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ABSTRACT:Materials with dynamic surface topography may enable a variety of
new technologies from smart coatings to biomaterials with controlled cell�
material interaction. However, current approaches to create morphing surfaces
require programming procedures, either before or after polymerization, that
complicate the application of these materials. Here, we exploit the metastability of
the microstructure of semicrystalline polymer networks that crystallize while
photopolymerizing to create polymer coatings and microstructures that irreversibly
morph from smooth to rough in an emergent manner when heated. For example, a
smooth polymer coating with a root-mean-square (Rq) roughness of 15 nm transforms into a rough� lm with aRq roughness of 688
nm on heating through the melt temperature. We show that this behavior is observed across a range of polymer networks and that
the degree of undercooling during polymerization is the primary factor that controls the magnitude of roughness. This technique is
not limited to polymer� lms; microstructures fabricated utilizing micromolding or emulsion polymerization also undergo changes in
roughness on heating. Finally, we discuss using this approach to create polymer structures with spatiotemporal control of coe� cients
of friction and contact angles.

� INTRODUCTION
The surface topography of a material dictates many of the
interactions between that material and its environment.1� 3 For
this reason, polymeric systems that undergo controlled
topographical changes in response to an external stimulus
can be used to create smart engineering materials. Dynamically
altering the surface topography of polymers by using various
stimuli such as light,4,5 heat,6� 8 solvents,9 or an electric
� eld10� 12 can provide spatiotemporal control over surface
wettability,13 optical properties,14,15 and liquid transporta-
tion.16 Controlled microscale surface deformations arise in
materials or composites where deformation gradients are
present at a free surface relative to the bulk or within the bulk
of the material.17 For example, the buckling of a relatively high
elastic modulus thin� lm on a more compliant substrate occurs
in response to deformation of the substrate.18� 21 Similarly, the
swelling of a compliant coating con� ned by a rigid substrate
causes the formation of wrinkles and creases.22 These
techniques are highly e� cient in producing complex and
ordered surface features; however, these structures require
multimaterial processing to generate these smart surfaces.

Dynamic surface topography can also be exhibited in
coatings or structures made from only a single material. For
example, the shape memory e� ect can be used to create
coatings that undergo topographical transitions.6,7 As the shape
memory e� ect has been demonstrated in many classes of
polymers, this approach provides substantial control over the
stimulus required for the surface topography to be altered.
However, mechanical programming is needed to program the
metastable geometry, thus limiting the applicability of this

process to microstructured surfaces with high complexity, in
particular on microscale 3D objects.23� 25 By contrast, liquid
crystal networks (LCNs) are mechanically responsive polymers
that do not require a mechanical programming step, and LCNs
have been used to create a diverse array of dynamic
coatings.4,5,8 However, dynamic coatings from LCNs require
that the monomers exhibit a mesophase and often require a
process to orient the mesogenic monomers prior to cross-
linking.26 Strategies are needed to produce materials that
undergo transformations in surface topography without
requiring programming steps to enable facile fabrication of
smart engineering materials across multiple length scales.

Here we present a generic strategy to irreversibly transform
the surface topography of semicrystalline polymer networks
from smooth to rough. This emergent roughness is observed
when a semicrystalline polymer network undergoes crystal-
lization during polymerization and is then heated through its
crystalline melt temperature. Networks with these character-
istics are achieved through a simple radical thiol� ene
photopolymerization of commercially available monomers.27

This approach is not limited by a programming step; as such,
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this mechanism can be readily applied to coatings and a variety
of microstructures.

� EXPERIMENTAL SECTION
Materials. 1,9-Nonanedithiol (NDT), diallyl adipate (DAA), 1,7-

octadiene (OTD), polydimethylsiloxane (PDMS), and poly(vinyl
alcohol) (PVA) were purchased from Fisher Scienti� c. 1,6-
Hexanedithiol (HDT), 1,3-propanedithiol (PDT), and pentaerythri-
tol tetrakis(3-mercaptopropionate) (PETMP) were purchased from
Sigma-Aldrich. The photoinitiator, bis(2,4,6-trimethylbenzoyl)phenyl-
phosphine oxide (I-819), was donated by BASF Corporation. Silicon
(Si) wafers were purchased from University Wafers. All reagents were
used as received.

Synthesis of Polymer Films.An equimolar amount of thiols to
alkenes was mixed with 3 wt % of photoinitiator. After addition of
reagents to a glass vial, the monomer solution was heated with a heat
gun to 70°C for 10 s, then vortexed for another 30 s, and allowed to
cool for 10 min. Cells were prepared by cleaning two glass slides (75
mm× 25 mm) and gluing them together using a photopolymerizable
adhesive and a 40� m spacer to set the cell gap. The cell was� lled
with the monomer solution through capillary action. The solutions
were then cross-linked by irradiating with 365 nm UV light with an
intensity of 20 mW/cm2 (Lumen Dynamics, OmniCure LX400+) for
5 min, � ipping the sample once. Samples that were cross-linked at
temperatures other than room temperature were placed on a hot plate
at the desired temperature for at least 10 min before exposure to UV
light for 5 min. The sample was then allowed to cool at room
temperature. For samples with spatially programmed roughness, the
sample was� rst placed on the hot plate at the highest polymerization
temperature for 10 min. UV light was then shone through a mask to
only cross-link a portion of the sample for 30 s. Samples were then
allowed to cool to room temperature and then� ood exposed for 5
min, � ipping the sample once. After cross-linking, all samples were
annealed at room temperature for at least 12 h before further testing.
The gel fraction was measured by immersing a sample with a mass of
� 30 mg in chloroform for 24 h and then drying in a vacuum oven at
60 °C for 24 h. Masses were weighed before immersion into
chloroform and after drying with a Sartorius Quintix 125D-1S. All
measurements were repeated on three samples.

Thermal Characterization. Di� erential scanning calorimetry
(DSC) (TA Instruments DSC 2500) was used to measure melt
temperature and enthalpy of melt. Sample sizes of at least 1 mg were
loaded into aluminum pans and lids and cooled from room
temperature to� 20 °C, heated to 150°C, cooled to� 90 °C, and
then heated back to 150°C with ramps of±10°C/min. The enthalpy
of melt was calculated from the DSC thermogram by utilizing the
enthalpy of melt analyzing tool within the Trios software.28 The melt
temperature is denoted as the peak of the melting endotherm from
the DSC thermograms. All measurements were repeated on three
samples.

Roughness Measurements. Roughness measurements were
gathered using an atomic force microscope (AFM) (Veeco
Dimension 500 SPM). Prior to data collection, the upper glass slide
was released from the sample. Two AFM scans, with a scan size of 25
� m × 25 � m at a rate of 0.996 Hz, were conducted before and after
heating the sample. The sample was heated by placing it on a hot
plate set at 10°C above its melt temperature (Table S1). We note
that the heating rate does not signi� cantly a� ect the magnitude of
roughness (Figure S1). All samples were allowed to cool to room
temperature before conducting AFM scans. Roughness data and
topography images were gathered by utilizing NanoScope Analysis
software. Roughness data shown areRq roughness. Images shown
were 3D renderings after� rst � attening the image. All measurements
were repeated on three samples. One-dimensional power spectral
analysis was conducted by gathering six scans along the same axis of a
rough, heated sample of the (75:25:90:10) (OTD:DAA:NDT:-
PETMP) composition using a DektakXT stylus pro� lometer. Scan
lengths were 500� m with a duration of 240 s and a stylus force of 1
mg. Data were then leveled by using Gwyddion software. The power

spectrum density was computed utilizing the Welch method for each
scan and then averaging the calculated power spectra by using Matlab
code.29,30 Data were smoothed through an adjacent averaging
method, considering 50 points, and plotted on a log� log scale.

Microscopy. Optical microscopy was performed with a polarizing
optical microscope (POM) (Olympus, BX51). Crystallite formation
was observed byin situcross-linking of monomer solution in a cell in
the POM. Cross-linking was performed with the broadband halogen
bulb used in transmission mode microscopy. The sample was
irradiated in 1 s intervals for 3 s. The light intensity of the visible
light used for polymerization was 4 mW/cm2. Images were taken after
each increment. To block light from further polymerizing while
imaging in transmission mode through crossed polarizers, a long pass
� lter was used that blocks light below 610 nm. Videos of
crystallization during polymerization were taken by utilizing a similar
method, but the sample was irradiated in a continuous manner.
Surface deformation videos were imaged by� rst placing the sample
on a thermal heat stage (Linkam) and viewing the sample in dark-� eld
re� ection mode. The temperature was increased at 10°C increments
at a rate of 50°C/min from room temperature to 10°C above the
melt temperature, as measured by DSC. A scanning electron
microscope (SEM) (Zeiss Supra 40) was used to observe the surface
deformation of 3D structures. Prior to imaging, samples were
sputtered with 76 Å of gold mixed with palladium. Samples were
imaged before and after heating. Microrectangular prisms and
microneedles were imaged at a tilt angle of 30°.

X-ray Di� raction. Wide-angle X-ray scattering (WAXS) was
performed at ambient temperatures by using an X-ray di� ractometer
(Rigaku, SmartLab) with a Cu K� radiation source, having a
wavelength of 1.54 Å and operating at 44 kV and 44 mA. Di� raction
patterns were then obtained over a 2� range of 5°� 50° at a scan rate
of 5°/min with a resolution of 0.01°. Di� raction curves were
smoothed through an adjacent averaging method, considering 10
points. Baselines were then subtracted through a baseline� tting
method utilizing 3D Explore, an analytical software package provided
by Rigaku. Next, the areas of multiple crystalline peaks were calculated
by utilizing a Lorentz curve� tting method in Origin Pro. The
crystalline fraction was calculated from the ratio of the area of the
crystalline peaks to the total peak area by using Origin Pro.

Measuring Friction. Friction measurements were gathered
through a home-built system (Figure S2). A dynamic mechanical
analyzer (DMA) (TA Instruments, RSA-G2) was used to measure
force vs displacement curves by pulling one sample across another
sample. The bottom sample was 75 mm× 25 mm, while the top
sample was 10 mm× 10 mm. Both samples were adhered to glass
slides on one side. The top substrate was pulled across the bottom
stationary substrate, with coatings facing each other, at a rate of 0.1
mm/s. A mass was placed on the top sample (0.021 kg). The home-
built system was validated by using known glass on glass coe� cient of
friction values. After running the smooth unheated samples across
each other, those same samples were heated on a heat stage and
roughness was con� rmed through optical microscopy. Before
conducting tests with the heated samples, the samples were allowed
to cool for at least 10 min. The coe� cient of kinetic friction (� k) was
calculated through the equation� k = Ffriction/ N, whereFfriction is the
average force values attained from the force vs displacement curve and
N = mass× 9.8 m/s2.

Synthesis of Microspheres.Microspheres were synthesized by
� rst creating an emulsion with a 10:1 ratio of 8% PVA in water
solution to monomer solution. The emulsion was subsequently cross-
linked by irradiating with 365 nm UV light with an intensity of 20
mW/cm2 for 2 min. Following cross-linking, particles were washed by
centrifuging for 3 min, removing supernatant, and adding DI water
repeatedly for three cycles. After washing, microspheres were
suspended in DI water.

Preparation of Microstructures. Microrectangular prisms were
fabricated through the use of a silicon (Si)-based micromold. The
silicon micromold was fabricated by photolithography and deep
reactive ion etching (DRIE). A positive photoresist (S1827) layer of 4
� m thick was spin-coated on 3 in. Si wafers and micropatterned to

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.9b02703
Macromolecules2020, 53, 2388� 2395

2389

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02703/suppl_file/ma9b02703_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02703/suppl_file/ma9b02703_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02703/suppl_file/ma9b02703_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.9b02703?ref=pdf


serve as an etch mask. An inductively coupled plasma (ICP) etching
system (Plasma-Therm ICP etcher) was used for Si DRIE. SF6 and
C4F8 gases were employed to enable cyclic etching and passivation
through quick gas switching. A plasma power of 1200 W and a DC
bias of 250 V were used for the etching cycle. The total Si etch depth
was about 100� m. After the DRIE process, the Si micromolds were
cleaned using acetone and isopropyl alcohol. The molds were then
sandwiched with a microscope glass slide (75 mm× 25 mm) and a
spacer of a 100� m to set the cell gap thickness. The mold was then
� lled with the monomer solution through capillary action. After� lling,
the mold was irradiated with 365 nm UV light with an intensity of 20
mW/cm2 for 150 s with the glass side facing the UV source. The
sample was subsequently removed from the mold and irradiated with
365 nm UV light for 150 s with the microstructures facing the UV
source. Microneedles were fabricated through a known process of
ablating PDMS with a CO2 laser engraver.31 Brie� y, a PDMS mold
was prepared by mixing PDMS in a 10:1 weight ratio and casting into
a custom mold to produce a 15 mm× 15 mm × 4 mm PDMS
substrate with a 12 mm× 12 mm× 1 mm indentation in the center.
The PDMS was then degassed under vacuum for 1 h and cured at 80
°C for 3 h in an oven. A CO2 laser engraving machine (Universal
Laser Systems ILS9.150D) was used to ablate an 8× 8 array of 0.06
mm circles into the PDMS mold to create a microneedle array into
the PDMS. The PDMS micromold was subsequently plasma treated,
sandwiched between two glass slides, and clamped together using
bulldog binder clips, leaving a small opening to allow the monomer
solution to enter. After� lling mold with monomer solution, the
sample was placed under vacuum for 2 min. Subsequently, the sample
was irradiated with 365 nm UV light with an intensity of 20 mW/cm2

for 150 s with the base of the microneedles facing the UV source.
Afterward, the PDMS was removed, leaving the sample adhered to the
glass slide. The sample was then irradiated with 365 nm UV light for
150 s with the microneedle tips facing the UV source.

Contact Angle Measurements.Contact angles were measured
by using a Rame�-Hart model 50-00-115. For each sample, a 2� L
water droplet was placed on the surface and allowed to equilibrate for
2 s. Contact angles were measured at three locations. The sample was

then heated to its melt temperature and allowed to cool for 10 min.
The contact angles were then measured at three locations.

� RESULTS AND DISCUSSION

To synthesize a series of semicrystalline polymer networks, we
chose to use the radical photopolymerization of divinyl, dithiol
(DT), and tetrathiol monomers. The monomers, PETMP, a
DT, DAA, and OTD, and photoinitiator, I 819, are shown in
Figure 1a. This system allows for broad control of phase
transition temperatures. For example, the melt temperature
(Figure 1b) can be broadly controlled from 39 to 68°C, and
the degree of crystallinity (Figure S3) increases by increasing
the ratio of OTD to DAA while keeping the molar ratios of
other monomers� xed at (X:100� X:90:10) (OTD:-
DAA:NDT:PETMP). When polymerized at room temper-
ature, each of these materials is smooth. Unexpectedly, on
heating above the crystalline melt temperature, each material
becomes rough (Movie S1). At a molar ratio of 100:0
(OTD:DAA), the smooth polymer� lm obtained after
polymerization, with aRq roughness of 15 nm, is transformed
into a rough surface with aRq of 688 nm, through heating to
78 °C (Figure 1b� d andTable S1). The surface roughness
begins to emerge at the melt temperature; however, the
maximum roughness is not achieved until heating completely
through the melting transition. After cooling, the surface
remains rough. We note that rough samples do not return to
the original smooth topography for at least three months after
heating (Figure S4). To our knowledge, this phenomenon has
not been previously reported. As such, we sought to elucidate
the origins of this phenomenon and to provide approaches to
control this mechanism.

A key distinction between the reported thiol� ene semi-
crystalline networks and many other semicrystalline polymers

Figure 1.(a) Molecular structures of monomers used to synthesize semicrystalline polymers. (b) Representative DSC thermograms of the second
heating cycle showing tunable melt temperatures by altering OTD:DAA ratio. (c) Atomic force micrographs showing a smooth surface
transforming into a rough surface on heating through the melt temperature. Scale bar: 5� m. (d) Dark-� eld re� ection optical micrographs showing
the appearance of roughness at the melt temperature and an increase of roughness 10°C above the melt temperature (Tm). Scale bar: 50� m.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.9b02703
Macromolecules2020, 53, 2388� 2395

2390

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02703/suppl_file/ma9b02703_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02703/suppl_file/ma9b02703_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02703/suppl_file/ma9b02703_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b02703/suppl_file/ma9b02703_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.9b02703?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.9b02703?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.9b02703?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.9b02703?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.9b02703?ref=pdf


is that crystallization occurs concurrently with photopolyme-
rization when the monomers are irradiated at temperatures
below the melt temperature of the� nal network.32 The
concurrent polymerization and crystallization of these series of
materials were observed by using polarized optical microscopy
during photopolymerization of the initially isotropic monomer
solution (Figure 2a). Even at low intensities of visible light,

within 1 s of photopolymerization (Figure 2b andMovie S2),
crystallites begin forming, as indicated by the appearance of
birefringent regions within the solution. As photopolymeriza-
tion continues, spherulites grow and eventually occupy a
signi� cant fraction of the polymer (Figure 2b� d).

Materials that crystallize while polymerizing exhibit poly-
morphism, giving rise to metastable crystalline structures and
morphologies.33� 35 Since the early 1970s, it has been
documented that after polymerization ofp-xylylene derivatives,
nonreversible changes in crystalline structure are observed
upon either the extraction of solvent or annealing.33� 38 There
are two likely reasons why such phenomena occur. First,
crystals growing directly from solution or melt are prone to
defects.34 Second, because of reaction kinetics, there is an
inverse relationship between defects found in crystals and the
polymerization temperature.34 Herein there exists a similar
change in the crystal structure after heating above the melt
temperature (Figure S5a,b). The di� raction pattern of the
(75:25:90:10) (OTD:DAA:NDT:PETMP) sample polymer-
ized at room temperature (33°C below the melt temperature)
illustrates a signi� cant change in crystal structure after heating.
After synthesis, prominent peaks exist at 2� = 19.4°, 23.31°,
and 25.15°. However, after heating through the melt
temperature, the peaks at 2� = 23.31° and 25.15° are
signi� cantly reduced. This suggests a decrease in crystallinity
and a change in the crystalline structure. We hypothesize that
this change in crystal structure and spatially varied polymer-
ization stress are responsible for the emergent topographical
deformation observed on melting the polymer network. We
believe heterogeneous polymerization stress arises as di� erent
regions of the sample cross-link and crystallize during
polymerization. On heating, these crystallites melt, and the
heterogeneous polymerization stress is resolved by forming
surface topography. This is analogous to macroscopic
heterogeneous polymerization stress that can occur in the
polymerization of thermosets, which can cause warping.39� 41

To further understand the origin of surface deformations, a
composition of (0:100:90:10) (OTD:DAA:NDT:PETMP)
was synthesized and polymerized at room temperature (Tp �
Tm = � 15 °C). This composition produces a semicrystalline
polymer with a melt temperature of 39°C (Figure 1b and
Table S1). As the degree of undercooling is relatively low, this
polymer network crystallizes with large spherulites, rendering
them easier to study. Before heating, the outline of each

crystallite is clearly imprinted on the surface of the polymer
(Figure S6a,b). However, after heating through the crystalline
melt, a protruding structure forms in the center of each
crystallite, with wave-like patterns approaching the spherulite
border (Figure S6c,d). At smaller spherulite sizes, the
deformation associated with melting a single spherulite is
di� cult to observe. However, we expect similar deformations
produced by many spherulites to lead to an increase in surface
roughness for materials polymerized with larger degrees of
undercooling. As surface roughness was observed to exist on
both the micrometer and the nanometer scale (Figures S7 and
S6d), power spectral analysis was conducted. The generated
rough surfaces exhibit both fractal and periodic regions,
suggesting two coexisting morphology length scales30 (Figure
S8). We note that structures resembling crystal slip
deformations are observed in AFM scans of higher resolution42

(Figure S7). As this roughening phenomenon appears to be
general to this class of polymer networks, we sought to control
the magnitude of roughness transformation and triggering
temperature using both process variables and monomer
selection.

Monomer selection and monomer feed ratios can be used to
control both the degree of roughness achieved and the
response temperature of these polymer networks. For example,
higher concentrations of OTD increase the melt temperature
of the network (Figure 1b). By altering the molar ratio of OTD
to DAA from 0:100 to 100:0, we can tune the roughness after
heating through the melt temperature from 32 to 546 nm
(Figure S3b). Similar control can be obtained by altering the
DT or the cross-linker concentration within the network.
Altering the length of the alkyl DT from PDT to HDT to
NDT, while keeping the molar ratios of other monomers� xed
at (75:25:90:10) (OTD:DAA:DT:PETMP), increased the
melt temperature from 24 to 57°C (Figure 3a andTable
S1). Roughness after heating also increased from 6 to 449 nm

Figure 2. Transmission optical micrographs between crossed
polarizers duringin situ photopolymerization of (75:25:90:10)
(OTD:DAA:NDT:PETMP) monomer solution polymerized 33°C
belowTm demonstrate crystallization after exposure to visible light at
increments oft = 0, 1, 2, and 3 s. Scale bar: 50� m.

Figure 3. Monomer composition controls roughness and melt
temperature. (a) Representative DSC thermogram of the second
heating cycle demonstrating tunable melt temperatures by altering
thiol chain extender from PDT to HDT to NDT. (b) Roughness
plotted against the carbon backbone length of each chain extender
(PDT, HDT, and NDT). (c) Representative DSC thermogram of the
second heating cycle demonstrating tunable melt temperatures by
altering the cross-linker (PETMP) mol %. (d) Roughness plotted
against cross-linker (PETMP) mol %. For plots b and d, each data
point represents the mean (n = 3), and the error bars represent the
standard deviation. Lines between points are added to guide the eye.
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(Figure 3b). Additionally, cross-link density can be used to
control the degree of roughness. Altering the cross-linker feed
ratio from 5 up to 20 mol %, while keeping the molar ratios of
other monomers� xed at (75:25:100� X:X) (OTD:-
DAA:NDT:PETMP), caused a decrease in both the response
temperature and the degree of roughness (Figure 3c,d and
Table S1). At 5 mol % of cross-linker, roughness is 465 nm
after heating, and the response temperature is 63°C. At 20 mol
% of cross-linker, the roughness after heating is 93 nm, and the
response temperature is 50°C. We note that all of these
networks are cross-linked with gel fractions greater than 75%
for compositions with 10 mol % PETMP or greater (Figure
S9). If one changes the monomers used, a clear coupling of
chemistry and processing variables appears. Networks with
lower crystallinity (as measured by the enthalpy of melt) also
melt at lower temperatures, which in turn have a smaller
di� erence in temperature between the melt temperature and
the polymerization temperature. To decouple these e� ects,
processing variables are changed within a single composition.

By polymerizing a single composition, (75:25:90:10)
(OTD:DAA:NDT:PETMP), at temperatures below and
above the melt temperature, we can tune the degree of
roughness after heating independently of composition (Figure
4a). By polymerizing from 33°C below the melt temperature

to 15 °C above the melt temperature, we can tune the
roughness after heating from 410 to 9 nm. We note that for
larger degrees of undercooling there exists a signi� cant
reduction in the degree of crystallinity after heating through
the melt temperature (Figure 4b,c andFigure S5c). Polymer-
ization kinetics were analyzed by observing the crystallization
speed of samples polymerized at 33, 25, and 15°C below the
melt temperature. For samples polymerized 33°C below the

melt temperature, spherulites begin forming after 1 s; however,
for samples polymerized at 25 and 15°C below the melt
temperature, spherulites began forming after 8 and 14 s,
signifying a signi� cant decrease in the rate of crystallization
(Figure 2andMovie S1). For networks where spherulites form
signi� cantly quicker during polymerization, there are more
sources of incompatible stresses within the material. It is also
expected for there to be defects in the crystalline structure. As
previously mentioned, the di� raction patterns observed before
and after the� rst melt signify a change in the crystalline
structure for samples polymerized at higher degrees of
undercooling, while patterns largely remain the same for
samples polymerized above or just below the melt temperature
of the network (Figure S5a,b).

Di� erences in morphology of samples polymerized with
varying degrees of undercooling are observed through AFM
phase and height images (Figure S10). For samples
polymerized at 33°C below the melt temperature, we notice
signi� cant contrast in the phase images which is indicative of
mechanical heterogeneity. Additionally, height images show
preexisting surface deformation, which was also observed
through bright-� eld microscopy (Figures S10 and S6b).
However, for samples polymerized at 15°C above the melt
temperature, we do not see these same structures or signs of
mechanical heterogeneity. The source of mechanical hetero-
geneity observed on samples with higher degrees of under-
cooling is likely attributed to concurrent crystallization and
polymerization that is observed when polymerizing below the
melt temperature.

Notably, networks with distinct enthalpies of melt before
heating, and likely di� erent degrees of crystallinity, such as
those formed with NDT (68.7 J/g) or HDT (59.2 J/g), each
polymerized 25°C below the respective melt temperature of
each network yield similar surface roughness after heating
(Figure 4c,d andFigure S3c). While the polymer network must
crystallize during polymerization to enable heating-induced
roughening, ultimately the degree of undercooling appears to
dictate the magnitude of roughness.

Photopolymerization enables patterning of the polymer-
ization temperature, which in turn enables spatially pro-
grammed surface deformations. To achieve this patterning,
portions of � lms can be polymerized above the melt
temperature, while other portions are polymerized below the
melt temperature (Figure 5a). As expected, the portion of the
sample that was cross-linked above the melt temperature (Tp �
Tm = 15°C) does not become rough upon heating, while the
portion of the sample that was cross-linked below the melt
temperature (Tp � Tm = � 33 °C) becomes rough, as can be
observed in dark-� eld microscopy or AFM (Figure 5b,c and
Movie S3). Notably, this phenomenon does not require
intricate programming steps, as is the case with other
techniques for producing controllable topographical deforma-
tions. This allows for a facile mechanism to control polymeric
surfaces, which will prove useful for developing substrates with
dynamic control over the properties of friction and contact
angles (Figure S11andMovie S4). We note that the spatial
resolution of patterning is limited, as the formation of
spherulites causes light to scatter and further photopolymerize
surrounding areas. However, polymerization of structures with
dimensions approaching 100� m has been achieved. By
utilizing a photomask with feature sizes that approach the
size of the spherulites of the (0:100:90:10) (OTD:-
DAA:NDT:PETMP) composition (Figure S6a), aligned

Figure 4.Polymerization temperature a� ects surface roughness. (a)
Roughness plotted against polymerization temperature� melt temper-
ature (Tp � Tm), as measured by AFM. (b) Representative DSC
thermograms demonstrating the di� erence between the� rst and
second heating cycles. (c) Enthalpy of melt before and after heating
the samples plotted againstTp � Tm, demonstrating a decrease in
crystallinity before and after heating to the melt temperature, as
measured from DSC thermograms. (d) Roughness of� lms prepared
with HDT and NDT while keeping molar ratios� xed at
(75:25:90:10) (OTD:DAA:DT:PETMP) polymerized atTp � Tm =
� 25 °C, demonstrating similar degrees of roughness, as measured by
AFM. For plots a, c, and d, each data point represents the mean (n =
3) and the error bars represent the standard deviation. Lines between
points are added to guide the eye.
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crystals are formed as evident by uniform birefringence (Figure
S12). However, no obvious change in topography is observed
from these oriented structures on heating. We expect that there
must exist multiple spherulites to induce a topographical
deformation on heating. Aligning crystallites through this
methodology could prove to be quite useful for many
applications; however, it is out of the scope of the present
work and has been reserved for future studies.

Imprinting microtextures and corrugations onto polymeric
substrates has been demonstrated to alter the coe� cient of
friction.43,44 Dynamic control of friction is quite useful,
especially for developing materials with self-cleaning capa-
bilities and dynamic adhesive properties.10,45 Heating-induced
roughness dramatically changes the coe� cient of kinetic
friction between two polymer networks of the same
composition (Figure 6a). Before heating the two samples,� k
between the two smooth samples was measured to be 0.8.
However, after heating the two samples,� k between the two
rough samples was measured to be 0.3, signifying a 62.5%
reduction (Figure 6a). Spatial control of� k can be generated
by patterning the polymerization temperature of the polymer,
as demonstrated inFigure 6b,c. InFigure 6b, one polymer� lm
morphs from smooth to rough, while the other only transforms
from smooth to rough on half of the� lm. As such, the friction
force dramatically decreases as the rough sample transitions
from contact with a smooth surface to a rough surface. In
Figure 6c, the bottom sample is patterned to have a single
rough section in the middle of the� lm surrounded by two
smooth sections. As a result, the initially high friction force
decreases and then increases as the two� lms slide over one
another. Notably, each of these� lms exhibits very similar
friction force pro� les prior to heating. This demonstrates the
ability for a polymeric material with a uniform coe� cient of

Figure 5.Spatiotemporal programming of surface roughness. (a) Schematic demonstrating procedure of spatiotemporally controlling roughness.
(b) Dark-� eld re� ection optical micrographs demonstrating spatiotemporal control of roughness after heating. Scale bar: 200� m. (c) Regions
polymerized aboveTm (i) remain smooth on heating while regions polymerized belowTm and (ii) become rough. Scale bar: 5� m.

Figure 6. Roughness dictates the coe� cient of kinetic friction.
Dynamic force traces showing friction force before and after heating
an (a) unprogrammed sample, (b) a sample that is programmed to
turn rough only on half of the sample, and (c) a sample that is
programmed to turn rough only in the middle of the sample. The
(75:25:90:10) (OTD:DAA:NDT:PETMP) composition was used.
The arrows above each schematic illustrate the sliding direction of the
top sample across the bottom stationary sample.
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kinetic friction to controllably transform into a material with
varying properties of friction.

As aforementioned, most previously described techniques to
generate polymers with dynamic roughness require some form
of an initial programming procedure. Such programming
procedures hinder the ability to control the surface topography
of 3D structures. Here, as no programming step is required to
guide crystallization during polymerization, polymeric micro-
structures with emergent roughness can be readily obtained.
To demonstrate this versatility, (75:25:90:10) (OTD:-
DAA:NDT:PETMP) samples were synthesized through three
varying techniques to form microstructures, each capable of
becoming rough on heating. Microrectangular prisms were
molded by polymerization in a silicon mold (Figure 7a).

Microspheres were synthesized through polymerization of an
oil-in-water emulsion (Figure 7b). Microneedles were molded
by soft lithography in a silicone mold (Figure 7c). After
synthesizing these structures through such versatile fabrication
techniques, they were subsequently heated, demonstrating
controllable, signi� cant surface deformations (Movie S5). We
expect that this technique could be applied to a wide range of
microstructures with applications in adhesives46,47 and
dynamic optical properties.14,15

� CONCLUSION
In this work, we have developed a mechanism that allows for
the controllable alteration of the surface topography of� lms
and microstructures in an e� cient, facile manner. This has
been demonstrated in materials that undergo crystallization
during photopolymerization of thiol� ene monomers. The
degree of undercooling controls the degree of roughness of
these polymeric surfaces. Additionally, spatiotemporal control
of roughness is achieved by patterning the polymerization
temperature within a single material. This enables dynamic
control of the coe� cient of kinetic friction. Prior to this work,
initial programming steps were required to control the surface

topography of polymers, thus limiting their use to� at 2D
substrates. However, the process described here does not
require a programming step, thus allowing for controllable
surface alteration in a wide variety of microstructures. This
fundamentally distinguishes this mechanism from current
techniques used to control surface topography.
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