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of the phosphorescence lifetimes as a function of substrate 
concentration has afforded a simple direct method for de
termining the interaction rate constants of a large number 
of ketones in their triplet states.11-15 The interaction rate 
constant can be obtained from 
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l / T R H = l / T + A:ir[RH] (1) 

where T and TRH are the lifetimes in the absence and pres
ence of RH, respectively.15 Besides its simplicity, the meth
od offers the advantage of not employing high light intensi
ties. Thus, there is no buildup of large steady-state radical 
concentrations,16 and no significant amount of chemical re
action takes place. The latter is important because photo-
reaction can result in phenomena which lead to effects 
which make the extraction of rate constants and quantum 
yields difficult (vide infra). Much of the data in the litera
ture has been obtained by steady-state photolysis in which 
significant photoreaction takes place. 

The rate constant determined using eq 1 simply measures 
the interaction rate constant (fcjr) of the substrate with the 
triplet. In the case of alkanes this should correspond to the 
rate constant for hydrogen abstraction by the triplet (fca)-
In terms of the mechanism 

Ph2CO —*- — 3Ph2CO* 

3Ph2CO* — Ph2CO 
3Ph2CO* + S — product(s) 

3Ph2CO* + RH 
K 

• product(s) 

/ca is given by 

_ 1 (<*>RH ~ *) 
Ka — 

1 

T (1 - * R H ) [RH] 

(2) 

(3) 

(4) 

(5) 

(6) 
where $ R H and $ are the quantum yields of benzophenone 
consumption in the presence and absence of hydrogen 
donor. * is retained because the solvent (S) may not be 
completely inert. 

Since fca measures only net chemical reaction, a differ
ence between Icn and ka could reflect disproportionation of 
the ketyl and R- radicals, Ph2COH + R- — Ph2CO + RH. 
The fact that quantum yields less than unity have been re
ported for benzophenone consumption17 in neat alkanes in
dicates that the above reaction is a distinct possibility. In 
order to see what the relationships between k{T and /ca were, 
we decided to photolyze benzophenone solutions in "inert" 
solvents acetonitrile and carbon tetrachloride at various hy
drogen-donor concentrations. 

It is well known that the photolysis of aromatic ketones in 
various solvents including 2-propanol and amines can yield 
unstable photoproducts, often called light-absorbing tran
sients (LAT's), which absorb in the n —* ir* region of the 
ketone.5-18-20 We did not expect to be troubled by LAT's in 
our systems since Schenck had irradiated benzophenone in 
carbon tetrachloride, acetonitrile, and hexane and observed 
no LAT. However, Wagner21 had shown that the photore-
duction of benzophenone by benzhydrol in benzene did re
sult in both the formation of an absorbing photoproduct and 
a diffusion-controlled quencher which were probably one 
and the same. He suggested that the quencher was formed 
by para coupling of a ketyl radical with another radical. 

PhXOH + R-

OH 

I 
PhC -CX 

i 

If this is so, then LAT formation might be expected to be 
general for any hydrogen-donating solvent, and so it is sur
prising that it was not observed by Schenck18 when he em
ployed hydrocarbons. One possible explanation is that the 

LAT observed by Wagner arose specifically by the cage re
action of two ketyl radicals. 

Experimental Section 

Materials. The solvents (acetonitrile, cyclohexane, isooctane, 
and isopropyl alcohol) were all spectrograde. They were carefully 
distilled and dried before use. The carbon tetrachloride (Fisher, 
spectrograde) was purified by the method of Schuster and Weil.22 

Benzophenone and benzpinacol (reagent grades) were recrystal-
lized twice from ethanol and the benzophenone further purified by 
vacuum sublimation before use. 

Method. Five-milliliters samples of 10~2-10-4 M benzophenone 
were degassed by five freeze-pump-thaw cycles in 1-cm fluores
cence cells equipped with Fischer-Porter Teflon stopcocks and side 
degassing bulbs. Solutions of 1O-2 M benzophenone for NMR ex
periments were degassed and sealed in the Pyrex inner tube of spe
cial coaxial NMR cells purchased from Wilmad Glass Co. 

Apparatus. The photolyses were carried out at 366 nm using a 
Bausch and Lomb high-intensity monochromator with a 200-W 
high-pressure mercury arc. Irradiation times depended upon the 
extent of reaction desired and the particular system. The absorp
tion spectra of the degassed samples were recorded on either a 
Cary 14 or Perkin-Elmer 323 recording spectrophotometer where 
the sample compartments were extended by means of light-tight 
boxes to accommodate the cells. A general description of the life
time apparatus has been given previously.23 The uncertainty in the 
measured lifetime is ±5% when the lifetimes are short (<10 ^s), 
but the uncertainty decreases to ±2.5% with longer lifetimes. 

The proton magnetic resonance spectra of 1O-2 M solutions of 
benzophenone were recorded on a Bruker WH90 Fourier trans
form spectrometer modified along the lines described previously to 
suppress the solvent signal.24 A weak rf pulse is used which is de
signed not to affect the solvent protons while flipping proton spins 
of interest 100 or more Hz from the solvent proton resonance. In 
addition, the NMR spectra of unphotolyzed and photolyzed con
centrated (5 X 10~2 M) samples of benzophenone were recorded 
on a Perkin-Elmer R-32 90-MHz NMR spectrometer. 

Results and Discussion 

A. Formation of Unstable Photoproducts. Formation of 
absorbing transients occurs only when a hydrogen donor is 
present in solution, as can be seen from the following exper
iments. In agreement with the observations of Schenck and 
coworkers,1813 no photoproducts are formed which absorb in 
the 300-400-nm region when benzophenone at low concen
tration (1O - 3-1O - 4 M) is irradiated in carbon tetrachloride. 
However, when a small concentration of hydrogen donor, 
for example, cyclohexane, is added to the benzophenone-
carbon tetrachloride solutions and the sample is photolyzed, 
unstable photoproducts are formed. Photolysis of benzophe
none in 2-propanol leads to large increases in optical density 
over the entire n-7r* region of benzophenone.18"20-25 The 
optical density increases in the case of acetonitrile are not 
nearly as large as in the case of 2-propanol indicating its 
relative inertness to hydrogen abstraction, but when a hy
drogen donor is added, significant increases in optical densi
ty over the entire n-7r* region are observed. In the case of 
alkane solvents, we still observed LAT's, but they absorb 
less strongly. As can be seen from Figure 1, the LAT ab
sorption maxima are blue shifted from the n —• x* absorp
tion of benzophenone so that consumption of benzophenone 
is observed at long wavelengths, while formation of unstable 
photoproducts can be observed at shorter wavelengths. This 
is very similar to what Wagner21 obtained. We have also 
observed unstable photoproducts with acetophenone in sim
ilar systems. 

B. Decay of Unstable Photoproducts. From the data in 
Figure 1, it is clear that the LAT's are unstable and that 
several days are required for the dark reaction (disappear
ance of unstable photoproducts) to come to completion. 
Even then there is absorption which cannot be accounted 
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Figure 1. (a) Absorption spectra of 1.04 X 1O-3 M benzophenone in 
cyclohexane: (1) before irradiation, (2) after photolysis (2 min), (3) 
after 60 min of dark reaction, (4) after 1.0 X 104 min (/„)• (b) Absorp
tion spectra of 1.04 X 10-3 M benzophenone in cyclohexane: (1) be
fore irradiation, (2) after photolysis (2 min), (3) after adding oxygen 
immediately after photolysis, (4) after 60 min of dark reaction in the 
presence of oxygen, (5) after 1.0X 104 min (/») in the presence of oxy
gen. 

for in terms of the residual benzophenone and the known 
photoproducts, benzpinacol and bicyclohexyl.26 The de
tailed kinetics for the decay in another alkane solvent, iso-
octane, are shown in Figure 2. The major part of the decay 
can be fitted by a first-order process whose half-life is 1.7 h. 
However, there does seem to be a contribution from a much 
slower process whose half-life is about 27 h. The full-line 
curve was generated from the equation, AALAT = (AA ~~ 
AD.,) = 0.030e-'/2-5 + 0.01 Ie" ' /3 8-5 , where AA is the ab-
sorbance at the absorption maximum (Xmax) of the photo-
product at time t (h) after termination of photolysis, and 
ADx, is the corresponding absorbance at the end of the dark 
reaction. For optical densities less than 0.01, there are sig
nificant systematic errors that are indicated by the large 
error bars. 

The unstable photoproducts formed in the above system 
show sensitivity to oxygen. If two identical samples of ben
zophenone in alkane solvent are prepared and photolyzed 
under the same conditions and one cell is opened to the air 
immediately after photolysis, the following is observed (see 
Figure 1). The optical density of the aerated sample de
creases rapidly. Most of the reaction is over within 1 h, but 
it requires several days for the terminal (i.e., time invariant) 
spectrum to be reached. The corresponding data for the 
decay of the aerated LAT in isooctane are shown in Figure 
2. Again it can be seen that most of the decay is over within 
an hour. Similar decay behavior and oxygen sensitivity is 
observed in the case of acetonitrile and 2-propanol. 

C. Correlation of Triplet Lifetimes with Concentration of 
LAT's. A very interesting correlation appears if the optical 
density in the region of LAT absorbance and the triplet life
time are plotted as functions of time. The data in Figure 3 
are for benzophenone in acetonitrile. As the unstable photo
products build up in solution, they act as quenchers of the 
benzophenone triplet, and as they disappear, the lifetime re
covers though not totally, and the absorption spectrum 
never fully recovers to benzophenone. A similar pattern for 
the lifetime and optical density change as a function of time 
is observed when benzophenone is irradiated in alkane sol
vents. The lifetime limitation of our flash system prevented 

Q 

< 
a 
< 

o 
Ol 
O 

Figure 2. Decay of absorbing photoproducts (LAT) as a function of 
time. AA is the absorbance at the absorption maximum (Xmax) of the 
photoproduct at time t (h) after termination of photolysis; AD*. is the 
corresponding absorbance at the end of the dark reaction. (O) Ph2CO 
(1.16 X 10-3 M) in isooctane, Xmax = 325 nm; (D) Ph2CO (1.16 X 
10-3 M) in isooctane, Xma* = 325 nm, oxygen added immediately after 
zero-time dark reaction absorption spectrum. The full-line curve was 
generated from the equation AZ)LAT = (AD1 - AZ)=O = 0.030*r'/2 5 

+ 0,01 Ie-'/38 s. 
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Figure 3. Correlation of triplet lifetime with formation and decay of 
absorbing photoproducts for Ph2CO (1.04 X 1O-4 M) in acetonitrile. 
The optical density was measured at 345 nm. 

the study of the triplet lifetime of benzophenone in cyclo
hexane (T = 3.0 X 10~7 s)13 as a function of photolysis. 
However, we were able to study the variation of the benzo
phenone triplet lifetime in the less reactive isooctane15 dur
ing photolysis and observe its recovery (see Table I). In car
bon tetrachloride there is no change of the benzophenone 
triplet lifetime on photolysis, but once a hydrogen donor 
(cyclohexane) is added, the triplet lifetime decreases on 
photolysis and recovers as the unstable photoproducts dis
appear. 
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Table I. Variation in Lifetime of Benzophenone Triplet with 
Formation and Decay of Unstable Photoproducts" 

Sample Solvent T, MS* TLAT, MSC T=,, lis* '», h" 

IXlO-4MPh2CO Acetonitrile 180 31.7 63 50 
IXlO-3MPh2CO CCl4 47.2 18.0 24.4 80 

+ 0.015 M 
cyclohexane 

IXlO-3MPh2CO CCl4 11.5 4.6 7.2 80 
+ 0.15M 
cyclohexane 

IXlO-3MPh2CO Isooctane 2.74 2.14 2.5 16 

" Temperature is 25°. b Triplet lifetime before photolysis. c Triplet 
lifetime immediately after photolysis. d Triplet lifetime after comple
tion of dark reaction. e Time to complete dark reaction, i.e., no further 
observable change in absorbance or in T over a 24-h period. 

In order to see if the quenching of benzophenone could be 
accounted for by the formation of benzpinacol, the interac
tion rate constant (fc;r) for benzpinacol with benzophenone 
was measured and found to be 4 X 106 M - 1 s _ 1 in acetoni
trile. Using entry 4 in Table I as a particular example, the 
maximum concentration of benzpinacol that could be 
formed, based on the fact that 65% of the benzophenone 
was consumed, is 1 X 10 - 3 X (0.65/2) M. This quencher 
concentration together with the above rate constant is two 
orders of magnitude below that required to explain the vari
ation in lifetime using eq 1. 

D. Nature of Photoproducts. Benzpinacol is the major 
benzophenone derived product from the photolysis of ben
zophenone in a hydrogen-donating solvent.17-27"29 The reac
tion sequence is generally given by 

Ph2CO* + R H - * Ph2COH + R- (7) 

2Ph2COH — (Ph2COH)2 (8) 

However, on the basis of their studies of the photoreaction 
of benzophenone in isopropyl alcohol, Filipescu and Minn25 

suggested that benzpinacol formation actually occurs via 
the slow dark reaction of an intermediate Ia [R = 
C(CHa)2OH] with another molecule of benzophenone. In 
aerated solution, Ia reacted with oxygen to regenerate ben
zophenone. This implies that the optical density in the n-7r* 
region of two photolyzed samples should be different if one 
sample is allowed to stand in the absence of oxygen and the 
other is oxygenated immediately after photolysis. The re
sults in Figure 1 and our experiments in 2-propanol do not 
support this proposed mechanism, since the aerated termi
nal spectrum is identical with the degassed terminal spec
trum in both cases. Since the mechanism proposed by Fili
pescu and Minn did not correctly predict the outcome of the 
photolysis of acetone by benzhydrol, Weiner30 has also crit
icized the above scheme and has indicated that Ia could not 
go onto the observed products at a rate consistent with his 
results. 

In order to get more information about this problem, we 
decided to analyze photolysis samples' using NMR. The ad
vantages of this technique are (a) the samples do not have 
to be opened to air (oxygen) before analysis, (b) labile prod
ucts will not be affected as could, for example, be the case 
in chromatographic analysis, and (c) uv spectral analysis 
can be carried out using the sealed N M R tubes. Standard 
N M R spectrometers require concentrations greater than 
0.1 M in benzophenone to get good spectra in reasonable 
times. However, the use of Fourier transform NMR, modi
fied as described in the Experimental Section, enabled us to 
observe the reaction in nondeutrated solvents at low ketone 
concentrations (1O - 2 M) within 3 min after the termination 
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of photolysis. Within this time, no significant decay of the 
LAT occurs. In Figure 4, the results of the N M R experi
ments in 2-propanol are shown. The correspondence of the 
resonances in the photolyzed sample of benzophenone in 2-
propanol (spectrum c), with those in the spectrum of a mix
ture of benzophenone and benzopinacol is 2-propanol (spec
trum b), and the good agreement with the solid lines in 
spectrum c, which represent the benzpinacol resonances ob
tained in 2-propanol-^8, support the conclusion that benzpi
nacol is formed immediately and not by a slow dark reac
tion as has been suggested.25 The results in cyclohexane 
(Figure 5a-d) further confirm the fact that benzpinacol is 
formed immediately. The photolyzed solution is stable with 
no change in the benzpinacol concentration after several 
weeks. 

The NMR method offers a direct and convenient way for 
measuring benzophenone consumption. In a series of exper
iments, the consumption measured in this way was about 
20% greater than the values obtained by uv analysis. This 
discrepancy is not surprising since there is still some absorb
ing product(s) in the terminal absorption spectrum (see 
Figure 1). 

In order to expand the range of the NMR spectra so that 
the complete spectral region of 5 0-10 could be observed, 
photolyses were also carried out using deuterated cyclohex
ane. Again, no resonances besides those attributable to 
benzpinacol and benzophenone could be detected. 

It would therefore appear that LAT's represent a small 
fraction of the total photoproduct. The LAT's, whose most 
likely formulae are "isobenzpinacol" structures I (R = 
C(Ph)2OH) and II such as suggested by Schenck and co-

H N
c —OH 

P r / \ r n Ph 
II 

workers,18 would be expected to have low triplet energies 
and to be diffusion-controlled quenchers.21'31 

As an example of the latter, the measured quenching of 
triplet benzophenone by naphthalene in isooctane has a 
value of 9.5 X 1 0 9 M - 1 s - 1 .1 2 Substituting this value and 
the data in entry 4 (Table I) into eq 1 yields a value of 1.1 
X 1O-5 M for the concentration of LAT. Since the sample 
had been photolyzed to 65% completion, this concentration 
represents about 2% of the benzophenone consumed and is 
comparable to the 2% pair coupling observed by Nelsen and 
Bartlett32 for cumyl radicals. It would appear that benzpi
nacol and LAT formation occur by parallel rather than se
quential reactions. 

E. Effect of LAT's on Quantum Yields. Returning to the 
problem of determining quantum yields, we see*that LAT's 
can affect the yields not only by their inner-filter effect but 
also because they are effective quenchers. The ratio of the 
quantum yield in the presence ( $ R H L A T ) and in the absence 
( * R H ) of quenchers (LAT) is given by 

(*RH)/ (*RH L A T ) = (TR H ) / ( r R H L A T ) (9) 

where the lifetimes are measured in the absence (TRH) and 
the presence ( T R H L A T ) of quencher. From the data in Table 
I, it can be seen that after 65% consumption in isooctane 
T R H / T R H L A T = 1-3. This means that the observed quantum 
yield, which is an average of * R H and * R H L A T , will be less 
than the "ideal" value, *RH- This could be a reason why the 
reported quantum yield for the photoreduction of benzophe
none in alkane solvent is less than unity.10 Of course, if RH 
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Figure 4. NMR spectra of (a) 4.7 X 10~2 M Ph2CO; (b) 2 X IfJ"2 M 
Ph2CO + 1 X l O - 2 M (Ph2COH)2; (c) 4.7 X 10"2M Ph2CO photo-
lyzed for 7.5 min. Spectra a-c in 2-propanol. The solid lines in c corre
spond to the benzpinacol resonances in 2-propanol-rfs- Spectra a-c 
were recorded on a Perkin-Elmer R-32 90 MHz NMR spectrometer. 
The spectrum of benzpinacol in 2-propanol-dg was recorded on a Bruk-
er WH 90 Fourier transform spectrometer. 

Figure 5. NMR spectra of (a) 1.2 X 10"2 M Ph2CO; (b) 5.0 X 1O-3 M 
(Ph2COH)2; (c) 1.0 X 10-2M Ph2CO +1 .0XlO- 3 M (Ph2COH)2; 
(d) 1.2 X 10-2 M Ph2CO photolyzed. Spectra a-d in cyclohexane. 
Spectra were recorded on a Bruker WH 90 Fourier transform spec
trometer. 

is sufficiently reactive and its concentration is sufficiently 
large, then the value of £j r[RH] may be large enough that 
the value of TRH and hence <PRH is not significantly affected 
by the presence of LAT.5 Also, in competition studies,26 

since the LAT is common to both substrates, relative rates 
can still be obtained in the presence of significant concen
tration of LAT. However, when the initial lifetimes are long 

A(AD) 

0.2 0.4 0.6 08 IO 

Mole Fraction of Cyclohexane 

Figure 6. Change in optical density at 310 nm for photolysis of Ph2CO 
(1.1 X 1O-3 M) in carbon tetrachloride solution with added cyclohex
ane. In all cases the incident light intensity was 5 X 1O-8 einstein/s, 
and the period of photolysis was 5 min. 

(see Table I), then the effect of LAT is sufficiently strong 
as to make the application of eq 6 of dubious value. In addi
tion to the lifetime effects, since the LAT's undergo thermal 
dark decay at significant rates, the uncorrected experimen
tal quantum yields can depend upon the time of photolysis 
and time after photolysis before analysis is carried out and 
whether oxygen is or is not added before benzophenone con
sumption is measured spectrally. 

The LAT problem is obviously a complex one, and al
though statements about the general nature of their effects 
can be made, the details are very dependent on the exact 
nature of the solvent. This can be seen quite clearly if one 
considers the photolysis of a series of solutions in which the 
solvent is varied from pure carbon tetrachloride to pure cy
clohexane. As mentioned above, in pure carbon tetrachlo
ride, no LAT's are formed while there is some LAT forma
tion in pure cyclohexane. However, for intermediate compo
sitions, the extent of LAT formation, as judged by the ex
tent of transient absorbance, is more extreme than for pure 
cyclohexane. This is shown in Figure 6. Apparently, cyclo
hexane is required as a hydrogen donor to produce radicals 
which can then react readily with carbon tetrachloride (or 
some trace impurity) yielding the light absorbing transients. 
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Abstract: Volumes of activation (AV*) and of reaction (AK°) have been determined by means of a laser apparatus with a 
high-pressure cell for the fast proton-transfer reaction between 4-nitrophenylnitromethane and l,l',3,3'-tetramethylguani-
dine in five aprotic solvents (mesitylene, o-xylene, toluene, anisole, and chlorobenzene). The values of AKf* are around —15 
cm3 mol - 1 and do not vary by more than twice the standard deviations; those of AV are larger and differ more (—16 to —29 
cm3 mol - 1 ) , the ratio AKf*/AK° ranging from 0.56 to 0.84. An electrostatic treatment is not adequate to explain the results; 
specific solvation changes are also involved. The near constancy of AKf* is consistent with the explanation previously put for
ward for the large tunneling correction found for the reaction in these solvents; during the proton transfer, the solvation 
changes involve only electron polarization and not motion of solvent molecules. 

The proton-transfer reaction (eq 1) between 4-nitrophen
yln i t romethane ( 4 - N P N M ; N O 2 C 6 H 4 C H 2 N O 2 ) and a base 
B in aprot ic solvents produces a yellow solution, with Xm a x 

approximately 450 nm, containing an ion pair .2"5 The ob-

N O 2 C 6 H 4 C H 2 N O 2 + B 

kt 

kb 
N O 2 C 6 H 4 C H N O 2 - H B + (ion pair) (1) 

served rate constant k depends on the concentration of base 
b (in large excess) in the way expected from the reaction 
scheme of eq 1 (eq 2). The reaction with the strong base, 

k = bk(+kh (2) 

l,r,3,3'-tetramethylguanidine [TMG; H N = C ( N M e 2 ) 2 ] , 
has recently been studied by the stopped-flow method.3,4 In 
solvents of low polarity (dielectric constant <6), the kinetic 

O2N Jr~\ 
NO2 

CH2 + H N = C ; 
.N(CH3), 

"N(CH3), 

O2N f~\ 
NO2" 

I 
-CH H 2 N = C ^ 

.N(CH3)2 

~N(CH3)2. 

deu te r ium isotopic effects and in par t icular the rat io of the 

preexponential factors (AD/AH) a re exceptionally large 
and indicate a large tunnel ing correction:6-7 for instance, in 
toluene, kH/kD a t 25 0 C is 45 ± 2, ( A / / * D - A i / * H ) is 4.3 
± 0.3 kcal m o l - 1 , and ADJA^ is 32 ± 14. Application of 
Bell's equat ion 8 ' 9 for tunnel ing through an unsymmetr ical 
parabol ic barr ier , on the assumption that the mass of the 
part icle t ransferred is tha t of the proton or deuteron (mH = 
1, mD = 2 a m u ) , allows determinat ion of the barr ier dimen
sions that give the best fit to the experimental data ; the re
sult is t ha t the barr ier height is solvent dependent , but the 
barr ier width is nearly constant . In solvents of higher polar
ity (dielectric constant > 7 ) , the isotopic differences a re 
smaller but still indicative of tunneling. It was found possi
ble to fit the da ta to Bell's equat ions either on the assump
tion tha t mH = 1 and mD = 2 a m u , in which case the result
ing barr ier widths are solvent dependent and larger than for 
the less polar solvents; or with the assumption only tha t mD 

— mH = 1, in which case the best fit is obtained with bar
rier widths tha t are nearly constant and equal to those for 
the less polar solvents, while the effective mass is increased 
(mH = 1.17 to 1.27). O the r bases gave similar though 
smaller effects.5 

The interpretat ion tha t was suggested for these solvent-
dependent results is as follows. The transfer of the proton 
leads to a separat ion of charge and therefore to a strong 
electrostat ic field with which the solvent must interact. In 
the solvents of higher polarity, the field produces a torque 
on the polar solvent molecules, whose motion is therefore 
coupled to that of the proton, thus increasing the effective 
mass; while in the less polar solvents (which a re also the 
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