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A density functional approach to the retention in a chromatography with chemically bonded phases
is developed. The bonded phase is treated as brush built of grafted polymers. The chain molecules are
modelled as freely jointed spheres. Segments of all components interact with the surface via the hard wall
potential whereas interactions between the segments are described by Lennard-Jones (12-6) potential.
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Keywords:

Density functional theory
Theory of chromatography
Bonded phases

Reversed liquid chromatography

phases is determined. An influence of the following parameters on the retention is analyzed: the grafting
density, the grafted chains length, the strength of molecular interactions, the solute sizes, temperature.
The theoretical predictions are consisted with numerous experimental results.
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1. Introduction

Reversed-phase liquid chromatography is a method of choice for
analytical separation of low molecular weight samples and the goal
of numerous investigations has been to improve the selectivity and
efficiency of the chromatographic separations. The important step
towards optimization of the process is understanding the mech-
anism at the molecular level. The mechanism of the retention has
been a matter of debate in the literature. One of the major and long-
standing problems is whether solute molecules are retained by a
partitioning or by an adsorption-like process. In the “partitioning”
model the solute is fully embedded within the bonded phase and
is surrounded almost exclusively with polymer segments. Accord-
ing to the “adsorption” model solute molecules adsorb onto the
surface of the polymer film. In this case the solute molecules are
in contact with the chain segments but are not fully embedded.
However, recent theoretical and experimental investigations show
that a real picture of the retention is much more complicated
[1-3].

In the simplest model the stationary phase is treated as an amor-
phous fluid medium resembling the bulk polymer phase [4]. The
retention is described as due to partitioning between two liquid
phases or adsorption on modified surfaces. However, the grafted
chains are constrained by the interface and cannot explore all possi-
ble conformations. The interfacial constraints cause that the grafted
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chains exhibit partial alignment of the chain normal to the surface.
In other words, the grafted chains are more ordered than chains in
the bulk phase. Several theoretical approaches to the solute reten-
tion in such systems were based on the lattice models of bonded
phases and solutions [1,5-8]. The effects of chains organization in
the stationary phase have been approximately taken into account in
the Martire and Boehm theory [5]. Their approach neglects the vari-
ation of chain configurations with distance from the surface. They
have assumed a uniform composition and density in the bonded
phase. In that model the first segment is anchored at the solid
surface, while the last segment is fixed in the layer adjacent to
the mobile phase. This theory overestimates the ordering in the
stationary phase.

More realistic model was introduced by Dill and coworkers
[1,6]. Their theory predicts that the ordering of the bonded phase
varies with a distance normal to the surface but the segment
density profile is prefixed. The distribution of solute molecules
in the stationary phase is found from thermodynamics. Dill and
coworkers [1,6] assumed that solvent is absent in the bonded
phase. Both these theories confirm a strong correlation between
liquid/liquid partitioning and retention in reversed phase liquid
chromatography. Fleer et al. [9] presented the general method
to describe various interfacial systems involving polymers. The
main idea behind their method is that the description of an inho-
mogeneous system of many interacting molecules is reduced to
the problem of determining the statistical weight of chain con-
formations in an external potential field. They considered two
conjugated functions, the density profiles and the potential pro-
files. In the self-consistent approach there are rules governing
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how to obtain density profiles from the potentials and inversely.
The self-consistent solution is achieved when these conjugated
profiles becomes consistent each other. This theory was applied
to study of the retention process in the reversed-phase lig-
uid chromatography [7,8]. In this model all the components,
including grafted chains, can adjust their densities to local con-
ditions. Both solutes and solvents are assumed to be flexible
oligomers.

The lattice-off models of bonded phases have been mainly
used to study their structure [10]. One can distinguish several
groups of theoretical approaches to the description of the systems
involving polymer brushes, namely, phenomenological treatments
[11,12], classical self-consistent field theory [13-16], single-chain
mean-field method [17-19] and density functional theory [20-30].
Adsorption on the polymer brushes was relatively less investigated
[29,30].

Numerous computer simulations have supplemented theoret-
ical studies. Molecular dynamic simulations were performed for
the systems without explicitly involved solvents [31-34], as well
as for the systems containing water/methanol or water/acetonitrile
mixture as the mobile phase [35-37]. The important series of
articles devoted to Monte Carlo simulations of the retention has
been recently published by Rafferty et al. [38-41]. They have
presented the results obtained for the quite realistic models of
the selected chromatographic systems. Their methodology makes
possible the systematic study an influence of different param-
eters on the structure of the stationary phase and the solute
retention.

The nature of chemically bonded phase considerably affects
chromatographic separation. Therefore, structural and dynamic
properties of alkyl stationary phases are intensively investigated
using various spectroscopic techniques, including Raman [42-47],
nuclear magnetic resonance [48-50], fluorescence [51,52], sum-
frequency generation [53] spectroscopes and small angle neutron
scattering [54].

In this work we propose density functional approach to the
retention in chromatographic systems with chemically bonded
phases. We extend the approach proposed in our previous papers
[29,30]. We consider here sorption of a mixture of short linear
chains on polymer brushes. We demonstrate that the proposed
theory allows one to predict the salient features of the retention.
The paper is arranged as follows. In the next section we introduce
the model, discuss its limitations and describe briefly the theory.
The results are presented and discussed in Section 3. Finally, we
summarize the conclusions and show perspectives of future inves-
tigations. The computational method is described in Appendix A.

2. Theory
2.1. General formulation

We consider a two-component mixture of short linear chains
in contact with a modified substrate. The surface is covered by
chemically bonded phase, i.e., by the film of preadsorbed polymer
molecules (labelled as “1” in what follows). We treat the system as
a ternary mixture of polymeric chains, where the components k =2
and 3 are solutes. All the polymers are represented by tangentially
jointed spherical bead chains. The chain connectivity is enforced
by the bonding potential between nearest-neighbor segments Vs,
given by [23]:

k
exp[ ﬂVB Rk ]_ H 3w
4m(o)®

i=1

(1)

where Ry = (rq, 1, -+, Ty, ) is a vector specifying segment posi-
tions for the kth component, o(®) and M, are, respectively, the

segment diameter and the number of segments for the kth com-
ponent; 8~1 =kpT stands for the Boltzmann constant multiplied by
the absolute temperature.

Each polymer molecule of the chemically bonded phase contains
one surface-binding segment located at its end (indexed as “1”) that
interacts with the wall via the potential:

(1)
expl—usi (2)] = 8 (z - "2> : )

where z is a distance from the surface, §(z— 0{1)/2) is the Dirac

function and Cis a constant. This potential implies that the surface-

binding segments lie always at the distance z=0(1)/2 from the

surface. The remaining segments of the grafted molecules (j=2, 3,
., M1) are “neutral” with respect to the surface.

The hard-wall potentials are assumed for the interactions
between the wall and “neutral” segments of the chemically bonded
phase and for the interactions between segments of both compo-
nents of the adsorbed mixture and the substrate:

(k)
(k) _Joo z=<0 /2
viz) = {0 otherwise * (3)

We assume the Lennard-Jones type interactions between all
segments. Because of computational reasons we split these inter-
actions into the repulsive (reference) and attractive (perturbation)
parts according to the Weeks-Chandler-Anderson scheme [55]:

kl) kI
uk(r) = ulg)(r) + uge (1), (4)
The repulsive term is approximated by the hard-sphere potential
(kI
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where r=|rj|=|r; —
spherical segments
2,3.

The attractive part is given by

rj| is the center-to-center distance between
“i” and “j”, where oK) =0.5(c(®) +o), k, I=1
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where u(k )(r) is the Lennard-Jones potential:
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and where £ is the Lennard-Jones energy parameter. In the work
we use the energy parameters &(k) expressed in units of thermal
energy kgT, namely, we assume that k) = gk [k, T. We take the
diameter of the grafted chains o(!) as the unit of the length.

We define the segment density as p{ = Myp®), where
oK) =N,V is the number density (N is a number of molecules of
the kth component, V is a volume). The segment density is a sum
of densities of individual segments pg‘i) :

A ngkg ®

We assume that the grafting density p1 =N;/A (where Ny is a num-
ber of grafted chains and A denotes the surface area) is fixed. This
means that the density of the first segment near the surface also
remains fixed pm o1)/2) = const. In real systems the maximum
bonded phase density is roughly 4 umol/m? (or 41.5 A2 /chain). This
corresponds to the grafting density p; ~0.36 (with o(!) = ocy, ~
0.9A)in our model.
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The considered fluid is in equilibrium with the reservoir contain-
ing only molecules of solutes, S=k=2, 3, where the bulk densities
(bulk segment densities) are equal ,oék) (pg;)). The chemical poten-
tials of components are equal «(2) and (3.

In the interfacial system the local densities depend on the dis-
tance from the surface. Our aim is to determine the density profiles
of all components. For this purpose we have extended the density
functional theory developed by Yu and Wu [23-26]. This approach
is based on the fundamental measure theory of Rosenfeld [56] and
the first-order perturbation theory of Wertheim [57]. The compu-
tational scheme used in this work is described in Appendix A.

We can use the model presented above to the chromato-
graphic system consisting of the chemically bonded phase (“1"),
the solute (“2”) and the solvent (“3”). However, in analytical
applications of chromatography the concentration of a sample
is infinitely low while the mole fraction of the solvent is very
high. In such a situation an accuracy of numerical determination
of the solute density profiles can be unsatisfactory. An attempt
to solve this problem has been postponed to our future work.
Instead, we adapted our method to the so-called “continuum-
solvent” model.

According to this concept all molecular species are immersed
in a continuous medium that moderates molecular interactions in
the system. We treat both components “2” and “3” as the solutes
which densities are low and comparable. The parameter char-
acterizing interactions between grafted polymer segments (g(11))
is used for modeling the solvent conditions. For “good solvents”
the segment-solvent contacts are more favorable than contacts
between segments of grafted chains. Notice that for &(1)=0 the
net segment-segment interactions are repulsive. In “poor solvent”
the effective interactions are attractive and can even lead to par-
tial collapse of chains. We model such conditions assuming high
values of (1), In the same way interactions of the solutes with
the grafted chains can be controlled (via the parameters £(¥1)), This
leads to considerable limitation of a number of system parameters.

In our theory the principal driving force for the retention is an
attraction of the solute by the polymer chains. This approach is con-
sistent with the results published by Ranutuga and Carr [58]. They
have analyzed the thermodynamic functions estimated from the
experimental data and came to conclusion that the retention is due
mainly to enthalpy dominated liopophilic interactions of solutes
with the stationary phase.

Each theory is based on a simplified model that mimics a real
process. The model should be as close to reality as possible, but
tractable theoretically. The model involves only the most important
parameters characterizing the system. However, to a great extent, a
choice of these parameters is intuitive. An agreement of theoretical
results with relevant experiments should be the final test for the
model.

Now, we would like to discuss assumptions introduced in our
model. We begin with discussion the simplifications connected
with the bonded phase. First of all, we use a very simple model of
polymer molecules. The bonds between tangentially jointed spher-
ical monomers have fixed length and are allowed to rotate freely.
In other words, this is an idealization which neglects the torsional
rigidity of polymer backbone bonds. Despite this simplification the
model can give an accurate coarse-grained description of the large
scale properties of real polymers. However, the “effective segment
size” has to be adjusted carefully. Such a coarse-grained segment
is always larger than monomer (it usually corresponds to at least
2.5 real monomers). The chromatographic bonded phases contains
relatively short alkyl chains. On this length scale the use of this
concept is not sufficiently justified. Therefore, we assume that the
monomer - the segment of a chain - corresponds, more or less, to
one methylene group.

In real chemically bonded phases the grafted ends of poly-
mers are strictly fixed at active sites on the wall. In our model
the chains are only forced to being at a certain distance from
the surface. These chains are “annealed” on the surface but they
can move within the xy-plane. Actually, the model corresponds
to the strong physical adsorption of polymers. This model is con-
siderably easier to handle theoretically. Using the implemented
computational method one obtains only average segment den-
sities of grafted chains in the xy-plane. Molecular simulations
performed for the “anchored” and “annealed” chains have shown
that for relatively dense bonded phases their density profiles
differ only slightly [29,59]. Moreover in real systems polymers
are grafted to the surface via siloxane bridges. Apart from the
grafted chains, there are short branches, typically methylene
groups, at the anchoring points. We do not take into account
the structure of such bonding groups. In the model attractive
interactions of all components with the solid surface are also
neglected.

In the reversed phase chromatography binary solvents are usu-
ally used. The continuum-solvent model used in this work is a crude
approximation of the real mobile phases. It is well-known that the
retention depends strongly on a composition of the mobile phase.
These effects cannot be analyzed explicitly in the framework of
the continuum-solvent model. However, assuming different values
of the energy parameters for different mixed solvents one can, to
certain degree, take into account the composition of the mobile
phase. Nevertheless, it is the most important limitation of this
work.

Moreover, typical mobile phase are aqueous solutions with
organic modifiers. In such solutions hydrogen-bonding interactions
play a considerable role. These interactions are neglected in the
model.

We focus our attention on arole of stationary phase in the reten-
tion process. The stationary phase contribution is almost ignored
in a very popular solvophobic theory [60,61]. This model is based
on the premise that the net interactions in the mobile phase are
more significant than those in the stationary phase. On the con-
trary, on our approach the retention is dominated by interactions
in the bonded phases. We will show that numerous important fea-
tures of the retention can be interpreted in the framework of our
theory.

2.2. Chromatographic systems

According to the model discussed above the whole system is
treated as one phase. The densities of adsorbed species gradu-
ally change with the distance z from the surface and tend to
their bulk values for z large enough. In order to apply the the-
ory to the retention process, it is necessary to divide formally
the systems into two phases: the stationary phase (surface phase)
and the mobile (bulk) phase, because the distribution of solutes
between these phases is an essence of chromatographic sepa-
ration. However, the location of the dividing surface is rather
arbitrary and several method for its estimation have been proposed
[1,5,7,39,40,62].

In chromatographic experiments the observed retention is cus-
tomary expressed as the retention factor kg, which is the number
of solute molecules (“S”) in the stationary phase divided by the
number of solute molecules the mobile phase. The retention factor
ks is related to thermodynamically significant distribution ratio ks,
defined as the corresponding ratio of solute concentrations in the
two phases:

(S)

Ks = P, (9)
Py




714 M. Boréwko et al. / J. Chromatogr. A 1218 (2011) 711-720

where pgfgt is the average solute density in the stationary phase

and pgs) is its density in the mobile (bulk) phase (S=k=2,

3)
1 hs
Putae = 1. / pO(z)dz (10)
0

and z = hs denotes a position of the dividing surface.
The retention factor is given by

K, = Ks®, (11)

where @ is the phaseratio, i.e., the ratio of the volumes of stationary
and mobile phases:

Vi Ve h
Vm  (V—Vm)  (h—hs)

where Vs (hs), Vim (hm) and V (h) are the volumes (the thick-
nesses, h=V/A) of the stationary phase, the mobile phase and the
total volume of the system (the column length), respectively. The
phase ratio depends on various system parameters, such as the
chain length, the nature of the eluent, the grafting density and
temperature. A comparison of the experimental kg value with the-
oretically derived the distribution ratios Ks needs to take into
account possible changes in the phase ratio @ with the sys-
tem variables. However, the optimal experimental determination
of the phase ratio has been a matter of numerous discussions
[1,5,7,39,63].

The volume of the mobile phase is much larger than the vol-
ume of the stationary phase, so Vi > Vs (hm > hs). Therefore,
the relative changes in the volume of the mobile phase are
small and (h - hs) is approximately constant (c=1/(h — hs)). Fol-
lowing Bohmer et al. [7] we define the “reduced” retention factor
as:

= = chs, (12)

/

kS
k5=h5K5= ? (13)

The “true” retention factor kg is proportional to the reduced
retention factor ks. The value of the constant c depends on the char-
acteristics of chromatographic column while the parameter hs is
an equilibrium property of the grafted layer. Because the boundary
between mobile and stationary phases is not sharp, the thickness
of stationary phase hs must be defined explicitly. Bohmer et al. [7]
assumed that h; is equal to the hydrodynamic layer thickness that
can be calculated in terms of theory given by Scheutjens et al. [63].
Combining Egs. (9)-(13) we obtain the following expression for the
reduced retention factor:

hs
1

ks = W/ p5N(z)dz. (14)
pb 0

In this work we assume that the dividing surface is located at the
distance from the surface at which the local density of adsorbed
fluid differs from its bulk value no more than 1%. This choice is
explained below.

3. Results and discussion
3.1. Structure of the bonded phase

We start with the analysis of the structure of chemically bonded
phases in different systems. We assume that the “effective height”
of the brush (D) is treated as the stationary phase thickness (hs).
Fig. 1 shows the density profiles of end-grafted chains for different
chain lengths, grafting densities and energies of segment-segment
interactions. All profiles have Dirac delta peaks at z=0(1/2, which
correspond to the pinned segments, these peaks are cut in Fig. 1.

R

08

(n

o 0.6

(1)

e 04

0.2

Fig. 1. Total segment density profiles of the chemically bonded phase. Parameters:
(a) ek =033, (k, 1=1, 2, 3; $=2, 3), M1 =8, M=3, M3=1, p}’ = p¥) = 0.05 and
p1=0.1(the solid line), 0.2 (the dashed line), 0.3 (the dotted line); (b) p1 =0.2, M; =8
and (1) = 0.4 (the solid line), e'") = 0.004 (the dotted line), M; = 14 and £(1") = 0.4 (the
dashed line), and £(11) =0.004 (the dotted—dashed line).

The graphical symbols in Fig. 1a indicate the profiles for the highest
and the lowest surface coverages. One see that an increase of graft-
ing density causes a considerable rise of the brush height. Because
of entropic effects the chains are repelled from the surface and they
become more stretched. For low grafting densities polymer density
profiles achieve maximum and then decrease almost monotoni-
cally when a distance from the surface increases. In the case of
dense bonded phases the liquidlike structures with peaks corre-
sponding to successive layers of polymer segments are observed.
The influence of attractive segment-segment interactions on the
structure of polymer film is shown in Fig. 1b. As it has been
already mentioned, the attractive interactions between polymer
segments (£(11)) mimic the “poor solvent regime”. The attractive
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Fig. 2. Density profiles of individual segments of grafted chains. Parameters:
=033, (k,1=1,2; S=2), M1 =8, Mz =2, p>) = 0.01, and p; =0.15.

segment-segment interactions lead to folding the chains and the
brush height decreases. This effect is more visible for longer chains.
However, under assumed conditions the changes in the structure of
bonded phase are not drastic. The phase collapse is not observed.
This is in accordance with the spectroscopic studies which have
not shown considerable solvent-induced conformational changes
of bonded chains [42-44].

Further information about the structure of the bonded phase is
provided by an analysis of profiles of particular segments (Fig. 2). In
a completely stretched chain the segment numbered as n is located
at the distance (n+1/2)o(1). For the considered system the maxi-
mum of the segment density is considerably shifted towards the
solid surface. The distance between these two positions increases
with increasing segment number. This suggests that parts of chains
immediately connected with the bonding segment have a larger
preference to align themselves perpendicularly to the surface.
However, the “chain tails” take on the folded configurations. One
can say that the chain order is smallest near the free ends where
numbers of normal and lateral bonds are similar. The conclusions
following from the above discussion are consistent with the gen-
eral trends supported by numerous experimental measurements
[42-54]. In our previous papers [29,30] we have shown that the
theoretical profiles of bonded phases approximated the results of
Monte Carlo simulations with a very good accuracy. Summarizing,
one can state that the density functional theory quite well predicts
the structure of bonded phases.

3.2. Distribution of the solute in the stationary phase

The density profiles of selected solutes and different bonded
phases are presented Figs. 3-5. All calculations were performed
for solutes built of the segments of the same size (¢3) = o(2) = g(1)),

The influence of the grafted chain length and the grafting density
on the distribution of spherical solute molecules within the bonded
phase is shown in Fig. 3. The “effective height” of the brush depends
upon the grafting density. We have found that for shorter chains
(Fig. 3a) the effective heights are Dog=4.35 and D, = 4.45, whereas
for longer grafted chains (Fig. 3b) they are D,g=7.63 and D= 10.04
for p1 =0.15 and p; =0.3, respectively. In Fig. 3a and b the vertical
lines indicate the brush boundaries. One can see that at low grafting
densities (dashed lines) solute molecules penetrate into the bonded

0.02

0.015

(2)

001

0.005

0.025

0.02

o
=)
=
wn
I

0.01

0.005

Fig. 3. Density profiles of spherical solutes. Parameters: ) =0.5, (k, [=1, 2; S=2),
p1=0.15(dashed lines) and p; = 0.3 (solid lines); The vertical lines indicate the brush
boundaries; (a) M1 =5; (b) My =15.

phase and a density maximum is observed in its core part. In the
case of dense bonded phase (solid lines) this peak is located in the
outer part of the polymer film and the solute density in the middle
region of the bonded phase is even lower than in the mobile phase. It
is interesting to note that for longer polymers the height of the peak
is almost independent of the grafting density (Fig. 3b). The distri-
bution of solute in the bonded phase becomes less “homogeneous”
with increasing chain length and grafting density.

The effects of solute-bonded phase interactions on the solute
sorption are shown in Fig. 4. For weak interactions with graft-
ing chains spherical molecules adsorbed do not penetrate into the
brush. However, in the case of stronger interactions with the poly-
mer film the solute concentration in the stationary phase becomes
higher than in the mobile phase.

In Fig. 5 the total segment density profiles of several linear
solutes are plotted. Fig. 5a illustrates the influence of grafted chain
length on the distribution of dimeric solute molecules in the sta-
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0.015

0.005 [~

1
2o

Fig. 4. Density profiles of spherical solutes (S=2). Parameters: M; =8, p; =0.15,
(1) =¢(22) =033, £(12)=0.17 (the solid line), 0.33 (the dashed line), and 0.5 (the
dotted line).

tionary phase. The dimers are located in the middle part of the
polymer brush, where their density is almost constant. For longer
grafted chains such a “homogeneous” region becomes wider. In
contrast to spherical molecules, dimers can align with the grafted
chains so they are more effectively retained. In Fig. 5b the segment
density profiles of monomers, dimers, trimers and tetramers are
compared. The number densities of all solutes in the bulk phase
are the same. All solutes accumulate in the core part of bonded
phase. The smaller molecules penetrate deeper into the polymer
film. On the other hand, the densities of longer solutes in the bonded
phase are higher because their interactions between surrounding
polymer segments are stronger.

We have not found the bimodal behavior of the density profile of
the nonpolar solute reported by Rafferty et al. [39]. They observed
the “partitioning peak” in the middle of the bonded phase and the
“adsorption peak” inside the interface between the stationary and
mobile phases. However, our observations are consistent with the
results of previous theoretical studies [7] in which, similarly as in
our treatment, the mean field approximation was applied.

In all studied cases the bonded phases are highly inhomoge-
neous. One can divide the film into three parts: (i) the interfacial
region that is located near the solid surface; (ii) the interface
between the polymer brush and the mobile phase; and (iii) the
“bulk” part of the bonded phase. Unfortunately, there is no strict
method to quantify the thickness of the interface. The volume of the
“bulk” stationary phase is comparable with volumes of the inter-
facial regions. This is particularly visible for low grafting densities.
Moreover, there is no well-pronounced flat part in the segment
density profile for the “bulk” region. Therefore, the use of the stan-
dard method [62] for a location of the Gibbs dividing surface is not
precise. It should be also pointed out that solutes can adsorb “on
the brush”, where the polymer density is close to zero [1,2,29,30].
One can suppose that for strong solute-segment interactions these
molecules retain in the stationary phase during a flow of the mobile
phase. For these reasons we decided to make the stationary phase
more extended. The position of the boundary between the station-
ary and the mobile phase is estimated from the analysis of the
density profiles of solute molecules and we use the value at which
the total solute density differs from its value in the bulk part of
mobile phase no more than 1%.

a4 0.03

0.02 8

(2)
<

0.01

b 0.16

87008

0.04 |~

1
2

Fig. 5. Segment density profiles of different short chains. Parameters: (a)
&) = £ 20,004, £(12=£03 =04, (k=1, 2, 3; S=2, 3), p1=0.2, p2) =0.01, p} =
0.005,My=2,M3=1and M, =3, 4, ..., 14; (b) €k =033, (k, [=1,2; S=2), p; =0.15,
M;=8,and M;=1,2,3,4.

3.3. Correlations with experiments

Now, we would like to test the theory comparing its predic-
tions with the selected empirical dependencies. Fig. 6 illustrates an
influence of the length of grafted chains and the grafting density
on the distribution ratio (Ks) and on the reduced retention factor
(ks) for spherical solute molecules. As the chain length increases
the distribution ratio increases to the maximum value and then
gradually decreases. At low grafting densities the maximum val-
ues are achieved for much longer chains than for the dense bonded
phase (Fig. 6a). In the case of high grafting densities a decrease
in the distribution ratio is quite rapid for the long chains. How-
ever, the retention factor always increases with increasing chain
length (Fig. 6b). Such a difference in the behavior of distribution
coefficient and the retention ratio is a simple consequence of the
considerable increase in the volume of stationary phase for longer
chains. The comparison of the results presented in Fig. 6a and Fig. 6b
clearly shows that changes in the phase ratio can strongly affect the
retention. Moreover, for longer grafted chains the logarithm of the



M. Boréwko et al. / J. Chromatogr. A 1218 (2011) 711-720 717

]n(KS)

0.25—

Fig. 6. The influence of grafted chain length on the distribution ratio Ks (a) and the
reduced retention factor ks (b) of spherical solute molecules. Parameters: ) =0.5,
(k1=1,2;5=2), p? = 0.01, p1 =0.15 (dashed lines) and p; =0.3 (solid lines).

retention factor increases almost linearly with increase in the num-
ber of segments in the bonded chains. Similar relations are found
for linear molecules (Fig. 7). This observation is consistent with the
experimental results obtained for nonpolar solutes [64-67].

Fig. 8 shows the dependencies of the reduced retention factors
ks on the grafting density. For low grafting densities the reten-
tion factor increases with the surface coverage of grafted chains.
As the polymer film becomes sufficiently dense the chains start to
hinder penetration of the brush and the retention factor remains
constant or even decreases with a further increase in the polymer
surface coverage. At higher grafting densities the distribution ratio
decreases whereas the stationary-phase volume increases. When
these effects approximately cancel, the plateauing retention with
increasing grafting density is observed. However, as the effects
connected with a decrease in the solute sorption dominate the
retention factor decreases. The both types of relationships between

15

12 db

Fig. 7. The influence of grafted chain length on the reduced retention factor of short
chains. Parameters: %) =033, (k, =1, 2; S=2), pg) =0.01, p; =0.15,and M, =1, 2,
3.

the retention factor and the surface coverage have been observed
in experiments [1,2,67-75].

Now, we would like to discuss the influence of the solute
molecules size on the retention factor. At higher temperatures
the In(ks) is a linear function of the solute size (Fig. 9). This
resultisinaccordance with numerous experimental measurements
[1,76-80]. However, at a low temperature we observe deviations
from linear dependence between In(ks) and the solute size. When
temperature decreases solute-bonded phase interactions become
stronger. The slopes of the lines In(ks) vs. Ms increase with increas-

U 1 ' 1 I 1 I 1
0 0.1 0.2 0.3 0.4

Py
Fig.8. The influence of grafting density on the reduced retention factor. Parameters:

ek =0.5,(k1=1,2;5=2), pﬁ) = 0.01 (monomer)and pﬁ) = 0.02 (dimer),and M; =8,
18.
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Fig. 9. The influence of solute size (M, ) on the reduced retention factor. Parameters:
M; =8, pf? = 0.01; &) =0.33,and p; =0.15 (the dotted line), &) = 0.2, and p1 =0.15
(the dashed line), &%) =0.2, and p; =0.3 (the solid line); (k, [=1,2; S=2).

ing effective attraction of the solute. These observations also match
the experimental data [79,80].

Let us analyze the temperature effects in the retention process
(Fig. 10). In all cases an increase of temperature causes a decrease
of the retention factor. Almost linear dependence In(ks) vs. 1/T* is
found for small spherical molecules of the solute. This agrees with
the experimental works [81-86]. However, for dimers and trimers
a departure from linearity is observed. In this case the changes in
entropy following from transfer the solute from the mobile to the
inhomogeneous stationary phase can be significant and affect their
retention.

Finally, we want to discuss an impact of the nature of chemically
bonded phase on the selectivity. The separation factors calcu-

1 I 1 I 1 I 1 I 1
b3 0.35 0.4 0.45 05 0.55
T

Fig. 10. The influence of temperature (T* = kzT/)) on the reduced retention fac-
tor. Parameters: ék0 =1, (k, [=1,2; S=2), M; =8, p; =0.15, pg) =0.01 (monomer),

) = 0.02 (dimer) and p{2) = 0.03 (trimer).

Py

Fig. 11. The influence of grafting density on the separation factor for
trimer/monomer and tetramer/monomer mixtures. Parameters: M; =8, pfs) =
0.005, p,g)=0.0]5 for trimer and pg):0.0Z for tetramer, &K =¢g(23)=033,
12 =) =g (k=1, 2, 3; S=2, 3); trimer/monomer: £=0.33 (the dotted line),
£=0.5 (the solid line); tetramer/monomer: €=0.33 (the dashed line), £=0.5 (the
dot-dashed).

lated for different pairs of solutes are depicted in Figs. 11 and 12.
We consider the separation of the solutes belonging to the same
homologous series (&(12) = ¢(13) = ¢). We assume that number seg-
ment densities of the solutes in the mobile phase are the same.
One see in Fig. 11 that the separation factor « increases with
the increasing surface coverage of bonded phase up to a certain
threshold value for each solute pair. Subsequently, the separa-
tion factor stays approximately constant or slightly decreases.
These predictions were confirmed by the experimental data [67].

7
_ /O -
5k -7

Fig. 12. The influence of grafted chain length on the separation factor for
dimer/monomer and trimer/monomer mixtures. Parameters: g0 =¢g(23)=0.33,
012 =03 =05, (k,1=1,2,3; S=2,3), p1 =0.15, p2) = 0.005,and p{? = 0.01 for dimer

and pg) = 0.015 for trimer.
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It should be, however, pointed out that the selectivity depends
strongly on the energy parameter (&) that characterizes the strength
of attractive interactions of one segment (monomer) with the
bonded phase. The separation factors shown in Fig. 11 are of the
same order of magnitude as the experimental values measured
by Colin et al. [79] for n-alkanes retained from methanol/water
mobile phases on Hypersil ODS. The separation factor for the r-
mer/monomer pair increases when the percent water increases
[79]. Fig. 12 shows the influence of the grafted chains length on
the separation factor for selected systems. For pairs of solutes
considered here the separation factors increase with the increas-
ing chain length. Similar experimental results were reported
[64-67,87].

4. Conclusions

The density functional theory can be applied to retention of
spherical and linear solutes in chromatography with chemically
bonded phases. This method can be used either to gas chro-
matography or to reversed-phase liquid chromatography. We have
demonstrated that the density functional theory well predicts the
salient features of the process.

This study confirms that the structure of the stationary phase
plays a major role in retention. The most important factors in deter-
mining the brush structure are the grafting density and interactions
between anchored chains. The effective brush height increases with
increasing grafting density because the chains align themselves
more perpendicular to the surface. However, when attraction
between polymer segments becomes stronger the grafted chains
form coils and the brush height decreases. In the framework of a
continuum solvent model the energy of segment-segment interac-
tions can be used to mimic the “good” or “poor solvent conditions”.
Further information about the structure of bonded phase is pro-
vided by an analysis of the theoretical profiles of individual polymer
segments.

We have determined the density profiles of spherical and linear
solutes near the surface covered by polymer chains. The distribu-
tion of the solute molecules in the stationary phase has appeared to
be highly heterogeneous. We have shown that variation in assumed
parameters causes change in the mechanism of retention. The
solute molecules can penetrate into the interior of the bonded
phase orreside in the outer region of the brush. Under some circum-
stances the solute molecules are retained onto the bonded phase.
This means that both partitioning and adsorption can play a key
role in the retention process.

The theoretical prediction for dependencies of retention on the
grafting density, the length of bonded chains and the solute size
are consistent with numerous experimental results. At low graft-
ing densities the retention factor increases, reaches a maximum
and remains constant or gradually decreases. However, for longer
bonded chains and larger solute molecules the retention becomes
higher. The temperature effects following from the theory are also
supported by experimental evidences.

We have confirm that the nature of the chemically bonded
phase plays a role of fundamental importance in chromatographic
separation. The separation factors calculated for different pairs of
solutes depend considerably on the grafting density and the length
of bonded chains.

The main limitation of the study is a fact that we involve the
solvent-free model of the system. However, the theory can be
extended to more sophisticated models. On the other hand, the
simplicity of the approach, relatively small number of needed
parameters is its good point. Nevertheless, in the future work we
plan to consider solvent effects and analyze the role of hydrogen
bonds in retention using theory of associating fluids [88].
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Appendix A.

The scheme contains the following steps: (i) construction of
the free energy functional; (ii) construction of the thermodynamic
potential functional; (iii) minimization of the thermodynamic
potential; (iv) solution of the obtained set of Euler-Lagrange
equations. This procedure leads to the equilibrium density
profiles of grafted polymer segments and segments of fluid
molecules.

The Helmholtz energy functional is decomposed as the sum of
ideal and excess terms F=Fj; + Fex. The ideal part of the free energy
functional is known exactly as:

BFi

3
=ﬂz { / dR 0 (R )Va(Ry) + / dR P R[IN(PN(R,)) — 1]
- (A1)

where pF)(Ry) is the local density of kth molecules. The total seg-
ment density is related to the multidimensional density profile of
the chains, p)(Ry), by

Mj,

My .
LS OEDYSOEDY / dRS(r — 1) (Ry).
j=1 j=1

The excess free energy takes into account the contribution from
hard sphere repulsion (Fys), the intramolecular chain connectivity
(F¢) and van der Waals attraction (Fg), SO

(A2)

Fex = Fg + F¢ + Fqyt. (A3)

The excess free energy term due to hard-sphere contribution is
evaluated from the fundamental measure theory [56]:

= / Prslr)dr, (A4)
with
Dps = —nglIn(1 —n3) + %

+n3(1 _pypmrd —n3)*In(1 — n3) "s)

36mn3(1 - ns )

where &(r) = |ny(r)|/ny(r). The scalar, n;, i=0, 1, 2, 3 and vector, n;,
i=1, 2 weighted densities are convolutions of the total segment
densities and corresponding weight functions proposed in Ref. [56].

Following the first-order perturbation theory of Wertheim [57]
the excess free energy functional, F, is represented by

3
_ N\ 1= M (k) ) ¢ (k)
=Y it / drn’ ¢ Infy{y) ()], (A6)
k=1
where
2
YR (k) = 1 nyog (n20M)°¢ , (A7)
hs T-n3  41-n3® 72(1-n;3)°

2
for ¢ =1—n{" . n{ /()" [29].
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Finally, the excess free energy resulting from attractive interac-
tions is obtained within the mean field approximation:

3
1
Fare = EZ/dﬁdl‘ngk)(l']) (e uk(ry5)
=1

n Z [ aridesotOenpent ey (A8)

=1,k<l

The thermodynamic potential for the system in which the total
number of grafted chains is fixed can be expressed as:

Y = FIp(Ry), fP(Ry), p(3)(R3)]+/dR1p(”(R1)(U(”(R1))

+y / dRy o R)WI(Ry) — ). (A9)

The constancy of the grafting density leads to the following condi-
tion:

(M7 +1/2)0()
/ dzp{)(2) = p1,
0

where pq is the assumed grafting density of the chains.

The segment density profiles are obtained by minimizing the
thermodynamic potential Y. For systems with density distributions
varying only in z direction the segment densities of chain molecules
are given by

(A.10)

@) = Ceexpl -V @G V26T, (), (A11)
for

SF,
W) = 2 +lz) (A12)

5089(z)

where the functions G P)(z), P=L, R are calculated using the fol-
lowing recurrence relations:

(k)
D7) = / dz' exp[- AP (2) (000 — 22 iy a3y
200 i-1
and
(k.R) k) 0(6™ — 1z —2'|) k1)
kR () = / az el 2N T BV kb ),
(A14)

fori=2,3,..., M and with Gk 1)(z) = Gk R)(z) = 1. For k=2 and 3 the
quantities Cy, entering Eq. (A.11) are C;, = exp[Bu¥)], whereas C; is
evaluated from Eq. (A.10).
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