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Abstract: [Mn"'TtBuPP]+[C,(CN),]' . 

5 PhMe [MnIl'TtBuPP = meso-tetrakis- 
(4'-revr-butylpheiiyI)porphinatomangan- 
ese(111)1 has been prepared and structural- 
ly and magnetically characterized. The 
uniform. linear-chain (1-D) coordination 
polymer comprises alternating cations 
and anions. The bond lengths in  planar 
ion [C,(CN),]'- are 1.377(10) (CC-CC), 
1.418(7) (C-CCC), 1.414 (C-CN). 
1.457 (C-CNMn), 1.150 (C=N), and 
1.1348, (C-NMn). The Mn-N-C an- 
gle is 172.3(4) , and the intrachain 
Mn ' . Mn separation is 10.685 A. Each 
[C,(CN),]'- unit is bonded to two Mn"' 
atoms through the interior nitrogen atoms 
in a fvuz.s-p2-N-o manner with N-Mn 
bond lengths of 2.353 A. The CcN absorp- 
tions are at 2217 (w,br) and 2190 

(m) cm-'. Above 50 K the magnetic sus- 
ceptibility of [Mn"'TtBuPP] '[C,(CN),]' 
can be fitted to  the Curie-Weiss expres- 
sion, ~ " c l / ( T -  0). with an effective H 
of-13 K .  This is consistent with weak 
antiferromagnetic coupling, which is in 
contrast to the effective H of +67 K for 
the uniform chain [Mn"'OEP]+[C,- 
(CN),]'- [OEP = octaethylporphinato]. 
Here, the [C,(CN)J units are bonded to 
the Mn"' centers through endo CN nitro- 
gen atoms in a similar trun.s-p2 manner. 
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Introduction 

The study of strong magnetic materials consisting of molecular 
components is a growing area of contemporary interdisciplinary 
materials chemistry research.[' Since the discovery of the 
bulk magnetic properties of [MnTPP]'[TCNE]'- (TPP = 

rnc.ro-tetrapheiiylporphinato, TCNE = tetracyanoethylene) 
several new inagnetic materials based on electron-transfer salts 
of metallomacrocycles have been reportedr5 lo]  As described 
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Density functional theory MO calcula- 
tions reveal that the spin density of the 
CN nitrogen atom bound to [Mn"'- 
TtBuPP]' (0.019 f l L n k 3 )  is significantly 
lower than that of the N atom bound to 
[Mn"'OEP]+ (0.102 p B . k 3 ) .  This is con- 
sistent with the reduced spin coupling ob- 
served for [Mn"'TfBuPP] '[C,(CN),]'- 
with respect to [Mn"'OEP]+[C,(CN),]'-, 
as evidenced by the lower U value. The 
different orientations of the [C,(CN),]' 
units-almost perpendicular (84.72 ) for 
[Mn"'TfBuPP]' [C,(CN),]'- and substan- 
tially tilted (32.1 ") for [Mn"'OEP]+[C,- 
(CN),]'---may also contribute to the 
poorer overlap and weaker spin coupling. 
Hence, binding between sites with large 
spin densities is needed to stabilize strong 
ferromagnetic coupling. 

for [MnTPP]+[TCNE]'-, these magnets possess extended lin- 
ear-chain (1 -D) coordination polymer structures, which com- 
prise alternating metallomacrocycle cations (D') and cyanocar- 
bon radical anions (A*-)  ( . . . D + A ' - D + A - - . . . )  . Strong 
effective ferromagnetic coupling is observed for the uniform 
chain [Mnl"OEP]f[C,(CN),]' (OEP = octaethylporphin- 
ato) .161 This is evidenced by the magnitude of the positive Weiss 
constant (0 = 67 K) obtained from a fit of the corrected molar 
magnetic susceptibility, 1, to the Curie- Weiss expression. 
j l ~ ( T -  U ) - ' .  In contrast, the dimerized chain [Mn"'OEP]+- 
[TCNE]' has a low 0 value (@ = 2.5 K). Hence, uniform chain 
structures of the type . . . D+A'-D+A'- ' .  are sought for 
achieving strong antiferromagnetic coupling.['] 

Owing to the relative ease of modifying the porphyrin struc- 
ture, wc decided to study the effect of introducing bulky tcrt- 
butyl groups at the 4-position of the phenyl rings of the proto- 
type [MnTPP][TCNE] magnet. This should enhance the 
one-dimensionality of the system by increasing the interchain 
scparations. Since the exchange coupling J is inversely propor- 
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But B U ~  tional to the separation r between 
spin sites (e.g., r - " ,  n >  6 for superex- 
change pathways) ,[I1] small increas- 
es in the interchain separation should 
have a dramatic effect on interchain 
J .  This should lead to a reduction of 
thc 3-D ordering temperature, T,. 
The intrachain exchange coupling 

has the largest affect on 8. Assuming that the McConnell virtual 
charge transfer mechanism[' 2] is operative, 0 is dependent on 
the separation of spin sites, the density of spin at each of the 
adjacent sites, and the angular relationship of the adjacent 
atom-centered orbitals. Herein we report the preparation and 
structure of nzeso-tetrakis(4'-tert-butylphenyl)porphinatoman- 
ganese(m) hexacyanobutadienide, [Mn"'TtBuPP] + [C,(CN),]'-, 
which possesses a uniform . . . D+A'-D+A'- . . . chain, but un- 
expectedly has weak antiferromagnetic coupling. 

But But 
MnTtBuPP 

Experimental Section 

Synthesis: All manipulations were carried out under an atmosphere of nitro- 
gen with standard Schlenck techniques or in a Vacuum Atmospheres glove 
box. Solvents used were predried and distilled from appropriate drying agents 
[13a]. H,TtBuPP was prepared by the general literature method [I3 b,c] from 
4'-ler/-butylbenraldehyde (Aldrich). [Mn"'TrBuPP][OAc] was prepared from 
H,T/BuPP and Mn(OAc), [13d] and subscquently reduccd to Mn"TtBuPP 
[I 3 d] with NaBH, according to well-established methodologies (after we had 
started this project, H,TtBuPP was reported [I 3 el). Hexacyanobutadiene 
was prepared as described in the literature [14]. 

IMn"'TtBuPP]'[C,(CN),I'- : Mn"TtBuPP (88.0 mg, 90.6 mmol) dissolved in 
toluene (30 mL) was added to C,(CN), (18.7 mg, 91.6 mmol) dissolved in 
toluene (1 10 mL) at room temperature. Crystals formed upon refrigeration of 
thc sample at -40°C were collected by filtration (yield: 42.3 mg, 0.28 mmol, 
30%). IR (Nijol): i,, = 2217 (w,br), 2190 (m) cm- ' .  Crystals immediately 
isolated for X-ray studies contained 5 equiv of toluene solvate, which were 
easily lost. The IR spectrum of the dried sample was identical to that of a 
fresh, solvated sample. Elemcntal analysis for C,,H60MnN,, (unsolvated 
sample), calcd (found): C 76.70 (76.57), H 5.52 (5.47), N 12.78 (12.70). 

X-ray Structure Determination [20]: Crystals of the pentatoluene solvate suit- 
able for single-crystal X-ray diffraction were obtained by refrigerating a 
dilute toluene solution. Cell constants and an orientation matrix for data 
collection were obtained by standard methods from 25 reflections at - 80 "C. 
Systematic absences and subsequent least-squares refinement were used to 
determine the space group. During data collection the intensities of several 
representative reflections were measured as a check on crystal stability. There 
was no loss of intcnsity during data collection. Equivalent reflections were 
merged, and only those for which Io>20(I) were includcd in the refinement, 
where o(FJ2 is the standard deviation based on counting statistics. SHELEX- 
93 was used for the refinement. Data were also corrected for Lorentz and 
polarization factors. An empirical absorption correction of 1.99 cm- ' was 
applied. Crystallographic details arc summarized in Tablc 1. Thc hydrogen 
atoms were isotopically refined using the riding model, by which the H atoms 
coordinates are reidealized before each refinement cycle and "ride" on the 
atoms to which they are attached. The toluenes occupy five different sites. 
Each is at half occupancy in the asymmetric unit and shows two orientation 
disorders. The FLAT instructions in SHELXL-93 was used to apply geomet- 
rical restraints. Owing to thc high degree of disorder, only one toluene solvent 
was refined isotropically; the rest were refined anisotropically. The compara- 
tively large R 1 and residual peak values are due to disordered solvcnt and a 
methyl group. 

Physical and Computation Methods: The 2-300 K magnetic susceptibility was 
determined on Quantum Design MPMS-2 1 T SQUlD and Quantum Design 
PPMS-9AC9T AC/DC magnetometcrs. The diamagnctic correction 

Tablc 1 Crystallographic details for [Mn"'TtBuPP] '[C,(CN),]' . 5  PhMe 

formula 
Mr 
space group 
a.  A 
h. 8, 
c,  A 
I{. deg 
v, A3 

P~~~~~~ gcln-' 
z 
crystal dimensions, mm 
radiation 
absorption coefficient, cm- ' 
T,  "C 
scan mode 
211 max, deg 
F(000) 
total data measured 
unique data with F f ; i > 2 ~ F z  
final no. of variables 
weighting scheme 
R1 [a] 
M . R ~  [b] 
largest residual, e A  ~ ' 

C~o,H,,,lN,oMn 
1556.89 
P2,/n (no. 15) 
16.137 (4) 
10.685 (3) 
26.222 (7) 
92.29(2) 
4518(2) 
2 
1.145 
0.44 x 0.42 x 0 3H 
Mo,, 
1 99 

~ RO 
0120 
23.99 
1650 
7343 
7061 
470 
[g*(F,)' + [0.1355f]' + 7.28fI-' 
0.084 
0.021 
0.75 (Mn and N3) 

of -900x 1 0 - h e m u m o l ~ '  was used for [Mn1iiOEP]t[C,(CN)6]'. 
DGAUSS was used for the density functional theory (DFT) calculations with 
a double-i split-valence and polarization basis set and a local approximation 
(DZVP-LSD) [15,lha]. The [C,(CN),]'- geometry used for the computations 
was that reported for [MI~'"OEP]~[C,(CN),]'- [6]. 

Results and Discussion 

The structure determination reveals one half of an ordered 
[M~"'T~BuPP]~[C,(CN),]'- unit, where the cation and anion 
each reside on a center of symmetry (Figure 1) .  Also present are 
five molecules of toluene, which are disordered. The average 
Mn'"-N(ring) bond length is 2.006 A, and the remaining intra- 
cation distances and angles are typical for Mn"' porphyrins. The 
planar hexacyanobutadienide CC bond lengths are 1.377 (10) 
(CC=CC) and 1.418(7) A (C-CCC), consistent with the radi- 
cal anion."4b1 The C-CN distances average 1.414 A, while the 
C-CNMn bond length is 1.457A. The C-N and C E N M n  
distances average I .  150 and 1.134 A, respectively. These are 
similar to those observed for the [MnOEP]' salt (Table 2).['] 

Fig I .  ORTEP diagram of [Mn"'TIBuPP]'[C,(CN),]' 
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Tahlc 2 Selccted bond lengths for [Mti"'TtBuPP]+~C,(CN),j'~ and [Mn"'OEP]'- 

[MnOEP]' [MnTtBuPP] ' [MnOEP]' [MnTtUuPP] ' 

c ' 3 - ~ 5  1.36q12) 1.377(10) c2--c4 I . ~ I O ( I O )  I 413(7j 
C 4  - C S  1.432(11j 1418(7j C1-NI  1.140(9) 1.157(7) 
C3-C5 1446(11) 1.457(7) C 2 - N 2  I.l3X(9) [Mn] 1.142(9) 
C l - C 4  1.437(10) 1.415(Xj C3--N3 1.132(X) I . l34(6)[MnJ 

The solid-state motif comprises 3-D . . . D+A'-D+A'- . . 
chains [D = MnTtBuPP; A = C,(CN),], in which the 
[C,(CN),]'- units are tiun.s-pc,-interior-N-cr-bound to Mn with 
a N-Mn bond length of 2.353(4) A (Figure 2). The Mn-N-C 

Fig. 2. Segniriit o f a  1-D ' .  D - A '  L) ' A ' .  . . .  chain showin_e in ie r io r - r~nn .~ -~2- ,~ -  
0-bonding o f [ C 4 ( C 3 ) J -  to jMn"'T/BuPP] ' For clarity. the toluene moleculc~ o f  
~ ~ l v a t i o n  are not shown. 

angle is 172.3(4)", and the dihedral angle between the mean 
planes of [MnTtBuPP]' and [C,(CN),]'- is 84.72(14)". The 
Mn-N-C angle is substantially larger than that reported for 
the [MnOEP]+[61 and [MnTPP]+[4, 'I salts (124.0(6) and 
148.1 (4)'. respectively). The 10.685 A intrachain Mn . . Mn 
separation is 0.16A shorter than that observed for the 
[MnOEP]' salt.['] Thc important intra- and interchain 
Mn . . Mn separations for [MnTtBuPP][C,(CN),].5 PhMe and 
[MnOEP][C,(CN),] are listed in Table 3. The key differences 

between the [C,(CN)J structures are 1) the mode of bond- 
ing--through the interior N atoms for [MnTtBuPP]' as op- 
posed to the endo N atoms for [MnOEP]+-and 2) the almost 
perpcndicular (84.72") orientation for [MnTfBuPP]' in contrast 
to the tilted one for [MnOEP]' (32.1 '). 

The trcN absorptions at 2217 (w,br) and 2190 (m) cn1-I (Nu- 
jol) are in the range characteristic for [C,(CN)J ;[14b.c1 how- 
ever, they differ from isolated unbound [C,(CN),]' - (2185 (s) 
and 2168 (m) cm ~ 1)114b1 and eii~~[~-t,-ans-pu,-Mn-bound 
[C,(CN),]'- (2193 (s) and 2150 (s) cm-  ').['I They are character- 
istic for intcrior-N-/rnns-~i,-Mn-bound [C,(CN),]'-. Since the 
unit cell contains five equivalents of toluene, which are easily 
lost, the IR spectrum of the solvated solid was determined. The 
Cc-N absorptions are identical to that of samples that have lost 
substantial amounts of solvent; the gross structure is preserved. 

The reciprocal of the corrected magnetic susceptibility (z- ') 
and the magnetic moment (p )  of [MnTfBuPP][C,(CN),] be- 
tween 2-300 K are shown in Figure 3. Above ca. 50 K the sus- 
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Fig 3. Recipi-ocal molar magnetic susceptibility ( z - ' )  and magnetic niomrnt (11) a \  
ii function 01' temperature for polyci-yatalline [Mn"'TrBuPI']+LC,(CN),1'~. 

ceptibility can be fitted to the Curie--Weiss expression, X J C  1 ' 
( T  - O ) ,  with an effective 0 of - 13 K .  This is in contrast to the 
0 values of 61 and 67 K reported for the uniformly chained 
[MnTPP][TCNE][4, 51 and [MnOEP][C,(CN),] ,["I respectively. 
Furthermore, it is less than the 0 values reported for nonuni- 
formly chained [MI~OEPI[TCNE][~] and P-[M~PC][TCNE]['~] 
(2.5 and 12 K, respectively; Pc = phthalocyanine). The ob- 
served room-temperature effective moment [pe,,r(8zT)' '1 of 
4.91 pH is typical for this class of material.[4-6.9.1"1 No clear 
cvidence of long-range magnetic ordering is observed. 

T h l c  3. Coinparison of the intrachain and shortest intcrchain Mil.  

( C N j J -  and [MnOEP]'[C,(CN),]' [61 
Mn and Mn--- N diztances [A]. and Mn-N-C angles [deg] for  [MI~"~T~BUPP]-[C,- 

cation Mn . ' Mn Mn. . .  M n  Mn . . N  M n . . - N  I me rcha I n Q: Mn-N-C Q MiiOEP -C,(CNj, 
iii trachain [a] i t i  terchai 11 intracharn inlcrch:lin separations 

IM nOEP] 10.844 8.023 2.419 [b] 7.507 7.903 124 32 1 
12 132 10.731 11.319 
12.550 11 236 13.XO5 
14.385 

[MnTtBuI'P] * 10.685 16.137 2 351 Ib] 12.021 15.105 172.3 84.72 
16.034 11.487 15.669 
16.465 I S . 2 X O  16.137 
16.552 [b] 15.563 

[a] h axis. [b] Two equivalent distances. 



Magnetic Coupling 

Similar to many ferromagneticafly coupled molecule-based 
materials that contain [TCNE]'- ,12' 31 [C,(CN),]'- can also 
form materials with effective ferromagnetic coupling. 
[Mn"'OEP]+[C,(CN),]'- has a uniform chain repeat distance of 
10.844 8, and exhibits a large positive 0 value of 67 K. Hence, 
the negative 0 value for [Mn"'TtBuPP]+[C,(CN),]'- is unex- 
pected as it is inconsistent with the presence of the uniform 
. . . D+A'-D+A'- . . . chain. In the [Mn"'OEP]+ salt, the 

[C,(CN),J'- is bonded to Mn 
through the endo N atoms, 
namely, N 2 (see Table 2 for the 
atom labeling). This is in con- 
trast to the [Mn"'TtBuPP]+ 
salt, in which the Mn atoms are 
bonded to the N 3  interior ni- 
trogen atoms (Figure 4). The 
bonding of Mn to N 3 requires 
that the intrachain Mn . . . Mn 
separation is shorter than for 

Fig. 4. Jlluytration of the intcrior Mn bonding to N 2. This is 
N 3  bonding arrangement observed indeed observed. as the 
for antiferromagnetically coupled 

do N 2  bonding arrangement ob- [Mn"'TtBuPP]+ salt is 0.16 A 
scrved for strongly ferromagnetically shorter than in the 
coupled [Mn"'OEP]'[C,(CN),J ~. 

[Mn"'OEP]+ salt. Further- 

[Mni1lT,BuPP]+[C,(CN),]'~ and pn- Mn ' ' ' Mn separation in 

more, this suggests that the 
magnetic coupling would be enhanced for the [Mn"'TtBuPP]+ 
salt with respect to the [Mn"'OEP]+ salt if the Mn . . . Mn dis- 
tance is important. Owing to these anomalies, we thought that 
the spin distribution on the Mn-bonded N atoms might be suf- 
ficiently reduced to lower the intrachain spin coupling. This 
would be reflected in an attenuated 0 value. 

As has been reported for [TCNE]'-,1'61 absolute spin distri- 
butions can be directly determined from single-crystal polarized 
neutron diffraction, and the magnitude of spin distributions can 
be determined from analysis of the EPR spectra. The EPR-de- 
termined spin distribution for [C,(CN),]'- was reported, but it 
failed to include the spin distribution on C 2 and N 2 and provid- 
ed an unreasonably high value of 1.475 p R k 3  for N1 .[17] 

From the detailed study of the spin distribution of [TC- 
NE]'-,[161 we have found that density functional theory (DFT) 
MO calculations provide excellent agreement with experimental 
observations. Hence, the DFT computation of spin distribu- 
tions of the isolated [C,(CN),]'- ion was undertaken (Table 4, 
Figure 4). As observed for [TCNE]'-. the sp2-C and N atoms 
have positive spin distributions, while the sp-C atoms have neg- 
ative spin distributions; the magnitudes of the values are com- 
parable. The EPR-derived spin distributions["] for C 1, C 3, C 4, 
C 5, and N 3 are in agreement with the DFT results. However, 
the value for N 1 differs substantially.[18] The key insight from 
these results is that the N3 spin density (0.019 p R k 3 )  is more 
than five times less than that for N 2 and N 1 (0.104f 
0.002 p R k 3 ) .  This is consistent with a reduced spin coupling 
between Mn-N 3 in [Mn"'TtBuPP]+[C,(CN),I'- with respect 
to Mn-N2 in [Mn"'OEP]+[C,(CN),]'- and a lower 0 value for 
[Mn"'TtBuPP]+[C,(CN),]'-, in accordance with the Mc- 
Connell model. 

The negative effective 0 value for [Mn"'TtBuPP]+[C,- 
(CN)J is characteristic for antiferromagnetic coupling and is 

Cheni. Ezrr. J. 1997, 3, N u .  1 C VCH Verlugsgesellschu/l mhH, 1)-69451 W?itlhcirr 
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Table 4. Comparison of the experimental results with a b  initio calculations (hasls 
sets in parentheses). Experimental population valuea are scaled to )ield I pH per 
[TCNE]'- and [C,(CN)J 

Ff ITCNEl 
[ C K N b I  

[TCNE]'- [C,(cN),I'- 

(TZVP) (DZVP-LSD) (VZVP- LSD) 
Exp NLDFT D F T  EPR [I71 DFT 

c1 0.33 0.29 0.28 0.006 -0.026 
c2 ial -0.027 
c .; 0.003 -0.005 
c 4  -0.04 -0.04 -0.04 0.256 0.261 
c5 0.OXO 0.06Y 
N 1  0.13 0.15 0.14 1.475 0 107 
N 2  [a1 0.106 
N 3  0023 0.019 

(a] Not reported 

in contrast to the positive value for [Mn"'OEP]+[C,(CN),]'-. 
Since this class of compound exhibits strong intrachain antifer- 
romagnetic coupling, negative 0 values are expected from fitting 
the susceptibility data taken at high temperature to the Curie- 
Weiss expression. This is observed for [Mn"'TrBuPP]+[C,- 
(CN)J - .  For systems with greater antiferromagnetic coupling, 
such as [Mn"'OEP]+[C,(CN),]'-, data taken at higher tempera- 
tures are necessary to observe a negative 0. When the antiferro- 
magnetic coupling is sufficiently strong, O t 0  may not be evi- 
dent. However, at lower temperatures a linear region in x - ' ( T )  
is present, which, when fitted to the Curie-Weiss expression, 
leads to an effective 0 > 0 as observed for [Mn"'OEP]+[C,- 
(CN),]*- and [MnTPP]+[TCNE]'- . This signifies net ferromag- 
netic coupling in this temperature region. A similar region with 
0>0  is not observed for [Mn"'TtBuPP]+[C,(CN),]'- because it 
is obscured by the rapid decrease in XTbelow 20 K.  We attribute 
this rapid decrease to the effects of antiferromagnetic interchain 
interactions suppressing the susceptibility. 

Conclusion 

Although both [Mn"lTtBuPP]+[C,(CN),]'- and [Mn'"OEP]'- 
[C,(CN),]'- form uniform, linear-chain structures ' . D+A'-- 
D'A'- . . . , the former has the Mn atoms bound to the interior 
CN nitrogen atoms and exhibits weak antiferromagnetic 
(0 = - 13 K) coupling, while the latter has the Mn bound to 
endo CN nitrogen atoms and exhibits strong ferromagnetic 
(0 = 67 K) coupling. The weak magnetic coupling is attributed 
to the interior CN groups having a significantly lower spin den- 
sity than the outer ones (Figure 4). In addition, the differing 
orientation of [C,(CN),]'-- -almost perpendicular for [Mn"'- 
TtBuPP]+[C,(CN),]'- (84.7 I )  and substantially tilted for 
[Mn"'OEP]+[C,(CN),]'- (32.1 O)-may contribute to poorer 
overlap and weaker spin coupling, especially with regard to the 
overlap between the [C4(CN),J.- rc* and the Mn"' a ,  SOMO 
(dZ2) orbitals. However, several rehted [TCNE]'- -containing 
salts with comparable [TCNE]'- -MnN, dihedral angles 

z, 1997 0Y47-6S3Y/97iO3///-//14/ b' 1.5.00+ .2SiO 141 
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( > 83”) have double-digit positive ef‘fective 0 values, and not 
negative  value^.['^^ This suggests that orientational effects are 
not as important as the spin distribution for this material. 
Hence, in addition to a uniform chain structure.[” binding be- 
tween sites with large spin densities i s  needed to stabilize strong 
ferromagnetic coupling. Further studies are in progress to ascer- 
tain the relative importance of orientation and coupling to 
atoms with large spin densities. 
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