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The magnetic and decay properties of the ortho-, meta-, and para-substituted benzonitriles have been in-
vestigated and the nuclear charge and the position dependences of the internal heavy atom effects are exam-
ined in detail. From the single crystal EPR studies spin densities at the halogen atoms (py) are found to be in the
order pgy(para)> py(ortho)> py(meta), but pg(meta) is found to be much larger than that expected from the
spin distribution in benzonitrile. The changes in the ZFS on going from the chloro-substituted molecules to
the bromo-substituted molecules correlate with py and are explained in terms of the second order effect of the
spin orbit mixing with 3¢7n* (37¢*) and ®nn* states. In the para-substituted molecules the relative increases
of the T sublevel decay rates (k) are much greater than those of the T, sublevel decay rates (k;). The depend-
ence of the average decay rate, 1/2(k;+k,) on the atomic spin orbit coupling constant (), is considerably larger
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than expected from the {2 dependence.

3o¢n* (®no*) states in bromine containing molecules.

These results were discussed in connection with the closeness of the

A correlation between the decay rate and pgy is ob-

served and the factors affecting the position dependence are examined.

When a halogen atom is substituted into an aro-
matic molecule, drastic changes in the properties of
a triplet state molecule are observed.) The mag-
nitude of this so-called internal heavy atom effect
depends on the nuclear charge of the substituent,
the type of molecule and the position of substitution.
The nuclear charge dependence has been investigated
rather intensively and in the systems so far studied
the magnitude of the effect appears to be roughly
proportional to the squares of the atomic spin orbit
coupling constant { of the substituent.l-% Although
this dependence has been rationalized qualitatively on
the basis of the spin orbit matrix elements between the
T, state and the perturbing singlet states, further
examination of this dependence, especially in con-
nection with the decay rates of the spin sublevels,
may be useful in clarifying the relative importance
of the different decay mechanisms.

The magnitude of the internal heavy atom effect
is also dependent on the type of molecule. For ex-
ample, the effects of the bromine substitution on the
zero field splitting (ZFS) and the decay rates of the
substituted benzenes®?) are far greater than those of
naphthalene.®® As for the position dependence Miller
et al® found in naphthalene and phenanthrene that
there is a correlation between the magnitude of the
heavy atom effect on the decay rate and the spin
density on the carbon to which the heavy atom is
attached. However, the data on the position de-
pendence are scarce and further investigation seems
to be worthwhile.

In the present work we have studied the T, states
of the halogen-substituted benzonitriles by means of
zero field optically detected magnetic resonance
(ZFODMR) and EPR in order to examine the above
mentioned dependences further. The main motives
of the present study are the following.

(1) Benzonitrile may be considered as a typical
example of the substituted benzenes having quinoid
structures in the T, states. Owur previous EPR in-
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vestigation'® has shown that the spin densities on
the para, ortho, and meta positions are 0.33, 0.12,
and 0.007, respectively. Because of the large dif-
ferences in the spin densities it was thought that the
halogen-substituted benzonitriles might be suited to
investigate the position dependence of the internal
heavy atom effect in detail.

(2) Previous ODMR studies on the bromine con-
taining substituted benzenes have indicated that 3oz*
(370*) and 3nn* states are likely to be rather close
to the T, states.%? This may lead to a nuclear charge
dependence which is very different from those found
for the other aromatics previously.

(3) The previous works on the nuclear charge
dependence were made using the total decay rate
constants. However, since different perturbing states
are involved in the decay processes of the different
sublevels nuclear charge dependence may depend on
the sublevel significantly.

Here we first discuss the spin densities on the
halogen atoms from the analysis of the hyperfine
structures and the zero field splittings. We then ex-
amine the factors which affect the nuclear charge
and position dependences of the decay rates in detail
and discuss the observed dependences in connection
with the spin distributions and the energy separations
between the T, states and the main perturbing states.

Experimental

Guest molecules investigated here are 4-, 3-, and 2-fluoro-
benzonitrile (FBN), 4-, 3-, and 2-chlorobenzonitrile (CIBN),
and 4-, 3-, and 2-bromobenzonitrile (BrBN). Hereafter we
use the abbreviations given in parentheses. 3FBN and
2FBN were purified by distillation under reduced pressure
and the others were purified by recrystallization from
ethanol followed by sublimation under vaccum. The host
crystals used here are p-xylene (PX), o-xylene (OX), m-
xylene (MX) which were purified by distillation under
reduced pressure and 1,4-dibromobenzene (DBB) and 1,4-
dichlorobenzene (DCB) which were purified by recrystal-
lization from ethanol and extensive zone refining. The
molecular structure, the axis system and the numbering
of the carbon atoms of para-substituted benzonitriles are
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TasBLE 1. OBSERVED AND CALCULATED HYPERFINE COUPLING CONSTANTS OF 2- AND 3-FLUOROBENZONITRILES
2FBN 3FBN

Spin density (2Py) Hfcc 4,/mT Spin density (2Py) Hfcc 4;/mT
——T

Calcd Calcd® Obsd Calcd Calcd® Obsd
Gl 0.3049 Cl1 0.3021
C2 0.1233 G2 0.0815 H2 0.196
Cc3 —0.0235 H3 0.056 C3 0.0074
C4 0.3192 H4 0.766 0.77 C4 0.3402 H4 0.816 0.83
C5 0.0040 H5 0.009 C5 —0.0125 H5 0.030
G6 0.0888 H6 0.213 0.54 C6 0.1162 H6 0.279 0.44
c7 —0.0387 Cc7 —0.0389
N 0.2046 0.69 N 0.2001 0.70
F 0.0167 F 3.064 2.60 F 0.0031 F 0.385 2.00

a) Hfcc of H was calculated using the values of Q and AS for triplet benzene,'® and hfcc of F was calculated

by the analytical evaluation of dipolar integral.l?

X X: F,Cl,Br

Fig. 1. Molecular structure, axis system, and num-
bering of the carbon atoms of the para-substituted
benzonitriles.

shown in Fig. 1.

The crystals were melt grown using the Bridgman method.
When the host crystal was OX or MX, the solution con-
taining a small amount of guest molecule was degassed by
freeze-pump-thaw method and sealed in a 4 mm quartz
tube. The sample mounted in the helical slow wave struc-
ture was cooled slowly to the liquid nitrogen temperature
and was inserted rapidly into the helium cryostat. In other
cases the crystals cut to the appropriate sizes were mounted
in the helical slow wave structure in the ZFODMR ex-
periments or on the acryl resin sample holder in the EPR
experiments. The experimental setups and the procedure
are essentially the same as those reported previously.1%12)

Results and Disscussion

Hyperfine Splittings and Spin Distributions in the Halogen-
substituted Benzonitriles. The spin densities in the
T, state benzonitrile at the para, ortho, and meta
positions were estimated to be 0.33, 0.12, and 0.007,
respectively.’® Halogen substitution, especially fluo-
rine substitution, does not perturb the spin distribu-
tion of the parent molecule in the aromatic molecules
such as naphthalene.’® Fluorine or bromine sub-
stitution to benzonitrile at the para position also does
not change the spin distribution much, although con-
siderable spin delocalization of the unpaired electron

;“’/\'\\f/ b
— —ed
2mT 2mT

Fig. 2. Observed and simulated hyperfine structures
when the applied field is perpendicular to the mo-
lecular plane.

(a): 3-Florobenzonitrile in DBB, (b): 2-fluorobenzo-
nitrile in DBB. The upper spectra are experimental
and the lower are simulated.

into the halogen atom takes place.l? The spin den-
sities at the carbon 4 and the fluorine atom in 4FBN
are 0.32 and 0.046, respectively.1?

In Fig. 2 EPR spectra of 2FBN and 3FBN in DBB
host taken with the applied field B perpendicular to
the molecular plane are shown together with the
simulated spectra. The fluorine splittings (4,) esti-
mated from the simulation are 2.6 mT for 2FBN and
2.0 mT for 3FBN. In the previous work on 4FBN12)
it was shown that a good agreement between the
observed and calculated splittings was obtained using
the molecular geometry of benzonitrile obtained from
the bond orders calculated by the PPP UHF method
for the T, state of benzonitrile. We have made sim-
ilar calculations for 2FBN and 3FBN assuming the
same geometries. The calculated A4, agrees reason-
ably well with the observed one in 2FBN, but the
experimental value is far greater than the calculated
one in 3FBN as shown in Table 1. This result seems
to indicate that the structure of the T, state 3FBN
is substantially different from that of benzonitrile.
The normally used assumption'® that the fluorine
substitution does not perturb the spin distribution of
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TABLE 2. ZERO FIELD SPLITTINGS OF HALOGEN
CONTAINING BENZONITRILES
System vg/cm—t | D|/cm! |E[/cm~!
4BrBN in PX 25766 0.168» 0.0129»
in DBB 26202 0.156 0.0176
in DCB 26235 0.157 0.0186
3BrBN in MX 26535 0.160 0.0119
MX doped 26095 0.148 0.0112
2BrBN in OX 26295 0.183 0.0161
OX doped 26286 0.153 0.0096
4CIBN in PX 25799 0.135 0.0050
in DBB 0.132 0.0045
in DCB 26239 0.133 0.0058
PX poped 25673 0.132 0.0042
3CIBN MX doped 26041 0.134 0.0145
2CIBN neat 26378 0.139 0.0133

a) Taken from Ref. 6.

the parent molecule appears to be no longer correct
in the case of 3FBN. Nevertheless, the spin densities
on the fluorine 2P, orbitals are in the order p(4FBN)>
©(2FBN)>p(3FBN) following the order of the spin
densities on the carbon atoms of the corresponding
positions of benzonitrile.

In view of the fact that the delocalization of the
unpaired electron into the bromine 4P, orbital is
greater than that into the fluorine 2P, orbital, de-
viation from the benzonitrile structure may even be
more serious in 3BrBN than in 3FBN.

Zero Field Splitiings and the Contribution of Spin Orbit
Coupling. It is known that the ZFS of the para-
bromo-substituted benzenes are greately affected by
the second order effect of the spin orbit coupling.®?
We determined the magnitudes of the ZFS of the
ortho-, meta-, and para-substituted benzonitriles from
the microwave frequencies for the zero field ODMR
transitions. From the previous EPR study® the rela-
tive ordering of the sublevels of 4BrBN are known
to be T,>T,>T,: Here, the z axis is parallel to
the C-Br direction, the x axis is perpendicular to
the molecular plane, and the y axis is perpendicular
to the other two. For the ortho- and meta-substituted
molecules the relative ordering of the zero field sub-
levels as well as the directions of the in-plane principal
axes of the fine structure tensor are not known. In
these cases we designate the sublevels T,, T, /, and
T, from the top.

The ZFS of the halogen-substituted benzonitriles
studied here are listed in Table 2. The ZFS of the
bromo- and chloro-substituted molecules are substan-
tially affected by the choice of the host crystal. How-
ever, if we compare the |D| of the bromo-substituted
molecules with those of the chloro-substituted mol-
ecules in the same host or in the X traps, the |D]
of the bromo-substituted molecules are always larger.
This seems to indicate that the contribution of the
second order effect of the spin orbit coupling is sig-
nificant in both 2BrBN and 3BrBN.

The depression of the sublevel energy caused by
the spin orbit mixing with the perturbing state p

The T, States of Halogen-substituted Benzonitriles
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is given by5:16)

i I<W:VIHSOIWT010>12

AB=2 T Ee-m M
where 73, is the wave function of the sublevel i of
the zeroth vibrational unperturbed T, state and ¥,
are of the zeroth order perturbing states. v stands for
the vibrational states of the perturbing state. It was
suggested that the spin orbit mixing with the 3o7*
(37n0*) and 3nz* states primarily affects the sublevel
energies of the bromine containing substituted ben-
zenes. In 4BrBN the T, and T, sublevels are low-
ered by the spin orbit mixing with the %on* (3mo¥*)
state, while the T, and T, sublevels are lowered by
the mixing with the 3nm* state. The spin orbit in-
teraction is given by?)

Hso = ZE(lex-i'lySy-I-lez), (2)
where the summation is taken over the electrons.
Then the electronic matrix elements which govern
the depressions of the sublevel energires due to these
mixings are given by

Ko |Ely|m)|? for the mixing with
= 4[E(*na*) —E(on¥)] (the Sgn* state )
_ KalSLzy?

4[E(*nn*) —E(®n7*)]
If we only consider the one center integrals at the
bromine atoms a and b are given by the following
expressions.

a

@)

for the mixing with\ [
the 3nzm* state

_ (GG [Kpa | €17 (P3|
4[E(3nn*) —E(on*)]

p = (GG <Py €13 P2 |*
4[E(®nn*)— E(*nn*)]

Here, Cs:, Cs, and Cst are the coefficients of the

bromine atomic orbitals in the ¢, n and & molecular

orbitals, respectively. & is defined by the relation

1 e? 3
= I 5
4me, 2m2%® Z° ®)

where Z and r are the atomic number of the bromine
and the distance of electron from the bromine nucleus,
respectively. In the cases of 2BrBN and 3BrBN the
z' and y’ directions are not parallel or perpendicular
to the C-Br direction, and both the z’ and y’ sublevels
are lowered by the mixings with the 30z* and 3nz*
states. When we take 6 as the angle between the y’
axis and the C-Br direction, T+, T+ and T, sublevels
are depressed by acos?0+bsin%0, asin?0-bcos?0 and
a-b, respectively. Thus it is convenient to take d=
AE,; +AE,, as a measure of the effect of the
spin orbit coupling on ZFS. Here AE,; are the
changes of the energy difference between i and j sub-
levels on going from the chloro-substituted molecule
to the bromo-substituted molecule. § is equal to |a-+
b], namely the sum of the contributions due to the
mixings with both 3¢a* (3z¢*) and 3nz* states.
These values amount to 0.066 cm—! for the para-
substituted benzonitrile in PX, 0.028 cm—! for the
ortho- and meta-substituted benzonitriles in the X
trap. If we assume that the energy denominators
are similar for the para-, ortho-, and meta-substituted
molecules, § are proportional to the spin densities

©)
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Fig. 3. Plot of pz./0 vs. Ep; (1) 4-bromobenzonitrile
in PX, (2) 4-bromobenzonitrile in DCB, (3) 4-bromo-
benzonitrile in DBB, (4) 2-bromobenzonitrile X trap,
(5) 1,4-dibromobenzene in PX,”2) (6) 1-bromo-4-
chlorobenzene in PX,"2) (7) 4-bromoaniline in
PX,%22), (8) 4-bromoanisole in PX.%:2»

on the bromine atom p&. The observed values of
0 are in the order of §(para)>d(ortho)=d(meta) in
qualitative agreement with that expected from the
spin densities on the bromine 4P, orbitals.

Possible Locations of the Perturbing States. From
Egs. 1—5 we obtain
O Dl 1 1 (Cz:)? (C3.)* |
) ¢ |ECon*)—ECra*) ' E(nn*)—E(an*))

(6)
If Csi and Cs: do not change much from one molecule
to the other, (Cs:)2/8 approaches zero as the perturbing
triplet states become close to the T state. In Fig.
3 we plot p5./0 against the triplet state energy for
these systems assuming that (Cst)? is proportional to
p%.. pi were estimated from the bromine hyperfine
splittings when the bromine hyperfine splittings were
observed. In others they were estimated from the
fluorine hyperfine splittings by using the ratio of the
fluorine splitting in 4FBN and the bromine splitting
in 4BrBN. Though the points are scattered there
seems to be a correlation between p3./é and the triplet
state energy (Er,) as indicated by the broken line in
Fig. 3. The broken line intersects the horizontal axis
at =29000 cm-'. This seems to indicate that there
are perturbing states around 29000 cm~1. From the
fact that both T, and T, sublevels are depressed by
the bromine substitution for the para-substituted mol-
ecules both 3¢n* (37z0*) and 3nzn* states are likely
to be in the vicinity of 29000 cm—!.

Phosphorescence Spectra and the Main Radiative Mech-
anisms. The phosphorescence spectra of the re-
presentative systems are shown in Fig. 4. The phos-
phorescence spectra of 4- and 3BrBN, and 4- and
3CIBN in the corresponding xylenes and DCB are
well resolved. On the other hand, the resolution of
the phosphorescence spectra of 2BrBN and 2CIBN in
OX are somewhat poorer, but they still give structures.
In the X trap systems which contain small amount
of the corresponding xylenes the phosphorescence spec-
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a
380 390 400 210 320
Wavelength/nm
b
380 390 200 210 420
Wavelength/ nm
C
380 390 200 210
Wavelength/ nm
d
380 390 360 710
Wavelength/nm

Fig. 4. Phosphorescence spectra of (a) 4-chlorobenzo-
nitrile in DCB, (b) 4-bromobenzonitrile in DCB,
(c) 3-chlorobenzonitrile in MX, (d) 3-bromobenzo-
nitrile in MX.

tra are broad with some structures. Nevertheless the
frequencies of some of the main vibrations observed
in the spectrum are similar to those of well resolved
one in xylene. Therefore, it is considered that poor-
ly resolved spectra are genuinely due to BrBN and
CIBN.

The vibrational analyses of the phosphorescence spec-
tra of 4BrBN and 4CIBN in DCB are given in Table
3. We have made assignments in reference to the
infrared and Raman data.l” In the 4CIBN spec-
trum the 0-0 band is the strongest. The vibrations
of the a;, b,, and b, symmetries have moderate to
weak intensities. On the other hand, in the spec-
trum of 4BrBN vibrations of the b, symmetry are
the strongest. The possible mechanisms of the radia-
tive transitions are summarized in Table 4. Since
the perturbing states are close to the T, state vibronic
coupling within the triplet manifold is considered to
be dominant. The sublevel spectra of 4BrBN show
that the enhanced intensity of the b; vibration of
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TABLE 3. VIBRATIONAL ANALYSIS OF THE PHOSPHORESCENCE SPECTRUM OF 4-CHLOROBENZONITRILE
AND 4-BROMOBENZONITRILE IN DCB AT 4.2 K
y/cm™1 Av/cm? g:iar‘ltsli:; Assignment v/cm—1 Av/cm™1 51?«1::;;:; Assignment
4-Chlorobenzonitrile 26007 228 s b,
26229 s 0, 0) 25835 400 m
25997 242 m b, 25806 429 s b,
25889 350 w a, 25532 703 m b,
25836 403 w 25459 776 m a,
25801 438 m b, 25407 828 s b,
25559 681 w 25379 856 w
25536 703 w 25350 885 m
25457 782 m a, 25228 1006 m a;
25408 831 m b, 25178 1057 w a,
25212 1027 w a, 25146 1089 m b,
25150 1089 m a, 25056 1179 w a,
25120 1119 w b, 25033 1202 w
25064 1175 m a, 24951 1284 w b,
25049 1190 w a, 24931 1304 w
24929 1310 w b, 24825 1410 w b,
24820 1419 w b, 24760 1475 m a,
24644 1596 m 24736 1499 w
24625 1614 w 24642 1593 m
4-Bromobenzonitrile 24633 1602 w
26235 s o, 0

Relative intensity; s>m>w.

TABLE 4. MAIN PERTURBING STATES FOR THE 3A;—!A; RADIATIVE TRANSITION ALLOWED BY GROUP THEORY

Vibronic band T, sublevel Spin-orbit Vibronic-spin-orbit

0, 0 z 3A,(nm*) <~ 1A, (nm¥)

£l Yy B, (nn*) <~~~ 1B, (o7*)
x

b, z 3A,(na*) «—> 3By(on*) o> 1B,y (nn¥)
y 3B, (nn*) <~ BA(on*) s> PA (n¥)
x 3By(nn*) «—> 3Ay(07*) -~ 1A,(n7*)

b, z 3Ag(nn*) <——> *By(na*) <—~rn> 1By (07%)
y 3By (nn*) «——> 3Ag(nr*) > 1Ay (nn*)
x SBy(nn*) «—> 3Ay(n7*) > 1A (1)

a, z 3A,(na*) <~ 3A, (nn*) «———— A, (nr*)
y *By(nn*) <——> *By(nn¥) <=~ 1By(n7*)
x 3B, (nn*) «— 3B, (nn*) «—~—~——> 1B,(o7*)

State symbols give the total symmetries.

4BrBN is mainly due to the T, sublevel emission.
Then the importance of the spin orbit vibronic mech-
anism involving 3za*<3cn* (3z¢*) vibronic coupling
increases on going from 4CIBN to 4BrBN (Fig. 5).

In the case of the meta-substituted benzonitrile the
0-0 band is stronger in the bromo-substituted mol-
ecule than in the chloro-substituted molecule. This
indicates that the relative importance of the mech-
anism involving the lon* (lmo*) state increases on
going from the chloro-substituted molecule to the
bromo-substituted molecule.

In spite of the poor molecular symmetry of 3BrBN
the T, and T,' sublevel spectra are very different
(Fig. 6). If we assume that only one center integral
at the bromine atom is important in determining the
radiative decay, this observation implies that the di-

rections of the z’ and y’ axes are either nearly parallel
or perpendicular to the C-Br direction. This result
is in agreement with the conclusion obtained from
the analysis of hfs and ZFS that -the halogen sub-
stitution at the meta position perturbs the spin dis-
tribution of the present molecule greately.

Nuclear Charge and Position Dependence of the Decay
Rates. We measured the total and relative radia-
tive decay rate constants of the sublevels by the tech-
nique of microwave induced delayed phosphorescence
(MIDP). The decay properties of the halogen-sub-
stituted benzonitriles are summarized in Table 5.
The decay rate constants obtained in methylcyclo-
hexane glass at 77k are also shown in Table 5. In
order to study the position dependence of the decay
rates we use k,,=1/2(k,’ +£,’), because many molecules
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Total

390 400 410

Wavelength /nm

Fig. 5. MIDP and time resolved spectra of 4-bromo-
benzonitrile in DCB.
(a) Total phosphorescence spectrum. (b) MIDP
spectrum obtained by the application of microwave
at 4.1 GHz. (c) Time resolved spectrum obtained
at 10 ms after excitation.

a 5.15 GHz
b 4.4 GHz
380 390 400
Wavelength,~nm

Fig. 6. MIDP spectra of 3-bromobenzonitrile in MX,
(a) obtained by the application of microwave at
5.15 GHz, (b) obtained by the application of mi-
crowave at 4.4 GHz.

do not have C,, symmetry and it is not possible to
discuss the heavy atom effect on £’ and k- seperately.
Important results concerning the nuclear charge and
position dependence may be summarized in the fol-
lowing.

(1) In the cases of the para-substituted benzo-
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TABLE 5. DYNAMIC PROPERTIES OF HALOGEN CONTAINING

BENZONITRILES
ko . kar®  Koy®
Molecule T £*(00)™ —:_1— st
110 10
4BBN z
3 y 580 25 345 352
(m PX)f) z 3 . 9 l
z 85
(in DCB) {y 540 313
X 4.9
3BrBN z, 190
. v 89 30 140 145
(m MX) X’ 6 . 5 1
z’ 92 13
(MX doped) {y" 110 39 101
x’ 5.1 1
zl
x/
z/ 130 13
(OX doped) {y* 75 11 103
x’ 3.7 1
z 5.0 13.5
4gLB11\>IX)f> y 7.0 925 6.0 10.0
x 0.28 1
z 7.6
(in DCB) ly 10.4 9.0
X 0.52
z 3.2
(PX doped) {y 19.6 11.0
X 0.30
3CIBN z
(in MX) {Y +9 A
X
2CIBN z
(in OX) {" B As
X
4FBN 0.85
3FBN 0.65
9FBN 0.73

a) Total decay rates. b) Relative radiative decay rates
obtained at the 0-0 band. c¢) k,o=1/2(ky+%,) or
1/2(kyr+,) except where indicated. d) k,o=1/2(k."+
kyr+ky) in methylcyclohexane at 77K. e) k=
1/2(kyr +kgr+kyr). ) Taken from Ref. 6.

nitrile the nuclear charge dependence is very de-
pendent on the sublevel. £,(Br)/k,(Cl) are 88 and
52 in PX and DCB host, respectively. These values
are much larger than (3./C4. On the other hand,
k,(Br)/k,(Cl) are only 22 and 1l in PX and DCB,
respectively. k. (Br)/k.(Cl) is also relatively small.

(2) k,(Br)/k,,(Cl) are 58, 35, and 35 for the para-
substituted benzonitrile in PX, in DCB and in methyl-
cyclohexane, 30 and 33 for the meta-substituted one
in MX and in methylcyclohexane, and 38 and 34
for the ortho-substituted one in OX and in methyl-
cyclohexane. These values are also substantially larger
than those found for other systems (for 1- and 2-ha-
lonaphthalene in EPA glass these values are 20.9 and
21.4, respectively), though they depend on the host.
The nuclear charge dependences are shown schem-
atically in Fig. 7.
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Fig. 7. Nuclear charge and position dependences of
the decay rates.
@®: k,, of the para-substituted molecules, A: the
ortho-substituted ones, [ll: the meta-substituted ones
in methylcyclohexane. <&: kyy, O: T, sublevel
decay rate, [1: T, sublevel decay rate of the para-
substituted ones in p-xylene.

(3) k,, are in the following order, £,,(para)>k,,
(ortho) >k, (meta). Although the decay rate con-
stants depend on the host considerably, £,,(para) are
2—3 times larger than £, (ortho) and £,,(meta).

We discuss these results based on the factors which
govern the radiative and nonradiative decay rates.
The transition moment M(T,—S,) between the T,
state and the ground state is given by!®

M(T—S) = X Su H(1) | Ty)

|
i E%(T,)—E°(Sy)
Sk | H(2)[Sap<Sa| H(1) | T1)

T R T BY(S,)
Sk |H(1) | To)<Ty| H(2)T,)
+ 3 O ey ) (el Zen(Sy), (1)

where H(1)=H, H(2)=§(6H0/6Qk)Qk, and Q,

are the normal vibrational coordinates of the given
electronic state. The first term inside the parentheses
gives the transition at the electronic origin induced
by the direct spin orbit coupling, while the second
and the third terms embody the vibronic spin orbit
mechanisms. In the present systems 30n* (370%*) and
*nn* states are close to the T, state and the vibronic
interactions involving these states are considered to
be dominant. The important singlet states which cou-
ple with the T,(nn*) state are lox* and nn* states.
The matrix elements such as {loa*|H, |3zz*) and
Ann* | H,, |3nn*) are reduced to CiCidP:[61;|P:)
and CiCi(Py|§13|P2), when only one center integrals
at the halogen atoms are taken into consideration.
Here, Ci, Ci, and Ci are the AO coeflicients of
the halogen atomic orbitals which constitute the
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m,6 and n orbitals. Similar expressions are
obtained for the spin orbit couplings between the lmwz*
state and %¢m* and Snm* states.

In the case of nonradiative decay we use the ex-
pression for nonradiative transition obtained by Metz
et al.;'® the pure spin Born-Oppenheimer functions
are used as a zeroth order basis set,?® the dominant
perturbation is assumed to be the spin orbit coupling
operator, and the electronic transition moment is ex-
panded about the equilibrium nuclear configuration
of the ground state, viz.,

KTl Ho|So) = T3 Hso|S5)
+ ,Zk (B3, —Es)) < [ Hyo | ST<ST | Hom [S3)10Qu}

+ mEk{ (Ep,— Ep,) KT Y | Hetp | Ta){(Ta| Hio | S5710Qu}-
®

Here the superscript zeros denote the zeroth order
wave functions and energies, the subscript zeros denote
the reference configuration, H,,, is the vibronic cou-
pling operator and Q, are the normal coordinates
describing the displacements from the reference con-
figuration. We neglect spin vibronic term.

The first term in Eq. 8 is vanishingly small for planar
conformation because of zmm* character of the T,
state. The spin orbit matrix elements in the second
and third terms in Eq. 8 depend on the coefficients
of the halogen atomic orbitals as in the case of the
radiative decay. The dependence of the spin orbit
matrix elements on the coefficients of the halogen
atomic orbitals and the relevant energy denominators
for the radiative and nonradiative transitions are given
in Table 6.

In the present approach the decay rate constants
depend on the energy denominator, AQ coefficient
of the halogen atomic orbital, the matrix element
for the vibronic interaction, the transition moments
for Sy—S, transitions involved in the main decay
mechanisms, and the spin orbit coupling constant ¢.
If the factors other than { do not change on going
from the chloro-substituted molecule to the bromao-
substituted molecule, the decay rate constants would
be approximately proportional to (2. Since the ex-
tent of the spin delocalization into the halogen atom
increases on going from fluorine to iodine, the in-
crease in the decay rate may be somewhat larger
than expected from {%. When we take account of
this increase, the ratio of the spin orbit coupling matrix
elements for bromine and chlorine is 24.4. The values
observed for naphthalene and phenanthrene are indeed
close to this value.l® In these systems the above
condition may be satisfied.

Since different sublevels couple with different per-
turbing states, the heavy atom enhancement is in
principle sublevel dependent. In 4BrBn the enhance-
ment was found to be much larger for the T, sublevel
decay than for the T, sublevel decay. The T, sub-
level decay is mostly due to the mechanisms involving
the vibronic interaction between the T, state and
the 30n* (Smo*) state. The larger value of £, (Br)/
ky(Cl) seems to imply that the energy denominator
for the 3¢n* (3zo*) state substantially decreases on
going from 4CIBN to 4BrBN. On the other hand
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TaABLE 6. THE RADIATIVE AND NONRADIATIVE DECAY MECHANISMS, RELEVENT SPIN ORBIT MATRIX

ELEMENTS AND ENERGY DENOMINATORS

Decay mechanism

Spin-orbit matrix

Energy denominator

element?)

Radiative decay
spin-orbit

3gn* <~ lom*

3gn* <« lpg¥a)

an*  ——
-
3k
3k

vibronic-

spin-orbit >

Nonradiative decay
E—
-
¥ e

3an* o>

3ok
3ng¥
Sk
3pm¥

8ok
Sn¥
10’7[*
Ing*

PN 7 A

< > Ik

€~y lom¥
> Ing*

> G
> G
« G
«— G

CiCi(PL|&1%,|PL)
GiCi(P2|&1% [P
GiCiCPY|61%|P2)
CiCi(Pr,| &1, [P
CiCi(PE|E1%, [P
CiCa(pr|e1n, [Py

Ci*Ci(PL e Py
Ci*Cicpr|€1|PLy
CiCi(PR|E13,|PL)
CiCi(P:|£1%|PL)y

AE(lon* —3am*)
AEQ(nn*—3nn*)
AE(rn* —3gn*) X AE(GCon* —3nn*)
AE(nn*—3nn*) X AE(Ron* —3nn*)
AE(ton* —3nn*) x AE(3nn*—3nn*)
AE(‘\nzm* —3nn*) x AE(Cnn* —3nn*)

AE@en*—3ur*)
AE(Pnn* —3na*)
AE(en*—G)
AE(‘nn*—G)

a) Only for meta and orhto substituted molecules.

b) The x axis is perpendicular to the molecular plane, the

z’ axis is parallel to the C-Br direction, and the y’ axis is perpendicular to the other two.

the energy denominator for the 3nm* state may not
change much.

The increase of the T, sublevel decay rate because
of the reduction in the energy denominator seems
to be manifested in the large change of the T, sublevel
decay rate on going from 1-bromonaphthalene®
through 4BrBN to 1-bromo-4-chlorobenzene.”? The
decay rate constants are 159s-1, 580s-1, and 1540
s71, respectively following the order of the T, state
energy. The 3on* (370*) state should be very close
to the T, state of 1-bromo-4-chlorobenzene as also
indicated by the analysis of ZFS.?

When the increase of the Ty sublevel decay rate
is much larger than that expected from (2, £, (Br)/
k..(Cl) also becomes larger than that expected from
&2 k,,(Br)/k,.(Cl) of the ortho- and meta-substituted
benzonitrile are also considerably larger than expected
from £% as in the case of para-substituted benzonitrile.
This is expected when the decay mechanism involving
the 3¢n* (37z0%*) state is dominant as in the case of
4BrBN.

The present analysis shows that the relationship
between the decay rate and the spin density is not
so straightforward, because the decay rate is deter-
mined by a number of factors. When the T, state
is approximated by the single excitation from the
HOMO (#) to the LUMO (n*), the spin density
on the halogen atom is given by |CY|2-4|Ck]2.
Here CY and C% denote the AO coefficients of halogen
in the HOMO and the LUMO, respectively. The
radiative decay rate depends on |Ci|2 If the sz*
orbital relevant to the spin orbit matrix elements
governing the nonradiative decay is the LUMO, the
nonradiative decay rate depends on |[Ck|%2 and
|Ct12. Therefore, a qualitative correlation between
the spin density on the halogen atom and the decay
rate may be obtained as observed in phenanthrene,
if other factors such as energy denominators remain
the same. In the present systems, k,, (para)=2k,,
(ortho) also correlates well with pg (para=~3p;,
(ortho). In spite of the complexities of the factors

governing the decay rates, the correlation between
the decay rate and the spin density may not be un-
common.
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