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Abstract

The utility of electronic structure methods for studying and predicting interactions in gas
chromatography is explored using a simplified model of polyethylene glycol with o homologous
series of normal alcohols. Relative interaction energies were determined using stabilization
energies taken of stafionary points on the analyte/stationary phase potential energy surfaces
using semi-empirical, ab initio, and density functional theory. Second order Moller-Plesset
electronic structure method produced good qualitative agreement with experiment, clearly
indicating the need for o model that includes weak dispersion forces.
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Introduction

Modeling of retention and the study of

fundamental retention mechanisms in
gas chromatographic separations have
been extremely active areas of rescarch
for several decades. A well established
approach is the development of quan-
titative  structure-retention  relation-
ships (QSRR). This methodology uses
standard chemometric and  statistical
techniques to correlate solute descrip-
tors  with retention  data.
Numerous models have been developed
for a wide varicty of stationary phases
and solutes [1-25]. This type of mod-
cling has been extremely useful in the
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clucidation of the intermolecular inter-
actions responsible for retention. For
example, the energies of the highest
occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbi-
tal (LUMO) are significant descriptors
for retentive processes involving elec-
tron pair donor-electron pair acceptor
interaction [26], while solute properties
such as carbon number, molar volume,
and total energy reflect differences in
dispersion interactions [2, 26, 27]. It has
been shown that submolecular measures
of polarity are morc statistically signif-
icant in the prediction of retention than
the overall dipole moment of the solute
[28, 29].
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In additiop to increasing understand-
ing of the intermolecular interactions
responsible for retention, some rigorously
derived QSRR models have predictive
czlp&bilitics, and are thus useful in tasks
such as the identification of unknown
solutes from retention data [2]. However,
the predictive value is limited; a single
model is insufficient to predict retention
across a wide range of stationary phase
and solute chemistries.

Alternative modeling approaches in-
clude the use of molecular mechanics
(MM) and molecular dynamics (MD).
Retention mechanisms of alpha-pinene
and tricyclene on chiral stationary phases
have been investigated using MM opti-
mizations [30]. Molecular dynamics (on
MM potential energy surfaces) has also
been used to study chiral recognition [31-
35]. Empirical modeling of selectivity on
existing stationary phase chemistries has
been used in combination with MD to
develop a methodology that simulta-
neously determines the optimum polymer
composition required for the separation
of specific target compounds and the
optimum column dimensions. This ap-
proach has been shown 1o accurately
calculate distribution coefficients of ana-
lytes on existing stationary phase chem-
istries, and has led o the development of
several new phases [36-38].

Herein, we offer a unique and
advantageous approach to modeling gas
chromatographic retention using bind-
ing cnergies taken by finding stable
stationary points on potential energy
surfaces (PES). Due to the size of
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common systems of interest. molecular
dynamics studies. which allow for sta-
tistical averaging, arc currenily limited
to PESs solved using MM. Instead, we
have investigated the possibility of using
stabilization energies taken at stationary
points on the analyte/stationary phase
PESs -using  semi-empirical, ab initio.
and density functional theory (DFT).
The advantage of using these levels
of theory is their inherent predictive
power. The trustworthiness of MM ap-
proaches is limited to systems that
resemble the chemical characteristics of
the systems upon which the force fields
and empirical data are based. Deter-
mining a model using semi-empirical,
ab mitio, or DFT levels of theory offers
the attractive opportunity to determine
the selectivity of stationary phases
proposed) without the
restrictions of force field-based methods.
Additionally, this approach is unique
in the ability to increase understanding
of fundamental retention mechanisms
through visualization and study of
clectronic structure and intermolecular
mnteractions.

The relationship given in Eq. (1)
shows the dependence of the thermody-
namic partition coefficient K, on the
change in chemical potential, Ap®, that
occurs when a solute crosses a phase
boundary in a chromatographic system
[39].

(existing and

K = omNORT (n

Here, 7'is the absolute temperature, and
R is the universal gas constant. The
chemical potential can be further defined
as

A = AHY — TAS" (2)

n

in which the subscript m denotes the
partial molar quantitics of enthalpy I,
and entropy S. For chromatographic
systems in which partitioning of an ana-
lyte between phases is the primary
mechanism (as opposed to adsorption,
etc.), the entropic contribution to
the interaction energy is small, and the
chemical potential is dominated by
the enthalpy term [39]. The magnitude of
the enthalpy term is determined by the
strength of the intermolecular interac-
tions of the analyte and the surrounding
molecules. The calculation of such
nonbonded interaction encrgies is well
documented using ab initio methods [40,
41], and Ap” can thus be estimated using
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binding energies taken from stable sta-
tionary poinls on PESs.

Experimental

Calculations were performed on a model
system for analyte/stationary phase ad-
ducts. In this study, we have modeled a
polyethyleneglycol  (PEG)  stationary
phase using a diethyleneglycol molecule
(PEG2). The analyte molecules consid-
ered include the homologous series
n-cthanol through n-octanol.

All calculations were performed with
the Gaussian suite of programs [42].
Structures optimized using the
Berny algorithm [43] at semi empirical,
ab initio, and DFT levels. Semi-empirical
calculations were performed using the
PM3 method [44]. The 6-31G(d.p) basis
set was used for all ab initio and DFT
calculations [45-49]. This basis set em-
ploys an atom centered gaussian double-
zeta split valence basis augmented with o
functions on heavy atoms and p functions
on hydrogens. 4b initio calculations were
performed using Hartree-Fock (HF) and
second order Moeller-Plesset (MP2) per-
turbation theory [50]. DFT calculations
made use of Becke's 3-parameter hybrid
functional with the non-local correlation
correction  of Perdew and Wang
(B3PWO1) [51-53]. Frequency calcula-
tions were performed on the PM3, HF
and B3PW91 optimized structures to
verily that true PES minima had been
located (i.e. all positive second derivative
cigenvalues). Due to their extensive cost,
MP2  frequencies were not executed;
however all MP2 optimized siructures
exhibited similar conformational orien-
tations as those computed and verified
(with frequency calculations) at the HF
and B3PWO1 levels.

Interaction energies for HF and DFT
calculations .include both the counter-
poise correction of Boys and Bernardi
[54] to account for basis set superposition
crror and geometric relaxation according
to

were

Eint = Egy + (’Lsf + Ea/")

(B 4 E) — (B, +E) (3)

where £, is the total interaction energy
of the stationary phase and analyte, £, is
the energy of the analyte optimized alone,
L is the energy of the stationary phase
optimized alone, E,, and E, are the
energies of the analyte and station phase
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frozen in the adduct geometry and Ly
and £, arc the energies of the analyte
and stationary phase frozen in the adduct
geometry with the basis functions of the
full adduct. The interaction energy
expression for the MP2 [55] and PM3
calculations does not include basis set
superposition error and is given by

E =

E.vu B (Ev - En) (A’)

where £, is the total energy of the sta-
tionary phase/analyte adduct and E, and
L, are the energies of the optimized
analyte alone and PEG2 alone, respec-
tively.

Experimental measurements of reten-
tion for the test compounds were col-
lected using a Shimadzu GC-14A gas
chromatograph operated isothermally
over the range of 40 °C to 90 °C. The GC
was equipped with a photoionization
detector and_a split/splitless injector,
maintained at 200 °C. The column used
was [5 m in length, 0.25 mm 1.D., and
0.25 pm film thickness (RTX-Wax, Res-
tek Corporation, Bellefonte, PA). Hold-
up times were calculated based on
standard gas flow equations [39]. A Shi-
madzu CR-8A integrator was used for
data collection.

Resulis and Discussion

Despite intense research, an accurate,
widely applicable model of chromato-
graphic retention remains an elusive goal.
Because of the importance of dispersion
and the lack of cheap ab initio methods
for modeling weak interactions, little has
been done to model retention using elec-
tronic structure methods outside the re-
gimes of MM and semi-empirical
approaches. Previous work by others has
accounted for dispersion using com-
pletely empirical models [36-38], or MM
and semi-empirical methods [31-35],
which employ empirical parameters to
calculate energics and predict structure.
In the current work we examine the
possibility of using methods of higher
level than MM. Since compuiational ex-
pense increases dramaiically with the le-
vel of theory, the aim was to determine
the minimum level of theory required for
accurate prediction.

Using measured retention
chemical potentials, Ap®, for the interac-

factors,

tion between analytes and a given
stationary phase system are easily
Original







