 pm) from Waters.
The column dead times were measured using anthracene as
column dead time marker. Temperature was set at 30°C. UV
detection was set at 254 nm.

2.3 Preparation of home-made stationary phases

The thermal pretreatment of the superficially porous silica
particles were performed as described in a previous work [27].
To briefly summarize, the superficially porous silica par-
ticles were heated under atmospheric conditions for 5 h
at 400, 525, and 900°C, respectively. Three columns (50 x
21 mm, 2.6 pm) were packed by Interchim (Montlugon,
France), with each type of pretreated silica particles. The pack-
ing quality was evaluated through standard selutes analysis
(i.e. tri-ten-butylbenzene, diethylphthalate, and dimethylph-
thalate). Similar chromatographic properties were obtained
for three columns of each type of pretreated superficially
porous silica particles, so the whole study was only done on
one column of each type of pretreated silica (400, 525, and
QHC).

2.4 Evaluation of kinetic performance
In g first instance, the van Deemter curves were plotted for the
three HILIC columns pretreated at 400, 525, and 900°C using

cytosine at 50 ppm as model compound, For this purpose,
experimental plate count values observed at different Aow
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Figure 1. (A} Experimental H-u plets of columns packed with
2.6 pm suparficially porous particles pretreated at different tarm-
peratures (400, 525, or 900°C). (B) Experimental kinetic plots of
N versus fy of columns packed with 2.7, 2.6, 1.6, 1.3 superfi-
cially porous particles (SPP), and 1.7 pm fully porous particles
{FPP]. (C) Experimental kinetic plots of /N versus Nof columns
packed with 2.7, 2.6, 1.6, 1.3 superficially porous particles (SPP),
and 1.7 pm fully porous particles (FPP). Experimental condi-
tiens: T= 30°C, 96:4 ACN/ormate buffer 20 mM pH 3 wiy, UV =
254 nm. Test analyte: eytosine. For the kinetic plots, AP . =
600 bar for the 2.7 and 2.6 pm packings and 1000 bar for the
1.7, 1.6 and 1.3 pm packings.

rates were transformed into height equivalent to a theoretical
plate {H) and mobile phase interstitial linear velocity ().
Then, the curves were fitted using least square regression
maodel, with the van Deemter equation:

B
H=A+ - +Cu (1
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Where A, B, and C are system constants determined by the
magnitude of band broadening due to eddy diffusion, longitu-
dinal diffusion, and resistance to mass transfer, vespectively.

The column permeability (K) was calculated by measur-
ing the slopes of the experimental pressure drop (AF) versus
u; Tepresentations, and using Darcy's equation.

Ml

AP X,

(2)
Where L is the coluran length and ) is the mobile phase
viscosity.

From the permeability value, the flow resistance () can
be easily obtained with the following equation:
iy

K

@ B3)
in which dy, is the particle diameter.

Then, the separation impedance | £) was obtained using
the following equation:
B = hind (4

Mext to the van Deemter curves, kinetic plots were also
constructed, since they are more informative when compar-
ing supports with a different morphology and/or size. Gid-
dings described kinetic plot in the 1960s, but recently Desmet
et al, demonstrated the possibility to simplify their construc-
tion and improve visualization [28, 29]. In kinetic plot repre-
sentation, experimental (w, H) data are represented as a plot
of & versus N, using a scaling value for the pressure drop
AP and the viscosity =, and making a recombination of all
experimentally obtained w, and H data couples according to
Eqgs. (5) and {6):

AP I,
W=t () g
n Wi H experimental
AP, K,
= —r ( = ) (6)
n W euporimentsl

The advantages of these kinetic plot representations over
traditional (u;, H) curves are that they take into account the
How resistance effect as well as the analysis time needed to
produce N plates. As a consequence, every data point on the
kinetic plot represents a column that differs in length.

3 Results and discussion

3.1 Impact of pretreatment temperature on kinetic
performance

L1 this gtudy, the impact of thermal treatment on the kinetic

performance was investigated for columns packed with bare
silica superficially porous type particles (2.6 pm). For this
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purpose, van Deemter curves as well as kinetic plots were
constructed for three columns pretreated at different tem-
peratures, ranging from 400 to 900°C. Higher pretreatment
temperatures were not tested, since it was previously shown
that beyond 900°C, the stationary phase was found to be un-
usable from a chromatographic point of view [24, 27].

Figure 1A shows the van Deemter curves obtained for the
three tested colurmns. To draw reliable conclusions from these
representations, the model compound (eytosine) should be
sufficiently retained to limit the mstrumental contributions
to band broadening. Tn the present study, cytosine had an
average retention factor of 9.8, 11.1, and 7.3 for the columns
pretreated at 400, 525 and 900°C, respectively. These values
were considered {or calculating the average column variances,
o2, which were equal to 124, 180, and 88 L2 for the columns
pretreated at 400, 525, and 900°C, respectively, taking into
account the column dimensions.

Experimentally, the instrumental contribution, o?n, of
our UHPLC instrument was estimated around 1-2 pl?, de-
pending on the mobile phase flow rate [30]. Based on these
values, the loss of efficiency atiributed to the chromato-
graphic instrument remained always lower than 2% and can
be considered as negligible, confirming the reliability of van
Deemter curves reported in Fig, 1A,

In RPLC conditions, minimum reduced heights equiva-
lent to a theoretical plate (b = Hu/d;) for superficially
porous type material have been reported between 1.2 and
1.9 [31]. In this study, experiments were performed under
HILIC conditions and therefore, expectations in terms of ki-
netic performance may be quite different. Indeed, many ki-
netically slow interactions occur (e.g. H-bond, dipole-dipole,
and ionic interactions), which may contrilyute significantly to
band broadening, compared to RPLC conditions with a C ma-
terial [32]. Therefore, he... of superficially porous type material
under HILIC conditions has often been reported as higher
than 2 [14]. Using the bare silica columns pretreated at 400,
525, and 900°C, Hy, values were equal to 4.9, 5.8, and 6.1 pm,
respectively. Considering the average diameter of the parti-
cles (2.6 pmy), by values were included in the range 1.9-2.3
As reported in Table 1, these values were rather good, partic-
ularly for the column pretreated at 400°C, which was much
better than other bare silica superficially porous columns,
commercially available, The hu.i. values may be atributed
to an improved packing quality related to enhanced particle
properties (as example, modification of surface roughness),
when using pretreatment temperature of 400°C. Increasing
the pretreatment temperature has a negative effect on the
overall kinetic performance, but results remained acceptable,
as shown in Table 1. Optimal linear velocities, u,, were found
to be close and included within the range 1.8-2.7 mm),/s, Mass
transfer resistance (C-term of the van Deemter curve, which
corresponds to the right part of the curve) can be graphically
compared in Fig, 1A, This parameter ig indeed of importance,
singe the pressure drop ebserved under HILIC conditions is
rather low (low mobile phase viscosity, related to the high
proportion of acetonitrile usually employed) and therefore, it
is very commaon to perform experiments in the C-term dom-
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inated region. As shown in the figure, C-term values were
strictly identical for the columns pretreated at 400 and 200°C,
and slightly lower for the column pretreated at 525°C.

To have a fair comparison of the achievable kinetic perfor-
mance of the different materials, the stationary phase perme-
abilities (K,) (which is directly linked to the column pressure
drop) have been reported in Table 1 and were generally close,
whatever the pretreatment temperature (less than 10% dif-
ference).

Then, the information obtained from the van Deemter
curves and the permeability values were combined to con-
struct the kinetic plots reported in Fig. 1B (N = fit)) and
Fig, 1C (to/ N* = f{N)), using the methodology described in
the experimental section. The three home-made columns
were compared between them, but also with other HILIC
state-of-the-art columns made of unbonded silica or hybrid
silica. [n these representations, three superficially porous type
columns were considered, namely Kinetex, Cortecs, and As-
centis with particle sizes of 1.3, 1.6, and 2.7 wm, respectively.
In addition, a reference column packed with fully porous
L7 jm particles was also induded. It is important to no-
tice that three of the four additional columns were commer-
cial products {i.e. Ascentis, Cortecs, and Acquity), while the
Kinetex HILIC 1.3 pm was a prowotype, generously given by
Phenomenex. The performance of the colummns for a given
efficiency can be directly compared in Fig. 1B. When consid-
ering N = 10000 plates {usual plate count value in HPLC), the
differences between the three home-made HILIC columns
were limited, since the required column dead time varied by
only 20% (the column offering the highest efficiency also has
the worst permeability). The performance of other HILIC
columng was better, as the dead time was reduced by al-
most twofold. The differences of kinetic performance be-
tween home-made materials and the other HILIC phases
were less pronounced for higher plate count. Indeed, for N =
30 000 plates, the achievable analysis time wag comparable
for the 400°C, 525°C, Ascentis, Kinetex and Cortecs colummns
and was in the range of 25-34 5. Only the HILIC column with
a pretreatment of 900°C provided lower performance (b =
41 s), while the Acquity was the best phase (f; = 20 5). How-
ever, the performance of the Acquity phase may be overes-
timated since this phase packed with 1.7um FPP present a
higher perosity than the other SPP phases, and this differ-
ence cannot be considered in this kinetic plot representation.
These differences can be explained with the help of Fig. 1C.
Indeed, in the representation of /N = f{N}, the shape of
the van Deemter curve is maintained and therefore, it is pos-
sible to know whether experiments to attain a certain plate
count are conducted in the A, B, or € term dominated the
region of the van Deemter curves. Due to the very low mo-
bile phase viscosity of HILIC mobile phase, the experiments
that allowed us to reach plate count of 10 000 are system-
atically performed in the C term dominated region since it
requires relatively short column length and high flow rate.
Experiments performed for generating 30 000 plates are also
carried out in the C term region, but much cloger to the opti-
mum linear velocity, Because A, 8, and C terms contributions
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Table 1. Performance characteristics of columns packed with 2.7, 2.6, 1.6, 1.3 pm superficially porous particles (SPP), and 1.7 pm fully

porous particles (FPP)

Denominatian Column 400°C Column 525°C Column 900°C Ascentis Acquity Kinetex Cortecs
Provider Home-made Home-made Home-made Sigma Watars Phenomenax Waters
Technology SPP SPF PP SPP FPP SPP SPP

dp [jm) 26 28 26 23 17 1.3 1.6

Ky (m?) 973 % 1077 956 % 10715 1.06 s 10~ ™ 1.36=10M 539 % 10" 217 % 10-1 2.68 x 107
Viseosity [Pa.s) 110 4110t 1% 104 0% 101 40 % 10" 40% 10 40 % 101
i 19 22 23 2.2 24 a2 15

& 695 08 44 540 536 m 910

Emin 2488 3510 3544 2648 2098 8207 55340
ForN=10000% (sl= 9.0 87 109 6.0 52 53 5.2
ForN=300004 (sl= 323 344 411 64 208 323 52
Forf=10s N= 11000 11336 9340 14800 17 300 14700 16300

are different between all the tested columns, the kinetic per-
formance ranking of stationary phases may differ depending
on the required plate count. The stationary phase pretreated
at 900°C appeared as the worst one among the seven HILIC
stationary phases, for efficiencies up to 40 000 plates. This
behavior can be explained by its low permeability, relatively
high hy, value and high C term contribution, compared to
the other phases. Then, Kinetex and Cortecs phases packed
with 1.3and 1.6 pm, respectively, became the least interesting
phases for plate count beyond 40 000 plates, due to their very
low permeability. Based on the kinetic plot representation,
the columns pretreated at 400 and 525°C had a close behavior
up to 20 000 plates (overlaid kinetic plots) and beyond this
value, the column pretreated at 400°C clearly outperformed
the 525°C. In addition, it is worth mentioning that the col-
umn pretreated at 400°C is in second position among the
seven tested columns, for N > 70 000 plates, while the Ac-
quity column presented the best kinetic performance from
10 000 to 300 000 plates. The good performance of the 400°C
column is related to its high permeability and low flow re-
sistance (¢ = 695), together with fimin of only 1.9, In Fig. 1B
and C, N values beyond 100 000 plates should be considered
with caution, since this plate range is only accessible with
very long cohumns of several meters and extremely low linear
velocity, which are not representative from real-life chromato-
graphic experiments. Therefore, such very high N values are
not discussed here,

Angther interesting figure of merit that can be calculated
for the seven HILIC columns at disposal is the separation
impedance (F) that describes the compromise between speed,
efficiency and pressure. For HPLC columns, impedance val-
ues of 30005000 are generally observed, and an £ value be-
yond this range could be due to a lack of column efficiency
(high hyy;, values) and/or to a high generated pressure drop
(high flow resistance values, g). according to Eq. (4). For the
HILIC column pretreated at 400°C, the Evalue was extremely
low (= 25009, confirming the great kinetic performance of
this stationary phase, comparable to commercial Ascentis sta-
tionaty phase (E = 2649), The two others home-made HILIC
columns also gave very good E values ranging between 3510
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and 3544. On the contrary, the two columns packed with the
smallest particles sizes (Kinetex and Cortecs) have high Eval-
ues of 5940 and 8207. For the Cortecs, the flow resistance
was particularly high (¢ = 970), while for the Kinetex, the
problem came from its high hmin value (hmn = 3.2).

3.2 Selectivity comparison of the three HILIC
columns with different pretreatment

In a second instance, the three HILIC columns pretreated at
400, 525, and 900°C were evaluated for the separation of two
mixtures of polar substances.

As a first example, a mixture of several nucleobases, nu-
cleotides, and nucleosides (structures reported in Supporting
Information Fig. S1) was analyzed and the corresponding
chromatograms are shown in Fig. 2. These compounds were
selected since nucleic acids and their analogs are of great
interest in pharmaceutical sciences and metabolomics. Due
to their high polarity (log P values ranged from —0.53 for
adenine to —5.19 for adenosine monophosphate, as reported
in Supporting Information Table 81y, these compuunds are
perfectly adapted to the HILIC mode. After a careful optimiza-
tion of mobile phase conditions (i.e, gradient profile, mobile
phase flow rate, temperature, pH. and buffer), ultra-fast sep-
arations were achieved, and all peaks were eluted in less than
1.4 min. Baseline separations were achieved on the columns
pretreated at 400 and 5257C, while resolutions between peaks
1 and 2, but also peaks 5 and 6 were not sufficient on the
column pretreated at 200°C. Furthermore, peak shapes were
highly distorted. This confirms that the surface chemistry of
the latter is certainly different from the two other stationary
phases. Indeed, it has been previously reported [24, 27] that
free silanols may be modified into siloxane bridges at elevated
pretreatment temperature, thus reducing the polar character
of the stationary phase and its retention under HILIC condi-
tions. On the contrary, the amount and type of silanols (and
therefore the surface chemistry) was probably quite similar
for columns pretreated at 400 and 525°C, since only a slight
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Figure 2. Chromatogram of eight nucleobases, nucleosides, and
nucleotides mixture in the different stationary phase at pH =3, for-
mate butfer 20 mM. Gradient conditions viv: 95% ACN for 0.5 min,
then 50% ACN in 1 min, 50% ACN for 0.5 min, then 95% ACN in
0.1 min, at 1 mLU/min, T= 30°C, UV = 254 nm. Order of efution:
Uracil {1}, uridine (2}, adenine (3), guanosine (4}, adencsine (5},
cytidine (6], cytosine {7}, AMP {8]. (A) Column 400°C, SPE 2.6 pm,
(B) Column 525°C, SPP, 2.6 pum, (C} Column 900°C, SFF, 2.6 pm.

Figure 3. Chromatogram of B nicotine derivatives mixture in the
different stationary phases at pH = 3, formate buffer 20 mM.
Gradient conditions viv; 95% ACN for 0.5 min, then B0% ACN in
1.76 min, 50% ACM for 0.25 min, then 95% ACN in 0.05 min, at 1
mbL'min, T=30°C, UV =254 nm. Order of elution: Hydroxycotinine
(1), eotinine (2), cotinine M-oxide [3), anatabine (4], anabasine
(5], nornicotine {8), nicotine (7}, nicotine N'-oxide {8). [A} Column
400°C, SPF 2.6 pm, (B} Column 525°C, SPR, 2.6 um, (C) Column

modification of the selectivity was monitored between peaks 900°C, SPF, 2.6 um.

4and 5, in Fig. 2A and B.
A mixture of nicotine and its derivatives (structures re-

ported in Supporting Information Fig. §2) was also analyzed (Fig. 3A and B), corresponding to cotinine and hydroxycoti-
on the HILIC columnsg with different pretreatment condi- nine (most basic substances among the eight tested nicotine
tions, Again, the selected compounds were quite polar (log derivatives, with pK, of 479). With the column pretreated
P values between —1.05 and 1.22, as shown in Supporting at 900°C (Fig. 3C), the modification of selectivity was again
Information Table $2), and therefore hardly retained on Cj much more pronounced and, cotinine and hydroxycotinine
material under RPLC conditions. Nicotine has not yet been were fully resolved, With this 900°C column, only anabasine
classified as performance-enhancing drug, but this should and nornicotine were not resolved. In addition, peaks were
happen rapidly [33]. Therefore, it will be scon required to de- much sharper than in Fig. 2C, which could probably be ex-
velop an analytical method for the determination of nicotine plained by some differences in physicochemical properties of
and some of its metabolites, since monitoring aof the latter these two series of compounds and also modifications of sur-
allows improving detection windows capabilities in urine on face chemistry between the columns pretreated at 400-525
many occasions, After optimizing the analytical conditions, and 900°C.

the eight nicotine derivatives were not fully resolved. but the
separation was promising, taking into account that it has been

carried out on a 50 mm colurnn length, with an analysis tme 3.3 Thermal stability of the home-made HILIC

of less than 2 min. Obviously, this separation could be signif- columns

icantly improved thanks to the use of a longer column and

an extended gradient time, but this is out of the scope of the Preliminary studies of stability under aggressive conditions
present paper. Here, the retention was not modified between atelevated temperature were conducted ex-situ for various sil-
the columns pretreated at 400 and 525°C, and only a minor ica batches [27). Bare porous silica particles were less stable
change of selectivity was observed between peaks 1 and 2 than core-shell ones. An extensive evaluation of the HILIC
© 2016 WILEY-VCH Varlag GmbH & Co. KGaA, Weinhaim www jss-journal.com
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Figure 4. Experimental %k varsus Noowmn woiuma (A) and %N ver
U8 Mesiumn votumes (Bb plots obtained for columns packed with 2.6
wm superficially porous particles pretreated at different tempera-
tures (400, 525, or 900°C). Experimental conditions: T=70°C, 855
ACN/acetate buffer 20 mM pHE v/v, UV = 254 nm, Test analyte:
cytosine.

columns made of bare core-shell particles pretreated at
different temperatures was experimentally conducted at 70°C,
95:5 ACN facetate buffer 20 mM pH 6 v/v. k=f(V.a) and N=
f{ V) plots (Fig. 4A and B, respectively), in relative percent-
ages, showed that retentions remained very stable, even after
percolating more than 14 000 column volumes. Interestingly,
only a slight decrease of efficiencies was noticed for the 400
and 525°C pretreated stationary phases after this extended pe-
riod of time, while the 900°C pretreated column showed an
important loss of efficiency (symmetrical broadening of the
peak). This proves that only columns pretreated at 400 and
525°C may be suitable for operation at elevated temperature.

4 Concluding remarks

As shown in this work, the pretreatment temperature of the
stationary phase may be a parameter for tuning kinetic and
thermodynamic performance as well ag stability. To evalu-
ate its impact, three HILIC columns packed with bare silica
2.6 wm superhcially porous particles and pretreated at 400,
525, and 900°C were synthesized, Firsl, the kinetic perfor-
mance of thege stationary phases was compared between
them and also with other state-of-the-art HILIC materials
made from bare silica. i, values ranged between 1.9 and

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhaim
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2.3 for the three home-made stationary phases, while by,
was between 2.2 and 3.2 on the four other HILIC materials,
However, due to their low permeability, the performance of
the three home-made columns was inferior to the commer-
cial ones in the low plate count range (10 000 plates), but was
more favorable for N values beyvond 40 000 plates, as illus-
trated in the kinetic plot representations. The HILIC column
pretreated at 400°C became particularly attractive for high
plate count (N = 70 000 plates), due to its low flow resistance
(¢ = (695), together with hy,, of only 2.4.

Except kinetic performance, the thermodynamic behav-
ior of the three prototype stationary phases was evaluated
through the analysis of two mixtures of polar compounds,
nucleobases and derivatives as well as nicotine and deriva-
tives. Tt is expected that the pretreatment temperature modi-
fies the nature of silanols (amount and acidity) at the surface
of the column. For the phases pretreated at 400 and 525°C,
only minor modifications of selectivity and retention were
observed, while changes were much more pronounced with
the phase pretreated at 900°C. This shows that selectivity
of bare silica phase under HILIC conditions can be simply
modified by tuning the premreatment temperature, However,
the phase pretreated at 900°C provided poor peak shape for
nucleobases, nucleotides and nucleosides, while peaks corre-
sponding to nicotine derivatives were much more symmetri-
cal. This behavior could be related to the number of H-bond
domor groups on the analytes, which was much larger for nu-
cleobases derivatives. Nevertheless, before drawing reliable
conclusions, there is a need to perform additional experi-
ments with a larger set of compounds and such study in
currently under progress in our laboratory.

Last but not least, the pretreated phases showed a good
stability under aggressive conditions (70°C) as the retention
remained constant after more than 14 000 column volurmes,
and the efficiency was still good for the stationary phases
pretreated at 400 and 525°C.

The authors wish to thank Dr. Tivadar Farkes from Phe-
nomenex (Torrance, CA, USA) for providing the Kinetex HILIC
1.3 wm prototype colwmn employed in this study. Dr. Rawd Nicoli

[from the Swiss antidoping laboratory (Epalinges, Switzerland | is
also acknowledged for the gift of stock solutions of nicotine deriva-
tives.,
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Chapter Il. Conventional reversed-phase stationary phases

This study demonstrated that the pretreatment temperature can be a parameter for tuning
kinetic and thermodynamic performance as well as stability of the stationary phases.

In terms of kinetic evaluation, due to their low permeability the performance of the three
home-made columns (pretreatment at 400, 525, and 900°C) was inferior to the commercial
ones in the low plate count range (10,000 plates), but was more favorable for N values beyond
40,000 plates. Also, the HILIC column pretreated at 400°C became particularly attractive for
high plate count (N > 70,000 plates), due to its low flow resistance (¢ = 695), together with

hmin value of only 2.4.

Except the kinetic performances, the thermodynamic behavior of the three home-made
stationary phases was evaluated through the analysis of two mixtures of polar compounds,
nucleobases and derivatives as well as nicotine and derivatives. For the phases pretreated at
400 and 525°C, only minor modifications of selectivity and retention were observed, while
changes were much more pronounced with the phase pretreated at 900°C. This shows that
selectivity of bare silica phase under HILIC conditions can be simply modified by tuning the
pretreatment temperature. However, the phase pretreated at 900°C provided poor peak shape
for nucleobases, nucleotides and nucleosides, while peaks corresponding to nicotine
derivatives were much more symmetrical. This behavior could be related to the number of H-
bond donor groups on the analytes, which was much larger for nucleobases derivatives.
Nevertheless, due to the diversity of interactions involved in HILIC conditions, it is still difficult
to predict the behavior of a stationary phase for which the silica surface has been modified by

temperature, with respect to the analysis of a certain class of compounds.

Last but not least, the pretreated phases showed a good thermal stability (at 70°C) as the
retention remained constant after more than 14,000 column volumes, and the efficiency was

still good for the stationary phases pretreated at 400 and 525°C.
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Introduction

In the first part of this thesis, different types of C18 SPs have been developed depending on
the thermal treatment applied before functionalization, and depending on the end-capping
step.

This part is dedicated to the development of an original SP containing an alkyl chain (spacer),
a polar embedded group (amide), and an aromatic group (anthracenic group). Such selector
has been grafted on FPP and on SPP, under conventional heating and under microwave
irradiations.

A full characterization of the modified FPP and SPP is presented, but an important part of the
work was dedicated to the molecular modeling. The potential of DFT to better understand the
chromatographic properties of those multimodal stationary phases was highlighted with a
collaboration with Dr. Vincent Tognetti (Equipe Analyse et Modélisation, COBRA) (lII.1). At the
writing time of this manuscript, such study entitled: “New anthracenyl polar embedded
stationary phases with enhanced aromatic selectivity: a combined experimental and theoretical

study” has been submitted for publication in Journal of Chromatography, A.

Finally, the last part concerned the synthesis of calix[6]arene derivatives achieved (Ill.2) under
the supervision of Prof. Ivan Jabin (LCO, Université Libre de Bruxelles). Those macrocycles
contain one carboxylic acid function that allows for grafting onto SPPs, following the synthesis
way adopted previously (Ill.1). The aim was to obtain stationary phases presenting shape
selectivity and containing a cavity capable of inclusion of some solutes. The calix[6]arene
derivatives were characterized (NMR, MS, IR) before further grafting onto silica particles.

The preliminary studies were done on calix[6]arene derivatives synthesized by Jabin's team,
and which contain six carboxylic acid functions. The grafting onto SPP was achieved, and an

evaluation of the chromatographic properties of the SPs is presented in the following part.
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I11-1. Article 5: New polar embedded aromatic stationary phases

New anthracenyl polar embedded stationary phases with enhanced

aromatic selectivity: a combined experimental and theoretical study
Mélanie Mignot, Benjamin SchammgVincent Tognetfi Laurent Joubett Alain Tchapld, Olivier

Mercier, Pascal CardinaglValérie Peulon-Agasse

INormandie Univ., Laboratoire SMS-EA3233, Univ. RoLE-76821, Mont Saint Aignan, France
2Normandie Univ., COBRA, UMR 6014 & FR 3038, Univoien, INSA Rouen, CNRS, 1 rue Tesniére,
F-76821 Mont-Saint-Aignan Cedex, France
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Abstract

New polar embedded aromatic stationary phasesffefelit functionalities (mono- and trifunctional)
were synthesized to determine the impact of thetfonality on the retention process and the seliggti
towards aromatic compounds. A full experimentalrabhterization was performed using a combination
of techniques (elemental analysis, thermogravimet@asurements, infrared spectroscopy and solid-
state NMR) to differentiate unambiguously the moaod trifunctional structures. Commercially
available columns with either an aromatic group polar embedded group were compared to the new
stationary phases. The latter presented enhantiedyaffior polycyclic aromatic hydrocarbons (PAH)
structures compared to alkylbenzenes, especialgnwising methanol instead of acetonitrile as the
organic modifier. The structures of the ligandsywadl as the chromatographic results and the owgin

the selectivity, were theoretically explained bysigy functional theory calculations.

Keywords: high-performance liquid chromatography, aromatétisnary phase, molecular modeling,

polar embedded group, steric selectivity, functiatensity theory

1. Introduction
Stationary phases used in high-performance liqlicbroatography (HPLC) are generally

prepared by organosilanization with different typésilane reagents, leading to covalent linkage of
ligands to the silanol groups at the silica suffa@. The characteristics (density, molecular structure,
conformation, mobility and distribution of the ligds) of the bonded phase are of crucial interest as
they can affect the chromatographic propertied) siscretention[3,4].

Monomeric bonded phases are is most cases obtayn@dnofunctional organosilanes, and polymeric
bonded materials result from functionalization witityfunctional organosilanes[5]. Monomeric phases

improve the mass transfer capability, whereas pehgrstructures present better selectivity towards
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non-flexible molecules and are favored for the emfian of polycyclic aromatic hydrocarbons
(PAHSs)[6-10].

C18 stationary phases are the most widely usedephaseversed-phase liquid chromatography
(RPLC) because of their versatility and their gpedformance in terms of selectivity, efficiencydan
resolution. When a high agueous content in the mgihase is required, polar end-capping can be
achieved enhancing the wetting of the C18 statipphase. Another type of reversed stationary phase
is aromatic phases. Their popularity can be expthioy their great specificity for aromatic solutes,
presumably due ta-n interactions[10-15making them especially interesting for the separabf
aromatic compounds, such as PAHs. Many aromaitaddased stationary phases have been developed
in recent few years, and many are commerciallylalvld, such as phenyl-3-propyl, phenyl-6-hexyl,
propyl-3-N-urea N’-2-picolinyl (PPUTM), ethyl-2-pigine, ethyl-4-pyridine, butyl-2-3-4-5-6-
pentafluoro-phenyl-bonded silica, and polymericenats, such as polystyrene-divinylbenzene.

On these phases, specific effects due nta interactions are superimposed on the
hydrocarboneous predominant effect, leading tolsubodification of the selectivity compared to pure
alkyl bonded silicas. Elsewhere, the comparisothefeluent strength of the mobile phase calculated
from the methylene selectivity on propyl-3-phenghded silica showed that over the complete range
of compositions, the mixtures with acetonitrile amere effective eluents than the corresponding ones
with methanol as the organic modifier, which is tiae on C18 bonded silicas[16]. It was demonstrate
that the pure hydrophobic effect (measured by tathyhene selectivity) on the phenyl-3-propyl bonded
phase is three to four times weaker than on a @h8ldd phase, which could drastically affect the
separation on this class of bonded silica[15]. dsel examination of the methylene selectivity of all
types of these ended single aromatic ring alkyl deaoh stationary phases leads to the same
conclusion[17], excepted for two poly-aromatic pFggi.e., biphenyl and 1-pyrenyl, for which the
methylene selectivity is higher than the mean ef@18 grafts). Nevertheless, new aromatic phases ar
continuously designed for specific separation emagjées.

In particular, the separation of aromatic-substdusomers and critical PAH isomers is often
targeted[18—20]. These developments have led todhenercialization of aromatic groups at the end
of different alkyl chain length bonded silica, sua® N-9(methyl-anthracene)-amino[21], 1-pyrenyl
(PYE™), 2-naphthyl TNAP™), biphenyl, pentabromobenzyloxy and nitrophenly/bonded silicas,
at which 1-1'diphenyl-methyl bonded silicas mustoeled. Among these aromatic bonded silicas, two
poly-aromatic biphenyl and 1-pyrenyl present meathgl selectivity greater than the mean of C18 grafts
A silanol-free pseudo-aromatic stationary phaseoym graphitic carbon (PGC), showed interesting
chromatographic properties similar to those obthioe the PYE or fullerene phases[22—-24]. Some
other authors demonstrated that the PGC phaseerasliferent from conventional non-polar phases
(e.g., C18, C30) especially for the polar solutemgon[25]. However, these phases are not widespre
because their use is not straightforward. They mainly used as an alternative to conventional
stationary phases (e.g., C18, C8, phenylhexyl) wherseparation cannot be achieved or when looking

for a second dimension stationary phase in bi-dgieeral chromatography[26].
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Despite their selectivity, aromatic stationary msadave some disadvantages, and polar solute
retention can be too low. The introduction of ago@roup into the structure of the ligand led taatvh
are now called polar embedded stationary phasesil bow, these phases were developed in
combination with alkyl stationary phases[27—-34].l#&0ding a polar functional group[35,36] (e.g., a
carbamate[37], amide, urea, quaternary ammoniutigmsigde, ether oxide, ester) into a bonded alkyl
chain reduces the peak tailing for basic analytelshas unique selectivity for certain classes afyda,
such as phenols[38], stereochemically rigid isomens endocrine disruptor solutes in the Engelhardt
polar selectivity test[39]. Finally, their methykeselectivity is slightly lower than the mean of8C1
grafts.Recently, a new multifunctional stationary phaseleming both an embedded group (1-glycero
3-propyl) and an aromatic group (1-aminoanthracboajled on bridged ethylene hybrid silica (BEH

technology) was commercialized by Waters.

Polar-embedeed group (PEG) poly-aromatic statiophages can offer various types of interaction.
The need for a precise determination of their 3BRucstire is necessary to understand their
chromatographic behavior. This can be achievedr¢tieally by using molecular modeling tools, such
as molecular mechanics, or semi-empirical methadisch have already been used to elucidate the
structures of conventional stationary phases. |la fgaper, we rely on density functional theory
(DFT)[40], which improves upon the classic solutedeling and docking[41-46] approaches by
introducing a full quantum description of the systéHence, one of the purposes of this paper is to
propose and assess a robust DFT-based computgtiataetol to model the 3D structure and to better

understand the experimental results.

In summary, this article describes the synthesid #ne complete characterization of a new
generation of polar embedded aromatic stationaaggh It reports the use of DFT to precisely ehteid
the 3D ligand structure and to rationalize theiroohatographic properties. More precisely, the mono-
and trifunctional versions of the new polar embedd@eomatic stationary phase are reported by
amidation with 9-anthracenecarboxylic acid onto ra¥functionalized silica to afford the desired
amide-functionalized aromatic stationary phaseseumdicrowave irradiation as developed in our
laboratory[47,48] (Experimental section in the Supipg information). Then, a deep characterization
was performed to differentiate the mono- and tcfional version by a combination of analytical
techniques (microscopy, elemental analysis, therendgetry, infrared spectroscopdii, °C, 2°Si
CP/MAS NMR available in the Supporting information)

Finally, a theoretical study by DFT is conductedétermine the conformation of the ligands grafted
onto the silica surface and to study the influesfdde organic modifier of the mobile phase. Initdd,
the chromatographic properties of these new statjophases includes the evaluation of their seiégti
towards the homologous series of alkylbenzeneseisaw different congeners of PAHs. These solutes

are indeed good probes to investigate the aroraaticshape selectivity.
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2. Experimental section
2.1 Materials and reagents

The silica particles were provided by Interchim (Macon, France). For the porous material, its
specific surface area, nominal particle diametet pore diameter were 425 m?/g, 3 um and 100 A,
respectively. For the superficially porous mateiital specific surface area, nominal particle ditene
and pore diameter were 126 m?/g, 2.6 um and 9@ghactively. 4-Aminobutyldimethylmethoxysilane
(ABDMS) and 4-aminobutyltriethoxysilane (ABTS) weobtained by Fluorochem (Hadfield, United
Kingdom). Bis(dimethylamino)(trimethyl)silane (DAYSwvas purchased from ABCR (Karlsruhe,
Germany). Toluene, (benzotriazol-1-yloxy)tripyrdbliophosphonium hexafluorophosphate (PyBOP),
N,N-diisopropylethylamine (DIPEA), 9-anthraceneaalic acid, anthracene, naphthalene, benzene
and ethylbenzene were supplied by Sigma-Aldrich intSauentin Fallavier, France).
Dimethylformamide and dichloromethane were purctidsem VWR (Fontenay-sous-Bois, France).
Alkylbenzenes (from pentylbenzene to dodecylbengem&phthacenep-terphenyl andmterphenyl
were obtained from TCI (Tokyo, Japan). Butylbenzeénphenylene, and-terphenyl were purchased
from Alfa Aesar (Schiltigheim, France), and promrizene was from Acros Organics (Geel, Belgium).

For the chromatographic tests, all solvents wedRIfC grade.

Elemental analysis was performed by the converttiomabustion method using a Flash 2000
organic elemental analyzer from ThermoFisher (WaathMA, USA). Elemental analysis was used to
determine the percentage of carbon, nitrogen, amitolgen. The standard deviation for carbon
percentages was 0.5%. The calculation of the boligaxd coverage density was performed using the

Berendsen equation.

DRIFT spectra were obtained using a PerkinElmem{fdtk, CT, USA) Spectrum 100. The
sample consisted of a mixture of silica with poiassbromide (10%r{ym)) placed in a 2 mm diameter
cup. The spectra, which consisted of 64 scans, weqeired at a resolution of 2 gnand were

referenced against pure KBr over the range of 4EDem’.

29Si CP/MAS NMR measurements were conducted with ' AAMCE 11l 500 WB spectrometer
equipped with a 4 mm double H/X probe (Bruker, Wisbourg, France). Magic-angle spinning was
executed at 10 kHz, and 10240 scans were colléotezhch sample?{Si and*®C). The'H 90° pulse
was 2.85 us, and the contact times were 3 ms ansl 8r'*C and®°Si, respectively, with a repetition

time of 5 s. All chemical shifts were referencedrimethylsilane.

The chromatographic measurements were performel witliquid chromatograph from
Dionex/ThermoFisher (Sunnyvale, CA, USA), which sisted of a P680 pump, an injection valve
(ASI-100 automated sample injector) equipped wi0auL injection loop, and a UVD 340U diode-
array detector (DAD). The column temperature wags8&0°C and was controlled with a TCC-100

thermostated column compartment at 1 mL/min. Thta deere collected on a computer using
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Chromeleon software. Stock solutions were preparedetonitrile and in methanol at 1 g/L. The dead

time was measured from the disruption of the baseif the chromatogram due to the unretained sample

solvent.

2.2 Synthesis of the stationary phases
The synthesis steps (Scheme S1) were performed mmci®wave irradiation in our laboratory.

The first step corresponded to the modificatiobafe silica to aminosilica by the addition of acya

group (butyl) containing a terminal amino functiohhe second step was amidation between 9-

anthracenecarboxylic acid and aminosilica to aftbedfinal stationary phase. The complete protecol

available in Supporting Information.

3. Resultsand discussion
3.1 Surface chemistry of the mono- and tri-PEG-anthra

The physical properties of the silica particlesaurmmarized in Table 1.

To investigate the influence of the support matetiee monofunctional version was formed both on

fully porous and on superficially porous suppoits.addition, the influence of the tridimensional

structure was studied by synthesizing bonded sftieamm mono- and trifunctional reagents on fully

porous particles.

Column name| Particle Surface| Pore size| Carbon| Coverage Ligand (R) Silica Column
diameter| area (R) load density --Si -R type | dimensions (k x
(um) | (m?/g) (%) | (umoles/r) de x dp) (mm x
mm X pLm)
*mono-PEG- 2.6 126 90 5.2 1.9 (GHINHCO- | SPP 50 x 4.6 x 2.6
anthra 9-CiaHo
*mono-PEG- 3.0 425 100 13.2 1.6 (GHNHCO- FPP 50 x 4.6 x 3.0
anthra (1) 9-CiaHg
**mono-PEG- 3.0 425 100 17.6 2.3 (GHNHCO- FPP 250 x 4.6 x 3.0
anthra (2) 9-Ci4Hg
**tri-PEG- 3.0 425 100 18.0 - (CHENHCO- FPP 250 x 4.6 x 3.0
anthra 9-CiaHg
HALO™ 2.7 135 90 7.4%%* 3.4%** (CH)6-CeHs SPP 100 x4.6 x 2.7
Phenyl-hexyl
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HALO™ C18 2.7 135 90 7.7*%* 3.5*** GsHs7 SPP 50 x4.6 x 2.7
HALO™ RP- 2.7 135 90 8.2*%** 3.0%** (CH)sNHCO- SPP 100 x 4.6 x 2.7
amide CisHa1

SPP= Superficially Porous Particles, FPP= FullyoBsrParticles

*Synthesis performed under conventional heatingytit8esis performed under microwave irradiation
***Manufacturer data

Table 1: Summary of the column characteristics Withcorresponding column packing

A deep characterization of the homemade statioplaages is provided in Supplementary information.
The calculation of the bonded ligand coverage dgmsis performed using the Berendsen equation[49].
Syntheses under microwave irradiation were sucekgsichieved, leading to 2.3 pmol/m? on the
monofunctional porous material. The grafting ratese lower under conventional heating: 1.6 pmol/m?
for the monofunctional version on porous matenma 4.9 pmol/m?2 on the superficially porous material

A further discussion about the coverage densiprasided in Supplementary information.

The results were consistent with the thermogravimeiata as the weight loss observed between 200
and 600°C was associated with the loss of the argaoups attached to the surface. In addition, the
bonding of the ligand was confirmed by infrareddpescopy with the appearance of the vibrational
bands of the ligand groups. Additionally, solidtstAlMR differentiated the mono- and trifunctional
structure by unambiguous identification of speaifiemical shifts as presented in Table 2. Discussio
about the experimental results, as well as thertbgravimetric curves (Figure S1), and the IR (Fégur

S2) and NMR spectra (Figure S3) are available pp&mentary information.

Column Silica 6 Qs (ppm) 6Qq 6 M (ppm) 6T, 6Ts
type (ppm) (ppm) (ppm)
*mono-PEG-anthra SPP -101.9 -110.4 11.5 - -
*mono-PEG-anthra (1) FPP -102.1 -110.6 11.7-6.5 - -
**mono-PEG-anthra (2) FPP -102.2 -110.7 11.8 - -
**tri-PEG-anthra FPP -102.6 -111.0 11.4 -59.0 -66.0

Table 2:°Si NMR signal attribution for the mono- and triftienal stationary phases

3.2 RPLC studies- Homologous series of alkylbenzenes and PAHs

Regarding the chemical structure of the homemddgosary phases, multiple types of
interaction (dipole-dipole, hydrogen-bonds and hydrophobic interactions) have to be consiljere

which can expand the applicability.

Considering previous works[11,14-16,31,50-54] endiraracterization of aromatic bonded phases, the

probes selected for this study were a homologorsssef alkylbenzenes & nc< 12), a mixture of
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linear PAHs naphthalene, anthracene and naphthaeedewith the nonlinear PAH triphenylene added
and the aromatics isomess m- andp-terphenyl. The retention and selectivity factams @eported in
Table S1. In addition, a deep discussion aboutgetieraspects relative to the functionality and the

selectivity towards the probes is provided in Suppg Information and in Table S2.

The following discussion is based on the valuesndad using acetonitrile as the organic modifiett, b
the same conclusions can be drawn from those autaiith methanol as the organic modifier, with an
enhancement of the trends. Another feature ofestds that in terms of thermodynamics, there veas n

influence of the silica material type (SPP and FPP)

The plots of log k versus log/®#for HALO™ C18, HALO™ RP-amide, HALOM Phenylhexyl,
*mono-PEG-anthra (FPP) and **tri-PEG-anthra (FPf) @esented in Figure S4. The HAIMOC18
and HALO™ RP-amide stationary phases did not present pkatisalectivity towards PAHs compared
to alkylbenzenes (Figure S4a and b), and thereneasgnificant difference between the plots of kog
versus log Bwfor PAHs and alkylbenzenes.

The same trend was found regardless of the organfier (ACN or MeOH). The slopes
(Table 3) were in the range of 0.209-0.268 for raeth as the organic modifier and 0.235-0.286 for
acetonitrile as the organic modifier. HA®Phenylhexyl (Figure S4c) presented the same setgct
for the two classes of solutes (similar slope), lttger being largely affected by the organic miedif
type because the plots lofy k versus log & were not superimposable (0.342 and 0.351 for the
alkylbenzenes and PAHS, respectively, with methah@h2 and 0.233 for the alkylbenzenes and PAHSs,
respectively, in acetonitrile). Conversely, outtistaary phases (*mono- and **tri-PEG-anthra (FPP))
showed higher selectivity for the PAH structures:. FAHSs in acetonitrile, the slope of the plot$oof
k versus log Rv was higher (0.176) than for alkylbenzenes (0.184pecially when using an organic
modifier without n-electrons, such as methanol (0.171 and 0.284 loidbanzenes and PAHS,
respectively) (Figure S4d and e).

When using a-selective stationary phase to separate the arosuitites, solvents that contain
n-electrons, such as acetonitrile, may have a detiaht effect on the separation. These solvents
interfere with ther-rn interactions and decrease or potentially cancelstiationary phase aromatic
selectivity [10,13,16,55,56]. The use of methanaymrevent the-n interaction competition between
the stationary phase and the solvent, favoring establishment oft-n interactions between the
stationary phase and the solutes. Tri-PEG-antlesepited the highest selectivity of 0.135 and 0f@63
alkylbenzenes and PAHSs, respectively, in acettamitiThe latter trend was enhanced when using

methanol: 0.179 and 0.399 for the alkylbenzenesPaids, respectively.

165



Chapter lll. Non-conventional multimodal stationary phases

Stationary MeOH ACN MeOH ACN
phase Slope Slope Slope Slope |A| slope |A] slope
(alkylbenzen | (PAHs) | (alkylbenzen | (PAHs) (PAHs- (PAHs-
es) es) alkylbenzene | alkylbenzene
s) s)
HALO™ C18 0.258 0.268 0.286 0.243 0.010 0.042
r? 0.997 0.982 0.997 0.987
HALO™ RP- 0.209 0.250 0.240 0.235 0.041 0.005
amide
r? 0.996 0.981 0.996 0.987
HALO™ 0.342 0.351 0.242 0.233 0.009 0.009
Phenylhexyl
r? 0.995 0.994 0.997 0.992
*Mono-PEG- 0.171 0.284 0.131 0.176 0.114 0.045
anthra (1)
r? 0.998 0.993 0.997 0.988
**Tri-PEG- 0.179 0.399 0.135 0.253 0.220 0.119
anthra
r? 0.997 0.991 0.996 0.984

Table 3: Slopes of the plots of log k and Iqg, For alkylbenzenes (from benzene to dodecylbenzene)

and PAHs (from benzene to naphthacene).

The hydrophobic selectivityipentyibenzenebutyibenzendS the selectivity between pentylbenzene and
butylbenzene; it reflects the ability of the phaseseparate compounds that differ by only a single
methylene group. For our stationary phases comigiai short spacer alkyl chain (butyl), it was not
surprising to obtain lovapentyibenzenebutyibenzend@lues. Nevertheless, they presented similar Ipjdybic
selectivities of approximately 1.20, regardlestheffunctionality (mono or tri) and the silica ty(®&PP
or FPP).

The aromatic selectivity describes the capacityaaftationary phase to undergo aromatic
interactions with aromatic solutes. Lindretal.[14,51]and Euerbyet al.[52] suggested an evaluation
of the selectivity factor betweempentylbenzene anatterphenyl. As shown in Table Sdyentyibenzener
erpheny™> 1 for “C18-type stationary phases” (HAOC18 and HALOM RP-amide), meaning that
terphenyl is eluted before n-pentylbenzene. Inreattfor stationary phases containing aromatiaso
(PH, mono-PEG-anthra and tri-PEG-anthcaderphenyl, which has a higher number of arométigs

than pentylbenzene, is more retainedgs@yibenzeneterphenyi< 1. Moreover, this parameter depends on
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the functionality of the stationary phasegentyibenzeneterpheny = 0.86 for mono-PEG-anthra and

(Xpentylbenzene/-terphenylz 067 fOI’ tl‘l-PEG-anthI‘a

This is an interesting feature, which may be exgldi by the cumulative effect of the tri-
aromatic units. DFT showed that the more stabléocoration between the ligand and the solutes was
the T-shape conformation (see below). The highei®iumber of aromatic units in the solute stmegtu

the stronger are the interactions with the tri-aaticnunits of the ligand.

To evaluate the planarity recognition ability oé $tationary phases, we selected the moleculesgedp
by Tanakeet al.[11] and Jinncet al.[57], who introduced-terphenyl and triphenylene as probes. The
selectivity of triphenylene ano-terphenyl is influenced by the spacer length dedftinctionality of
the ligand. Both probes have comparable size (fetwgtvidth ratio) and the same number of carbons
andn-electrons but differ in the molecular planaritytio¢ir structures. Triphenylene is planar, whereas
o-terphenyl is twisted out-of-plane, so their separafactor is a good indicator of the selectivity
molecular-planarity[31]

Stationary phases withiphenylenes-terpheny™ 3 have enhanced shape selectivity, whereasrsayiphases
With owiphenylenes-terphenyi< 2 have low shape recognition ability[53]. Althduthe two compositions of
mobile phases used to compare the stationary phaseifferent: 90/10 MeOH/water (%) for both
HALO™ C18 and HALOM RP-amide and 70/30 (84v) for all five aromatic phases, the following
conclusions can be drawn. Considering that thentiete of triphenylene is the same on HAIMORP-
amide and mono-PEG-anthra (SPP), it could be obdeiivat, in these isoeluotropic conditions, the
selectivity for molecular planarity is slightly tigr on mono-PEG-anthra (SPP) than on HAL.®&P-
amide (2.35 instead of 2.0). The molecular plapadectivity values for mono-PEG-anthra (SPP) and
tri-PEG-anthra (FPP) under the same mobile phasgasition conditions shows that it is greatly
enhanced on the tri-PEG-anthra stationary phasé (8stead of 2.35), which may be explained by the
greater rigidity of the tri-PEG-anthra (FPP) phaafith acetonitrile as the organic modifier, althbug
the two compositions of mobile phases used to coenpiationary phases are different, the retentions
of triphenylene are similar on HALU® RP-amide and mono-PEG-anthra (SPP). The molecular
planarity selectivity is higher on HAL® RP-amide than on mono-PEG-anthra (SPP) (1.72 cadpa
to 1.4). Comparison of the molecular planarity seakgy values for mono-PEG-anthra (SPP) and tri-
PEG-anthra (FPP) obtained under the same mobilsepb@mposition conditions indicates that it is
enhanced on the tri-PEG-anthra stationary pha8é ¢hmpared to 1.40). The final effect is much less
important than when using methanol as the orgaodifier due to competing-n interactions between
aromatic solutes, acetonitrile and the aromatiticstary phase[10,13,16,55,56]. The difference in

mobility of the graft in acetonitrile with respactmethanol should also be taken into account.

3.3 Theoretical modeling

Because the use of quantum chemistry calculatisnsrie in the chromatography community and

because this paper is also intended for a wideeaadi in analytical chemistry, we believe it is
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informative to provide a brief review of their usecast light on the physicochemical features tinay
drive the separation process. From a methodologgect, a theoretical study can be divided imeeth
successive steps: the selection of the computatpogocol, the computation itself, and subsequent
data processing. Details are provided in the Supphary information and allow, through a
comparative literature survey, for understandirggupgrade of the proposed protocol.
Based on these points, our specifications aredt@ning: a quantum description of the trifunctibna
phase and of its interactions with aromatic molesulwhich includes solvent effects and which
describegr-stacking in a reliable way. To this aim, we coesithe gas phase, implicit solvent [through
the polarizable continuum model (PCM)], and hybiidplicit-explicit [explicit microsolvation
consisting of two solvent molecules immerged in P@isk can form hydrogen bonds with the phase,
perturbing the internal H-bonds network] calculatian a system including a silica surface@3tls
moiety) that will be allowed to relax during theogeetric optimization performed with a modern
exchange-correlation functional. However, the fihett the silica bulk could restrain some of these
moves will not be considered.
As this paper is not purely theoretical, we havesem to restrain our discussion to the sole enierget
features. Other quantities, such as structuralaahvdnced electronic properties and vibrational data
(although infrared spectra could for instance beegated by our approach), will be scrutinized in a
forthcoming theoretical paper. However, some inmguarconcepts must be clarified. When dealing with
the interaction between molecules &hd M, different energies can be evaluated: the firthesDFT
“binding energy” defined by Eq 1:

El?/li:(.j.Mz = (Ml---Mz) - EI\DAET.MZ(Ml)_ EI\DAT.MZ(M 2): Eql
where the DFT energies of molecules &hd M are evaluated at the geometries thatkid M» adopt
in the optimized M...M; complex. When these two energies are calculatedeoaoptimized free A and
B molecules, one evaluates therhplexation energy” in Eq 2 (the fragments might never adopt an

arrangement close to their most stable conformalimimg the separation process, making in somescase

this reference state irrelevant):
| _
EI\%TPMZ —EDFT(Ml---'\/'z)—EﬁfT(Ml)-EﬁfT(Mz)- Eq 2

The difference betweeB™,, and E4™, is the ‘tieformation energy” of M and M, E4*\' , that

is required to form the stable complex. Addingheational zero-point energy (ZPE) to Eq 3 progide

the “complexation Gibbs energy at 0 K™

AG,?/I()erp'\l/l(z)K — EDFT+ZPE (Mle) _ E|\|:/)||1:T+ZPE (Ml) _ E[\I:/)|2FT+ZPE (Mz) Eq 3

Using standard formulas from statistical thermodiyiza, one can evaluate the temperature and entropy
contributions at 298.15 K under atmospheric pres¢standard conditions), affording th&dhdard

Gibbs complexation energy” in Eq 4:

AG;AOTI\B:Z = G;A1...M2 (Ml“'MZ) _Gl:lll(Ml) _G;/IZ(M 2)- Eq 4
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We define the thermal contribution to complexation”, AGWTAZ, as the difference betwee!k(%,i,,cff‘,'\'j:2

and AG,fA"lT_",\'A(ZK. It is an important quantity since temperature ¢ave a significant impact on

selectivity. Because our thermodynamic correctians based on the quantum harmonic oscillator
model, our static approach cannot defibending Gibbs energies’. However, the binding energy in Eq

1 can be further explored, as it can be exactli sgb two physical counterparts (Eq 5) within the
interaction quantum atoms (IQA) framework[58-60]:

Ell:/;:z.l{Mz = E E Emt +AE1ntra Eq 5

atomsAEM | atomsBEM ,

ER
The first right-hand side term corresponds to tma 8f the interaction energy between each atom in
M1 with each atom in & while the second describes the energy reorgamizatside each fragment

(e.g., the energetic (de)stabilization of each atdgthin the fragment—a contribution that cannot be
described by usual force fields—and the variatibrthe bond strengths inside each moiety upon

complex formation; see refs[61] and[62] for a dethidiscussion). These interactions are mainly

noncovalent, so they can be divided into (“cla9§calectrostatic,Eﬁf'Mz, and ‘tispersion
contribution”, E,?,:T_Mz. At the smallest approximation orddiaff_Mz is given by the point-charge

contribution”, while E,fj:i‘?.Mz can be evaluated from Grimme’s D2 pair-poteniidlesne, according to

the following equations (Eq 6) (in atomic units):

SHTEDIDIE

AOM, BOM, R

A~B”
EdISpM2 _Z Z fABC Co

AOM, BOM,

Henceforth, the interaction process between twoetiesd will be described by six “imbricated”
energetic descriptorsEff \ , Eq®y, . Eg™,, , EGow . AGET, . AGT . which will be

computed for three environment models (gas ph&3é, Rybrid). Both their magnitude (which enables
us to determine the interaction nature) and thaiiation within a given compound family are of irgst
and are potentially not equivalent. For instancee of these energy components could be of high
magnitude but relatively constant in the datasetthsit it will account for coordination but not for
discrimination. Conversely, if one small quantigries significantly from one compound to the other,
it will provide less insight into thiteraction nature but may be valuable to explasdectivity. In this
paper, we attempt to find the energy componentsdbaelate the most to the experimeritaj(k)
values.

Figure 1 shows the largest systems under consideidi74 atoms), where one can identify two explici

methanol molecules (a) and two acetonitrile ongén(their optimized geometries.
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Figure 1: (a). View of the optimized structure fibre interaction between naphthacene and the
trifunctional stationary phase with two explicit thanol molecules immerged in a methanol implicit
continuum. Atoms circled in blue are describedh®y/@-311++G(d,p) basis set, those in green by STO-
3G, and the remaining by 6-31G(d). (b). View of tpimized structure for the interaction between
naphthacene and the trifunctional phase with twplieik acetonitrile molecules immerged in an
acetonitrile implicit continuum. Atoms shown aslband sticks are treated at the MP2 level (higlelle
layer), while atoms in the wireframe format areaié®d by DFT (low-level layer). Color code: H in
white, C in grey, N in blue, O in red, and Si inquoise.

We first focus on the benzene interaction with stegionary phase. Table 4 shows the values for the

energy components presented above.

Ent Ph Sol t pc disp bind deform therm °compl
nry ase olven M,...M, M,...M, M,..M, M,..M, A M,..M, AGMl...MZ
1 tri-PEG- None 050 | -1439 | -815 | 0.4 5.18 -1.73
anthra
tri-PEG- PCM

2 -0.43 -14.70 -8.03 0.28 5.73 -1.16
anthra MeOH

3 UPEG- | pemacN | -043 | 1470 | 803 | 028 5.75 -1.14
anthra
tri-PEG- PCM

4 anthra MeOH 0.50 -14.88 -8.01 0.28 5.34 -1.33

+ 2 MeOH

tri-PEG- PCM ACN

5 -0.59 -15.00 -8.14 0.32 5.25 -1.34
anthra + 2 ACN

Table 4: Energy decomposition for the interacti@tween the selected functional phases and the
benzene molecules at the B97-D DFT level of thawith various solvent models. All values in

kcal/mol.
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The comparison of entries 1 and 2 in Table 4 shivasthe gas phase and solvent models produce

therm
M

significantly different results (particularly f&kG M, and AG,:,lcfmz). However, as shown by entries

2 and 3, the implicit solvent calculations could differentiate methanol from acetonitrile becathse
energies were almost identical. This is not sumpgisince the two solvents have very similar PCM
parameterse( = 35.7 for CHCN and 32.6 for CEDH) and since thedZoefficients in Eq 6 are solvent-
independent. Accordingly, the difference in thedlte SCF energy of the optimized trifunctional
phase in the two PCM solvents was 0.1 kcal/molctvieixplains why the relative energies are almost
the same. Therefore, explicit solvent moleculesukhde considered and are expected to produce
slightly different results since the H...O hydrogemds in methanol and the H...N hydrogen bonds in
acetonitrile were present. This was corroboratedriyies 4 and 5, although the differences remained
small.

As expected, the highest energy contribution stieams dispersion (approximately -15.0 kcal/mol). Let
us recall that there are several van der Waals gems for adducts built on aromatic cycles. For
instance, for the benzene dimer[63], the two mategories are parallel (the most stable beingdalle
“displaced”, where the two cycles are not exactiyap of each other) and T-shaped[64]. As shown in
the top of Figure 2, benzene interacts in a T-sthdpshion with the trifunctional phase. This can be
explained by the fact that the intramolecular hgem bonds inside the stationary phase preclude the
intercalation of benzene between two anthracyl ggod his does not occur for the monofunctional
phase (which is saturated with hydroxyl groups).dagicted in the lower part of Figure 2b, benzene
“slipped” but was not fully parallel to the anthyhgroup because one methanol solvent molecule

hindered the corresponding face.
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Figure 2: (a). View of the optimized structure loé tinteraction between benzene and the trifundtiona
stationary phase with two explicit methanol molesummerged in a methanol implicit continuum. (b).
View of the optimized structure for the interactimetween benzene and the monofunctional phase with
two explicit methanol molecules immerged in a metiamplicit continuum. Color code: H in white,
Cin grey, N in blue, O in red, and Si in turquoise
Having established the required level of theoryfoais on the €Hs-R alkylbenzene series with R=H,
CHs, GHs, CsH7, and GHo; the results are presented in Table 5. The mogleinot realistic for longer
alkyl chains because thel:-R molecule would be larger than the phase widégammg that it could
significantly interact with another trifunctionalamety. This effect can be modeled using a periodic
approach that assumes homogeneous grafting (vgthdaverage) on the silica surface, an assumption
that is arguable from the experimental point ofwi®n the other hand, the explicit quantum treatmen
of a second trifunctional fragment is precludedhs associated computational cost. We will consider
polycyclic aromatic molecules, such as naphthalemthracene, and naphthacene. The results are

presented in Table 5.

System Solvent pc disp bind deform therm °compl | Log(k
y EMl...Mz EMl...Mz EMl...Mz EMl...MZ AGM1...|\/|2 AGM1...|\/|2 g(k)

CeHs-R (alkylbenzenes)

PCM CHs:OH

R=CH; 058 | -16.56 | -8.69 0.37 6.34 066 | -0.15
+2 CHsOH
PCM CH5OH
R=C,H 072 | -1693 | -8.70 0.34 5.77 -1.48 | -0.07
2 +2 CHsOH
R=CsH-, PCM CH:OH 076 | -17.14 | -8.60 0.31 3.34 -4.01 0.03
+2 CH3OH
PCM CH;OH
R=C,H 066 | -17.19 | -8.38 0.28 3.47 -3.80 0.13
o +2 CHsOH
PCM CH3CN
R=CH; +2 CHACN -1.23 | -16.26 | -9.10 0.60 6.24 -1.16 0.06
PCM CH3CN
R=C,Hs + 2 CHiCN 136 | -17.33 | -9.23 0.50 4.37 3.59 0.13
PCM CH3CN
R=CsH-, +2 CHACN -1.46 | -17.88 | -9.55 0.70 5.75 2.19 0.21
R=C,4Hs PCM CHSCN 152 | -17.92 | -9.37 0.69 6.29 -1.39 0.29
+2 CHsCN
Polycyclic (PAHs)
PCM CH;OH
Naphthalene + 2 CHLOH 055 | -18.81 | -9.52 0.31 5.76 2.34 0.15
PCM CH1OH
Anthracene + 2 CHLOH 0.75 | -20.62 | -10.31 0.60 5.66 2.92 0.62
PCM CH5OH
Naphthacene + 2 CHLOH 058 | -26.47 | -12.54 2.01 4.73 -5.08 1.14
PCM CH3CN
Naphthalene + 2 CHiCN -1.09 | -17.20 | -8.98 0.53 5.12 2.42 0.23
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PCM CHsCN

Anthracene } -1.57 -22.06 -11.49 0.80 6.12 -4.36 0.52
+ 2 CHsCN

Naphthacene PCM CHsCN -1.68 -25.60 -12.37 0.91 6.21 -4.12 0.89
+ 2 CHsCN

Table 5: Energy decomposition for the interacti@tween the trifunctional phase angHg&R and
polycyclic aromatic molecules at the B97-D DFT levktheory. All values in kcal/mol
We found that the electrostatic point-charge cbatron was always stabilizing (all values are nigat

but very low in absolute value in all cases, lésst0.8 kcal/mol for methanol and less than 1.6k

for acetonitrile (with roughlyEP® SN = 2 Pe SOy The variation was not monotonic with respect
1My 1My

bind Gtherm A °compl
to the alkyl chain length in the first case. Asoasequence,Mi-M. = "Mi.-M; " gnd ™= ~M:...M> were

not monotonic in methanol, in contrast to the iasregog(k) values. Moreover, the deformation energy
was almost constant and negligible (less than €adfikol), so only the dispersion contribution (aywa
increasing due to the cumulative effect of thep&ir potentials) followed the experimental treid f
both solvents. The same conclusions (non-monoteaitations of several energy components,
dispersion contribution of approximately -20 kcalnbinding energies of -10 kcal/mol) could be dnaw
for the polycyclic (naphthalene, anthracene, nagddhe) aromatic compounds. As expected, the
increase of the dispersion contribution was enténdgéh respect to the alkylbenzene cases since 6-
membered rings have stronger van der Waals intenacthan alkyl chains.

One can now consider whether this semi-quantitatiadysis can be used for prediction. We considered
all the 16log(k) values reported in Table S1 a,b: 8 values in nmathsolvent (the trifunctional phase
interacting with benzene, methylbenzene, ethylbesmzeropylbenzene, butylbenzene, naphthalene,
anthracene and naphthacene) and the correspondige®s with acetonitrile as the organic modifier.

Linear regression between these values and thergyecomponents was investigated, providing the

pc disp bind
following coefficient of determinatiorRf) values: 0.18 l(:"V'l---'\"z), 0.91 (E'V'l---""z), 0.89 (E'V'l---""z), 0.73

deform therm G°comp|
(M-M2)0.01 M:--M2) 0.52 and {3 M..-M2) The fact that dispersion showed the highest

correlation follows from our previous statements.
One may wonder whether better models can be haiigumore degrees of freedom. To this aim, we

disp
investigated bilinear regressions usiﬁbﬂr--""z and one of the other components. The higRésalue

deform bind
(0.93) was obtained with™:-Mz  Similarly, the best bilinear regression witi:-M: involved

AGW%Z, with R? = 0.92. We also considered nonlinear fitting (paiyial, logarithmic, exponential)

disp
based onEMl---’V'z, but no significant improvement was obtained waitiy a few parameters. Therefore,

we decided to use the best monolinear regressiibh {fne energy in kcal/mol):
log(k) =-1.73-0.11E4%, |, Eq7

which is represented in Figure 3a.
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Figure 3: (a). Experimentébg(k) values with respect to the theoreti@‘j{i‘i,\,|2 values (in kcal/mol).

(b). E,ﬂ:ff_“,(',l'zz values with respect tEs:sz (in kcal/mol). The linear regression lines arevehan red.
EdiSp

Thus, as M-M: appeared to be the key to predicting the experiaheresults, we performed

unprecedented post-Hartree-Fock calculations inMdQ@M’ fashion (see computational details) to

assess the quality of our simple pair-potential eidsy comparing it to an ab initio approach based o

the quantum wave function and not on empiricalexiion, providingE,alsf_’f\,"v,F;2 reference values. We

found a strong linear correlatio®¥ = 0.97) betweenEs;iF-)-Mz and E,‘\j,:lsf_’f\,"wzz (see Figure 3b). This
benchmark validated the chosen Grimme-type simpfgaach to the dispersion interaction energy
contribution. It also proved that no significantoravement could be expected from higher (and much
more time-consuming) levels of theory. In a wag, performance of our quite simple model is actually
quite surprising. It was based on an optimizedicstatructure. However, the retention time is
intrinsically a dynamic (kinetic) parameter. Thetféhat it can be approached quite successfully by
static DFT calculations was not a priori obvious.

Two other remarks about this model are in ordee Titst is that it does not involve temperature
dependence. This means that new regression paramsbteuld be determinedlidg(k) is measured at

a different temperature. The second is relatech¢éosolvent issue. While the differences between

disp
methanol and acetonitrile in th%Ml---Mz values remained small within the alkylbenzene kanma

significant difference was observed for the larggstem: -26.47 kcal/mol for methanol compare to -
25.60 kcal/mol for acetonitrile, which could explavhy the retention was more intense in the fiastec

disp
Furthermore, theEMl---Mz gap between anthracene and naphthacene was largeethanol (-5.9

kcal/mol) than in acetonitrile (-3.54 kcal/mol), wh is another clue to understand the enhanced
selectivity for PAHs. However, one should remainttaus with such a simple analysis since it is not
fully valid for the smallest molecules, for whidhetsolvent effects are too subtle to be rationdllze

such a simple model.
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Finally, it is sometimes useful to have a graphieglesentation of the involved interactions. ki ¢hse
of van der Waals complexes, this can be achievied) tlse popular noncovalent index (NCI)[65,66],
as represented in Figure 4a. The green layerdaradateristic of dispersion interactions and wetmél
to be present inside the stationary phase betweemrthracyl groups and in the interaction region
between the mobile and the stationary phases, Inegethe clear T-shape fashion. This figure also
shows that the naphthacene moiety is slightly gated, accounting for the non-negligible defornmatio
energy observed in this case. This energy loskeis tompensated by a higher absolute dispersion

interaction contribution.

Figure 4: (a). NClI plot: selected reduced densigdgnt isosurface (s=0.5 a.u.) showing noncovalent

interactions. (b). View of the molecular electraistpotential mapped on the 0.001 isodensity sedac
Atomic units and a color code (red: negative, bpasitive values) are used.

If interested in charged analytes, it would be maevant to analyze the molecular electrostatic
potential. Because it is linked to the local pdiadf the molecule, it has already been used tatiothe
lipophilic/lipophobic or hydrophilic/hydrophobic geons. For the trifunctional phase, it is represdnt
in Figure 4b, which shows that it is anisotropiet us recall that zones with negative (positivéliea
are prone to bind cationic (anionic) species. kgtngly, the two faces of the trifunctional phase
not equivalent: the right upper part is negatiadkorange color), while the right bottom part isjive
(green-blue color). From this viewpoint, this systexhibits an interestinglanus character”.

4. Conclusion
The present paper describes the synthesis anditii@ete characterization of polar embedded aromatic

stationary phases. Solid-state NMR differentiatedrhono- and trifunctional structure by unambiguous
identification of specific chemical shifts. A modefunctional/basis set combination was used to
accurately describe the structure of the trifun@ighase. The overall structure (silanol and atkgin
and PEG and aromatic units) was considered uss@tlOM formalism and by rigorously selecting
the layers. With the structure elucidated, the iohpd structural modifications inside the statignar

phase skeleton on the separation behavior was tigatsd through a parallel evaluation of the
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experimental data, such as the retention (k) apdragon factorso) for PAHs and alkylbenzenes. For
the first time, the experimental data coupled wh#nDFT results indicated that the new polar embddd
aromatic stationary phases presented a partichilitydo recognize aromatic solutes.

Additionally, the solvent effect was taken into @aot. Because of the similar constant permittioity
acetonitrile and methanol, the PCM approach cowt explain the better selectivity for PAH
homologues than alkylbenzenes and the enhancerh¢hisdrend when using methanol instead of
acetonitrile as the organic modifier. The lattesweartly solved for the largest molecules by arliep
solvation model for acetonitrile and methanol.

From a chromatographic point of view, the combmratf aromatic and polar embedded groups (mono-
PEG-anthra and tri-PEG-anthra) led to stationargsph with hydrophobic properties and aromatic
selectivity that could be modulated by adjusting thrganic modifier type. In contrast to the
functionality of the ligand, which impacts the chmatographic behavior, the silica type has no imftge

on the thermodynamic properties.

The DFT results match the chromatographic reguiltsjiding a better understanding of the interaction
mechanisms and highlighting the importance of thdtimodal character of the designed stationary
phases: alkyl spacers for interactions with hydotpt solutes, amide embedded groups for dipole-

dipole and hydrogen-bond interactions, and arontatininal groups fott-n interactions.
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Supporting Information

Synthesis of the stationary phases
The synthesis steps (Scheme S1) were performed mmci®wave irradiation in our laboratory.

The first step corresponded to the modificatiobarfe silica to aminosilica by the addition of acgra
group (butyl) containing a terminal amino functiofhe second step was amidation between 9-
anthracenecarboxylic acid and aminosilica to aftbedfinal stationary phase. Three grams of thessil
and 2.8 g of ABDMS (or 4.3 g of ABTS) were adde@@omL of anhydrous toluene in a 150 mL Pyrex
vessel, and the mixture reacted for 60 min at xefline reactor was cooled to room temperature, and
the excess reagent was removed by rinsing withetmy tetrahydrofuran and acetonitriksfter
filtration, the silica was dried at 110°C for 12ihder vacuum. Amidation was achieved by adding 0.51
g of 9-anthracenecarboxylic acid, 1.43 g of PyB@&&00 uL of DIPEA in 80 mL of anhydrous toluene
in a 150 mL Pyrex vessel, and the mixture reaate®® min at reflux. The reactor was cooled to room
temperature, and the excess reagent was removedng&ing with toluene, tetrahydrofuran and
acetonitrile. After filtration, the silica was ddet 110°C for 12 h under vacuum. The final statign
phases were end-capped with 1.2 mL of bis(dimethyla)(trimethyl)silane following the same
procedure.

a

i-OH + CH3OSI(CH3)2(CH2)4NH2 E—— |'OS|(CH3)2(CH2)4NH2 + CH3OH

OSi COOH 0
FOSI(CH3)2(CH)ANH -+ O ————— §i-0Si(CHa),(CHy),NH-C

O +H,0

Scheme S1: Aminobutyldimethylmethoxysilane graftingto the silica surface (a). Simplified
representation of acid coupling onto aminosilica (b
In reality, PyBOP is used as a coupling reagenh WIlPEA as the base. Finally, end-capping with
DATS leads to the final stationary phase.

The columns (250 mm x 3 um x 4.6 mm), (50 mm x@6x 4.6 mm) and (50 mm x 3 um x
4.6 mm) were packed by Interchim and were comptre@rious commercial columns with different
chemistries: HALO™ C18 (50 mm x 2.7 um x 4.6 mm), HALY®Phenyl-Hexyl (100 mm x 2.7 um x
4.6 mm), and HAL®" RP-amide (100 mm x 2.7 um x 4.6 mm) from Advandederials Technology
(Wilmington, DE, USA).
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Data analysis

The calculation of the bonded ligand coverage dgngas performed using the Berendsen
equation (Eq 1).

T = 10° xp,
[1200 ne — pc X(My, =1y )]X SBET

Eq1l

wherer is the coverage densityrfiol/n?), p_ is the percent of carbon (%), is the number of carbon

atoms in the liganady,, is the molar mass of the ligand,is the number of functional groups in the

reactive group of the silane, asgl., is the specific surface area¥n).

The efficiency (N) values were calculated by Chrimoe software using Eq 2:

N = 554 x (ﬁz)z Eq 2

wheret, andw, /, are the retention time and the width of the pedia# height, respectively.

The retention factorsc] were calculated using Eq 3:

="t Eq 3
to
wheret, is the dead time.
The selectivity factorsa) were calculated using Eq 4:
k
0(1’2 - k—i Eq 4

wherek, andk, are the retention factors of the first and sealnted solutes, respectively.

Characterization of the bonded silicas
To investigate the influence of the support matetiee monofunctional version was formed both on

fully porous and on superficially porous suppoits.addition, the influence of the tridimensional
structure was studied by synthesizing bonded sftieamm mono- and trifunctional reagents on fully

porous particles.

A previous study comparing the impact of the gngftsynthesis mode (microwave or conventional
heating)[1] demonstrated that there is no influeoeehe grafting of the C18 reagent onto the silica
surface. A significant grafting rate difference vi@asnd for the syntheses performed here, wherdterbe
loading was obtained when the syntheses were peetbunder microwave irradiation. This result may
be explained by the higher polarity of the amiricgilcompared to the bare silica. Additionally, the
reagents involved in this synthesis reaction (YHattenecarboxylic acid and coupling reagents) were

more polar than the C18 reagents, leading to a miffident grafting under microwave irradiation.
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Under microwave irradiation the grafting rate of thifunctional synthesis process was similar ® th

monofunctional synthesis process=(18% compared to= 17.6%, with a standard deviation of 0.5%).

In the first step of the synthesis (from bare ailie aminosilica), %N was similar for the mono-
and trifunctional processes. Consequently, there ara equivalent amount of amino functionality
available for the following derivatization with @whracenecarboxylic acid. However, for the
trifunctional structures, it was necessary to atdeisthe way the polymerization occurred. Depending
on the water content and the chemical nature ofetlndng groups, different structures can be obthin
for the same functionalized silica as a resultatical or horizontal polymerization. In contrastthe
C18 structure, where hydrophobic repulsion afféetshydrophobic chain repartition, in our case,
interactions may occur between the aromatic umégoring the high grafting level of the amino
functions. This may be the case for the trifunaicstructure, where a pre-association exists ddieeto
proximity of each amino group previously linked @rthe silica surface, as revealed by the DFT

optimizations (see below).

Moreover, compared to the more commonly used preggter group, the choice of a butyl spacer group

may offer a better accessibility of the terminairmagroups, leading to an enhanced grafting rate.

mass (%)
110
100
tri-PEG-anthra (FP)
90 bare silica (FP)
mono-PEG-anthra (FP)
80
70 o
0 200 400 600 800 100C T( C)

Figure S1: Thermogravimetric curves obtained fanadified silica, mono-PEG-anthra (FPP) and tri-
PEG-anthra (FPP).

Thermogravimetry can be used to determine the seidaverage of the chemically modified
silica[2] because the weight loss observed betv@nand 600°C is associated with the loss of the
organic groups attached to the surface[3]. Figurest®ws the thermogravimetric curves for the bare
porous silica and the functionalized porous silioder conventional heating. For bare silica, thegna
loss is due to the loss of adsorbed water and dhdemsation of the silanol groups at temperatures

higher than 250°C[4]. Above 400°C, the mass loss ligher for the mono-PEG-anthra due to the loss
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of organic moieties. For the two PEG anthracenyldaal fully porous silicas, although their % carbon
is the same, their thermogravimetric mass lossesuare different. Bonded silica functionalized with
the trifunctional silane remained more stable ug@0°C. The tri-PEG-anthra presented the highest
mass loss (approximately 24% from 200 to 800°C, 2de4he mono-PEG-anthra), which indicates a

different spatial arrangement for the two syntlestiPEG anthracenyl-bonded fully porous silicas.

Diffuse reflectance infrared spectroscopy is adytml for the characterization of the ligand
ratio on mixed bonded stationary phases and fditgtige confirmation of the bonding of silica[3for
bare silica (Figure S2a), Si-O asymmetric strefglian be observed as a strong peak at 1082 &in
O symmetric stretching from the Si@trahedral structure is observed at 801',cand the Si-O-Si
stretching band is observed at 1874cithe bending vibration band at 1630toorresponds to the
OH bending vibration of physically adsorbed watdre broad absorption band in the region of 3600 to
3300 cmtis due to the stretching of the hydroxyl groupbysically adsorbed water and the hydrogen-
bonded Si-OH groups.

The spectra of the new stationary phases presadtitional bands compared to bare silica. In
this work, the butyl-4-amino group was first inttmeéd onto the silica surface. The (Si)-methyl and
methylene bands (asymmetric and symmetric C-Hcétieg bands at 2956, 2923 and 2857 %¢m
bending vibration bands of the gkind CH groups at 1480 cm corresponded to the butyl chain and
confirmed the grafting onto the surface of thecailiFurthermore, the shoulders at 3370'@nd 3300
cmton the broad band in the region of 3000-3600'@arresponded to the stretching band vibration
of NH,, the bands at 1680 and 1600 ¢€worresponded to NdHgroup bending in the plane vibrational
band (Figure S2b) and the shoulder at 850tomthe 792 critband corresponded to the bending out-
of-plane vibration band of the NHjroup. After coupling with 9-anthracenecarboxgitd, the major
feature of the spectrum of mono-PEG-anthra (Fi@#€) was the appearance of the band at 3100 cm
(stretching vibration band of aromatic CH) and dioeiblet bands at 850 chand 740 crmt assigned to
the out-of-plane bending of the anthracenic C-H480 cm® The stretching of the C-C anthracenic
ring band was observed, but the superimpositidgheflifferent bands in this spectral region legdor
resolution of different the absorption bands andlendoeir precise attribution difficult. Thus, theat
broad bands at 1660 chand 1550 crmtwere attributed to the CO-NHR amide group, andstimulder
at 3300 crmtwas attributed to the stretching band vibratiothefsecondary NH band.

184



Chapter lll. Non-conventional multimodal stationary phases

a ~
| |
R T Sz
| ( "I=.
b l 1874 [ A\
| | (
| y .
i'. \ i . Ill
C 63t .'\.. - ; o \ 1
\ 2321 r \ e » |
I: pe |.I » | Ny
‘ \ ‘ | ! I'. /A |
1 W I \ .
Lo, s || } A

HD 1x0 0 0 2006 1900 1900 1 100 1500 500 )

Figure S2: DR-FT-IR spectra of (a) bare silica,lfb)yl-4-amino-silica, (c) butyl-4-amino-silica
coupled with 9-anthracene carboxylic acid.

The NMR spectra provided valuable information alibatsilica surface and chemical bonding.
The species found on the surface, described'an@T species, are related to the number of oxygens
(mono, di, tri or tetra-oxo) bound to the silicdwr[6]. The solid-staté’Si CP/MAS NMR spectra of
the tri-PEG-anthra presented two signals (Figurg) 88-101 ppm (€), and at -110 ppm (£ which
corresponded to free hydroxyl groups and siloxaneumgs, respectively[7]. No evident signal
corresponding to geminal silanol at -91 ppm)(®as observed. An additional chemical shift neb2 +
ppm (M) was ascribed to the final end-capping ldj¢®-Si-CH); linkage. The?*Si CP-MAS NMR
spectra confirmed that a ligand was bonded ontasiliea surface. For tri-PEG-anthra, the resulting
NMR spectrum presented another set of signalsBapphn (Tz) and -65 ppm (3), which corresponded
to the trifunctional Si-O-Si linkage and the biftiooal Si-O-Si linkage, respectively[6]. The three
mono-PEG-anthra did not present thesad T signals, which is consistent with their monomeric
structure. Because the mono-PEG-anthra FPP aRtEGanthra FPP stationary phases have the same
carbon load?’Si CP-MAS NMR was especially useful to differergiséthe molecular structures of these
two bonded phases.

The 'H MAS NMR spectrum presented in Figure S3b deseadsditional discussion. The
(CHs)s units of the end-capping ligand were detected.2tppm, the ChH units of the alkyl chain
(indicated as a, b, ¢, and d in Figure S3c) gagddhowing signals: b+c: 1.2 ppm, a: 1.8 ppm and d
3.5 ppm, with the anthracenic protons from 5.1.®ofpm and the amide proton at 2.3 ppm.

The!*C MAS NMR spectrum provided further confirmationtbé grafting. The peak at 0 ppm
was ascribed to the methyl groups of the end-caplpgand, which were directly linked to the silicon
atom. Another set of peaks (from 10 to 50 ppm)esponded to the methylene of the alkyl chains
(indicated as a, b, ¢, and d in Figure S3c). Tlenatic carbons were between 120 and 150 ppm, and

the carbonyl group was at 169 ppm. These attribatiwere performed based on those previously
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reported for the structural characterization ofnailar PEG alkyl bonded silica (i.e., 3-propyl-Nea-
N’-octadecyl bonded silica)[8].
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X: Additional cross-labeled peaks correspondedheardtation bands of the peak at 126 ppm
(separated by 10,000 Hz, which corresponds todta¢ion speed of the sample).
Figure S3: NMR spectra of 4-aminobutylsilica couplgth 9-anthracene carboxylic acid and end-
capped, (aj°Si CP/MAS (in red, **mono-PEG-anthra and in darkri*PEG-anthra), (bfH NMR,
(c) B°C CP/IMAS.
For the'H and'*C CP/MAS NMR, the spectra of all the synthesizediahary phases were similar.

RPLC studies

The quality of the column packing was evaluateccdlgulating the efficiency and the tailing

factor on the naphthalene peak @CMNI-H-O 70/30,v/v). For all homemade columns, the efficiencies

were comparable (150,000 plates per meter) anthiiirey factors were approximately 1.10.

(a) ACN as organic| HALO™ HALO™ | HALO™ | *mono-PEG- | *mono-PEG-| **tri-PEG- Log
modifier Ci18 RP-amide PH anthra (SPP)| anthra (FPP)| anthra (FPP) Pow
)

K(benzene) 0.31 0.27 1.07 0.43 0.69 0.95 2.10
K(methylbenzene) 0.45 0.38 1.40 0.52 0.81 1.15 2.78
K(ethylbenzene) 0.61 0.48 1.88 0.59 0.94 1.36 3.1b
K(propylbenzene) 0.88 0.65 2.56 0.71 1.12 1.62 3.69
K(butylbenzene) 1.25 0.88 3.51 0.85 1.32 1.93 4.4D
K(pentylbenzene) 1.78 1.18 4.78 1.02 1.56 2.30 4.90
K(hexylbenzene) 2.55 1.60 6.53 1.22 1.84 2.73 5.5p
K(heptylbenzene) 3.68 2.17 8.92 1.47 2.17 3.22 6.10
K(octylbenzene) 5.30 2.96 12.10 1.76 2.56 3.84 6.30
K(nonylbenzene) 7.65 4.03 16.38 2.13 3.01 4.59 7.10
K(decylbenzene) 11.03 551 22.18 2.57 3.56 5.27 7.35
K(undecylbenzene) 15.99 7.53 29.83 3.23 421 6.21 8.14
K(dodecylbenzene) 23.10 10.34 40.11 3.95 4.94 7.20 8.80
K(naphthalene) 0.54 0.48 1.94 0.66 1.06 1.70 3.5p
K(anthracene) 1.05 0.92 3.74 1.11 1.70 3.30 4.5D
K(naphthacene) 2.26 1.92 7.28 1.94 2.95 7.70 5.76
K(o-terphenyl) 1.22 0.89 5.73 1.17 1.82 3.45 6.0D
K(m-terphenyl) 141 1.08 6.67 1.35 2.10 4.58 6.02
K(p-terphenyi) 1.57 1.18 6.83 1.45 2.28 5.16 6.08
K(triphenylene) 1.68 1.52 6.12 1.64 2.63 6.39 591

187



Chapter lll. Non-conventional multimodal stationary phases

Ol(triphenylenes-terphenyl) 1.38 1.72 1.07 1.40 1.45 1.85
Ol(pentylbenzenetterphenyl) 1.46 1.33 0.83 0.87 0.86 0.67
Ol(pentylbenzene/butylbenzene 1.42 1.34 1.36 1.20 1.18 1.19
(b) MeOH as organic| HALO™ HALO™ HALO™ | *mono-PEG- “mono-PEG- **ri-PEG- Log

modifier C18 RP-amide PH anthra (SPP) anthzl)(FPP) anthra (FPP)|  Pow

K(benzene) 0.32 0.31 0.93 0.15 0.28 0.53 2.10
K(methylbenzene) 0.47 0.41 1.43 0.21 0.37 0.71 2.78
K(ethylbenzene) 0.62 0.51 2.11 0.26 0.44 0.86 3.16
K(propylbenzene) 0.85 0.65 3.21 0.33 0.54 1.06 3.6P
K(butylbenzene) 1.18 0.84 4.97 0.42 0.69 1.34 4.40
K(pentyibenzene) 1.62 1.09 7.59 0.54 0.85 1.68 4.90
K(hexylbenzene) 2.25 1.43 11.54 0.70 1.04 2.09 5.5p
Kheptylbenzene) 3.14 1.87 17.91 0.89 1.32 2.67 6.10
K(octylbenzene) 4.37 2.44 27.32 1.19 1.61 3.32 6.30
K(nonylbenzene) 6.03 3.20 42.37 1.43 2.01 4.20 7.10
K(decylbenzene) 8.43 4.20 65.49 1.90 2.46 5.19 7.3
K(undecylbenzene) 11.73 5.50 - 2.52 3.01 6.51 8.14
K(dodecylbenzene) 16.42 7.29 - 3.43 3.88 8.02 8.80
K(naphthalene) 0.58 0.53 2.37 0.37 0.59 1.40 3.5b
K(anthracene) 1.22 1.07 6.29 0.87 1.27 413 4.50
K(naphthacene) 2.94 2.39 16.61 2.38 2.95 13.86 5.76
Ko-terpheny) 1.30 0.95 12.40 0.83 1.22 3.68 6.00
K(m-terphenyl) 1.85 1.42 17.63 1.32 1.77 6.85 6.0p
Kp-terpheny) 2.06 1.52 16.80 1.36 1.88 7.56 6.08
K(triphenylene) 2.09 1.91 13.22 1.94 2.60 11.64 5.91

Ol(triphenylened-terphenyl) 1.61 2.00 1.07 2.35 2.14 3.16
OL(pentylbenzenetterphenyl) 1.25 1.15 0.61 0.66 0.70 0.46
Ol(pentylbenzene/butylbenzene) 1.38 1.29 1.53 1.28 1.22 1.25

Table S1: Retention and selectivity factors of Hikpzenes, PAHs, and terphenyl isomers for the

commercial and the homemade stationary phasesnmbéle phase composed of (a) ACMNMHor (b)
MeOH/HO. Mobile phase with ACN: 85% in water for HA[¥!) C18 and HALOM RP-amide, 60%
in water for the HALO PH, *mono-PEG-anthra (SPP as well as FPP (1)¥4riePEG-anthra (FPP).

Mobile phase with MeOH: 90% in water for HAC®C18 and HALO" RP-amide and 70% in water
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for the HALO™ PH, *mono-PEG-anthra (SPP as well as FPP (1))*4nePEG-anthra (FPP). UV
254 nm, T = 30°C, F =1 mL/min.
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Figure S4: Plots of log k and logPfor HALO™ C18 (a), HALGM RP-amide (b), HAL®" PH (c),
*mono-PEG-antra (FPP) (1) (d), and **tri-PEG-ant(iF®P) (e). Solutes: alkylbenzenes from benzene
to dodecylbenzene and PAHs from benzene to napdtibadlobile phase with ACN: 85% in water (a
and b) and 60%u(v) in water (c, d, €). Mobile phase with MeOH: 90%) in water (a and b) and 70%
(viv) in water (c, d, ). UV: 254 nm, T = 30°C, F = 1 miuiA. These conditions were selected to allow

suitable retention of the probe solutes on aliatary phases.
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Energetic aspects

To compare the energetics of the chromatographénqimenon, either by using the same stationary
phase with two different mobile phase compositionswo different stationary phases with the same
mobile phase, it is convenient to plot the loganishof the retention factors of a set of soluteseund
condition A versus the logarithms of the retentiaators of the same set of solutes under condition
B[9]. When the set of solutes includes a homologousssarithe plots, the homologues should fall on
a straight line, which is the ratio of the methyeselectivity under each condition[10]. As previgus
reported, a linear correlation of Ia ks In ks with unit slope indicates a homo-energetic proteasis
characteristic of an identical retention mechanismer the conditions A and B. This was observed for

two C18 bonded silicas with the same mobile phaseposition.

A linear correlation with a slope different fromitnindicates a similar but not identical retention
mechanism and is termed homeo-energetic. This e@sted for two different bonded silicas with the
same mobile phase composition or for the sameostly phase and two different mobile phase
compositions (differing either by the nature of tirganic modifier or the % content of water). The
absence of a correlation indicates a hetero-eriergedcess and a mixed or different retention
mechanism[10]. This was typically the case whenmanng mono-PEG-anthra to tri-PEG-anthra. The

results of this study are reported on Table S2.

The behavior of alkylbenzenes on all the PEG-ardtationary phases was perfectly linedr(0.9984,
with all the experimental plots are randomly disited along the regression line). No break was
observed in the range<lnc < 12, independent of the nature of the organic nerd{ACN or MeOH),

as was previously reported on C18 bonded silictis &imore extended range of solute<(dc < 18).

For the phenyl-3-propyl bonded silica[1ttje ratio of the slopes of the curves lwskc with methanol
and acetonitrile on the same stationary phase Wasgy/a greater than 1 for the four aromatic bonded
phases (from top to bottom in Table S2: 1.39, 11381, 1.33). The thermodynamic process is homeo-
energetic, and the molecular structure of the staty phase is similar for each of these phases,
independent of the nature of the organic moditfeZl or MeOH). If we compare mono-PEG-anthra
to tri-PEG-anthra, ratios of 1.05 with methanol d@n@3 with acetonitrile are obtained. The energetic
process is homo-energetic, and there is no difeerenthe chromatographic process on these tweeghas

with solutes that are able to adopt different camfations.

HP :a__lx ka Eq5

a 1+k,
wherek, is the retention factor of the second eluted solamdx is the selectivity factor.

However, the hydrophobic potential (HP) (Eq 5) adted for the pair pentylbenzene/butylbenzene,

which characterizes the resolution between two Hogues on a stationary phase[12], is the same for

the two mono-PEG-anthra but is comparatively ineeeavhen tri-PEG-anthra is used, independent of
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the nature of the organic modifier. An increast¢him separation power of the tri-PEG-anthra was also

observed with linear aromatic PAHs, although thkaveor of linear aromatic rings is not linear but

quadratic. Finally, the selectivity fan-terphenylo-terphenyl is also enhanced on the tri-PEG-anthra

compared to the two mono-PEG-anthra, which suggesisall difference in the molecular structure of

these two types of phases.

Stationary phase MeOH ACN MeOH ACN
Slope Slope Quadratic equation (linPAH) Quadratic equation (linPAH
(alkylbenzenes)| (alkylbenzenes) a b ca b
HALO™ C18 0.3259 0.3593 0.0045 0.08 -1.769| 0.0033  0.0863 -1.8083
r2 0.9998 0.9998 1 1
HALO™ 0.2627 0.2627
RP-amide 0.0042 0.07 -1.7478| 0.0025 0.1033 -2.0186
r2 0.9995 0.9995 0.9999 1
HALO™ 0.4254 0.3054
Phenylhexyl 0.0006  0.23 -1.4584| 0.0011 0.1336 -0.7764
r2 0.9999 0.9999 1 0.9999
*mono-PEG- 0.2535 0.1837
anthra (SPP) 0.0016 0.19 -3.0847| 0.002 0.0773 -1.3834
r2 0.9989 0.9984 0.9995 0.9999
*mono-PEG-
anthra (FPP) (1) 0.2155 0.1648 0.0015  0.16 -2.2804| 0.0019 0.0751 -0.8883
r2 0.9996 0.9999 1 0.9999
**tri-PEG-anthra 0.2252 0.1694
(FPP) 0.0037 0.18 -1.861| 0.0041 0.0740 -0.6395
r2 0.9997 0.9994 1 0.9998

Table S2: Slopes of the plots of In k \sfar alkylbenzenes (from benzene to dodecylbenzané)

coefficients of the quadratic regression of In knwgor linear PAHs (from benzene to naphthacene).

Theor etical modeling
From a methodological aspect, a theoretical stumly loe divided into three successive steps: the

selection of the computational protocol, the corapah itself, and subsequent data processing. The

first step involves the choice of the model sysi@gvhich atoms are included) and its components

(possible counterions or solvent molecules). Tloese step requires prior determination of the ogtim

method with respect to the available computer ness in practice, it consists of defining the fatas

for calculating the relevant energy (e.g., eledtra@mergy, enthalpy, free energy). The third step i

related to the extraction of a few pertinent nummbémong the thousands generated by the
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computation), called descriptors, which can explh@experimental results and provide guidelines fo
further experimental improvement.
The size of the model system is not chosen indepehydof the energy calculation method. Roughly
speaking, one can rely on either classical meckdthe realm of force fields) or quantum chemistry.
While full systems can be handled by the first rad#) only limited ones (typically hundreds of atpms
can be routinely treated by the latter. Howevercddfields are generally specialized (for instance,
designed for a protein, sugar, or water) and oftead to be reparametrized for special cases. The
systems we focused on are challenging for fordeldisince they mix inorganic (silica) and organic
fragments. This combination makes quantum chemisioye reliable, to the obvious detriment of
computational time.
For this reason, only the end arm of the chromaialgc system is generally modeled at the quantum
level in the literature[13—19]. Two notable butl&ged exceptions are found in a recent work,[20¢reh
the full system was studied, taking advantage ofJGfchitecture, which requires non-standard
technology, and another study[21] where geometvied®e optimized at the MM3 semi-empirical level
of theory, a level that cannot correctly descrite ¢rucial noncovalent interactions of the disparsi
type. Therefore, MM3 may produce satisfying restdtsthe silica phase but will not be suitable to
investigate its interactions with aromatic compaind
Neglecting the surface is certainly erroneous edase of trifunctional phases, where the inteyasti
between the three arms should be geometricallynagmmlated by the silica and are thus constrained.
Moreover, solvent effects are generally not considgthe phase-solute adduct is viewed as a free
molecule). Many of the referenced studies repoctddulations in the gas phase. Solvent effects are
important for practical applications, an issue thatalso want to address from a theoretical petsfgec
The only exceptions we are aware 0of[15,20] have aseimplicit solvation approach. Let us recalltha
solvent effects can be introduced through an exgkolvent molecules are described at the atomic
level) or implicit (a continuum model[22] mainly@munts for the average electrostatic interacticth wi
the solute) approach. The descriptions can be mired hybrid approach, which is sometimes
compulsory to explain subtle conformational diffezes[23].
For the energy calculation procedure, almost at ptudies[13-19,24-26] employed the still popular
global hybrid B3LYP exchange-correlation functiangthis twenty-three-year-old venerable functional
is known to be inaccurate for noncovalent intecagj particularly those stemming from van der Waals
dispersion forces[27]. For instance, B3LYP is ueabl predict a stable structure for helium, methane
and benzene dimers. This failure, which is now weltumented[28], makes it unsuitable wien
stacking is at stake. In addition to the functioisalie, a basis set should be cautiously chosete Qu
unexpectedly, the minimal STO-3G basis set is stiluse in the chromatography community for
describing noncovalent interactions[24—26], big tbo small to produce converged results.
Finally, in the literature, the results are usuadfionalized in terms of atomic charges (the ug8ft
the Mulliken scheme, while fast, is strongly dis@med since it is not physically motivated and show

spurious basis set convergence) and molecularesatic potentials (MEPS). This last tool, whish i
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meaningful to account for charge-controlled intémas (whereas Fukui functions and their extensions
should be used in the case of orbital control)[@%pr noncovalent interactions involving the sdlexh
o-hole paradigm[30-32], cannot reveal dispersiontotied interactions because dispersion is a
(correlation) non-electrostatic effect. Complementaols should thus be considered wimestacking

OCcurs.

Computational details

All calculations were performed using the Gaussidipackage[33]. The calculations based on density
functional theory were performed with the dispansiorrected B97D exchange-correlation
functional,[34] which has two main advantagess fiaist since it does not require the evaluatiamoof
local exact exchange, and it is designed to cdyractount for van der Waals interactions. It wasdi

in conjunction with the following basis set comtiona, depicted in the left part of Figure 1. atoms
involved in hydrogen bonds (these are the two intdacular bonds involving the amide groups within
the trifunctional fragment and the two intermolesubonds with the solvent) are described by 6-
311++G(d,p), while, to save time, the butyl linkétfsat have mainly structural and steric effects) a
treated by STO-3G. The 6-31G(d) basis set is usedhk remaining atoms (a maximum of 2973
primitive Gaussian functions are used to solvekiblen-Sham equations).

Implicit solvation is described by the conductolgpzable continuum model (CPCM[35], with default
parameters), which provides values that are agatecas more recent implementations (like Gaussian
09'’s default IEFPCM) for common solvents but is poationally less time-consuming. All structures
were fully optimized without symmetry constrairdad the nature of the obtained stationary points wa
further confirmed by vibrational analyses (only Irbarmonic frequencies for minima). Standard
formulas from statistical mechanics were used topagte the thermodynamic corrections. Because they
are based on the ideal gas model, they lead t@estiration of the entropic effects for molecules in
solution. To circumvent this drawback, several goliave proposed scaling the obtained valueséor th
rotational and the translational entropies (thatreduced in the condensed phase). In accordatite wi
previous papers and our own experience, we se$thifng factor to 0.65[36—38]. When taken equal to
1.0, the calculated complexation Gibbs energies pargtive, indicating that the coordination is
endothermic. This is no longer the case when @.85dsen, in agreement with the experimental iesult
Finally, the binding energies are not correctednfithe basis set superposition errors because Boys-
Bernardi’s counterpoise protocol is not availablthim PCM.

Point-charge contributions to the electrostatienattion were evaluated using atomic charges fdated
the electrostatic potential by the ChelpG formal@®h Noncovalent index (NCI) analysis was
performed using the NClplot software[40] on thd-sehsistent field electron density (for a sim@di
system) using default parameters.

Finally, ONIOM-type calculations were conductedhait a two-layer QM/QM’ approach (see Figure
1b) to estimate the dispersion contribution tolimeling energy in a full ab initio way. We definta

high-level layer as the one including the mobilag#and the three anthracyl groups of the stayonar
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phase, which was described at the second-ordeeMRlésset (MP2) post-HF level of theory with the
6-31G(d) basis set (note that frozen cores werd; udespite the small basis set, such calculations
required large memory and hard disk space), whigerémaining system was treated at the B97D/6-
311++G(d,p) DFT level. These QM/QM’ calculationsre/@erformed in a single-point manner on the

geometries optimized at the previous DFT level.aArst approximation, one can assume that the

dispersion energy is equal to the second-ordeugzation energy. Let us calEE,f’,:Tfj.'\,f',l'zz the binding

energy between the two fragments obtained usin@M&M’ extrapolation, anoEﬂT_"’f,\',E the energy

obtained by replacing the MP2 step with an HF stephe QM/QM’ procedure. We then define

dispMP2 bindMP2 _ =bindHF :
EM1...M2 as EMll__M2 EMl---Mz’ a strategy we used in ref[41]
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Additionally to C18 SPs, polar embedded aromatic stationary phases have been synthesized
onto FPP and SPP (Figure 1). The modified particles have been fully characterized through
various and complementary physico-chemical techniques. Especially, Solid-state NMR
differentiated the mono- and trifunctional structure by unambiguous identification of specific

chemical shifts.

Structural characteristics Ligand DFT modeling
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Figure 1: Schematic representation of the synthesis, characterization, and modeling of new
polar embedded stationary phases

An important part of this work is dedicated to the potential of DFT to better understand the
chromatographic properties of those multimodal stationary phases. A modern functional/basis
set combination was used to accurately describe the structure of the trifunctional phase. The
overall structure (silanol and alkyl chain and PEG and aromatic units) was considered using the
ONIOM formalism and by rigorously selecting the layers. With the structure elucidated, the
impact of structural modifications inside the stationary phase skeleton on the separation
behavior was investigated through a parallel evaluation of the experimental data, such as the

retention (k) and separation factors (o) for PAHs and alkylbenzenes. For the first time, the
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experimental data coupled with the DFT results indicated that the new polar embedded

aromatic stationary phases presented a particular ability to recognize aromatic solutes.

Additionally, the solvent effect was taken into account. Because of the similar constant
permittivity of acetonitrile and methanol, the PCM approach could not explain the better
selectivity for PAH homologues than alkylbenzenes and the enhancement of this trend when
using methanol instead of acetonitrile as the organic modifier. The latter was partly solved for

the largest molecules by an explicit solvation model for acetonitrile and methanol.

From a chromatographic point of view, the combination of aromatic and polar embedded
groups (mono-PEG-anthra and tri-PEG-anthra) led to stationary phases with hydrophobic
properties and aromatic selectivity that could be modulated by adjusting the organic modifier
type. In contrast to the functionality of the ligand, which impacts the chromatographic

behavior, the silica type has no influence on the thermodynamic properties.

The DFT results match the chromatographic results, providing a better understanding of the
interaction mechanisms and highlighting the importance of the multimodal character of the
designed stationary phases: alkyl spacers for interactions with hydrophobic solutes, amide
embedded groups for dipole-dipole and hydrogen-bond interactions, and aromatic terminal

groups for -t interactions.
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I11-2. Calix[6]arene derivative synthesis

In a view to elaborate original stationary phases containing a cavity capable of inclusion of
some solutes and/or presenting shape selectivity, we selected calix[6]arene as basic structure.
The second part of my internship was achieved in the LCO laboratory, University of Brussels,
under the supervision of Prof. |. Jabin for 2 months. This team is mainly focused on the synthesis
and the study of new molecular receptors derived from calix[6]arenes, capable of including
guest organic molecules. They worked on the rigidification of those host macrocycles to force
them adopting a cone conformation that is more favorable for inclusion. Some ways have been
developed, such as the formation of covalent bridges', the coordination with metals'® or by
self-assembling™™"°. | had to synthesize, purify, and characterize three calix[6]arene derivatives,
whose choice is explained in the following part. Firstly, a brief overview and generalities about
calixarene are proposed (l11.2.1). Then, the synthesis of the calix[6]arene derivatives is presented
(I1.2.2) with the experimental part in appendices. Then, the functionalization of SPP with two
calix[6]arene derivatives and the characterization is given (l11.2.3). The last part (111.2.4) gathers
the results of the preliminary studies about the evaluation of the stationary phases based on

those calix[6]arene derivatives.

[1I-2-1. Calix[n]arene derivative overview

The following section is dedicated to a brief review of the calixarene derivatives used in HPLC,
with a particular focus on calix[6]arene derivatives containing a terminal carboxylic acid
function. More information can be found on the recent reviews'®"”.

General calix[6]arene synthesis and structures are presented in Figure 2'®'°. Those macrocycles
present a lower rim containing hydroxyl groups that can be functionalized, and an upper rim

typically substituted by tert-butyl groups.
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A OH OH
Base, CH,0 n =4, Base = NaOH, 49%
n n = B, Base = KOH. 88%
n = B, Base = LiOH. 85%
Conformational flexibility 810 A

Lower rim [ a

p-tBu-calix[n]arene in For all calix[n]arenes Only for n = 4
cone conformation

Upper rim [

Figure 2: Synthesis of calix[n]arenes (A) and representation of their conformations (B)

Calix[6]arene derivatives have gained interest in HPLC as selectors to separate neutral and ionic
solutes. The derivatives could be grafted onto the silica surface, or can be added in the mobile
phase. However, as calixarenes contained many chromophore groups that interfere the solute

detection under UV, they were mainly used as immobilized in the SP'®"".

[11-2-1-1. Cavity size effect

The cavity size effect has been studied in 1993 by Glennon et al.*® The A compound (Figure 3)
was particularly used to separate alkaline chloride salts and alkaline earth metals. Additionally,
a p-tBu-calix[4]arene B derivative was used for the separation of nitroaniline regioisomers,
nucleic bases, nucleosides and cis/trans proline isomers. Some similar derivatives containing
carboxylic acid functions that have been attached with a spacer group (C-F, Figure 3), were
studied for the methyluracil and oestradiol isomer separation. Those new SPs presented a

reversed-phase behavior, with a selectivity dependent of the cavity size"?%.
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Another interesting feature is the impact of the structure flexibility on the recognition
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=

Figure 3: Representation of calixarenes A-F

mechanism. In 2004, Li et al.® published the preparation and the characterization of a p-tBu-
calix[6]arene derivative, G (Figure 4) grafted onto the silica surface via an epoxide terminal
function. The use of crown ether allowed to decrease the flexibility of the calix[6]arene and to
improve the PAHs and azo-PAHs recognition. However, the fixed conformation seemed to be
unfavorable to the alkylbenzene recognition: the introduction of an ether bridge partially
modified the hydrophobicity and the calixarene selectivity. In 2007, Ding et al** grafted 3
derivatives of calix[n]arene H-J (n=4, 6, 8) and 3 derivatives of p-tBu-calix[n]arene K-M (n=4,
6, 8) onto a silica modified by an epoxide group (Figure 4). The behavior of those SPs was
evaluated by the PAHSs analysis, and aromatic isomers and acrylate of E- and Z-ethyl 3-(4-
acetylphenyl) isomers. The mechanisms of retention were mainly m-1t interactions, H-bonds

and the formation of inclusion complexes.

Q ]
H < 1
—0-5i-0-SI” "0 o R

o 9 L
(D (OH), ;> OH

Ii_ H . R=t-Bu
7 H (n=4) K (n=4)
(s G I (n=6) L (n=6)
J (n=8) M (n=8)

Figure 4: Representation of calix[6]arenes G-M
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[11-2-1-3. p-tButyl- and carboxylic acid substituted calix[6]arene derivatives

A p-tButyl-calix[6]arene (N, Figure 5) derivative grafted onto the silica surface with a spacer
was achieved by Xu et al.** in 1998. This SP allowed for improving the separation of substituted
benzene regioisomers, of PAHs, and some nucleosides.

The SPs based on p-tButyl-calix[6]arene containing carboxylic acid functions (O, Figure 5)
presented a reversed-phase behavior. The selectivity was higher than that obtained on a C18
column, and the mechanisms include hydrophobic interactions, dipolar interactions and

inclusion complex formation®.

X Y

o o ~ ™~
3 o] 0]
- - - | “m | “n
N CH,COOH CH;CONH{CH;)ENH{CH;];;Si[OMe]-,O—%
X=Y-= CH;CH(OI—DCH:O(CH;);Si(OH)2—§ m+n=6

Figure 5: Representation of calixarenes N and O

[II-2-1-4. Evaluation of commercial calix[n]arene derivatives

In order to elaborate a prediction model, Schneider and Jira®” analyzed 31 solutes of various
molecular structures using different mobile phase compositions. Seven commercial Caltrex®
SPs were studied: 6 based on calixarenes P-U and the last one a non-polar C18 (Figure 6). The
authors demonstrated that the retention, especially for polar compounds, depended on the

organic modifier and its amount in the MP.

o 7 o 7
(?Hz)a ((|3H2)3
5 s
Q Q
P n=4 S n=4
Q n=6 T n=6
R n=8 Un=8

Figure 6: Representation of the Caltrex® phases
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I11-2-2. Calix[6]arene derivative synthesis

During the second part of my internship in the LCO laboratory, University of Brussels, under
the supervision of Prof. I. Jabin, three calix[6]arene derivatives have been synthesized.

In order to better control the calixarene grafting onto silica particles, the monofunctionalization
was chosen. To bring some rigidity, the starting calix[6]arene derivative contained p-tBu
functions at the upper rim. Moreover, the grafting procedure of silica particles through an
amide linkage having already been developed for the synthesis of new polar embedded
aromatic SPs (l1l.1), the same strategy was applied here. Consequently, the requirement was to
have only one carboxylic acid function for the coupling with amino silica functions. Starting
from the p-tBu-calix[6]arene-tri-methyl (XsMesHs), three new calix[6]arene derivatives have

been synthesized during this work, following the synthesis route described in Figure 7.

Protection Alkylation
Ba(OH), CorCO
2 3
BuNCO BrCH,COOBu
———
—_—
OCM DMF
[¢]
Bac = lé)L J<
N XsMe;HBac, XsMe;Bac,CH,CO,Bu

tert-butylaminocarbonyl

R = -CH,COOH R = -CH,COOH

Acid deprotection Alkylation

NaH Chiral group

Br{CH)4CF
MeSO;H DMF 2halka
—

DCM

——

Cs,C04
BrCH,C(OINHCH(CH5)Ph
DMF

X;Me,CH,CO,H((CH,),CF,); or
XsMe;H,CH,CO,H XsMe;CH,CO,H(CH,C(O)NHCH(CH;)Ph),

Figure 7: Synthesis route for the calix[6]arene derivatives developed during this work

The bacation procedure developed by Lavendomme et al® was used to selectively
functionalize the calix[6]arene in 4 steps. First, two hydroxyl groups were protected for a
selective alkylation of the third one. After deprotection and hydrolysis of the ester group, three
different derivatives could be obtained. The p-tBu-calix[6]arene-mono-acid was obtained

when the hydroxyl groups are non-further functionalized.
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Also, two other calix[6]arene derivatives were obtained by alkylation of the two hydroxyl
groups. First, the aim was to enhance the hydrophobic character without adding sterically
hindered groups, so fluorinated groups was selected and led to the calix[6]arene derivative
(XsMe3CH>CO,H((CH>)sCFs),). Additionally, alkylation of the two hydroxyl groups with a chiral
reagent containing a bromine as leaving group led to the chiral calix[6]arene derivative
(XeMe3CH2COH(CH.C(O)NHCH(CH3)Ph)sy).

The characterization of the final products was achieved by NMR, HR-MS, IR and melting point

measurements. The reactions were followed by NMR and MS.

The NMR spectra of such macrocycles-especially when non-symmetric structures are obtained
after functionalization- can be extremely complicated. Such precise determination is out of the
scope of this work, but 1D and 2D NMR (Figure 8) were used to ensure a “just enough”

precision level to confirm the structure of the required final calix[6]arene derivative.

Interpretation with
HSQC andfor HMBC ||
spectra

THH

Homonuclear ‘

dqfCOSY
scalar coupling until J

HSQC edited

CH; (-) and CHICH; (+) & If the 'H (or 13G)

Heteronuclear signal is broad

TH-130

Figure 8: Scheme of the NMR strategy for the calix[6]arene derivatives structure determination

The experimental part of the syntheses is presented in Appendices.

Due to time restriction, the grafting of those derivatives onto silica particles has not yet been
achieved, but the bonding of 2 calix[6]arene derivatives provided by the I. Jabin's team and
possessing 6 carboxylic acid functions was achieved with Adeline Clergé during her Master 2

internship. Such study is reported on the following part.
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l11-2-3. Grafting rates of the calix[6]arene derivatives

The structures of the two calix[6]arene-hexa-acid derivatives grafted onto silica particles are
presented in Figure 9. The calix[6]arene derivative C was the “flexible version” of the A
calix[6]arene derivative. Indeed, p-tButyl groups generate steric hindrance that limit the
number of conformations. Also, B was taken as the “precursor” of those p-tBu-calix[6]arene

derivatives to study the cavity effect.

R =-CH,COOH

OR

Figure 9: Structures of the tert-butylphenoxyacid (B) and of the calix[6]arene-hexa-acid
derivatives (A, C)

The bonding of silica particles was achieved in 3 steps:

Functionalization of bare silica into aminosilica with a butyl spacer group
Coupling of the amino moieties with the acid functions of the calix[6]arene
End-capping

To compare those new SPs, a C18 SP was prepared on the same silica batch, as well as a tert-
butylphenoxyamide SP that corresponds to the basic unit of the calix[6]arenes studied (B,

Figure 9).

The graftings were done on FPP and on SPP, excepted for the calix[6]arene derivatives due to
the restricted amount of such costly final molecules. The grafting rates are presented in Table

1.
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Grafting rate on FPP | Grafting rate on SPP

Columns Structure (umol.m?) (umol.m?)
c18 g_O_T‘_(CHz)”CHS 3.8 3.3
|
Amino g—o—si- " nm, 2.6 2.9

t-butylphenoxyamide 54 51
+ End-capping Q ) )
%—o—sli/\/\u)l\/o

I
Calix[6]arene hexa- o 6
acid 5_0_3./\/\H)J\i%}y - 0.7

Calix[6]arene hexa- 6

acid t-Bu | j\/ P
E_O_T/\/\H 0

Table 1: Grafting rates for the functionalizations achieved on FPP and SPP

It has to be noticed that the grafting rates were similar whatever the silica support (FPP or SPP)
used. The grafting rates for the calixarene derivative were lower as such macromolecules can
generate steric hindrance limiting the access to the amino moieties onto the silica surface.
However, the grafting rates obtained were comparable to those reported in literature. For
instance, in 2016 Hu et al®® obtained 0.56 pmol.m™ for the grafting of a calix[4]arene ionic
liquid derivative. Also, the grafting rate was lower for the derivative containing t-Butyl functions

due to the steric hindrance of the t-Butyl groups.

l1I-2-4. Evaluation of stationary phases based on calix[6]arene derivatives

[11-2-4-1. LSER model

To evaluate the chromatographic properties of the SPs, the Linear Solvation Energy
Relationship (LSER) model was used, as presented in section (1.6.1.6). This model allowed for
obtaining the contribution of the different types of interaction involved in the retention
mechanisms according to Equation 1:

logk =c+eE+sS+aA+bB+vV Equation 1
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E is the excess molar refraction (calculated from the refractive index of the molecule) and
expresses polarizability contributions from n and p electrons; S is the solute
dipolarity/polarizability; A and B are the solute overall hydrogen-bond acidity (donating ability)
and basicity (accepting ability); and V is the McGowan characteristic volume. Model coefficient

c is a system constant or the model intercept term.

The terms E, S, A, B, and V are solute-dependent molecular descriptors. Each descriptor is
deliberately included in the LSER equation to account for a specific intermolecular interaction.
Lower case letters represent the coefficients of the model or system constants, related to the

complementary effect of the phases (solute, SP, MP) on these interactions.

Such analysis requires the selection of a solute range possessing various physico-chemical
properties that can describe adequately the diversity of the possible interactions during the
chromatographic process. It has to be noticed that the relevance of the description depends
on the quality of the set probes selected to take into account all types -as possible- of

interactions that can occur. Table 2 presents the LSER molecular descriptors for the 80 probes

selected.

Solutes Formula E S A B \'
Benzene CeHs 0.61 | 0.52 | 0.00 | 0.14 | 0.72
Toluene C/Hs 0.60 | 0.52 | 0.00 | 0.14 | 0.86
Ethylbenzene CsHio 0.61 | 0.51 | 0.00 | 0.15 | 1.00
Propylbenzene CoH12 0.60 | 0.50 | 0.00 | 0.15 | 1.14
Butylbenzene CioH14 0.60 | 0.51 | 0.00 | 0.15 | 1.28
Pentylbenzene Ci1Hie 0.60 [ 0.51 | 0.00 | 0.15 | 1.42
Hexylbenzene Ci2His 0.59 | 0.50 | 0.00 | 0.15 | 1.56
Heptylbenzene CisH2o 0.58 | 0.48 | 0.00 | 0.15 | 1.70
Octylbenzene CuaH2 0.58 | 0.48 | 0.00 | 0.15 | 1.84
Nonylbenzene CisHz4 0.58 | 0.48 | 0.00 | 0.15 | 1.98
Decylbenzene CisH26 0.58 | 0.47 | 0.00 | 0.15 | 2.13
Undecylbenzene Ci7Hzs 0.58 | 0.47 | 0.00 | 0.15 | 2.27
Dodecylbenzene CisHso 0.57 | 047 | 0.00 | 0.15 | 2.41
Cumene CoH12 0.60 [ 0.49 | 0.00 | 0.16 | 1.14
Naphthalene CioHs 1.34 | 092 | 0.00 | 0.20 | 1.09
Aniline CeH7N 0.96 | 0.96 | 0.26 | 0.41 | 0.82
N-methylaniline C-HgN 095 | 090 | 0.17 | 0.43 | 0.96
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N.N-dimethylaniline CsHaaN 096 | 0.81 | 0.00 | 041 | 1.20
Benzylamine C7Hg9N 0.83 | 0.77 | 0.15 | 0.72 | 0.96
Pyridine CsHsN 0.63 | 0.84 | 0.00 | 0.52 | 0.68
Benzamide C-H/NO 099 | 1.50 | 0.49 | 0.67 | 0.98
p-toluenesulfonamide | C;HoNO,S | 1.10 | 1.55 | 0.55 | 0.87 | 1.24
Caffeine CgH10N4O> | 1.50 | 1.72 | 0.00 | 1.28 | 1.36
Theophylline C7HsN4O2 | 1.50 | 1.60 | 0.54 | 1.34 | 1.22
Nicotinamide CeHsN20 1.01 | 1.09 | 0.63 | 1.00 | 0.93
Carbazole C12HgN 1.79 | 2.01 | 0.18 | 0.08 | 1.32
Quinoline CoH7N 1.27 | 0.97 | 0.00 | 0.54 | 1.04
1-naphtylamine CioHoN 1.67 | 1.26 | 0.20 | 0.57 | 1.19
o-toluidine C7Hg9N 0.97 | 092 | 0.23 | 0.45 | 0.96
p-toluidine C7HgN 0.92 | 095 | 0.23 | 0.45 | 0.96
m-toluidine C7Hg9N 095 | 095 | 0.23 | 0.45 | 0.96
Benzoic acid C7HsO2 0.73 | 0.90 | 0.59 | 0.40 | 0.93
Benzylic alcool C7/HsO 0.80 | 0.87 | 0.39 | 0.56 | 0.92
Acetophenone CgHsO 0.82 | 1.01 | 0.00 | 0.48 | 1.01
Nitrobenzene CsHsNO3 0.87 | 1.11 | 0.00 | 0.28 | 0.89
Chlorobenzene CeHsCl 0.72 | 0.65 [ 0.00 | 0.07 | 0.84
Benzophenone Ci3H100 145 | 1.50 | 0.00 | 0.50 | 1.48
Phenol CesHsO 0.81 | 0.89 | 0.60 | 0.30 | 0.78
Resorcinol CeHeO2 098 | 1.00 | 1.09 | 0.52 | 0.83
Hydroquinone CsHeO2 1.06 | 1.27 | 1.06 | 0.57 | 0.83
Pyrogallol CeHsO3 1.17 | 135 | 1.35 | 0.62 | 0.89
B-naphtol Ci0HsO 152 | 1.08 | 0.61 | 0.40 | 1.14
o-xylene CsHio 0.66 | 0.56 | 0.00 | 0.16 | 1.00
p-xylene CsHio 0.61 | 0.52 | 0.00 | 0.16 | 1.00
m-xylene CsHio 0.62 | 0.52 | 0.00 | 0.16 | 1.00
o-cresol C7HsO 0.84 | 0.86 | 0.52 | 0.30 | 0.92
m-cresol C7/HsO 0.82 | 0.88 | 0.57 | 0.34 | 0.92
p-cresol C7/HsO 0.82 | 0.87 | 0.57 | 0.31 | 0.92
2.4-dimethylphenol CsH100 0.84 | 0.80 | 0.53 | 0.39 | 1.06
2.6-dimethylphenol CgH100 0.86 | 0.79 | 0.39 | 0.39 | 1.06
p-isopropylphenol CoH120 0.79 | 0.89 | 0.55 | 0.38 | 1.20
o-chlorophenol CsHsCIO 0.85 | 0.88 | 0.32 | 0.31 | 0.90
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m-chlorophenol CsHsCIO 091 | 1.06 | 0.69 | 0.15 | 0.90
p-chlorophenol CeHsCIO 092 | 1.08 | 0.67 | 0.20 | 0.90
o-nitrophenol CsHsNO3 1.02 | 1.05 | 0.05 | 0.37 | 0.95
m-nitrophenol CsHsNO3 1.05 | 1.57 | 0.79 | 0.23 | 0.95
p-nitrophenol CsHsNO3 1.07 | 1.72 | 0.82 | 0.26 | 0.95
Methyl benzoate CgHsO> 0.73 | 0.85 | 0.00 | 0.46 | 1.07
Ethyl benzoate CoH1002 069 | 0.85 | 0.00 | 046 | 1.22
Propyl benzoate C10H1202 0.68 | 0.80 | 0.00 | 0.46 | 1.35
Butyl benzoate C11H1402 0.67 | 0.80 | 0.00 | 0.46 | 1.50
Methylparabene CsHgO3 090 | 1.37 | 0.69 | 045 | 1.13
Propylparabene C10H1203 0.86 [ 1.35 | 0.69 | 0.45 | 1.41
Biphenyle Ci2H1o 136 | 0.99 | 0.00 | 0.26 | 1.32
Fluorene CisHio 1.59 | 1.06 | 0.00 | 0.25 | 1.36
Phenanthrene Ci4H10 2.06 | 1.29 | 0.00 | 0.29 | 1.45
Anthracene Ci4H10 229 | 1.34 | 0.00 | 0.28 | 1.45
9-methylanthracene CisH12 2.02 | 1.28 | 0.00 | 0.23 | 1.60
Fluoranthene CisH1o 2.60 | 1.52 | 0.00 | 0.25 | 1.58
Triphenylene CisH12 271 | 1.66 | 0.00 | 0.29 | 1.82
o-terphenyl CisHia 2.00 | 1.18 | 0.00 | 0.30 | 1.93
p-terphenyl CigHis 2.04 | 1.48 | 0.00 | 0.30 | 1.93
Salicylic acid C/HeO3 0.89 | 0.84 | 0.71 | 0.38 | 0.99
Paracetamol CgHsNO32 1.06 | 1.63 | 1.04 | 0.86 | 1.17
Quinine Co0H24N202 | 2.47 | 1.23 | 0.37 | 1.97 | 2.55
2-pentanone CsH100 0.14 | 0.68 | 0.00 | 0.51 | 0.83
3-pentanone CsH100 0.15 | 0.66 | 0.00 | 0.51 | 0.83
Citral C10H160 0.49 | 0.84 | 0.00 | 0.50 | 1.45
B-ionone Ci3H200 0.88 | 0.90 | 0.00 | 0.50 | 1.76
Geraniol C10H180 0.51 | 0.63 | 0.39 | 0.66 | 1.49

Table 2: LSER molecular descriptors for the 80 probes™®

Few studies used LSER to investigate the chromatographic properties of calixarene based SP
used in HPLC. An exception is the study published in 2006°', in which the retention
characteristics of p-tert-butylcalix[4]arene-bonded and three other silica-based phases have
been elucidated using LSER. The retention of solutes on all the silica-based phases were
dominated by two factors: the solute size and hydrogen bond acceptor basicity. But, for p-tert-

butylcalix[4]arene-bonded phase, the main factor governing retention was the solute size.
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Contrary to the common RP-SPs, the s coefficient was small but positive, as the r coefficient
that traduced greater m-Tt interactions. In general, the LSER results and interpretations
suggested that, on the for p-tert-butylcalix[4]arene-bonded phase, the retention mechanism

was mainly partitioning.

To compare our SPs, the logarithm of the retention factors were represented according to the
logarithm of retention factors of the C18 SP. Values grouped along the linear regression line
(R? close to 1), indicate that the retention factors are similar on the two SPs, so that the
interactions involved were of similar nature. Additionally, the slopes gave information on the
interaction mechanisms involved (homogeneous vs different).

As illustrated in Figure 10, R*=0.8893 and the slope is 0.4175 for the logarithms of the retention

factors for the t-butylphenoxyamide and C18 SP, respectively.
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Figure 10: Representation of the correlation between the logarithms of the retention factors for
the t-butylphenoxyamide and C18 columns respectively. Analytical conditions: 150 x 2.1 mm x
3.0 um (FPP), ACN/H>0 80/20 (v/v) 0.20 mL/min, 30°C, A = 254 nm or 210 nm for non-
aromatic solutes.
For the calix[6]arene hexa-acid SP that did not possess t-butyl groups exhibiting
hydrophobicity, the slope was lower (0.3746). Additionally, the correlation coefficient was the
lowest and points were more scattered (Figure 11, A). On the contrary, the calix[6]arene hexa-
acid t-Bu presented a behavior closer to that of the C18 SP (R 2 = 0.8727 and a slope of 0.4162
in Figure 11, B). Furthermore, the t-butyl groups generate steric hindrance that limit the

number of conformations, and so modify the establishment of interactions such as the

formation of inclusion complexes'” (host-guest).
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Figure 11: (A) Representation of the correlation between the logarithms of the retention factors
for the Calix hexa-acid and C18 SP, respectively and (B) for the Calix hexa-acid t-Bu and C18
SP, respectively. Analytical conditions: 50 x 2.1 mm x 2.6 um (SPP), ACN/H>0 60/40 (v/v), 0.08
mL/min for the Calix hexa-acid and Calix hexa-acid t-Bu columns. 50 x 2.1 mm x 2.6 um
(SPP), ACN/H-0 80/20 (v/v), 0.08 mL/min for C18 column, 30°C, A =254 nm or 210 nm for
non-aromatic solutes.

Additionally, West et al.*® identified flexibility and globularity as two important properties for
enantioselective chromatography, which were not included in the Abraham descriptors E, S, A,
B and V. Flexibility is important for chiral resolution because flexible molecules have more
conformers, thus more ways for intermolecular interactions. Globularity can be related to steric
constraints to insertion into the SP. For that purpose, they added two terms, f and g, to take

into account flexibility and globularity.
As calixarenes are macrocycles possessing a cavity, we also used the extensive model

proposed*® without significant improvements of the retention description. Consequently, only

the Abraham terms are presented in Table 3.

Stationary Phase C e s a b v n R%.qj F Pr>F

C18 -0.552 | 0.285 | -0.687 | -0.406 | -0.672 | 0.861 | 77 | 0.864 | 97.25 | < 0.0001
0.1719 | 0088 | 0.129 | 0.104 0.100 | 0.078

t-butylphenoxyamide | -0.684 | 0.114 | -0.136 | 0.035 | -0.656 | 0451 | 76 | 0.901 | 138.21 | < 0.0001
0.047 | 0.036 | 0055 | 0.039 | 0.050 | 0.031

Calix hexa-acid -1.063 | 0.201 | -0.020 | 0.096 | -0.953 | 0.559 | 74 | 0.931 | 196.86 | < 0.0001
0.051 | 0.039 | 0059 | 0.043 0.054 | 0.033

Calix hexa-acid t-Bu | -0.658 | 0.076 | -0.129 | 0.029 | -0.796 | 0.719 | 73 | 0.943 | 240.45 | < 0.0001
0.051 | 0038 | 0.058 | 0.043 0.053 | 0.033

Table 3: Coefficients values obtained for the LSER model of each stationary phase, with n the
number of solutes, R%q; the adjusted correlation coefficients, F the statistics of the Fisher test,
Pr>F the probability for the Fisher test and the italic values the confidence limits at 95%.
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An adjusted coefficient value R%adj close to 1 showed that the different coefficients bring a
significant contribution to the model. In this study, the values ranged from 0.864 to 0.943,
validating the choice of solutes. This was also confirmed by the Fisher test, as the probabilities
associated to each F were lower than 0.0001, meaning that the probability to be wrong was

inferior to 0.01%.
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Figure 12: Representation of the system constants from the multiple linear regression of
Equation 1. Analytical conditions: 50 x 2.1 mm x 2.6 um (SPP), ACN/H;0 60/40 (v/v) for the
Calix hexa-acid and Calix hexa-acid t-Bu columns, 0.08 mL/min, 30°C, 254 nm or 210 nm for

non aromatic solutes. 150 x 2.1 mm x 3.0 um (FPP) ACN/H-O 80/20 (v/v) for C18 column and
the t-butylphenoxyamide column, 0.20 mL/min, 30°C, 254 nm or 210 nm for non-aromatic
solutes.

Each coefficient represents the difference, for a specific type of interaction, between the solute-
SP interactions and solute-MP interactions. A coefficient close to O signifies that the interaction
with the solute is of the same order as the SP-MP interactions.

In general, b and v were the most important coefficients, which is consistent with the chemical
nature of the SPs. Also, in RPLC the mobile phase is more polar than the stationary phase. The
b coefficient was negative for all the SPs suggesting a better ability of the MP to elaborate
hydrogen bonds than the SP (Figure 12).

Conversely, the v coefficient relating the hydrophobic selectivity was positive for all the SPs,
meaning that the interactions solute-SP were stronger than those SP-MP. So, the higher v value
was obtained for the C18 SP. Also, the calix hexa-acid t-Bu containing t-butyl groups that

reinforces its hydrophobic character, the v coefficient was higher than for the calix hexa-acid.
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However, this value was lower for the SPs containing an amide group because it favored the
incorporation of solvent molecules and decreased the hydrophobicity of the SPs. Therefore,
the formation of cavity became more complicated and lead to a decrease of the v term*. The
a coefficient was important only for the C18 SP. This negative value indicates that the SP does
not interact via hydrogen-bonds for acidic solutes, which is consistent with the nature of the
SP. The negative sign signifies that the polar solutes interact preferentially with the MP that is
more polarizable than the SP. Also, the C18 SP is the less polarizable than the 3 others.

Finally, the e coefficient was positive but less significant for all the SPs. However, this value was
lower for the SPs that contained aromatic cycles, which can be due to acetonitrile adsorption

that decreased the specific -1t interactions.

[11-2-4-2. Symmetry evaluation

To evaluate the ability of the different SPs to provide thin and gaussian peaks, the symmetry
factors were calculated according to Equation 23 and are gathered in Table 4 and represented

in Figure 13.

d(TF;1) = \Jo?rp + (TF — 1)? Equation 2
With TF, the average symmetry factors and or, the standard deviation of the symmetry factors
average.

The parameter d(TF;1) takes into account the gap existing between the tailing factor of each
compound from the studied set and the perfect symmetry (value 1). The lower this value, the
more satisfying the stationary phase is. With this parameter, a classification of stationary phases

according to their symmetry factor can be made.
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Figure 13: Scattergrams of the different SPs

Stationary phase TF oTF d(TF;1)
c18 1.221 0.186 0.289
t-butylphenoxyamide 1.261 0.177 0.316
Calix hexa-acid 1.429 0.327 0.540
Calix hexa-acid t-Bu 1.370 0.244 0.441

Table 4: Symmetry parameters of the studied columns. Analytical conditions: 50 x 2.1 mm x
2.6 um (SPP), ACN/H>0 60/40 (v/v) the Calix hexa-acid and Calix hexa-acid t-Bu columns, 0.08
mL/min, 30°C, 254 nm or 210 nm for non-aromatic solutes. 150 x 2.1 mm x 3.0 um (FPP)
ACN/H;0 80/20 (v/v) for C18 column and the t-butylphenoxyamide column, 0.20 mL/min,
30°C, 254 nm or 210 nm for non-aromatic solutes.

The C18 and t-butylphenoxyamide SPs presented the best average symmetry factors. Higher
values (around 1.4) were obtained for the calixarene based SPs, due to adsorption phenomena
causing peak tailing. The latter being attributed to hydrogen bond interactions between the
polar solutes and residual silanols and /or acid functions of the selector and/or ion interactions
depending the pH with amino functions. Especially, the most important distortions (tailing
peaks) were noticed for bases such as aniline derivatives, or solutes such as pyrogallol that

contain hydroxyl groups.

It has to be noticed that the calix[6]arene derivatives grafted here onto aminosilica particles

contained six carboxylic acid functions. No wunivocal analysis allowed for a precise
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determination of the number of linkage point to aminosilica per calixarene unit. Consequently,
several carboxylic acid units must be free and depending on the pH, ion exchange with the
basic solutes can occur. The pH effect has not been studied yet, but is one of the prospects of

this study.
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Conclusion and prospects

The final purpose of this thesis was to develop a wide range of SPs covering a wide panel of
selectivity. These various SPs are presently used with promising results and original selectivity
in the analysis of various matrices in the field of healthcare (doping issue, Hospital of Geneva),
of environment (analysis of polycyclic aromatic hydrocarbons) and of heritage (Collaboration
with the Centre de Recherche et de Restauration des Musées de France on the anthraquinone
derivatives analysis).

This research work was articulated around three main topics summarized in the representation
below: the pretreatment and the functionalization of the superficially porous particles, the
complete characterization of the modified silicas by a complementary set of techniques, and
finally the performance evaluation of the packed columns. Especially, the kinetic performances
were evaluated by use of the kinetic plots and various tests were used to study the retention
mechanisms and the interactions involved during the chromatographic process, depending on

the type of Stationary Phase (SP).
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Summary of the development and the evaluation of the stationary phases

The first part of this work was devoted to the development of a fast, robust, and efficient
grafting method on superficially porous particles. Organosilanization under microwave
irradiations allowed to obtain stationary phases exhibiting as good chromatographic
performances as those prepared under the conventional synthetic process, but ten times faster

(Article 1 (11.1.1)).
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After having adjusted the experimental protocol of C18 grafting, we demonstrated that
different C18 stationary phases can be obtained from the same silica batch, functionalized with
the same grafting procedure, by adjusting the pretreatment temperature (Article 2 (11.2.1)).
Chemometric approaches such as HCA were considered to group the columns by family and
to make a comparison between the home-made SPs and the commercial ones. In particular,
the specific behavior of the C18-900°C pretreated phase was highlighted in Article 3 (11.2.2) for
the resolution of PAHs isomers.

Another set of columns for HILIC mode was obtained only by adjusting the pretreatment
temperature of silica (400, 525, and 900°C). The kinetic performances by means of kinetic plots,
and the thermodynamic properties of the three novel columns were evaluated during an
internship with Prof. Jean-Luc Veuthey and Dr. Davy Guillarme, LCAP, Université de Genéve,
and led to Article 4 (11.2.3).

In addition to C18 and HILIC SPs, two new polar embedded stationary phases were synthesized
and solid state NMR allowed to differentiate the mono- from the trifunctional structures by
unambiguous identification of the specific chemical shifts (Article 5 (lll.1)). The collaboration
with the quantum chemist Dr. V. Tognetti allowed for modeling the overall structure (silanol +
alkyl chain + PEG + aromatic units) with a modern functional/basis set combination and
considering the solvent effect.

In view of obtaining shape selectivity SPs, original ligands based on calix[6]arene derivatives
have been synthesized during the second part of the internship with Prof. lvan Jabin, LCO,
Université Libre de Bruxelles (lll.2). Each one was fully characterized by NMR, mass
spectrometry, and infrared spectroscopy. Those macrocycles contain one carboxylic acid

function that allows for grafting onto SPPs.

As a perspective, the complete study of the chromatographic properties of the SPs based on
calix[6]arene derivatives possessing only one acidic function has to be performed. As the three
derivatives synthesized during m