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Abstract

An application of transient thermal phase grating spectroscopy with near-infrared probing to the determination of free ion yield in
photoinduced electron transfer reactions is presented. The model system is 9,10-dicyanoanthracene with various electron donors in acetonitrile.
The measured yields are in good agreement with those obtained from photoconductivity, when the latter are correctly calibrated. The method

is explained and its advantages and limitations are discussed.
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1. Introduction

The quantum yield of free ion formation ¢, is an impor-
tant parameter in photoinduced intermolecular electron trans-
fer (ET) reactions. From its value, it is, for example, possible
to deduce the relative magnitude of the rate of separation of
a geminate ion pair into free ions and the rate of back ET
within the ion pair. This procedure has allowed the first obser-
vation of the Marcus inverted region for intermolecular ET
reactions in solution [1,2].

Flash photolysis is the most used technique to measure ¢;,,,
but requires the knowledge of the extinction coefficient of
one of the radical ions. Moreover, in flash photolysis it is
very difficult to distinguish absorption of the solvated free
ions from that of the geminate ion pair. Finally, some radical
ions have very small extinction coefficients, making their
observation by absorption problematic. Gould et al. have
circumvented the latter problem by using a secondary donor,
such as tritolylamine, whose radical cation shows an intense
absorption band in the visible region [3]. However, this
procedure may lead to erroneous ¢,,, values when the con-
centration of the primary ions becomes equal to that of the
secondary donor. In this case, the homogenous recombination
of the ions competes efficiently with the ET between the
donor cation and the secondary donor and leads to a too small
value of ¢, [4]. These various problems do not arise with
photoconductivity [4,5]. The intensity of the signal depends
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on the concentration of the free ions only, and the determi-
nation of ¢,,, does not require the knowledge of extinction
coefficients. However, to obtain absolute ion yields, the pho-
toconductivity intensity has to be calibrated. It can be cali-
brated using the method of Ballard and Mauzerall, which
requires the knowledge of the equivalent conductance of the
ionic species [5]. Another procedure uses as standard the
intensity of the photoconductivity signal obtained with a pair
of donor/acceptor molecules, having similar shapes and vol-
umes, and with a precisely known value of ¢, , [4]. However
with this calibration method, the performance of photocon-
ductivity relies on the efficiency of a technique allowing
absolute ¢, to be determined.

In this paper, we present the application of a photothermal
method, transient thermal phase grating (TTPG) spectros-
copy, for the determination of ¢,,,. Another photothermal
method, photoacoustic spectroscopy, has already been used
for such measurements [6]. The major drawback of this
technique is the relative complexity of the signal analysis,
which requires deconvolution of the response function and a
fit to a kinetic model. As will be shown here, the extraction
of the value of ¢,,, from the TTPG signal is straightforward
and does not require any fitting or deconvolution procedure,
compensating for the complexity of the experimental set-up.
However, the extraction of kinetic parameters from the TTPG
signal does require more mathematical effort as in photoa-
coustic spectroscopy. The reason for probing with a near-
infrared (NIR) wavelength (1064 nm) instead of a visible
one is to avoid interference with population gratings. Indeed,
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many radical ions exhibit a strong absorption in the visible,
while they are often transparent in the NIR [7]. The ion yields
in the ET reactions between 9,10-dicyanoanthracene and var-
ious donors have been determined by TTPG with NIR prob-
ing and compared with values obtained with photo-
conductivity [2,4,8].

2. Principles of TTPG spectroscopy

The theory related to TTPG spectroscopy has been
reviewed by several authors [9-12] and therefore only its
most significant aspects will be described here. In a transient
grating experiment, the sample is excited by two spatially
crossed and time-coincident laser pulses producing an inter-
ference pattern. This spatially modulated excitation creates
in the sample spatial distributions of ground state, excited
state and/or photochemical intermediates and product pop-
ulations. Consequently, similar modulations of the refractive
index and absorbance are generated. If non-radiative transi-
tions or exothermic processes take place after excitation, heat
is deposited in the medium. This produces a local change of
temperature, which generates changes of density and,
thereby, of refractive index. Thermoinduced changes of the
absorbance can also take place, but in most cases their mag-
nitude is much smaller and can therefore be neglected. The
amplitude of these grating-like distributions can be measured
by a third, time-delayed laser pulse striking the grating at
Bragg angle. If the probing wavelength, A, does not corre-
spond to the absorption or the refraction spectrum of any
species involved in the reaction, the relationship between the
diffracted intensity and the amplitude of the thermoinduced
refractive index grating or the thermal phase grating, n,, can
be calculated with the following equation proposed by Kogel-
nik for a plane-wave hologram [13]:

T 2( mnd )~( mnd )2 i
= Lo ~SM X cos 8]~ W cos 6 ()
where 7) is the diffraction efficiency, I and I, are the dif-
fracted and incident light intensities respectively, d is the
optical path length and 6 is the Bragg angle. The simplifica-
tion on the r.h.s. of this equation holds for small diffraction
efficiencies only, i.e. < 0.01, as is usually the case in TTPG
spectroscopy. The time dependence of the modulation ampli-
tude of the thermal phase grating has been described as [10]:
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where C is a constant that depends on thermal and acoustic
properties of the solution, Q is the amount of heat released,
a is equal to av,, a being the acoustic attenuation and v, the
speed of sound, and w is the acoustic frequency defined as:

21 477 sin ¢
w=kv,=—v,= )t—

1 v (3)

where k is the grating wave vector, A the fringe spacing of
the grating, and ¢ the angle of incidence of the excitation
beams of wavelength A,,..

The second term in the square brackets of Eq. (2) describes
the formation of the thermal phase grating owing to a heat-
releasing process with a rate constant k, and the first term its
disappearance by thermal diffusion with a rate constant k.
An important parameter for the time profile of the diffracted
intensity owing to a thermal phase grating is the acoustic
period, 7,.=27/w. When heat is released within a time
shorter than 7., the signal is completely modulated by the
acoustic response: two counter propagating acoustic waves
are generated and the density at the grating peaks oscillates
between normal and a reduced value while the density at the
grating nuils oscillations between normal and an increased
value. On the other hand, when k.~ !> 7, the acoustic
response is no longer driven impulsively and the dynamics
of heat deposition can be resolved.

In what follows, the heat releases will be classified into
two groups: fast heat deposition with k.~ ' < 7,., and slow
heat deposition with k.~ ' > 7,.. I several heat releasing proc-
esses take place, the observed diffracted intensity is propor-
tional to the square of the total phase grating amplitude and
the maximum diffracted intensity, /..,,, is proportional to the
square of the total amount of heat released, Q,:

2
Idif(t)a(znl,i(t)) ImaxaQt20l=(Qfas!+Qslow)2 (4)

3. Experimental
3.1. Apparatus

The transient grating set up is depicted in Fig. 1. The third
harmonic output at 355 nm of an active/ passive mode-locked

passive/active
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Fig. 1. Schematic representation of the transient thermal phase grating set-
up.
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Nd:YAG laser (Continuum, model PY61-10) with a pulsew-
1dth of 30 ps is split into two parts which, after travelling an
zqual amount of distance, are overlapped both in space and
time in the sample cell. The total pump intensity on the sample
was around 1 mJ cm ~2. The resulting transient phase grating
ts probed at 1064 nm by the 3 W output of a cw-Nd:YAG
laser (Quantronix, model 114). The diffracted beam is
Jetected using a NIR-sensitive photomultiplier tube (Hama-
matsu, model R406) connected to a 100 MHz oscilloscope
[Gould, model 4074), interfaced with a PC. The time reso-
iution of the experiment was about 10 ns, the resolution of
the oscilloscope. The signal was averaged over 128 laser
shots. Each measurement was repeated three times and the
average values were used.

3.2. Samples

9,10-Dicyanoanthracene (DCA) (Kodak), durene and
biphenyl (BIP) were sublimed twice under vacuum; benzo-
phenone (BP) (Aldrich) was recrystallised from aqueous
ethanol and sublimed twice under vacuum; N,N-dimethylan-
iline and m-xylene were distilled twice. Acetonitrile (MeCN)
(Fluka) was of spectroscopic grade and was used as such.

The absorbance of the sample solutions at 355 nm was 0.3
on 1 mm, the cell thickness. All measurements were per-
formed at 20+ 1 °C.

4. Results and discussion
4.1. Test measurements with known systems

In order to test the performance of the set-up, a few meas-
urements with known systems have been carried out. Fig. 2
shows the time profile of the diffracted intensity observed
after excitation of a solution of 2-hydroxybenzophenone
(HBP) in methanol. The heat release is due to the very fast
relaxation of HBP* to the ground-state by reversible intra-
molecular proton transfer. As the angle of incidence ¢ is
0.27°, 7, is of the order of 30 ns. Therefore, the signal is
modulated by an acoustic wave, which is attenuated on the
microsecond timescale to a constant value that should be

diffracted intensity (a.u.)

time {us)

Fig. 2. Time profile of the diffracted intensity measured with a solution of
2-hydroxybenzophenone in methanol with an angle of incidence, ¢, of 0.27°.

equal to about one quarter of the first peak intensity as
expected for the square of a damped oscillation. Owing to the
response time of the oscilloscope and to a slight aliasing, the
intensity of the initial peak is smaller than four times the
value after attenuation. This effect occurs especially when a
large amount of fast heat is released. Therefore, the intensity
owing to the fast heat release Iy, (I X Q%,), is obtained
by extrapolating the d.c. component of the time profile to time
zero. In Fig. 1, Oy, 15 equal to the total heat release Q,,.

The effect of oxygen on the triplet state of benzophenone
(BP) in MeCN is depicted in Fig. 3. The oscillation is due
to the fast heat released upon formation of *BP*, while the
rising d.c. component is caused by the slow heat released
during the relaxation of *BP*. As expected for a triplet state,
the rate constant of the slow heat release increases substan-
tially with the oxygen content of the solution. In O,-saturated
solution (Fig. 3(a)), the rate constant is so large, that the
acoustic amplitude becomes substantially larger. When seen
on a longer time scale (Fig. 3(e)), the time profile decays
exponentially with a rate constant k, which amounts to
4.7x10% s~ " with an angle of incidence of 0.27°. The max-
imum intensity I, (see Eq. (4)), can be obtained by extrap-
olating this decay to time zero. At short time, the diffracted
intensity is due to the fast heat release only, and I, can in
principle be obtained by extrapolating the d.c. component to
time zero. In the present case this procedure results in a value
for I, of about zero. However, as the amplitude of the oscil-
lation is small enough to be correctly recorded by the oscil-
loscope, I, can be taken as a quarter of the first oscillation
maximum and /i, is obtained by considering that
12 =12 — 1172 Knowing that for BP all the absorbed
energy is transformed into heat Q.. = (I/2,/1)/2) x3.49
eV, and that the triplet state energy, E; amounts to 3.0 eV
[14], the triplet yield is equal to:

Qslow
P, = =
LS &)

From the time profiles shown in Figs. 3(c)-3(e), the triplet
yield of BP in MeCN amounts to 0.97 +0.05, in agreement
with the value reported in the literature [14]. When calcu-
lated with the time profile measured with the O,-saturated
solution, a @ value of 0.89 +0.05 is obtained. This lower
value is owing to the fact that the rate constant of the slow
heat release is approaching the limit between slow and fast
heat release given by 7,. .

This limit can be shifted to faster rates by increasing the
angle of incidence of the pump beams. The time profile
obtained with BP in MeCN using an angle of incidence, ¢,
of 2.4° is shown in Fig. 3(f). From this trace, a @, value of
0.96 £0.05 is obtained. With ¢=2.4°, 7,. amounts to about
3.3 ns and the oscillation cannot be resolved. Moreover, the
attenuation constant a depends on the grating wave vector as
a=constant X k* and must therefore be more than 75 times
larger than with $=0.27° (a=500m™!, v,=1300m s~ ').
However, the rate constant for thermal diffusion k4 is also
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Fig. 3. Time profile of the diffracted intensity measured with a solution of benzophenone in MeCN: (a) O,-saturated solution; (b) N,-saturated solution; (c)-

(e) aerated solution with ¢=0.27°% and (f) ¢=2.4°,

proportional to k* and therefore the decay of the diffracted
intensity is much faster than with the small angle, ie.
kqa=4.7X10*s ' with $=0.27°and k,4=4.5X 10° s~ ' with
¢=2.4°. With a large angle of incidence, the diffracted inten-
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SN - — /
2+ hv Qfast \

0 4 DCA  smmmche— DCA+D ~————

Fig. 4. Energy diagram of the states involved in the photoinduced ET between
DCA and various donors in MeCN.

sity owing to the slow heat release is truncated by the thermal
diffusion, making the determination of I, more difficult
than with the small angle, especially for heat releases with a
time constant of several milliseconds. Hence, a compromise
between resolution, acoustic attenuation and thermal diffu-
sion must be found by using the appropriate angle of inci-
dence of the two pump beams.

If the timescales of the heat deposition processes are not
different enough from each other, the time profile must be
fitted to Eq. (1) in order to determine the different thermal-
isation parameters.

4.2. Measurements of free ion yields

Fig. 4 shows an energy diagram of the states involved in a
photoinduced ET between DCA* and various donors in
MeCN. After excitation at 355 nm (E=3.49 e¢V), and vibra-
tional relaxation to the S, state (Es; =2.96eV [15]), DCA*
is quenched within about 1 ns by ET with an electron donor
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([D] =0.3 M) and a geminate ion pair is generated. This ion
pair can either dissociate with a rate constant k., of about
5% 10® s7! into solvated free ions [16] or recombine by
back-ET to the neutral ground state. Finally, the free ions
decay to the neutral ground state by homogenous recombi-
nation in several milliseconds. The free ions yield, @, is
defined as:

Ksep
(Pion=¢i ¢se =(’Di = (6)
BIp P Blp ksep+kbET

where @y, is the yield of geminate ion pair formation, @,
is the separation efficiency of the geminate ion pair and
depends on the relative magnitudes of the rate constants of
separation, Kqep, and of back-ET, kygr.

As shown in Fig. 4, fast heat is released upon formation of
the solvated free ions and back-ET. On the other hand, slow
heat is generated by the homogenous recombination of the
free ions. With the concentration of donor used, ®,,=1

(except for BIP, vide infra) and consequently:

Qslow
ion sep A Hﬁ ( )
where A H; is the enthalpy of formation of the free ions from
the neutrals in the ground state and is given by [17]:

AHg=E, (D) —E.4(A) +TAS; (8)

where E_,(A) and E_, (D) are the reduction and oxidation
potentials of the acceptor (E4(DCA)= —0.89 V vs. SCE
[15]) and donor (see Table 1) respectively and A Sy, is the
entropy difference between the free ions and the neutrals.
This change of entropy is mainly due to the loss of degrees
of freedom of the polar solvent molecules around the free
ions and has been estimated as AS; =0.08 ¢V in MeCN [12].

Fig. 5 shows a time profile obtained with a solution of
DCA and 0.3 M BIP in MeCN. From the values of I, and
Iiaso and using AH; =2.97 eV, @, amounts to 0.48 +0.03.
The rate constant for quenching of DCA* by BIP amounts to
3.06X10° M~ ! s7! [18] and is substantially smaller than
the diffusion limit in MeCN (kg =2X10"°M™'s™ 1), @,
amounts to 0.95 with [BIP] =0.3 M and &,,,=0.50+0.3.
The separation efficiencies with four other donors are listed
in Table 1 together with values obtained from photoconduc-
tivity measurements [2,4,8]. It can be seen that the values

Table 1

Separation efficiencies of DCA with different electron donors in MeCN
obtained from TTPG spectroscopy (third column, limit of error +0.03),
from photoconductivity assuming an ion yield for BP/DABCO of 0.85
(fourth column) and of unity (fifth column)

Donor E, (Vvs.SCE) @&, (TTPG) &, oD, (cor)
biphenyl 1.91 [22] 0.50 041 049
p-xylene 1.86 [23] 0.36 0.33 0.39
durene 1.62 [22] 0.20 0.16 0.19
N.N-dimethylaniline 0.79 [24] =( 0.01 0.02
t-silbene 1.45 [25] 0.16 0.12 0.14
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Fig. 5. Time profile of the diffracted intensity measured with a solution of
DCA with 0.3 M biphenyl in MeCN. I, and /,,,, are obtained by extrapo-
lating the rising d.c. component and the decay of the diffracted intensity (not
shown) to time zero, respectively.

obtained from the TTPG measurements are systematically
about 18% larger that those obtained from photoconductivity.
For those measurements, the standard system was BP/
DABCO (1,4-diazabicyclooctane) in MeCN, with a @,
value of 0.85 taken from the literature [ 19,20]. The ion yield
for this system has been measured by TTPG spectroscopy
and a value close to unity has been obtained [21]. Table 1
shows that when corrected to a BP/DABCO ion yield of
unity, the yields obtained from photoconductivity are in
excellent agreement with those measured by TTPG spectros-

copy.

5. Conclusion

The present results show that TTPG spectroscopy is a val-
uable technique for determining absolute free ion yields.
However, owing to the quadratic dependence of the signal
on the energy release and to the uncertainty in the values of
A Hj, this technique is not reliable for free ion yields smaller
than 0.05. For such small yields, photoconductivity has to be
used, but the signal intensity has to be correctly calibrated.
The greatest advantages of TTPG spectroscopy over the other
photothermal methods are the time resolution, the relatively
easy extraction of the thermalisation parameters from the
observed signal, and the possibility to shift the limit between
fast and slow heat releases by varying the angle of incidence
of the pump beams.
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