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Two-photon spectra of the SI(A)-So (,{’) transition of jet-cooled ortho-, meta- and
para-xylene have been recorded in the region 43,000--37,000 cm-1 using resonance
enhanced multiphoton ionization excitation. A full vibronic analysis for all three isomers
has been carried out enabling the identification of several excited state vibrational
frequencies for the first time. In particular, for ortho and para substitutions, a new,
strong two-photon vibronic coupling mode V9b has been identified, and the significance
of this result is discussed. Some anomalies in the assignment of previously published
spectra of the xylenes, and related disubstituted benzenes, have been observed and
reassignments are suggested. In addition we show that the comparison of one and
two-photon spectra provides a method for determining the mechanism by which totally
symmetric fundamentals gain their intensity in one-photon spectra, namely either from
Herzberg-Teller intensity stealing or due to favourable Franck-Condon overlap.

KEY WORDS: MPI spectra, jet-cooled, xylene laser, spectroscopy, two-photon vibro-
nic coupling.

INTRODUCTION

In a recent publicationl we have described the use of laser multiphoton
ionization of jet-cooled xylenes, both one- and two-photon resonantly
enhanced via the first singlet excited state, to detect an individual

I" Present address: ICI Wilton Materials Research Centre, P.O. Box 90, Middles-
borough, Cleveland TS6 8JE.
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isomer in the presence of an excess of the other isomers. During the
course of this workwe carried out a detailed vibronic assignment of the
(2 + 2) resonant enhanced multiphoton ionization spectra of the S1-So
transition of ortho-, meta and para-xylene and the results are pre-
sented here. The only previous study of these two-photon spectra has
been by Rava et al.2 who recorded the lowest 2000 cm-1 of the S-So
transition for the ortho and meta isomers, using a similar experimental
technique.
There has been considerable interest both experimental and theo-

retical in the two-photon spectra of benzene, and substituted ben-
zenes.3 Much attention has focussed on two-photon spectra involving
the transition between the ground (,8) and first singlet excited state (,4)
in these molecules,4-7 which obtain an appreciable proportion of their
intensity through vibronic coupling by the vibration v4. (The vib-
rational numbering used in this paper is that based on the Wilson
numbering of the benzene vibrations8). Since v14 has the same symme-
try as the state, the vibronic symmetry of the 14’ level is totally
symmetric, and thus v4 can induce vibronic mixing of the , and "states in a process which is the analog of Herzberg-Teller intensity
stealing in one-photon spectra. No other vibration has been shown to
induce such mixing to any great extent, even though, as the symmetry
of the molecule decreases from benzene to the di- and polysubstituted
species, more vibrations have the correct symmetry to do so. The
remainder of the two-photon spectra of substituted benzenes consist
of totally symmetric fundamentals and their combinations built on the
14 origin. In the case of molecules where the ,4-2 electronic transi-
tion is two-photon allowed, the same fundamentals and combinations
are observed built on the 0 pure electronic origin.

In this paper we present a full vibronic analysis for the two-photon
spectra of the A- transition for all three xylene isomers. Several
excited state vibrational frequencies have been identified for the first
time. In particular, a new, strong two-photon vibronic coupling mode,
V9b, has been identified for ortho and para substitutions, and the
significance of this result is discussed.

EXPERIMENTAL DETAILS

A schematic diagram of the apparatus employed in this work is shown
in Figure 1.
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The pulsed molecular beam was produced by a modified fuel
injection valve providing pulses approximately 600/s in duration from
a 1 mm orifice. Samples were supported on glass wool in a stainless
steel cylinder at room temperature, and seeded into 1-6 atmospheres
pressure ofhelium carrier gas. Following expansion of the mixture into
the vacuum chamber, which was evacuated by a rotary-backed 4" oil
diffusion pump, the central portion of the gas jet was crossed 2 mm
from the nozzle orifice by the focussed output of the tunable dye laser.
This comprised a Lambda Physik EMG102 excimer laser, operating on
XeC1, which was used to pump a Lambda Physik FL2002 dye laser.
The output of the dye laser had a bandwidth of--0.3 cm-, with an
average energy of--, 15 mJ/pulse at the repetition rates used (5-10 Hz).
The Coumarin dyes 102, 307 and 153 were used in the 460-600 nm
region to record the 2 + 2 REMPI spectra. The 1 + 1 R2PI spectrum of
p-xylene was recorded using frequency doubled Coumarin 153. The
spectra presented in this paper have not been corrected for the
variation in dye laser output over the gain profiles of these dyes.
Photoions were detected with a pair of nickel plate electrodes, biased
by 90 V, located approximately 2 cm downstream from the nozzle, and
connected to a differential input operational amplifier,9 which pro-
vided an amplification of 107 V/A. The signal was then processed by an
EG&G Brookdeal 9415/9425 gated integrator and recorded on a two
channel chart recorder. Timing in the experiment was controlled by a
Wavetek 182A pulse generator and a variable delay unit which trig-
gered the nozzle and then, after a delay of 1 ms to allow for the
solenoid response time, triggered the laser and associated detection
electronics. Relative wavelength calibration of the spectra was
achieved using the transmission fringes of a solid quartz etalon.
Absolute wavelength calibration was provided by neon optogalvanic
lines from a hollow cathode lamp.

RESULTS

(1) p-Xylene

The (2 + 2) REMPI spectrum of jet-cooled p-xylene recorded in the
region 545-475 nm is shown in Figure 2. From Table I it can be seen
that the -’transition forp-xylene should be electronically forbidden
as a two-photon process, and as expected the spectrum shows no
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Table I Symmetry properties of benzene and isomeric xylenes

Benzene p-Xylene o-Xylene m-Xylene

Molecular point group D6h D2h C2v C2v
Electronic symmetry of A state B2u B2u A1 B2
A-," transition electronically allowed

as a one-photon process? No Yes Yes Yes
A- transition electronically allowed

as a two-photon process? No No Yes Yes

Methyl groups considered as point masses.

electronically allowed bands. The most intense feature of the spectrum
is a closely-spaced pair of bands, separated by 8.7 cm-1, the lower
being 1570.3 cm-1 above the 0 band position as determined from the
one-photon absorption spectrum. The wavenumber of ’14 in benzene
(1570 cm-1) has been found to be relatively insensitive to substi-
tution,1 and hence one of the peaks can be assigned to 14. The other
component, by forming a false origin, behaves identically to 14 and
this is confidently predicted to involve a transition to a vibronic level
with Ag symmetry. A similar pair of bands, separated by 16 cm-1, has
also been observed in the two-photon spectrum ofp-difluoro-benzene.
There, the weaker, high wavenumber band of the pair has been
assigned as 8, where the 82 level is in Fermi resonance with the 141
level,11 and as 7a18b where the 7al18b level is in Fermi resonance
with the 141 level. 12 While the latter assignment is reasonable on
symmetrygroundsthe appearanceofan analogousbandinthe spectrum
of p-xylene would require a remarkable coincidence for the same
Fermi resonance to be involved. Instead, we assign the higher wave-
number bands in both molecules as 19b where Vgb is a b2u funda-
mental which gains its intensity by vibronic interaction in the same way
as 14. As in the case of v14 the interaction results in theA state vibronic
level being pushed up as shown in Table II. The vibronic activity of V19b
will be discussed later.
Table III lists the wavenumbers and assignments of the vibronic

bands seen in the (2 + 2) REMPI spectrum of p-xylene. By analogy
with other disubstituted benzenes, bands to higher energy are
expected to involve a single quantum of v14 or V19b in progressions with
totally symmetric fundamentals, overtones, and their combinations.
In order to aid the assignment of the totally symmetric fundamentals
we have recorded part of the 1 + 1 R2PI spectrum of jet cooled
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Table II Wavenumbers of 1714 and 1719b in the ,g and A states of benzene and some
substituted benzenes

Symmetry Symmetry
of V14 174 174 of v19b 179b 179b

Benzene b2u 1309 1570 elu 1482 1347
o-Xylene al 1292 1574 a 1494 1554
m-Xylene b2 1303 1571 b2 1492
p-Xylene b2u 1324 1570 b2, 1421 1579
o-Difluorobenzene a 1292 1613 al 1511 1537
m-Difluorobenzene26 b2 1337 1608 b2 1490
p-Difluorobenzene1 bEu 1285 1590 bEu 1437 1607
1,2,3-Trimethylbenzene2 b2 1569 bE 1516(?)
3-Fluoro-l,2-dimethylbenzene2 al 1243 1588 al 1542

p-xylene and this is shown in Figure 3. This spectrum is an expanded
version of a section of the spectrum recorded by Ebata et al. I3 and more
recently by Breen et al. 14 The band positions and assignments are given
in Table IV. In p-xylene, one-photon transitions are electronically
allowed between the f((Ag) state and the (B2u) state, and vibroni-
cally induced by big and b3g vibrations. Wavenumbers for the funda-

Table III Vibronic band positions and assignments of the (2 + 2) REMPI spectrum of
p-xylene

(Shift from (Shift from
17/cm-t O)/cm-1 Assignment 17/cm-1 Oo)/cm- Assignment

37813.0 1086.3 18bo 40246.4 3519.7 14o7aolo
38297.0 1570.3 14 40253.8 3527.1 19bo7aolol
38305.7 1579.0 19b 40274.0 3547.3 147a16bo
39067.2 2340.5 141 c40282 3555 19b7a16b
39077.0 2350.3 19bo11 c40652 3925 147ao
39095.7 2369.0 1416b 40662 3935 19b7ao
39106.3 2379.6 19b16b 41027 4300 14o7aolol
39478.4 2751.7 14o17ao c41037 4310 19b7a1
39487.8 2761.1 19b7a c41072 4345 14o7ao8ao
39859.0 3132.3 141 41425 4698 14o7aolol
39870.1 3143.4 19blo 41450 4723 14o7a16b
39902.0 3175.3 148a 41827 5100 147ao
39913.2 3186.5 19b8a 42209 5482 14o7aolo

Wavenumber accurate to +0.5 cm-, unless otherwise stated.
b The value for the 0 band (36,726.7 cm-1) is taken from the one-photon spectrum

recorded in this work.
Wavenumber accurate to +2 cm-1.
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F|gure :3 The (1 + 1) R2PI spectrum of iet-cooled p-xylene in the region 268-272 rim.

mental vibration frequencies of p-xylene, grouped according to
symmetry species, are listed in Table V.
The symmetry allowed vibrations with lowest V’ vibrational fre-

quencies are V9b (386 cm-1), 1;6a (459 cm-1) and M6b (645 cm-1).
Comparison of these values with those in columns 2 and 3 of Table IV,

Table IV Vibronic band positions and assignments of the (1 + 1) R2PI spectrum of
p-xylene

O/cm-
(Shift from (Shift from Symmetry species of
0)/cm-1 0)/cm-1 b Assignment fundamental

36726.7 0 0 08
36781.9 55 ? torsion
36835.4 108 torsion
36863.4 136
36938.3 211
36981.0 254
37096.6 370 ? 9b
37151.8 425 6a
37159.8 433 16ao
37279.6 553 553 6b

775 lo
802 16b
1186 7a

b3g
/ Fermi-resonance2 x au .

b3g
ag }2 X bE. Fermi resonance

ag

Wavenumber accurate to +0.8 cm-x.
Data from reference 13.
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Table V Fundamental vibration wavenumbers and their symmetry species for the X" state ofp-, o-
and m-xylene

Symmetry Vibration Vibrational Symmetry Vibration Vibrational
species number wavenumber/cm-1 species number wavenumber/cm

{
16a 410

2 { 17a 962
6a 12 671as 7a 13 1248
8a 18a 1024
9a 19a 1529

b 10a 20a 3095

{4 {14 1324
b2g 5 15 292

10b 18b 1100
3 19b 1421
6b

{
20b 3071

b 7b II 170
8b 16b 483
9b 17b 795

2
6a
7a
8a
9a
14
15
18b
19b
20b

4
5
10b
16a
17a

2
6a
7a
8a
9a
12
13
18a
19a
20a
lOa
16a
17a

p-xylene
829

3054 au
459
1205
1618
1183
810
702
934
313 b2u
1313
645
3030
1581
386

o-xylene
735
3018
582 bl
1223
1583
1155
1323
255
1020
1494 b2
3018

707
986
180

862
m-xylene

723
3052
535

3000 b
1595
299
1003
1252
1092
1460
3030
227 b2
483
892

lOa 325
11 741
16b 433
17b 931

3 1290
6b 506
7b 3045
8b 1609
9b 406
12 826
13 1185
18a 1118
19a 1468
20a 3064

4 695
5 965
10b 206
11 766
16b 431
17b 874
3 1264
6b 515
7b 903
8b 1615
9b 1167
14 1303
15 404
18b 1125
19b 1492
20b 3082

The data is taken from reference 15 and references therein. Vibrations due to the methyl groups
are omitted for the sake of brevity.
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together with the expected lowering of vibrational wavenumbers in a
-z* transition, leads to the assignments of the +370 cm-1 band as 9b
and the + 553 cm-1 band as 6b. Further evidence is provided by the
9bl and 6b hot bands observed in the room temperature spectrum16 at
-387 cm-1 and -648cm-1. The only other fundamental seen as a hot
band in this region is 6a, at -458 cm-1. In our jet cooled spectrum we
have two closely-spaced bands at +425 cm-1 and +433 cm-1. The first
of these is assigned to 6a and the second to 16a, possibly as a Fermi
resonance doublet with 6a. This assignment is made by comparison
with p-difluorobenzene whose room temperature one-photon absorp-
tion spectrum17 exhibits a strong 16a sequence band at -248 cm-1,
with bands corresponding to 16a and 16a2 at +353 cm-1 and -840 cm-1

respectively. The equivalent strong sequence band appears in the
room temperature spectrum of p-xylene at -192 cm-1, which would
result in 16a appearing around -820 cm-1. Unfortunately, this band
cannot be observed in the spectrum because of the very strong 1 band
in the same region. Ebata et al. 13 also reported bands at +775 cm-i,
+802 cm- and +1186 cm+1. Hot bands are seen in the one-photon
spectra at 1208 cm-1 (7a1) and -829 cm-1 (11); therefore the obvious
assignments for the -775 cm-1, -802 cm-1 and 1186 cm-1 bands are
1, a Fermi resonance band and 7a respectively. The nature of the
Fermi resonance is described in the following section on the two-
photon spectrum.
Of the cold bands discussed above only the ag vibrations would be

expected to be built on the 14 and 19b origins. Indeed bands are seen
770 cm-, 799 cm-1 and 1181 cm-1 above the false origins (see Table
III). If the bands 770 cm-1 above 14 and 19b are assigned as
combination bands with 1, none of the remaining ag vibrations have a
reasonable v’ frequency to account for the bands 799 cm- above the
false origins; thus a Fermi resonance between an overtone, probably of
’16b, and the 11 level is proposed. Further evidence of this Fermi
resonance can be seen in the higher wavenumber bands in the 2 + 2
REMPI spectrum.
With one exception, the higher energy band positions agree well

with combinations and progressions of these totally symmetric vibra-
tions built on the pair of false origins 14 and 19b. The exception is the
feature near 39,900 cm- consisting of two pairs ofpeaks, which occurs
in the region where bands involving the first overtone and combin-
ations of the 770 cm- and 799 cm- vibrations are expected. Arguing
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against this straightforward assignment however, is that assignment of
the lowest member of this quartet as 14bl requires a positive anharm-
onicity of 22 cm-1, and no marked anharmonicity has been observed in
the Vl (ring breathing) vibration in either benzene4 or other p-
disubstituted benzenes.1’2 Furthermore, the splitting of 43 cm-between this pair of bands bears no relationship to the 29 cm-1 splitting
between 14010 and its partner. Finally, the appearance of only two,
rather than the expected three, pairs of bands is somewhat surprising.

Beginning with the assumption that the 770 cm- and 799 cm-bands are a Fermi resonance pair, 1 and 16b, the latter gaining
most of its intensity because of the resonance, and using their
relative intensities we can calculate the positions of the unperturbed 11
and 16b2 levels. The intensity ratio of the 770 cm-’799 cm-1 bands is
1.5" 1 which places the unperturbed levels at 783 cm-1 and 787 cm-1. If
the V’6b vibration is harmonic then the 16b4 level would be at 1574 cm-whereas the 12 level would be at 1564 cm-1. This separation of 10cm-x

would be unlikely to result in a Fermi resonance, and the 1 transition
at + 1564 cm-x would be the only one which would be seen. This agrees
with the observation of the band at 14 +1562 cm-1. The band at

is another totally symme-+ 1605 cm- is assigned to 1408a0, where Vsa
tric vibration. In addition, assuming Vi6b to be harmonic places 16b at
398 cm-1 and 16b1 at -95 cm-t, which agrees well with the strong, but
tentatively assigned sequence band at -94 cm-1 in the one photon
absorption spectrum. 16

The absence, in the two-photon spectrum, of the 425/433 cm-combination may reflect their low intensity in the one-photon spec-
trum. However, it is more likely that the 6a band gains most of its
intensity in the one-photon spectrum via Herzberg-Teller intensity
stealing rather than from Franck-Condon overlap. We shall consider
this more fully in a later section.

(2) o-Xylene

The/i- system of o-xylene is electronically allowed as a two-photon
transition. By analogy with other disubstituted benzenes the two-
photon spectrum is expected to be composed of an electronically
allowed spectrum, consisting of the origin band plus totally symmetric
vibrational levels built upon it, and a vibronically induced spectrum,
consisting of the same totally symmetric levels built on the 14 false
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origin. The 2 + 2 REMPI spectrum of jet cooled o-xylene obtained in
this work is shown in Figure 4, and the vibronic band positions and
assignments are listed in Table VI.
Comparison with the one-photon resonant spectrum clearly identi-

fies the band at 37308 cm- as the 0 electronic origin. To higher energy
are bands, also seen in one-photon spectra13’8, separated from the
origin by 694 cm-, 940 cm-, 1003 cm- and 1196 cm-1, presumably
correlating with the ground state vibrational frequencies (see Table V)
735 cm- 986cm-,1054 cm- and 1223 cm- respectively, which are
active in both one-photon hot band structureTM and single vibronic level
fluorescence from the 0 level.9 Whilst agreement exists in the litera-
ture about the labelling of 735 cm- (v) and 1223 cm- (lTa), assign-
ment of the remaining two bands is far from clear. Both are anticipated
to be totally symmetric and the only bands of ag symmetry in this
wavenumber region are v8, and a CH3 rocking motion. One would
expect the ring vibration to have the larger Franck-Condon overlap,
and in view of this the bands at +940 cm- and + 1003 cm- are labelled
18b and X, where vx is the symmetric methyl rocking motion.
The pair of intense peaks 1554 cm- and 1574 cm-1 above the origin

behave like the pair of false origins in p-xylene. The higher-energy
peak is assigned to 14 by virtue of its wavenumber and greater
intensity. The vibration giving rise to the peak to lower energy must
also possess a vibrational symmetry for strong vibronic coupling with
the ground state to take place, and inspection of Table V reveals, as in
p-xylene, v19t, to be the most likely vibration. Comparison with the
same region of the two-photon fluorescence excitation spectrum of
o-difluorobenzene reveals two analogous vibronically induced bands
at + 1537 cm-x and +1613 cm-. The more intense high wavenumber
peak was assigned to 14 and the other tentativity assigned to a
combination band in Fermi resonance with 14. As in the case of
p-difluorobenzene we reassign the weaker band of the pair to 19b.
Further confirmation of these assignments can be gained from the
two-photon absorption spectrum of 3-fluoro-1, 2- dimethylbenzene.
In this spectrum, two bands were reported at + 1588 cm-1 and + 1542
cm- and assigned as 14 and 115 respectively, the latter gaining its
intensity via Fermi resonance with 14. Again it is proposed that a
more likely assignment is 19b. Furthermore in the two-photon

0absorption spectrum of 1, 2, 3/trimethyl-benzene a very weak band
was observed at + 1516 cm- and this may also be assigned as 19b. The
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Table VI Vibronic band positions and assignments of the (2 + 2) REMPI spectrum of
o-xylene

Shift from Shift from
7/cm O)/cm-1 Assignment O/cm-1 O)/cm- Assignment

37308.0 0 0o b40232 2924
38001.5 693.5 10 b40240 2931 19boll
38247.9 939.9 18b b40250 2942
b38273 965 b40258 2950 14102
38310.9 1002.9 X b40279 2971
38504.2 1196.2 7a b40377 3069 18b7a
38689.7 1381.7 1 b40500 3192 19bl18b
38745.2 1437.2 b40508 3200 14118b
38861.9 1553.9 19b b40567 3259 1401&t’

/19b1X’o
38881.6 1573.6 14 b40630 3322 18b73
38939.9 1631.9 l18b b40752 3444 14olo7ao

/19b17a
b38991 1683 b40817 3509 14o18b’

/l18bo
39004.4 1696.4 1’ b40876 3568 118b’
39194.8 1886.8 17ao b40936 3628 14103
39442.2 2134.2 18b7a b40970 3662
39552.2 2244.2 19b1 b41003 3695 1418b73

/19b18b7a
39571.0 2263.0 141 b41064 3756 118b7a
39799.4 2491.4 19b18b b41122 3814 lo118b,o7a
39818.5 2510.5 1418b b41186 3888 14olo18bo
b39842 2534 b41258 3950 147a/141o
b39881 2573 14’ b41309 4001 1o18bo7aol

/ao18b
’39945 2637 118b,o b41443 4135 14olo18boX2

/19ba18b8
b40051 2743 19b7a b41693 4385 14olo7ao18boa

/19bl7a18b
b40068 2760 147ao b41945 4637
b40130 2822 lo18b73o b41992 4648
b40198 2890 lo7a’

Wavenumber accurate to +0.5 cm-1, unless otherwise stated.
b Wavenumber accurate to +2 cm-.

remainder of the spectrum comprises overtones and combinations of
totally symmetric fundamentals built on the vibronically induced and
electronically allowed origins.

(3) m-Xylene

The 2 + 2 REMPI spectrum of jet-cooled m-xylene is shown in Figure
5 and the band positions and assignments are given in Table VII. The
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Table VII Vibronic band positions and assignments of the (2 + 2) REMPI spectrum
of m-xylene

(Shift from (Shift from
O/cm-la 0oO)/cm Assignment 7/cm- 00)/cm Assignment

36858.8 -91.2 39196.7 2246.7
36950.0 0 0o 39478.8 2528.8
36966.0 16.0 torsion ’39762 2812.2
36984.7 34.7 torsion b40154 3204
37022.1 72.1 torsion b40439 3489
37043.3 93.3 torsion b40721 3771
37624.6 674.6 1 ’41000 4050
37912.6 962.6 12 b41110 4160
38201.1 1251.1 13 b41388 4438
38520.6 1570.6 14 b41677 4727
38875.0 1925.0 12/113

14010
1412
14o13
14112

214o12/14olo13o
140120130

Wavenumber accurate to +0.5 cm-, unless otherwise stated.
b Wavenumber accurate to +2 cm-.
Each parent band has these bands associated with it; they are omitted from the table

for the sake of brevity.

A- transition is electronically allowed, and as expected we observe
the 0 band at 36,950 cm-1, in good agreement with the one-photon
data. 13’18. Peaks appearing 675 cm-1, 963 cm-1 and 1251 cm-1 above
the origin accord with strong bands seen in the one-photon spectra,
and correlate with hot bands seen at -725 cm-1, -995 cm-1 and 1245
cm-1. These are assigned to the vibrations vl, v12 and v13. The second
most intense band after the 0 band is a false origin at + 1571 cm-1

which is assigned to 14. Most of the higher energy bands can be
assigned to progressions and combinations of al fundamentals in
combination with 14.

Associated with the major peaks in both the one- and two-photon
spectra of meta-xylene is structure extending 100 cm-1 to higher
energy, previously seen in jet-cooled spectra,7’13’14, and a single promi-
nent peak 91 cm-1 lower in energy. All of the peaks to high energy are
due to methyl torsions and agree with the published data. However,
the -91 cm-1 band has some unexpected characteristics. Firstly this
band is markedly weaker in the two-photon spectrum compared to the
one-photon spectrum. Secondly, in the two-photon spectrum the band
appears more strongly when associated with vibronically induced
bands than when associated with electronically allowed bands. Assign-
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ment of this peak as a sequence band seems unlikely as no such band
was observed in the room temperature one-photon absorption spec-
trum. 18 The absence of the band from the room temperature spectrum
suggests that it may be due to a van der Waals complex. Such peaks
have been seen in benzene and substituted benzene spectra, red-
shifted from the monomer by 40-150 cm-1 in both one- and two-
photon resonance spectra.4’2-23 However, the benzene complex peaks
are relatively much weaker than those observed here. The fact that the
14 -91 cm-1 band is relatively stronger than the 0 -91 cm-t band
might suggest that the former may have a contribution from a false
origin formed by a b2 vibration, as in the case of o- and p-xylene, but
the absence of torsional structure to high wavenumber of the band
appears to eliminate this possibility. Therefore the assignment of these
bands remains unclear.

DISCUSSION

(1) The use of two-photon spectra to provide an insight
into Herzberg-Teller intensity stealing in one-photon spectra

The transition moment for a one-photon transition between vibronic
states m and n can be expressed as

Rnm f vWmvdrv f P’ l e  edre (1)

where the first integral is the vibrational overlap integral and the
second integral is the electronic transition moment Re. When Re is
independent of vibrational motion the relative magnitude of Rnm is
determined by the vibrational overlap integral. However when Re is
dependent on vibrational motion Eq. (1) must be expanded to the
form

Rnm (Re)eq fl])nvrnvd’v (2a)

+t[ ReQt )eq fvQtvd’v (2b)

+a[ ReQa] f vQaWmvdv (2c)
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where Qt and Qa are the normal coordinates associated with totally
symmetric and non-totally symmetric vibrations. Vibronic transitions
which gain intensity through terms (2b) and (2c) are said to do so by
means of Herzberg-Teller intensity stealing.

In an electronically forbidden system, terms (2a) and (2b) are zero,
and transitions can only arise from term (2c). In an electronically
allowed system term (2a) is non-zero and terms (2b) and (2c) may also
be non-zero. In this case it is not always easy to determine whether a
transition of the type A, where VA is a totally symmetric vibration,
gains its intensity from term (2a) or term (2b).
The two-photon transition element between states m and n is of the

form

(Sab)nm (mltzali>
hCPL- Ei

(3)

where a, b refer to any of the x, y, z molecule-fixed axes, hcPL is the
laser photon energy, and the summation is over all intermediate states
i. For two-photon transitions of the type that we have studied,
Vasudev24 has argued that the absence of any near resonance at the
one-photon level leads to cancellation of intensity effects due to the
intermediate states i, and that the vibrational factor for these two-
photon transitions is simply the overlap between the initial and final
states, as in a one-photon transition. Hence those totally symmetric
vibrations, which are active in the one-photon spectrum, should also
be those apparent in the two-photon spectrum, if their appearance is
due to vibrational overlap.
However, inspection of Table VIII reveals that, whilst all other

totally symmetric vibrations active in one-photon spectra are clearly
evident in two-photon spectra, V6a (a totally symmetric vibration in all
three isomers) is observed with varying intensities in the former but
consistently absent in the latter. The same disparity has also been
noted for toluene,25 mono-fluorobenzene,24 and o- and m-difluoro-
benzene.1’6 This behaviour of l:6a is at variance with the conventional
vibrational overlap picture.

In benzene, v6 (eeg) dominates the forbidden one-photon A-:?
(Bu-Ag) system, deriving its activity by interaction with the very
strong one-photon allowed S3(Elu)-So(Alg) electronic system. Upon
substitution, both v6 and $3 are split into two components of different
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symmetry. However, for all the above molecules the 1,’6a and l6b
vibronic symmetries in the $1 state correspond to the electronic
symmetries of the states related to $3. Thus 1;6a and V6b can still interact
with these strong one-photon allowed transitions. Table VI shows that
v6 is strongly active in the one-photon spectra of the xylenes where 6b
must gain its intensity from the Herzberg-Teller effect. However k’6a
which is also active in the one-photon spectra, can gain its intensity
from the Herzberg-Teller effect or from vibrational overlap. The
transition 6ao is seen with varying intensity in the one-photon spectra
of the three xylenes; very strongly in ortho, less strongly in meta but
only weakly in para-xylene. In comparison 6ab is not observed on any
of the origins in the two-photon spectra. This variation must be due to
the degree to which k’6a is involved in Herzberg-Teller intensity
stealing in the one-photon spectra. In other words in o-xylene there is a
large Herzberg-Teller effect, in rn-xylene a medium effect, and little
or no effect in p-xylene.

(2) vlab--A second strong vibronically active fundamental
in two-photon spectra of disubstituted benzenes

In all previous studies on the two-photon spectra of substituted
benzenes, v14 is the only vibration which has been shown to give rise to
strong vibronic coupling bands. In this work we have shown that a
second vibration, v19b, also gives rise to intense bands in o- and
p-xylene, o- and p-difluorobenzene and 3-fluoro-l,2-dimethylben-
zene. We will now examine briefly the mechanism involved in vibronic
coupling and determine whether it is reasonable to expect that V19b
should be involved in such coupling.
The activity of v14 was first observed in the two-photon spectrum of

benzene, where it has b2u vibrational symmetry and mixes the A(B2u)
and.’(Alg) electronic states. The only other vibration of b2u symmetry
in benzene is v15 and this is only extremely weakly involved in this
coupling. In all substituted benzenes studied to date, v4 has the same
symmetry as the . states, and despite there being many more vibra-
tions with the same symmetry only v14 shows vibronic activity. There-
fore another factor, apart from the symmetry of the vibration, must be
important. From theoretical considerations Goodman and Rava6

showed that in benzene a b2u vibration which alternatively stretches
and compresses ring CmC bonds will effectively couple the ground
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and S state. Figure 6 shows the vibrational displacements accompany-
ing v14 which has this effect. Also shown are the displacements for V19b,

which involves C--C stretches, but does not result in alternate long
and short C--C bonds, as v14 does, in the ground state. This suggests
that V19b, in the ground state is not involved in vibronic mixing, and as
expected the hot band 19b has not been observed in any room
temperature two-photon spectra of disubstituted benzenes. The
appearance of 19b in the two photon spectra of the ortho and para
isomers must be due to mixing, in the .4 state, of the normal coordi-
nates associated with v14 and V9b in the state. Clearly this mixing
does not take place in the meta isomer.

(o)

14 ZJ 19b
Figure 6 The atomic displacements associated with the vibrational modes 114 and F19b
of benzene.

CONCLUSIONS

It has normally been assumed, deriving from the detailed analysis of
benzene, that vz4 is singularly vibronically active in the two-photon
resonant spectra of substituted benzenes. The major conclusion from
the work described here, namely that there exists a new strong
two-photon vibronic coupling mode, V9b, indicates this assumption is
not always appropriate. The absence of 19b from the meta-xylene
spectrum suggests that only ortho- and para- substitution induce
substantial mixing, or "harmonic mode scrambling," between v4 and
V9b (the two vibrations are of similar ground state energies and
identical symmetries for all three isomers).
Suchmixing is significant, as the 14bvibronicbandhasbeenused as an

internal intensity calibrant for substituted benzene systems, in order to
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compare experimental intensities with theoretical relative intensity
predictions.2’6’7 Crucial to this approach has been the assumption that
the band intensity is invariant to substitution, as has been found for
deuterated benzenes. However, in the case of the heavier substituents
examined here, where mixing and resultant intensity stealing appear to
beoccurring, such an assumption is notnecessarilyvalid. Consequently,
when the intensity of the electronically allowed bands in these two-
photon spectra are measured relative to the intensity of the vibroni-
tally induced bands, as has been done by Rava et al.,2 both 14 and
19b must be included in the latter. This addition to the vibronically
induced part of the two-photon spectra, which was not taken into
account by them, may well help to bring the experimentally observed
relative intensities into closer agreement with their theoretical pre-
dictions.
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