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Photopolymerization reactions proceed rapidly at ambient conditions and are
able to exhibit both temporal and spatial control, nevertheless their full potential
has been limited by a lack of understanding of the polymerization kinetics and
polymer network evolution as well as a lack of custom, functional monomers, and
polymerization mechanisms. For the last 15 years, our group has sought to address
these limitations by reaction engineering at both the fundamental and applied levels
with a focus on increasing the understanding, potential, and implementation of pho-
topolymerization reactions. In particular, we have modeled and experimentally vali-
dated the complex spatially dependent polymerization kinetics and network hetero-
geneity, and we have implemented these systems for applications improvement or
development in lithography, microdevice fabrication, biomaterials, biodetection, den-
tal materials, and surface coatings. � 2008 American Institute of Chemical Engineers
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Introduction

Since their use by the ancient Egyptians as an integral part
of the mummification process,1 photopolymerization reac-
tions have continued to be ubiquitous reactions with signifi-
cant capabilities that more traditional polymerizations do not
possess. These characteristics, including the ability to cure
rapidly at ambient conditions2,3 and with intimate control in
both time and space when and where the polymerization
occurs,4–6 have enabled photopolymerizations to be imple-
mented in a wide range of applications that are as diverse as
dental materials,2,7–10 contact and other lenses,11–13 coat-
ings,14–17 photolithography,4,18–20 microfluidic device fabrica-
tion,4,5,21–24 tissue engineering matrices,25–27 and 3D proto-
typing.28,29 Unfortunately, despite the vast potential for
energy efficient, solvent-free reactions that are able to be per-

formed rapidly at ambient conditions, the range of applica-

tions where photopolymerizations are utilized is limited by a

general lack of understanding of the polymerization process

itself as well as a lack of solutions for persistent problems

associated with volume shrinkage and stress,9,30–33 oxygen

inhibition,1,34–38 and the presence of unreacted, potentially

extractable monomer.34,39–41 For the last 15 years, our group

has sought to develop enhanced understanding, including

both experimental and modeling approaches, of these reac-

tions while simultaneously utilizing that understanding to

address the problems that limit the implementation of photo-

polymerizations.
At its core, the traditional radical-mediated photopolymeri-

zation reaction is quite simple, consisting of photoinitiation,

propagation, termination, and chain transfer reactions as

illustrated in Figure 1; however, in nearly all practical photo-

polymerization systems, the polymer formation is simultane-

ously associated with dramatic material property changes.

Although these materials are initially low viscosity liquids,

they are rapidly, frequently in less than a second, converted
into glassy, highly crosslinked materials. This dramatic evo-
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lution of the material properties has significant consequences
for the polymer behavior, leading to complexities in the reac-
tion system that include diffusion controlled reactions,34,42–49

delays in the attainment of equilibrium properties,34,39,50 con-
centration, light intensity, and temperature gradients,51,52 and
pronounced heterogeneities in the crosslink density.53–57

Each of these tendencies makes the polymerization reaction
and the polymer properties highly dependent on the condi-
tions under which the material is polymerized, making it crit-
ical to understand and manipulate the formation-structure-
property relationships that exist for these reactions and
materials.

The importance of these relationships in photopolymeriza-

tion reactions is further heightened by the inability to manip-

ulate the polymer properties, shape, or structure postpolymer-

ization. Because these reactions nearly always involve the

formation of a crosslinked structure, very little postpolymeri-

zation manipulation of the polymer is feasible. For linear

polymers, the primary molecular structure and molecular

weight distribution of the polymer are fixed during the poly-

merization reaction, but subsequent processing, such as melt-

ing, extrusion, annealing, etc., can readily modify the poly-

mer properties and shape. For in situ formed crosslinked

polymers, such manipulation and alteration of the material

characteristics is not possible, highlighting the need for poly-

merization reaction engineering, molecular design of mono-

mers, and the development of improved polymerization

mechanisms.
Figure 1 presents the photopolymerization mechanism for

a classical, radical-mediated polymerization. This mechanism
involves the generation of radicals by one of a variety of
methods. Both type I (direct cleavage) and type II (sensitiza-
tion) initiators have readily been used to initiate free-radical
polymerizations with type I reactions more commonly used
for UV initiation and type II initiators more commonly used
for visible light initiation.1,58,59 The initiation reactions are
those in which the initiator, I, decays into primary radicals,
R•, which subsequently react with unreacted carbon–carbon
double bonds to initiate polymer formation; the typical
assumption is that the initiator forms two relatively equally
reactive primary radicals which then react to initiate poly-
merization. The initiation reaction is the only one involving

direct interaction of the material with light; however, for
strongly absorbing initiators, thick polymerizing systems, or
dyed or pigmented films, a significant gradient in light inten-
sity, and therefore initiation rate, is established within the
polymerizing film.60 At a given location within the film the
initiation rate, Ri, is described by

Ri ¼ 2f/e½I�I0; (1)

where both the light intensity, I0, and initiator concentration
[I] may depend on the position within the film, and e, f, and
/ are the initiator molar absorptivity, efficiency, and quan-
tum yield, respectively. One significant complication is that
many of these factors change throughout the polymerization,
particularly as the extent of reaction increases and mass
transfer becomes more difficult. In particular, it is well rec-
ognized that the initiator efficiency changes throughout the
reaction with primary radicals less readily escaping the sol-
vent cage and tending to recombine into nonreactive prod-
ucts.1,34,51,61 Despite this effect, the initiation reaction is gen-
erally the most ideal and least affected by mass and heat
transfer limitations of the various reactions occurring during
the crosslinking photopolymerization.

The propagation reaction generally involves radical species
growth by the radical addition to a carbon–carbon double
bond, generating a new radical at the end of the polymer
chain as shown in Figure 1. This bimolecular reaction
between the radical and the double bond is generally
assumed to be chain-length independent62 though there are
clearly indications that the oligomer/polymer chain length
does have a significant effect for degrees of polymerization
below 10–50, depending on the polymer being formed.49,62,63

Further, as the crosslinking density increases throughout the
reaction, leading to the eventual vitrification of the polymer,
this bimolecular reaction rate is reduced because of diffu-
sional limitations. Overall, the propagation reaction rate is
generally written as

Rp ¼ kp½M�½Mn� �; (2)

where kp represents the propagation rate constant, [M] repre-
sents the double bond concentration, and [Mn•] represents the

Figure 1. Illustration of the photopolymerization reaction process and the chemical reaction steps involved in the
photopolymerization.

Typical photopolymerization reactions occur on the order of seconds and involve multiple distinct monomers. The final polymer product is
nearly always crosslinked and frequently exhibits a glass transition temperature far above ambient or curing conditions. The crosslinking
reaction necessitates reaction engineering of the polymerization system as the polymer product resulting from the reaction is inalterable in
shape and polymer structure by postreaction treatments such as heating or extrusion.
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total propagating radical concentration. The propagation reac-
tion encompasses numerous reactions including the reactions
of both pendant and monomeric double bonds,34,64–66 the
reinitiation of radicals formed by chain transfer, and reac-
tions of the various radicals that exist at any point during the
polymerization, including those in dramatically different
environments.34,67–69 This idealization effectively renders the
propagation kinetic constant a lumped parameter that is suita-
ble for describing these various reactions as they relate to the
overall polymerization kinetics.

Generally, the termination reaction is presumed to be a
bimolecular reaction involving two radicals, as shown in Fig-
ure 1. The kinetics of this reaction are ideally written assum-
ing no chain length dependence, no effects of the polymer
heterogeneity, and no radical trapping as

Rt ¼ 2kt½Mn� �2; (3)

where kt is the termination rate constant. Here, diffusional
limitations are more pronounced than on any other polymer-
ization step. Classically, autoacceleration (also referred to as
the gel effect or the Trommsdorff effect) has played a signifi-
cant role in many bulk polymerizing systems.43,44,49,63,70

This phenomena occurs when the termination reaction
becomes diffusion controlled. Then, as mass transfer
becomes ever more difficult, the radical concentration
increases, sometimes by many orders of magnitude,34,67–69

leading to a significant polymerization rate increase despite
the decreasing double bond concentration.

Highly crosslinked polymers, frequently formed during
photopolymerizations, often present an additional complexity
in the termination, where many radicals cease to propagate,
becoming ‘‘trapped’’ in the highly crosslinked polymer
regions. These radicals are isolated from unreacted double
bonds and effectively terminated, at least in regards to their
ability to polymerize on reasonable timescales, but they
remain present in the polymer for months or years.34,67–69

Although the radical concentration is measurable by electron
spin resonance spectroscopy during and after the polymeriza-
tion, such measurements are relatively impractical for most
photopolymerizations, thus a pseudo steady-state assumption
is applied for the radical concentration to express the poly-
merization rate as,

Rp ¼ kp½M�ðRi=2ktÞ1=2: (4)

A variety of other reactions are also occurring during these
polymerizations that significantly complicate their behavior.
Inhibition by oxygen is one of the most prevalent and perva-
sive limitations on free-radical photopolymerizations. Oxygen
very rapidly reacts with the propagating radical to form a
peroxy-based radical. This peroxy radical is quite unreactive
towards propagation, though it is readily able to abstract
hydrogens from species such as amines and thiols. The lack
of propagation reactivity effectively enables oxygen at typi-
cal concentrations of dissolved oxygen in monomers to in-
hibit the polymerization completely.1,35–38 In thicker films,
where oxygen diffusion is unable to replenish that consumed
by the peroxy formation, the polymerization eventually pro-
ceeds in deeper regions of the film. Additionally, chain trans-

fer reactions to the polymer backbone are known to be a
significant complication in many reactions, particularly those
involving acrylate polymers.59,71–73

In addition to the kinetic complexities that arise during

these reactions, spatial variations in the crosslink density and

other species distribution are also prevalent. These heteroge-

neities lead to polymer networks that have glass transition

temperature regions that are more than 1508C in

breadth34,55,74,75 and in which relaxation times vary by as

many as 18 orders of magnitude within the same polymer

network.56 In the earliest stages of the reaction, radicals are

formed from initiator cleavage with initiation sites well dis-

persed within a nearly infinite pool of unreacted monomer,

which yields a locally high degree of polymerization, pro-

moting intramolecular crosslinking (or primary cyclization)

of these radicals and leading to microgel formation.34,76,77

The relatively high conversion of pendant functional groups

in microgels ultimately does not lead to significant network

development. These ‘‘wasted’’ crosslinks delay the gel-point

significantly, often by as much as 5–10% conversion, from

the classical predictions, many of which would predict ideal

gel-points in these systems to be below 1% double bond con-

version. At the later stages of the polymerization, following

macroscopic gelation and approaching vitrification, the nature

of the heterogeneity inverts and unreacted nanoscale pools of

monomer form throughout the otherwise highly crosslinked

polymer network. These pools, which frequently do not con-

tain unreacted initiators, are not able to polymerize, and the

unreacted monomer remains for the useful lifetime of the

polymer film. The complex nature of this heterogeneity has

previously not been well quantified or described despite its

significant effect on the material properties.
Despite these numerous complexities, radical-mediated

photopolymerizations remain one of the most facile and
capable polymerizations. They are capable of rapidly poly-
merizing monomer formulations, in a spatially and tempo-
rally controlled manner, into highly crosslinked, functional
polymeric materials. To take advantage of these capabilities,
however, it is clear that several aspects of photopolymeriza-
tion require both development and understanding. Our
research over the last 15 years has focused on doing exactly
that and enhancing the basic understanding of the formation-
structure-property relationships as well as developing novel
polymerization methodologies and newly synthesized, more
functional monomers that both improve existing applications
and facilitate the entry of photopolymerizations into applica-
tions for which it was previously unutilized. The remainder
of this manuscript addresses fundamental developments in
the reaction engineering and polymerization kinetics of pho-
topolymerization reactions, the development of novel poly-
merization methodologies, and the implementation of these
systems.

Polymerization Kinetics

An illustration of typical photopolymerization kinetic
behavior is presented in Figure 2a, where the polymerization
rate is plotted as a function of the double bond conversion
for two different photoinitiation rates. Two polymerization
regimes are clearly identifiable in each curve and are typical
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of the kinetics observed during crosslinking photopolymeri-
zation reactions. These regimes have classically been referred
to as the autoacceleration regime, where the polymerization
rate increases despite the monomer consumption, and the
autodeceleration regime, where the polymerization reaction
slows down and ultimately stops despite the continuing pres-
ence of both the radical and monomer reactants.2,7,34 Both
behaviors are dictated by the mobility changes of radicals
and unreacted double bonds as a result of the continuing
polymerization and crosslinking.

At the end of the polymerization, autodeceleration results
from the vitrification of the polymerizing mixture. At this
stage, the propagation reaction becomes diffusion controlled
as the rate at which double bonds are able to diffuse to the
radicals becomes rate limiting. Each subsequent reaction fur-
ther reduces the species motilities, ultimately ceasing the
polymerization reaction despite continued initiation and a
radical concentration that can be as high as 1023 M.34,68,69

During autoacceleration the termination reaction, a biomo-
lecular reaction between two radicals, becomes diffusion con-
trolled and the reduction in mobility, as a result of the con-
tinuing polymerization and crosslinking, further reduces the
termination kinetic constant. The reduction in the termination
kinetic constant results from more hindered termination and
leads to an increase of potentially several orders of magni-
tude in the radical concentration, driving the observed rate
increase. Uniquely, in crosslinked systems the radical mobil-
ity as a result of classical diffusion mechanisms drops to
such an extent that the radicals actually become more mobile
by propagating than by diffusion. This unique mobility
mechanism for radicals is referred to as reaction diffusion
controlled termination42–44,46,47,49,63,70 and has been observed
throughout a large portion of crosslinking polymerizations as
well as at high monomer conversions in linear systems. Ulti-
mately, reaction diffusion controlled termination leads to a
proportionality between the propagation frequency and the
termination kinetic constant,44–46,78,79

kt ¼ R kp½M�; (5)

where R represents the reaction diffusion constant.
In addition to being complicated by reaction diffusion and

changing mobility throughout the reaction, the termination
reaction was determined to be highly dependent on the initia-
tion rate as it effects the kinetic chain length. An example of
this result is illustrated experimentally in Figure 2b where
the polymerization rate is scaled by the initiation rate raised
to the exponent of 0.3. Here, the polymerization rate does
not scale with the classical, idealized 0.5 exponent because,
as the initiation rate increases, the kinetic chains become
shorter and the radicals more mobile so that they terminate
more rapidly. Ultimately, this complex behavior results in a
termination kinetic constant that must account for radicals of
length i terminating with radicals of length j,80–82
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where a represents an exponent that describes the relation-
ship between mobility and termination, k1;1t0 represents the
termination kinetic constant between two radicals of length
one, f is the fractional free volume, and fct is the critical free
volume at which termination transitions to diffusion control.
Equation 6 is used to predict the conversion and chain length
dependent termination constant as shown in Figure 3. Here,
the various regions of the polymerization are obvious as ini-
tially, during autoacceleration, there is a significant depend-
ence of the termination constant on chain length as well as
conversion with higher chain lengths and higher conversions
giving rise to lower termination constants, as observed exper-
imentally.73 As the conversion increases to 25–40%, reaction
diffusion becomes dominant, and the decrease in the conver-
sion dependent termination constant is mitigated until after
40% conversion, where the propagation reaction becomes
diffusion limited and autodeceleration takes over.

Once the kinetic constants for propagation and termination
were modeled, it was possible to incorporate mass transfer

Figure 2. (a) Polymerization rate and (b) polymerization
rate normalized by the initiation rate to
the exponent of 0.3 vs. conversion for
PEG600DMA at irradiation intensities of 5.0
(dashed line) and 0.5 (solid line) mW/cm2.

Figure adapted from ref. 48.
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and heat transfer rates as well as the temperature dependence
of the reaction rates. Through several generations of model
development, we have been able to arrive at a successful
model which is suitable for predicting spatially dependent
polymerizations of the type generally used industrially for a
broad range of applications.37,52,83,84 Figure 4 presents just
such a prediction for a photopolymerized film. Here, it is
obvious that diffusion of oxygen back into the sample from
the air-sample interface continues to inhibit the polymeriza-
tion and leads to the commonly observed tacky or unpoly-
merized film on the sample top. Throughout the remainder of
the polymerizing film, high conversions are achieved; how-
ever, the bottom of the film reaches the highest conversion
because the bottom surface of the sample is insulating and
the maximum temperature occurs at the bottom interface.

In addition to modeling the spatial dependence of the poly-
merization, determination and understanding of the complex
formation-structure-property relationships in photopolymeri-
zations of multiple monomers through high throughput tech-
niques6,85–88 and modeling facilitates true materials design.
In this work, we were able to determine via high throughput
methodologies polymerization kinetic and polymer property
parameters for more than ten distinct monomers. These mod-
els were then used to ascertain an optimal monomer formula-
tion that combined any amount of each of the monomers
while being optimized with respect to minimum cost and
achieving all necessary polymer and polymerization proper-
ties. Figure 5 illustrates the predictions for the kinetics and
various material properties that are achieved after 30 s of
polymerization for all possible ternary compositions of three
monomers, including one monoacrylate and two diacrylates.

This data illustrates the results achieved for only one ternary
combination of the monomers where all possible ternary or
higher combinations can be evaluated and considered in the
optimization.

Throughout our experimental and modeling studies, it has
become apparent that physical constraints on polymerization
are critical in determining the overall polymerization rates
and the ultimate material properties.89–92 This behavior was
found to be particularly critical in systems where the poly-
merization is essentially performed in a nanoreactor, where
the ‘‘reactor’’ is, in fact, a templated, self-assembled molecu-
lar environment. One such environment that was thoroughly
studied was the polymerization of small amounts of mono-
mer within a liquid crystal.89,91 As illustrated in Figure 6, we
demonstrated that polymerizations in ultrathin monomer films
of a few nanometers in thickness as controlled by the smectic
layering of the liquid crystal lead to dramatically inhibited
termination reactions and higher radical concentrations than
would be achieved otherwise, ultimately accelerating the po-
lymerization rate by as much as a factor of three. Identical
polymerizations performed in an isotropic host were signifi-
cantly slower with lower radical concentrations, despite being
performed at elevated temperatures.

In addition to analyzing, predicting, and understanding
classical polymerizations of commercially available mono-
mers, our laboratory has focused on engineering poly-
merization reactions by synthesizing novel monomers3,93–97

as well as developing or implementing distinct photopolyme-
rization mechanisms that enable capabilities that are not pos-
sible with classical systems.98–101 In one particular example,
we have focused on synthesizing monomers that exhibit
extremely fast photopolymerization reactions3,27,93,97,102 de-
spite being monovinyl in character, which are typically at
least an order of magnitude slower than multifunctional
(meth)acrylate monomers. Subsequently, we have focused
extensively on understanding the structure-property relation-
ships that give rise to the unique reactivity associated with
these ultrarapidly polymerizing monomers. The importance
of molecular structure to monomer reactivity is illustrated in
Figure 7. Systematic variations in the molecular structure, far
removed from the reactive acrylic double bond, have dra-
matic effects on the reactivity as shown in Figure 7a, where
a single atom has been changed from a nitrogen to a oxygen
to a carbon (i.e., from an ester to a carbonate to a carbamate
moiety). These effects are a combination of electronic effects
including changes to the propagating active center, hydrogen
bonding, and molecular dipole.1,103–105 Understanding the
impact of various substitutions on monomer reactivity allows
for the design of monomethacrylate monomers that are at
least as reactive as diacrylate monomers. This result is illus-
trated in Figure 7b where the reactivity of a benzyl carba-
mate methacrylate (BCMA) is compared with the reactivity
of several classical photopolymerizable monomers including
a diacrylate, a dimethacrylate, and a traditional monometha-
crylate, all at the identical initiation conditions. The BCMA
is orders of magnitude more reactive than any of the metha-
crylates, reaching a higher maximum conversion and having
comparable reactivity to the multifunctional acrylate.

The development of these novel, highly reactive materials
has, in particular, facilitated the implementation of these
materials in biomedical applications that demand high

Figure 3. Model predictions of the chain length de-
pendent termination kinetic constant as a
function of chain lengths and double bond
conversion, where i and j are the chain
lengths of the two terminating radical
species.

Here, the chain length dependence is most prominent at the
early stages of the reaction, during autoacceleration and is
largely absent at the higher conversions where reaction dif-
fusion controlled termination dominates the termination
reaction process. Figure adapted from ref. 80.
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Figure 5. Theoretical predictions of the (a) rubbery modulus, (b) polymer glass transition temperature, (c) double
bond conversion, and (d) percent extractable monomer for all possible ternary compositions of hexyl
acrylate (HA), trietheylene glycol diacrylate (TEGDA) and bisphenol A diacrylate (BisGA) monomers.

These predictions are all for 30 s of exposure time at 3.5 mW/cm2 with 0.5 wt % dimethoxyacetophenone used as an initiator.

Figure 4. Theoretical predictions of the double bond conversion and oxygen concentration as a function of film
depth and time.

Here, the film is assumed to be open at the top to atmospheric oxygen with a convective heat transfer boundary condition at the top and
an insulating boundary at the bottom for both heat and mass transfer. An unpolymerized layer forms on the sample top due to oxygen
transport back into the sample during the curing process. Figure adapted from ref. 37.
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degrees of conversion and rapid curing.2,7,95,106,107 For bio-
medical materials, the risk of leachable unreacted monomer
is significant and has lead to the utilization of dimethacry-
lates as typical photopolymerizable reactive diluents because,
once either one of the methacrylate groups reacts, the mono-
mer is no longer extractable. Furthermore, dimethacrylate re-
active diluents polymerize far more rapidly than conventional
monomethacrylates. In the dental materials field, however,
we have recently shown that the inclusion of one particular
novel monomer, morpholine carbonyl methacrylate as a 30%
reactive diluent in bisphenol A dimethacrylate, increases the
polymerization rate by a factor of more than three while also
increasing the conversion and modulus of the composite den-
tal filling.95,107 Thus, this monomer overcomes all of the dis-
advantages of the monomethacrylates by reacting more rap-
idly and to a much greater conversion.

Thiol-Ene Photopolymerization Reactions

Unfortunately, despite the broad applicability of

photopolymerizations and their outstanding characteristics,

the traditional (meth)acrylate-based free radical photopoly-

merization process is limited by an array of drawbacks that

include oxygen inhibition, the presence of residual, unreacted

monomer, slow curing, and polymerization induced shrinkage

and shrinkage stress development.2,7,10,34 These limitations to
traditional photopolymerization are all potentially solved by

the utilization of thiol-ene-type photopolymerization reac-
tions.

The thiol-ene photopolymerization represents a fundamen-
tal shift in the mechanism of photopolymerizations in which
the reaction proceeds via alternating propagation and chain
transfer reactions (see Figure 8). This behavior leads to a
step-growth evolution of a network that is photoinitiated and
radically-mediated, having significant advantages related to
delayed gelation such as limited extractables and reduced
shrinkage and shrinkage stress.59,108–110 Furthermore, peroxy
radicals, formed by radical attack on oxygen and typically

Figure 6. Polymerization rate as a function of tempera-
ture and self-assembled structure of mono-
mer-liquid crystal composite systems.

Liquid crystal phases are at the top of the graph with
dashed lines for the phase transition temperatures. These
systems organize the monomer in a nanoreactor associated
with self-assembly of the liquid crystalline environment at
low temperatures and exist as isotropic solutions at higher
temperatures. In contrast to traditional polymerization
behavior, the rate accelerates in the lower temperature,
more organized state. Polymerization rates are for the pho-
topolymerization of hexanediol diacrylate in a ferroelectric
liquid crystal mixture of 1:1 W7 and W82. Figure adapted
from ref. 91.

Figure 7. Double bond conversion as a function of time
demonstrating the importance of molecular
structure on monomer reactivity.

Here, in (a) systematic variations at a single atomic position
are shown to have a pronounced effect on the polymeriza-
tion kinetics, despite being far from the polymerizable dou-
ble bond. In (b) a comparison is made between a highly re-
active monomethacrylate monomer and classical photopoly-
merizable systems including a diacrylate, a dimethacrylate,
and a traditional monomethacrylate. Here, structural modifi-
cations to the BCMA monomethacrylate enable the
polymerization to proceed more than 100 times faster than
the traditional monomethacrylate. Figure adapted from
ref. 3.
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unable to propagate, can abstract a hydrogen from a thiol
group, forming a thiyl radical, and thus thiol-ene polymeriza-
tions are resistant to oxygen inhibition. Unfortunately, the
thiol-ene photopolymerization itself has been limited by a
lack of exploration and a lack of appropriate, available
materials. Our work in this area has focused on advanced
experimental characterization and modeling of the reac-
tion87,101,111–116 and network evolution117–120 as well as the
implementation of improved thiol-ene polymerizations in
liquid crystals,92 polymer-derived ceramics,121,122 dental
materials,8,123 high glass transition temperature, low stress
materials,8,124 hydrogels,26,125,126 photolithography,20,127,128

and surface modification reactions.15,16,20,127,129

One of the unique aspects of the thiol-ene photopolymeri-
zation process is that it is able to be photoinitiated even in
the absence of a distinct initiator species.59,100 The absence
of an initiator enables several distinct advantages of the poly-
merization over those that include initiator including the abil-
ity to cure very thick films, limiting the volatile and colored
by-products typically associated with initiator decomposition,
eliminating residual initiator light absorption, improving film
clarity, and enhancing the stability of the polymer film. Fig-
ure 9 presents the photoinitiatorless polymerizations of a sin-
gle thiol-ene formulation at two different irradiation condi-
tions representing low intensity, low wavelength irradiation
and high intensity, high wavelength irradiation. Both poly-
merizations proceed rapidly despite the lack of an initiator,
but the lower wavelength polymerization proceeds more rap-
idly despite being initiated at 100 times lower light intensity.
It was determined that the mechanism of the self-initiation
reaction at the lower wavelengths involves the direct absorp-
tion of a photon by the thiol followed by cleavage of the
thiol into a thiyl and hydrogen radical, each of which,
through one or a series of reactions, is likely to initiate poly-
merization.113 The initiation mechanism at the higher wave-
length is yet to be determined, but found to be first order in

the concentration of the ‘‘ene’’ monomer for all the systems
studied.113 The difficulty in assessing this initiation mecha-
nism results from the extremely low molar absorptivities of
all the compounds that participate in the thiol-ene reaction at
these longer wavelengths.

The step-growth nature of the thiol-ene reaction affords
numerous advantages for this reaction including the increased
gel-point conversion,120,130 reduced shrinkage per vinyl group
that polymerizes,8,123 and significantly enhanced control of
the polymer molecular weight, homogeneity, and network
structure when compared with chain-growth radical reactions.
In particular, we have demonstrated that thiol-ene grafting
reactions afford many of the same advantages of controlled
radical polymerizations (relatively low polydispersity, uni-
form grafting, and ability to graft thin films) while also pos-
sessing the high reactivity and photopatternability of a photo-
polymerization reaction. In Figure 10, we present a demon-
stration of the ability to control the polymer graft molecular
weight and graft thickness on the 10–20 nm scale. Here,
crosslinked thiol-ene polymer features with size scales on the
order of hundreds of nanometers are formed by step and flash
lithography20,131 of a thiol-ene mixture that contained a small
amount of excess thiol. The residual thiol that exists follow-
ing the reaction facilitates grafting of a linear thiol-ene poly-
mer that is appropriate for reducing the feature size in a con-
trolled manner. The linear polymer grafting formulation is
intentionally stoichiometrically imbalanced to control the
polymer molecular weight by the step-growth reaction mech-

Figure 8. Illustration of the ideal thiol-ene polymeriza-
tion mechanism in which the propagation
and chain transfer reactions continually cycle,
proceeding at equal rates without any signifi-
cant homopolymerization of the ene group.

This mechanism leads to a simple coupling reaction that
results in the addition of the thiol across the ene functional
group, causing the molecular weight evolution to occur via
a step-growth mechanism.

Figure 9. Initiatorless photopolymerizations of thiol-
ene reactions initiated by varying wave-
lengths of light.

Here, the polymerization rate of a stoichiometric mixture
of triethylene glycol divinyl ether and pentaerythritol tetra-
kis(3-mercaptopropionate) is plotted as a function of time
for two distinct irradiation conditions: 254 nm at 0.8 mW/
cm2 (h) and 365 nm at 80 mW/cm2 (*). These results
indicate that both polymerizations proceed on reasonable
timescales and to high conversions despite the absence of
an initiator species. The self-initiation reaction and subse-
quent polymerization are much more rapid with the lower
254 nm irradiation than the 365 nm irradiation, despite the
higher intensity at the longer wavelength. Figure adapted
from ref. 100.
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anism. The manipulation of the molecular weight in this self-
limiting manner enables the feature sizes to be controlled
systematically simply by changes in the thiol-to-ene ratio.
The Figure 10 insets demonstrate the ability to photolitho-
graphically pattern the grafting reaction such that feature
sizes are appropriately changed only where the light is inci-
dent, enabling a powerful combination of controlled, spatially
modulated feature size reduction.

Despite the advantages associated with thiol-ene polymer-
ization reactions, their step-growth nature significantly limits
the crosslinking density and glass transition temperature that
are achieved from these ideal, step-growth reactions. As
such, we have found a dramatic benefit in evaluating multi-
component thiol-ene-vinyl polymerizations where the poly-
merization mode is mixed between step-growth, involving
alternation of propagation and chain transfer (with the ene)
and chain-growth associated with homopolymerization/self-
propagation reactions of the vinyl groups. These thiol-ene-
acrylate120,132 and thiol-ene-methacrylate133,134 polymeriza-
tions have several distinct benefits associated with a semi-
ideal combination of the two polymerization modes in a sin-
gle polymerization. In the case of the thiol-ene-methacrylate
polymerization, the polymerization frequently proceeds
largely through the methacrylate homopolymerization at early
stages of the reaction followed by a more step-like thiol-ene
polymerization at the end.133,134 Liquid-gel phase separation
facilitates the in situ formation of a composite material. The
thiol-ene-acrylate polymerization is more uniform throughout
the reaction, enabling high conversions and crosslink den-
sities to be achieved in the polymers formed. The kinetic and
structural modeling of these ternary polymerization reactions

must include an array of complex reactions as summarized in
Figure 11. Figure 12 shows the experimental results and pre-
dictions of the kinetic model for the conversion of each com-
ponent in the ternary polymerization reaction. These predic-
tions are in excellent agreement with the experimental results
suggesting that mass transfer limitations on propagation and
termination are not significant. It is worth noting that the me-
chanical properties and particularly the glass transition tem-
perature of the ternary thiol-ene-acrylate systems are fre-
quently nearly equivalent to those of the pure acrylate while
forming a more homogeneous network with lower residual
stress.132

Structural Heterogeneity in Highly
Crosslinked Polymer Networks

The basic photopolymerization mechanism for the forma-
tion of highly crosslinked networks leads both to high inter-
nal stress associated with the polymerization shrinkage and
to heterogeneous networks with regions of both high and low
crosslink density. This heterogeneity leads to stress gradients
within the network, brittleness, and the presence of a higher
than expected level of completely unreacted monomer.34 The
approach to combat these deleterious effects has been first to
understand the complex relationships between the molecular
structure of the monomers, the polymerization mechanism
and kinetics, mass transfer of the various species present in
the reaction, and the reaction conditions imposed on the pho-
topolymerization. Mitigation of the heterogeneity and the
resulting stress has been achieved both by changes to the
polymerization mechanism, including the introduction of
controllably reversible covalent bonds into the network135,136

Figure 10. Atomic force micrograph of secondary
micropatterned polymer layer containing a
triethylene glycol divinylether-pentaerythri-
tol tetrakis(3-mercaptopropionate) (thiol-
:ene = 0.35:1) with 0.01% DMPA polymer-
ized on nanopatterned replica by exposing
to UV light (365 nm, 15 mW/cm2 for 3 min)
through a photomask with 50 lm square,
and the insets show the height profiles
along lines (a) and (b).

Figure adapted from ref. 20.

Figure 11. Thiol-ene-acrylate reaction mechanisms,
composed of 4 cycles: (1) Homopolymeri-
zation of the acrylate, (2) copolymerization
of the ene and acylate, and the (3) thiol-
acrylate and (4) thiol-ene polymerization.
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as well as the utilization of the step-growth thiol-ene reac-
tions described above.8,123

The mechanistic origins of heterogeneity are best illus-
trated by considering the classical picture of a free-radical
vinyl polymerization, where the initiation reaction triggers a
cascade of reactions between the growing radical and a large
number of monomers. Each reaction adds another monomer
unit to the end of the polymer chain, converting double
bonds into single bonds, and transferring the propagating rad-
ical to the next monomer. This reaction cascade occurs
within a local region roughly defined by the location of the
initial radical formation and the size of the macroradical
being formed. For highly crosslinked networks, where mono-
mers are multifunctional, the polymeric tail led by the pro-

pagating macroradical contains a significant number of pend-
ant vinyl groups. These pendant vinyl groups, because of
their proximity to the growing polymeric radical, exhibit
reactivity that can be as much as 50–100 times greater than
if those same pendant vinyl groups were homogeneously dis-
tributed throughout the polymerizing mixture.34,53,137

Unfortunately, the strong spatial correlations that lead to the
enhanced reactivity also lead to the consumption of these
potential crosslinks by the relatively ineffective reaction that
forms primary cycles, ultimately leading to the formation of
what has classically been referred to as ‘‘microgels’’ or inter-
nally crosslinked polymers.34,77,137–140

At the earliest stages of the polymerization, before macro-
gelation, microgels exist as independent regions of high
crosslink density in a monomer pool. As the polymerization
proceeds, microgels continue to form and their growth ulti-
mately leads to macrogelation of the polymer, though at
higher conversions than predicted classically due to cycliza-
tion. As the polymerization proceeds, the reactive radical
centers continue to display a strong propensity for intramo-
lecular crosslinking, which dramatically reduces the mobility
of the radicals within the nanoscale regions where the radi-
cals exist. Radicals are ultimately trapped within regions of
high crosslink density and unable to continue to propagate,
thus leading to an effective unimolecular mechanism for ter-
mination of the radical activity.34,68 At the completion of the
polymerization, the final network structure is one of the
highly crosslinked regions, containing trapped radicals sur-
rounded by less densely crosslinked regions that contain a
disproportionate amount of unreacted monomer.54

Modeling heterogeneity

Modeling of crosslinked polymer networks was pioneered
by the seminal work of Flory141 and Stockmayer,142 provid-
ing a mathematical framework that pervades all modern sta-
tistical polymerization models today. Despite the success of
this mean-field model, cyclization was not originally
included, leading to the discrepancies between theoretical
predictions and experimental observations such as the loca-
tion of the gel-point conversion. Modern statistical models
have incorporated weak cyclization as well as unequal reac-
tivity of chemical moieties, predicting significant microgel
formation within 1% of the polymerization53; however, such
models fail to predict many nuances that manifest structural
heterogeneity and propagate throughout the various stages of
polymerization, particularly in polymerizations that incorpo-
rate higher levels of crosslinking agents as typical in photo-
polymerization reactions.

One highly successful route to modeling the primary cycli-
zation reaction utilizes an approach that incorporates species
balances for pendant vinyl groups formed at any stage during
the polymerization.64,65,143,144 This approach is unique in that
it develops and solves the differential kinetic equations
accounting for the reactivity difference of the pendant double
bonds spatially and throughout the polymerization. Mono-
meric and pendant double bonds are tracked separately to
capture the local dynamics and reactivity of the pendant dou-
ble bonds. Calculation of the consumption rate of monomeric
double bonds is based on mean field kinetics for both the
monomer species and the radicals, whereas for pendant dou-

Figure 12. Model predictions (lines) and experimental
data (symbols) for conversion versus time
of ternary thiol-vinyl ether-acrylate photo-
polymerizations.

Thiol (h, dashed line), vinyl ether (~, solid line), and
acrylate (*, dash-dotted line) conversions were per-
formed for initially (a) 0.5:1:1, and (b) 2:1:1stoichiomet-
ric ratios of thiol-vinyl ether-acrylate functionalities. The
samples were formulated with 0.1 wt % dimethyl phenyl
acetophenone and irradiated at 365nm, 2 mW/cm2. Figure
adapted from ref. 115.
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ble bonds, consumption is associated with both crosslinking
(mean-field) and primary cyclization (by back-biting of the
same radical that reacted with the initial monomer). For the
primary cyclization reaction, a local radical concentration is
determined based on the distance between the terminal radi-
cal and each pendant vinyl group on the polymer chain, as
illustrated within Figure 13. The resulting expression for the
total pendant consumption rate is

RpenðtÞ ¼ kx1½PenðtÞ�½Rb�

þ kcyc
NA

Xtb¼t

tb¼0

expf�kt½Rb�ðt� tbÞg½Penðt� tbÞ�
4
3
p r0 þ C

1=2
n nðt; tbÞ1=2l

� �3
; ð7Þ

where the kinetic constants for propagation that lead to cross-
linking and cyclization are kxl and kcyc, respectively, which
are both generally assumed to be equal to kp, the propagation
kinetic constant. [Rb] is the bulk radical concentration, NA is
Avogadro’s number, r0 is the monomer size, Cn is the char-
acteristic ratio, n is the number of carbon–carbon bonds
between the pendant double bond and radical, and l is the
length of a carbon–carbon bond. Clearly, pendant double
bonds that have existed for different lengths of time each
have their own local radical concentration, which is a func-
tion of when the pendant was created (birth time, tb) and the
current time, t. When the pendant is first created, it is very
close to the propagating radical and the local radical concen-
tration (and therefore the rate of primary cycle formation as
indicated by the second term in Eq. 7) is high. Conversely,
after long times the local radical concentration diminishes

dramatically and the crosslinking reaction dominates the
reactivity. The effect of various reaction parameters on the
pendant vinyl reactivity and propensity to form crosslinks is
presented in Figure 13. This approach has been highly suc-
cessful in predicting the deviation of the crosslink density
from ideality as a function of monomer structure,65 monomer
size,143 crosslinking agent functionality,64 and the presence
of varying amounts and qualities of solvent.146

Despite its success in predicting the decrease in the aver-
age crosslinking density associated with primary cyclization,
analytical models have struggled to predict the spatial distri-
bution of crosslinking density. In contrast, Monte Carlo
based computer simulations have been able to capture the
heterogeneous structural evolution and spatial variations in
crosslink density. Percolation or kinetic gelation-type simula-
tions elucidate the dependence on polymerization conditions
of a number of characteristics of highly crosslinked networks
such as microgel formation,140 monomer pooling,140 radical
trapping,76 and delayed gelation.137 The reactivity ratio of
pendant vinyl groups to free monomer vinyl group demon-
strates a reactivity decrease over the simulation, starting
from values as large as 50, and dropping below unity.139 In
these simulations, the observed reactivity preference for
pendant vinyl groups is strictly a function of spatial distribu-
tion and mobility as observed experimentally. Interestingly,
the inversion to lower reactivity later in the polymerization
is due to the trapping of ‘‘older’’ pendant vinyl groups
within the microgels formed at the early stages of the
polymerization.

Iniferter photopolymerizations and material properties

As discussed previously, structural heterogeneity in highly
crosslinked networks is marked by regions of dramatically
different mobility. Time-dependent properties, such as the
stress and dielectric56 relaxation, reflect the underlying mo-
lecular relaxation, revealing the relaxation time distribution
associated with this heterogeneity. Dynamic mechanical anal-
ysis and dielectric analysis were both used to characterize
the heterogeneous relaxation time distribution in polymer
networks.56,57,147

Unfortunately, significant complications arise when
attempting to characterize the structural heterogeneity of
highly crosslinked networks by any technique that requires a
temperature ramp.55 Trapped radicals readily exist for
months to years within the highly crosslinked, glassy poly-
mer matrix.34 As the temperature is increased during any
attempted evaluation of the material properties, the radical
mobility increases, facilitating further propagation with the
remaining vinyl groups. This process, known as chasing, pre-
viously was intractable as it shifts the glass transition temper-
ature of the sample while the same is being measured, result-
ing in an inaccurate measurement. One mitigation strategy is
to scan multiple times; however, the final material measure-
ment is on a sample that is chemically far different from the
original. Thus, measurements by this technique superimpose
the network properties from the initial photopolymerization
with the subsequent thermal polymerization. An alternative
strategy developed first by our group is to use iniferters to
facilitate radical termination and elimination of trapped radi-
cals before the necessary temperature excursion.

Figure 13. Predictions for the normalized fraction of
pendant vinyl groups that were formed at
10% (solid line), 20% (dot-dashed line), and
40% (dashed) conversion that remain
unreacted as a function of time since the
moiety was created (i.e., tbirth).

As illustrated in the figure inset, the distance from the
active center to the pendant vinyl group increases as a
function of t 2 tbirth, scaling approximately with end-to-
end length, re–e, to the 1/2 power, and decreasing the
reactivity of the pendant vinyl group for primary cycliza-
tion. Figure adapted from refs. 146 and 145.
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Iniferters were first used to synthesize several polymer
architectures including block copolymers,148 graft copoly-
mers,149 star polymers,150 and low polydispersity linear poly-
mers.151,152 Ideally, an iniferter is photocleaved to form an
initiating radical and a stable, noninitiating radical. Because
this latter radical does not initiate polymerization, it remains
small and relatively mobile throughout the polymerization
reaction. Thus, when irradiation ceases, the small, stable, and
noninitiating radical is capable of diffusing throughout the
polymer and terminating the carbon-centered radicals, includ-
ing the otherwise trapped radicals. This mechanism, as illus-
trated in Figure 14, thus prevents the phenomenon of chasing
upon subsequent heating and enables a far more accurate and
comprehensive analysis of the polymer networks formed
from photopolymerizations.

Figure 15 shows the reversible photo-cleavage of the
iniferter, p-xylylene bis(N,N-diethyl dithiocarbamate) (XDT)
into a xylyl radical, which initiates polymerization, and two
stable dithiocarbamyl (DTC) radicals, maintaining an equilib-
rium with the carbon centered radical as a function of irradi-
ation wavelength and intensity. When the irradiation is
ceased, the otherwise trapped radicals become quenched by
the DTC radicals, thus preventing further polymerization
upon heating (as shown in Figure 14). Traditional photo-
cleavable radical initiators can also be used in conjunction
with a sufficient amount of tetraethylthiuram disulfide (disul-
fide-DTC or TED) to achieve a similar outcome but with

enhanced capabilities.153 This approach has the advantage of
independent control of the two radical species concentrations
and is appropriate for creating networks that polymerize rap-
idly but still contain DTC end groups as needed for multi-
layer device manufacture and photografting reactions.4,154,155

It is important to note that the introduction of stable, non-
initiating radical species, such as DTC, changes the overall
reaction mechanism and the corresponding polymerization
rate. Early in the polymerization, there are low concentra-
tions of DTC species and the dominant termination mode is
by reaction of two carbon–carbon radicals. Later in the poly-
merization, there is a build up of DTC radicals and the domi-
nant termination mode shifts to the combination of carbon
and DTC radicals. Using XDT in conjunction with TED,
Kannurpatti et al. were able to characterize these polymeriza-

Figure 14. Conventional (top) and iniferter mediated (bottom) polymerization of highly crosslinked networks.

After the irradiation has ceased in the iniferter photopolymerization, the stable radicals sequester the active carbon-centered radicals, pre-
venting further polymerization during heating. Adapted from ref. 55.

Figure 15. Upon irradiation of UV light, XDT (left)
undergoes reversible photocleavage of the
carbon-sulfur bond to produce two propa-
gating carbon centered radicals (far right)
and two nonpropagating DTC radicals.
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tion stages and found a regime where carbon-DTC radical
termination dominates throughout the reaction, establishing a
‘‘living’’ network polymerization.98

The application of XDT in a divinyl polymerization not
only prevents the chasing phenomenon associated with
trapped radicals but also prevents ‘‘dark’’ polymerization,
that is, continued polymerization after irradiation has ceased.
Typically, it is difficult to measure the evolution of mechani-
cal properties at specific conversions due to this dark poly-
merization. Figure 16 demonstrates the use of iniferters for
conversion control and evaluation of the evolution of the
glass transition temperature for a typical dental resin com-
posed of two dimethacrylates. Here, it is clear that, despite
several orders of magnitude change in the initiation rate as
well as a large change in the polymerization temperature, the
glass transition temperature of this complex system is deter-
mined only by the conversion that is achieved. Several other
properties were also evaluated (modulus, strength, etc.) and
found to depend only on conversion rather than the initiation
conditions.75,156,157 These results indicate that the ‘‘soft-start’’
and other ramped curing methodologies used in dental appli-
cations primarily alter the functional group conversion rather
than changing the relationship between conversion and mate-
rial properties.

Time-temperature superposition (TTS) is applicable only
to materials that do not undergo a phase transition or chemi-
cal reaction over the temperature range used. Figure 17
shows the storage modulus as a function of frequency for a
copolymerized network of diethylene glycol dimethacrylate
(DEGDMA) and poly(ethylene glycol 600) dimethacrylate
(PEG600DMA), revealing a broad glass transition owing to
the structural heterogeneity. Without the application of

iniferters, TTS would be impossible as the material would be
chemically different at each temperature. This result also
quantitatively presents the dramatic structural heterogeneity
that exists in these materials as the transition from glassy to
rubbery occurs over as many as 15–18 orders of magnitude
in relaxation time.

To characterize the sample heterogeneity in terms of a
single, lumped parameter, the relaxation spectrum is often fit
to a stretched exponential or Kohlrausch-Williams-Watts
(KWW) function, exp[2(xc/x)

b].158 Perfectly, homogeneous
materials relax by a single relaxation mode and are well
described by a simple exponential (b ¼ 1), whereas heteroge-
neous materials relax by the superposition of relaxation
modes, convoluting the response and ‘‘stretching’’ the decay
(0 < b < 1). Thus, the distribution parameter, b, is a mea-
sure of homogeneity. In Figure 18, the distribution parameter
was measured for copolymerizations of octyl methacrylate
(OcMA, a noncrosslinking monomethacrylate) with one of
two crosslinking agents, either DEGDMA or PEG600DMA.
The primary difference between the two dimethacrylate
crosslinking agents is the molecular size, corresponding to
the distance between the vinyl functionalities. Interestingly,
as one increases the amount of dimethacrylate comonomer,
the smaller DEGDMA is more heterogeneous, with a lower
distribution parameter, than the larger PEG600DMA. This
outcome is explained in terms of primary cyclization,
where the pendant vinyl groups are more likely to cyclize in
the shorter monomer, leading to the formation of a more uni-
form network from PEG600DMA when compared with
DEGDMA. This picture is consistent with both theoretical
models146,145 and kinetic gelation simulations.137

Adaptable Networks

Chemically crosslinked networks are generally described
as thermosets, in recognition that these networks can be nei-

Figure 16. The glass transition temperature of a 75/25
mixture of 2,2-bis[4-(2-hydroxy-3-methacry-
loxyprop-1-oxy) phenyl] propane (bis-GMA)
and triethylene glycol dimethacrylate.

Irradiating intensity ranged from as low as 0.05–800 mW/
cm2, for samples formulated with 0.1 wt% XDT. Further,
data were collected for samples polymerized at tempera-
tures ranging from 10 to 708C. These results clearly dem-
onstrate that for highly crosslinked polymer systems the
initiation rate and polymerization conditions primarily dic-
tate the final conversion as a means for altering the mate-
rial properties. Figure adapted from ref. 75.

Figure 17. Storage modulus for a 45/55 wt/wt,
DEGDMA/PEG600DMA copolymer, over 18
decades of frequency using time-tempera-
ture superposition (temperatures are from
237.78C to 121.78C).
Figure adapted from ref. 55.

AIChE Journal November 2008 Vol. 54, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 2787



ther melted nor molded. Recently, we have developed a new
class of materials, known as ‘‘adaptable networks,’’ which
implement covalent but reversible chemical linkages through-
out the network backbone, which facilitates controllable
bond rearrangement and material reshaping. These new mate-
rials impact several areas of polymerization as they provide a
mechanism for postgelation stress relief and even reverse ma-
terial failure through crack healing. Our approach has been
to implement photoinduced network rearrangement via addi-
tion-fragmentation of an allylic sulfide group within a cross-
linked polymer backbone.

When incorporated throughout a network, the allylic sul-
fide functionality has the ability to undergo radical mediated
addition-fragmentation (i.e., intramolecular hydrolytic sub-
stitution, SH2

0)159,160 and has been utilized in a variety of
synthetic schemes,161,162 including methods for synthesizing
low-polydispersity linear polymers.163–165 The allylic sulfide
moiety is a rather poor reversible addition-fragmentation
chain transfer (RAFT) agent with respect to carbon-centered
radicals163; conversely, it readily reacts with thiyl radicals
generated within the thiol-ene polymerization chemistry
(Figure 19). Interestingly, the reaction between the thiyl radi-
cal and the allylic sulfide bond regenerates the reactants,
resulting in bond rearrangement while preserving the overall
network structure and crosslinking density. This bond rear-
rangement has been shown to enable photoactuation and
stress relaxation, each associated with adapting/relaxing all
or part of the polymer network.

There are several strategies to incorporate the allylic sul-
fide functionality within the network backbone. Ring opening
monomers, such as monomer I in Figure 20, are implemented
directly into a stoichiometrically balanced ratio of thiols to
enes, whereas the amount of allyllic sulfide within the net-
work is readily controlled. This method decreases the cross-
link density and produces a distribution of allylic sulfide

units per crosslink, which is dependent on the allylic sulfide
reactivity relative to the ‘‘ene’’ reactivity. An alternative
method is to synthesize one of the thiol-ene monomers with
an allylic sulfide unit (e.g., monomer II in Figure 20).
Although this guarantees one allylic sulfide unit per one
crosslink, the amount of allylic sulfide units is fixed. The
combination of the two monomers provides facile control
over the amount of allylic sulfide units per crosslink.

A typical resin formulation includes both a visible- (e.g.,
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide) and UV-
light initiator (e.g., 1-hydroxy-cyclohexyl-phenyl-ketone).
The resin is photopolymerized using 400–500 nm visible-
light, leaving latent UV-light initiator for subsequent radical
generation and stress relaxation via bond rearrangement. Fig-
ure 21a demonstrates the stress profile of a material stretched
to various strains, showing an elastic linear response to the
deformation. After reaching the prescribed strain, the mate-
rial was irradiated with UV-light. Normalization of the data
reveals that approximately 90% of the stress is relieved upon
irradiation, owing to photoinduced plastic deformation via
bond rearrangement as mediated by the allylic sulfides (see
Figure 21b).

Because the addition-fragmentation of the thiol-ene allylic
sulfide linkage is triggered by an external light source, the
bond rearrangement within these networks is both spatially
and temporally controlled. Irradiation of optically thick sam-
ples under tensile stress results in light attenuation, essen-
tially ‘‘writing’’ a gradient of stress into the material that
mimics the light intensity gradient. After removal from the
tensile stress, the material deforms in response to the written
stress gradient.135 Moreover, the written stress gradient can
be altered further by additional irradiation, producing light-
induced actuation of the material.136 Adaptable networks are
still in the nascent stages of development; however, this
exciting new branch of materials exhibits photoinduced plas-
ticity, as displayed in thiol-ene allylic sulfide networks,

Figure 18. Distribution parameter versus mole fraction
crosslinking agent in copolymers of (h)
OcMA and DEGDMA and (l) OcMA and
PEG600DMA.

All samples were formulated with 0.1 wt % XDT and
irradiated 365 nm light at 600 mW/cm2. Figure adapted
from ref. 57.

Figure 19. Addition-fragmentation mechanism for the
thiyl radical attack on an allylic sulfide
moiety.

This mechanism facilitates macroscopic shape changes
and material relaxation; however, the network connectiv-
ity, overall crosslink density, and material properties are
all conserved as one crosslink or backbone connection is
simply exchanged for a new connection.

Figure 20. Chemical Structures for I) 2-methyl-7-meth-
ylene-1,5-dithiacyclooctane (MDTO) and II)
2-methylene-propane-1,3-di(thioethyl vinyl
ether) (MDTVE).
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allowing for precise control over the shape as well as
actuation.

Photopolymerization Reaction Engineering
for Novel Applications Development

Dental materials

Until recently, most dental restorations were completed
with materials based on metal amalgams. In contrast, meth-
acrylate based resins have the added aesthetically pleasing
benefit of being camouflaged within the tooth; however, they
have been limited by the mechanical properties achieved,
including a large stress associated with the polymerization
shrinkage and simultaneous polymer network formation.
Today, visible-light initiated, dimethacrylate-based resins are
the most commonly used material for dental restoration.10

Despite incremental advancements, dental resins still face
fundamental obstacles associated with rapid chain-growth
photopolymerization, such as incomplete conversion, and
stress development due to polymerization-induced volume
shrinkage.

Incomplete conversion of highly crosslinked monomers in
dental restorative materials is an unresolved problem, where
double bond conversion in a typical dental resin is 55 to
75%.166–168 Low double bond conversion equates to
unreacted monomer that not only diminishes the mechanical
properties via plasticization but also can leach out of the res-
toration and into the body. Several parameters can be manip-
ulated to dictate the final conversion such as light intensity,
reaction temperature, monomer structures, and composition;
these parameters determine the diffusional limitations on ter-
mination (autoacceleration) in the initial stages of the reac-
tion and the subsequent diffusional limitation to propagation
(autodeceleration) in the latter stages of the reaction.156

Recently, the focus of the dental community has aimed at
reducing or eliminating the shrinkage stress that arises during
the polymerization. These stresses, frequently topping 1–3
MPa, are large enough to deform the tooth structure measur-
ably and cause marginal leaking, microcracking, sensitiza-
tion, and, ultimately, secondary cavities at the site of the
original cavity.10 The dental community experimented with
irradiation intensity and timing as a means for achieving
reduced stress, and various curing protocols emerged as a
result, reporting lower polymerization stress associated with
lower intensity, ‘‘soft-start’’ protocols. Ultimately, these
claims were confounded by the failure to account for the
relationship between the double bond conversion, the initia-
tion conditions, and the observed polymerization stress. Lu
et al. performed the first simultaneous stress and conversion
measurements and demonstrated that the low intensity protocol
did indeed result in lower polymerization stress, but at the price
of having a lower double bond conversion (see Figure 22).9,32

Though the soft-start methodologies achieved little practi-
cal success in stress reduction, there have been many strat-
egies successfully used over the years to reduce polymeriza-
tion shrinkage and the associated stress. The most successful
of these approaches has been to simply reduce the monomer
volume fraction and replace it with nonshrinking inorganic
fillers such as silica particles. The current research focus is
on minimizing the shrinkage in the organic fraction without
sacrificing reaction speed or mechanical properties. Although
Patel et al.169 established a direct relationship between vol-
ume shrinkage and carbon–carbon double bond conversion
for methacrylates, several researchers have circumvented this
limitation by ring-opening polymerizations, which exhibit
less shrinkage.170–174

As mentioned, thiol-ene photopolymerizations proceed via
a free-radical step-growth mechanism and exhibit a much
reduced volume shrinkage per double bond converted (;12.5
ml/mol).8 Further, the molecular weight of thiol-ene step-
growth polymerizations increases geometrically and uni-
formly, imparting pregel characteristics that are particularly
well suited for application in dental materials and delaying
the gel-point conversion until much higher conversions,
when compared with typical chain-growth photopolymeriza-
tions. Small molecular species dominate the initial polymer-
ization stages, allowing shrinkage stress dissipation through

Figure 21. (a) Stress vs. time and (b) normalized stress
versus time for samples of 75% PETMP/
MDTVE and 25% MDTO ramped to 1.5, 3.0,
4.5, 6.0, and 7.5% strain at 0.5%/min, held
for 1 min, and irradiated with 365 nm light at
an intensity of 40 mW/cm2.

The normalized stress versus time reveals that 90% of the
stress is alleviated upon irradiation nearly independent of
the initial strain.
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viscous flow. This behavior is in contrast to chain-growth
polymerizations, where large molecular species are generated
shortly after initiation, with a gel-point conversion typically
less than five percent. Figure 23 presents results for a thiol-
ene formulation in contrast to the traditional dental resin sys-
tem, where the thiol-ene polymerization achieves higher con-
versions, resists oxygen inhibition, and exhibits significantly
lower stresses.

Hydrogels

Biomaterial research is a rapidly expanding multidiscipli-
nary field that focuses on the interplay between materials and
biological systems. An important class of biomaterials is the
insoluble, yet hydrated networks called hydrogels. Hydrogels
are readily tailored and used in a variety of applications such
as contact lenses, super-absorbent materials, and adhe-
sives.11,13,175 The polymer strands that comprise the hydrogel
network control the extent of swelling and dictate the me-
chanical properties. Incorporation of hydrolytically degrad-
able units such as ester or anhydride functionality into the
network backbone or crosslinks provides an avenue for
hydrogel dissolution in the presence of water. Hydrolytically
degradable hydrogels have been integrated into many appli-
cations such as degradable sutures and stents, tissue engi-
neering matrices, and sustained drug delivery devices.176–182

To be a useful biomaterial, hydrogels and their degradation
products must be biocompatible and degradation must occur

in a controlled and consistent manner. It is essential to have
an accurate model to predict the erosion evolution of a
hydrogel to exploit the degradation properties for a specific
application. A statistical model was constructed to predict
the bulk-erosion of a poly(ethylene glycol)-block-poly(lactic
acid)-block-poly(ethylene glycol) (PEG-b-PLA-b-PEG) back-
bone hydrogel.180 The PEG block imparts hydrophilic solu-
bility to an otherwise hydrophobic, yet hydrolytically cleav-
able, PLA block. The basic tradeoffs between mechanical
strength and water content are observed as a function of the
molecular weight between crosslinks and the composition.
The basic degradation of a single hydrolytic linkage is sim-
ply described using first or pseudo-first order kinetics. Using
the single adjustable parameter of the number of crosslinks
per kinetic chain, one predicts the resulting mass loss pro-
file.180 Simple modifications to the model, such as the inclu-
sion of dangling ends (i.e., chains not fully incorporated into
the network), multiple degradable units per hydrolytic chain,
and chain-length distributions, lead to a more accurate
description of the degradation.183 Figure 24 shows a compar-
ison of the mass loss model with and without the incorpora-
tion of dangling ends.

Microfluidic devices

Over the last decade, microfluidic devices have become
increasingly popular with the main goal being the production
of comprehensive laboratory analysis and detection systems
on a single, self-contained microdevice. This device should
successfully reduce macroscale technologies and analytical

Figure 22. The stress evolution of a typical filled dental
resin (49/21/30 –– 2,2-bis[4-(2-hydroxy-3-
methacryloxyprop-1-oxy) phenyl] propane
(bis-GMA)/triethylene glycol dimethacrylate
(TEGDMA)/OX-50) using three different cur-
ing protocols: Standard-start (dotted line ––
60 seconds at 450 mW/cm2), Soft-start (solid
line –– standard-start protocol preceded by 5
s at 100 mW/cm2), Pulse-start (dashed line ––
same as soft-start with a 120 s wait period
between the 5 and 60 s irradiation period).

All samples were formulated with 0.21 wt % camphorqui-
none and 0.56 wt % 4-dimethylaminobenzoate and were
irradiated with visible light. Figure adapted from ref. 9.

Figure 23. The stress evolution of a typical dental resin
formulation (70/30 –– 2,2-bis[4-(2-hydroxy-3-
methacryloxyprop-1-oxy) phenyl] propane
(bis-GMA) and triethylene glycol dimethacry-
late (TEGDMA), dashed line) and a stoichio-
metrically balanced thiol-ene formulation
(pentaerythritol tetrakis(3-mercaptopropio-
nate) (PETMP)/Triallyl-1,3,5-Triazine-2,4,6-
Trione (TATATO), solid line).

All samples were formulated with 0.3 wt % camphorqui-
none and 0.8 wt % 4-dimethylaminobenzoate and were
irradiated with visible light at 580 mW/cm2 for 1 min.
Figure adapted from ref. 8.
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functions to a microscale, be robust in the operating condi-
tions that are tolerated, be as affordable as possible to pro-
duce, and be as simple as possible to use. Microfluidic de-
vice technology, as such, has many advantages, requiring
reduced sample sizes, producing results more rapidly and
accurately, and facilitating the use of field portable systems.
Photopolymerization techniques are ideally suited to this
complex device development in many areas. Our research in
particular has developed the contact liquid photopolymeriza-
tion process to take advantage of iniferter polymerizations
for the fabrication of complex, three-dimensional devices.4,5

This technique provides excellent adhesion between layers,
preventing delamination, and a strategy for grafting mono-
mers that alter surface energy to either prevent or encourage
biological interactions154,155 as well as functionalized anti-
bodies to facilitate rapid detection.184–186 Improved antigen
detection is achieved by copolymerizing methacrylated anti-
bodies with PEG methacrylate from the surface graft. The
PEG methacrylate imparts significant mobility and hydration,
which eliminates both mass transfer and steric limitations to
the antigen-antibody interaction, thereby improving the
kinetics and facilitating highly sensitive, rapid detection that
would otherwise not be achievable.

Biosensing

Ultrasensitive detection of biological moieties is an excel-
lent illustration of a nonconventional application of photopo-
lymerization reactions.187–189 For this work, photoinitiators
were coupled to molecules involved in biorecognition events
such as antigen-antibody interactions or oligonucleotide
hybridization reactions. Upon photopolymerization, macro-
scopic polymer spots, observable to the naked eye, were
formed from ;103 biological moieties (biotin-labeled DNA
in this case) at a surface density of less than 0.1 biotin/lm2.
This sensitivity was achieved without enzymatic amplifica-

tion or detection schemes, and it portends to the great ability
of polymerization reactions to serve a critical role in biode-
tection as applied to disease diagnosis, biowarfare agent
detection, and genetic fingerprinting.

Conclusions

The photopolymerization reaction is a highly versatile and
capable reaction; yet it remains one of the least understood
and implemented due to the complexity of the rapidly evolv-
ing network structure, the mass and heat transfer limitations,
and the lack of availability of custom, functional monomers.
Over the last 15 years, our group has attempted to address
these issues by a combination of fundamental reaction engi-
neering principles and network modeling as well as thorough
experimental validation of that understanding and the under-
lying formation-structure-property relationships. Further, we
have exploited unique polymerization schemes as well as the
development of novel materials to enable new and improved
application of photopolymerization technologies.
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