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adhesives utilizing dynamic thia-Michael bonding motifs are

reported. The benzalcyanoacetate Michael acceptors used'in-this_ M@
work undergo bond exchange under ambient conditions Withoytlz‘<'

TN
o [l >y

separation that lends reinforcement to the otherwise weak[j< . \ N— o
bonded materials, enabling weak, repeatable pressure-sensitive” — +&<?
adhesion under ambient conditions and strong adhesion when | — —
processed as a hot melt adhesive. By usieigrdi pairs of v Pressure Sensitive Adhesives v Hot Melt Adhesives

ABSTRACT: A series of multistage (pressure-sensitive/hot iltjti-purpose adhesives via RT dynamic bonds
external catalysis, facilitating pressure-sensitive adhesion. A
feature of this system is the dynamic reaction-induced p
.g-/
benzalcyanoacetate cross-linking units, the phase separation
characteristics of the adhesives can be directly manipulated, allowing for a tailored adhesive response.

KEYWORDS:dynamic covalent chemistry, pressure sensitive adhesive, hot melt adhesive, phase separation, rheology, thia-Mi

INTRODUCTION ability to become dynamic to heat or UV [ight®*? ** For

The scope of adhesive materials in daily life spans a vast ra%?"ple’ b_Oth Michal efahnd Cudjoe et af. demonstrated
of targeted applications. From the biomedical to infrastructuf@® adhesive capabilities of dynamic covalent networks
sectors, modern adhesives are highly engineered to endifigtaining disutle bonds. By disengaging the disul
further functions that include conductivify biocompati- ~ bonds using heat (>13@) or UV light, the modulus of the
bility® 7 degradability,** and smart adhesiéh.** In material lessened, allowing an adhesive bond to be formed
addition, these materials are traditionally subject to a ran§étween two glass or metallic substrates. Moreover, this
of mechanical property requirements depending on theadhesion was reversible, given the dynamic nature of the
desired purpose. For instance, pressure-sensitive adhegigig de bond, and the bond could be reformed repeatedly
(PSAsg, such as those on the back of sticky notes or adhestuen after failure. However, the stimuli used to groen
tapes>° require soft, viscoelastic solids for fast adhesiothese systems (heat and UV light) limited the bonding
Conversely, a hot melt adhesive (HMA) like a hot glue isubstrate to either optically clear, UV inert materials or
designed to withstand large I6adad therefore necessitates substrates that were capable of withstanding high temperatures
the use of materials with high mechanical strength at typiqak. 150°C). These spediations eectively eliminate the
operating temperatures. This expansive array of matergdul de dynamic networks as applicable adhesives for many
requirements presents an intriguing opportunity to desigommon thermoplastics and room-temperature applications.
new multipurpose adhesives that can be used in both pressuyfg-address these shortcomings, this work seeks to expand the
sensitive and structural adhesive applications. _ utility of dynamic covalent adhesives through the use of
Recently, the integration of dynamic or reversible bonds infR,amic bonds that undergo exchange at room temperature,

adhesive systems has shown considerable promise [f, 5 harticular focus on creating materials suitable for PSA
developing a new generation of adhesive matefiald/ith pplications

applications ranging from underwater PSAs to rebondabfi1
structural adhesives, the dynamic baiikty to continu- _
ously break and reform in response to a stimulus witholiteceived: March 30, 2021
unwanted, irreversible side reactiorisprovides a means Accepted: May 24, 2021
through which critical adhesion properties (i.e., surface-Plished:June 4, 2021
wetting, adhesive bond formation) can be achiéVgare

la). Disulde bonds have been particularly popular in

accessing multifunctional HMAs on account of the 'bonds
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a. RESULTS AND DISCUSSION
To take advantage of the desirable properties commonly

<L ‘ exhibited by silicone-based PSAs (high-temperature stability,
0(00 ",s, low glass transition temperatures, adhesion to low surface
x? Surface Wetting 9@, energy substrafds a commercially available silicone
l, I/_\‘"’} > polythiol, poly(mercaptopropyl methyl)siloxaRMNS,

was chosen as a bonding partner for dynamic BCA cross-
linkers,1 (Figure a). As the electronic nature of tRghenyl
substituent greatly impacts the dynamic equiliBititina,

series of cross-linkers were prepared wittedt R groups,
=< T = 3P namely, the electron-donatingethoxy {M), the electroni-
cally neutral hydrogen IH), and the electron-withdrawing

nitro (1N); see theExperimental Secticior synthetic
details. UsinMMS and 1X, a series of dynamic polymer
b networks 2N, o 2N50Hs50, and2NgoMso, Where the subscript

0 “s o denotes the mole percent (mol %) of the BCA crosslinkers
mer 4 WOW : MOW (2X) relative to the total amount of thiol) were targeted
R CN R N (Figure B). In particular, these systems were chosen to probe
D E ) the e ects of varying equilibrium bonding position and DRIPS
morphology on adhesive performance. Of particular interest is
Figure 1.(a) Schematic illustration of dynamic covalent networks a1 comparison betweBNsoHs, and2NgMs, as it has been

S . .
adhesive materials. (b) Chemical scheme of generalized BCA-bagg%i\”OUSIy demonstrated that leturdSJ\_bdmd_lH have an
tM reaction. iIncreased degree of phase separation in comparison to

equivalent mixtures dfN and 1M.*® Additionally, the
incorporation of more electron-donating cross-linkéts (
and 1M) with strongly withdrawing cross-linkefsN)(

In order to eectively access room-temperature application® ectively lowers the glass transition temperafyrearfd
using dynamic network adhesives, the targeted equilibrisptateau modulus as compared to a palemtcomposed
reaction should demonstrate reversible behavior in ambiefmpletely of the stronger acceptor, yielding materials more
conditions. Recent work by Bowman and co-workers ha&litable for pressure-sensitive adheSigor¢ S)L o
shown that (catalyzed) room-temperature ttiiester To.obtam a.basehne understandmg of the eth_bngm
exchange can promote pressure-sensitive adhesion in thi§Pnding behavior of the dynamic polymers, the equilibrium

ene adhesives, with further enhancement through pairing with

Adhesive Bond Formation

Pressure Sensitive Adhesives Hot Melt Adhesives

hard ller particle$> The catalyst-free, room-temperature . ™1 o r  PMms
dynamic behavior of the thia-Michael (tM) bdridre b) o o do
based on benzalcyanoacetate (BCA) Michael acceptors mak L TN N ok
it a promising candidate for dynamic covalent adhesive: : 1IN (R=-NO, SH
targeting applications at or near room temperéatdte. 1H (R = H)

Recent studies have demonstrated the utility of the tM motif 1M (R =-OCH,)

in polymeric networks toward creating responsive, reprocesb- Substrate

sible materiafS. *® An interesting aspect of the BCA Michael
acceptor structures is that the equilibrium constant with thiols
can be directly tuned by controlling the electronic nature of the
-phenyl group. Importantly, neat dynamic networks based ot
the BCA structures demonstrated a dynamic reaction-induce
phase separation (DRIPS) phenomenon, giving rise to
materials with tunable amounts of a spontaneously formec
high thermal transition (>156C) hard phas& Such
materials were shown to have interesting stimuli response
(such as shape memory) and tunable mechanical propertie
that could be controlled based on thermal quenching from the
melt, highlighting the ability to engineer material response by
controlling the extent of phase separation. This phase

separation management grants the ability to impart mechanic. Substrate
robustness into materials that otherwise would undergc 2N, (PMMS + 1N)
signi cant ow in ambient conditions. With this in mind, the 2N H,, (PMMS + 1N+ TH) 2N, M, (PMMS + 1N + 1M)

studies reported herein focus on leveraging the dynamic tM

exchange at lower temperatures and the DRIPS morphology=g,re 2.(a) Chemical structures of ditopic electrophiipsagd
simultaneously access low-strength, rebondable PSAs as wel\@gs (b) lllustation demonstrating networR) (formation
high-strength HMAs. resulting from the combinationR¥IMS and 1.
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. . . . 8 .
a. o ,ﬁs o Slr_nllar to previousndings, temperature ramp experiments
Ko (Figure 4) revealed two thermal transitions in all dynamic
A OCH; 4 /HSH — OCH;

R CN ! dsDMSO o CN a. ,
L e L L L I L CLLCEEEIELELES 10° 4 — 2N,
':R=02N’\E = mono-N yX = mono-H H,coX = mono-M ] ——2NgHy, | g
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Figure 3. (a) Schematic of the small-molecule BCA Michael =
acceptors reaction with 1-octanethiol. (b) Equilibrium position o =
the bonding of 1 equiv (w.r.t. double bond) of 1-octanethiol with @
mono-N (black) or 1:1 mixtures ahono-N and eithemono-H o
(violet) ormono-M(cyan) as a function of temperature in DMIGO- 2
=
3
position of mixtures of small-molecule analoguaso{N T
mono-H andmono-Mfor nitro, hydrogen, andmethoxy,
respectively) with 1-octanethiol was carried out over a range
temperatures; ségyure a (Figures S259. To simulate the ¢,
materialstnono-N or equal mixtures ofiono-N with either T - T

T T
mono-H or mono-M were mixed with an equimolar +100 =0 0 %0 100 150 200

concentration of thiol (200 mM concentrations of thiol, Temperature (°C)

10% of the concentration of the buiks). As expected, the Figure 4(a) Shear theometry temperature ram2Ngg, 2NeoHso,

equilibrium p_osition .of th@mono-N sol'ution was higher than  and2N,Ms, showing storage modul@,(top) and tan (bottom)
that of the either mixed system, withrti@no-N mono-H (ramp rate = 3C/min, frequency = 1 Hz). (b) DSC curves for tM

mixture showing a higher degree of equilibrium bonding thamms (ramp rate = 16C/min; heat/cool/heat cycle = 20@/ 80
the mono-N mono-M mixture for all temperatureSiqure °C/200 °C; second heating shown).
3b). It should be noted that despite thisdince, the overall
equilibrium position of both the mixed systems was quite
similar (71 vs 64% at room temperature), largely aetworks. Therst thermomechanicd) (as dened by the
consequence of the competitive bonding between acceptaimy  peak) occurred below room temperature for both
seeFigure S4 and Table .Shterestingly, in both hybrid 2Ns;gHsoand2NsMsgat 15 and 18C, respectively, and above
mixtures, thenono-N and mono-H/M acceptors displayed room temperature @0 °C) for 2Ny, Notably, the two
similar decreases in the equilibrium bonding position withybrid samples exhibited a rubbery plateau modulus ranging
increasing temperature as opposed to a preferential debondirgn 2.8x 1(° to 5.8x 1P Pa over a temperature range of
of the*weakeracceptor. This implies that changes in bondingnore than 100C (ca. 40 140°C), implying a large window
upon heating should occur homogenously throughout thef operation before thdms begin to ow more readily.
material, outside of phase-separated regions. The temperatimgortantly, abovel40°C, the two hybrid networks undergo
dependent equilibrium behavior also suggests that the oveeallignicant drop in modulus, thereby creating an opportunity
network connectivity and the resulting adhesive properties wibr hot melt adhesioBN, 4, also exhibits a drop in modulus at
vary depending on the operating temperature. around this temperature, but the drop is less caghi

The similarity in the measured equilibrium position of theCharacteristic of bond dissociation in dynamic networks, the
model studies would suggest that the mechanical propertiexchfinges to moduli for all systems are accompanied by an
2NsoHs5o and 2N5gMs, may be similar (assuming exchangeincrease in the loss modul&gy(re Spbefore the samples
kinetics occur over similar timescales). To investigate this, thegin to readilyow. Further thermal characterization of the
viscoelastic properties of the dynamic networks were probeldns via dierential scanning calorimetry (DSC) showed the
using small-amplitude oscillatory shear (SAOS) rheometmpresence of a second higher thermal transition (€50
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2N50M50

50" "50

a. 2N, H b.

Phase (degrees)

Figure 5.Atomic force micrographs showing the phase image&M§ g, (b) 2N5oMso, and (€)2N;o0 Samples (phase color scheme: dark =
soft phase; light = hard phase; scale barm)1

characteristic of @ard phaseformed via DRIPS process de ned by the operating temperature storage and loss modulus
(Figure $).%® (G) at 0.01 and 100 rad/s. In a plot of storage vs loss
To investigate the DRIPS morphology of the dynamienodulus, the values can be used as coordinates to form four
networks, atomic force microscopy (AFM) was carried out (atorners of a rectangle which constitutes the VV&: €it)100
0 °C for 2NsgHsy 2NsgHsg and 35°C for 2N,qg), and the rad/s ands at 0.01 rad/s, (255 at 100 rad/s an@ at 100
phase images are showrrigure 5(seeFigures S6S8for rad/s, (3)G at 0.01 rad/s an@ at 100 rad/s, and (4p at
height images). In line with prior wtrkn related systems, 0.01 rad/s andG at 0.01 rad/s. Their investigation
the 2NgoHs (Figure &) sample showed sigrantly higher  determined that this window varies depending on the PSA
degrees of phase separation in comparig@dlds, (Figure application, and as a result, they were able to idemtify
5b), though neither hybrid network displayed the large harddscoelastic regimes for PSAs based on the location of their
phase domains found throughdiN,y, (Figure B). VW in theG/G plot: non-PSA (quadrant 1), high shear PSA
Interestingly, in the hybrid systems, the small hard-phagguadrant 2), removable PSA (quadrant 3), cold-temperature
regions were largely disconnected, which potentially explaPSA (quadrant 4), and general PSA (central region). Using the
why the SAOS rheology was similar bet@biggHs, and frequency data acquired for the master curves, it was possible
2N5oMso, despite the derence in the hard-phase content. to establish VWs f@NsgHs, and 2NsgMse. As shown in
Taken together, tH#N; Hs, and2NsgMsq networks have very  Figure 8, much of the VW fd@NsgH 5 and2N5gMg, falls in
similar continuous phases whileuing starkly in the amount quadrant 2, suggesting that the two materials would perform as
and distribution of hard phase throughout the materiahigh-shear PSAs. These types of PSAs are typically
representing an ideal system to assess the impact of DRiEracterized by a high storage modulus which contributes
morphology on adhesive properties. to the higher shear strength relative to other PSAs. Generally,
As an initial investigation into the adhesive properties of thtee di erences in the VW f@8NsgHs0 and2NsgMsg highlight
DRIPS networks, SAOS frequency studies were used to furtkiee ability to tune the adhesive response through manipulating
probe the PSA characteristics of the dynamic sysSigme (  the electronic nature of the dynamic bond, suggesting that
S9. Frequency sweeps from 0.01 to 100 rad/s were conductéature optimization of the dynamic network composition could
at di erent temperatures centered around the target operatit@rget spect PSA applications. To assess the shear resistance
temperature of 28C. Using the timetemperature super- of these adhesives, shear adhesion failure temperature (SAFT)
position principleRigure S1)Q a master curve was generated tests with a 100 g hanging load were carried out. The SAFT
at a reference temperature of°25 Figure & shows the  measurements indicated failure temperature®afnd 54
master curves f@NsgHso and 2NsgMso as determined by °C for 2NsgHso and 2NsoMsg, respectively=gure SI2 The
multiple frequency sweeps shifted according to the WLF trend in the failure temperatures is consistent with the VW
(2N,gg was determined to be too glassy at room temperaturpredictions, and the relatively low values are likely a
Figure SI)1 Using these master curves, two principles wereonsequence of accelerated dynamic exchange inducing creep
applied to dene their ability to act as PSAs: the Dahlquistin the adhesive.
criterion and the viscoelastic window (VW). According to the Inspired by the potential adhesive characteristics of the tM
Dabhlquist criterion, for materials to be useful as PSAs, theyns, the mechanical performance of these materials was
should possess a storage modGljsess than & 10 Pa (at assessed for both pressure-sensitive and hot melt adhesion.
1.0 rad/s) at the operating temperaftif&hile it is clear that  Three dierent testing methods were employed to evaluate the
2N5oMs, meets this criterion (dashed liregure @) at room adhesive properties of thms: tack and 180-degree peel tests
temperatureZNsgHs has a modulus slightly higher than that for probing their PSA abilities and normal force ptdists to
would be ideal according to Dahlquist. While usefulras a determine their adhesive strength as HMAs. To assdssthe
approximation, the Dahlquist criterion serves only as as PSAs, the hybrid networks were prepared as tapes with
benchmark for PSAs. As such, ChangedePSAs by Kapton backing on either side (Bgperimental SectjoTo
identifying a VW within which PSA applications could bepply, the desired shape was cut from the tape, and the two
identi ed?® Using isothermal frequency studies, a VW iKapton sheets were pulled apart to expose the adhesive
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a. Dahlquist Criterion 2N5oMs, did demonstrate enhanced overall tack strength
10° ™ T | o | o} T | ™ . . . . . .
Py g . relative t2NsgHs with increasing applied foréegure B).
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Figure 6.(a) Master curves from the WLF temperature shift factor 111
(ar) of SAOS rheology frequency studiefggHs, (violet) and 1.0
2N5oMso (cyan) [amplitude (strain) = 1.0%; reference temperature = 0.9 ] :\
25°C]. Dashed lines highlight the Dahlquist criterion 18 Pa at z ] N .- T e~ e
1 rad/s). (b) VWs for2NsgHs, (violet) and2NsMs, (cyan) with T 08+ =
corner numbers (1) corresponding to modulus values from master & ;] ‘\
curves in plot a. Gray region highlights moduli outside of the typical £ 1 \
VW plot. S %°1 \
< 05 !
B Rl
material. This process served to protect the adhesive surfac & = | o
from contaminants and oxidation while also ensuring that the E 0.3
material was rmly attached to the Kapton substrate, % 0.2+ - o- 2Ny M,
facilitating an accurate measurement of PSA properties. 0.1 - m- 2Ny H,,
To begin assessing the PSA properties of the tM tapes, tacl 00.] °
experiments were carried out. Samples were mounted onto the o 2 4 6 8 10

lower plate of a rheometer, and the top plate was pressed intc
the adhesive with a varied axial force (0.1, 1.0, and 10 N) for
10 s at room temperature. The force curve was then evalue:g:

Cycle #

for both pull-o strength (peak force reached during the tac igure 7.Graphical summary of the (a) peak force and (b) adhesive

. . trength for tack test 8NsgHsg, (violet) and2NggMsq (cyan) with
test) and adhesive/cohesive strength of tack (area under the | rjaple applied force (8 mm parallel plate, 10 s application time,

force curve). As expected, higher applied force resulted in 4y 0.1 mm/s strain rate). (c) Graphical representation of the peak
increase in both the peak force and the adhesive tack strengiffte for 10 consecutive repeat tack experimen2NgHs,
(Figure @&,b). Interestingly, both adhesives demonstrat@gquares) an@NsMs, (circles) (8 mm parallel plates, 0.1 mm/s
similar peak forces across the range of applied forces. Howestediin rate, 60 s adhesion time, and 1.0 N applied force).
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This result is potentially a consequence of the resistance datperforms2NsgHsy in peel strength. To put these peel
ow of the larger amount of hard phas&NgHs,. As such,  results into an everyday context, identical experiments were
the tack strength @NsqHs, could be increased by extending carried out using double-sided stick tape (Scotch 3M), yielding
contact times, presumably giving the hard-phase domains timerage peel strength values of £.8403 N/mm igure
to redistribute themselvesiqure S1)3 Interestingly2N;qo S16 comparable to the hybrid dynamic networks. Taken
(which was not suited for room-temperature PSA applicationg)gether with the tack test results, which demonstrate that the
did not yield measurable PSA performance even at elevaf M5, material is more able tow upon exposure to brief,
temperatures (up to 12Q, Figure S14 presumably a result low-pressure forces (presumably a result of both the lower
of a higher overall amount of large hard-phase domains relatimedulus of the continuous phase and the relatively small
to the mixed systems. domains of the hard phasNsMs, is shown to exhibit a
A critical parameter of PSAs is their ability to maintain theibetter overall performance as a general purpose, rebondable
adhesive properties over several cycles. Generally speaki®SA. This agrees well with the rheological criteria as well:
PSA functions under working conditions that are relativel®NsyMs, met the Dahlquist criterion and had a VW more
short in adhesion time and small in applied force over theuited to a PSA regime.
course of several bonding cycles. As such, the performance &fi addition to the utility of these materials as PSAs, the
the dynamic adhesives under cyclic loading conditions wasset of macroscopicow, the temperature-dependent
assessed using a middling set of parameters (60 s adhesipnamic exchange equilibrium, and the presence of reinforcing
time and 1 N applied force). Using the same tack test setup laard phase in the DRIPS adhesives imply that these materials
previously described, samples of each material were testedifould be able to operate as HMAs. By heating the DRIPS
10 consecutive tack cycles at room temperatigied ¢). materials abovel50°C, the molten adhesive carciently
Comparing the tack of the two materiadid;Hsy shows a ow between substrates and, upon cooling, form bridging hard-
stark drop in the peak force after thst bonding cycle, phase domains that should lend signit strength to the
possibly arising from diulties in rearranging the hard-phasebonded assembly. To evaluate their performance as HMAs,
domains after the initial loading conformation. Despite thisquares of the original pressed DRIRS (not tape) were
drop in performance, it is important to note that both hybridused to adhere two aluminum I-bars together 4C1&ce
materials had overlapping values of peak tack fdt&eN) cooled, the two I-bars were loaded into a uniaxial tensile
and tack strength (5 N's) for all cycles, excluding thist testing apparatus, and the adhesive strength dimtiveas
(Figure S1BK These results highlight that both DRIPS determined Kigure @). The strongly bounaN,,, material,
adhesives displayed relatively consistent PSA characteristiobde unable to perform as a PSA due to the high glass
over the course of repeated adhesions, demonstrating tin@nsition temperature, performed impressively in a hot melt
rebondability of these materials. context, leading to high values of adhesive strengttt (0.80
Another useful metric for assessing the PSA performance®i®7 MPa). In agreement with the temperature ramp rheology
the peel strength. To investigate the peel performance of theudies, the2N,qq material did not undergo a sigaint
DRIPS adhesives, the tapes were evaluated using a 180-degmesunt of ow even when processed at AB{Figure ).
peel test at room temperature. Prior to testing, the tapes wdiewever, despite the glassy natu2dgf, the samples failed
cut into rectangular strips and mounted onto a glassohesively, implying strong adhesion to the aluminum
microscope slide, and a strip of aluminum foil was pressedbstrate.
onto the exposed adhesive surface. The foil strip was therDespite their ability to deform at room temperature, both
peeled at a 18@&ngle from the top of the microscope slide,2NsgHs, and 2Ns;Ms, demonstrated impressive adhesive
and the force was monitored (seeithigerimental Sectifor strengths when applied as HMAs, particiNgghyso,, whose
complete details). As showrkigure 82Ns;Ms, consistently  performance (0.84 0.1 MPa) matched that 2N,4, In the
case of both hybrid materials, the initalx 5 x 0.4 mm
material underwent sigoéant ow when processed at 280)
leaving much larger cohesive failure footpfigsré €,d)
than those left byN;q, thereby acting as more agent
HMAs on a volumetric basis (force valudsgnres & and
S17h). The outstanding HMA performance 2M;,Hs, is
largely a result of the relatively high amount of hard-phase
domains throughout the sample, whickiantly dissolve/
spread upon exposure to high temperatures and act to bridge
substrates upon cooling. This result clearly demonstrates the
potential impact of tuning the morphology of DRIPS-based
adhesives, which enableg tiargeting of performance
parameters ranging from low strength, rebondable PSAs to
high-strength HMAs.

CONCLUSIONS

Hybrid tM networks composed of ditopic acceptor compounds
) _ _ (1) and an oligomeric thiol compone®MMS demon-
Figure 8.Representative peel test curve2MgiHso (violet) and  girateq the ability to function as both PSAs and HMAs. Their
2NsMso (cyan). viscoelastic behavior at room temperature met the Dahlquist
criterion (modulus < 8 1 Pa at a testing frequency of 1.0
rad/s), indicating their potential for use as PSAs. Cyclic tack
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The ltrate was washed thoroughly (three or more times) with brine
(sodium chloride-saturated water) and dried with magnesium sulfate.
DCM was removed from the solution via rotary evaporation, and the
resulting yellow oil was dried overnight under high vacuum (MW =
284.15 g/mol, yield = 70% by ma%4d)NMR [500 MHz in CDC};
ppm: 3.54 (s, 2H), 3.68 (s, 2H), 3.76 (t, 2H), and 4.39 (t, 2H)].
13C NMR (101 MHz in CDG} 163.11, 112.99, 70.68, 68.62, 65.77,
24.73).
TEG Bis(4-nitrobenzalcyanoacrylate)N). TEG bis-
(cyanoacetate) (1, 5 g, 0.018 mol, 0.14 M) and 4-nitrobenzaldehyde
(5.74 g, 0.038 mol) were added a 250 mL round-botskniwith
DCM (130 mL) and 0.15 M equivalents of catalytic triethylamine
(TEA, 0.3 mL, 0.003 mol). Theask was then placed under a
nitrogen atmosphere and allowed to stir using a magnetic stir bar
overnight. DCM was removed using rotary evaporation, and the
resultant oil was triturated in MeOH for 2 h. The solution was
Itered, and a solid powder was collected. This trituration process was
repeated until theltrate was clear and colorless, leaving behind a
reddish, clumpy powd&d NMR [500 MHz in CDC};, ppm: 3.77
(s, 2H), 3.89 (t, 2H), 4.54 (t, 2H), 8.16 (d, 2H), 8.34 (s, 1H), and
8.37 (d, 2H)].1*C NMR (126 MHz in CDG} 161.95, 152.06,
149.78, 136.82, 131.59, 124.36, 114.36, 106.90, 53.90), and MALDI-
MS (573.46, [M] + N9. Yield by mass = 45%.
TEG Bis(benzalcyanoacrylatéHy, TEG bis(cyanoacetate) (1,
5.00 g, 0.018 mol, 0.14 M) and benzaldehyde (4.03 g, 0.038 mol)
were added to a 250 mL round-bottaask with DCM (130 mL)
and 0.15 M equivalents of catalytic TEA (0.3 mL, 0.003 mol). The
ask was then placed under a nitrogen atmosphere and allowed to stir
using a magnetic stir bar overnight. DCM was removed using rotary
evaporation, and the resultant oil was triturated in MeOH for 2 h. The
solution was ltered, and a solid powder was collected. This
(gray),2NsHs, (violet), and2NsgMs, (cyan) binding two aluminum  colorlessH NMR [500 MHz in CDCY;  ppm: 3.77 (s, 2H), 3.88 (t,
substrates adhered at 180 (strain rate = 1 mm/min). ~ 2H), 4.51 (t, 2H), 7.53 (t, 2H), 7.58 (t, 1H), 8.01 (d, 2H) and 8.28
Representative photographs of hot melt samples after failure, @ 1H)]- C NMR (101 MHz in CDG}  162.51, 155.35, 133.40,
demonstrating cohesive failure: 200 (C) 2NsgHso and (d) 131.45, 131.15, 129.30, 115.36, 102.80, 70.91, 68.80, 65.81). Yield by
2NsoMs; (scale bar = 1 cm). mass = 51%. ,
TEG Bis(4-methoxybenzalcyanoacrylatéM)( TEG bis-
. . (cyanoacetate)1( 5.00 g, 0.018 mol, 0.14 M) and 4-methox-
and peel tests veed that the dynamic networks were able 0y penzaldehyde (5.17 g, 0.038 mol) were added to a 250 mL round-

perform well as PSAs. In addition to their PSA properties, th@ttom ask with DCM (130 mL) and 0.15 M equivalents of catalytic
phase-separated morphology of the adhesive networks mag® (0.3 mL, 0.003 mol). Thask was then placed under a nitrogen
them candidates for HMAs. Theatent degrees of phase atmosphere and allowed to stir using a magnetic stir bar overnight.
separation produced starklyedént adhesive strengths in this D_CM was_removed using rotary evaporation, and the resultant oil was
context, with the highly phase-separadgHs=, material triturated in MeOH for 2 h. The solution wétered, and a solid
showing signcantly enhanced HMA performance. OngoinngWder was collected. This trituration process was repeated until the
research seeks to better understand the DRIPS process aég;%te was clear and colorld$sNMR [500 MHz in CDCY - ppm:

function of thermal annealing conditions and polythio 02 EZ 22|l_—||)) i’fg étz(z)l—g %a%c(sﬁ,\;% ?i?)?[ E\t,”j';")n Egl(%gd, 2H),

architecture. 163.86, 163.14, 154.66, 133.74, 124.36, 116.08, 114.79, 99.14, 70.90,
68.87, 65.54, 55.64). Yield by mass = 51%.
EXPERIMENTAL SECTION Synthesis of tM Networks2)( tM networks were prepared

Materials. PMMShomopolymer (47k Da) was purchased from following previously reported methods with minor matibns.
Gelest and used without further peation. All other reagents were Brie y, ditopic Michael acceptofs Eigure t) andPMMS (Figure
purchased from Sigma-Aldrich. Solvents for reactionmarasting 1c) were dissolved in chloroform, stirred for 2 h &C5@nd cast
were purchased from Fisher ScientDeuterated solvents were onto Teon drying dishes. Théms were dried overnight at room
purchased from ACROS Organics. All chemicals were used tasperature and then transferred to a vacuum oven°@t &t
received without further pwation unless otherwise noted. dried under reduced pressure for 24 h. The networks were then

Synthesis of Bisbenzalcyanoacrylate Compounds.The heated to 1560C and held isothermally under a reduced pressure for
ditopic compounds were synthesized in two steps as previou8§ min to remove any trapped solvent before compression molding.
described®°In the rst step, the bis(cyanoacetate) core, triethyleneThe samplelms were pressed at 70 for 10 min under 10 kpsi
glycol (TEG, 20.0 g, 0.13 mol, 0.78 M), and cyanoacetic acid (23.2(g/ms containing onliN were pressed at 9020°C). In total, three
0.27 mol) were combined in a 500 mL round-bot@sk with 0.12  tM networks were prepareé2N,;qo, as well as two hybrid materials
M equivalents of catalyfi¢oluenesulfonic acid monohydrate (3.0 g, composed ofN with 1H (2NsgHsg) and 1IN with 1M (2N5gMsg).

0.016 mol) in toluene (166.7 mL). The setup was equipped with &he subscript denotes the mole percent (mol %) of each acxeptor (
waterless condenser and a D&8#ark trap, heated to 105 under a = 100 or 50) relative to the total amount of thiol.

nitrogen atmosphere, and stirred using a magnetic stir bar for ca. 18 Thermogravimetric Aanalysis. Thermogravimetric analysis was
(overnight). Once complete, the solvent was removed via rotaperformed using a TA Instruments Discovery thermogravimetric
evaporation. The resulting yellow oil was diluted with ca. 300 mL afhalyzer in the Soft Matter Characterization Facility at the University
methylene chloride (DCM), and the remaining salts \tered out. of Chicago. Samples were tested under a nitrogen atmosphere using
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platinum pans. Tests were conducted using a ramp°Gfniid placed in an oven at 180 for 10 min after which it was removed

from the starting operating temperature (c&C3%o 600°C. and allowed to cool on the benchtop with the clips attached for
Nuclear Magnetic Resonance.Nuclear magnetic resonance another 10 min. Once cooled, the clips were removed, and the

(NMR) was performed using a 500 MHz Bruker AVANCE II+ 500adhered I-bars were loaded onto the Zwick clamps. Adhesive strength

11.7 T NMR or a Bruker AVANCE IIl HD 500 11.7 T NMR of the hot melt bond was measured at 1 mm/min, and the area used

spectrometer at the NMR facilities at the University of Chicago. Fdor calculating the adhesive strength was estimated from the average

experimental temperatures in the range oA®5C, a standard  area of the circular adhesive footprint left after the bond failed.

plastic sample spinner was used; for equilibrium measurements at or

above 53C, a ceramic spinner was used. Sample temperatures were ASSOCIATED CONTENT

measured through the use of an ethylene glycol stéinsedthe *  Supporting Information

Supporting Informatidfor further information. 0‘5he Supporting Information is available free of charge at

DSC.DSC was performed using a TA Instruments Discovery 25 ) . .
di erential scanning calorimeter in the Soft Matter CharacterizationPS://pubs.acs.org/doi/10.1021/acsami.1c05813

Facility at the University of Chicago. Samples were prepared in  Additional characterization of adhesive networks includ-
aluminum hermetic pans from TA Instruments and were hermetically  ing TGA, DSC, temperature-dependent NMR methods,

sealed. Typical test conditions involved a keat cool heat and spectra, AFM height traces, SAOS frequency
procedure from (20°C/200°C/ 80°C/200 °C) with a rate of 10 sweeps and adhesive test resuihs) ('
°C/min. ’
Rheology. Rheology was performed using a TA Instruments RSA-
G2 ARES rheometer with a forced convection overb@O0C) AUTHOR INFORMATION

attached to an air chiller systen1Z0 20 °C) and running TA Corresponding Author

Trios software in the Soft Matter Characterization Facility at the Styart J. Rowan Pritzker School of Molecular Engineering
University of Chicago. An 8 mm stainless steel parallel plate was used 5nq Department of Chemistry, University of Chicago

for all tests. For frequency sweeps, the sample was equilibrated at the Chicago, lllinois 60637, United States; Chemical Science and

testing temperature for 5 min before the experiment was started. After Engi ina Divisi d Center for Mol lar Endi .
equilibration, a frequency sweep from 0.01 to 100.0 rad/s was done at ngineering LIvision an enter for Molecular Engineering,

1.0% strain. Subsequent sweeps were conducted by increasing the Argonne National Laboratory, Lemont, lllinois 60434,
temperature by & and re-equilibrating for 5 min before beginning United Stateg; orcid.org/0000-0001-8176-0594
the frequency experiment. Email:stuartrowan@uchicago.edu
Tensile Analysis.Tensile analysis was performed using a Zwick-
Roell zwickiLine Z0.5 materials testing instrument with either a 100 fiuthors . . .
(peel tests) or 500 N (hot melt tests) load cell in the Soft Matter Katie M. Herbert Pritzker School of Molecular Engineering,
Characterization Facility at the University of Chicago. University of Chicago, Chicago, lllinois 60637, United
AFM. AFM images were collected using an Asylum Research States orcid.org/0000-0002-4640-4225
Cypher ES Environmental microscope. Tapping-mode imaging wasNeil D. Dolinski Pritzker School of Molecular Engineering,
performed using Asylum Research FS-1500-AuD cantilevers with ynjversity of Chicago, Chicago, lllinois 60637, United States
resonant frequencies of 1.5 MHz. Images were collected at a scan ratRicholas R. Boynton Pritzker School of Molecular

of 2 Hz (for2N,q9 or 5 Hz (for 2NsgMsq and2NsgHs0) with a 500 : p . : : . L
mV set point in the repulsive mode (to prevent tip-induced damage of Eﬂ%gdeesrtlg'%SUnlverSIty of Chicago, Chicago, lllinois 60637,

the sample surface). To achieve adequate phase contrast/ima . .

clarity, sgmples Wer)e imaged af’(35(forq2Nloo) por 0 °C (for Julia G. Murphy Department of Chemistry and James
2NsMs, and 2NsgHso) in an argon atmosphere with cell gauge Franck Institute, UanGrSlty of Chlcago, Chlcago, Illinois
pressures of 30 mbarg. Samples were equilibrated for 5 min at the 60637, United States

desired temperature prior to imaging. Images were processed with &harlie A. Lindberg Pritzker School of Molecular

rst-order atten. Engineering, University of Chicago, Chicago, lllinois 60637,
Preparation of tM Adhesive Tapes.The Im of interest was United States
pressed between two Kapton sheets &1280d 1 kpsi for 10 min, S. J. Sibener Department of Chemistry and James Franck

creating an adhesive layer that was approximatefy t06k. Tapes : ; ; : ; P
were cooled to room temperature on the benchtop and stol at Institute, University of Chicago, Chicago, lllinois 60637,

°C until needed. United States

Tack Tests.The tack of the TM tapes was evaluated using a TAComplete contact information is available at:
Instruments ARES-G2 rheometer equipped with an 8 mm Staimeﬁﬁtps://pubs.acs.org/lO.1021/acsami.1005813
steel parallel plate. Samples were cut in 8 ®mMmm squares and
mounted onto the lower plate using double-sided tape. An axial forggtes
(0.1 N, 1.0 N, or 10 N) was applied to the sample for a predetermin ; ol
period of time (20 s, 60 s, or 120 s) after which the upper plate weai'ilit,he authors declare no competingncial interest.
removed from the adhesive at a constant rate of 0.1 mm/s.

180° Peel Tests.The adhesive tape was cut into a strip ca. 5 mm ACKNOWLEDGMENTS
wide and 70 mm long. The strip was adhered to a glass microscoplis work was supported by the Division of Materials Research
slide using a strong cyanoacrylate-based adhesive. The free Kaptbthe NSF (awar#1609076) and in part by NIST contract
surface was removed immediately prior to testing, and a strip ©ONANB15D077, the Centerr fddierarchical Materials
aluminum foil (approximately 10 mm wide and 200 mm long) wapesign (CHiMaD), and the University of Chicago Materials
adhered to the tM adhesive by rolling with a weighted 1 kg rollggasearch Science and Engineering Center (MRSEC) (award

(taking care to not exert additional force onto the sample). Th%DMR—2011854) N.D.D. thanks the Pritzker School of

aluminum foil was folded in half, and the setup was mounted into t| I lar Enaineering for it thr h tdoctoral
Zwick grips. Peel tests were run for a travel distance of 50 mm a | ecuia gineering for Suppo ough a postdociora

strain rate of 10 mm/min. ellowship. Parts of this work were carried out at the Soft

Hot Melt Adhesion Tests.A 5 mmx 5 mm square of the original ~Matter Characterization Facility and at the MRSEC Character-
pressedIms (not tape) was situated between two aluminum I-barézation Facility at the University of Chicago (award number
which were then clamped together with clips. The entire setup widMR-2011854).
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