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ULTRASONIC RELAXATION KINETICS OF 
PLANAR:OCTAHEDRAL EQUILIBRIA OF A 

NICKEL MACROCYCLIC COMPLEX 

JAMES K. BEATTIE* and WAYNE E. MOODY 

School of’ Chemistry, Universiiy of’Sydncy, NSW 2006, Air~iruliu 

(Received Septcmher 7, 1993; in finul f‘vrm December 29, 1993) 

The equilibrium between the diamagnetic. planar nickel(l1) macrocyclic complex known as 
NiCR’ ’ (CR is 2.1 2-dimethyl-3,7, I I , I  7-tetraazabicyclo[ 1 I .3. Ilheptadeca-l( I7).2,11,13,15pentaene) 
and its paramagnetic, six-coordinate dimethanol adduct has been examined in methanol solution as 
the tetrafluoroboratc salt. From the temperaturc dependence of the electronic absorption spectrum. 
thermodynamic paramctcrs of AH”, ,  = -4.35 kcal mol-’ and AS”,6 = -8.72 cal deg’ mol-’ were 
determined. From the excess ultrasonic absorption a relaxation frequency of 15 MHz was observed 
from which ratc constants of kd6 of 8.6 x lo7 s- ’  and k,, of 7.9 x 10‘ s-’ were calculated. The rate 
constant k,, is nearly the same as the rate constant for solvent exchange which had prcviously been 
dctcrmined by NMR. This implics that the solvent exchaiigc is cffectcd by the octahedral-planar 
equilibrium and that a two-step mechanism with a five-coordinate intermediate can be eliminatcd. 

KEYWORDS: nickcl macrocyclic complex, kinetics, ultrasonic rclaxation, planar-octahedral 
equilibria 

INTRODUCTION 

Planar, diamagnetic nickel(I1) complexes can add solvent molecules to give 
six-coordinate paramagnetic species. This structural interconversion was one of the 
earliest examples of the ‘anomalous’ properties of nickel complexes and of 
‘spin-equilibrium’ between states of different spin multiplicity.2 There have been 
few kinetics studies of such reactions, however, in part because the processes are 
extremely rapid. In one of the first such experiments, McGarvey and co-workers’ 
uscd a neodymium laser to photochemically perturb equilibrium (1) (where 2,3,2-tet 
is N,N7-bis(2-aminoethyI)- I ,3-propanediamine). 

[Ni(2,3,2-tet)12 + + 2 H,O e [Ni(2,3,2-tet)(H,0),l2 + (1) 

Creutz and Sutin4 then confirmed that the observed spectral change was due to 
pcrturbation of the thermal equilibrium (1) and not to a photochemical reaction by 
studying the same reaction with the laser temperature-jump technique. The 
relaxation time observed in both experiments was about 300 ns. These results were 
interpreted with a two-step mechanism, equations (2) and (3), where L denotes the 
tetradentate macrocycle, S denotes a solvent molecule and charges are omitted for 
clarity: 

* Author for correspondence. 
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156 J.K. BEATTIE and W.E. MOODY 

NiL + S e NiLS 
k45 

k54 

k56 
NiLS + S e NiLS, 

k65 
(3) 

With the assumption that the five-coordinate intermediate, NiLS, is paramagnetic, 
McGarvey assigned the rate determining step to reaction (2), the interconversion of 
the four- and five-coordinate species, on the grounds that the step involving a spin 
state change between diamagnetic and paramagnetic is likely to be rate 
deter~nining.~ The same mechanism was assumed for the addition of two water 
molecules to the planar a, p, y, 6-tetra(4-N-methylpyridyl)porphinatonickel(II) 
complex ion, which was observed by the laser Raman temperature-jump method.’ 

This mechanism leads immediately to the prediction that the rate of solvent 
relaxation by the paramagnetic NiLS, complex should be more rapid than the 
planar-octahedral interconversion. This follows because the more rapid reaction (3) 
provides a mechanism for the interchange of solvent molecules between the 
diamagnetic bulk solvent environment and the paramagnetic coordination sphere of 
the octahedral NiLS, complex. 

The data to test this prediction are available for [Ni(2,3,2-tet)(H,0),l2 + ; the 
lifetime of solvent exchange is within a factor of two of the lifetime for the 
planar-octahedral relaxation.‘ The authors concluded that “one probably cannot 
say which process (of the two steps) is rate controlling for low-spin to high-spin 
interconversion.” Some preliminary water exchange data are also available for the 
[Ni(P)I4+ porphyrin ~ o m p l e x . ~  A water exchange rate constant of 4 x lo6 s-’ can 
be compared with a rate constant of 1.1 x lo7 s-’ calculated from the relaxation 
lifetime of 40 ns reported for the planar-octahedral equilibrium. In both cases the 
near equality of the rate constants indicates that a common mechanism is 
responsible for both the solvent exchange and the planar-octahedral equilibrium. 

For [Ni([ 1 2]aneN,)(H,0),]2 + ([ 1 2]aneN4 is 1,4,7,1 O-tetraazacyclododecane) the 
relaxation time for the planar-octahedral equilibrium is 3.3 f 0.2 ms at 25°C 
while the relaxation time for solvent exchange is almost 100 times shorter at 
0.048 k 0.004 ms.’ In the octahedral complex, however, the macrocyclic ligand is 
believed to be folded into a cis-configuration. The geometric isomerization 
necessary between the planar complex and the presumably cis five-coordinate 
species could contribute to a large activation free energy barrier for this step and 
thereby reduce the rate of interconversion between the four- and five-coordinate 
species. 

The pyridine exchange” from the complex [Ni(bbh)(py),] (bbh is biacetylbis-a- 
hydroxybenzylidenehydrazone(2-l)-N’N”OO’) occurs with almost the same rate as 
the octahedral-planar interconversion. The latter was measured using a micro- 
wave repetitive temperature-jump technique in a dilute solution of pyridine in 
chlorobenzene, so that it is not strictly a solvent addition-elimination reaction. The 
’ 4N NMR solvent exchange study indicated little difference, however, between the 
exchange rates in neat pyridine and in 20% pyridine in chlorobenzene. The results 
of these studies were interpreted with the two-step mechanism in which the rate of 
dissociation of the ligand from the octahedral complex, k,,, is the rate determining 
step. 
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PLANAR:OCTAHEDRAL EQUILIBRIA 157 

This interpretation is subject to some ambiguity, however, depending on whether 
the proposed five-coordinate species is a transition state, a paramagnetic interme- 
diate or a diamagnetic intermediate. If the five-coordinate species is a transition 
state there is no need to assign a rate determining step; the mechanism coalesces to 
a single step with rate constants k,, and k64. 

k46 

k64 
NiL + 25 e NiLS, (4) 

If there is a paramagnetic five-coordinate intermediate then the interpretation is 
incorrect, for if the six-coordinate to five-coordinate step were rate determining, 
then the four-coordinate to five-coordinate step provides a more rapid mechanism 
for solvent relaxation. Diamagnetic solvent molecules could relax by reaction (2) 
into the paramagnetic five-coordinate species with a rate constant k,, which would 
bc larger than k,5. Only if the five-coordinate species were diamagnetic is the 
two-step mechanism possibly correct. 

To examine these questions further we have used ultrasonic relaxation 
techniques’ ’ to measure the rates of the planar-octahedral interconversions in 
methanol of the complex Ni(CR)2+ (where CR is 2,12-dimethyl-3,7,111 17- 
tetraazabicyclo[l1.3.l]heptadeca-1(17),2,11,13,15 pentaene). This complex was 
chosen for two reasons. First, its rigid, planar structure reduces the possibility of 
more complex isomerism which complicates the equilibria of the 
[Ni([ 12]aneN4)(H20),]2 + species described above and also of a closely related 
pyridine-containing tetra-azamacrocycle nickel(I1) complex.’’ Second, there has 
been a thorough study of the solvent exchange rates of Ni(CR)* + in several solvents 
by proton NMRl3,l4 as well as a thermodynamic investigation of the planar- 
octahedral equilibrium in solution.I5 Only measurements of the dynamics of the 
planar-octahedral equilibrium are required to complete the set of kinetic and 
thermodynamic data. 

EXPERIMENTAL SECTION 

Materials 
The complex salts NiCRCl, and NiCR(BF,), were prepared as described in the 
literature. I 5.’h The chloride was recrystallized from chloroform to give olive green 
crystals. The tetrafluoroborate salt was recrystallized from methanol to give red 
crystals. The compounds were characterised by their NMR spectra in trifluoroacetic 
acid and their electronic absorption spectra in water and methanol.” The 
compounds were dried in vacuum over P,O,, before use. Freshly opened Merck 
UVASOL methanol was used for the ultrasonics experiments. 

Met body 

The ultrasonic absorption of approximately 0.1 M solutions of the complexes in 
methanol was measured with both the pulse and cylindrical resonator techniques 
using the apparatus previously described. ‘’-I9 
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RESULTS 

Equilibrium Spectrophotometry 
Examination of the temperature dependence of the visible absorption spectrum of 
NiCR(BF,), in methanol between 5 and 45°C reveals a clearly defined isosbestic 
point at 650 nm. This is good evidence that at equilibrium there are only two 
species present. From previous work" these can be identified as the four- and 
six-coordinate complexes. 

NiCR" + 2CH,OH + NiCR(CH,0H)22+ ( 5 )  
The thermodynamics of the equilibrium can be estimated from the temperature 
dependence of the absorption spectrum. In trifluoroacetic acid NiCR(BF,), is 
known to be completely diamagnetic;" an absorption band at 396 nm has a molar 
absorption coefficient of 1.52 x lo3 M-l In methanol the absorbance at this 
wavelength is much lower. A study of the temperature dependence of the magnetic 
susceptibility in methanol indicated that the complex is at least 80% in the 
six-coordinate paramagnetic form at 25°C in this solvent. This is consistent with 
the general spectroscopic properties of nickel(I1) complexes, with the planar form 
possessing a strong charge-transfer absorbance and the octahedral form displaying 
only weak d-d transitions in the visible region of the spectrum. If it is assumed that 
the absorbance of the six-coordinate complex is effectively zero at 396 nm and that 
the molar absorbance of the four-coordinate complex is unchanged between 
trifluoracetic acid and methanol, then the thermodynamics of the equilibrium can 
be calculated from the temperature dependence of the absorbance (A) at this 
wavelength according to equation (6), 

(6) K,, = (q,C - A)/A = exp(( -AH" + TAS")/RT) 

where C is the total concentration of the nickel(I1) complex. 
A plot of log K,, against inverse temperature is shown in Figure 1 from which 

values of AH" of -4.35 kcal mol-' and ASo of -8.72 cal deg-l mol-' are obtained. 
These compare satisfactorily with the values obtained from NMR" of AHo of 
-4.09 kcal mol-' and AS' of -12.2 cal deg-l mol-'. 

Ultrasonic Relaxation 
The excess ultrasonic absorption of an approximately 0.1 M solution of 
NiCR(BF,), in methanol was measured at 25°C between 1 and 90 MHz. The 
ultrasonic absorption data were fitted as a/f2 against log f by non-linear least-squares 
to two relaxations. The lower frequency one was found at 0.50k0.04 MHz with an 
amplitude of 53 1 k 60 Np s2 cm-'; the higher frequency one is at 15 k 1 MHz with 
an amplitude of 33 +- 1. The high frequency background was 19+ I Np s' cm-' 
above that of pure methanol. 

The amplitude of the low frequency relaxation is very sensitive to the presence 
of water impurity in thc methanol solvent. Addition of a few drops of water to the 
solvent results in a marked increase in the amplitude of this relaxation. Because 
only very small amounts of water produce large effects it was not possible to remove 
this relaxation completely. We ascribe it to the relaxation of the mixed methanol- 
water complex, equation (7), or possibly to the diaqua complex, equation (8). 
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1 0 3 ~ ~  

Figure 1 
the temperature dependencc of the absorbance at 396 nm. 

Logarithmic plot of equilibrium constant K,, against invcrse temperature calculated from 

NiCR" + CH,OH + H 2 0  e NiCR(CH,OH)(H,O)* + 

NiCR2 + + 2 H,O e NiCR(H,0),2 + 

(7) 

(8) 
When the NiCR2+ complex was examined in water as the solvent, only the 
beginning of excess absorption was observed at the lower frequency limit of the 
measurements. This implies that the relaxation time for aqua complex, equation (8), 
is longer than that for the methanol adduct, equation (5). 

Rate Constants 
With the solvent in large and constant concentration, the relaxation time for 
reaction ( 5 )  is given by equation (9), where f, is the relaxation frequency. 

2Kf, = 7-1 = k,, + k,, (9) 
From the values off, of I S  MHz and K,, of 1 1, k,, is found to be 8.6 x lo7 s-' and 
k,, is 7.9 x 10, SKI. 

Relaxation Amplitude 
The amplitude of an ultrasonic relaxation is given by equation (10) 

(cy/f2),,, = (npv/RTf,){AV" - (~p/pCp)AHo}2r 
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160 J.K. BEATTIE and W.E. MOODY 

where R, T, AVO and AHo have their usual meanings, p is the solution density, v 
is the velocity of sound in the solution in cm s-', f, is the relaxation frequency in 
Hz(s-'), a, is the coefficient of thermal expansion of the solvent, C, is the specific 
heat and is a factor which relates to the position of the chemical equilibrium 
which is being perturbed. For the equilibrium of equation ( 5 ) ,  this function r is 
given by equation (1 I), 

(1 1) r- I = [NiCR2+]- + [NiCR(CH,OH)," ] - I  + 4[CH30H]-2 
which under the present reaction conditions reduces to equation (12): 

A measure of AVO can be obtained from the relaxation amplitude for the 
experimental values of T, f,, AHo and r and literature values for p, v, a, and C ,  for 
the pure solvent methanol. Because of the squared relationship in equation (lo), 
two roots are obtained, + 18 and + 3  cm3 mol-'. Because the equilibrium involves 
the coordination of two methanol molecules, the value of + 18 cm3 mol-l is less 
physically reasonable than that of + 3  cm3 mol-I. 

DISCUSSION 

Previous work by Rusnak and J ~ r d a n ' ~ - ' ~  and the present spectrophotometric 
observations provide good evidence that the NiCR" complex undergoes a simple 
equilibrium in methanol between the diamagnetic-planar and the paramagnetic- 
octahedral species. The observation of two relaxation processes was hence a puzzle 
until it was observed that the lower frequency relaxation was dependent on trace 
amounts of water in the solvent. We are reasonably confident, therefore, that the 
relaxation process observed at 15 MHz can be assigned to the dominant equilibrium 
involving methanol addition and elimination from the four- and six-coordinate 
NiCR" complexes. 

The relaxation time observed for this equilibrium of 1 x lo-* s is only slightly 
shorter than the relaxation times observed for the analogous equilibria of 
Ni(2,3,2-tet)*' in water3 ( 3  x s) and of a nickel porphyrin complex, also in 
water,5 (4 x lo-%). In each case the addition and elimination of two solvent 
molecules is an extremely rapid process. The activation barrier for these reactions 
is presumably the adjustment of the nickel-nitrogen in-plane metal ligand bond 
lengths between the diamagnetic state, with shorter Ni-N bonds, and the paramag- 
netic state with longer Ni-N bonds, concomitant with the formation or dissociation 
of the axial Ni-solvent bonds. There is no further stereochemical change required, 
unlike the isomerisation which accounts for the slower relaxation of the 
[Ni([ 1 2]aneN,)I2 + equilibrium.' 

The primary purpose of this work was to compare the rate of the four-coordinate: 
six-coordinate equilibrium with the previously measured rate of solvent exchange. l 4  

The rate for the exchange of one solvent molecule is 1 . 1  x 1 O7 s-' at 298 K. That 
rate is in close agreement with the value of k,, of 7.9 x 10, s-' found in this work. 
Both of these measurements are subject to considerable error, but the agreement 
within a factor of two is sufficient for the major point to be established. We conclude 
that the solvent exchange is effected by the same mechanism that leads to the 
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ultrasonic relaxation, namely the establishment of the planar-octahedral equilib- 
rium, equation(4). 

This conclusion requires rejection of the two-step mechanism, equations (2) and 
( 3 ) ,  with the assignment of one or the other of the steps as rate-determining. It 
implies that any five-coordinate intermediate closely resembles a transition state 
and is not present as a significant reaction intermediate. It suggests that the addition 
and elimination of the two solvent molecules above and below the metal-ligand 
plane occurs as a concerted process. 

This description offers a reasonable mechanism in which the critical reaction 
coordinate parameter is the length of the in-plane nickel-ligand bonds. As these 
lengthen in the planar, diamagnetic state, two solvent molecules which have been 
solvating the planar complex move closer to occupy the axial metal coordination 
sites. In the reverse reaction these Ni-solvent bonds lengthen for solvent ligand 
dissociation as the in-plane metal-ligand bonds compress. The mechanism is 
concerted; the model of a single ligand dissociation in an octahedral complex is not 
appropriate. The results of the present work are similar to those found for the 
[Ni(2,3,2-tet)I2+ and the tetra(4-N-methylpyridyl)porphinatonickel(II) complexes. 
At least for these three complexes a common mechanism seems to obtain. 

The volume difference between the planar and six-coordinate species is more 
likely to be +3  than + 18 cm3 mol-I. For other complexes with water as the solvent 
the differences range from - 1 to - 10 cm3 mol-l.20-22 The larger value for the 
methanol solvate may reflect a smaller volume decrease which occurs upon the 
coordination of methanol, in contrast with water. This decrease is opposed by 
the increase in volume caused by the expansion of the complex in the plane of the 
macrocyclic ligand. 
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