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Visualizing Penetration of Fluorescent Dye through Polymer
Coatings

Krishnaroop Chaudhuri, Riddhiman Medhi, Zhenglin Zhang, Zhuoyun Cai,
Christopher K. Ober, and Jonathan T. Pham*

Understanding how small molecules penetrate and contaminate polymer
films is of vital importance for developing protective coatings for a wide range
of applications. To this end, rhodamine B fluorescent dye is visualized
diffusing through polystyrene-polydimethylsiloxane block copolymer (BCP)
coatings using confocal microscopy. The intensity of dye inside the coatings
grows and decays non-monotonically, which is likely due to a combination of
dye molecule transport occurring concurrently in different directions. An
empirical fitting equation allows for comparing the contamination rates
between copolymers, demonstrating that dye penetration is related to the
chemical makeup and configuration of the BCPs. This work shows that
confocal microscopy can be a useful tool to visualize the transport of a
fluorophore in space and time through a coating.

1. Introduction

Polymer coatings are found in a variety of application areas,
from food packaging[1–3] and automotive paints[4–8] to corrosion
prevention[9–14] and material decontamination.[15–21] One of the
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primary functions of coatings is to protect
the underlying substrate against external
agents, such as solvents,[22–24] toxins,[25,26]

bacteria,[27–32] or corrosive ions,[33–39] that
are harmful to the underlying surface.
Since these external agents vary, protec-
tive coatings need to be designed for the
specific application in question. For ex-
ample, silicone rubbers have low surface
energy and low modulus, which can be
beneficial for fouling release coatings.[40–43]

On the other hand, silicones are often
permeable to smaller molecules, like sol-
vents or vapors;[44,45] this makes them use-
ful for membranes but less useful for
protection. For protecting surfaces from
small molecules, mitigating penetration be-
comes important. Small molecule pene-
trants ultimately permeate most barriers

over time, commonly known as a breakthrough time;[46,47]

hence, it is important to understand what governs the kinetics
of penetration and how to control it. One of the easiest exam-
ples to picture is protective rubber gloves. Gloves are used in
laboratory settings but need to be removed when contaminated
with solvents. Gloves act as a barrier, offering extra time for the
user to remove the glove before solvents penetrate and contact
the underlying skin.[48,49] Different materials (or gloves) provide
different protection for different solvents, and hence it is useful
to know how the chemical interactions relate to the penetration
kinetics of small molecules in polymeric coatings.

To study penetration into polymer films and coatings, a range
of different methods have been employed. Experimental tech-
niques, such as permeation tests,[22,50] gravimetric studies,[51,52]

and Taylor dispersion,[53] have been used to investigate the diffu-
sion of solvents in polymeric systems. These methods often rely
on periodically measuring the solvent uptake of the entire sys-
tem or analyzing samples extracted as aliquots. Hence, the use
of these techniques requires interruptions of the experiment or
data collection being possible only at its conclusion. On the other
hand, Varady et al. used FTIR as a method to continuously obtain
concentration data of different components during the diffusion
of a small molecule into a polymeric material.[54] While useful,
this method of measuring the penetration rate does not provide
clear spatial information about the diffusion process. One can
imagine the situation of a drop splashing on a surface, where
localized penetration of contaminants into the coating from the
drop becomes important. However, characterizing this diffusion
process is challenging with standard techniques.
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A common choice for visualizing different processes in poly-
mers is through the use of fluorescent molecules (i.e., dyes).
This has been employed to study transport processes relevant
for drug delivery,[55] solvent diffusion,[48,56] aggregation,[57] bio-
logical tissues,[58,59] and wastewater treatment.[60,61] Fluorescent
mechanophores have also been embedded into polymeric ma-
terials to understand the dynamics of crack propagation[62] or
stress distributions.[63] Moreover, Hai et al. visualized the self-
healing of hydrogels by measuring the real-time diffusion of flu-
orescent molecules across a breakage interface; however, this was
on bulk samples placed side-by-side.[64] While all of these meth-
ods demonstrate the utility of fluorescent dyes in studying poly-
meric processes, they do not provide real-time analysis of pene-
tration with spatial distributions through the depth of a thin film
on microscopic size scales. For applications in protective coat-
ings, a real-time method of visualizing the penetration of small
molecules through the thickness, from a single contaminated
drop, would be beneficial.

In this paper, we demonstrate the use of confocal microscopy
as an approach to visualize how a fluorescent dye penetrates
through the thickness of a polymer coating. Using image anal-
ysis, the fluorescence intensity inside the coating is tracked with
respect to time and space through its depth. We derive an em-
pirical model of dye penetration; this is then fit to our imaging
data to obtain a contamination rate parameter, offering a semi-
quantitative metric to compare penetration across different coat-
ings. For the polymer, we employ a vinyl-modified polydimethyl-
siloxane (PDMS) and polystyrene (PS) block copolymer (BCP)
system. Rhodamine B is used as our model fluorescent pene-
trant, which is known to penetrate into PDMS[65] but not PS.[66]

This is likely due to favorable interactions between rhodamine
B and PDMS, as well as the rubbery nature of PDMS chains at
room temperature. On the other hand, PS is glassy at room tem-
perature. This allows us to test the effect of PDMS content on
penetration in different BCPs. Our method is able to illustrate
differences in how dye penetrates into the coatings based on their
material properties.

2. Results and Discussion

2.1. General Penetration Experiments

To prepare our samples for penetration experiments, PS-PDMS
BCPs are dissolved in tetrahydrofuran (THF) at a weight ratio
of ≈30% and spin-coated on glass to a thickness of ≈5 μm. The
spin-coated samples are then placed on a confocal microscope
equipped with a 40× objective (Figure 1). A 20 μL drop of dye so-
lution (Rhodamine B in water at 20, 40, 80, or 160 μg g−1) is then
placed on the coating. Fluorescent, cross-sectional (xz-plane) im-
ages are then collected (Figure 1) at a rate of 0.571 s/frame. Due
to the evaporation of water in the drop at prolonged times, the
experiment is conducted for ≈15 min. For the polymer material,
we synthesize PS-PDMS BCPs of varying PDMS to PS molecu-
lar weight ratios: Two diblocks (D) with a PS:PDMS weight ra-
tio of 1:2.5 and 1:4.2 and one triblock (T) with a ratio of 1:5.0
(Figure 1b,c). Based on the block configuration and weight ra-
tios, these are labeled as D-2.5, D-4.2, and T-5.0, respectively. The
PDMS block is rubbery and offers flexibility due to its low glass
transition,[67] whereas the PS block is stiffer and glassy,[68] acting

Figure 1. a) Schematic of the experimental setup for penetration tests
through polymer coatings via confocal microscopy. A fluorescent dye drop
is placed onto the coating while imaging via confocal microscopy. The yel-
low dotted box denotes the cross-sectional area of view in our microscope.
The polymer structures include PS-PDMS block copolymers in b) triblock
and c) diblock forms, where the number of vinylated (v) and number of
non-vinylated (m) PDMS repeat units fall within 2–5 mole% vinylated, and
n varies according to the PDMS:PS ratio. The vinyl groups are a small per-
centage and are assumed to play a negligible role compared to non-vinyl
functionalized PDMS.

as physical crosslinks; such properties are beneficial for coatings
applications. We note that there are some vinyl groups along the
PDMS backbone, with the aim of modifying these polymers with
different functionalities in future efforts. However, since the con-
centration of these vinyl groups is relatively small, we assume
they do not behave much differently than PDMS without vinyl
groups.

To describe our general methodology, we start by showing data
from a 40 μg g−1 dye drop placed onto a T-5.0 coating. Figure 2a
displays a sequence of images that show the movement of flu-
orescent dye through a coating, visualized in the xz-plane. We
select 11 images out of a sequence of ≈700 to show the character-
istic features of the dye penetration process. The video containing
the entire sequence is provided in Video S1, Supporting Informa-
tion. By comparing the thickness of the coating before and after
the experiment, we confirm that no visible swelling occurs in the
coating during the course of the experiment. Hence, the thick-
ness can be considered to stay constant. At the moment of plac-
ing the drop, which is taken to be at time t = 0, no fluorescence is
visualized inside the coating. As time progresses, an influx of dye
into the coating is clearly observed. After t ≈ 16 s, the dye front
reaches the glass, where it starts to accumulate. This accumula-
tion increases for ≈15 s, stabilizes briefly, and then fades until the
glass interface has the same intensity as the rest of the coating.
It should be noted that Rhodamine B can exhibit aggregation-
induced quenching in solutions.[69] However, it is not observed
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Figure 2. a) Sequence of snapshots taken from confocal microscopy imaging of 40 μg g−1 dye penetration in T-5.0. Scale bar: 10 μm. b) A spatio-temporal
map of the intensity data obtained from the confocal images. The x-axis is the time-step and the y-axis represents the spatial distribution of dye in the
coating at that time-step. The color indicates the intensity of the dye inside the coating according to the color bar. The drop (red) and glass (black)
regions have been artificially colored and excluded from the calculations. c) Plot of intensity, normalized by the coating thickness, versus time obtained
by the sum of intensities in the coating at each time-step. The time to peak tp and local maximum peak Ip are labeled on the x- and y-axes, respectively.

within our coatings. Rhodamine B molecules have been shown
to not self-quench at room temperature inside PDMS or other hy-
drophobic coatings.[70,71] To confirm, we performed control tests
on a commercial PDMS elastomer and PS and found no observ-
able reduction in the fluorescent intensity within the experimen-
tal timeframe of ≈15 min (Figure S1, Supporting Information).
Moreover, these control experiments on PDMS-only and PS-only
films confirm that Rhodamine B penetrates into PDMS and not
PS (Figure S1, Supporting Information).

After each image of a video is analyzed, we obtain a 3D
plot that provides spatiotemporal information on dye intensity
(Figure 2b). Each time step in the x-axis shows the distribution of
dye at that instant throughout the thickness (y-axis) of the sam-
ple. The color bar represents the fluorescence intensity at that
point in time and space. The drop and glass are artificially col-
ored to distinguish them from the coating and are excluded in
subsequent calculations. In comparison to the confocal image se-
quence (Figure 2a), the surface plot in Figure 2b accurately rep-
resents the dye penetration dynamics. The coating is not fully
pervaded by the dye in the first ≈10 s, illustrated by the zero in-
tensity in the 0–4 μm region. After ≈10 s, the dye reaches the
glass and builds up in the 0.5–3 μm region between 20 and 60
s (yellow zone). Following confocal observations, this bright re-
gion vanishes and the entire coating has a uniform intensity for
the remainder of the experiment.

We obtain a sum total change of dye intensity over time by
integrating the surface plot over the thickness (Figure 2c). While
this integration loses spatial information of fluorescence across
the thickness, these 2D graphs provide a simple measure of dye

inside the coating over time. The integration captures a rapid rise
of dye intensity in the first ≈30 s, which peaks, followed by a drop
in intensity and then an approximate stabilization. The time it
takes for the intensity to reach the local maximum peak (Ip), after
the rapid rise, will be termed the time to peak (tp).

To explain the non-monotonic shape of the intensity versus
time curve, we hypothesize that fast penetration occurs through
the thickness of the coating and a slower process occurs outward
from our field of view (Figure 3a). When the dye drop is placed
on the surface, rapid penetration occurs through the thickness
of the coating (P1, Figure 3a); this is a short, micron-scale dis-
tance. Once the dye reaches the glass, it begins to accumulate
inside the entire bulk of the coating. This accumulation causes
the intensity peak (Ip). Since there is a large region of the coat-
ing that is away from the drop, a chemical potential drives dye
from the penetrated region directly under the drop to the clean
regions away from the drop. This transport process (P2) is slower
than that in the direction through the thickness (P1). This is be-
cause: i) the concentration difference of dye per unit volume be-
tween the liquid drop and the coating (P1) is much larger than
that between the contaminated and clean regions of the coating
(P2), and ii) the lateral diffusion P2 has to traverse over a much
larger distance. To test this hypothesis, we visualize the velocity
of the dye front for a T-5.0 sample with a dye concentration of
80 μg g−1 from two viewpoints. One is the downward moving
front (P1, Video S2a, Supporting Information) and the other is
the laterally moving front away from the edge of the dye drop (P2,
Video S2b, Supporting Information). To compare the velocities,
we plot the front displacement as a function of time and take the
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Figure 3. a) Schematic of the proposed mechanism of dye transport from
the drop (red) to the coating (blue). The fast process P1 is through the
thickness while the slow process P2 is lateral. The displacement of the
dye front (red triangles) and its slope (blue dotted lines) is measured b)
downward, P1, and c) laterally, P2, using a T-5.0 coating with an 80 μg g−1

dye drop. The yellow and black dotted lines indicate the imaging area in
confocal view for processes P1 and P2, respectively. Fewer data points exist
for the downward slope in (b) because there are fewer frames captured
within the <10 s for the dye to reach the glass.

slopes (Figure 3b,c). Consistent with our hypothesis, the veloc-
ity through the thickness is ≈8× faster than the lateral velocity.
Although P2 begins after P1, it is likely that both processes oc-
cur simultaneously after a short period, with P2 dominating over
P1. It should be noted that the start of process P2 does not imply
that the coating is saturated with dye; dye is still accumulating
inside the bulk of the coating, while also being transported away
to cleaner parts of the coating.

2.2. Comparison of Block Copolymers

Having established the methods for interpreting confocal data,
we consider differences in penetration between our three BCPs.
Although the primary focus of this paper is to visualize the local-
ized transport of contaminants through polymer coatings from a
contaminated drop, we expect that the penetration behavior will
differ as a function of the different BCP materials. Several as-
pects of the penetration data can be used to make a comparison
including i) the time it takes to reach the peak point (tp), where
process P2 starts to become relevant, ii) the height of this peak
itself (Ip), and iii) the general trends observed for each BCP as
a function of dye concentration. To make a comparison between
the three BCPs while keeping a constant dye concentration, we
plot intensity versus time for the lowest (20 μg g−1) and highest
(160 μg g−1) concentration dye solutions (Figure 4a,b). For the
20 μg g−1 case, the D-2.5 shows the highest integrated intensity
peak (Ip), as well as the longest time to the peak (tp). For D-4.2,
the peak becomes difficult to see, although a zoom-in of this data
indeed shows a local maximum, which we will consider as a peak.
For the T-5.0, we find an intermediate Ip and tp that lies between
the D-2.5 and D-4.2. For the 160 μg g−1 case, we see the same
general trend, but with different absolute values. We initially hy-
pothesized that higher PDMS content in the BCPs would lead to
higher penetration rates, which would manifest through shorter
times to peak, tp. We emphasize here that higher Ip does not nec-
essarily mean higher penetration rates, but actually the opposite.
This is because the dye penetrates through the coating thickness
(P1) and accumulates dye, while only slowly migrating laterally
out of our field of view (P2). Indeed, we find that the PDMS con-
tent in diblock copolymers follows this hypothesis, where D-2.5
has a higher Ip and tp than D-4.2; however, the T-5.0 does not fit
this trend. Hence, our results suggest that the polymer configu-
rations may play a role in the penetration behavior.

To gain insight into the effect of dye concentration within each
BCP type, we present their intensity versus time data in separate
graphs (Figure 4c–e). For both D-2.5 and T-5.0 BCPs, we find
that both Ip and tp increase with decreasing dye concentration.
In these cases, lower dye concentration leads to slower penetra-
tion (higher tp) through the thickness (P1), which then accumu-
lates dye and increases intensity (Ip). Whereas for higher con-
centrations, the dye penetrates into the coating quicker due to
a greater chemical potential difference between the dye-rich wa-
ter drop and the dye-deficient polymer coating. The dye is then
rapidly transported laterally (P2), leading to less accumulation
within the region immediately beneath the drop and within our
imaging region. In other words, since the driving force of dye
penetration increases with concentration, the resultant faster ki-
netics leads to lower tp. In contrast to D-2.5 and T-5.0, Ip decreases
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Figure 4. Intensity versus time data for all block copolymers for dye concentrations a) 20 μg g−1, and b) 160 μg g−1. Intensity versus time for block
copolymers c) D-2.5, d) T-5.0, and e) D-4.2 with varying dye concentrations. The inset in (e) shows the peak point in the first minute. The shaded area
represents error over three data sets. f) Time to peak versus dye concentration for all three block copolymers. Error bars represent the standard deviation
over three data sets.

with decreasing dye concentration for the D-4.2, while tp remains
roughly constant. This suggests that the penetration occurs very
rapidly, where process P1 is almost negligible and the transport
may be approaching a steady state; that is, dye moves from the
drop through the coating thickness and then laterally at the same
rate. As an overview, a plot of tp as a function of dye concentration
for the different BCPs is presented in Figure 4f.

The penetration of a coating from a small drop of liquid is com-
plex since there are two concurrent transport processes due to the
thin geometry of the coating. Hence, the penetration process im-
aged within our field of view cannot be quantified with traditional
diffusion. In an attempt to make a semi-quantitative comparison
of penetration between BCPs, we propose the following empir-
ical equation, which accounts for the two transport directions.
This simplified model assumes that i) the accumulation process
(which is the influx of dye from the drop into the coating region
immediately underneath it) follows zero-order kinetics, and that
ii) the lateral migration (from the region of the coating in contact
with the drop to other uncontaminated regions) is a first-order
process. At any given time t, the fluorescence intensity inside the
coating F(t) can be expressed as

F (t) = F0 +
(
r0t − F0

)
e−pt + r∞t (1)

where r0 is the rate at which dye accumulates inside the coating
underneath the drop, and p is the rate at which it is migrating to
uncontaminated regions of the coating. F0 (with units of inten-
sity) can be considered as the intensity left in the coating under
the drop after the peak has decayed. Whether the intensity F(t)
is a constant F0 or slowly increasing, depends on the term r∞,
which is associated with the slope of the line at long times. For

D-2.5, r∞ → 0 and F(t) ≈ F0 is the approximately constant value
of the intensity inside the coating after the peak has decayed. The
unit of p is s−1 while r0 and r∞ have units of intensity/time. Sim-
ilar models have been used for analogous systems, such as drug
delivery in kidneys.[72,73]

Since the processes P1 and P2 have a combined influence on
the rates r0 and p, either quantity cannot be chosen as the sole
variable representing the rate of dye moving through our imag-
ing region. Additionally, the post-decay intensity is important to
quantify the level of contamination in a coating. Hence, we define
a term Kc indicating the “contamination rate” as

Kc ≡
F0p
r0

(2)

This quantity includes parameters in the exponential part of
Equation (1), which describes the non-monotonic shape of the
intensity profiles. It scales as the ratio of the lateral migration rate
p relative to the accumulation rate beneath the drop r0. A higher
value of F0 implies that more dye is left after the decay, indicating
a higher degree of contamination. Moreover, multiplying by F0
makes the term dimensionless for comparison. Hence, Kc is an
empirical metric that can be used to represent the rate at which
dye passes through the bulk of the coating, where a higher Kc
represents a higher contamination rate.

Equation (1) is a parametric equation that we fit to the exper-
imental data without any a priori information. As an example,
an overlay of Equation (1) fit to data of an 80 μg g−1 dye drop
demonstrates a reasonably good fit (Figure 5a); the equation ef-
fectively captures the peak, decay, and possible slow increase in
long times, albeit with fitting parameters. For Kc, we find an
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Figure 5. a) Representative data (dots) of three block copolymers with 80
μg g−1 dye penetration, overlaid by a fit of Equation (1) (line). b) Rate of
contamination parameter Kc (Equation (2)) versus dye concentration for
the three-block copolymers. Error bars represent the standard deviation
over three data sets.

increase with increasing dye concentration for our three BCPs
(Figure 5b). This may be intuitive since a larger dye concentra-
tion has a larger driving force for penetration and contamination.
For the two diblocks, the contamination rate Kc increases with in-
creasing PDMS content as expected (i.e., D-4.2 is higher than D-
2.5). However, we again find that despite T-5.0 having the highest
PDMS content, it has an intermediate value for Kc. Hence, this
continues to suggest that the block configuration plays a role in
the dye contamination behavior.

Based on our knowledge that Rhodamine B penetrates PDMS
while it does not visibility penetrate PS, we initially hypothesized
that the contamination rates Kc would be solely governed by the
PDMS content. However, our results suggest a different trend.
It is possible that the different polymer structures lead to differ-
ent transport properties. Due to incompatibilities between the PS
and PDMS blocks, the blocks segregate from one another. The di-
blocks and triblocks would likely form different assembled struc-
tures. The diblocks may form lamellar structures with alternating

microdomains or micellular-like structures with a PS aggregate
surrounded by a PDMS matrix with free chain ends (Figure 6a).
In this case, dye molecules have more available space to move
through the flexible PDMS regions, since chain ends can be asso-
ciated with more free volume. On the other hand, the triblock has
PS end blocks, which may form a more traditional, elastomeric
structure. The PS chains aggregate to form crosslinking sites be-
tween a PDMS chain, where the PDMS chain can act as a bridge
between PS cores or form loops (Figure 6b). In this triblock case,
the path is likely more hindered because the PDMS chains are
tethered on both sides without free floating chain ends. Prior lit-
erature indeed suggests the microstructure of the coatings would
differ from each other. Chen et al. observed diblock and triblock
PS-PDMS films using TEM,[74] which incidentally have similar
PS:PDMS ratios as ours. These BCPs exhibited parallelly ori-
ented lamellar microdomains near the free surface and randomly
oriented microdomains in the bulk. The only apparent differ-
ence between the diblock and the triblock copolymers is in their
lamellar periodic lengths, which are ≈60 and 45 nm, respectively.
This may indicate that the smaller structural domains in triblock
copolymers result in a reduction in penetration rate by hindering
dye molecule mobility, compared to the diblock copolymers; this
is consistent with our findings. It is also consistent with the idea
that free chain ends lead to larger PDMS regions. However, their
study included thermal annealing which was not conducted here.
On the other hand, O’Driscoll et al. found different microstruc-
tures, depending on the coating thickness, annealing process,
or underlying substrate for PS-PDMS copolymers;[75] such pa-
rameters are outside the scope of the current effort. Although it
still needs validation, based on current literature, this suggested
molecular picture may offer a few reasons why Kc is lower for
T-5.0 compared to D-4.2, despite having a larger PDMS content.

3. Conclusion

We demonstrate the use of confocal microscopy as a potential
tool for visualizing the penetration and contamination of a poly-
mer coating with a fluorescent dye. We used varying concen-
trations of Rhodamine B in water on PS-PDMS BCPs with dif-
ferent configurations. The intensity of dye that penetrates into
the coating increases rapidly, reaches a peak, and then decays.
This non-monotonic behavior in intensity likely arises from two
dye transport processes occurring in different directions during
the contamination process. A faster process occurs through the
thickness of the coating, resulting in the influx and accumula-
tion of dye. A slower process occurs laterally and is responsible
for dye moving to uncontaminated regions of the coating. We use
an empirical parameter Kc to compare contamination rates be-
tween BCPs. Kc increases with PDMS content when comparing
diblocks; however, the triblock does not follow the same trend.
This unexpected trend may result from different ways the poly-
mer chains organize into structures. Future efforts may wish to
consider the effect of annealing and molecular organization on
the contamination rates. We hope that this work is useful for the
development of protective paints, films, and coatings, as well as
for enriching our understanding of diffusion in polymers.
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Figure 6. A possible molecular-scale picture of how the block configuration may affect the penetration of the dye. The a) diblocks may have a less
hindered pathway for dye motion than the b) triblock due to the effects of free chain ends.

4. Experimental Section
Materials: All chemicals were purchased from Sigma Aldrich and sol-

vents from VWR and used as received unless specified otherwise. Hexam-
ethylcyclotrisiloxane (D3) and 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane
(V3) were purchased from Gelest, Inc. Rhodamine B dye (Merck KGaA) so-
lution was prepared with DI water (VWR International) to concentrations
of 20, 40, 80, and 160 μg g−1. Benzene was stirred over n-butyl lithium
and diphenylethylene, distilled, and freeze-pump-thawed to degas. Styrene
was dried over calcium hydride, distilled, and free-pump-thawed to degas.
D3 was dissolved in benzene and stirred over calcium hydride for 24 h
at which point a living anionic styrene polymerization was added and al-
lowed to stir until the orange color had completely disappeared. The ben-
zene was subsequently distilled, and the D3 sublimed, and then the solu-
tion was freeze-pump-thawed to degas. Solution concentration was deter-
mined using nuclear magnetic resonance spectroscopy (NMR). THF was
stirred over calcium hydride and distilled into a flask containing sodium
and benzophenone, and allowed to stir for several days, at which point it
was distilled and freeze-pump-thawed to degas. V3 was stirred over cal-
cium hydride, distilled, and freeze-pump-thawed to degas.

PS-PDMS Polymer Synthesis: PS-PDMS polymers were prepared ex-
actly according to a previously reported method.[43,76] In brief, in a glove-
box sec-butyl lithium was added to a flask charged with benzene and a
stir bar, followed by the dropwise addition of styrene, leading to the devel-
opment of a deep orange color. The reaction progressed overnight before
sampling, followed by the addition of a solution of D3 in benzene. After the
complete disappearance of the orange color, indicative of the live styrene
anion, THF was added and the reaction was allowed to continue for 2 h. At
this point, the addition of a solution of V3 in THF by syringe pump was be-
gun and allowed to progress over 48 h. After addition, the polymerization
was allowed to react for an additional 24 h. The polymerization was end-
capped with chlorotrimethylsilane for the formation of diblock, and with a
solution of dichlorodimethylsilane in THF for the triblock (adding 75% of
the dichlorodimethylsilane directly, followed by the addition of the remain-
ing 25% of dichlorodimethylsilane by syringe pump over a 24-h period).
Polymers were precipitated directly into a 4/1 (v/v) mixture of methanol
and deionized water and allowed to stir overnight. Polymers were collected
by vacuum filtration and dried overnight in a vacuum oven at 55 °C.

Sample Preparation: Glass coverslips of thickness ≈0.15 mm used as
substrates for the coatings were thoroughly cleaned by sonication using
soap solution, DI water, and ethanol for 45 min each. These substrates
were dried and treated for 30 min in a UV-Ozone chamber prior to film
casting. The BCP samples were dissolved in THF (Avantor, Inc.) for 24 h
at a polymer concentration of ≈30% by weight. These viscous solutions
were spin-coated onto the centers of glass slides. To have sufficient z-axis
distance for visualization, as well as to minimize image aberration, the
film thickness was kept to ≈5 μm; hence, spin coating speeds were var-
ied between 500 and 800 rpm to account for the different viscosities and
drying rates of the solutions. The different viscosities arise due to the dif-
ferences in molecular weights of the different polymers. The spin coating
duration and polymer solution drop volume were kept constant at 2 min
and 20 μL, respectively. It should be noted that efforts to keep the thick-
ness of the coatings constant at around 5 μm were made, however, due
to the high solids and viscosity, combined with small sample volume and
volatile solvent, small amounts of evaporation led to some variations.

Confocal Microscopy: The clean films were loaded on a confocal micro-
scope (Leica SP8) with a 40× objective equipped with a piezo controller. At
time t = 0, a dyed drop of volume 20 μL was placed on the focused region
of the coating such that the drop-coating-glass layers were clearly visible
in the imaging window in the xz-plane. The images were recorded contin-
uously at the rate of 0.571 s/frame. Usually, the experiment was stopped
after ≈15 min following which evaporation may have stronger effects on
the dye concentration of the drop.

Image Processing: The raw image data obtained as grayscale images
were used to measure the movement of fluorescent dye inside the coating
both spatially and temporally. Due to changes in the intensity of fluores-
cence in the drop and coating layers, and its absence in the glass, these
three regions could be easily demarcated for all images. The intensity val-
ues of the pixels can be considered to be directly correlated to the amount
of fluorescent dye in that region. For all images, the background noise
was deleted using the pixel intensity of the glass region as a reference.
The fluorescence inside the coating was measured by integrating over the
x-axis, which was along the horizontal direction of the sample. Hence for
each time step, the profile of the intensity variation was obtained along
the z-axis (direction of the thickness of the coating) as a 3D surface plot.
This enabled to visualize how the dye localizes inside the thickness of the

Macromol. Rapid Commun. 2023, 2300304 2300304 (7 of 9) © 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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coating over time. The image processing method also accounted for the
fact that the sample might shift on the confocal microscope, either during
drop loading or over time due to external vibrations. To measure the total
amount of dye inside the coating at any given point of time, this 3D surface
plot was further integrated along the z-axis and obtained a line graph as
seen in Figure 2c. These plots enabled to quantitatively compare the dye
penetration dynamics across the different BCPs and dye concentrations.
While care was taken to ensure comparable sample thickness throughout
all samples, there were small variations in the thicknesses of the coatings.
Hence all integrated pixel values for the 2D plots were normalized by the
corresponding sample thickness; the units of intensity in this paper are
reported as pixels/μm.
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