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Abstract   This study investigates the evolution of free-radical polymerization under spatially graded conditions by constructing a position-de-

pendent reaction probability model. Given the strong temperature dependence of thermal initiators, spatial temperature variations significantly

affect both local monomer reactivity and the macroscopic evolution of polymer structures. Understanding this coupling is crucial for designing

gradient-controlled synthesis strategies. The dissipative particle dynamics (DPD) method was employed to investigate free radical polymeriza-

tion under gradient temperature conditions. Increasing ΔT enhances spatial heterogeneity: high-temperature regions form dense networks with

lower molecular weights (Mn and Mw) due to rapid initiation and frequent termination. In contrast, low-temperature regions yield higher molecu-

lar weights and expanded chain conformations (< >) resulting from longer radical lifetimes. These structural differences further govern pore

evolution: porosity decreases rapidly and reaches lower final values in high-temperature zones, while low-temperature regions exhibit delayed

evolution but higher final porosity. This study demonstrates that the precise control of polymer growth orientation, molecular weight distribu-

tion, and porous morphology can be achieved by incorporating gradient conditions, thereby establishing a new paradigm for the targeted syn-

thesis of gradient functional materials.
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INTRODUCTION

Free radical  polymerization (FRP),  one of the most widely used
and widely applied chain growth polymerization techniques, re-
mains  a  cornerstone  of  polymer  synthesis  owing  to  its  broad
monomer  compatibility,  mild  reaction  conditions,  high  toler-
ance  to  impurities,  and  excellent  process  flexibility.[1−3] Al-
though recent studies have focused more on controlled radical
polymerization (CRP),[4−6] conventional FRP is still widely used in
various  application  fields,  including  coatings,[7−10] biomedical
materials,[11−14] absorbent  materials[15−18] and  stimuli-respon-
sive  polymers.[19−22] In  FRP-based  polymer  synthesis,  re-
searchers  typically  select  different  initiation  methods—such
as thermal,[23−27] photoinduced[28−30] or redox initiation[31−33] —
depending on the type of initiator used. Among these, thermal
decomposition  of  initiators  is  the  most  common  approach,[34]

and  temperature  serves  as  a  critical  external  factor  influencing
the entire polymerization process.

However,  most  existing studies  have been carried  out  un-

der uniform temperature conditions, and experimental inves-
tigations on polymerization behavior in non-uniform or gradi-
ent  temperature  fields  remain  limited.  In  practice,  non-uni-
form temperature fields are not uncommon. For example, the
heat released during polymerization[34,35] and the limited effi-
ciency  of  heat  transfer[36,37] often  lead to  temperature  gradi-
ents  within  the  system.  These  gradients,  in  turn,  cause  local
variations in molecular weight and cross-linking density, ulti-
mately imparting anisotropic or gradient structures to the re-
sulting  materials.  Lloyd et  al.[36] demonstrated  through  nu-
merical  simulations  that  modulation  of  reaction  kinetics  and
heat  transfer  in  frontal  polymerization  (FP)  enables  internal
feedback  control  of  thermal  gradients,  allowing  the  sponta-
neous  regulation  of  morphological,  chemical,  optical,  and
mechanical  properties  of  materials.  Ye et  al.[37] utilized  the
synergistic effects of spontaneous oxygen penetration into a
mixed  solution  and  heat  transfer  from  an  external  source  to
achieve  bottom-up  gradient  polymerization,  producing  or-
dered  gradient  hydrogels  with  selective  pollutant  enrich-
ment capability. Therefore, exploring free radical polymeriza-
tion  behavior  under  temperature-gradient  conditions  is  of
great significance for understanding and controlling polymer
structure formation.

 

* Corresponding author, E-mail: lihuidhg@lut.edu.cn
Received January  31,  2026;  Accepted February  26,  2026;  Published
online July 1, 2026 

Chinese Journal of
POLYMER SCIENCE RESEARCH ARTICLE 
 

   
© Chinese Chemical Society www.cjps.org
     Institute of Chemistry, Chinese Academy of Sciences link.springer.com

 

https://doi.org/10.1007/s10118-026-3636-3
https://doi.org/10.1007/s10118-026-3636-3
https://doi.org/10.1007/s10118-026-3636-3
https://doi.org/10.1007/s10118-026-3636-3
https://doi.org/10.1007/s10118-026-3636-3
https://doi.org/10.1007/s10118-026-3636-3
https://doi.org/10.1007/s10118-026-3636-3
mailto:lihuidhg@lut.edu.cn
http://www.cjps.org
http://link.springer.com


In  uniform  temperature  fields,  the  kinetics  of  free  radical
polymerization has been extensively studied,[34] The tempera-
ture  dependence  of  the  elementary  reactions—initiation,
propagation,  and  termination—follows  the  Arrhenius  rela-
tionship. The activation energy of initiation (Ed) is much high-
er than that of propagation (Ep)  and termination (Et),  making
it  more  sensitive  to  temperature  variations.  Meanwhile,  the
rate  constant  of  initiation  (kd)  is  significantly  smaller  than
those of  propagation (kp)  and termination (kt),  rendering the
initiation step the rate-determining stage of the overall poly-
merization  process.  This  kinetic  feature  makes  free  radical
polymerization  highly  sensitive  to  temperature.  Kinoshita
et  al.[38] reported  that  poly(acrylic  acid)  (PAA)  could  be  ob-
tained  with  a  conversion  of  60.3%  in  only  5.2  seconds  with-
out  any  catalyst,  by  briefly  heating  an  aqueous  solution  of
acrylic  acid  (AA)  with potassium persulfate  (KPS).  This  obser-
vation  suggests  that,  in  a  continuous  gradient  temperature
field, spatial asymmetry in the initiation reaction may induce
subsequent gradient propagation and termination processes,
ultimately  leading  to  the  formation  of  spatially  structured
polymers along the temperature direction. However, both ex-
perimental  and  simulation  studies  on  this  topic  remain
scarce.  The  variation  of  key  parameters  such  as  molecular
weight (Mn, Mw) and chain packing density under continuous
temperature gradients are still  unclear and require systemat-
ic investigation.

Direct experimental observation of the spatial evolution of
polymerization  reactions  under  a  temperature  gradient  is
challenging.  Therefore,  many  researchers  have  employed
computer simulations—especially coarse-grained methods—
to  investigate  the  resulting  polymer  structures,[4,39−41] In  this
work,  we  employ  the  dissipative  particle  dynamics  (DPD)
method  to  systematically  explore  the  spatial  evolution  of
free-radical  polymerization  behavior  driven  by  a  gradient
temperature  field.  The  influence  of  the  spatial  temperature
gradient  on  the  polymerization  kinetics  is  realized  by  con-
structing a simulation system containing monomer and initia-
tor  particles,  in  which  a  temperature-dependent  reaction
probability function is introduced. During the simulation, ini-
tiator  decomposition  and  subsequent  polymerization  occur
differently  in  regions  with  varying  temperatures,  leading  to
spatial  variations  in  polymerization  rates.  Consequently,
structural  parameters  such  as  molecular  weight  distribution
and packing density  evolve  along the  temperature  gradient.
By  comparing the results  under  different  temperature  gradi-
ents  and  conversion  rates,  we  elucidate  the  mechanism  of
spatial  differentiation in polymer structures induced by tem-
perature  gradients.  This  work  provides  fundamental  insights
into  the  formation  of  gradient  structures  and  offers  new
strategies  for  designing  and  preparing  gradient  hydrogels
and other functional polymeric materials.

SIMULATION METHODS AND MODEL

Dissipative Particle Dynamics
Dissipative  Particle  Dynamics  (DPD)  is  a  mesoscale  simulation
method  first  proposed  by  Hoogerbrugge  and  Koelman  in
1992.[42] The DPD approach is particularly suitable for modeling
polymer systems, as it introduces a bead-spring representation
that  effectively  captures  the  conformational  changes  and  dy-

namic  behaviors  of  molecular  chains.  Although  some  atomic-
level  details  are  lost  during  the  coarse-graining  process,  the
thermodynamic  and  hydrodynamic  properties  of  the  system
can still be accurately reproduced at the mesoscopic scale. This
advantage  makes  DPD  a  powerful  tool  for  investigating  poly-
mer solutions, self-assembly processes, and interfacial phenom-
ena.[43,44] The motion of all  particles in DPD follows the Newto-
nian equations of motion:

dri
dt

= vi,
dvi

dt
= fi (1)

where ri, vi and fi denote the position, velocity, and total force of
particle i with mass m at time t, respectively. In the DPD frame-
work, the total force acting on a particle consists of three com-
ponents:  conservative,  dissipative,  and  random  (or  stochastic)
forces, which can be expressed as follows:

FC
ij = aijw

C (rij) r̂ij (2)

FD
ij = − γwD (rij) (vij ⋅ r̂ij) r̂ij (3)

FR
ij = σ′wR (rij) ζijΔt−1/2r̂ij (4)

aij rij
r̂ij γ

vij
σ

′

ζij
wC(rij) wD(rij)

wR(rij)
rij < rc

wC(rij) = (1 − rij/rc)
rc

where  is the interparticle repulsion coefficient,  is the inter-
particle distance,  is the corresponding unit vector,  denotes
the  dissipation  coefficient,  is  the  relative  velocity  between
particles i and j,  is  the noise amplitude,  is  a  random vari-

able  with  zero  mean  and  unit  variance. ,  and

 represent the weight functions for the conservative, dis-
sipative, and random forces, respectively, when , the con-
servative weight function is defined as , oth-
erwise,  it  equals zero,  is  the cutoff  radius for interparticle in-
teractions. The system satisfies the fluctuation-dissipation theo-
rem  (FDT),[45] which  ensures  thermodynamic  equilibrium  and
relates the dissipative and random forces as follows:

σ′2 = 2γkBT, w
D(rij) = [wR(rij)]2

(5)

kB wD(rij) wR(rij)where  is the Boltzmann constant，  and  chose
the classical form:[46]

wD (rij) = [wR(rij)]2
=
⎧⎪⎪⎪⎨⎪⎪⎪⎩(1 −

rij
rc
)2, rij < rc

0, rij ≥ rc

(6)

rc =
kBT = m = 1.0

For  convenience  of  numerical  calculation,  the  simulation
parameters  are  reduced  to  dimensionless  units,  where 

. The Groot–Warren Velocity–Verlet (GW–VV) in-
tegration algorithm[43,47] was employed to integrate Newton’s
equations of motion:

ri (t + Δt) = ri (t) + Δtvi (t) + 1
2
(Δt)2 fi (t) (7)

ṽi (t + Δt) = vi (t) + λΔtfi (t) (8)

fi (t + Δt) = fi [r (t + Δt) , ṽ (t + Δt)] (9)

vi (t + Δt) = vi (t) + 1
2
Δt (fi (t) + fi (t + Δt)) (10)

ṽ
λ

τ =
√
mr2

c/kBT = 1

where  represents  the  predicted  velocity,  velocity  prediction
parameter  was set to 0.65, and the integration time step was

Δt = 0.04, the unit of time was defined as .  A

finitely  extensible  nonlinear  elastic  potential  function  model
(FENE) was used to describe the bonding interactions between
molecular chain segments in the DPD simulations:[48]
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UFENE (r) = −
1
2
kR2

0ln[1 − ( r
R0

)2], r < R0 (11)

k
R0 σ σ

where bond stiffness coefficient  was set to 30.0, and the maxi-
mum  bond  extension  was  set  to  1.5 ,  where  represents
the reduced unit of length.

Gradient Temperature Field
In this work, a simulation box with dimensions of 40 × 40 × 100
was constructed,  with periodic boundary conditions applied in
the x and y directions, while the z direction was kept non-peri-
odic  to preserve the spatial  gradient imposed along this  direc-
tion. Applying periodicity along z would artificially connect the
high- and  low-gradient  regions  and  thus  disrupt  the  physical
consistency of the gradient field. A linear temperature gradient
(ΔT) was established along the z axis, as illustrated in Fig. 1. This
gradient remained stable throughout the reaction and serves as
a  simplified  model  to  systematically  investigate  the  effects  of
temperature gradients on free radical polymerization. A dissipa-
tive particle dynamics (DPD) approach was employed to reveal
the  underlying  mechanisms  of  the  gradient  effect  within  this
idealized  temperature  field.  It  should  be  noted  that  tempera-
ture distributions in real systems are often more complex, typi-
cally  non-uniform  and  dynamically  evolving  over  time.  Al-
though  the  present  model  assumes  a  linear  gradient,  the
methodology is broadly applicable. In future studies, if transient
temperature field data from experiments or multiphysics simu-
lations are available,  they can be directly incorporated into the
current DPD framework, enabling accurate predictions of poly-
merization behavior under more realistic and complex gradient
conditions.
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Fig. 1    Temperature gradient schematic.

 
The  temperature  gradient  is  denoted  as  ΔT,  representing

the temperature difference between the two ends of the z ax-
is of the simulation box. With reference to typical experimen-
tal temperature ranges for hydrogel preparation via free-radi-
cal polymerization,[37,49,50] six values of ΔT were considered in
this work: 0, 6, 12, 18, 24, and 30 °C. A linear temperature pro-
file  was  adopted  along  the z axis,  with  the  midpoint  of  the
box  (z=0)  maintained  at  a  uniform  reference  temperature,
Tmid.

Modeling Free Radical Polymerization in a Gradient
Temperature Field

Pd
r

Pp
r

Pt
r

In  this  simulation,  the  initiator,  radicals,  and  monomers  in-
volved in the free radical polymerization were coarsely grained
into individual bead particles, with polymer chains represented
as a series of connected beads. At each simulation step, an ini-
tiator particle (I) is converted into a radical (Rad) with probability

, Although initiators are typically difunctional molecules that
generate  two  radicals via thermal,  photochemical,  or  electron-
transfer decomposition, in this work, the initiator is assumed to
be monofunctional, producing only one radical[4,51]; Polymeriza-
tion  occurs  with  probability  when  the  distance  between  a
radical  and  a  monomer  (rRM)  satisfies rRM ≤ rcut =  1.0σ,  the
monomer  is  then  converted  into  a  propagating  radical  (Rad*),
while the original radical becomes part of the growing polymer
chain.  Particles  incorporated  into  polymer  chains  are  consid-
ered inert and do not participate in subsequent reactions. If the
distance  between  two  on-chain  radicals  (i.e.,  propagating  radi-
cals), rRR, satisfies rRR ≤ rcut = 1.0σ, a disproportionation termina-
tion  reaction  could  occur  with  probability ,  forming  a  termi-
nation radical  (Rte)，however,  this  process is  not considered in
the  present  model.  A  more  detailed  description  of  the  explicit
free radical  polymerization model  is  provided in  Fig.  S1 (in  the
electronic supplementary information, ESI).

The reaction probability parameter was determined based
on the Arrhenius reaction rate constant, k. In free radical poly-
merization, the rate constants typically satisfy kd << kp << kt,
with kp approximately  6–8  orders  of  magnitude  larger  than
kd,  and kt about  4–6  orders  of  magnitude  larger  than kp.[34]

These  differences  arise  from  the  distinct  activation  energies
of  the three radical  reactions:  the initiation reaction (decom-
position of the initiator) has the highest activation energy Ed,
approximately  126–165  kJ/mol;  the  chain  propagation  reac-
tion  has  an  intermediate  activation  energy Ep of  20–40
kJ/mol,  and  the  termination  reaction  has  the  lowest  activa-
tion  energy Et,  about  8–20  kJ/mol.  Consequently,  the  rate
constants exhibit different temperature sensitivities.[34]

Pd
r  (Tmid) was set to 5×10–6, Fig. 2(a) shows the time evolu-

tion of initiator particle conversion under this probability. Re-
peatable  stability  validation  of  the  initiation  is  shown  in  Fig.
S2 (in ESI).

Pp
r

Pp
r

Then,  a  chain-growth  reaction  model,  as  shown  in Fig.  3,
was  constructed  to  determine  the  relationship  between 
and kp: A single radical particle was initially placed in the sim-
ulation  box,  while  the  remaining  volume  was  filled  with
monomer  particles  (for  clarity,  monomer  particles  are  not
shown in Fig. 3). In this model, the radical particle reacts with
monomer particles under five different polymerization proba-
bilities,  = 0.002, 0.004, 0.006, 0.008 and 0.01, with three in-
dependent  simulations  performed  for  each  probability.  To
avoid the influence of high steric hindrance on chain growth
kinetics, the chain growth rate (Rp) was calculated only when
the monomer conversion was below 10%. Subsequently,  the
value of kp was obtained according to the kinetic formula for
chain growth in free radical polymerization:[34]

Rp = kp [M] [R∗ad] (12)

where [M] represents the monomer concentration and [Rad*]  is
the  propagating  radical  concentration.  The  calculation  results
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are shown in Fig.  2(b),  indicating a linear relationship between
 and kp,  moreover,  we  verified  that  the  box  dimensions  do

not affect this linear relationship (Fig. S3 in ESI).  (Tmid) was set
to 0.005.
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Since both -kd and -kp relationships are linear,  the fol-
lowing settings were adopted in this model with reference to
experimental  kinetic  parameters:  increases  threefold  for
every  10 °C,  increases  threefold  for  every  30 °C,  and  is
assumed to be temperature-independent and fixed at 0.5. Re-
action-capable particles in the system were assigned specific
reaction  probabilities  according  to  the  temperature  corre-
sponding to their z-coordinate positions.  Here, ,  and 
were scaled to reduce the ratios  between kd, kp and kt in  or-
der to avoid excessive computational cost, while maintaining
the condition kd < kp < kt. Fig. 2(c) shows the variation of ,

 and  with the z-coordinate for different ΔT. In this model,

the scaling relationship between  and kd is linear. The initia-
tor concentration, cI, was fixed in the simulation at cM × 0.2%,

where cM is the monomer concentration.

Quantitative Characterization of the Structure

R2
g

To  characterize  the  specific  effect  of  the  temperature  gradient
on structural  evolution  during free  radical  polymerization,  sev-
eral  structural  parameters  were statistically  analyzed under dif-
ferent  gradient  conditions.  All  statistical  results  were  obtained
from  three  mutually  independent  simulations  with  different
random  seeds,  and  the  corresponding  mean  values  and  stan-
dard deviations were evaluated to ensure the robustness of the
observed trends. First, the distributions of the number of chain-
forming particles and the number of molecular chains along the
temperature gradient direction (z axis) were obtained by calcu-
lating  the  center-of-mass  coordinates  of  the  molecular  chains.
Subsequently,  the distributions of  number-averaged molecular
weight  (Mn),  weight-averaged  molecular  weight  (Mw),  polymer
dispersity  index  (PDI),  and  the  mean-square  radius  of  gyration

(< >)  were  analyzed  to  reveal  the  gradient-induced  differ-

ences in molecular size. Mn and Mw are defined as follows:

Mn =
∑

i
NiMi

∑
i
Ni

, Mw =
∑

i
NiM

2
i

∑
i
NiMi

(13)

R2
g

where Ni is  the  number  of  chains  with  molecular  weight Mi,

PDI = Mw/Mn. The calculation of < > is given by Eq. (15):

< R2
g >= ( 1

N
) ×∑N

i=1
(ri − rcm)2 (14)

where N is the total number of particles in the polymer chain, ri
is the position vector of the ith particle, and rcm is the center-of-
mass position vector of the polymer chain, which is defined as:
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Fig. 3    Determination of the propagation kp.
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rcm = ( 1
N
) ×∑N

i=1
ri (15)

To  further  investigate  the  gradient  characteristics  of  the
pore distribution, the simulation box along the z axis was di-
vided into slices with a thickness of 1σ and a sampling inter-
val  of  10σ (Fig.  4a),  and the porosity  (Defined as  the propor-
tion of blank space in a top-down two-dimensional diagram:
porosity  = Sblank / Sslice)  of  each slice  was  calculated.  The sys-
tem  was  also  divided  into  two  regions,  "Up"  (low-tempera-
ture region) and “Down” (high-temperature region) (Fig.  4b),
to quantitatively compare the differences in the above-men-
tioned  parameters—including  the  number  of  chain-forming
particles, molecular chains, molecular weight, and porosity—
between  the  high- and  low-temperature  regions.  The  differ-
ences between these two regions were used to assess the sig-
nificance of the gradient effect, the “Up/Down” or “Down/Up”
of  the  above  properties  was  simultaneously  computed  to
quantify the gradient.
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Fig. 4    (a) Schematic of slices used to characterize pore gradients;
(b) Schematic of the division of the “Up” and “Down” Regions.
 

RESULTS AND DISCUSSION

Number Distribution of Chain-forming Particles and
Molecular Chains
The simulated snapshots of the free radical polymerization pro-
cess  under  different  temperature  gradients  (ΔT)  are  shown  in
Fig. 5. Con represents the conversion rate of monomer. As ΔT in-
creases, the gradient characteristics of the polymerization reac-
tion become more pronounced: the reaction rate is significantly
higher  in  the  high-temperature  region  along  the z axis.  Even
when  the  monomer  conversion  reaches  90%,  a  marked  differ-
ence  in  molecular  chain  packing  density  along  the z axis  re-
mains observable.

Fig. 6(a) shows the distribution of the number of molecular
chains  along  the z axis  under  different  ΔT conditions.  In  all
cases, the number of molecular chains near the edges of the
simulation  box  is  lower  than  in  neighboring  regions.  This  is
mainly  because  periodic  boundary  conditions  were  not  ap-
plied along the z axis (the temperature gradient direction) to
avoid unnatural interactions between particles at the bound-
aries.  As  a  result,  the  degrees  of  freedom  at  the  boundaries
are  limited,  making  it  difficult  for  molecular  chains  to  fully
stretch;  chains  tend  to  grow  inward,  shifting  their  center  of
mass toward the interior, which leads to a lower stacking den-

sity at the boundaries. Fig. 6(a) also illustrates the morpholo-
gy of molecular chains in the boundary and intermediate re-
gions at 90% monomer conversion (chains are colored to dis-
tinguish  them  and  visualized  in  two  dimensions  to  show
stacking  density).  The  molecular  chains  at  the  boundary  are
few and spatially  constrained,  whereas those in the interme-
diate  region  interpenetrate,  resulting  in  a  higher  stacking
density.  As  ΔT increases,  the  gradient  in  the  distribution  of
molecular chain numbers becomes more pronounced. This is
attributed to the higher rate of radical generation in the high-
temperature  region  (Fig.  S4  in  ESI),  which  promotes  the  for-
mation  of  new  chains  and  leads  to  a  rapid  increase  in  chain
number in this region, whereas chain growth in the low-tem-
perature  region  is  slower.  Consequently,  the  number  of
molecular  chains  in  the  high-temperature  region  exceeds
that in the low-temperature region.

Fig.  6(b)  shows  the  distribution  of  the  number  of  chain-
forming  particles  along  the z axis  under  different  ΔT condi-
tions. Similar to the distribution of molecular chains, the num-
ber of  chain-forming particles near the boundaries is  slightly
lower  than  in  neighboring  regions  under  all  ΔT conditions,
due to the reduced stacking density at the boundaries. How-
ever, this effect is limited and does not significantly affect the
overall distribution trend. As ΔT increases, the distribution be-
comes  increasingly  skewed:  the  number  of  chain-forming
particles  in  the  high-temperature  region  rises  more  rapidly
because of  the higher  rate  of  radical  generation and the en-
hanced  probability  of  chain  growth  reactions,  resulting  in  a
greater  number  of  chain-forming  particles  in  the  high-tem-
perature region compared to the low-temperature region.

Fig.  6(c)  shows  the  Down/UP  of  the  number  of  molecular
chains  versus  the  number  of  chain-forming  particles  for  dif-
ferent ΔT during the reaction process.  As the monomer con-
version  increased,  both  ratios  gradually  decreased  under  all
non-zero  ΔT conditions.  The  ratio  of  chain-forming  particles
decreased  the  fastest,  approaching  1.0  in  all  cases  at  90%
conversion, whereas the ratio of molecular chain numbers de-
creased more slowly, remaining around 1.8 at ΔT = 30 °C This
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Fig. 5    Snapshots of free radical polymerization growth processes
with different ΔT in this simulation.
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difference  can  be  attributed  to  the  following  factors:  the
number of molecular chains is mainly governed by the rate of
radical generation, which becomes more pronounced in both
the  high- and  low-temperature  regions  as  ΔT increases.  In
contrast, the number of chain-forming particles is influenced
not only by radical  generation but also by chain growth and
cross-linking reactions. Although there is a difference in cross-
linking  probability  between  the  high- and  low-temperature
regions, the difference in radical conversion probability is rel-
atively  small.  Additionally,  molecular  chains  formed  in  the
high-temperature  region  can  migrate  to  the  low-tempera-
ture  region  and  continue  to  grow,  leading  to  a  faster  de-
crease in the ratio of chain-forming particles compared to the
ratio  of  molecular  chains.  Moreover,  the  total  amount  of
monomer  in  the  system  is  limited,  and  monomer  consump-
tion in the low-temperature region can exceed 80% when the
overall  conversion reaches  90%,  which ultimately  causes  the
ratio to converge toward 1.0,  Fig.  S7 (in ESI)  displays the his-
togram distribution of both along the z-axis at this point.

Distribution of Molecular Weight of Polymers
Fig.  7 illustrates the variations of  the weight-averaged molecu-
lar  weight  (Mw),  number-averaged  molecular  weight  (Mn),  and
polymer dispersity index (PDI)  in the high-temperature (Down)
and low-temperature (Up) regions under different ΔT during the
polymerization  process.  The  results  show  that Mw and Mn in
both  regions  increase  continuously  with  conversion  for  all  ΔT
values,  while  the  growth  rate  of Mw is  higher  than  that  of Mn,
leading to a gradual rise in PDI. When the monomer conversion
reaches  approximately  50%,  the  growth  of Mw and Mn slows
down,  and Mn even shows a slight  decrease,  whereas PDI  con-
tinues  to  increase  slowly.  At  90%  conversion,  the  PDI  of  all
groups remains  around 2.0,  consistent  with  the typical  charac-
teristics  of  disproportionation-terminated  free  radical  polymer-
ization.[34] By  comparing different  ΔT conditions,  it  is  observed
that with increasing ΔT, Mw and Mn in the high-temperature re-
gion  (Down)  exhibit  a  decreasing  trend,  particularly  when  the
monomer  conversion  exceeds  30%.  In  contrast,  the  molecular
weights  in  the  low-temperature  region  (Up)  continue  to  in-
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Fig.  6    (a)  Distribution  of  the  number  of  molecular  chains  with  different  ΔT along  the z axis  direction  during  the  reaction  process  and
morphological differences between the edge and middle positions; (b) Number distribution of chain-forming particles with different ΔT along the z
axis  direction  during  the  reaction  process;  (c)  Down/Up  of  the  number  of  molecular  chains  versus  the  number  of  chain-forming  particles  for
different ΔT during the reaction process.
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crease. At 90% conversion, the Mw and Mn in the low-tempera-
ture region are significantly higher than those in the high-tem-
perature region for all non-zero ΔT cases (except ΔT = 0 °C and 6
°C).  These  results  indicate  that  with  increasing  ΔT,  molecular
chains  in  the  low-temperature  region  tend  to  grow  longer,
while  those  in  the  high-temperature  region  become  shorter,
highlighting  the  enhanced  polarization  of  molecular  chain
length along the temperature gradient, Fig. S8 (in ESI) presents
the results after further subdividing the z-axis distribution range.

Fig.  8 illustrates  the UP/Down of  the Mw versus the Mn for
different ΔT during the reaction process. In the early stage of

the  reaction  (monomer  conversion<30%),  the  number  of
molecular chains in the low-temperature region under larger
ΔT conditions is smaller, and their molecular weights are low-
er, resulting in both Mw and Mn being lower than those in the
high-temperature  region,  and  consequently,  a  smaller  ratio.
However,  as  the monomer conversion exceeds 30%, Mw and
Mn in the higher ΔT groups gradually increase. When the con-
version  reaches  90%,  the  magnitudes  of Mw and Mn strictly
follow the order of ΔT—that is,  the larger the ΔT,  the higher
the ratio—which is the exact opposite of the trend observed
at the initial reaction stage.
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Fig. 7    Mw, Mn and PDI in the Up and Down region during the reaction process at different ΔT: (a) 0 °C; (b) 6 °C; (c) 12 °C; (d) 18 °C; (e) 24 °C; (f) 30 °C.
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Fig. 8    Up/Down of (a) Mw and (b) Mn during the reaction process at different ΔT.
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Fig.  9 presents  the  distributions  of  chain-forming  particle

numbers (Nparticle) and < > of molecular chains under differ-

ent ΔT at a monomer conversion of 90%. In the non-gradient
system  (ΔT=0  °C),  molecular  chains  containing  ≤1000  chain-
forming particles dominate in both the low-temperature (UP)
and high-temperature  (Down)  regions,  accounting for  about

80%,  while  chains  with  < >  ≤ 80 σ2 represent  roughly  67%,

indicating  a  system  mainly  composed  of  short  chains  with  a
typical  Flory-type  molecular  weight  distribution.  As  ΔT in-
creases,  the  high-temperature  region  shows  an  increasing
proportion  of  short  and  compact  chains,  whereas  the  low-
temperature region exhibits the opposite trend. For instance,
at  ΔT=30 °C,  the fraction of  chains  with ≤1000 particles  rises

to  about  85%  and  those  with  < >  ≤ 80 σ2 to  about  75%  in

the  high-temperature  region,  while  these  proportions  de-
crease to about 75% and about 65%, respectively, in the low-
temperature  region.  Correspondingly,  the  fraction  of  longer
and more extended chains  increases in  the low-temperature
region but decreases in the high-temperature region. In par-
ticular,  the proportion of chains containing 1000–2000 parti-
cles increases from about 17% to about 20% in the low-tem-

R2
g

R2
g

perature  region  while  dropping  to  about  10%  in  the  high-
temperature  region,  and  when  ΔT≥12  °C,  chains  with  more
than 1000 particles and < > > 80σ2 become more prevalent
in  the  low-temperature  region.  At  ΔT=30  °C,  chains  with  ≥
3000  chain-forming  particles  appear  exclusively  in  the  low-
temperature region,  leading to a pronounced broadening of
the  molecular  size  and  conformational  distributions.  Overall,
the evolution of < > closely follows that of the chain-form-
ing particle number, the “Up/Down” indicators for both are al-
so consistent (Fig. S9 in ESI)，demonstrating that an increas-
ing  temperature  gradient  promotes  the  formation  of  longer
and more extended molecular chains in the low-temperature
region.

Fig. 10 shows the evolution of the numbers of propagating
radicals (Rad*) and terminated radicals (Rte) in the low-temper-
ature  (Up)  and  high-temperature  (Down)  regions  under  dif-
ferent  ΔT.  As  ΔT increases,  both Rad* and Rte populations  in
the high-temperature region (Down) increase, while those in
the low-temperature region (Up) decrease. This is mainly be-
cause  higher  temperatures  accelerate  the  generation  rate  of
radicals  (Rad),  which  promotes  the  accumulation  of Rad* and
termination  reactions,  thereby  facilitating  the  enrichment  of
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Fig. 9    Distribution of Nparticle and <Rg
2> for molecular chains at 90% monomer conversion with different ΔT: (a) 0 °C; (b) 6 °C; (c) 12 °C; (d) 18 °C; (e)
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short polymer chains.  In contrast,  at  lower temperatures,  the
radical generation rate is slower, the competition among radi-
cals for monomers is reduced, and the termination probabili-
ty  decreases,  which  favors  continuous  chain  propagation.
This  mechanism  also  explains  why,  with  increasing  ΔT,  the
number  of  molecular  chains  in  the  high-temperature  region
increases, whereas both the Mw and Mn molecular weights are
lower than those in the low-temperature region. Moreover, at
larger temperature gradients (ΔT=18, 24, and 30 °C), the num-
ber  of Rad* in  the  low-temperature  region  continuously  in-
creases, while that in the high-temperature region remains at
a lower level  when the overall  monomer conversion reaches
90%,  resulting  in  the  smallest  difference  in Rad* populations
between  the  two  regions.  Comparative  analysis  reveals  that,
although  the  total  time  required  to  reach  90%  overall
monomer  conversion  is  nearly  identical  under  different  ΔT
conditions  (Fig.  S3  in  ESI),  an  increase  in  ΔT leads  to  higher
initiator  and  monomer  conversions  in  the  high-temperature
region and lower conversions in the low-temperature region,
showing  a  more  pronounced  polarization.  For  example,  at
ΔT=30 °C and an overall monomer conversion of 70%, the lo-
cal conversions of monomer and initiator reach 90% and 80%
in the high-temperature region, but only 60% and 40% in the
low-temperature  region,  respectively.  At  this  stage,  the  re-
duced number of initiator and monomer particles in the high-
temperature  region  results  in  a  lower  generation  rate  of Rad

and fewer monomer particles available for propagation, caus-
ing  a  decrease  in Rad* due  to  termination.  Conversely,  al-
though the generation rate of Rad is slower in the low-temper-
ature region, the smaller number of Rad* leads to longer radi-

cal lifetimes, and the relatively sufficient monomer supply en-
ables  continuous  accumulation  of Rad*.  This  behavior  is  fur-
ther confirmed by the temporal evolution of propagating rad-
icals shown in Fig. S5 (in ESI).

Fig. 11 shows the Changes in Rad* and Rte Up/Down with re-
action  progress  at  different  ΔT.  With  increasing  ΔT,  both  ra-
tios  exhibit  a  gradual  overall  increase.  For  the Rad* ratio,  a
continuous decrease is observed during the reaction process
when ΔT is 24 °C and 30 °C. In particular, at ΔT=30 °C, the ini-
tial ratio exceeds 3.0 and finally decreases to about 1.24. This
variation can be divided into three distinct stages: In the first
stage (Con<30%),  the ratio drops rapidly.  This  is  attributed to
the  fast  radical  generation  rate  in  the  high-temperature  re-
gion,  accompanied  by  frequent  termination  reactions,  while
part  of  the  propagating  chains  grow  into  the  low-tempera-
ture  region,  resulting  in  the  migration  of  some Rad* to  the
low-temperature  side.  Since  radicals  in  the  low-temperature
region  have  longer  lifetimes  and  slower  chain-growth  rates,
the Rad* ratio  decreases  sharply.  In  the  second  stage  (Con of
30%–70%),  the  ratio  decreases  slowly,  as  new  chain  forma-
tion and chain termination in both regions gradually reach a
dynamic equilibrium. In the third stage (Con of 70%–90%), the
ratio  again  decreases  rapidly.  The  high-temperature  region
becomes  depleted  of  monomers  and  exhibits  higher  chain
packing density, which suppresses new chain formation while
termination  reactions  continue,  leading  to  a  decrease  in  the
number  of Rad*.  In  contrast,  the  low-temperature  region  still
maintains  a  monomer-rich  environment,  allowing  the  accu-
mulation of Rad*,  thereby accelerating the decline of the Rad*
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Fig. 10    Number of propagating radical Rad* and terminated radical Rte during the reaction process at different ΔT: (a) 0 °C; (b) 6 °C; (c) 12 °C; (d) 18
°C; (e) 24 °C; (f) 30 °C.
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ratio.  For  the Rte ratio,  it  remains  relatively  high  at  the  early
stage of the reaction (e.g., around 17 at ΔT=30 °C) and contin-
uously  decreases thereafter.  All  nonzero ΔT conditions show
the  same  downward  trend,  with  the  ratio  in  the  ΔT=30  °C
condition ultimately dropping to approximately 1.82.

Pore Distribution
Based on the previous analysis of particle numbers and molecu-
lar weights along the z axis  under different temperature gradi-
ents (ΔT), it can be inferred that the system structure, particular-
ly the chain stacking density, exhibits spatial variation along the
temperature gradient. To further quantify this effect, the porosi-

ty  along  the z axis  was  analyzed  to  examine  gradient  differ-
ences in structural compactness. Porosity was calculated as the
area  fraction  of  void  space  excluding  the  molecular  chains  in
each slice. Fig. 12 presents the evolution of porosity along the z
axis during the reaction under different ΔT.  When ΔT=0 °C, the
z-direction porosity shows no specific fluctuation and decreases
from approximately  75% to 6% as  the reaction proceeds.  With
increasing  ΔT,  the  curves  become  increasingly  skewed:  the
porosity in the high-temperature region (z<0) continuously de-
creases, while that in the low-temperature region (z > 0) gradu-
ally increases. For example, at ΔT=30 °C, the porosity at z = –45
drops  from  60%  to  2.45%,  whereas  at z=45,  it  decreases  from
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Fig. 11    Changes in Up/Down of (a) Rad* and (b) Rte during the reaction progress at different ΔT.
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Fig. 12    Porosity during the reaction process at different ΔT: (a) 0 °C; (b) 6 °C; (c) 12 °C; (d) 18 °C; (e) 24 °C; (f) 30 °C.
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85% to 12.6%. Notably, during the monomer conversion range
of  70%–90%,  the  porosity  at z = –45  decreases  slightly  from
3.7%  to  2.45%,  showing  a  small  change  of  just  over  1%,  while
the low-temperature region shows a much larger decrease from
50%  to  10%.  This  trend  becomes  more  pronounced  with  in-
creasing ΔT. In other words, at larger ΔT (e.g., 30 °C), the porosi-
ty  in  the  low-temperature  region  exhibits  a  delayed  decline,
with  its  peak change occurring at  later  reaction stages  (overall
monomer conversion rate of 70%),  whereas the high-tempera-
ture region shows a rapid decrease at earlier stages, with poros-
ity reaching near-stable levels when the overall  monomer con-
version is 70%.

Fig.  13 shows the Up/Down of  average porosity  for  differ-
ent ΔT during the reaction process.  The overall  ratio increas-
es with increasing ΔT. During the reaction, the ratio rises con-
tinuously for all ΔT until the monomer conversion reaches ap-
proximately  70%,  after  which,  except  for  ΔT=0  °C  and  6  °C,
the ratios for the remaining ΔT decrease. This behavior arises
because,  before  70%  conversion,  the  number  of  molecular
chains in the high-temperature region increases faster than in
the  low-temperature  region,  and  the  abundance  of  short
chains facilitates denser packing, leading to a faster decrease
in porosity.  In  contrast,  the low-temperature region contains
longer  chains  with  stronger  entanglement  interactions,  re-
sulting in looser packing. Beyond 70% conversion, according
to  Fig.  S4  (in  ESI),  the  monomer  consumption  rate  is  signifi-
cantly  higher  in  the  high-temperature  zone.  For  instance,  at
ΔT=30  °C,  consumption  in  this  zone  reaches  approximately
88%,  whereas  it  remains  below  60%  in  the  low-temperature
zone. chain growth in the high-temperature region slows and
the  structure  stabilizes,  limiting  further  porosity  reduction,
while new chains in the low-temperature region continue to
fill  voids,  causing  the  ratio  to  decline.  This  effect  becomes
more pronounced with increasing ΔT.
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CONCLUSIONS

This  study  employed  DPD  simulations  to  investigate  the  spa-
tiotemporal regulatory role of temperature gradients (ΔT) in free

radical polymerization and their control over the resulting poly-
mer  structures.  By  analyzing  the  spatial  distribution  of  chain-
forming particles  and polymer  chains,  molecular  weight,  chain
size, and porosity evolution under varying ΔT,  we demonstrate
that increasing the temperature gradient significantly enhances
structural  heterogeneity  across  the  system.  This  heterogeneity
stems  from  distinct  kinetic  and  diffusive  behaviors  induced  by
the spatial variation in temperature. In the high-temperature re-
gion,  accelerated initiation rates promote rapid radical  genera-
tion  and  monomer  consumption,  leading  to  a  higher  concen-
tration of terminated radicals. This process yields a larger popu-
lation  of  shorter  chains  and  a  denser  network  with  reduced
porosity. In contrast, low-temperature regions exhibit slower re-
activity  but  prolonged radical  lifetimes,  which favors  extended
chain growth and results  in higher molecular  weight polymers
with more expanded conformations and increased porosity. The
competition between reaction and diffusion leads to an earlier
evolution of structural parameters such as porosity in high-tem-
perature  zones,  whereas  development  in  cooler  regions  is  de-
layed.  Overall,  this  work  establishes  a  programmable  strategy
for  internal  polymer  architectures  through  controlled  external
temperature fields. By applying a defined temperature gradient
during  polymerization,  we  achieve  precise  spatial  control  over
chain  distribution,  molecular  weight,  and  pore  morphology.
These  findings  not  only  advance  the  mechanistic  understand-
ing  of  polymerization  under  non-uniform  conditions  but  also
provide a theoretical and computational foundation for the ra-
tional  design  of  gradient-functional  materials,  including  gradi-
ent  hydrogels,  separation  membranes,  and  tissue  engineering
scaffolds.
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