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The new carboxylato-bridged Ni! network {Nis(uz-OH),-
[(ct-1c1)- (1 -k -pytdc] o (H20) 4} (Hotde = 2,5-thiophenedicarb-
oxylic acid) has been synthesized hydrothermally. The struc-
ture has been characterized by synchrotron powder X-ray
diffraction, thermogravimetric analysis, IR and UV/Vis spec-
troscopy. The title compound consists of [NilOg],[Ni20g]
chains built of two edge-sharing octahedrons “NilOg" linked
via p3-OH to a vertex of the Ni2 octahedron. The connection
between the chains is settled by the tdc? anions, leading to a
3D framework. The title compound exhibits a metamagnetic
transition (T = 3.0 K, goHc = 0.13 T at 1.8 K). This behaviour
results from chains of ferromagnetic dimers coupled antifer-

romagnetically with intermediate Ni2, the competing set of
interactions leading to a resultant moment. At low tempera-
ture, a 3D antiferromagnetic ordering occurs between the
chains. The magnetic Ni-Ni interactions were evaluated by
numerical resolution of the corresponding spin Hamiltonian.
The structural and magnetic properties were compared with
those of compounds exhibiting similar structural features and
based on fumarate (fum?-), terephthalate (tp?") and 1,4-cyclo-
hexanedicarboxylate (chdc?).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The synthesis and study of coordination polymers and
metal-organic frameworks (MOFs) are one of the very
active fields in materials chemistry and physics. These com-
pounds associate an inorganic component (single ion or
polynuclear cluster) and an organic ligand, which play the
role of connectors and linkers, respectively. A huge variety
of structures can be obtained, depending on the respective
connectivity, charge, geometry of the connectors and link-
ers, the nature of the coordinating sites (carboxylic acid,
amines, cyanides, polypyridines. ...) and the length of the
linkers, as well as the presence of structuring agents, tem-
plates, capping ligands or counterions.!!

Among the various types of ligands (or linkers) used to
design MOFs, carboxylates are particularly well-placed, be-
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cause of their robustness and the relatively easy access to
functional molecules bearing carboxylate groups. Taking
advantage of the combination of the properties of the build-
ing blocks, various (multi)functional carboxylate-based co-
ordination polymers have been designed,!'->*-! with appli-
cations in areas such as porosity for gas storage and separa-
tion,[”-131 catalysis,l'* ion sensing,['*! luminescence!!®!7 and
magnetism.['%!9 In relation with the present work, nickel-
based coordination polymers including MOFs have been
under focus in very recent reports.?0-231

Monothiophenecarboxylates are particularly used in ma-
terial sciences for their aromaticity. In the field of lumines-
cent materials, they are interesting because of their ability
to absorb and to transfer efficiently the energy of the m, ©*
excited state to rare earth ions to increase their lumines-
cence quantum yield.?*281 Thiophenecarboxylates have
also been extensively employed to obtain transition-metal
coordination complexes.??3% However, rather few mag-
netic studies have been reported.’7-4!

Continuing our research on the grafting of thiophenecarb-
oxylates into layered magnetic transition-metal hydrox-
ides,*3 we have extended our approach to the direct synthe-
sis of polymeric magnetic networks incorporating the tdc>~
ligand (H,tdc = 2,5-thiophenedicarboxylic acid, Scheme 1).

We have recently reported the synthesis, structure, and
properties of a new Co!! thiophenedicarboxylate coordina-
tion polymer in which the tdc? ligand showed the unprece-
dented asymmetric tetradentate (1c!-x")-(1c'-p,)-p4 coordina-
tion mode.*4

3713

vvvvvvvvvvvvvvvvvvvvvv



FULL PAPER

A. Demessence, A. Mesbah, M. Frangois, G. Rogez, P. Rabu

H3 H4
\03—04/
ou c/g \\05 061

Scheme 1. The tdc?>™ molecule with atom labelling.

We describe in this paper the hydrothermal synthesis,
synchrotron powder X-ray diffraction structure, and mag-
netic properties of a new Ni'(tdc) metal-organic frame-
work. The structural and magnetic properties are compared
with those of compounds with similar structural features
based on fumarate (fum?"),[*>461 terephthalate (tp>)*”! and
1,4-cyclohexanedicarboxylate (chdc?).[48-4%1

Results and Discussion

Synthesis

The synthesis was carried out under conditions slightly
different from those used for the synthesis of the previously
reported Co—tdc compound {Co[(i!-x")-(1c"-p5)-patdc](po-
H,0), 5(H,0)},.#4 In particular, the quantity of base was
smaller (1.4 equiv. for 1, 2 equiv. for the Co compound).
The reaction time was also longer for 1 (61 h) than for Co—
tde (22 h). Nevertheless, despite many attempts under dif-
ferent experimental conditions, no other Ni-tdc compound
could be obtained but 1.

Spectroscopy

Compound 1 was investigated by FTIR spectroscopy
(Figure 1). In the high-frequency region, the main differ-
ence between the spectrum of 1 and the spectrum of the
sodium salt of the ligand (Na,tdc) corresponds to the pres-
ence of hydroxy groups and hydrogen-bonded water mole-
cules in 1. The spectrum of 1 indeed shows an intense and
thin band at 3605 cm™', which can be attributed to the
elongation of the hydroxy group.’™ The two bands at 3430
and 3250 cm™! may be attributed to the antisymmetrical
and symmetrical elongation modes of coordination water
molecules implicated in hydrogen bonds. The shoulder at
3160 cm™! is attributed to C—H elongation vibrations.

In the 13501700 cm™! range, the frequencies of the anti-
symmetrical and symmetrical elongation modes for the car-
boxylate groups were found at W(COO,gy,) = 1570 cm ! and
VW(COOyy,) = 1385cm™. The difference between the two
characteristic bands is almost identical in 1 and in Na,tdc
(Av =185 and 175 cm™', respectively), indicating a bidentate
coordination mode of both carboxylate groups of the tdc?
moieties, which agrees with the crystallographic struc-
ture,[31-52]

The UV/Vis/NIR spectrum shown in Figure 2 was re-
corded in the reflection mode and shows clearly three tran-
sition bands at v; = 8800cm™' ((Ay—7T,y), vy =
3714
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Figure 1. Infrared spectra of Na,tdc (dashed line) and 1 (solid line).

15000 cm™  (PA,.—°Ty) and v; = 26000 cm
[FA,— T 4(P)]. The corresponding crystal field and Ra-
cah’s parameter are 10Dg = 8880 cm™' and B = 950 cm™!,
in accordance with values reported in the literature for octa-
hedral Ni'! compounds.3!
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Figure 2. UV/Vis/NIR spectrum of 1.

Thermal Analysis

Thermogravimetric analysis (TGA) for 1 reveals three
successive weight losses in the temperature range 30-650 °C
(Figure 3). The first two, between 100 and 280 °C, are re-
lated to the dissociation of coordinated water molecules and
to dehydroxylation (obsd. 15%; caled. 17.0%). The third
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Figure 3. Thermogravimetric (solid line) and thermodifferential
(dashed line) curves for 1.
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one, from 280 to 500 °C, corresponds to the exothermic
dissociation and combustion of the tdc moiety and forma-
tion of the nickel oxide NiO (the nature of which was
checked by powder X-ray diffraction) (obsd. 46%; calcd.
46.4%).

Structural Description

The structure of {Niz(us-OH),[(k!-1c!)-(ic'-k")-pytdc],-
(H>0)4},, (1) is shown in Figure 4, and selected interatomic
distances and angles are reported in Table 5 (see Experi-
mental Section). In this compound, the tdc? ligand exhibits
a symmetrical tetradentate (ix'-x")-(x'-x")-ps coordination
mode. The structure is formed by chains (Figure 5) of nickel
octahedra running parallel to the a axis and bridged by the
bis(bidentate) tdc> anions. The connections between chains
lead to a 3D framework (Figures 4a and b).

b) ‘J
f 1
Pyt g

Figure 4. (a) View of the structure of 1 along the ¢ axis. (b) View
of the structure of 1 along the a axis.

The repeating structural unit in the nickel oxide chains is
the [Ni1Og]»[Ni20g4] fragment formed by two edge-sharing
[Ni10Og] octahedra related by the inversion centre and linked
via pu3-OH to a vertex of a [Ni20¢] octahedron. The coordi-
nation of Nil is ensured by the oxygen atoms of two water
molecules, two p3-OH and two oxygen atoms from two car-
boxylate groups. The Ni2 coordination sphere is made of
two p3-OH and four oxygen atoms belonging to four dif-
ferent carboxylate groups. The metal-oxygen distances Ni—
Oy, Ni-Oy,,p, and Ni-Oyy range from 2.000(7) to 2.093(7) A
[av. 2.057(7) A], 2.024(8) to 2.113(8) A [av. 2.077(8) A] and
2.097(7) to 2.187(8) A [av. 2.142(8) A], respectively. Thus it
can be emphasized that the average distances are shorter for
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Figure 5. Representation of the connection between chains of
“NiOg” octahedra in the dicarboxylate ligands described in the
text.

Ni-Oy, longer for Ni-Ow and intermediate for Ni-O,,4, in
agreement with single-crystal X-ray diffraction data of the
fumarate analogue 2.1’

Comparative Structural Study

It is interesting to compare the structural properties of 1
with those of 2,546 31471 and 4,484 which exhibit very
similar Ni'" chain units interconnected by fumarate (fum?"),
terephthalate (tp>) and 1,4-cyclohexanedicarboxylate
(chdc?), respectively.

First, the formula of 1 deduced from the powder X-ray
structure analysis and the TGA experiment do not show
the presence of solvated water, in contrast to what has been
obtained for compounds 2 and 4, based on fum? and
chdc?, respectively. For the tp?> compound 3, the presence
of solvated water molecules was less clear. For 1, the analy-
sis of the Fourier differences after the final Rietveld refine-
ment does not show residual electronic density that could
be attributed to water molecules. The presence of thiophene
rings probably makes the “pores” of the structure hydro-
phobic.

The four compounds are built of the same [NilOg],-
[Ni20Og] trimeric unit. Due to the connection mode of the
organic ligands, the structures based on fum?-, tdc>™ and
chdc? are 3D, while the one with tp?>~ anions is 2D.H7! In
the 3D structures, each chain is connected to four others
by carboxylates with strong bonding, whereas in the 2D
structure, each chain is connected to only two others by
bis(bidentate) tp>~ anions.

Intrachain Ni—Ni distances and angles in the compounds
based on tdc?>, fum?, tp> and chdc?> are reported in
Table 1 for comparison. The same nomenclature is used for
the labelling of the Ni atoms in the four compounds (Nil
lies in the general site, while Ni2 lies on a symmetry centre)
and this system does not necessarily follow that of the origi-
nal papers.
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Table 1. Intrachain Ni-Ni distances [A] and selected angles [°] in
Ni3(OH),(di-carb),(H,0), [di-carb®— tde? in 1, fum?  in 2, tp*> in
3 and chdc? in 4].

1t 2f46] 347 448.49)

Nil-Nil 3.045(2) 3.02 3.04 3.023

Nil-Ni2 3.520(2), 3.56, 3.55, 3.527, 3.527
3.498(2) 3.66 3.50

Nil-OH-Nil  97.8(3) 94.23 99.4 95.78

Nil-OH-Ni2  116.8(3), 123.97, 123.0, 120.1, 120.1
117.4(3) 120.08 118.0

[a] This work.

Concerning the distances between the Ni’* magnetic
centres, the Nil-Nil values within the dimeric units are
similar in the whole series and lie between 3.02 A and
3.045 A. As for the interdimer bridge, the values in 1 are
almost equivalent to those found in 3 and 4 (Ni1-Ni2 3.50-
3.52A) but differ significantly from those in 2 (3.56—
3.66 A), which exhibits a less symmetrical situation. Con-
cerning the angles, Nil-OH-Nil is slightly greater than 90°
in all compounds, the highest values being measured in 1
and 3, and Nil-OH-Ni2 exceeds 116°.

The interchain distances between Ni atoms connected by
the different dicarboxylate moieties are given in Table 2 for
the four compounds and are illustrated in Figure 5 [Nil1Og
(red) and Ni2O4 (medium grey)]. These distances lie in the
range 9.6-11.4 A in 1, 3, 4 and are smaller in 2 (8.1-9.6 A).
The tetradentate (x'-i')-(x'-x!")-p, coordination mode of
the tdc? ligand in the present compound is one of the most
often encountered for tdc>-based coordination com-
pounds.l”-?-3244 In the four compounds, interchain dis-
tances are large; hence, weak through-space interactions are
expected.

Table 2. Interchain distances between Ni atoms [A] in Niz(OH),(di-
carb),(H,0), [di-carb?~: tdc? in 1, fum?~ in 2, tp?>~ in 3 and chdc?
in 4]

1lal 9[46] 3047] 4148.49]
Ni2-Ni2 10.34 8.754 10.20 11.22
Nil-Nil 9.614 9.651 11.31 11.38
Nil-Ni2 10.83 8.140 10.30 10.74
Ni2-Nil 9.892 8.832 10.52 10.74

[a] This work.

Interchain interactions could also arise from hydrogen-
bond networks. The coordinates of the H atoms are re-
ported in Table S1 (Supporting Information), and the hy-
drogen bond analysis is reported in Table 3. It appears from
the DFT calculations that the orientation of the water
molecules OW1 and OW2 leads to intrachain hydrogen
bonds only. Indeed, hydrogen bonds are established be-
tween H atoms of water molecules OW1 and OW2 and O
atoms of tdc?>  as shown by the H++A distances (H11--O62
1.685 and H21-+011 1.813 A) and by the D-H-A angles
close to 180°(see Figure 6). The H atom positions suggest
that hydrogen bonds occur only inside the chains (intra)
and not between the chains (inter) as illustrated in Figure 4.
Actually, the result could be surprising, as the donor-ac-
ceptor O-O interchain distances are in the typical range for
3716
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hydrogen bonds (2.726 A). The lack of precise experimental
localization of the H atoms by using powder X-ray diffrac-
tion makes it difficult to reach any definite conclusion. Yet,
these features suggest that interchain interactions allowing
3D order (see later) are mainly driven by the tdc ligands.

Table 3. Hydrogen bonds in 1.

D-H~A dD-H)  dH~A) dD=A) /(D-HA)
OWI-H11-062 1.00 168 267 167 Intrachain
OW2-H21-O11  1.00 181 2.80 168 Intrachain
OWI1-OW2 272 no h.b.

Figure 6. Partial view of 1 showing the intrachain hydrogen bonds
(dashed lines).

Although the compounds based on tdc?> and fum?  have
the same symmetry (P2,/c) and the same orientation [100]
for the chains and consequently a nearly identical a param-
eter (6.323 and 6.558 A in 1 and 2, respectively), their mo-
noclinic axes are not comparable (the » and ¢ axes are in-
verted and ¢ in 1 plays the role of the b axis in 2).

Magnetic Properties

The magnetic behaviour of 1 is presented in Figure 7.
The molar susceptibility increases regularly with cooling
and exhibits a sharp maximum of 1.68 KemuKmol! at
2.99 K followed by a steep decrease at lower temperatures.
The variation of the yT product reveals a complex behav-
iour. The high-temperature value is consistent with the pres-
ence of three Ni'! ions per formula unit. Above 150 K, the
susceptibility fits well the Curie-Weiss law with C =
3.73 emuK mol™! corresponding to three S = 1 spin mo-
ments with an average g value of 2.25. A positive Weiss
temperature, ¢ = +6.7 K, was also deduced in accordance
with the increase in y7T reaching a first rounded maximum
of 4.14 emuKmol ! at 36 K. Then a minimum is observed
at 10 K preceding an abrupt upturn to a sharp maximum
of 5.04 emuKmol ™! at Ty = 3.0 K.

Above Ty, the magnetization vs. field curve shown in
Figure 8 at 7= 4 K is typical of a paramagnet, whereas
below the critical temperature, a metamagnetic transition is

Eur. J. Inorg. Chem. 2009, 3713-3720
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Figure 7. Thermal variation of the magnetic susceptibility of 1 un-
der an applied field of 500 Oe. The full line corresponds to the best
fit described in the text.

observed with a threshold field of uoHc = 0.13 T. This indi-
cates the occurrence of a three-dimensional ordering con-
sisting of two ferromagnetic-like subnetworks coupled anti-
ferromagnetically with each other. It is worth noticing that
the saturation value, Ms = 4.3 pp, is below that expected
for three S = 1 spin moments (ca. 6.75 pug for g = 2.25).
This is in favour of a ferrimagnetic ordering. In both re-
gimes, just above and below Ty, a very small hysteresis was
observed in the field region of the maximum curvature of
the M(H) curves. However, it is completely reversible at low
field. This could be related to field-induced admixture be-
tween the low-lying spin states or a phonon bottleneck phe-
nomenon.>#+>3!
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Figure 8. Magnetization vs. field curves for compound 1 at 4 K
(open circles) and 1.8 K (filled circles). The inset is a zoom of the
low-field region.

According to the structural features, the magnetic behav-
iour is mainly driven by that of the Ni'' chains running
along the « axis, in which the Ni'l atoms can interact
through efficient hydroxido bridges. Two exchange path-
ways can be identified in Figure 6, one within the Nil di-
mers (J;) and the other between the Ni2 and the four adja-
cent Nil (J,). No analytical expression is available for such
a Heisenberg S = 1 spin system. Thus we have used a nu-
merical model of Heisenberg S = 1 chains to evaluate the
exchange interactions. Taking into account two different in-
teractions and ruling out the border effect, calculations
were done on the basis of closed rings of 3N spins arranged
in interconnected butterfly motifs as shown in Scheme 2.

Eur. J. Inorg. Chem. 2009, 3713-3720
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Scheme 2. Interaction scheme considered for the chain model used
for fitting the experimental magnetic susceptibility of 1. The closed
ring consists of six spins (S1-S6) connected by two different inter-
actions (Jy, J>). The spin moments S1, S2, S4, S5 hold for Nil sites;
S3 and S6 correspond to Ni2.

The corresponding spin Hamiltonian (H = -XJ,S;S)) was
solved numerically up to N = 2 (i.e. six spins).’®! As shown
in Figure 7, this model fits the experimental data well above
18 K; the best refined values are J, = +25.6(9)K, J, =
—-1.84(3) K, and the overall g value is 2.227(1). The same
values lead to an upturn of the y7" product below 10 K,
suggesting a magnetic ground state, but it was not possible
to fit very well the experimental divergence. This is likely
due to the limited number of spins used for the calculation
because of computer time limitation. Indeed, the low-tem-
perature behaviour results from the divergence of the corre-
lation length within the chains that our model based on
short finite closed rings is not able to describe well.

Nevertheless, the general behaviour can be understood as
resulting from chains of ferromagnetic Nil dimers coupling
antiferromagnetically with intermediate Ni2, the competing
set of interactions leading to a neat moment. It is consistent
with the qualitative analysis suggested in previous studies
on the parent compounds 2 and 4.143:46:484% Within the di-
mers, the Nil atoms are in edge-sharing oxygen octahedra
with a Ni-O-Ni angle not very far from 90°, suggesting a
significant ferromagnetic contribution to the exchange cou-
pling. On the other hand, the Nil-Ni2 interaction occur-
ring between corner-sharing octahedra with large metal—
oxygen—metal angles is expected to be weaker and antiferro-
magnetic.07>%1 The quantitative result reported here for
compound 1 is consistent with this analysis, showing that
Jy is ferromagnetic and an order of magnitude larger than
the antiferromagnetic J,. This leads to a ferrimagnetic ar-
rangement of the spin moments along the chains, pointing
in one direction on the Nil sites and in the opposite direc-
tion on Ni2 with a 2:1 multiplicity. At low temperature, a
3D antiferromagnetic ordering occurs between the chains
through the thiophene dicarboxylates along b. Such an anti-
ferromagnetic ground state was not observed in the analo-
gous compounds 2 and 4, which are reported to behave as
ferrimagnets within the same temperature range, indicating
that the nature of the bridging ligand is not innocent. It
is worth noticing that the terephthalate compound 3 was
reported by some of the authors to exhibit an increase in
the T product when cooling down to 4.2 K, indicating a
regular ferromagnetic behaviour although consisting of
similar nickel chains. This could be related either to the in-
fluence of the bridging ligand or to some water loss that
can induce a ferrimagnetic-to-ferromagnetic transition as
3717
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explained for compound 4.184%1 Further experiments on the
terephthalate compound are under way, especially magnetic
measurements at lower temperatures.

Conclusions

The new carboxylato-bridged Ni'! compound {Nis(ps-
OH),[(x'-1ch)-(x'-1c")-putdc]o(H,0)4},, (Hotde = 2,5-thio-
phenedicarboxylic acid) has been synthesized by using a hy-
drothermal route and fully characterized by ancillary tech-
niques. The structure has been solved ab initio from syn-
chrotron powder X-ray diffraction. It consists of stacked
Ni'! chains with butterfly motifs built from two edge-shar-
ing octahedra “NilO¢” linked via p;-OH to a vertex of the
Ni2 octahedron. The chains are interconnected by the tdc>
anions, which leads to a 3D framework. The title com-
pound shows a metamagnetic transition (7w = 3.0 K, yoHc
= 0.13T at 1.8 K). This behaviour results from antiferro-
magnetic coupling between ferrimagnetic chains. The nu-
merical fit of the magnetic susceptibility data indicates a
ferromagnetic coupling within the Nil dimer units and a
much weaker antiferromagnetic coupling with Ni2. This is
consistent with previous results on fumarate (2) and 1,4-
cyclohexanedicarboxylate (4) analogues whose behaviours
were analyzed only qualitatively. In this series, the fact that
a 3D antiferromagnetic or ferromagnetic ordering occurs
between the chains at low temperature bears out that con-
necting the chains with different ligands involving © elec-
trons can tune the magnetic interactions, still at quite large
distances.[> ¢!

Experimental Section

Materials: All chemicals were obtained from Aldrich and used as
received without further purification. Elemental analyses for C, H
and S were carried out by the Analytical Department at the Institut
Charles Sadron (Strasbourg, France). The amount of nickel was
evaluated by thermogravimetric analysis (see below).

[Niz(n3-OH),[(ic"-k")-(c'-ic")-patdel,(H0)] - (1): Ni(H,0)6Cl,
(0.36 g, 1.5 mmol), 2,5-thiophenedicarboxylic acid (H,tdc) (0.26 g,
1.5 mmol) and aqueous sodium hydroxide (0.2 mol/L, 10.5 mL,
2.1 mmol) were placed in a home-built, Teflon-lined, stainless steel
pressure bomb of 75 mL maximum capacity. A stream of Ar was
passed through the solution for 15 min, and then the bomb was
sealed and heated at 180 °C for 61 h under autogenous pressure.
After slow cooling to room temperature, the bomb was opened,
and the microcrystalline light-green powder was filtered and
washed with water and ethanol. Yield: 70%. C;,H;40,4S,Ni;3
(622.43): C 23.16, H 2.27, S 10.30, Ni 28.29; found C 23.81, H
2.36, S 9.62, Ni 26.71.

Physical Measurements: UV/Vis/NIR spectroscopic studies were
performed with a Perkin—Elmer Lambda 19 instrument. The spec-
tra were recorded by reflection with a resolution of 4 nm and a
sampling rate of 240 nmmin~!. FTIR studies were carried out with
a Digilab Excalibur 3000 computer-driven instrument on 0.1 mm
thick powder samples in KBr. Thermogravimetric experiments were
performed with a TA Instruments STD Q600 apparatus heating
the sample in air from 20 to 700 °C at a rate of 5°Cmin!. Mag-
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netic data were collected with a Quantum Design MPMS-XL 5S
SQUID magnetometer covering the temperature and field ranges
1.8-300 K, £5T. Data were corrected for the sample holder and
diamagnetism was estimated from Pascal constants.

XRPD and Ab Initio Structure Determination

Powder X-ray diffraction (PXRD) data were collected at 100 K
with synchrotron radiation at ESRF, on the beam line ID31 (4 =
0.851243 A). The diffractometer was equipped with a primary
Si(111) double crystal monochromator and nine sensitive linear po-
sition detectors coupled with crystal analyzers.[°” The fine powder
of the title compound was introduced in a Lindemann tube (& =
0.8 mm), and data were measured by using transmission Debye—
Scherrer geometry. Patterns were recorded for two hours in the
range 3< 20 <43° with an interval of 0.01°. Crystal data and struc-
ture refinement parameters are reported in Table 4.

Table 4. Crystal data and Rietveld refinement parameters for 1.

COmpOund N13(OH)2(02CC4H2SC02)2(H20)4
Formula C12H14Ni301452
Fw [gmol '] 62244
System monoclinic
Space group P2i/c
a[A] 6.3232(1)
b[A] 19.1075(2)
c[A] 7.9305(1)
M| 96.373(1)
VA% 952.248(3)
VA 2

D, [gem™] 2.170
Wavelength [A] 0.851243
Absorption coefficient (u X r) 2.53

20 range [°] 3-35
Observed points 13313

Nrer 643

R, 0.091

Ryp 0.118

1 7.27
Rprage 0.058

Rg 0.053

N profile parameters 19

N intensity-dependent parameters 57

Indexing: Standard peak search methods were used to locate the
diffraction maxima with the Reflex program from Material Studio
System Software (Accelrys).[31 The Xcell indexing program from
Material Studio,!®¥ allowing space group determination, was used.
The solution was found in P2;/c with the parameters a = 6.3233 A,
b =19.1069 A, ¢ = 7.9313 A, f = 96.38°, VV = 952.32 A3 with a
relative factor of merit for the 23 first reflections of 29.9. A Pawley
fitting led to an R, value of 0.07.

Resolution:[**! The structure was solved by direct methods with the
EXPO2004 program.[°%7l For this purpose, a hk/ file was created
with the Fullprof program running in the “profile matching” mode
for the Lebail decomposition.[®*] To estimate accurately the inte-
grated intensities, a resolution function was primarily obtained by
measuring silicon from the National Bureau of Standards as a stan-
dard reference material. Then, the peak shape was described by
using the Thomson—-Cox—Hasting function (function 7 in Fullprof).
An anisotropic peak broadening has been modelled by considering
crystallite size and strain effects. The hk/ file treated by EXPO2004
contained 643 independent reflections. No constrain was applied
on atoms of the tdc> molecule, and an initial model was found,
with the chemical formula Niz(OH),(H»0)4(CsH»04S) (except for
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the H atoms which were too light to be located), in agreement with
the elemental analysis results for C, H, S and Ni. The asymmetric
unit contains two sites for Ni, seven for O, six for C and one for S
atoms. No additional O site attributable to a possible water mole-
cule as solvent was detected. All the atoms lay in general positions
except for Ni2, which was situated on the symmetry centre 2a. Pre-
liminary refinement of the model converged to a confidence Rp;ag0
factor of 0.08.

Refinement of the structure was performed by the Rietveld method
with the FULLPROF program.[%®! The structure was refined to a
final Rp,q, value of 0.058 without applying any constraint on the
thiophene molecule. Nevertheless, the goodness of the data allowed
retrieving realistic geometrical parameters for the molecule (see
Table 5 and Scheme 1). Observed, calculated and difference pat-
terns are shown in Figure 9. The fractional atomic coordinates can
be found in the Supporting Information.

Table 5. Selected interatomic distances and angles in 1.

Atom Atom Distance [A] Atom Atom Atom Angle [°]
Nil Oyl  2.097(7) 2 Cl Oll  117.516)
Ow2  2.187(8) C2 Cl 012 120.7(16)
OH 2.041(8) C5 C8 081 116.9(17)
OH 2.000(7) C5 C8 082 115(2)
012 2.024(8) C7 C2 C3 118.8(16)
061 2.078(8) C2 C3 Cc4 120.8(9)
Ni2 OH 2.093(7) C3 C4 C5 115.5(19)
062 2.067(8) C4 C5 C6 126.2(17)
Ol1 2.113(8) C5 C6 C7 115(2)
S1 C2 1.725(14) C6 C7 C2 122.2(18)
C5 1.757(13) C2 S1 C5 89.5(10)
Cl C2 1.499(19) Ol1 Cl C2 114.0(15)
012 1.245(16) Cl C2 S1 115.3(12)
Ol11 1.287(15) Cl C2 C3 129.9(17)
C2 C3 1.347(18) Ol1 Cl 012 122.1(14)
C3 C4 1.436(16) C2 C3 C4 111.8(16)
C4 C5 1.384(18) C3 C4 C5 111.8(15)
C5 Co6 1.480(19) C4 C5 S1 112.1(12)
C6 062 1.275(16) S1 C5 C6 118.9(13)
C6 061 1.245(16) C4 C5 C6 128.9(17)
062 C6 061 124.5(14)
062 C6 C5 116.3(14)
061 C6 C5 119.2(15)
El
©
=
I
qc) 7 15 20 25 30 35
= I 2-theta [°]
|jl & i &

2-901

Figure 9. Observed (top), calculated (middle) and difference (bot-
tom) XRPD patterns in 1 (4 = 0.851242 A). The vertical bars indi-
cate the Bragg positions.

The H atoms (seven H sites) were then positioned with the graphi-
cal facilities of MS Modeling, and their coordinates were refined

with DFT methods by using the Dmol® program from Accel-
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rys.[9%79 We used DFT Semi-core Pseudo Potentials (DSPP) with
a double numerical plus d-functions (DND) basis set.”!] The ex-
change correlation was treated with the gradient-corrected PBE
functional.’?l The Brillouin-zone integration was performed by
using a 3 X2 X 2 grid, and the SCF (Self Consistent Field) conver-
gence tolerance was 1073, For this purpose, the position of the non-
hydrogen atoms was kept to the value refined before by the Rietveld
method. Atomic positions of H atoms are reported in Table S1.
(The statistical factors of the Rietveld refinement reported in
Table 1 are for a model which does not take into account the H
atoms.)

Supporting Information (see footnote on the first page of this arti-
cle): Table of the fractional atomic coordinates.
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