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Neopentane and TMS are used as mddéCH3), systems to investigatmtramolecularinteractions. The
nonbonded sitesite potential between two proximal hydrogen atoms on different methyl grég{sn),

is not Lennare-Jones- or Morse-like but is found to be pseudolinear in hydregmdrogen internuclear
separationdyy, for both neopentane and TMS. The Morse potential is found to be a poor basis in which to
expandVy(dun). The nonbonded sitesite potential is conformation-dependent and not transferable between
molecules. The individual contributions Yan(duy) are presented. The local mode parameters for neopentane
and TMS are calculated ab initio for a variety of molecular conformations. The ab initio values of the local
mode frequency and local mode anharmonicity are increasingly blue-shifted with increasing steric hindrance.
Electron correlation is found to be increasingly important with decreasing internuclear sepaitions,

Introduction Theory and Calculations
In a previous papérwe found that collision-like through- Local Modes and the M.orse Pote.ntirlall.Within the I.ocal
space interactions perturb low-energy (fundameheadyl high- mode model, theXH stretching potential is often described as

energy2 vibrational spectra, as well as promote mixing between @ Morse potentidl®
torsional and vibrational staté$:* Such interactions can lead

to unexpectedly broad vibrational overtone spetffais paper V() = D1 - e—aq)z (1)
deals with the nature of through-space interactions and their
functional form. whereq is the displacement from equilibrium of théd bond,

D¢ is the depth of the potential well, aradis the characteristic

We are specifically interested in the difference between - >
Morse inverse length that can be obtained from the Morse

nonbonded intramolecular interactions (e.g., through-space " e .
coupling) and nonbonded intermolecular interactions. We frequency,w,. af?d anharmonlcnywx. .A more generalized
identify both of these nonbonded interactions as -ssite Morse potentidlis obtained by expanding eq 1 in termscptb
interactions in the sense that we can approximate a nonbondedPtain

interaction by a potential between two sites. In the case of _ ob 3 4

through-spacye coFl)JpIing, these two sites are two atoms within a V() = Dy(1 — @ P2t Par ot hug )2 2)
molecule.

Previous worR® suggests that at very short internuclear
separations, conventional siteite treatments are lacking. For
example, the simple 9-6 Lennardones-type model for van
der Waals interactions may not be suitable for sterically hindere
molecules such ags-2-butene where there is a short nonbonded 5 5 5 5
distance between proximal methyl hydrogéiarce fields often Vo =vd — (V7 + v)dX 3)
cannot predict vibrational frequencies in “overcrowded” mol- )
ecules because they do not properly account for nonbondedThe values of the Morse parametérandax are obtained from

potentials when atoms are in very close proximity to one @ quadratic fit ofii,— versusv. . .
another® Isolated Anharmonic (Morse) Oscillator. For XH stretching

vibrational overtone transitions, the coupling betwe¥H
oscillators in which the H atoms do not share a common atom
(e.g., benzene, etc.) is negligidfel® The XH stretching
Hamiltonian for a molecule composed iofsolatedXH oscil-
lators becomes

whereb; are expansion coefficients. The energy eigenvalues of

a Morse oscillator described by eq 1 can be rearranged to give

the frequencyy,-—o, Of an overtone transition out of the ground
qstater’ = v —v" = 08

Hydrogen atoms are very common in molecular systems,
especially biological ones. We will restrict our investigation of
site—site potentials to hydrogerhydrogen interactions. For
systems containing many hydrogen atoms, these interactions will
be expressed in terms of hydrogemydrogen separation
between proximal H atomslp.

~ 1 ag
H=2 Gp+ ) Da—e™) @)
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where the first term is the sum of the (diagonal) kinetic energy and to a lesser degree upon the step size), (3) the fit type used
and the second term is the sum of the (diagonal) anharmonicto extract the local mode parameters (e.g., a power series fit to
potential energy. The frequencies of transitions out of the ground eq 5 or a nonlinear fit to eq 1), and (4) the degree of steric

vibrational state for any single oscillatar,is given by 3. hindrance of thexH oscillator being modeled.

Force Constants and Their Relationship to Morse Oscil- In the interest of accuracy, scaling factors specific to
lator Parameters. The stretching potential of an isolatetH individual molecules (at a given theory level and basis set) have
oscillator can be expressedas been developed previoudfyand will be used in this paper.

These scaling factors were calculated from ab initio data
V(q) = = £, o + 1 £, + 1 . qf ) obtained in the rangg = [~0.20, 0.20] A in steps of 0.05 A
2 6 4 at HF/6-31%+G(2d,2p) and fit to a power series (eq 5) or a

where thef terms represent diagon#H force constants. If the nonlinear it (eq 1).

potential given by eq 5 is equated with the Morse potential (eq

1), then the following correspondences can be drawn betweencorm)utat'OnaI Details

the Morse parameters and the diagonal force condfants Ab initio calculations were carried out with Gaussian 98
revision A.58on a SGI Octane with a MIPS R10000 processor,
. NGifi Gaussian 98 revision A.13on a cluster with Compaq Alpha
A W (6) ES40 (4x 833 MHz) processors, and Gaussian 03W revision
B.03*° on a personal computer with a Pentium 4, 2.8 GHz
and processor. Calculations used all Gaussian defaults (unless noted
otherwise) except that the Gaussian overlay option I0P(3/32
= hg; (f.l)2 @ = 2) was used in all calculations to prevent the reduction of
727%c \fi expansion sets. All of the calculations were carried out using

SCF=Tight to ensure proper SCF convergence, which is

whereg; is the Wilson G-matrix element. especially important if meaningful results are to be obtained

Fitting Ab Initio Data to Morse Potentials. Ab initio data where a basis set contains diffuse functions.
have been fit to Morse potentials in three different ways, namely, Representative zero-point vibrational energy corrections for
(1) a power series fit to eq 5 wherg and @x are obtained the molecules studied in this paper were found to change the
from the diagonaXH force constants, (2) a nonlinear fit to eq relative conformer energies (including the barriers to internal
1 where® andax are obtained from parametdbg anda, and rotation) by less than 5%. The ab initio relative energies and
(3) a nonlinear fit to eq 2 where the expansion coefficiebts,  barriers to internal rotation presented in this paper have not been
are obtained. In all three methods, the fit was carried out using scaled, and zero point energies have been neglected.
nine data points from ab initio calculations in which the CH
bond displacement was varied in steps of 0.05 A (vide infra) to Results and Discussion
ensure the convergence of the expansion tépisThe relative
benefits of these approaches are detailed below. Properties of the Model M(CHg)4 System.Our model for

A power series fit to eq 5 is computationally inexpensive investigating the nature of sitesite potentials is thé1(CHs)a
and straightforward. This approach has therefore been favoredsystem. By varying both the displacements of the CH oscillators
historically. A drawback of this approach is that the local mode and the H-CM-C dihedral angleg, on two methyl rotors we

parameters are approximated by a truncated power series@re able to interrogate a broad rangelaf values. We assume
introducing uncertainties inté and &x. an adiabatic separation between stretching and torsional motions,

A nonlinear fit to eq 1 furnishe® and@x in a straightforward that is, we will consider the stretching states of various torsional

manner. The benefit of this approach is that the local mode States,g. Varying the central atoriyl, enables us to explore
parameters are arrived at without having to resort to approxima- Whether intramolecular sitesite potentials are transferable
tion by a truncated power series. A drawback of this approach between molecules. Specifically, we investigate-sgite po-

is that nonlinear fits are more computationally intensive and tentials in theM(CHs), system wheré = C (neopentane) and
can be more unstable than a power series fit. Nonlinear fits haveM = Si (TMS). For both molecules, the minimum energy
thus not been used as much as power series fits in pastconformation occurs when the dihedral angle of each methyl
investigations. rotor is ¢ = 60° with respect to theViC, framework.

A nonlinear fit to eq 2 is used to determine the suitability of ~ Changes in the energy of &(CHs), homologue are explored
the Morse potential as a basis in which to expand the ab initio along two torsional coordinatesp, and two CH stretch
calculatedXH stretching potential. The expansion ternhs, coordinatesg. The two stretch coordinates are the closest CH
resulting from this fit to ab initio data cannot be related to the bonds located on different methyl groups. Displacements along
local mode parameterd, and@x, in a straightforward manner.  these local stretch coordinates are referred to as local mode
Instead, the standard deviation in the fit of the ab initio stretching displacementgy., and “crowding” (local mode) displacement,
potential to eq 2 is used to quantify the deviation from Morse- dc. The hydrogen atoms associated with these two displacements
like behavior and provides a sensitive tool for investigating the are denoted H and H;, respectively. The two torsional

effect of molecular conformation on the “Morseness” of ¥ coordinates are the dihedral angle-8-M-C, denotedp,, and
stretching potential. the dihedral angle HC-M-C, denotedpc.
Scaling Ab Initio Calculated Frequencies and Anharmo- Because of the geometry Bf(CHs)4 systems, Id will interact

nicities. Local mode scaling factors, either individual or strongly with one or at most two different hydrogen atoms,
averaged over a large number of molecdfesre highly depending upon the values ¢f and ¢c. Where ¢, and ¢c
dependent on the manner in which they are calculated. Specif-approach 68 H_ can interact with K4 and another proximal
ically, local mode scaling factors are dependent upon (1) theory atom, H-. As ¢ and ¢c approach ©, significant interactions
and basis set, (2) displacement grid (i.e., the displacement rangeof H_ occur only with the most proximal atom,dH



Site—Site Potentials

TABLE 1: Ab Initio Relative Energies? and Bond Lengths
of a Variety of Conformations of Neopentane and TMS

theory/  conformer  AE Are (x10°° A)
molecule  basis sét  (¢L,¢c) (cm™)  CH. CHc
neopentane Q) 00° 3160 —2.88 —2.89

0°, 60° 1430 —1.30 0.14

60°, 0° 1430 0.14 -1.30

60°, 60° 0 0.00 0.00

) o, 0 2730 —2.45 -2.45
0°, 60° 1270 -1.34 0.01

60°, 0° 1270 -0.14 -—-1.32

60°, 60° 0 0.00 0.00

T™MS (1) o, 0° 1250 —-1.25 -1.26
0°, 60° 580 —0.75 0.12

60°, 0° 580 0.12 -0.75

60°, 60° 0 0.00 0.00

2) 0, 0° 1030 —-0.94 -0.92
0°, 60° 480 —0.64 0.09

60°, 0° 480 0.02 -0.76

60°, 60° 0 0.00 0.00

a Relative to the lowest energy( = ¢c = 60°) conformer. Energies
not scaled® (1) denotes HF/6-3Ht+G(2d,2p), whereas (2) denotes
B3LYP/cc-pVTZ.
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Figure 1. The relationship betweenq anddyy for the ¢ = ¢c = 0°
conformer of neopentane g¢ = 0.00 A (solid circle),gc = 0.20 A
(hollow circle),gc = 0.40 A (solid square), ange = 0.60 A (hollow
square) calculated at HF/6-3t+G(2d,2p).

The H and H oscillators couple with methyl torsional
modes. Changes inHand H: bond lengths with changes in
torsional angle®, and¢c in neopentane and TMS are presented
in Table 1. CH bond lengths are shorter in the= ¢c = 0°
conformer than in they. = ¢c = 60° conformer for both

neopentane and TMS. The magnitude of CH bond contraction

at¢ = ¢c = 0° is greater in neopentane than in TMS, indicating
(1) a stronger stretch-torsion couplirand (2) a greater barrier

J. Phys. Chem. A, Vol. 109, No. 44, 2008971

lead to the samelyn). A site—site potential expressed as a
function of dyy therefore need not be single-valued.

Because of the very shodyy separations in neopentane,
through-space coupling is strong. This coupling facilitates IVR
and leads to very short vibrational overtone lifetimes. These
lifetimes range from 110 fs for the second overtone to
approximately 40 fs for high overtonés.

TMS, Si(CHg)4. The SiC bond in TMS is longer than the
CC bond in neopentane. The equilibrium valuedgf (i.e., at
éL = ¢c=60°, . = gc = 0.00 A) is 313 pn! The separation
of the van der Waals spheres for hydrogépy, is 73 pm?!
This greaterdyy separation leads to weaker through-space
coupling in TMS (as compared to neopentane). This weaker
coupling is born out by the longer, nearly constant CH overtone
lifetimes of 1504 30 fs2t

As in neopentane, the separatiayy, is modulated by
variablesg, ¢c, q., andgc. In TMS, the modulation oflyy as
a function ofq. andqc in the ¢ = ¢c = 0° conformation is
qualitatively similar to that of neopentane (vide supra), except
for largerdyy separations that range from 235 to 272 pm.

Through-Space Interactions.The stretching potential of a
molecule,Vs, is approximately separable along local moéfes.
For a molecule with local mode oscillator L, a proximal,
nonbonded, crowding local mode oscillator, C, and remaining
local modesj, we write

(8)

The stretching potential of individual local mode oscillators are
the sum of their unperturbed potentidls 5(q.), plus nonbonded
(through-space) perturbations arising from interactions wigh H
and (possibly) K

V(@) = Vio(@) + Vins(die) + Via(die) 9)

where the individual terms are all at the same specific
conformation described by paramete¢rsand¢c. Note that the
unperturbed CH stretching potential is expressed naturally in
terms of displacements from equilibriup,, and the nonbonded
interactions between atoms Find H: are best expressed in
terms of the internuclear distancéd, which separates these
atoms. We simplify the potentia¥, (q.) by introducing the
condition

%=w+w+2m

VL,nb(dLC') =0 (10)

which holds if¢. = ¢c = 0° and becomes increasingly incorrect
as we approach the limi_,pc — 60°.

to high amplitude stretching motion in neopentane as compared The strongest through-space interaction with étcurs in

to TMS. Effects are being transmitted through-space to non-

adjacent bonds.

Neopentane, C(CH)4. In the equilibrium conformationg(
= ¢c = 60°, . = gc = 0.00 A) the separation between EHnd
Hc (or He) is dyy = 256 pm?2! Taking the van der Waals radius
for hydrogen to be 120 pit,the separation of van der Waals
spheres for hydrogemyyy, is 16 pm?!

The separationdyn, is modulated by variableg,, ¢c, q.,
and dc. In the ¢ = ¢c = 0° conformer of neopentane, the
distance between nearest hydrogens is 214 po at gc =
0.00 A (see Figure 1). If we allow to vary from —0.30 to
0.90 A andqc to vary from 0.00 to 0.60 A (vide infra), then
the range ofduy values investigated in the = ¢c = 0°
conformer of neopentane is 185 to 225 pm. At a gigernthere
are often two different displacements,, that can lead to the
same internuclear distanaiy (consider thep. = ¢c = 0°, qc
= 0.00 A conformer wherg. = 0.60 A andq. = 0.28 A both

the sterically crowde@, = ¢c = 0° conformer. We restrict
the scope of our inquiry to this conformer and simplify the
notation somewhat by denoting nu(dic) asVan(dun). Equation

9 becomes

Vip(Gyp) = V(@) — Vi o(a)

Thus, the nonbonded sitsite potential between two proximal
hydrogen atoms on different methyl groupéy(dun), can be
obtained by subtracting the unperturbed ab initio potential energy
surface,V, o(qL), from the perturbed ab initio potential energy
surface,V.(q.). The unperturbed potentid_o(q.) is that in
which one CH bond is successively displaced from equilibrium
to map out the potential energy surface, where all other
geometric parameters (including the bonddFHre constrained

to their equilibrium values. The perturbed potentil(q.), is
identical toV, o(qL) except that the CHbond has been displaced

(11)
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from its equilibrium value. This CHbond, which is proximal and
to CH_ (through space) but attached to a different methyl group _
than CH, crowds the CH stretching potential at positive bond Im¢

e
displacements, introducing a nonbonded-sgiee interaction. |XE1E: Ewhenm= +£1,£2,4+4,£5,+7, 48, ...
As mentioned previously, the ab initio potentials presented
in this paper are not scaled, and zero point energies are not =0 otherwise. (18)
corrected for.
Distributions Over Molecular Conformations. Experimen- Scope of Inquiry. Having determined that changesfnand

tal results that depend on molecular conformation yield an ¢c have effects (transmitted through-space) on the equilibrium
average over a distribution of conformations. For example, the carbon-hydrogen bond lengths and on the barrier to internal
lowest-energy conformers of neopentane and TMS have all four methyl rotation (vide supra and Table 1), the scope of inquiry

methyl groups staggered with respect to the molecM@y of this paper is the following: (1) Determine the standard
skeleton. In this case the H-KI-C dihedral angleg, is 60°. deviation in the dihedral angl¢ (using eq 12) in neopentane

Quantum mechanically, the observed dihedral angle is given @nd TMS to ascertain whether it is reasonable to congider
by the ensemble average over quantum states of the expectatiogic = 0° conformers. (2) Calculate the nonbonded -sde
value, [¢[] However, the standard deviationdrvalues can be potential between proximal hydrogen atoms on different carbon

substantial. Denoting this standard deviatiorohywe express ~ atoms,Vny(dh), using eq 11 and ab initio data. What are the
this quantity a&* relative contributions of the numerous electrostatic terms to the

nonbonded sitesite potential? (3) Obtain ab initi®@ and &x
- S— from fits of potential energy surfaces calculated at different
Op = @ZD_ Ebﬁ (12) conformationF')s to a Morse p?t/ential (eq 1). (4) Ascertain whether
the Morse potential is a good basis in which to expand
where Vio(du). This will be investigated by carrying out a fit of ab
initio potential energy surfaces, calculated at variogs ¢,
"= W |y0 (13) andé¢c (i.e., under various degrees of through-space perturba-
tion) to a Morse potential (eq 1) and to a generalized Morse
The torsional wavefunctionyy, is a normalized ensemble potential (eq 2), paying particular attention to the effect of steric
average of the wavefunctions that are significantly populated crowding on standard deviations in the fit to Morse potentials.
at temperaturd. The potential energy surfaces of neopentane and TMS were
The evaluation of eq 12 was expedited by using torsional calculated with respect to four degrees of freedam,; qc, ¢,
wavefunctions composed of symmetry-adapted basis states. Thand¢c. Values ofq. ranged from—0.30 A to 0.90 A in steps
potentials for internal Chirotation in both neopentane and TMS  of 0.10 A, whereag)c values ranged from 0.00 to 0.60 A in
posses<s, symmetry. Symmetry-adapted basis functions of steps of 0.10 A. Torsional anglgs and¢c were both varied
symmetryl’, |xm'[] were made from the projection of the free from 0° to 60° in steps of 10. The resulting grid size is % 7
rotor eigenfunction, 8%, on the A, A, and E irreducible x 7 x 13, which corresponds to 4459 ab initio calculations for
representationd: These orthogonal basis functions were nor- each molecule. Ab initio calculations were carried out at HF/

malized, allowing us to expand eq 13 to 6-31G(d,p), HF/6-31%+G(2d,2p), B3LYP/cc-pVDZ, and
B3LYP/cc-pVTZ.
" + " + Charge Distribution. Charge distribution within a molecule
"= (14) is too anisotropic to be modeled by any single set of atom-
z e P 4 Z e PE? 4 z e P centered charges unless one is concerned only with long-distance
] J J interactions® Charge distribution calculations will therefore not

be used to investigate contributions\Mg,(dun) quantitatively;
where 8 = (KT)"L. The expectation value of the irreducible however, because electrostatic terms are very important in
representationl’, is nonbonded interactior?§,charge distribution calculations will
be used to qualitatively illustrate the nature of electrostatic
Nr contributions toVny(du). Specifically, we will use CHelpG/
@' = ze—/ﬁEFZ ¢ c m%rnwnwgg (15) which is suitable for nonbonded interactions at long distaftes,
] e to visualize molecular isosurfaces in variod§CHs), confor-
mations. CHelpG is a grid-based method in which atomic and
where the expansion coefficientgm, were obtained by diago- molecular charges are fitted to reproduce the expectation value
nalizing the Hamiltonia#t of the torsional wavefunctions of ~ of the molecular electrostatic potential at the van der Waals

energyj, expanded ifNr terms of basis state;gﬁ]lil(wherem is surface?®
an index). The normalized symmetry adapted basis functions ~Limitations on the Concept of Dihedral Angle. In a
were, respectively previous papet, it was determined that B3LYP/cc-pVDZ
adequately treated nonbonded interactions as it led to excellent
A cosfng) scaled frequencies for the normal modes of vibration in sterically
[Ym 'BF ———=whenm=0, 3,6, ... crowded molecules such as neopentane. The B3LYP/cc-pVDZ
V(L +6y) geometries of neopentane and TMS were used to determine the
=0 otherwise (16) projection of the moment of inertia along the axis of internal
rotation,l. These values are presented in Table 2, along with

sin(mg) the barriers to internal rotation.
Ao —
5 Jr whenm=3,6,9, ... The torsional wavefunctions of/AA,, and E symmetry were
) determined by diagonalizing the rigid rotor Hamiltonian in a
=0 otherwise (17)  threefold potentidl using basis functiong’:0(eq 16), |20
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TABLE 2: Expectation Values of the Dihedral Angles and TABLE 4: Expectation Values of the Dihedral Angles? their
Their Standard Deviations Standard Deviations, and the Relative Populations of the
molecule barrier (crm)e | (kg P) L 0, (deg) Torsional Wavefunctions of TMS at 298 K
neopentane 1330 5.3110% 60+ 13.7 wavefunction _ symmetry [gideg) oy(deg) Prel
T™MS 520 5.20x 1047 60+ 22.0 Dy Az 60 11 0.69205
a Barriers to internal methyl rotation calculated at B3LYP/cc-pVDZ. g; 21 28 ig gé%’ég
(0N A1 60 40 0.03120
TABLE 3: Expectation Values of the Dihedral Angles? their g“ ﬁl 28 gg 888833
o : ; 5 1 .
Standard Deviations, and the Relative Populations of the @ A 60 18
Torsional Wavefunctions of Neopentane at 298 K (DZVQ Ai 60 20 0.34270
wavefunction symmetry [pdeg) o,(deg) Prei d, Az 60 32 0.10285
D, Az 60 37 0.03151
o0 N o o2 0530 ®s As 60 36 0.00638
q)l Al 60 29 0.00849 D, A; 60 36 0.00079
S A 60 43 0.00209 Dave Az 60 24
Dy As 60 43 0.00068 Do E 60 19 048361
Ds Ay 60 38 0.00010 D1 E 60 20 0.41484
Doe A 60 10 ' @, E 60 32 0.17003
@, A, 60 15 0.17501 @3 E 60 33 0.13554
O A; 60 25 0.02142 @4 E 60 39 0.06814
@, A, 60 33 0.00361 s E 60 38 0.04781
[ON Az 60 38 0.00072 Ds E 60 37 0.01953
[N A, 60 38 0.00010 (OF) E 60 37 0.01148
Dave A, 60 16 Dg E 60 36 0.00336
(o) E 60 14 0.27756 02 E 60 36 0.00167
(o2 E 60 15 0.22454 Do E 60 36 0.00035
D, E 60 24 0.04182 Dy E 60 36 0.00015
D3 E 60 25 0.03049 Dyve E 60 24
Dy E 60 33 0.00782 Dave all 60 22
[OF E 60 34 0.00543 a . .
D E 60 39 0.00192 Calculated using the parameters in Table 2.
[OF E 60 39 0.00122
Py E 60 39 0.00040
®q E 60 38 0.00021 0.
Doe E 60 17
Dove all 60 14

a Calculated using the parameters in Table 2.

(eq 17), andxﬁlil(eq 18), respectively. These torsional wave-

functions are denote@a,, ¥a, andye. The g torsional

wavefunction was composed of 60 basis functidg§rwhere

m=1, 2,4,5, ..., 89. Bothya, andya, are composed of 30

basis functions (i.,emn =0, 3, 6, ... 87 forpa, andm = 3, 6,

9, ..., 90 forya,). 20 40 60 80
Approximately 49 wavefunctions of AA,, and E symmetry » dihedral angle, ¢ (O)

were S|gn|f|cantly_populated at 298 K for neopentane an_d TMS. Figure 2. Relative probability distributions for an ensemble of methyl
These wavefunctions are used to calculate the expectation valuqigid rotors in neopentane and TMS modeled as &(@¢#2) function.

of the dihedral anglel¢li(eq 12), the uncertainty i, o4 (eq The neopentane distribution is the sharper of the two.
13), and, using eqs 15, the ensemble average value@sgahd
o4. The ensemble averages are given in Table 2. Details of the Wavefunction Stability. Ab initio wavefunction stability
individual contributions to the ensemble are presented for eigenvalues depend on the level of theory and basis set. They
neopentane (Table 3) and TMS (Table 4). were also found to be sensitive to molecular conformation, both
The relative probability distributiony*y, of an ensemble in terms of dihedral angle and in terms of bond displacements
of quantized hindered rotors at 298 K was calculated for (from equilibrium). Eigenvalues decrease (i.e., the ab initio
neopentane and TMS. This distribution is shown in Figure 2. wavefunction becomes more unstable) with increasing displace-
The barriers to internal rotation were modeled as?(@gg2) ment from the equilibrium bond length,. Simultaneous
functions. Physical parameters were calculated at the B3LYP/ displacements along andgc lead to a negligibly small increase
cc-pVDZ level of theory and basis set (see Table 2). The in wavefunction instability over that caused by stretching along
neopentane and TMS distributions were averaged over 14a single coordinate. All ab initio calculations used in this paper
rotational energy levels of fand A symmetry and 25 rotational  are restricted to conformations where the ab initio wavefunctions
energy levels of E symmetry. Distributions were normalized are stable. The data domain was restricted to CH displacements
over the interval [0, 2]. The largeoy value in TMS (Table 2) in [-0.30, 0.50] A for HF/6-31++G(2d,2p) and to£0.30,
and broady* v distribution (Figure 2) indicate that all methyl  0.70] A for B3LYP/cc-pVTZ. Unless noted otherwise, data that
torsional conformations are significantly populated at 298 K. are presented graphically are rendered in CH displacement step
Although this distribution is somewhat narrower in neopentane sizes of 0.20 A.
than in TMS, it still seems appropriate to consider nonequilib-  Through-Space Interactions.There are two complementary
rium conformations (such a@s = ¢c = 0° in M(CHjz),4 Systems) ways of visualizing nonbonded, sitsite potentialsVny(d1n)
when investigating/np(dyn). (eq 11). One is to plot the sitesite potential as a function of

probability

100 120
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Figure 3. Unscaled ab initio potential{(ds+), (solid) and nonbonded
potential, Vip(dur)lqc (€Mpty), for thegr = ¢c = 0°, gc = 0.10 A
conformer of neopentane calculated at HF theory using the 6-3G-
(2d,2p) basis set. Tha. step size is 0.10 A.
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Figure 4. Unscaled ab initio potential{(duw), (solid) and nonbonded
potential, Vip(dur)lqc, (€Mpty) for thegr = ¢c = 0°, gc = 0.50 A
conformer of neopentane calculated at HF theory using the 6-3G-
(2d,2p) basis set. Tha. step size is 0.10 A.

dun where the values dic, ¢, and¢c are held constant. The
potential is first calculated as a function gf, and then a
coordinate transformation is carried out to give the potential in
terms ofdyn. This form of potential, done at constam, will

be denotedVny(du)lqc. The other representation is the site
site potential as a function afyy where bothg. and gc are
variables and the values ¢f and¢c are held constant. This
plot of H-+-H interactions is denotedy(dxn)aiq. Note that site-

site potentials expressed as functionsdpfy will be well-
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Figure 5. Unscaled site site potential for allq. anddc, Vas(dun)laig,

of the ¢ = ¢c = 0° conformer of neopentane calculated at HF/6-
311++G(2d,2p) (solid) and B3LYP/cc-pVTZ (hollow).
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Figure 6. Unscaled site'site potentiaV,u(dun)|aiq Of the g = ¢c =
0° conformer of TMS calculated at HF/6-313#G(2d,2p) (solid) and
B3LYP/cc-pVTZ (hollow).

valued over the range @i = ¢c = 0° conformers despite the
fact that the linear transformation qf is notonto dy (Figure
1).

The more general potentidap(dun)laig (i-€., Vap(dhH) €x-
pressed as a function dfyy whereq. andqc are variables) at
the ¢ = ¢c = 0° conformers of neopentane and TMS was
calculated at both HF/6-3#1-+G(2d,2p) and B3LYP/cc-pVTZ
and is presented in Figures 5 and 6. The domain of the HF/6-
311++G(2d,2p) data is less than that of the B3LYP/cc-pVTZ
data (i.e. ., gce[—0.30, 0.50] A versusj_, gce[—0.30, 0.70]

behaved only if we can reasonably approximate their depend-A) in order to ensure that the ab initio wavefunction is stable.

encies org. andqgc by a single variablegyy.

Plots of the unscaled HF/6-3%1G(2d,2p) potentialy/(dun),
and nonbonded potentia¥j(duH)lqc, iN Neopentane are pre-
sented for thep, = ¢c = 0°, gc = 0.10 A conformer and the
¢ = ¢c = 0°, gc = 0.50 A conformer in Figures 3 and 4,
respectively. In both figures, the potential(dyn), appear
vaguely Morse-like, despite the transformation frgmspace

In all cases, there is a decreasevif(dun)|aiq With increasing
duH, Which appears to be approximately linear over the regions
of dun space studied. This linearity indicates that it is reasonable
to expresd/nn(dun)laig, calculated as a function of both and
Jc, in terms of a single variablelyy.

The conditions assumed in the derivation of eq 11 were tested
by plotting Vi(duk) laig for the g = ¢c = 10° andéL = ¢c =

to dyn sSpace, that is, from the CH stretching potential as a 20° conformers of neopentane and TMS and comparing these
function of bond displacement to CH stretching potential as a plots to those obtained for thy = ¢c = 0° conformers. In

function of internuclear separatiodyy. The nonbonded po-
tential, Vio(dun)qc, IS approximately linear imyy, especially
for the more sterically hindered conformer (Figure 4). Steric
interactions are stronger in the (more crowdeéd)= ¢c = 0°,

gc = 0.50 A conformer than in the = ¢c = 0°, gc = 0.10

A conformer. It is interesting tha¥p(dhn)|qc is Not Morse or

Lennard-Jones like. Corresponding plots for neopentane cal-

culated at B3LYP/cc-pVTZ, as well as those for TMS calculated
at both HF/6-31++G(2d,2p) and B3LYP/cc-pVTZ, are quali-

this manner, we test the effect of the condition in eq 10 where
we restrict ourselves to eclipsed conformers, simplifying the
potentialVpp(dun) to one between at most two hydrogen atoms.
It was found that the plots 0¥,p(din)laig for the g = ¢c =

10° andg = ¢c = 20° conformers (which are not shown) are
virtually identical to one another. These plots are very similar
to those atp. = ¢c = 0°, except that the former have been
shifted approximately 60 cm higher in energy at BSLYP/cc-
pVTZ in neopentane and 30 crhhigher in energy at B3LYP/

tatively similar and are not presented in this paper. We concludecc-pVTZ in TMS. The energy increase is caused by an

that it is possible to expresé(duH)lqc in terms of a single
variable,dyn, becausé/ny(dqr)lqc is well-behaved and single-

augmentation to interactions betweep &hd H by Hc. The
additional interaction of the third hydrogen is not negligible
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and obfuscates the nature of the potenWay(dun)laig. We 2000
therefore restrict our investigations@p = ¢c = 0° conformers.
. o . . i 1500 A .
To determine whether it is possible to obtain a conformation-
independensite—site potential, we overlaid plots ®u(dnH)|aiq -~ 1000 - .
at various¢. and ¢c. The resulting figures (which are not 5 © ¢
presented) were discontinuous and poorly behaved for both 5 5007 o Se
neopentane and TMS at all combinations of theory and basis L“ﬁ’ ol °%8 Pereno o
set, indicating that conformation-independent-sgite potentials ?g %
cannot be expressed as functionsdaf;. The potentialVpy- 500 1 .
(duH)lag @s a function ofdyy is specific to calculation level .
and basis set, to molecular conformation, and to a given -1000 T " " T
molecule. 1.9 2.0 2.1 22 2.3
dyy (A)

The slope oVny(dh)laiq In Neopentane (Figure 5) is always - _
negative, indicating that the through-space potential betweenFigure 7. Site—site potential for allq. andgc of the ¢ = ¢c = 0°
proximal hydrogens is always repulsive (for the conformers conformer of neopentant(di)laiq (hollow), and the kinetic energy
studied), even at largi. This repulsive nature ofs(ch)| contribution to this potentialT(dun) (solid), calculated at HF/6-

- H: P nb\ k) lallg 311++G(2d,2p).

in neopentane is likely caused by strongC and C-H bonds

forcing the H and H: hydrogens into closer proximity than 4000
the sum of their van der Waals radii.
In Figure 5, we note that the uncorrelatg(dun)|aiq values 30004 °
calculated at HF/6-31+G(2d,2p) for thep. = ¢c = 0° =~
conformer of neopentane increase more rapidly with decreasing § 2000 .
duy than do the correlated B3LYP/cc-pVTZ values. Both the 3 .
correlated and uncorrelatdthy(dum)|aiq Values are not scaled, 2 10007 ‘e
however, based on the similarity of the HF/6-311G(2d,2p) ° %05, o; 3.
and B3LYP/cc-pVTZ local mode scaling factors (vide infra) 01 <%t Lo
the disparity between the two sets\Gf,(duw)|aiq Values cannot ° .
be ascribed to the omission of scaling. Rather, the disparity '10001 8 19 20 1 2 23
indicates that it is important to include electron correlation in ' ' ' e (&) ' ' '

the calculation oVy,(dun), especially at small values alyy,
where electron correlation effects are pronounced. At stall conformer of neopentantas(chlar (Nollow), and the kinetic energy

the slope of the uncorrelated sitsite potential is_approximaFely contribution to this potentialTay(dnn) (solid), calculated at B3LYP/
—4000 cnT¥A, whereas that of the correlated sitgite potential cC-pVTZ.

is approximately—2000 cnT¥A.

The potentialVnu(dur) laig appears to be well-described by
duy at small values oflyy. At largedyy, there appears to be an
oscillatory component whenp(duw)|aiq is double-valued. This
is especially apparent at largiyy in the B3LYP/cc-pVTZ
calculated values oWny(du)lalq in TMS (Figure 6). The
presence of overlaid “shingles” Wh(duH)laiq is caused because,
depending on the values gt, ¢, and¢c, there can be two
different values ofy. that have the samé.y (vide supra). In
cases wher¥ny(dun)|aig appears to be double-valued, the higher
values 0fVyp(dun)|aiq arise from the conformers whefec| <

Figure 8. Site—site potential for allg. andgc of the ¢ = ¢c = 0°

are often modeled with Lennardlones functions. The non-
bonded site-site potentials for neopentane and TMS are
decidedly non-LennardJones-like (Figures-36). One would
expect that the nonbonded sitsite potential between Hand
Hc would become attractive whelyy > Y rygw. Representative
values ofVy,(dun) were calculated at the MP2 level of theory
with a 6-31G(d,p) basis set for neopentane and TMS. The
explicit inclusion of electron correlation led to results similar
to those obtained at the HF and B3LYP levels of theory in which
Vio(du) lang IS repulsive at alby.

A cut-plane of the electrostatic potential (EP) from the B3LYP
Q- o ) ) Kohn—Sham density in neopentane for the = ¢c = 0°, qu

Steric interactions in the, = ¢c = 0° conformer of TMS = 0.60 A, gc = 0.30 A conformer indicates that there are
are weaker than those of the same conformer in neopentanegecreases in electron density about the hydrogen atoms associ-
The nonbonded sitesite potential of TMSVip(dww), (Figure ated with stretches along the CH bond. Changes in electron
6) is linear indw and approximately half of that in neopentane  gensity and EP can also be visualized using isosurfaces. The
(Figure 5). At smalldyy, the slope of the uncorrelated site isosurface of thep, = ¢c = 0°, q. = 0.60 A, gc = 0.00 A

site potential is approximatety2000 cmi*/A, whereas that of  conformer of neopentane shows the EP becoming more negative

the correlated sitesite potential is approximatety 1000 cnv?/ along the CH bond axis as that bond stretches. To understand
. why the H ---Hc interaction is repulsive at largdyy, we will
With the caveatthat the values o¥/np(dnn)laiq in this paper investigate the contributions to through-space interactions of
have not been scaled, it is apparent that (1) electron correlationthe individual energy terms.
contributes significantly to nonbonded, sitsite potentials in Contributions toV,u(dyy) were calculated from expressions

neopentane and TMS, accounting for nearly half of the through- of the form of eq 11. These contributions\fa,(di+) are kinetic
space interaction, and (Rhp(dun)laig in TMS is approximately  energy,Tns(dnn), electror-electron potentialyp e4dr), Nuclear

half of that in neopentane. nuclear potentialy,p an(dhn), and electror-nuclear potential,
One unexpected result in this paper is that potentiat Vnb,eNHH)-
(dum)laig is repulsive even at larghyy in TMS (Figure 6) where The kinetic energy contribution t&pu(du)lalq becomes

duy is greater than the sum of two hydrogen van der Waals increasingly negative with increasiryy in both neopentane
radii. The very existence of van der Waals radii indicates that (Figures 7 and 8) and TMS (Figures 9 and 10). The magnitude
nonbonded atoms are attractive at long ranges. Such attraction®f To,(dnn) is comparable to that 0fu(dur)aig, €Specially for
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FigL;re 9. Sitfe—site potential for allg. andqc of the ¢ = ¢c = 0° Figure 11. Contributions to the total sitesite potential of electron
con nge.r 0 T'\r/ll.s’v”b(dHH.)la"q (hollow), and the kinetic energy  glectron, Vi, e{dur) (squares), nucleamuclear, Vi u(dur) (hollow
contribution to this potentialTn(dw) (solid), calculated at HF/6-  ¢jrcles), and electronnuclear, Vi exdin) (solid circles), interactions
311++G(2d,2p). for all . and gc of the ¢ = ¢c = 0° conformer of neopentane
800 calculated at HF/6-31t+G(2d,2p).
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Figure 10. Site—site potential for allg. andqc of the ¢ = ¢c = 0° Ay (A)

conformer of TMS, Vay(dun)latg (hollow), and the kinetic energy Figure 12. Contributions to the total sitesite potential of electron

contribution to this potentialTy(dun) (solid), calculated at B3LYP/ electron, Vi eddun) (squares), nucleamuclear, Vap nn(dun) (hollow

cc-pVTZ. circles), and electronnuclear,Vap eN(dn) (SOIId circles), interactions
for all g. and gc of the ¢ = ¢c = 0° conformer of neopentane

uncorrelated calculations carried out at snil. Correlated — calculated at B3LYP/cc-pVTZ.

calculations predicted larg&@hn(dyn) contributions than uncor- . B
related calculations. Note that the data domains of the correlatedor the ¢. = ¢c = 0° conformers of apecificmolecule. Plots
and uncorrelated calculations were restricted to regions whereOf Vib.edGh), Vo n{(AHH), Vib,eN@hr), andTnp(dni) as functions

the ab initio wavefunction is stable. At large and snuk, of duy for neopentane and TMS could not be superimposed

the magnitude of the contribution @u(dn) to Vap(dr) laiq iS upon one another because these contributiongnm)|aiq

much smaller than that 0¥, eddir), Vb nn(GHH), OF Vip.en are not transferable between TMS and neopentane.

(dun) (vide infra). The repulsive nature &fnp(dyn)laig in TMS at largedyy was
Both electror-electron, Vo eddnn), and nuclearnuclear, verified by an independent method, that is, CHelpG. In CHelpG,

Vibnn(dun), contributions toVns(du)|aiq become increasingly — atomic and molecular charges are treated as fit parameters that
negative with increasindyy in neopentane, whereas electron are varied to reproduce the expectation value of the molecular
nuclear termsyp eNdn), become increasingly positive (Figures — electrostatic potential at the van der Waals surfdddultipole-

11 and 12). Correlated values ¥fp e{dun), Vio.nn(dun), and fit programs such as CHelpG suffer from electrostatic penetra-
Vb .eNOnp) Were found to be slightly higher in magnitude than tion effects at short ranges of interaction that result in an
uncorrelated values. The largest contributionsvig(din)|aiq incomplete accounting of the electrostatic enefgihe CHelpG
areVnp eddun) andVyp eN(dhn), Which are opposite in sign and ~ point charges presented in this paper are intended to give
nearly equal in magnitude. In TMS, both the correlated and the qualitative descriptions of charge interaction as a function of

uncorrelated values &fnp eddun), Vib,nn(Aun), @ndVap eN(dhn) CH oscillator displacement. The surfaces of the van der Waals
vary with dyy in @ manner similar to that for neopentane except spheres on the hydrogen atoms in ¢he= ¢c = 0° conformer
that, whendyy values are scaled to account for the longerGi of neopentane interpenetrate one another for most displacements
bond length, each of these energy terms is approximately halfalongq. andqc; therefore, only the CHelpG point charges for
of the corresponding value in neopentane. TMS will be presented.

Plots of the relative contributions fp(dun), Vib,eddhn), CHelpG surfaces of the point charges on Bhd H: as

Voo N(ThH), andVip, eN(dri) 10 Vip(diuw) for neopentane and TMS  functions of displacements along baih and gc for the ¢, =
are qualitatively similar at low and higtiyy values for both ¢c = 0° and¢. = ¢c = 60° conformer of TMS were calculated
correlated and uncorrelated calculations. No single energy termat B3LYP/cc-pVDZ. The results for thy = ¢c = 0° conformer

is the dominant reason for the repulsive natur&/g{dyn)laiq are presented in Figure 13. For both conformers, the point
in TMS at largeduyn (Whereduy = Y ryaw). charges,Q(e), on H. and H are always of the same sign,
The individual energy contribution¥np eddun), Vib,nn(0HH), indicating that the interaction between lnd H: is always

Vib,eN(Dnn), and Tpp(dur), were found to be functions afyy repulsive over the range @f studied. The magnitude of the
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Figure 13. CHelpG point chargesQ(e), fitted to the electrostatic potential for TM$.(= ¢c = 0° conformer) as functions af. andqc for H
atoms on CH oscillators CiH (blue) and CHc (yellow). Calculated at B3LYP/cc-pVDZ.

TABLE 5: Scaled? ab Initio Local Mode Parameters for
Neopentane and TMS Calculated at HF/6-31++G(2d,2p)
for a Variety of Conformations

repulsive interactions are greater for the more crowgled=
¢c = 0° conformer where increases i and qc lead to a
decrease idyy. The CHelpG calculations predict an electrostatic
repulsion between Hand H: even at largedyy in TMS.

The repulsive potentialny(dun)laig, does not rise sharply

parameters (cnt) from eq 1
TMS

neopentane o (cm™b) from eq 2

whendpy << Y rygw. van der Waals radii are relevant to through-

space interactions where the interacting nuclei are not forced (deg) (deg) (A)

P

bc

gc @ )4 0} WX

(£2) (£0.3) (£1) (£0.2) neopentane TMS

into close proximity by chemical bonds. In a case where ¢ 0 0.0 3072 60.8 3053 587 0.60 0.56
covalently bound atoms are forced into close proximity, such 0 0 0.3 3084 575 3059 575 30 11
as in neopentane and TMS, covalent Ediiay provide a better 0 0 05 3093 554 3063 56.5 50 19
lower limit on duy values beyond whichV,y(dim)laiq rises 0 30 00 3065 60.7 3051 58.7 0.50 0.65
S . . 0 30 0.3 3074 583 3055 57.8 22 8.1
sharply. The minimum value afyy observed in molecules is 0 30 05 3081 567 3059 571 37 14
likely somewhere betweenqw andrcov. 0 60 0.0 3058 60.7 3049 58.7 062 035
There is no simple relationship betwe®p,(dyy) and the 0 60 03 3063 59.5 3051 58.3 9.6 2.8
relative orientation of the Hand H: oscillators. 0 60 05 3067 588 3052 58.0 15 5.0
Local Mode Parameters.Local mode parameters and@x 38 28 8g gggg gg-g 38‘513 gg-g 22-45 g.iﬁ
were determlned_ ab initio from f_|ts of potential energy _surfaces 0 30 05 3084 562 3058 56.8 1 16
calculated at various conformations to a Morse potential (eq 1) gg 0 00 3048 60.5 3041 58.7 0.55 0.12
for both neopentane and TMS. Data were calculated at HF/6- 60 0 0.3 3052 59.3 3043 583 10 3.7
311++G(2d,2p) and B3LYP/cc-pVTZ and are presented in 60 0 05 3056 584 3045 57.9 19 6.8
Tables 5 and 6, respectively. The ab initio determined values 28 gg 8g gggi gg-g ggig gg-g 12-57 g-sl
of @ and@x at theg, = ¢c = 60°, gc = 0.00 A conformer 60 30 05 3066 57.5 3049 574 57 11
i i ) Ty 17,21 ' .
were scaled relative to experimental valueszofind @x.t": 60 60 00 3049 605 3043 587 1.2 0.27
The range ofg. values was chosen to ensure wavefunction 60 60 0.3 3055 59.2 3046 58.1 10 4.8
stability so thatg. e [—0.30, 0.50] A for HF/6-31++G(2d,- 60 60 0.5 3059 58.3 3048 57.6 18 8.4

2p) calculations and, € [—0.30, 0.70] A for B3LYP/cc-pVTZ

a Scaling factors employed for local mode paramefeendax are
given in ref 17.> o denotes the estimated standard deviation of the fit
of the unscaled ab initio calculated potential energy surface to eq 2.

calculations. Step sizes were 0.10 A fpr

Variablesqc, ¢, and¢c were varied independently. Thie
values sampled were® 030°, and 60. The range ofyc values
was subject to the same restrictionsgagvide supra) so as to
maintain wavefunction stability. The maximugg displacement
was 0.60 A at B3LYP/cc-pVTZ and 0.50 A at HF/6-3#+G-
(2d,2p).

It is expected that interaction between a vibrationally excited
XH oscillator and some other part of the molecule will distort
the XH vibrational potential away from the form given by eq
1.1 Mohammadi and Henfyobserved a decrease dx with
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TABLE 6: Scaled?® ab Initio Local Mode Parameters for the fit of unscaled ab initio PESs to eq 1 for neopentane and
\IjeO_pente;ng a?d TMS Calculated at B3LYP/cc-pVTZ for a TMS were found to be relatively constant and insensitive to
ariety of Conformations molecular conformation. The mean estimated standard deviations
parameters (cnt) from eq 1 of the fits at B3LYP/cc-pVTZ are 222t 16 cnt?! for all
neopentane TMS o (cmrY) from eq 2 conformers of neopentane and 284 cnt ! for all conformers
" p” = o of TMS. At HF/6-31H1+G(2d,2p), the mean estimated standard
I A R Ao deviations of the f 1 for all conf f
(deg) (deg) (A) (+2) (+£0.3) (+1) (+0.2) neopentane TMS eviations of the fits are 15% 7 cm or all conformers o
0 0 00 3069 609 3051 588 8.0 31 neopentane and 1474 0.8 cnt? for all conformers of TMS.
0 0 03 3072 594 3051 583 21 90 Morse p_o_tentlals of the fo_rr_n_ of eq 1 seem to be_ equal!y poor
0 0 06 3073 583 3053 57.7 35 15 at describing unscaled ab initio PESs for both sterically hindered
0 30 0.0 3063 60.9 3049 589 2.8 2.2 and unhindered conformers of neopentane and TMS.
0 30 0.3 3068 595 3052 3585 13 5.9 We expect the quality of the fit will increase with an
0 30 06 3073 583 3054 5B.0 25 8.1 increasing number of expansion terms in the Morse potential.
0 60 0.0 3058 60.8 3048 58.8 1.2 3.1 . . .
0 60 03 3062 600 3049 586 6.6 31 The generahzeq Morse potential (eq 2) has one scaling term
0 60 06 3065 59.3 3050 58.3 12 45 and five expansion terms, that e, by, by, b, bs, andbs. The
30 30 0.0 3062 60.8 3048 58.8 2.1 2.7 standard deviations;, of the fit of unscaled ab initio potential
30 30 0.3 3066 59.4 3050 58.3 14 7.8 energy surfaces to the generalized Morse potential (eq 2) are
28 38 8-8 g’ggg gg-;‘ ggi’g 55,;'; 2269 1115 given in Table 5 for neopentane and TMS at HF/6-331G-
60 0 03 3052 60.0 3043 58.6 62 37 (2d,2p) and in Table 6 for neopentane and TMS at B3LYP/cc-
60 0 0.6 3055 59.2 3044 582 14 69 PVIZ .
60 30 0.0 3053 60.6 3044 58.9 2.2 2.2 The values ofo are smaller for the generalized Morse
60 30 0.3 3056 59.7 3044 585 9.6 4.5 potential eq 2 than for Morse potential eq 1 (vide supra) because
gg 28 8-8 ggig gg-; ggg gg-g 28 L 2-5 (1) in general, the Morse potential is a good basis for describing
: ) : : ) anXH stretching potential, and (2) the inclusion of higher order
60 60 0.3 3052 59.8 3045 584 7.9 5.3 ) . o
60 60 06 3055 59.0 3046 57.9 14 6.4 terms serves to improve the fit. The suitability of the Morse

) . potential as a basis in which to descriXig stretching potentials
@ Scaling factors employed for local mode parametgendox are

given in ref 17.° o denotes the estimated standard deviation of the fit doe_s '.”Ot' h.owever, imply that the. Mqrse potential is a good
of the unscaled ab initio calculated potential energy surface to eq 2. basis in which to expantfny(dh) (vide infra). ] )

In Tables 5 and 6 we note that the valuesrafcrease with
increasing methyl substitution in butane, which is related to INCréasing steric interaction. The Morse potential is a poor
changes in the CH stretching potential. In neopentane, we €XPansion basis fovn,(di) in neopentane and TMS because
observe an increase i and a decrease iax with increased the site-site potentials in these molecules are approximately
steric hindrance in going from thiy = ¢c = 60°, gc = 0.00 linear and not Morse- or Lennardones-like (vide supra).

A conformer to thep, = ¢c = 0°, gc = 0.60 A conformer at ~ Values ofo are higher for uncorrelated PESs than for correlated
both HF/6-31%+G(2d,2p) (Table 5) and B3LYP/cc-pvTz  PESS for all but the least hindered conformers of neopentane
(Table 6). There is a similar blue-shifting in the transiton @nd TMS. Correlation must be included for conformers where
frequency in TMS; however, the magnitude of the increase in Ok Pecomes small.

@ and decrease ifbx as¢r, ¢c — 0°, gc — 0.60 A is not as )

pronounced as that in neopentane where the steric crowding isconclusions

higher. The nonbonded sitesite potential between two proximal
The estimated uncertainties é and wx are assumed to be hydrogen atoms, Hand H, located on different methyl groups
identical to those in the experimental valtfe® which the ab  was calculated at a given conformatiafy,, ¢c, and gc, by
initio parameters were scaled. At sterically hindered conforma- varying q.. The resultant potential, denotédy(duy), was
tions, the scaled values éf calculated at HF/6-3H+G(2d,- expressed as a function of the separation betweeand H,
2p) (Table 5) are higher than those calculated at B3LYP/cc- dyy. The potentiaMn(dun) at a givengc is pseudolinear for
pVTZ (Table 6). Similarly, scaled values @éfx calculated at the . = ¢c = 0° conformers of neopentane and TMS at both
HF/6-31H+G(2d,2p) are lower than those calculated at HF/6-31H+G(2d,2p) and B3LYP/cc-pVTZ. This potential was
B3LYP/cc-pVTZ. The blue-shifting of the local mode param-  found to be conformation-dependent and was not transferable
eters becomes more pronounced with increased steric hindrancgetween molecules.
as¢L, ¢c — 0°, andgec — 0.60 A. The HF wavefunctions appear The plot ofVay(du) at all gc for ag = ¢c = 0° conformer
to be overestimating the energy of sterically hindered conform- a5 denotedny(dim)|aiq IN Neopentane and TMS this potential
ers. This overestimation is believed to be caused by the neglectyas found to be approximately linear dfy. This nonbonded
of correlation, which should have an important influence at small sjte—site potential was neither Morse- nor Lennadnes-like.
separationsdy (vide supra). Lennard-Jones type models fail to predict the ab initio
Deviation from Morse Behavior. Ab initio PESs were fit calculatedV,y(dun) at short intramolecular separations. The
to the Morse potential (eq 1) and to the generalized Morse failure of simple, classical Lennardones-type models to
potential (eq 2) in order to determine whether the Morse interpret nonbonded, sitesite intramolecular energetics ac-
potential is a good basis in which to expavig(dyn). Particular curately raises concerns over the use of (classical) molecular
attention has been paid to the effect of steric crowding on mechanics force-fields to predict quantum effects such as

standard deviations. Displacements alogg and gc were Vnp(dur) in sterically hindered molecules.
restricted to the same range as done previously (vide supra) in - The individual kinetic, electronelectron, electronnucleus,
order to ensure wavefunction stability. and nucleusnucleus contributions t¥n(dun)|aiq Were calcu-

The Morse potential in eq 1 has one scaling term and one lated at HF/6-31++G(2d,2p) and B3LYP/cc-pVTZ for the
expansion term, that i) anda. The standard deviations in = ¢c = 0° conformers of neopentane and TMS. The largest
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individual contributions at smaltlyy are electror-electron
repulsion and electrennucleus attraction.

The potentialVny(dun)|aiq Was found to be repulsive at all
dun in both neopentane and TMS at HF/6-31£G(2d,2p) and
B3LYP/cc-pVTZ. This is surprising because one would expect,
on the bases of van der Waals radii and Lenndahes
potentials, that the nonbonded sitgite potential between H
and H would become attractive whedyy > >ryaw. The
repulsive nature o¥ny(dun)|aig, even whereyy > > ryaw, was
verified by CHelpG calculations in TMS. The explicit inclusion
of electron correlation at the MP2/6-31G(d,p) level of theory
and basis set size gave similar results.

The repulsive potential/np(dui)|aig, did not rise sharply when
dun << Yrvaw. The reason for this may be that a network of
covalent bonds force nonbonded atoms into separations less tha
the sum of their van der Waals radii. Covalent radii may provide
a better lower limit fordyy values beyond whicNpu(dhn)lailg
rises sharply.

Local mode parameted® and @x were calculated ab initio

for neopentane and TMS at various degrees of steric hindrancey;

by varying ¢, ¢c, anddc. As ¢,¢c — 0° anddc — Jc max
(wheredc max is the maximum displacement value alogg),

steric hindrance approached a maximum and we observed thag'gh

the magnitude ob increased and the magnitudei®f decreased
because of the additional (steric) barrier to high amplitude
vibration. The increase it and decrease ix, which led to
a blue-shift in transition frequencies, were more pronounced in
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The effect of the inclusion of electron correlation is to (1)
decrease the repulsive through-space-sitte potential at small
dun and (2) lessen both the increase in ab initio calcul@ed
values and the decrease in ab initio calculaiedvalues at
sterically hindered conformers. In both cases, electron correlation
substantially lessens the energy of conformers wiltggeis
small.

Acknowledgment. Funding for this research has been
provided by the Natural Sciences and Engineering Council of
Canada.

References and Notes

(1) Petryk, M. W. P.; Henry, B. Rl. Phys. Chem. 2002 106,8599.

(2) Mohammadi, M. A.; Henry, B. RProc. Natl. Acad. Sci. U.S.A.
1981, 78, 686.

(3) Moss, D. B.; Parmenter, C. S.; Ewing, G.EChem. Physl987,
86,51.

(4) Martens, C. C.; Reinhardt, W. B. Chem. Phys199Q 93, 5621.

(5) Mannfors, B.; Sundius, T.; Palmi.; Pietila L.-O.; Krimm, S.J.
Mol. Struct.200Q 521, 49.

(6) Palma K.; Mirkin, N. G.; Krimm, S.J. Phys. Chem. A998 102,
6448.

(7) Morse, P. M.Phys. Re. 1929 24,57.

(8) Sage, M. L.; Jortner, Adv. Chem. Phys1981, 47, 293.

(9) Wright, J. S.; Williams, R. JJ. Chem. Phys1983 79, 2893.

(10) Henry, B. R. The Local Mode Model. Mibrational Spectra and
Structure Durig, J. R., Ed.; Elsevier Scientific: Amsterdam, 1981; Vol.
10.

(11) Watson, I. A;; Henry, B. R.; Ross, |. Gpectrochim. Acta, Part A
1981, 37, 857.

Inc.: Pittsburgh, PA, 2001.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A,; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision B.03; Gaussian, Inc.: Wallingford, CT, 2003.

(21) Petryk, M. W. P. Local Mode Vibrational Overtones of Sterically
Crowded Molecules. Thesis, University of Guelph, 2004.

(22) Pauling, L.The Nature of the Chemical Bonard ed; Cornell
University Press: Ithaca, NY, 1960.

(23) Sibert, E. L., lll; Hynes, J. T.; Reinhardt, W. B. Chem. Phys.
1984 81, 1135.

(24) Wildman, T. A.Chem. Phys. Lettl98Q 75, 383.

(25) Wiberg, K. B.; Rablen, P. Rl. Comput. Chem1993 14, 1504.

(26) Mannfors, B.; PalmoK.; Krimm, S.J. Mol. Struct.200Q 556, 1.

(27) Breneman, C. M.; Wiberg, K. B.. Comput. Chenml99Q 11, 361.

(28) Szefczyk, B.; Sokalski, W. A.; LeszczynskiJJChem. Phy2002
117,6952.

(29) White, J. C.; Davidson, E. R. Mol. Struct.: THEOCHEM.993
282,19.

(30) Wells, A. F.Structural Inorganic ChemistryClarendon Press:
Oxford, 1962.

(31) Petryk, M. W. P.; Henry, B. RCan. J. Chem2001, 79, 279.



