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In the present work, both photoacoustic and luminescence techniques were employed to study
molecular crystals. This paper presents an extension of the standard Rosencwaig-Gersho pho-
toacoustic model to molecular crystals, which includes finite-deexcitation-time effects and excited-
state populations. In the temperature range 100-300 K, the phosphorescence quantum yield and
thermal diffusivity of benzil crystals were determined.

INTRODUCTION

Photoacoustic (PA) spectroscopy has received a con-
siderable amount of attention in recent years owing to its
potential advantages in the study of the optical properties
of solids.!

Recently the PA technique has been applied to the
study of molecular crystals,”? and to the determination
of ahse luminescence quantum yields of various materi-
als.”

Also, the PA technique allows one to determine the
thermal properties of solids. Among the several physical
parameters to be monitored, the thermal diffusivity a is a
particularly important parameter. The importance of a
as the physical quantity to be controlled is due to the fact
that, like the optical absorption coefficient, it is unique
for each material. Several papers have been published on
the measurement of the thermal diffusivity for a wide
range of materials.® ™’

In the present work, we investigate polycrystalline
samples of benzil (CgH;—CO—CO—C¢H;). The
luminescence signal and the PA signal for the front sur-
face excitation and the rear surface excitation were ana-
lyzed over a large range of temperatures. From these re-
sults, we deduced the phosphorescence quantum yield
and the thermal diffusivity of benzil crystal versus tem-
perature.

EXPERIMENTAL METHODS AND RESULTS

Polycrystalline samples of benzil from the Aldrich la-
boratories were purified using zone refining. Crystals
were placed inside an optical cryostat, and the tempera-
ture was monitored by means of a platinum resistance in
contact with the crystal holder.

The photoacoustic cell is a hollow cylinder with a 4
mm diameter and a 3 mm depth sealed by two silica cir-
cular windows. The sample is a film of thickness /; lying
on the surface of the sealing discs. These films are ob-
tained by crystallization of polycrystalline benzil on silica
and are then polished.

The light beam was modulated by a mechanical
chopper. The sample was excited by a 366-nm light beam
selected by means of a monochromator from a 200-W
mercury lamp (Phillips CS 200 W2).

8

The PA signal was detected by a 0.5-in condenser mi-
crophone (Bruel and Kjaer 4133) with a sensitivity of 12.5
mV Pa~!. The microphone was placed at room tempera-
ture and connected to the PA cell by a narrow tube, 0.5
mm in diameter and 9 cm in length, in order to protect it
from the low temperature.

The signal amplitude was measured with a lock-in
amplifier (P.A.R. 5206). Because the sample chamber
was air filled, we could not measure temperatures below
100 K.

From 20 to 100 Hz, and for temperatures between 100
and 300 K, the PA signal emitted by a black carbon sam-
ple varies linearly as a function of f ~!. We have not ob-
served any changes in the resonance characteristics of the
PA cell.

Sample luminescence was obtained from another opti-
cal cryostat. The cell used in this case is simply a sample
holder. Sample excitation and the temperature measure
remained unchanged. Luminescence signals were detect-
ed photoelectrically using a M25 Huet monochromator
with a resolution of 30 cm™! and a R928 Hamamatsu
photomultiplier.

Lifetime values were deduced from the data delivered
by a Becquerel-type phosphoroscope; the accumulation of
the data was monitored by means of a microprocessor.

At 77 K the benzil phosphorescence spectrum shows a
very intense nonstructured band whose maximum intensi-
ty is at 526 nm (19010 cm™!) and whose half width is
about 1000 cm ™!, In the red region of the spectrum we
observed a second peak at 575 nm (17 390 cm '), less in-
tense than the first, and a shoulder at 635 nm
(15750 cm™!). This fact corresponds to the characteris-
tic valence vibrational frequency of the carbonyl group.
No frequency shift was observed on increasing the tem-
perature from 77 to 300 K. There was only a broadening
of the bands. These results are in agreement with those
obtained by previous workers.!%1!

The phosphorescence intensity I, of the benzil 526-nm
band as a function of the temperature from 77 to 300 K is
shown in Fig. 1. In Fig. 2, we report the phosphores-
cence lifetimes obtained for variations of the sample tem-
perature between 77 and 250 K. Above 250 K, the phos-
phorescence intensity is too weak for the phosphores-
cence lifetimes to be measured. We have studied the PA
signal amplitude as a function of the beam frequency
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FIG. 1. Variation of phosphorescence intensity I, with tem-
perature for benzil polycrystalline samples.

modulation for front and rear excitation. In the first case
we have used a sample 200-um thick, and in the second
one a sample 100-um thick. Experimental results for
different temperatures are shown in Fig. 3 for front exci-
tation and in Fig. 4 for rear excitation.

DISCUSSION

Heat flow in a solid depends on the thermal conductivi-
ty A, density p, and specific heat c. Such a flow is diffusive
in nature; thus it is governed by a diffusion equation.

If the source periodicity is characterized by an angular
frequency w, in one dimension, the thermal-diffusion
equation can be written as

2
dQ?)_&Mﬂz_fu)

n (1)

dx

where ®(x)=0(x )— @ is the difference between the sam-
ple temperature and PA-cell mean temperature, and f(x)
represents the heat source. Note that 0>=iw/a depends
on the thermal diffusivity of the material a=A /(pc).

Figure 5 shows the excited-state manifold of the benzil
crystal including the various proposed deexcitation pro-
cesses (Jablonsky diagram). Absorption of the excitation
light at 366 nm raises the molecular crystal to an excited
singlet state of high energy E(S;).

It is well known!? that, with a few exceptions such as
azulene, the deactivation of the high-energy singlet state
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FIG. 2. Experimental phosphorescence lifetimes at different

temperatures.
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FIG. 3. Experimental plots of Sy vs f for a sample of thick-
ness 200 um at different temperatures: (a) 7=100 K, (b) T=120
K, (c) T=150K, (d) T=170 K, (e) T=200 K, (f) T=240 K.
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FIG. 4. Experimental plots of In(Sg f) vs f1/2 for a sample of
thickness 100 um at different temperatures: (a) T=110 K, (b)
T=130 K, (¢c) T=170 K, (d) T=200 K, (¢) T=230 K, ()
T=250K, (g) T=300 K.
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FIG. 5. Jablonsky diagram of benzil, radiative (—), and
nonradiative (~») transitions.

S; to the lowest-energy singlet state S; [with energy
E(S,)] involves a nonradiative internal conversion
characterized by the probability-rate constant k- with
an efficiency close to 100%.'>!3 In addition, in the case
of aromatic ketones, the nonradiative singlet (S, ) to trip-
let (T') [with energy E(T)] intersystem crossing charac-
terized by the probability-rate constant kg is so efficient
that the triplet-state quantum yield is in practice equal to
unity."? So, we may consider that k. >> k;, where k is
the probability-rate constant of fluorescence, and that all
the energy absorbed in the excited state S; is transferred
tolghle5 triplet state 7. Then the heat source can be written
as' ™

f(x )=klcnj(x )AES+kISCn1(x )AET+kNRnT(x )E(T) )

where kyyg is the nonradiative probability rate constant
of phosphorescence; AE; is the energy difference between
singlet states S; and S;; AEy is the energy difference be-
tween the singlet state S, and the triplet state T; and
n;, ny,and ny are the populations of the excited state S i
Si,and T.

If I=(,/2)[1+exp(iowt)] is the incident mono-
chromatic light flux and 3 denotes the solid optical ab-
sorption coefficient for the excitation length, the photon
number at any point x (Fig. 6) due to light absorbed at
this point in the sample is given by

BI exp(—pBx)
E(S;)
BI exp[B(x —1;)]
E(S;)

for the front excitation ,

for the rear excitation .

The populations of the excited states S i S, and T are
obtained from the kinetic equations. For the front excita-
tion, with kigc and kyc >>kj, and ki5c and k¢ >> o, the
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FIG. 6. Principle of the two excitations: b: backing, s: sam-
ple, g: gas.

resulting expressions are

_ Blyexp(—px) _ Blyexp(—px)

(x) =,
T RS ke M T RS e
I exp(—fBx) ; -1
nT(x)= 1 /3 0€Xp /3 1+ 1 X0)
k,+kng  2E(S)) k, +kng

Thereby, for the front surface excitation, the heat
source can be written as follows:

MNR E(T)
1+ior AE

_ BIyexp(—Bx) AE
2 E(S))

Sr(x)

>

(2)

where 7=(k,+kyg)” ! is the mean lifetime of the
benzil-crystal phosphorescence, Mg =kngr(k, +kng) "}
is the nonradiative quantum yield of benzil triplet state T
and AE represents the energy difference between the ex-
cited states S; and 7.

With the same conditions, for the rear surface excita-
tion, the heat source is given by

_ BloexplB(x—1,)] AE
2 E(S))

TNk E(T)
1+ior AE

Sr(x)

(3)

In the thermal piston model'® the PA signal is always
generated by temperature variations at the gas-sample in-
terface (Fig. 6).

The gas-sample interface temperature ¢, can be written

asl7

116

1 ph
s=— ["c0or@ue, @

where G(0,&) is the Green’s function for both kinds of
excitations.

The PA signal amplitude produced within the cell is
given by!¢

P
g__.l_ )
\/Zlgeag | O| ’ ®

where 0 is the mean cell temperature g, the inverse of the
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gas thermal diffusion length, P the mean cell pressure,
and y the specific-heat ratio for the gas.

Our samples are optically opaque and thermally thick.
Within these conditions, the detected PA signal ampli-
tude may be written as follows (F stands for the front ex-
citation and R for the rear one):

g —g. L [A+A=n)E(T)/AED o 2 e
F— Fr 14+ w2 E(S,)
(6)
1/2
_KR 'n'lsz '
SR——f—eXp o f
% {1+(1—77,)[E(T)/AE]}2+@272 1/2 AE
1+0.)2T2 E(Sj) ’
(7)

where f is the incident beam modulation frequency, 7,
the radiative quantum yield of benzil triplet state T, and
K and K are given by

B. BONNO, J. L. LAPORTE, AND Y. ROUSSET 43

and

1/2.,1/2
I, vPay/ a;

Tb+1 2wl A6

Kg

where b is the backing effusivity to sample effusivity ra-
tio. In order to eliminate the influence of frequency-
dependent coefficients and of temperature, we can define
a term

Sp0) ] [Sp6) ]! "
Sp(60;) |, | Sk(6,) 7
for two different temperatures 6,,6, and two different fre-
quencies f and f"'.

The phosphorescence intensity , is linearly dependent
on radiative quantum yield 7, of triplet state as long as
the extinction coefficient is temperature independent.!®
The values of radiative quantum yields 7,(6,) and 7,(8,),
for temperatures 8, and 6,, are related by

1,(6,)
7,(6;) 1,00, 7,(6,) ©)

_i '}’PO‘;/ZO‘s1 2 Introducing (9) in (8), we obtain an equation in which
F 27l A0 only 7,(8,) is not deduced from experimental data.
-1 24 2 172 5 172
Sr(6y) Sr(6y) _ {1+[1—n,(0)][E(T)/AE1}*+ w*r? 1+ w?73
Sp(6y) |, | Sk(6y) |, (14 {1—7,(6))[1,(6,)/1,(6) }[E(T)/AE])*+ 0’7} 1+ 0?7
{(1+[1—7,(6)][E(T)/AE})?+ 07 2 (1 4e22 712
(1+{1—2,(6))[1,(6,) /1,(6)]}[E(T)/AE )+ 0"13 1+ 0?7

Solving this equation numerically for 7,(0,) by iterative
method allows us to determinate the phosphorescence ra-
diative quantum yield of benzil crystal. Such a method
allows the determination of 7,(6;) as a function of tem-
perature in the temperature range considered in this
work, i.e., 100, 120, 150, 170, 200, and 240 K for the
200-pum-thick sample.

For a given temperature 6;,, we can choose five
different values of temperature 6, and as many values of
modulation frequencies f and f' as we want. For each
value of 0, the determined value 7,(0,) corresponds to
the average of the radiative quantum yield for five
different values of 6, and for the modulation frequencies
22.2, 40, 60, and 83.3 Hz. From this method the accura-
¢y in the determination of 7,(6,) is about 1%. The opti-
cal excitation energy E(S;) is 27 320 cm ™!, The lowest
triplet-state energy E(T) is 19010 cm™!. The variations
of 7, for the benzil crystal as a function of temperature
are shown in Fig. 7.

Using an approximation method introduced by Rock-
ley and Waugh!® and extended by Mandelis,?® we have es-
timated in a previous work?! the radiative quantum yield
of benzil triplet state. Results are plotted in Fig. 7. We

can note that this approximation deviates about 10% at
low temperatures where triplet-state mean lifetime 7
reaches its maximum.

Given that we have determinated benzil triplet-state
quantum yield 7, and that we have deduced the excited-
state energies, the triplet-state lifetime, and the thickness
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FIG. 7. Variation of the radiative phosphorescence quantum
yield of benzil with temperature: : present work; — — —:
Rockley and Waugh method.
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of the sample from experimental data, the PA signal
fitting depends only on thermal diffusivity a; of the sam-
ple. The fitting of calculated values of In(Sy f), from Eq.
(7), to the experimental values allows the determination
of a; within 2% precision. The results of the fitting are
shown in Fig. 4. The variations of benzil thermal
diffusivity as a function of temperature are shown in Fig.
8. The values of a; justify a posteriori the choice for the
thickness of the sample. In fact, it is well known that the
sample on rear excitation can be considered as thermally
thick when a,/; > 1.6.172

It is interesting to evaluate the influence of 17, and =
[see Eq. (7)] in the determination of a,. If we neglect 7,
and 7, Eq. (7) reduces to

172
fl/zl ] ]

The thermal diffusivity may be deduced from the slopes p
of In(Sg f) versus f1/2.

Experimentally, for benzil crystals, the curves In(Sy f)
as a function of f!/? are nearly straight lines. We have
calculated ozp=7'rlsz/p2 from the curves in Fig. 4. The

i}

f

a

K
Sk =—Lexp ’—
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FIG. 8. Experimental dependence of a on temperature for
benzil crystals: (+) denote a,; (A) denote .

variations of a, as a function of temperature are shown
in Fig. 8.

The 30% difference between a, and a; for tempera-
tures near 180 K shows the importance for benzil crystals
of 17, and 7 in the determination of «;,.
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