Downloaded via UNIV OF NORTH CAROLINA on September 1, 2023 at 16:40:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEEJAPPLIED MATERIALS

XINTERFACES

www.acsami.org Research Article

Bottlebrush Thermoplastic Elastomers as Hot-Melt Pressure-
Sensitive Adhesives

Mitchell R. Maw, Alexander K. Tanas, Erfan Dashtimoghadam, Evgeniia A. Nikitina, Dimitri A. Ivanov,
Andrey V. Dobrynin, Mohammad Vatankhah-Varnosfaderani,* and Sergei S. Sheiko™

Cite This: https://doi.org/10.1021/acsami.3c07821 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information
ABSTRACT: Hot-melt pressure-sensitive adhesives (HMPSAs) Oeng |
are used in applications from office supplies to biomedical molding Wﬁk ,
adhesives. The major component in HMPSA formulations is /_ Viscoelastic

thermoplastic elastomers, such as styrene-based block copolymers,
that provide both mechanical integrity and moldability. Since neat
polymer networks are unable to establish an adhesive bond, large
quantities of plasticizers and tackifiers are added. These additives
enhance the adhesive performance but complicate the phase
behavior and property stability of the pressure-sensitive adhesive.
Herein, we introduce an alternative additive-free approach to

: no residue 0 1 3 4 5 ¢
HMPSA design based on self-assembly of bottlebrush graft- &= Ah/h,

2

copolymers, where side chains behave as softness, strength, and

viscoelasticity mediators. These systems maintain moldability of conventional thermoplastic elastomers, while architecturally
disentangled bottlebrush network strands empower several benefits such as extreme softness for substrate wetting, low melt viscosity
for molding and 3D-printing, and a broad frequency range of viscoelastic responses for adhesion regulation within almost four orders
of magnitude. The brush graft-copolymers implement five independently controlled architectural parameters to regulate the Rouse
time, work of adhesion, and debonding mechanisms.

KEYWORDS: pressure-sensitive adhesives, thermoplastic elastomers, bottlebrush copolymers, polymer networks, mechanical properties

B INTRODUCTION adhesive material should be stiff during debonding to transmit
the bulk pull-off strain to the adhesive bonds at the interface,
thus maximizing the local strain rate and tack stress. Stiffness also
helps to prevent cohesive rupture of the PSA upon removal. The
softness—stiffness dualism is met by configuring a particular
viscoelastic response such that a soft PSA material exhibits an
increase in modulus with freguency and maintains a high
damping factor of tan § ~ 1."*7'° This enables the material to be
soft enough to contour the substrate surface at a low bonding
rate, stiff to enhance tack stress at higher debonding rates, and
dissipative to increase the work of adhesion during debond-
ing,\7~20

The prescribed viscoelastic response for HMPSAs is difficult
to achieve in conventional linear polymer systems due to
inherent chain entanglements that (i) set a lower limit for the
modulus as G > G, = pRT/(Myn,) and (ii) confine the Rouse
time to 7y < TonZ, where p is the mass density, M, is the molar

Pressure-sensitive adhesives (PSAs) are mechanically distinct
materials broadly used as high-performance tapes, transdermal
drug delivery systems (TDDS), and soft robotics." ™ A typical
PSA is derived from a linear olefin, acrylate, or silicone network
that can be either covalently or physically crosslinked.®*
Physical networks, such as thermoplastic elastomers of styrenic
block copolymers (SBCs), are vital in so-called hot-melt
pressure-sensitive adhesives (HMPSAs) as they permit process-
ing and fabrication in the melt state.”~"" Single-component SBC
networks exhibit fluidity at moderate temperatures (~100 °C),
however, their viscoelastic behavior does not satisfy require-
ments for pressure-sensitive adhesion.

A primary condition for pressure-sensitive adhesion is
establishing a large contact area to maximize the number of
molecular interactions with a substrate. For an elastic material to
spontaneously wet a substrate with a roughness of ~1 um, the
equilibrium modulus of the material should be below the
Dahlquist criterion as G < G¢ = 0.1 MPa."” Typical PSAs have a Received:  May 31, 2023
modulus within a range from 10° to 10° Pa.® Such low modulus Accepted: August 7, 2023
values are difficult to achieve in conventional linear polymer
systems due to chain entanglements that set a lower limit of G >
G,, where the entanglement plateau modulus ranges from G,

0.1 MPa to 1 MPa."? Along with softness for bonding, an
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Figure 1. (a) Linear triblock copolymers require large quantities of plasticizers and tackifiers to attain the softness capable of wetting the surface of a
substrate, which results in leftover residue upon debonding. (b) Storage modulus as a function frequency of a commercial ostomy adhesive reveals
property variation as additives leach at 60 °C over a week. (c) Adhesive stress () as a function of pull-off strain (&) for the commercial HMPSA from
panel b reveals a three-fold decrease in the work of adhesion (W,g,). (d) A-g-B brush graft-copolymers instill additive-free structural control of
viscoelasticity through the A-g-B architectural parameters, including the DPs of side chains (n,.), of backbone spacers between neighboring side chains
(ny), between A-blocks (n,), of the A-block ny, of the total brush strand ny, and the volume fraction of the A-block ¢b,. Side chains facilitate nanoscale
wetting (inset) and intrinsically dilute the network backbone to expand viscoelastic properties. (e) Frequency sweep of the storage modulus in the PSA
frequency window of commercial SIS and an exemplary brush HMPSA with architectural parameters ny. = 18, n, = 1, n, = 96, ¢, = 0.05, n, = 180, and
1y, = 2000. While SIS is confined above the Dahlquist criterion, A-g-B brush graft-copolymers enable the ability to reach a modulus below 0.01 MPa at
bonding frequencies by expanding the Rouse relaxation range. Inset: a 1 mm thick A-g-B film laid over a UNC logo demonstrates optical transparency
of the material. (f) Adhesive stress as a function of pull-off strain for the materials from panel e displays a dramatic increase in adhesive performance.

The A-g-B graft copolymer empowers over a 10X increase in W, calculated as W,g, = h, /0 e Ueng(s)de compared to commercial SIS. The bond
formed by linear SIS fails with the weight of the load-free hanging apparatus, while the brush HMPSA is able to uphold a load of 62 Ib/in® (inset).

mass of a monomeric unit, n, & 100 is a typical entanglement
degree of polymerization (DP), and 7, is the characteristic
relaxation time defined by repeat unit chemistry.”' To overcome
these barriers, large quantities (~50 wt %) of plasticizer and
tackifier are loaded into linear thermoplastic elastomers (Figure
1a). Both types of additives dilute chain entanglements to lower
the G, below the Dahlquist criterion while concurrently
imposing frequency shifts on the relaxation modulus spectra.”**
Specifically, the plasticizer causes a high frequency shift and the
tackifier compensates for this shift by inducing the opposite
effect to obtain the desired viscoelastic profile in the PSA
frequency range. The resulting blends are prone to chemical
migration, resulting in property variation over time, interfacial
leaching, and residue left on substrates after debonding (Figure
1b,c).>>~*” In addition, multicomponent systems suffer from
selective miscibility of the constituting polymer blocks and
additives.”®*° For example, SIS-based adhesives may become

opaque due to temperature-de?endent segregation of terpene,
petroleum, or rosin tackifiers.”® Moreover, the abundance of
commercial HMPSA formulations convolutes structure—prop-
erty correlations, making design and property control of
adhesive materials a trial-and-error process.

To remedy the inherent drawbacks of mixture-based
HMPSAs, we develop an alternative, additive-free approach by
implementing the viscoelastic demands of moldable PSAs into a
single-molecule system via A-g-B bottlebrush graft-copolymers,
where a controlled fraction of linear A-blocks is dispersed along a
bottlebrush B-block (Figure 1d). The polymer network is
formed by self-assembly of the A-g-B macromolecules due to
microphase separation of the chemically and architecturally
dissimilar blocks such that the glassy domains of linear A blocks
play the role of network nodes, while the bottlebrush network
strands regulate the viscoelastic response. The lack of macro-
phase separation in the single-component A-g-B materials allows
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Table 1. Mechanical Properties and Rouse Time of Brush HMPSAs
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803

149
360
112

d
LON

96
278
414
504

54
76
125
468

60
60
60
60

60
60
60

120
120

60
60
60

Pa°

0.047
0.126
0.177
0.208

0.030
0.042
0.067
0.212

0.106
0.075
0.048
0.030

0.108
0.10
0.10

0.10
0.05

0.10
0.05
0.10

Eoi (kpa)

e G (kPa) I8
PS-g-PIB (n, = 1), Longer Backbone (m, = 2000)
2000 1.8 0.54
2000 2.7 0.70
2000 2.9 0.72
2000 34 0.74
DPS-g-PIB (n, = 1), Shorter Backbone (1, = 900)
900 1.7 0.56
900 1.8 0.59
900 3.2 0.68
900 3.4 0.80
PS-g-PIB (n, = 8), n, Variation
938 44.3 0.23
1237 32.4 0.17
1265 15.6 0.16
805 2.6 0.03
PS-g-PIB (n, = 8), ny Variation
1319 56.7 0.20
764 36.3 0.21
465 8.7 0.25
DPS-g-PIB (n, = 8), Longer A Block n, = 120
854 24.3 0.24
NA 6.7 0.16
PS-g-PIB (n, = 4)

1134 28.2 0.37
1259 11.9 0.22
251 9.9 0.47

18.1
61.8
76.1
104

19.3
23.3
66.5
176

193
127
59.9
8.00

232
154
39.3

94.9
25.6

171
S1.0
79.6

max

2.6
2.0
1.9
2.3

2.0
2.0
1.8
1.6

3.5
3.9
3.9
S.3

4.7
2.9
3.09

3.84
4.75

2.88
3.63
2.19

o-maxk (kPa) G:3 (S)I
267 83.0
479 7.6
480 4.1

1383 1.6
46 95.6
98 46.0

216 10.2
427 3.3
2040 0.83
1540 3.4
740 12.5
110 600
3520 0.83
1030 1.8
410 15.6
1560 2.5
980 26.9
1820 0.8
790 4.1
370 3.98

“Grafting density of side chains on the backbone with the BA spacer. DP of PIB side chains in the B-block. “Numerical average DP of the brush
backbone between glassy block side chains that physically crosslink. “Numerical average DP of each glassy block side chain as determined by 'H
NMR. “Volume fraction of the glassy block, calculated using the following density values: ppjz = 0.92 g/ m}% Pps = 1.02 g/mL, pppg = 0.94 g/mL,

and ppps = 1.08 g/mL. /Numerical average DP of the total brush strand. #Structural shear modulus.

Strain-stiffening parameters are fitting

parameters in eq S1. ‘Apparent Young’s modulus which can be determined either as a tangent of a stress—strain curve at 1 — 1 or be calculated

from eq S2./Maximum elongation at the sample rupture.

Rouse time of brush HMPSAs from Figures S35—S37.

“Maximum stress-at-break (strength) of brush HMPSAs. Experlmentally determined

Scheme 1. Synthesis of (a) PS-g-PIB (n, = 1) and (b) PS-g-PIB (1, > 1) Brush Graft-Copolymers for HMPSAs with Chain Transfer
Agents and Initiator End Groups Omltted (See Supporting Informatlon for Full Synthetic Details)
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Figure 2. (a) AFM and (b) SAXS of PS-g-PIB (ng = 1) samples with identical B-blocks (n,. = 18, 1

10 102 10°

¢ =1, 1, =180, and nyy, = 2000) and variable 1, as

indicated. The AFM micrographs display a granular structure ascribed to microphase separation of PS A-domains uniformly dispersed in the
bottlebrush matrix of PIB B-blocks. Both the domain size and interdomain distance increase with n,. (b) SAXS curves verify the brush topology of PS-
g-PIB (ng = 1) samples with variable n,. The interbrush distance (d,), A-domain diameter (d,), and interdomain distance (d;) of the networks
corroborate results observed by AFM where the d, and d; peaks increase with 1, while the d; peak remains constant (Table 2). (c) A-domain diameter
(d,) scaling with n, corroborated by AFM and SAXS. The d, from AFM was calculated as a mean of >100 protruding domains from the height profiles

for each sample (Figure S22). Both methodologies show the increase in domain size as d, ~ 1y "5 by AEM and dy ~ 1, "3 by SAXS.

Exaggerated d, from AFM is a result of convolution with the tip shape.

the preparation of optically transparent films (Figure le, inset)
depending on side chain length (~n,) and grafting density
(~ng_1) , and the entanglement DP may increase up to n, = 2000,
which effectively disentangles the network strands, allowing the
softness of G ~ 10° Pa (Table 1).”"*” The disentanglement of

network strands expands the Rouse relaxation regime as
R = TOnsc(nx/ng)2 to allow the brush PSA to satisfy the

Dahlquist criterion by reducing the modulus at bonding
frequencies (Figure 1le), while side chains exhibit limited
entropic penalty to wet nanoscale pores (Figure 1d, inset).33 In
addition, steric repulsion between densely grafted side chains
extends the backbone into the finite extensibility range, resulting
in modulus increase with deformation, which prevents cohesive
rupture of soft HMPSAs. The strain-stiffening behavior is
quantified by the parameter # = (R}, )/R},,,, which describes the
ratio of the mean square end-to-end distance to the square of the
contour length of a network strand.’* Additional strength
enhancement is provided by mesh interconnectivity in A-g-B
networks given multiple A-blocks per network strand.”® The
combination of the intrinsic softness, firmness, and interfacial
wetting results in a dramatic enhancement of the adhesive
performance for brush HMPSAs (Figure 1f). It is important to
emphasize that the architectural control over thermomechanical
properties is performed without using additives, which allows
the formulation of HMPSA materials for a wide range of
applications without the detrimental effects of uncontrolled
leaching and phase transformations.

B RESULTS AND DISCUSSION

Synthesis of Brush HMPSAs. A comprehensive library of
A-g-B bottlebrush graft-copolymers (Figure 1d) with parameters
ranging around n, = 18—41, n, = 1-8, ny = 60—504, ¢, =
0.025-0.212, n, = 135—906, and n,, = 400—2000 was

synthesized to demonstrate the scope of architectural control
over structural, thermodynamic, and viscoelastic properties
(Table 1). Different polymerization techniques were used to
prepare A-g-B brush graft-copolymers depending on the grafting
density of the brush block (Scheme 1). Sequential reversible
addition—fragmentation chain-transfer(RAFT) and atom trans-
fer radical polymerization (ATRP) were utilized to synthesize
densely grafted poly[MA-g-(PIB/PS)], hereto denoted as PS-g-
PIB (n, = 1), where incorporation of styrene monomers aided
solubility of brush blocks (Scheme 1a). For less dense
backbones, one-step free-radical polymerization (FRP) of
macromonomers was utilized to synthesize poly[nBA-ran-MA-
g-(PIB/PS)], hereto referred to as PS-g-PIB (1, > 1) (Scheme
1b). The architectural parameters of these A-g-B brush graft-
copolymer networks ng, ng, 1y, ¢y, 1, and ny,, were determined
by combination of 'H NMR and GPC (Figures SI—S21).
Consumption of spacers and macromonomers was investigated
by 'H NMR, and subsequent analysis provided information on
their distribution throughout the A-g-B brush graft-copolymer
backbone. The PIB macromonomer appears to propagate faster
than the BA spacer, resulting in gradient distribution (Figure
$20). At 30% conversion, the average cumulative n, = 4 was
measured and gradually converged to the target n, = 8 at higher
conversions.

Structural and Thermal Analysis. The synthesized
bottlebrush graft-copolymers undergo microphase separation
of the linear PS and brush PIB blocks to form a robust physical
network with PS domains acting as physical crosslinks. Atomic
force microscopy (AFM) and small-angle X-ray scattering
(SAXS) were performed to investigate the effect of different
architectural parameters on network morphology. AFM imaging
of A-g-Bs with identical n,. = 18, n, = 1, n, = 180, and ny;, = 2000
corroborated microphase separation, where the domain size
increases from 29.6 & 3.5 to 59.3 + 5.9 nm with the DP of PS
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from n, = 96 to n, = 504, respectively (Figures 2a, S22 and Table
S2). Since AFM measurements are generally affected by various
surface effects and convolution of the AFM tip shape, SAXS was
employed to acquire more accurate information about network
morphology including the interbrush distance (d;), A-domain
diameter (d,), and interdomain distance (d;) (Figure 2b and
Table 2). While d, remains constant (as expected for the same B-

Table 2. Microphase-Separated Morphology of A-g-B
Bottlebrush Graft-Copolymers (n, = 18, n,=1,n, =180, and
fy, = 2000) from SAXS

na P di” (nm)  d,* (nm) dy* (nm) RSDzb dy—d, (nm)
96 0.053 4.1 16.2 29.0 0.18 12.8
278 0.121 4.0 29.8 44.8 0.18 15.0
414 0.166 3.9 34.1 47.6 0.14 13.5
504 0.202 4.0 37.1 48.3 0.12 11.2

“The interbrush distance (d,), A-domain diameter (d,), and
interdomain distance (d;) (Figure 2c). bRelative standard deviation
of the domain diameter.

block), the domain diameter increases with n,, showing a good

agreement with the theoretical dependence d, = (nbbnAI/A)l/ }

for microphase-separated brush networks (Figure 2¢).*® The
corresponding increase in the interdomain distance (distance
between A-domain centers) is largely due to the d, contribution,
while the distance between the domain interfaces d; — d, is
nearly identical for samples with the same n, (Table 2). Along
with the n, effect, variations in n, n,, and n, provide additional
architectural levers to vary interbrush distance and interdomain
distance (Figures $23—526).

A primary trait of HMPSAs is the ability to flow at moderate
temperatures to reduce the risk of polymer degradation during
processing and fabrication.”” The onset of flow (Tj,,) is
identified as the temperature where the loss modulus (G”)
surpasses the storage modulus (G’) of the material during
oscillatory shear measurements (Figure S34). The effect of A-g-
B architecture on Ty, is exemplified by two series of PS-g-PIB
samples with systematically varied volume fractions of the PS A-
block (¢,). In the first series PS-g-PIB (ng = 1), ¢h, was varied
from 0.03 to 0.07 by increasing n, from 54 to 125 at constant
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Figure 3. Brush HMPSAs melt at moderate temperatures dependent on n, and ¢,. (a,b) Storage (G’) and loss (G”) moduli as a function of
temperature for (a) brush (n, = 1) and (b) comb (n, = 8) HMPSAs with n,. = 18 and variable 1, and ¢, as indicated. (c,d) SAXS spectra for the sample
with () n, = 54, n,=1land (d) ¢ =0.08, n, = 8 from panels aand b at different temperatures. (e,f) The interdomain distance d; peak (Figure 2c) shifts

to lower q and the SAXS invariant decreases, indicating domain dissociation.
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dimensions of the B-block (n,. = 18, n, = 163), which led to a
Tgow increase within Ty, = 91-218 °C (Figure 3a). In the
second series PS-g-PIB (ng = 8), ¢h, was varied from 0.03 to 0.10
by decreasing n, from 906 to 216 at a constant 1, = 60, to show a
relatively low Ty, increasing from 56 to 114 °C, respectively
(Figure 3b). Disassembly of physical crosslinks at the onset of
flow was corroborated by SAXS measurements during heating
(Figure 3c,d) by monitoring the interdomain distance (d;) and
SAXS invariant (Figure 3e,f). The invariant decrease is caused
by a decrease in both the volume fraction of the minority PS
phase and the electron density contrast due to PS/PIB mixing at
elevated temperatures. The observed Ty, increase is consistent
with the increase in ¢, and total DP of A-g-B macromolecules N
established for linear block copolymers (Table 3).”**” However,

Table 3. Flow Temperature of A-g-B Brush-Like Graft-
Copolymers with Different Architectures

flow,

R N N me®  N=ny(1+n/n)’  (°C)
Bottlebrush (g = 1)
1 18 163 54 0.03 900 1198 92
1 18 163 72 0.04 900 1298 147
1 18 163 125 0.07 900 1590 218
Comb (1, = 8)
8 18 906 60 0.03 805 858 56
8 18 503 60 0.08 1265 1416 95
8 18 332 60 0.08 1237 1461 112
8 18 216 60 0.11 1319 1685 114

“Architectural parameters as outlined in Table 1. bTotal DP of the A-
g-B scaffold. “Flow temperature identified as the temperature where
the loss modulus (G”) surpasses the storage modulus (G') of the
material during oscillatory shear measurements.

linear and brush HMPSAs differ in the effect of ny on mechanical
properties. For example, increasing n, at a constant n, for linear
SIS copolymers entails a corresgonding shift in ¢,, yielding a
stiff material with high Thow"** When it comes to brush
HMPSAs, however, high n, values can be reached at low ¢, by
increasing the volume fraction of the brush block.

Controlling Adhesive Performance through Viscoe-
lastic Response. The effect of the brush motif (.., ng, and n,)
on viscoelasticity has been reported previously for covalent
bottlebrush networks,*® where an increase in n,./ ngand n, led to
systematic shifts in the Rouse time, defining a crossover from
viscoelastic to elastic mechanical response. Here, we will
consider the effect of the A-block. Brush HMPSA systems
have both n, and ¢, as additional levers for tuning
viscoelasticity. Frequency sweeps within the PSA frequency
range for samples with n, from 504 to 96 exhibit a decrease in G’
with expansion of the Rouse relaxation regime before the onset
of the elastic plateau (Figure 4a). The Rouse times of all samples
were experimentally determined by uniaxial testing at various
strain rates (10™* to 10' s7!) (Figures S35 and $36).
Correlations were derived by isolating the effect of n, (and
@) on the estimated Rouse time normalized by known
architectural contributions from n,, n,, and n, (Figures 4b and
§37).%* The observed n,~"7 power law is purely empirical and
has no theoretical justification, which is encumbered by the
chemical heterogeneity of A-g-B networks.

The ability to tune the HMPSA viscoelasticity by regulating
polymer architecture enables further programming of the work
of adhesion and debonding mechanisms. The work of adhesion

(W,aqn) of the brush HMPSAs was measured by probe tack
testing at strain rates (¢) from approximately 0.001—1 s™' and
further normalized by the film thickness and elastic modulus
(Figures 4a, S38 and $39).”° It is important to recognize that
W.qn spans almost four orders of magnitude without using
additives for the range of parameters in this study. By offsetting
the strain rate by the experimentally determined 7 of each
prospective sample, all data points fall on a single line (Figure
4b). The brush HMPSA samples experience an apparent shift in
scaling for the W,g, and debonding mechanisms at ¢ = 7, '.*>*!
The normalized work of adhesion scales as W,y /E, ~ €7 while
debonding at a rate below the Rouse rate (zz™'), which is
dictated by cavity crack propagation along the surface of the
substrate. Debonding above the Rouse rate is governed by cavity
growth into the bulk followed by fibrillation, which scales as
Wan/Eqy ~ (éTR)1/2.17'20 This is summarized in a plot of
overlaid probe tack tests where the change in debonding
mechanisms is observed at é = 7 ! (Figure 4c). Viscoelastic
debonding above 7' exhibits the characteristic tack peak
(6max) at small deformations as a result of the transition from
bulk deformation to nucleation of cavities. By utilizing the
correlation between architecture and relaxation dynamics,
adhesive performance can be programmed from elastic to
viscoelastic deformation in the absence of additives.

A unique feature of A-g-B brush architecture is the ability to
regulate the deformation response at both small and large
deformations. At small deformations specifically, we can tune
the modulus and Rouse time to cover a broad-range work of
adhesion spanning elastic to viscoelastic regimes (Figure 4d). At
larger deformations, A-g-Bs demonstrate an intense strain-
stiffening behavior where the initially soft sample stiffens rapidly
with deformation, which mimics that of biological tissues and
prevents cohesive rupture of adhesives (Figures $27—S30).%
For example, the sample with n, = 18, ng=1,n, =504, n, = 180,
and nyy, = 2000 exhibits the characteristic J-shaped curve almost
identical to aortic tissue while maintaining a o, above 1 MPa
and W,g, ~ 100 J/m? (Figures 5a and $38).* Brush HMPSAs
are capable of tuning the modulus, Rouse time, and strain-
stiffening independent of one another, which allows for the
generation of very unusual (distinct) debonding profiles. For
example, we compare samples with different combinations of the
Rouse time and strain-stiffening parameter that are pulled off at a
near identical debonding rate of & ~ 1 s (Figure Sb). The
sample with 7z = 4.0 s undergoes the typical viscoelastic
debonding (7z¢ > 1) exhibited by a pronounced tack peak
followed by an extended yielding plateau, which decays with
deformation due to low strain-stiffening (8 = 0.17). In contrast,
the sample with 7, = 0.8 debonds elastically (7z¢é < 1) with no
tack peak but a strong increase in pull-off stress with deformation
due to more intense strain-stiffening (8 = 0.37). A sample with
intermediate values of f and 7y shows an intermediate
debonding behavior, exhibiting both a weak tack peak and a
limited strain-stiffening effect.

Brush HMPSAs also bolster their mechanical integrity with
the ability to independently tune strength by architecture
independent of modulus and strain-stiffening.”> Brush networks
with varying ny, were compared to isolate the effect of strength
on adhesion. Two densely grafted samples with n,, = 900 and ny,
= 2000 display near identical E; and # but a 2-fold increase in
cohesive strength (Figure S40). This yields a near-identical
adhesion response at small deformations via probe tack test,
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Figure 4. Additive-free brush HMPSAs architecturally tune adhesive performance. (a) Frequency sweeps of the storage modulus (G’) in the PSA
frequency window for PS-g-PIB (n = 1) samples with varying n,. Decreasing 1, produces an extension of time-dependent mechanical properties which
lower the elastic plateau. (b) Rouse time (7g) scales with A-g-B brush architectural parameters. The 7y of the PS-g-PIB (n = 1) samples scale with
previously determined parameters of the brush strand*® and an additional structural coefficient. (c) Normalized work of adheswn as a function of the
strain rate for all brush HMPSA samples. The work of adhesion can be programmed over three orders of magnitude by tuning the macromolecular
structure alone without the use of additives for samples in the legend on the lower right (Table 1). (d) All data points from c fall on a single line where a

rate-dependent shift from elastic to viscoelastic debonding is revealed at ¢ = 7 '. (e) Overlaying probe tack test curves of all brush HMPSAs according
to the normalized strain rate (¢7y ) reveals systematic control of debonding mechanisms. Debonding the probe below the Rouse rate (73 ~") results in an

elastic debonding mechanism where cavity growth is dominated by crack propagation in the plane of the interfacial bond. At higher rates, viscoelastic
debonding occurs where interfacial cavities expand into the bulk and form fibrils with increased strain.

while the strength directly increases strain at the break (g,,,,) of
cohesive fracture.

The architectural platform for the design of HMPSAs enables
hot-melt processing of tapes with programmable viscoelasticity
and melting temperature (Figure 6a). Small quantities of brush
HMPSAs with varying ¢, were pressed into a cellulose backing
at 140 °C for a short time, resulting in a 10 ym layer of adhesive.
The films were cut and wound around a spool to produce brush
HMPSA tapes with different adhesive performances. This is
displayed in their ability to uphold various loads through zero-
degree shear tests (Figure 6b). Additionally, the low viscosity of

the brush HMPSA at increased temperatures enables loading of
active agents in biomedical adhesives like TDDSs (Figure 6c).
For example, nicotine was added to the brush HMPSA at 120 °C
and mixed until homogenously distributed. The sample may
then be hot-melt pressed (like in Figure 6a) or 3D-printed into
shapes that are more beneficial to flexibility on the skin of a
patient. Nicotine may then diffuse through the skin of the patient

like a commercial nicotine patch.
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Figure S. Control over debonding mechanisms and firmness. (a) Comparing stress—elongation curves of brush HMPSAs to those of linear networks
and biological tissue. Intrinsically entangled linear SIS networks demonstrate a conventional stress—strain behavior characterized by a relatively high
modulus above 10° Pa and stiffness decay with deformation (black curve). Architecturally disentangled brush HMPSAs demonstrate a lower modulus
followed by intense stiffness increase with deformation (red curve), which mimics the softness and firmness of biological tissue (blue squares)
displayed by the sample. (b) Independently controlling Rouse time (7z) and firmness (/) leads to distinct probe tack test profiles when being
debonded at strain rates above or below their Rouse rate (zz'). The sample (n = 18, ng =8, and n, = 332) with 7z = 3.9 s undergoes viscoelastic
debonding (zz¢ > 1) with a characteristic tack peak followed by a decaying yielding plateau (red curve). At the same pulling rate of & = 157, the
sample (n, =18, ny=4,andn, = 149) with 7 = 0.8 s undergoes elastic debonding (7zé < 1) without a tack peak followed by an increase in stress due to
higher firmness ( = 0.37) (black curve). The sample (n, = 18, ng =8, and n, = 450) with characteristics (f = 0.24, 7 = 2.5 s) shows an intermediary
behavior with a smaller tack peak and a slight increase in stress with deformation (blue curve).

Transdermal drug delivery system
s p d - Annealed

Epidermis
Dermis

Hypodermis

Figure 6. Moldability at moderate temperatures empowers thermal processing to manufacture additive-free brush HMPSA tapes and biomedical
adhesives. (a) Manufacturing of brush HMPSA tapes. Brush HMPSAs samples with . = 18, n, = 8, 15 = 60, ny,, = 1270 and variable ¢, = 0.0S, 0.07, and
0.10 were pressed into to ~10 ym films at 100 °C on a cellulose backing, reducing the use of VOCs. The layered films were subsequently wound on a
spool to manufacture tape rolls. (b) Zero-degree shear loads for brush HMPSA tapes with variable ¢b,. The adhesive performance of the manufactured
tapes dependent on architecture where the applied load (4—0.5 L solvent, left to right) appears to scale inversely in the ¢,. (c) Fused filament 3D-
printing of a TDDS adhesive. The low viscosity of the brush HMPSAs at increased temperatures allows for mixing in active agents (nicotine) which
diffuse into the skin of a patient when applied at room temperature. The TDDS may be processed via hot-melt press into a film backing or 3D-printing
into unique shapes to aid in flexibility and mobility while applied to the patient.

B CONCLUSIONS covering almost 4 orders of magnitude of the work of adhesion
In conclusion, brush architecture unlocks unprecedented and 6 orders of magnitude of debonding rates, spanning both
property control over viscoelastic and adhesive properties for a viscoelastic and elastic debonding mechanisms. The ability to
wide range of applications without the use of chemical additives. enhance the strain-stiffening behavior at large deformations
Specifically, the A-g-B architecture empowers wide-ranging prevents cohesive rupture, which in combination with the lack of
control of the network modulus, the Rouse time, and strain- additives results in no residue on a substrate after debonding.
stiffening with deformation by varying a distinct set of The physical nature of A-g-B networks allows for hot-melt
architectural parameters including the side chain length, grafting preparation and 3D-printing of these PSAs with complex shapes.
density, and volume fraction of the A block. This compels The ability to independently control n, and ¢, allows for tuning
unprecedented structural control of the adhesive performance the flow temperature, Tj,,, for molding at moderate temper-
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atures. Utilizing brush architecture, new chemistries to improve
properties, such as solvent and UV resistance, can be introduced
into HMPSA networks that had been previously thought to be
unworkable for adhesives.
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