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Impact of Extended & Conjugation on Methyl Rotor-Induced IVR in Aromatic Molecules
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Laser-induced fluorescence excitation and resolved fluorescence spectra following excitations of the single
vibronic levels (SVL) ofp-vinyltoluene -VT) and p-vinylfluorobenzeneg-VFB) have been measured in a
seeded supersonic free-jet expansion. A complete vibronic assignment of the fluorescence spectrum measured
following excitation of the f-band ofp-VT has been presented. Normal vibrational modes in thenl S

states of the molecule have been calculated by CASSCF method, and the correlation between the two set of
modes is made by expressing the excited-state normal modes in terms of those of the ground state. The
calculations predict that in the excited state methyl and vinyl torsional motiomd/@fare extensively mixed

with many of the out-of-plane modes of the aromatic ring. Our resolved fluorescence spectral data measured
following SVL excitations essentially agree with such predictions. In the excited state, the molecule exhibits

a dramatically low threshold for the rotor-induced IVR in a supersonic jet expansion. Several mechanisms
have been discussed to explain the phenomenon.

I. Introduction

The possibility that the internal rotational motion of the
methyl group can accelerate IVR in a polyatomic molecule has
been discussed over the past two decdd&sParmenter and
Stone were the first to present evidences for this phenomenon 44
by comparing the fluorescence spectrapeffuorotoluene -

FT) and p-difluorobenzene -DFB) vapors in a bulb at 300
K. The IVR threshold inp-FT was found to be much lower
compared to that ip-DFB, and the same was manifested also 1
in their chemical timing studies.However, this spectral
manifestation of the excited-state behaviopefT disappears

N

when the supersonic jet-cooled samples were used. A much 10

slower IVR rate of the molecule was noticed also in a time- (eclipsed) (staggered)
resolved measurement in a supersonic molecular beam- .

pared to the rates estimated in chemical timing studies in a bulb. p-Vlnyltoluene

In this article, we demonstrate that the threshold for the rotor-
induced vibronic level mixing in rotationally and vibrationally
cold aromatic samples in the excited state can be dramatically
lowered by chemical modification of the-characteristics of
the aromatic ring. A vinyl substitution at the para position of
toluene, which does not introduce any additional steric crowding
for internal rotation of the-CHs; group at the other end of the
ring (Figure 1), has been found to have the required attributes
to stimulate the effect. In an analogous casp-aminotoluene,

Yan and Spangler showed earlier that the methyl torsion ; \7
effectively couples with the large amplitude amine inversion i 8 10 9 '8

in the S state’ The signature of such coupling is manifested 10

in the fluorescence excitation spectrum as the splitting of the (eclipsed) (staggered)
amine overtone band into several components. The observations toluene

were explained in terms of.hyp.erconjugation. To our knowledge, Figure 1. Atom numbering scheme used for geometry optimization
the ef_fects_ of SU_Ch co_upllng n resolve_d f_Iuorescence Spectraof p-vT, T, andp-FT in their staggered and eclipsed conformations.
following single vibronic level (SVL) excitations have not been .
investigated. We show here that, unligeaminotoluene, the ~ However, the resolved fluorescence spectra measured following
Coupling Of the methyl torsion with Other |arge amp"tude excitations of several vibronic bands reveal that the methyl

motions is not directly manifested in the absorption spectrum. torsion is mixed with many of the other vibrational modes in
the excited-state mediated by the large amplitude torsional
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TABLE 1: Geometrical Parameters of p-VT in Sp and S, States for the Eclipsed and Staggered Conformations of the Methyl
Group, Predicted by the HF, MP2, CASSCF, and CIS Calculations using the 6-311G** Basis Set

ground state

excited state

energy and HF MP2 CASSCF CIS CASSCF
parameters eclp. stag. A) eclp. stag. A) eclp. stag. A) eclp. stag. A) eclp. stag. A)
relative energy 0 —19.6 0 —31.9 0 —16.7 0 —15.9 0 —18.9

(cm-1)

Ci—C; 1.391 1.389 —0.002 1.407 1.406-0.001 1.401 1.399-0.002 1.434 1.436 0.002 1.443 1.444 0.001
C—Cs 1383 1385 0.002 1.395 1397 0.002 1392 1395 0.003 1354 1355 0.001 1430 -D4ara
C3—Cy 1.388 1.385-—-0.003 1.403 1.402-0.001 1.398 1.395-0.003 1.442 1.438-0.004 1.428 1.430 0.002
C4—Cs 1.389 1.392-0.003 1.403 1405 0.002 1398 1401 0.003 1392 1395 0.003 1430 azm1
Cs—Cs 1.382 1.379 —0.003 1.396 1.394-0.002 1.392 1.390-0.002 1.375 1.373-0.002 1.434 1.436 0.002
C1—Cs 1.391 1.394 0.003 1.406 1.407 0.001 1.402 1.404 0.002 1.463 1.463 0.00 1.437 1.439 0.002
C4—Cy 1510 1510 0.00 1509 1.5080.001 1511 1511 0.00 1496 1499 0.003 1504 1504 0.00
Coe++His 2.732 2.723 -0.009 2.742 2.734-0.008 2.742 2.733-0.009 2.731 2.720-0.011 2.765 2.753-0.012
Cs*+*Hg 2.634 2.639 2.642 2.647 2.654

Hg***H1s 2.385 2.383 2.395 2.396 2.414

0OCs-Cy—Hg  111.2 111.2 0.00 111.1 111.0 -0.10 111.2 110.9 -0.30 111.7 111.2 —-0.50 111.4 111.2 —-0.20
0Cs-Cs—C7 1215 121.0 —-0.50 121.4 120.9 —-0.50 121.6 121.0 —0.60 1224 121.6 —0.80 1215 120.8 —0.70

0Cz-C4—Cs 1177 1177 1177 0.00 117.9 0.00 117.7 117.7 0.00 118.4 118®.10 118.2 118.2 0.00

aThe differences in geometrical parametes$ for the two conformations are also presented. All distances are in angstrom and angles in degree
units.

as excited electronic states have been carried out to interpretof p-VT for the eclipsed and staggered conformations of the

the experimental results. methyl group in the ground gpand first excited (9 electronic
states are presented in Table 1. In both the states the vinyl group

Il. Methods is nearly coplanar with the aromatic ring, and the staggered

A. Experiment. The experimental setup used to measure the 980Metry is slightly more stable than the eclipsed. The energy

laser-induced fluorescence excitation and dispersed fluorescencdlifferences between the two conformations in the ground state
spectra has been described previo@Rp Briefly, the p- are 20, 17, and 32 cm according to the predictions of the
vinyltoluene andp-vinylfluorobenzene vapors are mixed with HF/6-311G**, CASSCF/6-311G**, and MP2/6-311G** levels
helium at a pressure of 2 atm and expanded into vacuum throughOf calculations, respectively. In the excited state, the energy
a pulsed nozzle (General Valve) of orifice diameter 0.5 mm to differences are 16 and 19 ctnat the CIS/6-311G** and
generate a supersonic free jet. The jet-cooled molecules wereCASSCF/6-311G** calculations, respectively. The CASSCF
excited by a tunable UV laser obtained as the doubled output Predicted relative energies of the conformers are very close to
of a dye laser (Sirah and Plasma Technik, model: Cobra Stretch)those estimated experimentally by Hollas et al. (discussed later).
pumped by the second harmonic of a Nd:YAG laser (Spectra The data in the Table 1 show that, in the ground state,
Physics, model: INDI). To measure the dispersed fluorescencedifferent C-C bond lengths of the phenyl ring are predicted
spectra, a 0.75 m monochromator (Spex, model 750M) with a somewhat smaller<0.01 A) at the HF level compared to those
grating of groove density of 2400/mm was used to disperse theby MP2 and CASSCF calculations. Likewise, in the excited
fluorescence before detection. Typical spectral resolution of the state, those parameters predicted at the CIS level are relatively
results presented here is 7 tinThe fluorescence was detected smaller by the same extent compared to the CASSCF values.
using a Hamamatsu R928 photomultiplier tube and the output The high-resolution spectroscopy studies of several substituted
signal of the photomultiplier was processed by a boxcar averagerbenzenes have indicated thatS S electronic excitation causes
(SRS 250) and the data were stored in a personal computer. a little expansion of the aromatic ridg2” The results of
The samplep-vinyltoluene andp-vinylfluorobenzene were ~ CASSCF calculations of the present study predict the same
procured from Lancaster and purified further by vacuum behavior. The CIS as well as CASSCF data predict that the
distillation. ring geometry in the excited state is almost insensitive to the
B. Calculations. The ground-state geometries of all of the conformational state of the methyl group (staggered vs eclipsed).
molecules are optimized at the HF, MP2, and CASSCF levels However, the &--Hi3 nonbonded distance aidCs—Cs—C7
of theory using the 6-311G** basis set, and for the excited state bond angle are somewhat larger in the eclipsed geometry in
(S), the CIS and CASSCF methods have been used with theboth the electronic states. For example, in the ground state, the
same basis set. For CASSCF calculations, the active spaces arevo parameters are 0.009 A and Olérger in the eclipsed than
comprised of eightr electrons and eight andz* orbitals for the staggered according to the predictions of CASSCF calcula-
p-VT, and sixz electrons and six andsz* orbitals for toluene tions, and in the excited state, these differences are 0.012 A
and p-fluorotoluene. Vibrational frequencies (in harmonic and 0.7, respectively. Furthermore, there occurs a 0.007 A
approximation) in the ground as well as in the excited states shortening of the bond length between the methyl group and
are calculated by the CASSCF method using 6-31G* basis set.ring (C,—C>) in S; compared to & Obviously, there is steric
Ground-state normal-mode frequencies are also calculated byinteraction between the methyl group and the ortho hydrogen
the DFT method using the Becke3LYP functional with 6-311G**  atoms of the aromatic ring in the eclipsed geometry and which
basis set. All calculations are carried out using the G-98 suite js responsible for a finite torsional barrier. However, the

of progran?é

Ill. Results and Discussion
A. Quantum Chemistry Calculations. A.1. Molecular

important point of the theoretical prediction concerning the
present study is that such interactions do not affect the ring
geometry.

In Table 2, we have shown comparisons of a few selected

Geometry.The theoretically predicted geometrical parameters geometrical parameters pfVT with those of toluene ang-FT
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TABLE 2: Comparison of Selected Geometrical Parameters for the Eclipsed Conformation op-Vinyltoluene with Theose of
Toluene and p-Fluorotoluene Predicted by CASSCF/6-311G(d,p) Calculations in gand S, Electronic States

ground state excited state
geometrical p-vinyl toluene p-fluoro toluené toluene p-vinyl toluene p-fluoro toluené toluene
C—C (A) 1.401 1.386 1.392 1.443 1.419 1.432
Co—Cs3 (A) 1.392 1.392 1.397 1.430 1.434 1.432
Cs—C4 (A) 1.398 1.402 1.396 1.428 1.440 1.438
Ca—Cs (A) 1.398 1.396 1.402 1.430 1.441 1.437
Cs—Cs (A) 1.392 1.397 1.392 1.434 1.441 1.435
C1—Cs (A) 1.402 1.381 1.396 1.437 1.419 1.431
Cs—C7 (A) 1511 1.511 1.511 1.504 1.504 1.504
Hg"‘ngx&) 2.395 2.391 2.389 2.414 2.413 2.418
Cs+*Hs ( 2.642 2.637 2.638 2.654 2.650 2.655
Cr+-Hiz (A) 2.742 2.740 2.737 2.765 2.768 2.772
0C4—C7—Hg (degree) 111.2 111.2 111.3 111.4 111.5 111.4
0Cs—Cs—Cy (degree) 121.6 121.4 121.4 121.5 120.9 121.3
0Cs—C4—Cs (degree) 117.7 118.2 118.3 118.2 119.5 118.7
a Atom numbering is same as that piVT and toluene.
in the § as well as $states. The nonbonding distanceg-H predicted frequencies for other modes obtained by the two

His, Cs--Hg, and G---Hi3zin the ground state are a little longer theoretical methods (CASSCF and DFT) are found comparable.

in p-VT compared to those in the other two molecules. In the  vjsualization of the atom displacement vectors of the normal
excited state (§, these nonbonding distances are increased modes indicate that the one-to-one correlation between the
along with the C-C bond lengths of the aromatic ring. It is  ground and excited state vibrations are reasonably maintained
noteworthy that the largest increments of these parameters occufor the high-frequency €H stretching and in-plane ring modes,

in toluene and the least ip-VT. This would imply that, on  put the out-of-plane vibrations exhibit large alterations in mode
electronic excitation from o S;, the van der Waals interac-  characteristics. In the case of styrene, strong Duschinsky mixing
tions between the methyl group and phenyl ring are altered to was proposed for some modes, wherein a given excited state
the smallest extent ip-VT than in the two other molecules.  mode may correlate with several ground state modes, and the
Another important parameter concerning the van der Waals point has been discussed extensively by Hemley &t lal the
intercation is the €C bond length between the methyl group present case, to get theoretical predictions of such mode mixing,
and the phenyl ring. It is smaller im $ompared to § butthe  the excited-state normal modes are expanded on the basis of
changes are predicted to be the same in all three molecules. the ground-state modes (Table 4). The results show that the

A.2. Normal Vibrations in & and S. The vibrational excited states mode 51 €3 looks dominantly methyl torsion
frequencies (in harmonic approximation) and brief descriptions (Q''s1) type, mixed with a small fraction of vinyl torsion (@)).
of the normal modes for the staggered conformatiop-®fT However, Qso appears almost equal proportions dfsgand

calculated at the CASSCF/6-31G* level in both thea®d S Q" 49 (out-of-plane vinyl bending) with some contribution from
states are presented in Table 3. The vibrations are classifiedQ"s;. Likewise, the mode 49 (@) in S; is transformed to the
and numbered according to in-plane and out-of-plane atomic methyl torsion (Qs3), vinyl torsion (Q'sg), vinyl bending (Q 49
motions. Considering an approximate plaGasymmetry point and Q'4g), and out-of-plane plane ring puckering mode$ 4R
group, the in-plane and out-of-plane vibrations of the molecule The mode Qg is mostly similar to Q4g (out-of-plane bending
transform to aand & representations, respectively. A com- of vinyl and methyl group), but small contributions of the two
parison between the gas-phase IR absorption spe¢tranu out-of-plane ring puckering vibrations (@ and Q'47) are there
resolved fluorescence spectrum from tRée¥el of the S state along with the vinyl torsion (Qsg). Hollas et al predicted strong

of the jet-cooled molecules (presented below, Figure 5) indicates Duschinsky mixing between the vinyl torsion and vinyl bending
that the vibrational features are mutually exclusive in the two vibrations in the $surface of styren& The present theoretical
spectra. The IR spectrum shows transitions to vibrational levels study onp-VT predicts that goara methyl substitution expands
which are not accessible by electronic transition from the 0 the mixing space. The rotor mode induces mixing of many of
level of § and vice versaThe vibrational frequencies and IR the out-of-plane modes, and a such process can profoundly affect
transition intensities calculated at the DFT/B3LYP/6-311G** the dynamics of the molecule in the excited-state surf&a@be
level are in reasonable agreement with the observations. atomic displacement vectors of a few ring modes, which are

The CASSCF calculation predicts that the methyl and vinyl Predicted to undergo mixing with the methyl and vinyl torsions
torsional frequencies in the ground statgef T are 15and 12 and vinyl bending in the Sstate, are presented in Figure 2.
cm1, respectively. However, the experimentally measured B. Fluorescence Excitation Spectra.The laser-induced
frequency for the latter is 38 crh in vinylbenzene (styrene)  fluorescence excitation (FE) spectrum for G S excitation
and 36 cm in p-vinylfluorobenzene (4-fluorostyrenéj Thus, of p-VT measured in a supersonic free jet expansion of helium
the calculated frequency of this large amplitude mode seems tois presented in Figure 3. The spectrum shows a number of low-
be unreliable at this level. On the other hand, the frequenciesfrequency vibronic features (18, 33, and 53 ¢éjnnear the
predicted by the DFT method for the two modes are 21 and 72 origin. Hollas et al. assigned these bands to torsional excitations
cm™1, respectively. Therefore, we have designated the vinyl of the methyl group. To depict the effect afconjugation of
torsion as the mode number 50 (Table 3) and methyl torsion asthe p-vinyl group on vibronic activities of torsional transitions
the mode 51. One apparent reason for the large variations inin this spectrum, the features of the<S S spectrum of toluene
predicted frequencies for the vinyl torsion at different levels of measured by Hickman et #. are presented here for a
theoretical calculations is because of a highly flat-bottomed comparison in the stick spectral format (Figure 3b). The
potential energy curve for the mode in the ground state. The spectrum contains only one weak low-frequency band at 55
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TABLE 3: Normal Mode Vibrational Frequencies in the Sp and S, States along with Their Approximate Mode Descriptions
Calculated at the CASSCF/6-31G* Level

ground state (§

excited state (§

mode no. frequency (cm) brief description frequency (cm) brief description
1 3418 vinylvCH 3429 vinylvCH
2 3380 ring CH 3406 ringCH
3 3364 ringvCH 3384 ringvCH
4 3347 ringvCH 3370 ringvCH
5 3344 ringvCH 3366 ringvCH
6 3341 vinylvCH + ring vCH 3346 vinylvCH + ring vCH
7 3326 vinylvCH 3326 vinylvCH
8 3276 vCH in CHs 3270 vCH in CHs
9 3257 vCH in CHs 3244 vCH in CHs
10 3202 vCH in CHs 3190 vCH in CHs
11 1783 vinyl BCH+ vCC) + ring vCC 1847 ringgCC
12 1765 ring ¢CC + CH) 1710 ring {CC+SCH)
13 1708 ring ¢CC + SCH) 1687 vinyl ¢CC+SCH)
14 1670 ring CH+ ring a 1605 ring¢ CC+ACH)+vinyl SCH
15 1587 vinyl3CH(=CH; scissor) 1578 ringCH
16 1537 ring8CH 1552 vinylCH + aryl SCH
17 1459 ring3CH+ vinyl S(CH=CH,) 1442 ringCH
18 1426 vinyl3CH+ vinyl »CC 1413 ring8CH
19 1334 aryl CH+ aring 1364 vinyl ¢CC+p3CH)
20 1305 ary|5CH + ring vCC 1293 aryj3CH + aryl a(C—C—C)
21 1296 arylsCH 1276 ary|3CH
22 1269 ringvCC + ring deform 1254 aryBCH + v(C,—C,)
23 1188 ringgCC + ring SCH 1168 aryl3CH + CH bending in CH
24 1147 C-H bending in CH 1119 CH bending in CH
25 1131 vinyl3CH 1116 vinyl3CH + CH bending in CH
26 1103 ary|pCH + ring deform 1011 aryBCH + aryl fCC
27 1077 CH bend in CH 1008 aryl3CH + CH bending in CH
28 869 ring breathing 816 ring breathing
29 752 vinylg at G, + aryl-CH; bend 742 vC—CHgs+ vinyl SCH + aryl SCH
30 692 ringaC—C—C (6btype) 627 aryl _G-C—C (6btype)
31 563 vinylg at Ca. + o ring 551 vinyl5Cq
32 441 ringaC—C—C (datype) 409 ring deform (@type)
33 365 vinylf at C+ CHs; bending 353 vinypat C+ SCHs
34 221 vinylg at C1 219 vinylg at C1
35 1637 CH bending in CH 1639 CH bending in CH
36 1636 scissoring in CH 1633 scissoring in CHl
37 1569 CHinversion 1567 CHlinversion
38 1046 vinylyCH 1016 vinylyCH
39 987 arylyCH 786 vinyly-terminal CH
40 983 arylyCH 697 arylyCH
41 864 arylyCH 677 arylyCH
42 858 vinyly-terminal CH 667 arylyCH + vinyl CH, twist
43 850 arylyCH + vinyl yCH 593 arylyCH + vinyl yCH
44 759 ring puckering 576 aryiCH
45 652 ring puckering- vinyl yCH 508 ring pucker (4 typej vinyl yCH
46 486 yring (16b type)+ vinyl yCH 394 ring pucker (Btype)+ vinyl twist
47 431 y ring (1éatype) 292 ring pucker @type)
48 305 wvinyl T yCHs + ring puckering 244 winyl T yCHs + ring puckering
49 141 Wvinyl + YCHa 161 vinyl torsion
50 12 yvinyl 77 Yvinyl + VCH?»
51 15 CH torsion 57 CHtorsion

ay, stretching;a, in-plane ring angle beng, in-plane bendy, out-of-plane bend.

cm™%, and it was assigned ag'0— 3a’" transition of the methyl mode characteristics of the observed bands are discussed later.
rotor, and this is in contrast to the pronounced activities of the Here, to see to what extent these relatively higher frequency
torsional vibronic transitions in the former. The FE spectrum transitions bear the influence of the rotor, the FE spectrum of
of p-FT was measured and analyzed by Okuyama &t ahd an analogous molecule, but without a rotor grguinylfluoro-
Zhao et al?® and in both cases the vibronic transitions benzeneg-VFB), has been measured and presented (Figure 3c)
corresponding to the methyl rotor are very weak compared to for comparison. The spectrum is identical to the mass-selected
the electronic origin band. These comparisons indicate that REMPI spectrum of the molecule measured recently by Geor-
p-vinyl substitution of the toluene ring enhances the intensities giev et al?* A comparison between parts a and ¢ of Figure 3
of the vibronic bands of the methyl torsional mode. shows that, except the low-frequency features in the former,
The other vibronic bands beyond 214 chin this spectrum the band structures beyond 200 Thare quite similar in the
are likely to represent the modes involving the aromatic ring two spectra. This indicates that the higher frequency vibronic
and vinyl group. As mentioned before, only the in-plane modes bands in the FE spectrum pfVT originate primarily from the
of & symmetry and overtones and totally symmetric combina- vinylbenzene chromophore.
tions of the out-plane modes are expected to show up in the A notable characteristic of the FE spectral featurp-dT is
excitation spectrum from the zero-point level i $he actual that the low-frequency rotor progression does not build up
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TABLE 4: Excited State normal Modes in Terms of Ground State normal Modes of p-VT in Staggered Conformatiof

Simodes expansion ingdnodes
QY =0.993Q" —0.117 Q"
Q. =-0.117 Q" —0.988 Q"
Qs =0.991 Q"
Q4 =-0.951Q" +0.293 Q"
Qs =0.111Q"+0.137Q" —0.892 Q" + 0.402 Q" + 0.102 Q"
Q6 =-0.256Q—0.412Q—0.859Q +0.151 Q
Q7 =-0.160Q" —0.982 Q"
Qs =-0.999 Q"
Qo =0.994 Q" —0.110 Q"'
Q1o =-0.111 Q" — 0.994 Qo'
Qi =0.129 Q3" —0.139 Q¢' +0.101 Qg' — 0.355 Qg" +0.451 Qo' — 0.116 Q," + 0.479 Q7' — 0.532 Q5" + 0.290 Q;"
Q17 =0.383Q;" — 0.919Q,"
Qi3 =-0.810Q,' —0.352 Q;' — 0.115 Q3" + 0.275Q4"' + 0.282Qs"' — 0.113 Q¢' — 0.139 Qg¢"
Qud =0.146Q;" — 0.732 Q3" — 0.230 Q4" + 0.298Qs" + 0.104Qs" + 0.519Q5"
Qs =0.177 Q" —0.261 Q3+ 0.844 Q' — 0.324 Q5" + 0.102 Q¢' — 0.120 Q¢' + 0.135 Q5" — 0.142 Q7'
Q16 =0.226 Q;" +0.105 Q7" +0.276 Q3" + 0.312 Q4" + 0.795 Q5" — 0.247 Q7' + 0.219Qg"
17 =-0.173 Q5" — 0.867 Q¢' — 0.371' Q;7' +0.246 Q3"
18 =-0.133 Q3" +0.266 Q¢' — 0.762 Q7' — 0.547 Qg' — 0.123 Q3"
Qi =0.241 Q" +0.165Qs" — 0.244 Q6" +0.436 Q7' — 0.723 Qg' — 0.317 Q¢' — 0.142 Q"
Q0 =-0.126 Q' — 0.115Q4' +0.221 Q¢' — 0.816 Q9" — 0.439 Qy"' — 0.169 Q¢"'
Qa1 =0.108 Qg" +0.329 Q¢' — 0.801 Q;' — 0.461 Q"
Q2 =0.129Qg" —0.183 Q¢"' + 0.617 Qo' + 0.571Q " — 0.445 Q"
Qo3 =0.120 Q¢ — 0.147 Q¢' + 0.290 Qo' + 0.544 Q," + 0.541 Q3" — 0.127 Q5" —0.507 Q7'
Qo =0.925 Q4" +0.354 Q5"
Qa5 =-0.351 Q4" +0.907 Qs' — 0.160 Q¢" — 0.105 Q7"
Qa6 =-0.127 Q4" — 0.106 Q¢ + 0.183 Q3" + 0.138 Q5" + 0.916 Q¢ + 0.220 Q7'
o7 =-0.191 Q6" — 0.528 Q5" + 0.293Q¢" — 0.754 Q7'
o8 = —0.989 Qg"
ng’ =0.483 Qg” + 0.865 Q4”
30 =0.991Q," + 0.118Q"
Qs =-0.136 Q¢' +0.981 Q,"
Q32 =0.117 Q" +0.962 Q;' + 0.207 Q¢"
Qa3 =0.994 Q3"
Qs4 =—0.999 Q'
Qas' =—0.509 Q3'+ 0.152 Q5" — 0.832 Q5"
Qs =-0.999 Q¢"
Q3" =-0.138 Q4" —0.988 Q7'
28 =0.986 Qg"’
39 =-0.114 Q,' — 0.890 Q' + 0.435 Q3"
40 =0.174 Qo' — 0.401 Q¢' — 0.857 Qo' + 0.209Q;,"
Qa1 =0.127 Q9" +0.839 Q¢' — 0.383 Qo' — 0.244 Q;" — 0.110 Q;' — 0.229 Q3"
42 =0.414 Q¢' + 0.109 Q¢' — 0.357 Q" + 0.349Q;," + 0.535Q3" — 0.258 Q4" + 0.444Q5"
43 =0.406Q¢" +0.179 Q¢' + 0.248 Qo' +0.702 Q' — 0.141 Q2" — 0.171 Q3" — 0.205 Q4" — 0.372 Q5"
Qud =0.208 Q9""-0.308 Qo "'+ 0.179 Qo "'- 0.500 Q;""- 0.218 Q,""-0.65 Q3"+ 0.270 Q5"
Qus' =0.574 Qy""-0.326 Q4"'- 0.732 Q5"
Qué' =0.207 Q,""+0.122 Qs5'- 0.945 Q¢'-0.115 Q7'- 0.130 Qg"
Q47 =0.139 Q¢"'- 0.960 Q7'- 0.161 Qg"
Qug =—0.129 Q¢"'- 0.215 Q7'+ 0.944 Qg"- 0.139 Qy"
Quo' =-0.111 Q7/'- 0.204 Qg"- 0.760 Q¢' — 0.562 Qo' — 0.213 Q"
Qso' =—0.610Qy'+ 0.732 Qo'+ 0.282 Q"
Qs1' =0.360 Qo' —0.932 Q,"

aOnly terms with coefficients greater than 0.10 are shown.

prominently on any vibronic band other than the electronic with these large amplitude modes do not show up in the FE
origin. This behavior is in contrast to the spectral feature of a spectrum (Figure 3a) with sufficient Franeondon intensity.

partly similar systemp-aminotoluene, studied by Yan and

C. Dispersed Fluorescence SpectraC.l. Fluorescence

Spangler about a decade ago. In this case, the rotor motionspectrum of the JBand. The resolved fluorescence spectrum

efficiently couples with the amine inversidms a result, the

following excitation of the @band of p-VT is presented in

overtone of the amine inversion appears as a multiplet band infFigure 4. Vibronic assignments are suggested with the aid of

the § — S excitation spectrum. In the present system, in
addition to the methyl torsion, the other two large amplitude
vibrations are phenyl-vinyl torsion and vinyl bending. Hollas
et al. estimated that the excited statg) (Bequencies of the
latter two modes in styrene are 186 and 99 &/l respectively.
However, the vibronic signatures of the coupling of the rotor

ground-state harmonic vibrational frequencies of the normal
modes predicted by the DFT and CASSCF calculations. The
assignments are presented in Table 5. It is seen that the Franck
Condon active major vibronic features in the spectrum cor-
respond only to the in-plane modes. The spectrum also shows
the overtones and totally symmetric combinations of a few out-
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Mode-49, Frequency-141cm™
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Mode-48, Frequency-305 cm'’
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Figure 2. Atom displacement vectors of the normal mode numbers 49, 48, 47, andpd@Dtalculated at the CASSCF/6-31G* level of theory.
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Figure 3. LIF excitation spectra of (ap-VT, (b) T (stick spectral
representation) reproduced from ref 25, and6JFB.

of-plane vibrations. However, in general, their intensities are
relatively weaker except for those of the low-frequency bands
near the origin at 18, 53, 84, and 173 tinThe first two of
this low-frequency series belong to the methyl torsional progres-
sion and they can be assigned as {5apd (51§%. The band

at 84 cnt! can be assigned to the overtone of the phenyl-vinyl
torsion (503 and the 173 cmt band to the combination of
(50)] and the out-of-plane bending of the vinyl group %9
case ofp-VFB these two transitions appear at 82 and 178%m
respectively.

The validity of approximateCs point group symmetry
representation of the molecule is justified observing the mutually
exclusive vibronic spectral characteristics in the emission
spectrum of the §Sorigin band and the vibrational band
structures in the gas-phase IR absorption spectfiuAmgure 5

vibration (mode 43) and out-of-plane vinyl-G vibrations
(mode 41). The DFT predicted frequencies for the latter two
modes are 826 and 895 cip respectively. The assignments
are justified on the basis of their predicted IR intensities.

A notable feature of the fluorescence spectrum is that the
low-frequency bands (18 and 84 ch), which have been
assigned to methyl torsion and phenyl-vinyl torsion, appear
repeatedly as combinations with all the major vibronic bands
through out the spectrum. However, as pointed out before, such
transitions are absent in the excitation spectrum. This asymmetry
indicates that these modes could be mixed with other modes in
the excited state as predicted in our theoretical calculation. To
verify this possibility we have measured the fluorescence spectra
following SVL excitations of all the major vibronic bands, and
the results are presented below.

C.2. Fluorescence Spectra of the Vibronic Barfgigure 6
shows the dispersed fluorescence spectra recorded following
excitations of the -+ 214 and § + 235 cm? bands. In the
first case (Figure 6b), the emission spectrum shows very regular
behavior. The first strong band at 209 chdisplacement from
the excitation frequency corresponds to the fundamental of the
in-plane bending of the vinyl group inpSand the transition is
assigned as (3%1)AII of the other bands in the spectrum can be
assigned by adding 209 crhto the vibronic frequencies of the
emission spectrum of the) ®and. Therefore, P+ 214 cnt!
band in the FE spectrum can be assigned a% tBdnsition.

In contrast, the emission spectrum of thg-B 235 cni?
band (Figure 6c¢) is quite atypical. The most intense band in
the spectrum at 267 cmh displacement from the excitation
position behaves as sequence origin. The built up of the
0O%-excited emission spectral structure on it has been denoted
by dotted lines. In Figure 6a g{bxcited emission spectrum),
the 267 cm! band appears very weakly and it has been
assigned as the overtone of the out-of-plane vinyl bending,
(49)) (Table 5). Therefore, the band &} & 235 cm? in the
FE spectrum can be assigned as 3.49)-)owever, there are
distinct cross-sequence bands in Figure 6¢ at 84, 136, and 190

shows such a comparison in the spectral range of 650 to 1900CcM " displacements. These three bands can be assigned as

cmL. The frequencies and relative intensities of the IR bands

Oal
alr

(49)(50), (49%(50)%(51)%%;, and (49§(50)(51)¢ transitions,

are presented here in stick spectral format. In the emissionrespectively. Such spectral features clearly show that on

spectrum, the intense band at 822¢morresponds to the in-

electronic excitation the methyl torsion (51) and vinyl torsion

plane ring breathing mode. On the other hand, the adjacent band¢50) modes undergo mixing with vinyl bending (49) mode and

in the IR absorption spectrum at 829 and 902 ¢wworrespond
to the fundamental transitions of the out-of-plane ringHC

these observations are nicely corroborated with the predictions
of the theoretical calculations presented in Table 3.
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Figure 4. Resolved fluorescence spectrumpps¥T recorded following excitation of the;S— S electronic origin band @)

Figure 7a-d shows the SVL fluorescence spectra measured the excitation energy in this case is relatively high%r—(OSO?
following excitations of the D+ 335, @ + 417, § + 450, and cm1), the pattern of the atomic motions of the mode remain
05 + 507 cnr! bands. In Figure 7a, the emission band at 350 undistorted on electronic excitation, and the same has been
cm~1 can be recognized as the sequence origin band, and onpredicted also for a few other cases by the theoretical calculation.
the basis of the assignment of a band at the same frequency in  Figure 8 shows the general features of the evolution of the
the emission spectrum of thd Band (Table 5), we assign the fluorescence spectra of the molecule as a function of excess
sequence origin here as (é@l)é transition. In addition, there  vibronic excitation energy. Sharp vibronic structures in the
are distinct cross-sequence bands at 84, 136, 173, 190, 330fluorescence spectra are observed for excitations ug t¢ 0
and 535 cm?, and all of these bands show up weakly in the 507 cnt?! band. On the other hand, only broad and featureless
emission spectrum of the electronic origin ban(@).(OI’he emission spectra are observed for vibronic excitation energies
appearance of the cross-sequence band at 535isrmterest- beyond 1200 cm!. In the intermediate range of vibronic
ing. In the $ surface, the frequency corresponds to the excitations, e.g.,3)+ 772 and @Jr 796 cm~1, sharp spectral
combination of the vinyl torsion with the out-of-plane ring features are observed over broad emission profiles. The broad
puckering (46)50), (Table 5). Therefore, the cross-sequence features are an indication of intramolecular vibrational redis-
transition at this frequency clearly demonstrates that electronic tribution (IVR) in the excited state. To find the role of the methyl
excitation leads to mixing of the methyl and vinyl torsions with  torsion in the IVR process depicted here, the vibronic energy
the out-of-plane ring puckering motion. dependent emission spectra@¥VFB, which does not have a

On the other hand, the features of the emission spectrum ofrotor group, have been measured and presented in the figure
the Cg + 417 cnr! band (Figure 7b) are such that no specific for comparison. The latter molecule exhibits only sharp emission
band can be assigned as a sequence origin. This implies thaspectra following excitations in the vibronic energy range
the 417 cmi! band in the FE spectrum is the effect of extensive considered here.
mixing of many of the ground-state vibrations. The two D. Role of the Vinyl Group in S; Dynamics of p-VT. To
prominent bands at 695 and 800 ch{Figure 7b) correspond  understand the role of thp-vinyl group in excess vibronic
to the (303(51)%%; and (473 transitions of the Pexcited energy dependent emission spectral behavior of the molecule
emission spectrum. IngSthe mode 30 corresponds to the in-  presented here, it is instructive to compare the emission spectral
plane ring distortion of frequency 644 ct and the mode 47  features of toluene for different vibronic excitations of similar
corresponds to the out-of-plane ring puckering vibration. Thus, excess energies. The resolved emission spectra of the latter in
the cross-sequence bands at 695 and 800'd¢mFigure 7b a supersonic free jet expansion following excitations of the
imply that in the excited state the in-plane and out-of-plane 6k, 12, and 183 bands, which are, respectively at 530, 933,
modes undergo partial mixing involving the methyl torsion. and 965 cm? above $ electronic origin, were measured earlier
Likewise, the emission spectrum measured following excitation by Hopkins et afé In all three cases, the emission spectra display
of the @ + 450 cnt® band (Figure 7c) exhibits extensive only regular features of SVL excitations, and no unusual
cross-sequence transitions. Here, the first band at 585 cm characteristics of the excited-state level mixing are displayed
correspond to the overtone of the ring puckering transition in the emission spectra. More recently, Hickman et al. have
(48)(2’ in the § surface (Table 5). Appearance of this transition measured the DF spectra following excitations of all of the
along with those of the 695 and 800 chbands in this emission  vibronic bands in the energy range of 0500 cnt!in S, and
spectrum further indicate the signature of mixing of the in-plane the gross observations are similar to those of Hopkins et al.
and out-of-plane modes involving the methyl torsion. However, excitations of a few weaker bands of vibronic energy

In contrast, the spectral features in Figure 7d are quite regular.more than 1000 cri result in emission spectra containing sharp
The sequence band at 525 chin this spectrum corresponds  structures over small backgrounds, which start at displacements
to the fundamental of an in-plane ring bending mode. Although of ~1000 cnt? from the excitation frequencies. Thus, it appears
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TABLE 5: Vibronic Frequencies and Their Assignments in
the Resolved Fluorescence Spectrum @fFVT Measured by

Exciting the 03 Band?

observed calc. $freq. calc. S freq.
freq. relative (fundam.) (fundam.)
(cm™) intensity assignment DFTe CASSCH
® 100 0}
18 15 (51 12 20 14
53 11 (51 Ogi
84 15 (50)2 70 11
103 2 (50)(51)¢
136 1 (505(51)
173 7 (49Y(50) 146 132
190 1 (49))(50)(51)
209 05 (34) 211 207
267 1 (49)
330 2 (33)
350 0.8 (490(50) 340 343
414 10 (328
434 15  (320(51) 414 414
467 08 (3201
503 2 (32)%(50)
525 25 (31) 525 529
535 25 (46)(50)
585 1 48) 298 287
644 22 (30)(1’ 643 650
663 3 (30)(51).8
695 0.8 (301(51)a
727 3 (30)%(50)
800 2 (47)2 410 405
822 44 (28)(1) 818 817
842 6 (28)(51)¢
875 3 (28)(51)%a
910 6 (28))(50),
997 3 (28),(49)i(50)
1032 6 (26)2 1014 1037
1039 4 (25)? 1036 1063
1057 2 (24)? 1043 1078
1182 8 (23)? 1123 1116
1206 41 (22)‘2 1207 1193
1216 6 (21)? 1186 1218
1224 7 (22)?(51 1:
1236 4 (20)? 1296 1227
1258 3 (2245150
1272 2 (19)8 1216 1254
1289 6 (22)2(50)3
1322 5 (18)2, (17)2 1313,1329 1340, 1371
1407 55 (16)(1) 1412 1445
1465 9 (22))30)
1576 5 (13)‘3 1580 1605
1616 1 (12)‘1) 1625 1659
1628 6 (22)32)
1640 17 (32)‘2)
1646 13 (11)‘1) 1654 1676
1848 10 (12)%30y
2029 13 (12)%28)
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Figure 5. Comparison between the resolved fluorescence spectrum
of the (8 band and the gas-phase IR absorption spectrum (stick
spectral format) op-VT. The latter has been reproduced from the ref
32.
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Figure 6. Resolved fluorescence spectra following SVL excitations
of the (b) § + 214 and (c) § + 235 cnit bands ofp-VT. The

emission spectrum of the (ag band is again presented here to make
a comparison.

Recently Borst et a2 have proposed a mechanism to explain
the IVR acceleration by the methyl group in the excited state.
Analyzing the rotationally resolved electronic spectra of toluene,
the authors suggested that, below the torsional energy barrier,
the methyl group executes a precessional motion as it moves
along the torsional coordinate. Vibronic excitations beyond the

2Ground-state frequencies calculated by the DFT and CASSCF torsional barrier quench the precessional motion, but the ring

theories corresponding to the observed fundamentals are presented fOUndergoes larger distortions with internal rotation of the methy!
comparison® Relative to the — S origin transition at 34 297 cni.

¢6-311G** basis set was used. A uniform scaling factor of 0.98 has
been used! 6-31G** basis set was used. A uniform scaling factor of
0.94 has been used.

group. This feature of the internal rotational motion in the

excited state was suggested as a facile route to IVR. The
conclusions of the authors are consistent with the earlier
suggestions that level mixing ip-FT might be related to

that the dramatically different excess vibronic energy dependentexcitations of the higher internal rotational levéfs.

fluorescence spectral behavior VT shown in Figure 8 is

promoted by the para vinyl group.

Hollas et al. estimated the methyl torsion potential parameters
of p-VT in the § and S states by analyzing the low-frequency
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Figure 8. Comparison of the dispersed fluorescence spectra of p-VT
and p-VFB in a supersonic jet expansion following excitations of
different vibronic bands of comparable energies. All the spectra are
recorded at a spectral resolution of 7 @mExcitation positions are
denoted by inverted arrows.

vibronic band structures in the fluorescence excitation and
resolved emission spectra of thg iBand3” The measured/s

values are—17 + 1 and —17 = 5 cmm! in & and S,
respectively. In both of the electronic states, the orientation of
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According to these data, the excited-state torsional barrier of
p-VT is almost half of those estimated for toluen¥s'(=
—26.376 cn11)13 and p-fluorotoluene Y¢' = —33.00 cnr?).28
Therefore, it appears that the para vinyl substitution facilitates
the torsional motion of methyl group, and it could be an
important contributing factor to the dynamics of the molecule
in the excited state. Because of the lower barrier, the rotor mode
can easily be excited to the levels beyond the barrier height
through intramolecular vibrational energy transfer from the other
excited modes, and according to the model of Borst et al. this
may cause larger distortions of the aromatic ring and facilitate
the IVR.

The dispersed fluorescence spectral data that we have
presented in this study have revealed clearly that the torsional
motion of the vinyl group promotes Duschinsky mixing in S
involving both the methyl torsion and ring modes. In a number
of recent investigations, it has been proposed that such
vibrational mode mixing in the excited electronic states can
profoundly affect the nonradiative relaxation ratésThe
comparisons of the dispersed fluorescence spectral patterns
following SVL excitations ofp-VT and p-VFB, as presented
in Figure 8, reveal that, although the FrardBondon active
vibronic band structures in their FE spectra look similar (Figure
3), the descriptions of their excited-state vibrations in terms of
atomic displacements must be very different. Likewise, the
background levels to which the excitation energy from the
Franck-Condon levels flow are also likely to be different in
the two molecules, and the rotor mode of the methyl group could
play a crucial role in determining the characteristics of the
background levels. Abel and co-work¥r&embraced a similar
model to interpret their observations in real-time probing of the
rotor-induced IVR in toluene in the ground electronic state.
Following femtosecond excitation around the two quanta region
of the C—H stretch vibration (1.7:im) of benzene and toluene
vapors, a characteristic rise, which has a faster and a slower
components, was identified in the transient UV absorptions and
that was interpreted as due to IVR in two steps. The IVR
acceleration by the methyl group was manifested in slower
component, which for toluene was—56 times faster than
benzene.

A hyperconjugation model was invoked by Yan and Spangler
to explain the spectral features of coupling of the methyl torsion
with the amine inversion irp-aminotoluene §-AT).” In the
excited state, the amino group is relatively coplanar with the
aromatic ring, and the lone pair electrons of the former are
shared with the aromatie system. As a result, the inversion
of the amine group can induce oscillation in the aromatic
electrons. It was proposed that the charge oscillation in the ring
can be propagated to the methyl group through hyperconjuga-
tion. In the present system, the vinyl group is coplanar with the
aromatic ring in both of the electronic states. In the excited state,
the vinyl s electrons are shared with the aromatic ring and this
is reflected in enhanced torsional frequency of the group
compared to that in the ground state. Therefore, in principle,
such sharing of electrons between the vinyl and phenyl groups
can be extended to the methyl group through hyperconjugation.
However, unlikep-AT, direct spectral signatures of coupling
of the rotor motion with other modes involving the vinyl torsion
are not directly manifested in the FE spectrunpefT. Thus,
the coupled levels are FranelkCondon inactive. Our DF spectral
data reveals that such states can be reached through the
mechanism of mode mixing.

the methyl group is suggested to be staggered with respect to

the plane of the aromatic ring and which are consistent with
the predictions of the theoretical results presented in this work.
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