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ABSTRACT: Materials with dynamic surface topography may enable a va
new technologies from smart coatings to biomaterials with controlled
material interaction. However, current approaches to create morphing i

the microstructure of semicrystalline polymer networks that crystallizes
photopolymerizing to create polymer coatings and microstructures that irre§
morph from smooth to rough in an emergent manner when heated. For example, a
smooth polymer coating with a root-mean-sgBgreo(ighness of 15 nm transforms into a rotrglwith aR, roughness of 688

nm on heating through the melt temperature. We show that this behavior is observed across a range of polymer networks and t
the degree of undercooling during polymerization is the primary factor that controls the magnitude of roughness. This technique
not limited to polymerlms; 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 spatiotemporatieorsrol of coe

of friction and contact angles.

INTRODUCTION process to microstructured surfaces with high complexity, in

The surface topography of a material dictates many of tiérticular on microscale 3D objétts’ By contrast, liquid
interactions between that material and its envirohmétur crystal networks (LCNs) are mechanically responsive polymers
this reason, polymeric st that undergo controlled thatdo notrequire a mechanical programming step, and LCNs
topographical changes in response to an external stimuhsve been used to create a diverse array of dynamic
can be used to create smart engineering materials. Dynamicedlsitings>° However, dynamic coatings from LCNs require
altering the surface topography of polymers by using variogit the monomers exhibit a mesophase and often require a
stimuli_such as light, heaf! ® solventS, or an electric  process to orient the mesogenic monomers prior to cross-
eld” ™ can provide spatiotemporal control over surfaciing®® Strategies are needed to produce materials that

wett&bilit)iﬁs optical properti€$,” and liquid transporta- undergo transformations in surface topography without
tion.” Controlled microscale surface deformations arise in

materials or composites where deformation gradients art%quiring progr_amming steps to enable_ facile fabrication of
present at a free surface relative to the bulk or within the bufi"art éngineering materials across multiple length scales.

of the materid’ For example, the buckling of a relatively high H€ré we present a generic strategy to irreversibly transform
elastic modulus thiim on a more compliant substrate occursthe surface topography of semicrystalline polymer networks
in response to deformation of the substfateSimilarly, the ~ from smooth to rough. This emergent roughness is observed
swelling of a compliant coating ¢wd by a rigid substrate when a semicrystalline polymer network undergoes crystal-
causes the formation of wrinkles and créasEsese lization during polymerization and is then heated through its
techniques are highly @ent in producing complex and crystalline melt temperature. Networks with these character-
ordered surface features; however, these structures reqidtfcs are achieved through a simple radical ¢hiel
multimaterial processing to generate these smart surfaces. photopolymerization of commercially available mongmers.

Dynamic surface topography can also be exhibited iy approach is not limited by a programming step; as such,
coatings or structures made from only a single material. For

example, the shape memorgceé can be used to create _
coatings that undergo topographical transitioksthe shape ~ Received: December 23, 2019
memory eect has been demonstrated in many classes GeVvised: February 9, 2020
polymers, this approach provides substantial control over tRePlished: March 19, 2020
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
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this mechanism can be readily applied to coatings and a varigtgctrum density was computed utilizing the Welch method for each
of microstructures. scan and then averaging the calculated power spectra by using Matlab
code?®®*® Data were smoothed through an adjacent averaging
method, considering 50 points, and plotted on dolpgcale.
EXPERIMENTAL SECTION Microscopy. Optical microscopy was performed with a polarizing
Materials. 1,9-Nonanedithiol (NDT), diallyl adipate (DAA), 1,7- optical microscope (POM) (Olympus, BX51). Crystallite formation
octadiene (OTD), polydimethylsiloxane (PDMS), and poly(vinylwas observed lny situcross-linking of monomer solution in a cell in
alcohol) (PVA) were puraBed from Fisher Sciewti 1,6- the POM. Cross-linking was performed with the broadband halogen
Hexanedithiol (HDT), 1,3-propanedithiol (PDT), and pentaerythri-bulb used in transmission mode microscopy. The sample was
tol tetrakis(3-mercaptopropionate) (PETMP) were purchased fronfradiated in 1 s intervals for 3 s. The light intensity of the visible
Sigma-Aldrich. The photoinitiator, bis(2,4,6-trimethylbenzoyl)phenylight used for polymerization was 4 m\W/émages were taken after
phosphine oxide (1-819), was donated by BASF Corporation. Silicétch increment. To block light from further polymerizing while
(Si) wafers were purchased from University Wafers. All reagents wiR&ging in transmission mode through crossed polarizers, a long pass
used as received. Iter was used that blocks light below 610 nm. Videos of
Synthesis of Polymer Films.An equimolar amount of thiols to ~ crystallization during polymerization were taken by utilizing a similar
alkenes was mixed with 3 wt % of photoinitiator. After addition omethod, but the sample was irradiated in a continuous manner.
reagents to a glass vial, the monomer solution was heated with a Hewiface deformation videos were imagedsbyplacing the sample
gun to 70°C for 10 s, then vortexed for another 30 s, and allowed t®n a thermal heat stage (Linkam) and viewing the sample ialdark-
cool for 10 min. Cells were prepared by cleaning two glass slides (Bsection mode. The temperature was increased@tidfrements
mmx 25 mm) and gluing them together using a photopolymerizablat a rate of 56C/min from room temperature to G above the
adhesive and a 4@n spacer to set the cell gap. The cell e melt temperature, as measured by DSC. A scanning electron
with the monomer solution through capillary action. The solutionghicroscope (SEM) (Zeiss Supra 40) was used to observe the surface
were then cross-linked by irradiating with 365 nm UV light with aleformation of 3D structures. Prior to imaging, samples were
intensity of 20 mW/cA(Lumen Dynamics, OmniCure LX400+) for sputtered with 76 A of gold mixed with palladium. Samples were
5 min, ipping the sample once. Samples that were cross-linked imaged before and after heating. Microrectangular prisms and
temperatures other than room temperature were placed on a hot placroneedles were imaged at a tilt angle®of 30
at the desired temperature for at least 10 min before exposure to UVX-ray Di raction. Wide-angle X-ray scattering (WAXS) was
light for 5 min. The sample was then allowed to cool at roonperformed at ambient temperatures by using an X+@gtatineter
temperature. For samples with spatially programmed roughness, {Rigaku, SmartLab) with a Cu Kadiation source, having a
sample wagst placed on the hot plate at the highest polymerizatiorwavelength of 1.54 A and operating at 44 kV and 44 mactdin
temperature for 10 min. UV light was then shone through a mask fatterns were then obtained over eaBge of 5 50° at a scan rate
only cross-link a portion of the sample for 30 s. Samples were theh 5/min with a resolution of 0.01Di raction curves were
allowed to cool to room temperature and treod exposed for 5 smoothed through an adjacent averaging method, considering 10
min, ipping the sample once. After cross-linking, all samples wepeints. Baselines were then subtracted through a batilne
annealed at room temperature for at least 12 h before further testimgethod utilizing 3D Explore, an analytical software package provided
The gel fraction was measured by immersing a sample with a masbyRigaku. Next, the areas of multiple crystalline peaks were calculated
30 mg in chloroform for 24 h and then drying in a vacuum oven dwy utilizing a Lorentz curveting method in Origin Pro. The
60 °C for 24 h. Masses were weighed before immersion interystalline fraction was calculated from the ratio of the area of the
chloroform and after drying with a Sartorius Quintix 125D-1S. Altrystalline peaks to the total peak area by using Origin Pro.
measurements were repeated on three samples. Measuring Friction. Friction measurements were gathered
Thermal Characterization. Di erential scanning calorimetry through a home-built systefigure S A dynamic mechanical
(DSC) (TA Instruments DSC 2500) was used to measure melanalyzer (DMA) (TA Instruments, RSA-G2) was used to measure
temperature and enthalpy of melt. Sample sizes of at least 1 mg wieree vs displacement curves by pulling one sample across another
loaded into aluminum pans and lids and cooled from roonsample. The bottom sample was 75>m85 mm, while the top
temperature to 20 °C, heated to 150C, cooled to 90 °C, and sample was 10 mm 10 mm. Both samples were adhered to glass
then heated back to 150 with ramps of 10°C/min. The enthalpy  slides on one side. The top substrate was pulled across the bottom
of melt was calculated from the DSC thermogram by utilizing thetationary substrate, with coatings facing each other, at a rate of 0.1
enthalpy of melt analyzing tool within the Trios softi/d@ite melt mm/s. A mass was placed on the top sample (0.021 kg). The home-
temperature is denoted as the peak of the melting endotherm frdpuiilt system was validated by using known glass on glassntaé
the DSC thermograms. All measurements were repeated on thféetion values. After running the smooth unheated samples across
samples. each other, those same samples were heated on a heat stage and
Roughness Measurements. Roughness measurements were roughness was comed through optical microscopy. Before
gathered using an atomic force microscope (AFM) (Veeceonducting tests with the heated samples, the samples were allowed
Dimension 500 SPM). Prior to data collection, the upper glass slide cool for at least 10 min. The cegent of kinetic friction ¢) was
was released from the sample. Two AFM scans, with a scan size ot@6ulated through the equatiQre Fyiciof N, WhereFcion is the
m x 25 m at a rate of 0.996 Hz, were conducted before and afteaverage force values attained from the force vs displacement curve and
heating the sample. The sample was heated by placing it on a hot mass< 9.8 m/g.
plate set at 10C above its melt temperatuiieple S). We note Synthesis of Microspheres.Microspheres were synthesized by
that the heating rate does not sicgmtly aect the magnitude of rst creating an emulsion with a 10:1 ratio of 8% PVA in water
roughnessHigure SIL All samples were allowed to cool to room solution to monomer solution. The emulsion was subsequently cross-
temperature before conducting AFM scans. Roughness data dined by irradiating with 365 nm UV light with an intensity of 20
topography images were gathered by utilizing NanoScope Analysid//cn? for 2 min. Following cross-linking, particles were washed by
software. Roughness data showrRareughness. Images shown centrifuging for 3 min, removing supernatant, and adding DI water
were 3D renderings aftest attening the image. All measurements repeatedly for three cycles. After washing, microspheres were
were repeated on three samples. One-dimensional power specitapended in DI water.
analysis was conducted by gathering six scans along the same axis dPi@paration of Microstructures. Microrectangular prisms were
rough, heated sample of the (75:25:90:10) (OTD:DAA:NDT:- fabricated through the use of a silicon (Si)-based micromold. The
PETMP) composition using a DektakXT styluslgmmeter. Scan  silicon micromold was fabricated by photolithography and deep
lengths were 500n with a duration of 240 s and a stylus force of 1 reactive ion etching (DRIE). A positive photoresist (S1827) layer of 4
mg. Data were then leveled by using Gwyddion software. The powen thick was spin-coated on 3 in. Si wafers and micropatterned to
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Figure 1.(a) Molecular structures of monomers used to synthesize semicrystalline polymers. (b) Representative DSC thermograms of the seco
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. Scaie (duD&rk- eld re ection optical micrographs showing

the appearance of roughness at the melt temperature and an increase of rot@Qlatesselibe melt temperatuflg,). Scale bar: 50m.

serve as an etch mask. An inductively coupled plasma (ICP) etchithgn heated to its melt temperature and allowed to cool for 10 min.

system (Plasma-Therm ICP etcher) was used for Si DRERASF The contact angles were then measured at three locations.

C,Fs 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 RESULTS AND DISCUSSION

was about 100m. After the DRIE process, the Si micromolds wereTo synthesize a series of semicrystalline polymer networks, we

cleaned using acetone and isopropyl alcohol. The molds were theffose to use the radical photopolymerization of divinyl, dithiol

sandwiched with a microscope glass slide (7& @6rmm) and a  (DT), and tetrathiol monomers. The monomers, PETMP, a

spacer of a 100m to set the cell gap thickness. The mold was therpT "paAA, and OTD, and photoinitiator, | 819, are shown in
lled with the monomer solution through capillary action. Afigr gigure a. This system allows for broad control of phase

the mold was irradiated with 365 nm UV light with an intensity of 2 -
mWi/cn? for 150 s with the glass side fa?:ing the UV SourC{e_ Tpdransition temperatures. For example, the melt temperature

sample was subsequently removed from the mold and irradiated wifi9ure b) can be broadly controlled from 39 to’68 and

365 nm UV light for 150 s with the microstructures facing the U\the degree of crystallinityigure SBincreases by increasing
source. Microneedles were fabricated through a known processtfa¢ ratio of OTD to DAA while keeping the molar ratios of
ablating PDMS with a GQaser engravérBriey, a PDMS mold ~ other monomers xed at &:100 X:90:10) (OTD:-

was prepared by mixing PDMS in a 10:1 weight ratio and casting inmAA:NDT:PETMP). When polymerized at room temper-

a custom mold to produce a 15 mnl5 mmx 4 mm PDMS  ature, each of these materials is smooth. Unexpectedly, on
substrate with a 12 mm12 mmx 1 mm indentation in the center.  heating above the crystalline melt temperature, each material
The PDMS_Was then degassed under vacuum for 1_h and qured atkﬁ,gcomes roughMovie S). At a molar ratio of 100:0

°C for 3 h in an oven. A GQaser engraving machine (Universal (OTD:DAA), the smooth polymerim obtained after

Laser Systems ILS9.150D) was used to ablate &raBay of 0.06 | izati ith h f15 is t f d
mm circles into the PDMS mold to create a microneedle array intg®lyMerization, with &, roughness o nm, IS transiorme

the PDMS. The PDMS micromold was subsequently plasma treatdat0 & rough surface wittRgof 688 nm, through heating to
sandwiched between two glass slides, and clamped together udifigC (Figure b d andTable S} The surface roughness
bulldog binder clips, leaving a small opening to allow the monombegins to emerge at the melt temperature; however, the
solution to enter. Afterlling mold with monomer solution, the maximum roughness is not achieved until heating completely
sample was placed under vacuum for 2 min. Subsequently, the sartipteugh the melting transition. After cooling, the surface
was irradiated with 365 nm UV ||ght with an intensity of 20 I'Tﬂ/V/Cm remains rough_ We note that rough Samp'es do not return to
for 150 s with the base of the microneedles facing the UV sourgg,e original smooth topography for at least three months after
Afterward, the PDMS was removed, leaving the sample adhered to r ting Figure Sy To our knowledge, this phenomenon has

glass slide. The sample was then irradiated with 365 nm UV light fo . .
150 s with the microneedle tips facing the UV source. not been previously reported. As such, we sought to elucidate

Contact Angle Measurements. Contact angles were measured the origins of this phenomenon and to provide approaches to
by using a Ramtgart model 50-00-115. For each sample, la 2  control this mechanism.
water droplet was placed on the surface and allowed to equilibrate foA key distinction between the reported tlgioke semi-
2 s. Contact angles were measured at three locations. The sampleargstalline networks and many other semicrystalline polymers
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is that crystallization occurs concurrently with photopolymeerystallite is clearly imprinted on the surface of the polymer
rization when the monomers are irradiated at temperaturésigure S6a)bHowever, after heating through the crystalline
below the melt temperature of theal network? The melt, a protruding structure forms in the center of each
concurrent polymerization and crystallization of these seriesmystallite, with wave-like patterns approaching the spherulite
materials were observed by using polarized optical microscdygyder Eigure S6c)d At smaller spherulite sizes, the
during photopolymerization of the initially isotropic monomewdeformation associated with melting a single spherulite is
solution Figure a). Even at low intensities of visible light, 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 sealergs S7 and
S6d, power spectral analysis was conducted. The generated
rough surfaces exhibit both fractal and periodic regions,
Figure 2. Transmission optical micrographs between crossedyggesting two coexisting morphology |ength3%(;§|ggre
polarizers duringn situ photopolymerization of (75:_25:%0:10) S9. We note that structures resembling crystal slip
éoeL%EAﬁém[glézgel\i?s{gﬁgg?g asf(tjéli{tg))l(’]p §§J¥?glig?b|%3|ight cEformations are _observed ir_1 AFM scans of higher re$olution
incremgms of=0, 1, 2 and 3 s. Scale bar 80 ? igure Sy As this roughening phenomenon appears to be
general to this class of polymer networks, we sought to control
the magnitude of roughness transformation and triggering
within 1 s of photopolymerizatidfigure » andMovie S, temperature using both process variables and monomer
crystallites begin forming, as indicated by the appearancesefection.
birefringent regions within the solution. As photopolymeriza- Monomer selection and monomer feed ratios can be used to
tion continues, spherulites grow and eventually occupy cantrol both the degree of roughness achieved and the
signi cant fraction of the polymefigure B d). response temperature of these polymer networks. For example,
Materials that crystallize while polymerizing exhibit polynigher concentrations of OTD increase the melt temperature
morphism, giving rise to metastable crystalline structures a6&he networkKigure b). By altering the molar ratio of OTD
morphologie$: *> Since the early 1970s, it has beent DAA from 0:100 to 100:0, we can tune the roughness after
documented that after polymerizatiopxflylene derivatives, heating through the melt temperature from 32 to 546 nm
nonreversible changes in crystalline structure are obsery@ghure S3p Similar control can be obtained by altering the
upon either the extraction of solvent or annédliifgThere DT or the cross-linker concentration within the network,
are two likely reasons why such phenomena occur. Firgltering the length of the alkyl DT from PDT to HDT to
crystals growing directly from solution or melt are prone tQpT, while keeping the molar ratios of other monomets
defects? Second, because of reaction kinetics, there is (7’5.25.90.10) (OTD:DAA:DT:PETMP), increased the
inverse relationship between defects found in crystals and {hgy témberaiture from 24 to 5T (Figure,a andTable

polymerization temperatdfetierein there exists a similar 5. Roughness after heating also increased from 6 to 449 nm
change in the crystal structure after heating above the mel

temperature Kigure S5a)b The di raction pattern of the

(75:25:90:10) (OTD:DAA:NDT:PETMP) sample polymer-

ized at room temperature (33 below the melt temperature)

illustrates a sigr@ant change in crystal structure after heating.

After synthesis, prominent peaks exist at 9.4, 23.3%,

and 25.15% However, after heating through the melt

temperature, the peaks at 2 23.3® 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 ariseseas di

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 thigure 3. Monomer composition controls roughness and melt

polymerization of thermosets, which can cause warping. temperature. (a) Representative DSC thermogram of the second
To further understand the origin of surface deformations, Iggatlng (_:ycle demonstrating tunable melt temperatures by altering

composition of (0:100:90:10) (OTD:DAA:NDT:PETMP) thiol chain extender from PDT to HDT to NDT. (b) Roughness

: / plotted against the carbon backbone length of each chain extender
\_/I_vas_syggh?cszlze_lt_jhgnd polym_?'rlzed ag room tempe.ﬂ'q,turte ”(. (PDT, HDT, and NDT). (c) Representative DSC thermogram of the
m ~ )- IS compasition produces a semicrystallinggg .o heating cycle demonstrating tunable melt temperatures by

polymer with a melt temperature of 83 (Figure b and  gytering the cross-linker (PETMP) mol %. (d) Roughness plotted
Table S). As the degree of undercooling is relatively low, thiggainst cross-linker (PETMP) mol %. For plots b and d, each data
polymer network crystallizes with large spherulites, renderipgint represents the mean=( 3), and the error bars represent the
them easier to study. Before heating, the outline of eachandard deviation. Lines between points are added to guide the eye.
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(Figure B). Additionally, cross-link density can be used tamelt temperature, spherulites begin forming after 1 s; however,
control the degree of roughness. Altering the cross-linker fefedl samples polymerized at 25 and®@5below the melt

ratio from 5 up to 20 mol %, while keeping the molar ratios demperature, spherulites began forming after 8 and 14 s,
other monomers xed at (75:25:100X:X) (OTD:- signifying a sigrdant decrease in the rate of crystallization
DAA:NDT:PETMP), caused a decrease in both the respong€igure ZandMovie S). For networks where spherulites form
temperature and the degree of roughrigégsiré 8,d and signi cantly quicker during polymerization, there are more
Table S). At 5 mol % of cross-linker, roughness is 465 nnsources of incompatible stresses within the material. It is also
after heating, and the response temperatureds A820 mol expected for there to be defects in the crystalline structure. As
% of cross-linker, the roughness after heating is 93 nm, and greviously mentioned, the @iction patterns observed before
response temperature is D We note that all of these and after the rst melt signify a change in the crystalline
networks are cross-linked with gel fractions greater than 75%ucture for samples polymerized at higher degrees of
for compositions with 10 mol % PETMP or gredtegu(e undercooling, while patterns largely remain the same for
S9. If one changes the monomers used, a clear coupling sdmples polymerized above or just below the melt temperature
chemistry and processing variables appears. Networks vgfithe networkFigure S5a)b

lower crystallinity (as measured by the enthalpy of melt) alsoDi erences in morphology of samples polymerized with
melt at lower temperatures, which in turn have a smallemarying degrees of undercooling are observed through AFM
di erence in temperature between the melt temperature apthase and height imageBigiire S10 For samples

the polymerization temperature. To decouple thes#se polymerized at 3% below the melt temperature, we notice
processing variables are changed within a single compositisigni cant contrast in the phase images which is indicative of

By polymerizing a single composition, (75:25:90:10mechanical heterogeneity. Additionally, height images show
(OTD:DAAINDT:PETMP), attemperatures below and preexisting surface deformation, which was also observed
above the melt temperature, we can tune the degree ®Wfrough bright-eld microscopy Rigures S10 and 96b
roughness after heating independently of compositioms(  However, for samples polymerized atClabove the melt
4a). By polymerizing from 3@ below the melt temperature 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 dirent degrees of crystallinity, such as
those formed with NDT (68.7 J/g) or HDT (59.2 J/g), each
polymerized 28C below the respective melt temperature of
each network yield similar surface roughness after heating
(Figure 4,d and-igure S3cWhile 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,

Roughness plotted against polymerization tempenaéliréeemper- portions of Ims_ can be p(_)lymerlzed abO\_/e the melt
ature T, Tp), as measured by AFM. (b) Representative Dsclemperature, while other portions are polymerized below the

thermograms demonstrating theedince between thest and melt temperature=(gure a). As expected, the portion of the
second heating cycles. (c) Enthalpy of melt before and after heati®gmple that was cross-linked above the melt tempéFature (
the samples plotted agaifist T, demonstrating a decrease in T, = 15°C) does not become rough upon heating, while the
crystallinity before and after heating to the melt temperature, grtion of the sample that was cross-linked below the melt
measured from DSC thermograms. (d) Roughnebssoprepared temperatureT, T, = 33°C) becomes rough, as can be
with HDT and NDT while keeping molar ratiosed at  opserved in darkeld microscopy or AFMFgure §,c and
(72552%93;1n(1)2)r(§t1r'£i:%A5Ai;5”2rF’ E;;ve?sptg‘hgjzrrl]zneeds?tasT%;asurech'OVie S} Notably, this phenomenon does not require
AFM. For plots a, ¢, and d, each data point represents thexmean ( rﬂ¥|cqte programming steps, as is the case with other
3) and the error bars represent the standard deviation. Lines betwégﬁhmqu,es for producing Qontm”able, topographical demrm,a'
points are added to guide the eye. tions. This aI_Iows _for a facile mechanism to _control polymerlg:
surfaces, which will prove useful for developing substrates with
dynamic control over the properties of friction and contact
to 15 °C above the melt temperature, we can tune thengles Kigure S1-and Movie S3 We note that the spatial
roughness after heating from 410 to 9 nm. We note that feesolution of patterning is limited, as the formation of
larger degrees of undercooling there exists acaigni spherulites causes light to scatter and further photopolymerize
reduction in the degree of crystallinity after heating througburrounding areas. However, polymerization of structures with
the melt temperaturéigure $,c andrigure S5c Polymer- dimensions approaching 10t has been achieved. By
ization kinetics were analyzed by observing the crystallizatiatilizing a photomask with feature sizes that approach the
speed of samples polymerized at 33, 25, &@iddow the size of the spherulites of the (0:100:90:10) (OTD:-
melt temperature. For samples polymerizé@€ 3#low the DAA:NDT:PETMP) composition Figure S6a aligned

Figure 4.Polymerization temperatureeets surface roughness. (a)
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Figure 5.Spatiotemporal programming of surface roughness. (a) Schematic demonstrating procedure of spatiotemporally controlling roughne:
(b) Dark- eld re ection optical micrographs demonstrating spatiotemporal control of roughness after heating. Scate @rRegdns
polymerized abovig, (i) remain smooth on heating while regions polymerized Bgland (ii) become rough. Scale barnt

crystals are formed as evident by uniform birefringregaes(

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 theiexteof
friction?*** Dynamic control of friction is quite useful,
especially for developing materials with self-cleaning capa-
bilities and dynamic adhesive propéftiédieating-induced
roughness dramatically changes the cterg of kinetic
friction between two polymer networks of the same
composition Figure &). Before heating the two samplgs,
between the two smooth samples was measured to be 0.8.
However, after heating the two samplesetween the two
rough samples was measured to be 0.3, signifying a 62.5%
reduction Figure @). Spatial control of, can be generated
by patterning the polymerization temperature of the polymer,
as demonstrated iigure 6,c. InFigure 6, one polymerim
morphs from smooth to rough, while the other only transforms
from smooth to rough on half of tHem. As such, the friction
force dramatically decreases as the rough sample transitions
from contact with a smooth surface to a rough surface. frigure 6. Roughness dictates the coient of kinetic friction.

Figure @, the bottom sample is patterned to have a singIQynamiC force traces showing friction force before and after heating

S . an (a) unprogrammed sample, (b) a sample that is programmed to
rough Sectlop in the middle of thle_1 _s_urrour!ded by, two turn rough only on half of the sample, and (c) a sample that is
smooth sections. As a result, the initially high friction fOfCBrogrammed to turn rough only in the middle of the sample. The
decreases and then increases as thdmsaslide over one  (75:25:90:10) (OTD:DAA:NDT:PETMP) composition was used.
another. Notably, each of thedms exhibits very similar The arrows above each schematic illustrate the sliding direction of the
friction force prdes prior to heating. This demonstrates thetop sample across the bottom stationary sample.

ability for a polymeric material with a uniform camnt of
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kinetic friction to controllably transform into a material withtopography of polymers, thus limiting their useato2D

varying properties of friction. substrates. However, the process described here does not
As aforementioned, most previously described techniquesrémuire a programming step, thus allowing for controllable

generate polymers with dynamic roughness require some fasarface alteration in a wide variety of microstructures. This

of an initial programming procedure. Such programminfyndamentally distinguishes this mechanism from current

procedures hinder the ability to control the surface topographgchniques used to control surface topography.

of 3D structures. Here, as no programming step is required to

guide crystallization during polymerization, polymeric micro- ASSOCIATED CONTENT

structures with emergent roughness can be readily obtained. sypporting Information

To demonstrate this versatility, (75:25:90:10) (OTD:-The Supporting Information is available free of charge at

DAA:NDT:PETMP) samples were synthesized through thfeﬁtttps://pubs.acs.org/doi/lO.1021/acs.macromol.9b02703

varying technigues to form microstructures, each capable o Table S1 and Fi =12 PD

becoming rough on heating. Microrectangular prisms were '20/€ >1 and Figures ()

molded by polymerization in a silicon mdiigre 3a). Movie S1: Im surface deformatioliP4)

Movie S2: crystallization kinetit&P{)

Movie S3: spatiotemporal control of surface roughness
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