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Abstract

The reliability of the transient grating technique to determine the energetics of processes following second order kinetics, such asfreeion
recombination, isinvestigated theoretically. Asthe second order processtakesplace, thegrating of thereactant population becomesanharmonic,
complicating the determination of the population dynamics from the time profile of the diffracted intensity. However, the thermal phase
grating is anharmonic from the beginning of the reaction, but is harmonic when the process is completed. As a consequence, the energetics
of the reaction can be deduced accurately from the maximum amplitude of the diffracted intensity without having to take the anharmonicity
of the grating into account, as long as thermal diffusion is slow. To achieve this, the crossing angle of the pump pulses on the sample has to
be smaller than 1°. Otherwise, an arduous fitting procedure is required to extract the energetic parameters from the experimental data. © 1997

Elsevier Science S.A.
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1. Introduction

Over the past decade, thetransient grating technique (TG)
has been intensively applied to the study of many physical
and chemical processes [ 1] such as electronic energy trans-
port [2,3], diffusioninliquids [4], optical Kerr effect [ 5,6],
excited state dynamics [ 7,8], rotational diffusion dynamics
[9,10] and photoinduced electron transfer [ 11,12]. Inatran-
sient grating experiment, the sample is excited by two spa-
tialy crossed and time coincident laser pulses producing an
interference pattern. This spatially modulated excitation cre-
atesinthesamplespatial distributionsof ground state, excited
states and/ or photochemical intermediates and product pop-
ulations. Consequently, similar modulations of the absorb-
ance A and of the refractive index n are generated. Aslong
as the intensity of the excitation pulses is well below the
saturation intensity, these modulations are harmonic [ 13]:

A6Ay) =Ag(Ay) +A, (Apr)cos(zfx) (1a)

2
n(xX,Ap) =no(Ap) +n, (/\p,)CO{Ix) (1b)
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where x isthe direction of the modulation and A isthefringe
spacing, which depends on the angle of incidence of the
excitation pulses and on their wavelength.

The amplitudes of these grating-like distributions, A, and
nq, are measured by athird time delayed laser pulse with a
wavelength A, striking the grating at Bragg angle. According
to Kogelnik coupled wave theory [14], the intensity of the
diffracted pulseis given by:
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where n isthe diffraction efficiency, I;,. and I; aretheinten-
sities of theincident and diffracted pulsesrespectivelty, 0 is
the Bragg angle and d is the sampl e thickness.
Thediffracted intensity isproportional totheconcentration
of the species responsible for the changes of absorbance and
refractive index at the probe wavelength. Therefore, thetime
dependenceof 1; reflectsthe dynamicsof thisspeciesaslong
as the population grating stays harmonic. Thisisthe casefor
processesfollowing first or pseudo-first order kinetics. Inthis
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case, the decay of the diffracted intensity is twice as fast as
the decay of the population. However, if the population
decayswith higher order kinetics, thereaction isfaster at the
grating maxima than at the minima and therefore the spatial
shape of the grating changes as the reaction proceeds [ 15].
As a consequence, the grating becomes anharmonic and the
time dependence of the diffracted intensity no longer reflects
the dynamics of the average concentration.

The transient thermal phase grating technique has been
successfully used to determine the energetics of very fast
processes [11,16,17]. In this case, the time dependence of
the refractive index change related to the thermo-induced
variation of density is measured. Volume changes are also
responsiblefor avariation of density. Inorganicliquids, their
contribution to the density changes are substantially smaller
than that of temperature [ 18], thus they will be neglected in
therest of thispaper. Asthegrating fringescan bevery small,
thistechniqueisthe photothermal method offering thehighest
time resolution [19]. Recently, we have determined the free
ion yields in bimolecular photoinduced electron transfer
(ET) reactionsusing thistechnique [ 20]. Thefreeionyields
were deduced from the heat released upon homogenous
recombination of the free ions to the neutral ground state.
The change of the shape of the thermal phase grating due to
the second order kinetics of the heat release was assumed to
have no influence on the maximum amplitude of thetransient
grating signal. This assumption was supported by the simi-
larity of the free ion yields determined with the transient
grating and those obtained from another method. The influ-
ence of the phase grating anharmonicity was taken into
account in an investigation of iodine recombination by Zhu
and Harris [ 21,22]. However, this more precise description
of the grating shape renders the determinati on of the enthal py
of reaction from the signal very demanding.

In this paper, weinvestigate whether our previousassump-
tionisreasonable, i.e. whether the grating anharmonicity can
be neglected as long as only the signal amplitude is consid-
ered. We will show that this is the case, when an adequate
experimental geometry is used.

2. Resultsand discussion
2.1. Population grating

In a photoinduced intermolecular ET reaction in a polar
solvent such as acetonitrile, freeionsareformed within afew
nanoseconds upon dissoci ation of thegeminateion pair [ 23] .
This process can be considered as instantaneous relative to
the lifetime of the free ions and the time dependence of the
free ion concentration [FI] can be described by a smple
second order kinetics:

d[FI]
dr

= _Zkrec“:l]2 (3)
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Fig. 1. Time dependence of the shape of the free ion population grating
calculated using Egs. (4) and (5).

where k. is the second order rate constant of homogeneous
recombination. Considering that only encounters producing
singlet geminate ion pairs can lead to arecombination to the
neutral ground state, this constant is about four times smaller
than the diffusion rate constant, i.e. about 5x 10° M ~*s™*
in MeCN at room temperature [24]. In a transient grating
experiment, the excitation is spatially modul ated and the con-
centration of the free ions varies along the modulation axis
x. Therefore, the kinetics of [FI] depends on x:

_ [FlTo(x)
P ) = ot 4)

where [FI]o(x) isthe concentration of freeionsdirectly after
their formation, at atime defined hereas¢=0:

[FITo(x) =A[FI]0COS(27ﬂx) (5)

where A [Fl], is the modulation amplitude of the free ion
concentration at time zero. Fig. 1illustratesthe spatial distri-
bution of thefreeion population at different time delaysafter
their formation, calculated from Eqgs. (4) and (5). For this
calculation, ke Was taken as5x10° M ~*s *and A[Fl],
as5x 10~ ° M, a concentration corresponding to the experi-
mental conditions used for the determination of the freeion
yield [ 20]. Asrecombination isfaster at the grating maxima,
these peaks flatten with time and the concentration grating
becomes strongly anharmonic. Such a grating can be
described as a Fourier cosine series:

[FI](x0) =—a°;t) + Y a,(1)co0

2

1 X) (6)

n=1
where the Fourier coefficients are given by

A2

a,,(t)=%J‘ [FI](x,0) cos(”%“x)dx n=0,123,... (7)

—A/2

where a () /2 corresponds to the average concentration of
freeions. The analytical solutions of this equation for a, and
aq are
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Fig. 2. (A) Time dependence of the four lowest a, coefficients obtained
from Fourier analysis of the free ion population grating. (B) Comparison
of the time profile of the first order modulation amplitude of the free ion
population grating a,, with the decay of thefreeion concentration at agrating

peak [FI](x=A).
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with

k= (1428 [Fl]okeest) /2 (10)

Fig. 2 shows the time dependence of the four lowest Fou-
rier coefficients obtained using Egs. (8)—(10) or by numer-
ical integration of Eq. (7). It can be seen that a, decreases
substantially faster than a,/2. The sguare of this coefficient
isproportional to thediffractedintensity measured by probing
at Bragg anglefor first order diffraction. Inthe sameway, the
squares of higher order coefficients are proportional to the
diffracted intensity measured at »n times the Bragg angle for
first order diffraction. It is immediately clear that the time
dependence of a, does not reflect the decay of the average
concentration of the freeions, ay,/2. The decay of a, isfaster
than that of a,/2, because the first order grating contributes
mostly to the grating peaks where the reaction is the fastest.
Indeed, Fig. 2(B) showsthe time profile of a, together with
that of [FI] at agrating pesk. The decay of a, is still faster,
becauseit is not only due to the population decay but also to
the transformation of the initially harmonic grating into an
anharmonic grating. Conseguently, the dynamics of asecond
order process cannot be extracted from the grating dynamics
without taking its anharmonicity into account.

Experimentaly, it is very difficult to detect these popula-
tion gratings via the modulation of the absorbance or refrac-
tive index changes. Indeed, in the microsecond time scale,
the thermal phase grating is formed and its contribution to
the total diffraction efficiency isin most cases much larger
than that of the amplitude and phase population gratings. If
thetransient populationisvery longlived, apossiblesolution
to circumvent this problem is to take advantage of the fact
that the decay of the thermal phase grating by thermal diffu-
sion is faster than the decay of the population grating by
trandational diffusion [25]. Nevertheless, the free ions
recombine in the microsecond timescale and thus the decay
of the thermal phase grating has to be more than ten times
faster to avoid any interference with the population grating.
Such afast decay would only be possible with unrealistically
small fringes.

2.2. Thermal phase grating

Heat releasing processes result in a spatial modulation of
the material strain S(x) dueto thermal expansion. If the heat
release isinstantaneous, counter-propagating acoustic waves
areimpulsively generated [ 26] . Inthis case, thetimedepend-
ence of S can be considered as the response function of the
system R(¢) [16,17]:

21X

S(x,t) = SOCOE(T)[ 1 —coswt exp( — avd) ]

2
=SOCOS(%X)R(I) (11)

where S, is the strain amplitude, v, is the speed of sound, @
isthe acoustic frequency (w =27/ A) and « istheacoustic
attenuation constant of the medium. The thermal phase grat-
ing experiment does not measure the strain but probes the
changes of the refractive index. The latter is connected to
strain through the optoel astic constant of the medium:

An=p(on/dp)S (12)

where p is the density of the solution. In the case of an
instantaneous heat release, the time profile of the diffracted
intensity exhibits an oscillation at a frequency w caused by
the propagation of the acoustic waves.

If the kinetics of the heat releasing process is not instan-
taneous, the time dependence of the refractive index change
is proportional to the convolution of the response function
with the rate of heat release O:

An(x,t) =C(x) J R(t—1)Q(x,r)dr’ (13)
with
C(x) = p(3n/3p)S, co{%) (14)
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Fig. 3. Heat releasing processes involved in a photoinduced ET reaction
between an excited el ectron acceptor A*, and an electron donor D, in apolar
solvent. ke is the pseudo-first order rate constant of ET quenching, ke, iS
the rate constant of separation of the geminate ion pair to free ions and ke
isthe rate constant of back ET to the neutral ground state.

When therate of heat releaseis slow compared with w, the
observed time profile of the diffracted intensity is free from
oscillation, but in this case thermal diffusion has to be taken
into account:

An(x,t) =C(x) J'exp( —k[h(t—t'))Q(x,t’)dt' (15)

where ky,= Dy, (27/ A)? is the rate constant of thermal dif-
fusion, Dy, being thethermal diffusivity of the medium. If the
crossing angle of the pump pulsesis small enough, thefringe
spacing can be large enough to slow down thermal diffusion
well below the heat release. In this case, Eq. (15) can be
approximated to

An(x.1) = C(x) Q(x,1)exp( —knt) (16)

By choosing a proper fringe spacing, i.e. a suitable w, the
heat releasing processes can be separated into afast (gener-
ating oscillation) and aslow process (oscillationfree). If the
energetics of one of these two processes is known, the ener-
geticsof the other can be determined by comparing theampli-
tude of the first oscillation maximum (fast heat) to the
maximum amplitude of the time profile (fast+sow heat)
[20]. This procedure does not require any fitting. For the
determination of the free ion yields reported earlier, the
acoustic frequency was chosen so as to separate the heat due
to vibrational relaxation and free ion formation (fast heat)
from that due to their homogeneous recombination (slow
heat) [20] (see Fig. 3). All the processes involved in the
fast heat release are first or pseudo-first order reactions and
the corresponding thermal phase grating is harmonic. On the
other hand, the time evolution of the slow heat Q. isgiven by

Os(x,1) = 3{ [F1o(x) = [FIT(x,) } AHe (17)

where AH,. is the enthapy of homogenous free ion
recombination.

Fig. 4 shows the spatial distribution of An,, the change of
refractive index related to Q, at different time delays. Con-

An, (a.u.)

Fig. 4. Time dependence of the shape of the thermal phase grating due to
free ion recombination calculated using Egs. (16) and (17), without taking
thermal diffusion into account.
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Fig. 5. Time dependence of the four lowest b, coefficients obtained from
Fourier analysis of the thermal phase grating without taking thermal diffu-
sion into account.

trary to the population grating (seeFig. 1), thethermal phase
grating is anharmonic as soon as it is formed. However, the
degree of anharmonicity decreases as more ions recombine.
Once the recombination is complete, the thermal phase grat-
ing is perfectly harmonic, reflecting the population grating at
time zero. Using Egs. (4), (16) and (17), Ang(x,t) canaso
be expressed as a Fourier cosine series with coefficients b,
obtained by substituting Ang(x,r) for [FI](x,) in Eq. (7).
Inthiscase, by and b, are given by

l—K(l—A[H]O))

Kkpect

AIirec

bo(1) = ) (

AH, (K(l + (A[F ] okrect)?) — A TF ] okyoct — 1)
2 A [Fl ok (krect)?

(18)

b(1)=

(19)

The time dependence of the four lowest Fourier coeffi-
cients obtained using Egs. (18) and (19) or by numerical
integration are shown in Fig. 5. The higher order coefficients
aresimilartothea,, coefficients (Fig. 2), but haveanopposite
sign. The first order coefficient b, rises substantially faster
than the average heat b,/ 2. This can be explained in the same
way as the difference between a,/2 and a,. However, the
maximum amplitude of b, isthe same asthat of the average
heat, although it isreached earlier in thefirst case. Thisindi-
cates that, although the dynamics of the intensity diffracted
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Fig. 6. (A) Time profiles of the diffracted intensity for a photoinduced ET
process with afreeionyield of 0.5 and with A H,..= 3.0 eV, calculated with
the coefficient b, for the slow heat release (anharmonic grating) and, for
comparison, with by/2 (harmonic grating). The exponentia functions
extrapolated to time zero are used for determination of the total amount of
heat released. Inset: diffracted intensity during the first microsecond. (B)
Time profile of the intensity diffracted in the second order. Inset: detail of
the first microsecond.

by the first order grating does not reflect that of the heat
rel ease, the maximum amplitude of the diffracted intensity is
not influenced by the anharmonicity of the thermal grating.
Fig. 6(A) showsthetime profile of theintensity diffracted
in the first order simulated for the formation and decay of
free ions in acetonitrile using Egs. (16) and (2) with
A;=A,=0 and by replacing n, by the coefficient b, to
describe the amplitude of the thermal grating caused by the
slow heat release (seeFig. 3). For comparison, thediffracted
intensity has also been calculated by assuming an harmonic
thermal grating, i.e. by using b,/2 for the slow hesat release
(dotted). For this simulation, the free ion yield, ®,,,= Q./
AH,., is taken as 0.5, the enthalpy of recombination is
AH,.=3.0 eV and the total amount of heat released is 3.5
eV, corresponding to the energy of a 355 nm photon. The
transient grating parameters are the same as those used to
determine the free ion yields, i.e. A=3.8x10"° m and
w=1.8x10%s*, corresponding to excitation at 355 nmwith
acrossing angle 6 of about 0.54° [ 20]. Theinset of Fig. 6(A)
shows the first microsecond where the damping of the oscil-
lation due to the fast heat release down to a quarter of the
initial peak intensity takes place via acoustic attenuation.
With the crossing angle used, the thermal diffusion whichis
responsible for the decay of the diffracted intensity is slow
(kyy=4.7x10% s™1), but an increase of the angle up to
0=4.8° results in a 100 fold increase of k,. By comparing

the amplitude of the first oscillation maximum to the maxi-
mum amplitude of the time profile extrapolated to time zero
asdescribed indetail inref. [20], theion yield obtained from
thediffractedintensity simulated with theanharmonicgrating
amountsto 0.49, whileit isequal to 0.47 if the average slow
heat is used. This smaller value is due to the fact that the
maximum amplitude with b,/ 2 is reached when the decay of
the thermal grating has progressed further than with b,. This
effect illustrates the main problem arising with second order
heat releasing processes, i.e. the very long time required for
the process to be completed. To obtain an extrapolated value
corresponding to the total amount of heat released, the ther-
mal diffusion has to be as slow as possible. For example, a
tenfoldincrease of k,, obtained by opening thecrossingangle
from 0.54° to 1.63°, results in an apparent free ion yield of
0.44. Inthiscase ky, becomeslarge, and Eq. (16) isnolonger
valid. The correct ion yield can only be determined by fitting
Eq. (2) with Eq. (15) to thetime profile.

The slow heat release can of course be accelerated by
increasing theinitial concentration of freeions. However the
high excitation intensity required can lead to the saturation
of the grating and to the occurrence of biphotonic processes.
In this case, the population grating is aready anharmonic at
time zero [27]. Moreover, biphotonic processes have abso-
lutely to be avoided in order to extract the correct energetic
parameters from the measured signal.

Finally, Fig. 6(B) showsthe simulated time profile of the
intensity measured by probing the grating at twice the Bragg
angle for first order diffraction. This signal does not exhibit
the initial oscillatory behaviour, for only the thermal phase
grating due to the slow heat release has a non-zero b, coef-
ficient. Compared with the signal diffracted in thefirst order,
its amplitude is about 1000 times smaller. This signa is so
weak that it could not be observed experimentally with the
set-up described in ref. [20]. A diffracted signal was meas-
ured in the second order only with ahigh excitation intensity
(about 6 mJ cm™2). However, the time profile exhibited the
initial oscillation, indicating that the population grating was
already anharmonic at time zero owing to saturation.

3. Concluding remarks

In this paper, we have investigated the limits of the tran-
sient grating technique for investigating processesfollowing
second order kinetics. Owing to the time dependence of the
grating shape, the dynamics of the process cannot be deduced
directly fromthetime profile of the diffracted intensity. How-
ever, the departure of the measured dynamics from that of
the concentration at the grating peaks is small as shown in
Fig. 2(B). The energetics of second order processes such as
free ion recombination can be deduced accurately from the
maximum amplitude of thediffracted intensity without taking
the anharmonicity of the grating into account, as long as
thermal diffusionisslow. Thisisachieved by using crossing
angles below 1° for an excitation wavelength of 355 nm.
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Larger angles would lead to an underestimation of the free
ionyield.

If thefreeionyield isknown but the enthal py of therecom-
bination isinvestigated, too large an angle would also lead to
an underestimation of A H,..

The study presented here supports the results obtained in
previous investigations of free ion recombination [20,28],
as the experimental conditions described above were met.
Should these conditions not be satisfied, the energetics of the
recombination would only be obtained by fitting Eq. (2) with
Eg. (15) to the measured time profile.
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