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We investigated the influence of internal and external heavy-atom-induced spin—orbit coupling on the inhomogeneous
broadening of ODMR transitions. From the very small heavy-atom effect observed, we conclude that the leading mecha-
nism is not spin—orbit 1nteraction but an electrostatic couphng between probe molecule and solvent

1. Introduction

As 15 well known, the magnetic transitions within
the sublevels of excited triplet states of organic mole-
cules in amorphous hosts are inhomogeneously
broadened like the optical transitions. In both cases
the relative magnitude of the line broadening Aw/w
is of the same order of magnitude. However, as yet,
the question as to the ongin of the magnetic line
broadening and its relation to the optical states involv-
ed, has not been solved. This question was first address-
ed by van Egmond, Kohler and Chan [1]. These
authors found that the solvent-induced shift of the
optical frequency 1s linearly related to a shift in the
microwave frequency. The model they employed io
explain their results was based on a solvent-induced
mixing of molecular triplet states.

Later, Lemaistre and Zewail {2] developed a model
n which the magnetic inhomogeneity was directly
related to the optical inhomogeneity via the intramo-
lecular spin—orbit coupling.

There is a third model by Clark and Tinti [3] based
on a microscopic description of the inhomogeneous
broadening via a linear Stark coupling between the
molecular states and the random electric fields of the
solvent. This model is of first order in the molecule—
solvent coupling and of second order in the intramo-
lecular spin—orbit coupling, and is thus in some re-
spects very similar to the model by Lemaistre and
Zewail.
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All these models are, in principle, capable of ex-
plaining the observed facts such as, for example, the
linear vanation of the ODMR frzsquency and width
with the optical excitation frequency [4,5], in a quali-
tative way. In order to get an idea as to what the lead-
ing mechanism is, we investigated the influence of
internal and external heavy atoms on the inhomoge-
neous line broadening of the magnetic transitions. If
magnetic and optical inhomogeneity are related via a
spin—orbit coupling mechanism, a strong heavy-atom-
induced inhomogeneous broadening is expected.

2. Experimental

The concentration of the probe molecules (naph-
thalene, 1,5-dichloronaphthalene, 1-bromonaphthalene)
was, in each case, 10—3 M. The solvent used was 3-
methylpentane. The samples were immersed in liquid
He at a temperature of 1.3 K. The microwave source
was a HP 8620A sweep generator followed by a TWT
amplifier. Maximal power output was 1 W.

The inhomogeneous ODMR profiles were probed
by sweeping the microwave through a small frequency
wnterval (roughly 1/10 of the inhomogeneous width}
and detecting the corresponding MIDP signal [6]. In
the case of 3-methylpentane doped with bromoethane
this technique yielded too noisy signals. Hence, we
determined the inhomogeneous width by deconvolut-
ing the signal of a sweep over the whole band [7].
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Table 1

Inhomogeneous widths (measured at 1 3 K) and high-tempera-
ture lifetimes (77 K) of naphthalene (N), 1,5-dichloronaphtha-
lene (DCIN), and 1-bromonaphthalene (BrN) 1n 3-methyl-
pentane. x is chosen as the out-oi-plane axis

ax# axy arz K((17K)
(MHz) (MHz) (MHz) (™)
N 25+ 2 - 17+ 3 0.39 + 0.03
DCIN 3022 172 28=x3 5.3 :0.4
BrN 79:+4 42x3 60x5 705

The samples were excited with a high-pressure Hg
lamp (100 W), Detection was performed at the phos-
phorescence 00 transition. The resolution vaned
within 8 and 23 cm—1.

3. Results

The results of our experiments are the following

{a) There is indeed a heavy-atom effect in the in-
homogeneous broadening of the ODMR transitions.
However, its magnitude is very small compared to the
heavy-atom effect 1n the triplet lifetime (table 1).

(b) The magmitude of the inhomogeneous broaden-
ing 1s different for the different types of transitions.
However, there is no uniform behavior (table 1).
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Fig 1. Decay of the T; state of naphthalene 1n 3-methylpen-

tane (upper trace) and in 3-methylpentane doped with bromo-
ethane (7 mol%)
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Fig. 2 inhomogeneous width of the D + £ transition of
naphthalene as a function of heavy-atom concentration. Sol-
vent. 3-methylpentane/bromoethane. Temperature- 1.3 K.

(c) The influence of an external heavy atom on the
mhomogeneous width of the magnetic transition is
also rather weak as compared to the lifetime. In the
concentration range investigated, the latter increases
by a factor of roughly ten and becomes strongly non-
exponential (fig. 1). The mhomogeneous width, on
the other hand, increases by only about 40%. We
stress that the relative increase of the width of the
microwave transition scales exactly with the relative
increase of the optical width (figs. 2 and 3 ).
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Fig. 3. Inhomogeneous width of the Q0 transition of the naph-
thalene phosphorescence as a function of heavy-atom concen-

tration. Solvent: 3-methylpentane/bromoethane. Temperatuse:
1.3 K.
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4, Discussion

Our results show a definite heavy-atom effect in
the inhomogeneous broadening of the ODMR transi-
tion, and, hence, follow qualitatively the predictions
of the Lemaistre—Zewail model. We now examine
whether this model can be used to interpret the results
on a more quantitative level. For example, 1s1t possible
to understand the small heavy-atom effect in the
width as compared to the lifetime, or the exact scaling
of the ODMR width with the optical width in case of
the external heavy-atom effect?

According to this model the ODMR transition fre-
quency is given by

Ao =tiod" + o

KT Hy 1012 KT H_ W )I2
NPl L LAl LA
x A%k 7 A%.

EI(TTIlexlzk)_l_z

’ k A

8, —
2 )
Al}

8- (D
o denotes a shift of the band center induced by the
spin--orbit coupling. The intermediate states ¥, and
¥, can be either of singlet or triplet type. 8,, §,, 8¢
are the solvent-induced fluctuations in the electronic
energiesof T4, xl/j and ¥, respectively. The 4, denote
the corresponding zero-order electronic energy dif-
ferences. The inhomogeneous width follows from (1)
by calculating the root mean square

AR = (A — holM — 0))12, )

We see two possibilities to explain the small in-
fluence of the heavy atom on the mmhomogeneous
width: (1) the heavy-atom-induced spin—orbit ccupling
terms in eq. (1) are almost completely cancelled or
(1) there is a contrtbution to the ODMR width which
does not depend on the spin—orbit coupling, and
which is large compared to this interaction. Let us
examine the possibility of cancellation of the spin—
orbit terms: Since A" 15 determined by the root
mean square of eq. (1), a partial cancellation is expect-
ed only in the term «§;. The terms =8, and «§ . can
destructively interfere only when the mth and the
nth substate couple to the same intermediates. Such a
coupling is, however, strongly restricted by symmeiry
rules [8—10]. Even if one takes into account further

CHEMICAL PHYSICS LETTERS

15 March 1985

perturbative corrections hke the spin—orbit—vibronic
couphing, it is unlikely that all one-center spin—orbit
contributions at the heavy atom should cancel almost
completely. We further stress, that 1f strong cancella-
tion occurs one would expect the width of the 2F
(y¥2) transitions to be smaller thar: the widths of the
D + E and D — E transitions because n the 2E tran-
sition the spin—orbit coupling of the states mvolved
1s of similar magnitude. As the results show, this holds
only in the case of naphthalene but not in the case
of the halonaphthalenes.

Hence, we favour the second possibtlity, i.e, that
the dominating term in the line-broadening mechanism
1s given by an electrostatic interaction Fyyg between
the probe molecule and the solvent, and that the
spin—orbit imnteraction is a rather small correction to
this type of coupling.

The electrostatic interaction Hyg is, of course,
also responsible for the inhomogeneous optical width
of the states ;. Up to second order n Hyyg one gets

E” = [Egl, +¢" + 8, (3)
where e}" 1s the zero-field shuft for the mth substate
and 8" is given by

W | Hys N2
&ﬂc + E_;n - e.zx

From (3) and (4) one calculates the ODMR transition
frequency as

[reomn ]y = [hwg"]y

4)

I
B = (W, | Fhyg 19 + %)

KT? 1 Hys 1T 2

- D LNSE (™)~ 1. (5)
Ay
Ao scales with the difference of the microwave
frequencies in the states T; and Ty, respectively |1].
Within the model used, this difference is responsible
for the fact that the various transitions have different
widths. In the case where solvent and probe mole-
cules are non-polar, the diagonal term 1n eq. (4) may
be small and, hence,
T

[rg™) — [reog ™

[reomn], = [Reof™), — 84 Ak (6)
Here we have assumed that the coupling occurs pref-
erentially only to one state T;. Within these approxi-
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mations the inhomogeneous ODMR width scales

with the optical width of the lowest triplet state. This
is exactly what is observed 1n case of the external
heavy-atom perturber (figs. 2 and 3). From (6) we get

i[hwg™ 1, — [heg” Ikl -
1441

and, consequently,

Amn/AO = ['1/110 s

Amn = Fl

where A? and I'0 denote the respective widths at
zero concentration. Since the frequency factor
(w1, — [Aw "1, 1s expected to scale roughly
with [fe§™ ], one gets the order of magnitude re-
sult that the ratio between width and energy of a
transition is roughly constant. This result is rather
general and does not depend on the type of transition
[11,12]. Tias generalhity is of course based on the
fact that the above formalism can be applied equally
well to other types of transitions, e.g. vibrational
transitions. In case of a dominating spin—orbit inter-
action, the situation would be different. Since in our
case the probe molecule is naphthalene, which has a
center of inversion, we expect that the diagonal term
in (4) 15 small and, hence, the approximations leading
to eq. (6) are well founded.

5. Summary

We have investigated the influence of heavy-atom-
induced spin—orbit coupling on the inhomogeneous
linewidth of the magnetic transitions in the lowest
triplet state. The experiments show that this influence
is very small compared to the heavy-atom effect in
the decay dynamics. From this result we conclude
that the leading term 1n the inhomogen=ous broaden-
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ing is, as a rule, the electrostatic mteraction between
the probe molecule and the solvent, as suggested by
van Egmond et al. [1]. Only in molecules with very
strong spin—orbit coupling, like bromonaphthalene,
are both contributions of the same order of magni-
tude. Within the frame of the electrostatic coupling
mechanism, we can explain the features of the in-
fluence of external perturbers on the inhomogeneous
ODMR width.
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