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We present time-resolved video microscope and elastic light scattering studies of the domain-pattern
selection and growth of spinodal decomposition in critical mixtures of guaiacol and glycerol-water con-
strained to a cell 0.5 mm thick. The structure functions show two peaks with different kinetics: a slow
mode with L (t)~t!/? and a “fast mode” with L (¢t)~t®, where b ranges from 1.0 to 1.5 depending on the
quench depth (0.03°C=<AT =0.35°C). In this study we discuss our observations of the fast mode’s
growth. We have used both elastic light scattering and direct visualization via video microscopy and di-
gital image processing to study the morphology and kinetics of these structures. Parameters such as the
quench depth and the treatment of the cell’s windows have been varied, with results suggesting that
domain growth proceeds with a power law that is independent of which phase wets the surface.

PACS number(s): 68.45.—v, 05.70.Ln, 64.60.—1i

I. INTRODUCTION

The process of phase separation has been observed in a
variety of quenched systems with two or more com-
ponents. As well as being scientifically interesting, this
phenomenon is increasingly important for the manufac-
ture and production of new materials, motivating us to
seek a comprehensive understanding of the dynamics of
phase separation. Investigations of alloys [1], critical
binary fluids [2], and polymer mixtures [3-5] have yield-
ed a fairly complete understanding of the bulk, three-
dimensional pattern selection and growth in phase-
separating binary fluid systems. Significant problems still
remain, however, such as an understanding of the kinet-
ics of spinodal decomposition near a surface following a
quench. In this experiment, we address this problem
with studies of a quasibinary fluid system.

Previous work on binary polymer mixtures has de-
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scribed two distinct phase-separation modes [6] following
a temperature quench from the single-phase, thermo-
dynamically stable region into the thermodynamically
unstable region. In addition to the familiar bulk mode
(or slow mode) [7], a different mode with much faster
kinetics was observed in recent experiments in polymer
blends, referred to as the fast mode [6]. To establish the
generality of this fast mode to binary fluids, elastic light
scattering studies in the simple liquid mixture
guaiacol-glycerol-water (GGW) have been recently un-
dertaken, and a similar fast mode has been observed and
characterized [8].

In order to gain further understanding of the fast
mode, we were motivated to study both the morphology
of the fast-mode structures and the kinetics of phase sep-
aration in GGW. We found video microscopy to be a
beneficial technique to study the developing structure
function of a quenched sample. In addition to making
observations of the morphology of the structures, in this
paper we compare data from both elastic light-scattering
and video microscopy studies, showing corresponding re-
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FIG. 1. Phase diagram for the quasibinary fluid

guaiacol-glyercol-water (GGW). The upper critical solution
temperature (UCST) and lower critical solution temperature
(LCST) are approximately 110°C, and 25°C respectively. The
arrows trace a quench from the one-phase miscible region into
the two-phase immiscible region. The two resulting phases
from a quench are comprised of the guaiacol fractions specified
by the two points on the larger oval.

sults by the two techniques. We also present evidence
that domain growth proceeds with the same power law
dependence regardless of which phase is wetting the sur-
face. Lastly, we compare our observations to Troian’s re-
cently proposed theory concerning the fast mode [9,10].

II. DESCRIPTION OF THE QUASIBINARY SYSTEM

Pure glycerol and guaiacol are miscible, but with the
addition of a small amount of water (as little as 1.4% of
the mass of glycerol) a miscibility gap opens (Fig. 1). The
added water is absorbed by the hygroscopic glycerol, but
it is almost immiscible with guaiacol. The system can be
regarded as binary with glycerol-water as one component
and guaiacol as the other. For systems with 5% water in
glycerol or greater, GGW exhibits Ising-like critical ex-
ponents, as described elsewhere [11,12]. The closed-loop
phase diagram has both an upper critical solution tem-
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FIG. 2. The sample carrier. Thermally regulated water cir-
culates through the carrier, in direct contact with the sample
cell. The carrier rests on the microscope’s stage.

perature and a lower critical solution temperature (UCST
and LCST) which are the highest and lowest tempera-
tures, respectively, at which the system phase separates.
These temperatures are very sensitive to water content.
Outside of the miscibility gap, GGW is in a single-phase
state and mixes, but within the gap the GGW is immisci-
ble and demixes into two phases. Our samples are initial-
ly below the LCST and we quench a few tenths of a de-
gree into the miscibility gap above the LCST to demix.
In our GGW samples, the water ratio was slightly greater
than 5% in order to set the LCST (T, ) to about 26 °C.

III. EXPERIMENTAL APPARATUS AND OPERATION

Our sample cell consists of a Teflon gasket sandwiched
between glass and sapphire windows containing a few
drops of GGW (Fig. 2). This cell is then mounted in a
sample carrier through which thermally regulated water
circulates (warm bath stability of £3 mK, cool bath sta-
bility of £5 mK). The temperature of the cool bath is
controlled by a Neslab RTE-220, and additional stability
is obtained for the warm bath by a combination of a
Neslab bath and a Lakeshore DRC-93C temperature con-
troller. The Lakeshore reads the warm bath’s tempera-
ture with a Yellow Springs Instrument Co. thermistor
(30000 Q2 at 25°C) and further stabilizes the bath’s tem-
perature with a heater. Two four-way ball valves control
which bath’s water circulates through the cell carrier.
Before a quench, we anneal the cell at a temperature 10
mK below T, by circulating the cool bath water through
the carrier. To quench the sample by abruptly raising the
temperature, we quickly switch the ball valves to reroute
the cool bath water away from the carrier and the warm
bath water through it, with a characteristic time of 6 sec
for temperature increase. The sample, which was initial-
ly in the miscible state, is quenched above the LCST into
the miscibility gap by the temperature increase. The
quench depth, AT=T,—T,, where T, is the sample’s
final temperature as measured by the thermistor, is con-
trolled by our temperature setting for the warm bath.
Following the quench, the system demixes, allowing us to
study the kinetics and the structures of the phase separa-
tions as the two phases are driven to separate. After we
have finished our observations, we reroute the cool bath
water to the carrier and allow the sample to anneal.

We have previously published a description of our light
scattering apparatus [8], but not our video microscope.
For microscopy studies, the sample carrier is mounted on
a Zeiss Axiovert 35 inverted-axis microscope with
sufficient magnification objectives (32X, 10X, and
2.5X) to study phase-separation morphology during
demixing from micrometer-sized structures to structures
on the order of several millimeters. The depth of focus
(the range over which the image remain in adequate
focus) is smaller for the more powerful magnification
such that the 32X objective has a small depth of focus
(~50 um), but the 2.5X objective has a depth of focus
which is larger (~200 pm).

The microscope’s condenser focuses the light on the fo-
cal plane of the sample. The refraction index mismatch
(about 0.01) of the two phases bends the light at the inter-
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face boundaries, creating the image. The structures that
we examine are large enough to be seen clearly at the
magnification we have available, but the slight index
mismatch allows only a low contrast, which we enhance
by constricting our condenser iris to the setting for the
smallest opening. The condenser’s iris setting is a tra-
deoff between maximum resolution, with it completely
open (iris diameter of 34 mm), and maximum contrast,
with is almost closed (iris diameter of 1 mm). The latter
setting for the condenser has a numerical aperture (NA)
setting of approximately 0.02, much smaller than the
nominal NA for our microscope’s objectives.

By installing actuators to control the cell on the
microscope’s stage, we can focus the microscope on any
volume of the cell. We attached a Newport 495-A com-
puter controlled rotation stage to the microscope’s focus
knob to accurately control the microscope’s focal plane
with a resolution of 3 um (z direction). By attaching two
Newport 850-A linear actuators to the carrier’s micropo-
sitioners, we also have control in the x,y directions paral-
lel to the microscope stage with resolution of 6 um. A
three-axis Newport PMC300 power interface plugged
into an IBM PC-compatible computer controls these pos-
tioners.

A Hitachi KP-140 charge coupled device (CCD) video
camera, with 256 gray levels (8 bits) of dynamic range, is
mounted on the microscope, enabling us to view the
microscope’s image on a monitor. During an experiment,
we record this signal on a Sony SLV-686HF videocassette
recorder to facilitate examination of the data at a later
time. For a typical quench, the computer digitized about
45 time-sequenced images of phase separation from the
videotape. Fifteen images are usually digitized for each
of the three objectives, for this appears to be sufficient to
characterize the growth of the structures, L (¢). For the
32X objective, the structures will quickly grow to exceed
the screen size within a minute, so that we record images

FIG. 3. Phase separation of a critical GGW mixture (T, of
25.25°C, quench depth of 0.2°C, 15 sec after quench) is shown
as viewed with the microscope’s 32X objective, c(r). Image
width is 100 pm.

FIG. 4. Absolute square of the Fourier transformation on
Fig. 3 is shown, |c(q)|%

every 2 to 3 sec. At later times, the 2.5 X objective allows
for at least 15 min of structure growth, requiring us to se-
quence our images at one per minute.

Within 5 sec after a quench, the phase separation as
seen through the 32X microscope objective appears as
isotropic modulations with a characteristic length scale
in the optical density function c(r,z) (Fig. 3). The abso-
lute square of the Fourier transform (Fig. 4), |c(q,1)|?,
where c¢(q,?) is the Fourier transform of c(r,t), corre-
sponds to the elastic light scattering’s structure function,
S(q,t) [2]. In light scattering, the structure function is
produced by scattering from the small domains in the
sample. Similarly, these refraction index modulations
give rise to the image we see in the microscope. By
Fourier-transforming these images, and squaring, we are
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FIG. 5. Data shown are the azimuthal average of Fig. 4, plot-
ted against the radius g, which clearly shows a peak at 4.4 pum.
The data are fitted with a Gaussian function.
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performing an operation similar to light scattering, and
in both cases we see a ring whose radius corresponds to
the average length of the phase-separating structures. A
similar technique has been described elsewhere [13].

The phase-separation images are Fourier-analyzed us-
ing Image Processing Lab by Signal Analytics. These
time-resolved Fourier transforms are batch processed by
the computer to obtain the average size of the phase-
separation structures for each image. The computer
takes the points in g space, to |c(q,?)|?, and azimuthally
averages the points at each g radius from the center to
obtain |c(g,¢)|%, which can be directly compared to the
light scattering structure function S(q,¢). Figure 5 shows
|c(q,t)|2, which the IP Lab routine extracts from the
data of Fig. 3. Whereas Furukawa [14] has proposed a
dynamical structure function for the bulk mode, no such
theoretical framework is yet available to our knowledge
for the fast mode. Therefore we use a Gaussian to fit our
fast-mode data because its form is similar to our structure
functions. The fast-mode data are fit with a Gaussian (1)
to obtain the fitted g value for our data, g,,. The fit func-
tion is
(g—qm)*

S(g)=S8y+S,exp 792
o

) (1)

where S, S, ¢,,, and o are the parameters of the least
squares fitting routine. After obtaining g,, from the fit,
we relate /,, to g,, in the usual way:

=27

L, . 2)
I

Figure 5 shows the Gaussian fit to the sample digital
structure function from Fig. 3. The fit yielded a g,,, of 1.4
um™!, corresponding to an average length (I,) of 4.4
pm. Figure 6 shows an example of several time-

sequenced |c(q,t)|? functions with g,, decreasing as the
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FIG. 6. Time-resolved |c(g,t)* from the video microscope
are shown as an example of the coarsening structure function
after a quench (T, of 23.6°C, depth of 0.1°C, times of 31, 41, 46,
51 sec). As the average size of the phase-separating structures
grows, the peaks move to lower gq.

average size of the phase-separation structures grows.

As we will address in Sec. V, the fast mode and slow
mode are normally seen at different planes in the sample.
Because the microscope focuses on one plane of the sam-
ple, we can examine only one mode of phase separation at
a time with the video microscope. However, light
scattering measures phase separation along all planes of
the sample as the beam does not focus on any particular
spot. Previously published light scattering data by our
group shows S(g,t¢) which contains structure from both
the fast mode and the slow mode [8]. Our data from the
video microscope in Fig. 6 shows structure only from the
fast mode, as the microscope is focused on the fast-mode
plane during the experiment, and cannot measure the
slow-mode signal without focusing on the slow-mode
plane. However, the video microscope can see both
modes concurrently if the depth of focus is quite large by
using a low magnification, as in Fig. 8(d). At this low
magnification, unfortunately we cannot sufficiently
characterize the structure function to take reliable data.

Three sections of the data during the structure growth
are taken with the microscope set on an objective of
sequentially decreasing magnification. This is necessary
to obtain a sufficient number of modulations in the opti-
cal density function across the microscope’s image to ob-
tain an accurate Fourier transform.

Finally, we can visualize L(¢), the average size of the
structures as a function of time, by plotting /,, versus
time for our video microscopy data. It is found that
L(t)~t®% where b is our kinetic exponent. Note that this
is consistent with our previous light scattering results,
where we found g,, ~¢ ~® [8]. An example of L(¢) for a
quench depth of 0.19°C (acid-cleaned sample cell, video
microscopy data) is shown in Fig. 7 which suggests that a
power law is obeyed with L(¢)~¢!37 for the early stages
of phase separation. Taken alone, this video microscopy
data suggests, but does not prove, that a power a law is
obeyed, for the range of domain growth is slightly less
than an order of magnitude for both axes. Similarly, the
data suggest a turnover to linear growth at later times.
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FIG. 7. An example of L(¢) from the video microscope for a
critical mixture of GGW, quench depth of 0.19°C, where
L(t)~1t"%" during the early stage. The sample cell has been acid
cleaned. The line corresponds to a function proportional to
t'¥7. Note that at the late stage there is a turnover to linear
growth.
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This will be treated in Sec. VI.

We found video microscopy to be an advantageous tool
for studying phase separation. Though the data were not
as precise as those of light scattering, it enabled us to
study the morphology of phase separation while simul-
taneously obtaining the structure function. Video mi-
croscopy also allowed us to study the structure function
up to an average domain size of 100 um, whereas our
light scattering apparatus had a maximum size limit of 25
um. Deep quenches produce a structure function which
quickly time evolves and can be studied best with the
ability to follow it to larger length scales. The video
microscope’s ability to do this enabled us to determine
the kinetic exponents of deeper quenches than was possi-
ble with light scattering.

IV. SAMPLE CELL SURFACE TREATMENT

We investigated two different types of sample cells:
those whose windows were acid-cleaned and those whose
windows were treated further with a surface altering
monolayer. Glycerol has a higher affinity than guaiacol
for the hydrophilic windows of the acid-cleaned cell. The
surfaces of the treated cells were altered with a mono-
layer of phenethyl trichlorosilane to make the glass hy-
drophobic; the guaiacol then had the higher affinity. This
was confirmed with capillary-rise experiments. During

k2

¢ 3

a) Y

demixing, we believe that the glycerol-rich phase is wet-
ting the surface for the untreated cells and the guaiacol-
rich phase is wetting the surface of the treated cell.

V. OBSERVATIONS OF FAST MODE’S MORPHOLOGY

Observations of the fast mode’s morphology were pri-
marily made with our microscope. The sample was agi-
tated while annealing below T, to allow the GGW to mix
homogeneously. After annealing the sample for days, we
observed after quenching that the fast mode grew on the
top and bottom windows of the cell in 50 um thick re-
gions, as one would expect for a surface-driven
phenomenon. For such quenches, the bulk mode would
predominantly be in the center of the cell. We note that
this is slightly different than the 10 um thick region ob-
served in the polymer system [5].

After performing a deep quench [AT =0.2°C, with the
domain size up to L(z)~100um] an anneal time of up to
three days was required to homogenize and thoroughly
remix the system. Shorter anneal times prior to re-
quenching resulted in a fast mode on the next quench
with different characteristics than described in the
preceding paragraph. This different fast mode was ap-
proximately 150 pm thick and predominantly in the
lower half of the sample cell, suggesting that gravity
played some role. However, phase separation proceeded

FIG. 8. Four pictures of structure growth (T, of 24.9°C, depth of 0.1°C, times after quench of 30, 162, 380, 440 sec) close to the
cell’s surface, taken with the 10X objective on the Zeiss microscope. The bar corresponds to 200 pm.
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at the same rate regardless of the location of the fast
mode in the cell, and for most data acquisition the fast
mode was in this 150 um thick layer in the lower portion
of the cell.

Observations suggest that wetting by one phase on the
cell window plays an important role in fast-mode phase
separation. The four images of Fig. 8 show growth of the
fast mode along the surface of the cell window, starting
with the small structures of Fig. 8(a) (~4 um) to the
larger structures in Figs. 8(c) and 8(d). The phase-
separation domains of Fig. 8(a) can be resolved within 5
sec after a quench. Moving the focal plane up and down
10 um allows one to focus on different planes and hence
different domains, but the image changes little as long as
the focal plane is inside the approximately 50 um thick
spinodal decomposition matrix covering the window sur-
face. As the phase separation continues, the phase sepa-
ration seems to thin and the structures appear as overlap-
ping domains, with some of the structures closer to the
window and some structures farther away from the win-
dow [Fig. 8(b)]. These relative positions can be deter-
mined by moving the focal plane up and down by 10-20
pm and noticing which structures are in focus. As the
average length of the domains as measured parallel to the
window grows to 200 um or larger, the growth appears to
be a wetting phenomenon with some protuberant struc-
tures protruding from the windows’s surface and some
structures resulting from the absence of the wetting phase
along the window, particularly noticeable with schlieren
illumination in Fig. 8(c). Figure 8(d) shows the last rem-
nants of the fast mode within 20 um of the cell window.
The disappearing structure of the fast mode along the
window surface during the late stage fits the pattern of
one phase completely wetting the surface. The smaller
circles in the background can be attributed to bulk phase
separation which grows much more slowly than the fast
mode.

VI. RESULTS

By use of the previously described Fourier analysis, we
were able to measure the average size L of the fast-mode
structures using video microscopy. We were also able to
measure q,,(t) via elastic light scattering with the setup
that was reported previously [8]. For video microscopy,
the fast-mode kinetics were found to follow a power law,
with L()~t° (1.0 < b < 1.5, 0.03°C <AT < 0.35°C)
where b varies depending upon the quench depth. Simi-
larly, we measured g,,(¢)~¢~® with our light scattering
apparatus for a slightly smaller temperature range. The
range of video microscopy data was from approximately
4 to 100 um and for light scattering the range was from
0.1 to 25 um. These ranges were designed to allow light
scattering to study small structures at early times and for
the video microscope to study the larger structures as
they became macroscopic. The data showing the depen-
dence of the kinetic exponent (b) on the quench depth by
our two independent experimental techniques of light
scattering (LS) and video microscopy (VM) are plotted
together in Fig. 9.

We first compared our light scattering and video mi-
croscopy data from acid-cleaned sample cells, finding
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FIG. 9. Kinetic exponent (b) dependence on quench depth.
Data sets (a) and (b) refer to video microscopy (VM) and light
scattering (LS) data, respectively, using sample cells whose sur-
faces were not treated. Data sets (c) and (d) refer to VM and LS
data, respectively, using sample cells whose surfaces were treat-
ed with a monolayer of phenethyl trichlorosilane. Note that the
solid data points are those of VM and the outlined data points
are those of LS.

that they each follow the same trend: the kinetic ex-
ponent increases from about 1.0 for a shallow quench to
1.5 for a deep quench [data sets (a) and (b) in Fig. 9]
within a temperature range of 0.04°C to 0.15 °C. Due to
its ability to handle larger length scales, video microsco-
py enabled us to quench deeper than our light scattering
apparatus could, and we found from this that b main-
tained a value of about 1.4 for quench depths greater
than 0.15°C to the deepest quenches of 0.32°C. Though
the data sets are generally in agreement, there is an offset
from the light scattering data to the video microscopy
data of about 0.04 °C. This offset is most likely due to the
difference in measuring 7, by the two experiments. We
believe that we measured the video microscope’s T, to be
lower than that of light scattering, which would indeed
make the video microscope’s quenches appear to be
deeper for a given kinetic exponent.

An additional source of error is that the two experi-
mental procedures are in fact measuring slightly different
signals: light scattering is a three-dimensional bulk mea-
surement, whereas video microscopy performs a two-
dimensional fast Fourier transform (FFT) on a “slice” of
the fast mode as seen through the microscope. Figure 9
shows that for LS, the largest value of the kinetic ex-
ponent is b=1.5, whereas VM reports the largest value as
b=1.4. Because we saw this discrepancy in many experi-
ments, we believe that this discrepancy was systematic
and the result of the different signals that the two experi-
ments measured.

Within experimental error, the data sets for the sample
cells which were treated with phenethyl trichlorosilane
[data sets (c) and (d) of Fig. 9] show no difference from
those of the cells that were acid cleaned [data sets (a) and
(b)]. Our hypothesis is that the glycerol-rich phase is
wetting the surface for the untreated cells and the
guaiacol-rich phase is wetting the surface of the treated
cell, but regardless of the phase which is wetting, the
same kinetics result. These data suggest that some other
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surface mechanism besides a monolayer of polymers
should be employed to affect the fast mode in an experi-
mentally verifiable manner.

At the late stages of our video microscopy experi-
ments, with L(¢)~40-100 um, we see a turnover of b
from b >1 to b ~1 (Fig. 7). We cannot see this with light
scattering because 25 um is the upper limit of our struc-
ture function resolution, and the light scattering data
closely follow the power law growth through the range of
the data (0.1-25 pm). All video microscopy experiments
at different quench depths display this turnover, though
it becomes more difficult to see for the shallow quenches,
for if b is approximately 1 during the early stage, a turn-
over of b to 1 becomes difficult to resolve. The later part
of this data appears to be linear with time, but as men-
tioned previously the range is too narrow to establish it
with absolute certainty. This turnover to linear growth
was predicted by Siggia by taking hydrodynamic flow
into account [14-16].

Theorists are currently working on models to under-
stand the fast mode’s driving mechanism. The work of
Rogers, Elder, and Desai which describes droplet growth

and coalescence on a surface theorizes that growth by
coalescence has a kinetic exponent which is three times
that of the growth through diffusion alone [17]. Troian
has argued that Rogers’s work relates as well to phase
separation, which when applied to previous work on the
fast mode produces a kinetic exponent between 1 and 1.5,
dependent on quench depth [9,10]. The kinetic exponent
generated by this theory is in agreement with our results.

Troian’s work also suggests that domain growth should
proceed at the same rate regardless of which phase is wet-
ting the sample cell’s surface. As mentioned previously,
our data support this since we obtained similar kinetic
exponent dependence on quench depth for both the acid-
cleaned and surface-modified sample cells, which we be-
lieve have opposite phases wetting the surface.
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FIG. 3. Phase separation of a critical GGW mixture (T, of
25.25°C, quench depth of 0.2°C, 15 sec after quench) is shown

as viewed with the microscope’s 32X objective, ¢(r). Image

width is 100 pm.



FIG. 4. Absolute square of the Fourier transformation on
Fig. 3 is shown, |c(q)[%



FIG. 8. Four pictures of structure growth (7, of 24.9°C, depth of 0.1°C, times after quench of 30, 162, 380, 440 sec) close to the
cell’s surface, taken with the 10X objective on the Zeiss microscope. The bar corresponds to 200 pum.



