The potential surface for the three methyl rotations
in the tertiary-butyl cation, (CH 3);C*

Allan L. L. East
Steacie Institute for Molecular Sciences, National Research Council of Canada,
Ottawa, Ontario K1A OR6, Canada

(Received 3 February 1997; accepted 9 June 1997

The intricate symmetry of the potential energy surface for the three methyl rotation dimensions in
the tertiary-butyl cation, (CJsC™, is examined with the presentation of analytic three-dimensionall
potential functions for the first time. The simplest function is a four-parameter model which is
reminiscent of of a form commonly used in the studies of two-rotor systems. This function, arising
purely from symmetry and proper Fourier series truncation, dictates the existence of four
“canonical” stationary-point conformations, whoas initio energies are sufficient to determine its
parameter values. The simplicity of the surface leads to mirror-image relations concerning the
normal mode curvatures at the canonical stationary points, and these relations are shown to be
approximately valid on 33-dimensional and nonanalgtidnitio surfaces. A 14-parameter function

is also developed, and values for its parameters were determined from fittalgimitio energies

and tested against normal mode frequencies at the canonical locations. Kimetiia)) terms are
presented as well. To consider the neglected coupling of the pure torsional coordinates with other
internal coordinates along the internal rotation pathways, total energy distrilfii&i) analyses of

ab initio harmonic force fields were performed, and contributions of from 5% to 40% from other
internal coordinates were observed in the internal rotation normal modes at various stationary
points. This suggests that further improvement of three-dimensional functions beyond those
presented here may be of limited use without incorporation of bending potential terms.
[S0021-960607)02434-3

I. INTRODUCTION The tertiary-butyl cation(CHz);C*, plays an important
role in the experimental gas-phase proton affinity séafé
. X X . ; because the proton affinity of isobutert&€H;),CCH,, has
tential functions for the tertiary-butyl cation. Studies of the been used as an important anchoring value. Unfortunately,

potential coupling oftwo internal rotation modes in a mol- the entropy change upon protonation of isobutene is consid-

ecule date_ pack to the seminal work on acetone by SWaIeQrably larger than those of protonations of most other small
and Costaihin 1959. For many of these systems, the poten-

. : d e X ~molecules, and has been difficult to quantify because of the
tial surface is very well described by limited Fourier series| .\ of knowledge of the extent of coupling of the methyl
potential functions such as

rotations in both(CHs),CCH, and particularly(CHz)sC™.?

The fluxional behavior ofCH3)sC* consists of labile
methyl internal rotation, with the energies of all methyl tor-
sional positions lying within an 8-kJ mot potential energy
range(vide infra), with further atomic scrambling requiring
another 50 kJ mot~.*® Such a system is described by the

This paper addresses the form of three-internal-rotor po

V(ay,az)=Age+Alg cognia]+Ags cognyas]
+AS5 cog2n;aq]+ASS cog 2n,as]

+Aff cognja;]cognyas]

+A3; sinfnyaq]sinnyas] (1)  Gapq molecular symmetry group. This symmetry group has
q particularly prominent status, as it was a key paradigep-
an resented by trimethylboron, isoelectronio@H;);C*]in the
V(ay,a)=A55+ASS(cos 3r,+ cos Jvy) original paper of Longuet-Higgifion group theory for non-
e rigid molecules.
+A7; COS v, COS 3y This paper examines the implications ®@f,, symmetry
— |A%sin 3, sin 3a,, ?) on the potential surface for the tertiary-butyl cation, and pre-

sents potential functions of differing accuracy, as well as
where a; and a, are the torsional angles for each methyl some kinetic terms. The potential functions are fitted to con-
group. The second form is specific to the commonly studiedormation energies fromab initio calculations, and tested
case of equivalent methyl rotors ari}, frame?~° These againstab initio potential curvatures.

potential functions are capable of quantitative reproduction

of both thermodynamic and spectroscopic observations, pa;

. . . e . I. THEORY

ticularly with the improved determination of their parameter

values in recent yeafs!! Extension to systems witthree
internal rotations appears not to have been made.
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o0

V(aa,ab:ac):ij;:() ( |C]Ckc cogingag]cod jnyap]cod knea ]+ isjffsir{inaaa]cos{jnbab]cos{kncac]

+A codingag]sin jnyap]cog kneac]+ Af® codinag,lcog jnyap]simknea,]
+ASE siningag]sin jnyap]cog kneac] + AfE sillin a,]cog jnpag]sin knea]

+A[C cogingag]sin jnpap]sifkneac] + AfRE silin ag]sin jnyap]sinkncac]) (3

in the style of Smeyers and co-workérs? The symmetry  Only the implications ofF stated above are dependent on

group Gy, places several restrictions on the coefficieits choice of origin, for which we assume ti@y,, structurerrr

and periodicitien. Without recourse to the fuls,, char-  (Fig. 1) to represent th€0,0,0 position. If one assumes the

acter table, we can determine these restrictions by “factorCs, position uuu to be the origin, then the implications

ing” G324:17 Would be that V(al,az,a3) :V(7T_ a1, T— &y, T— a3),
A b C and the roles of sines and cosines would be interchanged.

Ga24=[C5® C3® C3] L D] We shall discuss the resulting Fourier series truncated to
=[C3eCEo CS1O[CIOM]OF]T, (4)  differing orders of {+]j+k). To zeroth and first order, the

. _ o potential function is simply the constaf§gg, indicating free
where® and A indicate direct and semidirect products, re- rotation. When one considers that first-order terms are

spectively, and the operator groups are present in cases like methanol and acet@oesional barriers
Ca=[E+ (129 +(132], (55 of 3-5kJ mol?) but not in toluene or nitromethangor
C3=[E+(456)+(465)], (6)
CS=[E+(789+(799], (7
Cl=[E+(abc)+(ach)], (8)
M=[E+(bc)], 9
F=[E+V*], (10

using Longuet-Higgins’ notatidfi and Woodman'sv* .1’
The superscripta,b,c,d refer to carbon atoms and the num-
bers 1-9 to hydrogen atom§ig. 1), and we refer to the
original papers for further explanation. Each operator group
appearing in the complete factorizatipq. (4)] places re-
strictions on the potential functigrEg. (3)], which are:

3= V(ag,ap,a0)=V(aa*27/3,ay,ac)
=ny,=3,

C22V(aa,ab,aC)ZV(aa,abiZTr/&ac)
=n,=3,

= V(ag,ap,a0)=V(ag,ap,ac*2ml3)
=n.=3,

F=V(aa,ap,a)=V(—as, —ap, —ac)

= A= A= A= ATR=0,

C5=V(aa, ap,ac)=V(ac,aa,ap) =V(ap, ac,aa)

XYZ__ AYZX_ AZXY
= A= A= Ay

M:V( Qa, Xp ,ac) =V(aa+ ™ot T apt ) FIG. 1. The four canonical conformations 6EH;);,C*. From top (high
3)3

energy to bottom (low energy: rlr, uuu, rrr, udu. Atomic labeling is

Xyz__ o __ i+]+kaXxzy
:Aiik =(-1) Aiki : demonstrated forrr .
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sional barriers below 0.1 kJ mdl),'® one might immediately ~ point conformations “canonical,”
expect that methyl torsion barriers {(€H3);C" should be

shown in Fig. 1: th@;,
conformation (90°,90°,90% uuu (for up-up-up, the Cj;,

near 0.1 kJ mol'. As we shall see, however, large second-conformation(0°,0°,0°)=rrr (for right-right-righy, and two
order coupling terms vitiate the concept of single-rotor bar-Cs conformations(0°,180°,0°)=rlr  (right-left-right) and
rier heights and cause torsional hindrances which range frofP0°+ €, —90°,90°~ €) =udu (up-down-up. The udu sta-

toluenelike to methanol-like in magnitude.
The second-order expression is

V(ag,ap,ac) =Age+ Aseq(COS Gr,+ cos Gy, + cos Gr,)
+ Alf5(cos 3, cos Jv,+cos v, COS I,
+cos 3y, cos 3v) +AlT§(sin 3, sin 3ay

+sin 3a, sin 3ac+sin 3oy, sin ). (11)

tionary point is unusual, because its location does not depend
on second-ordeAfi}* parameterghence we call it a canoni-

cal stationary pomt at second orde 0), but does depend

on higher-orderAfj}* parameters(By ab initio calculations
below, € is less than a degree on the true surfpddese
potential function forms also allow for other stationary
points which can be created by particular setsé\@f values;

the global minimum for (Ck);C* is such a point, lying

quite near thaudu stationary(saddle point.

The third-order expression introduces only two additional

terms
ASS5(cos Gy, coS v+ COoS Gy, COS 3,
+COs Gx. COS 3x,— COS Jx, COS Gy, — COS Jv, COS Gy,
—CO0S v, COS Gv,), (12
53d(sin 6a, sin 3wy, + sin 6ay, sin 3o,
+sin 6, Sin 3a,—Sin 3w, Sin 6, — Sin 3ay, Sin 6a
—sin 3, sin 6a,).
At fourth order, eight additional terms appear:
Ag55(cos 12v,+ cos 12v,+cos 12v,),
AS35(cos Qv, cos v+ cos Ny, cos Jve+cos Qv cos Jv,
+c0s 3w, oS Y, + CcoS Jyp, COS Y,
+cos v cos Y,),
31d(Sin 9, sin 3ap+ sin 9y, sin 3+ sin 9 sin 3a,
+sin 3w, sin 9+ sin 3wy, Sin Sa.+sin 3¢ sin 9,),
55(cos 6y, cos Gy, + Cos Gy, COS Gy,
+cos Gy, cos Gv,), (13
524 Sin 6a, sin Bayp+ sin 6ay, sin 6a.+ sin B sin 6ay),
ASS5(cos Gr, cos vy, COS Jw.+ COS by, COS v, COS Jvy,
+c0s Gy}, COoS 3x; COS Jv,),
AS33(cos 6, sin ey, sin 3ac+cos Gy, sin 3w, sin 3ay,
+co0s Gy, sin 3a, sin 3a,),
S11(sin 6a, cos3ay, sin 3a.+ sin 6a cos Jv, sin 3wy
+sin 6, COS v Sin 3,
+sin 6, cOS 3y, Sin 3ap+Sin 6 COS 3y, Sin 3o,

+ sin 6ay, €OS 3y, Sin 3a).

The second-order potential surface has four locationshe canonical conformatior(siuu, rrr ,
that are stationary for arbitrary values f(*, and therefore
we shall call the four corresponding{, «y, , ;) Stationary-

lIl. FITTING TO AB INITIO ENERGIES

We fitted and tested these potential functions wath
initio data using theAUSSIAN 92 suite of program$® Stan-
dard levels of theory were employed, and core electrons were
held frozen in the correlation treatments. The correspon-
dences between the torsional parameteasid the individual
dihedral angles;-cccaHai are taken to be

(1/6>2 (TC,C4CaHy T TC.CuCH, = 180%),  (14)

a''aj

3
an= (1/6) ; ( TCchCbej + Tcachbej * 1800) y (15)

(1/6)2 (7C,0,CoHe; + TanCyCatty 1809, (16)
where ther values are defined between180° and+180°.
The secondr terms|[e.g., TCoCCata; in Eq. (14)] will be
roughly +180° or—180° displaced from the leadinggerms
[e.g., TC,CuCaty 1N EC- (14)], and hence the-180° term is
inserted for appropriate averaging.

The first fitting was performed with the primitive model,
in which the bond lengths and angles were fixed arbitrarily at
rCH: 1095 A, rCC: 1461 A, GCCC: 1200, and 6CCH
=111°, with the methyl groups being individualy, sym-
metric. For all nine symmetry-unique conformations in
which the methyl rotors could be in their right, up, left, or
down positionge.g., 0°, 90°, 180°, or-90°, respectively
MP2 energies with the 6-&(d) basis set were computed.
These energies were observed to be fit very allwithin
0.15 kJ mot?) by the function truncated at second orfigq.
(11), hereby designate®®] with A$$S=—1.24 kJ mol'?,
ASS6=3.60 kI molt, A336=—A%S5, and ASG=0. Since

566 Will become important when relaxation is included, one
can conclude that the cogterms are due primarily to re-
laxation effects.

Moving on to fully relaxed models, we note that three of

andudu) were stud-
ied by Sieberet all® who obtained fully relaxed MP2-
optimized structures with the 6-31@) basis set(and all
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TABLE I. Ab initio values for inertial quantities (amu? used inG ma-

3917

[The pertainingrcccy dihedral angles which would be 90° in

trices. L
the primitive model are 86.35° foruuu and 88.49°,
MP2/6-315(d) MP2/6-3115(d, p) —91.210, and_89.07° fqndu, With the 6-311(_3(1,[)). basis]
. Third, the stationary point which we labetlu is quite close
Conformation I Ajk I Ajk to the second-ordard s : o
- u prediction, withe<<1°. Fourth, the
rir 3.03185 —0.08017 3.04085 —0.08074 moments of inertia for methyl rotations, which are presented
3.01985 —-0.07997  3.02820 —0.08008 in Table I (already reduced by the coupling with overall ro-
802262  —009016 303137 —009098  (atiop) do not vary appreciably upon torsion, and nor do the
uuu 3.02267 —0.08314 3.03099 —0.08362 Kineti ling t Iso listed
3.02267 —008314 3.03099 —0.08362 Inetic coupling terms aiso listed. _
302267 —008314 3.03099 —0.08362 Of more interest with these relaxed conformations are
rre 3.03166 —0.08412 3.04077 —0.08467 their energies. The relaxation has lowered titi confor-
303166 —0.08412  3.04077 —0.08467 mation energy to below that ofr , which was the minimum
303166  —008412 304077 —008467  \;5ing the primitive model. From the energies of the four
udu 302709 -008248 = 303557 —008289 canonical conformations, the four parameters of the second-
303270 —0.08708 3.04188 —0.08799 ! ! 1ons, 2) urp _ ,
3.02709 —008248 303557 —0.08289 order potential function ') are uniquely defined.
The resulting values for [ASSS,Ases.ATS, Ay are
Average 3.027 —0.084 3.036 —0.084 9 [AGo0,A200. A110-Ad1o]

electrons correlated They found that none of these three

stationary points corresponded to minima, although@he

minimum they did find was indistinguishable in energy from
their udu structure. We duplicated their MP2 fully relaxed

optimizations with the 6-31GY) basis(but with core elec-
trons frozen while adding therlr conformation to the list,
and then repeated the same calculations with the largeesultinga values and energies are shown in Table Il. The
6-311G(d,p) basis set. Correlation effects beyond MP2 onccc optimization resulted in &3 structure. Thelu andlru

the structures of single-bond-saturated systems are known aptimizations could have been confinedGgsymmetry, but

be minor®®

[2.970, 0.518-1.415, 1.418 using 6-31G() energies and
[3.730, 0.665;-1.614, 1.738 using 6-311Gd,p) energies.
We also fitted the fourth-order, 14-parameter potential
function (designated/¥), fitting analytically to the four ca-
nonical points above plus 10 more from restricted optimiza-
tions inC; symmetry. Note that these 10 optimizations were
necessarily performed by constraining thr;e,@CLyHa1 angles
instead of the threex angles[see Eqs.(14)—(16)] due to
algorithm limitations. The Constrain(-:-tftcchcrl values and

this would not have removed the need to constraifc H_,

Some comments about the resulting geometrical paramangles. The 14 fitted potential parameters appear in Table III.
eters are noteworthy. First, the differences due to the im-

proved basis set are quite minor, with the largest effect bein

contractions of two degrees in certafigcy values for the

udu structure.(These structures are available on request.

Second, the four carbon atoms in tineu andudu structures

%/. TESTING AGAINST AB INITIO HARMONIC
FREQUENCIES

We shall test the potential functions above by measuring

are, as expected, not quite coplanar, the central carbon beittlgeir curvatures at the canonical stationary points. This was
slightly displaced toward the bottom of the page in Fig. 1.done by calculating the corresponding harmonic frequencies

TABLE II. Ab initio energiedMP2/6-311G(l,p), kJ mol~!] of various relaxed conformatiofis.

Conformation  7¢ ¢ c.H,, TC,CyCoo TC,CyCoHey a, ay a; Energy
rrr 0 0 0 0 0 0 0.88
uuu 86.35 86.35 86.35 90 90 90 6.95
rir 0 180 0 0 180 0 7.34
udu 88.49 -91.21 89.07 9047 —90 89.53 0.00
uru 90 o° 90 93.62 6.61 92.49 3.29
rur o° elod o° 4.26 91.82 2.28 2.09
rlu o° 180P 90 3.67 183.10 91.72 6.16
Iru 180 o° 90° 180.02 4.00 91.10 5.46
ccc 45° 45° 45° 49.32 49.32 49.32 2.57
ckc 45° —45° 45° 49.77 —50.44 49.98 0.68
cyc 45° —139 45° 4715 —132.89 48.58 4.91
cxe 45° 138 45° 47.47 128.60 48.78 7.28
cyk 45° —139 —45° 4879 —131.00 —50.50 5.44
cxk 45° 135 —45° 49.41 130.72 —50.84 5.53

@Angles in degrees. See Eq44)—(16) for definitions.
PConstrained during optimization.
‘The ab initio global minimum lies at &,,a;,,a;)=(85.45-87.85,86.34), with energy less than
0.001 kJ mol? lower than that ofudu.
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TABLE Ill. Parameter values (kJ mot) for potential functions for methyl
internal rotation in(CH,);C*.

MP2/6-31G(d) MP2/6-3115(d, p)

V@ (primitive) vV V(@) v#  v® (adjusted
Agee 3.60 2970  3.730  3.843 3.843
ASSe 0 0518  0.665  0.664 0.664
ASSe —1.24 -1.415 -1.615 -1.644 —1.644
ASSE 1.24 1.418 1.738 1.712 1.712
ASEE 0 0 0 -0.061 -0.061
ASSS 0 0 0 0.044 0.044
ASEC 0 0 0 0.006 0.006
ASES 0 0 0 0.023 0.01
ASSS 0 0 0 -0.042 -0.042
ASEe 0 0 0 -0.043 -0.01
ASSS 0 0 0 0.053 -0.05
ASSe 0 0 0 -0.018 0.
ASSS 0 0 0 0.060 0.060
ASSS 0 0 0 0.001 0.001

using the GF matrix methott. The Mathematica prograth

was employed extensively for this purpose. The harmonic

frequencies are then tested by comparison to the directl
computed, unapproximated MP2 values.

The elements of the kineti@ matrix were derived in the
manner of Swalen and Costaiand found to be

Gi=(=M/(I1+A)(1-2A)], 17
Gy =A/[(1+A)(1-2A)], (18)

wherel is the average moment of inertia of a methyl group
reduced by the coupling with overall rotation, andis the
average coupling term for two methyl grodp® These two
inertial quantities are taken as averages due to the min
(<0.5% ofl) dependence or; as seen in Table I. In fact,
since A is only 3% ofl for (CH3)3C™, the approximations
G;i=1 andG;j; =A/1? were also tested, and the effect on
the harmonic frequencies was less than 0.5tnThis was
the form that was generally employed. We further tested th
averaging approximation by employing

1, Agp/laly Agellale
Agp/laly Uy Apc/lple
Aacllale Apellple U,
for the udu conformation, again reproducing the results of
the previous twdG versions to within 0.5 cr.

We begin with the second-order functiv?). The force
constant matrid, containing elements;; =&V2/6ai¢9aj , s

4

Allan L. L. East: Methyl rotations in (CH3);C*

TABLE IV. Harmonic frequencies (cit) for methyl torsions.

MP2/6-31G() w; MP2/6-311Gd, p) w;

Conformation V®  abinitio v® v®  v® (adj) ab initio
rlr 215 i 208 i 2361 220 i 236 i 227 i
173 i 169 i 194 i 189 i 184 i 188 i
34 33 27 20 i 45 i 30 i
uuu 169 i 172 i 179 i 180 i 200 i 192 i
75 77 83 69 74 77
75 77 83 69 74 77
rer 169 150 179 178 156 145
76 i 71 i 100 i 102 i 88 i 98 i
76 i 71 i 100 i 102 i 88 i 98 i
udu 215 210 238 261 250 231
173 169 192 190 192 184
33 i 31 i 38 19 33 17 i
ccc SSsC SSC
—36A500 —9Ai10 9A110
SSC ccc cccC SSC
—9AT; —36Azet18A1; —9AI |,
SSC SSC ccc
9A110 —9A110 —36A%00
ccc ccc ccc
36A200 —9A110 9A110
ccc cccC SSC ccc
—9A110 36A0t18AT15 —9AiLg
ccc ccc ccc
9A110 —9Ai1p 36A200

for rrr , uuu, rlr , andudu, respectively. As opposed to the
3% ratio of A to | in the G matrix, the ratio ofA33§ or AJf§
to A5gs is roughly 40%, allowing for no equivalent approxi-
mations.

Diagonalization of the matrix product &f with G gives
the normal mode eigenvaluag which are converted to har-
onic frequency wave numbers by = v\ /(27c) (c being
e speed of light These frequencies are listed in Table IV,
together with the true MP2 harmonic frequencies computed
analytically with both basis sets at the respective optimized
stationary points. The agreement of &) values with the

érue MP2 values is within 15 or 15i cm for 11 of 12 fre-

quencies using the 6-31@) basis, and for 9 of 12 frequen-
cies using the better 6-311Gp) data. With the better
6-311G(d,p) data, the twov® frequencies of lowest mag-
nitude (the most sensitive ongsire unfortunately predicted
to be real (27, 38cm?l) instead of imaginary
(30i, 17i cmi'Y), demonstrating qualitative error fov(?).

The wide disparity of frequency magnitudgsom 17 to over
200 cm'?) is indicative of not only severe coupling but of
concerted motions of varying degrees of potential hindrance;
for instance, thaudu frequency at 17i cm! [6-311G(,p)

evaluated at each of the four positions of interest, producingbasig indicates thatudu connects two minima via a very

-JeAsiE-1eA%E oAl 9A%iS
0ATS  —OGAE-18AE  OATH
9A%sS OATES  —3eALEE- 18T

36A500— 1871 9Ai15 9Ai1o
9Ai1o 36A500~ 18ATTG 9A1Tg ,
OASSS OATSS  36ASE-18ALTS

small barrier.

The most remarkable aspect of th€) potential is the
symmetry of the curvatures at its canonical locations. Note
thatAl3gis approximately equal te- AfS§in Table IlI. If this
were strictly true, then each element of the force constant
matrix for uuu would beequal in magnitude and opposite in
signto its correspondent farr , and the same result would
occur forudu versusrlr . This then leads to mirror-image

harmonic frequencies. With the 6-31dj(data in Table IV,
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the true ab initio frequencies display remarkable mirror- TABLE V. Total energy distributions for torsional modes, as obtained from
image character, except for the splitting of the magnitudes of*® MP2/6-311Gd.p) harmonic force fields.

the {uuu, rrr } pair at{172i,15¢ cm™. In fact, even when
A3i5 does not equat ATSS

Freq.

110" th.iS particular.splitting does not conformation (cm™Y) 7ccen fnen fecn fcce Yecce Ree Ren

appear at second or even third order. With the 6-3H1 Y ,
data,ASSS and — ASS differ by a little more, and as a result " 2271 69 1318 0 0 0 0
»A110 @ 110 y * _ 188i 72 11 17 0 0 0 O
the mirror-image nature becomes more approximate. 30i 66 10 18 0 6 0o o
We move on to the fourth-order, 14-parameter potential uuu 192§ 113 -11 -2 0 0 0 0
function V* to seek improvement in reproduciralp initio 77 110 -9 -2 1 0 0 ©
frequencies, focusing only on 6-31165¢) data. The result- /o1 -9 =2 10 00
: . . . ; rer 145 60 10 20 O 9 0 o
ing frequencies using the appropridte matrices and the 98 i 69 1 19 o0 0 o o
sameG matrix are also shown in Table IV. Most frequencies 98 i 69 11 19 0 0 0 0
are slightly better than those from the second-order function, udu 231 105 -8 0 3 0 0 ©
but some are worse. The three most significant problems 184 106 -8 0o 2 0 0 0
17i 112 -10 -2 0 0 0 o0

remaining in theV(* predictions are: the splitting of the

third-order-degenerate magnitudes of theuu, rrr } pair
(only split to {180i,178 cm™* with V), instead of
{192i,145 from theab initio surface, the prediction of the

&The number of internal coordinates represented in each column are: 3
Teeehs 6 Ohcns 9 Occhs 2 Occe, 1 Yecee (Umbrella or inversion mode3
Rece, and 9R¢y -

231-cm ! udu frequency(261 cm * with V(#)), and the pre-

diction of the 17i-cm* udu frequency(19 cm * with V(#),

The last of these three should not be too surprising due to theling to the skeletal umbrella mode was found to be signifi-
magnified sensitivity of such low frequencies to parametecant (5%-10% in only two of the 12 cases. Based on this
values, and although it incorrectly places the global mini-data, it would seem that the varying degrees of coupling with
mum of V(4 at theudu position, this should have little quan- angular coordinates might preclude substantial improvement
titative effect in application. upon the v(#) potential function(or its parameter values

The remaining discrepancies with the true given in Table Il) by other purely torsional potential func-
MP2/6-3115(d,p) frequencies cannot be attributed to the tions. This deficiency inv(*) is not serious for thermody-

1/l andA/1? approximation of thes matrix elements, since namic computations but its effect upon spectroscopic predic-
this was tested and shown to affect frequencies by less thdions might prove to be of future concern.

0.5 cmi L. One possible maleficence is deficiency in our fit-  Finally, if one wished to use an effective potential func-
ting procedure, since our constraints for optimizations ation which included adiabatically the zero-point vibrational
nonstationary points were dihedral angles and nai ones, energy (ZPVE) contributions from the higher-frequency
and since the function was fit to only a minimum number ofmodes, one can refit the fomt?) parameters using canonical
points. Trial-and-error alteration of the parameter values wagnergies adjusted by half the sum of thid-39=230 higher
briefly attempted, with some improvement for frequency pre-harmonic frequencies. Using MP2/6-33(d,p) data, the
dictions; see again Tables Ill and IV for one alteration whichcontributions relative to the corrected near-minimuiiu
produces all harmonic frequencies to within 20 ¢nof the  energy are(in kJ/mo): +0.46(rr), +0.46(uuu), and
true MP2/6-311Gq,p) values. A second possibility, how- +0.84(lr).

ever, is that the remaining disagreement is due to the neglect

of potential(and kineti¢ coupling with other internal coor-
dinates, which we now address.

One means of quantifying the coupling to other internal  The G3,, symmetry group has been exploited in devel-
coordinates is with total energy distributighED) analyses oping the Fourier expansion function for the three-
of harmonic force field$*~**The energy distribution of nor-  dimensional potential surface for methyl internal rotations in
mal modek among the internal coordinates i can be deterthe tertiary-butyl cation(CH;);C". A simple four-parameter
mined as functional form arises from the second-order Fourier series
expansion, and this correctly predicts the four “canonical”
stationary-point conformations. The simplicity of the surface
itself leads to surprising mirror-image relations concerning
the normal mode curvatures at these four positions, which
where theL matrix is derived from the fully dimension& are approximately valid when fitted &b initio energies and
andG matrices?® Using theINTDER program?’ TED analy- compared to analyti@b initio harmonic frequencies. The
ses were performed with a common internal coordinate set dourth-order 14-parameter function was also developed, fit-
each of the four canonical stationary points, and the resultied, and examined, with minor improvements in predicting
are summarized in Table V. These analyses suggest that thiee true ab initio frequencies at the canonical locations.
internal rotations are roughly 10% coupled to intramethylThese functions will be useful for the computation of prop-
motions, and are further coupled from 0% to 20% to methylerties, such as entropy or microwave transitions, which are
wagging modes, depending on their torsional position. Coudependent on these facile internal motions.

V. SUMMARY

[TEDJ¥=100L[L ]y, (19)
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