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This paper aims to illustrate the rich potential of the thioether-carboxyl combination in generating coordination networks with
tunable and interesting structural features. By simply varying the ratio between Cu(NO3), and the bifunctional ligand
tetrakis(methylthio)benzenedicarboxylic acid (TMBD) as the reactants, three coordination networks can be hydrothermally
synthesized in substantial yields, which present a distinct evolution with regard to metal—ligand interactions. Specifically,
Cu(TMBD)q5(H2TMBD)q 5- H.TMBD (1) was obtained with a relatively small (1:1) Cu(NO3)/TMBD ratio, and crystallizes
as an one-dimensional (1D) coordination assembly based on Cu(l)-thioether interactions, which is integrated by hydrogen-
bonding to additional H,TMBD molecules to form a three-dimensional (3D) composite network with all the carboxylic acid
and carboxylate groups remaining uncoordinated to the metal ions. A medium (1.25:1) Cu(NO3),/TMBD ratio leads to
compound Cu,TMBD, in which Cu(l) ions simultaneously bond to the carboxylate and thioether groups, while an even
higher (2.4:1) Cu(NO3),/TMBD ratio produced a mixed-cation compound Cu">OHCu'(TMBD),-2H,0 (2), in which the
carboxylic groups are bonded to (cupric) Cu" ions, and the thioether groups to Cu'. Despite the lack of open channels in 2,
crystallites of this compound exhibit a distinct and selective absorption of NH3, with a concomitant color change from green to

blue, indicating substantial network flexibility and dynamics with regards to gas transport.

Introduction

Crystal engineering of extended networks' has entered a
stage where it is ever more crucial to design and synthesize
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organic building blocks” with novel functional and struc-
tural features. We have extensively explored the advan-
tages of aromatic thioethers for building complex, advanced
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coordination networks,’ and more recently initiated a pre-
liminary study on the advantages of combining the chemi-
cally hard carboxyl and chemically soft thioether/thiol
functions in the design of organic building blocks for co-
ordination networks.* For example, the chemically hard,
ionic carboxylate groups are often predisposed as the primary
group to interact with metal ions (preferably ones with
sufficient chemical hardness) for network formation, while
leaving the neutral, and generally weaker-binding thioether
groups as free-standing, secondary donors. In previous
communications,*®¢ we have demonstrated the viability
of building open metal-carboxylate networks containing
free-standing methylthio groups (i.e., Zn4O(H,0)3(TMBD);
and PbTMBD, with TMBD being the tetrakis(methylthio)-
benzenedicarboxylate ligand, see Chart 1) that led to effective
binding for a metal guest such as HgCl,.

To further explore the rich potential offered by the interplay
of the thioether-carboxyl duo, we here report two new network
compounds from TMBD and copper ions. Compound 1
presents a rare case in which the metal ion (i.e., Cu™) is exclu-
sively bonded to the sulfur atoms, while the carboxyl units
remain, quite notably, uncoordinated. Compound 2, on the
other hand, is a mixed-cation network containing both Cu™ and
Cu”" ions, with the former being coordinated to the sulfur
functions, and the latter to the carboxylate units. Juxtaposed
with the previously reported compound Cu, TMBD,* in which
the Cu(I) ion is simultaneously bonded to the carboxylate and
thioether groups, these structures present a well-defined evolu-
tion in the bonding patterns of the thioether-carboxyl duo. In a
preliminary property study, we discovered that the crystals of
compound 2, in spite of the apparent lack of open channels,
exhibit an effective absorption of ammonia gas, concomitant
with a distinct color change of the crystals. The structural inte-
grity of the network remains intact in the absorption process,
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Table 1. X-ray Crystallographic Data for 1 and 2

1 2
formula C,4H,7CuOgSg Cy4H»9Cu30,,Sg
temperature (K) 100(2) 100(2)
fw 763.57 940.57
space group P P2,/n
a, A 9.6326(7) 13.170(2)
b, A 13.433(1) 19.930(2)
c, A 13.478(1) 13.175(2)
o, deg 91.952(1) 90
f, deg 110.519(1) 105.523(2)
v, de 109.606(1) 90
V, A 1515.6(2) 3332.0(7)
zZ 2 4
Peatca (g/cm’?) 1.673 1.875
wavelength, A 0.71073 (Mo Ka) 0.71073 (Mo Ka)
abs coeff (u, mm ") 1.318 2.455
R\ [1 >20(])] 2.82% 4.20%
wRy [I >20(I)] 6.47% 9.79%

“Ri = SFo| = [FI/SIF). P wRy = {Sw(F,> — FA [ w(FS) 2

thus providing a new case of dynamic transport of molecules in
non-porous crystals, a phenomenon that is of current interest
across the fields of molecular and solid state materials.'®’

Experimental Details

Starting materials, reagents, and solvents were purchased
from commercial sources (Aldrich and Acros) and used without
further purification. Elemental analysis was performed by a
Vario EL III CHN elemental analyzer. FT-IR spectra were
measured using a Nicolet Avatar 360 FT-IR spectropho-
tometer. Thermogravimetric analysis (TGA) was carried out
in a nitrogen stream using PerkinElmer STA6000 thermal
analysis equipment with a heating rate of 10 °C min~ . Powder
X-ray diffraction (XRD) patterns of the bulk samples (the
powder samples were spread onto glass slides for data col-
lection) were collected at room temperature on a Siemens D500
powder diffractometer for compound 1 (Supporting Informa-
tion, Figure S1), and a Bruker D8 Advance diffractometer for
compound 2 (both with Cu Ka, 1 = 1.5418 A). The program
Mercury was used in the calculation of powder patterns from
single crystal structures.

Magnetic susceptibility measurements were obtained with
the use of a Quantum Design SQUID magnetometer MPMS-
XL. This magnetometer works between 1.8 and 400 K for
direct current (dc) applied fields ranging from —7 to 7 T.
Measurements were performed on a microcrystalline sample
of 19.99 mg for 2. Prior to the complete study, an M versus H
measurement was performed at 100 K to confirm the absence
of ferromagnetic impurities. The magnetic data were corrected
for the sample holder and the diamagnetic contributions.

Single crystal XRD analyses (data collection, structure
solution, and refinement) were conducted on a Bruker AXS
SMART APEX CCD system using Mo Ka (4 = 0.71073 A)
radiation at 100(2) K (Table 1). All absorption corrections
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were performed using the SADABS program. The structures
were solved and refined by full-matrix least-squares on F,>
using SHELXL 6.14 (Bruker AXS Inc., Madison, Wisconsin,
U.S.A., 2003). The structure of 2 emulates a double volume
C-centered orthorhombic cell with the valuesa = 15.942,5 =
20.974, and ¢ = 19.930 A and is pseudomerohedrally twinned.
Application of the matrix 00 —1,0 —10, —1 0 O resultsin a twin
ratio of 0.6842(8) to 0.3058(8). Three of the methylthio groups
are disordered over two moieties with each mutually exclusive
positions with an occupancy rate for the major moiety of
0.531(4). Equivalent disordered C—S bonds were restrained
to be the same within a standard deviation of 0.02 A, and the
atoms C21, C24, and S5 were constrained to have the same
ADPs as their disordered counterparts.

Synthesis of the H,TMBD Ligand. This was based on a
reported method.**

Crystallization of 1. A mixture of Cu(NO3),-3H,0 (24.0 mg,
0.10 mmol), H,TMBD (35.0 mg, 0.10 mmol), and water (5.0
mL) were sealed in a 20 mL Teflon-lined reactor in an oven at
140 °C for 48 h and slowly cooled to room temperature within
12 h. Light-yellow block crystals of diffraction quality were
obtained (14.3 mg, 38% based on H,TMBD). Significant redox
reaction between the Cu(II) species used and the TMBD mole-
cules apparently occurred to generate, in situ, the Cu(I) species
for the formation of compound 1. Powder XRD of the product
indicated a single phase consistent with the single crystal struc-
ture (Supporting Information, Figure S1). Chemical analysis of
the product C,4H,7,CuOgSg [corresponding to Cu(TMBD), s-
(H,TMBD)( 5-H,TMBD] yields the following: found [IC
(37.69%), H (3.54%)]; caled [C (37.75%), H (3.56%)]. IR (v/cm ™ ):
3430w, 2994w, 2920w, 2530w, 2438w, 1744s, 1721s, 16306s,
1415s, 1377s, 1301s, 1224s, 1125w, 1106w, 971s, 915s, 782s, 694m,
618w, 581w, 428w.

Crystallization of Cu;TMBD. A mixture of Cu(NO3),-3H,0
(3.0 mg, 0.012 mmol), H,TMBD (3.5 mg, 0.010 mmol), and
water (0.5 mL) were sealed in a glass tube and heated in an oven
at 140 °C for 48 h and slowly cooled to room temperature at a
rate of 5 °C h™'. Yellow needle-like crystals of diffraction
quality were obtained (26% based on H,TMBD). Significant
redox reaction between the Cu(II) species used and the TMBD
molecules apparently occurred to generate the Cu(I) species for
the formation of Cu,TMBD. Experiments on larger scales (e.g.,
with 20.0 mg of TMBD) in a 20-mL Teflon-lined reactor
provided the same product in single phase purity (as checked
by powder XRD). Chemical analysis of the product CsH¢Cu-
0,5, [corresponding to Cu(TMBD), 5] yields the following:
found [C (30.27%), H (2.70%)]; caled [C (30.31%), H (2.54)].
IR (v/em™'): 2963w, 2923w, 1578s, 1414s, 1312s, 1261s, 1219w,
1029m, 990w, 970w, 840w, 801m, 779w, 606w.

Crystallization of 2. A mixture of Cu(NO3),-3H,0 (15.0 mg,
0.062 mmol), H,TMBD (9.0 mg, 0.026 mmol), and water (2.0
mL) were sealed in a Pyrex glass tube in an oven at 140 °C for
48 h and slowly cooled to room temperature within 12 h. Green
block crystals of diffraction quality were obtained (4.5 mg, 37%
based on H,TMBD). Significant redox reaction between the
Cu(II) species used and the TMBD molecules apparently oc-
curred to generate the Cu(l) species for the formation of
compound 2. X-ray powder diffraction of the product indicated
a single phase consistent with the single crystal structure (vide
infra). Chemical analysis of the product C,o4Hy9Cuz;04;Sg
[corresponding to Cu™,OHCu'(TMBD),-2H,0] yields the fol-
lowing: found [C (30.71%), H (3.12%)]; caled [C (30.68%),
H (3.00%)]. IR (#/cm ™ "): 3411w, 2987w, 2923w, 1600s, 1438s,
1310s, 1123w, 1053w, 973 m, 784w, 624w.

Ammonia Treatment of 2. The ammonia gas used here was
generated from anhydrous liquid ammonia in a stainless-steel
cylinder (Arkonic Gases & Chemicals Inc.). A septum-capped
round bottomed flask (100 mL) containing the crystals of
2 (5.0 mg, placed in an uncapped vial for easy collection) was
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purged by the ammonia gas (e.g., by passing NH; in from one
needle and out through another for about 5 min). The crystal
sample was kept under this atmosphere of ammonia for 1 h, and
the individual crystallites became uniformly blue in appearance.
Elemental analysis of the ammonia-treated sample of 2 found [C
(29.64%), H (3.40%), N (1.76%)]. The elemental profile is con-
sistent with the formula Cu OHCu'(TMBD), - NH5- 3H,0: caled
[C (29.54%); H (3.51%), N (1.44%)]. Because of the relatively
small nitrogen content, the number of NH3 (and to some degree
H,0) molecules thus derived in the formula is only semiquantita-
tive. Additional support for the formula was obtained from the
TGA plot for the ammonia-treated sample of 2 (Supporting
Information, Figure S2), in which the first-stage weight loss of
5.4% at about 76 °C is consistent with the weight percentage of
the three guest water molecules for Cu,OHCu'(TMBD),-NHj5-
3H,0 (calculated: 5.5%).

Methylamine Treatment of 2. A small vial containing about
5.0 mg of solid 2 was placed into a larger vial containing about
1.0 mL of methylamine (33% wt. solution in absolute ethanol),
with care being taken to avoid direct contact between the solid
sample and the liquid. The larger vial was then capped to
facilitate the vapor treatment experiment. The duration of the
vapor treatment was 1.0 h. Elemental analysis of the methyla-
mine-treated sample of 2 found [C (29.99%), H (4.71%), N
(5.17%)], corresponding to Cu,OHCu'(TMBD),-4MeNH,-
SH,0: caled [C (30.08%), H (4.95%), N (5.01%)].

Ethylamine Treatment of 2. A small vial containing about 5.0
mg of solid 2 was placed into a larger vial containing about 1.0
mL of ethylamine (70% wt. solution in water), with care being
taken to avoid direct contact between the solid sample and the
liquid. The larger vial was then capped to facilitate the vapor
treatment experiment. The duration of the vapor treatment was
1.0 h. Elemental analysis of ethylamine-treated sample of 2
found [C (30.55%), H (5.05%), N (4.18%)], corresponding
to Cu;OHCu(TMBD),-3.2CH;CH,NH,-7.5H,0]: caled [C
(30.84%), H (5.31%), N (3.79%)].

Results and Discussion

Structure and Characterization of 1. The hydrothermal
reaction of Cu(NOs),+3H,0 and H,TMBD in a 1:1 molar
ratio in water at 140 °C for 2 days afforded light-yellow, air-
stable crystals of 1. X-ray single-crystal analysis reveals a
formula of Cu,(TMBD)(H,TMBD)-2H,TMBD, in which
the Cu(I) ions apparently resulted from a redox reaction
between the Cu(II) species and the organic sulfide units of the
TMBD molecule, a reaction that often occurs under the
conditions of hydro(solvo)thermal reactions.* The crystal
structure of 1 consists of two distinct domains: (1) a 1D
chain-like structure based on chelations between the Cu(I)
ion and thioether groups of the TMBD and H,TMBD
molecules; (2) individual H;TMBD molecules that are not
bonded to the Cu(I) ions. A total of four crystallographically
inequivalent TMBD moieties are found, two on the chain
and two among the non-coordinated TMBD molecules (see
Figure 1). The Cu(I) atom, adopting a distorted tetrahedral
geometry, is bound by two TMBD molecules via the para-
bis(methylthio) units, with Cu—S distances ranging from
2.253t02.335 A. Among the two coordinated molecules, one
appears to be in the acid (fully protonated) form, while the
other is dianionic and thus serves to balance the charge of the
Cu™ centers. Such consideration is supported by the C—O
distances in the carboxyl groups. Specifically, in the acid
form, the two C—O distances observed are quite different
(i.e., C16—06, 1.206 A; C16—05, 1.317 A, suggesting OS5 is

(6) Chen, X.-M.; Tong, M.-L. Acc. Chem. Res. 2007, 40, 162.
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Figure 1. Four TMBD molecules and two associated Cu(I) ions in 1
with atom labeling (crystallographically equivalent atoms are differen-
tiated by the letter a). The H-bonds are shown as dotted red lines. H atoms
of the methyl groups are omitted for clarity.

Figure 2. Overview of the structure of 1 along the a axis. Green spheres,
Cu(l); yellow, S; red, O.

protonated), whereas the dianionic form features more
similar C—O distances (1 e., C22—07, 1.231 A C22—-08,
1.272 A) The O atoms in the anionic form are hydrogen
bonded to the non-coordinated TMBD molecules at short
O—0 distances (i.e., O7—01, 2.436; O8—03, 2.609 A). The
acid form on the chain is also hydrogen bonded to one of the
non-coordinated TMBD molecules (1 e., 02—05, 2.560 A)
The strong H-bonds to the anionic carboxylate groups
apparently reduce its tendency to bond to the Cu(I) center,
and help to create the current structure in which H-bonds
and Cu(I)-S coordination bonds jointly integrate the molec-
ular components into 3D composite networks (Figure 2).
The presence of both the acid and anionic forms of the
TMBD molecules in 1 is also consistent with the IR
spectrum of the solid sample. As seen in Supporting
Information, Figure S3, besides the typical, broad O—H
stretch of carboxylic acid in the region 3300—2548 cm ™!,
three intense peaks associated with carbonyl stretches
(C=O0) can be identified, two at the higher wave numbers
of 1744 cm™ " and 1721 ecm ™", and one at 1650 cm ™' (by
comparison, H,TMBD features only one peak for C=0
stretching at 1690 cm ™). The higher ones can be ascribed
to the C=O0 stretching bands of the acid forms, and the
lower one to the anionic form, as is consistent with the

(7) Giinzler, H.; Gremlich, H.-U. IR Spectroscopy: An Introduction;
Wiley: Weinheim, 2002.
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general observation that anionic carboxylate groups fea-
ture lower frequency C=O0 stretching vibrations than the
free acid form.”

Structure and Characterization of Cu, TMBD. The pre-
viously reported air-stable compound Cu,TMBD was
made with Cu(NOs),-3H,0 and H,TMBD in the molar
ratio 1.25:1 under similar conditions, and features a 3D
coordination network in which the Cu(I) ion is simulta-
neously bonded to the thioether and carboxylate groups
(see Figure 3). The identity and purity of the compound
was verified by powder and single crystal XRD as well as
IR spectroscopy. The reader is referred to a previous
communication for more structural details on this
compound.*?

Structure and Characterization of 2. The reaction of
Cu(NOs),-3H,0 and H,TMBD in a molar ratio 2.4:1,
namely, by further increasing the relative amount of the
Cu(Il) salt, afforded green, air-stable crystals of com-
pound 2. X- Tay si ]gle -crystal analysis suggests a compo-
sition of Cu,OCu'(TMBD),-H"-2H,0. Notice that the
H™ species cannot be located from the current X-ray data
set; its presence is deduced from a charge balance require-
ment, and the H" species could be associated with the
water molecules or the complex. In this reaction, the use
of larger amounts of Cu(II) species apparently facilitated
its incorporation into the solid state product to form the
mixed-cation network of 2.

The formula Cu",OCu'(TMBD),-H"-2H,O [or
Cu',OHCu'(TMBD),-2H,0] is supported by the results
of elemental analyses, and the Cu'" and Cu' mixed-cation
feature is verified by magnetic measurements (see below).
TGA measurement (Supporting Information, Figure S2)
on an as-made sample of 2 reveals an accumulated weight
loss of about 1.94% at up to 200 °C, which corresponds to
the weight percentage of one water molecule (1.91%) for
Cu",OHCu'(TMBD),-2H,0. The TGA results thus in-
dicate that half of the water molecules in 2 are resistant
against evacuation by heat. This is consistent with the
presence of two crystallographically inequivalent water
molecules in the crystal structure one (that of Ol1) is
situated 3.610 A from a Cu'' center (Cul), indicating a
certain degree of coordination; the other (that of O10), by
comparison, is not associated with the Cu ions at all. We
ascribe the low volatility to the O11 water molecule, and
for this we conjure up the following scenario: upon
heating, the crystal lattice ﬂexes and allows for this H,O
to access more closely the Cu' center, which, at hlgher
temperatures, eventually leads to the highly stable cupric
hydroxide species [e.g., Cu(OH)", together with some
form of the carboxylic acid group (—COOH) on TMBD)].

The Cu(Il) ions in the crystal structure of 2 are aggre-
gated into a centros ]ymmetrlc tetranuclear core Cu'',0,
(Figure 4a). The Cu",0, core features two us-bridged O
atoms, which bond to two Cu" ions (labeled Cul) to form a
4-member rmﬁ (Cu—0O distances: 1.967 and 1.978 A) The
other two Cu" ions (labeled Cu2) are bonded to the u3-O
atoms at distances of 1.962 A. The Cu' 1,0, units are bound
by ecight carboxylate groups (each from an individual
TMBD molecule) to furnish the square-pyramidal coordi-
nation spheres_of the Cu" atoms. Only a thioether sulfur
atom at 3.970 A and an aqua O atom at 3.610 A were found
off the base of the square pyramid, suggesting certain
accessibility of the Cu'" centers from this direction, which,
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Figure 3. Local coordination environment of ligand TMBD and Cu(l) centers (left), and an overview of the 3D coordination network of

Cu,TMBD (right).
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Figure 4. Local bonding environment in 2. (a) The Cu"40, core and the
associated TMBD ligands (8 of them) and Cu(I) centers. (b) The Cu',-
(TMBD); unit of two Cu' ions and three TMBD molecules.

as will be seen later, might in part account for the sensitive
color change of this crystal upon exposure to ammonia.

The cuprous (Cu') center is bound by a pair of methyl-
thio groups from the TMBD molecules (Cu—S distances:
from 2.282t02.323 A), featuring a distorted tetrahedral
geometry like in compound 1 (Figure 4b), with a carbo-
nyl O atom remotely situated 3.624 A away. Among the
eight TMBD molecules coming off each Cu",0, com-
plex, two are each bonded to two Cu' centers (using
both pairs of methylthio groups), four are each bonded
to one Cu' center, and the remaining two are not bonded
to Cu' (leaving all its four S atoms free-standing,
Figure 4a). The multiple metal-carboxylate connections
coming off the Cu',05 unit, together with the Cu'-S
links, present an overwhelmingly complex network at
first glance (Figure 5).

Figure 5. View of the crystal structure of 2 along the @ axis. Blue spheres,
cu'ls green, Cu'; yellow, S; red, O.

An analysis of the connectivity of this intricate network
can be undertaken in two steps. First, one omits the Cu(l)
centers, and treats the Cu',O, units as 8-connected nodes
connected by the TMBD molecules as linear rods. This
gives an 8-connected net similar to a reported 8-connected
Ln network.,® which can be further decomposed into two
sets of intersecting (4, 4) nets; the nets within each indi-
vidual set are parallel to one another (as shown in Figure
6a, one set runs nearly horizontal, and the other vertical).
In the second step, one turns to the Cu(I) centers and the
associated TMBD molecules (see Figure 4b); these dis-
tinctly constitute a trimeric unit: one TMBD flanked by
two Cu(I) ions, which are each in turn capped by a TMBD
molecule (the capping TMBD is bonded to only one
Cu'). This Cu',(TMBD); unit can then be considered a
6-connected node—a building block with six carboxylate
groups, each bonded to a different Cu'',O, core. On the
basis of the connections between the Cu',(TMBD); unit
and the Cu',0, unit thus established, one obtains a 3D
net with two types of 6-connected nodes that is compar-
able to the relatively rare roa topology (Figure 6b).

(8) Hill, R.J.; Long, D.-L.; Champness, N. R.; Hubberstey, P.; Schroder,
M. Acc. Chem. Res. 2005, 38, 335.

(9) Zhong, R.-Q.; Zou, R.-Q.; Du, M.; Jiang, L.; Yamada, T.; Maruta,
G.; Takeda, S.; Xu, Q. CrystEngComm 2008, 10, 605.
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Figure 6. Topological representation of the network in 2. (a) The
8-connected net based on the Cu';0, cluster as the node and the TMBD
molecules as the struts. (b) The 6-connected net derived from linking the
Cu',(TMBD); unit (Figure 4b) as a 6-connected node with the Cu'',0,
cluster (as a 6-connected node here). (c) An overall view showing both the
8-connected net and the 6-connected net (the purple rods denote the
connections shared by both nets). (d) A local view of the Cu'',O, center as
a 12-connected node. Red and green spheres denote the geometric centers
of the Cu"405 and Cu',(TMBD); units, respectively.

The 8-connected net and the roa net intersect at the
Cu',05 nodes to provide the seemin%ly intricate overall
connectivity (Figure 6¢), with each Cu'’,0, node having a
total of 12 connections: 6 from the 8-connected net
(shown in gray in Figure 6d), 4 from the roa net (green),
and the remaining two (purple) are shared by the two
constituent nets. In other words, the 8-connected net and
the roa net not only intersect at the Cu",0, nodes, but
also overlap in two of the struts (around each node).

No open channels are observed in the structure of 2,
and the solvent accessible region accounts for only 4.0%
of the cell volume (calculated from PLATON,'® with the
two water guests excluded). The solvent accessible region
contains the water molecules in the pristine samples. As
will be seen below, it is this small fraction of solvent
accessible region that might, in a large measure, account
for the absorption behavior of this compound in relation
to ammonia.

Magnetic Properties of 2. Magnetic susceptibility mea-
surements were conducted to further verify the presence
of both Cu(Il) and Cu(l) ions in compound 2, and to
examine the magnetic interactions thereof.

At room temperature, the 7 product value is 1.76 cm®
K/mol (Figure 7). This value is in good agreement with
the expected Curie constant for four Cu(Il) S = 1/2 spins
(1.5 cm® K/mol) and a g value above 2 as expected for
Cu(II) systems. When the temperature is lowered, the y 7'
product continuously decreases down to 1.8 K reaching
0.16 cm® K /mol suggesting a singlet ground state for the
tetranuclear Cu(II) units. On the basis of the structure,

(10) Spek, A.L. PLATON, A Multipurpose Crystallographic Tool; Utrecht
University: Utrecht, The Netherlands, 2001.

Zhou et al.
_ 18}
S
E 2]
¥
(]
E 08l Ji % J;
e
0‘4 -’I
Sy 3
U 1 1 1
0 100 200 300
T/K

Figure 7. Temperature dependence of the 7 product (y being the
magnetic susceptibility defined as M/H per complex) for 2 under the
applied fields of 1000 Oe. The solid red line is the best fit obtained with a
tetranuclear Heisenberg model of isotropic S = 1/2 spins (see text). Inset:
A schematic of the magnetic coupling topology in the tetranuclear Cu(II)
complex in 2.

the complexes can be magnetically viewed as tetramers of
S = 1/2 Cu(ID).

The application of the van Vleck equation'' to the
Kambe’s vector coupling scheme'? allows the determina-
tion of an analytical expression of the magnetic suscep-
tibility from the following spin Hamiltonian:

H = —ZJI{Sl'Sz+Sz'S3+S3'S4+S1'S4}
—2J2{Sl'53} (1)

where S;are the spin operators (S = 1/2 for Cu), J; and J,
are defined by the scheme in the inset of Figure 7. The
expression of the susceptibility can be deduced from the
literature.'® Then the analytical expression of the mag-
netic susceptibility is:

Xsz
2 Ng2 #%3 e21/knT o1 m20/ksT | o401 /ksT | 5061 JkgT
= kBT 1+ 3e2/i JksT + 4edN —2J,/kgT + 3ed/i JkgT + 5e6/1 kg T

(2)

As shown in Figure 7, the above model reproduces very
well the experimental data with J;/kg = —16(1) K, J>/kg =
—22(3) Kand g = 2.19(2) (red line). The sign of the magnetic
interactions confirms the St = 0 ground state of the Cu',0O,
units.

Response of Compound 2 to NH; gas. In spite of the lack
of open channels in its crystal structure, crystal samples of
2 exhibit a distinct response to ammonia. Upon exposure
to ammonia gas for 1 h, the green crystals of 2 (as-made
samples, no grinding applied) become blue in color
(Figure 8). The color change from green to blue appears
to be consistent with a stronger ligand field around the
Cu(II) centers. The strengthening of the ligand field could
arise from the ammonia reacting with the H™ species in
the structure (thus enhancing the bonding of the oxo
ligands), or the ammonia binding directly to the Cu(II)
centers. Notice that, in general, amine complexes of
Cu(II) are generally more intensely blue than the aqua ion;

(11) van Vleck, J. H. The Theory of Electric and Magnetic Susceptibility;
Oxford University Press: London, 1932.

(12) Kambe, K. J. Phys. Soc. Jpn. 1950, 5, 48.

(13) Hall,J. W.; Estes, W. E.; Estes, E. D.; Scaringe, R. P.; Hatfield, W. E.
Inorg. Chem. 19717, 16, 1572.
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Figure 8. Photographs of as-made crystals of 2 (a), and crystals of 2 after
being immersed in an ammonia atmosphere for 1 h (b), in a methylamine
atmosphere for 1 h (c), and ethylamine atmosphere for 1 h (d).
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Figure 9. IR spectra of an as-synthesized sample of 2 (a); the sample of
(a) immersed for 1 h in an NH; atmosphere (b), in methylamine (c), and
ethylamine vapor (d); the sample of (b) after heating at 130 °C ina vacuum
for4.0h (e); and a sample of (a) immersed in an H,S atmosphere for 1 h (f).

the amines produce a stronger ligand field, causing the
absorption band to move from the far red to the middle of
the red region of the spectrum.'* Our current data, however,
can not pinpoint the NHz molecules in the structure, and
the rigorous determination of the mechanism that underlies
the color change would involve a more elaborate study
(e.g., a single crystal structure that locates the NH; mole-
cules and reveals the bonding environment around the Cu"
centers).

Additional evidence in support of the uptake of NHj3 is
provided by elemental analyses (Experimental Section)
and IR measurements. As seen in Figure 9, peaks of N—H
stretching are observed in the region of 3150 cm ™' to 3365
em ™!, for the ammonia-treated sample (spectrum b in
Figure 9), whereas in the pristine sample, such peaks are

(14) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.
Advanced Inorganic Chemistry, 6th ed.; John Wiley & Sons, Inc.: New York,
1999; p 868.
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Figure 10. XRD patterns (Cu Ko, A= 1.5418 A): calculated from the
single-crystal structure of 2 with random orientation of crystallites (a);
observed for an as-synthesized powder solid of 2 (b); observed for a sample
of (b) immersed in an NH; atmosphere for 1.0 h (c); sample of (c) after
heating at 160 °C in a vacuum for 4.0 h (d); observed for a sample of (b)
immersed in methylamine vapor (e), and in ethylamine vapor for 1.0 h ().

absent (spectrum a in Figure 9). Moreover, the crystals of
2 remained transparent with the same morphology (very
little cracking) after the ammonia treatment, and powder
XRD indicates that the original lattice was retained
(pattern ¢, Figure 10). The transport of ammonia mole-
cules throughout the seemingly channel-free structure of
2 reflects the structural dynamics and flexibility of the
host network, a type of solid state property that has
received increasing attention.'®> In these dynamic pro-
cesses, the diffusion of guest species is probably accom-
panied by significant structural changes in the host
networks, which often serves to modify and assist the
transport of the guest molecules.

Attempts to remove NH; from the crystalline host of 2
were not successful. For example, after heating the NH;-
loaded crystals at 130 °C in a vacuum for 4 h, the IR
measurement continued to feature the peaks of N—H
vibration (spectrum ¢ in Figure 9). Heating at higher
temperatures (e.g., 160 °C), however, led to disintegration
of the host net, as is revealed by powder X-ray studies
(pattern d, Figure 10).

Treatment with the larger-size methylamine and ethyla-
mine, by comparison, proved to be much more disruptive:
the crystals of 2 disintegrate into lackluster, brownish
powdery products (Figure 8c,d), with the original lattice
decidedly destroyed, to make way for unknown, albeit crys-
talline phases (see powder patterns e and f in Figure 10).
Elemental analysis also revealed significantly a higher nitro-
gen content than in the NHs-treated compound, indicating a
higher molar uptake of the methylamine and ethylamine
molecules. Apparently the destruction of the host net re-
moved the spatial constraint for the guest molecules (i.e., the
pristine structure of 2 only contains 4% of solvent accessible
region), and opens the possibility for a larger number of
methylamine or ethylamine molecules to react with com-
pound 2.

The strong affinity observed of compound 2 for the
alkaline molecules of ammonia and amines may be driven
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by the existence of acidic H" species in the structure of 2.
By comparison, exposure to H,S gas under similar con-
ditions does not change the color or IR features of crystals
of 2 (spectrum f, Figure 9), in spite of the potentially
strong reactivity of H,S toward the Cu(II) and Cu(I)
species.

Conclusion

The exploratory studies here help to demonstrate the rich
potential of the thioether-carboxyl combination for generating
a wide spectrum of novel structural features in coordination
networks, as is illustrated in the uncoordinated carboxylic
groups in the network of 1, the simultaneous coordination of
the carboxylate and the thioether to Cu' (as in Cu,TMBD),
the mixed Cu"/Cu' system of 2, and the free-standing thioether
groups in the open frameworks described elsewhere. In parti-
cular, the mixed-cation feature of 2 suggests that the thioether-
carboxyl duo might be especially suited for achieving ad-
vanced network systems containing mixed metal ion centers
(e.g., using a hard ion like Eu" to bind to the carboxylate and

Zhou et al.

asoft one like Ag™ or Au™ for the thioether).*! Equipped with
the efficient synthetic tools offered by organic chemistry, we
foresee many more opportunities for exploiting the interesting
potentials of the carboxylate and thioether combination.
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