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ABSTRACT: Adhesives are ubiquitous in manufacturing spanning
nearly all sectors from healthcare and photovoltaics to aerospace
and electronics. Yet many commercial polymers remain challenging
to adhere, necessitating either pretreatment, mechanical fastening,
or adhesive processes that involve specialized equipment, high +
temperature/vacuum, and long cure times. Thus, rapid-cure
adhesives for polymers that can set under ambient conditions
using simple procedures are desirous because they offer cost
savings, faster production, and greater design freedom to
producers. Herein, we report a powerful adhesive platform that
bonds a wide scope of commodity polymers via (hydrogen) atom
transfer and free-radical (graft) polymerization initiated with a
trialkylborane—ligand complex and isocyanate decomplexing agent.
The developed adhesive formulation is air-stable, bulk, and operates in air at room temperature using a high-glass-transition
temperature polyacrylate, i.e,, poly(isobornyl acrylate). The alkylborane-initiated bonding process is rapid (~30 min), requires
minimal surface preparation (cleaning and mild roughening), and successfully bonds seven diverse substrates including
polytetrafluoroethylene, polyethylene, polypropylene, polycarbonate, nylon, polymethylmethacrylate, and polyvinylchloride. This
contribution uniquely investigates the process—property relationships for the adhesive formulation, lap-shear performance,
mechanism of failure, and a reactive additive for enhancing the adhesive’s glass-transition temperature to ~120 °C (polyhedral
oligomeric silsesquioxane or POSS) to widen its operation temperature. We envision that the reported alkylborane-initiated
adhesion platform could hold promise in the automotive, aerospace, and marine sectors as means for rapid manufacturing and
structural adhesion.
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1. INTRODUCTION

Adhesives are a central aspect of numerous manufacturing and

that can set under ambient conditions and use simple
processes are desirous, thus enabling cost savings, faster

assembly processes, spanning healthcare, photovoltaics,
automotive, and aerospace sectors.’' Despite their vast
implementation, many polymeric substrates of commercial
relevance remain notoriously difficult to adhere,” especially
with the most widely produced polyolefins like polyethylene
and polypropylene.3 Commonly, when attempting to adhere
such polymer substrates, poor adhesion and hence mechanical
properties are obtained, mandating the use of expensive
pretreatment (e.g., corona, flame, plasma, acid treatments)™>
or post-adhesion reinforcement by mechanical fastening.*
Compounding the prior problem, even when adhesion is
possible, the process of adhesion can be ineflicient and
complex involving specialized equipment and/or conditions
consisting of high temperatures, long cure times, and vacuum.”
Today, epoxy adhesives are one of the most commonly used
structural adhesives for bonding in the automotive, aerospace,
and electronic sectors;* however, these adhesives commonly
require multiple hours to bond and staged curing schedules
involving multiple/elevated temperatures or reduced pres-
sures.””” Hence, rapid-cure adhesives for polymeric substrates
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production, and greater design freedom to producers.

Herein, we seek to develop a simple, versatile, and rapid
bonding system composed of a moderately high operation
temperature adhesive with minimal surface pretreatment. We
envisioned that complexed alkylboranes, a subject our group

. 8—14
and others, have recently pursued for various purposes,
could enable such an adhesion process because they offer rapid
rates, room-temperature radical reactions, and safe handling
under atmospheric conditions. While alkylborane adhesion of
polymeric substrates has been disclosed via free-radical

- o . 15-20 :
polymerization, primarily in expired patents and briefly
X . . o 2123
in the literature using methacrylate (co)polymerizations,
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Scheme 1. Reaction Mechanism and Adhesion Process via Complexed Alkylboranes under Ambient Conditions

AB-L+M DB+ M polymer

substrate

mix & drop-cast

—_—

. + B
I Step 1 P

adhesive
= solution
——4 ) (100 pL)

pressure adhere & cure

\./

———————

cured adhesive

/ Step 2

Step 1: Alkylborane Initiation J‘
R

R DB
\ R \ 0,
R/ - / R+ = RO-, RCH,,

RO,+, and R,BO-

L DB-L R

AB-L

Step 2: Substrate Activation and (Graft) Polym.

entanglements

TSR %

H o %

H Re _H monomer (M) %
e

-H - :)M ,%(/

-H H &)

to our knowledge nothing has been reported on solely acrylate-
based alkylborane adhesives. In these literature reports, methyl
methacrylate was polymerized alone or with butyl acrylate on
polypropylene or polyethylene. Here, we explore a new
acrylate-based adhesive with a relatively high-glass-transition
temperature that exhibits rapid/ambient bonding with seven
commodity polymer substrates. An acrylate-based adhesive was
an important design criterion because the monomer should
provide favorable kinetics needed for a rapid and high-yielding
adhesive under ambient conditions. In this contribution, we
uniquely take an in-depth look into the process—property
relationships for the adhesive formulation, lap-shear perform-
ance, mechanism of failure, and substrate scope and explore a
reactive additive for further enhancement of the adhesive’s
thermal properties and operating temperature.

Toward our goal, we developed a two-step, reactive adhesion
process for commodity polymer substrates using an alkylbor-
ane—ligand complex (AB—L). In the first step, a solution of
AB-L in the monomer (M) is combined with a second
solution of a deblocker (DB) in the monomer that is then cast
onto a polymeric substrate, as shown in Scheme 1 (Step 1).
During this step, the complexed alkylboranes are deblocked,
generating uncomplexed trialkylboranes, which autoxidize at
diffusion-controlled reaction rates”® and in turn produce
several es of radicals (alkoxy, alkyl, peroxy, and boryl
radicals).”” In the second step, while pressing the adhesive
between two substrates, the generated radicals simultaneously
initiate free-radical polymerization and graft polymerization
from the substrate (Scheme 1, Step 2). Unlike other radical
processes, alkylborane initiation tolerates atmospheric con-
ditions and can avert O, inhibition because it consumes O,
during radical generation.”***” Moreover, in the second step,
interfacial bonds and entanglements are formed between the
adhesive and the substrate primarily through hydrogen atom
transfer (HAT), which introduces radicals onto the substrate’s
polymeric backbone that initiate graft polymerization.”>**
Alkoxy radicals are well-known to participate in HAT
reactions”™” and are one of the major radical products generated
from the autoxidation of alkylboranes.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. All monomers were used as
received including isobornyl acrylate (IBOA, Sigma-Aldrich),
isobornyl methacrylate (VWR), and styrene (Acros Organics).
The AB—L complex, tri-n-butylborane 3-methoxypropylamine,
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was donated from Callory LLC (Pittsburgh, PA) and stored in
a glovebox. All other reagents, including isophorone
diisocyanate (IPDI, 98%, Sigma-Aldrich), methacrylic acid
(TCI Chemicals), polyhedral oligomeric silsesquioxane with
eight acrylopropyl groups (90%, Hybrid Plastics), and Super P
carbon black (99+%, Alfa Aesar), were used as received. All
polymer substrates were ordered from McMaster-Carr and cut
into 10.2 X 2.5 X 0.3 cm (4 X 1 X 1/8 inch) specimens from
original bars of 38 X 1 X 1/8 inch. The polymer substrates
include polypropylene (part number: 8782K11), polycarbon-
ate (part number: 1749K119), high-density polyethylene (part
number: 8671K11), polytetrafluoroethylene (part number:
8735K12), nylon 66 (part number: 8733K11), polyvinyl-
chloride (part number: 8740K11), and polymethylmethacry-
late (part number: 1227T119).

2.2. Characterization. 2.2.1. Single Lap-shear. Single lap-
shear tensile tests were performed on a servohydraulic Instron
using either a 1 or 25-kilonewton load cell. All tensile tests
were carried out at room temperature under a crosshead speed
of 1.27 mm/min (0.05 in/min) in accordance with ASTM
D1002-10.°° A pair of self-aligning grips were used to hold the
outer 2.25 inch of each end of the single lap-shear joint.
Mechanical properties including modulus, stress at break,
strain at break, and toughness were calculated from generated
stress—strain data. The elastic modulus was quantified as the
slope of the stress—strain curve up to 0.2% strain. The stress
and strain at break were reported at the point of failure for the
alkylborane adhesive. Toughness was calculated as the area
under the stress—strain curve until the point of failure using
OriginLab software. All mechanical properties were reported as
the mean values of at least three replicates and the error as one
standard deviation about the mean.

2.2.2. Nuclear Magnetic Resonance (NMR). Proton NMR
was used to calculate all monomer conversions from vial
polymerizations. NMR spectra were obtained using a Varian
Unity Inova 500 MHz spectrometer at room temperature with
CDCl; as the deuterated solvent. All spectra were recorded
using 64 scans with a relaxation delay time of 1 s. All chemical
shifts were referenced to chloroform.

2.2.3. Differential Scanning Calorimetry (DSC). DSC was
used to calculate the glass-transition temperature of the
adhesive formulations synthesized from vial polymerizations.
Thermograms were recorded using a heat/cool/heat proce-
dure with a ramp rate of 10 °C/min. The glass-transition
temperature was identified at the inflection point from the
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Figure 1. (A) Chemical structures of monomers, deblockers, and initiators used in optimizing the adhesive formulation. (B) Evaluation of three
monomer classes using AB—L initiation. Conditions: bulk polymerization with IPDI deblockers and [NCO]/[AB-L] ~ 1.25/1 for 24 h. (C)
Evaluation of the deblocking functional group (FG) and concentration. Conditions: bulk polymerization with [AB—L] ~ 1 wt % for 24 h. (D)
Kinetics of IBOA polymerization. Conditions: bulk polymerization with IPDI deblockers, [AB—L] &~ 1 wt %, and [NCO]/[AB—L] =~ 1.25/1 for 24

h.

second heating cycle using Universal V4.5A TA Instrument
software.

2.2.4. Keyence VK-3000 Laser Profilometer. The laser
profilometer was used as a noncontact three-dimensional (3D)
surface profiler to perform a high-resolution thickness analysis
of the adhesive film and failure mechanism. Bond line
thicknesses were conducted by averaging six measurements
of the height change from the neat substrate to areas where the
adhesive resided after failure. Failure analysis images were
recorded from the same area on complimentary substrates of a
single lap-shear joint after failure.

2.3. Synthetic Procedures. 2.3.1. Alkylborane-Initiated
Free-Radical Polymerization. A representative alkylborane-
initiated free-radical polymerization, formulated to have a
[AB—L] ~ 1 wt % and a molar ratio of [NCO]/[AB—L] ~
1.25/1, was conducted as follows. The AB—L complex was
removed from the glovebox and used within 3 h. Under
ambient conditions, two 20 mL scintillation vials were used to
prepare two stock solutions referred to as vials A and B. In vial
A, 0.042 g of AB—L was added to 2.00 g of IBOA. In vial B,
0.022 g of IPDI was added to 2.00 g of IBOA. Each stock
solution was separately vortexed for 15 min to ensure
homogeneity. To commence polymerization, equal masses
(~2.00 g) of vials A and B were combined in a new 20 mL
scintillation vial and hand-mixed for 15 s. The scintillation vial
was then left to polymerize without further interruption for 24
h. NMR was conducted after 24 h of polymerization and
monomer conversion was quantified using the equation shown
in Figures S1-S3.

2.3.2. Substrate Preparation. Polymer substrates were
ordered from McMaster-Car and cut using a band saw into
specimens of dimensions 10.16 X 2.54 X 0.318 cm (4 X 1 X 1/
8 inch), which were then assembled and bonded in a lap-shear
configuration using a 2.54 X 2.54 cm overlap area. Prior to
adhering the substrates into single lap-shear joints, the
substrates were first wiped with acetone. The wiped substrates
were then sanded with an 80-grit sandpaper using three passes
(forward—back—forward) in each orientation (—45/90/45°)

to provide a consistent surface roughening. Following sanding,
the surfaces were deburred thoroughly with a tack cloth to
remove loose debris. Next, the substrates were cleaned with a
final acetone wash. These steps were followed for each type of
substrate, except for polycarbonate and polymethylmethacry-
late, which were wiped with hexanes instead of acetone.

2.3.3. Lap-shear Joint Preparation. Lap-shear specimens
were synthesized in sets of five to ensure that average
mechanical values could be calculated. To do so, a lap-shear jig
was fabricated to facilitate consistent preparation of the lap-
shear specimens. After the substrates were prepped using the
method described in Section 3.2., the lap-shear jig was sprayed
with a nonstick Teflon spray. Once the spray dried, the overlap
region on the fixture was covered with an aluminum foil to
prevent the samples from sticking to the jig. The substrates
were then placed into the jig and adhered using 100 L of the
reaction mixture (i.e, the adhesive), which fully covered the
overlap area with minimal flash. Finally, a one-kilogram weight
was immediately placed on top of the overlap region for 1 h,
unless otherwise stated.

2.3.4. Synthesis of the Poly(isobornyl acrylate) Adhesive
and Lap-shear Joints. All formulations used for testing were
performed in bulk (no solvent). The AB—L complex was
removed from the glovebox and used within 3 h. A
representative alkylborane-initiated adhesion experiment, for-
mulated to have a [AB—L] ~ 1 wt % and a molar ratio of
[NCO]/[AB-L] =~ 1.25/1, was conducted as follows. Under
ambient conditions, two 20 mL scintillation vials were used to
prepare two stock solutions referred to as vials A and B. In vial
A, 0.044 g of AB—L was added to 2.00 g of IBOA. In vial B,
0.022 g of IPDI (equivalent to 0.20 mmol NCO) was added to
2.00 g of IBOA. Each stock solution was separately vortexed
for 15 min to ensure homogeneity. To commence polymer-
ization, equal masses (~2.00 g) of vials A and B were
combined in a new 20 mL scintillation vial and hand-mixed for
15 s. Afterward, 100 uL of the reaction mixture was
immediately transferred to the middle of the exposed overlap
region of the substrates held in the lap-shear jig. Immediately
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Figure 2. Schematic of the adhesion process, mechanical testing, and analysis of lap-shear specimens fabricated using alkylborane adhesion.

thereafter, the second substrate was placed on top of the
adhesive and first substrate so that there was a 1-inch overlap.
Finally, a one-kilogram weight was immediately placed on top
of the overlap for 1 h, unless otherwise stated. The same
procedure was utilized for the incorporation of carbon black or
POSS by adding them to vial A. We note that the mol. % POSS
was calculated as the percentage of moles from POSS over the
summation of the moles from AB—L, POSS, IPDI, and IBOA.

3. RESULTS AND DISCUSSION

3.1. Determining the Adhesive Formulation: Mono-
mer, Deblocker, and Kinetics. Before carrying out lap-shear
tests to evaluate performance, we first sought to optimize our
formulation for the monomer/deblocker and to gain a sense of
the polymerization kinetics. Three classes of monomers
(acrylate, methacrylate, styrenic) and two classes of deblockers
(isocyanate, carboxylic acid) were explored to optimize the
system for a maximum monomer conversion. As shown in
Figure 1A, we selected isobornyl acrylate (IBOA), isobornyl
methacrylate (IBOMA), and styrene (S) as the monomers and
isophorone diisocyanate (IPDI) and methacrylic acid (MAA)
as the deblockers. The monomers were selected because of
their inertness toward the AB—L complexes, hydrophobicity,
low-vapor pressure, and their polymers’ relatively high-glass-
transition temperatures (Tg > 90 C’C).g’1 System performance
was evaluated via bulk polymerizations under fully ambient
conditions by combining an initial solution of deblockers in
monomers with a second solution of AB—L in monomers.
After briefly mixing, the polymerization mixtures were allowed
to react for 24 h before the conversion was determined by
NMR (see Figures S1—S3).

Our experimentation revealed that acrylates performed the
best, providing the highest conversion of monomer with the
least amount of AB—L initiator under ambient conditions
(Figure 1B). For example, at 0.5 wt % of AB—L, IBOA
achieved a monomer conversion of ~78%, whereas IBOMA
reached only ~28% and styrene ceased to exhibit polymer-
ization. In addition to monomer conversion, the acrylate

system required the least amount of AB—L to initiate
polymerization compared to the methacrylate and styrenic
monomers. The onset of polymerization for IBOA was only
~0.12 wt % of AB—L, whereas IBOMA required at least ~0.26
wt % and styrene required excessive amounts of AB—L (> 1 wt
%) for any polymerization to occur. These conversion trends
can be rationalized by the propagation rate coeflicients of the
monomer classes at 30 °C (acrylate &~ 1-3E4, methacrylate ~
4-9E2, styrene ~ 1E2 M™' s7') with larger rate coefficients
favoring higher pol;rmerization rates and conversions under
similar conditions.”* Hence, moving forward, we down-
selected our monomers to IBOA and elected to employ a
[AB-L] ~ 1 wt % to be safely above the onset of
polymerization and to ensure moderate-to-high levels of
conversion.

To investigate deblocker type and its concentration, a series
of polymerizations were conducted with either IPDI or MAA
deblockers under a range of concentrations. These experiments
are shown in Figure 1C and the concentration of deblockers is
reported as the molar ratio of deblocking functional groups to
initiators or [FG]/[AB—L]. Our experiments reveal that
neither deblocker could induce any significant amount of
polymerization until the [FG]/[AB—L] ratio exceeded 0.2,
after which the conversion was found to plateau around 75—
80% for IPDI and 50—55% for MAA. These results align with
our previous experimentation showing that isocyanates are
more efficient deblockers than weak acids when employed at
low concentrations.” Moreover, the methacrylate functionality
on MAA likely contributed to the observed reduction in
conversion compared to the IPDI system. Finally, to gain a
sense of the kinetics, we selected IPDI as the deblocker
because of its higher conversions and employed it at a molar
ratio of [NCO]/[AB—L] = 1.25 going forward. Kinetic studies
showed that the polymerization of IBOA was very rapid,
achieving a maximum conversion of monomers in less than $
min (Figure 1D), accompanied by a large exotherm to ~100
°C in a few minutes. This outcome was not unexpected
considering the polymerizations were bulk and with an acrylic
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Figure 3. (A, B) Impact of AB—L concentration on the adhesive performance using PP substrates. Adhesive system: bulk IBOA, [NCO]/[AB—L]
~ 1.25/1, weight press time = 1 h, and cure time = 24 h. (C—D) Impact of time between synthesis and testing on adhesive performance using PP
substrates. Adhesive system: bulk IBOA, [AB—L] ~ 1 wt %. [NCO]/[AB—L] ~ 1.25/1, weight press time = 1 h, and cure time = 1, 3, 22, and 24 h.

monomer. We and others have observed rapid polymerization
rates when using acrylates and acrylamides in concentrated
polymerizations.'”*”** From these experiments, we identified
an optimal adhesive formulation that maximized monomer
conversion within a short timeframe, helping to facilitate a
rapid/ambient condition adhesion technology with a high-
glass-transition temperature poly(acrylate).

3.2. Understanding the Impact of Initiator Concen-
tration and Bonding Time on Performance. After
optimizing our adhesive formulation for monomer conversion,
we devised a simple bonding procedure to adhere polymeric
substrates under ambient conditions. As illustrated in Figure 2,
assembled lap-shear specimens were fabricated by placing 100
uL of our optimized adhesive onto an adherend and then
compressing the adhesive between a second adherend. Once
assembled, a one-kilogram weight was placed on top of the
adhesive joint for an hour, and the specimen was then allowed
to cure for an allotted time. The reported bonding process
conformed to ASTM D3136°° and was purposefully designed
to exclude complex surface treatments (corona discharge,
plasma, flame) or laborious curing profiles with staged heating/
vacuum that would necessitate equipment. All of the lap-shear
specimens were assembled in a jig to ensure consistent
alignment between adherends, and the mechanical properties
are reported as a mean from at least three replicates. As an
initial control, adhesions of polypropylene (PP) substrates with
AB-L and DB alone (no monomer) were found to be
incapable of providing a strong bond and easily fractured
during loading into the tensile tester, underscoring the
necessity of monomers.

Our initial lap-shear experiments were designed to under-
stand the impact of [AB—L] and bonding time on perform-
ance. First, we studied three AB—L concentrations with
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representative stress—strain curves for each concentration
shown in Figure 3A. Lap-shear experiments revealed that 1
wt % AB—L provided the best adhesive performance,
exhibiting an improved toughness, stemming from a twofold
enhancement in the modulus and an increased stress at break
(see Figure 3B), compared to formulations with half or double
the initiator. Strain at break values were largely unaffected
under our experimental conditions. We speculate that the
reduced performance of the adhesive at lower AB—L
concentrations is a result of a reduced grafting density and
monomer conversion, which would reduce polymer entangle-
ments and plasticize the adhesive. Conversely, the high
initiator concentration also experienced a poorer performance,
which is attributed to a very rapid polymerization rate that
provided insufficient time to apply the adhesive and assemble
the lap-shear specimen before vitrification, thus preventing an
intimate adherend—adhesive interface and alkoxy radical
generation on the substrate’s surface for graft polymerization.
These experiments highlight the importance of optimizing the
AB—L concentration for performance and the delicate balance,
which exists between maximizing the adhesive chemistry
(HAT and grafting) but not at the expense of an overly
diminished working time to apply the adhesive. To gain some
insight into the contribution of the adhesive chemistry, we
conducted an adhesion control experiment without any surface
roughening. Impressively, even if weaker, the PP adherends
were successfully bonded (Figure SS5). On average, a twofold
reduction in the modulus, stress at break, and strain at break
were observed and a fivefold decrease in toughness. This result
is not unexpected since adhesives applied as fluids provide
stronger bonds when using roughened substrates since the true
surface area is greater than its geometrical area.’* Importantly
though, this result underscores that the reaction and chemistry
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Figure 4. Adhesive performance and failure of seven commodity polymer substrates via alkylborane-initiated adhesion. (A) Stress at break values.
(B) Toughness values. (C) Modulus values. Adhesive system: bulk IBOA, [AB—L] = 1 wt %, [NCO]/[AB—L] =~ 1.25/1, weight press time = 1 h,
and cure time = 24 h. (D) Images of failure surfaces after lap-shear tensile testing. Carbon black was added to the adhesive for contrast.

(HAT, surface grafting, polymerization, entanglements, etc.)
play a contributing role to the adhesive’s mechanical
performance and that mechanical integration from roughening
is not the only factor.

Of central importance to our research was understanding the
bonding time because of its implications in enabling rapid
manufacturing and adhesion. Thus, we prepared a series of lap-
shear specimens with an identical adhesive formulation and
tested them over a range of cure times, ie., from the time of
assembly to the time of lap-shear testing. Overall, exper-
imentation revealed that regardless of the cure time, adhesion
between PP adherends was successful and that strong adhesive
bonds formed rapidly. Representative stress—strain curves at
short and long cure times are shown in Figure 3C. Lap-shear
specimens prepared over the course of 24 h experienced some
embrittlement evidenced by slightly higher moduli and
reduced toughness values, the latter of which stems from
lowered stress and strain at break values (Figure 3D). We
speculate that longer cure times allow for a continued reaction,
which would reduce any plasticization by residual monomers
and likely cause further contraction of the adhesive and more
internal stresses. Regardless, to further explore the limits of
cure time, we conducted one last experiment having a 30 min
weight press and cure time, which successfully bonded the PP
adherends at a comparable performance level (Figure S4). It is
important to note that this result is not directly comparable to
those reported in Figure 3C,D due to the differences in the
weight press time (30 vs. 60 min). Collectively, however, these
results demonstrate that the alkylborane adhesion system can
be used as a powerful means for bonding polymeric substrates
within minutes.

3.3. Evaluating Substrate Scope, Performance, and
Failure. Encouraged by the successful bonding of PP, we
investigated the breadth of commodity polymer substrates,
which could be adhered using alkylborane-initiated adhesion.
We rationalized that adhesion should be widely applicable to
many polymer substrates since the alkylborane adhesion
mechanism is generic, operating through an atom transfer
mechanism involving radicals. For instance, in the case of PP,
alkoxy radicals generated from the autoxidation of AB—L are
known to participate in hydrogen atom transfer from the 3°
carbons in the polymer’s backbone.”®** Thus, based on this

generality, we selected and attempted to adhere six additional
commodity substrates (Figure 4) including polytetrafluoro-
ethylene (PTFE), polyethylene (PE), polycarbonate (PC),
nylon 66 (N-66), poly(methyl methacrylate) (PMMA), and
polyvinylchloride (PVC). In each case, we utilized the same
adhesive formulation of 1 wt % AB—L, a ratio of [NCO]/
[AB—L] ~ 1.25/1.0, and a cure time of 24 h established from
our previous experiments. Strikingly, the alkylborane adhesion
system was found to bond all of the polymer substrates.
According to stress at break values (Figure 4A), PVC produced
the strongest bond at ~2.6 MPa and PTFE produced the
weakest bond at ~0.2 MPa, whereas the remaining four
substrates had an intermediate level of performance between
~0.4 and 0.6 MPa. Strains at break values were relatively
independent of the substrate type, all residing between ~1 and
2% strain with exception of PVC, which had a value of ~4%
(Figure S7).

To gain molecular-level insights into performance, we
determined the toughness of each adhesive joint (Figure
4B), which is known to reflect the number of entanglements at
the interface.>® We speculated when using AB—L adhesion, the
number of entanglements should be, in part, driven by the
degree of grafting from the substrate and its dependence on
the constituent bond dissociation energies within each
polymer’s backbone. Taking this into account, PVC was
found to have the largest toughness, indicating that the
adhesive generates the most entanglements with this substrate,
likely stemming from an increased grafting density and reduced
bond dissociation energy of the backbone C—Cl bonds (~85
kcal/ mol).37 In the case of PVC, carbon-centered radicals are
also known to readily abstract chlorine and thus expected to
contribute to an increased amount of grafting.38 In contrast,
PTFE had the lowest toughness value, suggesting a low degree
of entanglements/grafting, a consequence of the strong C—F
bonds (C—F ~ 127 kcal/mol),”” which are unlikely to
participate in atom transfer reactions. The remaining substrates
all had backbone C—H bonds with intermediate levels of
strength of at least 95—99 kcal/mol,*”** yielding toughness
values of 3.5—4.5 kJ/m?>. The tertiary C—H bond of PP, at the
bottom of the range (~95 kcal/mol), may also explain why PP
had a slightly larger toughness of 7 kJ/m® compared to the rest
of the group.
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Figure S. Top-down laser profilometer images of fracture surfaces in the overlap region of PE, PC, PP, N-66, PMMA, and PVC. Images were taken
from the same area on complimentary substrates of a single lap-shear joint. Red regions correspond to larger heights, whereas blue regions

correspond to lower heights.

In addition to the toughness, the lap-shear modulus was also
evaluated, revealing a wide range of values with more nuanced
levels of performance (Figure 4C). A glassy polymer’s modulus
is known to be related to the strength of interactions between
polymer chains.**~** Therefore, since all of the substrates and
pIBOA have glass-transition temperatures well-above room
temperature, " we reasoned that the differences in moduli are a
manifestation of the degree of favorable interactions at the
interface between pIBOA and the adherend. In general, less-
polar/fluorinated substrates exhibited lower moduli likely from
poorer interactions with pIBOA (i.e., PTFE, PE, PC, and PP <
45 MPa), whereas relatively more-polar substrates, closer to
pIBOA, displayed enhanced moduli (i.e., Nylon, PMMA, PVC
> 45 MPa).

After performance evaluations, we attempted to understand
the failure mechanism of the adhesive joint. Initial efforts were
unsuccessful because the adhesive was clear, making it difficult
to observe on the surface. Therefore, to improve contrast, a
series of lap-shear specimens were generated with a small
amount of carbon black in the adhesive formulation (~0.15 wt
%). Control experiments revealed that this low amount of
carbon black had a negligible impact on adhesive performance
(see Figure S8) and its ability to polymerize IBOA, i.e.,
conversion of ~79% with and ~83% without carbon black.
Upon inspection of the failed surfaces at any given location
within a pair (Figure 4D), the pIBOA adhesive was found
almost exclusively on one side or the other, indicating an
adhesive failure mode for all of the substrates. The light black
areas in the right images of PC and PMMA are adhesive flash
on the outside of the lap-shear joint and external to the overlap
region (ie., not adhesive materials between the adherends),

which can only be seen because the substrates are transparent.
Visual inspection of PE, PP, N-66, and PVC revealed that the
adhesive crack front started at each end of the overlap until
meeting near the center of the joint when the catastrophic
failure occurred. In the case of PTFE, the adhesive was only
located in a smaller localized area of the overlap because of
poor wetting and an inability to fully spread over the whole
joint. To further confirm the failure mode on samples without
carbon black, we employed laser profilometry, which allowed
us to produce topological maps of complimentary areas from
the two substrates that make up a single lap-shear joint (Figure
S). The images illustrate the average height of the neat
substrate surface and AB—L adhesive layer with lower regions
represented by blue-green and higher regions by yellow-red
regions, respectively. Inspection of the images bolsters our
experiments with carbon black, showing that the IBOA
adhesive existed primarily on one side or the other of all of
the substrates, pointing toward adhesive failure. In addition,
laser profilometry provided a simple means to determine the
bond line thickness of our adhesive by measuring the height
change from areas of the neat substrate to those where the
adhesive resided. After six measurements, we found that the
bond line thickness was reasonably constant between 20 and
50 um regardless of the substrate (Table S1).

3.4. Investigating the Effect of the Crosslinking Filler.
In a final set of experiments, we strove to increase the glass-
transition temperature of our adhesive by incorporating an
inorganic/crosslinkable filler in hopes of enhancing the
operating temperature. The incorporation of inorganic nano-
materials into adhesives, e.g., polyhedral oligomeric silsesquiox-
ane (POSS), has been shown to improve thermal/mechanical
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Figure 6. Impact of the POSS filler on the thermal properties of pIBOA and adhesive performance. (A) DSC thermograms of the pIBOA adhesive
formulated with 0, 2, and 4 mol % POSS from the second heating. (B—C) Impact of POSS on adhesive performance using PP substrates. Adhesive
system: bulk IBOA, [AB—L] = 1 wt %. [NCO]/[AB—L] &~ 1.25/1, weight press time = 1 h, and cure time = 24 h.

properties and offer a convenient means to tailor properties
even at low loadings.**™* Inspired by these studies, we
employed an eight-arm acrylate-functionalized POSS at low
loadings because it could readily undergo copolymerization/
crosslinking with our adhesive. Indeed, after incorporation of
POSS, the glass-transition temperature increased, changing
from 85 to 98 °C using 2 mol % POSS and further to 120 °C
with 4 mol % (Figure 6A). This 35 °C enhancement in the T,
can be attributed to the hindered mobility of pIBOA chains
after crosslinking.** Motivated by the improvement in T, we
subsequently explored the impact of POSS on the adhesive
performance. Overall, our lap-shear experiments revealed that
higher concentrations of POSS resulted in a decreased
mechanical performance as evidenced by a reduced modulus
and stress at break from 0.58 to 0.35 MPa and 43—22 MPa,
respectively (Figure 6B,C). Strain at break and toughness
values were statistically inconclusive but appeared to exhibit a
slight decline in performance when using 4 mol % POSS.
Hence, this experimentation revealed that a trade-off exists
between boosting the thermal properties at the expense of
adhesive performance via POSS.

In summary, we have developed an acrylate-based adhesive
capable of bonding polymeric substrates rapidly under ambient
conditions using complexed alkylboranes. Through optimiza-
tion experiments, an acrylic monomer and isocyanate
deblocker were found to provide the highest monomer
conversion with the least amount of the initiator, whereas
kinetic studies confirmed that a rapid polymerization occurred
in minutes with IBOA and IPDI. After developing a high-yield
adhesive formulation, lap-shear experiments were used to
evaluate the adhesive’s performance, revealing strong adhesion
of PP substrates in 20 min and that an intermediate
concentration of AB—L provided the best adhesive perform-
ance. The effectiveness of the AB—L adhesion platform was
found to be generic, successfully bonding a wide range of seven
commodity polymer substrates. To increase the operation
temperature of the AB—L adhesive, a crosslinkable POSS filler
was investigated, which was able to enhance the T, of the
adhesive but at the expense of the adhesive performance. In
this contribution, we reported and investigated a unique
acrylate-based adhesive that is driven by an alkylborane
initiator complex, which is capable of adhering a wide range
of polymeric substrates under exceedingly simple conditions
without elevated temperatures, vacuum, or extensive surface
treatments. We strive to further improve the adhesive
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performance of the AB—L adhesive platform and believe that
it holds promise for enabling rapid manufacturing and a
potential adhesive for the automotive, aerospace, and marine
sectors.
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