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Abstract   Conjugated polymers incorporating flexible spacers (CP-FSs) offer a promising route to mechanically robust active layers for flexible

organic solar cells. However, the influence of molecular weight distribution (MWD)—a fundamental polymer characteristic—on structural and

mechanical  performance remains  poorly  understood due to  synthetic  challenges.  Here,  we employ  dissipative  particle  dynamics  and coarse-

grained molecular dynamics simulations to elucidate how MWD, quantified by polydispersity index (PDI),  governs structure-property relation-

ships in CP-FSs. Our results reveal that PDI acts as a molecular switch controlling phase morphology: increasing PDI drives transitions from lamel-

lar to perforated lamellar structures at intermediate rigid segment lengths. At the molecular level, higher PDI significantly increases the fraction

of bridging conformations ( ), strengthening a load-bearing network. During tensile deformation, this enhanced load-bearing network sup-

presses destructive fibrillation and instead promotes reconstructive strengthening through dynamic loop-to-bridge transitions. These findings

demonstrate that controlled MWD offers a composition-independent strategy for developing mechanically robust active layers, providing practi-

cal guidelines for flexible organic solar cell design.
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INTRODUCTION

Flexible organic solar cells (FOSCs) hold tremendous promise for
applications  in  wearable  electronics,  portable  devices,  and
building-integrated  photovoltaics,[1−3] owing  to  their  unique
combination  of  flexibility,  light  weight,  and  compatibility  with
large-area  manufacturing.[4,5] However,  their  widespread  com-
mercial deployment remains limited by strain-induced mechan-
ical failure within the active layer. Consequently, developing ac-
tive layer materials that deliver both high power conversion effi-
ciency  and  exceptional  mechanical  durability  to  withstand
structural  damage  and  minimize  strain-induced  performance
degradation  has  become  imperative.[6,7] Conjugated  polymers
(CPs),  the  predominant  active  layer  materials,  possess  highly
rigid  backbones  with  strong π-π interactions  that  enable  effi-
cient  charge transport  pathways  essential  for  high power  con-
version efficiency.[8,9] Yet this inherent backbone rigidity severe-
ly constrains chain segment mobility, preventing effective stress

dissipation  through  mechanisms  such  as  chain  slippage  and
conformational  rearrangements  during  deformation.[10,11] This
limited  plastic  deformation  capacity  prevents  efficient  relief  of
localized  stress  concentrations,  promoting  crack  initiation  and
propagation that ultimately lead to mechanical failure.[12] There-
fore,  overcoming  the  intrinsic  brittleness  of  CPs  is  crucial  for
achieving mechanically robust FOSC applications.

Molecular engineering strategies have proven highly effec-
tive  in  addressing  the  inherent  brittleness  of  CPs.[13−15]

Among  these  approaches,  conjugated  polymers  incorporat-
ing  flexible  spacers  (CP-FSs),  designed  following  the “rigid-
flexible synergy” principle, offer compelling advantages: rigid
conjugated  segments  preserve  the π-π stacking  network  es-
sential  for  charge  transport,  while  flexible  spacers  enhance
mechanical  properties  by  enabling  energy  dissipation
through conformational adjustments, as demonstrated in re-
cent  experimental  studies.[16−20] However,  CP-FS  mechanical
properties  depend  not  only  on  chemical  structure  but  also
critically  on  self-assembly  structures  spanning  multiple
length  scales.[21−23] Specifically,  (i)  molecular  chain  arrange-
ment  (crystallinity  and  orientation)  determines  fundamental
material  rigidity  and  strength;[16,24] (ii)  chain  entanglement
degree  governs  toughness,  ductility,  and  crack  propagation
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resistance;[25] and  (iii)  phase-separated  morphology  (domain
size  and  purity)  directly  affects  stress  distribution,  transfer,
and potential  interfacial  failure modes.[26] Understanding the
factors  controlling  these  structures  is  therefore  essential  for
optimizing CP-FS mechanical performance. Molecular weight
distribution  (MWD)  represents  a  fundamental  intrinsic  prop-
erty of CPs that profoundly influences structures.[27,28] Under-
standing how MWD modulates these structures provides the
foundation  for  interpreting  other  variables’ effects.  Crucially,
MWD can be adjusted without altering chemical composition,
offering a straightforward yet powerful approach for optimiz-
ing  mechanical  properties.  For  example,  increasing  molecu-
lar  weight  enhances  polymer  chain  entanglement,  thereby
improving  material  toughness.[29] However,  MWD’s  role  in
controlling  CP-FS  structural  and  mechanical  properties  re-
mains largely unexplored. This knowledge gap stems primari-
ly  from  inherent  synthetic  limitations.  Stille  polycondensa-
tion,  the predominant  CP-FS synthesis  route,[16−18,24−26,30] ex-
hibits high sensitivity to reaction conditions and susceptibili-
ty  to  side  reactions,  typically  producing  CP-FSs  with  broad,
poorly controlled, and batch-variable MWDs.[31,32] This experi-
mental  irreproducibility  severely  impedes  establishing  clear
structure-property  relationships,  fundamentally  constraining
opportunities for rational molecular design to tailor mechani-
cal properties.

In this work, we overcome experimental limitations in con-
trolling CP-FS MWD through computational simulations.[33−35]

We  develop  coarse-grained  CP-FS  models  following  Flory-
Schulz  chain  length  distributions  and  employ  an  integrated
simulation framework combining dissipative particle dynam-
ics  (DPD)  and  coarse-grained  molecular  dynamics  (CGMD).
This  approach enables  us  to elucidate how MWD, quantified
by  the  polydispersity  index  (PDI),  governs  multiscale  struc-
tures  including  phase  morphology  and  chain  conformation,
while  tracking  structural  evolution  under  deformation.  Re-
markably,  we  demonstrate  that  PDI  acts  as  a  molecular
switch,  transforming  the  mechanical  response  from  destruc-
tive  fibrillation  to  reconstructive  strengthening  of  three-di-
mensional perforated lamellar structures. Our study provides
fundamental  insights  into  CP-FS  structure-property  relation-
ships,  establishing  theoretical  guidelines  for  the  rational  de-
sign  of  mechanically  robust  active  layer  materials  for  FOSCs
with enhanced practical performance potential.

MODEL AND SIMULATION DETAILS
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We  developed  a  coarse-grained  model  to  represent  CP-FSs,  as
schematically  illustrated  in Fig.  1(a).  In  this  model,  each  rigid
conjugated segment is depicted as a green rod block of  bond-
ed particles,  while each flexible spacer is represented as a blue
coil  block  of  bonded  particles.  A  single  polymer  chain  com-
prises  rod-coil  repeating  units,  denoted ,  where  is
the  degree  of  polymerization  (DP).  To  isolate  the  effect  of  the
molecular weight distribution (MWD), we held  and  constant
for  all  chains  in  each system and then varied the  MWD by ad-
justing the number of chains at each DP while keeping the total
particle count fixed.

Under ideal conditions of uniform monomer reactivity and
no  side  reactions,  Stille  polycondensation  follows  step-
growth  kinetics,  producing  an  MWD  described  by  the  Flory-

Schulz  distribution.[36] We  therefore  adopted  the  discrete
form

Wn = npn−1(1 − p)2 (1)

Wn = n p

DPn = 1/ (1 − p)
PDI = 1 + p

p
p

DPn

where  is the weight fraction of chains with DP  and  is
the  extent  of  reaction.  From  this  distribution,  one  obtains  the
number-average  DP, ,  and  the  polydispersity
index, ,  both  of  which  increase  monotonically  with

. For clarity, PDI serves as the primary descriptor in our study:
different PDI  values correspond to different ,  yielding distinct
MWD profiles and the associated . To construct systems that
conform to the discrete Flory-Schulz distribution, a protocol in-
volving truncation, renormalization, and nearest-integer round-
ing was employed. Specifically, the distribution was truncated at
n=29.  Even  for  the  system  with  PDI=1.8,  which  contains  the
largest  proportion of  long-chain components,  this  limit  still  ac-
counts for  98.95% of  the total  theoretical  mass (Fig.  S1a in the
electronic supplementary information,  ESI).  After renormalizing
the  weight  fractions  within  the  captured  range,  the  required
number of chains for each DP was determined by rounding the
calculated values to the nearest integers. This protocol ensured
high statistical fidelity, as confirmed by the close agreement be-
tween the target discrete distribution and the implemented dis-
tribution  in  the  simulation  box  (Fig.  S1b  in  ESI).  The  resulting
MWD profiles  in Fig.  1(b)  capture the fundamental  characteris-
tics  of  polydisperse  systems.  As  PDI  increases,  the  distribution
broadens, its peak shifts to higher DP, and the high-molecular-
weight  tail  becomes  more  pronounced,  illustrating  the  strong
influence of PDI on MWD shape.

To investigate how PDI influences CP-FS self-assembly and
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Fig. 1    (a) Schematic illustration of the coarse-grained model for a
conjugated  polymer  with  flexible  spacers, .  The  rigid
conjugated  segment  is  shown  as  a  green  rod  block  of  particles;
the  flexible  spacer  is  a  blue  coil  block  of  particles.  Each  chain
contains  rod-coil  units.  (b)  Molecular  weight  distribution  (MWD)
curves of  with polydispersity  index (PDI)  values from 1.0 to
1.8,  based on the discrete Flory-Schulz distribution.  In each case, 
and  are  fixed,  and  the  MWD  is  tuned  by  altering  the  number  of
chains at each DP while maintaining a constant total particle count.
The corresponding number-average DP ( ) for each PDI is given
in the legend.
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mechanical  behavior,  we  employed  a  two-stage  simulation
protocol  combining  DPD  and  CGMD.  In  the  first  stage,  DPD
was  used  to  exploit  its  computational  efficiency  and  obtain
equilibrium  self-assembled  structures  for  various  PDI  values.
These  equilibrated  DPD  configurations  were  then  converted
into CGMD models, after which we performed CGMD simula-
tions  to  probe  mechanical  response.[35,37−39] This  two-step
DPD-to-CG approach greatly reduces the computational cost
compared  to  generating  equilibrated  assemblies  directly via
CGMD.  All  simulation  parameters  and  the  DPD-CG  conver-
sion protocol are detailed in Sections S2–S4 (in ESI).

Z
0.02σ/τ σ τ

X Y
ε = (Lz − Lz,0) /Lz,0

Lz Lz,0

Δt = 0.001 T = 1.0

For  mechanical  testing,  we  applied  uniaxial  tensile  defor-
mation by stretching the equilibrated systems along the  di-
rection  at  a  constant  strain  rate  of  (  and  are  the
CGMD  length  and  time  units,  respectively),  while  simultane-
ously  contracting  the  and  dimensions  to  maintain  con-
stant volume. Here, the strain is defined as ,
where  and  are the instantaneous and initial simulation
box  lengths,  respectively.  Simulations  used  a  time  step

 and were performed at temperature  with a
Nosé-Hoover  thermostat.  All  runs  were  carried  out  in  the
PyGAMD package,[41,42] with five independent simulations for
each system to ensure statistical reliability.

RESULTS AND DISCUSSION

We first investigated the influence of MWD on self-assembly be-

k (RkCl)n
k

k = l
k

havior.  A PDI-segment length  phase diagram for  sys-
tems was constructed using DPD simulations (Fig.  2a).  PDI var-
ied from 1.0 to 1.8 (in increments of 0.1) and  from 2 to 8 (in in-
crements of 2),  with  to fix the rod-to-coil  volume fraction
and isolate the effects of  and PDI on phase behavior.

k k = l = 2(R2C2)
χRC

χNeff ≃ χ × 2

n (R2C2)

For  short , e.g., ,  the  system  forms  alternating
 copolymers.  In this regime, microphase separation re-

mains suppressed (disordered phase as shown in Fig. 2b) be-
cause  each  repulsive “block” spans  only  two  monomers,  so
even  a  very  high  Flory-  cannot  amplify  into  long-range
compositional  order:  drives  repulsion  only  over
two  repeat  units.  At  the  same  time,  the  extreme  density  of
R–C  junctions  imposes  a  prohibitive  interfacial  free-energy
penalty,  and  forming  any  appreciable  domain  thickness
would require chains to stretch far beyond their unperturbed
dimensions,  incurring large entropic  costs.  Covalent  connec-
tivity  further  frustrates  demixing  by  tethering  strongly  re-
pelling segments within the same molecule, forcing highly in-
terdigitated,  locally  disordered  conformations  rather  than
well-defined domains. Finally, since polydispersity only intro-
duces fluctuations on , which does not change the  al-
ternating  behavior,  the  system  remains  in  a  statistically
mixed, disordered state with various PDI.

kWith  increasing ,  the  longer  blocks  enhance  the  driving
force  for  microphase  separation,  and  the  growing  rigidity
contrast between rod and coil segments further reduces their
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Fig. 2    (a) Self-assembly phase diagram of  as a function of the rigid segment length  and the polydispersity index (PDI). The coil length 
was  tuned  with  to  maintain  a  constant  volume  fraction.  Five  independent  simulations  were  performed  for  each  parameter  set.  (b–f)
Representative snapshots corresponding to the points marked in (a), showcasing the distinct morphologies and the varying degrees of packing of
the rod blocks. All snapshots were captured using the Open Visualization Tool (OVITO).[40]
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k = l = 4

k = l ≥ 6

k=6

1.6
k=8

mutual miscibility. For  systems, lamellar (Lam) phas-
es  appear.  Interestingly,  the  morphology  depends  strongly
on  PDI:  at  low  PDI  (1.0–1.3),  narrow  MWD  yields  nearly  uni-
form domains and a single, well-defined lamellar spacing that
balances  low-curvature  interfaces  (minimizing  interfacial
area)  and  consistent  domain  thickness  (minimizing  chain
stretching),  as  shown  in Fig.  2(c).  Once  PDI  exceeds  1.3,  the
broader  MWD  breaks  this  uniformity;  some  chains  become
overstretched  while  others  are  understretched,  leading  to
packing  frustration.  Under  the  symmetric  1:1  rod-to-coil  vol-
ume  constraint,  changing  the  global  period  is  energetically
costly, so the system relieves packing frustration by introduc-
ing localized curvature through perforations  between lamel-
lae  (PL)  (Fig.  2d),  all  the  while  preserving  the  average  layer
spacing.  A  quantitative  distinction  between  Lam  and  PL  is
provided by the structure factor S(q) (Section S5 in ESI). These
observations  concur  with  established findings  on how MWD
drives  structural  adaptations  to  accommodate  packing  frus-
tration  and  thereby  disrupts  long-range  order.[43,44] Further
extending  rod  block  length  to  triggers  crystalliza-
tion-like ordering within the rigid layers, as shown in Figs. 2(e)
and  2(f).  For ,  the  parallel  alignment  of  rods  maximizes
packing  efficiency  and  produces  exceptionally  uniform,  low-
curvature interfaces, thereby stabilizing the Lam phase across
a broad PDI window (1.0–1.6).  Only when PDI exceeds about

 does  the  increased  chain-length  heterogeneity  become
sufficient to induce perforated lamellae (Fig. 2e). At , the
rod  domains  achieve  even  more  perfect  ordering  (Fig.  2f),
which  quenches  curvature  fluctuations  and  preserves  the
Lam  morphology  throughout  the  entire  PDI  range  explored
(up to 1.8).

k
k=2

k=4
k k ≥ 6

In  summary,  PDI  governs  phase  behavior  by  introducing
chain-length  heterogeneity  that  disrupts  uniform  domain
and  drives  localized  curvature  adjustments.  However,  its  in-
fluence is strongly modulated by the rigid segment length .
Short  blocks  ( )  remain  disordered  regardless  of  PDI  due
to  insufficient  segregation  strength,  while  intermediate
blocks  ( )  exhibit  a  clear  PDI-dependent  transition  from
lamellae to perforated lamellae. As  increases further ( ),
crystallization-like  ordering  within  the  rod  domains  progres-
sively  suppresses  curvature  fluctuations,  thereby  raising  or
even eliminating the PDI threshold for perforation.

(R6C6)n(R6C6)n
To  elucidate  how  PDI-induced  structural  variations  mani-

fest  in  mechanical  properties,  we  performed  CGMD  simula-
tions  of  uniaxial  tensile  deformation  on  systems
across a range of PDI values. The  system was strategi-
cally chosen for its crystallization-like rod packing and its PDI-
driven  Lam-PL  phase  transition,  providing  an  ideal  platform
to  correlate  morphological  changes  with  mechanical  re-
sponse.  Five  representative  systems  were  examined:  four
lamellar  structures  with  PDI=1.0,  1.2,  1.5,  and  1.6,  and  one
perforated lamellar structure with PDI=1.8 system. The corre-
sponding  stress-strain  curves,  presented  in Fig.  3 for  strains
up  to  0.30,  reveal  a  systematic  evolution  of  mechanical  be-
havior with increasing polydispersity. Notably, higher PDI val-
ues  lead  to  more  pronounced  stress  overshoots,  accompa-
nied by increases in both yield strain and yield stress. Further-
more,  the  post-yield  stress  softening  becomes  progressively
more  severe  as  PDI  increases,  indicating  that  chain-length

heterogeneity  not  only  modifies  the  initial  yielding behavior
but  also  governs  the  extent  of  structural  breakdown  under
deformation.

We conducted a comprehensive analysis of stress-strain re-
sponses  and  their  associated  structural  transformations
across  the  polydispersity  spectrum.  Since  systems  with  PDI=
1.2  and  1.6  display  mechanical  and  structural  characteristics
similar  to  those  at  PDI=1.0  and 1.5,  respectively,  we concen-
trate  on  three  archetypal  systems:  monodisperse  (PDI=1.0),
moderately  polydisperse  (PDI=1.5),  and  highly  polydisperse
(PDI=1.8),  as  depicted  in Fig.  4. Figs.  4(a),  4(g),  and  4(m)  dis-
play the stress-strain curves for  the PDI=1.0,  1.5,  and 1.8 sys-
tems,  respectively,  while  panels  (b)–(f),  (h)–(l),  and  (n)–(r)
chronicle  their  structural  evolution  at  pivotal  deformation
stages.  In the monodisperse system (PDI=1.0),  uniform chain
lengths  promote the assembly  of  pristine lamellar  structures
(Fig.  4b),  enabling  efficient  stress  transmission  and  synchro-
nized  yielding.  Upon  reaching  the  yield  point,  these  planar
lamellae undergo coherent  buckling,  transforming into sinu-
soidal patterns (Fig. 4c). This collective instability triggers dra-
matic strain softening, evidenced by an abrupt stress decline.
During  softening,  the  buckled  structures  reconfigure  into
chevron-like domains via coordinated lamellar sliding and ro-
tation  (Fig.  4d).  The  ensuing  stress  plateau  features  pro-
nounced  fluctuations  arising  from  repetitive  cycles  of  do-
main  fragmentation,  rearrangement,  and  reorientation.  With
continued extension, these domains disintegrate into fibrillar
assemblies that orient preferentially along the loading direc-
tion, while microvoids initiate at structural defects (inset, Fig.
4e). Eventually, void growth drives catastrophic failure (inset,
Fig.  4f).  This  deformation sequence exemplifies a destructive
mechanism  whereby  the  pristine  lamellar  architecture  col-
lapses  into  disconnected  fibrillar  remnants.  The  moderately
polydisperse  system  (PDI=1.5)  exhibits  a  fundamentally  dif-
ferent deformation mechanism characterized by structural re-
construction.  Chain-length  heterogeneity  disrupts  crystalline
packing,  yielding  less-ordered  initial  lamellae  (Fig.  4h)  com-
pared to the monodisperse case. Consequently, yielding tran-
sitions  from collective  buckling to  distributed interfacial  slip,
generating  localized  disorder  (Fig.  4i).  The  resulting  strain
softening is notably gentler than in the monodisperse system.
During this  phase,  initially  discrete lamellae progressively  in-

 

0 0.05 0.10 0.15 0.20 0.25 0.30
0

5

10

15

20

25

30

35

 PDI=1.8

 PDI=1.6

 PDI=1.5

 PDI=1.2

 PDI=1.0

 S
tr

e
s
s
 σ

v

Strain ε  (R6C6)nFig.  3    Stress-strain  curves  for  systems with PDI  values  of
1.0, 1.2, 1.5, 1.6, and 1.8, over the strain range 0–0.30.

2334 Weng, H. Y. et al. / Chinese J. Polym. Sci. 2026, 44, 2331–2340  

 
https://doi.org/10.1007/s10118-026-3626-5

 

https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5


terpenetrate and coalesce into a three-dimensional  perforat-
ed lamellar network (Fig. 4j). This interconnected architecture
suppresses  strain  localization  and  enables  distributed  load
sharing,  stabilizing  the  stress  plateau.  Remarkably,  strain
hardening emerges before failure, during which the perforat-
ed  network  undergoes  dynamic  reorganization-proliferating
lamellar  segments  while  preserving  global  connectivity.  This

adaptive reconstruction redistributes mechanical loads across
multiple  pathways,  accounting  for  the  observed  hardening
behavior. When strain exceeds the network’s capacity, lamel-
lar  rupture  and  void  nucleation  commence  (inset, Fig.  4k).
Progressive  void  expansion  ultimately  dismantles  the  net-
work  architecture,  precipitating  failure  (inset, Fig.  4l).  The
highly  polydisperse  system  (PDI=1.8)  initiates  with  a  pre-
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  (R6C6)nFig. 4    Stress-strain curves for  systems with PDI values of 1.0, 1.5, and 1.8 are presented in panels (a), (g), and (m), respectively. Simulation
snapshots,  captured at the labeled points on these curves,  are displayed in panels (b–f)  for the PDI=1.0 system, (h–l)  for the PDI=1.5 system, and
(n–r) for PDI=1.8 system. In particular, panels (e, f), (k, l), and (q, r) provide close-up views of the fracture regions, highlighting the fracture process at
large strains. The color scheme for the components in all snapshots is consistent with that depicted in Fig. 1(a).
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formed perforated lamellar structure (Fig. 4n), circumventing
the  lamellar-to-perforated  transition  observed  at  PDI=1.5
(Figs.  4o–4r).  Its  stress-strain  profile  (Fig.  4m)  mirrors  that  of
PDI=1.5  but  exhibits  elevated  stress  levels  and  enhanced
strain  hardening,  attributable  to  the  superior  connectivity  of
the  initial  perforated network.  Analysis  of  the  order  parame-
ter (P2) further supports these observations, revealing distinct
structural evolution trends for low- and high-PDI systems (see
Fig. S4 in ESI for details).

n > 1

νbridge(R6C6)n (R8C8)n
νbridge

νbridge = NB/ (NB + NL)
v1 v2

φ
φ > 90◦ cosφ < 0

φ ≤ 90◦

cosφ ≥ 0
νbridge(R6C6)n (R8C8)n(R6C6)n νbridge(R8C8)n

0.38 0.39
PDI ≈ 1.5 1.6

k

To further unravel the PDI-induced mechanical response at
molecular  level,  we  analyzed  chain  conformations  of  each
system.  When ,  the  flexible  C  blocks  may  undergo
stretching or collapsing during phase separation, causing the
two R blocks connected by a C block to adopt one of two dis-
tinct  spatial  distributions  (Fig.  5a):  (i)  when  the  C  block
stretches, the two R blocks are located in adjacent R domains,
forming  a  bridging  conformation;  (ii)  when  the  C  block  col-
lapses,  the  two  R  blocks  are  located  in  the  same  R  domain,
forming  a  looping  conformation.  Bridging  conformations
form robust molecular networks that effectively connect dis-
tinct  domains,  and  are  thus  expected  to  contribute  signifi-
cantly  to  the  mechanical  properties  of  the  polymer.[37−39] To
investigate the influence of PDI on the formation of bridging
conformations, we calculated the bridging fraction, , for
the  and  systems  with  varying  PDI  values.
Here,  is defined as the ratio of the number of bridging
conformations  to  the  total  number  of  bridging  and  looping
conformations, i.e., .  The distinction be-
tween  these  two  conformations  was  based  on  spatial  geo-
metric criteria.[45] As shown in Fig. 5(a), two vectors,  and ,
are  constructed  to  point  from  the  center  of  mass  of  the  C
block (taken as  the origin)  to the centers  of  mass  of  the two
terminal  R blocks.  The angle  between these two vectors is
used  to  classify  the  conformations:  if  (i.e., ),
the C block is classified as a bridging conformation; if 
(i.e., ), the C block is classified as a looping conforma-
tion. As shown in Fig. 5(b), increasing PDI raises  for the

 and  systems  in  their  equilibrium  self-assem-
bled structures, but the specific trends exhibit notable differ-
ences.  In  the  system,  increases  nearly  linearly
with PDI, from about 0.27 at PDI=1.1 to about 0.40 at PDI=1.8.
By contrast,  for  the  system,  the rise  is  steeper  at  low
PDI  and  levels  off  earlier,  reaching  about –  beyond

– .  These  trends  stem  from  the  fact  that  PDI  and
the parameter  modulate the statistical weights of bridging
versus looping conformations of the C blocks by altering their
relative conformational-entropy penalties. In particular, a sin-
gle  C  block  can  adopt  a  bridging  conformation  only  if  1.  It
stretches  normal  to  the  lamellar  plane  so  as  to  span  the  full
thickness of one C lamella; and 2. it undergoes a slight spatial
and  angular  adjustment  at  the  C–R  junction  (a “minor  junc-
tion rearrangement”) to ensure a smooth orientational match
with the neighboring R segments. On the other hand, adopt-
ing  a  looping  conformation  involves  three  classes  of  penal-
ties:  1.  hairpin  turns  or  intralamellar  bending  near  the  inter-
face;  2.  local  crowding  and  orientational  frustration  arising
from  confining  the  two  R  blocks  linked  by  a  C  block  to  the
same  R  lamella;  and  3.  a  chain-level  registry  cost:  an  interior
loop  breaks  the  ideal  R|C|R|C  stacking  of  chains  across  the

k l

νbridge

k(R8C8)n

k = l = 8
νbridge

νbridge(R6C6)n

lamellae, so surrounding segments must stretch or compress
to restore perfect layer registry. At fixed  and , PDI does not
materially  change  the  C  lamella  thickness  or  the  ability  of  C
blocks to span it; hence the baseline entropic cost of a bridg-
ing  conformation  is  almost  PDI-independent  in  our  systems.
Increasing  PDI,  however,  redistributes  mass  toward  longer
chains and thereby increases the fraction of interior C blocks
whose  loops  incur  the  larger  chain-level  registry  cost.  With
the bridge cost  unchanged,  this  reweighting favors  bridging
conformations,  yielding the observed increase in  with
PDI (Fig. 5b). Higher  modulates this balance further. For the

 system, the longer R blocks promote more highly or-
dered packing, which raises the conformational entropy cost
of  loops—especially  from  local  crowding  and  orientational
frustration,  and  chain-level  registry  repair.  By  contrast,  the
baseline  lamellar-normal  spanning  cost  of  a  bridge  remains
approximately constant, as its geometric commensurability is
preserved  through  a  proportional  increase  in  the  C  lamella
thickness and the C block contour length. This relative reduc-
tion  in  the  entropic  cost  of  bridges  manifests  more  rapidly
and  saturates  earlier  for ,  consistent  with  the  early
plateau in Fig. 5(b).  Nevertheless, while  increases with
PDI,  it  remains below 0.5,  in agreement with theoretical  pre-
dictions.[46] This reflects the intrinsic anisotropy of the lamel-
lar phase and the associated entropic bias: the C block is con-
fined  in  the  lamellar-normal  direction  but  relatively  uncon-
strained  in-plane,  so  loops  can  be  realized  locally  by  in-
tralamellar  bending  or  short  hairpin  turns,  whereas  bridges
require  a  normal  span  across  the  C  lamella.  Consequently,
loops  possess  a  larger  microstate  count  and  are  statistically
favored.  An  auxiliary  quantitative  correlation  can  be  ob-
served  between  and  the  emergence  of  PL  in  the

 system.  Specifically,  the morphology remains Lam at
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νbridge ≈ 0.37
νbridge ≈ 0.39 (R6C6)n

νbridge(R8C8)n νbridge

PDI=1.6  ( ),  whereas  PL  appears  at  PDI=1.7
( ). Thus, for  system, the emergence of PL
coincides with  increasing to the about 0.37–0.39 range.
This correspondence is not universal across different k values:
for ,  reaches  about  0.38–0.39  at  PDI≥1.5  while
the morphology remains Lam within the studied range.  Tak-
en  together,  these  results  indicate  that,  even  when  PDI  pro-
duces  only  minor  changes  in  the  phase  structure,  the  de-
tailed molecular structures are still modulated.

νbridgeWe therefore tracked the evolution of  during tensile
deformation  (Fig.  6).  At  large  strains,  initially  sharp  domain
boundaries  gradually  become  diffuse  due  to  structural  reor-
ganization.

νbridge

νbridge

The  evolution  of  reveals  the  dynamic  molecular-
scale load-bearing behavior. As shown in Fig. 6(a),  evo-
lution  strongly  depends  on  PDI  and  exhibits  two  distinct  re-
sponse modes.

νbridge

νbridge

ε > 2

π νbridge

Low PDI systems: systems with low polydispersity display
limited bridge formation capacity.  The PDI=1.0 system, com-
posed entirely of diblock copolymers, inherently lacks bridge
conformations, with  remaining zero throughout defor-
mation.  For  PDI=1.2,  remains  measurably  low  across
the entire strain range. When , lamellae disappear due to
reassembly  during  tensile  deformation  (Fig.  6c),  rendering
bridging  ill-defined  at  these  strains.  However,  we  can  still
track the fraction of chains with rigid segments oriented near-
ly  parallel  (angle  about )—beyond  this  strain,  effec-
tively measures chain alignment along the tensile direction.

νbridge

νbridge

dνbridge/dε →

In  the  small-strain  regime,  the  modest  increase  in 
proves  insufficient  for  stress  redistribution,  destabilizing  the
flat  lamellae  and  causing  pronounced  stress  softening.  Dur-
ing  this  process,  lamellae  undergo  significant  twisting  and
fragmentation.  Throughout  the  subsequent  stress  plateau,

 growth  is  nearly  suppressed  (as  indicated  by
 in Fig. 6b), suggesting that the loop  bridge con-

formational transition is severely hindered. Consequently, no
continuous,  progressively  reinforcing  load-bearing  network
develops.  Instead,  structural  evolution  follows  a  heteroge-
neous,  discontinuous  pathway,  manifesting  as  stress-strain
oscillations that ultimately lead to microvoiding and material
failure.

νbridge

→

→

High  PDI  systems: for  systems  with  large  polydispersity
(PDI=1.5 and 1.8), the molecular response shifts to a dynamic
network-strengthening  mode.  These  systems  exhibit  higher
initial  values and sustained growth throughout defor-
mation. During early deformation stages, rapid loop  bridge
transitions densify  the load-bearing network,  supporting the
reconstructive structural evolution pathway (lamellae  per-
forated lamellae transition or perforated lamellae strengthen-
ing) and accounting for the milder strain softening observed
previously.

νbridge

νbridge

9 < ε < 12

Upon  entering  the  intermediate-to-large  strain  regime,
 increases  steadily,  indicating  continuous  evolution  of

the  load-bearing  network.  This  process  is  PDI-dependent:
higher PDI  values yield steeper  increases,  as  shown in
Fig.  6(b).  Notably,  the  PDI=1.8  system  exhibits  a  distinct  fail-
ure mechanism. Despite early microvoid formation due to the
broad  molecular  weight  distribution,  enhanced  reassembly
capabilities  enable  structural  reconstruction  during  tensile
deformation. This maintains the final breaking strain while in-
troducing significant structural reassembly, resulting in an ad-
ditional strain hardening–softening cycle between .

CONCLUSIONS

νbridge

νbridge

In summary, we systematically investigated the impact of MWD,
quantified  by  PDI,  on  the  structural  and  mechanical  perfor-
mance of CP-FSs using a combined DPD and CGMD simulation
framework.  Our  findings  demonstrate  that  PDI  plays  a  crucial
role  in  determining  domain  connectivity.  Specifically,  for  inter-
mediate rigid segment lengths,  packing frustration in high-PDI
systems  induces  a  structural  transition  from  lamellae  to  perfo-
rated  lamellae.  At  the  molecular  level,  increasing  PDI  signifi-
cantly  elevates ,  establishing  a  robust  load-bearing  net-
work  that  enhances  both  yield  strength  and  yield  strain.  Fur-
thermore, the accelerated growth of  in high-PDI systems
fundamentally alters the structural evolution pathway during
tensile  deformation—from  the  destructive  fibrillation  ob-
served  in  low-PDI  systems  to  the  reconstructive  formation  or
strengthening of  perforated lamellae.  This  process  not  only  in-
duces pronounced strain hardening but also preserves a contin-
uous domain morphology even at large strains. Given that such
connectivity is essential for stable charge-transport pathways in
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Fig. 6    (a) Evolution of  during the tensile deformation process of  systems with PDI values of 1.2, 1.5, and 1.8; (b) The rate of change
of  with respect to strain ( ); (c) A simulation snapshot corresponding to the state marked by the red dot in panel (a).

  Weng, H. Y. et al. / Chinese J. Polym. Sci. 2026, 44, 2331–2340 2337

 
https://doi.org/10.1007/s10118-026-3626-5

 

https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5
https://doi.org/10.1007/s10118-026-3626-5


various  high-performance  photovoltaics,[47−49] it  is  expected  to
improve the strain resistance of the material’s photovoltaic per-
formance. These findings emphasize that controlled MWD rep-
resents a powerful, composition-independent strategy for engi-
neering mechanically  resilient  active layers.  This  work provides
essential  insights  for  the  rational  design  of  FOSCs,  offering  a
pathway to simultaneously enhance photovoltaic efficiency and
mechanical durability.
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This  work  demonstrates  that  molecular  weight  distribution,  quantified  by  the  polydispersity  index  (PDI),  governs  struc-
ture-property  relationships  in  conjugated  polymers  incorporating  flexible  spacers.  Increasing  PDI  promotes  a  loop-to-
bridge  conformational  transition,  transforming  lamellar  phase  to  perforated  lamellar  phase  at  intermediate  rigid-seg-
ment  lengths,  switching deformation from destructive  fibrillation  to  reconstructive  strengthening,  and enhancing both
yield strength and strain.
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