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The photooxidation of ferrocene in 50% chloroform-
ethanol solution has been sensitized by naphthalene.
The experimental results suggest that the sensitization
occurs by means of an energy transfer process from
naphthalene to the ferrocene-chloroform complex pro-
ducing charge transfer excited states of the latter. The
Sensitization process is found to be accompained by
quenching of the naphthalene fluorescence. Since
the Stern-Volmer constants for fluorescence quenching
and photosensitization coincide, it is concluded that
the energy transfer process responsible for the sensiti-
zation is of the singlet-singlet type. As expected on
the basis of the proposed sensitization mechanism, the
limit value of the sensitization quantum yield is one.

Introduction

In spite of the extensive data available on many
aspects of molecular charge transfer complexes,' the
chemical consequences of light absorption within in-
termolecular charge transfer bands have only recently
gained some attention.*> In the most recent studies,
care has been taken to discriminate between intra-
molecular excitation of the component molecules and
excitation of the intermolecular charge transfer trans-
itions of the complex.*® In many cases,’® the use of
flash techniques has proven useful in order to detect
the transient primary photoproducts of the charge
transfer excitation. Recently, triplet states of charge
transfer character have been detected by both lumine-
scence® and magnetic resonance techiques.” In one
case, combined flash absorption and emission measu-
rements have shown that the primary photoproducts
of the charge transfer excitation are formed by spon-
taneous ionization of a triplet charge transfer state.
So far, sensitization techniques have not been used
in the study of the charge transfer photochemistry of
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molecular complexes.

Several vears ago, Brand and Snedden* showed
that the spectrum of ferrocene in halocarbon solvents
exibits a charachteristic absorption band in the near
ultraviclet region which corresponds to ferrocene-to-
solvent charge transfer transitions. We have recently
investigated the photochemistry of ferrocene in CCly-
ethanol and CHCls-ethanol solvent mixtures.® It was
found that ferrocene-to-halocarbon solvent charge
transfer excitation caused the oxidation of ferrocene
to ferricenium cation, while the intramolecular excita-
tion of ferrocene was absolutely inefficient. The
overall photooxidation reaction was found to consist
in a orimary dissociative charge transfer within the
ferrocene-halocarbon solvent complex

Fe(CsHs)s . RX—Y 5 Fe(CsHs):* + X~ + R,

followed by a secondary oxidation of ferrocene to
ferricenium induced by the solvent radicals. Since
the ferricenium cation produced in the primary pro-
cess was quite inert in the experimental condition
used, the photooxidation quantum yields obtained in
the presence of high concentrations of radical scaven-
gers could be taken as a measure of the primary quan-
tum vields. The primary quantum yield hased on
the irtensity of charge transfer light absorption was
always 1, indicating that primary recombination after
the dissociative charge transfer was negligible.

In the present paper, we report the results-of an
investigation on the naphthalene sensitization of the
charge transfer photochemistry of the ferrocene-chlo-
roform system.

Experimental Section

Materials. Naphthalene “suitable for sensitizer
use” was purchased from the Baker Chemical Co. and
used without further purification. Reagent grade fer-
rocenc (BDH Chemicals, Poole, England) was twice
recrystallized from methanol. The reagent grade acry-
lamide monomer (BDH Chemicals, Poole, England)
was recrystallized from chloroform. All the solvents
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used were of spectroscopic grade.

Apparatus. The 313-nm light used in the sensiti-
zation experiments was obtained from a medium pres-
sure mercury vapor lamp (Hanau Q400) by means
of an interference filter (Ealing TFP; Amax, 313-nm;
Tmax,» 20%; halfwidth, 10 nm). The light was focus-
ed on a cell holder containing a 1 cm spectrophoto-
meter cell filled with 3 ml of solution. During the
irradiation, the solutions were thermostated at 25°
and stirred by bubbling pure nitrogen from a glass
capillary. The incident light intensity was measured
by means of the ferric oxalate actinometer.® Spec-
trophotometric measurements were performed with
an Optica CF4 NI spectrophotometer. Luminescence
"measurements were performed with a CGA DC 3000/
I spectrofluorimeter, adapted to allow frontal illumi-
nation of the sample solution.

Procedures. The solvent used was a 50% mixture
of chloroform and ethanol. The sensitization experi-
ments were performed by irradiating the sample solu-
tion with 313 nm light and measuring the 617 nm
absorbance as a function of the irradiation time. In
several experiments, most of the dissolved oxygen was
removed from the solution prior to the irradiation
by saturation with pure nitrogen. These nitrogen sa-
turated solutions are thereafter referred to as “deaera-
ted solutions”. During the irradiation, the deaerated
or aerated solutions were stirred by a stream of nitro-
gen or air, respectively. Deaerated solutions were
used in the experiments carried out in the presence
of acrylamide. In these experiments, the polymeriza-
tion process was looked for by diluting the irradiated
solution with excess methanol (10:1 in volume).
When polymerization occurred, the formation of a
voluminous white precipitate was observed. The
experiments on the quenching of the naphthalene
fluorescence were performed at the same wavelength
of irradiation and in the same concentration conditions
as the sensitization experiments. Due to the very
high absorbance of the solutions at the wavelength
of irradiation, the method of frontal illumination"
was preferred to the right-angle one.

Results

The spectra of naphthalene and ferrocene in 50%
chloroform-ethanol solution are shown in Figure 1,
together with the spectrum of ferrocene in pure etha-
nol.

Irradiation of deaerated solutions of naphthalene
in 50% chloroform-ethanol with 313 nm light did
not cause any appreciable decomposition. If the ir-
radiation of naphthalene was performed in the pre-
sence of 5X10~2M acrylamide monomer, no polymeri-
zation of acrylamide was observed.

Sensitization experiments were performed using
50% chloroform ethanol solutions containing 0.187 M
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naphthalene and 107°-5X107M ferrocene. In these
conditions, the light absorption by ferrocene was abso-
lutely negligible (less than 1% of the total absorbed
light intensity). When such solutions were irradiated
with 313 nm light, an increase in absorbance with
maximum at 617 nm was observed, indicating the oc-
curence of an efficient oxidation of ferrocene to fer-
ricenium cation. Analytical tests performed on the ir-
radiated solutions indicated that formation of Cl~
ions accompanied that of the ferricicenium cation.
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Figure 1. Absorption spectra of: (a) naphthalene in 50%
Chloroform-ethanol; (b) Ferrocene in 50% Chloroform-etha-

nol; (c) Ferrocene in ethanol. The arrow indicates the wa:
velength of irradiation used (313 nm).

If the irradiation was limited so that only a small
percentage of the initial ferrocene concentration was
oxidized, the ferricenium ion formation obeyed a ze-
ro-order kinetics, and the apparent quantum yield
(i.e. that based on the light intensity absorbed by na-
phthalene) could be easily calculated. In deaerated
solutions the apparent quantum yields increased with
increasing ferrocene concentration (Figure 2, curve
A).

Sensitization experiments performed on aerated so-
lutions gave results similar to those obtained for the
corresponding deaerated experiments, but with consi-
derably lower apparent quantum yields (Figure 2, cur-
ve C).
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Figure 2. Dependence of the apparent quantum yield of the
sensitized photooxidation on the ferrocenc conecntration:
(A) deaerated solution; (B) deaerated solution containing
5% 107?M acrylamide; (C) aerated solution.

Photosensitization experiments were also performed
with deaerated solutions in the presence of 5X10~2M
acrylamide monomer. In these conditions, photosen-



sitized oxidation of ferrocene was again observed.
The apparent quantum yield, however, was lower
than the corresponding one obtained in the absence
of acrylamide (Figure 2, curve B). An efficient poly-
merization of the acrylamide was observed to accom-
pany the photosensitized oxidation of ferrocene.

Sensitizaticn experiments performed in pure etha-
nol or in pure cyclohexane failed to give any evidence
for photooxidation of ferrocene.

Experiments were also performed to investigate the
effect of ferrocene on the naphthalene fluorescence.
These measurements were carried out in the same
concéntration conditions as the sensitization experi-
ments. An evident quenching effect of ferrocene on
the naphthalene fluorescence was observed. The re-
sults obtained in deaerated solutions are shown in the
Stern-Volmer plot of Figure 3. The slope of this plot
gives a quenching constant for ferrocene of 200 liter
mole~!. Addition of 5X10~2M acrylamide did not
quench the emission of 50% chloroform-ethanol solu-
tions of naphthalene.
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Figure 3. Stern-Volmer plot of the quenching of the naph-

thalene fluorescence by ferrocene in 50% chloroform-cthanol
solution.

Discussion

The experimental results clearly show that in 50%
chloroform-ethanol solutions light absorption by naph-
thalene causes the oxidation of ferrocene. Now, the
question arises as to the role (chemical or physical)
played by naphthalene in the sensitization process.
In principle, the most plausible sensitization mecha-
nisms seem to be:

(i) direct reaction (electron transfer) between the
photoexcited naphthalene and ferrocene;

(ii) reaction between the excited naphthalene and
chloroform to give radical species capable of oxidizing
ferrocene;!?

(iii) energy transfer from naphthalene leading to the
population of charge transfer states of the ferrocene-
chloroform system.

Pertinent experimental results are: 1) the formation
of Cl- ions accompanying the sensitized photooxida-
tion, 2) the lack of any photooxidation observed in

(12) Evidence for oxidatlon of ferrocenc by radical species produced
by halocarbon solvents has been obtained in the study of direct photo-
reaction’.
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spectrally inactive solvents, 3) the lack of radical for-
mation observed by irradiating naphthalene in the
absence of ferrocene, 4) the behavior of acrylamide
and its effect on the photosensitized oxidation of fer-
rocene. Results 1, 2, and 4 contrast with mechanism
(i). Results 3 and 4 (note that the effect of acrylamide
is only one of partial reduction of the sensitization
quantum yields) make mechanism (ii) unlikely. By
contrast, all the above results agree with hypothesis
(iii). More generally, it may be observed that the
experimental features of the naphthalene photosensi-
tized oxidation of ferrocene are essentially identical
(with the exception of the oxygen influence, see below)
to those of the direct photooxidation reaction.” This
is entirely consistent with a mechanism which assigns
to naphthalene the role of a genuine sensitizer of the
charge transfer photochemistry of the ferrocene-chlo-
roform system.

According to this mechanism, a charge transfer
state of the ferrocene-chloroform system is to be re-
ached following the energy transfer process from naph-
thalene. In principle, the excijed charge transfer
state could be reached either directly in the energy
transfer process or indirectly from an intramolecular
excited state of ferrocene, first populated by the
cnergy transfer process. The first hypothesis secems
to be by far the more probable one. In fact, the
direct photooxidation results showed that conversions
from intramolecular excited states of ferrocene to

‘charge transfer states of the ferrocene-halocarbon sol-

vent ccmplex are completely inefficient.

As to the multiplicity of the excited state of naph-
halene responsible for the energy transfer, two possi-
bilities may be considered. Generally speaking, sen-
sitization in fluid solution is most often achieved by
means of triplet-triplet energy transfer processes. With
acceptor concentrations of the order of 10-> M, how-
cver, donors with relatively long lived singlets can also
give rise to cnergy transfer processes of the singlet-
singlet type. In our case, the singlet-singlet transfer
is cnergetically allowed, since the intermolecular
charge transfer absorption of the ferrocene-chloroform
complex (compare curves a and b in Figure 1) extends
down to about 370 nm/? i.e., to a considerably lower
energy than the origin of the naphthalene' absorption.
As far as thc cnergetics of a hypothetical triplet-
triplet transfer is concerned, nothing can be definitely
said since he energy of the triplet charge transfer
state is not known; actually, it seems unlikely that
the singlet-triplet separation for the charge transfer
states is so great that the transfer from the triplet
naphthalene (E = 62 kcal) becomes exothermic.

From an experimental point of view, the observed
fluorescence quenching strongly suggests that the sen-
sitization occurs by means of a singlet-singlet energy
transfer process. It may be pointed out that the ob-
served value of the fluorescence quenching constant
(200 liter mole~') is similar to that obtained by Du-
bois and Stevens for the collisional singlet-singlet
energy transfer from naphthalene to biacetyl in hexane
solution.” The evident decrease in the sensitization

(13) J. T. Dubois and B. Stevens, in « Luminescence of Organic
and lnorganic Materials » (H. P. Kallmann and G. M. Spruch, eds.,
Wilcy, New York, N. Y., 1962).
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quantum yields brought about by the presence of
oxygen is consistent with the known quenching abi-
lity of oxygen towards the naphthalene singlets.!*"

Thus, we conclude that the most probable mecha-
nism is one of singlet-singlet energy transfer, which
may be schematized as follows:

Naphthalene(so)l»Naphthalene(Sl) (N
Naphthalene(S,)——>Naphthalene(S,) + hv’ 2)
Naphthalene(S;)——Naphthalene(S,) 3)
Naphthalene(S;) + Fn . CHCl(So)———>

—Naphthalene(S,) + Fn . CHCIy(S,,C.T.) 4)
Fn . CHCI(S,,C.T.)———>Fn . CHCIy(So) (5)
Fn . CHCIy(S,,C.T.)——Fn*+CHCl, . +CI- (6)
CHCI; . + Fn——Fn* 4+ Products 7

where Fn = Fe(CsHs), Fn* = Fe(CsHs).*.

The direct photooxidation study has shown that
the presence of 5X10-*M acrylamide is sufficient
to quench completely the secondary oxidation of fer-
rocene initiated by the CHCI; radicals. Therefore,
in these conditions, process (7) is unimportant, and
the, concentration dependence of the observed photo-
oxidation quantum yields is of the simple form:

___k[Fn.CHCL] kK ®
k.+ks+k{Fn.CHCL] ks+ ke
1. 1
" O * KFn . cHCT, ) ©®
where ®ym = ke and K; = ke = ksTp.

ks—+ks k2 f+ k;

A plot of the reciprocal quantum yields obtained in
the presence of 5X 1072 M acrylamide vs. the recipro-
cal ferrocene concentration is shown in Figure 4.
The linearity is satisfactory.® The ratio of intercept
to slope gives a sensitization constant, K, of 180

&4) I. B. Berlman and T. A. Walter, /. Chem. Phys., 37, 1888
19¢

(15) The direct photoxidation results® havc shown that the pho-
tooxidation of ferrocene in chloroform is itself oxygen dependent. For
ferrocene concentrations of the order of those used in the present work,
however, such an oxygen effect is small enough (see Figure 5 of
ref. 9) to be safely overlooked in this discussion.
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liter mole~!. This may be compared with the Stern-
Volmer constant of 200 liter mole~' obtained from
the naphthalene fluorescence quenching. The agree-
ment between these two values lends definite support
to the hypothesis of a singlet sensitization mechanism.
Since the same singlet charge transfer state is reached
by either direct or sensitized photooxidation, no dif-
ferences are to be expected in the two cases even
from a quantitative point of view. Actually, the limit
primary quantum yield of the sensitized reaction is
appreciably 1 (Figure 4), i.e., it coincides with that
of the direct photooxidation.

" "

s ,;b TT
(Mretcstisffpocru

Figure 4. Plot of the apparent sensitization quantum yields

obtained in deaerated sclution according to Eq. 9.

Finally, it may be pointed out that both the unit
value for the limit sensitization quantum yield and
the observed coincidence of the sensitization and
quenching constants suggests that energy transfer
from singlet naphthalene to unreactive intramolecu-
lar singlet excited states of ferrocene is relatively
inefficient in our conditions. Tentatively, this effect
could be ascribed to steric factors that could make
the overlap with naphthalene more favorable for
intermolecular charge-transfer-to-solvent states than
for intramolecular excited states of ferrocene.

{(16) It may he noticed that the concentration of the Fn,CHCI,
complex is a constant fraction of the total ferrocenc concentration.
Thus, the same Stern-Volmer type of concentration dependence is
to be expected eithcr using thc total ferrocenc concentration or the
Fn.CHC}, complex. It is understood that thc true sensitization
constant may be larger than the K valuc obtaincd from Figure 4 by

an amount depending on the magnitude of thc association constant
for the ferrocene-chloroform system.



