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Abstract. Self-excited spinodal decomposition oscillations are
obtained in a binary, liquid, stratified mixture deep in the labile
region. An opto-thermodynamic method is presented for locat-
ing the binodal and the spinodal in the temperature-concentra-
tion plane for stratified solutions with a lower critical point. It is
shown that light-induced barodiffusion serves as an effective
mechanism for quenching a stratified solution into the meta-
stable region.

1. Introduction

Studies of liquid solutions (here and later we shall consider
only binary solutions) attracted interest because of the
possibility of stratification phase transition upon changing
the concentration u or the temperature 7, many specific
features of this phenomenon being unclear. One of the
problems is associated with the existence of solutions that
reveal anomalous behaviour with changing temperature 7:
the separation into two phases occurs not upon cooling (when
the efficiency of mixing decreases) but upon heating (see, for
example, Refs [1, 2]). The (u, T) phase diagram of such
solutions is characterized by a lower critical point (LCP).
Such anomalous behaviour can be qualitatively explained as
follows. Upon mixing of associated (forming intermolecular
bonds) liquids A and B, which are characterized by LCP
stratification, the entropy effects caused by the formation of
‘direct’ (A—A and B—B) and ‘cross’ (A—B) bonds between
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the molecules compete with Brownian mixing (the model of
stochastic bonds for a liquid phase was proposed in Ref. [3]).
Because in general, the efficiency of Brownian mixing and the
entropy effects depend differently on the temperature, their
simultaneous action can result in a nonmonotonic depen-
dence on T of the solubility of components. However, it is
clear that in the low-temperature region the solution should
segregate into two phases (the Brownian mixing efficiency is
infinitesimal.) It is also obvious that at sufficiently high
temperatures, the intense Brownian motion breaks the
intermolecular bonds and stratification does not occur. As a
result, the general (u, T)-plane phase diagram should appear
as in Fig. 1 [4] (the number of closed stratified regions is
determined by the number of types of intermolecular bonds.)
The low-temperature part (adjacent to the wu-axis) of the
stratification phase diagram may be found in the crystal-
lization region; the high-temperature part, in turn, may
correspond to the gaseous phase. For this reason, the phase
diagrams shown in Fig. 2 are more often realized; they
represent fragments of the complete phase diagram, which
are bounded above by the boiling temperature and below, by
the crystallization temperature of the mixture.

At present, a consistent microscopic theory of associated
solutions is absent, although numerous experimental results
on the kinetics of such solutions are available. In addition,
along with scientific studies, the associated water solutions
attract interest because of their numerous technological
applications.

A phase diagram of the solution contains a binodal (this is
the boundary between the stable and metastable states) and a
spinodal which bounds the region of absolutely unstable
(labile) homogeneous states. On the binodal, the chemical
potentials of two equilibrium phases are equal: y; = u,. On
the spinodal, the condition

aﬂ 0wy

Ou; Ou
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Figure 1. General phase diagram of a phase separable solution in
concentration—temperature coordinates.

Tc 2

Figure 2. Phase separation curves for solutions with (a) an upper critical
point (UCP), (b) a lower critical point (LCP), and (c) a closed curve (with a
UCP and an LCP).

is satisfied, where u;, are the molar fractions of the
components of the solution, and u; + u, = 1. The coefficient
of mutual diffusion D of these components is proportional to
Opy »/0u; 5. For this reason, diffusion transfer sharply slows
down on approaching the spinodal. In region I, outside the
binodal (Fig. 3), the state with homogeneous spatial concen-
tration distribution is stable; in the metastable region II,
diffusion causes motion to one of the homogeneous states
standed out by spontaneous violation of symmetry — to a
nucleus of the conjugate phase. At the critical point, the
spinodal touches the binodal. The labile region III, which
comprises, together with the metastable and stable regions,
the complete set of possible phase states of the substance, is
the least known both experimentally and theoretically. It is
known that if the system can be quenched into the labile state,
its subsequent relaxation to the stable heterophase state may
occur via a particular nonequilibrium phase transition, which
is called a spinodal decomposition (SD) [S]. The SD process is
characterized by the ‘enhancement’ of random inhomogene-
ities, resulting in the appearance of a granular relaxation
structure without phase boundaries in the early stages. In the
later stages, the usual heterogeneity appears: one of the
phases is dispersed inside the other in the presence of a stable
interfacial boundary (which, of course, has a complicated
topology.)

The SD theory [6—11] modified in Refs [12—14] (in
particular, for polymer solutions) assumes that the concen-
tration u of any component (the subscripts ‘1’ and ‘2’ for u will
be omitted below) differs only slightly from the average
concentration uy at each point of the solution. A change in
the concentration is described in the first approximation by
the linearized diffusion equation

Ou

— = LV*(; ' = 2KkV*u),

= (1.1)

whose solution can be represented by the Fourier series [5]

u(r, 1) —ug = ZA(k, t)exp(ik - 1), (1.2)
K

111

Figure 3. Phase diagram of a phase separable solution with the LCP; the
indicated regions correspond to stable, metastable, and labile states.
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where
A(k, 1) = A(k,0) exp[R(k)1] ,
R(k) = —LKk*(y~' +2KKk?).

(1.3)

Here, L = L;; > 0 is the kinetic Onsager coefficient char-
acterizing the mobility of molecules, Ay = pu; — p, is the
difference between the chemical potentials of components of
the solution, K = D/2L, and k = |k| is a basis set of wave
numbers corresponding to elementary concentration modes,
and y = 0u/0(Au). In the labile region y < 0, so that the
increment R(k) is positive for k < k, = (—21(;()71/2 and
reaches its maximum value at k = ky, = k¢ / V2.

In optical experiments, the scattered light intensity /(q, )
is usually observed, where q is the scattering wave vector,
lq] = (41t/2)sin(0/2), 7 is the radiation wavelength, and 0 is
the angle between the incident and scattered beams. By
assuming that q =k, we obtain I(q,?) |A(q,t)|2 in the
Born approximation [15]. Therefore, the measurement of
I(q, 1) yields direct information on the spatial spectrum of
the concentration fluctuations in the system. In the linearized
theory, the scattered light intensity /(q,¢) is described,
according to (1.3), by the expression

I(q,1) = I(q,0) exp [2R(q)t] , (1.4)
i.e. the theory predicts an exponential growth of 7 for ¢ < ¢,
and an exponential decay of I for ¢ > ¢.. The scattered light
intensity has a maximum in the direction of ¢, which is
determined by a maximum of the increment. It is this
behaviour of the structures formed in the early stages of the
SD that is observed, as a rule, in experiments, and the simple
expression (1.4) can be used as the basis for experimental
verification of the linearized SD theory.

Spinodal decomposition in binary liquid solutions under-
going stratification was first observed in Ref. [16]. The phase
separation in a binary mixture of methanol and cyclohexane
near the critical point was studied from scattering of radiation
from a He — Ne laser in a cell several centimetres in length. The
angular distribution of the scattered light intensity was
registered with photomultipliers and also on photographic
film. The labile state was produced by changing the solution
temperature. The depth of quench into the labile region was
AT =|T—Ty|=2x1073 K, where T, is the critical
temperature. After quenching the system into the labile
state, along with the central dark spot produced by the
traversed laser beam, a ring caused by scattering from the
short-range order structure appeared on the photographic
film placed in the far field perpendicular to the incident laser
beam. The development of a ring suggests the appearance of
an ordered structure with characteristic size 4, = 21n/gn. It
was found that roughly 1 min after the quench into the labile
area, the scattered light intensity was 1(¢) o< exp[2R(gm)1],
while the radius of the ring was constant. After a lapse of
several minutes the radius of the ring decreased and then the
ring collapsed, corresponding to the increase in the system
scale.

Thus, the process observed in Ref. [16] is related to the
early stage of SD. Notice here that an interesting method for
quenching a binary liquid into the labile state was proposed in
Ref. [17]. It is based on the dependence of the temperature 7T,
on pressure. A critical mixture of isobutyl acid and water was
quenched into the labile region by quickly changing the
pressure at constant temperature. In contrast to Ref. [16], in

Ref. [17] the scattered light intensity /() did not grow
exponentially even in the early stages of the spinodal
decomposition. The experimental data [17] can be considered
reliable because a quick quench into the labile region was
produced, which avoided any difficulties related to the finite
time of establishing thermal equilibrium. Note that the time
of the diffraction ring persistence decreases with increasing
depth of the quench. The short observation time substantially
limits the possibilities of studying SD.

The SD theory based on a linearized diffusion equation
can be applied, as was mentioned above, only to the early
stages of decomposition when concentration fluctuations are
small. In the later stage, the assumption of the smallness of
u — up becomes invalid because of its continuous growth. In
this stage, the time dynamics of the scattered light intensity is
described by a power function I(f) oc t# [18-23], the
exponent f being dependent on both the time and depth of
the quench into the labile region (in Ref. [18], a regime with
the exponent ff invariable in time was specially distinguished.)
An experimental method analogous to that described in Ref.
[16] was applied for studying SD in a solution of 2-6-lutidine
and water with a LCP [24, 25]. It was shown that at distinct
stages of SD, the approximation () o ¢'/3 is valid for all
depths of the quench studied. In Ref. [26], the kinetics of SD
was also studied as a function of the depth of quench and the
dependences ¢m(f) and I(gm(t)) at AT <2 x 107* K were
found to be well described by a power law in 7 predicted by the
theory of Kawasaki [21]. For AT > 2 x 1073 K, the agree-
ment between theory and experiment disappears, which can
be explained by the finite rate of temperature variation in the
experiment.

In the developed stage of SD, a further growth of
scattering structures (droplets of one of the phases dispersed
in the other phase) occurs, and the dependence I(¢) is
described by the transcendental equation of Furakawa [22].
An interesting feature of SD dynamics was found in Ref. [18].
In the initial stage, the scale of the droplets is characterized by
the only time-dependent quantity — the size R of a droplet of
the conjugate phase. However, when the concentration in the
central regions of droplets is at equilibrium and is still far
from equilibrium at their boundaries, another time-depen-
dent spatial scale appears — the thickness d of the interface
layer. Lastly, the concentration drop in the interface layer at
the final stage of SD is so large that d becomes independent of
t, and again only one spatial scale R(7) is dependent on 7. (We
shall show below in Section 2.2 that the ‘time return’ during
SD is a fundamental property of this phenomenon.) It follows
from the above brief (and far from complete) review of papers
on SD dynamics that this problem is not yet fully understood.

A phase separable solution can be also quenched into the
labile state by the thermal action of radiation. For example,
this was done in an LCP water solution of triethylamine and
butyl Cellosolve heated in the course of volume energy release
by absorption of high-power radiation [27, 28]. The separate
stages of SD were studied using a single-pulse Nd**: YAG
laser. Different SD regimes with a finite quenching rate were
realized using pulse trains from a free-running Nd**: YAG
laser and from the broadband radiation of a pulsed xenon
lamp. This method for quenching a solution into the labile
state provided a significant increase in the quenching depth
and rate, resulting in a substantial acceleration of the
relaxation diffusive processes. It was shown that under the
action of powerful radiation, photo-induced concentration
structures appear in the absorbing solutions undergoing
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stratification. This provides a mechanism of photo-induced
diffusion redistribution of the components and the enhance-
ment of this effect, inherent in liquid mixtures upon quench-
ing. Under certain conditions the photo-induced concentra-
tion structures play the role of a nucleator of SD. In Ref. [29],
the contributions of the spontaneous self-diffusion and
photo-induced diffusion mechanisms related to thermal
diffusion and barodiffusion, thermal conductivity and
photo-induced variation in Ay were determined. The early
and late stages of SD were studied in Ref. [29] not only from
the dynamics of a ‘spinodal ring’ in the scattering pattern but
also from a change in the extinction coefficient of the probing
radiation. In the early stage, the extinction coefficient grows
linearly with time (o I't), where 1/I"is the time of appearance
of the modulated spatial structure; I' depends on the heat
supply rate ¢ ~ dQ/dt as I' < ¢V, where i = 0.65.

An interesting method for quenching a phase separable
solution into the labile region was suggested in Ref. [30]. A
binary mixture of methanol and heptane with an upper
critical point was transferred, upon cooling, from the
subcritical to the supercritical region. The solution stratifica-
tion caused by convective separation of heavy and light
components should start on entering the binodal. The
stratification was suppressed by vigorously stirring the
liquid, which provided a fairly long persistence time for the
supercritical state.

In conclusion, we note a number of papers [31—34]
devoted to studies of SD in polymer solutions. The rate of
spreading of the ordered SD structure due to the convection
countercurrent of light and heavy phases in such solutions is
small because of their high viscosity. For the same purpose,
liquid mixtures were used in which the densities of the
fractions formed upon phase separation were close [18, 35].

2. Studying dynamics of spinodal decomposition
for a deep quench into the labile region

The SD of a liquid solution for a deep quench into the labile
region and the time dynamics of this process were studied in
Refs [36, 37]. The kinetics of SD in a phase separable water
solution of 2.4,6-trimethylpyridine (TMP) (the phase dia-
gram of the TMP solution in water taken from handbook [38]
is presented in Fig. 4) was studied using a low-power
(I =2 x 1073 W cm~2) He — Ne-laser radiation. The develop-
ment of the spatial SD structure was monitored from the
angular spectra of the laser radiation scattered in a cell of the
liquid under study. Physical properties of the TMP solutions
are substantially determined by the kinetics of the hydrogen
bonds between nitrogen atoms of the pyridine rings in TMP
molecules and the hydrogen atoms of the water molecules. In
particular, these bonds exhibit solution stratification upon
heating (the lower critical point of the solution is
T = 5.7°C.) Aqueous solutions of methylpyridines are
convenient for studies because the refractive indices of their
components substantially differ (JAn| =~ 0.2), while their
densities are close, resulting in a diminished convection effect.

2.1 Experimental method of studying spinodal
decomposition for a deep quench into the labile region

As was mentioned above, SD is the process of a system
relaxation to the equilibrium, and it is observed under the
non-stationary conditions characterized by a certain set of
time scales (see, for example, Ref. [5]). To evaluate the depth
of quench AT = |T — T into the labile region that can be

T,°C

70 30 90 ue: 100
u, mol.%

Figure 4. Phase diagram of a water solution of 2,4,6-trimethylpyridine.

achieved during the observation time 7', one should know the
average time (t) for the appearance of a nucleus in the volume
element AV and the phase separation time 7 in this volume
element in the presence of the nucleus. Because the times (t)
and g sharply decrease with increasing AT, the maximum
value of AT that can be achieved in the experiment is
determined by the condition

T<(t) 415

Therefore, in order to observe SD in passing from the state /
to the point 2 (see Fig. 3), the temperature should be changed
rather quickly lest the diffusion has time to increase the nuclei
of conjugate phases (the 3, 4, and all other intermediate states
of the 3’, 4 types) to the size critical of solution stratification
caused by convection. This condition becomes more stringent
with increasing AT: in a cell 1 cm in length, the solution
undergoes stratification at AT ~ 1073 K in 15 min and at
AT ~ 1K, in one second. For this reason, the possibilities of
the known experiments on SD observation (see Introduction)
are limited (in the case of nonviscous solutions) by the
condition imposed on the times () and 15, which is difficult
to satisfy. Hence, the conclusion about the monotonic in time
dynamics of decomposition is only valid within a quite short
time interval. On the other hand, the monotonic behaviour of
the SD process, which has a diffusion nature, directly follows
from the assumption that the difference u — ug is small.

An alternative approach [36, 37] consists in using a thin-
layer vertical cell (the distance between cell windows
d = 25 pm) for the solution under study. Convective flows in
a cell of such a size, which appear upon heating the liquid, are
negligibly small [37]. Indeed, by neglecting the temperature
gradient VT along the gap between the cell windows, we can
express VT along a radius R = 1 cm of the cell windows in the
form (VT), = 8T/+/4yt, where 8T is the difference between
the temperature of the window ends (which are adjacent to a
water jacket of the cell and whose temperature corresponds to



October, 1997

Studies of spinodal decomposition in stratified solutions using laser methods

1023

the maximum one, see Section 2.2) and the temperature at the
centre of the window at the beginning of heating, y is the
thermal conductivity either of the liquid or the cell window
material (we should insert the maximum of these two values),
and 7is the heating time. Notice that the value 7 measured in
this way in fact corresponds to the depth of quench AT into
the labile region (this will be clear from a description of the
experiment.) The convective counterflow is absent if the
development time 7.,y Of the convective instability exceeds
the time R?/4y of liquid heating, i.e. the time of the gradient
(VT), existence. The time 7cony can be evaluated in the
following way. The velocity u of a liquid particle of density
p’ and volume V, which floats up under the action of
Archimedes’ force, being inside a liquid of the same viscosity
but of greater density p > p’, is equal to

gV2/3( p/)

U= 1—=—],

10v p

where v =1n/p is the kinematic viscosity, and g is the
acceleration due to gravity (see, for example, Ref. [39]). The
physical meaning of u is obvious: it is the mixing rate.
Assuming that 1 — p’/p = 3T, where £ is the coefficient of
thermal expansion (i.e. the density difference is caused by
heating), and V ~ d?\/4yt, we define time 7cony as the time

during which a particle of volume ¥ comes rise through the
height R:

Tconv
R= J udt.
0

Upon integrating, we obtain

SRy \ a1
oo (r) () @

The condition of the absence of convection Teony > R?/4y can
be expressed in the canonical form:

4R\ "
< Rag; =8 <—> ,

3
Ra = ‘gLB TR

vy d

where Ra is the Rayleigh number. In our case, 67 ~ 1073
(the variation range of T and experimental conditions are
given below), v ~ 1072 ecm2s~!, and y =~ 5 x 1073 cm? s~! for
fused quartz, of which the cell windows were made (for water,
y is three times smaller.) Thus, we obtain Ra = 2.3 x 10* <
Ra. = 1.5 x 105, i.e. the convective counterflow should
indeed be suppressed. Note that the value of Ra must
actually be even smaller, because in our case the gap between
cell windows is comparable with the thickness of the
boundary layer, in which the liquid velocity decreases due to
the presence of a hard wall, resulting in a greater effective
value of v. The validity of the above consideration is
confirmed by the fact that we did not observe homogeneous
transparent layers formed upon separation of heavy and light
fractions in the gravitational field. Therefore, in the case of
suppressed convection the lifetime of the SD structures can be
increased up to tens of minutes at AT ~ 1—10 K. In this case,
the suppression of convection itself, of course, does not affect
the process of producing new phases. Another undeniable
advantage of thin cells is that the multiple scattering effects
can be safely neglected because the size of a droplet of the
conjugate phase is comparable with the gap d. Finally, notice

that SD was studied in thin cells in several papers (see, for
example, Ref. [40]). However, we are not aware of papers
where this process has been investigated for a deep quench
into the labile region.

The heat balance equations in the SD state are solved, as a
rule, in the average field approximation used for linearization
of these equations. Upon a deep quench into the labile region,
the kinetics can be nontrivial under the conditions of strong
nonlinearity (taking into account the dependence of the
relaxation times on the concentration), as in other self-
organized systems (see, for example, Ref. [42]). For this
reason, in this case the average field approximation cannot
give correct results. To interpret the SD kinetics, which
experimentally proved to be nonmonotonic [36, 37], a non-
linear theory was developed which qualitatively describes
various kinetic regimes: relaxation to the equilibrium level,
soliton propagation, and cnoidal waves.

2.2 Observation of spinodal decomposition

in an associated water solution

Because mixing is in fact absent in a water solution of TMP
(its concentration in our experiment was critical:
U = 97 mol.% of H,O), there is no need for a quick
temperature variation for deep quenching into the labile
region, and the temperature was controlled with a conven-
tional thermostat. The lower bound on the heating rate is
determined by the rate of diffusion approach to the binodal.
In other words, the solution is in the labile state while heating
proceeds, i.e. SD develops under nonstationary in tempera-
ture conditions. Before the experiment, the temperature of the
solution in a cell was maintained below T¢, with the help of a
thermostat connected to the water jacket of the cell. Then, the
solution was heated in the thermostat for several seconds to
T = 25-30°C, which corresponds to a deep quench into the
labile region; the moment of switching thermostat on for
warming up served as the initial time 7 of the experiment. The
temperature front propagated radially from the cell window
ends upon heating (Fig. 5). The time of heating the outer
surface of windows was determined experimentally and
comprised about 10 min. The liquid itself was heated faster
(in approximately 5 min, see below) because it did not contact
the air.

Figure 5 shows the schematic of the experimental setup.
The radiation from a single-mode He—Ne laser / with a
Gaussian beam profile, obtained with the help of a ‘soft’
diaphragm, and a plane front (the diameter of the spot formed
by a telescope was =~ 1.5 cm) passed through cell 2 containing
the solution under study. A convergent lens 3 with a focal
distance of 4 m and an aperture diameter of 22.5 cm was
placed directly behind the cell. This lens formed a scattering
pattern on the detector. It collected the light beams scattered
not only by large-scale SD structures (i.e. the beams scattered
at small angles) but also, owing to its large aperture, the
beams scattered by small-scale SD structures. At the focus of
this lens was placed a circular mask 4, which completely
blocked the direct unscattered light beam (the mask kept the
uninformative direct light beam from entering the detector),
and behind the mask a television camera 5 with an aperture
diameter of 2 cm was positioned. In addition, individual parts
of the cell were projected with the help of a microscope 6 to
another television camera 7. This allowed us simultaneously
to observe the dynamics of development of the SD structures
and study the angular spectrum of the laser beam scattering
from them.



1024

N F Bunkin, A V Lobeev, G A Lyakhov

Physics— Uspekhi 40 (10)

ol 3
T
an
\':6

BE

-

5 - 4

Figuure 5. Schematic of the experimental setup: (/) He — Ne laser; (2) cell of
solution under study; (3) wide-aperture long-focus lens; (4) mask; (5, 7)
television cameras; (6) microscope; (8) thermostat; (9) television monitor;
(10) analog-digital converter; (/1) computer.

The photographs (Fig. 6), obtained with the help of the
microscope, illustrate the SD dynamics. At the beginning
(within time ¢ ~ 1 min after switching on thermostat 8), the
SD wave front appears, which moves across the cell. Behind
the wave front, small cellular structures of size 1—10 pm are
observed (Fig. 6a), which gradually increase in size to
~ 100 um over the entire observation field (¢ =2.5 min,
Fig. 6b) and, finally, associate to aggregates of size ~ 1 cm
(t = 5 min, Fig. 6¢).

The output signals of television camera 5 corresponding
to the angular scattering spectrum were displayed on a
television monitor 9. The analog signal corresponding to the
television picture on the monitor was digitized using an
analog-digital converter /0 with the time interval of 1 or 5's
during the entire experiment (approximately for 20 min). The
television picture digitized in this way is presented on the
photograph in Fig. 7. The distinct circle at the left, which does
not contain reflexes, corresponds to mask 4 blocking the
direct laser beam; the light to the right from the mask image
corresponds to scattering by the structures that appeared
upon SD. The light reflexes located closer to the mask image
relate to structures of larger sizes. The size of the scatterers
can be determined exactly. For this purpose, we placed a
diffraction grating with the known grating constant, instead
of the cell with solution, and digitized its angular scattering
spectrum. In this way we found the relation between the
position of the reflex from a scatterer on the entrance pupil of
the television camera and the scatterer size. The reflexes
corresponded to sizes from 30 to 300 um. The digitized signal
was processed with a computer /7, which read out the picture
brightness along the separated television line (see Fig. 7). This
brightness was strictly fixed during the experiment.

Figure 6. Microphotographs of spinodal decomposition at different
moments after the onset of heating: (a) =1 min, scale 100 pm; (b)
2.5 min, scale 100 um; (c) 5 min, scale 0.2 cm.

Figure 7. Photograph of the digitized image of the scattering spectrum.
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A typical series of the angular spectra thus obtained
presents the following pattern of the development of SD in
time (Fig. 8). Until the moment # ~ 1 min from the onset of
heating, the concentration distribution remains uniform and
reflexes are absent. The onset of SD corresponds to the
appearance of reflexes over the entire field of the television
camera (Fig. 8b, = 1.3 min). Then the scattered light
practically disappears from the camera field because the SD
structures become so large that their reflexes are blocked by
the mask (Fig. 8c, = 1.5 min).

! o = 13 min b ¢
t=1.1 min - .jw t = 1.5min
e R e e st R e
I . € I f
t=1.8 min - .
C ! 4t =2.5min
; RAYN ¢ =2.1min ! ",
J'-- .-‘"\._._\ e |II '-“~,___‘-
R T T T R SO O IR B .
I g i h i
. flt=12.0 min
Mot=45 ,\r/
¢ = 3.7 min r‘l \ b e |'v i
L.
] ] _‘Hlx‘“— | ] ] |\\" ~ L 1 L~

0 0,01 0,02 0,03
q.pm~

0 0,01 0,02 0,03
¢, pm-

0 0,01 0,02 0,03

¢, pm™! !

1

Figure 8. Dynamics of the angular spectrum of light scattering upon
spinodal decomposition.

Spectrograms related to longer times distinctly demon-
strate the periodicity of the process: the pattern typical of
medium-scale structures of size 80—100 um (z = 1.8 and
2.5 min) appears again, and is then replaced by the spectra
typical of the large-scale structures hidden by the mask
(¢t = 2.1 and 3.7 min). Finally, the scattering pattern becomes
stable at 1 > 4.5 min, which corresponds to the termination of
solution heating; and as a result, the system leaves the labile
state. Therefore, the solution spends approximately 5 min in
the labile region.

Figure 9 demonstrates the periodic time-dependent
intensity of the radiation scattered by SD structures of size
100 um. To exclude the temporal fluctuations of the television
signal brightness, each ordinate was averaged over several
successive spectrograms.

Therefore, SD distinctly demonstrates the ‘return’ effect,
which is known in the physics of nonlinear systems (see, for
example, Ref. [42]). This effect is indeed nonlinear because SD

Figure 9. Time dependence of the intensity of a reflex from the structure of
a fixed scale; the size of the structure is 100 pm.

is mainly determined by diffusion (monotonic in the linear
regime) rather than wave processes. For its description, a
theory should be developed which takes into account the
nonlinear relation between the parameters of the problem (for
example, the dependence of the relaxation times on concen-
tration and the depth of quench into the labile region).
Generally speaking, a nonlinear relation between parameters
results in a nonlinear interaction between the concentration
modes, whose superposition describes the fluctuation u — uy,
for a broad spectrum of the wave vectors k [see (1.2)], the
spectrum being broadened with increasing AT. The consid-
eration of such interactions presents a problem which has not
been solved so far. In addition, the analysis given below does
not take into account the wetting effects (we present below the
theory for the volume case rather than for the near-surface
case.) We also did not take into account the fact that SD
develops during heating of the solution. (Notice that we
considered the effect of wetting and nonstationary depen-
dence on T'in Ref. [37].) However, we found good agreement
with experimental results within the framework of approx-
imations made here.

2.3 Description of the dynamics of spinodal decomposition

in the effective free energy approximation

It follows from the Gibbs — Duhem relation [41] that the free
energy density for the homogeneous state at constant p and T
takes the form

J= wuy + oy — pv, (2.1)

where N; and N, are the numbers of particles of two types,
u; = N1 /(N1 + Nz) and up = No/(Ny + N;) are the concen-
trations, and v is the specific volume.

The energy functional has the general form

F= J dV [f(u) + K(u)(grad u)’] , (2.2)

where K(u)(grad u)* characterizes the energy of the ‘concen-
tration inhomogeneity’ (hereafter we omit the subscript ‘1’
u) = u.) By varying (2.2) over concentration and using the
equation of continuity for concentration

ou

61+diVJ:0’

(2.3)

and the expression for the concentration flow
J = —Lgrad (4, — 1,), we obtain, for the one-dimensional
case, the equation

U, = L(a—ff 2Kuxx> . (2.4)

Ou

We will use the Landau expansion for the free energy density:

f(u):—g uz—&—c—iu“.

S 43 (2.5)

Here,a = a(T — Ty )/ T is the main controlling parameter of
the dynamic system. For a solution with a lower critical point,
a > 0 in the supercritical region and a < 0 in the subcritical
region. For a > 0, the linear solution of equation (2.4)
becomes unstable. The dynamics of the system is determined
by the competition between the instability, which results in an
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unlimited growth of the linear solution, and the nonlinearity,
which limits this growth.

Stationary (u, = 0) solutions of equations (2.4) and (2.5)
are determined by the first integral

2
(%) = le(u) + Au+ B= M(u), (2.6)
where A and B are the integration constants.

Integration of (2.6) gives three types of stationary
solutions u.,. The first type represents solitary solutions
describing the phase-transition front. The second type
represents solitary solutions having the form of a droplet of
one of the equilibrium phases. The third type corresponds to
spatially periodical solutions, which form the general type of
stationary solutions:

_ up — uymsn®(k, A.x)
oo = msn?(k, .x)

(2.7)

Here, u; are the roots of the equation M(u) = 0 numbered in
increasing order:

7143*142 Zfi . .
_u3—u1’ /1_81((“4 uz)(us Ml),

and sn (k, 2x) is the elliptic Jacobi’s sine with modulus £:

2 = (s — ) (us — )
(s — uz)(uz — ur)

Spatial concentration oscillations (2.7) occur between the

values u = u, and u = u3 with a period X equal to

X:%Jl du[(1=2)(1 = 2?)] 2. (2.8)

4 Jo

To analyze the nonlinear nonstationary problem (2.4), we will
use the ‘slow period” method [36] assuming that the nonsta-
tionary solution has periodic spatial dependence (2.7) with
time-dependent period X(7). Let us represent u(x, ) in the
form

U= o (x, Z(e1 X, £21)) . (2.9)
The “test’ function Z(¢) has the form Z(¢) = 1 — k(). The
vanishing of this function corresponds to a passage to the
infinite period (2.8), i.e. the solution assumes that spatial
periodicity is only possible in the nonstationary case. The
nonstationary behaviour is manifested in the slow depen-
dence k(¢); here, & and & are symbolic small parameters
corresponding to the conditions of applicability of the ‘slow
period’ approximation:

LK
7?'

of

o(u?)

‘aan (2.10)

Ox

<1 aan< L
< — < —
X’ | ot X2

By inserting (2.9) into (2.4), averaging the equation obtained
over the spatial period X, taking into account (2.10), and
expressing Z explicitly, we obtain the weakly nonlinear
equation for Z near the phase boundary (|Z] < 1):

V4 0Z\> p 0°Z py0ZZ A

= =D\=Z) +

ot Ox

3 ox2 3 ox o TP 1D

where
P1 3 m
T =(—a+ 3du%) <Z + m) + 9duy (uz — uy)
X 1+L #
l-m/1—m
2(3 m 1
ol =) (8+l—rn) (1—m)*’
2
P2_ (Lag3an?) 4 Sl —m) | (s — w)
L I—m (1 —m)

P3 3 m P4

L_18K<4+1—m>’ =-2K.

The introduction of the function Z(¢) is the main feature of
analysis within a broad frequency spectrum of concentration
waves. Note that for a narrow spectral packet (i.e. for shallow
quenches into the labile region), one can use the expansion
near the central frequency wy, which allows one to reduce the
nonlinear equation (2.4) to the Landau— Ginzburg equation
and to obtain the oscillatory regime for u(x,¢) in the initial
stage of the development of nonlinearity; in the case of a
broad frequency spectrum, an ensemble of possible oscilla-
tory regimes should be introduced. It can be shown that this

ensemble is specified by a set of parameters — the free
constants 4 and B in the polynomial
d 4 a 2
M(u) = —(u— ——(u— A(u— B
(u) 4K(u o) 2K(u ug)” + A(u —up) + B,

where u is the initial concentration. By assuming that the
‘asymmetry’ coefficient A is a centrally-symmetric random
function, we obtain 4 =0. One can show further that
oscillatory regimes are possible for 0 < B < a’/4Kd. By
assuming that B is a random variable over the interval
[0,a?/4Kd] with average value B = a*/8Kd, we find the
roots of the polynomial M(u) that correspond to the
average values computed over an ensemble of oscillatory

regimes:

a a
u = —1.46\/;1, U = —0.54\/;],
a a
uy = 0.54\[;1, us = 1.46\5.

Knowing u;, we successively find m ~ 0.58, k? ~ 0.83,
2? ~3.42a/8K, and X ~ 4.7/}~ 1.46(2K/a)"/>. Then, we
average (2.11) over an ensemble of possible oscillatory
regimes; for this purpose, it is sufficient to recalculate the
coefficients p;, which are now explicitly related to the physical
constants of equation (2.4):

p1 =20.6al, pr,=12.5aL,

pP3 = 38.7KL, P4 = —2KL.

We can see that the average values of the coefficients p; are
independent of the nonlinearity parameter d [see (2.5)]. This
means that we have found the intermediate asymptotics over
the nonlinearity parameter d for the space-time modulations:
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for d = 0, modulations are impossible (for this reason, d # 0
in principle), but the average values of p; are independent of d,
suggesting the universality of the physical mechanism of the
modulations.

The solution of equation (2.11) in the ‘slow period’
approximation (2.10) is represented by the sum Z = Zy + (,
where the ‘background’ function Zj is described by a linear
diffusion equation

0Zy _ 0Z
ar TP

For a ‘test’ perturbation with a Gaussian profile

2
__ K _x
ZO(va) - (27TA)1/2 exp( A) )

where i and 4'/? are the amplitude and spatial scale of the
perturbation, we successively use approximation (2.10) and
arrive at Airy’s equation, whose solution takes the form

¢ = clpsq)”7 AP [(x + prgr) (pagr) ]

where Ai(x,?) is the quasi-periodic Airy’s function. The
amplitude constant c is specified by the initial condition, the
coefficient ¢ = 0.13p/ A4 being the decisive one. This solution
yields the required result: the spatial period of the concentra-
tion distribution changes quasi-periodically in time and
asymptotically tends to a stationary value (see Fig. 9). The
quasi-period 7 slowly depends on the time:

1/3 17/6

A

Ty =17y (’5) .
1 u

(2.12)

where y; = 2.30, y, =2.70, y3 =4.05,... are the zeros of
Airy’s function. The dependence of the quasi-period 7, on
the material constants determining the phase transition
(p13 = pi3(a,d, K, L)) and boundary and initial conditions
(via 4 and u) was calculated approximately. We can now
describe the condition of applicability (2.10) in the explicit
form

X< (pprta)'?. (2.13)
Recall that the physical meaning of X is the average size of the
spatial SD structure. Condition (2.13) means that the
concentration fluctuations, whose scale is specified by the
value of 4'/?, should be large compared to the period X.
Therefore, the above theory is valid for long-wavelength
fluctuations, and SD is caused exactly by such fluctuations.
Because 4 ~ [, where /is the maximum size of a cell, condition
(2.13) is valid, according to our estimates, over a finite spatial
region near the spinodal.

It is important that the measurement of the period 7°
along with the numerical refinement of the theory allows one
to determine another combination of unknown constants of
the phase transition model (2.5), namely, the period X of the
spatial structure and the quasi-period 7 of the nonlinear
concentration fluctuations. It is also interesting that the self-
oscillation SD regime results from the nonlinearity of the
problem itself and it is not necessarily related to the boundary
effects (wetting).

3. Determination of the binodal and spinodal
for laser irradiation of a solution undergoing
stratification

Below, we describe an experiment on the photo-induced
quenching of a phase separable solution into the metastable
and labile regions. We also present a brief review of
experimental methods for determining the binodal and
spinodal.

3.1 Methods for determining phase curves in solutions
undergoing stratification

Optical methods for determining binodals and spinodals of
binary solutions are usually based on measuring parameters
of the radiation scattered in a cell containing a solution of
fixed concentration. Thus, the temperature at which the
scattered light intensity sharply changes is taken as the
binodal point. The spinodal temperature is also measured
from light scattering. In accordance with the Ornstein—
Zernike theory, the intensity of scattering by the concentra-
tion fluctuations of a binary mixture in the critical region has
the form (see, for instance, Ref. [43]):

2 -1
udn\° T (T 1 5,
’“(m) ﬁ(r—cr‘”g ’c) 7

where T, is the critical temperature, u is the concentration of
one of the components of the solution, » is the index of
refraction, /. is the correlation length of fluctuations u,
q = (4n/A)sin(0/2), and 0 is the scattering angle. For a
given concentration of the solution, it follows that

Y
= () (),
q—0 Ou P.T Tcr

where 7 is the critical index, and b is a constant. Furthermore,
as follows from the Ornstein—Zernike theory, the width of
the Rayleigh scattering line for critical mixtures is

1 T -2
l+-¢* | =——1
ez

where D(T) is the diffusion coefficient. Therefore, one finds

. Aw ou T 1

(3.1)

(3.1a)

Ao =~ D(T)q (3.2)

where 5 is another critical index, and « and d are the
coefficients of proportionality. In Ref. [43], it was shown
that since the condition T, ~ Ty (where T is the spinodal
temperature) should be met in the neighbourhood of T, the
substitution T, — T is possible in formulae (3.1a) and
(3.2a). Then these formulae acquire the form

.1 b .
im =gz (T-T)
and
Aw d

im—=—(T-T,)",
q—0 612 Tclr( S)

respectively. Therefore, the spinodal points can be obtained

by the extrapolation of the dependences 1/I=f;(7) and

Aw/q* = f>(T) to the zero value of ¢ at a fixed concentra-

tion. Since the validity of such an extrapolation away from 7,
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is not rigorously theoretically substantiated, this method is
only efficient near the critical temperature. Notice that for
T ~ T, the time of relaxation to the equilibrium state is long
and the solution may be in the labile state for a sufficient time
to perform the required measurements.

An alternative method for measuring binodal and
spinodal positions in a solution undergoing stratification
was suggested in Ref. [30]. The homogeneous state of the
solution in the metastable and labile regions was maintained
by vigorous mixing. In the experiment, the temperature
dependence of the heat capacity Cp of the mixture was
measured at the fixed initial concentration of the solution.
The dependence Cy(7T) exhibits two singularities at tempera-
tures 7 and T (71 > T»). The point T} corresponds to the
binodal, while the point 7, does that to the spinodal of the
solution at a given concentration. The height of the Cy peaks
at points 7} and 7, increases with increasing mixing
frequency. The anomalous response of the system at
temperature 7, is explained in Ref. [30] by the effect of
‘pulling behind the spinodal’ due to vigorous mixing. Thus,
in Ref. [30] not only a labile state of the phase separable
system was achieved but also the position of the boundary of
the labile region was determined.

In the experiment described below in Section 3.3, the
mechanism of solution mixing is also realized. The mixing
occurs in a thin cell due to turbulent flows caused by optical
(laser-induced) cavitation. It is also shown that in the absence
of optical cavitation a vital mechanism of the local equili-
brium shift is the photo-induced barodiffusion of molecules in
the region of the laser spot. The theoretical analysis of photo-
induced processes in the field of powerful laser pulses is
presented below.

3.2 Local photo-induced stratification

Consider the behaviour of an isotropic binary solution in
which a monochromatic wave with frequency w and electric
field strength

1
E = 3 [xE(x7y7 1) exp(—iwt + ikZ) + C.C.}

is propagating along the z-axis. The dynamics of the solution
is described by a system of equations [4, 39], which includes
the equations of continuity

op

5tV (em =0, (33)
of production of entropy S
oS . .
pT| 5, + (V- V)S| ==V (q—pi) — (- V)u
4n 5 cndE?
—I—(T—I—C)(V-v) + i (3.4)
of conservation of mass for each of the components
0
a—?+(v-V)u:—(V~i), (3.5)

and of conservation of momentum (the Navier—Stokes
equation)

ov 4n 0 E?
p[a—&-(v-V)v] +VP— (?+Q>V~(V-v)fpav-§.

(3.6)

Here, p, P, J, and ¢ are the density, pressure, absorption
coefficient, and permittivity of the solution; # and ( are the
coefficients of dynamic and shear viscosity. The last term in
the right-hand side of equation (3.4) determines the heat flow
caused by absorption of light in the liquid. The right-hand
side of equation (3.6) defines the electrostriction force in an
inhomogeneous electric field. In (3.3)—(3.6), the averaging
over the period of the light wave has already been performed:
the thermodynamic quantities change for a time that far
exceeds its period.

Under the action of the light wave, the system becomes
nonequilibrium and the diffusive heat q and mass i flows
appear, which tend to return the solution to thermodynamic
equilibrium. The viscous friction caused by the irreversible
momentum transfer also produces entropy [the third term on
the right of Eqn (3.4)]. Assuming that deviations from the
equilibrium state are small, we expand q and i in a power
series of gradients of the chemical potential and temperature
[39]:

i=LVu—LpVT,

q-— ,Ltl = —TL12V,u — L22VT, (37)
Here, L; are the Onsager coefficients, which determine the
rate of establishment of thermodynamic equilibrium. In
particular, the coefficient of kinetic mobility L;; specifies the
rate of mass diffusion. The system of equations (3.3)—(3.7) is
closed via the equation of state.

Let us linearize the system (3.3)—(3.7) over small devia-
tions of the thermodynamic variables from their equilibrium
values. These deviations will be denoted as S, T, p, P, and u;
the subscript ‘0’corresponds to the equilibrium values of these
parameters. Using the set of thermodynamic variables T, P,
and u, we arrive at the closed system of equations for the
dimensionless thermodynamic variables u, ® = T/Ty, and
p= P/P()Z

0
a—’l‘ = D(VPu+ kyV*O + kpV2p — kgV2I) , (3.8)
00 _kr (%)
or kg \Ou) p y 0t
op Oe ol I
2
= =T =) =+— .
$V20 + bfp 5, °<6T>P,uat+ro~’ (3.9)
0 0 2 ﬁu [))T 272
6t<at vV)( Pu—l— P@—l—p upV<p
2
_ b7 3 2
= bp0<ap)mv I. (3.10)

Here, standard notations are introduced for the isobaric heat
capacity cp, the kinematic viscosity v = (47/3 +{)/p, the
diffusion coefficients

D:ﬂ<aﬁ>
po \Ou P, T

and the thermal conductivity

LT\ 1
1= <L22— 12 0)7-
Ly ) poce
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Furthermore, I = E?/8np,cpTy is the dimensionless light
intensity;

- aﬂ L12 a,u =
o=n|(&),, 2|,

is the thermal diffusion ratio;

(@),
fop — 2 0Pu | (ZF
g Po Ou)pr

is the barodiffusion ratio; vy is the isothermal sound velocity,
with v2. = Py/pyBp, and t5 =2/5cn is the time of optical
dissipation. Also, the dimensionless parameters

_ [(0e i ou !
o= (&), o @),

P o Ta(1/p)
7p0CPTO’ ﬁu7p0|: au :|TP>
penn ] et

are introduced.

The system of equations (3.8)—(3.10) allows one to
describe consistently the photo-induced processes in a
binary solution; it is valid with an accuracy to the second
spatial derivatives of u, p, and ©; the products of the light
intensity by the kinetic parameters (diffusion and thermal
diffusion coefficients, etc.) are assumed to be negligibly
small. The times of perturbation development are deter-
mined by the following set of parameters in (3.8)—(3.10),
which are typical of many solutions: D ~ 107¢ cm? s~!,
y~1073 em? s, kp~kp~10"1—1, kg~ 102—10%
5~ 1078 s, vp ~10° cm s, b~ 1073-107%, B, ~ By ~
1072—10"", and Bp~ 107#*—107>. The substitution of
expressions for Qu/0t and 00 /0t from (3.8) and (3.9) into
(3.10) brings, in the above approximations, this equation
to the form

62p
or?

op O¢
+ chfvz Fri v2V2p = —cpTop, <$>

Brpov? (% 0’1 1al
p, |'°\oT), o7 o)

'
T, u

(3.11)

where v> = v}./(1 + bp2/Bp) is the square of the adiabatic
velocity of sound, and veyy = v + (v3/v> — 1) + (Li1 /po)v* B2
is the effective viscosity. Therefore, in these approximations,
the perturbation of pressure is not related to variations of u
and O in the light field. The role of diffusion and thermal
conductivity is reduced to an increase in the rate of pressure
relaxation to the equilibrium value (resulting in a broadening
of the Brillouin scattering line). In this case, the contribution
of the diffusion is proportional to the mobility coefficient L,
which permits a direct measurement of the coefficient from
the width of the line of spontaneous scattering by concentra-
tion fluctuations [44]. The terms in the right-hand part of Eqn
(3.11) correspond to three mechanisms of light scattering by
acoustic perturbations: electrostriction, the electrocaloric
effect, and light absorption.

We shall further assume that the length of light propaga-
tion (the length d of a cell with the solution) is not sufficient

for the development of stimulated scattering (Gd < 30, where
G is the increment of stimulated scattering [45]). Just this
situation is realized in the experiment with a thin cell
described below, where the light beam intensity can be
considered constant along its propagation direction. For
this reason, the pressure, concentration, and temperature
are independent of z. The photo-induced perturbations
propagate only in the transverse direction and the problem
becomes two-dimensional, the establishment time of the
transverse pressure distribution being of the order of R?/ves,
where R is the laser beam radius. Under typical conditions
(R ~ 107! cm), this time is hundreds of milliseconds. There-
fore, a nanosecond pulse of duration 7 can be treated as a
delta function:

Yool 2

where W is the light energy flux density, and 1> = x> + 1% isa
coordinate in the plane perpendicular to the beam. By
substituting (3.12) into (3.11), we can calculate the space-
time evolution of pressure. For the times # > max (z, R/v, t5),
equation (3.11) can be solved using the integral Fourier—
Bessel transformation. Its solution shows that, for the above
typical values of parameters, heating of the mixture caused by
light absorption is the major factor at ¢ > 15:

~ PoﬁTRZW
o 2P0‘L'5[2

(3.12)

V2p ~ 3poBrR*W

- 2t4

3.13
P()‘L'(sv ( )

Integrating equations (3.8) and (3.9) with respect to time

A@:szaa—(?, Au:Jdl% (3.14)

ot

gives the photo-induced variations of temperature and
concentration. Taking into account the estimates
2t/R2~107%, tkr/tskp ~ 1072107 for ©~107% s,

Dt/R*> ~ 1078, and
Kr <§> ~102o10, 2k (@> ~107*-10"°
kE Ou P.T X kE Ou P,T

we obtain

AG = (3.15)

w
Ts5 '

In order to calculate Au, one should know the time
dependence of the pressure in the solution for the times
t<t as well; its maximum can be evaluated as
(po0e/0p)E*(¢)/16m. Taking into account (3.13), we finally
obtain that the steady-state concentration is mainly deter-
mined by barodiffusion:

Eo

2
PoY

Au~Dkp —— fr ————

! " P Pr vipyepTy’

(3.16)

where £ = tenE?R? /87 is the laser pulse energy.

The estimate (3.16) gives Au ~ 1073 for typical values of
the parameters of phase separable solutions, a laser pulse
energy of the order of 10 mJ, and an absorption coefficient
10~2 cm~!. Thus, under the action of heating and barodiffu-
sion caused by laser irradiation the solution is quenched into
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the new phase state (ug + Au, Ty + AT), its shift relative to the
initial (ug, Ty) state being determined by Eqns (3.15) and
(3.16). For the (ug, Tp) states lying in the stable region near the
binodal, this shift can provide a local (within the light spot)
quasi-equilibrium (the lifetime of the new state is
T, ~ R?/D » t for nanosecond pulses) solution stratifica-
tion — quenching to the metastable region. This causes the
‘response’ to the laser action observed in experiments. The
effect is more pronounced if ug<1072—10"!. The optical
mechanism of u variation is efficient if the binodal Ty (u) is
asymmetric, which is typical of mixtures of azines with
intermolecular hydrogen bonds N...HO (see, for example,
Fig. 4).

A solution in the metastable (u,T) state undergoes
stratification during the time of perturbation relaxation
T, ~ R?/D into two phases (ur,T) and (ug, T) lying at the
left and right branches of the binodal, respectively. This
process proceeds via the growth of spontaneous nuclei of the
conjugate phase that corresponds to the (up,7T) phase in
Fig. 10. It is natural to specify the main (ug, 7) phase by the
condition |ur — up| < |uL — up|. The work of formation of
spherical nuclei of radius ¢ is minimum at a = a, [46]:

20

Ader = ,DOA,U 3

(3.17)

where Au = ug — pp, and o is the interface tension at the
boundary between the two phases. The nuclei of radius
a < ae are dissolving, while the nuclei of radius a > a
should grow according to energy considerations. The critical
radius ac (3.17) has a singularity at the binodal: for Ay = 0,
ae; — oo in the absence of the light field. The photo-induced
barodiffusion qualitatively changes the dependence of the

ur u S 0

Figure 10. Phase diagram illustrating the optical method for determining
the positions of the binodal and spinodal; the inclined and dashed
horizontal arrows correspond to the changes caused by photo-induced
barodiffusion and cavitation mixing, respectively.

critical radius a., on u and T:

20 ou ou
=A — Au+_—— AT
Poler Hot ou " + oT

(3.18)

where Ay is the difference between the chemical potentials of
the two phases in the absence of the field. It follows from the
above estimates that the ‘light absorption — heating of the
medium — thermal expansion — barodiffusion’ process
makes the main contribution to Eqn (3.18). Taking this into
account, the temperature dependence of the radius of a stable
nucleus, at a given concentration, can be written in the form

B.BrDIE )} B

(1) = 20(1) o (A + L0 (3.19)

Owing to the second term in the parentheses in Eqn (3.19)
responsible for the laser action, the condition

|Aﬂ0|$ ﬂuﬁTDéz83 )
pocpTovt

can be met for a solution in the stable region (where it is

assumed that Au < 0) near the binodal. For this reason,

ace(T) < o0, 1.e. the solution is quenched into the metastable

region. Because of this, we speak of photo-induced stratifica-

tion phase transition.

In addition, it is assumed [47] that the coefficient of
interface tension ¢ approaches zero at 7' — T, i.e. nuclei are
formed at the spinodal without an energy barrier. Therefore,
it follows from (3.19) that a. has singularities near the
binodal and spinodal. These singularities should also appear
in the dependence S(7) of the average area occupied by nuclei
in an arbitrary plane section of a cell with the solution [48, 49].
The kinetic theory of solution stratification in a laser field
describing the growth, segregation, and dissolving of nuclei of
the conjugate phase upon photo-induced quenching into
metastable and labile regions is a subject for a separate
paper. In conclusion, note that the dependence (3.19)
substantially depends on the sign of the barodiffusion
parameter f3,,, which takes the simple form

B =

ny — nmy
o 3.20
my + (my —my)u ( )

where m; > are the molecular masses of the components, i.e.
the barodiffusion parameter is positive for the light compo-
nent (m; < my) and negative for the heavy component
(my > my). For this reason, heavy molecules are pulled into
the region of elevated pressure. Notice that the barodiffusion
mechanism of concentration variation is suppressed in
mixtures of molecules with close masses.

3.3 Experimental realization of the optical method

for determining the binodal and spinodal

Experiments on photo-induced quenching into the meta-
stable and labile regions were performed with an associated
water solution of TMP [48, 49]. The response being measured
was the amount of the conjugate phase detected in the
irradiated region due to local variation in the equilibrium
concentration. In the experiment (Fig. 11), a pulsed-periodic
O-switched Nd**: YAG laser (I) was used (f= 10 Hz,
A=1.06 um, pulse duration 7 =15 ns). The laser pulse
energy and peak intensity were £=20 mJ and
I, = 50 mW cm~2, respectively. The solution was irradiated
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Figure 11. Schematic of the experimental setup: (/) Nd**: YAG laser; (2)
cell containing solution; (3) x-y table; (4) CAMAC module; (5) IBM PC;
(6) thermostat; (7) an IMO-2N power meter; (8) microscope.

in a thin-layer cell 2 (the gap between the windows is
d =25 pm). Hydrodynamic processes in such a cell are
suppressed (see Section 2.1). The laser beam was focused on
the cell with a lens; however, the focusing was not sharp in
order to avoid an optical breakdown (a laser spark). The cell
was connected with a fluid thermostat 6, which served to
control the solution temperature with an accuracy of 0.1 K.
The cell was mounted on an x — y table 3, which moved it
across the laser beam with the help of ShADR-711 step motors
controlled by a computer 5 via a CAMAC module 4.

To obtain a solution with the specified concentration ug
of water, the pristine mixture of TMP and water with
concentration u., was poured into a vertical capillary 5 mm
in diameter and was settled here for twenty-four hours at
some initial temperature 7 = T; > T,.. This resulted in
stratification of the solution into light and heavy fractions
whose concentrations were determined by the left . (for the
light fraction) and right ugr (for the heavy fraction) points of
intersection of the straight line 7= T; with the binodal (see
Fig. 10). One can see from Fig. 10 that the concentration of
heavy TMP molecules in the light fraction is always higher
than in the heavy fraction. All our experimental data will refer
to concentrations ug. The heavy (main) fraction was placed in
a thin-layer cell whose windows were kept at a temperature
T < T;. The cell was located in the field of the microscope
objective and was illuminated by laser pulses. A microscope &
was used to observe the appearance of microdroplets of the
light (conjugate) fraction in the solution.

At the binodal temperature 7% (ug), a uniform (over the
cell area) background of microdroplets ~ 1—35 pum in size was
observed in the microscope field (Fig. 12a; the photograph
was obtained in the microscope dark field.) Upon lowering
temperature by a degree, the microdroplets disappeared. The
density of microdroplets and their size increased with
increasing cell temperature above T;. Just this fact confirms
that the temperature 7; of the solution settling in a cell
coincides with the binodal temperature Tt (ug ).

Figure 12. Photo-induced segregation of the conjugate phase in a mixture
of TMP and water. A general view of microdroplets of the light fraction
inside the heavy fraction (a) before and (b) after irradiation (‘shot’) by the
laser pulse. The size of the ‘fogginess’ consisting of microdroplets of the
conjugate phase is ~ 100 pm.

A cell was illuminated by a single pulse separated with the
help of an electromechanical shutter from the laser pulse
train. Figure 12b shows the response of the solution to the
pulse passing through the cell at temperature 7> 7;. Inside
the laser spot, a ‘fogginess’ is formed consisting of micro-
droplets of the conjugate phase with substantially higher
density. The lifetime of the fogginess, shown on the photo-
graph, is about 1 min. The first responses (with the lifetimes of
order several seconds) appeared at a temperature 1-1.5 K
below T; = Ty, (ur), when the background of microdroplets of
the conjugate phase was still absent. This confirms the
theoretical conclusion made in Section 3.2 that laser irradia-
tion can stimulate nucleation of the conjugate phase at
T< Ty, resulting in a brief (limited by the time of conven-
tional diffusion) quench into the metastable region. At the
same time, the photo-induced segregation of the conjugate
phase was not observed upon laser irradiation of the light
fraction of the solution [the (uy, T) state corresponding to the
intersection of the temperature straight line 7" with the left
branch of the binodal], even when the radiation intensity was
increased by an order of magnitude. Indeed, because
barodiffusion shifts heavier molecules to the region of
elevated pressure, whereas lighter molecules are ejected from
this region, photo-induced barodiffusion should stabilize the
(up, T)-state. This is illustrated by the arrow in Fig. 10, which
is directed towards the stable region.

The absence of the effect for the left branch of the binodal
suggests that heating does not play a key role in our case
(indeed, if the photo-induced solution stratification had taken
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place exclusively as a result of laser heating, the arrows in
Fig. 10 would have been vertical and the effect would have
been observed for both binodal branches.) In addition, the
effect was not observed in phase separable solutions with
identical molecular masses (as indeed should be in the case for
barodiffusion.) This has been demonstrated in experiments
on the laser irradiation of heavy and light fractions of
solutions of methyl cyclohexane (molecular mass
M = 98 amu) and furfural (M = 96 amu) and also of isoamyl
alcohol (M = 88 amu) and glycerol (M = 92 amu). There-
fore, the response of the heavy fraction of the water solution
of TMP in the stable region near the binodal to the laser
irradiation is really caused by photo-induced barodiffusion.
To our knowledge, this is the first observation of photo-
induced barodiffusion in a liquid.

The area S of the fogginess can serve as a natural
quantitative characteristic of the solution response to the
laser action (Fig. 12b). Because of the irregular shape of the
fogginess and its blurred boundary, the relative error AS/S of
measuring S for a single laser pulse is quite large. The
measuring accuracy was improved by irradiating a cell, kept
at a certain temperature, by a series of 250 laser pulses. Each
subsequent pulse fell on a different site of the cell — during
10-s pauses, the cell was shifted across the laser beam by 1-2
mm with the help of the x — y table. The averaging of areas S
over a set of 250 independent values resulted in a decrease in
the measuring error ((AS?)) 2 /(S) to 5%.

After the termination of a series of 250 pulses and
complete relaxation of the fogginess, the temperature 7 of
the cell was increased and the procedure of measuring S(7)
was repeated. Thus, we determined the temperature depen-
dence of the fogginess area S = S(7) for each initial
concentration ug of the solution. The family of five such
dependences is shown in Fig. 13a—e. In all five cases, the first
series of laser pulses began after the cell was cooled down to a
temperature 7' < Ti(ur) (When droplets of the light fraction
were absent); the temperature step of measurements was 0.5
K. One can see from Fig. 13 that, beginning from some
temperature, the function S(7) increases and flattens out at
T = Ty(ugr); in this case, as was mentioned above, S(7)
starts to increase at a temperature approximately 1 K below
Ty. By measuring the temperature 7 of the plateau reaching,
we could independently determine the binodal temperature
Ty. The function S(T) has no additional singularities up to a
temperature 75, where it exhibits a jump; then it flattens out
again. Because, as follows from the above plots, temperatures
T, and T} come close to each other and tend to T, at
UR — U, it is reasonable to relate 7T, to the spinodal
temperature Ts(ugr). Therefore, the dependence S(7) con-
firms the theoretical conclusion in Section 3.2 [see Eqn (3.19)]
about the existence of singularities of the dependence a.,(T) at
the binodal and spinodal points. Notice that we observed
sporadic photo-induced cavitation in the solution at 7 > Ty:
a cavitation bubble appeared in the region of the laser spot
(Fig. 14).

The experimental points T}, (ug ) and T;(ur) are presented
in Fig. 15. The solid curve corresponds to the binodal of the
water solution of TMP taken from handbook [38] (see also
Fig. 14). One can see that the binodal fits the experimental
values of T, (ur) rather well, i.e. these points belong to the
binodal.

We suggest the following mechanism for the solution’s
response to the laser action on reaching the temperature 7.
As shown in Section 2.1, a convective counterflow in a cell is
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Figure 13. Experimental dependence of the cross section S(7) of droplets
of the conjugate phase in the irradiated solution at (a) 7; = 7°C
(ur =2 mol.% of TMP), (b) 7; =11°C (ur = 1 mol.% of TMP), (c)
T; = 15°C (ur = 0.85mol.% of TMP), (d) 7; = 19°C (ur = 0.7mol.% of
TMP), and (e) T = 23°C (ur = 0.5 mol.% of TMP).

Figure 14. Response to laser irradiation of a water solution of TMP upon
excitation of optical cavitation.

suppressed and the conjugate phase is dispersed inside the
main phase in the form of tiny droplets (Fig. 12a), i.e. the
concentration distribution is inhomogeneous. Let us choose a
region in this stratified solution inside the laser spot that
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Figure 15. Part of the phase diagram of the water solution of TMP. The
solid curve is the binodal [38]. The open circles are experimental points of
the binodal T (ur ); the dark circles are experimental points of the spinodal
Ts(uR); ur is the molecular concentration of TMP.

contains rather many droplets of the conjugate phase. The
average concentration of molecules of some type (for
certainty, TMP molecules) in this region is defined as
it, = Ny/(Ny + Ny), where N, and N, are the concentrations
of the TMP and water molecules in this region, respectively.
Notice that i, is not a real concentration of the mixture in the
chosen region, because the concentration in each point of this
region is determined by the binodal abscissae and corre-
sponds to the light or heavy fraction. However, it is clear
that iz, ~ ug, where ug is the initial concentration of the TMP
molecules, which depends on the temperature 7; at which this
heavy fraction was obtained (see Fig. 10). Let us assume that
the temperature 7 controlled by a thermostat is such that the
point (ugr, T) lies on the spinodal, i.e. T = T;. To obtain the
labile state, we should mix the solution that underwent
stratification, keeping it at a temperature 7. As a result, the
concentration distribution over the separated region becomes
quasi-homogeneous, i.e. the average concentration #; ~ ugr
corresponds to the physical concentration, and the (ugr, T5)-
state is experimentally realized. This is illustrated by the
dashed horizontal arrow in Fig. 10.

Mixing can occur due to hydrodynamic eddy flows caused
by the optical (photo-induced) cavitation — the formation of
a macroscopic bubble (see Fig. 14). In our experiments, the
sporadic cavitation regime was realized, cavitation not being
produced by every laser pulse (the excitation of various
regimes of optical cavitation in transparent liquids is
described in Ref. [50]; we considered this phenomenon in
phase separable polar liquids in Ref. [51].) It is known [52]
that upon optical cavitation of a low-viscosity liquid near a
rigid wall, eddy flows do appear in the vicinity of a bubble.
Notice that in the case of optical cavitation, a weak effect of
photo-induced barodiffusion (which destroys the quasi-
homogeneous concentration distribution, i.e. hinders mix-
ing) can be neglected. This is indirectly indicated by a regular
segregation of the conjugate phase in a mixture of methyl

cyclohexane and furfural and by the absence of this effect in a
mixture of isoamyl alcohol and glycerol during optical
cavitation (recall that barodiffusion in these liquids is
prohibited.) The absence of the effect in the latter case is
explained by the fact that one of the components is glycerol,
so that the solution viscosity is too high for the excitation of
hydrodynamic flows. In order to find the spinodal position
more exactly, the region of mixing should be large and
contain a sufficient number of droplets of the conjugate
phase (in this case, the average concentration in the region
of mixing will be close to the initial value.) This can be
achieved in the case of a low-viscosity liquid. Returning to a
mixture of TMP and water, note that in the absence of
cavitation at T > Ty the response to laser action is caused
by photo-induced barodiffusion (it is this situation that is
depicted in the photograph in Fig. 12b: there is no cavitation
bubble in the region of segregated, conjugated phase.)

The experimental function S(7) in Fig. 13 also allows one
to obtain information on the temperature dependence of the
coefficient o in Eqn (3.19) in the metastable region, which is a
priori unknown. The nonmonotonic dependence of S(T) (the
presence of the second jump) suggests, in particular, that o(T)
decreases upon approaching the spinodal more rapidly than
linearly.

Finally, note that our method for finding the spinodal is
less efficient near the critical point because it requires
stabilization of the temperature inside a cell and a capillary
with an accuracy of 0.01 K, which is hard to achieve with the
help of a normal thermostat. In addition, near the critical
point the results will be also distorted by the thermal action of
the laser pulse [see Eqn (3.15)] and the heat release due to the
formation of a cavitation bubble and mixing. Therefore, our
method is efficient for determining the spinodal position
using a standard thermostatic control in the temperature
range 1 K< T — T, <10 K, where the use of extrapolation
procedures is hindered.

4. Conclusions

The observation of the spinodal decomposition of a phase
separable binary mixture of 2.,4,6-trimethylpyridine and
water upon suppression of convective phase separation
shows that the scales of spatial structures formed upon
spinodal decomposition in the labile region undergo quasi-
periodic variations in time. The characteristic duration of the
quasi-period for a scale of ~ 100 um is tens of seconds.
Theoretical analysis based, for example, on the nonlinear
Landau functional confirms the presence of such dynamics.

Experiments on short-pulsed laser irradiation of a phase
separable solution in a cell where convection is suppressed,
allow one to determine the position of phase boundaries in the
temperature —concentration coordinates. The mechanism of
laser-induced quenching of a solution into the metastable
region includes light absorption, heating of the solution, its
thermal expansion accompanied by a local increase in
pressure, and, finally, barodiffusion. The applicability of
our optical method for determining the binodal is limited by
the efficiency of barodiffusion in the solution. To determine
the spinodal position, it is necessary to ‘switch on’ the
mechanism of photo-induced convective mixing caused by
optical cavitation.

Barodiffusion in a liquid was observed for the first time.
The changes in a liquid caused by barodiffusion are small and
difficult to observe. We have managed to observe barodiffu-
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sion effects in our experiments owing to the high sensitivity of
the solutions near the metastable region to external perturba-
tions.
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