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Reaction of Ag(BF4) with [n-Bu4N][TCNQ] in CH3CN
yields a new phase of Ag(TCNQ) referred to as phase I (1).
A second polymorph of Ag(TCNQ), denoted phase II (2), which
had earlier been prepared by electrocrystallization methods, can
be accessed directly from silver powder and neutral TCNQ. The
products were characterized by a combination of spectroscopic
and physical methods. A powder X-ray di4raction pattern of (1)
was indexed as a tetragonal cell with a 5 b 5 12.1422 A_ ,
c 5 17.0498 A_ , and V 5 2513.70 A_ 3. Compound (2) crystallizes in
the orthorhombic system with a 5 7.2892 A_ , b 5 16.5790 A_ ,
c 5 17.4448 A_ , and V 5 2108 A_ 3, which correlates well with the
lattice parameters a 5 6.975 A_ , b 5 16.686 A_ , c 5 17.455 A_ , and
V 5 2031.5 A_ 3 reported for Ag(TCNQ) phase II. Ag(TCNQF4)
(5), prepared by electrochemical reduction of TCNQF4 at an Ag
electrode, crystallizes in the monoclinic space group C2/c, a 5
13.429(3) A_ , b 5 6.9331(14) A_ , c 5 25.735(5) A_ , b 5 116.66(3)3.
Ag(TCNQF4) consists of coordinated TCNQF4 radicals ar-
ranged in a parallel stacking arrangement along the b axis. The
nearly 99eclipsed:: type stacking of the TCNQF4 radicals leads to
a short intradimer distance of 3.119(2) A_ and an interdimer
separation of 3.330(2) A_ . Single crystal X-ray data for the salts
[Bu4N][TCNQ] (3) and [n-Bu4N][TCNQF4] (4a) and (4b) are
also included for comparison to the Ag(I) materials. [n-
Bu4N][TCNQ] (3) crystallizes in the monoclinic space group
P21 /n with a 5 9.3028(7) A_ , b 5 19.3520(14) A_ , c 5
15.3880(11) A_ , b 5 100.979 (2)3, V 5 2719.6(3) A_ 3. [n-Bu4N]
[TCNQF4] crystallizes in two forms; in a monoclinic space
group P21 /n (4a), a 5 7.4244(15) A_ , b 5 20.212(4) A_ , c 5
19.758(4) A_ , b 5 97.32(3)3, V 5 2940.8(10) A_ 3, and in the tri-
clinic space group P11 (4b), a 5 9.6335(3)A_ , b 5 14.9574(3) A_ ,
c 5 21.3615(5) A_ , a 5 107.440(1)3, b 5 93.437(2)3, c 5
104.785(2)3 and V 5 2808.07(12) A_ 3. Ring+edge 99slipped:: stack-
ing arrangements are present in both (4a) and (4b), in which
a strongly paired set of TCNQF4 anions interacts with another
set. The shortest distance within a dimer pair TCNQF4 in (4a) is
3.09 A_ . In contrast, there are two independent types of TCNQF4

interactions in (4b), one that involves strongly interacting anions
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and one that comprises only weakly dimerized anions. The pres-
ence of the latter type in (4b) leads to magnetic properties
indicative of thermal population of the triplet excited state at
higher temperatures. ( 2000 Academic Press
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INTRODUCTION

The use of transition metal precursors as building blocks
in coordination compounds allows for impressive structural
diversity and opens up a wealth of potential applications for
porous (1), magnetic (2), and conducting (3) solids (1}5). In
many cases, knowledge of the geometry of the ligand and
the coordination environment of the metal has allowed
synthetic chemists to design new strategies and to predict
the resulting structural architecture. This concept works
well when polymorphism is not an issue, but this is unfortu-
nately not the case with n-stacked charge-transfer materials.
Conducting charge transfer materials composed of stacks of
donor cations and organic radical acceptors such as those
exhibited in Fig. 1 have been under investigation for over 40
years, yet there is still an element of structural serendipity
that cannot be denied (3, 5). In addition to classical organic
or organometallic donor/acceptor salts that involve p-
stacks, polymeric materials composed of a metal ion directly
bonded to the organic radical may be envisioned. Such
direct bonding between the metal donor and the organic
acceptor allows for a combination of the unique character-
istics of the transition metal (optical, magnetic, etc.) with the
conducting and magnetic properties of organic radical
stacks (5a,c}h,j,m}p, 6). A foremost example of this ap-
proach is the use of 2,5-DM-DCNQI (Fig. 1b, 2,5-dimethyl-
dicyanoquinodiimine) with Cu (I/II) in the assembly of
tetrahedral metal based, three-dimensional networks (3a).
The mixed-valent material Cu(DM-DCNQI)

2
exhibits an

extraordinarily high metallic conductivity (5]105 S cm~1

at 3.5 K) which is related to the presence of the 1D stacked
0022-4596/00 $35.00
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FIG. 1. Organonitrile acceptor molecules used as ligands in metal-
lopolymers.
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DCNQI radicals (dicyanoquinodiimine) as well as to inter-
actions of the metal with the ligand via metal d and ligand
n orbital overlap. The latter interactions serve to increase
the dimensionality of the system and lead to a two-dimen-
sional Fermi surface. The Cu(DCNQI)

2
system is an excel-

lent example of how inorganic/organic hybrid materials (3)
of the coordination polymer type can be competitive in the
area of highly conducting materials.

The incorporation of &&bare'' metal ions into networks
with organic acceptors spawned technological development
of binary metal/TCNQ "lms that behave as switches. Two
of the most well-investigated materials in this regard are
Cu(TCNQ) (TCNQ~"7,7,8,8-tetra-cyanoquinodimethan-
ide) and Ag(TCNQ), which exhibit electric-"eld-induced
bistable switching under certain conditions (7, 8). Speci"-
cally, the application of an electric "eld across a thin "lm of
these materials leads to an observable &&switching'' from
a high- to a low-resistance state at a critical threshold
potential (8a). For over 20 years there has been intense
debate in the literature concerning the mechanism of the
switching as well as the role of "lm growth conditions in
dictating the "nal properties. Earlier this year, our group
reported the X-ray structures of two di!erent forms of
Cu(TCNQ) with very di!erent magnetic and conducting
properties (9). This unrecognized polymorphism in the Cu
system has had unfortunate consequences, as it led to many
years of fruitless work on mixtures of two compounds.
Clearly, further evaluation of other metal/TCNQ and
TCNQ derivatives is in order. A search of the literature
reveals that the switching behavior of both Cu and Ag
devices has been studied, but that the behavior of the
Ag(TCNQ) "lms has not been scrutinized as closely as the
Cu(TCNQ) system. In terms of structural evidence, until
recently the Ag analog was the better characterized of the
two materials. In 1985, Shields reported the single-crystal
X-ray structure of a Ag(TCNQ) crystal obtained by electro-
chemical synthesis (7). No powder data or comments on the
singularity of the electrochemical form of Ag(TCNQ) have
appeared since this time, however, therefore it is logical to
ask if the reported form of Ag(TCNQ) is the only stable
phase. In this paper we explore the issue of polymorphism in
Ag(TCNQ). In addition, we extended this chemistry to
TCNQF

4
(TCNQF

4
: 2,3,5,6-tetra#uoro-7,7,8,8-tetra-cyano-

quinodimethanide) (10}12). Although there are several re-
ports of structural (10), magnetic (11), and spectroscopic (12)
studies of TCNQF

4
charge transfer salts in the literature,

the present work constitutes the "rst structurally character-
ized metal/TCNQF

4
polymer. Analysis of the solid state

structure of Ag(TCNQF
4
) indicates that it is distinctly dif-

ferent from either phase of Ag(TCNQ) or the alkali metal
TCNQ salts (13), but similar to Cu(TCNQ) phase II (9). In
addition to results of the Ag(TCNQ) studies, the tetra-
alkylammonium salts, [n-Bu

4
N][TCNQ] and [n-Bu

4
N]

[TCNQF
4
], were also subjected to X-ray studies in order to

compare the stacking motifs of the TCNQ and TCNQF
4

anions in simple organic salts with the pattern found in the
Ag polymers.

EXPERIMENTAL

A. Synthesis

Reactions were carried out under a dinitrogen atmo-
sphere unless otherwise indicated. Acetonitrile was dried
over 3-A_ molecular sieves and distilled under a nitrogen
atmosphere prior to use. Ag(BF

4
) was purchased from Al-

drich Chemical Company, and TCNQ was purchased from
TCI Chemical Company and recrystallized from hot
acetonitrile. [Bu

4
N][TCNQ] (14) and TCNQF

4
(15) were

prepared according to literature methods, and the TCNQF
4

derivatives, Li(TCNQF
4
) and [n-Bu

4
N][TCNQF

4
], were

prepared in the same way as the TCNQ salts.

(a) Bulk synthesis of Ag(TCNQ) phase I, (1). Ag(BF
4
)

(0.20 g, 1.03 mmol) was dissolved in 20 mL of acetonitrile
and "ltered through Celite under a nitrogen atmosphere.
Separately, [Bu

4
N][TCNQ] (0.405 g, 0.906 mmol) was dis-

solved in 20 mL of acetonitrile and slowly added to the
Ag(BF

4
) solution. A blue-purple microcrystalline product

precipitated immediately, and after 2 min it was collected by
"ltration, washed with 10 mL of acetonitrile followed by
20 mL of diethyl ether, and dried in vacuo; yield 0.254 mg,
90%. Anal. Calcd for C

12
H

4
N

4
Ag: C, 46.19; H, 1.29; N,

17.95; Found: C, 45.38; H, 1.32; N, 17.51. Characteristic IR
data (Nujol mull, KBr plates, cm~1): l(C,N), 2199s, 2194sh,
2184s, 2161s; l(C"C), 1507s; d(C}H), 824s.
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(b) Bulk synthesis of Ag(TCNQ) phase II, (2) from Ag metal.
Ag powder (0.18 g, 1.67 mmol) was suspended in 150 mL of
acetonitrile, TCNQ (1 g, 4.89 mmol) was added, and the
mixture was stirred in the dark for 2 days. After "ltration,
the reddish purple microcrystalline product was washed
with acetonitrile and suspended in a solution of TCNQ (0.5
g, 2.44 mmol) in 150 mL of acetonitrile to convert any
unreacted Ag metal. After 2 additional days of stirring in the
dark, the solution was decanted to remove any small par-
ticles suspended in the solution. The remaining product was
washed thoroughly with acetonitrile, "ltered, and dried in
vacuo; yield 0.45 g, 86.5%. Anal. Calcd for C

12
H

4
N

4
Ag: C,

46.19; H, 1.29; N, 17.95; Found: C, 45.94; H, 1.38; N, 17.84.
Characteristic IR data (Nujol mull, KBr plates, cm~1):
l(C,N), 2202sh, 2185s, 2170s, 2131sh; l(C"C), 1505s;
d(C}H), 820s.

(c) Ag(TCNQ) Phase II, (2) from Ag` salts. Ag(NO
3
) (0.2

g, 1.18 mmol) was dissolved in 100 mL of acetonitrile, and
a solution of [Bu

4
N][TCNQ] (0.26 g, 0.58 mmol) in 100 mL

of acetonitrile was added dropwise. The mixture was stirred
for 5 days, after which time the product was washed thor-
oughly with acetonitrile, "ltered and dried at room temper-
ature. The material was characterized as impure Ag(TCNQ)
phase II (2) contaminated by a large quantity of Ag metal as
determined by X-ray powder di!raction.

(d) Synthesis of [n-Bu4N][TCNQ] (3). A quantity of
Li(TCNQ) (1.48 g, 0.007 mol) was dissolved in 100 mL of
hot distilled water. In a separate #ask, an excess of [n-
Bu

4
N]I (5.2 g, 0.0140 mol) was dissolved in 600 mL of

boiling distilled water. Upon addition of the Li(TCNQ)
solution to the [n-Bu

4
N]I solution, an instantaneous reac-

tion ensued with the precipitation of a dark purple solid.
The solution was stirred and warmed for 1 h, after which
time the product was collected by vacuum "ltration. The
dark purple powder was washed with several aliquots of hot
water, followed by diethyl ether, and "nally dried in vacuo:
yield, 3.1 g (99%). The product was recrystallized as follows.
The crude product was dissolved in a minimal volume of
dichloromethane (&100 mL) and the solution was dried
with anhydrous magnesium sulfate. After "ltration, the
solution was reduced in volume (&30 mL), and an equiva-
lent volume of hexanes was added to induce crystallization.
After the excess dichloromethane had been evaporated, the
dark purple crystalline product was collected by vacuum
"ltration, washed with copious amounts of hexanes, and
dried in vacuo: yield 2.96 g, (95%). Anal. Calcd for
C

28
H

36
N

5
: C, 75.29; H, 9.03; N, 15.68; Found: C, 75.66; H,

8.79; N, 15.39. Characteristic IR data (Nujol mull, KBr
plates, cm~1): l(C,N), 2187 sh, 2181 s, 2160 sh, 2157 s;
l(C"C), 1507 s; d(C}H), 824 m.

(e) Synthesis of [n-Bu4N] [TCNQF4] (4). [n-Bu
4
N]I (1.69

g, 0.458 mmol) was dissolved in 400 mL of hot distilled
water. In a separate #ask, Li[TCNQF
4
] (0.650 g, 0.230

mmol) was dissolved in 100 mL of distilled water. Upon the
addition of the Li[TCNQF

4
] solution into the hot solution

of [n-Bu
4
N]I, a dark purple microcrystalline product im-

mediately precipitated. After 1 h of stirring, the product was
collected by "ltration. The crude product was dissolved in
methylene chloride, dried with magnesium sulfate, and the
solution "ltered. The volume was reduced by evaporation
on a rotary evaporator, and 40 mL of hexanes was added to
induce precipitation of the product. Crystals of [n-
Bu

4
N][TCNQF

4
] (4a) suitable for X-ray structural deter-

mination were obtained directly from this procedure. To
recover more product, the methylene chloride was evapor-
ated to produce a second crop of crystals which was col-
lected by "ltration, washed with hexanes, and dried in vacuo;
yield 1.02g, 86%. Anal. Calcd for C

28
N

5
H

36
F
4
: C, 64.84; H,

7.00; N, 13.50; Found: C, 64.11; H, 7.63; N, 12.36. Character-
istic IR data (Nujol mull, KBr plates, cm~1): l(C,N), 2197s,
2174s, 2154s, 2134sh; l(C"C), 1506 sh, 1498 s.

( f ) Bulk synthesis of Ag(TCNQF4) (5). Ag(BF
4
) (0.135 g,

0.693 mmol) was dissolved in 20 mL of acetonitrile and
"ltered through Celite, and, separately, [n-Bu

4
N]

[TCNQF
4
] (0.363, 0.70 mmol) was dissolved in 20 mL of

acetonitrile. Both solutions were chilled to !203C, and the
solution of [n-Bu

4
N][TCNQF

4
] was added to Ag(BF

4
) and

stirred for 2 min. A dark purple-blue, microcrystalline pow-
der was collected by "ltration, washed with 10 mL of
acetonitrile, 20 mL of diethyl ether, and dried in vacuo; yield
0.238g (92%). Anal. Calcd for C

12
F

4
N

4
Ag: C, 37.53; H, 0.0;

N, 14.95; Found: C, 37.12; H, 0.01; N, 14.92. Characteristic
IR data (Nujol mull, KBr plates, cm~1): l(C,N), 2220s,
2213s, 2197s; l(C"C), 1501s; l(C}F), 1208m, 1154w.

B. Structural Studies

A compilation of data collection and re"nement para-
meters for crystals of (3)}(5) are listed in Table 1.

(a) X-ray structure determination of [n-Bu4n][TCNQ] (3).
A typical needle crystal of dimensions 0.21]0.16]
0.10 mm3 was mounted on the end of a glass "ber and
secured with silicone grease. A hemisphere of data was
collected at 173$2 K on a Bruker SMART 1K CCD
platform di!ractometer (16) with graphite monochromated
MoKa radiation (ja"0.71073 A_ ). The frames were integ-
rated in the Bruker SAINT software package (17), and the
data were corrected for absorption using the SADABS
program (18). Final cell parameters and orientation matrix
were obtained from the re"nement of XYZ centroids of
3296 re#ections with I'10p with a"9.3028(7) A_ , b"
19.3520(14) A_ , c"15.3880(11) A_ , b"100.979(2)3, <"
2719.6(3) A_ 3. The structure was solved using the SHELXTL
V.5.10 package (19) and re"nement was carried out by full
matrix least-squares calculations on F2. All the nonhydro-



TABLE 1
Crystallographic Information

3 4a 4b 5

Formula C
28

H
40

N
5

C
28

H
36

F
4
N

5
C

28
H

36
F

4
N

5
C

12
F

4
N

4
Ag

fw 446.65 518.62 518.62 384.03
¹ (K) 173(2) 173(2) 173(2) 173(2)
Radiation MoKa graphite monochromated (ja"0.71073 A_ )
Space group P2

1
/n P2

1
/n P11 C2/c

a (A_ ) 9.3028(7) 7.4244(15) 9.6335(3) 13.429(3)
b (A_ ) 19.3520(14) 20.212(4) 14.9574(3) 6.9331(14)
c (A_ ) 15.3880(11) 19.758(4) 21.3615(5) 25.735(5)
a (3) 90 90 107.440(1) 90
b (3) 100.979(2) 97.32(3) 93.437(2) 116.66(3)
c (3) 90 90 104.785(2) 90
< (A_ 3) 2719.6(3) 2940.8(10) 2808.07(12) 2141.3(7)
Z 4 4 4 8
d
#!-#

(g/cm3) 1.091 1.171 1.227 2.382
k (mm~1) 0.065 0.088 0.092 1.936
F (000) 972 1100 1100 1464
Total data 16240 35072 13369 6416
Unique data 6327 7113 8918 2526
R1 [I'2p]a 0.0638 0.0507 0.0621 0.0225
wR2 [I'2p]b 0.1111 0.0948 0.1221 0.0586
GOFc 0.973 0.997 1.075 1.096

a R1"+ [ E F
0
D!D F

#
E]/+ D F

0
D.

b wR2" M+ [w(F2
0
!F2

#
)2]/+ [w(F2

0
)2]N1@2.

c GOF"M[w(F2
0
!F2

#
)2]/(n!p)N1@2 where n"total number of re#ec-

tions and p"total number of parameters.
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gen atoms were located and re"ned anisotropically, and
hydrogen atoms were "xed in the idealized positions. The
re"nement led to "nal residuals of R1"0.0638 and a wR2
of 0.1111 (I'2p) for all 6327 re#ections with 298 para-
meters with a goodness-of-"t of 0.973. The highest peak in
the "nal di!erence map was 0.18 e~/A_ 3.

(b) X-ray structure determination of [Bu4N][TCNQF4] (4a).
A typical needle crystal of dimension 0.80]0.12]0.10 mm3

was mounted on the end of a glass "ber with silicone grease.
A full sphere of data was collected at 173$2 K for
a [Bu

4
N][TCNQF

4
] crystal on a Bruker SMART 1K CCD

area detector di!ractometer with a graphite mono-
chromated MoKa radiation (ja"0.71073 A_ ). The frames
were integrated in the Bruker SAINT software package, and
the data were corrected for absorption using the SADABS
program. The data were integrated in a P2

1
/n monoclinic

cell with a"7.4244(15) A_ , b"20.212(4) A_ , c"19.758(4) A_ ,
and b"97.32(3)3. The structure was solved using the
SHELXS program (20) and re"nement was carried out by
full matrix least-squares calculations on F2 using the
SHELXL-97 program (21). All the atoms were re"ned an-
isotropically to give "nal residuals of R1"0.0507 and
a wR2 of 0.0946 at a resolution of 0.75 A_ . The "nal re"ne-
ment was based on 479 parameters and 35,072 re#ections,
7113 of which were unique. The highest peak in the "nal
di!erence map was 0.224 e~/A_ 3.

(c) X-ray structure determination of [n-Bu4N][TCNQF4]
(4b). A thin, blue platelet crystal of approximate dimensions
0.20]0.08]0.01 mm3 was mounted on a glass "ber and
secured with Dow Corning silicone grease. Di!raction data
were collected on a Bruker SMART 1K CCD platform
di!ractometer at 173$2 K. A hemisphere of data was
collected at a scan width of 0.33 in u. Cell parameters were
obtained from the re"nement of the XYZ centroids of 2850
strong re#ections with I'10p(I) from a total of 15,276
re#ections with a"9.6335(3) A_ , b"14.9574(3) A_ , c"
21.3615(5) A_ , a"107.440(1)3, b"93.437(2)3, c"104.785(2)3,
<"2808.07(12) A_ 3. Absorption was corrected for with the
program SADABS which led to transmission factors be-
tween 0.56 and 1. Data were merged and truncated to
0.85-A_ resolution to reduce the high Rsigma. The structure
was solved and re"ned in SHELXTL V. 5.10 package by
full-matrix least-squares on F2. All nonhydrogen atoms
were located and re"ned anisotropically, and hydrogen
atoms were "xed in idealized positions. The "nal re"nement
was based on 668 parameters and 13,369 re#ections, 8918 of
which were unique. The re"nement led to R1"0.0621 and
wR2"0.1221 (I'2p). The highest peak in the "nal di!er-
ence map was 0.204 e~/A_ 3.

(d) X-ray structure determination of Ag(TCNQF4) (5). A
typical rectangular platelet crystal of dimensions 0.31]0.16
]0.08 mm3 was mounted on the end of a glass "ber with
silicone grease. A hemisphere of data was collected at
173$2 K for a Ag(TCNQF

4
) crystal on a Bruker SMART

1K CCD area detector di!ractometer with a graphite
monochromated MoKa radiation (ja"0.71073 A_ ). The
frames were integrated in the Siemens SAINT software
package in a C2/c monoclinic cell setting a"13.429(3) A_ ,
b"6.9331(14) A_ , c"25.735(5) A_ , b"116.66(3)3, <"
2141.3(7) A_ 3. The data were corrected for absorption using
the SADABS program. The structure was solved using the
SHELXS program and full matrix least-squares re"nement
was carried out on F2 in the SHELXL-97 program. All
atoms were re"ned anisotropically to give "nal residuals of
R1"0.0225 and wR2 of 0.0586 at a resolution of 0.75 A_ .
The "nal re"nement was based on 191 parameters and 6416
re#ections, 2526 of which were unique. The highest peak in
the "nal di!erence map was 0.811 e~/A_ 3.

C. Physical Measurements

Variable temperature magnetic susceptibility data were
obtained in the range 2}300 K on polycrystalline samples
using a Quantum Design, Model MPMS-XL and MPMS-5
SQUID magnetometer housed in the Physics and Astron-
omy Department at Michigan State University. All mag-
netic data were corrected for the sample holder. The data



TABLE 2
Magnetic Parameters

sdia

(emu CGS/mol)
(value in parenthesis s

TIP
is estimated from the (emu CGS/mol) C

!
C

"
2J (K) Pascal constants) (290 K) (emu CGS.K/mol) (emu CGS.K/mol)

Ag(TCNQ) phase I (1) * (!1.0]10~4) 0.0013 * 0.0072 (1.9%)
Ag(TCNQ) phase II (2) * (!1.0]10~4) 0.0018 * 0.0009 (0.2%)
Ag(TCNQF

4
) (5) * (!1.3]10~4) 0.0010 * 0.0082 (2.2%)

[Bu
4
N] [TCNQ] (3) '2000 !3.0]10~4 * * 0.0004 (0.1%)

(!2.9]10~4) * *

[Bu
4
N][TCNQF

4
] (4a) * !3.8]10~4 * * 0.0006 (0.2%)

(!3.2]10~4)
[Bu

4
N][TCNQF

4
] (4b) 158 !3.7]10~4 * 0.75 0.0021 (0.6%)

(3.2]10~4)

Note. C
!
is the Curie constant from the Bleaney}Bowers "tting, C

"
is the Curie constant of the impurity, which is 0.375 for one spin S"1/2, and the

percentage of impurity is in parenthesis.
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for Ag(TCNQ) and Ag(TCNQF
4
) were corrected for dia-

magnetism from Pascal constants (22), !1]10~4 and
!1.3]10~4 emu CGS/mol, respectively. Key results of the
magnetic studies are listed in Table 2. Infrared spectra were
recorded on solids suspended in Nujol on KBr plates using
a Nicolet IR/42 FT-IR spectrometer. Field emission scann-
ing electron microscopy (FESEM) measurements were per-
formed on a Hitachi Ltd., Model S-4700II with a tungsten
"lament housed in the W. M. Keck Microfabrication Facil-
ity located in the Department of Physics and Astronomy at
Michigan State University.

RESULTS AND DISCUSSION

The controversy (8) over the purported bistable switching
phenomenon of Cu(TCNQ) "lms (8a) along with our recent
veri"cation of two distinct phases of Cu(TCNQ) (9),
prompted us to investigate related metal/TCNQ systems.
Reports of switching behavior for devices containing Ag
and other organic acceptors (8b,g,n) such as TCNQF

4
,

2,5-dimethoxy-7,7,8,8-tetracyanoquinodimethane (TCNQ
(OMe)

2
), 11,11,12,12-tetracyano-2,6-napthoquino-di-

methane (TNAP), and tetracyanoethylene (TCNE) point to
this metal as a logical choice for further synthetic and
structural studies. To date, single crystal X-ray data have
been published for only one phase of Ag(TCNQ) (2) as
obtained from electrochemical methods (8). Since the
stoichiometry of Ag(TCNQ) is identical to that of
Cu(TCNQ), namely 1:1, it seemed a likely prospect to ex-
hibit more than one polymorph as well. Along with this
issue, it was of interest to study the corresponding per-
#uorinated TCNQ derivative, TCNQF

4
, to probe if elec-

tronic changes in the organic acceptor in#uences the
stability of various phases.
A. Synthesis of Bulk Phases

The two main aims of this study were (i) to determine
whether a second Ag(TCNQ) polymorph exists and (ii) to
obtain pure samples of the materials for physical properties
measurements. In accord with the literature methods, we
have veri"ed that one type of crystalline Ag(TCNQ) (phase
II) can be prepared in bulk by the direct reaction of Ag
metal with TCNQ:

Ag(s)#TCNQ
MeCN

&&&" Ag(TCNQ) phase II. [1]

Another route is the simple metathesis reaction shown in
Eq. [2], which is advantageous for several reasons: the metal
and ligand are in the desired oxidation states, the reagents
are completely soluble, and the product precipitates upon
formation which allows it to be separated from by-products.
Furthermore, this reaction leads to essentially quantitative
yields:

Ag(BF
4
)#[n-Bu

4
N][TCNQ]

MeCN
&&&" Ag(TCNQ) phase I#[n-Bu

4
N] [BF

4
]. [2]

Variations in reaction times and temperatures do not signi-
"cantly alter the outcome of the reaction in Eq. [2]. The
stable product is a previously unrecognized phase of
Ag(TCNQ), which we refer to as phase I (1). Obviously the
relationship between the two Ag(TCNQ) phases is not sim-
ply a matter of kinetic versus thermodynamic products, as
in the case of Cu(TCNQ) phases I and II. Attempts to
convert Ag(TCNQ) phase I to phase II were not very suc-
cessful and led to a mixture of phases. These experiments
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were performed on the basis of the idea that these materials
would be related to each as found for Cu(TCNQ). Simply
put, we thought that phase I was a kinetic product that
would convert to the thermodynamic product, phase II,
upon heating in solution. There is no evidence that this is
the case for Ag(TCNQ), and it appears that phase I which is
only slightly soluble does not readily convert to phase II,
except by formation of silver metal and neutral TCNQ. This
conclusion is based on the observation that suspensions of
Ag(TCNQ) phase I in CH

3
CN that are not heated and

protected from light do not show any conversion to phase
II. On the other hand, if the solutions are warmed and
exposed to light, phase II and Ag metal are formed as
judged by powder X-ray methods. In light of these "ndings,
it is not possible to cite either of the phases as being the
kinetic or thermodynamic product. It may be that low
solubility prevents the conversion of phase I to phase II, or
it may simply be that phase II can only be formed by the
direct reaction of Ag metal and TCNQ.

Ag(TCNQF
4
) is prepared similarly to phase I of

Ag(TCNQ) (Eq. [3]). Analysis of the solid-state structure of
Ag(TCNQF

4
) (4) indicates that it is distinctly di!erent from

either phase of Ag(TCNQ), and, interestingly, it appears to
be the only phase. Reaction conditions were varied in a sim-
ilar manner to what was performed with Ag(TCNQ), but all
reactions yielded the same crystalline material as judged by
powder X-ray methods.

Ag(BF
4
)#[n-Bu

4
N][TCNQF

4
]

MeCN
&&&"

Ag(TCNQF
4
)#[n-Bu

4
N][BF

4
]. [3]
TABL
Experimental IR Data for 1}5 an

l (C,N) (cm~1)

Cu(TCNQ)
Phase I 2199 s, br; 2172 s
Phase II 2211 s, 2172 s

Ag(TCNQ)
Phase I (1) 2199 s, 2194 sh, 2184 s, 2161 s
Phase II (2) 2202 sh, 2185 s, 2170 s, 2131 sh

Ag(TCNQF
4
) (5) 2220 s, 2213 s, 2197 s

[n-Bu
4
N][TCNQ] (3) 2188 sh, 2180 s,

TCNO 2222 s
[n-Bu

4
N][TCNQF

4
] 4a 2197 s, 2178 s

[n-Bu
4
N][TCNQF

4
] 4b 2194 s, 2174 s,

TCNQF
4

2259 br, 2225 s, 2211 s
B. Infrared Spectroscopy

Infrared spectroscopy is a useful technique for character-
izing TCNQ charge transfer salts, especially with respect to
distinguishing the presence of TCNQ in its neutral versus
reduced forms (5f, 23). As expected, IR spectra of both
Ag(TCNQ) phases are similar due to their structural simil-
arities and their basic formulation as compounds of
TCNQ~. Table 3 summarizes the pertinent data for com-
pounds (1+5). In the l(C,N) region, several stretching fre-
quencies indicate the presence of TCNQ~. Ag(TCNQ)
phase I exhibits strong, broad absorptions at 2199, 2194,
2184, and 2161 cm~1, while Ag(TCNQ) phase II shows
a similar pattern at slightly lower frequencies, viz., 2202,
2185, 2170, 2131 cm~1. These modes are lower in energy
than the l(C,N) stretch of neutral TCNQ, which occurs at
2222 cm~1, and are characteristic of TCNQ~.
Ag(TCNQF

4
) exhibits strong absorptions at 2220, 2213,

and 2197 cm~1 in accord with data for salts containing
TCNQF~

4
(24). Neutral TCNQF

4
occurs at 2225 cm~1 (15).

The l(C"C) stretching region is characteristic for the
TCNQ and TCNQF

4
phenyl rings. The n-bond delocaliza-

tion over the ring results in one strong (C"C) stretch
ranging from 1500 to 1510 cm~1 for TCNQ~1. Ag(TCNQ)
phases (I and II) and Ag(TCNQF

4
) spectra exhibit n(C"C)

features at 1507, 1505, and 1501 cm~1, respectively. The
d(C}H) bending mode is also a sensitive indicator of the
presence of TCNQ~, TCNQ2~, and mixed-valence stacks
of TCNQ~/TCNQ (25). Ag(TCNQ) phases I exhibits
a weak absorption at 824 cm~1, while phase II exhibits
a lower energy mode at 820 cm~1. Both frequencies are
within the range reported for reduced TCNQ.
E 3
d Selected Reference Compounds

IR

l (C"C) (cm~1) d (C}H) (cm~1) Refs.

825 s 9
825 s 9

1507 s 824 s
1505 s 820 s
1501 s
1507 s 824 s
1541 s 861 s 15 c

1499 ms
1499 ms
1489 s 15 b, 12 e



FIG. 2. FESEM photographs of Ag(TCNQ) phase I (1) at various magni"cations.
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C. Structural and Magnetic Studies

A determination of the solid-state structures of metal/
TCNQ switching materials is crucial to fully understanding
their unusual behavior. Despite several attempts to obtain
single crystals of Ag(TCNQ) phase I (1), small crystal size
and/or twinning prevented a single crystal analysis. X-ray
powder di!raction, however, was very useful for discerning
the di!erences between phase I and phase II. X-ray quality
crystals of Ag(TCNQF

4
) (5) and the starting materials,

[n-Bu
4
N][TCNQ] (3) and [n-Bu

4
N][TCNQF

4
] (4a) and

(4b), were isolated and their structural and magnetic data
are presented here.

(a) Field Emission Scanning Electron Microscopy (FESEM)
Studies

The use of high-resolution microscopy was very useful
for discerning morphological di!erences in the two
phases of Cu(TCNQ) (9). FESEM images of Ag(TCNQ)
phase I and II shown in Figs. 2 and 3, respectively
indicate that both exhibit needle-like morphologies,
although it is clear that phase II is much more crystal-
line. Images of single crystals of Ag(TCNQF

4
) and

[n-Bu
4
N][TCNQF

4
] are provided in Fig. 4. The single

crystal of Ag(TCNQF
4
) is a representative size for those
FIG. 3. FESEM photographs of Ag(TCN
obtained through electrocrystallization, while the crystal of
[n-Bu

4
N][TCNQF

4
] is typical of samples obtained in the

bulk synthesis.

(b) Powder X-Ray Diwraction of Solution Prepared Phases

X-ray powder di!raction methods were used to distin-
guish the two phases of Ag(TCNQ). Although the crystal
structure of phase II is known, it is important to compare
both bulk products with the reported crystal structure.
Figure 5 displays powder di!raction patterns of bulk sam-
ples of phases I and II (Figs. 5a and 5b) and a simulated
pattern (Fig. 5c) from the X-ray data of Ag(TCNQ) phase II.
Samples were analyzed using a step program (12 s per 0.023
at 2#) on a Rigaku RU200B X-ray powder di!ractometer
with CuKa radiation (ja"1.54050 A_ ). The experimental
patterns were indexed using the Treor 90 program (26). This
led to the tetragonal cell with a"b"12.1422 A_ , c"
17.0498 A_ , and <"2513.70 A_ 3 for Ag(TCNQ) phase I and
an orthorhombic cell with a"7.2892 A_ , b"16.5790 A_ ,
c"17.4448 A_ , and <"2108 A_ 3 for the bulk Ag(TCNQ)
phase II product. The indexed parameters for Ag(TCNQ)
phase II are comparable to the lattice parameters published
(7) for the Ag(TCNQ) crystal (a"6.975 A_ , b"16.686 A_ ,
c"17.455 A_ , and <"2031.5 A_ 3). Figure 5d is a hypotheti-
cal powder pattern simulated from the experimental powder
Q) phase II (2) at various magni"cations.



FIG. 4. FESEM photographs of (a) Ag(TCNQF
4
) (5) and (b) [n-Bu

4
N][TCNQF

4
] (4a) at various magni"cations.
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pattern of Phase II. This was accomplished by raising the
symmetry of cell for phase II from orthorhombic to tetrag-
onal. This exercise was undertaken to further support our
contention that phase I is tetragonal and that it bears
a strong structural relationship to crystallographically de-
termined phase II.

A comparison of the experimental powder pattern for
a bulk sample of Ag(TCNQF

4
) and a simulated pattern

from the single crystal X-ray data are depicted in Fig. 6 from
which it is obvious that the structures of the samples are
identical.
FIG. 5. Experimental powder X-ray di!raction patterns for (a)
Ag(TCNQ) phase I (1), (b) Ag(TCNQ) phase II (2) and simulated powder
X-ray di!raction patterns for (c) Ag(TCNQ) phase II (2), (d) Ag(TCNQ)
phase I (1).
(c) Single Crystal Diwraction Studies and Magnetic
Measurements

(i) Single crystal growth. X-ray quality crystals of [n-
Bu

4
N][TCNQ] (3) and [n-Bu

4
N][TCNQF

4
] (4a) were

both obtained from treatment of the reaction solutions with
hexanes, whereas [n-Bu

4
N][TCNQF

4
] (4b) was obtained

from the slow di!usion of water into a methanol solution of
[n-Bu

4
N][TCNQF

4
] (4a). Crystals of Ag(TCNQF

4
) (5)

were obtained by electrocrystallization methods similar to
those employed by Shields to prepare crystals of Ag(TCNQ)
phase II (2). Electrochemical reduction of TCNQF

4
was

carried out at room temperature by slow reduction of
TCNQ at a Ag electrode (1 mm in diameter and 15 mm
long) in a two-compartment electrolysis cell "lled with 20
mL of acetonitrile. The largest crystals were obtained with
15 mg of TCNQF

4
and a constant current of 3 lA. The light

yellow solution slowly turned dark green with concomitant
deposition of crystals on the silver electrode. After a period
of 2 weeks (corresponding to the consumption of 80% of the
TCNQF

4
), crystals were collected, washed with acetonitrile,

and dried in vacuo.
FIG. 6. (a) Experimental and (b) simulated powder X-ray di!raction
patterns for Ag(TCNQF

4
) (5).



FIG. 8. Temperature dependence of the magnetic susceptibility for
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(ii) [n-Bu
4
N][¹CNQ] (3). In this salt, two TCNQ

anion radicals are related by an inversion center, and form
a completely isolated dimer (TCNQ)2~

2
, which is stacked in

a nearly eclipsed pattern in the ring-ring mode (Fig. 7).
Re"nement of the least-squares plane of the dimer revealed
the interplanar distance of the dimer to be 3.218(2) A_ , which
is shorter than the sum of the van de Waals radii between
carbon atoms of aromatic rings (3.4 A_ ) (27). This strong
dimerization leads to a diamagnetic ground state as clearly
evident from the plot in Fig. 8. The diamagnetic value
estimated from the Pascal constants (22) at !2.9]10~4

emu CGS/mol is in good agreement with the experimental
value obtained !3.01]10~4 emu CGS/mol. Above 260 K,
a small increase in the susceptibility can be detected, which
FIG. 7. (a) ORTEP drawing (at the 50% probability level) and
(b) packing arrangement of the TCNQ anions in [n-Bu

4
N][TCNQ] (3).

[n-Bu
4
N][TCNQ] (3). The high-temperature region emphasizing the

population of the triplet state is shown as an insert.
is a signature of the thermal population of the triplet state
with an energy gap greater than 2000 K.

(iii) [n-Bu
4
N][¹CNQF

4
] (4a and 4b). In (4a), the

TCNQF~
4

radicals form a strongly dimerized chain with
two interplanar distances of 3.088(4) and 3.349(4) A_ (Fig. 9).
The intradimer distance is shorter than those reported for
other simple TCNQ salts (27). With this type of ring}edge
dimer structure (Fig. 9b), with its short intermolecular dis-
tance, the compound is rigorously diamagnetic over the
entire temperature range. The susceptibility is !3.8]10~4

emu CGS/mol which is close to the value calculated from
the Pascal constants, viz., !3.2]10~4 emu CGS/mol.

In (4b), there are two independent TCNQF
4
anions in the

asymmetric unit, which are involved in two di!erent types of
dimer pairs. These two sets of radicals are oriented with an
angle between the least-square planes of about 703. The "rst
set of dimers (Figs. 10b and 10c) exhibits a nearly eclipsed
ring}ring type pattern related by an inversion center and
with a stacking distance of 3.206(5) A_ . These dimers form
a chain along the a axis at an interdimer distance of
3.481(5) A_ . This second interaction is weak due to the long
distance and the ine$cient overlap of the radicals. A second
type of TCNQF

4
radical is present that exhibits only weak

interactions with nearest neighbors, with the closest atom
contact being a C}N interaction of 3.327(9) A_ (Figs. 10d and
10e); the distance of the least squares planes is 2.265(9) A_ .
Magnetic susceptibility studies of 4b reveal a diamagnetic
ground state (!3.7]10~4 emu CGS/mol compared to
!3.2]10~4 emu CGS/mol estimated from the Pascal con-
stants (22)) which is a signature of radical dimerization.
Nevertheless, in this case, Fig. 11 shows that the excited
triplet state (S"1) is thermally accessible. A "tting of the
experimental data by the Bleaney}Bowers equation reveals
that only one-half of the radicals are involved in the popula-
tion of the triplet state with an energy gap of 158 K (28). The



FIG. 9. (a) ORTEP drawing (at the 50% probability level) of the [n-Bu
4
N][TCNQF

4
] (4a). (b) Top and (c) side view of the stacking motif in

[n-Bu
4
N][TCNQF

4
] (4a).
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lack of quantitative Curie law at low temperature indicates
that one-half of the TCNQF

4
radicals (Figs. 10b and 10c)

are completely diamagnetic due to strong dimerization. The
remaining radicals (Figs. 10d and 10e) are solely responsible
for the observed magnetic behavior.

(iv) Structural analysis of Ag(TCNQF4). The Ag(TCNQF
4
)

structure is not isostructural to either phase of Ag(TCNQ).
A pseudotetrahedral geometry (Fig. 12) is invoked about the
silver atoms due to the fourfold coordination of the
TCNQF~

4
ligands. This geometry is reminiscent of the motif
found in Ag(TCNQ) phase II (7) (Fig. 13) and Cs
2
(TCNQ)

3
(13a), but is unlike the environment of the Na` (13c),
K` (13f ), or Rb` (13b) ions in the alkali metal family salts of
TCNQ~. Ag(TCNQF

4
) is distinct in that adjacent

TCNQF~
4

stacks are not rotated 903 with respect to each
other, which is a common feature in binary metal/TCNQ
salts (7, 13). Instead the twofold rotation axis generates
propagated layers of parallel TCNQF

4
anions which form

columnated stacks along the b axis (Fig. 12c). The empty
space a!orded by one polymeric framework is su$ciently
large that a second interpenetrating network is formed as



FIG. 10. (a) ORTEP drawing (at the 50% probability level) of [n-Bu
4
N][TCNQF

4
] (4b). (b), (d) Top and (c), (e) side views of the stacking motifs in

[n-Bu
4
N][TCNQF

4
] (4b).
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well (Fig. 12b). The N}Ag}N angles in the range 97.843 to
130.963 are indicative of a highly distorted geometry. In Fig.
12c it is evident that the TCNQF

4
anions are nearly perfect-

ly eclipsed, which results in a high degree of dimerization.
There are two types of ring-edge dimer interactions at
distances of 3.119(2) and 3.330(2) A_ , both of which are much
shorter then the van der Waals distance of 3.4 A_ for carbon
atoms. A close structural analogy to Ag(TCNQF

4
) is

Mn(TCNQ)
2
(H

2
O)

2
(29), which also contains a ring}edge
stacking motif; in this case there is a short intralayer
stacking distance of 3.048(2) A_ and a longer interlayer inter-
action distance of &3.3 A_ . There is a di!erence, however,
between Mn(TCNQ)

2
(H

2
O)

2
and Ag(TCNQF

4
) in that

the dimer pairs between layers in the Mn compound are
rotated by 903, while the Ag compound exhibits parallel
dimer pairs.

As mentioned above, Ag(TCNQF
4
) contains parallel

TCNQ stacks unlike the stacks in M(TCNQ) (M"alkali



FIG. 11. Temperature dependence of the magnetic susceptibility of
[n-Bu

4
N][TCNQF

4
] (4b). The solid line is the best "tting obtained by the

Bleaney}Bowers equation (28).

FIG. 12. (a) ORTEP drawing (at the 50% probability level) of A
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metals, Ag) which are rotated by 903. The closest analog
of Ag(TCNQF

4
) is Cu(TCNQ) phase II, in which the

neighboring TCNQ stacks are also rotated by &903; both
structures have interpenetrating TCNQ networks. The dis-
tances between the centroids of TCNQ anions in the same
network is 7.556 A_ in compound Ag(TCNQF

4
) versus

7.541 A_ in Cu(TCNQ) phase II. The distances between the
centroids of TCNQ anions between the two interpenetrat-
ing networks is 3.673 A_ in Ag(TCNQF

4
) versus 5.331 A_ in

Cu(TCNQ) phase II. The longer metal nitrile bond lengths
in the Ag compound (Ag}N 2.31A_ versus Cu}N 1.96 A_ ) and
the more #exible metal nitrile bond angles (N}Ag}N
97.8}131.03 versus N}Cu}N 102.8}114.93) lead to a more
e$cient stacking between the two interpenetrating net-
works in Ag(TCNQF

4
). Of course the greater tendency for

TCNQF
4

radicals to form dimer stacks could also be con-
tributing signi"cantly to the stabilization of a more closely
packed networks.
g(TCNQF
4
) (5). (b) Top and (c) side views of the stacking motif.



FIG. 13. Packing diagram of the Ag(TCNQ) phase II (2) from refer-
ence (7).
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According to the solid state structure, which indicates
a strong dimerization of the TCNQF~

4
radicals, magnetic

susceptibility measurements (Fig. 14) reveal essentially dia-
magnetic behavior with a temperature independent para-
magnetism (t.i.p."0.9]10~3 emu CGS/mol). Similar
behavior was observed for Ag(TCNQ) polymorphs which
also exhibit t.i.p. between 1.9]10~3 (phase II) and
1.4]10~3 emu CGS/mol (phase I). A small Curie contribu-
tion at low temperature is a signature of defects (or impu-
FIG. 14. Temperature dependence of the magnetic susceptibility for
Ag(TCNQ) phase I (1), phase II (2) and Ag(TCNQF

4
) (5).
rities) in the samples (Table 2). In all these silver compounds,
the strongly dimerized nature of the organic acceptor is such
that the thermal population of the triplet state cannot be
observed in the accessible temperature range.

CONCLUSIONS

One of the outcomes of the present work is the discovery
of a previously unrecognized phase of Ag(TCNQ), a mater-
ial that has been studied as a bistable switching device. Both
phases can be synthesized in bulk using two separate syn-
thetic methods, which distinguishes them from the two
polymorphs of Cu(TCNQ) which are related by a direct
kinetic/thermodynamic relationship. A bulk sample of
Ag(TCNQ) phase II prepared from Ag powder and TCNQ
is identical to the electrochemically prepared crystal by
Shields as veri"ed by X-ray powder di!raction. Ag(TCNQ)
phase I does not easily convert to phase II, unlike the two
phases of Cu(TCNQ). In the presence of heat and/or light it
is possible to observe some conversion of Ag(TCNQ) phase
I to phase II, but it is unlikely that a direct conversion of
soluble Ag` ions and TCNQ~ is occurring as judged by the
concomitant formation of Ag metal. In addition to the
TCNQ chemistry, our foray into the corresponding reactiv-
ity of the much more electron-withdrawing acceptor
TCNQF

4
has allowed for an expansion of the structural

database for these materials. The structure of Ag(TCNQF
4
)

is the "rst of its kind with a metal bound to TCNQF~
4

; the
stacking interactions in the TCNQF~

4
derivatives are ex-

ceedingly short and are undoubtedly related to the electron
withdrawing #uorine groups on the n-delocalized ring.
A slipped ring-edge stacking is apparent in the structure of
[n-Bu

4
N][TCNQF

4
], which is also evident in other organic

cation TCNQ salts. Syntheses of other metal-based
TCNQF

4
compounds will be continued in the future, along

with a further expansion into the use of other organic
acceptors such as the 2,5-dibromo- and 2,5-dimethoxy de-
rivatives of TCNQ.

Supporting information available. Tables of crystal data,
atomic coordinates, bonds lengths and angles, and aniso-
tropic thermal parameters for (3) (10 pages), (4a) (9 pages),
(4b) (12 pages), and (5) (6 pages) are available from the
authors.
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