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Photothermal Expansion of Droplets in Emulsions
Detected by the Transient Grating Method
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A nonlinear optical effect due to the thermal energy after the photoexcitation of a light-absorbing chromophore or a
metal ion contained in micro droplets (oil in water (O/W) and water in oil (W/O)) was investigated by the time-resolved
transient grating method. The temporal profiles of the diffusive components of the thermal grating signals are very different
from that observed in a homogeneous solution, and also depend on the emulsion systems. The profiles were consistently
analyzed in terms of the droplet heating, thermal expansion, and subsequent cooling process. The size of the droplets
determined from this analysis agrees with that from the dynamic light scattering method.

Heterogeneous systems of emulsions are very important
and interesting for many practical applications as well as
in fundamental science. For example, large optical nonlin-
earities from these dispersed systems have attracted much
attention in optical technology.!” These emulsion systems
will provide a unique environment for the chemical reac-
tions or physical properties of matter. However, experimen-
tal techniques which can detect the chemical or energetic
dynamics in an inhomogeneous system are rather limited.
For example, although the transiersit grating (TG) technique
is a powerful method for studying the dynamics in a variety
of phases,>™ most TG studies so far have been conducted in
homogeneous systems. The character of the TG signal from
an inhomogeneous system has not yet been explored. How
shall we analyze or interpret the temporal profile from inho-
mogeneous systems? In this study, we aimed to clarify the
temporal development of the TG signal, which is thermally
induced after the photoexcitation of a dye chromophore or a
metal ion in O/W (oil in water) and W/O (water in oil) emul-
sion systems. In particular, we focused our attention on the
diffusive thermal grating (DTG) signals. This investigation
on a typical TG signal from the emulsion system will be a
basis for further investigations on the energetic dynamics of
molecules embedded in the droplets of an emulsion.

Phenomenologically, the TG method can be explained in
terms of the light-induced grating as follows.>® When two
pump beams are crossed in a sample, an optical interference
pattern is created. The interference pattern can be written as

I(x, 1) = Ip{1 +cos (qx)}, )

where Ij is the light intensity of the excitation beam and q is
the grating vector. The fringe spacing of the pattern (A ) is
expressed as

A =14/2sin(6/2),

where A is the wavelength of the excitation beam, and 6

is the crossing angle of the two excitation beams. Owing
to photoexcitation by the spatially modulated light intensity,
the concentration of the excited state is modulated. The ex-
cess energy is released as heat by nonradiative deactivation
of the excited states, which induces a modulation of the tem-
perature. This periodic heating launches an acoustic wave.
‘When a probe beam is brought into the crossing region under
the Bragg condition, the probe light is diffracted (the TG
signal). The grating signal due to an acoustic wave (I,c) may
be expressed by

Lo(t) = [3{ 1 — cos vgt}?, ©

where 19, is a constant and v is the speed of sound in the
medium. After the acoustic wave passes over the monitoring
region or it is completely dampened, the diffusive component
of the temperature modulation remains. Since the refractive
index of a material is a function of the temperature, the
temperature modulation leads to a diffusive component of
the thermal grating (DTG) signal. The DTG signal decays
with a time constant of the thermal conduction between the
grating fringes,

F(?) = a{Sngexp (—Dug D}, 3)

where ¢ is a constant, 6n?h is the refractive index change due
to the thermal effect and Dy, is the thermal diffusion constant.

Several colloidal systems have been studied so far by
the TG technique. These include colloidal gold,'® carbon
suspension,'? magnetic colloid,’? and water in oil (W/O)
micelles.'® In the colloidal gold system, about a 30 ps delay
time for acoustic formation was observed and the delay was
interpreted in terms of a slow nonradiative relaxation of the
excited metal particles.!® A strong TG signal from a light-
absorbing colloidal suspension (carbon suspension) was re-
ported under a strong excitation condition; the origin was
attributed to vapor bubbles around carbon particles created
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by strong heating of the particle.'” Photoacoustic waves gen-
erated by the photoexcitation of reverse micelles with 2.5 and
" 17 nm radii were reported by Cao et al.’® While the acoustic
signal from the micelles of 2.5 nm radius appears in a similar
manner to that from a homogeneous solution, the signal from
the micelles of 17 nm radius showed a slow rising component
in the acoustic signal. They explained the difference in terms
of slow heat releasing from the interior of the micelles to the
solvent. They calculated the time profiles of the acoustic
waves using the thermal properties and the micelle size as a
parameter, and found that the micelle sizes determined from
the acoustic pattern show a reasonable agreement with those
estimated from the molar ratios of water to surfactant.
Compared with these studies, which are mostly limited in
the pico—nanosecond range, we studied the temporal pro-
files of the DTG signals observed after the photoexcitation of
O/W and W/O emulsions in the nano- to microsecond range
for the first time. This DTG signal has been demonstrated
to be very useful for elucidating various photophysical and
photochemical processes from the excited states in a number
of studies.>>—® When dye molecules in a homogeneous so-
lution are excited, and the heat releasing is sufficiently fast,
the DTG signal rises with the rate of the decay of the acoustic
signal, and decays single exponentially with a rate constant
of 2Dyq* (Eq. 3). Contrary to this familiar behavior, the
signal from the O/W emulsion shows a fast rise and a faster
decay than 2Dy,q*. The signal from the W/O emulsion shows
fast and slow rises and decays with a rate constant of close
to 2Dy, even though the heat releasing process is impul-
sive. These different features are successfully explained by
a droplet heating model which includes different thermal ex-
pansion coefficients between water and oil (p-xylene). The
sizes of the particles are estimated from the temporal behav-
ior, and are'compared with the size distribution obtained by
the dynamic light scattering (DLS) method. Furthermore, a
unique acoustic pattern is observed in this system, the origin
of which is discussed. In the W/O emulsion case, the DTG
signal indicates the presence of small micelles, which cannot
be detected by the DLS technique, besides larger droplets.
This DTG method can be a simple and sensitive method for
evaluating of the size of emulsion droplets as well as for
elucidating the photophysical and photochemical behaviors
of molecules in heterogeneous systems.

Experimental

The experimental setup for the TG measurement has been re-
ported previously.” ™ Briefly, an appropriate wavelength of the
grating light was selected, depending on the absorption band of
the chromophores in the emulsion systems. For the O/W emulsion
study, [-carotene was used as a light-absorbing molecule which
can be dissolved only in the oil phase (p-xylene). The grating light
at 463 nm from an OPO system (Spectra Physics MOPO-710) was
used. For the W/O emulsion measurement, CoCl, was used as a
probe to deposit the thermal energy in the system. To excite this
ion, the second harmonics of a Nd-YAG laser (Spectra Physics
GCR-170-10) was used for this W/O emulsion. The time profile of
the grating amplitude was monitored with a He—Ne laser (Spectra
Physics 155). The TG signal which passed through a glass filter
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(Toshiba R-60) was detected by a photomultiplier (Hamamatsu R-
923) and fed into an oscilloscope (Tektronix TDS-520, 2430A). The
data were transferred to a computer and averaged about 300 times.
In order to prevent any incoherent light scattering from the sample
solution, a cell of 3 mm optical path length and another of 1 mm
path length were used for O/W and W/O emulsion, respectlvely
All samples were flowed during the measurement.

For the dynamic light-scattering experiment, a light beam from
the He—Ne laser was brought into the sample (optical path length=1
cm) and the scattered light which passed through two pinholes was
detected by a photodetector (Hamamatsu R2949) at a scattering
angle of 90° under a photon counting condition. The autocorrelation
of the output signal was taken by a correlator (Ohtsuka Electronics
LS-7).

The sample of the O/W emulsion was prepared by the following
method. A f-carotene / p-xylene saturated solution (0.1 ml) was
dropped into 5 ml sodium lauryl sulfate (SDS) aqueous solution
(1.7x107! M) (1 M =1 moldm™) and mixed by an ultrasonic
cleaner for 30 s. Into that solution, 1-hexanol (0.05 ml) was dropped,
and further mixing was carried out for 30 min. After a while,
the sample was separated into two layers. The lower layer, which
contained oil droplets, was used for the measurement. For preparing
the W/O emulsion,'® Aerosol-OT (AOT) (60 mg) was dissolved
in toluene (5.0 ml), and a saturated CoCl, aqueous solution (0.05
ml) was dropped into it. It was mixed for 30 min. p-Xylene
was purchased from Wako Chemical Co., and all other reagents
were purchased from Nacalai Tesque, Inc. All reagents were used
without further purification. All measurements were carried out
within several hours after the sample preparation.

Results

O/W Emulsion. Before showing the DTG signal from
the emulsion solution, the time dependence of the DTG signal
after photoexcitation of a dye in a homogeneous solution
(Methyl Red in benzene) is depicted in Fig. la. Since the
deactivation of Methyl Red is sufficiently faster than the
pulse width (ca. 15 ns) of the excitation beam, and the width
is longer than the period of the acoustic oscillation ((vg)~!)
under this condition, the acoustic wave is smeared out and
only the DTG signal appears with an instrument response
time. The thermal grating signal decays single exponentially
with a rate constant of 2Dy,g?. (In the enlarged time scale
(Fig. 1a), the decay looks linear.)

The time dependence of the TG signal after the photoex-
citation of B-carotene in the O/W emulsion at g = 1.0x10°
m~! is shown in Fig. 1b. The signal rises completely within
the excitation laser pulse followed by a very rapid decay to
ca. 1/5 of the peak intensity within 30 ns after the excita-
tion. The residual signal gradually decays to the baseline in
a 200 ns time scale. A thermal grating signal that decays
with a rate constant of 2Dyg? could not be observed. These
features do not depend on the laser power, the sample flow
rate or the fringe spacing (A ). However, the relative inten-
sity of the slower decay component on the order of tens of ns
varies depending on these conditions. When the power of the
excitation beam was weakened, the relative intensity of the
slower decay component was weakened. When the fringe
spacing (A) became longer, the slower decay component
decayed slower. When the sample flow rate was faster, the
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Fig. 1. (a) Temporal profile of the thermal grating signal

observed after the photoexcitation of Methyl Red/benzene
solution (excitation wavelength is 355 nm). (b) Temporal
profile of the TG signal after the photoexcitation of S-
carotene in the O/W emulsion at 463 nm (dotted line) and
calculated signal from the thermal diffusion equation from
a spherical particle (solid line). The weak negative peak
negative peak at <0 is due to electric noise from the laser.

intensity of the TG signal became sfronger, and especially
the rapid decay component became dominant compared with
the slower decay component (Fig. 2). These tendencies im-
ply that the origin of the slower decay component is different
from that of the main part of the signal.

In order to examine acoustic waves from the emulsion
system, the TG signals at a small crossing angle between
the grating beams were measured (¢g=7.5x10* m~!). In
this case, the fringe length was long enough to observe the
acoustic TG signal. From a homogeneous solution, a pe-
riodic acoustic wave was clearly observed (Fig. 3a). This
wave can be explained well by expression, Eq. 2. However,
the feature of the TG signal from the emulsion system was
very different from that typical feature (Fig. 3b). The signal
consists of two peaks during one cycle of the acoustic wave
from the homogeneous solution. They gradually merge, and
after 400 ns from the excitation, they look like almost one
peak per cycle. Besides the apparent oscillation, there is
another bump (or background) signal at around 0—600 ns.
This signal gradually rises, and then decays to the baseline
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Fig. 2. The sample flow rate dependence of the TG signal
from the O/W emulsion. Signals are normalized at the peak
intensity. The sample flow rates are 1 cm®min~! (solid
line), 4 cm® min~"! (broken line), and 6 cm® min~! (dotted
line). The weak negative peak at #<0 is due to electric noise
from the laser.
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Fig. 3. (a) Temporal profile of the acoustic TG signal from
Methyl Red/benzene solution. (b) Temporal profile of the
acoustic TG signal from the O/W emulsion.

in about 700 ns. :
The size distribution of the emulsion-droplet measured by
the DLS method is shown in Fig. 4.
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Fig. 4. The size distribution of the O/W emulsion droplets
measured by the dynamic light scattering method.

W/O Emulsion. The time dependence of the DTG
signal from the W/O emulsion is totally different from the
O/W emulsion, and is depicted in Fig. 5. The DTG signal
first rises very rapidly within the excitation pulse width and
there appears a slow rising component. The signal decays
to the baseline with a lifetime of 9 us. Under the same
condition, the thermal grating signal from the homogeneous
toluene solution rises quite rapidly and decays with a lifetime
of 10 ps.

The shorter lifetime of the DTG signal from the emulsion
system (9 ps) than that from the homogeneous solution (10
us) is beyond the experimental uncertainly. One might think
that the enhancement can be explained by the larger thermal
conductivity of water (1.4x 10™7 m? s—1) than that of toluene
(9.5x1078 m?s~!). Estimating the thermal conductivity of
the emulsion system from the Maxwell relation,>'"

Kp +2Kc — 2¢p(Ke — Kp)
Kp +2Kc+2¢p(Kc —Kp) |

KE=KC[
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Fig. 5. The time dependence of the TG signal from W/O

emulsion (dotted line) and calculated signal with the thermal
diffusion equation (solid line).
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(Kg, K¢, and Kp, are the effective thermal conductivity of the
emulsion, the dispersing droplet, and the dispersed medium,
respectively, and ¢ represents the volume fraction of the
dispersion), we find that the effect of water on the thermal
conduction is negligible in our sample. This enhanced ther-
mal conduction was observed in other heterogeneous systems
in our laboratory, and will be discussed in a separate report.

The size distribution of this emulsion droplet measured by
the DLS method is shown in Fig. 6. This emulsion system
has a rather broad distribution.

Discussion

After the photoexcitation of -carotene or Co?*, electronic
excited states are created. Since the nonradiative relaxation
processes of these excited states of [S-carotene and Co?*
are fast,'* 9 the observed TG signal should come from the
thermal contribution of the nonradiative transition (not the
population grating). The observed TG signal from the O/W
and W/O emulsion systems can be interpreted as follows.

O/W Emulsion.  In order to explain the temporal pro-
file of the DTG signal, which is quite different from that
obtained from a homogeneous solution, the local heating of
the droplets is considered. First, only the emulsion droplets
should be heated by the deactivation from the excited states
of the probe molecule, which is embedded in the droplet.
Due to the temperature rise, the volume of the oil droplet
will expand. The expansion causes a decrease of the density
and the refractive index; this change should be detected as
the TG signal. As time goes on, the thermal energy flows
out from the droplets to the environment by the thermal con-
duction, and the droplet contracts. Together with the signal
disappearance due to this contraction, the thermal energy in
the medium results in elevating the temperature of water,
and the thermal grating signal due to the density modulation
of the water phase should be observed. However, since the
thermal expansion coefficient and the molecular polarizabil-
ity of water are much smaller than those of xylene, the TG
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Fig. 6. The size distribution of the W/O emulsion droplets
measured by the dynamic light scattering method.
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signal due to the thermal expansion of the droplet is expected
to be much stronger than that due to the thermal expansion
of medium (water). Therefore, the first appearing TG signal
is assigned to a signal by the local density grating, and the
fast decay is attributed to the thermal conduction from the
droplets to water. The basic idea of this local heating model
is the same as that of a model which was used to explain the
temporal behavior of acoustic waves from reverse micelle
solutions by Diebold and co-workers.'>

We tried to reproduce the observed TG profile based on
this model. Since the dominant contribution to the DTG
signal comes from the density change by the thermal effect,
and the size of the dorplets is sufficiently smaller than the
fringe spacing (A = 6 pm), the DTG intensity should be cal-
culated from the refractive index change due to the volume
expansion of the system. First, the volume changes of the
oil phase and the water phase are calculated from the spe-
cific heats and thermal expansion coefficients of p-xylene
and water.”"*® The refractive index change accompanied by
the volume expansion is then calculated from the Lorenz—
Lorentz relation, which is given by,

-1 1

il NS 4
eI ALl @

where « is the molecular polarizability and N is the number
density of molecules.”* From these quantities, the ratio of
the TG signal intensity from the droplet density change to
that from the solven’s dnsity change is estimated to be about
20000 : 1. Because of this large difference, the slovent’s den-
sity grating component is not observed, as shown in Fig. 1b.

The time dependence of the TG signal should be repro-
duced by that of the refractive index change based on this
model. The time dependence of the droplet’s temperature
can be calculated from the thermal diffusion equation. The
diffusion equation in three dimensions with a spherical heat
source (r; radius) is expressed by?>

Ou _ u

Ema s
Here, u = AT-r (AT: temperature rise) and for the sake of
simplicity, the thermal diffusion constants of xylene and wa-
ter are assumed to be equal (Dyg=1.4x10"7 m?s~!). We
further assume that the temperature of the droplet rises uni-
formly at z = 0. This assumption seems to be reasonable
because of the small absorbance (A & 0.5) and small size of
the droplets (ca. 100 nm as shown later) compared with the
excitation wavelength. Taking the radius of the sphere to be
a, and the initial temperature in the sphere 0<<r<a, AT, the
initial condition is given by

r>0. 4)

u=ATo-r, whent=0, 0<r<a,
u=0, whent=0, r > a,
u=0, when r =0.

The analytical solution is expressed by?*?%

_1 - (a—r) (a+r)
AT(r,t)—zATo{erfzm+erf }

2+/Dyt
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1 /Dyt —(a+r)?
—H/T{exp Xp } 6)

4Dyt
We define the reduced radius (+) by

—@—rf
4Dt

r=". 0
a
The time dependence of the averaged sphere’s temperature
(AT(r)) is obtained by integrating the equation from r'= 0 to
1. (This corresponds to the integration over the inside of the
sphere.)

= [ n 1 a-r) a+r)
AT(t)—/(; 4nr°ATy [2 {erf. Wi +erf Wi }

1 [b —(A=FY —(1+r) ,
_;7\/;{exp T — exp b }} dr’, )
2
b= (,/%%’) . ©)

In this calculation, we assume that the volume change is so
small that the droplet radius is constant. When the tempera-
ture change is small, the refractive index change due to the
density change is proportional to the temperature rise. In
order to fit the TG data with this calculation, the time pro-
file of Ong, is convoluted with the excitation laser pulse and
then squared. The adjustable parameter in the fitting is only
the radius of the droplet. The agreement is quite good, as
shown in Fig. 1b. The droplet size obtained from the fitting
is 1.1x 10? nm. The calculated profile slightly disagrees with
the experimental data in the 30—150 ns range. As stated in
the previous section, in this time range we observed a weak
bump, whose shape depends on g, the sample flow rate, and
the laser power. Therefore, we think that this bump signal
cannot be explained by this local-heating model, but comes
from a different mechanism, which we do not completely
understand. In the above fitting process, we tried to use the
calculated curve to reproduce the observed signal in a fast
time scale.

As shown in Fig. 4, the droplet size measured by the DLS
method has a sharp peak at 100 nm. The droplet size of
the main peak agrees well with the size determined from an
analysis of the TG signal (1.1x10? nm).

Finally, in this section, we comment on the acoustic waves
observed from the O/W emulsion. The observed double-
frequency oscillation cannot be explained in terms of the
ordinary periodic density expansion due to the thermal ef-
fect. Indeed, acoustic waves after the photoexcitation.of W/O
emulsion reported previously did not show any higher har-
monic component.'® Electrostriction will produce an over-
tone of the oscillation.> However, since the acoustic signal
was not observed without the light-absorbing molecule, the
signal cannot be due to the effect of the electrostriction.
Essentially, the acoustic signal should be explained by a sim-
ilar model as that for the DTG signal. As discussed above,
the temporal profile of the DTG signal indicates droplet ex-
pansion followed by a gradual contraction. Based on this
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model, we may describe this pressure wave. qualitatively as
follows. At first, a pressure wave is launched by expan-
sion of the droplets; then, a ‘negative (or reverse)’ pressure
wave is created by a contraction process which is associated
with thermal cooling. Since these processes are temporally
shifted relative to each other, they do not completely cancel,
and produces compressed-sparse waves. This produces an
overtone signal of the acoustic signal, because the TG signal
intensity is proportional to the square of the density change.
Interestingly, a very similar acoustic wave was observed after
strong photoexcitation of a carbon suspension by Chen and
Diebold.?® They explained the temporal behavior in terms of
the density wave induced by a photochemical reaction.

The time dependence of the density change after a thermal
expansion and a molecular volume change can be calculated
by solving the linearized hydrodynamic equation with molec-
ular volume changes. Here, for simplicity, we assume that
the droplet expansion occurs immediately after excitation,
and that the contraction process can be expressed by a single
exponential. Under the condition that the acoustic damping
and thermal diffusion time can be neglected, and that the
stored energy in the excited staté is negligible, the density
variation (Jp) may be given by?”

_ e—kvqt

E, : —ksi
6p(xa of (cos vgt — 1)+ pNf, +costqt k sinvqt ’
Gy 1442

10)
where E, is the fluence of the excitation light, & the absorp-
tion coefficient, C, the heat capacity under constant pressure,
N the concentration of a droplet excited by the excitation
light, § the thermal expansion coefficient, 3. the chemical
expansion coefficient (or, in this case, the droplet expansion
coefficient), p the density, and % a dimensionless rate of the
droplet contraction (k=k /vq and k; rate of the contraction).
The first term in Eq. 10 describes the time dependence of the
thermally generated acoustic wave; it is the second term that
is caused by a volume expansion of the droplets. Typical
temporal profiles of these terms are depicted in Fig. 7.

If the interpretation of the DTG signal is exactly appli-
cable to this acoustic signal, the thermal expansion of the
dispersed medium can be neglected. Under this condition,
the observed acoustic signal should be described solely by
the second terms of Eq. 10. Although the overtone oscilla-
tion is reproduced only from the second term (Fig. 7), the
calculated TG signal is very different from the observed sig-
nal regarding the overall feature. If the contributions from
the first and second terms are considered to be the source
of the TG signal, the calculated signal becomes closer to
the observed one, and the essential features, the stronger first
peak intensity compared with the other ones and the overtone
component, can be reproduced using an appropriate weight
factor for both contributions.

Some differences, however, are still notable. One of the
main differences between the calculated and observed signals
is the position of the peak of the overtone oscillation. The
peak of the overtone oscillation seems to be shifted to an early
time from the valley of the fundamental oscillation, which
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Fig. 7. Density variation dp after droplet expansion calcu-
lated with Eq. 10. The dotted and broken lines represent the
contributions from the first and the second terms in Eq. 10,
respectively. Expected TG signal only from the second term
is shown by the thinner solid line (k=2) and the TG signal
from the first and the second terms is shown by the thicker
line (k=2, and 2Pz =5),

cannot be reproduced. This difference might be explained
by considering the absorptive contribution in the TG signal.
This point will be discussed in the future.

W/O Emulsion. The TG time profile observed from the
W/O emulsion sample can be explained by the same model
as in.the O/W case. Only water droplets are heated after
photoexcitation. After that, the thermal energy is diffused out
from the droplets to the oil matrix. The difference from the
O/W case is that the thermal expansion coefficient of a droplet
(water) is much smaller than that of the dispersion medium.
Therefore, the TG signal just after heating of the droplet
is much weaker than the signal after the thermal energy is
transferred to the medium. This will cause a slowly rising
component, which reflects the solvent expansion process due
to the thermal diffusion from the droplet. Previously, the
acoustic signal after photoexcitation of reverse micelles was
explained based on this model.®

If this model is appropriate for the DTG signal, we should
be able to calculate the relative intensity ratio of the fast and
slow rising components by the same method as described
in the previous section. Calculating An with the thermody-
namical parameters, one will find that the intensity of the
fast rising component should be as weak as 1/120 of the
slow rising component. However, the observed difference
in the intensity is not so large, as shown in Fig. 5. The dis-
agreement between the experimental and calculated values
may be explained by the presence of ions embedded in much
smaller water droplets or micelles without water. In order
to examine this possibility, we measured the TG signal after
removing water droplets from the emulsion. The droplets
were removed by filtering the emulsion with a hydrophobic
membrane (Sartorius Minisart SRP 15 pore size 0.2 pm). By
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this procedure, we obtained a completely transparent solu-
tion, which indicates that the droplets of an emulsion size
larger than sub-micrometer are removed. However, a strong
TG signal that rises within the laser pulse width is observed
from the solution. This fact indicates that Co?* is contained
in very small water droplets or micelles, from which the ther-
mal energy is diffused out within the excitation laser pulse
width. Considering the electric charge of Co?*, it cannot
be dissolved in toluene directly. Probably AOT makes very
small micelles without water or with a small amount of wa-
ter. (We may call this ion the ion in the dispersion phase,
although it could not be rigorously true.) The radius of AOT-
micelle is reported to be on the nm-order,' and the thermal
diffusion from the micelle should be on the 0.1 ns order. This
time delay should be detectable on a faster time scale, as Cao
et al. have demonstrated using the acoustic wave.'”

The heat flowed from inside to outside of the droplet is
calculated with the equation described in the previous sec-
tion. From the calculated time profile of the temperature rise
of the oil matrix (D =9.5x1078 m? s™'), the slow rise pro-
file of the TG signal can be estimated. By a superposition of
thus-calculated signal and the thermal grating signal from the
ions in the dispersion matrix (which should give the fast rise
within the laser pulse and decays single exponentially), the

observed signal can be reproduced well, as shown in Fig. 5.

The adjustable parameter for the fitting is the radius of the
water droplet and the relative amount of Co?* in the water
droplets and in the dispersion medium. From the fitting, the
~diameter of the droplet is determined to be 534 nm and the
ratio of [Co?*] in the water droplet to that in the dispersion
medium is about 1 :210.

As shown in Fig. 6, the distribution of the droplet size
determined from the DLS method has a peak at about 230
nm and a broad bandwidth. The disagreement between both
measurements may come from the averaging effect of this
broad distribution. If we take into account the size distribu-
tion in the curve-fitting process of the DTG signal, we should
be able to determine the size distribution as well.

Conclusion

The TG signals after the photoexcitation of light-absorbing
species in emulsion systems were investigated. The TG
signals from these systems show distinct features compared
with that normally observed from a homogeneous solution.
The DTG signal from an O/W emulsion shows a rapid rise
within the excitation pulse width, and decays within 30 ns.
A DTG signal which decays with a rate constant of 2Dgy,g°
could not be observed. The acoustic wave from this system
shows a higher frequency component. The DTG signal from
the W/O emulsion consists of two rising components. One
of them rises rapidly within the excitation laser pulse and the
other rises rather slowly. The signal decays to the baseline
single exponentially with a rate constant close to 2Dyq?.

These different features can be explained well by a droplet
heating effect in the emulsions. For the O/W emulsion, after
heating of the droplets, they are thermally expanded, and the
density variation produces the TG signal. The thermal con-
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duction from the droplet (xylene) to the dispersion medium
(water) decreases the TG intensity because the thermal ex-
pansion coefficient of water is much smaller than that of
p-xylene. For the W/O emulsion, the local heating of the
water droplets cannot contribute to the TG signal because
of the small thermal expansion coefficient, while a stronger
TG signal should be observed by the thermal conduction to
the dispersion medium. Therefore, the rise profile of the
signal should represent the thermal conduction process from
the droplet to the medium. From an analysis of the tem-
poral profile, the diameter of the dispersed particles can be
estimated, and confirmed by the dynamic light scattering
method. Although most of the features of the TG signal
can be understood in terms of the heterogenous structure of
the systems and droplet heating, there are several observa-
tions we could not explain satisfactorily in this study, such as
the exact reproduction of the acoustic signal from the O/W
emulsion. The origin of this feature will be elucidated in the
future.

We are indebted to Prof. Diebold for his helpful discus-
sions, particularly concerning the interpretation of the acous-
tic TG signal. A part of this study was supported by a Grant-
in-Aid for Scientific Research from the Ministry of Educa-
tion, Science, Sports and Culture.
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