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Ultra-stable 2D cuprofullerene imidazolate polymer
as a high-performance visible-light photodetector
Shun-Ze Zhan1*, Jing-Hong Li1, Yanzhou Li3,4, Gang Xu3, Deng-Feng Luo1, Li Dang1 and Dan Li2*

Since the discovery of C60 [1], considerable efforts have
been made to explore the potential applications of full-
erene-based materials in photoelectronic devices [2–9].
Such materials show highly efficient charge carrier gen-
eration and separation upon light illumination due to
their spherical polyene structure and high electron affi-
nity [10]. Many C60-based composite materials, including
C60-embedded metal-organic frameworks (MOFs)
[11,12], C60-doped polymers [2], organic C60 derivatives
[7,13–15], and C60-anchored perovskite films [16], show
advantageous photoelectronic performances by virtue of
highly efficient photogenerated donor-acceptor charge
transfer [17–19]. However, only a small number of these
materials exhibit precise crystal structures, which ham-
pers the evaluation of their structure-function relation-
ships.
Pristine C60 crystalline nanostructures have been re-

ported to show high photoelectronic performance due to
their highly oriented C60 alignment and interfullerene
distances [3–6,20,21]. However, the crystalline meta-
stability and rotational disorder of C60 spheres in such
nanomaterials, which occur due to a lack of strong
bonding interactions between C60 molecules [22], may
seriously affect their photoelectronic functions and limit
their application [4,5]. Consequently, the fabrication of
highly stable crystalline materials with highly oriented C60
alignment is crucial to enable their practical application
as photoelectronic devices.
Thirty pairs of π-electrons in a spherical C60 molecule

provide abundant coordination sites for the binding of
multiple metals in η2-fashions, forming exohedral me-

tallofullerene clusters [23,24] and polymers [10,25–29].
Compared with these C60 nanomaterials, exohedral me-
tallofullerene polymers exhibit higher crystalline stability
for the stronger coordination bonds than in non-bonding
interactions. Furthermore, the effective overlaps of pπ-dπ
orbitals between C60 and metals facilitate strong electronic
coupling between both components [10,30]. These ad-
vantages significantly enhance the functionality of these
exohedral metallofullerene polymers. However, few me-
tallofullerene polymers, for example, one dimensional
(1D) {[Ni(Me3P)2](µ2-η

2,η2-C60)}∞ [26], exhibit a crystal-
line structure. PdnC60/PtnC60 polymeric materials have
been shown to have conductive properties [10,25], but
were prepared as amorphous polymers [10,31,32]. At
present, it remains a great challenge to prepare crystalline
exohedral metallofullerene polymers [10,25,33], let alone
to explore their photoelectrical functions.
Most crystalline exohedral metallofullerenes are pre-

pared according to the traditional solution-based synth-
esis [10]. Recently, solvothermal synthesis was used to
prepare metallofullerenes and a series of high nuclear
cuprofullerenes were afforded [23,24]. The direct com-
plexation of Cu(I) atoms increases their absorption effi-
ciency for visible light relative to pristine C60 [23,24], thus
providing an advantageous strategy for the preparation of
photoelectronic metallofullerene materials with responses
to visible light.
On the basis of our previous work concerning disk-type

nano-Saturn complexes [Cu10(Mim)10]⊃C60/C70 (Mim =
2-methylimidazolate) [34], we herein report a 2D sheet-
like cuprofullerene imidazolate polymer [(CuIm)2C60]n
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(Im = imidazolate). This material shows both highly or-
dered C60 alignment and extraordinary chemical stability
and high performance for a photodetector upon visible
light irradiation. The complex was prepared with a yield
of 79.8% under solvothermal conditions (Scheme 1a and
Figs S1–S3). It crystallized in the P21/c space group
(Table S1), thereby giving a 2D sheet structure
(Scheme 1b). The 1D chainlike Cu(I)-imidazolate exhibits
a 21 screw (Fig. S4a), and two opposite chiral (CuIm)n
chains are cross-linked by linear μ2-η

2:η2-C60 from two
opposite C=C bonds (Figs S3, S4a) to form a 2D sheet in
which C60 exhibits the same coordination as the 1D {[Ni-
(Me3P)2](µ2-η

2:η2-C60)}∞ polymer [26]. Each Cu(I) shows
3-coordination geometry bound by two N atoms and one
C=C bond. The Cu–N (1.957(2) and 1.966(2) Å) and Cu
−C (2.024(3) and 2.042(2) Å) distances are slightly longer
than those of other Cu(I) imidazolate [35] and cupro-
fullerene/Cu(I)-olefin complexes [23,36], indicating the
bulky crowd effects of C60 moieties. The coordinated C=C
shows a slightly larger length (1.440(6) Å) than other
uncoordinated C=C (1.380–1.400 Å), similar to that of
previously reported cuprofullerenes [23].
As reported for Cu(I)-pyrazolate complexes [37], the

linear Cu(I) centers in (CuIm)n chains provide potential
vacant sites for further coordination by C=C. However,
[(CuIm)2C60]n shows a distinctly different structure from
previously reported nano-Saturn [Cu10(Mim)10]⊃C60 [34].
The interaction differences between fullerene moieties
and either (CuIm)n chains or Cu10(Mim)10 rings de-
monstrate the substituent effects of methyl, which pro-
vides sufficient C−H for C−H⋅⋅⋅π interactions between the
Mim and fullerene moieties to induce the formation of
closed Cu10(Mim)10 macrocycles and stabilize the nano-
Saturn system [34], and also a bulky crowd capable of
preventing C60 from coordinating on Cu(I) atoms.
In each sheet, C60 spheres are arranged parallel to the

[201] crystallographic plane (Fig. 1a and Fig. S4a), and
the shortest C60⋅⋅⋅C60 center distance (9.717(2) Å) exists

along the (CuIm)n chains (Fig. S4a). These sheets are
stacked together through intersheet convex-concave π⋅⋅⋅π
interactions (Im⋅⋅⋅C60 and C60⋅⋅⋅C60). The shortest dis-
tances between the center of Im and the adjacent atom of
C60 are 3.239(2) and 3.325(6) Å (Fig. S5), respectively, and
the corresponding shortest C⋅⋅⋅C distances between C60
moieties are 3.109(1) and 2.845(8) Å. Accordingly, these
C60 moieties are arranged in an inclined hexagonal frontal
packed (i-hfp) formation (Fig. 1a, b and Fig. S6). Each C60
molecule is in contact with eight other C60 molecules
close to the C60⋅⋅⋅C60 center distances of 9.929(1) Å (red),
9.822(1) Å (blue), and 9.717(1) Å (green), respectively
(Fig. 1b). These distances are similar to those in a pristine
crystalline C60 solid in a face-centered cubic (fcc) or
hexagonal closed packed (hcp) crystalline structures [5]
(Fig. 1c), possibly implying that photoelectronic functions
are conserved in the pristine crystalline C60 solid.
The crystalline sample shows high thermal stability,

with the thermal gravity analysis (TGA) demonstrating
that it begins to lose weight above 600°C (Fig. 2a and
Fig. S7). However, temperature-dependent powder X-ray
diffraction (TD-PXRD) patterns exhibit irreversible phase
transformations above 325°C (Fig. 2b and Fig. S8), further
evidenced by a strong endothermic peak at approximately
325°C detected by the first cyclic differential scanning
calorimeter (DSC) analysis (red line in Fig. 2a), which
disappears in the second cycle (black dotted line in Fig. 2a
and Fig. S9). Unfortunately, determination of the crystal
structure of the heated crystal sample above 325°C was
not possible due to the poor resulting single crystal XRD
patterns.
The complex thus shows extraordinary chemical sta-

bility in acid/base and common solvents. When soaked in
HCl/NaOH solutions with pH values ranging from 1.0 to
12.0 and even in 25% NH3·H2O, or when soaked in
thirteen common organic solvents for one week at room
temperature (Fig. S10), the solid samples show highly
consistent PXRD patterns (Fig. S11). It is believed that

Scheme 1 Synthesis of the cuprofullerene imidazolate polymer,
showing the crystal image (a) and sheet-like structure (b).

Figure 1 Packing structures (a) showing the inclined hexagonal frontal
packed (i-hfp) C60 moieties (b) in the complex. The hcp C60 crystalline
structure is shown in (c) as a comparison.
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this chemical stability is closely related to synergistic
convex-concave interactions between the constituent 2D
sheets, which greatly increase the contact area between
the sheets and protect (CuIm)n chains from being at-
tacked by other molecules.
Similar to the reported cuprofullerene complexes [23],

the complex shows a strong light absorption across the
whole ultraviolet-visible (UV-Vis) and near infrared
(NIR) region (Fig. 3a). Tauc plot demonstrates that the
optical bandgap may be as narrow as 1.12 eV (Fig. 3b).
Density functional theory calculations reveal an indirect

bandgap structure [38] with a bandgap of 1.05 eV
(Fig. 3c). Cyclic voltammetry measurements show an
energy gap of 0.92 eV (Fig. S12). Compared with the di-
rect bandgap (1.267 eV) of fcc-C60 crystals (Fig. S13), the
indirect and much smaller bandgap of the complex im-
plies a potential fast and highly efficient charge separation
and a strongly suppressed charge carrier recombination
[39], which is believed to be related to the complexation
of Cu(I) atoms associated with C60 molecules. Density of
states (DOS) demonstrate that both the valence band
maximum at the Z point and the conduction band

Figure 2 DSC (red and black dotted lines in a), TGA curves (blue line in a) and TD-PXRD patterns (b) of the as-prepared complex.

Figure 3 (a) UV-Vis spectrum; (b) Tauc plot; (c) calculated band structures; (d) DOS of the complex.
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minimum at the D point are dominantly constructed by
the 2p-orbitals of C atoms from C60 with a very small
contribution from the 3d-orbitals of Cu(I) atoms (Fig. 3c,
d and Fig. S14). These results imply that the 2D cupro-
fullerene complex inherits the photoelectric characters of
these crystalline C60 nanomaterials [2–6,8]. Consequently,
its photoelectronic performance as a photodetector was
investigated.
The electrical conductivity of the powder pellet was

measured as 7.69 × 10−10 S cm−1 (Fig. S15), similar to that
of pure C60 single crystals [40,41], but much higher than
that of the C60 solid film [42], indicating a near-insulating
material without light illumination at room temperature.
Photoconductivity denotes the combined effects of

optical and electronic properties [3,5]. To construct a
photodetector device, a one-column single crystal of cu-
profullerene polymer was placed on a glass substrate. The
ends of the crystal were painted with a conductive silver
paste spaced 200 µm across silver electrodes in order to
secure a conductive pathway to the patterned electrodes
(Fig. 4a and Fig. S16). Crystallographic indexing de-
monstrated that the longest direction of the column
crystal was aligned with the crystallographic b axis, i.e.,
the extension direction of the [Cu(Im)]n chains
(Scheme 1).

Under a 5.0 V bias voltage, the device shows significant
photocurrent increase (on/off ratio) by approximately
two orders of magnitude higher under incident white
light illumination than dark current (Fig. S17). The bias-
dependent Rλ measurement shows that Rλ increases
quickly below 2.0 V before flattening out at around 5 V
when irradiated with 500 nm radiation (Fig. S18).
Therefore, a 5.0 V bias voltage was used to evaluate the
performance of the device. Wavelength-dependent pho-
tocurrent measurements between 250 and 750 nm reveal
a maximum detector current responsivity (Rλ) of
11.6 A W−1 under the optimized incident light conditions
of 500 nm (Fig. 4a and Figs S19–S21), which is in
agreement with UV-Vis absorption. For [(CuIm)2C60]n
materials, photons in the whole UV-Vis region effectively
contribute to the photoconductive effect due to the small
band gap (~1.12 eV) (Fig. 3b). Interestingly, the re-
sponsivity in the region between 400 and 600 nm is in
agreement with the absorption intensity of the polymer
(Fig. 3a). These observations demonstrate that intense
absorption can capture more photons effectively to pro-
duce photoinduced carrier, resulting in a strong photo-
current and high photoelectric performance.
A quick response and complete recovery to the ground

state happen upon incident light on/off across all UV and

Figure 4 Photoelectrical measurements for the photodetector at a bias voltage of 5.0 V. (a, c) Calculated Rλ, EQE, and D* at different wavelengths.
(b) Periodic measurements of photocurrent under 500 nm light showing high photoelectrical stability. (d) I–V measurements and time sweep of the
device under 500 nm illumination with different light power (mW cm−2).
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visible regions. For example, the response rise time is
around 0.3 s while the decay time is around 1.0 s when
the illumination is 500 nm (Fig. S21). Cyclic switching
on/off upon incident light illumination demonstrates that
the device exhibits highly reproducible photodetecting
behavior and photo-stability at visible light (Fig. 4b and
Fig. S20).
Upon illumination of the optimized incident light

(500 nm) and bias voltage (5.0 V), the device shows a
high detectivity (D*) of 4.88 × 1012 Jones, and an ex-
ceptionally large external quantum efficiency (EQE) of
2866% (Fig. 4c), which is consistent with its high Rλ value
(11.6 A W−1, Fig. 4a). Under the above-mentioned
measurement conditions, D* and EQE are positively
correlated with Rλ. These results demonstrate that the 2D
polymeric cuprofullerene material exhibits excellent
photodetective performance [3–5]. The photocurrent was
enhanced with increaseing illumination (Fig. 4d). A
simple power law model, Ip ∝ Pθ, was used to describe the
relationship between photocurrent Ip and incident light
power P. The exponent, θ, was fitted at 0.77 (0.5 < θ < 1),
implying significant defects in the crystalline structure
and complicated photocurrent processes (Fig. S22) [3,5].
In summary, an ultra-stable 2D cuprofullerene imida-

zolate coordination polymer was prepared under sol-
vothermal conditions. Linear μ2-η

2:η2-C60 molecules
connected 1D Cu(I)-imidazolate chains to form a 2D
sheet structure. Intersheet convex-concave π⋅⋅⋅π interac-
tions further supported the ability of these C60 moieties to
form a highly ordered i-hfp feature and increase its che-
mical and thermal stability. Band structure calculations
and photodetector device measurements revealed that its
high photodetective performance was inherited not only
from fcc and hcp crystalline structures of pristine C60, but
also significantly enhanced and improved by the com-
plexation of Cu(I). This research provides an effective
strategy for preparing exohedral metallofullerene poly-

mers, thereby producing high-performance photo-
detective functions in the cuprofullerene polymers,
leading to advantageous opportunities for expanding
exohedral metallofullerene polymers as novel fullerene-
based photoelectric materials.
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具有高性能可见光探测功能的超稳定二维咪唑铜
(I)富勒烯配位聚合物材料
詹顺泽1*, 李经鸿1, 李艳周3,4, 徐刚3, 骆登峰1, 党丽1, 李丹2*

摘要 本工作通过溶剂热法制备了一种超稳定二维层状铜(I)富勒
烯配位聚合物材料. Cu-(η2-C60)配位作用和层间凹凸π⋅⋅⋅π相互作用
支撑C60分子排列形成倾斜六方面堆积((i-hfp))特点, 显著地改善了
材料的化学稳定性. 该材料表现出高性能可见光探测功能. 密度泛
函计算表明, 与六方紧密堆积和立方堆积的C60纳米材料类似, 其优
异的光探测功能主要来源于C60分子本身, 但是铜(I)的配位显著增
强了其对可见光的吸收效率, 改善了材料的可见光探测功能. 该工
作对于拓展富勒烯光电功能材料的种类具有重要意义.
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