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ABSTRACT: The synthesis and processing of most thermoplastics and thermoset 3%  Polymer £ .  Monomer
polymeric materials rely on energy-inefficient and environmentally burdensome manufactur- -
ing methods. Frontal polymerization is an attractive, scalable alternative due to its
exploitation of polymerization heat that is generally wasted and unutilized. The only external
energy needed for frontal polymerization is an initial thermal (or photo) stimulus that
locally ignites the reaction. The subsequent reaction exothermicity provides local heating;
the transport of this thermal energy to neighboring monomers in either a liquid or gel-like
state results in a self-perpetuating reaction zone that provides fully cured thermosets and
thermoplastics. Propagation of this polymerization front continues through the unreacted monomer media until either all reactants
are consumed or sufficient heat loss stalls further reaction. Several different polymerization mechanisms support frontal processes,
including free-radical, cat- or anionic, amine-cure epoxides, and ring-opening metathesis polymerization. The choice of monomer,
initiator/catalyst, and additives dictates how fast the polymer front traverses the reactant medium, as well as the maximum
temperature achievable. Numerous applications of frontally generated materials exist, ranging from porous substrate reinforcement
to fabrication of patterned composites. In this review, we examine in detail the physical and chemical phenomena that govern frontal
polymerization, as well as outline the existing applications.
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1. INTRODUCTION

1.1. Conventional High-Energy Curing of Thermosets and
Bulk Polymerization Reactions

Many industrial-scale applications require structurally light-
weight, high-strength materials. The aerospace,l_3 automo-
tive,’ infrastructure,” and energy® sectors employ components
made of composite materials that are comprised of highly
cross-linked thermosets in conjunction with a reinforcing
medium (e.g., aluminum, glass, or carbon fillers). In the case of
modern commercial aircraft, such as the Boeing 787 or Airbus
A350XWB, composites represent nearly 50% of the total
weight, and are expected to increase in demand in the coming
decades.” Traditional, energy inefficient thermoset curing
technologies involve elevated temperatures (~200 °C) over
an extended time frame (~5—20 h) in a closed, high pressure
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autoclave or oven.” Moreover, the dimensions of the reactor
depend on the size of the desired object; large objects,
therefore, necessitate sufficiently sized forming or containment
apparatuses (i.e., an autoclave), which incurs an initial capital
investment in addition to the associated energy and materials
costs. ">

A related, but often undervalued issue involves the
environmental impacts associated with the operation of batch
curing devices, which encompass the entire life-cycle of the
final product.” The fabrication of the fuselage of a Boeing 787,
for example, requires curing of several massive (~2 tons)
sections comprised of carbon-fiber-reinforced thermoset
polymer composite materials.” Lifecycle assessment of one
such tubular section estimated that manufacturing requires an
energy consumption of 1.6 X 10* kWh (~58 GJ).?

Separate from curing processes that irreversibly form
extended cross-linked networks, bulk polymerizations (BP)
of non-cross-linkable monomers afford linear or branched
thermoplastics.”'® In the adopted processing conditions,
thermoplastics do not undergo irreversible chemical reactions
upon heating, whereas thermosets form covalent linkages
between polymer chains (i.e., curing). While examples of low-
temperature curing processes exist (e.g., room temperature
vulcanization of bicomponent silicones or RTV2), most
structural thermoset composites are produced at temperatures
exceeding 100 °C.” BP formulations (i.e., solvent-free) contain
monomers with the possible addition of initiators, catalysts, or
additives, as necessary. These components are thoroughly
mixed and then transferred into heated (and often pressurized)
reactor vessels or cast-molds.” Polymerizations initiate
uniformly through the entire reaction media, without a well-
defined monomer-to-polymer interface. The exothermicity
associated with these neat polymerization techniques may
present a heat dissipation safety challenge; efficient heat
removal is required to avoid potentially dangerous run-away
reactions.” The generated heat is typically wasted, rather than
being harvested for productive applications.

Given the rapid changes to global climate patterns attributed
to combustion derived green-house gas emissions,’’ new
curing and polymerization processes must exhibit improved
efficiencies and lower environmental impacts.' In this context,
frontal polymerization (FP) has emerged as a low-energy
alternative for synthesizing thermoset polymers and moldable
thermoplastics. Henceforth, we refer to the formation of both
cross-linked and non-cross-linked networks as frontal polymer-
izations.

1.2. What is Frontal Polymerization?

Frontal polymerization is a self-perpetuating reaction, wherein
an initial stimulus (e.g,, thermal or photo) induces a localized
reaction zone, the so-called “polymerization front”. The heat
released from the exothermic polymerization in this zone
provides sufficient temperature increase to initiate additional
polymerization events at the boundary between polymer and
unreacted monomer phases, which often results in planar
propagation. This is perhaps best described in analogy to the
falling of dominoes arranged in a line (Figure 1). Initially, the
upright dominoes exist in a local energy minimum.
Unperturbed, the dominoes remain motionless. An external
force, say for example from a finger, provides sufficient energy
to knock a single domino over (i.e., surpass a kinetic barrier).
In this fashion, the trigger transforms potential energy into
kinetic energy. As the domino falls, it transfers some of this

https://doi.org/10.1021/acs.chemrev.2c00686
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Figure 1. Generalized representation of FP compared to falling
dominoes. Top: An initial force provides sufficient energy to induce a
domino effect. Bottom: An initial energy stimulus (e.g., heat) initiates
a self-sustaining, propagating polymerization front.

kinetic energy onto an adjacent tile, which then has sufficient
energy to overcome its own barrier. In this way, the dominoes
fall one after another in a self-sustaining and predictable way.
This analogy elegantly describes an ideal propagation event.

Nonplanar fronts also exist, and section 3 details the
underlying causes associated with thermal and convective
instabilities. Except for the ignition by an exogenous source, no
additional external energy input is needed as the heat
generated by the chemical reaction (i.e, monomer trans-
forming into polymer) sustains the process. Self-perpetuation
occurs by way of heat transport (see section 3) through the
polymerizable medium until complete monomer conversion
occurs. The polymerizable medium is typically in a liquid or gel
phase, but in the case of composites, the inclusion of a
chemically inert reinforcement phase (i.e., filler) influences to
the heat transport.

A bibliometric analysis of the history of FP is possible using
the method known as reference publication year spectroscopy
(RPYS). First introduced by Marx et al,” this technique
quantifies the frequency with which references are cited (i.e.,
cited references, CR) in the publications of a specific research
field. The findings from RPYS are reported as a plot of total
CR for papers published in a given year vs the publication year
(Figure 2, gray bars). From this data, the difference from the S-
year median of the CRs (Figure 2, red curve) against
publication year is calculated. Historically important works
manifest as pronounced peaks in the difference curves (i.e.,
highly cited). RPYS is implemented using the tool CitedRefer-
encesExplorer (CRExplorer), which analyzes the CRs in a
publication set retrieved from common bibliometric databases,
such as Web of Science (WoS, Clarivate Analytics). For a WoS$
search on “Frontal Polymerization” conducted on September
1, 2022, we found 769 FP publications with 26 319 nondistinct
CRs. The RPYS analysis revealed four distinct time periods of
seminal papers that contributed to the FP literature: (1) before
the discovery of FP, a handful of elementary publications
appear dealing with combustion science and polymerization;
(2) starting from 1972, papers on the discovery of FP appear,
exclusively from scientists of the former Soviet Union (USSR);
(3) ca. 1990, publications investigated and established the
fundamental chemistries of FP; and (4) after ca. 2005,
publications emerge related to engineering science (ie.,
applications) of FP. Key early references identified by RPYS
are provided in Figure 2.

The first usage of the term “frontal” in the context of
polymerization originated from the former USSR in the early
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1970s."*™*” These early works described the self-perpetuating
radical polymerization of methyl methacrylate under intense
pressures in sealed reaction chambers (on the order of 10* to
10* atm). The pressure involved in such systems, however,
precludes their practical implementation in commercial or
industrial settings. Between the 1970s and early 1990s, a
significant research effort existed in USSR to develop large-
scale frontal reactors; given political pressure and censorship
within Soviet science, dissemination of science outside of the
country was limited until after the fall of the USSR in 1991.>*
The results on FP from the USSR era are nicely summarized in
early reviews by Pojman et al.”>*° and Davtyan et al.*" and will
not be discussed further here.

FP provides several advantages compared to other polymer-
ization modes. Existing industrial methods, such as those
employed to fabricate thermosets, often require prolonged
heating at elevated temperatures inside large autoclaves. In
contrast, FP reactions exhibit superior energy efhiciencies
through the elimination of the continuous external heating
requirement.” Additionally, frontal temperatures typically
exceed those of batch reactors, which manifests as faster
observed polymerization rates and shorter fabrication times.
The mechanical properties of frontally prepared polymers are
often comparable to, if not better than, those derived from
other methods as a result of higher monomer conversions and
degree of cross-linking (sometimes indicated as the degree of
conversion, a).”>~** Theoretical studies have also investigated
differences between bulk polymerizations and FP in the
context of fabricating fiber-reinforced composites.”

Despite these advantages, several limiting factors exist. FP
necessitates highly reactive monomers to self-propagate. As an
unintended consequence, some monomer systems undergo
spontaneous polymerization (SP) at or near ambient temper-
atures.®® In the context of this review, we differentiate FP and
SP as separate modes of polymerization. While FP and SP are
both types of BP (i.e., neat resins), the associated reaction/
thermal profiles distinguish them from commonplace industrial
methods. Typical industrial BP occur at a fixed temperature,
where polymerization occurs uniformly throughout the
reaction media. In contrast, FP and SP proceed nonuniformly.
In the former case, a well-defined and predictable thermal
gradient exists. In contrast, SP occurs at ambient conditions in
the absence of an initiating trigger. Typically, SP is
uncontrolled without a well-behaved thermal profile and
typically provides materials of variable properties.

In addition, some of these systems induce autoacceleration
phenomena (also known as the gel or Trommsdorff—Norrish
).”’~* Contrary to most reaction types where observed
rates decrease with substrate consumption, autoaccelerating
polymerizations exhibit rate enhancements as the monomer
concentration decreases. Increased viscosity due to increasing
polymer chain length over the course of polymerization results
in reduced termination rates that net an overall increase in the
observed rate of monomer consumption.”’ Hence, low
polymerization onset temperatures require substantially colder
working conditions to avoid SP and favor FP.

On the other hand, mitigation of heat-loss from the front to
the surroundings is a separate but equally important challenge.
Front quenching may occur via heat-loss to the surroundings,
as this lowers the temperature at the front below a critical point
required to self-sustain FP. Quenching also results when an
insufficient monomer, initiator, or catalyst volume fraction
exists in the polymerizable medium, the polymerization rate is

https://doi.org/10.1021/acs.chemrev.2c00686
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1938 | Zeldovich and Kamenetzki, A theory of thermal propagation of flame. Acta Physicochimica URSS 1938, 9, 341. 47 6
1942 | Norrish et al., Catalyzed polymerization of methyl methacrylate in the liquid phase. et al. Nature 1942, 150, 336. 329 24
1948 | Trommsdorff et al, Polymerization of methyl methacrylates. Makromolekulare Chemie 1948, 1, 169, 487 24
1971 Shkadinskii et al, Propagation of a pulsating exothermic reaction front in the condensed phase. Combust. Explos. 170 17
Shock Waves 1971, 7, 15.
1972 | Chechilo et al, Phenomenon of Polymerization Reaction Spreading. Dolk. Akad. Nauk S55R 1972, 204, 1180. 252 217
1974 | Chechilo et al,, Structure of Polymerization Wave Front and on Mechanism of Polymerization Reaction Spreading. 27 a7
Dolk. Akad. Nauk SSSR 1974, 214, 1131.
1974 | Khanukaevetal, Theory of polymerization-front propagation. Combust. Explos. Shock Waves 1974, 10, 17. 6 5
1974 | Khanukaev et al, Theory of the propagation of a polymerization front. Combust. Explos. Shock Waves 1974, 10, 562. 16 16
1976 | Surkovetal, Calculation of Steady-State Velocity of Reaction Front During Epoxide Oligomer Curing by Diamines. 1 25*
Dolk. Akad. Nauk SS5R 1976, 228, 141,
1985 | Volpert et al, Propagation of the caprolactam polymerization wave. Combust. Explos. Shock Waves 1985, 21, 443, 9 9
1991 Pojman, Traveling fronts of methacrylic acid polymerization. J, Am. Chem. Soc. 1991, 113, 6284. 205 174
1993 | Pojman et al, Traveling fronts of addition polymerization with a solid monomer. . Am. Chem. Soc. 1993, 115, 11044, 83 70
1993 | White etal., Simultaneous lay-up and in situ cure process for thick composites. J. Reinf. Plast. and Compos. 1993, 41 32
12,520.
1994 | Magy et al, Thermochromic composite prepared via a propagating polymerization front. J. Am. Chem. Soc. 1995, 103 90
117,3611.

Figure 2. Reference publication year spectroscopy of the term “Frontal Polymerization” in a Web of Science search conducted on September 1,
2022. Plot: Gray bars represent the total citations by the FP literature for papers published in a given year as a function of the publication year. The
red curve is the difference from the S-year median value. Key references correspond to well-defined peaks in the red trace. Four time periods of
publication exist and correspond to distinct phases of the development of FP. Table: Key early references (pre-1995) are provided, with the
associated authors, titles, total citation count, and citations from the FP literature. *The FP citations exceed the total citation count likely as the
result from an error in the WoS database.
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too slow, or the heat of polymerization is too small. Indeed,
front quenching is problematic as the resultant polymers
exhibit nonuniform properties. From a chemical perspective,
many polymerization motifs are plagued by undesired
termination reactions or slow background gelation. In radical
chain polymerizations, for example, coupling events reduce the
concentration of reactive species able to add monomer within
the reaction media, thereby dampening the observed polymer-
ization rate.”’ Similarly, gel-state resins that result from partial
prepolymerization exhibit reduced monomer concentration
compared to the initial, liquid-state reaction conditions. The
lowered potential energy in such resins may slow (or even
prevent) propagation under FP conditions."’ Nevertheless,
recent work from Robertson et al.”* achieved successful gel-
state FP and adapted this technique to applications that require
processing of viscoelastic materials (e.g., 3D-printing). Reactor
boundarz' conditions dictate the magnitude of heat-loss in FP
regime.”* Thermally insulated reaction vessels, for example,
dissipate heat more slowly than those comprised of conductive
materials. Thermal insulation facilitates efficient heat transfer
through the reaction media. The effective volume to exposed
surface area (i.e., at the reactor boundary) ratio, as well as the
reactor shape, play a critical role in heat-loss.”>**

Autoacceleration and front quenching may be viewed as two
extreme cases of a shared phenomenon: the balance between
chemical reaction and heat transfer rates. From this point of
view, autoacceleration occurs when the kinetic and thermody-
namic aspects of the chemical reaction prevail. In contrast, the
front quenching exists in a heat-transfer governed regime,
where insufficient heat generation per unit time cannot
compensate for heat-loss.

To mitigate these challenges, an ideal FP system must
remain inert for extended lengths of time (ie., display a long
pot-life) prior to the introduction of the exogenous triggering
stimulus. These systems display resilience to undesired,
background polymerization (either gelation or SP) under
ambient conditions prior to front ignition. Additionally, resins
must not exhibit premature front quenching after ignition. The
latter consideration is described by the “propagating lifetime”
of the system. In a hypothetical scenario where an infinite
quantity of monomer exists, we define this value as the
maximum length of time after ignition that a front propagates
before either front quenching or autoacceleration occurs, given
a nonsteady state condition. The propagating lifetime depends
primarily on the reactor vessel specifications (e.g, boundary
conditions, surface-area-to-volume ratio) and its resistance to
heat-loss rather than the fundamental chemical properties.
Short propagating lifetimes pose challenges toward the
implementation of FP to 3D-printing.

Our goal in this review is to provide a complete picture of
FP that bridges the gap among the governing chemical,
physical, and mechanical phenomena. Given the interdiscipli-
nary nature of the field, this review aims to provide a common
ground to facilitate fruitful discussions. To our knowledge, this
is the first review that comprehensively covers each of these
details for a general audience. The four existing FP reviews
cater to a highly specialized community and focus on specific
subtopics (e.g, composite manufacturing).29’30’45’46 As men-
tioned previously, the first review by Pojman and co-workers”’
in 1996 summarized the early Russian FP works that were
otherwise inaccessible to non-Russian audiences. In 2012,
Pojman contributed a FP review chapter to the book Polymer
Science: A Comprehensive Reference. More recently in 2022,
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Pojman*’ described FP exclusively in the context of composite
manufacturing as a chapter of the Encyclopedia of Materials:
Plastics and Polymers. Sadly, books have fallen out of style as
easily accessible, widespread repositories of knowledge. While
a recent review in Prog. Polym. Sci. by Li and co-workers*®
surveys the FP literature, it fails to critically analyze the field
from an ab initio (i.e., first-principles) viewpoint; it best serves
experts in the field as a reference list. To attract and engage the
uninitiated, a general review must offer an entry point to all
disciplines.

To this end, this review is organized into six sections, as
outlined above. After this general introduction section, section
2 focuses on the common measurable metrics used to assess
the efficacy of FP reactions, as well as a brief general discussion
of key mechanical properties. Section 3 approaches the physics
of FP by deriving the phenomena associated with heat
transport, which govern the success of a frontal system.
Section 4 outlines the chemical space (ie., polymerization
mechanism) and the relationship between FP compositions
(i.e, monomer, initiator/catalyst, additives) and polymer
properties. Section S5 provides an exhaustive survey of
applications that exploit FP. The past five years have seen an
explosive growth of application-driven FP developments.
Indeed, a majority of new frontal systems describe the
adaptation of FP to specific technologies (e.g., manufacturing,
chemical sensing, composite production). As a result, we
believe that a comprehensive review of the application space
provides new insights for experts and new-comers alike. Lastly,
section 6 provides our vision for future FP endeavors and
concepts for the field to consider moving forward.

2. CHARACTERISTIC FEATURES OF FRONTAL
POLYMERIZATION

2.1. Detection and Visualization of Polymerization Fronts

Optical imaging (ie., the human eye or a digital camera)
provides the most direct measurement of the front position
(Figure 3); indeed, even an undergraduate student equipped
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Figure 3. Time evolution of a reaction front in a neat resin of
dicyclopentadiene. An initial thermal trigger initiates frontal ring-
opening metathesis polymerization to convert liquid monomer
(orange) into a solid thermoset polymer (yellow). Figure reprinted
with permission from ACS Macro Lett. 2017, 6, 609—612.> Copyright
2017, American Chemical Society.

with a ruler is sufficient to record front velocity, as described in
an educational laboratory procedure by Pojman and co-
workers.”” A digital camera or camcorder in conjunction with
modern analytical software packages enables enhanced spatial
and temporal resolution, as well as better detection of complex
front dynamics caused by thermal instabilities (see section
3.2). Optical imaging, however, relies on a substantial refractive
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index (or color) difference across the interface of the hot
polymer and cool monomer phases.””*’ In cases with
negligible differences, the position of the reaction interface is
ambiguous and difficult to track. Several alternative approaches
circumvent these limitations, such as thermographic imaging or
addition of reactive dyes (vide infra).””***°

Masere and Pojman®® designed a polymerization formula-
tion to include a reactive, colored indicator, such as
bromophenol blue; under the reaction conditions associated
with radical polymerizations (see section 4.3), this colored
indicator undergoes a marked color change, thereby allowing
for rapid visual detection of the reaction front. The authors
attributed the change in photophysical properties to the radical
scavenging behavior of bromophenol blue. In theory, any
additive (e.g., thermochromic or fluorescent compounds) that
does not interfere with the polymerization and undergoes a
marked change in light absorption (or emission) within the
reaction zone may aid in front position determination. Indeed,
recent work from Lloyd et al.’’ demonstrated that the
inclusion of a thermochromic additive (i.e., N,N’-di-sec-butyl-
p-phenylenediamine) into FP resins records the thermal
history during front propagation. Specifically, regions that
achieve front temperatures exceeding ~200 °C underwent a
color change from purple to colorless, which is presumed to
result from mesolytic cleavage of reasonably stable radical
cation adducts of the diamine additive. More importantly,
inclusion of this additive did not alter the metrics associated
with front propagation.

Adaptation of infrared thermographic imaging to FP enables
the observation of the heat-transfer dynamics. A recent
publication by Bansal et al.>® studied curing of thin acrylate
films on wood surfaces by FP and employed thermographic
visualization to extract the front position as a function of time,
as well as the time-dependent temperature behavior (Figure 4).

| Propagating front |] End |

| Start

Figure 4. Infrared thermographs of FP of a mixed wood-polymer
composite material provide insight into frontal dynamics. The edge of
the front is indicated by the arrows. Reprinted and adapted with
permission from ACS Macro Lett. 2020, 9, 169—173.%° Copyright
2020, American Chemical Society.

Real-time video of the propagating heat wave is available in the
Supporting Information provided by Bansal et al.>> While this
experimental procedure has become commonplace, it only
provides temperature information at the sample surface, since
detection involves IR radiation emitted via a blackbody cooling
mechanism (see section 3).54 Accurate measurements with this
technique require IR transparent reaction vessels to avoid
adventitious absorption by the container itself; this is
particularly problematic for FP reactions housed in glass test-
tubes. Changing the apparatus material or switching to an
open-mold setup, however, greatly impacts thermal instabilities
and front propagation. In contrast to thermographic imaging,
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an embedded thermocouple at a predetermined location in the
reaction vessel provides accurate temperature measurements
within the reaction zone. In this context, the judicious
application of both techniques best describes the system.

For nontransparent materials comprised of opaque filler
components (e.g, structurally reinforced composites, porous
materials, stone, etc.) with polymers generated frontally,
traditional visualization techniques are not applicable. In
these select cases, high energy spectroscopic analyses are
able to identify structural features ex post facto. In the
consolidation of porous stones, for example, X-ray tomography
was successfully utilized to determine the efficacy of structural
reinforcement provided by polymers generated frontally in
situ.’”* X-ray based techniques, however, are difficult to
implement, especially in a time-resolved fashion, and therefore
remain impractical for many frontal applications.

2.2. Macroscopic Metrics Associated with Propagating
Fronts

Direct comparisons of otherwise disparate FP systems require
a uniform set of well-defined parameters to describe the often-
complex nature of the propagating heat wave. Variable
experimental design specifications (e.g,, chemical mechanism
operative in the polymerization, reactor dimensions and
material, additives, etc.) obfuscate meaningful comparisons
between systems in this field. A discussion of the variables and
the techniques involved in their measurement, therefore, is
warranted to aid in subsequent analyses of the various frontal
systems. While a set of standardized practices and
terminologies exist, we propose several additional facets (vide
infra) that are relevant when evaluating the efficiency of new
FP experiments. The parameters related to front velocity and
temperature typically are experimentally determined by the
methods outlined in section 2.1.

2.2.1. Front Velocity and Acceleration. One of the most
obvious characteristic features of FP is the velocity at which the
reaction zone propagates through the monomer solution. In
the simplest case of a 1D linear front, the steady-state velocity
is defined as vy = dx/dt, where x is position and ¢t is time;
typical values range from 0.5—10 cm min~' as observed in
Figure 5, though significantly higher and lower values also exist
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Figure S. Generic plot of a front position profile. At t = 0, an external
stimulus is applied to ignite the system. After a length of time (tigmte),
a visible front starts to propagate. The presteady state time (t,)
reflects the length of time required to achieve a constant frontal
velocity (1) after ignition. The frontal velocity is determined from the
slope of the linear fit of the green section. The parameters in this
general schematic are as follows: fi. = 60 s, t, = 1405, and 1= §
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in several cases. In the 1960s, analytical expressions for front
velocities were proposed for zeroth- and first-order, as well as
autocatalytic chemical reactions.”® The primary parameters
that describe the correlation with the experimental observa-
tions include the thermal conductivity of the reaction media,
polymerization enthalpy and activation energy.”® Similarly,
heat dissipation and the possible occurrence of concomitant
physical or chemical transformations must also be considered.
The transient acceleration of the front (a; = dx*/d*t in the 1D
linear case) that occurs immediately after the ignition step has
not been widely studied, but may relate to autoacceleration (a;
> 0) or front quenching (a; < 0) phenomena. Systems that
exhibit thermal instabilities, as presented in section 3.2, may
undergo an alternation of positive and negative acceleration
modes.”’

2.2.2. Ignition and Pre-Steady State Duration. Perhaps
unsurprisingly, instantaneous ignition of thermal fronts does
not occur; a transient period exists prior to front propagation,
during which a critical quantity of heat is transferred from the
external stimulus to the ignition zone. Two different time
parameters describe these transient dynamics, as depicted in
Figure 5. The ignition time, f;;,, reflects the length of time
that the external stimulus is applied prior to visible front
formation. This has also been referred to as the front start
time,”*"%* but we favor the usage of figy as it is less
ambiguous. The energy required to trigger front formation
divided by t;,,. provides a power value (measured in Watts),
and is quantifiable for photoignited fronts.”” The input power
triggers the chemical reaction by providing sufficient energy to
overcome the kinetic barriers (i.e., activation energy)
associated with initiation and subsequent propagation steps.
Separately, the rising temperature preheats fresh monomer
ahead of the (polymerization front via the physical process of
heat transfer.*”

A second, but related, feature of the initial frontal period is
the presteady state time, t,, which indicates the transient
regime after front generation for v to reach a constant value.”®
Large f, values are problematic since they exacerbate
competitive heat-loss; if heat transfer to the surroundings
dominates (due to high thermal conductivity or the convective
effect), a long tignite Will not provide enough energy to trigger
front formation. Similarly, longer t, afford nonuniform front
conditions, which complicate the frontal process and may even
lead to heterogeneous materials. An example of this occurs in
systems that undergo cross-linking. Long f,, values enable
differences in the degree of cross-linking as a function of
distance throughout the polymer. Despite the importance of
tignite and f, most literature reports provide only v which
limits meaningful analyses of the ignition dynamics and the
reinforcing feedback between initiation and propagation.

2.2.3. Temperature Field. The velocity and temperature
of the front are often highly correlated; for example,*® fast
moving fronts typically display higher frontal temperatures
than slow moving fronts. Computationally, the temperature
evolution is evaluated as a function of position and time. In a
typical experiment, a thermocouple junction at a fixed position
(Figure 6A and B) records the time-evolution of the
temperature, whereas an IR thermograph displays the spatial
temperature field at a fixed time (Figure 6C). Both techniques
highlight three discrete regimes: (i) monomer preheating, (ii)
the reaction front, and (iii) polymer cooling. The first results
from heat transfer, either from the ignition source or from the
polymerization enthalpy, and is defined by a smooth (and
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Figure 6. Temperature field evolution as a function of time and space.
A: General schematic of FP at a fixed time period after ignition. B:
Typical spatial evolution of the front temperature at a fixed time
period after ignition, where “x-position” refers to distance from the
ignition site. Three discrete regimes exist, the first of which involves
preheating of the monomer via heat transfer (orange region). The red
region exhibits a rapid temperature change due to the exothermic
polymerization reaction in the front. Finally, cooling of the hot
polymer occurs in the blue section. C: Typical temporal evolution of
the front temperature at a fixed distance, as measured by an
embedded thermocouple junction. D: Simulated frontal conversion
(a) and normalized temperature () profiles at different times, which
indicate an initial transient propagation motif prior to achieving a
steady-state. The normalized temperature 6 is unitless and defined as
(T = Ty)/(TS — Ty), where Ty is the initial reaction temperature
and T2, refers to the maximum front temperature at an initial @, = 0.
The reaction front exhibits two characteristic length scales, Ly and L,,.
Ly refers to the spatial length (in cm) between positions in the front
that exhibit a maximum and minimum 6 value. L, refers to analogous
spatial length (in cm) in relation to degree of conversion, . Note that
both Ly and L, vary with initial &, and 6, values. This model does not
consider cooling. Reprinted and adapted with permission from J. Appl.
Polym. Sci. 2019, 136, 47418.% Copyright 2018, Wiley Periodicals,
Inc.
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ideally flat) temperature gradient in both space and time. In
the front region, monomer rapidly transforms into polymer
with a concurrent heat-release and is characterized by a sharp
thermal gradient. The final regime occurs after the front has
polymerized the reaction media. The polymer spontaneously
cools as the excess heat is lost to the surroundings.

For systems that exhibit well-behaved, smooth front
propagations, a sensor that captures the time evolution of
the temperature sufficiently characterizes the process. In
particular, the maximum temperature of the front (T,,,) is
the most reported metric as it provides an easily comparable
value. This simplistic observable, however, only provides
information averaged over a small section and usually depends
on the position of the sensor. Indeed, as the system is not
adiabatic, temperature gradients likely exist between the
reactor center and its boundaries. Moreover, fronts often
deviate from the ideal smooth propagation motif, as high-
lighted in several studies that report the complexity of the
temperature field evolution during FP (e.g, hot spots, spin-
modes, ﬁngering).smé_68 For instance, Figure 2 illustrates
nonidealized behavior that results from the coupling between
diffusive-convective transport modes and gravity. These
complex instabilities are described in further detail in section
3.2.

Computational models, such as that described in Figure 6D,
employ a normalized temperature 6.*' This unitless value is
defined as 6 = (T — T,)/(T°,. — T,), where T, is the initial
reaction temperature and To,. refers to the maximum front
temperature achieved in during FP (i.e,, an initial degree of
conversion, @, = 0; see section 2.2.5). The characteristic length
(Ly) of the reaction front is easily visualized in Figure 6D; the
length of the front is defined as the spatial distance between
the maximum (€ = 1) and minimum temperature (0 = 0).

2.2.4. System Lifetimes. The so-called “potlife” is a
loosely defined term that typically reflects the length of time
that a FP monomer system remains viable for frontal
polymerization prior to the onset of SP. The literature
definitions, however, vary as pot-life does not inherently
specify the temperature at which it is measured. In this context,
we propose two narrowly defined parameters that describe the
viability of a frontal formulation. The storage lifetime reflects
the length of time that a reaction mixture is stable at a specified
temperature before background polymerization precludes its
use for FP. Practical applications require long storage lifetimes;
a batch of monomer must not undergo SP until it is
intentionally ignited. This feature is particularly important in
composite material fabrication. The production of carbon
fiber-reinforced polymers, for example, requires the infusion of
the reactive mixture into the porous substrate prior to
polymerization.”” Similarly, applications involving the con-
solidation of stone (e.g., historical artifacts) or adhesives also
require long storage lifetimes. Significant research efforts have
centered on increasing the storage lifetimes from minutes’*~"?
to hours,”*™”” and in some cases days.”>”® Section 4 provides a
detailed analysis of the various factors that dictate the storage
lifetimes.

A related, but often ignored, parameter is the propagating
lifetime, which we define as the length of time that a hot front
propagates before stalling out or undergoing SP. In contrast to
the storage lifetime, the active lifetime denotes the resiliency of
the system to heat-loss and uncontrolled autoacceleration. For
manufacturing purposes, a self-sustaining front must possess a
sufficiently long propagating lifetime to support industrial-scale
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applications. The primary difference between storage and
propagating lifetimes is the relation to the ignition event.
Storage lifetime reports on the resilience of frontal
formulations to any process that occurs prior to front
generation. It is most relevant to applications that require
extensive preprocessing of the reaction system. In contrast, the
propagating lifetime reflects the stability of the polymerization
front to exogenous forces (e.g., heat-loss), with direct
ramifications toward the processing window of the final
product.

2.2.5. Monomer Conversion and Degree of Con-
version. If no side reactions occur, monomer conversion or
the degree of conversion (a) denotes the mole fraction of
monomer transformed to polymer during polymerization at a
given time. For a specific polymer architecture (e.g., linear,
branched, network), the mechanical properties are highly
correlated to a. When @ = 0, no polymer chains exist. At the
other extrema (a = 1), complete monomer consumption
occurs. The state bounded by these extremes (0 < a < 1)
contains a mixture of species characterized by various degrees
of polymerization. Indeed, the initial degree of conversion (a)
tunes the rheology of the polymerization medium for a specific
application. For example, 3D-printing requires a gel-like
monomer formulation (&, & 0.3) with specific viscoelastic
and shear-thinning properties.”” The polymerization front
exhibits a second characteristic length (L,) dependent on the
gradient in degree of conversion.”" Similar to Ly described in
section 2.2.3 and Figure 6D, L, refers to the spatial length of
the front between positions at a maximum and minimum «
values.

Several techniques measure the overall monomer con-
version. In a typical differential scanning calorimetry (DSC)
experiment, changes in heat flow or heat capacity are measured
as a function of time or temperature compared to a reference
standard.®” For a given sample, two identical heating ramps are
applied, the first of which measures the heat required to
complete polymerization. The second scan provides a
reference for the fully polymerized sample. The conversion,
therefore, is measured by the difference in exotherm area
between the two scans.””*”?~"° DSC is the favored technique,
since several temperature rates are necessary to construct a
reliable kinetic model that accounts for changes in a and
frontal temperature: da/dt = f(a, T).

Thermogravimetric analysis (TGA) elucidates mass loss of a
sample as a function of time or temperature. This technique
has been employed as an indirect method to calculate
conversion. Changes in mass correlate to volatilization of
monomers or thermal decomposition products, and depends
on the selected atmosphere (i.e., inert or oxidizing). Addition-
ally, TGA provides useful information on small molecule
release. Under appropriate conditions, the amount of residual
monomer contained within the polymer network is quantifi-
able by the associated mass loss.*"”' ™ This technique is
better suited toward quantifying the products derived from
thermal degradation of the material. Furthermore, TGA
coupled with Fourier-transformed infrared spectroscopy
(TG-FTIR analysis) or mass-spectrometry (TG-MS analysis)
provides detailed chemical information on gaseous species
evolved during pyrolysis.

A third, albeit crude, technique to measure conversion
involves the physical extraction of monomer contained in a
thermoset polymer. This relies on a marked difference in
solubilities between the two species; soluble monomers
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embedded in insoluble polymers are extracted with repeated
solvent treatment (e.g, Soxhlet extraction). The mass
difference between the untreated polymer and the washed
polymer (after removing volatile components under reduced
pressure) provides very rough indirect information about the
monomer(s) conversion, much like other forms of gravim-
etry.***"*® Moreover, this technique is limited to thermoset
networks. For thermoplastics, both residual monomer and low
MW polymeric species may solubilize, thus artificially skewing
the apparent conversion. Instead, in situ spectroscopic methods
(e.g, NMR spectroscopy or size-exclusion chromatography)
enable time-resolved quantification of monomer conversion for
soluble polymers.

2.3. Structural and Mechanical Properties of Frontally
Derived Polymers

The physical and mechanical properties of frontally derived
polymeric materials must be similar to (if not superior than)
those derived from traditional methods for broad applicability
of FP. Before discussing the various effects that determine the
features of the frontally derived polymers, a brief discussion of
the various mechanical metrics as compared to bulk polymer-
ization derived materials is warranted.”””*

The most important mechanical and thermochemical
features include elasticity (i.e, Young’s (E) and Shear (G)
Moduli), viscoelasticity (i.e., Storage (E’) and Loss (E")
Moduli), tensile strength, hardness, transition temperatures
(eg, Tg), average molecular weight (M,), dispersity (D), and
swellability (as measured by the swelling ratio, SR%). Most
polymers, such as polyacrylates, display E values in the range of
0.1 to 10 GPa.”* The variance in this range, however, reflects
differences in composition as well as microstructural features
(e.g., crystallinity, porosity) derived from the polymerization
process itself (i.e., stirred BP, SP, FP). Additionally, mechanical
properties (e.g, E) are temperature dependent, as described in
an idealized scan from dynamic mechanical analysis (DMA;
Figure 7).

The existence of multiple transition temperatures reflects
different responses of a material under heating. In an idealized
amorphous thermoplastic (i.e, low to medium M,), several
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Figure 7. Idealized DMA schematic of the microstructure and
mechanical properties of an amorphous polymer (black, solid line)
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low-temperature transitions related to local bending/stretching
and side chain motions occur. The most commonly compared
variable, the glass-transition temperature (Tg), indicates the
onset of long-range main chain movement. As the temperature
exceeds the T, long-range segmental motion within the
polymer chains occurs alongside a loss in elastic response (i.,
E’) to afford a rubbery material. For thermoplastics below a
critical chain-entanglement, M,, a melting temperature exists
whereby interchain slippage results in free fluid-flow. In
contrast, cross-linked amorphous thermosets (or exceedingly
high M, polymers) cannot undergo global chain-slippage and
do not possess T, values. Typically, such thermosets degrade
prior to achieving free-flow.

A possible difference between polymers derived from FP and
SP may manifest as a result of differences in the T,. In general,
FP affords polymers with slightly higher T, values than their
classical counterparts (mostly by about 5—10 °C), as is
observed in several examples.’”*>***> While there might be
various causes for such differences, it is likely that FP provides
higher conversion and degree of cross-linking than analogous
SP conditions. In turn, this reduces the quantity of residual
monomers within the network that can act as plasticizers.

For many potential FP applications, such as aircraft
component fabrication, additional weight or volume con-
straints require high-performing load bearing materials. A two-
dimensional material selection chart (also known as an Ashby
chart) correlates a desired mechanical parameter (eg, E) as a
function of a constraint (e.g, density p).”*”” In this regard,
composites are beneficial as they display desirable mechanical
properties from each component without the weight associated
from metallic or ceramic analogues. With frontal curing, more
energy efficient manufacturing procedures are possible
compared to batch derived (e.g., autoclave cured) congeners.

3. GOVERNING PHYSICS: HEAT TRANSPORT AND
INSTABILITIES

Heat transport and the associated mechanisms are critical to
successful FP. Given the complex physics that govern heat
transport, a short discussion of the definitions and terminology
associated with the various modes of heat transport is
warranted. Additionally, it is worth distinguishing the related
concepts of heat and temperature; the former describes the
flow (or change) of internal energy (measured in J) within a
system. Temperature, on the other hand, provides a measure-
ment of the average kinetic energy associated with the
vibration of molecules comprised in the system (measured
either in °C or K in SI units). Due to entropic considerations,
heat redistributes itself to average out the thermal energies of
two objects (often called bodies). Heat flows away from a hot
body (source) into another cold body (sink) until thermal
equilibrium is achieved.

Four mechanisms exist in heat transport: conduction,
convection, advection, and radiation. Conduction occurs as
the result of direct contact between two bodies; the movement
and vibration of atoms and molecules transfers kinetic energy
in a manner similar to that observed in billiard balls (i.e.,
collisions). Conduction is the largest mode of heat transport in
solids, but also occurs in liquid and gas phases.

Heat transport via bulk fluid flow is classified as convection,
which couples mass and energy diffusion within a fluid.
Typically, an external force (e.g., gravity) drives a density-
driven fluid motion; more dense materials sink whereas less
dense ones float. Additionally, hotter objects are typically less
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dense than cold ones. The mass diffusion of hot and cold Front
bodies in a system provides direct contact for the associated Polymer \\ Monomer

molecules to transfer kinetic energy in a manner similar to that
described in conduction. Indeed, convection may be viewed as
a subset of conduction where fluid motion also occurs.
Advection is similar to, but not the same as, convection. In
advection, heat and mass are transported in a nondiffusive
process; a flow of fluid moves a different material through space
(i.e., nonhomogenous systems, emulsions, etc.). In the process
of mass transport, thermal exchange between the material and
the flowing fluid occurs. The movement of silt in a river
provides a good example of an advective process.

The final mechanism for heat transport involves photon-
based energy changes. In such radiative processes, high energy
molecules undergo photorelaxation; the internal energy of the
molecule is reduced upon the expulsion of a photon with
energy of hv, where h is Planck’s constant and v is the photon’s
frequency (in cm™'). Radiative cooling is unique from
conduction, convection, and advection as cooling can occur
in a vacuum; direct molecular contact between the source and
sink is not required for photon expulsion. Radiative cooling
primarily occurs in extremely hot systems, such as stars or
other black bodies, with temperatures greater than 1000 K.
Radiative cooling does occur to some degree at lower
temperatures. Glowing hot metals or the human body, for
example, undergo radiative processes, and are observable with
an IR thermographic camera (see section 2.1).

Given the definitional insights above, the total heat flow
within a system is described by the heat equation, as derived
below.

3.1. Heat Equation in Frontal Polymerization

Successful FP requires a delicate balance of reaction rates,
exothermicity, and efficient heat transport into unpolymerized
media while minimizing losses to the surroundings (Figure 8).
To provide an analytical insight, these physical phenomena are
modeled by a series of coupled differential equations, and
detailed derivations exist in several key referen-
ces. V7007987101 Bor the purposes of this review, we will
briefly describe the heat equation and its implications for FP.

Let the variable Q be defined as the total heat energy per
volume in a material (J m™). The evolution of this energy with
time (dQ/dt in W m™) is proportional to the temperature

time-derivative>>*"7
Q _ .ot
o T (1)

where C, is the specific heat capacity of the material (J kg™!
K™') and p is the corresponding density (kg m~>). The power
density associated with heat transport is defined by dQ/dt and
depends on both on time (¢) and position (x in the 1-D case).
Conservation of energy stipulates that the power density must
equal any spatial change in the heat flux (®) that is going into
or out of a control volume (see the circle located at a given x-
position in Figure 8). This is also stated mathematically in eq
2:

0Q ¢ 0D
E_zax ()

In the context of a typical FP, three main terms exist in this
sum: (1) heat generated by polymerization, (2) heat
transported via thermal diffusion through the monomer and
polymer phases, and (3) heat lost to the surroundings
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Chemical reaction Convection

Thermal diffusion Conduction, radiation

Heat: Generation and Transport

Figure 8. Illustration of heat conservation for a control volume across
the front in a FP reaction. The power density, '%Q, evolves with time

due to 4 main physical mechanisms: chemical reaction (1), thermal
diffusion (2), conductive/radiative heat-loss to the surroundings (3),
and fluid-motion (convection and advection, 4).

primarily via convection. To a lesser degree, advection (fluid-
flow) and radiative cooling contribute to heat transport. Heat
transported in a nonhomogeneous fashion results in the
generation of a variety of thermal instabilities and is detailed
further in section 3.2.

3.1.1. Power Density Generated by the Chemical
Polymerization Reaction. Since polymerization events
provide heat, the enthalpy and rate of polymerization must
be considered. The heats of polymerization for most common
monomers are known (AHP or H,J g™') and are discussed in
detail in section 4. As a side note, these two terms are used
interchangeably; chemists favor the former, whereas the latter
is commonplace among physicists and engineers. The rate of
polymerization exhibits a modified Eyring- or Arrhenius-like
behavior.""*” One key difference, however, exists since @ may
exert autoacceleration behavior over time via the gel effect (for
free-radical polymerization).** Multiple reaction models exist
to capture such effects, as described by Kessler and White.'**
The rate component, therefore, is described by the change in
degree of polymerization with time as is illustrated in eq 3 with
an nth-order reaction model*'

oo _E
- = ATRT(1 — )" (1 + k) 3)
where A is the Arrhenius pre-exponential factor (s™*), E, is the
activation energy for the reaction (J mol™), R is the universal
gas constant (J mol™ K™), k,, is a unitless autoacceleration
coefficient, and n is a constant associated with the reaction
motif. Fits of DSC experimental curves to an appropriate
model provide approximate values to these parameters. Taking
the material’s density and enthalpy of polymerization, the
power density of the polymerization is described in eq 4.*"”
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3.1.2. Power Density Transported by Conductive
Thermal Diffusion. The vector form of the change in heat

flux through a surface of a given material (@, W m™) is

dictated by Fourier’s law in eq 5,

—xVT

¢ = (s)

where k is the thermal conductivity of the material (W m™

K™'), and VT is the spatial gradient of the temperature field (K
m™"). As a side note, several intriguing possibilities exist to
modulate the effective k of a homogenized material, such as the
inclusion of conductive wires within the reaction apparatus.®’
When considering unidirectional diffusion through uniform
and homogeneous materials, the following scalar approxima-

tion exists:
%= xo
Ox

(6)

Assuming a uniform thermal conductivity, the spatial
variation of the heat-flow (W m™), therefore, is described
by eq 7:

o, T
Ox (7)

3.1.3. Power Density Lost to the Surroundings. Most
numerical studies consider adiabatic conditions, and ignore
heat loss. As mentioned previously, heat loss strongly affects
front propagation, including in the form of premature front
quenching due to cooling and thermal instabilities. Heat loss
may occur via four different mechanisms: radiative, conductive,
convective, and advective. In radiative cooling in the absence of
vacuum, a gray-body emits photons to reduce its internal

energy, which are absorbed by the surroundings. The
associated change in flux is given in eq 8

a(I)loss,radiative
Oox

ox*

4 4
=u(T" - T7) )
where ¢ (W m™ K™*) is a material constant, T is the surface
temperature (K) of the radiating body, and T, is the
temperature of the surroundings (K). Alternatively, radiative
and conductive heat loss can be modeled as boundary
conditions rather than explicitly solved in the partial
differential equations.

Conductive, convective, and advective cooling require
contact with another medium. Recent FP modeling efforts
have studied the effects of added filler (glass, steel, carbon
fiber)®”'%*'%* or reaction apparatus material on conductive
heat loss,'” as well as convective heat transport to the
surrounding air.'”® Fourier’s law accounts for conductive
transport by creating numerical subdomains that correspond to
the surroundings. Convective cooling can be modeled by
Newton’s law of cooling as given in eq 9

0P

loss,conv

Oox (9)

where & is the heat transfer coefficient (W m™> K™!), and P
(m) and S (m?) are the perimeter and surface area of the
domain cross-section, respectively.'%°~'%

P
=h—(T - T,
(1= 1)
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Combining eqs 7—9, a final 1-D expression of heat
conservation describes the evolution of temperature with
time inside a control volume:

a_T _ a_Q _ aq)POIY ﬂ a(I)loss
P ot ot Ox Ox Ox (10)
oT oa 0T 4 4
C— =pH—= +k— — u(T* - T
PG, =PH P wu( )
P
- h=(T-T

As discussed in section 2.2.3, ideal FP systems only exhibit
large temperature changes in close proximity to the reaction
zone (i.e.,, small Ly and L, on the scale of 0.1 to 1 mm). The
final governing eq 11 illustrates several key physical properties
that modulate effective front propagation. Fast, highly
enthalpic polymerization processes, as well as efficient heat
transport within the monomer solution, are required for front
propagation. The choice of monomer, catalyst, or initiator
impacts the reaction rate and enthalpy. The thermal
conductivity and heat capacity of the reaction media dictate
the efficacy of heat transfer through the unpolymerized
medium. Heat loss is mitigated primarily by minimizing the
exposed surface area of the experimental apparatus (e.g.,
maximizing the volume-to-surface area ratio), though mono-
mers with high heat capacities will functionally reduce the heat
loss as well. Several recent studies exploited the balance
between heat generation and transport to produce varied
morphologies within a single FP event, in a fashion akin to
pattern printing.SI’109
3.2. Instabilities in Frontal Polymerization

Ideal FP exhibits uniform, steady propagation, particularly for
structural applications that require homogeneous physical or
mechanical properties throughout the material. In contrast,
convective or thermal instabilities may contribute to
undesirable, premature front termination; specifically, the
sharp thermal and cure gradients proximal to the front, as
well as external perturbations (gravity, boundary conditions,
fluid-flow), may induce front quenching phenomena. Not all
systems that exhibit convective or thermal instabilities,
however, terminate precipitately. Complete polymerization
can still occur with nonplanar fronts. Early work from the
USSR described theoretical models and some supporting
experimental evidence related to front propagation in polymer-
ization and other combustion-like
.16,18,20,22—24,26,27,110—112 moreover, these reports exam-

reac-
tions;
ined instabilities arising from nonequilibrium propagation
modes (e.g., thermal spin-modes).”>'>*"*3

Buoyancy-based convective instabilities in liguid-to-liquid
systems are particularly problematic for FPp%¢%%%10L113=116
Rayleigh—Taylor fingering (Figure 9A) occurs in vertical-
descending fronts where the more dense polymer phase exists
atop the less dense monomer. Double-diffusive convection
results from differences in diffusion rate of two separate
phenomena (i.e., heat and mass) across an otherwise stable
system. In FP, heat transfer occurs at a faster rate than mass
transport, and leads to the generation of thermal “fingers”.'"”
These densely packed fingers exhibit smaller diameters than
those derived by Rayleigh—Taylor instabilities (Figure 9B).
While double-diftusive convection is exceedingly rare in FP,
such effects may influence front propagation with an aplplied
acceleration (e.g,, from gravitation or centrifugal force)."' As
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Figure 9. Changes in refractive index arising from Rayleigh—Taylor
(A) and double diffusive convection (B). The centered horizontal line
represents the initial contact position between the two fluids.
Reprinted and adapted with permission from Phys. Fluids 2013, 25,
014103."" Copyright 2013, AIP Publishing.

depicted in Figure 4, thermographic imaging highlights
heterogeneous temperature phenomena in FP that arise from
these instabilities.””>”

Propagating polymerization fronts share features akin to
those observed in flame propagation. Indeed, similar
mathematical equations are used to describe these sys-
tems.'”""'° A dimensionless parameter, known as the
Zeldovich number (), describes the bifurcation behavior of
flame propagation in gas-phase combustion reactions, and is
given in eq 12,

Ea
p RT, (T, - T) 1)

where E, is the reaction activation energy (J mol™"), R is the
ideal gas constant (J mol™ K'), and T, and T, are the
temperatures (K) of the burnt gas and unreacted material,
respectively. Typical combustion reactions exhibit f in the
range of 8 to 20,'' though this value depends on the identity
of the reactants.

The onset conditions for nonuniform thermal front
propagation is determined by the relation of the calculated
to a critical value (f3.), as determined by linear stability analysis
(LSA).”"'® This analysis provides insights into thermal
instabilities that result from thermal transport. In the FP of
methacrylic acid, for example, uniform reaction fronts exist
when 8 < f8. = 8.4."" In contrast, periodic and pulsating hot
spots arise when f > 8, which manifest as helical or corkscrew-
like propagation events. Unfortunately, the specific value of .
is not constant for all substrates, and a rather laborious LSA is
required for each monomer to calculate the associated f..
Solovyoy et al’’ demonstrated with simulations that the
reactor dimensions affect the propagation mode. The specific
nature of these thermal spin-modes (i.e, number of
propagation heads) depend on the size and composition of
the reactor,” in addition to the monomer type and
concentration (Figure 10),'®*>!%2125,119,120

The flow of liquid monomer ahead of the propagation front
creates or enhances existing instabilities; some frontal systems
undergo thermal expansion during polymerization that exert a
force on the monomer phase, resulting in a thermo-chemical
front coupled with mass-flow.”"'** In such examples, the
sharp temperature gradient, along with a potential surface-
tension mismatch between the folymer and monomer phases,
induces Marangoni flow.'””'*" This advective transport is
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Figure 10. Experimental observations of a single- (A) and double-
headed (B) spin modes in HDDA (1,6-hexanediol diacrylate; A) and
TMPTA (trimethylolpropane triacrylate; B) FP. The existence of
these spin modes depends on the passive diluent concentration of
diethyl phthalate in the monomer solution. Reprinted and adapted
with permission from Chaos 1999, 9, 315—322.""" Copyright 1999,
AIP Publishing.

modeled by pCpﬁ.VT, where % is the fluid velocity (m s7%); a
recent report highlighted that spatial patterning in reaction-
diffusion processes is highly impacted by the introduction of an
intentional fluid-flow."*

Most recently, Tiani et al.'”® and Gao et al.'** numerically
studied the effect of reaction thickness on FP. In the absence of
thermal cooling at the boundary (ie., inside an insulator), a
uniform planar front exists. In contrast, open-mold systems
with nonuniform heat loss from one (or more) boundaries
exhibit convection driven instabilities that dramatically vary
with the layer thickness. Unsurprisingly, fronts generated from
thin layers are most sensitive to heat loss (Figure 11). As the
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Figure 11. Plot of the surface heat loss coefficient (unitless) as a
function of layer thickness for FP systems. A critical layer thickness
exists whereby the energy imparted from the reaction outcompetes
heat-loss regardless of the efficiency of heat transfer to the
surroundings. Figure reprinted and adapted with permission from J.
Phys. Chem. B. 2022, 126, 3607—3618."%° Copyright 2022, American
Chemical Society.

layer thickness increases, fronts become more resilient to heat
transfer to the surroundings. Below a critical layer thickness,
the efficiency of heat-loss dictates whether a front quenches or
propagates. For thicker layers, the reaction outcompetes
thermal cooling. Similar to the layer thickness study by Tiani
et al,'®® instabilities in thin-film geometries with thermally
insulating substrates were recently reported by Gao et al.'?®
The existence of convective and thermal instabilities has
significant repercussions for FP chemistries and FP-derived
materials."'* In certain structural applications that require
homogeneous features, for example, these nonuniform

https://doi.org/10.1021/acs.chemrev.2c00686
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propagation motifs induce hot-spots that may negatively affect
the properties of the final polymer. As discussed in section 3.1,
high surface area contact increases the heat dissipation rates.
Fingering disrupts the frontal interface to increase the total
thermal contact area in the hot front, thereby increasing the
heat flow away from the reaction zone. This heat is transferred
to fresh, but cold monomer at varying depths. This broadens
the reaction front and depresses the corresponding frontal
velocity. Additionally, discontinuities may exist at the finger
interfaces, which behave as fault lines within the polymer.
Hence, such polymers exhibit substantially reduced strengths
compared to those derived from stable fronts. In extreme cases,
fingering 1prohibits propagation and leaves sizable holes in the
product.'*

Several methods were investigated to dampen or suppress
the effects of convective instabilities in FP. Nagy and
Pojman'"* described an experimental apparatus that spun the
reaction vessel at rates between 1300 and 3200 rpm. The
spinning motion inhibited fingering but also generated conical
front shapes due to the applied centrifugal force. It is unclear
what effects, if any, a conical reaction surface has on the
polymer’s mechanical properties. Other systems have success-
fully employed fillers to increase the density and viscosity of
the monomer solution, thereby suppressing buoyancy-induced
instabilities.'”” Pojman et al.'*® dispersed monomer in a salt
water solution to inhibit convective fingering.

Monomer design may reduce density driven instabilities;
linear monomers display reduced densities compared to their
polymeric products, which manifests as a shrinkage in
volume.'””™"*" The change in density during FP of linear
monomers, as well as the associated volume shrinkage,
introduce advective fluid flow and Rayleigh—Taylor insta-
bilities. Indeed, early work from Mariani and co-workers'**
described such observations as the “rain-storm” effect.
Additionally, the shrinkage stress depresses the mechanical
strengths of the resultant polymers. Ring-opening polymer-
ization reactions, on the other hand, are resistant to such
density changes; cyclic monomers display densities that better
match those of the final polymer. An extensive body of
research focused on minimizing shrinkage exists, such as the
development of so-called “expanding monomers” (Figure
12).2971% The design of new frontal monomers or additives,
therefore, may benefit from such insights. Indeed, FP with
expanding fillers were reported by Scognamillo et al. in
2014;'* frontal formulations included microspheres (Expancel
#80 from Expancel, Inc.) that expand upon heating, and the
resultant frontally derived polymers underwent significant
volume increases compared to the initial resin volume (~50—
250%). )

In parallel, recent work from the Lloyd et al.’' exploited
thermal instabilities associated with FP to produce patterned
materials with unique morphologies and heterogeneous
mechanical properties in a single manufacturing step. While
discussion of this work in finer detail is found in section §,
there are interesting parallels to combustion-type syntheses. A
review by Varma and Lebrat'” describes the generation of
inorganic materials by combustion reactions. As with FP, such
reactions involve a self-sustaining and propagating reaction
front. Combustion reactions also exhibit thermal instabilities
(namely, spin-modes) under certain conditions. Two reaction
models describe stable (i.e., equilibrium mechanism) and
unstable (i.e., nonequilibrium mechanism) combustion prop-
agation (Figure 13). In the former case, a rise in the heat

pubs.acs.org/CR
Spiro Orthoester : Spiro Orthcarbonate
H 2]
R .
.of\Eo)D ; R>C0X0:><Ma oxo 2
4 3
° : M’ -0 0— R g C0 0:><a7 7
R = Me, C;H4CgF 47 . R =4-NO;CgH4
Peissssscsssassnansnns
Bicyclo Orthoester | Cyclic Carbonate | Spirocyclic y-Butyrolactone
] Ph
o 0 o0 >
=]
R—(O} £t =0 I 5
o ) ) O™ pp 5
R =Et, CzH;
Vinylcyclopropane Methylene Oxaspirocycle
= : 00 0o 2
OO -
R R ' 00 (o Je] o
R=Cl, COEt, CN *

3249

Figure 12. Example structure architectures for expanding monomers.
The polymers derived from these cyclic monomers fill a larger volume
(and lower density) than the initial resin conditions. As a general
design principle, a fast polymerization step occurs prior to a slow
secondary ring-opening isomerization step. These monomers are
compatible with cationic-, anionic-, and/or radical-type polymer-
izations.""

generation rate occurs concurrently with a sharp temperature
spike. The increase in the degree of conversion, a, lags behind,
with an onset that approximately corresponds to the maximum
heat generation rate. The equilibrium mechanism exhibits four
discrete reaction regimes: unreacted reagents ahead of the
front, preheating as the front approaches, synthesis, and final
product formation. The nonequilibrium case, in contrast,
displays a complex relationship between the heat generation
rate, reaction temperature gradient, and . A slow (and
constant) increase to the reaction temperature occurs and is
closely followed by substrate consumption, as reflected in
changes in a. Moreover, a does not directly reflect the product
generation rate; instead, intermediates formed during high-
temperature reactions undergo subsequent chemical steps (i.e.,
“structuring”) to generate the final product. Thermal spin
modes likely occur through nonequilibrium front propagation.

These models also suggest that the initiation conditions
dictate the fate of propagation and the existence of potential
intermediate phases. The energy added to the system during
initiation, for example, may bias propagation toward a specific
mechanism. High energy (or large thermal flux) initiation
typically favors an equilibrium mechanism. In contrast, low
temperature initiation (or low thermal flux) may induce a
nonequilibrium-type propagation mode. This latter mode likely
leads to the formation of gel-state intermediate structures. One
may think of the subsequent cross-linking events as material
“structuring”. Better understanding of the underlying physics of
thermal instabilities enables prediction and clever exploitation
to generate patterned materials.>'

3.3. Geometric Influences on Front Propagation

The front direction and the orientation of the reaction
apparatus impact propagation. For vertically aligned systems,
ignition occurs either in a descending or ascending mode.
Descending fronts traverse coincident with gravitational forces;
as a consequence, convective instabilities rapidly occur if the
resultant polymer exists in a liquid state. In this case, the dense
polymer sinks due to Rayleigh—Taylor effects.'’* Solid
polymer products, however, are physically “locked” into place
and buoyant instabilities do not present a major issue. In
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Figure 13. Generalized reaction mechanisms for adiabatic structures
generated from combustion waves. Top: Equilibrium mechanism,
whereby product formation occurs concurrently with substrate
consumption. Bottom: Nonequilibrium mechanism, where the final
product forms after the combustion event. Species generated during
combustion decompose to generate the final products. Figure adapted
with permission from Chem. Eng Sci. 1992, 47, 2179-2194."
Copyright 1992, Elsevier Ltd.

contrast, ascending fronts exhibit extreme sensitivity to
buoyancy-driven convection. As the reaction proceeds, hot
monomer rises and is replaced from above by colder
monomer.' "¢

Nonvertically aligned systems exhibit angle-dependent
velocities, as shown in a study by Bazile et al."”* Specifically,
trigonometric constraints influenced convection as well as the
propagation. In the ideal case (Figure 14A), the front is
coplanar with the ground because of buoyancy-driven
convection and traverses along the displacement angle, 6. In
reality, however, convection cannot fully flatten the front and
the front is displaced by an angle of  (Figure 14B). Hence the
total displacement angle is defined by ¢, which is defined as 6
— (. In either case, however, the observed axial velocity (l/(/,)
increases with tilt angle by the trigonometric relationship, v,/
vy = cos(@)™" (Figure 14C)."**

Not all frontal systems travel as a 2D cross-section, where
perpetuation occurs in a fashion akin to the theoretical plate
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Figure 14. Geometric influences on front propagation where the
reaction vessel is offset by an angle, 8. A: Idealized front geometry
arises in the absence of thermal instabilities. Front propagation occurs
with a velocity v,,. B: Actual front geometry. Convection induces a
deviation in the front geometry such that the front is no longer
coplanar with the ground (offset by {) and deviates via the corrected
angle . C: Velocity ratio (v,/1,) as a function of angle ¢. Figure
adapted with permission from J. Polym. Sci, Part A: Polym. Chem.
2002, 40, 3504—3508."** Copyright 2002, Wiley Periodicals, Inc.

model invoked in chromatography. Binici and co-workers'*®

described a spherically propagating frontal system (Figure 15).

Figure 15. Spherical front propagation occurs via photoinitiated
radical polymerization from a reaction mixture containing 1,6-
hexanediol diacrylate (HDDA, 35%), DMSO (53%), diethyl phthalate
(12%), and fumed silica (6.7%). The thermal radical source was
ammonium persulfate (APS). The photoinitiator, Irgacure 184, was
injected into the center of the reaction mixture and ignited by UV-
light. Figure reprinted and adapted with permission from J. Polym. Sci,,
Part A: Polym. Chem. 2006, 44, 1387—1395."%* Copyright 2006, Wiley
Periodicals, Inc.

To ensure spherical propagation, fumed silica as an added
thickening agent eliminated convection and allowed for direct
injection of a photoinitiator without significant mixing. Ignition
occurred at the center of the reaction vessel after triggering by
a UV-light source (3 mW, 365 nm). Such viscosity
dependencies on propagation motif were also observed by
Bidali et al;'** high viscosity reaction media favor spherical
propagation. The chemical details of similar photoinitiated
frontal radical polymerizations are described in further detail in
section 4.3. The ability to control propagation geometry and
final polymer shape may find applications in 3D printing or
composite patterning.

4, CHEMISTRIES OF EXISTING FRONTAL
POLYMERIZATION SYSTEMS

4.1. Frontal Ring-Opening Metathesis Polymerization
4.1.1. Mechanism and Background. Ring Opening

Metathesis Polymerization (ROMP) has emerged as a versatile
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reaction motif over the last two decades,'**™"** particularly in

the synthesis of robust materials. Olefin metathesis exploits
reversible C—C bond scissions to exchange alkene fragments
from two different substrates under thermodynamically
controlled conditions; as a consequence, metathesis-like
transformations often provide a mixture of products (eg, E-
and Z-isomers, oligomers, polymers). The relative stabilities of
each species dictate the observed product distribution (i.e.,
selectivity) after a sufficiently long reaction period. Transition-
metal ROMP catalysts comprised of Ru,'**"*%'* Mo,"*" or
W74 exist, and the choice of metal center influences the
reactivity and air-sensitivity of the catalyst.

Most practical applications employ Ru-alkylidene complexes
owing to their enhanced stability in air. Indeed, commercial
chemical vendors sell several §enerat10ns of these so-called
“Grubbs” catalysts (Chart 1)."** These catalysts display a

Chart 1. Typical Commercially Available Grubbs-Type Ru
Metathesis Catalysts

PC!"; N-._.-N N-._.-N
c” | pn a” |u=\ By C|’|
PCy; PCy, N\
|
G1 G2 g,
G3

Schrock-type metal carbene (M CHR) as a common
structural motif. The first-generation of Grubbs catalysts (G1)
possess phosphine auxiliary ligands, whereas generations two
and three (G2 and G3, respectively) contain N-heterocyclic
carbenes (NHCs). In general, the reactivity of NHC-bearing
catalysts surpasses that of phosphine-bound complexes. For
nonfrontal systems, a volume of catalyst development research
has investigated a wide variety of parameters in search of highly
reactive and selective catalysts; for instance, NHC chelation
affords highly Z-selective catalysts,"**~"** while addition of
other X- or L-type ligands enables rapid initiation.'*'** One
such example, G3, bears highly labile pyridine auxiliary ligands
and this feature has been effectively exploited in ROMP to
generate polymers with exceedingly uniform dispersities.'**"*’

The generally accepted mechanism of ROMP with G2
(Scheme 1), as elucidated at temperature far below those
achieved in FROMP, involves an initial dissociative ligand
exchange of a labile ligand (e.g, PCy;) for olefin (e.g,
dicyclopentadiene, DCPD) to generate the bottom-bound
intermediate A.">® A metal mediated [2 + 2] cycloaddition
occurs to form a metallacyclobutane species (B). Retro [2 + 2]
cycloaddition may reform B or proceed productively to
generate a new olefin containing Ru alkylidene species (C).
Subsequent Ru assisted ring opening interactions occur with
fresh substrate to propagate the polymer chain in a living
fashion (i.e., without self-termination) to generate D. A
second, ring opening reaction may occur with side-chain
olefin functionalities in D to result in a highly cross-linked
polymer as depicted in E; cross-linking, however, occurs to a
lesser extent than the initial propagation steps. These
mechanistic insights, however, assume reaction temperatures
< 100 °C. On the other hand, typicall FROMP reactions
proceed at temperatures exceeding 200 °C, albeit for very short
time periods. These elevated temperatures may result in
competitive catalyst decomposition reactions (i.e., nonliving
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Scheme 1. Initiation, Propagation, and Crosslinking
Mechanisms for the ROMP of Dicyclopentadiene Catalyzed
by G2

Ligand
Exchange
Mes— NT/N"‘Mes Mes—N< N""Mes
«Cl Cl
- RU= [2+2] 1
62 —— c” | _\ph _—a -
Pc!h
A B
lr[2+2]
Propagation
Mes—N<zN~Mes Mes—N<zN~Mes
WCl n ~Cl
u= u=
ca” c”
~———
D c Ph
Ph
Mes—N<zN~pes
T
Crosslinking c”
Ph
n
E

polymerization), though the details of such processes are not
yet understood. Recent work from Alzate-Sanchez et al.*”’
suggests that the metathetic activity of G2 after FROMP is
retained; the catalyst survives FROMP and can induce chain-
extension when fresh monomer is introduced.

Reactant volatility also poses a significant challenge to FP;
low-boiling monomers undergo an evaporative phase-change,
which introduces void-spaces as the monomer gas escapes the
resin. Monomer stability is an additional draw-back that stems
from the temperatures achieved during FROMP; for example,
DCPD undergoes retro-Diels—Alder chemistry at temper-
atures above ~150 °C to provide cyclopentadiene in a process
known as “cracking.” The exceedingly low boiling point of
cyclopentadiene (~ 40 °C) exacerbates the inherent volatility
of the monomer resin (for reference, endo-DCPD has a boiling
point of 170 °C). Ideal FROMP monomers, therefore, must
exhibit high decomposition onset temperatures and boiling
points.

4.1.2. Unusual Catalyst Design Principles: Tempering
FROMP Reactivity via Inhibition. Systems employing
FROMP have heavily employed DCPD or norbornene
derivatives as the monomer of choice (refs 32, 35, 41, 51,
52, 69, 72, 73, 76, 10S, 126, 147—170). As stated previously,
the heat released by polymerization (AH,) dictates the
feasibility toward frontal application; as a catalytic process,
the total quantity of heat released in ROMP depends only on
the monomer itself, assuming that the reaction reaches
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completion. In other words, AH, describes the thermody-
namics of the polymerization event. Indeed, ROMP is
predicated on an enthalpic driving force afforded by the ring
opening of highly strained cyclic alkenes. Unsurprisingly,
substantial heat generation occurs in neat ROMP resins; for
example, the heat released in the polymerization of endo-
DCPD with G2 is 353 J g%.'¥/

While the thermodynamic favorability is essential for
successful adaptation to FROMP, the rate of heat generation
presents major challenges. The rate of catalysis (k) directly
influences how fast thermal energy is added to the system.
Stable FROMP systems require that the catalytic rate at least
matches the rate of heat-loss; systems with lower catalytic
activities suffer from undesired stalling of the front, whereas
highly active catalysts typically induce SP via autoacceleration,
and therefore possess short active lifetimes. Highly reactive
FROMP catalysts pose an additional limitation in their short
storage lifetimes, which are a direct result of the room
temperature kinetics. Rule and Moore'”" estimated the
activation enthalpies (AH*) and entropies (AS*) for exo-
and endo-DCPD ROMP catalyzed by G1 (4 mM in toluene-
dg). The activation parameters for the ROMP of exo-DCPD
were calculated to be AH* = 82 k] mol ™" and AS* = 28 J mol™
K™, whereas the endo-isomer exhibited a AH* = 66 kJ mol™
and AS* = —52 J mol™ K™.'' From these activation
parameters, the observed solution-state first-order rate
constants at 20 °C for the exo- and endo-substrates were
determined to be 3.7 X 107! and 1.9 X 1073 s7%,
respectively.'”" The specific powers (P = AH, X kg,) of
exo- and endo-DCPD solutions at 20 °C are approximately
8000 and 460 W kg™, respectively. These parameters
correspond to rapid reactivity under mild temperatures.
Formulations comprised only of substrate and G1, therefore,
display disappointingly short storage lifetimes, as reflected in
the short half-lives (e.g, 34 s for endo-DCPD). Additionally,
these parameters suggest that exo-DCPD is a more reactive
substrate and, therefore, is less likely to provide easily
controllable fronts in FROMP.”

Despite these challenges, several examples of FROMP
systems exist with the aid of catalytic inhibitors to temper
background reactivity at ambient temperatures. The approach
runs counter to most catalyst design principles that favor faster,
more reactive catalysts. Such inhibitors slow the rate of heat
generation via a competitive binding mechanism (Scheme 2).
Catalysis requires the existence of an open coordination site at

Scheme 2. Competitive Inhibition in FROMP with Added
Ligands
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the Ru center for olefin to bind prior to metallocycle
formation, as described by K,.. The presence of added ligand
gives rise to off-cycle equilibria to generate inactive Ru-L
adducts (K, and K), which functionally reduces the
concentration of active intermediates. The concentration of
such off-cycle species depends on the relative binding strength
of L (and PCy;) compared to incoming olefin. Hence, a
reduction in observed catalytic rate occurs, and by extension
the rate of heat generation decreases, despite a constant k.
This mode of action necessitates that facile ligand dissociation
occurs near the front temperature (i.e., Tp,,) but not at storage
temperatures. Unfortunately, these systems are limited by the
reversibility of inhibitory ligand coordination, as the ligand
exchange equilibria (K., K, and K) are temperature
dependent. At ambient conditions, there exists a nonzero
population of highly active species, which results a background
reaction that brings about gelation in the case of DCPD.

Several types of inhibiting ligands successfully control
FROMP: triaryl phosphines,”” trialkyl phosphites,®* electron-
rich pyridines,”"** and hindered olefins.”® The first example,
published by Pojman and co-workers,”” achieved storage
lifetimes of 220 min at 35 °C by the addition of PPh; to the
reaction formulation (2.7 equiv relative to G1, with catalyst
loading of ~100 ppm). Inside a 15 mm inner diameter test
tube, frontal behavior (z; = 0.6 cm min™; T, = 162 °C) was
achieved after ignition with a thermoelectric heater. Negligible
prefrontal exotherms were detected, which indicated that
background reactivity did not occur on the frontal time scale.
The concentration of PPh; was varied and the results indicated
that only a small inverse relationship existed between PPh,
concentration on v;. In contrast to inhibitory ligand, decreases
in G1 loading resulted in concurrent reductions in both z¢ and
Tmag stable fronts were not observed with catalyst loadings
under 71 ppm or above 500 ppm. Interestingly, a linear
correlation of T, to catalyst loading existed.

Subsequent reports investigated other inhibitors for
FROMP, and the frontal parameters for these studies are
summarized in Table 1.°%7%7%'%7!* While the specific
conditions employed across these reports vary (e.g., reactor
diameter, cosolvent), several identifiable trends exist. FROMP
catalyzed by G2 provides hotter, faster fronts than those
derived from G1 systems, perhaps unsurprisingly given that G2
is a better catalyst for bulk ROMP. For example, G2 systems
exhibit faster ¢ (by an order of magnitude in some cases) at
lower loadings than the analogous resin mixtures with G1 as
the catalyst.

For all inhibitors tested, the storage lifetime has an inverse
relationship to v These two parameters are tunable through
the ancillary ligand loading; at higher concentrations, the
background ROMP activity has been dampened to afford a
more robust, storable formulation at the expense of slowing v;
and reducing T,,.. One must, therefore, balance the merits of
frontal propagation against storage lifetime. Trialkyl phosphites
provide the best storability, with lifetimes up to 30 h in some
cases. By this metric, P(O"Bu); performs the best, whereas
dimethylamino pyridine (DMAP), limonene, and PPh, exhibit
the highest propensity to undergo spontaneous polymerization.
It seems that the z-acidity and sterics of the inhibitory ligand
define the resistance of the system to undesired gelation.

4.1.3. Copolymerizations. Several examples of copoly-
merization under ?hosphite dampened FROMP exist (Scheme
3). 14719150155, 170 Bynctionalized mononorbornene and
linked dinorbornene monomers underwent random copoly-
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Table 1. Typical Frontal Parameters for the FROMP of
DCPD with Added Inhibitor Catalyzed by Grubbs-Type
Complexes

inhibitor
loading catalyst storage
range Ioadlng U range ran life
inhibitor” (ppm)b (ppm)°  (ecm mlnfl)b %b (h)b‘d
PPh,”> 330 122 0.6 162 0.3
(G1) {35}
P(OMe);**  100—800 100 7-1 215— 1-4
(G2) 175 {23}
P(OEt),*** 100—800 100 7-1 215—  3-15
(G2) 175 {23}
P(O"Bu);**  100—800 100 7-1 215—  5-30
(G2) 175 {23}
DMAP'**¢ 170 170 0.9 197 0.16
(G1) {30}
60—500 60 (G2) 7.5-22  197—  03-0.5
198 {30}
(R)- 10000— 80 (G2) 29-9 187—  0.4-10
limonene”® 200000 162 {22}

“References are given in brackets. Glass test tubes were employed as
the reactor vessel with inner diameters of 1.3—1.5 cm. FROMP was
initiated by exposure to a soldering iron. *Values given correspond to
the lower and upper 11m1t of inhibitor loading provided. “Catalyst is
given in parentheses. Storage temperature in °C given in curly
brackets. “Catalyst was added to the monomer as a solution in 0.4 mL
toluene.

Scheme 3. Copolymerization of Mono- or Di-Norbornene
Derivatives with DCPD
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“Data reported in ACS Macro Lett. 2019, 8, 846—851."*

merization with DCPD. The heat associated with the
homopolymerization of these monomers is given in Table 2;
mononorbornenes produce more heat per gram since the
reactive olefin functionality represents a larger percentage of
the molecular weight.

In the copolymerization of endo-DCPD and mononorbor-
nene monomers, the observed vy and AH, obey a linear
relationship that is dependent on the wt % of substrates.'"
This so-called “mixing rule” predicts that the mixtures of
substrates will exhibit properties that are proportional to the
weighted average of the pure components. In contrast to the
mononorbornene monomers, mixtures of DCPD and linked
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Table 2. AH, and v for the Homopolymerization of
Norbornene-Derived Monomers™?

monomer AH, Jgh v (cm min™")
endo-DCPD 3583+ S 6.0
ENB 420+ 7 8.2
exo-NBE-CO,Me 320 + 10 6.7
exo-NBE-CH,OME 325+ S 3.9
exoexo-L1-NBE, 273 +£7 5.8
exoexo-L2-NBE, 260 + S 3.7
exoexo-L3-NBE, 250 + S 2.8

“Determined by 1ntegrat10n of the DSC exotherm associated with the
polymerization event. “Data found in ACS Macro Lett. 2019, 8, 846—
8s1.'

dinorbornenes afford copolymers that deviate from the
empirical mixing rule. In the copolymerization, these mixtures
provide v; that are larger than either of the pure substrates
alone, despite the linear proportionality of AH, to the
composition. This nonmonotonic relationship is attributed to
an increased local olefin concentration afforded by the tethered
substrates, as the average distance a dinorbornene substrate
must travel to approach the catalytically active Ru-site is
diminished. Stated differently, the reaction rate is less
dependent on substrate diffusion in such mixtures than pure
DCPD. As the dinorbornene composition passes a critical wt
%, however, a higher degree of cross-linking limits chain
mobility and reaction rate. A second example from Dean et
al."*” investigated FROMP in systems with DCPD diluted with
cyclooctadiene (COD) and is discussed further in section S.2.
While most studies of FROMP focus on the fabrication of
thermoset materials, several examples exist that afford linear
polymers in the absence of DCPD. As examples, successful
FROMP occurs with COD or partially hydrogenated DCPD
bearing a pendent cyclopentane instead of a cyclopentene (i.e.,
2,3,3a,4,7,7:1—hexahydro—1H—4,7-methanoindene).393 The resul-
tant soluble polymers enable traditional characterization
methods to deduce aspects of the polymer’s microstructure
and molecular weight. Perhaps unsurprisingly these linear
polymers exhibit M, in the range of 10° to 10° Da; while one
may be tempted to invoke a mechanistic argument, we suspect
that such observations simply result as a function of the
formulation composition. Typical solution-state ROMP experi-
ments often target low to medium molecular weights (i.e, M,
< 10° Da). In contrast, a standard FROMP resin contains a
monomer-to-initiator ratio on the order of 10* to 10°
Correspondingly, at full monomer consumption these
polymers exhibit large M, values. For formulations that contain
DCPD, however, cross-linking events convolute attempts to
study the molecular weights. Indeed, M, is not defined for a
cross-linked material and the molecular weight between cross-
links (M,) is used as a descriptor instead; typical p(DCPD)
materials possess M, on the order of 10° to 10* Da.
Davydovich et al.'”® described frontal copolymerizations of
DCPD and 2,3-dihydrofuran (DHF). Perhaps unsurprisingly,
DHF dampens v as it forms a less reactive Fischer carbene of
the type [Ru = CH,OR] after ring-opening. The inclusion of
DHF also imparts new functionality into the backbone of the
p(DCPD-co-DHF) thermosets. Treatment with acid induces
C—O scission that deconstructs the cross-linked thermoset
into smaller, soluble oligomeric spec1es A related upcycling
strategy by Lloyd and co-workers'’” utilized 6- and 7-
membered cyclic olefin comonomers bearing silyl-ether
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linkages in the backbone of the heterocycle. The resulting
DCPD thermosetting copolymer exhibits robust mechanical
properties until treated with fluoride, which induces Si—O
fragmentation along the polymer backbone to provide soluble
oligomeric products. A subsequent study demonstrated that
deconstruction and remanufacturing of such materials also
occurs via carboxylic acid catalyzed dynamic exchange of
bifunctional silyl ether groups.'”> These works highlight new
directions for thermoset end-of-life management. One may
rightly wonder, however, whether such transformations truly
address the problem of polymer waste; on their own, these
advances convert solid polymer waste into smaller, perhaps less
inert oligomeric waste. To this end, ongoing efforts must focus
on closing the loop by developing methods to efficiently
repolymerize these deconstruction products.

4.1.4. Mechanical Properties of FROMP Polymers. A
small subset of FROMP reports investigated the effects of
inhibitor choice on é)hysical properties of FROMP poly-
mers.”>”® Alzari et al.”® elucidated the role of (R)-limonene on
the elastic moduli, T, and SR% values associated with
p(DCPD). Polymers generated from formulations containing
higher concentration of limonene display less stiff behavior, as
reflected in the reduction in E from 3.2 to 0.3 GPa with an
increase in limonene content from S to 20 mol %, respectively.
Under dynamic stress, polymers with increased limonene
content display reduced E’, with a concurrent increase to E”".
These effects are borne out in the transition temperature of the
polymer. For reference, cross-linked p(endo-DCPD) prepared
by classical batch ROMP methods exhibits a T, in the range of
140 to 165 °C."”* In comparison, a frontally prepared sample
of p(DCPD) displayed a T, of 172 °C. With added
competitive olefin, a marked drop in T, occurs. At S mol %
limonene, the polymer displays a T, of 128 °C, which is further
decreased to 43 °C at 20 mol % limonene. Chain transfer
induced by limonene interrupts cross-linking events, thereby
depressing the T,. A related change in the SR% of the polymers
after submersion in tetrahydrofuran exists; enhanced swell-
ability (up to 300%) results from increased limonene content,
and by extension increased porosity.

Polymers derived from trialkyl phosphite formulations,
however, display mechanical properties nearly identical with
conventionally cured p(DCPD).>” Indeed, catalytic mixtures of
DCPD with 100 ppm of G2 and P(O"Bu); afford highly cross-
linked polymers, as is reflected in the large E values (~2 GPa),
tensile strengths (250 MPa), and fracture toughnesses (K¢ =
2.7 MPa m'?); these parameters are identical within error to
bulk cured analogues.

The inclusion of solvent in FROMP formulations dramat-
ically affects the mechanical properties of the resultant
polymers. Until very recently, FROMP systems required a
solvent to dissolve the catalyst, since G1 and G2 are not
particularly soluble in neat monomer. Solvents with high
boiling points, such as phenyl cyclohexane (238 °C),
circumvent adventitious bubble formation associated with
solvent vaporization. Solvent, however, acts as a plasticizer in
the final polymer to reduce the T,. A recent report from Ivanoft
et al.””” demonstrated that solvent-free formulations are viable
for FROMP. Extended sonication of G2 (~100 ppm) and
P(O"Bu); (equimolar relative to Ru) in a 95:5 mixture of
DCPD/ENB afforded a homogeneous, clear formulation
capable of FROMP. The solvent-less formulation exhibits a
AH, of 380 ] g, which is larger than that observed in an
analogous formulation with 3 wt % phenylcyclohexane (360 J
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g "). Unsurprisingly, faster front velocities existed under
solvent-free conditions. The exclusion of solvent provided a
polymer with a T, of 161 + 7 °C, which is noticeably larger
than observed with solvent containing polymers (138 = 1 °C).

Recent work from Suslick et al.">> adapted 9 commercially
available ruthenium alkylidene complexes for FROMP; subtle
variations in the catalyst architecture (e.g., NHC identity) and
resin formulation (e.g.,, inhibitor loading) greatly influenced
the FP process and the mechanical properties of the final
polymer products. The largest differences occurred in frontal
polymers generated by catalyst bearing a chelating NHC
ligand; unlike typical FROMP polymers, the resulting materials
exhibited elastomeric properties (i.e., large failure strain, low
T,, small E). Additionally, some catalyst formulations afforded
polymers with multiple transition temperatures, as determined
by DMA. At present, the operative mechanism for such
property differences is not known; changes in catalyst
selectivity (e.g, reactivity ratios) may dictate these atypical
features. In a subsequent report, Suslick et al.'® investigated
the use of a bis(NHC) complex as a latent catalyst for
FROMP. In the absence of an activation reagent (ie., coinage
metal halide), this complex cannot undergo a ligand
dissociation step necessary for substrate binding and ring-
opening to occur. The pot life of this latent species is nearly 2
months; after this time, background gelation occurs and forms
a stiff gel incapable of FROMP. In the presence of CuX type
species, however, facile NHC transmetalation occurs from Ru
to Cu. The resultant active species then rapidly catalyzes
FROMP after a thermal trigger. Most importantly, this work
employed statistical methods to probe the correlations present
(e.g., the relationship between T, and T,).

4.1.5. Non-Thermal Initiation Methods. Stawiasz et
al."®" recently reported the first example of light-triggered
FROMP employing G2/P(O"Bu); as the catalyst precursor. A
range of UV-A light sources, including low-power LEDs (375
nm, 318 mW cm™2), ignited FROMP efhiciently within 6 min;
increases in the power output of the light source to 4.75 W
em™? (at 365 nm) dramatically decreased t, to under 1 min.
Control experiments determined that background temperature
increases caused by the photosource did not occur, which ruled
out adventitious thermal ignition. Successful ignition required
that the incident light match the major absorption band of G2
(Amax = 342 nm), which suggests that photoassisted phosphite
dissociation occurs to unmask the active 14 electron species.
Indeed, photoignition presents interesting possibilities for
controlled multifront FROMP, as well as high-resolution
patterning applications. In a subsequent report, Stawiasz et
al.'®* investigated photoactivated dual-component FROMP
system with the bis(NHC) complex described previously by
Suslick et al.'®> This work cleverly employed a photoredox
mediator (e.g., pyrylium or acridinium salts) to transform Cu"
species into Cu' in situ after irradiation with blue light (4, =
455 nm). Catalyst activation then occurs via NHC trans-
metalation. A series of control experiments ruled out
adventitious thermal activation; during the course of photo-
activation, the resin temperature remains constant and below
the thermal onset temperature measured by DSC.

Photothermal ignition is possible with the addition of a
strongly light-absorbing filler, as observed in a recent example
from Dean et al.'>* The inclusion of carbon black nanoparticles
into a DCPD resin enabled efficient photothermal heating;
irradiation of suspended carbon black with a Hg vapor light
source (Novacure N2001, Artisan Technology Group) raised
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the resin temperature enough to ignite a polymer front. In
control experiments with a resin composition containing 1 wt
% carbon black and no catalyst, 2 min of irradiation at a power
of 2 W cm™ elevated the resin to nearly 70 °C. Additionally,
the total energy input required to photothermally ignite a front
scaled with the quantity of carbon black. Without the
absorbing material, nearly 1.2 kJ of energy was required to
initiate FROMP. In contrast, formulations with 1 wt % carbon
black ignited with an input of nearly 40 J. The final polymers
displayed similar T, values (%140 °C) to that of neat
p(DCPD) derived from thermally ignited FROMP. The
largest difference between the photothermal and thermal
resins is the color—unsurprisingly, added carbon imparts a
black color to the polymer.

4.1.6. Frontal Ring-Opening Metathesis Oligomeriza-
tion. The insolubility of thermoset materials complicates
efforts to understand chemical-level details, particularly those
involving the nature of cross-linking. For p(DCPD) as an
example, it is estimated that ~15% of the pendent cyclo-
pentene fragments undergo ring-opening.'’”® Suslick, Alzate-
Sanchez, and Moore'® recently developed methodology to
frontally synthesize and characterize soluble oligomers of
DCPD. Specifically, the incorporation of a terminal olefin
chain-transfer agent (CTA) into FROMP resins prevents
cross-linking and network formation. Chain-transfer occurs by
cross-metathesis between the CTA and the growing oligomer
chain. Front generation and propagation occur at a variety of
DCPD to CTA molar ratios; successful FROMO occurs in
resins with ratios in the range of &5 to 35. Resins comprised
primarily of CTA undergo homocross-metathesis and do not
generate oligomer (or polymer). At the other extreme, resins
with minimal CTA generated cross-linked materials. Such
cases are best described as FROMP.

The solubility of o(DCPD) in organic solvents enabled
solution-state characterization types; NMR spectroscopy and
size exclusion chromatography provided details about the
molecular weight distribution. The authors employed Kendrick
mass-analysis to extract details related to chain-end speciation
and cyclopentene ring-opening, otherwise unobtainable
through conventional characterization tools. While a detailed
discussion of this technique is beyond the scope of this work, a
tutorial by Fouquet'’® and an editorial by Suslick et al."”’
nicely describe Kendrick mass analysis in the context of
polymer chemistry. In the context of FROMO, Kendrick mass-
analysis revealed the existence of at least six different classes
o(DCPD), that varied by chain-end type and number. Species
with four or six chain-ends resulted from ring-opening events
on the pendent cyclopentene functionality. The results from
this work provided convincing evidence that cross-linking in
FROMP occurs via cyclopentene ring-opening and not by a
direct-addition mechanism.'®

The resultant telechelic oligomers possess two benefits over
the parent monomer. First, o(DCPD) is odorless, unlike the
foul acrid smell of DCPD. Indeed, the pungent aroma of
DCPD limits its usage for many commercial applications.
Second, the reactive chain-ends in o(DCPD) enable
postoligomerization functionalization, which widens the
accessible chemical space for DCPD-derived materials.
Specifically, alteration of the chain-end identity may impart
desirable properties into DCPD-based materials (e.g., adhesion
promoters). The synthesis of these oligomeric building-blocks
is scalable; in some cases, >100 g of oligomer are produced in
under a few minutes after thermal initiation.'®
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4.2. Frontal Cationic Polymerizations

4.2.1. Epoxy and Oxetane Ring-Opening Polymer-
ization. Epoxy ring opening polymerization reactions are
ubiquitous in the synthesis of both practical and advanced
polymers employed in coatings, adhesives, and castings.'”®
Indeed, a massive global demand for thermoset epoxy resins
exists, particularly for applications which require lightweight
and robust materials (e.g., Boeing 787 Dreamliner parts);” the
global production of epoxy resins exceeded 3 million metric
tons in 2000, with an estimated value of ~20 billion USD.?
While most industrially prepared composites are amine cured
epoxies, other methods used in academic research often
involve a strong acid-initiated mechanism, as depicted in
Scheme 4. Initial monomer activation occurs by protonation of

Scheme 4. General Mechanism for Acid-Catalyzed Cationic
Epoxy Ring-Opening Polymerizations
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the oxirane (or other larger cyclic ethers) with a proton source
(HX) to generate an electrophilic oxonium adduct (A).
Subsequent nucleophilic attack by additional monomer (B)
initiates and propagates the growing polymer (C). Termi-
nation typically occurs by interaction with an added alcohol
(or water) to produce the final poly(epoxide) and acid
regeneration (D). If the counterion (X) is sufficiently
nucleophilic, then attack on the growing polymer occurs to
afford an X-capped epoxy polymer, akin to E. As a
consequence, polymers derived from this termination route
display low molecular weights with monofunctional mono-
mers. Typical proton sources, therefore, contain counterions
that exhibit poor nucleophilicity (e.g, CF;CO,”, FSO;",
CF;S0;7) as to achieve better control over termination.’”

Frontal epoxy ring-opening polymerizations display reduced
heat generation rates compared to FROMP, which results in
slower propagation rates. The second order rate constant for
epoxide ring-opening spans a wide range of values from 107> to
1079 M1t sl As an example, the rate constant for cyclohexene
oxide polymerization by an aluminum amine-phenolate catalyst
is 9.5 X 107* M™" s7! as measured at room temperature, which
corresponds to a kg, of 1.9 X 107° 57! at a catalyst loading of
0.2 mol % (20 mM)."”” Alongside the heat of polymerization
for cyclohexene oxide (0.99 kJ g7'),'® the specific power in
this example is 18 W kg™ at 22 °C. With this crude
benchmark, it is of no surprise that epoxy-based frontal systems
display longer storage lifetimes than FROMP without added
inhibitors, since the rate of heat generation is at least 2 orders
of magnitude less than that described in section 4.1.2.

The primary initiators employed in cationic FP are
photoacid generators (PAGs),**%>**%83 1817190 ymine boron
trifluoride adducts,”**>'** or cross-linking polyamines.*”'?"'**
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While the mode of propagation with these curing agents
matches that of the general mechanism in Scheme 4, several
differences in monomer activation and initiation exist. Radical
induced cationic FP employs PAGs as the curing agent,
typically in conjunction with added thermal radical sources
(e.g., organic peroxides). Hypervalent iodine reagents undergo
light assisted acidification and until 2020 were the only PAG
motif employed for cationic FP. Initial photoexcitation of
diaryliodonium salts with UV light forms a highly reactive
excited state (Scheme 5A).'"* This excited state relaxes either

Scheme S. Various Initiation Techniques Employed in
Cationic FP, Which Involve UV-Triggered Cation
Formation (A), Amine-Boron Trifluoride Adducts (B), or
Polyamine Comonomers (C)
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by homolytic or heterolytic Ar—I scission; radicals generated in
the former pathway abstract hydrogen atoms from C—H bonds
(e.g, Ar—H), which generates an acid, HX. Alternatively, single
electron transfer from the aryl radical to the monoaryl
iodonium species to generate Arl along with aryl cations,
which act as potent electrophiles that interact with C—H bonds
to generate HX.'”? Alongside iodonium reagents, several
successful examples of sulfonium,'””'** bismuthonium,'® and
pyrylium'®® based PAG architectures as photoinitiators have
been reported.

Light penetration through a large volume of monomer,
however, limits the use of PAGs for frontal pro-
cesses. 181192 Indeed, a percentage of incoming photons
are diffracted or absorbed by initiators (and monomers) in the
formulation, and thus give rise to a photon gradient through
the material. PAG molecules on the surface receive more
photons than those deeper within the material, which results in
nonuniform rates of polymer initiation and propagation.
Hence, the surface undergoes a higher degree of conversion
than the deeper polymer layers. UV- trlggered cationic oxetane
polymerizations, as reported by Crivello,'®" illustrated that
uniform polymerization occurs only in thin films of 2 mm or
less. In a related system, Mariani and co-workers*’ determined
that higher monomer conversions exist in the presence of an
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added thermally degradable radical source. The heat produced
from photoinduced polymerization causes homolytic thermol-
ysis of the radical source. Subsequent interaction of the
resultant radical species with unreacted PAG molecules
perpetuates the polymerization. As a net effect, the initiation
process may efficiently occur at depths otherwise inaccessible
to the light trigger, thereby enabling quantitative monomer
consumption. Specifically, successful FP with diaryliodonium
PAGs exploits the thermolysis of added benzoyl peroxide
(BPO)°? or 1,1,2,2-tetraphenylethylenediol
(TPED). 6204152 184,186-188,195

Amine-boron trifluoride initiated FP occurs by background
reaction with residual moisture. These adducts react readily
with water (Scheme SB) to form a transient, solvent separated
species, [RNH,;][BF;OH]. The cationic amine initiates
polymerization, whereas the anionic species rapidly decom-
poses into boric acid through a series of complex
disproportionation reactions.'”® Reported frontal polymer-
ization reactions typically occur under ambient atmospheres
without rigorous water exclusion, so it is reasonable to assume
that cationic amine exists to an appreciable extent in solution.
Unfortunately, the amine-boron trifluoride adducts added in
these FP reactions consist of proprietary, commercial brands,
thereby obfuscating meaningful comparisons. For reference,
Scognamillo et al.””'** used initiators produced by Leepoxy
(namely, Leecure B-110 or B-950).

Finally, polyamines (e.g, diethylenetriamine [DETA],
tris(2-aminoethyl)amine [TREN]) have found use in the
design of highly cross-linked epoxy copolymers;'”” DETA
cures glycidyl ether at ambient temperatures through a
mechanism akin to that of Scheme SC.'”” Monomer activation
occurs by complexation with the amine. In the high
concentrations employed in this type of polymerization (%
equimolar to monomer), a subsequent copolymerization event
forms an amine-oxirane adduct, which acts as a reactive ring-
opening nucleophile. Hence, such polyamine initiated frontal
systems form epoxy-amine copolymers.'”’

Reported frontal cationic ring-opening polymerizations
exclusively involve the cyclic ethers depicted in Chart 2 (refs

Chart 2. Common Cyclic Ether Monomers Employed for
Cationic Ring-Opening FP
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34, 62, 64, 74, 80, 82, 83, 133, 181, 191, 192, 195). Indeed, one
may notice that a majority of the successful monomers
employed possess two reactive sites; in general, monofunc-
tional epoxies undergo front-quenching in the absence of a
cross-linkable comonomer. While the exact cause is not known,
it is possible that the addition of cross-linkers increases the
local monomer concentration and boosts the observed heat
generation rate, thereby avoiding heat-loss driven quenching,
Alternatively, it is possible that differences in the energy
density of mono- vs bifunctional epoxies account for this
observation. As the products with this form of FP are
thermosets, metrics related to microstructure and molecular
weight are difficult to parse. To the best of our knowledge, the
cross-link density (M,) has not been determined for epoxy FP.
While most examples include an inert inorganic filler, initial
reports by Mariani et al.*’ and Crivello'®' demonstrated that
unfilled monomer formulations support stable fronts. For
example, UV-triggered polymerization of 3,4-epoxycyclohex-
ylmethyl-3’,4’-epoxycyclohexanecarboxylate (CE) occurs in
the presence of [4-(2-hydroxytetradecyl)oxy]-
phenyliodonium-SbF; (HOPH-SbF;) or [(4-(octyloxy)-
phenyl]phenyliodonium-SbF, (I0C-8 SbF,) as soluble PAG
salts with BPO as a thermal co-initiator.*” The concentrations
of the PAG and thermal radical source influenced the observed
frontal velocities and temperatures. Sustainable fronts only
existed in formulations containing between 1 and 3 mol %
iodonium; at low concentrations, the polymerization front
exhibited a v; of 3.2 cm min™! with a T, of 250 °C. While
increases in PAG loading afforded faster fronts (up to &S cm
min~"), the maximum temperatures decreased to 232 °C. In
contrast, front velocity and temperature increased linearly with
thermal radical loading. These results illustrate a typical trend
in related systems: more initiator affords faster, hotter fronts in
a set range. At a critical quantity of initiator, SP occurs.
Unsurprisingly, the monomer identity impacts the frontal
parameters, as evidenced in the examples reported by Liska
and co-workers®” in Table 3. Neat mixtures of bis(epoxy)

Table 3. Frontal Properties of Bis(Epoxy) Monomers under
UV-Ignited Conditions™”

monomer MW (gmol™) T, (°C)  v;(cm min™") tignite (5)
CE 252 176 26.2 31
BADGE 340 173 2.7 38
NPDGE 216 169 199 10
HDGE 230 181 28.6 12
CHDGE 256 140 37.9 23

“Conditions: Monomer (15 g), TPED (1 mol %), and IOC-8 SbF,
(1 mol %) were irradiated for a length of time (gye)- Data found in
ref 62.

monomers with IOC-8 SbF4 and TPED afforded stable fronts
after UV irradiation (320—500 nm at 500 mW cm™2) for a set
length of time (tignite). While minor variations in the ignition
time exist, these formulations rapidly ignited within 23 + 12 s
on average. No clear correlation between the ignition time and
the frontal velocity seems to exist; 1,6-hexanediol diglycidy-
lether (HDGE) as a monomer provides a faster front than CE
despite requiring twice as long to ignite. Similarly, T, does
not exhibit a clear dependency on vy out of the substrates
tested, HDGE and cyclohexanedimethanol diglycidylether
(CHDGE) provide the fastest fronts despite a AT, of 41
°C. It is not immediately clear which factors dictate the
variation in frontal parameters. The authors also noted that
bubble formation occurs in the polymerizations with all
monomers except bisphenol A diglycidyl ether (BADGE).**
Bubble formation results from small-molecule evaporation/
boiling phenomena. In this context, monomer or initiator
decomposition occurs with CE, NPDGE, HDGE, and
CHDGE to generate low-vapor pressure byproducts. Most
cationic ring-opening systems employ BADGE as it supports
robust and stable fronts. More recently, Groce et al.'*’
reported on radical-induced cationic frontal vinyl ether
polymerization using an initial thermal stimulus.

The polymerization of the oxetane substrates 3-ethyl-3-
(phenoxymethyl)oxetane (POX) and 3,3’-(oxybis-
(methylene) )bis(3-ethyloxetane) (DOX) under UV-activated
and thermally ignited cationic polymerization conditions
generated slower, colder fronts than the epoxy analogues.'®’
At 1 mol % HOPH-SbF;, DOX underwent FP characterized
by a T, of #160 °C and v of 14 cm min™". The reduction in
ring strain in oxetanes lowers the exothermicity of ring-
opening. The heats of polymerization of ethylene oxide and
oxetane, for example, are 2.9 and 1.4 kJ g~', respectively.
Despite the lower exothermicity, rapid temperature time-
evolutions existed within the reaction zone (135 °C s™! with
POX), which manifested as a narrow, well-defined front.
Crivello'®" observed that background temperature increases
occur with DOX (20 °C over 4 min), which implicates a
reasonable degree of SP as well as a poor storage lifetime. In
contrast, formulations consisting of BADGE, TPED, and I0C-
8 SbF; are stored at 50 °C for at least 2 h without discernible
SP or gelation.()2 One might expect, therefore, that the storage
lifetime of the system is determined by kinetics differences in
the ignition process rather than by thermodynamic differences
inherent to the substrates.

Polymerizations in the presence of added inert diluents
provide physical properties otherwise difficult to access with
unfilled epoxy polymers.'”" Inorganic fillers impart enhanced
heat resistance to the polymer matrices in which they are
embedded. Section $ is dedicated to a thorough discussion of
such implications to composite materials synthesis. While a
diverse of applications exist for composite materials, the

Table 4. Filler Dependent Frontal Properties of Hybrid Inorganic—Poly(Epoxy) Materials

monomer filler filler loading range
BADGE'” Montmorillonite 0-8 phr
BADGE** Calcinated Mica 5—1S phr
TMPTGE* Fumed Silica 0—15 phr
TMPTGE’* Kaolin 0—80 phr

conditions® Ty range (°C) g range (cm min™")
A 236—203 0.9-0.8
B - 40-37
C 275-240 32-12
C 275—18S 3.2-0.9

“Reaction conditions for A: BADGE (11 mmol), DETA (7.2 mmol), soldering iron initiated; B: IOC-8 SbF, (8 mol %), TPED (8 mol %), UV-
ignited. T, was not recorded; C: Leecure B-110 (1S5 phr), TMPTGE (10 g), soldering iron ignited.
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chemical effects of diluents on the frontal process itself remain
challenging. In general, diluting reactive monomers with
nonparticipating reagents changes the heat transfer in two
ways. A reduction in the heat generation rate occurs as a
smaller wt % of the mixture undergoes polymerization (i.e.,
reduced energy density). Second, the added filler acts as a heat-
sink. These factors manifest in an inverse relationship between
filler content and v

Most frontal epoxy formulations contain additives, typically
comprised of silicates or main group metal ox-
ides.0>7H# 133 OLI2 Eylly inorganic additives (e.g, fumed
silica,’* kaolin, mica,>* montmorillonite'®?) follow the
general trend described above. The specific choice in filler,
however, determines the degree of dampening for T, and v
While the specific reaction conditions vary greatly among the
examples provided in Table 4, discernible effects of filler on
frontal properties exist. Regardless of the filler identity, an
upper diluent concentration limit exists in formulations able to
support stable fronts. In general, kaolin accesses the largest
working dopant range; FP occurred in mixtures of
trimethylolpropane triglycidyl ether (TMPTGE) containing
up to 80 phr kaolin by mass, with only a 3-fold decrease in v;.
In contrast, monomer blends with added montmorillonite,
fumed silica, or mica only proceed frontally with concen-
trations under 15 phr by mass. A combination of filler
properties (i.e., thermal conductivity, specific heat capacity,
shape, size, and aspect ratio) likely govern the effects of filler
on the front parameters; similarly, the interface of the curing
resin and the filler surface perturbs front propagation.

Scognamillo and co-workers'** employed the use of fillers to
change the viscosity of frontal resins. Specifically, the chosen
materials displayed thermal expansion or defoaming behavior.
The addition of microspheres impregnated with gaseous
hydrocarbons reduced T, and 1; of fronts derived from
TMPTGE initiated by Leecure B-110. As a result of low
thermal conductivity, trapped gases within the resin provide an
insulating pocket that may modify the diffusion of the overall
material and potentially disrupt heat and front propagation.
The resultant semiporous polymers display inferior mechanical
properties when compared to additive-free analogues. In
contrast to thermal expansion agents, defoaming agents
increase the observed frontal parameters. The authors
proposed that the defoaming agents, which are a proprietary
mixture of xylene and functionalized acetates (BYK 070N),
improved thermal diffusion through the sample by filling void
spaces generated during polymerization (ie. better thermal
conductivity compared to air)."*?

4.2.2. Tin-Catalyzed Polyurethane Synthesis. Frontal
processes exist that produce polyurethanes, albeit far fewer in
number than that of epoxide ring-opening reac-
tions.”"">13#1957209 The prototypical example by Fiori and
co-workers”" investigated the copolymerization of ethylene
glycol with 1,6-hexyldiisocyanate (and added catechol), as
depicted in Scheme 6. Polyurethane manufacture occurs in a

74,133

Scheme 6. Typical Conditions for the FP Diols and
Diisocyanates
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bimolecular fashion. The added Sn" reagent (typically dibutyl
tin dilaurate, DBTDL) acts as a Lewis acid catalyst; initial
coordination of the isocyanate activates the substrate toward
nucleophilic attack by the added diol. Subsequent proton
transfer affords a carbamate species, terminated on either end
by alcohol and isocyanate functionalities. Further polymer-
ization events occur through a step-growth mechanism to
afford the final polyurethane species; step-growth polymers
with desirable mechanical properties require higher conversion
than those generated in chain propagation mechanisms, since
the average molecular weight is exponentially proportional to
conversion.”’

In the initial report by Fiori’' and a subsequent follow-up,””
the monomer resin required the use of DMSO as a solvent to
ensure uniform resin viscosity and rheological behavior during
FP. Increased dilution with DSMO, however, depressed T.,.,
and vy, which was attributed to termination steps that resulted
from interaction with residual moisture in the solvent. A nearly
linear relationship between T, and Sn loading exists. For
example, T, rose from 177 to 210 °C upon a 4-fold increase
in catalyst concentration (0.5 to 2.0 mol %, respectively). The
frontal velocity displayed a similar linear increase from 0.4 to
0.9 cm min~". Increases in catechol content dampened the
frontal temperature and velocity through an inhibitory
mechanism where competitive coordination to the Sn center
depresses the active catalyst concentration and observed
catalytic rate. In the absence of catechol, however, instanta-
neous background polymerization occurs within seconds;
formulations with at least 0.5 wt % catechol displayed
enhanced storage lifetimes of 25 min.”"

Compared to analogous batch conditions, polyurethanes
generated frontally exhibited significantly higher inherent
viscosities (0.76 vs 0.23 dL g~') and, therefore, larger
molecular weights. Interestingly, the DSC traces of the
resultant frontal polyurethanes displayed two different
transition modes. The lower, sigmoidal-like transition occurred
at 37 °C and corresponds to the T, The second feature,
however, existed as a large endotherm at 167 °C, indicative of a
T, This semicrystalline material (degree of crystallinity = 31—
48%), therefore, is a rare example of a nonamorphous frontal
polymer.”"** Two follow-up reports by Mariani and co-
199200 expanded the substrate scope to include longer-
chain diols and aromatic isocyanate monomers in the synthesis
of semicrystalline frontally derived polymers.

Chen and co-workers'”® examined the FP of 2,4-toluene
diisocyanate with a macromolecular diol, poly(propylene
oxide)glycol, catalyzed by tin bis(2-ethylhexanoate). This less
active Sn source afforded longer storage lifetimes of 6 h
without an inhibition reagent. Unsurprisingly, the addition of a
less active catalyst, in conjunction with a low energy-density
polymeric diol, afforded slow moving fronts (¢ = 0.1-0.3 cm
min~') characterized by fairly low T, values (%90 °C). In
contrast to the unique morphologies observed by Fiori et al.,”*
these polyurethanes displayed only amorphous characteristics
(T, = —435 °C)."”® Despite the successes of Sn-catalyzed
polyurethane synthesis as a frontal method, other urethane
containing systems merely employ the carbamates as linkers to
large, macromolecular diacrylate monomers;”>*°" these frontal
formulations do not react via Sn-catalysis but instead occur by
free-radical polymerization (vide infra).
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4.3. Frontal Radical Polymerizations

4.3.1. Mechanistic Considerations. Free-radical poly-
merizations are the most common type of frontal systems, with
over 80 published reports as of 2022 (refs 29, 33, 34, 44,
47-50, S3, 60—63, 70, 77—79, 81, 8493, 95, 114, 127, 134,
199, 201—259). Three distinct mechanistic regimes exist for
chain growth radical polymerizations (see the simplified
Scheme 7). Activation of an initiator occurs via decomposition

Scheme 7. Simplified General Mechanism for Chain-Growth
Free Radical Polymerization”

In—K4 g 2R° (step 1)
R + =~ L R\./'\R- =P (step 2)
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Po+ A R —2= PN Np =Pl (step3)

. .k
P; + P;, ———3 dead polymer (step 4)

“Chain transfer and termination due to primary radicals are not
depicted.

to give rise to primary radicals (at a rate of kg step 1).
Interaction of the resultant radical with a monomer initiates
the polymerization to generate a growing polymer chain at a
rate of k; (step 2). Subsequent reaction with monomer
increases the chain length by one unit (step 3); propagation
continues at an average rate of kp until a termination event
occurs. Chain termination proceeds through radical coupling
or disproportionation reactions, with an averaged observed rate
k. (step 4). In the former, radical annihilation leads to a single,
dead polymer typically incapable of re-entering the polymer-
ization event. The radical disproportionation pathway,
however, occurs by f-hydrogen transfer between the two
species, where one of the resultant products contains a degree
of unsaturation.

Each of the fundamental steps in this chemical polymer-
ization mechanism relates to various frontal process parame-
ters. The choice of initiator affects the k4 and k; values; faster
initiator decomposition depresses the length of time required
for front generation (i.e., shortened tignite and t.). In contrast,
long-lived and persistent initiators (i.e., characterized by small
k;) provide frontal formulations with the longest storage
lifetimes. While k; and ky refer to different chemical steps and
are often of different orders of magnitude, most computational
engineering studies either average the two values or reduce the
complexity of the chemical mechanism to a single-step
reaction. Typically, an implied kinetic model is fit to DSC
data.***** The propagation rate (k,) is dictated by the choice
of monomer and is independent of the initiator. Indeed, nearly
all heat generated during radical polymerization occurs in the
propagation step. Thus, k, provides a reasonable approx-
imation for the rate at which heat is generated and governs
T and g Front quenching results when k, is competitive
with k,. To increase the heat released per unit time, it is
necessary to increase the radical concentration present in the
system. As a side effect, the larger number of radical species
results in a higher probability of chain termination. In turn, this
affects the molecular weight of the obtained polymers.
However, this is generally not a problem in FP as the majority
of systems undergo cross-linking.
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Efficient frontal radical polymerizations require fast initiation
and moderate propagation rates. Indeed, the choice of
monomer and initiator dictates the viability toward FP.
Systems comprised of initiators with slow homolytic cleavage
rates more readily undergo competitive heat-loss. In contrast,
highly reactive initiators exhibit poor ambient temperature
stability, which precludes extended storage lifetimes. The
thermodynamics and kinetics associated with this polymer-
ization motif requires that substrates and initiators display
Goldilocks-like behavior to be “just right” for sustainable FP.

In 1991, Pojman”*” described one of the first frontal systems
performed under ambient pressures. Previous reports from the
former USSR employed metal reactors for high pressure FP. In
contrast, Pojman”** directly observed the front formation of
methacrylic acid (MAA) with benzoyl peroxide (BPO) after
thermal ignition in a glass test tube. These fronts required a t,
of 2 min to reach a steady-state velocity (z5 = 1 cm min™").
The observed thermal-spatial gradient of approximately 180 °C
cm™, as well as a large T, of 195 °C, indicated the existence
of a narrow, hot reaction zone. The temperatures achieved
with this formulation, however, surpassed the boiling point of
MAA (163 °C), and induced undesirable monomer vapor-
ization, as well as double-diffusive convection. The resultant
polymers, as a result, exhibited a nonuniform molecular weight
distribution (D ~ 4).

4.3.2. Ignition Techniques. Four main ignition categories
exist for frontal free-radical polymerizations: thermal (refs 29,
33, 44, 48, 53, 70, 78, 79, 81, 91-93, 95, 127, 134, 167,
203-207, 210, 211, 215-217, 219—224, 226, 235, 238,
241-243, 246248, 253, 255, 256, 258, 260, 261), photo (refs
58—60, 135, 167, 255, 257, 259, 262—269), plasma (refs
270—273), and magnetocaloric (refs 206, 239). Thermal
triggering typically involves the use of a soldering iron or oil
bath to heat a localized region. More controlled thermal
initiated systems may involve the use of an embedded resistive
wire at a fixed volatage and amperage. Thermal ignition
typically requires ~10 to 120 s, depending on the resin
composition and boundary conditions. Photoinitiators follow
the same mechanism as that described above for epoxide ring-
opening polymerizations (section 4.2.1), where a mixture of
UV-active and thermal radical sources provide more uniform
radical concentrations.”®”°>'** Recent work from Gary et
al.”>> demonstrated that the inclusion of iodonium PAG salts
enable both photo and thermal initiation modes with acrylate
monomers.

A subset of systems have employed directed CO,-lasers with
IR-wavelength photons (4, = 10.6 gm) to induce highly
focused heating in the rection zone 2072627 264266267" 1y
contrast to nondirected thermal initiation, CO,-lasers provide
incredibly short ignition times (tignite ~ 1—10 s) as a result of
higher energy density.””® Plasma ignited systems follow a
similar premise to CO,-lasers in that intense local heat transfer
occurs. Chen and co-workers®”" reported the first usage for FP
applications; a high energy, air plasma (~1—10 eV, where 1 eV
corresponds to a T = 11000 K) rapidly induced ignition in
seconds. The same group’’®**’ also reported the use of
magnetocaloric-type ignition. In these systems, the reaction
formulation included super paramagnetic Fe;O, nanoparticles
(SPIONs).””* Under an applied and oscillating magnetic field,
spontaneous spin alignment occurs within the SPION, which
corresponds to an overall reduction in the entropy of the
system with a concurrent heat release (i.e., dielectric
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heating). *7* This heat triggers FP, which ignites after a few
seconds of exposure to a 450 kHz magnetic field.”">**

Two notable examples dev1ate from the 1gn1t10n methods
outlined above. Lewis et al.””* and Evstratova et al.** described
an isothermal frontal formulation that exploits the gel effect.
Unlike other FP reactions, the experimental procedure (Figure
16) does not involve a localized hot spot to induce

t=

seed
dissolved;
t=0 front start t > front start
Liquid
MMA Liquid Monomer
il Monomer Viscois
AIBN ::> I:) Region '|_
Viscous {
Ragion Solid
PlMI) Solid Polymer
- Pafe L |

Figure 16. Experimental schematic for the isothermal FP of MMA
initiated by a p(MMA) seed. Figure adapted with permission from
Polym. Sci, Part A: Polym. Chem. 2008, 43, 5774—5786 and Polym.
Sci, Part A: Polym. Chem. 2006, 44, 3601—3608.°%>"> Copyright
2006, Wiley Periodicals, Inc.

polymerization. Instead, a mixture of 20 mM azobis-
(isobutyronitrile) (AIBN; see section 4.3.3, Chart 3) and

Chart 3. Common Initiators for Free-Radical
Polymerizations”

0
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“The bonds in red undergo homolytic scission after a triggering event.

methyl methacrylate (MMA, see section 4.3.4, Chart 4) was
layered atop a p(MMA) seed inside a glass cell heated to
approximately 65 °C. In this example, MMA diffuses into the
p(MMA) seed, and due to the aforementioned Trommsdorff—
Norrish effect, diffusion of the propagating radical is depressed.
This results in an increase of radical concentration that rises
the polymerization velocity. Additionally, the decrease in
diffusivity gives rise to larger molecular weights. Isothermal FP
proceeds more slowly (v ~ 0.2 cm h™') than other thermally
ignited fronts, as a result of significantly slower k. Additionally,
long induction periods upward of 1 h exist prior to front
ignition. A typical plot of temperature as a function of time is
nearly flat; the temperature of the system remains at a steady-
state prior to gel-point of the system. At the gel-point,
spontaneous polymerization occurs in the remaining liquid
monomer.

Water triggered systems were explored by Pujari et al.”*’ in
the polymerization of acrylamide (Am, See section 4.3.4, Chart
4) with potassium persulfate (KPS, see section 4.3.3, Chart 3)
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Chart 4. Monomers for Frontal Free-Radical Polymerization
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as a radical source. To trigger polymerization, water is added
atop the monomer solution (~10 wt %) at ambient
temperature (=30 °C), which slowly generates aqueous
persulfate species that undergo homolytic dissociation.”””
After a long induction period (~80 min), front formation
occurs, as indicated by the concurrent rise in temperature. The
final polymer products from this method exhibit a high degree
of porosity and broad dispersities (D = 3.0 + 0.5).

4.3.3. Radical Initiators. As the section title implies,
frontal free-radical polymerization requires the addition of a
radical source, and the most common compounds are given in
Chart 3. The majority of free-radical FP systems employ
“traditional” peroxide- or azo-derived initiators, such as BPO
or AIBN. Increasingly, Luprox-231 is the initiator of choice, as
it exhibits excellent room temperature stability and is miscible
with a wide range of monomers. Upon exposure to one of the
exogenous triggers discussed above, peroxides, persulfates, and
certain azo compounds undergo homolytic scission. The
resultant radical species induce polymerization, and the
associated heat prompts additional decomposition of initiators
in proximity to the reaction zone. The storage lifetimes of free-
radical systems, therefore, are dictated by background radical
formation from the thermally reactive additives.

The decomposition rates (kg) and half-lives (t;,,) of selected
initiators are provided in Table S at various decomposition
temperatures (Tp). Formulations with long storage lifetimes
correspond to the use of thermally persistent species; in
exchange, however, the resultant fronts travel with slower
velocities, since a reduction in the effective radical concen-
tration occurs with slower k; (vide infra). Interestingly, Gugg
and co-workers””® demonstrated that methacrylate-based
peroxides (e.g, tert-butylperacrylate, TBPA) frontally copoly-
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Table S. Initiator Homolytic Decomposition Rates (kd)‘and [5P0 o aes —
Half-Lives (t,,,) for Selected Radical Initiators at Specified ¥ &
Temperatures T, T 74N Sl N
' ®  HDPPS BN 4 7
I @ = & - m TEPPS
initiator Tp (°C) ky (s7Y) tia _ .o — :_; 1} / B
AIBN* 40 48 x 1077 16.6 days g . £ *9
BPO” 25 6.4 x 107° 3h . 2 E ;\
L e (%]
DTBP* 80 7.8 X 107 103 days gl T o5 |* RO
Luperox-231° 85 69 % 107 1.2 days &
TBPA” 100 1.5 x 1075 13 h (]
KPS° 50 1.0 X 1076 8 days B
APSs? 30 4.5 %107 4h 130 . 1 0 : 4
TBPPS 30 9.0 x 107 21h 0 2 4 6 0 2 4 6
HDPPS? 30 1.4 x 10-5 14h Initiator Quantity (wt%) Initiator Quantity (wt%)

“Measured in benzene solutions as reported by Dixon in Polymer
Handbook, 4th ed.””® "Measured in a benzene solution as reported in
Macromol. Rapid Commun. 2011, 32, 1096—1100.2%° “Measured in 0.1
M NaOH(aq%"solutions as reported in J. Am. Chem. Soc. 1951, 73,
3055—3059.””7 “Calculated from the Arrhenius data provided in
Macromolecules 2008, 41, 5191-5196.>"°

merize with HDDA to provide reactive branched peroxide
intermediates. These species undergo subsequent fragmenta-
tion with a 10 h half-life of nearly 20 °C lower than the starting
initiator to provide cross-linked thermosets.

The radical source dictates the degree of homogeneity at the
front, especially when considering possible side products.
Some radical species generate volatile byproducts as a result
from either decomposition or interaction with other species
present in the environment. In this regard, AIBN necessarily
provides N, en-route to polymerization ignition; at high
temperatures, BPO may decompose to release CO,. Peroxide
initiators, such as DTBP, Luperox-231, and TBPA may
thermally decompose to generate volatile organics (e.g,
acetone, methane). At frontal temperatures, these products
volatilize to form gas pockets within the monomer solution,
which disrupt the homogeneity of the product. Hence, the
mechanical properties of the resultant polymers suffer due to
the vacant spaces generated by these bubbles.”’ Substantial
efforts have focused on the development of “gas-free” initiators,
such as the persulfate species listed in Chart 3.°%7%%"*'> Unlike
other initiators, these species are advantageous as they do not
produce volatile byproducts during fragmentation. One
potential drawback, however, stems from poor solubility of
charged species in acrylate monomers. Specifically, the choice
of counterion in these salts determines the solubility; DMSO
or H,O are required for obtaining completely homogeneous
solutions with KPS or APS. Development of long-chain alkyl
ammonium- or phosphonium-persulfate salts (Aliquat-PS or
TBPPS, for example) by Mariani and co-workers’”*"*"
accessed solvent-free conditions.

As a general trend, the initiator concentration dramatically
impacts the frontal parameters; it should be noted that
Aliquat-PS, TBPPS, and HDPPS are characterized by higher
molecular weights than other initiators. This results in larger wt
% despite being equal in molar fraction. Mariani et al.*"
thoroughly studied the effects of initiator identity and
concentration on the FP of triethylene glycol dimethacrylate
(TEGDMA, see section 4.3.4, Chart 4). Formulations with
BPO or AIBN in under 0.5 wt % exhibited fronts with higher
Tha than those derived from the inorganic species APS,
TBPPS, or HDPPS, as depicted in Figure 17. The
concentration window with AIBN and BPO, however, is
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Figure 17. Radical source effects on T, (left) and v; (right) as a
function of initiator concentration (wt %) and identity in the FP of
TEGDMA. Figure reprinted and adapted with permission from
Macromolecules 2008, 41, 5191—5196.2"° Copyright 2008, American
Chemical Society.

exceedingly narrow; concentrations above 0.5 wt % provide
fronts hot enough to potentially degrade the polymer product.
In contrast, persulfates can support fronts with large v (1.5
cm min~") at reasonably high loadings (xS wt %), but at lower
reaction temperatures (<180 °C). Increases in persulfate
concentrations yield hotter, faster fronts, and allow for a wide
range of T, and v. In respect to practicality, APS is
commercially available and perhaps more attractive as a cost-
effective initiator than other persulfates; on the other hand, the
short pot-life may limit its potential utility.

The use of metal assisted redox couples enhances the frontal
velocity without sacrificing storage lifetime. Parrinello et al.”’
demonstrated that the dual redox cycle depicted in Scheme 8

Scheme 8. Metal-Mediated Dual Redox Cycle with CHP and
an Ascorbic Acid Derivative”’

HO
ﬁ\/
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successfully supports fronts with a larger loading of inert filler
than with CHP alone. For example, a formulation comprised of
CHP, a triacylate monomer, 6-O-palmitoyl-L-ascorbic acid, and
Co" source embedded in a polymer network (Intelimer 6050
X 11 from Air Products) provided fronts with up to 100 phr of
kaolin filler. In contrast, fronts with CHP and monomer alone
supported only up to 70 phr kaolin. Additionally, the dual
redox cycle provided fronts that were nearly twice as fast (v =
4.0 vs 2.0 cm min™") and 20% colder (T,,,, = 200 vs 250 °C)
than CHP alone.

Added nitrogenous co-initiators help to inhibit bubble
formation via an organic redox couple. Common redox couples
comprised of BPO/N,N-dimethylaniline or KPS/N,N,N’',N’-
tetramethylethylenediamine (TMEDA) form carbon-based
radicals through the general mechanism depicted in Scheme
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9.%*% These additives promote O—O bond cleavage rates by
forming a charged pair intermediate. Rapid electron and H

Scheme 9. General Redox Mechanism for the Interaction
between Radical Sources and Dimethylamines
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atom transfers occur to provide a carbon-centered radical. A
report from Chen and co-workers”*” thoroughly explored the
effects such redox couples on FP. Several advantages exist
when compared to unadulterated radical sources: faster radical
generation rates and less volatile byproducts. These two factors
result in a bubble-free front. The room-temperature storage
lifetimes are highly dependent on the identity of the
ingredients in the formulation; the authors observed that
DMSO solutions of BPO and hydroxyethyl acrylate (HEA, see
section 4.3.4, Chart 4) were stable for up to 48 h.**" In
contrast, Pojman and co-workers’”’**'” observed that neat
mixtures of 1,6-hexanediol diacrylate (HDDA, see section
4.3.4, Chart 4), CHP, and added accelerator spontaneously
polymerized within 2 h. In both systems, it was observed that
increases in amine concentration (relative to radical initiator)
provided colder, slower fronts. Other niche reagents, such as
carbon dots,”"” are effective redox partners for FP.

Pojman and co-workers’®*'” described the use of micro-
encapsulated initiators to suppress bubble formation and
increase storage lifetimes. Hollow microspheres comprised of
polyurea formed a semiporous shell around a CHP (~80 wt
%). In conjunction with added cobalt naphthenate as an
accelerator, the microencapsulated initiator system exhibited
an extended storage lifetime of nearly S d compared to
nonencapsulated formulations without loss of viability toward
FP, as observed with nearly identical front speeds (z¢ = 1.3 cm
min~"). Analogous formulations with dissolved and unencap-
sulated CHP, but without accelerator, were reasonably stable
for 5 d under ambient conditions. The resultant fronts
exhibited a z; of 2.7 cm min~'. Excessive bubble formation
in this formulation, however, prematurely quenched the front
after a few minutes.

While bubble formation during FP presents a major
challenge, oxygen assisted inhibition represents an equally
important limitation. Radical interception and polymer
termination occur with O, as it contains a paramagnetic
electronic configuration. The ratio of inhibition and
propagation rates (z = k,/k,) defines the efficacy of reaction
retardation. As indicated by Odian,”” the z value of O, in the
polymerization of MMA is roughly 3.3 X 10*. This exceedingly
large value prevents propagation and reduces the associated
heat release, which stifles front perpetuation and reduces the
active lifetime. To date, there are a handful of frontal examples
that address the effect of O, inhibition.®”'*>*'%**° These
systems include added thiol as a coreagent to enable
thermally”'®**° or photolytically*”*”*™*** ignited thiol—ene
copolymerizations. While the thiol—ene copolymerization
pathway generates less heat and occurs at a slower rate than
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60218 T
acrylate homopolymerization, O, inhibition occurs to a

lesser extent in systems containing thiols. As a result, the
operative polymerization mechanism and the corresponding
frontal parameters depend on the relative thiol:acrylate ratio.
Indeed, the effects of increasing thiol concentration are
complex and therefore difficult to generalize or ascribe to a
single cause.

While the vast majority of radical FP reactions employs
organo-radical sources, early work from Bidali et al.”** adapted
atom transfer radical polymerization (ATRP) to frontal
conditions. ATRP-type reactions involve the use of CuX salts
and an organohalide co-initiator (e.g, CBr,) as a means to
generate carbon-centered radical species. The atom transfer
step of halide to and from the Cu source serves to control the
growing polymer chain; this process provides polymers of
exceedingly uniform dispersities. In frontal ATRP, a complex
dependency exists between the formulation identity ([CBr,],
and [CuBr],) and the observed T, and v; values; specific
resin compositions provide values comparable to those
observed in “classical” radical FP reactions.”** Similarly, the
T, values of TEGDMA polymers derived from frontal ATRP
(=40 °C) match those of analogous polymers derived from
“classical” radical FP or batch conditions.

4.3.4. Monomer Effects on Propagation. Chart 4
provides an exhaustive list of monomers employed in radical
FP. In general, formulations employ mixtures primarily
composed of monomers bearing one double bond with
multifunctional comonomers to achieve the desired degree of
cross-linking. The majority of published systems utilize acrylate
and acrylamide derived monomers. Other vinyl compounds,
such as N-vinylpyrrolidone (NVP), N-vinylcaprolactam
(NVCL), 1-vinylimidazole (VI), and N-vinylcarbazole
(NVC), have found applications in hydrogel syntheses and
are discussed further in section S5.1.1.

A plethora of reports have expanded the set of monomers
capable of self-propagation, and several of these claim to be the
“first published example” for a specified monomer (e.g,
NVP,”* N-methylolacrylamide [NMAm],”> Am,” 2-hydrox-
yethyl acrylate [HEA],”* or diurethane diacrylates’>*°). The
formulation conditions, however, vary with the identity of the
monomer and make direct comparisons difficult. Changes in
initiator, ignition method, and filler obfuscate monomer
specific effects. Despite these challenges, Bynum and co-
workers™” recently examined substitutional effects on acrylate
architectures under identical conditions with Luperox-231 (1
phr) as the radical initiator after thermal ignition. Figure 18
illustrates that a definitive trend between monomer identity
and frontal parameters does not exist. Under these conditions,
sustainable fronts required the use of di- or triacrylate
monomers; hexyl acrylate (HA) was unable to support FP
because of Rayleigh—Taylor instabilities. In contrast, the fastest
fronts were obtained with trimethylolpropane triacrylate
(TMPTA). The literature has suggested that the molecular
weight per acrylate functionality dictates the reactivity, with the
justification that filler weight is inert. Despite this assumption,
the T,,,, and ¢ do not trend particularly well with the adjusted
weight per monomer. A more complete analysis, therefore,
requires the consideration of the thermodynamics (AH,) and
kinetics (k,) associated for each monomer. As is the case with
epoxy-based FP (see section 4.2.1), details related to
microstructure and molecular weight have not been studied.

Table 6 contains the heats of polymerization as well as the
rates of bulk polymerization for selected monomers. The

https://doi.org/10.1021/acs.chemrev.2c00686
Chem. Rev. 2023, 123, 3237-3298


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=sch9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=sch9&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/CR

REVIEY

Chemical Reviews
180
12
160 | :
_ i Te
%) =9r
“140 | E { §
g §
s < ¥ {
>4
120 } } *
100 ———t——t— 0 + ¥
g(?vc?vé}v&vév&vé\v §§v§v§v§v£"{3§-
FEIRLH FLITSSE
Monomer Monomer

Figure 18. Dependence of monomer identity on T, (left) and v;
(right) values with Luperox-231 (1 phr) as the radical source.
Monomer HA did not provide a propagating front. Figure reprinted
and adapted with permission from J. Polym. Sci., Part A: Polym. Chem.
2019, 57, 982—988.%% Copyright 2019, Wiley Periodicals, Inc.

specific power-to-weight ratios (P, W g_l) for each monomer
are approximated by multiplying AH,, by k. The propagation
rate constants were either used directly or extrapolated from
the corresponding Arrhenius parameters. To approximate the
initiation process, the effective steady-state radical concen-
tration, [M*]; (*1077 to 10~ M),”” was employed. The
tabulated P values ignore initiator dependent effects (i.e., k;), as
well as termination related phenomena (ie. k), but never-

theless provide a useful comparative metric from which
optimal frontal design parameters may be derived.

Acrylate-derived monomers provide better power efficiencies
than methacrylate architectures by at least an order of
magnitude, as is observed in the difference between MA and
MMA (or HA and HMA). Indeed, methacrylates polymerize
slower than acrylates. Unsurprisingly, inert functionalities
within a monomer reduce P. For example, MA generates
more heat per second per weight than HA. The cross-linking
acrylates, HDDA and TMPTA, exhibit reduced P when
compared to monoacrylate analogues. On first inspection, this
suggests that formulations containing multiacrylate substrates
perform less efficiently (ie., slow v;); there are several
examples, however, where the opposite trend exists for vg
triacylates > diacrylates >> monoacrylates.”””>*'® This may
result from an increased local radical concentration that occurs
with tethered acrylates. Phrased differently, the average mean
path a tethered acrylate must travel during polymerization is
shorter than for the monoacrylate counterparts. This affects the
k, and k, to different extents and results in a net increase to the
observed v; (i.e, the Trommsdorff—Norrish effect). Acryl-
amides exhibit P values intermediate to those observed for
acrylate and methacrylate derived species.

Macromonomers (e.g., unsaturated polyesters) possess
significantly less embodied energy than analogous small
molecules, which in turn dramatically influences the FP
process. For example, Fiori et al.”*" successfully demonstrated
FP of unsaturated polyester resins in the presence of radical
initiators (Aliquat-PS, BPO, and AIBN); such resins are

Table 6. Heats of Polymerization, Propagation Kinetic Parameters, and Estimated Specific Powers for Selected Monomers

monomer AH, (J g ) bulk E, (kJ mol 1) A ML sh)de T (°C) cale. P (W kg’l)f
acrylates AA 930 ref (180) kpasec = 4.2 X 10 M™" 57" ref (295) 25 39
MA 907 ref (180) 17.3 ref (296) 1.4 x 107 20 100
150 930
HA 500 ref (180) 18.5 ref (297) 2.8 x 107 20 70
150 730
methacrylates MAA 738 ref (180) kpasec = 2.2 X 10° M™" 57" ref (295) 25 16
MMA 560 ref (180) 22.4 ref (296) 2.67 X 10° 20 2
150 26
HMA 344 ref (180) kyasec = 1.4 X 10 M™" 57" ref (295) 25 S
HEMA 385 ref (180) 21.9 ref (298) 8.9 x 10° 20
150 68
acrylamides Am 1120 ref (180) 21 ref (299) 7 % 10° 20 14
150 200
NMAm 738 ref (180) - - - -
NIPAm 700" ref (180) kpaqpr=raoec = 2.7 X 10* M™" 57! ref (298) 20 18
crosslinkers MBAm 537 ref (180) - - - -
HDDA 650 ref (300) kpsoec & 1.5 x 10* M~ 57" ref (301) 80 98
TMPTA 653 ref (300) kygorc & 1.0 X 10* M™' 57! ref (302) 40 65

P

“Reported for liquid monomer converted into a crystalline polymer phase. *No reported value exists for NIPAm. Therefore, this value is
approximated by the heat of polymerization for Am and the relative ratio of molar masses in the following equation: AH,(NIPAm) ~ AH,(Am) X
(molar mass Am)/(molar mass NIPAm). “Arrhenius activation energy parameter. dPropagation rates, k,, are estimated at temperature T by the
following equation: k, = A X ¢ B/RT where R is the fundamental gas constant and assuming that A is temperature independent. For some
monomers, only the k, could be found and is explicitly reported with the corresponding reference, and the relevant conditions are given in the
subscript. “Pre-exponential Arrhenius factor. SThe estimated specific power, P, at temperature T was calculated by the following formula: P ~ k, X
[M*], X AH, ~ A x e*®T x [M*], X AH,, where [M*], is the steady-state radical concentration. Odian®” noted that [M*], is bounded in the
range of 10’7pto 107° M; we assume that 107° best approximates [M*]; and is therefore used for all calculations. Specific heats are provided for the
aqueous solution, assuming a concentration of 0.2 M. In this case, the units are W (kg of solution)™.
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frontally cured by added styrene. These formulations, however,
exhibited quite low v in the range of (0.3 to 0.9 cm min™"). In
a subsequent report, the same group”®” avoided styrene due to
its volatility, and instead substituted HEA or diurethane
diacrylate (2-[6-(2-acryloyl-oxyethoxycarbonylamino)-
hexylcarbamoyloxy]ethyl ester) as comonomers. With these
altered resins, ¢ values existed in a larger range (0.3 to 15.5 cm
min~!), with T, values of up to 230 °C. Nevertheless,
unsaturated polyesters (and styrene) are significantly less
reactive than ac?flates in free-radical polymerization.

Perry et al”*’ mathematically modeled the effects of
monomer composition on v and Ty, in copolymerization
reactions. Perhaps unsurprisingly, the sensitivity of the frontal
parameters on the monomer feed depend on the relative
reactivity ratios of the two monomers. For reactivity ratios
where r; < r, < 1, a concave relationship exists between v or
Trax and monomer fraction. That is, copolymerizations
proceed with larger T, and v; values than the corresponding
homopolymerizations. In contrast, the opposite trend exists
when 1 < r; < r,. Experimentally, copolymerizations of MAA,
AA, or Am provided frontal parameters that reasonably
matched the theoretically derived values. These results share
a similarity with FROMP copolymerizations;'*” mixing rules
only apply with monomers of similar reactivities.

Considerable Russian efforts in the mid-1990s to early-2010s
focused on the design of metal-containing acrylate mono-
mers.”**~*** Early work from Pomogailo and co-workers*”*
investigated FP of first-row transition metal complexes of the
type [MH(Am)4(H20)2(NO3)2:| (M = Mn, Co, Ni, Zn) as
potential platforms to generate inorganic—organic composite
materials. Notably, these solid monomers underwent polymer-
ization after melting and in the absence added radical initiators.
Instead, the authors suggested that thermal decomposition of
nitrate occurs to oxidize the bound Am ligands and initiate FP.
Interestingly, the choice of metal influenced the v with the
following trend: Co" > Ni'" > Mn" > Zn'. Unlike linear
p(Am), however, these coordination polymers likely are cross-
linked as they do not dissolve in common organic solvents.
Thermomechanical tests of the resultant materials were
compared to metal-free p(Am). Upon heating, the purely
organic polymer enters a viscous-flow state at temperatures
near 80 °C. In contrast, the polymers generated from these
metal-containing monomers possess an ultimate strain. These
data suggest that cross-linking occurs, presumably through
coordination at the metal center. Subsequent reports focused
on fabrication of composite materials,”*~>*"*?"*% a5 well as
i?oc;csl.ezgr’lz 8,2£I(.)0nt propagation through phase transi

4.3.5. Solvent Considerations. The majority of systems
employ neat, solvent-free conditions; several monomer-
initiator pairs, however, require the use of solvent. As noted
above, solvents depress the frontal velocity and temperature in
three ways. The heat of polymerization per solution weight
decreases as the reactive monomer constitutes a smaller wt% of
the total formulation. Second, the observed rate of polymer-
ization decreases in response to dilution. Third, according to
its thermal capacity, the solvent acts as a potential heat sink by
absorbing heat. The first example of solution-state FP was
published by Pojman et al,”** in which Am and KPS were
dissolved in DMSO, DMF, or water. After thermal ignition,
only DMSO-derived fronts were bubble-free. While prop-
agation does occur in water, vapor formation prohibits ideal
polymer morphology. In contrast, DMF solutions exhibit
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convective instabilities that impede efficient front propagation.
These instabilities are somewhat mitigated if N,N’-methyl-
enebisacrylamide (MBAm; 1 wt %/wt) is added as a
comonomer. Solvent dilution accesses tunable v; values,
which provides a major advantage over neat formulations
where monomer concentration is constant. From the data in
Figure 19, a near linear correlation exists between monomer
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Figure 19. Monomer concentration in DMSO dictates the value v¢ in
the FP of Am with KPS (18 mM) as the radical source. Figure
reprinted and adapted with permission from J. Am. Chem. Soc. 1996,
118, 3783—3784.”>> Copyright 1996, American Chemical Society.

concentration and frontal velocity. Front propagation required
an [Am] of at least S M. Below this value, the high solvent
content precluded front ignition and self-propagation.

The vast majority of solvent assisted FP reactions occur in
the synthesis of hydrogel materials (see section 5.1 for a
detailed disicussion; refs 49, 61, 84—90, 208, 209, 212, 213,
220, 229, 230, 232, 233, 236, 237, 239, 263—267, 270, 271).
Frontally derived hydrogels are typically generated from
formulations diluted with DMSO, glycerol, or N-methyl-2-
pyrrolidinone (NMP), though several aqueous examples
exist,”0120%209228 Bybble-free aqueous mixtures require T,
values below 100 °C, which decreases the initiator’s upper
concentration limit. For example, the FP of AA under aqueous
conditions only provided stable fronts with KPS loadings in
the narrow range of 0.2—0.7 wt 9%.%

In contrast to typical solvents used in solution-state FP,
several examples of FP in an ionic medium exist. Reports from
Mota-Morales et al.”"*°>*** and Fezende et al’” demon-
strated that deep eutectic solvent mixtures support polymer-
ization propagation. Unlike traditional ionic liquids with
complex charged components capable of facile solvent
separation, deep eutectic solvents are comprised of hydrogen
bonding donor/acceptor pairs. Typically, one (or both) of
these components is a salt (e.g, choline chloride). In the
context of FP, AA, MAA, or Am serve as a polymerizable
monomer as well as a hydrogen-bond donor. Moreover, deep
eutectic solvent mixtures comprised of dual-function monomer
(i.e., AA or MAA) provide fronts nearly three times faster than
analogous resins with DMSO-solutions.”*®

Solvent-free polymerizations with high melting point
monomers are also possible; solid monomers present a
processability challenge in that uniform polymerization fronts
require a preceding, narrow molten zone. Undesirable
geometric perturbations occur with coincident melting and
polymerization events. Additionally, monomer melting is
endothermic, which redirects heat away from polymerization

https://doi.org/10.1021/acs.chemrev.2c00686
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and dampens the propagation rate. Despite these obstacles,
several solid-monomer systems exist, as highlighted in two
examples by Pojman et al.’>*** Solid reaction mixtures
prepared from finely ground Am and AIBN (or KPS) were
thermally ignited inside a glass tube; while a distinct molten
region was not observed, the front temperatures exceeded the
melting point of the monomer (T, = 250 °C). A decrease in
the temperature gradient occurred at 160 °C as a result of
adventitious imidization, which generates volatile NH;. A
significantly larger thermo-spatial gradient exists in the reaction
zone this system (dT/dx = 450 °C cm™) when compared to
liquid or solution state fronts.”**

4.3.6. Fillers and Additives. Filling materials modulate
both the properties of the obtained polymers and the
corresponding frontal process parameters. Such composite
materials are highly desirable for many applications (see
section 5.4). As with cationic epoxy FP (section 4.2.1), a large
number of composite materials derived from radical FP exist
(refs 33, 53, 84, 88, 127, 210, 213, 235, 242, 245, 246, 250,
251, 270, 306). Two studies by Viner and Viner'?”*%
investigated the effects of fillers for frontal cyanate ester
polymerizations. The base formulation in these studies
consisted of TMPTA and Luperox-231 (10.4 phr). In addition
to this, a dicyanate resin (1,1-bis(4-cyanatophenyl)ethane,
Primaset LeCy) in aniline (3.6 phr) was added to form a
binary monomer mixture. An inert filler, either fumed silica
(Cab-0O-Sil M-5) or kaolin (Polygloss 90), thickened the
formulations and altered the processability of the prepolymer
mixtures. An additional test sample included both these
inorganic fillers. The resultant preignited materials with silica
displayed putty-like consistencies, whereas the inclusion of
kaolin provided a more fluid-like mixture.

The filler and compositional effects on the frontal
parameters are given in Figure 20. In contrast to the observed
trends with filled epoxy systems, Viner observed that kaolin
dampened the frontal parameters substantially more than
fumed silica. Increases in the acrylate mass percentage
amplified these effects, particularly with vg fronts derived
from silica-filled formulations progagated at nearly double the
velocity of the kaolin analogues.'*” Differences in convection
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Figure 20. Plots of T, (left) and ¢ (right) values as a function of
filler and monomer composition. Acrylate portion corresponds to a
mixture of Luperox-231 (10.4 phr) in neat TMPTA. Dicyanate
portion corresponds to Primaset LeCy in aniline (3 phr). The ratio of
acrylate:dicyanate corresponds to the mass percent of two different
components in the final formulation. Figure reprinted and adapted
with permission from J. Phys. Chem. B. 2011, 115, 6862—6867."*
Copyright 2011, American Chemical Society.
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rationalized this behavior; the higher viscosity of silica
containing mixtures prevented buoyancy-driven convection
to a greater degree, thereby mitigating convection driven heat-
loss processes.

A subsequent report by Viner’* investigated a 2-dimen-
sional binary system, whereby the heat from one FP ignites a
second event. Specifically, a strip composed of acrylate
monomers was thermally ignited to propagate a front in one
direction. The residual heat from the acrylate strip ignited a
dicyanate strip to induce the ignition of a second, orthogonally
propagating front. Due to differences in reactivity, the range of
accessible v for the acrylate front was significantly larger than
that for the dicyanate ester front (30—70 vs 0.5—2 cm min™,
respectively).”>

More recently, Lessard et al.'®” described a tandem FROMP
to frontal radical polymerization (FRaP) system as depicted in
Figure 21. The propagation behavior, and resultant material

Figure 21. Time evolution of tandem FROMP to frontal radical
polymerization (FRaP). This method fabricates layered, biphasic
materials after thermal initiation in the topmost FROMP layer. Figure
reprinted with permission from ACS Macro Lett. 2022, 11, 1097—
1101."¢7 Copyright 2022 American Chemical Society.

properties, varies throughout the two phases of the final
layered, biphasic thermoset. Propagation occurs through two
separate modes of FP, with characteristic T, and v; values
unique to each layer. Surprisingly, the boundary between
FROMP and FRaP exhibits adhesion strengths of up to 3.6
MPa, as determined by tensile testing. The propagation
behavior and subsequent mechanical properties of these mixed
materials vary substantially with the location of the triggering
event. For example, samples initiated in the bottom-most FRaP
layer generate porous foams as the result of bubble formation.
In contrast, samples initiated from the topmost FROMP layer
provided welded thermosets without voids. Intriguingly,
initiation at the interface or topmost FROMP layer generated
periodic striations in the surface topology of the FRaP layer,
presumably as the result of thermal (or convective)
instabilities.

Precedent exists for or§anic/ polymeric materials as fillers in
radical polymerizations.'®" Similarly, frontally derived compo-
site materials that contain biopolymeric fillers exist.”*”**" Early
work from Mariani and co-workers'®" demonstrated that two
modes of FP (radical and FROMP) occur simultaneously in
mixtures of MMA, DCPD, and G1 with either BPO or AIBN.

https://doi.org/10.1021/acs.chemrev.2c00686
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One may view the p(DCPD) interpenetrating network as an
organic filler, though the mechanical and thermochemical
properties of such polymers remain unexplored.

4.4, Stoichiometric Frontal Curing

Unlike the aforementioned FP types (sections 4.1 through
4.3), several examples exist of frontal curing with stoichio-
metric curing agents. In 1975 (and later in 1978), Artuiunian
et al.'"" and Davtyan et al."'* first demonstrated frontal curing
of bisphenol A-type resins with amines. Specifically,
epoxydiane oligomers (ie, ED-20, ED-6) reacted with m-
phenylenediamine. Two decades later, Chekanov et al.*’’
examined frontal curing of bisphenol F diglycidyl ether
(BFDGE) with stoichiometric quantities of Epicure 3371, an
aliphatic amine curing agent. Such systems exhibited short pot
lives (&1 h)—an unavoidable consequence of high concen-
trations of amine sufficiently reactive to support a front. The
thermochemical and mechanical properties of products
provided frontally were compared to analogous batch-cure
conditions. By DSC and DMA, the two manufacturing
methods provided similar T, values. Specifically, the DSC-
measured T, values taken from the second heating cycle were
146 °C for both manufacturing methods. In contrast, DMA-
derived T, values of 151 and 156 °C were measured for FP and
batch-cured samples, respectively. The glassy-modulus (E’) at
25 °C and E of both samples were identical within error, with
values of ~2.2—2.4 GPa. The tensile strengths of these
materials, however, varied to a larger extent. Frontally derived
amine-cured epoxy exhibited strengths of 682 + 0.8 MPa,
whereas the batch-cured samples were nearly 10% stronger
(75.9 £ 3.6 MPa). Nevertheless, FP curing occurred nearly 10x
faster (s &~ 0.4 cm min™") than batch curing, which highlights
the practical advantage of frontal methods. The authors also
studied composites derived from the addition of rubber
particle fillers from ground car tires.

Mariani and co-workers*”'”" reported an effective strategy
to bypass the decrease in v; observed in resins doped with inert
poly(silicate) additives. Hybrid materials comprised of silicates
obtained from suitable precursors (ie., 3-glycidoxypropyl
trimethoxysilane (GPTMS) or epoxycyclohexyl-POSS) and
BADGE were synthesized with stoichiometric DETA. The
copolymerization with GPTMS afforded fronts with typical
T o values in the range of 225 to 240 °C, which is far hotter
than the UV-triggered systems reported in Table 7."”" While
frontal temperatures did not display a dependency on the
molar fraction of GPTMS, a slight decrease in v; occurred with
this monomer. Specifically, frontal velocities were measured to
be 0.9 and 0.6 cm min~' at 0 and 100 mol % GPTMS,
respectively. Similar trends were observed in the copolymeriza-

Table 7. Transition Temperatures for Copolymers of
BADGE and GPTMS Initiated by Stoichiometric DETA*"

[GPTMS]/[BADGE] (%)  Tms (°C) 7 (cm min™") T, (°C)
0 232 0.8 51
2.5 225 0.8 60
5 237 0.8 63
10 235 0.8 58 and 77
50 228 0.6 59 and 86
100 235 0.5 70 and 150

“Conditions: Equimolar quantities of BADGE and DETA with
varying [GPTMS] were ignited by soldering iron. “Data found J.
Polym. Sci,, Part A: Polym. Chem. 2010, 48, 4721-4725.""
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tion of BADGE, DETA, and a monomer derived from
epoxycyclohexyl appended poly(silsesquioxane) cages
(CgoH 130045811y 1791 g mol™!).** Frulloni et al.**® developed
a phenomenological model of front propagation for this
system.

The hybrid organic—inorganic copolymers derived from
BADGE and GPTMS displayed interesting glass-transition
temperature behavior (Table 7). A single T, exists at low
loadings of GPTMS, which monotonically increases with
additional monoglycidyl monomer. At variance, as indicated by
the occurrence of two T, features, phase separation occurs at a
critical concentration of GPTMS. The lower value corresponds
to a purely organic domain, whereas the higher T, results from
a silicate-rich region.'”" Unfortunately, the mechanical proper-
ties of these hybrid materials were not reported. The formation
of hybrid organic—inorganic phases derived from frontal
geopolymerization reactions are discussed in more detail in
section 5.4.2. A subsequent report from Gill et al.’”” prepared
polymer-dispersed liquid crystals from the frontal curing of
BADGE with DETA.

Stoichiometric reaction types exhibit two key limitations.
First, the frontal process parameters are difficult to modulate.
As the reaction occurs at stoichiometric loadings of monomer
to curing agent, a narrow window of accessible v values exists.
The concentration of curing agent cannot be varied without
significantly impacting the reaction conversion and product
material properties. Second, resins employed in this class of FP
reaction typically suffer from poor pot lives. This presents a
practical challenge for large-scale applications.

5. APPLICATIONS OF FRONTAL POLYMERIZATION

Several key aspects of FP enable a variety of intriguing
applications that are otherwise inaccessible or impractical with
traditional batch processes. The rapid reaction rate and low
energy input cause FP reactions to outperform bulk analogues
in terms of time, energy, and cost efficiencies. The temperature
uniformity of the reaction zone for stable propagation provides
polymers with homogeneous properties; in contrast, bulk
methods often suffer from localized hot spots. Moreover, the
fast curing achieved in frontal systems can “freeze” out unusual
and well-defined microstructures (e.g, microporosity); the
extended reaction times in classical techniques often impedes
uniform microstructures. Additionally, the processing window
of frontal formulations, as measured by the storage lifetime,
may enable integration into several technologies (e.g, 3D
printing) that cannot employ traditional methods. Given these
considerations, most application driven reports fail to highlight
in which ways FP is more advantageous than batch methods.
Earlier reviews in this field focused primarily on g)olymer
chemistry and instabilities associated with FP.””*>'** More-
over, a large volume of applied frontal systems have been
reported over the last S years, particularly toward the
development of novel materials. A need exists, therefore, to
document and analyze all the potential applications in order to
highlight successful design parameters for future studies in the
field. This section of the review aims to fill the aforementioned
absence to inspire new and creative possibilities for FP.

5.1. Hydrogels

FP exhibits promise toward hydrogel synthesis—that is,
materials characterized by reversible swelling behavior in the
presence of a liquid medium (often water). The swelling ratio
(SR%) describes the degree of solvent incorporation into a

https://doi.org/10.1021/acs.chemrev.2c00686
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material, and typically compares the mass (or volume) of the
dried polymer (M) to that of the solvent swollen sample (M),
as illustrated in eq 13:

&)

(M, — M,
——— X 100
M,y (13)

SR% =

Hydrogels are typically composed of highly cross-linked,
semiporous hydrophilic polymers and often exploit bioderived
components (e.g., f-cyclodextrin) to impart biomimetic
functionality. Frontally prepared hydrogel materials, therefore,
have proven useful toward a variety of applications, rangin
from shape persistent gels to drug delivery agents.”**”'""!
Given the wide functional diversity, it is essential to control
pore-size and morphology while also retaining desirable
mechanical properties (e.g, flexibility, toughness).”'’ The
exothermicity of traditional batch polymerization methods
limit the uniformity within hydrogels; phase separation, for
example, occurs in copolymers derived from N-isopropylacry-
lamide (NIPAm) via high temperature curing.*” Reducing the
curing temperature in the batch reactors mitigates these effects
somewhat; unfortunately, lower cure temperatures diminish
the degree of gelation as well as the polymerization rate, which
hampers practical implementation. In contrast, FP reactions
offer uniform temperature control within the reaction zone
without sacrificing reaction rate. The latter also circumvents
phase segregation, as clearly demonstrated by Alzari et al,*'?
wherein uniformly dispersed graphene-containing nanocompo-
sites of p(NIPAm) were synthesized. Compared to traditional
BP methods that resulted in graphene reaggregation during
polymerization, FP occurred far faster and therefore limited
accumulation of the compositing filler. It is unclear, however,
whether larger scale implementation of this frontal approach is
compatible with economical manufacturing.

The physical properties of hydrogels synthesized frontally
are comparable, if not better than, traditional synthesized
analogues. To date, more than 30 reports detailing the
synthesis and properties of frontally prepared hydrogels exist
(refs 61, 84—90, 206—209, 212, 213, 220, 228, 229, 232, 233,
236, 237, 239, 243, 244, 249, 252, 254, 256, 258, 263—267,
270, 271, 306, 313).

5.1.1. Synthesis, Porosity, and Swelling. Nearly all
hydrogels synthesized frontally employ free-radical polymer-
ization processes, as discussed in section 4.3. To achieve the
desired degree of porosity, the synthesis requires a high boiling
solvent, typically DMSO. Solvent incorporates into the gel
during polymerization, and after reaction completion, it is
rigorously removed to reveal void space capable of reversibly
housing liquids. Washington and Steinbock® described an
early example that consisted of NIPAm (S g) and APS (20
mg) in DMSO (2.5 mL); cross-linking occurred by inclusion
of MBAm (50 mg) into the reaction mixture. Polymers derived
from conventional batch techniques at 60 °C were synthesized
for comparison and the morphologies of the resultant batch
and frontally prepared polymers are depicted in Figure 22.
While both samples display porous microstructures, only the
frontally synthesized material exhibits a uniform pore size
distribution. The conventionally prepared hydrogel contains a
microaggregate phase interlaced into the pore structure. The
difference in microstructure results from the nature of the
reaction zone. In frontal processes, localized, rapid temperature
changes occur to lock-in a single microstructure on a faster
time-scale than phase separation. Batch reactor conditions,
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Figure 22. Scanning electron micrographs (SEM) of hydrogel
polymers derived from frontal (A) or conventional curing (B)
polymerization methods. Frontal formulation consisted of NIPAm (§
g), APS (20 mg), MBAm (50 mg), and DMSO (2.5 mL). Front
initiation occurred via thermal ignition. Figure reprinted and adapted
with permission from J. Am. Chem. Soc. 2001, 123, 7933-7934.%
Copyright 2001, American Chemical Society.

however, occur via multiple reaction zones with lower localized
temperatures. As a consequence, the polymeric microstructure
suffers due to phase separation processes enabled by the longer
required curing times.

The microstructural differences are borne out in the swelling
ability of the two hydrogels (Figure 23), in that frontal samples
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Figure 23. Plot of the temperature dependent aqueous swelling ratio
for hydrogels consisting of p(NIPAm) generated frontally or via
traditional batch methods (at 60 °C). Both samples display a LCST at
~32 °C. Figure reprinted and adapted with permission from J. Am.
Chem. Soc. 2001, 123, 7933—7934."° Copyright 2001, American
Chemical Society.

exhibit increased SR% than batch polymers. Interestingly,
temperature influences the swelling properties for both
samples. Below 32 °C, these polymers absorb roughly 10
times their own weight in water, though superabsorbent
materials (i.e., with SR% in water up to 35000%) were also
synthesized (vide infra).*””'* Increases in temperature,
however, inhibit the swelling behavior of both samples. Such
thermoresponsive swelling properties are well understood, and
the inflection point of this plot (~32 °C) is known as the lower
critical solution temperature (LCST).>"> This phenomenon is
generally ascribed to a decrease in hydrogen-bonding capability
of the polymer that results from the thermodynamics
associated with mixing. Water adsorption into the hydrogel
occurs with a favorable enthalpic term, but at an entropic cost
inherent to a highly ordered state (ie., AS < 0). At high
temperatures, therefore, entropic factors are prevalent and
induce water gphase separation from the polymer in the form of
deswelling.”'> Numerous literature examples of temperature
responsive hydrogels generated frontally exist (refs 49, 85—90,
220, 228—230, 237, 312, 313, 316—321).
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Monomer composition influences the swellability of the
hydrogel since solvent incorporation is an enthalpically driven
process, governed primarily by monomer—solvent hydrogen
bonding networks. Unsurprisingly, polar or charged monomers
offer the strongest hydrogen bonding capabilities. The most
common formulations include mixtures of monomers bearing
nitrogenous functionalities (e.g., acrylamide, imidazole,
lactam). Alzari et al.”® explicitly described the compositional
effects on swelling of hydrogels, which provides several
representative trends (Table 8). The specific formulations

Table 8. Swelling Ratios, LCST Values, and T, for Various
Frontally Derived Hydrogel Compositions Derived from
Monomers NIPAm, TEGDA, and NVCL”

TEGDA SRy LCST T
entry NVCL: NIPAm”  (mol %) (%)° (°C) cé)
1 1:0 25 280 31 147
2 0:1 25 480 28 142
3 1:3 2.5 690 30 146
4 L:1 25 590 31 153
5 111 10 180 27 154

“As reported in Biomacromolecules 2009, 10, 2672—2677."° PRatio of
NVCL to NIPAm. The combined molar amount of NVCL and
NIPAm was fixed at 7.2 X 107> mol. Formulations included DMSO
(2.5 mL) and APS (0.5 mol %). “Aqueous swelling ratio measured at
25 °C.

were derived from a mixture of NIPAm and NVCL in DMSO,
with added TEGDA as a cross-linking agent and APS as the
radical initiator. In this study, the homopolymers (Table 8,
entries 1 and 2) displayed reduced swelling capacity at 25 °C
than the copolymers (Table 8, entries 3 and 4).”° Composition
did not greatly affect the observed LCST values; all of the
thermoresponsive hydrogels in this study exhibited LCST
behavior in the range of 25—35 °C. Interestingly, the transition
temperatures for the copolymers (Table 8, entries 3 and 4)
exceeded those of the homopolymers (Table 8, entries 1 and
2), which illustrates nonlinear mixing behavior. Unsurprisingly,
increases in the TEGDA concentration reduced the porosity of
the resultant cross-linked polymer, thereby diminishing the SR
% (Table 8, entry S vs 4).

Indeed, the compositionally dependent swelling behavior
arises as a result of the microstructural differences, as observed
by SEM.”® The homopolymer derived from NIPAm (Table 8,
entry 2 and Figure 24A) exhibits pores with diameters nearly
10 times smaller than those obtained in the 1:1 copolymer
(Table 8, entry 4 and Figure 24B). Porosity is lost upon
addition of 10 mol % cross-linker, and only a smooth cross-
section exists (Table 8, entry S and Figure 24C).

Hydrogels derived from charged monomers demonstrate
superb absorbency. Formulations reported Scognamillo et al.*”
utilized the potassium salt of 3-sulfopropyl acrylate (SPAK) in
the copolymerization with Am to generate “super” absorbent
hydrogels. Samples comprised of at least 60 mol % SPAK
displayed SR% at 25 °C in the range of 3000—14000%.
Increases in SPAK content translated into enhanced swelling
and higher LCST values (up to ~36 °C). The hydrophilicity of
the copolymers, as measured by water contact angle, offers a
plausible explanation for the observed swelling behavior; the
homopolymer of Am is reasonably hydrophobic with a large
angle of 87°. In contrast, SPAK copolymers are characterized
by contact angles as low as 33°. Interestingly, the reverse trend
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Figure 24. Scanning electron micrographs (SEM) of hydrogel
polymers with varying monomer composition. The compositions
are reported in Table 8, Entries 2 (A), 4 (B), and S (C). Figure
reprinted and adapted with permission from Biomacromolecules 2009,
10, 2672—2677.”° Copyright 2009, American Chemical Society.

occurred with the frontal parameters Ty, and v addition of
SPAK to the hydrogel formulations depressed both values.”” It
is unclear, however, if the swelling properties are directly
correlated to these values.

In a subsequent research effort, a thermoresponsive
p(NIPAm-co-SPAK) superabsorbent hydrogel was frontally
prepared in the presence of MBAm as a cross-linker.”'* By
properly changing the ratio between the three components, the
swelling behavior of such NIPAm-derived hydrogels ranged
from about 1000% (MBAm, 5 mol %) to 35000% (SPAK, 87.5
mol %; MBAm, 1 mol %). The absorbent features of these
hydrogels were ascribed to different affinities toward water, as
assessed by contact angle measurements. Specifically, these
angles ranged from 37 to 74°.

Solvent and initiator concentration influenced the swelling
ability of frontally prepared hydrogels, as described by Caria et
al.*” Homopolymer hydrogels of N,N-dimethylacrylamide
(NDMAm) were prepared with varying amounts of APS
under three solvent conditions (solvent-free, aqueous, and
DMSO). Polymers prepared in DMSO or without solvent
adsorb nearly twice as much as those derived from aqueous
mixtures. The reason for the solvent effect is straightforward
from a microstructural perspective. Hydrogels prepared in
water in this study displayed dense structures with minimal
porosity. In contrast, samples prepared either neat or in
DMSO afforded porous structures akin to those described for
related systems in Figures 22 and 24. All three solvent
environments afforded homopolymers with LCST values of
~33 °C. The homopolymer swelling capacity only displays a
strong correlation to initiator content in certain solvents
(Figure 25). The hydrogels derived from neat or aqueous
formulations display an exceedingly weak dependency on the
initiator content. In contrast, mixtures prepared in DMSO
exhibit a positive correlation for APS loadings between 0.5 and
2.0 wt %. The underlying cause of the solvent-initiator
synergistic effect on swelling remains unknown.

A related class of stimuli responsive hydrogels exists, wherein
changes in pH dictate the swelling behav-
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. 84,85,233,236,239,244,264—267,270 .
ior.5VEY I EREIR AR TEOLZE Such polymers require mono-

mer compositions that contain Brensted acidic or basic
functionalities; the protonation state of these side chains
dictates the hydrophilicity (or hydrophobicity) of the polymer,
since charged species afford enhanced hydrogen bonding.
Monomers bearing basic amine (e.g, Am, NIPAm) or N-
substituted heterocyclic (e.g, VI, NVP) side chains swell in
low pH solutions. Conversely, carboxylic acid containing
monomers (e.g., itaconic acid, AA, MAA, or HEMA) swell
under basic conditions. Copolymers comprised of both basic
and acidic monomers, such as p(VI-co-AA), are swollen at
non-neutral pH values.*> Figure 26 depicts a representative
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Figure 26. Aqueous swelling of poly(DMAEMA-co-AA) hydrogels
prepared frontally. A: Plot of the aqueous swelling ratio as a function
of time and solution pH. Hydrogels were kept at room temperature.
B: Final equilibrated swelling ratio versus solution pH. The red region
corresponds to amine protonation, whereas the blue region
corresponds to carboxylic acid deprotonation. Improved swelling
occurs in both of these regions compared to neutral pH values (black
region). Data adapted from RSC Adv. 2015, S, 30154—30521.>%°
Copyright 2015, Royal Society of Chemistry.
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example of pH dependent swelling for a copolymer comprised
of AA and dimethylaminoethyl methacrylate (DMAEMA)
prepared via laser ignition.”*® While traditional solution-state
polymerization methods allow the synthesis of such polymers,
frontally generated hydrogels exhibit stronger pH depend-
encies as minimal side chain aggregation occurs, thereby
providing finer control over pore-size distribution.

5.1.2. lon Removal Reagents. Stimuli-responsive hydro-
gels are promising candidates for a number of practical
applications. The removal of toxic heavy metal ions from water
sources, for example, highlights one such area of research that
benefits from FP.”****° Such polymers contain Lewis basic side
chains (i.e., imidazole, carboxylate), which strongly bind metal
ions in a fashion reminiscent of natural metalloproteins and
cofactors (e.g,, hemoglobin, photosystem I1).*** An efficient,
multiuse ion removal reagent, however, must also desorb
efficiently under a different set of conditions. For this reason,
frontally derived hydrogels with refined pH dependent swelling
properties are an attractive sol—gel material for reversible ion
capture, as detailed in several reports from Chen and co-
workers, 46:233236,263-266

In an initial study, Chen and co-workers’®® described the
laser-ignited FP of formulations comprised of NMAm and
NVCL with added solution- or solid-state Pb>* ions; efficient
Pb removal occurred due to complete incorporation into the
polymeric network. This precedent enabled the design of
swellable hydrogels for metal sequestration, as illustrated in a
representative example by Fan et al.”®® (Figure 27).
Copolymer hydrogels of the type p(VI-co-Am) were
synthesized by laser-ignited frontal radical polymerization.
The resultant polymers exhibit shape persistence and retain the
geometry of the mold-like reaction vessels to give a variety of
topologies (e.g,, hearts, stars, letters).”®> Ion sequestration
studies employed colorless cylindrical hydrogel tubes, which
were immersed in 10 mM aqueous MCl, [M = Mn, Co, Nj,
Cu, Zn, Cd] solutions. Ion adsorption into the hydrogel
networks induced surprising volume contractions of the
materials despite increases in their masses (Figure 27A),
which resulted from metal assisted cross-linking. The func-
tional groups on the polymer side chains (i.e., imidazole,
acrylamide) act as Lewis basic ligands which form complexes
with the added metal ion. Hence, the radius of the cylindrical
cross-section exhibited an inverse dependence on the strength
of metal coordination. For example, closed shell d'° (Zn** and
Cd*") and high-spin d* (Mn**) ions exhibit the largest radii as
a result of poor complexation with the imidazole side-chains.

Color changes occurred from the adsorbed metal complexes.
The efficiency of adsorption was determined by concentration
changes in the solution mixture after equilibration. To
determine the reversibility of ion sequestration, hydrogels
containing the adsorbed ions were submerged in aqueous HCI
(0.5 M) for § h. Under acidic conditions, the metal ions
reformed the solvated MCIl, species and desorbed from the
polymer. The efficiencies of adsorption and desorption were
relatively similar (Figure 27B); near quantitative desorption
occurred. Indeed, these hydrogel samples could undergo
multiple adsorb—desorb cycles without significant loss in
efficiency; after 4 cycles, 87% of adsorbed ions were removed
by HCI treatment. The kinetics of the adsorption process
(Figure 27C) indicated that saturation occurs after 210 h.”%° It
is unclear, however, how the ion capture would behave under
practical conditions such as a continuous flow apparatus.
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Figure 27. Ion adsorption and desorption data for a frontal hydrogel
copolymer consisting of equimolar amounts of Am and VI
synthesized by laser-ignition. A: Photographs of the cylindrical
cross-section of the hydrogels before and after metal ion absorption.
The diameter of the cross-section decreases after absorption due to
chelation assisted cross-linking. The color of the adsorbed polymers
results from the chelation complexes generated within the polymer. B:
Adsorption (filled) and desorption (unfilled) data for each metal ion
measured by the following equation: Q, = (Cy, X V; — C; X V) X
(MW/M,), where Q, is the adsorption capacity of the polymer (mg
g '); Cy and C; are the concentrations of metal ion in the adsorption
medium before and after swelling, respectively; V, and V, are the
volume of the adsorption medium before and after swelling,
respectively; MW (g mol™") is the molecular mass of the metal ion;
M, (g) is the mass of the unswollen polymer. Desorption is measured
with an analogous equation. Note that incomplete desorption occurs
after 1 cycle. C: Kinetic profile of Cu®* adsorption versus time. The
hydrogel reaches saturation in Cu®" after ~20 h. Figure adapted and
reprinted with permission from Applied Physics A 2016, 122, 599.°%°
Copyright 2016, Springer-Verlag Berlin Heidelberg.

Similar hydrogel compositions were reported by Wang et al.**
for desalinization purposes.

Similar to heavy metal contamination, dye waste streams
generated by the textile industry often infiltrate local water
supplies, which adversely impact human health and the
environment.*** Liu et al.’*® extended the capabilities of
swellable hydrogels toward the removal of charged organic
dyes; specifically hydrogels composed of AA and DMAEMA
exhibit a pH dependent adsorption behavior with cationic
(methylene blue) or anionic (orange G) dyes. In this example,
adsorption occurs via charge paired complexation of the dye to
a specific receptor-like side chain. Cationic analytes bind the
most strongly to negatively charged fragments (i.e., carbox-
ylate), whereas the inverse trend occurs with anionic dyes.
Hence, the pH dependency of each class of dye correlates to
the protonation state of just one of the monomer side chains;
cationic dyes adsorb more strongly in basic conditions,
whereas the anionic dyes are best incorporated at low pH.**°
Interestingly, incorporation of activated carbon into the frontal
formulation enhances the total swelling capacity for crystal
violet removal.”"?

5.1.3. Drug Encapsulation and Delivery. Controlled
drug delivery is perhaps the most topical application of
frontally prepared hydrogels, as a need exists for targeted and
robust drug administration technologies.”** Traditional oral
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drug delivery methods rely on frequent patient participation to
maintain a steady-state concentration within the body, which
introduces the possibility for the patient to accidentally over-
or underdose. The mechanism for drug decomposition within
the body introduces an additional challenge; concentration
spikes occur immediately after consumption, followed by a
slower decay process as the body breaks degrades the drug.
Finally, ingestion precludes targeted, site-specific drug delivery,
thereby limiting the concentration at the desired organ.””*

Hydrogel polymers offer an intriguing solution to the
problems inherent with traditional administration methods.***
By incorporating drugs into a hydrogel network through
adsorption, an additional kinetic step must occur for drug
release; moreover, stimuli-responsive hydrogels moderate the
drug release rate and provide a control mechanism for the
location of drug desorption. For instance, certain drug-
hydrogel composites may only desorb in basic conditions,
thereby circumventing adventitious release within the stomach.
Additionally, the typical water content within a hydrogel allows
for varied drug encapsulation due to hydrophilic interactions
between the polymer host and the drug guest.”** Indeed, these
advantages are exploited for several hydrogels for controlled
drug release Y/208237313

Gavini et al.”®® described the application of a hydrogel
comprised of Am and prepared frontally toward the slow-
release of the NSAID (nonsteroidal anti-inflammatory drug)
diclofenac sodium and were compared to traditional batch
polymers impregnated with drug. The drug release kinetics
from the loaded hydrogels with varying cross-linker quantities
were examined in vitro in aqueous phosphate buffered
solutions (pH = 7.4). Unfortunately, the frontal and batch
prepared hydrogels from this study underwent rapid and
quantitative desorption at neutral pH after 2 h.

Modifications to the monomer composition outlined above,
as well as the drug molecule, exhibited marked improvements
in the controllability of drug release, as reported by Feng et
al’" In this example, hydrogels comprised of NIPAm and
MBAm as a cross-linker exhibited both drug adsorption and
desorption properties. Drug loading into the polymer occurred
over 3 days of treatment in a solution of aspirin (0.8 g) in
ethanol (20 mL). In this example, substantial differences in
drug storage capacity between frontal and batch synthesized
hydrogels existed. Frontal systems contained 770 mg of aspirin
(per g polymer), whereas the conventional analogue adsorbed
nearly 25% less (590 mg g™'). Indeed, these differences also
exist in the desorption kinetics, as observed in Figure 28. The
drug release rates vary with temperature; below the LCST of
the polymer (i, 30—32 °C), complete drug release occurs
within 15 h for frontally derived polymers. This value is
extended somewhat to ~40 h for the conventionally generated
hydrogel, likely due to differences in porosity between the two
materials (see section 5.1.1). At elevated temperatures such as
those relevant to body temperature, the drug release rates
substantially decrease to result in a complete desorption time
of nearly 400 h. The dosage achievable with these materials
exhibits promise for medicinal applications. Specifically, aspirin
loaded hydrogels deliver 50—350 mg over a 12 h time span,
whereas the batch polymers release only 50—200 mg. These
values compare reasonably well to recommended dosage for
regular consumption (50—325 mg), and are well below the
maximum daily intake of 4000 mg.’"?

While the results for frontally synthesized hydrogels exhibit
promise as candidates for controlled drug release agents, only a

https://doi.org/10.1021/acs.chemrev.2c00686
Chem. Rev. 2023, 123, 3237-3298


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig27&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

= Frontal, 25 °C
-3_"‘.100 *’?( KK ’;x’/— x\
@
@ X °
3 x:_g( xxxx Batch, 25 °C
& x x5
2 |
o 50 b
9 ,;t Frontal, 37 °C \
3 Ix gq NS :
g eet *% ¢ oo 59 .f
o 4 g‘l- °® Batch, 37 °C

0 40 80

Time (h)

Figure 28. Aspirin desorption kinetics at 25 and 37 °C for hydrogels
generated frontally (red) or through conventional batch processes
(blue). Desorption occurred by immersion of the loaded hydrogel
into 40 mL of a simulated body fluid solution. Hydrogels comprised
of p(NIPAm) with added MBAm as a cross-linker. Figure adapted
and reprinted with permission from Colloid Polym. Sci. 2010, 288,
915—-921.>"* Copyright 2010, Springer-Verlag.

handful of pharmaceuticals have been explored.”"”?%**73!?
Additionally, commercial-scale implementation requires a
comprehensive study on the cytotoxicity of the hydrogel
materials themselves; indeed, in vivo studies are necessary to
gather further information useful to design biocompatible
materials. To date, only a single study by Wang and co-
workers”” has investigated drug delivery kinetics within
laboratory rats. For sustainable purposes, the hydrogel must
undergo degradation only after expulsion from the patient.
Comprehensive studies are required to fully develop frontally
prepared hydrogels as practical, controlled drug delivery
agents.”*" Purification of materials for medical applications,
however, presents a major challenge for future advances.
Biocompatibility requires complete removal of unreacted
monomer (and solvent). It is unclear whether the economics
of purification outweigh the benefits provided by the rapid
frontal synthesis.

5.1.4. Synthesis of Interpenetrating and Supra-
molecular Polymer Networks. Some applications of
hydrogels require structural properties to achieve the requisite
degree of reliability and robustness. For example, reusable
materials must display resistance to sustained conditions
without loss of macroscopic structure or physical properties.
On their own, hydrogels typically do not exhibit large tensile
strengths, and are easily deformed, as observed in their stress—
strain curves. In conjunction with an added material, a
hydrogel composite exhibits enhanced durability without loss
of swelling ability. Most hydrogel composites exist as
interpenetrating polymer networks (IPNs) or supramolecular
polymer networks (SPNs). According to IUPAC, IPNs are
polymer systems comprised of two or more networks that are
at least partially interlaced on a molecular scale, but not
covalently bonded. Moreover, individual components of an
IPN cannot be separated without breaking chemical bonds. On
the other hand, SPNs result from spontaneous association of a
large number of groups belonging to macromolecular chains.

The syntheses of INPs and SPNs (or binary systems more
generally) occur by the concurrent generation of two discrete
polymeric materials in the same reaction vessel (i.e., one-pot).
Early work focused on FP of binary epoxy/acrylate
resins.””>"**” A single thermal front propagates through
monomer mixtures of BADGE and TGDMA, which suggested
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that radical and cationic polymerization mechanisms occurred
simultaneously.” Recent developments in binary FP have
primarily focused on the inclusion of thermoset polyur-
ethane, 7 f.cyclodextrin®#6206212,220228229232 . "5y, 84
as the secondary network.

Chen and collaborators®®” described the synthesis and
mechanical properties of a compositionally complex composite
material. Macromonomers of pMMA were block copolymer-
ized with VI to afford p(pMMA-b-VI) via RAFT polymer-
ization. Next, a mixture of this macromonomer, AA, MBAm,
BPO, and presynthesized thermoplastic polyurethane (TPU)
in N-methylpyrrolidinone was frontally polymerized after
thermal ignition. The resultant IPN, p((pMMA-b-VI)-co-
AA)/TPU, exhibited microscopic architectures dependent on
the TPU composition, as observed by SEM. Samples
composed primarily of poly(acrylates) displayed uniform
macroporous structures. Addition of TPU (<12 wt %) to the
formulation filled these large pores to afford a microporous
morphology. While the pure hydrogel displayed a single T,
value (39.3 °C), an IPN with TPU (8 wt %) exhibited two T,
values that correspond to soft and hard segments of the
polymer (—29.0 and +33.5 °C, respectively), the latter of
which likely originates from pure TPU. Regardless, the two
components were compatible as phase separation did not
occur. The mechanical behavior of these polymers correlated
to the quantity of TPU contained in the network, as is
observed in Figure 29. The added TPU imparts the polymer
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Figure 29. Stress—strain curves for IPNs comprised of thermoplastic
polyurethane (TPU) and polymers derived from macromolecular
monomers. The wt % corresponds to the TPU content in the final
polymeric mixture. Increases to TPU wt % correspond to more rigid
polymers, with high tensile strengths. Figure adapted and reprinted
with permission from J. Polym. Sci, Part A: Polym. Chem. 2016, 54,
1210-1221.>*" Copyright 2015, Wiley Periodicals, Inc.

with increased structural stiffness (i.e., larger E values) as well
as increases the IPN tensile strength. In exchange, the ductility
is strongly reduced.

Cyclodextrin (CD) is a common additive in the preparation
of SPNs, particularly in its f-form, as it imparts several
desirable properties to the resultant materials. For example,
CD is hydrophilic, and therefore attractive toward swelling
hydrogels. Incorporation of CD also imparts enhanced rigidity
and mechanical strength in a similar fashion to that of
polyurethane-based IPNs. The uniform incorporation of this
cyclic oligosaccharide requires either a direct covalent
linkage’*>*'* or host—guest’>> type interaction to avoid
phase separation within the final polymer. Treatment of f-
CD with maleic anhydride affords derivatized macromolecular
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monomers, which bear dangling cyclodextrin moieties.

Alternatively, inclusion of #-CD into formulations containing
VI and VCL affords bound complexes of imidazole groups
buried within the cyclic sugar-cage.””” Indeed, this latter
method presents the possibility of self-healing applications (see
section 5.1.6).

The mechanical properties of p(HEA)/f-CD composites
were investigated by Nuvoli and colleagues.””” Samples
comprised of 5 mol % f-CD exhibited unusual nonlinear
stress—strain behavior (Figure 30A), with an estimated
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Figure 30. Mechanical and swelling properties of hydrogel
composites comprised p(HEA)/f-CD. A: Nonlinear stress—strain
behavior of a composite with S mol % $-CD. The Young’s modulus is
approximated as the slope of the tangent line at 30% strain (Eg, = 635
kPa). Fracture stress occurs at 30 kPa. B: Aqueous swelling behavior
as a function of #-CD composition. Maximum SR% occurs with ~1
mol % S-CD in the formulation. Figure adapted and reprinted with
permission from Carbohydr. Polym. 2016, 150, 166—171.>*° Copy-
right 2016, Elsevier, Ltd. All rights reserved.

Young’s modulus of 635 kPa as determined by the slope of a
tangent at 30% strain (Ego). Similar to other hydrogels
discussed in section 5.1, these composite hydrogels exhibit
compositionally dependent swelling of water (Figure 30B).
Maximum swelling is achieved in formulations with ~1 mol %
B-CD due to its enhanced hydrophilicity when compared to
virgin polymers. Further increases, however, result in
consolidation of the microporous morphology and thereby
reduce the accessibility of water and free volume for
adsorption. Other IPN or SPN systems with S-CD exhibit
similar swelling properties, though the specific nature of the
frontally derived polymer dictates the total swellability in these
hydrogels‘6l,86,22 ,229

5.1.5. Chemical Sensors. Stimuli-responsive swelling
hydrogels (Section 5.1.1) exhibit interesting possibilities as
chemical sensing materials, and several reported examples
exist,”!#23925225%5267285 Bffoctive chemical sensors rely on
substantial differences of some quantifiable physical parameters
(e.g., light absorbance/emission, resistivity, capacitance) when
in the presence of an analyte.”*® Indeed, this type of behavior
occurs for ion adsorbing hydrogels, as observed in Figure 27A,
but adaptation to a quantifiable sensor has not yet occurred for
metal ion detection. In the simplest sense, hydrogel polymers
are moisture “sensors,” as their size and mass change in
response to humidity. For example, Zhao et al.”>* synthesized
hydrogels of the type p(Am-co-2-acrylamido-2-methyl-1-
propanesulfonate)-Zr** that self-actuate in the presence of
water. Similarly, a recent paper by Gupta et al.”>> described the
preparation of p(Am) hydrogels containing Sc** containing
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and their potential apgglication in humidity sensing. Further
work by Singh et al.”®> demonstrated that p(Am) materials
produced from metal-containing monomers of Cd are effective
sensors for liquefied petroleum gas.

A report by Yu et al**” described hydrogel composites
which exhibit tongue-like sensing properties. Namely, stimuli-
responsive hydrogels prepared by FP (see section 5.1.1) swell
differently in the presence of flavor-like molecules. In this
context, molecules associated with certain flavor sensations
(e.g., citric acid = sour, sodium chloride = salty) are adsorbed
to different degrees depending on the solution concentration.
Adsorption occurs via electrostatic complexation, as well as H-
bonding, between the charged polymer side chains and the
flavor molecule, in a fashion similar to that described in section
S.1.2.

Interestingly, hydrogels saturated in flavor molecule exhibit
unusual bending behavior when in the presence of an applied
electric field.”'>****” While the charged side chains within the
polymer are fairly immobile, the weakly adsorbed flavor
molecules form a concentration gradient along the applied
electric field. Overall, the charge-driven density differences
within the hydrogel act as an actuator for a bending motion.
The degree of bending directly relates to the concentration of
adsorbed material, which provides a quantifiable sensing
metric. The reported composites contain TPU*®” or f-CD*'
as an IPN or a covalent/supramolecular cross-linked polymer,
respectively, to enhance the sensitivity, though another
example employs embedded graphene-oxide.”*”

The results reported by Chen et al.*®” provide a
representative example of this behavior, as is summarized in
Figure 31 with five different “flavor” molecules. Specifically,
analytes from four taste sensation classes (sour, sweet, umami,
and salty) displayed concentration dependent swelling; the
hydrogels adsorb less in high concentration solutions. The
authors”®” suggest concentration dependent pH changes may
account for the observed swelling, though a rigorous
investigation into the operative origin is warranted. Under an
applied DC potential of 25 V, the degree of bending correlates
reasonably well with the solution concentration for most of the
analytes, except for gluconic acid. Devices constructed from
these hydrogels, however, likely cannot effectively differentiate
analytes from one another given the narrow range of bending
angles achievable.

5.1.6. Self-Healing Materials. Self-healing materials
capable of repairing microscopic damage (e.g., cracks, fissures)
present an intriguing avenue for applied polymer research.*”’
The overabundance of single-use, disposable plastics pollutes
the environment at an unsustainable rate; indeed, many
polymers are discarded due to structural defects incurred under
ambient conditions. Improved product longevity is obtained in
materials that can effectively mitigate structural damage
through a self-healing mechanism.””” The mechanical proper-
ties of an effectively self-healed material must approach that of
the virgin, undamaged one. To date, several concepts exist as
guiding principles for the development of self-healing plastics.
Researchers at the University of Illinois have successfully
employed several strategies, which include polymers embedded
beads”*® or microvascular channels®®' filled with fresh
monomer or catalyst solutions. Upon damage, the space
separating the two reagents ruptures, and rapid repolymeriza-
tion occurs to fill the damage induced vacancy. In such
examples, the healing chemistry involves ROMP of DCPD
with Grubbs-type catalysts.
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Figure 31. Chemical sensing abilities for an IPN hydrogel comprised
of p((pMMA-b-VI)-co-AA)/TPU. The hydrogel material was
suspended in an aqueous solution of analyte, and was subjected to
a DC potential of 25 V. A: Chart of flavor-like analytes. B: Schematic
of the bending behavior of hydrogels after adsorbing analyte in the
presence an electric field. C: Plot of swelling ratios of the IPN
hydrogels as a function of analyte concentration in solution. D:
Equilibrium bending angle () after adsorption. Colors in A
correspond to those of the data depicted in C and D. Note that for
all analytes except gluconic acid, a linear dependency exists between
solution concentration and bending angle. Figure adapted and
reprinted with permission from J. Polym. Sci, Part A: Polym. Chem.
2016, 54, 1210—1221.>%7 Copyright 2015, Wiley Periodicals, Inc.

In the context of FP, composite hydrogels are potential
candidates for effective self-healing.”0%>'>?3%230:239.258 15
contrast to the thermosetting self-healing with DCPD,
hydrogels rely on weak side chain interactions to induce a
repairing event. Indeed, H-bonding between side-chains in
copolymers comprised of donor (2-hydroxypropyl acrylate,
HPA) and acceptor (NVP) monomers can repair freshly cut
samples.””” Composites bearing f-CD undergo self-healing by
host—guest interactions between imidazole-containing side
chains and the inner cavity of the cyclic-oligosacchar-
ide 209?1»23%23¢ QOpe potential limit with these materials,
however, is that the mechanical properties of the undamaged
polymers resemble those of elastomers.

Three recent representative examples from Chen and co-
workers”'>**>*%% highlight the efficiency of self-healing. The
first report by Tsegay et al.”* investigated self-healing behavior
in p(VI-co-NVCL-co-AA)/f-CD supramolecular systems. The
initial healing across two cut sections occurred within 30 s of
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being pressed back together. Full healing, however, required
more than 12 h of undisturbed setting, which indicates that the
temporal efficiency is governed by the kinetics associated with
host—guest encapsulation. The tensile strength and elongation
at fracture were examined for the pristine and fully self-healed
samples, as summarized in Figure 32. Maximal self-healing
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Figure 32. Tensile strengths (left) and elongation at break (right) for
pristine (empty) and healed (filled) p(VI-co-NVCL-co-AA)/fB-CD
polymers. The best efficiencies occur at compositional ratios of 0.2 to
0.3 f-CD/VI (w/w). Figure adapted and reprinted with permission
from J. Polym. Sci, Part A: Polym. Chem. 2018, 56, 1412—1423.2%
Copyright 2018, Wiley Periodicals, Inc.

occurred when the tensile strength and elongation at fracture
of the two samples were closely matched. Interestingly, a
compositional dependency on both mechanical properties
exists. Indeed, polymers with S-CD/VI ratios of ~0.2—0.3
exhibited the best self-healing abilities for both mechanical
metrics. The authors also utilized microfluidic techniques in
conjunction with FP to generate hydrogel supraballs from
resins with methylsilicone oil as a diluent.

The same group”'” further examined the effect of healing
time on the stress—strain behavior of repaired samples
comprised of AA and B-CD grafted on maleic anhydride.
Faster healing occurred by directly tethering the CD into the
extended covalent network; efficiencies greater than 80% were
observed after only 4 h. In this system, however, H-bonding
appears to be the dominant pathway for healing as a pH
dependency exists; efficient self-healing occurs only at pH <3.
Repair does not need to occur between two flat surfaces. As

observed in Figure 33, self—healin§ along curved edges afforded
a variety of shapes and letters.”"

=
- T

Figure 33. Upper Left: Self-healing between two colored hydrogel
cylinders comprised of AA and S-CD grafted on maleic anhydride.
Lower Left: Stretching properties of the repaired polymer. Right:
Shapes and letters accessible from self-healing between multiple
segments. Figure reprinted and adapted with permission from Ind.
Eng. Chem. Res. 2019, 58, 3885—2892.>"> Copyright 2019, American
Chemical Society.
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5.2. Functionally Gradient Materials

Several niche applications require polymers with nonuniform
properties throughout the bulk of the material, particularly
those that exhibit an easily controlled gradient.”**”**® These
so-called functional gradient materials (FGM) were first
explored in Japan toward the fabrication of heat resistant
composites for aerospace applications.”*® Spacecraft, such as
the space shuttle orbiter formerly employed by NASA, require
the usage of multiple layers of materials to ensure that its
exterior can tolerate temperatures of ~1800 °C without
flambéing the personnel housed within.**> An additional
constraint requires the usage of lightweight, reusable, and
highly durable materials.*”” Typically, a ceramic composite
tiling serves as the heat resistant exterior layer atop a strong,
thermally conductive metallic inner layer. The front edges of
the shuttle employ all-carbon composites consisting of a rigid
polymer resin reinforced with carbon fiber and painted with a
black borosilicate glass coating.**” In contrast to these layered
composites, FGMs with a continuous compositional gradient
may expand the potential uses beyond niche applications.
Currently, some development of FGMs toward biomedical
implants exists.’****

Three reports (and one patent) hi§hlight the adaptation of
FP toward FGM synthesis. ******"*** Notably, the design of
FGMs motifs is likely complicated or even inaccessible via
classical polymerization as prolonged curing enables adventi-
tious mass transport, which disrupts the desired gradation. An
initial report by Chekanov and Pojman®”* explored FP
reactions of resins with graded refractive indices toward the
possible implementation in fiber optic applications. The
authors developed a modified reaction apparatus to achieve a
polymer with a color gradient. Two mixtures comprised
TEGDMA and Aliquat-PS were prepared, and only differed in
that one contained aluminum phthalocyanine chloride as a
colorant. A computer-controlled feedback system regulated the
quantity of each mixture transferred into a mixing chamber via
two separate peristaltic pumps. The final mixture was then
deposited atop a thermally ignited front in real time with a
deposition speed approximately matched to the velocity of the
front. Two equations governed the flow rates from each pump;
the first ensured that the sum of the two pump rates was fixed
at a constant value. The second dictated the quantity of
colored resin such that a hyperbolic gradient of dye
concentration existed. Indeed, the observed color gradient in
the samples matched the desired input value reasonably well,
as depicted in the differences in gray level (Figure 34).”"*

Mariani, Pojman, and co-workers”>' described a composi-
tionally graded polymer fabricated frontally in a manner similar
to that described above. In this study, each pump transferred a
different monomer solution into the mixing chamber; one
pump transferred a mixture consisting of TEGDMA, whereas
the second pump transferred HMA. Both monomer mixtures
employed APS (1 wt %) as the radical initiator. Linear and
hyperbolic compositional gradients (y as a function of
position) induced variance in the polymer mechanical
properties (i.e, T, Shore A hardness, Young’s modulus E,
and SR%) in a complex manner. These polymers are not
defined by a single value for each property; instead, the
distance dependent functions provide a more meanin%ful
description of the polymer, as summarized in Figure 35.”

Out of the four mechanical properties tested, only the T,
obey a bijective, one-to-one dependency on the compositional
gradient. That is, a linear yyya(x) gradient generates a linear
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Figure 34. Left: Adjusted gray level (gray level/maximum gray value)
as a function of distance within the frontally polymerized p-
(TEGDMA) with a dye concentration gradient defined by the
programmed equation. The largest gray value corresponds to an
adjusted gray level of 1, while values of 0 reflect the absence of dye.
The red fit line represents the input gradient, whereas the black trace
is the observed color distribution. Right: Image of the corresponding
polymer sample. Each number on the ruler corresponds to units of
cm. Figure reprinted and adapted with permission from J. Appl. Polym.
Sci. 2000, 78, 2398—2404.>"* Copyright 2000, John Wiley & Sons,
Inc.

a Linear Xyya(x) Gradient
¢ Hyperbolic ¥yua(x) Gradient

110 " A » 90 8
: ]
E &, e
—_ H ., A T
O 70 E s 60 B A
L . b . A
g : o < @ A
: o A
30 B 530 o, ry
... A L g
Wriiig
10 — 0
0 4 8 0 4 8
Position (cm) Position (cm)
14 e 120 B
A 4
A A 2
10 } » % * .
o A s 2
% 06 } g i
L ]
¢ N T4
02 A A
toeredoe > —
02 x . 0 A
0 4 8 0 4 8

Position (cm) Position (cm)

Figure 3S. Mechanical properties of frontally synthesized FGM as a
function of position in the polymer. The polymers were synthesized
with varying HMA:TEGDMA ratios, which were defined either by a
linear (blue) or hyperbolic (red) gradient functions, yua(x). For
example, the composition is heavily weighted toward TEGDMA at
lower position values. A: Glass transition temperature gradient.
Dotted lines correspond to linear (blue) or hyperbolic (red) fits. B:
Shore A Hardness gradient. C: Young’s modulus gradient. D: Swelling
ratio gradient. Each slice was soaked in hexanes to assess the
swellability changes as a function of composition. Figure reprinted
and adapted with permission from ACS Appl. Mater. Interfaces 20185,
7, 3600—3606.”>" Copyright 2015, American Chemical Society.
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Ty(x) function (Figure 35A). This observation results from
mixing behavior modeled by the Fox equation (eq 14) for a 2-
component polymer blend:

1L _®o D
Tg, blend Tg, 1 Tg,Z ( 14)

where Tyhenq is the glass-transition temperature of the
copolymer, @, and @, are the weight fractions of the first
and second component, respectively, and T,; and T, are the
glass transition temperatures for each homopolymer. In the
case of this FGM, w, and @, are defined directly by the chosen
compositional gradient. In contrast, the other three mechanical
properties exhibit complex positional dependencies. Two
discrete regimes exist in the polymer hardness polymer (Figure
35B).”*' The first contains primarily the highly cross-linking
monomer TEGDMA, which imparts toughness and stiffness.
At a certain dilution with added HMA, insufficient cross-
linking occurs, and the polymer softens. A similar effect is
observed in the elastic modulus gradient in the FGM
copolymers (Figure 35C).”*' The swelling behavior of the
copolymer slices in hexane exhibits a complex positional
gradation (Figure 35D) that likely exists due to differences in
the microscopic morphology.”*'

Recently, Dean et al."*” described the adaptation of FROMP
toward FGM fabrication. Formulations consisting of DCPD
and cyclooctadiene (COD) exhibited T, values that obeyed
the Fox equation (eq 14). Glass-transition temperatures in the
range of —100 to 150 °C were accessible in copolymers with
an appropriate dilution with COD. In contrast to the other
frontal FGM systems, sheets of p(DCPD-co-COD) with a
step-like T, gradation were prepared in a layered fashion by the
exploitation of density differences afforded by dilution with
COD. The resultant sheets exhibited temperature sensitive
shape persistence behavior (Figure 36) as a result of the
differences in elastomeric properties throughout the FGM.
Specifically, three separate compositional regimes existed, as
depicted in Figure 36A; the three layers contained
compositions with 10, 15, and 25% COD, with T, values of
94, 74, and 40 °C, respectively. A cut-out of the graded sheet
provided a patterned “thumbs-up” shape, which was deformed
into a fist at 120 °C. Subsequently, the shape was cooled to
ambient temperature and slowly heated back to 120 °C. Over
the course of the heating process, the fist unfolded in a finger-
by-finger fashion to regenerate the initial thumbs up shape
(Figure 36B).

5.3. Instability Driven Spontaneous Patterning

As mentioned previously in section 3, thermal (e.g, spin
modes) and buoyancy-driven convective instabilities in FP
present a unique challenge with exciting ramifications. Current
computational efforts focus on modeling this fluctional
behavior so that future endeavors may exploit them
productively. Indeed, the modeling efforts have borne exciting
experimental fruit. Recent work by Lloyd et al.>' and Gao et
al."*° leveraged thermally coupled convective instabilities that
exist in open-mold FP experiments toward the generation of
patterned materials (Figure 37). In this work, resins consisting
of either DCPD or COD underwent FROMP in a geometry
with nonuniform boundary conditions. In this configuration,
the surface of the resin is exposed to atmosphere and therefore
undergoes thermal cooling faster than monomers below the
surface. As a result, the maximum reaction temperature
undulates as a function of both space and time, which
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Figure 36. Fabrication of patterned FGMs via the FROMP of DCPD
and COD. A: Synthesis of a three-layer sheet with a transition
temperature gradient through the sheet. A patterned “thumbs-up”
shape was prepared from the FGM sheet. B: Time point images of the
shape persistent behavior of the patterned shape. A permanent shape
was initially set and deformed at 120 °C. Rapid cooling to 20 °C
temporarily altered the shape, which then underwent temperature
triggered actuation to regenerate the permanent shape. Figure
reprinted and adapted with permission from ACS Macro Lett. 2020,
9, 819—824."* Copyright 2020, American Chemical Society.

manifests as localized hotspots within the propagating front
(Figure 37A). Furthermore, thermal diffusion within the resin
occurs concurrently with mass transport of monomer ahead of
the front. The pulsations in thermal and mass transport
become “frozen” as the resin cures to generate a final polymer
material with well-defined striation, as observed in optical and
topographic images (Figure 37B and C). Indeed, this behavior
is best described by analogy to the patterns formed in splashes
of water by a single droplet.

Pattern formation in FROMP may also occur through
localized disruption of thermal or mass transport. Recent work
from Gao et al.'">'*® demonstrated that the inclusion of
poly(caprolactone) microparticles in COD or DCPD resins
introduces bias into the introduces periodic features in the
temperature and velocity profiles of the front. During
polymerization, the microparticles undergo an endothermic
solid to liquid phase change that redirects thermal energy away
from the reaction front. Intriguingly, the oscillations in T, are
reminiscent of patterns generated in the classical single- and
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Figure 37. Spontaneous patterning during FROMP driven by thermal
instabilities. A: IR thermographs of a radially propagating FROMP
reaction of DCPD catalyzed by G2 as a function of time. The reaction
occurred in an open mold geometry. B: Topographic profile generated
by optical profilometry of the postpolymerization product. C: Optical
photograph of the postpolymerization product under UV-irradiation
(365 nm). The frontally derived polymer contained 1,1,2,2-
tetraphenylethylene, which enabled fluorescence upon photoexcita-
tion. Figure reprinted and adapted with permission from ACS. Cent.
Sci. 2021, 7, 603—612.>" Copyright 2021, The Authors. Published by
American Chemical Society.

multislit diffraction experiments; constructive and destructive
interference of propagating waves provides a unique splitting
pattern!

Recently, Alzate-Sanchez and co-workers'>* demonstrated
that well-defined pattern formation occurs in FROMP resins
with high concentration of added solvent. In this system, FP is
triggered at the base of the resin inside a test tube; the heat of
the reaction induces solvent boiling. The escaping gas propels
monomer ahead of the reaction front to generate anisotropic
voids in the resultant polymeric foam. Intriguingly, the specific
nature of the reaction formulation (i.e., solvent identity,
solvent concentration, resin rheology) dictates the alignment
of the voids in the foam. The authors employed multivariant
statistical analysis to identify correlations between formulation
conditions and foam topology within the ~70 formulations
tested. Similar polymer self-organization behavior in FP was
also observed in early work by Pojman and co-workers**”**

5.4. Composite Materials and Additive Manufacturing

5.4.1. Substrate Consolidation and Reinforcement.
One intriguing application of FP is structural rigidification of
otherwise orous or weakened materi-
als, #50:5355,186,210,234238,245,247,341=343 Byoncive use of poly-
mers exists toward the consolidation of materials, with uses
including adhesives, fillers, and sealants. These examples,
however, typically modify the surface material properties by
providing a protective coating layer. Other purposes require
that consolidation occurs within the material, particularly in
architectural settings.'%>>*##2473413% Eor instance, struc-
tural reinforcement of stones in historical sites must not
perturb the surface as to minimize deviations from the original
object.”***** Additionally, maximum structural effectiveness
takes place when bulk consolidation occurs in the interior of
the material; polymer detachment from the object may also
result from surface adhesion. In contrast, polymer-filled stones
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exhibit enhancement of the structural properties, while also
imparting potentially beneficial features, such as hydro-
phobicity, to mitigate erosion damage. Inserting preformed
polymers into a porous network, however, is not a simple task.
Large, high molecular weight polymers are similarly sized to
the pore size of the substrate material; in addition, the viscosity
of fluid polymers (or their solutions) strongly limits the
penetration depth of the consolidating agent, which limits the
practical application of a traditional protocol.

Visualization within nontransparent materials presents a
challenge for the development of new structural consolidation
techniques. Nevertheless, significant advances by Brunetti et
al.>’ 1.*** enabled the analysis of FP within
stone materials. In the former example,”® X-ray tomography
techniques enabled post facto analysis to determine the degree
of consolidation within stonework after FP. In the latter
example, magnetic resonance imaging (MRI) and unilateral
NMR spectroscopy provided precise information about the
nature of the stone-polymer composite.”** In a separate work,
Brunetti et al.>> described the use of X-ray tomography as a
valuable technique to estimate monomer absorption and FP
within wood-based materials.

Cuccuru et al.”*' examined FP within a wide variety of stone
materials employed in medieval structures in northern
Sardinia, Italy. This study focused on common degradation
and decay motifs within stonework to develop a relationship
between the petrophysical properties of the substrate and the
FP consolidation process. Several subsequent reports applied
FP toward the consolidation of tiles crafted from calcareous
sedimentary rock.””*** Specifically, historical Ligurian tiles,
also known as Pietra di Finale, exhibit highly porous
microstructures. The stone samples absorbed solutions
comprised of HDDA and 2,2,2-trifluoroethyl methacrylate
(TFEMA) as a hydrophobic comonomer via capillary action.
The absorption process required 4 h, and the material was kept
cold and in the dark to avoid polymerization induced by the
decay of the radical initiator, AIBN. Hot ignition (at 2200 °C)
perpetuated a thermal front within the stone substrate; as a
comparison, control samples were heated to 50 °C for 1 d in
an oven to perform batch polymerization.

The efficiency of the substrate reinforcement was quantified
by three metrics: weight variation, abrasion resistance, and
water adsorption. By necessity, samples with a larger weight
deviation after treatment absorbed more monomer, though
this result does not necessarily reflect the degree of
polymerization within the sample. Frontally polymerized
samples displayed an average of 7.0 & 0.2% increase in weight,
whereas batch samples exhibited slightly lower gains at 6.0 +
0.3%. Indeed, the weight gains only reflect the efficiency of
capillary action and not the polymerization method. Abrasion
tests were performed on these samples by subjecting them to
repeated frictional stress on sandpaper, at a driving force of 2.5
kg. After 30 runs, the untreated stone samples exhibited ~1.1%
mass loss. In contrast, stones reinforced by frontally derived
polymers exhibited only ~0.3% mass loss. The efficiency of
aggregation (EA%) afforded by structural consolidation was
calculated by comparing the weight loss of untreated stones
(WL,) to the treated analogues (WL,) as defined in eq 15.

and Proietti et a

WL, — WL,
X 100
t (15)

EA% =
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By this metric, frontal reinforcement outperformed tradi-
tional batch polymerization to a reasonable degree (62 + 2 vs.
5S4 + 2%, respectively). Similar trends were observed in
hydrophobicity of the reinforced substrate. Indeed, FP
provides a more energy efficient method for such an
application, with modest enhancements in performance.”** It
is unclear, however, whether removal of the cured resin from
the substrate is possible at a later date. Eventual removal of the
consolidation agent is a requirement of historical restoration to
avoid unexpected damage to the host material. Nevertheless,
FP exhibits promise as a method of repairing stone-based
artwork and historical architecture.

Structural reinforcement may also occur within a pre-existing
polymer scaffold. Robertson et al.** illustrated that flexible
poly(dimethylsiloxane) (PDMS) sheets, bearing microfluidic
channels filled with TMPTA and Luperox-231, underwent
rapid structural stiffening as a result of a thermal triggering.
The channel dimensions ranged from ~700 to 1100 gm, which
are significantly narrower than most other cm scale systems.
The large surface area to volume ratio in the microchannel
exacerbates premature front termination as a direct result of
magnified heat-loss. Additionally, adventitious bubble for-
mation generates trapped gas pockets within the microfluidic
network. Unable to escape the confines of the closed system,
bubble aggregation and expansion occurs to provide a physical,
insulating barrier that precludes heat transfer and prohibits
front propagation. The dimensions of the microchannel,
therefore, dictated the efficacy of front propagation, as well
as the efficiency of rigidification. Remarkably, an increase of
only 100 ym in vessel diameter induces nearly an order of
magnitude difference in average propagation distance, as
summarized in Table 9. A variety of unusual microchannel
shapes and geometries were tolerated in this system, which
included 90° angles as well as single-point branching.

Table 9. Effects of Microfluidic Channel Diameter on
Frontal Propagation Distances, Rates, and Completion
within a Microvascular Network Reinforced by FP*

channel propagation completed 12
diameter (um) distance (mm) propagations (%)% (cm min™!)°
723 1° 0 -
762 6" 13 159 £ 1.5
838 16" 63 174 + 04
1120 50° quant. 21.0 £ 0.2

“As reported in ACS Appl. Mater. Interfaces 2014, 6, 18469—18474.**
PDMS sheets with patterned microfluidic channels were filled with
TMPTA and subjected to FP conditions. “Determined as the average
of 20 to 25 trials including those that were unable to propagate.
“Defined as the average of 10 trials. “Defined as the fraction of 8 trials
which consumed all available monomer within a single frontal event.
“Determined from samples which traversed at least 10 mm. The
values were averaged from 3, 5, and 10 trials for 762, 838, and 1100
um, respectively.

Structural reinforcement by FP within the microvascular
network of the PDMS sheets greatly amplified the observed
rigidity, as observed in the Young’s modulus.** The effective E
of the whole sheet material obeyed the rule of mixtures, and
was equal to the weighted average of the E values of the
unfilled PDMS and frontally derived polymer. An order of
magnitude of E values are accessible from a small range of
frontally derived polymer volume fractions, as illustrated in
Figure 38A. In fact, the structural rigidification provided a
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Figure 38. Rigidification of PDMS sheets with microvascular
networks filled with frontal p(TMPTA) generated in situ. A: Effective
increases in Young’s moduli occur after FP within the microchannels.
Measured in samples with 1—5 channels. Error bars calculated from
the standard deviation of 3 experiments. The dotted trend line
represents the values obtained from the rule of mixtures. B: Flat sheet
of Ecoflex PDMS that contains 4 linear microchannels, each with a
diameter of 1120 um. FP has not yet occurred. C: Sample generated
after being frontally polymerized. The sheet was wrapped around a
rod of 3/4 in diameter prior to thermal ignition. FP occurred within 1
min flash cure to stiffen the material and afford a helical shape after
rod removal. D: Triangular shape generated by flash curing. E: A
multilayered PDMS sheet with 2 sets of linear channels in arranged in
a t-shaped orientation. F: After flash curing, the patterned shape
assembled into a cube-like structure. B—F: All scale bars correspond
to 1 cm. Figure adapted and reprinted with permission from ACS
Appl. Mater. Interfaces 2014, 6, 18469—18474.** Copyright 2014,
American Chemical Society.

unique method to synthesize shape persistent materials on
demand. Several 3D shapes were produced via FP within the
2D microvascular PDMS sheets (Figure 38B—F).*

Reinforcement of wood-based substrates is also accessible
with FP chemistries. For example, Pojman®*’ adapted and
commercialized a cure-on-demand filler for wood repair. The
resultant product, 3P QuickCure WoodFiller, rapidly cures
upon heating. The adhesive strength of the filled section rivals
that of a screw. Specifically, a traditional metal screw
embedded in a section of wood filled with QuickCure
WoodFiller breaks after impact from a hammer; the filler
remains intact and fully bonded to the host substrate.

5.4.2. Frontal Geopolymerization. Civil engineering
projects extensively employ ordinary Portland concrete

https://doi.org/10.1021/acs.chemrev.2c00686
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(OPC) for structural (and nonstructural) components. The
production process, however, produces considerable pollution.
For example, OPC manufacturing emits ~0.6 to 0.8 kg of CO,
per kg concrete produced.****” Nearly half of emitted CO, is
obtained as a stoichiometric biproduct of limestone calcina-
tion.”*”**® The energy costs associated with heating the raw
materials to 1400 °C (typically inside a rotating kiln) account
for ~11% of the total emissions.”*’ In addition to CO,, dust
and particulate inhalation presents a safety concern; nearly 2.6
kg of dusty materials are emitted per kg concrete.””’ In
contrast, geoplolymers (i.e., cross-linked inorganic materials)
are attractive alternatives to OPC.”*’ Geopolymerization
reactions with metakaolin (or other common aluminosilicates)
produces these eco-friendly materials after treatment with
aqueous NaOH and NaSiO; at ambient temperature. More-
over, geopolymers exhibit outstanding physicochemical
features comparable to OPC.>*

In this context, the merger of FP with geopolymerization is
an attractive new direction. Indeed, the energy efficiency of FP
further reduces the time and energy costs associated with
solidification and curing geogolymers. This new approach, as
proposed by Alzari et al**’ in a forward-looking report,
combines FP of HDDA with geopolymerization of metakaolin
(MK), as highlighted in Table 10. As control experiments, FP

Table 10. Development of Frontal Geopolymerization

reaction 1%

T oo £
reagents type? notes (°C)  (cm min™")
HDDA FP p(HDDA) 192 4.0
produced
MK/AAS* GP geopolymer - -
produced
HDDA/MK" FP composite 160 38
produced
HDDA/MK/AAS®  FP/GFP hybrid material 119 4.0
produced
BP phase - -
(ambient) ~ separation
BP (80 °C) gas formed; no — -
hybrids

“MK = metakaolin; AAS = alkaline activated solution (8 M NaOH,,g
+ 35% Na,SiO;, 1:1 v/v). MK/AAS = 2:1 wt/wt. "MK included as a
filler (44 wt %) without water. “Contains HDDA and mixture of MK/
AAS (44 wt % with respect to HDDA; MK/AAS = 2:1 wt/wt). gp =
frontal polymerization; GP = geopolymerization at ambient temper-
atures for 24 h; FP/FGP = frontal polymerization coupled with
frontal geopolymerization; BP bulk polymerization at either
ambient temperature or 80 °C.

and geopolymerization were performed separately. The former
provided p(HDDA) with T,,., and v values typical of acrylate
monomers (see section 4.3). The latter involved a 2:1 wt/wt
mixture of MK with an alkaline activated solution (AAS, 8 M
NaOH_,,) with 35% Na,SiOs, 1:1 v/v). After 24 h at ambient
temperature, successful curing provided a cross-linked
inorganic network. Next, a composite material that contained
HDDA with MK (44 wt %) as a filler was frontally
polymerized. Similar to other filled materials, the addition of
MK depresses Ty, Nevertheless, this composite material did
not exhibit phase separation.

Concurrent FP and geopolymerization successfully occurred
in resins containing HDDA, MK, and AAS. The resultant
hybrid composites exhibited remarkably higher stiffnesses
compared to its constituent components (i.e., p(HDDA) and
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MK geopolymer). The presence of water surprisingly did not
affect the radical initiation or propagation steps associated with
acrylate FP. The exothermicities of FP and geopolymerization
overcame heat dissipation from water boiling and the inert
filler. On the basis of the data in Table 10, as well as 2’Al and
2Si MAS NMR spectroscopy, the authors confirmed that the
exothermicity of FP triggers frontal geopolymerization. Two
separate BP control experiments (i.e., ambient temperature or
80 °C for 1 h) highlighted this result; at temperatures below
~100 °C, composite formation does not occur and instead the
materials undergo phase separation or explosive gas release.

More recently, Alam et al.”** exploited frontal geo-
polymerization to produce composites of MMA with fly ash
and sand. Complete conversion occurred within an hour. The
composite materials, however, exhibit extended porosity likely
the result of monomer evaporation. Correspondingly, such
materials display a decreased potential compressive strength.
These first pioneering reports provide a good starting point for
future endeavors. Indeed, these works may aid in the design of
frontally geopolymerized composites with a host of advanced
properties found in other mixed materials (e.g, thermal
resistance,>*? %2 s.elf—healing,”o’”1’352 or flame retard-
ance’™?).

5.4.3. Frontally-Derived Adhesives. Pojman and co-
workers®**'* reported the use of FP to generate cure on
demand wood adhesives. In the first study,”'" a mixture of
Luperox 231, TMPTA, and filler was applied as an adhesive
between two pine wood blocks. After application and pressing,
thermally ignited FP occurred to fully join the two blocks. The
efficacy of the frontal adhesive system was measured by shear
strength tests to determine the stress necessary to break the
physical bond between the two blocks. The filler identity, as
well as initiator loading, affected the overall strength as an
adhesive. Silica (6 phr by mass) loaded with initiator (7 phr by
mass) provided the strongest shear strength of 1.9 MPa,
though addition of AA as a comonomer enhanced this value to
~10 MPa. For comparison, typical epoxy adhesives exhibit
shear strengths ranging from 1 to 50 MPa, depending on the
thickness of the glue. A subsequent report successfully
employed these formulations toward frontally cured wood
coatings containing either calcium carbonate or graphene as
fillers.”” Indeed, the coated wood samples received moderate
increases in hardness, as determined by Konig pendulum tests.

Recent work from Turani et al."** developed UV-triggered
FP resins as adhesives (Figure 39). A mix of two separate
cross-linkable diepoxy monomers (namely, BADGE and CE)
provided a desirable balance of reactivity and adhesion;
BADGE promoted adhesion to different substrates (Al alloy,
EN AW 707S; or porous glass-based Foamglas). In contrast,
CE improved the exothermicity of the FP reaction and
modulated the resin rheology to achieve a desirable viscosity
suitable for coating purposes. The inclusion of IOC-8 SbFq
and TPED into the resin enabled UV-triggered FP to bond
two independent substrates within seconds. Figure 39
describes this process to prepare lap shear samples and
resultant apparent shear strengths as a function of CE:BADGE
weight ratio. The strengths of samples prepared through this
method match those of samples prepared through a traditional
oven cure method at 110 °C for 1 h, but with significantly
lower energy inputs. Additionally, employing this strategy in
more complex substrate orientations (e.g, step lap joint)
exhibits promise for commercial applications.”™"”>"

https://doi.org/10.1021/acs.chemrev.2c00686
Chem. Rev. 2023, 123, 3237-3298


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

A

PRl
adharend

PE sheels |

Uppar A4 sty
adharend

| Hot pate |

“IGF‘!C:-‘\D ad

.
Cured apoxy |

m
Apparent Shear Strength (MPa)

=1

B Thermmal Cure (110 °C)
[T UV-Triggered FP

a0

25

20

50:50 &0:40 7525
CE:BADGE Weight Ratio

Thermal
Curing at 110 °C

UV-Triggered
FP

Figure 39. Epoxy-based adhesives generated by UV-triggered cationic
FP. A: Preparation of substrates. Polyethylene gaskets were employed
to control the thickness of the resin adhesive. B: The epoxy adhesive
was applied to the bottom adherent and capped by the top substrate.
C: UV-triggered FP occurred after irradiation, and fully cured the
sample within seconds. D: Adhesion strength determined by single lap
offset shear—compression tests. E: Apparent shear strength of the final
joint as a function of monomer composition. Rapid FP curing
provided similarly strong joints to those prepared by traditional
thermal cure (110 °C for 1 h). F—G: Images of the joint samples after
fracture. Figure adapted and reprinted with permission from
Macromol. Mater. Eng. 2021, 306, 2100495."%* Copyright 2021,
Turani et al.

5.4.4. Frontally Polymerized Artwork. The intersection
of art and science has existed long before the modern era;
renaissance polymath Leonardo da Vinci is an instantly
recognizable example of this interconnectedness. In this vein,
one intriguing application of FP involves the creation of
artwork, particularly sculptures. One of the authors of this
review, John Pojman, became involved in the development of
FP-based art media.****® A fruitful conversation after a
seminar at Portland State University in 2011 led Pojman to
adapt radical FP for artistic purposes.

A mixture of acrylate and radical initiator thickened with a
proprietary combination of inorganic fillers provides a
moldable material. A judicious choice of initiator (i.e., long
t,;, at room temperature) extends the lifetime of these
sculpting clays to several years, which is an attractive trait for
potential consumers.* Additionally, the persistence at ambient
temperatures provides an artist sufficient time to sculpt. Unlike
traditional ceramics used by artists, the FP approach requires
significantly less thermal energy to set; kilns are no longer
necessary to induce curing and structural rigidification. Instead,
a heat-gun can quickly induce a self-sustaining polymerization
front. The formulation of the clay ensures that T,,,, values are
below 165 °C. Lower curing temperatures are desirable as they
are compatible with other materials (e.g, wood, paper,
plastics) and, therefore, allow the creation of mixed-media
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sculptures.*” Impressively, the cured material after FP displays
compressive strengths of around 40 MPa and significant
resistance to shattering upon being dropped. The porosity of
the set ceramic-like material aids in retaining paints (oil-,
water-, or alcohol-based). This technology was later
commercialized and marketed as QuickCure Clay by Ranger
industries.”” Interestingly, an exhibit in 2017 at the Louisiana
Art and Science Museum®® (organized in part by J.A.P.)
highlighted several art pieces created by FP. Figure 40
highlights several example sculptures prepared with QuickCure
Clay.

Figure 40. Sculptures prepared through frontal polymerization with
QuickCure Clay. A: Mounted unicorn head created by Kevin Vanek.
B: Painted fantasy plant created by Timothy Marsh. C: Painted
octopus by Shelby Prindaville. D: Unpainted rose by Shaina LaCarbo.
Images used with permission from the artists.

5.4.5. Photoluminescent and Thermochromic Com-
posites. Inclusion of inorganic materials into frontally derived
polymers accesses properties otherwise unattainable for a
purely organic species. Adjusting the photophysical or
electrical properties of easily synthesizable polymers represents
an attractive alternative method to generate organic
components for devices. A substantial volume of work has
focused on the synthesis of frontally derived polymers
embedded with colloidal quantum dots
(CQDs),”7262270-272306359 2 hon dots (CDots),” "> car-
bon nanotubes,'® and other inorganic nanoparticles.'***%
The light absorption behavior of these nanometer-sized
inorganic clusters are easily modified;**" as a result of quantum
confinement, the size of the material directly impacts the 4.,
as observed in an example where the size of PbS nanoparticles
influenced the observed color.*®> Numerous apg)lications and
devices employ CQDs, which include LEDs,”**** 5photo-
voltaics,*®" and even televisions screens (QLED-TV).*®> Some
applications are limited by the poor mechanical properties of
these purely inorganic clusters. Flexible polymer—CQD
composites, therefore, are appealing as they combine desirable
mechanical and photophysical features.
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Practical integration of CQDs into polymers presents a
synthetic challenge; traditional polymerization methods
require sufficiently long curing times such that undesired
photo oxidation quenches the absorbance properties of the
inorganic component.306 In contrast, the short time scale
associated with FP avoids these effects to generate high-fidelity
photoluminescent composites. An initial report by Fang and
colleagues®™® reported the synthesis of CdS-poly(NMAm)
materials. In this system, the CdS clusters were physically
capped to the end of the polymeric backbone by (3-
mercaptopropyl)trimethoxysilane (MPS) as a covalent bridge
after condensation with the OH containing side chains. The
absorption and photoluminescence profiles of the translucent
composite material indicated that successful incorporation
occurred. The MPS bound CdS particles display a character-
istic absorption A, at 375 nm, whereas the CdS-poly-
(NMAm) composite possesses a red-shifted absorption band
at 390 nm. The shift from 375 to 390 nm results from minute
shape perturbations when CdS is incorporated into a
polymeric host.**® Similar behavior exists in copolymer
composites, though the overall emission properties vary due
to the innate photoluminescence afforded by different
monomers.””

Another strategy for hybrid CQD-polymers involves
reversible swelling into a frontally prepared, preformed
hydrogel, as reported by Zhou et al.”’' Specifically, hydrogels
comprised of p(NMAm-co-NVP) adsorbed CdTe particles
capped with N-acetyl-L-cystine after immersion into an
aqueous solution. Once adsorbed into the porous channels
of the hydrogel, the CdTe CQDs coordinate irreversibly to the
pyrrole side chains of the polymer. Interestingly, the
photoluminescence behavior of the p(NMAm-co-NVP)/
CdTe composites varies with water content within the
hydrogel. Water swollen samples emit at 546 nm after
excitation, which redshifts to 560 nm after desorption to
generate a switchable photoluminescent polymer stable for at
least five swell/deswell cycles with implications toward
moisture detection. A related system employed an in situ
CQD assembly strategy by first preparing a frontal formulation
comprised of MAA and VI monomers and loaded with Cd** as
a diacrylate salt.””” Incorporation of Cd occurred via ligation
with the carboxylate side chains of the polymer scaffold;
subsequent treatment with aqueous Na,S initiated crystal-
lization of CdS within the confines of the polymer matrix to
afford p(MAA-co-VI)/CdS. The initial concentration of Cd
within the hydrogel modulated the photoluminescence
intensity, and to a less extent, the 4.

Access to layered, biphasic photoluminescent polymers via
FP enables several intriguing device applications.””*** Li et
al.”®* described the fabrication of white LEDs synthesized from
a layered, dual-component composite polymer (Scheme 10).
Two frontal formulations (AM/NVP and HEA/NVP) were
layered atop one another immediately prior to laser ignited FP.
The first layer formed a composite with added CDots (4p;,; =
471 nm), whereas the second phase included CdTe CDQs
(Ap, = 587 nm). During photoluminescence, the inorganic
components in each layer emitted light at the corresponding
wavelengths to afford an observed white color. White LED
devices were fabricated by combination of such biphasic
composite polymers and UV-LEDs.”*”

This synthetic approach was also applied toward chemical
detection of amines.”” It is well established that photo
quenching of CQDs by certain organic molecules occurs by
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Scheme 10. Synthesis and Optoelectronic Properties of
Dual-Component Frontally Derived Polymers®
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“Top: Two layers containing different compositions underwent FP
after ignition by a CO, laser. Phase-1 and phase-2 are comprised of
p(AM-co-NVP)/CDots and p(HEA-co-NVP)/CdTe. Bottom: The
bilayer films emit white light after excitation by UV-wavelength light;
these materials were incorporated into an LED device to provide
white light classified by the chromaticity coordinates (0.31, 0.28) as
defined by the Commission Internationale de 'Eclairage (CIE). This
behavior results from emissions for each phase corresponding to the
photoluminescence of CDots (4 = 471 nm) and CdTe (4 = 587 nm).
Scheme reprinted and adapted with permission from RSC Adv. 2018,
5, 102294—102299.>%> Copyright 2015, Royal Society of Chemistry.
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surface modification after ligation, as observed in the
interaction of organic amines with CdSe nanocrystals.’*®
Chemical detectors for concentration quantification, however,
require a mechanism for self-calibration. With this condition in
mind, biphasic frontal composites were exploited by the Su and
co-workers;”” the first phase contained CdTe CQDs (Acgre =
620 nm) as the amine sensing portion; a variety of amines were
adsorbed into the polymer, which quenched the photo-
luminescent emission from the CdTe to dampen the intensity
of photoluminescence from this phase (denoted as Rcyr.). The
second layer contained the organic dye coumarin 6 (Acs = 523
nm), which does not undergo quenching phenomena as it is
inert toward amines. Hence, the signal intensity (R¢s) from
this layer is invariant of analyte and served as the reference
signal. The ratio of the intensity of these two signals (y =
Regre/Reg) normalized the response across 4 amine analytes.
Compared to the control sample, however, the mild sensitivity
of the reported frontal composites precludes precise molecular
recognition; for example, no discernible difference exists in the
photoluminescence responses to Et;N and Pr;N, but a
substantial intensity change occurs with ethylenediamine.””
Verma and co-workers®®” described the frontal preparation
of metal organic framework (MOF) composites of p(Am). In a
typical reaction, WS, sheets, APS, and Am were mechanically
ground, which facilitated Am coordination to W. The resultant
metallomonomer pellet undergoes FP via a free-radical
pathway to provide metallopolymer films. Based on SEM
and TEM data, the frontally polymerized composites retain a
sheet-like structure, with a domain size on the order of 150—
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300 nm wide by 10—20 nm thick. Powder X-ray diffraction
experiments indicated that hexagonal orientation of the WS,
fragment remains intact after FP. More interestingly, the
photoabsorption properties of the WS, component in these
MOFEF-polymer composites are ideal for photodetection
applications. These composites exhibit remarkable flexibility
due to the polymeric portion of the composite. As proof of
concept, the authors fabricated photodetecting films from
these composites on a paper-based substrate. Upon irradiation
under an applied voltage, the WS, component of the device
undergoes a change in current. Impressively, the detectors
exhibit resistance to degradation after 100 cycles. Given the
environmentally compatibility of the materials involved, the
devices are compostable after combustion.

A related class of frontal composites exhibit temperature
responsive color changes.”’” These thermochromic materials
incorporated a simple inorganic salt, CoCl,-6H,0, as the
colorant embedded within p(TEGDMA-co-Am) with added
glycerol. As a result of the heat of polymerization, the pink
reaction mixture converted to a blue polymer, which
underwent color reversion after cooling. The resultant rods
underwent highly reversible (>100 cycles) pink to blue color
changes upon warming (between ~80 and 145 °C), which
relates to the coordination sphere about the Co™ metal center.
The machinability of the final polymer required glycerol
incorporation into the cross-linked network.

As a result of the faster monomer-to-polymer conversion
characteristic of FP, limited phase separation occurs in the
synthesis of many composite materials. Conversely, phase-
separated rubbery materials generated from traditional BP
techniques are easily broken. It is noteworthy than an
analogous observation was reported by the Mariani and co-
workers,”'” who successfully prepared p(NIPAm)/graphene
nanocomposite hydrogels that exhibit minimal graphene
restacking during cross-linking.

In summary, frontal thermochromic polymers are suitable
for temperature sensing applications.

5.4.6. Generation of Microvascular Networks and
Microfluidic Devices. Precisely controlled vascularized
polymer networks typically require an arduous fabrication
strategy. Recent work by Garg and co-workers'>* employed a
clever constructive-destructive approach to create well-defined
channels within a thermoset matrix (Figure 41). Liquid- or gel-
state. DCPD resins contained thermally degradable poly-
(propylene carbonate) (PPC) fibers doped with 1% of a PAG.
UV pretreatment of the sacrificial fibers reduced the
decomposition onset temperature (T3) from 200 to 93 °C
compared to virgin PPC. Presumably, the UV-treated PPC
templates undergo accelerated decomposition via an acid-
mediated depolymerization reaction that produces propylene
carbonate. FROMP of the DCPD resin provided sufficient
heat to fully cure the matrix while also fully depolymerize the
PPC fiber. Indeed, this strategy enabled the fabrication of “leaf-
like” vascularized materials, with implications toward micro-
fluidic device manufacturing. Shen and co-workers”*’
described an alternative vascularization approach to generate
hollow-tubes of p(Am-co-HPA-co- NVP) hydrogels.

An alternative (and quite elegant) vascularization approach
was reported by Cabral and co-workers in the early
2000s.>"%2792823683%% 15 these works, photoinitiated thiol—
ene FP generated micropatterned materials of various local
topologies. Specifically, multilevel structured devices were
fabricated in a single-step with clever application of photo-

3281

A

' ! Sacrificial polymer template

Liquid or gel monomer

>

——
- Template
I i

SN
 Liguid/Gel
Front

Vasculature

Solid polymer

Figure 41. Preparation of microvascular structures. A: An embedded
degradable polymer comprised of poly(propylene carbonate) and a
PAG templated subsequent vasculature. B: During FP, the
exothermicity afforded by the FROMP reaction of the host matrix
induces thermal depolymerization of the templating polymer fiber. C:
The small molecule products formed by depolymerization volatilize to
reveal a well-defined channel within the solid thermoset host. Figure
reprinted and adapted with permission from Nat. Commun. 2021, 12,
2836."*% Copyright 2021, Garg et al.

lithography.””® An object (such as that depicted in Figure 42A)
of variable heights was produced using photomasks to alter the
local UV-dose; the chosen resin underwent through-thickness,
photoinitiated FP, whereby regions of low-UV doses under-
went faster cure times. As a result, low-dose regions underwent
faster FP to create taller structures (x340 ym) compared to
high-dose regions (~190 um). After curing, unreacted
photoresist was washed away to fabricate a master pattern
affixed to glass. The final microfluidic devices were replicated
from the master pattern by molding PDMS and sealing with
glass. The resultant devices (>1 mm tall; smallest line widths
~50 pm) possessed microchannels with diameters identical
with that of the height of the master pattern. The device
presented in Figure 42B creates droplets of a predetermined
size after mixing fluids from inputs A and B with an in-line
static mixer and merging with a third flow from input C.>”®
Subsequent studies characterized the flow-behavior of such
microfluidic devices prepared by this method.***** More
recently, Hennessy and co-workers”*”**" studied the thermal
and mass diffusion challenges associated with frontal photo-
polymerization on these small-scales. Nevertheless, it is evident
that frontal photopolymerization can rapidly prototype new
component designs, such as those utilized in the context of
microfluidics.

5.4.7. Large-Scale Fabrication, 3D-Printing, and
Additive Manufacturing. Many practical commercial and
industrial applications rely on compositionally layered or
patterned materials.” Nearly half of all aircraft structural
components produced in 2017, for example, employed
composite materials." In this context, rigid polymer scaffolds,
typically epoxy based, are reinforced with fibers of a secondary
component. Glass fiber or strands of p(acrylonitrile) provide
desirable mechanical and physical properties (i, strength,
rigidity, thermal stability) without adding substantially to the
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Figure 42. Preparation of a microfluidic device using photoinitiated
thiol—ene FP. A: Topological image of the multilevel, patterned
device negative. The use of photomasks modulated depth of cure in
the prepolymerized resin to generate a single-component affixed to
glass. The negative image possessed a bimodal distribution of heights
(190 and 340 pm). B: Relief replica device generated by molding
PDMS against the master pattern and sealed with glass. This device
creates an immiscible flow where fluids from inputs A and B pass
through an arduous path in-line static mixer and merge with a flow
from input C to exude droplets of predetermined size at the output.
Figure adapted and reprinted with permission from Langmuir 2004,
20, 10020—10029.>”® Copyright 2004, American Chemical Society.

weight of the composite. Despite this, practical limitations
exist. Traditional batch syntheses require expensive, high
temperature curing methods, which limit production to the
size of the autoclave or oven used.” Moreover, the time and
energy intensive batch curing processes currently employed are
expensive and environmentally damaging as a result of the
inherent efficiencies. Application of FP to such purposes,
therefore, may fundamentally impact large-scale manufacturing
techniques.

Despite the attractive rewards, only a handful of reports have
attempted to adapt FP to such purposes.®>¢#%%105195370 pp
early theoretical study by Korotkov et al.””" developed a model
describing the relationship between temperature and con-
version distribution for a hypothetical frontally cured fiber
composite. Concurrently, a forward-thinking report in 1993 by
White and Kim®’*> described the hypothetical requirements
and efficiency benefits for new composite fabrication methods,
whereby the lay-up and cure events occur simultaneously. The
authors fabricated 12 mm thick composite epoxy/graphite
plates by simultaneously laying-up and curing precut prepregs
in a metal mold heated to 177 °C. While not technically FP,
this process occurs via a similar thermal propagation motif.””*
This report predates (and perhaps motivated) the explosive
growth of FP derived composite fabrication. Subsequently, the
same authors described a similar strategy to manufacture a 100
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mm thickness composite in under 8 h comprised of
prelaminated 32-ply prepregs (Hercules AS4/3501-6, 42%
resin content).””* This frontal curing process occurred without
thermal spiking inherent to traditional autoclave condition.
Moreover, the total manufacturing time was reduced by at least
an order of magnitude compared to bulk curing.

Robertson et al.*> demonstrated that fiber-reinforced
composite materials are accessible via FROMP. The rheology
of the frontal formulation directly influences the processability
of the mixture. Remarkably, liquid solutions of DCPD with
phosphite inhibited G2 undergo slow conversion to a
viscoelastic gel without inducing spontaneous polymerization.
Moreover, the inhibitor concentration tunes the rheological
properties of the mixture, which allows for precise control over
the degree of gelation of the monomer mixture. Free-standing
gels exist at certain phosphite concentrations and enable
adaptation for the 3D printing and patterning purposes as
depicted in Figure 43. These formulations are easily embossed

Figure 43. Patterning and 3D printing applications of FROMP. A:
FROMP occurs from a single ignition point, and propagates radially
throughout the free-standing gel. B: A reaction gel is rolled into a
helical shape prior to polymerization. C: A flat gel sheet is embossed
with “ILLINOIS” immediately before FROMP. D, E: Small ym-scale
features are molded into a flat gel over the course of 1 d at ambient
temperatures prior to solidification by FROMP. F: The free-standing
gels allow for 3D printing via the depicted apparatus where
polymerization occurs immediately after extrusion from the nozzle.
G, H: Shaped structures produced by 3D-printed FROMP. I: Fiber-
reinforced composite polymer of corrugated carbon produced by
FROMP after vacuum-assisted resin-transfer molding (VARTM). J: A
DCPD-carbon fiber panel is cured with ~750 J of energy over 5 min.
The panel is 51% fiber (by volume) and has an area of 900 cm.”
Figure reprinted and adapted with permission from Nature 2018, 557,
223-227.%* Copyright Macmillan Publishers Ltd., part of Springer
Nature.

with shapes that range in size from ym- to mm-scale without
significant shape defects (Figure 43D—E). Additionally, free-
form structures are produced by integration of 3D-printing
technology with FROMP (Figure 43F—H). The carbon-fiber
reinforced composite polymers depicted in Figure 431—] were
rapidly produced (within S min) with a low-energy thermal
trigger (750 J). Further, the tensile strengths and E values of
the frontally prepared p(DCPD) samples are comparable to
traditionally cured epoxy materials; the FP sgecimens also
exhibit substantially larger fracture toughnesses.””

https://doi.org/10.1021/acs.chemrev.2c00686
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Recent work from Noé et al.'”® fabricated biobased epoxy
composites using radical-induced cationic FP with DGEVA as
the monomer. Fabrics derived from biocompatible fibers from
flax or cellulose served as the compositing material (either
single or dual plied). The material properties of the resultant
composites were probed with DMA and tensile testing. Typical
T, values existed between ~90 and 140 °C, which increased
with larger number of plies in the compositing filler. These
materials exhibited E values between 0.6 and 1.2 GPa, with
maximum tensile strengths of ~10 mPa. The material
properties are comparable with other bioderived epoxy
composites but cure substantially faster than traditional
thermal curing (i.e.,, 1 min vs 24 h).'**

The scalability of efficient heat-transfer, however, is a key
hurdle toward the implementation of FROMP to industrial-
scale manufacturing applications. Subsequent reports demon-
strated that such effects are mitigated by the inclusion of
thermally conductive elements into the frontal system.*>%*'%°
Microchannels within a PDMS matrix were filled with FROMP
formulations and threaded with either stainless steel or copper
wire (as well as single fiber carbon tows) to act as the
conductive element. Samples embedded with copper exhibited
substantial faster v; than wireless samples; computational
modeling indicated that the conductive fiber preheats
monomer in advance of the propagating front, which results
in more rapid thermal transfer throughout the system. These
results present one possible method to overcome heat-loss
limitations of FP. These effects were also observed in acrylate-
derived FP resins.”***** A commonality among these examples
relates to the shape of the front. Due to the thermal
conductivity properties of the embedded material, propagation
is accelerated at the interface of the element, which results in a
V-shaped conical front (Figure 44).
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Figure 44. Experimentally and computationally observed effects on
front shape in FROMP resins with a thermally conductive carbon
fiber. A: Planar front propagation occurs in the absence of a
conductive element. B: The inclusion of a single-fiber carbon tow
alters heat-transfer throughout the resin media, and accelerates front
propagation proximal to the interface of the tow. This perturbation
results in a V-shaped conical reaction front. Figure reprinted and
adapted with permission from Nature 2018, 557, 223-227.%
Copyright Macmillan Publishers Ltd., part of Springer Nature.
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Additionally, practical implementation in large-scale indus-
trial settings requires multisite ignition in order to reasonably
and quickly cure massive materials and compo-
nents.”>”1%>1%2% The dynamics of multifront systems create
several key dilemmas; when two fronts meet, for example, heat
dissipation becomes problematic as there is no longer a cold
monomer heat sink to prevent uncontrolled spontaneous
polymerization. As a result, the front junction displays
significantly less desirable mechanical properties than the
other portions of the polymer. One potential solution involves
planar rather than point-based front initiation. This through-
thickness curing approach involves exposure of a liquid, gel, or
composite-containing resin to a planar heat source. While this
requires a larger initial energy input than point-source, the
increased heat-flux over a large area shortens the time-to-cure
without compromising the material properties.

An alternative approach to large-scale manufacturing
involves continuous flow-type methods (e.g, 3D printing,
extrusion, flow reactors). Such additive manufacturing
strategies, however, require a judicious choice in resin
formulation. Fabrication of free-standing objects via 3D
printing or extrusion necessitates appropriately modified
resin rheologies.'*”!>19¥19937* " gpecifically, printing inks
must exhibit shape retention after pressurized extrusion (i.e.,
low mechanical flow). The following materials properties
address the aforementioned printing criterion; resins must
exhibit shear yielding, shear thinning, and fast thixotropic
recovery behavior.””* For FP, these properties may result from
rheological modification with a filler (e.g, fumed silica,
nanoclays) or controlled prepolymerization of a liquid resin
into a gel state. Recently, Ziaee and Yourdkhani'®” described
the effects of controlled temperature incubation of DCPD
resins to achieve such rheological properties for FROMP based
printing. Subsequent work from the same group demonstrated
that FROMP-based 3D-printing can fabricate thermoset
composites reinforced by short carbon-fibers.'®> More recently,
An and co-workers'®> employed FROMP to 3D-print shape
memory polymers in resins containing cyclooctene as a
comonomer. Similar work from Appelhans and co-workers®”
demonstrated that stereolithographic additive manufacturing
via photoROMP of DCPD can generate complex shapes with
sub mm-scale resolution (e.g., chess pieces). While technically
not a frontal process, adaptation of this system to FP may
access new material spaces. Currently, FP printing is limited to
relatively small volumes (<10 L). Nevertheless, exciting work
from Tonoyan and co-workers*** developed a continuous flow
reactor for extrusion of PA-based hydrogels via FP. Future
efforts to achieve large-scale FP extrusion, however, may
benefit from earlier works described in this re-
view 32157,162,243,374

In contrast to large-scale manufacturing processes, one may
imagine possible industrial applications to fabricate small parts
and components, such as those produced in the context of
microfluidic devices (section 5.4.6).””% In such cases, front
initiation is less problematic than front-quenching associated
with high surface area to volume ratios. Section 4 highlights
potential chemical modifications that can mitigate front
quenching (e.g, increased initiator concentration, inclusion
of monomers with larger AH, values). In contrast, elevation of
the ambient temperature (ie, T, as defined in section 3.1)
dampens heat lost to the surroundings. Indeed, FP initiated in
an environmental chamber heated to 40 °C in narrow reaction
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Chem. Rev. 2023, 123, 3237-3298


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig44&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig44&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig44&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00686?fig=fig44&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

vessels (such as an NMR tube) overcomes front-quenching
without alterations to the resin composition.

While application to major industrial processes has yet to
occur, significant efforts are ongoing to commercialize FP-
derived technologies. As mentioned in sections 5.4.1 and 5.4.4,
several commercially available products involving FP exist (i.e.,
QuickCure WoodFiller and Clay). As of 2022, the number of
patents related to FP exceeds 40 and covers a diverse set of
applications including adhesives,”’*™*"® material consolida-
tions,””*™3*! fabrication of optical lenses,*®* disinfectants,>**
3D printing,*** patterned materials,******** structure fab-
rication,”®**” ‘and sorbents/hydrogels.’***** While the
scientific barrier for granting patents is perhaps lower than
that associated with academic publications, the existence of an
extensive patent library suggests that industrial implementation
may be imminent. As mentioned previously, the goal of this
review is to inform the broader community about the
advantages of FP in the hopes that future industrialists adopt
this as a manufacturing technique.

6. SUMMARY AND OUTLOOK

6.1. Summary: Where are We Now?

Frontal polymerization (FP) addresses several major limi-
tations of traditional bulk polymerizations (BP). This process
requires an initial stimulus (mainly, thermal, photo) to ignite a
hot reaction zone, aptly named the polymerization front.
Effective generation and transfer of the heat of polymerization
enables propagation of the front throughout the monomer
media. Unlike other BPs, curing occurs rapidly with frontal
velocities (vg) in the range of 0.1 to 10 cm min~’, or even
more. Hence, the energy and reaction time efliciencies of FP
far exceed classical techniques. Visual detection of the hot
fronts is typically possible by the human eye, though IR-
thermographic imaging (or optical pyrometry) enables real-
time determination of the thermal dynamics.””*"*%>°

As discussed in detail in section 3, FP requires heat transfer
through the reaction media to occur faster than heat-loss; the
only heat energy added to the propagating system after ignition
originates from polymerization itself.""” The generated heat is
transferred in the monomer via conduction and advection
phenomena to further propagate the front. In contrast, heat-
loss to the surroundings occur at the system’s boundary
conditions (e.g., conduction through the container, convection
through air/solvent/fillers). Imbalances of heat generation,
transfer, and loss may result in undesired bulk polymerization
(heat generation- or transfer-dominated), front quenching
(heat loss-dominated), or thermal instabilities. Complete
monomer consumption necessitates that the exothermicity
and kinetics of polymerization match the front velocity and
heat loss.*"””” The geometry of the propagating front influences
the frontal parameters (i.e., Ty and vg), and polymerization
can occur in a descending or ascending manner in vertically
aligned systems;'** indeed, even horizontal and spherically
propagating fronts are accessible.””"*

As discussed in section 4, several distinct chemistries provide
stable frontal systems: frontal ring-opening metathesis
polymerization (FROMP), cationic polymerization, free-
radical polymerization, atom transfer radical polymerization
(ATRP), polymerizations involving urethanes, and stoichio-
metric curing reactions. Apart from ATRP and polyurethanes,
which have not been thoroughly investigated, only FROMP
occurs catalytically with the use of the commercial Grubbs-
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type ruthenium alkylidene complexes (e.g., G1 and G2; section
4.1; refs 32, 41, 51, 52, 69, 72, 73, 76, 105, 126, 147—149, 153,
154, 162, 164, 165). Highly strained, cyclic olefins undergo
living catalytic polymerization; frontally derived polymers of
dicyclopentadiene (DCPD) exhibit desirable mechanical
properties via extensive cross-linking during catalysis. Perhaps
counterintuitively to most catalyst desi§n principles, FROMP
and polyurethane-based systems’"’>"7*7>°° require worse
catalysts to circumvent rapid background polymerization.
Frontal epoxy polymers, as discussed in section 4.2.1, are
obtainable through cationic polymerizations, whereby the
addition of acid activates the monomer for polymerization
(refs 34, 62, 64, 74, 80, 82, 83, 133, 181, 182, 188, 189, 191,
192). For control over the polymerization event, acid
generation must occur in situ from thermal or photothermal
acid sources.

The majority of published reports employ frontal free-radical
polymerization (Section 4.3; refs 29, 33, 34, 44, 47—50, 53,
60—63, 70, 77-79, 81, 84-93, 95, 114, 127, 134, 199,
201-241, 249—254, 256, 257). The addition of a thermal
radical source induces a series of radical chain reactions of
acrylate or acrylamide derived monomers. The nature of the
initiator dictates several key features. Many radical sources
have the potential to exude gaseous side products. The
resultant bubbles within the polymer reduce the structural
properties of the polymer, and can negatively impact the
perpetuation process by insulating the monomers from the hot
polymerization front. Development of persulfate-based ini-
tiators has largely circumvented these undesired effects, since
decomposition occurs without gas generation. The identity of
the monomers in frontal free-radical polymerization impacts
the structural features of the final product. Typically, the
addition of cross-linking monomers (often di- or triacrylates)
generates polymers with good mechanical properties. Sub-
stantial research efforts have focused on the effects of
embedded inert materials. Such fillers depress the frontal
parameters, ¢ and T, but provide polymer composites with
highly desirable mechanical properties.

There exist numerous potential applications for FP as a
result of the rapid rate of polymerization. Swellable hydrogels
(section S.1) with well-defined pore sizes are easily obtained
with frontal free-radical polymerization techniques (refs 61,
84—90, 206—209, 212, 213, 220, 228, 229, 232, 233, 236, 237,
239, 252, 254, 256, 259, 263—267, 270, 271, 306, 313), which
is in stark contrast to batch-scale methods. These frontally
derived hydrogels exhibit stimuli responsive behavior, wherein
the swelling properties vary with nature of the surroundings
(e.g., temperature, pH). Several appealing uses of these stimuli-
responsive polymers exist (sections S5.1.2 through S.1.6),
ranging from heavy metal ion removal*¥?392037266
controlled drug delivery”"?****”*"> or chemical detec-
tion.”'>**%2%7 Besides hydrogel generation, functionally
gradient polymers (refs 149, 204, 221) and composite
materials (refs 32, 44, 50, 53, 64, 69, 77, 210, 234, 238, 250,
251, 253, 262, 268, 270—272, 306) are easily obtained via FP
(sections 5.2 and 5.4, respectively). Successful reactivity within
a semiporous substrate (e.g, wood, stone), for example,
provides structural reinforcement, which has direct implica-
tions for consolidation and conservation purpo-
ses.tH209339,210,238238, 341235 gryyhedding frontally derived
polymers with inorganic components imparts unique electronic
and photophysical properties with reasonable retention of the
desirable polymer mechanical features. Indeed, photolumines-
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cent polymers exist and are compatible with existing devices,
such as LEDs (section 5.4.5)./7*!120%270727230¢ perhaps the
most promising application of FP involves on-demand curing
of thermoset plastics and composites.””***>'* For example,
micropatterned and glass-fiber reinforced frontal p(DCPD)
thermoset composites are rapidly synthesized at a fraction of
the energy costs required by traditional methods.””*""*

6.2. Outlook: Where Do We Go from Here?

A need exists for efficient, low-energy alternatives to polymer
material synthesis, especially in light of the massive scale that
plastics are produced annually. For successful integration of FP
into existing manufacturing technologies, the field must
address and overcome several key challenges, the first of
which involves scalability. FP necessitates efficient heat-transfer
with minimal loss to the surroundings, as only the polymer-
ization exothermicity provides the required driving energy.
While cm to mm diameter scale reactions occur without much
difficulty, industrially relevant reaction sizes still remain
relatively unexplored. On the other hand, the synthesis of
large but thin frontally derived polymer sheets is likely
problematic given the excess surface area relative to volume,
which favors rapid heat-loss from the system. At the other
extreme, problems may arise from uncontrolled autoaccelera-
tion phenomena, which terminate the propagating front via
spontaneous polymerization events. Hence, any solution that
addresses heat-loss must also not favor uncontrollable rate
increases.

One potential solution provided involves embedded
conductive fibers (i.e., copper or stainless steel wires, carbon
fibers) to aid in the heat transfer through the reaction
media.*>**?*%?*3 Other possible solutions may include multi-
point ignition, whereby multiple sites undergo simultaneous
initiation and propagation. The interfaces between the multiple
propagation sites, however, must not introduce structural
defects. Indeed, theoretical and experimental evidence
indicates that complete monomer conversion occurs when
samples are ignited at multiple locations.*>*"*” Further study
into the mechanical properties at the multifront junctions will
aid in understanding the frontal dynamics of large-scale
reactions.

The current circular economy concept requires the use of
low environmental impact chemistries (e.g,, biosourced), and
drives both academic and industrial researchers toward the
design, preparation, and application of new polymer
materials.”” In this context, FP may represent an effective
and attractive alternative to existing technologies. The use of
solvent-free, low-energy FP processes may advance this
ecological transition. Moreover, the creation of deconstructible
polymers through FP will benefit waste management and
address the end-of-life problem that plagues most commodity
plastics. In this concept, structurally robust materials undergo
controlled disassembly reactions at targeted sites only in the
presence of orthogonal chemistries. Indeed, several exam-
ples' 7717317539392 demonstrated the feasibility of such a
thermoset deconstruction strategy (section 4.1.3). Ideally,
these smaller components may themselves act as monomers for
future upcycling/polymerization reactions.

The economics of FP also represents a potential challenge
for large-scale applications. The overall price of FP must not
exceed existing technologies, otherwise the financial benefits
afforded by the low-energy requirements are outweighed by
the material costs. For example, FROMP requires a relatively
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expensive Ru-based catalyst, albeit in low loadings, for
polymerization to occur (section 4.1). Alternatively, gas-free
frontal free-radical polymerizations require pricy persulfate
salts in addition to added cross-linking monomers to achieve
desirable mechanical properties (section 4.3). Indeed, the
solutions to these economic factors likely require creative
engineering and chemical solutions. Significant chemical space
exists, however, in the development of new frontally obtainable
materials. While FP is compatible with a variety of filling
materials (e.g., clays, biopolymers, graphite, to name a few),
other FP-derived composites may extend the possible
applications. For example, the inclusion of metals into frontally
derived polymers, either as molecular species or as a bulk
extended network, is relatively unexplored. Despite these
challenges, great opportunities exist for FP (Figure 45) and
those who seek to develop it further.

The Future of FP
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Figure 45. Merging tributary of interdisciplinary research feeds into
an endless sea of future possibilities with FP.
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ABBREVIATIONS, TERMS, AND SYMBOLS

A Arrhenius pre-exponential factor (s™")
AA acrylic acid

AAS alkaline activated solution

AIBN azobis(isobutyronitrile)

a degree of conversion

AM acrylamide

APS ammonium persulfate

ATRP atom transfer radical polymerization
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p

B
BP

BPO
CD
CDots
CE

CHDGE
CHP
COD

G

CR
CQDs
CTA

b
DGEVA
DBTDL
DCPD
DETA
DHEF
DMA
DMAEMA
DMAP
DOX
DSC

E

E/

E 4

Ea

ENB
FGM
FP

EGP
FROMP
FTIR
Gl1

G2

GP
GPTMS

HA

HDDA
HDGE
HEA
HOPH-SbF

H, or AH,
HPA
IOC-8-SbF
IPN

K

KPS

LCST
LSA

Lg

M

MA

MAA
MBAm

Zeldovich number

critical Zeldovich number

bulk polymerization

benzoyl peroxide

cyclodextrin

carbon dots
3,4-epoxycyclohexylmethyl-3',4"-epoxycyclohex-
anecarboxylate

cyclohexanedimethanol diglycidyl ether
cumene hydroperoxide

cyclooctadiene

specific heat capacity (J kg™' K™')

cited references

colloidal quantum dots

chain-transfer agent

dispersity

diglycidyl ether of vanillyl alcohol

dibutyl tin dilaurate

dicyclopentadiene

diethylenetriamine

2,3-dihydrofuran

dynamic mechanical analysis
dimethylaminoethyl acrylate
dimethylaminopyridine
3,3’-(oxybis(methylene) )bis(3-ethyloxetane)
differential scanning calorimetry

Young’s modulus (MPa or GPa)

storage modulus (MPa or GPa)

loss modulus (MPa or GPa)

activation energy (J mol™)
S-ethylidene-2-norbornene

functionally gradient material

frontal polymerization

frontal geopolymerization

frontal ring-opening metathesis polymerization
Fourier-transformed IR spectroscopy

Ist generation Grubbs catalyst [(PCy;),Ru(=
CHPh)CL,]

2nd generation Grubbs catalyst [(SIMes)Ru(=
CHPh)(PCy,)CL]

geopolymerization
(3-glycidoxypropyl)trimethoxysilane

hexyl acrylate

1,6-hexanediol diacrylate

1,6-hexanediol diglycidyl ether
hydroxyethyl acrylate
[4-(2-hydroxytetradecyl)oxy]phenyliodonium-
SbFq

heat of polymerization (J g)
2-hydroxypropyl acrylate

[ (4-(octyloxy)phenyl]phenyliodonium-SbF4
interpenetrating network

thermal conductivity (W m™" K™")
potassium persulfate

lower critical solution temperature (°C)
linear stability analysis

characteristic front length

molar (mol L")

methyl acrylate

methyacrylic acid
N,N’-methylenebis(acrylamide)
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MK metakaolin

MMA methyl methacrylate

MPS (3-mercaptopropyl)trimethoxysilane
NBE norbornene

NHC N-heterocylic carbene

NIPAm N-isopropylacrylamide

NMAm N-methylolacrylamide

NMR nuclear magnetic resonance

NPDGE neopentyl glycol diglycidyl ether
NVC N-vinylcarbazole

NVP N-vinylcaprolactam

orC ordinary Portland concrete

PAG photoacid generator

PDMS poly(dimethylsiloxane)

@ heat flux (W m™2)

phr per hundred rubber

POX 3-ethyl-3-(phenoxymethyl)oxetane
PPC poly(propylene carbonate)

Q total heat energy per volume (W m™)
R universal gas constant (J mol™' K™')
RPYS reference publication year spectroscopy
p density (kg m™3)

SEM scanning electron microscopy

SIMes 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimi-

dazol-2-ylidene
SP spontaneous polymerization

SPAK 3-sulfopropyl acrylate

SPION super paramagnetic Fe;O, nanoparticles
SPN supramolecular penetrating network
SR% swelling ratio (%)

TBPPS tetra-butyl phosphonium persulfate
TEGDA triethylene glycol diacrylate
TEGDMA triethylene glycol dimethacrylate
TFEMA 2,2,2-trifluoroethyl methacrylate

T, glass-transition temperature (°C)
TGA thermogravimetric analysis

0 normalized temperature

Lignite ignition time (s)

T, melting temperature (°C)

T maximum front temperature (°C)
TMEDA N,N,N’,N’-tetramethylethylenediamine
TMPTA trimethylolpropane triacrylate
TMPTGE  trimethylolpropane triglycidyl ether
TPED 1,1,2,2-tetraphenylethylenediol

TPU thermoplastic polyurethane

TREN tris(2-aminoethyl)amine

t presteady state time (s)

VARTM vacuum-assisted resin transfer molding
Vg steady-state frontal velocity (mm s™* or cm s7%)
VI 1-vinyl imidazole

WoS Web of Science
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