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Abstract Metal-backboned polymers have been proposed as a new class of materials with remarkable physical and chemical properties for ap-
plications in optoelectronics, magnetism, and energy. However, the number of metal atoms in their backbones is limited to less than 30 to date.
This has prevented the systematic investigation of their properties. Herein, we report the synthesis of metal-backboned polymers with a polymer-
ization degree of 169. Using gold as a model system, we identified that the controlled release of Ag*, an electron-donating imidazole co-ligand,
ligand steric/electronic effects, and elevated reaction temperature are key to achieving such long chains. The resulting metal-backboned poly-
mers display hallmark polymer behaviors such as glass transition, together with a unique electronic structure featuring pronounced electron de-
localization along the Au backbone and efficient room-temperature phosphorescence. This work provides an effective route to long-chain metal-

backboned polymers and deepens the understanding of the electronic structures in one-dimensional metal backbones.
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INTRODUCTION

Metal-backboned polymers, featuring one-dimensional single-
atom metal chains with backbones composed of metal atoms
linked by consecutive metal-metal bonds, have been proposed
as a new class of polymeric materials.l'=3! This unique architec-
ture endows them with appealing optoelectronic properties,
opening avenues for applications in flexible electronics, mi-
crowave absorption, and photocatalysis.“”) Nonetheless, the
synthesis of long-chain metal-backboned polymers has long
been hampered by the intrinsic weakness of metal-metal bonds
and the tendency of metal atoms to adopt close-packed struc-
tures.®~1% Early efforts employing cage-like multidentate bridg-
ing ligands achieved controlled chain elongation to some ex-
tent, but suffered from tedious ligand synthesis and increased
probability of metal miscoordination with chain extension, lead-
ing to low degrees of polymerization (DP).'3! Recently, we de-
veloped a one-pot synthesis strategy for metal atoms that pos-
sess sufficiently strong interactions,!'"! demonstrating the viabil-
ity of this straightforward method. However, control over DP
and the optimization of even longer chains remain largely unex-
plored in this system.

Herein, we systematically investigated the influence of
reagents and conditions on the formation and stabilization of

* Corresponding author, E-mail: penghs@fudan.edu.cn

* These authors contributed equally to this work.

Received May 22, 2026; Accepted June 10, 2026; Published online
August 3, 2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

the metal backbone using gold atoms as a demonstration
(Scheme 1). Through a series of controlled experiments, we
identified several favorable factors for achieving high DPs:
slow release of Ag*, electron-donating imidazole, low steric
hindrance of the bisphosphine ligand, and elevated reaction
temperature. After optimization, we successfully synthesized
metal-backboned polymers with a record-high DP of 169. The
resulting gold-backboned polymer (GBP) exhibited efficient
electron delocalization along the one-dimensional Au back-
bone and typical polymer characteristics such as glass transi-
tion. These findings reveal the key factors governing the poly-
merization of GBPs and provide a new strategy for construct-
ing long-chain metal-backboned polymers.

EXPERIMENTAL

The details of experiments are included in the electronic sup-
plementary information (ESI).

RESULTS AND DISCUSSION

Before polymerization, a dinuclear gold precursor was synthe-
sized using a bisphosphine ligand (DPPM or DCPM) and
(dimethyl sulfide) gold(l) chloride (Fig. S1 in ESI).l'>"3! Polymer-
ization was initiated by chloride abstraction upon the addition
of Ag*, generating highly reactive dicationic species that can be
stabilized by the coordination of two imidazole derivatives (N-
Melm or N-Aclm). Subsequently, one gold center was eliminat-
ed as a stable bis-imidazole complex (intermediate A), yielding a

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
https://doi.org/10.1007/s10118-026-3779-2
mailto:penghs@fudan.edu.cn
http://www.cjps.org
http://link.springer.com

2 Zhao, Z. et al./ Chinese J. Polym. Sci.

four-membered chelate (intermediate B). Driven by strong and
long-range Au—Au interactions, intermediate B undergoes
chain propagation via ordered Au—Au bonds, thus forming
GBP (Scheme 1).I'l To systematically investigate the factors in-
fluencing this polymerization and optimize the chain length,
several key reaction parameters, such as the bisphosphine lig-
and, imidazole derivative, silver salt (AgNO;, AgBF,, and AgPFy),
and reaction temperature, were adopted for comparative ex-
periments.

First, the influence of the silver salt and imidazole deriva-
tives on the polymerization outcome was evaluated (Table 1
and Fig. S2 in ESI). When AgNO; was used as the silver source,
the resulting GBP exhibited a weight-average molecular
weight (M,,) of 33.5 kDa. In contrast, replacing AgNO; with
AgBF, or AgPF led to drastically lower M,,s of 12.6 and 11.9
kDa, respectively. This was ascribed to the higher solubility of
AgBF, and AgPF¢ in the reaction solvent (dichloromethane).
The rapid release of Ag* generated an extremely high local
concentration of intermediate B, which tended to disrupt the
balance between chain propagation and termination, thus
limiting the molecular weight. Conversely, the lower solubili-
ty of AgNO; maintained a stable heterogeneous reaction in-
terface with a slower but sustained release of Ag*, ensuring a
smooth and controlled polymerization process (Fig. S3 and

Note S1in ESI).

The electronic nature of the imidazole derivatives also
plays a crucial role. Under otherwise identical conditions
(AgNO; as the silver source), replacing the imidazole deriva-
tive N-Melm with N-Aclm led to a marked decrease in molec-
ular weight from 33.5 kDa to 22.3 kDa (Table 1). This can be
rationalized by considering the key intermediate A. Because
of the electron-deficient nature of the Au* center, N-Aclm
with an electron-withdrawing acetyl group was unfavorable
for the stability of intermediate A. This shifted the equilibri-
um away from the formation of intermediate B, thereby hin-
dering chain growth. Remarkably, in the absence of imida-
zole, only low-molecular-weight species were detected
(M,,<3 kDa, Fig. S4 in ESI), indicating that no efficient chain
propagation occurred, highlighting the essential role of imi-
dazole derivatives in polymerization. These results indicate
that an imidazole derivative with moderate electron-donat-
ing ability is beneficial for efficient polymerization of GBP.

After establishing AgNO; and N-Melm as the optimized
reagents, the influence of the bisphosphine ligand and reac-
tion temperature on the polymerization outcome was further
examined (Table 2, Figs. 1a, 1b, and Table S1 in ESI). Com-
pared with the polymer with aromatic ligand DPPM (GBP1),
the counterpart (GBP2) with alicyclic ligand DCPM demon-
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Scheme 1 Structure and synthetic approach to GBP. Step I: chloride abstraction by Ag* from the dinuclear precursor. Step II: formation of the bis-

imidazole complex (intermediate A) and its departure, generating the active four-membered chelate (intermediate B). Step Ill: chain propagation

via Au— Au bond formation.

Table 1 Effect of imidazole derivative and silver salt on the polymerization of GBP. ?

Entry Bisphosphine ligand Imidazole derivative Silver salt M,,® (kDa) DP,, D
1 DPPM N-Melm AgNO3 33.5£3.0 58 1.73
2 DPPM N-Melm AgBF, 12.6+0.9 22 2.68
3 DPPM N-Melm AgPFg 11.9+0.5 20 2.71
4 DPPM N-Acim AgNO; 22.3+33 38 1.70

2 Reaction conditions: precursor/imidazole derivative/silver salt = 1/2.2/10, [precursor] = 10 mg/mL, carried out in dichloromethane, T = 25 °C; b Determined
by gel permeation chromatography coupled with multi-angle laser light scattering using a measured dn/dc value of 0.1418 mL/g.l'"}
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strated an increased M,, of 65.0 kDa, with a measured dn/dc
value of 0.1108 mL/g (Fig. S5 in ESI), which corresponds to a
DP,, of 108. Increasing the reaction temperature can further
increase the molecular weight, reaching 53.4 and 104.5 kDa
for polymers with ligands DPPM (GBP3) and DCPM (GBP4),
respectively. Remarkably, the DP,, of GBP4 was calculated to
be 169, which represents a new record for metal-backboned
polymers.

To monitor the polymerization process, Raman spectra of
the dinuclear precursors and the corresponding polymers
were recorded (Figs. Tc and 1d). For both Au,(u-DPPM)CI, and
Au,(u-DCPM)CI,, the spectra exhibited strong peaks at-
tributable to Au—Cl stretching vibrations (319 and 325 cm!
for the former; 318 and 331 cm~! for the latter).'4'5] These
characteristic peaks were substantially diminished after poly-
merization, indicating that the vast majority of chloride was
removed during the reaction. EDS analysis confirmed the
presence of Au, C, and P, and a weak and evenly distributed Cl
signal was also detected (Fig. S6 in ESI), which we attributed
to the chain-end capping of GBP. Meanwhile, the Au—P-re-
lated vibration peaks at 177 and 187 cm~! for Au,(u-DPPM)Cl,
and Au,(u-DCPM)CI,, respectively, shifted and split upon
polymerization.l'dl This phenomenon reflects a fundamental

change in the coordination environment of gold: the forma-
tion of Au—Au bonds alters the electron density and force
field around Au centers, which further modifies the vibra-
tional characteristics of the Au—P bonds. Therefore, the Ra-
man spectra supported the formation of the Au backbone
during polymerization.

A comparison of the single crystal structures of the two
precursors, Au,(u-DPPM)Cl, and Au,(u-DCPM)CI,['7/181 pro-
vides insight into how the bisphosphine ligand architecture
affects the polymerization outcome (Fig. 1e). In Au,(u-
DCPM)CI,, the two gold atoms are significantly closer (3.164
R) than those in Au,(u-DPPM)Cl, (3.341 A), indicating a
stronger interaction between the two Au centers. This preor-
ganized geometry favors subsequent chain propagation
through continuous Au—Au bonds. Moreover, unlike the
rigid phenyl rings that exert an electron-withdrawing conju-
gation effect on the P atoms, the flexible cyclohexyl groups
possess an electron-donating inductive effect. As a result,
DCPM exhibits higher conformational adaptability, which re-
duces the steric hindrance between ligands during chain
growth. Simultaneously, DCPM can effectively increase the
electron density on the P atoms, stabilizing the Au—Au
bonds and thus promoting the elongation of the Au back-

Table 2 Effect of bisphosphine ligand and reaction temperature on the polymerization of GBP. 2

Entry Sample Bisphosphine ligand T(°C) M, ® (kDa) bpP,, D
1 GBP1 DPPM 25 33.5+£3.0 58 1.73
5 GBP2 DCPM 25 65.0+9.6 108 1.96
6 GBP3 DPPM 65 53.4+3.3 92 2.55
7 GBP4 DCPM 65 104.5+6.5 169 2.14

2 Reaction conditions: precursor/imidazole derivative/silver salt = 1/2.2/10, [precursor] = 10 mg/mL, carried out in dichloromethane (T=25 °C) or chloroform (T
=65 °C);® Determined by gel permeation chromatography coupled with multi-angle laser light scattering using a measured dn/dc value of 0.1418 mL/g (for
ligand DPPM)!'"I or 0.1108 mL/g (for ligand DCPM). € Calculated using M,, values.
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Fig.1 (a) Gel permeation chromatography coupled with multi-angle laser light scattering curves of GBP1-GBP4 in Table 2; (b) Comparison of M,,
of GBP1-GBP4; (c, d) Raman spectra of GBPs and corresponding precursors (c: Au,(u-DPPM)Cl, and GBP1, d: Au,(u-DCPM)Cl, and GBP2); (e) Single
crystal structure of Au,(u-DPPM)CI, and Au,(u-DCPM)CI, and the denoted bond lengths of Au—Au interactions.
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bone. Similarly, increasing the reaction temperature can also
help overcome steric repulsion between the ligands, provid-
ing the necessary spatial freedom for Au centers to approach
and form bonds. However, it also introduces a higher degree
of disorder during polymerization, leading to a broader
molecular weight distribution (Fig. 1a).

To verify the targeted one-dimensional Au backbone struc-
ture, GBP2 was selected as a representative sample for fur-
ther characterization. In contrast to the sharp, well-defined
diffraction peaks observed for the crystalline precursor Au,(u-
DCPM)CI,, the X-ray diffraction pattern of GBP2 exhibited on-
ly a broad, diffuse amorphous halo, indicating the loss of
long-range order upon polymerization (Fig. 2a). Transmission
electron microscopy of GBP2 revealed a set of strip-like fea-
tures with a uniform long-axis orientation (Fig. 2b), suggest-
ing a quasi-parallel arrangement of the polymer chains, con-
sistent with the one-dimensional structural motif of GBP. Fur-

Intensity
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thermore, lattice fringes with a spacing of 2.72 A were ob-
served perpendicular to the stripe direction. This distance fell
within the typical range for Au—Au bonds and could thus be
assigned to the continuous Au—Au bonds along the Au
backbone.l'9201 Notably, no diffraction peaks corresponding
to crystalline Au were observed in the X-ray diffraction pat-
tern of GBP2. This observation, together with the absence of
discrete nanoparticles in transmission electron microscope
images, conclusively ruled out the formation of significant
amounts of gold clusters or nanoparticles.

Moreover, to capture the chain growth process, we per-
formed matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry on the reaction mixture under di-
lute conditions and short reaction times. A series of oligomer-
ic intermediates, including Au,(DCPM),, Aus(DCPM),,
Aus(DCPM)5, and Aug(DCPM)s, was successfully detected
(Figs. 2c-2e and Fig. S7 in ESI). The presence of these species
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Fig. 2

(a) X-ray diffraction patterns of Au,(u-DCPM)Cl, and GBP2; (b) Transmission electron microscopy images of GBP2. Right images: zoomed

portions; (c—e) Magnified matrix-assisted laser desorption/ionization time-of-flight mass spectra (observed, obs.) and simulated isotope patterns
(calculated, calcd.) of oligomeric intermediates Auy(DCPM),, Aus(DCPM),, and Aus(DCPM)s, respectively; (f) Au Ls;-edge Fourier-transformed
extended X-ray absorption fine structure spectra of Au,(u-DCPM)Cl, and GBP2; (g, h) Wavelet transform contour of extended X-ray absorption fine

structure signal for (g) Au,(u-DCPM)CI, and (h) GBP2.
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indicates that chain propagation proceeds via stepwise addi-
tion of [Au(DCPM)]* units (ie. intermediate B), providing di-
rect evidence for the one-dimensional Au backbone and
polymerization mechanism.

To obtain direct structural evidence for the Au backbone,
we performed Au L;-edge extended X-ray absorption fine
structure measurements on both the precursor Au,(u-
DCPM)CI, and polymer GBP2, together with wavelet trans-
form analysis. Fourier-transformed extended X-ray absorp-
tion fine structure spectra show a single prominent peak for
the precursor (Fig. 2f, Fig. S8 in ESI), corresponding to the
Au—P coordination shell at 2.31 A with a coordination num-
ber of 2.1 (TableS2 in ESI). In contrast, in addition to the
Au—P signal, the spectrum of GBP2 exhibits an additional
peak assigned to the Au—Au coordination shell with a bond
length of 2.76 A and a coordination number of 2.0, which is
characteristic of one-dimensional Au—Au bonding. Wavelet
transform analysis further resolves these contributions. The
precursor exhibits a single maximum (Fig. 2g), which is con-
sistent with backscattering from light atoms (P/Cl). Mean-
while, two well-separated intensity maxima for the Au—P
and Au—Au bonds were observed in GBP2 (Fig. 2h), further
validating the coexistence of the two distinct coordination
environments in GBP2 and ruling out the possibility that the
Au—Au shell arises from Au cluster impurities. The observed
coordination environment for each Au center is consistent
with the expected one-dimensional structure, which sup-
ports the formation of a continuous Au— Au backbone.

The intrinsic thermal properties of GBP2 were further in-
vestigated. Thermogravimetric analysis revealed an onset de-
composition temperature (Ty) of about 150 °C, with three dis-
tinct weight-loss steps corresponding to low-molecular-
weight species evaporation, partial ligand fragmentation, and

complete ligand decomposition, respectively (Fig. 3a). Differ-
ential scanning calorimetry showed a clear glass transition
temperature (Tg) of 47.4 °C (Fig. 3b). This relatively low T, at-
tributable to the flexible cyclohexyl rings of the DCPM ligand,
indicates segmental mobility of the polymer chains slightly
above room temperature. This mobility is consistent with the
one-dimensional chain architecture and may facilitate the
quasi-parallel chain alignment observed by TEM (Fig. 2b).
GBPs bearing the aromatic DPPM ligand (GBP1 and GBP3)
show higher T4 (196 and 204 °C, respectively) and T, (57.6 and
63.6 °C, respectively) compared to their alicyclic DCPM coun-
terparts (GBP2 and GBP4: T4=150 and 155°C, T;=47.4 and
51.3°C, respectively), reflecting the higher rigidity and ther-
mal stability of the phenyl rings (Figs. S9 and S10 in the ESI).
To investigate the evolution of the electronic structure up-
on polymerization, the UV-Vis absorption spectra of the
diphosphine ligand DCPM, Au,(u-DCPM)CI,, and GBP2 were
measured. The free DCPM ligand exhibited a sharp absorp-
tion peak at 227 nm (Fig. 3c). For the dinuclear complex, in
addition to the slightly red-shifted ligand band at 229 nm, a
new intense absorption appeared at 246 nm, which was at-
tributed to the do*—po metal-metal charge transfer transi-
tion arising from the Au—Au interaction between two Au
centers.[21 Upon polymerization, this band red-shifted to 252
nm and broadened significantly, indicating enhanced
Au—Au interactions and electronic delocalization along the
one-dimensional Au backbone. Notably, GBP2 exhibited a
broad absorption envelope in the Vvisible region
(400-800 nm), which was absent for both DCPM and Au,(u-
DCPM)CI, (Fig. 3d). Similar broad absorptions in the visible re-
gion were observed for GBP1, GBP3, and GBP4 (Fig. S11 in
ESI), confirming that the pronounced electronic delocaliza-
tion along the Au backbone is a general characteristic of
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(a, b) Thermogravimetric analysis and differential scanning calorimetry curves of GBP2, respectively; (c, d) Absorption spectra of DCPM,

Au,(u-DCPM)CI,, and GBP2. The details in the visible region are stressed in (d); (e, f) Prompt emission spectra and millisecond-scale lifetimes of

GBP2 solid powder (A.,=360 nm), respectively.
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these GBPs. Such visible absorption has already emerged for
oligomeric trinuclear Au species (Fig. S12 and Note S2 in ESI),
and it gradually broadened and extended across the entire
400-800 nm range as the chain length increased to the poly-
mer level. This broad visible absorption is characteristic of the
formation of a quasi-band structure,?2 where the bandgap is
significantly reduced compared to the HOMO-LUMO gap of
the precursor. The spectral evolution from the dinuclear pre-
cursor to the polymer provides strong evidence for the for-
mation of a one-dimensional Au backbone, in good agree-
ment with other characterization results.

X-ray photoelectron spectroscopy further supported the
electronic structure of the Au backbone. The dinuclear pre-
cursor Au,(u-DCPM)CI, displays Au 4f;, and 4fs;, signals at
85.23 and 88.90 eV (Fig. S13a in ESI), which are characteristic
of the formal Au(l) state in a phosphine-coordinated environ-
ment. In contrast, GBP2 shows a symmetric doublet with
binding energies of 84.77 eV (4f;,,) and 88.47 eV (4f5,,) (Fig.
S13b in ESI). Both peaks are well described by a single compo-
nent, ruling out the coexistence of separate Au(0) and Au(l)
species.l’s] The measured 4f;,, binding energy of GBP2 lies
between the typical values for bulk Au(0) (84.0 eV) and Au,(u-
DCPM)CI,, with a downshift of 0.46 eV relative to the precur-
sor. This intermediate value, together with the uniform peak
shape, indicates that all gold atoms in the polymer adopt a
similar electronic environment carrying a partial positive
charge (Aut9), rather than a formal +1 state.l?] The negative
shift from precursor to polymer reflects an increase in the
electron density on Au upon chain formation, which sup-
ports the electron delocalization along the one-dimensional
Au-Au backbone.

Given the unique electronic structure of GBP2, its intrinsic
photoluminescence performance was further evaluated. It ex-
hibits broad and complex luminescence in the solid state. The
excitation spectra span a wide range from the UV to the visi-
ble region (Fig. S14 in ESI), indicating that the polymer could
be efficiently excited at multiple excitation wavelengths
(Aexs)- Upon excitation at 360, 450, and 530 nm, the emission
maxima were located at 490 (cyan), 530 (yellowish-green),
and 595 nm (orange), respectively, showing a clear red-shift
with increasing excitation wavelength (Fig. 3e and Fig. S15 in
ESI). This A.,-dependent emission suggests a heterogeneous
population of emissive species, which is consistent with the
polydispersity of chain lengths in the one-dimensional GBP.
The quantum yield of GBP2 is 13.6% under excitation at 360
nm. Moreover, the delayed emission spectra are virtually
identical to the prompt ones (Fig. S16 in ESI), and time-re-
solved measurements revealed millisecond-scale lifetimes at
all the detection wavelengths (Fig. 3f). Similar prompt and de-
layed emission spectra were observed for GBP1, GBP3, and
GBP4 (Fig. S17 in ESI). These combined characteristics con-
firm the strong triplet nature of the excited states in these
GBPs. Such highly efficient room-temperature phosphores-
cence is attributed to the heavy-atom effect of Au, which en-
hances spin-orbit coupling and promotes the intersystem
crossing process.[2°!

CONCLUSIONS

In summary, we systematically investigated the key factors gov-

erning the chain length of GBPs and achieved a record-high DP
of 169 through the rational optimization of a one-pot synthesis
strategy. The controlled release of Ag*, electron-donating imi-
dazole co-ligands, steric and electronic effects of the bisphos-
phine ligand, and reaction temperature are identified as crucial
parameters for chain elongation. It is confirmed that the ob-
tained polymer features a one-dimensional Au backbone with
continuous Au— Au bonds and exhibits typical polymer charac-
teristics. Spectroscopic investigations reveal pronounced elec-
tron delocalization along the Au backbone, leading to band-like
electronic transitions and efficient phosphorescence. With gold
as a demonstration, this work offers a viable strategy for con-
structing long-chain metal-backboned polymers and provides
insights into the electronic properties of the one-dimensional
metal backbones.
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Metal-backboned polymers with a polymerization degree of up to 169 were achieved by optimizing one-pot synthesis.
They exhibit typical polymer behavior, pronounced electron delocalization along the backbone, and efficient room-tem-

perature phosphorescence.
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