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Infrared, electronic absorption, electron paramagnetic resonance (X and Q band), and variable-temperature magnetic 
susceptibility data are presented for the high-spin Co(I1) complexes of the composition [Coz(tren)2Xz] (BPh4)2, where X- 
= OCN-, SCN-, C1-, N3-, and Ox2-/2 (Ox = oxalate), and tren is 2,2',2"-triaminotriethylamine. Infrared and electronic 
measurements show that in the oxalate case the cobalt ions are octahedrally coordinated by virtue of a bis-bidentate oxalate 
bridge. In the other cases the cobalt ions are (five-coordinate) trigonal-bipyramidally coordinated, and apparently each 
cobalt trigonal bipyramid is outer-sphere associated, probably via hydrogen bonding, with a second five-coordinate cobalt 
complex. Analysis of the electronic spectra of the five-coordinate complexes gives Ds and Dt values which are used in 
the analysis of the suscepti?ility. The susceptibility data (maximum in x at - 1O0K) for the oxalate compound are least-squares 
fit to spin-only (i.e., -2JS1.3'2) equations to give J = -3.1 cm-1 and g = 2.21. Indications of very weak (14 < 0.5 cm-1) 
antiferromagnetic interactions (N3- > OCN- > C1- NCS-) are found in the susceptibility curves for the other compounds 
through fitting to two different theoretical models, one for a monomeric Dsh-symmetry high-spin cobalt( 11) complex and 
the other for a cobalt(I1) dimer including single-ion zero-field splitting and isotropic exchange interaction. The dimeric 
nature of these complexes is further substantiated by the complexity (easily nine maxima in the 0-10-kG range for a spectrum 
showing no hyperfine) of the - 12OK X-band EPR spectra of powdered samples. A qualitative discussion of the many 
features and temperature dependence of the -90 and 4.2'K Q-band (0-15-kG range) spectra for the complexes is presented. 
An interesting power saturation effect is noted. 

Introduction 
In view of the large number and detailed character of the 

chemical, magnetic, and spectroscopic studies that have been 
carried out on divalent copper and nickel coordination 
compounds, it is surprising that few such in-depth attacks have 
been launched on cobalt(I1) complexes. In the past few years, 
the discovery that certain low-spin cobalt(I1) complexes will 
bind molecular oxygen has led to detailed crystallographic3 
and spectroscopic4 studies of these systems. In contrast 
high-spin cobalt(I1) complexes have not been as thoroughly 
studied except perhaps in the area of electronic absorption 
spectroscopy5 where the optical characteristics of Co(I1) in 
various environments have been set out. Even though magnetic 
susceptibility and EPR are potentially of greater sensitivity 
with respect to electronic structure, they have been all but 
overlooked for high-spin cobalt(I1) systems probably because 
of the very low temperatures that are required. Very recently 
Ball and Blake6 have reported the variable-temperature 
(80-400°K) magnetic susceptibilities of a series of high-spin 
octahedral Co(I1) dimers. They found, in comparison to the 
analogous nickel(I1) complexes,7 a decreased exchange in- 
teraction in the cobalt complexes and concluded that the t2g 
spin of Co2+ probably makes a ferromagnetic contribution to 
the exchange interaction. As pointed out by Ball and Blake, 
any analysis of the magnetism of exchange-interacting Co(I1) 
dimers needs to take into account spin-orbit coupling such as 
can be seen in the treatment by Lines.8 

In this paper the results of a variable-temperature magnetic 
susceptibility and EPR study of the series [Co2(tren)2X2]- 
(BPh4)2, where X- = N3-, OCN-, SCN-, C1-, and Ox2-/2 and 
tren is 2,2',2"-triaminotriethylamine, are reported. The 
complexes will be shown to be dimeric, inner-sphere bridged 

in the oxalate (Ox) case and (most probably) outer-sphere 
bridged in the cases of the other X groups. Outer-sphere 
bridging where metal ions are associated via two 
hydrogen-bonding contacts of the type Cu-X-HN-Cu has 
been f0und9-l~ to propagate an exchange interaction in the 
series [Cuz(tren)2X2](BPh4)2 with X- = Br-, C1-, OCN-, 
SCN-, and CN-. One point which adds to the worth of the 
material to be presented is that spectroscopic and crystallo- 
graphic studies of CoI*--tren compounds are in the first case 
infrequent and of low level and in the second case nonexistent. 
Magnetic susceptibility data at room temperature for Co- 
(tren)(NCS)2 and Co(tren)I2 were reported13 in 1958 and a 
solution moment for aqueous Co(tren)2+ was available14 in 
1963, all of which indicated the metal ion to be high spin with 
a moment near 4.7 BM. The electronic spectrum of aqueous 
Co(trenI2+ was also reported14 and it was shown to contrast 
with that for the Co(dien)P octahedral system (dien is 
diethylenetriamine). At the time, however, no conclusive 
evidence for the structure of these tren molecules was presented. 
At most it could be concluded that the coordination number 
was probably 5 .  Very recent work15 with the five-coordinate 
high-spin Co(1I) complexes of hexamethylated tren, Le., 
Co(Mestren)X+, has provided spectral characteristia that will 
be of use in the present study. The X-ray structure has been 
reported for trigonal-bipyramidal [Co(Mestren)Br]Br.16 
Experimental Section 

Compound Preparation All of the manipulations in the preparation 
of a [Coz(tren)2X2](BPh4)2 compound were carried out in the fol- 
lowing manner using a Schlenk-type apparatus as shown in Figure 
1. Single-necked flasks are charged with the following solutions: - 1.5 ml of tren dissolved in - 50 ml of water; 0.01 mol of the sodium 
salt of the bridging anion (e.g., N3-, C1-, CN-, OCN-, SCN-, or 
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Figure 1. Schlenk-type apparatus. 

Ox2-/2) dissolved in 50 ml of H20; -0.5 g of NaBPhs dissolved in 
50 ml of H20; and distilled HzO. All flasks are stoppered with serum 
stoppers and nitrogen gas is bubbled through each by a syringe needle. 
In flask A is placed -0.01 mol of Co(N03)~6HzO in -75 ml of 
water, and then a serum stopper is fitted and nitrogen gas is flushed 
through the solution. All air in the reaction apparatus may be removed 
by application of vacuum to the side arm of flask B and then admitting 
nitrogen through A in alternating cycles. Each solution should be 
bubbled well for at least 2 hr before use. After this time, the tren 
solution is pumped through a syringe tube (polyethylene tubing with 
1 &gauge syringe needles inserted in each end) under pressure from 
its flask into flask A where it reacts with the cobalt ion. Depending 
on the amount of oxygen present, the solution is, at this point, light 
gray-green (small amount of 02, satisfactory for most reactions except 
for CN-) or light red-orange (no oxygen present). Exposure of any 
solution directly to air results in the formation of a brown material 
in the solution. 

After the tren and Co2+ solutions have been mixed, the bridging 
anion solution is added, also by pumping through a syringe tube. There 
may be a slight color change. While next pumping in the tetra- 
phenylborate solution, the reaction flask is swirled rapidly and the 
precipitated product forms. The product is filtered by inverting the 
apparatus and applying vacuum to connection C. After all filtrate 
has been removed, distilled water is pumped into flask A and then 
used to wash the product. When the water has been drawn off, 
stopcocks D and E are both closed, flasks A and B are disconnected 
from the tube containing the precipitate, and by means of an adapter 
the tube is mounted on a vacuum line to be dried at 10-5 mm. 

The colors of the samples prepared with the different anions are 
as follows: N3-, blue; SCN; blue; O C N ,  blue-green; CN-, light blue; 
C1-, blue; 0x2-, pink. The pink oxalate product is precipitated from 
a blue-green solution. The only one of the six compounds prepared 
that has extreme air-sensitivity is the cyanide. In the case of the 
cyanide compound, nitrogen gas from standard gas cylinders is in- 
adequate, and while good product can be isolated by bubbling the 
Nz gas through a series of two Cr(I1)-scrubbing columns before use, 
this atmosphere was not found to be suitable for storage of the solid 
product for more than 0.5 hr. Because of this air sensitivity, the 
cyanide compound was not characterized. 

Solid samples of all compounds other than the cyanide are relatively 
air stable (days of direct exposure to air discolor small particles of 
only the cyanate and thiocyanate materials). This air stability allowed 
accurate analytical work in the University of Illinois microanalytical 
laboratory, and Table 117 shows that, with the exception of the cyanide 
which was not analyzed, very good analyses of C, H, N, and Co were 
obtained for all compounds. 

An unsuccessful attempt to recrystallize one of these cobalt 
compounds was tried on a vacuum line. A sample of [Coz(tren)z- 
(N3)2](BPh4)2 was placed in a 5 0 4  flask which was evacuated with 
a Hg-diffusion pump on a glass-grease vacuum line. A second flask 
containing acetonitrile was attached to another part of the line and 
was degassed five times by freeze-thaw cycles and then distilled into 
an adjacent flask where it was frozen to 77'K while the whole line 
was diffusion pumped. When the lowest pressure had been reached, 
the flask containing the cobalt compound was cooled and into it was 
condensed the warmed acetonitrile. Upon thawing of the acetonitrile, 
most of the cobalt material was dissolved and the solvent was slowly 
stripped off by condensing into a flask cooled by solid COz. Over 
the several-hour period required to do this a yellow coloration was 
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noticed in the flask, indicating decomposition and no crystals were 
obtained. 

A sample of [Co(Me6t~en)Cl]C1 was prepared by the method of 
Ciampolini and Nardi.18 Good C, H, N, and Co analyses were 
obtained (see Table 117). 

Samples of [Zn2(tren)zXz](BPh4)2 with X- = Ox2-/2, N3-, NCS-, 
and NCO- were prepared for use as dopants in EPR studies and for 
ir spectral comparisons with the cobalt complexes. The zinc com- 
pounds were prepared in a fashion analogous to that used for the cobalt 
systems except, of course, inert-atmosphere conditions were un- 
necessary. 

Physical Measurements. Normal 250-4000-cm-~ ir spectra were 
run on a Perkin-Elmer Model 457 spectrophotometer while far-ir data 
were collected on a Beckman IR- 1 1. It was found that KBr pellets 
of these cobalt compounds discolor and as such the ir samples were 
prepared as Nujol mulls in a drybox with a nitrogen atmosphere. 
Infrared spectra were run of these mulls between KBr plates and then 
electronic absorption spectra (Cary Model 14) were run of the same 
mull assemblies. Far-ir samples were prepared as mulls between 
polyethylene plates. For the electronic spectra in the visible region 
a reference mull was made of NaBPh4 to balance the dispersion by 
the sample at lower wavelengths. 

Magnetic susceptibility measurements were carried out as indicated 
in a previous paper.10 

A variety of EPR instrumentation was required in order to obtain 
a full complement of data on these systems. The spectra are generally 
very temperature dependent in the 4-80'K region and are quite 
complicated at the higher temperatures when observed with X-band 
(-9-GHz) frequencies. Therefore, when X-band measurements were 
made, an Air Products Heli-tran liquid helium cooling system was 
employed in order to cool the sample. The lowest sample temperature 
obtainable with our setup is 12-15'K as gauged by an iron-doped 
gold thermocouple. The spectrometer used for the X-band studies 
is the Varian E-9 console and E-101 microwave bridge in conjunction 
with a 6-in., 10-kG magnet. 

Q-Band measurements (-35 GHz) were also carried out; the 
apparatus used consisted of a Varian V-4561 microwave bridge and 
a Gin. magnet equipped with tapered-pole pieces to extend the highest 
field to 15.5 kG. The field was controlled with a Hall-effect probe 
and a Varian Fieldial assembly. Because there was no frequency 
counter available to monitor the microwave output and the Fieldial 
sweep ranges are only roughly calibrated, the g values on this apparatus 
could be determined to no better than h0.05 at g = 2.00, which is 
however adequate considering the broad range over which signals are 
observed and their inherent line widths. 

All Q-band spectra were run at either of two temperatures, 90 or 
4.2'K. These temperatures were obtained by having the wave guide 
and sample cavity suspended into a glass double-dewar assembly which 
is necked at the bottom to fit the magnet gap. For the higher of the 
two temperatures the vacuum jacket separating the inner reservoir 
(wherein resides the waveguide) from the liquid nitrogen jacket was 
allowed a 100-200 Torr partial pressure of N2 gas and the outside 
reservoir was filled with liquid nitrogen; thus, a thermal leak was 
established so that the inner reservoir and sample is cooled close to 
liquid nitrogen temperature ( -90'K by measurement with an 
Fe-doped Au thermocouple). For the low-temperature limit the inner 
reservoir is charged with liquid helium so that the cavity is completely 
immersed in this refrigerant. No temperatures intermediate between 
the two indicated could be maintained sufficiently stable for recording 
spectra. 

Theory and Calculations 
In this paper magnetic susceptibility data to 4.2OK are 

presented for three different types of high-spin cobalt(I1) 
complexes: a trigonal-bipyramidal monomer [Co- 
(Mestren)Cl]Cl, weakly exchange-interacting outer -  
sphere-associated trigonal-bipyramidal dimers, and one 
bis-bidentate poxalato dimer, [Coz(tren)zOx] (BPh4)2. These 
high-~ph Co(I1) systems have single-ion zero-field interactions 
of several wave numbers, and when weak exchange interactions 
are present where the exchange parameter is less than -2 
cm-1, exact diagonalization of the Hamiltonian matrices 
including zero-field, exchange, and Zeeman interactions as a 
function of magnetic field is desirable to fit the susceptibility 
data. In the following we will sketch some of the theoretical 
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models that we have used in conjunction with a simplex 
least-squares computer program to fit the data. 

For a trigonal-bipyramidal complex with D3h symmetry the 
following ordering of one-electron orbitals would be expected: 
d*i (dxr, dyz) < d i2  (dxy, dX2-p) < do (dZ2). The relevant d7 
free-ion states are split as in the left side of Figure 2. For 
future reference the energy-state correlation diagram between 
D3h and C4” symmetries (square pyramidal, 0 = 90°) is also 
depicted in Figure 2, right side.5 Wood19JO has parameterized 
the state splittings with the one-electron parameters Ds and 
Dt where 
DS = ( 1  / 14)(4ZJb3 - 3Ze/a3)(?) 
Dt=(1/168)(16Z,/b5 -9Ze/a5)(+) 

The Z’s are the effective ligand charges and a and b are 
metal-ligand distances for the equatorial and axial ligands, 
respectively. The one-electron matrix elements of the 
trigonal-bipyramidal crystal field operator Vo are found to be 
(OlVolO) = 2Ds + 6Dt, ( f l l V o l f l )  = Ds - 4Dt, and 
(f21Volf2)  = -2Ds + Dt. Writing out the determinantal 
wave functions for the (d7) 4F and 4P term states (actually 
best carried out in hole formalism), the following crystal field 
energy matrix elements can be found 

(4E”(P)l VoI4E”(P)) = (7/5)Ds + A 

(4E‘(F)l V, I4E’(F)) = 7Dt 
(4A2f(P)IVo14A2’(P))=(-14/5)D~ + A 

(4E”(F) IVo14E”(F)) = (3/5)Ds - Dt  

(4A2”(F)Wo 14A2”(F)) =(4A111(F)IV~ 14A1”(F)) = 
-Ds - 3Dt 

(4A2’(F) I Vo 14A2’(F)) = (4/5)Ds - 6Dt 
Off-diagonal elements are present between the 4A2’(P) and 
4A2’(F) states as well as between the two 4E” states. In that 
we are only concerned with the 4A2’(F) ground state, only one 
interaction is important 

(4A2’(P)IV~ 14A2’(F)) = 4Dt - ( 1 2 / 5 ) D ~  
Spin-ofbit interactions are i?tr@uced with the operator H ~ o  

= kX(LSz  + 1/2L+S- + 1 / 2 L S + ) ,  where k the orbital re- 
duction factor and X is the spin-orbit coupling constant. Since 
the 4A2’ ground state has M L  = 0, there are no first-order 
spin-orbit terms; however, the following off-diagonal elements 
are found 

(4E“ 3 ,  1 , 3/2 , ‘12 IH, I  4A21 3 , 0 ,  Y 2 ,  3/2) = 3Xk 

(4E” 3 ,  - 1 ,  3 / 2 ,  -‘/2 IH,, 14A2’ 3 ,  0 ,  3/2, -3/2, = 3hk 
(4E” 3 ,  1 , 3/2, - ‘12 1 H ,  I 4A21 3 , 0 ,  ’12, ‘12) = 2 6 h k  

(4E” 3 ,  - 1 ,  3 / 2 ,  3 / 2  IHso I4A2’ 3 , 0 ,  3 / 2 ,  ‘12) = 3hk  
(4Ef’ 3 ,  1 ,  3/2, -’I2 IH, 1 4A21 3 , 0 ,  3/2,  -‘/2) = 3hk 

(4E” 3 ,  - 1 ,  3/2, ‘12 IH, I 4A2f 3 , 0 ,  3/2, -‘/2) = 2 f i X k  

D. Michael Duggan and David N. Hendrickson 

At this point the eigenvalues and eigenfunctions under 
spin-orbit coupling and the crystal field operator were cal- 
culated using perturbation theory. The energy results are 

E(4A2’(F) f 3 Y 2 )  = (4/5)Ds - 6Dt + (4Dt - 
(12/5)Ds)’/(-A + ( 1 8 / 5 ) D ~ -  6Dt) + 
9X2k2/(0.2Ds - 5Dt) 

E(4A2‘(F) i l l 2  = (4/5)Ds - 6Dt + (4Dt - 
( 1  ~ / ~ ) L ) s ) ~ / ( - A  + ( 1  S/S)Ds - 6Dt) + 
21X2k2/(0.2Ds - 5Dt) 

and the energy splitting between these states is 12Sk2/(0.2Ds 
- 5Dt) or 12X2k2/(4A2’ - 4E”) which agrees with the results 
given by W00d.l~ It should be noted that the wave function 
labels used are no longer strictly correct, as M s  is no longer 
a valid quantum number and double-group symmetries are 
needed. The above designations will be used however for clarity 
and continuity. The spin-orbit eigenfunctions are 

14A2’ k3l2) = 13,0, 3/2, k3/d + (4Dt - 2.4Ds)/(-A t 
3.6D~-6Dt)I1,0,~/2,L~/z)+ 
3hk/(0.2Ds - 5Dt)l3, f 1 ,  3/2,  fl/d 

and 

14A2’ f’/2) = 13, 0 ,  3/2, *‘/2) + (4Dt - 2.4Ds)/(-A + 
3.6Ds - 6Dt)11,0, 3/2, +‘/2) + 2 d k k / ( O . 2 D ~ -  
5Dt)13, + I ,  3 / 2 ,  T’/2) + 3Xk/(0.2Ds - 
5 ~ t ) 1 3 ,  r i ,  Y2, f3/d 

To calculate the magnetic field effect on the system the 
Zeeman operator 

is used, where axial symmetry is assumed. The diagonal 
Zeeman elements in the 4A2’ 4 X 4 matrix are (where G = 

(4A2’ k3/2  I“, I4A2‘ f3/2) = f3pH, + G2(+3PH,) + 
and 

(4A2’ +‘I2 I”, I4A2’ f’/2) = +pH, + G2(+0H,) t 

(4Dt - 2.4Ds)/(-A + 3 . 6 D ~  - 6Dt)) 
- 

(3hk/(O.2Ds - 5Dt))’(fflHzk f PH,) 

(2fihk/(O.2Ds - 5Dt))2(kPkHz F pH,) + 
(3Xk/(O.2Ds - 5Dt))’@kH, * 3PH,) 

Likewise the nonzero off-diagonal Zeeman elements are found 
to be 

(4A2’ +‘/2 IH, 14A2’ 2 3 / 2 ) = f i j H ,  + 6 f i k2uHX/ (O.2Ds-  
5Dt) + 12@$Hxh2k2/(0.2Ds - 5Dt)2 + G2fiPHx 

and 

(4A2‘T ’/2iHxJ4A2’+’/2)=2PH, + 
12Pk2xHx/(0.2D~ - 5Dt) + 36flk2X2Hx/(0.2Ds - 
5Dt) + 2PH,G2 

In order to calculate the energies and susceptibilities of the 
4A2’ states a matrix is set up with the f l / 2  levels at zero energy 
at zero field and the f3 /2  Kramers doublet at -12X2k2/(0.2Ds 
- 5Dt) which is higher in energy. The diagonal or off-diagonal 
Zeeman elements are added and due to the potentially 
comparable size of the zero-field splitting between the above 
f 3 / 2  and f 1 / 2  doublets relative to the Zeeman terms, the 
matrix is diagonalized numerically by a computer, once to 
determine the energies with the magnetic field H in the z 
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direction and again to find them for HZ = 0 and HX = Hy # 
0. For each orientation the slope of E vs. H i s  determined for 
both of the Kramers doublets a t  the desired magnetic field; 
this slope is the magnetic moment for the ith energy level 
pi =-aEi/aH 

The magnetic susceptibility of the system is then calculated 
as a function of temperature using the van Vleck formula. The 
simplex least-squares program then compares calculated and 
observed susceptibility curves and changes the parameters (e.g., 
Ds, Dt, and A) to get the best fit. The above theoretical 
monomer model will be referred to as model A. The above 
equations should be compared with those set out by Bertini 
and c0workers.5~21 

Model B is an effective spin Hamiltonian theoretical model 
for an exchange-interacting high-spin Co(I1) dimer including 
single-ion zero-field splitting. For two metal ions in a dimeric 
complex, each having three unpaired electrons and no orbital 
angular momentum in the ground state, the effective spin 
Hamiltonian may be written 
x = -2JS1 S 2  - D(S1 z 2  + SZz ) - gi/3HiSi i = x, y ,  z 

Here the term in J represents the isotropic exchange inter- 
action, that in D represents the single-ion zero-field splitting, 
and the third term is the Zeeman interaction ignoring orbital 
momentum (second-order effects of this sort will be absorbed 
into the TIP correction). In the Zeeman term the total dimer 
spin S' is used. The coupled basis functions, IS'Ms), can be 
easily written with the Wigner coefficients as tabulated, for 
example, in a book by Condon and Shortley.34 If one operates 
on the coupled wave functions with the above Hamiltonian 
exclusive of the Zeeman term, the following matrix elements 
are obtained 

2 

(3 f 3 I H o  13 f 3) = -12J- (9/2)0 
(3f2IHo13k 2)=-12J- (5 /2)0  

( 3 f  1IHoI3f l ) = ~ l W - ( 1 3 / 1 0 ) 0  

(30IHoI30) = -12J-  (9/10)D 

(1 f 11H013 f 1)=- (2 /5 )&D 

(10 I H o  130) = -(6/5)0 
(2 f21H012f2 )=-6J - (5 /2 )0  

(2 f 1 IH, 12 * 1 1 )  = -61- ( 5 / 2 ) 0  
(201Ho120)= -6J- (5/2)0 

(00 IHo 120) = -20  

(1 f 11Ho11 f l )=-W-(17/10)0  

(1OIHoI lO)=-W-(41/1O)u 

(00 IHo 100) = -(5/2)0 
Because D and J could be on the same order of magnitude for 
our systems, the zero-field energy matrix Ho is not solved by 
perturbation theory. Instead, the following Zeeman terms are 
added and the resulting matrices are diagonalized as a function 
of magnetic field. The required Zeeman elements with i = 
z are 

(3 f 3 Wz'13 k 3) = T3gzPHz 

(3 f 2 kz' 13 f 2) = T2g2/3Hz 

( 3 2  1H2'13* 1)=Tgz/3Hz 

(2 f 2 lHz'12 f 2) = 72gzPHz 
(2 f 1 lHz'12 f 1)=Tg2/3H2 

(1 f l /H2'I l  f 1)=TgzPHz 
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And those obtained with 

where the magnetic field is now in the x direction are 

(3 5-2 kl,' 13 f 3) = -gX/3Hx&/2 

(3 f 1 IH,' 13 f 2) = - g J H X a  

(30 W,' I3 f 1) = -gxPHxfi 

(2  f 1 IH,' 12 f 2) = -g,PHx 

(2OiHx'12 f l ) = - g , P H , d m  

<lOlH,'I 1 f 1)=  -g,/3Hxfl/2 
Calculating the eigenvalues of the energy matrix with the 

field in the x and z direction (axial system), numerically 
differentiating with respect to field, and calculating the 
population-weighted average of moments will yield xli and XI 
values for this system, as was done above for the trigonal- 
bipyramidal monomer. 

Model C is an admittedly simple model wherein the 
temperature dependence of the magnetic susceptibility for a 
Co(I1) dimer is assumed to be due entirely to exchange in- 
teraction with an assumed isotropic g and intermolecular 
exchange interactions accounted for by a Weiss constant. As 
per one of the three models used by Ball and Blake,7 the 
susceptibility of the pair of_Co(II) ions is given as 

1 mfl2g2[ e-10x + 5e-6X + 14 
XM = kT e-12x + 3e-10~ + 5e-6X + 7 

where x = J / k T .  
In all cases values of 

>,', SE = [Pefdobsd)i - Pefdcalcd)i12/(n - K )  { "  i= 1 

where n is the number of observables and K is the number of 
parameters, are given as a measure of the discrepancy between 
the experimental and calculated curves. It is unfortunate that 
we are not able to calculate a correlation matrix for the various 
parameters used in the different fittings. 
Results and Discussion 

It is our contention, based firmly on spectroscopic evidence, 
that the [Coa(tren)zOx](BPh4)2 compound is an poxalato- 
bridged dimer with a bis-bidentate inner-sphere bridge and 
that the other [Co2(tren)2X2](BPh4)2 (X- = OCN-, SCN-, 
N r ,  and C1-) compounds have, on the contrary, five-coordinate 
trigonal-bipyramidal cobalt(I1) cations that are pairwise 
associated in some outer-sphere-bridged fashion. It is very 
relevant to point out that we have at present established, via 
X-ray crystal structures, the presence of such an outer-sphere 
association in four Cu(I1) compounds9-12 (e.g., [Cu2- 
(tren)zXz](BPh4)2 where X- = CN-, OCN-, SCN-, and Cl-) 
and one high-spin Mn(I1) compound, [Mnz(tren)z- 
(NCS)2](BPh4)2.22 In the two following sections infrared and 
electronic data bearing on the local Co(1I) environment will 
be summarized. In the susceptibility and EPR sections the 
consequences of the inner- or outer-sphere associations will 
be delineated and the results of attempts to quantize the 
exchange parameters for these Co(I1) dimers will be discussed. 

Infrared Spectra. Figure 3 illustrates the Nujol mull ir 
spectra of [Co2(tren)zX2](BPh4)2 compounds where X- = N3- 
(A), OCN- (B), and SCN- (C). The frequencies of relevant 
bands are given in Table 11.17 For example, the asymmetric 
azide stretch, u~(N3-), seen in tracing A appears at 2100 cm-1, 
whereas, for tracings B and C the corresponding bands are 
vas(OCN-) 2220 cm-1 and vW(SCN-) 2090 cm-1, respectively. 
Comparison of the N3- and SCN- spectra shows that the 
symmetric azide stretch has negligible intensity. On the other 
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Figure 3. Nujol mull ir spectra of [Co,(tren),X,](BPh,), 
where X -  = N 3 -  (A), OCN- (B), and SCN- (C). 

hand, a vs(OCN-) band is seen at 1329 cm-1 with medium 
intensity. 

It has been our experience from X-ray structures and ir 
characteristics of analogous "outer-sphere" Cu(I1) and Mn( 11) 
and inner-sphere Ni(I1) tren dimersl0J-25 that the pattern 
of H-N-H bending vibrations (determined to be such by 
deuteration) in the region 1200-1400 cm-1 is very indicative 
of the structural characteristics of the complex. For the 
octahedral nickel complexes, the local symmetry of the tren 
group is lower than that found for the trigonal-bipyramidal 
copper and manganese complexes. As a consequence the nickel 
1200-1400-cm-1 pattern is distinctly different from and more 
complicated than either the copper or the manganese pattern, 
both of which show a reasonable similarity. In short, careful 
scrutiny and comparison of the cobalt 1200-1400-cm-1 pattern 
with patterns for structurally characterized Cu(II), Ni(II), 
and Mn(I1) compounds conclusively point to the presence of 
trigonal-bipyramidal cobalt(I1) cations in the azide, cyanate, 
thiocyanate, and chloride compounds. Thus, the cobalt, copper, 
and manganese patterns show strong resemblances. The small 
differences in patterns probably point to different degrees of 
distortions in the trigonal bipyramids. Perhaps another in- 
dicator of a different distortion in the cobalt systems is the 
dramatically enhanced intensity of the - 1100-cm-1 band in 
the cobalt spectra. 

As with the other metal-tren oxalates, the cobalt oxalate 
compound does not have appreciable intensity in this - 1100 
cm-1 band. Support for proposing octahedral cobalt with a 
bis-bidentate oxalate is drawn from the sharp unsplit ap- 
pearance of the three observed oxalate bands [ 1640 cm-I (vs), 
789 cm-1 (m), and 579 cm-1 (mw)]. 

Additional supporting evidence for five-coordinate 
trigonal-bipyramidal cobalt in [Coz(tren)zClz] (BPh4)2 can be 
seen in the position of the Cc-Cl stretch. Nakamoto et al.26 
have shown that the terminal C H I  stretching vibrations m u r  
in the range 306-347 cm-1, which is more than 150 cm-1 higher 
in energy than the range expected (155-186 cm-1) for bridging 
Cc-Cl-Co situations. Figure 4 shows a comparison between 
the ir spectra of the cobalt azide and cobalt chloride compounds 
in the region from 150 to 350 cm-1. The spectra are seen to 
be basically the same with the exceptions of a strong band for 
the azide at 328 cm-1 and a strong band in the chloride at 288 
cm-1. This latter band is assigned as the Co-Cl band and its 
location indicates that the Co-C1 band is basically terminal 
in nature and thus the cobalt ions are five-coordinate. The 
fact that the Co-C1 band is somewhat lower than the above 
range can be interpreted as a result of an Co-Cl-HN-Co 

3000 2000 FREOJEUC" (cm-.) '030 400 

Figure 4. Far-ir spectra of Nujol mulls of [Co,(tren),X,]- 
(BPh,), where X- = C1- (top) and X - =  hi3- (bot tom).  

hydrogen-bond interaction as was found for [Cu2- 
(tren)zClz] (BPh4) 2.12 

As a final note in this section it should be mentioned that 
we have found a point for point coincidence, including the 
-1  100-cm-l bands, of the cobalt ir spectra with those for the 
[Znz(tren)Sz](BPh4)2 compounds where X- = OCN-, SCN-, 
N3-, and 0x2-/2. The details of the splittings around 1300 
cm-1 mark the remarkably similar structures for the cobalt 
and zinc analogs. 

Electronic Spectra. In addition to substantiating the above 
proposals as to local cobalt environments, an analysis of the 
electronic spectra of the [Co2(tren)2X2] (BPh4)2 compounds 
provides many parameters that will assist in the explanation 
of the magnetic data. 

Many efforts have been made at interpretating spectra of 
D3h-symmetry d7 compounds, such as that by Venanzi and 
cow0rkers2~ where they were mostly concerned with low-spin 
complexes and crystal field treatments of high-spin Co(I1) by 
Ciampoliniz* and Wood.19 Ciampolini reported energy level 
diagrams for both trigonal-bipyramidal and square-pyramidal 
Co(I1) and correlations between them. 

The D3h energy level diagram is sketched in Figure 2. Five 
ligand field transitions from the 4Ai ground state are expected. 
One of these (accidental degeneracy), 4 8 2 '  - [4A2", 4Ai"], 
will be of very low energy and difficult to observe, whereas, 
4A2' - 4E", 4E', 4A2'(P), and 4E"(P) transitions all might be 
detectable. Energy expressions have been given above for D3h 
symmetry and the spectral features for the Co-tren complexes 
of azide, cyanate, thiocyanate, chloride, and oxalate are given 
in Table 111. Reproductions of the spectra of the azide, 
cyanate, and thiocyanate are given in Figure 5. Keying on 
the fact that, as can be seen in the D3h energy diagram, the 
4 ~ 2 ' ( F )  -+ 4A2'(P) transition energy is relatively invariant of 
crystal field strength, assignments for the various bands of the 
azide, cyanate, thiocyanate, and chloride compounds have been 
made assuming the symmetry about the cobalt center to be 
close to D3h. The assignments, resulting Ds, Dt, and A pa- 
rameters, and calculated band positions are given in Table 111. 
The 4F-4P separation for the free ion is 14.56 kK so that it 
can be seen that reasonable values of the orbital reduction are 
found. It is unfortunate that the 4E(F) and (4A2", 4A1") bands 
cannot be identified. 

The crystal field strengths required by the D3h equations 
for the assignments in Table 111 are somewhat greater than 
seems reasonable, and it is possible that strict D3h symmetry 
does not really apply here. An alternative assignment, or 
perhaps more refined one, may be based upon the correlation 
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Figure 5 .  Electronic absorption spectra for room-temperature Nujol mulls of [Co,(tren),X,](BPh,), where X- = N3- (A), OCN- 
(B), and SCN- (C). 

diagram between D3h and C ~ Y  (square pyramidal) symmetry 
given by Ciampolini.28 Several observations may be made if 
the angle between two of the equatorial ligand sites is taken 
as 1 loo. For the same choice of parameters the 4A2'-4E' 
separation becomes larger and the 4E' level splits. It could 
be that the high frequency (7000 cm-1) observed for the 4A2' - 4E" transition in these tren compounds compared to that 
observed for the Mestren systems (5800 cm-1) is a result of 
this distortion. Also, there is observed at -1700 nm (see 
Figure 5) a weak band which may be the lower split component 
of the 4 E '  transition. The relative constancy in the 4A2'- 
(F)-4A2'(P) energy with the trigonal angle is noted and is 
consistent with observation, and the splitting of the 4E'(P) state 
cannot be ruled out due to the complexity of this region of the 
spectrum. If the molecule is distorted, this more refined 
interpretation should be followed. While it is difficult to 
reevaluate Ds from the highest bands, the best estimate of the 
"distorted" Dwsymmetry 4A2' - 4E" band might be taken 
as clmer to the lower energy of the two observed near-ir bands, 
Le., say - 1650 nm (6000 cm-1). In this case Dt = 1240 cm-1, 
A = 12,800 cm-1 (a 12% reduction from free ion), and the 
4A2' - 4E" band is predicted to lie at - 15,000 cm-1, which 
is more reasonable than that obtained previously. In any event 
it may be said that the observed spectral features are consistent 
with a distorted trigonal-bipyramidal stereochemistry and that 
a t  least reasonable estimates of Ds, Dt, and A can be made 
for use in predicting the magnetic properties of these systems. 

As compared with the spectra of the distorted trigonal- 

I I I I I 

Rgure 6. Electronic absorption spectrum of a room-tem- 
perature Nujal mull of [Co,(tren),Ox](BPh,), . 
bipyramidal Co-tren complexes, the spectrum of [C02- 
(tren)zOxl (BPh4)2, reproduced in Figure 6 and enumerated 
in Table 111, shows marked dissimilarity. The 4F state in Oh 
symmetry splits into a 4Tlg ground state and 4T2g and 4A2g 
excited states. The 4P term does not split in perfect Oh 
symmetry but transforms as 4T1,. The complexity of the 
20,000-cm-1 region for the oxalate compound is undoubtedly 
due to the distortion in octahedral symmetry for this system 
and the resultant splitting of both the triply degenerate ground 
and excited states. All observed strong and weak features of 
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Table 1x1. Electronic Spectral Data for [Co,(tren),X,](BPh,)*' 

Band position 

NCS- 

NCO- 

Ligand field parameters X -  a kK Assignment 

c,0,2-/2 3,700 vs, sh 27.0 
4,680 s 21.4 
4,970 w, sh 20.1 
5,410 m 18.5 
6,900 vw, sh 14.5 
9,900 vw, br  10.1 
12,000 vw 8.33 
3.850 s 26.0 
4;530 w, sh 22.1 
4.830 vw. sh 20.7 4E"(P) 4A, '(F) 

Ds = 857 cm- '  
Dt = 1414 cm" 
A = 11,700 cm- '  

N, 

5,860 m, sp 
14,500 vw, br 
4,050' 24.7 
4,400' 22.7 
4,690b 21.3 4E"(P) 4A, '(F) 

4A,'(P) t 4A;'(F) 
4E"(F) + 4A2'(F)  

5,820 w, sh 
5,990 m 
6,250 w, sh 

17.2 
16.7 
16.0 

4A,'(Pj +- 'A,'(F) 

7,600 vw, sh 13.2 

4,940 
5,950 

14,300 vw, br 6.99 4E"(F) "A,'(F) 

7,420 13.5 
14,200 7.04 'E"(F) + 4A,'(F) 

4E"(P) + 4A,'(Fj 

4A,'(P) - 4A2'(F) 

' Nujol mull spectra A t  room temperature. ' These three peaks are not  well resolved. KBr disk spectrum. 

&hc spectrum may be fit to the energy level diagram including 
spin-orbit coupling given by Liehr29 for the d7 ion in an 
octahedral field. The best value of Bq is close to 1000 cm-1. 

etic ~ ~ s c ~ ~ ~ ~ ~ ~ ~ ~ y .  As stated earlier, the complicated 
single-ion magnetic properties of Co(I1) require that careful 
study be undertaken to establish the presence of exchange 
coupling in these systems. For trigonal-bipyramidal high-spin 
cobalt(IH), zero-field splitting of the 4A2 ground state into f3/2 
and f 1 / 2  Kramers doublets results in a decrease in the 
magnetic moment at  low temperatures. This is due to the 
increased population of the f l / 2  doublet relative to the 1 3 1 2  
doublet. The onset of this decrease may appear to be due to 
an antiferromagnetic exchange effect, and to distinguish these 
two phenomena one must investigate quantitatively the 
functionality of the curvature in an /kef? vs. T plot, as well as 
the magnitude of decrease in peff. The experimentally observed 
data may be compared either with values expected for a 
monomeric Co(H1) molecule or with those expected for a model 
cobalt(1I) dimer. 

The electronic spectrum of [Co(Me6tren)CljCl9l8 which is 
lmown %O be monomeric, gives the parameters Ds = 1047 cm-1 
and Dt = 1444 cm-1 ( k  = 0.90 and A, the spin-orbit coupling 
for free-ion Co(II), is -178 cm-1). This gives a. zero-field 
splitting (0) between the f l / 2  and f 3 / 2  Kramers doublets 
of 52.8 cm-1. As described in the Theory and Calculations 
section, model A is to be used in the fitting of susceptibility 
data for a D3h symmetry monomer. Before we launch into 
a fitting of the data for [Co(Mestren)Cl]Cl, it is instructional 
to investigate the characteristics of the peff vs. temperature 
curve using model A and certain selected parameters. 

Figure 7 shows four peff vs. temperature curves calculated 
with model A equations and different parameters. For curve 
C ,  where Ds = 1047 cm-1, Dt = 1444 cm-1, and 16 = 1.0 
(determines magnitude of spin-orbit interaction and A? the 
energy difference between the unsplit 4F and 4P states), it is 
found that at temperatures below lOO'M the value of peff 

Ds = 1095 cm- '  
Dt = 1442 cm'' 
A = 11.990 cm- '  

Ds = 1024 cm- '  
Dt = 1449 cm- '  
A = 11,492 cm" 

I 1 I I I 1 
A 

I I I I I I 1 
3 100 200 300 

TEMFE?ATL!RE 
("K) 

Figure 7. Theoretical effective magnetic moment curves 
for a monomeric high-spin Co(l1) Dlh system. The parameters 
used were as follows: A, k = 1.0, Ds = 1047 c m - l ,  Dt = 1000 
c m - ' ; B , k =  l.O,Ds=1047cm~',Dt=2000cm~';C,k=l.0, 
Ds = 1047 cm- ' ,  Dt = 1440 c m - ' ; D ,  k = O S , D s =  1047 cm- ' ,  
Dt = 1440 cm- l .  

decreases rapidly with a lower limit of -3.6 BM at 5'K. This 
decrease arises from -50-cm-1 splitting of the ground state. 
As Dt is increased, the 4E" excited state separates further in 
energy from the 4A2' ground state, thus decreasing D, since 
the zero-field splitting is due, in part, to the second-order 
spin-orbit mixing of the 4A2 and 4E" states. The increased 
Dt effect is illustrated with curve B, where the decreased D 
makes the attenuation of peff noticeable only at lower tem- 
peratures. The parameters used in calculating curve A, most 
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Wgure 8. Least-squares fitting of the magnetic susceptibility 
data for [Co(Me,tren)Cl]Cl to model A for aD,h-symmetry 
monomer. The following conditions were imposed on the fit: 
A, no spin-orbit coupling, 4A, '(F)-4A,'(P) mixing only, and 
final parameters are k = 0, Ds = 1000 cm-', and Dr = 2540 
cm-' (TIP = 0); B, spin-orbit coupling and 4A,'(F)-4A,'(P) 
mixing allowed and final parameters are k = 0.53, Ds = 8885 
cm-', and Dr = 2078 cm'' (TIP = 0.00020); C, spin-orbit 
coupling only and final parameters are k = 0.98, Ds = 114 cm-I, 
and Dt = 1360 cm-' (TIP = 0). 
importantly Dt = 1000 cm-1, lead to a very large D and thus 
an appreciably larger decrease in bff. Finally, curve D shows 
the effect of changing the orbital reduction parameter k from 
1.0 to 0.5. Not only has the room-temperature Wff decreased 
from -4.6 to 4.2 BM, but the curve is fairly flat to -30°K, 
a reflection of a much smaller zero-field splitting. 

It should be pointed out that for the standard curves plotted 
in Figure 7 the range of room-temperature p& values of 4.2-4.6 
BM is considerably above the spin-only value for a quartet 
ground state (3.87 BM). This is due to two major effects. The 
first of these is spin-orbit coupling which mixes the 4A2' ground 
state with the 4E" excited state, as pointed out above, and the 
second is the mixing of the 4A2'(F) ground state with the 
higher-energy 4A2'(P) state via the D3h crystal field operator. 
Both of these mechanisms are effective in increasing the net 
magnetic moment of the ground state. The contributions of 
each of these mechanisms to the curvature of the peff curve 
at low temperatures are potentially different, and it will be 
shown below that the simultaneous consideration of both effects 
is necessary in order to fit correctly the observed data for a 
monomeric system. 

The calculation of TIP is an essential preliminary to any 
quantitative fit of magnetic susceptibility data for cobalt(I1) 
systems. Basically we are concerned with second-order %man 
coupling of excited states to the ground state, where these 
excited states cannot be thermally populated. The application 
of the Hx Zeeman operator 
a x  = w+ -t kL-13- (S, + S->vix 

to the 14E" 3, f l ,  3/2, 3/2) wave function illustrates that the 
following nonzero matrix element may be found 

(4A2'3,0,3/~,3/~IHX14Ef'3,~l,3/2,3/~)=~k~Hx 
Using second-order perturbation theory, the change in energy 
of the 4A2' states as a consequence of this effect may be written 
E' = 3 k2HX2/AE 
where AE = E(4A2') - E(4E"). Calculation of the susceptibility 
component of this term contributed to all four 4Az' levels yields 
XTIP = 12Np2k2/AE. 

The effects of spin-orbit coupling, 4Azt(F)-4Az'(P) mixing, 
and TIP may all be studied by reference to Figure 8. Here 
the observed magnetic suweptibility data for [Co- 
(Me6tren)CllCl have been plotted (as peff) along with the 
results of fittings (solid lines) to the data with various pa- 
rameters. In the first place, note the lower temperature region 

of the figure. For solid curve A, where no spin-orbit coupling 
is allowed, only 4A2'(F)-4A2'(P) mixing contributes to the 
magnetic moment (that is, above spin only, ignoring TIP for 
now). The parameters given for curve A have been adjusted 
for minimum error from the experimental data, although it 
is clear that while the room-temperature moment can be 
duplicated, the low-temperature curvature is completely wrong. 
Curve C, where only spin-orbit coupling is allowed, can also 
fit the room-temperature data, but the large k value required 
causes the (&t3/2)-(i1/2) Kramers doublet splitting to be large 
and thus the moment would be predicted to decrease greatly 
at lower temperatures, much more than observed experi- 
mentally for the monomeric system. When both 4Az'(F)- 
4A2'(P) mixing and spin-orbit coupling are included in the 
calculation, the curvature in the low-temperature range of the 
peff curve may be duplicated very closely, certainly to within 
experimental error (see Figure 8 and Table IV17). The good 
correspondence tends to confirm both the monomeric nature 
of the molecule and the essential correctness of our mathe- 
matical model. 

At higher temperatures the fitting of the monomer sus- 
ceptibility equations to the observed data is very much de- 
pendent upon the TIP contribution, whereas this effect is 
negligible below 60°K. In general it will be assumed that XTIP 
N 0.0002 cgsu. The best value for the TIP in order to fit the 
[Co(Me&ren)Cl]Cl data would appear to be -0.00015, which 
is close to the 0.00017 calculated theoretically on the basis of 
AE = 5800 cm-1 and k = 0.56. Table W7 lists the observed 
and calculated magnetic data for the Mestren monomer with 
the best final set of parameters; these parameters give D M 

10 cm-1. 
The small size of k for the fitting to the cobalt monomer 

data raises some concern, as it is generally considered that 
0.8-0.9 is normal for similar systems, and Wood19 suggested 
that k for this same material is near 1.0 on the basis of 
room-temperature magnetic data (he did not, however, include 
a 4&'(F)-4Ai(P) mixing term in his calculations). No attempt 
will be made to rationalize the size of k. Irrespective of the 
precise fit of the model to both the electronic spectra and 
susceptibility of [Co(Mestren)Cl]Cl, the important point is 
that the low-temperature magnetic data can be fir well for a 
monomeric compound with a monomeric crystal field model. 
It then remains to be seen whether the [Coz(tren)2Xz](BPh4)2 
species will give susceptibility data that can or cannot be fit 
by this same model. Any inconsistencies at low temperature 
may be taken as indications of exchange interactions. 

Figure 9 and Table VI7 show the results of fitting the 
magnetic data for [Coz(tren)z(NC0)2](BPh4)2 and [Coz- 
(tren)z(Ns)2](BPh4)2 with the D3h-symmetry monomer model, 
i.e., model A. For the cyanate the fit is good throughout mast 
of the temperature range, although at low temperatures 
(< 10'K) the experimental /.teff values fall below those cal- 
culated, peff(expt1) = 3.35 BM and peff(calcd) = 3.48 BM at 
4.2'K. More noticeable is the disparity in the subloOK range 
for the azide complex, where the lowest observed moment is 
2.92 BM and the lowest calculated value is 3.59 BM. All in 
all, the presence of weak exchange interactions is suggested 
with that for the azide being stronger than that for the cyanate, 
The least-squares fitting parameters are as follows: cyanate, 
k = 0.70, Ds = 968 cm-1, Dt = 1600 cm-1, A = 11,670 cm-1; 
azide, k = 0.85, Ds = 371 cm-1, Dt = 1903 cm-1, A = 11,670 
cm-1. 

Observed and calculated susceptibility data for [C02- 
(tren)zCh](BPh4)2 are given in Table VI17 and it is found that 
the data can be quite adequately fit with model A to give 
parameters similar to those for [Co(Mestren)Cl]Cl. Therefore, 
no evidence is found to implicate an exchange interaction in 
the Co-tren-CI compound. This is an interesting observation 

L. 
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Figure 10. Magnetic moment curves calculated using the S ,  = 
S ,  = 3/2 dimer susceptibility expression which includes a single-ion 
zero-field interaction (0). The choice of parameters in cm-*  is 
indicated in the figure. 

action and single-ion zero-field splitting. Before the results 
of this fitting are discussed, it is beneficial to investigate 
empirically the effects of changing one or more of the pa- 
rameters ( J ,  g l ,  gll, and D) of model B. The g values have 
been selected for this illustration as equal to those reported30 
for [Co(Mestren)c1]Cl, 811 = 2.29 and g l  = 4.25. We have 
found (see Figure 10) that for various values of J and D the 
value of J has the greatest effect in decreasing the low- 
temperature magnetic moment. For D = -5 cm-1, which 
corresponds to a (&3/2)-(*1/2) single-ion splitting of 10 cm-1 
as found for [Co(Mestren)Cl]Cl, it is only through the presence 
of exchange coupling that 5’K moments below 3.5 BM are 
obtained. 

One check of the model B machinery was made by recasting 
the [Co(Me6tren)Ci]cl data in terms of a dimer (Le., double 
the measured monomer susceptibility values) and subjecting 
these data to a fit with model B where J is fixed as zero, and 
g i ,  gll, and D were all varied for best agreement. The 
zero-field parameter D was taken as negative to ensure that 
the *1/2 Kramers doublet is lowest in energy. With the values 
J = 0,811 = 2.215, g l  = 4.486, and D = -5.13 cm-1 (TIP for 
the “dimer” was fixed at 0.0003 cgsu) an excellent fit to the 
data was obtained. As can be seen in Table VI117 the ob- 
served-calculated agreement is better than 0.7% at all but one 
low-temperature point. It is notable that the g values are 
similar to those reported for this compound and most im- 
portantly, the effective (k3/2)-(&l/2) splitting is 10.3 cm-1, 
which is well in accord with that found by fitting the same 
data to model A for a D3h symmetry monomer. 

The results of fitting the [Co2(tren)2(N3)2] (BPh4)2 data to 
model B are illustrated in Figure 1 1  and are given in Table 
VIII.17 As would be expected, the inclusion of the exchange 
term allows a much improved fit to the azide susceptibility 
data than was possible with the monomer model A. Although 
there is considerable scatter in the higher temperature points, 
the curve is, on the average, fit well and the calculated J value 
of -0.50 cm-1 (antiferromagnetic interaction) is, in our opinion, 
likely to be reasonably accurate, particularly considering the 
“sensitivity” of total spin S‘ = 3 J values. Unfortunately, we 
cannot give correlation errors between the various parameters 
in this fitting. The gvalues ( g ~  = 4.81 and 811 = 2.18) obtained 
for the fit are somewhat different from those observed for 
[Co(Me6tren)Cl]Cl (gl  = 4.476 and 811 = 2.423) and the 
zero-field splitting (D = -5.0 cm-1) is comparable to that for 
the chloride monomer. The zero-field splitting is not expected 
to be as strong a function of the bridging anion as is J .  
However, it is interesting to note that D does not follow the 
change in g values from the Mestren-C1 to the tren-N3 
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Figure 11. Fitting of the observed susceptibility data for 
[Co,(tren),(N3),](BPh,), to the S’ = 3 dimer expression; for 
fitting parameters see text. 

compound. It may be that in this case the changes in g values 
are reflecting a change in geometric distortion. 

The magnetic susceptibility data for [Coz(tren)zOx)(BPh4)2 
are presented in Table 1x17 and Figure 12, and the presence 
of a magnetic exchange effect is clearly noticeable in that the 
XM vs. temperature curve peaks at -10’K. In view of the 
work of Lines* on exchange between 4T ground-state systems, 
an attempt was made to incorporate the Lines equations into 
a fitting program, Although the details of the procedure were 
carefully carried out and checked several times, the expressions 
used would not give reasonable susceptibility values for the 
parameters used and no fitting was done with the Lines theory. 
The more recent work of Ball and Blake7 has been of use, 
however. They discussed the fitting of susceptibility data for 
octahedral cobalt(I1) dimers, both with and without con- 
sideration of orbital angular momentum effects. Because they 
do not list the matrix elements used for the calculation of the 
susceptibility for the “complete” orbital scheme, it was not 
possible to fit our data to their equations. However, they do 
compare the results of a “spin-only” (Le., simply -2JS182) 
approach with the results obtained considering an orbital 
contribution and it was found that in general (five out of six 
compounds studied) the ratio of J for the spin-only approach 
to J for the orbital picture is 1.37 f 0.05. The overestimation 
of J by using the spin-only picture is expected in that J is to 
a large extent used to account for zero-field splitting of the 
4T ground state, as well as for exchange effects. 

Fitting of the magnetic susceptibility data for the oxalate 
compound with model C which uses the “spin-only” equations 
yields the theoretical fit and parameters indicated in Table 
1x17 and Figure 11. The parameters obtained are J = -3.09 
cm-1, g = 2.21, and 9 = -1.3’. Applying the above correction 
factor gives E -2.2 cm-1. It is seen from Figure 11 that 
the peak has been only poorly fit; perhaps the functionality 
of the spin-only equation is not quite proper, but it is clear that 
J for this oxalate compound lies in the range between -1 and 
-3 cm-1. 

Previously we reported that J = -16 cm-1 for [Ni2- 
(tren)zOx] (BPh4)2.31 As pointed out by Ball and Blake7 the 
ratio of JNi/JCo should be 9/4 if no orbital effects are present. 
For their series of dimers the value of 4JNi/gJCo was found 
to be 1.9 f 0.3. If we calculate this number for our tren oxalate 
dimers, we find that 4JNi/gJCo 1 2.3. Following their dis- 
cussion it may be concluded that the extra tzg electron in the 
cobalt system is involved in an exchange pathway that is 
ferromagnetic. 
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Figure 12. Molar susceptibility (cgsu/mol of dimer) and ef- 
fective magnetic moment data for [Co,(tren),Ox](BPh,),. The 
lines are least-squares theoretical fittings using a S, = S, = 3/, 
isotropic exchange dimer expression where single-ion zero-field 
interactions are ignored. 

In summary, it appears that variable-temperature magnetic 
susceptibility for the CoI*-tren compounds can only give 
qualitative indications and/or semiquantitative assessments 
of the extent of exchange interactions. Clear indications of 
the associated nature of the Co(I1) centers in these compounds 
and potentially accurate determinations of J can be obtained 
from EPR measurements, to which we turn. 

Electron Paramagnetic Resonance. There are two aspects 
of dimeric Co(I1) systems that can lead to complicated EPR 
observations, one being the presence of exchange coupling 
which, in conjunction with the small single-ion zero-field 
splitting, results in an arrangement of the 16 dimer energy 
levels such that there are transitions between the various 
Zeeman-split manifolds. Second, the proximity of the metal 
ions leads to large through-space dipolar zero-field splitting 
which is orientation dependent. This latter term will not be 
energetically large relative to the overall spread of energies 
encountered for a system but will split apart the most important 
levels (with respect to observation by EPR) and result in 
obvious changes in the spectra. It cannot really be assumed 
that the general spectrum can be assigned without inclusion 
of the interion zero-field splitting term. Needless to say, 
simulation of a powder spectrum of a high-spin cobalt(I1) 
dimer under conditions where the Zeeman energies, exchange 
interactions, and single-ion zero-field interactions are of 
comparable magnitude (folding in interion zero-field terms) 
requires an exact treatment (i.e., diagonalization of matrices 
as opposed to a perturbation treatment). Such an endeavor 
is only of late economically feasible with the approach set out 
by Belford and Belford.32 Work has been initiated in these 
laboratories to simulate our spectra, but for the present we 
will have to be happy with a reporting of the spectra and a 
qualitative discussion. 

The reported30 spectrum of [CO(Me6tren)C1]C1 is quite 
simple in appearance; the spectrum is axial and independent 
of temperature from 90 to 4.2’K with 811 = 2.29 and g l  = 
4.25. There are only the two simple features to be seen in the 
spectrum, and they are interpreted as transitions within the 
f l / 2  monomer Kramers doublet, where with no spin-orbit 
coupling the g values may be shown to be 811 = 2.0 and g l  
= 4.0. 

The - 12’K X-band EPR spectra of [Coz(tren)zXz]- 

t 



1954 Inorganic Chemistry, VoL 14, No. 8, 1975 D. Michael Duggan and David N. Hendrickson 

Table X. Q-Band EPR Data for [Co,(tren),X,](BPh,), __ 

x- = c1- X- = N C S  X-=N,- X- = NCO- 

g Label H g Label H g Label HO g Label H 

Ll 2,480 10.1 L, 3,192 
J-2 3,050 8.20 

L, 12,970 1.93 L, 12,235 
L3 5,190 4.82 L, 4,575 

L, (14,900) 

Hl 4,850 5.16 
H* 8,330 3.00 H, 8,792 
H, (10,730) 2.33 H, 10,160 

a All fields given in gauss. 
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2.97 
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Figure 13. X-Band (- 12°K) EPR spectra for [Co,(tren),X,]- 
(BPh,), where X - =  N3- (A), OCN- (B), and SCN- (C). All 
samples were run as powders. 

(BPh4)2, where X- = N3- (A), NCO- (B), and NCS- (C), 
are reproduced in Figure 13.  The spectra are amazingly 
complicated! It is the obvious difference between these spectra 
and that for the structurally and almost even magnetically 
similar Mestren complex that supports so strongly the case 
for the tren compounds being formulated as dimers. 

It was thought that in order to have any likelihood of in- 
terpretating these spectra in d e t d  it would be necessary to 
have more highly resolved features-and this plus an ad- 
vantageous “sorting” effect can be achieved by recording the 
spectra with higher microwave energies. Whereas the X-band 
spectra were all recorded at - 12’K, Q-band spectra were 
obtained at both 4.2 and -90’K. Figure 14 shows the Q-band 
results for [Coz(tren)2Clz](BPh4)2 and it is clear that the 
complexity of the spectra establishes the dimeric nature of this 
compound. The temperature dependence should be of con- 
siderable help in assigning features; Table X lists the g values 
from the high- and low-temperature Q-band spectra of all four 
compounds (N3-, NCO-, NCS-, and C1-). It can be seen in 
Figure 14 that the peaks labeled LI,  L2, L3, and L4 seem to 

I I 

I l 
0 1545C 

CIEL3 (GI 

Figure 14. Q-Band EPR spectra of a powdered sample of [Co,- 
(tren),Cl,](BPh,), at two temperatures. 

remain as strong at 4.2’K as they are at -90°K, or stronger, 
This implies that they occur within the lowest manifold of the 
system. It would be attractive to call LI and L3, two interion 
zero-field split components of the gl transition where 2 0 1  
= 570 G. This could only be checked by knowing the Co-Co 
distance and the relative g-D tensor orientation. A discussion 
of g-D tensor orientation effects for copper dimers is presented 
in the next paper in this series.33 The L4 signal is probably 
the parallel signal from the lowest manifold, broadened by a 
small parallel zero-field splitting. H i  and H2 are two bands 
that appear to be parallel and perpendicular components from 
some higher energy manifold. It is not possible at present to 
understand confidently the gross features of the chloride 
X-band spectrum, but it does appear that the features in the 
4.2’K Q-band spectrum are at least tentatively assignable. 

In passing it should be mentioned that a unique observation 
has been made with respect to the power saturation of peaks 
for the chloride EPR spectrum. By adjusting the power level 
the observed peaks are made to change in intensity and 
sometimes “flip over”, each peak doing so ostensibly inde- 
pendent of the other peaks. As a result very differently 
appearing spectra can be obtained at higher power settings; 
the reported spectra are the low-power limiting spectra. 

The compound [Co2(tren)2(NCS)z] (BPh4)2 gives rise to 
Q-band spectra (see Figure 15) that are similar to those for 
the chloride and as such the 4.2’K features are interpretable 
on the basis of interion zero-field splitting. We tentatively 
suggest that for the 4.2’K spectrum the two peaks at low field 
(Li and L2) are zero-field split gi bands, while the two 
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Rgure 15. Q-Band EPR spectra of a powdered sample of [Co,- 
(tren), (NCS), ](BPh,), at two temperatures. 

high-field transitions (Li and L4) are the zero-field split parallel 
signals. As above, these transitions all originate in the 
low-energy manifold and the additional peaks in the -90°K 
spectrum have clear analogies in the chloride case. It is in- 
teresting to note the average of the positions of peaks L1L2 
in the thiocyanate spectrum is the same for the average in the 
chloride spectrum. The splitting is larger for the chloride and 
if these splittings are indeed due to dipole-dipole interactions 
and the g-D tensor orientation does not change, then the 
metal-metal distance is clearly smaller for the chloride 
compound. 

The Q-band spectra for the cyanate compound are given 
in Figure 16. It is intriguing that the peak labeled Li is close 
to 0, corresponding to a transition between two levels separated 
at zero-field by exactly the Q-band microwave energy. The 
larger zero-field interaction required by assigning Li and L2 
as the zero-field split perpendicular signals could result from 
a small Co-Co distance or a change in the orientation between 
the g and D tensors. With this assignment, the L3 and L4 
features are the zero-field split parallel transitions. It is 
necessary to have the structure and single-crystal EPR data 
for this cyanate compound to eliminate an alternative as- 
signment of peaks L2, L3, and L4 to the gx, gy,  and gz transitions 
from the lowest energy level (no zero-field splitting). In this 
case Li would result from an interlevel essentially zero-field 
transition. 

The Q-band EPR spectra of [Co2(tren)z(N3)2](BPh4)2 were 
recorded as shown in Figure 17. In addition to a relatively 
large copper impurity signal at g 2 there are a considerable 
number of peaks. The peaks labeled H2, H3, and H4 appear 
to be a gx, gy, and gz pattern from some higher lying manifold 
of the system, while LI, L2, L3, and L4 can be assigned to the 
ground manifold. Until (and i' simulations are possible, we 
will refrain from assigning these features in detail. 
Conclusion 

The. compound [Coz(tren)zOx](BPh4)2 has a cation that 
consists of two octahedrally coordinated high-spin Co(I1) ions 
bridged by a bis-bidentate oxalate moiety. A weak antifer- 
romagnetic exchange with J in the range of -1 to -3 cm-1 has 
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Figure 16. Q-Band EPR spectra of a powdered sample of [Co,- 
(tren),(NCO),](BPh,), at two temperatures. 

I 
0 15450 

Figure 17. Q-Band EPR spectra of a powdered sample of [Co,- 
(tren),(N,),](BPh,), at two temperatures; note the relatively 
large copper signal. 

been found. Very weak (Le., J in the range of 0 to -0.5 cm-1) 
antiferromagnetic interactions have been found via magnetic 
susceptibility for the [Co2(tren)%2] (BPh4)2 compounds where 
X- = C1-, N3-, NCO-, and NCS-. Infrared and electronic 
measurements clearly point to trigonal-bipyramidal Co( 11) 
centers in these compounds, and this taken with the com- 
plicated EPR spectra shows that these compounds have cations 
that are dimeric by virtue of some outer-sphere association 
(for example hydrogen bonding). 
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Variable-temperature magnetic susceptibility and EPR are used to investigate compounds of the composition [Cuz- 
(dien)zXz](BPh4)2 where X = Ox*-/2, N s ,  NCO-, and NCS- and dien is diethylenetriamine. The oxalate (Ox) compound 
is inner-sphere bridged wherein the oxalate is bis-bidentate. In contrast to [Cu2(dien)z(Ox)] (ClQ4)2 (X-ray structure is 
available) where no signs of an exchange interaction are seen in either the susceptibility to 4.2OK or the BPR spectrum, 
the susceptibility of [Cuz(dien)z(Ox)] (BPh4)z shows an antiferromagnetic interaction characterized by J -- -7.4 cm-1, g 
= 2.16, and 8 = 1.3’ via least-squares fitting to the copper dimer equation. The structural changes of the dimeric cation 
required to account for this anion dependence are discussed. The weak (14 < -0.5 cm-1) exchange interaction and relatively 
large zero-field splitting seen in the EPR of [Cu2(dien)2(N3)2](BPh4)2 are shown to be explicable in terms of a structure 
where two square-planar copper complexes are outer-sphere associated (hydrogen bonding) such that the Cu-Cu vector 
is normal to the copper coordination planes. Powdered-sample Q-band EPR spectra are computer simulated partially to 
substantiate this and the effects of Cu-Cu distance and g tensor-D tensor (Le., Cu-Cu vector) orientation are illustrated 
for this azide as well as for [Cuz(dien)a(Ox)](BPh4)2. No exchange interactions are seen to 4.2% in the susceptibility 
of [Cuz(dien)z(NCO)2] (BPh4)?2HzO; however, the Q-band spectra of this compound and the analogous anhydrous thiucyanate 
compound give evidence of electron exchange; probable structures are proposed for the dimeric cations in these two compounds. 
EPR is used to study the effects on [Cu2(dien)2(Ox)](ClO4)2, which potentially has open copper coordination sites, of pelleting 
in KBr, KCI, KI, NaBr, and NaC1. 

Introduction 
We have investigated4-9 exchange interactions in the series 

[Ni2(tren)zXz] (BPh4)z, where tren is the tetraamine 2,2‘,- 
2’1-triaminotriethylamine and X = Ox2-/2 (Ox = oxalate), 
Sq2-/2 (Sq = squarate), N3-, NCO-, NCS-, and NCSe-. 
These nickel(I1) compounds have been showns-10 with X-ray 
crystallography to be dimeric with two X anions end-to-end 
bridging such that the nickel centers are octahedrally coor- 
dinated. It was found that it is the precise geometry of the 
bridging system in these nickel inner-sphere dimers that 
determines the sign (Le., antiferromagnetic vs. ferromagnetic) 

and magnitude of the exchange interaction. Attempts to 
replace the nickel(I1) atoms with copper(I1) atoms in these 
tren compounds gave outer-sphere [ ~ u 2 ~ t r e n ~ ~ z ]  ( 
= NCO-, NCS-, CN-, el-, and BI-) dimer 
center is trigonal bipyramidal and one en 
hydrogen bonding to a tren n i t r o ~ e ~  on 
center. The structural details of most of these interesting 
outer-sphere copper dimersll-13 and two r 
manganese dimers,14 X- = NCS- and 
determined by X-ray techniques. 

In the present paper results are re ted for B study of the 


