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ABSTRACT: We describe a new method for probing phase separation of polymer-blend systems in
spherical microparticles generated from microdroplets of dilute polymer solution. Two-dimensional optical
diffraction—a technique sensitive to material inhomogeneity on a length scale of ~30 nm—is used to
probe phase-separation behavior of bulk-immiscible polymers in attoliter and femtoliter volumes. Under
conditions of rapid solvent evaporation (~2—10 ms) and relatively low polymer mobility, homogeneous
composite particles can be formed using different polymers that ordinarily undergo phase separation in
bulk preparations. We show that, for homogeneous particles, the refractive index (related to material
dielectric constant) can be tuned by adjusting the relative weight fractions of polymers in the blend.
Molecular dynamics simulations of polymer-blend microparticles are presented to illustrate at a molecular
level effects of polymer interactions and boundary conditions on phase separation in polymer-blend
nanoparticles. Finally, we show that polymer mobility affects phase-separation behavior in microparticles
using mixtures of poly(vinyl alcohol)s with low molecular weight (high-mobility) poly(ethylene glycol)
oligomers. For higher molecular weight polymers (>10 K), surface energy constraints inhibit phase
separation, and the polymer-blend particles are observed to be homogeneous to within experimental
resolution. Conversely, blends of low molecular weight PEG with PVA phase-separate on a time scale of
several minutes to form heterogeneous composite particles.
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Introduction

Recently, enormous commercial and scientific atten-
tion has been focused on multicomponent polymer
systems as a means for producing new materials on the
micron and nanometer scale with specifically tailored
material, electrical, and optical properties.! Composite
polymer particles, or polymer alloys, with specifically
tailored properties could find many novel uses in such
fields as electrooptic and luminescent devices,?® con-
ducting materials,* and hybrid inorganic—organic poly-
mer alloys.®> A significant barrier to producing many
commercially and scientifically relevant homogeneous
polymer blends,6~° however, is the problem of phase
separation from bulk-immiscible components in solution
that has been studied in detail by several different
groups.19712 The route typically taken in trying to form
homogeneous blends of immiscible polymers is to use
compatibilizers to reduce interfacial tension. Recently,
a number of different groups have examined phase
separation in copolymer systems to achieve ordered
meso- and microphase-separated structures with a rich
variety of morphologies.’314 For solvent-cast composites,
phase separation and related morphologies depend on
the time scale for solvent evaporation relative to mo-
lecular organization.

Our interest is in using small droplets (=5—10 um
diameter) of dilute mixed-polymer solution to form
homogeneous polymer composites without compatibi-
lizers as a possible route to new materials with tunable
properties. The primary condition for suppression of
phase separation in these systems is that solvent
evaporation must occur on a time scale that is fast
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compared to self-organization times of the polymers.
This implies time scales for particle drying on the order
of a few milliseconds—a condition that can be satisfied
with small droplets (<10 um), high vapor-pressure
solvents, or modified droplet environment. We have
shown recently that a microdroplet approach can be
used to form homogeneous composites of codissolved
bulk-immiscible polymers!® using instrumentation de-
veloped in our laboratory for probing single fluorescent
molecules in droplet streams.1617 |n addition to a new
route to forming nanoscale polymer composites, a mi-
croparticle format offers a new tool for studying multi-
component polymer-blend systems confined to femtoliter
and attoliter volumes where high surface area-to-volume
ratios play a significant role in phase-separation dy-
namics.

In this paper, we describe in some detail the basis of
optical diffraction in spherical dielectric particles as a
probe of material homogeneity in polymer composites
and discuss limitations on the size dependence on the
“visibility” of phase-separated domains in heterogeneous
composite particles. We show how this measurement
technique can be used to recover information on drying
kinetics, interpolymer dynamics, molecular diffusion,
and material properties such as dielectric constant. We
also describe results of detailed molecular dynamics
modeling that can be used to connect experimental
observables with microscopic dynamics within the par-
ticle. Finally, we summarize important conclusions and
discuss some possible future applications.

Experimental Section

Light scattering from micron-sized spherical dielectric
droplets or particles!® has been used for a number of years as
a method of sizing®®~2! and analysis of various physical and
chemical properties.?>2® While various light scattering tech-
niques from spherical droplets have been very well character-
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ized for particle sizing and refractive index determination,?*-%
use of 1- and 2-dimensional angle-resolved elastic scattering
has only very recently begun to be utilized as a tool for
characterizing polymer systems.'>26-31 The basis of the tech-
nique involves illumination of a dielectric sphere with a plane-
polarized laser to produce a nonuniform electric field intensity
distribution, or grating, within the particle that results from
interference between refracted and totally internally reflected
waves within the particle. The angular spacing between
intensity maxima, as well as the intensity envelope, is a highly
sensitive function of particle size and refractive index (both
real and imaginary parts).

We have recently shown theoretically and experimentally3®
that two-dimensional optical diffraction is sensitive to material
inhomogeneity on a length scale of ~30 nm—a length scale
comparable to radii of gyration for large molecular weight
polymers. Qualitatively, phase separation within the particle
results in a nonuniform refractive index which manifests itself
as vertical distortion (or complete absence) of diffraction
fringes. Quantitatively, material inhomogeneity is manifested
in poor agreement with Mie theory calculations as well as
subtle differences (as compared with homogeneous particles)
in Fourier transforms of vertical fringes.®® In our experimental
configuration, far-field diffraction data were acquired using
(f/1.5) collimating optics and a thermoelectrically cooled CCD
camera (SpectraSource Instruments) digitized at 16 bits.®? The
transformation parameters connecting pixel number with
scattering angle are established by means of an external
calibration and used for high-precision Mie analysis of one-
dimensional diffraction data.

For optical diffraction studies, individual particles were
studied using droplet levitation techniques. Details of the
apparatus and CCD calibration procedure are described in ref
32. The nominal scattering angle was 90° with respect to the
direction of propagation of the vertically polarized HeNe laser,
and the useable full plane angle (defined by the f/1.5 achro-
matic objective) was 35°. Details of the droplet generator used
are described in ref 17. Aqueous solutions were handled by
simply loading the Pyrex tip by vacuum aspiration and
reinstalling into the generator. For the work done on codis-
solved polymers in tetrahydrofuran (THF), the entire droplet
generator chamber and ballast reservoir were backfilled with
THF, and the tip was loaded with the polymer solution of
interest.

In the work reported here, we used a 60 Hz ac potential for
particle levitation. Because of charge-to-mass instabilities,
particles having a diameter smaller than about 2 um are not
trapped effectively at 60 Hz. This limitation can be overcome
by using higher frequencies at the expense of additional
experimental complexity.3® A more serious issue is the limited
information content in the data for particles smaller than
about 2 um. The plane angle subtended by the collection
objective imposes a lower bound on the size range of particles
since the angular frequency of intensity maxima (number of
fringes per unit angle) decreases with particle size. Also, the
fringes become broader and the contrast (depth of modulation)
becomes poorer. For particles smaller than ~1.5 um in
diameter (more precisely, for particles with a size parameter
d/A < 2, where 4 is the probe wavelength), at most only one
diffraction fringe is present in a scattering window of 35°,
which limits the ability to analyze the data unambiguously.

Thus, we estimate that diffraction from particles smaller
than about 1.5 um would be difficult to analyze quantitatively
in our current experimental configuration. In addition, the
integrated scattered light intensity decreases approximately
as the square of the diameter in this size range; compensation
for this effect by increasing laser power often adds the
complication of photon pressure,®® resulting in position fluc-
tuations that further exacerbate the problem.

Results

Figure 1 shows one-dimensional diffraction data for
a poly(ethylene glycol) particle (10K average molecular
weight) produced from aqueous solution and Mie theory
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Figure 1. One-dimensional (row) slices of measured two-
dimensional diffraction patterns (points) and Mie theory fits
(solid curves) from a levitated poly(ethylene glycol) particle
at two different times. The size and refractive index differences
between the two exposures are 15 nm and 0.009, respectively,
and reflect a small loss of water by the particle during the
measurement sequence.

matches to the data. The upper and lower traces (A and
B, respectively) are two exposures at different times
from the same particle and illustrate the sensitivity of
the technique to both particle size and refractive index.
The differences in particle size (15 nm) and refractive
index (+0.009) reflect the loss of a small amount of
residual water in the 5 min time interval between
exposures. The points are measured scattering intensi-
ties as a function of laboratory angle, and the smooth
curves are Mie theory matches to the data optimized
with respect to particle size and both real and imaginary
parts of the refractive index. Note that the Mie analysis
is not a “fit” to the data in the sense of a nonlinear least-
squares optimization of parameters or coefficients as-
sociated with some predefined function. Three indepen-
dent factors define the scattering pattern—size, Re(n),
and Im(n)—and are systematically varied to find the
best possible match to the experimental data by locating
the minimum in a 4-dimensional error function.

Figure 2 shows a family of 2-D slices (Re(n) varied
and Im(n) fixed) of a typical error surface obtained from
data acquired for a PEG particle. From exhaustive
analysis of these error surfaces from many different
sized particles, we find absolute size uncertainties to
be between 2 and 5 nm and the uncertainty in Re(n) to
be between 1073 and 5 x 104, For materials with a low
molar absorptivity (typical of most liquids), Im(n) is
correspondingly small—on the order of 1075-10"". At
these values, there is very little (if any) effect on the
match to data by varying Im(n). For many polymers
(poly(vinyl chloride)s, for example) however, this is not
the case, and Im(n) can be as large as 10~3. At this order
of magnitude, Im(n) does influence the Mie analysis of
the data.

A key issue in forming homogeneous composites from
codissolved bulk-immiscible polymers from solution is
that the droplet evaporation rate must be fast compared
with the polymer self-organization time scale. Since the
time scale for solvent evaporation is proportional to
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Figure 2. Two-dimensional slices of 4-dimensional error
surface (varying Re(n)) for Mie theory match to diffraction from
PEG particle (Im(n) fixed). The lower trace shows the best
match to the experimental scattering data.

1/(r32) where r is the droplet radius, the most straight-
forward way to satisfy this condition is to make droplets
smaller.18 Alternatively, one can modify the atmosphere
around the droplet (temperature, different bath gases,
etc.) to accelerate particle drying.t” As part of our effort
in developing single-molecule isolation and manipula-
tion methodologies in droplet streams, we have been
able to produce (water) droplets as small as 2—3 um in
diameter with ~1% size dispersity.'®

Figure 3 shows an experimental characterization of
evaporation of a pure water droplet on a millisecond
time scale using a high-speed frame transfer CCD
camera. Angular scattering data were acquired at
successive 1 ms intervals during the 5 ms transit of the
droplet through the laser beam. The deviation of the
third and fifth points from the model most likely
originate from a “phase aliasing” due to particle motion
induced from photon pressure. For evaporation rates
similar to that shown in Figure 3, approximately 95%
of the initial droplet volume is lost due to evaporation
in about 5 ms. On this time scale, diffusional motion of
the polymer center of mass is negligible.3*

We have recently shown that the presence of phase-
separated structures in polymer-blend microparticles
can be indicated qualitatively by a distortion in the two-
dimensional diffraction pattern.’®> The origin of fringe
distortion from a multiphase composite particle can be
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Figure 3. Characterization of rapid evaporation from a 2.4
um diameter (pure) water droplet using angular scattering and
a high-speed frame transfer CCD camera. Since the CCD pixel
transformation parameters were not precisely defined in these
experiments, the errors are estimated to be on the order of
the diffraction limit.

understood as a result of refraction at the boundary
between domains of different polymers, which typically
exhibit large differences in refractive index. Phase-
separated subdomains within the particle (regions
within the particle that are rich in one or the other blend
component) introduce optical phase shifts and refraction
resulting in a “randomization” (distortion) in the inter-
nal electric field intensity distribution that is manifested
as a distortion in the far-field diffraction pattern. Of
particular interest is the minimum size of such domains
to result in a measurable (quantifiable) distortion.
Recently, we have investigated in detail effects of phase-
separated domain size and number density both experi-
mentally and theoretically using polymer/ceramic het-
erogeneous composite particles.®> These studies confirm
sensitivity of this technique to material inhomogeneity
on a length scale of about 30 nm. The “visibility” of
phase-separated domains is related to the total scat-
tering cross section which scales such as d®*, where d
is the domain size and 4 is the probe wavelength. For
large molecular weight polymers, this length scale is
comparable to radii of gyration, thus providing a method
of looking “within” a composite particle and probing
material homogeneity on a molecular scale.

Another important aspect of our approach is the
ability to obtain very precise information on the refrac-
tive index. This provides a way of characterizing mate-
rial properties that would not be possible with conven-
tional microscopy techniques. One can, for example,
directly measure kinetics of particle drying by monitor-
ing the change in refractive index as the solvent
evaporates. In general, we find that the particle drying
kinetics have two distinct solvent evaporation regimes.
When the droplet is first ejected, the size decreases
rapidly with most of the solvent evaporation taking
place within the first 10—100 ms. This is followed by a
much slower (“wet particle”) evaporation regime where
the particle continues to lose solvent on a time scale of
several minutes (dependent on size). Interestingly, in
the slow-evaporation regime, we generally observe that
the volume change expected from solvent loss (assuming
an ideal solution) is not accompanied by the expected
corresponding change in particle size.

Homogeneous and Phase-Separated Composite
Microparticles. As a proof-of-concept test case, we
examined two bulk-immiscible polymers (polystyrene
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Figure 4. Two-dimensional diffraction data from 50:50 w/w PVC/PS blend particles produced from an 8 um diameter droplet

(left) and a 35 um diameter droplet (right).

and poly(vinyl chloride)) that are both soluble in THF.15
As a verification, we have examined PVC/PS solvent-
cast thin films using phase-contrast microscopy, and
clear evidence of phase separation (solid-phase emul-
sions) were observed. We have not characterized evapo-
ration rates of pure THF droplets but estimate on the
basis of vapor pressure differences relative to water that
evaporation is roughly a factor of 5 more rapid (for a
given droplet size). To provide some kind of scale, a
water droplet with an initial diameter of 10 um will
evaporate to ~1 um diameter in about 5 ms in a dry
argon atmosphere.l’

Figure 4 shows examples of PVC/PS particles formed
from an (A) 8 um diameter droplet and (B) a 35 um
diameter droplet of dilute (1% total polymer weight
fraction) PVC/PS/THF solution. The size threshold (for
this system) for producing homogeneous particles is
about 10 um. For larger droplets that have correspond-
ingly longer drying times, we observed that the particles
were inhomogeneous. There is compelling evidence for
material homogeneity at a molecular length scale for
the particle represented in Figure 4a: fringe uniformity,
guantitative agreement with Mie calculations, and a
refractive index (related to material dielectric constant)
that is intermediate between the two pure materials.
The radius of gyration of the polystyrene (500K MW) is
approximately 25 nm, which is comparable to the
domain size resolution of the technique. It should be
noted that for heterogeneous particles, while the dif-
fraction fringes are highly distorted, there remains some
definite two-dimensional structure. This implies some
uniformity and order of phase-separated subdomains;
however, inversion of this type of data to extract such
information is not trivial. This problem is currently
under investigation. (See also ref 30.)

Figure 5 shows time-resolved results of particle size
and refractive index for a 2.4 um PVC/PS (50:50 w/w)
blend particle. Note that the particle continues to “dry”
on a time scale of several minutes but remains homo-
geneous throughout the measurement sequence. The
nominal index of pure THF is 1.41, and the measured
(steady state) final index of the particle is 1.527. These
limiting values suggest that, for the first data point in
Figure 5, the particle is 22 vol % THF. Assuming that
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Figure 5. Particle size and refractive index for a PVC/PS
composite particle (50:50 w/w) as a function of time past
injection. The solid/dashed curves shown are trial best-fit
functions combining a r—32 dependence withane="(or1 —e™)
asymptotic behavior.

the last data point represents a fully dry particle (in
good agreement with estimates based on refractive
indices for pure PS and PVC), one would have expected
a 60% decrease in particle size accompanying the loss
of residual THF. This is clearly not observed, indicating
that the particle has formed a fairly rigid matrix that
compresses only slightly (=3%) during the exposure
sequence.

The data shown in Figure 5 also illustrate the
“tunable” nature of a material property in PVC/PS
composite particles—namely the dielectric constant
manifested in the refractive index. Both Re(n) and Im-
(n) for the polymer-blend microparticles are intermedi-
ate between the values determined for pure single-
component particles (PVC: Re(n) = 1.4780, Im(n) =
1073, PS: Re(n) = 1.5908, Im(n) =2 x 107°) and can be
controlled by adjusting the weight fractions of polymers.
Interestingly, the measured refractive index for com-
posite particles are very close to estimates obtained from
a simple mass-weighted average of the two species.
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Figure 6. Calculated structures for homogeneous (left) and phase-separated (right) 10 nm polymer blend particles.

In addition to our experimental effort, we have also
investigated this problem using molecular dynamics
simulation tools in order to develop some insight into
the structure and properties of polymer-blend particles.
Using classical molecular dynamics technigues, we have
examined polymer nanoparticles of varying size (up to
300 000 atoms), chain lengths (between 50 and 200
monomers), and intermolecular interaction energy al-
lowing the systematic study of size-dependent physical
properties and time dependence of segregation/equili-
bration of these particles.

Figure 6 shows molecular dynamics simulations of a
stable polymer-blend particle (10 nm diameter) com-
posed of immiscible components.3® The leftmost particle
remains homogeneous throughout a broad temperature
range. For phase separation to occur (right), an enor-
mous amount of thermal energy must be supplied in
order to overcome the surface energy barrier. This result
agrees qualitatively with the observation that homoge-
neous blends of bulk-immiscible polymers can be formed
in spherical microparticles. The composite particle was
calculated to have a single melting temperature of 190
K and glass transition temperature of 90 K which is
different than either of the polymer components (T, =
218 K, Tqg =111 K for light and T, = 162 K, Tq = 81 K
for dark). The segregated particle has two melting points
and glass transition temperatures that correspond to
within 10 K of the individual components.

Formation of homogeneous polymer-blend composites
from bulk-immiscible codissolved components using
droplet techniques has two requirements. First, solvent
evaporation must occur on a relatively short time scale
compared to polymer translational diffusion. Second, the
polymer mobility must be low enough so that, once the
solvent has evaporated, the polymers cannot overcome
the surface energy barrier and phase-separate. We have
shown definitively the effects of droplet size and solvent
evaporation, and the second requirement is almost
always satisfied even for modest molecular weight
polymers. To explore effects of polymer mobility in more

detail, we looked at composite particles of PEG oligo-
mers (MW 200, 400, 1000, and 3400) with medium
molecular weight (14K) atactic poly(vinyl alcohol) (PVA).
This system allows us to systematically examine the
phase separation behavior where one component (PEG)
has substantially different viscosities (specified as 4.3,
7.3, and 90 ¢St at room temperature for PEG [200], PEG
[400], and PEG [3400], respectively).

We observed that the higher molecular weight PEG
polymer-blend particles are homogeneous as determined
from bright-field microscopy, optical diffraction, and
fluorescence imaging. Blend particles prepared with the
200 molecular weight PEG were observed to form
sphere-within-a-sphere particles with a PVA central
core. Figure 7 shows diffraction data acquired from
particles at successive 10 min intervals from a 10 um
diameter PEG[200]/PVA[14K] (80:20 w/w) particle. As
shown in the first frame, the particle is initially
homogeneous. The second and third frames indicate that
the composite particle undergoes phase separation into
an inhomogeneous particle as evidenced by the fringe
distortion. Interestingly, the structure in the 2D dif-
fraction data for this system is much different than
those observed for large phase-separated PVC/PS par-
ticles that presumably coalesce into submicron sphe-
roidal domains.

On the basis of fluorescence and phase-contrast
imaging data, PEG[200]/PVA[14K] particles form spheri-
cally symmetric (sphere-within-a-sphere) heterogeneous
structures, which should also produce well-defined
diffraction fringes.3”~3° Our interpretation of these data
is that diffusional motion of the PVA core in the PEG
host particle, combined with rotational diffusion of the
particle, breaks the spherical symmetry and thereby
introduces distortion in the diffraction pattern. This
observation is entirely consistent with our model of
polymer-composite formation where heterogeneous par-
ticles may be formed provided that the mobility of one
of the polymers is low enough to overcome the surface
energy barrier. From the 20 min time scale for phase
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Figure 7. Two-dimensional diffraction data acquired at successive 10 min intervals from a 10 um diameter (nom.) PEG[200]/

PVA[14K] (80:20 w/w) particle.

separation in the low molecular weight PEG system, we
estimate a diffusion coefficient of 10719 cm?/s, which is
consistent with recent molecular modeling results. For
a diffusion coefficient, D, of 1071% cm?/s and 1200 s time
scale, the average diffusion distance r = (6Dt)Y2 = 8.5
um, which is comparable to the particle diameter.
Composite particles formed from the higher molecular
weight PEG (>1000) form homogeneous composite
particles with PVA.,

Summary and Conclusions

The combination of experimental evidence and com-
putational modeling shows conclusively that stable,
homogeneously blended (bulk-immiscible) mixed-poly-
mer composites can be formed in a single microparticle
of variable size. To our knowledge, this represents a new
method for suppressing phase separation in polymer-
blend systems without compatibilizers that allows for-
mation of polymer composite micro- and nanoparticles
with tunable properties such as dielectric constant.
Conditions of rapid solvent evaporation (e.g., small (<10
um) droplets or high-vapor-pressure solvents) and low
polymer mobility must be satisfied in order to form
homogeneous particles. In addition, we showed that
polymer diffusion coefficients in the microparticle could
be estimated to an order of magnitude by time-resolved
diffraction measurements. While this work was obvi-
ously focused on polymer-blend systems, it should be
pointed out that the technique is easily adaptable to
making particles of small organic and inorganic (and
hybrid composites) as well. A wide range of electronic,
optical, physical, and mechanical properties of single-
component and multicomponent polymer nanoparticles
remain to be explored.
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