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A polyoxometalate-based coordination polymer with [helix+interpenetration] double configuration
feature, Na[Ag,(pyttz-1),][H,PMo0,,04] (POMCP-1), was isolated and structurally characterized.
POMCP-1 exhibits the 3D structure with open 3D tunnels along the [10-1], [111], and [1-11] axis. The
large void space in the single net induces the interpenetration of the two identical 3D frameworks,

resulting in the formation of a highly ordered two-fold interpenetrating aggregate. To the best of our

knowledge, this represents the first example of two-fold interpenetrating POMCPs with helical channels.

In particular, POMCP-1 was found to display efficient catalytic activities for the esterification reaction

and the photodecomposition of Rhodamine-B.

Introduction

Polyoxometalates (POMs), an outstanding class of metal-oxygen
clusters with well-defined structure, regular and tunable size, and
reversible redox activity have been utilized in many fields such as
catalysis, optics, magnetism, and adsorptive applications.1 Quite
recently POMs-based coordination polymers (POMCPs) have
emerged as an intriguing class of hybrid crystalline materials,
leading to remarkable progress in terms of both the theoretical
analysis and practical manipulation.” However, the POMCPs with
interpenetrating feature have been rarely reported due probably to
the big size and uncontrollable coordination geometry of POMs.?
As a result, design and synthesis of the interpenetrating POMCPs
still remains a great challenge in this direction.

On the other hand, the rational synthesis of inorganic-
organic hybrid compounds with helical structures is of particular
interest due to their importance in optical devices and asymmetric
catalysis. However, only a limited number of POMCPs
incorporating helical feature have been reported by this group” as
well as others.® Particularly, among the thus far reported
POMCPs with helix feature, example with interpenetrating
structure has not yet been reported, except for POMCPs with the
self-penetrating structure [CuyL4MogO3(03AsPh),]( L = 1,4-
bis(l,2,4-triazol-1-yl)butane).7 Obviously, novel POMCPs with
the [helix+interpenetration] double configuration feature are
highly desired in this field since combination of helix and
interpenetrating materials is expected to result in novel
functionalities from both sides.

As part of our continuous effort in this direction, in the
present work the Keggin type ([PMo,,04]>) POMs were selected
to construct target coordination polymer with the help of the N-
heterocyclic ligands 3-(pyrid-2/3/4-yl)-5-(1H-1,2,4-triazol-3-yl)-
1,2,4-triazolyl (hereafter noted H,pyttz-1, Hypyttz-II, Hypyttz-III,
respectively), Fig. S1 (ESI)t, as well as the Ag ions, leading to

the isolation of Na[Ag,(pyttz-1),][H,PMo0,,04] (POMCP-1).
Single crystal X-ray diffraction analysis reveals that POMCP-1
so exhibits an unprecedented two-fold interpenetrating structure
with helical feature. In addition, POMCP-1 shows efficient
catalytic activity towards the synthesis of Aspirin and the
photocatalytic degradation of Rhodamine-B (RhB), Scheme 1.
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Scheme 1. Schematic representation of POMCP-1 and the catalytic
properties.

Experimental

70 Materials and General Methods.
All reagents were commercially available and used without
further purification. Elemental analyses (C, H, N) were
performed on a Perkin-Elmer 2400 CHN Elemental Analyzer,
and Ag was determined with a PLASMA-SPEC(I) ICP atomic

75 emission spectrometer. The IR spectra were obtained on an Alpha
Centaurt FT/IR spectrometer with KBr pellet in the 400-4000 cm’
! region. The XRPD patterns were obtained with a Rigaku D/max
2500V PC diffractometer with Cu-Ka radiation, the scanning rate
is 4°/s, 20 ranging from 5-40°. The TG analyses were performed

s0 on a Perkin-Elmer TGA?7 instrument in flowing N, with a heating
rate of 10 °C'min”". The solid diffuse reflectance UV—vis spectra
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were recorded on T9 spectrometer of Beijing Purkinje General
Instrument Co., Ltd., whereas the UV—vis spectra for solution
samples were recorded on a 756 CRT UV-vis spectrophotometer.
'H-NMR and C-NMR spectra were recorded on AVANCE-III
400MHz. Photocatalytic experiments in aqueous solution were
performed in a 500 mL water-cooled quartz cylindrical vessel.
Typically, the power of 50 mg was mixed together with 100 ml of
1.0x10°mol/L (C,) RhB solution in a beaker by ultrasonic
dispersion for 10 min. The mixture was stirred for 0.5 h till
reaching the surface-adsorption equilibrium on the particles of the
compounds. Then, the mixture was stirred continuously under
ultraviolet (UV) irradiation from a 125 W high pressure Hg lamp.
At 0, 30, 60, 90, 120,150 min, 3 ml of the sample was taken out
from the beaker, respectively, followed by several centrifugations
to remove the title compound and a clear solution was obtained
for UV-vis analysis.

General procedure for synthesis of Na[Ag(pyttz-
l)z][HzPM012040]. A mixture of H3PM012040 (015 mmol, 300
mg), AgNO; (0.9 mmol, 150 mg), H,pyttz-I (0.2 mmol, 45 mg),
and H,pyttz-III (0.2 mmol, 45 mg) was dissolved in 12 mL of
distilled water at room temperature, and stirred for 1 h in air.
When the pH value of mixture was adjusted to ca.1.84 by 1 M
NaOH and the suspension was transferred to an 18 ml Teflon-
lined reactor and heated at 170°C for 4 days. After cooling slowly
to room temperature, yellow block crystals were filtered, washed
with distilled water, and dried at room temperature (35% yield
bas4ed on Ag). Elemental analysis: Caled. For
NaAg4C18H12M012N14040P (270117) C 799, H 044, N 725, Ag
15.98%; Found C 7.82, H 0.64, N 7.18, Ag 16.01%.

X-Ray Crystallographic Measurements. Crystal data for
POMCP-1 were collected on a Bruker SMART-CCD
diffractometer with Mo-Ka monochromatic radiation (A =
0.71069 A) at 293 K. The structure was solved by the directed
methods and refined by full matrix least-squares on F? using the
SHELXTL crystallographic software package.® All the non-
hydrogen atoms were refined anisotropically. The positions of
hydrogen atoms on carbon atoms were calculated theoretically.
The positions of hydrogen atoms were calculated theoretically.
The orders “ISOR” and “DFIX” are used to solve the severe
disorder problem of Ag2, Nal and Ag3 atoms. The crystal data
and structure refinements of POMCP-1 are summarized in Table
1. Selected bond lengths and angles are listed in Table S1.
Catalytic synthesis of Aspirin. According to thermodynamics,
the esterification reaction is endothermic reaction. As a
consequence, the higher reaction temperature is advantageous to
the progressing of this reaction. In addition, experiment result
indicates that reaction speed is too slow in the temperature lower
than 70°C and the yellow product Aspirin can be obtained only in
the temperature higher than 90°C. As a total result, in the present
case corresponding reaction was carried out in the temperature
range of 70-90°C. In detail, 1.5 g of salicylic acid was transferred
to a clean, dry three-necked flask with the volume of 50 mL. To
which 3.0 mL of acetic anhydride and 0.04 mg of POMCP-1 as
catalyst were added. The reaction was then carried out in water
bath pot (70-90°C) for a period of time (5-60 min). At 5, 10, 15,
20, 25, 30, 35, 40, 45, 50, 55 and 60 min, 10 pl of sample was
taken out from the beaker and diluted with PBS for UV-vis
analysis. The content of salicylic acid (SA) and Aspirin (ASP)

were measured by the ultraviolet two-wavelength isoabsorption

& spectrophotometry due

to the high

reliability, accuracy,

reproducibility, and easiness (ESI )1 and Equation 1 and 2 ).

Csa=40.0166A,97-4.138A57¢1+0.686
Casp=353.25A,70-81.390A9,17.122

(M
@

6s Table 1 Crystallographic and structural refinement data of 1

Chemical formula

CCDC no.
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)

b(A)

c(A)

a(®)

B(*)

o

()
V(AY/z

Density (g-cm™)

Abs coeff. (mm™)

F(000)

Data collect 0 range
Reflns collected
Independent reflns

Rint
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I > 23(1)]
R indices (all data)

Largest diff. peak and hole(e.”)

NaAg,CsH ;Mo 5N 404P
1006550

2701.17

293(2)

0.71069

Monoclinic

P21/

14.442(5)
22.524(5)
21.414(5)
90.00

129.598

90.00
5367(3)/4

3.340

4275

5016

3.26-25.00

16979

9421

0.0292

9421/30/847

1.063

R, = 0.0557, wRy= 0.1340
R, =0.0717, wRy= 0.1444
3.363 and -2.805

Ry = Z(|[Fol-[Fel)/Z|Fol, wR2 = Zw([Fol*|Fe)*/Zw ([Fo’)*]"

Results and discussions

70 Structure description of POMCP-1.
Single crystal X-ray analysis shows that the asymmetric unit of
POMCP-1 is made up of four Ag ions, one Na ion, two pyttz
ligands (L1 and L2), and one {PMoj,} polyanion, Fig. la. There
are four crystallographically independent silver centers. The
75 coordination modes of Ag ions, pyttz ligands, and POMs are
shown in Fig. S2 (ESI){. The whole structure of POMCP-1 can
be described as a 3D framework. Firstly, Ag2 ion links with L1
and L2 ligands to form a “T”-type structural unit, which is further
extended into the 2D porous CP units with large spaces (19.8 x
o 11.1A ) via Agl, Ag3, and Ag4 ions, Figs. 1b and S3 (ESI)T.
Furthermore, the POMs as four connected building blocks
defined by Ag4, Ag4, Ag2, and Ag3 ions are connected to both
sides of the CPs like the hanging china lanterns. As a result, a 2D
[POMs-CPs-POMs], net is obtained, Fig. 1c. Finally, the adjacent
ss 2D layers are parallel stacked together forming the 3D structure
via the short interaction, Figs. 1d and S4(ESI)T.

One fascinating structural feature is that the {PMoy,} cluster,
pyttz (L1 and L2), and Ag ions (Agl, Ag2, and Ag4) construct
left- and right- handed helical chains, Fig.2. More specifically,

o0 the left- and right- handed helical chains with a pitch of 22.524 A
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are formed via the route of POM-Ag2-L2-Agl-L1-Ag2-POM-
Ag4-POM along b axis, which is consistent with the unit length
of b axis with the value of 22.524(5) A. Furthermore, the adjacent
left-handed and right-handed helical chains are linked in an
alternate manner to form a 2D layer with 1D helical channel via
sharing the POM - Agl-POM fragments.

o

Fig.1. Combined polyhedral/ball/stick and topological representation of
(a) the molecular structure unit of POMCP-1 with all the hydrogen atoms

10 and Na ions omitted for clarity; (b) the 2D CPs; (c¢) 2D [POMs-CPs-
POMs], fragment, and (d) 3D POMCPs framework.

Fig. 2 Combined space-filling and topological representations of left- and

1s right-handed helical chains with all the hydrogen, solvated water
molecules, and partly organic molecules omitted for clarity.

Another fascinating structure feature of POMCP-1 is that the

3D framework possesses the opened 3D tunnels along the [10-1],

[111], and [1-11] axis, Figs. 3a-3c. From a topological view

20 point, if we assign the - Ag3 - L1 - Ag2 - L2-, - Agl —, -POM-
POM- as connectors and POMs as nodes, the 3D framework can
be rationalized as a POMCP network with a uninodal 4-
connected diamond-like net with 6° topology, Fig. 3d.
Interestingly, the void space in the single net is so large that the

2s two identical 3D frameworks interpenetrate each other to form a
highly ordered two-fold interpenetrating aggregate, Figs. 3e and
3f. Because of the interpenetration, the whole structure
architecture contains only small cavities, only 1.54 % of the cell
volume calculated by PLATON.

30 For the purpose of comparison, the structural features for a
series of POMCPs constructed from POM and PYTTZ’ obtained
previously are also listed in Table S2 (ESI)f. It seems that the
rigid plane spacer between two triazolyl rings and the radiate
coordination style of the pyttz ligand supports the formation of

35 helical channels. More specifically, the rigid plane and the
twisted V-shaped coordination modes of L-1 and L-2, Ag ions,
and POMs together lead to the formation of helical channels in
POMCP-1, Fig. 4a, verifying the synthetic strategy. In

comparison  with  Nay[ Age(pyttz-11),(H,0)][PMo;,04]- (OH)™

w0 (POMCP-2) and [Ags(Hpyttz-IIT),][H,PMo,04]> (POMCP-3),
we find that the pore size of 2D CPs becomes larger due to the
introduction of the PYTTZ-I ( ca.8.4 A to 10.7 A to 17.59 A),
which leads to the increase in the distance among the POMs
(12.62x13.62A), Fig. 4b. On the other hand, the asymmetrical

45 coordination mode of POMs produces the imbalance of the
electronic cloud distribution. As a result, the distance of the
adjacent 2D layers with POMs becomes larger, amounting to
ca.13.57 A. Both effects contribute in a quite positive manner for
the formation of interpenetrating structure. Finally, because the

so pore size of subunit of POMCP-1 is larger than the diameter of
POMs (10 A), two identical 3D frameworks with helix
interpenetrate each other to form a highly ordered two-fold
interpenetrating aggregate, Figs. 4c and 4d.

a2y _ _ oy
55 & e

65

Fig.3. Space-filling models (a, b, c) and topology (d) showing the
70 POMCPs with three directional tunnels and helical structure, and two-fold
interpenetrating structures (e and f).

Fig. 4 Representation of the coordination mode of each building block

75 and the contribution to the formation of the helical structure (a); the
subunit of 2D CPs with the larger pore due to the introduction of the
ligand PYTTZ-I (b), and the combined polyhedral/stick (c) and schematic
view (d) of the [helix+interpenetration] subunits (c) and (d).

so FT-IR, XRPD, TG, '"H-NMR and *C-NMR Characterization
The IR spectrum of POMCP-1 is shown in Fig. S5 (ESID)t.
Characteristic bands at 1055, 964, 881 and 773 cm™ are attributed
to v (P-0), v (M0o=0), and v (Mo-O-Mo) vibrations, respectively.
Bands in the region of 1644-1163 cm™ are attributed to the pyttz

ss ligand. In particular, the IR characteristic bands of POMCP-1
before and after catalysis match well, indicating that the structure

This journal is © The Royal Society of Chemistry [year]
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of POMCP-1 does not change. The XRPD pattern for the
POMCP-1 is presented in Fig. S6 (ESI)f. The diffraction peaks in
simulated and experimental patterns match well, indicating the
good phase purity of POMCP-1. The difference in reflection
s intensities between the simulated and experimental patterns is due
to the different orientation of the crystals in the powder samples.
The thermal analysis of POMCP-1 is shown in Fig. S7 (ESI)f.
The total loss of 15.74% in the range of 40-620°C, agrees with
the calculated weight loss of 15.77%, corresponding to the loss of
10 PYTTZ of per formula. These results further confirm the
formulas of POMCP-1.

The IR spectra of catalysate and Aspirin standard are shown in
Fig. S8 (ESI)f. Characteristic bands in the region of 3000-2500
em’! are attributed to v (-COOH), while those at 1755 and 1684
is em’”! to v (-C=0) of ester and carboxylic acid, and 1300 and 1182
em! to v (C-O) of ester and carboxylic acid, respectively. 'H-
NMR and *C-NMR are shown in Fig. S9 (ESI)t. 'H-NMR §&:
2.343 (s, 3H,-CH3), 7.137 (s, 1H,-CH), 7.348 (s, 1H,-CH), 7.616
(s, 1H,-CH), 8.119 (s, 1H,-CH), 11.185 (s, 1H,-COOH); "*C-
0 NMR &: 21.02 (-CHj), 122.27-151.29 (Ar-C), 169.76 (C=0),
170.17 (-COOH). These results indicate that the catalysate is
Aspirin and the phase purity is good.

Optical energy gap

The UV—vis absorption spectrum of POMCP-1 was measured in
»s the crystalline state at room temperature, Fig. S10(ESI)t. The
energy bands from 200 to 300 nm may be assigned to the pz (O
terminal) — dn*(Mo) electronic transitions in the Mo=0 bonds
and dn-pn-dn electronic transitions between the energetic levels
of the Mo-O-Mo bonds, respectively.’

30 In order to explore the conductivity of POMCP-1, the
measurements of diffuse reflectivity for powder samples were
used to explore their band gaps (Eg), which are determined as the
intersection point between the energy axis and the line
extrapolated from the linear portion of the adsorption edge in a
3 plot of the Kubelka—Munk function F against E.'"® The optical
absorption related to Eg values can be assessed from the steep
absorption edge at 2.3 eV, Fig. S11 (ESI){, which shows the
presence of optical band gaps and the nature of
semiconductivities. As a result, POMCP-1 would be a kind of
40 potential photocatalyst.

Photocatalysis properties

The use of POMs as photocatalysts to decompose waste organic
molecules so as to purify the water resources has attracted great
attention in recent years.'' The introduction of transition-metal
ss complexes as functional groups into POMs can enrich their
potential applications. Herein, to investigate the photocatalytic
activities of POMCP-1 as catalyst, the photodecomposition of
RhB is evaluated under UV light irradiation through a typical
process. The photodegradation of RhB assisted by POMCP-1 and
so their matrix ((NBuy);[PMo;,04]) is shown in Fig. 5. It can be
seen that the photocatalytic decomposition rate, defined as 1-
C/Cy, is 75.98% for POMCP-1 and 34.12% for the matrix after
150 min of irradiation. Obviously, the degradation rate of
POMCP-1 under UV light is higher than the matrix. Additionally,
ss compared with POMCP-3,° the photocatalytic activity of
POMCP-1 is also higher. Generally, the POM subunit is regarded
as the photocatalytic active component for the POMCPs. As a
consequence, the photocatalytic activities for the POMCPs are
mainly dependent on their POM-containing structures. More
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specifically, the 3D helical framework is filled by building blocks
leaving only small cavities (0.4 % of the cell volume calculated
by PLATON) in POMCP-3. However, in POMCP-1 the
asymmetrical polar modification and the helical structure prohibit
well the conglomeration and deactivation of POMs, allowing the
enhancement of their catalytic properties. On the other hand, the
enhanced photocatalytic property may be arisen from the TMCs
acting as photosensitizer under UV light, which promotes the
transition of electrons to POMs.

FA
/\|  POMCP-1 o min

30 min

550

Wavelength(nm)

Fig. 5 UV-vis adsorption changes observed for RhB solution as a
function of UV light irradiation time in the presence of POMCP-1 as
catalyst (a) and (NBuy);[PMo,,04] as catalyst (b).

Catalytic activity analyses of Aspirin.

As mentioned above the esterification reaction is endothermic
reaction and the increase in the reaction temperature is
advantageous to the reaction progressing. Fig. 6 and Table S3
(ESDt show the influence of reaction temperature on the catalytic
synthesis of Aspirin. Keeping the same reaction time, the higher
the temperature is, the higher the conversion rate of salicylic acid
is. So are the reaction yield of Aspirin and the selectivity of
catalyst. However, the increasing trend of three physical
quantities becomes slowly along with the temperature rising after
40 min. The influence of reaction time on the catalytic synthesis
of Aspirin is shown in Fig. 7 and Table S3 (ESI){. The result
shows that the conversion rate of salicylic acid, the yield of
Aspirin, and the selectivity of catalyst are significantly enlarged
with increasing the time during the initial period of 5-40 minute
from the very beginning, which change to be not significantly
dependent on the time after the conduction of reaction after 40
min. In addition, when the reaction temperature is higher than
90°C, the yield of Aspirin changes in an irregular manner, which
may be due to the occurrence of the side effects. Taking into
account the cost as well as the energy and efficiency, the reaction
time of 40 min and the temperature of 80°C were employed,
resulting in the conversion rate of salicylic acid of 93.85%, the
yield of Aspirin of 81.43%, and the selectivity of catalyst of
86.79%. In addition, POMCP-1 could be readily isolated from the
reaction mixture by simple filtration. The filtered catalyst was
washed by 95% ethanol and dried, and then employed for the
following subsequent run of catalysis experiment. The result
indicated little fall in the catalytic activity, Fig. S12 (ESDf,
revealing that the POMCP-1 catalyst is stabilized and can be
recycled and effectively reduce the cost.

Reaction kinetics analyses

In order to quantitatively understand the reaction kinetics for the
synthesis of Aspirin by using POMCP-1 as catalyst, the reaction
rate equation model is set up to obtain the rate constant (k) and
reaction order (n)

rSA=dCSA/dt=KCSA" (1)

Page 4 of 7
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In(dCga/dt) = Ink+ nInCgp (2)

where Cg, is the concentration of the salicylic acid aqueous
solution for different time of UV illumination and t is the time,
respectively. For the test condition, herein dCgs/dt L2 ACg,/ At.
According to eqn (2), if [-In( 4Cga/ 41)] is plotted as a function
of InCs,, a straight line should be obtained whose slope is n (min”
") and intercept is Ink. Fig. 8 shows the reaction kinetics analysis
at 80°C, the k and n values are 0.0990 and 1.8224, respectively.
And the correlation coefficient (R) also shows good statistics
values. Then the rate equation is obtained as detailed bellow:

the interior POMCP-1 crystals and fully contact the catalytic
activity center during the initial reaction phase, which is in favor
of catalytic activity of the catalyst. Along with the extension of
time, the conversion rate of salicylic acid molecules tend to be
balanced, while the yield of the Aspirin maintains in a certain
range.

40

45

Stabilize the

H*

intermediate

154 = 0.099 Cgo ¥ (3)
In a same way, the k values are obtained as 0.0344, 0.0618,
0.0990, 0.3463 at 70, 75, 80, 85°C, respectively. Finally, the
apparent activation energy of the reaction by using POMCP-1 as
catalyst was calculated to be 113.49 KJ.mol™".

Fig. 6 Catalytic activity of POMCP-1 vs the reaction temperature: (a)
Yield of Aspirin vs temperature; (b) Conversion of salicylic acid vs
temperature; and (c) Catalytic selectivity vs temperature.

=y
3

0y

o

Time (min) Time (min) Time (min)

Fig.7 Catalytic activity of POMCP-1 vs the reaction time: (a) Conversion
of salicylic acid vs time; (b) Yield of Aspirin vs time; and (c) Catalytic
selectivity vs time.

75

InCsa

Time (min)

Fig. 8 Concentration and conversion change of salicylic acid with time
(left) and the linear relation of In ( 4Csa/ At) with InCsa at 80°C.

The possible mechanism of the catalytic synthesis of Aspirin
is shown in Scheme II. As we all know, the catalytic synthesis of
Aspirin is essentially an acid catalytic reaction. According to the
rate equation, we deduce that the reaction between carbonyl
cation and salicylic acid is the key step. As a consequence, large
electronegativity on the POM surface can stabilize carbocation
intermediate, which is favor of the offensive of hydroxyl oxygen
on the SA, promoting effectively the generation of the product
Aspirin, similar to the steric effect. Additionally, the charges of
POMs in POMCP-1 are non-localized, and hydroxy proton
exhibits strong liquidity in the POM surface and high acidity,
which plays a key role during the pseudo-liquid phase catalytic
behavior of POMs. Finally, the reactant molecules can fully enter

9/ Q. o 9 me-&-0. L
HyC-C-OH=—= H3C*CZ_§)H2# HyC-Com=—="" - =
o
|

1,

\
Ne—ecH,
I
Scheme II. The suggested reaction mechanism for the synthesis of
Aspirin.
Conclusions
In summary, a novel polyoxometalate-based coordination

polymer with the [helix+interpenetration] double configuration
feature has been synthesized under hydrothermal condition. In
particular, this polyoxometalate-based coordination polymer
possesses good catalytic activity towards the synthesis of Aspirin
and the photocatalytic degradation of RhB, revealing the great
potential application of various kinds of novel POMCPs in the
field of catalysis.
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The first two-fold interpenetrating polyoxometalate-base
coordination polymer with helical channels. Structure and catalytic
activities

Jing-Quan Sha,™” Long-Jiang Sun,’ Pei-Pei Zhu,” and Jianzhuang Jiang®"

“ Beijing Key Laboratory for Science and Application of Functional Molecular and
Crystalline Materials, University of Science and Technology Beijing, Beijing
100083, China

b The Provincial Key Laboratory of Biological Medicine Formulation, School of
Pharmacy, Jiamusi University, Jiamusi, 154007, P. R. China

A polyoxometalate-based coordination polymer POMCP-1 with
[helix+interpenetration] double configuration was successfully isolated, which shows
effective catalytic activities for the esterification reaction and the photodecomposition

of Rhodamine-B.
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