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M[TCNQ] y-Based Magnets (M= Mn, Fe, Co, Ni; TCNQ =
7,7,8,8-tetracyanop-quinodimethane)
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A family of molecule-based magnets of general formula M[TCN@®@] = Mn, Fe, Co, Ni; TCNQ=
7,7,8,8-tetracyanp-quinodimethane) has been synthesized and characterized. The materials have been
synthesized from both MCO), and [M(NCMe}][SbFg], starting materials, complementing previous studies
utilizing [M(NCMe)g][BF4]2. Magnetic ordering was observed for all materials withvalues between
8 K [M = Ni from Ni(CO),] and 60 K{M = Mn from [Mn(NCMe)][SbFs].}. The materials from
[M(NCMe)g][SbFg]. displayed the highest critical temperatures, followed by those fraCM),. With
the exception of M= Ni, the lowestT.'s are obtained from the [M(NCMg]BF,]. route, which was
previously reported. The materials from [M(NCMg$bFs], also exhibit the highest coercivity, followed
by those from [M(NCMe&j|[BF4].. With the exception of M= Fe, the materials from MCO), exhibit
the lowest coercive fields. In general, magnets made from [M(NGJMHF]. have a reduceg"(T)
frequency dependence with respect to materials from [M(NGNBH 4]»; thus, they exhibit less glassy
magnetic behavior. Elemental analysis data indicate that small amounts of counterions and solvent are
present in the products of these reactions, but less than better-coordinatifjg. [Btus, the synthetic
route has a significant effect on the magnetic properties of the materials, and enfigseed observed
when less-coordinating anions are used. Although the structures of the materials are not known, it is
proposed that th& = 1/2 [TCNQ}~ sp-hybridized Ns bond to multiple metal ions, thereby facilitating
magnetic coupling and ordering.

Introduction VO(CO).® Further progress was made by utilizing the volatile
nature of the precursors, leading to the development of a
chemical vapor deposition (CVD) route to solvent-free thin
films of the V[TCNE], magnet that also exhibited enhanced
air stability® V[TCNE]y is an amorphous, disordered material
with a small coercive field at room temperatdrEurther-
more, it is @ magnetic semiconductor with a room-temper-
ature conductivity of~10~* S/cm, and recent magnetotrans-
port studies indicate that electrons in valence and conducting
bands are spin-polarized, suggesting spintronic applications.
In contrast, the reactions of Fe(GOWwith TCNE as

In recent years, the interdisciplinary area of molecule-based
magnetic materials has seen significant growth and expan-
sion}?In 1985, the first organic-containing molecule-based
magnet was characterized, [Fel®s),]* " [TCNE]*~ (TCNE
= tetracyanoethylene), and was found to order as a ferro-
magnet below a critical temperaturg, of 4.8 K3 Subse-
quent progress was made with the synthesis of V[TGNE]
ZCH,Cl,, the first room-temperature organic magnég £
400 K), which was initially from the reaction of TCNE
and VP(CgHg)2* and later from the reaction of TCNE and

(3) Miller, J. S.; Epstein, A. J.; Reiff, W. MMol. Cryst., Lig. Cryst1985

*To whom correspondence should be addressed. E-mail:
chem.utah.edu.

(1) Recent conference proceedings: (Conference Proceedings: (a) Day,
P.; Underhill, A. E. Metal-Organic and Organic Molecular Magnets.
Philos. Trans. R. Soc. London (2999 357, 2849-3184. Proceedings
of the 6" International Conference on Molecule-Based Materials
Kahn, O., Ed.Mol. Cryst., Liq. Cryst1999 334/335 Proceedings of
the Conference oMolecular-Based Magnetstoh, K., Miller, J. S.,
Takui, T., Eds.Mol. Cryst., Lig. Cryst1997 305-306 Proceedings
of the 7th International Conference dvolecule-Based Magnets
Christou, G., Ed.Polyhedron2001, 20 (11—14). Proceedings of the
8th International Conference dviolecule-Based Magnet€hristou,
G., Ed.;Polyhedron2003 22 (14—17).

Recent reviews: (a) Miller, J. S.; Epstein, AChem. Commuri998
1319. (b) Ovcharenko, V. |.; Sagdeev, R.Russ Chem. Re. 1968
68, 345. (c) Plass, WChem. Zeit1998 32, 323. (d) Miller, J. S;
Epstein, A. JChem. Eng. New&995 73 (40), 30. (e) Miller, J. S;
Epstein, A. J.Angew. Chem., Int. Ed. Engll994 33, 385. (f)
Kinoshita, M. Jpn. J. Appl. Phys1994 33, 5718. (g) Miller, J. S;
Epstein, A. J.Adv. Chem. Serl1995 245 161. (h) Caneschi, A,;
Gatteschi, DProg. Inorg. Chem1991 37, 331. (i) Buchachenko, A.
L. Russ. Chem. Re199Q 59, 307. (j) Crayson, J. A.; Devine, J. N.;
Walton, J. CTetrahedror200Q 56, 7829. (k) Blundell, S. J.; Pratt F.
L. J. Phys.: Condens. Matt&004 16, R771.

jsmiller@

@

~

10.1021/cm047869r CCC: $30.25

120, 27. Miller, J. S.; Calabrese, J. C.; Epstein, A. J.; Bigelow, R.
W.; Zhang, J. H.; Reiff, W. MJ. Chem. Soc., Chem. Comm@886
1026. Miller, J. S.; Calabrese, J. C.; Epstein, A. J.; Bigelow, R. W.;
Zhang, J. H.; Reiff, W. MJ. Chem. Soc., Chem. Comm886 1026.
Miller, J. S.; Calabrese, J. C.; Rommelmann, H.; Chittipeddi, S.; Zhang,
J. H.; Reiff, W. M.; Epstein, A. JJ. Am. Chem. S0d987, 109, 769.

(4) (a) Manriquez, J. M.; Yee, G. T.; McLean, R. S.; Epstein, A. J.; Miller,
J. S. Sciencel1991 252 1415. (b) Epstein, A. J.; Miller, J. S.
Proceedings of Nobel Symposium #NS-8bnjugated Polymers and
Related Materials: The Interconnection of Chemical and Electronic
Structure Oxford University Press: New York, 1993; p 415 Chim.

La Ind. 1993 75, 185, 257. (c) Miller, J. S.; Yee, G. T.; Manriquez,
J. M.; Epstein, A. J. Proceedings of Nobel Symposium #NS-81.
Conjugated Polymers and Related Materials: The Interconnection of
Chemical and Electronic Structur®©xford University Press: New
York, 1993; p 461La Chim. La Ind.1992 74, 845.

(5) Zhang, J.; Zhou, P.; Brinckerhoff, W. B.; Epstein, A. J.;. Vazquez,
C.; McLean, R. S.; Miller, J. SACS Symp. Sefl996 644, 311.

(6) Pokhodnya, K. I.; Epstein, A. J.; Miller, J. 8dv. Mater.200Q 12,
410.

(7) Pokhodnya, K. I.; Pejakovic, D.; Epstein, A. J.; Miller, J. ys.
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

© 2005 American Chemical Society

Published on Web 03/09/2005



1668 Chem. Mater., Vol. 17, No. 7, 2005 Vickers et al.

well as TCNQ (TCNQ= 7,7,8,8-tetracyanp-quinodimethane,
1) form Fe[TCNE} and Fe[TCNQ] that magnetically order

\

acetonitrile, immediately causing the solution to turn dark green.
After heating to reduce the volume to 10 mL, the dark solution
was allowed to cool to room temperature and then put in the freezer
overnight. The dark blue crystalline product was filtered and dried
for 3 h under vacuum (yield: 1.70 g; 95%).

Ni[TCNQ] 2:zCH,Cl, from Ni(CO),4. Special considerations
were taken in the preparation of Ni[TCN£JCH,CI, from the
reaction of TCNQ and Ni(CQ)due to the hazardous nature of
Ni(CO),. Ni(CO), was condensed into an evacuated Schlenk flask
in a liquid N, bath; a known volume of C¥Cl, was then added to
the flask via vacuum transfer to form a Ni(CO3olution of
known concentration (12 mM). This solution was immediately
taken into the glovebox, where all further manipulations were
performed. One equivalent of Ni(C@ solution (11.0 mL; 0.129
mmol) was measured out and added dropwise to a stirred solu-
tion of 2 equiv of TCNQ (52.7 mg; 0.258 mmol) in GEl,. The
mixture was allowed to react overnight, after which it was filtered
and dried (yield: 48.6 mg; 80%). The observed elemental analysis
' (calcd®) for NI[TCNQ].zCH,Cl, from Ni(CO), [z = 0.53,
[BF4]2.13*14 Two routes to M[TCNQJ—based magnetic ma- NiCo4.5Ho.0dNsClr.os %C = 57.67 (57.54), %H= 1.91 (1.78), %N
terials are explored herein, including via [M(NCMgESbFs) 2, = 21.66 (21.88)].
and several new magnetically ordered materials are reported. Co[TCNQ],-zCH,Cl, from Co0,(CO)s. One equivalent of
Use of [BR]~ salts by Dunbar led to glassy magnetically Co,(CO) (22.7 mg; 0.0664 mmol) and 4 equiv of TCNQ (53.3
ordered materials that incorporated the anion in the prod- mg; 0.261 mmol) were each dissolved in a minimum amount of
uct314and, in an attempt to identify a weaker binding anion, CH:Cl>. The Ce(CO) solution was then added dropwise to the
[SbR]~ 15was selected to minimize the presence of the anion TCNQ solution, immediately turning it dark. The mixture was

VA

1: 7,7,8,8-tetracyano-p-quinodimethane (TCNQ)

at 100 and 35 K, respectively.

The chemistry of TCNQ has been widely studiéd,
primarily due to its potential application in organic conduc-
tors101!M[TCNQ], materials have previously been reported
as methanol or water solvat€s? as products of electro-
chemical synthesi8¢and from Fe(CQJ and [M(NCMe)]-

and enhancé..

Experimental Section

Due to the air and water sensitivity of the materials studied, all
manipulations and reactions were performed in a Vacuum Atmo-
spheres DriLab glovebox<(l ppm Q; <1 ppm HO). CHCI, and
MeCN were dried over two columns of activated alumifa.
Ni(CO), was used as purchased from Stré\i(CO), is extremely
hazardous ananustbe handled with great car€€o,(CQO)g (Strem)
was sublimed at 40C and 50 mTorr. [M(NCMey)[SbF], starting
materials were synthesized by a literature method using Ag|SbF
(Acros) as the anion souréé[n-BusN]I (Aldrich) was used as
received. TCNQ was a gift from DuPont and was purified by
recrystallization from MeCN prior to use.

[n-BusN]J[TCNQ]. [n-BugN]l (2.20 g; 5.96 mmol) was dissolved
in 8 mL of hot acetonitrile and added dropwise to a stirred solution
of TCNQ (0.815 g; 4.00 mmol dissolved in 90 mL) in hot
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In Extended Linear Chain Complexe3. S. Miller, Ed., Plenum
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allowed to react overnight, after which it was filtered and dried
(yield 51.3 mg; ~80%). The observed elemental analysis
(calcd®) for Co[TCNQL-zCH,Cl, from Co(CO) [z = 0.58,
CoGa5H9.1NsCl116 %C = 57.00 (57.15), %H= 1.82 (1.79),
%N = 21.86 (21.69)].

M[TCNQ] y from [M(NCMe) ¢][SbFe]> (M = Mn, Fe, Co).In
a typical preparation, 1 equiv of [M(NCMg[SbF¢], (110 mg; 0.14
mmol) and a slight excess ohBusN][TCNQ] (150 mg; 0.34
mmol) were each dissolved in a minimum amount of MeCN, after
which the [TCNQj~ solution was added dropwise to the stirring
metal solution. The mixture turned dark immediately with the
addition of the first drops of [TCNQ@} and was allowed to react
20 min at room temperature. The dark, amorphous product was
filtered, washed with 2x 10 mL of MeCN and 3x 10 mL of
ether, and dried (yield: 64 mg;80%). Elemental analysis results
indicate that small amounts ofi{BusN]*, MeCN, and a fluorine-
containing impurity are present in the samples, although {ISbF
is not readily visible in the IR¢660 cn?). The observed elemental
analysis (calct): {Mn[TCNQ]1.3dn-BusN]o1dSbR]o341.32MeCN,
MNCy.H13.0dN6.9550 342,04 %C = 50.50 (50.44), %H= 2.92
(2.66), %N= 19.50 (19.63); Fe[TCNQLd n-BusN]o.0odSbFs]o.0s
0.31MeCN, FeGy 7Hg 5/Ng 255k 040,24 %C = 60.74 (60.90), %H
= 2.21 (1.98), %N= 23.56 (23.72); Co[TCNQIn-BusN]o.1c
[SbRs]o.10 COGos 6dH11.60Ns.105t0.1F0.60 %C = 60.14 (59.69), %H
= 2.38 (2.27), %N= 21.48 (22.02).

Ni[TCNQ] y from [Ni(NCMe) ¢][SbF¢].. In a typical preparation,
1 equiv of [Ni(NCMe)][SbFg]. (100 mg; 0.13 mmol) and a slight
excess of f-BusN][TCNQ] (140 mg; 0.31 mmol) were each
dissolved in a minimum amount of MeCN, after which the
[TCNQ]J*~ solution was added dropwise to the stirring solution.
The mixture turned dark immediately with the addition of the first
drops of [TCNQj~ and was allowed to reac4 h at room
temperature. (The reaction for [Ni(NCMg{BbFg]» to Ni[TCNQ]y,
product takes longer than that of the other metals, proceeding
through a green kinetic intermedidt®. The dark, amorphous
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product was filtered, washed with:2 10 mL of MeCN and 3x Table 1. Summary of the IR Properties for M[TCNQ]sBased (M=
10 mL of ether, and dried (yield: 60.0 mg:50%). Elemental Mn, Fe, Co, Ni) Magnetic Materials
analysis results indicate that small amountsreBL4N]*, MeCN, ve=c,
and a fluorine-containing impurity are present in the samples, M source dc-n,cmt em™t ve=n, cmt
although [SbE]~ is not readily visible in the IR{660 cn1). The [Mn(MeCN)g][SbFs]> 823 m, 805sh 1504s 2193 s, 21262060 sh
observed elemental analysis (c&fydor { Ni[TCNQ]; 3{n-BusN]o.os [Mn(MeCN)e|[BF 4]2'4 826 m 1505s 2205s,2187s, 2137 sh
[SbFeo.240.54MeCN, NiG7.sdHs.siNs S 2144 %C = 50.63 [Fe(MngN)s][SbFG]z 829 m, 807 sh 1503s 2194s,2132s
(50.62), %H= 2.21 (2.02), %N= 19.59 (19.70). Fe(CO} ” 826 m 1505s 2194s,2163s,2107 s
[Fe(MeCN)][BF41* 827 m 1505s 2217s,2187 s, 2142 sh
Powder samples for magnetic measurements were loaded iN[Co(MeCN)][SbFs]. 829 m, 807 sh 1503s 2197s,2137s
airtight Delrin holders and packed with oven-dried quartz wool to Cox(CO)s 825m, 807 sh 1505s 2197s,2161m,2111s
prevent movement of the sample in the holder. The dc magnetization [CO(MECN)][BF],'* 827 m 1505s 2217s, 2188s, 2137 sh
temperature dependence was obtained by cooling in zero field and N (MECN)el[SbFelz 826 m, 808w 1503 s 233%26251194 S, 2141s,
then data was collected on warming in an external magnetic field njco), 828'm, 808 sh 1503s 2198 s, 2165 sh, 2046 m
using a Quantum Design MPMS-BX T SQUID magnetometer [Ni(MeCN)g][BF4]2** 829 m 1503 s 2224, 2208 s,
equipped with a reciprocating sample measurement system, low 2192's, 2155 sh

ield option, and contlnuou’s ow. temperature control with en a_nced choice for M[TCNQ}, syntheses in which the products are
thermometry features. THe's were obtained from an extrapolation

of the low-field M(T) to the temperature at whickl(T) — 0 as often formed quickly and aniong, even when coordinated
used in determining, of V[TCNE],-zCH,Cl,.427The ac magnetic ~ Weakly, can become trapped within the structure. Indeed,
susceptibility was measured Ig. = 0 and 1 or 3 Oe ac field ~ €lemental analysis results reported in Dunbar's Work
(zero dc applied field) at 10, 100, and 1000 Hz or 33, 100, and suggest that anions are present in the materials from
1000 Hz. Phase-sensitive lock-in detection allowed both the in- [M(NCMe)g][BF4]2, as experimental and theoretical values
phase %) and out-of-phasey(’) linear susceptibilities to be  reported differed a great deal{2.8% in some cases). These
extracted. Thermogravimetric analysis (TGA) was performed on a deviations could be greatly reduced by the incorporation of
TA Instruments TQA 2050 analyzer. Infrared spectra were obtained cqunterions and solvent into the suggested formulas. Studies
as EBr pellets using a Bruker Tensor 37 FTIR spectrometer (o the coordinating abilities of anions indicate that [§bF
E:bo)r'aifizsemil ‘Z??D'ﬁ:is were ﬁ’\?jformed by Complete Analysis s 5 noorer coordinating anion than [BF:5 therefore,
' ppany, J. [SbRs]~ was chosen for this study.

All reactions (egs 1 and 2) were fast, as evidenced by the
immediate formation of an insoluble precipitate that was

Synthesis.Magnetically ordered V[TCNE{zCH.CI, can washed thoroughly, except that formation of Ni[TCN@k
by synthesized by the reaction oP(CO)° or Vo(CsHe)2* eq 2 proceeded slowly for unknown reaséh§The slow
with TCNE. While mechanistic studies wittP{CsHg). reveal formation of Ni[TCNQ], from [Ni(NCMe)¢][SbFg]. is con-

Results and Discussion

that 2 equiv of TCNE are reduced to [TCNE}o form V", sistent with that from [Ni(NCMe])[BF 4]2.*%}
V(CO)s [E° = +0.88 V vs SCE (CkCl»)'9 should not ) .
reduce TCNQE " = +0.17 V vs SCE (ChCl,)?] due to 1M4(CO), + 2TCNQ— M[TCNQ], + 7,CO (1)

the high (albeit irreversible) oxidation potential. Nonetheless,

an immediate reaction occurs, forming a dark, amorphous [M(NCMe)gl[SbFg|, + 2[n-Bu,NI[TCNQ] —~

product. Hence, the reaction of TCNQ and V(G®)ust not M[TCNQ], + 2[n-Bu,N][SbF] + 6MeCN (2)
initially proceed by electron transfer, but by ligand substitu- y~ 2M = Mn, Fe, Co, Ni

tion via nucelophilic attack of the TCNQ and concomitant solvents: CHCI,(eq 1), MeCN (eq 2)
CO loss, leading to intermediates that reduce the oxidation

potential of the \2 By analogous reactions, M[TCNQ(M IR Spectroscopy.The vc—n IR spectra for M[TCNQ}

= Fe, Ni, Co) have been synthesized from(fIO), and based materials show multiple absorptions between 2046 and

TCNQ (eq 1), although their mechanisms are unknown. 2208 cm! (Table 1) with MeCN stretches visible in some

Formation of Fe[TCNQ}zCHCl, from Fe(CO3 and TCNQ of the materials at-2314 and 2286 cnt. These absorptions

has been previously reportédyut the results are included are lower in energy than that of TCNG@t 2222 (s) cm?,

herein for this comparative study. indicating that the products contain reduced TCNQ. The
Redox routes to the targeted materials are avoided via egnumber and broad nature of the_y stretches suggest

2; however, cations and anions may be occluded or anionsmultiple C=N environments in the materials. A similar

may coordinate to M, making the formation of pure products multiple-band vc_n region is observed for V[TCNE]

less likely. Since [BE™ is known to coordinate to M, for  zCH,Cl,, which has a broad absorption at 2090 ¢émand

example, in Cr(NCMe)BF4)2,%? it may be a poor anion three relatively narrow features at 2214, 2191, and 2152

cm 124 Each of the products from [M(NCMg)SbFg]. (M

(19) Bond, A. M.; Cotton, F. Alnorg. Chem.1976 15, 2036. = Mn, Fe, Co) shows two distinct bands a2195 and

(20) g"ﬁ;&hig&cg 4"\";1?3";’2‘."1“0“ E.; Binder, H.; Kaim, W.; Fiedlefndrg. ~2135 cm! . Threeve-y bands are observed for M Ni

(21) Putatively via an associative reaction leading to disproportionation of from [Ni(NCMe)s][SbFg], at 2208, 2194, and 2141 ch

V(CO)g as occurs for V(CQ)and MeCN. Richmond, T. G.; Shi, Q.- = i
Z.; Trogler, W. C.; Basolo, FJ. Am. Chem. S0d.984 106, 76. Shi, The presence of [TCN@ for M = Mn, Niis suggested by
Q.-Z.; Richmond, T. G.; Trogler, W. C.; Basolo, B. Am. Chem.
Soc.1984 106, 71. (23) The reaction of TCNQ from Fe(C®)vas also slow.

(22) Henriques, R. T.; Herdtweck, E.;"Kn, F. E.; Lopes, A. D.; Mink, (24) Pokhodnya, K. I.; Burtman, V.; Epstein, A. J.; Raebiger, J. W.; Miller,
J.; Ronfa, C. C.J. Chem. Soc., Dalton Tran$99§ 1293. J. S.Adv. Mater. 2003 15, 1211.
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the elemental analysis results, which indicate that the 1000 T T eesse. | .
products may contain<2 TCNQs per metal. This is
supported by the presence of a low-energy shoulde2860
cmtin the IR, indicative of [TCNQ].?° This shoulder is
not present for M= Fe, Co from eq 2, supporting the absence
of [TCNQJ? in these materials suggested by the EA data.
MeCN stretches are visible in some of the materials2814
and 2286 cm?.

The products of eq 1 exhibit three bands intlaey region
rather than two. The position of the highest enetgyy
absorption is consistent between these two reaction routes

100 B

| co[TCNaY,

') Fe[TCNQ]y

Magnetization, M, emuOe/mol
-
=

for M = Fe, Co, but the lower energy peak in the products I - vu AR ea
of eq 2 occurs between the two lower energy peaks in the 0.1 o - & = o
products of eq 1 and may be a convoluted sum of these two Temperature, T, K

peaks. Surprisingly, thec—y stretches appear to be different  Figure 1. Magnetization versus temperature for M[TCN@pm Ma(CO),
for the materials from eq 2 than for those reported from () and I(NCMeMISOF]. (8). Data were collected in 5 O external
[M(NCMe)g][BF 4] starting material$?14Three peaks were 9 '

reported for the majority of those materials with an additional Table 2. Summary of the Magnetic Properties for M[TCNQY],-Based
peak at higher energy~2205-2225 cntl) that is not (M = Mn, Fe, Co, Ni) Materials

observed in the products from eq 2. The peak-a185- M. Mrem, "
2210 cntis the most consistent between the materials from 0, Tt Tol e us ozr,?#o, oir,nn?O, Oo
[M(NCMe)g][BF 4]z and those from eq 2, although the lowest M source K K K (300K) (2K) (2K) (2K)
energy peak is also similar for those materials prepared from mnmecN)j[SbFj. 65 60 58 7.24 22617 2000 25
[M(NCMe)g][BF 4] in MeCN 14 Peaks for M= Ni in this {Mn((MeCN)zf[][Bba}zm 448 4z ~10 20

; . ; ; Fe(MeCN)]|[SbFs 22 37 56 581 8430 1260 3600
region are S|m|Iar_to tw_o observed in a reported Ni[TCNQ] Fe(CO)° 2 30 35 30 620 121 840 1600
prepared from NiCpwith TCNQ (2205, 2135, and 2060  [Fe(MeCN}[BF4.*4 —10° 28 ~1§ 750
cm1),10c [Co(MeCN)}|[SbFg], 12 20 16 573 3453 680 850

Each of the materials shows a single, sharp characteristicfzcozogﬁgéN)E)][BFA]214 gt 136 N;-S 472 6830 97 . g,s
ve=c Stretch at~1503 cnt! that varies only slightly between [Ni(MeCN)e][SbFs]> 31 31 30 175 8917 770 120
the materials and is indicative of [TCNQJand TCNG~ ,\ll\;(?vIO)é:N B 3‘7‘d 225 1; 6.73 6055 4.6 2731
rather than TCN@?® Another characteristic region in TCNQ (Ni(MeCN)el[BF4]2
materials is thedc_ region from 800 to 865 cmt. The 2 Obtained from an extrapolation of the low-fiel{T) to the temperature

. . o . . . _at whichM(T) — 0. ° FC/ZFC bifurcation temperature at 5 GeM at 5 T,
materials reported herein show distinct absorptions in this 55 none of the samples reach saturatiahvalues from ref 14. (Obtained

region that are consistent with [TCNQ](826-831 cnt1?) from best fitting ofy~%(T) in 60—300 K range.) © T* values from ref 14.

1 it (Obtained from the onset temperature gf/(T) in ac susceptibility
rather_ than TCNQ (864 cm ) In addition, some of Ehe measurements.) FC/ZFC bifurcation temperature at 100 Qddysteresis
materials exhibit a weak stretch at lower energ$08 cnr+) at 4 K.

that could indicate a small amount of [TCNQCNQJ*~ , ) )
o-dimer1214 The ve—c anddc_y regions show little change fraction was observed. Enhanced magnetic properties (

between the products of eq 1 and eq 2 for a given metal: Tc) are therefore observed in the more amorphous materials,
additionally, there is little difference between the materials Which is consistent with data observed for similar M[TCNE]
from eq 2 and those from [M(NCMEJBF, in these systems® Although the structures of the materials are not
regions. Aliphaticuc_y stretches are also visible in many of Known, it is proposed that th& = 1/2 [TCNQ}™ sp-

the materials below 3000 cr indicative of the presence hybridized N’s bond to multiple metal ions, thereby facilitat-
of CH,Cl, or MeCN solvent. ing magnetic coupling and ordering.

The TGA data suggests that solvent is present in the Magnetic Studi_es.The 2-300 K magnetic susceptib_ility,_

materials as supported by the IR and elemental analysisxm’ was deter_mmed at 500 or 1000 Oe apd mfagneuzauon,

results. For M= Mn. Fe. Co. TGA results show a small M, was determined at 5 Oe for each material (Figure 1). The
A data for each material can be fit to the Cur&eiss

mass loss, indicative of coordinated or entrapped SOlventexpression with’ values dependent on the identity of M as
between~100 and 200°C, followed by a rapid mass loss . .
y P well as the synthetic route (Table 2). The(T) data is

above~300°C, suggestive of decomposition. For#¥INi, ; . L ;
99 P generally linear in the region immediately aboVg but

TGA data indicates that solvent loss occurs in the samed “MVAT d b thi . indicati f

region, but product decomposition may begin at lower [X_ (M _decreases above s reglonl,/ indicative o

temperatures 0f-220 °C. ferrimagnetic behavior. Values af« [=(8yT)Y3 at 300 K
are in the range 1.7&s {M = Ni from [Ni(NCMe)g][SbFs] 2}

Structure.. The rapid re.actlons .that occur in both eq 1 and 0 7.24u5 {M = Mn from [Mn(NCMe)][SbFs],} and deviate
eq 2 result in the formation of highly amorphous powders. from the theoretical values (6.40, 5.48, 4.58, and 3@4
Powder diffraction was attempted on the materials, but unlike for M = Mn. Ee. Co. and Ni 'respe’ctively’) With the

the materials reported from [M(NCM&]BF4].'* no dif-

(26) Pokhodnya, K. I.; Vickers, E. B.; Bonner, M.; Epstein, A. J.; Miller,
(25) Khatkale, K. S.; Devlin, J. Rl. Chem. Physl979 70, 1851. J. S.Chem. Mater2004 16, 3218.
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Figure 4. Hysteresis loopst& K for M[TCNQ]y, from [M(NCMe)g][SbFe]2.

Figure 2. Zero field cooled (ZFCQ) and field cooled (FC®) M(T) for
M[TCNQ]y from [M(NCMe)g][SbFe].. Data were collected in 5 Oe external

[M = Mn (@), Co @), Fe @), Ni(®)].

magnetic field.
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of the peaks makes the peak position more difficult to
determine in some cases. In contrast, the analogous materials
from [M(NCMe)g][BF 4], are reported to be glassy magnets
due to their frequency dependeriédn these materials, the
peak positions increase by up 2 K when the frequency is
increased from 1 to 801 Hz.

Large differences in the TCNQ materials’ magnetic
properties were also apparent from the field-dependent
isothermal magnetizatiod(H), which was determined on
each material at 2rdb K (Figure 4; Table 2). The curves
show a wide variety of shapes ranging from sharp rises at
low field that approach saturation at 5{M = Mn from
[Mn(NCMe)¢][SbF¢]2} to more linear behavior and more
gentle slopes as a function Bf[M = Co from Cg(CO)].

The expecteds values for M antiferromagnetically coupled
totwoS= 1/2 [TCNQ}~ are 16755, 11170, 5585, and 560
emu Oe/mol for M= Mn, Fe, Co, and Nid = 2.2),

respectively. Additionally, the expectéds values for M

ferromagnetically coupled to tw& = 1/2 [TCNQ}~ are

39095, 33510, 27925, and 23460 emu Oe/mol fo=Nn,

Fe, Co, and Nig = 2.2), respectively. As th# values at
5T for all M[TCNQ]y materials are closer to thds values
expected for ferrimagnets (although some show signifi-
cant deviation from either value), it is proposed that the
M[TCNQ]y materials are ferrimagnets. The systems show
coercive fields ;) between 11 Oe [M= Ni from Ni(CO),]

and 3600 OdM = Fe from [Fe(NCMey|[SbF],} at 2 K.

Hcr is significantly lower for the products from §CO),
starting materials than those from [M(NCMEPbF],. The
remanent magnetizatiotMer) values fall in the range of
4.6 emu Oe/mol [M= Ni from Ni(CO),] to 2000 emu

Figure 3. x'(T) and " (T) for M[TCNQ]y from [M(NCMe)g][SbFg]2 in
Hac = 1 Oe at 33 ©), 100 (x), and 1000 &) Hz.

exception of M= Ni prepared from [Ni(NCMej[SbF].,

all uerr values are lower than the theoretical values. A wide
range of ordering temperatures is observiedranging from

8 K[M = Ni from Ni(CQO),] to 60 K{M = Mn from [Mn-
(NCMe)][SbF¢]2} . Bifurcation temperaturedy,,, between 6

K [M = Ni from Ni(CO),] and 58 K{M = Mn from [Mn-
(NCMe)][SbFs]2} are observed in the zero field cooled
(ZFC) and field cooled (FC) magnetization curves (Figure
2; Table 2), illustrating that magnetically ordered materials
are obtained in the reactions. Oe/mol{M = Mn from [Mn(NCMe)][SbFs],} at 2 K.

The temperature dependencies of the in-phg$€), and In general, the magnetic properties reported herein for the
out-of-phasey'(T), components of ac susceptibility were materials from [M(NCMej|[SbF]. are similar to those from
measured at 10 (or 33), 100, and 1000 Hz (Figure 3). Each[M(NCMe)g][BF 4], reported by Dunbar and co-workeéfs.
material exhibited either one or two peaks in bgthand Bifurcation temperaturesT,, obtained from the data are
x". The presence of substantid(T) signals in these ordered  significantly higher than those reported by Dunbar, perhaps
materials supports the proposal that the materials are ferri-due to the different applied fields in which they were
magnets. The products of eq 2 exhibited multiple peaks or obtained (5 and 100 Oe, respectively.) According to the
shoulders iny'(T) andy"(T), indicating a greater degree of definition used in this work [extrapolation of the low-field
disorder and suggesting multiple phases. Hh@) and M(T) to the temperature at whid(T) — 0], T¢'s are higher
x"(T) peak positions shift<1 K when the frequency is  for our materials from [M(NCMe][SbF], than for Dunbar’s
increased from 10 (or 33) to 1000 Hz, although the broadnessmaterials from [M(NCMej|[BF4].. Again, this may be
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partially explained by the different applied fields used in the of M = Ni, the lowestT.'s are obtained from the previously
experiments. A substantial increaseHg is also observed  reported [M(NCMe)|[BF,]. route!* The materials from
for our materials for M= Fe, Co as well as a slight increase [M(NCMe)g][SbFs]. also exhibit the highest coercivity,
for M = Mn. Dunbar definesT* for the materials as the  followed by those from [M(NCMeJ[BFJ].. With the excep-
onset temperature of"(T); for M = Mn, Fe, Ni, our  tjon of M = Fe, the materials from MCO), exhibit the
materials order at slightly higher temperatures by this |oyest coercivity. Elemental analyses indicate that small but
parameter as well. significant amounts of counterions and solvent are present
in the products of these reactions, although best fits indicate
that fewer counterions are present in the materials from
A family of molecule-based magnets of general formula [M(NCMe)g][SbF]. with respect to those from prepared from
M[TCNQ]y (M = Mn, Fe, Co, Ni; TCNQ= 7,7,8,8- [M(NCMe)¢][BF 4]2,1* as expected due to the larger and more
tetracyanop-quinodimethane) has been synthesized and weakly coordinating [Shff~ ion.25 Hence, the synthetic route
characterized by IR, TGA, elemental analysis, and magnetichas a significant effect on the magnetic properties of the

susceptibility measurements (ac and dc). The materials havenaterials for a given metal and that varied amounts of
been synthesized from two routes and metal starting materi-, nterions were present in the products.

als, namely, M(CO), and [M(NCMe)}][SbF],, complement-

ing previous studies utilizing [M(NCMg][BF4]..*4 Although ) )

the structures of the materials are not known, it is proposed ~Acknowledgment. The authors appreciate the continued
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