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Abstract

A quantitative understanding of the molecular mechanisms underlying the
mechanical fracture of polymer gels and elastomers might inform methods by which to
design more robust polymeric materials. The basis for much of the molecular insight
into molecular fracture mechanisms is found in the Lake-Thomas model and equation,
but few quantitative tests of that model have been reported. As a first step toward a
quantitative test of the Lake-Thomas model, we report here the relationship between
volume fraction, average active subchain length (N), and fracture energy in a well-
defined covalent polymer gel.

A poly(ethylene glycol) (PEG) network formed by thiol-norbornene “click”
chemistry was employed because of its synthetic accessibility, ease of modification, and
the well characterized single molecule mechanical behavior of PEG. The mechanical
properties, including resilience, modulus, and fracture energy, of multiple gel
formulations were determined. From the moduli of the gels, N was determined. The
relationship of fracture energy to volume fraction and N to test whether the gels act in
the manner predicted by Lake-Thomas. This was done for gels at varying volume
fraction, stoichiometry, and molecular weight of monomer.

At constant stoichiometry and varying volume fraction, most gels acted as

predicted by Lake and Thomas, where the fracture energy should scale linearly with
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volume fraction. Neither of the gels, however, followed the predicted scaling of Gc as a
function of N. This may be due to N not being corrected for the amount of polymer lost
in dangling ends; correcting N may fix this problem. When reaction efficiency is taken
into account using the Miller-Macosko treatment, Gc scales as N%3, in better agreement

with the expected scaling exponent of 0.5.
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1. Introduction

1.1 Fracture in Polymers

Understanding the fracture of polymeric materials might lead to the design of
stronger materials that can bear higher stresses before failure, or even materials that are
activated upon failure. The molecular events that accompany polymer fracture,
however, are not obvious. Examples of underlying mechanisms include crazing,
slippage, and even covalent bond breakage in some polymers (Figure 1). When fracture
occurs in a covalently crosslinked network, covalent bonds are ruptured. This leads to
opportunities in molecular design to control fracture. In recent years, there has been
increasing interest in controlling fracture, especially in polymer gels, which are

traditionally weak.

Macroscopic
Level

Microscopic

Level
) Supramolecular
Crazing Level
" Atomistic
Slippage Level
Changes

Figure 1: Fracture in a polymer can include crazing, slippage, and bond
breaking.
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The fracture resistance of a polymer gel has been improved in recent years by
developing double network!, slide-ring!?, nanocompositel®, and hybrid chemically and
physically crosslinked gels!*.

Other groups have become interested in redirecting the force that typically leads
to fracture toward constructive covalent responses. Klukovich et al.’l showed that a
polymer chain based on perfluorocyclobutane (PFCB) aryl ether repeats selectively
cleaved under force at the PFCB site; upon heating, the polymer could be repaired
through thermal remending of the PFCB group. The perfluoro vinyl ether products of
mechanical degradation are different than those of thermal degradation, which cannot
be reversed. The selective fracture of other polymers has been used to unveil latent

catalysis!®l, reactivity!”, and luminescencel®/(Figure 2).

A. . B.
Polymer healing Mechanocatalysts
r ,\f\' | "\P}‘ f\_» f SrPhn : Force
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Figure 2: Recent examples of destructive force used for constructive purposes. A.
Force fractures the polymer in such a way that thermal repair is possible.® B. The
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active site of a catalyst is revealed upon the application of force.” C. An embedded
molecule ruptures upon force into a ketene and an imine, which can be used in
additional reactions.’! D, Force induces fracture of the dioxetane unit, causes
luminescence.!®!

Fracture-induced luminescence or color change is particularly exciting, because it
provides direct evidence of the mechanism of fracture. For example, Ducrot ef al.[]
visualized fracture by incorporating chemiluminescent probes into a polymer. The
intensity of the light emitted from the probes during rupture provides insight into the
mechanism of energy dissipation in single, double, and triple network gels (Figure 3). It
is easy to imagine the potential opportunities stemming from this research; by
understanding the mechanism of fracture, steps can be put into place to control it. The
group suggested the possibility of comparing the shape of the damage zone — the area
directly ahead of the crack tip that experiences the highest stresses — to what is predicted

through theoretical calculations.

2500

Figure 3: Embedding dioxetane units into the network of a polymer allows
visualization of the damage zone of a polymer.[5!



Though the above examples show molecular consequences of some events, they
do not quantitatively relate the fracture energy to those molecular processes. The current

basis for such relationships was Lake and Thomas in 1967.[11

1.2 Lake-Thomas Equation and Variables

When Rivlin and Thomas published their procedure on how to measure fracture
energy(Gc)l'?, researchers noted that the measured data was ~20x higher than what was
predicted from calculations based on the energy required to break a bond. Lake and
Thomas pointed out that when a material is stretched to fracture, the bond that fractures
is not the only bond in the material being extended. To extend a bond to the point of
rupture, most of the other bonds in that chain will also be nearly fully extended,
meaning more energy must be put into the system that is required simple for scission.
They proposed that the fracture energy per broken chain is proportional to the energy
required to rupture one monomer (U) multiplied by the number of monomers in that
chain (N).

U can be defined as the energy stored in a monomer at break, and can be difficult
to quantify. Lake and Thomas were unable to come up with a good approximation, as
the dissociation energy was too high (since a bond will break under force well before
that point). They estimated it as %4 of the dissociation energy, which they believed to be
too low. However, this estimate gave a decent estimate of the fracture energy compared

to measured values.'! In his paper, Cui defines U simply as the dissociation energy of a



repeat unit.[3l This seems like a fair estimation, for their calculations are similar to the
experimental values. Sakai has taken U as either the energy required to rupture a
monomer!¥ or the sum of bond energies in a monomer!!4l. Clearly, there is much
ambiguity in defining and calculating U. For the sake of this paper, we define U as the
deformation energy stored in a monomer at the force at which it breaks. In practice, this
gives values that are similar, but not equal to the dissociation energy.

Similarly, there exist multiple methods of estimating N. When forming polymers
through end linking, one can calculate N to be twice the N of the arm. For example, the
N of a network formed by end linking a 4-arm poly(ethylene glycol) (PEG) monomer, in
which each arm has a mass of approximately 5,000 g mol, is ~230. This approximation
underestimates the actual N, because of incomplete network formation. However, the
actual degree of polymerization will be higher due to dangling ends in formed in the

network. The estimate of N can be improved by using Equation 1.

N=Puw

mon

Equation 1

where p is the density of the monomer (1.129 g cm? for PEG), ¢ is the volume fraction of
monomer, MWmon is the molecular weight of the monomer (44 g mol™ for PEG), and v is
number of elastically effective chains. To calculate a more accurate N, ¢ can be corrected
for the fraction of material that does not contribute to network properties (e.g. the

amount of volume fraction lost in dangling ends). The number of dangling ends in a



network can be estimated as described by Miller and Macosko.!®! The soluble fraction of
a polymer (sol fraction, wsi) is used to calculate the probability that a four-arm monomer
has 1, 2, 3, or 4 arms connected to the infinite network; from this, the concentration of
dangling ends and true network volume fraction can be calculated.

From Lake-Thomas, we have Gec a NU, or that fracture energy is proportional to
the energy absorbed prior to rupture one chain. However, in a bulk polymer, there will
be multiple chains in the plane of crack propagation, and fracture energy is energy per
surface area. Lake and Thomas added the cofactor Y%2Lv, where L is the displacement
length of a chain and v is the number of chains per unit volume. From this, we get the
equation:

Gc=1/,LYNU
Equation 2

We note that the symbol for fracture energy varies with source. In some
literature, including the original the Lake and Thomas paper included, To(tearing
energy) is used as opposed to Gc. The two terms are equivalent, and are independent of
the size and shape of the test piece used.

The term L, corresponding to the route mean square end-to-end distance of an
elastically effective chain, can be derived from known monomer constants and applied
to the polymer. L ~ N%%, where N is the number of segments in a chain and b is the

length of the segment. In this equation, L is assumed to be equivalent to the root-mean-



square (RMS) end-to-end distance of a freely jointed chain.l!*l In a freely rotating chain, L
~2N°%, so L should scale with N accordingly.l’¢”] Plugging this into Equation 2 for
fracture energy, we find that Gca N*®at constantv.

The term v (the number of elastically effective chains per unit volume) can be
determined from the modulus of the material. One can assume affine deformation,
where the crosslinks are fixed and all network strands deform proportionally to the
deformation of the macroscopic gel. When an affine network is assumed,

V=g
(Equation 3)
where G is the modulus of the network, k is Boltzmann’s constant, and T is the
temperature. Intuitively, it is clear why v scales with the modulus. The modulus of the
material is a measure of its resistance to deformation. The higher the number of chains
in a material, the stiffer it is- i.e., the higher the material’s resistance to deformation, and
hence a higher modulus.

In a network, the crosslinks are not going to be fixed as assumed by the affine

theory. To this end, one can assume a phantom network, in which the crosslinks are not

fixed but can pass through each other and fluctuate:

Equation 4



where u is the number density of elastically effective crosslinks. In a perfect
tetrafunctional network, v calculated from phantom network assumptions should be
twice that of the affine network calculations. Once v is determined, N can be calculated

from known constants.

1.3 Limitations of the Lake-Thomas Framework

The Lake-Thomas theory has been used to interpret the fracture behavior of
many different types of polymers. It clearly breaks down, however, for complex
architectures like double network gels. Sun et al.l'¥ noted that double network gels made
of covalent poly(acrylamide) crosslinks and ionic alginate crosslinks are much tougher
than gels made of single networks of these components. The authors theorized that in
the single network gels, the method of crack propagation involves only the single chains
crossing the plane of the crack, as predicted by the Lake-Thomas theory. In the double
network gel, however, first the ionic alginate crosslinks “unzip” as a method of energy
dissipation. Only once these are unzipped can the poly(acrylamide) crosslinks rupture
(Figure 4). The authors believed that this method of fracture is the reason why the
fracture energy of the network is much higher than the sum of the fracture energies of
the two single networks. Although the Lake-Thomas theory does not accurately predict
the fracture energy of the double network gel, it does provide insight into the presence

of additional energy dissipation during fracture of a polymer network.



Polyacrylamide gel Alginate gel Hybrid gel

Plastic zone near the crack tip

Figure 4: Illustration of fracture in a polyacrylamide gel, an alginate gel, and a
double network polyacrylamide-alginate gel.8!

Others have also noted the failure of the Lake-Thomas theory to describe fracture
complex molecular architectures. Another double network gel, consisting of 2 covalently
crosslinked networks!'®, also shows measured fracture energies that are much higher
than predicted by Lake-Thomas for each individual network.!*” This can be attributed to
the unique energy dissipation mechanism through hysteresis, not accounted for by the
theory. Later groups®! have attributed this energy dissipation not to viscoelastic
dissipation, but bond fracture as Lake-Thomas proposed. Again, the Lake-Thomas
theory could be used to provide a qualitative molecular picture of fracture.

The Lake-Thomas theory seems to break down in other complicated systems, like
the covalent gel with hydrophobic interactions described by Cui et al.'¥ They
synthesized gels of end-linked PEG tetramers and added in different amount of PDMS

to determine the effect of the hydrophobicity of the PDMS on the mechanical properties.



The measured fracture energy was then compared to what was calculated through the
equation they derived. It was noted that
Gec~ NUf
Equation 5

Where N is the number of monomers per chain, U is the energy stored in a
monomer at break, and fis the chain density per unit area (equivalent to vL). Using
equations derived from previous papers/?!, Cui et al. derive the follow equation (b is
equivalent to the length of a monomer segment). Note that fracture energy scales with

N0.5.
N Nl/ZU
Ge= ¢/ b2

Equation 6

For their gels- which were either entirely PEG based or a mixture of PEG and
PDMS- the researchers noted that increasing the PDMS content in the gel increased the
fracture energy exponentially (as opposed to the linear increase that was predicted by
Lake-Thomas). This exponential growth is attributed to the hydrophobic interactions of
PDMS in the hydrogel. Complex architectures — whether a double network or a hybrid
gel — are not well explained quantitatively by the Lake-Thomas equation.

Most single networks, however, can be quantitatively described by the Lake-
Thomas equation. Some researchers compare their experimental results to the fracture

energy Lake and Thomas predicted. For example, Meuller and Knauss/®?! noted that the
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fracture energy measured in their experiment was on the same order of magnitude the
Lake and Thomas calculated. It is important to note, however, that the polymer they
used- polyurethane- was not the same polymer Lake and Thomas did their calculations
on, so the result may simply be a coincidence; Meuller and Knauss did not calculate the
predicted fracture energy based on polymer composition.

The assumption that Gc ~ N°°is the most studied relation of the Lake-Thomas
equation. In one study!?®, Gent and Tobias synthesized four different polymers (cis-
polyisoprene, trans-polyisoprene, polydimethylsiloxane, and a fluoroalkoxy-substituted
polyphosphazene). They tested the validity of Lake-Thomas’ assertion that

Gc~M1?
Equation 7

where Mc is the network strand molecular weight and is proportional to N. For
each sample, they calculated the modulus by determining the Mooney-Rivlin
coefficients C: and Cz. They then found E, the Young’s modulus of the material, from the
equation:

E=6(C,+ ()
Equation 8
From E, p (density of the polymer), R (gas constant), and T (temperature), Gent

and Tobias were able to determine Mcusing the following equation:
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M, = 3pRT/E

Equation 9

The fracture energies of the elastomers were determined through tearing tests.
Plotting the logarithmic values of these fracture energies against the logarithmic values
of the calculated Mc affords a slope of ', in agreement with what is predicted by Lake
and Thomas. In another study by Gent?4, he also noted that fracture energy increased as
bond length increased, as predicted by the Lake-Thomas model.

By far, the most thorough study of a polymer in relation to the Lake-Thomas
equation has been performed by Sakai et al. on their tetra-PEG gels. They have
extensively characterized the network architecture of their gel, performing tests like
molecular modeling!®], Monte Carlo simulations[*, and small-angle neutron scattering
(SANS) experiments/?’l. Their networks experience breaking stresses in the MPa range!*/;
they attribute this toughness to the homogeneity of the network.! Later, they go on to
study this network in terms of molecular theories of rubber elasticity and Lake-Thomas’
theory of fracture energy.['* %!

In one example, Sakail'*! tested the validity of the Lake-Thomas equation by
varying N without changing v and vice versa. Their goal was to understand how v
affected the fracture without needing to calculate N from theories of rubber elasticity.
Taking N the initial molecular weight of the polymers was not possible, because in the

real network the connections may not be perfect and N will be different. Some
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conclusions can be taken from the paper. Firstly, they calculated that L ~ N°%, near the
predicted value of L ~ N%. In addition, when working with the Lake-Thomas equations
(and the equations for rubber elasticity), they noted the importance of considering the
volume fraction of the polymer connected to the network- i.e., not lost in dangling ends.
Sakai also studied the validity of the Lake-Thomas equation in a previous paper.[4! It

was found that the gels follow the scaling relationship Gc ~ ¢*N%.

1.4 Overview of the Work Performed

The long-term goal of this project is to test the influence of U, determined for
isolated polymers, on Gc. We chose for our platform PEG networks formed through
thiol-norbornene “click” chemistry, the most rapid of the thiol-ene click reactions. We
chose this network as our platform because of the ease with which it could be modified,

and because the mechanical extension of PEG is well established.

1.4.1 Specific Aims

As a first step to our broader goal, we aimed to characterize the fracture energy
of a 4-arm poly(ethylene glycol) (4armPEG) functionalized with norbornene and a
dithiol crosslinker (dithiothreitol, or DTT) network®?!, and relate how changing the
degree of polymerization (N) affects Gc. N was varied by changing the molecular weight
of the PEG monomer, the initial volume fraction of the PEG monomer, or the
stoichiometry of the PEG and dithiol monomers. To do this, first we measured the

modulus of the gel to determine v, the number of crosslinks per unit volume. From v, we

13



were able to calculate N, as described by Equation 1. We compared the N calculated
from both the initial volume fraction and the volume fraction corrected for dangling
ends (as calculated by the Miller-Macoscko theory). The fracture energy of the gels was
then calculated as described by Rivlin and Thomas.[?l From this data, we were able to
determine how Gc varies with N in these gels; i.e., if our gels follow the prediction of

Lake-Thomas that Gc ~ N°5.

1.4.2 Rationale

As mentioned before, the reason why this gel was chosen was for the ease of
creating and modifying a well-defined network. N can be modified by varying the
volume fraction, stoichiometry, and size of the monomers. In addition, the thiol-
norbornene chemistry is robust, and the possibility of side reactions occurring is
minimized. Once the relation of Gcto N is determined for this network, we can continue

on to see how U affects Gc, which to our knowledge has not been done before.
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2. Methods and Materials
2.1 Materials

4armPEG was purchased from JenKem Technologies. 2, 4, 6- trimethylbenzoic
acid was purchased from Acros Organics. Otherwise, all chemicals were purchased from
Sigma-Aldrich.

Mechanical tension tests were performed on TA Instruments RSA III with a

rectangular geometry.

2.2 Methods
2.2.1 Synthesis of 4-arm PEG Norbornene

This procedure was adapted from a previous onel!, with some slight
modifications. To 50 mL of dry acetonitrile 18.9 g (136 mmol) of 5-norbornene-2-
carboxylic acid was added. To this flask, 14.1 g (68.5 mmol) N,N -
Dicyclohexylcarbodiimide (DCC) in 50 mL of dry acetonitrile was added and stirred for
30 min. The solution was then filtered.

To a separate round bottom flask, 42.7 g (1.42 mmol) of 4-arm PEG (MW 30,000)
and 0.625 g (5.12 mmol) 4-dimethylaminopyridine (DMAP) was added, and dissolved in
120 mL dry dichloromethane (DCM). To this solution, the filtered solution from above
was added and stirred overnight under a dry atmosphere. The following day, the

solution was filtered, concentrated under rotary evaporation, and precipitated three
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times in ice-cold diethyl ether. The product was verified by 'TH NMR (*H NMR (400

MHz, CDCls)d 6.15-5.86 (m, 2H), d 4.44-4.12 (m, 2H) d 3.72-3.3 (m, 119 H)) (Figure 5).

Figure 5: 'TH NMR of 4armPEG norbornene, 30 kDa.

2.2.2 Synthesis of Lithium Aryl Phosphate (LAP) Initiator

2, 4, 6- trimethylbenzylchloride (acyl chloride) was synthesized as described
previously.*? 2, 4, 6- trimethylbenzoic acid (8.80 g, 53.7 mmol) and thionyl chloride (9.57
g, 80.5 mmol) was refluxed for 2 hrs at 75°C. Distillation afforded the final product.

The synthesis of lithium phenyl-2,4,6- trimethylbenzoylphosphinate (LAP) was
followed as described elsewhere.¥ To 5.19 mL (30.5 mmol) dimethylphenyl phosphate,
5.10 mL acyl chloride was added dropwise and stirred overnight. Next, 10.6 g (122
mmol) lithium bromide in 160 mL 2-butanone (MEK) was added and heated to 50° C
while stirring for 10 min. The solution was then removed from heat, covered in foil, and

allowed to cool to RT for 4 h. The solution was then filtered and washed with MEK three
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times. The solution was evaporated to dryness, and verified by 'H NMR and
electrospray ionization mass spectrometry. 'TH NMR peaks ("H NMR (400 MHz, D20) 6
7.71 (m, 2H), 8 7.53 (m, 1 H), d 7.44 (m, 2H), 8 6.84 (s, 2H), 0 2.20 (s, 3H), 0 2.01 (s, 6H))
are consistent with the proposed structure (Figure 6). Electrospray ionization mass spec

showed an m/z value at M= 287.0 consistent with our structure and previous results.[*3

oL | .

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
78 76 74 72 7.0 68 66 64 62 6.0 58 56 54 52 5.0 448 (;p?sm)‘" 42 40 38 3.6 34 32 30 28 26 24 22 20 18 16

Figure 6: 'H NMR of LAP initiator.

2.2.3 Determination of Volume Fraction (¢)

Concentrations of 4-arm PEG monomer in water was varied from 40 mg/ml to
120 mg/ml. To calculate the volume fraction of PEG in solution, the volume of PEG was
determined from the mass (0 =1.129 g/mL). The volume of PEG monomer was divided

by the total volume to afford the volume fraction (¢) of PEG in the polymer.

2.2.4 Gel Synthesis
4armPEG-norbornene (amounts determined to give a final ¢ varying from 0.034

and 0.096) and LAP initiator (2.2 mM) were added to a scintillation vial and dissolved.

One equivalent of dithiothreitol (DTT) was subsequently added to minimize disulfide
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formation. DI water was added to desired final volume, and the solution was stirred
well. Vacuum was quickly pulled on the solution to remove bubbles, and the solution
was poured into a glass mold 1 mm thick. The solution was exposed to 365 nm light at
an intensity of ~10 mW c¢m? for 10 min. Mechanical tests were performed the same day.
To form the off-stoichiometry gels, a mass of 4-arm PEG to give a final volume
fraction of ¢ = 0.081 was added to a scintillation vial. LAP was added to give a final
concentration of 2.2 mM. Finally, DTT was added to give a final molar ratio of
norbornene:thiol varying from 0.5 to 1.8. The gels were then cured in the manner

described above.

2.2.5 Calculation of the Theoretical Affine and Phantom Modulus

The number of crosslinks per unit volume, v, was derived as follows. First, the
mol of PEG per unit volume was calculated from the concentration of PEG in g L. For
every mol of 4-arm PEG monomer, there are 2 mol of chains, so the mol of PEG is
doubled to find the mol of chains. The number of chains per unit volume was then
calculated. To calculate the affine modulus, the result was multiplied by k:T.

The phantom modulus was defined as %2 the affine modulus, as derived by Flory

for a tetrafunctional network.34

2.2.6 Calculation of Stress-Stretch Ratio Curves

For each sample, the raw normal force vs. distance curve was obtained. The

baseline force after failure was normalized to 0 N and the gap data was divided by the
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Lo, the gap at a normal force of 0 N, giving the stretch ratio (A). Dividing the normal

force by the cross-sectional area of the original sample yielded the stress (o).

2.2.7 Determination of Elastic Modulus

Samples 1 mm thick were loaded into a rectangular tension geometry with a
starting gap of 5 mm and a width of approximately 10 mm. Initial width was noted, and
samples were extended at a rate of 0.5 mm/s (strain rate 0.1 s') until failure. The stress-
stretch ratio and stress-strain curves were calculated from the normal force vs. distance

curve. The elastic modulus was determined by fitting the stress-stretch ratio curve at

a=GA—47%)

low extensions (>15%) with the Neo-Hookian equation, , where G is the

elastic modulus, o is the stress, and A is the stretch ratio.

2.2.8 Correcting for Dangling Ends
2.2.8.1 Determination of Soluble Fraction of Gel (Sol Fraction, wso1)

Gels were synthesized at different volume fractions as described above. After
synthesis, gels were dried in a vacuum oven for 24 hours, and weighed (wi). These gels
were then swollen in DI water for 48 hours, with the water being replaced every ~12 h.
Once 48 h had elapsed, the gels were once again dried in a vacuum oven for 24 h and

weighed (wswol). The sol fraction was calculated as follows:
Wp = w; — Wswol/wi

Equation 10
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2.2.8.2 Determination of Corrected Volume Fraction

wsiwas calculated as described above. wsi corresponds to a 4arm monomer that
has 0 arms connected to the inifinite network, hence, the reason why it was extracted
from the gel upon swelling. To calculate the probability that 0 arms of a 4arm monomer
are connected to the inifinite network (P(Fa+))[3l:
Wso1 = P(FAout)4
(Equation 11)
From this, we can calculate the probabilities of a 4-arm monomer having 4, 3, 2,

or 1 arms connected to the infinite network using the generalized equation derived by

Miller and Macoskol'3!:
"”I:":{"'-EA"J = [-::Ij .I':'I:'J'f_.' :.Iui':lll',—.n [1 —_p [I{d aui j]m_

(Equation 12)

where fi is the functionality of the network (in our case, 4) and m is the
crosslinking degree (1, 2, 3, or 4). The probabilities were determined for m =1, 2, 3, and 4.
The probabilities of a monomer with m =2 connected to a monomer with m =1 were

calculated:
P(X2—1,4) = P(X3,4)XP(X14)

(Equation 13)
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This was determined for chains of monomers with m =2 connected to a
monomer with m =1 to a probability of 0.1%.

From the probabilities calculated above and the starting mass, the mass of each
degree of crosslinking was determined. The amount lost in dangling ends was then
determined. For a 10 kDa gel, no mass will be lost in dangling ends for a monomer with
m = 4; 2500 g mol! will be lost for a degree of crosslinking of 3, and 12500 g mol™ is lost
for a degree of crosslinking of 1.

m =2 is a little more complicated, for the amount lost to dangling ends is
different if it is connected to a monomer with m =1 vs. a monomer with m =3 or m = 4.
To account for this, we calculated the probability that different chains of monomers with
m =2 were connected to a monomer with m = 1. For example, 3 monomers with only two
arms acting as connections connected to a monomer with only one arm connected
contribute a mass of 42500 g mol! of dangling ends. However, if a 2-armed connector is
not connected to a 1 armed connector, only 10000 g mol! is lost to dangling ends. The
amount lost in dangling ends was calculated, and subtracted from the initial volume

fraction to determine a corrected volume fraction.
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3. Results and Discussion

3.1 Resilience

To initially characterize these gels, we determined the hysteresis and resilience of
the gels. Recall that the double network gels discussed above experienced a large
hysteresis upon loading, and the fracture energy was much higher than predicted. The
authors attributed this method of energy dissipation to the disparity between the
calculated and experimental fracture energy. In addition, networks that experience
hysteresis may be dissipation energy through a form of viscoelastic dissipation.
Therefore, by determining the resilience of the gel, we can gain a rough understanding

of how energy is dissipated in the network.

A. B.
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Figure 7: Stress-stretch ratio pulls and relaxations of A. 4armPEGaiokpa and B.
4armPEGsopa gels at a volume fraction of 0.096. The inset shows the calculated
resilience.

In Figure 7, the stress-stretch ratio curves for loading and unloading of

increasing stretch ratios are shown. The curves can be superimposed on each other,

22



evidence that little to no hysteresis is experienced upon subsequent loading/unloading
cycles. The insets plot the calculated resilience at different stretch ratios. Note that the
resilience is close to 100%, even at large stretch ratios (up to 8 times its original length),
especially for the 30 kDa system. This demonstrates that even with defects, these gels are
tough and can be extended and relaxed multiple times without experiencing significant
damage to the system. Because the resilience of these gels is so high, we hypothesize that
they do not dissipate energy well; few bonds are broken in the gel until complete failure.
We therefore theorize that the method of energy dissipation in the network comes only
from bond breakage, as proposed by Lake and Thomas. Therefore, when only

considering energy dissipation from bond breakage, our gels should act as predicted.

3.2 Calculating v from the modulus
3.2.1 Varying the Volume Fraction, Constant Stoichiometry

To determine v (and thus N), the moduli of the gels were determined. In Figure
8, the moduli with respect to initial volume fraction for the 4armPEGioxpa and
4armPEGsokoa gels are shown. In addition, the predicted affine and phantom moduli are
shown for reference. As the initial volume fraction increases, the corresponding
modulus increases. This is expected, as the number of entanglements in the system
should increase, as well as the overall efficiency of the crosslinking reaction. This
corresponds to an increase in v (the number of crosslinkers per unit volume), and thus

an increase in modulus.
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Figure 8: The measured elastic modulus (Gem), and calculated affine and
phantom moduli (Ga¢t and Gypn, respectively, assuming 100% extent of reaction) for the
4armPEGaowna and 4armPEGsokpa gels.

From the measured modulus, v was calculated using the affine network theory
(G =vkT), assuming 100% extent of reaction. Although v calculated from the phantom
modulus will be larger, the trends will be the same; the affine modulus was used for
simplicity. From v, N was calculated as described in Equation 1; from this, we were able

to determine the relationship between Gc and N (described later in the paper).

3.2.2 Varying Stoichiometry, Constant Volume Fraction

The same procedure was performed on the 4armPEGiokpa and 4armPEGsowoa by
varying the stoichiometry of the monomers (Figure 9). If the modulus peaks at a
stoichiometric ratio of 1:1, this should correlate to a gel with the highest number of
crosslinks possible. The peaks for both gels are actually somewhat higher, occurring
around 1.33:1 Norbornene:DTT. Previous reports of PDMS model networks have also

noted similar results, and the off-stoichiometry was attributed to decreasing reactivity as
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the arms react.l® Unequal stoichiometry offsets the effects of this loss of reactivity for
the tetra-functional network. This is consistent with what had been seen for previous

networks.l*l Again, v and N were calculated from the measured moduli as described

above.
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Figure 9: Modulus (G) as a function of reactant stoichiometry for the
4armPEGuoxpa and 4armPEGsokoa gels (¢ = 0.066).

3.3 Fracture Energy and the Relation to Volume Fraction and N

3.3.1 Fracture Energy at Varying Volume Fraction

Next, we measured the fracture energy of our gels through the notch test.
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Figure 10 shows the measured fracture energies for the 4armPEGiokpa and
4armPEGaokpa gels at varying volume fractions. The “calculated” values are the predicted
fracture energies as determined by using Equation 9. The 4armPEGuoxpa gel fracture
energies follow the predicted trend; fracture energy increases linearly with volume

fraction. The 4armPEGaokpa gels exhibit an exponential dependence of Gc on ¢.
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Figure 10: Fracture energy vs. volume fraction for A. 4armPEGoxpa and B.
4armPEGsokpa gel.

To further examine these gels in terms of the Lake-Thomas equation, log (Gc)
was plotted against log (¢) (Figure 11). From Lake-Thomas, we expect Gc ~ ¢'. The
4armPEGuokpa gel acts as expected, with Gc ~ ¢'1. The 4armPEGsooa gel, however, do not
show clean power law dependence. At lower ¢, Gc ~ ¢'?, similar to theoretical
calculations. However, at high ¢, Gc ~ ¢*’. There are several possible explanations for
these 2 regimes seen for the 4armPEGaokpa gels. The higher volume fractions correspond

to concentrations 2-3 times the overlap concentration, calculated by Sakai from the
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radius of gyration.['*] At these concentrations, therefore, entanglements should

contribute to the fracture energy.
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Figure 11: Log(Gc) plotted against log(¢) for the 4armPEGuokpa (blue) and
4armPEGsona (red) gels. A slope of 1 is expected.

As discussed above, fracture energy should scale with Ne®. In Figure 12, it is
shown that Gc ~ Nexperimentar®”> for the 4armPEGuowpa gel, and Nexperimentar 7> for the
4armPEGsooa gel. However, it is important to note that N was calculated from v using
the initial volume fraction, not the corrected volume fraction. It is possible that a more
traditional relationship between fracture energy and the degree of polymerization

would be seen by calculating Neic with a corrected volume fraction.

27



100+ - 10 kDa

] + 30 kDa
- m=-1.75
L) .
81 10 o
m =-0.75
1 ' ;
100 1000 10000
log(N)

Figure 12: Plot of log(Gc) vs. log(Nex). The expected slope is 0.5.

3.3.2 Fracture Energy at Varying Stoichiometry

The fracture energy of the 4armPEGiokpaand 4armPEGsowa gels at varying
stoichiometry had different measured trends, as shown in Figure 13a. The 4armPEGiokpa
network has a peak Geat 1.3:1 Norbornene:DTT, the stoichiometry that formed the
highest number of crosslinks (as evidenced by Figure 9). Interestingly, the 4armPEGsoxpa
gel saw an opposite trend. The stoichiometry of one of the highest moduli measured saw
the lowest fracture energy. Which trend was the expected trend? At constant volume
fraction, Gc ~ Nai®3, and Gem ~ Naic!. Therefore, as the modulus increases, the fracture
energy should decrease; i.e., Figure 6 and Figure 13 should see opposite trends at
constant volume fraction, like the 4armPEGsokpa gels. The trend can be more easily seen
by plotting log(Nexperimenta) against log(Gc), which has a predicted slope of 0.5. The
4armPEGsokoa exhibits a slope of 0.3, while a slope of -0.37 is observed for the

4armPEGiokpa gels, opposite of what was predicted.
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Figure 13: A. Graph showing how varying the stoichiometry of the monomers
affects the corresponding fracture energies. B. Log values of the fracture energy
plotted against log(N). A slope of 0.5 is predicted.

However, it is important to note that though these gels are synthesized at
constant volume fraction initially, the volume fraction actually incorporated into the gel-
the corrected volume fraction- will vary depending on the number of dangling ends.
Therefore, Nexperimentat (calculated from v) will be different from the actual N in the sample,
perhaps explaining the difference in behavior. It is possible that after correcting for these
effects, the 4armPEGuokpa gels will act in the manner predicted. Tests are currently being
performed to see if the behavior can be explained by correcting the volume fraction;

results are discussed in the next section.

3.4 Correcting for Incomplete Reactions

3.4.1 Calculating Amount of Initial Volume Fraction Lost in Dangling
Ends

As noted previously, the volume fraction of the gel incorporated into the

network will be lower than the initial volume fraction, due to defects such as dangling
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ends. Miller and Macosko!' proposed a way to establish the number of dangling ends in
a network; from this, a corrected volume fraction can be determined. For the
4armPEGiooa gels at a constant stoichiometry, the soluble fraction (sol fraction, wsi) was
determined at varying volume fractions. A plot of wsiagainst the volume fraction is
shown in Figure 14. As the volume fraction increases, the sol fraction decreases. This is
expected, as increasing the volume fraction should increase the number of crosslinks,
decreasing the amount not incorporated into the network. This corresponds to the

increase in modulus with increase in volume fraction trend we see in Figure 8.
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Figure 14: wso plotted against volume fraction for the 4armPEGaoxpa gels.

From the sol fraction, the probability that a 4-armed monomer has 1, 2, 3, or 4
arms connected to the infinite network can be calculated as described by Miller-
Macosko.® The volume fraction of monomer lost in dangling ends can then be
determined from these probabilities. For example, a 4-armed monomer with 3 arms

connected to the infinite network has one arm acting as a dangling end. Subtracting the
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volume fraction “lost” to dangling ends from the initial volume fraction gives us a

“corrected” volume fraction, shown in Figure 15.
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Figure 15: Plot of the corrected volume fraction (calculated from the sol
fraction) against the initial volume fraction. The bolded black line shows the actual
volume fraction for reference.

Finally, from the corrected volume fraction, we can calculate a more accurate

Nexperimentul from Equation 1.

3.4.2 Finding the Relationship Between G¢ and N, recteq

For the 4armPEGiokpa gel, we strove to determine if correcting for the volume
fraction lost in dangling ends gave a more accurate Nexperinentar. To do this, we plotted
log(Gc/Gem) against log(N), with N calculated from the initial volume fraction and the
corrected volume fraction (Nexperimentat and Neorrectea, respectively) (Figure 16). Gc/Gem was

plotted to cancel out the term v. A relationship of

G
C/GEM ~N15

is predicted.
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Figure 16: Log(Gc/Gem) vs. log(N) for the 4armPEGuiokpa gels using N calculated
from the initial and corrected volume fraction.

Though both slopes are lower than predicted, Neorrected acts closer to what is
predicted. We suspect it is lower than actual because the Miller-Macosko theory only
accounts for dangling ends; it does not account for other defects like loops or
entanglements. However, correcting N for dangling ends gives a result closer to
predictions than when using the initial volume fraction. Future work will correct N for

the other gels in our study.
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4. Summary and Conclusions

Well-defined networks formed by thiol-norbornene “click” chemistry were
synthesized and characterized in terms of the Lake-Thomas equation. As assumed by
Lake and Thomas, the only energy dissipation comes from bond breakage, as evidenced
by the extremely high resilience of the gels. We therefore examined how N affects the
fracture energy; in this study, we focused on the relationship between N and fracture
energy. We determined the fracture energies of the different molecular weight gels at
varying volume fraction and stoichiometry. At constant stoichiometry and varying
volume fraction, the 4armPEGuoxpa gels and lower concentration 4armPEGaoka gels acted
as predicted. However, the higher concentration 4armPEGsoxpa gels saw a much higher
relationship between volume fraction and fracture energy than predicted, and
hypothesize that the deviation results from entanglements at these concentrations.
Neither the 4armPEGioka or 4armPEGsoka gel saw the predicted relationship of Ge ~
Ne®s. Further work is refining the value of N in terms of complete reactivity and
contributions from non-affine behavior. At varying stoichiometry and constant volume
fraction, the 4armPEGuokpa and 4armPEGsokoa gels saw different trends with respect to
fracture energy. Again, perhaps correcting Nexperimentat Will fix this disparity. Finally, we
looked at plots of G¢/Gem against N for 4armPEGuokpa gels at varying volume fraction for
corrected and uncorrected N. The corrected N gives a scaling behavior of Gc/Gem ~ N1,

vs N> as predicted by Lake-Thomas. This is evidence that correcting the N used in the
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previous sections may account for the odd behavior of the gels. We conclude that we are

not yet quite ready to examine contributions from U on Gc.
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