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Emission characteristics of pyrimidine vapor which were measured after excitation into various Si
vibronic levels with relatively low excess vibrational energies (AE) below 2650cm~! were found
to depend markedly upon AE. The emission from a vibronic level with AE<1000 cm~! (e.g., 6a? or 1) is sharp
and attributable to the fluorescence from the initially prepared vibronic level (IPL), and that from a
vibronic level with AE>1000cm=! (e.g., 12!, 6a2, or 122) involves broad fluorescence besides the IPL
fluorescence. At low pressure, the broad fluorescence consists of fast and slow components with
lifetimes comparable to those for the corresponding components of the IPL fluorescence. The broad
fluorescence exhibits another slow component which is characterized by a less tendency to undergo col-
lisional quenching. The quantum yield of the slow component of the IPL fluorescence clearly depends
upon molecular rotation, whereas that of the broad fluorescence appears to show little or no
rotational-level dependence. On the basis of these observations, the broad fluorescence is assigned to the
one originating from S; vibronic levels that can be reached directly from the IPL through in-
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tramolecular vibrational redistribution (IVR) or indirectly via triplet levels.

show that the IVR is affected by molecular rotation.

When an isolated molecule is optically excited, the
excitation energy may be transferred nonradiatively
from the initially prepared vibronic level to the other
isoenergetic levels through redistribution of the
vibrational energy.!~¥ Understanding of this sort of
intramolecular vibrational redistribution (IVR) is
important not only in elucidating intramolecular
dynamics but also in exploring the possibility of state
selective chemistry. The IVR phenomena have been
investigated extensively within the first excited singlet
state (S1) under bulk gas conditions at room
temperature or ultracold supersonic jet conditions.3-4
Most of these investigations were performed with
aromatic hydrocarbons and their alkyl or halogen
derivatives,39 all of which belong to the statistical
limit case in radiationless electronic relaxation.

The IVR process is known to occur usually at
vibronic levels with relatively high excess vibrational
energies, AE. Thus, IVR occurs at AE=3000 cm~1! in
benzene itself and at AE=2000 cm~! in p-difluoro-
benzene and p-fluorotoluene,® though IVR can be
recognized at a small AE value of 530cm! in
substituted benzenes with a long side chain.#:? The
times required for IVR range from sub-picosecond to
microsecond, but those reported in recent papers are
mostly of the order of picosecond.® The anharmonic
interaction is considered to induce IVR, but the
Coriolis coupling is sometimes regarded as responsi-
ble for IVR. Recently, Riedle et al. showed that the
Coriolis coupling plays an important role in IVR in
the third channel region of benzene.?

Pyrimidine is known to have an intermediate-case
level structure and gives fast and slow components of
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There exists no evidence to

fluorescence under collision-free conditions.10:10 Tt
has been established that, so far as the fluorescence
resulting from excitation at the 0-0 absorption band
or a lower vibronic band is concerned, the character-
istics of the slow fluorescence component of an
intermediate-case molecule undergo considerable
variation across the rotational contour.2-19 On the
other hand, little attention has been directed to IVR in
the mtermediate-case molecules except for the work by
Lim and his collaborators, who observed the IVR
induced by excitation at the 122 absorption band of
pyrimidine.1®

In the present study, fluorescence and nonradiative
relaxation in pyrimidine vapor have been observed
after exciting the molecule into various S; vibronic
levels with relatively low excess vibrational energies
ranging from 600 to 2650 cm~!. The purpose of the
study is twofold. First, attention is given to the
change in the effect of molecular rotation on
electronic or vibrational relaxation with excess
energy. Second, an attempt is made to elucidate the
kinetic mechanism of the occurrence of IVR. It will be
shown in this paper that, in the case of pyrimidine,
IVR appears to take place at vibronic levels whose
energies are much lower than usually expected.

Experimental

Pyrimidine obtained from Aldrich Chemical Co. was
purified by repeated vacuum sublimation. Commercially
available sulfur hexafluoride (SFg) from Seitetsu Chemicals
was used as an inert foreign gas without further
purification. The pressure of pyrimidine was determined by
measuring the absorption intensity or by using a
capacitance manometer (MKS Baratron type 170).

All the optical measurements were carried out at room
temperature. Absorption and fluorescence spectra, fluores-
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cence excitation spectra, and fluorescence decays were
measured with a laser spectrophotometric system.”? The
procedures for these measurements are essentially the same
as those reported in previous papers.13:.1?  In the
spectrophotometric system, a pulsed dye laser (Molectron
DL 14) is pumped by a nitrogen laser (Molectron UV 22).
The frequency of the dye laser is doubled by a KDP crystal to
generate UV laser pulses, which are used for exciting the
sample. The UV laser pulses have a linewidth of 0.5 cm—1!
and a duration of 3 ns. Emission measurements were made
with a 3.5 cm cubic quartz cell. Absorption spectra and
fluorescence-excitation spectra were measured simultane-
ously. The excitation spectra were obtained by monitoring
the fluorescence emission dispersed by a grating monochro-
mator (Nikon G250) and were corrected for fluctuation of
the laser intensity. A relative quantum yield spectrum is
derived as a ratio of a corrected excitation spectrum to the
corresponding absorption spectrum. No correction was
made for the spectral sensitivity of the detecting system.
Fluorescence decays were measured with a single photon
counting lifetime apparatus equipped with a time-to-
amplitude converter. The lifetimes of the fast fluorescence
of pyrimidine were determined by the convolution method.

Results
The emission spectrum of pyrimidine vapor
changes markedly in shape with the excess vibrational
energy (AE) of the S; vibronic level excited. Figure 1
shows the emission spectra from 0°, 6a2, and 6all22
levels of S: pyrimidine at a low pressure of
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Fig. 1. Emission spectra of pyrimidine at 80.8 mTorr.
Excitation bands: (a) 0—O0; (b) 6a3; (c) 6a312;.
Spectral resolution is 0.6 nm in every case.
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80.8 mTorr.t See Table 1 for the values of AE for the
individual levels.18:19 When AE is small (Fig. 1(a)),
the emission spectrum consists of sharp fluorescence
bands which are due to vibronic transitions starting
from the initially prepared vibronic level (IPL). As
AE increases, the intensity of the IPL fluorescence
decreases, and a broad, structureless emission appears
instead at longer wavelengths (Fig. 1(b)). From now
on, the latter emission will be referred to as “‘broad
fluorescence.”” It is seen in Fig. 1(c) that the emission
from the 6a!l12? level having a large AE value con-
sists almost solely of the broad fluorescence.

Thus, according to the results of the present study,
the fluorescence from vibronic levels with AE<1000
cm~1! is attributable solely to the IPL fluorescence,
while that from vibronic levels with AE>1000 cm—!
involves the broad fluorescence in addition to the IPL
fluorescence. The features of the fluorescence and
nonradiative relaxation from some representative
vibronic levels in S; pyrimidine will be described in
the following.

6a! Level (AE=613cm~!) and 1! Level (AE=941
cm™!).  Absorption, fluorescence excitation, and fluores-
cence quantum yield spectra at a low pressure are
shown in Fig. 2(a) for the rotational contour of the 6a}
absorption band. It was found that the excitation
spectrum does not change in shape and position with
the fluorescence band monitored. The quantum yield
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Fig. 2. Spectra for the 6a} band of pyrimidine: (1,----)
fluorescence excitation spectrum; (2,--+-+) absorption
spectrum; (3,—) fluorescence quantum yield spec-
trum. Sample vapors: (a) 80.8 mTorr of pyrimidine;
(b) 156 mTorr of pyrimidine plus 36 Torr of SF,.
The band origin is denoted by 0.

I 1Torr=133.322 Pa.
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spectrum gives a prominent peak for excitation
frequencies near the band origin, that is, for low
values of the total rotational angular momentum
quantum number J’, the prime referring to the excited
state S;; furthermore, the yield is found to decrease
with increasing J’. As is seen in Fig. 2(b), at high
pressure, the excitation and absorption spectra agree
with each other, giving a flat fluorescence quantum
yield spectrum.

Experimental results similar to those given in Figs.
2(a) and 2(b) have been obtained with the 1}
absorption band. Thus, with respect to the rotational-
level dependence of fluorescence, the situation in the
6a} and 1} bands is essentially the same as that in the
0-0 band.!® Note that AE<1000 cm™! for the 6a! and
11 levels.

6a2 Level (AE=1291 cm™!). The fluorescence char-
acteristics change in many respects when AE becomes
higher than 1000 cm-1. Figures 3(a) and 3(b) show
fluorescence spectra obtained by excitation at two
different positions within the rotational contour of
the 6af absorption band of pyrimidine at a low
pressure of 80.8 mTorr. In either case, both the IPL
and the broad fluorescence appear. However, the
fluorescence intensity distribution in Fig. 3(b) is
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Fig. 3. Fluorescence spectra from the 6a? level of
pyrimidine. Sample vapors: (a, b) 80.8 mTorr of
pyrimidine; (c¢) 156 mTorr of pyrimidine plus 36
Torr of SFg. Excitation positions in the 6a; band:
(a) maximum of the R branch (Rpya.x); (b, ¢) max-
imum of the quantum yield spectrum (@p,y).
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different from the one in Fig. 3(a). In fact, the relative
contribution of the IPL fluorescence is larger in Fig.
3(b) than in Fig. 3(a).

Reflecting the change in intensity distribution of
the fluorescence spectrum with the rotational level
excited, the excitation spectrum at low pressure
changes in shape with the region of the fluorescence
monitored, as illustrated in Fig. 4. The excitation
spectrum in Fig. 4(b), which is related (mainly) to the
broad fluorescence, resembles the absorption spectrum
more closely than does the excitation spectrum in Fig.
4(a) related to the IPL fluorescence.

The quantum yield spectra for the IPL and broad
fluorescence, shown in Figs. 4(a) and 4(b) respectively,
vary across the rotational contour of the 6a band with
a peak near the band origin. However, the variation
of the quantum yield is obviously small in the case of
the broad fluorescence. The IPL fluorescence is
considered to be involved, to some extent, in the
emission at 390 nm, i.e., at the monitoring wavelength
in Fig. 4(b). Then the variation of the quantum yield
for the broad fluorescence alone should be even
smaller than what is seen in Fig. 4(b). It may thus be
said that the actual quantum yield of the broad
fluorescence will show little or no rotational-level
dependence.

Extrapolating spectral data at low pressures,
including those given in Fig. 4, to zero pressure, we
have reached the conclusion that the broad fluores-
cence exists even at zero pressure; in other words, the
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Fig. 4. Spectra for the 6a} band of pyrimidine at 80.8
mTorr: (1,-—--) fluorescence excitation spectrum;
(2y7ee-- ) absorption spectrum; (3,—) fluorescence
quantum vyield spectrum. Excitation and quantum
yield spectra: (a) obtained by monitoring selectively
the IPL fluorescence at 321 nm; (b) obtained by
monitoring mainly the broad fluorescence at 390 nm.
The band origin is denoted by 0.
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broad fluorescence occurs as an intramolecular
phenomenon.

Let us now turn to pyrimidine vapor at high total
pressure. Figure 3(c) shows the fluorescence spectrum
excited at the 6a% absorption band of pyrimidine
(156 mTorr) in the presence of 36 Torr of SFs. Here
the excitation position corresponds to the maximum
of the quantum yield spectrum; it should be noted,
however, that the fluorescence spectrum was found to
be independent of excitation position within the 6a3
band. It is seen in Fig. 3(c) that the broad fluorescence
appears at high pressure also. The excitation spectra
at high pressure (Fig. 5) obtained by monitoring the
fluorescence at 321 and 390 nm agree fairly well with
the absorption spectrum, so that in both cases the
quantum vyield spectra are nearly flat over the
rotational contour.

Figures 6(a) and 6(b) show the decays of the IPL and
broad fluorescence following excitation within the 6a3
band at a pressure of 80.8 mTorr. The decay curves of
Figs. 6(b) and 6(c) were obtained under the same
conditions except for the time scales. It is seen from
Fig. 6(b) that the broad fluorescence also involves fast
and slow components which are analogous to the fast
and slow components of the IPL fluorescence found
in Fig. 6(a). In each of the IPL and broad fluorescence
emissions, the fast and slow components will be called

0 5 0 -5 -10 -5
WAVENUMBER/ cm’

Fig. 5. Spectra for the 6aj band of pyrimidine at 156
mTorr in the presence of 36 Torr of SFg: (1,----)
fluorescence excitation spectrum; (2,-:---+) absorption
spectrum; (3,—) fluorescence quantum yield spec-
trum. Excitation and quantum vyield spectra: (a)
obtained by monitoring selectively the IPL fluo-
rescence at 321 nm; (b) obtained by monitoring mainly
the broad fluorescence at 390 nm. The band origin
is denoted by 0.
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component I and component II, respectively, for the
sake of simplicity. Note that, with the time resolution
employed in the case of Fig. 6, the photoelectron
pulses corresponding to the fast component of
fluorescence fall on the first and second channels in (a)
and (b), and on the first channel in (c).

The lifetime of the slow component II (ty;) at
80.8 mTorr is found to be 72 ns from Fig. 6(a) for the
IPL fluorescence and 81 ns from Fig. 6(b) for the broad
fluorescence. Allowing for experimental error,
however, the two lifetime values should be regarded as
practically equal to each other (vide infra).

The broad fluorescence is thus similar to the IPL
fluorescence in the lifetime of component II and also
in the ratio of the amount of component I to that of
component I[I. However, as is seen in Fig. 6(c), the
broad fluorescence involves another slow component,
which will be referred to as component III. The
lifetime of component III (t;) at 80.8 mTorr is about
470 ns, which is much longer than 7 at the same
pressure.

The reciprocal lifetimes (t~1) for components II and
IIT of the broad fluorescence as well as that for
component II of the IPL fluorescence are plotted
against pressure in Fig. 7. Allowing for experimental
error, in the pressure range concerned, one cannot find

any appreciable difference in lifetime between
2
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Fig. 6. Fluorescence decays for pyrimidine at 80.8
mTorr after excitation at the maximum of the R branch
of the 6a} band: (a) obtained by monitoring selectively
the IPL fluorescence at 319.5 nm; (b, c) obtained
by monitoring mainly the broad fluorescence at 390
nm under the same conditions except for the time
scales.
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Fig. 7. Plots of 7! against pressure for 6a? of pyrimi-
dine: O, component II of the IPL fluorescence; —+,
component II of the broad fluorescence; @, com-
ponent IIT of the broad fluorescence.

components II of the IPL and broad fluorescence, and
these two kinds of components II are quenched in
essentially the same manner with increasing pressure.
Thus, in either case, the quenching rate constant is
evaluated to be about 1.7X108 Torr—!s~!, which is
more than one order of magnitude larger than the
hard sphere collision rate constant (kn=~1X107 Torr-!
s71). This indicates that the quenching of compo-
nents II results from a long-range, weak collision
leading to rotational relaxation, as in the case of
the slow fluorescence from the 0° level .1

Component III of the broad fluorescence, on the
other hand, is quenched with a rate constant of
1X107 Torr—! s—1, which is equal to kns.. It can thus be
said that, among the slow fluorescence components,
component III is characterized by a less tendency to
undergo collisional quenching. It is to be noted that
the lifetime values for components II and III of the
broad fluorescence are fairly close to each other at
pressures lower than 10 m Torr.

It may be noted here that the occurrence of
component I in the decay of the broad fluorescence
(Fig. 6) is consistent with the observation that the
broad fluorescence exists even at such high pressures
that the slower components, II and III, are almost
fully quenched.

12! Level (AE=1012 cm~1). The AE value for this
level is smaller than that for the 6a2 level, but is larger
than 1000 cm~-1. Figure 8 shows excitation, absorp-
tion, and quantum yield spectra for the 12§ band.
Actually, the band appears to consist of two
overlapping vibronic bands. This situation is clearer
in the excitation spectrum obtained under supersonic

Fluorescence and Nonradiative Relaxation from S; Pyrimidine
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Fig. 8. Spectra for the 12; band of pyrimidine at 80.8
mTorr: (l,--—) fluorescence excitation spectrum;
(2,-+----) absorption spectrum; (3,—) fluorescence
quantum yield spectrum. Excitation and quantum
yield spectra: (a) obtained by monitoring selectively
the IPL fluorescence at 321 nm; (b) obtained by
monitoring mainly the broad fluorescence at 390 nm.
The band origin is denoted by 0.

jet conditions.2®? It is seen from Fig. 8(a) that the
quantum yield for the IPL fluorescence varies greatly
across the rotational contour. As in the case of the 6a?
band, the variation of the quantum yield for the broad
fluorescence (Fig. 8(b)) is small compared with that
for the IPL fluorescence.

The fluorescence decay after excitation into the 12!
level is similar in nature to the decay after excitation
into the 6a? level. The IPL fluorescence and the
broad fluorescence decay in similar manners, and
both involve components I and II. The lifetimes of
components II of the two types of fluorescence are
nearly equal to each other at any pressure concerned
in the present study. On the other hand, in the case of
the 12! excitation, component III which is character-
ized by a less tendency to undergo collisional
quenching makes only a negligibly small contribu-
tion to the broad fluorescence.

122 Level (AE=2025 cm~!). Figures 9(a) and 9(b)
show, respectively, decay curves for the IPL and broad
fluorescence at two different pressures after excitation
within the 12% band. It is seen that the IPL fluores-
cence consists of components I and II. The broad fluo-
rescence also consists of fast and slow components.
The former corresponds to component I. On the other
hand, inspection of the decay curves given in Figs. 9(a)
and 9(b) clearly shows that the slow component of the
broad fluorescence is less liable to be quenched by
collisions than component II of the IPL fluorescence,
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indicating that the slow component of the broad
fluorescence corresponds to component I1I. Although
a small amount of component II can be detected in a
decay curve of the broad fluorescence obtained at a
higher time resolution, it may be said that the broad
fluorescence resulting from excitation into the 122
level consists mainly of components I and III. One
can thus conclude that the contribution of component
III to the broad fluorescence notably increases with
increasing AE.

The lifetimes of the fast component (component I),

123
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(2) 80.8mTorr I (2) 376 mTorr
—~
>
=
n o
4
w
-
Z
e
2 i
2 i
0 | 1 1 1 .
0 0.5 10 150 1 2 3

TIME /us TIMEAts
Fig. 9. Fluorescence decays for pyrimidine after ex-
citation at the maximum of the 12} band: (a) obtained
by monitoring the IPL fluorescence at 308.6 nm for
(1) 6.7 and (2) 80.8 mTorr of pyrimidine vapor; (b)
obtained by monitoring the broad fluorescence at
390 nm for (1) 6.7 and (2) 376 mTorr of pyrimidine

vapor.

Table 1. Excess Vibrational Energies (AE), Lifetimes
of the Fast Component (1) of the IPL and Broad
Fluorescence, and kgy for Various Vibronic

Levels in S; Pyrimidine
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Vibronic AE® 71/ns ksu
level cm™  rpL, Broad ~ 10°s7
00 0
6at 613
I 941
12t 1012 1.5 2.0 1.7
6a? 1291 0.9 1.3 3.4
6a112! 1629 1.2 1.4 1.2
122 2025 0.8 1.4 5.4
6a112 2642

a) From Refs. 11, 18, and 19.
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15, were obtained from decay curves for high-pressure
samples by the convolution method. The results are
summarized in Table 1 for the IPL and broad
fluorescence emitted from some vibronic levels
including 12!, 6a2, and 122. For any level listed in
Table 1, the value of 7; for the broad fluorescence is
larger than the corresponding t; value for the IPL
fluorescence.

Discussion

The results of the present experiments indicate that
the fluorescence of pyrimidine vapor optically excited
into an S; vibronic level with AE>1000 cm~! involves
broad fluorescence besides the IPL fluorescence. Each
of the two types of fluorescence gives fast and slow
components, I and II. The broad fluorescence gives
another slow component, III, which is less liable to
undergo collisional quenching than component II;
the ratio of the yield of component III to that of
component II increases with increasing AE.

In the following discussion, we shall give special
attention to the mechanism by which the broad
fluorescence is generated. It has turned out that
general treatment of this subject is mathematically too
difficult. Therefore, we first treat three simplified and
rather extreme cases on the basis of kinetic schemes
shown in Fig. 10. Here, solid and wavy arrows
represent radiative (R) and nonradiative (NR)
processes, respectively. S is the initially prepared
vibronic level (IPL) belonging to S;. U denotes the
emitting levels of the broad fluorescence; it is assumed
that these levels also belong to Si, as will be shown

(i)

(ii)

(iii)

NR
kU

v

Fig. 10. Kinetic schemes and various rate constants
(k) for pyrimidine. R and NR refer to radiative
and nonradiative processes, respectively. See text
for other symbols.
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later. Ta stands for the triplet levels coupled directly
to S, and Tb stands for the other triplet levels that are
quasidegenerate with S and U. Note that the number
of the levels of Ta may be much smaller than the total
number of the triplet levels isoenergetic with S and U.
The rate constants associated with the individual
processes are also given in the figure. For levels with
AE<1000 cn—!, the broad fluorescence is absent, so
that we are concerned only with S and Ta.

Case (i). This corresponds to scheme (i) in Fig. 10.
In this case, ksy is assumed to be much smaller than
kst.. Hence, the population of U will be small in at
least the early stage of relaxation, so that the processes
U-W Ta, U-W>Tb, and Tb -A" U are neglected in
scheme (i). It is to be noted, however, that the
nonradiative rate constant k}® is assumed here to
include the value of the rate constant which would be
associated with U-W> T (=Ta+Tb).

According to scheme (i), the concentrations of the
molecule existing in the S and U levels, denoted by [S]
and [U] respectively, are found to be given, as a
function of time ¢, by

(8] = 1Sk | 2 exp(—h0)+ 2 pep(~m}, ()
_ ( 12)kSU - anUkSTn
(U] = [S], G kot € xp(—A4¢)
ksu (kra— kU)‘l'k'raUksn
T R ey )
(A —hkg)ksy+ kTaUksn
S
+ [S]o R — Xp(—Agt), (2
where

1
A2 = “2—{(ks +kpo) £V (ks —krq)®+ 4krasksra}s

ks = kS + ks® + ksra + ksu, (3)

ky = kS + k%,

kyy = kY, + k2l + kres + kravs
and [S]o means [S] at ¢=0; note that A;>>A2. The
quantum yield of the IPL fluorescence (@1rL) and that
of the broad fluorescence (@uroaa) are then expressed as

kgk’l‘a
kskn - kSTaanS

Drpy, = = Gk§ (kiu + k33 4 kras + krav)
(4)
with
= (kS + k5" + ksta + ksu) (AT + AT + krav)
+ kras (kS + k5™ + ksv),

kS [k kra
¢broad ( :;I ¢IPL T v Q'l‘a,) (5)
with
R
¢Tn = k’l‘lkSTn. = G—lk'll}nkSTa- (6)

ksk’l‘a - kSTakTaS
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Case (i1). This corresponds to scheme (ii) in Fig.
10. In this case, it is assumed that ksra € ksu, and the
interaction between S and Ta is neglected accordingly.
The nonradiative rate constant kYR, however, is as-
sumed here to include the value of the rate constant
which would be associated with S -\ Ta. Note that
in scheme (ii) U is considered to interact with both Ta
and Tb. Thus, in Fig. 10, T represents collectively all
the triplet levels belonging to Ta and Tb.

According to scheme (ii), [S] and [U] are given by

[8] = [Sloexp( —kst), )
[U] = (Sl | ke —he)exp(—kat)
UT

(kr— 1) (y2—ks)

+ —————"——"exp(—nt)
Y1772

+ (kT—}’z)(kS“J’l) exp(__yzt)}, (8)
Y1— 2

where

1
Y2 = _f{(kU“‘kT) + V' (ky—kr)2+ 4kyrkeu},

ks = k: + k§® + ksu,
kr = ® 4+ kyu, 9)
ky = k% + k3" + kyn,

kUTkSU

(ks —y1) (ks —72)

Note that y1>ys.

Case (iii). This corresponds to scheme (iii) in Fig.
10. In this case, processes Ta—-\>S and T -W- U are
neglected.

According to scheme (ii1), [S] and [U] are given by

o =

[S] = [S]oexp( —hst), (10)

(U] = [S]e { exp(— kst) + exp(—kyt) } (11)

k

Here, only the fast fluorescence emissions occur. The
quantum yields for the fast components of the IPL
fluorescence and broad fluorescence, denoted by @y
and @}, respectively, are given by

¢:PL = kg/ks, (12)
I _ kS ksu
Drona = ke ks (13)

In Eqs. 10—13, ks and ky are defined as

ks = k§ + ks® + kgra + ksu,
S s ) STa sv} (14)

kU = k% + kl’}n + kUT-

Interpretation of Experimental Results at Low
Pressure. Using the kinetic schemes presented in
Fig. 10, we first discuss the results of experiments
made at low pressure.

Let us first consider case (i). According to Eq. 1, the
IPL fluorescence gives fast and slow components, I
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and II, with lifetimes 1/4; and 1/As, respectively. It
may be noted that 1/41<<1/As, since A:>As. Let us
assume here that in Eq. 2

> hky> 2. (15)

It can then be shown that in Eq. 2 the preexponential
factor for exp(—Ait) is negative, but that the factors for
exp(—kut) and exp(—Azt) are both positive. Therefore,
Eq. 2 indicates that the broad fluorescence should give
a biexponential decay preceded by a rise. It is natural
to consider that 1/ky is the lifetime of component I.
The third term on the right hand side of Eq. 2 decays
with a lifetime of 1/42 which is equal to the lifetime of
component II of the IPL fluorescence, so that the third
term in question can be assigned to component II of
the broad fluorescence. Thus, the dynamics of
pyrimidine excited into the 12! level corresponds
closely to case (1). The behavior of pyrimidine after
excitation into the 6a2 level can be described by case
(1), except that component III appears weakly upon
6a2 excitation. It may be noted that component III
does not occur in case (i); it results from reversible
intersystem crossing between U and T(=Ta+Tb), as
seen in scheme (ii) of Fig. 10. To sum up, aside from
component III mentioned above, case (i) accounts for
our observations that (1) the broad fluorescence
resulting from the excitation into 6a2 or 12! level
shows at least approximately a biexponential decay
similar to the one of the IPL fluorescence and (2) the
lifetimes of components II of the broad fluorescence
and the IPL fluorescence agree with each other.
However, we could not detect the rise portion in the
change in intensity of the broad fluorescence with
time. It may be noted that the assumption of
inequalities (15) is considered to be valid, because
A1>ks and moreover ky would be smaller than ks by a
value corresponding to ksu (see Table 1), and because
Az 1s of the order of the reciprocal lifetime of the triplet
state.

Most of the fluorescence properties of pyrimidine
that are observed after 12} or 6a2 excitation can be
explained, at least approximately or qualitatively, in
terms of case (i) by assuming that only the rate
constant kt.s depends on the rotational level excited.
It is reasonable to consider that, in Eq. 4,
ksta > kR +RYR+kgy and that kns is comparable in
magnitude to k§,+kYR+kr,y. The factor G will then
be insensitive to the variation of kr.s. One may thus
expect that @pr given by Eq. 4 is an approximately
linear function of krs. According to Eq. 6, on the
other hand, @1, is insensitive to the variation of
ktas, so that it follows from Eq. 5 that there is a linear
relation between ®ud and krs. Owing to the
existence of the constant term, k{krau®@Pra/ kuk,, Doroad
varies with kr.s to a lesser extent than does @ipr.. Thus,
the rotational level dependence of the quantum yield
of the broad fluorescence (@vroad) at low pressure would
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be small compared with that of the IPL fluorescence
(DrpL) in agreement with our observation.

We now proceed to the fluorescence emissions from
the 122 and 6a'122 levels at low pressure. Suppose here
that case (ii) holds true. Then it follows from Eq. 7
that the IPL fluorescence lacks component II.
Further, since one can assume that ksy > kR+kYR, Prp
should be much smaller than @Ppee. On the as-
sumption that

ks> p1> ke > vs, (16)

it can readily be verified that the broad fluorescence is
characterized by a rise due to —exp(—kst), a fast decay
(component I) due to exp(—yit) and a slow decay due
to exp(—yat) (see Eq. 8). This slow decay is
attributable to component III, since the quenching
rate constant of component III is expected to be much
smaller than that of component II, as will be seen
later. It is to be noted that component III associated
with case (i1) results from reversible intersystem
crossing between U and T which includes the triplet
levels uncoupled to S (see y2 in Eq. 9). On the other
hand, component II of the broad fluorescence
associated with case (i) results from reversible
intersystem crossing between S and Ta which is
directly coupled to S (see A2 in Eq. 3). Thus, in case
(ii), the broad fluorescence consists of components I
and III without involving component II.

The foregoing considerations indicate that the
dynamics of pyrimidine excited into the 6a!122 level
just corresponds to case (i1). For excitation into the
122 level, the dynamics appears to be close to case
(ii), but the observed IPL fluorescence from 122
includes component II as well as I (Fig. 9(a)). There-
fore, the relaxation processes from 122 cannot fully be
explained by case (ii).

Interpretation of Experimental Results at High
Pressure. At high pressures where the slower
components II and III are fully quenched, leaving the
fast component I free from the collisional perturba-
tion, the recurrence from Ta and/or Tb to S and/or U
can be neglected, because the collision-induced
vibrational relaxation in the triplet state is to be very
fast. Consequently, for any initially excited level
leading to the broad fluorescence, the situation at high
pressure may be described in terms of case (iii).

According to Eq. 10, the IPL fluorescence shows an
exponential decay due to exp(—kst), which is
associated with the fast component I. Equation 11
indicates that the broad fluorescence also shows an
exponential decay due to exp(—kut), associated with
component I; in this case, however, the decay is
preceded by a rise due to —exp(kst).

As will be mentioned later, U 1is assigned to
rovibronic levels belonging to S; and isoenergetic with
S. It may then be assumed, though very roughly, that

k‘s‘ + k§“ + kSTa =~ kll;' + k'r;n + kUT~ (17)
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It follows from Egs. 14 and 17 that
ks - kU =~ kSU- (18)

As expected from this relation, the observed lifetime of
component 1 (71) of the IPL fluorescence, 1/ks, is
shorter than the corresponding lifetime of the broad
fluorescence, 1/ky, for all the excited vibronic levels
studied (see Table 1). These lifetime data enable one
to obtain approximate values of ksu from Eq. 18. The
resulting ksu values are given in Table 1, from which
it is seen that ksy ranges in magnitude from 108 to
10° s~ in the AE range 1000—2000 cm~!. It may be not-
ed that the rise of the broad fluorescence, which is
predicted from Eq. 11, could not be detected with the
present time resolution.

Behavior of Component III.  As has been mention-
ed in the section of results, there is a substantial
difference in rate of collisional quenching between
component II and component III. In fact, the
quenching rate constants for components II of the IPL
fluorescence and broad fluorescence are ten times as
large as kns, whereas that for component III of the
broad fluorescence is nearly equal to kns.. It is to be
recalled here that the slow component of the (IPL)
fluorescence from lower vibronic levels of interme-
diate-case molecules, 3% including pyrimidine, is
known to have a quenching rate constant much larger
than kns.

According to a quantum-mechanical treatment of
the behavior of intermediate-case molecules,10:11.2D the
slow fluorescence components, II and III, are emitted
from mixed levels that result from coupling of singlet
and triplet levels. In terms of the kinetic model, the
same coupling is described by reversible conversion
between the singlet and triplet levels,2? as shown in
Fig. 10 with forward and backward wavy arrows. Note
that U is here assumed to represent singlet levels.

Let us first consider the collisional quenching of
component II of the IPL fluorescence. This com-
ponent originates from S-Ta mixed levels. Atalower
vibronic level S, prepared initially, the singlet
rovibronic level density is low. Hence a weak
collision can transfer pyrimidine molecule from the
S-Ta mixed levels to pure triplet rovibronic levels,
which are not coupled to any singlet level, resulting
in quenching of the IPL fluorescence.!? At a high
vibronic level S, such as 122 or 6al122, the singlet
rovibronic level density is very high. Hence, there is a
large probability that a weak collision will transfer the
molecule from the S-Ta mixed levels to triplet
rovibronic levels which are coupled to singlet levels.
However, even if the latter rovibronic levels may give
emission, the emission must be different from the IPL
fluorescence. Accordingly, in this case also, the IPL
fluorescence itself is quenched by a weak collision. It
should be noted in this connection that, when we were
concerned with the behavior of the IPL fluorescence,
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we measured its intensity by monitoring selectively an
appropriate peak in the IPL fluorescence spectrum.
From the foregoing discussion it can be concluded
that, whether the initially prepared vibronic level S is
low or high, the IPL fluorescence is quenched very
efficiently with a rate much greater than that of the
hard sphere collision.

Since component II of the broad fluorescence is
closely associated with component II of the IPL
fluorescence (see scheme (i) in Fig. 10), the former
compenent II is also expected to undergo efficient
collisional quenching as in the case of the latter.

Now, component III, which originates from U-T
mixed levels, appears in the broad fluorescence from
the pyrimidine molecule excited into its higher
vibronic levels, such as 122 and 6a'122. At these levels,
the singlet rovibronic level density is so high that only
a hard collision that can remove an energy of
hundreds of cm™! will transfer the molecule from the
U-T mixed levels to pure triplet levels and thereby
will quench component III. This accounts for the
observation that, unlike component II, component II1
has as small a collisional quenching constant as k.
In the above argument, the following has been
assumed implicitly: When the pyrimidine molecule
undergoes collisional transfer (owing to a weak
collision) from the U-T mixed levels to other triplet
levels with singlet character, the fluorescence from the
latter levels is similar in spectral shape and position
to, and hence indistinguishable from, component III
of the broad fluorescence emitted from the U-T mixed
levels; apparently, therefore, the collisional transfer in
question does not lead to quenching of component
IIL.

Mention should be made here of a study by Spears
and El-Manguch!? on the dual fluorescence of
pyrimidine vapor. On the basis of the pressure
dependence of the fluorescence decay, these authors
reported that the collisional quenching constant of
the slow component of fluorescence is remarkably
smaller for higher vibronic levels (122 and 6a!122) than
for lower levels (0°, 6al, 12!, and 6a!12!), and that the
higher levels have quenching constants close (or
equal) to kne. They interpreted these experimental
results in terms of the energy level dependence of the
singlet level density in much the same way as we have
done in our discussion. In the study by Spears and
El-Manguch, however, the total fluorescence was
monitored, with no attention being given to the fact
that the fluorescence from pyrimidine vapor may
contain not only the IPL fluorescence but also the
broad fluorescence in our definition. In their
experiments on the higher levels (122 and 6a'122), the
observed slow emission should be regarded as
consisting largely of component III of the broad
fluorescence.

Spears and El-Manguch!? reported also that the
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behavior of pyrimidine fluorescence observed when
the pressure is increased up to 0.5 Torr is unusual. On
excitation to vibronic levels higher than 6a!, they
observed varying degrees of nonexponential decay for
the slow component of fluorescence in the pressure
range 0.1—0.5 Torr. Especially for excitation to the
122 and 6all22 levels, the increase in pressure to
0.5 Torr causes the appearance of a large background
that appears to be flat over the time scale of the
experiment.

The above observations by Spears and El-Manguch
can readily be understood by taking account of
component III of the broad fluorescence. As the
pressure is increased, component II is quenched to a
far greater extent than is component III, so that the
amount of III may become comparable or superior to
the amount of II. This leads to the nonexponential
decay of the slow fluorescence or to the appearance of
the background, which can be assigned naturally to
component III.

Intramolecular Vibrational Redistribution (IVR).

It was suggested in our previous papers!4-22 that in
the case of 1,3,5-triazine the emitting levels of the
broad fluorescence, U, are those vibronic levels which
belong not only to S, but also to another singlet elec-
tronic state. This is rationalized by the observation
that the radiative rate constant of the 1,3,5-triazine
molecule increases with increasing excess vibrational
energy.?? On the contrary, in pyrimidine the radia-
tive rate constant is largest for the 0° level and
it decreases roughly monotonically with increasing ex-
cess energy.!® One may thus reasonably assign U to
S: vibronic levels which are isoenergetic with S. In
other words, the conversion from S to U corresponds
to the IVR, which is considered to occur in pyrim-
idine vapor not only directly from S but also via
triplet levels.

For the fluorescence from the 122 level of pyrim-
idine, Lim et al.’® reported experimental results
similar to ours. On the basis of their experiments on
the bulk gas and on a supersonic jet,'® they pointed
out that the fluorescence spectrum of pyrimidine
vapor excited into its 122 level consists of a
subspectrum with a sharp spectral feature and a
subspectrum with a broad feature. The former was
attributed to resonance fluorescence from the 122 level
and the latter to fluorescence from levels which are
populated through IVR. Furthermore, they found, as
we did, that the excitation spectra with respect to the
two fluorescence subspectra are different from each
other in shape. This, along with temperature
dependence of the characteristics of the subspectra, led
them to the conclusion that the IVR process shows
rotational level dependence which is to be predicted
from the Coriolis interaction. Thus, their conclusion
agrees with ours in the sense that the broad
fluorescence is emitted from levels populated through
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IVR, but it is discrepant from our view concerning the
nature of the IVR.

The data available in the present experiments
indicate that, at high pressure, the quantum yields of
the IPL. and broad fluorescence emissions obtained by
excitation at a vibronic band are independent of the
rotational level excited. This means that @} and
?l .. are constant irrespective of the rotational
level, since only the fast fluorescence components
survive at high pressure. The quantum yields of the
fast components, @}p; and & .4, are given by Egs. 12
and 13. For any vibronic level, the radiative rate
constants k& and k% can reasonably be regarded as
independent of the rotational level. Then the
constancy of @}y, ensures that ks is independent of the
rotational level (Eq. 12). This along with the
constancy of @, indicates that ksy/ky also is
independent of the rotational level (Eq. 13). The rate
constant ky defined by Eq. 14 seems to be independent
of the rotational level. Furthermore, it is hardly
conceivable that ksy and ku vary with the rotational
level in the same manner so that the ratio ksu/ku may
become constant. It can be concluded, therefore, that
ksu as well as ku does not depend appreciably on the
rotational level excited.

In their work already mentioned,'® Lim et al.
interpreted their observation of rotational contour
dependence of the fluorescence of pyrimidine by
presuming that Coriolis coupling plays an im-
portant role in IVR. According to these authors, the
rate constant of IVR 1is governed by a factor
VJ(J+1)—K(K+1), which appears in the matrix
element of the second-order Coriolis interaction. Note
that the pyrimidine molecule is here regarded as a
symmetric top, and that J and K are the rotational
quantum numbers. In other words, the rate constant
ksu (in our notation) should depend strongly on the
rotational level belonging to S in marked contrast to
our conclusion.

We have already shown in Fig. 9 the fluorescence
decays of pyrimidine after excitation at the 122 band.
It is seen in Fig. 9(a) that the IPL fluorescence
contains the slow component, II. The content of
component II is found to be about 15 percent of the
total IPL fluorescence at 80.8 mTorr, which pressure
is close to the one employed by Lim et al. in their
experiment on the bulk gas. If we take account of this
observation and of the fact that the yield of the slow
component of the IPL fluorescence varies with the
rotational level excited, then on the assumption that
ksu is independent of the rotational level we are able to
explain most of the experimental results reported by
Lim et al. We, therefore, believe that the rate of the
IVR does not depend on the rotational level; in other
words, the Coriolis coupling plays no significant role
in the IVR process.

Up to now, the occurrence of IVR has been noticed
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for many molecules.1=9 Almost all of these molecules,
however, belong to the statistical limit case, where the
fluorescence is characterized by a single exponential
decay. Except for 1,3,5-triazine,4:22 pyrimidine is the
first example of the intermediate case molecule in
which IVR has been found to occur. It is worthy of
note that the IVR in pyrimidine is observed even for
levels with small excess vibrational energies (=1000
cm™1). In a statistical limit case molecule with a size
similar to benzene and with no side chain, IVR is
observed usually for levels with excess energies of
more than =~2000 cm~1.5:® For some alkylbenzenes*?
the IVR is observed for levels with very small excess
energies such as 530 cm~l. However, these mole-
cules have low frequency modes like the torsion or the
bending of the alkyl chain, so that the situation in
alkylbenzenes is different from that in pyrimidine.
Using the vibrational frequencies in the literature,!®
the vibronic state density of pyrimidine at AE=1000
cm~1in S; was found to be as small as =0.06 cm from
the Haarhoff formula.2? It should be reasonable,
therefore, to consider that the rotational levels will
cause the effective state density to increase and thereby
will be involved in the IVR occurring in S;
pyrimidine.
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