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These observations indicate that there is an additional nonradiative 
decay mechanism for 1 in solvents of relatively low polarity which 
may be the charge transfer facilitated by the termolecular in
teraction.19 

Equally significant in our observations is the emission char
acteristics of Ic. The solvent dependence plot on the emission 
maximum is a nonlinear one (Figure I).23 Although the position 
of fluorescence maximum of Ic is indistinguishable from those 
of la and 2a in nonpolar solvents, they began to deviate sub
stantially in solvents more polar than ether. If we divide the plot 
into portions, one including solvents from pentane to ether and 
the other including «-butyl acetate to dichloromethane, the results 
may be fitted into two lines of slopes of (-5.30 ± 0.60) X 103 and 
(-15.5 ± 1.3) X 103 cm-1, respectively.24 The data indicate that 
Ic will form a binary intramolecular exciplex similar to la or 2a 
in nonpolar solvents, while in a more polar solvent it will form 
a ternary exciplex similar to that of lb. In spite of the difference 
in the IP of the dimethyl derivatives of /?-anisidine and p-
toluidine,25 model compounds for the second nitrogen in lb and 
Ic, the apparent dipole moments of exciplex derived from Ic in 
solvents more polar than ether is very similar to those from lb. 
This result further substantiates the existence of intramolecular 
ternary exciplex 4. Our results also imply that in a solvent of 
intermediate polarity such as ether both emitting species from 
Ic may coexist in solution. Since exciplex emissions are broad 
and structureless in nature, two close-by emissions from Ic are 
not resolvable from its emission spectra. In order to gain further 
insight into this problem, we determined the lifetimes of these 
exciplexes by kinetic spectroscopy, and the results are tabulated 
in the table. While all other exciplexes from these compounds 
exhibit single exponential decay, Ic in ether exhibits a decay that 
is best fitted by a double-exponential function. This observation 
supports the existence of two emitting species from Ic in ether. 

On the basis of above observations, we conclude that (a) under 
proper experimental conditions, trichromophoric 1 may exist as 
an intramolecular ternary exciplex 4, (b) 4 is stabilized relative 
to the binary exciplex 3 by increasing the polarity of the solvent, 
and (c) 4, being more polar than 3, undergoes nonradiative decay 
more efficiently than 3 in relatively nonpolar solvents, most likely 
due to ion-pair formation. 
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In systems containing two paramagnetic centers there is fre
quently considerable interest in determining the distance between 
the two electron spins.1 The separation 2ZJ between the low-field 
and high-field turning points in glass or powder EPR spectra has 
generally been used to obtain r, the interspin distance.2 This 
analysis of the spectra is only valid under certain conditions. It 
assumes that the interaction between the two spins is purely dipolar 
or that the exchange interaction between the spins is sufficiently 
large that only transitions between triplet levels are observed 
(Figure 1, transitions 2 and 3). For intermediate values of the 
exchange coupling constant / , the observed separation between 
the turning points in the rigid spectrum is a sum of exchange and 
dipolar contributions. If the exchange component is ignored, the 
interspin distance will be underesterimated or overestimated, 
depending on the sign of J. Even if the magnitude of the exchange 
interaction permits analysis of the spectra in terms of a purely 
dipolar interaction, the choice of the turning points that correspond 
to a separation of 2D may be complicated by large nuclear hy-
perfine coupling. If the interspin vector T does not coincide with 
a principal axis of the hyperfine tensor for both of the electrons, 
then the turning points in the powder spectra will depend on the 
relative orientations of the hyperfine tensors and dipole tensor and 
on the relative magnitudes of the hyperfine and dipolar interac
tions. Without a computer simulation 2D cannot be obtained from 
these spectra. Also, when the EPR spectra are poorly resolved, 
it is difficult to estimate 2D. Therefore it would be desirable to 
have another method to estimate the interspin distance. 

We have done a perturbation calculation for two nonequivalent 
unpaired electrons. Nuclear hyperfine coupling was included for 
both electrons, and the angles between the nuclear hyperfine 
tensors and the interspin vector were allowed to take any values. 
The spin-spin interaction component of the Hamiltonian is given 
in eq 1, where /I1 and Ji2 are the magnetic moments for spins 1 

firh 3(Jj1-T)(Ji2.?) 
ttmt - —; ; ./S1-A2 U) 

and 2, r is the interspin vector, and J is the isotropic exchange 
constant. The treatment of the nonequivalent spins is similar to 
that used by Pilbrow and co-workers to analyze the EPR of a 
512-dependent enzyme: substrate system.3,4 It is assumed that 
symmetric anisotropic exchange can be neglected. Previous 
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Figure 1. Energy level diagram for two interacting spins showing the 
effect of isotropic exchange and dipolar interaction when the magnetic 
field is along the z-axis of the dipolar tensor. The Hamiltonian for the 
interaction is given by eq 1. This diagram is drawn for J < 0. The 
dipolar interaction within the triplet state causes the separation D be
tween the |0> and |±1> states as shown in the insert. The AM, = ±1 
transitions are labeled 1-4 and the AAf, = ±2 transition is labeled 5. 
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Figure 2. Dependence of the intensity of the half-field transition on the 
interspin distance, r, in A. Relative intensity is defined as (intensity of 
transition 5)/(total intensity of transitions 1-4), where the transitions are 
defined as in Figure 1. 

discussions of the determination of the interspin distance have 
focused on the AM5 = ±1 transitions (Figure 1, transitions 1-4). 
In this communication we emphasize the utility of the half-field 
or AMS = ±2 transition (Figure 1, transition 5) in analyzing 
dipolar interactions. To first approximation, exchange causes 
mixing of the singlet and triplet M8 = 0 levels and does not effect 
the triplet M5 = ±1 levels. Dipolar interaction shifts the energies 
of the M, = ±1 levels to the same extent. Thus the energy of the 
AM8 = ±2 transition is essentially independent of the magnitudes 
of / and r. The intensity of the half-field transition is greatest 
when the angle between the magnetic field and the interspin vector 
(the z axis for the dipolar interaction), is about 45°, so the line 

shape of the half-field signal is largely determined by the nuclear 
hyperfine couplings at these orientations. Therefore the line shape 
is a sensitive monitor of the relative orientations of the spin-spin 
vector and the nuclear hyperfine axes. Unlike the line shape, the 
integrated intensity of the half-field transition is determined by 
the strength of the dipolar interaction and varies as r"6, which 
makes it a sensitive indicator of the magnitude of r. We have 
chosen to express the intensity as the ratio of the intensity of 
transition 5 to the combined intensity of transitions 1-4. The use 
of the ratio of intensities for two portions of the spectra for the 
same sample eliminates the need for many of the correction factors 
that would otherwise be required for accurate intensity deter
mination.5,6 Figure 2 shows the log of the intensity ratio as a 
function of r calculated for two spins with g ~ 2. The calculated 
dependence of intensity on r is given by: relative intensity s 20/r6. 
The values are insensitive to the magnitude of / , provided J is 
small relative to kT. Since the dipolar interaction depends on 
the electron g values, a different curve would be obtained for 
systems with g values not equal to 2. 

To calibrate the accuracy of the calculated curve, we examined 
the half-field transitions for several compounds with well-defined 
structures. Three spin-labeled copper complexes were studied. 
CPK molecular models indicated copper-nitroxyl distances of 
5-6.5 A. When the relative intensities of the half-field transitions 
were compared with the graph in Figure 2, the calculated distances 
agreed with the distances obtained from the models within 0.5 
A. Single-crystal EPR studies of dinitroxyl I indicated a spin-spin 
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distance of 8.2 A.7 On the basis of the relative intensity of the 
half-field transition we obtained 8.5 A. Further calibration checks 
are underway for other molecules with relatively rigid geometries 
and known structures. Based on the data obtained to date, it 
appears that the calculations agree well with the experimental 
data. 

The intensity of the half-field transition should serve as a 
powerful tool for the determination of spin-spin distances. Its 
use is subject to fewer restrictions than the use of the splitting 
2D. The curve in Figure 2 is appropriate only for S = l/2 ions 
with g ~ 2 at X bond, but comparable curves can be obtained 
for other ions and frequencies. 
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