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a b s t r a c t

Perfluorinated C8-(PerfluoroC8) and bidentate anchored C8-(BDC8)-modified silica hydride stationary
phases have been employed for the isocratic separation of homologous phenylalkanols and phenyl-
alkylamines differing in their n-alkyl chain length, using aqueous-acetonitrile (ACN) mobile phases of
different ACN contents from 10 to 90% (v/v) in 10% increments. These analytes showed reversed-phase
(RP) retention behaviour with mobile phases of <40% (v/v) ACN content with both stationary phases
but with the BDC8 stationary phase providing longer retention. The PerfluoroC8, but not the BDC8,
stationary phase also exhibited significant retention of these analytes under conditions typical of an
aqueous normal phase (ANP) mode (i.e.with mobile phases of >80% (v/v) ACN content), with the analytes
exhibiting overall U-shape retention dependencies on the ACN content of the mobile phase. Further,
these stationary phases showed differences in their selectivity behaviour with regard to the n-alkyl chain
lengths of the different analytes. These observations could not be explained in terms of pKa, log P, mo-
lecular mass or linear solvation energy concepts. However, density functional theory (DFT) simulations
provided a possible explanation for the observed selectivity trends, namely differences in the molecular
geometries and structural organisation of the immobilised ligands of these two stationary phases under
different solvational conditions. For mobile phase conditions favouring the RP mode, these DFT simu-
lations revealed that interactions between adjacent BDC8 ligands occur, leading to a stationary phase
with a more hydrophobic surface. Moreover, under mobile phase conditions favouring retention of the
analytes in an ANP mode, these interactions of the bidentate-anchored C8 ligands resulted in hindered
analyte access to potential ANP binding sites on the BDC8 stationary phase surface. With the PerfluoroC8
stationary phase, the DFT simulations revealed strong repulsion of individual perfluoroC8 ligand chains,
with the perfluoroC8 ligands of this stationary phase existing in a more open brush-like state (and with a
less hydrophobic surface) compared to the BDC8 ligands. These DFT simulation results anticipated the
chromatographic findings that the phenylalkanols and phenylalkylamines had reduced retention in the
RP mode with the PerfluoroC8 stationary phase. Moreover, the more open ligand structure of the Per-
fluoroC8 stationary phase enabled greater accessibility of the analytes to water solvated binding sites on
the stationary phase surface under mobile phase conditions favouring an ANP retention mode, leading to
retention of the analytes, particularly the smaller phenylalkylamines, via hydrogen bonding and elec-
trostatic effects.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Silanization of type-B silica with triethoxysilane results in the
formation of silica hydride stationary phases with less than 5%
residual silanol groups remaining on the surface [1,2]. This outcome
leads to reduced irreversible adsorption of basic compounds,
improved peak shapes of analytes and enhanced separation
reproducibility [3,4]. Further hydrosilation of the silica hydride
surface with substituted alk-1-enes or alk-1-enynes allows the
introduction of various types of immobilised chromatographic li-
gands, broadening the range of available separation options [2] and
permitting selectivity to be tuned for applications requiring
reversed-phase (RP), aqueous normal phase (ANP) [4,5] or ion-
exchange (IEX) [6e8] modes of separation. Due to their chemical
stability with many aqueous-organic mobile phase compositions,
these silica hydride stationary phases have been employed for
separation of a wide range of compounds, such as peptides, pro-
teins, nucleotides, nutraceuticals and medicinal compounds in
pharmaceutical, food, forensic, natural product, clinical, or meta-
bolic samples [1,2,9e14].

Characterisation of the performance of silica hydride stationary
phases can be achieved by a variety of different chromatographic
methodologies, e.g. via separation of sets of compounds with
different physico-chemical properties (e.g., neutral, acidic and
basic) under various HPLC conditions [15], and via deconvolution of
the selectivity profiles into various analyte-stationary phase inter-
action clusters, such as hydrogen bonding, hydrophobic and ionic
interactions as well as steric effects according to the concept of
linear solvation energy relationships (LSERs) [4,7,16]. Steric selec-
tivity effects, in particular, are complex since they are influenced by
multiple analyte and stationary phase factors, including in the
latter case the ligand length, extent of ligand coverage, ligand type
(i.e., type of anchorage to the support material) and pore diameter.
Such chromatographic characterisation approaches can also rely on
the use of sets of homologue compounds of the same general for-
mula, with one feature varied in a systematic manner, e.g. the
number of functional groups or length of an alkyl chain [17,18].

This study was designed to investigate the abilities of per-
fluorinated octyl (perfluoroC8) and bidentate octyl (BDC8) modi-
fied silica hydride stationary phases to separate homologous
phenylalkanols and phenylalkylamines under isocratic conditions
with acidic (0.1% (v/v) HCOOH) mobile phases containing different
ACN contents. The objective was to gain insight into the modes of
separation, since these two stationary phases contain different
(fluorinated versus non-fluorinated) functionalities, significant
differences in electronegativities and dipole moments between
hydrogen and fluorine atoms, different modes of immobilisation
(single covalent versus bidentate covalent) to the silica hydride
surface, yet both contain C8 moieties. The results are evaluated in
terms of the dependency of analyte retention on ACN content of the
mobile phase, the log P, pKa, the n-alkyl chain length of the analytes,
linear solvation energy relationship (LSER) descriptors, and density
functional theory (DFT) simulations, with these structurally
discrete perfluoroC8 and BDC8 silica hydride-based adsorbents.

2. Materials and methods

2.1. Chemicals and materials

Formic acid (FA, 99% v/v) was obtained from Sigma-Aldrich (St.
Louis, MO, USA). HPLC grade ACN was purchased from Merck
(Darmstadt, Germany). Water was distilled and deionized with a
Milli-Q system (Millipore, Bedford, MA, USA). Ammonium formate
was purchased from BDH Chemicals Australia Pty. Ltd. (Kilsyth,
Victoria, Australia). The PerfluoroC8 stationary phase was
synthesised in house using 1H,1H, 2H-perfluoro-L-octene
(3,3,4,4,5,5,6,6,7,7,8,8,8-trideca-fluoro-1-octene) and from 4.2 mm
type-B silica hydride particles, 100 Å pore size, whilst the BDC8
bidentate (with two anchoring points) stationary phase, 4.2 mm
particle size, 100 Å pore size, was obtained from MicroSolv Tech-
nology Corporation (Leland, NC, USA). Both stationary phases were
packed into analytical columns (4.6� 75mm i.d.) by MicroSolv
Technology Corporation (Leland, NC, USA) according to specifica-
tions that meet the requirements of industry standards.

2.2. Liquid chromatography

According to our previous methods [8], separations of all ana-
lytes were performed using an integrated Hewlett-Packard Series II
1100 LC system with an auto-sampler and a diode-array detector
(Agilent Technologies, Palo Alto, CA, USA) operated at room tem-
perature. ChemStation software (Agilent Technologies) was used
for data acquisition. Analyte retention time (tr) was obtained at a
flow rate of 0.4mL/min under isocratic conditions with aqueous/
ACN mobile phases containing different ACN contents from 10 to
90% (v/v) in 10% increments with 0.1% (v/v) formic acid. The in-
jection volume was 5 mL and detection was performed at 210 nm
and 254 nm. The retention factor (k) was calculated from tr of each
analyte and the column dead time t0 values (using KNO3 as marker)
as k ¼ (tr-t0)/t0. The k values were derived from at least duplicate
measurements with the relative standard error of <1%.

2.3. Density functional theory based molecular simulation with
Gaussian

The ab initio quantum chemistry program Gaussian 09 Revision
E.01 (Gaussian, Inc., Wallingford, CT 06492 USA). was applied for
molecular simulation of the chromatographic ligands [19]. This
software was used to simulate electronic structures (i.e. geometry
optimization) [20] which can be applied for stationary phase, an-
alyte, and phases/analyte complexes, as well as to calculate inter-
action energies. Reliable results for the simulations described in
this studywere generated using the density functional theory (DFT)
module M06-2X which is part of Minnesota hybrid meta exchange
correlation functionals developed by Truhlar et al., and which in-
cludes 54% of the exchange contribution (2� represents the double
amount of non-local exchange) [21,22]. The M06-2X level of DFT
has been reliably applied to a wide range of H-bonding systems,
such as those occurring in ionic liquids with simulation of nuclear
magnetic resonance chemical shifts of analytes in different solvents
[23,24]. The basis set employed in this study was cc-pVDZ, where
cc-p¼ correlation-consistent polarized, V¼ valence-only basis sets,
and D¼ double cardinal number [25]. Although an increase in
cardinal number can improve the result, increasing computational
resources were required [26,27].

3. Results and discussion

3.1. Effect of acetonitrile contents: separation in the RP and the ANP
mode

In previous investigations by Bell et al., a type-B silica stationary
phase containing immobilised fluorinated ligands was found to
exhibit silanol activity similar to that observed for fused silica with
strong retention of basic compounds, as well as U-shape retention
dependencies of analytes on the organic modifier content in the
mobile phases [28,29]. The ANP behaviour of this fluorinated type-
B silica stationary phase exhibited i) major contributions from ion
exchange interactions due to either ionized surface silanols or
adsorbed OH� ions present on the stationary phase surface (with
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the ion exchange mechanism resulting in retention highly depen-
dent on mobile phase ionic strength); ii) under some conditions,
the fluorinated type-B silica stationary phase exhibited character-
istics analogous to cyano stationary phases with stronger retention
with low ionic strength mobile phases for more positively charged
compounds with higher pKa values; and iii) contributions from
weak partitioning of the analytes into water layers(s) adsorbed
onto the stationary phase surface. Since a purely partition mecha-
nism would result in retention being independent of the ionic
strength of mobile phases, under some conditions, the fluorinated
type-B silica stationary phase studied by Bell et al. [28,29] exhibited
characteristics analogous to diol or amide stationary phases that
show stronger retention for more polar compounds with smaller
log D values or higher numbers of hydroxyl groups.

Plots of the retention times for various phenylalkanols and
phenylalkylamines (Table 1) under isocratic mobile phase condi-
tions containing different ACN contents are shown in Fig. 1. Based
Table 1
Compound structures and physical properties (data obtained from http://www.chemspid

Analyte Structure Average ma

3-phenyl-1-propanol (n¼ 3) 136.191

4-phenyl-1-butanol (n¼ 4) 150.218

5-phenyl-1-pentanol (n¼ 5) 164.244

8-phenyl-1-octanol (n¼ 8) 206.324

1-phenylethanol (n¼ 2) 122.164

Benzylamine (n¼ 1) 107.153

2-phenylethylamine (n¼ 2) 121.180

3-phenylpropylamine (n¼ 3) 135.206

4-phenylbutylamine (n¼ 4) 149.233
on its selectivity attributes, the BDC8 silica hydride phase behaved
as an archetypal RP-based stationary phase where the separation
order with highly aqueous mobile phases was strongly influenced
by analyte hydrophobicity. The PerfluoroC8 silica hydride also
manifested this RP mode of separation with water-rich mobile
phases, but exhibited an additional ANP mode of separation with
mobile phases of low water content for both the phenylalkanols
and the phenylalkylamines (resulting in U-shape retention de-
pendencies with regard to the incremental increase in the organic
content of the mobile phases). With the PerfluoroC8 stationary
phase, the strongest retention in the RP mode was observed for 4-
phenyl-1-butanol (at 10% (v/v) ACN) which also exhibited the
weakest retention in the ANP mode (at 90% (v/v) ACN), Fig. 1A. In
this context, the PerfluoroC8 silica hydride stationary phase
behaved similar to that observed with the fluorinated type-B silica
investigated by Bell et al. [28,29]. However, under acidic conditions,
the PerfluoroC8 silica hydride phase, when compared to other
er.com/).

ss/Da log P Polar Surface Area/Å2 pKa

1.778± 0.183 20.2 15.04± 0.10

2.321± 0.198 20.2 15.13± 0.10

2.851± 0.180 20.2 15.17± 0.10

4.380± 0.180 20.2 15.20± 0.10

1.409± 0.212 20.2 14.43± 0.20

1.365± 0.209 26.0 9.06± 0.10

1.435± 0.189 26.0 9.90± 0.10

1.910± 0.186 26.0 10.29± 0.10

2.474± 0.185 26.0 10.66± 0.10

http://www.chemspider.com/


Fig. 1. Plots of analyte retention time (min) under isocratic separation conditions as a function of mobile phase ACN content (% v/v) with 0.1% (v/v) formic acid for the PerfluoroC8
silica hydride stationary phase with the phenylalkanols (A) and phenylalkylamines (B) and for the BDC8 silica hydride stationary phase with the phenylalkanols (C) and phe-
nylalkylamines (D). The compounds were 1-phenylethanol (o), 3-phenyl-1-propanol (-), 4-phenyl-1-butanol (:), 5-phenyl-1-pentanol ( ), 8-phenyl-1-octanol (�), benzylamine
(C), 2-phenylethylamine (A), 3-phenylpropylamine (þ) and 4-phenylbutylamine (�). Due to very high affinities, analyte elution did not occur with the BDC8 stationary phase with
mobile phases of <30% (v/v) ACN resulting in no data plotted for these conditions in C and D.
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fluorinated type-B silica stationary phases, showed a smaller
contribution from ion exchange effects with some basic com-
pounds [8,28e30]. Although ion exchange effects were reduced
under acidic mobile phase conditions, they were still observed as
shown by the retention of the positively charged amines with these
silica hydride phases.

These retention trends illustrate the orthogonality that exists
between these two separation modes for the PerfluoroC8 silica
hydride stationary phase where the most strongly retained com-
pound in the RP mode often became the least strongly retained
compound in the ANP mode. Such selectivity reversals were more
clearly observed within the phenylalkanol compounds. By plotting
analyte retention times versus their alkyl carbon numbers as shown
in Fig. 2A, the inverse trend in retention in both modes of separa-
tion becomes evident (where the increasing retention in the RP
Fig. 2. Plots of retention time (min) vs analyte alkyl carbon number (n) under isocratic sep
phenylalkylamines (B) and the corresponding plots on the silica hydride BDC8 phase for ph
isocratic separation at 10% (v/v) ACN on the PerfluoroC8 or þ, at 30% (v/v) ACN on the BDC8
and BDC8 stationary phases) modes. See n values for all the compounds in Table 1.
modewas generally correlated with the decreasing retention in the
ANP mode). Moreover, in conventional RP separations (with e.g., an
octadecylsilica analytical column), 5-phenyl-1-pentanol and 8-
phenyl-1-octanol with larger log P values (Table 1) show greater
retention than 4-phenyl-1-butanol. In the RP mode, stronger
retention is expected to correlate with larger log P values. However,
shorter retention of 5-phenyl-1-pentanol and 8-phenyl-1-octanol
was observed in comparison to 4-phenyl-1-butanol with the
smaller log P value with the PerfluoroC8 stationary phase. This
finding is indicative of a chain length dependent separation
mechanism for these analytes. In comparison, the phenylalkyl-
amines were expected to show stronger retention in comparison to
phenylalkanols of similar alkyl chain length in the ANP mode for
the PerfluoroC8 silica hydride stationary phase since they are more
polar (cf. Table 1 for polar surface areas). Moreover, the
aration conditions on the PerfluoroC8 silica hydride phase for phenylalkanols (A) and
enyl alcohols (C) and phenyl amines (D). The separation was performed under RP (�,
stationary phase) or ANP (�, isocratic separation at 90% (v/v) ACN on both PerfluoroC8
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phenylalkylamines will be strongly protonated under the investi-
gated acidic mobile phase conditions and this has the potential to
lead [8] to additional ionic interactions enhancing the retention of
these amines. Thus, in the ANP mode (at 90% (v/v) ACN), the
smallest amine (benzylamine) showed the strongest retention,
Fig. 1B. This result again indicates that a chain length specific sep-
aration mechanism occurs with these analytes in the ANP mode. It
can be further noted that benzylamine also showed stronger
retention than the other amines in the RP mode.

When compared to the PerfluoroC8 stationary phase (Fig. 1A),
the RP character of the BDC8 stationary phase with the phenyl-
alkanols was more evident (see Fig. 1C and D). The largest retention
in the RP mode (at 30% (v/v) ACN) was observed for 5-phenyl-1-
butanol (n¼ 5, Fig. 2C). 8-Phenyl-1-octanol (n¼ 8) with the
longest n-alkyl chain and highest log P value showed weaker
retention than 5-phenyl-1-butanol with the BDC8 stationary phase
(Fig. 1C). The 4-phenyl-1-butanol (n¼ 4) was the most retained
phenylalkanol in the ANP mode with the PerfluoroC8 stationary
phase (Fig. 2A). The 3-phenylpropylamine showed the greatest
retention compared to the other amines in the RP mode with the
BDC8 stationary phase (Fig. 1D). Interestingly, with the PerfluoroC8
stationary phase, phenylalkylamines with shorter rather than
longer n-alkyl chains had greater retention in the RP mode.

3.2. Chain length specific separation effects and limitation of
conventional concepts

Plots of retention time versus alkyl group carbon numbers (n) of
the compounds (see Table 1 for the defined n values for all the
compounds investigated) for the two stationary phases are shown
in Fig. 2 under both the RP (£, for the PerfluoroC8 or þ, for the
BDC8 stationary phases) and ANP (�, for the PerfluoroC8 stationary
phase) modes. These plots clearly indicate that chain length
dependent separation mechanisms occur for both the phenyl-
alkanols and the phenylalkylamines with these two silica hydride-
based stationary phases. For the phenyl-alkanols, the most strongly
retained compound in the RPmodewith the PerfluoroC8 stationary
phase occurred when n¼ 4 (Fig. 2A) whilst the corresponding
observation with the BDC8 stationary phase occurred when n¼ 5
(Fig. 2C). For the phenylalkylamines on the other hand, the most
strongly retained compound in the ANP mode was observed when
n¼ 1 and only with the PerfluoroC8 stationary phase.

The physicochemical properties of the studied compounds (e.g.
log P, pKa molecular mass or other LSER descriptors) varied with the
n-alkyl chain lengths of these two sets of homologous compounds.
Thus, the log P and pKa values increased with n for the studied
compounds, as shown in Fig. 3AeB (with additional physico-
chemical data provided in Table 1). However, the retention trends
for these compounds did not follow these attributes. For example,
although the intrinsic hydrophobicity increased with the length of
Fig. 3. Plots of log P (A), pKa (B) and V descriptor values (C) vs alkyl carbon number (n) for ph
the n-alkyl chains (see plots in Fig. 3A), comparison of the retention
behaviour of the phenylalkanols with n¼ 2 and n¼ 8 with the
PerfluoroC8 and the BDC8 stationary phases (as plotted with� and
þ in Fig. 2A and C, respectively) revealedmore complex structuree
retention dependencies and stationary phase effects.

Previously, the zeta-potential values of different silica hydride
stationary phases, such as the PerfluoroC8, bidentate and mono-
dentate n-alkyl modified silica hydride particles, have been
measured in acidic media containing different acetonitrile (ACN)
contents [6e8,30,31]. Compared to the PerfluoroC8 adsorbent,
more negative zeta potential values were observed for unmodified
silica hydride particles as well as mono-dentate and bidentate n-
alkyl modified silica hydride particles [31]. These findings led to the
proposal that the zeta potential effect was limited spatially to a few
nanometers from the stationary phase surface, a region which can
be, at least in part, shielded from analytes by the presence of
relatively large and/or bulky immobilised chromatographic ligands
(e.g. phenyl groups) [7]. Thus, consideration needs to be given to the
spatial organisation as well as their shielding effects of the immo-
bilised chromatographic ligands in terms of their impact on sepa-
ration selectivities with silica-hydride stationary phases operated
in either the RP or the ANP modes.

Over-interpretation of the trends of log P and pKa values versus n
as shown in Fig. 3AeB could lead to an erroneously mobile phase
centric conclusion that the most strongly (or weakly) retained
compounds would have n-alkyl chain lengths of either n¼ 2 or 8,
depending on whether a RP (or ANP) mode was operating. How-
ever, experimentally the largest retention under either the RP or
the ANP separation mode was observed for compounds with an n-
value that was neither 2 nor 8 for these studied stationary phases
(Fig. 2AeD). As a result, the general concept that a higher pH or zeta
potential value with higher ACN contents in the mobile phases
results in earlier elution in either the RP or the ANP mode [7,8]
cannot be applied to predict the relative retention for compounds
of intermediate n-alkyl chain lengths as shown in Fig. 2AeD. Other
established concepts such as linear solvation energy relationship
(LSER) also showed no direct correlation with the retention of
analytes with different n, as illustrated by the analyte descriptor
data detailed in Table 2 and exemplified by the plot for the V
descriptor values illustrated in Fig. 3C, showing a linear correlation
and thus a different trend comparedwith any of the experimentally
obtained non-linear plots shown in Fig. 2. No ANP behaviour was
observed for the BDC8 stationary phase with the positively charged
phenylalkylamines whilst the PerfluoroC8 stationary phase
exhibited a strong ANP character with phenylalkylamines of
smaller n-alkyl length (Fig. 1B).

The above results lead to the conclusion that the chain length
dependent retention behaviour of these analytes cannot be
explained solely on the basis of empirical physicochemical ap-
proaches. Other concepts are required to accommodate the three
enyl alcohols (:) and phenyl amines ( ). See n values for all the compounds in Table 1.



Table 2
Compound linear solvation energy relationship (LSER) descriptorsa obtained from
http://showme.physics.drexel.edu/onsc/models/AbrahamDescriptorsModel003.
php.

Compound E S A B V

3-Phenyl-1-propanol 0.82 0.89 0.35 0.67 1.20
4-Phenyl-1-butanol 0.81 0.90 0.33 0.70 1.34
5-Phenyl-1-Pentanol 0.80 0.90 0.33 0.72 1.48
8-Phenyl-1-octanol 0.80 0.90 0.33 0.72 1.90a

1-Phenylethanol 0.82 0.82 0.35 0.65 1.06
Benzylamine 0.83 0.77 0.15 0.72 0.96
2-Phenylethylamine 0.82 1.01 0.29 0.72 1.10
3-Phenylpropylamine 0.81 0.86 0.10 0.73 1.24
4-Phenylbutylamine 0.80a 0.97a 0.13a 0.72a 1.38a

a Approximated by assuming linear relationship between the n-alkyl carbon
numbers and the descriptor values. E, Excess molar refractivity; S, diploarity/
polarizability; A, hydrogen bond acidity; B, hydrogen bond basicity; and V, McGo-
wan volume.

Fig. 4. Step-by-step molecular simulation results encompassing stages (ii) to (iii) (total
energy vs optimization step number) for two adjacent immobilised ligands of the
PerfluoroC8 (A) and BDC8 (B) silica hydride phase on the silica hydride surface ob-
tained by using GAUSSIAN.
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dimensional molecular structures of the stationary phase, the
impact of steric effects arising from the immobilisation chemistry
and the role that steric hindrance of the analytes plays in their
interactions with the active binding sites of the stationary phases.
Conceptually, some compounds of intermediate n-alkyl chain
length could interdigitate with immobilised ligands and thus show
stronger retention, whilst others containing very long n-alkyl
chains may be hindered from having access to the active binding
sites on the stationary phase surface due to their bulky steric size.

3.3. Molecular modelling for explanation of the length specific
effects

In our previous studies, ‘U-shape’ retention behaviour was
documented for silica hydride stationary phases with considerable
analyte retention observed in the aqueous normal phase mode of
separation [7,8,30,32]. In principle, such retention behaviour can be
expected to occur by (i) partitioning of polar analytes into the thin
adsorbed water layer on the silica hydride phase, (ii) ionic in-
teractions (especially in our case where positively charged amines
can interact with PerfluoroC8 [30] and BDC8 [31] stationary phases
with negative zeta potentials) or (iii) other non-ionic interactions of
analytes with either the immobilised chromatographic ligands or
the unmodified stationary phase surface, such as dipole-dipole
[33], hydrophobic or hydrogen bonding interactions [6e8,30,31],
or combinations thereof. Although it has been observed for the
PerfluoroC8 stationary phase [30] that polar interactions contribute
to the overall retentionmechanism, this type of interactionmay not
necessarily be themost important. If the polar or dipole-dipole type
of interactions become dominant, the retention of both acidic and
basic compounds (both are highly polar), would be expected to be
high in the ANP mode. However, it was documented that a strong
retention was only observed for basic compounds (but not acidic
compounds) [30]. Since the functional group of the PerfluoroC8
silica hydride stationary phase is not acidic, it is not very likely to
preferentially interact with only basic compounds. Possible expla-
nations for the strong retention of basic compounds include the
occurrence of either electrostatic interactions or hydrogen bonding
interactions at a distance within a few nm of the chemically
modified stationary phase surface [6,31]). Thus, the approach fol-
lowed in this investigation was to give consideration to the differ-
ences of analyte access [32,33] to the surface of two types of
stationary phase that are synthesised from the same silica hydride
material but decorated with different chromatographic ligands.

One way to further examine the impact of the n-alkyl chain
length with these compounds is to explore their conformational
space using molecular dynamics simulation tools. Starting with
high energy ligand geometries for adjacent unit cells of the Per-
fluoroC8 or BDC8 ligands immobilised onto the silica hydride sur-
face, a step-by-step molecular simulation was carried out as
depicted in Fig. 4A(i) and B(i), respectively, using the software,
GAUSSIAN. The results so generated indicate that the PerfluoroC8
and BDC8 ligands have two completely different optimized low
energy structures, one where the ligands repel each other and the
other where the ligands are associated with one another. The im-
plications for the accessibility of the phenylalkanols and the phe-
nylalkylamines of different n-alkyl chain length due to the different
geometries of the immobilised PerfluoroC8 and BDC8 ligands on
the silica hydride surface are detailed in Fig. 5. Initially, a forcing
routine was instigated with the immobilised PerfluoroC8 ligands
resulting in the ligand moieties becoming crowded (Fig. 4A(ii)), but
following repetitive step-by-step optimization it became evident
that strong repulsive effects occur between individual PerfluoroC8
chains, leading to a geometry with individual PerfluoroC8 ligands
being further apart (with the lowest total energy as shown in
Fig. 4A(iii)). On the other hand, after the BDC8 ligands were forced
initially to be close to each other (Fig. 4B(ii)), upon repetitive step-
by-step optimization further attraction occurs between the indi-
vidual BDC8 chains (Fig. 4B(iii)), e.g. hydrophobic interactions be-
tween the ligands were re-enforced, despite the bidentate nature of

http://showme.physics.drexel.edu/onsc/models/AbrahamDescriptorsModel003.php
http://showme.physics.drexel.edu/onsc/models/AbrahamDescriptorsModel003.php
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the anchorage.
For separations to occur in the RP mode, the open (ligand chains

being further apart) or brush-like structure of the PerfluoroC8 li-
gands would result (locally) in binding sites of smaller hydrophobic
surface area being available with this stationary phase. This
outcome with ligand chain repulsions occurring with the Per-
fluoroC8 stationary phase (Fig. 5A), leads to weaker retention of
compounds in the RP mode. Experimentally, the maximum reten-
tion was observed for the phenylalkanol with n¼ 4. On the other
hand, the clustered and more hydrophobic structure of the BDC8
ligands (Fig. 5B) provides larger and more accessible hydrophobic
binding regions with this stationary phase and this will result in
stronger retention in the RP mode with the most strongly retained
compound being the phenylalkanol with n¼ 5. The phenylalkanol
compounds with n> 5 show weaker retention on both PerfluoroC8
and BDC8 stationary phases presumably due to their greater dy-
namic mobility and flexibility which results in reduced ability to
interdigitate with the hydrophobic binding regions of each sta-
tionary phase.

For a silica hydride surface, the effective distance from the silica
surface for binding site accessibility for retention in the ANP mode
can be represented by the size of half a monolayer of water or close
to the size of an OH� ion [31] (as shown by the dashed lines in
Fig. 5A and B). The region below each line indicates regions where
analyte can (potentially) gain access to the ANP sites (with the
magnitude based on previous investigations [6,31]) with each sta-
tionary phase and this can be termed the ANP active region. The
more open structure of the PerfluoroC8 ligands favours the ANP
mode of separation. Compared with some other silica hydride
stationary phases (e.g., BDC8, BDC18, or undecanoic acid (UDA)
modified silica hydride phase) [6,30,31], stronger retention of
smaller basic compounds with the PerfluoroC8 stationary phase
can be explained by greater surface accessibility to ANP active
binding sites of this phase [30]. The molecular simulations shown
in Fig. 5A are consistent with this conclusion.

Furthermore, since water does not preferentially solvate the
fluorine atoms of the PerfluoroC8 ligand [28], a partitioning
mechanism is less likely to occur. It can also be noted for the Per-
fluoroC8 stationary phase under the investigated acidic mobile
phase conditions, any ion exchange characteristics would also be
weakened [30]. As a result, the separations in the ANP mode with
the PerfluoroC8 stationary phase appear to be a consequence of the
participation of other separation mechanisms such as direct H-
bonding processes. Other possible separation mechanisms can be
considered, including solvent shielding effects where the mobile
phases (eluent) cannot effectively solvate the adsorbed analytes
due to the presence of PerfluoroC8 ligands. This behaviour will
result in stronger retention of hydrophobic and basic compounds in
both RP and ANP modes with the PerfluoroC8 stationary phase
compared to an unmodified silica hydride stationary phase [7,30]
but weaker retention when compared to the BDC8 stationary
phase.

From the molecular simulation analysis, the analyte molecules
can access to different extents ANP active binding regions of the
PerfluoroC8 stationary phase [30], e.g. the yellow highlighted zone
shown in Fig. 5A. The smallest phenylalkylamine (n¼ 1) showed
the strongest retention in this mode with the PerfluoroC8 sta-
tionary phase (Fig. 2B) due to its easier access. However, with the
phenylalkylamines with n¼ 2 and 3 weaker retention occurs
(Fig. 2), indicating that amines with n> 1 cannot gain full access to
the active surface (i.e. hindered by the increased size of the n-alkyl
groups of these analytes leading to steric crowding with the Per-
fluoroC8 ligands of the stationary phase). On the other hand, the
clustered organisation of BDC8 ligands shielded access to ANP
active binding sites, resulting in no ANP character observed with
this stationary phase (Fig. 5B). Further, the bulky phenyl group of
the analytes can also sterically prevent access to these binding sites,
resulting inweaker retention of the phenyalkylamines with n> 1 in
the ANP mode (Fig. 1B).
4. Conclusions

These studies with homologous series of phenylalkanols and
phenylalkylamines differing in their n-alkyl chain length with
PerfluoroC8 and BDC8 stationary phases have revealed funda-
mental differences in separation performance and behaviour of
these adsorbents. The PerfluoroC8 stationary phase exhibited
retention behaviour in both the ANP and RPmode (with an U-shape
dependency of the retention factors on organic modifier content
with progressive increase in ACN content of the mobile phase),
whilst the BDC8 stationary phase only exhibited retention in the RP
mode. Analyte-dependent chain-length dependent separations
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were also demonstrated with these silica hydride-based stationary
phases. However, unlike conventional RP separations, where
retention increases with compounds as the substituent n-alkyl
chain length increases, with the PerfluoroC8 stationary phase
analyte-dependent chain length dependent effects resulted in the
strongest retentionwith phenylbutanol but for the BDC8 stationary
phase this occurred with phenylpentanol. Retention consistent
with an ANP mode of separation was only observed with the
smaller phenylalkylamines with the PerfluoroC8 stationary phase.

Density functional theory (DFT) simulations revealed different
optimized ligand structures for the two stationary phases. The
BDC8 ligands was found to exist in a much more clustered orga-
nisation leading to a shielded surface with no ANP behaviour
observed. This clustered structure promoted analyte binding with
the active hydrophobic surface, allowing stronger retention of the
phenylalkanols with the BDC8 stationary phase in the RP mode. On
the other hand, the isolated, brush-like structure of the perfluoroC8
ligands leads to uncovered/exposed regions of the stationary phase
allowing access to the stationary phase surface and enabling the
ANPmode of separation to occur with the small phenylalkylamines.
However, these interactions with the PerfluoroC8 ligands appear to
be weaker that for BDC8 stationary phase leading to phenylbutanol
being more strongly retained than phenylpentanol as was found
with the BDC8 stationary phase.
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