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New Insight into the Nature of Cu(TCNQ): Solution Routes to Two Distinct Polymorphs
and Their Relationship to Crystalline Films That Display Bistable Switching Behavior
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Syntheses and characterization of two polymorphs of Cu(TCNQ) have been carried out and the results correlated
to films of the materials. Reactions of Cul with TCNQ or [Cu(§3N)4][BF 4] with TCNQ™ lead to blue-purple
needles of Cu(TCNQ) phasel)( A slurry of this kinetic product in CECN yields a second crystalline phase of
Cu(TCNQ), phase 113), which exhibits a platelet morphology. Powder X-ray diffraction and scanning electron
microscopy data revealed that both phases are present in films of Cu(TCNQ) formed by oxidation of Cu foil by
TCNQ in CHsCN. X-ray photoelectron spectra of the two phases are indistinguishable from each other and are
indicative of the presence of Cu(l). Single-crystal X-ray studies were undertaken on very small crystals of the
two samples, the results of which reveal that subtle geometrical changes for the nitrile arrangements around the
four-coordinate Cu(l) centers lead to major changes in the architectural framework of the polymers. Phase | was
indexed in the tetragonal crystal system, but due to disorder and twinning, the crystal diffracted te40hin

260. The data were solved and refined in the monoclipitspace group. The polymeric motif consists of Cu
atoms surrounded by four nitrile lone pairs of independent TCK@lecules arranged in a distorted tetrahedral
geometry. A quadruply twinned crystal of Cu(TCNQ) phase Il was indexed in the monoclinic system and resolved
by deconvolution methods. The Cu(l) ions in phase Il occupy the tetrahedral positions of a Cooperite structure
(PtS), and the TCNQ radicals occupy the square planar sites. In both phases there are two interpenetrating
lattices present. In phase | the TCN@nits are involved in close-stacking interactions at3.24 A whereas in

phase Il the closest approach of the rings-8.8 A. In qualitative agreement with these observations are the
magnetic propertiesl is essentially diamagnetic ar@ displays Curie-Weiss behavior down to very low
temperatures. The charge-transport properties of the samples revealed that, while they are both semiconductors,
1is a good semiconductor with a room-temperature conductivity of 0.25 S amd a band gap of 0.137 eV
wherea< is a very poor semiconductor with(rt) = 1.3 x 1072 S cnt! and a band gap of 0.332 eV. Cu(TCNQ)

film devices have been found to switch between two states that exhibit very similar conducting properties.

Introduction CH;

The use of soluble transition metal coordination complexes NC>=<CN N= —N/C=N NC>=<:>=<CN
as precursors to materials is a rapidly expanding area of n¢ ‘on = N=CT NC CN
inorganic chemistry, rich in structural diversity and potential CH;
applications:™ Topological arguments that take into consid- TCNE DM-DCNQI TCNQ
eration the geometrical preferences of the metal and ligand  (a) (b) (c)

building blocks have allowed chemists to design new molecular Figure 1. Organonitrile acceptor molecules used as ligands in

metallopolymers.
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m. em. OC! . wamolto, . IniNnclusion R H
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R.; Abrahms, B. F.; Batten, S. R.; Gable, R. W.; Hoskins, B. F.; Liu i i i i
, , ' ; ; : ; , » LU, grganic materials are the binary, mixed-valen m n
J. InSupramolecular Architecturéein, T., Ed.; American Chemical organic materials are the binary, ed-valence compounds
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Cu(2,5-R-DCNQI),; (DCNQI = dicyanoquinodiimine) (Figure ~ materials of Ag and Cu are the subject of intense interest due
1b)5 These metallopolymers exhibit unusually high, anisotropic to the fact that crystalline films of these compounds undergo
conductivites that are attributed not only to the columns of electric-field-induced bistable switching under certain condi-
stacked DCNQI radicals formed by interpenetrating networks tions8-22 Despite extensive efforts to understand these materials,
but also to the interaction of the d orbitals of the metal with the however, this phenomenon remains somewhat of an enigma,
p orbitals of the diimine bridge. and it continues to be the source of debate in the literature.
In considering the remarkable properties exhibited by copper One of the crucial issues to be resolved is the source of
DCNQI polymers, we were reminded of a class of intriguing conflicting data regarding the electrical behavior of Cu(TCNQ),
metal complexes of 7,7,8,8-tetracyanoquinodimethane (TCNQ) a material that has received much scrutiny in the metal/acceptor
first reported in 1962. From the perspective of metal complex- thin film community. Independent findings of several groups
ation, the main difference between DCNQI and TCNQ is that suggest that the physical appearance of the crystalline films is
TCNQ is capable of behaving as a tetradentate as well as ahighly dependent on film preparation conditidi#g?20a,.21,22
bidentate bridging ligand, which allows it to form products with  Surprisingly, despite these observations, no X-ray data have been
both 1:1 and 1:2 metal:TCNQ ratiéd¢him—p6é The 1:1 published on these samples. Recently, two powder patterns of
a film grown on a Cu substrate from 1-bromohexadecane/TCNQ
(3) (a) Manriquez, J. M.; Yee, G. T.; McLean, S.; Epstein, A. J.; Miller, solutions and on a film prepared by vapor deposition of TCNQ

J. S.Sciencel991, 252, 1415-1417. (b) Tamaki, H.; Zhuang, Z. J..  on a Cu surface at 24TC were reported, but these samples do
Matsumoto, N.; Kida, S.; Koikawa, M.; Achiwa, Hashimoto, Y.;

Okawa, H.J. Am. Chem. Sod992 114, 6974. (c) Stumpf, H. O.; not physmally resemble those that undergo svyltcﬁiﬁg..
Pei, Y.: Kahn, O.; Sletten, J.; Renard, JJPAm. Chem. S0d.993 In this paper we report data that lend new insight into the
53367(3;36(}?%'”?\;&;\/}?'; Iwamu,\rla,oHll(. Am. ﬁheén- i_ot#%f 116 3 nature of the elusive Cu(TCNQ) material. Specifically we have
. (e a, M.; Maruono, N.; awa, H.; Enoki, T.; Latour, J.- H ot
M. J. Am. Chem. Socl994 116 11566-11567. (f) Kahn. O. In discovered that there are two dlstlngt polymorphs_of Cu(TQNQ).
Molecular Magnetism: From Molecular Assemblies to thevides These two phases can be 5ynthe§|zed via 50|Ut]0n reactions of
NATO ASI Series E321; Coronado, E., Delhaes, P.; Gatteschi, D., Cu(l) precursors with TCNQ anions or by direct redox
Miller, J. S., Eds.; Kluwer: Dordrecht, 1996; pp 24388. () i i i7ati
Decurtins, S.; Schmalle, H. W.; Schneuwly, P.; Zheng, L.-M.; Ensling, [ﬁaetlotns of rCl:u(O) Vglth neuctjral -)I;CNQa.-::fhe i_harac_terllzatlon tOfI
J.; Hauser, A.lnorg. Chem.1995 34, 5501. (h) Miyasaka, H.: ese two phases by powder A-ray difiraction, single-crysta
Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani, Sngew. X-ray crystallography, infrared spectroscopy, conductivity,

|C_|2helrtn.,+r1t.thdt- E29J|193r? 34, é446—éﬁ48- ((i% Ohbgjg l;/lé; %Iﬁ:vrva, magnetism, and X-ray photoelectron spectroscopy is described.
. 1to, 1. 0, A.J. em. SocC., em. Commun: : . -

1546. (j) Michaut, C.; Ouahab, L.; Bergerat, P.; Kahn, O.; Bousseksou, Fma”y’ a comparison of the pro_pertu_es of the two phases to
A. J. Am. Chem. S0d.996 118 3610. (k) de Munno, G.; Poerio, T.;  various films of Cu(TCNQ) described in the literature over the

Viau, G.; Julve, M.; Lloret, F.; Journaux, Y.; Riviere, Ehem.

Commun.1996 2587. (8) Potember, R. S.; Poehler, T. O.; Cowan, DAPpl. Phys. Lett1979
(4) (a) Lacroix, P.; Kahn, O.; Gliezes, A.; Valade, L.; Cassouw\&w. 34, 405.
J. Chim.1985 643-651. (b) Gross, R.; Kaim, WAngew. Chem., (9) (a) Potember, R. S.; Poehler, T. O.; Hoffman, R. C.; Speck, K. R;;
Int. Ed. Engl.1987, 26, 251. (c) Bartley, S. L.; Dunbar, K. RAngew. Benson, R. C. I'Molecular Electronic Deices II; Carter, F. L., Ed.;
Chem., Int. Ed. Engl1991 30, 448. (d) Ballester, L.; Barral, M.; Marcel Dekker: New York, 1987; p 91. (b) Potember, R. S.; Poehler,
Gutiarez, A.; Jimeez-Aparicio, R.; Martinez-Muyo, J.; Pefjin, M.; T. O.; Cowan, D. O.; Carter, F. L.; Brant, P. |. Molecular Electronic
Monge, M.; Ruiz-Valero, CJ. Chem. Soc., Chem. Commu991 Devices Carter, F. L., Ed.; Marcel Dekker: New York, 1982; p 73.
1396-1397. (e) Humphrey, D. G.; Fallon, G. D.; Murray, K. &. (c) Kamitsos, E. I.; Risen, W. M. J6olid State Commuri983 45,
Chem. Soc., Chem. Commu®88 1356. (f) Cornelissen, J. P.; van 165. (d) Potember, R. S.; Poehler, T. O.; Cowan, D. O.; Brant, P.;
Diemen, J. H.; Groeneveld, L. R.; Haasnoot, J. G.; Spek, A. L, Carter, F. L.; Bloch, A. NChem. Scr1981 17, 219. (e) Kamitsos,
Reedijk, J.Inorg. Chem.1992 31, 198-202. (g) Oshio, H.; Ino, E.; E. I.; Risen, W. M., JrSolid State Commuri982 42, 561.
Mogi, I,; Ito, T. Inorg. Chem.1993 32, 5697-5703. (h) Ballester, (10) Kamitsos, E. I.; Risen, W. MMol. Cryst. Lig. Cryst1986 134, 31.
L.; Barral, M.; Gutigrez, A.; Monge, A.; Perpian, M. F.; Ruiz-Valero, (11) (a) Poehler, T. O.; Potember, R. S.; Hoffman, R.; Benson, RIdC.
C.; Sachez-Plez, A.Inorg. Chem1994 33, 2142-2146. (i) Dunbar, Cryst. Lig. Cryst.1984 107, 91. (b) Potember, R. S.; Poeler, T. O.;
K. R.; Ouyang, X.Mol. Cryst. Lig. Cryst. Sci. Technol995 273 Benson, R. CAppl. Phys. Lett1982 41, 548.
21-28. (j) Oshio, H.; Ino, E.; Ito, T.; Maeda, YBull. Chem. Soc. (12) Kamitsos, E. I.; Risen, W. M. Jd. Chem. Phys1983 79, 5808.
Jpn.1995 68, 889. (k) Dunbar, K. RAngew Chem1996 35, 1659. (13) Benson, R. C.; Hoffman, R. C.; Potember, R. S.; Bourkoff, E.; Poehler,
(I) Decurtins, S.; Dunbar, K. R.; Gomez-Garcia, C. J.; Mallah, T; T. O. Appl. Phys. Lett1983 42, 855.
Raptis, R. G.; Talham, D.; Veciana, J.Molecular Magnetism: From (14) (a) Yamaguchi, S.; Viands, C. A.; Potember, R].S/ac. Sci. Technol.
Molecular Assemblies to the Diees NATO ASI Series E321, 1991, 9, 1129. (b) Hoffman, R. C.; Potember, R.Appl. Opt.1989
Coronado, E., Delhae P., Gatteschi, D., Miller, J. S., Eds.; Kluwer: 28 (7), 1417. (c) Kamitsos, E. I.; Risen, W. M. Jr. Chem. Phys.
Dordrecht, 1996; 574582. (m) Dunbar, K. R.; Ouyang, XChem. 1983 79, 477.
Commun.1996 2427. (n) Zhao, H.; Heintz, R. A.; Rogers, R. D.;  (15) Potember, R. S.; Poehler, T. O.; Rappa, A.; Cowan, D. O.; Bloch, A.
Dunbar, K. R.J. Am. Chem. S0d.996 118 12844. (0) Dunbar, K. N. Synth. Met1982 4, 371.
R.; Ouyang, X.Inorg. Chem.1996 35, 7188. (p) Azcondo, M. T.; (16) Potember, R. S.; Poehler, T. O.; Rappa, A.; Cowan, D. O.; Bloch, A.
Ballester, L.; Gutierez, A.; Perpian, F.; Amador, U.; Ruiz-Valero, N. J. Am. Chem. S0d.98Q 102, 3659.
C.; Bellitto, C.J. Chem. Soc., Dalton Tran&996 3015. (17) Duan, H.; Mays, M. D.; Cowan, D. O.; Kruger,Synth. Met1989
(5) (a) Aumiler, A.; Erk, P.; Klebe, G.; Huig, S.; von Schiz, J.; Werner, 28, C675.
H. Angew. Chem., Int. Ed. Engl986 25, 740-741. (b) Aunilier, (18) Sato, C.; Wakamatsu, S.; Tadokoro, K.; Ishii,JKAppl. Phys199Q
A.; Erk, P.; Hinig, S.Mol. Cryst. Lig. Cryst.1988 156, 215-221. 68(12), 6535. In this work, vapor deposition techniques were used to
(c) Erk, P.; Gross, H.-J.; Hig, U. L.; Meixner, H.; Werner, H.-P.; produce films of Cu on a glass-ceramics substrate which was dipped
von Schitz, J. U.; Wolf, H. C.Angew. Chem., Int. Ed. Engl989 into a solution of TCNQ in acetone/GEN to yield Cu(TCNQ).
28, 1245-1246. (d) Kato, R.; Kobayashi, H.; Kobayashi, A.Am. (19) Hoagland, J. J.; Wang, X. D.; Hipps, K. \@hem. Mater1993 5,
Chem. Soc1989 111, 5224-5232. (e) Auniller, A.; Erk, P.; Hinig, 54.
S.; Halicke, E.; Peters, K.; von Schnering, H. Ghem. Ber1991, (20) (a) Liu, S. G,; Liu, Y. Q.; Wu, P. J.; Zhu, D. Ehem. Mater1996
124, 2001. (f) Sinzger, K.; Hoig, S.; Jopp, M.; Bauer, D.; Bietsch, 8,2779. (b) Liu, S.-G.; Liu, Y.-Q.; Zhu, D.-Brhin Solid Films1996
W.; von Schite, J. U.; Wolf, H. C.; Kremer, R. K.; Metzenthin, T.; 280, 271. (c) Sun, S. Q.; Wu, P. J.; Zhu, D. Bolid State Commun.
Bau, R.; Khan, S. |; Lindbaum, A.; Lengauer, C. L.; TillmannsJE. 1996 99, 237. (d) Liu, S. G.; Liu, Y. Q.; Wu, P. J.; Zhu, D. B.; Tian,
Am. Chem. Soc1993 115 7696. (g) Kato, R.; Kobayashi, H.; H.; Chen, K.-C.Thin Solid Films1996 289, 300.
Kobayashi, A.J. Am. Chem. S0d.989 111, 5224. (21) (a) Wakida, S.; Ujihira, YJpn. J. Appl. Phys1988 27, 1314. (b)
(6) For an excellent review on the subject@fcoordination to TCNX Hua, Z. Y.; Chen, G. RVacuum1992 43, 1019.
molecules, see: Kaim, W.; Moscherosch,®bord. Chem. Re 1994 (22) Duan, H.; Cowan, D. O.; Kruger, J. Akdvanced Organic Solid State
129 157. Materials Materials Research Society Symposium Proceedings 173;
(7) Structure of AQ(TCNQ): Shields, L1. Chem. Soc., Faraday Trans. Chiang, L. Y.; Chaikin, P. M.; Cowan, D. O. Ed.; Materials Research

21985 81, 1. Society: Pittsburgh, PA, 1990; p 165.
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past 20 years is discussed in light of the new-found knowledge arranged such that copper surfaces did not touch. The thimble was
that all the films being compared to each other are not the samelowered into the TCNQ saturated solution, and the reaction vessel was

material.

Experimental Section

A. General Considerations.The reactions were carried out under

sealed with a ground glass stopper. Upon contact with the solution,
black-purple films were observed to appear on the exposed copper
surfaces. At periodic, timed intervals the reaction vessel was opened
to retrieve one of the copper pieces, which was then washed with
acetonitrile, dried, and placed in a vial under anaerobic conditions for

an argon atmosphere unless otherwise indicated. Acetonitrile was driedlater analysis.

over 3 A molecular sieves and distilled under an atmosphere,of N
prior to use. The TCNQ was purchased from TCI Chemical Company.
The salts [BUN][TCNQ]*2 and [Cu(MeCN)][BF4?* were prepared
according to the literature methods. Single-crystal X-ray data were
obtained on a Siemens (Bruker) SMART 1K CCD area detector
instrument with a Mo anode. Powder X-ray data were collected using
a Rigaku RU200B X-ray powder diffractometer with CuaciKadiation.

The variable temperature magnetic susceptibility data were collected
in the range 5300 K using a Quantum Design model MPMS SQUID
magnetometer housed in the Physics & Astronomy Department at
Michigan State University. Infrared spectra were recorded in Nujol on
KBr plates using a Nicolet IR/42 FT-IR spectrometer. X-ray photo-
electron spectral data were obtained on a PHI 5400 instrument with a
Mg source in the Composite Materials and Structures Center at

E. X-ray Crystallography. (@) Cu(TCNQ) Phase I. A typical
needle crystal of dimensions 0.25 0.02 x 0.02 mm was mounted
on the end of a glass fiber with silicone grease. A hemisphere of data
was collected at-100 £+ 2 °C on a Siemens SMART 1K CCD area
detector diffractometer by Dr. Victor Young at the University of
Minnesota. The original data were integrated in the tetragonal cell
settinga = b = 11.266(2) A,c = 3.8878(8) Aa = =y = 90°, V
= 493.47(17) &, but the structure was ultimately solved in the lower
symmetry monooclinic space groin with a = 3.8878(8) A,b =
11.266(2) A,c = 11.266(2) A, and3 = 90.00(3} and refined as
disordered and pseudomerohedrally twinned. Tke3twinning matrix
[100,001, 0—-1 0] was used to model the pseudo-4-fold rotation.

(b) Cu(TCNQ) Phase Il. A typical crystal of dimensions 0.13
0.13 x 0.01 mm was mounted on the tip of a glass fiber with the use

Michigan State University. Scanning electron microscopy measurementsof silicone grease. A full sphere of data was collectedt 200+ 2 °C

were performed on a JEOL 6400V instrument with a LaB6 gun housed
in the Center for Electron Optics at Michigan State University.

B. Bulk Syntheses of Cu(TCNQ) (Phase 1) (1). (a) Method A.
Cul (0.95 g, 5 mmol) was added to 150 mL of a hot acetonitrile solution
of TCNQ and stirred for 3 mif® The dark blue microcrystalline
product that formed was separated from a brown solution by filtration,
washed with copious amounts of acetonitrile, and dried in vacuo: yield
1.22 g, 91%. Anal. Calcd for GHiN4Cu: C, 53.83; H, 1.51; N, 20.93,;
Found: C, 53.46; H, 1.39; N, 20.57. Characteristic IR data (Nujol mull,
KBr plates, cm%): »(CN), 2199 s, br; 2172 shj(C—H), 825 s.

(b) Method B. A quantity of [BwN][TCNQ] (0.500 g, 1.12 mmol)
was dissolved in 50 mL of acetonitrile to give a green solution, which
was added to a solution of [Cu(MeC)BF4] (0.352 g, 1.12 mmol)
dissolved in 20 mL of acetonitrile. Upon mixing, a color change to
dark blue occurred with the deposition of a dark blue microcrystalline
solid. The solid was collected by filtration, washed with acetonitrile,
and dried in vacuo to give 0.265 g (88% yield) of a dark blue solid
whose X-ray pattern is identical to that of the product obtained in
method A.

C. Bulk Synthesis of Cu(TCNQ) Phase Il (2).A quantity of
acetonitrile (20 mL) was added to 0.300 g of phase I. The resulting

on a Siemens SMART 1K CCD area detector diffractometer. A total
of 253 strong reflections were extracted with the SMART index routine,
but this failed to give a reasonable cell. The solution was obtained by
the use of programs in the TWINNING package written by R. Sp#rks.
The program TWINDX was used to index four monoclinic cells with
a=15.3337(8) Ab=5.3312(8) A,c = 18.875(3) A3 = 94.036(3),

andV = 535.38(14) & By running the TWROT program, we obtained
the twinning law matrix [0—1 0, 1 0 0,0.25 0.25 1]. Application of

the matrix to one of the twinned cells transforms it into one of the
other three cells. The reflection data were integrated, and four separate
data sets were produced. The TWHKL program was modified by Dr.
Robert Sparks to generate reflection data from the four data sets
obtained from the twins, but the refinement was unstable. An alternative
method was then used to generate the reflection data from one of the
twinned sets of data according to the twinning law-{@ 0, 1 0 O,

0.25 0.25 1]. Reflections from twinning component 1 are related to
the three others according to the following conditions: Whenk =

4n, twin component 2 has the conditiohs= k, K = —h, I' = (h —

k)/4 + 1. Whenh = 2n, twin component 3 has the conditiohs =

—h, kK" ==k, I'" = h/2 + I. Finally, whenh + k = 4n, twin component

4 has the condition®’” = —k, K" = h, I'" = (h + K/4 + . A

suspension and light green solution was stirred at room temperatureFORTRAN routine was written to remove the partial overlap conditions

for 4 days, after which time the solvent was removed in vacuo and the
resulting dark blue solid dried in vacuo. The solution can also be heated
to reflux for 3 h to hasten the conversion process. Both methods lead
to virtually quantitative conversion of phase | to phase Il as judged by
X-ray powder diffraction and infrared spectroscopy. Anal. Calcd for
C1HsN4Cu: C, 53.83; H, 1.51; N, 20.93; Found: C, 53.68; H, 1.33;
N, 20.85. Characteristic IR data (Nujol mull, KBr plates, &n v(CN),
2211 s; 2172 sj(C—H), 825 s.

D. Thin Film Experiments. Cu(TCNQ) thin films were prepared
by a method similar to ones described in the literafuRectangular
pieces of copper foil were cleaned mechanically and then chemically
with a dilute SO, solution and washed with water followed by acetone
in an N\, atmosphere. The dipping experiments were conducted in an
N2-purged glovebag in a two-compartment, fritted reaction vessel that
contained a saturated GEN solution of TCNQ. To avoid contaminat-
ing the Cu(TCNQ) films with solid TCNQ, the copper pieces were
placed in a glass thimble with a coarse glass frit at one end and carefully

(23) (a) Melby, L. R.; Harder, R. J.; Hertler, W. R.; Mahler, W.; Benson,
R. E.; Mochel, W. EJ. Am. Chem. Sod.962 84, 3374. (b) Sano,
M.; Ohta, T.; Akamatsu, HBull. Chem. Soc. Jpri968 41, 2204. (c)
Ikemoto, I.; Thomas, J. M.; Kuroda, HBull. Chem. Soc. JprL973
46, 2237. (d) Bozio, R.; Girlando, A.; Pecile, Q. Chem. Soc.,
Faraday Trans1975 71, 1237.

(24) The method of Kubas (Kubas, G.ldorg. Synth.1979 19, 90) was
used with the modification that 4%50% HBF, was used instead of
60—65% HPFs.

and to generate the SHELX HKLF 5 format reflection data for
refinement.

Results and Discussion

A. Phenomenon of Bistable Switching in Cu(TCNQ)
Films. (a) Electrical and Optical Switching. To appreciate
the interest in the structure of Cu(TCNQ), it is important to be
aware of the literature regarding the behavior of this and related
materials. Nearly 20 years ago, it was reported that the
application of an electric field to a device consisting of a thin
film of Cu(TCNQ) (5-20 um) sandwiched between a Cu and
an Al electrode induces a switching of the material from a high-
to a low-resistance state at a critical threshold poteffidie
device displays a memory effect in that it remains in the low-
resistance state (“ON” state) for a short period of time in the
absence of an applied field. The time required for the device to
return to the high-resistance state (“OFF” state) was reported
to depend on the film thickness, the duration of the applied
electric field, and the amount of power dissipated in the sample
while in the low-resistance stateThe original mechanism
proposed by Potember et al., the discoverers of this phenomenon,

(25) TWINDX, TWROT, and TWHKL are components of the TWINNING
program written by Dr. Robert Sparks, private communication.
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is given in eq B The reaction is written to denote that a After reviewing the body of literature on the subject, one is
nonstoichiometric Cu phase is produced along with neutral led to suspect that subtle changes in the Cu(TCNQ) film
TCNQ and Cato yield a mixed-valence film. In the “switched”  preparation could account for the differences in electrical
state, it is argued that the repulsion of charge carriers is loweredproperties of the devices. Indeed modifications of the synthetic
by the availability of empty molecular orbitals on neutral TCNQ conditions (e.qg., solvent, reaction time, temperature) have been
for conduction electrons, as opposed to the situation when anoted to result in morphology differences of the Cu(TCNQ)
electron is moved from one TCNQadical to another radical  films produced on copper surfaces, but unfortunately only a few

anion TCNQ .% researchers have actually published SEM images of their
N B films 15:19.20ab,21.28 recent SEM investigation by Hipps et al.
[Cu™(TCNQ )], = revealed that a progression from a needle morphology to a
“OFF” state mosaic platelike material was occurring with longer dipping
[Cuo]X + [TCNQO]X + [Cu*(TCNQ’)]n_X Q) times. An independent study by Zhu and co-workers demon-
“ON?” state strated that major physical variations are evident in films

. . . . prepared in different solvent82 On the basis of the SEM

Numerous techniques |nclud|ng Raman, infrared, Auger, and micrographs that have appeared in #fiad earlier papers, it is
X-ray photoelectron spectroscopies have been used to probe thgy,yis that a needielike morphology dominates in films grown
electronic state of the TCNQ molecule in the films. The data py gipping Cu substrates in GBN solutions of TCNQ for short
from these studies led to the general conclusion that neutral heripds of time at elevated temperatures; longer reaction times
TCNQ is generated during the switching procgsSimilar lead to a degradation of these crystals and the formation of a
electronic changes in the films can be optically induced at low phase or phases with a mosaic appearance. Minor differences
iradiance levels to effect a color change from dark purple to 516 ghserved when the concentration of TCNQ in3sCN
yellow, signaling the conversion of the intensely colored TCNQ - sojytions was varied and the temperature was kept constant.
radical to TCNQ.*%¢ The phototransformation produces a g synthetic Methods and Powder X-ray Characterization
mixed-valence state that is spectroscopically similar to the state ot cy(TCNQ). After we reviewed the aforementioned data, it
achieved during the electric-field-induced switchifiddigher  3p56ared obvious to us that there are two different forms of
irradiance levels produce local areas of macroscopic quantitiesc,(TcNQ). We therefore posed the question, “What are the
of neutral TCNQ vv_hich can be u_s,ed to generate high optical i,ctures of the two polymorphs of Cu(TCNQ), and how do
contrast patterns directly on the filfh. _ _ they relate to the intrinsic properties of the materials?” To

In addition to films with TCNQ, Cu and Ag devices with  apqer this question, it was necessary to prepare bulk samples
other acceptors such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-f poth materials and fully characterize them by conventional
quinodimethane (TCNQJ, 2,5-dimethoxy-7,7,8,8-tetracyano- techniques.
quinodimethane (TCNQ(OMg) 11,11,12,12-tetracyano-2,6- (5 Bylk Synthesis of Phase 1Two methods were used to
naphthoguinodimethane (TNAP), and tetracyanoethylene (TENE) prepare bulk samples of Cu(TCNQI)(and the products were
have also been observed to switeh>®The critical electric compared to the well-investigated phase first reported by Melby
field strengths required to convert these devices from the high- &t 51 in 1962 (eq 233 In this method, TCNQ is reduced in
to the low-resistance states are directly related to the relativeg;jy, py cul, which leads to the immediate formation of

reduction potentials of the various electron acceptors; deViCGSCu(TCNQ) as blue-black microcrystals andals a byproduct
with the more powerful acceptors such as TCNQEquire (o4 2) The }is trapped by excess Cul to foraT| thus avoiding
higher electric field strengths to switch compared to devices any side reactions with. The second method, which is new
made with weaker electron acceptors such as TCNQ(@Me) fqiows from our interest in the use of acetonitrile-solvated
Thin films that incorporate TCNQFexhibit a substantial  yansition metal cations as useful starting materials in nonague-
memory effect, in that the material remains in the low-resistance 4,5 substitution reactior®.In the reaction depicted in eq 3
state for a long time after the electric field has been removed. 4 atonitrile solutions of (BIN)TCNQ and Cu(CHCN)4(BFs) '

In sharp contrast, devices made with TCNQ(OM®iurn 0 516 combined to give Cu(TCNQ) as a dark blue precipitate with

the high-resistance state immediately after the electric field is [BusN][BF 4] as the byproduct. A variety of characterization tools
removed?®15These marked variations in physical properties with

relatively subtle infrared spectral and optical changes in the .
materials illustrate the advantage of these metal/organic materials 3Cul+ 2TCNQ— 2Cu(TCNQ)+ Culs 2)

gﬁ)rré:gnventional solid-state materials that cannot be easily [Cu(CH,CN)J[BF ] + [Bu,NJ[TCNQ] —

(b) The Controversy. Despite the extensive effort devoted Cu(TCNQ)+ [Bu,N][BF ] (3)
to understanding the electrical switching of Cu(TCNQ) thin
films, there remains skepticism regarding the validity of the including X-ray powder diffraction (vide infra) support the
mechanism as represented by eq 1. It has been suggested byonclusion that the products of the reactions in egs 2 and 3
some researchers that the electrical switching behavior is relatedhereafter referred to as phase |) are the same material, except
not to changes in the bulk sample, but rather to the formation that the product of the Cul reaction is typically more crystalline
of channels created from the contact of the aluminum electrodeas judged by the intensity of the powder patterns and by SEM.
with the irregular surface of the Cu(TCNQ) filmi:1° Others We were curious as to whether a different product could be
have argued that interfacial phenomena must be involved obtained by the use of the Cu(ll) starting material' @Hz-
because the physical properties of the Cu(TCNQ) devices exhibitCN)4(BF,).. As depicted in eq 4, the products are!@TENQ)
a high degree of variability from one study to another. For
example, Potember et al. reported that their Cu(TCNQ) devices (26) (a) Dunbar, K. RJ. Am. Chem. S0d.98§ 110, 8247. (b) Dunbar, K.

ihi ; ; R.; Pence, L. Elnorg. Chem.1991, 30, 2018. (c) Bartley, S. L,;
do not exhibit a dependence on the polarity of the applied Bernstein. S. N.- Dunbar, K. Rnorg. Chim, Actal993 213 213

potentials; in _sharp contrast, a device prepared by Sato et al. 331 (d) Dunbar, K. RComments Inorg. Chent992, 13, 313-357.
showed polarized memory effeéts. (e) Dunbar, K. RJ. Cluster Sci1994 5, 125-144.
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Table 1. IR and XPS Data for Cu(TCNQ) and Cu(DM-DCNQI)
IR XPS BE: (eV):
»(C=N) (cm™) O(C—H) (cm™) Cu 2py2, 2pi2; N1s XPS refs
Cu(TCNQ)
phase | needlés 2199, br; 2172 s 825s 932.0, 951.9; 398.7 this work
phase Il platelets 2211s,2172 s 825s 932.1, 952.0; 398.7 this work
Cu(TCNQY 2200, 2170% 826s 931.2,951.0; 398.1 28
Cu(DM-DCNQI), 2139w 931.6, 933.6 30
943, 962

aBinding energy” Cul + TCNQ synthesis method of Melby et al., ref 28&ynthesis method in section B(b) of the Experimental Section B.

dData from ref 31a.

and neutral TCNQ and not &(rCNQ), as one might have
predicted. This is in accord with results reported for the reaction

[CU(CH,CN),J[BF ], + 2[Bu,N[TCNQ] —
Cu(TCNQ)+ TCNQ+ 2[Bu,N][BF,] (4)

of Cu'SQy with LITCNQ in H,0, which gives an unstable green
powder that is occasionally written as Cu(TCN&jbut which

is actually CI(TCNQ )(TCNQ® with trapped TCNQ® as
established by Raman, XPS, and IR spectroscdpes$.Our
results from the reaction performed in gEN indicate that
CUuTCNQY), is not stable under nonaqueous conditions either.
An important difference between the aqueous versus the
nonaqueous reaction is that the Cu(TCNQ) material retains the
neutral TCNQ molecule as part of the formula due to the
insolubility of neutral TCNQ in HO. TCNQ is soluble in
CHsCN, however, and therefore remains in solution in our
reaction. The characteristic yellow color of the acetonitrile
filtrate and thev(C=N) stretch at 2222 cm are convincing
evidence that the byproduct is neutral TCRQ.

(b) Conversion of 1 to 2 in Acetonitrile. In the course of
preparing Cu(TCNQ) by the reactions given in eqs 2 and 3, we
made an unexpected observation. We discovered that if suspen
sions of phase | are stirred in GEIN at room temperature for
several days or if the reaction solution is refluxed for several
hours, a second phasz,is produced in essentially quantitative
yields. This was quite surprising to us as we had observed that
phase | can be heated in the solid state atIG@or 2 days in
air or exposed to air and ambient light for weeks with no loss
of integrity as evidenced by X-ray powder diffraction and IR
spectroscopy. Clearly, acetonitrile is capable of dissolving phase
| into its constituents, i.e., Cu(l) and TCNQons, which then
recombine to give a different phase with concomitant physical
changes that can be monitor€d°222This conversion produces
a hitherto unknown (or unrecognized) bulk form of Cu(TCNQ)
(eq 5) which is stable with respect to further changes under
forcing thermal conditions in the solid state or in solution.

Cu(TCNQ)suspended in C}{€N — Cu(TCNQ) (5)
phase | phase I

C. Spectroscopic StudiesPertinent data for phase | and
phase Il of Cu(TCNQ) are summarized in Table 1. An
interpretation of these data is provided in the following sections.

(a) X-ray Photoelectron SpectroscopyThe 1:1 ratio of Cu
to TCNQ in the material does not necessarily connote that
complete charge transfer between the metal and the accepto
has occurred; thus it is important to probe the oxidation state

(27) We note that it is not cost effective to use a Cu(ll) starting material

Cu(TCNQ) Phasel

2p3/2

T

N(EX/E, smoll

965 960

970 955 950 943 940

Binding Energy, eV

935 930 925

[ Co(TCNQ) Phase II

N(ED/E, smoll

955 $50 940 925 920

Binding Energy, eV

45 935 930

Figure 2. XPS data in the Cu 2p and 2p,, regions for phase | and
phase Il Cu(TCNQ).

of the metal in the Cu(TCNQ) phases. One method that is useful
in this regard is X-ray photoelectron spectroscopy (XPS). In
earlier reports, XPS data of Cu(TCNQ) prepared from Cul
revealed characteristic binding energies for Cu(l},2pnd
22?2428 with no evidence for shoulders or higher binding
energy satellites that could be attributed to Cu{ll).ikewise,
XPS data for compoundsand2 prepared in our laboratories
gave essentially identical results in accord with Cu(l). Data from
the present work as well as earlier papers are presented in Table
1. The 2p;, and 2p/; signals are depicted in Figure 2. Both
phases exhibit essentially identical binding energies for the Cu
2p orbitals, with no evidence for shoulders or satellites due to
Cu(ll). Likewise, the N1s orbitals appear as a single feature at
398.7 eV in both phases, which is indicative of one type of
TCNQ. Mixtures of TCNQ and TCNQ can be readily discerned
in this regior?® The ease with which Cu(ll) can be observed in
bona fide mixed-valence #Cu' compounds and materials is
illustrated by a comparison of the data for chemically prepared
Cu(TCNQ) with electrochemically prepared Cu(DCNQba-
ferials. For example, the mixed-valence metallic Cu(DM-
DCNQI), shows two sets of Cu 2p and 2p/, (931.6, 933.6
eV) signals and a more obvious second set of satellite features

to prepare Cu(TCNQ) because it consumesN§TUCNQ) as a reducing
agent and the product is not as pure as the compound obtained from
either of the other two methods, as judged by X-ray powder diffraction
techniques.

(28) Ikemoto, I.; Thomas, J. M.; Kuroda, Bull. Chem. Soc. Jpri973
46, 2237.
(29) Brant, P.; Fernando, Q. Inorg. Nucl. Chem1978 64, 45.
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Figure 3. Scanning electron micrographs for solution-prepared samples
of phase | and phase Il Cu(TCNQ) (dn resolution).

at 943 and 962 eV, characteristic of paramagnetic C&{#i\s
further support for the lack of Cu(ll) in our TCNQ samples we
undertook XPS measurements of the nitrile salt3(CldsCN),]-
[BF4] and [CU'(CH3CN)4][BF 4]z as references. Although they
were rather unstable under the vacuum conditions, the Cu(ll)
salt gave four different signals in the Cu 2p region whereas the

Cu(l) analogue reveals only two features. We take these data
as convincing evidence that Cu(ll) is not present in our samples

Inorganic Chemistry, Vol. 38, No. 1, 199949
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to any appreciable degree. This conclusion is in contrast to dataFigure 4. Scanning electron micrographs of Cu(TCNQ) films grown
obtained for electrochemically prepared samples reported by©n copper in CHCN at 60°C for (a) 1 min, (b) 20 min, and (c) 1 h

Willett and co-workers which point to the presence of both Cu(l)
and Cu(ll) speciedX

(b) Infrared Spectroscopy.Infrared spectroscopy is a useful
tool for characterizing TCNQ materials, in particular for
discerning the oxidation state of the molecule in its charge-
transfer salt8! Infrared spectra of the two phases of Cu(TCNQ)
are quite similar as would be expected on the basis of their
formulations as compounds of TCN®' No peaks associated
with acetonitrile were observed in either phase. Compaolnd
shows a strong, broaqC=N) absorption at 2199 cnt with a
shoulder at 2172 cmt whereas2 exhibits two strong, sharp
stretches at 2211 and 2172 cinPerhaps even more indicative

(30) (a) Kobayashi, A.; Kato, R.; Kobayashi, H.; Mori, T.; Inokuchi, H.
Solid State Commuri987, 64, 45. (b) Yashihiro, Y.; Furukawa, Y ;
Kobayashi, A.; Tasumi, M.; Kato, R.; Kobayashi, H.Chem. Phys.
1994 100, 2449. (c) Willett, R. D.; Long, G. Personal communication.

(31) (a) Inoue, M.; Inoue, M. BJ. Chem. Soc., Faraday Trans.1®85
81, 539. (b) Inoue, M. B.; Inoue, M.; Fernando, Q.; Nebesny, K. W.
J. Phys. Cheni987 91, 527. (c) Inoue, M.; Inoue, M. Bnorg. Chem.
1986 25, 37. (d) Pukacki, W.; Pawlak, M.; Graja, A.; Lequan, M.;
Lequan, R. M.Inorg. Chem.1987 26, 1328. (e) Farges, J. P.; Brau,
A.; Dupuis, P.Solid State Commuri985 54 (6), 531. (f) Chappell,

J. S.; Bloch, A. N.; Bryden, A.; Maxfield, M.; Poehler, T. O.; Cowan,
D. O.J. Am. Chem. Sod981 103 2442. (g) Van Duyne, R. P.;
Suchanski, M. R.; Lakovits, J. M.; Siedle, A. R.; Parks, K. D.; Cotton,
T. M. J. Am. Chem. S0d.979 101, 2832. (h) Lunelli, B.; Pecile, C.
J. Chem. Physl97Q 52, 2375. (i) Bozio, R.; Girlando, A.; Pecile, C.
J. Chem. Soc., Faraday Trans.1®75 71, 1237.

emphasizing the conversion of phase | to phase JirfiLresolution).

of the similarity of the TCNQ unit in the two phases is the
0(C—H) mode at 825 cmt, which is very sensitive to changes

in oxidation state. These data are consistent with the presence
of TCNQ™ and not TCNQ, TCN®-, or mixed-valence stacks

of TCNQ™ and TCNQ? Furthermore, they are in accord with
previously reported IR data for samples bprepared by the
original Cul method%3%Since the existence of a second phase
was unknown until the present work, there are no data with
which to compare phase I2,

D. Structural Studies. (a) SEM Studies.Scanning electron
microscopy was used to discern morphologies of the bulk
Cu(TCNQ) samples in this study, and the results were compared
to films of the material. It is evident from the micrographs
depicted in Figure 3a,b that the two bulk phases are physically
quite different. Phase 11j is composed of regular needles
whereas phase I12] consists of crystallites with a platelet
morphology. The same two crystallite types have been reported
to appear during the growth of Cu(TCNQ) films from aceto-
nitrile solutions!®202.22|f one compares these observations to
Cu(TCNQ) grown as films on Cu substrates, it is obvious that
the phase with densely packed needles oriented perpendicular
to the Cu surface appears immediately and survives only during
short dipping times at 60C (Figure 4a)?-2%aWwithin 20 min,
the needles become visibly pitted (Figure 4b), and after 1 h
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Top view

Side view

CuTCNQ film after one hour dipping at 80 °C

Figure 5. Scanning electron micrographs of Cu(TCNQ) films grown
on copper in CHCN (a) at 60°C for 1 h and (b) at 80C for 1 h that
emphasize bulk differences in film morphology and size of crystallites
(50 um resolution).

(Figure 4c), the film consists of irregular-shaped blocks. A
further illustration of the importance of reaction conditions in
dictating the composition of the films is the comparison of SEM
micrographs of films grown at 80 and 8C for 1 h (Figure 5).
At 80 °C, the film consists of a single type of crystallite that is
identical to bulk phase Il as judged by powder XRD. In contrast,
the 60°C film shows regions of both polymorphs. At higher
resolutions, one can observe from the micrographs in Figure
6a—d, that the needle morphology is dominant at°@even
after 1 h (Figure 6a,b) and that the platelets are present at 80
°C on Cu foil afte 1 h asindicated in Figure 6c¢,d. These results
are compelling evidence for the high degree of variability in
films prepared under different conditions, a fact that helps to
explain the lack of reproducibility in the electrical switching
studies reported by various groups.

(b) Powder X-ray Studies of Chemically Prepared Phases.
The most convincing evidence that two distinctly different forms Side View
of Cu(TCNQ) exist can be found in the diffraction studies of rjgyre 6. Scanning electron micrographs of Cu(TCNQ) films grown

microcrystalline samples prepared by the bulk solution routes. on copper in CHCN: (a) top and (b) side views of films grown for 1
Several crystal structures containing copper and other ligandsh at 40°C (phase 1) and (c) top and (d) side views of films grown for

in addition to TCNQ have been reportedl®-P%ut there are no 1 h at 80°C (phase II) (1Qum resolution).

published structural data for a binary phase containing only

copper and TCNQ. Powder patterns bfprepared at room in Figure 7, panels a and b, respectively. Powder diffraction
temperature from Cul and TCNQ and a suspensiof tfat patterns from a Rigaku RU200B X-ray powder diffractometer
had been refluxed in MeCN f@& h toconvert it to2 are depicted were used for indexing by the programs Dicvol91 and Treor90.

Top View
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Figure 7. XRD patterns for Cu(TCNQ) (a) phase | needles and (b) ~ ‘ > —

phase Il platelets. ‘ . . .

This led to the tetragonal cell with = b = 11.2524 A c =
3.9501 A, andv = 500.16 & for phase | and the monoclinic

cell with a = 5.325 A,b = 5.343 A c = 18.955 A  =93.570, i (e)
andV = 538.3 for phase II. £ J J\ AN N\ /L. A

(c) Powder X-ray Studies of Cu(TCNQ) Films Prepared 10 2 0 40 50
on Cu Substrates: Relevance of Bulk Samples to Films of 20
Cu(TCNQ). (i) At Room Temperature. It has been reported  Figure 8. XRD patterns for crystalline Cu(TCNQ) films monitored
that Cu(TCNQ) films grown on Cu foil surfaces at short reaction Periodically as they grow on Cu foil dipped in GEN solutions of
times are spectroscopically identical to the bulk material TCNQ at rt. Reactions times are (b) 6, (c) 46, and (d) 76 h. XRD.
prepared from Cul? Since our discovery that a second phase ngg:gz ;OLE; r:: phase I and phase I are provided as references in
exists, however, it is important to investigate changes in film '
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composition as a function of reaction time. Consequently, XRD [ 77T n T T T
patterns of the Cu(TCNQ) films were monitored periodically t i
by removing one of the pieces of copper sheet from the TCNQ | Cu(TCNQ) film from Cu + TCNQ :
solution and collecting an X-ray powder pattern on the resulting | in MeCN at 80 °C for 1 h
material. Representative data are provided in Figure 8 with i |

patterns a and e being provided as references for pure phase |
and Il, respectively. The powder pattern collectedraftdn is
dominated by the features af but within 46 h it is evident
that2 is being formed at the expense b{Figure 8c); by 76 h

2 (Figure 8d) is the major species. We noted that the color of
the films remained constant during the reaction and there were

no other visible changes in the film with the exception of its s 10 15 20 25 T30 3% T 40 as
thickness.

20

Figure 9. XRD pattern for a Cu(TCNQ) sample grown on a Cu
substrate fo1 h at 80°C in a CHCN solution of TCNQ.

(i) At Elevated Temperatures. Since the Cu(TCNQ) films
in devices are required to be at leastub thick, CHCN
solutions of TCNQ are typically heated te80 °C to accelerate
the rate of growth on the Cu folP:19 Clearly it is important to crystals and severe twinning problems precluded the structural
know the composition of these films prepared at elevated determination of Cu(TCNQ).We and others have attempted
temperatures. Accordingly, a piece of Cu foil was dipped as to grow crystals by electrochemical methods, but this leads only
described in the Experimental Section at®8@in CH;CN, and to very fine dendrites. Eventually, tiny, but morphologically
the resulting film was analyzed by X-ray powder diffraction. distinct, crystals of both phases were grown by a technique that
Figure 9 shows the resulting XRD pattern obtained on the involves the use of a three-compartment fritted cell. In the outer
sample with the underlying Cu substrate. These data stronglytwo compartments, small Soxhlet thimbles containing the
support the conclusion that phase Il is the main component of starting materials Cul and TCNQ were suspended on a wire
the device in the resting state before switching occurs. There isand immersed in the solution. The entire cell was placed in a
a very low concentration of phase | for films prepared under water bath and gently heated to 8D for 3—5 days to expedite
the conditions cited in the literature for the fabrication of devices. mixing of the reactants in the center compartment. Within days,

(d) Single-Crystal Diffraction Studies. (i) Crystal Growth. the solution gradually turned green, signifying the production
Until the advent of area detector X-ray instruments, very small of TCNQ™, and tiny needles admixed with platelets began to
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Table 2. Summary of Key Crystallographic Parameters for
Cu(TCNQ) Phases | and Il

phase | phase Il
formula CuNCioHs CuN4C1oH4
morphology needle square platelet
cryst size (mr) 0.25x 0.02x 0.02 0.13x 0.13x 0.01
cryst syst monoclinic monoclinic
space group Pn P2/n
a, 3.8878(8) 5.3337(8)

b, A 11.266(2) 5.3312(8)
c, A 11.266(2) 18.875(3)
o, deg 90 90

p, deg 90.00(3) 94.036(3)
y, deg 90 90

Vv, A3 493.5(2) 535.38(14)
z 2 2

T, K 173 173
radiatior? Mo Ka Mo Ko
Peale, /CNP 1.802 1.661

w, mmt 2.188 2.017
collected/unique data 1995/1111 4456/955
indexing method SMART TWINDX

solution and pseudomerohedral quadruplet rotational
refinement twinned and twins, anisotropically
method disordered, refined
isotropically
refined
R1 (WwR2¥ 0.232 (0.481) 0.159 (0.345)
GOH 2.576 1.060

Heintz et al.

a Graphite monochromate#ll > 20(1). °R1= S ||Fo| — |Fe||/3 |Fol;
WR2 = [Y[W(F? — FAAIY[W(F%)A]Y2 ¢ Goodness of fit= S =
[SW(Fo? = FA?/(n — p)]¥3 nis the total number of reflections, and
p is the total number of parameters refined.

form in the middle compartment. The needles (phase ) were
harvested immediately, as they redissolve with time to produce
crystals of phase Il (the platelet habit).

(ii) Details of Collection and Refinement.A tiny needle of
phase | and a very thin platelet of phase Il were each mounted4-fold symmetry. The structure solution gave two independent
on the end of a glass fiber and X-ray data were collected on a Cu(TCNQ) orientations in a ratio 0f£50% each. A total of
Siemens (Bruker) SMART 1K CCD area detector. In both 1111 unique data were refined isotropically#hto R1 (WR2)
instances the crystals were exceedingly small, such that they= 0.232 (0.481), but, not surprisingly, the lack of data and other
tested the limits of the instrument. The weak data problems complications led to a slightly unstable refinement. Never-
notwithstanding, the major features of the structures can readily theless, important features of the relationships within the
be discerned. The results are in accord with the powder patterns;structure can be gleaned from this very weak data set. The Cu
furthermore they help to explain the observed properties in a atoms in the structure are coordinated to four nitrogen atoms
qualitative manner. The refinement of phase | is poor due to ain a highly distorted tetrahedral environment as evidenced by
low data-to-parameter ratio and to a merohedral twinning the N-Cu—N angles of 92 and 142 (Figure 10a,b). The
problem, but phase Il actually refines reasonably well given quinoid rings of the TCNQ units are engaged in interplanar
the tiny size of the crystal and the fact that it is quadruply stacking at a distance of 3.24 A, which is smaller than the van
twinned. Numerous independent data sets of these materials haveler Waals distance of 3.4 A for carbon atoms. Adjacent TCNQ
been collected on CCD diffractometers over the course of nearly stacks are rotated by 9®ith respect to each other, which is a
two years, and the present results are the best that we havetandard feature in most binary metal/TCNQ saksPowder
obtained. Since Cu(TCNQ) is the subject of much interest and simulations based on the ralakl data and on the structure
its structural determination has eluded researchers for decadessolution are very similar to the experimental powder pattern
these data sets, albeit marginal, are important to report. Infor the bulk phase I.
keeping with the lower resolution of these structures, however,  (iv) Phase Il. The crystal was found to be a quadruplet twin;
we have limited our discussion to the most important differences this was resolved by deconvolution methods, and the data were
in phases | and II; no attempts to base conclusions on fine pointsrefined onF2 in the space group2/n. An ORTEP diagram of
of the structures are made. the asymmetric unit is provided in Figure 11a. The final residuals

(iif) Phase I. The structure was partially solved by direct are R1= 0.159 and wR2= 0.345 forl > 20(l). The N-Cu—N
methods and refined in SHELXTL V5.10. Key crystallographic angles around the Cu atom are between®1&18 114.7, and
parameters are summarized in Table 2. The presence of twinningthe average CuN bond length is 1.95 A. The metal geometry
renders the space group choice very difficult. Solutions were is close to tetrahedral unlike the highly distorted Cu(TCNQ)
attempted in numerous tetragonal, orthorhombic, and monoclinic phase I. Adjacent TCNQ ligands are parallel to each other with
space groups, but the only reasonable solution was obtained inthe shortest face-to-face contact between nearest neighbors in
monoclinicPn. The pseudomerohedral twin matrix [1 0 0, 0 0 the same network being 6.8 A (Figure 11b). This arrangement
1, 0—1 0] was used in the refinement to represent the pseudo-of TCNQ™ ions is unprecedented; typically they are situated

Figure 10. Phase I: (a) asymmetric unit with atom labels and (b)
extended structure in thec plane.
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Figure 11. Phase Il: (a) asymmetric unit with atom labels and (b) \\C C//
extended structure in thiec plane. — Cu
— \NSC C4N,Cu
around a metal ion as four TCNQ units related by a pseudo- ///C C\\\ o — <Ce
4-fold rotational axis such as that found in AQ(TCNQ) and alkali N\ R §N//,,,. /
metal TCNQ salts:® LA Pl e _N C\”
(v) Comparison of the Cu(TCNQ) Polymorphs.Schematic N\\\ //,N \\C>=®=<C4
views of the two structures are depicted in Figure 12. Both C C /N"/C C%N_Cu
phases exhibit polymeric motifs based on the repeat pattern of >=<:>=< Cu
a four-coordinate Cu ion ligated to nitriles of independent TCNQ C C
: : ; U AN
molecules. There are two important differences in the structures, N N
however, that lead to entirely different spatial arrangements for ¢y cu
the TCNQ units in the two structures. The first difference is
the relative orientation of TCNQ moieties around the Cu atoms. Cu(TCNQ) Phase Il
In phase | and in all other structures of 1:1 M(TCNQ) Figyre 12. Schematic drawings of the TCNQrientations in (a) phase
compounds including that of Ag and alkali metal saf3, I and (b) phase II.

neighboring TCNQ molecules are rotated® 3Gth respect to . S . .
one another as illustrated in Figure 10a. Phase Il represents aabOUt ordder |fn the th#d dllmer|15|or|1. T:e fact thatfthe (sjam_ple IS
new structural archetype for this type of solid in which infinite fignm?/f/)ﬁii h ?imvitesrytrgemair)nzfn?tzf e:b:eESe?j Fggtgrrémggem:'
arrays of coplanar TCNQ molecules are oriented in the same CU(TCNQ) phase | exhibits a connectivit rerﬁiniscent of
direction, but in two perpendicular planes as depicted in Figure AG(TON F: . tant t i t% fact that thei
11a. The second major difference in the two phases is the type o Q). it is importan 0 comment on e fact that their
of interpenetration that they exhibit. In phase I, the two powder patterns are very different. A_g(TCNQ) crystallizes in
; : the orthorhombic space grolgnnm with a = 6.975(1) A,b
independent networks bring the TCNQ molecules together to _ 16.689(1) A.c = 17.455(1) A, andV = 20315 &7 The
give a columnar stack with the closest distance being 3.24 A ‘ ' . ! Ty

(Figure 13a). In sharp contrast, the interpenetration in phase Il powder pattern of AG(TCNQ) simulated from the X-ray data

: : } of Shields shown in Figure 14b is clearly different from that of
does not bring the two independent networks together; rather .
the TCNQ rings are “slipped” and no-stacking occurs (Figure Cu(TCNQ) phase I. Bulk samples of Ag(TCNQ) (Figure 14c)

13b). The closest distance between parallel TCNQ units in the prepared from the reaction between AgjBand [BuN][TCNQ)

same network is 6.8 A in CH3CN were found to be identical to the sample used for

(e) Further Structural Analysis of Cu(TCNQ) and Com- the X-ray simulation. Interestingly, if the reaction is ceased after
parison to Ag(TCNQ). At this point it is instructive to return only 2 min instead of 3 h, the higher symmetry phase in Figure

14d is obtained. This new Ag(TCNQ) phase is similar to
to the powder patterns for the two Cu(TCNQ) phases and also . R
for the Ag(TCNQ) material that was structurally characterized Cu(TCNQ) phase | in the Iqw-_angle region, this |mpl|es a
by Shields. An experimental powder pattern of Cu(TCNQ) psepdotetragonal 9e_|| and a similar connectivity. From its short
phase | is given in Figure 14a from which it can be observed lifetime, however, it is doubtful that this phase of Ag(TCNQ)

that there are very few intense features in the high-angle region.ggglbgigﬂi?;?fsﬁ ?bt?;gr‘;f;;:%?;tggyigli f(()_lr_ é;{l\gl)e-%r\yvzt:rl
This is an indication that we are not observing much information ysis. | gy, . 9 P
pattern with the artificially imposed average cell edges b

(32) (a) Hoekstra, A.; Spoelder, T.; Vos, Acta Crystallogr.1972 B28, = 17.06 A, the lines collapse to a pattern that resembles both
14. (b) Murakami, M.; Yoshimura, SBull. Chem. Soc. Jpr975 the unstable Ag(TCNQ) and Cu(TCNQ) phase | structures
48, 157. (c) Konno, M.; Saito, YActa Crystallogr.1974 B30, 1294. (Figures 14a,e).

(d) Konno, M.; Saito, YActa Crystallogr1975 B31, 2007. () Konno, ; R
M.; Ishii, T.; Saito, Y.Acta Crystallogr.1977, B33 763. (f) Endres, E. Magnetic and Charge-Transport Measurements on

H. In Extended Linear Chain Compoundiller, J. S., Ed.; Plenum  Phases I and II. Our discovery that Cu(TCNQ) exists as two
Press: New York, 1983; Vol. 3, pp 26317. different structural types is actually not surprising, given that
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Figure 13. Views of the two interpenetrating networks in (a) phase |
and (b) phase Il. Solid bonds are used for one network and the open
bonds for the second one.

numerous TCNQ materials are known to exhibit several different
phases with the same chemical composifiéh.Important
aspects of this observation, however, are the ramifications that
it has in terms of the observed properties of various samples of
Cu(TCNQ), especially conductivity and magnetic coupling.

(a) Magnetic Behavior. The variable temperature magnetic
susceptibilities of the samples were measured by the SQUID
technique. Plots of versusT and ues versusT are given in
Figure 15. Phase | shows behavior typical of a TCNQ radical
anion salt with TCNQ stacking, viz., strong coupling of the
unpaired spins. Most simple TCNQ radical anion salts are
paramagnetic, but the susceptibilities are only about 10% of
that expected for a system with non-interacting spgi¥he very
low susceptibility of phase | (Figure 15a) indicates considerable
magnetic coupling of the unpaired electrons, which renders the
sample essentially diamagnetic. This is consistent with earlier
studies on the magnetism of chemically prepared Cu(TCRQ).
In phase I, on the other hand, the TCN@dicals behave like
isolated paramagnets in the high-temperature regime; in fact
the uesr of 1.58 ug at 320 K is very close to that of the spin-

(33) (a) Kommandeur, J. lhow-Dimensional Cooperate Phenomena
Keller, H. J., Ed.; Plenum Press: New York, 1975; p 65. (b)
Schwertdfeger, C. FSolid State Commui977, 23, 621. (c) Siratori,
K.; Kondow, T.J. Phys. Chem. Solid978 39, 225. (d) Kommandeur,
J. InThe Physics and Chemistry of Low Dimensional Spkdsacer,

L., Ed.; D. Reidel Publishing: Dordrecht, Holland, 1980; p 197. (e)
Grossel, M. C.; Weston, S. @hem. Mater.1996 8 (5), 977. (f)
Grossel, M. C.; Weston, S. @. Chem. Soc., Chem. Comma&892
1510. (g) Hynes, R. C.; Morton, J. R.; Preston, K. F.; Williams, A. J.;
Evans, F.; Grossel, M. C.; Sutcliffe, L. H.; Weston, S.JCChem.
Soc., Faraday Transl991 87 (14), 2229. (h) lida, Y Bull. Chem.
Soc. Jpnl1969 42, 71.
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Figure 14. (a) Experimental XRD powder pattern for phase | Cu-
(TCNQ). (b) Simulated XRD powder pattern for orthorhombic Ag-
(TCNQ) from X-ray coordinates. (c) Experimental XRD powder pattern
for the stable bulk phase of Ag(TCNQ). (d) Experimental XRD powder
pattern for the new kinetic phase of Ag(TCNQ). (e) Simulated XRD
powder pattern for an imposed tetragonal symmetry for Ag(TCNQ).

only value for an isolate® = /, system (Figure 15b). At low

temperatures the effective magnetic moment for phase Il begins
to slowly decrease, indicating the onset of weak antiferromag-
netic interactions between the unpaired spins which at 10 K
abruptly changes to an ordering of the ferromagnetic type. In
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hysteresis of phase II.

support of the ordering are the results of the zero-field cooled
and field-cooled experiments (Figure 15c) and the hysteresis
loop observed a2 K with a coercive field of 500 G (Figure

15d).
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Figure 16. Plots of conductivityo (S cnt?) versus temperature for
bulk Cu(TCNQ) phases | and Il measured on pressed pellets.

(b) Conductivity. The two structural forms of Cu(TCNQ)
were subjected to pressed pellet conductivity measurements, and
it was found that they exhibit quite different charge-transport
properties, as illustrated in the plots provided in Figure 16. Both
behave as semiconductors, biithas a room-temperature
conductivity of 2.5x 1071 S cnt! whereag is nearly insulating
with a room-temperature conductivity of only 1.3 105 S
cmL. The band gaps are 0.137 and 0.332 eV for phases | and
II, respectively. It is interesting to note that these values are
very close to the corresponding electrical properties of the
“unswitched” and “switched” forms of Cu(TCNQ) in the
devices. Two separate studies of the conductivity of Cu(TCNQ)
prepared by the method of Melby et. al. reported values(itf
=1.6x 102Scntlando(23°C)=1x 102Q1cm*and
band gaps of 0.11 é¥*andEg,, = 0.16 eV3* These data are
similar to what was found for phase | in this study. Clearly
they exhibit a much higher conductivity than phase II, which
was not recognized as a distinctly different phase prior to the
present investigation.

F. Concluding Remarks. The results of this study establish
the existence of two markedly different polymorphs of @G-

NQ) by X-ray photoelectron spectroscopy, infrared spectros-
copy, powder X-ray diffraction techniques, and single-crystal
X-ray methods. The key to this discovery was the recognition
that the kinetic product (phase 1) is soluble in acetonitrile and
slowly converts to a more thermodynamically stable material
(phase Il). Both phases are dark purple, crystalline materials,
and without the use of scanning electron microscopy and powder
X-ray methods, it is not trivial to distinguish between the two
samples. Unfortunately, the physical similarity in the two
materials led many researchers to assume that the rapidly
formed, kinetic product prepared from Cul and TCNQ (phase
I) was the same material as the films used for switching
(primarily phase Il). We have incontrovertible evidence that this
is not the case. Spectroscopic data collected on theKbugikic
phase |, therefore, are not meaningful for understanding the
switching mechanism of films of phase II.

The chemical composition and electronic characteristics of
the two phases of Cu(TCNQ) are identical, but the structures
and properties are quite different. Powder XRD studies revealed
that both phases are present in thin films of Cu(TCNQ) grown
on copper substrates, but that even subtle differences in reaction
conditions can lead to variable quantities of the two phases.
This is undoubtedly the cause of the reported inconsistencies
in the properties of Cu(TCNQ) devic&$/~2° Thin films
prepared at short reaction times (ca. 2 Hipntain only the
kinetic form of Cu(TCNQ), whose conductivity is much higher

(34) Siemons, W. J.; Bierstedt, P. E.; Kepler, R.JGChem. Physl963
39, 3523.
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than that of the thicker films of phase Il that appear after longer proximity. The fact that the resting state of the film, phase II,
reaction times; consequently no switching is observed. Con- is a centrosymmetric structure and that Phase | appears to be a
ductivity data on pressed pellets of bulk samples of the two non-centrosymmetric structure bodes well for a piezoelectrically
phases support the conclusion that the material responsible fordriven transition, if, in fact, a phase change is occurring. The
switching in the films is phase Il, which is a very poor role of the electric field in the proposed structural transition is
semiconductor. Phase | is a much better conductor; in fact its under current investigation in our laboratories, efforts that may
conductivity is basically the same as that of the Cu(TCNQ) films ultimately lead to a resolution of this long-standing issue.
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