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We observed the fluorescence excitation spectra and mass-selected resonance enhanced multiphoton
ionization (REMPI) excitation spectra for the 6), 6,1;, and 6)15 bands of the S « Sy transition
of jet-cooled deuterated benzene and assigned the vibronic bands of C¢Dg and C¢HDs. The 6(1)16’
(n=0,1,2) and 08 transition energies were found to be dependent only on the number of D atoms
(Np), which was reflected by the zero-point energy of each H/D isotopomer. In some isotopomers
some bands, such as those of out-of-plane vibrations mixed with 6'1”, make the spectra complex.
These included the 6'10%1" level or combination bands with v, which are allowed because of reduced
molecular symmetry. From the lifetime measurements of each vibronic band, some enhancement of
the nonradiative intramolecular vibrational redistribution (IVR) process was observed. It was also
found that the threshold excess energy of “channel three” was higher than the 6'12 levels, which were
similar for all the H/D isotopomers. We suggest that the channel three nonradiative process could be
caused mainly by in-plane processes such as IVR and internal conversion at the high vibrational
levels in the S; state of benzene, although the out-of-plane vibrations might contribute to some
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degree. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4937951]

. INTRODUCTION

The electronic excited states of benzene are of great
interest and there have been extensive studies using molecular
spectroscopy.'™ The CgHg molecule is a regular hexagon in
the zero-vibrational level of the S; state, and the molecular
structure has been found to be unchanged by deuterium
substitution, as shown in Paper 1.'9 In the S, state, however,
the molecular structure and potential energy surface are easily
changed by various interactions among the electronic excited
states. It is essential to accurately analyze the vibronic
structure to elucidate the excited-state dynamics such as
radiationless transition and photochemical reaction because
these processes are controlled by the potential energy surface.

The S| 'By, « Sp'A; ¢ transition of benzene is forbidden
and only the vibronic bands are observed in the excitation
spectrum. The 6(') (V6 : ez,) band is strong, and its intensity
arises from vibronic interaction between the S,' By, and S3 'E},,
states. The S3'Ey, « Sp'Aj, transition is allowed and the
absorption band is very strong. In Paper III, we investigate
the vibronic structure in the excitation spectra of the S| « Sy
transition of jet-cooled deuterated benzenes. The dominant
bands are identified to be 6;, 6,17, and 612, where v, is the
totally symmetric a;, mode called breathing. The 6(1)18 band
cannot be observed in the fluorescence excitation spectrum
because the radiationless transition is drastically enhanced at
the high vibrational level in the S| state. This is called “channel
three.”” High-resolution spectroscopy showed that this was the
combined channel of intramolecular vibrational redistribution
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(IVR) in the §; state and internal conversion (IC) to the S
state.!"1? The threshold excess energy for C¢Dg was suggested
to be significantly smaller than that of C¢Hg (3000 cm™).13
This was because that the fluorescence lifetime at the 6'12
level of CgDg was appreciably shorter than that at 6'1'.

To elucidate the mechanism of this efficient radiationless
process, we observed and analyzed the fluorescence and
mass-selective resonance enhanced multiphoton ionization
(REMPI) excitation spectra of jet-cooled deuterated benzenes.
In this article, we present the experimental results and discuss
the deuterium effect on the vibronic structure and excited-state
dynamics in the S state of benzene.

Il. EXPERIMENTAL

The mixture sample of deuterated benzenes is the same as
used in Paper I.'° In the pure sample measurement, commercial
samples of C¢Hg (Wako Chemical, 98%), C¢Dg (Wako Chemi-
cal 99.8%), and C¢HD5 (Aldrich, 98%) are also used without
additional purification. The vapor was mixed with He gas (2
atm) and expanded into a vacuum chamber through a pulsed
nozzle (automobile fuel injector) to generate a supersonic jet.
The fluorescence excitation spectrum was observed using a
tunable dye laser (Lambda Physik LPD 3000, AE = 0.1 cm™!,
Coumarin 500) pumped by a nanosecond pulsed excimer laser
(Coherent Compex Pro 110, 308 nm, Af = 5 ns). The pulsed
UV light was obtained with the second harmonics generation
of the dye laser output using a BBO crystal. The laser beam
was crossed with the supersonic jet at right angles. The dis-
tance between the nozzle and the crossing point was 1 cm.
Fluorescence from the excited molecules was collected using

©2015 AIP Publishing LLC
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a photomultiplier (Hamamatsu R928). The output was pro-
cessed using a preamplifier (Stanford Research SR 445A) and a
boxcarintegrator (Stanford Research SR250). The fluorescence
excitation spectrum was obtained by recording the change in
the fluorescence intensity with the laser wavelength. Transient
fluorescence intensity after the laser pulse was recorded using
a storage oscilloscope (LeCroy 9362). The lifetime value was
determined by a least-squares fit of the calculated convoluted
curve with a single-exponential function.

For the measurement of a mass-selective REMPI excita-
tion spectrum, we used a tunable dye laser (Lambda Physik,
Scanmate-OPPO, AE = 0.1 cm™!) pumped by a Nd:YAG
laser (Spectra Physics, GCR-250-10). The supersonic jet was
collimated using a conical skimmer (orifice diameter 3 mm)
and the cation produced by the REMPI process was detected
using a microchannel plate (MCP) detector through a time-
of-flight (TOF) tube. We recorded the transient TOF signal by
changing the wavelength of the laser light. The mass-selective
REMPI excitation spectrum was obtained by extracting the
signal intensity during the gated period of a specific ion mass.

lll. RESULTS AND DISCUSSION

A. The calculation of the effect of deuterium
substitution on vibrations

To assign spectra, the frequencies of normal modes
must be known. The v; vibrational energies in the S
state, for example, can be determined by analyzing the
fluorescence excitation spectra, but the v¢ energies cannot
be determined because the 08 band is missing for the
S !By, « Sy'Ay, transition. It is, however, possible to
estimate them with the assistance of theoretical calculations.
Accordingly, we calculated harmonic vibrational energies
by TDDFT(B3LYP)/6-31++G(d,p) for the S; state and
by DFT(B3LYP)/6-31++G(d,p) for the S, state, using the
Gaussian 09 program package.'* We then introduced scale

J. Chem. Phys. 143, 244304 (2015)

factors (0.983 for e;, vibrations and 0.963 for other vibrations)
to reproduce the experimental values of C¢Hg and C¢Dg, which
were determined by analyzing hot bands.” Here, the normal
mode i is represented according to Wilson’s numbering,'> and
those of C¢Hp are written as Q'

The resultant v; and v energies and the 08 band transition
energies are listed in Table I for the all isotopomers. The
08 band is the transition between the zero-point levels of
the Sp and S; states. The difference in zero-point energies
between two electronic states increases with the number of D
atoms (Np) or with molecular weight, and is independent of
the isotopomer structure. Thus, we determined the transition
energies of 08 by mass scaling using the observed energies of
C¢Hg and CgDg.'® Those energies are used in the analysis of
observed spectra. We will discuss the validity of those values
in Sec. III B 2. The vg(es;) mode consists mainly of ring
deformation. Thus, the vibrational energy does not vary much
by the deuterium substitution, although it splits into vg, and
Ve for several isotopomers of lower symmetry.'” The v;(a, <)
mode consists mainly of C—C stretching (all in-phase, which is
called breathing). Deuteration reduces the vibrational energy
of v more than that of v, and the decrease is approximately
proportional to Np.

Not only the vibrational energies but also the normal
coordinates are influenced by deuterium substitution. Both
C¢Hg and Cg¢Dg have D¢, symmetry, but their normal
coordinates are slightly different. For example, Qs(ez,) of
CeDg appreciably mixes with Qff and Q.'® This leads to a
change in the normal coordinates and the value of the Coriolis
parameter /.!” The C—D stretching mode Q> of C¢Dg also
mixes with QY, the C—C stretching mode."?

1,3,5-C¢HsD3 is the only Dsj, isotopomer. The C-C
bending mode Qi (b1, in Dgy) has three-fold symmetry.
By reduction of molecular symmetry, it becomes the total
symmetric a; mode, and it mixes with Q; at approximately
1:1.'8 Thus, the Dgy, forbidden v;, progressions will probably
appear in the vibronic spectrum of 1,3,5-C¢H3Ds.

TABLE I. Calculated and observed vibrational energies (cm™!) of the v and v¢ and calculated energies of 08 in

deuterated benzene isotopomers in the S state.

Vi Véa Veb

Isotopomer Observation®  Calc.P Observation!”  Calc.¢ Observation!” Calc.¢ 08‘1
CeHe 924 922 520 520 38086
CgHsD 920 911 514 515 517 518 38120
0-CgHyD» 903-912 906 513 514 510 511 38154
m-CgHyD> 904 513 514 510 511

p-CeHyD> 908 509 509 515 516
1,3,5-CsH3D3 890-910 892 508 509 38188
1,2,3-C¢H3D3 899 507 508 507 508
1,2,4-C¢H3D3 900 506 506 510 511

0-CgHoDy4 885-903 894 503 503 505 506 38221
m-CgHoDy 890 503 503 505 507

p-CeHoDy 894 507 508 502 502

CeHDs 883 886 502 503 497 500 38255
CeDg 880 880 497 498 38289

2Calculated harmonically from the observed 6(1)1(1) band.

bResults of TDDFT(B3LYP)/6-31++G(d,p) are scaled by 0.963.
“Results of TDDFT(B3LYP)/6-31++G(d,p) are scaled by 0.983.

dScaled value with the energy of ()8 bands from CgHg and C¢Dg. !0
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In C¢HsD and C¢HDs, asymmetric substitution leads
to G, molecular symmetry and much mixing of normal
coordinates. Two components of an originally degenerate
vibration show large splittings in their frequencies and forms.
Part of the two molecules’ normal coordinates and their
frequencies are shown in Figs. 1 and 2. The totally symmetric
mode @ mixes with modes of approximately the same
vibrational energies, which are Q?Sa (e1, In Dgy) in CgHsD
and Qll'l2 in C¢HDs, as shown by the vibrational forms.

B. Spectral analysis

1. Fluorescence excitation spectra using
pure samples

The fluorescence excitation spectra of the S;'By,
— So'Aj, transition of CgHe and CeDg are illustrated in
Fig. 3, whose scale is the vibrational excess energy from the
08 transition. In the Hiickel approximation, the HOMO and
LUMO of benzene in Dg;, symmetry are represented by Ej,
and E,,, respectively. The HOMO — LUMO excited state is
represented as

Elg ® Ey, = By, + By, + Eqy,.

The S; state is known to be 'B,,. Because the S;'B,,
— Spl4, ¢ transition is forbidden, the 08 band possesses no
absorption intensity. The vibronic bands are observed in the

C4HsD

s Cad
!
vy 911 cm™! Vioa 577 cm™!
- — T
v
{ {
V5 957 cm™! Viga 226 cm ™!
)

N7/ l

1 1

Viga 931 cm™ Vi7a 721 cm™

FIG. 1. Part of forms of the C¢HsD normal modes. Orange, hydrogen atom;
green, deuterium atom.

J. Chem. Phys. 143, 244304 (2015)

C4HDj

7t

v, 886 cm—l V10a 448 cm_l
vy 930 cm™! Viga 194 cm™!
Vig, 760 cm™! Vi7a 594 cm™!

FIG. 2. Part of forms of the C¢HDs normal modes: Orange, hydrogen atom;
green, deuterium atom.

excitation spectrum, which are assigned to the 6(1) (V6 : €xq)
fundamental band and its combinations with the vy : ay,
vibration. The E), (=e2, ® By,) vibronic level of the S;'By,
electronic state mixes with the S3'E;, state and borrows
absorption intensity from the strong lElu—lAlg transition.
The excitation spectrum of jet-cooled C¢Hg consists of three
main bands, 6), 6,1;, and 6132 The spectral features of
CgDg are similar, but some new bands appear and there is an
approximately 200 cm™! blue-shift of all bands.

These changes in band structure from CgHg result from
the transformation of normal coordinates caused by deuterium

(a) CHg

ASA, AT A j‘

(b) C¢Ds

nl s dhrsr

| I
0 1000

I | I I |
2000 e 3000

FIG. 3. Fluorescence excitation spectra of CgHg and CgDg. The scale is the
vibrational excess energy from the 08 transition.
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substitution, as noted above in Sec. III A. To search this
substitution effect, we compared the fluorescence excitation
spectrum of pure CgHDs to that of C¢Dg, which is the molecule
differing by only one atom. We assigned the vibronic bands
based on the calculated harmonic vibrational energies by
TDDFT(B3LYP)/6-31++G(d,p), and the results are shown
in Table II. The frequencies of the combination bands are
approximated to the summation of the harmonic vibrational
energies. Almost all bands are combination bands with vs.

The 6! vibronic level splits into the 6a and 6b levels for
several isotopomers,'” but they are not resolved in these spectra
because the laser linewidth is 0.1 cm™! and the rotational
envelope is larger than the splitting under the present jet
condition (rotational temperature 20 K). Their fluorescence
excitation spectra around 6(1)1(1) are shown in the upper panels of
Figs. 4(a) and 4(b). The C¢Dg spectrum was already assigned
by Rice et al.’> Two strong peaks at 25 cm™' and 37 cm™
lie on the higher side of 6)1} and are characteristic of the
spectrum. These both were assigned to 65 1 03. viois anonplanar
elg vibration, so the vibrational symmetry of 6'10% is
represented by

J. Chem. Phys. 143, 244304 (2015)

€ ®e1g ®ejg = e [6ll$10210]
+ey [6'1710%*%
+(ag +az) [6'F10°1*2]. (1)

Of the three components, the vibronic transitions are allowed
for the e;, components by the Herzberg-Teller interaction,
and 6él¢10318 is then allowed by the first-order interaction
and 6(1)1110518'2 by the third-order interaction. There should
be, however, appreciable intensity difference between the two
components, although it is not observed in the spectrum in
addition to large 12 cm™! split. Rice et al. suggested that
the third-order vibrational /-type resonance exists between
6'1710%° and 6'/*10%/*2. This resonance obeys the selection
rule Alg = Aljp = £2, and the rotationally resolved spectrum of
6,107 was resolved based on this resonance.”' This interaction
allows 6,/¥103[0 and 6,/*103/%* to mix together, which leads
to two strong peaks with a large split.

Similarly, in the CcHDs spectrum, two strong peaks are
observed on the 20 cm™' and 29 cm™! higher energy side
of the 6)1; band. Because of its C;, molecular symmetry,

TABLE II. Vibrational energies (cm™") and band assignments observed in the fluorescence excitation spectra of

the S| « Sy transition in C¢Dg and C¢HDs.

C6D6 CeHDs
Observation(Calc.?*) Assignment Observation(Calc.?) Assignment
299(303) 691, 303(304) 691,
360(355) 6016 355(355) 6016
414(418) 62 415(421) 6
494(495) 6, 500(501) 6,
904(886) 6,162
914(886) 60162
1169(1169) 601910; 1176(1176) 60110}
1176(1183) 6912 1185(1188) 6012
1206(1203) 6,40104 1217(1216) 6440 (10a)}
1256(1256) 6,40 (10b)}
1231(1240) 60116, 1239(1238) 601016}
1281(1286) 6016175 1295(1294) 60164 (172)
1291(1294) 671, 1302(1307) 671,
1374(1378) 6514 1383(1387) 631}
1399(1394) 6,102 1403(1397) 6, (102)2
1411(1394) 6,102 1412(1397) 6, (102)2
1492(1498 or 1482) 83 or 63 1478(1476 or 1473) 64 (10b)2 or (8a)}
1483(1481) (8b),
1670(1685) 60172 1682(1689) 6, (17)?
1678(1685) 6,172 1756(1764) 6, (17b)
1781(1766) 601621}
1795(1766) 601621}
1826(1815) 6452 1889(1897) 6452
2125(2120) 601316, 2128(2127) 651316,
2168(2174) 6712 2198(2193) 6712
2249(2257) 612 2270(2273) 6012
2272(2279) 601021} 2283(2283) 6 (10a)21}
2286(2279) 601021} 2294(2283) 6, (10a)21}
2315(2319) 7 2316(2324 or 2323) (Tb) or 6} (10a); (10b)}
2336(2324 or 2323) (7b); or 6} (10a), (10b);,
2335(2343) 60122 2361(2362 or 2362) 60122 or 6} (10b)]
2556(2534) 6432 2384(2384) 6132

#Results of TDDFT(B3LYP)/6-31++G(d,p) harmonic calculation are scaled by 0.983 (es, vibration only) and 0.963 (other

vibrations).
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(a)C6HD5
6(1) 1516} 165175 1{, 10; 8
LIF
6115 T%l(‘,
1200 1400 1500 cm'!
REMPI
b)CD
(B)EeDs LIF

1200 1300 1400 1500 cm!

REMPI

FIG. 4. Fluorescence excitation spectra (upper) and excitation REMPI spec-
tra (lower) of 6(1)1(1) of (a) CcHDs and (b) C¢Dg. The scale is the vibrational
excess energy from the 08 transition.

the degeneracy of vjy is broken into two components,
Vioa(as : 448 cm™!) and v op(b; : 487 cm™!). The vibrational
energies of the observed peaks correspond to that of 6(1)(10a)%.
However, it is possible that v, and v, also mix in C¢gHDs
by an interaction that causes the vibrational /-type resonance
attributed to the vibrational angular momentum along the ¢
axis because of the relatively small effect of mono-hydration
on vio.

The fluorescence excitation spectra of C¢HDs and C¢Dg
around 6(1)15 are shown in Figs. 5(a) and 5(b), upper panels. In
CgDg, new bands are also observed, in addition to the main
bands which are assigned to the v; combination bands with
those appearing around 65 1,. We assigned them to 7(v7 : e2,),
6(1)12%, and 6(1)36(1/3 ! dag),including only in-plane vibrations. In
C¢HDs, many vibronic levels are candidates for the observed
vibronic bands in this higher energy region because of its lower
symmetry. However, the strongest bands could be similarly
assigned to C¢Dg. The intensity ratio of 6)1031) to 6)12 is
larger than that of 6102 to 6)1} in both molecules, indicating
extensive mixing between 6'1% and 6'10%1" levels.

2. Mass-selective excitation REMPI spectra using
the mixture sample

Through analysis of the pure sample spectra, we
were able to assign the observed strong vibronic bands.
We then performed additional research on the change of
vibronic structure by deuteration using the mixture sample of
deuterated benzenes. We observed the fluorescence excitation
spectrum, and the results for the 6(') band are shown in

J. Chem. Phys. 143, 244304 (2015)

(a)C¢HDs
61 16112 12 10%1] 122
0
71
! LIF
2100 2200 2300 2400 cm-!
REMPI
LIF

2100 2200 2300 2400 cm’!

REMPI

FIG. 5. Fluorescence excitation spectra (upper) and excitation REMPI spec-
tra (lower) of 6(1)13 of (a) CcHDs and (b) Cg¢Dg. The scale is the vibrational
excess energy from the 08 transition.

Fig. 6(a). The mass-selective REMPI excitation spectra are
shown in Fig. 6(b). The transition energy only depends
on the molecular mass, which increases by approximately
30 cm~! as Np increases, and is independent of the isotopomer
structure. This energy dependence on Np, is consistent with
the result of Og transition energy calculation (Sec. III A). The
vibrational energies of C—H stretching and wagging modes
are significantly reduced by the deuterium substitution. The
total zero-point energy, therefore, becomes smaller as the Np
increases. Because this deuterium effect is larger in the S state,
the 08 transition energy increases (blue shift) by the deuterium

1
(a) LIF 69
L 1 | 1 1 1 1 | 1 1 1 1 |
38600 38700 ¢m™! 38800
(b) REMPI
M CHj
S W C.H:D
o e
o JM CoH,D;
-—vr"ﬁ\'\,.._ C6H2D4
M CHD;
X3 e C(D,

FIG. 6. Fluorescence excitation spectra (a) and excitation REMPI spectra (b)

of 6(1) with the mixture sample.
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substitution. The shift by per-deuteration is known: 203 cm™!

for benzene (C¢Hg and C¢Dg),” 118 cm™' for naphthalene,
(C1oHg and Ci9Dg),?? and 69 cm™' for anthracene (Ci4Hi
and C4Dj0).2> We discovered for the first time that, in the
case of partial deuteration, the 08 transition energy increases
by approximately 35 cm™' as Np increases. Furthermore, if
the 08 band could be observed, its spectral features would be
similar to those of the 6é band, since the vg(ep,) vibrational
energy does not vary much by the deuterium substitution.
The area intensity ratio of the 6(1) bands is approximately
1:6:15:20:15:6:1, which is the abundance ratio of isotopomers
at the statistical limit. The splitting of 6a and 6b is not resolved
in the present measurement.

The spectra around the 6(1)1(1) band are shown in Fig. 7.
The splitting with Np is smaller (approximately 25 cm™') and
the band structure is more unclear than that of 6(1), because
the v vibrational energies vary depending on Np. Some new
bands also appear in addition to 6)1;. For C¢HsD, the mixing
between normal coordinates increases by its lower symmetry,
as well as CqHDs. The bands around 6(1)1(1) are very broad. This
indicates that some bands mix strongly with 6} 1§ in C¢HsD. We
assigned these mixed bands as 616517, and the combination
bands with vig, or v, totally symmetric vibrations, with the
assistance of theoretical harmonic calculations. The forms of
these vibrations are shown in Fig. 1. It is possible, however,
that the 6(1)16(1)17(1) components could be mixed strongly by an
I-type resonance as well as in the 6,107 level of C¢Ds and
CeHDs. Thus, the perturbation might be strong, disturbing
the precise expectation of their band energies and rotational
contours. The band assignments for CgHsD,, CgHsDs,
and C¢H,D, are difficult because vibronic bands of each
isotopomer are superimposed on the mass-selective REMPI
spectrum of each mass number. However, it is expected that
6(‘)1(‘) is the main band and that other bands may appear. Fig. 8
shows the expectation of the position of some combination
bands with vg using ab initio harmonic calculations. The
combination band including v, would be especially strong
because it mixes with vy.

141
(a) LIF 601p
r“7**7”ﬁ“”fmpvjkﬂé\fkvf“ﬁ"r“ﬁ
39500 39600 cm-l 39700
(b) REMPI
Ce¢He
M&J’M/\-
CeHsD
CsH4D:
Ce¢H3D3
CeH2Dy4
e MM A C¢HDs
X3
e M CDs

FIG. 7. Fluorescence excitation spectra (a) and excitation REMPI spectra (b)
of 6(1)1(1) with the mixture sample.
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141
61 11 6010
00
! C6H6
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: 1451
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1300

FIG. 8. Excitation REMPI spectra of 6(51 (1) and the calculated position of part
of the main combination bands. The scale is the vibrational excess energy
from the 08 transition.

The spectra of the 6(1)1% band are shown in Fig. 9. The
fluorescence excitation spectrum is so complicated that the
main bands of C¢Dg¢ and C¢HDs are unclear, suggesting that
some nonradiative relaxing process is enforced and the bands
of these molecules are losing intensity. Yet, the results from
the mass-selective REMPI spectra and the pure sample spectra
show that the complexity of 6)17 is a result of the intensity
transfer from 615 to 6)1051), not a result of the loss of
intensity by a fast electronic relaxation process. For C¢HsD,
the spectrum around 6(1)1(2) is not different from that around
6(1)1(1). Thus, we expect that most main bands are combination

142
(a) LIF 6015
1 | 1 1 1 1 | 1 1 1 1 | ]
40400 40500 em! 40600
(b) REMPI
P C6H6
M
C¢HsD

MM C6H4D2
C6H3D3
WHMWWW C6H2D4

oA C6HD5

MWW C(,D‘;

FIG. 9. Fluorescence excitation spectra (a) and excitation REMPI spectra (b)
of 6(1)1(2) with the mixture sample.
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bands between those shown in 6,1 and vy, vig4, and vi>. There
are too many allowed vibronic bands to perform a definite
assignment, so additional experiments must be conducted;
these should include observation of the dispersed fluorescence
spectra and high-resolution excitation spectra as well as the
intensity calculations for the forbidden transitions.?*%

C. Observed lifetime and nonradiative process

We observed the fluorescence lifetime for the excitation
of a prominent vibronic band using the pure samples or the
mixture sample, and the results are shown in Table III. The
decay curves of some bands could not be analyzed by single-
exponential model, which implies that they have multiple
components of different lifetimes. Furthermore, some results
are different from those of previous studies. This may be
due to the mixing between vibronic levels in addition to the
laser resolution. The ultrahigh-resolution spectrum of CgHg
shows that the lifetime is different with rotational lines, which
is caused by interaction with other vibronic levels.”® When
different rotational lines are excited, therefore, even if they
are in the same vibronic band, the resultant lifetimes are
different. In the present study, similarly, various lifetimes may
be observed for 6!1" and also for the vibronic levels which
are mixed with 6'1” by anharmonic interactions such as the
Coriolis interaction.

The nonradiative rate increases on 6'1? compared to 6'1',
and for C¢Dg and C¢HDs, the lifetimes of 6!10%1' are shorter
than that of 6'12. This means that the observed shortening of
the fluorescence lifetime is a result of the increases in mixing
between the 6'1% and 6'10%1' levels via the IVR through
vibronic interaction. This coincides with the stronger intensity
of 6'10%1" observed in fluorescence excitation spectra.

Lifetime becomes longer as the Np increases (the
deuterium effect). The exception is the very short C¢HsD
lifetimes, which are even shorter than those of C¢Hg. These
bands were observed in the mixture sample, but their short

TABLE III. Observed lifetimes(ns) of benzene isotopomers.
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lifetimes have already been reported by Rice et al.® Generally,
the larger the molecular mass, the lower the energy at which
the increase in the nonradiative relaxation starts, because a
heavy molecule has a large vibrational level density. However,
this general rule is not true in the present case, and increases in
the nonradiative relaxing rate are steeper in CgHsD than in the
heaviest isotopomer C¢Dg. This result suggests that the IVR
nonradiative relaxation is vibration-selective and not within a
statistical limit where the relaxation depends only on the level
density. Thus, mode-selective lifetimes are also observed in
the larger molecule, tetracene.?”-?® The reason why this fast
relaxation rate increases is shown in CgHsD, and it may be
a result of mixing with 6'16'17'1", which has energy almost
equal to that of 6'1".

D. Channel three

We next examined the deuterium effect on channel three,
which is a drastic increase of radiationless transition at the
high vibrational levels of the S; state. Channel three threshold
is affected by deuterium substitution. Knee et al. argues that
for C¢Dg, the increase in the IC rate starts at a lower energy
than for CgHg.!? Thus, it is helpful to study the channel three
threshold with regard to other deuterated benzene molecules.
As shown in Section III C, the mixing of vibronic levels
enhances nonradiative IVR relaxation in 6'12. However, no
drastic shortening of lifetime associate with channel three was
observed in any of the observed spectra in the present study.
This coincides with the similarity of intensity distribution
between fluorescence excitation spectra and mass-selective
REMPI spectra, because a high-intensity discrepancy should
appear if channel three occurs.'? Thus, in all the isotopomers,
the threshold of channel three is in an energy region at least
higher than 6'12,

The detailed mechanism of channel three has not
been clarified sufficiently. The radiative lifetime of CgHg
is estimated to be approximately 1000 ns,*> so that the

a,b

1 111 192
6, 6ol 6015
Isotopomer Observation Ref. Observation Ref. Observation Ref.
C¢Hg 56(3) 87 53(1) 82 36(2)¢ 72
C¢HsD 61(7) 88 44(4)¢ 66 18(0)¢ 39
C¢HyD» 65(8) 63(3) 22(3)¢
CgH3D3 75(12) 65(4) 21(4)°
CgHaDy 86(13) 60(10) 22(3)¢
CeHDs 81(7) 123 73(1) 92 38(3) 51
Ce¢Dg 115(10) 144 92(9) 110 70(11) 69
6,102 (Low) 6,102 (High) 601021} (Low) 601021 (High)
Isotopomer Observation Ref. Observation Ref. Observation Ref. Observation Ref.
C¢HDs 52(1) 52(1) 29(7)¢ 26(5)°
Ce¢Dg 65(4) 69 69(7) 93 52(1) 47(3)

2Cg¢Hg, CcHDs, and C¢Dg were observed using the pure samples, and the others were mixture samples.
YValues of “Ref.” are from Ref. 6 (C¢HsD and C¢HDs), Ref. 41 (CgHg), and Refs. 5 and 21 (CgDg).
Lifetimes of only the shortest component, if the decay curves could not be analyzed with a single-exponential model.
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nonradiative process is dominant in the S; state. It was shown
by ultrahigh-resolution laser spectroscopy that intersystem
crossing (ISC) to the triplet state is not effective even at low
vibronic levels.2-29-30 I particular, channel three is considered
to be a combined process of the IVR and IC. By the rotational
analysis of 6'13 and 14'12 levels of C¢Hs, the IC rate was found
to be strongly dependent on the rotational quantum numbers,
while the anharmonic Coriolis interaction dominates the [IVR
process.' 1231 The matrix elements for a symmetric top are
given by*?

(i) parallel Coriolis interaction (z || ¢),

(J,K|J,|J,K) = hK, 2)
(ii) perpendicular Coriolis interaction (z L c¢),
(K| 2 iJ,|K £ 1) = h[J(J + 1) = K(K + D]'% (3)

From the theoretical analysis on intensity distribution of the
observed rotational transitions, the parallel Coriolis interaction
was shown to be superior for low J levels, while the
perpendicular Coriolis interaction also becomes active at high
J levels.'>31:333% Consequently, the main IVR channel in
jet-cooled benzene is considered to be the parallel Coriolis
interaction around the out-of-plane ¢ axis. This interaction
leads to mixing between Ej, vibronic levels in the S
states followed by enhancement of IC, which causes drastic
shortening of fluorescence lifetimes.

Given all this, what kind of interaction between the
electronic excited states enhances IC? The IC rate is given by
the vibration-rotation Hamiltonian,3>-3

Xs.>

Wice ) ’<¢so ¢sl> <x§;' 30,
‘<¢so(r, Qo) ' ( a%(Qr’rQ) ) 00 ' ¢s,(r, Q0)>’2
(Es,(Qo) — Es,(Q0))?
X Kxg;’(Qr) X§'1(Qr)> [ [{xs@ixgen)

J#r

2 2
S(EY ~ EY)

9
90

~
=~

2

i‘
00,
X 8(E§ - EY). )

The first factor is the electronic factor representing the
overlap between electronic states by promoting mode r. The
second factor is the nonadiabatic Franck-Condon factor of the
promoting mode r, and the third factor is the Franck-Condon
factor of the other modes. Considering Eq. (4), there is a
vibration which enhances IC.

The importance of out-of-plane vibration was indicated
by the theoretical calculations. For example, the conical
intersection was found to be between the Sy and §; states
along the displacement coordinate of the out-of-plane ring
deformation, which is consistent with isomerization into
prefulvene.’’*® However, this contribution is considered to
be minor because the efficiency of the isomerization reaction
is low in the channel three region. It should be also noted
that the mixing of out-of-plane vibrations is small for the 6!,
6'1!, and 6'12 levels because the inertial defect value is very
small.? The absolute value of the inertial defect becomes large
when the planar molecule is distorted out-of-plane or when

J. Chem. Phys. 143, 244304 (2015)

the out-of-plane vibrational modes are considerably mixed
with the in-plane vibronic level.3*4°

Although it is difficult to determine the promoting mode
r, its symmetry is limited because the electronic factor of
Eq. (4) must have a non-zero value. The symmetry of ¢g, is
Aj and ¢g, is By, so the symmetry of Q, should be b, in
the direct IC between S; and Sy. If the indirect 1C between
S3—Sp is possible — the §; state mixes with the S3 'E,, state
to some extent — the symmetry of Q, may also be ej,. This
indirect IC energy gap is large but it is not impossible. In
either cases, the key to IC is in-plane vibration rather than
out-of-plane vibration.

IV. CONCLUSIONS

Using the pure samples of C¢Dg and C¢HDs, we observed
and assigned the fluorescence excitation spectra. In the two
molecules, there are strong peaks of vibronic bands including
out-of-plane vibrations, in addition to 6(')16‘.

Using the mixture sample of deuterated benzenes, we
observed the fluorescence and REMPI excitation spectra and
the fluorescence lifetime for the 6(1), 6(1)1(1), and 6(1)1(2) bands of
the S; — Sy transition. The transition energies of the observed
vibronic bands were found to be dependent on only the number
of the D atoms (Np) or the mass number of the deuterated
benzene molecules. In the 6'12 level of C¢Dg and C¢HDs,
IVR is enhanced to some extent. The lifetime of C¢HsD is
the shortest among the isotopomers, which means that the
nonradiative relaxation process depends on the structure of
isotopomers as well as on Np.

The drastic enhancement of nonradiative decay above
3000 cm™! in the S state of benzene is called channel three.
This phenomenon is not observed in the present experiment,
although lifetimes are somewhat shortened. This means that
channel three happens in a much higher region and that the
threshold excess energy is not varied much by the deuterium
substitution. Channel three is a combined process of IVR
caused by parallel Coriolis interaction and IC mainly through
the in-plane promoting mode; accordingly, we suggest that
the key vibration in this process should be in-plane. However,
the mixing of Ej, vibronic levels, including out-of-plane
vibrations, is also important for spectral features and decay
enhancement. In addition, some researchers have argued that
out-of-plane vibrations were important in the IC process
as accepting modes.>* Thus, high-resolution studies on the
vibronic levels, dispersion fluorescence spectra of deuterated
benzenes, and the intensity calculations of vibronic spectra
are desired to accurately elucidate the excited-state dynamics
in the S state of the deuterated benzene molecules, as well as
those in the channel three region such as 6'1° and 14'12.
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