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Orthogonal Images Concealed Within a Responsive

6-Dimensional Hypersurface

Yerzhan S. Zholdassov, Daniel . Valles, Samiha Uddin, Joanna Korpanty,

Nathan C. Gianneschi, and Adam B. Braunschweig*

A photochemical printer, equipped with a digital micromirror device (DMD),
leads to the rapid elucidation of the kinetics of the surface-initiated atom-
transfer radical photopolymerization of N,N-dimethylacrylamide (DMA)

and N-isopropylacrylamide (NIPAM) monomers. This effort reveals condi-
tions where polymer brushes of identical heights can be grown from each
monomer. With these data, hidden images are created that appear upon
heating the substrate above the lower critical solution temperature (LCST) of
polyNIPAM. By introducing a third monomer, methacryloxyethyl thiocarba-

moyl rhodamine B, a second, orthogonal image appears upon UV-irradiation.

With these studies, it is shown how a new photochemical printer accelerates
discovery, creates arbitrary patterns, and addresses long-standing problems
in brush polymer and surface chemistry. With this technology in hand a new
method is demonstrated to encrypt data within hypersurfaces.

ranging from counterfeit prevention to
avoiding surveillance.l! The first docu-
mented example appears in the History
of Herodotus,?! which relates the story
of an emissary who had a message tat-
tooed into his head that was revealed
upon shaving. Ever since, developing
increasingly sophisticated steganographic
methods has been a focus of statecraft
and spycraft. One emphasis in this field
has been on the development of “invisible
inks” whose messages appear in response
to an external stimulus. As late as World
War II, fruit juices, urine, and vinegar—
inks that darken upon heating—were still
used to transmit messages clandestinely.
Modern invisible ink schemes invoke
fluorescent chemicals,>¥! metal-organic

1. Introduction

Steganography—the practice of concealing a secret message
within a file or image—retains a central role in applications
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frameworks,”l nanoparticles,®? DNA, proteins,>'3 and
even living organisms,™ but in the cat-and-mouse world of
steganography, there will always be a need for new inks that
reveal hidden messages in response to an appropriate stimulus.

Here we report new approaches to concealing information
that rely upon creating microscale patterns composed of dif-
ferent polymer brushes, where at least one has an optically
detectable response to external stimuli. In the first, thermore-
sponsive poly(N-isopropylacrylamide) (pNIPAM) brushes are
patterned alongside nonresponsive poly(N,N-dimethylacryla-
mide) (pDMA) polymers of the same height (Figure 1A). Upon
heating in water above their lower critical solution temperature
(LCST) of 32 °C,™>"I the pNIPAM brushes collapse, while
the pDMA brushes remain unchanged (Figure 1B), thereby
resulting in a change in contrast visible to the naked eye that
reveals the hidden message. While such a steganographic
system is conceptually simple, achieving it is not and requires
addressing several major challenges in brush polymer and
surface chemistries. Essentially, this application demands a
printing method that can control five independent parameters
of each pixel in the polymer brush pattern—the x and y posi-
tion on the surface, the height of the brushes, their chemical
composition, and their changes in time. By our recently coined
terminology,'® such a pattern would be designated a “5D
hypersurface.” The two major bottlenecks to creating these
steganographic 5D hypersurface are: (i) finding conditions to
print brushes of different chemical composition with the same
heights, and (ii) printing these brushes into arbitrary patterns
and with microscale dimensions. The former requires an in-
depth understanding of the polymerization kinetics of both

© 2021 Wiley-VCH GmbH
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Figure 1. A) Surface-initiated atom-transfer radical photopolymerization
(SI-ATRP) to create grafted-from brush polymers with control over height.
B) Response of pNIPAM (red) and pDMA (blue) to changes in tempera-
ture in H,O. C) The printer consists of microfluidics to introduce mon-
omer solutions into the reaction chamber, a computer-controlled DMD
to direct the light onto the surface, and an inert atmosphere chamber
mounted onto a piezoelectric stage.

monomers and may require testing tens or hundreds of dif-
ferent reaction conditions, which remains a major limitation
given the serial and low-throughput nature of surface polymeri-
zation and characterization techniques.'>-2%l The latter neces-
sitates a printer that is compatible with the demanding reac-
tion conditions of advanced polymerization chemistries. Ideally,
such a printer could also create features with microscale diame-
ters without using expensive and labor-intensive photomasks so
that the printed message can be easily modified to avoid facile
cryptanalysis.

2. Results

Recently, we reported a new printing method, termed polymer
brush hypersurface photolithography!'! that addresses both the
optimization and patterning bottlenecks, and here we apply this
tool for the accelerated study of polymer kinetics and the prepa-
ration of steganographic hypersurfaces. The printer (Figure 1C)
is equipped with a light-emitting diode (LED) that projects light
(405 nm) onto a CPU-controlled digital micromirror device
(DMD)?4 that possesses =750 000 individually addressable mit-
rors. These mirrors, in turn, reflect the light onto an under-
lying surface with spatiotemporal control to create patterns via
surface-initiated polymer photochemistries,'#2% resulting in
polymer brush pixels with edge-lengths of =4 pum. The reactive
substrate—in this case a Si/SiO, surface terminated with an
initiator—is placed within a fluid cell encased within an inert
atmosphere chamber. Microfluidics deliver different solutions
to the fluid cell so that polymer brushes of different composi-
tion are printed into arbitrary patterns®®! by coordinating the
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DMD and the microfluidics.?*212%] We previously demon-
strated the capabilities of this printer by synthesizing polymer
brushes via surface-initiated atom-transfer radical photo-
polymerization (SI-ATRP).8] SI.ATRP was chosen because of
its broad polymer compatibility 3!l and because it performs
reliably in a variety of different printing platforms.?232-%]
We showed that the height and composition of the polymer
brushes in each pixel could be controlled to create 4D hyper-
surfaces, and we also prepared block copolymer arrays, where
the composition and length of each block could be precisely
regulated.®l What makes these feats possible, and an enabling
feature of the printer, is the ability to test tens or hundreds of
different reaction conditions in a single print, thereby acceler-
ating the discovery and understanding of the surface-initiated
reactions. This acceleration was demonstrated in an investiga-
tion of the kinetics of the thiol-(meth)acrylate photopolymeri-
zation,?% where >200 different reaction conditions were tested
to show, for the first time, that the thiol-(meth)acrylate reac-
tion shares many of the characteristics of controlled radical
polymerizations.

Here we used this printer to find conditions where both
pNIPAM and pDMA brushes could be grown to the same height
using SI-ATRP. First, reactive substrates were prepared by func-
tionalizing freshly cleaned Si wafers possessing a 500 nm SiOy
layer with aminopropyltriethoxysilane. These amine-terminated
wafers were subsequently reacted with o-bromoisobutyryl bro-
mide in CH,CI, for 24 h to coat the surface with the SI-ATRP
initiator. Each step in this process was characterized by X-ray
photoelectron spectroscopy (XPS) and contact angle measure-
ments, and the data were consistent with the proposed surface
reactions (Figure S3, Supporting Information). The functional-
ized substrates were moved to a glovebox and placed into the
inert atmosphere printing chamber. Reactive solutions com-
posed of monomers (NIPAM or DMA) and tris[2-phenylpyrid-
inato-C2 NJiridium (I1I) (Ir(ppy);) photocatalyst in dimethylsul-
foxide (DMSO) were prepared inside the glovebox. For printing,
=30 uL of the solution was deposited onto the reactive substrate
and a cover glass was placed over the solution to prevent light
diffraction. For each set of conditions in the kinetic experi-
ments, a pattern of 16 features was projected onto the surface,
with each spot representing a different illumination time, ¢
(2-32 min), and each pattern was repeated 192 times across the
4.4 x 3.3 mm printing area to produce statistically significant
data (Figure 2). The patterned surfaces were washed with EtOH
and sonicated in DMSO for 5 min to remove any physisorbed
polymer. The heights of the resulting polymer brushes in each
feature were then measured by atomic force microscopy (AFM)
(Figure 2, inset). Using the sacrificial initiator method, 822! the
grafting density of the polymers was determined as 0.55 and
0.66 chains nm~2 for pNIPAM and pDMA, respectively.

The effects of the major components of the reaction!38—
[monomer], light intensity, and [Ir(ppy)s]—on the growth rate of
both pDMA and pNIPAM brushes was investigated (Figure 3).
First, the DMA and NIPAM concentrations were varied from 1.5 to
9.5 M, while [Ir(ppy)s] (50 ppm) and light intensity (12.6 mW cm™2)
were held constant. At all concentrations, the growth was linear
(R* = 0.97-0.99) until a plateau in height, h, was reached and
growth stopped, which is a growth pattern consistent with pre-
vious reports from ourselves!® and others.?>® DMA grew

© 2021 Wiley-VCH GmbH
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Figure 2. Optical image of pDMA brushes. Printing conditions: [DMA]
5.5 M; [Ir(ppy)s] = 50 ppm. Light intensity = 12.6 mW cm™2. Inset is 3D
AFM images (contact mode) of the pDMA brushes, where each pixel is
printed with a different illumination time. Scale bar is 100 um.

www.advmat.de

more rapidly than NIPAM across all conditions. At 1.5 M and
20 min, the h of DMA brushes was 50.6 + 1.8 nm with a growth
rate, k, of 2.4 nm min~' (Figure 3A), and NIPAM brushes were
26.8 £ 1.4 nm with k of 1.2 nm min~! (Figure 3B). At 9.5 m and
in 16 min, the h of the pNIPAM brushes was 124.2 £ 3.4 nm,
with k of 6.6 nm min™, whereas under the same printing condi-
tions the pDMA brushes expanded laterally and began to grow
outside the intended area, which rendered feature height meas-
urements too inaccurate to report (Figure S6E, Supporting Infor-
mation). Under this concentration range, the change in k with
concentration (dk/dC) is 1.1 and 0.7 nm L min~" mol™! for pDMA
(R? = 0.98) and pNIPAM (R? = 0.98), respectively (Figure 3C).
The effect of increasing light intensity on the k of both poly-
mers was subsequently investigated. Light intensity was varied
from 2.9 to 23.5 mW cm™ at 50 ppm [Ir(ppy)s] and 75 m
[monomer]. In every pattern, h of polymer brushes increases
linearly with t until plateauing, with k ranging from 2.79 to
8.39 nm min~! for DMA (Figure 3D) and 1.23 to 3.67 nm min™*
for NIPAM (Figure 3E). For both polymers, k increased lin-
early with light intensity up to 154 mW cm™, at which
point k ceased increasing, which is consistent with previous
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Figure 3. A) Growth of pDMA polymer brushes at varying [DMA] (light intensity = 12.6 mW cm™; [Ir(ppy)3] = 50 ppm). B) Growth of pNIPAM polymer

brushes varying [NIPAM] (light intensity = 12.6 mW cm™; [Ir(ppy)s] = 50 p

pm. C) k vs [Monomer]. D) Growth of pDMA polymer brushes varying light

intensity ([DMA]=7.5 wm; [Ir(ppy)3] = 50 ppm). E) The growth of pNIPAM polymer brushes varying light intensity ((NIPAM] =7.5 wm; [Ir(ppy)3] = 50 ppm).

F) k vs light intensity G) Growth of pDMA polymer brushes at varying [Ir

(ppy)s] (light intensity = 12.6 mW cm™2; [DMA] = 7.5 m). H) The growth of

pNIPAM polymer brushes varying [Ir(ppy);] (light intensity =12.6 mW cm™2; [NIPAM] = 7.5 m). 1) k vs [Ir(ppy)3]- The red boxes in (A) and (B) indicate
the conditions used to prepare 5D hypersurfaces where pNIPAM and pDMA are grown to identical heights.
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observations.'$2% The (dk/dI) = 0.43 nm cm? min™! mW for
pDMA (R? = 0.97) and 0.21 nm cm? min™' mW for pNIPAM
(R*=0.97) (Figure 3F). Finally, the concentration of the [Ir(ppy);]
was varied from 0 to 200 ppm (Figure 3G,H) at a light inten-
sity of 12.6 mW cm™ and 75 m of monomers. While no polymer
features were observed in the absence of [Ir(ppy)s), in the tested
range of 50-150 ppm, the change in k was minimal and within
the errors of the measurement. At longer times (>30 min) at
200 ppm, the features hollow in the middle (Figure S4G,H,
Supporting Information), which is consistent with our previous
studies.?” In summary, over 400 different polymerizations con-
ditions were tested, which provided the necessary understanding
of the polymerization kinetics, such that printing conditions
could be selected to grow pNIPAM and pDMA into brushes of
precisely desired h at each pixel within a pattern.

Experiments were performed to quantify the swelling-
collapsing transition of the pNIPAM brushes in response to
changes in T to ensure that an appreciable change in h would
occur so that the T-responsive images could be easily observed
optically. Previous studies reported an increase in the change
in pNIPAM height, Ah, on the pNIPAM brush number-aver-
aged molecular weight (M) To quantify this collapse,
pNIPAM brushes were printed with varying ¢ (5, 10, 15 min) on
the same surface (Figure 4A; Figure S12A, Supporting Infor-
mation), which increases measurement accuracy by reducing
batch-to-batch variation. The h of the polymer brushes were

= E =25 C (NIPAM)
m25 C (DMA)

m45 C (NIPAM)
m45¢ (DMA) 5. T 12

T 0.8

* Ak,

10 min 15 min
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measured by AFM in air and in deionized H,0 (Milli-Q 18 MQ)
at 25 and 45 °C, which are below and above the pNIPAM LCST,
respectively. The swelling ratio, which is defined as the ratio of
hydrated polymer brush thickness to the dry brush thickness
at 25 °C, increased with increasing thickness (Figure S11, Sup-
porting Information). This finding is in contrast to Leckband*!
and Bureau, who reported that the swelling ratio and thickness
are inversely related. We hypothesize these contradictory results
may arise from differences in grafting density between our own
and those previously studied. We then determined the collapsing
coefficient (Ah/hy) in H,0 by measuring pNIPAM and pDMA at
25 and at 45 °C, which are below and above the pNIPAM LCST,
respectively (Figure 4A). At 25 °C, the pNIPAM brushes had
heights of 80, 140, and 202 nm. Upon heating to 45 °C, these
were reduced to 27, 44, and 69 nm, respectively (Figure S12A,
Supporting Information). The first finding that we observe
that the difference in h between the swollen and the collapsed
states was larger (>65%) than the maximum change reported by
Plunkett™ (=30%) or Wanless*?! (=46%); however, it is known
that h is dependent upon grafting density, and so differences
in grafting density may account for these observed differences.
The second is that regardless of initial solvated brush height, hy,
at 25 °C in H,0, the collapsing coefficient was remarkably con-
stant, with a value of 0.67 + 0.02 (Figure 4A, purple line). As a
control, the same experiments were performed on pDMA, whose
h remained relatively unchanged: h decreasing slightly for the

Figure 4. A) pNIPAM polymer brush heights, h, in H,O at different T. Times are exposure during the growth of the polymers. The green bars are h of
pNIPAM at 25 °C, the blue bars are h of pNIPAM at 45 °C, the red bars are h of PDMA at 25 °C, and the orange bars are h of PDMA at 45 °C. The purple
dots are the collapsing coefficients (Ah/hg) of the pNIPAM brushes, with the dotted line demonstrating that the collapsing coefficient is independent
of initial pNIPAM h. B) 3D AFM feature of hidden image in H,O at 25 °C. C) 3D AFM feature of hidden image in H,O at 45 °C. The insets are images
taken by optical microscopy (10x). D) QR-code that is the model for the hidden image. E,F) Optical images of 5D steganographic surface in H,0 at
25 °C (E) and 45 °C (F). Scale bars are 100 um.
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shortest polymers and increasing slightly for the tallest polymers
upon heating (Figure 4A; Figure S12B, Supporting Information).

Using data from the kinetics studies, pNIPAM and pDMA
brushes were printed side-by-side and to equal h to prepare a
5D hypersurfaces with an image that reveals itself upon heating
>45 °C in H,0. pNIPAM and pDMA brushes were printed
with dry h of 8 £ 1.1 nm. At 25 °C both polymers swelled up to
54 £ 2 nm, but upon heating to 45 °C pNIPAM shrunk to
16.8 £ 0.8, while h of pDMA remained constant (Figure S13,
Supporting Information). To test whether an image could be
buried within these patterns, we first printed a cross of pNIPAM
within a square of DMA (Figure 4B). Upon heating to 45 °C,
the pNIPAM collapses, which increases the optical contrast,
and the pNIPAM cross becomes darker than its pDMA sur-
roundings (Figure 4C inset). The increasing contrast is related
to the increased density of pNIPAM at T above the LCST.[*>40]
To show that this steganographic method can be combined
with the printer’s ability to prepare arbitrary patterns over large
areas, we hid a QR code within a pattern composed of pDMA

DMA layer

www.advmat.de

and pNIPAM brushes. Upon heating in H,0, a hidden image
is revealed, and distinct borders between pNIPAM and pDMA
brushes are clearly visible by optical microscopy (Figure 4F).
Capitalizing upon the living nature of the SI-ATRP, and
the ability to introduce reagents sequentially into the printing
chamber with the integrated microfluidics, we created 6D
hypersurfaces that revealed different images when heated or
when exposed to UV light. A first hidden pattern was prepared
by printing 30 nm tall pDMA and pNIPAM brushes. While
the chain ends remained living, a solution containing (meth-
acryloxyethyl thiocarbamoyl rhodamine B (RMA) fluorescent
monomer mixed with DMA in a 1:1500 ratiol®! was introduced
into the fluid cell. A third layer of 10 nm of the fluorescent
layer was printed off of the living chain ends that was different
than either the pNIPAM or pDMA patterns (Figure 5). Under
ambient conditions no pattern is seen, whereas upon expo-
sure to UV light a tetrahedral carbon is observed. In the same
location, but instead upon heating above the pNIPAM LCST
in H,0, a benzene ring is revealed. Thus a 6D hypersurface

~e
(RMA+DMA)
layer

A and pDMA 6D-hidden image

pNIPAM/pDM

(RMA+DMA) -

Figure 5. A) The preparation of the 6D hidden image. B) AFM images of features after each step. Scale bar is 50 um. C) Height of each feature after
each step. D) Structure of the 6D hidden image. E) Optical image of the 6D hidden image. Scale bar is 200 um. F) Revealing the Ist hidden image
under UV-light. Fluorescence image of the hidden image (Ao, =530-550 nm, barrier filter A, =575nm). Scale bar is 200 um. G) Revealing 2nd hidden
image by applying heat in H,0. Optical image of the hidden image. Scale bar is 200 um.
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has been prepared, where pixels in the pattern are defined by
x,y position, h, chemical composition, response to heat, and
response to light. Moreover, we demonstrate a new paradigm
in steganography, where multiple hidden images are embedded
within the same hypersurface.

3. Conclusion

We have demonstrated a new method to encrypt data within 5D
and 6D hypersurfaces using stimuli-responsive polymer brushes
embedded within a forest of nonresponsive brushes. In doing so,
we tested >400 different grafted-from printing conditions to inves-
tigate thoroughly the effects of [monomer], [Ir(ppy);], and light
intensity on the polymerization kinetics of pNIPAM and pDMA, a
feat enabled by a new DMD-enabled printing platform. We found
that the rates increased linearly with all three, and that the col-
lapsing coefficient of pNIPAM is independent of brush height.
Finally, by heating a surface composed of pNIPAM and pDMA
brushes of equal heights, a hidden image was revealed. In addi-
tion to validating a new steganographic approach, we have further
demonstrated the acceleration in discovery that is possible with
this DM D-enabled printer, which will have important implications
in scientific disciplines where modulating interfacial structure
plays a central role. In the future, we intend to expand the scope of
chemistries that can be used to create similar patterns, including
controlled radical polymerizations with increased O, tolerance.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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