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Deuterium isotope substitution and temperaturc cffects on the fluorescence of toluene and p-xylene solutiors have been
investigated. Values of fluorescence quantum yiclds were measured bet:xcen —80° to 70°C for p-xylene, p-xylened) g, to-
luene and toluenedg and also fluorescence decay times at room temperature. The influence of several experimental factors
on the fluorescence intensity at various temperatures was investigated and corrections were applicd to obtain correct quantum
yields. The results are compatible with an absence of a normal deuteration effect, and are independent of temperature, for
both molccules, and show the existence of a non-radiative transition from the first excited singlet state to the ground state.

1. Introduction

Deutcraiion and temperature effects on photolumi-
nescence have provided, in recent years, valuable infor-
mation for the: understanding of radiationless transi-
tions in poly:tomic molecules.

In the riesent work we present and discuss results
uealing with the effect of deuterium isotope substitu-
tion and temperature on the fluorescence of dilute so-
lutions of toluenec and p-xylene in ethanol. Several fac-
tors affecting the fluorescence intensity have been in-
vestigated in detail in order to obtain the correct fluo-
rescence quantum Yyields.

2. Experimental

Toluene, p-xylene and ethanol (spectro-quality) and
toluene-dg and p-xylened,, (isotopic purity 99%) were
used without further purification. No impurities were
detected in any of the products by luminescence and
absorption spectroscopy.

Fluorescence decay times (TM) were measured at
room temperature (25°C) with a conventional pulse
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fluorometer using a high pressure nitrogen lamp for ex-
citation. The exciting radiation and emission were sele<-
ted by grating monochromators. Experimental details
of the apparatus are described elsewhere [1]. The decay
curves of the deuterated and protonated solutions, after
saturation with argon, were obtained immediately one
after the other, under the same conditions of instrumen-
tal response to the light pulse.

The values of 7, were obtained from experimental
data using a computational method as described by
Demas and Adamson [2].

Fluorescence quantum yields (¢FM) were measured
at room temperature in a spectrofluorimeter previously
described [3]. From the absorption spectsa of the samples
and of the standard, previously measured, a narrow
bandpass of excitation at a suitable wavenumber was
selected which ensures, in each case, the same optical
density. The solutions (= 1073 M) were contained in 2
spectrosil cell under argon atmosphere and right angle
viewing was used. Solutions of toluene in methylcyclo-
hexane and in hexane for which ¢,, = 0.14 was pre-
viously determined [4] were used as standards.

Polarization effects induced by the apparatus [S]
were measured as a function of wavelength. Although
considerable at lower energies they-are negligible within
the range of wavelengths of emission under considera-
tion.
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The measurements of ¢, as a function of tempera-

ture, below room temperature, was carried out by using |

a cryostat unit described elsewhere [4]. A specially de-
signed dewar with three spectrosil windows was used
to work with right-angle viewing and also in reflection
and transmission. A continuous stream of dry nitrogen
on the dewar’s windows was used to prevent condensa-
tion at lower temperatures. For measurements above
room temperature an insulated heating block was used.
In both cases the temperature was monitored using a
temperature meter connected to a recorder and the
measurements were taken after convenient temperature
stabilization. The solutions were contained in a cell
which was sealed off after a convenient number of
freeze—thaw cycles of degassing. Alternatively the so-
lutions were saturated with argon and sealed via a spe-
cial vacuum tap.

Variations of fluorescence intensities with tempera-
ture were always measured during both the cooling and
heating period and a good reproducibility was achieved
(% 2%). Corrections of the fluorescence intensity due
to variations of the refractive index with temperature
a:;d solvent were applied [6]. Previous calculations of
n= at various temperatures [4) for a wavenumber of
about 35000 cm~! are in good agreement with those
used by other authors [7].

Variations of the optical density of the solutions
with temperature were monitored by measuring the
amount of light transmitted by the solvent and by the
sample, at various temperatures, with the same instru-
mental conditions as for fluorescence measurements.
By this method it is also possible to detect whether the

solvent is transparent over all the region of temperatures.

Solvents not completely transparent at low tempera-
tures were found to produce an anomalous fluorescence
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intensity, this being attributed to small particles of ice .
or otuer impurities acting as a diffuse reflector.

Small variations of the intensity of fluorescence due
to some degree of polarization were detected at lower
temperatures by passing the emission signal through a
UV polarizer at different orientations and corrections
were applied [8]. The reflectivity of the optical system
was found to be constant within the interval of tempera-
tures considered.

3. Results and discussion

The results obtained for ¢, and 7, at 25°C, are
shown in table 1 where values reported by other authors
are also indicated for comparison. The results found for
Ppaq are lower than those reported by Berlman [9] par-

t:cularly in the casc of p-xylene but are in good agree-
ment with those of Froehlich and Morrison [11] and of
Lumb and co-workers [3,10] . The results found for ),
are also in reasonable agreement with those reported by
other authors.

The variation of ¢, with temperature is shown in
figs. 1 and 2, respectively, for the pairs toluene, toluene-
dg and p-xylene, p-xylened,. As expected ¢, in-
creases on lowering the temperature.

It is generally assumed that a decrease of fluorescence
intensity with increasing temperature is due to a greater
probability of the transition from the first excited singlet
state (S, ) to the triplet manifold. This seems to be well
estabhshed in molecules for which the sum of ¢ and
triplet yield (¢,,) is unity but the situation is different
for benzene and its alkyl derivatives [13—15]. Measure-
ments of ¢ for those molecules using cither the cis—>
trans womenzatxon technique of butene-2 [16—18] or

Table 1

Fluorescence quantum yields and lifetimes at roor: temperature
Compound SFEM a) ™ a} (ns) SFM b) ™ b) (ns)
toluene 0.13 35.0 0.17 [9):0.12 {10) 34 [9)
tolucnedg 0.14 36.0 0.21 9] 35 (9]
p-xylene 0.24 33.7 0.40 [9):0.22 [11) 30 [9]:34.5 [12])
p-xylened;o 0.22 329 0.26 [9) 30.3 (9]

8) This work. The cstimated erfor for both ¢py and rpy is 2 5%.

b) Other wesk.
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Fig. 1. Fluorescence quantum yields as a function of temperature for toluene () and toluenedg (e).
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Fig. 2. Fluorescence quantum yicelds as a function of temperatute for p-xylene () and p-xylene-dig (®).

the sensitized biacetyl phosphorescence method [19]
have shown the occurrence of a radiationless deactiva-
tion of S, in addition to the intersystem crossing pro-
cess. The origin of this third channel of deactivation is
not well established. Calculations based on current
theories of radiationless transitions discount the possi-
bility of a direct internal conversion S; —+ S, [20] . How-
ever the recently developed tunnel effect model of ra-
diationless transitions [21] applied to benzene predicts
the existence of a r.on-radiative channel of relaxation

S, S, with a rate constant wlth the nght order of mag-
nitude.

The measurement of of dilute solutions of to-

luene, p-xylene and other methylbenzenes [>16,18,22] ,

as a function of temperature, have shown that the rate
constants for intersystem crossing and fluorescence,
respectively k., and kg, are practically independent
of temperature and the rate constant for the non-radia-
tive transition S, S, (ki) is temperature dependent
(16,22}

The radiative rate constant for fluorescence as calcu-
lated from table 1 is 2.7 x 105 5! and 4.0 x 165 571
respectively for toluene and toluenedg and 7.1 x 10°

s~1 and 6.7 x 10° 57! for p-xylene and p-xylened 4.
These results show that k. FM is independent of deutera-
tion within experimental error and confirm the so-cal-
led xylene effect whereby para-substituents on the ben-
zene ring enhance ¢, due to an increase of ki, [11].
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Using the values of 0.61 obtained by Cundall and
Ogilvie [22] for triplet yields of dilute solutions of p-
xylene in methylcyclohexane, at 25°C, one obtains for
this molecule at this temperature S T OTM S 0.85,
assuming negligible solvent effects.

At temperatures corresponding to the plateau region
of ¢\, using our results and the triplet yields deter-
mined by Cundall and Ogilvie [22] a value of ¢ +
¢T =1.06 * 10% is obtained. This shows that as in
the case of toluene [16] the non-radiative process bl
-voo becomes negligible in the low tempcraturcs rcgton

l\bp[ewnll"!’ u'c uuuuu qutllblullg Ul Ol Uy KIM
kpp t kg One obtains the following ratios at room

m—-n-ﬂ“--

a
Ulll »IGLULS

kRy/k}, =099
for toluene, and
kB jkh =1.05
IM/TIM
for p-xylene, where the symbols D and H refer respec-
tively to the deuterated and protonated compounds.

The ratios obtained are, in each case, not far from
unity within experimental error. Assuming that k.,
is not sensitive to deuteration, since a direct internal
conversion S| =S, is improbable [20], our results can
be interpreted in terms of an absence of a deuteration
effect.

The results obtained show that fluorescence is very
littie affected by dcuteration. Simiiar resuits have been
described by other authors [20.23] and in some cases
a reverse deuteration effect was l'i.‘pﬁi'tcu l"'l Results
obtained with gaseous benzene are an exception. Using

fluorescence lifetimes and fluorescence and f.nnlpt vield

BIBUIVIVEIIVY J5EVIAIIIVY @i Ui VOw VLY @iia s

results, Cundall et al. [14] have reported the values of
79x10%s and 11 x108 s~ ; for intersystem crossing

rate constants, respectively, t’or heavy and light benzene,
under high pressure conditions and excitation at 260

nm. Similar effects were reported by other authors {25].
The situation is different for benzene in the liquid phase.

Cundall et al. [26] have measured ¢y, and have found
respectively the values of 0.235 and 0.250 for dilute
solutions of benzene~J; and benzene-h6 in methylcy-
clohexane, at 26°C. Sandros [19] using a different
techmque has reported respectively ¢, =0.252 for
benzene-h and ¢, = 0.240 for benzened in dilute
solutions of cyclohcxane, at 20°C. Using these results
and decay times reported in the literature [9,20], one
obtainsk.‘l!M =8.7 x10% 57! andk" =89x10%s "’

1en
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which shows no perdeuteration effect on k,,. The dif-
ferences between gas and liquid phase seem to indicate
that in the gas phase the mtersystem crossmg transition
proceeds from ]Bz to both - E y and B states.

As pointed out by Sharf and Silbey [27] and by
Birks {15] the reverse deuteration effect is consistent
with a dominant S, +T_ (g = 2) intersystem crossing.
This is expected to happen in molecules in which the
transition S; +T, is well established and was confirmed
in the case of anthracene solutions for which a reverse
deuteration effect, disappearing at high temperatures,
was found uy Lim and Dnduacllarjee l‘-"l

The S, »T, energy gaps calculated from the litera-

ra l")n‘l far taliiana nnd n.vulana ara in hath facac
7€ 1<V iOF (CiUCHC anG P-XY:&NnC are in 00Wn &asés

8270 cm™!. This may be large enough to expect some
-e,.e.n.dence of the intersystem crossing rate constant
upon deuteration due to changes in the Franck—Condon
overlap factor. The absence of a normal deuteration ef-
fect as found in the present work is consistent with a
S, =T, intersystem crossing process for dilute solutions
of p-xylcne and toluene.

Assuming k,, and k,, to be practically constant
with temperature [16], the effect of temperature on
fluorescence can be analysed using the expression

Vppy =1+k M/kFM + (kGM/k M) exp{—W M/IJ’)

in which kGM and WGM are respectively the frequency
factor and activation energy for the nonradiative transi-
tion §; +S,. Using the fluorescence resuits obtained in
this work and triplet yields determined by Cundall and

‘)IC‘,if\ll -1
=3.10 XK1u~

3'?3 E:‘

LU‘WUII\UIS l.lU LI-] we UUldl.ll K

and W)y =0.24 eV for toluene and k) = 3.2 x 109
7! and !A' =0.22 ¢V for p-xylene. The frequency

factors anc(i; activation cnergies are reasonably compara-
ble with the corresponding values reported for liquid
benzene solutions {4,15] and suggest a spin-allowed
character for channel 3. Further results of triplet yields
for tolucne-dg and p-xylened,, may indicate whether
perdeuteration is relevant to the nonradiative transition

$,~*Sp-
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