
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 9
:1

5:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Guest modulatin
aKey Lab for Colloid and Interface Scien

Chemistry and Chemical Engineering, Sha

E-mail: guanyzhang@sdu.edu.cn; yifeng@sd
bDepartment of Chemistry, Capital Normal

† Electronic supplementary information
2324223. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d4sc04983g

‡ D. Wang and Y. Liu have equally contri

Cite this: Chem. Sci., 2024, 15, 19952

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 26th July 2024
Accepted 30th October 2024

DOI: 10.1039/d4sc04983g

rsc.li/chemical-science

19952 | Chem. Sci., 2024, 15, 19952–
g the photoactivity of a titanium-
oxide cage†

Dexin Wang,‡a Yanshu Liu,‡a Guanyun Zhang, *a Menghui Chu,a Fangfang Gao,a

Guanjie Chen,a Guo Wang,b Chen-Ho Tung a and Yifeng Wang *a

Two host–guest Ti-oxide clusters, Ti14(NH4)2 and Ti14Cs2, were synthesized and thoroughly characterized.

They possess a rarely seen biloculate structure that encapsulates two NH4
+ and Cs+ guests, respectively.

Interestingly, alkali metal cations can exchange places with NH4
+. The ability of the host to capture the

guest cations follows the order Cs+ > NH4
+ > Rb+ > K+. The guests heavily influence the physiochemical

properties and photocatalytic activities of the complexes. Ti14Cs2 exhibits a redshifted visible-light

absorption edge, increased charge-separation properties, and enhanced interfacial charge-transfer ability

compared to Ti14(NH4)2. It also demonstrates excellent performance in photocatalytic CO2/epoxide

cycloaddition reactions regarding the reaction rate, scalability, sunlight usage, catalyst recyclability, and

stability. This study presents a novel Ti-oxide-based cage cluster with exchangeable guests and provides

insights for enhancing the solar harvesting applications of Ti-oxide cages.
1 Introduction

Since Pedersen, Cram, and Lehn shared the 1987 Nobel Prize in
chemistry, the construction of multicomponent supramolecular
assemblies has been a topic of extensive investigation. Host–
guest compounds represent an important branch of supramo-
lecular assemblies characterized by cage hosts and their
enclosed guests.1–3 These complexes play important roles in
various applications, including catalysis, separation, drug
delivery, sensors, and molecular machines.4–8 Most host–guest
complexes are constructed using organic or organometallic
hosts such as crown ethers, cyclodextrins, calixarenes, and
metallacages.9–13 In contrast, inorganic hosts could have unique
characteristics like photoreactivity, electrical conductivity, or
magnetic properties.14 Moreover, these properties may be
modulated or even controlled by the enclosed guests.15

However, only a few inorganic hosts that can preferentially
capture and reversibly exchange their guests have been re-
ported, with {P5W30}15 and {Mo132}3,16 as representative exam-
ples. Despite numerous other inorganic cage complexes with
encapsulated ions, their guests are structural templates and are
not exchangeable.17–20 Exploring new inorganic host–guest
compounds and their functionalities remains highly desirable.
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Titanium-oxide clusters (TOCs) are a class of molecular
compounds characterized by their discrete titania cores. They
are considered molecular analogues to TiO2 and titanates but
have precise molecular structures.21–23 Research on TOCs has
been rapidly growing in the past decade due to their photo-
response, photocatalytic properties, and accurate structural
information that can be used for elucidating structure–property
relationships.14,24–29 Interestingly, a few TOCs were synthesized
with encapsulated alkali metal cations like {M@Ti12}28 (M =

Cs+, Rb+, K+, H3O
+, or NH4

+), halide anions like30,31

{I@Ti15Mn2}22 and {I@Ti22},31,32 and organic cations like
{amine@Ti8}.33 In these cases, host–guest interactions were
determined to be electrostatic following the size complemen-
tary rule, just like crown ethers capturing alkali metal cations.28

Moreover, Winpenny et al. and we also reported the use of Ti-
oxide rings, e.g., {TixM} (x = 7–9; M = Fe3+, Ga3+, Cr3+, In3+,
and Al3+)34,35 and {Ti8},36 to assemble rotaxanes and catenanes.
Therefore, TOCs can be a new class of inorganic motifs and can
play a signicant role in supramolecular chemistry.14 However,
it is a pity that there has not been much research done on the
photoresponse of TOCs in these complexes, which could be one
of the distinguishing characteristics of this class of supramo-
lecular materials.

In this study, two TOCs with the same titanium-oxide host,
[Ti14O12Sal10HSal14Ac2]

2− (denoted as Ti14), which has a very
rarely seen biloculate cage, were synthesized. The guest exchange
thermodynamics were studied. We observed that the host–guest
interaction not only inuenced the dimensions of the Ti14 host
but also signicantly altered the photo-absorbance, physi-
ochemical properties, and photocatalytic activity of the host. The
Cs+-encapsulation endowed the Ti14 host with superior
© 2024 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic performance compared to that of the NH4
+-

encapsulation. The former served as a heterogeneous and recy-
clable photocatalyst to trigger CO2/epoxide cycloaddition reac-
tions. The photocatalytic mechanism and the structure–activity
relationship were studied. This study presents a novel metal-
oxide host for host–guest chemistry and provides insights for
enhancing the solar harvesting applications of such compounds.
2 Results and discussion
2.1 Structural study

The rst compound Ti14(NH4)2, with the formula (NH4)2-
Ti14O12Sal10HSal14AC2 (Sal = salicylate, HSal = monoproto-
nated salicylate, and AC = acetone), was obtained as orange
block crystals through a solvothermal reaction of Ti(OiPr)4,
NH4I, and salicylic acid at 80 °C. When caesium acetate (CsAc)
was used instead of NH4I under the otherwise same conditions,
the red block crystals of Ti14Cs2 were obtained with the formula
Cs2Ti14O12Sal10HSal14AC2 (Fig. 1A). Both compounds were
prepared in high yields (>30% based on Ti), and gram-scale
synthesis is feasible. The structures and compositions were
precisely characterized with single-crystal X-ray diffraction
(SCXRD) and other complementary techniques, including
powder X-ray diffraction (PXRD), FTIR, Raman (Fig. S1†),
elemental analysis, and 133Cs NMR analysis.

According to SCXRD, Ti14(NH4)2 crystallizes in the triclinic
crystal system of the P�1 space group. The Ti14(NH4)2 molecule
contains a biloculate host with the formula [Ti14O12Sal10-
HSal14Ac2]

2− (denoted as Ti14). Ti14(NH4)2 resembles a centrally
symmetric ellipsoidal shape (Fig. 1B), with a long axis of 25 Å
Fig. 1 (A) Syntheses and molecular packing of Ti14(NH4)2 and Ti14Cs2.
(B) The ball-and-stick views of the Ti14 host. (C) The Ti skeleton of the
Ti14 host. Color scheme: green ball, Ti; red ball, O; grey ball, C; pink
ball, Cs; orange ball, NH4

+; blue bond, Ti–O–C–O–Ti; purple bond,
Ti–O–Ti. For clarity, H is omitted from the figures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and a short axis of 20 Å. Every nine Ti4+ ions are connected by m2-
O and salicylate ions to form a cage with a vast internal cavity.
The two cavities of a Ti14 host are separated by a Ti4O2(CO2)2
ring (Fig. 1C). SCXRD analysis reveals that each of the two
cavities contains a guest. However, SCXRD cannot distinguish
whether the guest is H3O

+ or NH4
+, and elemental analysis

cannot differentiate whether the nitrogen element comes from
the guest or the acetonitrile solvent. Therefore, to determine if
the guest is H3O

+ or NH4
+, the colorimetric method was used,

and it ascertained that the guests are two NH4
+ ions (Fig. S2†).

Ti14Cs2 also crystallizes in the triclinic crystal system of the
P�1 space group. It possesses the same Ti14 host cage as
Ti14(NH4)2. Unlike Ti14(NH4)2, the Ti14 host of Ti14Cs2 encap-
sulates two Cs+ guest ions inside its two chambers.

The guest cations, NH4
+ and Cs+, have electrostatic interac-

tions with the host, analogous to alkali metal cations and crown
ethers.37 The distances between the guest and the peripheral O
range from 3.05 to 3.32 Å. Since Cs+ has a larger radius of 3.38 Å
than NH4

+ (2.86 Å), the Ti14 host of Ti14Cs2 is slightly larger than
that of Ti14(NH4)2, with the long and short dimensions
expanding to 26 and 22 Å, respectively. The Ti–O bond lengths
of both compounds are compared in Table S1,† further indi-
cating that Cs+ encapsulation induces an increase in the size of
the host. These ndings demonstrate that the Ti14 host is ex-
ible, which allows it to change the cavity size according to the
guest size, and that the radius of the guest inuences the host–
guest interactions.

Both compounds can dissolve in DMF solvent. Their struc-
tural integrities in DMF solutions were investigated through
small-angle X-ray scattering (SAXS) analyses. As illustrated in
Fig. S3,† their patterns are comparable and consistent with
identical molecular structures. The experimental curves of both
compounds closely match the simulated spectra obtained from
the crystallographic structure, suggesting that they retain struc-
tural integrity in DMF. The pair distance distribution function
curve (PDDF; Fig. 2A and discussion in the ESI†) shows peak
distributions that agree well with the simulated ones from the
crystallographic structure. However, the radii of the second and
third peaks in the PDDF curve of Ti14Cs2 are larger than those of
Ti14(NH4)2, consistent with the earlier description that Cs+

encapsulation induces an increase in cluster size. The pattern
remained unchanged aer the solution was stored for three
weeks, demonstrating that both compounds are stable in DMF.

Next, 133Cs NMR spectra were recorded using 0.5 M aq CsCl in
D2O as a standard. Fig. 2B shows no peak in Ti14(NH4)2. In
contrast, Ti14Cs2 displays a broad peak at 9.6 ppm, which is
assigned to Cs+ located in the cavities of the host. This spectrum
and those of previously reported Cs+-enclosing host–guest
compounds are compared in Table S2.† The results reveal
signicant differences in the chemical shis among the
compounds. However, the chemical shi of Ti14Cs2 is compa-
rable to that of a recently reported Ti-salicylate complex, Ti12Cs.38
2.2 Uptake of alkali metal cations

We speculate that the Ti14 host may exhibit different capture
abilities for Cs+ and NH4

+. To investigate the substitution of Cs+
Chem. Sci., 2024, 15, 19952–19961 | 19953
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Fig. 2 (A) PDDF curves, the probability p(r) vs. radius r of Ti14Cs2 and
Ti14(NH4)2. (B)

133Cs NMR of Ti14Cs2 and Ti14(NH4)2 in DMF solvent (the
reference is 0.5 M CsCl in D2O).

Fig. 3 (A) 133Cs NMR spectra of replacing NH4
+ by Cs+ in the

Ti14(NH4)2/DMF solution. (B) Formation of Ti14Cs2 with added Cs+

measured by 133Cs NMR. (C) The variation of the Cs/Ti ratio in the DMF
solution with added CsCl measured by ICP-MS.
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for NH4
+ using 133Cs NMR, solid CsCl was added to 3 mL of

DMF solution containing 21.2 mmol of Ti14(NH4)2. As the CsCl
solid is entirely insoluble in DMF (solubility below the detection
limit of 133Cs NMR), the area of the 9.6 ppm peak could be
utilized to determine the quantity of Cs+ captured by the Ti14
host. As shown in Fig. 3A, the peak area in the 133Cs NMR
spectrum gradually increased with the added amount of CsCl,
indicating the substitution of NH4

+ by Cs+ in the solution. Based
on the peak area relative to the standard, the amount of
captured Cs+ was calculated. From Fig. 3B, the amount of
captured Cs+ rose linearly with the added amount of solid CsCl
until it reached ca. 42.4 mmol, aer which it remained constant.
The slope of the linear portion was found to be 0.49 (R2= 0.999),
close to the ideal slope of 0.5, consistent with the assumption
that the Ti14 host captured all added CsCl and each host
captured two Cs+ ions.

The above results were further conrmed by ICP-MS anal-
ysis. Control experiments demonstrated that aer dispersing
solid CsCl in DMF and stirring for two days, Cs+ was unde-
tectable in the ltrate by ICP-MS, indicating the insolubility of
Cs+ in DMF, consistent with the results of 133Cs NMR. Then,
a series of solutions used for 133Cs NMR experiments were
analysed using ICP-MS to determine Cs and Ti concentrations
and molar ratios. As shown in Fig. 3C, the Cs/Ti molar ratio
increased linearly with the amount of CsCl, reaching roughly
42.4 mmol (slope = 0.034 and R2 = 0.998), consistent with the
133Cs NMR results, indicating the capture of Cs+ by the Ti14
host. When the amount of CsCl exceeded 42.4 mmol, the Cs/Ti
molar ratio remained constant at 0.142, consistent with the
formation of Ti14Cs2 (ideal value of 0.143). The attempt to
19954 | Chem. Sci., 2024, 15, 19952–19961
quantify the released NH4
+ was unsuccessful because the TOCs

and NH4
+ were both in bulk solution and could not be sepa-

rated. Nonetheless, the results of 133Cs NMR and ICP-MS anal-
yses are consistent, both demonstrating that Cs+ can substitute
NH4

+ in Ti14(NH4)2. The “titration” curve described above shows
that before reaching the endpoint, the yield of Ti14Cs2 and the
Cs/Ti molar ratio increased linearly with the addition of CsCl,
aer which little further change occurred. This suggests that
Ti14 should be able to solubilize CsCl in DMF quantitatively,
and all dissolved CsCl is located within the Ti14 cavities.

The capability of the Ti14 host to capture other alkali metal
cations, Rb+ and K+, was further investigated. To this end, two
alkali metal chlorides were simultaneously added to a DMF
solution of Ti14(NH4)2 and stirred for 24 hours for guest
exchange. Aer removing the insoluble salts, the molar ratio of
the captured alkali metal ions was analysed using ICP-MS (the
solubility of the salts was also measured). The results can
indicate the relative ability of the Ti14 host to capture the two
alkali metal ions. As shown in Fig. S4,† Ti14 exhibited different
capturing abilities for Cs+, Rb+, and K+, in the order Cs+ > NH4

+ >
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Rb+ > K+. The ionic diameters of Rb+ and K+ are 3.04 and 2.76 Å,
respectively, smaller than that of Cs+. Consequently, the
capturing ability of Ti14 for K

+, Rb+, and Cs+ ions may be asso-
ciated with the size of the guest, conforming to the size-
matching principle.39,40
2.3 Electronic structures and photoresponse

To compare the effects of the guests, Cs+ and NH4
+, on the

optical absorption properties of the TOCs, UV-vis diffuse
reectance spectroscopy (UV-vis DRS) was used. As depicted in
Fig. 4A, the absorption edge of Ti14(NH4)2 is ca. 590 nm, whereas
that of Ti14Cs2 is slightly larger at 671 nm. According to the
Kubelka–Munk function, the direct bandgap values for
Ti14(NH4)2 and Ti14Cs2 are 2.30 and 1.93 eV (Fig. 4B), respec-
tively. Hence, Cs+ enhances the optical absorption performance
of the Ti14 host and reduces the bandgap energy.

Mott–Schottky analyses were used to determine the band
potentials. The curves of both compounds exhibit positive
slopes, typical of n-type semiconductors (Fig. 4C). According to
the curves at different frequencies, the at-band potentials (E)
for Ti14(NH4)2 and Ti14Cs2 were determined to be ca. −0.68 and
−0.58 V vs. NHE, respectively. Since the conduction band
bottom of most n-type semiconductors is ca. 0.10 V lower than
E,38,41 the lowest unoccupied molecular orbital (LUMO)
potentials for Ti14(NH4)2 and Ti14Cs2 are −0.78 and −0.68 V vs.
NHE, respectively. Based on their bandgap values, their highest
occupied molecular orbital (HOMO) potentials are +1.52 and
+1.25 V vs. NHE, respectively. The LUMO and HOMO potentials
Fig. 4 (A) UV-vis DRS of Ti14(NH4)2 and Ti14Cs2. (B) Kubelka–Munk funct
frequencies, from top to bottom, 100, 200, and 500 Hz. Electrolyte: 0.2
(DOS) plots of Ti14(NH4)2 and Ti14Cs2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
were also evaluated by electrochemical measurements
(Fig. S6†). The values are consistent with those obtained from
the combination of Mott–Schottky analyses and UV-vis DRS
mentioned above. Notably, the HOMO and LUMO potentials are
compatible with the reduction of CO2 and the oxidation of
a variety of organic compounds such as epoxides (Fig. S7†),
making the TOCs useful in photocatalytic CO2/epoxide cyclo-
addition and CO2 reduction reactions.

The electronic structures were then determined by density
functional theory (DFT) calculations. For each cluster, the
HOMO is primarily composed of salicylate groups, while the
LUMO is predominantly composed of Ti 3d orbitals, with some
contribution from salicylate (Fig. 4D). This indicates that
photoexcitation causes ligand-to-metal charge transfer (LMCT)
and ligand-to-ligand charge transfer (LLCT).42–47 The calculated
bandgap energy of Ti14Cs2 is slightly smaller than that of
Ti14(NH4)2, corresponding to a redshi of ca. 7 nm in the
absorption band edge. While this is consistent with the trend of
the experimental results, the calculated bandgap energy differ-
ence is very small, presumably owing to the errors of the DFT
calculations.48

Steady-state and transient photoluminescence (PL) spectra
were recorded to compare the two TOCs' charge-separation
efficiency. Ti14Cs2 and Ti14(NH4)2 exhibit prominent PL peaks
at 340–420 nm and smaller peaks ranging from 450 to 500 nm
(Fig. 5A and S5†), with the peak intensity of Ti14Cs2 being
smaller than that of Ti14(NH4)2. Moreover, the PL lifetime of
Ti14Cs2, i.e., 21.8 ns, is slightly longer than that of Ti14(NH4)2,
ion curves. (C) Mott–Schottky plots of Ti14(NH4)2 and Ti14Cs2 at various
M Na2SO4 solution (1 : 10 v/v ethanol–water). (D) The density of states

Chem. Sci., 2024, 15, 19952–19961 | 19955

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04983g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 9
:1

5:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
i.e., 18.1 ns (Fig. 5B). Steady-state and transient PL spectra
suggest that Ti14Cs2 has a higher charge-separation efficiency
than Ti14(NH4)2. Ti14Cs2 has a smaller arc radius than
Ti14(NH4)2, which suggests a reduced charge transfer resistance,
according to the electrochemical impedance spectra (EIS;
Fig. 5C). Fig. 5D shows that when exposed to visible light (l $

400 nm), Ti14Cs2 generated a transient photoanodic current
that is roughly 1.5 times greater than that of Ti14(NH4)2. During
this process, the sacricial reagent in the electrolyte, which is
isopropanol in this study, was oxidized by the photogenerated
holes while the photogenerated electrons were eliminated by
the bias when a TOC was photoexcited. Ti14Cs2 exhibited
a higher photoanodic current, indicating a higher photo-electric
conversion capacity, which is associated with its lower charge-
transfer resistance, higher charge-separation efficiency, and
stronger absorption of visible light. Overall, Ti14Cs2 has better
photoinduced electron–hole separation and interfacial charge-
transfer capability compared to Ti14(NH4)2, which are bene-
cial for sunlight harvesting and particularly photocatalysis.
Scheme 1 The model CO2 cycloaddition reaction.
2.4 Comparison of the photocatalytic activity

The addition of CO2 to epoxides, with 100% atom efficiency, is
extremely promising for CO2 capture and storage and the
production of value-added ne chemicals, e.g., cyclic carbonates
and carbonate polymers.49,50 Currently, the catalysts used for
cycloaddition reactions mainly consist of solid materials con-
taining Lewis acidic or basic sites.51–54 The reaction requires
high temperature and pressure. Moreover, the complexity of the
catalyst's surface structures makes it difficult to study the
Fig. 5 (A) steady-state PL spectra under 300 nm excitation. (B) PL deca
impedance spectra (inset shows the equivalent circuit). (D) Transient phot

19956 | Chem. Sci., 2024, 15, 19952–19961
structure–activity relationship. Due to the photocatalytic prop-
erties and well-dened structures, TOCs have recently been
utilized in CO2/epoxide cycloaddition reactions. This has
enabled the synergistic effects of Lewis acid and solar energy,
providing exceptional catalytic performance under mild
conditions.24,38,41,43–45,55

A typical aliphatic epoxide, 1,2-hexene oxide (1a), was used as
the model substrate in an investigation into the CO2/epoxide
cycloaddition reaction to compare the catalytic activity of
Ti14Cs2 and Ti14(NH4)2. The catalytic reaction was conducted
under neat conditions of 1 bar CO2 and room temperature, with
1a serving as both the solvent and the reactant (Scheme 1).
Interestingly, Ti14(NH4)2 dissolves in both 1a and the product
1b, while Ti14Cs2 is entirely insoluble in both liquids. Therefore,
Ti14Cs2 represents a recyclable photocatalyst, offering advan-
tages over Ti14(NH4)2 in this reaction.

Complete conversion of 1a into 1b took 54 and 90 hours,
respectively, at room temperature and in the dark, using
Ti14(NH4)2 and Ti14Cs2 as catalysts (Fig. 6A). Fig. S6 and S7†
present FTIR, PXRD, and small-angle X-ray diffraction (SAXS)
data that demonstrate that Ti14(NH4)2 and Ti14Cs2 were the true
catalysts since they both remained stable throughout the
y spectra (l = 395 nm) under 280 nm excitation. (C) Electrochemical
oanodic current at a bias of +1.0 V vs.NHE under visible light irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions. Note that the crystalline Ti14Cs2 sample has a low
surface area, <3 m2 g−1, implying a low utilization efficiency of
the catalytic sites. For comparison, the estimated theoretical
surface area of individual Ti14(NH4)2 molecules is 1868 m2 g−1,
far larger than the crystalline Ti14Cs2 sample (see the ESI† for
the calculations). Consequently, the experimental catalytic
activity of Ti14Cs2 was underestimated, whichmay be the reason
for the slower catalytic reaction. Fig. 6A also shows that simu-
lated sunlight and visible light signicantly accelerated the
reactions. To quantify the effects of light on the catalysis, the
initial rates were measured (Fig. S10†). For Ti14Cs2, the initial
rate of the dark reaction was 1.2 × 10−4 mol h−1, while under
visible light and simulated sunlight irradiation, the rates were
3.4 and 6.6 × 10−4 mol h−1, respectively. The enhancement
factors are 2.8 and 5.5, respectively (Fig. 6B). For Ti14(NH4)2, the
initial rate under dark conditions is 2.5× 10−4 mol h−1, and the
enhancement factors are 1.5 and 2.4 for visible light and
simulated sunlight, respectively. It can be seen from the
enhancement factors that light was more important in the
Ti14Cs2 system than in the Ti14(NH4)2 system. Under simulated
sunlight irradiation, Ti14Cs2 reached a slightly larger rate than
Ti14(NH4)2, despite achieving a lower rate in the dark. Further-
more, given the poor catalytic site utilization efficiency of
Ti14Cs2, the real activity of Ti14Cs2 under simulated sunlight
irradiation ought to be signicantly higher than that of
Ti14(NH4)2 under otherwise identical conditions.
Fig. 6 (A) The kinetics of Ti14(NH4)2 and Ti14Cs2 catalyzed or photocatalyz
rate of 1b in the early stage of the cycloaddition reactions (see Fig. S10
tocatalyzed by Ti14Cs2 under visible-light irradiation. (D) Arrhenius plots o
in Scheme 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
According to their UV-vis DRS, Ti14Cs2 exhibits much better
absorption properties than Ti14(NH4)2 in the 600–700 nm range
(recall Fig. 4A). Consequently, it was expected that the effects of
the light wavelength on the reaction kinetics of the two systems
would also be distinct. We then used a 605 nm monochromatic
LED to trigger the reaction. The data in Fig. S11† show that
605 nm light had a greater effect on the Ti14Cs2 system than on
the Ti14(NH4)2 system. Therefore, light is indeed an important
driving force in the CO2/epoxide cycloaddition reaction in the
current systems.

Because of its heterogeneous nature and better photo-
response, Ti14Cs2 was chosen to study the photocatalytic
cycloaddition mechanism. The effect of temperature on the
catalytic activity was rst investigated. As shown in Fig. 6C,
raising the temperature to 50 and 80 °C reduced the time
needed for complete conversion under dark conditions from
90 to 18 and 14 h, respectively. Visible light further accelerated
the reaction rates at any temperature. For instance, the time
for complete conversion at 50 and 80 °C was reduced to 12 and
8 h, respectively. This suggests the presence of a photo-
thermal synergistic effect in the catalytic process. Namely,
temperature can greatly affect the reaction rate, and light can
multiply the effects of temperature. The apparent activation
energies were calculated based on the initial rates at various
temperatures and the Arrhenius equation (Fig. 6D). The values
are 27.6 and 17.1 kJ mol−1 under dark and visible-light
edmodel reactions (Scheme 1) at room temperature. (B) The formation
† for the calculations). (C) The reaction kinetics at 50 and 80 °C pho-
f the dark and the light reactions. The unspecified conditions are shown
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Table 1 The cycloaddition of CO2 with various epoxidesa

Entry Substrate Product Time (h) Yield (%)

1 20 h >99

2 14 h >99

3 24 h >99

4 30 h >99

5 26 h >99
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conditions, respectively. It is evident that light signicantly
reduced the apparent activation energy, thereby enhancing
the reaction rate.

The outcomes of multiple control trials carried out for ten
hours at 20 °C under visible light are displayed in Fig. S12.† The
poor yield of 1b in the absence of Ti14Cs2 suggests that Ti14Cs2
was the photocatalyst. Conversely, if the cocatalyst TBAB was
absent, 1a converted slowly without 1b formation. Using TBAC
or TBAI to replace TBAB caused a decrease in yield. Hence, both
the photocatalyst and the cocatalyst were essential for the
success of the photocatalytic cycloaddition reaction. Further-
more, with the addition of hole scavengers like isopropanol and
methanol and electron scavengers like 1,4-benzoquinone and
AgNO3, the yields of 1b decreased signicantly (see Fig. S13†
and the discussion). Given that the catalytic activity of Ti14Cs2 in
the cycloaddition reaction under dark conditions was attributed
to its Lewis acidic Ti4+ sites, the enhancement of the reaction
rate by light must indicate that both photo-generated electrons
and holes served as additional active species, consistent with
our previously proposed mechanism.24,38,55
6 30 h >99

7 40 h 95

a Reaction conditions: epoxide (3 mmol), Ti14Cs2 (100 mg), TBAB (0.5
mmol), CO2 (1 bar), biphenyl (50 mg), visible light, and 50 °C.
2.5 The potential of Ti14Cs2 in CO2/epoxide cycloaddition

The potential of Ti14Cs2 in the CO2/epoxide cycloaddition
reaction was explored. Ti14Cs2 remained insoluble during the
photocatalytic processes, maintaining its solid state. It could be
recycled by centrifugation. In the cycling experiments, the
catalytic activity of Ti14Cs2 remained nearly constant (Fig. S8A†).
The slight decrease in the product yield may be attributed to the
loss of the catalyst during recycling. Moreover, the FTIR
(Fig. S8B†) and PXRD (Fig. S8C†) spectra and scanning electron
microscopy micrographs (Fig. S8D†) of the recycled Ti14Cs2 are
nearly identical to those of the freshly synthesized sample,
indicating that the molecular structure and crystal structure
remained stable. Therefore, Ti14Cs2 is a recyclable photocatalyst
with high stability in CO2/epoxide cycloaddition.

To estimate the catalytic potential of Ti14Cs2, a scaleup
experiment was performed, increasing the amount of 1a to
30 mmol while maintaining the other parameters constant.
Under visible-light irradiation at 50 °C, it took 74 h for complete
conversion of 1a, and the 1b yield was close to 100%, with a TON
value of 1422 and a TOF value of 19.2 h−1 (Fig. S14A†). Given
that Ti14Cs2 has excellent sunlight absorption properties,
a 3 mmol scaleup experiment was also performed under natural
sunlight irradiation at ambient temperature, and a 100% yield
of 1b was obtained aer a 40 h reaction (Fig. S14B†).

The scope of epoxides in the cycloaddition reaction was
investigated. As indicated in Table 1, Ti14Cs2 had a high
conversion and yield for all the epoxides. Epoxides with
common alkyl groups (entries 1–3) and halogen groups (entries
4–5) reacted effectively, demonstrating that the catalytic system
can handle both groups. Surprisingly, the high steric groups of
phenyl epoxides (entry 6) could also be tolerated, with high
conversion and almost 100% yield, suggesting that this
approach is suitable for substituted aromatic epoxides. An
internal epoxide with a large steric hindrance could also be
wholly converted (entry 7) but at a slower rate.
19958 | Chem. Sci., 2024, 15, 19952–19961
The performance of Ti14Cs2 was compared to that of state-of-
the-art photocatalysts, particularly TOCs. As shown in
Table S3,† the activity of Ti14Cs2 is comparable to their activity.
The performance of Ti14Cs2 is also much better than that of
TiO2 P25 (with a yield of 31% aer 10 h, Fig. S12†), a benchmark
commercial photocatalyst. Given the high activity, heteroge-
neous nature, high stability, scalable synthesis, and broad
substrate scope, Ti14Cs2 has considerable potential for CO2

storage and synthesis of cyclocarbonates.
2.6 A brief discussion on guest controlled photocatalysis of
Ti14

Both NH4+ and Cs+ do not undergo charge transfer with the Ti14
host because they are non-reducible cations. As a result, their
impact on the properties of Ti14 primarily manifests in altering
its geometric structure brought about by host–guest interac-
tions, which affect Ti–O bond lengths, cavity sizes, and overall
dimensions.

Compared to NH4
+, Cs+ reduces the solubility of Ti14 in

epoxides and cyclic carbonates, making Ti14Cs2 a recyclable
heterogeneous photocatalyst. Indeed, we also noticed that the
solubility of Ti14Cs2 in DMF was much lower than that of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ti14(NH4)2, with approximately 35 and 152 g of solubility in 1 L
of DMF at room temperature (26 °C), respectively. The following
could be used to explain why Ti14Cs2 and Ti14(NH4)2 solubilize
differently in organic solvents. Since ammonium halides are
generally soluble in organic solvents, NH4

+ can reach the bulk
solution. The weak host–guest interaction of Ti14(NH4)2 relative
to that of Ti14Cs2 might also facilitate the access of NH4

+ for the
bulk solution. Ti14(NH4)2 is therefore more soluble in 1a and
DMF. In comparison, the host–guest interaction of Ti14Cs2 is
stronger and cesium halide is insoluble in these solvents. Both
can inhibit the solvation and lead to the low solubility of Ti14Cs2
in organic solvents.

According to various characterization techniques, the guest
ion also inuences the photophysical and photocatalytic prop-
erties of the host–guest TOCs. First, Ti14Cs2 exhibits better light
absorption, charge separation, and interfacial charge transfer
properties compared to Ti14(NH4)2. These are generally bene-
cial for solar light absorption and photocatalytic quantum
efficiency. On the other hand, CO2 is reductively activated by
photogenerated electrons, and epoxide is oxidatively activated
by photogenerated holes during CO2/epoxide cycloaddition
reactions.24,43,56 This mechanism was proposed previously and is
also supported by the control experimental results herein (recall
Fig. S11†). In this regard, a more negative CB potential and
a more positive VB potential are both favorable for photo-
catalytic CO2/epoxide cycloaddition reactions. This means the
band potentials of Ti14(NH4)2 should be better than those of
Ti14Cs2 in photocatalytic CO2/epoxide cycloaddition reactions.
The above paradox and the catalysis results suggest that the
former must dominate the current catalytic reactions under
light irradiation. Namely, the enhancement of light absorption,
charge transfer, and interfacial charge transfer, due to the
incorporation of Cs+ within the cavity of Ti14, effectively over-
comes the drawbacks of the decrease in reducing and oxidizing
power.
3 Conclusion

Two host–guest TOCs, namely Ti14(NH4)2 and Ti14Cs2, which
possess a novel biloculate Ti14 host cage that contains two
adjacent chambers, are reported. The ability to take up
monovalent cations by the Ti14 host follows the order Cs+ >
NH4

+ > Rb+ > K+. The host–guest interaction not only inu-
ences the dimensions of the host but also alters the photo-
physical properties and photocatalytic activity of the host. Cs+

endows the host with better visible-light absorption, response,
and charge-separation properties than Ti14(NH4)2. Cs+ also
renders the compound insoluble in epoxides and cyclo-
carbonates, and thus Ti14Cs2 is a recyclable heterogeneous
photocatalyst for CO2/epoxide cycloaddition reactions. Ti14Cs2
showed superior photocatalytic activity in these valuable
conversions regarding TOF, stability, recyclability, sunlight
utilization, and substrate scope. This study presents novel
biloculate, Ti-oxide-based clusters with exchangeable guests
and provides insights for enhancing the solar harvesting
applications of such compounds.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Data availability

The data supporting this article have been included as part of
the ESI.† Crystallographic data for Ti14Cs2 and Ti14(NH4)2 have
been deposited at the CCDC under 2324222 and 2324223 and
can be obtained from https://www.ccdc.cam.ac.uk/.
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