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ABSTRACT: Recently, it has been reported that various
polymethacrylates synthesized via reversible addition−fragmenta-
tion chain-transfer (RAFT) polymerization may be depolymerized
by heating them to 120 °C in solution. However, insights into the
mechanisms and kinetics remain limited. In this work, we
monitored the depolymerization process of poly(benzyl meth-
acrylate) in p-xylene using time-resolved small-angle X-ray
scattering (SAXS). The results revealed that the weight-average
molecular weight gradually decreased, while the z-average radius of
gyration remained almost unchanged until approximately half of
the repeating units were converted. This unexpected behavior
could be well-reproduced by a kinetic model of end-to-end
depolymerization (unzipping). This study provides the first direct
observation of the structural evolution during depolymerization via an unzipping mechanism.
KEYWORDS: Depolymerization, Time-resolved small-angle X-ray scattering, Unzipping,
Reversible addition−fragmentation chain-transfer polymerization, Kinetics

Plastics are integral to our daily lives and the global
economy due to their durability, lightweight nature, and

cost-effectiveness. However, micro- and nanoplastics pose a
significant threat to marine ecosystems.1−3 Within the
scientific community, numerous studies have focused on
polymerization and the creation of durable and functional
plastics, whereas much fewer studies have been conducted on
depolymerization and upcycling.1,4−6 One of the major
advancements in the field of polymerization is the reversible-
deactivation radical polymerization, including reversible
addition−fragmentation chain-transfer (RAFT) polymerization
and atom-transfer radical polymerization (ATRP). These
techniques allow for precise control over the molecular weight,
composition, and architecture of polymers, leading to materials
with tailored properties for specific applications. RAFT
polymerization, in particular, is applicable to a wide range of
monomer types without the necessity of metals and is now
essential for creating advanced materials in fields such as
optoelectronics, adhesives, hydraulic fluids, membranes,
biosensors, and drug delivery.7−13

On the other hand, the realization of controlled depolyme-
rization remains a challenging topic, which will contribute to
the long-term sustainability of our society. Recently, the group
of Anastasaki5,14−18 discovered that various polymethacrylates
synthesized through RAFT polymerization could be depoly-
merized simply by heating them to 120 °C in dilute solution,
without the need for any catalyst. Notably, a maximum
conversion of 92% was achieved, although this high conversion

was observed only at a dilute monomer unit concentration of 5
mM. Additionally, a polymethacrylate-based hydrogel prepared
via RAFT polymerization exhibited a gel-to-sol transition upon
depolymerization. This method therefore holds potential for
the upcycling of methacrylate-based plastics. However,
mechanistic and kinetic understanding remains limited, and
the absolute molecular weight has not been obtained; studies to
date have relied on techniques such as 1H nuclear magnetic
resonance (NMR), ultraviolet (UV) and mass spectroscopies,
and size-exclusion chromatography (SEC).14−18

In this study, time-resolved small-angle X-ray scattering
(SAXS) was used to monitor the depolymerization process.
Small-angle scattering directly measures absolute molecular
weight and provides in situ structural information, such as
conformation of polymer chains.19−21 Although small-angle
scattering offers a unique advantage, it has rarely been
employed to study depolymerization, as these reactions
typically occur at temperatures exceeding the capability of
apparatus and sample cells. In this letter, we aim not only to
provide insights into the kinetics and mechanisms of
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depolymerization of a RAFT polymer bearing a RAFT end-
group but also to demonstrate the usefulness of small-angle
scattering in investigating depolymerization.
As the test sample, we selected poly(benzyl methacrylate)

(PBzMA), prepared via RAFT polymerization using 2-cyano-2-
propyl benzodithioate (CTA), as this CTA has been reported
to exhibit high depolymerization conversion.14 The synthe-
sized PBzMA had a weight-average molecular weight (Mw) of
17,200, a weight-average degree of polymerization (xw) of 97.7,
and a dispersity of the molecular weight (Đ) of 1.12. Although
lower molecular weight is known to result in higher
depolymerization conversion,15 higher molecular weight is
advantageous for scattering experiments due to its correlation
with scattering intensity. This molecular weight was therefore
chosen in this study. Detailed molecular characteristics of the
PBzMA sample are provided in the Supporting Information.
For the solvent during depolymerization, p-xylene was chosen
due to its suitably high boiling point (138 °C), which allows
for SAXS measurements using a thin-walled (0.01 mm)
capillary cell at the depolymerization temperature of 120 °C.
Thinner cell walls lead to better data quality but offer less
pressure resistance. Among solvents with sufficiently high
boiling points, xylene was deemed optimal for achieving higher
depolymerization conversion.15 For a similar reason, BzMA,
with its high boiling point, was chosen over methyl
methacrylate, as the type of methacrylate monomer is not
expected to significantly influence depolymerization conver-
sion.14 On the basis of previous reports,14,15 this system
(PBzMA in xylene, with xw of 97.7) is expected to achieve a
depolymerization conversion of approximately 50 mol % in
monomer unit. Under these conditions, each polymer chain is
expected to depolymerize individually like the reverse process
of free radical polymerization, rather than having most chains
depolymerize simultaneously.17

For the SAXS measurements, the PBzMA/p-xylene solution
was deoxygenated by nitrogen sparging. The polymer
concentration (c) was 0.1 or 0.2 wt %, corresponding to 5 or
10 mM in the monomer unit, respectively, as it was reported
that higher concentrations exhibit lower conversion in the
depolymerization (see Figure S4 in ref 13), as the appearance
of the monomer influences the polymer−monomer equili-
brium. The solution was heated to 120 °C, followed by time-

resolved SAXS measurements under a nitrogen atmosphere to
capture the time evolution of the SAXS profiles. On the vertical
axis of the obtained SAXS profiles (Figure 1a), I(q) represents
the differential scattering cross-section as a function of the
length of the scattering vector (q). It is divided by the optical
constant in X-ray scattering (Ke)

21,22 and c, resulting in a unit
of g/mol. The SAXS profile clearly exhibits a monotonical
decrease in I(q)/Kec over time, evidencing the decrease in the
molecular weight of PBzMA, as I(q) generally follows

I q M cKlim ( )
q c0, 0

w e= , which is derived without assuming

any specific model.21 Meanwhile, the slope in the low-q region
appears to remain unchanged, suggesting that the molecular
dimensions did not significantly change.
To assess the effect of X-ray exposure, a control experiment

was conducted using a PBzMA/p-xylene solution without
deoxygenation (i.e., without nitrogen sparging). The solution
was heated to 120 °C, and time-resolved SAXS measurements
were performed. The absence of depolymerization under this
condition was confirmed by 1H NMR (Figures S5 and S6).
Consequently, the SAXS profiles remained unchanged (Figure
S7), confirming that exposures of the high-flux X-ray did not
cleave the polymer chains. This result also demonstrates that
the X-ray exposure did not promote depolymerization, despite
the general properties of X-rays to generate radicals and often
promote radical polymerization.23 Furthermore, the fidelity of
CTA remained, and the chain end did not undergo thermolysis
under this thermal condition (120 °C for 1 h) (Figure S5),
although polymethacrylates are known to undergo thermolysis,
yielding vinyl end groups, under more intense conditions
(heating to 60 °C for 30 h24 or heating at a rate of 5 °C/min to
240 °C25).
We analyzed the SAXS profiles in the initial and final states

as dimensionless Kratky plots (Figure 1b), constructed with
the form factor [I(q)/I(0)] as well as the z-average radius of
gyration (Rg,z) derived from the Berry plots explained later.
The Kratky plot highlights local structures more than the
double-logarithmic plots of I(q) and q do. Remarkably, the
high-q scattering in the Kratky plot increases over time; this
behavior was analyzed by a model scattering function. As a
result, the Gaussian chain model with Rg = 3 ± 0.05 nm,
considering the cross-sectional diameter of 1 ± 0.1 nm (eq

Figure 1. (a) Time evolution of the SAXS profile during the depolymerization of PBzMA bearing a RAFT end-group in p-xylene (c = 0.1 wt %) at
120 °C as the double-logarithmic plot. The color corresponds to the time point; the time elapses from the turquoise curve (5.17 min; the first
frame) to the gray curve (45.7 min). (b) The same data represented as the dimensionless Kratky plot. (c) Comparison between the model
scattering functions (solid and broken black curves; eqs S6 and S7) and the experimentally obtained data at t = 5.17 and 45.7 min (unfilled circles)
in the Kratky plot.
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S6), nicely fitted the SAXS profiles in the initial state,
represented by the solid black curve (Figure 1c). The
scattering structure factor or intermolecular interference effect
was negligible as the measurements were performed in
sufficiently dilute conditions, and we observed no significant
difference in the I(q)/Kec values between c = 0.1 and 0.2 wt %.
At t = 45.7 min, the Gaussian chain model with the same

dimensions as in t = 5.17 min failed to fit the high-q region
(Figure 1c). This increasing upward deviation in the high-q
region over time indicates the emergence of smaller molecules
(i.e., the polymers with lower molecular weights, the
monomers, and CTA-derived products16) via depolymeriza-
tion. Consequently, we employed a coexistence model
consisting of the Gaussian chain with the original dimensions
and a smaller Gaussian chain (eq S7). The radius of gyration
for the smaller Gaussian chain was 1.2 ± 0.5 nm, and the cross-
sectional diameter was assumed to be 1 nm. This coexistence
model provided a good fit to the experimental data (broken
black curve in Figure 1c). However, the exact values of the
radius of gyration and cross-sectional diameter could not be
independently determined, and the smaller component could
not be analyzed in depth, as it is generally complicated to
analyze small quantities of smaller particles precisely in the
presence of larger particles by SAXS. Nevertheless, the Kratky
plots clearly demonstrate the increasing appearance of the
smaller components over time by depolymerization.
Instead of further analysis in terms of the form factor, we

analyzed the weight-average molecular weight (Mw) and Rg,z as
a function of time (t) (Figure 2a and 2b), which were obtained
from Berry’s root plot26 (Figure S8 and eq S1). Please note
that Mw and Rg,z are the averaged values over the polymer and
monomer. Intriguingly, Mw decreased over time while Rg,z
remained constant, which puzzled us when we first saw these
data. However, upon considering the kinetic models of
depolymerization, we found that this behavior of constant
Rg,z with decreasing Mw is related to the depolymerization
kinetics as explained in the next paragraphs. The small jump in
Rg,z from 0 to 5.17 min (Figure 2b) was caused by the heating
from 25 to 120 °C (the dimension was increased by the
thermal fluctuation).
If this depolymerization follows a so-called unzipping

process (i.e., sequential scission from one end), the kinetics
may be written as27

k
P P Px

k
x1

p
1

d
H Ioo ++

(1)

k
P P Px

k
x

p
1 1

d
H Ioo +

(2)

where Px stands for the x-mer (living chain), and kd and kp are
the rate constants of depolymerization and polymerization,
respectively. During the depolymerization process, the fidelity
of CTA lapses. The terminal reaction is reported to be
governed by the reactions with the solvent,16 which are
supposed to occur regardless of x, with a rate constant (k̃) as
follows:

P Px
k

x (3)

where P̃x signifies the dead chain of the x-mer; i.e., the degree
of polymerization of P̃x no longer changes. Indeed, NMR
spectra indicate that signals from CTA-derived compounds
gradually appeared as depolymerization progressed (Figure
S6). In this model, the equilibration of propagating and
depropagating radicals is incorporated into the overall
framework (eqs 1−3), as time-resolved SAXS cannot detect
such specific processes. The kinetic equations are thus given by

C
t

k C C k C C C kC

x

d
d

( ) ( )

( 3)

x
x x x x xd 1 p 1 1=

(4)

C
t

k C C k C C kC
d
d

( )2
d 3 2 p 2 1 2=

(5)

C
t

kC
d
d

x
x=

(6)

where Cx and C̃x denote the molar concentrations of Px and P̃x,
respectively, and x is restricted to be integer values. The
monomer concentration (C1) is related to the polymer
concentration as C1(t) = Σx=1∞ xCx(0) − Σx=2∞ x[Cx(t) +
C̃x(t)]. Numerical calculations with these equations provide
the time dependence of each x-mer fraction (Figure 3). For
these calculations, we assumed that the initial state obeys a log-
normal distribution28 with Đ of 1.12, as the molecular weight
distribution obtained by SEC approximately matched the log-
normal distribution (Figure S2).
With Cx(t) and C̃x (t), the time-evolution of xw and Mw are

obtained by

M t
M

x t
x C t C t

x C t C t
( )

( )
( ) ( )

( ) ( )
x x x

x x x

w

1
w

1
2

1

= =
[ + ]
[ + ]

=

= (7)

Figure 2. Time evolution of Mw (a) and Rg,z (b), as well as the double-logarithmic plot of Rg,z against Mw (c) for c = 0.1 wt % (turquoise symbol)
and 0.2 wt % (pink symbol), derived from the Berry plot (Figure S8). Solid and broken black curves represent the fitted curves of unzipping and
random scission models, respectively. The left-most points in Panels a and b were obtained at 25 °C, and these data are not included in Panel c.
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where M1 stands for the molecular weight of the monomer. In
addition, the z-average mean-square radius of gyration can also
be calculated as a function of time as follows:

R t
x C t C t R

x C t C t
( )

( ) ( )

( ) ( )
x x x

x x x
g,z
2 1

2
g,z
2

1
2=

[ + ]
[ + ]

=

= (8)

Here, the radius of gyration of the x-mer (Rg,x) was calculated
by Rg,x = Rg,1xν, where Rg,1 was treated as an adjustable
parameter and individually determined to be 0.32 nm by the
relationship between Rg,z and x. Flory exponent (ν) was set to
0.5 based on the SAXS profiles, which exhibited I(q) ∼ q1/ν =
q2.0 in the high q region.29

In this kinetic model, there are three parameters: kd, kp, and
k̃. The values of these parameters were determined through
fitting as follows. Initially, Mw(t) was fitted by iteratively
adjusting these values, with the restriction that the same kd, kp,
and k̃ can reproduce both experiments with c = 0.1 and 0.2 wt
%. Consequently, we found that the Mw(t) values for both
concentrations were fitted with kd = 1.32 ± 0.03 min−1, kp =
0.32 ± 0.03 min−1 mM−1, and k̃ = 0.02 ± 0.002 min−1.
Notably, these kd, kp, and k̃ values nicely reproduced the
constant Rg,z(t) behavior. The fitted curves are represented by
the solid black curves in Figures 2a and 2b. Furthermore, this
model also replicated the conversion obtained by 1H NMR

spectroscopy (Figure 3b), thereby supporting the validity of
the kinetic model.
Whereas, if the depolymerization mechanism is governed by

random scission (the equations are given in the Supporting
Information), the constant Rg,z(t) behavior cannot be
replicated. This is clearly seen in the plot of Rg,z(t) against
Mw(t) (Figure 2c). The solid curves (unzipping) reproduce the
experimentally obtained data, particularly where Rg,z remained
unchanged while Mw decreased over time. Meanwhile, the
broken curve (random scission) fails to replicate this behavior.
In the random scission mechanism, the polymer chains rapidly
shorten, as any point along the chain may be severed (Figure
S4). In contrast, during the unzipping mechanism, the polymer
chains remained long for the conversion values (Figure 3a)
compared to random scission. Rg,z is the z-averaged value,
reflecting longer polymer chains rather than shorter ones,
whereas Mw is the weight-averaged value. Therefore, the
observation of the constant Rg,z value holding constant while
the Mw value decreases during the depolymerization is
indicative of the unzipping mechanism.
In conclusion, the depolymerization of a PBzMA with a

RAFT end-group was directly observed in situ using time-
resolved SAXS measurements. The absolute molecular weight
obviously decreased over time, while Rg,z remained nearly
constant. This behavior stems from the unzipping depolyme-
rization mechanism as well as the z-averaged nature of Rg,z, as
revealed by analysis with the kinetic model of unzipping. To
put it another way, this analytical method is useful for
obtaining compelling evidence to determine whether the
depolymerization follows an unzipping or random scission
mechanism, and this study underscores the significance of
small-angle scattering when investigating depolymerizations.
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