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Abstract 

The circular dichroism (CD) induced, by tartatic 
acid, into magnetic dipole allowed d-d transitions of 
a range of Co(III) complexes, is studied experimen- 
tally and theoretically. With the aid of the results 
from a symmetry analysis of the independent 
systems/perturbation approach to CD, it is possible 
to interpret the experimentally determined spectra. 
The relative band signs and band magnitudes are 
found to be consistent only with a second order, 
geometry dependent mechanism. The results can be 
extended to other systems where the preferred chiral 
inducer/achiral chromophore adduct geometry is 
defined by the symmetry of the achiral chromophore. 

I. Introduction 

Circular dichroism (CD) of magnetic dipole 
allowed d-d transitions has proved to be a useful 
tool in the study of metal complexes [l-3] **. 
Generally the complexes studied have been intrin- 
sically chiral complexes, where the aim has been to 
determine the absolute configuration of the complex, 
or the conformation of its ligands. More recently, the 
use of CD has been extended, both theoretically 
[4, 51 and experimentally [5] to achiral metal com- 
plexes by considering solutions containing chiral 
species which do not preferentially orient themselves 
with respect to the metal complex of interest (disper- 
sion induced CD, DICD). In between the extremes of 
natural CD and DICD is the situation where a chiral 
molecule associates in the second coordination sphere 
of an achiral metal complex with a preferential 
orientation thus inducing CD (associated induced CD, 
AICD) into the transitions of the complex. Most CD 
studies in this physical limit have focused on electric 
dipole allowed (eda) transitions of organic systems in 
which the CD is induced by the coupled oscillator 
mechanism [8,9] **. NordCn [ 101 suggested AICD as 

*Formerly at: Department of Theoretical Chemistry, Uni- 
versity of Sydney, N.S.W. 2006, Australia. 

**And refs. therein. 
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a means of studying the geometry of an achiral metal 
complex/chiral molecule adduct (though his analysis 
in terms of an octahedral pseudoscalar regional rule is 
inconsistent with the results of this work). As yet 
little is known about the AICD of magnetic dipole 
allowed (mda) transitions. There is no reason to 
expect its behaviour to resemble that of either 
natural CD or DICD of related systems. The purpose 
of this work is to investigate the phenomenon of 
AICD, both theoretically and experimentally, aiming 
to understand the observed CD and its relationship (if 
any) to natural CD and DICD. 

A CD spectrum is most useftil when it can be 
interpreted in terms of an applicable well-defined 
theoretical model which links the observed spectrum 
to the electronic structure of the species being 
investigated. Whether a given theoretical model is 
applicable to a given situation is not always readily 
apparent. A means of resolving this dilemna has been 
provided, at least in part, by ref. 11 in which the in- 
dependent systems/perturbation (ISP) approach is 
used to generate distinct models whose behaviour as 
a function of system symmetry are quite different. 
Thus by performing a systematic study of a series of 
systems in which symmetry is the main variable. it 
should be possible to elucidate the dominant CD 
mechanism (or mechanisms) and hence to interpret 
the spectra. As a general rule, it appears that where 
simple empirical rules have been successfully applied. 
system symmetry and the ISP approach can be used 
to give a theoretical justification for that success. 

In this work we have chosen to study the CD 
induced by L-(+)-tartaric acid into the lowest energy 
d-d transition of a series of Co(II1) complexes of 
varying symmetry. Such systems are appropriate for 
a systematic AICD study as is discussed below; in 
addition data from the previous DICD study of 
Co(lI1) complexes [6] will prove useful in the 
analysis of the spectra. In order to provide back- 
ground with which to understand the experimental 
data given in section III, section II contains a quali- 
tative discussion of the ISP approach. Discussion of 
the relevant equations is postponed until section IV 
where they are used to understand the observed 
AICD spectra. 
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II. The ISP Approach 

In the ISP approach to CD the chiral system being 
studied is sub-divided into separate non-exchanging 
chromophoric units such that the CD-active transition 
is essentially localized in an achiral chromophore (A) 
which is chirally perturbed through its interaction 
with the remainder of the system (C). Systems for 
which such a division is not possible do not concern 
us here since they are unique and cannot be seen as 
part of a series. 

In this work we are interested in the AICD of 
mda transitions (and in particular that of the Tr, d-d 
transition of Co(III) metal complexes), for which the 
ISP approach of ref. 11 is appropriate (other ap- 
proaches were analysed in that work and will not be 
discussed here). In this approach, the CD induced 
into a mda transition of an achiral chromophore, A, 
by the chiral perturbation of C is expressed, using 
perturbation theory. If the A-C interaction is repre- 
sented by a multipole expansion, then the CD 
strength can be written as a sum of terms dependent 
only on (i) A and C transition multipole moments 
and transition energies, (ii) the A-C distance, rAc, 
and (iii) the position of C in the A coordinate system, 
denoted rAc(X, Y,Z). The key feature of the 
analysis of ref. 11 is that the component terms of the 
full perturbation expression for the CD strength are 
grouped according to their operator products and 
then analysed using the Generalized Selection Rules 
(GSR) of Schipper [13] in a manner made possible 
by the point group augmentation procedure of 
ref. 14. The main factor which determines the relative 
significance of those terms surviving the GSR proce- 
dure proves to be the rAC --n component of each 
term: the larger n, the smaller the term. As n in- 
creases both with increasing order of perturbation 
theory and with increasing order of the multipoles in 
each term, this results in second order perturbation 
theory being necessary and sufficient for our pur- 
poses, and only two mechanisms, which we shall 
denote R’ and R”, being significant. R’ results from 
first order perturbation theory and is essentially the 
well known ‘dynamic coupling’ mechanism [15]. 
R” results from second order perturbation theory and 
in the limit of rotational averaging of A with respect 
to C gives the DICD mechanism of Schipper [4]. 

The main difference between R’ and R” from the 
point of view of identifying whether or not they 
contribute significantly to an observed spectrum is 
that R’ is extremely sensitive to the symmetry of the 
A chromophore, whereas R” is not. The sensitivity of 
R’ is apparent in two ways. Firstly the R’ CD con- 
tributions for transitions of different polarization 
(e.g. the AZg and E, bands of a D4,, Co(II1) complex) 
generally depend on different orders of multipole 
moments, thus have different rAC dependence, and 
so have completely different magnitudes of CD 

strengths. Secondly, within a series of compounds, 
increasing the A symmetry increases the order of the 
multipoles on A required by the first non-vanishing 
term, thus increases the power of its inverse distance 
dependence, and so reduces the magnitude of the ob- 
served CD. The limiting case of this behaviour is for 
spherically symmetric or rotationally averaged 
systems where all the first order CD mechanisms 
vanish. 

The Tra d-d bands of d[Co(en),13’ and l-[Co- 
(mal),en]- provide a clear illustration of the sym- 
metry dependence of R’. Purely from geometrical 
considerations we can deduce that en distorts the 
Co(N), d-d chromophore resulting in a Dsd A 
chromophore, and the [Co(mal),en]- d-d chromo- 
phore Qz” symmetry. Now, if R’ is the dominant 
mechanism one would expect the DSd system to have 
a larger E band (quadrupole dependent, hence rAce4), 
and a smaller As band (hexadecapole dependent, 
hence rMe6). In addition one would expect the &av 
system to have 3 bands, 2 dipole dependent and 1 
quadrupole dependent. So, unless cancellation effects 
obscure this one would expect 2 larger and 1 smaller 
band. What is observed [l] is in fact completely con- 
sistent with these predictions: d-{Co(en)3] 3+ has two 
Tr, component bands, the E band with Ae = 1.89 and 
the As band with Ae = -0.17, and I-[Co(mal)sen]- 
has 3 Tra components with AE = 2.8, -2.3 and 1 .O. 

By way of contrast with R’, the magnitude of the 
R” contribution to the observed CD is not a sensitive 
function of the symmetry of the system. The first 
non-vanishing R” CD contribution always depends 
only on A dipole moments, and always has r,+&+j 
distance dependence. This fact was illustrated by the 
DICD spectra of ref. 6 where the only effect of in- 
creasing the A symmetry was to reduce the number 
of peaks observable in the spectra. 

We shall make use of the symmetry dependence 
of R’ and symmetry independence of R” to deter- 
mine the relative significance of the two mechanisms 
in the series of AICD experiments which are discussed 
in the next section. As we shall see, R” proves to be 
dominant, so section IV is devoted to a brief dis- 
cussion of the actual form of the R” terms followed 
by the interpretation of the AICD spectra. Some 
indication of the application to which R’ can be put 
has been given in this work and reference 11, further 
discussion of this is postponed until a later publica- 
tion. 

III. Experimental 

Systems Studied 
The achiral chromophore, A, and the chiral 

inducer, C, in an AICD experiment must satisfy the 
following criteria: 

(i) A and C must be mutually soluble in an 
achiral solvent ; 
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(ii) A and C systems must associate in a preferen- 
tial orientation; 

(iii) A and C must not react during the course of 
the experiment; 

(iv) C must be spectroscopically transparent in the 
region of the A transition(s) which are being studied, 
so that any observed CD is AICD, not natural CD 
0fC; 

(v) The AICD must be large enough to be detect- 
able. 

In addition, for our mechanistic studies, we 
require that the A chosen must have a range of sym- 
metries. 

The systems chosen for this work which satisfy all 
the above criteria are the following series of achiral 
Co(II1) complexes in 1M (+)-L-tartaric acid/Hz0 solu- 
tions: [C4NW,IC1~, fauns-[Co(en),Clz]C1, 
[Co(NH&Brl Br2, ~~~-[CO(NH,),(H,O)~I~(SO~)~, 

c~~-[CO(NH~)~H~OCI]C~~. There are a few points to 
note about the systems chosen in relationship to the 
list of requirements given above. 

(i) In general, the concentrations of the complex 
solutions were -0.03 M, though the relative in- 
solubility of [Co(NH3)5Br]Br2 meant concentrations 
of 0.007 M were used. 

(ii) Tartaric acid is known to associate to Co(II1) 
amine complexes in the second coordination sphere 
[lo, 12,161. 

(iii) [CO(NH&,H~OCI] 2+ does in fact react with 
the tartaric acid on the timescale of minutes, so 
repeat scans (see below) could not be performed on 
a single sample. (As an aside, it is interesting to note 
that the AICD provides a very convenient technique 
for monitoring the substitution reaction since the 
reactant and product have significantly different Tlg 
d-d transition energies). 

(iv) Tartaric acid is known to induce CD into 
Co(II1) complexes in a detectable manner [IO, 161 
although there has been no systematic experimental 
and theoretical symmetry study of the kind at- 
tempted in this work. 

(v) The complexes chosen have the required 
symmetry range in their d-d chromophores (metal 
and directly ligating atoms), viz. Oh, Ddh, C,,, CzV, 
C, (order is the same as that of the list of complexes 
given above). 

In addition, there is basic information available 
about the d-d spectroscopy of Co(II1) complexes 
including the previous DICD study of these com- 
plexes provides information that will prove useful 
later. 

Method 
The CD spectra were measured on a Jasco-SOOC 

spectropolarimeter with the DP-SOON data processor 
attachment. The data processor enabled the baselines 
to be subtracted directly from the stored spectra and, 
with the exception of the aquochloro complex dis- 
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Fig. 1. AICD induced into [CO(NF+~)~]~+ -. - ; trans- 
[Co(en)$lz]+ - - -; [Co(NH&Br] - . . -; [Co(NH&- 
(H@)2] 3+ . . . . . . . . and [CO(NH~)~H~OCI]~+ --; by 1 M (+)- 

L-tartaric acid (extinction coefficients given per mol of 

Co(III)). 

Fig. 2. Normal absorption spectra corresponding to the AICD 
spectra of Fig. 1. 

cussed above, enabled accumulation of repeated scans 
of the spectra and thus reduction in noise. The error 
bar in Fig. 1 includes concentration errors and the un- 
certainty in the magnitude of the CD. The general 
features of each spectrum as illustrated were repro- 
ducible on newly prepared solutions. All complexes 
were recrystallized prior to use. The (+)-L-tartaric 
acid was commercially available. Normal absorption 
spectra were run on each sample directly after the CD 
spectrum. The presence of the tartaric acid made no 
detectable difference to the normal absorption 
(unless a substitution reaction had occurred). The 
normal absorption spectra are given in Fig. 2 for 
completeness. Temperature was maintained at 20 f 
2 “c. 

Inspection of Fig. 1 shows that the behaviour of 
the CD magnitude as a function of symmetry is in- 
consistent with the symmetry dependence of the R’ 
mechanism: the smallest CD signal belongs to the 
lowest (rather than highest) symmetry d-d chromo- 
phore, the largest belongs to the highest symmetry 
d-d chromophore, and the remaining spectra show 
no trend of magnitude versus symmetry. This suggests 
that R” is dominant for these systems. 

The dominance of a second order mechanism over 
a first order one may at first sight be somewhat sur- 
prising. However, the reason for this is not difficult to 
find. The geometries postulated for the A-C adducts 
(see below) all have either X = 0 or Y = 0, and the 
C,, complex has both X= 0 and Y = 0. Inspection of 
the R’ ICD expressions of ref. II shows that these 
geometries cause the isotropic (and hence larger) 
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polarizability contributions to R’ to vanish, resulting 
in R” being dominant. Thus, the results of this work 
can be applied to all systems where similar A-C 
adduct geometries are relevant. Effectively this 
reduces to those cases where the adduct geometry 
is defined by A symmetry. 

IV. R” and the AICD Spectra 

The R” CD mechanism results from the second 
order independent systems approach. Its significance 
was first realized by Schipper [17] when he con- 
sidered rotationally averaged systems (the DICD 
limit) for which all first order mechanisms vanish. 
The fact that even in the rotationally averaged limit 
R” requires only dipole-dipole coupling and hence 
rAce6 distance dependence [4] suggests that R” (in 
its unaveraged form) may also be significant in non- 
DICD situations. In fact we have just seen this to be 
the case (though R” is not as widely applicable as 
initially envisaged by Schipper [18]). The relevant 
R” theoretical expressions are given below and dis- 
cussed in relationship to the spectra of Fig. 1. The 
full derivation of the expressions is given elsewhere 
[ II] so not included here. 

R” CD Expressions (Transition Polarizations are those 
of the Magnetic Dipole Moment) 

CZ,, Dzh and z-polarized transitions of C,, C2,,: 

x-polarized: 

R” = rAc%(~zm,~, - pCcym,l-c,)(2 - 3X’) 

y-polarized : 

R” = ~A~%A~,m,l.cz - ww4(2 - 3Y2) 

z-polarized : 

R” = ~~~?Wrm, I*~ - ww,X2 - 3Z ‘) 

Point groups with x and y degenerate: 

x/y-polarized: 

R” = (1/2)r~~-‘%@,m,/& - Ir,m,& 

+ p,m,l*y - ClzmyQ(I + 3Z2) 

z-polarized : 

R” = ~~~?Wqwx - ww-4(2 - 3Z2) 

Point groups withx,y and z degenerate: 

x/y/z-polarized : R” = rAC-& (’ X m -p) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
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The notation used in eqns. (l)-(6) is as follows. 
(1) The expressions are given only for transitions 

whose polarization is defined by symmetry. 
(2) Explicit mention of states, transition energies 

and ‘Im’ (the imaginary part of) have been removed 
for clarity. The full expression can readily be re- 
covered using ref. 11 since the ordering of the 
operators has been strictly retained. So little data is 
available about both the charge transfer transitions of 
the complexes being studied and the UV and higher 
transitions of tartaric acid that explicit inclusion of 
states and transition energies is irrelevant for our 
purposes. It is sufficient for us to note that states of 
all symmetries are available so that state selection 
rules 1131 do not offer any further simplification of 
the CD expressions. 

(3) c~=&,P~,I-~~) and m =(mx,my,mz) are, 
respectively, the electric and magnetic dipole transi- 
tion moment operators of the achiral d-d chromo- 
phore A. PC = (l/6)& X/.QJ.~) is the operator 
isotropic hyperpolarizability of C (tartaric acid ir, our 
case), where pc is an electric dipole transition moment 
of C-(X, Y,Z) is the position of the C origin in the 
symmetry determined coordinate system of A (the 
origin of tartaric acid is in the centre of the centre 
C-C bond). 

(4) It has been assumed that the isotropic hyper- 
polarizability of tartaric acid is significantly larger 
than the non-isotropic hyperpolarizability. 

We are now in a position to analyse eqns. (l)-(6). 
Each equation has four factors: the A-C distance 
dependence, the operator isotropic hyperpolarizabil- 
ity of C, an A moment product and a factor depen- 
dent on (X, Y,Z) which gives the geometry depen- 
dence. We shall discuss the significance of each of 
these components in turn. 

rAC is always positive, so does not affect the CD 
band sign. In addition in eqns. (l)-(6) the rAC de- 
pendence is the same, so, for a given A-C system, 
the distance dependent factor is the same for all 
transitions of that system. Thus, for example, any 
magnitude variation between the A* and E of 

ICoWWrl *+ is due to the other three factors. This 
is in contrast to the R’ mechanism as noted above. 

As PC is a constant in all the experiments recorded 
here it suffices to say that its magnitude is deter- 
mined by the nature of C and its sign determined by 
the handedness of C. 

The final factor is in many ways the most interest- 
ing in this context as it is the one factor that played 
no part in the earlier analysis of DICD spectra. It can 
be determined directly from the geometry of the 
tartaric acid/metal complex adduct, and it modifies 
both the sign and the magnitude of the observed CD 
band. For our purposes electrostatic arguments 
(tartaric acid/halide repulsions etc.) provide suffi- 
ciently accurate adduct geometries. The approximate 
geometries illustrated in Fig. 3 have (X, Y,Z) values 
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Fig. 3. Schematic illustration of the most probable tartaric 

acid/metal complex adduct geometries determined using 

electrostatics. 

as follows (order as for the list of complexes above): 
(O,O, l), (0, l,O), CO,& >d3/2), (O,O, 1) and 
@,O, G/W. 1 n order to tie the discussion together 
we must digress to consider DICD expressions. Ex- 
pressions for dispersion induced CD are derived from 
eqns. (l)-(6) by integrating out the geometry de- 
pendence. In addition we note that (i) in any series of 
spectra with the same chiral inducer, PC is a multipli- 
cative constant, and (ii) rAc -’ is the same for all 
transitions of a given complex/inducer adduct. Thus, 
although information about the states involved in 
the A moment product is not readily available, the 
problem can be circumvented by making use of the 
DICD spectra of the same Co(M) complexes, if we 
also assume that the implicit energy terms do not 
cause any erratic behaviour in the sign or magnitude 
of the DICD spectra (hence the choice of fructose). 

We can write the tartaric acid AICD for a given 
complex and transition polarization in terms of the 
corresponding DICD as 

(j-polarized T AICD) 

x [(rAC-68C)T/(rAC-6PC)F1 

X {geometry factor} (7) 

where T denotes tartaric acid and F denotes fructose. 
The sign of the term in square brackets is constant 

Fig. 4. DICD spectra corresponding to 

Fig. 1. 

the AICD spectra of 

for any tartaric acid and fructose series so we can 
write 

(j-polarized T AICD) 

a {+) X {j-polarized F DICD} 

X {geometry factor} (8) 

Equation (8) together with the adduct geometries 
given above and the fructose DICD given in Fig. 4 
enables us to determine the relative band signs 
predicted by R” for the tartaric acid AICD. The infor- 
mation required to predict the band signs, the predic- 
tions and the observed band signs are given in Table 1 
together with the assignments of the transitions 
deduced in ref. 6. The assignments are required in 
order to make the comparison between experiment 
and theory. Conversely one could use the relative 
band signs to assign the transitions. 

The agreement shown in Table I between the 
theoretical predictions of the geometry dependent 
R” CD mechanism and the observed AICD confirms 
the dominance of R” for the tartaric acid/metal 
complex AICD since R’ cannot explain the observed 
band sign behaviour. In fact the band sign behaviour 
of the observed AICD is different from that common 
to both natural CD and DlCD (in general both natural 
CD and DICD exhibit oscillating band signs under a 
T,a band). For example, the natural CD [l] and 
DICD [6] of T,, d-d transitions in complexes with 
x/y degenerate d-d chromophores generally exhibit 
two bands of opposite sign. This is also the case for 
the D4,, AICD of Fig. 1, but not for the C4V AICD. 
A convincing explanation of this difference is pro- 
vided by the geometry dependence of R” as sum- 
marized in Table I. A similar example is that of the 
C,, complex where on the basis of the natural CD 
and the DICD one might expect to see at least two 
and generally three transitions under the T,a band. 
However only one band can be seen in the AICD, 
since (cf: Table I) the sign of the AICD for the three 
component transitions is the same so the three transi- 
tions overlap to give the appearance of a single 
transition. 

No attempt has been made in this work to 
examine band magnitudes (except to note the effect 
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TABLE I. Summary of Information Required to Predict the AICD Band Signs Using the Geometry Dependent R” Mechanism 

Together with the Observed AICD Band Signs for Various Tartaric Acid/Metal Complexes Adducts 

Assignment (order of [C~@JH,).SI~’ [Co(en)2Cl21+ [Co(NHs)sBr]‘+ [CO(NH~)~(H~O)~] 3+ [CO(NH~)~H~OC~] 2+ 
increasing energy) 

TU E A2 E A2 Bi A2 B2 A2 - - 

Fructose DICD sign - _ + - + - + - _ + 

Geometry factor + + - + + + - + + 

Predicted relative 

AICD sign _ - _ _ + - _ - _ 

Observed AICD sign - _ - _ + _ - 

of the A4 distance) since such a study does require 
more detailed information about transition energies 
and moments than is provided by a parallel DICD 
study. This information is not available in the litera- 
ture for the systems being studied and the energies of 
most relevant transitions are too high to be experi- 
mentally accessible. 

V. Conclusion 

In conclusion then we can say that the geometry 
dependent R” mechanism is dominant for the tartaric 
acid/Co(lII) complex AICD and that the theoretical 
analysis of the mechanism proved to be a means of 
understanding the observed spectra. It is reasonable 
to hypothesise that R” is also dominant for AICD 
systems where the A-C linkage is related to the sym- 
metry determined axes of A. As was illustrated in 
section IV, the analysis of spectra where the geom- 
etry dependent R” mechanism is dominant is 
considerably abetted by the results from a com- 
plementary DICD study. In this context, and in the 
wider context of CD studies in general, the impor- 
tance of well-defined theoretical models, with simple 
criteria for discriminating between them, and of a 
systematic study must not be underestimated. 

References 

1 

2 

3 

4 
5 
6 

C. J. Hawkins, ‘Absolute Configuration of Metal Com- 
plexes’, Wiley-Interscience, New York, 1971. 
F. Ciardelli and P. Salvadori (eds.), ‘Fundamental Aspects 
and Recent Developments in Optical Rotatory Dispersion 
and Circular Dichroism’, Heyden, London, 1973. 
B. E. Douglas and Y. Saito (eds.), ‘Stereochemistry of 
Optically Active Transition Metal Complexes’, American 
Chemical Society, Washington, D.C., 1980. 
P. E. Schipper, Chem. P&s., 57, 105 (1981). 
P. E. Schipper,J. Am. Chem. Sot., 100, 109 (1978). 
P. E. Schipper and A. Rodger, J. Am. Chem. Sot., 107, 
3459 (1985). 

I P. E. Schipper and A. Rodger, Inorg. Chim. Acta, 99, L41 
(1985). 

8 H. Shimuzu, A. Kaito and M. Hatano, Bull. Chem. Sot. 
Jpn., 54, 513 (1981). 

9 P. E. Schipper and A. Rodger, J. Am. Chem. Sot., 105, 
4541 (1983). 

10 

::. 
13 
14 

B. Norden, Chem. Ser., 7, 14 (1975). 
P. E. Schipper and A. Rodger, Chem. Phys., in press. 
H. Yoneda, J. Chromatogr., 313, 59 (1985). 
P. E. Schipper, J. Am. Chem. Sot., 100, 3658 (1978). 
P. E. Schipper and A. Rodger, Chem. Phys., 98, 29 
(1985). 

15 E. G. Hdhn and 0. E. Weigang, Jr., J. Chem. Phys., 48. 
1127 (1968). 

16 C. J. Hawkins and M. Starks, private communication. 
11 P. E. Schipper,Mol. Phys., 29, 1705 (1975). 
18 P. E. Schipper, J. Am. Chem. Sot., 100, 1433 (1978). 


