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We measured Zeeman effects for rotationally resolved spectra of several low-lying vibrational bands of the
S1  S0 transition of benzene and naphthalene. We demonstrated that for both benzene and naphthalene (i) Zeeman
splittings of the rotational lines were caused by a magnetic moment of the S1 state, and (ii) the magnetic moment lies
perpendicular to the molecular plane and originates from an electronic angular momentum induced by J–L coupling be-
tween the S1 and S2 states. We found from the Zeeman spectra that the rotational levels of the S1 state are not mixed with
a triplet state, and all the perturbing levels were found to be a singlet state. Coupling to a triplet state was shown not to be
responsible for nonradiative relaxation. Accordingly, intersystem crossing is not the dominant nonradiative process at
low-lying vibrational states, and the main nonradiative process is presumed to be internal conversion.

1. Introduction

Nonradiative electronic relaxation of organic molecules is a
fundamental and important process for studying the chemical
dynamics.1–5 Terminologies intersystem crossing (ISC) and in-
ternal conversion (IC) are used to describe radiationless transi-
tions between singlet and triplet states and between electronic
states of the same spin multiplicity, respectively, in the time
dependent picture. Intersystem mixing and internal mixing
are used, respectively, in the stationary state picture.1 Benzene
is a prototypical system in a wide class of aromatic molecules.
Extensive studies of the vibrational state dependence of fluo-
rescence lifetimes and quantum yields have been reported.6–10

The significant nonradiative process was reported to be the
S1

1B2u! T1
3B1u ISC to account for radiationless decay of

low-lying vibrational levels of the S1
1B2u state. The rotational

structure of the S1  S0 transition was observed to be washed
out for excess energy (Eexcess) higher than 3000 cm�1,11 and
the term ‘‘channel three’’ was introduced to describe the non-
radiative process, because it was thought that fluorescence
and ISC could not account for the phenomenon. ‘‘Channel
three’’ was later demonstrated to occur by S1

1B2u! S0
1A1g

IC via anharmonic and Coriolis couplings in the S1 state.12,13

Naphthalene has also been extensively studied, and the fluo-
rescence lifetimes and quantum yields of naphthalene vapor
have been measured as a function of excitation energy.3,5 The
results have been interpreted such that S1 ! T ISC was the
predominant channel of nonradiative decay at low excess ener-
gies in the S1 state, and the S1

1B1u! S0
1Ag IC became increas-

ingly important with increasing excess vibrational energies.14–16

Presence of ISC to a triplet state was deduced indirectly by
the sensitized emission from biacetyl15,17 and the sensitized
cis–trans isomerization of 2-butene.18 Subsequently, the decay
of a singlet state excited by a pulsed laser was observed to be
biexponential and was analyzed by assuming that the fast com-
ponent and the slow component were ascribed to singlet and
triplet state decay rates, respectively, of the initially populated
level.19,20 However, both components could be ascribed to
vibrational levels of short and long lifetimes in the S1 state
because many levels were excited simultaneously.

If the Zeeman effect of rotationally resolved spectrum of the
S1 S0 transition could be measured, direct information on
the mixing of a triplet state could be obtained. Recently, we
measured Zeeman effects of rotationally resolved spectra of
several low-lying vibrational bands of the S1  S0 transition
of benzene and naphthalene.21–28 In this account, we present
the results and analysis of these studies.

2. High-Resolution Zeeman Spectroscopy

The development of a tunable single-frequency laser has
enabled high resolution spectroscopy to overcome the resolu-
tion limits due to the Doppler effect.29 Several techniques of
Doppler-free high-resolution spectroscopy have been establish-
ed, and some have been successfully applied to benzene and
naphthalene.30–33 By crossing a laser beam perpendicular to a
collimated molecular beam, sub-Doppler high-resolution exci-
tation spectra and Zeeman effects have been measured.22,27 By
counterpropagating laser beams of identical frequency within
an optical cavity, Doppler-free two-photon excitation (DFTPE)
spectra and Zeeman effects have been measured.21,23–26,28 In
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both experiments, an external magnetic field was applied per-
pendicular to the propagation vector of the laser beam, which
was linearly polarized perpendicular to the magnetic field (�-
pump). Two-photon spectroscopy can be applied to g–g transi-
tions and one-photon spectroscopy to g–u transitions, and these
spectroscopy techniques can be used to study states of different
symmetries.

When an external magnetic field H is along the space-fixed
Z axis, the Hamiltonian of the Zeeman interaction is written
as34

HZ ¼ �ðm0D
1
00 � mþ1D

1
0�1 � m�1D

1
0þ1ÞH; ð1Þ

where m� is a spherical component of the magnetic moment m
and D1

�� is the rotation matrix of rank 1. For wave functions
j��JKMi ¼ j� ij�ijJKMi, where j� i, j�i, and jJKMi are the
wave functions of the electronic part, vibrational part, and ro-
tational part of a symmetric top molecule, respectively, the
matrix element of HZ is expressed as34

h��JKMjHZ j��JK0M0i

¼ ��MM0H
M

½JðJ þ 1Þ�1=2

�
h��jm0j��i

K

½JðJ þ 1Þ�1=2
�K0K

� h��jmþ1j��i
ðJ þ KÞðJ � K þ 1Þ

2JðJ þ 1Þ

� �1=2
�K0K�1

þ h��jm�1j��i
ðJ � KÞðJ þ K þ 1Þ

2JðJ þ 1Þ

� �1=2
�K0Kþ1

�
; ð2Þ

where the quantum numbers M and K are projections of J

along the space-fixed Z-axis and the molecule-fixed top axis

(z-axis), respectively.
If the magnetic moment of a molecule is along the mole-

cule-fixed z-axis, it is expressed as

h��JKMjHZ j��JK0M0i

¼ ��MM0�K0KHh��jm0j��i
MK

JðJ þ 1Þ
: ð3Þ

The Zeeman energy of a level ��JK has a maximum and min-
imum at M ¼ þJ and M ¼ �J. The magnitude of Zeeman
splitting (energy spacing between M ¼ þJ and M ¼ �J com-
ponents) of the level ��JK is given by

ZSð��JKÞ ¼ Hh��jm0j��i
2K

J þ 1
: ð4Þ

3. Patterns of Zeeman Spectra

When the excitation light is linearly polarized along the
space-fixed X-axis and the electric dipole transition moment
of a molecule is perpendicular to the top axis, electric dipole
transitions of a symmetric top molecule are allowed for
�J ¼ 0, �1, �K ¼ �1, and �M ¼ �1. The P and R lines
(�J ¼ �1 and þ1) of one-photon absorption have intensity
maxima at M ¼ �J, and the Zeeman spectra have intensity
maxima at high and low energy ends.22

The intensity of the DFTPE spectrum is proportional to the
intensity of two-photon absorption. Theories of rotational line
intensities of two-photon absorption were developed by Metz
et al.35 For excitation by a light linearly polarized along the
space-fixed X-axis, the intensity of the QðKÞQðJÞ line
(�J ¼ 0, �K ¼ 0) is proportional to21

PXð f�0JKM i�00JKM and M � 2Þ ¼
4

9
ðM00 �M1�1 �M�11Þ2

þ
9ð�2J � J2 þ 2J3 þ J4 þ 5M2 � 2JM2 � 2J2M2 þM4Þ þ 2ðJ þ J2 � 3M2Þ2

18J2ðJ þ 1Þ2ð2J � 1Þ2ð2J þ 3Þ2
ðJ þ J2 � 3K2Þ2ð2M00 þM1�1 þM�11Þ2

�
4ðJ þ J2 � 3K2ÞðJ þ J2 � 3M2Þ

9JðJ þ 1Þð2J � 1Þð2J þ 3Þ
ðM00 �M1�1 �M�11Þð2M00 þM1�1 þM�11Þ; ð5Þ

where

M�� 0 ¼
X

m�ð6¼f�0 ;i�00Þ
h f�0j�r�

jm�ihm�j�r� 0
ji�00i=ðEm � h�Þ: ð6Þ

The operator �r�
is the spherical component of the transition

dipole moment in the molecule-fixed coordinates. The values
of PX( f�0JKM i�00JKM and M � 2) at J ¼ 30 and K ¼
30 are plotted against M for the case of M1�1 þM�11 ¼ 0 in
Fig. 1a in units of jM00j2 and for the case of M00 ¼ 0 in
Fig. 1b in units of jM1�1 þM�11j2. If M00 � M1�1 þM�11,
the Zeeman spectrum has an intensity maximum at M ¼ 0

and minima at M ¼ �J. If M1�1 þM�11 � M00, the Zeeman
spectrum has intensity maxima at M ¼ �J and a minimum
at M ¼ 0.

4. Perturbations

An energy shift from a regular position of a bright (allowed)
level and an appearance of transition to a dark (forbidden) lev-
el occur by an interaction between bright and dark levels. This
perturbation becomes appreciable when levels which satisfy

the selection rule of an interaction are close in energy. The en-
ergies Eþ and E� of two levels coupled through an interaction
matrix element, Vbd ¼ hbjV jdi, are given by

E� ¼
Eb þ Ed

2
�

1

2
½ðEb � EdÞ2 þ 4Vbd

2�1=2; ð7Þ

where Eb and Ed are energies of bright and dark levels, respec-
tively, in the absence of perturbation. From Eq. 7, we have
Eþ þ E� ¼ Eb þ Ed . The energy Ed can be evaluated from ob-
served values of Eþ and E� and the value of Eb (¼Ecal) cal-
culated by the molecular constants, which are determined from
unperturbed lines. Then, the value of Vbd can be evaluated by
Eq. 7. By studying the J and K dependence of Vbd, the charac-
ter of interaction can be explored.

5. Studies on Benzene

We measured the DFTPE spectra and Zeeman effects of the
10

1140
1 (Eexcess ¼ 2492 cm�1) and 10

2140
1 (Eexcess ¼ 3412

cm�1) bands of C6H6, and the 140
1 (Eexcess ¼ 1568 cm�1) and

10
1140

1 (Eexcess ¼ 2446 cm�1) bands of C6D6 of the S1
1B2u 
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S0
1A1g transition.21,23–25 Only QðKÞQðJÞ lines were observed,

and the rotational lines were fully resolved. Part of the spec-
trum of the 10

1140
1 band of C6H6 is shown in Fig. 2. The rota-

tional levels (J ¼ 25, K ¼ 21) and (J ¼ 26, K ¼ 23) of the
S1

1B2u (�1 ¼ 1, �14 ¼ 1) state are perturbed. We found the
magnitude of Zeeman splittings of bright and dark lines
(2521 and d2521 lines, 2623 and d2623 lines in Fig. 2) to be ap-
proximately the same. This demonstrates that the perturbing
level is a singlet state.

The Zeeman spectra of QðK¼JÞQðJÞ lines (Examples are
Qð29ÞQð29Þ line in Fig. 2, Qð30ÞQð30Þ line in Fig. 3) were ob-
served to have intensity maxima at M ¼ �J and minimum
at M ¼ 0. The observed Zeeman patterns were similar to those
calculated forM00 ¼ 0, but were different from that of M1�1 þ
M�11 ¼ 0 (Fig. 1). Accordingly, M1�1 þM�11 � M00.

The K dependence of the Zeeman spectra of QðKÞQðJ ¼ 30Þ
lines of the 10

1140
1 band of C6H6 at H ¼ 1:2T is shown in

Fig. 3. The Zeeman splittings of QðKÞQðJÞ lines were observed
to increase as K increases for a given J, and is coincident with
Eq. 4. Accordingly, the magnetic moment of the level, which
splits by the Zeeman effect, is along the molecule-fixed z-axis.

The magnetic moment along the z-axis (mz) has a symmetry
of A2g in the point group D6h. If the ground state S0

1A1g is
mixed with a 1A2g state, the mixed state can have a magnetic
moment along the molecule-fixed z-axis. However, there is no
1A2g state in the low energy region.4 If the excited state S1

1B2u

is mixed with the S2
1B1u state, the mixed state can have non-

vanishing magnetic moment through the matrix element
hS11B2ujmzjS21B1ui, where mz ¼ ��BLz, in which �B is the
Bohr magneton and Lz is the z-component of an orbital angular
momentum of electrons. The S2

1B1u state can be mixed with
the S1

1B2u state by the J–L coupling term �2CJzLz, where
C is the rotational constant along the z-axis (c-axis). The elec-

215

2520

2929

2111

2827

216

2725

2315

217

2418
2212

218

2316

219

2213

200

201

2419
d2521 2521

d2623 2623

H = 1.2 T

H = 0

40574.4 40574.5 40574.6

wavenumber (cm–1)

(2521)(2623)

Fig. 2. Part of the DFTPE spectra of the 10
1140

1 band of C6H6 (1 Torr) at magnetic fields H ¼ 0 and 1.2 T (Ref. 21). Assignments
of QðKÞQðJÞ lines are indicated above the lines as JK . The energies of the 2521 and 2623 lines calculated from the molecular con-
stants are shown by arrows (#). The ‘‘dark’’ lines allowed via interaction with 2521 and 2623 lines are indicated as d2521 and d2623,
respectively.
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Fig. 1. Relative intensity of the DFTPE Zeeman spectrum
of the Qð30ÞQð30Þ line under the �-pump (Ref. 21).
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tronic part of the mixed wave function is expressed by the first-
order perturbation theory as

jS11B2ui � 2CJz
hS21B1ujLzjS11B2ui
EðS1Þ � EðS2Þ

jS21B1ui: ð8Þ

By substituting Eq. 8 into Eq. 4, the magnitude of Zeeman
splitting of the mixed S1

1B2u (�; J;K) level is given by

ZSð1B2u�JKÞ ¼
8CK2

J þ 1

jhS21B1ujLzjS11B2uij2

EðS2Þ � EðS1Þ
�BH: ð9Þ

Zeeman splitting of the QðKÞQðJÞ line of a given J was ob-
served to increase in proportion to K2 (Fig. 4).25 The Zeeman
splitting of the QðK¼JÞQðJÞ line was observed to increase in pro-
portion to J (Fig. 5).21 Eq. 9 is consistent with these observa-
tions. The matrix element hS21B1ujLzjS11B2ui was evaluated
to be �1:729h� from simple molecular orbitals.22 By using
this value with C ¼ 0:0906 cm�1, EðS1Þ ¼ 38086 cm�1, and
EðS2Þ ¼ 46500 cm�1, we calculated Zeeman splitting of the
C6H6 S1

1B2u (�1 ¼ 1, �14 ¼ 1, J ¼ 55, K ¼ 55) level at

H ¼ 1:2T by Eq. 9 to be 0.0078 cm�1, which is in accordance
with the observed value of 0.0106 cm�1.25 Similar results were
obtained for Zeeman splittings of the QðK¼JÞQðJÞ lines of
C6D6.

24 Accordingly, it was concluded that (i) Zeeman split-
tings of the rotational lines in the 10

1140
1 band of C6H6 and

the 140
1 and 10

1140
1 bands of C6D6 are caused by a magnetic

moment of the S1
1B2u state, and (ii) the magnetic moment lies

perpendicular to the molecular plane and originates from an
electronic angular momentum induced by the J–L coupling be-
tween the S1

1B2u and S2
1B1u states.

Sub-Doppler high-resolution excitation spectra and the
Zeeman effects of the 60

1 (Eexcess ¼ 520 cm�1), 10
160

1

(Eexcess ¼ 1444 cm�1), and 10
260

1 (Eexcess ¼ 2366 cm�1) bands
of the S1  S0 transition of C6H6 were measured by crossing
a laser beam perpendicular to a collimated molecular beam.22

For all of these bands, the Zeeman splittings of the lines of
a given J were observed to increase with K, and those of
K ¼ J lines were observed to increase linearly with J. The
magnitude of Zeeman splitting of the S1

1B2u (J ¼ 25,
K ¼ 25) level in the vibrational states 61, 1161, and 1261

was observed to be 0:0033� 0:0007 cm�1 at H ¼ 1:1T.
By using hS21B1ujLzjS11B2ui ¼ �1:729h� , C ¼ 0:09086 cm�1,
EðS1Þ ¼ 38086 cm�1, and EðS2Þ ¼ 46500 cm�1, the Zeeman
splitting of the S1

1B2u (�1 ¼ 1, �6 ¼ 1, J ¼ 25, K ¼ 25) level
at H ¼ 1:1T was calculated by Eq. 9 to be 0.0032 cm�1,
which is in accordance with the observed value. Therefore,
the Zeeman splittings in the 61, 1161, and 1261 states are also
identified as originating from the electronic orbital angular
momentum caused by a mixing of the S1

1B2u and S2
1B1u states

via J–L coupling.
The nonradiative decay of benzene excited to low vibration-

al levels of the S1 state was attributed to the S1! T1 ISC.8

If true, the eigenfunction of the full molecular Hamiltonian
of a rotationally resolved excited level S1

1B2u (�JKM) is ex-
pressed as

CSjJKMij�ijS11B2ui þ
X
m;n

CT
mnjJmKmMmij�nijT1

3B1ui; ð10Þ

where CS and Cmn
T are the coefficients. Eq. 10 holds even
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if a level in the S1 state is coupled with many rovibra-
tional levels in the T1 state. The quantum yield of the
10

160
1 band has been reported to be 0.25.6 If nonradiative

decay occurs by the S1 ! T1 ISC, the matrix element
hS11B2uð1161JKMÞjmzjS11B2uð1161JKMÞi can be evaluated ap-
proximately by 0:75hT1

3B1ujmzjT1
3B1ui. Contribution from an

electron spin angular momentum �geSz�B is predominant in
the matrix element hT1

3B1ujmzjT1
3B1ui, where ge is the g val-

ue for an electron and Sz is the z component of an electron spin
angular momentum S. The resulting Zeeman splittings are dif-
ferent from the observed ones in both the pattern and the mag-
nitude. Therefore, rotationally resolved levels of the S1 state
are demonstrated not to be mixed with a triplet state.

DFTPE spectra of the 10
2140

1 band of C6H6, which lies in
the region of ‘‘channel three,’’ were first measured by Riedle et
al.36,37 Only rotational lines of K ¼ 0 were observed near the
band origin, and lines of K ¼ J were observed to be dominant
in the red region. Recently, Baek et al.25 measured the DFTPE
spectra and Zeeman effects. Zeeman splittings of the K ¼ 0

lines were observed to be small, and those of the K ¼ J lines
were observed to increase in proportion to J. The difference
between the observed transition energy (Eobs) and the energy
calculated (Ecal) from the molecular constants is plotted in
Fig. 6 for all of the assigned lines. Strong agreement was ob-
served for Qð0ÞQðJÞ lines, whereas poor agreement was ob-
served for QðK¼JÞQðJÞ lines. These results support the assign-
ments and conclusions stated in previous studies36,37 that the
spectrum near the band origin is broadened through parallel
Coriolis interaction (which is proportional to K with the selec-
tion rule �K ¼ 0 and it is zero for a level of K ¼ 0), and the
spectrum in the red region is broadened through perpendicular
Coriolis interaction, which is proportional to ½JðJ þ 1Þ �
KðK � 1Þ�1=2 with the selection rule �K ¼ �1 and is nonzero
even at K ¼ J for �K ¼ �1.

At high J levels of the S1
1B2u (�1 ¼ 1, �14 ¼ 1) state of

C6H6, of which excess energy is isoenergetic with the one of
low J levels of the S1

1B2u (�1 ¼ 2, �14 ¼ 1) state of C6H6,
the density of perturbation was observed to be high, but line
broadening was not observed. This demonstrates that line
broadening depends not only on the excess energy, but also

on the vibrational character of the excited state. This is consis-
tent with the conclusion38 that the rate of the S1! S0 IC de-
pends on the magnitude of nonadiabatic interaction between
isoenergetic vibrational levels �(S1) in the S1 state and �(S0)
in the S0 state.

Zeeman splittings, which could be attributed to the perturba-
tion with a triplet state, were not observed in the 10

1140
1,

10
2140

1, 60
1, 10

160
1, and 10

260
1 bands of C6H6 and the 140

1

and 10
1140

1 bands of C6D6. Therefore, we conclude that non-
radiative decay of an isolated benzene excited to low vibronic
levels in the S1 state does not occur through ISC. Nonradiative
decay of low vibronic levels is presumed, instead, to occur
through S1 ! S0 IC as was concluded for the ‘‘channel three’’
decay. The nonradiative decay rate in the region of low excess
energy is smaller than that in the ‘‘channel three’’ region.

Decay to the highly excited vibronic levels in the S0 state
and the Tn T1 absorption were observed when benzene at
20 Torr was excited by a light of 40258 cm�1 of the KrF la-
ser.39 The vibronically highly excited benzene in the S0 state
is produced through the S1! S0 IC. Under sufficiently high
pressure, benzene in the T1 state is presumably produced
through collisions of benzene relaxed to high vibronic levels
in the S0 state or � ¼ 0 level in the S1 state. If Zeeman spectra
of the S1 (� ¼ 0)  S0 transition and the T1 S0 transition
could be measured, this problem would be solved. Improve-
ment in the sensitivity of our equipment is necessary for fur-
ther studies.

6. Studies on Naphthalene

Naphthalene has D2h symmetry. The asymmetry parameter
is �0:69, and naphthalene is a limiting case of a prolate sym-
metric top. Unlike previous studies,40 we chose the figure axis
(a-axis) as the z-axis and the y-axis as normal to the molecular
plane (c-axis). The vibrational modes were numbered accord-
ing to Herzberg41 and can be found in Table 1 of Joo et al.27

The fluorescence lifetime and quantum yield of an isolated
naphthalene molecule were measured, and the nonradiative
processes in the region of low excess vibrational energies were
assumed to be the S1! Ti (i ¼ 2 or 3) ISC.5,14–16 It should
be noted that the ISC yields were determined indirectly from
excitation spectra of biacetyl phosphorescence.15

The rotationally resolved DFTPE spectra and Zeeman ef-
fects of the S1

1B1u (�21 ¼ 1)  S0
1Ag (� ¼ 0) transition were

measured for C10H8 and C10D8.
26,28 For an excitation by line-

arly polarized photons, only QðKaÞQðJÞKaKc
lines were observed,

where the quantum numbers Ka and Kc are projections of the
angular momentum J along the a- and c-axes, respectively.
The vibrational excess energies of the S1

1B1u (�21 ¼ 1) level
are 1559.452 and 1555.333 cm�1 in C10H8 and C10D8, respec-
tively. In the spectrum of C10H8, we identified perturbation
originating from a parallel Coriolis interaction, whereas in
the spectrum of C10D8, we identified perturbation originating
from a perpendicular Coriolis interaction.

DFTPE spectra at magnetic fields H ¼ 0 and 0.5 T were
measured alternately for each scan of 0.5 cm�1 in length.26

Part of the spectrum of C10H8 is shown in Fig. 7. In both
C10H8 and C10D8, the Zeeman splittings of the QðKaÞQðJÞKaKc

lines of a given J were observed to increase in proportion to
Kc

2, and the Zeeman splittings of the Kc ¼ J lines were ob-
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served to increase in proportion to J, when J is large. These
tendencies are similar to those observed in benzene. Using a
similar analysis as that performed for benzene, these trends
and the magnitude of Zeeman splittings have been explained.28

Accordingly, we conclude that (i) Zeeman splittings are in-
duced by a magnetic moment of the S1

1B1u state, and (ii)
the magnetic moment lies perpendicular to the molecular plane
and originates from an electronic angular momentum induced
by the J–L coupling between S1

1B1u and S2
1B3u states.

The emission spectra from the lowest triplet state (phos-
phorescence) of gaseous naphthalene-d8 and -h8 were observed
by Gattermann and Stockburger.15 They suggested that the
S1 ! Ti ISC is the only pathway of nonradiative transition
for low rovibronic levels in the S1

1B1u state. The collision-free
quantum yield of fluorescence from a level in C10D8 of the vi-
brational excess energy of 1591 cm�1, which is close in energy
to the excess energy of the S1

1B1u (�21 ¼ 1) level of C10D8,
was reported to be 0.235.16 If the rest of decay occurs through
the S1! Ti ISC, the magnetic moment hS11B1ujmzjS11B1ui
can be evaluated approximately by 0:765hTijmzjTii. In this
case, Zeeman splitting of the rotationally resolved line arises
predominantly from an electron spin angular momentum, and
the resulting Zeeman splittings are much larger than those ob-
served. It is clear that the rotationally resolved levels of the
S1

1B1u state are not mixed with a triplet state. Accordingly,
we concluded that nonradiative decay of an isolated naphtha-

lene molecule excited to the S1
1B1u (�21 ¼ 1) state does not

occur through the S1! Ti ISC. Coriolis interactions were ob-
served in the S1

1B1u (�21 ¼ 1) state of naphthalene-d8 and -h8.
Since ISC is not the source of the low fluorescence quantum
yield, the S1 ! S0 IC was presumed to be the source. The
IC should be enhanced by anharmonic and Coriolis interac-
tions with vibronic levels in the S1 state, which couple strongly
with the highly excited vibronic levels in the S0 state.

Ashpole, Formosinho, and Porter42 reported that the triplet
yield of naphthalene decreased as the total gas pressure
was decreased, approaching zero at zero pressure. Schröder,
Neusser, and Schlag43 measured the T�  T1 absorption spec-
tra shortly after the S1  S0 excitation. Naphthalene in the T1

state is presumably produced through collisions of naphthalene
relaxed to high vibronic levels in the S0 state or � ¼ 0 level in
the S1 state. More extensive studies are necessary to solve this
problem.

7. Concluding Remarks

We measured rotationally resolved spectra and the Zeeman
effects of several low-lying vibrational bands of the S1 S0
transition of benzene and naphthalene. Almost all the observed
lines near the band origins could be assigned. Perturbations
originating from a perpendicular Coriolis interaction, a parallel
Coriolis interaction, and an anharmonic resonance interaction
were identified. The density of perturbed lines were found to
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increase, in general, as the rotational and vibrational excess
energy increases.

Zeeman splitting in the benzene spectrum was observed to
increase in proportion to K2 for a given J, and that of the K ¼
J line was observed to increase in proportion to J. Zeeman
splitting in the naphthalene spectrum was observed to increase
in proportion to Kc

2 for a given J, and that of the Kc ¼ J line
was observed to increase in proportion to J. From this, we con-
cluded that for both benzene and naphthalene (i) Zeeman split-
tings of the rotational lines were caused by a magnetic moment
of the S1 state, and (ii) the magnetic moment lies perpendicular
to the molecular plane and originates from an electronic angu-
lar momentum induced by J–L coupling between the S1 and S2
states.

It is clear from the Zeeman spectra that rotationally resolved
levels of the S1 state are not mixed with a triplet state, and all
the perturbing levels are a singlet state. We observed no cou-
pling to a triplet state. In the stationary state picture, intersys-
tem mixing was demonstrated not to exist in the S1 states of
both benzene and naphthalene. Therefore, ISC could not be
the dominant nonradiative process at low lying vibrational
states, and the main nonradiative process is presumed to be
IC. The S1 ! S0 IC becomes efficient when the optically
excited vibronic levels mix with the background levels in
the S1 state, which couple strongly with the highly excited
vibronic levels in the S0 state.

For decades, observation of Zeeman splitting has been lim-
ited to diatomic molecules or paramagnetic molecules. How-
ever, with improving spectral resolution, it is now possible
to measure Zeeman effects for most molecules. Zeeman spec-
tra yield information regarding the magnetic moment and cou-
pling between the excited states, while facilitating the assign-
ment of spectral lines.

This work is supported by a Grant-in-Aid of JSPS and a
grant for the Future Program of JSPS.
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