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Recent progress in bulk polymerization:
spatiotemporally discontinuous change of
polymerization accompanied by phase separation

Yasuhito Suzuki * and Akikazu Matsumoto

Bulk polymerization converts liquid monomers into polymeric materials through an exothermic reaction,

often leading to vitrification or the formation of highly viscous polymer melts depending on the

monomer chemistry. It has long been assumed a priori that the polymerization solution remains homo-

geneous throughout the reaction process. Recent advances have revealed that apparent phase separation

takes place near the polymerization-induced vitrification, and this event is closely linked to sudden reac-

tion acceleration (i.e., the Trommsdorff effect) during bulk polymerization. Insights from recent studies on

amorphous structure evolution have provided new perspectives on how local heterogenization affects

reaction kinetics. This review summarizes recent progress in understanding bulk polymerization, with a

focus on sudden reaction acceleration, and discusses the potential outcomes of the novel view.

1. Introduction

Bulk polymerization, defined as polymerization conducted
without intentionally added solvent, represents one of the
most fundamental reaction schemes in polymer chemistry.
Owing to its apparent simplicity, bulk polymerization has long
been described within a homogeneous reaction framework, in
which conversion, viscosity, and heat generation are assumed
to evolve uniformly throughout the reaction medium.1 This
assumption has provided the basis for classical interpretations
of reaction kinetics and has been widely adopted in both aca-
demic textbooks1–3 and industrial practice. However, it has
become increasingly clear that this homogeneous picture is
frequently oversimplified, particularly in bulk polymerizations
that undergo drastic changes in physical properties during the
reaction.4–7 In highly exothermic chain-growth polymeriz-
ations, strong coupling among reaction kinetics, heat transfer,
diffusion, and polymerization-induced vitrification occurs in
conjunction with spatial and temporal inhomogeneities.8,9

These findings motivate a re-examination of bulk polymeriz-
ation from a spatiotemporally heterogeneous viewpoint.

Fig. 1 provides a conceptual classification of bulk polymer-
ization based on reaction mechanism, spatial confinement,
and spatiotemporal uniformity during polymerization. The
reaction mechanism can be chain-growth (i.e., radical or

ionic), step-growth, or ring-opening polymerization. With
respect to spatial organization, polymerization may proceed in
a homogeneous bulk system or in heterogeneous forms such
as suspension, emulsion, or precipitation polymerization.
Here we would like to define terms. “Heterogeneous polymeriz-
ations” refer to systems in which polymerization proceeds
within physically separated reaction domains, such as droplets
or particles defined by interfaces. Unless we explicitly state
“heterogeneous polymerizations”, we define the term hetero-
geneity referring to a concentration fluctuation on a nano-
meter scale that is intimately related to the chemical reaction
kinetics. When the heterogeneity grows on a larger scale, we
use the term phase separation. Such nanoscale heterogeneity
may evolve into larger domains during polymerization, even-
tually becoming observable as apparent phase separation. In a
strict thermodynamic sense, phase separation refers to the
spontaneous demixing of a homogeneous system into coexist-
ing phases driven by a free-energy instability. When chemical
reactions such as polymerization are involved, however, the
system is inherently out of equilibrium, and spatial segre-
gation controlled or even triggered by reaction kinetics cannot
be excluded. In such cases, the term “phase separation” is
often used in a broader, phenomenological sense to describe
spatial segregation that does not necessarily correspond to an
equilibrium phase boundary. Similar concepts have attracted
wide attention in other fields, most notably in biology, where
liquid–liquid phase separation in cells is now recognized as a
general organizing principle involving nonequilibrium and
transient states.10 This distinction is particularly useful for dis-
cussing bulk polymerization, where subtle heterogeneity emer-
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ging at the nanoscale can strongly affect molecular mobility
and reaction kinetics, ultimately leading to sudden reaction
acceleration and, in extreme cases, to propagating reaction
fronts. Based on this framework, this review aims to provide a
unified perspective on bulk polymerization by integrating clas-
sical concepts with recent experimental advances. Special
emphasis is placed on the interplay among polymerization-
induced vitrification, heterogenization, and reaction kinetics,
with a focus on understanding the molecular origin of sudden
reaction acceleration known as the Trommsdorff effect and its
connection to spatiotemporally heterogeneous polymerization
processes. Recently, a special case of bulk polymerization,
namely frontal polymerization, has attracted considerable
attention.11 In this polymerization method, the reaction is trig-
gered locally at a specific point, and the polymerization pro-
ceeds in a spatially confined manner. The polymerized region
then propagates through the material with a well-defined reac-
tion front. Because this method utilizes the heat generated by
the polymerization reaction, it is an energy-efficient process.
Although frontal polymerization has a long history and great
potential, not all monomers allow smooth and well-controlled
curing.12 A better understanding of bulk polymerization is
therefore key to achieving reliable control of frontal polymeriz-
ation. In this review, we also discuss the perspectives under-
lying the control of frontal polymerization.

2. Categories of bulk polymerization
2.1 Bulk polymerization

In chemistry, solvents are often used, and the polymerization
in a solvent is called solution polymerization. On the other
hand, polymerization without solvent is termed bulk polymer-
ization. Typically, a small amount of initiator is dissolved in
monomer, and a reaction is initiated. Polymerization methods
can be categorized into chain-growth polymerization and step-
growth polymerization. In principle, bulk polymerization can
be applied to any polymerization method, provided that the
initiator is soluble in the monomer or that a stimulus can
initiate the reaction. There are several motivations for using
bulk polymerization. One key reason is its suitability for resin
curing, and another is its synthetic advantages, including the
avoidance of solvents and the ability to achieve higher conver-
sion rates.

When the glass transition temperature of the resulting
polymer exceeds the reaction temperature, polymerization typi-
cally yields a glassy solid from a liquid monomer. As the reac-
tion progresses, viscosity generally increases. Whether the
resin vitrifies is a critical characteristic for curing.
Heterogeneity in polymerizing systems has also been widely
discussed in the context of crosslinking polymerizations,
where intramolecular cyclization and early network formation

Fig. 1 Conceptual framework of polymerization and the emergence of heterogeneity in bulk polymerization. Polymerization reactions are classified
by mechanism (radical, ionic, step-growth, and ring-opening), and polymerization systems are categorized by spatial organization (bulk, suspension,
emulsion, and precipitation). While bulk polymerization has traditionally been regarded as homogeneous, strong coupling among reaction kinetics,
diffusion, and vitrification leads to the emergence of spatiotemporal heterogeneity, often associated with the Trommsdorff effect. Representative
modes of spatiotemporal organization in bulk polymerization are illustrated, including uniform reaction, nanoscale heterogeneity characterized by
monomer-rich and polymer-rich regions, and frontal polymerization involving a propagating reaction front.
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can lead to the formation of microgel-like structures and
spatially heterogeneous networks. Such microgel formation
processes have been extensively investigated in classical
studies of crosslinking radical polymerizations.13–16 In con-
trast, the present review focuses on heterogeneity emerging
during bulk polymerization of linear polymers, particularly
near vitrification, where spatial heterogeneity develops dyna-
mically as a result of the coupling between reaction kinetics,
diffusion, and glass transition. In this review, we focus on bulk
radical polymerization and bulk ring-opening polymerization,
both of which lead to vitrification, exploring their fundamental
principles and practical applications. While heterogeneity can
also arise in other classes of polymerization reactions, includ-
ing step-growth polymerizations and controlled/living radical
polymerizations, the present review focuses primarily on
chain-growth systems. These systems most prominently exhibit
strong spatiotemporal heterogeneity during bulk polymeriz-
ation because monomer and polymer species coexist with
markedly different dynamical properties. As polymerization
proceeds, the increasing contrast between the fast dynamics of
monomers and the slow segmental dynamics of growing
polymer chains gives rise to pronounced dynamic heterogen-
eity, particularly as the system approaches vitrification. In step-
growth polymerizations, molecular weight increases gradually
and high-molecular-weight species appear only at very high
conversion. Consequently, the dynamical contrast between
monomeric and polymeric species remains relatively small
during most of the reaction, and the development of strong
spatiotemporal heterogeneity is less pronounced compared
with chain-growth systems. In addition, controlled/living
radical polymerizations often suppress termination reactions
and proceed under conditions where the concentration of
active species remains extremely low, which may reduce the
likelihood of sudden kinetic acceleration associated with the
Trommsdorff effect. The term curing is loosely defined in
polymer chemistry. It is often used when a liquid turns into a
glassy or semi-crystalline solid. In some cases, they use the
term only for thermosets. In this review, we use the term
curing irrespective of whether the resin is thermoplastic or
thermoset.

2.2 Bulk radical polymerization

Bulk radical polymerization is widely applied in many fields. A
small amount of radical initiator is mixed with the monomer.
In most cases, initiation is triggered by heat, but it can also be
initiated by light irradiation with an appropriate photo-
initiator. Radical polymerization has several key character-
istics. Firstly, the radical concentration is significantly lower
than that of the monomer, typically by a factor of 10−8.17

Secondly, the lifetime of radicals is extremely short, usually on
the order of 100 microseconds.18 This short lifetime allows for
the rapid formation of high-molecular-weight polymer chains.
As a result, the process can be viewed as a relative change in
concentration between monomers and polymers. When the
reaction temperature is below the glass transition temperature
of the formed polymer, polymerization-induced vitrification is

expected. Thirdly, reactive monomers are highly exothermic.
Polymerization is entropically unfavorable due to the loss of
degrees of freedom; thus, the process must be enthalpically
driven. For instance, the heats of the reaction for MMA
(methyl methacrylate) and MA (methyl acrylate) are 55 and
78 kJ mol−1, respectively.19 This highly exothermic nature can
lead to thermal runaway.

2.3 Bulk ring-opening polymerization

Ring-opening polymerization involves the conversion of cyclic
monomers into linear polymer chains. Polymerization is gen-
erally entropically unfavorable because the formation of
covalent bonds reduces the freedom of polymer chains to
explore configurational space, leading to a decrease in entropy.
The reaction can nevertheless proceed because the enthalpic
gain associated with bond formation compensates for the
entropy decrease. In ring-opening polymerization, the enthal-
pic gain from ring-strain release can further drive the reaction,
and the balance between enthalpy and entropy may lead to
monomer–polymer equilibria depending on the monomer
structure and temperature.1,20 Another advantage of ring-
opening polymerization is the relatively small change in
density. Therefore, the formation of voids may be low.
Therefore, the potential application for reactive processing has
been proposed.21 Epoxy resins are also categorized as ring-
opening polymers. Since there are already a number of
reviews,22,23 we will not discuss this topic in this manuscript.
Recently, ring-opening metathesis polymerization24,25 (ROMP)
has attracted much attention due to its potential for appli-
cation. Olefin metathesis is an organic reaction in which the
fragments of alkenes (olefins) are redistributed through the
breaking and reforming of carbon–carbon double bonds.
Although studies on bulk ring-opening polymerization under
conditions comparable to those discussed for radical polymer-
ization are still limited, similar kinetic phenomena may occur.
In particular, the possibility that reaction-induced heterogen-
eity could lead to Trommsdorff-like rate acceleration in bulk
ring-opening systems remains an interesting open question.

3. Reaction-induced vitrification and
heterogenization
3.1 Homogeneous view and heterogeneous view

Because the Trommsdorff effect is closely related to vitrifica-
tion and heterogeneity, we first discuss the structural evolution
during polymerization before describing the kinetic aspects in
section 4. It has long been assumed a priori that the polymeriz-
ation solution remains homogeneous throughout the bulk
polymerization process. In chain-growth bulk polymerization,
the relative concentrations of monomer and polymer change
as the reaction proceeds. From a simplified perspective, macro-
scopic viscosity is a key parameter for understanding the chan-
ging physical properties of the polymerization solution.
However, the relationship between polymer fraction and
macroscopic viscosity is complex. In addition to these well-
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studied aspects of polymer solution dynamics, the polymeriz-
ation solution eventually vitrifies, becoming a glassy solid as
long as the polymer’s glass transition temperature exceeds the
reaction temperature. It should be noted that, in crosslinking
radical polymerizations, structural heterogeneity associated
with gelation and microgel formation has long been recog-
nized. Early studies on controlled radical copolymerization of
vinyl/divinyl monomers provided important mechanistic
insights into gelation behavior.26

3.2 Polymerization-induced apparent phase separation

Wöll et al. investigated bulk polymerization using single-mole-
cule spectroscopy4,5,27 and observed that the dynamics of
single molecules became heterogeneous at a certain point
during the bulk polymerization of MMA. Initially, the dye
dynamics were unimodal, but they suddenly became bimodal,
with some dye molecules moving rapidly while others moved
slowly, as depicted in Fig. 2. Interestingly, this shift coincided
with the reaction acceleration known as the Trommsdorff
effect. In contrast, the distribution of the dynamics of the dye
remains unimodal during bulk polymerization of styrene.
While it has been known that the Trommsdorff effect is
observed from styrene, the degree of the effect is much smaller
than that of MMA.28

Later studies using video recordings revealed that the
polymerization solution becomes discontinuously hetero-

geneous at the onset of the Trommsdorff effect. Apparent
phase separation was observed, partially due to the coloration
caused by amines used in the redox reaction for initiation.9

Fig. 3 shows selected photographs during the bulk polymeriz-
ation of MMA. Both MMA and PMMA are transparent.
However, their refractive indices are different. Nanoscale het-
erogeneity may initially emerge during polymerization and,
under certain conditions, evolve into larger domains. Once the
characteristic length scale becomes sufficiently large, light
scattering increases and the system appears opaque. At around
70 minutes after the initiation, the top part of the polymeriz-
ation solution becomes white. This time is in good agreement
with the onset of the sudden temperature rise. Subsequently,
at around 100 minutes, the white region also appears in the
middle of the polymerization solution. Further investigations
using transmission measurements confirmed that this appar-
ent phase separation is observed universally with azo
initiators.8,17 After the reaction completes, a distinct boundary
between the two phases remains visible, even though both
layers are composed of PMMA. This boundary disappears only
after annealing above the glass transition temperature. The
correlation between the Trommsdorff and the phase separ-
ation is also pointed out in a study that intentionally caused
phase separation.29,30 Recently, the liquid–liquid phase separ-
ation in a living cell has attracted many researchers because it
may play vital roles in governing the chemical reactions in

Fig. 2 Distribution of diffusion coefficients obtained from single-molecule spectroscopy for styrene (left) and MMA (right). Reproduced from ref. 6
with permission from the Royal Society of Chemistry, Polym. Chem., 2012, 3, 2456–2463, copyright 2012.
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living cell.10,31–33 In a living cell, the phases are inherently not
only governed by thermodynamics but also by kinetics.

Microscopic heterogeneity was further confirmed using
small-angle neutron scattering (SANS).34 Repeated SANS
measurements over small-angle q-ranges, taking approximately
five minutes per scan, captured a discontinuous change
during the bulk polymerization of MMA. This change
coincided with the onset of the Trommsdorff effect. It revealed
that concentration fluctuations steadily decreased before the
Trommsdorff effect but increased discontinuously from
approximately 2 nm to approximately 5 nm at its onset. These
findings suggest that the polymerization solution becomes
microscopically heterogeneous, leading to macroscopic appar-
ent phase separation.

3.3 Polymerization-induced vitrification

As mentioned earlier, polymerization-induced vitrification
(i.e., glass transition) occurs during bulk polymerization when
the reaction temperature is lower than the glass transition
temperature of the resulting polymer. Recent studies on amor-
phous materials suggest that the packing of amorphous struc-
tures, as determined by the vitrification process, significantly
affects their physical properties. A representative example is
vapor-deposited glass.35 Despite its importance both in funda-
mental science and applications and tremendous work, the
fundamental mechanism of glass transition is still elusive.36

The importance of spatiotemporal heterogeneity has been
pointed out.37 While glass transition is often discussed in the
context of temperature changes, it can also occur due to
pressure or compositional changes.38 For instance, relative
concentration changes can result from chemical reactions or
solvent evaporation. Vitrification caused by compositional
changes is known to play a significant role in atmospheric and

food sciences. Recent in operando SAXS/XPCS on a commercial
two-component MMA adhesive directly visualized nm-scale
domain growth, gel-point percolation-like behavior, and a
“long-tailed” vitrification regime persisting far beyond macro-
scopic gelation. Importantly, this late-stage vitrification domi-
nated the final mechanical properties, demonstrating a clear
process–structure–dynamics–property link under industrially
relevant curing conditions.39

There are several experimental approaches to studying vitri-
fication induced by relative concentration changes. One classi-
cal method involves dissolving a polymer in a solvent and
increasing the polymer concentration. However, the dis-
solution kinetics of polymers are generally very slow, because
the solvent must first penetrate the polymer’s glassy matrix
before the entangled polymer chains can be released.40 As the
polymer concentration increases, the dissolution process
becomes even slower, making it difficult to prepare highly con-
centrated polymer solutions close to vitrification. Another
approach is to increase the polymer concentration through
solvent evaporation. In such systems, however, solvent evapor-
ation often leads to the formation of a dense skin layer at the
surface, which suppresses uniform concentration changes in
the bulk.41 In this context, bulk polymerization can be seen as
polymerization-induced vitrification when the reaction temp-
erature is below the glass transition temperature of the formed
polymer.42 As discussed, the concentration of the existing rad-
icals is negligibly small in comparison to the concentrations of
monomers and polymers. Once a radical is generated, a
polymer with reasonable molecular weight is formed within a
very short time. Therefore, in a rough approximation, bulk
polymerization can be seen as a process where the relative con-
centration of monomer and polymer changes as the reaction
proceeds. A recent study investigated the bulk polymerization
of MMA using dielectric spectroscopy.8 Fig. 4 shows the profile
of dielectric spectroscopy and the temperature profile during
the measurement. After the disappearance of the α relaxation,
a hidden, smaller process (i.e., the β relaxation process)
appeared. The characteristic time of the β relaxation process
does not change significantly upon polymerization reaction,
suggesting the local character of this relaxation process.
Essentially, this observation captured the polymerization-
induced vitrification.38 While most of these studies have been
conducted using MMA, similar results have also been reported
for EMA and BMA.43

3.4 Changes in amorphous structures during curing

The glass transition remains one of the most significant and
challenging unsolved problems in condensed matter
physics.36 While its fundamental nature is still under debate,
understanding of glass and the glass transition has advanced
significantly through solid experimental results.44–46

Amorphous structures can be analyzed using X-ray scattering,
with pair distribution function (PDF) analysis often employed
to investigate real-space structures.47,48

The amorphous structure of polymers has been studied
extensively. A broad scattering intensity profile, referred to as

Fig. 3 Selected photographs (a–o) taken at different times during the bulk
polymerization of MMA. A white region due to macroscopic apparent phase
separation can be observed. The timing of the phase separation coincides
with the onset of the Trommsdorff effect. Reproduced from ref. 9 with per-
mission from Springer Nature, Polym. J., 2019, 51, 423–431, copyright 2019.
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the amorphous halo, is typically observed. Despite efforts to
elucidate the structure and understand the physical properties
of amorphous polymers, extracting detailed information from
their X-ray scattering profiles remains challenging. Recent
studies have reported changes in the amorphous structure
during the bulk polymerization of MMA, EMA, and BMA.

Although it is difficult to directly correlate physical properties
with amorphous structures, tracking these changes provides
valuable insights into resin-curing mechanisms.

Fig. 5 displays the amorphous structure of monomer and
polymer, as well as the changes in amorphous structure
during bulk polymerization.49 Notably, the transition in amor-

Fig. 4 (a) Dielectric spectra recorded during the bulk polymerization of MMA at 40 °C. Each curve corresponds to a successive measurement taken
as the polymerization proceeds. The α-relaxation peak shifts from higher to lower frequencies and eventually moves out of the experimental
window. The arrow indicates the shift of the main peak during the reaction. After the main peak disappears, a smaller peak becomes visible. (b)
Corresponding temperature profile showing a small but noticeable temperature increase occurring near the divergence of the α-relaxation.
Reproduced from ref. 8 with permission from the American Chemical Society, Macromolecules, 2021, 54, 3293–3303, copyright 2021.

Fig. 5 Amorphous structures measured by X-ray scattering during the bulk polymerization of MMA, EMA, and BMA. The initial (mainly monomer)
and final (mainly polymer) structures are shown for (a) MMA, (b) EMA, and (c) BMA. The full datasets obtained during the bulk polymerization of
MMA, EMA, and BMA are presented in (d), (e), and (f ), respectively. Reproduced from ref. 42 with permission from Springer Nature, Polym. J., 2023,
55, 807–815, copyright 2023.
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phous structure is not smooth. Initially, the structure closely
resembles that of the pure monomer, with the peak position of
the amorphous halo remaining nearly unchanged. As the
polymer fraction increases, the peak broadens. At a certain
point during bulk polymerization, a sudden shift occurs, tran-
sitioning from a monomer-like structure to a polymer-like
structure. This change coincides with the reaction acceleration
known as the Trommsdorff effect. The difference between the
amorphous structures of monomer and polymer is more pro-
nounced in BMA than in MMA, likely due to BMA’s longer side
chains. In monomers, the side chains exhibit a high degree of
freedom, but during polymerization, they become more
ordered. This ordering is considered to be associated with
enhanced intermolecular correlations of the side chains,
which manifests as a relatively sharp peak in the amorphous
halo at lower q ranges.

4. Reaction kinetics during bulk
polymerization
4.1 A sudden reaction acceleration during bulk
polymerization (Trommsdorff effect)

It has long been known that sudden reaction acceleration can
occur during bulk radical polymerization, a phenomenon
often referred to as the Trommsdorff effect.1 This effect is par-
ticularly prominent during the bulk polymerization of methyl
methacrylate. Although methacrylates have been the most
extensively studied systems, systematic investigations of bulk
radical polymerization remain limited for many other mono-
mers. As a result, it is not always clear whether similar sudden
reaction acceleration occurs universally across different
monomer systems or under what conditions it emerges. Fig. 6
shows the conversion and temperature profile during the bulk
polymerization of methyl methacrylate. However, at approxi-
mately 80 minutes when the initial initiator concentration is
6 wt%, the temperature rises dramatically from 50 °C to 83 °C
within just 5 minutes. Classically, this effect has been attribu-
ted to a decrease in the termination rate caused by the
increased viscosity of the reaction medium.1 However, the
abruptness of the effect suggests that increased viscosity alone
cannot fully explain its occurrence. The molecular origin of
the Trommsdorff effect remains a subject of ongoing debate
and investigation.

Another important feature of the Trommsdorff effect is the
distinct change in the formed molecular weight.8,9,30,50 Fig. 7
shows the molecular weight distribution as a function of reac-
tion time during bulk polymerization of MMA. At the onset of
the Trommsdorff effect, the formed molecular weight changes
discontinuously. It is noted that this change occurs suddenly
within a short time, implying a discontinuous change in the
reaction kinetics.

4.2 History of the research on the Trommsdorff effect

The sudden reaction acceleration, known as the Trommsdorff
effect, was first observed by Norrish and Brookman in 1939.51

Fig. 6 (A) Conversion profile and (B) temperature profile during the
bulk polymerization of MMA. Symbols correspond to initiator concen-
trations of 6 wt% (○), 2 wt% (□), 1 wt% (◊), 0.5 wt% (+), and 0.3 wt% (×).
Reproduced from ref. 67 with permission from the American Chemical
Society, Macromolecules, 1996, 29, 7477–7490, copyright 1996.

Fig. 7 Time-resolved molecular weight of PMMA during the bulk
polymerization under light irradiation for different durations.
Reproduced from ref. 30 with permission from Elsevier, Polymer, 2014,
55, 1809–1816, copyright 2014.
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According to kinetic theory, the rate of radical polymerization
(Rp) obeys the following equation:

Rp ¼ kp½M�ð2fkd½I�=ktÞ1=2 ð1Þ

Here, kp, kd, and kt are propagation rate, decomposition
rate, and termination rate, respectively. [M], [I] and f are
monomer concentration, initiator concentration, and initiator
efficiency, respectively. In 1942, they proposed that this effect
occurs due to the decrease in termination rate.52 This phenom-
enon was further analyzed by Trommsdorff, who concluded
that the effect is due to a decreased termination rate in 1948.53

As the reaction proceeds, the viscosity of the reaction medium
increases due to the formation of highly viscous polymers.
High viscosity reduces molecular mobility, making it difficult
for two high-molecular-weight radicals to collide and undergo
termination. In contrast, monomer molecules, being smaller,
can still move relatively freely, allowing propagation to con-
tinue. Thus, while increased viscosity significantly slows the
termination reaction, its impact on the propagation rate is
limited. As a result, the overall reaction rate increases dramati-
cally (Fig. 8). Similar conclusions are drawn in the same period
by different scientists.54–56 This explanation is also documen-
ted in Paul Flory’s textbook on polymer chemistry.1 In the text-
book, Flory discusses this phenomenon carefully and avoids a
definitive conclusion. Recent textbooks essentially follow this
classical explanation.2,3,57,58

The explanation based on the reduced termination rate due
to the increased viscosity sounds qualitatively reasonable.

There are several studies investigating the propagation rate
and the termination rate.59–61 The sudden decrease in termin-
ation rate at the late stage of bulk polymerization has been
captured by ESR experiment.61 A more detailed analysis of the
rate constants in radical polymerization is still ongoing.62,63

On the other hand, it has been realized that this explanation
does not quantitatively explain the actual experimental data.
For example, the onset of the Trommsdorff effect cannot be
reasonably predicted. In 1981, Tirrell et al. approached this
problem from the polymer physics aspect.64 They proposed
that the onset of the Trommsdorff effect occurs due to the
entanglement of the polymer chains. At that time, many
researchers actively investigated the entanglement of polymer
chains inspired by earlier works by De Gennes65 and later by
Doi and Edwards.66 It was shown that the Trommssdorff effect
is still present67 without entanglement. In order to entangle,
the molecular weight of the polymer needs to be high. They
used a chain transfer agent to control the molecular weight of
the formed polymer. Even when the molecular weight of the
formed polymer is below the entanglement molecular weight,
they observed the Trommsdorff effect. Other research also sup-
ports the uncorrelation between entanglement and the
Trommsdorff effect.68 After the 1990s, studies using computer
simulation started. If the decrease in termination rate is the
reason for the Trommsdorff effect, the effect can be predicted
by the coupled differential equations describing the reaction
kinetics.28,69–71 Many scientists proposed models taking into
account the decrease in termination rate due to the increased
viscosity. As a result, the widely used model uses four different

Fig. 8 Classical explanation of the Trommsdorff effect. As viscosity increases, both the propagation rate constant (kp) and the termination rate con-
stant (kt) decrease because molecular motion is suppressed. The decrease in kt is greater than that in kp, since monomer molecules can still move
even at high viscosity, whereas termination requires the encounter of two radical chain ends. Consequently, propagation becomes relatively favored,
leading to the Trommsdorff effect. However, macroscopic viscosity alone is insufficient to quantitatively describe its onset.
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sets of differential equations.72 They switch these functions
based on the experimental data. In other words, the math-
ematical model is empirical and cannot be used for
prediction.

Norrish and Smith proposed that the effect is due to the
decreased termination rate in 1942.52 In 1948, Trommsdorff
published a systematic research on this topic and concluded
that the effect is due to the decreased termination rate due to
the increased viscosity.53 It is difficult to select whose name to
use to describe this effect.73–76 This phenomenon has been
described by several terms in the literature, including the
Trommsdorff effect, the Trommsdorff–Norrish–Smith effect,
the gel effect, and autoacceleration. In this review, we use the
term Trommsdorff effect, which is currently the most widely
used designation. Instead of the terms from scientists’ names,
the term gel effect is often used. If the effect is due to the
entanglement, this term is reasonable because the entangle-
ment can be seen as a physical crosslinking. Since it is now
considered that the effect and the entanglement do not
coincide, we think the term gel effect may not be suitable. In
addition, the term autoacceleration is occasionally used to
describe this effect. It is true that the positive feedback is
present when this effect takes place. Due to the increased
overall kinetics, the temperature increases. The increased
temperature further increases the overall kinetics.

4.3 A novel view on the Trommsdorff effect in conjunction
with heterogenization

4.3.1 Key observation: discontinuous heterogenization
coincides with autoacceleration. A key experimental obser-
vation in bulk methacrylate polymerization is that the onset of
the Trommsdorff effect coincides with the emergence of
spatial heterogeneity. Experimental studies using optical
observation, scattering techniques, and spectroscopic methods
have shown that the polymerizing system undergoes a discon-
tinuous change in its spatial structure during the late stage of
the reaction. This transition is accompanied by the appearance
of polymer-rich and monomer-rich regions and occurs near
the point where the polymerization rate increases sharply.
These observations suggest that the Trommsdorff effect is
closely linked to the development of heterogeneity in the
polymerization medium.

4.3.2 What changes kinetically: termination suppressed vs.
propagation maintained/enhanced. The imbalance between
the decreased termination rate and the relatively stable propa-
gation rate leads to a sudden increase in reaction acceleration.
However, as mentioned earlier, there is a discrepancy between
experimental data and the expected changes in macroscopic
viscosity. The Trommsdorff effect occurs so abruptly and
almost discontinuously that the increase in viscosity alone
cannot fully explain it. Polymerization-induced heterogeniza-
tion or apparent phase separation can be a candidate that trig-
gers the Trommsdorff effect. In the classical view of the
Trommsdorff effect, the main cause is the probability of
meeting two molecules involved in the reaction. In the case of
the termination reaction, it was the two radicals. In the case of

the propagation reaction, it was the radical and the monomer.
The rate parameters (ki) for chemical reactions follows the
Arrhenius equation as depicted in eqn (2).

ki ¼ k0 � exp � Ea
RT

� �
ð2Þ

Here, k0, Ea, R and T denote the frequency parameter, acti-
vation energy, gas constant, and temperature, respectively. It is
evident that the reaction rate depends on temperature.
Catalysts or enzymes in biological systems reduce the acti-
vation energy to govern chemical reactions. On the other
hand, the effect of the pre-exponential factor (i.e., the fre-
quency parameter) is often overlooked. The frequency para-
meter reflects the probability of two chemical species meeting
during the reaction. In a large solvent volume, it is reasonable
to assume that the frequency factor remains constant.

4.3.3 Mechanistic picture: radicals partition to polymer-
rich domains/interfacial reaction. In the case of the
Trommsdorff effect, changes in the frequency factor have been
considered. These changes are influenced not only by macro-
scopic viscosity but also by microscopic heterogeneity at
various length scales. When the amorphous structure of the
polymerization solution changes, the frequency factor may
also be affected through changes in local molecular arrange-
ments.42 At a slightly larger scale, microscopic phase separ-
ation creates monomer-rich and polymer-rich phases. Radicals
likely tend to exist in the polymer-rich phase. Depending on
the domain size and the dynamics of radicals, the probability
of two radicals meeting may decrease. However, since mono-
mers remain in the low-viscosity monomer-rich phase, the
probability of a radical meeting a monomer does not decrease
and may even increase.

This increase can occur for two reasons. First, depending
on molecular arrangement, the likelihood of radicals meeting
monomer molecules may rise. Second, chemical reactions at
the molecular level induce changes in chemical potential. At
low viscosity, the gradient of chemical potential quickly dissi-
pates. In contrast, at higher viscosity, the gradient persists
longer, allowing monomers to move along it. This could lead
to a more efficient supply of monomers to radicals.

As shown in photographs of bulk-polymerized samples in
vials, macroscopic heterogeneity develops on a millimeter-to-
centimeter scale. This observation suggests the formation of a
propagating reaction interface between polymer-rich and
monomer-rich regions. Such behavior may be interpreted as a
front-like propagation mode of polymerization, which may
involve the coupling between reaction kinetics, diffusion, and
polymerization-induced heterogeneity. In addition, experi-
mental observations indicate that multiple interfaces can
appear and subsequently merge during the course of polymer-
ization, suggesting that the spatial discontinuity cannot be
explained solely by a simple oxygen inhibition gradient but
instead reflects the intrinsic coupling between reaction kine-
tics, diffusion, and polymerization-induced heterogeneity.
Under such conditions, the frequency factors for termination
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and propagation reactions likely differ from those in a homo-
geneous polymerization solution. Recent in situ observations
using ultrasonic detection77 and SANS/WAXS78 directly cap-
tured the formation of monomer-rich and polymer-rich
domains, reinforcing the heterogenization-driven view of the
Trommsdorff effect. Although the detailed molecular mecha-
nisms remain unclear, changes in the frequency parameter
due to polymerization-induced heterogeneity may provide a
possible explanation for the Trommsdorff effect. These obser-
vations suggest that late-stage bulk methacrylate polymeriz-
ation is not well described as a spatially uniform reaction.
Once monomer-rich and polymer-rich regions emerge, radicals
are expected to localize in the polymer-rich phase, and reac-
tions proceed preferentially at interfaces, potentially leading to
front-like propagation behavior. In this sense, frontal polymer-
ization can be viewed as an extreme manifestation of the same
heterogeneity–kinetics coupling discussed above. More
broadly, such reaction-induced heterogeneity may provide a
conceptual link to nonequilibrium phase-separation phenom-
ena observed in other complex chemical systems, including
liquid–liquid phase separation in biological environments. A
classical MMA/PMMA system already illustrates that a visible
interfacial front can propagate even near room temperature:
polymerization initiates in a swollen polymer layer acting as a
microreactor, and the rate enhancement in this viscous region
—attributed to the Trommsdorff effect—constitutes the actual
origin of the frontal polymerization.79 It has also been
reported that the presence of polyethylene glycol enhances the
polymerization kinetics of MMA.80–82 This could also be
explained by the reaction acceleration due to heterogeneity.

5. Applications of bulk
polymerization
5.1 Frontal polymerization

Frontal polymerization provides an illustrative example of how
strong coupling between reaction kinetics, heat and mass
transport, and spatial heterogeneity can lead to the formation
of a propagating reaction front. Because chain formation
reduces molecular degrees of freedom (ΔS < 0), the enthalpy
change must be sufficiently negative to compensate for this
entropy loss and ensure that ΔG < 0. For this reason, bulk
polymerization of vinyl monomers is generally exothermic. In
radical polymerization of vinyl monomers, this heat release
can be substantial (ΔH ≈ 50–80 kJ mol−1).19 Frontal polymeriz-
ation refers to a mode of polymerization in which a localized
reaction zone propagates through the material. Depending on
the driving mechanism, frontal polymerization is generally
classified into thermal frontal polymerization and isothermal
frontal polymerization.83 In thermal frontal polymerization,
the propagation of the reaction front is sustained by the heat
released during the exothermic polymerization reaction. The
heat generated at the reaction front diffuses into the surround-
ing monomer and triggers further polymerization, allowing
the front to propagate without continuous external heating.84

This concept of a self-sustaining polymerization front was
established in early studies and has since been extensively
investigated.85–87 In contrast, isothermal frontal polymeriz-
ation occurs without relying on thermal feedback. Early experi-
mental observations related to such front-like propagation in
MMA-based systems were reported in interfacial-gel copoly-
merization used for graded-index polymer optical wave-
guides.88 Similar propagation behavior was also utilized in the
fabrication of graded-index plastic optical fibers.89 Later
studies explicitly described non-thermal frontal polymerization
of MMA in systems containing polymeric seeds modified with
metal–porphyrin complexes.90 The influence of reaction con-
ditions on such front propagation was subsequently investi-
gated in detail.91 Further studies examined the role of polymer
inhibitors in controlling the propagation behavior.92

Mechanistic aspects of isothermal frontal polymerization and
factors governing front velocity and propagation distance have
also been investigated experimentally and theoretically.83 In
particular, the role of oxygen inhibition and the molecular
weight of polymer seeds has been shown to significantly influ-
ence the stability of the propagating front.93 In this case, a
localized high-viscosity reaction zone is formed in a polymer-
rich region, and diffusion of monomer and initiator into this
region induces strong rate acceleration associated with the
Trommsdorff effect. As a result, polymerization can propagate
along the interface between polymer-rich and monomer-rich
regions even under nearly isothermal conditions. This
phenomenon has been mainly reported for methyl methacry-
late-based systems and has been investigated in several experi-
mental and theoretical studies. Although thermal and isother-
mal frontal polymerization are often classified separately
according to their dominant driving mechanisms, both involve
strong coupling between reaction kinetics, transport processes,
and spatial heterogeneity, although their dominant driving
mechanisms are different.

At the bottom of the vial, PMMA seed is prepared. The
addition of monomer with the initiator dissolves PMMA. At
the dissolved layer, the Trommsdorff effect takes place as the
polymer concentration is high. Therefore, the front propa-
gation occurs, leading to frontal polymerization of MMA.
Efficient utilization of the generated heat enables self-sustain-
ing curing, providing the basis for frontal polymerization, in
which the polymerization front propagates through the
material without continuous external heating. This process
can be regarded as a spatial manifestation of polymerization-
induced heterogeneity. While thermal transport and heat
balance remain central to frontal polymerization, accumulat-
ing evidence indicates that polymerization-induced heterogen-
eity and local kinetic acceleration analogous to the
Trommsdorff effect can play a decisive role, particularly in
methacrylate-based systems. Beyond kinetic interest, frontal
polymerization has been exploited as a rapid and energy-
efficient route to fabricate monolithic macroporous polymers,
where a localized polymerization zone is synchronized with
foaming to generate porous structures without relying on large
volumes of organic solvent or high-pressure equipment.94
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Frontal polymerization was first explored in the 1970s and
has since been comprehensively reviewed.12 The key factor gov-
erning front propagation is the heat balance between gene-
ration and dissipation, which depends on monomer reactivity,
initiator concentration, and thermal transport. In practice,
however, voids and cracks often form because of density and
viscosity differences between the monomer and polymer
phases, limiting the fabrication of large parts. Understanding
the interplay between thermal transport and local heterogen-
eity is therefore essential for expanding frontal polymerization
to advanced manufacturing applications. Frontal ring-opening
metathesis polymerization (FROMP) has attracted considerable
attention from many researchers. In particular, FROMP of nor-
bornene derivatives provides a promising route for the fabrica-
tion of polymer components.95 The major advantage of ring-
opening polymerization is the minimal change in density
during the course of polymerization. In addition, polymers
obtained from norbornene derivatives exhibit excellent
mechanical and thermal properties.

5.2 Resins for fiber-reinforced plastics

Fiber-reinforced plastics are an important application area of
bulk polymerization processes.

Because the curing of these resins often proceeds through
highly viscous states accompanied by polymerization-induced
vitrification and strong reaction–transport coupling, they
provide practical examples where the phenomena discussed in
the previous sections become technologically relevant. Due to
their strength and lightweight, fiber-reinforced plastics span
their application area.96–98 Carbon fiber-reinforced plastics are
used in advanced technology for airplanes and sports utilities,
whereas glass fiber-reinforced plastics are used for wind
turbine blades. Generally, thermosets, including epoxy resin

and unsaturated polyurethanes, are used. The use of thermo-
sets requires post-curing and annealing. In addition, the draw-
back of thermosets is the difficulty of recycling.

For the composite fabrication, the viscosity of the resin
plays a crucial role. Fig. 9 summarizes viscosity as a function
of processing temperature.21 The melt processing requires
high temperature and a long time for the impregnation of the
resin. In contrast, the reactive processing requires relatively
low temperature.99 In addition, low viscosity enables vacuum
infusion. Many of the thermoplastics dissolve in their
monomer.40 By adjusting the amount of the predissolved
polymer in the monomer, the viscosity of the initial resin can
be adjusted. Recently, an acrylic-based material called Elium
has been commercially available.95,100,101 When composites
are fabricated using thermoplastics, the fiber and the polymer
can be recovered by dissolution, as is demonstrated in
Fig. 10.102 The economic factor for the composite recycling is
also discussed.102–104

6. Summary and future outlook

In this review, we summarized the recent advancements in
understanding bulk polymerization, especially when the final
product is a glassy solid. In this case, bulk polymerization can
be seen as a process of polymerization-induced vitrification.
Classically, less attention has been paid to the changes in the
amorphous structure and physical properties during bulk
polymerization. However, recent findings suggest the impor-
tance of considering these changes upon polymerization-
induced vitrification. During bulk polymerization, a sudden
reaction acceleration known as the Trommsdorff effect may
occur, which has been attributed to the decreased termination

Fig. 9 Viscosity as a function of processing temperature. Controlling
the viscosity of the resin is a critical factor in the fabrication of fiber-
reinforced plastics. Reproduced from ref. 21 with permission from
Elsevier, Composites, Part A, 2007, 38, 666–681, copyright 2007.

Fig. 10 Demonstration of fiber (bottom left) and polymer (bottom
right) recovery by dissolution from a glass-fiber-reinforced composite
(top) using Elium as the resin. Reproduced from ref. 102 with permission
from Elsevier, J. Cleaner Prod., 2019, 209, 1252–1263, copyright 2019.
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rate because of increased viscosity. Recent studies also suggest
a connection between this effect and apparent phase separ-
ation (i.e., heterogeneity). When bulk polymerization is locally
initiated and the reacting front propagates, this type of
polymerization is termed frontal polymerization. While this
technique has a long research history, the recent development
of FROMP using norbornene derivatives significantly expands its
potential applications. Bulk polymerization can also be applied
in resin for fiber-reinforced plastics and additive manufacturing.
In contrast, less attention has been paid to the pre-exponential
frequency factor. It is increasingly suggested that changes in this
frequency factor play a key role in causing sudden reaction accel-
eration. Phase separation may increase the frequency factor of
one elementary reaction while decreasing that of another. For
example, while the termination rate decreases, the propagation
rate may increase in cases of phase separation.

Another important aspect is polymerization-induced vitrifi-
cation. It has been established that the physical properties of
glass are closely linked to its fragility, suggesting that resins
may also be categorized according to their vitrification behav-
ior. Recent studies have also emphasized the importance of
changes in amorphous structure during polymerization. In
frontal polymerization, an interface exists between the already
cured glassy region (i.e., the reacting front) and the liquid
monomer phase, and controlling the amorphous structure at
this interface may be important for stabilizing front propa-
gation. Reaction-induced concentration gradients may also
generate convective transport phenomena such as Marangoni-
type flows. However, a detailed discussion of such flow-driven
effects is beyond the scope of the present review, which
focuses on bulk polymerization, vitrification, heterogeneity,
and sudden reaction acceleration. Viewing bulk polymerization
as a spatially heterogeneous and self-organizing process rather
than a purely homogeneous reaction may provide new insights
into how polymerization can be designed, monitored, and con-
trolled. Extending such studies to a broader range of bulk poly-
merizations may help clarify how general sudden reaction
acceleration is and whether similar kinetic phenomena
emerge in other monomer systems.
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