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Abstract 

The influence of various factors on the photoreduction of benzophenone by benzhydrol and triethylamine was studied using 
flash photolysis and steady state spectroscopic techniques. As a result of the investigations conducted, it has been shown that 
one of the intermediates formed in the reaction is a ketyl radical complex. The second component of the complex is a 
hydrogen-donor radical. A benzophenone-triethylamine ground state complex is also produced. This affects the properties of 
the detected radical complex. The spectral and kinetic characteristics of the observed intermediates are presented and the 
mechanism of the photoreduction is proposed. The mechanism includes the formation of a long-lived exciplex and its decay 
in two competitive processes: photochemical reaction of the triplet exciplex leads to a ketyl radical and thermal reaction of 
the exciplex leads to a ketyl radical complex. 
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1. Introduction 

Benzophenone photoreduction by hydrogen donors 
has been studied for some time. Nevertheless, the nature 
of the nascent intermediates of the reaction and their 
dynamics continue to give rise to much controversy 
[1--4]. One intermediate of this interaction is a ketyl 
radical. Its mechanism of formation is controversial 
[2,3], although its spectral and kinetic characteristics 
are well known [5,6]. On investigation of benzophenone 
photoreduction by triethylamine in hydrocarbons, using 
the flash photolysis technique [7], we discovered that, 
under certain irradiation conditions, the decay kinetics 
of non-stationary absorption in the millisecond region 
were complex and inconsistent with the behaviour of 
a ketyl radical or other intermediates described in the 
literature. This motivated a more detailed investigation 
which is the subject of this paper. 

2. Experimental details 

Benzophenone was purified by triple recrystallization 
from ethanol. Triethylamine was repeatedly vacuum 
distilled. Benzhydrol was recrystallized from a petroleum 
ether-benzene mixture (2:1). Hydrocarbons were pur- 

ified by stirring with oleum, followed by rinsing with 
concentrated sulphuric acid, water, weak sodium hy- 
droxide solution and again water. They were dried over 
potassium hydroxide and then distilled. 

In all the experiments, the benzophenone concen- 
tration was 3X 10 -3  M and that of benzhydrol was 
6× 10 -2 M. In the flash photolysis experiments, solu- 
tions were vacuum treated using three freezing- 
evacuation-defrosting cycles. The cuvette thicknesses 
in the flash photolysis and steady state spectroscopy 
experiments were 7.8 and 0.1 cm respectively. 

2.1. Flash photolysis methods 

The spectra and decay kinetics of the intermediates 
of benzophenone photolysis in the presence of tri- 
ethylamine or benzhydrol were investigated in the mi- 
crosecond to millisecond time interval. Irradiation of 
the solutions was performed using two flash lamps with 
light filters (Amaxt .... ~ ... .  ~y- 330 nm). The pulse duration 
was 40/~s. The flash energy was varied within the range 
1.0-8.0 J. For monitoring, use was made of focused 
visible light (400-700 nm) from an incandescent (175 
W) lamp. Under the conditions of the experiment, the 
intensity of the probe beam incident on the cuvette 
was varied in the range 0.1-1.0 W cm -2. Automated, 
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computerized data acquisition was used. The initial 
recording point was 35 ~s after termination of the flash. 

2.2. Non-stationary absorption signal processing 
technique 

To reduce the error of the experiment, non-stationary 
absorption signals were stored and averaged over 10o15 
flashes. The averaged signal was smoothed by the spline 
interpolation technique. The experimental time de- 
pendence of the optical density of non-stationary ab- 
sorption was approximated with linear first- and second- 
order reactions. If approximation with simple kinetic 
first- and second-order equations proved inadequate, 
experimental relationships were approximated with 
more intricate equations. In each particular application, 
the following conversions were addressed: 

(1) the concurrent progress of (a) ketyl radical di- 
merization and (b) interaction between the ketyl radical 
and the hydrogen donor or solvent; 

(2) the concurrent progress of (a) ketyl radical di- 
merization and (b) interaction between the ketyl and 
aminoalkyl radicals in the volume of the solvent; 

(3) the concurrent observation of two light-absorbing 
intermediates, one of which decays by a first-order 
reaction and the other, the ketyl radical, in a dimer- 
ization reaction. 

The differential equation (in the case of (1)) and 
the set of differential equations (in the case of (2)) 
were solved by the Runge-Kutta and/or Gear methods. 
In the case of (3), the Hooke-Jeeves optimization 
method was adopted for solving the equation 

D(t) = Do, exp( - k, t) + Do2/(1 + 2142D02t) (1) 

where D01 and D02 are the optical densities at the initial 
instant of time (t) for the intermediate components of 
the mixture, k~ is the rate constant of the first-order 
reaction and 142 is associated with the magnitude of 
the second-order reaction rate constant k2 by the relation 
142 =k21d, where e=4340 M -1 cm -1 [8] is the extinction 
coefficient of the ketyl radical and l is the length of 
the cuvette. If not otherwise stated, data on non- 
stationary absorption kinetics are attributed to A = 545 
nm. In all cases, kinetic curves with a 10-20-fold decrease 
in optical density were investigated. 

2.3. Procedure of evaluation of the quantum efficiency 
of benzophenone consumption 

Relative values of the quantum efficiency of ben- 
zophenone consumption were determined spectropho- 
tometrically from the decreasing steady state absorption 
of the solution in the region A = 344 nm. Solutions were 
irradiated using the same pulsed radiation sources as 
in the kinetic measurements of non-steady state ab- 
sorption. The decrease in the optical density of a 

benzophenone solution in decane, irradiated with 100 
pulses in the absence of probe radiation, was taken as 
a unit. Prior to irradiation, solutions were evacuated 
by three freezing--evacuation--defrosting cycles. On ir- 
radiation, to avoid the interference of light-absorbing, 
long-lived intermediates on the quantities being mea- 
sured, the solutions were thoroughly shaken in the 
presence of air (oxygen) and held for 24 h. The optical 
density was measured in cuvettes (thickness, 1 cm). 

3. Results 

Benzophenone irradiation in the presence of tri- 
ethylamine leads to ketyl radical formation with high 
quantum efficiencies [3,6]. The ketyl radical exhibits 
an absorption spectrum with a maximum around h = 545 
nm and decays via a second-order reaction with a rate 
constant of the order of 109 M -1 s -z [5,6]. 

Fig. 1 shows the non-stationary absorption spectrum 
and decay kinetics obtained for an intermediate of 
photolysis of a benzophenone solution in hexane in the 
presence of 5 mM triethylamine. The spectrum shape, 
maximum location (A = 545 i~m) and decay kinetics of 
the non-stationary absorption are in good agreement 
with the spectral and kinetic characteristics of the ketyl 
radical. Allowing for the fact that the rate constants 
of interaction between the triplet state of benzophenone 
and amine, on the one hand, and hydrocarbon, on the 
other, are about 3.0× 109 M -I s -1 [6] and 3.5× 105 
M -~ s -1 [9] respectively, it may be supposed that, 
under the conditions of the experiment, the ketyl radical 
is mostly formed in the reaction with amine. 

The observation that the kinetic parameters of the 
process are dependent on the intensity of the probe 
radiation incident on the measuring cuvette proved 
totally unexpected. This is revealed at reduced flash 
energies. As follows from the data listed in Table 1, 
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Fig. 1. Absorption spectrum (a) and decay kinetics (b) for an 
intermediate of benzophenone photoreduction in hexane in the 
presence of triethylamine (5 mM). Flash energy, 2.2 J. Probe beam 
intensity, 1.0 W cm -z. D is the optical density, R is the correlation 
coetticient and d is the root-mean-square deviation. 
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Table 1 
Influence of the probe beam intensity on the kinetics of decreasing 
optical density of non-stationary absorption during the photolysis of 
a hexane solution of benzophenone in the presence of triethylamine 
(5 raM). Flash energy, 1.1 J. Approximation with linear kinetic 
equations for first- and second-order reactions 

Monitoring Approximation 
beam parameters 
intensity 
(W cm -2) R a d a k x l 0  -3" R b d b k X l 0  -9b 

(s -x) (M -x s - ' )  

0.10 0.999 0.01 2.49 0.957 7.74 - 
0.45 0.969 0.13 - 0.993 2.99 - 
1.00 0,915 0.18 - 0.998 1.08 1.8 

"First order. 
bSecond order. 

when the probe beam intensity decreases, the param- 
eters of the decay kinetics of non-stationary absorption 
vary regularly. At an intensity of 0.1 W cm -2, the decay 
of the photolysis species obeys a kinetic first-order 
equation with a rate constant of 2.5x103 s- l ;  the 
optical density at the initial point of measurement 
remains practically unchanged. 

The result obtained is hard to explain from the 
available literature data. It is evident that the pho- 
tochemical reactions of the ketyl radical, described in 
the literature [10], have nothing to do with these results. 
More specifically, for the conditions of our experiment, 
at high irradiation intensities, the appearance of non- 
stationary absorption and the decay kinetics are easily 
accounted for by the properties of the ground state of 
the ketyl radical (see Fig. 1). It is not until the irradiation 
intensity is decreased that the first-order reaction is 
observed. 

In Ref. [5], diffusion was assumed to play a large 
role in the kinetics of ketyl radicals. To study the 
influence of the diffusion parameters of the medium 
on the decay of benzophenone photolysis intermediates, 
we investigated the effect of the solvent viscosity on 
the kinetic parameters of the process. 

A comparatively small increase in the solvent viscosity 
results in a large change in the decay process of the 
photolysis intermediates (Table 2). Indeed, in hexane, 
there is a satisfactory correlation between the analytical 
curve and the experimental data only for a second- 
order kinetic equation; in n-tetradecane, the decay curve 
follows first-order kinetics; therefore with increasing 
viscosity of the solvent, the variation of the correlation 
coefficient and the standard deviation invariably fits a 
rigorous pattern. The figure at the bottom of Table 2 
illustrates the results of the approximation of the ex- 
perimental data by various kinetic equations for a 
solution in n-tetradecane. The value of the first-order 
decay rate constant, calculated from these data, is 
2.2 x 103 S - J ,  approaching that quoted in Table 1. This 

indicates that, in both cases, the same reaction is in 
evidence. 

Let us consider the possible processes that may lead 
to the kinetic regularities presented in Tables 1 and 
2. The reaction of geminate recombination between 
the ketyl and aminoalkyl radicals can be ruled out. 
Such processes, although proceeding as first-order re- 
actions, are observed in the nanosecond region in media 
of high viscosity (102-104 cP) [11], and their rate constant 
is three to four orders of magnitude larger than that 
obtained here. 

First-order kinetics may underlie the interaction be- 
tween a ketyl radical and the solvent or amine to form 
benzhydrol. A ketyl radical--donor radical reaction may 
also significantly affect the kinetics of non-stationary 
absorption decay [6]. With increasing viscosity of the 
solvent, the diffusion rate of the ketyl radical decreases 
to a greater extent than that of amine or aminoalkyl 
radicals. The above reactions must therefore compete 
with ketyl dimerization. By and large, this is in accord 
with the data in Table 2. However, such an assumption 
does not explain the results regarding the influence of 
the probe beam intensity (Table 1). Nevertheless, the 
possibility of these reactions was taken into account 
when constructing mathematical models to describe the 
variation in the optical density of non-stationary ab- 
sorption for complex processes. All the kinetic curves 
used in the calculations, portrayed in Tables 1 and 2, 
were examined as described in Section 2.2 (items (1) 
and (2)). The results of these calculations proved un- 
satisfactory. 

We have therefore assumed that there are two types 
of intermediates with optical absorption in the same 
spectral region but different reactivity. The relative 
concentrations of the intermediates are a function of 
the solvent viscosity and the probe radiation intensity. 
When one of the intermediates prevails, the kinetic 
changes are simple and obey a first- or second-order 
reaction. With more complex concentration ratios, more 
complicated decay kinetics are observed. 

Tables 3 and 4 show the approximation of the kinetic 
data given in Tables 1 and 2 by Eq. (1). The results 
presented in these tables show that all the kinetic curves 
fully obey Eq. (1). In all the applications, the correlation 
coefficient approaches unity, and the magnitude of the 
standard deviation is small, such that the rate constants 
kl and k2 of the elementary reactions agree, within 
acceptable limits, with the corresponding values listed 
in Tables 1 and 2 and are independent of the irradiation 
conditions and diffusion parameters of the medium. 
However, with increasing probe beam intensity and 
solvent viscosity, the composition of the intermediates 
shows a regular variation. 

Spectral investigations provide additional evidence 
in favour of the above assumption. Fig. 2 shows the 
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Table 2 
Influence of the solvent viscosity on the kinetics of decreasing optical density of non-stationary absorption during the photolysis of a solution 
of benzophenone-triethylamine (5 mM). Flash energy, 1.1 J. Probe beam intensity, 1.0 W cm -2. Approximation with linear kinetic equations 
for first- and second-order reactions 

Solvent viscosity Approximation parameters 
(cP) 

R" d" k X 10 -9 a Rb d b k X 10 -3 b 

( M - '  s - ' )  ( s - ' )  

Hexane/0.32 0.990 18 1.8 0.925 0.32 - 
Nonane/0.73 0,580 1966 - 0.963 0.41 - 
Undecane/1.20 0.552 2824 - 0.974 0.38 - 
n-Tetradecane/2.19 0.823 153 - 0.997 0.009 2.15 

"Second order. 
bFirst order. 
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Table 3 
Influence of the probe beam intensity on the kinetics of decreasing 
optical density of non-stationary absorption during the photolysis of 
a hexane solution of benzophenone in the presence of triethylamine 
(5 mM). Flash energy, 1.1 J. Approximation with Eq. (1) 

Monitoring Dol/Do2 kl x 10 -3 k2x 10 -9 
beam intensity (s - I )  (M - l  s -1) 
(W cm -2) 

R d x 103 

0.10 81 2.6 1.0 1.000 0.16 
0.45 3.0 2.9 1.2 0.999 0.24 
1.00 0.00003 2.6 2.2 0.999 0.33 

absorption spectra of the intermediates of benzophen- 
one photolysis in the presence of triethylamine (5 mM) 
in hexane solution at a flash energy of 1.1 J. Comparing 
spectrum 1 (Fig. 2) with that presented in Fig. 1, it 
can be seen that its shape varies somewhat with de- 
creasing flash energy. There is a maximum at A=510 
nm and a peak at ).=525 nm. Still greater spectral 

changes occur (curve 2, Fig. 2) with decreasing probe 
beam intensity. In comparison with spectrum 1, the 
optical density declines appreciably in the region A = 500 
nm, signalling a variation in the composition of the 
photolysis intermediates exhibiting optical absorption 
in the spectral region explored. 

Let us discuss the nature of the intermediates de- 
tected. All the evidence shows that one of them is a 
ketyl radical. The nature of the second is unknown. 

During the course of the reaction, an aminoalkyl 
radical is formed [6,12]; however, it does not absorb 
light in this particular spectral region. The lifetime of 
the triplet state of benzophenone in hydrocarbons is 
several microseconds [9] and, in the presence of tri- 
ethylamine, it should be even less [6]. Therefore the 
triplet state of benzophenone cannot be detected under 
our experimental conditions. The anion radical of ben- 
zophenone exhibits a broad absorption band in the 
visible region [2,4]. It may be formed in the reversible 
reaction of ketyl radical deprotonation by triethylamine 

Table 4 
Influence of the solvent viscosity on the kinetics of decreasing optical density of non-stationary absorption during the photolysis of a solution 
of benzophenone-triethylamine (5 raM). Flash energy, 1.1 J. Probe beam intensity, 1.0 W cm -2. Approximation with F_,,q. (1) 

Solvent viscosity Dot/Do2 kl >( 10 - 3  k 2 × 10 -9 R d × 103 
(cV) (s - t )  ( M - '  s - ' )  

Hexane/0.32 0.00003 2.6 2.2 0.999 0.33 
Nonane/0.73 75 1.83 0.9 0.998 0.22 
Undecane/1.20 71 2.02 1.0 0.999 0.25 
n-Tetradecane/ 20000 2.11 1.0 0.999 0.16 
2.19 
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Fig.  2. Non -s ta t i ona ry  absorp t ion  spectra f o r  in te rmed ia tes  o f  ben-  
zophenone  p h o t o r e d u c t i o n  in hexane.  T r i e t h y l a m i n e  concent ra t ion ,  

5 m M .  F l a s h  e n e r g y ,  1.1 J.  P r o b e  b e a m  i n t e n s i t y ,  1.0 W c m  - 2  
( s p e c t r u m  1) a n d  0.1 W c m  - 2  ( s p e c t r u m  2) .  T h e  c o n f i d e n c e  i n t e r v a l  

f o r  t h e  o p t i c a l  d e n s i t y  is  a l s o  s h o w n  (3) .  

[2]. However, in a medium of low polarity, this reaction 
can only be expected for polyfluorobenzophenones ex- 
hibiting a high electron deficiency of the carbonyl group 
[13]. Furthermore, this cannot account for the results 
presented in Tables 1 and 3. 

Our results indicate that the absorption spectrum 
and lifetime of the second intermediate are comparable 
with those of the ketyl radical. Thus it is possible that 
this species is a ketyl radical complex. It decays via a 
first-order reaction with a rate constant of (2-3)× 10 3 
s-1 and forms at low irradiation intensities. At elevated 
irradiation intensities, a ketyl radical is formed. 

Remarkably, variations in the composition of the 
mixture of intermediates may occur under the action 
of the probe radiation in the visible region, which is 
not absorbed by the precursors. This indicates that the 
ketyl radicals detected under the conditions of these 
experiments are formed as a product of a secondary 
photochemical reaction. Therefore, among the products 
of the primary photochemical reaction, there must be 
an intermediate preceding the formation of the ketyl 
radical which exhibits photochemical activity when ir- 
radiated with visible light. Simple analysis reveals that 
about 0.5 ms is needed for the formation of the observed 
number of ketyl radicals (about 1 × 1015 ketyl molecules 
in a cell volume of 8 ml at D = 1 × 1 0  -2 ) under the 
action of the probe light with an intensity of 1 W cm -2. 
In this case, to observe an influence of the probe light 
intensity on the composition of the intermediates, it 
should be assumed that the quantum yield of the reaction 
is close to unity. 

On investigation of benzophenone photoreduction in 
hydrocarbons at higher triethylamine concentrations, 
we observed similar regularities. Variations in the ra- 
diation intensity and viscosity of the medium were 
accompanied by changes in the decay kinetics of non- 
stationary absorption (see Tables 1--4). A number of 

peculiarities regarding the progress of the reaction were 
revealed, which merit detailed discussion. 

On photolysis of benzophenone solution in hexane 
in the presence of 0.5 M triethylamine (or lower con- 
centrations), the photolysis intermediate decays by a 
first-order reaction at low irradiation intensities (Fig. 
3). However, the decay rate constant is an order of 
magnitude lower (4.4 x 10 2 s-  1). 

With increasing concentrations of triethylamine, the 
non-stationary absorption spectrum of the photolysis 
species changes markedly. In Fig. 4, curves 1 and 2 
correspond to the absorption spectra of the interme- 
diates obtained on photolysis of a benzophenone so- 
lution in hexane at different triethylamine concentra- 
tions. As can be seen, spectrum 2 is somewhat broadened 
compared with the ketyl radical absorption spectrum 
(curve 1). The absorption band maximum shows a 10 
nm shift to the long-wavelength region, with a decrease 
in the band intensity. As the concentration of triethyl- 
amine is increased further, the location of the maximum 
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Fig. 3. Decay  k inet ics o f  photo lys is  i n te rmed ia te  o f  henzophen-  
o n e - t r i c t h y l a m i n e  (0.5 M )  in hexane so lut ion.  Flash energy,  1.1 J. 
Probe beam intens i ty ,  0.1 W em -2. 
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Fig.  4. N o n - s t a t i o n a r y  a b s o r p t i o n  s p e c t r a  o f  p r o d u c t s  o f  b e n z o p h e n o n e  
p h o t o l y s i s  in  t h e  p r e s e n c e  o f  5 m M  (1)  a n d  0.5 M (2 ,3)  t r i e t h y l a m i n e .  
S p e c t r a  1 a n d  2 w e r e  o b t a i n e d  in  h e x a n e ,  s p e c t r u m  3 in  n - t e t r a d e c a n e .  
F l a s h  e n e r g y ,  2 .2  J.  P r o b e  b e a m  i n t e n s i t y ,  1.0 W c m - L  
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at 555 nm remains unchanged. The decay kinetics of 
non-stationary absorption are complex and cannot be 
described by a simple kinetic equation. However, the 
kinetics obey Eq. (1), yielding the values kit = 4.2 × 102 
s -1 and k2=2.2x109 M -1 s -1 (at Dol/Do2=0.54, 
R=0.997 and d=0 .5×10-3) .  These magnitudes are 
comparable with the corresponding values from a linear 
approximation of the kinetic curves presented in Figs. 
1 and 3. The rate constant k2 apparently characterizes 
the process of ketyl radical recombination. No com- 
ponent with a decay rate constant of (2-3)× 103 s -1 
was detected over the wavelength range of the spectrum. 
Spectrum 2 is composed of two main absorption bands: 
those of the ketyl radical and a species decaying in a 
first-order reaction with a rate constant kal. 

Changes in the absorption spectrum also occur when 
the viscosity of the medium is increased. Spectrum 3 
was obtained on photolysis of benzophenone and tri- 
ethylamine in n-tetradecane (at the same concentrations 
of the reagents). In comparison with spectrum 2 (Fig. 
4), there is a decrease in the optical density in the 
500 nm region and a slight increase in the long-wave- 
length region. An analysis of the kinetics of decreasing 
optical density in spectrum 3 reveals no component 
with a second-order decay. The decay of the non- 
stationary absorption is uniform over the entire wave- 
length range, following the kinetics of a first-order 
reaction with a rate constant of (3.5-5.5)×102 s -1 
Presumably, this signals the detection of only one 
intermediate. Its decay rate constant is close to the k~ 
value obtained in the analysis of spectrum 2 and the 
kl~ value obtained by linear approximation of the data 
presented in Fig. 3. The same intermediate is detected 
in these cases. 

Thus, as expected, a ketyl radical is detected among 
the intermediates during the photolysis of a benzo- 
phenone solution in hydrocarbons in the presence of 
0.5 M triethylamine. Under our experimental conditions, 
it forms at elevated irradiation intensities and is detected 
in the non-stationary absorption spectrum. The ab- 
sorption spectrum may also include a second component 
decaying by a first-order reaction with k~1=(3.5-5.5) 
× 102 s -~. This intermediate is formed predominantly 
if photolysis is performed at reduced radiation intensities 
(probe and excitation) or in a high viscosity medium. 
The non-stationary absorption spectrum of this inter- 
mediate is observed with Am~,=555 nm. We believe 
that this intermediate is a ketyl radical complex as its 
absorption spectrum and lifetime are comparable with 
those of a ketyl radical. 

The difference between the spectral and kinetic fea- 
tures of the ketyl radical complexes monitored at diverse 
concentrations of triethylamine was studied in more 
detail. 

An increase in amine concentration can lead to the 
formation of a ground state complex with benzophenone. 

This may affect the pattern of elementary photoreaction 
processes [1,4], with attendant variations in the quan- 
titative and qualitative compositions of the nascent 
intermediates [14,15]. 

To explore the possibility of the formation of a ground 
state complex between benzophenone and triethylam- 
ine, we investigated the steady state absorption spectra 
of benzophenone solution in heptane at different tri- 
ethylamine concentrations. Similar investigations have 
been carried out [6,16,17], with no conclusion being 
reached about the formation of the complex. This may 
be because only the n-o z r* region of the spectral 
absorption band of benzophenone was studied. How- 
ever, it is common knowledge that, as amines possess 
an undivided pair of n electrons, they are capable of 
forming donor-acceptor complexes of the n-'rr type, 
acting as an electron donor [18]. This is accompanied 
by the appearance of a new spectral absorption band 
in the ~--~-* transition region of the electron-acceptor 
molecule [19]. The results of the spectral investigations 
are shown in Fig. 5. 

It follows from Fig..5(a) that, in the ~r-rr* region 
of the benzophenone absorption band, the optical den- 
sity of the benzophenone-triethylamine mature (spec- 
trum 3) exceeds the sum of the spectra of the separate 
components (spectrum 4). This indicates the formation 
of a benzophenone-triethylamine complex. No spectral 
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F ig .  5. (a )  Steady state absorption spectra of solutions of benzophenone 
(1), triethylamine (0.5 M) (2) and their mixture (3) in heptane. 
Curve 4 is the algebraic sum of spectra ! and 2. (b) Optical density 
variation of a heptane solution of triethylamine at increasing con- 
centrations (A=270 rim) in the absence (1) and presence (2 and 3) 
of benzophenone.  
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changes were observed in the n-•r* region of the 
benzophenone absorption band. 

Results supporting the formation of a ground state 
complex were also obtained on investigation of the 
effect of the presence of benzophenone on the variation 
of the optical density of triethylamine solution at in- 
creasing concentrations (Fig. 5(b)). In the absence of 
benzophenone, the optical density of the solution is 
linearly dependent on the triethylamine concentration 
(straight line 1). On introduction of benzophenone into 
the solution, curvature is observed in the 0.3 M tri- 
ethylamine region. A linear approximation of these data 
by the least-squares technique shows that, in the pres- 
ence of benzophenone, the optical density of the solution 
above the point of curvature (last seven points, straight 
line 3) increases as in the absence of benzophenone. 
The slopes of the corresponding straight lines are equal 
within the limits of experimental error. Below the point 
of curvature (the first five points, straight line 2), the 
optical density increases much more rapidly, which is 
symptomatic of the formation of a complex. Its com- 
position is apparently 1:1. The formation of a complex 
was also verified by computations. Results of processing 
by the TRIANG program [20] of the concentration de- 
pendences presented in Fig. 5(b) for the 270-300 nm 
wavelength region demonstrated the formation of a 
benzophenone-triethylamine complex. 

We estimated the stability constant of the complex 
from the data presented in Fig. 5(b): 5.5 M -1. The 
corresponding value for a benzophenone--cyclohexyl- 
amine complex in benzene, obtained on analysis of the 
photochemical data by the Stern-Volmer equation, is 
8 + 1 M-1 [15]. Thus, at a triethylamine concentration 
of 0.5 M, virtually all of the benzophenone is present 
in the solution as a ground state complex with amine. 
Perhaps the changes in the spectral and kinetic char- 
acteristics of the ketyl radical complex can be related 
to the involvement of the benzophenone-triethylamine 
complex in the photoreduction process. 

Fig. 6(a) shows the results of an investigation of the 
effect of temperature on the composition of the in- 
termediates during the photolysis of a benzophen- 
one-triethylamine solution at the initial point of ob- 
servation.. The latter was determined by analytical 
treatment of the kinetic decay curves of the optical 
density by Eq. (1). As can be seen from the figure, an 
increase in temperature promotes ketyl radical complex 
formation and impedes free ketyl radical formation. 
The nature of the influence of temperature on the 
formation of the ketyl radical and its complex indicates 
that these intermediates are formed from one precursor 
as a result of competitive reactions. From the data of 
Fig. 6(a), it also follows that the reaction of ketyl radical 
complex formation is endothermic. Therefore the com- 
plex cannot be an association product as this would 
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Fig. 6. (a) Effect of temperature on the yield of intermediates during 
the photolysis of a benzophenone-triethylamine solution in hexane 
at the initial point of observation. Triethylamine concentration, 0.5 
M. Flash energy, 1.1 J. Probe beam intensity, 1.0 W e m  -2. Ketyi 
radical (+) .  Ketyl radical complex (11). (b) Arrhenius dependence 
of the first-order reaction rate constant for: 1, decay of the intermediate 
of benzophenone solution photolysis in hexane in the presence of 
0.5 M triethylamine; 2, decay of the intermediate of benzophenone 
solution photolysis in benzene in the presence of benzhydrol. 

be accompanied by a reduction in entropy, which is 
impossible in terms of thermodynamics. 

Fig. 6(b) shows the influence of temperature on the 
rate constant of decay of the ketyl radical complex 
formed in the photoreaction of benzophenone and 
triethylamine (0.5 M) in hexane (dependence 1). These 
data show a linear relationship in terms of the Arrhenius 
equation. An approximation of the data by a least- 
squares technique yields the magnitude of the activation 
energy of the process (Ea---3.4 kcal mo1-1) for a pre- 
exponential value of about 105 . The resulting low values 
are quite revealing. This has been observed for reactions 
of certain triplet state complexes [9,21]. Thus the pos- 
sibility that the observed intermediate has a spin mul- 
tiplicity of three cannot be ruled out. 

Results similar to those presented in Fig. 6(a) were 
also obtained during benzophenone photoreduction in 
the presence of 5 mM triethylamine. Presumably, the 
reaction mechanism does not change critically with 
varying concentration of the amine. 

Results concerning the effect of the photolysis con- 
ditions on the quantum efficiency of benzophenone 
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consumption are listed in Table 5. We determined the 
relative values of the quantum efficiencies spectropho- 
tometrically as described in Section 2. Errors in the 
values determined, related to the formation of long- 
lived, light-absorbing intermediates, are apparently not 
critical [15,22]. 

As shown in the table, an increase in intensity of 
the probe radiation leads to an increase in the quantum 
efficiency of benzophenone consumption. A control 
experiment has demonstrated that prolonged irradiation 
of the solution with a probe light source only does not 
result in a change in the benzophenone concentration. 
This result cannot be explained by photochemical re- 
actions of the ketyl radical. In this case, the quantum 
efficiency ofbenzophenone consumption would decrease 
with increasing intensity of visible radiation [10]. 

Conversely, the quantum efficiency of benzophenone 
consumption decreases with increasing viscosity of the 
medium. Comparing the data in Tables 1-5, we can 
conclude that the formation of a ketyl radical complex 
is accompanied by a decreasing quantum efficiency 
of benzophenone consumption. Supposedly, the decay 
process of this complex results in benzophenone 
regeneration. 

Similar results were found on investigation of ben- 
zophenone photoreduction by triethylamine in aceto- 
nitrile. The decay kinetics of non-stationary absorption 
of the photolysis intermediates were also dependent 
on the probe radiation intensity, although to a lesser 
degree. An increase in triethylamine concentration led 
to the formation of a ground state benzophenone-amine 
complex. In acetonitrile, the stability constant of the 
complex was 2.8 M-1. The ketyl radical complex had 
a decay rate constant of (8-10)×102 s -1 for a tri- 
ethylamine concentration of 0.5 M. 

The essential question is how general are the results 
presented here. In this connection, we investigated the 
benzophenone photoreduction by benzhydrol in ben- 
zene. This photoreaction is well known, and has been 
adopted for chemical actinometry [23] and also as a 

Table 5 
Effect of  the irradiation condit ions and the medium viscosity on the  
relative value of the q u a n t u m  efficiency of  benzophenone  consumption,  
on  photoreduct ion in hydrocarbons in the  p r e s e n c e  of 0.5 M trie- 
thylamine 

Solvent, Viscosity Relative value 
condi t ion  of (cP) of  quan tum yield 
irradiation 

Decane,  0.92 1.00 
Ip,~b=0 W cm -2 

Decane,  0.92 1.82 
[prob= 1.0 W cm -2 

n-Tetradecane,  2.19 0.76 
Ip~ob = 1.0 W cm -2 

model system for the investigation of free radical ac- 
tivities [24]. Only one type of radical product, the ketyl 
radical, is formed, and exhibits non-stationary optical 
absorption in the millisecond time interval [5,6]. 

Fig. 7 (curve 1) shows the absorption spectrum of 
the photolysis intermediate of the solution under in- 
vestigation. It is identical in form and maximum location 
(A = 540 nm) to the spectrum of ketyl radical absorption 
in benzene [6]. However, a decrease in the intensity 
of the probe beam leads to perceptible spectral changes; 
the optical density in the 470-510 nm region decreases 
and in the maximum region increases (curve 2). The 
typical convexity on the curve in the 510 nm region 
disappears. An investigation of the dynamics of the 
spectral variation with time reveals that the maximum 
tends to shift to the long-wavelength region (curve 3). 

The results of the spectral measurements (Fig. 7) 
indicate that, as in the case of triethylamine, the com- 
position of the intermediates of the photoreaction is 
a function of the intensity of the probe beam and varies 
with time. The latter doubtless points to the different 
decay kinetics of the intermediates observed. 

We investigated the variation with time of the optical 
density of non-stationary absorption. Four experimental 
dependences corresponding to absorption at 540 and 
560 nm for probe light intensities of 1.0 and 0.1 W 
c m - :  were treated analytically. In all cases, kinetic 
curves with a 20-fold decline in optical density were 
examined. 

According to Refs. [5,6], the decay kinetics of the 
ketyl radical in benzene obey a second-order reaction. 
The same result was observed in Ref. [25] for ben- 
zophenone photoreduction in cyclopentane. However, 
in our runs, none of the investigated experimental time 
dependences of optical density satisfies a second-order 
reaction. This is illustrated by Fig. 8(a), where curve 
2 is consistent with a linear approximation of the 
experimental data by a second-order reaction. The 
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Fig. 7. Spectra of  the non-stationary absorption of products of 
benzophenone photolysis in benzene in the presence of  benzhydrol: 
1,2, immediately after the flash; 3, after 2.14 ms. Spectra 2 and 3 
were taken at a probe beam intensity of 0.1 W cm -2, spectrum 1 
at 1.0 W cm -=. The confidence interval for the optical density is 
also shown (4). Flash energy, 2.2 J. 
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Fig. 8. Decay kinetics of non-stationary absorption of  the intermediates 
formed during the flash photolysis of  a benzene solution of  ben-  
zophenone in the presence of  benzhydrol in the region A = 540 nm. 
Flash energy, 2.2 J. Probe beam intensity, 1.0 W cm -2. 

approximation by a first-order kinetic equation (for 
example, curve 1, Fig. 8(a)) also yields an unsatisfactory 
correlation between the analytical curves and the ex- 
perimental data. 

The results of our kinetic investigations do not fully 
agree with the literature data [5,6,25], but support the 
hypothesis advanced above on the intricate composition 
of the intermediates detected. 

As in the case of the benzophenone-triethylamine 
photoreaction, we have assumed that the spectral and 
kinetic dependences are related to the formation and 
decay of two intermediates: one which decays via a 
first-order reaction and one which decays via a second- 
order reaction (ketyl radical). Proceeding from these 
assumptions, we executed applicable analyses using Eq. 
(1). 

We found that the correlation between the analytical 
curves and the experimental data was good. In all four 
applications, the maximal absolute departure of the 
analytical data from the experimental values was within 
10% of the minimal value of the optical density (the 
last point of the kinetic curve), with the magnitudes 
of the desired parameters being independent of the 
magnitude of the initial approximation. The results of 
such an analysis for one of the investigated dependences 
are presented in Fig. 8(b). 

The value of the rate constant of the first-order 
reaction was (4.2-5.5)× 102 s -1. Within the limits of 
experimental error, this is equal to the value for the 
decay of the ketyl radical complex observed on ben- 
zophenone photoreduction in the presence of 0.5 M 
triethylamine in hexane. According to our measure- 
ments, the magnitude of the rate constant of the second- 
order ketyl recombination reaction is (1.1-1.4)x 109 

M-1 s-1, which is in good accord with Refs. [5,6]. 
In addition, the analysis verifies the correctness of 

the assumption regarding the dependence of the pho- 
tolysis intermediates on the intensity of the probe 
radiation. As the latter increases from 0.1 to 1.0 W 

em -2, the Dol/Oo2 ratio in the region A=540 nm de- 
creases from 0.85 to 0.72. Changes in the composition 
of the photolysis intermediates are also expected to be 
a function of the pulse source intensity. Indeed, when 
there is a fivefold increase in the pulse irradiation 
intensity, the decay of the optical density obeys a simple 
second-order reaction with k2 = (1.0-1.4) x 109 M -  1 s-  i. 
Probably, no intermediate decaying by a first-order 
reaction is formed under these conditions. 

As in the case of triethylamine, the temperature 
dependence of the rate 'constant of the first-order 
reaction can be readily linearized in terms of the 
Arrhenius equation (Fig. 6(b), dependence 2). The 
linear approximation of the dependence by a least- 
squares technique yields the values of 1.3 kcal mol-1 
and about 104 for the activation energy of the process 
and the preexponential respectively. 

Thus it can be concluded that the formation of a 
ketyl radical complex also occurs in the photoreduction 
of benzophenone by benzhydrol. It is similar to the 
ketyl radical complex observed in the photoreduction 
of benzophenone by triethylamine. 

4. Discuss ion 

The possibility of the formation of various complexes 
by the ketyl radical has been repeatedly debated in 
the literature (electron spin resonance (ESR) spec- 
troscopy [26] and laser flash photolysis techniques 
[6,16]). 

In Ref. [16], changes in the non-stationary absorption 
spectrum of the intermediates of benzophenone solution 
photolysis, with an increase in triethylamine concen- 
tration, were ascribed to the formation of a ketyl 
radical-amine complex with a hydrogen bond. An ab- 
sorption spectrum of the complex was obtained by 
subtracting the ketyl radical absorption spectrum from 
that observed. Its shape and maximum location (555 
rim) are identical with the spectrum obtained here (Fig. 
4, spectrum 3). There is reason to believe that the 
same intermediate is present. Also, we can interpret 
the nature of the intermediates detected as ketyl radical 
complexes by virtue of their spectral and kinetic char- 
acteristics. However, as has been mentioned above, the 
formation of the complexes does not stem from the 
specific interaction between the ketyl radical and trie- 
thylamine. We believe that a better explanation for the 
results presented here can be provided by the assumption 
that a ketyl radical-hydrogen-donor radical complex is 
formed, with the radicals resulting from the same 
encounter complex. 

Let us address the possible conversion dynamics of 
the intermediates of this photoreaction that could result 
in these complexes. To this end, we shall consider a 
scenario involving benzophenone photoreduction by 
triethylamine. 
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Irradiation of a benzophenone solution with UV light 
leads to the rapid formation (within picoseconds) of 
the triplet excited state of benzophenone [3] (step 1 
in Scheme 1). This state interacts with triethylamine 
by charge transfer [6,27,28], although the nature of the 
nascent intermediate is controversial. For instance, it 
has been reported that the interaction involving charge 
transfer between triplet excited benzophenone and tri- 
ethylamine in acetonitrile results in a complex with a 
strong charge transfer structure [2,29]. This conclusion 
was drawn from picosecond spectral measurements 
which revealed absorption symptomatic of benzophen- 
one anion radicals. Such an interpretation of the data 
[2,29] is at odds with the view that charge transfer 
occurs only partially [27,28]. The reason for this con- 
tradiction may originate from the fact that the analyses 
in Refs. [2,29] were based on very large concentrations 
of the reagents (10--100 mM benzophenone and 1-3 
M triethylamine). In this case, according to our findings, 
a considerable portion of the benzophenone will be 
present in the solution as a ground state complex. The 
benzophenone anion radical is effectively formed from 
the singlet excited state of this complex [1,4]. Thus, in 
our opinion, the assignment of the structure with strong 
charge transfer to benzophenone triplet excited state 
reaction products [2,29] is erroneous. 
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Scheme  1. 

In Refs. [27,28], a complex with partial charge transfer 
(we shall call it an exciplex) is considered to be a 
prime product of the interaction between triplet excited 
benzophenone and triethylamine. 

The next step of the reaction is the formation of 
ketyl radicals. In Refs. [3,4,6,17], it is presumed that 
this is a transient process and that exciplex formation 
cannot be observed in either nanosecond or picosecond 
measurement ranges. This is often invoked to prove 
the direct mechanism of ketyl radical formation (step 
2, Scheme 1). Our findings do not allow us to deny 
the possibility of such a process. However, we believe, 
as does Jaques [28], that the key point for subsequent 
conversions is exciplex formation (step 3, Scheme 1). 

From the discussion of the experimental results given 
above, it has been concluded that a photochemically 
active intermediate is formed in the reaction of ben- 
zophenone photoreduction by triethylamine. The ab- 
sorption of light from the probe source by this inter- 
mediate triggers ketyl radical formation. The above 
properties can be exhibited by a triplet exciplex. Pre- 
sumably, the exciplex is also a precursor for the for- 
mation of a ketyl radical complex, as shown by the 
temperature dependence of the composition of the 
intermediates. The possible structure of the exciplex, 
and its formation and decay mechanisms are considered 
below. 

The reaction of triethylamine and triplet excited 
benzophenone begins with charge transfer interaction 
[6,27]. This occurs between a nitrogen atom possessing 
an undivided n electron pair and acting as donor and 
an oxygen atom showing electron deficiency and serving 
as an acceptor (steps 1 and 2, Scheme 2). Only partial 
charge transfer takes place. This has already been 
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discussed above. In a triethylamine molecule, there is 
strong interaction between the n electrons of the ni- 
trogen atom and the electronic cloud of the a-C-H 
bond [30]. Therefore, a decrease in electron density 
on the nitrogen atom will probably lead to an electron 
density deficit on the ot-C-H bond hydrogen atom (step 
2, Scheme 2). The latter may be located in sufficiently 
close proximity to the ~-* system of a triplet molecule 
ofbenzophenone on which there is some surplus electron 
density [31]. This may result in an additional do- 
nor-acceptor interaction where the excited molecule 
of benzophenone will act as a donor. The ability of 
triplet exited benzophenone to act as an electron density 
donor was shown in Ref. [32]. The involvement of the 
a-C-H bond hydrogen atom in the primary event of 
the photoreaction has been repeatedly addressed in 
the literature [6,27]. 

Scheme 2 shows the structure of the nascent exciplex. 
Such two-centre coordination in the complex between 
an amine molecule and excited benzophenone will yield 
an exciplex of low polarity, and charge transfer inter- 
action will play a key role in the formation of such a 
structure. This is in good agreement with literature 
data. 

While the interaction between molecules in the ex- 
ciplex is weak, two-centre coordination must consid- 
erably enhance the stability of the exciplex. Therefore 
we can presume that its lifetime will be sufficiently 
large for the effective progress of a secondary pho- 
tochemical reaction of ketyl radical formation (step 6, 
Scheme 1). We perceive the mechanism of the reaction 
to be as follows. 

Light quantum absorption by the exciplex may cause 
its structure to be polarized to the point of ion species 
formation [33]. Charge redistribution is accompanied 
by conformational change and very rapid proton transfer 
in the exciplex. The coordination between the complex 
fragments is disturbed and the radicals thus formed 
diffuse into the bulk solvent. The ketyl radicals then 
recombine in a second-order reaction with a rate con- 
stant k2 (step 7, Scheme 1). Increasing viscosity prevents 
conformational change and, consequently, depresses 
ketyl radical formation. This is consistent with the 
results of Tables 2 and 4. Refs. [34,35] confirm the 
possibility of such a reaction mechanism. In Ref. [34], 
isomerization of the excited state of 1,1'-diethyl-4,4'- 
cyanine was observed. This activity was depressed with 
increasing viscosity of the solvent (within 0.2-2.5 cP), 
which is in accord with the data obtained in our work. 
In Ref. [35], the influence of solvent viscosity on the 
back electron transfer rate in the dicyanoanthra- 
cene--dimethylaniline exciplex was described. This was 
ascribed to electron transfer leading to conformational 
change. 

Presumably, the photochemical consumption of the 
triplet exciplex by the probe radiation significantly 

reduces its lifetime. This was observed in Ref. [34] for 
the excited state of cyanine. Perhaps this is one of the 
reasons why a triplet exciplex of benzophenone and 
triethylamine has not been detected optically. Optical 
detection of this species may be hard to accomplish 
for yet another reason. We believe that the electronic 
structure of the triplet exciplex will not differ significantly 
from those of triplet excited benzophenone and the 
ketyl radical. Therefore the spectral responses of all 
three species will be similar. The possibility of the 
formation of a ketyl radical complex which absorbs in 
the same spectral region should also be taken into 
account. All these intermediates are attributed to one 
common sequence of reactions which proceeds ex- 
tremely rapidly. Therefore the absorption spectra will 
be difficult to resolve in time. 

From the data presented in Fig. 6(a), we have con- 
cluded that the photochemical consumption of the 
exciplex competes with the formation of a ketyl rad- 
ical-hydrogen-donor radical complex (step 5.1, Scheme 
1). This process may proceed as hydrogen transfer in 
the exciplex with two-centre coordination and the initial 
spatial orientation of the molecular fragments will be 
retained (step 4, Scheme 2). Presumably, the nature 
of the bonding between the fragments of the complex 
varies somewhat. This bonding may be based on a 
donor-acceptor interaction. This interaction may occur 
between the nitrogen atom and the - O H  group hydrogen 
atom in terms of a hydrogen bond [26]. The second 
bond may stem from interaction of the unpaired electron 
of the aminoalkyl radical with the phenyl ring [36]. 
Such an interaction between radicals in the complex 
prevents the process of diffusion separation (step 8, 
Scheme 1). The spin multiplicity of such a complex 
will apparently equal three. This assumption was made 
on the basis of the parameters of the Arrhenius equation 
for decay of the complex. The limiting step of the decay 
process may be spin inversion (step 5.2, Scheme 1). 
This is followed by reverse transport of the hydrogen 
atom, leading to precursor regeneration (step 5, Scheme 
1). However, it is possible that other products of the 
reaction are also formed, e.g. a long-lived photoproduct 
with an enol structure of the isobenzopinacol type. 

The formation of a combined triplet state in the 
photoreduction of benzophenone was discovered for 
the first time by ESR spectroscopy [37]. It was ascribed 
to the formation of two neighbouring radicals when a 
ground state benzophenone--dimethylamine complex 
was photoexcited in methyltetrahydrofuran solution at 
77 K. Significantly, the non-stationary absorption spec- 
trum of the photolysis species, obtained under the same 
conditions, displayed a maximum at ;t =555 nm. Sup- 
posedly, the detection of this product was possible due 
to the high viscosity of the solvent at 77 K. This is in 
good agreement with our data. As has been demon- 
strated (Tables 2 and 4), an increase in the viscosity 
of the solvent is one of the requirements for observation 
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of a ketyl radical complex. We assume that it possesses 
a combined triplet state. 

The experimental results obtained indicate that two 
different ketyl radical complexes are observed among 
the products of benzophenone photoreduction by tri- 
ethylamine. At low amine concentrations, a radical 
complex with a decay rate constant of kl = (2-3) × 103 

s-1 (Tables 1--4) is detected. No component with such 
a rate constant is found on examination of the decay 
kinetics of non-stationary absorption of benzophenone 
solution photolysis at high triethylamine concentrations 
(Figs. 3 and 4). In this case, the radical complex decays 
with a rate constant kl~ = (3.5-5.5)x 102 s -1. The ab- 
sorption spectrum of the radical complex formed at 
low triethylamine concentrations is comparable with 
that of the ketyl radical in the maximum region (A = 545 
nm), but different in the region around 500 nm (Fig. 
2). The ketyl radical complex formed at high triethyl- 
amine concentrations has a spectrum with Amax=555 
nm (Fig. 4). 

In our view, there are several possible explanations 
regarding the influence of the amine concentration on 
the properties of the ketyl radical. The formation of 
a benzophenone-triethylamine ground state complex is 
the most critical factor. In this case, on formation of 
the locally excited benzophenone triplet state, the rel- 
ative orientation of the interacting molecules and the 
spacing between them will be more favourable for the 
formation of bonds in the exciplex. Such an exciplex 
and the radical complex forming from it will be stable. 
This assumption is verified by the data in Ref. [38], 
which show the dependence of the stability (decay rate 
constant) of a triplet benzophenone--diethylamine ex- 
ciplex on the relative orientation of the molecules in 
the precursor ground state complex. 

Alternatively, we may suppose that charge transfer 
occurs in the singlet state of the complex [1,4]. Such 
an activity may lead to a stronger charge transfer. The 
bond between the fragments of the triplet exciplex will 
then be more durable. This will affect the properties 
of the radical complex. 

Both scenarios considered above provide for the 
involvement of a triethylamine molecule incorporated 
into a ground state complex. However, this molecule 
may be non-reactive [15]. In this case, the following 
explanation of the increasing stability of the radical 
complex and its varying spectral characteristics is 
possible. 

During the formation of a ground state complex, 
charge transfer from the nitrogen atom onto the ben- 
zophenone molecule ~- electron system will lead to a 
decrease in the electron density on the ot-C-H bond 
of the triethylamine molecule [30]. This may set the 
stage for formation of a hydrogen bond between the 
triethylamine hydrogen atom and the oxygen atom of 
the earbonyl group of benzophenone. During the for- 

mation of this bond, the oxygen atom acquires additional 
electron deficiency. On excitation of such a complex, 
the electron deficiency will increase further. Interaction 
between this exciplex and a second triethylamine mol- 
ecule may yield a triplex. This process and the process 
of radical complex formation may occur as indicated 
in Scheme 2. However, the strength of the bond between 
the radical complex fragments will be greater due to 
the greater charge transfer state contribution in the 
initial step of the process. The shift in the absorption 
spectrum maximum to ;t = 555 nm may then be ascribed 
to the additional coordination of the triethylamine 
molecule to the ~" system of the ketyl radical. 
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