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Summary

Different expressions in the literature for electronic transition proba-
bilities are compared, with emphasis placed on their dependence on the
refractive index n of the medium. It is shown that, in cases where the experi-
mental integrated area under the absorption curves is essentially independent
of the medium, the radiative rate constant &, should depend on n?; this is
verified experimentally in a comparison of the gas phase and solution phase
fluorescence from 9-methylanthracene.

1. Introduction

Although the effect of the medium on the oscillator strength for elec-
tronic transitions has been extensively investigated [1 - 4], no clear concen-
sus on corrections for this effect appears to have emerged. Morris et al.
[56] have pointed out recently the importance of correction for the refrac-
tive index 7 in calculations of the oscillator strength in 9,10-diphenylanthra-
cene in various solvents. Different methods have been used to correct for the
refractive index in the calculation of radiative lifetimes. The method of
Strickler and Berg [6] uses integration of areas under absorption spectra,
and it should be noted that equations are sometimes used improperly in this
regard [D, 7, 8]. One means of testing such corrections would be the com-
parison of measured radiative lifetimes in the vapour phase and in solution.
However, there have been few such comparisons made [9], even though it is
well documented that the radiative lifetimes of some benzene derivatives are
shorter in the vapour phase than in solution [10]. In this work we do not
develop yet another correction factor for refractive index effects, but merely
summarize the methods in the literature in the hope that this will prove to
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be useful to other research workers, and we compare the results with those
determined experimentally for 9-methylanthracene.

2. Experimental

Fluorescence decay times of 9-methylanthracene were measured using
time-correlated single-photon counting techniques [11]. Absorption and
emission spectra were recorded on a Unicam SP 1800 spectrophotometer
and on a home-built fluorimeter respectively. Freshly sublimed 9-methyl-
anthracene was used. Weighed solid samples were introduced into a cell and
the temperature was raised to 171 °C when no further increase in absorbance
was observed [12]. Samples with optical densities above 0.5 were rejected. The
bottom of the cell was cooled after measurement of the gas phase spectrum
causing the sample to solidify. The top of the cell was cut off, 4 ml of
spectroscopic grade cyclohexane was added and the absorption spectrum was
remeasured in that solvent (Fig. 1). The areas under the absorption curves
were measured by integration using a computer.
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Fig. 1. Absorption spectra of 9-methylanthracene in the gas phase at 171 °C ( ) and

in cyclohexane solution at room temperature (- - - ).
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3. Results and discussion

Since there is confusion in the literature about the effects of the refrac-
tive index of a medium on radiative lifetimes and oscillator strengths, it is
worth summarizing the results of different approaches. In Table 1 are shown
explicit formulae for the Einstein emission A and absorption B probabilities,
the oscillator strength f(v), the molar extinction coefficient ¢(v) and the
radiative rate constant k,. In order to discuss the formulations given in Table
1 it is necessary to recognise three main effects of the refractive index on
electronic transition moments. These are (1) a reduction in the velocity of
light in a medium of refractive index rn relative to that in vacuo, (2) a change
in the effective electric field experienced by the light absorbing molecule
and (3) a change in the photon state density with the medium. In addition,
some solvents may perturb the molecular eigenstates and this must also be
considered [14, 15]. However, this effect is often ignored, and has been used
by some authors as a basis for a discussion of the effects of the solvent on
electronic spectra [16, 17].

Many of the misconceptions concerning the use of the different correc-
tion factors given in Table 1 stem from ambiguities in the definitions of
terms used rather loosely in the literature. Thus there are two definitions of
oscillator strength. The first, given by Forster {14, 18] and used by Mataga
and Kubota [16], is based on the Einstein B coefficient in vacuo divided by
the quantity me%/mhv. Because it is defined as an in vacuo quantity, the
solvent refractive index is not involved. In contrast, when the oscillator
strength is related to a molar decadic extinction coefficient (not an in vacuo
quantity), an apparent dependence on n results. However, this dependence is
cancelled if €(v) is defined as being inversely proportional to n [13, 16] and
in these circumstances the arguments of Morris et al. [5] are inappropriate.
In the second definition of oscillator strength the value of the Einstein B
coefficient used is that in a medium of refractive index n, and it is not an
in vacuo quantity [2]. In this case, the oscillator strength depends explicitly
on n.

Because of these different definitions, it is clear from Table 1 that
expressions of B, A, f(v) and ¢(v) have different dependences on n, and thus
care must be exercised in their use. In contrast, all the approaches give the
same expression for the radiative rate constant k,. However, this agreement
is illusory, since the common expression depends on an integral involving
€(v). It can be shown readily that k,(v) is related uniquely to e(rv). By defini-
tion

R,(ve)=1/1. = A(vy)
and thus

8nn3hy,3
Ry(vs) = —c—3"— B(vg) 1)

since by common agreement



"(g) "uba uo paseq
"(¥ "yoa a98) (g) "uba uo paseq,

‘onaoa

U1 anjeA Iy} 0} 8)E[3I £ ‘Jod UI uaAll uolssaidxa syj A[uQ ‘SIOYJNe JUIIBJIIP Aq A[JUsIdFJIP pPaulyap sI pue y38ual)s I0JE[[1I50 aY} St (a)/ >
*sadUaIajad Y7} Ul UsAld suwie} ay) Sulsn JJOM SIY) ul paAlIap suoissazdxy q
‘g U » V' uOBE[a1 gy A3snyes pue ‘[g1] 198104 Aq pauyap ‘(a)o/®u pue (4)°u 0} puodseriod g pue v,

’N ! £ ‘ ¢ . £ “ £
———g08% = €2 ‘?o I%:o .ll%zo — |, uto
. aus ap(a)3Y® ap(a)a'® ap(a)3/® ap(a)3-° o
QWEOET ug (@)}
— =% q (Df%0u (a)/2ou (a)f2Du (a)f2) — Jo stz
Nyt q 1 ut (a)3
o (1 +,ug) ug u
Fomwumlu =1 N_Hog_hﬁo (AR e N_ ﬂovﬁ aty ——— q N_ﬁﬁs_aﬁu: N_ ﬂog‘_aﬂ\v —
Neug 1 g6 8+ ,0 T p (02
2
N_ﬂbﬁﬁ #Nwm NAH * NENV N_.SE_ .Inm h N_HOE_ tNQm N_ﬂcg_ |||£NII
q aut, g U6 aut,ug Nam+m5 aul ug au ug S(a)d
u 2 J
_SE_ gyt «: +a 2) N_SE_ ¢ yg 6 u_ﬁoﬁm e U N_SE_ mocm
q® 179 U6 q 4179 (3 + 1) o1g¥5 279 p AU 79 .V
u
yj3uams ofodip uomyIs 10 218 E 7 g'g“® 6 o/ "o il oY i
-uexn oy 51 |10y q? U8 L6 q? o8 LT+ u) o48 cL8 :
p oy g Jy L Joy eI 3y
$210N uoNDINUWIO ] VEIEIL Y X

142

sani[Iqeqoid UO}ISUeI} DTUOI}I[ I0] SUOH B[NULIO ]

T H19V.L



143

8mn3hv,3
A(ve) = —3 B(vy)

The experimentally observable molar extinction coefficient e () is related to
the Einstein B coefficient by eqn. (2) [7]:

_n 1 n,(vy)
e(wy) = — —— Nhy, (2)
¢ 10001In 10 a(vy)
n Nhy,
= — B(Va)
c 2303

where n (v,)/o(v,) = B(v,), na(¥,) is the absorption transition probability,
o(v,) is the radiation density and N is the Avogadro number. The subscripts
a and f denote absorption and fluorescence respectively.

For molecular systems the total rate constant k, must be derived from
eqn, (1) integrated over the whole fluorescence band, i.e.

ky = [ky(e)dv,

8rn3h 3
3 Ve B(Vf)de

8rndn _
=3 VfafB(Vf)de (3)

In eqn. (3) 742 is some mean value of »;® which can be given by the term
ws ,, ! following Strickler and Berg [6]. It has also been shown [6] that
the following equation is valid for strong transitions in rigid molecules:

JB@.)dv, = [Berody, (4)

Combination of egns. (2), (3) and (4) gives the expression for k£, shown in
Table 1, namely

dv, (5)

2
B, = 87n“2303 ;faj.e(va)

Nc? Va
Equation (5) shows that k, has an explicit n2 dependence plus whatever n
dependence e(v,) carries. Therefore on an analytical basis, k, will have a
linear dependence on n in the Forster formulation, whereas it depends on n
in the Birks formulation. Thus, it is difficult to choose an appropriate
expression; in the Birks treatment one of the medium effects was ignored
(that of effective electric field changes), whereas Forster solved an incom-
plete equation of motion of an oscillator in a medium to obtain his correc-
tion factor [13, 16]. Use of a more appropriate expression [19] leads to
Chako’s formulae [2] which, although they are frequently used, do not
appear to be realistic.
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TABLE 2
Spectral and kinetic data for 9-methylanthracene in the gas phase and in solution

Quantity Gas phase Cyclohexane solution
fedv x 1077 2.69° 2.78"°

fediny x 1072 9.21% 9.86"

o€ 0.26 0.36

749 (ns) 6.3 4.6

7.5 (ns) 24.2 12.7
Tr(gw)/Tr(solution) 1.94

2Integration between the limits 280 - 410 mm.
bIJ:ltegration between the limits 290 - 420 mm,
°Fluorescence quantum yield.

Fluorescence decay time,
®Radiative lifetime (= 74/¢;).

Until much more experimental evidence is available, these analytical
expressions should be used with caution. In cases where fe(r,)dlnv, can be
shown experimentally to be independent of the medium, e.g. in a variety of
solvents for some molecules [5, 7, 20], k, should have the n? dependence
(see eqn. (5)). However, comparisons between polar and non-polar media
are not appropriate because of dielectric effects [4]. A better test of the n2
dependence (assuming invariance of fe(r,)dIny,) should be obtained by a
comparison of data obtained in the vapour phase and in non-polar solvents.
Such data for 9-methylanthracene are shown in Table 2. It is evident that
SedIny does not vary greatly in the two phases, and the value of 7,gaq/
Trsolution) 1S satisfactorily close to the value of n2, as expected from eqn. (5).
However, it must be stressed that the apparent agreement of experiment
with theory in this case cannot be taken as a demonstration of the general
validity of an n? dependence, since this will be the case only when fedlnv is
independent of the medium. Much more experimental evidence in the form
of comparisons between gas phase and solution phase data are needed. The
establishment of a generally valid analytical expression is a worthwhile goal,
in that it will be useful for discussions of the radiative lifetimes of weak
transitions, for understanding variations in the radiative lifetimes of exci-
plexes and excimers in different media [11], and for understanding energy
transfer in solution [21]}.
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