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An ultra-stable Cul, cluster built from a Cu
precursor sandwiched by two Cug-thiacalixarene
units for efficient photothermal conversionf
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We report the synthesis, crystal structure, optical properties, and photothermal conversion properties of
an ultra-stable cuprous Cuy, cluster, namely {[Cug(HTC4A)]2[Cu'6(2—PyS)Gl)-HZO (Cuyp, H4TC4A = p-tert-
butylthiacalix[4larene, 2-PySH = 2-pyridinethiol), which was built from a pre-synthesized Cul(2-PyS)s
(Cue) precursor and two Cuk-HTC4A polynuclear secondary building units (PSBUs). The Cug; cluster fea-
tures a sandwich-like framework in which the Cug core is double surface capped by forming six Cu-S
bonds with two Cuk-HTC4A PSBUs. The “cluster—cluster” assembly strategy enables all the metal centers
in the Cuy, cluster to be monovalent and efficient organic ligand protection makes the cuprous cluster
stable in common solvents (alcohol, acetonitrile, acetone, CHCls, N N-dimethylacetamide, etc.) as well as
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in strong acids (pH = 1) or bases (pH = 14). Band gap determination and photophysical analysis combined
with density functional theory (DFT) calculations indicated that Cuk-HTC4A PSBUs can tune the electron
and hole distribution of the Cug core, which makes Cu,, a stable and efficient photothermal conversion
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1 Introduction

Coinage metal clusters with atomically precise structures are
of great interest due to their fascinating structure evolution
and promising applications in biological sensing, catalysis,
and nanoscale optoelectronics.' Coinage metal clusters can
be synthesized by reduction growth, seed growth, alloying, and
ligand exchange methods.* A variety of huge coinage clusters,
including Cug;,,’ Al,yo,° and Agu00,” have been successfully syn-
thesized and structurally determined. Compared with the
achievements in synthesis, the utilization of coinage metal
clusters is limited by their stability at ambient condition. Due
to their unique potential applications in catalytic,® lumine-
scence,’ and biological processes'® and of course, due to their
atom economy, cuprous clusters have received considerable
attention from scientists. However, copper has a lower
reduction potential than Au' and Ag" and is not readily stable
in air; thus, it is always challenging to fabricate a stable
cuprous cluster that can be utilized under ambient or extreme
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material both in the solid state and in water/N,N-dimethylformamide solvents.

conditions." ™ The ligand modification and protection strat-

egy has been proven to be an effective way to fabricate stable
cuprous clusters, and ligands with rich electronic structures
can also endow these clusters with a variety of
applications.™*™°

Cyclic calixarene compounds with high thermal and chemi-
cal stability as well as changeable conformations and abun-
dant coordination sites have received extensive attention in
coordination chemistry."” p-tert-Butylthiacalix[4]arene
(H,TC4A) is the most utilized calixarene with sulfur bridging.
It has been proven to be an especially effective ligand to form
M, (TC4A) (M = Mn", Co", Ni", Fe"!, etc., x = 3 or 4) polynuclear
secondary building units (PSBUSs) by strongly combined coordi-
nation of bridging S atoms and phenoxo groups for the assem-
bly of metal clusters.'®>* Recently, Wang and Sun used
H,TC4A to assemble a series of Au' and Ag' clusters, and the
ligand protection to achieve stable clusters is evident.>*® It is
also familiar to the assembly of Cu"-based metal clusters but
there are limited examples of pure Cu' clusters of H,TC4A that
can be obtained. Liao and co-workers reported a two-dimen-
sional (2D) polymer based on CulCl,-(TC4A) units.>* However,
this compound is easily turned into a Cul-(TC4A) cluster in
the mother liquid in air. Attempts at H,TC4A functionali-
zation, e.g., t-butyl substituted by phenyl groups or -OH
replaced by -SH, did not work to separate a stable Cu'-
(H,TC4A) compound at ambient condition.>**° Therefore, the
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absence of Cu" species in the initial synthesis system might be
the determining factor in the fabrication of the stable Cu' com-
pound H,TC4A. Otherwise, H,TC4A tends to use its multiden-
tate coordination sites to form a triangular coordination
environment, leaving at least two active metal orbitals to be co-
ordinated, as is favorable for forming Cu" compounds.*'™°
Very recently, two isomeric Cul,(TC4A), pairs were successfully
isolated by using Cu™ and Cu’ sources, and the NaBH,
reduction agent was applied to avoid the reoxidation of the Cu'"
species by O, in air.>®

In this work, we adopted a “cluster—cluster” assembly strat-
egy to control the synthesis of a cuprous Cu,, cluster by pre-
synthesis of a [Cu(2-PyS)s] (2-PySH = 2-pyridinethiol) precur-
sor with exposed S coordination sites and capped with Cul-
HTC4A PSBUs afterward. The Cuy, cluster was stable at
ambient condition for six months and the broad absorbance
makes it an excellent photothermal conversion material both
in the solid state and in solvents.

2. Experimental section

2.1 Materials and measurements

p-tert-Butylthiacalix[4]arene (H,TC4A) was synthesized accord-
ing to the procedure in the literature.’” Other reagents were
purchased commercially without further purification.
Thermogravimetric analysis (TGA) was carried out at a ramp
rate of 10 °C min~" in an N, flow with a TA Q600 TGA analyzer.
Fourier transform infrared spectroscopy (FT-IR) using KBr
pellets was performed on a PerkinElmer Spectrum GX spectro-
meter. Powder X-ray diffraction (PXRD) was performed using a
Bruker D8 VENTURE diffractometer with Cu-Koa radiation.
Ultraviolet-visible (UV-vis) spectra were recorded on an Agilent
Cary5000 spectrometer. X-ray photoelectron spectroscopic
(XPS) measurements were made with an ESCALAB 250Xi using
a monochromic Al K, X-ray source (1486.6 eV).

2.2 Synthesis of a Cuj(2-PyS), (2-PySH = 2-pyridinethiol)
precursor

Cul(2-PyS)s (Cug) is a known compound and was synthesized
by the solvothermal method in this report.*® X-ray diffraction
measurements showed the same crystal parameters as those in
the literature. Details of the structure solution and final refine-
ments are given in Table S1.7 The phase purity of the crystals
was confirmed by powder X-ray diffraction (PXRD) analysis.

2.3 Synthesis of {{Cul(HTC4A)],[Cu's(2-PyS)s]}-H,O (Cuy,)

A mixture of Cue (0.050 g, 0.05 mmol), CuCl (0.030 g,
0.3 mmol), H,TC4A (0.72 g, 0.1 mmol), three drops of triethyl-
amine, methanol (MeOH, 5.0 mL), and N,N-dimethylacetamide
(DMA, 5.0 mL) in a 20 mL Teflon-lined autoclave was kept at
130 °C for two days and then slowly cooled to 20 °C. Light
brown block crystals were obtained in 34.7% yield (based on
H,TC4A). The crystals were isolated by filtration and then
washed with 1:1 MeOH-DMA and dried in air. FT-IR (KBr
pellet, cm™): 3440(m), 2962(s), 1636(w), 1577(s), 1451(s),
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1358(m), 1311(m), 1257(s), 1124(s), 885(m), 831(m), 752(s),
and 720(m).

2.4 Single crystal X-ray diffraction

Intensity data were collected at 296 K using Mo-K, radiation
on a Bruker D8 QUEST system (1 = 0.71073 A). Direct methods
were used to solve the crystal structures, and then full-matrix
least squares on F° (SHELXTL-2014) were used to refine
them.? All non-hydrogen atoms were polished anisotropically
except for lattice water. The hydrogen atoms in the organic
ligands were theoretically fixed on the particular atoms and
refined isotropically with predetermined thermal factors. The
hydrogen atoms on solvent H,O molecules were directly incor-
porated in the molecular formula. Details of the structure solu-
tion and final refinements for the compounds are given in
Table S1.7 CCDC2246463 contains the supplementary crystal-
lographic data for this paper.t

3. Results and discussion
3.1 Synthesis and characterization

The Cue precursor was synthesized by the solvothermal
method (Fig. 1). Cu;, was built from one Cu, core with a
similar arrangement to that of the Cug precursor and two Cul-
HTC4A (H,TC4A = p-tert-butylthiacalix[4]arene, Fig. S1}) poly-
nuclear secondary building units (PSBUs) by the “cluster-
cluster” assembly strategy. The phase purity of the samples is
confirmed by the powder X-ray diffraction (PXRD) of the two
clusters, which consisted of the simulated patterns obtained
from single-crystal X-ray diffraction (SCXRD, Fig. S2t). The
FT-IR results revealed the predicted peaks for the components
of Cuy,, showing the characteristic C-H vibration p-tert-butyl
groups and phenolic groups of H,TC4A (Fig. S31). TGA tests
were performed to test the thermal stability and the TGA
residue is also confirmed by PXRD (Fig. S4 and S57).

3.2 Crystal structures

Single-crystal X-ray diffraction showed that 2-PyS™ ligands in
Cu, show the same coordination mode (p;-kn':ks”) and copper
centers are tri-coordinated with one N and two p,-S atoms.
Cu,, crystallizes in the tetragonal system with the space group
P4,/mbc. The Cu,, cluster is a sandwich-like structure with a
Cug(2-PyS)s core double-surface capped by two Cuz-HTC4A
PSBUs by forming six Cu-S bonds (Fig. 1). The Cug(2-PyS)s
core in Cuy, is an inheritance from the Cug precursor except
for the 2-PyS™ ligands in a different coordination mode (p,-
kn'iKs’). Furthermore, each HTC4A®~ ligand bonds with three
Cu centers (Cul, Cu2, and Cul’) and each Cu is coordinated
by two p, phenoxyl atoms and one bridging sulfur atom from
the HTC4A>" ligand. The overall coordination of three Cu in
PSBUs is four-coordination in a tetrahedral arrangement. All
the Cu atoms both in Cug and Cuy, showed the low coordi-
nation (2, 3, 4) of a typical Cu".>****%*%*! Both Cug and Cu,,
contain a highly similar Cug(2-PyS)s core but differ in distor-
tion. The average Cu---Cu distance in the “Cug(2-PyS)s core” of
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Fig. 1 Synthesis and structure of Cug and Cuj,.

Cuy, being 3.251 A is much larger than that for Cug (2.953 A),
which suggests that the presence of Cu;-HTC4A stretched the
“Cug(2-PyS)s core” on both sides (Fig. 2). Additionally, the dis-
tance between two adjacent coppers (Cul---Cu2, Cul---Cu3',
Cu2---Cu3'™) was 3.605, 3.437, and 3.622 A, respectively
(Fig. S671). Combined with the Cu coordination, bond valence
calculation, charge balance (Table S2f) and X-ray photo-
electron spectroscopy (XPS) results (Fig. S7t), all the Cu in
Cu,, being cuprous is evident. Additionally, no obvious inter-
action is observed between adjacent two metal clusters and
isolated solvent waters are located in the crystal lattice of Cuy,

(Fig. S87).

3.2 Stability of Cu,,

We tested the stability of Cuy, under various conditions. The
crystal samples were immersed in water solutions with pH
values of 1, 7, and 14 for 48 h, in 1 M H,0, for 6 h, and in
common solvents (or mixture) for 48 h. Then, PXRD patterns
were obtained under ambient conditions. As shown in Fig. 3,
the tested PXRD patterns are well-matched with the simulated
one from SCXRD. Additionally, Cu,, can also keep its crystalli-

Fig. 2 (a) Cu---Cu distance (A) in Cug and (b) Cu---Cu distance (A) in the
“Cug(2-PyS)s" core of Cuy,. Symmetry codes: Cug (i) —x + 1, -y + 1, —z +
LCup (X y —z+1; (i) —x+1 -y+1 —z+1; (i) x+1-y+1 z
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Fig. 3 PXRD pattern of Cu;, showing the stability under different con-
ditions: (a) in air and water solution; (b) in common organic solvents.

nity well after exposing to air for more than six months. All
those results suggested the outstanding structural integrity
and stability of Cuys,.

For most cluster coordination compounds, it is easy to lose
the crystallinity under ambient conditions and their crystal
structures are usually determined at low temperatures by
liquid nitrogen protection, especially for those containing
coinage metals.”””*> The high-resolution XPS spectrum of S in
Cuy, is 1.3 eV bigger than that in Cue, which suggests that the
electron density of S is lower in Cuy, than in Cug (Fig. 4). It is
more likely that the strong coordination and delocalization
ability of HTC4A®~ tunes the S electron density distribution
from the Cug(2-PyS)s core to Cui-HTC4A PSBUs, which corre-
sponded to the high-resolution XPS spectra of Cu 2p
(Fig. S7bt). That is, HTC4A®~ contributes to the stability of
Cu,, by not only shielding Cu' from oxidation, but also chan-
ging the electron distribution to decrease the activity of the
Cu}, core.

3.3. UV-vis absorption and DFT calculation studies

The solid-state UV-vis spectra of Cug and Cu,, were tested in
the range of 200-800 nm (Fig. 5). The absorption of Cu,, is
weaker in the range of 400-500 nm and stronger between

This journal is © the Partner Organisations 2023
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Fig. 4 High-resolution XPS spectra of S 2p (Cu;, and Cug).
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Fig. 5 (a) UV-vis spectra and (b) band gaps of Cug and Cuj,.

200-400 nm compared with Cug, the latter of which might be
due to the presence of HTC4A*~, which enhances the = — =*
transformation of Cuy,.**** The broad absorption in
500-800 nm indicated that Cuy, might be a good candidate as
a long-wavelength responsive light material. To better under-
stand the relationship between the compound structures and
their light absorption, DFT calculations using B3LYP were per-
formed for Cug and Cuy, based on the models from single-
crystal structures, respectively (Fig. 6). Both the HOMO and
HOMO-1 of Cu,, are almost entirely located on the calixarene
ligand (donor), while the LUMO is mainly located on the

LOMO+1

‘LOMO

Fig. 6 Frontier molecular orbitals of Cug (top) and Cu;, (bottom).
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“Cug(2-PyS)s” core (acceptor). This suggests that ligand-to-
metal charge transfer (LMCT) and ligand-to-ligand charge
transfer (LLCT) might occur and result in long-wavelength
light absorption.*® Contrastingly, the HOMO and HOMO-1 of
Cug are virtually totally found on the Cu center, whereas the
LUMO and LUMO+1 are primarily placed on the ligand, indi-
cating metal-to-ligand charge transfer (MLCT) being the main
contribution that results in the 400-500 nm absorption.*?
Simultaneously, the HOMO-LUMO gap with the B3LYP func-
tion and the def2-SVP basis group for Cu,, and Cue are calcu-
lated to be 2.96 eV and 3.61 eV, respectively, the former of
which is quite accordant with that from the band gap determi-
nation (2.97 eV) while the latter of which is obviously different
(2.85 eV). As for the DFT calculations performed on single
clusters excluding “cluster—cluster” interactions, the difference
between the HOMO-LUMO gap and band gap for Cug is con-
tributed to the inter-cluster actions via, for example, n---x or C-
H---n interactions of two 2-PyS™ ligands from two clusters
(Fig. S91). The larger band gap energy and non-inter-cluster
actions make Cu,, not only stable in the crystalline form, but
also in a single cluster.

3.4 Photothermal studies

Photothermal studies on Cu-based coordination compounds
mainly involved divalent*® and mixed valence*'*”~*° clusters,
and a pure Cu' analogue is rarely involved. The larger band
gaps originated from LMCT and LLCT as well as the ultra-
stable nature of Cu,, prompted us to investigate the photother-
mal properties. An appropriate sample was placed on a 2 x
2 cm” glass sheet, a 660 nm laser was used as a light source,
and a thermal imager recorded the temperatures of the
sample. The irradiation power was 0.4 W cm™> (see the ESI}
for details). The time-temperature plots were obtained as
shown in Fig. 7a. The temperature of Cuy, sharply increased
from room temperature (20 °C) to 70 °C within 5 s corres-
ponding to a 9.2 °C s™' heating rate. In stark contrast, the
temperatures of Cue and the mixture (H,TC4A:CuCl = 1:3)
reached 27 °C and 26 °C, with the heating rate of 1 °C s™* and

—e—cu,

*—qu, - H,TC4A+CUCI (1:3)

4

\

=
—e—Cu,
o 404

# & HTC4A+CuCI (1:3) |

5% ——o-

*—e.

@
3

50 100 150 200 250 0 75 150 225 300 375 450 525 600
(b) Time (s) Time (s)

00008

61.2°C 88.2°C 99.9 °C 107.1 °C 111.6 °C 114.7 °C

() @

Fig. 7 Photothermal experiment in the solid state: (a) time—tempera-
ture curves for Cuj,, Cue, and the mixture; (b) photothermal images for
Cuj,; (interval, 5 s); (c) light on—off cycles.
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0.8 °C s7%, respectively, under the same conditions. The
maximum temperature of Cu,, reached 124.5 °C (Fig. 7b) and
was kept steady; however, the temperatures were significantly
lower (below 73.1 °C) for both Cus and the mixture. No
obvious decay was observed in four light on-off cycles for
three compounds (150 s per cycle, Fig. 7c). A fast photothermal
conversion rate and a visual photothermal delay were apparent
for Cuy,. It is indicated that Cuy, has efficient photothermal
conversion properties compared with the contrasts. With com-
bined absorption properties and DFT calculation, the superior
photothermal conversion of Cu,, might originate from the
larger absorption at 660 nm and LMCT nature, which results
in electron-hole pairs relaxing to the band edges upon
irradiation and then releasing phonon energy to transform
into heat through a nonradioactive decay.”® For better com-
parison, some recent reports on Cu-based coordination com-
pounds/representative composites for photothermal conver-
sion are listed in Table S3.F

Cu,, is insoluble and stable in H,O or DMF as indicated by
PXRD experiments. By placing the Cu,, sample at the bottom
of a plastic pipe in different solvents and exposing the sample
toa 0.4 W em ™2 660 nm laser, the solvent photothermal prop-
erty for the metal cluster was evaluated (Fig. 8). Upon
irradiation within 10 min, the solid sample temperature elev-
ated quickly from room temperature to 65.7 °C in DMF and
56.5 °C in H,0O. Meanwhile, the solvent also gradually warmed
to 43.3 °C and 29.9 °C, respectively. The solid sample tempera-
tures were similar while the solvent temperatures were
different. The different photothermal conversion properties in
H,0 and DMF are due to the different solvent heat capacities.
After the experiment, the samples were separated from the sol-

[}
() o o o o o o o o © *—¢o
60 ‘..'. ° ——— ,7,#70———0’”’ — ¢
_ oOgees® ® — solid in DMF
S S0t -
&~ 504 — % —solidin H0
g $ o—o0
® 40 $ 000 ° oo oe
g 40 o 0—0
o O O—O0—90
E » o B S
= 304 o° _o—°
o©' DS O
o© B O— DMF
2048% —0—HO
2
100 200 300 400 500 600 700 800
(b) DMF Time (s)
©0000 ©0001 ©0005 ©0010 ©0020 ©0040 ©0060 ©0080 ©0100
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Fig. 8 Photothermal experiment in solvent for Cu;, (a) time—tempera-
ture curves; photothermal images in DMF (b) and H,O (c). Red and white
labels represent sample and solvent temperatures.
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vents by filtration and characterized by PXRD. The resulting
PXRD patterns still matched the simulated one (Fig. S107).
The results suggest that Cuy, is stable even after the photother-
mal experiments involving the solvent.

4. Conclusions

An ultra-stable cuprous Cu,, cluster has been fabricated by the
“cluster-cluster” assembly strategy from pre-synthesized Cuf(2-
PyS)s and two Cu}-HTC4A polynuclear secondary building
units (PSBUs). The modification of Cuf(2-PyS)s with two Cul-
HTC4A PSBUs not only makes the obtained sandwich-like Cuy,
cluster stable in air, in strong acids, or bases as well as in
common solvents, but also significantly tunes the light absorp-
tion. Cu;, showed improved photothermal conversion
efficiency and stability both in the solid state and in solvents,
which is quite correlated with the band gap structure as evi-
denced by DFT calculations. This work provides a new view of
fabricated stable cuprous materials and may shed light on the
utilization of solar energy for storage and conversion.
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