
1972 1491 

An Electron Spin Resonance Study of the Structure of Dinuclear Titanium- 
(MI),  Vanadyl, and Copper(i1) Chelates of Tetrakis(aminomethy1)methane 

By S. G. Carr. P. D. W. Boyd. and T. D. Smith,' Chemistry Department, Monash University, Clayton, Victoria, 
Australia, 31 68 

The triplet-state X-band e.s.r. spectra, recorded at sample temperatures of 77 K, due to dinuclear titanium( i l l ) .  
copper(i1). and vanadyl ion chelates of tetrakis(aminomethy1)methane which exist in frozen aqueous glycol solution 
have been interpreted in terms of an interaction spin Hamiltonian which takes into account the symmetry imposed 
on the paramagnetic ion-pair system by the ligand and which results in a non-parallel alignment of the g-tensor 
axes of the individual paramagnetic ions. Computer simulation of the lineshapes of the triplet-state e.s.r. spectra 
has been carried out for cases involving isotropicg-values and anisotropic g-values and in the presence and absence 
of hyperfine interactions. These calculations are relevant to the determination of the magnetic parameters 
associated with the dinuclear complexes of titanium(iii), copper(i1). and vanadyl ions formed by combination 
with the spiro-amine. The parameter of chief interest is the distance between the magnetic point dipoles which 
in each case has been related to the internuclear separation of the metal ions in the dinuclear complex by use of 
molecular models. 

RECENT developments in the theory of dipolar coupling 
between paramagnetic ions of spin in pair systems 
which exist under conditions of diamagnetic dilution 
have involved a consideration of the role played by the 
symmetry of the pair system.l The results of these 
considerations have been expressed in terms of an 
interaction spin Hamiltonian, the solution of which 
leads to the ability to compute the lineshape of triplet- 
state spectra which arise from the magnetic interactions 
in pair systems of lower than axial symmetry. Com- 
parison of the computed spectra with those observed 
experimentally enables the recognition, from salient 
features of the spectra, of circumstances which involve a 
departure from axial symmetry of the pair system. 
The fitting of computed lineshapes to experimental 
spectra enables the determination of the relevant 
magnetic parameters. Chief interest has been shown 
in the parameters pertinent to structural considerations 
of the metal ion-pair system, namely R, the separation 
of the magnetic point dipoles, and E, the angle between 
the zero-field splitting tensor and the g,-component 
of the g-tensor of the individual metal ion. The 
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chemical circumstances which give rise to the formation 
of such pair systems are varied though a common cause 
is the dimerisation of centrosymmetric chelate mole- 
cules and many examples of this type of interaction 
occur. Fortunately, X-ray crystallographic studies 
of such systems have been made and it is possible to 
compare R and with structural data on the inter- 
nuclear separation of the metal ions and the angle 
between the internuclear vector and the g, axis of the 
individual ion (it?., an axis normal to the mean plane 
of the atoms bonded to the individual metal ion). 
In  a number of cases it has been found that the two 
sets of structural parameters are compatible, thus 
lending confidence in the use of e.s.r. data in determining 
an important aspect of the structure of the dimeric 
m~lecu le .~~  Another common circumstance leading to  
the formation of metal ion-pair systems whose sym- 
metry may be lower than axial is the formation of 
dinuclear complexes formed by the combination of 
metal ions with certain organic ligands. A ligand of 
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particular importance in this respect is tetrakis(amin0- 
methy1)methane whose significance lies with the fact 
that the spiro-conformation of the methylene groups 
involves a fixed geometry of the terminal amine groups 
once they are part of the co-ordination sphere of each 
metal ion. In these circumstances the pair of ions in 
the dinuclear complex will have non-parallel alignment 
of the g-tensor axes as indicated by Figure 1. A 
study of the e.s.r. triplet state spectrum due to the 
dinuclear copper(I1) complex of the spiro-amine has 
been reported.* A preliminary theoretical treatment 
of the results made possible the computer simulation 
of the low-field region (ca. 1500 G) of the triplet state 
spectrum due to AM = &2 transitions arising from 
magnetic dipole-dipole coupling of the copper(I1) ions in 
the dinuclear complex. The present investigation deals 
with the triplet state e.s.r. due to dinuclear complexes 

FIGURE 1 Orientations of the principal axes of the g-tensor for 
the metal ions in the spiro-amine dinuclear complex 

containing pairs of titanium(Ir1) ions and vanadyl ions 
formed by combination of these ions under suitable 
conditions with the spiro-amine. The role played by 
the symmetry of the metal ions in these circumstances 
on the triplet state e.s.r. spectra has been reassessed 
to make possible a simulation of the complete lineshape 
the triplet state e.s.r. spectra due to the spiro-amine 
dinuclear complex of each metal ion system. 

The X-band e.s.r. spectra recorded at  sample tem- 
peratures of 77 K due to  glycol-water solutions contain- 
ing the metal ion and ligand in 2 : 1 mole ratio a t  a pH 
of ca. 4, conditions which promote the formation of the 
dinuclear complexes, is shown in Figure 2. In  each 
case a low-field component of the spectrum was easily 
observed. The low-field portion of the spectrum, 
attributable to AM = &2 transitions, provides good 
evidence for the existence of the dinuclear complex 
in each case. 

Quantitative Treatment of the Results.-Pairs of 
identical ions with non-parallel magnetic axes. Several 
complications arise in the solution of the spin Hamil- 
tonian for a pair of ions with non-parallel magnetic 
axes, the most serious of which is the occurrence of 
matrix elements involving the magnetic field in off- 
diagonal positions. This problem can be overcome 
by exact diagonalisation of the Hamiltonian but when 
hyperfine interactions are present this makes the 

calculations long. An alternative method, by use of 
second-order perturbation theory, leads to terms 
quadratic in H and a solution using this approach 
leads to a considerable reduction in calculation time. 
If the frame of reference is taken to be the axes of ion 1, 
the spin Hamiltonian for the system is (I), where 2 is 
given by equations (2)-(4). The spin Hamiltonian 

%=#1+#2+* in t  (1) 

*l = "llHlZS1, + gl(H1zSlZ + f f l Y S 1 Y ) l  + 
-AIl,Sl, + B[Il,Sl?/ + I z S h l  (2) 

x 2  = B[gLHlzS2* + gll~lYs, + glHl,S,1 + 
-AI2ZS2% + W 2 v S 2 v  + I2ZS221 (3) 

2gIr2SlJ2,l lR3 - JSlS2 (4) 
x i n t  = *dip + *ex = p2[gllgl(S1,S, + si2s2,) - 

can be solved by use of non-degenerate perturbation 
theory to second order, treating the dipolar and hyper- 
fine terms as a perturbation on the Zeeman interaction. 
The spin Hamiltonian in the Zeeman transformation, 
with neglect of terms leading to non-secular elements, 
can be represented by equation (4, with (6)-(16). 

A? = glPHSl,' + g,pHS,' + ZlPHS,' + 22pHSzy' 
+ KlIlZ''S ' + RIS,'Il," + Pl12z"S2zf + P212,"S, lZ' + P3IW"S,' + P412,"S,' 

+ P5~2,"S,' + 2 Dp,S1,s,, (5) 

(6) 

(7) 

cos #) (8) 

(9) 

(10) 

(11) 

cos p cos #) (12) 

sin p cos #) (13) 

P, P 

g, = (g,? cos28 + g12 sin%); 

g2 = (gL2 cos2e + g12 sin28 sin2# + gIl2 sin28 cos2#)g, 

21 = (-gL cos 8 sin $ + (g,i + gl) sin 8 cos + sin # 

22  = (gL - gll) sin 8 sin # cos # 
KI = (A2g;;2 cOs% + B2gL2 sin28)b/gl 

R1 = (B2 - A2)glIgl sin 0 cos 8/Kgp 

P1 = A sin p sin t,b cos2 # + B(sin p sin t,b sin2 # + 

PZ = A cos p sin + cos2 4 + B(cos p sin # sin2 + - 
P3 = --A sin # cos # sin t,b + Bsin # cos + sin 4 
P4 = A sin p cos t,b cos2 # + B(sin p cos # sin2 4 - 

P5 = --A sin 

In  previous considerations the simple product basis 
states were used to solve the spin Hamiltonian after 
transformation by diagonalisation of the inner matrix 
of basis states I +  - &m1m2> and I-#nlm2>. In the 
present case the same difficulty arises but in addition 
the coefficients of the transformed basis states are now 
dependent on the magnetic field. This difficulty may 
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(14) 

cos p sin +) (15) 
cos # sin # + B sin p cos # sin # (16) 
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be surmounted by transforming the simple product 
basis states as in equations (17) and (18) where a = 

l$l) = Iih1m2); 1+2> = 4; - ;m1mz> + 
bl - ++n,m2> (17) 

1$3> = I--& - &1mz>; 1$4) = cl; - Qm,m2> + 
d I - Q&nlm2> (18) 

b = c = --d = 1/.t/2. The matrix elements of the 

A 

I I t 
2500 3000 3500 

- n 1300 1550 16W G 

L - 
1600 1650 G 3200 3500 G 

FIGURE 2 X-Band e.s.r. spectra a t  77 K of a water-ethylene 
glycol solution of transition-metal ion (0.lh.I) and spiro-ainine 
( 0 . 0 5 ~ )  a t  pH cn. 4; A, copper(I1); B, titanium(II1); C, 
vanadyl ion 

spin Hamiltonian with respect to these basis states 
for the triplet state only are shown in Table 1. 

TABLE 1 

I $1) I $z> I$& 
($11 kl + g2)PH/2 v1+ VOl + (Kim,+ P1m2)/2 + i ( V 2  + V02) V 3  + i V 4  + QZ/4 - J/4 
<$I2] Tf’1 4- VOl 

- i ( V 2  + T’02) - 0,,/4 + V7 V5 + V05 + i (V6  + V06) 

v 3  - iv4 

V l  = [Dzz + P2m2 + Rlml]/22/2;  V 2  = [D,, - P3m2]/22/2; 
V 3  = [D,, - D,,]/4; V5 = (Rlm, + P2m2 - 
D,)/2d2; V6 = (-DVz - P 3 m 2 ) / 2 d 2 ;  V7 = (Dzz + D&,)/4; 

V 4  = 0,,/2; 

VO1 =ZlP’H/2;  V02 = Z%P’H/2; VO5 = VO1; VO6 = VO2; 
P’ = P/2/2. 

By use of second-order perturbation theory the 
energies El and E3 of energy levels 1 and 3 can be 
calculated, as in equations (19) and (20), where V12 = 

(19) 

(20) 

Thus ?V = hv = El  - E3 

= (g1+ gz)PH + (KIWI + Plm,) -4- 
Vl2/W + V34/W + V56/W 

VP12 + VP22; 
VP62; 

V34 = V32 + V42; V56 = VP52 + 
VP1 = V1 + VO1, VP2 = V2 + VP2, VP5 = 

V5 + V05, and VP6 = V6 + V06. 

The terms V12 and V56 contain the magnetic field H 
and lead to a quadratic equation in H .  Solution of this 
equation leads to only one positive value of H .  The 
transition field for the AM = &2 transitions is given by 
equations (2  1)-( 24). 

In a similar manner the AM = &l transition fields 
may be calculated, as in equations (25)-(32). The 

H(1,Z)  = (-T1 + \/T12 - 4T2T3)/2T2 (25) 

H(2 ,  3) = ( -Sl  + dS12 - 4SZS3)/2S2 (26) 

T1 = (gl + gz)p/2 + (2V121 + 2v222 - 
V521 - V622)P/W (27) 

T2 = P/2 (28) 

w-w (29) 

V l Z l  - V222)p/W (30) 

s2 = P/2 (31) 

T3 = (Klm, + Plm2)/2 + D,/2 - V7 + 
V34/2W + (2V12 + 2V2’ - V52 - V62)/ 

Sl  = (gl + gz)@/2 + (2V521 + 2V622 - 

S3 = (Klm, + PlmJ/2 - D,,/2 + V7 + 
V34/2W + (2V52 + 2V62 - V12 - VZ2)/ 
W (32) 

transition probabilities for the above transitions are 
proportional to the square of the matrix element 
I(#i’lSls + S&’l multiplied by a factor F1 which 
accounts for the anisotropy of the g-tensor in the two 
ions. For the AM = &l transitions transition prob- 
abilities are proportional to F(1, 2)  = F1(TPl2 + 
TP22) where the terms are defined in equations (33) 
and (34), and F(2, 3) = F1(TP32 + TP42) where the 

TP1 = 1.0 - (VP12 + VP22 - VPl  . VP5 + 
V P 2 .  VP6)/W2 + V3/2W (33) 

(34) 
TP2 = V4/2TY + (VP2.  VPS -/- VPl  . VP6)/W2 

terms are defined in equations (35) and (36). For 

TP3 = 1.0 - (VP5’ + VP62 - VPl . VP5 + 
V P 2 .  VP6)/W2 - V3/2W (35) 

(36) 
TP4 = V4/2W - (VP1. VP6 + VP-2. VP5)/W2 

AM = &2 transitions the probabilities are proportional 
to F(1, 3) = F1(TPti2 + TP62) where the terms are 
defined by (37) and (38). 
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TP5 = (VP1 - VP5)/W - (V3 . VPl + V4 . V P 2  + 

TP6 = (Vp6 -k Vp2) /w - (v3 ' 4- 

the point magnetic dipoles, by Figure 4. The computed 
lineshapes of the triplet-state spectra shown by Figure 5 
are those expected from a pair system involving aniso- 
tropic g-values and hyperfine interactions when the 
nuclear spin of each individual paramagnetic ion is 2. 

V 3 .  VP5 + V4.  VP6)/2W2 (37) 

(38) 
- v4 * 

V4.  VP5 - V 3 .  VP6)/2W2 

powder samples all orientations of the metal ion-pair 
systems with respect to the magnetic field are possible. 
In these circumstances the e.s.r. lineshape is given by 

d cos 8 d+] (39) 

equation (39) where U = number of transitions, x = 
range of 4,  y = range of 8, P(U, 8, 4) = transition 
probability of transition K and G(H,  K ,  8, 4) = com- 
ponent lineshape of the first derivative (taken to be 
Gaussian), given by equation (40), where H(K,  8, +) = 

G ( H ,  K ,  8, +) = -"H - H ( K  8, +]/."]e - 
[H - H ( K ,  8, +)1/202 (40) 

transition field of transition K .  This integral can be v 
evaluated numerically by using equation (41) and taking 1 1 I 

r r  - 2000 3000 LOO0 G 

f ( H )  = 3 p ( ~ ,  8, +)G(H, K,  6, +) A cos ea+ FIGURE 3 Computer-simulated AM = & l  spectra for various 
tensors isotropic and equal to 2.00; R values of R with the 

for A, 3.5 A ;  B, 4.5 i; and C ,  5.5 A K = I  @ = o  e = o  
(41) 

a sufficient number of orientations of the metal ion pairs 
with respect to  the magnetic field. Summations for 
8 were performed from 8 = 0 to 8c in equal incre- 
ments of angle and from OC to 0 = 90" in equal incre- 
ments of A cos 8 as described previously. This is a 
necessary precaution which overcomes the occurrence 
of large values of A cos 8 in the region where 8 is close 
to 90". 80 Is defined as the angle a t  which A cos 8 on 
each side of 80 is about equal; this is 43.6". The angle + was varied in equal increments. Lineshapes were 
calculated from Fortran 32 programmes written for 
the Monash University Computer Centre CDC 3200 
computer. The programmes calculate values of 
H ( K ,  8, +) and P(K,  8, +) for a given orientation and sums 
the contributions a t  particular field positions, using a 
Gaussian lineshape first derivative with a cut-off a t  
&40 about the central transition field for the given 
orientation, adding them to an array. 

The essential complication on the interpretation of 
the results described in the present investigation arises 
from the non-parallel alignment of the axes of the 
g-tensor of the individual paramagnetic ions in the 
dinuclear complex. The effect of this symmetry arrange- 
ment on the triplet-state e.s.r. spectra to be expected 
from the various pair systems is shown in its simplest 
terms by Figure 3 which depicts the computed lineshape 
of the triplet-state spectra in a case involving isotropic 
g-values. The added effect of anisotropy of the g-values 
is shown for various values of R, the distance between 

1 I I 
2000 3000 4000 G 

Computer simulated AM = f.l spectra for various 
values of R with values of the other parameters as follows: 
gil = 1-99, g i  = 1.95; R for A, 3.5 A;  B, 4-5 A;  and C, 5.5 A 

FIGURE 4 

Figures we determined the magnetic parameters which 
give the best fit of the experimental spectra. The 
results are in Table 2. The determination of the 
magnetic parameters relevant to the vanadyl dinuclear 
complex were obtained from calculations which did 
not take into account non secular terms. The inclusion 
of these terms involves more extensive calculations 
which would not make a significant improvement in 
the fitting of the (AM = &2) region of the triplet- 
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state e.s.r. spectrum in this case. The value of R is 
closely similar for each dinuclear complex and is com- 

patible with the internuclear separation of the metal 
ions as deduced from molecular models. 

EXPERIMENTAL 

Solutions containing copper (11) and vanadyl ions were 
prepared from analysed aqueous stock solutions of 
copper(I1) and vanadyl chlorides. In the experiments 

TABLE 2 

Calculated magnetic parameters for dinuclear species. 
Errors give range of parameters on which theoretical 
curves are compatible with observed e.s.r. spectra 

Paramagnetic 
dinuclear Transi- 10-441 lo-*:/ 
complex tion gil g i  cm- cm- CJ/G RIA 

f l  f0.01 f0-01 +- 0.3 
Copper(I1) AM = 2.29 2-06 210 30 15 5-7 

rfIl fO.01  f0.01 *lo &-lo f 0.3 

Titanium(II1) AM = 1.92 1-92 5.6 

2500 3000 3500 4000 
2000 ,+v- G 

A M = * 2  

-"'v\i- 

I I 1 
1000 1500 2000 G 

FIGURE 5 Computer-simulated AM = f l  and f 2  spectra 
for various values of R with values of the other para- 
meters as follows: gil = 2.30, gl = 2-06, A = 180 x 10-4 
cm-', B = 10 x 10-4 cm-1; R for A, 3.6 A; B, 4.5 A; and C, 
5.5 A 

Vanadium(1v) AM = 1.98 1.96 220 80 20 5.7 
f 2  f0.02 +0402 f 2 0  f l O  & 0.03 

involving titanium (111) , commercial titanium (111) trichloride 
was used without further purification. Tetrakis(amin0- 
methy1)methane tetrahydrochloride was prepared by the 
method of Litherland and Mann.5 The solvent used in 
the preparation of solutions for e.s.r. measurements was 
water-ethylene glycol (20% vlv). Solutions of the metal 
halides and the ligand were prepared by simple mixing 
of stock solutions with adjustment of the pH by addition 
of sodium hydrogen carbonate followed by the e.s.r. 
measurements. All manipulations and transfer operations 
were carried out under nitrogen. The e.s.r. spectra 
were recorded at  77 K as the first derivative of the absorp- 
tion signal. 

The triplet-state spectra were shown to be independent 
of the concentration of the metal ion used. A Varian 
V-4531 100 kHz multipurpose cavity was used in con- 
junction with a 3 cm spectrometer of conventional design 
operating in the absorption mode with the klystron locked 
to the resonant cavity by an automatic frequency con- 
troller. All spectra a t  77 K were recorded at  9140 MHz. 

5 A. Litherland and F. G. Mann, J. Chem, Soc., 1938, 1588. [2/176 Received, 28th J a n u ~ r y ,  19721 
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