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Polymer processing techniques involving solvent vapor swelling are typically challenging to control
and thus reproduce. Moreover, traditional descriptions of solvent swollen films lack microscopic
detail. We describe the design and use of an apparatus that facilitates macroscopic and microscopic
characterization of samples undergoing solvent vapor swelling in a controlled environment. The
experimental design incorporates three critical characteristics: (1) a mass-flow controlled solvent
vapor delivery system allows for precise control of the amount of solvent vapor delivered to the
sample, (2) a sample prepared on a quartz crystal microbalance allows for real-time assessment of
the extent of sample swelling, (3) a second sample prepared and assessed in parallel on a coverslip
allows real-time fluorescence microscopy during swelling. We demonstrate that this apparatus allows
for single-particle tracking, which in turn facilitates in situ monitoring of local environments within
the solvent-swollen film. C 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939669]

I. INTRODUCTION

Polymers in contact with a compatible liquid- or vapor-
phase solvent undergo swelling. Homopolymer swelling has
been extensively studied theoretically and experimentally, and
polymer swelling behavior has been exploited for applications
including photolithography and ion exchange.1–5 In 1995,
polymer swelling through exposure to solvent vapor was
used as a tool for attaining long-range nanoscale ordering
in diblock copolymer thin films in a process that became
known as solvent vapor annealing (SVA).6 This approach
has become a widely used alternative to thermal annealing
for attaining order in such materials, as it is typically both
milder and more efficient than thermal annealing.7,8 In recent
years, there has been significant effort directed towards
understanding and controlling the SVA process to attain better
ordering in thin films of diblock copolymers as well as for
bottom-up assembly of organic materials.7,9 Despite this, SVA
remains poorly understood and of limited reproducibility,
with conditions set empirically for individual applications by
individual laboratories.7

Polymer swelling is a complex phenomenon. In the homo-
polymer case, swelling comprises two competing phenomena,
solvent diffusion through the polymer and relaxation of the
polymer.5 The relative rates of solvent diffusion and host
relaxation determine the details of the solvent swelling process
as well as the molecular rearrangements that occur upon
swelling. For example, polymers in a thin film prepared by
spin-coating have been shown to reptate following swelling
with a good solvent.10,11 When applied to diblock copolymers,

a)Author to whom correspondence should be addressed. Electronic mail:
kaufman@chem.columbia.edu

the aforementioned complexities are exacerbated by phase
segregation of the individual blocks into nanostructures.7,12,13

While SVA clearly enhances the microphase segregation in
these systems, allowing for long range order to be achieved,
the ways in which solvent choice, vapor pressure, and degree
and time course of swelling can be used to enhance and control
this ordering remain unclear.

A key limitation to developing a fuller understanding
of the SVA process is the limited capacity to monitor the
process in situ. It is relatively straightforward to monitor
degree of solvent uptake in a polymeric thin film via
quartz crystal microbalances (QCMs) or optical metrology
techniques.4,5,14–18 QCMs operating in dissipation mode could
additionally report bulk viscoelastic properties of a film
during the process.15 Evolving structural changes and potential
inhomogeneity of structure and mechanical properties across
the films over time are more challenging to assess during
SVA. For diblock copolymers, grazing incidence small-angle
x-ray scattering (GISAXS) has been used to assess transient
nanostructures that arise during swelling.12,13,19–22 While
GISAXS can reveal nanostructural motifs present in a swollen
film, it cannot describe molecular motions in a spatially
resolved manner. Indeed, no study to date has simultaneously
assessed film thickness and local structure or dynamics in real
time. Moreover, most of the aforementioned studies did not
quantitatively control solvent vapor pressure, limiting ability
to reproduce findings and generalize results.

Here, we describe an apparatus for controlled delivery of
solvent vapor to polymer thin film samples and simultaneous
monitoring of multiple properties of those samples throughout
the process of solvent vapor annealing. To achieve this multi-
modal monitoring, two polymer thin films are prepared in
an identical fashion and assessed in parallel adjacent to each
other within a single sample chamber. One sample, prepared
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on a QCM, is used to characterize the extent of swelling while
another, prepared on a coverslip, is used for epi-fluorescence
imaging. Swelling is performed in a controlled fashion using
a series of mass-flow controllers (MFCs) to generate and
control solvent vapor pressures. This approach to studying
polymer films in their vapor swollen state allows simultaneous
characterization of film swelling, viscoelasticity, structure,
and/or dynamics under well-controlled conditions.

We demonstrate the broad utility of information that can
be accessed using this apparatus via two proof-of-principle
experiments. In one case, the dynamics within a polymer
thin film are characterized by particle-tracking quantum dot
(QD) dopants, data that illuminate both bulk enhancement of
diffusion that occurs upon swelling as well as heterogeneity
in dynamics across the swollen film. In a second example,
a mixture of solvents is used to monitor the aggregation of
conjugated polymer guests, demonstrating that the control of
the conditions in the sample chamber is sufficient to direct
bottom-up assembly of mesoscopic structures.

II. APPARATUS

A. Solvent vapor annealing chamber

The sample chamber is composed of three parts—the
base, the body, and the lid—machined from aluminum. Within
the sample chamber, two polymer thin films were prepared and
assessed in parallel, with a coverslip-mounted sample at the
chamber base and a QCM-mounted sample at the chamber lid
(Fig. 1). The base has an opening to hold a 25 mm diameter
coverslip, sealed with Kalrez O-rings. The sample chamber
lid is designed such that it can be fastened between the QCM
crystal holder head and the retainer cover that holds the QCM
in place (Fig. 1(c)). The QCM sensor lies above and concentric
to the imaged sample. An inlet and outlet for vapor flow

were bored through the sides of the cylinder body to allow
connection to a MFC-regulated vapor flow system. The inlet
and outlet to the sample chamber are controlled by two pin
valves. The three components of the sample chamber are held
together with bored-through screws with intercalating Kalrez
O-rings to assure a good seal. In the experiments performed
here, Teflon tape was applied around all junctures to further
protect against possible leaks.

B. Solvent vapor production

Solvent vapor was generated using a series of mass-flow
controllers (Alicat Scientific MCS-100) to bubble dry nitrogen
carrier gas through solvent reservoirs. In the configuration
shown in Fig. 2, two MFCs (MFC-A and MFC-B) control
flow in two channels, though this system can be extended to
more channels to support delivery of complex mixtures of
solvents. A switch is present in each channel (S-A and S-B in
Fig. 2) to allow bypassing of the solvent reservoir connected
to that channel. The flow of each channel is combined in
a mixing bottle to assure a reservoir of equilibrated vapor
mixtures. Downstream from the mixing bottle, another switch
(S-C) allows flow to or bypass of the sample chamber.
Perfluoroalkoxy tubing (McMaster Carr; Ultraclear PFA
Tubing, 1/8 in. inner diameter) was used to connect all
the components involved with solvent vapor production and
delivery since it is extremely resistant to a wide range of
organic solvents.

C. Sample characterization

The sample at the bottom of the chamber was pre-
pared on a coverslip and was interrogated via wide-field
epi-fluorescence microscopy. The exemplary experiments
described here employed continuous wave 488 nm excitation,

FIG. 1. (a) Schematic diagram of the chamber components both unassembled and assembled. (b)-(d) Photographs of the (b) sample chamber without lid,
showing the coverslip in place over the objective lens, (c) underside of the chamber lid with the QCM attached, and (d) fully assembled chamber on the
microscope sample stage.
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FIG. 2. Schematic diagram of the solvent vapor delivery system. MFCs control the flow of carrier gas through the appropriate solvent reservoirs and the sample
chamber. Switches and valves are present throughout (indicated by S- and V-, respectively) to direct and control flow. The vent at right is left open except in
cases where the solvent trap is used to condense solvent vapors to assess quantity of solvent that was delivered to the sample.

an oil-immersion objective lens (Olympus PlanApo N 60×,
NA = 1.4), and appropriate dichroic (488 nm), longpass
(520 nm), and bandpass (525-675 nm) filters. Images were
collected using an EMCCD camera (Andor iXon DV-855).

In theory, the film employed for imaging could also be
used to monitor film swelling through an optically based
technique such as ellipsometry or interferometry. However,
doing so could complicate fluorescence imaging; moreover,
the film to be imaged must be prepared on a coverslip, which
is not ideal for these approaches. Instead, film thickness
and swelling were assessed via parallel measurements on
a film prepared on the QCM (Stanford Research Systems
QCM-200) at the sample chamber’s top. This measurement
does not interfere with imaging, and the QCM is compact
and simple to operate. Moreover, the QCM can return
information on film viscoelasticity that can be used to validate
storage and loss moduli obtained, for example, via particle
tracking microrheology on the coverslip-mounted film.23 Film
thickness before and during SVA was assessed by measuring
the decrease in resonance frequency from a bare QCM to one
with a spin-cast film prior to or during swelling. The change
in QCM resonance frequency reports film uptake of solvent
via the Sauerbrey equation,

∆ f = −Cf∆m, (1)

where ∆ f is the observed frequency change, Cf is the
sensitivity factor for the crystal used, and ∆m is the change of
mass per area.24 Change in mass per area can be transformed
to film thickness (or change thereof) via

∆m = ρ∆h, (2)

with ρ the density of the solvent responsible for the change in
mass. To assure the (potentially evolving) viscoelasticity of the
film does not affect measurement accuracy,25 the QCM should

be operated in a mode that corrects for resonance frequency
changes due to viscoelastic losses.

III. CONTROL OF VAPOR PRESSURE

A. Single solvent delivery

As depicted in Fig. 2, solvent vapor was generated using
MFCs to bubble dry nitrogen gas through solvent reservoirs.
To assess the system’s performance, expected and actual
amounts of generated acetone vapor were compared.14 The
flow controllers allow direct control of Q, the volumetric
flow rate. The following equation describes the relationship
between volumetric and molar flow rate:

M = Qρ/MW. (3)

M is the molar flow rate, Q is the volumetric flow rate, ρ is the
gas density, and MW is the molecular weight of the gas. For
nitrogen gas, employing Qnit = 100 standard cm3/min (sccm)
yields Mnit = 4.147 × 10−3 mol/min. At this flow condition,
the Reynolds number in the tubing used is 177, indicating
laminar flow.

To calculate the molar flow rate for the solvent vapor,
several assumptions were made. First, it was assumed that
bubbling nitrogen gas through a solvent promotes solvent
evaporation, ensuring that solvent vapor pressure remains at
saturation (psol) for a given temperature. Because the solubility
of nitrogen in common solvents is negligible, it was also
assumed that Mnit remains constant after bubbling. Finally,
the total pressure in the system was assumed to be 760 Torr
because the SVA is an open system with low flow rates. Given
these assumptions, the molar flow rate for solvent vapor (Msol)
for a MFC-controlled channel is given by

Msol = Mnit


psol

760 − psol


. (4)
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Since pace = 193.19 Torr at 21 ◦C, for Qnit = 100 sccm, a
volumetric flow rate of Qace = 93.51 µl/min was expected.
Experimentally, over two trials, 1760 ± 110 µl acetone was
recovered at the solvent trap when nitrogen gas flowed at
Qnit = 100 sccm for 20 min and bubbled through acetone. This
volume corresponds to Qace = 88 ± 5 µl/min. With a deviation
of less than 10% between predicted and measured recovered
solvent, it was assumed there were no significant leaks present
in the system.

In a single channel configuration such as that described
above, altering Mnit will alter the rate of swelling, but the
equilibrium vapor pressure in the chamber will be the saturated
vapor pressure of the solvent regardless of Mnit. The film
is thus expected to swell to the same degree over a range
of nitrogen mass flow rates. To lower the vapor pressure of
the delivered solvent relative to the saturated vapor pressure
and decrease degree of film swelling, mass flow of nitrogen
through the solvent can be lowered while keeping the total
nitrogen mass flow rate identical by using the second MFC to
deliver additional nitrogen gas to the chamber (bypassing the
second solvent container). The vapor pressure at the sample is
then given by

p = psol ∗ Msol/Mnit,tot, (5)

where Mnit,tot includes that delivered through the solvent as
well as that delivered directly to the chamber.

We demonstrate these two methods of controlling flow
rate and vapor pressure using poly(methyl methacrylate)
(PMMA) films swollen with toluene vapor. The films were
prepared by spin-coating 3.4 wt. % solutions of PMMA
(Sigma Aldrich, Mw = 350 000 g/mol) in toluene onto sample
substrates (coverslip and QCM) at 2000 rpm. Prior to the
swelling experiments, solvent vapors were equilibrated by
bubbling carrier gas through the appropriate solvent reservoirs
and bypassing the sample chamber for 30 min. In addition, the
arm of the QCM was allowed to mechanically equilibrate for
at least 2 h and parasitic capacitance was cancelled.

Initial film thickness was assessed via change of QCM fre-
quency as described by Eqs. (1) and (2). Over nine samples, the
change in resonance frequency of the QCM after spin-coating
was 1427 ± 65 Hz, corresponding to film thickness of 213
± 10 nm. This value was corroborated by subjecting a sample
prepared in the same way to scratch analysis on an atomic force
microscope (AFM), which yielded a thickness of 215 nm.

Swelling of the PMMA films with toluene vapor was then
performed, varying either the toluene vapor pressure in the
chamber or the mass flow rate of the toluene. First, nitrogen
was bubbled through toluene in one channel, and a second
channel was used to dilute the vapor with carrier gas. In these
experiments, overall flow rate was kept constant at 100 sccm.
Ultimate degree of swelling was expected to differ as the
solvent vapor pressure varied with the mass flow of nitrogen
through the solvent as described by Eq. (5). The expected
behavior was observed, as was the fact that extent of swelling
did not change linearly with partial toluene vapor pressure
(Fig. 3, solid lines). This is in accordance with the previous
studies that showed a non-linear decrease in the glass transition
temperature for polymers undergoing vapor swelling, with the
effect more dramatic at higher solvent weight fractions.2

FIG. 3. (Solid lines) Change in film thickness (∆h) over time at various
solvent partial vapor pressures attained by dilution from saturation. Data
shown are for a total flow rate of Qnit= 100 sccm. (Dotted line) Change in
film thickness over time at saturated toluene vapor pressure at a total flow
rate of Qnit= 50 sccm. In both sets of data, temperature was held at 21 ◦C and
vapor was introduced at 5 min (vertical dashed line).

Next, the rate of swelling was varied by controlling the
solvent delivery rate. To accomplish this, a single channel was
used to bubble nitrogen gas through toluene, and flow rate was
varied. An example is shown in Fig. 3 for a scenario in which
saturated toluene vapor was delivered at 50 sccm (red dotted
line) compared to at 100 sccm (red solid line). This led to a
slower rate of swelling, as expected.

In this set of experiments and similar experiments
with different solvents that substantially swell the polymeric
film, oscillations in apparent film thickness were sometimes
evident. Visual observation of these samples after removal
from the SVA chamber suggested that these oscillations were
related to film de-wetting. Films studied here became suscep-
tible to de-wetting under conditions in which the film swelled
to greater than 1.5 times the initial film thickness, likely due
to the solvent altering the surface-substrate interaction.26,27

B. Solvent mixtures

Mixtures of solvents are appropriate for some experi-
ments, including attaining order in diblock copolymer films
and preparing aggregates of conjugated polymers.14,28,29 Such
solvent mixtures can be delivered to a sample using either
a solvent mixture in a single reservoir or pure solvents in
separate reservoirs. We demonstrated ability to control and
monitor vapor pressure in each scenario for a mixture of
acetone and chloroform.

To demonstrate the expected dependence of vapor volume
ratio on liquid volume ratio, mixtures of acetone and chloro-
form were prepared in a single solvent reservoir and flow
rate was set at Qnit = 100 sccm. The generated vapors were
condensed at the solvent trap and subsequently analyzed by
gas chromatography. The resulting liquid–vapor equilibrium
curve for acetone-chloroform liquid solvent mixtures is shown
in Fig. 4(a). The vapor volume ratio differs from the liquid
volume ratio in accordance with the boiling points of each
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FIG. 4. (a) Liquid-vapor equilibrium curve for acetone-chloroform liquid
solvent mixtures in a single reservoir. Error bars are standard deviations
over 3 independent measurements, though most are smaller than the data
points. (b) Experimental (blue) and calculated (red) chloroform vapor volume
ratio as a function of Qnit at the chloroform channel for acetone-chloroform
solvent vapor mixtures with the two solvents in separate solvent reservoirs
and Qnit, tot= 100 sccm.

solvent and their interactions, and the behavior seen is
consistent with the previous reports.30,31

Mixed vapors can alternatively be prepared using separate
solvent reservoirs. When acetone and chloroform are held in
separate containers, the vapor volume ratio of each component
can be straightforwardly controlled by varying the volumetric
flow in each channel. For comparison with the results in
Fig. 4(a), the total flow rate from both MFCs was held at
100 sccm. The calculated chloroform vapor volume ratio,
based on Eqs. (3) and (4), agreed well with the experimental
results (Fig. 4(b)).

Because partial vapor pressures are more easily controlled
with separate solvent reservoirs, this configuration is rec-
ommended when employing a mixture of solvent vapors.
However, this can be difficult and cost-prohibitive with non-
binary mixtures that would require many MFCs. In this case,
using mixed liquid reservoirs can be advantageous, though the

vapor-liquid equilibrium would need to be characterized for
the specific mixture of liquid solvents.

IV. SAMPLE DATA

A. Monitoring dynamics during polymer film swelling

The PMMA films depicted in Fig. 3 were monitored not
only for film swelling with the QCM but also for film dynamics
via imaging fluorescent dopants within the coverslip-mounted
films. Such measurements were then used for subsequent
particle tracking and analysis of diffusion constants across
the film during the solvent swelling process.

The PMMA films were prepared as described above.
For each experiment, one thin film was prepared on the
QCM to characterize film thickness and swelling and another
was prepared on a coverslip for imaging. The sample on
the coverslip was doped with 3 nm CdSe/ZnS core-shell
QDs (Ocean Nanotech, QSP-560-0050) at concentrations
sufficiently low to achieve separation of ∼2.5 µm between
QDs.

Wide-field epi-fluorescence microscopy was employed to
image the QD dopants to interrogate the dynamics of the film
at various times during solvent swelling and as a function
of position across the film. The motions of the QD dopants
during film swelling are expected to reflect the dynamics and
viscoelastic properties of the film. QD motions can be assessed
and quantified following particle tracking, and the algorithm
proposed by Crocker and Grier was used to identify and track
the QDs in the sample data shown here.32 From these tracks,
mean-squared displacement (MSD) was then computed via

MSD =


∆r2(τ)� = [r (t + τ) − r (t)]2 ,

where τ is the lag time and r is the particle’s position. The
MSD can be used to assess whether the tracked particles
are undergoing diffusive behavior or anomalous diffusion
including sub- or super-diffusive behaviors, which in turn
can indicate caging effects or active transport, respectively.
For diffusive behaviors, the MSD is directly related to the
diffusion constant via MSD = 2dDτ with d the dimensionality
of diffusion and D the diffusion constant. In particle-tracking
microrheology, the MSD is also used to extrapolate local
frequency-dependent storage and loss moduli.23

In the PMMA film before swelling, QDs are expected to
be nearly immobile. Collecting data on ∼45 QDs in such a
dry film for 100 s and performing particle tracking on the
resulting images showed that the ensemble average MSD
over all QDs tracked resulted in a non-zero MSD (Fig. 5(a),
black line). This effect is due to localization error33–35 as was
verified by a Monte Carlo simulation. To simulate the expected
noise-related apparent motility, a point-spread function (PSF)
matching that of experiment was generated at the center of a
pixel array. Background intensity, signal-to-background ratio,
and camera noise were applied as described previously.36 A
Gaussian fit was performed on the noisy PSF to determine
centroid position before stochastic noise was renewed. This
process was repeated 2700 times, and a MSD was constructed
from the fitted positions, which will differ within localization
accuracy. The MSD associated with the simulation is shown
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FIG. 5. (a) The MSDs of a subset of individual QDs tracked (thin red lines) in
the swollen film, the ensemble average MSD (thick red line) from all tracked
particles in the swollen film, the ensemble average of those in the as-cast
film (black line), and a simulated ensemble MSD for immobile particles
(gray line). Inset shows zoomed in MSDs for immobile particles (black) and
simulation (gray). (b) (Left) Representative QD in the PMMA film swollen
with 75% of saturated toluene vapor pressure at 21 ◦C (Fig. 3, green line).
Fluorescence images have an exposure time of 0.2 s and were collected
continuously. The images shown are each separated by 1 s. (Right) Positions
of this QD shown over 75 frames (15 s) as obtained from particle tracking
analysis. The QD is initially in the center of the frame. Time is indicated
spectrally, with purple representing the earliest time points, and the images at
left are from the blue portion of the trajectory. Scale bars are 1 µm.

in Fig. 5(a) (gray line), and it overlaps well with that obtained
from the QDs in the dry film. This sets a lower bound on
the diffusion constant that can be reliably obtained from this
experiment at ∼10−5 µm2/s.

Upon swelling of the PMMA with 75% of saturated
toluene vapor pressure at 21 ◦C, the QD probes attained a
degree of mobility due to rearrangement of the surrounding
host polymer and/or QD diffusion in the free volume within the
film. The motion of one such QD is shown in Fig. 5(b), along
with a track depicting its motion over 8 s in the fully swollen
film, as reported by the QCM trace. The MSD for this QD
as well as several others (thin red lines) and the ensemble
average of all QDs tracked (thick red line) are shown in
Fig. 5(a). We note that some very fast QDs were not trackable
due to the decrease in signal to background ratio that occurs
when the photons emitted during the exposure time (0.2 s)
are spread over a large area. The ensemble MSD was fit to a
line yielding an average diffusion constant of the QDs in the
film, D = 5.2 × 10−3 µm2/s, consistent with expectation for a
polystyrene film with ∼30% mass solvent.37 Importantly, the
variation among individual QD MSDs suggests that the film is
inhomogeneously mobile and that local viscoelasticity varies
on the micron length scale in these swollen films. Particle
tracking microrheology could then be used to characterize the
variation in viscoelasticity as a function of position within the
swollen film.

B. Monitoring and controlling aggregation during
polymer film swelling

The multi-modal aspect of the SVA system was exploited
to explore aggregation of single polymer chains in swollen
films in real time. Here, poly(2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene) (MEH-PPV) synthesized as described
previously38 (Mw = 168 000 g/mol, PDI = 2.1) was embedded
in PMMA (Sigma-Aldrich, Mw = 97 000 g/mol). Sample films
were prepared by spin-coating a toluene solution of MEH-PPV
containing 6.0 wt. % PMMA on the QCM sensor and the
coverslip at ∼2800 rpm for 60 s. The dried films had MEH-
PPV concentration of ∼5 × 10−7 M and were determined to
have a thickness of ∼270 nm via Eqs. (1) and (2). Change
in film thickness over the course of SVA was calculated
from measured change of mass per unit area of the film
combined with known vapor volume ratio and independent
measurements of film swelling with each of the two solvents
to determine swelling capacity of the PMMA film with these
solvents.

The sample films were then placed in the chamber and
exposed to nitrogen gas flow at Qnit = 400 sccm for 30 min
to remove residual solvents. Following this, the films were
swollen with solvent vapor using an acetone–chloroform
solvent mixture in a single container. The liquid volume ratio
was 50:50, resulting in a vapor volume ratio of 56.3%:43.7%,
as shown in Fig. 4(a). Aggregates were prepared using
two different solvent swelling conditions, one in which
the acetone-chloroform mixture was delivered at saturated
equilibrium vapor pressure and the one in which the vapor
pressure was at 85% of the saturation level.

Polymer film swelling and aggregation of MEH-PPV
molecules were monitored simultaneously. Figures 6(a) and
6(b) show degrees of film swelling as measured at the QCM
together with wide-field fluorescence images taken of the
sample during swelling. Since the fluorescence intensity of
single chains is low compared to emission from aggregates, the
illumination intensity (0.7 W/cm2 at the sample) was chosen
to best show the progression of aggregate formation rather
than to allow visualization of single molecules.

Before solvent vapor exposure, the film exhibited mod-
erate, largely homogeneous fluorescence as a result of many
individual MEH-PPV chains dispersed within the film. The
film was then swelled using the acetone-chloroform mixture
as described above. Acetone is a selective solvent for the host
PMMA matrix (having a Flory-Huggins interaction parameter
of χ < 0.5 for the host and χ > 0.5 for MEH-PPV), thus
swelling the host matrix allowing for diffusion of MEH-PPV
chains. Mixing this solvent with chloroform, a non-selective
good solvent for both MEH-PPV and PMMA, enables
supersaturated conditions to be achieved and aggregation
to be initiated.28 Aggregation proceeds while the film is
swollen as evidenced by decreasing intensity across most
of the image alongside emergence of distinct bright features
(Fig. 6(b)). This suggests that the onset of film swelling was
accompanied by MEH-PPV chain diffusion that allowed the
aggregation process to begin. In the fully swollen state, fea-
tures become increasingly bright and their number decreases
(Fig. 6(c)). This suggests that the growth of aggregates is
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FIG. 6. In situ monitoring of aggregation of MEH-PPV polymers. (a) Degree of film swelling as a function of time for the sample films on the QCM sensor
swollen with a 50:50 liquid volume chloroform:acetone mixture at 100% (dark blue) or 85% (light blue) saturated vapor pressure. (b) Wide-field fluorescence
images and (c) number of fluorescent features found using feature finding algorithms adapted from Ref. 32 for films deposited on the coverslip at various points
during the solvent vapor annealing process. Images represent ¼ of the total field of view used for feature finding and feature intensity quantification. Scale
bar is 5 µm. (d) Histograms of average fluorescence intensity of individual aggregates obtained from films quenched with nitrogen gas after 50 min of solvent
swelling. Median values are 1236 and 859 counts/200 ms for the films swollen at 100% and 85% saturated vapor pressure, respectively.

consistent with Ostwald ripening,39–42 in which single polymer
chains preferentially re-solvate from smaller aggregates and
are incorporated into larger aggregates, as has been sug-
gested previously.28 While the two films have approximately
the same number of aggregates 10 min into swelling, when
the films are equally swollen, by 20 min it is evident that the
film that is more swollen has fewer aggregates, suggesting
that the aggregation process is limited by diffusivity of
the single molecules and/or small aggregate species. While
the degree of film swelling saturated after ∼20 min of
solvent vapor swelling, aggregate growth continued during
the entire time the film was swollen, as judged by both the
decreasing number of features and the increasing brightness
of the imaged spots. Assuming the density of MEH-PPV
chains is similar regardless of aggregate size, aggregate size
will be correlated with fluorescence intensity.28 Figure 6(d)
shows histograms for the fluorescence intensity of individual
aggregates after 50 min of solvent swelling of the film, with
intensity calculated by averaging intensities of the 5 brightest
pixels in each feature. Aggregates generated under the higher
partial vapor pressure exhibited higher fluorescence intensity,
reflecting their larger size. Such aggregates could be further
characterized over the course of the swelling and de-swelling
process by quantifying fluorescence intensity, fluorescence
anisotropy, and/or emission spectra. These results, in which
aggregates formed in a given time differ in size as a function
of saturated vapor pressure delivered, hint at the prospect of
controlling not only aggregate size but also photophysical

properties such as fluorescence anisotropy and spectra through
precise control of the solvent swelling process.

V. CONCLUSION

Solvent vapor annealing studies to date have been limited
in their ability to simultaneously control and monitor extent of
swelling while characterizing film microscopic structure and
dynamics. We accomplish such control and measurement here
by using mass-flow controllers to set solvent vapor pressures,
a quartz crystal microbalance to characterize film swelling,
and an epi-fluorescence microscope to characterize structure
and dynamics within the film. This approach enables both the
study of solvent vapor annealing processes and controlling the
processes mediated by the solvent-swollen phases of polymer
films.
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