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a b s t r a c t

Molecular simulations of water/acetonitrile and water/methanol mobile phases in contact with a C18 sta-
tionary phase were carried out to examine the molecular-level effects of mobile phase composition on
structure and retention in reversed-phase liquid chromatography. The simulations indicate that increases
in the fraction of organic modifier increase the amount of solvent penetration into the stationary phase
and that this intercalated solvent increases chain alignment. This effect is slightly more apparent for ace-
tonitrile containing solvents. The retention mechanism of alkane solutes showed contributions from both
eywords:
eversed-phase liquid chromatography
imulation
etention mechanism
tationary phase structure
rganic modifier

partitioning and adsorption. Despite changes in chain structure and solvation, the molecular mechanism
of retention for alkane solutes was not affected by solvent composition. The mechanism of retention for
alcohol solutes was primarily adsorption at the interface between the mobile and stationary phase, but
there were also contributions from interactions with surface silanols. The interaction between the solute
and surface silanols become very important at high concentrations of acetonitrile.
cetonitrile
ethanol

. Introduction

Reversed-phase liquid chromatography (RPLC) is among the
ost popular methods for the separation and analysis of chemi-

al mixtures. Despite this popularity and decades of research, the
omplex interplay between solvent, stationary phase and solute
hat enacts a separation in RPLC is not fully understood. Retention
n RPLC is driven by the distribution of solute molecules between
he mobile phase (an aqueous/organic mixture) and the stationary
hase (typically C18 alkyl chains tethered to silica surface). How-
ver, the molecular-level events that drive this distribution, or the
etention mechanism, have been a topic of study for over 30 years
nd the key details are still not settled [1–26]. For example, there
re conflicting views as to whether adsorption at the stationary
hase/mobile phase interface or full partitioning into the station-
ry phase is more important for solute retention and to what extent

arious chromatographic parameters, such as mobile phase com-
osition and grafting density, affect this mechanism [14,18,21,26].
ven if partitioning is taken to be the dominant mechanism of
etention, it is not clear if the process can be modeled accurately by
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bulk liquid–liquid (e.g., oil–water) partitioning [14,23] or if parti-
tioning into the tethered hydrocarbon chains of the RPLC stationary
phase involves a different molecular mechanism [16,22]. Further-
more, it is debated whether the thermodynamic driving forces for
solute retention (transfer from mobile to stationary phase) are
primarily solvophobic [21] or lipophilic [14,23]. Here, solvopho-
bic refers to the unfavorable interaction that an analyte molecule
experiences with the polar mobile phase and lipophilic refers to
favorable interaction with the nonpolar stationary phase.

The problem of pinpointing the retention mechanism in RPLC is
further exacerbated by an incomplete understanding of the inter-
action between the mobile phase and the stationary phase. It is
generally held that the organic component of the aqueous/organic
mobile phase preferentially solvates the stationary phase. How-
ever, it is not fully resolved if this excess solvation occurs mainly
through the formation of an organic layer atop the stationary phase
[27,28] or if penetration of the organic modifier into the stationary
phase is also important [29,30]. In the former case, retention could
be affected by partitioning of the solutes into this organic layer, and

in the latter case, solutes may compete with solvent molecules for
space inside the stationary phase. In addition, changes in the level
of solvation of the stationary phase with changing mobile phase
composition may effect the conformation of the alkyl chains and
alter their retentive properties.

dx.doi.org/10.1016/j.chroma.2011.02.012
http://www.sciencedirect.com/science/journal/00219673
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For a true understanding of structure and retention in RPLC,
olecular-level information is needed. However, it is often very dif-

cult to attain these molecular details through experiments alone.
or this reason, molecular simulation, which can provide these
etails directly, has been employed by numerous groups and has
ecome an increasingly popular means for studying RPLC [31–59].
critical aspect of simulating RPLC is the ability of the simula-

ion technique to reproduce experimental retention data. If the
imulation is unable to accurately generate these data, then it is
ifficult to have confidence in the corresponding molecular details.
ur recent studies have shown that molecular simulations using
fficient sampling algorithms and accurate force fields can yield
igh precision retention data that are in quantitative agreement
ith experiment [52,53,55–59]. Although much useful and inter-

sting data have come from the simulations carried out by other
roups [31,32,34–47,49], a demonstrated ability to accurately and
recisely model solute retention has been lacking in these studies.

In a continuing effort by us to systematically discern the
olecular-level effects of various chromatographic parameters

n structure and retention in RPLC, the influences of methanol
oncentration in the mobile phase [52], alkyl chain length [56],
rafting density [54,55,59], polar-embedded groups [53,56], pres-
ure [56], and pore shape [56] have been examined. In the present
ork the effect of two organic modifiers at various concentrations

s examined by carrying out simulations for a medium-coverage
imethyl octadecylsilane stationary phase in contact with various
ater/acetonitrile and water/methanol mixtures.

The effect of organic modifier concentration is an important
opic because selectivity in RPLC is most often optimized by
djusting the composition of the mobile phase. In addition to the
oncentration, the identity of the organic modifier is also impor-
ant. It has been suggested that the mechanism of retention can
e altered when different organic modifiers are used. For exam-
le, the retention mechanism is thought to be more adsorption-like
or water/acetonitrile and more partition-like for water/methanol

ixtures [25]. Furthermore, the thermodynamics of the retention
rocess are different depending on whether water/methanol or
ater/acetonitrile is used [23,60–63]. It is thought this may result

rom acetonitrile’s greater affinity to aggregate around the solutes
s compared to methanol [60–62] or that acetonitrile penetrates
he stationary phase to a larger extent than methanol [63].

. Simulation details

The simulation methodology used in this work closely fol-
ows our previous work [52–57]. Thus, only the salient features
re described in this sections and the reader is referred to [57]
or a very detailed description. To examine the effects of mobile
hase composition in RPLC we make use of coupled–decoupled
onfigurational-bias Monte Carlo simulations (CBMC) [64–68] in
he isobaric–isothermal version of the Gibbs ensemble [69,70]. The
imulations are carried out at a temperature of 323 K and a pressure
f 1 atm and make use of three separate simulation boxes that are
n thermodynamic contact but do not share an explicit interface
a graphical representation of the three-box set-up can be found
n [54]). The first simulation box corresponds to a planar slit pore

ith two substrates, (1 1 1) surfaces of ˇ-cristobalite separated by
bout 70 Å along the z-direction, to which dimethyl octadecylsi-
ane chains are grafted at a density of 2.9 �mol/m2 resulting in a
esidual silanol density of 4.8 �mol/m2. The remainder of this pore

s filled by mobile phase solvent. The second box contains a bulk

obile phase reservoir and the third box a helium vapor phase.
hese boxes are cubic and their volumes are allowed to fluctuate in
esponse to the external pressure. In these Gibbs ensemble simula-
ions, solvent and solute molecules are allowed to move between
A 1218 (2011) 2203–2213

the three boxes, thereby ensuring that the chemical potentials of
solvent species and analyte compounds are equal in the stationary
phase box, the bulk solvent reservoir, and the vapor phase.

The vapor box present in these simulation serves as an ideal gas
reference state, which allows one to decompose the free energy
of retention into mobile and stationary phase components (�Gmob
and �Gstat, respectively) [57,58].

Seven different aqueous/organic mobile phase compositions are
compared: pure water, 33% molfraction acetonitrile, 67% molfrac-
tion acetonitrile, pure acetonitrile, 33% molfraction methanol, 67%
molfraction methanol, and pure methanol (hereafter referred to as
systems WAT, 33A, 67A, ACN, 33M, 67M, and MET, respectively).
The data for systems WAT, 33M, 67M, and MET are taken from
[51] and [52]. Each system contained from 768 to 1200 solvent
molecules and 16 solutes (two each of C1 to C4 normal alkanes and
alcohols).

To describe molecular interactions in the model RPLC system,
the TraPPE force field [67,71–74] was used for alkanes, alcohols,
acetonitrile, and helium. Water was described by the TIP4P model
[75] and silica by a rigid zeolite potential [76–78]. Surface silanols
were given bending and torsional degrees of freedom and had
charges assigned based on the TraPPE alcohol model (−0.739e for
oxygen, +0.435e for hydrogen) [72]. Lennard-Jones interactions
were truncated at a distance of 10 Å and Coulombic interactions
were treated with the Ewald summation technique [79] using a
direct space cutoff of 10 Å and a convergence parameter of � =
0.28. The number of reciprocal space vectors used in each direc-
tion of a box was equal to the next integer greater than � × L˛,
where L˛ is the box length in that direction. It should be noted
here that structural features and solvation thermodynamics can
be very sensitive to the details of the molecular models (i.e., the
underlying force fields). For example, relatively small changes
in the partial charges and Lennard-Jones parameters used for
acetonitrile were found to significantly alter the degree of micro-
heterogeneity in water/acetonitrile mixtures [80]. Similarly, small
changes in only the Lennard-Jones parameters of the alkyl tail were
found responsible for large changes in water solubility, structure,
and solute partitioning for octanol–water liquid–liquid equilib-
ria [81,82]. Thus, with respect to computational investigations of
retention mechanisms, it is of utmost importance to validate pre-
dicted retention data against experimental values.

For each solvent composition studied, four independent simula-
tions were carried out. Each simulation was equilibrated for 2 × 105

Monte Carlo (MC) cycles (one MC cycle corresponds to N MC moves,
where N is the total number of molecules in the system). Thereafter,
the simulations proceeded with an additional 2 × 105 MC cycles
during which averages were collected. Statistical uncertainties in
all reported quantities were estimated from the standard error of
the mean of the averages from the four independent simulations.

3. Results and discussion

Snapshots from the simulations at each solvent composition are
shown in Fig. 1. Although each of these snapshots represents only
a single configuration of the millions generated during the sim-
ulation, they already demonstrate some of the distinct differences
between the seven solvent systems. As the fraction of organic mod-
ifier is increased, there is significantly more penetration of solvent
into the stationary phase. Near the silica surface, most of this sol-
vent is water. However, throughout the remainder of the stationary

phase the majority of the sorbed solvent appears to be the organic
modifier. In comparing systems with the same fraction of organic
modifier, more solvent penetration is observed for the acetonitrile
containing systems. Also appearing enriched in organic component
of the solvent is the interfacial region between the stationary and
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Fig. 1. Simulation snapshots for RPLC systems with varying mobile phase composi-
tion. The stationary phase is shown as tubes with carbon in grey, silicon in yellow,
and oxygen in red. The mobile phase is shown in the ball and stick representation
with carbon in cyan, oxygen in red, nitrogen in blue, and hydrogen in white. Solutes
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obile phases. This is most apparent when viewing the snapshot
or system 33A where the region just above the alkyl chains appears
o be highly enriched in acetonitrile. The snapshots also indicate
hat the alkyl chains become more extended and aligned away from
he silica surface as the fraction of organic modifier is increased. The
olutes present in the snapshots suggest that retention can occur
t the surface of the alkyl chains (adsorption) or deep within the
onded phase (partitioning). A full analysis of the simulation tra-

ectory offers more precise details on the preliminary observations
rom these snapshots. This analysis is the topic of the following
ubsections.

It should also be noted here that at the bottom of the snapshots
hown in Fig. 1 is a scale defining the z-coordinate, which is zero
t the silica surface and increases as one moves away from the sur-

ace in the z-direction. Many system properties are reported in this
aper are given as a function of this z-coordinate. There are two sil-

ca surfaces in the model RPLC system utilized here. All properties
re reported as averages over these two surfaces.
Fig. 2. Solvent and stationary phase density profiles. The shaded gray area repre-
sents the interfacial region. Data for systems WAT, 33M, 67M, and MET are taken
from [52]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

3.1. Solvation of the stationary phase

To describe the system composition as a function of z, density
profiles for the components of the mobile phase and the station-
ary phase alkyl chains are presented in Fig. 2. Also shown in this
figure is the location of the Gibbs dividing surface (GDS), a plane
that defines the boundary between mobile and stationary phase
[57,83,84], and a shaded area representing the width of this inter-
facial region. These quantities are fit to the total solvent density
(water and organic co-solvent) using a hyperbolic tangent fitting
method [85].

In examining the density profiles, one definitely sees an increase
in solvent penetration into the chain region as the molfraction of
organic modifier is increased. For system WAT, the center of the
bonded phase (z ≈ 5–12 Å) is nearly void of solvent while in sys-
tems ACN and MET there is a substantial amount of solvent in this
region. For the mixed solvent systems, the solvent component pen-
etrating into the stationary phase is primarily the organic modifier.
Despite the increase in solvent penetration with increasing organic
molfraction, the location of the GDS does not change significantly
and is located at around 15 Å in all systems. However, an increase in
the interfacial width is observed with increasing organic molfrac-
tion. In system WAT this width is about 4 Å, whereas it is closer to
10 Å in systems ACN and MET. This increase in interfacial width is
reflective of both a penetration of solvent into the stationary phase
and an extension of the C18 chains into the solvent.
with the same organic molfraction, there is a larger extent of solvent
penetration for the acetonitrile containing solvents except very
near the silica substrate (z ≈ 4 Å) where methanol exhibits sharp
peaks. These sharp peaks, which are also present in the density
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Table 1
Percentage of surface silanols with zero, one, two, or three hydrogen bonds with
solvent molecules. a

System 0 1 2 3

WAT 21 39 35 4
33A 52 39 9 <1
67A 54 38 7 <1
ACN 85 15 0 0
33M 19 41 36 4
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group to point away from, and the nitrogen towards, the silica sur-
67M 23 43 31 3
MET 33 38 28 1

a Uncertainties in all data are less than 2%.

rofiles of water, result from solvent molecules directly hydrogen
onding with surface silanols. To quantify this effect, the number
f hydrogen bonds between surface silanols and solvent molecules
s presented in Table 1. In system WAT, only 21% of silanols are not
nvolved in any hydrogen bonds with solvent molecules and the

ajority of silanols have either one or two hydrogen bonds with
olvent molecules. The number of silanols with no hydrogen bonds
ncreases markedly as acetonitrile concentration is increased. In
ystems 33A and 67A, the percentage of silanols with no hydrogen
onds is over 50% and in system ACN this number jumps to 85%.
or those silanols that are hydrogen bonded to solvent in the ace-
onitrile containing systems, very few have more the one hydrogen
ond. The methanol containing systems are in stark contrast to this.
or systems 33M and 67M, the number of silanols with no hydro-
en bonds is similar to system WAT and this number increases to
nly 33% in system MET. In these systems there is also a significant
raction of silanols with two or more hydrogen bonds. The decrease
n hydrogen bonding for the acetonitrile containing systems likely
tems from the fact that acetonitrile can only be involved in one
ydrogen bond (as an acceptor) while methanol can participate in
hree (donating one and accepting two) and water can participate
n four (donating two and accepting two). This lack of hydrogen
onding between surface silanols and solvent molecules in the ace-
onitrile rich systems has important consequences for the retention
f hydrogen bonding solutes, a topic that will be addressed later.

Other interesting phenomenon in the density profiles can be
een in the interfacial region. For system WAT, there is a deple-
ion in the total system density, or partial dewetting near the GDS.
his depletion becomes less apparent as the molfraction of organic
odifier is increased and disappears in systems ACN and MET. For

he mixed solvents, the depletion is stronger for the methanol con-
aining mixtures. This dewetting effect for water near extended
ydrophobic surfaces has been predicted by Lum et al. and is
ttributed to a disruption of the solvent’s hydrogen bonding net-
ork [86]. It appears that this effect is less important in the more
eakly hydrogen bonding acetonitrile mixtures as compared to

he methanol mixtures. Also present in the interfacial region is an
nrichment in the organic modifier concentration for the binary sol-
ent systems. This effect is most dramatic for systems 33A and 33M
here the density of the organic modifier reaches a maximum in

he interfacial region, which actually exceeds its bulk mobile phase
ensity. Interestingly, this density maximum occurs near the min-

mum in total system density. The enrichment in the interfacial
egion appears to be slightly stronger for the acetonitrile containing
ystems.

Kazakevich and coworkers have measured the excess adsorp-
ion isotherms of acetonitrile and methanol from their mixtures
ith water onto RPLC stationary phases [27,28]. In this work, they

howed that there is a maximum in the excess adsorption of the

rganic component of the solvent at organic modifier molfractions
f around 0.3–0.4, and that the excess adsorption is larger for ace-
onitrile than for methanol. At this solvent composition, Kazakevich
nd coworkers inferred that methanol forms one monolayer at the
A 1218 (2011) 2203–2213

C18/mobile phase interface and acetonitrile forms five molecular
layers [28]. In qualitative agreement with this experimental work,
it is found here that there is an excess adsorption of the organic
component of the solvent and that this excess is greater for acetoni-
trile mixtures than for methanol mixtures. The excess adsorption
can be quantified from the difference between the average num-
ber of organic modifier molecules found in the stationary phase
box and the average number found in the bulk mobile phase in a
volume element equivalent to the volume between the two GDSs
in the stationary phase box. From this excess number of organic
modifier molecules in the stationary phase box, the cross section of
the stationary phase box, and the molar volume of the neat organic
phase, we can estimate that the excess adsorption would be equiv-
alent to solvent layers with a thickness of 2.5, 1.9, 0.7 and 0.1 Å for
systems 33A, 67A, 33M, and 67M, respectively. In agreement with
the experimental data [28], the simulations yield a larger excess
adsorption for the solvents with 33% organic modifier compared
to those with 67%. For the 33% composition, the excess adsorp-
tion would correspond to an organic layer that is about four times
thicker for acetonitrile than for methanol.

However, assuming that the adsorption excess relates to a layer
of neat organic modifier is not a good representation. The den-
sity profiles do show an enhancement of the organic modifier in
the interfacial region, but the solvent composition in the interfa-
cial region is never 100% organic modifier and, hence, no distinct
layers of organic modifier exist (such layers would be entropically
extremely unfavorable). Additionally, since the enhancement of
organic modifier in the interfacial region is only slightly greater for
the water/acetonitrile mixtures, the increased amount of adsorp-
tion of organic modifier for water/acetonitrile as compared to
water/methanol mixtures is not solely due to enhancement at the
C18 surface. Rather, it is also the result of increased partitioning of
acetonitrile inside of the C18 phase relative to methanol.

Another observation of Kazakevich and coworkers was an excess
adsorption of water at very high organic modifier concentrations,
i.e., more than 95% (v/v) [28]. This excess water adsorption was
attributed to a higher affinity of water to interact with the resid-
ual surface silanols as compared to the organic modifier and was
observed to be larger for water/acetonitrile mixtures than for
water/methanol mixtures. The hydrogen bond data in Table 1 indi-
cates that water does interact more strongly with the surface
silanols than either methanol or acetonitrile because, in the neat
solvents, water forms more hydrogen bonds with the silanols. Fur-
thermore, this hydrogen bond data can also explain the greater
excess of absorbed water in water/acetonitrile mixtures. Neat ace-
tonitrile forms far fewer hydrogen bonds with the silanols than does
neat methanol. Thus, in water/acetonitrile mixtures there should
be less competition for water molecules to interact with the silica
surface.

The orientation of solvent molecules within the stationary phase
and interfacial region is also important for characterizing stationary
phase solvation. For this reason, the average orientation of end-
to-end vectors for acetonitrile and methanol (cos �ete) and dipole
vectors for water (cos �p) with respect to the substrate normal are
plotted as a function of z in Fig. 3. Positive values of cos �ete indi-
cate solvent methyl groups of acetonitrile or methanol pointing
towards the silica substrate and negative values indicate methyl
groups pointing away. Positive values of cos �p indicate dipole vec-
tors directed away from the substrate and negative values indicate
the opposite orientation.

For acetonitrile there is a definite preference for the methyl
face for z < 5 Å. In this orientation, acetonitrile may interact with the
surface silanols via hydrogen bonding. In the region from 5 to 8 Å
away from the surface, acetonitrile has a strong preference to orient
its methyl group in the opposite direction. Moving outward beyond
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Fig. 4. Probability distribution for the angle between the C18 end-to-end vectors
and the silica surface normal (left) and the order parameter along the chain back-

T
S

ig. 3. Orientation of the end-to-end vector of the organic modifier (left) and the
ipole vector of water (right) as a function of z. The horizontal line at z = 15 Å serves
s a rough guide for the position of the GDS in each system. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f the article.)

= 8 Å, cos �ete values for acetonitrile continue to oscillate but soon
ecay to zero and there is no orientational preference for acetoni-
rile outside of the GDS. Methanol has an orientational preference
imilar to acetonitrile when near the silica surface, i.e., it points it
ethyl group away from and its hydroxyl group towards the sur-

ace so that it can hydrogen bond with the surface silanols. In the
nterfacial region, methanol has a much stronger orientational pref-
rence than acetonitrile. Methanol aligns its methyl group towards
he stationary phase and its hydroxyl group towards the solvent.
n this manner, the hydroxyl group can participate in hydrogen
onding with the mobile phase solvent while the nonpolar methyl
roup interacts with the alkyl stationary phase. The stronger ori-
ntational preference for methanol in the interfacial region, as
ompared to acetonitrile, is in disagreement with interpretations
f spectroscopic data [87] but in agreement with previous molecu-
ar dynamics simulations [39]. Water has a somewhat weaker and

ore rapidly varying orientational preference than acetonitrile or
ethanol. In general, its dipole vector point towards the silica sur-

ace for z < 5 Å and towards the mobile phase when in the interfacial
egion.

.2. Structure of the stationary phase

From the solvent density profiles shown in Fig. 2, it is clear that
he alkyl chains in the stationary phase are solvated to a larger
xtent when the concentration of organic modifier in the mobile
hase is increased and that this solvation is greater for the ace-
onitrile containing systems. To ascertain what effect this solvation
as on the structure of the C18 chains in the stationary phase, var-

ous structural properties for the alkyl chains were examined (see
able 2 and Fig. 4).

A commonly reported measure of alkyl chain structure is the
raction of gauche defects (fgauche); a small fraction of gauche
efects indicates a high degree of chain order. Table 2 lists the
ractions of gauche defects, which is very close to 0.26 in all

olvent systems. This is in agreement with Raman spectroscopic
easurements by Pemberton and coworkers that indicated little

ependence of the dihedral angles on solvent composition, espe-
ially when compared to the effects of chain surface coverage
29,30].

able 2
tructural properties of alkylsilane chains in contact with different mobile phase solvents

System

Property WAT [51] 33A 67A

fgauche 0.251 0.271 0.261

rete (Å) 16.23 15.93 16.24

cos �ete 0.251 0.463 0.522

zCH3 (Å) 9.11 11.23 12.41

Sn −0.142 −0.021 0.022

a Subscripts indicate the statistical uncertainty in the final digit.
bone (right). Data for systems WAT, 33M, 67M, and MET are taken from [51]. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Also shown in Table 2 is the end-to-end distance (rete), i.e., the
distance between the first methylene group of the chain and the
terminal methyl group. This structural parameter also shows lit-
tle dependence on solvent composition and is around 16 Å in all
solvent systems. Interestingly, the fractions of gauche defects and
end-to-end distances are very similar to chains in a bulk C18 liq-
uid phase [88]. Thus, these structural parameters indicate that the
tethered RPLC chains represent a more liquid-like state under these
conditions, as opposed to a more ordered solid-like state.

Another important structural characteristic of the RPLC sta-
tionary phase is the degree of chain alignment. One parameter to
assess this alignment is cos �ete, where �ete is the angle between
the chain end-to-end vector and the normal to the silica surface.
The average value for cos �ete in each solvent system is shown in
Table 2. Unlike the fraction of gauche defects, the orientation of
the end-to-end vector changes substantially with changes in sol-
vent composition. In system WAT, the average value of cos �ete is
0.25 and it increases to 0.56 in system ACN and 0.53 in system
MET. Thus, the chains are directed more away from the silica sur-
face as organic concentration increases and this effect is slightly
greater for acetonitrile containing solvents. A structural parameter
complimentary to the end-to-end orientation is zCH3 , the height of
the terminal methyl group above the silica surface. As indicated in
Table 2, zCH3 also steadily increases as the concentration of organic
modifier is increased, thus indicating an extension of the chains
into the mobile phase solvent.

In addition to the average value of cos �ete, it is useful to exam-
ine the distribution of this angle to ascertain if a particular angle
is preferred (like the nearly uniform tilt angle observed for alkyl
monolayers on metal surfaces [89]). These distributions are shown
in Fig. 4. For system WAT, the distribution is clearly bimodal with
peaks in cos �ete near values 0 and 0.4, corresponding to chains
nearly parallel to the surface and chains with �ete ≈ 65 ◦, respec-
tively. This bimodal behavior also appears in the other solvent
systems, but as the concentration of organic modifier is increased

the height of the peak corresponding to chains parallel to the sur-
face decreases significantly. Furthermore, the peak corresponding
to more extended chains becomes broadened and shifts to around
cos �ete = 0.6 in the organic-rich systems (67% and 100% organic

. a

ACN 33M [51] 67M [51] MET [51]

0.271 0.271 0.261 0.261

16.22 15.73 16.13 16.23

0.562 0.433 0.512 0.534

12.93 10.91 12.31 12.54

0.051 −0.052 0.012 0.021
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odifier). In these systems there is also a significant probability
or chains nearly perpendicular to the silica surface (cos �ete close
o 1). It is interesting to note that, despite the large differences in
nd-to-end orientation in the different solvents, there remains a
omewhat broad distribution of chain alignments in all systems.
here is no single conformation that dominates in any system and
here remains a probability for both parallel and perpendicular
hains.

Although the end-to-end vector provides a picture of the over-
ll alignment of the chains, more local information on individual
egments within the chain can be gleaned by the order parameter
i along the chain backbone

i = 1
2

〈3 cos2 �i − 1〉 (1)

here �i is the angle between the ith 1–3 backbone vector in the
18 chain and the normal to the silica surface. This order parameter

s equivalent to the experimentally observable NMR order param-
ter for deuterated alkyl chains [90,91]. Fig. 4 shows this order
arameter for each 1–3 vector along the chain backbone and Table 2
ives Sn, the value of the order parameter averaged over all 16 1–3
ackbone vectors.

Like cos �ete, Sn indicates that the chains become aligned more
erpendicular to the silica surface as the organic modifier con-
entration is increased. For system WAT, Sn = − 0.14 indicates a
ore parallel preference for the 1–3 vectors. The order parame-

er increases to values slightly greater than zero for systems ACN
nd MET, indicating 1–3 vectors with a slight perpendicular pref-
rence. For comparison, the order parameter would be zero for an
sotropic liquid phase and over 0.2 for a liquid-crystalline phase
92].

Looking at the more local information for the order parameter
long the chain backbone (Fig. 4), one sees a similar trend for all
even solvent systems. The order parameter is large and positive for
he first few backbone vectors and reaches a minimum somewhere
ear vector number 10. However, the curves are shifted upward
s acetonitrile or methanol concentration is increased. Comparing
he water/acetonitrile and water/methanol mixtures with the same
rganic concentration, one sees that curves for water/acetonitrile
ixtures are shifted upward by a small amount indicating a slightly

reater alignment in these systems.
In comparing the different structural parameters discussed

bove, it appears that the conformation of the individual chains
as measured through gauche defect fraction and end-to-end
ength) does not change to a significant extent when the sol-
ent is changed, however, the alignment of the chains is greatly
ffected. This similarity between gauche defect fractions and end-
o-end length has also been observed when comparing isotropic
nd liquid crystalline-like n-octadecane liquid phases [88]. Thus, it
ppears that these parameters may not be good for characterizing
he degree of order/disorder in an RPLC stationary phase and one
hould place more emphasis on chain alignment.

Beyond the conformation of the individual chains, another
arameter used to described the stationary phase is the bonded
hase thickness. One could characterize the bonded phase thick-
ess in multiple ways, for example through the position of the
DS or the height of the terminal methyl group. The current data

ndicate that the position of the GDS changes very little upon chang-
ng solvent composition and is fairly constant at around z = 15 Å.
n contrast, the height of the terminal methyl group increases
rom 9.1 Å in system WAT to 12.9 and 12.5 Å in systems ACN and
ET, respectively. Different experimental studies have also sought
o characterize this thickness, but these show diverging results.
azakevich and coworkers found a C18 bonded phase thickness of
round 9 Å from low-temperature nitrogen adsorption measure-
ents [27] while Sander and coworkers measured a thickness of
Fig. 5. Distribution coefficient profiles for n-butane and 1-propanol in systems with
different mobile phase compositions. Axis scales shown in blue apply to all butane
results. Axis scales shown in red apply to all propanol results. Data for systems WAT,
33M, 67M, and MET are taken from [52]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

17±3 Å from neutron scattering experiments for chains in con-
tact with a pure methanol solvent [93]. Assuming low-temperature
nitrogen is a poor solvent for the chains, like water, the value of zCH3
seems to agree with the data from Kazakevich and coworkers. How-
ever, the value of zGDS is in agreement with the data reported by
Sander and coworkers.

3.3. Solute retention

To access the mechanism of solute retention one needs to know,
with high resolution, the preferred locations and orientations of the
solutes within the stationary phase. The simulations described here
are able to directly yield this type of data. The preferred locations
of the solutes are described through the z-dependent distribution
coefficient profiles, or K(z) plots, shown in Fig. 5 for n-butane and
1-propanol (K(z) = �stat(z)/�mob where �mob is the solute number
density in the bulk mobile phase and �stat(z) is the z-dependent
solute number density in the stationary phase computed for slices
with a thickness of 0.45 Å). These profiles are analogous to the
(experimentally measurable) distribution coefficient for transfer
from mobile to stationary phase but offer much more detailed infor-
mation on where retention occurs within the stationary phase. That
is, larger values of K(z) correspond to more favorable (lower free
energy), and thus more rentitive, locations of the solute within
the stationary phase. In examining these profiles for all seven sys-
tems, one of the most striking features is the large dependence of
the solute distribution coefficient on z. With the spatial resolution

afforded by the simulations, it is clearly evident that the stationary
phase is not a homogeneous medium into which solutes partition
nor a nonpolar surface to which solutes adsorb. Rather, the sta-
tionary phase is a heterogeneous medium with multiple preferred
regions for the solutes.
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For butane, the K(z) profiles show a bimodal distribution in all
even solvents. There is one peak in the center of the bonded phase
z ≈ 8 Å) and another in the interfacial region (z ≈ 12 Å) but inside
he GDS in all systems. The peak in the center of the bonded phase
emains rather sharp regardless of solvent composition. However,
he shape of the peak in the interfacial region is influenced by sol-
ent composition, broadening as the fraction of organic modifier
s increased. The broadening of this interfacial peak coincides with
he increasing width of the interfacial region shown in Fig. 2. From
his it is apparent that even a simple nonpolar solute has multi-
le modes of sorption. It can either partition deep into the bonded
hase or adsorb at the surface of the hydrocarbon/solvent interface.

The preference of n-butane to reside in the interfacial region is
ot entirely surprising since a density depletion is observed in this
egion (see Fig. 2) and this would lead to a lower entropic cost of
avity formation. However, the peak deeper in the bonded phase
s in a region where the overall system density is significantly
igher. Analysis of the bonded-phase structure shows that it is
uch more ordered in this region, as indicated by the larger S

alues for the initial portion of the chain (Fig. 4). Thus, there may
e more free volume of appropriate size and shape for the solute

n this region. The role that chain order may play in retention
as recently been reviewed by Sander and co-workers [94]. Free
nergy minima at the location where the C18 density reaches
bulk-like value (z ≈ 13 Å) and another deeper in the bonded

hase were also observed for a methane analyte in molecular
ynamics simulations by Klatte and Beck [33], but not by Slusher
nd Mountain for a C8 bonded phase [39].

When comparing the water/acetonitrile and water/methanol
ixtures with the same organic molfraction, the general shape

f butane’s K(z) profiles are very similar, but the magnitude of
(z) is larger for the water/methanol mixtures. However, the free
nergy of transfer from mobile phase to vapor phase is more
avorable for butane with water/methanol mixtures than with
ater/acetonitrile mixtures [58]. This effect was attributed to ace-

onitriles greater preferential solvation of the methylene group as
ompared to methanol [58]. Thus, the difference in the magnitude
f K(z) stems mainly from the mobile phase contribution and not
rom changes in the stationary phase. From this it can be concluded
hat the main features of the retention mechanism of this nonpolar
olute do not change for any of the solvent mixtures examined here
nd remains a mixed partition/adsorption mechanism.

A much different retention mechanism is observed for the polar
olute, 1-propanol, and this retention mechanism appears to be
omewhat dependent on the mobile phase composition. In system

AT, propanol exhibits a distinct preference to reside in the inter-
acial region with a peak centered directly on the GDS (but with a
eak height much lower than for butane). This preference to adsorb
t the alkyl surface clearly diminishes as the fraction of organic
odifier is increased and propanol becomes more soluble in the

olvent. Additionally, the peak in K(z) shifts to larger z values, from
irectly under the GDS to the solvent side of the interfacial region as
he fraction of organic modifier is increased. This is likely caused by
he interfacial enrichment of the organic component of the solvent.

Additional, but smaller peaks in the K(z) profile of propanol
re observed in the 3 < z < 7 Å region of system WAT. These are
ue to hydrogen bonding of propanol molecules directly to resid-
al surface silanols and to solvent molecules which are bound
o the substrate (this is discussed further below). Interestingly
hese peaks become much stronger as acetonitrile concentration
s increased, but not as methanol concentration is increased. This is

elated to the availability of the surface silanols for hydrogen bond-
ng. In water/methanol mixtures these silanols are nearly saturated
y solvent molecules, but in the pure acetonitrile phase the silanols
re almost freely available (see Table 1). The presence of hydrogen
onding sites at the silica surface also affects how deeply the alcohol
and MET are taken from [52]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

solute can penetrate into the stationary phase. It is very improbable
for the alkane solute to be found at a position with z ≤ 5 Å, or about
where the dimethyl side chains of the –Si(CH3)2C18H37 alkylsilane
groups are located, since this region is very crowded. However, the
polar alcohol can exist in this region by partially compensating for
the entropic cost of cavity formation through hydrogen bonding to
the substrate.

In addition to a comprehension of where a solute is retained
within the stationary phase, a complete description of the retention
mechanism would also require knowledge of how the solutes are
oriented. For this reason, the z-dependent S profiles for butane and
cos �ete profiles for propanol are shown in Fig. 6. The end-to-end
vector of propanol originates at the methyl group and terminates
at the hydroxyl hydrogen. The S(z) profiles for butane show that
this solute has some orientational preferences in the stationary
phase and interfacial region, although these preferences are quite
weak. In the interfacial region, the butane molecule prefers to
lie parallel to the interface, seeming consistent with interfacial
adsorption. In the center of the bonded phase, butane changes its
orientational preference to perpendicular with a maximum in S(z)
at around z = 8 Å. This maximum occurs at the same position as the
peak in the K(z) profile that was attributed to partitioning. Clearly,
given the perpendicular orientational preference of butane, this
partitioning does not resemble bulk liquid–liquid partitioning
where one would see no orientational preference. Moving further
into the bonded phase, S(z) values become negative at around
z = 6 Å, indicating a parallel preference. It appears that the butane
solute lies flat as it encounters the “wall” created by the dimethyl

side chains. The S(z) profiles for butane look similar in all solvent
systems, again suggesting that the retention mechanism is not
altered by changes in the organic modifier.
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tion mechanism in RPLC resembles bulk liquid–liquid partitioning
ig. 7. Incremental retention free energy profiles for the methylene (left) and
ydroxyl (right) groups. Data for systems WAT, 33M, 67M, and MET are taken from
52].

Propanol exhibits much stronger orientational preferences than
utane. In the interfacial region, the cos �ete(z) profiles indicate that
his solute has a preference to direct its hydroxyl group towards
he mobile phase and its alkyl tail towards the stationary phase. In
his manner the solute can hydrogen bond with the solvent while
ts nonpolar tail is solvated by the hydrocarbon stationary phase.
he magnitude of the interfacial peak in cos �ete(z) decreases as
he molfraction of the organic modifier is increased but does not
ppear to be influenced by whether the organic modifier is ace-
onitrile or methanol. Moving through the bonded phase to near
he silica surface, cos �ete(z) shifts from positive to negative values,
hus indicating that the polar hydroxyl group is directed towards
he silica surface. In this manner, the propanol solute can form
ydrogen bonds with the surface silanols or substrate-bound sol-
ent molecules. This preference is weakest in system WAT, where
he silanols are mostly saturated, but very strong in system ACN,
here the silanols are mostly unsaturated.

In order to decompose the thermodynamics of retention into
ontributions from polar and non-polar groups, the incremental
ree energies of transfer for methylene and hydroxyl groups, �GCH2
nd �GOH, were examined. These two quantities are plotted as
function of z in Fig. 7. �GCH2 (z) is computed by converting the
(z) profiles for ethane, propane, and butane into free energy pro-
les through the standard relation �G = − RTln K [52,57]. A linear
egression on the free energy versus number of solute carbons is
hen performed at each value of z in these profiles. The slope of this
egression corresponds to �GCH2 . �GOH(z) is found by subtracting
he free energy profile for an alkane solute from the free energy
rofile of an alcohol solute with the same number of carbons.

As can be seen from the profiles, the incremental free energies
how a strong dependence on z in the model RPLC system. �GCH2 is
ost favorable at z ≈ 9 Å, i.e., in the interior of the stationary phase,

nd its magnitude decreases as the organic molfraction is increased.
he general shape of the profile does not depend on whether ace-
onitrile or methanol is present. However, the profiles for systems
3M and 67M lie slightly below the ones for systems 33A and 67A,
hereas the profile for system MET is just above the one for sys-

em ACN. These differences are mainly due to the mobile phase
ontribution to the free energy of retention [58]. In contrast, �GOH
hows a maximum at z ≈ 9 Å that is large in magnitude compared to
GCH2 . �GOH is favorable at z ≈ 5 Å, where the OH group can hydro-

en bond to residual silanols or substrate-bound solvent molecules.
GOH is most favorable in system ACN, due to the less favorable
obile phase contribution [58] and enhanced silanol accessibility

n this system.
In addition to calculating the incremental free energies of reten-

ion as a function of z, they may also be calculated as a net
ncremental free energy of retention for the entire stationary phase

y using the GDS as a border between the mobile and stationary
hase and accounting for any excess solute adsorbed at the sur-
ace [57]. It should be noted here that the incremental free energy
f transfer (or incremental excess chemical potential) will only be
A 1218 (2011) 2203–2213

strictly constant for a transfer between two homogeneous phases
where the homologous series of solutes does not undergo a confor-
mational change as function of chain length [97]. Tchapla et al. [98]
have investigated the linearity of retention plots for various homol-
ogous solute series in monomeric alkylsilane phases and found a
significant discontinuity when the chain lengths of the solute and
the stationary phase ligand become comparable and a much smaller
change in mean selectivity per methylene segment (corresponding
to a change in �GCH2 of less than 0.005 kJ/mol) for shorter solute
molecules. The probe solutes used in this study are much shorter
than the ligands and, hence, should exhibit nearly constant �GCH2 .
The statistical error in the predicted net values of �GCH2 and �GOH
are <0.1 and <0.5 kJ/mol, respectively. These net incremental free
energies of retention are useful because they may be directly com-
pared to experimental retention data. This comparison is made in
the free energy level diagram shown in Fig. 8. By assigning the
vapor phase as zero on the free energy scale, this diagram also
depicts the mobile and stationary phase contributions to the free
energy of retention for the realistic model RPLC system described
in this work (labeled ODS) and for a liquid n-hexadecane system
(labeled C16) described in previous work [58]. Hexadecane is used
here to represent what one would expect for bulk liquid–liquid
partitioning [7,18]. The experimental retention data in this figure
come from careful studies by Barman (for water/methanol mix-
tures) [95] and Alvarez-Zepeda (for water/acetonitrile mixtures)
[96] and for stationary phases very similar to the one modeled here.
The experimental data for hexadecane partitioning is from the work
of Ranatunga and Carr [23].

First, it is noted that the calculated values of �GCH2 are in excel-
lent agreement with experiment (compare the solid and dashed
lines above the ODS label in Fig. 8). The largest deviation observed
is around 0.2 kJ/mol, a very small value in terms of free energy,
and in many cases the deviation is even smaller. Simulation data
for the methylene increment in the hexadecane model system also
agree very well with experiment, as discussed previously [58]. Reli-
able retention data for the hydroxyl increment were only available
for water/methanol mixtures, but agreement with this data is very
good. The fact that the simulations are able to reproduce the ther-
modynamics of the retention process, as measured experimentally,
provides good confidence that the molecular details observed in
simulations are indeed correct.

The free energy diagram also allows for a discussion of the driv-
ing forces for retention and for a comparison of retention in RPLC
to bulk liquid–liquid partitioning. As shown in Fig. 8, the vapor
to mobile phase transfer (or mobile phase contribution to reten-
tion) for the methylene group is unfavorable only in system WAT.
Thus, solvophobic forces [21,99,100] are not important for reten-
tion unless highly aqueous mobile phases are used. The free energy
of transfer from the vapor phase to the ODS stationary phase (or
stationary phase contribution to retention) is always favorable and
greater in magnitude than the mobile phase contribution in all sol-
vent systems examined. This is in agreement with the lipophilic
view of Carr and coworkers [14,18,23], which argues that interac-
tions with the stationary phase drives the retention process. The
free energy of transfer from the vapor phase to the ODS phase
changes little with changing solvent composition suggesting that
solvent penetration into the stationary phase and its influence on
chain order has little effect on nonpolar groups.

Comparing retention in the ODS phase to retention in the hex-
adecane phase, one sees that they are very similar in terms of free
energy. This similarity has been used to suggest that the reten-
[7,18]. The current work shows that this similarity holds only for
the integrated K(z) profile but not for specific regions of the sta-
tionary phase. The profiles in Figs. 5 and 6 clearly indicate that
nonpolar solutes can either partition into the stationary phase or
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fier concentration makes the ODS phase less favorable for hydroxyl
groups, whereas it makes a bulk hexadecane phase in contact with
the same mobile phase more favorable for hydroxyl groups. This
is explained by noting that total number of hydrogen bonds in the
ODS phase decreases with increasing organic fraction, whereas the

Table 3
Number of hydrogen bonds per alcohol solute molecule in the ODS, mobile, and bulk
n-hexadecane phases a,b.

System NSiOH
c Nin

d Nout
e Ntotal

f Nmob
g NC16

h

WAT [52] 0.124 0.436 1.627 2.175 2.421 0.062

33A 0.162 0.812 0.843 1.815 1.462 0.121

67A 0.283 0.621 0.682 1.581 1.351 0.131

ACN 0.827 0.281 0.272 1.374 0.662 0.181

33M [52] 0.082 0.413 1.482 1.972 2.172 0.308

67M [52] 0.092 0.575 1.245 1.903 2.011 0.91

MET [52] 0.071 0.411 1.342 1.821 1.831 1.337

a A solute is defined to be in the ODS phase when it is inside the first solvation
shell (6 Å) of any stationary phase CHx segment.

b Subscripts indicate the statistical uncertainty in the final digit.
c Average number (per alcohol solute molecule) of hydrogen bonds with silanol

groups.
ig. 8. Incremental free energy level diagrams for the methylene (top) and hydrox
ines correspond to experimental values [23,96,95]. Data for ODS and solvents WAT
58].

dsorb at the surface and in either case have a clear orientational
reference, which would not be present in a bulk liquid. Addition-
lly, the free energy of retention for the methylene group in the
nterfacial region (where adsorption occurs) is slightly smaller, but
ery similar to the free energy in the center of the bonded phase
where partitioning occurs). Thus, thermodynamics cannot easily
istinguish these two processes. This is an excellent example of
hy great caution should be used when inferring molecular details

rom thermodynamic data.
For the polar hydroxyl group, the free energy level in the solvent

hase is always lower than that in the vapor phase. This indicates an
nfavorable transfer from mobile to vapor phase (or mobile phase
ontribution) and one would view this as a solvophilic, as opposed
o a solvophobic force. The magnitude of this solvophilic interac-
ion decreases as the fraction of organic modifier is increased, and is
ess favorable for the acetonitrile containing solvents. Like for the

ethylene group, the transfer from the vapor phase to the ODS
hase (stationary phase contribution) is favorable, or lipophilic,
or the hydroxyl group. However, the magnitude of the solvophilic
nteraction is much greater.

Comparing the hydroxyl increments for the ODS phase to those
or the hexadecane phase, one observes that the former lie signifi-
antly lower in free energy than the latter. This effect was observed
xperimentally by Carr and coworkers for other polar groups [18].
he authors of this work attribute these differences to three possi-
le reasons: (1) hydrogen bonding of polar solutes with the silanols,
2) polar solutes residing at the ODS–mobile phase interface, and
3) polar solutes being preferentially solvated by solvent which is
orbed into the bonded phase [18]. These relative importance of the
hree items above can be deduced by a hydrogen-bond analysis for
he alcohol solutes (see Table 3).
In all seven of the solvent systems, it is found that alcohol
olutes, when retained on the stationary phase, hydrogen bond
o silanols, sorbed solvent, and solvent outside of the stationary
hase. In most of the solvent systems, the prevalent mode of hydro-
en bonding is to solvent outside the stationary phase. This is not
ttom) groups. Solid lines indicate values calculated from simulation while dashed
67M, and MET are taken from [52] and data for C16 and all solvents are taken from

surprising since interfacial adsorption was the dominant mode of
retention in these systems. Hydrogen bonding to surface silanols
seems to be the least important contributor, except for system ACN
where there is a greater availability of free silanols.

Other trends in the free energy level diagram can be explained
by hydrogen bonding. For example, the magnitude of the free
energy level in the mobile phase decreases as the fraction of organic
modifier is increased. This decrease correlates very well with the
decrease in hydrogen bonding in the mobile phase shown in Table 3.
It is also interesting to note that an increase in the organic modi-
d Average number of hydrogen bonds with solvent molecules inside the GDS.
e Average number of hydrogen bonds with solvent molecules outside the GDS.
f Total number of hydrogen bonds in the ODS stationary phase.
g Total number of hydrogen bonds in the bulk mobile phase.
h Total number of hydrogen bonds in a bulk n-hexadecane phase that is in contact

with the mobile phase [58].



2 atogr.

h
g
[

4

w
m
r
c
m
s
t
m
c
o
t
i
r
a
I
s
i

b
t
f
o
o
e
t

a
o
a
a
s
c
s
c

i
i
p
m
g
m
m
t
o
w
t
o
c
s
t
R
a
r

t
p
g
s

212 J.L. Rafferty et al. / J. Chrom

exadecane phase shows an increase in hydrogen bonding due to a
reater extent of solvent partitioning at higher organic molfractions
58].

. Conclusions

Simulations of a C18 stationary phase in contact with
ater/acetonitrile and water/methanol mixtures of varying organic
odifier concentration indicate that changes in the solvation envi-

onment and structure of the stationary phase chains occur with
hanges in mobile phase composition. As the molfraction of organic
odifier is increased, there is a marked increase in the degree of

olvent penetration into the bonded phase. Water/acetonitrile mix-
ures show greater solvent penetration relative to water/methanol

ixtures with the same organic molfraction. However, in either
ase, the primary species partitioned into the bonded phase is the
rganic modifier. In addition to partitioning into the bonded phase,
he solvent is observed to adsorb at the silica surface. This is most
mportant for water and methanol, which interact strongly with the
esidual surface silanols, saturating nearly all of them. In contrast,
cetonitrile has a much weaker interaction with the silica surface.
n a pure acetonitrile solvent a very large fraction of the surface
ilanols would be available for interaction with solute molecules,
.e., peak tailing may be more prevalent.

Interesting phenomena are also observed at the interface
etween the C18 chains and the solvent. In this interfacial region,
here is a density depletion, or partial drying effect, especially
or solvents with a high molfraction of water. For binary aque-
us/organic solvents, there is an enhancement in the concentration
f the organic component of the solvent at the interface. This
nhancement is only slightly stronger for water/acetonitrile mix-
ures as compared to water/methanol mixtures.

Ordering of the C18 chains in the stationary phase is increased
s the concentration of organic modifier is increased. The increased
rder is seen in parameters that relate to chain alignment (cos �ete

nd Sn), but parameters that relate to chain conformation (fgauche
nd rete) are affected only to a small extent. Interestingly, spectro-
copic techniques, such as Raman spectroscopy, typically measure
onformational properties like gauche defect fractions. This study
hows that parameters related to chain alignment are better indi-
ators of chain ordering.

As far as mobile phase effects are concerned, solvent penetration
nto the stationary phase appears to be the largest factor contribut-
ng to increased chain order. With pure water, there is very little
enetration of the solvent and the least amount of chain align-
ent is observed. In the pure organic solvents, there is a much

reater extent of solvent penetration and enhanced chain align-
ent is seen. In comparing water/acetonitrile and water/methanol
ixtures, slightly more penetration of the solvent is observed for

he acetonitrile mixtures and this results in a mild increase in chain
rdering. However, the differences between water/acetonitrile and
ater/methanol mixtures with the same organic modifier concen-

ration are much smaller than differences incurred by changing
rganic modifier concentration. From these results, one can con-
lude that less polar solvents will penetrate further into the chain
tructure and produce more chain order. This conclusion is similar
o the one reached by Pemberton and coworkers who carried out
aman spectroscopic measurements for a monomeric C18 station-
ry phase at a coverage of 3.09 �mol/m2 in contact with a wide
ange of solvents [29,30].
With regards to the retention mechanism, the most impor-
ant observation from this simulation study is that the bonded
hase does not participate in the retention process as a homo-
eneous phase. For the alkane solute there clearly exists multiple
orption sites, including the center of the bonded phase and the
A 1218 (2011) 2203–2213

interfacial region. The existence of sorption site(s) near the inter-
face and the observation that the solute prefers to lie flat in this
region suggests that adsorption plays an important role in the
retention of this solute. This is in contrast to generally accepted
view that the retention of small non-polar solutes is dominated
by partitioning [2,7,9,14,15]. The second sorption site for n-butane
is in the center of the bonded phase, but this region differs from
an isotropic alkane phase. Although the molecular-level details
are distinctly different, the overall thermodynamics of the RPLC
retention process for small nonpolar molecules, as indicated by
�GCH2 , are similar to bulk oil–water partitioning. The thermody-
namic driving force for the retention of the non-polar methylene
segment is its lipophilic interaction with the bonded phase. This
lipophilic interaction is nearly three times larger in magnitude
than the unfavorable (or solvophobic) interaction with a neat water
mobile phase. Furthermore, the thermodynamic interaction of the
methylene segment with water/acetonitrile and water/methanol
mobile phases containing 33% or more molfraction organic mod-
ifier is favorable, i.e., solvophilic. The mechanism of retention for
the nonpolar solutes examined here does not exhibit any signifi-
cant dependence on whether acetonitrile or methanol is used as
the organic modifier. Free energies of retention are slightly more
favorable in water/methanol mixtures, but this is a mobile phase
property and not due to modification of the stationary phase or
interfacial region by the mobile phase solvent.

In contrast to n-butane, 1-propanol shows a much more distinct
preference to reside in the interfacial region and does not partition
into the center of the bonded phase. This implies that adsorption in
the interfacial region is the most important factor in the retention of
this small polar solute. This is in agreement with Martire and Boehm
who assert that interfacial adsorption may be of importance for
small, polar solutes [2]. In addition to this large contribution from
interfacial adsorption, the retention of this alcohol is influenced by
its interactions with sorbed solvent molecules and surface silanols.
The interaction with surface silanols becomes very important in
acetonitrile rich mixtures where the surface silanols are largely
unsaturated by solvent molecules. Furthermore, it is observed that
the stationary phase in the model RPLC system is drastically differ-
ent from bulk n-hexadecane for the polar solute. The fact that the
thermodynamics of RPLC retention for polar solutes may not be
well-modeled by n-hexadecane partitioning has been suggested
previously by Carr and coworkers [14]. Overall, the most impor-
tant contribution to the distribution of the polar hydroxyl group
is its solvophilic interaction with the mobile phase that is larger in
magnitude than its favorable interaction with the bonded phase.

The data gathered from these simulations provides a new level
of insight into the retention process in RPLC. Indeed, some of the
commonly held notions about retention have been challenged but
it is hoped that the results presented here lead to a more complete
understanding of the retention process and improve the field of
analytical separation science.
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