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ABSTRACT: Materials capable of dynamically controlling surface
chemistry and topography are highly desirable. We have designed a
system that is uniquely able to remotely control the presented
functionality and geometry at a given time by using a functionalizable
shape memory material. This was accomplished by incorporating
controlled amounts of an azide-containing monomer into a shape
memory polymeric material. These materials are capable of physically
changing surface geometry over a broad range of length scales from >1
mm to 100 nm. Using copper-assisted click chemistry, they can be
functionalized with a variety of molecules to yield different surfaces.
Combining these features gave materials that can change both the presented geometry and functionality at tunable transition
temperatures.

■ INTRODUCTION

Controllable surface properties, such as surface energy and
topography, are extremely desirable. How a material interfaces
with its environment is fundamental to its function; thus,
research into the development of such materials has been
extensive.1−6 This is especially important for biomaterials, as
surface energy and topography affect critical properties such as
biocompatibility; cell growth, adhesion, alignment, and differ-
entiation; biodegradation; and protein absorption. Dynamic
control of these functions is even more attractive. Applications
for such dynamic materials range from deployable materials
(such as stents)7−9 to simulation of in vivo environments (cell
signaling events)10 and biosensors.11

Stimuli responsive materials have long been aimed to meet
these goals.12−16 Temperature and pH-responsive hydrogels,
such as poly(N-isopropylacrylamide) and its copolymers, have
shown to be good actuating cell substrates, as they can switch
between hydrophilic and hydrophobic surface depending on
temperature (above or below its LCST).17−21 Shape memory
polymeric (SMPs) materials as dynamic substrates have also
been recently explored.22−24 These materials are programmed
from one shape to another, with the application of heat and
force, and they remain in that temporary shape until heated
above the transition temperature. These materials demonstrate
excellent dynamic control of topography (SMPs) and hydro-
philicity (hydrogels); however, the chemical structure of these
materials limits their ability to be chemically surface-modified
without the loss of their thermal and mechanical properties.
Thus, a truly versatile material capable of tunable and dynamic
surface chemistry and topography has remained elusive.
Herein, we describe the material development, surface

functionalization, and dynamic surface switching behavior of a

material that enables true control of both its surface chemistry
and topography. This was accomplished by designing a shape
memory thermoset that contained a known shape memory
polymer, poly(octylene adipate), and a novel and easily
functionalizable polymer, poly(octylene diazoadipate). Adjust-
ing the ratios of the two segments allowed for facile control of
the transition temperature. Topographical actuation on multi-
ple length scales (1 mm to 100 nm) was easily achieved, and
the surface of the material was easily functionalized with a
variety of alkynes (e.g., hydrophilic to hydrophobic and reactive
to nonreactive) using copper-assisted Huisgen [3 + 2]-
cycloaddition (click chemistry). The combination of micro-
and nanoscopic shape memory with surface functionalization
produced materials that could tunably switch both their surface
chemistry and topography as they transitioned through the
shape memory cycle. These materials are therefore ideal
substrates for scenarios in which control of the surface
chemistry and topography is critical.

■ RESULTS AND DISCUSSION

Material Development. Scheme 1 outlines the synthetic
strategy chosen for the preparation of the dynamic substrates.
The base material is a semicrystalline polyester which allowed
for control of monomer ratios, molecular weights, end groups,
and melting transition temperatures (i.e., switching temper-
ature). To ensure mild reaction conditions for surface
modification, azides were incorporated into the main polymer
chain, with the intent of utilizing the copper-assisted click
chemistry.25−29 Click chemistry is favorable for biological
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applications due to the general biocompatibility of many
alkynes and azides, the ease of monomer synthesis, and the
extensive library of commercially available alkynes. While there
are other examples of azide-containing polyesters in the
literature,30−32 this synthetic route allowed for easy and safe
fine-tuning of the melting temperature between 27 °C to 64 °C
through incorporation of the diazide monomer from 0% to 38
mol %, respectively (Table S1, Supporting Information). For
consistency, the formulation with 19 mol % of diazide
monomer, melting temperature of 38 °C, was used for this
study.

The shape memory ability of these materials was first
analyzed by the macroscopic shape memory performance
(deformations ≥1 mm) of the polymers. This performance was
quantified by determining the strain fixity ratio, Rf, and the
strain recovery ratio, Rr, which measures how well the polymer
fixes the temporary shape and then returns to its original shape,
respectively. Very good shape memory properties, indicated by
Rf and Rr values greater than 95%, were observed with
copolymers that had diazide monomer incorporation between
0% and 30% (Table S2, Supporting Information). The results
illustrated in Figure 1 show images of a material undergoing a
transition from its curled primary shape to a straight secondary
and back to the curled primary shape.
To have precisely defined surface features, for shape memory

on the micro- and nanoscales, PRINT (Particle Replication in
Nonwetting Templates) molds were utilized. PRINT is
normally used to make monodisperse particles of varying size
and shape, but here the molds were used to surface emboss a
range of precisely defined, high fidelity shapes (such as cubes,

Scheme 1. Synthesis of Azide-Containing Shape Memory
Thermosets

Figure 1. Macro-, micro-, and nanoscopic shape memory cycles. (A)
The macroscopic transition is a curly film (3 cm in length) that has
been placed into a straight secondary shape and is able to recover to
the curly shape upon heating above its melting transition. The micro-
and nanoscopic shape transitions show (B) 10 × 1 μm boomerang
shapes to 3 × 3 × 3 μm cubes and then back to boomerangs, (C) flat
to 3 × 1 μm hexnuts and then return to the flat film, and (D) SEM of
transition from 200 nm posts to 3 × 3 × 3 μm and then back to 200
nm posts. The residual cube shape is less than hundreds of nanometers
in height, demonstrating a near complete transition.

Figure 2. The top panel shows the scheme for the surface
functionalization of the shape memory materials. The bottom panel
shows the XPS results for the blank, physisorbed, and clicked samples
(alkyne-functionalized Rhodamine B). The y-axis (not shown)
represents intensity (cps, counts per second). The absence of the
peak at 404 eV and the shift of the 400 eV peak indicate that the azides
reacted to give the triazole product (curve-fitting analysis is in the
Supporting Information).

Figure 3. ATR-FTIR spectra of the blank and functionalized films.
The decrease in signal at 2100 cm−1 indicates that the azide
functionality has been reacted. Full spectra of both modified flat and
hexnut surfaces are shown in the Supporting Information.
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hexnuts, and cylinders) on the micro- and nanoscale (Scheme
S1 illustrates the process of embossment). In Figure 1, the
microscopic shape memory of these materials is demonstrated
by their transition from small to large features, featured surfaces
to nonfeatured surfaces, and large to small features. Nanoscopic

shape memory was also achieved, as indicated by the ability to
shift from 3 × 3 × 3 μm cubes to 200 nm posts.

Surface Functionalization. To first demonstrate the
ability to chemically surface functionalize this azide-containing
shape memory material an alkyne-modified Rhodamine B was
used to modify the surface. The surface attachment was
monitored by XPS at a penetration depth of 10 nm. Three flat
samples were prepared: one with no functionalization (blank),
one exposed to the same reaction conditions except the copper
catalyst (physisorbed), and one chemically clicked sample
(clicked). Azides have two peaks in the nitrogen 1s region of
the spectrum, one at approximately 404 eV (specifically to

Figure 4. Dynamic contact angle data for the blank and functionalized
films. The difference in hystereses for the different attached
functionalities indicates that we have indeed made different surfaces.

Figure 5. Functionalized films through shape memory cycles. (A) Top
image shows the transition from 3 × 1 μm hexnuts (modified with
propargyl alcohol) to 7 × 14 μm cylinders and then back to 3 × 1 μm
hexnuts. Bottom image shows 200 nm posts (modified with
propargylamine) to 3 μm doughnut shapes and then back to 200
nm posts. (B) ATR-FTIR spectra of the secondary and return shapes
of a surface functionalized with propargyl alcohol compared to an
unmodified hexnut embossed film, which shows the azides appearing
and disappearing as the film goes through the shape memory cycle.

Figure 6. Functionalization at the temporary shape. (A) Microscopic
images and scheme showing how the functionalization at the
temporary shape was accomplished. (B) ATR-FTIR spectra showing
that the azides are present before functionalization, disappear when
clicked, and then reappear when the material is returned to its original
shape. (C) Cartoon indicating where the functionalization, in blue,
occurs and the extent of attenuation of the ATR-FTIR beam (shown
with the black arrows).
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azides) and another at 397 eV (common to all nitrogens).28 In
Figure 2, the blank film (black) and physisorbed film (pink)
spectra exhibit both nitrogen peaks. The right spectrum
(clicked Rhodamine B film) exhibits the reduction or absence
of the azide peak at 404 eV, which indicates that a click reaction
has occurred, and the nitrogen shift to 399 eV, which
corresponds to the appearance of the triazole. Another example
of clicking 6-iodohexyne to the surface is shown in the Figure
S6, Supporting Information.
The same method was then used to functionalize the surface

with a variety of functional alkynes demonstrating tunability of
the surface chemistry. To demonstrate the versatility of the
system the following functional groups: hexyne, dodecyne,
propargyl alcohol (OH), propargylamine (NH2), and 282 g/
mol and 750 g/mol monoalkyne-functionalized poly(ethylene
glycol) (PEG-282 and PEG-750) were covalently attached to
the polymer film surface using click chemistry. It is important
to emphasize, that these functionalities can be incorporated
into a shape memory polymer without altering the thermal and
mechanical properties, (Table S3, Supporting Information).
These reactions were completed under mild conditions with
patterned and nonpatterned surfaces. The extent of reaction
was confirmed by the decrease of the azide antisymmetric
stretch at 2100 cm−1 in ATR-FTIR spectra (Figure 3). ATR-
FTIR has a penetration depth of only a few micrometers into a
surface, so these data confirm that the surfaces were chemically
altered.
The effect of the surface modifications on the wetting

behavior was studied by dynamic contact angle measurements
with flat substrates. As shown in Figure 4,the advancing contact
angles of the more hydrophobic alkynes were similar to that of
the blank substrate (without chemical attachment), while the

more hydrophilic substrates were slightly lower, but they were
still above 90°. This result demonstrates that the bulk material
is fundamentally hydrophobic. The effect of the functionality is
most profound when looking at the receding contact angles.
Once again, the hydrophobic substrates have contact angles
similar to those of the blank substrate; however, the effect on
the highly hydrophilic functionalities is much more pro-
nounced, with hysteresis between 40° and 50°. Hysteresis can
be caused by many different phenomena, such as surface
roughness, heterogeneity, reorientation, and swelling. All
samples were made under the same conditions and have the
same surface roughness, and there is a correlation between
hydrophilicity and increased hysteresis. It is clear that the
hysteresis in this case is caused by the rearrangement of the
more hydrophilic surface groups.33−36 This result shows that
we have indeed produced surfaces that are significantly different
from each other with the same polymer and functionalization
technique.

Dynamic Surface Switching. To demonstrate the unique
ability of our materials to switch their surface chemistry, films
were functionalized at the primary shape and then taken
through a shape memory transition (Figure 5). Using ATR-
FTIR, it is clear that, at the initial shape, the films are surface
functionalized (up to a few micrometers). When the films are in
their temporary shape, however, some azides appear to have
emerged on the surface, as shown in Figure 5B. This emergence
is not entirely surprising because modification is predominantly
a surface technique, and force is required to emboss the
material into a secondary shape. The thickness of the film
decreases as the total presented area increases, revealing new
unreacted azides to the surface. The exceptional fidelity of the
surface shape memory effect is further demonstrated when this

Figure 7. Clicking an alkyne-functionalized Rhodamine B for 30 min on a secondary 3 μm doughnuts shape. It is clear that the tops of the doughnut
shapes are preferentially functionalized.
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material returns to its original shape; the newly exposed azides
disappear back into the bulk and are no longer visible by ATR-
FTIR.
The reappearance of the azides on the surface invited the

possibility of performing click reactions in the temporary state.
These reactions produced rather interesting results, as shown in
Figure 6. A flat film was deformed to produce a temporary 3 ×
1 μm hexnut surface that was then chemically modified with
propargyl alcohol. The temporary hexnuts were not greatly
damaged by the click reaction, and the ATR-FTIR results show
that the reaction was nearly complete. When the material was
then returned to the flat original shape (now chemically
modified with alcohol groups), it was apparent from the ATR-
FTIR that there was an increase of azides on the surface. This is
an interesting result because it demonstrates both the proximity
of the functionality to the surface (within the attenuation of the
ATR-FTIR beam) and the possibility of hiding functionalities
on the surface by taking advantage of the presented surface area
at a given time.
This selective functionalization hypothesis is supported by

the experiment shown in Figure 7, where Rhodamine is reacted
on the secondary shape for only 30 min. First, a boomerang
primary shape is either functionalized for 30 min with an
alkyne-functionalized Rhodamine B or is embossed with a
secondary doughnut shape. The secondary doughnut shapes are
then functionalized for 30 min. The functionalized doughnuts
are then returned to the primary boomerang shapes. Because
the reaction proceeds for such a small amount time, only the
tops of the doughnuts are functionalized, and the doughnut
shape can be seen on top of the boomerangs after returning to
the primary shape. When these results are compared to the
clicking of the primary shape, only the tops of the boomerangs
show the Rhodamine functionality. These results are very
exciting because they provide visual evidence for the above
hypothesis; we can control the placement of functionality using
the shape memory ability of these materials.

■ CONCLUSION

We have developed the first example of a truly multifunctional
shape memory material, which has a broad impact on shape
memory polymers and their applications. The designed
material’s shape memory transition can be adjusted (27 °C to
64 °C) by simply altering the copolymer ratio. In addition to
exhibiting excellent shape memory properties on the macro-,
micro-, and nanoscales, the surface chemistry of the material
can be altered by functionalization with copper click chemistry.
That is, this material is uniquely capable of adjusting its surface
chemistry by simply clicking on the desired functionality at
either the initial or temporary shape, thus creating a material
that is capable of both geometric and chemical surface
switching. These results are particularly exciting as cell-dictating
substrates that can deliver a unique combination of physical and
chemical cues at the will of the researcher.
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