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In this paper we present the results of an experimental study of the absorption spectrum of toluene,

toluene-ds, para-xylene, and meta-xylene in solid krypton in the spectral region 2800~1800 A. Our main
results are:

(a) The absorption spectrum of the first (2700 A) w—=* transition is very sharp for all these matrix
isolated molecules and resembles in detail the gas-phase spectrum.

(b) The observed vibrational structure of the second (2200 A) x—r* transition is consistent with the
141,—'By, assignment for this transition in the benzene molecule.

(c) The vibrational structure of the third (1850 A) =—#* transition was resolved. An electronic splitting
of 350 cm™ was observed in the third excited state of para-xylene, which results from lifting of the de-
generacy of the corresponding 1E,, state of the benzene molecule.

I. INTRODUCTION

In spite of extensive experimental and theoretical
work on the excited electronic states of the benzene
molecule,! some open questions remained concerning
the assignment of the higher #—#* transitions in this
system. In a recent spectroscopic study? of the benzene
molecule in low-temperature rare-gas matrices we have
demonstrated that the vibrational structure of the
second spin allowed =—=* transition is consistent with
the 14,,—1B, rather than with the £, assignment for
this excitation. This conclusion is at variance with
recent energy levels calculations within the framework
of SCFCI m-electron theory® which currently seem to
support the 14,,~'F,, assignment. It should, however,
be pointed out that in our work on the benzene mole-
cule? in low-temperature rare-gas solids we failed to
observe the crystal field induced 0-0 transition and
further work on this problem seems to be desirable.
Further support for the !By, assignment of the second
singlet excited state of the benzene molecule can be
obtained from symmetry breaking effects resulting in
the reduction of molecular symmetry by chemical sub-
stitution. Thus, in methylated benzenes, both pure
electronic and the vibronically induced components may
be observed. On the basis of simple group theoretical
arguments (Table I) one can conclude that for Cs,
symmetry (e.g., toluene or mefa-xylene) the 0-0 com-
ponent is allowed for both states of methylated benzenes
having !E,, and !By, parentage of the states of the
benzene molecule. On the other hand, for Dy, symmetry
(e.g., para-xylene) the pure electronic transition is
allowed for the 1By, state and forbidden for the configu-
ration of 1F,, parentage.

Complications arise in the interpretation of high

intravalence excitations of large molecules. In contrast
to the Jowest spin allowed excitation of the benzene
molecule and of substituted benzenes in the gas phase
which reveal sharp absorption bands (where diffuseness
of the spectral lines can be assigned to ““trivial” broaden-
ing mechanisms?), the higher excited states are ex-
tremely diffuse.® Trivial mechanisms® such as the
appearance of overlapping hot bands and sequence
congestion cannot be blamed for this diffuseness, which
mainly arises from intramolecular electronic relaxation.’
This diffuseness persists in low-temperature matrices.
Low-temperature studies of the second and third =—=*
transitions of methylated benzenes in hydrocarbon
glasses” led to some information on the vibrational
structure and matrix shifts for these transitions. How-
ever, the hydrocarbon glasses employed by Potts (3-
methylpentane and isopentane) do not apparently pro-
vide a proper Shpolskii® matrix for the benzene molecule
and its derivatives and exhibit appreciable phonon
broadening. We have attempted to study those transi-
tions of methyl benzenes in rare-gas solids where pre-
vious work? revealed well-defined (although broadened)
vibronic bands in the second and third spin allowed
transition of the benzene molecule. A further complica-
tion introducd by the use of rare-gas hosts involves the
appearance of fine structure assigned to different
trapping sites. We have recently demonstrated® that
the use of annealed rare-gas solids (prepared by deposi-
tion at 40°K) leads to a considerable reduction of the
fine structure assigned to different trapping sites. This
technique facilitates the experimental observation and
the interpretation of the higher excited transitions of
benzene and its derivatives. As the appearance of fine
structure in the 2600-A transition of benzene in rare-gas
solids was always observed simultaneously with the fine
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structure in the higher m—=* transitions, we found it
necessary to study also the 2600-A transition of methyl
substituted benzenes in this medium. The information
on the vibrational structure obtained for the lowest
transition in rare-gas solids concurs with previous gas-
phase studies and could then be applied for the inter-
pretation of the vibrational structure of the second
excited state.

To summarize, we assess that line broadening in the
higher excited states of large molecules such as meth-
vlated benzenes in low-temperature rare-gas solids may
arise mainly from the following factors:

(a) Coupling with lattice vibrations.

(b) Intramolecular radiationless decay.

(c) Vibrational relaxation.

(d) Unresolved vibrational components.

(e) Site splittings and distribution of different
trapping sites.

From the study of the 2600-A absorption system of
benzene we can conclude that effects (a) and (c) are
relatively small (leading to a contribution to line
broadening ~10 c¢m™'). The apparent linewidths ob-
served for the second and third transition in toluene
and mefa-xylene considerably exceed those previously
obtained for the same transitions in benzene. The theory
of nonradiative decay processes?® is not sufficiently
advanced at present to provide a proper interpretation
for the difference in nonradiative decay probabilities of
different methyl substituted benzenes. We just had to
rely on experimental observation of linewidths with
respect to the proper choice of a system. The most
conclusive data in this respect were obtained for the
p-xylene molecule.

The primary goal of the present work has been to
obtain detailed information on the vibrational structure
of the second excited singlet state of methyl substituted
benzenes. Another interesting problem involves the
splitting of the electronic degeneracy by chemical sub-
stitution in the third m—=* excited state of these sys-
tems which is of 'K, parentage (see Table I). The
m—7* 1F;, excited state of the benzene molecule is not
Jahn-Teller active as the two degenerate components
carinot be (in first order) coupled by one electron per-
turbation. However, methyl (or other chemical) sub-
stitution will lead to the splitting of these energy levels.
In the ground state of negative ions of methylated
benzenes the pseudo-Jahn-Teller effect was extensively

TaBLE I. Correlation table.

Dy, Con Dyy,
B,, B, B;.
B Iu A 1 BZu
Iy, A1+Br Ag+By
Ep, A1+By Bp+By,
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studied.® To our knowledge, no experimental evidence
for the magnitude of this electronic splitting is available
in excited electronic states of substituted benzene.

Finally, an attempt was made to extract some qualita-
tive information from the linewidths of the second and
third transitions of methylated benzenes in low-tem-
perature rare-gas matrices concerning nonradiative
decay phenomena in these molecular systems.

II. EXPERIMENTAL PROCEDURES

The gas mixtures at the molar ratio 1:100 were
deposited on a cooled LiF window in the temperature
range 20-40°K. The spectra were photographed at 20°K.
The temperature control device employed was described
by Savitsky and Hornig.* Liquid hydrogen was used as
a refrigerant. The spectra were photographed on a 2-m
Eagle mounting grating vacuum spectrograph,"* with a
dispersion of 7.5 A/mm in first order and a resolution
of 50 000. A microwave discharge H, light source was
used. Kodak SWR plates were employed. Microdensi-
tometer tracings of the plates were prepared using a
Joyce and Loble recording microdensitometer. The
microdensitometer tracings were not corrected for the
wavelength variation of source intensity. The fre-
quencies of the absorption bands were measured both
from the microdensitometer tracings and directly from
the plates. The emission lines of Hg, C, O, and H were
used for calibration. In view of the appreciable line
broadening in the second and in the third excited states
of methylated benzenes all the measurements of the line
frequencies for the second and third transitions are
accurate within 30 cm™, while level spacings are
accurate within +350 cm™.

In some cases, the relative intensities of the fine-
structure lines in one band, or relative intensities of the
vibronic bands corresponding to a single electronic
transition were estimated by a procedure similar to that
described in a previous paper.?

Toluene, meta-xylene, para-xylene (Matheson), and
deuterotoluene (Merck and Sharp) of both spectro-
grade and chromatographic grade were used. An extra
chromatographic analysis was carried out on para-
xylene to exclude the possibility of contamination by
any other isomer,

IIl. THE 2650-A TRANSITION

The experimental results obtained for the first spin
allowed transition of toluene, toluene-ds, #m-xylene, and
p-xylene are analyzed in Tables II-VI. The normal
vibrational modes are labeled according to the conven-
tional notation as summarized by Herzberg.? For
further reference the relevant ground state frequencies
are summarized in Table II. These data are taken from
the work of Pitzer and Scott.’* Comparison of the low-
temperature matrix spectra (Tables TIT-VI) with pre-
vious gas-phase work on toluene,” mefa-xylene,® and
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TasLE II. Ground state vibrational frequencies for benzene and some methylated benzenes.»

Benzene Toluene m-Xylene p-Xylene
D h C2v CZu D2h
Vz(dlg) 992 Vg(al) 1002 12 ((11) 998 Vz(llg) 826
i (ew) 849 rn (bl) 730 1501 (bl) 276 Vll(bag) 813
1111(01) 842 1‘11((11) 770 Vu(bz,]) 811
V15(820) 3047 Vls(al) 1210 Vls(dl) (304-7) V15(ag) 1204
V15(b1) 3047 V15(b1) 945 V15(b10) 3047
vi6(€2g) 1596 ns(@) 1603 v (@) 1592 we(aq) 1616
V;e(b[) 1586 Pls(bl) 1613 l'lﬁ(bla) 1575
ll17(€zg) 1178 17 (dl) 1175 Dn(dl) 1167 V17(llg) 1182
mi(b) 1155 w1 (by) 1152 vir(big) 313
vlg(ezg) 606 Vls(dl) 521 lqg(dl) 538 Vlg(dg) 460
Vls(bl) 622 Vm(bl) 514 llls(blﬂ) 644
m(e;u) 1485 V13(dl) 1483 1/13(&1) (1320) Vla(qu) 1525
Vla(bl) 1310 1'13(1)1) (1470) Vm(bau) 1450
V14 (em) 1037 V14((11) 1030 1114((11) 224 1114(1)214) 1030
via(br) 340 v (by) 310 v1a(b3u) (232)
Vﬁ(blu) 1011 Ve(ax) 785 Vc((ll) 724 Vs(b2u) 720

% Data from Pitzer and Scott.!? Notation is according to Herzberg.!? All data in cm-.

p-xylene,'® reveals the following features:

(a) The fundamental vibrational frequencies and
their relative intensities observed in the solid matrices
are in good agreement with the gas-phase data. The
present low-temperature data are simpler in this respect
as no hot bands are exhibited.

(b) There is a red spectral shift of ~200 em™! in the
krypton matrix relative to the gas-phase data.

The spectra of toluene-ks and p-xylene are displayed
in Figs. 1-3. As in previous work on the benzene mole-
cule in inert matrices, " we have observed fine structure
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Fie. 1. The 2650-A absorption system of toluene-/is in solid
krypton. Because of the low resolution of the microdensitometer,
the fine structure is not well resolved, while it is well resolved in
the photographic plates. In view of the diffuseness of the overtones
and the combination bands, the fine structure is smeared out.
'2131% gas mixture was deposited at 40°K and photographed at

in the absorption bands of methylated benzenes in a
Kr matrix. The spectra of toluene-#s and toluene-ds are
characterized by two fine-structure components of
about equal intensity spaced by ~23 cm™ in toluene
and ~30 cm™! in toluene-ds (see Fig. 1). The spectrum
of p-xylene is characterized by three fine-structure com-
ponents (see Fig. 3), the spacing being 20 and 50 cm™!
from the low-energy component. Similar fine structure
characterized by splitting of 80 cm™ in the 1B,, state
was previously observed in benzene in rate-gas mat-
rices.>"" This structure is attributed to different trapping
sites in the matrix. The assignment of the fine structure
to different trapping sites is strongly supported by the
observation of this structure in the 0-0 band. In previ-
ous work,? we have found that the deposition of benzene-

—= ABSORBANCE

! 1 A
2750 2700 A 2650 2600

~x(A)

I'tc. 2. A high-resolution microdensitometer tracing of the
0-0 band of the 2650-A absorption system of p-xylene in solid
krypton. The sample was deposited at 40°K and photographed
at 20°K.
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Tasre III. Analysis of the absorption spectrum of toluene-/s in solid krypton at 20°K; transition '4;—1B; (14;,—'Bs, in benzene).

Gas-phase
Wavelength  Frequency ) frequency®
(R) (cm™) Intensity (cm™) Vibrational assignment (cm™)
2684.0 37 258 vvs 0 0-0 37 477
2682.5 37 279 vvs 0-04-21 cm™!
2668.5 37 474 vvw (dif) P 210 ghost
2651.8 37 710 w-m 452 0-0+wis(an) 456(m)
2649.6 37 742 w—m 484 0-0+4»15(ar) +32 cm™
2646.2 37 790 s 532 0-0+w15(b1) 528(s)
2644.3 37 817 s 559 0-0+4»5(b1) +27 cm™?
2630.9 38 010 w—m (dif) 750 0-0+vs(ar) 751(m)
2618.4 38 191 vs 933 0-0-+22(ar) 932(vs)
2616.5 38 219 vs 961 0-04214(a1); 964(s)
0-042(a1) +28 cm™
2614.4 38 250 vs 992 0-0+»4(a1) +31 cm™
2601.7 38 440 m 1180 0-0-+w5(ar) 1 189(ms)
2599.4 38 470 m 1221 0-0+»i5(a1) +41 cm™
2594.2 38 550 w(dif) 129030 0~0+v5(a1) +v1s(b1)
2586.7 38 660 vw (dif) 140030 0-0+w2(a1) +ws(an)
2583.0 38 715 m 1457 0-0+4-»2(a1) +»15(1)
2580.5 38 752 m-+ 1494 004wz (@) +u1s(b1) 430 cm™2;
0-0-+1 (dl) +V18(bl)
2578.5 38 782 m 1524 0-0-+»14(@1) +215(b1) +30 cm™
2565.5 38 980 dif 1720430 0-0-+v:(a1) +ws(ar)
2553.8 39 167 w 1909 0-0+42r2(a;1)
2552.3 39 180 w 1922 00422 (@) +214ar);
0-042vs(a1) +23 cm™
2550.1 39 214 w 1956 0-0+2vi4 (@) ;
0-0+2v2(a1) +v14(ar) +33 cm™
2538.1 39 400 w 2140430 O—O-f—llz((h) +ui5(@)
2503.7 39 940 vw 268030 0042 (a1) +v1a(a) +vs (@)
2488.7 40 180 vw (dif) 2920430 0-0+2v15(a1) 213 (81)
2477.5 40 360 vw (dif) 310030 0-0-+w2(a1) +v1a(ar) +ms(an)
2435.0 41 070 vw 381030 0-0+ 2 (a1) +2u14(a1)

# The number in this column refers to the location of the 0-0 line in the gas phase, while the other data represent the gas-phase vibrational fre-

quencies (see Ref. 14).
b (dif) refers to a diffuse band.

rare-gas mixtures at 40°K followed by measurements
at 20°K led to an appreciable reduction in the fine
structure assigned to different trapping sites, while
deposition of CgDe/Kr mixtures at 40°K still led to
appreciable contributions from different sites. As in the
case of deuterated benzene? we have now found that
the deposition of toluene at 20 and at 40°K results in a
similar intensity pattern for the different trapping sites,
which are characterized by about the same intensity.
In the case of m-xylene, deposition was carried out only
at 20°K. The bands are more diffuse than in toluene
and in p-xylene. The structure of the bands consists of
a narrow line (~20 ¢cm™ for the band 0-0) followed by
a rather broad ‘“‘shadow” (~160 cm™ wide) of weaker
intensity. In the case of p-xylene three different trapping
sites were observed. ‘‘High-temperature” (40°K) dep-
osition led to a considerable enhancement of one of these
components, the relative intensity of these lines in the
0-0 transition of p-xylene was found to be 50:5:1
(see Fig. 3).

IV. THE 2200-A TRANSITION

The absorption spectra recorded for the second spin
allowed transition of toluene, toluene-ds, and m-xylene
in a krypton matrix (Fig. 4) are very diffuse. The
analysis of these spectra (Tables VII-IX) reveals a
totally symmetric » (a;) progression built on the pure
electronic origin. In addition, the false origin corre-
sponding to the vy vibration could also be identified.
[Strictly speaking, this mode corresponds to a totally
symmetric vibration »5(a,) and the false origin vs (81).]
In toluene-/s‘and toluene-ds two site-split components
were observed having about the same intensity and
appreciably overlapping each other. In view of the
appreciable widths of the vibronic components no
further information could be extracted from these
spectra.

The absorption spectrum of para-xylene (Fig. 5)
reveals well-resolved lines which are amenable to de-
tailed analysis. Only the lines corresponding to the
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TaBLE IV. Analysis of the absorption spectrum of toluene-ds in solid krypton at 20°K; transition 14,—'B; (141,—!Bs, in benzene).

Wavelength  Frequency v—wg0
() (em™) Intensity (cm™) Vibrational assignment

2671.0 37 439 vs 0-0
2668.8 37 470 vs 31 0-0+431 cm™
2640.6 37 870 m 431 0-0+4v15(a1)
2638.9 37 895 m 456 0-0+wvi(a) +25 cm™
2634.4 37 959 s 520 0-0+213(b1)
2621.7 38 143 VW 704 0-0+ws(ar)
2614.3 38 251 w-m 812 0-0-+ris(a)®
2606.8 38 361 vs 922 004w (ar)
2604.6 38 394 vs 955 0-0+vy (1) +33 cm™?
2588.1 38 638 w(dif) 1200140 0-0+w15(a1)
2577.7 38 794 w (dif) 1355440 0-0-+»; (a1) +wis(a1)
2573.2 38 862 w 1423 0-04vs(a1) +rs(by)
2570.2 38 907 w 1468 0-0-v2(a1) +21s(b1) +45 cm™!
2562.2 39 029 vw 1590430 0-0+w2(a1) +velar)
2553.0 39 170 vw 1730i30 0—0+V2((11) +V14(04)
2543.3 39 319 w 1880430 0-0+2vs(a1)

® The energy of this vibration reduces from 964 cm~! in toluene-ks to 812 cm™! in toluene-ds. This appreciable reduction is expected since w4
is a H (|]) vibration.

prominent trapping site were observed. Several totally sity and therefore could not be detected. The observed
symmetric progressions could be identified (Table X) vibrational structure jis inconsistent with Albrecht’s
consisting of the »,(q,)==750 cm™ and v;;(a,)=1200 theoretical predictions concerning the 14;,—1F,, transi-
cm™! and their combinations. The »g(a;)~1500-cm™ tion in a model system for p-xylene.’® In this case, the
vibration could not be conclusively identified as it 0-0 line is forbidden in Dy symmetry and the “false”
overlaps the 0-042w:(g,) band. The false origin vibronically induced origins correspond to vibrations
v18(b1;) =500 cm ™ was observed. From the comparison  of b., and by, symmetry. Albrecht’s model calculations®®
with the 2650-A system the corresponding vis(a,)~ for the '4,,—~'F,, transitions suggest the appearance of
360-cm™! component is probably much weaker in inten-

T
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N F16. 4. The absorption spectra corresponding to the 2200-A
_T16. 3. Part of the absorption spectrum of the 2650-A transi- transition of several methylated benzenes in solid krypton.
tion of p-xylene in solid krypton. Because of low resolution of the  (a) Toluene-/s, deposition at 40°K and measurement at 20°K.
microdensitometer, the fine structure is not very well resolved.  (b) Toluene-ds, deposition and measurement at 20°K. (c)
Sample was deposited at 40°K and photographed at 20°K. m-Xylene, deposition and measurement at 20°K.
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TaBLE V. Analysis of the absorption spectrum of m-xylene in solid krypton at 20°K; transition 14:—1B,
(*4;,~'By, in benzene). Only the lines of the prominent site are given in the table.

Wavelength  Frequency »— w0 Vibrational Gas-phase frequency®
(R) (cm™) Intensity (cm™) assignment (em™)
2724 36 710 vs 0 0-0 36 955
2690 37 170 w 460 00418 470(s)®
2673 37 410 vw 700 675(w), 735(vw)
2654 37 680 s 970 00+ () 965 (vs)
2606 38 370 vw 1660 0-0+»2(a1) 4-700
2589 38 630 w 1920 0-0+2v:(ar)

& First number corresponds to the gas-phase 0-0 transition, while the
other data refer to the excited state gas-phase frequencies (see Ref. 15).

at least four false origins of comparable intensity, spaced
by ~300, ~1100, and ~1200 cm™! from the lowest false
origin. The observed vibrational structure and intensity
pattern (Table X) is entirely different. Finally, we
should notice the close correspondence between the
vibrational structure of the first and second spin allowed
transition in p-xylene. In particular, one should notice
that in p-xylene the »;5(a,) and the »(a,) vibrations
appear with about equal intensity. This fact proved
essential for the analysis of the 1900-A transition (see
Sec. VI). Ther5(a,) vibration is a component of a mode
which involves mainly the vibration of the methyl
groups. The vibrational energy reduces from v (es5) =
3047 to vis{a,)=1204 cm™! in p-xylene (these data
correspond to ground state frequencies).

b The 15 bands corresponding to the ground state vibrations 515 and 536
cm™! are assumed by Sponer and Cooper (Ref. 15) to be indistinguishable.

V. ASSIGNMENT OF THE 2200-A TRANSITION

On the basis of the study of the second spin allowed
electronic transition of methylated benzenes, this excita-
tion may now be safely assigned to the !A;;—'By,
parentage in the benzene molecule on the basis of the
following arguments:

(1) The vibrational structure of this transition is
consistent with this assignment. To amplify this point,
we display in Table XTI the present data for the excited
states vibrational frequencies which are common to all
the three 7—#* transitions. The close correspondence
between the vibrational modes which appear in the
first and in the second transitions of the methylated
benzenes strongly supports the assignment for the

TaBLE VI. Analysis of the absorption spectrum of p-xylene in solid krypton at 20°K, transition 'A;—B;, (1A4;,—!Bs, in benzene).
Only the lines of the prominent site are given in the table.

Gas-phase
Wavelength Frequency v—wg0 Vibrational frequency®
(A) (cm™1) Intensity (cm™) assignment (em™)

2737.2 36 540 vvs 0 0-0 36 733

2709.6 36 900 vw 360 0-0+-»35(ay) 367(m)

2696.9 37 080 w 540 0-0-4-v13(b1p) 552(s)

2680.5 37 310 s 770 0-0+4-v:(ay) 775(vs)

2677.5 37 350 m 810 0-04w11 (bey) 802(s)®

2651.1 37 720 vs 1180 0-0-+w15(a,) 1 185(vs)

2641.0 37 860 vw 1320 0-0+4-»a(ag) +wi1s(b1g)

2625.7 38 070 vw 1530 0-04252(a,)

2623.1 38 110 w 1570 0-0+4r2(ag) +ru(bey);

0-0-+25(b1y)

2611.5 38 280 w (dif) 1740 0-0+4»15(b1g) +»15(ay)

2597.7 38 490 ms 1950 0-0+ry(ag) +v1s(ay)

2585.8 38 660 vw (dif) 2120 0-0+w15(b1g) +916(brg)

2575.4 38 820 vw 2280

2572.4 38 860 w 2320 0-04-3p:(a,)

2556.7 39 110 vw 2570 c

2544.5 39 300 vvw 2760 0-0+115(ay) +r16(brg)

® First number in this column refers to the location of the gas-phase
0-0 line, while the other data correspond to the excited state gas-phase
frequencies (see Ref. 16).

b The assignment of this line is not unambiguous.
¢ Appears also in the gas phase, its assignment is not clear.
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TasLE VII. Analysis of the absorption spectrum of toluene-/
in solid krypton at 20°K; transition '4;—!4, (!4,,—~'By, in
benzene).

SHARF, AND JORTNER

TaBreE IX. Analysis of the absorption spectrum of m-xylene
in solid krypton at 20°K; transition 4,—!4, (14,,—'B,, in
benzene).

Wave- Wave-

length  Frequency v—w00 length  Frequency ¥ —vgp Vibrational
() (em™)  Intensity (cm™) Assignment (A) (cm™)  Intensity  (cm™) assignment

2160 46 300 vs 0 0-0 2162 46 230 s 0 0-0

2139 46 750 w 450450 0-0-+»15(b1) ~2138 46 770 w ~540 0-0+4ws

2117 47 240 vs 95050 0~04-r2(a;) 2112 47 170 s 940 0-0-+ve(a1)

2077 48 150 s 1860450 0-0+2v:(a1) 2094 47 750 m 1490 0-0+4py(a1) +w1s

2036 49 120 m 2830450 0-04-3vy(a1) 2078 48 130 vw 1870 0-042v2(a1)
1997 50 070 w 3780450 0-04+4v2(a)

second transition. Finally, the appearance of the v5(by,)
vibration in the second transition and the absence of
false origins based on the b, and b3, modes is consistent
with 14;,—'By, rather than with the '4,,—,, transi-
tion.

(2) The assignment of the lowest vibronic component
of this second transition in parae-xylene to the 0-0 band
is conclusive in view of the vibrational analysis of this
transition (see Tables X and XI). The observation of
the 0-0 line in the 2200-A transition in a rare- gas solid
concurs with the data of Potts.” This result again pro-
vides a strong supporting evidence for the By, assign-
ment of this transition.

(3) Further support for the 'Bj, assignment of this
transition is obtained from the pattern of the methyl
shifte on the 0-0 line of the 2200-A transition in toluene
and in p-xylene. In Table XII, we have assembled the
pertinent experimental data concerning these methyl
shifts. Bearing in mind that in the benzene molecule
the lowest observed vibronic component corresponds
to a symmetry forbidden transition, the methyl shifts
of the pure electronic origin are

1300450 cm™!
230050 cm™L

toluene relative to benzene

p-xylene relative to benzene

These methyl shifts are consistent with Petrushka’s
calculations on the effect of chemical substitution on
the center of gravity of the 2200-A band. These experi-

TasLE VIII. Analysis of the absorption spectrum of toluene-ds
in solid krypton at 20°K; transition '4;—!4; (14;,~'By. in
benzene).

Wavelength Frequency y—¥00
(A) (cm™!)  Intensity (ecm™) Assignment
2144 46 640  vs 0 0-0
2121 47 150 w—m 490450 0-0+4wms(hy)
2100 47 620 s(dif) 98050 0-0+4wa(a1)
2065 48 430  s(dif) 1790250  0~0-+ 25 (ar)
~2032 49 210 m{(dif) ~2570 0043wz (1)
~1998 50 050 w (dif) ~3400 0~0+4m(a1)

mental data strongly support the 0-0 assignment in the
p-xylene 2200-A absorption. It should, however, be
noted that the methyl shift observed for the 2200 A of
m-xylene relative to benzene is somewhat too low (see
Table XIT). Petrushka’s calculations! indeed predict
that the methyl shifts for m-xylene and o-xylene relative
to benzene should be somewhat lower than that for
p-xylene. Experimental evidence also reveals that in
the first electronic transition the methyl shifts for
toluene and for ortho-xylene are very close (see Table
XII).

VI. THE 1900-A TRANSITION

The absorption spectra corresponding to the third
spin allowed transition in toluene-ks, toluene-ds, and
m-xylene (see Fig. 6) are broader and more diffuse than
the corresponding transition in the benzene molecule
previously reported by us.? As in the 2600 and 2200- A
transitions of these molecules the spectra reveal two
overlapping site components of about equal intensity.
The spectrum of m-xylene (Fig. 6) clearly reveals fine
structure characterized by site splitting of 180450 cm™
for the first band, which appears as a modulation on the
high-energy side of the other vibronic components. The
splitting observed in the third electronic transition of

Absorbance

¥ L L

2200 2150 2100 2050

AA)

I'ic. 5. The 2200-A absorption system of p-xylene in solid Kr,
deposition at 40°K and measurement at 20°K.
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TabLE X. Analysis of the absorption spectrum of p-xylene in solid krypton at 20°K; transition *4,,—'By, (!41,—'B, in benzene).

Intensity
Wavelength Frequency (arbitrary ) Vibrational
(R) (cm™) Intensity units) (cm™) assignment
2208 45 290 vs 13 0 0-0
2184 45 790 w ~1 500 0-0+4»15(b1g)
2172 46 040 vs 8 750 00+ (ay)
2152 46 490 s 4 1200 0-0+m5(ap) ;
0-0+-v2(ag) +w1s(byy)
2137 46 790 w 1 1500 0-0-+2m(a,) ;
(0-0+4»14(b1g, a)
~2125 ~47 040 Shoulder ~1750 0-04-»15(ag) +r1s(brg)
2116 47 240 vs 1950 0-0- w15 (ay) +2(ag)
2097 47 690 W 2400 (0-0) 42215 (ay,)
2080 48 010 m 2720 (0-0) +2v () +115(a,) ;
(0-0) +215(ag) +215(D1g, ag)
2064 48 450 s 3160 0-04-»(a,) +2v15(ap)
~2048 48 830 w ~3540 0-0+32(a,) +rs(ay)
2033 49 180 m 3890 0-0425:(a,) +2us(ay)
~2014 49 650 w ~4360 0-04»2(ay) +3vi5(ay)

m-xylene cannot be attributed to a pseudo-Jahn-Teller
splitting of the electronic level as multiple trapping sites
are observed in the first transition. These spectra of
toluene-#s, toluene-ds, and m-xylene (Tables XTIT-XV)
reveal just a single totally symmetric vibrational pro-
gression built on the 0-0 electronic origin.

The third transition of p-xylene reveals some inter-
esting information (see Fig. 7). There is a line located
350 cm™! above the 0-0 transition which is of comparable
intensity to the electronic origin. Following these two
lines there exists three pairs of bands, each pair sepa-

TaBLE XI. Excited state vibrational frequencies as obtained
from present work.

State
Material Elu Blu BZu
Toluene-ds 490° »15(a1) 456 vi3(a1)
vs(b1) 520 »s(br)
940 v ((11) 950 12} ((11) 920 1 2] (dl)
m-Xylene 5208 pig(ar) 640° p1g(a1)
vis(b1) vis(b1)
930 Vz(al) 940 112((11) 970 l'z(al)
p-Xylene .o soo wg(ay) 360 »is(ay)
v 500 vls(blg) 540 Vls(bla)
700 »2(a,) 750 wo(a,) 770 w2(ay)
1120 V15(dg) 1200 Ills(dg) 1180 P15(ag)
. 1500¢ vy (ay) 1570¢ »i6(a,)
Vlﬁ(blg) Vlﬁ(blo)

2 The two components are not resolved in the matrix.

b The components are assumed by Sponer and Cooper (Ref. 15) to be
indistinguishable.

¢ Appears only in overlapping with another combination band.

rated again by 300-400 cm™! and characterized by about
equal intensity (see Table XVI).

The average spacing between the center of gravity
of these pairs is about ~750 cm™. Unlike the corre-
sponding 1900-A spectrum of benzene? or toluene, the
p-xylene spectrum in this region cannot be assigned to
a single vibrational progression even if we invoke the
assumption that each band in such a single progression
is split by ~350 cm™. As in both the 2700- and 2200-A
transitions in p-xylene the v;5(a,) vibration was excited
with an intensity comparable to that of the »(a,)
vibration, it is plausible that the »;5(a,) vibration will
also be strongly excited in the third electronic transition.
The spectrum can now be interpreted on the basis of
the following assumptions:

(a) The prominent totally symmetric vibrations are
Vo (ag) and »y; (ag).
(b) Each transition is split by 350 ¢cm™L. In Table

Absorbonce

| 1 | 1

1950 1900 o 1850 1800
AA)

F16. 6. The 1900-4 absorption system. Upper curve: Toluene-
ds in krypton matrix, deposition at 40°K and measurement at

20°K. Lower curve: m-Xylene in krypton matrix deposition and
measurement at 20°K.
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TasLe XII. Electronic origins and methyl shifts for v—=* transitions of methylated benzenes in solid krypton.s:b

State

Molecule B, (Kr) By, (Kr) B, (Kr) By, (gas)

Benzeneb-ed 53 810 pe 47 570 pe 37 975 pe 38 089

fo 48 190 fo 38 505 fo 38 609
Toluene 52 710 (1100) 46 290 (1280) 37 260 (710) 37 477 (610)
0-Xylene 37 308 (781)
m-Xylene 51 600 (2210) 46 230 (1340) 36 710 (1260) 36 955 (1134)
p-Xylene 51 570 (2240) 45 290 (2280) 36 540 (1430) 36 733 (1356)

® Data refer to energies in cm™! for the 0-0 line. Data in parenthesis
correspond to methyl shift (in cm™) relative to the 0-0 line in benzene.

b (Kr) refers to a krypton matrix at 20°K, while (gas) corresponds to
gas-phase data (Refs. 14-16).

XVI we present the analysis of this transition. In view
of the quite appreciable line broadening (linewidth
~250 cm™!) overlap between some components of the
spectrum is encountered. In particular, as each of the
vibronic bands is split by 350 cm™ overlap occurs
between the high-energy component of the v (a,)>
740-cm™! vibration and the lower-energy component of
the vy (@, )~1160-cm™! vibration.

We shall now focus our attention on the nature of the
350-cm™! splitting observed in the third electronic
transition by p-xylene. Possible assignments are:

(a) Site splitting: The possibility this splitting is due
to different trapping sites is excluded on the basis of the
expectation that simultaneous appearance of the fine
structure (which is assigned to different trapping sites)
is expected for all the three 7—#* transitions of the
trapped molecule. Although the site splittings differ in
energy for different transitions the intensity pattern is
expected to be the same. Now, the spectra reported in
Figs. 3 and 7 were obtained on the sample sample. The
intensity ratio of the different trapping sites in the first
transition of para-xylene is 50:3:1, whereas in the
third transition the intensity ratio of the first two lines
separated by 350 cm~!is 1:1.

(b) Simple vibrational assignment: It may be argued
that the 0-0+350 cm™ line corresponds to a wis(a,)
vibration, as observed for the first transition (see Table
V). This possibility is also excluded on the basis of the
experimental intensity ratios. The line which is assigned

TasLe XIII. Analysis of the absorption spectrum of toluene-/s in
solid krypton at 20°K; 1900 A transition (14;,—'Ey, in benzene).

¢ Benzene matrix data from Ref. 2.

d The first figure in this row for the By, and By, states corresponds to
the pure electronic origin (pe), while the second number refers to the false
origin (fo) induced by the 520-cm™ ¢z vibration.

to the »3(a,) vibration in the first transition of para-
xylene exhibits an extremely weak intensity relative
to the 0-0 line (see Table V), and is missing in the
second transition of this molecule. From our previous
study of the benzene molecule? we may assert that the
potential energy surfaces (and thus the Franck-Condon
factors and the vibrational frequencies) are expected
to be similar in all m=—7* states. It is thus unreasonable
to expect that the symmetric vis(a,;) vibration will be
considerably enhanced in the third #—#* transition so
that it will have an intensity comparable to that of the
0-0 line.

As the trivial interpretations can be quite safely
excluded, we assign the observed structure in the third
electronic transition of para-xylene (Table XVI) to the
electronic splitting of the '4,~!B,, and the 4By,
transitions, which are of the '4,,—'J%;, parentage in the
benzene molecule.

VII. ELECTRONIC SPLITTING IN THE 1900-A
BAND OF PARA-XYLENE

The present work provides experimental evidence for
the splitting of the third, spin allowed, nearly degenerate
excited state of the p-xylene molecule. The assignment
of the 0-0 band of the third transition (1850 A) of p-
xylene is entirely consistent with the methyl shifts (see
Table XVI). In view of the analysis of the experimental
data (see Sec. VI), trivial splitting mechanisms can be
quite safely excluded. We thus believe that the splitting
of 350 cm™ in p-xvlene corresponds to the removal of

TaBLE XIV. Analysis of the absorption spectrum of toluene-ds in
solid krypton; 1900-A transition (141,—~'/%1, in benzene).

Wave- Intensity
length Frequency  (relative y—wo0 Wavelength  Frequency v—wo0
(&) (em™1) units) (em™) Assignment (&) (cm™)  Intensity (cm™) Assignment
1897 52 710 2 0 00 1891 52 880 s 0 00
1865 53 620 3 910  0-O+4-we(a1) 1858 53 820 vs 940  0-0-+»2(a1)
~1831 ~54 610 1 ~1900  0-0+42s2(a1) ~1829 ~54 680 m ~1800 0-0+2w(a1)
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TasLE XV. Analysis of the absorption spectrum of m-xylene in solid krypton at 20°K; 1900-A transition (14,,—'Fy, in benzene).

Wavelength  Frequency ¥ —¥o0 Vibrational
(R) (em™) Intensity {cm™) assignment
1938 51 600 s 0 0-0
1931.4 51 780 Shoulder 0-0+4180 cm™
1904 52 520 s 920 0-0+w(a)
1893 52 830 Shoulder 0-0-+»2(a) +310 cm™!
1869 53 460 w 1860 0-04+202(a:)
1856 53 880 Shoulder 0-0+2v5(a;) 4400 cm™

degeneracy of the 1B, and 1Bs, states which are of 1F,
parentage in the benzene molecule. It is now well
established that the 'Ky, w—r* excited state of the
benzene molecule should not exhibit Jahn-Teller cou-
pling effects. However, methyl substitution will lead to
the splitting of electronic degeneracy and to vibronic
coupling between the zero-order close-lying levels.
Hobey’s calculations? on the ground state of negative
ions of substituted benzenes lead to the conclusion that
pseudo-Jahn-Teller coupling effects tend to reduce the
initial electronic splitting. Thus, for toluene d=708
cm™, while AE=470 cm™!; while for p-diethylbenzene
d=734 cm™! and AE=484 cm™!. (Here d refers to the
initial splitting while AE corresponds to the level
spacing.) The experimental level splitting in the excited
state of p-xylene is of the correct order of magnitude.
It should be pointed out that we have failed to observe
this electronic splitting in other methyl substituted
benzenes where line broadening in the third excited
state s excessive. Theoretical calculations of pseudo-
Jahn—Teller coupling in excited electronic states will
be of considerable interest.

VIII. LINE BROADENING

A considerable difference is observed between the
linewidths of the first and the higher spin allowed transi-
tions of methylated benzenes in low-temperature kryp-
ton matrix. The width of the 0-0 line in the first elec-
tronic transition for all the methylated benzenes studied
in the present work is about 10-15 cm™. The higher
vibronic components and combination bands are some-
what wider and more diffuse. This width arises from
phonon broadening in all the vibronic components and
from vibrational relaxation in the excited vibronic
manifold (except, of course, for the 0-0 line where the
latter effect is absent). In the second electronic transi-
tion the width of the 0-0 line is ~250 cm™ for toluene-
hs, ~200 cm™! for toluene-ds, and ~160 cm™ for p-
xylene. The higher lines in the second transition in
toluene-#g and toluene-ds are considerably more diffuse,
the linewidth exceeding 400 cm™. For the third transi-
tion the linewidths are ~500 cm™ for toluene-%3 and
toluene-ds and ~200 cm™ for p-xylene. All these data
are accurate within 450 cm™. Unfortunately, the

TaBLE XVI. Analysis of the absorption spectrum of p-xylene in solid krypton at 20°K; 1900-A transition (14;,—'F. in benzene).

Wavelength

Frequency y—wo0
(A) (em™) Intensity (cm™1) Vibrational assignment

1939 51 570 vs 0 [0-0l.

1926 31 920 vs 350 [0-01

1913 52 270 s 700 [0-0+422(ap) Ja

1898 52 690 vs 1120 [0-0+w2(ay) J;
[0-0+215(ay) Ju

1883 53 110 s 1540 [0-0+2v2(ay) Ja;
[0-0+15(ay) Jo

1870 53 480 m 1910 [0-0+42v2(ay) Js;
[0-0+4v2(ay) +315(ag) Ja

1855 53 910 w 2340 [0-0+3w2(ay) Ja;
[0-0+2ms5(ay) Jos
[0-0+4v2(a,) +215(a0) I

1842 54 290 w-vw 2720 [0-0+3v2(ay) Tb;
[O—O—{—Zm(a,) :Ib;
[0-0+2:(ay) +r15(ag) Ja

1831 54 620 wW-vw 3050 [0-042v15(a,) +v2(ay) Jao;
[0-0+2v;(ay) +wi5(ag) Jo

1822 54 880 W-vw 3310 [0-0+42w15(ag) +v2(ag) b

1813 55 160 wW-vWw 3590
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Fic. 7. The 1900-A absorption system of p-xylene in solid
krypton. Sample was deposited at 40°K and measured at 20°K.

present data are only semiquantitative as we cannot
completely eliminate ‘“‘trivial effects” such as site
splittings. In toluene-ks and toluene-ds the width of
bands of the second and third electronic transition is so
large because of overlap of two sites characterized by
about equal intensity and a splitting of about 200-300
c¢m~L, On the other hand, in the second and third elec-
tronic transitions of p-xylene, the contribution of site
splitting has been eliminated to a large extent.

In spite of the inherent limitations of the experimental
information we can assess that intramolecular non-
radiative decay is extremely efficient in the second and
third excited singlet states of methylated benzenes.
Two major classes of such processes should be con-
sidered: (a) electronic relaxation such as internal con-
version and intersystem crossing; (b) photochemical
rearrangements and dissociation reactions. From the
observed linewidths we can infer that in the second and
third excited states of methylated benzenes, the non-
radiative decay of these excited states occurs on a time
scale shorter than 107%-107% sec. Some independent
spectroscopic data are consistent with this conclusion.
No emission was observed from any alkyl benzene in
the gas phase® indicating that for the “isolated” mole-
cules the photochemical decay channel dominates elec-
tronic relaxation process. Internal conversion in higher
excited states of large aromatic hydrocarbons (which
follow excitation to the second excited singlet, decay
into the vibronic manifold of lower-lying electronic
states and then decay radiatively) are characterized

SHARF,

AND JORTNER

by rates® of 101 sec™, so that the branching ratio for
photochemical decay relative to internal conversion in
methylated benzenes in the gas phase can be 103, On
the other hand, solvent effects enhance considerably
the internal conversion in methyl benzenes in the pure
liquid and in hydrocarbon solvents.® In this case,
photochemical decay and internal conversion are both
efficient. The linewidth data scan the whole nonradia-
tive width and we cannot separate the different decay
channels of the excited electronic state. However, the
appreciable diffuseness of the higher vibronic com-
ponents of the second transition in toluene in contrast
to the above constant linewidth for p-xylene is of
interest. It is conceivable that photochemical decay
channels become more efficient at higher energy above
the 0-0 line of the second transition in the former case.
Combination of more refined line shape studies and
photochemical investigations may be of considerable
interest in molecular photochemistry.
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