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Modulating organic functional groups in
stimuli-responsive luminescent antimony chlorides¥

Yi Liu,£*““ Dan-Dan Huang,#*“® Zhi-Zhuan Zhang,® Hao-Wei Lin,
Ke-Zhao Du, (2 *° Ze-Ping Wang*“ and Xiao-Ying Huang () *¢

Stimuli-responsive inorganic—organic hybrid metal halides (IOMHs) have shown great potential in sen-
sing, information encryption and anti-counterfeiting, etc. However, the stimuli-responsive behavior
based on the regulation of the functional groups in organic species is still blank in IOMHs. Herein,
three zero-dimensional (0-D) antimony-based IOMHs with different functional groups in the organic
cations are reported, namely [AOEMIm]sSbClg (1, AOEMIm = 1-acetoxyethyl-3 methylimidazolium),
[HOOCMMIm]3SbClg-3(OOCMMIm) (2, HOOCMMIm = 1-carboxymethyl-3-methylimidazolium) and
[HOOCMMImM]sSbClg (3). Photophysical characterizations show that 1, 2 and 3 exhibit typical self-
trapped exciton triplet broadband emission, peaking at 610, 510 and 525 nm under excitation of
365 nm, 375 nm and 345 nm, respectively. Under the H,O stimulation, the organic groups in the crystal
structures undergo a mutual transformation, that is, from acetoxyethyl or carboxyl to a mixture of
carboxyl and deprotonated carboxyl. Accordingly, the organic group switching is accompanied by a
solid—solid transformation from 1 or 2 to 3 crystals. The intrinsic mechanism for the phase transition is
expounded as well. Due to the obvious luminescence change from yellow-green emission (3) to green
emission (2), 3 is further applied in the detection of trace water in organic solvents. The water detection
limit in tetrahydrofuran (THF) is as low as 0.3% v/v. This study provides a new avenue for the
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Introduction

Inorganic-organic hybrid metal halides (IOMHs) have attracted
much attention in the fields of lighting, imaging, anti-counter-
feiting, ferroelectrics, and solar cells due to their simple synth-
esis methods, excellent luminescence properties, and variable
structures. ** Typical IOMHs have the chemical formula 4,,BX,,
(A4 = organic cation, B = metal ion, X = halide anion)."* The
composition and ionic structure characteristics of IOMHs
dictate relatively weak interactions between cations and anions,
leading to the formation of a soft lattice and chemical
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construction of stimuli-responsive IOMHs.

reactivity.”” Therefore, IOMHs are susceptible to structural
transformations after regulating external factors such as
temperature,'®° humidity> > and pressure.”® The structural
transformation can lead to strong fluorescence changes, such
as fluorescence enhancement (on), diminution (off) or lumi-
nescence colour shift,?*?*27?8 which makes IOMHs an ideal
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class of stimuli-responsive luminescent materials.

However, most of the previously reported stimuli-responsive
structural changes of IOMHSs occur in inorganic components
or lattices. That is, the external stimulation significantly
changes the bond length and bond angle of the inorganic
components,”®*° the coordination number of metal ions, the
coordination/insertion of the guest molecules, or the dimen-
sional change of BX,”.>'** For example, Xiao et al.** reported
that the bond length and bond angle of Sn>*-IOMHs
C,4N,H,,SnBr, change significantly with increasing pressure,
resulting in a larger dipole moment and higher structural and
excited state distortion. Peng et al. found that the hydrogen
bond strength in [EtPPh;],[SbCl;s] can be influenced by diverse
organic functional groups upon exposure to different organic
gases. Consequently, the emission of the [SbCl;]*~ unit is
changed depending on their different distortion, resulting in
solvatochromic and thermochromic photoluminescence (PL).*
Zang et al. reported the conversion of a green-emitting complex,
CeN,H;cMnBr,, into a non-emissive hydrated phase, C4N,H;6-
MnBr,(H,0),, by absorbing coordinated water molecules. The
reversible crystal phase transition can switch the PL as well.*
As we know, most phase transition cases are involved with
the isomerisation of organic cations in IOMHs.>>**** For
example, Zhang et al. reported that chiral f{Bmmim],SbCls
transforms into achiral o-[Bmmim],SbCl; by crystalline phase
recognition, resulting in a domino phase transition accompa-
nied by photoluminescence switching.*® However, the stimuli-
responsive organic species reconstruction is still blank in
OIMHSs, which would broaden the research area in stimuli-
responsive IOMHs.

Keeping this in mind, we selected organic cations with
special functional groups to synthesize three IOMHs to study
the organic reconstruction induced switching on structure and
PL, namely [AOEMIm|;SbCls (1, AOEMIm = 1-acetoxyethyl-3-
methylimidazolium) [HOOCMMIm];SbCle-3(00OCMMIm) (2,*
HOOCMMIm = 1-carboxymethyl-3-methylimidazolium), and
[HOOCMMIm];SbClg (3). Benefitting from the potential post-
synthetic modification behaviour of cationic functional groups,
external stimuli can be used to achieve the reconstruction
of organic moieties, resulting in a series of controllable
and stepwise structural transformations. Both 1 and 3 can
respond to humidity stimulation and eventually change to 2,
while 2 is reversibly converted to 3 under HCI and SbCl;
atmospheres. The apparent luminescence switching during
the structural transformation makes 2 and 3 ideal candidates
for fluorescent humidity sensors. Study shows that 3 can detect
trace water in organic solvents with a detection limit as low as
0.3% Vv/v.

Results and discussion
Synthesis and crystal structural description

Single crystals of 1 were synthesized by an ionothermal reaction
method. Using the same raw materials, 2 and 3 were synthe-
sized by different reactant ratios and solvents (see ESIf for
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detailed information). The discrete anionic units [SbClg]*~ of
the three compounds were surrounded by different cations
(and neutral molecules in 2) to form a 0-D structure. The three
compounds form a three-dimensional supramolecular frame-
work based on hydrogen bonding forces (Fig. 1d—f). Detailed
crystallographic and supramolecular interaction data for 1, 2,
and 3 are listed in Tables S1-S3 (ESIf).

1 crystallizes in an orthorhombic crystal system with the
space group of Phca and the cell parameters are a = 20.4908(3) A,
b =16.2409(3) A, ¢ = 21.6024(4) A, V = 7189.0(2) A%, Z = 8 (Table S1,
ESIt). The crystallographic asymmetric unit of 1 contains three
[AOEMIm]" cations and one isolated [SbCls]’~ anion (Fig. 1a).
It could be seen that the bond length of Sb-Cl in [SbCl¢]*~ ranges
from 2.549(3) to 2.809(4) A, forming a distorted octahedral geo-
metry (Table S2, ESIt). In addition, there are abundant weak
interactions in the structure, such as C-H---Cl, C-O---H, and
C-H.- -1 (Fig. S4a—c, ESIt). The anionic unit [SbClg]’~ formed a
two-dimensional anionic layered structure through hydrogen
bonding C-H---Cl (Fig. S4d, ESIt). The two-dimensional anionic
layer formed a three-dimensional supramolecular framework by
connecting the cationic layer through C-O---H and C-H---n
(Fig. 1d, and Fig. S4e, ESIt).

2 crystallizes in a trigonal crystal system with the space
group of R3 and the cell parameters are a = 21.8818(4) A,
b = 21.8818(4) A, ¢ = 8.6170(3) A, V = 3573.2(2) A%, Z = 3
(Table S1, ESIT). Its crystallographic asymmetric unit contains
one half-deprotonated [H, s00CMMIm]"*> and one-sixth of a
[SbCIg]*~ unit (Fig. 1b). That is, due to disorder, the organic
moiety is composed of 0.5 [HOOCMMIm]|" and 0.5 neutral
[OOCMMIm] (Fig. S5b, ESIT). The anion is close to that of an
ortho-octahedron, and the lengths of the six Sb-Cl bonds are
similar so that of the anionic unit located on a threefold
rotation (Fig. S5a, ESIt). Each anionic unit [SbClg]>~
rounded by six imidazole rings with C-H- - -Cl h-bond interac-
tions, forming a one-dimensional tubular structure (Fig. S5e,
ESIT). Then the tubular structures are further interacted with
each other via C-O---H and m---m interactions to form an
overall three-dimensional supramolecular framework (Fig. 1e,
and Fig. S5c, d, f, ESIT).

3 crystallizes in a monoclinic system with the space group of
P2i/c and the cell parameters are a = 20.7233(11) A, b =
8.7393(3) A, ¢ = 17.6064(9) A, f = 114.637(6) °, V = 2898.4(3) A®,
Z = 4 (Table S1, ESIt). The crystallographic asymmetric unit
of 3 contains three [HOOCMMIm]" cations and one isolated
[SbCl¢]>~ anion (Fig. 1c). Notably, the Sb-Cl(6) bond with a
bond length of 3.3245(7) A, which is longer than the other
Sb-Cl bonds, is seen as a secondary bond and results in an
irregular octahedral anion (Table S2, ESIt). The anionic units
form a two-dimensional anionic layer structure through hydro-
gen bonding C-H---Cl, and then the C-H---nm and C-O---H
interactions between the cations connected the two-dimen-
sional anionic layer to form a three-dimensional supramolecu-
lar framework (Fig. 1f, and Fig. S6, ESIY).

Elemental analysis (EA) and PXRD results indicate that 1, 2,
and 3 are pure phases (Fig. S7, ESIt). In addition, the "H NMR
spectra of 2 and 3 show a characteristic peak of COOH at the
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Fig. 1 (a)-(c) Asymmetric units of crystals 1, 2 and 3, respectively. H (1) is half-occupied in 2. (d) The packing diagram of crystal 1 along the b-axis. (e) The
packing diagram of crystal 2 along the c-axis. (f) The packing diagram of crystal 3 along the b-axis. The purple dashed lines represent cation:- -«
interactions and n- - - @ interactions, the gold dashed lines represent C—H- - -Cl bonds, and the cyan dashed lines represent C-O---H bonds.

chemical shift of 12.50 ppm position. However, the COOH peak
in 3 is much stronger than that in 2 (Fig. S8, ESI{), which is in
good agreement with their structural components. Thermogravi-
metric (TG) analysis showed that 1, 2 and 3 are stable below
250 °C, 240 °C and 160 °C, respectively. This indicates that the
title compounds have good thermal stability, which lays a founda-
tion for the subsequent study of fluorescence properties (Fig. S9,
ESIY).

Luminescence properties

The photoluminescence (PL) spectra, photoluminescence excita-
tion (PLE) spectra, and time-resolved PL spectra have been
performed to investigate the photoluminescent properties of
compounds 1, 2 and 3. The PL spectrum of 1 shows a main peak
at 610 nm, while the main PLE peak is located at 365 nm with a
shoulder peak at 292 nm. Similarly, 2 has a main PL peak at
510 nm with PLE peaks at 286 nm and 375 nm, while 3 has a
main PL peak at 525 nm with PLE peaks at 280 nm and 345 nm
(Fig. 2a—c). The two peaks of their PLE spectra should correspond
to the 'S, — 'P; and 'S, — °P; electronic transitions of Sb*" ions,
respectively.*® The 'S, — 'P; electronic transition was allowed,
while the 'S, — °P, was partially allowed by the spin-orbit
coupling.>*® 1, 2 and 3 exhibit broadband peaks at 610, 510
and 525 nm under the excitation of 365 nm, 375 nm and 345 nm,
respectively. The corresponding PL lifetimes for 1, 2 and 3 are
3.168 ps, 2.093 pus and 3.106 ps (Fig. S10, ESIT), respectively, which
suggests that their emissions might arise from the exciton relaxa-
tion of P, — 'S,.> The PLQYs for 1, 2 and 3 are 61.25%, 84.7%
and 38.75%, respectively. The Commission Internationale
del’Eclairage (CIE) chromaticity coordinates for 1, 2 and 3 are
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Fig. 2 1(a), 2 (b) and 3 (c) PLE and PL spectra at room temperature. The
solid lines are the emission spectra at different excitation wavelengths. The
dashed lines are the excitation spectra at different emission wavelengths.
(d) CIE chromaticity coordinates corresponding to 1, 2 and 3. Inset:
Photographs of the compounds under UV light.

(0.510, 0.460), (0.200, 0.435) and (0.293, 0.542), respectively
(Fig. 2d).

The varied PLQYs of 1, 2 and 3 might have a correlation
with the distortion of [SbClg]>~ in their crystal structure.’®>!
The lower the degree of ground state structural distortion, the
stronger the symmetry of its structure, and the smaller the
non-radiative excitation energy loss during the excited state

This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of the photophysical properties, ¢ and Ad for the title
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compounds at 300 K

Compound Jex M) Ao (nm)  FWHM (nm) @ (%)° 1oy (us)?  o° Ad (x107%)  Ref.

[AOEMIm];SbCl, (1) 292, 365 610 170 61.25 3.168 6.50 13.07 This work
[HOOCMMIm];SbCls-3(00CMMIm) (2) 286,375 510 89 84.7 2.093 3.06 0 This work
[HOOCMMIm];SbCl; (3) 280,345 525 90 38.75 3.106 16.94  117.61 This work

“ @ is the PLQY. b 1, is the average PL lifetime.

recombination, thus increasing the possibility of stronger
luminescence.>” The distortions based on the Sb-Cl bond
length and Cl-Sb-Cl angle variance are defined as follows.>?

1 L2
= I—Z (0, —90°)"  (six coordinated)

O\ |

6
Z [(dy —d)/d)* (six coordinated)

where 6, denotes the bond angle of each Cl-Sb-Cl, d, is the
average of the Sb-Cl bond distance, and d, denotes individual
Sb-Cl bond length. ¢* and Ad represent the [SbClg]*~ distortion
level. The ¢” values of [SbCls]>~ in 1-3 were calculated as 6.50,
3.06 and 16.94, while the Ad ones are 13.07, 0 and 117.64,
respectively (Table 1). The [SbCls]>~ distortion level in 1-3 is
inversely proportional to their PLQYs.

(a) ’Q, 1,0
) o
OND--

352

Structural transformation

It was noteworthy that the orange-emitting 1 and the yellow-
green-emitting 3 can gradually convert into the green-emitting
2 when exposed to air, which is confirmed by the PXRD results
(Fig. 3a and c). The transition time is determined by the relative
humidity of the environment. The higher humidity will induce
faster structural transformation from 3 to 2 (Fig. S11, ESI{). The
ester group portion of [AOEMIm]" in 1 can be hydrolysed in air,
resulting in irreversible conversion from 1 to 2 (eqn (1)). The
conversion from 3 to 2 might be triggered by the H,O-induced
deprotonation from the carboxylate group to H,O (Fig. 3b).
To verify our speculation, we immersed 3 in acetonitrile and
tested the pH before and after the structure transformation
from 3 to 2 (Fig. S12, ESIt). The pH value changes from 5 to 2
(Fig. S13, ESIY), confirming the proton transfer in the transfor-
mation. During the transformation from 3 to 2, SbCl; as a by-
product is found in PXRD as shown in Fig. S14, ESI,} confirm-
ing the release of SbCl; during the transformation process

\ (b) [AOEMIm],SbCl (1) 3)
1-2

~

SbCl,+ HCI

<%

H,0

ShCl,+ HCl
[HOOCMMIm];SbCl;3(O0OCMMIm)(2)
(c) (d)
—1-2 —2-3 0 o, o, 49, 0
z R—— = s 0% 01% 02% 0.3% 04% 05%
2 — Simulated 2 2
2 S
= oLl |, =
g g
2 LU L E
£ £
V4 __L V-4
10 20 30 40 50 60 10 20 30 40 50 60
2 theta (degree) 2 theta (degree)

Fig. 3 (a) Plot of the transformations of the title compounds over tim

e under UV irradiation. (b) Simple schematic of three-mode conversion.

(c) Comparison of the experimental PXRD of 1 and 3 converted to 2 with the SCXRD simulation data of 2, respectively. (d) Comparison of the

experimental PXRD of 2 converted to 3 with the SCXRD simulated data of 3.
of water (0-0.5% v/v).

This journal is © The Royal Society of Chemistry 2024
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(eqn (2)). Furthermore, based on eqn (3), 3 can be yielded by
fumigating 2 with a mixture of SbCl; and HCI, which is
confirmed by our experiments as shown in Fig. 3a, and d and
Fig. S15 (ESIt). The structure transformations in this work are
given as eqn (1) to eqn (3):

2[AOEMIm];SbCl, (1) + 9H,0 — [HOOCMMIm];SbCle-3
(OOCMMIm) (2) + 3H;0" + SbCl; + 3Cl~ + 6CH;CH,OH

(1)
2[HOOCMMIm];SbClg (3) + 3H,0 — [HOOCMMIm];SbCle-3
(OOCMMIm) (2) + 3H;0" + SbCl; + 3C1~ (2)

[HOOCMMIm];SbClg-3(00CMMIm) (2) + SbCl; + 3HCI —
2[HOOCMMIm];SbCl, (3) (3)

As far as we know, this is the first report about regulating the
structure transition in IOMHs based on post-synthetic modifi-
cation of the organic component.

Luminescent water-sensing

Various types of sensors have been used for water detection,'®?**3*

including fibre optic sensors, fluorescent sensors, capacitive
sensors, and resistive sensors. The water triggers structural
transformation and accordingly luminescence colour and/or
intensity changes allow IOMHs to be used as fluorescence
sensors.>>?32728 Therefore, it can be applied to the detection
of trace water in organic solvents,>™>” which has the advan-
tages of low cost, high sensitivity and so on. The powder of 3
was immersed in THF with different water contents (0-0.5% v/v).
When the water content was above 0.3% v/v, the yellow-green
emission of compound 3 turned into the green emission of
compound 2 within 10 min. The detection limit of [HOOCM-
MIm];SbCls was about 0.3% v/v (Fig. 3e), which was much lower
than that of (PPZ),SbCl,-5H,0 (1.5% v/v).>®

Conclusion

In summary, three 0-D antimony (m) chloride-based IOHMs
with photoluminescence from Sb(m) were synthesized by
ionothermal and solventothermal methods. The single-crystal
structures of these compounds are analysed in detail. The
PLQYs of 1, 2, and 3 are 61.25%, 84.7%, and 38.75%, respec-
tively, in correlation with the distortion of [SbCle]*~ in their
crystal structure. Under H,O treatment, the ester group portion
of [AOEMIm]" in 1 will be hydrolysed, while the carboxyl in 3
will be deprotonated. As a result, H,O stimulated organic cation
reconstruction can lead to the gradual and controllable trans-
formation from 1 or 3 to 2. In addition, stimulated by the
vapour from HCI and SbCl;, 2 is reversibly converted to 3. The
mechanism for the structural transformations among the title
compounds is verified by experiments including PXRD and
pH test. The H,O0 triggered PL switching from 3 to 2 is adopted
to detect the trace water in organic solvents. The water detec-
tion limit in THF is as low as 0.3% v/v, better than the previous

1430 | J Mater. Chem. C, 2024, 12, 11426-11432
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homogeneous materials. This study opens a new avenue for
synthesizing stimuli-responsive IOMHs through organic group
reconstruction.

Experimental

Materials and methods

1-Acetoxyethyl-3 methylimidazolium chloride ([AOEMIm]CI,
99%) and 1-carboxymethyl-3-methylimidazolium chloride
((HOOCMMIm|Cl, 99%) were purchased from Lanzhou Green-
chem ILs (Lanzhou China); antimony (m) chloride (SbCls,
99%) was purchased from Adamas Reagent Co., Ltd. Methanol
(CH30H, AR) was purchased from Sinopharm Chemical
Reagent Co., Ltd (China). Tetrahydrofuran (THF, water <
30 ppm (by K. F.), 99.9%, stabilized with BHT, SafeDry,
Safeseal) was purchased from Adamas Reagent Co., Ltd. All
reagents were used without further purification.

Characterization

Powder X-ray diffraction (PXRD) patterns were measured on a
Rigaku Miniflex-II diffractometer by utilizing CuK, radiation
(A = 1.54178 A) in the angular range of 20 = 5-65°.>° Thermo-
gravimetric (TG) analyses were performed on a NETZSCH STA
449F3 unit at a heating rate of 10 K min~" under a N, atmo-
sphere. Photoluminescence excitation (PLE) and photolumines-
cence (PL) spectra and time-resolved PL spectra and quantum
yields of compound 1-3 were recorded on an Edinburgh
FLS1000 UV/V/NIR fluorescence spectrometer. Elemental ana-
lysis (EA) was conducted on a German Elementary Vario MICRO
instrument. Solid-state NMR spectra were obtained on a Bruker
AVANCE 1III 500 M spectrometer.

Syntheses [AOEMIm],SbCl; (1)

The pure phase 1 was formed by the reaction of SbCl; and
[AOEMIm]CI with a molecular ratio of 1:3. The mixture was
heated and dissolved to form a clear melt, which was then
cooled to room temperature (RT) for 1 week to form colourless,
transparent crystals. The yield was calculated to be nearly
52.7% based on the Sb atom. EA: caled (%): C, 34.23%; H,
4.67%j; N, 9.98%; found: C, 34.97%; H, 4.77%; N, 11.09%.

[HOOCMMIm];ShCls-3(00CMMIm) (2)

The pure phase 2 was formed by the reaction of SbCl; and
[HOOCMMIm|CI in a molecular ratio of 1:6 and using 1 mL of
methanol as a solvent. After reacting at RT for 10 hours, crystals
of 2 would be formed. The yield was calculated to be nearly
63.0% based on the Sb atom. EA: caled (%): C, 36.69%; H,
4.36%; N, 14.26%; found: C, 36.23%; H, 4.52%; N, 13.94%.
'H NMR (500 MHz, §): 3.81(s, 5H), 5.13(s, 5H), 6.79(s, 3H),
7.52(s, 4H), 8.93(s, 2H).

[HOOCMMIm];SbCl, (3)

3 was synthesized in a similar way to 2 with the mole ratio
changed to 1:3. The mixture was heated to 80 °C for 10 hours
so that it was clearly molten, and then crystals of 3 were

This journal is © The Royal Society of Chemistry 2024
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generated after cooling the molten mixture to room tempera-
ture (RT) for 1 day. The yield was calculated to be nearly 96.0%
based on the Sb atom. EA: caled (%): C, 28.52%; H, 3.59%j;
N, 11.09%; found: C, 28.70%; H, 3.59%; N, 11.26%. ‘H NMR
(500 MHz, 9): 3.81 (s, 1H), 5.13 (s, 5H), 6.20 (s, 3H), 7.47 (s, 4H),
8.89 (s, 2H), 12.5 (s, 6H).

Single crystal X-ray diffraction (SCXRD)

A suitable single crystal was selected under an optical micro-
scope for SCXRD measurement. Intensity data for single crys-
tals 1 and 3 were collected at 100 K using graphite
monochromatic MoK, radiation (A = 0.71073 A) on a Supernova
CCD diffractometer. Single-crystal intensity data for 2 were
collected at 100 K using graphite monochromatic CuK, radia-
tion (4 = 1.54178 A) on a Supernova CCD diffractometer. The
structure was solved by direct methods and refined by full-
matrix least-squares on F> using the SHELX-2018 program
package.®® The hydrogen atoms connected to all C atoms
were located at geometrically calculated positions. The non-
hydrogen atoms were refined anisotropically.

Data availability

CCDC No. 2341218, 2344297, 2341219 contain the supplemen-
tary crystallographic data for this paper. The data can be
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