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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 phenylphenyl 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.

. Introduction spectroscopy® ultrasonic relaxation measuremeitd® and

While it is known that interactions between aromatic groups epimerization reaction$:> These compounds have also been
groups o subject of both molecular mecharicg® and limited ab

strongly influence the properties, including chain conformations, . ... - . .
. initio electronic structure calculatio$. These studies seem
of polymers containing these groups, the nature of these effects, ; .
to establish racemitt (r-tt) as the lowest energy conformer of

is not well-understood. One of the most studied aromatic :
DPP. However, assignment of other low-energy conformers

polymers is polystyrene. Recent molecular simulations of of racemic and meso DPP cannot be made unambiguously on
polystyrené=2 reflect continued interest in the conformational . . 9 y
the basis of these studies.

properties and amorphous packing in this important polymer. . i . .
Despite extensive experimental and modeling efforts, however, Molecular dynamics simulations of polystyrene oligomers,
the conformational properties of polystyrene and the influence Poth as isolated molecules and in condensed phases (bulk liquid
of aromatic interactions on both conformations and local @nd solution), could greatly improve our understanding of the
structure are not fully understood. This is demonstrated by the COnformational properties of polystyrene, provided that the
limited success of molecular simulations using detailed atomistic Potential energy functions used in the simulations accurately
models to reproduce experimentally measured X-ray and neutrondescribe both the conformational energetics and the influence
structure factors (e.g., refs 1 and 2). of intermolecular interactions on conformations in condensed
Much of our understanding of the conformational character- Phases. Developing a validated conformational force field for
istics of polystyrene is based upon experimental studies of mesoPOlystyrene is challenging. Molecular mechanics and ab initio
and racemic 2,4-diphenylpentane (DPP) and the enantiomersvalues for the conformer energies for isolated DPP molecules
of the 2,4,6-triphenylheptane (TPH). These compounds can beqllffgr qualitatively from exper_lmt_antal estimates based upon
considered polystyrene dimers and trimers, respectively. Far-liquid-phase measurements, indicative of strong condensed-
infrared and depolarized Rayleigh scattering methods have beerPhase effects. How these effects might be manifested is
applied in the study of phenyl ring motion in these compouhds, llustrated in Figure 1. Condensed-phase effects have been
while conformational populations have been investigated by accounted for only approximately in molecular mechanics
NMR vicinal coupling measuremeri;13 depolarized Rayleigh calculations through use of various schemes for screening
scattering (optical anisotropy};!® far-infrared and Raman intramolecular nonbonded interactions involving the phenyl
rings2-23 Additionally, while conformer populations based

* Current address: Department of Chemical Engineering, University of UPON (condensed-phase) experimental data are available, only
Colorado, Boulder, CO 80309 very limited data for rotational energy barriéfswhich to a
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Figure 1. Optimized geometries (MP2/6-31G*) for the tinand mig e
conformers of 2,4-diphenylpentane. Hydrogen atoms are not shown. _ _ _
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Arrows indicate faces of the phenyl rings available to interact with 0.0) e 4.9) RE)) ©0.4) ¢14)
solvent. Phenytsolvent interactions should stabilize thetgeonformer

relative to the ntt conformer. . . . .
Figure 2. Schematic representation of the unique conformers of

large extent determine polvmer conformational dvnamics. are racemic and meso 2,4-diphenylpentante. Open circles represent methyl
g poly y ! groups, closed methylene or methine groups, and dark lines phenyl

available. Finally, ab initio calculations, which have been groups. The numbers in parentheses are relative tttor-m-t) gas-
demonstrated to be a reliable source of conformational energeticsphase entropies in J/mé.
for isolated molecules, have been performed previously for DPP
only with a minimal basis set and without electron correlation. Hartree-Fock) calculations using minimal basis sets, and limited
As demonstrated below, these data are insufficient to allow calculations with a larger basis set for IPB only. Schaefer et
development of accurate potentials. al.32 examined the energetics of the phenyl ring rotation in IPB
Our goal is to obtain a force field for polystyrene and its using SCF/STO-3G and limited SCF/6-31G geometry optimiza-
oligomers that will accurately describe the conformational ener- tions and energy calculations. Similar SCF/STO-3G calcula-
getics and condensed-phase interactions in these materials. Itions were performed by Lagowski and co-work&sThese
previous work, we presented a nonbonded force field for ben- studies found that the low-energy conformation of the phenyl
zene based upon quantum chemistry studies of benzene#imer. ring corresponds to a torsional angleof near 60, with the
Molecular dynamics simulations of liquid benzene confirmed phenyl ring eclipsing the methine hydrogen. The rotational
that this force field accurately reproduces interactions in the energy barrier atp = 15¢° was found to depend on basis set
condensed phasé. We will employ this benzene force field  (3.64 kcal/mol at the SCF/STO-3G level and 3.20 kcal/mol at
and our alkane force fiefd to describe intramolecular non-  the SCF/6-31G level). An ab initio study of m-DPP and r-DPP
bonded interactions in polystyrene and its oligomers, with the has been conducted by Lagowski and co-workRérsThey
expectation that condensed-phase effects will also be accuratelyjetermined the geometries and relative conformer energies of
represented by these functions. In this paper we present resultshe six unique conformations of both enantiomers at the SCF/
of an ab initio quantum chemistry study of the conformational STO-3G level. These conformers are illustrated schematically
characteristics of the polystyrene model molecules isopropyl- in Figure 2. These results are discussed in the context of our
benzene (IPB) and DPP. Using the nonbonded potential calculations described below.
described above, we develop a molecular mechanics force field | gyg| of Theory. The level of theory that must be employed
that accurately reproduces the conformational energetics of thesg, order to obtain accurate conformational geometries and
model molecules. We have utilized a similar procedure in the gnergies from quantum chemistry calculations is dependent on
parametrization of force fields for a number of polymers, the nature of the dominant interatomic nonbonded forces. If
including polyethylené? poly(tetrafluoroethaney, poly(vinyl conformational geometries are determined primarily by either
chloride)?® poly(ethylene oxide}? and 1,4-polybutadien®.We steric repulsion or electrostatic interactions, we have found that
also discuss the conformational energy surfaces for the DPP eometry optimization at the SCF level and subsequent energy
enantiomers based upon molecular mechanics calculations angg|culations using correlated methods yield reasonably accu-
conformer populations in the gas phase from molecular dynam-rate conformational geometries and relative ener&fiés. If,
ics simulations employing our quantum chemistry based force however, dispersion effects are important in determining the
field. In upcoming papers, we will consider condensed-phase geometry, SCF calculations are completely inadequate. This
effects in DPP and TPH liquids and solutions, and the g clearly demonstrated for benzene dirffewhere we found
conformations and local structure of atactic polystyrene basednat dispersion interactions between phenyl rings are more

upon molecular dynamics simulations. important than steric and electrostatic effects. In that case, SCF
. . level geometry optimizations failed completely to yield the
II. Quantum Chemistry Calculations experimentally observed structure and binding energy of benzene

The local conformational characteristics of polystyrene are dimer.
determined by the energetics of rotations about the backbone Interactions between phenyl rings strongly influence the local
dihedrals, the rotation of the phenyl rings, and the coupling of structure and conformations of polystyrene. Therefore, accurate
these rotations. To study the energetics of the phenyl ring quantum chemistry studies of polystyrene model moleaulast
rotation we consider IPB. To study the backbone torsions, andinclude electron correlation in order to obtain reasonable
the intradyad coupling of these torsions, we consider the representation of dispersion as well steric and electrostatic
enantiomers DPP. Aspects of the quantum chemistry calcula-effects. Fortunately, MgllerPlesset (MP2) perturbation theory
tions on these compounds relevant to the force field parametri- provides a good description of dispersion interactions in many
zation are considered below. A more detailed discussion of cases. This is important in the case of DPP, because the large
the gquantum chemistry can be found elsewliére. size of molecule precludes higher level treatments of electron

Previous Work. Previous quantum chemistry studies of IPB  correlation, especially in geometry optimizations. In particular,
and DPP have been limited to SCF (incomplete basis setwe found for benzene dimer that MP2/6-31G*//MP2/6-31G*
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strained) interactions of either phenyl rings or the end methyl
5] groups, as illustrated in Figure 2. All meso conformers contain
A SCF energics ® sterically strained phenylphenyl, phenyt-methyl, and/or meth-

®  MP2 energies yl—methyl interactions except mg; which at this level of theory

O force field energies ® is the lowest energy conformer. Quantitatively, it can be seen
that the D95* basis set yields quite different relative conformer
a energies than were found at the STO-3G level.

The SCF/D95*//MP2/D95* energies differ qualitatively from
17 @ ® 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
0 20 40 60 80 100 120 140 160 180 eclipsed, sterically strained phemphenyl configurations,
v specifically the g and the mtt and mgg. When electron
correlation is included in the geometry optimization, we can
Figure 3. Conformational energy of isopropylbenzene as a function expect these conformers to become energetically even more
of the phenyl ring dihedral angle. Quantum chemistry values were favorable. We therefore performed MP2 geometry optimiza-
obtained using a 6-31G* basis set at SCF/6-31G* geometries. Forcetions for the conformers found to be low energy at the SCF
field values are from the quantum chemistry based force field. level (r4t, r-gg, r-tg, m-tg) and for those likely to be strongly
influenced by phenytphenyl dispersion interactions {g-and
m-tt). Unexpectedly, the relative energy for thetgeonformer
dropped considerably at the SCF/D95*//MP2/D95* level com-
%ared to the SCF energy, so this conformer was also included

. in the MP2 geometry optimizations. (Geometry optimizations
the MP2/6-311G(2d,2p) level with BSSE. Subsequently, i * i}
BSSE-corrected energies were determined at the MP2/6G41 at the MP2/6-31G* level were performed for selected conforma

tions because of the large computational requirements. This
(2df,2p) an'd MP4(SDTQ){6-31lG(2d,p) levels. For bgnzene basis set yielded 295 basis functions for DPP. A geometry
dimer, the increased binding resulting from not correcting for

§ S ; -~ _optimization for a typical conformer, beginning with SCF/D95*

BSSE approximately cancels the underestimation of dispersion : :
effects (Lolf)e to basisyset incompleteness at the 6-31G* Eevel. geometries, took approximately 500 h on an 1BM RS6000 model

The geometries and energies of the most important conform- 590.) Y . .
ers and rotational energy barriers in DPP were calculated atthe 1n€ 6-31G* SCF and MP2 energies at the MPZ/G'SIG*
MP2/6-31G*/IMP2/6-31G* geometry/energy level. We also 9€ometries are given in Table 1, while the MP2/6-31G
report results from SCF geometry optimizations with subsequent 980Metries are given in Table 2. Also given in Table 2 are thf
energy calculations at the MP2 level (SCF/D95*//MP2/D95%), phenyl ring and backbone dihedral angles from the SCF/D95
and MP2 energy calculations using a larger basis set (MPZ/G_geometries. The influence of electron correlation effects on
31G*/IMP2/6-311G**). To evaluate the phemyphenyl inter- geometries is illustrated in Figure 4 for thetbconformer. At
actions for these geometries and thereby improve the esti-the SCF level, the phenybhenyl interaction is unfavorable
mates of the relative conformer energies in DPP, we extract ®Ving to steric and electrostatic interactions, and the molecular
the phenyl rings from the MP2/6-31G*-optimized geometries geometry is such as to relieve this interaction. At the MP2 level,
and treat them as benzene dimers. Larger basis set energfitractive dispersion interactions result in a favorable phenyl
calculations and basis set superposition error calculations Were?henyl Interaction, arld the corresponding geometry yields a
performed for these benzene dimer configurations and are parallel displaced-like corjflgure_mon of the phenyl_nngs similar
compared with the MP2/6-31G* calculations. For IPB, where 1O the lowest energy configuration of benzene dififeCom-
dispersion effects are unlikely to be important in determining Putation of MP2 energies at the SCF geometries only partially
geometry, we performed SCF/6-31G*//MP2/6-31G* level cal- @ccounts for the attractive phemyphenyl interactions because
culations. Quantum chemistry calculations were performed the SCF geometries do not reflect the influence of attractive

>
@

&
-

conformational energy (kcal/mol)

geometry/energy calculations, without basis set superposition
error (BSSE) correction, gave complex geometries and binding
energies in reasonable agreement with our best calculations. Th
latter calculations involved determining the dimer geometry at

using the quantum chemistry packages Gaussfn@sd phenykphenyl dispersion interactions on geometry. Unexpect-
Mulliken3® on IBM RS6000 workstations and a Cray C90 at edly, similar effects are seen for thetrand mg conformers,
NASA Ames. where the phenyl rings are on opposite sides of the molecule

Isopropylbenzene. The results of our SCF/6-31G*//MP2/  backbone. For mg, it can be seen in Figure 4 that, at the MP2
6-31G* calculations of the conformational energy of IPB as a geometry, the phenyl rings are in closer proximity to each other,
function of the torsional angley are shown in Figure 3. indicating more favorable phenyphenyl interactions than at
Qualitatively our results are in agreement with previous stud- the SCF level.
ies3233 At the SCF level, the rotational energy barrier is 3.17  Phenyl=Phenyl Interactions. To better understand the
kcal/mol. The barrier decreases to 2.80 kcal/mol at the MP2 nature of phenytphenyl interactions in the most important DPP
level. We have found that rotational energy barriers in conformers, and to investigate the accuracy of the MP/6-31G*
hydrocarbons typically decrease when correlated methods ardevel calculations in reproducing the interaction between phenyl
employed rings, we employed the following procedure. The phenyl rings

2,4-Diphenylpentane. The relative conformer energies for were extracted from the MP2/6-31G* geometries, and a
m-DPP and r-DPP are given in Table 1. Our SCF geometry hydrogen atom was added to fill the unsatisfied valence resulting
optimizations and energy calculations (SCF/D95*) are in from the broken C(sp)—C(sp) bond. The resulting benzene
qualitative agreement with the STO-3G calculations of Lagowski dimer geometries are shown in Figure 5 for representative
et al?* For r-DPP, the itt and rgg conformers are lowest in  conformers. It can be seen that when in close proximity, the
energy at this level because they involve no close (sterically phenyl rings prefer a parallel displaced-like arrangement that
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TABLE 1: 2,4-Diphenylpentane Relative Conformer Energies from Quantum Chemistry Calculations

SCF/STO-3G SCF/D95* MP2/6-31G*
conformer SCF/STO-3@¢ 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-gg 4.73 5.43 5.99
r-tg 4.29 6.02 4.03 8.24 2.47 8.24 1.24
r-gg 8.28 9.08 7.26
absoluté —647.542 164 —655.492973 —657.610292 —655.413060 —657.624 696 —655.557 585 —657.976 470
m-tt 1.22 3.50 0.91 6.06 —1.05 (0.00% 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-gg 3.71 4.39 3.29
m-tg 2.77 3.33 1.44 4.06 0.73 (1.79) 4.23 0.23
m-gg 8.71 10.17 5.82
absoluté —647.540994 —655.491662 —657.606990 —655.412758 —657.620933 —655.557 665 —657.972 380

a2The level of theory for geometries optimizatiois he level of theory for energy calculations. Energies in kcal/mol relative to therrthe
m-tg conformers¢ From ref 24.9 Absolute energies of thett-and mtg conformers, in hartree§ Relative to the ntt conformer.

TABLE 2: 2,4-Diphenylpentane MP2 Geometries

2 2 Y1 Y2 11 P} I3 la 0,° 0> 03

r-tt 180.0 (173.2)  180.0(173.2) -59.9(-60.1) —59.9(-60.1) 1531 1,533 1533 1,531 111.0 1140 111.0
r-gg 60.9 (60.58) 60.89 (60.58) —66.2 (-58.9) —66.2(-58.9) 1.531 1.537 1537 1531 112.3 1155 112.3
r-tg 169.5 (162.3) 76.4(76.1) —60.8(-58.9) —63.2(-61.1) 1533 1536 1540 1.533 110.3 116.1 114.3
r-g 179.8 (165.4) —53 (~53.2) —57.1(-52.7) —111.1(106.6) 1533 1.535 1.544 1.526 109.9 117.1 111.9
mit —179.4 (158.8) —156.4 (158.2) —59.5 (~59.4) 62.3 (59.7) 1531 1535 1.538 1533 110.6 1149 110.7
mtg —178.0(176.6) —63.59(65.3) —58.7 (~58.9) 62.9 (65.1) 1531 1536 1.535 153 1106 114.8 112.4
mtg  171.5(161.4) 78.3(71.1) —59.5(-56.9)  104.8(98.9) 1535 1535 1545 1529 1101 117.0 114.0

aBackbone and phenyl ring torsional angles, racemidl, meso= dd. Numbers in parentheses are from SCF/D95* optimizatibBackbone
bond lengths, in A¢ Backbone valence angles, in deg.

parallel displaced benzene dimer r-tt (5.22 A)
m-tt SCF Geometry m-tt MP2 Geometry configuration (3.73 A)
Energy (relative to r-#¢
SCF MP2 MP2
4.3 kcal/mol 3.0 kcal/mol 1.30 (1.28) kcal/mol
‘ 4 A SN m-tt (3.56 A) r-gg (723 A)

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.

m-7g SCF Geometry m-fg MP2 Geometry

contact between the phenyl rings. This accounts for the

Eigure 4. Comparison of SCF and MP2 gepmetries for selepted 24 (unexpected) reduction of the energy of thégqieonformer upon
diphenylpentane conformers. SCF geometries were determined with Qinclusion of electron correlation effects

D95* basis set, and the corresponding SCF and MP2 energies were The bindi ies for th db di
calculated with the same basis set. The MP2 geometry and correspond-. 1 "€ binding energies for the extracte enze*ne Imer con-
ing energy was determined with a 6-31G* basis set. The number in figurations were determined at the MP2/6-31G* and MP2/6-

parentheses is from MP2/D95*//MP2/D95* calculations. 311G(2d,2p) levels with and without basis set superposition error

(BSSE) correction using the counterpoise method. Our study
corresponds to the lowest energy geometry of benzene dimer, of benzene diméf demonstrated that the MP2/6-311G(2d,2p)
also illustrated in Figure 5. For the thand r{g conformers, energies with BSSE correction accurately represent the binding
where the phenyl rings are naturally eclipsed, the backbonein this complex. A comparison of the energies is shown in Table
distorts to allow a parallel displaced-like arrangement. This 3. The agreement between the MP2/6-31G* energies without
can be seen when comparing the SCF and MP2 geometries inBBSSE correction (the level of calculation used in our study of
Table 2. For the tt and the mtg conformers, the phenyl rings  DPP) and the MP2/6-311G(2d,2p) energies with BSSE correc-
are naturally parallel and the backbone distorts to alitvser tion is reasonable.
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TABLE 3: Phenyl—Phenyl Binding? in Selected DPP Conformers

6-31G* 6-311G(2d,2p) force field
conformer  SCF MP2  BSSE(MP2) MP2(cbr) SCF MP2  BSSE(MP2) MP2(cdr) LJ electrostatic  total
r-tt 0.77 —-231 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-tg 7.64 —193 4.14 221 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-tg 0.39 -—-2.29 1.71 —0.58 0.71 -3.24 1.41 —-1.83 —1.64 —0.47 —-2.11

aRelative 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 bbWith BSSE correction.

The difference between the SCF and MP2 energies empha-TABLE 4: 2,4-Diphenylpentane Rotational Energy Barriers
sizes the importance of dispersion interactions between the energy (kcal/moh dihedral angles
phenyl rings. Atthe MP2 level, the interaction between phenyl

. . ) ; . . ) conformer SCF MP2 ¢ 2 Y1 P2
rings is attractive for all configurations studied, while at the — 5 58 _83o
SCF level, it is attractive only for the ngrand rtg configura- rt g 1167 570 1710 —114.1 -488 -83.
- . . . : . m-tt_tg —3.73 2.77 177.0 —100.0 —58.6 70.2
tions, which have perpendicular phenyl ring orientations. The m-tt_tg 551 446 175.8 131.2-47.9 1005

binding is greatest for thett-and m#g configurations. How- . T o )
ever, the inclusion of electron correlation effects has the lar- . - MP2/6-31G* optimized geometry with fixeg, (see text), using a

_ - 6-31G* basis set. Values are relative to thit or m-+t conformers.
gest effect on the ni-and rig conformers. This is because
the dispersion effects are greatest for these configurations. Sterigjetermined for several values of the torsional angle for the
repulsion is also larger for the latter configurations, resulting rotating dihedral in order to determine the saddle point geometry
in overall weaker binding. For all configurations the binding  while including the effects of electron correlation for the rotating
is significantly weaker than the-3.3 kcal/mol found for the  gihedral. The saddle point geometries and energies are sum-

parallel displaced benzene dinfér.Figure 5 reveals that for  marized in Table 4. Figure 6 shows the conformational energy
m-tt the phenyl rings are too close for optimal interactions, while  of m-DPP on the mit tg path. The fit of

for r-tt they are displaced too far “horizontally”.

Table 3 reveals that basis set superposition errors are large 3
for the levels of theory employed. As discussed above, and E(#,) = 0.5[) k(1 — cosng,)] 1)
demonstrated in Table 3, the MP2/6-31G* level calculations =

for penzene dlmer_y|eld reasonable. binding energié&out to the path indicates that the barrier is ngar= —100, the
basis set superposition error correction when compared to the

large basis set BSSE corrected values. When the MP2/6-31C5*V6UU.e reporteq Ln Table ‘I" Tlhe barrlﬁrs are dIISCl,;S§ed below in
energies are corrected for BSSE, the binding is significantly conjunction with our molecular mechanics calculations.
underestimated because of inadequacies in the basis set. A : ot

the MP2/6-311G(2d,2p) level, the additional valence and hi. Force Field Parametrization

polarization functions make up for many of the inadequacies An atomistic molecular mechanics force field was param-
in the smaller 6-31G* basis set, and the BSSE-corrected energiestrized to reproduce the conformational energies and geometries
are in very good agreement with extrapolated values using largerof IPB and DPP given in Figure 3 and Tables 1, 2, and 4. The
basis sets and better electron correlation metRbaddlithout force field is given in Table 5. The nonbonded, stretch, bend,
BSSE correction, the larger basis set seriously overestimategorsional, and out-of-plane deformation energies are given
binding in benzene dimer. We suppose these trends hold also'eéspectively by

for DPP: we can obtain good conformer energies at the MP2/ b y os 6

6-31G* level without BSSE correction, and better energies with ;" = E' + E**= A; exp(~B;r;) — C/r;° + 332.08yq/r;

larger basis sets (say MP2/6-311G(2d,2p)ve can correct (2)
for intramolecular BSSE Since this is not possible, until
calculations can be performed with basis sets sufficiently large EijS = 0.9{r;; — o) 3)
to make BSSE effects insignificant, we believe the MP2/6-31G*
calculations are the most accurate that can be performed for E--kb = 0.5,(60; — 6,)° 4)
obtaining relative conformer energies in DPP. The overestima- ! !
tion of phenyt-phenyl interactions that results from the use of 3
larger basis sets is reflected in the 6-311G** energies given in Emd‘ =0.5[Y k,(1— Cosn¢ijk|)] (5)
Table 1. =

Rotational Energy Barriers. We also determined the
rotational energy barriers between important conformers of Eijkld= 0.5kd6’ijk,2 (6)

m-DPP and r-DPP. Specifically, we found thdt rtg, the

m-tt_tg, and the ntt_tg barriers in the following fashion. For  whererj, Ok, ¢j andyq are the interatomic separation, valence
the first two barriers, we performed a saddle point search at theangle, dihedral angle, and out-of-plane angle, respectively. The
SCF/6-31G* level to determine the torsional angle of the rotating latter is given by the angle of bondwith respect to the plane
dihedral. This torsion was then fixed, and an MP2/6-31G* ijk.

optimization of the remaining degrees of freedom was per- The nonbonded dispersion/repulsion parameters for the
formed. For the nit_tg barrier, the saddle point involves strong  aliphatic atoms (no subscript on the atom label in Table 5) have
phenykphenyl interactions. Here, MP2 geometries were been used extensively by us in simulations of alkanes (e.qg., refs
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— TABLE 5: Atomistic Force Field for 2,4-Diphenylpentane
g nonbonded pair A, kcal/mol B, At C, kcal/mol A¢
=
s 3] m-t_tg c—C 14969 3.09 640.5
=) Ci—Ca 78998 3.6 519.0
o) H—H 2684 3.73 27.3
?g‘ Ha—Ha 2384 3.74 24.62
o 2 Ca—Ha 3888. 3.415 124.4
T'és m-fg C—H 4318. 3.415 138.2
K= C—Ha Ci—H 4097. 3.415 131.1
g | H—H, 2530 3.74 26.0
g -7t C—C, 34388 3.335 576.6
4=
§ stretch ks, kcal/mol A2 ro, A
0 . —e
ccC 618 1.53
-60 90 -12 - - _
0 150 180 C; Ca 1102 1.40
4, C G 634 1.50
. . CH 655 1.09
Figure 6. Conformational energy of m-DPP along thetimtg path. Ci Ha 727 1.09
Energies are from MP2/6-31G*//MP2/6-31G* calculations. The solid - )
line is a fit of eq 1 to the data. bend ky, kcal/mol rad )
CCH 86.1 109.5
ccc 108.1 111.0
CCG 108.1 110.4
C G Csy 100.8 120.0
H_C(methyl) H 77.1 107.9
HCH 77.1 106.5
119.9) (1204) Ca Cq Ha 72.0 120.0
1202 1135 CCG 108.1 108.9
Ca Gy Gy 144.0 120.0
torsion k, kcal/mol ke, kcal/mol ks, kcal/mol
cccc 1.82 1.96 —0.04
cccea 1.64 0.58 -0.04
CCCH 0.00 0.00 -0.23
C CCCa 0.00 0.32 0.00
C CiCyCa 0.00 0.00 0.00
Figure 7. Valence geometry for thett-conformer of 2,4-diphenyl- C G G Ha 0.00 0.00 OéOO
pentane. Bond lengths (A) and valence angles (deg) are from the MP2/ (":' % C(:ZJ:I 888 888 :822
6-31G* geometry. Force field values are given in parentheses. The white Ca_C_ CH 0' 00 O' 00 O 00
2 Ca C . . .
carbon atoms and attached hydrogen atoms are charged (see text). Ca Ca G Ha 0.00 0.00 0.00
Ca Gy Ca Ca 0.00 25.00 0.00
37 and 38) and polyethers (e.g., refs 39 and 40). For the aromatic p_ . Ca Ca Ha 0.00 0.00 0.00
atoms (subscript “a”), the parameters were taken from our HC CH 0.00 0.00 -0.23
guantum chemistry based benzene force figldAliphatic— ,
aromatic cross terms were obtained using the geometric com- out-of-plane deformation kq, keal/mol rad
bining rule. The white aromatic carbon atongs=€ —0.085) C G Gy Cq 0.00
and attached hydrogen atonts= +0.085) shown in Figure 7 ga_ga_ga_ga 42-%0
are charged. This charge is a slight reduction figpm 4 0.11 ca'ca'ca'ca 418
a_\va \“-a_ .

obtained in our study of benzene dinférWe found that we
were able to obtain a better representation of the relative torsional parameters and all of the out-of-plane deformation
conformer energies in DPP with the reduced charge. All other force constants were taken from previous W& The energy
atoms are charge neutral. The ability of the force field to required to displace a hydrogen atom out of the plane of a phenyl
reproduce the phenyphenyl nonbonded interactions is il- ring (maintainingCs symmetry) was examined at the 6-31G*
lustrated in Table 3. The molecular mechanics binding energiesMP2 level and was found to be in good agreement with
for the extracted benzene dimer configurations (taken for thesemolecular mechanics predictioffs.
calculations from the molecular mechanics DPP geometries) are Phenyl Ring Rotation. The only undetermined parameters
in good agreement with quantum chemistry values. influencing the energetics for rotation of the phenyl ring in IPB
The bond stretch and valence bending force constants wereare the force constants for the C G, Cj torsional potential.
taken from the MOLBD3 force field? The equilibrium bond As can be seen in Figure 3, an excellent representation of the
lengths and valence angles were adjusted to give the agreemenjuantum chemistry energies is obtained with— 0.32 kcal/
between the molecular mechanics energy minimized and mol.
guantum chemistry (MP2/6-31G*) geometries of thi con- Backbone Dihedrals Having established the parameters for
former. As seen in Figure 7, agreement between the molecularvalence and nonbonded interactions as well as the phenyl ring
mechanics and quantum chemistry geometries is good. Therotation, the conformational energetics in DPP are determined
molecular mechanics bond lengths were parametrized to beby the torsional parameters for ti2C C C,theC C C €
about 0.01 A larger than the quantum chemistry values to dihedrals. A nonlinear least-squares fitting procedure was
account for anharmonic effects. The parametrization of the employed to obtain the best fit to the ab initio conformer
torsional force constants for tl® C C C,the C C C gand energies and rotational energy barriers. Comparison of the MP2/
the C C G_Cjdihedrals is described below. The remaining 6-31G* phenyt-phenyl interaction energies with the MP2/
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TABLE 6: 2,4-Diphenylpentane Conformer and Barrier

Energies
energy (kcal/moB®
conformer force field MP2/6-31G*
r-tt 0.00 0.00
r-tg 2.17 2.47(2.07¥
r-gg 3.79 4.26(3.86)
r-tg 3.50 4.21(3.81)
r-gg 6.15
r-gg 6.17
r-tt_tg 5.46 5.70(5.30)
m-tt 0.00 0.00
m-tg 1.09 1.05
m-tg 1.99 1.792.19)
m-gg 4.96
m-gg 4.14
m-og 5.57
m-tt_tg 2.65 2.78
m-it tg 4.20 4.46 " . -
. ) 0 60 120 180 240 300 360
2 Relative to the ritt or m-t conformers. Quantum chemistry values g ¢ g
are from MP2/6-31G*//MP2/6-31G* calculations (see text for discussion s

of barrier calculations)? Force field was parametrized to reproduce
boldfaced energie$.Energies in parentheses are corrected for estimated Figure 8. Conformational energy contour map for racemic 2,4-
errors in phenytphenyl interaction energies (see text). diphenylpentane obtained from the quantum chemistry based force field.

) ) Energies are in kcal/mol relative to thdtreonformer.
TABLE 7: 2,4-Diphenylpentane Conformer Geometries

from Force Field Calculations 360 ' : 5
2 2 Y1 Y2

r-tt -178.4 -178.4 -56.9 —56.9 300 =

r-gg 54.7 54.7 —65.9 —65.9 g

r-tg 175.5 —47.3 —55.5 —109.2

r-tg 166.0 61.1 —53.3 —66.3 240 ]

r-gg 60.7 —88.7 —67.1 —112.4

r-gg —74.9 —74.9 —-110.0 —110.0

m-tt 167.5 -166.8 —59.08 59.09 & 180 ]

m-tg —-177.4 —55.7 —54.0 66.5 t

m-tg 171.3 77.7 —56.4 104.0

m-gg 54.6 —94.7 —66.9 55.7 120 |

m-gg 58.0 51.3 —67.0 117.8

m-gg —82.8 —49.4 —113.5 111.6

a Backbone and phenyl ring torsional angles, racemiti, meso= 60
dd. H
6-311G(2d,2p) BSSE-corrected values indicates that the former 0
level calculations tend to overestimate this interaction by about 0 30
0.4 kcal/mol in the it and mtg conformers. Therefore, the & 4: g
energies for these conformers were increased by 0.4 kcal/mol, 1

yielding the modified MP2/6-31G* values shown in Table 6. Figure 9. Conformational energy contour map forese2,4-diphen-

The molecular mechanics energies given in Table 6 are in Ylpentane obtained from the quantum chemistry based force field.
good agreement with these values. Table 7 reveals that the forcé=nergies are in kcal/mol relative to the tineonformer.

field also does an excellent job in reproducing the quantum

chemistry geometries for the important DPP conformers (com- degrees of freedom. The only unexpected feature of the energy
pare with Table 2). As a consistency check, the energy surface revealed by the contour maps is the split minimum for
difference between thett-and mit conformers yielded by ~ the mgg and mgg conformers. These conformers are unim-
the force field isA = 1.01 kcal/mol, in good agreement with ~ Portant for the isolated molecules but may be important in

the (modified) MP2/6-31G* value oA = [1.30 (from q.c.)— condensed phases.

0.4 (increase in tt energy discussed above}]0.90 kcal/mol. The contour plots reveal that the itntg barrier is unique in
This energy difference was not considered in the force field that it is the only rotational energy barrier lower than 3 kcal/
parametrization. mol for either enantiomer. The low-energy path between the

m-gt and mtg conformers, thought to be the most important
meso conformers in solution, involves tg (gt < tt < tg)
transitions. The contour plots reveal that the only low-energy
Figures 8 and 9 are energy contour maps showing the rotational isomerization path<@ kcal/mol) we failed to
conformational energies of r-DPP and m-DPP as a function of investigate at the MP2/6-31G* level involves tht rtg barrier,
the backbone dihedral angles, determined from molecular which the force field predicts to be around 4.5 kcal/mol. The
mechanics calculations using the quantum chemistry based forceg conformer is too high in energy to have an appreciable
field. The backbone dihedral angles were fixed tib@ervals, population (at least for isolated molecules). Condensed-phase
and the geometry was optimized with respect to the remaining experiments, however, have been interpreted in terms of an

IV. 2,4-Diphenylpentane Conformational Energy Surfaces
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TABLE 8: DPP Conformer Populations relative energies and entropies of the conformers were deter-
molecular mechanics gas-phase (MD) mined from the relationship
450 K 450 K
conformer racemic meso racemic meso AAi = AEi - TAS 8
tt 0.810 (0.009 0.546 (0.00) 0.770(0.00) 0.282 (0.00)
tg or gt 0.016 (3.50) 0.161(1.09) 0.049 (2.75) 0.313)09) which was found to represeAt; quite well. Here it is assumed

tgorgt  0.071(2.17) 0.059(1.99) 0.029(3.26) 0.033(1.91)  thatAF; andAS are independent of temperature. The relative
a9 0.014(3.79) 0.002(4.96) 0.052(2.69) 0012(278)  gnergies were found to be nearly identical to the relative

gorgg <0.001(6.15) 0.005(4.14) 0.006 (4.87) 0.006 (3.43 . ; . .
gg “ <o,001§6,17§ 0,001§5,57g<0.001(7.(47)20.001(6_(54) ) conformer energies in Table 6. The relative entropies are given

. . o in Figure 2. For both enantiomers, conformers with phenyl rings
aNumbers in parentheses are relative free energies in kcal/mol. aligned at the ends of the molecule and parallel to the molecular
backbone (such as 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,

The racemic and meso conformer populations determined has lower entropy. Finally, conformers with eclipsed phenyl
from molecular mechanics calculations are given in Table 8 at rjngs, such as nti; have the lowest entropy. Note that ener-
450 K, assuming that the statistical weight of each cor!former getically, this conformer results in favorable phenghenyl
can be represented as a Boltzmann factor employing theinteractions, as discussed above, but the consequent restrictions
molecular meChanICS energles g|Ven n Table 6 FOI‘ ISO|ated on pheny| rotation resu'ts in a |arge entropy pena'ty S|m||ar
molecules r-DPP is largelytt-and m-DPP is a mixture of M- trends can be seen for r-DPP. The entropic effects are im-
and mig, with the former being the most important. These portant: Table 8 reveals that while energetically thet men-
populations are inconsistent with those obtained from interpreta- former is more than 1 kcal/mol lower in energy than thégn-
tions of condensed-phase experiments. In the condensed phasege |atter has a greater population in the gas phase at 450 K.
conformer populations are likely to be quite different from those
yielded by the relative conformer energies. The latter popula-  Acknowledgment. G.D.S. acknowledges support of NASA
tions do not take into account differences in the shape of the Grant NAG 1 1984 and ACS-PRF Grant 30333-G7 for this
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