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We report on the relative conformer energies and rotational energy barriers for meso and racemic 2,4-di-
phenylpentane (DPP) from ab initio electronic structure calculations. It is found that dispersion interactions
between phenyl rings strongly influence the conformational geometries, necessitating the inclusion of electron
correlation in both geometry optimizations and energy calculations. Furthermore, basis set superposition
contributions to the phenyl-phenyl interactions, estimated by extracting the phenyl rings from the optimized
DPP geometries and computing the basis set superposition error for the resulting benzene dimer configurations,
are significant. An atomistic molecular mechanics force field is parametrized to reproduce our best values
for the conformational energies and rotational energy barriers in DPP obtained from ab initio calculations.
Conformational energy contour maps are presented for the DPP enantiomers, and their salient features are
discussed. Gas-phase molecular dynamics simulations of DPP have been performed using the quantum
chemistry based force field. Important entropic contributions to the conformer populations, due primarily to
restricted phenyl group rotation, are discussed.

I. Introduction

While it is known that interactions between aromatic groups
strongly influence the properties, including chain conformations,
of polymers containing these groups, the nature of these effects
is not well-understood. One of the most studied aromatic
polymers is polystyrene. Recent molecular simulations of
polystyrene1-8 reflect continued interest in the conformational
properties and amorphous packing in this important polymer.
Despite extensive experimental and modeling efforts, however,
the conformational properties of polystyrene and the influence
of aromatic interactions on both conformations and local
structure are not fully understood. This is demonstrated by the
limited success of molecular simulations using detailed atomistic
models to reproduce experimentally measured X-ray and neutron
structure factors (e.g., refs 1 and 2).
Much of our understanding of the conformational character-

istics of polystyrene is based upon experimental studies of meso
and racemic 2,4-diphenylpentane (DPP) and the enantiomers
of the 2,4,6-triphenylheptane (TPH). These compounds can be
considered polystyrene dimers and trimers, respectively. Far-
infrared and depolarized Rayleigh scattering methods have been
applied in the study of phenyl ring motion in these compounds,9

while conformational populations have been investigated by
NMR vicinal coupling measurements,10-13 depolarized Rayleigh
scattering (optical anisotropy),14,15 far-infrared and Raman

spectroscopy,16 ultrasonic relaxation measurements,17,18 and
epimerization reactions.19,20 These compounds have also been
the subject of both molecular mechanics21-23 and limited ab
initio electronic structure calculations.24 These studies seem
to establish racemictt (r-tt) as the lowest energy conformer of
DPP. However, assignment of other low-energy conformers
of racemic and meso DPP cannot be made unambiguously on
the basis of these studies.
Molecular dynamics simulations of polystyrene oligomers,

both as isolated molecules and in condensed phases (bulk liquid
and solution), could greatly improve our understanding of the
conformational properties of polystyrene, provided that the
potential energy functions used in the simulations accurately
describe both the conformational energetics and the influence
of intermolecular interactions on conformations in condensed
phases. Developing a validated conformational force field for
polystyrene is challenging. Molecular mechanics and ab initio
values for the conformer energies for isolated DPP molecules
differ qualitatively from experimental estimates based upon
liquid-phase measurements, indicative of strong condensed-
phase effects. How these effects might be manifested is
illustrated in Figure 1. Condensed-phase effects have been
accounted for only approximately in molecular mechanics
calculations through use of various schemes for screening
intramolecular nonbonded interactions involving the phenyl
rings.21-23 Additionally, while conformer populations based
upon (condensed-phase) experimental data are available, only
very limited data for rotational energy barriers,17 which to a
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large extent determine polymer conformational dynamics, are
available. Finally, ab initio calculations, which have been
demonstrated to be a reliable source of conformational energetics
for isolated molecules, have been performed previously for DPP
only with a minimal basis set and without electron correlation.
As demonstrated below, these data are insufficient to allow
development of accurate potentials.
Our goal is to obtain a force field for polystyrene and its

oligomers that will accurately describe the conformational ener-
getics and condensed-phase interactions in these materials. In
previous work, we presented a nonbonded force field for ben-
zene based upon quantum chemistry studies of benzene dimer.25

Molecular dynamics simulations of liquid benzene confirmed
that this force field accurately reproduces interactions in the
condensed phase.25 We will employ this benzene force field
and our alkane force field26 to describe intramolecular non-
bonded interactions in polystyrene and its oligomers, with the
expectation that condensed-phase effects will also be accurately
represented by these functions. In this paper we present results
of an ab initio quantum chemistry study of the conformational
characteristics of the polystyrene model molecules isopropyl-
benzene (IPB) and DPP. Using the nonbonded potential
described above, we develop a molecular mechanics force field
that accurately reproduces the conformational energetics of these
model molecules. We have utilized a similar procedure in the
parametrization of force fields for a number of polymers,
including polyethylene,26 poly(tetrafluoroethane),27 poly(vinyl
chloride),28 poly(ethylene oxide),29 and 1,4-polybutadiene.30We
also discuss the conformational energy surfaces for the DPP
enantiomers based upon molecular mechanics calculations and
conformer populations in the gas phase from molecular dynam-
ics simulations employing our quantum chemistry based force
field. In upcoming papers, we will consider condensed-phase
effects in DPP and TPH liquids and solutions, and the
conformations and local structure of atactic polystyrene based
upon molecular dynamics simulations.

II. Quantum Chemistry Calculations

The local conformational characteristics of polystyrene are
determined by the energetics of rotations about the backbone
dihedrals, the rotation of the phenyl rings, and the coupling of
these rotations. To study the energetics of the phenyl ring
rotation we consider IPB. To study the backbone torsions, and
the intradyad coupling of these torsions, we consider the
enantiomers DPP. Aspects of the quantum chemistry calcula-
tions on these compounds relevant to the force field parametri-
zation are considered below. A more detailed discussion of
the quantum chemistry can be found elsewhere.31

Previous Work. Previous quantum chemistry studies of IPB
and DPP have been limited to SCF (incomplete basis set

Hartree-Fock) calculations using minimal basis sets, and limited
calculations with a larger basis set for IPB only. Schaefer et
al.32 examined the energetics of the phenyl ring rotation in IPB
using SCF/STO-3G and limited SCF/6-31G geometry optimiza-
tions and energy calculations. Similar SCF/STO-3G calcula-
tions were performed by Lagowski and co-workers.33 These
studies found that the low-energy conformation of the phenyl
ring corresponds to a torsional angleψ of near 60°, with the
phenyl ring eclipsing the methine hydrogen. The rotational
energy barrier atψ ) 150° was found to depend on basis set
(3.64 kcal/mol at the SCF/STO-3G level and 3.20 kcal/mol at
the SCF/6-31G level). An ab initio study of m-DPP and r-DPP
has been conducted by Lagowski and co-workers.24 They
determined the geometries and relative conformer energies of
the six unique conformations of both enantiomers at the SCF/
STO-3G level. These conformers are illustrated schematically
in Figure 2. These results are discussed in the context of our
calculations described below.
Level of Theory. The level of theory that must be employed

in order to obtain accurate conformational geometries and
energies from quantum chemistry calculations is dependent on
the nature of the dominant interatomic nonbonded forces. If
conformational geometries are determined primarily by either
steric repulsion or electrostatic interactions, we have found that
geometry optimization at the SCF level and subsequent energy
calculations using correlated methods yield reasonably accu-
rate conformational geometries and relative energies.26,29 If,
however, dispersion effects are important in determining the
geometry, SCF calculations are completely inadequate. This
is clearly demonstrated for benzene dimer,34 where we found
that dispersion interactions between phenyl rings are more
important than steric and electrostatic effects. In that case, SCF
level geometry optimizations failed completely to yield the
experimentally observed structure and binding energy of benzene
dimer.
Interactions between phenyl rings strongly influence the local

structure and conformations of polystyrene. Therefore, accurate
quantum chemistry studies of polystyrene model moleculesmust
include electron correlation in order to obtain reasonable
representation of dispersion as well steric and electrostatic
effects. Fortunately, Møller-Plesset (MP2) perturbation theory
provides a good description of dispersion interactions in many
cases. This is important in the case of DPP, because the large
size of molecule precludes higher level treatments of electron
correlation, especially in geometry optimizations. In particular,
we found for benzene dimer that MP2/6-31G*//MP2/6-31G*

Figure 1. Optimized geometries (MP2/6-31G*) for the m-tt and m-tg
conformers of 2,4-diphenylpentane. Hydrogen atoms are not shown.
Arrows indicate faces of the phenyl rings available to interact with
solvent. Phenyl-solvent interactions should stabilize the m-tg conformer
relative to the m-tt conformer.

Figure 2. Schematic representation of the unique conformers of
racemic and meso 2,4-diphenylpentante. Open circles represent methyl
groups, closed methylene or methine groups, and dark lines phenyl
groups. The numbers in parentheses are relative (to r-tt or m-tt) gas-
phase entropies in J/mol‚K.
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geometry/energy calculations, without basis set superposition
error (BSSE) correction, gave complex geometries and binding
energies in reasonable agreement with our best calculations. The
latter calculations involved determining the dimer geometry at
the MP2/6-311G(2d,2p) level with BSSE.34 Subsequently,
BSSE-corrected energies were determined at the MP2/6-311+G-
(2df,2p) and MP4(SDTQ)/6-311G(2d,p) levels. For benzene
dimer, the increased binding resulting from not correcting for
BSSE approximately cancels the underestimation of dispersion
effects due to basis set incompleteness at the 6-31G* level.
The geometries and energies of the most important conform-

ers and rotational energy barriers in DPP were calculated at the
MP2/6-31G*//MP2/6-31G* geometry/energy level. We also
report results from SCF geometry optimizations with subsequent
energy calculations at the MP2 level (SCF/D95*//MP2/D95*),
and MP2 energy calculations using a larger basis set (MP2/6-
31G*//MP2/6-311G**). To evaluate the phenyl-phenyl inter-
actions for these geometries and thereby improve the esti-
mates of the relative conformer energies in DPP, we extract
the phenyl rings from the MP2/6-31G*-optimized geometries
and treat them as benzene dimers. Larger basis set energy
calculations and basis set superposition error calculations were
performed for these benzene dimer configurations and are
compared with the MP2/6-31G* calculations. For IPB, where
dispersion effects are unlikely to be important in determining
geometry, we performed SCF/6-31G*//MP2/6-31G* level cal-
culations. Quantum chemistry calculations were performed
using the quantum chemistry packages Gaussian9435 and
Mulliken36 on IBM RS6000 workstations and a Cray C90 at
NASA Ames.
Isopropylbenzene. The results of our SCF/6-31G*//MP2/

6-31G* calculations of the conformational energy of IPB as a
function of the torsional angleψ are shown in Figure 3.
Qualitatively our results are in agreement with previous stud-
ies.32,33 At the SCF level, the rotational energy barrier is 3.17
kcal/mol. The barrier decreases to 2.80 kcal/mol at the MP2
level. We have found that rotational energy barriers in
hydrocarbons typically decrease when correlated methods are
employed.30

2,4-Diphenylpentane. The relative conformer energies for
m-DPP and r-DPP are given in Table 1. Our SCF geometry
optimizations and energy calculations (SCF/D95*) are in
qualitative agreement with the STO-3G calculations of Lagowski
et al.24 For r-DPP, the r-tt and r-gg conformers are lowest in
energy at this level because they involve no close (sterically

strained) interactions of either phenyl rings or the end methyl
groups, as illustrated in Figure 2. All meso conformers contain
sterically strained phenyl-phenyl, phenyl-methyl, and/or meth-
yl-methyl interactions except m-tg, which at this level of theory
is the lowest energy conformer. Quantitatively, it can be seen
that the D95* basis set yields quite different relative conformer
energies than were found at the STO-3G level.
The SCF/D95*//MP2/D95* energies differ qualitatively from

the SCF values and demonstrate the influence of attractive
dispersion effects between the phenyl rings on the relative
conformer energies. This is best illustrated by the significant
reduction in the relative energies of conformers containing
eclipsed, sterically strained phenyl-phenyl configurations,
specifically the r-tgj and the m-tt and m-gjgj. When electron
correlation is included in the geometry optimization, we can
expect these conformers to become energetically even more
favorable. We therefore performed MP2 geometry optimiza-
tions for the conformers found to be low energy at the SCF
level (r-tt, r-gg, r-tg, m-tg) and for those likely to be strongly
influenced by phenyl-phenyl dispersion interactions (r-tgj and
m-tt). Unexpectedly, the relative energy for the m-tgj conformer
dropped considerably at the SCF/D95*//MP2/D95* level com-
pared to the SCF energy, so this conformer was also included
in the MP2 geometry optimizations. (Geometry optimizations
at the MP2/6-31G* level were performed for selected conforma-
tions because of the large computational requirements. This
basis set yielded 295 basis functions for DPP. A geometry
optimization for a typical conformer, beginning with SCF/D95*
geometries, took approximately 500 h on an IBM RS6000 model
590.)
The 6-31G* SCF and MP2 energies at the MP2/6-31G*

geometries are given in Table 1, while the MP2/6-31G*
geometries are given in Table 2. Also given in Table 2 are the
phenyl ring and backbone dihedral angles from the SCF/D95*
geometries. The influence of electron correlation effects on
geometries is illustrated in Figure 4 for the m-tt conformer. At
the SCF level, the phenyl-phenyl interaction is unfavorable
owing to steric and electrostatic interactions, and the molecular
geometry is such as to relieve this interaction. At the MP2 level,
attractive dispersion interactions result in a favorable phenyl-
phenyl interaction, and the corresponding geometry yields a
“parallel displaced-like” configuration of the phenyl rings similar
to the lowest energy configuration of benzene dimer.34 Com-
putation of MP2 energies at the SCF geometries only partially
accounts for the attractive phenyl-phenyl interactions because
the SCF geometries do not reflect the influence of attractive
phenyl-phenyl dispersion interactions on geometry. Unexpect-
edly, similar effects are seen for the r-tt and m-tgj conformers,
where the phenyl rings are on opposite sides of the molecule
backbone. For m-tgj, it can be seen in Figure 4 that, at the MP2
geometry, the phenyl rings are in closer proximity to each other,
indicating more favorable phenyl-phenyl interactions than at
the SCF level.
Phenyl-Phenyl Interactions. To better understand the

nature of phenyl-phenyl interactions in the most important DPP
conformers, and to investigate the accuracy of the MP/6-31G*
level calculations in reproducing the interaction between phenyl
rings, we employed the following procedure. The phenyl rings
were extracted from the MP2/6-31G* geometries, and a
hydrogen atom was added to fill the unsatisfied valence resulting
from the broken C(sp2)-C(sp3) bond. The resulting benzene
dimer geometries are shown in Figure 5 for representative
conformers. It can be seen that when in close proximity, the
phenyl rings prefer a parallel displaced-like arrangement that

Figure 3. Conformational energy of isopropylbenzene as a function
of the phenyl ring dihedral angle. Quantum chemistry values were
obtained using a 6-31G* basis set at SCF/6-31G* geometries. Force
field values are from the quantum chemistry based force field.
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corresponds to the lowest energy geometry of benzene dimer,34

also illustrated in Figure 5. For the m-tt and r-tgj conformers,
where the phenyl rings are naturally eclipsed, the backbone
distorts to allow a parallel displaced-like arrangement. This
can be seen when comparing the SCF and MP2 geometries in
Table 2. For the r-tt and the m-tgj conformers, the phenyl rings
are naturally parallel and the backbone distorts to allowcloser

contact between the phenyl rings. This accounts for the
(unexpected) reduction of the energy of the m-tgj conformer upon
inclusion of electron correlation effects.
The binding energies for the extracted benzene dimer con-

figurations were determined at the MP2/6-31G* and MP2/6-
311G(2d,2p) levels with and without basis set superposition error
(BSSE) correction using the counterpoise method. Our study
of benzene dimer34 demonstrated that the MP2/6-311G(2d,2p)
energies with BSSE correction accurately represent the binding
in this complex. A comparison of the energies is shown in Table
3. The agreement between the MP2/6-31G* energies without
BSSE correction (the level of calculation used in our study of
DPP) and the MP2/6-311G(2d,2p) energies with BSSE correc-
tion is reasonable.

TABLE 1: 2,4-Diphenylpentane Relative Conformer Energies from Quantum Chemistry Calculations

SCF/D95* MP2/6-31G*

conformer
SCF/STO-3Ga

SCF/STO-3Gb,c SCF/D95* MP2/D95* SCF/6-31G* MP2/6-31G* SCF/6-311G** MP2/6-311G**

r-tt 0.00 0.00 0.00 0.00 0.00 0.00 0.00
r-tg 2.28 3.16 3.81 2.56 4.21
r-gg 1.57 1.68 3.97 0.74 4.26 0.48 4.62
r-gjg 4.73 5.43 5.99
r-tgj 4.29 6.02 4.03 8.24 2.47 8.24 1.24
r-gjgj 8.28 9.08 7.26
absoluted -647.542 164 -655.492 973 -657.610 292 -655.413 060 -657.624 696 -655.557 585 -657.976 470
m-tt 1.22 3.50 0.91 6.06 -1.05 (0.00)e 6.31 -2.40
m-tg 0.00 0.00 0.00 0.00 0.00 (1.05) 0.00 0.00
m-gg 2.67 2.96 3.87
m-gjg 3.71 4.39 3.29
m-tgj 2.77 3.33 1.44 4.06 0.73 (1.79) 4.23 0.23
m-gjgj 8.71 10.17 5.82
absoluted -647.540 994 -655.491 662 -657.606 990 -655.412 758 -657.620 933 -655.557 665 -657.972 380
a The level of theory for geometries optimizations.b The level of theory for energy calculations. Energies in kcal/mol relative to the r-tt or the

m-tg conformers.c From ref 24.d Absolute energies of the r-tt and m-tg conformers, in hartrees.eRelative to the m-tt conformer.

TABLE 2: 2,4-Diphenylpentane MP2 Geometries

φ1a φ2 ψ1
a ψ2 l1b l2 l3 l4 θ1

c θ2 θ3

r-tt 180.0 (173.2) 180.0 (173.2) -59.9 (-60.1) -59.9 (-60.1) 1.531 1.533 1.533 1.531 111.0 114.0 111.0
r-gg 60.9 (60.58) 60.89 (60.58) -66.2 (-58.9) -66.2 (-58.9) 1.531 1.537 1.537 1.531 112.3 115.5 112.3
r-tg 169.5 (162.3) 76.4 (76.1) -60.8 (-58.9) -63.2 (-61.1) 1.533 1.536 1.540 1.533 110.3 116.1 114.3
r-tgj 179.8 (165.4) -53 (-53.2) -57.1 (-52.7) -111.1 (-106.6) 1.533 1.535 1.544 1.526 109.9 117.1 111.9
m-tt -179.4 (158.8) -156.4 (158.2) -59.5 (-59.4) 62.3 (59.7) 1.531 1.535 1.538 1.533 110.6 114.9 110.7
m-tg -178.0 (176.6) -63.59 (-65.3) -58.7 (-58.9) 62.9 (65.1) 1.531 1.536 1.535 1.53 110.6 114.8 112.4
m-tgj 171.5 (161.4) 78.3 (71.1) -59.5 (-56.9) 104.8(98.9) 1.535 1.535 1.545 1.529 110.1 117.0 114.0

a Backbone and phenyl ring torsional angles, racemic) dl, meso) dd. Numbers in parentheses are from SCF/D95* optimizations.b Backbone
bond lengths, in Å.c Backbone valence angles, in deg.

Figure 4. Comparison of SCF and MP2 geometries for selected 2,4-
diphenylpentane conformers. SCF geometries were determined with a
D95* basis set, and the corresponding SCF and MP2 energies were
calculated with the same basis set. The MP2 geometry and correspond-
ing energy was determined with a 6-31G* basis set. The number in
parentheses is from MP2/D95*//MP2/D95* calculations.

Figure 5. Benzene dimers corresponding to phenyl ring configurations
extracted from MP2/6-31G* geometries of 2,4-diphenylpentane con-
formers. Numbers in parentheses indicate the center-of-mass separation.
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The difference between the SCF and MP2 energies empha-
sizes the importance of dispersion interactions between the
phenyl rings. At the MP2 level, the interaction between phenyl
rings is attractive for all configurations studied, while at the
SCF level, it is attractive only for the m-tg and r-tg configura-
tions, which have perpendicular phenyl ring orientations. The
binding is greatest for the r-tt and m-tgj configurations. How-
ever, the inclusion of electron correlation effects has the lar-
gest effect on the m-tt and r-tgj conformers. This is because
the dispersion effects are greatest for these configurations. Steric
repulsion is also larger for the latter configurations, resulting
in overall weaker binding. For all configurations the binding
is significantly weaker than the-3.3 kcal/mol found for the
parallel displaced benzene dimer.34 Figure 5 reveals that for
m-tt the phenyl rings are too close for optimal interactions, while
for r-tt they are displaced too far “horizontally”.
Table 3 reveals that basis set superposition errors are large

for the levels of theory employed. As discussed above, and
demonstrated in Table 3, the MP2/6-31G* level calculations
for benzene dimer yield reasonable binding energieswithout
basis set superposition error correction when compared to the
large basis set BSSE corrected values. When the MP2/6-31G*
energies are corrected for BSSE, the binding is significantly
underestimated because of inadequacies in the basis set. At
the MP2/6-311G(2d,2p) level, the additional valence and
polarization functions make up for many of the inadequacies
in the smaller 6-31G* basis set, and the BSSE-corrected energies
are in very good agreement with extrapolated values using larger
basis sets and better electron correlation methods.34 Without
BSSE correction, the larger basis set seriously overestimates
binding in benzene dimer. We suppose these trends hold also
for DPP: we can obtain good conformer energies at the MP2/
6-31G* level without BSSE correction, and better energies with
larger basis sets (say MP2/6-311G(2d,2p))if we can correct
for intramolecular BSSE. Since this is not possible, until
calculations can be performed with basis sets sufficiently large
to make BSSE effects insignificant, we believe the MP2/6-31G*
calculations are the most accurate that can be performed for
obtaining relative conformer energies in DPP. The overestima-
tion of phenyl-phenyl interactions that results from the use of
larger basis sets is reflected in the 6-311G** energies given in
Table 1.
Rotational Energy Barriers. We also determined the

rotational energy barriers between important conformers of
m-DPP and r-DPP. Specifically, we found the r-tt tgj, the
m-tt tgj, and the m-tt tg barriers in the following fashion. For
the first two barriers, we performed a saddle point search at the
SCF/6-31G* level to determine the torsional angle of the rotating
dihedral. This torsion was then fixed, and an MP2/6-31G*
optimization of the remaining degrees of freedom was per-
formed. For the m-tt tg barrier, the saddle point involves strong
phenyl-phenyl interactions. Here, MP2 geometries were

determined for several values of the torsional angle for the
rotating dihedral in order to determine the saddle point geometry
while including the effects of electron correlation for the rotating
dihedral. The saddle point geometries and energies are sum-
marized in Table 4. Figure 6 shows the conformational energy
of m-DPP on the m-tt tg path. The fit of

to the path indicates that the barrier is nearφ2 ) -100°, the
value reported in Table 4. The barriers are discussed below in
conjunction with our molecular mechanics calculations.

III. Force Field Parametrization

An atomistic molecular mechanics force field was param-
etrized to reproduce the conformational energies and geometries
of IPB and DPP given in Figure 3 and Tables 1, 2, and 4. The
force field is given in Table 5. The nonbonded, stretch, bend,
torsional, and out-of-plane deformation energies are given
respectively by

whererij, θijk, φijkl andθijkl are the interatomic separation, valence
angle, dihedral angle, and out-of-plane angle, respectively. The
latter is given by the angle of bondjl with respect to the plane
ijk.
The nonbonded dispersion/repulsion parameters for the

aliphatic atoms (no subscript on the atom label in Table 5) have
been used extensively by us in simulations of alkanes (e.g., refs

TABLE 3: Phenyl-Phenyl Bindinga in Selected DPP Conformers

6-31G* 6-311G(2d,2p) force field

conformer SCF MP2 BSSE(MP2) MP2 (cor)b SCF MP2 BSSE(MP2) MP2 (cor)b LJ electrostatic total

r-tt 0.77 -2.31 1.88 -0.43 1.14 -3.44 1.54 -1.91 -1.78 -0.19 -1.98
r-gg 0.05 -0.29 0.08 -0.21 0.03 -0.44 0.13 -0.31 -0.36 0.04 -0.32
r-tg -0.26 -0.75 0.28 -0.46 -0.30 -1.00 0.35 -0.64 -0.56 -0.01 -0.57
r-tgj 7.64 -1.93 4.14 2.21 8.13 -5.48 3.49 -1.99 -2.66 0.52 -2.14
m-tt 7.76 -1.77 4.10 2.33 8.28 -5.29 3.45 -1.84 -2.75 0.93 -1.82
m-tg -0.45 -1.16 0.44 -0.72 -0.47 -1.53 0.50 -1.03 -0.69 -0.05 -0.74
m-tgj 0.39 -2.29 1.71 -0.58 0.71 -3.24 1.41 -1.83 -1.64 -0.47 -2.11
a Relative to the benzene molecules at infinite separation, in kcal/mol. The MP2/6-31G* energies without BSSE correction and the MP2/

6-311G(2d,2p) energies with BSSE correction are in bold.bWith BSSE correction.

TABLE 4: 2,4-Diphenylpentane Rotational Energy Barriers

energy (kcal/mol)a dihedral angles

conformer SCF MP2 φ1 φ2 ψ1 ψ2

r-tt tgj 11.67 5.70 171.0 -114.1 -48.8 -83.9
m-tt tg -3.73 2.77 177.0 -100.0 -58.6 70.2
m-tt tgj 5.51 4.46 175.8 131.2-47.9 100.5

aMP2/6-31G* optimized geometry with fixedφ2 (see text), using a
6-31G* basis set. Values are relative to the r-tt or m-tt conformers.

E(φ2) ) 0.5[∑
n)1

3

kn(1- cosnφ2)] (1)

Eij
nb ) Elj + Ees) Aij exp(-Bijrij) - Cij/rij

6 + 332.08qiqj/rij
(2)

Eij
s ) 0.5ks(rij - r0) (3)

Eijk
b ) 0.5kb(θijk - θ0)

2 (4)

Eijkl
t ) 0.5[∑

n)1

3

kn(1- cosnφijkl)] (5)

Eijkl
d ) 0.5kdθijkl

2 (6)
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37 and 38) and polyethers (e.g., refs 39 and 40). For the aromatic
atoms (subscript “a”), the parameters were taken from our
quantum chemistry based benzene force field.41 Aliphatic-
aromatic cross terms were obtained using the geometric com-
bining rule. The white aromatic carbon atoms (q ) -0.085)
and attached hydrogen atoms (q ) +0.085) shown in Figure 7
are charged. This charge is a slight reduction fromq) ( 0.11
obtained in our study of benzene dimer.41 We found that we
were able to obtain a better representation of the relative
conformer energies in DPP with the reduced charge. All other
atoms are charge neutral. The ability of the force field to
reproduce the phenyl-phenyl nonbonded interactions is il-
lustrated in Table 3. The molecular mechanics binding energies
for the extracted benzene dimer configurations (taken for these
calculations from the molecular mechanics DPP geometries) are
in good agreement with quantum chemistry values.
The bond stretch and valence bending force constants were

taken from the MOLBD3 force field.42 The equilibrium bond
lengths and valence angles were adjusted to give the agreement
between the molecular mechanics energy minimized and
quantum chemistry (MP2/6-31G*) geometries of the r-tt con-
former. As seen in Figure 7, agreement between the molecular
mechanics and quantum chemistry geometries is good. The
molecular mechanics bond lengths were parametrized to be
about 0.01 Å larger than the quantum chemistry values to
account for anharmonic effects. The parametrization of the
torsional force constants for theC C C C, the C C C Ca and
the C C Ca Ca dihedrals is described below. The remaining

torsional parameters and all of the out-of-plane deformation
force constants were taken from previous work.26,41 The energy
required to displace a hydrogen atom out of the plane of a phenyl
ring (maintainingCs symmetry) was examined at the 6-31G*
MP2 level and was found to be in good agreement with
molecular mechanics predictions.43

Phenyl Ring Rotation. The only undetermined parameters
influencing the energetics for rotation of the phenyl ring in IPB
are the force constants for the C C Ca Ca torsional potential.
As can be seen in Figure 3, an excellent representation of the
quantum chemistry energies is obtained withk2 ) 0.32 kcal/
mol.
Backbone Dihedrals. Having established the parameters for

valence and nonbonded interactions as well as the phenyl ring
rotation, the conformational energetics in DPP are determined
by the torsional parameters for theC C C C, the C C C Ca
dihedrals. A nonlinear least-squares fitting procedure was
employed to obtain the best fit to the ab initio conformer
energies and rotational energy barriers. Comparison of the MP2/
6-31G* phenyl-phenyl interaction energies with the MP2/

Figure 6. Conformational energy of m-DPP along the m-tt tg path.
Energies are from MP2/6-31G*//MP2/6-31G* calculations. The solid
line is a fit of eq 1 to the data.

Figure 7. Valence geometry for the r-tt conformer of 2,4-diphenyl-
pentane. Bond lengths (Å) and valence angles (deg) are from the MP2/
6-31G* geometry. Force field values are given in parentheses. The white
carbon atoms and attached hydrogen atoms are charged (see text).

TABLE 5: Atomistic Force Field for 2,4-Diphenylpentane

nonbonded pair A, kcal/mol B, Å-1 C, kcal/mol Å6

C-C 14969 3.09 640.5
Ca-Ca 78998 3.6 519.0
H-H 2684 3.73 27.3
Ha-Ha 2384 3.74 24.62
Ca-Ha 3888. 3.415 124.4
C-H 4318. 3.415 138.2
C-Ha, Ca-H 4097. 3.415 131.1
H-Ha 2530 3.74 26.0
C-Ca 34388 3.335 576.6

stretch ks, kcal/mol Å2 r0, Å

C C 618 1.53
Ca Ca 1102 1.40
C Ca 634 1.50
C H 655 1.09
Ca Ha 727 1.09

bend kb, kcal/mol rad2 Θ0

C C H 86.1 109.5
C C C 108.1 111.0
C C Ca 108.1 110.4
C Ca Ca 100.8 120.0
H C(methyl) H 77.1 107.9
H C H 77.1 106.5
Ca Ca Ha 72.0 120.0
C C Ca 108.1 108.9
Ca Ca Ca 144.0 120.0

torsion k1, kcal/mol k2, kcal/mol k3, kcal/mol

C C C C 1.82 1.96 -0.04
C C C Ca 1.64 0.58 -0.04
C C C H 0.00 0.00 -0.23
C C Ca Ca 0.00 0.32 0.00
C Ca Ca Ca 0.00 0.00 0.00
C Ca Ca Ha 0.00 0.00 0.00
H C C H 0.00 0.00 -0.23
Ca C C H 0.00 0.00 -0.23
Ca Ca C H 0.00 0.00 0.00
Ca Ca Ca Ha 0.00 0.00 0.00
Ca Ca Ca Ca 0.00 25.00 0.00
Ha Ca Ca Ha 0.00 0.00 0.00
H C C H 0.00 0.00 -0.23

out-of-plane deformation kd, kcal/mol rad2

C Ca Ca Ca 0.00
Ha Ca Ca Ca 0.00
Ca Ca Ca Ha 41.8
Ca Ca Ca C 41.8
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6-311G(2d,2p) BSSE-corrected values indicates that the former
level calculations tend to overestimate this interaction by about
0.4 kcal/mol in the r-tt and m-tgj conformers. Therefore, the
energies for these conformers were increased by 0.4 kcal/mol,
yielding the modified MP2/6-31G* values shown in Table 6.
The molecular mechanics energies given in Table 6 are in
good agreement with these values. Table 7 reveals that the force
field also does an excellent job in reproducing the quantum
chemistry geometries for the important DPP conformers (com-
pare with Table 2). As a consistency check, the energy
difference between the r-tt and m-tt conformers yielded by
the force field is∆ ) 1.01 kcal/mol, in good agreement with
the (modified) MP2/6-31G* value of∆ ) [1.30 (from q.c.)-
0.4 (increase in r-tt energy discussed above)]) 0.90 kcal/mol.
This energy difference was not considered in the force field
parametrization.

IV. 2,4-Diphenylpentane Conformational Energy Surfaces

Figures 8 and 9 are energy contour maps showing the
conformational energies of r-DPP and m-DPP as a function of
the backbone dihedral angles, determined from molecular
mechanics calculations using the quantum chemistry based force
field. The backbone dihedral angles were fixed at 10° intervals,
and the geometry was optimized with respect to the remaining

degrees of freedom. The only unexpected feature of the energy
surface revealed by the contour maps is the split minimum for
the m-gg and m-gjgj conformers. These conformers are unim-
portant for the isolated molecules but may be important in
condensed phases.
The contour plots reveal that the m-tt tg barrier is unique in

that it is the only rotational energy barrier lower than 3 kcal/
mol for either enantiomer. The low-energy path between the
m-gt and m-tg conformers, thought to be the most important
meso conformers in solution, involvestt tg (gt T tt T tg)
transitions. The contour plots reveal that the only low-energy
rotational isomerization path (<6 kcal/mol) we failed to
investigate at the MP2/6-31G* level involves the r-tt tg barrier,
which the force field predicts to be around 4.5 kcal/mol. The
tg conformer is too high in energy to have an appreciable
population (at least for isolated molecules). Condensed-phase
experiments, however, have been interpreted in terms of an

TABLE 6: 2,4-Diphenylpentane Conformer and Barrier
Energies

energy (kcal/mol)a,b

conformer force field MP2/6-31G*

r-tt 0.00 0.00
r-tgj 2.17 2.47(2.07)c
r-gg 3.79 4.26(3.86)
r-tg 3.50 4.21(3.81)
r-ggj 6.15
r-gjgj 6.17
r-tt tgj 5.46 5.70(5.30)
m-tt 0.00 0.00
m-tg 1.09 1.05
m-tgj 1.99 1.79(2.19)
m-gg 4.96
m-ggj 4.14
m-gjgj 5.57
m-tt tg 2.65 2.78
m-tt tgj 4.20 4.46

aRelative to the rr-tt or m-tt conformers. Quantum chemistry values
are fromMP2/6-31G*//MP2/6-31G* calculations (see text for discussion
of barrier calculations).b Force field was parametrized to reproduce
boldfaced energies.cEnergies in parentheses are corrected for estimated
errors in phenyl-phenyl interaction energies (see text).

TABLE 7: 2,4-Diphenylpentane Conformer Geometries
from Force Field Calculations

φ1a φ2 ψ1
a ψ2

r-tt -178.4 -178.4 -56.9 -56.9
r-gg 54.7 54.7 -65.9 -65.9
r-tgj 175.5 -47.3 -55.5 -109.2
r-tg 166.0 61.1 -53.3 -66.3
r-ggj 60.7 -88.7 -67.1 -112.4
r-gjgj -74.9 -74.9 -110.0 -110.0

m-tt 167.5 -166.8 -59.08 59.09
m-tg -177.4 -55.7 -54.0 66.5
m-tgj 171.3 77.7 -56.4 104.0
m-gg 54.6 -94.7 -66.9 55.7
m-ggj 58.0 51.3 -67.0 117.8
m-gjgj -82.8 -49.4 -113.5 111.6

a Backbone and phenyl ring torsional angles, racemic) dl, meso)
dd.

Figure 8. Conformational energy contour map for racemic 2,4-
diphenylpentane obtained from the quantum chemistry based force field.
Energies are in kcal/mol relative to the r-tt conformer.

Figure 9. Conformational energy contour map formeso-2,4-diphen-
ylpentane obtained from the quantum chemistry based force field.
Energies are in kcal/mol relative to the m-tt conformer.
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appreciable r-ggpopulation in addition to r-tt. For the isolated
molecule, the low energy r-tt ggpath involvestt tg transitions.

V. Gas-Phase Simulations

The racemic and meso conformer populations determined
from molecular mechanics calculations are given in Table 8 at
450 K, assuming that the statistical weight of each conformer
can be represented as a Boltzmann factor employing the
molecular mechanics energies given in Table 6. For isolated
molecules r-DPP is largely r-tt and m-DPP is a mixture of m-tt
and m-tg, with the former being the most important. These
populations are inconsistent with those obtained from interpreta-
tions of condensed-phase experiments. In the condensed phases,
conformer populations are likely to be quite different from those
yielded by the relative conformer energies. The latter popula-
tions do not take into account differences in the shape of the
energy surface for each conformer nor account for the ability
of conformers such as m-tg to more effectively interact with
solvent molecules than conformers such as m-tt, as illustrated
in Figure 1. This latter effect will be considered in an upcoming
paper where we will report on molecular dynamics simulations
of liquid-phase DPP employing our quantum chemistry based
force field.
We have investigated the effect of the shape of the energy

surface on conformer populations (independent of intermolecular
interactions) by performing gas-phase molecular dynamics
simulations. Simulations were performed on an ensemble of
100 (noninteracting) m-DPP molecules and on an ensemble of
100 r-DPP molecules at 298, 450, and 500 K using the stochastic
dynamics algorithm described elsewhere.44 Bond lengths were
constrained, while all other degrees of freedom remained
flexible. Using a time step of 1 fs, 1 ns equilibration and 300
ps sampling runs were performed. After several hundred
picoseconds of equilibration time, the conformer populations
stabilized, indicating that the gas-phase systems had equilibrated.
We believe that longer equilibration times may be necessary in
the condensed phases, where conformational dynamics will be
much slower. The resulting conformer populations at 450 K
are given in Table 8. These populations differ significantly from
those given by the relative conformer energies. The relative
(to tt) free energy of a conformeri can be computed from the
relationship

wherepi is the population of conformeri. The relative free
energies are given in Table 8 at 450 K. From the molecular
mechanics populations, the relative free energies are the same
as the relative conformer energies in Table 6 and are temper-
ature-independent. From the gas-phase populations, the relative
free energies are significantly different from the relative
conformer energies and are quite temperature-dependent. From
the relative free energies obtained at 298, 450, and 500 K, the

relative energies and entropies of the conformers were deter-
mined from the relationship

which was found to represent∆Ai quite well. Here it is assumed
that∆Ei and∆Si are independent of temperature. The relative
energies were found to be nearly identical to the relative
conformer energies in Table 6. The relative entropies are given
in Figure 2. For both enantiomers, conformers with phenyl rings
aligned at the ends of the molecule and parallel to the molecular
backbone (such as m-gg) have the greatest entropy. This
alignment allows the maximum rotational freedom for the
phenyl rings. Form m-DPP, the next highest entropy config-
uration, involves a phenyl ring perpendicular to the chain
backbone. The same alignment, but eclipsing a methyl group,
has lower entropy. Finally, conformers with eclipsed phenyl
rings, such as m-tt, have the lowest entropy. Note that ener-
getically, this conformer results in favorable phenyl-phenyl
interactions, as discussed above, but the consequent restrictions
on phenyl rotation results in a large entropy penalty. Similar
trends can be seen for r-DPP. The entropic effects are im-
portant: Table 8 reveals that while energetically the m-tt con-
former is more than 1 kcal/mol lower in energy than the m-tg,
the latter has a greater population in the gas phase at 450 K.
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