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Using the method described in the preceding article, we 
determined1 the frequency of intra molecular electron trans
fer between two naphthyl moieties linked by a chain of n 
CH 2 groups, i.e., 

N-(CH2)„-N" 5=* -• N-(CIy n -N 
We investigated such hydrocarbons with chains containing 
3 to 20 CH2 groups and have shown that for those corre
sponding to n > 5 the frequency of transfer, P, varies in
versely with (n + I ) 3 / 2 , the proportionality constant being 
determined by temperature and solvent. The "activation en
ergy" of P was found to be independent of n, provided that 
n > 5, namely, its value is about 5.0 ± 0.4 kcal/mol for the 
reactions proceeding in HMPA and ~ 3 kcal/mol when the 
transfer takes place in DME (+2% HMPA). However, 
these simple relations fail when n = 3 or 4. For those short 
chains the frequency P is much higher than predicted by 
the equation discussed above, and, strangely enough, the re
spective activation energies are also substantially higher, 
namely, in HMPA E = 10.5 kcal/mol for n = 3 and 8.9 
kcal/mol for n = 4. 

The above /«rramolecular electron-transfer reactions 
may be treated as if they were bimolecular exchanges be
tween a single donor and a single acceptor when enclosed in 
a sphere of radius R with a length proportional to (n + 
I ) ' / 2 . However, the crowding severely restricts the motion 
of the naphthyl groups when n = 3 or 4, and this may in
crease the potential energy barrier associated with the con
formational changes leading from the orientations unfavor
able for the exchange to those that permit the electron 
transfer. Furthermore, as the naphthyl moieties acquire the 
configurations allowing the exchange they become squeezed 
too closely together. For example, in N - ( C H 2 ^ - N - - they 
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are separated only by ~2.5 A when in juxtaposition, the ori
entation seemingly the most favorable for the electron 
transfer. At this distance the repulsion forces should be ap
preciable, and the need to overcome them could be partially 
responsible for the high activation energy of the exchange 
observed in this system. (This distance is slightly shorter 
than that separating the naphthalene molecules in a crystal 
(~3 A) or in a charge-transfer complex (3.5-4 A). The 
presence of an additional electron on one of the naphthyl 
units is expected to increase even more the repulsion at such 
a close approach.) In addition, some HMPA molecules 
which were oriented by the field of the - N - - ion have to be 
squeezed out when -N approaches so closely the - N - -

group. This desolvation further augments the activation en
ergy of the transfer, and contributes to the high A factor of 
the exchange in the N - ( C H 2 ) 3 - N - - system (~3 X 1017 

sec - 1 ) , because it increases the entropy of the transition 
state. 

A similar situation is encountered in the electron-transfer 
process taking place in the N-(CH2)4-N- - system. How
ever, the steric strain is then weaker and the desolvation of 
the -N-" ions is less extensive than in the N - ( C H 2 ) 3 - N - -

system. 
Two problems should be considered before the behavior 

of the N - ( C H 2 ) 3 - N - - and N - ( C H 2 ) 4 - N - - systems could 
be comprehended. (1) At what distance does the electron 
transfer from an - N - - donor to an - N acceptor occur with 
a reasonable rate? (2) How close may an - N group ap
proach an - N - - radical anion before encountering the re
pulsion? 

Our recent studies of electron transfer2 in 1,4-N-CH2-C-
CeH]O-CH2-N- - demonstrate that the frequency of the in
tramolecular transfer between the naphthyl units is still 
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Table I. The Frequency of Election Transfer, P, 
for N-(CH,)„-N- _ at 15° 

n 

20 
16 
12 
10 

8 
6 
5 
4 
3 

P in HMPA, sec -1 

7.4 X 106 

1.1 X 10' 
1.8 X 10' 
2.3 X 107 

2.8 X 107 

4.4 X 107 

7.2 X 107 

7.2 X 10' 
6.7 X 10? 

P in DME 
(+2% HMPA), sec 

5.2 X 106 

7.0 X 106 

1.3 X 107 

1.5 X 107 

1.7 X 107 

3.3 X 107 

5.0 X 107 

3.9 X 108 

4.4 X 108 

about 107 sec - 1 although they are separated by 9 A. Recent 
findings of Weller and his associates3 support our observa
tion. Their studies of fluorescence quenching in acetonitrile 
showed that this process involves an electron transfer from 
the quencher, Q, to the excited molecule, A*, which takes 
place when the partners are 7 A apart. Subsequently, an 
A.- .«Q.+ pair separated by this distance, and not the exci-
plex, is the primary product of quenching. In conclusion, 
the intra molecular electron exchange between the two 
naphthyl moieties linked by a long chain (n > 5) occurs 
when the interacting groups are separated by two or three 
solvent molecules; a direct contact between them is unnec
essary. The same spacial conditions apply in the intermolcc-
ular exchange. However, as we pointed out earlier, the 
problem is different for n = 3 or 4. In these molecules the 
exchange has to take place when the interacting naphthyl 
moieties are placed too closely together, a conformation as
sociated with the high repulsion energy but often encoun
tered because the short chain forces the naphthyl groups to 
remain always in the vicinity of each other. 

The radicals N- (CH 2 )^ -N-" having n > 5 are, most of 
the time, in conformations unfavorable for electron trans
fer. On the average, they attain the favorable conformations 
/ times per second and retain them for a relatively short 
time, T, i.e., r « 1 / / . The average frequency of electron 
transfer when the radical acquires the favorable conforma
tion is denoted by p and is assumed to be temperature inde
pendent. In most systems the product pr seems to be large, 
i.e., pr » 1, and therefore there is V2 probability that an 
electron residing on one of the two - N groups before the en
counter finds itself on the other as the - N groups separate. 
Hence, the frequency, P, that affects the shape of the ob
served ESR spectrum is independent of p and equals (1/2)/ , 
and since/increases with temperature, so does p. 

The temperature dependence of P for the N-(CH 2 )3-N-
_ system, and to a lesser extent also for the N-(CH 2)4-N-~ 
system, is greatly affected by the repulsion experienced by 
the reacting N moieties when they are squeezed together 
too closely, and by the energy of partial desolvation of the 
- N - - ions. Nevertheless, the value of P is high due to two 
factors mentioned previously: the crowding, i.e., the high 
"concentration" of the N groups, and because the partial 
desolvation of - N - - increases the entropy of the transition 
state. 

The exchange in DME (+2% HMPA) is slower than in 
HMPA, in spite of the much lower viscosity of the former 
solvent than of the latter. (For example, at 15° the viscosity 
of HMPA is 7] = 4.24 cP but only 0.5 cP for DME (+2% 
HMPA).) The two oppositely charged ions are paired in 
DME, but not in HMPA, and the necessity of transferring 
the cation hinders the electron transfer. This hindrance is 
affecting the /nframolecular reaction as well as the inter-
molecular transfer. 

The cation transfer affects in a specific way the intramo-
lecular exchange in N - ( C H 2 ^ - N - " and N-(CH 2 ) 4 -N-~. 

N-(CH1Jn-N" »• N T - (CH, ) n -N in DME (2%HMPA) 

IO»/T CK-') 

Figure 1. Arrhenius plot of the frequency P of intra molecular electron 
exchange in N- (CH 2 )^N-" in DtVfE (2% HMPA). 

In the transition state of the reaction the cation has to be 
placed between the interacting naphthyl moieties. However, 
in the short-chain radicals this may be only achieved when 
the planes of the naphthyl moieties are inclined to each 
other, i.e., when the conformation of the radical is not too 
favorable for the exchange. Consequently, the exchange is 
relatively slow. For example, at 15° the ratio P (for n = 
3)/P (for n = 5) is about 100 in HMPA but only 10 in 
DME (see Table I) . 

A most interesting peculiarity of the N - ( C H 2 ^ - N - " sys
tem is revealed by Figure 1. It shows that P becomes tem
perature independent at higher temperatures when the ex
change occurs in DME but not in HMPA, a phenomenon 
observed also, although within a narrower temperature 
range, in the N-(CH2)4-N-~ system. The following expla
nation may account for these observations. 

As suggested previously, in most of the investigated sys
tems pr » 1. However, since/? is low for the paired radicals 
present in DME, and, for the reasons stated above, even 
lower for N - ( C H 2 ^ - N - " , it is plausible to expect pr « 1 
for N- (CH 2 )3 -N-" in DME, especially at higher tempera
tures when r is short. Under such conditions, P = frp and 
not x$. N o w , / a n d r depend on temperature; as it rises the 
former increases while the latter decreases and therefore 
their product is expected to be only slightly temperature de
pendent. Thus, since p is assumed to be temperature inde
pendent, P becomes virtually constant. 

An alternative explanation for the independence of P on 
temperature should be considered. Hirota's studies of bi-
molecular electron transfer4 showed that the reactive loose 
pairs, abundant at low temperature, are converted into the 
unreactive tight pairs as the temperature rises. This conver
sion counteracts the conventional effect of rising tempera
ture and could be responsible for the observed effect. How
ever, this explanation is not acceptable since it demands the 
temperature independence of P not only for the N -
(CH2)3-N-" system but also for those with n > 5 as well as 
for bimolecular exchange. Our results (see, e.g., Figure 1) 
contradict this prediction. 

There is a basic difference between the behavior of our 
system and the processes leading to mframolecular forma
tion of charge-transfer complexes, excimers, or exciplexes. 
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For example, an intramolecular association leading to the 
formation of charge-transfer complexes was described by 
Itoh and Kosower.5 They studied the dipyridyl diradicals, • 
Py-(CH2)„-Py- (-Py- = -P-C5H4NCOOCH3, n = 3, 4, or 
5), in a mixture of isopentane and 3-methylpentane. Deter
mination of spin concentration by ESR technique led to the 
conclusion that only 2% of the radicals are free and not in-
Jramolecularly associated when n = 3, their fraction in
creases to 20% for n = 4, and no association is observed for 
n = 5. Interestingly, no cyclomers are formed when n = 2, 
provided the solution is sufficiently dilute to prevent an in-
/ermolecular association.6 Spectroscopic evidence7 suggests 
that the diamagnetic "cyclomers" are charge-transfer com
plexes having the pyridyl groups oriented parallel to each 
other. We can conclude, therefore, that this /n/ramolecular 
dimerization requires relatively close approach of the inter
acting groups favored when n = 3. 

Itoh8 extended these studies to radical cations -Py-
(CH2)„-Py+. Again, the closed form is abundant for n = 3 
but hardly detected, if at all, for n = 5. An interesting point 
transpires from these results. The half-width of the absorp
tion band attributed to the closed form is larger for the 
diradical -Py-(CH2)3-Py (~6000 cm -1) and the radical 
cation (~3800 cm-1) than for the dimers formed from the 
monomeric radicals (~1800 cm -1). This implies a differ
ence in the structure of 

A B 
on one hand and that of an /nfermolecularly formed (Py-)2 
or (Py-+Py) on the other. The equilibrium distance between 
the Py moieties of the //ifermolecular dimers is apparently 
greater than 2.5 A and such a species resides in a relatively 
steep potential energy well. In the /«rrarnolecular A "cy-
clomer" the closeness of the Py moieties, when in juxtaposi
tion, squeezes the interacting groups too close to each other, 
and hence this r'rtrra molecular associate resides in a rela
tively flat potential energy well. This factor, as well as the 
unfavorable conformation of the chain, may account for the 
difference in the half-width of the absorption band of the 
/rt/ermolecular dimer and of A. The AH of such intramo
lecular dimerization (—5.6 kcal/mol) was determined from 
the studies of similar heterodiradicals.9 It is unfortunate, 
however, that the AH of the intermolecular dimerization is 
not available. 

Formation of excimers furnishes additional information 
on the ease of ring closure by association of aromatic end 
groups. Hirayama10 studied the formation of excimers of 
a,co-diphenylalkanes, Ph-(CH2)„-Ph, with n varying from 
1 to 6. He concluded that excimers are formed only for n = 
3 and the following rational was proposed to account for 
this observation. (1) Benzene rings of an excimer have to be 
parallel to each other. (2) They should not be further apart 
than about 3.5 A. (3) The -(CH2)„- chain must attain the 
low energy, staggered conformation. Requirement 1 rules 
out the possibility of an excimer formation for n = 1 and 2, 
while the combined requirements 2 and 3 rule out the for
mation of excimers for n = 4, 5, or 6. 

The geometry of excimers was discussed by several work
ers. Most of the theoreticians""14 favor a sandwich struc
ture with the interplanar distance somewhat smaller than 
that in graphite (~3.5 A), although Birks15 argued that 
some displacement (by ~1.4 A) along one of the molecular 
axes may be advantageous, because it would reduce the re
pulsion between the interacting groups The experimental 
approach to the problem of geometry of excimers was devel

oped by Chandross and Dempster.16 These workers studied 
the formation of intramolecular excimers in a,a-, /3,/3-, and 
a,/3-dinaphthyl-l,3-propane, 1,2-di-a-naphthylethane, and 
1,4-di-a-naphthylbutane. The first two hydrocarbons may 
attain a parallel sandwich configuration, but in the third, 
a,0, the molecular axes are inclined to each other by ~45° 
when the aromatic planes are parallel. 

Solutions of these hydrocarbons in methylcyclohexane-
isopentane mixture were irradiated at sufficiently low tem
perature range to render the dissociation of the excimer 
negligible. In the absence of quenching, the ratio of fluores
cence intensities of the excimer and the excited naphthyl is 
proportional to k^/km, where ka is the unimolecular rate 
constant of the intramolecular excimer formation and kfo is 
the rate constant of its fluorescence. The temperature de
pendence of ka/kro gives therefore the activation energy, 
Ea, of the excimer formation. For the cx,cc- and /3,/3-1,3-di-
naphthylpropanes £ a is 3.3 and 4.0 kcal/mol, respectively. 
Since the actual process of the mtermolecular excimer for
mation is diffusion controlled,17 £ a (of the /nframolecular 
process) is affected only by solvent's viscosity and by the 
chain stiffness. The results obtained for a,/3-l,3-dinaphthyl-
propane indicate a much lower binding energy of the com
plex, inplying that the twisting of molecular axes decreases 
the stability of the excimer, contrary to the suggestion of 
Birks.15 Finally, the fluorescence of the excimer formed 
from 1,4-dinaphthylbutane is very weak; hence the unfavor
able conformation of the connecting chain hinders its for
mation, an observation confirming the findings of Hiraya
ma.10 The advantageous position of the C3 chain in the for
mation of excimers is again confirmed by the work of Leon
ard and his associates18 who studied the formation of the 
photodimer of 1,3-bisthyminepropane. 

This brief review shows that the formation of charge-
transfer complexes or excimers requires a close approach of 
interacting aromatic moieties, but even for the dimers bond
ed in this way the repulsion becomes notable at separations 
less than 3 A. Such a close approach is not needed for the 
electron transfer and, in fact, when the constraints due to 
the shortness of chain force the close approach of the inter
acting groups, the system exhibits then the peculiarities dis
cussed in this article. 
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