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A new family of molecule-based magnets of general formula V[TCNQR,],*ZCH,Cl, has been synthesized and
characterized (TCNQ = 7,7,8,8-tetracyano-p-quinodimethane; R = H, Br, Me, Et, i-Pr, OMe, OEt, and OPh). In
addition, solid solutions of V[TCNQ]JTCNQ(OEt);],—x-ZCH,Cl, composition have been prepared. Except R = Br,
magnetic ordering was observed for all materials, with T; values between 7.5 K (R = Me) and 106 K (R = OEt),
with R = H at 52 K. The substitution of electron-donating OMe and OEt groups for H in TCNQ increased T,
whereas the substitution of less electron-donating alkyl groups (with respect to alkoxy groups) decreased T.. The
results of MO calculations indicate that neither the spin nor charge densities of the disubstituted TCNQs are sufficiently
different to explain the wide range of critical temperatures. Although the structures of the amorphous materials are
not known, it is proposed that the oxygen atom of the [TCNQR_]*~ acceptor (R = OMe and OEt) and the V(II)
interact to form a seven-membered ring. This interaction could stabilize the structure and enhance the magnetic
coupling, leading to an increased T.. The magnetic properties of V[TCNQ]JTCNQ(OEt),],—x-zCH,Cl, deviated from
the expected linear relationship with respect to x, exhibiting magnetic behavior more characteristic of a step function
in a plot of T, versus x.

Introduction organic-containing molecule-based magnet characterized, and
it orders as a ferromagnet below a critical temperatiige,
of 4.8 K3 Further work led to the discovery of V[TCNE]
ZCH,Cl,, the first room-temperature organic magngt ¢
400 K), initially from the reaction of TCNE and%CsHe)»*

*To whom correspondence should be addressed. E-mail: jsmiller@ a_md later from the rea_Ctlon of TCNE and(ZO).° Utiliza-
chem.utah.edu. tion of the latter volatile precursors led to the development
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als: Miller, J. S., Dougherty, D., Eds.; 1989; Vol. 1B) In NATO thin films of the V[TCNE] magnet that also exhibited

ARW Molecular Magnetic Material$roceedings of the conference  enhanced air sta_bi|it§/.

on Molecular Magnetic Materials; Kahn, O., Gatteschi, D., Miller, J. . . . .

S., Palacio, F., Eds.; 1991; Vol. £198. (c)Molecular Crystals and V[TCNE]y is an amorphous, disordered material with a
Liquid Crystals Proceedings of the conference on the Chemistry and small coercive fieldH., < 1 Oe at room temperature and
Physics of Molecular Based Magnetic Materials; lwamura, H., Miller,

Magnetically ordered molecule-based materials constitute
a growing area of contemporary chemistijFe(GMes),]**-
[TCNE]"~ (TCNE = tetracyanoethylene) was the first

J. S., Eds.; 1993; Vol. 232/233. (d) Molecular Crystals and Liquid (3) (a) Miller, J. S.; Calabrese, J. C.; Epstein, A. J.; Bigelow, R. W.; Zhang,
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V[TCNQ],-Based Magnets

7.4 Oe at 5 K. Furthermore, it is a magnetic semiconductor
with a room-temperature conductivity 6104 S/cm, and

[N(n-Bu)4][TCNQ]. [N(n-Bu)]l (5.96 mmol) was dissolved in
8 mL of hot acetonitrile and added dropwise to a stirred solution

recent magnetotransport studies indicate that electrons inof TCNQ (4.00 mmol dissolved in 90 mL) in hot acetonitrile,
valence and conducting bands are spin polarized, Suggestingmmed'ately causing the solution to turn dark green. The solution

“spintronic” applications.

In contrast, the reactions of Fe(GQOyith TCNE and
TCNQ (TCNQ= 7,7,8,8-tetracyanp-quinodimethanel)
form Fe[TCNE}-zCH,Cl, and Fe[TCNQJ-zCH.CI, that
magnetically order at 100 and 35 K, respectivelyo date,
the reaction of TCNQ and §CO); has not been reported to
form a magnetically ordered material. Other M[TCNQ)]
materials for M= V, however, have previously been
reported® as solvates with methanol or watét,products
of electrochemical synthesi¥ and products from Fe(Cg)
and [M(NCMe)][BF ], starting materials. Herein, the
reactions of WY(CO)s with TCNQ and several 2,5-disubsti-
tuted TCNQs 2) are explored, and several new magnetically
ordered materials are reported.

)

\

N

1: R=H;2a: R=Br; b: R =Me; ¢: R = Et;d: R =i-Pr; e: R = OMe; f: R = OEt; g: R = OPh

Experimental Section

Due to the extreme air and water sensitivity of the materials
studied, all manipulations and reactions were performed in a
Vacuum Atmospheres DriLab glovebox { ppm Q and <1 ppm
H,0). CHCl, was dried over two columns of activated alumifa.
[N(n-Bu)4]l was obtained from Aldrich. V(CQ)was prepared from
[NEt,][V(CO)g] via a literature preparatidhand was sublimed at
25°C and 50 mTorr. TCNQ and the substituted TCN@g{were
gifts from DuPont Ra—d, 2g) and were purified prior to use. Com-
pounds2ef were kindly provided by Prof. G. Saito and H. Yamochi
(Kyoto University). [V'/(NCMe)][BPhs], was prepared via a
literature procedur& The compositions are reproducible except
for small variations in the amount of solvent, and small differences
in T, are attributed to the extreme air sensitivity of the materials.

(6) Pokhodnya, K. I.; Epstein, A. J.; Miller, J. 8dv. Mater. 2000 12,
410.
(7) Pokhodnya, K. I.; Pejakovic, D.; Epstein, A. J.; Miller, J. Bhys.
Rev. B 2001, 63, 174408.
(8) Prigodin, V. N.; Raju, N. P.; Pokhodnya, K. I.; Miller, J. S.; Epstein,
A. J. Adv. Mater. 2002 14, 1230
(9) Pokhodnya, K. I.; Petersen, N.; Miller, J. IBorg. Chem.2002 41,
1996.
(10) (a) Melby, L. R.; Harder, R. J.; Hertler, W. R.; Mahler, W.; Benson,
R. E.; Mochel, W. EJ. Am. Chem. S0d.962 84, 3374. (b) Kaim,
W.; Moscherosch, MCoord. Chem. Re 1994 129, 157. (c) Zhao,
H.; Heintz, R. A.; Ouyang, X.; Dunbar, K. RChem. Mater.1999
11, 736. (d) Long, G.; Willett, R. Dlnorg. Chim. Acta2001, 313,
1-14. (e) Siedle, A. R.; Candela, G. A.; Finnegan, Tlrforg. Chim.
Acta 1979 35, 125. (f) Claac, R.; O'Kane, S.; Cowen, J.; Ouyang,
X.; Heintz, R.; Zhao, H.; Bazile, M. J.; Dunbar, K. Rhem. Mater.
2003 15, 1840-1850. (g) Heintz, R.; Zhao, H.; Ouyang, X.;
Grandinetti, G.; Cowan, J.; Dunbar, K. fhorg. Chem.1999 38,
144-156.
(11) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K;
Timmers, F. JOrganometallics1996 15, 1518.
(12) Liu, X.; Ellis, J. E.; Selby, T. D.; Ghalsasi, P.; Miller, J. Borg.
Synth.2004 34, 68.
(13) Wheland, R. C.; Martin, E. LJ. Org. Chem1975 40, 3101.
(14) Anderson, S. J.; Wells, F. J.; Wilkinson Bolyhedron1988 7, 2615.

was then heated until the volume had been reduced to 10 mL, after
which it was allowed to cool to room temperature and put in the
freezer overnight. Dark blue, crystalline product was then filtered
and dried fo 3 h under vacuum (yield~ 95%).

V[TCNQ] 2°zCHCl,. This material was prepared from V(CQ)
In a typical preparation, V(C@)0.137 mmol) was dissolved in 5
mL of CH,CI, and added dropwise to a stirred solution of TCNQ
(0.274 mmol) in 30 mL of CHCI,. The solution quickly turned
dark with the evolution of CO and was allowed to react 15 min
without stirring, but with venting. The dark, amorphous product
was filtered, washed with Cj€l,, and dried (yield~ 85%). The
observed elemental analysis (cdRdfor V[TCNQ],-zCH,Cl,
follows: z= 0.84, VCz4_8J'|g_sd\ISC|1_63, %C = 55.78 (5623), %H
= 2.15 (1.84), %N= 21.57 (21.12).

The synthesis of V[TCNQ}zCH,Cl, was also attempted via the
following three synthetic pathways in GEl, (eqs 1-3):

[V(NCMe)gJ[BPh,], + 2[N(n-Bu),J[TCNQ] —
V[TCNQ], + 2[N(n-Bu),] " + 2[BPh] ™~ (1)

[NEt,J[V(CO)4] + 3TCNQ—
V[TCNQ], + 6CO+ [NEt,]" + [TCNQ]™ (2)

INEt,][V(CO){] + 5[N(n-Bu),[TCNQ] —
V[TCNQ], + 6CO+ [NEt,]" + 5[N(n-Bu),] " + 3[TCNQF™ (3)

Unfortunately, infrared and elemental analysis data indicate that
the products of these reactions contain significant amounts of
impurities (MeCN, [BPH~, [N(n-Bu)4 ", [NEty] ", and/or [TCNGQ?").

The products of these three reactions do not magnetically order.
ve=n IR (KBr): 2197s, 2113s cmt (eq 1); 2187s, 2098s, 2030sh
cm! (eq 2); and 2187s, 2103s, 2033shérteq 3). The products

of egs -3 show their strongest—y IR absorption at higher energy
than V[TCNQJ-zCH,CI, from V(CO)s (2088 cnt?). In addition,

the low energyc=\ shoulder observed in V[TCN@ECH,CI, from
V(CO)s (2024 cn1l) is present in the products of eqs 2 and 3, but
not in the product of eq 1.

V[TCNQR ;]»:zCH,Cl,. Substitution of TCNQ with 2,5-disub-
stituted TCNQs in the above procedure from V(gOg¢d to
formation of materials possessing vanadium and the 2,5-disubsti-
tuted TCNQ R). The observed elemental analysis (calcd) for
V[TCNQBr2]2°ZCHZC|2 follows: z=0.58, VCz4.5d'|5'1d\|8C|1_1d3|'4,

%C = 35.63 (35.82), %H= 0.99 (0.63), %N= 13.91 (13.60). For
V[TCNQMeﬂz‘ZCHz(:'z: z = 0.86, VQ&gd"]j]i\lsChjz, %C =

58.68 (58.91), %H= 3.57 (3.04), %N= 19.73 (19.04). For
V[TCNQEtz]z'ZCH2C|2: z = 0.02, Vng,od"z;;,oJ\lsC'o,ozg, %C =

67.10 (67.09), %H= 4.54 (4.23), %N= 19.57 (19.55). For
V[TCNQ(l'Pf)g]z‘ZCHzC'z z = 0.60, V(?geld'|33_2NgC|1.2, %C =

64.64 (64.78), %H= 4.86 (4.93), %N= 16.79 (16.51). For
V[TCNQ(OMe)],*zCH.Cly: z = 0.50, VGg H17/NgCIlO4, %C =

54.99 (55.05), %H= 2.80 (2.76), %N= 18.24 (18.02). For
V[TCNQ(OEt))],-zCH.Cl,: z=0.70, VG H25NgCl1.404, %C=

56.42 (56.52), %H= 3.49 (3.68), %N= 16.40 (16.12). For
V[TCNQ(OPh)]z'ZCHgC'z z=1.38, VQg_gd‘lzsjd\lgClgjﬁOm %C

= 62.74 (62.77), %H= 2.65 (2.85), %N= 12.15 (11.86).

(15) Miller, J. S.; Kravitz, S. H.; Kirschner, S.; Ostrowski, P.; Nigrey, P.
J.J. Chem. Educl977, 55, 181; Quant. Chem. Prog. Exch977, 10,
341.
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V[TCNQ] x[TCNQ(OE?Y) 5] -x*ZCHCl,. In a typical preparation, Results and Discussion

1 equiv of V(CO} and 2 equiv total of TCNQ and TCNQ(OEt) . .
were each dissolved in a minimum amount of £; the V(CO) Magnetically ordered V[TCNE,]can by synthesized by

solution was then added dropwise to the stirred, filtered solution the ,reaCt'o_n of \?(CO)GS or VO(C6H6)24 with TCN,E' Mecha-

of TCNQ and TCNQ(OE® The solution quickly turned dark with nistic studies W'th W(CeHe), reveal that 2 equiv of TCNE

the evolution of CO and was allowed to react 10 min at room are reduced, forming [TCNEJand V(I1) 22 In contrast, none
temperature and 10 min a0 °C without stirring, but with venting. ~ Of the acceptors discussed herein have an oxidation potential
The dark, amorphous product was filtered and dried (yie#0%). sufficient to oxidize V(COJ[E® = +0.88 V vs SCE (Ch

The observed elemental analysis (calcd) for V[TCNQENQ- Cl,)?%. Nonetheless, immediate reactions occur between
(OEt)]2—xzCH.Cl, follows: x = 1.8,z = 1.49, VGg.odH12.0d\e- V(CO)s and 2a—g to form dark, amorphous products (eq
Cl2.0d00.4, %C = 52.01 (52.29), %H= 1.92 (2.17), %N= 18.85 4). Putatively, this reaction proceeds via an associative
(18.56);x = 1.6,z = 1.08, VG 6dH13.38NsCl2.1600.8, %C = 54.43 reaction, leading to disproportionation of V(G{as occurs

(54.66), %H= 2.38 (2.30), %N= 19.51 (19.11)x = 1.0,z = for V(CO)s and MeCN?* The products decompose in the
0.81, VGggiHi17.6MNsCli 6202 %C = 55.85 (56.16), %H= 2.83 ambient laboratory atmosphere and must be stored under N
(2.88), %N= 18.67 (18.18)x = 0.6,z = 0.81, VGo.4H20.8dNs- at —20 °C.

Cl1.6025 %C = 56.01 (56.07), %H= 2.98 (3.22), %N= 17.40

(17.20);x = 0.4,z = 1.07, VG1.4H22.9MNsCl2.1403 5, %C = 54.58 V(CO)g + 2TCNQR, — V[TCNQR,],»zCH,Cl, + 6CO (4)
(54.69), %H= 3.53 (3.35), %N= 16.46 (16.21).

Powder samples for magnetic measurements were loaded inHence, unlike the reaction of V{Bg), and TCNE, the
airtight Delrin holders and packed with oven-dried quartz wool t0 ragction of V(CO) and the disubstituted TCNQs (and TCNE)
prevent movement of the sample in the holder. The dc magnetizationmust initially proceed by ligand substitution involving
temperature dependence was obtained by cooling in zero field, andnucleophilic attack by an acceptor. This mechanism would
then, d"."ta.was C.oueCted on Warmin.g in 5 or 1000 Oe external lead to a seven-coordinate vanadium complex with reduced
magnetic field using a Qua.mum D?S'gn MPMSBK T SQUID oxidation potential, which would immediately undergo a CO
magnetometer equipped with a reciprocating sample measuremen}oss The reaction is not, therefore, initiated by electron

system, low field option, and continuous low-temperature control i f N the f i f VITCNE
with enhanced thermometry features. Tl were obtained from \;EZSSHG; as occurs in the formation of V[TCNEfrom
6/ 16)2.

an extrapolation of the low-fielt(T) to the temperature at which .
M(T) — 0 as used in determiniri;. of V[TCNE],-zCH,Cl.437 The Theve=y IR absorptions of V[TCNQ}zCH,Cl, occur at

ac magnetic susceptibility was measured in 1 or 3 Oe ac field (zero 2190 (s), 2088 (s), and 2024 (sh) chiFigure 1; Table 1).
dc applied field), at 33, 100, and 1000 Hz. Phase sensitive lock-in These absorptions are lower in energy than that of TENQ
detection allowed both the in-phagé)(and out-of-phase(’) linear at 2222 (s) cm* and indicate that the product has reduced
susceptibilities to be extracted. TCNQ The number and broad nature of the.y stretches
Thermogravimetric analysis (TGA) was performed on a TA suggest that there are multiplesBl environments in the
Instruments TGA 2050 analyzer. Infrared spectra were obtained Material. This is observed for V[TCNEYCH,Cl, with a
using Bruker Tensor 37 FTIR spectrometgrl(cm ). Elemental broad absorption at 2090 ctand three relatively narrow
analyses were performed by Complete Analysis Laboratories Inc.
of Parsippany, NJ.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,

Ab initio UB3LYP/6-31++g(d,p) calculations were executed K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
i i V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
using the nonlocal B;’,LYP7 exchange gnd correlation E?Wth A" Nakatsuji, H.- Hada, M. Ehara, M. Toyota. K. Fukuda, R.
the 6-34-+g(d,p) basis sef’ All calculations were done using the Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y. Kitao, O.; Nakai,
Gaussian-03 suite of prograrfsThe optimized structure of each H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
o— ati Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
[TCNQI™ derivative was based on the Strucu."re of [TCNCY O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
where the hydrogen atoms in the 2 and 5 positions were replaced Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
by R (R= Br, Me, Et,i-Pr, OMe, OPh, and OEt). Each radical Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
anion, including [TCNQT, was then optimized completely using O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.

B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;

Gaussian’s geometry optimization procedures at the UB3LYP/ Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
31++g(d,p) level. Mulliken and natural bond order (NBO) charge Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.;
and spin distributions were calculat&dNBO spin densities were Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,

. . W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03revision
determined using the code word pepNBO, where separate B.02: Gaussian, Inc.: Pittsburgh, PA, 2003

andg electron populations were found for each unique atom within (19) Miller, J. S.; Zhang, J. H.; Reiff, W. M.; Dixon, D. A.; Preston, L.

— ani : D.; Reis, A. H.; Gebert, E.; Extine, M.; Troup, J.; Epstein, A. J.; Ward,
the [TCNQR]*~ anion. Theo. andf populations then allowed the M. D. J. Phys. Cheml987 91, 4356,

spin density to be calculated as the difference between thed (20) Glendening, E. D.; Reed, A. E.; Carpenter, A. E.; Weinhold, F. NBO
the 3 electron populationst Version 3.1.
(21) Szabo, A.; Ostlund, N. $4odern Quantum Chemistry: Introduction
to Advanced Electronic Structure Theoriyflacmillan Publishing Co.,
(16) The B3LYP is a combination of the nonlocal three parameters Inc.: New York, 1982.
exchange functional [Becke, A. . Chem. Phys1993 98, 5648] (22) Gordon, D. C.; Deakin, L.; Arif, A. M.; Miller, J. SJ. Am. Chem.
and nonlocal LYP correlation functional [Lee, C.; Yang, W.; Parr, R. Soc.200Q 122, 290.
G. Phys. Re. B 1998 37, 785]. (23) Bond, A. M.; Cotton, F. Alnorg. Chem.1976 15, 2036.
(17) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971, 54, (24) (a) Richmond, T. G.; Shi, Q.-Z.; Trogler, W. C.; Basolo,JFAm.
724. (b) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, R. Chem. Soc1984 106, 76. (b) Shi, Q.-Z.; Richmond, T. G.; Trogler,
v. R.J. Comput. Cheml983 4, 294. W. C.; Basolo, FJ. Am. Chem. S0d.984 106, 71.
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Table 1. Summary of thevey IR and Magnetic Properties for V[TCNQR-zCH.Cl»

Ueff, UB MSYd M;,€ Her®
TCNQ b o', K (300K)  T.PK Tp,tK emuOe/mol  emuOe/mol Oe @ ve=n, M1
TCNQ from [TCNQ}~ 2197s, 2113s
TCNQ 0.84 58 3.57 52 35 8075 2500 75 0.01 2190s, 2088s, 2024 sh
2,5-TCNQB&p 0.58 2197, 2102 br
2,5-TCNQMe 0.86 15 3.57 75 4 7050 120 40 0.04  2189s, 2080s, 2010 sh
2,5-TCNQE% 0.02 52 3.40 17 12 6825 940 115 0.00  2190s, 2074s, 2010 sh
2,5-TCNQ(-Pr) 0.60 15 3.55 9 7 6775 60 35 0.03 2188s, 2075s, 2010 sh
2,5-TCNQ(OMe) 0.50 85 3.71 61 44 6675 1700 20 0.00  2191s, 2095s, 2030 sh
2,5-TCNQ(OEH) 0.70 115 4.24 106 85 8850 2000 20 2190s, 2088s, 2030 sh
2,5-TCNQ(OPHhy 1.38 30 4.26 20 15 6745 500 25 0.06  2190s, 2091s, 2020 sh

aCalcd from the elemental analysis dat@®btained from an extrapolation of the low-fieM(T) to the temperature at whicki(T) — 0. ¢FC/ZFC
bifurcation temperaturé.M at 5 T and 2 K, as none of samples reach saturatiari.

Figure 1. vc=\ region of the IR spectra of V[TCNQR-zCH.Cl, for R Figure 2. M(T) 5 Oe for V[TCNQE-0.84CHCl, (red), VITCNQMe]»-
= H, OEt, Et, and Br. 0.86CHCI, (purple), V[TCNQEE]20.02CHCl, (orange), V[TCNQ(OMe]-
features at 2214, 2191, and 2152’ The highest energy ~ 0-50CHCl (black), and VITCNQ(OEH>0.70CHCI, (blue).

ve=N absorption remains the same for V[TCNRzCH,- tures, T, range from 7.5 (R= Me) to 106 K (R= OEt) and

Cl, except for R= Br, which shows a shift from 2190 to are obtained from an extrapolation of the low-fieM(T)
2197 cnl. The middle band also shifts to higher energy values to the temperatures at whith(T) — 0 for each

for R = Br, moving from 2088 to 2102 cm, and appears  material. This indicates that magnetically ordered materials
at lower energy for the alkyl-substituted materials. It should of V[TCNQR;],:zCH,CI, composition are obtained for R

be noted that the shoulder at lower energy seems to correlatdd, Me, Et,i-Pr, OMe, OEt, and OPh. Due to the extreme
qualitatively with the magnetic ordering of the materials, as air sensitivity of the materials discussed herein, this method
those without it (V[TCNQ} from [V(NCMe)s](BPhy), and of finding the onset temperature of magnetization is assumed
V[TCNQBr;],) do not order magnetically. The position of to be correct withint-3 K.

the lower energy peak is slightly shifted to higher energy  Field-dependent isothermal magnetizatioi(H), was

for the alkoxy-substituted TCNQs and to lower energy for determined on each materigl 2K (Figure 3). In general,
the alkyl-substituted TCNQs. Some aliphatic 1 stretches  each curve shows a sharp increase beld@0 Oe followed
occur below 3000 crt, indicative of the presence of GH by a gentle upward slope to 5 T, at which point the
Cl, solvent. The presence of solvent is also supported by magnetization reaches near-saturation, i.e., 68850 emul

the TGA data and elemental analysis results. Oe/mol. These values are higher than the expected value of

Magnetic Studies.The 2 to 300 K magnetizatiomJ(T), 5585 emuOe/mol for S = 3/, V! antiferromagnetically
was determined at 1000 Oe for each material (Figure 2). Thecoupled to twoS = %/, [TCNQR;]*~ but far too low to
data for each material can be fit to the Cuf&eiss indicate ferromagnetic coupling (i.e., 16,750 e@a/mol);

expression withd' values dependent on the identity of R therefore, the materials are ferrimagnets. The origin of these
and indicative of effective ferrimagnetic behavior (Table 1). higher-than-expected values is unknown. However, due to
They (T) data is generally linear in the region immediately the disorder and amorphous nature of these materials, it is
above T, but dY(T)]/dT decreases above this region, attributed to a lack of totally antiparallel alignment of t8e
indicative of longer range antiferromagnetic coupling. Values = 3/, V" spins with the twoS = 1/, [TCNQR;]*~ spins,

of e [=(8xT)¥ are in the range 3.40s (R = Et) to 4.26 resulting in a value that indicates that the uncompensated
us [R = OEt, OPh)] and are lower than the theoretical value spin exceeds/,. This would be sample-dependent, and
of 4.58 ug. The zero-field cooled (ZFC) and field cooled variations inM at 5 T were observed between samples of
(FC) M(T) data were determined at 5 Oe and showed the same nominal composition. The magnetization slopes are
bifurcation points between 4 and 85 K. Ordering tempera- steeper at high fields for those materials with loigvalues,
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Figure 3. 2 K M(H) showing hysteretic behavior for V[TCN@D.84CH-
Cly (red), V[TCNQE%]»-0.02CHCI, (orange), and V[TCNQ(OEf),-
0.70CHCI; (blue).

namely, R= Me, Et, i-Pr, and OPh. The systems show
coercive fields M) between 20 Oe (R= OMe) and 115
Oe (R= Et) at 2 K, suggesting that they are moderately
soft ferrimagnets. Substitution of an R group decred&gs
relative to R= H except in the case of R= Et, which
increased., to 115 Oe. The remanant magnetizatidu,)(

of V[TCNQ]zCH.Cl, is 2500 emeOe/mol at 2 K; however,

Vickers et al.

Charge Distributions. The Mulliken charge distribution
(Table S1) differs significantly from NBO charge distribution
(Table S2). The charge distribution for C5 and C6 varies
from 0.01 for R= OPh to 0.32 for R= Et for the Mulliken
charge distribution, but only between 0.01 for=ROMe
and OEt and 0.09 for R= i-Pr?’2The same trend is seen
for N1 and N2. No significant correlation betwe&n and
the charge distribution is observed except for a mild trend
with C3 andT,, as the charge on C3 becomes more negative
with increasingT.. No trend was observed from the NBO
charge distributions.

Spin Density. Mulliken spin densities showed no correla-
tion between the spin densities of the atoms of [TCNQR
andT.. The atomic spin densities change insignificantly with
R (Table S3). Overall trends, however, show that C4 has
the greatest spin density (0-38.28), followed by N1 and
N2 (0.14-0.11). C5 and C6 have the most negative spin
density (-0.11 to—0.07). The same trends were seen for
the NBO spin densities, but the magnitudes of the values
are reduced (Tables S4, S5, and S6). From NBO calculations,
the C4 spin density ranges from 0.25 to 0.22, while N1 and
N2 range between 0.13 and 0.01, and C5 and C6 range from
—0.05 to —0.042™ For comparison, the spin density of
[TCNE]~ was determined using the same method. It was

each of the materials from disubstituted TCNQs exhibits a t5nd that the spin density determined by NBO was in better

lower M, than 2500 emiDe/mol at 2 K, particularly those
with reducedT.'s (R = Me, Et,i-Pr, OPh).

The temperature dependencies of the in-phg$€), and
out-of-phasey" (T), components of ac susceptibility at 33,

agreement with past spin density results calculated by DFT
than the Mulliken spin density (Table S#)Spin contamina-
tion was evident for B i-Pr, Et, OPh (Table S8), as tife
populations for these radical anions are not zero; however,

100, and 1000 Hz were measured. Each material exhibitedthe degree of contamination is insignificant.

a single peak in botly' andy" except R= OEt, which had
very broad peaks in botf andy" that seemed to suggest

Experimental versus Calculated Spin DensitiesThe
observed spin distribution for [TCNE] obtained from EPR

multiple phases. A small frequency dependence was observedtudie€ s in better agreement with the NBO-calculated spin

for R = H, Me, i-Pr, OPh. Substantigl'(T) signals support
the proposal that the materials are ferrimagnets.

MO Calculations. The addition of highly electron-

density (Table S9). The difference between the NBO and
EPR spin distributions is also noted for [TCNE]where it
was shown that single crystal polarized neutron diffraction

donating alkoxy groups raised the ordering temperature, data was more accurate in determining the spin density, Table
whereas the addition of less electron-donating alkyl gréups S10. Thus, the spin density determined by NBO calculations
reduced the ordering temperature and the addition of electron-is preferred for predicting the spin density on each atbm.
withdrawing bromo groups resulted in a product that was  According to the results obtained from Mulliken and NBO
not magnetically ordered. The origin of this trend is calculations, neither the change in charge nor spin distribu-
unknown, but it may arise from changes in either the spin tions for [TCNQR]*~, as R is changed from electron
or charge distribution as the R group was varied. Increasingdonating to electron withdrawing groups, can explain the
the spin density at the nitrile nitrogens correlated with an wide range of critical temperatures.

increase in the spin coupling. Likewise, the more electron  V[TCNQ] ,[TCNQ(OEt) 5].-xezCH-Cl> Solid Solutions.
density that is donated into the nitrile nitrogens from the R Solid solutions of V[TCNQJTCNQ(OEt)],—xzCHCl, com-
groups, the more strongly they can bond to vanadium. Either position were prepared via eq 5. The syntheses of the solid
of these stronger interactions may then result in a larger

magnetic coupling energyd, which can lead to higher

magnetic ordering temperatures. In order to test this hypoth-
esis, Mulliken and NBO spin and charge calculations were

performed using the B3LYP functional within DFT and the
UB3LYP/6-31++g(d,p) basis set. The spin density was
calculated to be 0.29;0.06, and 0.15 for the 84, sp-C,
and N, respectively, for [TCNE], in excellent agreement
with 0.29,—0.04, and 0.16 previously reportéd.

(25) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991 91, 165.
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(26) Zheludev, A.; Grand, A.; Ressouche, E.; Schweizer, J.; Morin, B.;
Epstein, A. J.; Dixon, D. A.; Miller, J. SJ. Am. Chem. S0d.994
116, 7243. Zheludev, A.; Grand, A.; Ressouche, E.; Schweizer, J.;
Morin, B. G.; Epstein, A. J.; Dixon, D. A.; Miller, J. 3Angew. Chem
1994 33, 1397.

(27) For [TCNQR]*~ (R = Me, i-Pr, Et OPh), the symmetry of the
geometry-optimized structure is not preserved for C1, C2, C3, and
C4; hence, the reported values are an average ovelO21C3, and
C4, respectively. (a) Fixing the symmetry did not correct the problem.
(b) The maximum difference between thend/ electron populations
was only 0.004 for C1 of R= OPh.

(28) Kaplan, M. L.; Haddon, R. C.; Bramwell, F. B.; Wudl, F.; Marshall,
J. H.; Cowan, D. O.; Gronowitz, S. Phys. Cheml198Q 84, 427—
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V[TCNQ],-Based Magnets
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Figure 4. T.as a function ok for V[TCNQ]{ TCNQ(OEt)]2-x-zZCH,Cls.

Figure 5. Real, ¥'(T), and imaginary,y'(T), ac susceptibilities for
V[TCNQ]2:0.84CHCI, (red), V[TCNQ(OE)]»-0.70CHCI, (blue), and
V[TCNQ][TCNQ(OEt)]-0.81CHCI, (black) at 33 @), 100 ©), and 1000
(x) Hz.

solutions were difficult to control due to the different
solubilities of the acceptors, the differing reaction rates of
the acceptors with V(CQ@) and the extreme air sensitivity
of the products. The IR spectra showegdy absorptions at
2192 and 2088 cnt with slight shoulders at lower energy,
but no strong correlation toin the G=N region. However,

a general trend was observed in the 160800 cnt? region.

A strong absorbance at1575 cm® for x = 2 gradually
shifted to 1585 cm! and decreased in intensity aswvas

flat region is followed by a rapid increase Ta to ~105 K

for 0 < x =< 0.2. Although theT, values correspond to the

x value (albeit not in a linear manner), the magnitude of both
the y'(T) andy''(T) ac peaks are greater far= 1 than for

x = 0, 2 (Figure 5). Fox = 1, ¢ = 0.032, indicating that
there is indeed a larger degree of disorder in the mixed-
ligand system than there is for R H. The reason for the
enhanced peak magnitudes is unknown but is being studied
further. Hence, the observed data does not fit the expected
trend, and the relationship betwe€pandx appeared to be
more of a step function than a first-order dependence. The
genesis of this unexpected trend is unknown and under
further study.

V(CO), + XTCNQ + (2 — ) TCNQ(OEt), —
V[TCNQ],[TCNQ(OEt)], , + 6CO (5)

Conclusion

A new family of molecule-based magnets of general form-
ula V[TCNQR,]»*zCH,CI, has been synthesized and char-
acterized for R= H, Br, Me, Et,i-Pr, OMe, OEt, and OPh
as well as a solid solution of V[TCNQTCNQ(OEt)],—x
zCH,Cl, composition. Magnetic ordering was observed for
all materials except R= Br with T. values between 7.5 K
(R=Me) and 106 K (R= OEt). The substitution of electron
donating alkoxy groups OMe and OEt increaskdand
decrease#;, with respect to TCNQ, whereas the substitution
of alkyl groups decreasel. Although it was hypothesized
that this variation inl, could be due in part to the variation
of spin or charge density on the nitrile nitrogens due to the
substitution groups, the results from MO spin and charge
density calculations refute this hypothesis. The magnetic
properties of V[TCNQJTCNQ(OEt)],—«zCH,Cl, deviated
from the expected linear relationship with respectxto
exhibiting magnetic behavior more characteristic of a step
function in a plot of T¢(X).

On the basis of the structural similarity of TCNQ to TCNE,
V[TCNQ],-zCH.Cl, is proposed to possess a structure similar
structure to V[TCNE]}-zCH,Cl,. Hence, each TCNQ bonds
on average to 3 V(II)'s, but locally it may bond to two or
four with linear as well as some bent\N=C bonding 8).
Each V(Il) is proposed to be six-coordinate, bonding to as
many as six different TCNQs. Consequently, a disordered,
amorphous 3-D network structure forms as proposed for
V[TCNE],-zCH,CI, except that the V-V separations are
greater.

The enhanced,'s of V[TCNQ(OMe)],-zCH,Cl, (T, =
61 K) and V[TCNQ(OE®],*zCH,Cl, (T, = 106 K) with
respect to V[TCNQMg,-zCH,Cl, (T, = 7.5 K) and

decreased, consistent with formation of a solid solution and V[TCNQE],*zCH,CI, (T, = 17 K) as well as V[TCNQ}

not of a physical mixture. The magnetic properties of
V[TCNQIJTCNQ(OEty],—xzCH,Cl, (x = 0, 0.1, 0.2, 0.4,

ZCH,CI, (T; = 52 K) suggest that the oxygen enhances the
magnetic coupling. The contribution of resonance structures

0.6, 1.0, 1.4, 1.8, and 2.0) were examined with the expecta-of [TCNQR;]*~ results in nitrile nitrogens having some?sp

tion that T, would vary in a linear manner as a function of
X. Tc increases from~50 to ~75 K as a small amount of
TCNQ(OEt) is added X = 1.8), and then remains relatively
steady from 78+ 6 K for 0.4 < x =< 1.8 (Figure 4). This

character; therefore, they may participate in linear or bent
bonding to vanadium. For example, the RUNC angle is £34.2
for [Ru(PPh)(TCNQ)J..° Linear V—N=C bonding would,
however, require the ¥O separation3, left side) to be too
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large (ca. 4 A) and directed incorrectly for significant
interactions. In contrast, 3pybridization of a nitrile C and

N would enable formation of a seven-membered rBgight

Vickers et al.
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