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Introduction

Organic p-conjugated molecules and their aggregated forms
have been extensively studied with regard to their charge-
transport properties, which have a number of potential ap-
plications in materials science.[1] Doping electron-rich organ-
ic p-conjugated compounds with metal ions can generate di-
verse one-dimensional (1D) coordination solids with intrigu-
ing electronic properties.[2] According to some literature re-
ports, conducting metal-organic wires of the second- and
third-row transition metal ions are occasionally prepared by
self-assembly reactions, using bifunctional bridging ligand(s)
to connect the metal ions.[3] Our interest in the development
of new functional metal-organic materials prompted us to
investigate the structures and properties of homoleptic d10

metal acetylides and thiolates, which could be prepared
through self-assembly reactions.[4] Homoleptic copper(I) or-
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ganothiolates [Cu(SR)]1 constitute an interesting class of
electrically neutral coordination polymers, which have at-
tracted interest in areas such as coordination chemistry,[5]

materials science,[6] and as reagents for organic synthesis.[7]

Extensive studies have revealed that homoleptic copper(I)
organothiolates can be prepared as polynuclear [Cux(SR)y]
clusters that may be anionic (x=1–8, y=2–12)[8] or neutral
(x=y=3–12).[9] Polynuclear [Cu13(SCH2CH2NH3)6]

13+ and
[Cu12ACHTUNGTRENNUNG(SCH3)6]

6+ cations have hitherto been reported.[10b,c]

Neutral polymeric homoleptic [Cu(SR)]1 compounds have
been reported in the literature, but their structures remain
poorly understood.[10,11] The covalency of the Cu�S bond,
the bridging ability of the thiolate ligand, as well as closed-
shell d10 cuprophilicity,[12] all contribute to the formation of
[Cu(SR)]1 polymers. In 1993, Baerlocher described the
chain structure of [CuACHTUNGTRENNUNG(SCH3)]1, which was solved using
powder X-ray diffraction data.[10a] In addition, the lamellar
structures of homoleptic [Cu(SR)]1 (R=n-CxH2x+1, x=4–
18)[11b,c] and [Cu2(1,4-S2C6H4)]1

[11a] complexes had previously
been proposed in the literature. Herein, we report the prep-
aration of polycrystalline solid samples of homoleptic cop-
per(I) arylthiolate polymers [Cu(p-SC6H4-X)]1 [X=CH3

(1), H (2), CH3O (3), tBu (4), CF3 (5), NO2 (6), and COOH
(7)]. Structure determinations by powder X-ray diffraction
(XRD) analysis have revealed that infinite chains of
[Cu(SR)]1 are present in polycrystalline solid samples of 1–
3 and 6. In contrast to the three-dimensional (3D) network
of Cu2S, the [Cu(SR)]1 coordination polymers represent a
class of 1D metal-organic semiconductors with field-effect
charge mobility values of 10�2–10�3 cm2V�1 s�1, which are
comparable to those of p-conjugated oligo-[13] and polythio-
phene[14] compounds. The effect of the para-substituent of
the arylthiolate ligand on the charge mobility of field-effect
transistors made from nanorods of 1–5 and [Cu ACHTUNGTRENNUNG(SCH3)]1 is
discussed.

Results and Discussion

Synthesis of [Cu(SR)]1: The methods that have previously
been used for the preparation of homoleptic [Cu(SR)]1
polymers have been reviewed by Janssen et al.[15e] These
methods include: a) synthesis by deprotonation of thiols;
b) an electrochemical reaction; c) a transmetalation reac-
tion with a Group IA metal thiolate, and d) deprotection of
a trimethylsilyl thioether. Reduction of an organic disulfide
under mild conditions is another possibility, which is similar
to the preparation of [Cu ACHTUNGTRENNUNG(SePh)]1 using diphenyl seleni-
de.[15d] In this work, the homoleptic [Cu(SR)]1 complexes
were obtained by three methods: i) the reaction of Cu2O
with thiol ligands RSH, ii) the reaction of Cu2O with di
sulfides RSSR in the presence of a reductant (NaBH4)
under basic conditions, and iii) the reaction of Cu-
ACHTUNGTRENNUNG(NO3)2·3H2O with RSH in the presence of triethylamine. In
the case of method (i), the use of an excessive amount of
RSH readily led to the formation of a mixture of anionic
complexes such as [Cu(SR)2]

� and [Cu(SR)3]
2� in alkaline

solution.[8c,d] On the other hand, if Cu2O was used in excess,
the reaction product [Cu(SR)]1 was found to be contami-
nated with a trace amount of Cu2O. Using method i), when
an excess of p-NO2C6H4SH was added to a suspension of
Cu2O in an organic solvent (EtOH, acetone, or CH3CN),
the reaction product 6 was formed, but contained a consid-
erable amount of unreacted Cu2O. Consequently, method ii)
was used for the synthesis of 6. Although the reactions using
methods i) and ii) proceeded to completion within an hour,
and the reaction products were phase-pure and obtained in
moderate yields, the crystallinity of the reaction products
was in all cases unsatisfactorily low, as revealed by their
XRD data. Prolonged reflux (at least 48 h) was used to
anneal these solid samples. We performed independent
SEM and TEM studies, which revealed that the crystal mor-
phology of the solid samples of [Cu(SR)]1 was independent
of the method of preparation. A rod-shaped crystal mor-
phology was generally found for solid samples of 1–5,
whereas irregular plate-like nanocrystals were observed for
6 and 7.

Structural descriptions of [Cu(SR)]1: The results of struc-
ture determinations of 1–3 and 6 are summarized in Table 1.
The structure of 1 viewed along the [100] direction is shown
in Figure 1. The asymmetric unit contains two crystallo-
graphically independent copper atoms (Cu1 and Cu2) and
two arylthiolate ligands. Each Cu atom displays a trigonal

Table 1. Results of structural refinements for 1–3 and 6.

1 2 3 6

Crystal system monoclinic tetragonal monoclinic tetragonal
space group P21/n P42/n P21/n P42/n
a [9] 24.834(3) 17.357(2) 26.100(2) 19.727(1)
b [9] 14.086(2) 17.357(2) 13.698(1) 19.727(1)
c [9] 4.0298 (5) 3.826(1) 4.153(4) 3.9685(4)
a [8] 90 90 90 90
b [8] 97.99(1) 90 95.32(4) 90
g [8] 90 90 90 90
V [93] 1396.0(3) 1152.9(4) 1478.4(3) 1544.4(2)
Z 8 8 8 8
Mr 186.7 172.7 202.7 217.7
1calcd [gcm�3] 1.773 2.018 1.855 1.873
2q range [8] 3–60 3–60 3–60 3–53
data points, yi,o 2850 2850 2850 2500
reflections, Nobs 800 332 854 264
variables, Nvar 151 83 151 92
restraints 108 46 88 43
Rp

[a] 0.0493 0.0365 0.0529 0.0462
Rwp

[a] 0.0709 0.0514 0.0746 0.0615
Rwp (expected)[a] 0.0409 0.0300 0.0476 0.0401
RB

[b] 0.0339 0.0331 0.1101 0.0631
goodness of fit 1.73 1.71 1.57 1.53
max. [shift/esd]2

(mean)
0.30
(0.03)

0.42
(0.06)

0.38
(0.04)

0.26
(0.02)

[a] Rp=�i jyi,o�yi,c j /�i jyi,o j ; Rwp = [�iwi jyi,o�yi,c j 2/�iwi jyi,o j 2]1/2 ; expected
Rwp =Rwp/c

2 ; c2=�iwi jyi,o�yi,c j 2/(Nobs�Nvar), where yi,o and yi,c are the ob-
served and calculated intensities at point i of the profile, respectively;
Nobs is the number of theoretical Bragg peaks in the 2q range; Nvar is
number of refined parameters. Statistical weights wi are normally taken
as 1/yi,o. [b]RB=� j Ij,o�Ij,c j /�Ij,o (Ij denotes the extracted intensity of the
j-th Bragg reflection).
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coordination geometry (Cu1 ACHTUNGTRENNUNG(x,y,z)–S2 ACHTUNGTRENNUNG(x,y,z) 2.247 9; Cu1-
ACHTUNGTRENNUNG(x,y,z)–S1 ACHTUNGTRENNUNG(x,y,z) 2.252 9; Cu1 ACHTUNGTRENNUNG(x,y,z)–S2 ACHTUNGTRENNUNG(x,y,z+1) 2.248 9;
Cu2 ACHTUNGTRENNUNG(x,y,z)–S1 ACHTUNGTRENNUNG(x,y,z) 2.247 9; Cu2 ACHTUNGTRENNUNG(x,y,z)–S1 ACHTUNGTRENNUNG(x,y,z+1)
2.249 9; Cu2 ACHTUNGTRENNUNG(x,y,z)–S2(1�x,1�y,�z) 2.252 9, with Cu-S-Cu
angles of 112–1278) and is bound by three m3-bridging arylth-
iolate ligands. The structural repeating unit in 1 can be
viewed as consisting of a six-membered ring with a half-
chair conformation, made up of alternating linked Cu and S
atoms. Each six-membered ring interconnects with two
neighboring rings to form an extended ladder-like [Cu�S]1
chain (Scheme 1). Two identical [Cu�S]1 ladder-like chains
are linked through Cu1···S1 interactions. There is a well-or-

dered alignment of the pendant p-tolyl substituents, in
which the aryl rings adopt a slightly offset p-stacked config-
uration. The shortest distances between two mean planes of
adjacent aryl rings (3.210 9 for C1–C6, 3.308 9 for C8–C14)
and the closest non-bonded distances (C2 ACHTUNGTRENNUNG(x,y,z)···C6-
ACHTUNGTRENNUNG(x,y,�1+z) 3.198 9; C3 ACHTUNGTRENNUNG(x,y,z)···C5 ACHTUNGTRENNUNG(x,y,�1+z) 3.223 9; C9-
ACHTUNGTRENNUNG(x,y,z)···C12 ACHTUNGTRENNUNG(x,y,�1+z) 3.338 9) are slightly less than the
sum of the van der Waals radii (3.4 9) of two carbon atoms,
indicative of weak intra-chain p···p interactions. The intra-
chain Cu···Cu distances are 2.923–3.132 9, which are longer
than the sum of the van der Waals radii of two Cu atoms
(2.8 9),[21] revealing the absence of cuprophilic interactions.

Complex 2, which has an unsubstituted arylthiolate
ligand, forms a chain polymer that is topologically identical
to that formed by 1. Its crystal structure possesses tetragonal
symmetry, with the asymmetric unit containing one symme-
try-equivalent Cu atom and one thiolate ligand. The back-
bone of the [Cu ACHTUNGTRENNUNG(SPh)]1 chain lies along the 42 screw-rota-
tion axis, resulting in S4 symmetry of the chain. The Cu···Cu
and Cu···S distances in 2 (2.956 9 and 2.270–2.303 9, respec-
tively) are comparable to those found in 1 and in [Cu-
ACHTUNGTRENNUNG(SCH3)]1 chains, indicating that there is structural resem-
blance among these [Cu(SR)]1 polymers. As in the structure
of 1, there are significant intra-chain p···p stacking interac-
tions (3.012–3.330 9) between neighboring phenyl rings.

Complex 3 has a similar polymeric structure to those of 1
and 2, with shorter Cu···Cu distances of 2.75–2.83 9 and
longer intra-chain p···p distances (> 3.4 9). The p-methoxy

substituent does not appear to
alter the packing of the [Cu-
ACHTUNGTRENNUNG(SAr)]1 chains compared with
that of 1 and 2. The observed
non-bonded O···H distances
(2.819 9 and 3.093 9) are con-
siderably longer than the van
der Waals distance (2.6 9) of a
typical C�H···O hydrogen
bond,[22] implying insignificant
inter-chain H···O interactions.
The XRD pattern of 4 is given
in the Supporting Information
(Figure S5). There is considera-
ble overlap of the peaks in the
XRD pattern of this complex,
making it difficult to derive the
lattice constants by means of
conventional indexing pro-
grams. We were unable to solve
the structure of 4. However, the
XRD pattern of 4 reveals a
low-angle diffraction peak with
a large d-spacing of 20.5 9,
which is unique among the ob-
tained XRD patterns of the
[Cu(SR)]1 polymers. In addi-
tion, the long repeating distance
of 6.50 9 derived from the elec-

Figure 1. Perspective drawing of the chain structure of 1 viewed along
the [100] direction. Note that the p-tolyl substituents are aligned with
intra-chain p···p distances of 3.198–3.338 9. Hydrogen atoms have been
omitted for clarity.

Scheme 1. Schematic diagram for the construction of 1–3 and 6.
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tron diffraction data reveals that 4 crystallized in a compara-
tively large unit cell so as to accommodate the bulky tert-
butyl substituents. The structure of the [CuACHTUNGTRENNUNG(SC6H4CF3)]1 po-
lymer 5 is similar to that of 2 ; the powder XRD pattern
(Supporting Information, Figure S5) of the former could
also be indexed by a tetragonal lattice (a=20.088 9 and c=

3.965 9, V=1599.9 93). The short c edge is consistent with
the value derived from electron diffraction analysis (Sup-
porting Information, Figure S14).

Complex 6 forms a polymeric chain structure that is sig-
nificantly different from those formed by 1–3. Presumably,
the p-NO2 substituent affects the structure of the polymeric
chain as a result of different Cu–S connectivities. The crystal
structure of 6 has the same space group as 2 (P42/n), but
each thiolate S atom binds only to two Cu atoms with an
average Cu···S distance of 2.35 9, forming a zig-zag Cu�S
chain (Scheme 1). The occurrence of the m2-bridging mode
of the p-nitrophenylthiolate ligand may be attributed to the
electron-withdrawing NO2 substituent. As a result, the poly-
meric chain structure is formed by linking four identical zig-
zag chains through Cu···Cu interactions (2.649 9). Figure 2

depicts the packing of the polymeric chains of 6 viewed
from the c-axis. Unlike in 1–3, there are no significant intra-
chain p···p interactions (d>3.6 9) in the structure of 6, and
individual [Cu ACHTUNGTRENNUNG(SC6H4NO2)]1 chains are predominantly held
together by weak non-covalent C�H···O�N hydrogen bonds
(O1 ACHTUNGTRENNUNG(x,y,z)···H3(�1=2 +y,1�x,1=2 +z) 2.586 9;
O1(x,y,z)···C3(�1=2 +y,1�x,1=2 +z) 3.217 9; aO1···H3�C3
123.58).

For the arylthiolate ligand with a p-COOH substituent, an
insoluble pale-yellow solid [Cu(SC6H4COOH)]1 (7) was
formed. Indexing its XRD pattern gave a primitive mono-

clinic cell (a=20.1051 9, b=4.3766 9, c=17.0505 9, b=

94.318, V=1496.08 93), implying that this solid has an
atomic arrangement different from those found for 1 and 3.
Based on elemental analyses and TGA data (see below), no
coordinated or lattice water molecules are present in the
crystal structure of 7. This was further verified by FT-IR
data, which revealed that the stretching frequencies for the
O�H (3480 cm�1) and C=O (1684 cm�1) groups of 7 are sig-
nificantly lower than those (3579 cm�1 and 1749 cm�1) found
for the free O�H groups of a self-assembled p-mercaptoben-
zoic acid monolayer deposited on a gold surface.[23] More-
over, the C�OH stretching and O�H···O bending modes ob-
served for a solid sample of 7 are similar to those found for
the free ligand in the form of a crystalline solid.

Thermal and structural stabilities : Figure 3 shows TGA
curves for solid samples of 1–7 measured under an N2 at-
mosphere. Irrespective of the para-substituent on the arylth-
iolate ligand, the decomposition temperatures of all of the
[Cu(SR)]1 polymers are between 200 and 300 8C, and are
thus some 100 8C higher than that found for the aliphatic
[Cu(SCH3)]1 analogue. For 1–7 (with the exception of 5), an
initial weight loss of about 40–55% at around 250–370 8C
was noted, which could be attributed to dearomatization of
the arylthiolate ligand in each case. A polycrystalline
sample of 5 displayed two consecutive weight losses of 45%
and 17% near 240 and 310 8C, respectively. The former pro-
cess is attributed to degradation of the arylthiolate ligand,
as was observed for 1–4, whereas the latter weight loss cor-
responds to the release of two molar equivalents of HF.
Slightly larger initial weight losses were noted for solid sam-
ples of 6 and 7, which could be attributed to the production
of NO2 and CO2, respectively. Upon heating above 400 8C,
all of the [Cu(SR)]1 polymers 1–7 underwent an additional

Figure 2. Crystal packing for polymer of 6, revealing that weak inter-
chain C�H···O�N interactions are only found in 6 (the sulfur atoms of
each structure are drawn as filled circles).

Figure 3. TGA curves for solid samples of 1–5 and [Cu(SCH3)]1 (a)
under N2. TGA curves for solid samples of 6 and 7 are shown in the
inset.
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15–19% weight loss, which was consistent with the release
of one molar equivalent of H2S. The powder XRD patterns
of the carbonaceous residues revealed that they were com-
posed of complicated solid mixtures of CuO (tenorite (PDF-
2 05-0661)), Cu2O (cuprite (PDF-2 05-0667)), and Cu2S
(chalcocite-M (PDF-2 033–0490) and djurleite (PDF-2 034-
0660)). In situ variable-temperature X-ray diffractometry
measurements in the temperature range 30–300 8C were per-
formed to determine the stabilities of the polymeric chain
structures of 1–7. Powder XRD patterns of solid samples of
1, 7, and [Cu(SCH3)]1, collected at temperatures from 30 8C
to 300 8C, are given in the Supporting Information (Fig-
ACHTUNGTRENNUNGures S7–S9). We found 7 to be slightly more stable than 1 or
[Cu(SCH3)]1. The chain structure of 1 slowly degraded over
the temperature range 30–150 8C, and rapidly lost its struc-
tural integrity at temperatures above 175 8C. The
[Cu(SCH3)]1 polymer was found to be slightly less stable
under identical experimental conditions.

TEM and SAED studies : Figure 4 shows a transmission
electron microscopy (TEM) image and a selected-area elec-
tron diffraction (SAED) pattern of a polycrystalline solid
sample of 1. This solid sample contained homogeneously
dispersed nanorods, which were a few micrometers long
with an average width of 30–60 nm, and which formed ex-
tensive lateral aggregations. Interestingly, the SAED pattern
of an individual nanorod revealed parallel rows of sharp dif-
fraction spots that could be roughly indexed by the lattice
parameters derived from the aforementioned powder XRD
data. Notably, the short crystallographic c-axis of 1 is rough-
ly parallel to the long axis of the nanorod. Similar rod-like
crystal morphologies and SAED patterns were observed for
2–5 and [Cu(SCH3)]1 (Supporting Information, Figures S10–
S14). From the shorter c-axes of their SAED patterns, the
calculated interplanar d-spacings for 1–5 (except 4) and
[Cu(SCH3)]1 are comparable to the short crystallographic
axes of their crystal structures. The nanorods of 2–5 and
[Cu(SCH3)]1 with lengths of several micrometers were
found to have variable widths in the range 20–250 nm (50–
100 nm for 2, 50–100 nm for 3, 50–80 nm for 4, 20–60 nm for
5, and 50–250 nm for [Cu(SCH3)]1, respectively). On the
other hand, polycrystalline solid samples of 6 and 7 formed

irregularly shaped plate-like nanocrystals. The SAED pat-
tern of the plate-like nanocrystals of 6 (Figure 5) revealed
weak concentric diffraction rings, indicating that the
[Cu(SC6H4NO2)]1 chains were randomly oriented. A similar
SAED pattern for the nanocrystals of 7 (Supporting Infor-
mation, Figure S15) indicated a similar arrangement.

Charge mobilities of nanorod FET devices : Preliminary
four-point probe electrical measurements suggested that a
pellet sample made from a polycrystalline solid sample of 1
had a bulk resistivity of about 800 Wcm at room tempera-
ture. This value is lower than that of Cu2O (1000–
5000 Wcm), but significantly higher than that of Cu2S
(0.008–0.010 Wcm).[24] Bottom-contact field-effect transistors
(FETs) were fabricated by drop-casting methanolic suspen-
sions of polycrystalline solid samples of 1–7 on top of
patterned SiO2 substrates; the charge mobility measure-
ments were subsequently performed under a nitrogen at-
mosphere in a glove box. Figure 6 shows the output (IDS

versus VGS at different VDS) and transfer (IDS versus VGS at
VDS=�10 V) characteristics of a device made from nano-
rods of 1. When operated in accumulation mode, the drain-
source current IDS increased with the negative gate voltages
VDS and VGS, indicative of p-type FET behavior. However,
the channel was found to be open, even at VGS=0 V, proba-
bly due to bulk conduction of the nanorods between the
source and drain electrodes. Since saturation of IDS had not
been attained, the charge mobility m was calculated in the
linear regime,[16] where VDS ! VGS. We found that the
charge mobilities, m, of the devices made from nanorods of
1–3, 7.0N10�2 cm2V�1 s�1 for 1, 6.2N10�3 cm2V�1 s�1 for 2,
and 1N10�2 cm2V�1 s�1 for 3, were 104 and 105 times higher
than those of devices made from 4 and 5, respectively. A
device made from nanorods of [Cu(SCH3)]1 also exhibited
a charge mobility of 6N10�2 cm2V�1 s�1. This suggests that
the charge transportation originates from the 1D [Cu�S]1
network. In addition, the devices made from nanorods of 1–
4 (widths ~30–60 nm) were robust as the charge mobility
values of these devices after storing them inside a glove box
under a nitrogen atmosphere for several months were
almost identical to the initial values. The devices made from

Figure 4. TEM image (5000N) (left) and SAED pattern (right) of nano-
rods of 1. Scale bar left: 0.5 mm.

Figure 5. TEM image (12500N) (left) and SAED pattern (right) of nano-
crystals of 6. Scale bar left: 0.2 mm.
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plate-like nanocrystals of 6 and 7 displayed negligible m

values (<10�6 cm2V�1 s�1) under the same experimental con-
ditions.

Diffuse reflectance spectra : As described by Tauc,[25a] the
absorption coefficient, a, and the optical band gap of a thin
layer of a solid sample are related by the expression ahn=

A(hn�Eg)
r, where hn is the photon energy, A is a constant,

Eg is the optical energy gap, and r is characteristic of the
type of optical transition process, having values of 0.5 and 2
for direct allowed and indirect allowed optical transitions,
respectively.[25b] The absorption coefficient can also be writ-
ten in terms of reflectance as a=B{ln[(Rmax�Rmin)/
(R�Rmin)]}, where B is a parameter related to the thickness
of the sample.[25c] By plotting {hn ln[(Rmax�Rmin)/(R�Rmin)]}

2

against hn and extrapolating the linear region of the curve,
Eg could be obtained at a =0. Figure 7 shows the relation-
ships between the absorption coefficients, a, derived from
solid-state diffuse reflectance spectra of 1–7 and
[Cu(SCH3)]1 and the photon energies measured from
250 nm to 1100 nm (or 4.95 eV to 1.13 eV). The results of
optical band gap determinations are given in the Supporting
Information (Figures S16–S23). Polycrystalline samples of 1–
4 and [Cu(SCH3)]1 each exhibited optical absorptions with
lmax at 463–492 nm, revealing that the optical band gaps of
these complexes are between 2.52 eV and 2.68 eV. For 5 and
6 with electron-withdrawing substituents on the arylthiolate
ligands, smaller band gaps were observed (1.97 eV and
2.23 eV, respectively). The optical band gap of 7 was found
to be 2.96 eV; the deviation from the trend depicted in
Figure 7 may originate from the different chain structure of
7 compared to those of 5 and 6 as a consequence of the in-
termolecular hydrogen bonding present in the crystalline
sample.

Discussion

Over the past few decades, metal-organic complexes of
third-row transition metal ions such as OsII, IrIII, PtII, and
AuI have been extensively studied with regard to their use

in organic light-emitting diode devices.[26] However, there
have been only a few reports on the applications of first-row
transition metal complexes in organic optoelectronics.[26e]

While p-conjugated organic molecules such as pentacenes[27]

and oligothiophenes[13,14] have been extensively studied for
the fabrication of field-effect transistors (FETs), related
work involving metal-organic complexes has been sparse.
Notably, however, copper(II) phthalocyanines have been ex-
tensively studied in relation to FETs, and relatively high
charge mobility values (0.01–0.02 cm2V�1 s�1) have been at-
tained.[28] Compared with p-conjugated organic materials,

Figure 6. Output (left) and transfer (right) characteristics of the FET device fabricated with nanorods of 1.

Figure 7. Plots of {hn ln[(Rmax�Rmin)/(R�Rmin)]}
2 against hn for solids 1–7

and [Cu(SCH3)]1. Optical band gaps [eV] were obtained by extrapola-
tion of the linear region onto the x-axis: (2.52 for 1, 2.59 for 2, 2.68 for 3,
2.62 for 4, 1.97 for 5, 2.23 for 6, 2.96 for 7, and 2.67 for [Cu(SCH3)]1).
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the [Cu(SR)]1 polymers described in this work are inexpen-
sive and easily prepared in high yields and purities; these
are advantages for developing applications of [Cu(SR)]1 in
materials science. We have found that the charge mobilities
of nanorod FETs fabricated from [Cu(SR)]1 polymers cover
a wide range of values (10�2–10�5 cm2V�1 s�1) and are thus
comparable to those of 10�2 cm2V�1 s�1 reported for oligo-
thiophene[13] and polythiophene compounds.[14]

For p-conjugated organic materials, weak cofacial p···p
stacking interactions play a key role in the charge-transport
properties of the as-fabricated organic FETs.[29] In this work,
the charge-transport behavior of the [Cu(SR)]1 polymers
was found to show no direct correlation with either p···p in-
teractions, as in the cases of 1–3, or with the electronic
effect of the arylthiolate ligand, as in the cases of 5–7. In
view of the finding that nanorod transistors made from 1
and [Cu(SCH3)]1 have comparable charge mobility values,
we propose that the charge conduction pathway originates
from an intrinsic hopping mechanism[30] within the covalent-
ly bound [Cu�S]1 chain network. In the literature, two
models, namely trapping-release[31] and phonon-assisted tun-
neling hopping transport,[32] combined with the Gaussian
disorder representation,[33] have been proposed to account
for the observed field-dependent mobility in organic FETs
operating in the accumulation mode. The trapping-release
model is based on the assumption that most of the charge
carriers are trapped within localized states in a solid sample
and that the amount of charge carriers released into the ex-
tended-state transport level(s) depends on the energy
level(s) of the localized states, the temperature, and the gate
voltage. Extended-state transport can only occur in materi-
als with a highly ordered structure. The charge carriers in an
amorphous solid sample are strongly localized, and conse-
quently this usually leads to poor mobility. In this regard,
charge injection and transport within the copper–sulfur net-
works of 1–4 and [Cu(SCH3)]1 are likely to originate from
the well-ordered atomic arrangements in their 1D polymeric
structures. The charge-transport mechanism operating in the
polymeric chain structures of [Cu(SR)]1 may be different
from those found in other Cu-containing polymers such as
[CuI(TANC)F0.5]1 (TANC=5,6,11,12-tetraazanaphthacene)
and [Cu(N2C2S2)]1 (N2C2S2 =dithiooxamide dianion) that
have previously been reported in the literature, in which dis-
ordered interstitial fluoride ions[34] or an iodine dopant[35]

were involved in charge transportation, respectively. In this
work, we have shown that both the para-substituent of the
arylthiolate ligand and the crystal morphology influence the
overall charge mobility. The presence of an electron-donat-
ing substituent such as CH3 or CH3O, as in the cases of 1
and 3, leads to an increase in the charge mobility from
10�3 cm2V�1 s�1 to 10�2 cm2V�1 s�1. This is attributed to the
stabilization of p-type charge carriers within the nanorods.
Assuming that the chain structure of 4 is similar to those of
1–3, the bulky tert-butyl substituents in 4 would increase the
average interchain separation, making charge-hopping be-
tween adjacent polymer chains less efficient, and conse-
quently leading to reduced charge mobility. Nanorods of 5

have an average crystalline size that is comparable to those
of nanorods of 1–4, but were found to display a significantly
lower charge mobility. It is possible that the electron-with-
drawing CF3 substituent destabilizes the positively charged
carriers and hence disfavors charge injection and transport.
The effects of peripheral and end substituent groups on the
charge-transport behavior of pentacene compounds have
previously been investigated. Di- and tetrasubstituted penta-
cene compounds generally show p-type charge mobili-
ACHTUNGTRENNUNGties,[36a,c] whereas electron-deficient perfluorinated pentacene
behaves as an n-type material with an electron mobility of
0.11 cm2V�1 s�1.[36b] Compared to the nanorods present in
polycrystalline solid samples of 1–5, a polycrystalline solid
sample of [Cu(SCH3)]1 was found to contain comparatively
wide nanorods, leading to larger grain sizes, which may ac-
count for its high charge mobility of 6N10�2 cm2V�1 s�1. It
can also be argued that charge transport in a polycrystalline
material may be limited by grain boundaries, so that when
the grain size is increased the number of grain boundaries
decreases, leading to better charge transport. This situation
has previously been reported for oligothiophenes.[37] Howev-
er, the opposite relationship was found for pentacene com-
pounds.[38] The plate-like crystal morphologies of crystalline
solid samples of 6 and 7 reveal that the [Cu(SR)]1 chains of
these two complexes adopt an orientation that would not
favor efficient charge transport. For these [Cu(SR)]1 chains,
their spatial orientation may be modulated by weak interac-
tions associated with the peripheral NO2 or COOH substitu-
ents. Although we have not been able to determine the crys-
tal structure of 7, we suggest that the CuI atoms of the
[Cu(SC6H4COOH)]1 polymer are connected by m2-bridges
formed by the S atoms of the arylthiolate ligands, and that
inter-chain hydrogen-bonding interactions between the car-
boxylic acid groups lead to aggregation. A recent study has
revealed that the charge-transport properties of thin-film
field-effect transistors fabricated from perylo[1,12-b,c,d]thio-
phene also exhibited a strong dependence on the film quali-
ty and morphology as well as on the packing of the mole-
cules.[39]

We propose that the different crystal morphologies (nano-
rod versus plate-like) of the [Cu(SR)]1 polymers are due to
different anisotropic crystal growth rates.[40a] Scheme 2
shows the proposed modes of crystal growth of 1–7, which
are presumably affected by a subtle balance of intra-/inter-
chain interactions. It has previously been found that the size
of a crystal face is inversely proportional to the rate of crys-
tal growth in the direction perpendicular to it.[40b] For solids
1–5 and [Cu(SCH3)]1, 1D crystal growth may occur prefer-
entially along the chain axis, because the Cu atoms and SR
ligands associate more rapidly to form a chain, driven by
strong covalent Cu···S bonding. Weak intra-chain p···p inter-
action(s) may also contribute to this process, as may be the
case with 1–3. Whenever these adhesive forces are weak-
ened, interchain interactions, such as C�H···O�N or
O···H···O hydrogen-bonding interactions, will facilitate crys-
tal growth in a direction perpendicular to the chain axis,
leading to a plate-like morphology, as has been found with 6
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and 7. For nanocrystals of 6 and 7, the dipole moment of the
arylthiolate ligands may also affect the crystal morphology.

Conclusion

In summary, we have developed a high-yielding synthesis
for the production of phase-pure polycrystalline solid sam-
ples of [Cu(SR)]1 polymers. These polymers were subse-
quently used for the fabrication of nanorod FETs, all of
which exhibited a p-type charge mobility with m values of
10�2–10�5 cm2V�1 s�1. The performances of nanorod FETs
made from these homoleptic [Cu(SR)]1 polymers have been
found to be significantly affected by the para-substituent of
the arylthiolate ligand. The crystal morphologies of the
polymeric [Cu(SR)]1 chains are affected by weak intra- and
interchain interactions.

Experimental Section

Polycrystalline solid samples of 1–7 were prepared according to a previ-
ously described literature method.[15] The copper source was either Cu2O
or a CuII salt in the presence of a reducing agent (NaBH4). All reaction
products were obtained as phase-pure polycrystalline solids, which were
air-stable and insoluble in most common organic solvents. Elemental
analyses of 1–7 were performed at the Institute of Chemistry, Chinese
Academy of Science; the metal/ligand ratios were found to be 1:1.

[Cu(p-SC6H4-X)] (X=CH3 (1), H (2)): p-Tolyl disulfide (0.565 g,
2.3 mmol) or phenyl disulfide (0.502 g, 2.3 mmol) was added to a solution
of NaOH (0.093 g, 2.3 mmol) in water (30 mL), and then a solution of
NaBH4 (0.087 g, 2.3 mmol) in methanol (30 mL) was added. The yellow
suspension was heated until a clear solution was obtained. After cooling
to room temperature, the solution was adjusted to pH�5–6 by the drop-
wise addition of concentrated hydrochloric acid (12m). Cu2O (0.288 g,
2 mmol) was then added with stirring and the reaction mixture was re-

fluxed for 72 h. The insoluble yellow precipitate was collected by filtra-
tion, and washed with water, methanol, acetone, dichloromethane, and
diethyl ether. Yields: 89% (0.67 g) for 1 and 85% (0.59 g) for 2 ; elemen-
tal analysis calcd (%) for 1: C 45.02, H 3.78; found: C 44.95, H 3.69;
calcd (%) for 2 : C 41.72, H 2.92; found: C 41.39, H 2.82.

[Cu(p-SC6H4-X)] (X=CH3O (3), tBu (4), CF3 (5), and COOH (7)): For
3, Cu2O (0.500 g, 3.5 mmol) was added to a stirred solution of 4-methoxy-
benzenethiol (0.980 g, 7.0 mmol) in ethanol (50 mL) and the mixture was
refluxed for 12 h. For 4, 5, and 7, 4-(tert-butyl)benzenethiol (1.162 g,
7.0 mmol), 4-(trifluoromethyl)benzenethiol (1.245 g, 7.0 mmol), and 4-
mercaptobenzoic acid (1.078 g, 7.0 mmol) were used, respectively. For 5
and 7, the reaction time was extended to 48 h. The resulting yellow sus-
pensions were filtered, and the collected solids were washed with ethanol
and diethyl ether, and then dried at 70 8C under a vacuum of 10 mmHg
for 12 h. Yields: 90% (1.273 g) for 3, 82% (1.312 g) for 4, 77% (1.301 g)
for 5, and 82% (1.236 g) for 7; elemental analysis calcd (%) for 3 : C
41.47, H 3.48; found: C 41.25, H 3.48; calcd (%) for 4 : C 52.49, H 5.73;
found: C 51.93, H 5.72; calcd (%) for 5 : C 34.93, H 1.67; found: C 34.43,
H 1.74; calcd (%) for 7: C 38.79, H 2.33; found: C 37.72, H 2.38.

[Cu(p-SC6H4-X)] (X=NO2 (6)): Cu(NO3)2·3H2O (0.242 g, 1 mmol) was
added to a solution of 4-nitrobenzenethiol (0.170 g, 1.1 mmol) and tri-
ACHTUNGTRENNUNGethylamine (0.110 g, 1.1 mmol) in ethanol (30 mL). An orange precipitate
was formed immediately. The resulting suspension was refluxed for 48 h.
The insoluble orange solid was collected by filtration and washed with
water, ethanol, acetone, dichloromethane, and diethyl ether. Yield: 95%
(0.207 g); elemental analysis calcd (%) for 3 : C 33.10, H 1.85, N 6.43;
found: C 33.52, H 1.85, N 6.52. We found that an orange solid, presumed
to be [Cu(SC6H4NO2)]1, obtained from the reaction of Cu2O with
HSC6H4NO2, had a high degree of crystallinity but contained a trace
amount of unreacted Cu2O.

[Cu(SCH3)]1: Cu2O (0.289 g, 2 mmol) was added to a solution of
NaSCH3 (0.162 g, 2.3 mmol) in water (30 mL). The resulting brownish-
red suspension was refluxed and a light-yellow solid was formed after
48 h. This insoluble yellow solid was collected by filtration and washed
with water, methanol, acetone, dichloromethane, and diethyl ether.
Yield: 95% (0.210 g); elemental analysis calcd (%) for [Cu(SCH3)]1: C
10.86, H 2.73; found: C 10.78, H 2.69.

Physical characterization : Thermogravimetric analyses were performed
under an N2 atmosphere using a Perkin-Elmer TGA-7 apparatus. In situ
variable-temperature X-ray diffractograms were recorded using a Bruker
D8 Advance diffractometer equipped with a modular temperature cham-

Scheme 2. Schematic drawing showing the formation of crystalline solids of 1–7 having distinct crystal morphologies (nanorod versus plate-like) as a con-
sequence of different crystal growth rates in two orthogonal directions.
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ber attachment (Materials Research Instruments) operating in the tem-
perature range 25–450 8C. TEM images and SAED patterns were record-
ed using a Philips Tecnai 20 system. A few drops of an ethanolic suspen-
sion of a solid sample of 1–7 or [Cu(SCH3)]1 were placed on a copper
grid for TEM and SAED experiments. A preliminary four-point conduc-
tivity measurement using a pellet sample of 1 was performed using a coli-
near probe system (Keithley Instruments, Inc., Model 6221). Diffuse re-
flectance spectra of solid samples of 1–7 and [Cu(SCH3)]1 were recorded
using a Perkin-Elmer Lambda 20 UV/Vis spectrophotometer over the
wavelength range 250–1100 nm. The sample was placed against a white
background plate for data collection. FT-IR spectra were collected using
a Bio-Rad spectrophotometer over the range 400–4000 cm�1

.

Field-effect transistors and charge mobility measurements : A typical sub-
strate-gate structure field-effect transistor was fabricated. A gate oxide
SiO2 layer (100 nm, relative permittivity=3.9) was grown thermally on a
heavily doped n-type Si substrate (gate electrode). An image reversal
photolithography technique was used to etch the photoresist layer and to
form the source and drain pattern on the gate oxide. Source and drain
metal layers, consisting of a Ti adhesion film (10 nm, lower) and an Au
conductive film (50 nm, upper), were deposited by thermal evaporation.
After deposition of the metal films, a standard lift-off process involving
washing with acetone was used to remove the uncovered photoresist ma-
terials, leaving behind the Ti/Au source/drain contact patterns. The chan-
nel length and width of the devices were 100 mm and 1000 mm, respective-
ly. Methanolic suspensions of 1–7 or [Cu(SCH3)]1 were each ultrasonicat-
ed for more than 12 h to fully disperse the nanorods. The respective dis-
persed nanorods were then drop-cast on the top of the patterned bottom-
contact field-effect transistors. When transistors were made from suspen-
sions that had not been ultrasonicated, considerable amounts of highly
aggregated nanorods were found, and this enhanced aggregation led to
supersaturated current–voltage behavior with a high channel current and
p-type behavior, probably due to bulk conduction between the source
and drain electrodes. The transistor output and transfer characteristics
were measured with a probe station under nitrogen atmosphere using a
Keithley K4200 semiconductor parameter analyzer. Although non-satu-
rating behavior was found for these nanorod FET devices, a clear gate
effect on the current was observed, as depicted in Figure 6. Since satura-
tion of the drain current was not attained, the charge-carrier mobility
was extracted from the linear regime of the ID,lin versus VGS plot.[16] In the
linear regime where VDS !VGS,

m ¼
@Ids=@VgsL
WCoxVd

where W is the channel width, L is the channel length, Cox is the capaci-
tance of the SiO2 insulating layer, VGS is the gate voltage, and Vd is the
drain-source voltage.

Structure determination : The structures of 1–3 and 6 were solved using
powder X-ray diffraction data; the details are given in the Supporting In-
formation. The unit cell parameters were determined using the indexing
programs TREOR90[17a] and DICVOL04[17b] and were subsequently re-
fined using PawleyQs fitting.[18] Initial positions of the heavy atoms (Cu
and S) were obtained by global optimization of the diffraction patterns
using a simulated annealing algorithm implemented in the structure solu-
tion program DASH[19a] (or parallel tempering in FOX).[19b] Partial struc-
ture solutions were gradually completed by adding the missing atoms of
the arylthiolate ligands. Structural refinement was performed using the
GSAS/EXPGUI program suite.[20] The final cycles of the refinements of
1–3 and 6 are depicted as plots in the Supporting Information (Figur-
es S1–S4). Crystallographic data (excluding structure factors) for the
structures of 1–3 and 6 are summarized in Table 1.

CCDC-621718 (1), 621719 (2), 621720 (3), and 621721 (6) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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