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Abstract - Benzenoid-amine systems exhibit singlet-singlet energy transfer
and exciplex formation. Factors which affect the relative importance of
these two processes are discussed. Ternary complexes can be formed between
aryl groups and two tertiary amino-groups. Such complex formation leads to
enhancement of non-radiative decay and strongly influences the efficiency
of intersystem crossing to give the aromatic hydrocarbon triplet. The part
played by conformational factors in the chemistry of electron transfer
reactions is discussed. Solvent isotope effects have been found for some
exciplex forming systems and are explained. Some aspects of the inter-
mediacy of electron transfer processes upon photo-oxygenation reactions are
discussed.

INTRODUCTION

There appear to have been several phases in the development of mechanistic aspects of photo-
chemistry. In the earliest period, absorption of a photon was considered as giving rise to
either radicals or a concerted reaction. With the increasing availability of emission

spectrometers and the development of the technique of flash photolysis, the role of the trip-
let began to dominate current thinking. This led to a search for a means to distinguish
between reactions involving excited triplets and singlets. The participation of excited
singlet states was found to be more prevalent than expected. It was during this phase that
the contribution of electron transfer processes gradually became appreciated. This was due,
in particular, to the pioneering work of Weller (Ref. 1). Interestingly the participation of
excited singlet states in electron transfer processes appeared to be more common than that of
triplet states. The balance has now been redressed and electron transfer reactions of trip-

let carbonyl compounds (Ref. 2), aromatic hydrocarbons (Ref. 3) and porphyrins (Ref. 4) etc.
have been identified.

The participation of electron transfer processes poses a complex problem. It is recognised
that such processes may involve the formation of an encounter complex, a relaxed exciplex
and radical ions (Ref. 5). Thus, three species present themselves as candidates for product
precursors. In addition, if these three species are derived from an excited singlet state,
the electron transfer process can produce triplets (Ref. 5) which in turn can act as precur-
sors for products. Examples of this type of reaction have been described (Ref. 6). Other
excited species which can act as progenitors for products include excited triplet complexes
and termolecular complexes (Ref. 7). Identifying which of these species is responsible for
product formation and how the various species are inter-related presents a challenge as well
as some inevitable pitfalls. Often it is very difficult to obtain clear-cut evidence for the
participation of a particular species and consequently negative evidence is often used to
deduce a mechanism. It is very tempting, when presented with a reaction which does not
appear to be feasible on the basis of energetics to say that it occurs via an electron trans-
fer process. Some examples of this type of problem are presented in the text.

COMPETITION BETWEEN ENERGY TRANSFER AND ELECTRON TRANSFER

The rules governing energy transfer are well described in many standard texts (Ref. 8). The
energetics of electron transfer processes have been detailed by Rehm and Weller (Ref. 9).

o 2
1G =

Eox
-

ERED
- - tE0Ø eq. 1

where E0x and ERED are the oxidation potential of the donor and the reduction potential of

the acceptor respectively, e2/E'a is the Coulombic interaction energy between the two

radical ions at the encounter distance 'a' in a solvent of dielectric constant c' and
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zE Is the electronic excitation energy of the fluorescer. One can therefore, from known

data, determine whether a process will occur via an energy or electron transfer process.
The reaction of 4-methyl acetophenone with N,N-dimethyl-p-toluidine was shown, in a recent
elegant study (Ref. 10), to involve both energy and electron transfer processes.

Recently we have been examining some systems in which groups capable of undergoing electron
transfer processes are separated by a rigid spacer (Ref. 11). The spacer used was the
bicyclo-2,2,2 -octane skeleton. This particular system has been used as a spacer in an
earlier study, by Zimmerman (Ref. 12), on energy transfer. In the case of 1 it was found
that excitation did not lead to exciplex emission whereas for 2 this was the case. It
appears that for exciplex emission to be observed the donor and acceptor groups have to be

Ph -._Q_..NMe2 Ph ((H2)4 NEt2

able to come relatively close to each other. The room temperature emission spectrum of 1
in cyclohexane is quite informative. The shape cf the emission spectrum and wavelengths of
maximal emission indicate that the emitting species resembles trimethylamine rather than the
parent hydrocarbon 3, suggesting that energy transfer from the phenyl group to the amine is

Ph_Q_H

occurring. The emission spectrum of 4 in cyclohexane shows mainly fluorescence from the
phenyl group. This is not surprising since, in cyclohezane the emissive state of N-raethyl
piperidine is very similar to that of benzene. However, if a more polar solvent is used,

PhQNQ
4

the emission of the amine moves to lower energy (Ref. 13) and the emission spectrum of 4 is

composed mainly of fluorescence from the amine. Since dilute solutions (1 x 103M) were
employed in the studies and the amine absorbs <10% of the incident light, it seems that
energy transfer from the aryl to the amine group is occurring and that the process is intra-
molecular. Stress has been laid upon the fact that energy transfer is observed when the
emissive state of the amine lies at lower energy than that of the excited singlet state of
the aryl grOup. The emissive state of the amine is not the Franck Condom state (Ref. 14) and
therefore the energy transfer process may be described as a non vertical process. It is a
well known fact that many amines undergo rapid inversion at nitrogen and it is therefore
conceivable that the amine will pass through its planar conformation during the lifetime of
the excited aryl group and energy transfer could occur under these circumstances. There is
also the possibility that the so carefully constructed bicyclo—[2,2,2J-octane framework is
not insulating and that weak coupling occurs through the system via the ci-bonded framework as
is shown in Fig. 1. Our lack of tçiderstanding of Rydberg states prevents us from ascertaining
whether in 1 and 4 there is any significant through space interaction.

We (Ref. 15) and others (Ref. 16) have demonstrated that singlet-singlet energy transfer from
benzene to many tertiary amines can be observed. Figure 2 illustrates the results obtained
for the benzene-N-methylpyrrolidine system in cyclohexane. At high amine concentrations the
structureless fluorescence band becomes slightly red-shifted suggesting that under these
conditions other processes, e.g. exciplex formation, may be beginning to play a part. The
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FIG.1 Coupling of the Aryl Group with the Amine

via the Bicyclo [ 2,2,2] octane framework.

lack of observable exciplex fluorescence is at
and Mattay (Ref. 17) who found that benzene in
exhibited exciplex fluorescence. We (Ref. 15)

+

I,,Ca'
C

variance with the. results obtained by Leismann

cyclohexane solution containing triethylamine
subsequently showed that if high benzene

Fig. 2. Fluorescence spectra of cyclohexane solutions of N-methyl-
pyrrolidine (OD = 0.1 at 275nm) containing varying amounts of benzene

(Aexc = 275nm). (1) O.OM; (2) 1.88 x lO2M; (3) 1.88 x 101M;

(4) 3.75 x lO1M; (5) 4.63 x lO'M; (6) 9.4 x l0'M; (7) l.50M;

(8) 2.8lM; (9) N-methylpyrrolidine in pure benzene (OD = 0.52 at 280nm).

concentrations are employed exciplex fluorescence is observed in preference to amine fluores-
cence. That exciplex formation only manifests itself when high benzene concentrations are
used suggests that the benzene is not solely acting as a partner in the electron transfer
process but is also acting as a solvent. Since benzene is relatively polar when compared
with cyclohexane, an exciplex in an environment of benzene molecules will be of lower energy
than one surrounded by cyclohexane molecules (Ref. 18). It appears therefore that in the
intermolecular systems the benzene and the amine form an encounter complex which in non polar
solvents gives rise to energy transfer but if the complex becomes solvated by polar molecules
it will relax to give the now more energetically favourable exciplex (Fig. 3).

Another interesting feature of the benzene-amine systems relates to the fact that compounds
such as 5 exhibit, in cyclohexane solution, intramolecular exciplex fluorescence to the
closely related benzene — N-methylpyrrolidine system, energy transfer is observed.
Presumably the oxidation potential of the amino group in 5 is similar to that of N-methyl-
pyrrolidine and the reduction potential of the phenyl group is similar to that for benzene
and therefore the redox parameters for 5 should be close to those for the intermolecular
system. The main difference between the inter- and intramolecular systems lies in the
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FIG.3 Effect of Solvent polarity upon Decay of the
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entropy factor since in 5 little re-organisation is required to attain the conformation of
the exciplex, when compared with the intermolecular system. The entropy term can be

PhC
H2CH2N1

included in an equation (eq. 2) describing the energetics of exciplex formation (Ref. 19).
We believe that it is the contribution from this entropy term which lowers the energy of the
intramolecular complex relative to that of the intermolecular complex.

LG = iE + E(D/D) - E (A/A) - TtS + C eq. 2

(G = free energy change for exciplex formation, LE = energy of the zero-zero transition

of the hydrocarbon, E(D/D) and (E(A IA) are the appropriate redox potentials, LS = entropy
change and C is the free energy gained when the radical ions are brought to encounter

distance).

We have also found that energy and electron transfer are in competition in an arylcarboxylate-
amine system (Ref. 20) and in a totally different system (Ref. 21). By use of the technique
of nanosecond laser flash photolysis we (Ref. 21) and others (Ref. 22) have shown that trip-
let pyruvic acid and methyl pyruvate are deactivated by naphthalene to give triplet naphtha-
lene. The triplet naphthalene was found to have a very short lifetime and this was shown to
be due to the pyruvate quenching the triplet naphthalene (Ref. 22). Examination of the
decay of triplet naphthalene showed that it was attended by the growth of transients which
could be ascribed to the naphthalene radical cation and the pyruvate radical anion. Thus
energy transfer has, even if not intoto, preceeded the electron transfer process and this
result is reminiscent of one described earlier (Ref. 10).

EXCITED COMPLEXES CONTAINING THREE INTERACTING GROUPS

Knibbe and Weller (Ref. 23) found that the use of high amine concentrations to quench aro -
matic hydrocarbon fluorescence produced exciplex fluorescence which was red-shifted compared
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with that obtained when low amine concentrations are used. They suggested that at high
amine concentrations, complexes are produced in which the aromatic hydrocarbon interacts with
two amine molecules. Subsequently the photophysics of a number of systems involving ter-
molecular complexes and related species have been examined e.g. naphthalene/l,4-dicyano-

benzene (Ref. 24), l,3-di(l-naphthyl)propane/l,4-dicyanobenzene (Ref. 25). The study of
appropriately substituted cyclophanes has contributed enormously to our understanding of
these systems (Ref. 26). The intermediacy of termolecular and related excited complexes in
chemical reactions has also been proposed e.g. for the dimerisation of anthracene in the
presence of N,N-dimethylaniline (Ref. 27). The formation of termolecular complexes has been
put to good use by Caldwell (Ref. 28) who has developed a diagnostic test for the inter-
mediacy of exciplexes in chemical reactions.

We have found (Ref. 29) that a,w-diaminoalkanes quench the fluorescence of aromatic hydro-
carbons and that the efficiency of this process is dependent upon the structure of the
terminal amine and the length and type of the chain linking the amino groups. The quenching
of naphthalene fluorescence by N,N,N',N'-tetraethyldiaminoalkanes in cyclohexane solution
results in exciplex fluorescence. For the diaminoethane and propane this emission is
slightly red shifted when compared with that produced by the longer chain diamines. This
suggests that the diaminoethane and propane can form complexes in which both amino groups
interact with the excited aromatic hydrocarbon. The positive evidence came from a study
employing ct,w-dipyrrolidinoalkanes and some representative spectra are shown in Fig. 4.
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Fig. 4. Quenching of the fluorescence of naphthalene in degassed cyclo-
hexane solution by c,w-diaminoalkanes.

Another notable feature of the quenching by diaminoethanes and propanes is that the exciplex
fluorescence is very weak. This can be assessed by reference to Table 1 where and
COO values are given. It would seem that where complex formation involving the inter-

action of three groups can take place, either new non-radiative pathways are opened up, or
the existing ones increase in efficiency.

For the diamines having > 6 methylene groups interposed between the nitrogen atoms, exciplex
fluorescence is relatively efficient. Inspection of the values in Table 1 shows that

for a particular amine concentration, the diamines having n = 8 give more exciplex fluores-
cence than their corresponding mono-amines. This finding has been used to observe exciplexes
formed between a number of polycyclic aromatic hydrocarbons e.g. pyrene and anthracene, and
compounds containing the pyrrolidino and piperidino groups (Ref. 29). From the rate
constants (Tables 1 and 2) it can be seen that the diaminooctanes are far more efficient
quenchers than the related N-methyl compounds and this cannot be accounted for purely on

(a)

(b) cN-CH7)2_NIJ

(c)

(d) Et7N—(CH,)3NEt7
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TABLE 1. Quenching of naphthalene fluorescence by x,w-diaminoalkanes and
related compounds in degassed cyclohexane solution at 20°C.

Amine n Quenching a 00 o
Rate Constant 'E"M—l —l
(2.mol. s )

Me Pyr 3.2 x l0 0.82 0.16

Pyr(CH2)Pyr
2 5.9 x l0 0.5 0.05

3 5.7 x 10 0.48 0.05

8 6.0 x l0 1.2 0.12

Me Pip 0.3 x l0 0.06 0.11

PiP(CH2) Pip 3 3.5 x l0 0.2 0.035

8 2.1 x l0 0.4 0.12

Pyr - Pyrrolidino. Pip - Piperidino.

a Exciplex/monomer fluorescence intensity ratio for an amine concentration
0. l5M.

of

TABLE 2 Rate constants for the quenching of pyrene fluorescence by
diamines in degassed cyclohexane at 20°C.

Amine n Quenching Rate Constant
—l —l

(2.mol. s )

Me Pyr 0.074 x l0

Pyr(CH2)Pyr
2 2.75 x 1O9

3 2.75 x 10

8 0.78 x 10

Me Pip 0.0004 x l0

Pip(CH2) Pip 3 0.35 x l0

8 0.03 x 10

statistical grounds. We propose that the efficiency is due to the quenchers operating via a
multi-collisional process. This process may be understood by reference to Equation 3. The
overall quenching efficiency of the amine is crucially dependent upon the efficiency of

* * *
ArH + Am — (ArH----Am) —a (ArHAm) eq. 3

-l Encounter Fluorescent

Complex Exciplex

formation (rate constant k1) and reversal (rate constant k1) of encounter complex formation

and upon the efficiency with which this complex decays to an emissive complex and radical
ions etc. For diamines in which there is the possibility of only one amino group inter-
acting with the excited hydrocarbon in the encounter complex, the dissociation via the
reaction having rate constant will generate the excited hydrocarbon in the vicinity of a
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second amino group with which it can react and so reform the encounter complex, i.e. the
presence of the second amino group increases the probability of fluorescent exciplex forma-
tion by creating an artificially high local concentration of the amine. We have termed this

process multi-collisional quenching.

The formation of excited complexes involving the simultaneous interaction of three groups
has been further pursued by examining purely intramolecular systems and the results are shown
in Table 3. The behaviour of the compounds shown in Table 3 is in marked contrast to that

TABLE 3. Wavelengths of exciplex fluorescence (A nm), quantum yields of
exciplex fluorescence and triplet formation for

systems exhibiting ternary complex formation.

Compound Cyclohexane

F T
Acetonitr

F
ile

T
Et

NpCH CR N

22\
CE CH NMe

386 0.128 0.25 a a 0.018

r
NpCH CE N NMe22\j 395 0.052 0.43 a a 0.009

/ Pm
NPCH2CH2NJNCH2CH2k\)

405 0.043 0.41 a a 0.012

Np 1-Naphthyl. a = no exciplex emission observable.

shown by closely related compounds such as 6 (Ref. 30) in that quantum yields of exciplex
fluorescence are very low even though quenching of naphthalene fluorescence is efficient

CH2CH2NEt2

C

and the emission, when it can be observed, is to the red of that expected to be shown by the
interaction of the aryl group with the nearest nitrogen atom (Ref. 29). These findings are
consistent with the view that the compounds shown in Table 3 form excited complexes involving
the interaction of the aryl group with two amino groups.

The question arises as to what non-radiative decay routes are available to complexes involving
three interacting groups. It is well known that for complexes involving the interaction of
two groups (Ref. 31) triplet formation can occur. As to whether the triplet is generated
from the encounter or fluorescent exciplex is a matter of some debate. There are some
definitive studies in which there is clear evidence for the formation of triplets via the
fluorescent exciplex (Ref. 32). In polar solvents, where radical ion formation can take
place, triplet formation can also occur via recombination of radical ions (Ref. 33). We have
employed nanosecond laser flash photolysis to measure triplet yields for a number of systems
which exhibit intramolecular exciplex formation (Table 4). The time resolution of the
equipment did not allow us to assess whether the triplets are produced via the fluorescent
exciplex. However from the values shown in Table 4 it is apparent that the triplet yield is
not directly linked to the quantum yield of exciplex formation and is not particularly
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TABLE 4 Quantum yields of triplet formation for compounds exhibiting
intramolecular exciplex formation.

Compound Cycloh

F
exane

T
Tetrahyd

F
rofuran

T
Aceton

F
itri le

T

Np(CH2)2NcJ

NP(CH2)2N(J

Np(CH ) N22 (Cli )212

0.252

0.236

0.415

0.30

0.23

0.28

0.043

0.062

0.140

0.29

0.27

0.21

0.019

0.029

0.073

0.29

0.43

0.38

NpCH2NEt2
\' 0 0.10 '\' 0 0.26 '' 0 0.27

Np(CH2)2NEt2
0.406 0.29 0.097 0.33 0.040 0.22

Np(CH2)3NEt2
0.200 0.31 0.122 0.32 0.015 0.13

Np(CH2)4NEt2
0.034 0.38 — 0.40 0.002 0.08

Np = 1-Naphthyl.

solvent dependent. On the other hand, the triplet yields for compounds forming complexes
involving three interacting groups (Table 3) show a marked decrease as the solvent polarity
is increased. Why should this be the case? One may argue that the energy of the radical
ion pair formed by the compounds shown in Table 3 lies below that of the triplet state.
Certainly the ability of the two nitrogen atoms to interact should help to stabilise the

— +. .—. —

Ar—..-N"--N Ar-.-.N-.-N
I I

radical cation. Another possibility is that the energy of the "excited diamine" lies below
the triplet state of the aromatic hydrocarbon in highly polar solvents. If either or both
of these explanations are correct, there is the possibility that c,w-diaminoalkanes will
quench aromatic hydrocarbon triplets in polar solvents. This was shown to be the case by
studying the quenching of naphthalene and anthracene triplets in cyclohexane and acetonitrile
solution. These results are shown in Table 5. As can be seen, the quenching is much more
efficient in acetonitrile than in cyclohexane. For acetonitrile solutions the chain length
had little effect upon quenching efficiency whereas in cyclohexane the diaminoethanes are
more effective than the longer chain compounds. Presumably the higher efficiency of
quenching in acetonitrile is due to the greater ability of this solvent to stabilise charged
species. In the light of the results from the quenching of aromatic hydrocarbon singlet
states by ci,w-diaminoalkanes it is conceivable that the diaminoethanes are better quenchers
than the longer chain diamines in cyclohexane because they form ternary complexes with the

triplet hydrocarbon.
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TABLE 5. Quantum yields of naphthalene and anthracene triplet formation

in degassed cyclohexane () and acetonitrile (44) solutions

containing ct,w-diaminoalkanes (1 x 10 M).

Amine n

Napht

,C
'VT

halenea

,1A
'VT

Anthra

AC
'VT

cenea

,A
'VT

Pyr(CH2)Pyr
2 0.38 0.17 - -
3 0.55 0.22 0.53 0.30

6 0.53 0.21 - -
8 0.57 0.18 - -

Pip(CH2) Pip 2 0.31 0.14 - -
3 0.61 0.20 0.61 0.30

6 0.73 0.32 - -

8 0.66 0.37 - -

a Based on for naphthalene and anthracene of 0.68 and 0.72 respectively (Ref. 8).

EFFECT OF CONFORMATION UPON INTRAMOLECULAR EXCIPLEX FORMATION

It is well known that there are strict conformational requirements for fluorescent excimer
formation (Ref. 34). This does not appear to be the case for fluorescent exciplex formation

(Ref. 31 and 35). The conformational requirements for fluorescent complex formation
(Ref. 36) and fluorescence quenching (Ref. 37) appear to be solvent dependent: they are more
demanding for non polar than for polar solvents. In an effort to understand conformational
effects upon fluorescent exciplex formation we, and others, have studied compounds of the
type 1, 2 (Ref. 38), 4, 5 and 6 (Ref. 30 and 35) as well as related anthracene compounds
(Ref. 39) and 4-aminobenzonitriles (Ref. 40).

We now report upon compounds 7, 8 and 9 (Ref. 41).

Me(Me MeçMe
Me N Me CH (Cli)

The u.v. absorption spectra of these compounds show that in the ground state there is little
interaction between the pyrrole and naphthalene nucleus. Although the absorption spectra of
7-9 are hardly affected by a change in solvent polarity their fluorescence spectra are highly

dependent upon this physical property. Appropriate photophysical parameters are shown in
Table 6. The wavelengths of exciplex fluorescence for 7-9 in a particular solvent are
remarkably similar. The energy of an excited complex is given by Equation 4.

EC = I -
EA

- C -
Lxu18

eq. 4

(EC = Energy of the complex, I = lonisation potential, EA = Electron affinity,

C = Coulombic interaction and = Solvation energy).
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TABLE 6 Quantum yields of fluorescence, fluorescence lifetimes and wavelengths
for maximal exciplex fluorescence for 7-9 in various degassed solvents
at 20°C.

Solvent
A

max
(nm.)

7
T

(ns.)
(I) A

max
(nm.)

!
T

(ns.)
4) A

max
(nm.)

!
t

(ns.)
4)

Cyclohexane 405 7.2 0.03 398 15.8 0.03 396 36 0.36

Benzene 440 5.0 0.02 412 10.2 0.03 414 75 0.28

Acetonitrile 505 6.9 0.01 490 14.0 0.02 485 41 0.12

Since compounds 7-9 have similar I and EA values the only difference one might expect to find

in the energetics of complex formation must be due to either the C or the LH5 terms. These

differences are, apparently, very small. In the case of 7 there will be some perturbation
due to the operation of inductive effects which operate via the cl-bond which connects the
pyrrole with the naphthalene nucleus.

Examination of molecular models shows that 9 can adopt a sandwich conformation in which the
pyrrole ring lies over the naphthalene nucleus. It is impossible for 7 and 8 to adopt such
a conformation. Thus although 7-9 can adopt an array of conformations, very few of which are
common to each other, they display similar fluorescence spectra and this suggests that the
conformation of the exciplex does not play a crucial role in determining the extent of charge
transfer in the complex. Probably what is of significance, is the relative proximity of the
positive and negative charges in the excited complex since this will determine the magnitude
of the Coulonbic interaction term. The other photophysical parameters of 7-9 do appear to be

structurally dependent. Compound 9 has a relatively high quantum yield of fluorescence in
cyclohexane which drops as the solvent polarity increases. Both 7 and 8 show low quantum
yields of fluorescence in all the solvents and also their fluorescence lifetimes are conside-
rably shorter than those of 9. It appears therefore, that the inability of 7 and 8 to adopt
a favourable exciplex conformation leads to low quantum yields of fluorescence and short
fluorescence lifetimes, but does not impair the efficiency with which the pyrrole nucleus
quenches the aromatic hydrocarbon fluorescence.

Since non-radiative decay processes are so important for 7 and 8 the triplet yields of these
compounds and of 9 in various solvents were measured. The results are summarised in Table 7.
For 7 and 9, there is a gradual reduction in triplet yield as the solvent polarity is

TABLE 7. Quantum yields of triplet formation for 7, 8 and 9 in various
degassed solvents at 20°C.

Compound Cyclohexane Tetrahydrofuran Acetonitrile Methanol

7 0.31 0.33 0.22 0.2

8 0.02 0.04 0.08 0.04

9 0.28 0.32 0.185 0.07

increased. This suggests that the fluorescent exciplex plays a part in triplet production
but this cannot be the exclusive pathway since the triplet yield of ! in acetonitrile
(Table 7) is much higher than its fluorescence yield (Table 6) in the same solvent. The most
peculiar, and therefore well checked result is tha1 triplet production from 8 is remarkably
inefficient. We can offer no explanation for this behaviour but note that l-(diethylamino-
methyl)-naphthalene has a low triplet yield in cyclohexane and therefore the origin of the
effect may be one of conformation.

Many compounds undergo conformational changes as a result of excitation e.g. 9,9'-bianthryl
(Ref. 42 and 43) and l,l'-binaphthyl (Ref. 44 and 45). The absorption spectrum of 1,l'-bi-
naphthyl indicates that in the ground state, there is little interaction between the two
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naphthyl groups. The fluorescence spectrum of this compound exhibits a broad featureless
band which is red-shifted from the naphthalene fluorescence. Since change in solvent
polarity has little effect upon the wavelength of maximal emission the red shift cannot be

ascribed to charge transfer. The lack of structure and the red-shift of the fluorescence
band has been attributed to the initially excited binaphthyl, which has the two naphthyl
groups lying in different planes, relaxing by becoming planar. This conclusion has been
challenged (Ref. 46) and the suggestion made that in the relaxed excited singlet state the
interplanar angle is less than that for the ground state molecule but is not zero. This

conformational change occurs in <280 ps (Ref. 47). Since this relaxation occurs so quickly
it is reasonable to propose that if l,l'-binaphthyl forms an exciplex with the amine, it will
be the relaxed binaphthyl that participates. The fluorescence of l,l'-binaphthyl in cyclo-
hexane solution is quenched by the addition of N-(l_propyl)-2,5-dimethylpyrrole and this is
accompanied by a broadening of the tail of the binaphthyl fluorescence (Fig. 5). Even at
high amine concentrations no discreet maximum for the exciplex fluorescence is observable.

C

U.I-0
>.

*1)z
LU

z

Fig. 5. Fluorescence spectra of l,l'-binaphthyl in cyclohexane solution
containing N- (l-propyl)-2, 5—dimethylpyrrole at varying concentrations.

When more polar solvents than cyclohexane are used, fluorescence quenching is observed but,
except for benzene, no exciplex fluorescence can be seen. A Stern-Volrner plot for the
quenching in acetonitrile showed that it occurs at the diffusion-controlled rate. The
kinetics of the quenching process in cyclohexane were studied by the technique of time-
correlated single photon counting and it was found that exciplex formation is favoured over
exciplex dissociation, to give the excited monomer, by a factor of approximately 100

(Iç = 5.4 x 109M l and k1 = 6.5 x l0 l —see eq. 3).

For the binaphthyl-pyrrole system there are two features worthy of note. Firstly, the wave-
length of the exciplex emission and secondly, the low quantum yields for exciplex fluores-
cence. Rather surprisingly, what little exciplex fluorescence can be observed resembles
that produced by interaction of the excited singlet state of naphthalene with the pyrrole.
If there is extensive delocalisation in the excited singlet state of binaphthyl the reduction

400
WAVELENGTH, nm



1616 R. A. BEECROFT et al.

potential of this species should be far lower than that of naphthalene and consequently the
exciplex emission should be red shifted relative to that for naphthalene. We therefore

conclude that in the emitting binaphthyl exciplex only one of the naphthalene rings is
associated with pyrrole which is in accord with the view that the first excited singlet
state of binaphthyl is not planar. The low quantum yields of exciplex fluorescence nay be
due to the fact that a conformationally mobile species is a partner in the complex and
consequently the excitation energy may be lost non-radiatively by being utilised in bringing
about conformational changes. This situation is somewhat reminiscent of that which obtains
for a Dewar benzene when it participates in exciplex formation (Ref. 48) and leads one to
question whether the observed exciplex emission is not coming from the initially created
exciplex but rather from one in which the binaphthyl has undergone some conformational

changes.

SOLVENT ISOTOPE EFFECTS UPON EXCIPLEX FORMATION AND DECAY PROCESSES

Many compounds which contain a donor and acceptor group linked by a flexible insulating chain,
exhibit exciplex fluorescence in polar solvents such as acetonitrile and alcohols (Ref. 5, 30,
31, 36 and 41). Since it is known that radical anions, generated in photochemical reactions,
can be protonated, it seemed of interest to determine whether exciplexes can also be proton-
ated and whether this provides another mechanism for non-radiative decay. The fact that the

triplet yield for ! (Table 7) is much lower in methanol than acetonitrile could be due to the

relaxed exciplex undergoing protonation and hence reducing the efficiency of triplet produc-
tion. The quantum yields of unquenched naphthalene fluorescence and exciplex fluorescence
for a series of naphthylalkyl amines in methanol and deuterated methanol (CR3OD) were

measured and results are shown in Table 8. From measurements of the quantum yields of
unquenched naphthalene fluorescence it can be seen that the quenching of naphthalene fluo-
rescence is more efficient in the deuterated solvent. We believe that this reflects the
abilities of the two solvents to bond to the lone pair electrons of the amino groups. This
type of bonding raises the ionisation potential of the amine and consequently decreases the
ability of the amine to participate in electron transfer reactions (Ref. 49). The quenching
studies suggest that methanol bonds to the amine (via hydrogen bonding) more strongly than
the deuterated alcohol. As one might expect, this type of effect is less noticeable for
aromatic amines than for aliphatic amines. The effect of the solvent interacting with the
ground state amine appears to be reflected in the quantum yields of exciplex formation.
However the higher yield of exciplex in the deuterated solvent may not be exclusively due to
the ground state amine-solvent interactions but rather be a reflection of the deuterated
solvent being a less effective quencher of the exciplex (by deuteration) than the protic
solvent. That the solvent plays a part in the decay processes is shown by the fact that the
exciplexes have longer lifetimes in the deuterated than in the protic solvents (Table 8)

(Ref. 50).

Table 8 also gives the quantum yields of triplet formation. In all cases the yields are
higher in the deuterated solvent as is of course the quantum yield of exciplex fluorescence.
This suggests that at least some triplet formation occurs via the relaxed exciplex, in
highly polar solvents, and that protonation of exciplexes can interfere with triplet produc-
tion.

ELECTRON TRANSFER PROCESSES IN PHOTO-OXIDATION REACTIONS

It has been recognised that many photo-oxidation reactions involve electron transfer pro-
cesses. In some cases the initiation is an electron transfer process. In other cases,

*
A + B —a-A + B
B +

02 O + B

+ O — PRODUCTS

singlet oxygen, generated in a conventional manner, appears to react via an electron transfer
process e.g. with amines (Ref. 51) and the azide ion (Ref. 52).

A very fashionable and valuable method for determining whether a photo-oxidation reaction
occurs via singlet oxygen involves measuring the rate of reaction in a non-deuterated solvent
and in a corresponding deuterated solvent (Ref. 53). The lifetime of singlet oxygen is
usually longer in the deuterated solvent (Ref. 54) and consequently if certain conditions are
fulfilled the rate of oxidation is higher in the deuterated than in the nondeuterated
solvent (Ref. 55). From the preceeding section it can be seen that changing the solvent,
from one containing 0-H bonds to one containing O-D bonds, can lead to a change in photo-
physical parameters. In particular this change can affect electron transfer reactions
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TABLE 8 Quantum yields of unquenched naphthalene and exciplex fluorescence,
exciplex fluorescence lifetimes and quantum yields of triplet
formation for some naphthylalkylamines in degassed methanol and
deuterated methanol (CH3OD) at 20 C.

(A)

Compound

Meth

Np EX
anol

T TEX(D

Deu

s) Np

terate

EX

d Metha

T
nol

TEX(flS)

Et/ 2 0.06 0.019 0.13 5.6 0.029 0.025 0.17 8.3
Np(CH ) N2n \

Et
3 0.009 0.001 0.07 3.4 0.003 0.003 0.09 4.6

Me

/ 2 <0.001 0.043 0.11 23.8 <0.001 0.056 0.14 32.1
Np(CH ) N

2 n

Ph
3 0.007 0.023 0.11 11.6 0.006 0.039 0.19 22.8

4 0.006 0.004 0.12 11.6 0.005 0.006 0.23 19.5

(B)

Compound n
, MeOH
1'Np

, MeOD

''Np

MeOD
'EX

MeOH
vEX

MeOD
'rT

MèOH
'T

MeOD
EX
MeOH

TEX

Et

/
Np(CH ) N2n

Et

2

3

2.07

3.0

1.31

3.0

1.31

1.29

1.48

1.35

Me

/
Np(CR2)N

Ph

2

3

-

1.17

1.3

1.69

1.27

1.73

1.35

1.96

4 1.2 1.50 1.92 1.68

Np = 1-naphthyl.

involving lone pairs that interact with the solvent. Thus it would seem that any systems
involving amines may show isotope effects that are out of proportion to those exhibited by
compounds such as alkenes.

Recently we have been employing the solvent isotope effect to distinguish between reactions
involving singlet oxygen and electron transfer processes and found, to our surprise, that the
magnitude of the isotope effect is dependent upon the nature and concentration of the sensi-
tising dye (Table 9). As can be seen from Table 9, the isotope effect is reduced as the
concentration of the sensitiser is increased. This observation can be explained by postula-
ting that the dyes act as quenchers for singlet oxygen. Recently, it has been concluded
that chlorophyll acts as a quencher for singlet oxygen (Ref. 56). For the solvent isotope
effect to be maximal:

k >> k Subst.J + k [sens.Jd r q

where kd = unimolecular decay constant for singlet oxygen.

kr = rate constant for reaction of singlet oxygen with the substrate at a
concentration [Subst.J.

k = bimolecular rate constant for quenching of singlet oxygen by the
q sensitiser at a concentration [Sens.].
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The fact that the isoto_pe effects shown in Table 8 are sensitive to the dye concentration

suggests that kd kq Lsens.J. The ruthenium complex employed as a sensitiser is

interesting in that its photophysical properties (e.g. Lumin' TLumin) are known to be

affected by change from a protic to the corresponding deuterated solvent (Ref. 57). As a
consequence of these effects, the isotope effects observed with this sensitiser should be
different to those obtained with other sensitisers whose photophysical properties do not
alter with such a solvent change e.g. Rose Bengal.

TABLE 9 Effect of type and concentration of dye upon the solvent isotope
effect determined for the photo-oxygenation of (+)-limonene

(5 x lO3M) in acetonitrile/water and acetonitrile/deuterium
oxide (1:1 V/V) mixtures.

Dye Concentration
(M)

Isotope Effect

Rose Bengal
(Eastman-Kodak)

7.86 x lO

5lxlO

2.18

3.2

Methylene Blue
(Aldrich)

2.14 x lO

lxlO

1.79

3.68

Thionine

(Koch-Light)

2.78 x 10

5x10

2.12

6.08

Tris-ruthenium

(2,2'-bipyridyl

(II)
) chloride

1 x lO

4lxlO

2.75

5.32

Since the triplet energies of the sensitisers lie above the energy of singlet oxygen it is
unlikely that the quenching of singlet oxygen by the ground state dye is an energy transfer
process. All the sensitisers employed in this study are potential electron donors (parti-
cularly metbylene blue and thionine which are aromatic amines) and it is possible therefore
that the quenching is an electron transfer process. If this is the case, the term k Sens.J
will be affected by a change from a protic solvent to its deuterated counterpart. q

CONCLUSIONS

(i) OPPORTUNITIES

The exploration of the photophysics of electron transfer processes has revealed a wide
variety of intermediates that can undergo chemical reaction. In the last few years many
chemical reactions of these species have been identified.

An area which has received less attention is the use of electron transfer processes to quench
the excited singlet state with the object of producing triplet states. Such a process could
be invaluable where it is impossible to carry out classical sensitisation studies and hence
positively identify a triplet state as a reactive intermediate. The external heavy atom
effect may be an example of an electron transfer process giving rise to triplets but as yet
there is no direct evidence for the participation of an electron transfer process.

The ability of certain compounds e.g. c,w-diaminoalkanes to act as quenchers for both excited
singlet and triplet states could be the basis for the development of effective anti-oxidants.
The commercial success of some hindered piperidines as anti-oxidants may have its origins in
their ability to quench both types of excited states. The remarkable sensitivity of exci—
plex production to a change from a protic solvent to its deuterated analogue, could prove
useful in examining solvent properties. Fluorescence measurements appear to offer a very
sensitive technique for probing such parameters.

(ii) PITFALLS

Throughout the paper, the difficulty of making rigorous mechanistic assignments has been
emphasised. For example, in the case of triplet production, it is clear that the relaxed
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exciplex plays a part but this is clearly not the sole pathway. It appears that besides
radical ion combination, the non-relaxed exciplex can also participate. The finding that
relaxed exciplexes can be protonated means that the observation of deuterium incorporatioii
in a product can no longer be taken as unequivocal evidence for the participation of radical
ions in these reactions.

The described work emphasises the need for caution in interpreting solvent isotope effects.
It would appear that there is a need for a greater understanding of solvent isotope effects

upon basic photophysical processes.

The occurrence of ternary complexes and the fact that these alter the photophysics of a
system in quite a dramatic way shows that conclusions concerning mechanisms can only be
drawn when concentration effects are taken into account. Thus the use of an addend at a

concentration of >io2 has the potential for aiding the involvement of ternary complexes.
Although these species may not participate in product formation, they could lead to a
diminution in the efficiency of production of the desired product.

Acknowledgements - We thank the SERC for equipment grants and maintenance grants,
and The City University for funds. We are grateful to L.A. Chewter, Professor D. Phillips
and Dr G.S. Beddard (The Royal Institution, London) for measuring the reported fluorescence
lifetimes. The work would not have been possible, without the help and encouragement of
current colleagues at The City University, and our former colleagues at the University of
Leicester.

REFERENCES

1. H. Leonhardt and A. Weller, Z.F. Phys. Chem. N.F., 29, 277-280, (1961), H. Leonhardt
and A. Weller in 'Luminescence of Organic and Inorganic Materials', Kallman and Spruck,

Wiley, New York, (1962), A. Weller, Pure Appl. Chem., 16, 115—123, (1968).

2. R.F. Bartholomew, R.S. Davidson, P.F. Lambeth, J.F. McKellar and P.M. Turner, J.C.S.
Perkin II, 577-582, (1972), S.G. Cohen, A. Parola and G.M. Parsons, Chem. Rev., 73,
141-161, (1973), H. Masuhara, Y. Maeda, N. Mataga, K. Tomita, H. Tatemitsu, Y. Sakata
and S. Misumi, Chem. Phys. Letters, 69, 182-184, (1980).

3. R.S. Davidson, R. Bonneau, P. Frnier De Violet and J. Joussot-Dubien, Chem. Phys.
Letters , 78, 475-478, (1981).

4. A. Harriman and G. Porter, J.C.S. Faraday II, 76, 1429-1441, (1980), W. Potter and
G. Levin, Photochem. Photobiol., 30, 225-231, (1979).

5. R.S. Davidson, in 'Molecular Association', Vol. 1, ed. R. Foster, Academic Press,
London, 215—334, (1975).

6. R.S. Davidson, J.CS. Chem. Comm., 1450-1451, (1969), D.R. Arnold and R.M. Morchat,
Afinidad, 34, 276-284, (1977), P.C. Wong and D.R. Arnold, Canad. J. Chem., 57, 1037-
1049, (1979).

7. T. Majima, C. Pac and H. Sakurai, Bull. Chem. Soc., Japan, 51, 1811-1817, H. Ohta,
D. Creed, P.H. Wine, R.A. Caldwell and L.A. Melton, J. Amer. Chem. Soc., 98, 2002-
2003, (1976).

8. Photophysics of Aromatic Molecules, J.B. Birks, Wiley, London, (1970), Elements of
Photochemistry, D.O. Cowan and R.L. Drisko, Plenum Press, New York, (1976), Modern
Molecular Photochemistry, N.J. Turro, Benjamin Cummings, Menlo Park, U.S.A. (1978).

9. D. Rehm and A. Weller, Israel J. Chem.,8, 259-271, (1970).

10. B.M.P. Hendriks, R.I. Walter and H. Fischer, J. Amer. Chem. Soc., 101, 2378-2383, (1979).

11. R.S. Davidson, R. Bonneau, J. Joussot-Dubien and K.J. Toyne, Chem. Phys. Letters , 63,
269—272, (1979).

12. H.E. Zimmerman, Pure Appl. Chem., 49, 389-398, (1977).

13. Y. Muto, Y. Nakato and H. Tsubomura, Chem. Phys. Letters, 9, 597-599, (1971).

14. A.M. Halpern, P. Ravinet and R.J. Sternfels, J. Amer. Chem. Soc., 99, 169-182, (1977),
A.M. Halpern and D.K. Wong, Chem. Phys. Letters , 37, 416-420, (1976).



1620 R. A. BEiCR0FT et al.

15. R.A. Beecroft and R.S. Davidson, Chem. Phys. Letters, 77, 77-81, (1981).

16. A.M. Halpern and K. Wryzykowska, Chem. Phys. Letters, 77, 82-87, (1981).

17. H. Leismann and J. Mattay, Tetrahedron Letters, 4265-4268, (1978).

18. G.S. Beddard, R.S. Davidson and T.D. Whelan, Chem. Phys. Letters , 56, 54-58, (1977).

19. H. Knibbe, D. Rehm and A. Weller, Ber. Bunsenges. Physik. Chem., 73, 839-845, (1969),
J.B. Gottenplan and S.G. Cohen, J. Amer. Chem. Soc., 94, 4040-4042, (1972).

20. S.M. de B. Costa, M.J. Prieto and R.S. Davidson, J. Photochem., 12, 1-10, (1980).

21. R.S. Davidson, D. Goodwin and P. Fornier De Violet, Chem. Phys. Letters, 78, 471-447,

(1981).

22. P.K. Das, M.V. Encinas and J.C. Scaiano, unpublished results. We are particularly
grateful to Dr J.C. Scaiano (NRC Ottawa) for communicating his results prior to

publication.

23. H. Knibbe, PhD Thesis, Free University, Amsterdam, (1969).

24. H. Beens and A. Weller, Chem. Phys. Letters 2, 140-142, (1968).

25. T. Mimura, M. Itoh, T. Ohta and T. Okamoto, Bull. Chem. Soc., Japan, 50, 1665-1669,

(1977).

26. H. Masuhara, N. Mataga, M. Yoshida, H. Tatemitsu, Y. Sakata and S. Misumi, J. Phys.

Chem., 81, 879—883, (1977).

27. J. Saltiel, D.E. Townsend, B.D. Watson, P. Shannon and S.L. Finson, J. Amer. Chem. Soc.,

99, 884-896, (1977).

28. R.A. Caldwell and L. Smith, J. Amer. Chem. Soc., 96, 2994-2996, (1974), R.A. Caldwell,
D. Creed and H. Ohta, J. Amer. Chem. Soc., 97, 3246-3247, (1975).

29. R.A. Beecroft, R.S. Davidson and T.D. Whelan, J.C.S. Chem. Comm., 911-913, (1978).

30. R.S. Davidson and K.R. Trethewey, J.C.S. Chem. Comm., 827-829, (1976).

31. R.S. Davidson, in 'Advances in Phys. Org. Chem.,' Vol. 19, ed. D. Bethell and V. Gold,
Academic Press, London. In the press.

32. T. Okada, I. Karaki, E. Matsuzawa, N. Mataga, Y. Sakata and S. Misumi, J. Phys. Chem.,

85, 3957—3960, (1981).

33. K.A. Zachariasse, in 'The Exciplx', ed. M. Gordon and W.R. Ware, Academic Press,

London, 275-303, (1974).

34. E.A. Chandross and C.J. Dempster, J. Amer. Chem. Soc., 92, 703-704, (1970), R.S.
Davidson and T.D. Whelan, J.C.S. Chem. Comm., 361-362, (1977), H. Bouas-Laurent,
A. Cas.tellan and J-P. Desvergne, Pure Appl. Chem., 52, 2633-2648, (1980), N. Mataga
and M. Ottolenghi, in 'Molecular Association', Vol. 2, ed. R. Foster, Academic Press,

London, 1-78, (1979).

35. E.A. Chandross and H.T. Thomas, Chem. Phys. Letters, 9, 393-396, (1971).

36. M.K. Crawford, Y. Wang and K.B. Eisenthal, Chem. Phys. Letters, 79, 529-533, (1981).

37. M. Irie, T. Yorozu, and K. Hayashi, J. Amer. Chem. Soc., 1C.,, 2236-2237, (1978).

38. M. Van der Auweraer, A. Gilbert and F.C. de Schryver, Nouveau Journal de Chemie, 4

153—159, (1980), J. Phys. Chem., 85, 3198—3205, (1981).

39. T. Okada, T. Fujita and N. Mataga, Z.F. Phys. Chem. N.F., 101, 57-66, (1976).

40. Z.R. Grabowski, K. Rotkiewicz, A. Siemiarczuk, D.J. Cowley and W. Baumann, Nouveau

Journal de Chemie, 3, 443-454, (1979).

41. X-J. Lou, G.S. Beddard, G. Porter, R.S. Davidson and T.D. Whelan, J.C.S. Faraday I,
(1982). In the press.



Photo—induced electron transfer reactions 1621

42. F. Schneider and E. Lippert, Ber. Bunsenges. Phys. Chem., 72, 1155-1160, (1968).

43. N. Nakashima, M. Murakawa and N. Mataga, Bull. Chem. Soc., Japan.

44. M.F.M. Post, J. Langelaar and J.D.W. Van Voorst, Chem. Phys. Letters, 32, 59-62, (1975),
Chemical Physics, 14, 165—176, (1976).

45. M. Irie, K. Yoshida and K. Hayashi, J. Phys. Chem., 81, 969-972, (1977).

46. T. Yorozu, K. Harashi and M. Irie, J. Amer. Chem. Soc., 103, 5480-5484, (1981).

47. X-J. Lou, G.S. Beddard, G. Porter and R.S. Davidson, J.C.S. Faraday I, (1982). In the

press.

48. G. Jones and S-H. Chiang, J. Amer. Chem. Soc., 101, 7421-7423, (1979).

49. D.R.G. Brimage and R.S. Davidson, J. Photochem.,l, 79-82, (1972/3).

50. R.A. Beecroft, R.S. Davidson, D. Goodwin, J.E. Pratt, L.A. Chewter and D. Phillips,

manuscript in preparation.

51. R.S. Davidson and K.R. Trethewey, J.C.S. Perkin II, 178-182, (1976).

52. J.R. Harbour and S.L. Issler, J. Amer. Chem. Soc., 104, 903—905, (1982).

53. R. Nilsson, P.B. Merkel and D.R. Kearns, Photochem. Photobiol., 16, 117-124, (1972).

54. G. Peters and M.A.J. Rodgers, J. Amer. Chem. Soc., 103, 6759—6761, (1981), P.R. Ogilby
and C.S. Foote, J. Amer. Chem. Soc., 103, 1219-1221, (1981), 104, 2069—2070, (1982).

55. R.S. Davidson and K.R. Trethewey, J.C.S. Perkin II, 169-173, (1976).

56. C. Tanielian nd C. Wolff, J. Chim. Phys., 78, 855-856, (1981), C. Tanielian and L.

Golder, Photochen. Photobiol.,34, 411-414, (1981).

57. J. Van Houten and R.J. Watts, J. Amer. Chem. Soc., 97, 3843,3844, (1975).




