
 

• 2026 Rising Scholars • https://doi.org/10.1007/s10118-026-3819-y

Chinese J. Polym. Sci.

Dendronized Hyperbranched Polymers with Excellent Second-order
Nonlinear Performance through Topological Structure Modulation

Pan-Pan Qiaoa,†, Kai Wanga,†, Wen-Tao Yuana, Qian-Qian Lia*, and Zhen Lia,b*

a Hubei Key Lab on Organic and Polymeric Opto-Electronic Materials, Department of Chemistry, Wuhan University, Wuhan 430072, China
b College of Chemistry and Chemical Engineering, Hubei University, Wuhan 430062, China

  Electronic Supplementary Information

Abstract   The development of organic second-order nonlinear optical (NLO) materials critically depends on achieving a non-centrosymmetric

arrangement  of  chromophores  to  maximize  macroscopic  NLO  coefficients.  Recently,  dendronized  hyperbranched  polymers  (DHPs)  have

emerged as promising candidates due to their unique spatial architectures, which suppress unfavorable aggregation and stabilize ordered orien-

tation. The central cores serve as a key factor governing the branching topology of the resulting polymers. Herein, a series of DHPs were con-

structed by regulating the configuration of branching cores containing ether bonds with low rotational barriers. Driven by the synergy between

an optimized static topological architecture and the dynamic modulation of low-rotational-barrier linkers, DHP-PhO achieved an optimal combi-

nation of a high NLO coefficient (d33=263 pm·V−1) and robust thermal stability (T80%=120 °C). This work provides a viable molecular design strate-

gy for developing high-performance organic NLO polymers through the integration of topological engineering and core structure modulation,

which is expected to promote the practical application of organic NLO materials in advanced optoelectronic devices.
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INTRODUCTION

Organic second-order nonlinear optical (NLO) materials have at-
tracted attention due to their high microscopic NLO coefficients
(β) of chromophores, ease of structural modification, low dielec-
tric constant, and excellent processability, endowing them with
unparalleled  competitiveness  in  integrated  photonic  applica-
tions.[1−3] Generally,  the  macroscopic  NLO  coefficients  (d33)  are
primarily determined by the β values of the chromophores and
their arrangement in a preferred non-centrosymmetric orienta-
tion. However, the strong dipole-dipole interactions among ad-
jacent  chromophore  units  tend to  drive  the  formation of  ther-
modynamically  stable  centrosymmetric  aggregates.[4−8] Conse-
quently,  even  when  electric  field  poling  is  applied  above  the
glass  transition  temperature  of  the  polymers  to  induce  a  non-
centrosymmetric orientation of the chromophores (Fig. 1a), the
resulting d33 values  remain  limited  due  to  imperfect  chro-
mophore alignment.[9,10]

Various strategies have been developed to regulate molec-
ular orientation precisely.[11−14] Among them, the evolution of

polymer topological architectures has opened a new route to
enhancing  NLO  performance.  Traditional  linear  polymers
adopt random-coil  conformations that  severely  restrict  chro-
mophore  alignment,  resulting  in  poor  macroscopic  polar  or-
der  and weak electro-optic  activity.  In  stark  contrast,  emerg-
ing  topologies,  such  as  cyclic,  star-shaped,  brush,  and  den-
drimer-like  polymers,  pre-organize  chromophores  into  spa-
tially  confined,  orientationally  ordered  ensembles.[15−22]

These  architectures  impose  conformational  constraints  that
enhance  poling  efficiency,  stabilize  the  induced  non-cen-
trosymmetric  alignment  against  thermal  randomization,  and
suppress detrimental dipole-dipole interactions. By engineer-
ing the local  microenvironment through chain topology,  the
desired molecular orientation can be effectively locked in. In-
tegrating  the  complementary  merits  of  dendritic  and  hyper-
branched polymers  (HPs),  dendronized hyperbranched poly-
mers  (DHPs),  innovatively  proposed  by  our  group  in  2013,
have  now  emerged  as  a  novel  and  promising  platform  for
constructing  high-performance  NLO  materials.[23,24] The  DH-
Ps,  generated  by  introducing  low-generation  dendrimers  as
monomers into the HPs backbone, feature novel spatial archi-
tectures,  high  degree  of  branching  and  facile  synthesis.  The
spatial  isolation  effect  induced  by  the  three-dimensional
structure  of  DHPs,  coupled  with  their  abundant  cavity  envi-
ronments,  facilitate  the  ordered  arrangement  of  the  chro-
mophore  moieties  in  the  initial  state.  Therefore,  these  DHPs
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exhibit superior NLO performance and enhanced thermal sta-
bility.[25−27]

Furthermore,  to enhance the dynamic orientation of chro-
mophore  moieties  during  electric  field  poling  process,  our
group  investigated  the  often-overlooked  linkers  between
chromophores  and  found  that  alkoxy  chains  markedly  out-
perform conventional alkyl linkers.[28−31] This superiority origi-
nates  from  their  intrinsically  lower  rotational  energy  barriers
(ΔE), the ΔE value of dimethyl ether is only 10.6 kJ·mol−1 com-

pared with 13.3 kJ·mol−1 of propane,[32,33] which allows chro-
mophores  to  rotate  more  freely  and  align  more  efficiently
during electric-field poling, leading directly to higher macro-
scopic  polar  order  and  improved  poling  efficiency.  These
findings establish linker chemistry not as a passive structural
element,  but  as  a  critical  and  tunable  molecular  design  pa-
rameter  for  optimizing  chromophore  orientation  dynamics
and boosting the electro-optic performance of NLO polymers.

Inspired by these findings,  herein,  we focused on core en-
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Fig.  1    (a)  The  non-centrosymmetric  arrangement  of  chromophores  achieved  through  the  combination  of  external  stimulus  and  structural
regulation;  (b)  The  synthesis  and  regulation  of  dendronized  hyperbranched  polymers via one-step  polymerization,  and  the  corresponding  NLO
performance.
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gineering  in  DHPs  incorporating  preferred  alkoxy  chains.  A
series  of  DHPs  was  synthesized via one-step  polymerization,
in which Y-shaped monomers containing azo-chromophores
served  as  the  dendritic  segments,  and  three  types  of
comonomers  incorporating  ether  bonds  with  low  rotational
energy  barriers  acted  as  the  central  cores  (Fig.  1b).  The  dis-
tinct  configurations  of  these  three-dimensional  branching
points  profoundly  influence  aggregation  behavior  of  chro-
mophores and ultimately the NLO properties.  The optimized
DHP-PhO achieved  a  large  second-order  NLO  coefficient
(d33=263  pm·V−1)  and  a  thermal  decay  temperature  (T80%=
120 °C).  Our findings demonstrate that fine-tuning the topo-
logical structure and internal flexibility of DHPs by core engi-
neering  is  an  effective  strategy  for  developing  advanced  or-
ganic second-order NLO materials.

EXPERIMENTAL

Materials
N,N-dimethylformamide (DMF) was dried and distilled from Na-
K alloy under an atmosphere of dry nitrogen. All other reagents
were used as received.

Instrumentation
The  nuclear  magnetic  resonance  (NMR)  spectra  (1H- and 13C-)
were recorded on a Bruker AVANCE NEO (400 MHz for 1H, 101
MHz  for 13C)  spectrometer  using  tetramethylsilane  (TMS; δ=0
ppm) as the internal standard. The matrix assisted laser desorp-
tion ionization time-of-flight mass spectra were measured with
an  AB  SCIEX  5800  MALDI-TOF  MS.  The  infrared  (IR)  absorption
spectra were recorded with a PerkinElmer-2 spectrometer in the
region of 4000–500 cm−1. The gel permeation chromatography
(GPC)  analysis  was  performed  using  a  Waters  HPLC  system
equipped  with  a  2690D  separation  module  and  a  2410  refrac-
tive index detector. Polymethyl methacrylate (PMMA) was used
as a calibration standard, and DMF was used as an eluent (25 °C
and  1  mL·min−1).  The  ultraviolet-visible  (UV-Vis)  absorption
spectra  were  obtained  using  a  Shimadzu  UV-2700  spectrome-
ter. The thermogravimetric analysis (TGA) was performed with a
Beijing Hengjiu HTG-1 thermal  analyzer  at  a  heating rate of  10
°C·min−1 in nitrogen at a flow rate of 50 cm3·min−1. The differen-
tial scanning calorimetry (DSC) was performed using a Mettler-
Toledo DSC3 under nitrogen at a scanning rate of  10 °C·min−1.
The thickness of the films was measured with a profiler (Bruker
DEKTAKXT).  Density  functional  theory  (DFT)  calculations  were
performed on Gaussian 16, Revision C01.[34] Molecular structure
optimization was calculated based on PBE1PBE functional with
DEF2SVP  basis  set.  Visualization  of  intramolecular  interactions
was obtained through the Multiwfn 3.8 software.[35]

Synthesis of Dendronized Hyperbranched Polymers
Under an atmosphere of nitrogen, M-NO, M-CO, M-PhO, or M-
Ph (1.00 equiv.) and Mon-Y (1.50 equiv.) were dissolved in DMF
in  a  Schlenk  flask  at  room  temperature.  A  predetermined  vol-
ume  of  freshly  prepared  aqueous  copper  (II)  sulfate  pentahy-
drate  (CuSO4·5H2O,  0.08  mol·L−1,  about  0.10  equiv.)  and  aque-
ous  sodium  ascorbate  (NaAsc,  0.16  mol·L−1,  about  0.10  equiv.)
was then introduced via a microsyringe. After 24 h of reaction at
room temperature, a second batch of aqueous solutions of Cu-
SO4·5H2O (about 0.05 equiv.) and NaAsc (about 0.05 equiv.) was
added.  The conversion of  monomer Mon-Y was monitored by

thin-layer chromatography (TLC), and the reaction was immedi-
ately quenched, once the monomer was mostly consumed but
before  insoluble  product  began  to  form.  The  mixture  was
poured  into  a  large  excess  of  water,  and  the  resultant  precipi-
tate was collected and washed successively with deionized wa-
ter,  anhydrous methanol,  and acetone.  The crude product was
further  purified  by  reprecipitation  from  dichloromethane  into
methanol, yielding a deep-red powder.

Synthesis of DHP-NO
Mon-Y (138.7  mg,  0.100 mmol), M-NO (17.7  mg,  0.067 mmol),
DMF (10.0 mL), CuSO4·5H2O aqueous solution (125 μL + 50 μL),
NaAsc  aqueous  solution  (125  μL  +  50  μL),  a  deep  red  powder
(121.0  mg,  77%). 1H-NMR  (400  MHz,  DMSO-d6,  298  K), δ (TMS,
ppm):  8.30–8.20  (ArH),  7.86–7.70  (ArH),  7.08  (ArH),  6.93  (ArH),
6.76–6.71 (ArH), 5.14 (CH2), 4.59 (CH2), 4.40 (CH2), 4.19 (CH2), 3.86
(CH2),  3.72  (CH2),  3.58(CH2),  3.19  (CH2),  1.78–1.68  (CH2),  1.45
(CH2), 0.95 (CH3).

Synthesis of DHP-CO
Mon-Y (138.7  mg,  0.100  mmol), M-CO (16.6  mg,  0.067  mmol),
DMF  (10  mL),  CuSO4·5H2O  aqueous  solution  (125  μL  +  50  μL),
NaAsc  aqueous  solution  (125  μL  +  50  μL),  a  deep  red  powder
(130.0  mg,  84%). 1H-NMR  (400  MHz,  DMSO-d6,  298  K), δ (TMS,
ppm):  8.28–8.20  (ArH),  7.85–7.69  (ArH),  7.10  (ArH),  6.88  (ArH),
6.75–6.70 (ArH), 5.15 (CH2), 4.59 (CH2), 4.40 (CH2), 4.20 (CH2), 3.86
(CH2),  3.69  (CH2),  3.57  (CH2),  3.17  (CH2),  1.80–1.70  (CH2),  1.43
(CH2), 0.95 (CH3).

Synthesis of DHP-PhO
Mon-Y (138.7 mg, 0.100 mmol), M-PhO (16.0 mg, 0.067 mmol),
DMF  (10  mL),  CuSO4·5H2O  aqueous  solution  (125  μL  +  50  μL),
NaAsc  aqueous  solution  (125  μL  +  50  μL),  a  deep  red  powder
(120.0  mg,  78%). 1H-NMR  (400  MHz,  DMSO-d6,  298  K), δ (TMS,
ppm):  8.33–8.24  (ArH),  7.88–7.74  (ArH),  7.12  (ArH),  6.94  (ArH),
6.81–6.74 (ArH), 5.20 (CH2), 4.64 (CH2), 4.25 (CH2), 3.93 (CH2), 3.75
(CH2),  3.63  (CH2),  3.25  (CH2),  1.84  (CH2),  1.74  (CH2),  1.51  (CH2),
1.00 (CH3).

Synthesis of DHP-Ph
Mon-Y (138.7  mg,  0.100  mmol), M-Ph (10.0  mg,  0.067  mmol),
DMF  (10  mL),  CuSO4·5H2O  aqueous  solution  (125  μL  +  50  μL),
NaAsc  aqueous  solution  (125  μL  +  50  μL),  a  deep  red  powder
(73.0  mg,  49%). 1H-NMR  (400  MHz,  DMSO-d6,  298  K), δ (TMS,
ppm):  8.38–8.21  (ArH),  7.94–7.72  (ArH),  7.11  (ArH),  7.01  (ArH),
6.83–6.71 (ArH), 5.20 (CH2), 4.64 (CH2), 4.28–4.22 (CH2), 3.95–3.91
(CH2),  3.74  (CH2),  3.62  (CH2),  3.23  (CH2),  1.88  (CH2),  1.75  (CH2),
1.54 (CH2), 0.95 (CH3).

Film Preparation
The  DHPs  were  dissolved  in  dichloromethane  at  a  concentra-
tion of 30 mg·mL−1.  The solutions were thoroughly shaken and
allowed  to  stand  overnight  to  ensure  complete  swelling  and
dissolution  of  the  polymers.  Subsequently,  the  solutions  were
filtered  through  syringe  filters  (0.22  μm)  and  spin-coated  onto
the non-conductive side of  indium-tin-oxide (ITO)-coated glass
substrates. The purchased ITO-coated glass substrates (2.0 cm ×
1.9 cm) were sequentially cleaned by ultrasonic treatment in dif-
ferent  solvents:  water,  acetone,  deionized  water,  DMF,  and
tetrahydrofuran  (THF)  prior  to  use.  The  transparent  polymer
films were prepared by spin-coating 75 μL of the polymer solu-
tion onto the substrate at two consecutive speeds: 1000 r·min−1

for  18  s  and 1500 r·min−1 for  60  s,  without  intermediate  delay.
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Residual solvent was removed in a vacuum oven at 40 °C for 12
h. The resultant films typically possessed thicknesses of 100‒200
nm (Table S1 in the electronic supplementary information, ESI),
and showed good uniformity (Fig. S1 in ESI).

NLO Measurement
The  second-order  NLO  efficiencies  were  measured via in  situ
second harmonic generation (SHG) experiments using a closed
temperature-controlled  oven  equipped  with  optical  windows
and three needle electrodes, and were characterized by the d33

value as the SHG coefficient.[36,37] The films were kept at 45° to
the  incident  beam,  and  the  conductive  plane  faced  the  laser.
The gap distance between this  conductive  plane and the nee-
dle  electrodes  is  8  mm.  Then  the  laser  was  lit,  the  films  were
poled inside the oven at a poling voltage of 7.0 kV, and the SHG
intensity  was  monitored  simultaneously.  The  SHG  measure-
ments were carried out using an Nd: YAG laser operating at a 10
Hz repetition rate and an 8 ns pulse width at 1064 nm. A Y-cut
quartz crystal served as the reference. The thin films were slow-
ly  heated from room temperature to the best  poling tempera-
ture under an electric field.  The de-poling curves of second-or-
der NLO materials after poling were conducted as follows: poled
films  were  heated  gradually  from  room  temperature  until  no
obvious  signals  were  observed  in  the  absence  of  an  applied
electric field. The heating rate was 4 °C·min−1.

RESULTS AND DISCUSSION

Synthesis and Characterization
The  target  DHPs  were  synthesized via the  Click  reaction  be-
tween Y-shaped monomer and central cores (detailed synthesis
see  Scheme  S1  in  ESI),  which  features  high  synthetic  yields
(77%–84%).[38,39] Nevertheless,  the  polymerization  procedure
requires  precise  regulation  to  prevent  excessive  crosslinking,
which would otherwise render the resultant products insoluble
and infusible. Referring to the previous polymerization protocol
established in our laboratory,  a  large amount of  insoluble sub-
stances  rapidly  emerged  in  the  reaction  system  under  a
monomer  concentration  of  0.01  mmol·mL−1 and  a  catalyst
dosage of  0.20 equiv.  Accordingly,  the catalyst  loading was re-
duced to 0.10 equiv. in the subsequent trial. An additional por-
tion of catalyst (ca. 0.05 equiv.) was supplemented after 24 h of
reaction, and the polymerization progress was monitored in re-
al time. Specifically, a small amount of reaction solution was pe-
riodically dropped into methanol to observe precipitate forma-
tion  and  evaluate  the  solubility  of  the  precipitated  product.

Once obvious precipitate appeared, water was immediately in-
troduced to quench the reaction, so as to obtain polymers with
high molecular weight as well as satisfactory solubility. The final
products  DHPs  were  all  soluble  in  common  polar  organic  sol-
vents, such as CH2Cl2, DMF and dimethyl sulfoxide (DMSO). Vari-
ation in central core structures led to different optimal reaction
durations  for  the  obtained  polymers.  The  central  core M-Ph
possesses high structural rigidity and poor solubility, thus corre-
sponding to the shortest reaction time; insoluble fractions could
be detected only 3 h after the second catalyst addition. In con-
trast,  the  introduction  of  ether  linkages  in M-PhO endowed  it
with better solubility, which prolonged the polymerization pro-
cess. As a result, insoluble precipitates were observed until 16 h
after the supplementary addition of the catalyst.  Generally,  un-
terminated  hyperbranched  polymers  tend  to  undergo  further
crosslinking during storage, which inevitably impairs their solu-
bility  and  processability.  In  comparison,  the  as-prepared  poly-
mers exhibit  excellent storage stability.  This favorable property
is  attributed  to  their  unique  spatial  configuration,  which  effec-
tively isolates individual chromophore units and generates con-
siderable steric hindrance. This steric effect efficiently suppress-
es further crosslinking reactions.

The  chemical  structures  of  central  cores  and  the  resultant
DHPs were initially characterized by 1H- and 13C-NMR spectra
(Figs.  S3–S13  in  ESI).  Fourier-transform  infrared  (FTIR)  spec-
troscopy was further employed to identify functional  groups
and monitor the polymerization process (Fig. 2a). Notably, the
characteristic  peak  at  2098  cm−1,  attributed  to  the  azide
group  (―N3),  disappeared  in  the  prepared  polymers  com-
pared to the corresponding monomer Mon-Y, confirming the
consumption of azide moieties via their reaction with alkynyl
groups.  The  sustained  presence  of  nitro-based  chro-
mophores  throughout  the  polymerization was  evidenced by
the persistent bands at 1516 and 1335 cm−1.

Thermal  properties  of  the  polymers  were  investigated  by
DSC  and  TGA.  The  thermal  decomposition  temperature  (Td,
temperature at 5% weight loss) and glass transition tempera-
ture  (Tg)  are  summarized  in Table  1. DHP-PhO (Tg=122  °C)
showed  the  highest Tg value,  higher  than  those  of DHP-NO
(Tg=93 °C), DHP-CO (Tg=114 °C), and DHP-Ph (Tg=119 °C) (Fig.
2b).  All  polymers  exhibit  high Td above  250  °C,  attributed  to
the excellent thermal stability of  the azo-chromophores (Fig.
2c).  The  molecular  weights  of  target  polymers  were  deter-
mined  by  GPC.  All  four  dendronized  hyperbranched  poly-
mers  possess  weight-average  molecular  weight  (Mw)  higher
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Fig.  2    (a)  FTIR  spectra  of  target  polymers  and  the  corresponding  monomer Mon-Y;  (b)  DSC  curves  and  (c)  TGA  thermograms  of  polymers
measured at a heating rate of 10 °C·min−1 under nitrogen atmosphere.
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than 104, with a lower polydispersity index (Table 1).
Chromophores  with  strong  intramolecular  charge  transfer

(ICT)  effect,  demonstrated  solvent-dependent  absorption
spectra.  The  absorption  spectra  of  the  monomer  and  poly-
mers  were  measured  in  six  kinds  of  solvents  (Fig.  S2  in  ESI),
and  the  corresponding  maximum  absorption  wavelengths
were listed in Table S2 (in ESI).  The corresponding maximum
absorption  wavelengths  red-shifted  gradually  with  the  in-
creased  polarity  of  solvents  from  1,4-dioxane  to  DMSO.  The
difference  between  its  maximum  absorption  wavelength  in
1,4-dioxane  and  that  in  DMSO  was  defined  as  Δλmax.  Al-
though  the  same  chromophore  (The  molecule  features  a  di-
azene  (―N＝N―)  core  bridging  two  phenyl  rings,  with  an
electron-donating  unit  [―N(CH3)2]  and  an  electron-with-
drawing nitro group (―NO2) at the para-position, respective-
ly.) in this system, the Δλmax values of DHPs (29‒32 nm), were
slightly  smaller  than  that  of  monomer Mon-Y (35  nm).  The
free Mon-Y chromophore underwent enhanced electron de-
localization when exposed to the highly polar media. In con-

trast,  the  three-dimensional  hyperbranched  framework  of
DHPs  acts  as  a  physical  barrier  for  the  embedded  chro-
mophores.  This  spatial  confinement  creates  a  distinct  local
environment  compared  to  the  free  monomer,  effectively
shielding  the  chromophores  from  the  influence  of  polar  sol-
vents.  Consequently,  while  both  the  free Mon-Y chro-
mophore  and  the  chromophores  embedded  in  the  DHP
frameworks  exhibit  solvatochromism,  the  interaction  be-
tween the chromophores in DHPs and the external solvent is
attenuated.

Second-order NLO Properties
The second-order NLO responses of DHPs were investigated via
in  situ second harmonic  generation (SHG)  measurements,  with
the  SHG  coefficient d33 and  thermal  decay  temperature T80%

employed as key parameters to evaluate NLO activity and tem-
poral stability. The method for the calculation of the d33 for the
poled films has been reported previously.  The poling curves of
the SHG coefficients of polymer films as a function of tempera-
ture  are  shown  in Fig.  3(a).  All  four  DHPs  exhibited  excellent

 

Table 1    Characterization data and NLO properties of polymer.
 

Polymer
Mw a

(104)
Mw/Mn a

(PDI)
Tg b

(°C)
Td c

(°C)
λmax d

(nm)
ls e

(nm)
Te f

(°C)
d33 g

(pm·V−1)
d33(∞) 

h

(pm·V−1)
T80% i

(°C)
Φ j N k

(%)

DHP-NO 3.09 1.44 93 281 468 158 120 206 38 101 0.34 53.7
DHP-CO 3.47 1.56 114 302 466 170 122 212 40 123 0.35 54.2

DHP-PhO 2.86 1.96 122 295 470 127 133 263 46 120 0.38 54.4
DHP-Ph 2.08 2.66 119 259 470 119 135 248 44 116 0.37 57.6

a Determined by GPC in DMF based on calibration with PMMA (25 °C and 1 mL·min−1); b Glass transition temperature detected by DSC analysis under nitrogen
at a heating rate of 10 °C·min−1; c The 5% weight loss temperature of polymers detected by TGA analysis under nitrogen at a heating rate of 10 °C·min−1; d The
maximum  absorption  wavelength  of  polymer  films; e Film  thickness; f The  best  poling  temperature  corresponding  to  the  highest  SHG  signal; g SHG
coefficients measured at a 1064 nm fundamental beam at a voltage of 7 kV, representing the second-order NLO effect; h The non-resonant d33 values were
calculated  using  an  approximate  two-level  model,  representing  the  NLO  effect  after  deducting  the  fundamental  frequency  optical  resonance; i The
temperature  at  which the SHG signal  decreased to  80%; j Order  parameter  for  characterizing the orientation arrangement  of  chromophores, Φ =  1‒A1/A0,
where A1 and A0 are  the  absorbance  values  of  the  polymer  film  after  and  before  corona  poling,  respectively; k The  loading  density  of  the  effective
chromophores.
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Fig. 3    (a) Poling curves of the SHG coefficient (d33) of polymer films as a function of temperature; UV-Vis spectra of polymer films (b) DHP-NO, (c)
DHP-CO,  (d) DHP-PhO and (e) DHP-Ph before (solid) and after poling (dashed); (f) Decay curves of the SHG coefficient (d33) of polymer films as a
function of temperature.
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macroscopic  NLO  coefficients,  with d33 values  exceeding  200
pm·V−1. It mainly benefited from the unique structural merits of
dendronized  hyperbranched  architectures.  The  three-dimen-
sional  hyperbranched  frameworks  provide  abundant  free  vol-
ume  cavities,  which  effectively  isolate  chromophore  units  and
weaken  intermolecular  dipole-dipole  interactions.  Meanwhile,
the incorporation of ether bonds, which possess low rotational
energy  barriers,  into  the  central  cores  facilitates  chromophore
rotation  owing  to  the  decreased  energy  barriers.  Additionally,
the  head-to-tail  linkage  of  Y-shaped  chromophore  monomers
offer  pre-optimized  alignment  at  the  molecular  level.  All  of
them  promote  the  non-centrosymmetric  alignment  of  chro-
mophores during poling, elevating the NLO performance of DH-
Ps in this system.

Moreover, the spatial configuration of the cores significant-
ly  influenced  NLO  performance  (Table  1):  the d33 values  in-
creased from 206 pm·V−1 (DHP-NO) to 212 pm·V−1 (DHP-CO),
and  further  to  248  pm·V−1 (DHP-Ph)  and  263  pm·V−1 (DHP-
PhO)  as  the  core  configuration  changes,  with  the  order  pa-
rameters (Φ) exhibited a corresponding increase from 0.34 to
0.35  and  ultimately  to  0.37  and  0.38  (Figs.  3b–3e).  The d33(∞)

values  (defined  as  the  macroscopic  NLO  coefficients  of  non-
resonance  enhancement)  of  polymers  were  calculated  using
an  approximate  two-level  model.  To  a  certain  extent,  the
d33(∞) values can represent the NLO effect after deducting the
fundamental  frequency  optical  resonance,  which  demon-
strated a similar trend to that of d33 values. Systematic investi-
gations  into  the  configuration  of  central  core  demonstrated
that superior NLO performance in polymers correlated with a
higher degree of planarity of  central  core. Fig.  4(a)  displayed
the optimized conformations of three types of simplified cen-
tral  cores  obtained  through  theoretical  calculations. M-NO
and M-CO adopted similar trigonal pyramidal configurations,

which  forced  the  branched  chains  to  grow  unidirectionally.
Consequently, DHP-NO and DHP-CO tend to form asymmet-
ric  hyperbranched  topologies,  that  deviate  from  the  ideal
spherical structure recommended by the site isolation princi-
ple, thereby yielding lower d33 values.

In  contrast, M-PhO exhibited  a  planar  symmetric  configu-
ration,  in  which  three  branches  were  uniformly  distributed
and spatially well separated, thereby facilitating tri-direction-
al  extension  of  the  branched  chains.  Such  a  regular  hyper-
branched  topology  optimized  the  alignment  of  chro-
mophores  to  the  greatest  extent,  and  endowed DHP-PhO
with the highest d33 value. To further distinguish the effect of
the planar core topology and the dynamic flexibility of ether
linkages, a control polymer DHP-Ph, lacking ether linkages on
the benzene ring was prepared. Consistent with expectations,
DHP-Ph demonstrated a high d33 value of 248 pm·V−1. Specif-
ically, DHP-Ph outperformed DHP-NO (d33=206 pm·V−1)  and
DHP-CO (d33=212  pm·V−1),  confirming  that  a  planar  core
served as an effective approach for topological optimization.
In  contrast, DHP-Ph exhibits  a  slightly  lower d33 value  than
that of DHP-PhO (263 pm·V−1), implying that the topological
structure  of  the  central  core  played  a  dominant  role  in  en-
hancing NLO performance; the ether linkages provided a nec-
essary dynamic boost for the chromophore alignment during
the poling process.  The high NLO coefficients were achieved
through  synergistic  optimization  of  static  topological  archi-
tecture and dynamic modulation.

In  the  de-poling  process  of  these  polymers,  the  real-time
decays of their SHG signals were monitored with the temper-
ature ranging from 30 °C to 150 °C in the air  at  the rate of  4
°C·min−1 (Fig. 3f). The T80% values (defined as the temperature
at which the SHG signals decreased to an initial 80%) are 101
°C for DHP-NO, 123 °C for DHP-CO, 120 °C for DHP-PhO, and
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116 °C  for DHP-Ph. DHP-PhO and DHP-Ph benefit  from the
rigid  planar  benzene  cores,  which  restrict  chain  motion  and
suppress  chromophore  relaxation.  The  flexible  core  of DHP-
NO accelerated thermal relaxation of oriented chromophores
after  poling,  resulting  in  poor  thermal  stability.  Although
DHP-CO shared a  similar  branching topology with DHP-NO,
the ethyl group in M-CO produced relatively stronger, inten-
sive  intramolecular  interactions  with  the  other  three
branched  chains,  as  visualized  by  noncovalent  interaction
(NCI)  analysis  (Fig.  4b)[40].  These  interactions  act  as  physical
constraints  to  lock  chromophore  alignment,  leading  to  ex-
ceptional  thermal  stability  comparable with DHP-PhO.  From
this  perspective,  apart  from  topological  considerations,  aug-
menting  intramolecular  interactions,  especially  those  gov-
erned  by  core  regulation,  represented  another  critical  ap-
proach to improving the optical stability of polymers. Among
all polymers, DHP-PhO achieved the optimal combination of
large d33 (263  pm·V−1)  and  high T80% (120  °C),  which  signifi-
cantly  outperforms  previously  reported  hyperbranched  or
dendronized  hyperbranched  NLO  polymers  with  azo-chro-
mophore moieties (Table S3 in ESI).[16,23,26–27,41−52] The promis-
ing topological  design strategy with the rational  modulation
of  molecular  arrangements  can  be  extended  to  other  opto-
electronic materials, which were also sensitive to aggregated
structures.[53−60]

CONCLUSIONS

In summary, this work introduces a concise topology-regulation
strategy for second-order NLO polymers by engineering central
core configurations. Three key roles of the central core in boost-
ing NLO performance are  identified:  core  modification tailored
the  three-dimensional  branched  architecture  of  DHPs,  supply-
ing  sufficient  free  volume  for  chromophore  isolation  and  rota-
tion; ether linkages with low rotational energy barriers assisted
dynamic  chromophore  orientation  under  electric  fields,  ensur-
ing high poling efficiency; and intramolecular interactions with-
in the core enhanced the stability of the macroscopic optical re-

sponse.  Accordingly, DHP-PhO with  a  planar  symmetric  core
achieved a d33 of  263 pm·V−1 and a thermal  stability  of  120 °C.
The one-pot synthesis, good solubility, and excellent electro-op-
tic  parameters render these polymers promising for integrated
photonic devices. This core-design concept is extendable to var-
ious branched electro-optic materials.
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Fig. 4    (a) Molecular conformations of simplified central cores optimized by Gaussian 16, Revision C01 based on PBE1PBE functional with DEF2SVP
basis  set;  (b)  Visualization  of  intramolecular  interactions  of  simplified  central  cores  was  obtained  through  the  Multiwfn  3.8  software.  The
noncovalent interaction (NCI) maps of representative systems highlight noncovalent interactions. The simplified M-NO and M-CO primarily depict
vdW  interactions  (green).  The  simplified M-PhO illustrates  vdW  interactions  (green)  and  steric  effects  (red).  The  color  bar  indicates  the  sign(λ2)ρ
values,  with blue representing prominent attractive interactions,  red indicating prominent repulsive interactions in the regions with steric  effect,
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Dendronized Hyperbranched Polymers with Excellent Second-order Nonlinear Performance through
Topological Structure Modulation
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Dendronized  hyperbranched  polymers  with  regulated  central  cores  achieved  enhanced  second-order  nonlinear  optical
coefficients and robust thermal stability through synergistic optimization of static topological architecture and dynamic
modulation of low-rotational-barrier linkers.
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