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(meseTetrakis(4-chlorophenyl)porphinato)manganese(lll) tetracyanoethenide, [MnTCIPP][TCNE], has been
prepared and structurally characterized as the toluene and dichloromethane disolvates, and the magnetic and thermal
properties of these solvates, as well as their corresponding desolvates, have been determined. The ditoluene
solvate () has a triclinic unit cell: P1, a = 10.171(4) A,b = 10.189(3) A,c = 14.522 (3) A,a. = 107.51(23,

p =85.58(2), y = 111.51(3), Z= 1. The bis(dichloromethane) solva® pelongs to the monoclinic unit cell:

P2i/n, a = 9.894(2) A,b = 10.697(2) A,c = 23.560(5) A5 = 101.34(2), Z = 2. The cation is typical with
average Ma-N distances of 2.012 A for both the toluene and dichloromethane solvates. The bonding distances
for both planar anions are characteristic of [TCNE] Both solvates have an uniform linear chain (1-D)
coordination-polymer structure comprised of alternating cations and anions. Each [T@i\fgls to two Mi'’s

in a trans.u-N-o-bound manner with MaN spacings of 2.2671] and 2.276 A 2). The Mn—N—C angles are

167.2 and 14321 while intrachain Mr--Mn separations are 10.189 and 9.894 A, and the dihedral angle between
the MnN; and [TCNE}~ mean planes are 86.8 and 52fdr 1 and2, respectively. Thecy absorptions for the
toluene and dichloromethane solvates occur at 2201 m and 2160'si00h2195 m and 2138 s cr respectively.

Upon thermolysis at 178C 1 desolvates t@-[MnTCIPP][TCNE] with vcy absorptions at 2201 m and 2159 s
cm™L. In contrast, desolvation df in refluxing n-octane leads t@-[MnTcIPP][TCNE] with vcy absorptions at

2190 m and 2132 s cm. Upon facile desolvation o2 to form y-[MnTCIPP][TCNE] the nitrile absorptions
remain essentially unchanged (2195 m and 2137 s'kmFor 1 and . the susceptibilities can be fit by the
Curie—Weiss expression wit = —60 K (T > 210 K) and—10 K (T > 250 K) and an effectiv®, ©' of +13

(50 < T < 120 K) and 29 K (60< T < 160 K), respectively® is not observed for th@ or the - or y-phase;
however,@' for the2 and thes- andy-phases are 58, 92, and 86 K, respectively. The magnetic data are consistent
with linear chain ferrimagnets comprised of antiferromagnetically couple® Mn'"! sites andS= 1/, [TCNE]"~

sites with the antiferromagnetic intrachain couplidfks (ks = Boltzmann’'s constant) determined from fits to

the Seiden expression, of33, —160,—65, —267, and—265 K for thel, 2, anda-, -, andy-phases, respectively.
Hysteresis with a coercive field of 5.8 kOe is observed Taat 2 K. Metamagnetic behavior b&lo5 K is
observed for thel, 2, and - and y-phases with critical fields of 10, 27, 27, and 27 kOe, respectively. The
ordering temperature3,, determined from the maxima in th&(T) data taken at 10 Hz, are 8.8, 6.7, 11.1, 14.1,
and 11.4 K for the phases o, 3, 2, andy, respectively. Desolvation df and2 increases the magnetic disorder

and the magnetic coupling.

Introduction materials that possess TCNE (tetracyanoethylereey,
. o [FeCp%]*"[TCNE]"~ (Cp* = pentamethylcyclopentadienide)

The preparation and chgractel_rlzatlon of molect_ﬂe'bqsed with a critical or ordering temperatur&, of 4.8 K2 V(TCNE),
magnetic materials possessing spins on organic radicals is an
area of increasing contemporary interdisciplinary resedfch.  (2) Reviews: (a) Buchachenko, A. Russ. Chem. Re199Q 59, 307;

Magnetic ordering has been observed for several classes of ~ Usp. Khim.199Q 59, 529. Kahn, O Struct. Bondingl987, 68, 89.
Kahn, O.Molecular MagnetismVCH Publishers, Inc.: New York,
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Ferrimagnetic Behavior of [MNnTCIPP[TCNE]*~

y(solvent) T ~ 400 K)# and [MnTPPT[TCNE]*~-2PhMe (TPP
= mesetetraphenylporphinat®T, = 13 K). Current research
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toluene solution (30 mL) containing MiiCIPP(py) (47.6 mg, 0.054
mmol) was mixed with a 20 mL toluene solution of TCNE (11.7 mg,

focuses on establishing relationships between structure and0-0913 mmol). Upon standing in an vibration-dampened inert-

magnetic phenomena, particularly in the correlation of dimen-
sionality, connectivity, and the critical temperature of the
material®-?

Due to the ease of modifying the porphyrin structure, as well
as inclusion of differing solvate chlateratds alter the 3-D
packing motifs, we are studying modified MNnTPP systems in

several solvents to identify changes in the inter- and intrachain
couplings as well as ordering temperatures to determine a

structure-function relationship. Herein we report the structure,
magnetic properties, and thermal behaviorrokéetetrakis(4-

atmosphere DriLab for 12 days, long, thin platelike crystals were
harvested from the mother liquor.

o-[MnTCIPP][TCNE]. A glass vial containing freshly prepared
[MnTCIPP][TCNE]-xPhMe (ca. 75 mg) was heated in a tube furnace
under dynamic vacuum at 17%& for 3 h. Anal. Calcd for GH.s
ClsMnNg (no toluene): C, 64.33; H, 2.59; N, 12.00. Found: C, 64.19;
H, 2.63; N, 11.82. IR (Nujol; cmb): vy 2201 m, 2159 s.

B-IMNTCIPP][TCNE]. In an inert-atmosphere glovebox a Schlenk
flask was charged with [MnTCIPP][TCNE]JPhMe (183.0 mg, 0.1637
mmol) and 30 mL of dryn-octane. The resulting suspension was heated
to reflux (~126 °C) under nitrogen for 30 min with magnetic stirring

chlorophenyl)porphinato)manganese(lll) tetracyanoethenide, ang then cooled to room temperature. The resultant black solid was

[MnTCIPPJT[TCNE]*~ prepared from the redox polymerization
of MnTCIPP and TCNE.

Ci

Cl

MnTCIPP

Experimental Section

Synthesis. All manipulations involving [TCNE] were carried out

collected by vacuum filtration on a glass-frit funnel, yielding 127.7
mg (84%) of thep-phase. Anal. Calcd for £gH24ClsaMnNg (no
toluene): C, 64.33; H, 2.59; N, 12.00. Found: C, 64.04; H, 2.47; N,
11.87. IR (Nujol; cnm®): wey 2190 m, 2132 s.

[MnTCIPP][TCNE] -2CHCl, (2). Filtered solutions of MHTCIPP-
(py) (53.1 mg, 0.0600 mmol) and TCNE (7.8 mg, 0.0609 mmol) (20
mL each) were mixed and stirred under nitrogen at room temperature
for 4 h. The mixture was then layered with 40 mL of hexanes and let
to stand for 3 days in an inert-atmosphere glovebox. The resulting
precipitate was then collected by vacuum filtration. Single crystals
suitable for X-ray diffraction were isolated by slow diffusion of
MnTCIPP(py) (100.3 mg, 0.1343 mmol) dissolved in 35 mL of
dichloromethane and TCNE (17.3 mg, 0.135 mmol) also dissolved in
35 mL of dichloromethane and both solutions filtered. An “H-tube”
crystal-growing apparatus comprised of two chambers separated by a

under an atmosphere of nitrogen using standard Schlenk techniques of,egium glass frit was charged on either side with these solutions and

in a Vacuum Atmospheres DriLab. Solvents used for the preparation
of the [TCNE}~ salts were predried and distilled from appropriate
drying agents. BTCIPP was prepared by a literature metfddMn" -
TCIPP][OACc] was prepared from AICIPP and Mn(OAcy4H0; the
Mn(OAc),*4H,O was predissolved irN,N-dimethylformamide and
filtered before addition to the free-base porphyrin, to remove para-
magnetic impurities. The [MKWTCIPP]" salt was subsequently reduced
to Mn'"TCIPP as the pyridine adduct, NMRCIPP(py), by NaBH
utilizing a literature metho@ TCNE was resublimed prior to use.
[MnTCIPP][TCNE] -xPhMe (1) was prepared by the reaction of
filtered solutions of MATCIPP(py) (125.7 g, 0.1421 mmol) dissolved
in 30 mL of toluene and TCNE (0.0279 g, 0.218 mmol) dissolved in
20 mL of toluene. The two solutions were mixed and allowed to stand

at room temperature for 4 days in an inert-atmosphere glovebox. The

allowed to stand in a vibration-dampened inert atmosphere DriLab for
9 days. Blocklike crystals of the product were isolated and allowed to
sit under the mother liquor until transferred to the diffractometer, at
which time they were covered with oil and immediately coolee-80

°C under a stream of cold nitrogen. The crystals lose solvent after
several seconds in air/nitrogen and quickly turn into a powder.2 As
readily lost solvent under ambient conditions, samples for infrared
spectroscopy were mulled in mineral oil with a small portion of the
mother liquor immediately after isolation from the reaction solution;
quantitative thermogravimetric analysis could not be performed due to
this rapid desolvation. Magnetic studies were made in an airtight
holder. IR (Nujol; cnm?): vcy 2195 m, 2138 s.

y-[MnTCIPP][TCNE]. The desolvatedy-phase was obtained by

resulting dark-green precipitate was filtered off and washed three times drying the [MnTCIPP][TCNE{2CH,CI, samplein vacuo for 1 h,

with 10 mL portions of fresh, dry toluene and driedvacuofor 1.5
h at room temperature [yield: 117.3 mg (74%)]. IR (Nujol; T
ven 2201 m, 2160 s. Anal. Caled for [MnTCIPRTCNE]#sPhMe
(Cel_sd'|37_3£|4MnNg): C, 68.14; H, 3.46; N, 10.31. Found: C, 67.98;
H, 3.54; N, 10.02.

Crystals suitable for X-ray diffraction studies were obtained by a
modification of the above procedure in which a 1:1 dichloromethane/

(4) Miller, J. S.; Yee, G. T.; Manriquez, J. M.; Epstein, A. J. In

yielding 39.3 mg (70%) of shiny black microcrystals. IR (Nujol; ¢

ven 2195 m, 2137 s. Anal. Calcd forsgH24ClsMnNg (no CH.Cly):
C, 64.33; H, 2.59; N, 12.00. Found: C, 64.05; H, 2.57; N, 11.86.

Physical Methods. The 2-300 K dc magnetic susceptibility was

determined on the equivalent of a Quantum Design MPMS-5XL 5 T
SQUID (sensitivity= 1078 emu or 10'2emu/Oe at 1 T) magnetometer
with an ultra-low-field (-0.005 Oe) option, an ac option enabling the
study of the ac magnetic susceptibility @ndy'') in the range of 16
1000 Hz, a reciprocating sample measurement system, and continuous

Proceedings of Nobel Symposium #NS-81 Conjugated Polymers and|ow-temperature control with enhanced thermometry features. The

Related Materials: The Interconnection of Chemical and Electronic
Structure Oxford University Press: New York, 1993; p 46Zhim.
Ind. 1992 74, 845. Epstein, A. J.; Miller, J. S. IRroceedings of Nobel

2—40 K ac magnetic susceptibility was also determined on a Quantum
Design PPMS-9 ac/dc magnetometer. Samples were loaded in an

Sympsoium #NS-81 Conjugated Polymers and Related Materials: The airtight Delrin holder and packed with oven-dried quartz wool (to

Interconnection of Chemical and Electronic Structu@xford Uni-
versity Press: New Yorkl992 p 475.Chim. Ind.1993 75, 185.
Miller, J. S.; Calabrese, J. C.; McLean, R. S.; Epstein, Add. Mater.
1992 4, 498.

Goldberg, I.; Krupitsky, H.; Stein, Z.; Hsiou, Y.; Strouse, C. E.
Supramolecular Chem1995 4, 203. Krupitsky, H.; Stein, Z,;
Goldberg, I. J.Inclusion Phenom. Mol. Recognit995 20, 211.
Goldberg, IMol. Cryst. Lig. Cryst1996 278 767. Byrn, M. P.; Curtis,
C. J.; Hsiou, Y.; Kahn, S. |.; Sawin, P. A.; Tendick, S. K.; Terzis, A,;
Strouse, C. EJ. Am. Chem. S0d.993 115 9480.

Jones, R. D.; Summerville, D. A.; Basolo,JAm. Chem. Sod978
100, 4416. (a) Milgrom, L. RTetrahedronl983 39, 3895. (b) Ozawa,
T.; Hanaji, A.Inorg. Chim. Actal987, 130, 231.
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prevent movement of the sample in the holder). For isofield dc
measurements, the samples were zero-field cooled (following oscillation
of the dc field), and data were collected upon warming. For ac
measurements, remanent fluxes were minimized by oscillation of the
dc field, with the sample cooled in zero applied field with data then
taken upon warming. In addition to correcting for the diamagnetic
contribution from the sample holder, core diamagnetic corrections of
—558 x 1076, —66 x 107, and—47 x 10°% emu/mol were used for
[MnTCIPP][TCNE], PhMe, and CkCl,, respectively. The thermal
properties were studied on a TA Instruments model 2050 thermal
gravimetric analyzer (TGA) (ambient to 100G) located in a Vacuum
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Table 1. Crystallographic Details 100 ~~——
[Mn"TCIPP][TCNE}2MePh DSC (sealed pan)
chem formula G4H4ClaMnNg  formula mass, Da  1117.78 z
a 10.171(4) A space group P1 (No. 2) 8
b 10.1893)A T —80°C o5 u
c 14522(3)A 1 0.710 73 A . 2
« 107.51(2) Pealcd 1.391 g cm? > =
B 85.58(2) u 0.0498 cm* a g
Y 111.51(3y R12 0.0426 = 3
\Y; 1334.4(7) R WR2P = 0.0831 90 <3
Z 1 g
[Mn""TCIPP][TCNE}2CH,Cl, E
chem formula GH2sClsMnNg  formula mass, Da 1103.42
a 9.894 (2) AA space group P2:/n (No. 14) 85
b 10.697 (2 T —80°C
c 23.560 EsgA yl 0.710 73 A 25 54 83 112 141 170
B 101.34 (23 Pealed 1.499 g cni Temperature, °C
\% 24446 (8)R  u 0.0754 cm* Figure 1. DSC and TGA as a function of temperature fefMnTCIPP]-
z 2 R12 0.0411 [TCNE]. Note the offset of the baseline for data measured in an open
WR2" = 0.1034 pan, due to the changing of the specific heat of the sample as a result

of desolvation.

a3 (IFol = [Fel)/X|Fol. ®{3W[Fo* — FA2yW[Fs?%} 2
Results and Discussion

Atmospheres DriLab under nitrogen to study air- and moisture-sensitive ~ Synthesis and Characterization. [MnTCIPP][TCNE}
samples. Samples were placed in an aluminum pan and heated at 2@PhMe () may be isolated from toluene or toluene/dichlo-
°C/min under a continuous 10 mL/min nitrogen flow. Differential romethane mixtures; however, when pure dichloromethane is
scanning calorimetry (DSC) was performed on a TA Instruments model ysed, [MnTCIPP][TCNERCH,CI, (2) is obtained. Thec=y

2910 DSC equipped with a LNCA liquid nitrogen cooling accessory absorptions at 2201 m and 2160 sdnand 2195 m and 2138
enabling operation betweenl50 to 550°C using a modulated DSC ¢ o1 for the toluene and dichloromethane solvates, respec-
cell or up to 750°C using a regular DSC cell. Data were taken on tively, confirm the presence of [TCNE] and are inconsistent

both open and hermetically sealed aluminum DSC pans. Infrared = . - -
spectra (6254000 cntt) were obtained on a Perkin-Elmer 783 or a with [TCNE]" [n =0 (2259's, 2221 m cn), 2— (2104 s, 2069

Mattson Galaxy Series FTIR 3000 spectrophotometer. Elemental S cnTY].° This range of energies is consistent with the 2192
analyses were performed on a Perkin-Elmer model 2400 elementalm and 2147 s cmt values reported for [MnTPP][TCNE]
analyzer and by Atlantic Microlabs, Norcross, GA. Powder XRD 2PhMe, 3% and the 2195 m and 2133 s civalues reported
patterns were obtained on a Rigaku model 1GC2 Miniflex diffracto- for [MnTP'P][TCNE]-2PhMe [HTPP = tetrakis(3,5-ditert-
meter over the range-35° 26 using Cu Ku radiation. Samples were  butyl-4-hydroxyphenyl)porphyrin}4.10
prepared in an inert-atmosphere glovebox, mixed with a small amount A shift in the observedcy absorptions does not occur upon
of silicon powd(_er standard, and affix_ed to a glass slide Wi_th vacuum heating ofl in vacuoor under a nitrogen atmosphere, both of
grease. The slide was then placed in an airtight holder (fitted with a \hich result in desolvation only (designated as thphase).
Mylar window) and mou_nted onto t_he d_|ffract0meter. Measurements This may be monitored by thermogravimetric analysis (TGA)
were made every 0.05vith a collection time of 30 s. The data were and differential scanning calorimetry (DSC). The TGA bof
corrected relative to the first Si peak. . T .
confirms the presence of two toluenes of solvation per unit cell

X-ray Structure Determination. Cell constants and an orientation . . o . .
matrix for the data collection were obtained by the standard methods )[/\r/]hlcgsaée l?ft. p(;gdc;mlnate!y belowgf ~ g:'tghure l),tv;-f;g
from 25 reflections at-80 °C on a CAD4 diffractometer. Systematic € (_) ,'n Icates an IrrerrSI g endotnerm & )
absences and subsequent least-squares refinement were used tyhen studiedina closed pan, which shifts to°8Avhen studied

determine the space groups. During data collection the intensities of IN @n open pan. Upon heating of a sample mulled in Nujol
several representative reflections were measured as a check on crystaibove 110°C, however, thevcy absorptions at 2201 m and
stability. There was no loss of intensity during data collection. 2160 s cm? irreversibly disappear while new absorptions at
Equivalent reflections were merged, and only those for which 2190 m and 2132 s cm appeaf Bulk samples of the
20(1) were included in the refinement, wheogF)* is the standard  material exhibiting the shifted reducedy absorptions could
deviation based on counting statistics. The weighing scheme used wasgye jsolated upon thermal treatment of the ditoluene solvate in
[0%(FoA] " SHELX-93 was used for the refinement based on the 51 noctane reflux (designated thphase)i’® Due to rapid
Patterson metho#. Non-hydrogen atoms were refined anisotropically. desolvation of2, detailed physical measurements were not

Further refinement/analysis to locate disordered [TCNEjas per- ossible, except for the magnetic studies due to the availabilit
formed through examination of electron density difference maps as P s P 9 y
of an airtight holder. Total solvent loss fro forms the

previously described. Data were also corrected for Lorentz and : . . S
polarization factors. Empirical absorption corrections were applied. ¥-Phase without altering the frequencies of the nitrile absorp-
Crystallographic details are summarized in Table 1, and tables of the tions. Powder X-ray diffraction reveals that all three desolvated
atomic coordinates, anisotropic thermal parameters, and bond anglesnaterials exhibit unique diffraction patterns; hence, three distinct
are provided as Supporting Information. The hydrogen atoms were desolvated phases may be isolated. Sincegheabsorptions
included using the riding model where the H-atom coordinates are are sensitive to the local bonding, desolvation without significant
reidealized before each refinement cycle and “ride” on the atoms to changes in the frequencies is assumed to proceed with main-

which it is attached. Disorder in the [TCNE]and solvent was not  tanance of the intrachain but not necessarily the interchain
observed® structure.

(8) (a) Sheldrick, G. M. Manuscript in preparation. (b) Using the program  (9) Dixon, D. A.; Miller, J. S.J. Am. Chem. S0d.987 109, 3656.
CHAIN [Sack, J. S.J. Mol. Graph.1988 6, 224] on a graphics (10) Bthm, A.; Vazquez, C.; McLean, R. S.; Calabrese, J. C.; Kalm, S.
workstation evidence for disorder of the cation, anion, and solvent E.; Manson, J. L.; Epstein, A. J.; Miller, J. Blorg. Chem1996§ 35,
was sought without success: Burkhart, B. M. Private communication. 3083.
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Despite the lack of consistent rate d&taseveral conclusions (a)
concerning thel to -phase transformation can be made. As
TGA/DSC indicates desolvation of the solvate (in a nitrogen
atmosphere) occurs primarily between ca. 75 and®@%nd
variable-temperature IR data indicate transformation to the
pB-phase (in mineral oil mulls) occurs at significant rates above
110°C, it is presumed that solvent loss precedes the probable
structural rearrangement. Also, as thgy absorbances are
particularly sensitive to changes in the intrachain bonding
parameters, a significant change in the intrachain structure
occurs as evidenced by the shift of the 2162 ¢mbsorbance
to 2133 cnil. Initial correlations between the MNNC bond
angle and parameters that correlate to magnetic coupling indicate
that this corresponds to a “collapse” of the chain structure, in
which the Mn-N—C bond angle decreases significarifly.

Structure. Structure determinations of bothand?2 reveal
one-half of an ordered [MIWTCIPP][TCNE]*~ where both the (b)
cation and anion each reside on a center of symmetry, Figure
2. The average Mh—N(ring) distances of 2.012 A and the
remaining bond distances and angles are typical of'Mn
(porphyrins)21014 [TCNE]'~ is planar with a 0.0twist for both
1 and 2; this is in contrast to the 1°Qwist observed foB.5

The solid state motifs of both and2 are comprised of 1-D o
«DTA*"D*A*~-:- polymer chains (D= MnTCIPP; A =
TCNE), where [TCNET is transu-N-o-bound to MA''s
(Figures 3-6; Table 2) with M-N distances of 2.267(3) A
and 2.276(2) A, respectively, which are shorter than that
observed ir8® [2.306(4) A] and41°[2.299(10) A]. The Mr-

N—C angles differ significantly being 167.2¢3for 1 and
143.1(2) for 2 and 147.6(4) and 129.0(1)eported for3® and
4,0 respectively. The dihedral angles between the mean planes  «
of [MnTCIPP]" and [TCNE}™ also significantly differ and are <
86.8, 52.4, 55.4,and 30.4 1 for 14, respectively. Figure 2. Labeling diagram and ORTEP (30% probability level)

The 10.189 A {) and 9.894 A 2) intrachain Mn--Mn diagram for (a) for [MnTCIPP][TCNERPhMe () and (b) [MnTCIPP]-
separations fall in a similar range 81(10.116 Ay and4 (8.587 [TCNE]-2CHCI (2).

A).10 The key intra- and interchain MnMn separations for
1—4 are listed in Table 2 and depicted fbrand 2 in Figures
3—6. In contrast to3 and 4 which lack sub-van der Waals
interchain interactions, [MnTCIPP][TCNEJPhMe has close
contacts between Cl(1) and [TCNE]C(1) of 3.371 A.

(11) (a) Similar behavior is observed when the materials are crystallized
from benzene. (b) The thermally inducé&do 3 transformation was
monitored by variable-temperature IR (VTIR) spectroscopy. Samples
prepared as mineral oil mulls between NaCl plates were heated to a
constant temperatures00 °C) in an high-temperature cell, and the
disappearance of the 2162 cthabsorbance was monitored as a
function of time at several temperatures. Since attainment of the desired
temperature was not instantaneous, a 2-min lagtime was used, as the
sample was placed into the preheated cell holder at the desired
temperature and data were taken after 2 min lapsed. Data were taken
until ca. 90% conversion was achieved. The data were fit to the Avrami
equation which has been successfully applied to several molecular
solid-state transformatiort Although many of the samples displayed  Figyre 3. View down the crystallographia (chain) axis for [MnTCIPP]-
Arrenhius type behavior, some exhibited incomplete or no conversion. [TCNE]-2PhMe ()

This was ascribed to differences in crystallinity, solvation, or sample '
preparation. Also, the specific role of solventdctane or, in this case,
mineral oil) is unclear. We are continuing further work aimed at Complex2 is unusual with respect to the [MnTPP][TCNE]

understanding this transformation and the kinetic data. 2PhMe family due to the arrangement of the nearest-neighbor
(12) Rao, C. N. R.; Rao, K. Phase Transitions in Soligd81cGraw-Hill: y g 9

San Franscisco, CA, 1978. Bym, S.vlid-State Chemistry of Drugs ~ Parallel chains. All parallel chains if, 3,° and 41 have the

Academic: New York, 1982; pp 5975. same orientation as do thell andlll —IIl ' chains for2, Figure
(13) 1Bzrgnfggé E. J; Kollmar, C.; Miller, J. 8. Am. Chem. Sod.99§ 6; however, as a consequence of the crystal symmetry, chains
(14) Landrum. J. T.: Hatano, K.: Scheidt, W. R.: Reed, CJAAm. Chem. =1 _ (andll —IiIl') have_dlffgrlng onenta_mons as _noted |n_F|gure
Soc.198Q 102, 6729. Hill, C. L.; Williamson, M. M.Inorg. Chem. 6 which may lead to differing magnetic behaviors particularly
1985 24, 2834, 3024. Fleischer, E. Bcc. Chem. Red.970 3, 105. in terms of interchain coupling.
Scheidt, W. R.; Reed, C. AChem. Re. 1981, 81, 543. Turner, P.; Magnetic Behavior. The 2-300 K reciprocal corrected

Gunter, M. J.; Hambley, T. W.; White, A. H.; Skelton, B. \Morg. . S 1 .
Chem. 1992 31, 2297. Sugiura, K.-i; Arif, A Schweizer, J.; ~ Magnetic susceptibility (") and effective momentses
Ohrstrom, L.; Epstein, A. J.; Miller, J. £hem. Eur. J1997, 3, 138. [=(8yT)Y], of 1, 2, a, B, andy are presented in Figure 7 and
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17.064 —|

Figure 4. View of intra- and interchain interaction among the unique
chaingl, II', lll , andlV as depicted in Figure 3 for [MnTCIPP][TCNE]
2PhMe. Note the [TCNE} transu-N-o-bonding to [MnTCIPP} and

the uniform chains. The hydrogen atoms and toluenes of solvation are
omitted for clarity.

are summarized in Table 3. The room-temperature effective
moments range from 4.69 to 5.4@, which are close to the

Brandon et al.

Figure 5. View down the crystallographis (chain) axis for [MnTCIPP]-
[TCNE]-2CHCI, (2).

calculated spin-only value of 5.20; for a system comprised
of noninteractingS = 2 andS = 1/, spin sites and are typical
for this class of materiafs® Values below 5.2(g result from
antiferromagnetic coupling still present at room temperature,
while the genesis of the 5.4@s value is unknown but may
arise from uncertainty in the molecular weight (related to the
specific degree of solvation). The susceptibility for all com-
pounds can be fit by the CurigNeiss expressiory, [0 1/(T —

®). For1landa two linear regions can be fit to this expression.
For1 ® is —60 K for data above 180 K, whil®' is 13 K for
data taken between 50 and 120 K. The latter, ferromagnetic
13 K value is not the intrinsi® value but reflects a second,
lower temperature linear region fgri(T) and hence is termed
an effective®, ®'.19 Foro © is —10 K for T > 250 K and®’

is 29 K for data taken between 60 and 160 K.£, andy do

not have determinabl® values as data must be acquired at a
higher temperature ®' values of 58, 92, and 86 K, f&, j,
andy, respectively, are observed and reflect stronger magnetic
couplings. Hence, as reflected in the identical absorptions,
thermal desolvation of botth and 2 forms phaseso and y)

that nominally maintain the intrachain interactions, but solvent
loss enables the parallel chains to get closer together leading to
stronger interchain interactions as reflecte®inincreasing from

13 to 29 K forl and 58 to 86 K for2. These interactions are
stronger for2, B, andy as the expected larg& cannot be
observed, although the expected concomitant lafés are
observed? In contrast, heating in n-octane likely alters the
intrachain as well as the interchain structures. This is evidenced
by the reduction of thevcy absorption frequencies and an
increase i’ for S with respect tax. These®' values for the
solvates,1 and2, are significantly lower than the 61 and 90 K
reported for uniformly-chaine@® and 4,1° respectively, sug-
gesting weaker intrachain interactions. Thermolysid @ind
desolvation of leads to stronger magnetically coupled phases,
and the 92 KO’ value for3-[MnTCIPP][TCNE] is the largest

© value reported to date for the [Mn(pof)]family of
magnet$:1014 The greate®’ value for2 with respect tal is
consistent with the an inverse correlation betwé€rand the
dihedral angle between the mean Mnéhd [TCNE}~ mean
planes. Both the dihedral angle a@d are comparable fo2
(52.4, 58 K) and3 (55.4, 61 K), while the4 has a substantially
reduced dihedral angle (30)4and enhance®’ (90 K). In

(15) Next-nearest-neighbor intrachain interactions may also contribute to
the ferromagnetic coupling.
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Figure 6. View of intra- and interchain interaction among the unique chhiitis andlll as depicted in Figure 5 for [MnTCIPP][TCN&CH,Cl,.
Note the [TCNE}" transu-N-o-bonding to [MnTCIPP} as well as the herringbone arrangement of the chains. The hydrogen atoms and toluenes

of solvation are omitted for clarity.

Table 2. Comparison of the Inter- and Intrachain MiMn and Mn--N Distances and MaN—C Angles for1l—4

Mn---Mn Mn---Mn Mn---Ntene interchain OMNn—N—Crcne, OMnN,—TCNE,
cation (solvent) intrachain, A interchain, A intrachain, A separatns, A deg dihedral angle, deg
[MnTCIPP]" 10.189 10.171 2.267 8.858 167.2 86.8
(PhMe),1 11.458 13.850
14.522 16.474
16.610
[MnTCIPPT" 9.894 10.697 2.276 10.697 143.1 524
(CHLCly), 2 12.958 12.727
[MnTPP]* 10.116 11.006 2.306 10.201 147.6 55.4
(PhMe),3 11.829 13.139
13.269 13.630
13.838
[MnTP'P]* 8.587 14.756 2.299 14.665 129.0 304
(PhMe),4 16.233 17.071
17.573 17.275
contrastl has a larger dihedral angle (88 &nd a reduce®’ coupled systems as it occurs at temperatures exceeding the

(13 K). This correlation is the focus of an independent sttidy. experimental range.

The ferrimagnetic nature of this class of magnets is evident ~ The data, agT(T), were modeled using a least-squares fit to
from the minimum Tpin, albeit shallow, in they(T) andyT(T) an analytical expression for isolated chains comprised of
datal® Figures 7 and 8, which range from 110 K) o above

(16) Coronado, E.; Drillon, M.; Georges, R. Research Frontiers in

room temperature fob andV'_Table 3 .Due to _the shallowness MagnetochemistryO’Connor, C. J., Ed.; World Scientific: Singapore,
of the minimum as well as slight variations which occur between 1993; p 26. Beltran, D.; Drillon, M.; Coronado, E.; GeorgesSRud.
samples, the accuracy O, is estimated a#20 K. Like @', Inorg. Chem.1983 3, 589. Drillon, M.; Coronado, E.; Beltran, D.;
T | icall ith ti i Table 3 Georges, RChem. Phys1983 79, 449. Verdaguer, M.; Julve, M.;
min COrrelates monotonically with magnetic coupling, Table 3. Michalowicz, A.; Kahn, Olnorg. Chem1983 22, 2624. Drillon, M.;

Tmin is model independent but cannot be observed for strongly Gianduzzo, J. C.; Georges, Rhys. Lett. AL983 96A 413.
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Table 3. Summary of thevey Absorptions and Magnetic Properties 3f4, and [MnTCIPP][TCNEjJ2S (S= PhMe, CHCI;) anda-, -, and

y-[IMnTCIPP][TCNE]

compd ven, Mt O, K O, K Mg2emuOe/mol wer, us %' (T)PK %" PK Tminn K He,tkOe JkgdK JkstK ¢
[MnTPP][TCNE} 2192m f 61 17 000 5.12 14 13 f 24 g f 0.18
2PhMe, 321 2147 s
[MnTCIPP][TCNE} 2201lm —60 13 11 000 4.69 8.8 6.4 110 10 —-33 —26 0.017
2PhMe,1 2160 s
o-[MNnTCIPP][TCNE] 2201m -10 29 18 500 4.89 6.7 5.8 192 —65 —46 0.15
2159 s
B-[IMNnTCIPP][TCNE] 2190 m f 92 15 800 5.05 11.1 9.6 860 27 —267 —-190 0.14
2132s
[MnTCIPP][TCNE} 2195 m f 58 14 000 5.10 14.1 8.0 480 27 —160 —-114 0.0
2CH,CIy, 2 2138s
y-[MnTCIPP][TCNE]  2195m f 86 18 700 5.40 10.8 82 793 27 -265 —189 0.1
2137 s
[MnTP'P][TCNE]- 2197 m f 90 18 500 4.90 15 13 c d g c
2PhMe 4° 2133 s

aM(5 K, 5 T); saturation not achieved at 5710 Hz.¢From dVi(H)/dH. ¢ From a fit to the Seiden expressi&n.c From a fit to —Tpyn/4.21°
fNot determinable$ Does not fit the Seiden expression wéllThe observed value is too low due to solvent loss; see the text.

50

W L.
o o

Effective moment, p.g4, g
N
(=]

10

60

40

20

0 50 100 150 200
Temperature, T, K

Figure 7. Reciprocal molar magnetic susceptibiligy;t, and moment,
Uett, @S a function of temperature (1000 Oe) for [MnTCIPP][TCNE]
2PhMe,1 (@), o-[MnTCIPP][TCNE] (+), f-[MnTCIPP][TCNE] @),
[MNTCIPP][TCNE}2CH,Clz, 2 (=), and y-[MnTCIPP][TCNE] (a).

alternating classical3 = 2) and quantum§ = 1/,) spin sites
derived by Seidel to solely estimate the intrachain coupling,
Jks (ks = Boltzmann’s constant), Figure 8. At low tempera-
tures the data deviate from the model due to the onset of i
interchain interactions which may be either ferromagnetic or
antiferromagnetic. All compounds studied herein deviate from -
the Seiden prediction at lower temperatures consistent with
ferromagnetic coupling as also noted & and 41° but not
[MnOEP][C4(CN)g].18 However, due to poor fitting of the data,
guantitative fits to the Seiden function f8¢ and41° have not

been made.

Above ~72 K the shape of thgT(T) for 1 can be fit to the
Seiden expression (usitd = —2JS;S, andg = 2) with J/kg
= —33 K.® This fit predicts a 102 KT, which is in good
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agreement with the observed value of 110 K. The data for the 0 5‘; 160 1'50 260 2150 300

o- and 3-phases fit above 76 and 174 K witlikg's of —65
and —267 K, respectively. The 195 K, for a is in good
agreement with the observed value of 192 K, whilg, exceeds

Temperature, T, K

Figure 8. Fit of the yT(T) data to the Seiden expressibifior (a)
[MNnTCIPP][TCNE}-2PhMe,1, (b) a-[MnTCIPP][TCNE], (c)3-[MnT-

300 K for. The Seiden fit, however, provides an estimate of CIPP][TCNE], (d) [MnTCIPP][TCNEJ2CH.Cl,, 2, and (e)y-[MnT-

800 K for Tmin for 8. The Seiden fit td@ above 40 K yields a

(17) Seiden, JJ. Phys. Lett1983 44, L947.

CIPP][TCNE].

(18) Miller, J. S.; C. Vazquez, C.; Jones, N. L.; McLean, R. S.; Epstein, J/kg of —160 K and a calculate@, ~ 480 K. The observed

A. J.J. Mater. Chem1995 5, 707.

(19) The low moment forl leads to a displacement of thel(T) as

Tmin for 21is 245 K, but this is probably an artifact as the sample

calculated by the Seiden expression. To simply compare the shapes|0Ses solvent at highdfrleading to the observation of a reduced
of the curves the observed(T) was increased by 14%.

Tmin. Aboveca.170 K they-phase data can be fit to the Seiden
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Figure 9. Field dependencies of the magnetizatid¢H), for (a)
[MnTCIPP][TCNE}2PhMe,1, (b) a-[MnTCIPP][TCNE], (c)B-[MnT-
CIPP][TCNE], (d) [MnTCIPP][TCNEjJ2CH.Cl,, 2, and (e)y-[MnT-

CIPP][TCNE] at 2 ©0), 3 (+) 4, (x), 5 (@), 6 (V), or 12 (») K.
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Figure 10. Hysteretic behavior for [MnTCIPP][TCNE}PhMe,1, at
2 and 5 K.
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(2) to 18 700 emuOe/mdly-[MnTCIPP][TCNE]}. These 5K
data are in accord with the expectation of antiferromagnetic
coupling,i.e., 16 755 emuOe/mol foBros = 2 — Y/, system,
which is substantially lower than the expectation for ferromag-
netic couplingj.e., 27 925 emuOe/mol fdBro; = 2 + 1/, system.
The values exceeding 18 000 emuOe/mol are surprisingly high
and may, in part, be a consequence of larger than expected
values.

The rapid rise and approach to saturation in kih@l) data
for a-[MnTCIPP][TCNE], Figure 9, is typical for long-range
ferromagnetic coupling as also evidenced by the posi@ve
values. This is also observed for the phasgs, 2, andy at
the higher temperatures studied; however, at lower temperatures
a slow rise inM(H) with increasingH is observed until a critical
field, Hc, is reached and then a rapid rise to a high moment
state occurs. This is characteristic of metamagnetic behavior.
The H¢'s for metamagnetic behavior are 10 kOe foand 27
kOe each for the phase8, 2, and y, while the critical
temperatures are between 2 and 5 K foand 2, ~4 K for
B-IMnTCIPP][TCNE], Figure 9d, and-2 K for y-[MnTCIPP]-
[TCNE], Figure 9e, the best studied systems. [EB(E).]-
[TCNQJ%(TCNQ= 7,7,8,8-tetracyanp-quinodimethane) and
3% are also metamagnetdH; for [Fe(GMes)2][TCNQ] is a
much lower 1.6 kO&2 however, it is a comparable 24 kOe for
3.28 Hysteresis loops characteristic of metamagnetic behavior
with a coercive fieldHg;, of 5.8 kOe were observed fdrat 2

expression withl/ks = —265 K and leads to a 793 K estimate K and 25 Oe at 5 K, Figure 10. Unlike for [Fefes)s)-

of Tmin. Hence, thesd/ks's and Trin's are consistent with the

[TCNQ)], the actualT, for antiferromagnetic ordering which

dichloromethane solvate having stronger antiferromagnetic gscurs forH < H. and as noted above is estimated to be less
coupling with respect to the toluene solvate and thermal {han 5 K cannot be more precisely identified from eithgr d
treatment enhancing the coupling as evidenced by the greater(-l—)/d-l— or dyT(T)/dT plots, as maxima ascribable to these

magnitudes ofl/kg as well asTnyiy as also noted fo®' (vide

suprg).

The intrachain coupling)/kg, may also be approximated by
the relationshipl/ks = —Tmin/4.2 forH = —2JS,.5,.2921 J/kg
for 1, a, and2 are—26,—46, and—114 K, respectively. Using
the Tmin estimated from the Seiden expressidig is estimated
to be—190 and—189 K for thef- andy-phases, respectively.

transitions are not discernible3 also lacks a clearly defined
T.2® This perhaps is a consequence of transitions to other
magnetically ordered phases above Thishich are not present
for [Fe(GMes),][TCNQ].22

The in-phase, real and out-of-phase, imaginary components
of the complex ac susceptibility, (T) andy" (T), respectively,
were determined for the phasésa, 3, 2, andy below 20 K,

Both models give the same trend; however, the latter model Figyre 11. The ordering temperatuf®, is determined from
gives values ofl/ikg lower by ~21/2/2,

Ferrimagnetic behavior is also evident from the saturation 14.1, and 11.4 K for the phasésa, 3, 2, andy, respectively.

magnetizationMs, values, Figure 9.Mg ranges from 11 000

the maxima in the/' data taken at 10 Hz and is 8.8, 6.7, 11.1,

%" (T, 10 Hz) with maxima at 6.4, 5.8, 9.6, 8.0, and 8.2 K,

(20) Drillon, M.; Coronado, E.; Georges, R.; Gianduazzo, J. C.; Curely, J. (22) Candela, G. A.; Swartzendruber, L. J.; Miller, J. S.; Rice, MJ.J.

Phys. Re. B 1989 40, 10992.

Am. Chem. Sod 979 101, 2755.

(21) This relationship has been obtained from a numerical model that (23) Zhou, P.; Morin, B. G.; Epstein, A. J.; McLean, R. S.; Miller, JJS.

considers the exact quantum nature of the= 2 spin; hence
discrepancies with the classical Sieden model reflect the limitations

imposed when th& = 2 spin is taken as a classical spin.

Appl. Phys.1993 73, 6569. Brinckerhoff, W. B.; Morin, B. G.;
Brandon, E. J.; Miller, J. S.; Epstein, A. J. App. Phys1996 79,
6147.



3384 Inorganic Chemistry, Vol. 37, No. 13, 1998

Yac (@rbitray units)

Temperature, T, K

Figure 11. Temperature dependencies of the dispergivé,x-, -H-,
and, ©-) and absorptivey” (x, B, and O), components of the ac
susceptibility at 10, 19 and 16 Hz, respectively, for (a) [MnTCIPP]-
[TCNE]-2PhMe, 1, (b) a-[MnTCIPP][TCNE], (c) B-[MnTCIPP]-
[TCNE], (d) [MnTCIPP][TCNE}2CH.Cl,, 2, and (e)y-[MnTCIPP]-
[TCNE] (Hgec = O Oe, amplitude= 1 Oe). Samples were zero-field
cooled, and data were taken upon warming.
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amount of disorder can be parametrizeddbf=AT 5 /T 55
log(f)].2* ¢ ranges from 0.0171) to 0.15 @) indicating thata
is the most disordered. In contragtis frequency independent
(¢ = 0) for the peak iny’ and has the highest for this family
of compounds with a maximum at 14.1 K. Thgvalues for
3and4 are 13 K. 3 as evidenced from thg values has a greater
amount of disorder, bu for 4 has not been determined.
Furthermore2 exhibits a second absorption at lower temperature
which we attribute to the presence of the lowigrbut higher
®' and highefTy,, v-phase. This is a consequence of the facile
ability of 2 to lose CHCI, and concomitant difficulty in isolating
solvated2. Thermolysis of bothlL and 2 leads to desolvated
phases with more disorder.

Conclusion

The toluene and dichloromethane solvates of [MnTCIPP]-
[TCNE], each possessing a chain structure with differing intra-
and interchain interactions, have been characterized. Inthe case
of [MnTCIPP][TCNE}-2PhMe, the intrachain coupling, as
reflected in the observe@yy in ¥ T(T) is significantly weaker
compared to the previously characteriZzdnd 4 derivatives,
while [MNnTCIPP][TCNE}2CH,CI, has stronger magnetic cou-
plings than3. Considering also the variations in the observed
dc susceptibilities an® values, this suggests the degree of
metal-radical coupling may be controlled by variation of the
porphyrin substitution pattern. Thermal treatment of the toluene
solvate results in desolvation and a change in the IR spectra,
which is also manifested in a significant increase in the
intrachain coupling strength as determined from dc magnetic
measurements.
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respectively, are present consistent with the presence of an  supporting Information Available: Tables providing a summary
uncompensated moment. As expected these values are lowebf the crystallographic data, fractional coordinates and isotropic thermal

than they'(T) counterparts. Fot, a, 3, andy bothy'(T) and
x"(T) are frequency,f, dependent indicative of spin-glass
behavior and/or disorder/frustration of the spin coupfthd’he

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

parameters, anisotropic thermal parameters, bond distances and angles,
and intramolecular nonbonding distances for [MnTCIPP][TCNE]
2PhMe and [MnTCIPP][TCNERCH.CI, (16 pages). Ordering infor-
mation is given on any current masthead page.
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