Spreading of dynamically crosslinked polydimethylsiloxane drops
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Abstract

Dynamically crosslinked polymer networks, characterized by non-permanent bonds, offer
unique viscoelastic properties that can be used for various applications such as self-healing
coatings and reusable adhesives. This study investigates the spreading behavior of a silicone
polymer network with dynamic imine bonds, focusing on the relationship between material
properties and spreading dynamics. We prepare polydimethylsiloxane (PDMS) networks with
varied rheological properties by adjusting the ratio of amine and aldehyde groups and curing
conditions. The spreading of PDMS spherical drops is investigated on surfaces with different
surface energies, with the process quantified by measuring the contact length and height over
time. Our findings reveal that higher modulus spheres spread more slowly, and that the
spreading length increases more on high energy surfaces. This research could provide insights
for developing coatings and adhesives with tunable properties by studying the interaction
between transiently-crosslinked polymers and substrates during spreading.



Introduction

Dynamically crosslinked polymer networks are linked together by non-permanent, reversible
bonds, such that the polymer chains can rearrange relatively easily'™. These materials have
unique viscoelastic properties that are governed by the concentration and the kinetics of the
dynamic bonds acting as crosslinks>”’. Such materials can be applied as self-healing protective
coatings®!!, reuseable adhesives'>!®, and wearable sensors!'®!8, among others'®?!. Recent
studies have demonstrated that the modulus of dynamically crosslinked polymers can be

precisely controlled by adjusting the amount of crosslinker in the network?*2*

, allowing for
fine-tuning the mechanical properties of dynamic networks. Moreover, these materials are
often put onto various substrates by spray-coating® 2>, 3D printing?>27-*, and spin-coating®!"
33 for the desired end-use application. Given that coating and printing processes begin with
spreading of the materials on the substrate, it is important to understand how these dynamic

networks spread on the surface.

Dynamically crosslinked polymers are frequently used in coatings and adhesives to control
wetting and spreading behavior!> 3% 34-3%; however, most studies primarily focus on material
formulations and adhesive strength, with limited exploration of the spreading behavior of the
material itself. In this context, previous research has explored the spreading of viscoelastic
drops, such as polymer melts and dilute polymer solutions. Some of the most relevant efforts
are from the 1960s, which investigated how polymer melts with different viscosities spread on
substrates with varying surface energies®*!. These studies demonstrate that the radial growth
of the melt drop scales with the surface energy, viscosity, and some characteristic length,
allowing for a master curve to be developed. Similarly, studies on polymer solutions with
different viscosities have shown that the maximum drop radius decreases with increasing
solution concentration and viscosity****. From the surface energy perspective, high surface
energy substrates enhance wettability, leading to better spreading of viscoelastic polymer
droplets, while low surface energy substrates can result in poor wetting and coatability***.
The balance of surface energy and rheological properties can also affect the geometric profile
of spreading drops, sometimes leading to a protruding foot at the contact line?® 41447 While
preceding studies have investigated how rheological properties and surface energy relates to
spreading, these have focused primarily on traditional polymer melts and solutions.

In this manuscript, we investigate the spreading of a spherical drop comprising a
polydimethylsiloxane network, crosslinked with reversible covalent imine bonds (imPDMS).
These are prepared by mixing an aldehyde functionalized crosslinker with PDMS chains
having amine groups along the backbone. The aldehyde reacts with the amine to create an imine
bond, which will revert back into the aldehyde and amine. imPDMS drops are placed onto a
surface to study spreading. Variables to be considered include the aldehyde to amine ratio, the
curing time, and the surface energy of the substrate. We quantify spreading by measuring the
contact length (L) and height (H) over time (Figure 1). Materials with higher crosslinker ratios
and longer curing times tend to spread slower than lower crosslinking ratios and shorter curing
times. imPDMS drops spread less on lower surface energy surfaces, although the effect of
surface energy is less dominant than the effect of crosslinking ratio and curing time. This



suggests that the rheological properties are more dominant than the surface energy in spreading
dynamics of imPDMS drops.
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Figure 1. Schematic diagram of spreading process, showing different spreading profiles. The
drop starts in a spherical shape, and can be followed by a bell shape, fried egg shape, and
spherical cap shape (from left to right). The height (H) and contact length (L) are measured.

Results and discussion
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Figure 2. Rheology of imPDMS (a) 1:3 mixing ratio for different curing times and (b) various

mixing ratios after curing for 1 day, (c) Change in plateau storage modulus by increasing curing
time, for different mixing ratios.

Materials characterization. The imPDMS materials are prepared by mixing a dialdehyde with
amine-functionalized PDMS at different molar crosslinking ratios (1:3, 1:4, and 1:6) followed
by curing at 65°C in an oven for a predefined number of days. Both the curing time and molar
ratio are used to control the mechanical properties, which is characterized by oscillatory shear
rheology. The amount of curing time in the oven plays a significant role in the mechanical
properties. Taking the 1:3 ratio as an example, increasing the curing time from 1 day to 13 days
results in a gradual increase of the storage modulus (G'); the storage modulus approaches a
plateau as a function of curing days after ~11 days (Figure 2a) (see Fig. S1 for 1:4 and 1:6
ratios and crossover frequency). The plateau region extends to lower and lower oscillatory
frequency, suggesting an increase in the terminal relaxation time with increasing plateau
modulus (see Fig. S1 for crossover). The stiffening may be the result of increased crosslinking
due to decreased humidity or due to chains reaching more preferred configurations with longer
times in the oven at elevated temperature*®. Amine groups react with the dialdehydes to form

imine bonds, releasing water molecules during crosslinking*. The gradual evaporation of water

molecules from the reaction while curing at 65°C would limit hydrolysis, resulting in stiffer



materials. On the other hand, in high humidity conditions, equilibrium shifts towards amines
and aldehydes. Nevertheless, this effectively makes curing time a processing parameter. The
modulus can also be adjusted by the molar ratio, which controls the imine crosslinker
concentration. For example, at a constant curing time of 1 day, increasing the molar ratio from
1:3 tol:4 to 1:6 leads to an increase in the crosslinking density and the storage modulus G’
(Figure 2b). The storage modulus with respect to curing time and mixing ratio ranges from
~0.3 to 48 kPa by adjusting the mixing ratio from 1:3 to 1:6 and curing time from 1 day to 14
days (Figure 2c). Hence, both the curing time and the ratio of crosslinker will be considered.
These qualitative rheological characteristics will aid in understanding how imPDMS drops
spread on a substrate.
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Figure 3. (a) Time dependent spreading of imPDMS of 1:3 ratio on glass based on various
curing time, (b) Spreading profile, (c) length change (AL), (d) height change (AH) of 1:3 ratio,
and (e) AL and AH for different mixing ratio at curing 1 day on glass

Spreading on glass. The spreading of imPDMS drops on a clean glass substrate is investigated
for 77 days, revealing clearly different extents of spreading and shape profiles, depending on
both the curing time and the crosslinking ratio. Here we consider the 1:3 ratio as our example
case (Figure 3a). Driven by surface energy, the imPDMS spreads along the substrate. In general,
the increase in contact area between the imPDMS and substrate dominates over the variation
in height. In the early spreading stage, a “bell shaped” geometry (e.g. Figure 1) with small
footprint is observed, which is particlarly clear for lower curing days (1 day to 7 days).
Subsequently, a “fried egg-like” shape (e.g. Figure 1) is observed as the height slowly decreases
due to the relaxation of the polymer network, facilitated by the reconfiguration of the dynamic,
reversible imine linkages. When sufficient changes in length and height have passed after
longer times (e.g. ~21 days), it exhibits a spherical cap shape (e.g. Figure 1). It should be noted
that imPDMS spreading experiments are conducted at ambient humidity. Over the long
spreading times, the material likely absorbs water molecules, which can influence imine bond
stability®®. Imine bonds can be hydrolyzed to amine and aldehyde groups by water molecules,
resulting in more liquid-like properties. However, it is challenging to decouple the effects of
humidity and the bond exchange rate on the viscoelastic response. For a longer curing times of
9 or 11 days, no bell or fried egg geometry is observed during the spreading process, and for
13 days, there is almost no change to the shape. This suggests that the effect of ambient
humidity is a relatively slow when the material is already highly crosslinked and that the
dynamic bond exchange rate dictates the viscoelastic relaxation. In general, the 1:4 and 1:6
ratio imPDMS show similar behavior, but shifted to slower spreading due to the increase in
modulus and the relaxation time (Fig. S1); the images are provided in the supporting
information (Figs. S2 and S3).

To gain a better picture of the spreading dynamics, the 2D profiles for a 1:3 imPDMS are
stacked on a single coordinate system as a function of spreading days (Fig. 3b). Initially, the
spherical imPDMS rapidly spreads along the substrate and then forms a bell shape with a foot.
The height gradually decreases due to network relaxation as the shape shifts from multiple
curvature signs (e.g. after spreading for 1 day) to a single curvature (e.g. after spreading for 35
days). Eventually, the contact length elongates while the height diminishes, reaching a stable
spherical cap geometry. We quantified the length change (AL) (Fig. 3¢), defined as the length
at a given spreading day minus the initial length at 0 spreading days (Lo). AL exhibits an
exponential-like growth initially and then plateaus. This illustrates that the drop stops spreading
after sufficient time has passed. Drops reach the plateau region more quickly for lower curing
times and lower mixing ratios due to lower crosslinking (and faster relaxation). In contrast, the
change in height (AH) (Fig. 3d), defined as the height at a given spreading day minus the initial
height at 0 spreading days (H,), demonstrates an exponential-like decay before reaching a
plateau. AL reaches the plateau state more rapidly than AH. For example, consider the 1:3 drops
after 1 day of curing: AL reaches a plateau after ~20 days, while AH approaches a steady state



but continues to decrease throughout the 77 days. In general, similar behaviors are observed
for the other crosslinking ratios (1:4 and 1:6), albeit with different quantitative values due to
the increases in modulus and relaxation time. (See SI Figs. S2 and S3). In addition to curing
days as a variable, spreading behavior for the different aldehyde to amine ratios can be
compared at a constant curing time (Fig. 3e shows 1 day curing as an example). The highest
AL and AH are observed in the lowest mixing ratio (lower crosslinking) and reach the plateau
region faster than for higher mixing ratios (higher crosslinking).
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Figure 4. (a) Spreading of imPDMS of 1:3 ratio on fluorinated glass curing time, (b) Spreading
profile, (c) length change (AL), (d) length change (AH) of 1:3 ratio, and (e) AL and AH for
different mixing ratio at curing 1 day on fluorinated glass



Spreading on fluorinated glass. To investigate the spreading of dynamic networks in relation
to surface energy, imPDMS drops are placed onto fluorinated glass substrates that have lower
surface energy than unmodified glass®'. The difference in surface energy is confirmed through
a water drop contact angle measurement (Fig. S4). The qualitative results for the 1:3 mixing
ratio are presented in Fig. 4, in a similar fashion to Fig. 3. For curing times up to 7 days, a bell
shape is observed similar to that on glass substrates; however, the foot formation is less distinct
since the driving force (surface energy) for spreading is lower on the fluorinated surface (Fig.
4a). Hence, the rate of change in spreading length (AL) is slower compared to unmodified glass.
Consequently, a drop-like spherical cap is maintained without the fried egg stage, even for
imPDMS with low curing times. These findings illustrate that surface energy plays an
important role in the spreading shape. It confirms that surface energy serves as the main driving
force that controls the extent of spreading while the dynamic network rheology relates to the
shape and rate of the spreading drops. The spreading profile on fluorinated glass exhibits
smaller changes in contact length compared to glass (Fig. 4b). This is likely due to the lower
driving force for spreading on fluorinated glass, allowing the drop to relax globally during the
spreading process. AL and AH display exponential growth and decay, respectively, reaching a
plateau similar to spreading on glass; however, the plateau is reached more quickly compared
to unmodified glass (Figs. 4c and 4d vs. 3¢ and 3d). In addition to the curing days, the length
and height changes with different mixing ratio of imPDMS similarly demonstrate slow
spreading on fluorinated glass compared to unmodified glass for the same mixing ratios (Fig.
4e, SI Figs. S5 and S6).
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Figure 5. (a) Exponential fitting on (a) AL and (b) AH at curing 1 day on glass (c) a final
spreading length change (ALf), (d) Characteristic time of AL (7;), (¢) AL, and (f) AH of 1:3

ratio at curing 1 day for spreading 7 days.

Description of spreading and variables. The spreading process consists of two general regimes:
a spreading phase and a plateau phase (Figs. 3 and 4). Based on our experimental results, the



first ~7 days are dominated by the spreading phase which then approaches the plateau towards
an equilibrium length. To describe the rate and extent of spreading, we assume that the drop
geometry grows (contact length) and decays (drop height) according to an exponential function.
We can then write the change in length and height as AL(t) = ALf(l —e7t/ TL) and AH(t) =
—AHf(l — e~ t/tH ), respectively; T, and Ty are characteristic times associated with the time it
takes to approach the final change in length AL; and height AH;. Our data are fit to these
equations using a two-parameter fit to extract 7, and AL as well as 75 and AH, enabling us
to compare the extent of spreading as well as the rate of spreading, relative to the final geometry.
The fits (dotted lines) are shown in Figs. 5a (AL) and 5b (AH) for the three mixing ratios at 1
day of curing, showing that the model is able to capture the trends in experimental data (see SI
Figs. S7 and S8 for additional fits). Measured values for AL; and AH; after 77 days of

spreading are consistent with the fit.

Let us first consider the spreading contact length on unmodified glass surfaces (Fig. 5Sc, solid
lines). At a constant amount of curing, the 1:3 crosslinker ratio (orange solid lines) displays the
largest ALs, which decreases when increasing the mixing ratio to 1:4 (blue solid lines) and 1:6
(black solid lines). At a constant mixing ratio, the amount of curing plays a significant role for
the 1:3 mixing ratio, whereas curing days plays a small role in the 1:6 mixing ratio. For example,
ALs changes from ~8 mm to 5 mm for the 1:3 ratio but only ~2.5 mm to 2 mm for the 1:6 ratio
for the 1 day and 9 day curing times. This clearly illustrates that the spreading is strongly
governed by the degree of crosslinking. A similar trend is observed for AHf (Fig. S9a), but

with smaller changes.

Considering the two different surfaces, we find that AL and AH; are higher on glass (Fig. 5¢
and Fig. S9a, solid lines) compared to fluorinated surfaces (Fig. 5S¢ and Fig. S9a, dashed lines).
This results from the higher surface energy of unmodified glass that drives spreading compared
to fluorinated glass. The effect of surface energy is more dominant for lower mixing ratio
materials (i.e. softer drops). For example, consider the 1 day curing samples; the 1:3 mixing
ratio changes from AL ~8 mm to 5 mm when changing from glass to fluorinated glass, the 1:4

from ~5 mm to 4 mm, and the 1:6 remains nearly constant.

In addition to the extent of spreading, we also consider the rate of the spreading process through
the fitted values of 7; and 7. Based on literature, one would anticipate that 7; and 7y increase
with both increasing mixing ratio and increasing curing days, since both lead to higher modulus
and longer relaxation times®2. Consistent with this expectation, 7, and 7 increase with mixing
ratio and curing time (Fig. 5d and Fig. S9b).

As can be seen in Fig. 5d, t; values for unmodified glass can be slightly higher than for
fluorinated glass. This is because 7 is associated with the final spreading geometry. imPDMS
spreads to a larger extent on the unmodified glass (i.e. larger AL, see Fig. 5¢) compared to
spreading on fluorinated glass (smaller ALf). Hence, the drops reach their final state faster on
fluorinated surfaces, although the spreading speed itself is faster on glass surfaces from an



absolute sense (Fig. 5e). The change in height on the other hand does not significantly change
with the underlying surface (Fig. 5f). This is consistent with the concept that lateral spreading
is driven by surface energy while the drop height reduction is mainly governed by macroscopic
relaxation.

Conclusions

In this paper, we experimentally investigate the spreading of imPDMS, which is a silicone-
based polymer network crosslinked with reversible imine bonds. Our results illustrate that it is
important to consider the material composition (e.g. mixing ratio of components) and the
processing conditions (e.g. curing time), which results in different viscoelastic properties.
Although the mechanical properties play a dominating role in the spreading behavior, the
surface energy of the underlying substrate must also be considered since it plays a role in the
final contact length of the drop; the surface energy effects are particularly prominent for softer
compositions. Future studies should consider the range of possible processing conditions,
including temperature and humidity during spreading, as well as the material formulation,
including the number of available amine groups and the polymer molecular weight.

Methods
Preparation of imPDMS drops

An imPDMS solution is prepared by mixing 6-7% aminopropylmethylsiloxane-
dimethylsiloxane (My = 4000-5000 g/mol, Gelest) with terephthalaldehyde (99%, Sigma-
Aldrich) at molar ratios of 1:3, 1:4 and 1:6, which is also dissolved in tetrahydrofuran (Sigma-

Aldrich) ?*. After mixing and degassing, 10 ul of solution mixture is dropped onto the end of

a Teflon rod (D = 1/8 in, McMaster-Carr) and cured in an oven at 65°C for varying durations
from 1 to 13 days. The shape of the imPDMS is nearly hemispherical as it sits on the cylindrical
end of the Teflon rod. Two cured hemispheres are attached together to form imPDMS ‘spheres’
for the spreading experiments.

Preparation of substrates

Glass substrates are prepared by washing under sonication with isopropanol for 5 min.
Fluorinated glass is produced by subjecting these cleaned glass slides to a chemical vapor
deposition using (1H,1H,2H,2H)-perfluorooctyl trichlorosilane (Sigma-Aldrich)’! for 2 hours.

Characterization

Rheology. A rtheometer (TA Instruments Discovery HR-2) equipped with 8-mm aluminum
parallel plates is used to study rheological behavior of imPDMS. Samples are prepared by
curing on a flat Teflon plate in an oven for 65°C, to mimic the sample preparation of imPDMS
drops for spreading experiments, and then cut using an 8 mm diameter punch. Each sample is



tested over a frequency range from 10 Hz to 10"* Hz at 0.5% strain. An amplitude sweep was
conducted first to confirm this strain value was within the linear viscoelastic region.

Image Analysis. Each spreading image is captured by a digital camera equipped with 0.5x
zoom lens. The length, height, and shape are analyzed using MATLAB. Shape profiles of
imPDMS are generated using MATLAB by stacking each captured spreading image. The
outline of imPDMS is extracted from each image and assembled into a single coordinate.
Length and height change during spreading are fit using MATLAB.
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