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Syntheses, Crystal Structures, and Physical Properties of Dinuclear Copper()
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Abstract: Four copper complexes with
hydroxylated bipyridyl-like ligands,
namely [Cu,(ophen),] (1), [Cuy(o-
phen),(tp)] (2), [Cu,(obpy)i(tp)] (3).
and  [Cu,(obpy),(dpdc)]-2H,O  (4),
(Hophen = 2-hydroxy-1,10-phenanthro-
line, Hobpy = 6-hydroxy-2,2’-bipyridine,
tp = terephthalate, dpdc = diphenyl-4,4'-
dicarboxylate) have been synthesized
hydrothermally. X-ray single-crystal
structural analyses of these complexes
reveal that 1,10-phenanthroline (phen)
or 2,2'-bipyridine (bpy) ligands are hy-
droxylated into ophen or obpy during

evidence for the long-time argued Gil-
lard mechanism. The dinuclear copper (1)
complex 1 has three supramolecular
isomers in the solid state, in which short
copper —copper distances (2.66—-2.68 A)
indicate weak metal-metal bonding
interactions. Each of the mixed-valence
copper(t,i1) complexes 2—4 consists of a
pair of [Cu,(ophen),]* or [Cu,(obpy),]*
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fragments bridged by a dicarboxylate
ligand into a neutral tetranuclear dumb-
bell structure. Dinuclear 1 is an inter-
mediate in the formation of 2 and can be
converted into 2 in the presence of
additional copper (1) salt and tp ligands
under hydrothermal conditions. In addi-
tion to the ophen-centered m— m* ex-
cited-state emission, 1 shows strong
emissions at ambient temperature,
which may be tentatively assigned as
an admixture of copper-centered d — s,p
and MLCT excited states.

the reaction, which provides structural

Introduction

Considerable emphasis has been placed on the investigation
of copper(l) and mixed-valence copper(i,i) complexes be-
cause simple mononuclear copper(l) complexes with N-heter-
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ocyclic ligands, particularly derivatives of 2,2'-bipyridine
(bpy) and 1,10-phenanthroline (phen), have unusual photo-
physical and electrochemical properties,-? and polynuclear
copper(l) complexes have diverse luminescent properties.’-!
Oxidation of one of the copper(l) centers in a polynuclear
species can afford mixed-valence Cu'-Cu" complexes,/©]
which are of particular interest in the rare cases when the
mixed-valence state is delocalized.” ¥

On the other hand, there are a number of so-called
“anomalies” of reactivity of N-heterocyclic complexes in
aqueous solutions, in particular, bpy and phen complexes.’] A
quarter of a century ago, Gillard proposed a covalent hydrate
mechanism for rationalizing the anomalous properties of
these N-heterocyclic complexes (Scheme 1).1°1 The key to the
Gillard mechanism is that coordination of pyridine to a metal
ion has an effect similar to quaternization and consequently
activates the a-carbon atom of the pyridine to be attacked by
a nucleophilic hydroxide ion to form a covalent hydrate (CH).
Owing to a lack of structural evidence for the CH intermedi-
ate, the mechanism was debated for a long time.[l'’!2
Recently, we described two mixed-valence copper(1,i1) com-
plexes with hydroxylated bpy and phen ligands!' that provide
structural evidence for the Gillard mechanism. As an
extension of our previous work, we now report herein the
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Scheme 1. Schematic representation of the Gillard mechanism of covalent
hydrate.

syntheses, crystal structures, and electrochemical and spec-
troscopic properties of a dinuclear copper(1) complex, namely
[Cu,(ophen),] (1; Hophen = 2-hydroxy-1,10-phenanthroline)
which has three supramolecular isomers, and three tetranu-
clear mixed-valence complexes, namely [Cu,(ophen),(tp)] (23
tp = terephthalate), [Cu,(obpy).(tp)] (3; Hobpy = 6-hydroxy-
2,2'-bipyridine), and [Cu,(obpy)s(dpdc)]-2H,O (4; dpdc=
diphenyl-4,4'-dicarboxylate).

Results and Discussion

Description of crystal structures: The dinuclear copper(y)
complex: Dinuclear 1 crystallizes in three forms, the molec-
ular structures of which are virtually identical. On the other
hand, the three crystal forms show remarkable differences in
terms of the molecular packing arrays, and thus are three
supramolecular isomers. There is one crystallographically
independent Cu! atom in the a and 8 forms but two in the y
form (Figure 1). Each Cu' atom in 1 adopts a trigonal

Figure 1. Structures of a) 1a or 1, and b) 1y (ORTEP plots with 35%
thermal ellipsoids).

geometry, being coordinated by two nitrogen atoms from an
ophen ligand and one oxygen atom from a deprotonated
pyridyl hydroxy group of another ophen ligand. The Cu—O
and Cu—N distances range from 1.916(5) to 1.923(5) A and
from 1.953(5) to 2.274(6) A, respectively. The Cu—Cu dis-
tances in the «, 5, and y forms are 2.679(3), 2.661(2) and
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2.673(2) A, respectively, which are shorter than twice the van
der Waals radius of Cu! (2.8 A) and are slightly longer than
the Cu—Cu separation of 2.56 A in metallic copper.¥! Weak
bonding interactions have recently been proven in
[Cuy(depm),]X,  (dcpm = bis(dicyclohexylphosphanyl)me-
thane, X = ClO,~, PF;") complexes which have short Cu'—Cu!
distances of 2.64 —2.93 A.15| Therefore, the Cu—Cu distance of
2.66-2.68 A in 1 indicates similar Cu'~Cu' bonding interac-
tions.

There are three types of supramolecular interactions in 1,
namely C—H --- O hydrogen bonding, aromatic 7 stacking
and intermolecular Cu---Cu interactions, which may be
responsible for the existence of the three supramolecular
isomers. In 1a, the C(11b) - -- O(1) distance is 3.432 A and the
ophen ligands between adjacent molecules are arranged in an
off-set fashion with a plane-to-plane separation of 3.3-3.5 A,
indicating apparent C—H --- O hydrogen bonds!'®! and strong
aromatic m—m stacking interactions.l'’] Therefore, discrete
molecules of 1a are extended into a two-dimensional (2D)
supramolecular array in the solid (Figure 2). The Cu---Cu
distance of 5.15 A between two adjacent molecules indicates
there is no intermolecular Cu---Cu interaction. In 14, the
C—H - O hydrogen bonds (C(6a)---O(1) 3.397 A) link the
discrete molecules into 2D arrays. Off-set aromatic m—m
stacking interactions (separation 3.3-3.4 A) and intermolec-
ular Cu---Cu interactions (Cu---Cu 3.37 A) in 1 further
extend the 2D layers into a 3D array. Surprisingly, alternative
intramolecular and intermolecular Cu -+ Cu interactions in 15
result in 1D zigzag metallic chains (see Figure S1 in the
Supporting Information). In contrast to 1a and 15, two
discrete molecules in 1y with intermolecular aromatic -7
interactions (plane-to-plane separation 3.1-3.3 A) and
Cu--- Cu interactions (3.596 A) are paired, and the molecular
pairs are further connected by means of C—H --- O hydrogen
bonds (C(10a)---O(2) 3.435A) to generate a 3D supra-
molecular array.

Supramolecular isomerism lies at the heart of crystal
engineering but, so far, known supramolecular isomers are
very limited.'®! Therefore the structural characterization of
three supramolecular isomers of 1 may provide structural data
for calculating supramolecualar interactions.

Tetranuclear mixed-valence copper(,1) complexes: Com-
plexes 2—4 are structurally analogous since they all consist
of a pair of [Cuy(ophen),]* or [Cu,(obpy),|* fragments
bridged by a deprotonated dicarboxylate, u,-tp or u,-dpdc,
into neutral tetranuclear dumbbell-shaped molecules, as
depicted in Figures 3 and 4 (also see Figure 1 in reference
[13]). Each of the two crystallographically independent
copper atoms in 2—4 has a similar square-pyramidal co-
ordination environment, being surrounded by a pair of
nitrogen atoms (Cu—N 1.927(4)-2.099(5) A) from an ophen
or obpy, a deprotonated hydroxy group (Cu—O 1.913(3)-
1.943(4) A) from another ophen or obpy, and the adjacent
copper atom (Cu—Cu 2.402(1)—2.443(2) A) at the equatorial
positions, and by a tp or dpdc carboxylate oxygen atom
(Cu—02.167(5)-2.302(5) A) at the apical position. These are
consistent with most mixed-valence Cu,** complexes docu-
mented previously, %120 in which two metal atoms have
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Figure 2. Perspective views of the stacking arrays ofa) 1a,b) 13, and c) 1y.

virtually identical coordination environments and form a
short Cu—Cu bond with a bond order of 0.5. Bond valence sum
(BVS) analyses also indicate that 2—4 are copper(1.5),cop-
per(1.5) compounds.!! The Cu'-Cu" bonding interactions in
mixed-valence copper(i,11) complexes are important in metal-
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Figure 3. Structure of 4 (ORTEP plot with 35% thermal ellipsoids).

loprotein systems because they involve long-distance electron
transfer.??!

It should be noted that the [Cu,(ophen),]* and
[Cu,(obpy),]* fragments in 2 and 3 are nearly coplanar but
the [Cu,(obpy),]* fragments in 4 are not; the dihedral angle
between the two obpy ligands is 150°. Although the molecular
structures of 2—4 are similar, their supramolecular arrays in
the solid are quite different (see Figure 4). Compounds 2 and
3 display van der Waals interactions between intermolecular
Cu,** dimers as well as aromatic stacking interactions. Two
Cu,** dimers from neighboring molecules are arranged into a
parallelogram with a diagonal side of 3.74 A and a longer side
of4.05 Ain2, and into a rectangle with a longer side of 4.02 A
in 3. In addition, the adjacent aromatic rings of ophen and
obpy are stacked in an off-set fashion with a plane-to-plane
separation of 3.4—3.8 A in 2 and 3. Thus, the intermolecular
Cu---Cu interactions and aromatic stacking interactions
extend the molecules of 2 and 3 into 1D chains which are
further extended by C—H--- O hydrogen bonds between the
aromatic groups and carboxy groups from adjacent chains (C-
-0 3.41-3.48 A) into 3D supramolecular arrays (see Figure
S2 and S3 in the Supporting Information). In contrast to 2 and
3, there are no intermolecular Cu---Cu and aromatic m—m
stacking interactions in 4 due to the cross arrangement of the
molecules in the solid, and the 3D supramolecular array is
mainly held together by significant C—H --- O hydrogen bonds
(C--O 337-349 A) (see Figure S4 in the Supporting
Information). It is noteworthy that, in 2 and 3, only
carboxylate oxygen atoms are utilized as acceptors in the
formation of C—H---O hydrogen bonds, whereas in 4 both
carboxylate and pyridyl hydroxy oxygen atoms are utilized as
acceptors. This is the reason why the supramolecular array of
4 shows great differences from those of 2 and 3.

Synthesis: Whilst a well-established method for the synthesis
of zeolites, the hydrothermal method has more recently been
adopted in the preparation of coordination complexes. In
principle, this reaction exploits the self-assembly of soluble
precursors and results in products that are similar to those
formed by nucleation in solution.”)) However, the reduced
viscosity of water in the hydrothermal temperature range of
120-240°C enhances the diffusion process and thus extrac-
tion of solids and crystal growth from solution are favored.
Since the problem of differential solubility is minimized, a
number of organic and inorganic components can be intro-
duced for which the appropriate size and shape may be
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Figure 4. Views of the supramolecular layers of a) 2, b) 3, and c) 4.

selected for efficient crystal packing during the crystallization
process. Crystallization under hydrothermal conditions fol-
lows a non-equilibrium course, and thus a metastable phase
may be preferentially isolated. After considering several
pathways, the most stable phase can be isolated. There are a
number of parameters to consider in hydrothermal reactions,
such as time, temperature, pH value, and molar ratio of
reactants; small changes in one or more of these parameters
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can have a profound influence on the final outcome of the
reaction.

Complexes 1-4 were hydrothermally synthesized in the
temperature range 140—185°C under autogenous pressure
with a filling volume of about 50 %. Complex 1 forms three
supramolecular isomers in the solid state, and the preparation
temperatures of the three isomers from low to high are in the
sequence 1y, 1a, and 18 (Figure 2). The molecular symmetry
from low to high follows the same sequence. These observa-
tions are consistent with an entropic effect; from the entropic
point of view, a reaction at a higher temperature favors the
formation of a structure with higher symmetry. In addition,
complex 1 can be converted into mixed-valence tetranuclear 2
by addition of extra Cu'! salt and tp, and further hydrothermal
treatment. Therefore, it may be regarded as the intermediate
for the formation of 2. The pH values in the preparations of
1-4 are weakly basic (8-9), which favor nucleophilic attack
of hydroxide ions towards phen or bpy ligands to generate
ophen or obpy.

Reaction mechanism: Hydroxylation of bpy and phen to
produce Hobpy and Hophen observed in 1-4 is consistent
with the formation of covalent hydrates in the Gillard
mechanism and thus provides structural evidence for the
mechanism. In addition, we found that the formation of 1-4
shows pH dependence (higher pH favoring the formation of
1-4) which also indicates nucleophilic attack by a hydroxide
ion on the coordinated bpy or phen during the reaction. In
accord with the Gillard mechanism and other well-known
organic reactions, the main steps towards dinuclear copper()
and tetranuclear delocalized mixed-valence copper(1,11) com-
plexes are proposed in Scheme 2. First, bpy or phen ligands
are coordinated to copper(ii) ions to form [Cu(bpy)L,]** or
[Cu(phen)L,]>* species. This step is the prerequisite for
nucleophilic attack by hydroxide ions since the a-carbon
atom of pyridine can only be activated by coordination of the
bpy or phen to a Cu® ion. Second, the a-carbon atom of
pyridine is attacked by a nucleophilic hydroxide to form a
mononuclear covalent hydrate (CH); the core step of the
Gillard mechanism. Third, the deprotonation of mononulear
covalent hydrate results in a pseudo-base (PB) species. The
direct attack by a hydroxide ion to form a PB is equivalent to
the addition of a water molecule to form a covalent hydrate
followed by removal of a proton under basic condition.
Fourth, two mononuclear PB species are dimerized to form a
dinuclear PB species. Fifth, intramolecular electron transfer
and dehydrogenation of the dinuclear PB species result in a
neutral dinuclear copper(i) species. In this step, the role of the
Cu'! ions as oxidant is critical in the fixation of the hydroxy
group on the pyridyl ring. Sixth, intramolecular electron
transfer again generates 1. Finally, one-electron oxidization of
the neutral dinuclear copper() molecule and dimerization of
two dinuclear species by coordination of a tp bridge generate
a molecule of 2, concomitant with contraction of the Cu—Cu
distance. In the formation course of 2, a small amount of deep
dark block crystals of 1a was recovered as a by-product,
which encouraged us to investigate 1 as the intermediate in
the formation of 2. Keeping all hydrothermal parameters
unchanged except for the reaction time, the yield ratio of 2:1a
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Scheme 2. The proposed formation mechanism of 2.

increases with the extension of reaction time, indicating that 2
is the more stable phase. An analogous reaction of a mixture
of 1 (in any form of the crystal isomers), Cu(NOs),, H,tp, and
NaOH indeed yielded platelike dark brown crystals of 2,
which proves unambiguously that 1 is an intermediate during
the formation of 2. The proposed final step is supported by
several reported examples of one-electron oxidation of
dinuclear copper(l) center to prepare mixed-valence dinuclear
copper(t,11) complexes. In particular, Lippard and co-workers
prepared a series of delocalized mixed-valence complexes
from dinuclear copper(l) intermediates by one-electron oxi-
dation with silver salts.'”l The conversion of the dinuclear 1 to
tetranuclear 2 was performed under a dinitrogen atmosphere,
and thus the oxidant may possibly be the extra copper(i1) ions
in the reaction system. It should be pointed out that unstable
covalent hydrate species can form from a [CuL,(phen)]**
complex in any aqueous solution, however the successful
isolation of hydroxylated bpy and phen ligands in this work is
attributed to the fact that the coordinated Cu® ions can act as
an oxidant under hydrothermal conditions, hence resulting in
the fixation of the hydroxy group.

Copper(11) salts are widely used as catalysts in oxidation
reactions of alcohols to ketones or aldehydes, but in most
cases the precise mechanisms are not clear and the inter-
mediates have not fully been characterized.?! The formation
of copper() and mixed-valence copper(i,i) complexes in-
volves the coordination of an hydroxyl group to the copper(i1)
ion, removal of the a-hydrogen atom and intramolecular
electron transfer, which are known steps in the catalytic
oxidation of alcohols to aldehydes or ketones by a copper(ir)
salt. Therefore, the formation mechanism of 1-4 is also
helpful to understand the precise catalytic mechanism.

Magnetic properties: The mixed-valence states of the copper
ions in 2—-4 were also proven by the temperature-dependent
magnetic susceptibility of 2 (Figure 5). An effective magnetic
moment of 1.73 ug per Cu, unit at 200 K is consistent with one
unpaired electron per dimer.

Although our investigations based on X-ray structural data,
valence bond sum and magnetic susceptibility indicate that 2,
3, and 4 are averaged mixed-valence complexes, we failed to
obtain the seven-line hyperfine splitting pattern"! in solution
EPR spectrocopy. However, the powdered EPR spectrum
(see Figure S5 in the Supporting Information) shows a signal
with nearly isotropic g factors (g =2.10), which confirms the
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signal as originating from cop-
per() centers. One possible
reason for the absence of the
hyperfine lines is related to the
low antibonding m* level of
ophen and obpy ligands. Thus,
we cannot categorize 2-4 as
class II or class III mixed-va-
lence systems.

Cyclic voltammetry: The cyclic
voltammogram (CV) of 1 dis-
plays one reduction peak and
three oxidation peaks (Fig-
ure 6a). The I, at —0.675 V is roughly equal to twice of that
at —0.533 or —0.271 V. Thus, we assign the reduction peak at
—0.675V to the two-electron reaction [Cu!Cu'(ophen),]’+

1.4T
1.2—: 600

2. _ 500
= 1.0 E o
5 0.8 e 0
2 0.6-. -.:( 200
] 100
0.4 5 0
0 50 100 150 200
0.2 T/K
0.0 T T T T 1
0 50 100 150 200

T/K

Figure 5. Temperature-dependent magnetic susceptibility of 2 at 10 kOe.
Plot of u.; versus T; inset: plot of x~! versus T.

2e — [Cu’Cu’(ophen),]*~. The oxidation peaks at —0.533 V
and —0.271 V correspond to the two one-electron reactions
[Cu’Cu’(ophen),]*~ — e — [Cu!Cu’(ophen),]~ and [Cu!Cu’-
(ophen),]~ — e — [Cu!Cul(ophen),]’, respectively. In addition,
another irreversible oxidation peak at 0.519 V corresponds to
the reaction of [Cu!Cu!(ophen),] — 2e — [Cu'Cu'}(ophen),]**,
corresponding to the decomposition of 1 and is consistent with
the fact that copper(11) ions having three coordinate atoms are
usually unstable.” The CV of 2 displays two reversible
couples (Figure 6b). The redox couple with the reduction
peak at —1.346 V and oxidation peak at —1.332V corre-
sponds to the reaction [Cu,'Cu,'(ophen),(tp)]+2e«—
[Cu,(ophen),(tp)]*~. The other couple with reduction peak
at —0.054 V and oxidation peak at 0.028 V can be assigned to
the reaction [Cu,"(ophen),(tp)]** + 2e < [Cu,'Cu,"(ophen),-
(tp)]- This observation suggests that 2 is more easily oxidized
than other relevant mixed-valence Cu(t,11) complexes.!'”]

The electrochemical behaviors of 1 and 2 show great differ-
ences (Figure 6), possibly due to the difference in their coor-
dination environments. The observations for 1 and 2 suggest that
a single ophen ligand is not sufficient to stabilize the mixed-
valence copper complex but an additional tp ligand is of great
help in the stabilization of 2 in the range of —1.33-0 V.
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Figure 6. Cyclic voltammograms of a) 1 and b) 2 in DMF solution, scan
rate 400 mVs~!, potentials measured versus SCE.

Absorption and photoluminescence spectra: The absorption
and photoluminescence spectra of the three isomers of 1 in
DMF solution are identical, indicating that the different forms
of 1 have the same solution structure. The UV/Vis absorption
spectra of 1 consist of a sharp and intense absorption band at
288 nm and a broad absorption band centered at 352 nm. The
former corresponds to  — mt* transition of the ophen ligand
and the latter to n— m* transition of the ophen ligand.
Possibly, the MLCT absorption bands overlap with the latter
one.

The photoluminescence spectrum of 1 in DMF solution
shows a broad band centered at 425 nm upon excitation at
345 nm attributed to the ophen-centered T — m* excited state
(see Figure S6 in the Supporting Information). Besides the
ligand-centered T — mt* excited-state transition, 1 also exhibits
interesting diverse photoluminescent properties in weakly-
coordinating DMF solution at room temperature (Figure 7).
Upon excitation at 422 nm, the emission spectrum of 1
exhibits two broad bands (that apparent at 630 nm, 7 =4.9 ns
and the less apparent one at ca. 510 nm) and one narrow,
strong band (511 nm; Figure 7a). Upon excitation at 454 nm,
the emission maxima of the two broad bands at 511 and
630 nm remain unchanged but a narrow band appears at
526 nm (Figure 7b). Upon excitation at 488 and 514 nm, a
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Figure 7. Photoluminescence spectra of 1 in DMF solution. Excitation
wavelength [nm]: a) 422, b) 454, c) 488, d) 514.

narrow band appears at 575 (r=5 ns) and 609 nm (7 =5.4 ns),
respectively (Figure 7c). As mentioned above, two general
trends are apparent in the luminescent properties of 1. Upon
excitation in the range of 420-514 nm, the emission maxima
of the two broad bands do not change with the change of
excitation wavelength but the emission maximum of the
narrow band is red-shifted with the increase of excitation
wavelength. Although luminescence of MLCT excited states
of mononuclear copper(l) compounds of bis-1,10-phenanthro-
line has been extensively studied since the 1980s,11?! lumi-
nescence of polynuclear copper() complexes with chalcoge-
nides, acetylides, multi-phosphanes, halides, and thiolates has
received much attention recently.” Luminescence of poly-
nuclear luminescent Cu' complexes with a-hydroxylated
pyridyl-type ligands has not been reported to date. Thus, only
possible assignments for the excited states are given here and
further exploration of related complexes and precise theoret-
ical calculations are required before exact assignments can be
made. Although from an energy point of view the broad band
emission at 511 nm from the n — m* excited state is favored,
the assignment can be argued because 2 is not photolumines-
cent around 511 nm in both the solid state and solution. The
Cu' ion has a tendency to be oxidized and the ophen ligand
possesses low-energy empty st* orbitals. Thus, the broad-band
emissions at 511 and 630 nm may result from the copper(1)-to-
ophen charge transfer (MLCT). Luminescence of polynuclear
d'° complexes supported by weak metal —metal interactions
has been observed, and in view of the short Cu--- Cu distance
(ca. 2.68 A) and the richness of emissions observed for 1, an
admixture of a metal-centered d — s,p excited state into the
MLCT excited state is also possible. In fact, the admixture of
different excited states including metal/XLCT and metal/
LMCT has been reported in some polynuclear d'° luminescent
complexes.’! The lifetimes of these narrow bands at 511, 526,
575, and 609 nm are similar, and thus it may be reasonable to
assign them to the same emission origin. As for the red shift of
the narrow band with the red shift of excitation wavelength, it
may be the result of populated energy levels which each
match different excitation energies.
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Conclusion

Four polynuclear copper(l) or copper(i,if) complexes contain-
ing copper(l) —copper(l) or copper(i)—copper(l) bonds were
synthesized and structurally characterized. The hydroxylation
of phen and bpy ligands leading to 2-hydroxy-1,10-phenan-
throline and 6-hydroxy-2,2"-bipyridine in these polynuclear
complexes provides structural support for the Gillard mech-
anism. The formation mechanisms of 1-4 involve electron
transfer from the hydroxy oxygen atom to the Cu' ion which is
helpful in the understanding of the precise mechanism of
catalytic oxidation of alcohol by a copper (1) salt. Dinuclear 1
is an intermediate in the synthesis of 2 and can be converted
into 2 in the presence of extra copper(il) salt and tp ligands
under hydrothermal conditions. Three supramolecular iso-
mers of 1 represent a very rare case in crystal engineering, and
also show rich photoluminescent properties.

Experimental Section

Preparations:

[Cuy(ophen),] (1): A mixture of Cu(NO;),-3H,0 (0.120 g), phen
(0.117 g), and water (10 mL) in a molar ratio of 1:1.3:1100 was stirred
and adjusted to pH 8 with 2 M NaOH solution, then sealed in a 23-mL
Teflon reactor and heated at 160°C for 120 h. After cooling, deep dark
block crystals of 1a were filtered and dried in air (yield 35% ). Elemental
analysis calcd (%) for C,,H,,Cu,N,O, (517.47): C 55.70, H 2.73, N 10.83;
found: C55.56, H2.78, N 10.79; IR (KBr): #=3403m, 1621 m, 15855, 1517 s,
1428s, 1138 m, 837m, 732w cm ™.

[Cu,(ophen),] (15): A mixture of Cu(NOj),-3H,0 (0.120 g), phen (0.09 g),
and water (10 mL) in a molar ratio of 1:1:1100 was stirred and adjusted to
pH 8.5 with 2 M NaOH solution, then sealed in a 23-mL Teflon reactor and
heated at 175°C for 120 h. After cooling, dark block crystals of 15 were
filtered and dried in air (yield 30%). Elemental analysis calcd (%) for
C,,H,,Cu,N,0, (517.47): C55.70, H 2.73, N 10.83; found: C 55.75, H 2.70, N
10.91; IR (KBr): #=23403m, 1620m, 1584s, 1517s, 1427s, 1137m, 837 m,
732w cmL

[Cuy(ophen),] (1y): A mixture of Cu(NO;),-3H,0 (0.120¢g), phen
(0.162 g) and water (10 mL) in a molar ratio of 1:1.7:1100 was stirred and
adjusted to pH 8 with 2 M NaOH solution, then sealed in a 23-mL Teflon
reactor and heated at 150 °C for 120 h. Dark block crystals were filtered and
dried in air (yield 45 %). Elemental analysis calcd(% ) for C,;H;,Cu,N,O,
(517.47): C55.70, H 2.73, N 10.83; found: C 55.64, H 2.76, N 10.92; IR data
(KBr): 7=3402m, 1619s, 1586s, 15165, 14275, 1138 m, 837m, 731w cm™.
[Cuy(ophen),(tp)] (2): a) A mixture of Cu(NOs;),-3H,0 (0.120 g), phen
(0.117 g), Hytp (0.041 g), NaOH (0.02 g), and water (10 mL) in a molar
ratio of 1:1.3:0.25:0.5:1100 was stirred for 20 min in air, then sealed in a 23-
mL Teflon reactor and heated at 160 °C for 144 h. After cooling, dark brown

Table 1. Crystal and structure refinement for complexes 1-4.

platelike crystals of 2 (50%) and dark block crystals of 1a (3%) were
recovered. b) A mixture of 1 (0.103 g) (in any one crystal form), Cu(NOs),
(0.047 g), Hytp (0.017 g), NaOH (0.008 g) and water (4 mL) in a molar ratio
of 1:1:0.5:1:1100 was sealed in a 23-mL Teflon reactor and heated at 160°C
for 72 h. Dark platelike crystals of 2 were recovered. Elemental analysis
caled (%) for CxH,Cu,N,O, (599.53): C 56.09, H 2.69, N 9.34; found: C
55.89, H 2.73, N 9.22; IR (KBr): 7#=23440m, 3050w, 1622 m, 1563s, 1511s,
1485, 14595, 13865, 13655, 1142m, 843m, 734m, 653 m cm™ .

[Cuy(obpy)4(tp)] (3): A mixture of Cu(NO;),-3H,0 (0.120¢g), bpy
(0.102 g), Hytp (0.041 g), NaOH (0.02 g), and water (10 mL) in a molar
ratio of 1:1.3:0.25:0.5:1100 was stirred for 20 min in air, then sealed in a 23-
mL Teflon reactor and heated at 160 °C for 144 h. After cooling, dark brown
platelike crystals of 3 were filtered and dried in air (yield 30 % ). Elemental
analysis calcd (%) for C,,H;,Cu,N,O, (551.49): C 52.27, H 2.92, N 10.16;
found: C52.16, H2.88, N 10.03; IR (KBr): 7 =3433m, 3070w, 16015, 1568s,
14925, 1458s, 1164m, 10135, 812m, 7765, 746 m, 589w cm~".

[Cu,(obpy)4(dpdc)]-2H,0 (4): A mixture of Cu(NOs),-3H,0 (0.120 g),
bpy (0.122 g), H,dpdc (0.061 g), NaOH (0.02 g), and water (10 mL) in a
molar ratio of 1:1.6:0.25:0.5:1100 was stirred for 20 min in air, then sealed in
a 23-mL Teflon reactor and heated at 185°C and held for 164 h. After
cooling, dark brown needlelike crystals were filtered and dried in air (yield
30 % ). Elemental analysis calcd (% ) for Cs,H,,Cu,NgO,, (1215.10): C53.38,
H3.32,N9.22; found: C 53.42, H 3.36, N 9.28; IR (KBr): 7 = 3422 m, 3067 w,
15965, 1565, 1488s, 14555, 1159m, 10115, 771s, 584w cm~'.

Physical measurements: Elemental analyses were performed on a Perkin—
Elmer 240 elemental analyzer. The FTIR spectra were recorded from KBr
pellets in the range 400-4000 cm~! on a Nicolet 5DX spectrometer.
Magnetic susceptibility measurements in the 2-200 K temperature range
were performed on a Maglab System*” magnetometer. Owing to the
limited solubility of 1 and 2 in DMF, their saturated solutions were used in
cyclic voltammetry and photoluminescent experiments. All potentials
quoted are versus SCE. The reversibility of the redox couples was judged
against the usual criteria. The X-band EPR spectrum of 2 was recorded
with a Bruker EMX spectrometer. The absorption spectra were recorded
with a Perkin-Elmer 5 spectrometer. For the photoluminescence measure-
ment, He-Cd or Ar-ion laser was used as the excitation source with the
maximum power of 5 mW. The emission light of the samples was collected
and detected by a 25 cm focal length double monochromator (Oriel 77225).
For lifetime measurements, the third harmonics, 355 nm line of a Nd:YAG
laser was used as excitation light.

Crystal structure determination: Diffraction intensities were collected at
293 K on a Siemens R3m diffractometer (for 1a, 15, 1y, 2 and 3) and a
Bruker Smart 1000CCD diffractometer (for 4) (Moy,, 4=0.71073 A).
Lorentz polarization and absorption corrections were applied. The
structures were solved by direct methods (SHELXS-97)P! and refined by
using full-matrix least-squares technique (SHELXL-97)."1 Analytical
expressions of neutral-atom scattering factors were employed, and
anomalous dispersion corrections were incorporated. In all cases, all non-
hydrogen atoms were refined anistropically and hydrogen atoms of organic
ligands were geometrically placed. The crystallographic data for the six
complexes are listed in Table 1 and the selected interatomic distances and

la 15 1y 2 3 4
empirical formula C,,H,,Cu,N,O, C,H,Cu,N,O, C,H,4,Cu,N,O, CyH;sCu,N,O, C,,H;Cu,N,O, Cs,HyyCuyNgOy
formula weight 517.47 517.47 517.47 599.53 551.49 1215.10
crystal system monoclinic monoclinic monoclinic monoclinic triclinic monoclinic
space group P2,/n P2,/n P2,/n P2,/n Pi P2,/n
a[A] 10.651(8) 4.816(2) 11.982(12) 10.465(8) 10.047(8) 9.193(2)

b [A] 6.180(4) 12.881(10) 11.164(10) 15.279(8) 10.668(7) 17.502(4)
c[A] 15.079(13) 15.712(11) 14.829(14) 15.425(12) 11.186(7) 15.123(3)
a [ 79.550(10)

AN 94.160(10) 95.25(13) 97.16(2) 104.60(15) 71.76(16) 90.16(3)
v [°] 69.940(10)

V[A%] 989.9(13) 970.6(11) 1968(3) 2387(3) 1065.9(13) 2433.2(9)
V4 2 2 4 4 2 2

Ry 0.0846 0.0414 0.0486 0.0567 0.0636 0.0343
R, [I>20(])] 0.0731 0.0500 0.0538 0.0609 0.0667 0.0502
WR, 0.2275 0.1458 0.1356 0.1736 0.2101 0.1326
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angles are given in Table S1 in the Supporting Information. CCDC-170016,
CCDC-170017, and CCDC-179611 to CCDC-179614 contain the supple-
mentary crystallographic data (excluding structure factors) for the struc- [9]
ture reported in this paper. These data can be can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2

1EZ, UK fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk). [10]
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