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The laser-induced fluorescence excitation spectra of jet-cooledipéthyl{ransstilbene have been recorded,

and the phenyl and methyl internal rotation levels have been assigned foy éinel $he Hr,7*) electronic

states. Dispersed fluorescence spectra and vapor-phase Raman spectra were utilized to help assign the low-
frequency vibrations in the electronic ground state. The methyl torsions have energy levels and potential
functions very similar to those afixylene. The gstate has/e = 15 £ 15 cn! (negligible barrier), while

S, hasV; = 85 4 10 cntt andVs = —30 4 20 cntl. The barrier to simultaneous internal rotation of the
phenyl groups in §was found to be 3100 cr. This is identical to that ofrans-stilbene within experimental

error. For the Bstate, the barrier is 3140 crhas compared to 3000 crhfor trans-stilbene. The barrier to

rotation about the €C bond in the & state was estimated to be 415 kcal/mol based on one assigned
frequency. In the Sstate thetranstwist barrier was estimated to be approximately 2400tm

Introduction 290 0

Stilbene and its derivatives have been of considerable interest FES
to both experimental and theoretical chemists for more than 2 ‘
decaded:? These molecules tend to show strong fluorescence
and they can undergo photoisomerization in their electronic
excited states. Chiang and Laane have previously reported the
fluorescence spectra of jet-cooledns-stilbené and 4-methoxy-
trans-stilbené and determined potential energy functions for
both the phenyl torsions and the torsion about tkeGCbond
which governs the photoisomerization.

In the present paper we present the fluorescence excitation :
spectra and dispersed fluorescence spectra of jet-cooléd 4,4 31600
dimethyltrans-stilbene (DMS). Vapor-phase Raman spectra of ol
the sample at high temperature were also recorded to comple-Figure 1. Fluorescence excitation spectrum of DMS.
ment the studies. This molecule possesses internal rotationsSpectra were recorded using the methodology and cells previ-
about the G-CH; bonds in addition to the three torsional ously described
motions in the unsubstitutédans-stilbene adding considerable ’

complexity to the spectra. The analysis of the data presented Fluorescence SpectraFigure 1 shows the laser induced
piexity 1o the spectra. Y P fluorescence excitation spectrum of DMS in the low-frequency
here will provide insight into the effect (or lack of effect) that

o . . region. Table 1 lists the observed wavenumbers{¢ralong

substitution on the benzene rings has on the torsional processes. - . ; S
With assignments. The numbering of the vibrations used for

trans-stilbené in Cp, symmetry is maintained. Nomenclature

for labeling the transitions due to the methyl torsions is described

The compound 4'4dimethyl{ransstilbene (DMS) was pre- below. The other four low-frequency methyl vibrations (the in-
pared in Japan according to the method of Drefahl and Ploktner, Plane and out-of-plane wags expected in the-3000 cnt*
The integrity of the sample was verified by infrared spectros- €gion for both the $and § states) are also not included in
copy. The laser-ininduced fluorescence spectra were recorded® numbering system for the vibrations. Thus, whiiens.
in Texas using the system previously describe8This system stllb(_ene has eight Iow-f_reque_n_cy vibrational modes,_ as descrlbed
now utilizes a Continuum Powerlite 9020 Nd:YAG laser and a previously? DMS has six additional ones due to the introduction
Continuum Sunlite OPO laser with an FX-1 UV extension unit ©f the methyl groups. L .
as the tunable excitation source. Dispersed spectra were recorded 1hUS: the fluorescence excitation spectrum of DMS is very
using an ISA HR-640 monochromator and a Spex Spectrum rich due to the many low-frequency modes. DMS has 60 clearly

One CCD detector (200@ 800 pixels). Vapor-phase Raman ©Pserved excitation bands below 240 ¢nwhereastrans:
stilbene has only 30.

. “. ) . Near the electronic origin at 37 386 cirthree bands can be
T Part of the special issue “Mitsuo Tasumi Festschrift”. .
* Department of Chemistry, Texas A&M University. seen. These are due to the transitions between thg lowest methyl
§ Department of Chemistry, Faculty of Science. torsional levels in the two electronic states. As will be shown,

10.1021/jp012607n CCC: $22.00 © 2002 American Chemical Society
Published on Web 11/22/2001

I
31400

Experimental Section




3480 J. Phys. Chem. A, Vol. 106, No. 14, 2002

TABLE 1: Fluorescence Excitation Spectrum (cnr?) of
Dimethyl-trans-stilbene

observed Inferred assignment
—31(5) -30 37 M3;

—26 (8) -26 37, Mgy

—22(3) —22 37

-17 (3) -17 37 My

—14(5) -13 37, Mgy

—7.5(38) -75 Mt

-37(100) -37 Mg:
0.0 (69) 0 og(Mms

18 (6) 18 Mo

26 (6) 24 37
30.2 (8) 30.1 My3

33.8 (6) 33.8 Mo:

36 (17) 36 36,373
40.3 (36) 41 37, Mg;
47 (9) 46.6/46 0/37“ Mo;

51.3 (31) 50.4/51.5 O/MZZ

56.9 (72) 57/56/58/58 36537372 MY

37 |\/|ﬂ/372 Mg§

61 (11) 62 373 Mo1

65.8 (44) (65.7) 37,

72 (9) 73 Mot

77.4 (36) 78/77.2 36, 37/Moy

80 (11) 80.4/80.5 48, 37/Mg3
82 (11) 82 36, M1y
84.8 (57) 85.7 36, Mg;
89.3 (47) (89.4)/90 36/37,
95.9 (56) 96.6/94.9 Mo/M5;

101.4 (72) (101.4) 48

103 (22) 102 36,37,

112.6 (59) 111/111/114/111 363 373/372/363 37IM3;
116 (26) 116/115 365 37 M11/25 M 17
119.2 (89) 118/119 36] 372 |v|°1/253 Mg:
122.3 (25) 123/(122)/123 378/250/363 37
127.2 (38) 126/127 36 37yM%

130.1 (35) 132/130 3YMG

136 (23) 135 36,37,

139 (22) 139.3 Mo

144 (16) 144/143 36, 37yM3e

147 (19) 146/146 37, 483/35O 365 37,
149.2 (52) 150 363 37, My
155.8 (42) 156/157 36, 37,35, 37,
161 (80) 161/162/160 M25375 M17/363 375 M5
163 (63) 164/164 48 37, Mg;
168 (94) 168 3637,
170 (64) 169 36,48 375
171 (67) 171 353 M1y
174 (110) 174/174 350 Mgi/Mgi
178 (68) (178)/1177 35/M23
182 (26) 182/183 367 376 M1V/35, 37, M11
184 (52) 183 37 483
189 (41) 189/190 36, 374/35; 37,
191 (59) 192/191/192 3@ 3@/360 483/363 37
202 (14) 203 245 370 MO;
204 (55) 204/204 483/3@ 372
207 (38) 207 24537,
213 (88) 212/214/212 36,37348Y

35, 36:375/25; 36

218 (44) 216 36,375
220 (30) 220 372 48 Moy
222 (50) 221 24D M
224 (87) 2241224 240 Moy/375 48
228 (88) (228) 24;

@ Relative intensity in parentheses.
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Figure 2. Single vibronic level fluorescence spectra from several
excitation lines of DMS.

TABLE 2: SVLF Spectra (cm™2) of Dimethyl-trans-stilbene
excitation lines

0 -37 -75 57 96 101 assignmént
0 0 0 0 0 0o
22w 22s 21s 21s 21s 22 vvx372
40's YAV
47Tm  46mw 46w 46 vw 375
51s 53m 53mw 51m 51m 51w MSQ/M%S
72w 73m 73m 73 m 72s 37‘132
103 ms 101 mw 101 m482’
125 mw 25‘13/372 43‘3
134w 134w 723
173ms 173m 174m 173m 173w 173 m@

186ms 187 mw 187m 184 185 ngs) 379
194m  194m  193m 191 35037

206m 207m 205m 208 W48E’1
212s 47
225ms 226w 228w 226 m 3£ 373
234 ms 234m 232mw 482 722
246m 246m 246 mw 3@ 3722

2 Relative to @ at 37 386 cm'. Each listed SVLF frequency is
relative to its excitation frequency Assignment do not include methyl
torsion components. For example, th8.7 cnT! bands typically also
involve MS.

in the S state the methyl torsional levels are present at 5, 11,
22,27 cnl, etc., phenyl torsional levels are at 10, 21, 33¢ém
etc., and their combinations are at 15, 21, 26, 32 %retc.
Hence, combinations of these levels with other vibrations gives
rise to many hundreds of quantum states even at relatively low
wavenumber values and many overlapping peaks show up in
the spectra. Little attempt to assign the spectra much above 200
cm!was made as numerous different assignments are possible
for many of the observed frequencies (see Table 1). As can be
seen in Figure 1, there is broad general background fluorescence
in the spectrum, presumably from the overlap of bands. This
was present whether argon or helium was used as the carrier
gas and at all backing pressures-@ atm).

Dispersed fluorescence spectra (single vibronic level fluo-
rescence, SVLF) recorded from several different excitation lines
are shown in Figure 2. While the excitation spectrum of DMS
has similar intensity tdransstilbene, the SVLF spectra are
considerably weaker, presumably because the fluorescence is
distributed between so many different vibrational levels in the
ground state. Table 2 summarizes the observations from the
SVLF spectra and presents assignments.

Methyl Torsions. The internal rotation of a methyl group
substituted on a benzene ring is expected to have only a low
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Figure 3. Methyl torsion energy levels for thep&nd S states ofp-xylene

barrier. For two methyl groups spatially far apart the rotations
can be assumed to be independent of one another, and this is
the case for DMS. The torsional motion in toluene, where a
Cs, methyl group is attached to a symmetrically substitu@ed
benzene ring, is governed by a 6-fold potential energy t&fn (
This is also true for each of the independent methyl rotations
of p-xylene. Foro-xylene orm-xylene, however, the asymmetric
substitution on the benzene ring produces also a 3-fold potential

energy term. These expectations were demonstrated for toluene

and the three xylenes by Breen and co-workerso recorded
their laser induced fluorescence spectra. The DMS in our present
study ispara-substituted, but the attachment of th&¢=C—
Ph—Me group destroys the locél,, symmetry of the benzene
ring and thereby can be expected to give rise to 6-fold potential
terms. Hence, it is instructive to examine the methyl torsional
energy levels for botp-xylene andmn-xylene in their gand
states as reportéd1® Figure 3 shows the lowest quantum states
for the methyl torsions for these two molecules. Both the
previously used nomenclature, which shows the symmetry and
helps to understand the selection rules (but is rather cumber-
some), and our streamlined nomenclature are shown. Our
nomenclature simply numbers the quantum states 0, 1, 2, ... for
each rotor so the excitation of one quantum of the first rotor
and the excitation of two for the second rotor would be labeled
(1,2). An excitation from this state to a (1,1) level iniSlabeled
as M. Figure 3 shows thap-xylene, which has only small
6-fold barriers for both and S, has torsional levels in the
two electronic states which are nearly identical. Each state has
the lowest torsional levels at 0 cth(0,0), 5 cnt? (0,1)(1,0),
and 10 cm? (1,1). The only bands observed below 100¢ém
occur at 15.5, 54.3, 72.0, and 78.1¢nas shown in the diagram
and are based on the selection rules previously discéssed.
m-xylene, the presence of thé 3-fold potential energy term
for the S state results in the (0,1)(1,0) and (1,1) levels dropping
to 1.7 and 3.4 cmt, respectively. The excitation spectra then
shows three transitions near the band origin: G tfor (0,0)
— (0,0),—3.7 cnttfor (0,1)(1,0)— (0,1)(1,0), and-7.5 cn1!
for (1,1)— (1,1).

Examination of the DMS excitation spectrum shows that the
region near the electronic origin is virtually identical to that of
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Figure 4. DMS methyl torsional quantum states and transitions for S
and S electronic states. The transitions to the (0,3) and (1,3) are not
completely shown.

mxylene®~10 Even though the molecule is para-substituted, the
asymmetric substitution produces a 3-fold torsional term. As
in mxylene the § band is weaker than the3.7 cni? band
since the latter is from the degenerate (0,1)(1,0) state at 5.4
cmL. The —7.5 cnt! band originates from the (1,1) state at
10.7 cm! and gives rise to the weakest band of the triplet.
Figure 4 shows the DMS quantum states determined from the
spectra for the methyl torsions in the 8nd § states along
with several of the observed transitions. Figure 5 presents the
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(1,1)—(2,6) 177.8 176.9

100 TABLE 3: Observed and Calculated Transition Frequencies
4 and Energy Levels for the Methyl Torsions of
80 4\ S, /\ A Dimethyl-trans-stilbene
60 \ ;’ / \ / levels (cnm?)
v (cm'1) transitions (crm?) torsional S S
40 transiton  obsd calcd state obsd caléd obsd calctl
(0,00~ (0,0 00 0.0 (0,0 00 00 00 00
204 , L , (0,1)—(©,1) —-37 -3.7 (0,1)(1,0) 535 537 165 165
\/\/ \/0\/ \/\/ 11— (1) -7.5 -75 (1,1) 107 107 32 32
0 - (0,2—(0,2) 18 17.7 (0,2)(2,0) 21 215 392 392
' ' ‘ ' ' (0,1)—(0,2) 33.8 338 (1,2)(21) 269 269 409 408
-180 120 -60 0 60 120 180 (1,1)—(1,2) 30.2 30.1 (0,3)(3,0) 449 513 504
(1,2~ (2,2) 51.3 515 (1,3)(3.1) 50.3 522 520
¢ (degrees) (0,00~ (0,3) 51.3 504 (0,4)(4,0) 52 525 77.2 772
100 (1,00—(1,3) 46.8 451 (1,4)(4,1) 57.9 79 78.8
5 (0,00—(0,4) 774 772 (2.2) 430 782 784
g0 1 So (L0)—(14) 72 734 (23)(32) 66.4 89.6
(0,2—(0,5) 80 80.5 (3,3) 89.8 - 1008
4 (0,1)—(0,5) 959 96.6 (0,5)(5,0) 86.8 101.3 102.0
60 3 01— (24) 112.6 111 (2,4)(4.2) 740 1174 116.4
Vi(em™) (0,2)—(2,4) 959 949 (2,5)(5,2) 108.3 141.2 141.2
40 (0,2)— (0,6) 127.2 126.9 (0,6)(6,0) 135.2 149.1 148.4
2 (1,1)—(2,5) 130.1 130.5 (1,6)(6,1) 139.6 149.9 150.0
20 1 1 (1,1)— (1,6) 139.2 139.3 (4,5)(5.4) 139.3 179.4 179.2
? ’? (0,1)— (0,6) 143.8 143.0 (2,6)(6,2) 156.7 1885 187.6
o §17 <‘7 :7 <|7 §|7 (1,2)—(2,6) 161  160.7
-180  -120 -60 0 60 120 180 (0,1)—(4,5) 174.0 173.8

Figure 5. One-dimensional potential energy functions for a single (0,4)~(0,0) -52 —52.5
methyl torsion in DMS in its §and S electronic states. aF — 5.4 om® Vg = 15 cntL. B F = 5.3 ot Vs = 85 ont®: Ve

= — 1
potential energy functions and quantum states for just one of 30 ent™

the two methyl rotors in bothgaand S. The levels in Figure 4
are combinations of those in Figure 5. The potential function
shown in Figure 5 has the form

A Vi
V= 3(1 — Ccos 3) + E(l — COS @) 1) Vapor (300° C)

and the energy level calculations are based on the Lewis, Chao,
Malloy, and Laan& computational methodology. Fog,S/; = Liguid (150°C)
0 andVs = 15 cnt! while for S, V3 = 85 cnT! andVs = —30
cm™. The internal rotor constant i§ = 5.4 cnt? for Sy and . ‘ ! .
5.3 cnrl for S (the termB is used in refs 8 and 9 instead of 800 800 1 400 200
F, but B is generally reserved for the pseudorotor constant). Figure 6. Vapor-phase Raman spectrum of DMS at 300compared
Table 3 compares the observed and calculated methyl torsionakq s jiquid (melt) spectrum at 15€C.

frequencies and the agreement can be seen to be good. The table

also presents the observed and calculated energy states. Sincgs \was shown in our studies wansstilbene and 4-methoxy-
only the lowest energy splitting for the State and five other o gtilbene237 Whereas the higher frequency bands for the
levels have been ascertained, ygandVe values are not very  qqji iquid, and vapor all have similar frequencies (confirming
accurately determined/; is taken to be zero f_or theyStates, that the melt and vapor have not decomposed), the low-
but valuels up to 5 crmt would be compatible with the observed o ency bands for the vapor correspond to motions which are
2.35 cnt (0,1)(1,0). state and the qther values. Thg energy of perturbed due to intermolecular interactions in the condensed
the (0,1)(1,0) state is not very sensitive to the magnitudéof phases. Table 4 presents the assignment of the low-frequency

— 1
Lges:/gcc j;glr b\llj?lgr? rsglrgglg(svs\‘légi 22?32’?3 Zegarrgﬁllsvels DMS modes based on the Raman spectra of the vapor and the
y y fluorescence spectra (Figures 1 and 2). The corresponding

f_?gﬁfE;frit:f?;Q’Vgﬂfwix?ﬁr'pr?icfl5§rirgrggolroﬂfﬁit.etﬁge frequencies fortrans-stilbene and its methoxy derivative are
9 ' also shown. As can be seen, there is considerable consistency

uncertainty inVs = —30 is 220 cnT”. It is interesting that the in the vibrational frequencies for the three molecules
methyl torsion potential functions for DMS are very similar to q '

those ofm-xylene but not tgp-xylene. Evidently the symmetry Phenyl Torsions.The dispersed fluorescence spectra (SVLF)
of the rest of the molecule as seen by each methyl group is Of transstilbene from the §origin showed bands at 19, 45,
much more important than the position of substitution on the 76, and 108 cm* resulting from transitions to every other level
benzene ring. of thevsz phenyl torsior?. The SVLF from a hot band confirmed
Raman Spectra and AssignmentsFigure 6 shows the  that there were also levels at 9, 31, 58, and 89%crithe v4s
vapor-phase Raman spectrum of DMS and compares it to thephenyl torsion (in-phase) was observed at 118 €rim similar
liquid spectrum in the same region. The spectrum of the solid fashion the @ band for methoxy-trans-stilbehgave SVLF
is very similar to that of the liquid? The vapor spectrum is  bands at 18, 42, and 73 ciwhile the hot band showed other
particularly helpful in assigning the fow-frequency modes,  levels to be at 8, 30, 56, and 85 ch The v4g torsion for the
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TABLE 4: Low-Frequency Vibrational Assignments (cm~1) for Dimethyl- trans-stilbene

trans-stilbene 4-methoxyrans-stilbene dimethylrans-stilbene
approximate description 0S S S S S S
Ag Voa Ce—Ph bend 273 280 234 279 201 228
V25 phenyl wag 152 (150) 144 (140) 125 122
Au V35 C=C torsion 101 86 85.5 87.5 89
V36 phenyl flap 58 47.5 59 46 (58) 45
V37 phenyl torsion 8 35 8 28 9 33
By Vaz phenyl flap 211 (200) 179 (170) (212) (200)
Vag phenyl torsion 118 (110) 123 109 103 101
Bu Y72 phenyl wag 76 (70) 68 (63) 67 (60)
methyl torsion

aValues in paretheses are estimated.

TABLE 5: Observed and Calculated Frequencies (cm?) for
the Phenyl Torsions of 4,4Dimethyl-trans-stilbene

0
energy So Si < 3000 2 ,'"
leveP obsd calctl obsd calcd 5 0 “, ,
<. 20 ':'o’.o:o::'.,,, é~:o:~:o‘o‘o’
(0,0) 0 0 0 0 B ‘§\\":“:o"luhjb$f‘o'
(2.0) 9y 9 (33) 33 S 4000 Wi W
(4,0) 21 20 66 66 LR i
(6,0) (33) 32 (99) 99 g PL
(8,0) 46 46 132 132 |5
(10,0) (59) 60 2 Pl ")3\‘(—‘—
(12,0) 73 75 Q=) "))ll(""” (ol
0,2) 103 103 101 101 I ——— <
aThe quantum numbers correspondter{sg). ® Vo = 1550;V;, = e Y
278; Vi, = 468; F{) = 0.8398059;F = 0.0230424;F{) = g o~
O — £ — £0 — .
0.0004138;F) = 0.0024899;F{] = 0.0008383;F{) = 0.6686383; Figure 7. Potential energy surface for the phenyl torsions of DMS in
F@ = 0.0230424;F{) = 0.0004138;FY = 0.002489; F{) = its S ground state.

0.0008383 (all in cm?). ¢\, = 1570 cm; Vi, = —110 e Vi, =
—110 cmy; FY = 0.790683;F? = 0.0219355;F) = 0.0004054;

F© = 0.002405; F = 0.0007884;FQ = 0.6195156;F3 =
0.0219355F%) = 0.0004054F 9 = 0.002405;F%) = 0.0007884 (all

< 3000 ;9":3‘:\\\ ,,,,'/,,,',;4\ "/"" e '

in cm™1). 4Values in parentheses are determined indirectly or esti- € / i /,,,,0.0,'7,‘:.\\‘ f

o0 oy
mated. < 0 :‘,,o.‘:‘

3 5 N

s 100
S state was found to be at 123 tinlIn the present work, due % 1o
to the weakness of the SVLF spectra, only thelevels at 21, 5 0 P
46, and 73 cm! were observed. The in-phase phenyl torsion 5 1\\
was observed at 103 crh These data are nonetheless sufficient g = ))‘

to allow a computation of the two-dimensional potential energy
surface for the phenyl torsions of DMS. As beféfa computer E
program was written to calculate the kinetic energy expression <

. . . 2
for the two-dimensional problem. The potential energy expres- ’
sion

Q/o)\((«v = - St
’0‘»))1[(0 o)l\\fv" '

Figure 8. Potential energy surface for the phenyl torsions of DMS in
its Sy(or,r*) excited state.

V(p.d,) = %VZ(Z + cos 2, + cos 2,) +

V.. cos 2b. cos 2. + V. sin sin 2 apart. Thevsg band is at 102 cmt. These data have also been
2 P %2 1250 2, %, (2) fitted with the function of eq 2. Table 5 also lists the parameters

was then used to fit the experimental frequencies. The potential@nd frequencies for the,State and Figure 8 shows the PES.
and kinetic energy parameters along with the calculated and 1he barrier to planarity is 3140 crh for the simultaneous
observed frequencies are shown in Table 5, and the potentialtors'on and 1790 _crﬁ for a single internal rota_ltlon. Th_ese values
energy surface (PES) for the Sate is shown in Figure 7. This ~ &re also very similar to those of the unsubstituted stilbene. Table
PES has a barrier to simultaneous phenyl torsion of 3100cm 6 compares the barriers for the &nd 3 states for the three
while the barrier to internal rotation of a single phenyl group is Stiloéné molecules which have been studied.
996 cntl. Both of these values were obtained by extrapolation ~ Ethylenic Torsion. Due to the complexity of the spectra
so their accuracy is not very high (perhags800 cnt?). arising from the many low-frequency vibrations, only one
However, they do indicate that the substitution of the methyl transition for the torsion about the=€C band can be assigned
groups on the benzene rings has very little effect on these with some confidence. ForoShe 0-2 separation is assigned
barriers. to 173 cn1%; for the S excited state the 3%and is observed

For the g state the fluorescence excitation band at 66tm at 178 cm!. For transstilbene the corresponding values are
corresponds to the first observeg level and shows the lowest 202 and 198 cmt, respectively; for 4-methoxyransstilbene
level to be at 33 cm. Other transitions listed in Table 1 show they are 172 and 171 crth The kinetic energy program
the first several levels to be nearly equally spaced, 33'cm previously usetl® was modified for DMS, and thE values for
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TABLE 6: Phenyl Torsion Barriers (cm 1) for trans-Stilbene

S S
simultaneous single simultaneous single
molecule internal rotation internal rotation internal rotation internal rotation

trans-stilbene 3100 875 3000 1670

4-methoxytrans-stilbene 2860 1040 1040 1395

4,4-dimethyl4rans-stilbene 3100 996 996 1790
the § and S states were calculated to be 0.126 for both states. substitution has a limited effect on these internal rotations.
The simple potential function Similarly, the substitution only appears to have a minor effect

on the torsion about the ethylinic bond although there appears
V(Cmfl) =7200(1— cos 2) ©) to be a small decrease in the barrier for thesgte, and a

possible small increase for the State.
The quantum states determined for the methyl internal

reproduces the observed transition for thestte and corre- .
p hes rotations showed the two rotors to be uncoupled, and the energy

sponds to a barrier of 14 400 ci(41 kcal/mol). However, as e
discussed previousR? the extrapolation of the PES to obtain levels were four_1d to be very S|m|lar to thpse rofxylene. In
the barrier height tends to produce too low a barrier by about € @ sltate, the internal rotation is essentially fréf € 15 =+
9%. Hence, the Sbarrier is estimated to be 4& 5 kcal/mol. 15 cnm) while the § state has a small 3-fold barriev{= 85
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