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ABSTRACT

The effects of stationary phase and solute chain length are probed by carrying out Monte Carlo sim-
ulations of dimethyl triacontyl (Csp), dimethyl octadecyl (Cyg), dimethyl octyl (Cg), and trimethyl (C;)
silane grafted, and bare silica stationary phases in contact with a water/methanol mobile phase and by
examining the retention of solutes from 1 to 14 carbons in length. Fairly small differences in structure
are observed when comparing the Csg, C;5, Cg systems and the retention mechanism of nonpolar alkane
solutes shows contribution from both partitioning and adsorption on all three of these stationary phases.
Unlike in the other systems, the mobile phase solvent is highly structured at its interface with the C;
and bare silica phases, the former being enriched in methanol and the latter in water. Alkane solutes are
unretained at the bare silica surface while alcohol solutes are only slightly enriched at the silica surface
due to hydrogen bonding with surface silanols and surface bound solvent. With regard to solute size, it
appears that the retention mechanism is not affected by the chain length of the solute.

Hydrophilic interaction liquid
chromatography

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Reversed-phase liquid chromatography (RPLC) is an extremely
versatile and widely used technique for chemical separations,
purifications, and analyses. One of the powerful aspects of the
RPLC technique is the number of chromatographic parameters that
can be adjusted in order to achieve the desired selectivity and/or
efficiency for a given a separation. However, a molecular-level
description of how changes in these parameters lead to changes
in retention and selectivity remains lacking for many RPLC systems
[1]. A better understanding of these parameters should aid in the
optimization of current RPLC systems and in the development of
new separation technologies.

Particle-based simulations have been employed by a few
research groups to study structural, dynamic, and thermody-
namic properties of RPLC systems [2-13]. It has been the ongoing
goal of this research group to systematically investigate vari-
ous chromatographic parameters including retention mechanisms
using advanced molecular simulation techniques that allow for a
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molecular-level viewpoint. In previous reports we have detailed
the effects of solvent composition [14-17], grafting density [18,19],
polar-embedded groups [20], pressure [21], and pore shape [21]
on the structure of the RPLC stationary phase and on the molecu-
lar mechanism of retention. In the current work, we examine what
effect the length of the alkyl chains in the stationary phase has on
structure and retention in RPLC and also if the solute chain length
plays any role in altering the retention mechanism.

The two most popular stationary phase chain lengths used
in RPLC are Cg and Cig; however, numerous studies of chain
lengths ranging from C; to over C3g have appeared in the lit-
erature. Generally, it is observed that retention increases, but
selectivity is little affected with increasing stationary phase chain
length [22-29]. However, it should be noted that the selectivity
between geometrically constrained solutes, such as polycyclic aro-
matic hydrocarbons, can increase with longer chain lengths which
has been used to infer that the longer chains are more confor-
mationally ordered [30]. This increased order has been confirmed
through spectroscopic measurements [31-34].

With regard to solute chain length, it has been observed
from retention measurements with various homologous series (for
example normal alkanes or alcohols with varying chain length)
that retention increases with increasing solute length, but there
is a break in the slope in plots of logk’ versus number of carbons
[27,35,36]. This break occurs about where the number of carbons
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in the solute exceeds the number of carbons in the stationary phase
chains. From this observation it was suggested that the solutes fully
embed themselves (partition) into the stationary phase until their
length exceeds the length of the stationary phase and, after this,
the remaining portion of the solute is forced to reside outside the
stationary phase and adsorb at the surface. However, a regular cur-
vature has been observed in plots of log k' versus homolog number
in some cases [37].

In the present study, Gibbs ensemble simulations using efficient
configurational-bias Monte Carlo (CBMC) algorithms and transfer-
able force fields were carried out to probe chain length effects in
RPLC. The structural properties and retention behavior were inves-
tigated for five stationary phases differing in the length of the alkyl
silane ligand (Csq, C1g, Cg, C1, and bare silica). The effects of solute
chain length (ranging from ethane to tetradecane) on the retention
mechanism were studied for the Cg stationary phase.

2. Simulation details

To examine the effects of chain length in RPLC,
coupled-decoupled configurational-bias Monte Carlo simula-
tions (CBMC) [38-41] in the isobaric-isothermal version of the
Gibbs ensemble [42] are employed. The simulations make use of
three separate simulation boxes that are in thermodynamic contact
but do not share an explicit interface. The first simulation box is
elongated with L,=20.0A, L, =26.0 A, L,=90.0 A. The center of this
box contains a silica slab consisting of five layers of S-cristobalite
with its two (11 1) surfaces exposed in the x-y plane. In one set of
simulations the silanols on these two surfaces were left unreacted,
whereas in the other sets of simulations these surfaces were
modified by the grafting of trimethyl (Cy), dimethyl octylsilane
(Cg), dimethyl octadecylsilane (Cyg), or dimethyl triacontylsilane
chains (C3p) at a density of 2.9 wmol/m? (9 chains on each surface)
resulting in a residual silanol density of 4.8 wmol/m?2 (15 silanols
on each surface). In each of these four systems, the silane chains
were placed in the exact same surface arrangement. In contact
with this stationary phase, and connected through the periodic
boundaries used in the simulations, is the mobile phase solvent.
Thus, the setup in this first box corresponds to a planar slit pore.
Snapshots from the simulations of each system showing one of
the silica surfaces in contact with the mobile phase solvent are
presented in Fig. 1.

The second simulation box contains a bulk mobile phase reser-
voir and the third box a helium vapor phase. These boxes are cubic
and their volumes are allowed to fluctuate in response to the exter-
nal pressure. The simulations probing the effects of changes in the
bonded-phase chain length were carried out at a temperature of
323K and a pressure of 10 atm. For these simulations, the mobile
phase consisted of a water/methanol mixture containing 33% mol-
fraction (~50% volume fraction) methanol and the probe solutes
utilized were C; to C4 normal alkanes and alcohols. For the studies
of solute chain length only the Cg stationary phase was exam-
ined; the mobile phase consisted of 67% molfraction (~80% volume
fraction) methanol, the temperature was 298 K, the pressure was
10atm, and the probe solutes were normal alkanes solutes up to
14 carbons in length. A detailed description of the simulation setup
and methodology and a discussion on the merits of a three-box
Gibbs ensemble setup can be found in a recent review article [43].

To describe the intra- and intermolecular interactions in the
model RPLC systems, the TIP4P model [44] was used for water,
the silica substrate was represented by a zeolite potential with
Lennard-Jones sites on oxygen atoms [45] and explicit charges on
silicon, oxygen, and the dangling hydrogens [46,47], and the inter-
actions of all other species (methanol, alkyl ligands, and alkane
and alcohol solutes) were described by the united-atom version of
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Fig. 1. Simulations snapshots of the five systems. The stationary phase is shown
as tubes with silicon in yellow, oxygen in orange, hydrogen in white and carbon in
black. The mobile phase is shown in the ball and stick representation with oxygen
in red, hydrogen in white, and carbon in blue. The analyte molecules are depicted
by large spheres with oxygen in red, hydrogen in white, and carbon in cyan. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

the transferable potentials for phase equilibria (TraPPE) force field
[47,48]. Lennard-Jones interactions were truncated at 10A and
Coulomb interactions were evaluated with the Ewald summation
technique [49] using a direct space cutoff of 10A and a conver-
gence parameter of x=0.28. The alkyl ligands, solute molecules,
and methanol were treated as semi-rigid species with allowance
for bond angle bending and dihedral motion but the bond length
being kept rigid, whereas water molecules were kept rigid.

For each model RPLC system, eight independent simulations
were carried out. Each independent simulation was equilibrated
for at least 2 x 10° Monte Carlo (MC) cycles followed by an addi-
tional 5 x 10> MC cycles for production. One MC cycle corresponds



26 J.L. Rafferty et al. / ]. Chromatogr. A 1223 (2012) 24-34

Table 1
Structural properties for systems with different alkylsilane chain lengths.?
System fgauchc Sn COS Bete ZcHg (A) ZGps (A) Sinterface (A)
Cs0 0.274 0.004 0.51; 14.65 21.84 5.8,
Cis 0.27; —0.05; 0.433 10.93 14.8, 5.34
Cs 0.284 0.17; 0.68;4 9.44 10.34 7.45
P - - 0.68; 4.4, 6.2 3.0

2 Subscripts indicate the statistical uncertainty in the final digit. Values of fgaycne and S, for Cig and Cg systems differ slightly from those reported in Ref. [21] because the
Si-C-C-C dihedral angle and the Si-C-C 1-3 backbone vector are not included in the analysis here.
b For the C; phase, values of cos @t and Zcn, were calculated for the outermost CH3 group.

to N MC moves, where N is the number of molecules in the three-
phase system. Statistical uncertainties in the reported quantities
were estimated from the standard error of the mean of the results
from the eight independent simulations. A very detailed descrip-
tion of the system setup and equilibration protocols, the selection
of Monte Carlo moves, and the analysis methods for these simu-
lations can found in two recent articles [43,50] and, hence, is not
repeated here.

3. Results and discussion
3.1. Effects of stationary phase chain length

3.1.1. Chain order

The different retention behavior of various alkyl silane station-
ary phases is related to differences in structural characteristics,
such as the degree of order/disorder in the tethered alkyl chains.
Typically, the measurement of order in the stationary phase is car-
ried out through spectroscopic analysis [34], but it is also often
inferred through retention measurements. Molecular simulation is
also a very useful tool for this purpose. Atomic coordinates from a
simulation can be used to exactly pinpoint specific chain confor-
mations and one can directly measure a wide variety of structural
properties in a single simulation.

A summary of the conformational properties of the stationary
phases examined in this work is presented in Table 1. The first entry
in this table is the fraction of gauche defects (fgaucne), Or fraction of
dihedral angles in the entire chain deviating by more than 60° from
the angle of the trans conformer. Our results indicate the fraction of
gauche defectsis similar for C3g and Cqg phases at 0.27,and there are
slightly more gauche defects in the Cg phase. An increase in gauche
defects with decreasing chain length has been observed through
FTIR [33], Raman [31,32], and NMR [34] spectroscopic measure-
ments. Singh et al. observed gauche defect fractions of about 0.1,
0.2, and 0.4 for C3¢, Cqg, and Cg phases, respectively, but these FTIR
measurements were done for polymeric phases with much higher
densities than the monomeric phases studied here [33]. A gauche
fraction of 0.28 was also observed for bulk liquid n-octadecane and
an isolated n-octadecane chain solvated in methanol [51].

The simulations allow one to not only measure the fraction of
gauche defects for the entire chain, but also at each dihedral bond
center along the chain backbone (see Fig. 2). For segments near the
silica surface, there is a similar oscillating pattern of gauche defects
for the C3g, Cqg, and Cg chain systems, likely caused by packing
constraints near the surface. Additionally, all three phases show a
large fraction of gauche defects at the free chain end. Interestingly,
the fraction of gauche defects is relatively constant at around 0.27
between dihedrals 15 and 25 for the C3g phase, suggesting a liquid-
like state in this region of the phase [51].

Another characterization of chain structure is the order param-
eter S, which is equivalent to the NMR order parameter for
deuterated alkyl chains [52] and is defined as

1

Si==(3cos?6;,— 1) (1)

N

where 6; is the angle between the ith 1-3 backbone vector in the
alkyl chain (between carbons separated by two bonds) and the nor-
mal to the silica substrate. This order parameter approaches unity
for vectors preferentially aligned perpendicular to the surface, —0.5
for parallel vectors, and vanishes if there is no preferential orienta-
tion (or for a very narrow distribution around the magic angle).
When averaged over the entire chain, the values for this order
parameter (see Table 1) do not follow a distinct trend with chain
length and are positive for the Cg phase, suggesting a preference
for alignment perpendicular to the silica surface, and slightly neg-
ative for the Cqg phase, suggesting a slight preference for parallel
alignment. This is contrary to what one would typically expect, i.e.,
that the shorter chains are less ordered, but can be rationalized by
examining the order parameter at each position along the chain
backbone (Fig. 2). For all chain lengths, the lower portion of the
chains exhibits positive S values (with the value largest for the part
next to the silane linker), and these values do not become nega-
tive until about the seventh 1-3 segment. However, the Cg chain
only has six 1-3 vectors and never reaches the point where the
order parameter becomes negative. The plots of the order param-
eter for the C;g and C3g phases are qualitatively similar, reaching a
minimum about two-thirds of the way along the chain. However,
the C3q chains show slightly higher S values along the entire chain,
indicating less of a preference to be parallel to the silica surface.
Chain alignment can also be characterized through cos fete, the
cosine of the angle between the chain’s end-to-end vector (from
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Fig. 2. Fraction of gauche defects (upper) and order parameter (lower) along the
chain backbone. The Cg, C;g, and C3¢ phases are shown as solid, dashed and dotted
lines, respectively. The index 1 is used for the dihedral angle and the 1-3 vector
closest to the silicon atom of the alkyl silane. Hence, the index for the terminal
dihedral angle of an n-alkyl ligand is given by n — 3.
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Fig. 3. Distribution of chain end-to-end angles. Line styles as in Fig. 2.

the tertiary silicon atom to the terminal methyl group) and the
normal to the silica substrate, or the tilt angle. The value of cos fete
can range from O for chains oriented parallel to the silica surface to
1 for chains perpendicular to the silica surface. The average value
of cosOete is presented in Table 1 while its distribution is shown
in Fig. 3. For the stationary phases studied here, average cos0ete
values are largest for the Cg phase and smallest for the C;g phase,
indicating that the Cg phase has the strongest preference to align
perpendicular to the silica surface. The distribution of cos fete for
the Cyg and C3p chains show peaks around 0.5 and 0.6, respectively,
but also have significant probabilities for chains with much smaller
cos Bete Values, i.e., chains more parallel to the silica surface. For the
Cg phase the distribution is shifted to larger cos O¢te values and there
is a very low probability for chains with small cos fete values. Taken
together with the S values along the chain backbone, this indicates
that the Cg chains possess the most alignment because, due to their
shorter length, they are not able to backfold while a longer chain
can.

To summarize the effect of chain length on stationary phase
structure, it appears that chains in the Cg phase show the most
alignment but largest degree of conformational disorder (gauche
defects). The C39 and C;g phases show similar degrees of confor-
mational order, but the C3g phase has a higher degree of alignment
(larger S and cos Bete values). It should be emphasized here that
these results pertain to monomeric bonded phases with interme-
diate coverage and that much higher grafting densities lead to
significant changes in the chain alignment [18].

3.1.2. Local composition and stationary phase thickness

Another way to gain insight on the mechanism of solute
retention and the origins of selectivity is to examine the local com-
position of each system as one moves from the mobile and into
the stationary phase. For this purpose, density profiles for water,
methanol, and stationary phase carbon atoms are presented in Fig. 4
as a function of distance from the silica substrate (z, see Fig. 1). These
plots also show the Gibbs dividing surface (GDS, a plane defining
the border between the mobile and stationary phases [53,54]) and
the width of the interfacial region, which is defined as the range
where the total solvent density falls between 10% and 90% of its
bulk value. The GDS and interfacial width are fit to the total solvent
density using a hyperbolic tangent method [55]. Numerical values
for the GDS and interfacial width, zgps and Sipterface. are given in
Table 1. It is not possible to define a GDS and interfacial region
for the bare SiO, system because of large oscillations in the total
solvent density near the silica surface.

Starting in the mobile phase solvent and moving towards
the stationary phase chains one notices a number of similarities
between the alkylsilane systems. First, one observes a peak in
the methanol density profile just above the location of the GDS,
whereas the water density falls smoothly as the GDS is approached
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Fig. 4. System composition as a function of distance from the silica surface (z,
defined in Fig. 1). Stationary phase carbon density is shown in black, methanol in
blue, and water in red. The total system and solvent densities are shown in cyan and
purple, respectively. The GDS is shown by the orange dashed line and the interfacial
region is shaded gray. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

from above, i.e., there is a significant enrichment of the organic
modifier in this region that extends deep into the interior of the
bonded-chain region [14,17]. The amount of methanol enrichment
at the surface appears to be roughly similar in all four alkylsilane
systems. This is in agreement with the work of Kazakevich et al.,
who measured the excess adsorption isotherms of methanol from
water on alkylsilane stationary phases with different chain lengths
[57]. Second, there is a depletion of the total system density for all
four alkyl silane phases (see cyan lines in Fig. 4), i.e., a dewetting
effect at the hydrophobic surface [56].

Although the same general features are seen at the interface
regardless of chain length, there are some differences between the
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Table 2

Number of hydrogen bonds per surface silanol.?-P
System Nwat© Ninet
Cso 0.51; 0.25
C]g 0.462 O~241
Cs 0.38, 0.28;
G 0.57, 0.17,
Sio, 1.28; 0.234

a Subscripts indicate the statistical uncertainty in the final digit.

b A hydrogen bond is defined by the following geometric criteria: an
oxygen-oxygen distance less than 3.3 A, an oxygen-hydrogen distance less that
2.5 A, and a hydrogen bond angle with a cosine less than —0.1 [75].

¢ Number of hydrogen bonds with water.

4 Number of hydrogen bonds with methanol.

four alkylsilane systems. For the C; phase the interface is very sharp
and the methanol enrichment is very pronounced. Whereas the
total solvent density decays smoothly in the interfacial region in
the other alkylsilane systems, for the C; phase, it shows an oscillat-
ing behavior similar to a fluid in contact with “hard walls” [58-60].
Another difference between the alkylsilane phases is noted for the
Cg phase. Here, the interfacial width is larger than for the other
systems, a consequence of more significant solvent penetration in
the Cg stationary phase as compared to the C;g and C3p stationary
phases (see Fig. 4). This effect can understood by examining the sim-
ulation snapshots of each system in Fig. 1. It appears the Cg phase
is unable to completely cover the silica surface and filaments of
solvent molecules bridging the substrate and mobile-phase region
are quite prevalent, whereas the C;g and C3g phases form a contin-
uous layer with respect to solvent penetration and solvent bridges
are extremely rare for the Cyg phase [14,61]. In other words, the Cg
phase forms a more heterogeneous surface layer. Differences in the
lateral diffusion of a nonpolar solute between a Cg phase and a C;g
phase have also been observed [62], but the connection between
kinetics and structure can be tenuous. It should be noted here that
the water and methanol densities in the interior region of the Csg
phase are about one order of magnitude smaller than the corre-
sponding densities for the C;g phase which, in turn, are two and
three orders of magnitude smaller than the methanol and water
densities in the bulk mobile phase.

The position of the GDS also allows for a quantification of the
thickness of the different bonded phases. As one would expect,
the value of zgps increases with increasing chain length. These val-
ues are also quite similar to the experimental data of Sander et al.
[63], who measured bonded phase thickness by small angle neutron
scattering and found values of 25 +4, 17 +3, and 10+ 3 A for C3g,
Cys, and Cg monomeric phases, respectively, and these values fall
within the ranges found in other simulation studies [8,11,14,17].

Moving from the interface to deep within the stationary phase,
peaks in the density of the two solvents can be seen around z~ 3 A.
These peaks are indicative of solvent molecules forming direct
hydrogen bonds to the residual surface silanols [14,50,61]. These
peaks appear to be similar in magnitude for the C3q, C;5, and Cg
alkylsilane systems, suggesting there is little change in hydrogen
bonding at the silica surface as chain length is changed, whereas
previous simulation studies indicated a dependence on ligand
grafting density and embedded polar groups [18,20]. This is con-
firmed by an analysis of the number hydrogen bonds per surface
silanol (see Table 2), which shows that each silanol forms about 0.7
hydrogen bonds in all four alkylsilane systems. The residual silanols
in the C3¢ and Cyg systems do not show a preference for hydrogen
bonding with either solvent species, i.e., they form twice as many
hydrogen bonds with water, but there is twice as much water as
methanol present in the 33% molfraction methanol solvent. How-
ever, it appears that the silanols in the C; system exhibit a weak

preference for hydrogen-bonding to water, whereas the opposite
is observed for the Cg system.

The density profiles for the bare SiO, substrate are significantly
different than the alkylsilane phases, i.e., it is a polar surface com-
pared to the nonpolar alkylsilane surfaces. By definition, this would
correspond to a HILIC (hydrophilic interaction liquid chromatogra-
phy) stationary phase [64,65] rather than an RPLC stationary phase.
The density profiles for the SiO, phase show a high degree of struc-
ture near the silica surface, but the profiles decay to bulk behavior
within 10 A of the surface. In this structured region there are three
distinct peaks, or layers, in the total solvent density at z values of
approximately 3, 5.5, and 8 A. The first peak, nearest the surface, is
highly enriched in water, the second peak is enriched in methanol
and reaches the very high density of 1.2 g/mL (compared to the
bulk solvent density near 0.8 g/mL), and the third peak is not dra-
matically enriched in either solvent component and is only slightly
higher than the bulk solvent density. This solvent structure is rele-
vant to the retention mechanism on HILIC phases. It is often argued
that polar solutes are retained on HILIC phases by partitioning into a
water enriched layer atop the stationary phase [64-68]. Our simula-
tion results indicate that there is indeed a water-rich layer near the
surface, however this layer is thin (z=3-5A) and represents only
a monolayer of water rather than an extensive region into which
solutes could partition into. However, irrespective of composition
enhancements the transport properties in these highly structured
solvent layers will be different from those in the bulk liquid solvent
[60].

The monolayer of water adsorbed at the silica surface indicates
that the surface silanols have a preference to hydrogen bond with
water as opposed to methanol. This is confirmed by the hydrogen
bond analysis presented in Table 2, which shows that a silanol is
over five times more likely to hydrogen bond with water than with
methanol. In addition to a preference for water, the silanols on the
bare silica surface form about twice as many total hydrogen bonds
to solvent when compared to the residual silanols in the alkylsilane
systems.

3.1.3. Retention characteristics

For a complete, molecular-level understanding of solute reten-
tion one needs to know exactly where the solutes are retained
within the stationary phase. To garner this insight, the distribution
coefficient for transfer from mobile to stationary phase is plotted
as a function of z in Fig. 5 for two solutes, n-butane and 1-propanol.
These distribution coefficient profiles, K(z), are computed by divid-
ing the solute’s z-dependent density profile by its density in the
mobile phase. Thus, larger values of K(z) correspond to more prob-
able z-locations for the solute. It should be noted that this quantity
isrelated to the experimentally measurable distribution coefficient
for transfer between two phases, however, K(z) gives much more
localized information [43].

In viewing the K(z) profile for n-butane, one sees that reten-
tion (i.e., the area under the curves) increases with increasing
chain length, which is in agreement with experimental retention
data [22-29]. Despite this increase in retention, it appears that the
mechanism of retention is similar for the Cg, C1g, and C3y phases.
For the Cig and Cs3g phases, the K(z) profiles show a clear bimodal
distribution with one peak in the interfacial region just inside the
GDS for each system (vertical dashed lines) and one peak deep
within the bonded phase (z~ 8 A). This indicates that the nonpolar
alkane solute shows a mixed retention mechanism with contribu-
tions from adsorptionin the interfacial region and partitioning deep
into the stationary phase [15,17]. For the Cg phase it appears that
only one distinct peak in the K(z) profile is present, however this
does not rule out a mixed retention mechanism. The location of
the single peak for Cg nearly coincides with the partitioning peak
found for the C;g and C3g phases, but it is also located just inside
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K(z) - Butane

K(z) - Propanol

Fig. 5. Distribution coefficient profiles for n-butane (top) and 1-propanol (bottom).
Black, red, cyan, purple, and orange lines are used to represent the bare silica, Cq, Cs,
Cys, and Csp phases, respectively. The dashed vertical lines indicate the position of
the GDS in each system. The dashed horizontal line is used to indicate the value for
partitioning in the hexadecane/33M system [16]. The inset shows the distribution
coefficient profiles for n-butane (red) and 1-propanol (blue) on the bare silica phase.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

the GDS for this system and has a shoulder extending into the
interfacial region. This suggests that this peak arises from spatially
overlapping partition and adsorption contributions.

For the C; phase, retention must be dominated by adsorption
since the phase is too thin to allow for partitioning and indeed
there is only one peak in the K(z) profile. This peak is roughly five
times smaller than the peaks in K(z) corresponding to adsorption
in the other systems. This indicates that adsorption on a “hard”
nonpolar surface (the C; surface) is different than adsorption on a
more flexible, or “soft”, surface (the C;g and C3g surfaces). Interest-
ingly, the peaks corresponding to adsorption and partitioning on
the C1g and C3g are roughly similar in height. Thus, in terms of free
energy, adsorption and partitioning in the these phases is thermo-
dynamically similar. This is in contrast to lattice theories by Dill
and Dorsey which indicate that partitioning should be significantly
more favorable than adsorption [69,70].

Also noteworthy is a comparison of the K(z) values to the distri-
bution coefficient for transfer from a 33% methanol solvent to liquid
hexadecane, i.e., bulk liquid-liquid partitioning [71]. In previous
work using the same simulation methodology and force field, but
liquid hexadecane instead of an explicit stationary phase, we cal-
culated a partition coefficient of 46.3 for n-butane [16]. This value
is shown as the horizontal dashed line in Fig. 5. For the Cg, C1g, and
C30 phases, the maxima in K(z) are larger than this value, indicating
that those regions of the stationary phase are more favorable than
the liquid alkane. However, it appears that an extended region in
the center of the C3¢ phase (z=10-15 A) behaves very similar to the
liquid alkane, at least in terms of solvation thermodynamics.

1-Propanol (a polar solute, but roughly the same size as n-
butane) shows a similar retention mechanism on all four alkylsilane
phases. There is a peak for each phase within the interfacial region,
but just outside the GDS. These peaks correspond to adsorption at
the interface where 1-propanol can insert its nonpolar tail into the
stationary phase while its hydroxyl group is able to hydrogen bond
with the mobile phase solvent[15,17]. The interfacial K(z) peak is
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Fig. 6. Solute orientational profiles. Line styles as in Fig. 5.

somewhat broader for the Cg phase and extends further into the
stationary phase. This is likely the result of the increased width of
the interfacial region due to increased solvent penetration in the
Cg phase (see Fig. 4 and Table 1). Additional, but much smaller,
peaks in the K(z) profile are observed near the silica surface. These
peaks result from the hydrogen bonding of the 1-propanol solute
with surface silanols and surface bound solvent molecules [15,17].
A further analysis of hydrogen bonding for alcohol solutes will be
given below.

Both the polar and nonpolar solute examined here exhibit an
anisotropic spatial distribution within the alkylsilane stationary
phases. Unlike a liquid, these stationary phases are heterogeneous
and there are specific regions where the solutes prefer to be
retained. This heterogeneity is further demonstrated by an exam-
ination of orientation of the solutes in these preferred retention
regions. For this purpose, S(z) profiles for n-butane and cos fete(2)
profiles for 1-propanol are shown in Fig. 6. The order parameter S
for n-butane is the same as that described for the alkyl chains in Eq.
(1), except here is it plotted as a function of z. The angle fete is mea-
sured between the silica surface normal and the end-to-end (ete)
vector of the 1-propanol molecules. This end-to-end vector origi-
nates at the methyl group and terminates at the hydroxyl hydrogen.
Thus, values of cos Oete Will be positive for hydroxyl groups pointing
away from the silica surface, negative for hydroxyl groups directed
towards the surface, and vanish if there is no preferred direction
for the hydroxyl group.

In the orientational profiles for n-butane, a similar trend is fol-
lowed on the Cg, Cyg, and C3g phases. Values of S(z) are slightly
negative in the interfacial region. This is consistent with an adsorp-
tion mechanism where the solutes exhibit some preference to lay
parallel to the interface. In the center of the bonded phase atz~ 8 A,
where n-butane solutes also showed a peak in the K(z) profile, val-
ues of S(z) are slightly positive. This indicates that the solutes are
weakly aligned perpendicular to the silica surface, i.e., with the alkyl
chains of the stationary phase. Retention in this region of the sta-
tionary phase may be classified as partitioning since the solutes
are fully embedded into the chains. However, this partitioning does
not resemble bulk liquid-liquid partitioning where one would not
observe any orientational preference. The alignment of the solute
is not surprising since the lower segments of the stationary phase
chains also tend to be directed away from the surface (see Fig. 2).
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Table 3
Number of hydrogen bonds per alcohol solute molecule retained on the stationary
phase.2'b.

System Nsion? Nin® Nout! Niotal®
Cso 0.134 0.43, 1.404 1.964
Cis 0.08; 0.413 1.48; 1.97,
Cs 0.14 0.44, 1.444 2.02,
Cq 0.073 0.174 1.79, 2.034
Si0; 0.30; - 1.84, 2.14,
Mobile phase® 2.17;
Hexadecane! 0.305

2 Subscripts indicate the statistical uncertainty in the final digit.

b In the alkylsilane systems a solute is defined to be in the retentive phase when
it is inside the first solvation shell (within 6 A) of any stationary phase CHy segment
and in the bare SiO; system if it is within 7.5 A of the silica surface (i.e., containing
the peak in 1-propanol’s K(z) profile).

¢ Hydrogen bond definition as in Table 2

d Average number of hydrogen bonds with surface silanols.

¢ Average number of hydrogen bonds with solvent molecules inside the GDS.

f Average number of hydrogen bonds with solvent molecules outside the GDS.

¢ Total number of hydrogen bonds for solutes inside the stationary phase.

' Total number of hydrogen bonds in the bulk mobile phase.

I Total number of hydrogen bonds in a bulk n-hexadecane phase that is in contact
with the mobile phase [16].

For the C; phase, the n-butane solute shows negative values for S(z)
when very close to surface (z=5-7 A) as it prefers to lie down par-
allel when the entire molecule adsorbs onto the trimethyl silane
groups. The S(z) values are positive at z~10A, perhaps because
the solute has only one of its CH3 groups adsorbed to the C; sur-
face while the remainder of the solute is in the methanol enriched
interfacial region.

For 1-propanol, one also sees similar orientational trends on
all four alkylsilane phases. Values of cos0ete(z) are positive near
the GDS. This indicates that the alkyl tail of 1-propanol is directed
towards the stationary phase, while its hydroxyl group is directed
towards the solvent and available for hydrogen bonding with
solvent molecules. Near the silica surface values of cos6fete(z)
become negative indicating that the hydroxyl group is now directed
towards the silica surface. In this orientation, 1-propanol molecules
can form hydrogen bonds with the residual silanol groups and sol-
vent molecules bound to these groups.

Retention is quite a bit different on the bare SiO, phase. For n-
butane, the K(z) profiles (red line in inset of Fig. 5) show that there
is a slight depletion near the silica surface with K(z) values less than
one. This nonpolar solute cannot interact with the surface silanols
and prefers not to be where the total system density is very high
(near z~6 A, see Fig. 4). For 1-propanol (blue line on inset of Fig. 5),
there is a very slight enrichment near the silica surface. Thus, as
would be expected, the retention order is reversed when compar-
ing the alkylsilane phases to the HILIC phase [64,65]. In terms of
orientation, the n-butane molecules show negative values of S(z)
when very close to the silica surface, but slightly positive values
at about z=7 A. The 1-propanol molecules exhibit slightly positive
values cos fete(z) near the silica surface, indicating that the hydroxyl
group is preferentially directed away from the silica surface. This
is contrary to the expectation that a 1-propanol molecule would
direct its hydroxyl group towards the silica surface so that it could
participate in hydrogen bonding with the surface silanols. From
this, it appears the solute is interacting more with surface bound
solvent than with the silanols themselves.

The retention behavior of 1-propanol on all five stationary
phases utilized in this study can be rationalized through an analysis
of hydrogen bonding. Table 3 gives the number of hydrogen bonds
for alcohol solute molecules that are retained on the stationary
phase. For the alkylsilane phases, one sees a striking similarity. The
alcohol solutes all form around two hydrogen bonds when retained
on the stationary phase, the majority of the hydrogen bonds are
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Fig. 7. Incremental free energy profiles. Line styles as in Fig.

to solvent molecules outside the stationary phase, and very few
hydrogen bonds are directly to the residual silanols. Thus, the most
important contributor to retention for the alcohol solute is adsorp-
tion in the interfacial region where the solute’s alkyl tail can interact
with the stationary phase chains and the hydroxyl group can inter-
act with solvent in the mobile phase. The only significant difference
between the alkylsilane phases is the alcohol solute shows very few
hydrogen bonds with solvent sorbed in the C; stationary phase. This
occurs because the C; phase has a much smaller volume, so there is
alower probability of interacting with a solvent inside this volume.
For the bare SiO, phase, the retained alcohol solute has a much
larger number of hydrogen bonds to surface silanols than in the
alkylsilane phases. However, it forms six times as many hydrogen
bonds with solvent molecules than with silanols. Thus, for the HILIC
phase, direct interactions with surface silanols do contribute signif-
icantly to retention, but interaction with solvent near the surface
is more important.

A comparison of the retention characteristics of n-butane and
1-propanol, i.e., a nonpolar and a polar solute, were given above.
However, further insight on the contribution of nonpolar and polar
groups can be gleaned from the incremental free energy profiles
for methylene and hydroxyl groups (AGcy, () and AGop(z)) shown
in Fig. 7. AGcy,(z) is computed by converting the K(z) profiles for
ethane, propane, and n-butane into free energy profiles through
the standard relation AG=—RTInK. A linear regression on the free
energy versus number of solute carbons is then performed at each
value of z in these profiles. The slope of this regression corresponds
to AGcy,. AGon(2) is found by subtracting the free energy profile
for an alkane solute from the free energy profile of an alcohol solute
with the same number of carbons.

For each of the alkylsilane phases, AGcy,(z) shows a minimum
(transfer from mobile to stationary phase is most favorable) at
z~9A. The value of this minimum is similar for the Cg, Cyg, and
C3g phases, but is roughly half of this magnitude for the C; phase.
This suggests the molecular origins of this minimum are different
for the C; phase. At this location a methylene group would be fully
embedded in the Cg, Cqg, and C3g phases indicative of partitioning,
but this is outside the GDS of the C; phase and, therefore, indica-
tive of adsorption. A lower free energy for partitioning than for
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adsorption is consistent with the lattice theories of Dill and Dorsey
[69,70]. Values of AGcy,(z) increase, but continue to be negative
and favorable as one moves through the interfacial regions of the
Csg, C13, and C3q phases. Negative AGcy, (z) values outside the GDS
indicate that the nonpolar methylene group can also be retained
through adsorption. Again, one sees that the free energy for adsorp-
tion on the Cg, C1g, and C3g phases is lower than the free energy for
adsorption on the “hard” C; surface.

For a comparison to bulk liquid-liquid partitioning, a horizon-
tal line indicating the methylene increment for transfer from a 33%
methanol solvent to n-hexadecane is also shown in Fig. 7. Interest-
ingly, there is an extended region in the center of the C3y phase
for which the methylene increment is flat and very close to the
value for hexadecane partitioning. This would suggest a similar-
ity to bulk liquid-liquid partitioning. However, the S(z) profile for
n-butane indicates orientational preferences in this region of the
C30 phase and one would not see such preferences in a bulk lig-
uid. It is also noteworthy that the AGcy, value for the hexadecane
phase is not much lower than AGcy,(z) values in the interfacial
regions of the Cg, Cqg, and C3q stationary phase. This suggests that
comparing free energies of retention to free energies of transfer
for bulk liquid-liquid systems may not be useful in discriminating
between adsorption and retention mechanisms in RPLC as has been
suggested by others [29,69-71].

In the incremental free energy profiles of the polar hydroxyl
group, a distinct trend is observed with decreasing chain length. For
each of the alkylsilane phases there is a free energy barrier to move
from the mobile phase through the stationary phase and to sil-
ica surface, where AGoy(z) is negative. This barrier becomes much
smaller as chain length is decreased and disappears for the bare
SiO; phase. In contrast to AGoy, AGcy, shows a maximum near
the silica surface of the bare SiO, phase. No minimum is apparent in
AGcy,(2), so anonpolar methylene group is completely unretained
on the SiO, phase.

3.2. Effects of solute length

As mentioned in Section 1, careful experimental measurements
have shown a break in the slope of plots of logk’ versus number
of carbons for various homologous series (including n-alkanes, n-
alkyl chlorides, methyl esters of linear carboxylic acids, n-alcohols,
and n-alkan-2-ones) at the point where the number of carbons
exceeds the stationary phase chain length [27,35]. Stated other-
wise, the methylene increment (AGcy,) shows a small increase
at this critical carbon number. For example, Tchapla et al. found,
for a Cg stationary phase and a 10/90 (v/v) water/methanol mobile
phase, that the methylene increment increased (became less favor-
able) by 0.1 kJ/mol when the number of carbons in the solute was
greater than ten [35]. From this it was suggested that the solutes
fully embed themselves (partition) into the stationary phase until
their length exceeds the length of the stationary phase and, after
this, the remaining portion of the solute is forced to reside out-
side the stationary phase and adsorb at the surface [27,35]. Indeed,
0.1kJ/mol is a very small change in transfer free energy to base
an argument for a change in the retention mechanism. Since the
change in the slope found by Tchapla et al. is about a factor of six
smaller than the slope itself, one may actually deduce that the sol-
vation environment for methylene segments of the longer solutes
should be much more similar to that experienced by the shorter
solutes than to one experienced by a solute in the mobile phase.

The free energies of retention for even-numbered linear alka-
nes, as a function of solute carbon number computed from the
present simulations, are shown in Fig. 8. The slope of this plot
corresponds to the methylene increment and is also indicated in
the figure. The methylene increment measured by Tchapla et al.
[35] on the Cg phase range from —0.65Kk]J/mol for the shorter
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Fig. 8. Free energy of retention, AGen, and methylene increment, AAGey, (1) =
0.5[AGretn(n+1) — AGretn(n — 1)], versus solute carbon number on the Cg phase are
shown as circles and squares, respectively. The dashed line depicts a weighted linear
fit of the AGrern data and yields a methylene increment of 0.7 kj/mol.

solutes to —0.53 kJ/mol for the longer solutes, whereas the sim-
ulation data range from —0.61+0.02 to —1.0+0.3kJ/mol and a
weighted linear fit yields —0.7 + 0.1 kJ/mol. It is evident from Fig. 8
that the computed methylene increment does not exhibit a break
when the solute carbon number is increased past the number
of carbons in the stationary phase chains. On the other hand it
appears that the magnitude of the methylene increment is increas-
ing with increasing solute chain length. Although the statistical
uncertainties (standard error of the mean) of the free energies of
retention computed from the present simulation are very small
for the smaller solutes examined (e.g., £0.02 kJ/mol for ethane),
they become significant for the larger solutes (e.g., 0.4 k]/mol
for tetradecane). As a consequence, the uncertainties in the cal-
culated free energy of the methylene increment are sufficiently
large that the difference between the increments calculated from
the hexane-butane and dodecane-decane pairs is smaller than the
combined uncertainties. Thus, because of this inadequate preci-
sion, it is difficult to judge whether the disagreement between the
experimental observations of Tchapla et al. [35] and the simulation
data is due to inaccuracies in the force field or due to differences
in the chromatographic parameters; the simulations were carried
out at a higher water content of the mobile phase (20/80 versus
10/90, v/v). Furthermore, the bonding density is not provided by
Tchapla et al. and it is possible that a more ordered phase at higher
coverage and/or lower temperature would yield different results.
Here we should also mention that curvature in the incremental free
energy of retention has been observed by Engelhardt and Ahr for a
Cg stationary phase, but again the grafting density is not specified
[37].

Despite these ambiguities, an analysis of the spatial and orien-
tational distribution may still be useful for examining the retention
mechanism of large, flexible solutes. Distribution coefficients as a
function of distance from the silica surface for ethane, n-octane,
and n-tetradecane are presented in Fig. 9. The top part of this figure
shows the distribution coefficient profiles, K(z) computed using the
center of mass coordinate (COM) of the solutes (see also Fig. 5) [43].
Due to the large size and flexibility of some of the solutes examined
here, however, the COM coordinates may not be the best descrip-
tor of solute location. Therefore, normalized distribution profiles,
H(z), for the location of the methyl groups (CH3), the six methylene
(CHgCt) groups of n-octane, and the six interior and exterior methy-
lene groups (CHiZ“t and CHg’“) of n-tetradecane are also shown in
Fig. 9. To facilitate comparison of the spatial distribution, the nor-
malization of the H(z) profiles is done in a manner that the integral
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Fig. 9. Distribution profiles for normal alkane solutes of differing length on a Cg
phase. (Top) K(z) profiles; scaled by factors of 10~! and 102 for n-octane and
n-tetradecane, respectively. (Middle) Normalized distribution profiles for methyl
groups. (Bottom) Normalized distribution profiles for methylene groups. Data for
ethane, n-octane, and n-tetradecane are shown in black, cyan, and magenta, respec-
tively. For the methylene groups of n-tetradecane, the profiles of the six interior and
the six exterior methylene groups are shown as solid and dashed lines, respectively.
The dashed vertical line indicates the position of the GDS that is found at z=10.0A;
a slightly smaller value than for the investigation of the ligand chain length, but
temperature and mobile phase composition differ for the two Cg systems. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

of H(z) from z=0 to the GDS yields a value of unity irrespective of
the excess compared to the mobile-phase region.

The K(z) and Hcy, (2) profiles for ethane trace each other very
closely and exhibit a clear bimodal distribution with one peak
inside the GDS and one peak outside. This close agreement and
the fact that the separation between the two peaks is much too
large to be explained by the C-C bond length, again support the
notion that there are two preferred regions for solute retention. The
CHj5 profiles for n-octane and n-tetradecane also show the bimodal
character and are strikingly similar to that for ethane (with the
exception of the region of z>15A, where H(z) for ethane is much
larger due to its higher solubility in the mobile phase). In contrast
to the Hey, (z) profiles, there are significant differences in the shape
of the K(z) profiles for these three analytes. The K(z) profiles for the
larger analytes are much narrower and the peak found outside the
GDS for ethane, has diminished to a weak shoulder located inside
the GDS. The narrowing of the K(z) profiles and the close agree-
ment for the Hey, (2) profiles are an indication that the larger solutes
exhibit some preferential alignment with the surface normal (see
below) and a given molecule spans its segments over a significant
z range. The spatial distributions for the methylene segments are
quite similar for n-octane and n-tetradecane, but H(z) yields slightly
smaller values in the region 9 A<z <12 A for n-tetradecane than for
n-octane (CHIM < CH$Xt < CHSet).
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Fig. 10. Profiles for the incremental free energy of transfer of a methylene unit
(dashed line) computed from data for solutes ranging from ethane to n-tetradecane
and half of the free energy of transfer for a methyl unit of ethane (solid line). The
dashed vertical line indicates the position of the GDS.

The z-dependence of the incremental free transfer free energy
for the methylene unit, AGcp, (z), and of the transfer free energy for
the methyl group of ethane, AGcy,(z) = —0.5RT In Kcy, (z) (Where
the factor of 0.5 takes account of the two methyl groups in a single
ethane molecule), are shown in Fig. 10. It should be noted here that
AGcn, (2) differs from the corresponding profile in Fig. 7 because
of changes in temperature (298 versus 323 K) and mobile-phase
composition (80/20 versus 50/50, v/v). The simulation data from
the present work indicate that AGcy,(2) is slightly less favorable
in the interfacial region as compared to the interior region of the
bonded phase and decreases in magnitude by ~0.2 k]/mol for an
outward shift of 1A in the interfacial region (see Fig. 10). These
shifts in the transfer free energy are in agreement with the outward
shift of the methylene units deduced from the experimental data
but it needs to be emphasized how little change in the average
position of a methylene group would be required for a change of
0.1KkJ/mol in AGcy,(z). Based on comparison of the z-dependence
of the normalized distribution profile and the transfer free energy
for the methylene increment (see Figs. 9 and 10), it appears that
the methylene segments for n-tetradecane are occupying regions
of slightly more favorable transfer free energy than those for n-
octane. This very minor difference may be sufficient to cause the
curvature in AG as function of chain length. In other words, the
simulation data indicate that addition of a methylene group “pulls”
the solute deeper into the bonded-phase region toward the location
of the minimum in AGcy, (2).

These observations indicate that large flexible solutes exhibit a
tendency to arrange in such a manner that part of the segments
are found in the partition region and another part in the adsorp-
tion region above the GDS, which is consistent but more nuanced
than the suggestion that larger solutes are retained by embed-
ding part of the chain inside of the stationary phase while the
remainder of the chain adsorbs at the bonded phase surface [27,35].
However, the microscopic-level information from our simulations
does not support the view that the small solutes are only retained
by fully embedding themselves (partitioning) into the stationary
phase [70-74]. The bimodal COM distribution exhibited by the C,
solute clearly demonstrates this. At first hand, there appears to be a
contradiction between the minimum in AGey, (z) atz~7.5 Aanda
bimodal distribution. The transfer free energy for the methyl group
is, of course, only a reflection of this bimodal distribution. The con-
tradiction can be resolved by comparing the average A AGcy,(n)
(see Fig. 8) to the profile of AGcy,(z) (see Fig. 10). The former is
much smaller in magnitude than the minimum in AGcy, (2), i.e., not
all units of an articulated solute can be at an optimal z value due
to constraints of the chain topology and the surrounding bonded-
phase ligands and units have to occupy a larger z region. Due to the
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Fig. 11. Orientational profiles for normal alkane solutes of differing length on a Cg
phase. The dashed vertical line indicates the position of the GDS.

asymmetry of AGcy,(2) and its steep rise for z< 7 A, the center-of-
mass of the solute is pushed to larger z values than would be optimal
for a single methylene unit. The region just below the GDS is less
crowded and allows for placement of multiple units in favorable
but not optimal z locations and, hence, there is a significant con-
tribution of adsorption to the overall retention also for the smaller
solutes (ethane to n-hexane).

Further information on the retention mechanism of these
solutes can be seen in the order parameter profiles shown in Fig. 11.
The profiles show the order parameter S for the 1-3 backbone vec-
tors of the solute chain plotted as a function of the z-location of
the center of the backbone vector. The order parameter profiles
are fairly similar in shape regardless of solute size. However, they
are shifted downward (more parallel preference) as solute size is
increased. For values of z<7 A, the 1-3 backbone vectors show a
preference to be parallel to the silica surface while at the GDS these
vectors have a perpendicular preference. Just outside the GDS, the
vectors appear to have a slight parallel preference and moving fur-
ther into the mobile phase they become randomly oriented. Thus,
the portions of the alkyl chain that are buried deep inside the sta-
tionary phase are somewhat flat relative to the silica surface as
they encounter the “wall” created by the dimethyl side chains of
stationary phase. Nearer to the ends of the stationary phase chains,
solute segments are perpendicular and outside the stationary phase
they lie flat against the alkyl surface. These observations are con-
sistent with the suggested mechanism of retention for large solutes
[27,35], but inconsistent with a pure partition mechanism for small
solutes.

A representative snapshot for a retained Cy4 solute is shown in
Fig. 12. The location of this chain is consistent with the distribution
coefficient profiles shown in Fig. 9; i.e., the COM of the solute is at
about z=8 A and the CH; groups are bimodally distributed with one
inside the stationary phase and one at the surface. Consistent with
the order parameter profiles, the portion of the chain nearest the
silica substrate is aligned parallel to the substrate as it encounters
the dimethyl side chains, the interior portion of the solute inside
the stationary phase is aligned more toward the surface normal,
and the portion of the solute outside the stationary phase is lying
flat atop the alkyl surface.

4. Conclusions

When comparing Cg, Cyg, and C3q stationary phases, one sees
more similarities than differences. Indeed, one finds that smaller
chains are more conformationally disordered, but more aligned.
However, larger changes in chain structure were observed for sim-
ulations of Cqg stationary phases with different surface coverages
[18]. Furthermore, the retention mechanisms of nonpolar and polar
solutes exhibit the same qualitative features for Cg, C1g, and Czqg
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Fig. 12. Snapshot of a Cy4 alkane solute retained on the Cg phase. The large analyte
spans the partition and adsorption regions found for the retention of small analytes.

bonded phases. For nonpolar solutes the retention mechanism is
a mix of adsorption at the chain surface and partitioning inside
the chain structure. For polar solutes the retention mechanism is
dominated by adsorption at the chain surface, but there are minor
contributions from interactions with the surface silanols and their
bound solvent. The retention mechanism is different for nonpo-
lar solutes on the C; phase where a pure adsorption mechanism
is observed since the C; phase is too thin to allow for partition-
ing. Additionally, adsorption of nonpolar solutes at the more rigid
C; surface is thermodynamically less favorable than adsorption on
the alkyl surface of longer, more flexible chains.

As to be expected, the polar surface of bare SiO, phase studied
here behaves differently than the hydrophobic alkylsilane surfaces.
At the silica surface there is a high degree of solvent structure with
distinct layers of solvent. Only the first layer is found to be enriched
in water, rather than an extended water-riched region as suggested
for HILIC phases. However, the high degree of structuring in these
layers is likely consistent with much slower transport properties.
Nonpolar alkane solutes are unretained on the SiO, phase, while
alcohol solutes are retained on the surface by hydrogen bonding
with surface silanols and surface bound solvent.

The proposed mechanism of retention for large flexible solutes
based on experimental retention data[27,35] appears to be quali-
tatively correct. Larger alkanes partially embed themselves in the
stationary phase while a portion of the solute is adsorbed at the
stationary/mobile interface. Small solutes are not retained solely
by a partition mechanism, rather they also show a mixed adsorp-
tion/partition mechanism. Thus, for flexible nonpolar solutes, the
retention mechanism does not change significantly with solute
size. The only difference is that, due to their length, large, flex-
ible, nonpolar solutes can exhibit both adsorption and partition
simultaneously. It is likely that this microscopic description may
need adjustment for stationary phases at higher coverage, where
the ligands are more ordered, and for solutes with a highly polar
functional group, where the strong preference for this group to be
well-solvated by the mobile phase leads to an orientational order-
ing for the solute.
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