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ABSTRACT: Of importance for adhesive materials, particularly
pressure-sensitive adhesive (PSA) systems, is the ability to
increase bulk toughness without reduction of adhesion. Previous
approaches for increasing PSA durability sacrifice permanent
cross-linking or adhesive potential, limiting performance. In this
work, covalent adaptable networks (CANs) derived from thiol-
thioester exchange (TTE) are utilized as a basis for adhesive
films. Tensile and single-lap shear tests were conducted for
adhesive materials containing no filler, 15 wt % nanoparticles
functionalized with thioester-containing acrylate, or 15 wt %
nanoparticles functionalized with nonthioester-containing acryl-
ate. Additionally, fatigue experiments were conducted on unfilled
adhesives. Results indicate that TTE improves toughness, adhesion, and fatigue in unfilled materials. Filled adhesives with
activated TTE showed a nearly fourfold increase in adhesion with slightly reduced toughness compared to uncatalyzed filled
specimens. This work has implications in many industries, from biomedical to automotive, as toughness and fatigue resistance
are important considerations for adhesive applications.
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■ INTRODUCTION

Adhesives are an attractive approach both in combination with
and in place of other methods of material bonding (such as
mechanical fastening, welding, or soldering) due to their low
cost, ease of use, low specific weight, ability to bond a variety
of materials, and limited geometrical or thermal restrictions.1,2

One important class of these versatile materials is pressure-
sensitive adhesives (PSAs), which are ubiquitous for
applications that require rapid and/or temporary binding,
including adhesive tapes, permanent and removeable labels,
medical bandages, and sticky notes. Moreover, PSAs require
little-to-no substrate surface preparation, easily bind to high-
energy surfaces, and are readily tuned for adhesion to a variety
of low-energy surfaces. Key properties including low modulus
and viscoelasticity provide good surface contact between a PSA
and the desired substrate after the application of light pressure,
enabling the physical interactions that are responsible for
adhesionsuch as hydrogen bonding, van der Waals forces,
and chain diffusionto occur without additional heat or
curing.1−3 However, the same properties that make PSAs
attractive materials (most notably low modulus) also lead to
poor cohesive strength and toughness, limiting their use to low
stress applications. Two important strategies for improving
toughness in PSAs that have been previously implemented are
(i) inclusion of sacrificial or labile bonds and (ii) reinforce-
ment with inorganic fillers.

Sacrificial or labile bonds are weak or temporary moieties
that are deliberately designed to break or dissociate in response
to sufficiently large stresses, alleviating stress buildup to
prevent or delay failure. Approaches for incorporating
sacrificial or labile bonds include designing systems with
hydrogen bonding,3−6 coordination bonds,7,8 double or triple
networks,9−12 and dynamic covalent chemistries.13−15 In many
of these systems, the physical and/or supramolecular
interactions that dissipate energy via bond dissociation do so
at the cost of ultimate mechanical strength, due to the often-
weaker physical bonds that make up the material. Double or
triple networks incorporate weak chemical bonds in secondary
and/or tertiary networks to dissipate energy and improve
toughness without reducing properties like modulus and
strength in the virgin material. However, destruction of the
secondary and/or tertiary network(s) is irreversible, accumu-
lating both molecular and material damage that ultimately
leads to permanent loss of mechanical properties and eventual
failure of the adhesive bond.12,16−19
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In conventional polymer networks, permanent covalent
cross-linking precludes many of the aforementioned toughen-
ing mechanisms. However, a great deal of effort has gone into
the development of covalent adaptable networks (CANs) as a
class of cross-linked materials capable of actively reshuffling
covalent bonds. In these cross-linked networks, covalent bond
reorganization occurs by incorporation of one of several
dynamic covalent chemistries (DCCs), which are activated by
light, elevated temperature, or the presence of a catalyst.20

When DCCs are leveraged, CANs promote advantageous
behaviors otherwise not associated with cross-linked polymer
networks, such as intrinsic self-healing, stress relaxation, fatigue
resistance, and toughening. This rich field of inquiry consists of
a variety of dynamic moieties, including Diels−Alder link-
ages,21 transesterification,22,23 disulfide exchange,24 addition−
fragmentation,25−29 and thiol-thioester exchange (TTE),30−33

among others, which make up an ever-broadening toolbox for
CANs design.
While DCCs generally are of interest for materials science

applications, the TTE is particularly appealing for PSAs
because the resulting network may display dynamic behavior
for the duration of the material service life without significant
changes in cross-linking density and without the need for an
external user to activate a healing mechanism. TTE requires a
basic or nucleophilic catalyst and an excess of thiols in the
network to promote exchange, increasing the rate of exchange
as the basicity or nucleophilicity of the catalyst increases.30

While the exchange mechanism differs for basic and
nucleophilic catalysts, excess thiols are desirable for any
dynamic behavior to occur.30 In either case, exchange occurs in
the network as long as catalyst is present, and the rate of bond
exchange is highly tunable by the choice and concentration of
the base or nucleophile catalyst.
Inorganic fillers are high modulus additives that toughen

composite materials. They are employed in a vast range of
materials from structural materials to dental restoratives to car
tires, enabling energy dissipation at the filler−matrix interface
by mechanisms such as crazing,34 cavitation,35 and desorption
of polymer chains36 from the filler surface. Even low filler
loadings have been found to significantly improve stiffness and
ultimate strength with minimal adverse effects on elongation,
resulting in a substantial increase in toughness.37−39 For
adhesives, an increase in modulus is often accompanied by a
decrease in adhesive properties. This trade-off is particularly
relevant in PSAs because tack (immediate “stickiness” of the
adhesive) is directly tied to rapid surface contact and surface
interactions, which are adversely affected by an increased
modulus.
In this work, thiol-thioester exchange and functionalized

inorganic fillers, specifically silica nanoparticles (SNPs), are
implemented in tandem to improve the performance of
pressure sensitive adhesives with the goal of using the
strengths of one approach to complement the weaknesses of
the other. Silica nanoparticles were chosen due to their
prevalence of use, ease of functionalization, and potential for
dynamic bond exchange. Although on much longer time scales
than the DCCs proposed here with thiol-thioester exchange, it
has been shown that siloxane bonds are also dynamic and may
contribute to dynamic viscoelastic behavior in networks.40 In
prior work, the incorporation of DCCs in bulk resin, SNP filler
surface, or both in glassy nanocomposites has been shown to
enhance the mechanical properties of the bulk composite
through the reduction of stress both in the resin and at the

particle interface41,42 as well as introduce reprocessability in
these materials.43,44 While a key driving force for toughening in
such glassy materials arises from reducing stress due to
volumetric shrinkage (which is far less prominent in low
modulus networks), a significant additional improvement in
toughness arises when the dynamic chemistry is active during
mechanical testing. One of the factors driving this increase in
toughness is relaxing stresses and even healing of damage
sustained at the filler−resin interface, which is a site of stress
concentration45 in these materials.
In contrast, the approach used here is to implement surface-

functionalized SNPs in combination with TTE to improve
toughness and adhesion in low modulus, rubbery films to
produce functional PSAs derived from thiol−ene monomers. It
is hypothesized that incorporation of DCCs into rubbery
networks will enhance adhesion, with greater and more rapid
adhesion predicted to scale with more rapid TTE kinetics, and
that this bond rearrangement will facilitate not only enhanced
adhesion but also improved fatigue behavior as a result of the
effective self-healing ability in CANs. Further, given the
importance of the interface between the particles and resin, the
effects of having or not having the TTE reaction at the
interface are evaluated.

■ EXPERIMENTAL METHODS

Materials. Pentaerytritol tetrakis(3-mercaptopropionate)
(PETMP), 1,4-diazabicyclo[2.2.2]octane (DABCO), and Irgacure
819 (I819) were obtained from Sigma-Aldrich and used without
additional purification. The thioester-diene (TE-diene) was synthe-
sized using methods reported elsewhere.31 OX-50 silica nanoparticles
(average diameter of the agglomerates was approximately 40 μm)
were generously donated by Evonik Silicas and used for the inorganic
fillers. These fillers were functionalized using methods reported
elsewhere.41

General Procedure for Sample Preparation. One equivalent of
TE-diene was mixed with 0−15 mol % DABCO relative to TE-diene
depending on the sample, 0.3 wt % MEHQ as a radical inhibitor
during mixing, followed by 1 wt % I819 as a visible light photoinitiator
and 0 or 15 wt % SNPs in filled samples. One equivalent PETMP (2:1
ratio of thiol to alkene) was added, mixed well, then the mixture was
placed under vacuum for several minutes to remove air bubbles due to
mixing. For SNP-filled samples, SNPs were dispersed in the TE-diene
mixture via sonication, vortex mixing, and manual stirring to ensure
homogeneous mixing of the SNPs. PETMP was then added, and the
mixture was fully homogenized. Samples were cured with 400−500
nm visible light at 70 mW/cm2 for 5 min on each side and allowed to
sit at room temperature for 24 h. For tensile testing, resins were cured
directly in silicon rubber molds between glass slides. For all other
testing, laminated films were initially created using silicon rubber
spacers placed between two glass plates.

Stress Relaxation. Stress relaxation was measured by a TA Q800
dynamic mechanical analyzer. Samples were held at a constant 5%
strain and allowed to relax for 60 min at 25 °C. The relaxation time
was determined from a plot of the normalized stress vs time. The
characteristic relaxation time was taken to be τ* and found by fitting
these curves to the stretched exponential function e−(t/τ*)β (τ* and β

values are reported in Table S1).
Tensile Testing. Tensile testing was performed on an Exceed

Model E42 MTS with a 500 N load cell. Specimens were cast directly
into dog bone-shaped molds with testing dimensions (L × W × Th)
of 15 × 3 × 0.5 mm after the preparation described above. Tensile
tests were performed at 0.067 min−1 until failure, in triplicate at
minimum. Raw data was smoothed using Lowess smoothing, and the
toughness was taken as the total area under the stress−strain curve
until failure for each sample. The results stated in the following
sections were determined to be statistically significant by unpaired
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Student’s t tests with an alpha of 0.05 and a minimum of three
replicates.
Lap Shear Adhesion. Adhesive strength was determined using a

tensile single-lap shear experiment. Adhesive samples with dimensions
(L ×W × Th) of 20 × 2.5 × 0.5 mm were prepared and supported by
a thin, strong elastic backing. Substrate samples consisting of filler-free
and catalyst-free versions of the adhesive samples were prepared in an
identical manner. Adhesive and substrate samples were adhered via
light pressure with an overlap of 2.5 × 2.5 mm. Staples brand invisible
tape was added to both sides of the bonded specimens, spaced 2.5
mm away from the overlap region, for additional grip support. A
schematic of the prepared specimens can be found in Figure S4.
Prepared specimens were evaluated at different dwell times and tested
in tension until failure at a constant crosshead speed of 0.1 mm/s with
a load gap of 15 mm in a TA RSA-G2 dynamic mechanical analyzer.
Failure mode (adhesive, cohesive, or mixed) was noted for each
specimen. The results stated in the following sections were
determined to be statistically significant by unpaired Student’s t
tests with an alpha of 0.05 and a minimum of three replicates.
Fatigue. Specimens for fatigue testing were prepared in the same

manner as for lap shear adhesion but with larger dimensions (20 × 5
× 0.5 mm, L × W × Th, with a 5 × 5 mm overlap and Staples brand
invisible tape grip supports 5 mm away from the overlap region).
Samples were loaded into one grip of a TA RSA-G2 analyzer with a
load gap of 20 mm before zeroing the instrument force measurement.
The other end of the specimen was secured to the second grip, and
the load gap was adjusted manually to return to a reading of zero axial
force on the instrument. Specimens were cyclically loaded under
uniaxial tension with 6% strain at 10 Hz or 2% strain at 5 Hz for a
maximum of 100 000 cycles or until failure.
Characterization. Dynamic Mechanical Analysis. The glass

transition temperature was measured by a TA RSA-G2 dynamic
mechanical analyzer. Measurements were collected at a frequency of 1
Hz and a temperature ramp rate of 3 °C/min. Specimens were cut
into a rectangular shape (L × W × Th, 10 mm × 4 mm × 0.5 mm).

■ RESULTS AND DISCUSSION

The monomers used to produce adhesive films are depicted in
Figure 1a. In all cases, a CAN was produced with TE-diene and
PETMP via the thiol−ene reaction initiated by Irgacure 819
with 400−500 nm light. To accommodate the need for excess
thiols to promote TTE (Figure 1b), one equivalent of PETMP
with one equivalent TE-diene was used, resulting in a 2:1 ratio
of thiol-to-ene functional groups. The nucleophilic catalyst

DABCO was selected because: (i) it shows excellent activity in
the TTE reaction and (ii) nucleophilic catalysts have been
shown to have a minimal effect on the final conversion in the
radical-mediated thiol−ene reaction used to polymerize these
materials.30 Although a small decrease in rubbery modulus was
observed with the addition of catalyst due to the ability of the
nucleophilic catalyst to add across a thioester and temporarily
lower the local cross-linking density, the glass transition
temperature was not affected by catalyst loading over the range
of DABCO concentration used in this study (0−15 mol %)
(Figure S1).

Unfilled Adhesives. Stress relaxation was performed to
characterize the effect of the TTE rate as controlled by the
catalyst concentration on the time scale of macroscopic
material behavior for films containing 0, 3, 6, 9, 12, and 15
mol % DABCO (Figure 1c). Herein, the use of a 0% catalyst
loading sample serves as an effective negative molecular control
on the impact of the TTE reaction on the material behavior. In
the absence of the catalyst, despite the remainder of the
network structure being identical to the other samples, only a
minimal amount of TTE will occur. As expected, no relaxation
is observed in specimens that do not contain catalyst. As the
catalyst concentration increases, a nonlinear decrease in
relaxation time occurs from 40.6 min at 3 mol % catalyst to
4.5 min at 15 mol % catalyst (Figure S2 and Table S1). This
decreasing relaxation time indicates that the more rapid
rearrangement of covalent bonds with increasing catalyst
concentration is manifest in more efficient stress dissipation.
This observation is consistent with previously reported
relaxation times for increasingly basic and/or nucleophilic
catalysts, and it serves as a useful baseline to compare adhesive
performance and mechanical properties at varying catalyst
concentrations.
Toughness was calculated from tensile stress−strain curves

(Figure S3), tested at 0.067 min−1, for each of the above
catalyst concentrations (Figure 2a). Even a small amount of
DABCO results in a decrease in modulus and ultimate tensile
stress while simultaneously increasing the elongation at break.
This behavior is attributed to energy dissipation from covalent
bond rearrangement, which reduces the maximum stress

Figure 1. (a) Structures of the thiol, thioester containing alkene, and photoinitiator used to synthesize adhesive films as well as the nucleophilic
thiol-thioester exchange catalyst. All samples contain 1 equiv of PETMP, 1 equiv of TE-diene, 1 wt % I819 relative to the monomers, and various
mol % DABCO relative to TE-diene. (b) General scheme of thiol-thioester exchange. (c) Stress relaxation curves for thiol−ene adhesives with
various mol % DABCO as the nucleophilic catalyst at an applied strain of 5%.
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buildup while allowing greater displacement and rearrange-
ment of the polymer chains, even in the otherwise cross-linked
network. For lower (3 and 6 mol %) catalyst loadings, the
decrease in modulus and ultimate tensile stress compared to
the uncatalyzed system is offset by the increase in elongation,
resulting in nearly identical toughness to the catalyst-free
control. The 9 mol % DABCO samples exhibit some recovery
of the tensile strength in combination with greater elongation,
resulting in a peak toughness value over the range of
concentrations measured. There is a subsequent decrease in
the ultimate tensile strength at the highest catalyst loading (15
mol %) that decreases the toughness below the peak value at
this strain rate, although the toughness remains greater than
the uncatalyzed control. There is some indication as to why
this occurs when toughness is shown as a function of the
characteristic relaxation time in Figure 2b. Here, it is clear that
there is not an appreciable net effect on toughness for samples
with relaxation times longer than approximately 15 min.
However, materials with relaxation times under 15 min (9, 12,
and 15 mol % DABCO) display toughness values greater than
that of the catalyst-free formulation. This behavior suggests a
relationship between the relaxation time, which is intrinsic to
the material, and productive bond rearrangement, that
improves the material performance. In the context of these
tensile experiments, although 9 mol % represents an optimal
loading for achieving toughness in these unfilled films, a
sufficiently high rate of TTE is required to increase the
toughness in these soft materials.
Adhesive strength measured by lap shear for this range of

catalyst concentrations is shown in Figure 3a. The substrate
chosen for these tests is the same thiol−ene material as the
adhesive but without the presence of the catalyst. Lap-shear
strength was measured at two dwell times, or durations that the
substrate and adhesive were in contact: 120 min and less than
5 min (as short of time as practical to prepare the sample and
run the test). At all catalyst concentrations, the longer dwell
time improves lap shear strength by a factor of 2 or greater. For
the short dwell time, the strength reaches a peak around 9 mol
% DABCO, although this value is not statistically different at
the 95% confidence level from the lap shear strength values of
the other catalyst-containing samples. When allowed to dwell
for 120 min, the adhesive strength increases with catalyst
concentration, reaches a maximum at 9 mol %, and then
decreases as catalyst loading is increased further. In materials
where no catalyst is present, it is expected that longer dwell
times provide more time for physical interactions and better

surface contact between the adhesive and the substrate to
develop. When TTE is also active, even at low catalyst
concentrations, bond exchange at or near the interface likely
has two notable effects at short dwell times. First, any covalent
bonds that form in that time are inherently stronger than
physical entanglements and van der Waals forces. At the same
time, those same covalent bonds promote additional surface
contact and physical interactions. Both effects strengthen
adhesion at long times.
The peak in lap shear strength after 120 min can be

attributed to a shift in failure mechanism as catalyst
concentration increases (shown in Figure 3a). Specimens
containing 0, 3, and 6 mol % DABCO fail adhesively,
indicating that the interfacial adhesive strength is lower than
the cohesive strength of the material itself. However, at and
above 9 mol % catalyst, the failure mechanism switches from
adhesive failure solely at the interface to cohesive failure of the
adhesive material on either side of the lap joint, suggesting that
performance is limited by bulk material properties rather than
interfacial bonding. This conclusion is strengthened by the fact
that toughness and lap shear strength exhibit similar behavior
with respect to characteristic relaxation time (Figure 2b and
Figure 3b, respectively), reaching a maximum within the same
range of relaxation times. When taken together, these
observations indicate that although shorter relaxation times
may well promote better adhesion through covalent bond
exchange, care must be taken to avoid deterioration in cohesive
strength at relaxation times lower than the optimal range as
cohesive strength is the limit of strength in this regime. Despite
this issue, the decrease in lap shear strength associated with
increased catalyst loading (and decreased relaxation time) is
sufficiently small that it is unlikely to be realized in practice by
the user. Efforts could be taken to increase the cohesive
strength of the materials in this short relaxation time and
cohesive failure regime as a method to increase PSA
performance.

Fatigue Testing of Unfilled Adhesives. Although simple
mechanical toughness and adhesive strength are crucial to the
performance of PSAs and have been shown to improve with
addition of optimal TTE-based formulations, the ability to
maintain performance after repeated use is often even more
important to consider. To evaluate the long-term durability of
adhesive films with DCCs under cyclic loading, fatigue testing
was performed on unfilled specimens with 0, 3, 6, and 9 mol %

Figure 2. (a) Toughness measured by tensile test as a function of mol
% DABCO tested at a strain rate of 1 mm/min. (b) Toughness as a
function of the characteristic relaxation time as measured by stress
relaxation for each catalyst concentration. Toughness values were
calculated by taking the area under the stress−strain curve. Error bars
are the standard error at each catalyst concentration with a minimum
of five replicates.

Figure 3. (a) Lap shear strength as a function of catalyst
concentration for short dwell times (<5 min) and after 120 min
dwell time. The solid lines indicate the lap shear strength with no
catalyst. (b) Normalized lap shear strength (normalized to the
strength measured for the 0% catalyst sample to indicate the increase
over TTE-inactive control) as a function of characteristic relaxation
time. The lap shear values are normalized to the samples that do not
contain catalyst, which is indicated by the dashed line. All error bars
represent the standard error of the data.
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DABCO loading. Conditions for testing were derived from lap
shear tests, with a 0.5 mm thick test sample adhered with a 5 ×
5 mm overlap onto a 0.5 mm thick catalyst-free TE-diene and
PETMP substrate, both supported by a strong elastic backing.
The single-lap joint was fatigued under uniaxial tension and
strain-control at 6% strain and a frequency of 10 Hz until
failure or 100 000 cycles. A strain of 6% was chosen because it
corresponds to 65−75% of the failure strain for unfilled lap
shear samples with higher DABCO loading (6 and 9%), as
reported above for similar lap shear specimens with an overlap
region smaller than these fatigue samples. The cycles-to-failure
for adhesive films containing at these catalyst concentrations
are shown in Figure 4a.

Despite large variability in total number of cycles until
failure, activation of TTE in these networks demonstrates
fatigue resistance, as evidenced by an increase in the number of
cycles-to-break and a shift in failure mechanism (Figure 4b).
For samples without TTE (0 mol % catalyst), failure is rapid,
smooth, and interfacial after an average of 15 cycles. When
thioester exchange is active, the lap joint demonstrates
dramatically enhanced resistance to fatigue, breaking after an
average of 300 and 750 cycles with 3 and 6 mol % catalyst,
respectively. At these concentrations, a stick−slip failure
mechanism is observed. As the samples fatigue, repeated
“slipping” and “sticking” occurs, during which the adhesive film
first slides across then catches the substrate. This mechanism,
which is consistent with the DCC-based self-healing in these
materials, allows the material to delay catastrophic failure,
increasing the total number of cycles sustained before
complete interfacial separation. This stick−slip phenomenon
was observed in some but not all 3 and 6 mol % samples,
contributing to the large variability in cycles-to-break for these
groups. For the highest catalyst loading tested (9 mol %
DABCO), the sample survived the duration of the 100 000
cycle tests with an initial drop in storage modulus but no
obvious change beyond the first 200 cycles, suggesting a lap
joint whose strength is maintained for the majority of the
fatiguing process evaluated here.
To quantify better the fatigue behavior of the unfilled

material without catalyst, milder fatigue conditions were also
applied. Fatigue at a strain of 2% with a frequency of 5 Hz was
conducted on 0 and 3 mol % DABCO specimens. Under these
conditions, the control failed after approximately 20 000 cycles,
while the 3 mol % DABCO sample survived without change in

storage modulus after 100 000 cycles. This demonstrates that
with fatigue conditions that are more favorable to the control
group, even relatively low concentrations of TTE-enabling
catalyst significantly enhance material fatigue resistance.

Filled Adhesives. OX-50 SNPs were surface functionalized
with acrylate moieties that either contain thioester (TE-SNP)
or do not contain thioester (C-SNP) (Figure 5a). All filled

adhesive samples contained 15 wt % particles. A catalyst
loading of 9 mol % was chosen as the optimal catalyst
concentration based on the unfilled PSAs as described above.
The addition of either the control or thioester SNPs did not
change the glass transition temperature as compared to the
unfilled samples, as would be expected (Figure S6), although a
small decrease in cross-linking density with catalyst presence
was observed here as it was for the unfilled films. Additionally,
there were no differences observed in characteristic relaxation
time between films made with either SNP type (Figure S6),
indicating that the primary source of stress relaxation in this
test occurs within the matrix.
Toughness was evaluated for each nanocomposite adhesive

film (Figure 5b) based on the tensile stress strain curves
(Figure 5c) under the same conditions as their unfilled
counterparts at the same 9 mol % catalyst loading. Addition of
filler into the adhesive system increased toughness by nearly
340% in catalyst-free formulations, largely because of increases
in material stiffness caused by the inorganic filler. This effect is
less pronounced for catalyst-containing films, where C-SNP
and TE-SNP adhesives displayed an 82 and 99% increase,
respectively, in toughness relative to unfilled material at the
same catalyst loading, noting that the difference in toughness
between samples filled with C-SNPs and TE-SNPs is not
statistically significant. It is important to stipulate that the
unfilled system with catalyst is already toughened significantly
by TTE. The increase in toughness for filled-TE adhesives is
200−230% compared to the unfilled, non-TE control.
Irrespective of the point of reference, TTE does not further
increase toughness in filled samples at this filler loading, in
contrast to what is observed for unfilled samples. This suggests
that, given 15 wt % filler and 9 mol % DABCO, the increase in
toughness is driven by filler reinforcement.

Figure 4. (a) Cycles to break during fatigue testing at 6% strain and
10 Hz for 0, 3, and 6 mol % DABCO. The 9 mol % DABCO
specimens are not depicted here because they did not fail after the full
duration of 100 000 cycles. Error bars represent the standard error of
the data. (b) Representative log−log plot of the storage modulus as a
function of number of cycles during fatigue testing for 0, 3, 6, and 9
mol % DABCO samples.

Figure 5. (a) General structures for SNPs without thioester-
containing acrylate (C-SNP, control) or with thioester-containing
acrylate (TE-SNP). (b) Toughness measured in tensile testing with
15 wt % control SNPs, 15 wt % TE-SNPs, or without filler when TTE
is inactive (0 mol % DABCO) or active (9 mol % DABCO). (c)
representative stress−strain curves for tensile testing films with C-
SNPs, with TE-SNPs, or without filler. Variation in mechanical
properties is clearly seen with the addition of catalyst (solid lines)
compared to catalyst-free formulations (dashed lines). All error bars
represent the standard error.
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This apparent decrease in effectiveness of DCCs and filler
incorporation to increase toughness likely is due to differences
inherent to filled versus unfilled networks. For soft unfilled
materials, the bulk of the network is allowed to deform under
tensile forces. At appropriate catalyst concentrations, covalent
bond rearrangement throughout the network reduces stress
buildup and promotes further elongation before failure,
offsetting the associated decrease in modulus and tensile
strength. In soft filled materials, most of the deformation takes
place in the low modulus organic matrix, which no longer
occupies the entire material volume and is constrained by the
filler. Consequently, when DCCs are activated, stresses are still
continuously relaxed by covalent bond rearrangement, but the
increase in elongation no longer offsets the decrease in
modulus and ultimate tensile strength. This observation may
serve to explain why activation of TTE with the addition of
catalyst displays a decrease in toughness for filled materials,
which is unexpected given the substantial increase TTE
activation supplies for the unfilled materials. The effect of
DCCs lowering the modulus may limit the performance in the
filled systems while the effect of DCCs greatly increasing
elongation enhances the performance for unfilled systems.
With respect to tensile lap shear strength, filled PSAs exhibit

similar behavior to their unfilled counterparts (Figure 6b). In
all cases the adhesive strength of the unfilled materials is
stronger than that of the filled materials (shown in Figure 6a),
but to different degrees. Without catalyst, a longer dwell time
(120 min) increases the adhesive strength by roughly 50% for
both filler types. This similar increase for both systems is
expected, given that without catalyst there should be no
difference between the C-SNP and TE-SNP filled networks.
When DABCO is present to activate TTE, both filled materials
experience an increase in adhesive strength, but with two
differing outcomes, depending on dwell time: (1) At short
dwell times (<5 min), there is still no discernible difference in
adhesive strength between the two SNP types, while (2) at the
longer dwell time, the increase in adhesive strength for TE-
SNP-containing films is statistically higher (p-value <0.001)
than the increase in strength associated with C-SNP-containing
films, which do not contain a TTE-capable filler−resin
interface. The addition of a dynamic filler−resin interface

leads to roughly twice the increase in adhesive strength than
the same material without the dynamic interface.
As stated above, unfilled materials reach a higher tensile lap

shear strength in each case. However, the normalized lap shear
strength values depicted in Figure 6b shows that the relative
amount by which TTE improves adhesion differs both by
material and dwell time. For short dwell times (small time
scales), physical and chemical interactions between the
substrate and adhesive have little opportunity to fully develop.
As a result, the fractional increase in adhesive strength due to
TTE is similar for the unfilled (67%), C-SNP (51%), and TE-
SNP (55%) materials. At longer dwell times, physical and
chemical association between substrate and adhesive have
sufficient time to develop, enhancing tensile lap shear strength
significantly for all three materials (107, 88, and 260% for
unfilled, C-SNP, and TE-SNP films, respectively) compared to
the same material without catalyst.
There are likely two reasons for this dramatic increase in

strength after long dwell times when TTE is active. First, TTE
increases creep in cross-linked networks. As discussed
previously, increased TTE exchange rates that lead to material
flow facilitate surface contact at the macroscopic and
microscopic scales to improve adhesive strength over time.
Second, because both substrate and adhesive contain thioester
and free thiols, TTE can occur across the interface. Covalent
bonding at the interface, in addition to physical bonding
mechanisms, greatly increases binding strength over time,
effectively blending adhesive and substrate where they meet.
These effects are enhanced by TE surface-functionalized fillers,
likely because (i) the dynamic interface allows for more facile
motion of the organic matrix around the SNPs, increasing
adhesive flow to the substrate surface, and (ii) the surface
functionalization of the TE-SNPs enable the filler particles
themselves to engage in dynamic exchange with the substrate,
possibly reinforcing the network not only in the bulk of the
material but also directly at the substrate−adhesive interface.

■ CONCLUSIONS

An investigation of how TTE and functionalized silica
nanoparticles affect the performance of pressure-sensitive
adhesives composed of thiol−ene films was carried out.

Figure 6. (a) Tensile lap shear strength as a function of dwell time (<5 or 120 min), filler type (C-SNPs, TE-SNPs, or Unfilled), and catalyst
loading (0 and 9 mol % DABCO). (b) Tensile lap shear strengths of DABCO-containing films normalized to their corresponding DABCO-free
formulations for samples containing C-SNPs, TE-SNPs, or no filler. Dashed line indicates baseline value given no change from uncatalyzed controls.
All error bars represent the standard error.
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Analysis demonstrated that for unfilled films, an optimal
dynamic exchange catalyst loading existed that significantly
increased film toughness and lap shear strength compared to a
control without DCCs. It is hypothesized that there is a
relationship between the DCC reaction rate, the characteristic
relaxation time of the material, and the maximum properties.
Inclusion of functionalized nanofiller into these films further
increased material toughness and modulus but with a slight
sacrifice of tensile lap shear strength. This sacrifice in lap shear
strength could be largely mitigated via activation of thiol-
thioester exchange. This effect was especially pronounced for
specimens containing thioester-functionalized filler, where
tensile lap shear strength more than tripled upon activation
of the DCC at the interface.
Furthermore, the fatigue properties of unfilled pressure-

sensitive adhesives were evaluated, showing that specimens
with active thiol-thioester exchange could withstand cycles-to-
break several orders of magnitude higher than specimens
without dynamic bonding. Together, these results demonstrate
that both the toughness and the adhesive performance of
pressure-sensitive adhesives are improved and tailored based
on inclusion of dynamic chemistries in the bulk phase and/or
at the filler interface. These conclusions have implications in
design strategies for adhesive systems for use in a variety of
fields, including aerospace, automotive, and dental industries,
among others.
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