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The far-infrared and infrared spectra of gaseous dimethylallene (3-methyl-1,2-butadieng)C@EH,, were
measured as well as the Raman spectra of the compound in all three physical phases. The spectra were
assigned using infrared band contours, Raman depolarization ratios and ab initio predicted harmonic frequencies
and intensities as criteria. The torsional energy level splittings were determined for the ground state and one
torsional excited state from previously published microwave spectra by fitting the frequencies to an effective
rotational Hamiltonian for molecules with two periodic large-amplitude motions. The splittings and the data
from the far-infrared spectrum were used to derive the two-dimensional torsional potential function of
dimethylallene. This function with an effective barrds« = 726(4) cmt is compared with the results from

the microwave analysis and with the potential function calculated by a number of ab initio methods (among
them B3LYP/6-31G(d) and MP2/DZ(d)).

Introduction Among the molecules with geminal methyl groups on ah sp
. . C atom, top-top interaction terms have been determined from
The complex torsional far-infrared and Raman spectra of ar_infrared and Raman data for isobutene (2-methylpropéne)
molecules with two symmetric internal rotors have been of 5,4 acetondThe torsional frequencies of thioacetone measured
interest for some timé? One of the incentives to study these by laser-induced phosphorescence have been interpreted in terms
spectra has been the search for an answer to the question ofg the two-dimensional potential function obtained from ab initio
whether top-top interaction terms in the potential energy cajcylations, However, no adjustments of the potential function
function of tvyo-rotor molecules are important. _Such terms have have been made. Dimethylallene (3-methyl-1,2-butadiene) is
been determined for some molectiéby a combination of far- 41 other molecule with two methyl groups attached to the same
infrared and Raman spectroscopy and a semirigid model g carhon atom. Its microwave spectrum has been assigned
Hamiltonian for coupled internal rotofsSome of them were for the ground sta#€6and a number of low-lying vibrational
found to be quit_e Smé_l" while others had mag”it“de_s up to about o iteq stated” The barrier to internal rotation has been
50% 9f the barrier hel_ght. However, the conflc_jence in the V"’.“L.'es determined from the splitting of the rotational transitions in the
remained somewhat in doubt because sometimes the coefﬁment@round state (708 cm)15 and one torsional excited state (727
exhibited very large isotope effects. The most likely reason for cm-1).17 The infrared and Raman spectra of dimethylallene have
such irregularities is the fact that the overtone and combination been measured and assigA&do torsional transitions have
levels of the torsional modes are very often in resonance with been observed in the Raman spectrum of gaseous dimethyl-
other vibrational states and that the resonances are iSOtOP&, e and the far-infrared spectrum of the gas has not been
dependent. If such resonances are present, meaningful interactio%easdred_ Therefore, Harris and Longskbrassigned the
term_s ca_nnot t_)e obtained W't.h. j[he two-dlmensmnal ”_‘Ode' torsional frequencies on the basis of the infrared and Raman
Hamlltonlan._Smce then, ab initio calculations for various spectra of the solid sample and derived a barrier to internal
molecules with two methyl rotors have shown that-topp rotation of 947 cm
interaction terms in the potential function are indeed sometimes ) ' .
of considerable magnitudel® This seems to be the case We deC|ded'to study the fqr-lnfrared and the R'aman spectra
especially when the methyl groups are attached to the safne sp©f 9@seous dimethylallene in order to determine the two-
dimensional torsional potential function and to compare the

hybridized carbon atom as in acetdrf&, thioacetoné;® and ,
isobutene (2-methylpropen&Y:However, these calculatiohd? spectra with those of the related molecules methylallene (1,2-
have also shown that the values of these interaction terms depen®utadieney’ and ethylallene (1,2-pentadieri€)Because the
critically on the method of calculation and the size of the basis SPectra did not contain sufficient torsional information, a new
set. method was developed that uses the torsional frequencies as
well as splitting data from the rotational spectra (obtained with
) - the effective rotational Hamiltonian for two periodic large-
* Corresponding author. E-mail: gronerp@umkc.edu. . . - . .
t Permanent address: AnalyicR & D Department, Coating and ~ amplitude motior&). Ab initio calculations were used to predict
Colorants Division, Bayer Corp., Bushy Park Plant, Charleston, SC 29411. the potential function and the vibrational frequencies.
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TABLE 1: Ab Initio Energies 2 (En) and Energy Differences between Conformefs(cm—1) for Dimethylallene
(3-Methyl-1,2-butadiene)

conformer, €1,72)

ee, (0,0°) ss, (60,60°) se, (60,0) Cs, (30°,—30°) Ca, (30°,30)
E AE AE AE AE
HF/6-31G 3.8655281 1517.20 684.07 646.92 667.07
HF/6-31G(d) 3.9376943 1670.63 750.82 702.84 731.91
MP2/6-31G(d) 4.5750459 1453.18 680.18 532.33 651.69
B3LYP/6-31G(d) 5.2942066 1507.73 688.24 629.84 756.05
HF/DZ 3.8823161 1505.06 649.93 656.92 638.46
HF/DZ(d) 3.9610104 1665.71 724.34 707.97 708.10
MP2/DZ(d) 4.5842136 1568.96 673.30 636.22 665.91
MP2/DZ(d,p) 4.6514104 1570.13 676.74 641.84 668.79

aEnergy of ee conformer given agE + 190)E, MP2 calculations are frozen corfeMethyl groups: ee has both methyl groups eclipsed to the
allene group; ss has both methyl groups staggered with respect to the allene group; se has one methyl group staggered and Gydeas|qmtad;
methyl groups rotated by 3Mut in opposite directions, has both methyl groups rotated by°30 the same direction.

Experimental Section assignments of the far-infrared, infrared, and Raman spectra.
The fully optimized energies for fixed torsional angkgsand

72 obtained for a wide range of ab initio and DFT methods and
for a sufficient number of conformations of dimethylallene are
presented in Table 1. In the stable conformer, labeled ee, both
methyl groups are eclipsed relative to the=C=C group. The
conformation with one methyl group rotated by°68 labeled

The 3-methyl-1,2-butadiene sample was purchased from
Fluka Chemical Co. It was purified on a low-temperature
sublimation column. The far-infrared spectrum was recorded
using a Nicolet model 200SXV Fourier transform spectrometer
equipped with a vacuum bench, a 625 Mylar beam splitter
and a liquid helium cooled Ge bolometer detector. The sample ;
was contained in a 12 cm cell at a pressure of about 250 Torr. es. The highest energy form, ss, has both methyl groups

Interferograms for both the sample and reference were obtainedStaggered with respect to the<C=C group. To calculate the
as averages of 512 scans and transformed by using a bc»(C(,ifelevant top-top coupling terms in the torsional potential energy
apodization function. The effective resolution was 0.1°ém r:gg[ilrc()aré’ t:‘_ﬁoir;ercggizeog Ztréela:g;"@v; (Obtgﬁ{ (r:rg)entfr?;lmgartcl)%gss are

The mid-infrared spectrum was measured with a resolution of . - ) LI
0.5 cntt on a model 14C Digilab Fourier transform spectrom- rotated from the eclipsed position by°3@ the same direction)
: and Cs (both methyl groups rotated by 30in opposite

eter equipped with Ge/KBr beam splitter, a globar light source ~. = - . et
and a TGS detector. Raman spectra were recorded using a Ca irections). The average or effective angle of rotation is actually

model 82 spectrophotometer equipped with a Spectra Physics bogt 29.2 for both the G and. G conformations. It was .
171 argon ion laser tuned to the 514.5 nm line or a spectrometeromamed as the average of the dihedral angles of all H atoms in
consisting of a Spex model 1403 0.85 m double spectrometera methyl group. Results for other calculated conformations are
combined with the Spex model 1442U third monochromator. not shown. Lo .

The Cary instrument was used to measure the spectrum of the The full optimization O.f the geometry with respect tp all
gaseous sample (pressure 300 Torr, standard Cary muItipas@ar"’llqmleters except :hedd!hedral angles Off or?e H_atﬁm in each
cell, laser power at sample 1.5 W, resolution 2érand to methyl group resulted in structures of the,A=C=CH,
measure depolarization ratios for the liquid phase. The Spexframework that were slightly distorted from the symmetric

instrument was used to record the Raman spectra of liquid and\?:;lécg:(fcgf tl?r?ei?l:)llrlmtI)rl?or?tﬁzng(s)rrs:tlggd-ggg;?r#glt(izgz
solid samples in capillary tubes (514.5 nm line, 0.5 W laser The C=CHy rou wa{z non Iana{r fo’r the es conformation ;';md
power at the sample). 2 group p

The ab initio calculations were made with the program the G=CG, part was nonplanar for the, conformation. In the

Gaussian 942 at the Hartree Fock (HF) level and with electron C conftotrmtz:]tlogérée dihedral angl8eé)f the=CH, group with
correlation (second- and third-order MghePlesset (MP) res+phec 0 fﬂei nt zfgtLouwa?Sim n ional torsional potential
perturbation theory) using a range of basis sets. Specifically,f t? coetlicients ot the two ensional torsional potentia
the Gaussian sets 3-21G, 6-31G, and 6-31G(d) as well as unction

Dunning—Huzinaga’$® double¢ sets DZ, DZ(d), and B&(d,p) _

were used (called D95, D95(d), and D95(d,p), respectively, in V(7172 = (1/2)[V5(1 — cos &, + 1 - cos I +

Gaussian 949). Density functional theory (DFT) calculations, Vg(1—cos &, +1—cos @, +

also made with Gaussian 94, were restricted to the hybrid V,;4(C0S 3, €0S I, — 1) + V45 sin 37, sin 3r,)
B3LYP method, although other methods were done for com-

parison. The energies and geometric parameters were obtained = (1/2)[Vge(l — cOs F; + 1 —cos I,) +

by full optimization of the structure at energy minima, saddle V(1 — cos &, + 1 — cos &) +

points, or at specified torsional angles of the methyl groups. A B B
number of basis sets have been used in order to calculate the V(1 — cos 3)(1 — cos 372) + _
effect of basis set size and electron correlation on the potential V'358in 3r; sin 3r,] (1)
energy constants for the torsional motions and on the calculated
force fields. The Cartesian force constants have been calculatedjerived from the general forhwith
for different basis sets in both the ab initio and B3LYP methods.
Voo = Vo, — V. (2)

Results seff 78 7S

Ab Initio Calculations. The results of the ab initio calcula-  were determined by a least-squares fit to the energies in Table
tions are presented first since they formed the basis for the 1. They are listed in Table 2.
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TABLE 2: Experimental and Theoretical Kinetic and Potential Coefficients of Dimethylallene (cnt?)
V3 V33 V’33 VG VSeff F'
HF/6-31G 758.60 74.53 23.62 —18.18 684.07
HF/6-31G(d) 835.32 84.49 33.78 —20.54 750.82
MP2/6-31G(d) 726.73 46.55 124.95 —40.77 680.18 —0.0180
B3LYP/6-31G(d) 753.86 65.62 132.04 0.86 688.24 —0.0199
HF/DZ 752.53 102.60 —15.02 —13.35 649.93
HF/DZ(d) 832.85 108.52 6.30 —18.86 724.34
MP2/DZ(d) 784.48 111.18 35.56 —23.46 673.30 —0.0188
MP2/DZ(d,p) 785.07 108.33 32.28 —21.47 676.74
expt MWR 708(11)
expb 766.5(53) 40.3(63) —9.1(25) —12.7(20) 726.1(39) —-0.018

2 Reference 15; only one parameter varig@his work; standard error in parenthese€onstant during least-squares fit.

TABLE 3: Equilibrium Structure and Rotational Constants 2 of the ee Conformer of Dimethylallene from ab Initio MP2
Calculations and Microwave Spectroscopy

parametey [od MP2/ DZ(d) MP2/6-31G(d) B3LYP/6-31G(d) expt MW
GG, S 1.3265 1.3143 1.3082 1.308
C.Cs T 1.3249 1.3164 1.3117 1.308
CiCus U 1.5152 1.5089 1.5149 1.514(1)*
CoCsCys 0 121.51 121.66 121.69 121.8(1)*
CiHz s v 1.0907 1.0872 1.0894 1.067
C,CiH7s o 121.13 121.65 121.82 120.9

C4H1 r 1.0960 1.0921 1.0930 1.091
CsHz23 ra 1.1002 1.0961 1.0986 1.088
C3CyH1 1 111.37 111.38 111.74 110.8
CsCsHz 3 b2 110.16 110.41 110.64 111.1
CoCsCyH# b2 120.76 120.76 120.86 120.

A 8195.38 8283.56 8222.44 8264.08(25)
B 3554.49 3592.18 3602.27 3614.154(5)
C 2605.28 2632.69 2631.85 2639.494(5)
I, f 3.2001 3.1693 3.1690 3.13

aBond lengths in &ngstroms, angles in degrees, rotational con#taB{sC in MHz. b Structural parameters for one methyl group given; the
other is equivalent irC,, symmetry. The ChHgroup is perpendicular to the plane containing the carbon atbmternal coordinate? Reference
15. All parameters excefat and6 (with asterisks) were transferred from other molecules. Standard errors in parenti@§e€,H; is the negative
of this. " Moment of inertia of one internal rotor (in-&2).

H, field, IR intensities, and Raman activities from unscaled MP2/
\ i Hg 6-31G(d) and HF/6-31G force fields, respectively, and the
e H, potential energy distribution (PED) based on the unscaled MP2/

6-31G(d) force field. The symmetry coordinateS,( point
group) used to describe the normal coordinates are defined in

|-| T a—— ,{ Table 5, whereas the internal coordinates used in those defini-
- ) u Y tions are identifieq in Figure 1. . .
U, Spectra and Vibrational Assignments. The far-infrared
spectrum (356130 cn1?) of gaseous dimethylallene is shown

in Figure 2. The region between 195 and 140 &iis shown in

an expanded scale in Figure 3. The Raman spectrum of liquid
dimethylallene is shown in Figure 4. The Raman spectra of
gaseous and solid dimethylallene and the infrared spectrum of
the vapor were essentially identical to the spectra published by
Harris and Longshor&

The equilibrium structures of dimethylallene (ee conformer)  The fundamental frequencies were assigned as shown in Table
obtained by the various quantum mechanical methods are4. As a result of the new experimental data (FIR spectrum,
compared with the reported experimental structure in Table 3. depolarization ratios) and the theoretical predictions of the
The internal coordinate symbols are defined in terms of the vibrational frequencies, some of the earlier assignm&hizd
atoms involved; they are illustrated in Figure 1. Bond lengths to be revised. The following evidence supports the current
from RHF calculations, particularly for<€C double bonds with assignment. The-type character of the bands at 439, 247.5,
polarization functions included, are usually too short in com- and 174.2 cm! (vsy, va3p, v33) is proof that these bands arg b
parison with experimental bond lengths and are hence notvibrations. The microwave investigation of the vibrational
included. Also included in Table 3 are the rotational constants excited staté$ showed convincingly that the lowest bration
A, B, C, the moment of inertia of the methyl group internal (vs3, the infrared active torsional mode) is in Coriolis resonance
rotor, I,. The internal rotation constarfisandF' calculated from with the lowest h vibration. Thereforey,s has to be near 174.2
these structures are listed in Table 2. cmL. Moreover, the fairly strong depolarized Raman band in

The vibrational frequencies calculated from unscaled Carte- this region of the spectrum of the gas has a band contour with
sian harmonic force fields obtained by the RHF, MP2, and a typical gap at 176 cri reminiscent of a b-type envelope in
B3LYP methods are listed in Table 4. Also included in the table an IR spectrum. A similar Raman contour was observed for
are the frequencies obtained from a scaled MP2/6-31G(d) forcethe much weaker band at 851 chthat has an unambiguous

}/ u|\|\|\\\\ H

Figure 1. Approximate structure, identlflcatlon of atoms, and internal
coordinate definition for dimethylallene.
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TABLE 4: Vibrational Wavenumbers (cm ~1) for Dimethylallene

J. Phys. Chem. A, Vol. 104, No. 3, 200817

obs obs
MP2/6-31Gd liquid  solid IR Raman
HF/6-31G MP2/6-31G(d) B3LYP/6-31G(d) scaled H&LP obsga$ Raman Raman int.d actd PED
a v 3285 3207 3140 3009 3040 2993 2976 173 936 97S
2 3308 3193 3131 2997 2970 3001 R 2989 2985 5.0 2241 ,99S
V3 3180 3091 3032 2900 2910 2927 2919 2909 39.3 332.0 397S
V4 2240 2077 2077 2075 1973 1971 1968 1966 8.2 0.6 H7S
Vs 1667 1571 1543 1487 1471s 1475R 1472 1472 0.08 50.7 5%
Ve 1634 1522 1501 1441 1437s 1439 1442 1438 1.7 14 &/B1SS
V7 1586 1469 1441 1380 1368s 1383 R 1380 1378 0.7 6.4 7,98S
Vg 1447 1352 1334 1309 1290 1289 1288 1285 121 41.3 3BES;,
195,11 S
Vg 1132 1054 1038 1009 1000 1005 1004 1002 8.1 29.9 p2(5S,
13 So
V10 782 753 740 752 740 724 R 729 730 001 284 eOBS
V11 366 345 340 343 355 342 351 354 0.1 36 89S
a Vi 3228 3163 3076 2967 2925s 0.0 8.8 100S
Vi3 1636 1537 1504 1442 1451s 1452 0.0 376 9bS
V14 1123 1036 1016 977 1072s 986 0.0 103 89S
V1s 677 633 616 630 872s 617 0.0 75 94S
V16 171 166 169 166 185s  171.6* 0.0 0.2 10@S
by vi7 3284 3207 3140 3008 2975 2975 2942 126 365 97S
V1ig 3175 3089 3027 2898 2930 2927 2909 2910 1538 79 197S
V19 1644 1550 1514 1454 1417s 1423 1423 6.2 01 R5S
V20 1571 1452 1425 1369 1370 1370 1367 1368 4.6 83 H6S
Va1 1321 1265 1220 1248 1072s 1197 1194 1195 3.3 45 ,7085S,
V22 1075 1002 977 951 850 957 0.5 55 78380
Vo3 1060 884 871 884 1193 851 850 852 53.0 23 180S
Voa 670 604 612 603 587 582 588 596 75 3.8 5080 Ss
V25 208 181 187 181 443s 176 R 187 193 0.2 104 BB S,
b, v 3385 3275 3196 3072 3065 3065 3054 3052 47 1375 3190S
Vo7 3232 3164 3078 2968 2941s 2948 2940 2925 38.3 2094 200S
Vg 1650 1552 1520 1456 1456s 1460 15.5 05 @3S
V29 1240 1134 1112 1070 1000 1070 1072 0.1 0.7 838 S
V30 1165 1052 1041 992 850 1005 0.1 12 9@S
Va1 529 439 468 437 267s 439 443 444 0.6 79 BB S
V32 287 262 270 261 191 247.5 4.5 0.6 668385,
11 S5
V33 188 168 182 168 236s 174.2 11 0.07 1@9S

a Scale factors for force constants: 0.88 for@ stretches and CHCHs deformations, otherwise 1.0Reference 18, s solid state ¢ Unmarked:
IR spectrum. R: Raman spectrum. *: calculated from fit to torsional ddtdrared intensity in km/mol and PED from unscaled MP2 calculation;

Raman activity in A/amu from HF/6-31G calculation.
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Figure 2. Far-infrared spectrum of gaseous dimethylallene recorded Figure 3. Expanded scale view of the far-infrared spectrum of gaseous
dimethylallene. The top trace is the spectrum of water vapor.

at two different pressures.

b-type counterpart in the IR spectrum. The assignments of thesefundamental below 400 cm except for the polarized band,)
at 342 cntl. The ab initio force field suggested some reassign-
frequencies predicted with the ab initio methods (B3LYP/6- ments of modes within symmetry species. In thélock, vo;
31G(d) and scaled MP2/6-31G(d)). The predicted Raman (1197 cntl) was reassigned as methyl in-plane roeg, (957
cm1, Raman solid) as CHout-of-plane wagyz (851 cnt?)

modes {31, V32, V33 V25 are confirmed by the fundamental

intensity of v,5 is almost 20 times larger than of any other
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TABLE 5: Symmetry Coordinates for Vibrations of
Dimethylallene?

species description coordinate
a; CHgantisymm stretch SI=2r1—r2—r3+2r4s—rs5—Trs
CH, symm stretch S=uv1+ v
CHs; symm stretch S=r1+trptrzt+rgtrs+re
C=C=C antisymm stretch§;,=S—T
CH; scissors S=2y—901—02
CHjz antisymm deformatiorss = 20y, — oz — oz + 204 —
05 — O

CHz symm deformation S=ou+azx+oaz—f1— f2—
Patoatas+as— fa— fs— Pe
C=C=C symm stretch S=S+T
CHg ip rock S=261—f2— P+ 20s—
5~ P6
C—C—C symm stretch Sio=U1+ Uz
C—C—C symm bend S1=2¢— 01— 0>

redundancy R=y+ 01+ 02
redundancy R= 601+ 602+ y
redundancy R=a1+ o+ ozt fi+ o+

Pzt astast+ ot fat fs+ Pe
a; CHgantisymm stretch Sip2=r2—r3+rs—rg
CHs antisymm deformationS;s = o, — oz +as — ag

CHs op. rock Siu=pf2—Ps+ Ps— Ps

CHz twist 515 =p

CHjs torsion Se=111 12

b;  CHsantisymm stretch S7=2r—rp—r3—2r4+

rs+reg

CHsz symm stretch Sig=r1+ra+rz—ra—1rs—rs

CHjz antisymm deformatiorSio = 201 — a2 — o3 — 204 +
as + o

CHz symm deformation Sp=oai1+ oo+ oz— f1— f2—
Pa—ou—os— ast fat fs+ fe

CH3ip rock &1=2ﬁ1—ﬁ2—ﬁ3—2ﬁ4+
Bs+ Bs

CH, wag So=o0

C—C—C antisymm stretchS3; = U; — Uy

C=C—C; Ip rock S4=601— 67

C=C=C ip bend Ss=2¢

redundancy R=oa1+ a2+ o3+ 1+ f2+

Ps—o4—as—as— fa— fs— Pe
b,  CH,antisymm stretch Se=v1— 12
CHjz antisymm stretch Sr=r2—r3—rs+rg
CHs antisymm deformationS;s = o — o3 — a5 + a

CHjs op rock S$9= P2 B3 — Ps+ Po
CH, rock S0= 61— (32

C=C—C, op wag $=¢&

C=C=C op bend S=1

CHgz torsion S3=11—12

aRedundancy relations are indicated by R.
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Figure 4. Raman spectrum of liquid dimethylallene.

as C-C—C antisymmetric stretch, angs (176 cntl) as G=
C=C in-plane deformation. In the,kblock, v,9 (1072 cnt?,
Raman solid) was assigned as £3it-of-plane rockyso (1005
cm™Y) as CH rock, vs; (439 cnmt) as G=CGC; out-of-plane wag,
v32 (247.5 cml) as G=C=C out-of-plane deformation, ands
(174.2 cntl) as CH torsion. In the ablock, the assignments
of v; andv, were based on the comparison of predicted and
observed Raman intensities. Among thevibrations, only the
frequency ofvie (CHs torsion) is reasonably well established
from the torsional analysis (see below). The 986 and 617:cm

Bell et al.

TABLE 6: Internal Rotation Parameters, Tunneling Energy
Coefficients, and Rotational and Centrifugal Distortion
Constants for the Vibrational Ground State and the v,
Torsional Excited State of Dimethylallené

ground state excited state
parameter (V16,Va3) = (0,0) (V1e,V33) = (1,0)
I 0.03571(61)
pldeg. 35.31(14)
A/MHz 8263.9757(28) 8251.465(63)
B/MHz 3614.1873(13) 3613.8736(21)
C/MHz 2639.48746(96) 2638.3845(19)
AJkHz 0.4757(82)
AsdlkHz 10.325(72) 10.73(32)
Ax/kHz —1.69(30)
0yJkHz 0.1536(20) 0.1496(70)
Ok/kHz 6.054(37)
€,10MHz —4.18(13) 86.4(29)
nP 113 67
o/MHz¢ 0.040

a Standard errors in parentheses. Excited-state values not listed are
identical to the corresponding ground-state valdééumber of fre-
quencies included in the least-squares‘fiitandard deviation.

bands (Raman solid) were assigneadripandv;s, respectively,
on the basis of the predicted frequencies.

Torsional Potential Function. The band near 170 cmh
(Figure 3) shows a number of c-type Q-branches superimposed
on the rotational band envelope. They must originate from the
infrared active torsional mode and its hot transitions. Since three
or four torsional frequencies from the far-infrared spectrum were
insufficient to determine a two-dimensional torsional potential
function based on experimental data, additional information in
the form of energy differences between torsional substates was
obtained from the splittings of rotational transitions in the
microwave spectrum. For that purpose, the microwave frequen-
cies reported in the literature for the vibrational ground $tdfe
and the first excited state of the trsional mode;¢)” were
analyzed by the effective rotational Hamiltonian for two periodic
large-amplitude motion&. The observed frequencies for both
states were used simultaneously in a global least-squares fit to
determine rotational constants, quartic distortion constdhts (
representationA reductio?), and tunneling energy parameters
for each state, as well as the common paramedd(iaternal
rotation parameter) angl (angle between the axes and tha
principal inertial axis). Because a smaller number of higher
transitions were reported for the excited state, three distortion
constants were forced to be identical to the respective ground-
state constants. The results of the least-squares fit are shown in
Table 6.

The tunneling energy parametees,, in that table are
coefficients of the Fourier expansion for the internal rotation
energy!

Eroo, = €00 T 220{ Cadvaa T Co-c€rg-q +
q>

q-1
z (Coq + Cygléraqt (3)
o==G+1
where
Cqyq = Cos(2t(qoy + q'oy)in) 4)

Subscripty stands for a set of vibrational quantum numbers.
The symmetry quantum numbess and o, may assume the
allowed values 0, 1, or 2 because= 3 for methyl groups. The
levels with @1,02) = (0,0) correspond to the nondegenerate
substatesI{®° in ref 3). The combinations (0,1), (0,2), (1,0),
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TABLE 7: Torsional Energy Differences and Transitions, Residuals, and Relative Intensities for Dimethylallene

transition

(V16,V33) 0102 — (V16,V33) 0102 obs calc obs- calc uné units wpP int¢
(0,0) 01— (0,0) 00= A(0,001 12.534 11.954 0.580 0.38 MHz 1.527

(0,0) 11— (0,0) 00= A(0,0)11 25.069 23.908 1.161 1.52 MHz 0.764

(0,0) 12— (0,0) 00= A(0,0)12 25.069 23.908 1.161 1.52 MHz 0.764

(1,0) 01— (1,0) 00= A(1,0)01 —259.122 —274.257 15.135 8.58 MHz 1.764

(1,0) 11— (1,0) 00= A(1,0)11 —518.244 —546.322 28.078 34.32 MHz 0.818

(1,0) 12— (1,0) 00= A(1,0)12 —518.244 —546.325 28.081 34.32 MHz 0.818

(0,1) 00— (0,0) 00 174.22 174.15 0.074 0.2 cin 0.372 51
(0,2) 00— (0,1) 00 173.41 173.39 0.022 0.2 cin 0.109 28
(0,3) 00— (0,2) 00 163.04 163.08 —0.039 0.2 cm?t —0.197 16
(1,1) 00— (1,0) 00 160.38 160.44 —0.062 0.2 cm?t —0.308 16
(2,0) 00— (0,0) 00 171.64 cmt

(2,0) 00— (0,1) 00 156.65 158.83 cr 10
(3,0) 00— (1,1) 00 147.35 cmt 7
(1,2) 00— (1,1) 00 174.73 174.36 crh 5
(2,1) 00— (2,0) 00 146.29 cmt 7
(0,3) 00— (2,0) 00 177.64 cmt 4

2 Relative uncertainty or standard error (see teéxt)/eighted residual (dimensionles§Relative intensity (arbitrary units, see text).

and (2,0) make up the 4-fold degenerate HEYY sublevel small Vg term, the other ones ranging froml3 to —41 cntL.

whereas the pairs (1,1), (2,2) and (1,2), (2,1) correspond to theThe reasons for the large variability of the interaction terms
doubly degenerate AEtY) and EA (%9 levels, respectively. Va3 andV'33 among the basis sets and methods are not known.
The energy differences between the torsional substates, in theFrom the limited experience gained during this investigation, it

present case given by seems that the choice of the method (HF vs MP2) has a large
effect onV'ss. The basis set size seems to affect bdt and
A1 = Ey01 ~ B0 = —3€,10 Vs3. Unfortunately, there are no reliable experimental determina-

tions of such coefficients in the literature for any molecule.

The structural parameters of dimethylallene for three calcula-
Ao =E 1~ B = —6€,10 (5) tions are compared in Table 3 with the structure proposed in
the microwave investigatiolf.Because the rotational constants
were included in a weighted least-squares fit with the far-infrared of only one isotopomer were available in that study, only two
frequencies to determine the two-dimensional potential function. parameters had been determined. The remaining parameters had
A program similar to the one described eafieas used. The  peen transferred from cognate molecules. For that reason, a
data were weighted by the squared inverses of the estimateddetailed comparison of experimental and theoretical results is
uncertainties assumed as follows: 0.27@érfor the far-infrared not warranted. Bearing in mind the Conceptua| differences
frequencies, standard errors for the differentgg, and doubled  petween the ab initio and the observed ground-state rotational

A1 =E 1 — Ego= —6¢,10

standard errors foA,1; and A,12. The parameter¥ser, Vas, constants, the agreement between the MP2/6-31G(d) and
V'3, V6, andF of the Hamiltonian B3LYP/6-31G(d) results and the experimental constants is
_ , , gratifying. In general, the B3LYP/6-31G(d) structures agree
H = (1/2)P.Fp. + PFP, + PiF'P, + pF'p) + better with experimentak{ or rs) structures than MP2/6-31G-
V(z,,7,) (6) (d) structures, particularly if the structures contain double or

triple bonds?®

where p; and p, are the angular momenta conjugate to the  ith the additional data from the far-infrared spectrum and

internal rotation variablest- and F' are the kinetic energy  the normal frequencies predicted from the ab initio calculations,
coefficients, and/(z1,72) is the potential function definedineq 3 aimost complete assignment of the normal modes is now
1, were adjusted in a fit starting with the MP2/DZ(d) potential gy ailable for all symmetry species except for the block

and kinetic coefficients. The kinetic coupling coefficiéitvas containing the infrared inactive modes. Whereas the normal-
not varied. The results are shown in Table 7 (energy differences, j,gde frequencies obtained in the HF calculations are always
frequencies and residuals) and Table 2 (potential and kinetic yjch too high, the MP2 wavenumbers generally are signifi-

parameters). cantly lower. However, the best predictions of normal-mode
. . frequencies at a comparable level were obtained by the DFT

Discussion hybrid method B3LYP/6-31G(d), in agreement with earlier
According to the ab initio calculations and as in the cases of observationds2° This is also true for the stretching vibrations

acetone®9and thioacetonéthe interaction term¥sz andV's3 of multiple bonds, which tend to be low in MP2 calculations

in the two-dimensional potential function for dimethylallene are because of the notoriously long bond lengths of multiple bonds
not negligible as their magnitudes relativevtpare considerable.  calculated by this method. In the case &EC bonds, the MP2

As expected, the values of all potential coefficients depend on wavenumbers may be even lower than obsefatiereas the
the size of the basis set and the level of calculation. However, B3LYP wavenumbers are a little higher than the experimental
the coefficients change by less than 4érbetween the MP2/  data as expected because of anharmonicity. The frequencies
DZ(d) and MP2/[Z(d,p) calculations although the energy of involving the C=C=C group are also greatly reduced on going
the equilibrium conformation differs by 0.0 (almost 15 000 from the HF column in Table 4 to the MP2 column, but it
cmY). Five of eight calculations in Table 2 predict effective appears in this case (or cases involving=C double bonds)
barriers between 670 and 690 thVs3 varies from 46 to 112 that the MP2 wavenumbers are near to those from B3LYP
cm~1, whereas the variation 33 is even larger{15 to+132 calculations. The frequencies of the in-plane and out-of-plane
cm1). Only the B3LYP/6-31G(d) calculation produced a very C=C=C bending modes are about 26 chiower and 72 cmt
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