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Wheel-shaped molecular rings are one of the most striking types of molecular aggregates due to their
naturally aesthetically appealing architecture, giant size and interesting physical properties and potential
applications. Herein, unlike common supertetrahedral cluster-based main-group metal chalcogenides,
we report an unprecedented wheel-shaped double-decker {Gaz4S40} molecular ring (WSC-1) with an
~1.6 nm external diameter, which is the first main-group metal sulfide nanoring and the largest ring in the
family of inorganic metal sulfide molecular rings. Furthermore, indium was successfully introduced to
obtain the first bimetallic main-group metal chalcogenide molecular ring (WSC-1-In), exhibiting
enhanced photocatalytic dye degradation. This work is of great significance to expand the family of metal
chalcogenide molecular rings and demonstrated the great potential of metal chalcogenide molecular

Received 8th March 2023,
Accepted 27th May 2023

DOI: 10.1039/d3qi00432e

Published on 28 2023. Downloaded on 08/11/25 00:24:10.

rsc.li/frontiers-inorganic

Introduction

Over the last thirty years, cluster-based crystalline metal chalco-
genides (CCMCs),"* combining the porosity and semiconduct-
ing features with diverse structures and precisely adjustable
compositions, have attracted considerable attention in photo/
electro-catalysis,®® ion exchange,”™" nonlinear optics'*"*® etc.
Structurally, as the most important basic building unit in
CCMCs, metal chalcogenide clusters with different sizes,
shapes, compositions and diversiform assembly modes played a
vital role in determining the structure and function of
CCMCs."” Hitherto, the dominant metal chalcogenide clusters
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rings in the application of photocatalysis.

assembled in the superlattices of CCMCs are tetrahedrally
shaped Tn (n indicates the number of metal layers),’**® penta-
(Pn),"”*° capped-(Cn),*°** super-(Tp,q)** >’ and TOn*** super-
tetrahedral clusters due to the inherent tetrahedral coordination
mode of metal ions (M) in CCMCs and an inflexible Q-M-Q
angle in a tetrahedral MQ, subunit (Q = S/Se/Te)."”* Since metal
chalcogenide clusters fundamentally promote the development
of CCMCs, it is desirable to synthesize novel non-supertetrahe-
dral clusters with diverse structures and versatile functions to
enrich CCMCs with more applications in different fields.

So far, great unremitting efforts have been devoted to the
development of non-supertetrahedral CCMCs, including
copper-rich open-framework chalcogenides (COCs),*°*
sphere shaped nano-balls,*® molecular rings®**~° and defec-
tive atypical supertetrahedral cluster-based chalcogenide
frameworks.*°"** Among these non-supertetrahedral CCMCs,
molecular rings deserve attention and research, but limited
reports can be found.**®° Molecular rings constructed by
metal atoms and bridged by pure inorganic O and S/Se
anions or O/S/Se atoms of the organic ligands,**>* such as
cyclic high-nuclear transition-metal compounds,®®*> have
been reported much and have aroused great attention due to
their naturally aesthetically appealing architecture and inter-
esting physical properties and potential applications.>*>*>?
So far, only Dai et al. reported two kinds of molecular rings
based on In-Te/Se clusters which are wheel-shaped In;gTezo/
Se;p and triangular Injzz;Ses, ring clusters decorated by
organic amines®”° and Dehnen et al. recently reported a
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square shaped molecular ring constructed by 4 T2 Ge-Se
clusters.’® The slow development of the molecular ring in
CCMCs is probably due to the intrinsic tetrahedral coordi-
nation mode and inflexible Q-M-Q angle of the MQ, subunit
(M = In/Ga/Sn/Ge, Q = S/Se/Te),’”*® and compared with In-
Te/Se and Ge-Se molecular rings, creating sulfide based
nanorings is much more challenging due to the lower struc-
tural flexibility reflected by the relatively rigid S-M-S
angle.?”?°

Herein, we report an unprecedented wheel-shaped Ga-S
molecular ring—[Ga,4S40(CPA)g][(H"-CPA)s(CPA)s] (denoted as
WSC-1, CPA = cyclopentylamine). Decorated by 8 CPA mole-
cules, WSC-1 consists of 24 Ga and 40 S atoms, forming a
regular double-decker ring structure. Noteworthily, although
gallium based molecular wheels built by Ga atoms and
bridged organic OMe and OAc ligands have been reported,*’*°
a gallium-sulfide molecular ring has been obtained for the
first time and it represents the first example of main-group
metal sulfide based nanorings. Besides, WSC-1 is the largest
circular ring cluster in pure metal chalcogenides to date. To
adjust the band structure of WSC-1 for better photocatalytic
activity, indium was successfully introduced in a sulfide-based
molecular ring for the first time (denoted as WSC-1-In) and
this first heteronuclear main-group metal chalcogenide mole-
cular ring exhibited enhanced photodegradation of methylene
blue (MB) and comparable photocatalytic hydrogen evolution
activity.

Experimental
Chemicals

Gallium oxide powder (Ga,0s;, 99.8%), indium powder (In,
99.99%), sulfur powder (S, 99.9%), cyclopentylamine (CPA, AR,
liquid), formamide (AR, liquid), ethanol (AR, liquid), tetraam-
mine platinum(u) nitrate (Pt(NH;3),(NO3),), and deionized
water were all used as supplied without further purification.

Synthesis of WSC-1

Gallium oxide powder (187 mg, 1.00 mmol) and sulfur powder
(128 mg, 4.00 mmol) were mixed with cyclopentylamine
(4.00 mL) in a 23 mL Teflon-lined stainless steel autoclave and
stirred for half an hour. The vessel was then sealed and heated
at 190 °C for 7 days and then taken out of the oven. The auto-
clave was then cooled to room temperature and yellow prism-
like crystals (yield: 99.922 mg, 24% based on Ga) were
obtained. The raw products were washed three times with
ethanol and then dried in air, and the compounds were stable
under ambient conditions. Elemental analysis of C, N, and H,
found (wt%): C, 28.79; N, 6.80; H, 5.25; calc. (wt%): C, 28.78;
N, 6.71; H, 5.47.

Synthesis of In-alloyed WSC-1 (WSC-1-In)

Gallium oxide powder (Ga,O3, 112 mg, 0.60 mmol), indium
oxide (In,03, 128 mg, 0.46 mmol) and sulfur powder (128 mg,
4.0 mmol) were all mixed with cyclopentylamine (4 mL) in a

4148 | Inorg. Chem. Front., 2023, 10, 4147-4156

View Article Online

Inorganic Chemistry Frontiers

23 mL Teflon-lined stainless steel autoclave and stirred for half
an hour. The vessel was then sealed and heated at 190 °C for 7
days and then taken out of the oven. Then the autoclave was
cooled to room temperature and colorless transparent prism-
like crystals (yield: 50.446 mg, 13.3% based on Ga) were
obtained. The raw products were washed with ethanol three
times and then dried in air, and the compounds were stable
under ambient conditions. Elemental analysis of C, N, and H,
found (wt%): C, 26.87; N, 6.34; H, 5.37; calc. (wt%): C, 26.85;
N, 6.26; H, 5.11.

Methylene blue photodegradation experiments

The photocatalytic activities of the as-synthesized samples and
commercial TiO, were evaluated from the degradation reaction
of Methylene Blue (MB) dye in a glass bottle with a water-cooling
system with a 350 W xenon arc lamp as the radiation source.
Firstly, 5 mg of each sample was immersed in 20 mL of MB
aqueous solution (3.5 x 107> M) and stirred for 30 min and then
kept still for 10 h in the dark to achieve the adsorption-desorp-
tion equilibrium before irradiation. Then, the dispersion was illu-
minated and stirred under a 350 W xenon arc lamp at ambient
temperature. During irradiation, 2 mL solution was sucked up
from the reaction reactor at every specific interval and centri-
fuged at 8000 rpm for 3 minutes. The resulting supernatant was
analyzed on a UV-Vis spectrophotometer (UV2450, Shimadzu).
The degradation efficiency was reported as C,/C,, where C, is
each irradiated time interval and C, is the initial equilibrium
concentration of MB according to the main peak of absorption.
After the reaction, the mixture was filtered and the powder was
collected for the powder X-ray diffraction (PXRD) test.

Results and discussion
Crystal structure

Pale-yellow prismatic crystals of WSC-1 were synthesized via
the solvothermal reaction of Ga,0; and S powder in the mixed
solvents of CPA and deionized water at 190 °C for 7 days
(Fig. S1af). Single-crystal X-ray diffraction (SCXRD) analysis
revealed that WSC-1 crystallizes in a tetragonal system with the
space group of I4 (Table S1}) and represents a unique wheel-
shaped molecular ring (Fig. 1), while the charge balancing
counter ions and solvent molecules could not be completely
located due to significant disorder. Notably, CPA is essential
for the crystallization of WSC-1 since no crystals were obtained
when replaced by other cycloamines such as DACH (1,2-diami-
nocyclohexane), the one used in In-Te/Se molecular rings.?”°
According to the charge balance rule, C/H/N elemental ana-
lysis (EA) and energy-dispersive spectroscopy (EDS) measure-
ments (Fig. S21), the empirical formula of WSC-1 was deter-
mined to be [Gay4S40(CsH;11N)16(CsH12N)g] (cationic CsH;,N
stands for protonated CPA). WSC-1 was also characterized by
thermogravimetric analysis (TGA) and Fourier transform infra-
red (FTIR) spectroscopy (Fig. S3a and S41) and the experi-
mental powder X-ray diffraction (PXRD) pattern of the as-syn-
thesized WSC-1 confirmed its phase purity (Fig. S5aft).
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Fig. 1 View of the structure of the WSC-1 molecular ring in (a) ball-stick and (b) space-filling modes. All H and some C atoms are omitted for clarity.

As shown in Fig. 1a, WSC-1 comprises a wheel-shaped anion
[GapS40(CPA)s]*~, where eight CPA molecules are mono-capped
with eight Ga atoms and are located alternately above and below
the outer side of the wheel. In this ring, all 24 Ga®" sites are tet-
rahedrally coordinated while there are two types of coordination
modes of §*7 (,-S*>” and p5-S*>7). Structurally, [Gay,S.o(CPA)s]*~
is constructed by eight {Ga,Se} units alternately interlinked with
eight CPA mono-coordinated {GaS;N} tetrahedra through
sharing the adjacent vertex p,/p;-S>~ (Fig. 1a and S6%). Each
{Ga,Se} building unit is 5-connected with three {GaS;N} tetrahe-
dra and two other {Ga,Se} units while each {GaS;N} unit is
capped by three {Ga,Se} units and one CPA molecule (Fig. S77).

On the other hand, WSC-1 can also be viewed as a double-
decker ring with a ‘two-stranded’ topology with respect to Ga
atoms and the two [Ga;,] folded quasi-ideal squares (co-
ordinated CPA is omitted) are mirror symmetric by twisting
~45°, linking together through 8 i,-S>~ and 8 ;-S> (Fig. 2a). In
each [Gay,] unit, 3 Ga®* ions and 4 adjacent bridged p,-S>~ are
alternately arranged approximately in a 1D polymeric chain of
ca. 10.98 A and such 4 chains connected end-to-end by sharing
an S>” ion to form a folded quasi-ideal square (Fig. 2b). This
structure is analogous to the reported In-Te nanoring. Besides,
the WSC-1 ring shows a pseudo-C,, symmetry, but it is an accu-
rate C, point group when considering the eight decorated CPA
molecules. It is reported that the small molecules or ions
located at the center of the ring can act as important templates
in the formation of ring structures and we also found peaks of
residual electron density at the center of the ring from the
Fourier electron density map, which are believed to act as key
templates to shape this wheel-like molecular ring.>”*° However,
these peaks cannot be well resolved due to serious disorder,
and hence removed by SQUEEZE in SCXRD data refinement.

This journal is © the Partner Organisations 2023

The bond length of Ga-S and bond angles of S-Ga-S of
WSC-1 are in the range of 2.203(4)-2.378(5) A and 94.72(15)-
115.27(16)°, respectively (Tables S2 and S37), while for Gal
and Ga4 in the asymmetric unit (Fig. S81), the Ga-N distances
are 2.053(12) and 1.98(4) A, and the bond angles of N-Ga-S
range from 102.3(3) to 110.7(4)°. All the above values are con-
sistent with those in literature reports.>*"®' Provided by space-
filling models (Fig. 1b), the average central hole and external
diameter and thickness of the molecular ring are ca. 9.92 A,
15.72 A and 6.06 A (estimated from the distance of two oppo-
site S atoms without considering van der Waals radii), respect-
ively, demonstrating that WSC-1 is the largest standard mole-
cular ring ever found in pure metal chalcogenides (Table S47).

As shown in Fig. 3, the anion rings of WSC-1 stacked paral-
lel to each other and packed together to form a staggered
pseudo-supramolecular nanotubular architecture along the ¢
direction, where the distance between two adjacent rings is
~6.6 A in the ¢ direction, while the adjacent nanotubes are
~13.2 A apart in the a or b direction and separated by ~4.7 A
along the [110] direction. Moreover, by connecting the barycen-
ter of the adjacent cluster, the arrangement mode of rings is a
squashed BCU (body centered cubic)-type superlattice
(Fig. S97).

The solvent-accessible void space of WSC-1 is only 56.0% as
calculated using PLATON software, which is not outstanding
in discrete CCMCs (Table S51), indicating that it is insoluble
in common solvents such as water due to strong cation-anion
electrostatic interactions and van der Waals forces between
clusters and protonated organic amines. This is like other
known closely packed discrete CCMCs and different from the
thermodynamic unstable CCMCs constructed by loosely

packed discrete clusters.>®>7%°

Inorg. Chem. Front., 2023, 10, 4147-4156 | 4149
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Fig. 2 (a) Mirror symmetric two [Gay,] folded quasi-ideal square (coordinated CPA is omitted) linked together through 8 1i-$2~ and 8 pz-S2~ by

twisting ~45° to form the wheel-shaped molecular ring and (b) a [Ga;,]
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unit constructed by 4 1D polymeric chains of 3 Ga®* ions and 4 adjacent

Fig. 3 Packing diagrams of WSC-1 molecular rings viewed along (a) the a axis and (b) c axis showing different alternations of adjacent pseudo-
supramolecular nanotubes (emphasized with disparate colors). H and C atoms are omitted for clarity.

Indium alloying, optoelectronic properties and photocatalytic
activities

As alloying is an effective strategy to modulate the bandgap
sizes and optical- and electronic-related properties of CCMCs
for better photocatalytic activity,'®**® indium alloyed WSC-1
(denoted as WSC-1-In) was successfully prepared (Fig. S1b¥).
As the introduced In atoms could theoretically appear at every
tetrahedral metal site of the cluster since In and Ga are in the
same main group with equivalent valence states and the

4150 | Inorg. Chem. Front, 2023, 10, 4147-4156

SCXRD data match the statistical result, it is difficult to find
defined Ga or In positions for every metal site in the cluster
which could be occupied in a mixed way by Ga and In."*?*
Nonetheless, an In/Ga ratio of 0.491 (ca. 7.9 per 24 metal
atoms in one molecular ring) could be determined for WSC-1-
In crystals by inductively coupled plasma atomic emission
spectrometry (ICP-AES) analysis, which is close to the energy-
dispersive spectroscopy (EDS) results (Fig. S107). The corres-
ponding elemental mapping (Fig. S117) pictures demonstrated
that indium is evenly distributed in WSC-1 crystals. Besides,

This journal is © the Partner Organisations 2023
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the PXRD pattern of WSC-1-In matches well with that of
WSC-1 (Fig. S5bt), indicating that WSC-1-In is isostructural. In
addition, both WSC-1 and WSC-1-In were stable in open air for
at least 6 months (Fig. S127).

Solid-state UV-vis diffuse reflectance (DRS) spectroscopy
and Mott-Schottky (MS) measurements were firstly performed
to determine the band structures of the title compounds. As
depicted in Fig. 4a, from the extrapolation of linear regions of
Tauc plots, the band gaps of WSC-1 and WSC-1-In are ca. 3.79
eV and 3.83 eV, respectively, consistent with their different
colors (Fig. S17). Beside the optical absorption capability, the
positive slopes of MS plots in Fig. 4b and Fig. S131 indicate
that both WSC-1 and  WSC-1-In are n-type
semiconductors.>®”%® From the MS plots, the flat-band poten-
tial (Ef) of WSC-1 and WSC-1-In is found to be —0.8 V and
—1.01 (vs. NHE, pH = 7), respectively, where the conduction
band (CB) potential (Ecp) can be estimated to be —0.9 V and
—1.11 V via the equation Ecg = Er — 0.1 for an n-type
semiconductor.*®°”®® In combination with the measured
band gaps from DRS, the calculated valence band potentials of
WSC-1 and WSC-1-In are 2.89 V and 2.72 V (vs. NHE, pH = 7),
respectively. Meanwhile, as low recombination rates of photo-
induced electron-hole pairs are conducive to photocatalysis,
photoelectric response and electrochemical impedance spec-
troscopy (EIS) measurements were, therefore, performed to
explore the effect of In-alloying on the separation efficiency of
charge carries.*®® As shown in Fig. 4c, both WSC-1 and
WSC-1-In exhibited rapid responses upon illumination and
good reproducibility during the light on-off mode, and the
photocurrent density of WSC-1-In (~0.96 pA cm™?) is ca. 2-fold
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Fig. 4 (a) Tauc plots of WSC-1 and WSC-1-In derived from solid-state
UV-Vis diffuse reflectance spectra; (b) Mott—Schottky plots of WSC-1
and WSC-1-In measured at a frequency of 1000 Hz; (c) photocurrent
response curves of WSC-1 and WSC-1-In under a 0.4 V bias potential;
and (d) Nyquist plots of impedance measured from WSC-1 and WSC-1-
In (inset is the fitted equivalent circuit model).
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larger than that of WSC-1 (~0.47 pA cm™>). Besides, WSC-1-In
displayed a smaller arc radius than WSC-1 in the Nyquist plots
(Fig. 4d). The above results indicate the suppressed charge
recombination and superior conductivity of WSC-1-In com-
pared to those of WSC-1, consistent with previous research
studies that In-alloying could facilitate electron transport in
CCMCs. '

Given their different band structures and optoelectronic
features, we further investigated their performance in dye
photodegradation and photocatalytic H, evolution. As shown
in Fig. S14a,f the blank experiment shows that the character-
istic absorption peak of MB remains almost constant for
13 min without any catalysts, suggesting negligible photo-
induced self-decomposition. Conversely, the absorbance of MB
rapidly decreases over illumination time when WSC-1, WSC-1-
In and commercial TiO, are used as catalysts (Fig. 5a, b and
Fig. S14bt). As displayed in Fig. 5¢, WSC-1-In exhibits the best
photocatalytic performance among all catalysts as 98.1% of
MB was decomposed within 5 min, whereas only 58.2% MB
and 33.8% MB were degraded within the same time for WSC-1
and commercial TiO,. Assuming that the dye degradation is a
pseudo-first-order reaction,'®**%*~72 the apparent rate constant
(K,) was calculated to be 0.8144 min~" for WSC-1-In, which is
ca. 4 times faster than that of WSC-1 (K, = 0.2000 min™")
(Fig. 5d).

As the indirect dye photosensitization degradation or self-
sensitized degradation usually occurred during the degra-
dation process,”>”* it should be excluded in this experiment.
According to the literature,”® the redox potential of MB is
+0.05 V (vs. NHE, pH = 7), which is much more positive than
the CB potential of WSC-1-In (—1.11 eV vs. NHE, pH = 7). As a
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Fig. 5 UV-Vis absorption spectra of MB versus time with (a) WSC-1 and
(b) WSC-1-In as catalysts under full spectrum solar light irradiation; (c)
photodegradation efficiency curves of different catalysts with the blank
as the control; and (d) linear plots of In(Co/C;) over time for the photo-
catalytic degradation of MB.
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Fig. 6 Schematic illustration of the energy band diagrams of WSC-1 and WSC-1-In and the possible electron and hole transfer mechanism upon

solar light illumination.

result, the photo-induced electrons originating from MB mole-
cules cannot transfer to the CB of WSC-1-In; hence it could be
inferred that there would be no dye-sensitive effect during the
degradation process. Consequently, such superior photo-
catalytic activity should be related to the suitable band struc-
ture and high charge carrier separation efficiency of WSC-1-In
as demonstrated above,®®>¢%7

The correlative degradation mechanism proposed for the
photocatalytic degradation of MB is based on the known band
structure as illustrated in Fig. 6. WSC-1-In is taken as an
example, as its CB potential is negative compared to E°
(0,/'07,) (—0.28 V vs. NHE, pH = 7); when irradiated with solar
light, the electrons underwent excitation from the valence
band (VB) to the CB. According to literature reports,®’>”" the
excited photoelectrons are captured by the chemically
adsorbed O, molecules on the surface to yield the superoxide
radical ‘O™ ,, which further participates in the degradation of
dye molecules. On the other hand, its VB potential is positive
compared to E°("OH/H,0) (+2.27 V vs. NHE, pH = 7), and the
remaining photogenerated holes oxidize H,O molecules to
yield reactive "OH species. These radicals are reactive species
contributing to the degradation of MB to H,O and CO, as the
final products. Although the band gap of WSC-1-In is slightly
larger than that of WSC-1 (Fig. 4a), its CB is more negative,
which is more favourable for the formation of 'O, with high
oxidative ability. Thus, the photocatalytic activity of In-alloyed
WSC-1-In is significantly higher than that of WSC-1. As photo-
generated electrons worked with holes to promote photo-
catalytic oxidation during the photocatalytic process, the
photodegadation efficiency of WSC-1-In and WSC-1 is greatly

4152 | Inorg. Chem. Front., 2023, 10, 4147-4156

enhanced, making them among the most active cluster-based
metal chalcogenides for photocatalytic dye degradation
(Table S67). Noticeably, the title compounds are stable and
retain their original crystallinity after photodegradation
(Fig. S157), yet the crystallinity of WSC-1 and WSC-1-In was
destroyed after two runs of photodegradation (results not
shown in this study), probably because of the quite common
photocorrosion in sulfide based photocatalysts.”® Moreover,
the H, generation rate of WSC-1-In (~22.82 yumol h™" g™ ") is ca.
3.4 faster than that of WSC-1 (6.71 pmol h™" g™') (Fig. S167),
which is consistent with the dye photodegradation results.

Conclusions

In summary, different from the usual supertetrahedral
clusters, a unique wheel-shaped double-decker inorganic
gallium-sulfide molecular ring (WSC-1) with an external
diameter of ~1.6 nm is reported here, representing the first
case of a main-group metal sulfide nanoring and the largest
standard ring in pure metal chalcogenides thus far. The
introduction of indium to WSC-1 makes the heteronuclear
molecular ring (WSC-1-In) exhibit highly efficient photo-
catalytic dye degradation toward MB and comparable photo-
catalytic H, evolution related to a modulated suitable band
structure and enhanced photogenerated carrier separation
efficiency. This work revealed the great potential of a new
generation of large-sized inorganic metal chalcogenide
molecular rings with tunable properties in the application
of photocatalysis.
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