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Influence of Large Magnetic Fields on Fluorescence of Gaseous ¢8&xcited through
Several V Bands

Wade N. Sisk! Nilmoni Sarkar, * Shigeru lkeda$ and Hisaharu Hayashi*
The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1, Wako, Saitama 351-0198, Japan
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In the present investigation, we examine fluorescence excitation spectra and fluorescence decay profiles for
the 11V, 13V, 15V, and 21V bands of gaseous G8der magnetic fields of up to 10 T. These experimental
results indicate that the magnetic quenching (MQ) of the fluorescence from these bands can be interpreted by
the hybrid of the direct and indirect mechanisms. The rotational and vibrational dependence of MQ is obtained
from results of fluorescence excitation spectra. At higher fields than 1.5 T, MQ fd'thke 1 band (13V)
exceeded that for the correspondikg= 0 band (15V). From the theoretical analysis of tKisdependence,

we interpret this MQ in terms of the direct mechanism. Although the vibrational dependence is not clear, this
result may mean that the Zeeman interaction between V and T states is important for the direct mechanism.
The dependence of MQ aii is examined for the P(2), P(4), and P(6) lines in the 15V band. This result
shows that the degree of MQ is increased with increadingnd this trend is consistent with the previous
results for other molecules.

1. Introduction atB > 2 T. Thus, it is very interesting and important to study
) o MQ under such large fields. Recently, lkeda et al. have first

The fluorescence quenching of gaseous carbon disulfidg) (CS  gxended external magnetic fields up to 10 T for the study of
by external magnetic fieldsBf was discovered by Matsuzaki 1 and observed fluorescence excitation spectra and fluores-
and Nagakure? as the first example of magnetlc quenc.hlng cence decay profiles of the 6V and 10V bands 0h.&SThis
(MQ) of the fluorescence from a nonmagnetic excited singlet yreliminary report has given researchers new information about
state. Since this study, MQ of the fluorescence from excited {he intramolecular radiationless transition processes.
singlet states in the gas phase has been widely found in many

molecules at relatively small fieldsB(< 2 T) which are
generated by ordinary electromagnetsThese researches have
indicated that the application of a magnetic field is one of the
most powerful methods to study the intramolecular radiationless
transition processes of excited states. The influence of a
magnetic field on the intramolecular nonradiative transition has
been theoretically and systematically interpreted by two mech-

anisms: the indirect and direct mechanisms (IM and BH). ratios for various V states. From the theoretical interpretation

The M.Q due to IM is cagsed by the fleld-mduceq accgleratlon of the rotational dependence, we discuss the mechanism of MQ
of the intersystem crossing between the fluorescing singlet and.

isoenergetic triplet states. Such MQ has been found for manyIn detail. F_mally, we study the degree of MQ for d|ff_ere]‘1t .
. 10 1 : 12 S states, tuning the laser wavelength on several rotational lines
molecules: glyoxa%;1° acetylené! formic acidl? pyrimi-

dine314and so fortH:-6 On the other hand, MQ due to DM is of the 15V band as the magnetic field is continuously swept

caused by the field-induced acceleration of the internal conver- from0to5T.
sion between the fluorescing singlet and isoenergetic other ) )
singlet states. Such MQ has been observed for a few mol- 2. Experimental Section

. 1,2,15-17 inxidal8,19 i

ecules: CSE §u|fur dioxide;**and thiophosgen®. The experimental apparatus was identical to that utilized

The studies mentioned above have been performed ofy at ,re\iously2! but a cell was modified for reducing scattered laser
< 2 Twith ordlna_ry electromagnets and there ha_s been_no stud)’nght_ A superconducting magnet (SCM) system (Oxford 37057,
on MQ under fields larger than 2 T. Even if MQ is not = pg120.10) was used as a magnetic field source. This magnet is
observable aB < 2 T, it is possible that MQ can be observed  .,nape of generating fields of up to 10 T and possesses a bore
of 50 mm diameter at room temperature. The magnetic flux
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In the present study, we examine fluorescence excitation
spectra and fluorescence decay profiles for the 11V, 13V, 15V,
and 21V bands, which have one or two quanta of the bending
mode @2') in the electronic excited state, of gaseous G&ler
magnetic fields of up to 10 T. From these experimental results,
we investigate the mechanism of MQ for these bands. Moreover,
we examine the rotationaK() and vibrational ¢2") quantum
number dependence of MQ, comparing fluorescence quenching
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Autotracker Il equipped with a KDP (K#PQOy) crystal and a =
four-prism filter that enabled separation of the second harmonic i
light from the fundamental. This second harmonic light had a
pulse width of ca. 0.1 cmt and a pulse duration of less than
16 ns (fwhm). The direction of an electric vector of the laser
light was parallel to the direction of magnetic fields. To
minimize the contribution of the continuum emissignthe
fluorescence emission was dispersed by a monochromator
(Nikon P-250, reciprocal linear dispersien3 nm/mm) with a
slit width of 100um. This monochromator was equipped with
a photomultiplier tube (Hamamatsu R3896), which was shielded
by a Permalloy and moreover held in a box made of iron plates
of 10 mm thickness. Spectrograde g#8lerck) was degassed
by repeated freezepump—thaw cycles. In all spectroscopic
measurements, molecules were continuously effused into a
vacuum chamber placed at the cylindrical sample space of the
SCM. The pressure was monitored by a capacitance manometer
(Edwards Barocel Type 600AB TRANS 10 TR) and controlled [
by a mass flow controller with appropriate full scale (STEC A T e i
SEC-400MARK3 and PAC-S5). The pressure o,@&s kept 31340 31350 31360
at 30 mTorr in all experiments. Although the fluorescence
Iifetime is_affectgd t_)yintermolecular collisions at this pressure, Figure 1. Fluorescence excitation spectra of the »CISY band
preVIp us investigations showed that MQ of theGSsystem obgserved at room temperature for a flugrescence peazk (at 24 769 cm
was independent of the presstfe. under a C8pressure of 30 mTorr measured at B= 0 T, (b) B =
Three types of experiments were performed: fluorescence0.5T, (c)B=1T, (d)B=3T, and (e)B =5 T. In part a, the six
excitation (FEX) spectra, fluorescence decay profiles, and rotationally assigned peaks designated by lines in increasing energy
sweeps of the magnetic field at fixed excitation frequency of a'€ P(6). P(4). P(2). R(0). R(2), and R(4).
the laser. In observations of FEX spectra, the intensity of the
excitation light was simultaneously monitored in order to
normalize the spectra. The emission signals were amplified by 3 1 Fjuorescence Excitation Spectra and Fluorescence
a current amplifier (SRS SR570) and then time-averaged by aQuenching Ratios.The FEX spectra of the 11V, 13V, 15V,
boxcar integrator (SRS SR250) with gate widths of 2.0 or 6.0 5,4 21V pands of GSwere measured in the presence and
us immediately following laser excitation. The input signals 10 gpgence of external magnetic fields. As an example, Figure 1
the boxcar integrator were terminatedard 1 MQ load. The  ghos the 15V FEX spectra at different fields. As clearly shown
boxcar integrator was interfaced to a microcomputer for data i, this figure, an extraordinary decrease in the fluorescence
accumulation and processing. These detection and storag§nensity occurs aB is increased from 0 to 5 T. There is almost
systems were placed at more ham from the SCM to guard 4 contribution of the continuum emission to the FEX spectra
against leakage of magnetic fields. The major objective of this gjnce we can see only discrete rotationally resolved peaks. From
experiment was to obtain the fluorescence quenching E&), the jet spectroscopy of Ochi et &t.the six peaks marked with
S0 T), whereS(B) is the energy integral of a FEX spectrum  jines in Figure 1a can be assigned as P(6), P(4), P(2), R(0),
over a vibronic band %._ One p_otentlal problem is a drastic R(2), and R(4) in increasing energy. Inhomogeneous quenching
change of fluorescence intensities over the rafie; 0 to 5 behavior of the band is evident from the changes in relative
T. For example, this problem was circumvented by experimen- intensities of these rotational lines in the FEX spectra from 0
tally gettingS(B1)/S(0 T), SB2)/S(By), and(Bs)/S(B,) for three to 5 T. There is no significant Zeeman broadening and shift in
conditions of the excitation laser and the emission detection ihe resolution of the present study. In a similar way of the
system and th&(B3)/S(0 T) value was calculated as follows:  previous work with the 6V and 10V bandsthis is indicative
of the acceleration of intramolecular radiationless processes by
S(B,)/S(0 T) = §(B3)/S(B,) x SB,)/SB,) x SB)/SOT) the fields. Similar magnetic field effects on the FEX spectra
1) were also observed for the 11V, 13V, and 21V bands.
To clarify the vibronic dependence of MQ, we calculated the
For acquiring the fluorescence decay profiles, the emission energy integral of an FEX spectru®(B). Figure 1c shows how
signals were amplified by a fast voltage amplifier (SRS SR440) the S(1 T) value was obtained; the area shown by the shaded
and then digitized by a digital storage oscilloscope (Tektronix region corresponds to tH&1 T) value of the 15V band. The
TDS 640A) with 0.5, 5, or 10 ns per sampling point in a real fluorescence quenching rati&B)/S0 T), obtained for each
time mode. The input signals into the oscilloscope were band with the above method is plotted agaiBsh Figure 2.
terminated in a 52 load. The oscilloscope was interfaced to The results reported previously for the 6V and 10V bdhdee
a microcomputer for data accumulation and processing. The jitter also included for comparison in Figure 2. For each of the bands,
of a trigger signal from a photodiode was less than 3 ns. In the an asymptotic decrease $B)/S(0 T) occurs a8 is increased
experiments of magnetic field sweeps, the excitation light was from 0 to 5 T and the fluorescence quenching ratio seems to
fixed at a particular wavelength corresponding to a particular approach zero at larger fields than 5 T. 138 T)/S(0 T) values
15V rotational line (P(2), P(4), or P(6)). The monochromator of the 11V, 13V, 15V, and 21V bands are 0.13, 0.14, 0.22, and
was set to the same observation wavelength utilized in the FEX 0.14, respectively. To examine thé and v, dependence of
spectra, the wavelength which gives maximum intensity. The MQ, we first show the rovibronic assignments of the excited
magnetic field was swept at a rate of 0.17 T/min from 0 to 5 T. states for all bands: 6V (0,0,&(= 1)), 10V (0,0,0 K' = 0)),
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3. Results
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Figure 2. Magnetic field dependence of the fluorescence quenching
ratios §B)/S(0 T)) in the 6V, 10V, 11V, 13V, 15V, and 21V bands.
Data for the 6V and 10V bands are taken from ref 21.

Figure 4. Fluorescence decay curves observed at room temperature
with the excitation of the 15V P(2) line and the monitor of a
fluorescence peak (at 24 769 chhunder a Cgpressure of 30 mTorr

in the absence and presence of a magnetic fidle-(0—4 T).

0 LA RAREE RARAN RARAE LARRE LR
§ Lo 0T | decreased with increasing from 0 to 10 T. This trend is

= IT 7 consistent with the magnetically induced decrease in the intensity
5 of the FEX spectrum and in the fluorescence quenching ratio,
= 2T | S(B)/S(0 T). Moreover, we can see that there is no fast spike,
= 3T | which is similar to the time profile of the excitation laser pulse,
5 05k 4T | in marked contrast to time decay profiles of the 6V and 10V
g 5T bands previously observ&din Figure 3, the time decay profiles

8 atB=0, 1, and 2 T can be fit to single-exponential functions.
§ Their lifetime (@) is almost independent & (r = 0.8 us). The

3 time decay profiles aB = 3, 4, and 5 T can be fit to double-

§ exponential functions. The lifetime of the fast decaying com-
= 00 ponent is almost independent®{z = 0.8 us). The lifetime of

the slowly decaying component is also almost independent of
. B (r = 3 us). These double-exponential decays are dominated
Time / us by the fast decaying components. Since the pre-exponent of the
Figure 3. Fluorescence decay curves observed at room temperatureslowly decaying component is not almost changedBpyhe
with the excitation of the 13V line (at 31 199.1 ci"mand the monitor s|ow|y decaying component is attributed to the continuum
ﬁ‘:Tao rf:”igrtehsecigggn‘é?';ﬂ%%?fgéﬁifg;‘;”%‘ggﬁeif%‘fjs()u_rioo‘}f’o emission'” Note that there is no magnetic field effect on the
The 31 199.1 cmt line is assigned as the overlapped line of Q(1) and continuum emission as preV_IOUSIy repor@éd:onsequm_antly, we
Q). can see that the decay profile of the banded emission can be fit
to a single-exponential function and that its lifetime is almost
11V (unknown,1,unknowr’ = 1)), 13V (0,1,0 K’ = 1)), 15V independent oB (r = 0.8 us). Similar magnetic field effects
(0,1,0 K = 0)), and 21V (0,2,0 K' = 0))22-25 where on the temporal decays were also observed for the 11V, 15V,
(v w2 v3) represents a set of the symmetric stretching, bending, @hd 21V bands.
and antisymmetric stretching vibration quantum numbers, In addition, we observed the temporal decay profiles for the
respectively. The 13V and 15V bands are different from each P(2), P(4), and P(6) rotational lines in the 15V band at various
other in only K', and we can see from Figure 2 that the magnetic fields. As an example, the results of the P(2) excitation
fluorescence quenching ratio of the 18VE 1) band is smaller  are shown in Figure 4. We can see from Figure 4 that the time-
than that of the 15\K' = 0) one at larger fields than 1.5 T. integrated intensity of the decay curve is not monotonically
This experimental result is consistent with that observed in the decreased with increasiri§y The time-integrated intensity of
earlier work on the 6V and 10V bands; the fluorescence the decay curveta3 T is larger than that at 2 T. Moreover,
qguenching ratio of the 6\’ = 1) band is smaller than that of  field-induced quantum beats are observe8 & but not at other
the 10VK' = 0) oné! as we can see again in Figure 2. The fields. From the Fourier transformation of quantum beat data,
10V, 15V, and 21V bands are different from one another in the beat frequency is estimated to be around 9 MHz. From the
only v2', but no clean,’ dependence is found from Figure 2; double-exponential analysis of decay profiles at fields except 3
the 21V, = 2) and 10V{, = 0) bands are quenched more T, itis found that every decay profile is quasi-single-exponential
efficiently than the 15W," = 1) band. and that its lifetime is almost independent®f(z = 0.7 us).

3.2. Temporal Decays.Temporal decay profiles were On the other hand, for both the P(4) and P(6) lines, it is found
measured for all bands & of up to 10 T by exciting the that the time-integrated intensity of the decay curve is mono-
strongest rovibronic band in the FEX spectrum at zero field, tonically decreased with increasimyand that quantum beats
the monochromator being fixed at each wavelength yielding a are not observed at any discrete valuesBo#pplied in this
large banded-to-continuum emission ratio. The results of the experiment. From the double-exponential analysis of decay
13V band are shown in Figure 3. We can see from Figure 3 profiles, it is found for both the P(4) and P(6) lines that every
that the time-integrated intensity of the decay curve is gradually decay profile is quasi-single-exponential and that its lifetime is
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lifetimes of CS in the nearby states, the R BA,) and the T

UAARS RRRRN RRRRE RRRRE L=
1.0 1A,, are on the same order of magnitude as that in th8Y
i state, although the dipole transitions from the ground state to
- P(2) the R and the T states are forbidden. This means that the R and
| P(4) the T states are strongly coupled with the V state to which the
P(6) transition is dipole-allowed. Therefore, the longer lifetimes for

higher vibronic levels of the V state can be attributed to higher
level densities of the coupled states and/or larger interactions
between the V and coupled states. From this interpretation, we
can expect that the lifetime of the fast decaying component in
the banded emission becomes shorter for a higher vibronic level
of the V state. Since it was previously reported that the lifetime
of the fast decaying component in the 6V band was 520 ps at
zero fields!” the lifetimes in the 11V, 13V, 15V, and 21V bands

at zero fields are expected to be much shorter than the duration
of the excitation laser pulse, which is less than 16 ns.
Consequently, we can expect that the fast decaying component
does not appear in the observed decay profile so long as we
use nanosecond lasers.

In a singlet state, which belongs to the “intermediate case”
and the “strong coupling casé™?® a singlet rovibronic level
(IS) in the zeroth-order approximation interacts with the
“intermediate” dense manifold of dark triplet level§{) and
approximately shows a biexponential fluorescence defe@y)(

0.5 .

Normalized fluorescence intensity / arb. units
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Figure 5. Normalized fluorescence intensity observed with a magnetic
field sweep from 0d 5 T for the C3 15V P(2), P(4), and P(6) excitation
with the monitor of a fluorescence peak (at 24 769 &mat room
temperature under a @pressure of 30 mTorr.

almost independent & (z = 0.7 us for the P(4) excitation and
7 = 0.9 us for the P(6) excitation).
3.3. Magnetic Field SweepThe fluorescence intensities of

the P(2), P(4), and P(6) rotational lines in the 15V band were
measured a8 was swept from 0 to 5 T, the monochromator
being fixed at 24 769 cnt. The results of all three rotational
lines are shown in Figure 5, where the maximum intensity of

F(t) = A exp(-t/r;) + As exp(-tizg) @

wherets andrs are the lifetimes of the fast and slowly decaying
components, respectively, addandAs are the preexponential

every curve is normalized to unity. We can see from Figure 5 ¢, oy of the fast and slowly decaying components, respectively.
that the normalized fluorescence intensities (NF) are on the order ;4o 4 proper approximati82° 7; andzs can be expressed

of NF[P(2)] > NF[P(4)] > NF[P(6)] at every magnetic field.
This means that the degree of the fluorescence quenching due

to magnetic fields are on the order of P(2)P(4) < P(6), that 27| 1, \-1
is, the quenching efficiencies of the fluorescence are increased 7= (f Vr PT) 3)
with increasingJ'. _

Moreover, we can see from Figure 5 that each of the curves _ [vst Nyg\? 4
is not smooth, but that it has many peaks and valleys. However, Is— AN+ 1) )

as a whole, the fluorescence intensities of all three rotational

lines seem to be decreased with increadthgnd seem to be  wherepr, ys, andyt are the state density of the triplet manifold,
completely quenched & larger than 5 T. Such features are the line width of the|S0) and the average line width ¢TT]
consistent with the magnetically induced decrease in the time- respectively. AlsoVr andN are the off-diagonal matrix element
integrated intensities of the decay profiles (vide supra). Note coupling betweefSCand|T(through the spifrorbit interaction
that the fluorescence intensity of the P(2) rotational line at 3 T (Hso) and what is called the number of effectively coupled triplet
is larger than that at 2 T, and this trend is consistent with the levels, respectively, and can be expressed by

above decay result of the P(2) excitation that the time-integrated

intensity of the decay curvet 8 T is larger than that at 2 T. Vi = [BHg T

(%)
(6)

4.1. Mechanisms of Magnetic QuenchingAs mentioned Moreover, under a proper approximati® A; and As have
above, the decay profile of the banded emission can be fit to a,o following relation:

single-exponential function in each of the 11V, 13V, 15V, and
21V bands. This is a sharp contrast to time decay profiles of (7
the 6V and 10V bands previously obsenfd@he decay profile

of the banded emission in each of the 6V and 10V bands can ThUS, the time_integrated fluorescence intensm:y;@n be given
be fit to a double-exponential function and, thus, the electronic zs follows:

relaxation processes in the 6V and 10V bands belong to the
so-called “intermediate case” in the language of the radiationless
transition theory?®-28 We can safely suppose that the electronic
relaxation processes in the 11V, 13V, 15V, and 21V bands also
belong to the “intermediate case” as explained bellow. Accord- where we use the normalized conditioh, + As = 1.

ing to Ochi et al2? the lifetime, which corresponds to the The MQ of gaseous fluorescence is induced by the Zeeman
lifetime of the slowly decaying component in the banded interaction Hz),
emission, tends to become longer when, @Sexcited to a

higher vibronic level of the V state in a supersonic jet. The

4. Discussion N = 27|V, %0:2 (=p;hiTy)

AJAs=N

o0 N 1
| = j;) F(t) dt = At + Agtg = ml’f + m‘[s (8)

H,=—yJL + 29)-B 9
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in the ordinary notation. In the case of W8 the second term
of Hz plays an important role. Since this term leads to the mixing
among triplet spin sublevels, the selection rule of the spin
orbit coupling betweeinSJand|TCls relaxed fromAJ = 0 atB
=0TtoAJ=0and+l atB = 0 T, namely, the spin

decoupling occurs. The spin decoupling is usually completed

at a relatively small field Bq). At B > Bg, |V7|? and pr values
become as follows:

1
V1(B = By|* = 5/Vx(B=0T) (10
pr(B= By =3p(B=0T) (11)
Thus, 7 andN values atB = By are given as follows:
w(B=By)=7%(B=0T) (12)
N(B=By)=3N(B=0T) (13)

From the above results and the fact that te@alue is almost
independent oB in many molecules, in the typical case of IM,
the s andts values are not changed by magnetic fields. Thus,
the MQ due to IM is caused by the magnetically induced
increase in theN value and is saturated at a relatively small
field, Bg. When the second term of eq 8 is predominant and
whenN is much larger than 1(B > Bg)/I(B = 0 T) becomes
1/5. This is the limiting case of IM.

In the case of DM} 8 the first term ofHz plays an important
role. This term leads to an additional coupling between|gie
level and the other singlet level$S[). To explain this case,
we can rewrite the formulas af, 7s, andN as follows®

21

27T -1
Tt = (7 Voo + R Vs ZPS) (14)
+ N7+ Ngyg\ 1
re= Vs Ny sV's (15)
A(N; + Ng+ 1)
N = 27V; %o, (=Ny) + 27|Vg’pd (=Ng)  (16)

whereys andps are the average line width of th& Cand the
state density of ST respectively. AlsoVs is the off-diagonal
matrix element directly coupling betweé® Jand |S Cthrough
the Zeeman interaction and can be expressed by
Vg= 05— yL-BIST a7
SinceB is usually directed only along one axis in the laboratory
coordinates|Vs|? is proportional to the square & |Vs|2 =
aB?. Therefore, in contrast to the case of IM, thevalue is

changed by magnetic fields and is decreased with increasing

B. Moreover, under sufficient large magnetic fields, thalue
becomes almost zero becausekhealue becomes large enough
and ther; value becomes nearly zero. In the case of DM,

therefore, MQ can be completed at sufficiently large magnetic

fields.

Previously, Imamura et al. carried out MQ studies below 1.51

T on the 6V band by using a picosecond |a%ér. They
observed a biexponential decay in which thevalue was
reduced upon the application of a field. This is indicative of
MQ due to DM in the 6V band and, thus, tlevalue for the
6V band is nonzero. Note that thevalue can be nonzero since
the off-diagonal matrix elements &f, IV(1B,)|L,(b.)| T(*A2)0
and W(le)|Lx(b2)|X(1z;’)D can be group-theoretically non-
zero in the molecular coordinates where @axis is taken as

y and other axis in the molecular plane is takerza%he a
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value should also be nonzero for the present V bands because
every V rovibronic band can be electronically coupled with the
same singlet states through the Zeeman interaction. Therefore,
DM is operative in MQ of the 11V, 13V, 15V, and 21V bands.
Thel(B = By)/I(B = 0 T) ratio becomed/; for typical MQ
due to IM as discussed above, but the ratios for several
rovibronic levels of pyrazine and pyrimidine were found to be
less thart/3.2439The minimum value is as small as 0.15 for the
P(2) line of the 12 band belonging to the,S—~ S; transition in
pyrimidine!* Thus, in the case of IM, th&B = By) value
sometimes becomes less thidnof the (B = 0 T) value. It is
noteworthy that th&B > By) value for IM remains at a saturated
value without approaching zero at large magnetic fields. In the
present study, we found that tB T)/S(O T) ratios were much
less thart/; for all bands, as seen in Figure 2, and that$(®)/
S0 T) ratios seemed to approach zero with increasrigpm
5to 10 T. Moreover, the normalized fluorescence intensities of
the rotational lines in the 15V band & T are much less than
145, as seen in Figure 5, and that the normalized fluorescence
intensities seem to approach zero with increadrfgom 5 to
10 T. Furthermore, the fluorescence of the rotational line in
the 13V band is almost completely quenched at 10 T since the
fluorescence decay curve at 10 T is almost completely flat, as
seen in Figure 3. Such fluorescence decay results are also found
for the 11V, 15V, and 21V bands. These extraordinary MQ
effects observed at large magnetic fields cannot be interpreted
by only IM. Consequently, our experimental results undoubtedly
show that MQ in the V state has the contribution due to DM.

As we will discuss below, the evidence of the level anti-
crossing is included in our experimental results. This level
anticrossing is caused by the spiorbit interaction between V
and?®A; states. This means that IM is operative in MQ of the V
state. Thus, all the above arguments show that MQ observed in
the 11V, 13V, 15V, and 21V bands is due to both DM and IM.

4.2. MQ Dependence on Nuclear Spin StatisticsAs
mentioned above, the fluorescence quenching ratio of the 13V-
(K" = 1) band is smaller than that of the 13¢/(= 0) one above
1.5 T. This experimental result is consistent with the previous
work on the 6V and 10V bands: the fluorescence quenching
ratio of the 6VK' = 1) band is smaller than that of the 10/(
= 0) one at every field! SuchK' dependence of MQ was
previously attributed solely to selection rules for the magnetic-
field-induced Zeeman coupling between the'B and T1A,
levels due to DM:AJ = 0, +1, AK = 0, andAM = 0 for K’
=1 andAJ = £+1, AK = 0, andAM = 0 for K' = 0.21.31Note
that Fujimura et al. showed that the-\I' coupling was much
more important than the ¥X coupling for DM31 A broader
explanation for the preferential quenchingkdf= 1 states can
be obtained by considering nuclear spin statisict. an
asymmetric-top molecule has two identical nuclei with zero spin
(i.e., bosonstatistics), which is the case fC32S,, only those
levels occur whose total wave function is symmetric with respect
to an exchange of the two nuclei. Onhabrational symmetry
for V states is considered because both 6V and 10V bands are
vibrationless states and both 13V and 15V bands have one
guantum of the totally symmetric bending vibratian,. Also,
only a; vibrational symmetry for T states is considered because
the Franck-Condon factor between V and T states should not
be zero. Although the rotational eigenfunctions of an asymmetric
top molecule are an appropriate linear combinations of sym-
metric top rotational wave functions, we use the Wang
transformatio®® for convenience:
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|J0"MO= |JOMO for K =0 (18)
JJKTMOC= 2712 (JIKMOH [J-KMD forK > 0 (19)
| | |J— orK >
JK M= 272 (JJKMO- [J-KMD) forK >0 (20)

Considering the electronic, vibrational, rotational, and nuclear
symmetry, the eved levels of T states and odillevels of V
states are allowed fdk' = 0, whereas foK' = 1, both even
and oddJ levels are allowed for both V and T states. Using the
selection rulesAJ = 0, £1 andAK = 0 for K' = 1 andAJ =

+1 andAK = 0 for K' = 0, matrices representing the DM-
induced Zeeman coupling between V and T states can be
constructed for thd values up to 7 (Tables 1 and 2). In Table
2, 1" and I representK® and K~ for K = 1 in the Wang

transformation, respectively. We can see from these tables that

the number of coupled levels with each rovibronic level of
the VK' = 1) state is 1.5 times larger than that of thekVE
0) state. Thus, the more enhanced quenching'of 1 states
than that ofK' = O states is due to the greater number of the
Zeeman coupled states in tihe = 1 state. This coupling is
regulated by selection rules and nuclear spin statistics.

4.3. Level Anticrossing and Molecular Quantum BeatThe
fluorescence intensities are not smoothly decreased with increas
ing B for the P(2), P(4), and P(6) rotational lines of the 15V

band as seen in Figure 5. Previously Abe et al. also observed

magnetically induced enhancement of the fluorescence from a
particular rotational line of the 6V barld. These can be
explained in terms of the level anticrossifigue to the spin

orbit interaction between the V arfé, states because it was
reported in previous papers that the Rd®mponent of théA,
state was strongly coupled with the V state at zero fiédd4.
Moreover, we observe the field-induced quantum beat in the
temporal decay profile for the P(2) excitation of the 15V band
at 3 T asshown in Figure 4. This phenomenon is not the Zeeman
guantum beat reported in previous pag&tssince our condition

of laser excitation is ther pump, which allows theAM = 0
transitions. Therefore, we can also interpret this phenomeno
as the molecular quantum b#&atssociated with the level
anticrossing due the spitorbit interaction between the V and
A, states.

4.4.J and v, Dependence of MQ.As shown in Figure 5,
the normalized fluorescence intensities (NF) of the rovibronic
levels in the 15V band are on the order of NF[P(2)]NF-
[P(4)] > NF[P(6)] at 0 T< B < 5 T. This means that the degree
of MQ is increased with increasingj. When the second term
of eq 8 is predominant\ of eq 16 is much larger than 1, and
7s is independent oB, [(B)/1(0 T) is given as follows:

1(B) _NOT)
10T)  N(B)

Therefore, the)' dependence of MQ in the 15V band suggests
that the ratioN(0 T)/N(B) for B > 0 T, decreases with increasing
J. The J dependence of MQ in the 15V band is almost
consistent with that in the vibronic bands belonging to the S
— S, transition in pyrazine and pyrimidiné:3°However, it can
be seen that the states coupled with the upper level of the 15V
transition are different from those of the rovibronic transitions
in pyrazine and pyrimidine. While the upper levels of the
rovibronic transitions in pyrazine and pyrimidine are coupled
with only triplet levels through the spirorbit interaction, those
of the 15V transition are also coupled with the singlet states
through the Zeeman interaction.

Previously, many researchers reported that the degree of MQ
was increased as the energy of the vibronic level is increased

n

(21)

Sisk et al.
TABLE 1: DM-Induced Zeeman Coupling between the V
1B, and T !A; States of C$ (for K' = 0)?
V 1B, state K = 0)
3 5

T 1A, state
(K=0)

X
X

ODRANO| G

X
a2The selection rule is shown as followskJ = +1 andAK = 0.
TABLE 2: DM-Induced Zeeman Coupling between the V
1B, and T 1A, States of CS (for K' = 1)2
V 1B, state

4 5
1~ 1+

l+

X
X

T 1A, state

~NOoO O WNE |G
X

_ 2The selection rule is shown as followaJ = 0, 1 andAK = 0.

below the predissociation threshold for the acetaldehy &S
acetylene ALl formic acid A and sulfur dioxide C staté$.
Such vibronic energy dependence of MQ has been interpreted
by the steep increase in tiNéB) value with the increase in the
energy of the vibronic level. However, in the V state of,CS

no clearv,’ dependence of MQ is found as shown in Figure 2.
This can be caused by the irregularity in the density of states
which are coupled with the V state in the presenc8.0fhus,

this result may support that the~\T coupling is more important
than the VX coupling for DM as mentioned above.
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