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Vibronic spectroscopy and intramolecular vibrational relaxation studies were carried out on jet-cooled
hydroquinone p-methoxyphenol, ang-ethoxyphenol using laser-induced fluorescence measurements. The
cis and trans isomeric forms of all three compounds exist even under jet-cooled conditions. Hole-burning

spectroscopy was used to separate the transitions due to each of them. Vibrational assignments were made
with the help of dispersed fluorescence spectra after single vibronic excitations. The fluorescence spectra

were also used to deduce the onset of mode mixing, a precursor to IVR. The IVR onset in the case of
hydroquinone was quite high, i.e., 1650 ¢hnand it decreased substantiallyprmethoxyphenol. It did not
decrease any further fprethoxyphenol. One of the objectives of this study was to compare the IVR behavior
in this series to that ip-alkoxyanilines, or more specifically, to compare the effect of the presence of an
—OH group vs an—NH; group in the para position on IVR.

1. Introduction that this coupling could affect the rates of IVR in these
molecules’” IVR studies on compounds with weak coupling
etween the ring-based vibrational modes and the torsions of
he alkyl chain are very sparse.

In para-substituted benzenes with substituents carrying a lone
Bair of electrons (X the out-of-plane “p” orbital has antibonding
and nonbonding contributions to the HOMO and the LUMO,
respectively. Electronic excitation thus leads to a stiffening of
the G-X bond, giving more quinoidal character to the molecule.
This raises the €X torsional barrier and reduces the coupling
between the ring modes and the vibrational modes of the alkyl
chain. The onset of IVR in such systems is expected to be at
relatively higher energies than that in other systems. Earlier,
we reported IVR studies gm-alkoxyanilines?®28-29The results
for p-aminophenol were encouraging in this regard, and the onset
of IVR was observed at much higher energies than in the case
of molecules with comparable density of states but lesser
quinoidal charactett When the phenolic hydrogen was replaced
with an alkyl group to increase the density of states, the result
was a dramatic reduction in the quinoidal character, and the
observed onset of IVR became nearly comparable with that of

Developing an understanding of the dynamics of intramo-
lecular processes in isolated gaseous molecules is one of th
important issues in the field of chemical physics. Intramolecular
vibrational redistribution (IVR) plays a pivotal role in this
regard. Recent advances in experiment and theory have achieve
some success in the understanding and control of IVR dynamics
in relatively small system’:> However, dynamics of IVR are
substantially elusive in polyatomics. The ultimate goal in this
regard has been understanding the IVR dynamics and formulat-
ing propensity rules to control it at chemically significant
energies. IVR studies on various alkyl-chain-substituted ben-
zenes (termed “ring-tail” compounds), viz., alkylbenzefiés,
p-alkylanilines? phenoxyalkane¥ phenylalkyned! and p-
alkylphenols!? have led to the conclusion that the energy flow
is from the ring (benzene ring) to the tail (alkyl chain). The
increase in the rate of IVR with alkyl-chain length was attributed
to an increase in the density of states with alkyl chain.
Theoretical studies by Gruner and BruAfesn alkylbenzenes
have shown that the ring-based vibrational modes and the

torsional vibrations of the alkyl chain are strongly coupled. ) . ;
Various groups have investigated IVR in various substituted the other alkyl'S.UbSt'tUted benzene denvat_Riie@.‘l’ hls_suggests
that the phenolic group could be the major contributor to the

benzenes with the aim of understanding the effect of substituents™ ™ ™. X . . S
and symmetry on IVR4-24 These studies only ascertained the qummdgl character. In view .of this, IVR investigations on a
fact that the density of states influences IVR. The onset of IVR new series of _corr_]pounds, vm—,alkoxyphenols,_ were under-
in most cases was found to be around 800 twr less, with taken. Th_e o_bject|ve was to keep the_ phenolic group on the
the exceptions of-difiuorobenzenéd4-16 p-aminophenof® and benzene ring intact and to vary the densn_y of states by increasing
p-dimethoxybenzené In all of the substituted benzenes that th? a{Eyl-cham length of trtweORtgroup n thedplzi/rg pi)s(ljt]on.
have been investigated so far, the alkyl chain was attached toh O? IS paper, w?hreporh spelc roscotﬂlc anh | tshu f!est on
the benzene ring with a single bond with very little barrier for ﬁ’ roqumort;ep-mef r(])xyplkeno ,hanp-le OoXyp Enoﬁ ? |hrs
rotation. These systems presumably have strong Coriolis three me(rjn ers of the-a oxyz eno serles.f ac C')I'ht ese
coupling between the ring and the rotor levels, which leads to tcompoun s%texsts n ga'.‘shag cls |somerr]|c or{ns.d %spec-
fast IVR. In the case gp-methylaniline, the coupling between roscct)pé/pof)ssr%nts tﬁn C'ﬁ Y ro?ult;]one as areaty etehn
the —NH. inversion and the-CHj rotor levels in the excited reported; u (:]re as n:) eer;l anyhrepcl)rH on the
state was probed spectroscopically, and the results suggesteﬁPeCtr.OSCOpy op-methoxyphenol ang-ethoxyphenol. ence,
vibronic spectroscopy was performed to characterize their
* Author to whom correspondence should be addressed. E-mail: sanwat@ ViPrational levels in the excited state. Spectral features of the
tifr.res.in. Fax: +91-22-2152110. dispersed fluorescence spectra were used to infer IVR.
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There have been numerous reports in the literature on isomer-
dependent IVR:?6:2934|n almost all of the cases in which a
isomer-dependent IVR has been reported, the isomers are the
consequence of the various conformations of the alkyl chain
attached to the benzene ring. In these systems, the changes in
the potential along various ring-based vibrational modes are very
small, and the effect is mainly due to the long-range interactions
of the alkyl chain with benzene ring. In the present series, each
compound exists as trans and cis isomers, which may have
different potentials for various ring-based modes. Because the o
density of states is expected to be almost identical for both the
isomers, it would be possible to study the effect of the electronic —
structure (potential) on IVR. The differences in the electronic *g
structures or lack of it can be probed using vibronic spectros-
copy. Subsequently, any observed differences in the IVR
behavior could be attributed to the differences in the electronic
structures of the respective isomer, as observed in the case of-é
p-dimethoxybenzené §

2. Experimental Section

The details of the experimental setup have been reported
elsewheré>35 Briefly, the experiments were carried out using
a 100#m-diameter pulsed nozzle driven by a pulsed valve driver
(General Valve Corporation; IOTA ONE; 7Q-solenoid coil)
and 10 atm stagnation pressure of He buffer gas. The chamber
pressure during the experiments was abowt 207> Torr. The l Ll L
reagents were heated to generate enough vapor pressure in the ANARNT ol
jet to record spectra with a good signal-to-noise ratio. £Nd
YAG (Quantel YG 781C) pumped dye laser (Molectron DL-
18P; R596-R610 dye; wavelength regios 2760-2980 A)
was the excitation source for the excitation spectra and the Energy /Clﬁl
dispersed fluorescence spectra. The line width of the dye laser _ o )

Figure 1. Fluorescence excitation of (a) hydroquinone, ()

~ 1 i i
was~0.3 e, and the typical pulse energies used V\EEQM‘] . methoxyphenol, and (g-ethoxyphenol plotted with respect to the band
The total fluorescence was detected by a PMT/filter combination origins of their trans isomer at 33508, 33573, and 33 557cm

(1P28; WG-320/305) for recording the excitation spectra. The respectively. The spectra were normalized with respect to laser power.
dispersed fluorescence was monitored using a monochromator

(ARC-VM505; 0.5 m) and PMT (Hamamatsu R-943). The  Traces b and c of Figure 1 depict the fluorescence excitation
typical resolution in the dispersed fluorescence spectra was 10 spectra ofp-methoxyphenol ang-ethoxyphenol, respectively.

15 cntl. Signal was digitized and averaged using a digital The two intense peaks on the red side in each spectrum were
storage oscilloscope (Lecroy 9450A). Vibronic spectroscopy of assigned as the band origins of the two isomers. Of the two
the individual isomers was accomplished using hole-burning band origin transitions, the lower- energy transition was assigned
spectroscopy. The total fluorescence from the band origin to the trans isomer by analogy with hydroquin&& and
excitation of one of the isomers was probed using a delayed p-dimethoxybenzen# The separations between the trans and
probe pulse (Quantel TDL-70+20 uJ), and a pump laser cis band origins were 106 and 103 chin p-methoxyphenol
(Molectron DL-18P;~500 «J) scanned the entire wavelength and p-ethoxyphenol, respectively. Hole-burning spectroscopy
range of the excitation spectrum. Hydroquinompemethox- was carried out to separate the transitions belonging to individual
yphenol, andp-ethoxyphenol were obtained from S. D. Fine isomers in each of the excitation spectra. Tables 2 and 3 list
Chemicals and were used as obtained. Helium was taken fromrelative intensities and assignments of observed transitions in

ol

!
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commercial tanks without further purification. the excitation spectra gfmethoxyphenol ang-ethoxyphenol,
respectively. The assignments were carried out with the help
3. Results of the dispersed fluorescence spectra. In both cases, the rela-

tive intensities and frequencies of various observed vibrational

Fluorescence Excitation SpectraFluorescence excitation  modes were similar for the two isomers, as in the case of hydro-
spectra and vibronic assignments of trans and cis isomers ofquinone.
hydroquinone have been reported eadfeFor the sake of It is apparent from Figure 1 that spectral characteristics change
comparison, the excitation spectrum is shown in Figure 1a, andfrom hydroquinone t@-ethoxyphenol. The number of allowed
Table 1 lists all of the observed transitions and their assignmentstransitions increases as a result of the reduction in symmetry
in the S state. It can be seen from Table 1 that the energies of due to substitution of bulky alkyl groups off th& axis. The
various vibrational modes for both of the isomers are within a Franck-Condon activity also changes from hydroquinone to
few wavenumbers of each other. The excitation spectrum p-ethoxyphenol. The length of the progression in mode 6a is
comprises transitions involving primarily three totally symmetric reduced down the series of molecules, and the intensity of the
modes, viz., 6a, 1, and 7a. A progression in mode 6a up to band origins is significantly higher relative to that of the rest
= 3 was observed on the band origin as well as on thant of the transitions in the cases @fmethoxyphenol and-
7a transitions. ethoxyphenol.
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TABLE 1: Observed Vibrational Transitions and Their TABLE 2: Observed Vibrational Transitions and Their
Assignments in the $ State of Hydroquinone? Assignments in the $ State of p-MethoxyphenoF
Av (cm™?) Av (cm™?) Av (cm™?) Av (cm™?)
tran® rel. int. cis® rel. int. assignment tran® rel. int. cis rel. int. assignment
0 100 0 100 (03 0 100 0 100 og
357 15 353 13 16% 241 12 153
441 62 440 49 6% 285 7
788 6 781 5 - 310 6
822 40 828 37 1 357 11 327 16 164
836 16 834 6 gbg 393 15 385 14 gbé
857 20 858 17 16tﬁ 410 34 407 39 65%
876 30 877 21 64 477 5 13
946 7 944 5 — 506 33 495 37 106
1250 35 1254 56 6a 1% 579 13 6l
1263 1272 - 718 5 16%‘
1286 53 1295 42 73@ 761 4 16% Gaé
1322 18 63 806 11
1639 14 1653 15 12 822 12 6d
1649 11 gbg 1(1) 813 31 6&@ & 1(1)
1670 12 ok 829 42 1t
1683 14 12161 829 16 10gX;
1717 25 1719 20 Gaé 7aé 853 16 847 16 10%
2071 14 - 908 15 63108
2107 32 2107 23 1575 1221 10 1194 18 91
2153 10 64 74, 1217 9 64 15
2554 17 2565 17 63@ 1(1) 73% 1285 14 6(% gbé 10%
aThe relative intensities of the trans and the cis band origin 1298 22 1299 16 73%
transitions were 1 and 0.95, respectivélAr with respect to the band 1319 16 14
origin at 33 508 _cml. CAv_ With respect to the band origin at 33 540 1345 5 1313 5 10112) 1[1)
cm L. 4 Overlapping transitions. 1628 16
) ) 1653 12 1619 9 12
Dispersed Fluorescence Spectrahe dispersed fluorescence 1692 7 1638 10 1 164 108

(DF) spectra were recorded for most of the transitions observed 1655 6 1168
in the excitation spectra for all three molecules. These spectra 0
provide information about the extent of vibrational-state mixing ~ 2 The relative intensities of the trans and the cis band origin tran-
in the excited state and aid the vibrational assignments in thesitions were 1 and 0.86, respectivelyAv with respect to the band
S and $ states. For a given vibrational mode, the = 0 origin at 33 573 ¢, © Av with respect to the band origin at 33 679
O . . cm™L. 4 Overlapping transitions’.In addition, it is mixed with some
transition in the DF spectrum is usually the strongest transition, ji.or state.
and it also acts as a pseudo-origin for the rest of the spectrum
when the potentials in thepSand S states are similar. In  be assigned to the initially excited state, a considerable amount
addition, when the potentials are relatively shifted, because of of spectral congestion to the red side of the band origin is also
a change in the equilibrium geometry, a progression is observed.evident. The next two traces, viz., 3e and 3f, show the DF
Figure 2 shows the DF spectra following band-origin excita- spectra of the 1717 cr (6a; 74 and the 2107 cmi (13 7a)
tion of the trans and the cis isomers of all three molecules. The excitations. The spectral congestion increases progressively with
DF spectra of the isomers are remarkably similar in each case,energy, and for the latter excitation, the spectrum is completely
with no apparent change in the frequencies or the Franck devoid of any discrete transitions, with very little intensity in
Condon activity in various observed vibrational modes. Fur- the resonance transition. The 1717 <dmexcitation is a
thermore, just as in the case of the excitation spectra, thecombination band of §@a, and the observed intensity distri-
characteristics of the DF spectra also change down the seriesbution pattern of various discrete bands reflects just that. The
Table 4 summarizes the vibronic assignments for both of the DF spectra of corresponding excitations a$-hydroquinone
isomers of all three molecules. are almost identical to those of their trans counterparts in all
Figure 3 shows the DF spectra of various vibronic excitations respects, including the onset and extent of IVR.
of transhydroquinone. Traces a and b of Figure 3 depict the  Figure 4 shows the DF spectra of various vibronic excitations
DF spectra of the %aand 6% excitations, respectively. The of transmethoxyphenol. Figure 4a shows the DF spectrum of
salient features were a long progression up’te= 6 in mode the 241 cm? (15(1)) excitation. The intense transition at 243
6a that had a bimodal FranelCondon intensity distribution ~ ¢m™ that acts as a pseudo-origin gives the corresponding
with a minimum atAv = 0. The DF spectrum of the 331286 ground-state frequency. The DF spectrum of the 357qh6
cm1) excitation is presented in Figure 3c. This spectrum is &) excitation (Figure 4b) shows the most intense transition at
very similar to the band-origin DF spectrum (Figure 3a), except 825 cnt?, corresponding to the 18#ransition. In addition to
that the 7étransition is stronger and acts as a pseudo-origin. this, two strong transitions are observed at 560 and 662 cm
Figure 3d is the DF spectrum of thé 639 cn1l) excitation. on which the entire band origin DF spectrum can be mapped.
The most intense peak at 853 cthnis the % transition. The 662 cm! transition is assigned as thg #ansition. This
Although most of the discrete transitions in the spectrum can out-of-plane bending mode has a mode description comparable
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TABLE 3: Observed Vibrational Transitions and Their

Assignments in the $ State of p-Ethoxyphenol L N a
AY
Av (cmY) Av (cm™) °‘Q’°\H
tran® rel. int. cis® rel. int. assignment oo
0 100 0 100 JL L 1 AL N P
163 15 149 11 15 " b
326 22 316 22 63
359 9 340 13 168 FAIV
431 10 420 9 ﬂ 1 M M ‘” N
527 39 519 42 10 2 |, N
= "
575 15 563 5 6 3= \ .
678 7 674 6 = H)H—H
828 40 814 39 1% o I l I oo
826 13 104X} &
H H d
835 7 63106 2
o 0
851 17 108 Z 7 e+
916 9 18% L HoH W
s
976 7 1515 — M
1137 10 1126 8 61 " e
1302 27 1285 23 74 ° N,
1290 18 14 W T
1347 18 1328 19 11108 i
1445 11 f
aThe relative intensities of the trans and the cis band origin e H
transitions were 1 and 0.91, respectivév with respect to the band WoW!
origin at 33 557 cm. ¢ Av with respect to the band origin at 33 660 J
cmt,
I I | i ] I I I I I
to that of 16a, and the appearance of this transition suggests 0 300 600 900 1200 1500 1800 2100 2400 2700 3000
that these two modes are strongly mixed in the excited state. E / -1
The 560 cm! transition can not be assigned categorically to nergy / cm
any mode, but it could be Av = 2 transition in the-OCHs Figure 2. Band origin dispersed fluorescence spectra oft(@)s

torsional modé® Figure 4c shows the DF spectrum of the 393 h_ydroqui?lone, r(]b)CiSIhydroquinonﬁ, (CILanSﬁ)—meéhOXyphenr?l. (d)
—1 ot H it it cis-p-methox enol, (eYrans-p-ethox enol, an ISs-p-ethoxy-
fmth egEt?tlon_Eorrestpg;glng;O thfe %bantsmon' In id.dltlclm pheF:mI. The )t/)gnd-pas(s Dof thepmonogr?rom_atqr Was(fgﬂ_%m all gq‘ )
0 the 94 transiuon a cr, a fairly strong peax 1S alsO e gpectra. For better presentation, the excitation transitions are aligned,
observed at 485 cm, corresponding to the $5requency, and the spectra are plotted on a relative energy scale.
suggesting that these two—X in-plane bending modes are
strongly mixed in the excited state. The DF spectrum of the 6 a result of mode mixing in the excited state. The spectrum also
a (410 cntl) excitation is presented in Figure 4d. The;6a shows an enhanced spectral congestion, indicating that IVR is
transition appears at 433 ch along with a weak progression  operative at this energy although it is restrictive. The DF
up tov"” = 3, which is considerably shorter than that observed spectrum of the 1221 cra (gbé 13) excitation (Figure 4i) is a
in the case of hydroquinone. The appearance of the spectrumpare continuum devoid of any discrete transitions and with very
is somewhat deceptive because of the overlapping of tée 6a little fluorescence at the resonance position, suggesting that the
with the L and the 6a with the 641) transitions. The  IVR is dissipative at this energy.
shortening of the progression in mode 6a upon substitution of  Figure 5 shows the DF spectra of various vibronic excitations
the phenolic hydrogen with a methyl group is similar to that of cissmethoxyphenol. In the DF spectrum of the 327¢ér(16
observed in the cases gf-aminophenol andp-methoxya- &) excitation (Figure 5a), in addition to the E6@ansition at
niline 2528 832 cn1l, strong transitions are also observed at 398 and 669
Traces e and f of Figure 4 are the DF spectra of thef) 10b cm % The 669 cm! transition is assigned a§ by analogy
(506 cntt) and 6@ (579 cn1l) excitations, respectively. The  with the trans isomer. In both isomers, the 16avel in the
corresponding\v = 0 transitions are observed at 527 and 644 excited state is strongly mixed with mode 4, along with a few
cm L. A short progression is also observed in 10b mode in the other modes (such as the 398 ntransition in this case and
10kﬁ spectrum. The DF spectrum of theé 1829 cm?) the 560 cm! in the trans isomer), but the extent of mixing is
excitation is presented in Figure 4g. A progression up'te= different. Similarly, in the case of the 9|(>385 cnTl) excita-
2 is observed in the excited mode, with a minimuniat= 0 tion (Figure 5b), in addition to the intenges = 0 transition at
transition. Very weak spectral congestion is also observed in 375 cntl, transitions at 480 and 669 crhare fairly strong.
this spectrum to the red of thAv = 0 transition. The DF The Franck-Condon activity in this spectrum is also quite
spectrum following the 853 cm (10%) excitation is shown in different compared to that in the corresponding excitation of
Figure 4h. The spectrum shows two prominent transitions at the trans isomer. These observations indicate that there are
495 and 1590 cm' upon which the band origin DF spectrum  certain definite differences in mode mixing in the cis and trans
can be mapped. On the basis of the characteristics of the 10asomers ofp-methoxyphenol. The DF spectra of the}§407
mode3637 the 1590 cm! transition is assigned as ZDahe cm) and 108 (495 cn?) excitations (Figure 5c and 5d,
495 cnt! transition is most likely to be 1§bwhich appears as  respectively) are very similar to those of their trans counterparts.
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TABLE 4: Vibrational Assignments of the Excited- and Ground-State Fundamentals of the Trans and Cis Isomers of

Hydroquinone, p-Methoxyphenol, and p-Ethoxyphenol

hydroquinone

p-methoxphenol

p-ethoxyphenol

trans cis trans cis trans cis
mode VY V” ,VV V” V’ V” ,VV V” V’ V” ,VV V”
15 241 243 163 152 149 157
16a ¢ = 2) 357 353 357 825 327 832 359 828 340 832
9b 836/2 834/2 393 373 385 375 333 335
6a 441 469 440 469 410 433 407 433 326 323 316 326
11 v = 2) 477 450 453
10b (v = 2) 506 527 495 531 527 553 519 555
6b 579 644 644 575 643 563
4 662 669
1 822 853 828 852 829 848 813 848 828 848 814 854
10a ¢ = 2) 853 1590 847 780 851 1595
16b (v = 2) 857 1089 834 858 1070
7a 1286 1272 1295 1274 1298 1261 1299 1269 1302 1266 1285 1275
a(6a) I a(15"
2
b(162)
b(6)
1 L
c(7a) d(6a)
2
£ | qulm.‘ £ e(105)
= 4 =
= - £
Al 2
1 1. E
e (6a! 7a) g1
h(102)
£(1' 7Y
i 1 11)
T T T T T T T T T 1 T T T T T T T 1
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 0 300 600 900 1200 1500 1800 2100 2400 2700 3000
-1 -1
Energy / cm Energy / cm

Figure 3. Dispersed fluorescence spectra following excitation of the Figure 4. Dispersed fluorescence spectra following excitation of the
(a) 441, (b) 876, (c) 1268, (d) 1639, (e) 1717, and (f) 2107%cm (&) 241, (b) 357, (c) 393, (d) 410, (e) 506, (f) 579, (g) 829, (h) 853,
transitions oftrans-hydroquinone. The band-pass of monochromator and (i) 1221 cm? transitions oftrans-p-methoxyphenol. The band-
was 10 cm? for a—d and 15 cm? for e and f. For better presentation, —pass of monochromator was 10 thfor a—e and 15 cm' for f—i.

the excitation transitions are aligned, and the spectra are plotted on aFor better presentation, the excitation transitions are aligned, and the
relative energy scale. spectra are plotted on a relative energy scale.

Figure 5e is the DF spectrum of the 813 ¢nexcitation, which aj. This plictates tha_t the.829 crh excitation must be a
is an overlapping transition of the and 63 transitions. Some ~ combination of 10gwith a single quantum excitation in some
amount of spectral congestion in the form of a continuum is Other non-totally symmetric mode, X, i.e., £0%g. The 860
also observed to the red side of the band origin. Trace f of Figure CM™* transition must then be the jXtransition. A similar
5 represents the DF spectrum of the 829 émxcitation. The situation was also encountered in the 847 &énexcitation
spectrum consisted of two strong transitions at 780 and 860 (Figure 5g). This spectrum shows features of botrj Esawell
cmL, on which the band origin DF spectrum repeated. Becauseas 10§ X; excitations, i.e., the 780 cm transition (103 as
780 cnt! corresponds to the 10a mode in the ground state, on well as the 1560 cmi transition (10§) are equally strong. A
the basis of symmetry considerations, the transition must be 10definite assignment of the 829 and the 847 ¢mxcitations is
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Figure 5. Dispersed fluorescence spectra following excitation of the
(a) 327, (b) 385, (c) 407, (d) 495, (e) 813, (f) 829, (g) 847, and (h)

1217 cm? transitions of cis-p-methoxyphenol. The band-pass of
monochromator was 10 cthfor a—e and 15 cm* for f—h. For better
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Figure 6. Dispersed fluorescence spectra following excitation of the
(a) 163, (b) 326, (c) 359, (d) 527, (e) 575, (f) 828, (g) 851, (h) 976,
and (i) 1302 cm? transitions oftrans-p-ethoxyphenol. The band-pass
of monochromator was 10 crhfor a—e and 15 cm? for f—i. For

presentation, the excitation transitions are aligned, and the spectra arebetter presentation, the excitation transitions are aligned, and the spectra

plotted on a relative energy scale.

difficult, but it is obvious that mode mixing is significant in

are plotted on a relative energy scale.

Figure 7 shows the DF spectra of various vibronic excitations

this energy range. Very few discrete transitions are seen, andof cis-ethoxyphenol. Traces-al of Figure 7 are for the
both of the spectra suffer from severe spectral congestion. Thecorresponding excitations of its trans counterpart. They were

DF spectrum of the 1221 crh (65 1;) excitation (Figure 5h)
is a bare continuum similar to that of its trans counterpart.
Figure 6 shows the DF spectra of various vibronic excitations
of trans-ethoxyphenol. Most of the spectroscopic assigments
are quite straightforward and do not require any discussion.
Figure 6b shows the DF spectrum of the 326 ¢rexcitation.
The intense\v = 0 transition at 323 cmi that acts as a pseudo-
origin is assigned to mode 6a by analogy witbthoxyanilinez®
In the DF spectrum of the 1@h§527 cntl) excitation (Figure
6d), in addition to the 1Gband 10§ transitions at 553 and
1105 cnt?, respectively, a strong transition is observed at 518
cm™1 It is assigned to the 1$hransition, the appearance of
which could be ascribed to its mixing with the ROlevel in
the excited state. The DF spectra of the 82;) éhd 851 cm?
excitations (Figure 6f,g) are similar to those observed for
p-methoxyphenol with regard to the Franrekondon activity

and spectral congestion. Figure 6h is the DF spectrum of the

976 cnr! excitation, which is a 1513 combination band. A

significant amount of spectral congestion is also observed to

the red of the band origin, which is suggestive of IVR. Shown
in Figure 6i is the DF spectrum of the 1302 C%n(?aé)
excitation. This spectrum is a bare continuum void of any
discrete transitions, indicating dissipative IVR.

remarkably similar, except that, for the ﬁODF spectrum
(Figure 7d), the 16ptransition at 518 cm! is missing. The

DF spectrum of 3(814 cntl) is presented in Figure 7e. The
Franck-Condon activity in the excited mode is slightly different
compared to that of its trans counterpart, i.e., the intensity in
the resonance transition is significantly higher. Some amount
of spectral congestion is also observed, which can be attributed
to IVR. The DF spectrum of the 826 crhexcitation (Figure

7f) shows a striking resemblance to the 829-&mxcitation of
p-methoxyphenol, and it can be deduced that these two
molecules have a similar mode-mixing pattern in the excited
state. The spectrum presented in Figure 7g is the DF spectrum
of the 6 and 108 combination band (835 cr). Although a
reasonable amount of spectral congestion is present, the intensity
in the discrete transitions is more than that for its trans
counterpart. Figure 7h shows the DF spectrum of the 916'cm
(18&&) excitation, which has very little intensity in the discrete
transitions, indicating that IVR is dissipative at this energy.

4. Discussion

From the excitation spectra (Figure 1), it is evident that the
Franck-Condon activity progressively changes down the series
with the substitution of the phenolic hydrogen in hydroquinone
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Figure 7. Dispersed fluorescence spectra following excitation of the
(a) 149, (b) 316, (c) 340, (d) 519, (e) 814, (f) 826, (g) 835, and (h) 916

cm! transitions ofcis-p-ethoxyphenol. The band-pass of monochro-
mator was 10 cmt for a—e and 15 cm! for f—h. For better
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Figure 8. Dispersed fluorescence spectra of thé @ecitation of (a)
trans-hydroquinone, (b)trans-p-methoxyphenol, and (cYransp-
ethoxyphenol. The band-pass of the monochromator was 10 fun
all of the spectra. For better presentation, the excitation transitions are

presentation, the excitation transitions are aligned, and the spectra arealigned, and the spectra are plotted on a relative energy scale.

plotted on a relative energy scale.

with a methyl group irp-methoxyphenol and an ethyl group in

case ofp-ethoxyphenol, it was not only the strongest peak, but
also acted as the pseudo-origin for the rest of the spectrum, a

p-ethoxyphenol. In hydroquinone, the entire spectrum consists characteristic of a potential that is very similar in the &®d

of transitions involving mainly three totally symmetric modes,

the S states. Because mode 6a samples quinoidal geometry at

viz., 6a, 1, and 7a, and a progression in mode 6a on the bandone of its turning points, the abrupt lowering of the 6a

origin and in combination with modes 1 and 7a. n
methoxyphenol an@-ethoxyphenol, the number of transitions
increases, some of which afe = 1 transitions in non-totally
symmetric modes, indicating a lowering of the symmetry from
C,, to GCs. Also, the Franck- Condon activity in the latter two
compounds is mainly concentrated in the = 0 transitions,

progression ip-methoxyphenol can be related to the diminished
quinoidal character in its excited state. The DF spectra of the
isomers of hydroquinone for various excitations are nearly
identical. However, irp-methoxyphenol ang-ethoxyphenol,
the Franck-Condon activity in a few select modes is found to
be distinctly different in their respective isometéde supra

as is evident from the relatively strong band origins compared All of the above observations can be summarized as follows.
to the other transitions. In both of these compounds, there wereThere are no significant differences in the electronic structures

hardly any discernible transitions beyond 1500~érn the
excitation spectra (not shown in the figure). As far as the cis

of the cis and the trans isomers of all three compounds. Down
the series of molecules, the electronic structure in thet&e

and trans isomers are concerned, the trans isomer was found tghanges progressively, the largest change being between hyd-

be lower in energy in all three compounds. In hydroquinone, it
was only marginally lower, i.e., by 32 cmy but in p-
methoxyphenol ang-ethoxyphenol the separation between the
cis and trans isomer band origins increased-®5 cnr?,

A similar trend was also observed in the DF spectra of the

roquinone and methoxyphenol. The most striking difference is
in the Franck-Condon activity in the 6a mode, which samples
the benzenoidal and the quinoidal structures at its classical
turning points. Therefore, it can be inferred that, in hydro-
quinone, the $Sstate assumes significant quinoidal structure,

three compounds (Figure 2). For instance, the progression inwhich diminishes dramatically upon substitution of the phenolic

6a shortened significantly from’ = 6 in hydroquinone to"

= 2 in p-ethoxyphenol. In fact, the FranelfCondon activity in
this mode was also found to be quite contrasting in hydro-
quinone andp-methoxyphenof-ethoxyphenol, as shown in
Figure 8. TheAv = 0 transition is the weakest in hydroquinone,
indicating a large shift in the 6a potential in thes3ate. In the

hydrogen. These observations are very similar to those for the
case of thep-alkoxyaniline serieg528

Dispersed fluorescence spectra provide useful information
about the extent of zero-order mixing, a precursor of IVR, in
the excited state. An increased number of transitions or spectral
congestion in the fluorescence spectrum indicates that the
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initially excited level is coupled to a few of the bath levels, Energy/crn'l
and under appropriate conditions (coherent excitation of the

entire envelope), IVR will take place. In an extreme situation Figure 10. Dispersed fluorescence spectra of vibronic excitations at
' ’ L ~ 1 _ ili
where no resonance fluorescence at the excitation wavelengtff 850 cnT” of (a) trans:p-methoxyphenol, (bp-methoxyaniline, (c)
ans-p-ethoxyphenol, and (d)-ethoxyaniline. The band-pass of the

is observed and the fluorescence spectrum is a bare continuum, -0 Wwas 15 crh for all of the spectra. For better

a large number of zero-order states are mixed with the initially presentation, the excitation transitions are aligned, and the spectra are
excited level, leading to dissipative IVR. plotted on a relative energy scale.

From the observed spectral characteristics of the dispersed
fluorescence spectra, the onset of IVR in the hydroquinone times greater that gb-methoxyphenol at same energy. If the
isomers was set around 1650 th{Figure 3). In the case of = Fermi golden rule is invoked, it can be inferred that coupling
the p-methoxyphenol isomers, it decreases to around 800 cm  between the excited mode and bath modgsiinethoxyphenol
(Figures 4 and 5). Ip-ethoxyphenol, it does not decrease any is significantly greater compared to that in hydroquinone, but
further, and qualitatively speaking, even the extent of IVR is only marginally greater than that ip-ethoxyphenol. The
not any more than that observed in the cage-wfethoxyphenol. increase in the vibronic coupling fgo-methoxyphenol and
The IVR process depends on the density of states of the bathp-ethoxyphenol is attributed to the substantial reduction in the
levels and the extent of mixing, or the coupling matrix elements. quinoidal character in their;Sstates. Given the fact that the
The second factor depends on the electronic structure of the—OH fragment in hydroquinone does not have many low-
molecule. Another factor that influences IVR under specific frequency modes, the exact role of quinoidal character in
experimental conditions is the presence of internal rotors. arresting IVR must be understood properly. We reported e&rlier
However, it has been shown that a methyl rotor does not a comparative study of IVR behavior in molecules with similar
contribute significantly to the process of IVR under supersonic densities of states but varying quinoidal character, .,
jet-expansion conditions, because of the lack of population in aminophenol ang-aminobenzonitrile. The findings were that,
the free rotor levels in the ground state.’-25 for the latter compound, the IVR onset was observed at around

The densities of states of both of the isomers of hydroquinone, 800 cnt! compared to that at 1150 crhfor p-aminophenol,
p-methoxyphenol, ang-ethoxyphenol were calculated using which has a greater amount of quinoidal character. This
the seven-frequency modehat 50 cnt! intervals. The vibra-  observation, along with that in the present series, strongly
tional frequencies used for this purpose were calculated with suggests that vibronic coupling not only to the substituent modes
Gaussian 9% using 6-31G* basis set at the RCIS level and alone, but also to the low-frequency ring modes, becomes
were scaled by a factor of 0.9. Figure 9 shows a plot of the arrested because of the presence of quinoidal character. If this
total state density vs energy in the §ate. The densities of  trend were to continue further, then,prethoxyphenol, coupled
states for both of the isomers of all three molecules are nearly with its greater density of states, one would expect that the onset
equal at all energies. The density of states for hydroquinone atof IVR will be further lowered. However, the onset of IVR in
around 1650 cm' is a factor of 10 greater than that at 800 the case op-ethoxyphenol does not decrease further, i.e., it is
cm1in the case ofp-methoxyphenol. Further, the density of around the same energy at which the onset was found for
states in the case @kethoxyphenol at 800 cm is about two p-methoxyphenol.
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