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(6) Fluorine Hfsc’s. Comparing the S-fluorine hfsc’s of
C(CF3); with its hydrocarbon counterpart, C(CH3)3 (Apf =
22.93at —113 °C), we find that A% is smaller than Ayx#. This
is in spite of the fact that their respective equilibrium geome-
tries favor a larger Apf. The same trend is observed for per-
fluoro-tert-pentyl radicals: Ag#(CF3) = 18.6 and Ax#(CHs3)
=22.77.

It is generally accepted that 3 atoms obtain spin density
mostly via hyperconjugation. The fact that Ag® < AP can thus
be explained by the relative energies of CF3; and CHj3 group
orbitals to the unpaired electron orbital. The CF; group orbital
of # symmetry which interacts with the unpaired electron or-
bital will be lowered in energy by replacement of fluorine for
hydrogen and the hyperconjugation will therefore be less ef-
fective. This kind of phenomena was also noticed in the dra-
matic reduction of Ay# in the methylene group of hexafluo-
rocyclohexadienyl radical'? and was explained in the same
way. Stock and Wasieluski?! have also pointed out this re-
duction of 8-proton hfsc’s in 8-fluorinated radicals. A closely
related argument has been forwarded to explain the difference
in magnitude of the Agf between hexafluoroacetone anion and
bis(trifluoromethyl) nitroxide.?2.23

Chen et al.!s observed that Br and By for the § interaction
(A3 = A+ B cos? §) are not constant for the fluorinated ethyl
radicals and decrease with the extent of 3-fluorine substitution
for hydrogen, such as in Chart 1. This reduction would be ex-

Chart 1

CH;CH3 CH3FCH; CF>HCH; CF:CH;
By, G Si 46 41
Bg, G 106 92 59

pected qualitatively on the basis of the above arguments. The
reduction in hyperconjugation with the CF; group filled or-
bitals as a result of their lowering will reduce the charge density

on the trigonal carbon compared to the CH3 analogue. This
in turn should result in a more carbonium-ion like structure
and therefore a more planar one for the perfluoro-tert-butyl
radical. This result together with the ¢*-7* crossover phe-
nomena observed in fluorinated benzene anions!! shows that
fluorine substitution for hydrogen affects energy levels dra-
matically and is an important factor in explaining fluorine
hfsc’s in general.
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Single Crystal EPR, Zero-Field ODMR, and
Phosphorescence Studies of the T, State of Coumarin
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Abstract: Single-crystal EPR, zero-field ODMR, phosphorescence excitation, and emission studies of the T, state of coumarin
were made using durene and 1,4-dibromobenzene (DBB) host. It was shown that D = 0.0984 cm™' and | E| = 0.0414 cm™!in
durene host when the out-of-plane axis is taken as the z axis. Hyperfine splittings observed in the x, y, and z axis spectra in du-
rene host indicate about 0.5 spin density on the -C==C- group of the pyrone moiety. The phosphorescence excitation spectrum
shows that the 3nz* state is far above the Ty (3z#*) state and the location of the !nz* state is likely to be close to that of the
lowest 'wm* state. It was found that kx > k), > k; asin other 3rx* aromatic carbonyls, but k" and k,* are strongly dependent
on the vibrational bands. At 0-0 and 0-1628 cm~! bands. k,’ > k," indicating the importance of the 'gn* (! mo*) state mixing
in the radiative process contrary to the cases of many other 3>#7* aromatic carbonyls. Vibronic band dependence of (kf — k")
was studied by means of the rapid passage microwave modulated phosphorescence spectrum and the microwave induced de-
layed phosphorescence technique. Observed results are discussed in terms of the possible mechanisms of radiative and nonradi-
ative decay. The external heavy-atom effect in DBB host is briefly described.

I. Introduction

The photochemical and photobiological behavior of cou-
marin have attracted considerable attention in recent years.!®

It is considered that the lowest excited triplet state plays an
important role in these processes. In particular, dimerization
and addition at the ethylenic double bond in the pyron moiety
appear to be related to the large spin densities there.> Cou-
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Figure 1. Molecular structures; the axis systems of coumarin in durene
and 1,4-dibromobenzene (DBB) and the spin sublevel energy level scheme.
(A) and (B) indicate two different ways in which coumarin replaces du-
rene. Estimated spin densities are given by the numbers in parentheses in
(A).

marin is also considered as an aromatic carbonyl, but its lowest
3xx* state does not have nearby 3nz* and 'nm* states as in
other 37#* aromatic carbonyls. Comparison of its property
with the known properties of other aromatic carbonyls®~!! and
enones!3!'% would be useful. Therefore, it seems desirable to
obtain detailed information about the magnetic and dynamic
properties of the T, state of coumarin.

There have been several spectroscopic*-® and magnetic
resonance!® studies of coumarin in recent years. However,
these studies were made using a rigid glass matrix at 77 K. The
information obtained from such studies has been limited
considerably.

In our preliminary ODMR studies of coumarin we have
noted that the radiative properties of coumarin are quite dif-
ferent from those of the other *r#* aromatic carbonyls.!® We
also noted that 1,4-dibromobenzene and durene are good hosts
for single-crystal EPR studies.!” Accordingly, we have made
detailed EPR, zero-field ODMR and phosphorescence studies
of coumarin using mixed and pure single crystal systems in the
hope of obtaining detailed information about the nature of the
T, state.

I1. Experimental Section

1. Sample Preparations. Mixed single crystals of coumarin guest
in durene and 1,4-dibromobenzene (DBB) host were prepared by the
standard Bridgman method. The guest concentrations of the initial
melts were about 1% by weight, but the actual guest concentrations
are considered to be much less. Host and guest materials obtained
from Aldrich Chemical Co. were purified by recrystallization followed
by extensive zone refining. The molecular structures, axis directions,
and numbering systems of the guest and host molecules are given in
Figure 1.

2. Single-Crystal EPR Study. Single crystal EPR studies were made
at 77 K using a Varian V-4502 spectrometer in the case of DBB host
and a E-12 spectrometer in the case of durene host. The experimental
procedure for the DBB host systems was the same as described in
previous papers.'®:!® In case of durene host we followed the procedure
described by Hutchison and Mangum.?® However, the crystal
mounting was made by conoscopic observation with a polarizing mi-
croscope.

3. Single-Crystal Phosphorescence Emission and Excitation Spectra.
Phosphorescence spectra of coumarin in durene, and DBB host and
coumarin X traps were obtained at 1.5 K using our zero-field ODMR
setup described elsewhere.?! The phosphorescence excitation spec-
tra?2.23 were taken at 4.2 K by modifying our zero-field ODMR setup
to use an Engis 60-cm monochromator as the excitation monochro-
mator analyzing the output of an Osram 1000w xenon lamp. The total
phosphorescence emission of the sample was chopped at 720 s~ ! and
detected with an EMI 6256 B PM tube and a PAR HR-8 lock-in
amplifier.

4, Zero-Field ODMR Experiments. (a) Microwave Induced Delayed
Phosphorescence (MIDP) Experiments. The total decay rate (k;),
relative radiative decay rate (k;7), and populating rate (p;) of each
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Figure 2. Angular dependence of the EPR signals of coumarin in DBB host.
Crystal was mounted so that H rotates approximately within N-a plane
of one type of coumarin molecule (A) when the sample holder was rotated.
(®) Signal from the A type molecule. (O) Signal from the other type
molecule. z and x indicate the approximately z and x axes peaks, re-
spectively. — indicate the orientation at which the molecular plane of the
A type molecule is approximately perpendicular to H.

spin sublevel were determined at 1.2 K by the standard MIDP tech-
nigue.2425 k;* was determined at several selected vibrational bands.

(b) Microwave Modulated Phosphorescence Spectra. In order to
clarify the radiative mechanism of coumarin we have investigated the
changes produced in the phosphorescence spectra by the microwave
transitions among triplet spin sublevels. The commonly used method
for doing this is the AM-PMDR (amplitude modulated phosphores-
cence microwave double resonance) method.26-28 However, here we
have detected changes in emission caused by the rapid sweep of mi-
crowave through resonance frequency (rapid passage) in order to
obtain better S/N ratios in our systems. The microwave was repeti-
tively swept at the rate of 3 s™! and the changes produced in the
phorescence were detected with a lock-in amplifier while the mono-
chromator was scanned. The intensity of the signal (/) is given by2°

I'= A(k" = k") (nj = ny) (1)

where A is a proportionality constant which depends on the sample
and the apparatus. Here k7 is the radiative decay rate constant of the
ith sublevel and #; is the steady state population of the /th level. 1n our
experiment on coumarin in durene n, > n,. Therefore. the sign of /
gives the relative values of k" and k," at different vibronic bands.

I11. Results and Analysis

1. High-Field EPR Results. The observed EPR signals are
explained in terms of the usual spin Hamiltonian20.30

H=FH-2-S+DS.2+E(S:2=S)+ XS 41
(2)

where A; is the hyperfine tensor for the nucleus /.

DBB crystal is monoclinic with two molecules per unit cell.?!
The mixed crystal of DBB containing coumarin gives two sets
of EPR signals coming from coumarin molecules occupying
two translationally inequivalent sites. In Figure 2 angular
dependence curves of the EPR signals are given for the case
when the crystal was mounted so that the applied magnetic
field (H) rotates approximately within the N-« plane (Figure
1) of one of the translationally inequivalent molecules.?? In this
crystal mounting H is approximately perpendicular to the
molecular plane of this type molecule at a sample rotation
angle of about 0°. At this orientation we obtain the stationary
point signals at 2035 and 4165 G. Since the coumarin molecule
is expected to replace DBB with their molecular planes ap-

‘proximately parallel to each other, these peaks are assigned

as the out-of-plane (z axis) peak. When we mount the crystal
so that H rotates within the molecular plane of one type of DBB
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Figure 3. Hyperfine structures of the x, ), and = axes spectra obtained in
durene host. Stick diagrams indicate the spectra obtained from the as-
signment given in section 111.1: (1) x-axis spectrum, (2) y-axis spectrum,
(3) z-axis spectrum.

molecule, we found the stationary point signals at 1910, 4325
and 2875, 3190 G. These peaks are assigned as the in-plane axis
peaks (x and y). D = 0.1003 ¢cm™' and £ = —0.0425 cm™!
determined from these measurements are in good agreement
with those determined by the zero-field ODMR experiments.

If we assign the z sublevel to be the bottom one as in all other
3za* molecules,3 these observations unambiguously show that
|Ex — E,| > |E. — E,| as shown in Figure 1B. Then D is
smaller than|3E| in the axis system adapted here. The ZFS
determined in this axis system is quite different from that de-
termined by Graber et al.,!* but D and | E} become similar to
those obtained by them if we interchange the x and z axes.

The above assignment is entirely consistent with the results
obtained by using durene host. In the case of durene host there
are two in-plane axis signals coming from coumarin molecules
which replace durene in two ways (A and B in Figure 1) with
their x axes approximately along two different C-CHj di-
rection of durene (x and x’ in Figure 1C). The angle between
the x directions of the two in-plane signals is 70 + 3° which
is close to the angle between the two C-CHj directions of a
durene molecule.

The signals obtained in durene host show well resolved hy-
perfine patterns as shown in Figure 3. The y and z axis spectra
consist of six peaks with nearly equal separations. If we assume
that the coumarin rings are hexagonal and the directions of the
x and y axes are parallel and perpendicular to the C=0 di-
rections, H is 60 and 30° away respectively from the C-H di-
rections of the protons at 2, 3, 5, 7, and 8 positions at the x and
v stationary points. When the direction of H is f away from the
C-H direction, the hfsc for a C-H proton interacting with a
unit spin density on the adjacent carbon is given by,20:34

A(B) = [A2sin 0 + 4,2 cos? §])/2 (3)
Using A, = 102.1 MHz and 4, = 32.2 MHz determined by

using triplet state naphthalene,’S we obtain A4(60°) = 90.1
MHz and A(30°) = 58.4 MHz.

If the hfsc’s are mainly due to the protons at 2, 3, 5,7, and
8 positions, and the above assumptions are correct, the ratio
of the total spread of the x and y axis peaks should be ap-
proximately 4(60°)/A4(30°) = 1.54. The total spreads of the
x and y axis spectra observed are 28.0 and 18.0 G, respectively,
giving the ratio 1.44. In fact, 4(57.8°)/4(32.2°) gives 1.44.
This result strongly indicates that the directions of the x and
y axis are indeed close to parallel and perpendicular to the
C==0 direction. This conclusion is in agreement with the
prediction based on the calculation by Zuclich.3¢

Because of poor molecular symmetry it is difficult to make
an unambiguous assignment of hfs and an accurate determi-
nation of spin distribution. Here we attempt to make a tentative
assignment which is compatible with the observed spectra. The
six-line pattern of the z axis spectrum indicates about 4.5 G
splittings from three protons and a 8-9 G splitting from one
proton. However, the intensity ratio indicates that the splittings
from three protons are not identical. We first assume 8.0, 5.0
(two protons), and 3.5 G splittings for the z-axis spectrum. This
assignment produces six groups of lines as indicated by the stick
diagram in Figure 3. We analyze the other spectra in a similar
way. The stick diagrams obtained from our assignment are
shown together with the observed spectra. The assigned
splittings are shown below:

Z.G X,G Y,G
8.0 10.0 (10.9) 7.0 (7.0)
5.0 (two protons) 6.5 (6.5) 4.0 (4.4)
3.5 3.0 (5.4) 3.0 (3.0)

Starting from the assigned splittings of the z-axis spectrum and
the known proton hyperfine tensors at each orientation we can
predict the splittings expected for each axis spectrum. They
are given in the parenthesis above and are compared with the
values deduced from the observed spectra. Excluding the
smallest splitting of the x-axis spectrum the agreements are
reasonably good. However, the above analysis is crude in sev-
eral ways. First, we assumed hexagonal structures for the
coumarin rings. Second, the x and y axes were assumed to be
exactly parallel and perpendicular to the C=0 direction.
Third, only hyperfine interaction between the proton and the
spin density at the nearest carbon atom was considered. These
three assumptions are all not strictly correct. Considering these
approximations, we think that our assignment explains the
observed spectra reasonably well.

2. Phosphorescence Emission and Excitation Spectra, The
phosphorescence spectrum of coumarin in durene host crystal
at 1.2 K is shown in Figure 4. It is seen that each vibronic band
consists of a doublet. Such doublet structures have often been
found in durene host.3”-38 As already noted in the low-resolu-
tion phosphorescence spectrum, the strong vibronic bands are
the 0-0 and the 0-1628 ¢cm™! bands.>® However, we can
identify a number of relatively weak bands which have not been
reported previously. The vibrational analysis is given in Table
1. These frequencies may be compared with the infrared data
of ground state coumarin.3®4° In Figure 4 phosphorescence
excitation spectra are also shown. The excitation spectrum of
coumarin crystal shows a weak absorption starting at 22 055
cm™!, which is 115 em™! higher than the 0-0 of the tfap
phosphorescence spectrum of the coumarin crystal and is
considered as the origin of the 3w7* state. This origin is blue
shifted by 500 cm™! from the 0-0 of the phosphorescence in
durene host. A strong absorption starts at about 27 900 cm ™!
which we tentatively assign as the origin of the 3n7* state. A
very strong absorption starts at 28 500 cm™! which can be due
toeither the n7* or 'wr* state. The origin of the fluorescence
spectrum agrees with the beginning of this absorption and the
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Figure 4. Phosphorescence excitation and emission spectrum. (1) Phos-
phorescence excitation spectrum of pure coumarin crystal at 1.5 K. Ver-
tical dotted line indicates the origin of the trap phosphorescence. (2)
Phosphorescence exictation spectrum of coumarin in durene. (3) Phos-
phorescnce spectrum of coumarin in durene at 1.5 K.

Lrx* assignment is favored as discussed by Mantulin and

Song.® These authors suggested that the 'w#* (!B,) state is
lower than the In7* state. Our result on coumarin crystal seems
to be in agreement with their conclusion. The excitation
spectrum of coumarin in durene crystal shows a very weak peak
starting at 27 900 cm~! which is assigned as the 0-0 of the Sg
— 3nz* absorption. A strong absorption starts at 29 150 cm™!.
In the ordinary aromatic carbonyls the energy separation be-
tween 3na* and 'n7* states is normally 1000-2000 cm~—! 11-13
If this is also true in coumarin and the origin of the 3n7* state
is located at 27 900 cm™!, the origin of the 'n7* state should
be at 29 400 £ 500 cm™!. This is very close to the 0-0 band of
the strong absorption, Therefore, the location of the 'nz* state
is likely to be close to that of the lowest !wm* (!B)) state, al-
though it may be higher than the lowest !77* state.

The excitation spectrum of the coumarin crystal shows
well-resolved vibronic bands. Vibrational frequencies are given
in Table I1. The main progression consists of a 1550-cm™! vi-
bration which is considered to be the -C=C- stretching fre-
quency in the Ty state.

3. Zero-Field ODMR Results, The total decay rates, relative
radiative decay rates, and populating rates from spin sublevels
determined by the standard MIDP method are tabulated in
Table III. Representative decay curves obtained at the dif-
ferent vibronic bands are given in Figure 5.

Despite the poor molecular symmetry, it is found that &, >
k, > k. and k" and k" are strongly dependent on the vibronic
bands. The MIDP experiments monitored at the different vi-
bronic bands show that (k" — k,") is negative at the 0-0 and
0-1628 cm™! bands, but positive at the 0-691 and 0-836 cm™!
bands. The decay curves shown in Figure 5 show that the
emission at the 0-0 band comes dominantly from the y sublevel
but at the 0-836 cm~! bands the x sublevel emission domi-
nates.

The vibronic band dependence of k;" is most clearly seen
from the microwave modulated phosphorescence spectrum
shown in Figure 6. The spectrum shows that (k" — k,") <0
at the 0-0,0-489,0-1153,0-1186, 0-1560,and 0-1628 cm™!
bands. These vibrations are considered as a’ vibrations. Signals
are particularly strong at the 0-0 and the 0-1628 cm™! bands.
The 1628 cm™! band is considered 1o be due to the -C=C-
stretching of the pyrone group.® Therefore, this observation
is in agreement with the observation that the y sublevel emis-
sion of the 3w7* aromatic carbonyl is usually strong at the 0-0
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Table [ Vibrational Frequencies of the Phosphorescence
Spectrum and the Emitting Sublevel

Main
emitting
y,cm™! Aw, cm™! sublevel Assignment
21 587 y
21 460 127 X a”
21 325 262 X a”
21 098 489 y a’
20 896 691 X a”
20 821 766 y a’
20751 836 X a”
20 597 990 X a”
20434 1153 y a’
20 401 1186 Y a’
20322 1265 % a’
20 092 1495
20027 1560 y a’
19959 1628 y a’
Table II.  Vibrational Frequencies of the Excitation Spectrum
vem™! Ap,em™! Intensity?
22 055 s
22 325 270 w
22527 472 m
22 625 570 w
22761 707 m
23054 999 m
23190 1135 m
23 390 1335 w
23 605 1550 s
23 866 1550 + 261 w
24 055 1550 4+ 460 m
24 287 1550 + 682 m
24 592 1550 + 987 m
24752 1556 + 1147 m
24 956 1550 + 1351 w
25151 1550 4+ 1546 s
9 = strong, m = medium, w = weak.
1 x—=2 (3) xX—Z
00 0-836
“sec 1o 0 sec 1.0 )
(2] x—=Y (4) x—=Y
00 0-83%
sec 1.0 o sec 1.0 o

Figure 8. Decay and MIDP signals of coumarin in durene. In (1) and (2)
phosphorescence signal was monitored at the 0-0 band and in (3) and (4)
it was monitored at the 0-836 cm™! band. One division of the horizontal
scale is 0.2's. MIDP signals were obtained by sweeping microwave at 4.2
GHz (x <> z transition) in (1) and (3) and at 2.5 GHz (x <> » transition)
in (2) and (4).

and the -C==C- stretching bands.'? On the other hand, (4,"
— k,7) > 0 was found at the 0-127,0-262, 0-691, 0-836, and
0-990 cm™! bands indicating that the origin of the x sublevel
emission is mainly vibronic-spin orbit. These vibrations are

Hirota et al. /| Phosphorescence Studies of the T\ State of Coumarin



3464

Table [II. Magnetic and Dynamic Properties of the T, State of Coumarin

ki, s7! k" (relative) p; (relative)
ZFS, cm™! x y z p.cm™! x y z x y z

Coumarin D= 10,0980 9.7 2.0 0.32 0-0 1 4 0.1 1 0.29 0.05

in durene E=-00414 0-836 1 0.25 0.05

0-1628 1 2 0.095

Courmarin D= 0.0991 8.7 1.8 0.28

trap E = -0.0427
Coumarin D= 0.1001 36.4 4.53 1.63 0-0 1 0.12 0.012 1 0.053 0.11

in DBB E = —0.0425

i 1, 1 1 1

1 -

460 480 500 520 mu

Figure 6, (1) Top: phosphorescence spectrum of coumarin in durene.
Bottom: microwave modulated phosphorescence spectrum of coumarin
in durene. Slit was widened in taking the bottom spectrum. + and — in-
dicate the increase and decrease of the phosphorescence by the microwave
transition at 2.5 GHz. (2) Phosphorescence spectrum of coumarin in DBB
host.

considered as the a” out-of-plane vibrations. The spectrum
show (kx" — k,") = O at the 0-766 cm™! bands, but this may
be due to the overlap of the 0-691 and 0-836 cm™! bands. It
appears that the 766 cm~! vibration is not an a” vibration.
Song et al. considered that the 0-737 cm™! band in the low-
resolution phosphorescence spectrum is due to the C-H out-
of-plane mode of the pyrone moiety on the basis of polarization
studies.® However, the relatively positive polarization of this
band may be due to the superposition of the unresolved 0-691
and 0-836 cm~! bands. We think that these bands are the C-H
out-of-plane mode of the pyrone moiety. Our results on the
vibronic level dependence of k,* are generally consistent with
the out-of-plane polarization of the 0-0 and 0-1628 bands and
relatively more in plane polarization of some other vibrational
bands of the phosphorescence spectra.®®

The spectra given in Figure 6 clearly show that more than
70% of the total phosphorescence emission comes from the p
spin sublevel. This is remarkably different from the cases of
other 3xm* aromatic carbonyls studied so far in which the z
sublevel emission dominates. However, we have found k, >
ky, k. as in the case of other 3rr* aromatic carbonyls. Then,
our results clearly show that the decay of coumarin is domi-
nantly radiationless and the radiationless decay predominantly
originates from the x sublevel although the radiative decay is
dominantly from the y sublevel. The average of &, &,, and k,
gives 4,05~ Thisis somewhat larger than k = 2.2 s~! deter-
mined by Song and Gordon in ethanol glass at 77 K.?

The phosphorescence spectrum of coumarin in DBB host
is rather similar to that in durene host, although the spectrum
is broad. The vibronic bands primarily consist of a’ vibrations,
although the emission predominantly comes from the x spin
sublevel throughout the entire spectrum. Hence the external
heavy-atom effect in this system dominantly enhances the x
sublevel emissions at the a’ vibrations.

IV. Discussions

1. Magnetic Properties. Since energy separation between
the 37n* and 3nn* states (AET) is very large, ZFS is deter-
mined almost exclusively by spin-spin interaction. The rela-
tively large value of | E| (= 0.0425 cm™!) is similar to the cases
of the other systems having the ethylenic -C=C- group such
as indene, indole, and benzofuran'® and is likely due to the
large spin density in the -C=C- group of the pyrone moiety

Using A; = 23.5 G the z axis hfsc assigned in II1.1. leads to
the spin densities 0.34, 0.21 (2), and 0.17 (normalized to 1).
The hfsc’s of the x and y axis spectra also give similar values.
Although we cannot make an unambiguous assignment of the
spin densities, we make a tentative assignment based on the
results of calculation by Song and Gordon® and our previous
results on the spin density studies on indole and substituted
benzenes with strongly interacting substituents.!94! The
protons which give large splittings are expected to be those at
2,3,5,and 7 positions. The largest spin density is likely to be
at carbon 2. In the x-axis spectrum the hfsc due to 0.15 spin
density most deviates from the predicted values based on the
simple model discussed in section 111.1. This deviation may be
primarily due to the interaction with the large spin density on
the next neighbor carbon atom. If so, 0.15 spin density should
be on carbon 3. Spin densities of 0.21 are then assigned to
carbons 5 and 7. The present estimate places about 0.5 spin
density on the -C==C- group of the pyrone moiety. Even in-
cluding the uncertainties involved in the assignment of the spin
densities, the spin density in the pyrone ~-C==C- is not likely
to exceed 0.58. Song and Gordon’s calculation estimates about
0.7 spin density on the pyrone -C==C- group. Their result
seems to overestimate the spin density on the pyrone -C=C-
group considerably.

2. Radiative and Nonradiative Properties. When the x and
y axes are parallel and perpendicular to the C=0 direction
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and the one-center spin-orbit coupling matrix elements in-
volving the oxygen atomic orbital are dominant in determining
decay, the radiative and nonradiative decay processes are likely
to be governed mainly by the local Ca, symmetry of the car-
bonyl moiety. As discussed in section IIL.1, the x and y axes
are nearly parallel and perpendicular to the C==0 direction
and the analysis based on the local symmetry appears to be
good in coumarin as in the cases of numerous other 37 7* ar-
omatic carbonyls.!0-12 The relatively large radiationless decay
rate from the x sublevel follows the general decay pattern of
the 37rr* aromatic carbonyls with large 3nr* and 37 7* sepa-
ration.!2 As in the other systems the spin-orbit mixing with
the !nz* state is considered as the primary cause of this
decay.?” However, ky is rather small compared with the other
3xm* carbonyls because of the large energy separation between
the 377* and 'n7* states (AEst 2 6200 cm™!).

Because of the large AETT and AEgr the emission from the
x sublevel is also weak. The cause of the weak x sublevel
emission is likely to be the vibronic spin-orbit scheme involving

a” vibrations as in the cases of many *r=* aromatic carbon-
yls. 12,4245

nm
8.0, Vib

Ser* (PA,) Irr* (CA)

vksm*é.

The emission of the y sublevel is due to the direct mechanism
and is likely due to the spin-orbit coupling with the !gr*
(I7o*) state.!0124 The dominance of the y sublevel emission
shows that the main source of the phosphorescence emission
of coumarin is due to the spin-orbit mixing with the lox*
(!7o*) state rather than the 'n7* state. This conclusion is
different from the previous suggestion that the Inz* state
mixing is mainly responsible for emission.> Our result is,
however, in agreement with the results of calculation by
Tanimoto et al. that the mixing with the lor* (17o*) state is
more effective than that with the !na* state in producing the
radiative decay of some 377* aromatic carbonyls.*¢

It was found that the populating rate p, is only three times
as large as the rate p,. This is quite different from the case of
many other 3r7* aromatic carbonyls in which p, > p,.'0!2

The small values of total and radiative decay rates from the
z sublevel are similar to those of the other planar 3x7* mole-
cules 4748

3. External Heavy-Atom Effect in DBB Host, Enhancement
of the radiative decay at the a’ vibronic bands is in agreement
with the results obtained by Giachino and Kearns*® and Gash
and Colson.’® However, enhancement was made predomi-
nantly in the x sublevel emission rather than in the y sublevel
emission. Therefore, the external heavy-atom effect must have
introduced a new route of spin-orbit coupling rather than
merely enhancing the mechanism dominant in the isolated
coumarin molecule.
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