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Abstract: The photocyclodehydrogenation of AT-methyldiphenylamine (A) to N-methylcarbazole (C) proceeds via 
the successive intermediates, 3A and 7V-methyl-4a,4b-dihydrocarbazole (DHC). Oxygen participates in the overall 
reaction in two ways, by dehydrogenation of DHC to C in competition with its back-reaction to A and by quench
ing 3A in competition with DHC formation. The quantum yield of carbazole formation as function of [O2], cal
culated from this reaction scheme using rate constants determined by flash technique, agrees satisfactorily with 
experimental values. The effect of light intensity and oxygen concentration on the decay rate of DHC is also re
ported. 

Extended studies of the photoconversion of N-
methyldiphenylamine (A) to jV-methylcarbazole 

(C) have led to the following conclusions.23 The reac
tion proceeds exclusively via the amine triplet, 3A, to 
give an unstable intermediate, characterized by its ab
sorption peak at 610 nm and assigned to the cyclized 
product, JV-methyl-4a,4b-dihydrocarbazole (DHC). 
This is dehydrogenated, either by oxygen or in de
gassed solution by disproportionation, via the rela
tively stable JV-methyl-4,4a-dihydrocarbazole (DHC')4 

to yield C. In the kinetic scheme corresponding 
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to these reactions (Scheme I) M represents adventi-

Scheme I 

'A *-?- \ 

'A J^y 
DHC 

A11[O2] 
* C + H2O2 

1A DHC 
-* DHC' C + THC 

tious quenchers and THC the disproportionation 
product tetrahydrocarbazole.4 This scheme accounts 
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for the observed maximum in the carbazole quantum 
yield, <£'c, as function of oxygen concentration2 (the 
primed notation, <&'c, refers to the quantum yield in the 
presence of oxygen). At low [O2], $ 'c increases with 
[O2] because the aerobic conversion of DHC to C (kn) 
competes with the relatively slow back-reaction, kg. 
At higher [O2], "t'c decreases with [O2] because oxygen 
quenching of the triplet (fc7) competes with the rela
tively fast formation of DHC (Zc8). 

In previous work, we have compared the experi
mentally determined variation of $'0 with [O2] with 
that calculated from the above scheme, using values of 
the various rate constants measured independently by 
flash technique and taking the primary triplet yield as an 
adjustable parameter.2 Semiquantitative agreement 
was obtained. We now report new measurements of $ ' c 

as a function of [O2] which, together with recent values of 
the rate constants,3o permit more searching tests of the 
proposed mechanism (Scheme I). In this connection, 
we have further studied the "rate constant," kn, and 
show that it depends on light intensity and oxygen con
centration. 

To establish clearly the shape of the $'c vs. [O2] 
function requires measurements over a wide range of 
oxygen concentration, extending down to very low 
values. This introduces experimental difficulties caused 
by the depletion of oxygen in the solution when the 
reaction is carried far enough to allow accurate product 
analysis. To overcome this, reactions were run at es
sentially constant [O2], by bubbling oxygen-nitrogen 
mixtures of known composition through the solution 
during irradiation.5 

Experimental Section 

Materials* The solvent used throughout this work was methyl-
cyclohexane purified by passage through alumina-silica.6 The 
solvent cutoff (50% transmission) was at 220 nm. JV-Methyldi-
phenylamine was E.K. analytical grade, used without further 
purifications. 

Procedures. (A) Nitrogen-Oxygen Mixtures.6 Commercial 
10-1. steel bottles were filled with oxygen or air at atmospheric pres
sure. Tank nitrogen (less than 5 ppm oxygen) was then added to 
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Figure 1. Effective rate constant ko as function of relative flash 
excitation intensity / at different oxygen concentrations. The 
oxygen concentrations in the solutions are indicated for each curve. 

various pressures, up to 50 kg/cm2. For further oxygen dilution, 
the process was repeated once or twice, as required. At the highest 
dilution, providing an oxygen partial pressure of 0.03 Torr over the 
bubbled solution, the oxygen impurity of the nitrogen (0.004 Torr) 
was taken into account. The total pressure could be measured 
with an accuracy of 5%. In all cases, test solutions were first 
flushed with nitrogen for 20 min at -78°, then with the required 
gas mixture for 15 min at -78° and for another 10 min at 0°. 
Cells used in the steady irradiation experiments were provided with 
a Dry Ice cooled upper section, to trap and reflux evaporated sol
vent. This prevented any appreciable solvent loss when flushing at 
rates sufficient to maintain constant [O2] at room temperature and 
the lowest oxygen partial pressures. 

(B) Irradiations. All measurements were made at room tem
perature. Steady irradiation experiments utilized 313-nm light 
isolated from a medium-pressure mercury lamp by an interference 
filter. Solutions were illuminated in a cell of 10 X 10 mm cross 
section, mounted directly in the compartment of a Cary-17 spectro
photometer, and stirred during irradiation by bubbling with the gas 
mixture. Total irradiation times were several minutes at amine con
centrations around 1O-* M. An air-saturated amine solution (o.d. 
= 0.7 at 313 nm) served as actinometer and was illuminated under 
the same conditions as the test solution at the beginning of each run. 
Carbazole formation in the actinometer solution was constant within 
5 % during the entire set of experiments. Flash experiments were 
performed in cells of 3 or 10 cm measuring light path, with rectangu
lar cross sections of 4 X 16 or 3 X 12 mm, mounted between two 
flash lamps connected in series.3 Calibrated wire mesh screens 
were inserted between the lamps and cell, to vary the flash intensity. 
Oxygen concentrations were controlled by flushing with the required 
gas mixture, as described above. Amine concentrations were in the 
range 1-2 X 10~4 M, unless otherwise stated. 

(C) Analysis. In the steady illumination experiments, carbazole 
formation was followed by the characteristic sharp band at 343 nm, 
using the expanded (0.0-0.1) scale of the Cary-17. The extent of 
conversion of amine to carbazole never exceeded 15 %. In deoxy-
genated solution, very little carbazole is formed at room tempera
ture, but a side reaction causes an ill-defined increase in absorbance 
below 380 nm. In the presence of oxygen, this effect persists and is 
superimposed on the carbazole peak at 343 nm. The height or area 
of the latter was therefore taken with respect to a corrected base 
line, corresponding to the absorption without the 343-nm peak. 
Separate experiments with amine solutions which were first illu
minated in the absence of oxygen and then with a known concentra
tion of oxygen showed that this procedure gave the correct carbazole 
concentration. 

Relative quantum yields of carbazole formation were found from 
the slopes of plots of corrected 343-nm absorption against irradia
tion time. The linearity of these plots throughout a given run, 
particularly at low [O2], gives evidence that the bubbling technique 
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Figure 2. Effective rate constant ko as function of oxygen concen
tration at full flash intensity / (curve 1), reduced flash intensity 
(0.25/) (curve 2), and extrapolated to zero flash intensity (curve 3). 

indeed maintained constant oxygen concentration throughout the 
irradiation period. The relative quantum yields were converted to 
absolute *'c values using the actinometric measurement in air-
equilibrated solutions.30 

In the flash experiments, DHC transient absorbance at 610 nm 
was followed as a function of time.2-3 In 2 X 10~4 Absolution, the 
conversion of A into DHC was about 1 % per flash at full intensity. 

Results and Discussion 

1. DHC Decay. While the detailed mechanism of 
D H C oxidation by oxygen is not a primary concern 
in this paper, kinetic complexities in this reaction must 
be considered in checking Scheme I. Accordingly, 
the effects of light intensity and oxygen concentration on 
"fcn" have been further studied in the present work. 

(A) Dependence on Flash Intensity. Flash pho
tolysis experiments were carried out, varying the flash 
intensity over about a 20-fold range, as described 
above. In all cases, the decay of the 610-nm (DHC) 
flash transient was strictly first order, with a single rate 
constant throughout a given decay profile, and the in
itial [DHC] decreased linearly with decreasing flash 
intensity. Figure 1 shows the effective first-order rate 
constant, kD = l/r, as function of relative flash in
tensity, for a series of solutions, equilibrated at various 
oxygen partial pressures from 1 atm down to 5 Torr. 
It is seen that the rate constant increases with increasing 
flash intensity. Also, the effect becomes more marked 
with increasing oxygen concentration. In nitrogen-
bubbled solution, kr, ( = k9 + kio) is independent of 
flash intensity. A slight effect of [A] on the D H C life
time was also noted. At constant flash intensity and 
[O2] = 2 X 10"3 M, decreasing [A] from 10~4 to lO"5 M 
with a corresponding eightfold decrease in initial [DHC] 
causes about a 25 % decrease in /CD. 

(B) Dependence on Oxygen Concentration. Figure 
2 shows the variation of kv with oxygen partial pressure 
in the range 3-750 Torr, at two excitation intensities. 
In addition, Figure 2 gives limiting values of the first-
order rate constant, extrapolated to zero flash intensity. 

According to Scheme I the overall rate constant for 
D H C decay should be kD = k, + k10 + ^1[O1]. In our 
flash experiments at the lowest oxygen pressure (5 Torr) , 
[O2] is about 6 X 10"5 M and the initial [DHC] is not 
greater than about 2 X IO"6 M. Thus, [O2] » 
[DHC] throughout, and kD should vary linearly with 
[O2]. The results (Figure 2) indicate definitely that this 
is not the case. The various kinetic effects show that 
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the mechanism of DHC dehydrogenation by oxygen is a 
rather complex reaction which merits further investiga
tion. 

2. Variation of $'c with [O2]. We have shown3 that 
in purified, degassed solvents the triplet state of the 
amine, 3A, decays entirely to D H C , Zc8 and Zc6[M] are 
negligible, and therefore * T r = "SDHC- The triplet yield 
is not expected to be appreciably affected by oxygen, 
because the amine fluorescence yield, # ' F , in oxygen 
saturated solutions is only slightly reduced, relative to 
that in deaerated solutions (<£F = 0.04). The quantum 
yield of carbazole formation in the presence of oxygen, 
$ ' c , is then given by 

, , - fcs Zc10 + /Cn[O2] 
* c * T r / c 8 + /C7[O2]Zc9 + Zc10 + Zc11[O2]

 U ; 

The triplet quantum yield is evaluated as follows.3 In 
air-equilibrated solution, DHC is converted quantita
tively to carbazole. Since the quantum yield of car
bazole in this case is <3?'c = 0.42, $>'DHC is also 0.42. 
Comparative flash experiments in degassed and aerated 
solution show that 3>DHC = 2.0 X "S1Wc = 0.84, 
whence $Tr is also 0.84. The remaining rate constants, 
/C7-Zc11, are given in Table I, which compares values ob
tained from flash experiments3 with those adjusted here 
within experimental error to give the best fit to our 5>'c 

measurements. For "Zc11," we take the value extrap
olated to zero flash intensity (Figure 1, [O2] = 2.2 X 
1O-3 M) which presumably best corresponds to steady 
illumination conditions. 

Figure 3 shows the dependence of "S'c on [O2] found 
experimentally and that calculated from eq 1 using 
3>Tr = 0.84 and the rate constants of Table I. These 
results, covering a range in [O2] of more than four orders 
of magnitude, considerably extend our previous mea
surements.2'3 From Figure 3 and the comparative 
values of the two sets of Zc's in Table I, we may con
clude that Scheme I5 corrected for the complications in 
Zcn, completely accounts for the reaction kinetics. In 
particular since the values of ka, Zc9, k1Q, and kn are ob
tained directly from flash measurements of DHC yields 
or decay rates, the proposed role of the DHC inter
mediate, which has been questioned,7 is confirmed. 
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Figure 3. Relative carbazole quantum yield $'c as function of 
oxygen concentration: solid line, calculated from eq 1 using the 
rate constants in Table I, column 3; dashed line, Table I, column 2; 
full circles, measured relative quantum yields, adjusted to the 
measured absolute value (0.42) at [O2] = 2 X \Qrs M. Oxygen 
concentrations were calculated from oxygen partial pressures, 
taking [O2I = 1.1 X 1O-2 M in methylcyclohexane at 750 Torr 
(I. C. Gjaldbaek, Acta Chem. Scand., 6, 623 (1952)). 

Table I. Rate Constants Derived from Flash 
Photolysis and Quantum Yield Data at 20° 

Rate From From quantum 
constant flash yield 

Ic1 (M"1 sec-1) 3 X 10'»» 3 X 10'° 
Msec"1) 6.3 X 10' 6.3 X 10' 
k, (sec"1) 21 356 

fao(sec-') 1.2 1.2 
kn (M-1 sec"1) 8 X 105c 8 X 10s 

<* From W. Ware, J. Phys. Chem., 66, 455 (1962). b * ' c is very 
sensitive to a change in ft9. The dashed line in Figure 3 is calcu
lated with Ar9 = 21 sec-1. Due to the high activation energy of the 
ring opening reaction this variation in kg is within experimental 
error. c Value extrapolated to zero flash intensity (Figure 1, 
[O2] = 2.2 X 10-3 M). 

The data of Figure 3 appear to differ substantially 
from the results of Shizuka, et al. (Figure 4 in ref 7b), 
who report somewhat similar experiments but over a 
much smaller concentration range. Differences in 
technique, particularly involving depletion of oxygen 
at low [O2], may be responsible for these discrepancies. 
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