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Abstract   Nonreciprocal chiroptical response, a phenomenon arising from light-matter interaction by the coupling of linear optical effects, at-

tracts rapidly increasing attention to advance fundamental chiroptical theory and develop high-performance optical devices. Herein, we fabricat-

ed a chiral polyurethane system with tunable apparent all-angle nonreciprocal chiroptical response, where can be further controlled by modulat-

ing the content of doped small molecules within the polyurethane film. Building on these observations, we investigated the origins of the angle-

dependence and nonreciprocal chiroptical responses, and proposed a plausible mechanism to explain the emergence of this apparent circular

dichroism (CD)  signal.  Furthermore,  we utilized achiral  helical  polyacetylene to regulate the response wavelength.  Our  research establishes a

clear relationship between polyurethane structure and apparent all-angle nonreciprocal chiroptical  response,  providing new insights into the

connection between chiral materials and linear optical materials.
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INTRODUCTION

Chiral  materials  have  great  potential  in  the  realm  of  circularly
polarized  luminescence  materials,[1−3] asymmetric  catalysis,[4−6]

chiral separation,[7−9] anti-counterfeiting,[10−12] and so on. Chiral
substances  can  normally  be  categorized  into  configurational
chirality,[13−15] conformational  chirality,[16−18] and  supramolecu-
lar chirality[19−21] based on their structural characteristics. These
distinct  chiral  architectures  were  characterized  using  circular
dichroism  (CD)  spectroscopy.  Although  CD  spectroscopy  has
been  widely  used  for  chiral  structure  characterization,  artifacts
can become a hidden problem during CD measurements in sol-
id  samples.  Artifacts  arising  from  linear  dichroism  (LD)  and  lin-
ear birefringence (LB) are typically regarded as experimental er-
rors because they are not true CD responses. In recent years, the
nonreciprocal  chiroptical  response has gradually  emerged as  a
prominent research focus in chiroptical studies, with further re-
search  on  solid  chiral  films.  The  nonreciprocal  chiroptical  re-
sponse  refers  to  the  phenomenon  in  which  CD  or  CPL  signals
differ when the film is reversed. Such a phenomenon can be re-
alized  not  only  by  proper  structural  design,[22] but  also  by
anisotropic  optical  responses.  The  LDLB,  characterized  by  the

coupling  of  LD  and  LB,  is  one  of  the  most  well-known
anisotropic optical responses for the development of nonrecip-
rocal  chiroptical  systems.[23,24] Specifically,  to achieve LDLB,  the
system must possess both LD and LB, with a non-zero angle be-
tween them.  Under  these conditions,  the LD and LB couple  to
form  the  LDLB  response.  Investigating  such  nonreciprocal  chi-
roptical  properties  not  only  deepens  the  understanding  of  lin-
ear  optical  materials  but  also offers  unprecedented opportuni-
ties in the field of CPL. On the one hand, nonreciprocal materi-
als  hold promise for further enhancing the polarization degree
in  CPL  devices.[25] However,  nonreciprocal  materials  offer  un-
precedented  advantages  for  switchable  circularly  polarized
phosphorescence systems. For example, by constructing nonre-
ciprocal  phosphorescent  architectures,  the  polarization  direc-
tion of circularly polarized phosphorescence can be altered sim-
ply  by  flipping the  sample  orientation,  thereby  avoiding struc-
tural damage typically associated with complex external manip-
ulation processes. Moreover, nonreciprocal chiroptical response
materials  also  have  immense  application  value  in  the  fields  of
information transmission and anti-counterfeiting. The feature of
achieving  signal  inversion  simply  by  switching  between  the
front and back sides provides a convenient approach for realiz-
ing chiral logic gates. Meanwhile, the expression of distinct chi-
ral  information  on  the  front  and  back  sides  is  expected  to  be-
come a new dimension of anti-counterfeiting.

Current  approaches  for  decoupling  LD  and  LB  predomi-
nantly  rely  on  analytical  derivations  based  on  Mueller  calcu-
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lus. In isotropic systems, the derived formula is:[26]

CDapparent = CDiso+1/2(LD⋅LB
′+LB⋅LD

′)+(LD⋅sinα+LB)⋅cos2θ (1)

herein,  CDapparent represents  the  experimentally  measured  CD
signal, in which the CD term corresponds to the genuine CD sig-
nal arising from intrinsic chiral structures. 1/2(LD·LB'+LB·LD') ac-
counts for the contribution derived from the sample's inherent
linear  dichroism  and  linear  birefringence  (LDLB)  effects,  while
(LD·sinα+LB)·cos2θ originates  from  optical  artifacts  induced  by
the interaction between the sample and the instrument during
measurement,  where θ describes  the  sample  rotation  around
the optical axis and α is related to the residual birefringence of
the  photoelastic  modulator.  This  theory  has  been  successfully
applied  in  LDLB  studies  on  transparent  and  uniform  inorganic
and organic crystals. Tempelaar et al. made significant contribu-
tions  to  the  theoretical  framework  of  nonreciprocal  chiroptical
responses. In 2021, they proposed a physical mechanism for the
generation  of  nonreciprocal  chiroptical  responses  and  experi-
mentally validated it using polythiophene thin films.[27] In 2025,
they further advanced the theoretical framework by investigat-
ing  the  origin  of  nonreciprocal  chiroptical  responses  in  cen-
trosymmetric  Li2Co3(SeO3)4 crystals.[28] Their  work  refined  the
fundamental  understanding  of  nonreciprocal  chiroptical  re-
sponses. In addition to inorganic crystal systems, nonreciprocal
chiroptical responses can also be achieved in organic materials
through the construction of ordered structures. Di Bari, Albano,
and their coworkers made substantial contributions to the field
of nonreciprocal chiroptical responses.[25,26] They conducted de-
tailed studies  on the step-terrace structures  formed in  oligoth-
iophene systems after annealing and elucidated the critical role
of  these  structures  in  generating  nonreciprocal  chiroptical  sig-
nals in the samples.

Although crystals with nonreciprocal chiroptical responses
have  received  considerable  attention,  their  practical  deploy-
ment  is  severely  hindered  by  their  intrinsic  brittleness,  poor
scalability  for  large-area  film  fabrication,  and  incompatibility
with  flexible  substrates.  Polymer  systems  have  emerged  as
superior  candidates  for  next-generation  flexible  chiroptron-
ics owing to their excellent processability, mechanical robust-
ness,  and  solution-based  manufacturability.  Ye  and  Liu  suc-
cessfully integrated silver nanowires and tempo-oxidized cel-
lulose  nanofibers  into  a  waterborne  polyurethane  matrix.[29]

By  twisting  the  composite  sample  and  utilizing  its  self-heal-
ing  properties,  they  achieved  distinct  CD  signals  at  different
angles.

Theoretically, from the perspective of mechanistic research,
the  inherent  multiple  scattering,  depolarization,  and  inter-
face effects within polymer systems make the transport paths
of  photons  in  a  highly  complex  medium.  This  indicates  that
the LDLB coupling mechanism described by the classical for-
mulas  can  be  further  modulated  by  microscopic  scattering
processes in polymer systems. Therefore, to guide the design
of  nonreciprocal  chirality  in  polymers  while  focusing  on  LD,
LB,  and their  coupling,  it  is  even more necessary to examine
how to regulate this macroscopic anisotropic response, which
is  dominated  by  scattering  and  interfaces,  through  process-
ing  strategies.  Hong et  al.  investigated  the  influence  of  stir-
ring  on  nonreciprocal  CD  and  CPL  responses  in  a  polyethy-
lene  naphthalate  (PEN)  system.[30] They  found  that  the  stir-
ring  direction,  stirring  rate,  and  film  thickness  after  stirring

significantly  affected  the  nonreciprocal  CD  absorption  and
CPL emission. They attributed this phenomenon to three key
factors:  sufficient  charge  transfer  (CT)  effects  at  the  dopant-
polymer  interface  that  govern  linear  dichroism  (LD),  rapid-
quench-fixed polymer orientation that enables linear birefrin-
gence  (LB),  and  vortex-induced  chain  alignment.  Their  re-
search  demonstrated that  the  processing method had a  sig-
nificant impact on the formation of nonreciprocal chiroptical
responses.

Polymers  have  become  essential  components  of  chiropti-
cal  materials.[31,32] On  the  one  hand,  the  excellent  film-form-
ing  properties  and  flexibility  of  polymers  make  them  ideal
matrices for chiral materials, providing a suitable class of ma-
terials  for  chiral  separation.[33,34] On  the  other  hand,  the
unique  conformational  chirality  of  chiral  polymers  enables
unique  functions,  such  as  chiral  amplification  and  dynamic
smart  responses.[35] As  a  widely  studied and industrially  pro-
duced material, polyurethane (PU) exhibits excellent mechan-
ical properties and high design flexibility. Importantly, the PU
structure  contained  hard  segments  that  aggregated  into  or-
dered domains. These domains possess well-aligned molecu-
lar  arrangements  that  can  promote  both  LD  and  LB.  Conse-
quently,  incorporating  the  nonreciprocal  chiroptical  re-
sponse  into  polyurethane  to  develop  advanced  PU-based
materials  represents  a  highly  promising design strategy.  Our
research group has  successfully  demonstrated nonreciprocal
chiroptical  responses  in  polyurethane  systems  through  a  se-
ries  of  methodologies,  including  mechanical  stretching,[36]

electrospinning,[37] and solution casting film formation.[38]

Considering  that  circularly  polarized  light  interacts  with
both  chiral  matter  and  nonreciprocal  chiroptical  materials,
the nonreciprocal chiroptical response of chiral polyurethane
systems remains an untapped area of investigation. Based on
these  considerations,  we  introduced  polyethylene  glycol
(PEG)  as  the  soft  segment,  methylene  diphenyl  diisocyanate
(MDI)  as  the  hard  segment,  and  ethylene  glycol  and  chiral
substance  (S)-(-)-1,1'-bi-2-naphthol  as  chain  extenders  and
fabricated  chiral  PU,  denoted  as  BPU.  The  BPU  exhibited  an
apparent  nonreciprocal  chiroptical  response.  Furthermore,
the intensity and direction of the apparent nonreciprocal chi-
roptical response could be changed for each 45° rotation. The
influence  of  thickness,  film-forming  conditions,  and  small-
molecule  doping  on  the  nonreciprocal  chiroptical  response
has been systematically explored, and we found that the ori-
gin of the apparent nonreciprocal chiroptical response can be
attributed  primarily  to  small-molecule  doping-induced  as-
sembly.  To  further  validate  this  mechanism,  we  removed
small  molecules  from  the  system  and  subsequently  reintro-
duced  them,  achieving  precise  control  over  the  emergence
and disappearance of the nonreciprocal chiroptical response,
as  illustrated  in Scheme  1.  Notably,  we  found  that  excess
small molecules were not limited to MDI, thereby expanding
the scope of applicable nonreciprocal systems. It  was further
found  that  the  film  thickness,  film-forming  conditions,  and
small-molecule doping can control the apparent nonrecipro-
cal chiroptical response by modulating the microscopic orien-
tation of the structure of the material. In addition, the scatter-
ing mechanism within the BPU matrix gives rise to angle-de-
pendent  CD  signals.  Furthermore,  we  examined  the  role  of
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achiral helical-substituted polyacetylene in the nonreciprocal
chiroptical  response.  This  work  achieved the generation and
regulation of the nonreciprocal chiroptical response through
a  small-molecule  doping  strategy,  providing  a  universal
method  for  the  preparation  of  polyurethane  materials  with
nonreciprocal chiroptical responses. This study elucidates the
fundamental  mechanisms  underlying  the  nonreciprocal  chi-
roptical response in polyurethane systems, providing a foun-
dation  for  future  research  and  application  of  nonreciprocal
chiroptical materials.

 
 

Nonreciprocal chiroptical response  silence

CD

CD CD

CD

Polyurethane

Doping small 
molecules

Casting

PEG
O

HO Hn

MDI

BDO

BINOL

HO

HO

O O
C C

N N

OH

OH

Doped

Pure

Pure

Removing small
molecules

Directly
casting

Wash in
methanol

Remove small
molecules

Dope small

molecules

Front
side

Back
side

Front
side

Back
side

Doped

Nonreciprocal chiroptical response recovery 
Scheme  1    Synthesis  route  of  BPU  film  and  control  of
nonreciprocal chirality through adjusting the small molecules.
 

EXPERIMENTAL

General Considerations
The chiral  acetylenic monomer Y[39] was synthesized according
to  the  method  described  in  our  previous  work.  The
(nbd)Rh+B–(C6H5)4 catalyst  was  prepared  according  to  a  previ-
ous report.[40] 1,4-Butanediol (BDO), dibutyltin dilaurate (DBTDL)
and PEG2000,  were obtained from J&K.  (S)-1,1'-Bi-2,2'-naphthol
(S-BINOL)  and  MDI  were  purchased  from  Macklin.  Benzo-
quinone (Bq) was purchased from Chemical Reagent Co. Resor-
cinol was purchased from Innochem (Shanghai, China). All com-
mercially  available  chemicals  were  used  as  received.  The  poly-
mer films were identified using Fourier-transform infrared spec-
troscopy (FTIR, Bruker Tensor II).  The CD and UV-Vis absorption
spectra  were  obtained  using  a  Jasco-810  spectropolarimeter.
Scanning  electron  microscopy  (SEM)  was  performed  using  a
FlexSEM 1000 II instrument.

Preparation of Helical Polymers
PY  was  synthesized  according  to  previously  described
methods.[39,40] Achiral  monomer  Y  (52  mg,  0.3  mmol)  and
(nbd)Rh+B–(C6H5)4 (1 mol% of monomer) were dissolved in 3 mL
of CHCl3,  and the polymerization was performed in a N2 atmo-

sphere at 30 °C for 4 h. The resulting solution was poured into a
large quantity of n-hexane to precipitate the polymer. The pre-
cipitate was filtered and dried under vacuum at 25 °C for 12 h,
yielding  solid  PY  (yield:  96%).  The  other  helical  polymers  were
prepared in the same manner.

Preparation of BPU Film
Add 1 g of  PEG2000 into a 100 mL single necked flask,  and 30
mL  of  dichloromethane/tetrahydrofuran  was  added  for  com-
plete  dissolution.  MDI  (300 mg of  MDI  with  a  small  amount  of
dichloromethane,  added  to  a  single-necked  flask,  mixed  well,
and 5 μL of DBTDL was added. The flask was placed in a water
bath  at  40  °C  and  magnetically  stirred  for  2  h.  Subsequently,
0.045 g of BDO and 14.32 mg of BINOL were added to the reac-
tion mixture and the reaction was allowed to proceed for an ad-
ditional 2 h. After the reaction, the solvent was removed by ro-
tary evaporation, and the product was injected into a tetrafluo-
roethylene mold with a 1 mL syringe and cured in an air drying
oven at 45 °C for 8 h to obtain the PU film.

Preparation of Purified BPU Film and Re-doped BPU
Film
The synthetic steps were consistent with those described in the
Preparation  of  BPU  Film section.  After  the  reaction,  the  sys-
tem was diluted with an appropriate amount of THF and poured
into 300 mL of methanol to form a suspension. The suspension
was  then  transferred  to  centrifuge  tubes  and  centrifuged  at
1×104 r/min  for  3  min.  The  solid  precipitate  was  collected,  re-
dissolved in 3 mL of THF, and cast into a film to obtain the puri-
fied  BPU  film.  After  adding  3  mL  of  THF  to  the  re-doped  BPU
film, a specific  amount of  Bq/Res/PY was introduced.  Once the
solid was fully dissolved, the solution was cast into a film to yield
a redoped BPU film.

Molecular Dynamics (MD) Simulation Details Model
Construction
Consider  the  BPU  and  BPU-Bq  systems  as  examples.  Amor-
phous models of the BPU and BPU-Bq systems were construct-
ed using the Amorphous Cell module in Materials Studio. In the
BPU  system,  three  polymer  chains  consisting  of  PEG  soft  seg-
ments  and  chiral  hard  segments  (MDI  and  binaphthol  units)
were  included.  For  the  BPU/Bq  system,  17  Bq  molecules  were
randomly  dispersed  in  a  BPU  matrix  to  investigate  the  doping
effect. The initial cells were constructed with a low density of 0.3
g/cm3 to avoid atom overlapping.

Forcefield and Parameters
All the simulations were performed using the COMPASS III force
field,  which  was  optimized  for  condensed-phase  organic  poly-
mers.  Atomic  charges  were  assigned  based  on  forcefield-as-
signed values. The Ewald summation method was used for elec-
trostatic interactions and an atom-based method with a cut-off
distance of 12.5 Å was applied for van der Waals interactions.

Simulation Procedures
A multi-step equilibration protocol was implemented to obtain
realistic microstructures, each of which underwent rigorous en-
ergy  minimization  using  the  Smart  algorithm  (fine  quality)  to
eliminate the initial strain. To induce microphase separation and
escape the local energy minima, a simulated annealing process
was  performed  in  the  NPT  ensemble  (10–4 GPa).  The  tempera-
ture was cycled between 300 and 600 K for five cycles, with each
cycle  consisting of  20 heating/cooling ramps.  The final  density
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stabilized  at  approximately  1.1  g/cm3,  consistent  with  the  ex-
perimental values. Following annealing, a Production Dynamics
run  was  performed  in  the  NVT  ensemble  at  298  K  for  500  ps
(with a time step of 1.0 fs)  to collect the trajectories for further
analysis.

Data Analysis
The radial distribution function (RDF) was analyzed to evaluate
the self-aggregation of the hard segments and the influence of
Bq.

RESULTS AND DISCUSSION

Apparent Angle-dependent Nonreciprocal CD
Response
BPU  was  synthesized  for  further  experiments.  Specifically,
poly(ethylene  glycol)  (PEG)  and  methylene  diphenyl  diiso-
cyanate (MDI) functioned as the soft and hard segments in the
PU  chains,  while  1,4-butanediol  (BDO)  and  chiral  1,1'-bi-2,2'-
naphthol  (BINOL)  were used as  chain extenders,  in  which S-BI-
NOL was chosen as a representative for research. Herein, excess
MDI was used to ensure the complete reaction of the hydroxyl
groups.  All  the  synthesis  routes  are  presented  in  the EXPERI-
MENTAL section.  Attenuated  total  reflectance  Fourier  trans-
form infrared spectroscopy (ATR-FTIR) was used to illustrate the
generation of BPU. As shown in Fig. S1 (in the electronic supple-
mentary  information,  ESI),  the  characteristic  peaks  assigned  to
the  C＝O  stretching  vibration  and  N―H  bending  vibration  of
the urethane groups appeared at 1725 and 1533 cm–1,  respec-
tively. Simultaneously, the characteristic absorption peak of the
―NCO group of the MDI monomer at approximately 2270 cm–1

completely  disappeared,  indicating  the  complete  reaction  of
the  isocyanate  groups.  In  addition,  the  typical  C―O―C  ether
bond stretching vibration band of the PEG soft segment was re-
tained at 1090 cm–1, while the vibration peaks attributed to the
naphthalene  ring  skeleton  and  C―H  out-of-plane  bending  of
BINOL  were  observed  at  1599,  1509,  and  816  cm–1.  The  afore-
mentioned  'formation  of  new  bonds'  and  'retention  of  charac-
teristic  monomer  skeletons'  fully  demonstrate  the  successful
preparation of the BPU. GPC analysis further confirmed the suc-
cessful  polymerization  of  BPU  with  a  molecular  weight  of
1.5×104 level. Therefore, it was concluded that the BPU was suc-
cessfully obtained.

The CD spectrum was measured to illustrate the chirality of
BPU-CH2Cl2, the solvent is CH2Cl2 in the film-forming process.
The  measurements  were  performed  by  flipping  the  film  and
rotating it along its optical axis. Specifically, the side exposed
to  air  during  preparation  was  defined  as  the  front  side,
whereas the side in contact with the mold was designated as
the back side. The rotational method is illustrated in Scheme
S1  (in  ESI).  Specifically,  when  the  front  side  of  the  sample
faced  the  light  source,  it  was  rotated  counterclockwise
around  the  optical  axis;  when  the  back  side  faced  the  light
source,  it  was  rotated  clockwise  around  the  optical  axis.  As
shown in Figs. 1(a) and 1(d), on the front side, BPU-CH2Cl2 ex-
hibits a CD signal at 370 nm, which is positive at 0° (180°) and
135° (315°) and negative at 45° (225°) and 90° (270°). Howev-
er,  the  signals  at  all  the  angles  were  reversed  on  the  back
side.  Positive CD signals were observed at 45° (225°)  and 90°
(270°),  while  negative  CD  signals  were  observed  at  0°  (180°)

and  135°  (315°).  The  peak  wavelength  remained  constant  at
370 nm. These phenomena indicate that the BPU-CH2Cl2 film
exhibited  an  apparent  angle-dependent  nonreciprocal  chi-
roptical response at all angles.

Furthermore,  the  chiroptical  activity  inherent  to  the  BPU
structure  became  undetectable  upon  film  formation.  This
phenomenon is  primarily  ascribed to  light  scattering effects,
which lead to the distortion of BPU's intrinsic chiral signals of
the  BPU.  Consequently,  we  term  this  observation “apparent
nonreciprocal chiroptical response,” emphasizing that it origi-
nates  from the superposition of  scattering on molecular  chi-
rality.  A  more  detailed  discussion  of  this  mechanism  will  be
provided  in  the  subsequent Effects  of  Scattering  on  the
Nonreciprocal Chiroptical Response section.

Effects of Film-forming Solvents and Film Thickness
Because  the  interaction  between  the  film  and  light  is  signifi-
cantly affected by the optical path length, which is directly relat-
ed  to  the  film  thickness,  we  investigated  the  effect  of  the  film
thickness on the apparent angle-dependent nonreciprocal  chi-
roptical response of the BPU. The film thickness was controlled
by  adjusting  the  concentration  of  the  film-forming  solution.
Thickness  characterization  was  performed  using  a  thickness
gauge by averaging measurements taken at three random loca-
tions on the film surface. The thick BPU films, taking BPU-CH2Cl2
as  an  example,  measured  100–200  μm  in  thickness,  while  the
thin BPU films ranged between 30 and 60 μm. Compared to the
thick  BPU  film  explored  above,  the  thin  BPU  film,  denoted  as
BPU-Thin,  exhibited  intrinsic  chirality  affected  by  the  apparent
angle-dependent nonreciprocal  chiroptical  response,  as shown
in Figs. 1(b) and 1(e). Specifically, BPU-Thin exhibited a negative
CD signal at 320 nm stemming from its intrinsic chirality. At 365
nm,  the  CD  signal  shows  an  angle-dependent  nonreciprocal
chiroptical  response  consistent  with  thicker  films,  where  posi-
tive CD signals appear at 0° (180°) and 135° (315°), whereas neg-
ative  signals  occur  at  45°  (225°)  and  90°  (270°).  This  phe-
nomenon illustrates that a thicker film can generate a stronger
apparent  angle-dependent  nonreciprocal  chiroptical  response.
To further confirm the intrinsic chirality of  the BPU, we charac-
terized  the  corresponding  BPU  solution  before  casting.  As  Fig.
S2 (in ESI) shows that the BPU solution exhibited a negative CD
signal  at  307  nm,  which  corresponds  to  BPU-Thin.  The  above
findings illustrate that the expressions of nonreciprocal chirality
and  intrinsic  chirality  are  affected  by  the  film  thickness.  This
phenomenon is attributed to scattering, as discussed in detail in
Molecular  Dynamics  (MD)  Simulation  Details  Model  Con-
struction section. Because the intrinsic chirality of BPU films has
been  thoroughly  characterized,  subsequent  experiments  were
focused exclusively on thick films (100–200 μm) to more clearly
observe  the  emergence  and  evolution  of  the  apparent  angle-
dependent nonreciprocal chiroptical response.

To  further  explore  the  relationship  between  the  apparent
angle-dependent nonreciprocal chiroptical response and BPU
films, we investigated the effect of different solvent evapora-
tion processes on the apparent CD spectra of BPU films. While
CH2Cl2 was used as the reaction solvent in the above experi-
ments,  we  further  prepared  BPU-THF  films  using  THF  as  the
film-forming solvent to examine solvent effects. The BPU-THF
films displayed enhanced apparent angle-dependent non-re-
ciprocal chiroptical signals. The front side showed positive CD
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signals at 0° (180°) and 45° (225°), and negative CD signals at
90°  (270°)  and  135°  (315°),  while  the  back  side  exhibited  the
opposite pattern,  with positive signals at 90° (270°)  and 135°
(315°),  and  negative  signals  at  0°  (180°)  and  45°  (225°),
demonstrating  an  all-angle  nonreciprocal  chiroptical  re-
sponse. By comparing the characterization results of the BPU-
CH2Cl2 and BPU-THF films, it is evident that film-forming pro-
cesses controlled by different solvents lead to distinct CD sig-
nals. Specifically, the differences manifest in the angle-depen-
dent patterns, intensity of the CD signals, and wavelengths of
the  apparent  angle-dependent  nonreciprocal  chiroptical  re-
sponse.  When THF was employed as the casting solvent,  the
results obtained at each angle were opposite to those of the
BPU-CH2Cl2 film, and the CD signal intensity was significantly
higher. For instance, when measured at an angle of 45° on the
front side, the BPU-CH2Cl2 film exhibited a negative CD signal,
whereas the BPU-THF film exhibited a positive signal. Further-
more, the absolute CD value of the BPU-THF film in this orien-
tation was approximately 200 mdeg, which is markedly high-
er than that of the BPU-CH2Cl2 film (120 mdeg). In addition, a
comparison  of Figs.  1(a),  1(d),  1(c)  and  1(f)  reveals  a  distinct
redshift  in  the CD peak position of  the BPU-THF film relative
to that of the BPU-CH2Cl2 film. These experimental results in-

dicate that the angle-dependent nonreciprocal chiroptical re-
sponse is directly correlated with the film formation process.
Considering  the  boiling  points  of  THF  and  CH2Cl2,  it  seems
that  a  relatively  lower film-forming rate promotes the devel-
opment  of  stronger  CD  signals  and  influences  the  specific
manifestations of the angle dependence.

Among  the  BPU-CH2Cl2,  BPU-THF,  and  BPU-Thin  samples
mentioned  above,  there  was  a  noticeable  variation  in  the
strength and responsive wavelength of the nonreciprocal CD
response.  To  further  investigate  the  reasons  behind  these
changes in the nonreciprocal  chiroptical  responses,  we char-
acterized  the  surface  scanning  electron  microscopy  (SEM)  of
the  three  sample  systems.  As  shown  in Fig.  1(g),  the  BPU-
CH2Cl2 surface  exhibits  a  certain  orientation,  indicating  the
presence of LD and LB effects in the system. The effect of LD
was  also  observed  in  the  BINOL  group.  Although  oriented
structures  simultaneously  generate  both  LD  and  LB,  there  is
typically  no  angular  offset  between  them,  thereby  prevent-
ing  the  realization  of  nonreciprocal  chiroptical  responses.
However,  in Fig.  1(h),  the  oriented structure  of  BPU-Thin  be-
came less distinct, accompanied by a significant reduction in
the nonreciprocal chiroptical response. In Fig. 1(i), the orient-
ed  structure  is  more  pronounced  than  in Fig.  1(g),  and  the
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Fig. 1    (a, d, g) are front side, back side, and SEM image of surface structure of BPU film; (b, e, h) are front side, back side, and SEM image of surface
structure of BPU thin film; (c, f, i) are front side, back side, and SEM image of surface structure of BPU-THF film.
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nonreciprocal  chiroptical  response  also  shows  a  marked  in-
crease. In summary, the orientation structure and nonrecipro-
cal chiroptical response exhibited a clear positive correlation.
As the orientation strengthens in the BPU film, the nonrecip-
rocal  chiroptical  response  also  demonstrates  significant  en-
hancement. This indicates that an oriented structure is one of
the  conditions  for  generating  a  nonreciprocal  chiroptical  re-
sponse.

Effects of Doped Small Molecules
In previous studies,[38] we proposed that excess small molecules
in the system promote the formation of non-reciprocal CD sig-
nals.  To  verify  this  hypothesis,  we  removed  excess  small
molecules (MDI) and examined the resulting changes in the chi-
roptical properties of the as-purified film. A detailed procedure
for  the  removal  of  small  molecules  is  provided  in  the EXPERI-
MENTAL section.  CD  measurements  of  the  purified  BPU  films
are  shown  in  Figs.  S3(a)  and  S3(b)  (in  ESI)  showing  no  de-
tectable signals for either intrinsic chirality or nonreciprocal chi-
roptical responses. This phenomenon had two key aspects. First,
the  disappearance  of  intrinsic  chirality  in  BPU-purified  films  is
not due to the masking of chiroptical signals by the nonrecipro-
cal  chiroptical  response,  because  no  nonreciprocal  chiroptical
response was observed in the purified BPU films. In contrast, the
angle-dependent nonreciprocal chiroptical response was signif-
icantly  correlated  with  the  doping  of  small  molecules.  To  fur-
ther investigate the role of excess small molecules in the forma-
tion  of  a  nonreciprocal  chiroptical  response,  we  introduced
benzoquinone  (Bq)  into  purified  BPU  to  prepare  the  BPU-Bq
film. As shown in Figs.  2(a)  and 2(b),  the CD spectra of  BPU-Bq
exhibit  a  significant  nonreciprocal  chiroptical  response  at  368
nm. When the front side of the film was tested, positive CD sig-

nals were observed at 0°, 45°, 180°, and 225°, whereas negative
CD signals were observed at 90°, 135°, 270°, and 315°. When the
backside was tested, the peak position remained unchanged at
368 nm. However,  BPU-Bq exhibited positive CD signals at 90°,
135°, 270°, and 315° and negative CD signals at 0°, 45°, 180°, and
225°. These results indicate that the nonreciprocal chiroptical re-
sponse reappears in the BPU-Bq films after doping with Bq small
molecules.

To investigate the effect of the dopant molecular structure
and the universality of this method for achieving a nonrecip-
rocal  chiroptical  response  in  polyurethane  systems,  we  pre-
pared BPU films doped with resorcinol (Res) small molecules,
denoted as BPU-Res. The CD spectra of BPU-Res are shown in
Figs. 2(d) and 2(e), with a CD peak located at 360 nm. Similar-
ly, when the front side of the film was tested, positive CD sig-
nals  were observed at  0°,  45°,  180°,  and 225°,  whereas nega-
tive signals were observed at 90°, 135°, 270°, and 315°. Upon
testing the back side, the peak position remained at 360 nm;
however,  BPU-Res  exhibited  positive  CD  signals  at  90°,  135°,
270°, and 315° and negative signals at 0°, 45°, 180°, and 225°.
These results demonstrate that angle-dependent nonrecipro-
cal chiroptical responses also emerge in the BPU-Res films af-
ter the incorporation of Res. The surface morphologies of the
two  films  were  characterized  by  SEM.  As  shown  in Figs.  2(c)
and  2(f),  both  films  exhibit  pronounced  oriented  structures
on  their  surfaces,  which  is  consistent  with  the  results  previ-
ously observed for BPU-CHCl2, BPU-Thin, and BPU-THF. These
observations  clearly  demonstrate  that  small-molecule  dop-
ing  can  facilitate  angle-dependent  nonreciprocal  chiroptical
activity within the systems.

To further elucidate the role of  small  molecules in the for-
 

800
a

400

0

−400

0°
45°
90°
135°

180°
225°
270°
315°

−800

4

3

A
b

s.

2

1

0
300 400 500 600 700

Wavelength (nm)

C
D

 (
m

d
e

g
) BPU-Bq front side

400
b

200

0

−200

0°
45°
90°
135°

180°
225°
270°
315°

−400

4

3

A
b

s.

2

1

0
300 400 500 600 700

Wavelength (nm)

C
D

 (
m

d
e

g
) BPU-Bq back side

30
d

15

0

−15

0°
45°
90°
135°

180°
225°
270°
315°

−30

3

A
b

s.

2

1

0
300 400 500 600 700

Wavelength (nm)

C
D

 (
m

d
e

g
) BPU-Res front side

30
e

15

0

−15

0°
45°
90°
135°

180°
225°
270°
315°

−30

3

A
b

s.

2

1

0
300 400 500 600 700

Wavelength (nm)

C
D

 (
m

d
e

g
) BPU-Res back side

BPU-Bq

10 μm

c

10 μm

f BPU-Res

 
Fig. 2    CD spectra of BPU-Bq in the (a) front side and (b) back side, and (c) SEM image of BPU-Bq; CD spectra of BPU-Res in the (d) front side and (e)
back side, and (f) SEM image of BPU-Res.
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mation  of  the  nonreciprocal  chiroptical  response,  computa-
tional simulations were performed using Materials Studio 5.5.
Detailed  computational  procedures  are  provided  in  ESI.  As
shown  in Figs.  3(a)–3(c),  BPU-purified,  BPU-Bq,  and  BPU-Res
all  exhibit  microphase-separated  structures.  To  further  ana-
lyze the generation of these structures, we calculated the ra-
dial  distribution  function  (RDF)  between  the  hard  segments
of the BPU system. The RDF reflects the deviation in the spa-
tial distribution of specific atom pairs relative to the ideal ran-
dom distribution. Consequently, it can be utilized to quantita-
tively  evaluate  the  aggregation  behavior  of  hard  segments
and the specific impacts of various non-covalent interactions
on  the  microphase  separation  process.[41,42] The  RDF  of  the
hard  segments  for  BPU-Bq  and  BPU-Res  shows  significantly
higher peak intensities in the 3.8 Å range compared to that of
the purified BPU (i.e.,  without the doped small molecules), as
shown  in Fig.  3(d).  This  suggests  that  the  addition  of  small
molecules leads to the formation of more ordered structures
within the hard domains of BPU-Bq and BPU-Res by strength-
ening π-π stacking. Meanwhile, owing to the presence of con-
jugated  systems  in  Bq  and  Res,  which  absorb  light,  the  or-
dered structure formed by π-π stacking can further generate
LD and LB.  Based on these analyses,  we propose that the in-
corporation  of  small  molecules  facilitates  the  formation  of
well-ordered structures, which, in turn, promotes the genera-
tion of new LD and LB factors within the BPU system. As this
microscopic ordered structure is unrelated to the orientation
mentioned  in Preparation  of  Helical  Polymers section,  its
LD and LB contributions are misaligned with those of the ori-
ented structure.  Owing to the different LD/LB ratios of  these
two structural origins, their combination results in an angular
offset  between  the  total  LD  and  total  LB,  which  drives  the
emergence of LDLB coupling in the BPU film.

Effects of Film Thickness, Solvents, and Small-
molecule Doping on the Micro-orientation
To  further  investigate  the  factors  influencing  the  structure  of
BPU films,  we initially employed SEM to characterize the cross-
sectional oriented structures of the films with varying thickness-
es. As shown in Figs. S4(a) and S4(b) (in ESI), a distinct cross-sec-
tional  orientation exists in both thick and thin BPU films.  How-
ever,  the  cross-sectional  orientation  structure  is  more  pro-
nounced in thick unpurified BPU films than in thin films, indicat-
ing a clear correlation between the orientation of the cross-sec-
tional structure and the thickness of the BPU film. We speculate
that this phenomenon most likely contributed to the influence
of film thickness on the film-forming duration. As the thickness
increased,  a  longer  evaporation  duration  allowed  the  BPU
molecular chains to align more readily along the evaporation di-
rection.  To  further  validate  this  conclusion  and  investigate  the
effect  of  the  solvent  evaporation  rate  on  the  structure  of  BPU
films,  we  compared  the  cross-sectional  orientations  of  BPU-
CH2Cl2 and BPU-THF films with identical thicknesses.  As shown
in  Figs.  S4(a)  and  S4(c)  (in  ESI),  CH2Cl2 exhibits  higher  volatility
and  a  shorter  film-forming  time  because  of  its  lower  boiling
point,  resulting  in  less  developed  orientation  structures  com-
pared  to  BPU-THF  films  and  consequently  weaker  CD  signals.
This  phenomenon  indicates  that  the  solvent  evaporation  pro-
cess  leads  to  the  formation  of  orientational  structures  perpen-
dicular to the film surface, which is consistent with the conclu-
sions of our previous study.[38]

To  further  elucidate  the  relationship  among  doping  small
molecules,  cross-sectional  orientation,  and  nonreciprocal  CD
response,  we  characterized  the  orientation  structures  in  the
samples  after  small-molecule  removal.  In  Fig.  S4(d)  (in  ESI),
the  residual  orientation  is  faintly  visible  after  MDI  removal,
which is due to the limited hard domain formation during sol-
vent  evaporation;  however,  the  structure  is  insufficient  to
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Fig. 3    (a–c) show the molecular dynamic simulation images of BPU-Purified, BPU-Bq, and BPU-Res, respectively. The green, red, and orange parts
are the soft segments, hard segments, and doped small molecules, respectively. (d) is the RDF among the hard segments.
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generate a significant nonreciprocal chiroptical response and
only produces minor signals. In contrast, the samples with re-
doped  small  molecules  (Figs.  S4e  and  S4f  in  ESI)  exhibited
well-defined  orientation  structures.  These  results  confirmed
that  excess  small  molecules  play  a  critical  role  in  facilitating
the  formation  of  oriented  cross-sectional  structures,  which
are  essential  for  robust  nonreciprocal  chiroptical  responses.
Consequently,  small  molecules  play  a  dual  role  in  the  emer-
gence  of  nonreciprocal  CD  responses  in  BPU  by  promoting
the  formation  of  both  macroscopic  orientations  and  micro-
scopically ordered structures. The synergy between these two
structural  features  ultimately  drives  the  observed  chiroptical
behavior.

Effects of Scattering on the Nonreciprocal Chiroptical
Response
In  the  aforementioned  study,  we  observed  that  the
polyurethane  system  possesses  an  inherent  microphase-sepa-
rated  structure  along  with  an  angle-dependent  nonreciprocal
chiroptical  response.  We  hypothesized  that  this  microphase
separation leads to significant multiple scattering effects within
the film. This hypothesis is supported by the fact that the intrin-
sic chirality signals of the BPU films decreased markedly with in-
creasing thickness (Figs. 1a–1d). Generally, for chiral samples, as
the  sample  thickness  increases,  the  chiroptical  signals  are  en-
hanced  owing  to  the  increased  interaction  distance  between
the light  and the sample.  However,  when scattering processes
are  present  in  the  system,  they  induce  a  pronounced  depolar-
ization  effect,  which  results  in  the  attenuation  of  the  true  chi-
roptical  signals,  thereby  leading  to  the  weakening  of  the  true
chiral signal as the film thickness increases. Furthermore, multi-
ple scattering may be one of the underlying causes for the for-
mation  of  angle-dependent  nonreciprocal  CD  signals.  A  study
by Kotov et al.[43] detailed the origins of LDLB coupling in two-
dimensional  achiral  oriented materials,  demonstrating that  the
angle α’ between the LD and LB axes significantly influences the
resulting  CD  signals.  In  the  scattering  system  formed  by  the
polyurethane  microphase-separated  structure,  the  hard  do-
mains  constitute  the  ordered  structures.  Consequently,  when
light passes through the BPU film, it encounters not only the LD
induced  by  the  macroscopic  orientation,  but  also  the  LB  and
scattering effects arising from the microphase separation. When
these scattering effects are combined with LD and LB, they may
facilitate the re-coupling of optical paths, giving rise to new sig-
nals.

To  verify  this  hypothesis,  we  investigated  the  influence  of
scattering  on  the  chiroptical  properties  of  BPU  films,  using
BPU-Bq  as  a  representative  model.  Specifically,  BPU-Bq  was
characterized via diffuse  transmission  circular  dichroism
(DTCD),  employing  an  integrating  sphere  to  collect  all  light
transmitted through the film. The test results are presented in
Figs.  S5(a)  and  S5(b)  (in  ESI).  When  the  front  side  of  the  film
faced  the  light  source,  BPU-Bq  exhibited  positive  CD  signals
at  all  rotational  angles,  with  the  signal  profiles  being  almost
linear. The significant discrepancy between the CD signals of
BPU-Bq in the DTCD test and those from the conventional CD
test (Figs. 2a and 2d) indicated the presence of scattering ef-
fects within the system. Moreover, straight-line CD signals are
characteristic  of  the  LD  and  LB.  Additionally,  when  the  back
side of the film faced the light source, BPU-Bq displayed neg-
ative DTCD signals at all angles, maintaining a nearly straight

line profile.  This indicates that BPU-Bq exhibits a nonrecipro-
cal chiroptical response originating from LDLB coupling; how-
ever,  this  response  is  substantially  modulated  by  scattering
effects  during  the  measurement,  resulting  in  a  pronounced
angle dependence.

As mentioned previously (Figs. 3a and 3b), no intrinsic chi-
rality signal was observed in the BPU-purified film after the re-
moval of the small  molecules.  This phenomenon can also be
explained  by  the  scattering  effects.  We  measured  the  CD
spectra of the BPU-purified film in diffuse transmission circu-
lar dichroism (DTCD) mode, and the results are shown in Fig.
S6 (in ESI). The BPU-purified film exhibited a negative CD peak
at  approximately  320  nm.  This  was  consistent  with  the  de-
scription  in  Fig.  S2  (in  ESI)  and  originates  from  the  intrinsic
chirality  of  the  BPU  molecules.  Therefore,  we  speculate  that
the  failure  to  detect  the  chirality  of  the  BPU-purified  film  in
conventional CD measurements is due to depolarization and
polarization  scrambling  effects  caused  by  the  scattering  ele-
ments  within  the  film,  which  ultimately  leads  to  the  disap-
pearance of the true chiral signal.

In  this  context,  the  multiple  scattering  induced  by  mi-
crophase  separation  does  not  merely  play  a  negative  role
through  depolarization;  instead,  it  acts  as  an  "optical  path
amplifier,” significantly  enhancing  the  nonreciprocal  signals
generated by the coupling of LD and LB. However, it is worth
noting  that  the  CD  signals  resulting  from  the  synergy  be-
tween  scattering  and  the  LDLB  should  theoretically  be  ran-
domly  distributed  between  0°  and  180°  without  a  discern-
able and definite pattern. Given that scattering is dependent
on  both  the  incident  wavelength  and  particle  dimensions,
and  considering  that  significant  scattering  is  primarily  ob-
served in the shorter wavelength region, we hypothesize that
the scattering originates from ordered structures,  specifically
hard  domains,  formed  by  the  accumulation  of  excess  small
molecules  within  the  polyurethane  matrix.  Furthermore,  be-
cause these hard domains are uniformly distributed through-
out the BPU, the scattering process itself is inherently isotrop-
ic.  Notably,  because LDLB signals  persist  even when an inte-
grating sphere is employed, we propose that the synergy be-
tween  LDLB  coupling  and  scattering  effects  fundamentally
drives  the  emergence  of  this  apparent  all-angle-dependent
nonreciprocal chiroptical response.

The  orientation  perpendicular  to  the  film  surface  generat-
ed during the film-forming process may also contribute to the
all-angle nonreciprocal  chiroptical  response (Scheme 2).  Ow-
ing to external perturbations during solvent evaporation, this
oriented  structure  cannot  be  perfectly  perpendicular  to  the
film  surface.  Consequently,  a  specific  tilt  angle  exists  be-
tween  the  oriented  structure  and  the  surface  normal,  which
creates  a  linear  projection  onto  the  plane  of  the  film.  This
macroscopic  projection  directly  determines  the  effective  LD
axis  of  the film,  thereby breaking in-plane optical  symmetry.
As the sample rotates, the LB effect exhibits a macroscopical-
ly isotropic characteristic owing to the scattering mechanism,
meaning that it  remains invariant during rotation.  Therefore,
during sample rotation, only the LD axis changed its orienta-
tion  relative  to  the  LB  axis.  This  leads  to  a  continuous  varia-
tion in α’ between the LD and LB axes, ultimately realizing the
observed  angle-dependent  nonreciprocal  signals,  as  shown
in Scheme 3.
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Fig. 4    CD spectra of BPU-Bq-PY in the (a) front side and (b) back side.
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Modulation of Angle-dependent Nonreciprocal
Chiroptical Response with Helical Polyacetylene
In  previous  studies,[38] we  observed  that  the  incorporation  of
helical-substituted  polyacetylene  induces  a  redshift  in  the  an-
gle-dependent  nonreciprocal  chiroptical  response.  To  further
investigate this phenomenon, we introduced helical polyacety-
lene  (PY)  into  the  BPU-Bq  system  to  prepare  BPU-Bq-PY  and
characterized its  CD spectrum.  As  shown in Figs.  4(a)  and 4(b),
compared to BPU-Bq, BPU-Bq-PY also exhibited all-angle nonre-
ciprocal  chiroptical  signals  with  a  redshift  to  450  nm.  This
demonstrates that polyacetylene can modulate the generation
wavelength of the all-angle non-reciprocal chiroptical response.

We further investigated the role of achiral polyacetylene by
directly doping purified BPU with PY to prepare BPU-PY films.
The resulting BPU-PY films exhibited no detectable non-recip-
rocal  chiroptical  responses,  as  shown  in  Fig.  S7  (in  ESI),  indi-
cating that polyacetylene only serves an auxiliary function in
modulating  the  nonreciprocal  chiroptical  response  rather
than generating a nonreciprocal chiroptical response. In addi-
tion,  as  shown  in  Figs.  S8(a)  and  S8(b)  (in  ESI),  SEM  imaging
revealed a significantly weakened surface orientation in BPU-
PY  compared  to  that  in  BPU-Bq-PY.  This  demonstrates  that
the generation of the surface orientation structures shows no
direct  correlation  with  helical-substituted  polyacetylene  but
is  exclusively  governed  by  the  chiral  architecture  of
polyurethane and the doped small  molecules.  Moreover,  the
observed  changes  in  the  cross-sectional  orientation  before
and  after  the  addition  of  Bq  further  substantiate  our  earlier
hypothesis that excess small molecules actively participate in
the formation of cross-sectional oriented structures, as shown
in Figs. S6(c) and S6(d) (in ESI). The above results indicate that
the achiral helical polyacetylene can only modulate the non-
reciprocal  chiroptical  response,  rather  than  directly  promot-
ing its generation.

CONCLUSIONS

In conclusion, we reported an apparent all-angle nonreciprocal
chiroptical  response  in  BPU  systems.  The  apparent  all-angle
nonreciprocal  chiroptical  response  is  enhanced  with  an  in-
crease in the film thickness and decrease in the film formation
rate.  To validate the critical  role  of  small  molecules  in  generat-
ing an angle-dependent nonreciprocal chiroptical response, we
systematically modulated the presence/absence of nonrecipro-
cal  chiroptical  responses  by  removing  and  reintroducing  small
molecules. We proposed a mechanism based on the co-effect of
LD, LB, and the multi-scattering effect for generating the angle-
dependent nonreciprocal chiroptical response by molecular dy-
namic simulation. The angle-dependent nonreciprocal chiropti-
cal  response originated from the coupling of the LD contribut-
ed by the solvent-induced oriented structure during film forma-
tion, LB generated by the ordered stacking structure, and scat-
tering effect from the microphase. Furthermore, the incorpora-
tion  of  helical-substituted  polyacetylenes  into  BPU  controlled
the wavelength of  the  nonreciprocal  chiroptical  response.  This
study provides insights into the formation mechanism of the all-
angle nonreciprocal chiroptical response and advances the fun-
damental  understanding  of  this  interesting  phenomenon.  It
should  be  mentioned  that  the  nonreciprocal  chiroptical  re-
sponses of polymer materials is a newly emerging research top-
ic. More work is needed to fully understand these effects, which

is expected to enable unprecedented chiroptical materials with
broad application prospects.
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Chiral  polyurethane (BPU) containing binaphthol  (BINOL)
groups  in  the  main  chain  was  prepared.  By  introducing
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in  the  BPU.  Through  removal  of  excess  doped  small
molecules and control experiments, this study successful-
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