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Abstract—One inclusion complex H;BTC,A-CH;0OH (I) and one ionic complex [Ag(PPh;),](H;BTC4A)-
DMF (II) (H4BTC,A = p-tert-butylthiacalix[4]arene) were obtained through solvothermal reaction. Their
structures were determined by single crystal X-ray diffraction (CCDC nos. 2203699 (I) and 2203700 (II)),
and further evidenced by FT-IR, 'TH NMR, UV—Vis spectra, elemental analyses and so on. For complex I,
there is one molecule of H4BTC,A in the asymmetric unit cell, in whose cavity one guest molecule of meth-
anol was included. In the asymmetric unit of complex I, there are one cation of [Ag(PPhs),]", one depro-
tonated thiacalix[4]arene anion of [H;BTC,A]™ and one DMF solvent molecule. Upon the irradiation of UV
light in their acetonitrile solution, complex I demonstrate an emission at 294 nm, and [Ag(P(Ph3),)INO;
show an emission at 304 nm. Complex II not only showed the characteristic strong emissions of complex I
(294 nm) and [Ag(P(Ph3),)]NO; (305 nm), but also produced a new weak emission at 368 nm, which further

verified the formation of complex II.
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INTRODUCTION

Calixarenes, the third generation of supramolecu-
lar hosts, are a class of macrocyclic compounds con-
sisting of several para-substituted phenols connected
by the bridges of methylene groups or sulfur atoms to
form cyclic oligomers. They are a kind of good molec-
ular vessels to accommodate organic molecules or
inorganic metal ions owing to their unique bowl-like
structure with adjustable sizes and cavities [1]. The
research on calixarenes has received growing atten-
tions owing to their extensive applications in the
fields of sensors, materials, coordination chemistry,
molecular recognition, electrode material and so on
[2]. Especially in the field of coordination chemistry,
calix[4]arenes, as multidentate chelating ligands, can
be easily chelated with transition metal ions, non-
transition metal ions to form the coordination com-
plexes of MC,A [3] and M,C,A [4], or their aggrega-
tions [5, 6]. Thiacalixarenes and their derivatives are a
kind of calixarenes containing bridging sulfur atoms
[7], the flexible C—S bond lengths and C—S—C bond
angles not only render them to accommodate bigger
guest molecules, but also afford them stronger coordi-

nation abilities compared to those calixarenes bridged
by the methylene group. To date, many guest mole-
cules of H,O, pyridine [8], CH,Cl, [9], CHCI; [10],
CH,CICH,CI [11], CH3;NO,, CH;CN [12] and so
on, have been included in thiacali[4]arene. More-
over, thiacalix[4]arene are easily chelated with tran-
sition metal ions to form the secondary building
block of M,C,A [13] besides the building blocks of
M,C,A [14] and MC,A [15]. These building blocks can
further form sandwich-like cluster [16, 17], wheel-like
cluster [18], [Coy] metallamacrocycle [19], [Cos,]
nanosphere [20], and cationic nanocage of [Mn,,4] [21].
It is notable that the shuttlecock-like building blocks
of M,C,A can be bridged by dicarboxylic acid [22, 23]
or tricarboxylic acid [24] to form a series of nanoscale
polyhedral coordination cages with different sizes and
shapes.

Compared to the extensive research on the coordi-
nation chemistry of calixarenes [25] and thiacalix-
arenes [26], the ionic compounds of calixarene have
been less explored beside the species of calix|[n]arene—
sulphonic acid (n = 4, 6, 8), which can readily form
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ionic compounds or coordination compounds [27]
owing to the presence of sulfonic acid group. Only a
few ionic salts of calixarene without sulphonic acid
functional group have been reported up to now. For
example, Katsuaki et al. reported the ionic complexes
consisting of Keggin anions and calix[4]arene—Na*
[28]. White et al. had synthesized a series of salt of
alkali metal and triethylamine of thiacalix[4]arene
[10]. Limberg et al. had reported a series of tetraphen-
ylphosphonium salt based on the anionic clusters of
calixarene and vanadium, which demonstrated oxida-
tive activity on alcohol [29]. Therefore, the research
on the ionic compounds of calixarene is a promising
yet less explored field.

During our research on the assembly of thiaca-
lix[4]arenes, we had obtained one inclusion complex
of H,BTC,A-CH;OH (I) and one ionic compound
[Ag(PPh;),](H;BTC,A) (II). Herein, we reported
their syntheses, crystal structures, characterizations
and luminescence features.

EXPERIMENTAL

Materials and methods. p-rert-Butylthiacalix[4]arene
(H,BTC,A) was prepared according to the reported
literature [9]. Other materials were obtained commer-
cially. They were of analytical reagent grade and used
as received without further purification. "H NMR
spectra were recorded on a Mercury 300 spectrometer
operating at 300 MHz. Mass spectrometric (MS)
measurements performed by a direct-exposure probe
using electron impact ionization (EI) were made on a
VG 70S instrument. FT-IR spectra were recorded
within the 400—4000 cm™' region on a Perkin Elmer
Spectrum 100 FT-IR spectrometer. UV—Vis spectra
were collected on Shimadzu UV Probe 2700. Lumi-
nescent spectra were recorded on a Cary Eclipse Spec-
trofluorometer.

CH;0H) (I). To a mixed solvent of DMF—CH;OH
8mL, 1 : 1), H,BTC,A (0.0386 g, 0.0536 mmol),
4,4'-bipyridine (0.0546 g, 0.0350 mmol) and AgNO,
(0.0344 g, 0.202 mmol) was added, then 0.25 mL Et;N
was followed. The mixture was stirred for half an hour
and sealed in a 20-mL Teflon-lined autoclave, which
are then kept at 130°C for three days and slowly cooled
to 20°C at a rate of about 4°C/h. The obtained mixture
was filtered to give a light-yellow filtrate, which was
left undisturbedly, then lots of colorless plate crystals,
were obtained after volatilization of the solvent. The
yield was 0.0147 g (38.0%).

Anal. calcd., %
Found, %

C, 65.21
C, 65.39

H, 7.13
H, 6.96
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FT-IR (KBr pellet; v, cm™"): 3422 v.s, 3259 s,
2964 s, 1639 m, 1477 w, sh, 1457 w, 1384 s, 1269 w,
1245 w, 1209 m, 1093 s, 984 w, 889 m, 859 m, 753 m,
742 s, 585 m. 'H NMR (DMSO-dq, 300 K): 7.52 (s,
8H, Ar—H), 1.16 (s, 36H, —C(CHa)s).

Synthesis of [Ag(PPh;),](H;BTC,A)-DMF (II). To
a mixed solvent of DMF—CH,OH (8 mL, 1 : 1),
H,BTC,A (0.0386 g, 0.0536 mmol), triphenylphos-
phine (0.0546 g, 0.0350 mmol) and AgNO; (0.0354 g,
0.208 mmol) were added, then followed by 0.25mL
Et;N. The mixture was stirred for half an hour was
sealed in a 20-mL Teflon-lined autoclave, which were
then kept at 130°C for three days and slowly cooled to
20°C at a rate of about 4°C/h. The obtained mixture
was filtered to give a light-yellow filtrate, which were
left undisturbedly, then lots of colorless plate crystals,
were obtained after volatilization of the solvent. The
yield was 0.008 g (43% based on PPh;).

For Cy;5H,,4Ag05P,S4N
Anal. calcd., % C, 70.82
Found, % C, 70.96

H, 5.89
H, 6.02

N, 0.72
N, 0.68

FT-IR (KBr pellet; v, cm™'): 3415 s, w, 1639 m,
1478 m, 1434 m, 1384 s, 1339 m, 1308 w, 1090 s, 984 w,
859 w, 744 w, 695 m, 543 m, 517 m, 499 m. '"H NMR
(DMSO-dg, 300 K): 7.95 s, 1H, —CHO), 7.52 (s, 8H,
Ar—H), 7.40 (d, 36H, Ar—H), 7.25 (d, 24H, Ar—H),
2.89 (s, 3H, —NCH,), 2.73 (s, 3H, —NCHj;), 1.16 (s,
36H, —C(CH,)s).

X-ray structure determination. Single crystal X-ray
diffraction data of both compounds were collected on
a Bruker SMART APEX CCD diffractometer with
graphite monochromated Cuk, radiation (A =
1.54184 A) by an ®-scan mode at low temperature of
150(2) K. Crystal structures were solved by direct
methods (SHELXS2014) [30] and refined by full-
matrix least squares on F? with anisotropic thermal
parameters for all non-hydrogen atoms (SHELX1.2014)
[31]. All hydrogen atoms were assigned on the calcu-
lated positions. Disordered atoms are restrained with
reasonable bond lengths. Those calculations were per-
formed on a PC with OLEX2 program. Crystallo-
graphic data and structure refinement information for
both complexes are summarized in Table 1. Selected
bond lengths, bond angles and hydrogen bonding lists
of both complexes are listed in Table 2 and Table 3,
respectively.

RESULTS AND DISCUSSIONS

Single crystal X-ray diffraction structural analysis
reveals that compound I (H,BTC,A-CH;0OH) crystal-
lizes in tetragonal system, P42,c space group. As
shown in Fig. 1a, there is one H,BTC,A molecule and
one methanol solvent molecule in the asymmetric unit
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Table 1. Crystallographic data and structure refinement information for complexes I and II

Value
Parameter
I 11
Empirical formula C41H5,05S, Ci15H114055,P4Ag
Formula weight 753.06 1950.06
Wavelength, A 1.54184 1.54184
Crystal system Tetragonal Triclinic
Space group P42,c P1
a, A 22.2668(3) 13.9393(3)
b, A 22.2668(3) 14.3873(2)
c, A 17.6767(4) 27.5688(7)
o, deg 90 81.8891(18)
B, deg 90 76.479(2)
v, deg 90 89.1770(16)
v, A3 8764.3(3) 5320.9(2)
VA 8 2
p, g/cm’ 1.141 1.217
F(000) 3216 2044
Crystal size, mm 0.32 x 0.25 x 0.23 0.35 % 0.26 X 0.23
Goodness-of-fit on F? 1.035 1.041
Reflections collected/unique 24037/7516 58302/18974
Ry, wRy (I > 20(1))* R, =0.0931, wR, = 0.2540 R, =0.0667, wR, = 0.1796
R, wR, (all data)** R, =0.1139, wR, = 0.2874 R, =0.0779, wR, = 0.1919
Residual electron density (min/max), e/A3 —0.309, 0.941 —1.05, 1.44
* Ry = Z|Fo| — |F/EIF, ** wRy = (Elw(Fy — F&)?1/ZIw(ED 2.
Table 2. Selected bond lengths (A) and bond angles (deg) of compound I and II
Bond length d, A Bond angle o, deg
I
C-0 1.331(10)—1.378(9) C-S-C 100.7(4)—101.8(4)
C-S 1.768(8)—1.800(8)
11
Ag—P 2.6238(9)—2.6533(11) Ag—P—Ag 107.98(3)—111.25(3)
C-0 1.317(5)—1.348(6) C-S-C 100.47(19)—108.2(2)
C-S 1.774(6)—1.785(4)

cell. In the molecule of H,BTC,A, four p-tert-butyl-
phenols are linked by four bridged sulfur atoms to form
a shuttlecock-like ring. There are position disorders in
two fert-butyl groups owing to the rotation of fert-butyl
group. The C—S bond lengths are in the range of
1.763(8)—1.801(8)A, which are longer than that of car-
bon-sulfur double bond (1.70 A) but shorter than that
of carbon-sulfur single bond (1.82 A) owing to the p—m
conjugative effect between the sulfur atom and the

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

phenyl ring. The C—O bond length is in the range of
1.333(10)—1.388(9) A. One methanol molecule is
included in the cavity of HBTC,A to form an inclu-
sion complex. It is notable that the methyl group was
pointing to the hydrophilic cavity and the hydroxyl
group was pointing the outside of the H,BTC,A. At
the lower rim of H,BTC,A (Fig. 2a), there are two
intramolecular hydrogen bonds between adjacent
phenolic  hydroxyl groups: O(1)—H(1A):--O(3)
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Table 3. Hydrogen bond lengths (A) and bond angles (deg) of compound I and II

Distance, A
D—H...A «DHA, deg
D—H H..A D...A
O(1)~H(1A)...0(3) 0.84 2.11 2.947(10) 178.4
0(2)—H(2A)...0(3) 0.84 2.06 2.904(10) 178.1
0(2)—H(2)...0(3) 0.90(1) 1.74(3) 2.601(5) 156(7)
0(4)—H(4)...0(3) 0.86(7) 1.69(7) 2.519(5) 163(7)

(2.947(10) A, 178.4°)

(2.904(10) A, 178.1°).
Single-crystal X-ray structural analysis reveals that

compound II ([Ag(P(C¢Hs);).][H;BTC,A]-DMF)

crystallizes in triclinic system, P1 space group. As
shown in Fig. 1b, there are one cation of
[Ag(P(C¢Hs);)4] ", one deprotonated thiacalix[4]arene
anion of [H;BTC,A]~ and one DMF solvent molecule
in the asymmetric unit of compound II. In the cation
of [Ag(P(C¢Hs)5)4]", the silver ion is coordinated with
four phosphorus atoms from triphenylphosphine
ligands to form a slightly distorted tetrahedron with
the Ag—P bond lengths falling between 2.6244(9)—
2.6533(9) A. The bond angles of PAgP are ranged from
107.98(3)° to 111.25(3)°, which are slightly deviated
from 109°28’, further confirming the distorted nature
of the AgP, tetrahedron. The deprotonated thiaca-
lix[4]arene anion showed a structure similar to that of
compound I except that one proton of thiaca-
lix[4]arene was lost. The C—S bond length of
1.777(6)—1.786(5) A and the C—O bond length of
1.316(5)—1.351(6) A, were found slightly shorter than
those of free ligand of [H,BTC,A]. One DMF solvent
molecule is included as a guest molecule in the cavity of
[H;BTC,A]". At the lower rim of H,BTC,4A, there are
two intermolecular hydrogen bonds between adjacent
phenolic hydroxyl groups (Fig. 2b): O(4)—H(4)--O(3)
(2.519(5) A, 163(7)°) and O(2)—H(2)-+O(3) (2.601(5) A,
156(7)°).

Cell packing diagram of compound I is shown in
Fig. 3a. Those molecules of H,BTC,A are packed
along the ab plane to form a 2D layer. The cavities of
those H,BTC,A are parallel to the ¢ axis to form a
channel, which accommodates the guest methanol
molecules. Cell packing diagram of compound II is
shown in Fig. 3b. The anion layer and the cation layer
of [Ag(P(C¢H;);),]" are packed along the ¢ axis in a
staggered way. The anion layer along the ab plane con-
sists of two layers of [H;BTC,A]~, the hydrophilic low
rims are facing the cation layer, while the hydrophobic
upper rims are facing with each other.

In the infrared spectrum of compound I, there is a
strong and broad absorption band around 3500 cm™~',

and O(2)—H(2A)--0(3)

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

which stems from the stretching vibration of the
hydroxyl functional group on the ligand of thiaca-
lix[4]arene. The strong absorption peaks at 2960—
2870 cm™! are attributed to the anti-symmetric/sym-
metric stretching vibration of 7-butyl. The three peaks
at 1600—1500 cm~! are corresponded to the skeleton
vibration of benzene ring. The peaks at 840, 750 and
670 cm~! are the characteristic absorption of para-
substituted benzene in the main ligand thiaca-
lix[4]arene. In the infrared spectrum of compound II,
the broad strong absorption band around 3400 cm™! is
assigned to the stretching vibration of —OH of the thi-
acalix[4]arene ligand. The anti-symmetric/symmetric
stretching vibrations of z-butyl are not obvious owing
to the overlap of the hydroxyl peak. The peak at ca.
1639 cm~! corresponds to the skeleton vibration of
benzene ring. The peaks at 840, 750 and 670 cm™~! are
the characteristic absorption of para-substituted ben-
zene in the main ligand thiacalix[4]arene.

[Ag(PPh;),]NO; is prepared according to literature
for comparing its spectral properties [32]. UV—Vis,
luminescent spectra of [Ag(PPh;),]NO;, compounds
I and II were studied in the acetonitrile solution with a
concentration of ca. 1.0 x 10~ g L=! (Notation: com-
plex I is slightly soluble in the acetonitrile solvent, and
the concentration of complex I at such a low level was
just calculated according to its weight without further
measurement). As shown in Fig. 4a, [Ag(PPh,),]NO;
shows a strong absorption band about 213 nm (E, band
of triphenylphosphine) and a medium absorption
band about 260 nm (E, band of triphenylphosphine).
Due to its poor solubility in acetonitrile, compound I
(Notation: the methanol molecule included in the
cavity of thiacalix[4]arene was possibly exchanged by
acetonitrile molecule in the test condition) shows a
strong absorption band at about 203 nm (E, band of
H,BTC,A), a medium absorption band around ca.
277 nm (E, band of H,BTC,A) and a weak absorption
band at about 305 nm (B band of H,BTC,A). Com-
pound II shows a strong absorption band about
210 nm, a weak absorption band about 260 nm and a
weak absorption band about 305 nm, which demon-
strate the typical absorption band of [Ag(PPh;),]NO;
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Fig. 1. ORTEP diagrams of compounds I (a) and II (b) with thermal ellipsoids at 40% level. Hydrogen atoms were omitted for
clarity.
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Fig. 3. Cell packing diagram of compound I along the ab plane (a); cell packing diagram of compound II along the ac plane (b).
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Fig. 4. UV—Vis diagram of [Ag(PPh3)4]NO3, compounds I and Il in their acetonitrile solutions with the concentration of ca. 1.0 x
10 P mol L1 (a); excitation spectrum and emission spectrum of [Ag(PPh3)4]NOj5 (b), compound I (¢) and compound II (d).

then confirms that compound II contains the cation of
[Ag(PPh;),]" and the anion of [H,BTC,A]".

Photoluminescence (PL) properties of [Ag(PPh;),]NO;,
compounds I and II were explored using their aceto-
nitrile solutions with a concentration of ca. 1.0 X
10°mol L7'. As shown in Figs. 4b—4c,
[Ag(PPh;),]NO; demonstrates a strong emission band
around 305 nm upon the excitation of 255 nm, and
compound I shows a strong emission about 294 nm
upon the same excitation. As for compound II, upon
excitation at the same wavelength, it not only shows
both characteristic strong emissions of [Ag(PPh;),]NO;
(303 nm) and compound I (295 nm), but also exhibits
a weak emission at around 368 nm, which further
proves the formation of [Ag(PPh;),](H;BTC,A).

In summary, one inclusion compound of
H,BTC,A-CH;OH (I) and one new ionic compound
of [Ag(PPh;),](H;BTC,A) (II) were obtained by the
solvothermal synthetic technique. Their structures
were determined by single crystal X-ray diffraction,
and further evidenced by FT-1R, UV—Vis spectra, and
CHN analysis. Compound I demonstrates typical

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

molecular structure of thiacalix[4]arenes with one
methanol molecule included in its cavity. Compound
IT possesses a cation of [Ag(P(C¢Hs);)4]" and one
deprotonated calixarene anion of [H;BTC,A]~. Upon
the excitation at 255 nm, compound I demonstrates a
strong emission at about 294 nm, while compound II
shows strong characteristic emissions of H,BTC,A
(295 nm) and [Ag(PPh;),JNO; (303 nm) and a weak
new emission at 368 nm, indicating that they are a
kind of potential luminescent materials.
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