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Table VII. Shape-Determining Dihedral Angles (Deg) of 
[Co(terpy)BH,] (Based on Neutron Results) 

trigonal bipyramid 53.1 53.1 53.1 
[Co(terpy)BH,] 37.2 (3)“ 82.4 (3)41 17.9 (3) 
tetragonal pyramid 75.7 75.1 0 

middle ring differ sufficiently in shift to show a first-order 
coupling pattern. This behavior is most readily explained in 
terms of the magnetic characteristics of the compound, which 
has a solid-state susceptibility (Guoy method, corrected for 
diamagnetism) corresponding to an effective magnetic moment 
of 1.01 p e  at 299 K and 0.70 pB at 78 K.42 This weak 
paramagnetism in an essentially low-spin molecule could be 
responsible for shifting the resonances from their normal 
positions and could also account for the failure to observe l lB  
( I  = 3/2, 81% natural abundance) coupling to the tetra- 
hydroborato protons. This coupling normally results in the 
observation of these resonances as a quartet which collapses 
as the rate of quadrupolar spin-lattice relaxation increases, 
e.g., as the correlation time which characterizes the molecular 
tumbling is increased by lowering the t e m p e r a t ~ r e . ~ ~  The 
paramagnetism would provide another mechanism for in- 
creasing the rate of spin-lattice relaxation of the boron nuclei 
and would hence decouple them from the protons. The limited 
solubility of the molecule in inert solvents precluded varia- 
ble-temperature NMR studies. 

The origins of the weak paramagnetism are themselves 
interesting. The small temperature dependence is consistent 
with a TIP contribution, but the magnitude and temperature 

(42) Whitten, E.; Reiff, W., personal communication. 
(43) Marks, T. J.; Shimp, L. A. J.  Am. Chem. SOC. 1972, 94, 1542. 

dependence are rather large for that to be the sole origin of 
the moment. It seems likely that the observed magnetic be- 
havior arises from a combination of factors, e.g., the presence 
of a ground state which exhibits TIP together with a thermally 
accessible triplet state, but a definitive interpretation will only 
be possible after a much more complete study of the magnetic 
behavior. 

Solutions of [Co(terpy)BH4] are extremely air sensitive and 
decomposed even when exposed to prepurified argon, possibly 
by a chain reaction. In contrast, crystalline samples could be 
handled in air for several minutes without visible evidence of 
deterioration. The compound reacts readily with a wide variety 
of reagents, including organolithium compounds, alkyl halides, 
and donor ligands such as alkyl phosphines. The only tractable 
product which could be isolated from any of these reactions 
was the bis(terpyridine)cobalt dication, formed in several in- 
stances when an aqueous isolation procedure was used. 
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(Tetramethy1porphyrinato)nickel 7,7,8,8-Tetracyanoquinodimethane, Ni(TMP)TCNQ. 
Synthesis, Structure, and Physical Properties 
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Single crystals of the 1 : 1 charge-transfer complex (tetramethylporphyrinato)nickel(II) 7,7,8,8-tetracyanepquinodimethane, 
Ni(TMP)TCNQ, were afforded by the reaction of Ni(TMP) in benzene with TCNQ in acetonitrile. The compound crystallizes 
in the space grou C&-P21/n of the monoclinic system with four formula units in a cell of dimensions u = 17.542 (11) 

gives a final value of the conventional R index (on P) of 0.093 for 5190 observations. The conventional R index on F 
for 3095 reflections having F: > 3a(F:) is 0.053. The structure consists of stacks of alternating, parallel Ni(TMP) and 
TCNQ molecules which are tilted with respect to the stacking axis. The short intrastack interplanar spacing between Ni(TMP) 
and TCNQ molecules (-3.30 A) and the presence of two broad charge-transfer bands a t  9100 and 11 100 cm-I suggest 
that there is some charge-transfer interaction in the complex. The visible and middle-infrared spectrum of Ni(TMP)TCNQ 
is essentially a superposition of the spectra of the individual neutral component molecules, so the degree of charge transfer 
in Ni(TMP)TCNQ is small. An analysis of the bond distances in the TCNQ molecule indicates that the amount of charge 
transfer is less than 0.2 e. The Ni(TMP)TCNQ complex is diamagnetic, and the conductivity along the single-crystal 

A, b = 6.868 (5 )  w , c = 22.597 (13) A, and ,B = 98.42 ( 2 ) O  at  116 K. Full-matrix least-squares refinement of 407 variables 

needle axis is low (<lo” Q-I cm-I ). 

Introduction 
Charge-transfer complexes composed of various organic and 

inorganic donors and acceptors have been known for many 
years and have been the objects of much Formation 
of these complexes is assisted if the donors and acceptors are 
planar, conjugated molecules. Metalloporphyrins have an ideal 

(1) Andre, J. J.; Bieber, A.; Gautier, F. Ann. Phys. 1976, 1 ,  145-256. 
(2) Herbstein, F. H. Perspect. Struct. Chem. 1971, 4, 166-395. 

0020- 1669/82/ 132 1-01 99$01.25/0 

structure for forming charge-transfer complexes, and there 
have been several spectroscopic studies of charge-transfer 
complexes of metalloporphyrins with aromatic organic ac- 
ceptors.’* However, the main focus of these studies has been 

(3) Gouterman, M.; Stevenson, P. E. J.  Chem. Phys. 1962,37,2266-2269. 
(4) Mauzerall, D. Biochemistry 1965, 4 ,  1801-1810. 
(5) Sidorov, A. N. Theor. Exp. Chem. (Engl. Trunsl.) 1973, 9,435-439. 
(6) Barry, C. D.; Hill, H. A. 0.; Mann, B. E.; Sadler, P. J.; Williams, R. 

J. P. J .  Am. Chem. SOC. 1973, 95, 4545-4551. 
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on the behavior of the complexes in solution, and only in a few 
cases have they been isolated as 

Our interest in charge-transfer complexes involving me- 
talloporphyrins stems from our studies of quasi-one-dimen- 
sional systems displaying anisotropic physical properties. We 
have found that (tetramethylporphyrinato)nickel(II), Ni- 
(TMP) (I), reacts with iodine to form a highly electrically 

Pace, Ulman, and Ibers 

Table I. Summary of Crystal Data and Intensity Collection 

compd Ni(TMP)TCNQ 

formula weight 627.36 
space group C;h-P2,In 
cell: a 17.542 (11) A 

b 6.868 (5) A 
C 22.597 (13) A 
P 98.42 (2)" 
V 2693 A' 
Z 4 

formula N i C 3 6 H 2 4 N 8  

density: calcd (temp) 1.547 g/cm3 (116 Kja 

cryst shape 
obsdb (temp) 1.50 (2) g/cm3 (298 K) 

needle with faces of the forms 
{loo}, {OlO}, and {OOl}  
with separations of 0.109, 
0.806, and 0.060 mm, 
respectively 

cryst vol 0.00533 mm3 
radiation graphite-monochromated 

Mo Ka (h(Mo K a , )  = 
0.709 30 A) 

c1 1.65 cm-' 

takeoff angle 2.6" 
receiving aperture 

scan speed l"/min 
scan width 

bkgd counts 
data collected 

unique data 5190 
unique data with Fo2 2 3u(FO2) 3095 
final no. variables 407 
error in observations of unit weight 1.17 e' 

transmission factors 0.91-0.96 

5.5 mm hgh X 5.5 mm wide; 
34 cm from crystal 

1.2" below K a ,  to 0.85" 

40 s total with rescan optionC 
above Ka, 

rh,k > 0,l > 0; 3.4" 4 
28 4 51.5" 

I 

conducting linear chain system.I2 This has prompted us to 
explore the possibility of using acceptors other than iodine with 
the donor Ni(TMP) molecule. The organic acceptor tetra- 
cyancquinodimethane, TCNQ (11), has received much atten- 
tion because of the highly conductive complex it forms with 
the organic donor tetrathiafulvalene (TTF).l3>l4 We know 
of only one study of the interaction of TCNQ with metallo- 
porphyrins; in this case, charge-transfer complexes of Zn(T- 
PP)I5 and M(Etio-I)l5 (M = Ni, Cu, Zn, ClFe) were inves- 
tigated.5 Complex formation at low temperature was followed 
spectroscopically, but these complexes were unstable at room 
temperature and could not be isolated. 

In this paper, we report the preparation, structure, and 
physical properties of the 1 : 1 charge-transfer complex Ni- 
(TMP)TCNQ. This is the first such structure in which a 
metalloporphyrin is the donor molecule. l6 

Experimental Section 

Preparation of Ni(TMP)TCNQ. Ni(TMP) was prepared as de- 
scribed previously." TCNQ was purchased from Aldrich Chemical 
Co. and purified by sublimation. Crystals of Ni(TMP)TCNQ suitable 
for diffraction study were grown in an H-tube by diffusing together 
a benzene solution of Ni(TMP) and an acetonitrile solution of TCNQ. 
Elemental analyses were performed by Galbraith Laboratories and 
gave results corresponding to a 1:l stoichiometry. Anal. Calcd for 

(7) Walker, F. A. J .  Mugn. Reson. 1974, 15, 201-218. 
(8) (a) Fulton, G. P.; La Mar, G. N. J .  Am. Chem. SOC. 1976, 98, 

2119-2124. (b) Fulton, G. P.; La Mar, G. N. Ibid. 1976, 98, 
21 24-21 28. 

(9) Treibs, A. Ann. Chem. 1929, 476, 1-60. 
(IO) (a) Hill, H. A. 0.; Macfarlane, A. J.; Williams, R. J. P. J .  Chem. SOC. 

Chem. Commun. 1967, 905-906. (b) Hill, H. A. 0.; Macfarlane, A. 
J.; Williams, R. J. P. J .  Chem. SOC. A 1969, 1704-1707. 

(1 1) Grigg, R.; Trocha-Grimshaw, J.; King, T. J. Chem. SOC., Chem. Com- 
mun. 1978, 571-572. 

(12) Pace, L. J.; Martinsen, J.; Ulman, A,; Hoffman, B. M.; Ibers, J. A., to 
be submitted for publication. 

(13) Ferraris, J. Cowan, D. 0.; Walatka, V.; Perlstein, J. J.  Am. Chem. SOC. 
1973, 95, 948-949. 

(14) Coleman, L. B.; Cohen, M. J.; Sandman, D. J.; Yamagishi, F. G.; 
Garito, A. F.; Heeger, A. J. Solid State Commun. 1973, 12, 1125-1 132. 

(15) Abbreviations used: TMP, 5,10,15,20-tetramethylporphyrinato; TPP, 
5,10,15,20-tetraphenylporphyrinato; TPrP, 5,10,15,20-tetra-n-propyl- 
porphyrinato; OEP, 2,3,7,8,12,13,17,18-octaethylporphyrinato; Etio-I, 
2,7,12,17-tetramethy1-3,8,13,18-tetraethylporphyrinato; Deut, 
2,7,12,18-tetramethyl-3,8-diacetyl- 13,17-bis(2-carboxyethyl)- 
porphyrinato; TCNQ, 7,7,8,8-tetracyano-p-quinodimethane; TTF, tet- 
rathiafulvalene. 

( 16) There are, however, two structurally characterized metalloporphyrin T 
complexes which do not have a 1:l stoichiometry: the 1:2 *-complex 
between Ni(Etio-I)Is and tetrafluorenone" in which the porphyrin is 
actin as a donor and the 2:l *-complex between M(TPP)lS (M= 
Mn,4fa Cr4&) and two toluene molecules of solvation in which the 
porphyrin is acting as an acceptor. 

(17) Ulman, A,; Gallucci, J.; Fisher, D.; Ibers, J. A. J .  Am. Chem. Soc. 1980, 
102, 6852-6854. 

- 
0.09 3 R w  Ifor last cycle on ~~2 0.125 

R )on F ,  for data 0.05 3 
R ,  I witi  F,, 2 3 4 ~ ~ ~ )  0.055 

' The low-temperature system is based on a design by J. C. 
Huffman (Ph.D. Thesis, lndiana University, 1974). Flotation 
in ZnCl,/H,O. 
oriented Vanderbilt system (Lenhert, P. G. J. Appl. Crystallogr. 

The diffractometer was run under the disk- 

1975, 8, 568-570). 

C3,H,N8Ni: C, 68.92; H, 3.86; N, 17.86; Ni, 9.36. Found: C, 69.01; 
H, 3.82; N, 17.68; Ni, 9.35. This stoichiometry was later confirmed 
by the X-ray structure determination. 

Instrumentation. Infrared spectra were recorded on a Perkin-Elmer 
283 double-beam spectrometer. Visible and near-infrared spectra were 
obtained with a Cary Model 14 recording spectrophotometer. Solid 
samples were examined in KBr pellets and as Nujol mulls between 
KBr plates. Four-probe single-crystal conductivity measurements were 
made along b, the needle axis, using procedures described previously.18 
The small dimensions (-0.1 mm) of the crystal in directions per- 
pendicular to the b axis precluded any other single-crystal conductivity 
measurements. Magnetic susceptibility measurements were carried 
out on a powder sample by the Faraday method. Electron para- 
magnetic resonance measurements were made at  room temperature 
and 77 K on both single crystal and powder samples using a modified 
Syva Frat X-band spectrometer. 

Crystallographic Data for Ni(TMP)TCNQ. On the basis of 
Weissenberg and precession photographs, crystals of Ni(TMP)TCNQ 
were assigned to the Laue group 2/m. Systematic absences were 
observed for h01, h + I odd, and OM),  k odd, consistent with the space 
grou c,, ,/n. The cell constants of a = 17.542 (1 1) A, b = 6.868 
( 5 )  1, c =;::97 (13) & and @ = 98.42(2)" at  116 K were determined 
by a least-squares refinement of the setting angles of 13 reflections 
on a FACS-I diffractometer. 

Intensity data were collected at 116 (2) K with use of the 8-28 scan 
technique and graphite-monochromated Mo Ka  radiation." The 

(18) Phillips, T. E.; Scaringe, R. P.; Hoffman, B. M.; Ibers, J.  A. J .  Am. 
Chem. SOC. 1980, 102, 3435-3444. 
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Figure 1. Stereoview of a unit cell of Ni(TMP)TCNQ. The x axis is pointing toward the top of the page, the y axis is perpendicular to the 
paper pointing toward the reader, and the z axis is horizontal to the right. Vibrational ellipsoids are at the 50% probability level. H atoms 
have been omitted. 

intensities of six standard reflections measured after every 100 re- 
flections showed no evidence of crystal decomposition over the course 
of data collection. Of the total 5798 reflections collected, 5190 were 
unique and 3095 were found to have F,' > 347,'). Crystal data and 
experimental details are given in Table I. The data were processedzo 
with use of a value of 0.04 for p in the estimation of standard de- 
viations. Intensities were corrected for Lorentz and polarization factors 
and absorption.21 

Solution and Refmement of the Structure. The positions of all 
nonhydrogen atoms were located with the use of direct methods.21 
Initial cycles of refinement were carried out on IFol, using the 3095 
reflections having F,' > 30(F,'). The function minimized was Cw(lFoI 
- where lFol and lFcl are the observed and calculated structure 
amplitudes, and the weight w is 4F,2/u2(F,2). Refinement of an 
isotropic model converged to values of 0.074 and 0.087 for R and R,, 
respectively. 

The final cycles of refinement were carried out on FOz using all 
5 190 reflections and included anisotropic thermal parameters for all 
nonhydrogen atoms. Hydrogen atom positions were located in Fourier 
difference maps; their idealized positions (C-H = 0.95 %.) were used 
and not varied. The isotropic thermal parameter of a hydrogen atom 
was assumed to be 1.0 A* greater than that of the carbon atom to 
which it is attached. The final values for R and R, on F: are 0.093 
and 0.125, respectively. The values for R and R, on F, for the 
reflections having FO2 > 3u(F:) are 0.053 and 0.055, respectively, 
A final difference Fourier map is essentially featureless. 

The final positional and thermal parameters appear in Table 11, 
and the root-mean-square amplitudes of vibration are in Table IILZ2 
A listing of observed and calculated structure amplitudes is also 
available.22 
Structural Resuits 

Description of the Structure. The structure consists of al- 
ternating Ni(TMP) and TCNQ molecules which stack along 
the b axis. A stereoview of the packing in the unit cell is shown 
in Figure 1. Intramolecular distances and angles are given 
in Tables IV and V. 

The Ni(TMP) Molecule. A drawing of the Ni(TMP) 
molecule showing the labeling scheme and bond distances is 
presented in Figure 2. Best weighted least-squares planes are 
given in Table VI. The coordination about the Ni  atom is 
essentially square planar with a standard deviation of only 

See, for example: Waters, J. M.; Ibers, J. A. Inorg. Chem. 1977, 16, 
3273-3217. 
Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967, 6, 
197-204. 
The Northwestern absorption program, AGNOST, includes both the 
Coppens-Leiserowitz-Rabinovich logic for Gaussian integration and the 
Tompa analytical method. Other programs for the Northwestern CDC 
6600 computer and the Lawrence Berkeley Laboratory CDC 7600 
computer include Zalkin's FORDAP Fourier summation program, John- 
son's ORTEP-II thermal ellipsoid plotting program, Busing and Levy's 
ORFFE error function program, and the MULTAN78 package of Main. 
Our full-matrix least-squares program, NUCLS, in its nongroup form, 
closely resembles the Busing-Levy ORFLS program. 
Supplementary material. 

Figure 2. Drawing of the Ni(TMP) molecule with labeling scheme 
and bond distances. Vibrational ellipsoids are drawn at the 50% 
probability level. H atoms have been omitted. 

0.006 A for the best least-squares plane through the Ni  atom 
and its four coordinated pyrrole N atoms. The four pyrrole 
rings deviate only slightly from planarity with the angles be- 
tween the planes of adjacent rings ranging from 3.00 to 8.59'. 
The Ni(TMP) molecule is slightly more ruffled than other 
planar nickel porphyrins such as N i ( D e ~ t ) * ~  and the triclinic 
form of Ni(OEP),24 which have angles between adjacent 
pyrrole groups of 1.9-5.2 and 2.1', respectively. In contrast, 
S4-ruffled porphyrins such as the tetragonal form of Ni(OEP)*' 
have angles between adjacent pyrrole groups of approximately 
30'. 

The Ni(TMP) molecule has no crystallographically imposed 
symmetry; however, chemically equivalent bond distances and 
angles agree very well, and their averaged values are included 
in Table VII, along with similar data for several other nick- 
el(I1) porphyrins. All bond distances and angles of the Ni- 
(TMP) molecule from Ni(TMP)TCNQ agree within exper- 
imental error with those of the unreacted Ni(TMP) mole- 
c ~ l e , ' ' * ~ ~  as can be seen in Table VII. The Ni-N bond dis- 
tance of 1.950 (4) A is in the range expected for a planar nickel 
porphyrin. The only significant difference between the 
meso-substituted Ni(TMP) molecule and the pyrrole-substi- 
tuted Ni(Deut) and Ni(0EP) molecules is the larger M-C, 
distance in Ni(TMP). This lengthening was noted previous- 

~ 

(23) Hamor, T. A.; Caughey, W. S.; Hoard, J.  L. J .  Am. Chem. SOC. 1965, 

(24) Cullen, D. L.; Meyer, E. F., Jr. J.  Am. Chem. Soc. 1974,96,2095-2102. 
(25) Meyer, E. F., Jr. Acta Crystallogr. Sect. 8 1972, 828, 2162-2161. 
(26) Gallucci, J.; Ibers, J. A. Acta Crystallogr., in press. 

87, 2305-2312. 
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Table 11. Positional and Thermal Parameters for the Atoms of Ni(TMP)TCNQ 
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135  2.H H2C1221 ,747 ,448 ,840  3.1 
.ti43 2.4 H3CI22l a 8 0 5  -416 ,906 3.1 
,973 2.7 HlCl231 ,821 ,544 ,541 3 .3  
.952  2.8 H?C 1231 ,816 .320 .534 3 . 3  
. 7 < 7  2.h H3C 1231 ,761 ,424 ,570 3 . 3  
-647 3.0 HlCl241 1.22Y -041 ,639 3.4 
.514 1.3 HZCl24) 1.177 .115 ,582 3 . 4  

- 5 3 4  2.9 H7Cl24) 1.232 -258 ,620 3.4 

.554 2.7 HICl261 1.113 -731 ,717 2.4 
,970  2.7 HlCl27l 1.122 .743 .a20 2.5 
e951 2.7 HICl29l ,895 ,917 ,805 2.6 
, 0 7 7  3.1 HlCl301 ,884 ,898 . 7 0 2  2.6 

a Estimated standard deviations in the least significant figure(s) are given in parentheses. The form of the anisotropic thermal ellipsoid 
is exp[-(Bllh2 + B22k2 + B33P + 2B12hk + 2B13hI + 2B23kI)I. The quantities given in the table are the thermal coefficients X IO4. 

ly27*28 in comparisons of meso- and pyrrole-substituted por- 
phyrins and has been attributed to the fact that substitution 
at the meso position keeps the methine carbon atom from 
moving closer to the porphyrin center.2s The increase in the 
M-C, distance is accompanied by a decrease of the C,-C,-C, 

(27) Lauher. J.  W.; Ibers, J. A. J .  Am. Chem. SOC. 1973, 95, 5148-5152. 
(28) Cullen, D. L.; Meyer, E. F., Jr. Acta Crystallogr. Sect. B 1973, 829, 

2507-2515. 

angle as well as an increase in the N-C,-C, angle. The 
meso-substituted porphyrin C U ( T P ~ P ) ~ ~  shows structural 
trends similar to those observed for Ni(TMP). 

The TCNQ Molecule. A drawing of the TCNQ molecule 
is presented in Figure 3, and the best weighted least-squares 
planes are given in Table VIII. Although the quinonoid ring 

(29) Moustakali, I . ;  Tulinsky, A. J .  Am. Chem. SOC. 1973,95,6811-6815. 
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Table IV. Bond Distances (A) in Ni(TMP)TCNQ 

atoms dist atoms dist 

Ni-N( 1) 
Ni-N(2) 
Ni-N(3) 
Ni-N(4) 
Ni-N 

N(l)-C( 1) 

W ) - C ( 6 )  
~ ( 1 ) - ~ ( 4 )  

~ ( 2 ) - ~ ( 9 )  
N( 3)-C( 11) 
N(3)-C( 14) 
N(4)-C( 16) 
N(4)-C(19) 
N-Cab 

C( l)-C( 2) 
C(3)-C(4) 
C(6)-C(7) 
C(8)-C(9) 
C(ll)-C(12) 
C( 13)-C( 14) 
C( l6)-C( 17) 
C( 1 8)-C( 19) 
ca-cb 

C( 2)-C( 3) 
C(7)-C(8) 
C( 12)-C( 13) 
C( 17)-C( 18) 
cb-cb 

C( 4)-c (5 1 
C(5)-C(6) 
C( 9)-C( 10) 
C(lO)-C(ll) 

1.954 (4) 
1.949 (3) 
1.951 (4) 
1.948 (3) 
a\P = 1.950 (4) 

1.392 (5) 
1.386 (5) 
1.380 (5) 
1.394 (5) 
1.388 (5) 
1.393 (5) 
1.379 (5) 
1.392 (5) 
av = 1.388 (6) 

1.434 (6) 
1.442 (6) 
1.430 (6) 
1.441 (5) 
1.436 (6) 
1.428 (6) 
1.430 (5) 
1.438 (6) 
av= 1.435 (6) 

1.336 (6) 
1.342 (6) 
1.342 (6) 
1.338 (6) 
av= 1.339 (6) 
1.383 (6) 
1.383 (6) 
1.375 (6) 
1.382 (5) 

‘ Average values are weighted. 

C(14)-C(15) 
C( 15)-C( 16) 
C( 19)-C(20) 
C(2O)-C(1) 
Ca-Cm 
C(5)-C(21) 
C(lO)-C(22) 
C( 15)-C(23) 
C(20)-C(24) 
cmcMe 
Ni-C(5) 
Ni-C( 10) 
Ni-C(l5) 
Ni-C( 20) 
Ni-Cm 

C( 29)-C( 30) 
bond ac 

C( 25)-C( 26) 

C( 26)-C( 27) 

C( 27)-C( 2 8) 
C( 28)-C(29) 
C( 30)-C(25) 
bond b 

C(25)-C(31) 
C(28)-C(32) 
bond c 

C(31)-C(36) 

C( 32)-C( 34) 
bond d 

C(3 1)-C(35) 

C(32)-C(33) 

N(5)-C( 3 3) 
N(6)-C( 34) 
N(7)-C( 35) 
N( 8)-C(36) 
bond e 

In this and sub 

1.375 (6) 
1.388 (6) 
1.373 (6) 
1.381 (5) 
av = 1.380 (6) 

1.509 (5) 
1.508 (6) 
1.515 (6) 
1.513 (6) 
av= 1.511 (6) 

3.432 (4) 
3.431 (4) 
3.429 (4) 
3.425 (4) 
av = 3.429 (4) 

1.340 (5) 
1.353 (6) 
av= 1.346 (9) 
1.439 (6) 
1.426 (6) 
1.440 (6) 
1.445 (6) 
av= 1.437 (8) 

1.374 (5) 
1.388 (6) 
av= 1.381 (10) 
1.433 (6) 
1.428 (6) 
1.429 (6) 
1.436 (6) 
av= 1.431 (6) 

1.138 (5) 
1.140 (5) 
1.144 (5) 
1.150 (5) 
av= 1.143 (5) 

lsequent tables, 
the error is taken to be the larger of the unweightedestimated 
standard deviation of a sin le observation and that estimated 
from the inverse matrix. 
Science (Washington D.C) 1971, 174, 1295-1302. 
the TCNQ molecule are labeled according to the nomenclature 
of Flandrois and Chasseau (ref 30). 

The notation is that of: Hoard, J. L. 
Bonds for 

Figure 3. Drawing of the TCNQ molecule with labeling scheme and 
bond distances. Vibrational ellipsoids are drawn at the 50% probability 
level, and H atoms have been omitted. 

of the TCNQ molecule is essentially planar, the molecule as 
a whole is nonplanar. The two dicyanomethylene groups are 
tilted in opposite directions and form angles of 1.69 and 2.14’ 
with the quinonoid ring. In addition, two of the C-CEN 
groups are significantly nonlinear with CCN angles of 177.9 
(5) and 178.1 (4)’. 

The weighted means of chemically equivalent but crystal- 
lographically independent bond lengths and angles have been 
included in Tables IV and V. It is possible to correlate the 
amount of charge transferred to the TCNQ molecule with the 
bond lengths of the molecule.* Structural parameters for 

0- 

Figure 4. Projection of the structure of Ni(TMP)TCNQ onto the 
ab plane. The stacking direction is parallel to the 6 axis. 

several TCNQ systems are presented in Table IX and are 
labeled a-e according to the nomenclature of Flandrois and 
C h a ~ s e a u . ~ ~  The structure of Ni(TMP)TCNQ was deter- 
mined at 116 K. Since most of the previous structures of 
TCNQ systems were determined at room temperature, com- 
parisons must be made with caution, as some foreshortening 
of bond lengths in the room-temperature structures is expected. 
However, Blessing and Coppens” found that the bond lengths 
of TCNQ in (TTF)(TCNQ) at 100 K are not significantly 
different from the room-temperature values32 (see Table IX), 
so the temperature dependence of these structural parameters 
may be small. The length of bond “cn appears to be most 
sensitive to the charge on the TCNQ molecule,30 and the value 
of 1.380 (IO) A for bond “c” in Ni(TMP)TCNQ suggests that 
the amount of charge transfer is small. Flandrois and 
Chasseau have quantified the correlation between the degree 
of charge transfer and the bond lengths in TCNQ and have 
found that the differences (k) and (c-d) vary linearly with 
the amount of charge transferred to the TCNQ molecule. For 
a charge transfer of 0 (neutral TCNQ),33 (k) and (4) are 
0.069 and -0.062 A, respectively, while for a charge transfer 
of -1 (e.g., TCNQ- in RbTCNQ),34 both quantities are 0 A. 
For TCNQ in Ni(TMP)TCNQ, (b-c) and (c-d) are 0.056 
and -0.050 A, respectively, and both values correspond to a 
charge on TCNQ of slightly less than 0.2 e. Flandrois and 
Chasseau consider a charge transfer of less than 0.2 e to be 
indicative of a nonionic charge-transfer complex. 

Description of the Stacking. The structure of Ni(TMP)- 
TCNQ consists of mixed donor-acceptor stacks, as is typical 
for 1 : 1 neutral, Mulliken-type a-molecular complexes.35 This 
packing arrangement has been observed for charge-transfer 
complexes of TCNQ with planar organic donor molecules36 
and with transition-metal complex donors.3741 The Ni(TMP) 

(30) Flandrois, S.; Chasseau, D. Acta Crystallogr., Sect. B 1977, 833, 

(31) Blessing, R. H.; Coppens, P. Solid State Commun. 1974, 15, 215-221. 
(32) (a) Phillips, T. E.; Kistenmacher, T. J.; Ferraris, J. P.; Cowan, D. 0. 

J. Chem. SOC., Chem. Commun. 1973,471-472. (b) Kistenmacher, T. 
J.; Phillips, T. E.; Cowan, D. 0. Acta Crystallogr., Sect. B 1974,830, 
763-768. 

(33) Long, R. E.; Sparks, R. A.; Trueblood, K. N. Acta Crystallogr. 1965, 
18, 932-939. 

(34) Hoekstra, A.; Spoelder, T.; Vos, A. Acta Crystallogr., Sect. B 1972, 
828, 14-25. 

(35) Wallwork, S. C. J .  Chem. SOC. 1961, 494-499. 
(36) Numerous structural examples are given in ref 1 and 2. A more recent 

example may be found in: Shaanan, B.; Shmueli, U. Acta Crystallogr., 
Sect. B 1980,836, 2076-2082. 

(37) Keller, H. J.; Leichert, I.; Megnamisi-Belombe, M.; Nbthe, D.; Weiss, 
J. 2. Anorg. Allg. Chem. 1977, 429, 231-236. 

(38) Mayerle, J. J. Znorg. Chem. 1977, 16, 916-919. 
(39) Williams, R. M.; Wallwork, S. C. Acfa Crysrallogr. 1967, 23, 448-455. 
(40) Matsumoto, N.; Nonaka, Y.; Kida, S.; Kawano, S.; Ueda, I. Inorg. 

Chim. Acta 1979, 37, 27-36. 
(41) Cassoux, P.; Gleizes, A. Znorg. Chem. 1980, 19, 665-672. 

2744-27 50. 
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Table V. Bond Angles (Deg) in Ni(TMP)TCNQ 

Pace, Ulman, and Ibers 

atoms angle atoms angle atoms angle 

N(l)-Ni-N(2) 89.9 (1) C(I)-C(2)4(3) 107.9 (4) C(25)-C(26bC(27) 121.2 (4) 
N(2j-Ni-Ni 3 j 
N( 3)-Ni-N(4) 
N(4)-Ni-N( 1) 
N-Ni-N 

Ni-N( l)-C( 1) 
Ni-N( 1)-C(4) 
Ni-N( 2)-C(6) 
Ni-N( 2)-C(9) 
Ni-N( 3)-C( 11) 
Ni-N( 3)-C( 14) 
Ni-N(4)-C( 16) 
Ni-N(4)-C( 19) 
Ni-N-Ca 

c ( 1 ) - ~ ( 1 ) - ~ ( 4 )  
C(6)-N( 2)-C(9) 
C(ll)-N(3)-C(l4) 
C( 16)-N(4)-C( 19) 
Ca-N-Ca 

N( l)-C(lPW) 
N( l)-CW-C( 3) 
N(2)-C(6)-C(7) 
N(2)-C(9)-C(8) 
N(3)-C(ll)-C(l2) 
N(3)-C( 14)-C( 13) 
N(4)C(16)-C( 17) 
N(4)-C(19)-C( 18) 
N - c a - c b 

Nl)-C(l)-C(20) 
N(l)-C(4)-C(5) 
N(2)-C(6)-C(5) 
N( 2)-C( 9)-C( 10) 
N(3)-C(ll)-C( 10) 

N(4)-C(16)-C( 15) 
N(4)-C( 19)-C( 20) 
N-CaCm 

N(3)-C(14)-C( 15) 

90.0 i 1 j 
90.0 (1) 
90.1 (1) 
av = 90.0 (1) 

127.4 (3) 
127.7 (3) 
127.5 (3) 
127.6 (3) 
127.8 (3) 
128.0 (3) 
127.7 (3) 
127.6 (3) 
av= 127.7 (3) 

104.8 (3) 
104.8 (3) 
104.2 (3) 
104.6 (3) 
av= 104.6 (3) 

109.9 (3) 
110.3 (3) 
110.7 (4) 
109.7 (4) 
110.8 (3) 
110.3 (3) 
110.4 (4) 
110.2 (4) 
av=110.3(4) 

125.9 (4) 
126.5 (4) 
127.2 (4) 
126.5 (4) 
126.3 (4) 
126.0 (4) 
126.7 (4) 
126.5 (4) 
av= 126.5 (4) 

C(2)-C(3)-C(4) 

C(7)-C(8)-C(9) 
C( 1 l)-C( 12)-C( 13) 

C( 16)-C( 17)-C( 18) 
C(17)-C(18)-C(19) 
Ca-Cb-Cb 

C(2)-C(l)-C(20) 
C(3)-C(4)-C(5) 
CU)-C(6)-C(5) 
C(@-C(9)-C( 10) 
C(12)-c(I l)-C(lO) 
C(13)-C(14)<(15) 
C( 17)-C(16)-C( 15) 
C( 18)-C( 19)-C(20) 
Cb-caqm 
C(4)-C(5)-C(6) 
c(9)-c(lo)-c(l l)  
C( 14)-C( 15)-C( 16) 
C( 19)-C( 20)-C( 1) 
ca-cm-ca 
C(4)-C(5)-CW) 
C(6)-C(5)-C(2 1) 
C(9)-C( 10)-C(22) 
C(1 I)-C(lO)-C(22) 
C( 14)-C( 15)-C(23) 
C( 16)-C( 15)-C(23) 
C( 19)-C( 20)-C( 24) 
C( l)-C(2O)-C(24) 
Ca-Crn-CMe 

C(6)-C(7)-C(8) 

C(12)-C(13)-C(14) 

and TCNQ molecules are nearly parallel, with a dihedral angle 
between their best planes of only 0.8'. The molecular planes 
are tilted with respect to the stacking (b)  axis, as shown in 
Figure 4. The angle between the stacking axis and the normal 
to the molecular planes is approximately 17', which is close 
to the 20-30' angle typically observed for charge-transfer 
complexes of this type.2 The intrastack interplanar spacing 
between donor and acceptor molecules (as defined by the 
distance between the Ni(TMP) nickel atom and the best 
least-squares plane of the TCNQ quinonoid ring) is alternately 
3.29 and 3.30 A. This is well within the 3.2-3.5-A range taken 
by Herbstein2 to indicate donor-acceptor charge-transfer in- 
teraction. 

It has been noted42 that if both the donor and acceptor 
molecules in a x complex have a long molecular axis, these 
axes tend to line up when the molecules stack. Most of the 
structurally characterized TCNQ x complexes have involved 
donors which have a long molecular axis. The Ni(TMP) 
moiety has four-fold symmetry, and consequently the TCNQ 
molecule could assume a variety of orientations relative to it. 
The two types of overlap which occur between adjacent Ni- 
(TMP) and TCNQ molecules in a stack are shown in Figure 
5 ,  which is a view perpendicular to the Ni(TMP) molecular 
plane. The overlap shown in Figure 5b is similar to that 
observed in the bis(to1uene) solvates of M(TPP) systems43 

(42) Mayerle, J. J.; Torrance, J. B.; Crowley, J. I. Acta Crystallogr., Sect. 
B 1979, 835, 2988-2995. 

(43) (a) Kirner, J. F.; Reed, C. A.; Scheidt, W. R. J .  Am. Chem. Soc. 1977, 
99, 1093-1101. (b) Scheidt, W. R.; Kastner, M. E.; Hatano, K. Inorg. 
Chem. 1978,17,706-710. (c) Scheidt, W. R.; Reed, C. A. Ibid. 1978, 
17, 71C-714. 

107.1 (3) 
107.3 (4) 
107.4 (4) 
106.7 (4) 
107.9 (4) 
107.9 (4) 
106.8 (4) 
av = 107.4 ( 5 )  

124.0 (4) 
123.2 (4) 
122.1 (4) 
123.7 (4) 
122.8 (4) 
123.7 (4) 
122.8 (4) 
123.3 (4) 
av = 123.2 (6) 

120.7 (4) 
121.5 (4) 
121.5 (4) 
121.9 (4) 
av = 121.4 (5) 

120.5 (4) 
118.7 (4) 
119.1 (4) 
119.4 (4) 
120.0 (4) 
118.5 (4) 
118.7 (4) 
119.4 (4) 
av= 119.3 (7) 

ci26j-ci27j-ci28j 
C(28)-C(29)-C( 30) 
C( 29)-C( 30)-C( 25) 

C ( 2 6)-C ( 2 9 - C  ( 3 0) 
C(27)-C(28)-C(29) 

C(26)-C(25)-C(31) 
C(30)-C(25)-C(3 1) 
C(27)-C(28)-C( 32) 
C( 29)-C( 28)-C(32) 

C(35)-C( 31)-C(36) 
C(33)-C(32)-C(34) 

C(32)-C( 33)-N(5) 
C(32)-C( 34)-N(6) 
C( 31)-C( 35)-N(7) 
C(31)-C( 36)-N(8) 

121.1 i4j 
120.7 (4) 
120.6 (4) 
av = 120.9 (4) 

117.9 (3) 
118.5 (4) 
av= 118.2 (5)  

121.3 (4) 
120.8 (4) 
121.2 (4) 
120.2 (4) 
av= 120.9 (4) 

122.7 (4) 
120.7 (4) 
121.4 (4) 
121.3 (4) 
av= 121.5 (8) 

116.6 (4) 
117.3 (4) 
av= 117.0 (5) 

179.7 (5) 
177.9 (5) 
179.1 (5)  
178.1 (4) 
av= 178.6 (9) 

Figure 5. Projection of the TCNQ molecule at  (a) x, y ,  z and (b) 
x ,  y - 1,  z onto the molecular plane of Ni(TMP). 

where the pyrrole nitrogen atom of the porphyrin bisects a 
bonded pair of carbon atoms from the six-membered ring. The 
relative orientation of donors and acceptors in the stack results 
from maximizing orbital overlap and minimizing unfavorable 
steric interactions. We cannot draw any conclusions regarding 
which of these two interactions is the more influential in de- 
termining the molecular orientation in this particular case; 
however, the overlap diagrams in Figure 5 ,  as well as the short 
nonbonded distances, which are given in Table X, do give an 
indication of possible donor-acceptor interactions. There are 
three intrastack nonhydrogen contacts which are shorter than 
the interplanar spacing: C(l)-C(26) = 3.26 A, C(7)-C(33) 
= 3.26 A, and N(3)-C(20) = 3.28 A. The closest interstack 
nonhydrogen contacts are C(17)-N(8) and C(3)-N(8) at 3.38 
and 3.43 A, respectively. 

The possibility of interaction between the Ni d> orbital and 
the TCNQ x* orbital is of particular interest since Ni- 
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Table VI. Least-Squares Planes for Ni(TMP) in Ni(TMP)TCNQ 
Deviations (A) from Planes 

atoms Ni(TMP) molecule NiN, pyrrole 1 pyrrole 2 pyrrole 3 pyrrole 4 
plane 1 2 3 4 5 6 

Ni 0.001 (1) 0.000 (1) 
N(1) -0.001 (4) -0.008 (4) -0.008 (3) 
N( 2) -0.007 (4) 0.006 (4) -0.004 (4) 
N(3) -0.013 (4) -0.008 (4) 0.009 (4) 
N(4) 0.021 (4) 0.006 (4) 0.006 (4) 
C(1) -0.096 (5) 0,010 (5) 
C(2) -0.186 (5) -0.004 (5) 
C( 3) -0.124 (5) -0.004 (5) 
C(4) 0.009 (4) 0.010 (4) 
C(5) 0.1 16 (5) 
C(6) 0.068 (5) 
(37) 0.045 (5) 
(38) -0.070 (5) 
C(9) -0.073 (4) 
C(10) -0.076 (5) 
C(1 1) -0.001 (5) 

0.096 (5) 
(313) 0.091 (5) 
(314) 0.019 (5) 
C(15) -0.006 (5) 
C(16) 0.019 (5) -0.004 (5) 

0.040 (5) -0.002 (5) 
0.008 (5) 

C( 19) 0.019 (5) -0.009 (5) 
C(20) -0.011 (5) 
C(21) 0.246 (5) 
C(22) -0.144 (5) 
C(23) -0.089 (5) 
C(24) 0.028 (5) 

std dev 0.061 0.006 0.007 0.008 0,009 0.006 

~ ( 1 7 )  cw)  0.05 3 (5) 

Plane Equation: A x  + By + Cz = D 

-0.001 (5) 
0.010 (5) 

-0.013 (5) 
0.010 (4) 

-0.015 (4) 
0.011 (5) 

-0.001 (5) 
-0.008 (5) 

plane no. A B C D planeno. A B C D 
1 5.155 6.564 -1.226 6.364 4 3.987 6.686 -1.220 5.246 

3 6.459 6.378 -2.207 7.021 6 5.081 6.573 -0.941 6.495 
2 5.082 6.573 -1.067 6.414 5 5.952 6.460 -1.037 7.148 

Interplanar Angles (Deg) 

plane no. plane no. angle plane no. plane no. angle plane no. plane no. angle 

1 2 0.45 2 3 
1 3 4.91 2 4 
1 4 3.99 2 5 
1 5 2.88 2 6 
1 6 0.74 3 4 

Table VII. Averaged Bond Lengths (A) and Angles (Deg) of 
Selected Nickel Poruhvrins 

Ni(0EP) bond Ni(TMP)- 
parameter TCNQ" Ni(TMP)& triclinic' tetragonald 

Ni-N 1.950 (4) 1.959 (10) 1.958 (2) 1.929 (3) 
N-Ca 1.388 (6) 1.388 (4) 1.376 (6) 1.386 (4) 
ca-cb 1.435 (6) 1.439 (5) 1.443 (4) 1.449 (5) 
cb-cb 1.339 (6) 1.341 (10) 1.346 (4) 1.362 (5) 
Ca-Cm 1.380 (6) 1.381 (7) 1.371 (4) 1.373 (5) 
Ni-C, 3.429 (4) 3.427 (4) 3.381 (3) 3.355 (4) 
Ni-Ni-N 90.0 (1) 90.00 (9) 90.15 (9) 90.0 (1) 
Ni-N-C, 127.7 (3) 127.6 (2) 128.0 (2) 127.4 (2) 
Ca-N-C, 104.6 (3) 104.7 (3) 103.9 (4) 105.1 (3) 
N-Ca-Cb 110.3 (4) 110.3 (3) 111.6 (3) 110.6 (2) 
N-C,-Cm 126.5 (4) 126.1 (6) 124.4 (3) 124.0 (2) 

Cb-Ca-Cm 123.2 (6) 123.5 (6) 124.1 (4) 125.0 (2) 
Ca-Cm-Ca 121.4 (5) 122.2 (2) 125.1 (3) 124.1 (2) 

Ca-Cb-Cb 107.4 (5) 107.3 (3) 106.5 (4) 106.8 (3) 

(I This work; 116 K. Reference 17; 123 K. ' Reference 24; 
298 K. Reference 25; 298 K. 

(TMP)TCNQ is the first structurally characterized TCNQ 
A complex in which the donor-TCNQ overlap includes a metal 
atom? The sum of the octahedral Ni(I1) covalent radius 

5.29 3 5 3.29 
3.82 3 6 5.44 
3.03 4 5 6.84 
0.32 4 6 3.90 
8.59 5 6 3.00 

and the half-thickness of a TCNQ molecule (1.72 gi;! is A)45 3.1 A, so a significant metal-TCNQ interaction could 
be inferred from a Ni to TCNQ distance of 3.1 A or less. The 
closest Ni contacts to the TCNQ molecule are to atoms C(26) 
and C(30) at 3.30 and 3.34 A, respectively, indicating that 
the nickel atom plays a minimal role in any charge-transfer 
interactions. 
Physical Properties 

The solid-state spectrum of Ni- 
(TMP)TCNQ in the middle infrared region (4000-400 cm-') 
is essentially a superposition of the spectra of the individual 
neutral component molecules, as is typically the case for weak 
A complexes. As a result of the molecular association in the 
solid, there are slight changes in the frequencies and intensities 
of some of the bands. In particular, the bending modes are 

Optical Properties. 

(44) A possible exception is the 1:2 molecular complex of bis(N-alkyl-2- 
oxy-1-naphthylidenaminato)copper(II) with TCNQ (ref 40). The 
TCNQ nitrogen atoms participate in the tetragonal-bipyramidal coor- 
dination around the Cu atom; however, this is considered to be a 
localized interaction, and the major donoracceptor overlap involves only 
the naphthalene portion of the ligand system. 

(45) Pauling, L. "The Nature of the Chemical Bond"; Cornell University 
Press: Ithaca, New York, 1960. 
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Table VIII. Least-Squares Planes for TCNQ in Ni(TMP)TCNQ 

Deviations (A) from Planes 

Pace, Ulman, and Ibers 

plane 3 plane 4 
plane 1 plane 2 dicyano- dicyano- 
TCNQ quinonoid methylene methylene 

atoms molecule ring group 1 group 2 

-0.011 (5) 0.006 (5) 0.001 ( 5 )  
-0.019 (5) -0.006 (5) 

0.005 (5) 0.003 (5)  
0.015 (5) 0.000 (5) -0.008 (5) 
0.009 (5) -0.002 (5) 

-0.007 (5) -0.002 (5) 
-0.002 (5) 0.002 (5) 

0.018 (5)  0.011 (5) 
0.036 (5) 0.004 (5)  

-0.024 (5) 0.010 (5) 
0.028 (5) -0.006 (5) 

-0.035 (5) -0.003 (5) 
0.046 (4) -0.006 (4) 

-0.074 (4) -0.008 (4) 
0.068 (4) 0.004 (4) 

-0.053 (4) 0.002 (4) 

0.028 0.003 0.008 0.003 
Plane Equations: Ax + By + Cz = D 

plane 
no. A B c D 
1 4.842 6.601 -0.975 9.550 
2 4.918 6.592 -1.232 9.421 
3 4.37s 6.651 -0.701 9.367 
4 5.288 6.548 -0.864 10.016 

Interplanar Angles (Deg) 

no. no. angle no. no. angle 

1 2 0.67 2 3 2.14 
1 3 1.65 2 4 1.69 
1 4 1.60 3 4 3.10 

plane plane plane plane 

Table IX. Molecular Parameters of Selected TCNQ Systems (A)a 

bond 

Ni(TMP)- 
param- (TTF)- (TTF)- 

eter TCNQb (TCNQ)c (TCNQ)d Rb(TCNQ)e TCNQ 

a 1.344 (3) 1.356 (3) 1.352 (4) 1.374 (4) 1.346 (9) 
b 1.443 (4) 1.433 (10) 1.433 (3) 1.423 (4) 1.437 (8) 
c 1.373 (3) 1.402 (3) 1.395 (3) 1.420 (4) 1.381 (10) 
d 1.436 (4) 1.423 (7) 1.432 (3) 1.416 (5) 1.431 (6) 
e 1.138 (3) 1.151 (6) 1.149 (3) 1.153 (5) 1.143 ( 5 )  

Reference GI Librational corrections have not been included. 
33; 298 K. 
e Reference 34; 113 K. 

Reference 32; 298 K. Reference 31; 100 K. 
This work; 116 K. 

Table X. Short (<3.4 A) Intrastack Intermolecular Contacts (A) 

atoms dist atoms dist 
Ni-C( 26) 
Ni-C( 30) 
N(l)-C( 26) 
N( 1)-C(27) 
N( 2)-C( 28) 
N(3)-C( 30) 
C( 1)-C(26) 
C( 4)-C( 27) 
C( 6)-C( 32) 
C(7)-C(33) 

3.304 (5) 
3.344 (5) 
3.359 (6) 
3.355 (6) 
3.365 (6) 
3.278 (6) 
3.257 (7) 
3.333 (6) 
3.379 (7) 
3.261 (7) 

C(8)-N(6) 
C(ll)-C(29) 
C( 15)-C( 35) 
C( 16)-C( 3 1) 
C( 16)-C( 35) 
C( 17)-C(35) 
C(17)-N(7) 
C( 18)-N( 8) 
C( 19)-C( 3 1) 

3.380 (7) 
3.360 (7) 
3.353 (7) 
3.340 (7) 
3.354 (7) 
3.397 (7) 
3.381 (7) 
3.292 (7) 
3.296 (7) 

l -  Ni(TMP)TCNQ 
, . . . . . . . . . . Ni (TMP)  

TCNQ - - _ _ _  

0 io,boo 20,000 30, 00 
Energy  ( c m - l )  

Figure 6. Visible and near-infrared spectra: (-) Ni(TMP)TCNQ 
in a KBr pellet; (- - -) Ni(TMP) in benzene; (- - -) TCNQ in ace- 
tonitrile. 

most affected because of the face-to-face packing of the Ni- 
(TMP) and TCNQ molecules. Two of the strongest bands 
in the spectrum of TCNQO are the C-H bending mode (864 
cm-') and the C(CN), wagging mode (476 cm-'),& and these 
bands decrease to 826 and 458 cm-I, respectively, in Ni- 
(TMP)TCNQ. The C=N stretching frequency is found at 
2228 cm-' in TCNQO and at 2219 cm-' in Ni(TMP)TCNQ, 
a shift which is comparable with that observed for several other 
neutral TCNQ a c~mplexes.~' As expected for a weak a 
complex of this type, there are no bands in the region of the 
spectrum where the C=N stretching modes of TCNQ-. typ- 
ically appear (2200-2180 C ~ - I ) . ~ *  

The solid-state absorption spectrum of Ni(TMP)TCNQ in 
the visible and near-infrared region is shown in Figure 6, along 
with the solution spectra of the isolated donor and acceptor 
molecules. As was true for the infrared spectrum, the visible 
spectrum of Ni(TMP)TCNQ is composed of the sum of the 
spectra of the neutral component molecules. Upon formation 
of the complex with TCNQ, the porphyrin a band resolves 
to a distinct peak, and both the a and fl  bands shift to higher 
energy ( N 17 300 and 18 600 cm-', respectively, in Ni(TMP) 
vs. 17 900 and 18 900 cm-I in Ni(TMP)TCNQ). This is in 
contrast to the results of solution studies of several metallo- 
porphyrin charge-transfer complexes3J0 where the porphyrin 
visible bands were unshifted relative to the bands of the un- 
complexed porphyrin. Since the porphyrin Soret band usually 
broadens and decreases in intensity upon formation of a a 
complex in sol~tion,"~~ the sharp peak at 23 OOO cm-l probably 
arises from the TCNQO a - T* transition which occurs at 
25 300 cm-I in the solution spectrum of TCNQ?9 The species 
TCNQ-. has an absorption in this region as well, but we can 
rule out the possibility that any appreciable amount of TCNQ-. 
is present since its low-energy transitionSo at 11 900 cm-I is 
not observed. 

The most interesting feature of the optical spectrum of 
Ni(TMP)TCNQ occurs in the near-infrared region. The two 
broad bands with maxima at 9100 and 11 100 cm-' do not 
appear in the spectra of the isolated Ni(TMP) and TCNQ 
molecules and consequently can be assigned as intermolecular 

~ 

(46) (a) Takenaka, T. Specrrochim. Acta Part A 1971,27A, 1735-1752. (b) 
Girlando, A.; Pecile, C. Ibid. 1973, 29A, 1859-1878. 

(47) Siegmund, M. 2. Chem. 1975, 15, 194-195. 
(48) (a) Girlando, A.; Morelli, L.; Pecile, C. Chem. Phys. Lett. 1973, 22, 

553-558. (b) Bozio, R.; Girlando, A.; Pecile, C. J .  Chem. SOC., Faraday 
Trans. 2 1975, 1237-1254. 

(49) Acker, D. S.; Hertler, W. R. J .  Am. Chem. SOC. 1962,84, 3370-3374. 
(50) Melby, L. R.; Harder, R. J.; Hertler, W. R.; Mahler, W.; Benson, R. 

E.; Mochel, W. E. J .  Am. Chem. SOC. 1962, 84, 3374-3387. 
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charge-transfer transitions (DA -+ DfA-).51 Multiple 
charge-transfer bands can arise from (1) transitions from the 
highest filled donor orbital to several vacant acceptor orbitals 
or (2) transitions from several filled donor orbitals to the lowest 
unoccupied acceptor orbital. Since multiple charge-transfer 
bands are generally not observed in TCNQ ?r complexes, it 
is unlikely that the two bands in Ni(TMP)TCNQ arise from 
transitions to two vacant TCNQ a *  orbitals. Consequently, 
these bands are probably the result of electron transfer from 
two filled porphyrin orbitals to an unoccupied TCNQ K* 
orbital with the energy difference between the two charge- 
transfer bands (- 2000 cm-') corresponding to the energy 
difference between the two highest porphyrin a-molecular 
orbitals (a,, and a2u).52 

For a series of complexes with the same acceptor, the energy 
of the charge-transfer transition is proportional to the ioni- 
zation potential of the donor.s3 The solid-state chargetransfer 
band of peryleneTCNQ (10 700 cm-1)54 is close in energy to 
the Ni(TMP)TCNQ charge-transfer bands, so it appears that 
the ionization potentials of perylene and Ni(TMP) are very 
similar. The charge-transfer bands found by Sidorov5 for 
several metalloporphyrin-TCNQ complexes in methylene 
chloride at 77 K occur at lower energies (7700-7100 cm-l) 
than those found for Ni(TMP)TCNQ; however, it is not 
possible to draw any conclusions about the ionization potential 
of Ni(TMP) relative to the other metalloporphyrins because 
the experimental conditions that we used to record our spectra 
are so different from those used by Sidorov. 

Electrical and Magnetic Properties. No conductivity along 
the needle axis of several Ni(TMP)TCNQ crystals could be 
detected at room temperature. For our apparatus, this indi- 
cates that the conductivity is less than 

Bulk magnetic susceptibility measurements show Ni- 
(TMP)TCNQ to be diamagnetic. This is to be expected since 
in weak a complexes the concentration of unpaired electrons 
is rarely high enough to be detected by macroscopic suscep- 
tibility methods.s0 Electron paramagnetic resonance (EPR) 
spectroscopy is a more sensitive technique for detecting the 
weak paramagnetism found in several of the TCNQ K com- 
p l e ~ e s . ~ ~ ~ ~  No EPR signal was observed for Ni(TMP)TCNQ 

0-l cm-'. 
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at either room temperature or 77 K; thus the degree of charge 
transfer is very in agreement with spectral and 
structural results. 
Summary 

The new charge-transfer complex Ni(TMP)TCNQ has been 
prepared and consists of stacks of alternating Ni(TMP) and 
TCNQ molecules. As is typical of charge-transfer complexes 
with mixed stacks,57 the conductivity of Ni(TMP)TCNQ is 
low Q-I cm-l). Since the visible and middle infrared 
spectrum of Ni(TMP)TCNQ is composed primarily of the 
sum of the spectra of neutral Ni(TMP) and TCNQ, we con- 
clude that the intermolecular forces between adjacent mole- 
cules in the stack are weak compared with the intramolecular 
bonding of the component molecules. This conclusion is 
supported by magnetic measurements which show the com- 
pound to be diamagnetic and by a structural analysis of the 
TCNQ bond distances which show the amount of charge 
transfer to be less than 0.2 e. Charge-transfer interaction 
between adjacent Ni(TMP) and TCNQ molecules in the 
Ni(TMP)TCNQ stacks can be inferred from the presence of 
two charge-transfer bands in the near-infrared region of the 
spectrum and from the close contacts (<3.3 A) of adjacent 
molecules in the stack. Although the region of donor-TCNQ 
overlap does include the Ni atom, the Ni-TCNQ distances 
are too large to permit significant interaction between the a 
orbitals of TCNQ and the d,2 orbital of the Ni atom. 
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