4668 J. Phys. Chem. RB005,109,4668-4678

Application of Transient Evanescent Grating Techniques to the Study of
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Transient grating experiments performed with evanescent fields resulting from total internal reflection at an
interface between a polar absorbing solution and an apolar transparent solvent are described. The time evolution
of the diffracted intensity was monitored from picosecond to millisecond time scales. The diffracted signal
originates essentially from two density phase gratings: one in the absorbing phase induced by thermal expansion
and one in the transparent solvent due to electrostriction. A few nanoseconds after excitation, the latter grating
is replaced by a thermal grating due to thermal diffusion from the absorbing phase. The speed of sound and
the acoustic attenuation measured near the interface are found to be essentially the same as in the bulk solutions.
However, after addition of a surfactant in the polar phase, the speed of sound near the interface differs
substantially from that in the bulk with the same surfactant concentration. This effect is interpreted in terms
of adsorption at the liquid/liquid interface. Other phenomena, which are not observed in bulk experiments,
such as acoustic echoes and a fast oscillation of the signal intensity, are also described.

Introduction system. Confinement can also be obtained by using evanescent
optical fields, generated by total internal reflection (TIR). In
TIR fluorescence, an evanescent wave excites the sétple,
while in attenuated TIR, the evanescent wave is involved in

Liquid/liquid interfaces play a major role in various areas of
sciences and technolodyror example, they act as a catalyst

for chemical extraction processes. In biology, oil/water interfaces the probing procesk. Information on the interfacial dynamics

can be can|dered as _S|mplt_e models O.f C(.e” membra_neS_Can be obtained by both TIR fluorescence and attenuated TIR;
Moreover, in pharmaceutical sciences, the kinetics of chemicals however, the first technique is limited to fluorescent probes

delivery through lipid bilayers is a key factor for the efficiency while the second suffers from a relatively poor sensitidity.

of any drug. . . . . . Transient grating (TG) techniques are known to combine the

Spectroscopic information on the interfaces is not eaS|Iy_ advantage of the fluorescence spectroscopy, namely its high
Ssensitivity due to the zero-background nature of the signal, with
that of transient absorption, because of its sensitivity to
absorption changéd > A further advantage of the TG
techniques is their sensitivity to photoinduced changes of
refractive index. Because of this, various thermoacoustic proper-
ties of a material can be investigatéd’” TG with evanescent
4waves has already been discussed theoretitlly.application
to investigate solid/liquid interfaces has already been demon-
stratedt®2° Recently, we have briefly reported on the imple-
mentation of this technique to liquid/liquid interfacgs.

We report here on a TG investigation of the thermoacoustic
properties of binary liquid systems performed with evanescent
§ waves generated upon TIR at the liquid/liquid interface. It will
be shown that the nature of the TG signal is more complex
than assumed originalRL The observation of several pheno-
mena such as acoustic echoes is also reported. Finally, we show
that these techniques can be used for monitoring the adsorption
of a surfactant at a liquid/liquid interface.

region is totally buried in that originating from the bulk. To
circumvent this problem, two approaches have been proposed
The first is to probe a property specific to interfaces, like for
example the second order nonlinear susceptibility, which
essentially vanishes in centrosymmetric matérighe vibra-
tional sum frequency spectroscopy has been shown to yield
rather precise structural picture of molecules at liquid interfces.
Surface second harmonic generation is another variant of this
technique, which can be used to probe dynamics at the
interface?® Finally, the transient reflecting grating technique
is a four-wave mixing method that probes the photoinduced
changes of reflectivity of the interfaé€. The main drawback
of all these techniques is the impossibility to have a control o
the thickness of the probed region. Consequently, the depth
profile of a given property cannot be investigated.

The second approach consists of confining the optical beams
within a small volume close to the interface. For example, the
application of near-field Raman spectroscopy for probing liquid/
liquid interfaces has recently been demonstréttthough this L .
technique can be carried out at different distances from the Principle of the Techniques

interface, it does not yield information on the dynamics of the Transient Density Phase Grating.The principle of the TG

. ~ techniques has been described in detail in several pépéfs.
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nonresonant optical interactions between the sample and thesuch as the optoelastic constant of the sampl#e acoustic
spatially modulated light lead to a spatial modulation of the attenuation constant, ang. the speed of sound. AAngES
refractive index,n, a so-called phase grating, and of the oscillates between negative and positive values, the diffracted
absorbanceA, an amplitude grating. The magnitude of the intensity, which is proportional toAnES)?, shows a temporal

grating vectorgyg, is given by oscillation at twice the acoustic frequency. In most cadegtS
is weak and can be neglected if the pump pulses are within an
21 , Aou :
Oy = ~ with A=— 2 (1) absorption band of the sample.
2 Sm(epljz) Thermal expansion is often the dominant term when pumping

whereA is the fringe spacingi,, the pump wavelength, and resonantly. Indeed, in most cases, part of the optical excitation
O,u the crossing angle of the ppump pulses. ’ energy is released as heat through nonradiative transitions. In

Athird laser pulse, striking these gratings at the Bragg angle, the case of prompt heat release, thermal expansion is impulsive
0g, is partially diffracted. In the case of weak modulation, the @nd is, like electrostriction, accompanied by the generation of
ratio of the diffracted and probe light intensitiésl,,, depends ~ two counter-propagating acoustic waves with the same wave
on the square of the modulation amplitudes of the absorbancevectors, Ga.. As this standing acoustic wave oscillates, it
and refractive indexAA and An, respectively: interferes with the thermal diffusive grating, and as a conse-

guence, the time dependenceAriy'E differs from that of eq

@’V[(In(lO)-AA)Z_i_ 7dAn )2] ox p(_ In(lO)-A) 2 &

lor |\ 4 cosby Apr COSOg cosbg

TE, _ ~TE
whered is the grating thickness anig, the probe wavelength. An () = CT1 — cos(2rf,d) exp(-ow,d)] exp(~Dydy )
The exponential term reflects the absorption of the diffracted (8)
signal by the sample. Whereas the modulation of absorbance is
essentially related to the modulation of population, the variation with
of refractive index can have several origins:

A= An + Ang+ Ange 3) CTE— (L ) an )
pC, "/ dp

whereAn;, is due to population changes and is Kramefsonig

related toAA, Angy arises from density changes, adoke is
related to the optical Kerr effect. The latter effect is nonresonant
'?’E?slieormyviillgllTgfsgtew::g;g:?;gr}ﬂx?rIgtne.nse optical pulses. constant pressure, ai@ithe amount of heat deposited per unit
In the experiments presented here, the excited state populatiory olume.
of the absorber decays nonradiatively within a few tens of ~ The time profile of the diffracted intensity originating from

whereDy, is the thermal diffusivity constanf, the cubic thermal
expansion constanf the density,C, the heat capacity at

picoseconds. Once this decay is over, eq 2 reduces to Ang'E exhibits first an oscillation at the frequenty, which is
damped because of acoustic attenuation. The ensuing diffracted
Ilif _ ( ad )Z-An 2 ) intensity decays to zero as a consequence of thermal diffusion.
N7 oo d . , .
Lor ;{pr Ccosb If the magnitude of the grating vectay, is known, the speed

of the sound, the acoustic attenuation constant, and the thermal
diffusivity constant can be easily extracted from the time profile
of the diffracted intensity. If the excited population is longer
lived, interference between population and density phase gratings
An,= AndES + AndTE + AndVC (5) can Ie_ad to a rather complex time profile of the diffracted
intensity??22® and make the determination of the above-
Volume changes are only significant if the molecular volume mentioned properties much more difficult.
and its environment vary markedly upon excitation. This  The bulk modulusB, can then be calculated from the speed
contribution can be neglected here, because the excited-statef sound and the density.
population is very short lived.
Electrostriction is a nonresonant interaction that leads to 2
material compression in the region of high electric field strength. B=uv,p (10)
The periodic compression is accompanied by the generation of
two counter-propagating acoustic waves with wave vectpes,  Similarly, the thermal conductivityly, can be deduced from
= Oy = +(27/A)T, whereT is the unit vector along the  the thermal diffusivity:
modulation axis. The interference of these acoustic waves leads

The modulation amplitude of the density phase grating can
be due to electrostriction (ES), thermal expansion (TE), and
volume changes (VC):

to a temporal modulation oAng®S at the acoustic frequenc
fac: 1 b ‘ f Y /lth = DthpCP (1 1)
ESy — _ ~ES:
Ant) = —C=sin(2rf, ) exp(—ow,d) (6) Evanescent WavesAn optical beam with a wavelength,
with propagating in a medium with a refractive index, and striking

an interface with a medium having lower refractive inde,
(7 at an angle of incidencé), larger than the critical anglé, =
arcsinfy/ny), undergoes TIR. In this case, a bound electromag-
where CES is a constant that depends on material properties, netic field, the evanescent wave, is present in the low refractive

27f

ac = qacUac
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at 532 nm of an activepassive mode-locked and cavity dumped
A A f Nd:YAG laser (Continuum PY61-10). Pumping was achieved
\ ’ . by splitting about 60% of this output into two pulses, which
polar dye solution were then crossed at the sample. The beam diameter at the
= sample was around 2 mm and the energy was typically of the
=--|,7 | non polar solvent order of 1 mJ.

n TTTTE SIGNAL For measurement in the-@ ns time window, pump-probe
pr’ﬂbepﬁ I \ o~ detection was usetf. The remaining 40% of the laser output
(beam) t z was sent along an optical delay line before being focused onto

I pump pulses the grating. For bulk experiments, the three pulses were arranged
y in a boxcars geometry. For interfacial experiments, the TIR
SIGNAL beams passed through a cylindrical lehs- (600 mm) in order
B A ! to achieve circular spots on the interface. With the crossing angle
! polar dye solution used (30 < 6p, < 60°), the acoustic frequencya, was of the
ny order of -2 GHz. The diffracted signal was detected with a
vacuum photodiode, whose output was amplified before being
non polar solvent .
UMD e — sent into a computer.
i i i M ) Real time detection was used for measurements in longer time
scaleg® Probing was achieved at 781 nm with a 0.5 W
multimode cw laser diode (Semiconductor Laser International

probe pulse (beam) Corporation). The diffracted signal was detected with a photo-
Figure 1. Transient evancescent grating geometries: (A) TIR-probe mu!tlpller t!Jbe (Hamamatsu _R928) connected to a 500 MHz
and (B) TIR-pump. digital oscilloscope (Tektronix TDS 620A). To resolve the
propagation of the acoustic waves with this setup, their
index medium. Its corresponding intensitydecays exponen-  frequency was set to about-5000 MHz, by crossing the pump

tially as a function of the distance, from the interface: pulses at an angle varying betweehahd 3.
_ Samples.The absorbers, malachite green (MG), rhodamine
12 = IOeXp(_Z/dp) (12) 6G (R6G, Acros), and rhodamine 110 (R110, Acros), the

. . . . . ~ solvents, acetonitrile (ACN), carbon disulfide (§Sdecaline
wherelg is the intensity az = 0, andd, is the penetration depth: (DEC, cisftrans mixture), dodecane (DOD), methanol (MeOH),

1 ethanol (EtOH), and propionitrile (PrCN), and the surfactant,
d, = (13) sodium dodecyl sulfate (SDS), were of the highest commercially
4m/nh2 sin? 0, — n|2 available purity and were used without further purification.

Water was distilled twice andN,N-dimethylaniline (DMA,
Transient Evanescent Grating (TEG).In the experiments ~ Acros) was distilled under inert atmosphere. If not specified,
presented here, the transient density phase grating technique iall compounds were from Fluka.
performed with evanescent fields. Three different optical beam  For bulk measurements, the sample solutions were poured

geometries can be envisaged: TIR-préb&|R-pump/®*®and  in a 1 mmthick quartz cell and were stirred by-Mubbling.
all-TIR. In the TIR-probe mode (Figure 1A), the two pump The absorbance of the samples at 532 nm amounted to about
pulses are crossed perpendicularly to the interface, generatingy 2 over 1 mm.

a thick grating near the contact surface. The evanescent probe . 11r measurements, ax44 x 4 cn cell with five optical

field interacts with a 70 to 120 nm thick layer of this grating, glass windows was used. For DEC/water and DOD/water
depending on the angle of incidence, and the diffracted signal gy stoms about 5 mL of the aqueous dye solutions was first
reemerges in the high refractN(_a index medium. . poured in the cell. About 20 mL of the less dense DEC or DOD
In the TIR-pump geometry (Figure 1B), the spatially modu- o¢ then added on top. On the other hand, the ACN, MeOH,
lated optical field at the interface penetrates the low refractive and PrCN dye solutions were located above the apolar phase.

medium as an evanescent wave. Upon resonant interaction withy o significant sample degradation could be observed after the
the low refractive medium, density and/or amplitude evanescent .-« \rements

gratings are generated. These are thin gratings and therefore
the Bragg condition is no longer required for probing. Because
the diffracted intensity depends on the square of the pump pulse

intensity, the penetration depth is smaller by a factor of 2 than  \1o5surements in Bulk Solutions.To check the reliability

in the TIR-probe geometry. In thi§ case, the probe pulsg has t04q precision of the various optical setups, some measurements
cross the whole absorbing solution and therefore probing hasy ;e first been performed in bulk solutions. Figure 2 shows

to be performed at a different wavelength than pumping. yhe time profile of the diffracted intensity measured with the

The best spatial resolution, about 30 nm, is achieved with pump-probe setup after excitation of MG in MeOH. The
the all-TIR geometry. However, this geometry is experimentally crossing angle was 4orresponding to a fringe spacing of
more delicate and therefore has not been used very intensivelyo_75 um. The spike at time zero is the contribution of the

here. population to the signal, the ground-state recovery of MG in
MeOH occurring nonradiatively within a few picosecoiéi$he
periodic oscillations are due to the resulting impulsive thermal

Optical Setups. Two different TG setups have been used, expansion. The black line is the best fit of eqs 4 and 8, wjth
depending on the time window investigated. In both cases, = g.c andDy, = 0 as fixed parameters ar@l€, a, and v, as
excitation was achieved by the frequency doubled output pulsesadjustable parameters.

Results and Discussion

Experimental Details



Study of Liquid/Liquid Interfaces J. Phys. Chem. B, Vol. 109, No. 10, 200571

T T T
3 3
o o
= =
7] 7]
& g
E E
2 8
8 8
E £
o o

|

time delay (ns) time delay (ns)

Figure 2. Time profile of the diffracted intensity measured with a  Figure 4. Time profile of the diffracted intensity measured with pure
solution of MG in MeOH using the pump-probe setup. The black line DEC using the pump-probe setup. The black line is the best fit of eqs

is the best fit of egs 4 and 8. 4 and 6.
E TABLE 1: Speed of Sound, v, Acoustic Attenuation
- _ Constant, a/f,2, and Bulk Modulus, B, in Various Solvents
- L 3L Measured by Transient Grating and Literature Values
s | £ | Ve (Ms?)  afflx 105(=m) B x 10 (N-m?)
‘:;: | solvent measd lit. measd lit. measd lit.
g2 [ e 0 = MeOH 1117 1121 313 30.2 988 824
B F . i EtOH 1159 1162 49.9 55.0 10.59 8.94
8 | | requency (Mrz) ACN 1305 1308 82.4 13.37
% B PrCN 1291 1264 13.03 12.32
L H,O 1496 1497 22.34 21.78
DEC 1370 1408 101.8 16.83
1 1 1 1 L L L CS 1122 1148 15.90
0.0 0.2 0.4 0.6 08 1.0 12 1.4

aFrom ref 28.° From ref 29.¢ From ref 30.¢ From ref 17.
time (us)
Figure 3. Time profile of the diffracted intensity measured with a  of the signal is purely nonresonant. The initial spike is due to
solution of MG in MeOH with the cw-probe setup. Inset: POWer hq gntical Kerr effect, while the oscillating signal originates
spectrum obtained upon Fourier transformation of the time profile. from electrostriction. The continuous line is the best fit of eqs
4 and 6 to the data after the end of the Kerr response. Contrary
to the signal arising only from thermal expansion, the diffracted
intensity due to electrostriction vanishes exactly twice during

On the other hand, Figure 3 shows the time profile of the
diffracted intensity measured with the same sample but with
oo 1 CaPoTSe e Oan coustcperiod.  f,which amourts f 685 ps i this

UPPpu gly measurement, and intensity maxima occur at{21)ta/4, n
acoustic frequency. _
. . ) =0,1,2, ..

The acoustic frequency was not determined from the fit of

egs 4 and 8 but rather from the power spectrum obtained by

fast Fourier transformation of the time profile. This spectrum btained f hei vsi d the bulk mod lculated
is shown in the inset of Figure 3 together with the best fit of a 0 ,tﬁ'ne ngt (T.'r ar(wja.ys[?, ‘E? tl eAu hmo uBls(Ij;a (f:u ate di
Lorentzian line shape. This procedure yields a precise acousti ‘.N't eq are listed In Table 1. As the speed of sound Is

frequency and thus a reliable speed of sound can be obtained!Ndependent of the frequency, the values obtained with both
provided the magnitude of the grating vector is known accurately the pump-probe and the cw-probe tec_hn!ques can be readily
(see eq 7) compared. However, the standard deviation on the measured

In principle, the acoustic attenuation constant can be deter-SpeeqS. is much smaller with the (_:w-probe setu_p. This is not
mined from the full width at half-maximum of the power surprising as the number of oscillations recorded is much larger

spectral line. However, because of the limited response time of " this case. . .

the cw-probe setup, the time profile is somewhat distorted and ~ Because of the aforementioned problem with the cw-probe

therefore a reliable value of cannot be readily obtained. —Setup, the acoustic attenuation constant has been extracted from

Nevertheless, this drawback can in principle be overcome by the pump-probe data only. As is proportional to the square

using a faster detector or by deconvolving the instrument Of the acoustic frequencyy/fa® values are listed.

response function from the measured time profile. Both vac anda were found to be independent of the absorber,
Similar time profiles have been obtained using R6G instead MG or R6G+DMA, as long as the concentration of DMA used

of MG. However, to enhance the nonradiative deactivation of to quench the excited state of R6G was kept low ([DMA]

the excited R6G molecules, a small amount of DMA has been 0.02 M). In MeOH, larger DMA concentrations resulted in an

added to the solution. This results in a substantial shorteningincrease of the speed of sound. For example~= 1137 and

of the § lifetime of R6G, because of the occurrence of electron- 1164 ms* with 0.02 and 0.1 M DMA, respectively. On the

transfer quenching’ other hand, the effect of large DMA concentrationscomas
Figure 4 shows the time profile of the diffracted intensity Not investigated.

measured with the pump-probe setup in pure DEC. The fringe As shown in Table 1, the measuregd values are in excellent

spacing was 0.94m corresponding to an acoustic frequency agreement with those reported in the literature, whilectlig?

of 1.46 GHz. As there is no absorber in the sample, the origin values compare rather well. These results confirm the reliability

These measurements have been repeated in several solvents.
The speed of soundi, the acoustic attenuation constaaf,
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Figure 5. Decay of the diffracted intensity measured with a solution Figure 6. Time profile of the diffracted intensity measured with a

of MG in MeOH using the cw-probe setup. The black line is the best solution of R6G in MeOH in contact with DEC using the pump-probe
exponential fit. setup and the TIR-probe geometdy & 83 nm). The black line is the

best fit of egs 4, 6, and 8.
TABLE 2: Thermal Diffusivity, Dy, and Thermal

?&T}iﬁ‘gﬁ;’gfaﬁtﬁ' 'gr}éaﬂﬁgfaa?é"%rgﬁj El)vsleasured by liquid. For example, the velocity of leaky-Rayleigh waves at

9 the TiGy/H20 interface had been measured to be close to that
Din x 10° (m?-s72) A (W-m™s71) of pure Rayleigh waves, while SchottStoneley waves were

solvent measd lit. measd lit. found to propagate at a slightly slower spee¢ 2%) than bulk

MeOH 99 10.8 0.199 0.200 wave in watef837 While several studies on capillary waves

EtOH 9.3 8.8 0.179 0.169 have been reported; 4! essentially nothing is known on acoustic

ACN 10.3 10.8 0.180 0.188 waves at liquid/liquid interfaces.

EigN 12."63 1458 0%10%3 0.607 Speed of Soundrigure 6 presents the first 5 ns of the time

profile of the diffracted intensity measured with a MeOH
2From ref 31." From ref 32.° From ref 28. solution of R6G in contact with DEC. This measurement has
. ) . been performed with the pump-probe setup using the TIR-probe
of both TG setups and are a further confirmation of the ability geometry. The penetration depth of the evanescent probe beam
of the_TG technique for determining the acoustic properties of \;2c 83 nm. At the relatively high concentration required for
materials.’ , _ _ such measurements;5 x 103 M, R6G forms aggregates,
[Figure 5 shows the decay of the diffracted intensity measured,hich shorten the Sifetime of the monomer by energy transfer
with a solut|_on of MG |n_MeOH using the cw-probe setup. Apart quenching? The ensuing excited aggregates decay nonradia-
from the first few microseconds, the decay can be well ey with a time constant of the order of 1 ps. Therefore, these
reproduced with an exponential function. The resulting decay peasurements do not require the addition of DMA to accelerate
time, 7ops iS related to the thermal diffusivity constant as: the nonradiative relaxation of the R6G excited state. The initial
diffracted intensity peak in Figure 6 is essentially due to the
(14) contribution of population changes. After this spike, the
87{2Dth diffracted intensity exhibits a complex oscillation. Contrary to
the profiles measured in the bulk (see Figuregt®, the period
TheDy, values measured in various solvents and the resulting Petween two intensity peaks is not constant. This behavior can
thermal conductivitiesiy, calculated with eq 11 are listed in b€ explained in terms of the interference between two acoustic
Table 2 together with literature values. In this case again, a very Waves with slightly different frequencies. The presence of small
good agreement between both sets of data is obtained, confirmintensity maxima at about 0.8 and 1.6 ns indicate a probable

ing the appropriateness of this method for the determination of contribution of electrostriction to the signal. The continuous line
diffusion constants3 is the best fit of eq 4 witl\ng(t) given by the sum of eqs 6 and

Measurements at Interfaces.With the TEG techniques, 8. A reasonable agreement with the measured profile is obtained

acoustic waves can now be generated and monitored in thewhen assuming the propagation of an acoustic wave generated
interfacial region. Acoustic waves at solid interfaces have been by thermal expansion at 1.16 GHz and of a second acoustic
intensively studied, and for instance elastic waves are knownWwave at 1.36 GHz induced by electrostriction. From this
to be gu|ded by free solid surfac&sSuch surface acoustic frequency, the speed of the latter acoustic wave amounts to 1370
waves (SAWS), where most of the energy remains near the m/S, a value that is identical with the Speed of sound in pure
surface, their penetration depth being of the order of one DEC (see Table 1).

wavelength, are called Rayleigh waves. They travel along the Therefore, in the TIR-probe geometry (see Figure 1A), the
surface of solids with a slightly lower velocity {5.3%) than probe beam sees first a density phase grating generated by
shear waves, the slowest acoustic waves in bulk solids. At solid/ electrostriction in the transparent apolar phase. The evanescent
liquid interfaces, Rayleigh waves are still present if they are probe field interacts with a grating, essentially a density phase
faster than the liquid bulk waves. However, since a small grating, generated by the nonradiative deactivation of excited
fraction of their energy dissipates into the liquid, they are called R6G in MeOH. In principle, the contribution of electrostriction
leaky-Rayleigh waves. Schok&toneley or Gogoladze waves is much weaker than that of thermal expansibHowever, with

are other acoustic waves that are confined at solid/liquid both TIR-probe and TIR-pump geometries, the interaction length
interfaces® Their energy decays exponentially into both the of the probe field with the ES grating is much longer than that
solid and the liquid phases, and for a large acoustic impedancewith the TE grating. Because of the different speeds of sound
mismatch, their velocity is just below the bulk velocity in the inthese two liquid phases, the frequencies of the acoustic waves

Tobs — (2DtthZ)_l =
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Figure 7. Time profile of the diffracted intensity measured with a
solution of R6G in MeOH in contact with DEC using the cw-probe
setup and the TIR-pump geometdy & 40 nm). Inset: Power spectrum
obtained upon Fourier transformation of the time profile.

differ, and therefore a beating pattern can be observed in the 1

time profile of the diffracted intensity. The time window of the o £a ag 160 L
pump-probe experiment is, however, too narrow to observe such f'eq”e"_cy (MFz) ) ) ) )
a beating. Because of this, the presence of a second acousti igure 8. Power spectra of the time profiles of the signal intensity

. . . . measured with R6G in MeOH in contact with DEC using (A) the TIR-
wave at a different frequency is not clear. For this reason, in a probe geometryd, = 116 nm) and (B) the TIR-pump geometigy &=

preliminary report, the ES contribution was thought to originate 43 nm). The black lines are the best fits of Lorentzian functions.
from the alcoholic phase onf} Actually, no signal can be
detected with pure bulk MeOH, while the electrostrictive gtate is of the order of 4 f8.The shape of the time profile due
response in pure bulk DEC is strong, as shown in Figure 4. 14 gych a 4 néieat release depends on the fringe spacing and
Because of this misinterpretation, the values of the speed of ;5 precisely on the acoustic periags.'® If 7. > 4 ns, the
sound at the interface listed in this preliminary refbshould time profile is totally modulated at the acoustic frequency and
be discarded. ) ] ) , _is similar to that shown in Figure 2. On the other handgif<
Figure 7 illustrates the time profile of the signal intensity 4 g the time profile of the diffracted intensity exhibits a smooth

measured with the same sample but using the cw-probe SetuRge hat directly reflects the heat release dynamics. In the pump-
and TIR pumping with a penetration depth of 40 nm. For this 5pe setup, the acoustic period is shorter than 1 ns, and
measurement, the fringe spacing was increased to abaunl4 e afore the oscillations observed in the time profile are not
resulting in acoustic frequencies of 80 MHz for TE in MeOH due to thermal expansion in DEC. On the other hand, the

and f% MHz fforh ES in DEC. The 33?“?9 pattern due tolthe acoustic period in the cw-probe setup is typically of the order
interference of the two acoustic modulations is now very clear. o' "< "2 "in this case 4 nsheat release gives rise to a

The.power spectrum obtairlle.d by Foqrier transform of the time | 4 1240 signal.
profile (Figure 7 inset) exhibits two distinct peaks that can be . . . .
However, if such a thermal grating is formed in DEC, it must

reproduced by Lorentzian line shapes. . L . ! .
b y b not contribute significantly to the time profile measured with

As electrostriction in DEC is essentially a bulk process, the h b ¢ Fi h X ¢
speed of sound in this experiment should be the same as that irfh© cw-probe setup for two reasons. First, the concentration o
R6G in DEC is very small ((R6GEK 5 x 1078 M) and the

pure DEC, in agreement with the analysis of the pump-probe ) - )
data. Therefore, the grating vector can be determined Veryfluorescence guantum vyield of R6G at low concentrations is
large, namely®; = 0.944* Therefore, the amount of energy

precisely from the acoustic frequency of the ES contribution ) A

using eq 7. This is particularly useful as an accurate determi- released as heat in DEC is insignificant. Second, the fact that

nation of gy from the very small crossing angles used in the N° oscillation at the double acoustic frequency is observed in
9 Figure 7 can be accounted for by the limited time resolution of

cw-probing setup is difficult. o . : .
While the ES contribution is very useful for internal calibra- the setup. Indeed, this time profile and the corresponding Fourier

tion, it also acts as a local oscillator that enhances the interfacialfansform can be qualitatively well reproduced by convolving
TE signal. Actually, due to the nanometer size volume in which the instrument response function with the diffracted intensity
thermal expansion takes place, the intrinsic TEG signal might calculated using eqs 6 and 8, assuming thai=> and Ang™

even not be detectable without this heterodyning by the ES @ré only present in DEC and MeOH, respectively. The addition
signal. of a contribution of Ang"® in DEC to the signal leads to a

While the oscillation at the double acoustic frequency deterioration of the agreement between the simulated and

originating from electrostriction is clearly visible in the pump- observed profiles.

probe data (see Figure 6), it cannot be distinguished in the time  Interestingly, the relative magnitude of the ES and TE
profiles recorded with the cw-probe setup. One can therefore contributions to the signal depends on the experimental geom-
wonder if the 96 MHz acoustic wave observed in this time etry. As shown in Figure 8, the contribution of thermal
profile is due to electrostriction only. Indeed, a faint fluorescence expansion dominates the signal in the TIR-pump geometry,
that arises from R6G can be observed in the DEC phase uponwhereas in both the TIR-probe and all-TIR geometries, the signal
532 nm excitation. Therefore a thermal density grating due to arises mostly from the nonabsorbing phase. This can be
the nonradiative deactivation of R6G in the Sate might be understood by considering that in the TIR-pump geometry the
present in the DEC phase as well. The time constant associatednteraction length of the probe beam with the ES grating is
with the heat release from R6G upon deactivation from the S substantially smaller than that in the other two arrangements.
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Figure 10. Penetration depth dependence of the apparent thermal
diffusivity for the system R6G in MeOH in contact with DEC. The
solid line is the best fit of an exponential function.

Similarly, for any geometry, the contribution of thermal 1aBLE 3: Value of the Thermal Diffusivity, Dy, Obtained

expansion to the signal increases with increasing penetrationfrom the Decay of the Diffracted Intensity Measured with
depth. This is a reasonable result, as a large penetration depttDifferent Transient Evanescent Grating Geometries as a

implies a thicker TE evanescent grating in the TIR-pump Function of the Penetration Depth,d,, with the System R6G
geometry or a longer interaction length with the TE grating in " MeOH in Contact with DEC

(nm)
Figure 9. Penetration depth dependence of the speed of sound for the
system R6G in MeOH in contact with DEC. The black line is the
literature value of the speed of sound in bulk Me&H.

the TIR-probe configuration. geometry d, (nm) Dih x 10 (m?-s™)
Finally, the relative contribution of both mechanisms to the boxcars bulk MeOH 9.9
signal was found to depend on the angle of incidence of the TIR-probe 117 9.2
probe beam onto the gratinger. The contribution of electro- TIR-probe 104 8.9
iction i i _ i iti TIR-pump 48 8.7
striction is the largest in the phase-matching condition, namely TIR-bUM 4 78
with 6y, = 6g. Deviation from@g results in a net decrease of a"_T'IOR P 33 77

the ES contribution while keeping the signal intensity due to
TE essentially unchanged. This is due to the thick-grating nature

of the ES grating, which requires the Bragg condition for value ofDy, at large depth. Interestingly, the value measured at

_efﬂuent diffraction. In_the TIR-_pump geometry, the _‘I'E_gratlng the smallest depth is essentially the same as that in bulk DEC,
is an evanescent grating and is thus intrinsically thin, Ae> Dy = 7.4 x 108 M2 5145

d. In the TIR-probe geometry, the evanescent probe beam
interacts only with a thin layer of the TE grating and thus “sees”
a thin grating.

As seen before, the acoustic frequency related to electro-
striction in DEC allows a precise determination of the grating
vector, which is itself required for obtaining the speed of sound H in the. val d at the interface i iall
in the polar phase. This latter value was found to be essentially . ere again, they, value measured at the interface |siessent|a y

: . Iy identical with that of pure DODDy, ~ 8 x 1078 m? 57146
the same as that measured in the bulk solutions. No significant ) ) o ' )
difference could be observe in MeOH, ACN, PrCN, angDH This result is surprising and differs from the obse_rvat_lo_n
in contact with DEC. As illustrated in Figure 9, the speed of reported by Tera2|ma and co-workers_that the therr_nal diffusivity
sound is independent of the penetration depth. The relatively measured at the alr/2-propan_ol and air/1-hexanol interfaces was
large scattering of theac values shown in this figure can be ~€ssentially the same as that in the bulk phasésoreover, the
explained by the different experimental arrangements used forfit of an exponential function to the measured data has no
the measurements. Moreover, the speed of sound does noPhysical basis. Indeed in solids, thermal diffusivity dep'th_proflles
depend on the absorbing dye (R6G or R110) and is not have been shown to depart strongly from exponentiéfity.
influenced by the nature of the adjacent high refractive index  We explain the penetration depth dependend@ypbbserved
solvent (DEC or DOD). here by the formation of a density phase grating in the

Only a rough estimate of the acoustic attenuation constanttransparent apolar phase, DEC or DOD, induced by thermal
near the interface could be obtained. This is due to the limited diffusion from the polar absorbing phase.
time window of the pump-probe experiment and to the interfer-  The evanescent grating generated in the TIR-pump geometry
ence between the ES and TE contributions. Consequently, theis a very thin gratingd, being 50 nm, whileA is larger by
error ona. near the interface is too large to be able to establish several orders of magnitude, typically aroundu®. To discuss
a difference with the bulk value. how such a thin density phase grating can be affected by thermal

Thermal DiffusionAs in the bulk phase, the slow decay of diffusion, three different directions have to be considered (see
the diffracted intensity measured near the interface can be wellFigure 1): (a) thex-axis direction, i.e., the direction along the
reproduced with an exponential function. However, the value grating vector, (b) the-z direction perpendicular to the interface
of the thermal diffusivity,Dy,, calculated according to eq 14 toward the polar absorbing phase, and (c) thedirection,
differs from that measured in the bulk. Figure 10 and Table 3 toward the apolar transparent phase. Thermal diffusion atong
show that the thermal diffusivity at the DEC/MeOH interface leads to a washing out of the fringes and thus to a decay of the
exhibits a significant dependence on the penetration delpth,  diffracted intensity as in the case of a thick grating. With 10
Indeed, the measuredy, increases continuously from 73 um fringes, this process takes place in the submillisecond time
108t0 9.2 x 1078 m? s™1 by going from a penetration depth  scale. Thermal diffusion along thez-axis leads to an increase
of 33 to 117 nm. This dependence can be reasonably well of the grating thicknessl. For a thin grating witld = 50 nm,

reproduced with an exponential function rising toward the bulk

An even stronger difference between interfacial and bulk
measurements has been observed with an aqueous solution of
R6G in contact with DOD. ADy, value of 8 x 1078 m? s71
was measured al, = 72 nm, while the experimental diffusivity
constant in bulk water solution amounts to 14808 m2s L.
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TABLE 4: Value of the Amplitude Factor, CT8/Q, for T T
Various Solvent$

solvent I
MeOH H,O DEC DOD
C™8Q x 10 (ms3-J7) 2.05 0.21 6.20 2.55 -

a Calculated using data taken from ref 49.

diffracted intensity (a.u.)

a 2-fold increase of the thickness occurs in the nanosecond time:
scale. In principle, diffusion along thez direction should not
affect the diffracted intensity, as the decrease of the modulation ! | | L
amplitude of the refractive indeX\ng'E, is compensated by the 0 1 2 3
larger grating thickness, i.e., a longer interaction length with time delay (ns)

the probe field (see eq 4). In the TIR-probe geometry, the density Figure 11. Time profile of the diffracted intensity measured with a
grating is thick, and therefore thermal diffusion alo#g is 0.2 M solution of R6G in MeOH in contact with DEC using the pump-
irrelevant. probe setup and the TIR-probe geometry.

The importance of thermal diffusion in thez direction . .
depends on the material in contact with the absorbing phase.960metry, the effect is even stronger because the grating formed

As the thermal conductivity of air is smallg = 2.6 x 102 in the polar phase i.s a.thic.k grating. Finally in the all-TIR
Wm-1 K-1),28 thermal diffusion in the-z direction should not geometry, thermal dlffl,.ISIOﬂ. in the-z direction decreases the
affect significantly the decay of the diffracted intensity at an @mplitude of the grating in the polar phase seen by the
air/liquid interface, in agreement with the experiméin the ~ €vanescent probe field. On the other hand, diffusion along the
other hand, Terazima and co-workers have observed a strong~Z direction increases the amplitude and the thickness of the
acceleration of the decay of the thermal phase grating in a liquid 9rating in the apolar phase. In this geometry, one monitors
in contact with sapphir& the thermal conductivity of the latter ~ €SSentially the thermal grating in the apolar phase.
being about 3 orders of magnitude larger than that of air. Because of the heat transfer between the two phases, it is
In the case of the liquid/liquid interface studied here, the not possible to determine thermal diffusivity near the interface.
thermal conductivity of the transparent apolar phase is only 3 This is due to the fact that the thickness of the region of interest
to 4 times smaller than that of the absorbing polar phase andis much smaller than the fringe spacing. The smallest fringe
thus heat transfer across the interface must take place. Thereforespacing can be obtained with counter-propagating pump ptiises.
a few nanoseconds after grating generation in the absorbingWith 532 nm pump pulses\ is still larger than 150 nm, i.e.,
phase, a thin phase grating, with the same fringe spacing as thdarger than the evanescent grating thickness.
evanescent grating, is formed by thermal diffusion in the apolar  Propagation of Acoustic W& PacketsFigure 11 shows the
phase. Consequently, the probe beam interacts with this gratingtime profile of the diffracted intensity measured with the pump-
as well and the resulting diffracted field adds coherently to that probe technique (TIR-probe geometry) with a high R6G
diffracted by the evanescent grating. concentration in MeOH in contact with DEC and a high pump
Apart from the amount of heat deposited, the modulation intensity. The crossing angle was relatively small and therefore
amplitude of this new phase grating depends on the variousthe time-window of the experiment corresponds approximately

material parameters shown in eq 9. The magnitud€6fQ to a single acoustic period. The two broad humps centered at
has been calculated with literature values for four solvents and about 0.7 and 3 ns are thus due to the acoustic modulation of

is listed in Table 42 This table shows that for the same amount  the TG intensity originating from the ES and TE mechanisms.
of heat deposited, the modulation amplituiey™= in the apolar  Additionally, a clear oscillation with a period of about 450 ps
phase is substantially larger than that in the polar phase. Thisjs visible. The period of this fast oscillating component that
larger C™5/Q value in the apolar phase should compensate for yanishes at lower pump intensity is independent of the crossing

its smaller thermal conductivity. angle of the pump pulses. This suggests that it is due to a process
_ As the thermal diffusivity constant of the polar phaBey(p), occurring along the direction normal to the interfacial plane.
is larger than that of the apolar phaga,(a), the lifetime of  |ndeed, thermal expansion in the illuminated fringes occurs in

the thermal phase grating in the former phase is smaller than | three spatial dimensions. Thermal expansion along the grating
that in the latter medium. If both gratings contribute equally to yector gives rise to acoustic waves of well-defined frequency,
the diffracted intensity, the intensity decay due to thermal \pijle thermal expansion in the-z directions generates two
diffusion should be a triexponential function with the time 5cqustic wave packets. The width of these acoustic pulses
constantsry = [(Di(p) + Din(@))g?] ™% 72 = [2Din(p)ag”] ™, depends on the thickness of the region where heat has been
andzs = [2Di(a)e?] ~* and the relative amplitudes, = 2A; deposited. Given the high R6G concentration used for this
= 2A measurement, 90% of the pump energy is absorbed within the
first 500 nm of the polar phase. Therefore the acoustic pulses
should leave the excitation region within about 500 ps. One
pulse propagates in thez direction, i.e., in the polar phase,

_ TR while the other, travelling along thez direction, is partially
The penetration depth dependencedgfreported in Figure  efiected back at the liquid/liquid interface. The reflection

10 is related to the different geometries used for the measure-.efiient,r, of an interface for an acoustic pulse propagating
ments. In the TIR-pump geometry, a thin evanescent grating IS from medium 1 to medium 2 is given by

first generated in the polar phase. The larger the penetration
depth, the larger the amount of heat deposited in the polar phase
and the weaker is the relative contribution of the grating formed r=
by thermal diffusion in the apolar phase. In the TIR-probe W, + W,

In the case of DEC/MeOH, the simulated decay can be well
reproduced with a single-exponential function with~ 7.
Therefore, the single-exponential decay of the diffracted inten-
sity observed near the interface should not be surprising.

Wy — W,

(15)
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Figure 12. Time profile of the diffracted intensity measured with R6G ~ Figure 13. Speed of sound measured in a solution of MG in MeOH
in MeOH in contact with DEC using the cw-probe setup and the TIR- Wwith various concentrations of SDS and best linear fit.

pump geometry (see text for details). .
TABLE 5: Speed of Sound,v,,, Measured in Bulk MeOH

wherew; is the acoustic impedance of the medium = pvac. and in MeOH in Contact with DEC with Different SDS
For the MeOH/DEC interface, amounts to 0.17. We suggest g?enpcsrgtt%gogi S‘?ﬁgét\if,aer'géss%@ﬁiéh{argﬁf) ??nmhellgOH
that this partial reflection leads to a displacement of the interface Near the Interface, [SDS}

in the —z direction and that a restoring force, associated with

the interfacial tension, sets up an oscillatory motion. This vac (M'S™)

oscillation, which is rapidly damped, perturbs the region probed t(h) [SDShuik (M) bulk interface [SDS}: (M)
by the evanescent pulse and leads thus to a periodic modulation 1 0.02 1117 1129 014
of the diffracted intensity. The propagation of an acoustic wave 24 0.02 1135 0.20
packet generated by photoinduced thermal expansion in a thin 1 0.1 1126 1137 0.22
solid layer in contact with another solid or a liquid is well 24 0.1 1143 0.28
documented!>4 However, to our knowledge, such an oscil- 1 8‘% 1134 111154; g'ﬁ

lation observed at a liquid/liquid interface has not been reported
so far. This might be due to several factors, such as the use ofwould in principle allow the precise measurement of its profile
an evanescent probe beam, the high pump intensity, and alsayithout this distortion problem. However, this goes beyond the
the smaller stiffness of the liquid/liquid interface compared to scope of this paper.
that of solid/solid and solid/liquid interfaces. However, ad- Effect of a SurfactantAs natural membranes are constituted
ditional measurements are needed for confirming this hypothesis.of lipid bilayers, the addition of an alkyl surfactant to the liquid/
The reflection coefficient of the MeOH/air interface is close liquid system results in a more realistic model of a biological
to —1 and thus the acoustic wave packet that propagates in theinterface®> Amphiphilic molecules are known to adsorb at
zdirection through the polar phase should in principle be nearly interfaces, and this process should thus be observable with the
totally back reflected. The arrival of this pulse back to the TEG technique. To test this with the system SDS in DEC/
interfacial region, the acoustic echo, should result to a perturba-MeOH, some experiments have first been performed in bulk
tion of the grating and thus to a transient change of the diffracted MeOH. As shown in Figure 13, the speed of sound measured
intensity>354 Given the thickness of the polar absorbing phase in a bulk solution of MG in MeOH increases upon addition of
(da > 1 mm), the roundtrip time of the acoustic wave packet, SDS. The experimental geometry was the same for all measure-
given by 7; = 2di/va, should be of the order of several ments, and only the sample was changed. Therefore, the relative
microseconds. Figure 12 shows the time profile of the diffracted error between the. values is considerably smaller than that
intensity in the microsecond time scale measured with the in Figure 9. The measured speed of sound does not depend on
system R6G in MeOH in contact with DEC using the TIR- the age of the sample. The same value was obtained 3 or 22 h
pump geometryd, = 42 nm). Small replica of the initial peak  after SDS addition, confirming that the composition of sample
can clearly be observed 5.6 and 112 after excitation. The s stable and free from micellization. From this figure, a direct
time delays at which these replica appear depend on thicknesgelationship between the speed of sound and the SDS concentra-
of the absorbing phase &s= n2dJ/vac (N = 1, 2), as expected  tion in MeOH can be obtained:
for the acoustic echoes. With absorbing layers thinner than 3
mm, up to three echoes can be observed. Moreover, the number v = 1115 ms*+ 99[SDS] ms*M ! (16)
and intensity of the echoes increases with increasing R6G
concentration. This can be explained by the larger amount of On the other hand, addition of SDS has no significant effect on
heat deposited by the evanescent pump pulses at high dyehe thermal diffusivity.
concentration. In a second stage, solutions of R6G in MeOH with various
These echoes could only be observed when using theSDS concentrations were poured on DEC in the sample cell
photomultiplier tube in the saturation regime. Indeed, the for measurements at interfaces. The speed of sound was then
duration of the acoustic pulse should be of the orderdgf.2, measured using the cw-probe setup 1 and 24 h after the sample
i.e., less than about 100 ps. Such a short pulse can clearly nofpreparation. As shown in Table 5, the speed of sound measured
be detected in a time-window of several microseconds. How- near the interface is substantially larger than that in the bulk at
ever, using the photodetector in the saturation regime leads tothe same SDS concentration. Moreover, the speed of sound
a strongly distorted response and, because of this, the acoustidlepends on the age of the sample, the value measured 1 day
echoes can be observed. This saturation is responsible for theafter sample preparation being clearly larger than that recorded
absence of oscillations due to the acoustic waves that can beafter 1 h. This largep,c value is ascribed to the adsorption of
seen in Figure 7. Knowledge of the arrival time of the echo the surfactant molecules at the interface. This results in a local
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increase of SDS concentration and hence in a larger speed of (2) Slilen, Y. RThe Principles of Nonlinear Spectroscogy Wiley:
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Eourr:d. The effectlv_lg(;SDS concentratlonsI |nlthedvolu_me prcitéed (3) Richmond, G. L.Chem. Re. 2002 102, 2693.
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listed in Table 5. In principle, the adsorption at the interface is (5) Brevet, P.-FSurface Second Harmonic Generati@resses poly-
a fast process (]_'G—]_O s)?6v57 and therefore the difference of techniques et universitaires romandes: Lausanne, Switzerland, 1997.
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