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Abstract Metal-backboned polymers, featuring one-dimensional atomic chains held together by metal-metal bonds, represent a highly

promising class of functional materials. However, current synthetic methods rely on solution-phase multidentate bridging ligands, which severe-
ly limit the degree of polymerization. Herein, we report a pressure-driven solid-phase polymerization strategy that directly forms intermolecular
Au—Au bonds from a dinuclear gold precursor at a pressure of 25 GPa, yielding a gold-backboned polymer (GBP). This method produces a con-
tinuous one-dimensional gold chain comprising more than 100 gold atoms. The peripheral ligands coordinate around the backbone, stabilizing
the chain and endowing the polymer with high solution processability. The resulting GBP exhibited high thermal stability, well-defined glass
transition temperature, and broad-spectrum photoluminescence spanning from the visible to near-infrared regions. This study opens a new syn-
thetic route to long-chain metal-backboned polymers and provides a structurally well-defined model system for investigating the intrinsic pho-

tophysical properties of one-dimensional metal-metal bonds.
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INTRODUCTION

Metal-backboned polymers (MBPs) represent an emerging class
of materials in which the polymer backbone consists solely of
metal atoms connected by metal-metal bonds.["? This one-di-
mensional metallic chain structure is expected to promote elec-
tron delocalization and quantum confinement along the back-
bone, leading to optical and electronic properties superior to
those of conventional polymers.>~” However, current synthesis
routes to MBPs rely on multidentate bridging ligands to stabi-
lize inherently weak metal-metal interactions. This requirement
severely limits the degree of polymerization and leaves the lig-
ands anchored to the backbone, thereby shielding the intrinsic
electronic structure of the metal backbone.B#

Gold is a promising candidate for constructing MBPs be-
cause its Au—Au interactions exhibit both a suitable bond
strength and a broad effective range.['% Au—Au chains can
be found in crystalline solids,'"! but it remains unavailable to
achieve continuous Au—Au bonding to form MBPs. High-
pressure chemistry offers powerful thermodynamic leverage

* Corresponding authors, E-mail: xujie.lu@hpstar.ac.cn (X.L.)
E-mail: penghs@fudan.edu.cn (H.P.)
* These authors contributed equally to this work.
Received June 27, 2026; Accepted July 8, 2026; Published online August
5,2026

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

to dramatically compress intermolecular distances, manipu-
late orbital overlaps, and drive reactions along pathways inac-
cessible via traditional means.l'>-14 In particular, compress-
ing a preorganized crystalline monomer in the solid state can
restrict molecular motion and facilitate topochemical-like
polymerization, directly forming Au—Au bonds without the
need for solvent assistance or structural templates. Conse-
quently, this method offers a viable approach for solid-phase
construction of MBPs.

In this study, for the first time, we discovered a high-pres-
sure solid-phase polymerization strategy that converts a din-
uclear gold complex precursor into a gold-backboned poly-
mer (GBP) through the direct formation of Au—Au bonds un-
der a pressure of 25 GPa (Fig. 1). Peripheral bis(diphenylphos-
phino)methane (DPPM) ligands interlock around the gold
chain, stabilizing the one-dimensional GBP while endowing
the polymer with solution processability. In situ high-pres-
sure synchrotron X-ray diffraction and Raman spectroscopy
revealed preferential compression of the crystallographic b-
axis, stepwise formation of intermolecular Au—Au bonds,
and eventual homogenization of bond lengths. The resulting
GBP possessed an average chain length exceeding 100 gold
atoms and exhibited high thermal stability and broadband
photoluminescence in the visible to near-infrared regions.
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Fig.1 Structure and synthetic approach to GBP. (a) Schematic architecture of the molecular structure; (b) Synthetic approach.

EXPERIMENTAL

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

RESULTS AND DISCUSSION

Synthesis and Structural Characterization of the
Monomer and GBP

The dinuclear gold precursor Au,(u-DPPM),(OTf), was synthe-
sized (Figs. S1-S3 in ESI)."™ Single-crystal X-ray diffraction (Fig.
2a, Table S1 in ESI) revealed that the two gold atoms were
bridged by DPPM ligands, with intramolecular Au—Au dis-
tances of 2.93-2.96 A. The gold atoms were oriented along the
crystallographic b-axis, and the phenyl rings of DPPM were in-
terdigitated, providing a preorganized pathway for the forma-
tion of intermolecular Au—Au bonds under high pressure. Ra-
man spectroscopy conforms to density functional theory calcu-
lations (Fig. 2b), showing a strong Au— Au stretching vibration
at 76 cm™". The minor discrepancies arise mainly from solid-
state lattice effects. The UV-Vis absorption spectra (Figs. S4a and
S4b in ESI) exhibited a distinct Au—Au metal-metal charge-
transfer band in the visible region.l'¥ These results collectively
confirm the preorganized orientation of the Au atoms and the
presence of intramolecular Au—Au interactions in the
monomer.

The monomer was placed in a diamond anvil cell and slow-
ly compressed to 25 GPa, which shortened the intermolecu-
lar distances along the b-axis and induced the formation of
intermolecular Au—Au bonds. The GBP was obtained after
decompression to ambient pressure. Gel permeation chro-
matography coupled with multi-angle static light scattering
showed a weight-average molecular weight (M,,) of 63.7 kDa
and a dispersity (P) of 1.249 (Fig. 2¢), corresponding to about
108 gold atoms per chain, with a measured dn/dc value of
0.1225 mL/g (Fig. S5 in ESI). Here D represents dispersity of
soluble fraction, as a very small amount of insoluble material,
possibly higher-molecular-weight species, was observed up-
on dissolution of the recovered product. The XPS C 1s spectra
(Fig. 2f) show that the sp?-C/sp3-C ratio remained essentially

unchanged from the monomer to the polymer, indicating
that the DPPM ligands did not undergo decomposition or
chemical reactions during the high-pressure process and re-
mained coordinated through Au—P bonds. This conclusion
was further supported by 'H and 3'P nuclear magnetic reso-
nance spectra (Figs. S6 and S7 in ESI). High-resolution trans-
mission electron microscopy (Fig. 2d and Figs. S8a-S8c in ESI)
revealed an amorphous morphology, and energy-dispersive
X-ray spectroscopy mapping (Figs. S8d-S8f in ESI) show a uni-
form distribution of Au and P. Scanning transmission elec-
tron microscopy (Fig. 2e) directly revealed a local segment of
the polymer chain, where gold atoms were continuously ar-
ranged with mild bending and no branches or crosslinks. Al-
though this local image represents only a fragment of the
overall chain, it provides direct evidence of a linear one-di-
mensional structure held together by Au—Au bonds.

Au Lz-edge X-ray absorption spectroscopy (Figs. 2g-2i and
Fig. S9 in ESI) further elucidates the local coordination envi-
ronment of the gold chain. The X-ray absorption near-edge
structure spectra (Fig. 2g) showed a white line intensity char-
acteristic of Au(l), consistent with the X-ray photoelectron
spectroscopy Au 4f results (Fig. S10 in ESI), confirming that
the oxidation state of Au remained unchanged during the
high-pressure process. The Fourier-transformed extended X-
ray absorption fine structure spectra (Fig. 2h) exhibited two
peaks at about 1.76 and 2.91 A. Wavelet transform analysis
(Fig. 2i) assigned the low-k peak (5-8 A-") to Au—P scattering
from the peripheral DPPM ligands and the high-k peak
(7-9 A-1) to Au—Au scattering.'”) Least-squares fitting gave
Au—Au coordination numbers of 2.2+0.3, slightly above 2
because of possible end-chain effects or fitting uncertainty,
but was fully consistent with a linear one-dimensional chain
model. Together, these results support the formation of a
continuous one-dimensional Au—Au-bonded metal back-
bone in GBP, with peripheral DPPM ligands stabilizing the
structure through Au—P coordination.

Structural Evolution and Mechanism of the High-
pressure Polymerization Process
To elucidate the microstructural evolution mechanism of the
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Fig. 2

Characterization of the monomer Au,(u-DPPM),(OTf), and the GBP. (a) Single-crystal X-ray structure of the monomer. Here, solvent

molecules and counterions are omitted for clarity; (b) Experimental and density functional theory-calculated Raman spectra of the monomer; (c) Gel
permeation chromatography multi-angle static light scattering trace of GBP; (d) High-resolution transmission electron microscopy image; (e)
Scanning transmission electron microscopy image; (f) X-ray photoelectron spectroscopy C 1s spectra of the monomer and GBP; (g) Au L;-edge X-ray
absorption near-edge structure spectra of GBP and reference compounds; (h) Fourier-transformed extended X-ray absorption fine structure spectra
of GBP; (i) Wavelet transform analysis of the extended X-ray absorption fine structure signal.

pressure-driven polymerization of the monomer into GBP
through intermolecular Au—Au bond formation, we per-
formed in situ high-pressure synchrotron powder X-ray diffrac-
tion measurements using a diamond anvil cell. The diffraction
patterns at various pressures are shown in Fig. 3(a), Figs. S11
and S12 (in ESI). Based on the ambient-pressure crystal struc-
ture, 20 diffraction peaks of the {400} family of planes for the g,
b, and ¢ axes were identified at 4.996°, 6.047°, and 4.978°, re-
spectively. These peaks shifted to higher angles with increasing
pressure, indicating a reduction in interplanar spacing. The cor-
responding d-spacing as a function of the pressure is plotted in
Fig. 3(b).

The compression of the unit cell was anisotropic. By com-
paring the compression rates along the b-axis and ag-axis, we
obtained the relative compression ratio curve (right axis of
Fig. 3b). In the 0-5.20 GPa region, the b-axis compressed sig-
nificantly faster than the a-axis, demonstrating preferential

compression. Because the b-axis direction coincides with the
direction of intermolecular Au— Au interactions, the preferen-
tial contraction of the b-axis at low pressure indicates that in-
termolecular Au—Au interactions are preferentially en-
hanced and trigger bond formation, providing structural evi-
dence for pressure-induced formation of GBP (Note S1 in ESI).
As pressure increases over 5.20 GPa, the compression rate of
the b-axis relative to the a-axis was slowed down, indicating
that after intermolecular Au—Au bond formation, the system
enters a stage of densification and homogeneous compres-
sion.

The evolution of in situ high-pressure Raman spectroscopy
further corroborated the structural changes. As shown in Fig.
3(c), Figs. S13 and S14 (in ESI), the Raman peak at 76 cm~" un-
der ambient pressure corresponds to the characteristic
Au—Au stretching mode.['8] With increasing pressure, this
peak shifts to higher wavenumbers, indicating phonon hard-

https://doi.org/10.1007/510118-026-3809-0


https://doi.org/10.1007/s10118-026-3809-0
https://doi.org/10.1007/s10118-026-3809-0
https://doi.org/10.1007/s10118-026-3809-0
https://doi.org/10.1007/s10118-026-3809-0
https://doi.org/10.1007/s10118-026-3809-0
https://doi.org/10.1007/s10118-026-3809-0
https://doi.org/10.1007/s10118-026-3809-0

Huang, F. et al./ Chinese J. Polym. Sci.

12,50 GPa

a 14.95 GPa c

s

7.51 GPa
.20 GPa

A A /\ ~2.99 GPa
M AN /\ ~ 2.09 GPa

Normalized intensity

(004), (040)

9.85 GPa © ©€

} 12.05 GPa
'l
N 9.95 GPa
(400) i

d  Dimer

€00

Intensity

8.20 GPa Calcd.

. L L L >
3 7.15 GPa 2323 2325 2327 2329 2331
] m/z
C
= MWJV 5.97 GPa .
1 e  Trimer
1
Y 5.08 GPa
‘_,/M/ >
3.96 GPa g
[
£
48t {a8 101.325 kPa
Calcd.
a5} 145 , , ,
0 2 4 6 8 10 12 14 16 0 50 100 150 200 3486 3488 3490 3492
Pressure (GPa) Wavenumber (cm™) m/z
f
{c\? T(t\f High pressure T/t\f
o(a) About 5 GPa for bond formation and about 10 GPa for homogenization b

Fig. 3 Insitu high-pressure structural evolution and polymerization mechanism. (a) In situ synchrotron X-ray diffraction patterns of the monomer
and GBP at selected pressures; (b) Pressure dependence of the d-spacings for the {400} family of planes along the g, b, and c axes (left) and the
compression rate of the b-axis relative to the a-axis (right), showing preferential compression of the b-axis; (c) In situ high-pressure Raman spectra;
(d, e) Magnified matrix assisted laser desorption/ionization time-of-flight mass analysis of the dimer and trimer obtained under lower pressure,
respectively; (f) Schematic illustration of the pressure-induced polymerization pathway. Color code: gray = carbon, purple = phosphorus, yellow =

gold.

ening. At 5.08 GPa, the original single peak splits into a weak-
er low-frequency peak and a stronger high-frequency peak.
Combined with the X-ray diffraction results, the intermolecu-
lar Au—Au distance along the b-axis was shortened signifi-
cantly at this pressure, and the relative compression ratio
dy/d, reached its minimum, bringing the intermolecular
Au—Au interactions to a critical state. Therefore, the newly
emerging low-frequency peak was assigned to intermolecu-
lar Au—Au vibrations, whereas the high-frequency peak was
assigned to intramolecular Au—Au vibrations. With further
increase in pressure, the intensity of the intermolecular
Au—Au peak continuously increased and eventually became
comparable to that of the intramolecular peak, forming a
doublet of similar intensities. This indicates that the in-
tramolecular and intermolecular Au—Au bond lengths are
similar. At a pressures of 9.95 GPa, the two peaks gradually
merged, and the peak position and shape became uniform,
demonstrating the homogenization of Au—Au bond lengths
and bond strengths throughout the system. At this stage, no
significant difference remained between the intra- and inter-
molecular Au—Au interactions, and a continuous, uniform,
one-dimensional Au atomic chain was formed.

Furthermore, magnified matrix-assisted laser desorption/
ionization time-of-flight mass analysis of the product ob-
tained under lower pressure detected signals corresponding
to dimers and trimers (Figs. 3d and 3e). Density functional
theory calculations were performed on the dimer and trimer
to understand the local bonding within the polymer back-
bone (Figs. S15 and S16 in ESI). The optimized structures
showed that in the dimer, four gold atoms were sequentially
connected and wrapped by DPPM ligands, with Au—Au dis-
tances of 2.689, 2.721, and 2.755 A, indicating strong Au—Au
interactions. The peripheral ligands in this interlocking struc-
ture protect the inner gold atomic chain and prevent solva-
tion, thereby laying the foundation for the solution process-
ability of GBP. The trimers exhibited similar features. Further
analyses of the Mayer bond order, interaction region indica-
tor, and electron localization function values also supported
the existence of continuous Au—Au bonds (Figs. $17-520,
Note S2 in ESI). These results demonstrate that, as the chain
grows, similar Au—Au interactions exist in the oligomers,
providing a basis for the formation of GBP. Based on the
above results, Fig. 3(f) schematically illustrates the high-pres-
sure polymerization pathway, where pressure first compress-
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es the b-axis, promotes the formation of intermolecular
Au—Au bonds at about 5.0 GPa, and homogenizes the bond
lengths at about 10 GPa, ultimately yielding a GBP consisting
of continuous Au—Au bonds.

Intrinsic Properties of GBP at Ambient Pressure

Next, we investigated the intrinsic properties of GBP. Thermo-
gravimetric analysis showed an onset decomposition tempera-
ture (Ty) of approximately 306 °C, with a residual mass of 40.3%
at 800 °C (Fig. 4a, Note S3 in ESI), indicating that high thermal
stability is sufficient for conventional processing. Differential
scanning calorimetry revealed a well-defined glass transition
temperature (Ty) of 54.8 °C (Fig. 4b), demonstrating that GBP is
in a glassy state at room temperature. Annealing near T is ex-
pected to induce chain rearrangement and potentially affect
the intrinsic properties of GBP. In contrast to the dinuclear gold
precursor, which lacks segmental cooperative motion, this re-
sult directly confirms the polymer nature of GBP that the contin-
uous Au—Au bonds link gold atoms into long chains capable of
segmental relaxation.

Owing to the heavy-atom effect of gold, gold complexes
typically exhibit bright phosphorescence in the solid
state.['9201 We investigated the intrinsic photoluminescence
properties of GBP under ambient conditions. The excitation
spectra revealed two optimal excitation wavelengths, 380

and 430 nm (Fig. S21 in ESI). The emission spectra of GBP
demonstrated a wide emission band covering the visible to
near-infrared region from 400 to 850 nm (Fig. 4c). Notably,
under 380 nm excitation, the prompt and delayed emission
spectra exhibited nearly identical profiles (Fig. S22 in ESI), in-
dicating that the emission of GBP is long-lived and can be as-
signed to triplet-state phosphorescence. In contrast to dis-
crete dinuclear gold complexes, the continuous Au—Au
bonds in GBP not only extend the emission wavelength into
the near-infrared region, but also modulate the phosphores-
cence behavior through metal-metal charge transfer transi-
tions. Meanwhile, GBP exhibits a narrow-bandgap semicon-
ducting nature, with an electronic bandgap of 2.03 eV (Fig.
S23 in ESI), consistent with the delocalized electronic struc-
ture along the Au—Au backbone. This finding demonstrates
that the continuous Au—Au interactions along the one-di-
mensional gold backbone are the key structural origin of the
broad spectrum, near-infrared phosphorescence in GBP.

Optical Monitoring of the High-pressure
Polymerization Process and Optical Properties of the
GBP under High Pressure

To track the optical response of the monomer during its pres-
sure-driven polymerization into GBP via Au—Au bond forma-
tion, we performed in situ high-pressure UV-Vis absorption and
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Intrinsic properties of GBP at ambient pressure and optical responses under high pressure. (a) Thermogravimetric analysis and (b)

differential scanning calorimetry curves of GBP, respectively; (c) Photoluminescence emission spectra of GBP under excitation at 380 and 430 nm;
(d, e) Optical and luminescent photographs of the sample under different pressures, respectively; (f) In situ UV-Vis absorption spectra and (g)
bandgap evolution of the monomer and GBP during compression and decompression, respectively; (h) In situ high-pressure photoluminescence

emission spectra (excitation wavelength of 405 nm).
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photoluminescence spectroscopy. As shown in the UV-Vis ab-
sorption spectra (Figs. 4f and 4q), the optical absorption edge of
the monomer was continuously red-shifted with increasing
pressure, accompanied by a progressive darkening of the crys-
tal color (Fig. 4d). When the pressure exceeded 20 GPa, an irre-
versible structural transformation occurred. During decompres-
sion, the absorption edge did not recover along the compres-
sion path but remained redshifted. This irreversibility indicates
that high pressure induces a new electronic structure that is sta-
ble under ambient conditions, which is consistent with the for-
mation of continuous Au— Au bonds in GBP.

In situ high-pressure photoluminescence spectra (Figs. 4e
and 4h) showed that the emission signal of the monomer un-
der ambient pressure was very weak at an excitation wave-
length of 405 nm. As the pressure increased, the emission in-
tensity first increased sharply and then decreased gradually
(Fig. S24 in ESI). In the range from 101.325 kPa to 7.11 GPa
(Fig. 4h and Fig. S25 in ESI), the intensity continuously in-
creased, reaching a maximum of 1362 times the initial value.
Upon further compression to 20 GPa (Fig. 4h and Fig. S26 in
ESI), when the sample underwent amorphization, the emis-
sion decayed to a level comparable to the initial one. During
decompression, the emission intensity steadily recovered
and, upon full release to ambient pressure, reached the high-
est value of the entire experiment, 1604 times the initial in-
tensity (Fig. 4h and Fig. S27 in ESI). This enhancement reflects
the retention of Au—Au bonds formed under high pressure
and the partial annealing of non-radiative decay upon de-
compression. Notably, the shape of the emission peak also
evolved significantly during compression. In the low-pres-
sure regime, the spectrum exhibited multiple peaks that
gradually merged with increasing pressure and eventually
formed a single broadened peak. This evolution indicates that
pressure continuously modulates intra-and intermolecular in-
teractions, enhancing Au—Au interactions and causing the
originally discrete excited-state energy levels to converge
and homogenize. The single-peak feature was retained after
decompression, demonstrating that the high-pressure-in-
duced long-chain Au—Au polymer structure remained stable.

Combined with the structural characterization results (Figs.
3a-3c and Figs. S11-5S13 in ESI), the organic ligands under-
went irreversible amorphization above 20 GPa, and the long-
range crystalline order was destroyed, leading to the disap-
pearance of the diffraction and Raman signals. This further
confirms that the emission center of the system is not an or-
ganic ligand, but rather a metal-based luminescent site domi-
nated by Au—Au interactions. The multiple peaks at low
pressures correspond to isolated dinuclear gold units with
different local environments in the crystalline state. Under
pressure, adjacent units gradually bond to form a continuous
polymer chain, and the luminescent sites become uniform, ul-
timately resulting in a single-peak emission. These Au—Au
polymeric luminescent sites remained stable for a long peri-
od after decompression, providing direct structure—property
correlation evidence for the photoluminescence of GBP.

CONCLUSIONS

In summary, we developed a high-pressure solid-phase synthe-
sis strategy to successfully convert a dinuclear gold complex

precursor into GBP, with each chain containing an average of
about 108 linearly arranged gold atoms. In situ high-pressure
synchrotron X-ray diffraction and Raman spectroscopy revealed
that pressure preferentially compresses the crystallographic b-
axis, drives the formation of intermolecular Au— Au bonds, and
ultimately yields a continuous and uniform one-dimensional Au
chain. The resulting GBP is soluble in common organic solvents
and exhibits high thermal stability and a well-defined glass tran-
sition temperature, confirming its polymeric nature. Photolumi-
nescence studies show that GBP displays broad-spectrum emis-
sion spanning the visible to near-infrared region, and the high
agreement between the prompt and delayed emission spectra
indicates its phosphorescent character. Their unique structure
and optical properties endow GBPs with promising applications
in optoelectronics, energy harvesting, and catalysis. This study
establishes high-pressure solid-phase polymerization as a gen-
eral synthesis method for long-chain, solution-processable
MBPs, providing a precise model system for investigating one-
dimensional metal-metal interactions and their intrinsic photo-
physical properties.
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