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Abstract: Muonium atoms in aqueous solution were made to interact with nickel cyclam in two spin states, interchanged merely 
by altering the ionic strength of the solution by addition of an inert salt. The results show that "triplet" muonium interacts 
with the paramagnetic ion (octahedral coordination) at about the diffusion-limited rate (2 X 1010 M"' s"1), but with the diamagnetic 
ion (square-planar coordination only) about 100-fold slower. This strongly implies that the interaction with the paramagnetic 
state is an electron spin conversion (either spin-exchange or spin-flip). It demonstrates the potential of using the "triplet" 
to "singlet" conversion of muonium, as followed by the muon spin-rotation technique, as a probe of paramagnetism and as 
a monitor of spin-exchange interactions. 

Introduction 
Muonium atoms in aqueous solution undergo many of the same 

reactions with added solutes as do their much heavier isotope, the 
hydrogen atom. Thus one observes redox reactions with reducible 
additives, addition to vinyl bonds, abstraction of hydrogen or 
halogen atoms, and even acid-base reactions with OH".1"3 

However, with paramagnetic solutes which are unreactive toward 
H, such as Ni2+

a() or Fe2+
a(), there is also a very fast (often dif

fusion-limited) interaction observed for muonium by the muon 
spin rotation (^SR) technique.4,5 This is attributed to an electron 
spin-conversion process, which gives rise to an observed loss of 
muonium signal, because this technique monitors only those 
muonium atoms which remain in the "triplet" state (parallel 
electron and muon spins). Any conversion to "singlets" (anti-
parallel spin states) corresponds to an observed net loss of coherent 
triplet muonium states. 

Such electron-spin exchange (or, possibly, spin-flip) interactions 
of muonium were first reported by Hughes and his co-workers 
in the mid 1960's6"8 in gas-phase studies of muonium formed in 
Ar reacting with added O2 and NO. Although fast addition 
reactions are possible with these additives, the authors concluded 
from the magnetic field dependence that spin exchange was the 
dominant process. For the liquid-phase studies involving para
magnetic solutes,4 the reaction was assigned to spin conversion 
on the basis of the comparison with H-atom reactions. Thus Fe(II) 
in a low-spin complex (diamagnetic Fe(CN)6

4") reacted with 
muonium at ~10 8 M"1 s"1, whereas in a high-spin state (para
magnetic Fe2+

aq) it reacted at ~10 1 0 M"1 s"1.4 Also, in the 
comparison between Ni2+ and Zn2+, neither of which is reduced 
by H (nor, therefore, expected to be reduced by Mu), the para
magnetic Ni2+ caused loss of triplet muonium with a rate constant 
of ~ 1010 M"1 s"1, whereas the diamagnetic Zn2+ had no observable 
effect (i.e., <107 M"1 s"1). For the case of dissolved O2 in water,5 

there was no basis for deciding whether the high rate constant 
for loss of triplet muonium was due to spin conversion or chemical 
reaction (addition or reduction). 

In this paper we present data on the reaction of muonium with 
a metal complex that contains the same metal ion, in the same 
oxidation state, and with essentially the same ligands, in two spin 
states. Thus nickel cyclam (1,4,8,11-tetraazacyclotetradecane)-
nickelate(II)) exhibits the rare quality of switching from an oc
tahedral (paramagnetic, d8) configuration to a square-planar 
(diamagnetic) structure simply by the addition of an inert salt,9 

NaCIO4 and Na2SO4 in this study. It therefore provides an 
excellent system with which to unambiguously test the spin-
conversion mechanism of muonium. 

The muonium atom (Mu) is formed when a positive muon, ^+, 
abstracts an electron from the surrounding medium and forms 
a bound state. High-energy (24.4 MeV) "backward" muons and 
low-energy (4.1 MeV) "surface" muons are products of pion (T + ) 
decay and can be obtained from the M20 channel at TRIUMF 

t Permanent address: Physics Department, University of Missouri in 
Kansas City, Kansas City, MO 64110. 

(the Tri University Meson Facility on the campus of the University 
of British Columbia). The muons have an intrinsic lifetime of 
2.2 jis, while the muonium atoms in pure water have a chemical 
lifetime of at least 4 jis. Because the Bohr radius and the ionization 
potential of Mu are very nearly equal to the values found for H, 
this radioactive atom can be used as a hydrogen-like probe to study 
hydrogen-atom reaction rates and kinetic isotope effects.6 It has 
a mass equal to '/9th the mass of H. 

Muon spin rotation GuSR) and muonium spin rotation (MSR) 
are the techniques used to observe the rotation and decay of free 
muons (and other diamagnetic muonic species) and paramagnetic 
triplet muonium, respectively. These techniques monitor the spin 
precession frequencies and signal amplitudes of the species present 
under transverse magnetic fields. Since the Larmor frequency 
for triplet Mu (1.3. MHz/G) is some 102 times faster than the 
precession frequency of the diamagnetic species and free muons 
(13.6 kHz/G), Mu can be easily distinguished from muons in other 
spin states. More detailed descriptions of the /uSR and MSR 
methods have been reported elsewhere.I0'n 

It has been observed that Mu undergoes relatively slow depo
larization reactions in such pure liquids as water,1"3 alcohols,2 and 
hydrocarbons.12 These pure liquids, therefore, can be used as 
muonium-producing solvents for the examination of various solutes 
of interest. As free triplet Mu reacts chemically with the solute, 
the atom's signal at the characteristic precession frequency is 
damped so that a muonium decay constant, X, can be obtained. 
From these decay constants and the corresponding solute con
centrations, the bimolecular rate constant, kM, can be calculated. 

Prior to 1977 aqueous solutions of Ni(cyclam)2"1" were considered 
to be completely diamagnetic in nature, exhibiting typical 
square-planar nickel complex spectral characteristics.13 In 1977 
Anichini et al.9 reported that in 0.1 M NaClO4 solution Ni(cy-
clam)2+ existed as a mixture of 71% "yellow" diamagnetic and 
29% "blue" paramagnetic. Increasing the inert salt concentration 
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Table 1. Spectral Data at 447 nm for 0.50 X 10-3 M Ni(cyclam)2 

in Various Aqueous Solutions0 

Figure 1. Schematic diagram of the t̂SR apparatus. A and B are lead 
shielding and collination for the muon beam. C is a thin muon (start) 
counter. D represents the sample, a thin-walled cell containing the 
aqueous solutions being deoxygenated by continuous bubbling with pure 
helium. E and E, separated by carbon absorber F, represent a positron 
telescope, providing a stop signal when the decay positron is emitted in 
their direction. G indicates a pair of Helmholtz coils which provide a 
magnetic field perpendicular to the plane of the paper, so that the muon's 
spin precesses in the plane of the paper. 

caused a reduction in the octahedral spectral lines at 337 and 666 
nm, resulting in an increase in the square-planar absorption band 
at 447 nm. At 6 M NaClO4 only the square-planar diamagnetic 
form exists in solution,13 for which a maximum extinction coef
ficient limit, eiimit, of 64.5 M""1 cm"1 is reported.943 Using this the 
authors calculate an equilibrium constant for eq 1, K= e/C«iimit 

inert 
salt 

[Ni(cyclam)-2L]2+ — [Ni(cyclam)]2+ + 2L (1) 

- 0 = 2.47 in 0.1 M NaClO4 at 25 0C. 
The ligands, L, in eq 1 are presumed to be H2O molecules. 

Their removal by high concentrations of inert salts results in the 
conversion from a distorted (elongated) octahedral complex to 
a square-planar one in which the dxi-yi orbital is unoccupied. 
However, during the course of these experiments it was found 
necessary to add a slightly stronger nonionic ligand than H2O to 
shift the equilibrium to the octahedral structure. Aqueous am
monia was chosen for this purpose as it reacts negligibly with Mu 
and seems to bind with about the correct tenacity. Ni(cyclam)2+ 

was thus selected for these studies and offers an ideal complex 
in which to study the spin state without changing the oxidation 
state of the central ion or the identity or number of the principal 
tetradentate ligand. 

Experimental Section 
A. Chemicals. 1,4,8,11-Tetraazacyclotetradecane (cyclam) and the 

Ni(II) salt, [Ni(cyclam)]-2PF6, were both obtained from Strem Chem
icals Inc. and used without further purification. NH4PF6, Na2SO4, and 
NaClO4 were obtained in reagent grade quality, and the NH4OH solu
tion came from North American Scientific Chemicals Co. The water 
used was initially deionized, then distilled from chromic acid and po
tassium permanganate solutions. This water is known to provide a me
dium in which Mu can be formed with a chemical lifetime of at least 4 
MS.3"5 

B. Spectral Analysis. A Cary 17D spectrophotometer and 10-cm 
cylindrical cells were used to determine the percentages of the para
magnetic "blue" and diamagnetic "yellow" species present in each solvent 
system studied. At the concentrations of Ni(cyclam)2+ used it was not 
possible to observe the reported 666-nm band, and the 337-nm band 
absorbed only weakly. Therefore, the square-planar 447-nm absorption 
band only was utilized, together with the assumptions that (i) only the 
square-planar configuration exists in 6 M NaClO4 and that (ii) the 
observed extinction coefficient limit, elimi, = 63 M"1 cm"1, for Ni(cy-
clam)2+ in 6 M NaClO4 could be used for the square-planar absorptions 
in any solute system to calculate the fractions of the two configurations 
in our solutions. 

C. MSR: Muonium Spin Rotation Measurements. Low-energy, 4.1 
MeV, muons were provided through the M20 channel at the TRIUMF 
facility. The muon beam was made to strike a Mylar-windowed Teflon 

solution 

6 M NaClO4 

1 M NaClO4 

0.5 MNa2SO4 

pure water 
0.8 M NH3 

6 M N H 3 

absorbanceb 

0.315 
0.283 
0.242 
0.220 
0.119 
0.019 

FD
C 

1.0 
0.90 
0.77 
0.70 
0.38 
0.06 

0 
0.10 
0.23 
0.30 
0.62 
0.94 

K' 

~102 

9 
3.4 
2.3 
0.61 
0.06 

0 These data are then used to evaluate the fractions present as 
diamagnetic (FD) and paramagnetic (Fp) complexes, and the equi
librium constant A'1 of eq 4. ° Average values from several meas
urements. c It is assumed that the complex is some 99% in the 
diamagnetic form in 6 M NaClO4, as in ref 9 and 13. F D was then 
calculated from the absorbance using.4 = ebc, with e = 63 M-' 
cm-1 (Figure 3), b = 10-cm path length, and c(total) = 0.5 X 10"3 

M. 1 Fp = 1 - FL 

target containing approximately 80 mL of sample, D in Figure 1. As 
the range of these muons is 0.15 g cm"2, almost all of the incident muons 
were stopped in the sample. Magnetic coils mounted traverse to the 
muon beam and centered on the target provided a field of 8 G, giving 
a muonium precession frequency of 11.1 MHz. All samples were bubbled 
with high-purity He previous to and during the run to remove dissolved 
oxygen. In the cases of the ammonia-solvent samples, the prebubblers 
contained aqueous ammonia in the same concentration as the target 
sample to minimize loss through volatilization. 

The MSR data histograms were computer analysed using a x2-min-
imization fitting program (MINUIT) which, after removal of background 
and muon decay, uses eq 2. In this equation A0 and Au are the muon 

A{t) = A0 cos(a>DZ + 0D) + ^M exp(-Xf) cos(a>Mf - 0M) (2) 

and muonium signal amplitudes, mD and aM are their precession fre
quencies, 4>D and 4>M are their initial phases, and X is the muonium decay 
constant. Figure 2 shows typical data histograms. From X the bimole-
cular rate constant, kM, for the reaction between Mu and the solute of 
concentration [S] can be calculated using eq 3. The decay constant for 

+ *M[S] (3) X •• 

the solvent, X0, has several values in this study. For pure water at 
TRIUMF, X0 has been found to be (2.4 ± 0.6) x 105 s"1,3"5 using one 
frequency fit and no coils to compensate for external fields. Because 
NH3(aq), Na2SO4, and NaClO4 were added to the solutions to shift the 
paramagnetic-diamagnetic equilibrium, decay constants for these solvent 
systems were also determined. In addition, the background Mu decay 
rate (X0) was obtained for PF6" and for uncomplexed cyclam itself. Ni2+ 

in NH3 solution was also studied for comparison purposes. 
Each experiment yields two histograms, for the right and left positron 

detectors. These independent histograms each yield a X, and both of 
these were normally plotted against solute concentration in order to 
obtain the best value for kM. The slope of the best straight line is taken 
to be kM. It was found that for ClO4" solutions more concentrated than 
1 M, Mu reacted so rapidly that X0 dominated the measurement. 
Therefore, it was not possible to study nickel cyclam at 6 M NaClO4 
where it should be 100% diamagnetic. Na2SO4 was found to be much 
less reactive toward Mu, and it was used in place of NaClO4 in some 
experiments. 

Results 
Figure 3 depicts the Beer-Lambert plot for Ni(cyclam)2"1" in 

6 M NaClO4. The extinction coefficient limit, climil, was calculated 
to be 63 M"1 cm"1, which agrees nicely with the reported value 
of 64.5 M"1 cm"1.9 Using 63 M"1 cm"1, the fractions of the 
paramagnetic and diamagnetic conformations in each solvent 
system were estimated and are listed in Table I, together with 
K1 calculated therefrom. 

Figure 2 shows examples of ^SR histograms from which the 
values of X reported in Table II were obtained by computer-fitting 
to eq 2. The listed values of X are the average of the two histo
grams values obtained by the independent detectors for each 
concentration. Plots of X against total Ni-complex concentration, 
[Ni], were made for each type of solution, with the slopes being 
given in the last column of Table II. It can be seen that the 
reaction rate increases as A"1 decreases. Data for reactions with 
Ni2+ and Ni(NH3),,

2"1" are given in Table III for comparison 
purposes. Both of these are paramagnetic. 
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Figure 2. Typical ^SR histograms: (a) raw data for pure water in an 8-G magnetic field; (b) the data of (a) fitted to eq 2; (c and d) data for 0.05 
and 0.10 mM Ni(cyclam)2+ in 6 M NH3 solution, respectively, fitted to eq 2. 

Table II. Kinetic Data for the Various Aqueous 
Solutions Studied" 

0.5 h 

O) 
U 
C 
O 

Xl 
L-
O 
to 
Xl 

< 

0.3 -

0.1 

solution 

1 M NaClO4 

0.5 MNa2SO4 

pure water 

0 .8MNH 3 

6 M N H 3 

[Ni] 6 / 
10"3 M 

0 
0.15 
0.30 
0 
0.12 
0.24 
0 
0.12 
0.20 
0 
0.08 
0.12 
0 
0.05 
0.10 

A/106 S"1C 

0.33 ±0.05 (K0) 
1.10 ±0.1 
1.62 + 0.3 
0.25 ±0.05 (\0) 
1.49 ±0.1 
2.53 ±0.2 
0.25 ±0.05 (\0) 
1.64 ±0.2 
3.18 + 0.2 
0.25 ± 0.05 (K0) 
1.48 ±0.2 
2.35 ±0.2 
0.50 + 0.05 (K0) 
1.65 ±0.1 
2.45 ± 0.3 

{U - Kl 
[Ni]}/10'° 
M"' S"1 d 

0.47 

0.98 

1.3 

1.8 

2.0 

0.0 0.5 1.0 

Ni( CyClQm7 10"3M 

Figure 3. Beer-Lambert law plot of the Ni(cyclam)2+ in 6 M NaClO4 

(all diamagnetic) at a wavelength of 447 nm, from the slope of which one 
obtains «limit = 63 M-1 cm"1. 

Discussion 

Not unexpectedly, the muonium rate constant was found to 
increase markedly as the percentage of paramagnetic species 
increased. But, as it was not possible to make a direct mea
surement of /cM in systems consisting purely of each form of the 
complex, it is necessary to try to estimate these limiting values 
from the equilibria data provided by the optical spectra. 

If one assumes that intermediate complexes of five-coordination 
are unimportant, then the relevant equilibria can be represented 
simply by eq 4, where the value of Â 1 changes (from ~ 9 to ~0.06) 
with the constituents of the solution, including the presence of 

a The values of \ are those obtained from the ^SR fits. K0 c 
responds to values of K when there was no complex present 
([Ni] = 0). b [Ni] = total nickel complex concentration ([P] 
[D]). c Statistical errors are invariably less than those given 
which represent the spread between left and right detectors. 
d Realistic errors are of the order of ±25%. 

Table HI. Kinetic Data for Ni2+, Ni(NH3)4
2t, and the 

cyclam (no Ni) Blank 

solution X/106 s- ArM/M-

NiSO4 « 1 mM) 
0.3 mM NiSO4 + 1 M NH3 4.8 
0.12 M cyclam (no Ni ion) 0.25 

1.7 X 10'° (ref 16) 
1.5 X 10'° 
<107 

the inert salts (NaClO 4 and Na 2 SO 4 ) . Muonium reacts with P 
and D with different rate constants (kM), represented in 

Mu + P — • products (5) 

P(para) ; = ^ D(diamagnetic) (4) Mu + D — • products (6) 
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I 

Figure 4. Plot of the observed rate constant, given as (X - X0)/[Ni], as 
a function of the fraction of nickel-complex species in the paramagnetic 
state (Fp). [Ni] is the total Ni complex in solution. The two highest data 
points were obtained in aqueous NH3 solution, where the axial ligands 
will be NH3, whereas the lower three points correspond to H2O ligands 
in the axial position of the paramagnetic component. 

by /cp and kD. The rate of decay of Mu as measured by MSR 
is given in 

-d[Mu]/d< = MP][Mu] + fcD[D][Mu] = i ' [Mu] (7) 

where k] = kP[P] + kD[D] is the overall observed pseudo-first-
order decay constant of Mu, equal to (X - X0), for each type of 
solution containing the complex at total concentration [Ni]. This 
mechanism leads directly to 

X - X0 = MNi]Fp + ^ D [ N I ] ( I - FP) (8) 

where Fp is the fraction of complex ions in the paramagnetic form 
(Fp = (1 + ^1)- ' ) . Therefore, a plot of (X - X0V[Ni] against Fp, 
as provided in Figure 4, should give kD as its intercept and {kf 

- kD) as the slope. 
Unfortunately, the plot of Figure 4 is linear only over the lower 

third of Fp. Also the plot of the inverses of those same parameters 
was nonlinear. Nevertheless, the intercept of Figure 4 at FP = 
O gives i D ^ 5 X 108 M"1 s"1, which seems to be a reasonable value, 
being some 100-fold smaller than the diffusion-controlled limit. 
The reaction that does occur with the diamagnetic complex may 
be an inefficient chemical reduction of Ni(II) to Ni(I), which has 
a value for the H atom of 2 X 105 M"1 s"1.14 It is also possible 
that this is due to reaction with the cyclam ligand (such as ab
straction of an H), since the background X0 in the blank cyclam 
solution was indistinguishable from that in pure water (2.5 X 105 

s"1), but with the cyclam at 5 X 10~4 M this merely indicates that 
kM < 5 X 108 M"1 s"1. 

It is clear from Figure 4 that the reaction rate constant with 
the paramagnetic complex (kP) greatly exceeds /cD. Based on the 

(14) M. Anbar, Farhataziz and A. B. Ross, Natl. Stand. Ref. Data. Se/-., 
Natl. Bur. Stand., No. 51 (1975). 

initial linear slope one obtains kP = (4.5 ± 0.5) X 1010 M"1 s"1. 
Perhaps the falloff in the apparent value of kP arises from the fact 
that NH3 had to be added in order to induce the transition to a 
paramagnetic state for the two highest FP points on Figure 4. This 
would then imply that kP with NH3 ligands was given by ex
trapolation in the plateau region at ~ 2 X 1010 M"1 s"', some 2.3 
times smaller than with H2O ligands. 

There is also the possibility that the break from linearity in 
Figure 4 arises from the presence of a five-coordinate intermediate, 
which, like pentacyanonickelate(II),15 could be diamagnetic. The 
overall equilibrium of eq 4 covers two sequential ligand dis
placements as in 

Ni(cyclam)L2
2+ ^ Ni(CyCIaHi)L1

2+ ^ Ni(cyclam)2+ (9) 

with each species having a characteristic rate constant for in
teraction with Mu. Furthermore, if these dynamic equilibria, 
which involve simple loss and addition of NH3 or H2O ligands, 
occur on the timescale of a caged encounter with Mu, then the 
kinetics may be expected to be somewhat complicated. The caging 
effect of the water structure may force a typical encounter of Mu 
with a complex ion to last tens or hundreds of picoseconds, which 
may be comparable to the period of ligand exchange at molar and 
higher concentrations. 

We are inclined to the view that kP for the interaction of Mu 
with the paramagnetic complex is ~4.5 X 1010 M""1 s"1 when H2O 
is the axial ligand and ~ 2 X 1010 M"1 s'1 for NH3 as the axial 
ligand. One can see from the data of Table III that paramagnetic 
Ni2+ reacts at >1010 M"1 s_1 by spin exchange4'16 and that, if 
anything, NH3 ligands reduce the rate. In any case these values 
are within a factor of 2 of the expected diffusion-controlled rates 
for Mu reactions in water.16 This corroborates the conclusions 
inferred about spin-exchange interactions deduced from studies 
of different ions in various spin states.4 

Conclusions 
These results conform to our basic expectations: namely, that 

diamagnetic Ni(II) salts, which are not easily reducible and which 
contain unreactive ligands, barely react with Mu (ku ^ 5 X 108 

M'1 s"1). In sharp contrast to this, with the same oxidation state 
and virtually the same ligands, but with the nickel's d electrons 
making the complex paramagnetic because of the changed co
ordination, their reaction with Mu occurs at about the diffu
sion-limited rate. This strong dependence of the rate on the spin 
state of the complex confirms that it is an electron spin-exchange 
interaction of Mu, as in 

TMu(ff t) + P(I) — s Mu(t 1) + P(t) (10) 

that is taking place in the presence of a paramagnetic solute. 
When the electrons of the solute are all spin-paired, as in dia
magnetic species, then no such exchange occurs. 
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