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The Rotational-Torsional Spectrum of the g’'Gg Conformer of
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The microwave spectrum of the energetically unfavayg@g conformer of ethylene glycol (C}¥DH—CH,OH) is reported.
This spectrum is dominated by an interconversion geared-type large-amplitude motion during which each OH group in turn
forms the intramolecular hydrogen bond. The microwave spectrum has been analyzed with the help of a Watson-type
Hamiltonian plus a 1.4-GHz tunneling splitting. The rotational dependence of this tunneling splitting has been examined using
an IAM approach and this yielded qualitative information on the tunneling path the molecule uses to interconvert between its
two most stable conformers. Unexpectedly, but in agreementatitimitio calculations, when tunneling occurs between the
energetically equivaleny’ Gg andgGg' conformers, the OH groups are rotated stepwise through 240° in the sense of a
flip-flop rather than a concerted rotation and the molecule goes through the moregs@hlandaGg’ forms. The electronic
reasons for preferring a long rather than a short rotational path g&gaform are discussed using calculated adiabatic
vibrational modes. © 2001 Academic Press
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1. INTRODUCTION Indeed, the microwave spectra of only two conformers hav

. . . . Ibeen identified so farl(y). In Ref. (1), the microwave spectrum
Ethylene glycol is a member of an interesting class of trlpgf the g’ Ga conformer of the bideuterated DOGEH,OD isoto-
rotor molecules principally capable of establishing differe tomer could be assigned and analyzed, while in Zﬁﬁffﬂﬁr the
conformers and of performing large-amplitude motions. THe me conformer, the microwave spectrl,Jm of the asy;mmetrical
coupled rotation around the CC bond and the two CO bon Sostituted monc;deuterated isotopomer DQTH,OH was ob-

can lead to a complex conformational behavior which Wadrved. The first spectrum of tlyggGg conformer was recorded

partly elucidated by experimental as well as theoretical Meqier @) for the asymmetrically substituted bideuterated isoto

including microwave spectroscopy<5), electron diffraction omer HOCHCD,OH. However, the microwave spectrum of the
(6), vibrational spectroscopyr), and quantum chemical cal-p ST e pect
normal species4) remained unassigned for a long time. It was

culations 6, 8-23. For a threefold rotational potential and . : > ,
three rotor groups, 3= 27, distinct conformations can beonly in 1995 B) that the first transitions of thg'Ga conformer

differentiated, which because of symmetry reduce to 10 (Sveyere identified. In this species a large-amplitude coupled rotatic

Fig. 1), namely, six forms with aanti (A) arrangement of the of"the two hydroxyl groups he.a\./ily perturbs the spectrum an
OH gr,oups an,d four with ajauche(G) arrangement. It is leads to a 7-GHz tunneling splitting. The energy-level pattern i
well-known that in 1 2-disubstituted ethanes @ e‘ormé are significantly altered from that of a rigid rotor and the assignmer

mostly more stable than theforms' because thgaucheeffect would not hav_e been possible without tWO. Very selective_an
(23 is of importance for a molecule with electronegativgowerfm techniques: molecular bean Fourier transform micrc

substituents. In the case of ethylene glycol, there is in additixvr?vgl spectroscopy (I\QBFTMW)M?/r\}(:/lvr\?[l)clgow%\]/e—fm|crovzavi
the possibility of intramolecular H bonding, which may add tg_ou e-resonance spectroscopy ( " ) ‘ne former tec
the stability of aG conformer. Of the 10 forms shown in I:ig.nlque allows for the identification of transitions with ldwalues

1, only theg’Ga and theg’ Gg forms can establish intramo- (due to rotational temperatures in the range of a few kelvins) ar

lecular hydrogen bonds, and in the gas phase these two cBIf- latter only records a signal in the case that two frequencit
formers are expected to, be energetically favored simultaneously fit into a three-level system (two transitions shal

a common level). In order to account for the perturbations due
* We denote rotomers by capital lettekr G with regard to rotation at the the tunneling process, a theoretical model was formulated, bas

CC bond and by lowercase lettemsor g with regard to rotation at the CO on the internal axis method (IAM) developed for multidimen-
bonds where clockwise/counterclockwise rotation is indicated by a positivell nal tunnelina Z4. 25. This method allowed for tisfact
negative dihedral angle and the symbglg’. The rotational directions are sional tunne 92 ! 3 S method allowed for a satstactory

determined by looking along the CC and the CO axes from the first to theProduction of the observed frequencies of both the normal ar
second atom. bideuterated>—d, species of thg’ Ga conformer §).
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1 7 ~o were performed with the B3LYP exchange-correlation hybric
N ¢ _H Ho_ Q _H Ha M functional @9) employing Poples 6-31@E( p) basis set30).
/@\ /@\ However, DFT is known to describe H bonding in a satisfac
H H H H H S H tory way provided the basis set has at least TZP quasify. (
(V) Ons ~ Also, in recent work 82) it was found that even B3LYP/6-
aAa ahAg gAg 311+G(d, p) may lead to an unreasonable description of F
bonding, which was confirmed in the present work. Therefore
~ B3LYP geometries were used as starting geometries for tf
H ? M more reliable MP2/6-311@l( p) geometry optimizations and
vibrational frequency calculations.
H/@P\H The convergence criteria of the geometry optimization wer
~° set to 10° atomic units for the rms error of the calculated atorr
gAg' displacements and the rms error of the calculated forces e
erted on the atoms. In this way, calculated distances and ang
can be expected to be numerically accurate t¢' £0and 0.01
1 Y Y \ degree.
He Q o7 H ? % H 0 Calculated vibrational modes were investigated using th
adiabatic internal mode (AIM) analysis of Ref83( 39. This
H/Q?\H H/%;\H H/CCP\H approach is based on a decomposition of normal modes
H H R terms of adiabatically relaxed internal parameter modes th
aGa aGg aGg' are not contaminated by any other mode of the molecule. A
has been shown previousl§g), the adiabatic mode analysis is
superior to the potential energy distribution (PED) analysis an
No o\ o\ provides reliable internal frequencies and internal force cor
AP NN AN e H A’ stants that can directly be assigned to the internal parameters
H/%‘:}\H H/@\H H/%;\H a molecule 86). In this work, the adiabatic modes will be used
! it i to describe H bonding and to rationalize the preferred rote
tional mode ofG-ethylene glycol.
9Gg 9Gg’ gag For all molecules considered, zero point energy (ZPE), the

FIG.1. The 10 possiblé andG conformations of ethylene glycol shown Mal corrections, and entropi€swere determined to evaluate
in form of Newman projections. The main differences between these conforfielative enthalpiesAH(298) and relative free enthalpies
ers lay in their HOCO and OCCO dihedral angles. (Gibbs energieshG(298) at 298 K Calculations were carried

out with the ab initio packages COLOGNE9937) and
GAUSSIAN98 398).

Thus the analytical model was available to start the search
for the energetically less favorablg) (hydrogen-bonded con-
former g’ Gg and to describe its rotational behavior. For this 3. ASSIGNMENT OF THE SPECTRUM
purpose, a two-pronged strategy was followed by combining
MW measurements with quantum chemical calculations. OnAs the experimental setup for the MWMWDR experiment
the basis of these investigations, we are able to present #mel for the MBFTMW pulsed spectrometer used for the
microwave spectrum of the normal species of 1&g con- present measurements are the same as those used in our
former, to discuss its relative stability, and to predict its mosious paper %), the reader is referred to that paper for a
likely conversion modes on the conformational energy surfadetailed description of these spectrometers.

(CES). Last, we will show that results of the analysis of the The g’Gg conformer was already identified in two asym-
microwave spectrum and of thab initio calculations lead to metrically substituted ethylene glycol isotopomeg} thus the
the same description of the conformational behavior of ethyjuestion for the normal species was not whether, but how, |
ene glycol. find this conformer.
The first step in the search for this second conformer was
2. COMPUTATIONAL DETAILS least-squares refinement of the structure baseabanitio calcu-
lations. Starting from thab initio model, seven parameters were

Both density functional theory (DFTR6, 27) and second- fitted to rotational constants of thgfGa conformer from the
order Mgller—Plesset (MP2) theor28) were used to describe normal to the bideuterated specids-), the molecules being
the rotational behavior o&-ethylene glycol. Preliminary ge- HOCH,CH,0OH, DOCH,CH,OH, HOCH,CH,OD, HOCH,-
ometry optimizations and vibrational frequency calculationrSD,OH, HOCH,CD,OH, and DOCHCH,OD, where for non
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TABLE 1
Structural Parameters for the g’Ga and g'Gg Conformers of Ethylene Glycol

g'Ga g'Gyg g'Ga g'Gy

Parameter @ ab initio? Fit®  ab initio? Model?  Parameter® ab initio® Fit®  ab initio® Model ¢

Co-Cy 1.5124 1.5159 LHaCoCy 108.75 109.08
Ci-O7 14259 1.4385 14262 1.438%8  /H;C,Co 110.57 111.09
Co-Os 1.4135 1.4138 14123 14126  /H3CiCo 108.68 109.39
Co-H, 1.0923 1.0930 (Hg0-C, 107.38  106.40 106.39  105.41
Co-H; 1.0987 1.1021 /H506Cyq 103.98 104.29
C-Hs 1.0977 1.0975
C,-Hs 1.0964 1.0911 [06CoC107 6096 6080  57.04  56.88
O,-H, 0.9579 0.9604 [H4CoC107  179.47 175.99
Og-Hs 0.9617 0.9622 [H5C;Co0¢ 181,76 181.25
[HyCoC107  —61.76 —65.50
[0:C1Co  105.88  108.08 110.01 112.21  /H3C;Co0s —58.21 —58.45
[06CoCy 11064 110.47 [He07C1Co  197.35 19657  69.12  67.97
[H4CoC;  110.10 110.59 [Hs06CoCy  310.17  295.57 316.99  302.39

#1n this column the structural parameters are given. Bond distances and bond angles are respectively given in
A and degree units. The atom numbering is defined in Fig. 2.

®Values obtained for the structural parameters throughathaitio calculations are reported in this column.

¢1In this column, values obtained for some of the structural parameters of e conformer by fitting the
rotational constants are given. A blank entry means that the corresponding parameter was not varied.

“The values for the structural parameters of tjigsg conformer listed in this column were obtained
maintaining their difference with the calculateab(initio) values equal to those for thgg Ga conformer.

equivalent hydroxyl groups the one in bold script partakes in tloé the stark spectrum in order to identify transitions belonging
hydrogen bond. to theg’Gg conformer did not seem very promising.

The following parameters were allowed to vary: two CO Use of the double-resonance technique had proven itse
bond lengths, one CCO bond angle, the OCCO dihedral anglejaluable by the search for and assignment of transitior
and two CCOH dihedral angles, as well as one COH bond

angle. The mean deviation of the rotational constants for this TABLE 2

model of theg’Ga conformer was less than 6 MHz. Rotational Constants for the g’Ga and g'Gg Conformers
These refined values of the structural parameters were ex- of Ethylene Glycol

ported to theg’Gg conformer maintaining the calculatedl(

initio) differences between the two conformers. The resulting Rotational® b e d .

model was tested by comparison of the predicted rotational Constants ~*“2Y5is it Model™  Corr. Model

constants with those of the two asymmetrically substituted

isotopomers that had already been identifi@)l Based on A 1536398 1535438 15 173.30 15 193

these deviations, a set of rotational constants were finally ‘ ' ‘

predicted for the normal species of tgeGg conformer. The B 558710 559350 5 556.24 5 538

structural parameters for the two conformers are shown in

Table 1 and the predicted rotational constants for gh@g C 4613.54 4616.01 4604.71 4 595

conformer are shown in Table 2. The atom numbering used tQ

identify the stru’ctural paramt/aters in Table 1 is defined in Fig. 2 All rotational constants are given in MHz.

2 for both theg’Ga and theg’' Gg conformers. ® For theg’ Ga form, from the analysis reported in Re§)(
However, even with a presumably good model, the experi- ©calculated for they’ Ga form from the structural parameters reported

mental part of this investigation still posed problems. Thein Table 1 in the columns headed ‘Fit.’

spectrum is very crowded in all regions and since even the ¢ Calculated for thgy’ Gg form from the structural parameters reported

search for characteristic transitions of the energetically favored’ Table 1 in the columns headed ‘Model.
g y ¢ Calculated for they’ Gg form from the structural parameters reported

conformer (@' Ga) failed to yield an assignment, albeit under i, Taple 1 in the columns headed ‘Model and corrected after comparison
different circumstances and with a weaker model, an analysigith HOCH,CD,OH and HOCH,CD,0OH (see text).
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FIG. 2. The two conformerg’Gg andg’Ga of ethylene glycol which are connected by the large-amplitude coupled torsion of the OH groups are shc
In addition to the atom numbering, some of the bond distances obtainedb nyitio calculations are also given. The complete set of internal coordinate
calculated at the MP2/6-3116(p) level of theory is given in Table 1.

belonging to theg’Ga conformer, but the trouble with thelow J b-type transitions in the 10—20 GHz region, guided by
present DR setup is the very low radiation density and, asvadel calculations with the predicted rotational constants.
result of this, a double-resonance cross-sectional depth of onhyA first look at the MBFTMW spectrum in the 10.4-12.0
a few megahertz at the absolute powers applied for the pun@Hz region did not seem to provide much ground for opti-
ing radiation (-1 W). Thus DR is of great benefit with likely mism. The spectrum shows three doublets that all belong to tl
candidates for a DR search but extremely time consuming (dGa conformer: 2, < 1,; (v = 1 at 10534.513y = 0 at
this cross-sectional depth) without such candidates, which |&fd 551.877 MHz), 3, < 1,, (v = 0 at 10 747.533y = 1 at
MBFTMW as the last one out. 10 754.257 MHz), and 2 < 2, (v = 0 at 11 785.804y = 1

It would not be practical to suggest the use of a supersorit11 810.300 MHz). Digital erasure of the strongest lines an
molecular beam technique for the search for an energeticadlypsequent amplification of the rest spectrum did, howeve
unfavoredconformer B8), except that this matter really dependseveal the presence of weak lines that definitely did not belon
on the shape of the potential hypersurfadg)( If the mole- totheg’Ga spectrum. One should be aware, of course, that th
cules in the molecular beam are basically adiabatically coolsdnsitivity of the method at this scale of amplification allows
to rotational temperatures of a few kelvins, some moleculésr the detection of lines belonging to th& isotopomers of
will end up in the ground state of the energetically unfavoratie g’ Ga conformer, but a couple of weak transitions seeme
conformer and will then be available for the FTMW experito correspond very well with the predictédtype spectrum of
ment. If the cooling is basically diabatic, however, or théhe g’'Gg conformer: the §, < 1, transition, predicted at
barrier between the two conformers rather low, all moleculd$ 598 MHz and observed at 10 618.526 and 10 619.115 MH
will probably end up in the ground state of the energeticallpe 2, < 24, transition, predicted at 11 608 MHz and observec
favored conformer. at 11 628.931 and 11 629.509 MHz; and the 4 04, transt

We decided to take the chance using MBFTMW spectrogen, predicted at 19 788 MHz and observed at 19 809.432 ar
copy and asked A. Hight Walker and R. D. Suenram, Moled9 811.497 MHz. Using these three transitions in a rigid-roto
ular Physics Division, NIST, who had taken part in the invedit refined the rotational constants of the model and allowed fc
tigation of theg’ Ga conformer of ethylene glycobj, to help a more precise prediction of thg,3— 3,; transition. It was
out. In Ref. @) it was explained for thg’ Ga conformer that an predicted at 13 260.0 MHz and observed at 13 261.040 ar
interchange of the two hydroxyl groups conserves the sign B8 263.449 MHz. With these four sets of lines, a sound bas
theb component of the dipole moment, whereas it changes tfog a double-resonance search had been established. As by
sign of itsa andc components. This is also true for tgeGg analysis of theg’Ga spectrum, the search for DR signals at
conformer. If we assign the quantum number 0 orv = 1, first concentrated olb-type transitions, pumping the already
respectively, to the lower and upper sublevels arising from tigentified (MBFTMW) transitions. Table 3 gives the pump and
tunneling through the concerted torsion barrier, the most eagilsobe transitions of the initial DR search.
recognizable part of the spectrum will be the (perhaps slightly Eventually the search was extended to coseand c-type
distorted)Av = O rigid-rotor b-type spectrum, probably con-transitions, at first pumping already identifibetype transi-
sisting of narrow doublets/(= 0 orv = 1 sublevels), whereastions. So far 180 transitions with a maximuhof 7 have been
theAv = 1 a- andc-type transitions will be split by an at first assigned. The frequencies are listed in Table 4 and the resulti
unknown amount, depending on the shape of the barrier. Tégectroscopic parameters are listed in Table 5. The ener
MBFTMW search was therefore initiated in order to identifyevel diagram for 0= J = 3 with measured pump and signal
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TABLE 3 groups rotates from@to ag’ position and, then, the other OH
Results of the Microwave-Microwave Double group follows by a rotation from thg’ to theg conformation.
Resonance Experiment By the sequence of OH rotations, two paths are defined on tl

CES: PathA corresponding to a (0, 240)—(240, 0) flip-flop
Pump Transition® Pump Frequencyb Signal Transition? Signal Frequencyb process from conformatiof to conformation2 in which the
second OH group, the position of which is characterized,by

v=0,110 ¢ lo 10618.53 v =021 ¢ 1o 29003.38 rotates first. PattB represents a shorter (120, 0)—(0, 120)
b " v = 0,221 ¢ T 50242.96 flop-flip rotation from1 to 2 (lower left corner of Fig. 4), in
v =115  lon 10619.11 v =1,21 ¢ lon 28995.98 which the sequence of OH rotations is changed.
! " v=12a <l 50235.09 Both paths lead to transient forms. Pdttgoes through the
v =020 ¢ 11y 10524.45 v = 0,250 = Liy 51249.28 g'Gg’ form; pathB through thegGg (see Figs. 4 and 5, in
) ) 0=0%s -2 3774087 which intramolecular H bonding is no longer possible anc
v=120 1y 10522.13 v=12 1n 51242.79 which therefore should be higher in energy than any of th
v= L & 2 3773960 H-bonded conformationsA priori, it is difficult to see whether
v =020 ¢ 20 11629.51 v=0,220 < 21 29095.33 H,H repulsion as in theg’Gg’ form or lone pair—lone pair
v=1,211 < 20 11628.93 v =120 2 29091.69 repulsion as in thggGg form are more destabilizing. A pre-
v =0,315 < 303 13261.04 0= 0,414 ¢ 303 46137.09 diction based on the least-motion principle would suggest pa
" " v=0,3n < 3 27984.52 B to be more likely, in particular since the effective barrier for
v =1,31 ¢ 303 13263.45 v = 1,414 « 303 46123.06 H tunneling should be smaller for this path. Hence, it is anothe
" " v=13n 30 20979.77 goal of this work to clarify whether patth or path B is

preferred for the interconversion betwegiGg conformers.
®The assignment of the transition is given in this column in terms of a

vibrational quantum number, identical for the upper and lower levels, and ing. ANALYSIS OF THE SPECTRUM AND TUNNELING
terms of rotational quantum numbers. PATHS

® Frequencies are given in MHz.

As pointed out in the introduction, thg'Ga and g'Gg
lines are drawn in Fig. 3. The rotational constants (includirgPnformers of glycol both display a large-amplitude motior
centrifugal distortion) do not deviate markedly from those dfhich significantly alters their rotational energy levels anc
the g'Ga conformer, but the tunneling splitting is only 1.4prevents the use of a Watson-type Hamiltonian to calcula
GHz compared to 7 GHz in thg' Ga conformer. Thus either their spectra. For this reason a theoretical model was develop
the barrier height in thg’ Gg conformer may be considerablyin the previous investigatiorb). In the present investigation
higher than the one in thg'Ga conformer or the tunneling there is no need to reformulate a theoretical model because

path may be “longer,” i.e., the barrier is wider. The results & Gg and g’Ga conformers display the same kind of large-

Section 6 seem to confirm this latter hypothesis. amplitude motion which, as described in the previous section
corresponds to rotations of the two hydroxyl groups with
4. THE CONFORMATIONAL ENERGY SURFACE respect to the CO bonds. More precisely, from the point o

view of symmetry, both conformers are equivalent. When th

In the present investigation, the torsional angles= g'Gg conformer tunnels along one of the tunneling path:
/HgO(C,C, and&, = ~H,0,C,C, will be used to characterize described previously, the symmetry relations obeyed by th
the different conformations of ethylene glycol. They differeference position of the atoms are the same as in the case
from those used in the previous papBjy by a 180° additive the g’ Ga conformer and this means that Eq. [2] of Rd) {s
factor. Figures 4 and 5 give a schematic representation of a paso valid in the present case. For that reason, the results giv
of the periodic conformational energy surface (CES) spannedSection 4.C of Ref.§) can be readily used in this investi-
by the anglest; and &,. The g’ Gg conformer which will be gation and the reader is referred to that paper for furthe
labeledl is close to the point§;, &) = (—60, 60) and can information.
rotate into thegGg' conformer, labeled?, by a concerted The assigned transitions of thgf Gg conformer were
disrotatory motion of the two OH groups as indicated by thecluded in a least-squares fit procedure where transitior
dashed line in Fig. 4. However, this would imply a high-energyere given a weight equal to the square of the inverse c
process since th@Gaform has to be passed, which because olfieir experimental uncertainty. The parameters of EQs
lone pair—lone pair repulsion possesses a relatively high ¢8}-[10] and [14] of Ref. §) were fitted to the experimental
ergy. For the same reason, the concerted conrotatory interctiegquencies. Table 4 lists the assignment, the observed fr
version betweergGg and g'Gg’ forms (see Fig. 4) is also quency, and the observed minus calculated difference fi
unlikely. G-ethylene glycol can avoid the concerted paths byeach transition.
nonconcerted flip-flop rotation, in which first one of the OH Table 5 gives the values of the spectroscopic paramete
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Assignments, Frequencies, and Observed Minus Calculated Differences

TABLE 4

Spectrum of the g’Gg Conformer of Glycol

in the Microwave

JOKCKD W KK Obs? Dift® J K KL o J" KV K" o Obs® Difr?
31 2 1 3 1 3 0 701250005000 -7 5 1 5 0 4 2 2 0 11830.900(500) —d48
2 1 2 0 2 0 2 1 743820005000 34 5 1 4 0 5 1 5 1 12720.000(500) 235
41 4 1 4 0 4 0 7584.600(500) —163 4 1 3 0 3 2 1 1 12938.800(500) 102
6 2 5 0 5 3 3 1 T787L700(500) 10 3 1 2 0 3 0 3 0 13261.040(10) -3
41 3 0 4 1 4 1 8059.400(500) 477 3 1 2 1 3 0 3 1 13263.449(10) —24
2.0 2 0 1 1 0 1 82169005000 3 6 2 4 0 5 3 3 0 13402.100(500) 403
54 1 0 6 3 3 1 8217.700(500) —417 6 2 4 1 5 3 3 1 13403.700(500) 680
11 1 0 1 0 1 1 8311.740(500) 180 5 1 5 1 4 2 3 0 14118.900(500) —100
54 2 0 6 3 4 1 845170005000 —107 4 1 3 0 3 2 2 0 14619.100(500) 123
10 10 0 0 0 1 8766.080(500) —440 4 1 3 1 3 2 2 1 14621.700(500) 326
3 1 3 1 3 0 3 0 8961.700(500) —174 6 2 4 1 5 3 2 0 14662.600(500) 257
6 2 5 0 5 3 2 0 9131.300(500) 287 5 1 4 1 5 1 5 0 15404.900(500) —170
54 2 0 6 3 3 0 9548.700(500) =530 4 1 3 0 4 0 4 0 15644.000(500) 315
5 4 1 1 6 3 4 1 9781.800(500) =355 4 1 3 1 4 0 4 1 15650.500(500) —11
54 1 0 6 3 4 0 9783.500(500) —205 4 1 3 1 3 2 1 0  15652.200(500) 200
2 1 2 1 2 0 2 0 10159.880(500) —36 3 0 3 0 2 1 1 1 17148.900(500) 124
2 0 2 1 1 1 1 1 10522.130(500) —104 6 1 6 1 5 2 3 1 17577.300(500) —89
2.0 2 0 1 1 1 0 10524450(10) -35 6 1 6 0 5 2 3 0 17602.200(500) —196
6 2 5 1 5 3 3 0 10538.000(500) 208 2 1 2 0 1 1 1 1 17960.400(500)  ©
I 1 00 1 0 1 0 10618526(100 -26 1 1 0 0 0 0 0 1 19385.034(10) —38
11 0 1 1 0 1 1 10619115(10) —33 1 1 1 1 0 0 0 1 19809.432(10) —23
41 3 1 4 1 4 0 10760.900(500) 444 1 1 1 0 0 0 0 0 19811.497(10) —16
54 1 1 6 3 3 0 10878.900(500) —677 2 1 1 0 1 1 0 1 19846.423(10) 15
2 0 2 1 1 1 0 0 10946.700(300) 83 2 1 2 1 1 1 1 0 20684.382(10) —19
11 1 1 1 0 1 0 110429220100 —13 2 0 2 1 1 0 1 0 21565.280(50) 111
5 4 2 1 6 3 4 0 11111.700(500) =522 2 1 1 1 1 1 0 0 22575.610(50) 33
51 5 0 4 2 3 1 11432500(500) —181 5 2 4 1 5 1 4 0 25018.820(50) —49
101 1 00 0 0 11499.966(10) 13 4 0 4 0 3 1 2 1 25274790(50) —83
2 1 1 1 2 0 2 1 11628931(10) -28 5 2 3 0 5 1 4 0 25874.090(30) —24
2 1 1 0 2 0 2 0 11629509(10) -2 3 2 2 0 3 1 2 1 26299.640(30) 59
5 1 5 1 4 2 2 1 11806.400(500) —313 4 2 2 1 4 1 3 1 26820.740(50) 74
42 2 0 4 1 3 0 26821.570(50) 27 3 2 2 1 3 1 3 1 33314.260(50) —49
5 1 4 1 4 2 3 1 26837.720(50) -31 3 2 1 1 3 1 3 0 34992.500(50) 133
31 3 0 2 1 2 1 27590.180(30) 155 5 0 5 1 4 1 3 0 35136.480(50) —44
2 2 1 0 2 1 1 1 27667.600(50) 95 4 2 3 0 4 1 4 0 35260.170(50) 188
32 1 1 3 1 2 1 27979.950(50) 90 4 2 3 1 4 1 4 1 35278720(50) -—12
32 1 0 3 1 2 0 27984.520(50) 6 4 1 4 0 3 1 8 1 37175.250(50) 23
40 41 3 1 2 0 279%.060(50) 57 4 2 2 1 4 1 4 0 37581.210(50) —59
30 30 2 0 2 1 28777.720(50) -16 5 2 4 0 5 1 5 0 37736.430(50) 88
2 1 2 1 1 0 1 1 28995.980(30) 18 5 2 4 1 5 1 5 1 37738.720(50) 86
2 1 2 0 1 0 1 0 29003430(50) 95 3 1 3 1 2 0 2 1 37739.700(50) 90
32 2 1 3 1 2 0 20015190(50) 50 3 1 3 0 2 0 2 0 37749.850(50) —91
32 2 0 2 2 1 1 20043810(50) 73 4 0 4 0 3 0 3 1 38538.270(50) ~-75
2 2 0 1 2 1 1 1 20091.760(50) 2L 5 2 3 0 5 1 5 1 38593.940(50) 61
2 2 00 2 1 1 0 29095370(50) 20 4 2 2 0 3 2 1 1 39760.370(50) 129
32 1.0 2 2 0 1 293025300500 —64 4 1 4 1 3 1 3 0 39872.190(50) 48
31 3 1 2 1 2 0 30301.500(50) 56 4 2 3 1 3 2 2 0 41838.820(50) 33
2 2 1 1 2 1 1 0 30380.110(50) 330 3 1 2 0 2 0 2 1 42038.880(50) 101
31 2 0 2 1 1 1 30400910(50) 91 5 0 5 1 4 1 4 1 43195440(50) -7
2 1 1 0 1 0 1 1 30465.630(50) 74 5 0 5 0 4 1 4 0 43200.400(50) 118
30 3 1 2 0 2 0 31499.010(50) 35 4 1 3 1 3 1 2 0 43636.550(50) 36
32 2 1 2 2 1 0 31757.300(50) —155 3 1 2 1 2 0 2 0 44762.530(50) 82
2 2 10 2 1 2 0 3188310(50) 12 4 1 4 1 3 0 3 1 46123.140(50) 32
32 1 1 2 2 0 0 32017.300(50) -147 4 1 4 0 3 0 3 0 46137.150(50) 49
3 2 1 0 3 1 3 1 32283670(30) —13 5 1 5 0 4 1 4 1 46711.550(50) 137
4 0 4 1 3 1 3 1 3225.170(50) -1 2 2 0 0 1 1 0 1 48941.790(50) 32
40 40 3 1 3 0 32287460(50) 81 5 0 5 0 4 0 4 1 48090.320(50) —17
5 0 5 0 4 1 3 1 32439.690(50) —137 5 2 4 0 4 2 3 1 49169.020(50) -3
31 2 1 2 1 1 0 33132990(0) 53 5 3 2 1 5 2 3 1 49182.760(50) —193
2 1 1 1 1 0 1 0 33194230(50) 102 5 3 2 0 5 2 3 0 49185.410(50) 9
22 0 1 2 1 2 0 3328252050) -12 5 1 5 1 4 1 4 0 49387.980(50) -2
3 2 2 0 3 1 3 0 33312050(50) -37 3 3 0 0 3 2 2 1 49426.700(50) 165

? Obs is the observed frequency in MHz. The uncertainty is given in parentheses in kHz.
® Diff is the observed minus calculated frequency in kHz corresponding to the constants in Table 5.
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TABLE 4—Continued

J KK o' J" K"K o Obs¢ Dift® J KK, v J" K"K o Obst Diftd
5 4 1 0 4 4 0 1 49482250(50) -95 4 1 3 1 3 0 3 0 56897.680(50) 123
53 3 0 4 3 2 1 49522220(50) -38 3 2 1 0 2 1 1 1 58394.370(50) 37
53 2 0 4 3 1 1 49581.070(50) 39 6 1 6 1 5 1 5 0 58%44.470(50) 33
43 1 0 4 2 3 1 49619.300(50) 95 6 2 5 0 5 2 4 1 59171.600(50) —59
2 21 0 1 1 11 49818.780(50) 82 3 2 2 1 2 1 1 1 59425.100(50) 141
43 1 1 4 2 2 1 50004920(50) —41 3 2 2 0 2 1 1 0 59432.580(50) 63
43 1 0 4 2 2 0 500741050) —62 6 4 2 0 5 4 1 1 59699.610(50) —122
2 2 1 1 1 1 0 1 50235.280(50) 92 6 3 4 0 5 3 3 1 59749.330(50) —45
2 29 10 1 1 0 0 50243.190(50) 109 6 3 3 0 5 3 2 1 59904.230(50) 278
5 2 3 0 4 2 2 1 50400490(50) —102 3 2 2 0 2 1 2 1 60902210(50) 98
53 31 5 2 3 0 50444680(50) -44 3 2 1 1 2 1 1 0 61112.780(50) —17
33 01 3 2 1 1 50450.340(50) 67 6 2 4 0 5 2 3 1 61167.640(50) —68
33 00 3 2 1 0 50457.260(50) 99 6 1 5 0 5 1 4 1 61665.350(50) —136
33 1 1 3 2 2 1 50772810(50) 81 6 2 5 1 5 2 4 0 61834.560(50) 50
50 5 1 4 0 4 0 50780.210(50) 1 6 4 3 1 5 4 2 0 62347.990(50) 281
2 02 0 1 1 1 1 1 51242850(50) -82 6 4 2 1 5 4 1 0 62351.410(50) 39
22 0 0 1 1 1 0 51249.300(50) -46 6 1 6 1 5 0 5 1 62360.440(50) 36
5 3 3 0 5 2 4 0 51296400(50) ~318 6 1 6 0 5 0 5 0 62383.980(50) 5
43 2 1 4 2 2 0 51341630(50) —120 6 3 4 1 5 3 3 0 62418300(50) —17
51 4 0 4 1 3 1 51347.180(50) —111 6 3 3 1 5 3 2 0 62574.300(50) 13
2 2 01 1 1 0 0 51667.330(50) 14 3 2 1 1 2 1 2 1 62582490(50) 98
33 1 1 3 2 1 0 51803270(50) -82 3 2 1 0 2 1 2 0 62585.230(50) 103
5 2 4 1 4 2 3 0 51857570(50) —64 3 2 2 1 2 1 2 0 63615.700(50) —53
33 01 3 2 2 0 52130610500 57 6 2 4 1 5 2 3 0 63847.630(50) 64
53 3 1 4 3 2 0 522411050) —152 7 0 7 1 6 1 6 1 64364.000(50) —13
43 1 1 4 2 3 0 52317200(50) 42 6 1 5 1 5 1 4 0 64364.970(50) —194
2 2 1 1 1 1 1 0 52542.860(50) 84 7 0 7 0 6 1 6 0 64386.130(50) -7
6 1 6 0 5 1 5 1 56196.380(50) 105 7 1 7 0 6 1 6 1 65636.870(50) ~—38

obtained in the analysis as well as their uncertainty. Theseitten in theSreduction. The' representation was used in the
parameters include the rotational and first-order distortion copresent analysis as in the previous oBg The other param-
stants corresponding to a Watson-type rotational Hamiltoniaters are relevant to the large-amplitude motion. The parame

321

TABLE 5 3 BN T %

Molecular Parameters® for the g’Gg Conformer of Ethylene Glycol

Parameter Value Parameter Value 2032 <1 7 3122,
21 31s 3,5 221
303 303
A 15 214.601(5) R 633.700(4) ) % o,
B 5 538.331 6(29) hax  x10° 899.33(170) 2:; \f% 2,5
c 4 595.025(2) hy;  x10° 16.916(830) 20 ' 202
£ x10°  —1.957 3(5300) o I l ]:?
Dk x10° 74.603 8(6700) 1o ﬁ 1,
Dy x103  —31.714 3(2400) 0, 2.472 93(246) 0 o,
D;  x10® —7.170 6(430) # 91.205 9(18) ? =0 ver
dy  x10° 2.198(35)

FIG. 3. Energy levels of thel = 3 levels in theg’Gg conformer of
ethylene glycol with measured MWMWDR transitions. Rotational levels are
indicated by thin horizontal lines and are labeled wittK,, andK.. The left
stack corresponds 0= 0 tunneling sublevels; the right stack corresponds to

 All parameters are in MHz, excepf andd,, which are in degrees. Numbersv = 1 tunneling sublevels. Thick (thin) arrows indicate the pump (signal)
in parentheses are one standard deviation in the same units as the last digit.transitions considered in the double-resonance experiment.

dy  x10°  —0.21(3)
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FIG. 4. Schematic drawing of the conformational energy surface (CES) spanned by the rotationakanagt®g,. A grid of (£,, &) points is given where
for selected points the conformations investigated are shown. Two concerted paths (conrotatory and disrotatory) are indicated by dashewfinesc&tied
flip-flop rotation of theg’ Gg conformer, labeled, to thegGg' conformer, labele@, can proceed either via path (long path) or via pattB (short path).

h,, is such that 2X h,, is the tunneling splitting fod = 0. 6. THE ROLE OF H BONDING AND TUNNELING FOR
The parameters,, andh,; account for distortion effects on the THE CONFORMATIONAL BEHAVIOR
tunneling splitting. Finally, the angle®, and ¢, describe the
rotational dependence of the tunneling splitting and are su§
that the Eulerian-type rotation,

hThe results of theab initio calculations at the MP2/6-
11G(, p) level are summarized in Table 6 (relative energie:
and enthalpies) and in Table 7 and Fig. 6 (MP2 geometrie:
and used in the following to investigate the CES of glycol anc
1 to obtain information on the tunneling path the molecule take
S o+ 7, 02 o), [1] when it interconverts from one conformer to the other usin
either pathA or pathB as schematically shown in Fig. 4.
) ] ] In the ab initio calculations, seven stationary points were
is the rotation through which the whole molecule must bgetermined and the 24 internal coordinates of the molecu
rotated in order to cancel the angular momentum generaiggre calculated. Three of these stationary points are true mi
along the tunneling path5( 24, 2. The present analysisima (Table 6) corresponding to theg'Ga(aGg),
does not allow us to carry out a Unique determination of t@Gg(gGg’)’ andgGg conformers. The four other Stationary
angle¢, since, as can be gathered from Eqgs. [8] and [9] ¢foints are first-order or second-order saddle points as doc
Ref. (5), making the substitutiosh, — 7 — ¢, does not alter mented by the number of imaginary frequencies. One of thel
the energy levels but merely changes a phase factor in igethe g’Gg’ conformation located on path; the two other
Hamiltonian matrix. The values of the anglésand ¢, will  ones will be labeledTS1 and TS2, while the second-order
nonetheless help us to discriminate between paéimd path transition state is denoted &$3.Figure 5 illustrates qualita-
B and this will be discussed in the following section. tively these results where an arbitrary CES contour plot i
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€1 / dogree TABLE 7
MP2/6-311G(d, p) Geometries of Several Stationary

540 Points® Investigated in this Work
480
$1-9Gg Parameter ? gGyg TS1 752 753  ¢'G¢'
420
<)
751
360 S —— Co-C, 1519 1.519 1515 1512 1518
(C(‘: 7 C,-0y 1.414 1.417 1.430 1.425 1.422
300 g’Ggf—AT\sz/—k Cop~-Og 1.414 1416 1.413 1425 1.422
- Co-Hy 1.100  1.099 1.093 1.093 1.093
240 Co—H, 1.095 1.096 1.099 1.098  1.097
Cy-Hy 1.100  1.099  1.096 1.093 1.093
180 C,-H, 1.095  1.094  1.094 1.098  1.097
0O7-Hy 0.960  0.960 0.956  0.958  0.959
120 O6-Hy 0.960  0.959  0.962 0.958  0.959
60 S1-9Gg
- j 107,C1Cy 113.2 1126  107.7 1126 110.8
. M VTS £06CyCy 113.2 1128 1104 1126 110.8
0 60 120 180 240 300 360 420 480 540 LH4CoCy 108.6 1086 1104 109.6 110.2
§2 / degree /H,CoCy 109.7  109.6 108.9 108.8 109.4
LH5C{Cy 108.6 109.2 1104 109.6 110.2
FIG.5. Anarbitrary conformational energy surface (CES), plotted against the {H3C;Co 109.7  109.7 109.4 108.8 109.4
two angular coordinates and&,, illustrates the results of thab initio calcula LH3C,0s 105.6  106.7 111.3  109.8 110.9
tions. The true minima of the CES are indicated by full squares while full circles (H3C,07 105.6 105.3 108.5 109.8  110.9
correspond to saddle points. Relative energies of these points are listed with regard ~ £H4C0¢ 112.1 111.3  107.2  107.5  107.0
to the E+ ZPE values in Table 6. The solid line connecting conformeasd?2 /H5C; 07 112.1 1122 111.8  107.5  107.0
represents tunneling pagh The dotted line, also connecting conformérsnd2, LHe07Cy 106.6  106.6 107.8 107.7 1055
illustrates the hypothetical tunneling pa&@h Compare with Fig. 4. LHg06Cq 106.6  106.6 1044 107.7 105.5

L06CyC1 07 51.3 48.5 56.3 67.8 56.9

. : . LHe0:C1Co 473 51.0 1240 —17.8 —774
shown along with the calculated stationary points and the [HiOsCoCr 473 238 —50.4 178 —774

tunneling paths described in the previous sections.
The calculated energies, enthalpies, and free enthalpies all

® ThegGgform corresponds to a true minimum. Th81, TS2, TS3,
and g'Gg forms are first order or second order saddle points, as
indicated in Table 6.
TABLE 6 incicated | . .
In this column structural parameters are given. Bond distances

MP2/6-311G(d, p) Energies _and Enthalpies of _Sor:1e Ethylene and bond angles are respectively given in A and degree units. The
Glycol Forms with a G Conformation atom numbering is defined in Fig. 2.
Form AE AH(298) ZPE S AG(298) NI

identify theg’ Ga conformer to be more stable than theGg
conformer AE = 0.09kcal/mol, Table 6), in line with results
published by Teppen and co-workers obtained with a simile

g'Ga —229.781 92 —229.688 43  54.98  69.44 —229.721 43 0

¢ Gy 0.09 0.17 55.21  68.61 0.42 0 approach 17). However, contrary to these authors, we deter
mined also the zero-point energy difference betweerytiBy
9Gg 318 304 5470 69.28 309 0 andg'Gato beAZPE = 0.23 kcal/mol at the MP2/6-3116(
781 3.33 2.56 5440 68.61 9281 1 p) level of theory. The sum energy difference plus zero-poin
energy difference is equal to 0.32 kcal/mol and is in exceller
Ts2 1.47 0.81 54.61  67.84 1.28 1 agreement with the experimental value of 0:8®.1 kcal/mol

measured by Kristiansest al. (3). These authors speak in their

publication of an internal energy difference based on a con

JGq 1.72 0.95 54.44  67.02 1.67 1 parison of MW intensities. We note that experiments wer:

carried out under Boltzmannian equilibrium conditions and

] ) ) i ) i therefore, any intensity measurement can only give informe

2 Relatlve energlegE, relatlvg enthalpieAH(298), Ze_ro Pomt Energies (_ZPE), tion on the population of the two conformers and by this on th
relative free enthalpie§G(298) in kcal/mol, and entropiesin cal/(mol- Kelvin).

For the reference fory Gaabsolute energy and enthalpy are given in hartrees (f0tal energy difference which is the sum of the different&)
627.52 kcal/mol). NI denotes the number of imaginary frequencies. between the two points of the PES corresponding tagtiigg

753 6.12 4.60 53.94  65.41 5.81 2
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2 along pathA passes three saddle poirt§2, dGg’', and
TS2,where theg’Gg'’ barrier is slightly higher than th€S2
barriers as can be gathered from Table 6.

Rotation along patB leads from1 to TS1(3.33 kcal/
mol), then to a local minimum occupied by gGg form
(3.18 kcal/mol) and via anothérS1to 2 (see Fig. 5). The
data listed in Table 6 reveal that after ZPE corrections th
gGg minimum transforms into a transition state, which is a
2.91 kcal/mol AH(298) = 3.04; AG(298) = 3.09 kcal/
mol) and by this more than twice as large as the barrier ¢
TS2.Hence,ab initio theory clearly predicts patB to be
energetically unfavorable.

The OH group donating an H atom in the H bond, which will
be henceforth denoteld group, has to be distinguished from
the H-accepting OH group, denoted hencefoft® group.
Considering the difference in free enthalpy values of the TS
for pathA and pathB, more than 90% of the ethylene glycol
molecules tunnel from thg’ Gg conformer to reach thgGg'
conformer, which implies an initial rotation of th&C group
O;H, (Fig. 4). This is a direct consequence of the fact that th
D group QHjg prefers to keep its position as long as possible

FIG. 6. Ab initio MP2/6-311Gd, p) geometries for the conformations of  |nyestigation of the electron density distribution and the
ethylene glycol investigated in this work. Distances are in A. Nonbondeds oo i~ Laplace concentration of the lone pairs aiA\the
interactions between the OH groups are indicated by dashed lines. Conforma- . ,
tions gGg, TS3,andg’Gg’ have a twofold axis of symmetry. group O atom shows that in tligGa andg’ Gg conformers the

D group orients its H atom exactly in the direction of one of the

electron lone pairs at th&C group. The distance between the
and g'Ga plus the difference in zero-point energ9ZPE) H of theD group and the O of th&C group is just 2.26 A (Fig.
between the two conformers. 2), which as a consequence of two vicinal OH groups is somr

Even though there is good agreement between observed @rtl A smaller than observed for intermolecular H-bonding
calculated total energy difference, in view of the smallness ¢£0).
the energy differencAE compared to the zero-point energy Calculation of the adiabatic OH stretching and -€OH
difference AZPE, we cannot exclude tha@'Gg and g’Ga torsional force constants and frequencies (these are related
actually possess the same energy. In this connection ittie OH bond strength and the magnitude of the barrier fc
interesting to note that all previous quantum chemical work antation at CE—OH) reveals that there are characteristic dif-
ethylene glycol §, 8—23 failed to calculate stability differ- ferences betweeld andAC groups as emphasized by Table 8.
ences of its conformers at a consistent, sufficiently high levEhe OH bond of théd group is weakened and that of tA&
of ab initio theory such as that carried out in this worlgroup strengthened relative to suitable reference OH grou
(geometries, energies, vibrational frequencies, enthalpies, aithout any possibility of H bonding as for example in thé g
tropies, free enthalpies all at the MP2/6-318Gg) level), not form. Similarly, rotation is much easier for t#eC group than
to speak of the fact that rotational TSs of the molecule wefer the D group as is indicated by the adiabatic torsiona
never calculated before. So far, the present investigation canflegjuencies of 488 and 259 ¢imof D andAC groups, respec
considered to represent the most reliadibanitio investigation tively, in the g'Ga conformer. The differences betwed&h
on ethylene glycol ever published. group andAC group decrease when the molecule is rotate

The two conformers are separated by a rotational barrigom the g’Ga into the g’ Gg form (Table 8), indicating that
of 1.47 kcal/mol (1.38 kcal/mol for the reverse rotationalthough H bonding still exists in the latter form it is weakenec
activation enthalpies: 0.81 and 0.64 kcal/mol, Table @&ecause of geometrical limitations.
defined by the energy ofS2,which is located at{;, &) = If one considers that the lone-pair region at an O ator
(—50.4, 124), thus indicating that during the rotation of theay stretch over 120—150° on the backside of the@—H
O,H, group the position of @Hg group is only slightly unit, then it will be easy to understand that relatively smal
adjusted. Conversion of thgf Ga conformer into the equiv- adjustments in thé group position can keep H bonding
alentaGg' conformer requires an increase in the energy hgitact during a 120-150° rotation of teC group, while on
1.72 kcal/mol to surmount the barrier located at7(7.4, the other hand justa 10° rotation of tbegroup weakens the
—77.4); activation enthalpy: 0.95 kcal/mol, Table 6, an#i bond significantly due to a relatively strong increase o
populated by @’'Gg’ form. Hence, the interconversidn— the H([D group}—O(AC group) distance. This is the reason

752 753

gGg’
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_ TABLE® . 5_,1 >/ degree
Calculated Adiabatic Internal Mode Frequencies and Force '
Constants of Donor and Acceptor OH Groups for Some Selected 5401
Ethylene Glycol Conformers® 480
420
§'Ga g'Gyg 9Gg 3604
300+
Parameter Wb k€ WP k¢ WP k¢ 2404
180
D OHstretch 3862 833 3850 828 3897  8.48 120-
AC Ol stretch 3923  8.60 3882  8.42 60
0 T T T T T T T T T 1
D torsion 488 0.10 484 0.10 295 0.03 -10 -08 -06 -04 -02 00 02 04 06 08 10
AC torsion 259 0.03 409 0.07 n
) FIG. 7. The anglest; and¢, are plotted as a function of the unitless path
A stretch 61 0.27 32 0.4 coordinaten for pathA andB. Conformersl and2 are given byn = —1 and
i n = +1, respectively. Solid lines correspond to p#thdashed lines corre-
A torsion —229  —0.07 —-75 -—0.03

spond to patiB. The fact that for patth both OH groups are rotated by a larger
amount than for patiB is obvious.

® Frequencies and force constants calculated at MP2/6-31,183( D and
AC denote donor and acceptor OH groupsOH stretch AC OH stretch)
refers to the stretching motion of the donor (acceptorjorsion (AC torsion) 7. CONCLUSIONS
to the torsional motion of the donor (acceptak)stretch and\ torsion to the ) . .
difference between acceptor and donor with regard to the quantity indicated. With the use of MBFTMW and MWMWDR techniques it

® Frequencies are given in ¢ was possible to assign and to analyze rotation—torsion freque

‘ Force constants are given in N/cm for stretching modes and if M- ¢jes of theg’ Gg conformer of ethylene glycol. Furthermore, it
cmirad for torsional modes. was possible to combine the experimental data \ahhinitio

calculations to yield unequivocal evidence for the tunneling

o path of theg’ Gg as well as for they’ Ga conformers leading
the molecule prefers the longer pathas shown in Fig. 5 g their symmetrically equivalent counterpartgGg and

where tunneling is first almost parallel to tijeaxis. There aGg, respectively). Thus, for the first time, a more global
is also no possibility for the molecule of following the

conrotatory path frong’Gg’' via TS3and by this changing

from pathA to pathB. TS3is a second-order transition state TABLE 9
of relatively high energy (6 kcal/mol, Table 6), which the Numerical Values for the Angles 0,
molecule will not pass. and ¢,

The unfeasibility of pattB (dashed line in Fig. 5) is con-
firmed when the angles, and ¢,, reported in Table 5, are
calculated theoretically starting from the above tunneling paths Path® 02 ®2
and compared to the values obtained in the analysis. A similar
calculation was carried out in Section 5 of R&) &nd requires
a path parameterization of chosen internal coordinates of the
molecule along the path in terms of the path coordingégual A 2.946° 91.753°
to —1 at conformed and to+1 at conformeR (see Ref. 24)).

In this investigation all 24 internal coordinates of the molecule
were expressed in terms gf This is illustrated in Fig. 7 where
the torsional angle§, and¢, are plotted as a function af for
both pathA and pattB. Theoretically calculated values for the Analysis 2.473° 91.206°
angles 6, and ¢, are given in Table 9where the values
obtained in the analysis are also listed. Even though the value
of ¢, could not be unambiguously determined (see Section 5), _

there is satisfactory agreement for pthbut not for pathB _ *In this column, the letier8, andB are used to

. ; . ; ’ identify the path. ‘Analysis’ indicates that the
This further confirms that the feasible path displayed by the values given are those, reported in Table 5, ob-
g'Gg is indeed patiA. tained from the analysis of the microwave data.

B 1.525° 88.010°
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view of the potential energy surface of ethylene glycol ha®. G.I. Csonkaand I. G. Csizmadiahem. Phys. LetP43,419-428 (1995).
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