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Abstract

The employment of the commercial availiable organic ligand 2-mercapto-4-methyl-5-thiazoleacetic
acid (H.L) in Zn and Cd chemistry yields two-dimensional (2D) coordation polymers (CPs) with
pseudopolymorphic character. Thermal, catalytic.and conductivity studies are discussed.
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Introduction

Organic ligands bearing several donor atoms (i.e. N, O or S) have been a subject of
considerable interest.in the field of Chemistry and Material Science during the last few decades. In
coordination chemistry, multidentate ligands coordinate to various metals yielding compounds that
possess intriguing structural motifs and remarkable properties.[1-4] In the field of advanced
materials, the synthetic community shows a preference in the use of five- and six-membered
heteroaromatic systems.[5,6] Several compounds based on thiophene and the azole rings have been
reported, however the presence of N- and S- atoms in the thiazole five-membered ring gives to the
resulting compounds desirable properties.[7] 2-mercapto-4-methyl-5-thiazoleacetic acid (H.L,
Scheme 1) is a hybrid ligand and has five donor atoms (2S, 20 and 1N) exhibiting high versatility
and coordination flexibility with a variety of metal ions.[8-10] The different donor sites of
heterocyclic thiones can bind with two or more metal ions in order to form metal complexes.[11]
Also, the size of the metal anion plays a significant role in the way the metal coordinates to the
ligand and as a result in the final polymer’s dimensions.[12] H,L has a very rich chemistry and can

find applications in many different aspects. For example, H,L and some of its coordination
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complexes have been found to possess interesting biological properties.[13,14] H,L has been used
for the synthesis of a 40-membered macrocycle containing two distannoxane ladders,[15] and a
series of organotin complexes.[16-18] Moreover, H,L has been used as co-ligand to yield a
coordination compound that acts as photosensitizer and can be used in photodynamic therapy,[19]
for chemosensor synthesis for determination of heavy metal ions[20] and finally as a stabilizing
agent for nanoparticles’ (NPs) synthesis for the very same reason.[13,21-23]

From the structural point of view, the reactions of H,L along with Au' ion results in a
tetranuclear complex, [Au(LH2)]s[24] and three dimers formulated as [Au(LH.):]Cl-3H.0,
Nas[Au(LH,).]-6H,0 and Nas[Au(LH,).]-10.5H,O with aurophilic interactions and uncommon
eclipsed conformation.[25] Moreover, reactions of the ruthenium complexes [RuH(CO)CI(PPh3);]
and [RuCly(PPhg)s] with HyL leads two mononuclear  complexes formulated as
[RuCI(CO)(PPh3)2(H2L)] and [RuCI(PPh3)3(H2L)].[12] The reaction of H,L with R3SnCl yields a
one dimensional triorganotin carboxylates is formed as R3Sn[Q,CCH,(C4H3NS)S]SnR3, (R=Me and
Ph).[16]

HsC, H4C
o) N 0 NH
PR S [~
HO s” ~sH HO s~ 8
Form A Form B

Scheme 1. The protonated forms.of the organic ligand 2-mercapto-4-methyl-5-thiazoleacetic acid
(H2L) used in this work.

Organic ligands containing S-atoms have been less used, in contrast to organic ligands that
bear N or O atoms, in the field of coordination polymers (CPs), despite their large range of
applications such as catalysis, magnetism, gas storage and conductivity.[26] Bearing all these in
mind, in this work we have chosen to incorporate the commercial available ligand H,L along with
Zn and Cd salts to form coordination polymers. To the best of our knowledge, this is the first
attempt to synthesize CPs with the use of H,L as the main ligand. We report herein the synthesis,
characterization, catalytic and conductivity properties of two compounds formulated as [Zn"(HL)]
(1) and [Cd"(HL)2] (2).

Experimental Section

Materials

Chemicals (reagent grade) were purchased from TCI chemicals and Alfa Aesar. All experiments
were performed under aerobic conditions using materials and solvents as received.

Instrumentation



IR spectra of the samples were recorded over the range of 4000-600 cm™* on a Perkin Elmer
Spectrum One FT-IR spectrometer (PerkinElmer, Waltham, MA, USA) fitted with an UATR
polarization accessory (PerkinElmer). TGA analysis was performed on a TA Instruments Q-50
model (TA, Surrey, UK) under nitrogen, at a scan rate of 20 °C/min. NMR spectra were measured
on a Varian VNMRS solution-state spectrometer (Bruker BioSpin, Rheinstetten, Germany) at 500
MHz at 30 °C using residual isotopic solvent (CDCls, 6y = 7.24 ppm) as an internal chemical shift
reference. Chemical shifts are quoted in ppm. Coupling constants (J) are recorded in Hz. ESI-MS
was performed on a VG Autospec Fissions instrument (El at 70 eV).

X-ray Crystallography. Data for compounds 1 and 2, were collected (w-scans) at the University of
Sussex using an Agilent Xcalibur Eos Gemini Ultra diffractometer with CCD plate detector under a
flow of nitrogen gas at 173(2) K using Cu Ka radiation (A = 1.54184 A). CRYSALIS CCD and
RED software was used respectively for data collection and processing. Reflection intensities were
corrected for absorption by the multi-scan method. All structures were determined using Olex2[27],
solved using SHELXT[28] and refined with SHELXL-2014[29]. All non-H atoms were refined
with anisotropic thermal parameters, and H-atoms were introduced at calculated positions and
allowed to ride on their carrier atoms. In both structures, the H-atom bonded to N on the 5
membered aromatic ring could be located and freely refined, however it was preferred to introduced
at calculated position. Crystal data and structure refinement parameters for both compounds are
given in Table 1. Geometric/crystallographic calculations were performed using PLATONI[30],
Olex2[27], and WINGX][31] packages; graphics were prepared with Crystal Maker and
MERCURY|[32]. Each of the crystal structures has been deposited at the CCDC 1830208 -
18302009.

Table 1. Crystal data and structure refinement for 1 and 2.

Compound 1 2
Empirical formula C1oH12N204S47n Clelzch204S4
Formula weight 441.85 488.88
Temperature/K 173.0 173.0
Crystal system monoclinic orthorhombic
Space group C2/c Pbca
alA 15.5598(8) 14.8393(2)
b/A 7.4328(5) 14.9312(2)
c/A 13.7649(8) 15.1186(3)
a/° 90 90

pB/e 99.416(6) 90

v/° 90 90
Volume/A® 1570.50(16) 3349.82(9)
Z 4 8
peaicg/cm® 1.869 1.939




wmm™ 7.340 15.291

F(000) 896.0 1936.0

Crystal size/mm?® 0.12 x 0.1 x 0.04 0.14 x 0.1 x 0.06
Radiation CuKo (A =1.54184) CuKa (A= 1.54184)

20 range for data collection/® 13.04 to 142.89 10.24 to 143.118
Index ranges -18<h<19, -slssks 8,-16<1< |-13<h< 18, -181§k§ 17,-18 <1<
Reflections collected 2365 17294
Independent reflections 1473 [Riy = 0.0623, Ryjgrma = 0.1002] | 3237 [Riy = 0.0423, Ryjgma = 0.0227]
Data/restraints/parameters 1473/0/106 3237/0/210
Goodness-of-fit on F* 1.058 1.053

Final R indexes [1>=2c ()] R; = 0.0658, wR, = 0.1555 | R; =0.0366, wR, = 0.0956
Final R indexes [all data] R1 =0.0863, wR, =0.1826 | R; =0.0375, wR; = 0.0967
Largest diff. peak/hole / e A 1.18/-0.84 0.70/-1.17

Flash photolysis-time-resolved microwave conductivity (FP-TRMC) measurements.

The charge carrier transporting property in the synthesised 2D CPs was measured by a FP-TRMC
technique at room temperature under air. Film samples on a quartz plate were prepared using
CP/poly(methylmethacrylate) and dried under vacuum at room temperature. The charge carriers
were generated in the prepared film upon direct photoexcitation of CPs by laser pulses of third
harmonic generation (A = 355 nm) from a Nd:YAG laser which corresponds to Spectra Physics
model INDI-HG with a pulse duration of 5-8 ns. The photon density of a 355 nm pulse was 9.1 x
10" photons per pulse. The microwave frequency and power were set at ~ 9.1 GHz and 3mW,
respectively and The TRMC signal from a diode were recorded by a Tektronix model TDS3032B

digital oscilloscope. The complete experimental procedure is mentioned by Seki et. al.[33]

Synthetic procedures

Synthesis of (1)

Zn(NOs3),2.6H20 (29 mg, 0.1 mmol) was dissolved in 1 ml H,O and 1 ml DMF and added to a
solution of H, L (38 mg, 0.2 mmol), (1 ml EtOH and 1 ml DMF). The resulting solution was stirred
for 10 min and it was placed in a 25 ml glass vial. This was heated at 90 °C for 24 h and then cooled
slowly at room temperature. After cooling at room temperature, colorless crystals were obtained in
65% yield (based on Zn). The crystals were filtered, washed with H,O, EtOH and Et,0, and dried in
air. Selected IR peaks for (cm™'): 3456 (w), 3017 (m), 2971 (m), 2946 (m), 1739 (s), 1433 (m),
1366 (s), 1229 (s), 1217 (s), 1206 (s), 1112 (w), 1092 (w), 1062 (w), 903 (m), 788 (w), 770 (w), 718
(w), 699 (w). Elemental analysis for Ci2H1oN,O4S4Zn: caled. C 32.62, H 2.74, N 6.34, S 29.03
found C 32.33, H 2.38, N 6.25, S 28.39.

Synthesis of (2)



Compound (2) was synthesized in an analogous manner to (1) by altering Zn(NO3),.6H,O with
Cd(NO3),.4H,0. After cooling at room temperature, yellowish crystals were obtained in 69% yield
(based on Cd). Selected IR peaks (cm™): 3453 (w), 3017 (w), 2971 (m), 2945 (w), 1739 (s), 1658
(m), 1554 (s), 1418 (s), 1366 (s), 1229 (s), 1217 (s), 1207 (s), 1105 (w), 1060 (m), 1033 (w), 909
(w), 787 (w), 714 (w), 691 (w). Elemental analysis for C1,H1,CdN,0,4S,: caled. C 29.48, H 2.47, N
5.73, S 26.23 found C 29.25, H 2.52, N 5.67, S 25.45.
Result and Discussion
Crystallographic description

Compound 1 crystallizes in the monoclinic C2/c space group. X-Ray determination of the
crystal structure reveals the formation of a neutral two-dimensional (2D) CP.(Figure 1, left). The
asymmetric unit of 1 consists of a zinc atom on a two-fold rotation axis and one single deprotonated
ligand (HL"). The ligand coordinates to two Zn centres; via one oxygen atom of the carboxylate
group and the mercapto S atom (Coordination mode A, Scheme 2). Interestingly, the ligand adopts
form B (Scheme 1), however according to the crystallographic data, the two C — S bond lengths are
almost equivalent (1.709(6) and 1.716(7)A) indicating delocalization. The Zn centre adopts a
distorted tetrahedral geometry and is coordinated to two O atoms and two S atoms. A detailed list of
the bond lengths and angles in 1 is given in Tables S1-2. The compound is a layered structure
extending to two dimensions parallel to the aOb plane. The stability of this architecture is further
supported by the formation of several intermolecular interactions; a) a strong intramolecular N-
H---O bond between atoms from two different ligands (see Table S5), b) a short intermolecular
S---S interaction (see Table S7) and c) weak n-r interactions from adjacent layers (see Table S6).

Compound 2 crystallizes in the orthorhombic Pbca space group. X-Ray determination of the
crystal structure reveals the formation of a neutral two-dimensional (2D) CP (Figure 1, right). The
asymmetric unit of 2 consists of one Cd centre and two single deprotonated ligands (HL"). Each
ligand coordinates to two Cd centres; via two oxygen atoms of the carboxylate group (chelated) and
the mercapto S atom. The ligand adopts form B (Scheme 1), however according to the
crystallographic data, the two C — S bond lengths are almost equivalent (1.705(3) and 1.710(3)A for
S1/S2 and 1.704(3) and 1.718(3)A for S3/S4) indicating delocalization. Interestingly, despite that
the two organic ligands adopt the same coordination mode (B, Scheme 2) in the first case the Cd
centres is situated above the plane of the 5-memebered ring, where in the second case is placed
below the plane. This structural difference has a significant impact in the topological analysis (see
below). The Cd centre is coordinated to four O atoms and two S atoms and adopts a pseudo-
tetrahedral geometry, if we consider that the two O-atoms of the chelated carboxylate occupy one
corner of the tetrahedron. Selected bond lengths and distances for both compounds are given in

Tables S3-4. In regards to its architecture, 2 presents a layered structure extending to two



dimensions parallel to the bOc plane. As in the case of 1, strong intramolecular N-H---O bonds
further stabilize the framework. Weak =n-m interactions between adjacent layers and short
intermolecular S---S distances are also present. As in 1, the adjacent layers in 2 stack following the
ABAB pattern along the ¢ axis. The parameters for all these interactions may be found in Tables
S1-S10. The topological analysis[34] of the 2D net found in 1 results in the most common sql
network, whereas the net found in 2 corresponds to a honeycomb (hcb) structure. Therefore,
compounds 1 and 2, despite possessing the same molecular formula, they exhibit different topology

and thus can be considered as pseudopolymorphs polymers.[35-37]

2 cd
| / \
Os_ O Osu20
s s
x-S NS
\ 7/ “Zn \ 7/ “cd
NH NH
HaC HaC
A B

Scheme 2. The coordination modes of ligand HL", found in.compounds 1 (left) and 2 (right).

Figure 1. (left) The 2D framework of 1 along the aOb plane. (right) The 2D framework of 2 along
the bOc plane. Certain H atoms of the structures have been omitted for clarity. Colour code: Zn
(grey), Cd (light purple), C (black), H (light pink), N (light blue), O (red), S (yellow).

Figure 2. The networks found in 1 (left) and 2 (right).



TGA and PXRD studies.

Both compounds were subjected to thermal analysis in order to study their thermal stability (Figure
S1). The results show that both compounds are stable up to 300-320°C because of the absence of
water molecules in their structures. Decomposition starts after this point and is completed at
approximately 600°C, indicating the full collapse of the coordination framework. The final residues
of these 2D compounds are ZnO for compound (1), (observed: 17.96%, calc: 18.42%) and CdO for
compound (2), (observed: 27.37%, calc: 26.26%). The homogeneity of a bulk crystalline sample
from 1 and 2 was confirmed by powder X-ray diffraction. The PXRD patterns of both compounds
(Figure 3) were coincide with the simulated PXRD pattern, indicating that the framework is not
sensitive upon exposure to air. To assess possible differences between the crystal structure and the
powder form of the compounds, Rietveld refinement was performed to the respective powder
diffraction patterns. Pseudo-Voigt and FCJ profile functions[38] were used for the fitting
approximation of the peak shapes. The background curve was modeled iteratively using polynomial
approximation. The U, V and W instrument parameters were also refined, followed structural
parameters (coordinates and thermal displacement). The results obtained by Rietveld fit are in good
agreement with those obtained by single crystal x-ray data. Specifically, the dimensions of the unit
cell for the Zn compound (C2/c) were calculated to a=15.572(2), b=7.443(1), ¢=13.936(2),
b=99.198(6) while for the Cd compound (Pbca) were calculated to a=14.726(3), b=14.905(3),
c=15.102(2). Similarly, minimal differences were observed for the atomic positions. The successful
refinement is depicted in Figure 3 where the resulted Rietveld fit along with the corresponding

figures of merit, profile residual, Rp, and weighted profile residual, wRp, are shown.
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Figure 3. Rietveld refinement to experimental X-ray diffraction pattern for (a) Zn compound (left)

Cd compound (right). The vertical ticks indicate the calculated positions of the Bragg peaks.



To exclude the possibility of contamination by an amorphous phase in this sample, SEM
observation was performed (Figure S2). The SEM images of the compound 1 and 2 display the

presence of homogeneous plate like morphologies.

Catalysis

Some of us have previously used a series of tetranuclear Zn,Ln, coordination clusters as effective
Lewis acid catalysts in Friedel-Crafts alkylation of indole with trans-p-nitrostyrene.[39] This
reaction is poorly promoted by Zn(OTf), salt. In this work, given the polymeric nature of both
compounds we examined their catalytic activity against the given alkylation reaction, aiming to
develop an excellent heterogeneous as well re-usable methodology. Compound 2 does not promote
the organic transformation in EtOH, however the reaction proceeds in 100% yield at room
temperature after 24 h in ethanol (entry 1, Table 1) when 1 was used in 1.0% loading . Then we
examined the catalytic activity of compound 1 in different solvents. The use of different solvents
such as THF, water, dichloromethane, chloroform, and DMF (Table 2), give poor or moderate
(toluene, entry 5, Table 2) yields. This difference may be attributed to the diffusion limitations of
the reactants to reach the active Lewis acid sites or strong binding of solvent (DMF) with the active

sites.

Table 2. Scope of the FC alkylation of Indoles with various trans-B-nitrostyrene catalysed by 1°

N @/\,Nc’z compound 1 (1.0 mol%) O A\ NO2
. -
\ -
N
E IH H

EtOH, 24 h
Entry Solvent Temperature Yield (%)
[ Ethanol rt 100
1 DMF r.t 10
i THF r.t 16
v water r.t 5
\/ toluene r.t 76
VI DCM r.t 20
VIl CHCl; r.t 26

®Reaction conditions: indole (0.2 mmol) with trans-g-nitrostyrene (0.2 mmol) in 3 mL of EtOH
and 1.0 mol % of compound 1. Isolated yield by column chromatography.

Having determined the optimal conditions, we extended the scope of the reaction to other
substituted nitrostyrenes as well N-methyl-indole (Table 3). The reaction proceeds in excellent
yields for unsubstituted indole and N-methylindole (100%) (Table 3). Then, we explored the
influence of the substitution in the para position of the aromatic ring in nitrostyrenes (Table 3,

entries 4a-4f). It was found that the p-fluoro (F) substitution yields the corresponding product in



high yield (100%); however, the use of the p-bromo (Br) derivative significantly lowers the yield of
the final product. The use of heteroaromatic nitroalkene (Table 3, 4c) yields the expected product in
excellent yield (100 %).

Table 3. FC alkylation of Indoles with various substituted trans-p-nitrostyrene catalyzed by

compound 1.2

R,
NO,
A\ C 0 \
+ R, = ompound 1, 1.0 mol%
©\/I\> 2\/\N02 > N
\ Ethanol, r.t, 24 h \
R1 R1
3 4 5
F
74
G L /
O
NO, NO, NO,
|O A\ O N\ A\
N N
H N H
100% 100% 100%
5a 5b 5¢c
O F O Br
NO,
G, o
; L
\ N N
100% \ \
100% 20%
5d 5e 5f
*Reaction conditions; indole (0.50 mmol); substituted trans-/-nitrostyrene (0.50 mmol);
EtOH 5.0 mL; room temperature; 24 h. 1.0% Loading of compound 1.

After catalysis, compound 1 was isolated by filtration, and it was analysed by PXRD. The PXRD
pattern (Fig S3-4) showed that the structural integrity was preserved, however minor structural
changes could be identified. The use of the recycled catalyst yielded the corresponding product in
100 % (1% cycle), 92 % (2™ cycle) and 86 % (3™ cycle), respectively, therefore it is highly
anticipated that the morphology of the catalyst changes upon further use (Figure S4).



Charge-carrier transporting properties

The conductivity of as-synthesized 1 and 2 (Zn and Cd) were determined by flash-photolysis time-
resolved microwave conductivity (FP-TRMC) measurement. This technique examines the charge
carrier transport properties on the multinanometer length scale that is much smaller than the size of
an individual grain or crystallite, and is therefore indicative of the intrinsic charge mobility of a
given material.[40] FP-TRMC experiments were performed at room temperature on films made
from 1 and 2 bound with poly(methylmethacryrate) as a electronically inactive matrix for the FP-
TRMC measurement. The films were placed into a resonant microwave cavity and excited at 355
nm laser light with 5-8 ns pulse duration. The FP-TRMC profiles for as-synthesized CPs 1 and 2
and a similar film made from organic linker H,L, both shown in Figure 5, show maximum values of
¢Zu of 3.9 x 10° cm?/V-s 1, and 2.6 x 10”° cm?/V s 2 respectively, and-a long carrier life time where
¢ represent the photocarrier generation yield and Xu is the sum of the generated charge carrier
mobilities for both electrons and holes. The photo-conductivity Kinetic traces decayed principally
triple exponential manner; the values are summarized in Table 4. The values in the brackets
represent the relative ratio of the decay components. All of the Kkinetic traces exhibit pseudo-first
order ones with long enough lifetimes as represented by ks of 4.2 -5.0 x 10* s™* (7 ~ 20 - 24 ps),
suggesting that the signals were observed as the transient conductivity of free charge carriers after

geminate charge recombination processes.

0.0001

(@) (b) (c)

1x10°

#Eu (cm?IVs)

1x10°

2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (us) Time (us) Time (us)

Figure 5 . Conductivity transients observed by FP-TRMC of H,L (black trace, a), Zn - CP 1 (green
trace, b) and Cd — CP 2 (blue trace, c) after laser pulse excitation at 355 nm with 9.1 x 10" photons

cm? pulse™

Table 4. Kinetics of the Photoconductivity Decay

Compound ki(sT) ko (s ks (s
1 1.8 x 10° (0.45)° 9.5 x 10" (0.2) 5.0 x 10" (0.35)
2 1.8 x 10° (0.45) 7.0 x 107 (0.4) 5.0 x 10" (0.15)
H,L 1.6 x 10° (0.52) 7.0 x 10" (0.43) 4.2 x 10" (0.05)




| *The values in the brackets represent the relative ratio of the decay components

Focusing onto the contribution from the photo-generated free charge carriers as (@ )max x
(ks ratio), 1 marked 3-hold higher value than that in 2. Most importantly, the S---S intermolecular
distance observed in 1 and 2 increases from 3.303(2) A in 1 to 3.6878(11) A in 2 (Table S7-S10).
This difference may be attributed to the different ionic radii of Cd**(109 pm) when compared with
Zn?* (88 ppm), and thus 1 that exhibits the shortest S---S distance shows higher conductivity. This
explanation suggests that shortening the length of the intermolecular S---S contacts, even higher

charge mobility can be obtained, therefore our future studies will be focusing towards this direction.

Conclusions

The first examples of 2D CPs built from 2-mercapto-4-methyl-5-thiazoleacetic acid and Zn
and Cd metal centres are reported. The new compounds show interesting structural features
(pseudopolymorphism). Compound 1 was found to act as an efficient Lewis acid catalyst towards
the Friedel-Crafts alkylation of nitrostyrene-indole. Along with catalysis, we have shown the use of
the thiazole based ligand vyields stable, non-sensitive upon exposure to air, CPs that exhibit
moderate conductivity determined by FP-TRMC.
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Appendix A. Supplementary data

CCDC 1830208 — 1830209 contains the supplementary crystallographic data for 1 and 2. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from
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The employment.of the commercial availiable organic ligand 2-mercapto-4-methyl-5-thiazoleacetic
acid (HzL) in Zn and Cd chemistry yields two-dimensional (2D) coordation polymers (CPs) with

pseudopolymorphic character. Thermal, catalytic and conductivity studies are discussed.
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