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ABSTRACT: Polymer networks are extensively utilized across numerous applications ranging from commodity superabsorbent
polymers and coatings to high-performance microelectronics and biomaterials. For many applications, desirable properties are
known; however, achieving them has been challenging. Additionally, the accurate prediction of elastic modulus has been a long-
standing difficulty owing to the presence of loops. By tuning the prepolymer formulation through precise doping of monomers,
specific primary network defects can be programmed into an elastomeric scaffold, without alteration of their resulting chemistry.
The addition of these monomers that respond mechanically as primary defects is used both to understand their impact on the
resulting mechanical properties of the materials and as a method to engineer the mechanical properties. Indeed, these materials
exhibit identical bulk and surface chemistry, yet vastly different mechanical properties. Further, we have adapted the real elastic
network theory (RENT) to the case of primary defects in the absence of loops, thus providing new insights into the mechanism
for material strength and failure in polymer networks arising from primary network defects, and to accurately predict the elastic
modulus of the polymer system. The versatility of the approach we describe and the fundamental knowledge gained from this
study can lead to new advancements in the development of novel materials with precisely defined and predictable chemical,
physical, and mechanical properties.
KEYWORDS: polymeric materials, mechanical properties, hydrogels, elastomers, defects

■ INTRODUCTION
The prevalence of polymer networks, such as thermosets, gels,
and elastomers, can been seen extensively in industrial
commodities (e.g., superabsorbents, adhesives, coatings, and
composites)1 as well as in high-performance applications in
microelectronics2−4 and biomedicine.5−8 Dielectric elastomers
have, for example, been exploited for their electromechanical
properties in applications ranging from actuators and sensors to
artificial muscles.3,9−11 For many applications, specific mechan-
ical properties are desired, yet are often difficult to obtain and
to predict. Typically, these materials are formed through the
polymerization of multifunctional monomers that act as cross-
linking nodes within the network. These nodes must have a
critical average functionality to yield a completely percolated
network, and both the density and functionality of these nodes
are crucial in dictating specific mechanical, physical, and
chemical properties (e.g., degradation,12 transport and con-

ductivity,13 and swelling14−16) of these materials. To modulate
these properties, researchers typically seek to alter the
molecular weight of oligomeric or polymeric precursors, the
functionality of the cross-linking moieties, or the stoichiometric
ratio of multifunctional monomers. Yet, these approaches often
lead to changes in network chemistry, which may be useful in
some circumstances, but is often detrimental to full exploitation
in end-use applications.17,18 Alternatively, defects can be
introduced in the network through dangling chains, which
create mechanical inefficiencies to polymeric networks.19,20

Furthermore, predicting the mechanical properties of polymer
networks has been difficult owing to the uncontrolled and
unquantified presence of defects such as loops.21−23 The
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development of network disassembly spectroscopy by Johnson
et al. to count loops in polymer networks led to the
development of the real elastic network theory (RENT) to
quantitatively determine the impact of these defects on
mechanical properties.1,21,24

Mark et al. investigated the effects of dangling chain defects
by tuning the cross-linking density in poly(dimethylsiloxane)
(PDMS) networks and by examining the resulting mechanical
properties.25,26 Although these studies demonstrated that
changing the functionality of the PDMS network results in an
increase in dangling chains and a decrease in strength, here we
independently tuned the functionality of the polymer network
while also controlling the concentration of primary loops to
precisely engineer the relationship between primary defects and
elasticity while controlling the surface chemistry.
Additionally, it has been challenging to precisely determine

the relationship between the molecular structure and
mechanical properties of polymer networks owing to the
presence of defects in the network, whereby affine and
phantom network theories of elasticity do not agree with the
experimental values of G′ for a large array of systems. The
inability of these theories to accurately describe elastic modulus
inspired the development of RENT, as reported by Olsen and
Johnson,21 which accounts for the elastic ineffectiveness of
loops (e.g., primary, secondary, and higher-ordered loops), as
well as the negative impact of these defects on the elastic
effectiveness of the network in their vicinity. Although RENT
closely models the observed modulus values in gels by precisely
describing the mechanical impact of loop-based defects, the
degree of looping could not be affected a priori, except by the
alteration of component mixing during polymerization.27,28

Precisely tuning the degree of loop formation has also been of
known difficulty. Herein, we synthesize a series of cross-linked
elastomers with different stoichiometric ratios of monovalent
and trivalent thiol-functional monomers with a four-arm
functional alkene monomer, while keeping the total thiol−
ene stoichiometry constant, to introduce primary defects into
the polymer network. This approach to doping of primary
defects provides an opportunity to quantitatively model the
impact of these defects on mechanical behavior and allows for
the precise tuning of mechanical properties, without alteration
of the network molecular formula and critical physical
properties. We demonstrate that RENT can be applied to our
model system to accurately predict the elastic modulus.

■ EXPERIMENTAL SECTION
Materials. 3-Mercaptopropionate, trimethylolpropane-tris(3-mer-

captopropionate), pentaerythritol allyl ether, and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) were purchased from Sigma-Aldrich
and used as received.
General Preparation of Elastomers. Prepolymer formulations

containing thiol, alkene, and DMPA (1 wt %) were mixed, briefly
centrifuged to remove bubbles, loaded between two glass slides
separated by a silicone spacer (0.254 mm ± 0.0508 mm), and
subsequently polymerized in a Luzchem photoreactor system with 8
W bulbs and an intensity of 25−30 W/m2 (LZC-4, hν = 350 nm, 5
min).
Differential Scanning Calorimetry. Glass transition temperature

(Tg) measurements were performed with differential scanning
calorimetry (DSC) using a TA Instrument Q2000 calorimeter.
Samples were first cooled from room temperature to −90.00 °C and
ramped at 10.00 °C/min to 140.00 °C to remove thermal history. The
samples were then cooled at 5.00 °C/min to −90.00 °C and ramped at
10.00 °C/min to 140.00 °C. The Tg values were measured from the
trace of the second cycle.

Rheological Characterization. Oscillatory rheology measure-
ments were performed with a TA Instruments AR-G2 rheometer.
Amplitude sweeps were conducted at a frequency of 10 rad/s from 0.1
to 100%. Frequency sweeps were conducted at 0.1% strain from 0.1 to
100 rad/s. All tests were performed at 25 °C using an 8 mm parallel-
plate geometry.

Instron. Samples were cut into dogbone geometries, and tensile
strength measurements were performed with an Instron series 5560A
with 100 N load cell. Tensile tests were conducted at 0.01 mm/s at
room temperature.

Delamination Tests. For the cohesion study, it is important to
secure all of the interfaces in the double cantilever beam (DCB)
specimens so that the delamination will not occur adhesively at any
point of the interface, such that the crack will propagate cohesively.
Thus, the method used to bond the samples to the beam support may
vary between samples and should have no significant effect on the
measured cohesion value, as long as the crack is cohesive within the
sample. For the adhesion study, the surface of the beams was identical
between samples (glass), and identical surface functionalization was
induced on the glass slides to allow for direct comparison between
formulations. To perform cohesion tests of 1 and 2, DCB specimens
were prepared by bonding the thin films of elastomers in between two
3 mm thick poly(methyl methacrylate) (PMMA) substrates using a
highly cross-linked brittle epoxy (Loctite EA E-20NS). The DCB
specimens were then thermally cured for 1.5 h at 80 °C in air.
Cohesion tests for polymer Formulation 3 were carried out by the
direct polymerization of elastomers between glass slides functionalized
with thiols. Surface hydroxyl groups on glass slides were activated by
oxygen plasma for 3 min, and slides were then immersed into 2 v/v %
(3-mercaptopropyl)trimethoxysilane in dry toluene and incubated
overnight. Slides were rinsed with ethanol and dried with nitrogen
twice. The elastomer solution was pipetted between thiol-functional
slides. Samples for cohesion tests of 4 and 5, and all samples for
adhesion tests were prepared as follows. After a 3 min treatment to
oxygen plasma, the glass slides were immersed in a solution of 2 v/v %
allyltriethoxysilane and dry toluene overnight. The slides were rinsed
with ethanol and dried with nitrogen twice before use. All
delamination tests were carried out in the laboratory air environment,
which remained constant at 25 °C and approximately 40−45% RH.

Microneedle Fabrication. Prepolymer solutions were pipetted
into microneedle molds (ST-10 × 10-H600B200P500, Micropoint
Technologies) with 600 μm needle height and 200 μm base. Filled
molds were degassed in the dark for 5 h and photocross-linked as
described in the above experimental protocols. Samples were carefully
peeled out of molds and imaged with a U1 Series SuperSpeed camera
(Rame-́Hart).

Contact Angle. Contact angle measurements were performed with
dI H2O (3 μL) using a contact angle goniometer (Rame-́Hart 290).

X-ray Photoelectron Spectroscopy. Disks of elastomer samples
were cut and degassed overnight under vacuum and analyzed with a
PHI VersaProbe 1 scanning X-ray photoelectron spectroscopy (XPS)
microprobe.

Swelling Ratio and Degradation. The elastomers (8 mm
punches) were placed in 24-well plates with either dI H2O pH = 2 or
pH = 11. The samples were stored at room temperature in the dark,
and the mass of elastomers was taken before and after 9 days.

Optical Properties. UV−vis−NIR spectroscopy was performed
with an Agilent Cary Series 6000i, and transmittance was measured
from 200 to 1000 nm.

Statistical Analysis. All values of significance were determined
using a one-way analysis of variance with Prism GraphPad 6 software.
Post hoc comparisons were performed with Tukey’s multiple
comparison test.

■ RESULTS AND DISCUSSION
Thiol−ene “click” chemistry is the reaction of thiols with
alkenes, typically terminal alkenes, and is particularly useful in
the preparation of intricate cross-linked networks on account of
insensitivity to water and oxygen29 and ability to be
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photoinitiated.30−32 Moreover, thiol−ene-based materials have
been investigated extensively,33 which exhibit highly homoge-
neous networks34 and negligible volume change upon polymer-
ization.29,35 The versatility and selective reactivity of this
chemistry have notably been used to create microarray cell
culture substrates for high-throughput screening applications36

and substrates for soft imprint lithography.37 Here, to modulate
the mechanical properties of thiol−ene elastomers without
altering their molecular formulation, blends of thiol-based
monomers comprising one- and three-arm thiols were
photopolymerized with a multiarm allyl-functional monomer
(Figure 1a). Although others have utilized different model
systems, such as the combination of A4 and A3 monomers,28

this system was specifically chosen as a more precise
introduction of defects that allows for modeling of the system.
Specifically, elastomer formulations were prepared with
pentaerythritol allyl ether (A4), trimethylolpropane-tris(3-
mercaptopropionate) (B3), and varying amounts of 3-
mercaptopropionate (B1), whereby the total concentration of
functional thiol and alkene groups remained constant (Table
1). A4 was added at 5 mol % end group excess to total thiol
concentration to facilitate ease of fabrication and handling of
materials, as well as to ensure that desired cross-links were
driven to completion. The introduction of B1 effectively creates
primary defects within the network (Figure 2e), yielding a
simple approach to doping of defects.
Elastomer polymerization was initiated by DMPA (1 wt %)

irradiated with UV light (λ = 350 nm) for 5 min to ensure
complete photopolymerization (Figure S1). Highly transparent

materials were formed (Figure S2). Owing to the similarity in
the chemical structure of the allyl groups, we expected that the
detectable chemical features would be indistinguishable among
materials. The elemental composition of samples was examined
with XPS (Figure 1b), which indicated no significant variation
between samples. The high spectral and depth resolution (5
nm) of XPS indicates that surface functionality is preserved
across all formulations. Additionally, contact angle measure-
ments indicated identical hydrophilicity among samples (Figure
1c), further emphasizing the preservation of surface chemical
and physical (i.e., roughness) properties among formulations.
Further, these polymer networks exhibited no degradation by
mass percent over 9 days in acidic (pH 2) and basic (pH 11)
aqueous conditions, again verifying the stability of the system
(Figure S3). With the current approach, the presence of excess
allyl functionality could allow for surface modification

Figure 1. (a) Schematic illustration of the photopolymerization of pentaerythritol allyl ether (A4), 3-mercaptopropionate (B1), and
trimethylolpropane-tris(3-mercaptopropionate) (B3) using DMPA as an initiator. By varying the ratio of B1 and B3, while maintaining the
overall ratio of thiols to allyl moieties, primary network defects are introduced without alteration of the chemistry of the resulting materials. (b) XPS
indicated that the atomic concentrations of carbon, oxygen, and sulfur species are equivalent across all formulations (n.b. accuracy with standardless
quantification in XPS is ∼10%). (c) Water contact angle measurements indicated identical hydrophilicity across all formulations (n = 5; data
presented as mean ± SD).

Table 1. Formulations and Calculated Average Functionality
Used Throughout the Study

entry A4a B1a B3a favg
b Tg (°C)

c

1 1.05 0.00 1.00 3.44 −13.43
2 1.05 0.10 0.90 3.09 −25.04
3 1.05 0.25 0.75 2.69 −32.56
4 1.05 0.40 0.60 2.38 −42.29
5 1.05 0.50 0.50 2.21 −50.18

aMolar equivalence of end-group functionality in the prepolymer
formulation. bAverage functionality, favg, of each formulation as
determined by eq 2. cGlass transition temperature as determined by
DSC.
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postfabrication, potentially facilitating the design and engineer-
ing of materials for bottom-up processing.
Although these samples exhibit virtually identical chemistry,

the mechanical behavior was expected to change dramatically
on account of the presence of primary defects within the
network structure. DSC measurements indicated that the glass
transition temperature (Tg) for all samples was low (below −10
°C), thus placing them squarely within the rubbery regime
(Figure S4). The Tg was observed to decrease with increasing
density of primary defects (Table 1), indicating that the
presence of these defects increases the mobility of polymer
chains within each elastomer. Moreover, the mechanical
properties, as characterized with an oscillatory strain amplitude
sweep, vary significantly on account of an increase in primary
defects. Strain−amplitude oscillatory measurements indicated a
broad linear viscoelastic regime with increasing yield strains
arising from the presence of more primary defects (Figure 2a).
Frequency-sweep oscillatory rheometry showed that the shear
storage modulus (G′) dominates over the loss modulus (G″)
across all observed frequencies for all formulations (Figures 2b,
S5, and S6). Although a G′ value of ∼3.81 MPa was observed
for sample 1, which had no primary defects, the G′ decreased
with increasing concentration of primary defects through
greater incorporation of B1. Interestingly, the loss tangent,
tan(δ) (G″/G′; a measure of the network elasticity), is
unaffected by the formulation below a critical concentration
of network defects (Figure 2c). To ensure that these tests were
conducted in the region of the rubbery plateau, similar

rheological measurements were performed at Tg + 40 °C for
each sample, yielding similar values of G′ and an identical trend
in loss tangent (Figure S7). The major deviation of values was
found only between the loss tangent of formulation 5 at 25 °C
and at −10 °C, arising from a larger G″. This likely arises from
the condensation of water on the top rheological plate below 0
°C.
In the present work, RENT is adapted to model the

mechanical properties of thiol−ene elastomers with primary
defects introduced through the incorporation of B1 in the
absence of loops. We include a 5% molar excess of A4 end-
group alkene functionality to promote reactivity and ensure the
thiol groups react to completion. At high concentrations of the
reactive groups used in these studies, negligible primary or
secondary loops are formed.28 Moreover, the ratio of thiol
functionalities to alkene functionalities remains the same across
all formulations; thus, when one unit of B3 is removed, three
B1 units are doped into the network. Therefore, while the
functionality is changing, the elastic effect of B1 propagates
throughout the network, as that dead link would have otherwise
been elastically effective. The last term in eq 1 represents the
termination of a cross-link that would have otherwise been
contributing to the network if not for the introduction of B1.
Thus, mechanically analogous to a primary loop, the presence
of B1 defects hinders the elastic effectiveness of the network in
its immediate vicinity, as the effects of the defects will
propagate throughout the network. The distance away from
the defect site is denoted by m, where m = 0 is the defect itself

Figure 2. Mechanical characterizations of elastomers using oscillatory shear rheometry. (a) Shear−strain at deviation from linear viscoelastic
behavior taken from an oscillatory strain sweep (ω = 10 rad/s, 25 °C; n = 3; data presented as mean ± SD). (b) Frequency-dependent oscillatory
shear rheology of samples 1 and 5 (γ = 0.1%, 25 °C). (c) Shear storage modulus (G′) and tan(δ) values for various samples (ω = 10 rad/s, γ = 0.1%,
25 °C; n = 3; data presented as mean ± SD). (d) Overlay of measured and predicted G′ values, whereby RENT exhibits clear improvement over
affine and phantom theories. (e) Doping of primary defects through the addition of a monovalent species can be used to precisely tune the
mechanical behavior. The mechanical impact of these defects is propagated beyond the defect itself (indicated by a red halo).
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and m = 1 is a single network step from the defect site. The
RENT model accounts for the linearly additive effects of these
defects; here, we include the effects from m =0 to m = 1:

∑ ∑ε ε

ε ε

′ = − = − +

= − + +

⎛
⎝
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⎞
⎠
⎟⎟G
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where f represents the average functionality of the cross-linking
nodes as described by eq 2, kT is the thermal energy of the
system, εm represents the elastic effectiveness of each moiety as
described by eq 3, v is the number density of chains, vid is the
ideal chain density of the polymer, and vm is the actual density
of each strand in the polymer network at a given value of m, as
described by eq 4.
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Here, Nd represents the proportion of defective links
introduced by the incorporation of monovalent thiols, and for
each monomer x, Nx represents the molar loading and f x

represents the functionality. RENT accounting for primary
defects with proximity effects from m = 0 to m = 1 is in the
nearly perfect alignment with observed G′ values (Figure 2d).
The incorporation of higher-ordered effects (m > 1) into the
model resulted in a significant deviation from the observed
values (Figure S8), suggesting that higher-order loops play a
small role in affecting the elastic modulus.
Although higher-order loops may further reduce the modulus

in many other instances, their effect decreases rapidly farther
from the defect21 and can be excluded from the modified
theory. Additionally, entanglements may play a role in
determining the material properties. Yet in the present system,
the low molecular weights of the molecules in the studied bulk-
state elastomer are likely to be well below the critical molecular
weight regime, and low chain length will lead to a decrease in
the interpenetration of chains.38 Similar polymers, such as
PMMA or poly(lactic) acid, have high entanglement molecular
weights of 1339 and 9 kDa,40 respectively, emphasizing that our
low-molecular-weight monomers will be below the critical
molecular weight for entanglement. Thus, the alignment of the
modified RENT model with the experimental results indicates
that other contributory factors to G′, such as entanglements,
can be neglected and that this modified RENT model is able to
successfully predict G′ with these considerations. The approach
described above allows for the precise introduction of network
defects, yielding a simple method for studying their mechanical
impact as well as the opportunity to engineer novel network
materials with predictable mechanical behavior.

Figure 3.Mechanical characterization of thiol−ene formulations using tensile and DCB measurements. (a) Young’s modulus calculated from stress−
strain curves, plotted with the modulus of toughness characterized as the area under stress−strain curves (n = 5; data presented as mean ± SD). (b)
Strain at break of materials. Statistical analysis across all samples in comparison to 5 yields p ≤ 0.01 (n = 5; data presented as mean ± SD). (c)
Representative stress−strain plots of 1−5. (d) Cohesion and adhesion energies of materials through DCB tests. Statistical analysis of cohesion
energies yields p ≤ 0.0001 for all samples when compared to 5. The statistical analysis of adhesion energies across all samples in comparison to 4
yields p ≤ 0.001 (n ≥ 6; data presented as mean ± SD). (e) Representative DCB graph of 1, resulting in cohesive delamination. (f) Representative
DCB graph of 5, resulting in cohesive delamination.
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To further understand the impact of primary defects on the
mechanical properties of the elastomers described above, tensile
testing was performed. Young’s modulus (E) and the area
under the stress−strain curve generated in uniaxial extension
decreased notably with the increasing concentration of primary
defects, consistent with the observed decrease in Tg and storage
modulus (Figure 3a). Interestingly, although samples 1−4
exhibited a similar strain at break of ∼10%, sample 5 exhibited a
strain at break of over 20% (Figures 3b, 3c). There is an
apparent critical concentration of primary defects, leading to a
change in strain at break which mimics the observed critical
value for the increase in tan(δ) observed in the shear
rheological experiments described above (Figure 2c). Below
this critical concentration, these elastomers can be modified to
modulate the elastic modulus on an order of magnitude while
maintaining an unaltered strain at break and tan(δ).
The fracture energy of these materials was then determined

for both adhesive and cohesive failure. The critical strain energy
release rate, Gc, was measured for all samples using a DCB
geometry, which is a well-established method for characterizing
thin-film structures and interfaces.41,42 In these studies, the
samples were loaded under displacement control from which a
load versus displacement curve was recorded, and Gc was
determined according to

=
′

+⎜ ⎟⎛
⎝

⎞
⎠G

P a
B E h

h
a

12
1 0.64c

c
2 2

2 3

2

(5)

where Pc is the critical load at which the crack growth occurs, a
is the crack length, E′ is the elastic modulus of the whole
structure, and the specimen dimensions are width B and beam
thickness h. Note that because the modulus and height of the
thin film are less than 1/80th of the modulus and height of the
beam used, E′ used for the calculation of Gc is that of the beam.
Through functionalization and adherence of the materials to
beam supports, either adhesive or cohesive failure was induced
(Figures 3e, 3f, S9, and S10). The cohesive energy provides an
insight into the energy required to break the covalent bonds
within the material, whereby a general decline in the cohesive
energy was observed with the increasing concentration of
primary defects. The binding energy to functionalized glass
slides was also examined to specifically investigate the role of
internal network mechanics on adhesive energy as the
elemental composition was identical across all samples. In
these experiments, a small variation in the adhesive energy (<1
J/m2) was observed between elastomer formulations, in
contrast to the changes observed for modulus, Tg, and energy
release rate, indicating that surface chemistry is relatively
unaffected and is a critical parameter for adhesion. Data were
not obtainable for sample 5 on account of its extremely low

cohesion energy, which resulted in strictly cohesive failure. This
approach to material design utilizing thiol−ene photopolyme-
rization of prepolymer mixtures can allow for the manufactur-
ing of precise structures with identical surface chemistry but
with highly tunable mechanical properties (Figure 4). Using a
PDMS microneedle mold, we created microneedle arrays of
elastomers with different formulations. The mechanical
response of the microneedles to loading with a dime differed
as expected, whereby needles prepared from formulation 4
exhibited 40% deflection in height, whereas needles prepared
from formulation 1 exhibited negligible (6%) deflection.

■ CONCLUSIONS

In summary, rapid and selective thiol−ene “click” chemistry has
proven to be a useful tool for the development of a series of
elastomeric polymers with systematic variations in the
formulation. Although strategies to tune functionality have
been exploited in a variety of applications, a precise relationship
between the introduction of primary defects to a comprehen-
sive investigation of its resulting mechanical properties and
theory predicting elastic modulus is presented for the first time.
The introduction of primary defects into the network structure
through the incorporation of a monovalent species does not
impact the network or surface chemistry but dramatically
impacts the mechanical properties of the materials in a precisely
tunable fashion. Further, RENT is adapted to the case of
primary defects in the absence of loops, given minimal
contribution from entanglements, providing new insights into
the mechanism for material strength and failure in cross-linked
polymer materials arising from primary network defects. The
approach to material design is amenable to a variety of other
reaction chemistries (e.g., azide−alkyne reactions43) and could
lead to new advancements in the development of high-
performance materials with precisely defined chemical, physical,
and mechanical properties such as stretchable circuits and
electronics.44
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Figure 4. Prepolymer solution can be pipetted into a mold and photopolymerized in situ to form microneedle arrays with similar chemical properties
but different mechanical properties, whereby postdeformation under a load (a dime) is highly formulation-dependent (top: 1 and bottom: 4; scale
bar = 650 μm).
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