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The toluene solvates afiesetetrakis(4-halophenyl)porphinatomanganese(lll) tetracyanoethenide, [MNnTFPP][TCNE]
(1F), [MnTBrPP][TCNE] (1Br), and [MnTIPP][TCNE] @I) have been prepared, and the magnetic and thermal
properties have been determined and compared to those of [MnTCIPP][T@RE] {Br and1l form uniform

1-D chains with each [TCNE] being transu-N-o-bound to M#' with Mn—N distances of 2.29318r) and
2.276 (L), which are a bit longer than 2.267 A observed 1@l. The Mn—N—C angles are 167.2, 168.1, and
158.7, while intrachain Mn-Mn separations are 10.189, 10.277, and 10.101 A. The magnetic susceptibilities for
1Br andll can be fit by the CurieWeiss expression with high-temperatuiex 200 K) 8 and low-temperature

(T < 110 K) effective’ values of—53 and 13 K and-79 and 30 K, respectively, compared-t®0 and 13 K

in 1Cl. 6 is not observed fotF; however ' is 70 K. The magnetic data are consistent with linear chain ferrimagnets
composed of antiferromagnetically couptee- 2 Mn'" sites ands= %, [TCNE]*~ sites with the antiferromagnetic
intrachain couplingJinraks (ks = Boltzmann’s constant) determined from fits to the Seiden expressior225,
—33,—30, and—53 K for thelF, 1Cl, 1Br, andll, respectively. Hysteresis with coercive fields2aK of 20.0,

6.7, 4.0, and 15.9 kOe was observed forike1Cl, 1Br, andll, respectively. Metamagnetic behavior is observed
below 10 K for1F, and belev 5 K for both 1Br and1l. The observed critical fields of 21.8, 6.8, 4.1, and 15.8
kOe were observed fdiF, 1Cl, 1Br, and1l at 2 K, respectively. The ordering temperaturesdetermined from

the maxima in the'(T) data taken at 10 Hz, are 28.0, 8.8, 8.0, and 6.5 Klfar1Cl, 1Br, and1l, respectively.

The 28 KT, for 1F is the highest reported for this family of magnets.

Introduction pentamethylcyclopentadienide; TCNE tetracyanoethylene)
with an ordering temperatur@,, of 4.8 K2 Improvements led

to the discovery of the first room temperature molecule-based
magnet, the disordered V(TCNB)solvent with aT. ~ 400

The establishment of structuréunction relationships is
critical to the advancement of the molecular sciences. Nowhere
is this more apparent than in the area of materials science ' X
devoted to the preparation of molecule-based magrethe K.4 More recently, studies have focused on a p!ass of metallo-
first organic-containing molecule-based magnet characterizedMacrocycles and [TCNE]-based magnets exemplified by [MnTPP]-
was the electron-transfer salt [Fe@p*[TCNE]~ (Cp* = [TCNE]-2PhMe (TPP= mesetetraphenylporphinato) with &

of 14 K5 Since then additional porphyrin-based magnets have
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the porphyrin structure, Vie® and other$!® have prepared a

Br, 1) Inorganic Chemistry, Vol. 38, No. 21, 19994839

and quantuns= 1/, spins. Below 30 K, 2- and 3-D interactions

series of substituted tetraphenylporphyrin TCNE electron trans- begin to dominate and the Seiden model is no longer adequate.

fer salts with the hope of establishing a structtiienction
relationship.

Magneto-structural relationships have been established in
bridged dinuclear metal compleXéand in extended liner chain
compounds$?2 Until recently, establishing structurdunction
relationships for the [MnTPP][TCNE§olvent system has proved
difficult due to their structural complexity, the nature of which

varies significantly depending on the substituents, and solvents

used as well as structural disordefor example, five phases
of [MnTCIPP][TCNE] have been reportéd.A magnete-
structural relationship correlating the intrachain (1-D) coupling,
Jinras With the Mn—N—Cyene angle and the dihedral angle
between the MnhNand [TCNE}~ mean planes was recently
reported.® This correlation provides insight into the intrachain

With no direct contact between chains, the dominant pathway
of interchain exchange is primarily dipolar (through space) in
nature; therefore, interchain couplinginwe, Should exhibit
significant distance dependerfc®.For an orthorhombic unit
cell where the chains stack parallel to a principal axis, the
ordering temperaturdl., can be approximated by eq'2.

Tc = S(S+ 1)[8|‘Jintra||‘-]inter|]1/2 (2)

To study the relatively weak interchain 2- and 3-D interac-
tions, systems that exhibit similar intrachain couplings, in which
the interchain couplings can be varied by small perturbations
of r via changes in the interchain distances, were sought. The
system targeted for study wasesetetrakis(4-fluorophenyl)-

spin coupling mechanism; however, it fails to address the porphinatomanganese(lll) tetracyanoethenide, '{MRPP]-
magnetic ordering as it neglects the necessary interchain (2- TCNE]-PhMe (LF), mesatetrakis(4-bromophenyl)porphinato-

and 3-D) couplingsJinter-

manganese(lll) TCNE, [MATBrPP]-[TCNE}2PhMe (LBr),

Simple two-spin systems can be described by the spin gndmesatetrakis(4-iodophenylporphinato)manganese(lll) TCNE,

Hamiltonian,H:

H = —215.'S, (1)

whereS; andS; are neighboring spin sites 1 and 2 ahid the

[Mn"'TIPP][TCNE}2PhMe (I), to complement the previous
work on mesetetrakis(4-chlorophenyl)porphinatomanganese-
(1) TCNE,® [Mn""TCIPP][TCNE}2PhMe (CI), in order to
establish a magnetestructural relationship. It was thought that
this family might be isostructural and simplify the development

exchange coupling between the two spins. The sign and of a magnete-structural relationship. Comparisons to previously

magnitude of the exchang&,depends largely upon the system
studied. In [MnTPP][TCNE],J is dominated by the 1-D
antiferromagnetic coupling between Mand [TCNE}~, which

reportedlH®> andmesetetrakis(2-fluorophenyl)porphinatoman-
ganese(lll) tetracyanoethenide, [NTioFPP][TCNE}2PhMe!f
were not made as these materials have sufficiently different solid

can be determined from modeling the data by the Seiden state structures.

expressioHt for isolated chains of alternating classi&i= 2
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Experimental Section

Synthesis.All manipulations involving [TCNE}" were carried out
under nitrogen using standard Schlenk techniques or in a Vacuum
Atmospheres DriLab. Solvents used for the preparation of the [TCNE]
salts were predried and distilled from appropriate drying agents. H
TXPP (X=F, Cl, Br, I) were prepared by the Aldet.ongo method?
[Mn""TXPP][OAc] complexes were prepared fromTXPP and Mn-
(OAC)*4H,0; the Mn(OAc)-4H,0O was predissolved ilN,N-dimeth-
ylformamide and filtered before addition to the free-base porphyrins,
to remove paramagnetic impurities. The [NMAXPP]" salts were
subsequently reduced to MRXPP as the pyridine adducts, MRXPP-
(py), by NaBH, utilizing a literature method TCNE was obtained as
a gift from O. Webster and was resublimed prior to use.'[MEIPP]-
[TCNE]-2PhMe (CIl) was prepared as previously reportéd.

[MNnTFPP][TCNE] -xPhMe (1F) was prepared by the reaction of
filtered solutions of MATFPP(py) (60.9 mg, 0.0741 mmol) dissolved

(15) Wynn, C. M.; Grtu, M. A.; Brinckerhoff, W. B.; Sugiura, K.-i.; Miller,
J. S.; Epstein, A. lChem. Mater1997, 9, 2156.

(16) Alder, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Korsakoff,
L. J. Org. Chem1967, 32, 476.

(17) Jones, R. D.; Summerville, D. A.; Basolo,J=Am. Chem. Sod978
100, 446.



4840 Inorganic Chemistry, Vol. 38, No. 21, 1999 Rittenberg and Miller

in 50 mL of toluene and TCNE (15.9 mg, 0.12 mmol) dissolved in 10 Table 1. Crystallographic Data for [MnTXPP][TCNE2PhMe (X
mL of dichloromethane. The two solutions were mixed and allowed to = CI (1Cl), Br (1Br), I(11)]

stand at room temperature for 4 days in an inert atmosphere glovebox. 1Cla 1Br 1
The resulting dark-green precipitate was filtered off, washed three times

with 10 mL portions of fresh, dry toluene, and dried in vacuo for 1.5 formula 1(315“1]'7'4%%""\/'”'\‘8 Clﬁé";g"gg“'\/'”'\ls C?L4‘|1-|§§I%I\£nNg
h at room temperature [yield: 51.1 mg (79%)]. Attempts to prepare 7 T T
. - - space group P1 P1 P1
crystals suitable for X-ray analysis were unsuccessful. IR (Nujofjzm a A 10.171(4) 10.0790(3) 9.8305(2)
ven 2195 (m), 2135 (s). Anal. Caled for [MNnTFPP][TCNE] 4l 24F2- b, A 10.189(3) 10.2770(2) 10.1012(3)
MnNg), molecular weight 867.71 g/mol: C, 69.21; H, 2.79; N, 12.91. Cw‘?\j 1140-52521(?2)) 1743-6128630(J(Ell)s) 185130934%?1)7)
Found: C, 68.89; H, 3.01; N, 12.82. TGA/MS for a nondesolvated % 0€9 . . :
sample: 171 16% ,at l9°Z: (z‘+/e7= 91 amu, toluene) corresponding to B, deg 85.58(2) 84.3080(11) 79.6338(18)
: ’ ' y, deg 111.51(3) 68.9920(15) 72.7559(18)
1.18 PhMe. Z 1 1 1
[MnTBrPP][TCNE] -2PhMe (1Br) was prepared by the reaction  V, A3 - 1334.4(7) 1353.79(6) 1428.90(8)
of filtered solutions of MHTBrPP(py) (23.3 mg, 0.0219 mmol) 4 (empirical), mm* 4.98 3.246 2.441
dissolved in 10 mL of toluene and TCNE (14.2 mg, 0.11 mmol) "lf\f("v"":m)bg e égg%e égﬁg égggl
dissolved in 10 mL of dichloromethane. The two solutions were mi_xed RW(EO)C 0.0831 01192 0.0929
and allowed to stand at room temperature for 4 days in an inert temp, K 193 200 200
atmosphere glovebox. The resulting dark-green plate crystals were 4, A 0.710 730 0.710 730 0.710 730

filtered off, washed three times with 10 mL portions of fresh, dry A _ o e > 2
toluene, and dried in vacuo for 1.5 h at room temperature [yield: 27.3 ZW[EeZ}(%rf,?w 7€ 3 w(Fol IFel)/2IFe- {2 Rl
mg (96%)]. Crystals suitable for X-ray diffraction were obtained by © '

slow diffusion in an H-tube crystallization cell, which gave large plates i, nitrogen flow. Elemental analyses were performed by Atlantic
(0.25x 0.25 x 0.20 mm). IR (Nujol; cmY): vy 2201 (m), 2160 (s), Microlabs. Norcross. GA.

2125 (vw). Anal. Calcd for [MnTBrPP][TCNERPhMe (GoHaoBra- X-ray Structure Determination. Cell constants and an orientation
MnNg) molecular weight 1295.61 g/mol: C, 59.33; H, 3.11; N, 8.65. marix for data collection fol Br-2PhMe andLl-2PhMe were obtained
Found: C,59.53; H, 3.28; N, 8.44. TGA/MS 14.17% at°@8(z'/e = from 10 images exposed for 30 s at 200 K on a Nonius Kappa CCD
91 amu, toluene) corresponding to 1.99 PhMe. diffractometer. The systematic absences uniquely determine the space

[MnTIPP][TCNE] -2PhMe (11). MnTIPP(py) (38.8 mg, 0.0310 groupP1 for both crystals. The structures were solved by direct methods
mmol) was dissolved with stirring at room temperature in 15 mL of and expanded using Fourier techniques using the SfR@sftware
toluene, and the dark green solution was filtered through a medium package. The non-hydrogen atoms were refined anisotropically, and
glass-frit funnel. Excess TCNE (15.9 mg, 0.133 mmol) was dissolved hydrogen atoms were included, but not refined, using SHELX97-2
in 20 mL of toluene, and the clear yellow solution was similarly filtered. as part of the WinG¥ graphics suite. The final cycle of full-matrix
The above two solutions were mixed and allowed to stand for 4 days least-squares refinement fbBr-2PhMe was based on 4563 observed
in an inert atmosphere glovebox. The resulting precipitate was collected reflections [, > 2.005(1)] and 366 variable parameters and converged
on a filter and washed three times with 10 mL portions of fresh toluene. with unweighted and weighted agreement factors=R0.0434 and
The solid was dried in vacuo for 1.5 h, yielding 41.5 mg (92%) of wR2=0.1192, respectively. The final cycle of full-matrix least-squares
dark-green microcrystals. Single crystalsldéfwere obtained by slow refinement forll-2PhMe was based on 4832 observed reflectidns [
diffusion in an H-tube loaded with MnTIPP(py) dissolved in £Hb > 2.0(1)] and 337 variable parameters and converged with un-
and layered with toluene. The crystals formed as very thin plates (0.25 weighted and weighted agreement factors-R0.0391 and wR2=
x 0.17 x 0.005 mm) which diffracted very strongly. Anal. Calcd for  0.0929, respectively. Crystallographic details i@r-2PhMe andLl-
[MnTIPP][TCNE]-2PhMe (G4H1ol sMNNg), molecular weight, 1483.61 2PhMe are summarized in Table 1, and tables of the atomic coordinates,
g/mol: C,51.81; H, 2.72; N, 7.55. Found: C, 52.27; H, 2.94; N, 7.12. anisotropic thermal parameters, and bond angles are provided as
IR (Nujol; cm™Y): veny 2203 (M), 2164 (S), 2125 (vw). TGA/MS 13.90%  Supporting Information.
at 115°C (z'/e = 91 amu, toluene) corresponding to 2.28 PhMe.

Physical Methods.The 2-300 K dc magnetic susceptibility was
determined on the equivalent of a Quantum Design MPMS-5XL 5T The synthesis of [MHTXPP][TCNE}xPhMe (X = F, Cl,
with an ultralow field (1 mOe) option, an ac option enabling the study i, 3 mixture of dichloromethane and toluene. [MnTFPP][TCNE]-

of the ac magnetic susceptibility’(@ndy'’) in the range 161000 Hz, -xPhMe, 1F, [MnTCIPP][TCNE}2PhMe’e 1CI, [MnTBrPP]-
a reciprocating sample measurement system, and continuous low- o \ !

temperature control with enhanced thermometry features. Samples WerJTCNE]'ZPhMe’lBr' and [MnTIPR][TCNE]ZPhMe,lI, were L
loaded in gelatin capsules or in an airtight Delrin holder and packed obtained as dark greqn platelike mllcrocrystals V_V'th Characterlstlc
with oven-dried quartz wool and excess toluene (to prevent movement [TCNE]"™ vcn stretching frequencies, summarized in Table 2.
of the sample in the holder). For isofield dc measurements, the samplesin €ach case, thecy absorptions are consistent with the presence
were zero-field cooled (following oscillation of the dc field), and data Of [TCNE]*~ as indicated by the large shifts to lower energy
were collected upon warming. For ac measurements, remnant fluxesfrom 2259 (m) and 2221 (s) cmh for neutral TCNE and are
were minimized by oscillation of the dc field, with the sample cooled comparable to that reported for [BU[TCNE].2* 1Cl, 1Br, and

in zero applied field with data then taken upon warming. In addition 1| exhibit bands at 220%+ 2 (m), 2160+ 3 (s), and 2125 1

to correcting for the diamagnetic contribution from the sample holder, (vw) cmL, suggesting that they bond similarly to ¥inIn

core diamagnetic corrections 6f454.7, —478.7, —540.7, —604.7 contrast, 1F hagcy absorptions at 2195 (s) and 2137 (m)ﬁm
—60.0, —52.0, and—47 x 10°® emu/mol were used for MnTFPP,

MnTCIPP, MnTBrPP, MnTIPP, TCNE, PhMe, and &H,, respec-

Results and Discussion

(18) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A. StR92

tively. Infrared spectra (60664000 cnt) were obtained on a Bio-Rad A program for crystal structure solutiod. Appl. Crystallogr 1993
FT-40 spectrophotometer in mineral oil mulls. The thermal properties 26, 343.

were studied on a TA Instruments model 2050 thermogravimetric (19) Sheldrick, G. MSHELX97-2 Programs for Crystal Structure Analysis
analyzer (TGA) equipped with a TA-MS Fison triple-filter quadrupole (Release 97-2)University of Gdtingen: Gatingen, Germany1998

; : : 0) Farrugia, L. IWinGX—A Windows Program for Crystal Structure
mass spectrometer, to identify gaseous products with masses less thaff Analysis. University of Glasgow: Glasgow, 1998.

300 amu, located in a Vacuum Atmospheres DriLab under argon to (21) Dixon, D. A.; Miller, J. S.J. Am. Chem. So¢987 109, 3656. Stanley
protect air- and moisture-sensitive samples. Samples were placed in J.; Smith, D.; Lattimer, B.; Delvin, J. Rl. Phys. Chem1966 70,
an aluminum pan and heated at Z0'min under a continuous 10 mL/ 2201.
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Table 2. Infrared TCNE Stretching Data for
[MNTXPP][TCNE]-xPhMe (X=F, ClI, Br, )

highven, low ven, ven shoulder,

compd cmt(m) cm1(s) cmt(vw)
[MNTFPP][TCNE] 2195 2135
[MNnTCIPP][TCNEF 2203 2163 2124
[MNTBrPP][TCNE] 2201 2160 2125
[MNTIPP][TCNE] 2204 2163 2125
[MNTPP][TCNEP 2192 2147
TCNE® © 2259 2221

aReference 7° Reference 5& Reference 22a.

The high-energycy absorption is believed to be the unbound
nitrile and as such is invariant to coordination environment about
Mn. As noted for1Cl, 1Br, and 1lI, the low-energy nitrile
absorption exhibits a wider range of energies varying by as muc
as 30 cml. Hence,1F is structurally different fromlClI, 1Br,
and1l.

The nature and amount of the solvent present in'[NXPP]-
[TCNE]-xPhMe were determined by thermogravimetric analysis
coupled with electron spray mass spectra, TGA/MS. Initial
weight losses were observed near room temperaturé&Gbr
1Br, and 1l continuing to about 2738C, with 1F exhibiting
initial weight loss near 200C. In all cases the weight losses

were accompanied the appearance of toluene in the mass spectr

The observed toluene losses and predicted solvent content fo
1F, 1Cl, 1Br, and 11 are 1.18, 1.78, 1.99, and 2.28 equiv,
respectively. The temperature at which solvent loss occurs for
1F is significantly higher than that fodCl, 1Br, and 1l,
suggesting that the solvent is held in the lattice more tightly,
probably due to possible hydrogen bonding with fluorine or to
solvent molecules’ being “caged in” to a greater extent.
Interestingly,1F intercalates less toluene-{.2/Mn) compared
with 1Cl, 1Br, and 1l [(~2.0 £ 0.2)/Mn] possibly due to
contraction of the lattice or close interchain spacing for the
former.

Structure. The structures oflBr and 11 were determined
and are similar, but not isomorphous, to [MNnTCIPP][TCNE]
2PhMe, with Mn occupying a special position sitting on a center
of inversion with the [TCNE] also on an inversion center,
Figure 1, Table 1. Disorder in the orientation of the toluene
solvent was observed in both compoundslBr, Mn is in an
axially distorted octahedral coordination environment with the
[TCNE]"~ N sitting directly above the Maporphyrin plane with
N(3)-Mn—N(1) and N(4)-Mn—N(1) bond angles of 89.99-
(12) and 89.23(12) respectively. Similar coordination geom-
etry was observed irll with one notable difference: the
[TCNE]'~ N is not directly centered above the porphyrin plane;
rather the N(3>Mn—N(1) and N(4>-Mn—N(1) bond angles
are 92.55(15) and 87.45(15) respectively. MA-Ntcne bond
distances for1Br and 1l are 2.293(3) and 2.276(4) A,
respectively, close to the distance of 2.267(3) A foundiict
and shorter than that of 2.305 A for [MnTPP][TCNEPhMeS2
The Mn—Njing bond distances are 2.009(3) and 2.011(3)1Br)
and 2.010(3) and 2.013(4) AL() and average 2.011 A, with

(22) Day, V. W.; Sults, B. R.; Tasset, E. L.; Marianelli, R. S.; Boucher, L.
J.Inorg. Nucl. Chem. Lett1975 11, 505. Cheng, B.; Cukiernik, F.;
Fries, P.; Marchon, J.-C.; Scheidt, W.IRorg. Chem1995 34, 4627.
(d) Guildard, R.; Perie, K.; Barbe, J.-M.; Nurco, D. J.; Smith, K. M.;
Caemelbecke, E. V.; Kadish, K. Mnorg. Chem.1998 37, 973.
Landrum, J. T.; Hatano, K.; Scheidt, W. R.; Reed, CJAAm. Chem.
Soc.1980 102 6729. Hill, C. L.; Williamson, M. M.Inorg. Chem.
1985 24, 2834, 3024. Fleischer, E. Bicc. Chem. Red.97Q 3, 105.
Scheidt, W. R.; Reed, C. AChem. Re. 1981, 81, 543. Turner, P.;
Gunter, M. J.; Hambley, T. W.; White, A. H.; Skelton, B. \org.
Chem.1992 31, 2297.
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the remaining bond distances and angles typical of othel'fMn
TPP]" salts®@7.22As with the majority of [TCNE}~ coordination
polymer structures, [TCNE] is planar with a twist of 0.Dfor
1Cl,7¢ 1Br, and1l. The [TCNE}~ bond distances fotBr and

1l are summarized in Table 3 and are consistent with other
known [TCNE}~ structure$723

The solid state motifs afBr and1l, like 1Cl, are composed
of similar 1-D chains of--D*A"D*A~:+- (D = MnTXPP; A
= TCNE) where the TCNE igransu-N-o-bound to Mn which
stack alongb, Figures 2-4. The 168.1(3) Mn—N—C bond
angle for1Br is close to that reported fakCl [167.2(3)],7¢
but is significantly larger than that fdd [158.7(4¥]. Likewise,
the dihedralangles between the mean planes of [MnTX@Rd
[TCNE]*~ are 86.8° 89.#4, and 69.6 for 1Cl, 1Br, and 1,
respectively. The similar intrachain MaMn separations of
10.189, 10.277, and 10.101 A fa€l, 1Br, and1l, respectively,
are close to that for [MnTPP][TCNE] (10.116 A) and substan-
tially larger than that for [MnTRP][TCNE]"2[H,TP P = tetrakis-
(3,5-ditert-butyl-4-hydroxyphenyl)porphyrin] (8.587 A). Un-
fortunately, attempts to grow crystals bF suitable for single-
crystal X-ray studies have not been successful.

Along a, the chains interdigitate with the phenyl groups on
each adjacent chain pointing between the porphyrin planes of
the closest chain to form 2-D sheets parallel todlis, Figure
2 Close contacts were observed between the halogen X(1) and
'C(1) of [TCNE}- of 3.371, 3.481, and 3.848 A fdiCI,7¢ 1Br,
and1l, respectively, Figures 3 and 4. The resulting 2-D sheets
stack alongc separated by columns of solvent, Figure 2.
Important interchain and interlayer MrAMn interactions are
listed in Table 4 and depicted in Figures 3 and 4. At low
temperatures strong antiferromagnetic coupling between [TCNE]
and Mrd" dominate; thus the resulting spin is likely localized
on Mn. NMR analysis has shown the spin density of MiPP-

(Cl) to be localized on the Mn center (2.8g) with less than
0.09 ug on the pyrrole nitrogen and 0.03 on the pyrrole
carbor?* With the significant majority of the spin density (72%)
localized on each Mn center, we assume that the interchain Mn
--Mn distances are primarily responsible for 2- and 3-D magnetic
ordering.

Magnetic Properties. The 2-300 K reciprocal corrected
magnetic susceptibility (1) and effective moment ues
[=(8¢T)¥?, of 1F, 1Cl,’¢ 1Br, and1l are presented in Figure
5 and are summarized in Table 5. The room temperature
effective moments range from 4.69 to 5.4¢ which are close
to the calculated spin-only value of 5.2, for a system
composed of noninteractirg= 2 S= 2 andS= %/, spin sites
and are typical for this class of materiais.Values below 5.20
ug result from antiferromagnetic coupling still present at room
temperature, while the genesis of the S44value is unknown,
but may arise from uncertainty in the molecular weight (related
to the specific degree of solvation).

The susceptibilities for all compounds can be fit by the
Curie—Weiss expressiory 0 1/(T — 6). As noted forlCl,’®
the data forlBr and1l have two linear regions that can be fit
to this expression. FdBr, 6 is —53 K for data above 250 K,
while @' is 13 K for data taken between 40 and 100 K, whereas
for 11, 6 is —79 K for data above 180 K, whilé" is 30 K for
data taken between 70 and 130 K. The latter, ferromagnetic 13

(23) (a) Becker, P.; Coppens, P.; Ross, RIKAm. Chem. S0d.973 95,
7604. (b) Zheludev, A.; Grand, A.; Ressouche, E.; Schweizer, J,;
Morin, B. G.; Epstein, A. J.; Dixon, D. A.; Miller, J. 9. Am. Chem.
Soc 1994 116, 7243.

(24) Mun, S. K.; Mallick, M. K.; Mishra, S.; Chang, J. C.; Das, T.P.
Am. Chem. Sod 981, 103 5024.
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Rittenberg and Miller

Figure 1. Labeling diagram and ORTEP (50% probability level) diagram for [MnTBrPP][TCRIEAMe (LBr) (a) and [MnTCIPP][TCNE]

2PhMe (1) (b).

Table 3. [TCNE]~ Bond Distances (A) for Representative
Compounds

MnN—-C N-C MnNC-C NC-C C-C

[MNTPP][TCNEP  1.153(4) 1.169(5) 1.392(5) 1.396(5) 1.426(7)
[MNTCIPP][TCNEP 1.144(4) 1.142(4) 1.404(4) 1.418(8) 1.406(6)
[MNTBrPP][TCNE] 1.145(5) 1.143(5) 1.409(5) 1.416(5) 1.423(7)
[MNTIPP][TCNE]  1.134(6) 1.146(7) 1.416(7) 1.414(9) 1.405(9)
TCNE?© 1.117(5) 1.439(2) 1.344(4)
[TCNE]- ¢ 1.170 1.406  1.429(8)

aReference 5& Reference 7€ Reference 224 Reference 22b.

and 30 K values are not the intrinsit values, but reflect a
second, lower temperature linear region fo#(T) and hence
are termed effectiv@, 6'.7¢ 1F does not have a determinalgle
value as data must be acquired at higher temperatufevalue

of 70 K for 1F is observed and reflects stronger magnetic
couplings with respect tdCl, 1Br, and1l. The initial negative

0 values along with the observation of broad minimums in the
xT(T) for 1Cl, 1Br, and1l, respectively, are consistent with

the ferrimagnetic linear chains reported far[MnTCIPP]-
[TCNE],’® S-[MnTCIPP][TCNE],® mesetetrakis(4-methoxy-
phenyl)porphinatomanganese(lll) tetracyanoethenide, [MnTO-
MePP][TCNE]/f and [MnToFPP][TCNEJ! The absence of an
observed minimum iy T(T), or initial negatived value in1F
reflects stronger intrachain coupling with respecii@l, 1Br,
and1l, but it is consistent with [MnTPP][TCNE| [MnTP'P]-
[TCNE],’2 and y-[MnTCIPP][TCNE]® which do not have a
determinabled for data taken up to 400 K.

Previously, an inverse correlation betwe@nand both the
dihedral angle between the mean Mnéhd [TCNE}~ mean
planes and the MaN—C angle was establishééiHence, the
relatively high 70 K@' value suggests reduced angles with
respect tdlCl, 1Br, andl1l. On the basis of this correlatidt
is predicted to have an36° dihedral angle ané-150° Mn—
N—C angle. Confirmation, however, must await its structure
determination. The data fdtCl and 1Br are in accord with
this correlation; however, the expected values ¢f&&d 163
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Figure 2. View down theb (chain) axis showing the proposed sheet structure of [MnTCIPP][TCNEEMe (LCI) (a), [MnTBrPP][TCNE}
2PhMe (Br) (b), and [MnTIPP][TCNEj2PhMe (1) (c). Sheets are separated by columns of toluene, which have been omitted for clarity.

for the dihedral and MrN—C angles are in poor agreement coupled systems as it occurs at temperatures exceeding the
with the observed values of 69.8nd 158.7, respectively. This experimental range.

discrepancy is attributed to a structural difference, namely, for  The yT(T) data was modeled using a least-squares fit to an
1l the [TCNE]}~ N is not directly centered above the porphyrin  analytical expression for isolated chains composed of alternating

plane as observed fdrCl and 1Br. classicalS= 2 (Mn""TXPP) and quantur = Y/, ([TCNE]*")
The ferrimagnetic nature of this class of magnets is evident Spin sites derived by Seidktto solely estimate the intrachain
from the minimum,Tmin, albeit shallow, inu(T) and xT(T),® coupling,Jinwa, Figure 6. At low temperatures the data deviates

Figures 5 and 6, which occur at 80 KRgr) to above room from the model due to the onset of 2- or 3-D interchain

temperature forlF, Table 5. Due to the shallowness of the interactions which may be either ferromagnetic or antiferro-

minimum as well as slight variations that occur between magnetic. All compounds studied herein deviate from the Seiden

samples, the accuracy ®f» is estimated a#20 K. Like €', prediction at lower temperatures consistent with ferromagnetic

Tmin COrrelates monotonically with magnetic coupling, Tablé 5. coupling as also noted fdH° and [MnTPP][TCNE]-2PhMe/2

Tmin is model independent, but cannot be observed for strongly but not [MnOEP][G(CN)e].2¢ However, due to poor fitting of

the data, quantitative fits to the Seiden function fo#> and

(25) Coronado, E.; Drillon, M.; Georges, R. Research Frontiers in [MnTP'P][TCNE]'ZPhMéa have not been made.

MagnetochemistryO’Connor, C. J., Ed.; World Scientific: Singapore, The best fit to the Seiden modé(usingH = —2Jn4Sa S

1993; p 26. Beltran, D.; Drillon, M.; Coronado, E.; GeorgesSRud. andg = 2) yieldedJj,ya of —225,—337¢ —30, and—53 K for
Inorg. Chem.1983 3, 589. Drillon, M.; Coronado, E.; Beltran, D.;
Georges, RChem. Phys1983 79, 449. Verdaguer, M.; Julve, M.;
Michalowicz, A.; Kahn, Olnorg. Chem1983 22, 2624. Drillon, M.; (26) Miller, J. S.; C. Vazquez, C.; Jones, N. L.; McLean, R. S.; Epstein,
Gianduzzo, J. C.; Georges, Rhys. Lett. A1983 96A 413. A. J.J. Mater. Chem1995 5, 707.
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142701

L 16.830 16.909

Figure 3. View of key inter- and intrachain interactions between unique chaifis Il , andIV for [MnTBrPP][TCNE}2PhMe (Br). Note the
[TCNE]*~ transu-N-o-bonding to [MnTBrPP} and the uniform chains. The hydrogen atoms and the toluene solvates have been omitted for clarity.

1F, 1Cl,’¢ 1Br, and1l, respectively (Figure 6)T(> 150 K for for this model are lower than those of the Seiden expression by
1F and1Br and 150 K< T < 190 K for 11). Unfortunately a ~21212 as noted earlief® however, the magnitude of the
satisfactory Seiden fit was not obtained fbBr; instead the coupling follows the same tendency for both predictions.
shape and position of thel minimum was used as a guide to The ferrimagnetic nature of this system may also be realized
estimatelia. These values compare well with reported values from the magnetization values 2K and 50 000 Oe, Figure 7,
for [MNnTPP][TCNE], [MNnTOMePP][TCNE], and [MNnToFPP]-  Table 5. The data fotF, 1Cl,”®1Br, and1l are consistent with
[TCNE] of —115,—32, and—64 K, respectively® These fits an antiferromagnetically couplesto = 2 — ¥, = 3/, system
predict 1027® 85, and 158 KTmin values, which are in good  (i.e., an expected saturation magnetizatibh, of 16 755 emu
agreement with the observed values of 1480, and 160 K Oe/mol) and are substantially lower than the expectation for
for 1CI,”¢ 1Br, and1l, respectively. The predictebh, of 670 ferromagnetic coupling, i.e., Bs of 27 925 emu Oe/mol for

K for 1F cannot be experimentally tested. Hence, thikgg's anSro = 2 + 1/, =5, system. The reduced saturation observed
and Tmin's are consistent with antiferromagnetic coupling in the present case may be attributed to spin canting in the
decreasing a&F > 11 > 1Cl ~ 1Br. The anomaly withl| is system due to single-ion anisotropy of Mn

again attributed to the aforementioned differing structure. The onset of higher dimensional ordering (i.e., 2- and 3-D)

The intrachain couplinglinra May also be approximated by  was examined by the in-phasgé(T), and out-of-phasey’'(T),
the relationshi@iya = —Tmin/4.2 forH = —2JinraSa* So-27 Jintrd/ components of the zero-field-cooled ac susceptibiliygT),
ks for 1Cl,’¢1Br, and1l is —26,—19, and—38 K, respectively. Figure 8. The ordering temperatuii, is determined from the
Using theTmin estimated from the Seiden expression 161, maxima in they'(T) data taken at 10 Hz, and is 28.0, 8.8, 8.0,
670 K, Jinra Was estimated to be 160 K. The predicted values  and 6.5 K forlF, 1Cl, 1Br, and1l, respectively’® Concomi-
tantly, maxima iny"'(T) (10 Hz) were observed at 28.0 and 5.8

(27) Drillon, M.; Coronado, E.; Georges, R.; Gianduazzo, J. C.; Curely, J.
Phys. Re. B 1989 40, 10992. This relationship has been obtained (28) An ordering temperatur&, can also be determined by the divergence

from a numerical model that considers the exact quantum nature of or bifurcation of the zero-field-cooled, field-cooled magnetization at
the S= 2 spin; hence discrepancies with the classical Seiden model low field. TheseT('s, determined at 1 Oe, are 28.5, 8.1, and 5.3 K for
reflect the limitations imposed when tl&= 2 spin is taken as a 1F, 1Br, and1l, respectively, in good agreement with figs obtained

classical spin. from »'(T) at 10 Hz.
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Figure 4. View of key inter- and intrachain interactions between unique chiitis, Ill , andIV for [MnTIPP][TCNE]-2PhMe (I). Note the
[TCNE]*~ transu-N-o-bonding to [MnTIPP} and the uniform chains. The hydrogen atoms and the toluene solvates have been omitted for clarity.

Table 4. Key Mn---Mn Distances (A) for 200 40
[MNTXPP][TCNE]-2PhMe [X = CI (1Cl), Br (1Br), | (11)] .

layer (see text) Mn-Mn (axis) Mn---Mn m
[1]
1Cl intral, I, 11" 10.171 &) 11.458 17.077 150 e
interl, I, IV 14.522 €) 16.610 18.360 19.554 s
1Br intral, Il, Il 10.079 &) 11.530 16.777 2 =
interl, I, IV 14.626 €) 15.250 16.920 17.004 8 S
i intral, Il 1l 9.831 ) 11.823 16.049 5 100 e
interl, Il , IV 15.399 ¢) 16.712 17.056 19.254 i h
a Reference 7e. = )
50 &

K for 1F and1l, respectively. In contrast,Cl and1Br exhibit
two distinct maxima iny" at 5.8 and 7.1 KXCI) and 5.8 and
7.1 K (1Br); however, in each case the peaksyf(T) are
consistent with the presence of an uncompensated moment. o 100 150 200 250 300

For 1F, symmetrical frequency independent peaks in both

x'(T) and "' (T) components ofyac centered at 28.0 K were ) ) ) G
observed. To date this is the highest repordof any Figure 5. Reciprocal molar magnetic susceptibility (qpen

. . . . symbols), and momentu.r (closed symbols), as a function of
porphyrin-based magnet, significantly higher than those previ- temperature (1000 Oe) for [MnTFPP][TCNEPhMe ©, ®), [MnTCIPP]-
ously reported for [MnTPP][TCNEPPhMe at 14 R or [TCNE]-2PhMe (I, W), [MnTBrPP][TCNE}2PhMe @, a), and
[MNTOC;.H,sPP][TCNE}2PhMe at 21.4 K2 Unlike 1F, the [MnTIPP][TCNE]-2PhMe ©, #).
xadT) behavior of1lBr was characterized by two transitions in
x'(T), the first a frequency independent peak centered at 8.0 Kand second peaks ig'(T) centered at 8.8 and-7.1 K,
lacking a corresponding”(T) component and the second a respectively’® The nature of two similar transitions has been
frequency dependent peak near 6.0 K with a corresponding peakextensively studied in [MNOEP]CN)g]; however, a clear
in »"'(T). Similar behavior was observed faCl with the first understanding in the present system has not yet been realized.

Temperature, T, K
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Table 5. Summary of Magnetic Data for [MnTXPP][TCNEJPhMe [X =

Rittenberg and Miller

H (1H), F (1F), CI (1CI), Br, (1Br), | (11)]

Ms(5 T, 2 K), Jinter] MK To®  He(2K), He(2K)
e us 6, K 0K emuOe/mol  Tmin, K Jintray KP© a,c  b,c  TEK ¢ K kOe kOe
1F 5.12 f 70 17 000 6709 —225 -—160 321 454 28.0 0.005 285 21.8 20.0
1CIe 4.55 —60 13 11 000 110 —-33 —26 299 264 8.8 0.017 68 6.7
1Br 5.44 —53 13 12 500 80 -30 -—-19 189 299 8.0 0.005 8.1 4.1 4.0
1l 5.08 —79 30 11 000 160 —53 —38 7.2 9.8 6.5 0.17 5.3 15.8 15.9
1H 5.12 f 61 16 000 270 —-115 -64 3.7 272 14.0 0.18 30

2 From the Seiden expressioh-rom Trmin/4.2 (see text)s From eq 2.9 Taken from the maximum ig'(T) at 10 Hz.© Taken as the bifurcation
temperature at 1 Oe (see textlNot observed?d Reference 7€ Reference 35.Reference 31.Reference 5¢ Reference 36.
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Figure 6. Fit of theT(T) data (solid lines) to the Seiden expressfon
for MnTEPP][TCNE}xPhMe (LF), [MnTBrPP][TCNE}2PhMe (Br),
and [MnTIPP][TCNE}2PhMe @I).

On the basis of the details of the [MNOEP}[CN)g] studies,

we believe that the first transition is antiferromagnetic in nature,
possibly arising from interlayer interactions and the second
frequency dependent peak #{T) due to the onset of weak
3-D ferromagnetism® The frequency dependence of the low-
temperature/'(T) peak is indicative of disorder or frustration

20000 | T T

15000
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Magnetization, M, emuQe/mol

20000 30000 40000
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Figure 7. Field dependencies of the magnetizatidM{H), at 2 K for
[MNTFPP][TCNE}xPhMe @), [MnTBrPP][TCNE}2PhMe @), and
[MnTIPP][TCNE]-2PhMe @).

1]

0 10000

50000

behavior ofll is unique in the seriedl exhibits a single broad
frequency dependent maximum at 6.5 and 5.%'KT) andy"-
(T), respectively, that is similar to that of [MnT®[TCNE]
2PhMé2and [MnTOMePP][TCNER2PhMe!" The origin of the
spin—lattice frustration in1Cl, 1Br, and 1l maybe attributed
to disorder in the orientation of the toluene solvate or other
structural disorder below the15% detection limit of diffraction
experiments. The observed disorder may be parametrizéd by
= ATJ/[TA(log )], whereg ranges from 0.00471F) to 0.17
(11), indicating thatll exhibits the highest degree of disorder.
The 2 K M(H) data are characteristic of metamagnetic
behavior, i.e., a slow rise iM(H) with increasingH until a
critical field, He, is reached and then a rapid rise of the moment
to a values ofMs near saturation folF, 1Cl,’¢ 1Br, and1l.
Observed values dfl; range from 4.1 1Cl) to 21.8 kOe (F)
(Table 5) in accord with that folCl and [MnTPP][TCNE]
2PhMe, 30 kOé&8 No evidence of metamagnetic behavior is
evident aboe 5 K for 1Cl, 1Br, and 1I; therefore, the
metamagnetic transition temperatuiie, for 1CI,’¢ 1Br, and
1l is between 4 ath 5 K with 1F exhibiting metamagnetic
behavior below 10 K. Thes&.'s cannot be more precisely
identified from either g(T)/dT or dyT(T)/dT plots as maxima

in the spin lattice suggestive of a spin glass or superparamagnetiGyscribable to these transitions are not discernible. This perhaps

state303031
Although structurally similar tolCl and 1Br, the yadT)

(29) (a) Wynn, C. M.; Gttu, M. A.; Miller, J. S.; Epstein, A. JPhys. Re.
B. 1997 56, 14050. (b) Wynn, C. M.; Gtu, M. A.; Sugiura, K.-1.;
Brandon, E. J.; Manson, J. L.; Miller, J. S.; Epstein, ASynth. Met.
1997, 85, 1695. (c) Wynn, C. M.; Gtu, M. A.; Miller, J. S.; Epstein,
A. J. Phys. Re. B 1997 56, 315. (d) Epstein, A. J.; Wynn, C. M.;
Brinckerhoff, W. B.; Miller, J. SMol. Cryst. Lig. Cryst.1997, 305
321.

(30) (a) Grtu, M. A.; Wynn, C. M.; Sugiura, K.-I.; Miller, J. S.; Epstein,
A. J.J. Appl. Phys1997, 81, 4410. (b) Gritu, M. A.; Wynn, C. M;
Sugiura, K.-1.; Miller, J. S.; Epstein, A. Synth. Met1997, 85, 1703.

(31) Mydosh, J. ASpin GlassesFrancois and Taylor: Washington, DC,
1993.

is a consequence of transitions to other magnetically ordered
phases above thig, which are not present for simpler systems
such as [MeNH]C0"Cl3-H,0 (T = 4.13 K; H; = 650 Oe at
3.75 KP2 and [Fé!(CsMes),][TCNQ] (TCNQ = 7,7,8,8-
tetracyange-quinodimethane) T = 2.55 K; Hc = 1.6 kOe)%

At 2 K hysteresis, again characteristic of metamagnetic
behavior, with coercive fieldsl,, is observed folF, 1Cl,®
1Br, and1l, Figure 9. The coercive fields range from 4.0 kOe
for 1Br to 20.0 kOe forlF, Table 5. This extremely high
coercive field that is observed faF is the largest value reported

(32) Spence, R. D.; Botterman, A. €hys. Re. 1974 B9, 2993.
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Figure 8. Dispersive,y' (®, B, A) and absorptivey” (O, O, A),
components of the ac susceptibility at 102,14hd 16 Hz, respectively,
for [MNTFPP][TCNE}xPhMe (LF), [MnTBrPP][TCNE}2PhMe (Br),
and [MnTIPP][TCNE}2PhMe ().
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Figure 9. Hysteretic behaviorta2 K for [MnTFPP][TCNE}xPhMe
(0), [MnTBrPP][TCNE}2PhMe ®), and [MnTIPP][TCNE]j2PhMe
(4).

for this class of materid. 10 Further studies are under investiga-
tion to understand the high coercive field as well as this
unprecedented transition.

Exchange Coupling.The T, as obtained from the maxima
in ¥'(T, 10 Hz), for the [MnTXPP][TCNE2PhMe family
decreases aH- (28 K) > 1Cl (8.8 K) ~ 1Br (8.0 K) > 11 (6.5
K), as T. is proportional t0J.343536 The dominant antiferro-
magnetic intrachain (1-D) couplinginya, is reflected inTuin,

Br, 1) Inorganic Chemistry, Vol. 38, No. 21, 1994847
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Figure 10. Correlation betweefi; andJiyer calculated from eq 2 using
Jinra Calculated from the Seiden expression (see text).

the temperature at which a minimupT(T) occurs, which
increases Withlinra, Or can be modeled by the complex Seiden
expressioft or the simpler Curie Weiss constant, or Jinya =
—Tmin/4.2 expression, Table%.Independent of which of these
four models is usedJinya decreases ab- > 11 > 1Cl ~ 1Br
and does not correlate with the aforementioned tred,imable

5.

Since T, and values folin, are determinableliner can be
calculated from eq 2. Twdiyer Values were calculated using
the Seiden mod&! and the relationshi@iya = —Tmin/4.227
Table 5. The observed trend fog, i.e.,1F > 1Cl > 1Br > 1l,
is only obtained fodiner when calculated from eq 2 usidga
calculated from the Seiden model, Table 5. This correlation,
although monotonic, is not linear for the series [MnTXPP]-
[TCNE] (X =F, Cl, Br, I), Figure 10. The substantial deviation
from nonlinearity for thelF point may be due to some yet to
be determined structural feature. The unusual naturk~ok
also noted by the unexceptionally lar@ealue, but the highest
T. observed for this family of magnets.

To establish a structurgfunction relationship requires de-
tailed structural information, which is lacking fd, but is
available for the similarly structuretiCl, 1Br, and1l. The new
data for1Br and1ll is consistent with the previous correlation
betweenT i, and@" as a function of the dihedral angle between
the MnN; and [TCNE}~ mean plane&: Figure 11. This is a
1-D magnete-structural correlation as it relates only the
intrachain interactions with structural features and leads to the
identification of theo overlap between the MnAand the
[TCNE]*~ p, orbital providing the magnetic coupling.

The establishment of a 3-D magnetstructural correlation
that could be used to predi@t has been elusive. Attempts to
correlateT; with a- andc-axis lengths, (i.e., the interchain Mn
--Mn separations, lead to a correlation withbut not witha.

Conclusion

The ditoluene solvates of [MNTXPP][TCNE] (> Cl, Br,
I) have been prepared and formed structurally similar, but not

(33) Candela, G. A.; Swartzendruber, L. J.; Miller, J. S.; Rice, MJ.J.
Am. Chem. Sod979 101, 2755.

(34) Van Vleck, J. HThe Theory of Electric and Magnetic Susceptibilities
Oxford University Press: London, 1932. Van Vleck, J.Rtv. Mod.
Phys.1945 17, 7. Van Vleck, J. HRev. Mod. Phys1953 25, 220.
Goodenough, J. BMagnetism and the Chemical Bgnibhn Wiley
& Sons (Interscience): New York, 1963.

(35) Reassessment of th&(T) data for1Cl reveals a double peak with
maxima at both 58 and 7.1 K as well as a metamagnetic critical
field, Hc, of 6800 Oe and a coercive fieltlie,, of 6700 Oe.

(36) zZhou, P.; Morin, B. G.; Epstein, A, J.; McLean, R. S.; Miller, JJS.
Appl. Phys.1993 73, 6569. Brinckerhoff, W. B.; Morin, B. G.;
Brandon, E. J.; Miller, J. S.; Epstein, A. J. Appl. Phys1996 79,
6147.
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able for X-ray studies are in progress. Additionally, the 76 K

for 1F is substantially lower than the 93 and 90 K values
reported for [Mi! TF,OMePP][TCNE}2PhMe (HTF,OMePP

= tetrakis[2,3,5,6-tetrafluoro-4-methoxyphenyl]porphyt§@nd
[Mn""TP'P][TCNE]-2PhMe>2 respectively, although the latter
have substantially lowef:'s of 10.3 and 15 K, respectively.
Hence, a correlation betweérand T due to the complex nature

of the structure and magnetic transitions does not presently exist.

300
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Tmin 3 K(.)
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