absorption coefficient and from spin-orbit coupling,
the experimental value of the lifetime seems to be reason-
able.

The possibility exists that the emission rate process
detected by the photomultiplier was not governed by the
spontaneous transition probability of the ®B; state of
SO, but was instead controlled by a diffusion process.
Diffusion processes can be important in optical fluores-
cence experiments when only a small fraction of the
volume of gas is illuminated. In the present experi-
ments, however, the discharge and its resulting emission
filled the entire body of either of the two cells. Along
the line of vision of the detector, therefore, as many ex-
cited molecules would diffuse into view as were diffusing
away from view. The population of excited molecules
could not be depleted by this process unless the cell wall
played a part in deactivation. On the basis of the ex-
periments with the 12-1. bulb, one concludes that wall
effects were not important. At all of the pressures
which were used in this vessel, the diffusion displace-
ment of an excited molecule was much less than the
radius of the bulb. Under this condition the wall would
not be expected to participate in quenching, The life-
times which were measured with this vessel agree well
with lifetimes measured in the small cell in the same
pressure range. We conclude that diffusion and wall
deactivation had no effect upon our experimental results.

Something should be said about the differences in
the values of the lifetime obtained by the use of the two
different excitation sources. Figure 1 and Table 1
show that the spark coil unit produced slightly larger
values of the lifetime at a given pressure than the trigger
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transformer. It is believed that there are no funda-
mental differences in the function performed by the two
units. Each provided a high-voltage pulse which de-
cayed to essentially zero amplitude in a very short time
relative to the lifetime which was to be measured. No
predictable systematic errors could be found in the
associated apparatus in the two cases. It is possible
that a difference in the voltage output or in the damping
characteristics of the two units may have produced an
unknown chemical change in the gas which resulted
in the small discrepancy in the observed lifetimes, It is
very unlikely that physical differences in the makeup of
the plasma which was created by the high-voltage spark
would have any effect on the lifetime, because nearly all
of the triplet emission originates in the lowest vibra-
tional level of the 3B, state. The lifetime of the vi-
brationless level of the triplet state should not be affected
by the initial energy distribution during excitation. It
is felt that the discrepancy is not serious enough to cast
doubt upon the validity of the results, but we cannot
explain its origin.

In conclusion, we wish to point out that the uncer-
tainty in these measurements is not of unusual magni-
tude for lifetime measurements in polyatomic systems.
For example, a survey of ref 9-13 shows that deviations
of 15 to 2579 are not unusual for a set of measure-
ments on a given diatomic or polyatomic system.
Agreement of the lifetime of a given system ob-
tained by different electron bombardment methods will
be seen to be only within a factor of 2 or 3 in many
cases. From this point of view, we feel confidence in
our results.
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Abstract:

Electronic energy-transfer experiments using cis-1,3-pentadiene (cis-piperylene) indicate that the triplet

yields of nitrobenzene and 1-nitronaphthalene are 0.67 == 0.10 and 0.63 = 0.10, respectively. The results confirm
the rapid deactivation of the nitrobenzene triplet as the prime cause of inefficient photochemistry, whereas with 1-
nitronaphthalene a slow hydrogen-abstraction rate constant (<102 M -! sec -1) accounts for the lack of photochemi-

cal activity in isopropy! alcohol.

The rate constants for radiationless decay of the nitrobenzene and 1-nitronaph-

thalene triplet were estimated to be 10¢ and <4 X 10%sec -1, respectively. The rate constant for triplet energy trans-
fer from 1-nitronaphthalene to cis-piperylene was estimated to be 7 X 107 M ~! sec 1,

One of the imposing demands of photochemists today
is the need to know the triplet-state yield of photo-
excited molecules. Lamola and Hammond! have de-
vised a triplet-counting method based on the cis-trans
isomerization of piperylene (l,3-pentadiene). Other
methods?4 recently reported depend on light emission
phenomena and have also been found useful.

1(1) A. A, Lamola and G. S. Hammond, J. Chem. Phys., 43, 2129
¢ %g)S)R E. Kellogg and R. C. Bennett, ibid., 41, 3042 (1962).

(lég)S)T. Medinger and F. Wilkinson, Trans. Faraday Soc., 61, 620

(4) C. A. Parker and T. A. Joyce, Chem. Commun., 234 (1966);
Trans. Faraday Soc., 62, 2785 (1966).

Although very little quantitative information is avail-
able concerning radiationless processes in aromatic
nitro compounds, our recent investigation® of the hy-
drogen-abstraction process by the n,z* triplet of nitro-
benzene in pure isopropyl alcohol raised questions con-
cerning the cause of the low photochemical disappear-
ance quantum yield (1.14 X 10-2). The quantum yield
for disappearance of nitrobenzene in isopropyl alcohol
is much smaller than the value observed with benzo-
phenone (disappearance yield ranges from 1 to 2).6-8

(5) R. Hurley and A. C. Testa, J. Am. Chem. Soc., 88, 4330 (1966).

(6) J. N, Pitts, Jr., R. L, Letsinger, R. P, Taylor, J. M. Patterson, G.
Recktenwald, and R. B. Martin, ibid., 81, 1068 (1959).
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In addition photochemical experiments with 1-nitro-
naphthalene at 366 mu in isopropyl alcohol exhibited
no photochemical activity.? The low photoreduction
quantum yield for aromatic nitro compounds may be
due to one or more of the following reasons: (1) in-
efficient population of the triplet, (2) rapid deactivation
of the triplet, and (3) poor reaction of triplet with the
solvent,

In view of the lack of information regarding the trip-
let yields of aromatic nitro compounds, we have in-
vestigated the photochemical energy transfer between
nitrobenzene and l-nitronaphthalene as sensitizers and
cis-piperylene as the acceptor. 9-Nitroanthracene was
not studied because of a rapid unimolecular photo-
chemical process which results in anthraquinone and
10,10’-bianthrone, 10-12

Experimental Section

Chemicals. Nitrobenzene and 1-nitronaphthalene used in this
work were zone-refined samples from James Hinton (Valparaiso,
Fla.). Spectrograde benzene was used in all experiments. cis-
Piperylene (9997) was obtained from Chemical Samples Co.,
Columbus, Ohio, and used without further purification.

Apparatus and Procedures. The photochemical apparatus has
been described elsewhere.? All experiments were performed at
room temperature with 366-mu light. Degassing by at least three
freeze-pump~thaw cycles was used to remove dissolved oxygen.

The concentration of trans-piperylene produced during photolysis
was determined with a Perkin-Elmer Model 154B chromatograph
equipped with a flame ionization detector, and a 20 ft X 0.25 in.
column of 15% 8,8’-oxydiproprionitrile on 40-80 mesh Chromo-
sorb.

The amount of reaction between nitrobenzene and cis-piperylene
was determined by polarographic procedures described elsewhere.?
The concentration of nitrobenzene was generally in the range of
2X 1072 M,

Method

In view of an addition reaction between sensitizer
and acceptor, and the condition that only a small ex-
tent of isomerization was induced, the set of equations
which were considered in the steady-state approxima-
tion are given in eq 1-8, where S and P represent sensi-

hy
S —> S*I (€3]
kds
S*l mv—> § 2)
kic
S*1aw—> §*3 3)
kat
S*sawv—> S )
ket
$*3 4 cis-P —> S + P*3 (5
Er
S$*3 4 cis-P —> photoproducts 6)
k1
P*3 —> cis-P (@)
k
P*3 —s-> trans-P 8)

tizer and piperylene, respectively. The equation for
energy transfer to trans-piperylene was omitted because
of the small concentration of trans formed during pho-

(7) W. M. Moore, G, S, Hammond, and R. P, Foss, J. Am, Chem,
Soc., 83, 2789 (1961).

(8) A. Buckett and G. Porter, Trans. Faraday Soc., 59, 2038 (1963).

(9) Unpublished results from this laboratory.

(10) F. D. Greene, Buil, Soc. Chim. France, 1356 (1960).

(11) O. L. Chapman, A. A, Griswold, E. Hoganson, G. Lenz, and J.
Reasoner, Pure Appl. Chem., 9, 585 (1964).

(12) O. L. Chapman, D. C. Heckert, J. W, Reasoner, and S. P.
Thackaberry, J. Am. Chem. Soc., 88, 5550 (1966).

tolysis, Corrections for the reverse reaction, i.e.,
trans — cis, were found to be negligible for the experi-
mental conditions employed. Using this above simpli-
fied scheme, the quantum yield for cis-frans isomeriza-
tion, ®..+, is given by

ks kei(cis-P) 9
Py + ko) [kae & Kut (cis-P) + k(cis-PY] )

where ¢ is the true triplet yield of the sensitizer, and
ks/(k: + ks) is the fraction of piperylene triplets which
produces the trans isomer. Using the ratio of ku/ks
for piperylene equal to 0.81 as measured by Lamola
and Hammond,! an isomerization yield, ®’, corrected
for the decay ratio of the piperylene triplet to cis and
trans molecules is defined by the following expression.

(b/ = (bc_,t(k’, + k‘S) =
ks

(I’c—n =

ket(Cl'S'P)
T eae + kolcisP) + k(cisP)] (O

The inverse of the above expression leads to the working
expression

| | ke kqt

% ¢T{l Tk T ket(cz‘s-P)} (b
which predicts that a plot of 1/®’ vs. 1/(cis-P) is linear
with an intercept equal to (1/¢1){l + (k./ke)} and a
slope equal to (1/¢r)(kg/ke.). The only remaining
quantity to be determined is k./ke, the ratio of rates
for photochemistry to energy transfer, which is obtained
experimentally.

Results

The most significant result from the energy-transfer
experiments was the observation that the cis—trans
isomerization quantum yield of cis-piperylene increased
with increasing concentration of cis-piperylene (0-2.4
M) when nitrobenzene was used as the donor. In con-
trast, the results for benzophenone energy transfer to cis-
piperylene indicate that all the benzophenone triplets are
quenched when the piperylene concentration is 0.05 M.!
1-Nitronaphthalene exhibited no significant dependence
of the isomerization yield with cis-piperylene concentra-
tion. The results are presented in Figure 1, which illus-
trates the faster deactivation in nitrobenzene relative to
l-nitronaphthalene. This marked difference in behavior
for the two compounds in the quenching experiments
also parallels the phosphorescence results for these
molecules at 77°K in an EPA glass. 1-Nitronaph-
thalene exhibits a well-defined phosphorescence spec-
trum with a quantum yield of 0.13 = 0.02 while nitro-
benzene under identical conditions exhibits a very weak
phosphorescence with a quantum yield <10-31% It
follows from the above data that radiationless decay is
extremely rapid in nitrobenzene and simple aromatic
nitro compounds. It is also noteworthy that the faster
deactivation in nitrobenzene relative to l-nitronaph-
thalene is in accord with an n,7* and =,7* assignment
for the lowest triplet state of the two molecules, respec-
tively,

In the experiments with nitrobenzene it was found that
nitrobenzene reacts with cis-piperylene, which made it

(13) We thank Mr. R. Rusakowicz of these laboratories for the phos-
phorescence measurements.

Journal of the American Chemical Society | 90:8 | April 10, 1968



difficult to determine the stationary state, (cis)s/(trans)s,
in the presence of nitrobenzene. The extent of dis-
appearance of nitrobenzene by photochemistry was
determined from polarograms of solutions before and
after the energy-transfer experiments. The addition of
nitrobenzene to olefins, which probably accounts for
the disappearance of nitrobenzene and piperylene, has
been reported,4-1¢

Nitrobenzene. The ratio of rate constants for photo-
chemical disappearance of nitrobenzene to energy
transfer, k./ke, was experimentally determined to be
0.18, i.e., approximately four out of five excited sensi-
tizer triplets result in energy transfer rather than photo-
chemical addition,

The data obtained for the energy transfer of nitro-
benzene to cis-piperylene are plotted in Figure 1, which
indicate that even at high concentrations of cis-piperyl-
ene, not all the nitrobenzene triplets are quenched. The
intercept leads to a triplet yield of 0.67 = 0.10 for nitro-
benzene, which is large, despite the small quantum
yield for disappearance (1.14 X 10-%) in pure isopropyl
alcohol. The results indicate the same triplet yield for
the two molecules studied, which arises from an inter-
system crossing from an n,7* singlet to an n,7* triplet.
In l-nitronaphthalene, however, the lowest triplet is
probably =, 7*. The possibility of singlet quenching of
nitrobenzene by cis-piperylene seems to be unimportant
on the basis of the linear behavior of the data presented
in Figure 1. It is noteworthy that if singlet quenching
were involved, the value of the ordinate, ®/~, in Figure
1 would increase. The results do not indicate a trend
in this direction. Hammond, et al.,'" have remarked
on the caution of interpreting triplet quenching data in
concentrated solutions of piperylene where singlet
quenching may become important.

From the slope of the line in Figure 1 the ratio
kge/ke; is determined to be 0.71 M~', which implies that
when (cis-P) = 1.4 M the radiationless decay for the
triplet is equal to the rate for the energy transfer to cis-
piperylene. Since the energy transfer from nitroben-
zene to cis-piperylene is predicted to be diffusion con-
trolled,!® the results necessitate an unusually fast trip-
let deactivation for nitrobenzene (~10~° sec). The
reported triplet state energies for cis-piperylene, frans-
piperylene, and nitrobenzene are 56.9, 58.8,' and 60
kcal,!® respectively. We have observed that the small
phosphorescence yield of nitrobenzene in degassed
methylcyclohexane and EPA glasses at 77°K is an un-
structured spectrum, which makes it difficult to establish
accurately the 0-0 band.® With respect to the rela-
tionship of the triplet-state energy and the rate constant
for energy transfer, it has been reported that the range of
rate constants for electronic energy transfer was 107-
10° M~ sec—! for a series of donor and acceptor pairs. 8
It is to be noted that the mean lifetime for the benzo-
phenone triplet has been determined to be 1.9 X 10-°
sec in benzene at 20°,2*

(14) 1. S. Splitter and M. Calvin, J. Org. Chem., 20, 1086 (1955).

(15) G. Biichi and D. E. Ayer, J. Am. Chem. Soc., 78, 689 (1956).

(16) M. L. Scheinbaum, J. Org. Chem., 29, 2200 (1964).

(17) L. M. Stephenson, D. G. Whitten, G. F. Vesley, and G. S. Ham-
mond, J. Am. Chem. Soc., 88, 3665 (1966).

(18) W. G. Herkstroeter and G. S. Hammond, ibid., 88, 4769 (1966).

(19) G. N, Lewis and M. Kasha, ibid., 66, 2100 (1944).

(20) Unpublished results from this laboratory.

(21) H. L. J. Backstrom and K. Sandros, Acra Chem. Scand., 14, 48
(1960).
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Figure 1. Reciprocal of cis-frans isomerization quantum yield for
cis-piperylene obtained from electronic energy-transfer experi-
ments in benzene using 366-my excitation. Donors: (1) nitro-
benzene (~2 X 1072 M), (2) 1-nitronaphthalene (~3 X 107% M).

1-Nitronaphthalene. In contrast to the results for
nitrobenzene, the data for l-nitronaphthalene exhibited
no measurable dependence on the concentration of cis-
piperylene. It appears that for this molecule the energy
transfer is much more rapid than deactivation of the
triplet even in dilute solutions. The triplet yield of 1-
nitronaphthalene was determined to be 0.63 = 0.10.

Another marked difference with the behavior of 1-
nitronaphthalene in the energy-transfer experiments was
that only a small photochemical disappearance com-
peted with the triplet energy transfer process, i.e.,
kefke < 0.1, It was also observed that nitrobenzene
was not sensitive to oxygen concentration (consistent
with short-lived triplet), whereas l-nitronaphthalene
did show an oxygen dependence. If an additional reac-
tion is included for oxygen quenching in the energy-
transfer experiments with 1-nitronaphthalene, i.e.

k .
§%5 4 0y —> S 4 O

then the isomerization quantum yield can be determined
for degassed solutions, ®,’, and for air-saturated solu-

tions, ®’. The relationship relating these two quantities
is given by

1 _ka(Q2)

P’ - @0/ - (l/¢T)ket(CiS-P) (12)

where k, is the rate constant for the oxygen quenching
(~10° M-1! sec™1).222% The quantum yields for
isomerization which were determined for air-saturated
and degassed solutions of I-nitronaphthalene in 0.065
M cis-piperylene are 0.467 and 0.557, respectively.
Substitution in the expression above, using 10—% M for
the concentration of oxygen in solution, 24 leads to k.. =
6.8 X 10" M—!sec~!. This value for the endothermic
. 9(§2) R. Livingston and D. W. Tanner, Trans. Faraday Soc., 54, 765
¢ (223. G. Porter and M. W. Windsor, Proc. Roy. Soc. (London), A245,
238 (1958).

(24) P. Zuman, “Organic Polarographic Analysis,” The Macmillan
Co., New York, N. Y., 1964, p 69.
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energy transfer of l-nitronaphthalene (Er = 55 kcal) to
cis-piperylene (Ex = 57 kcal) is in the general range of
rate constants reported by Hammond, e al, 18

From the data for l-nitronaphthalene presented in
Figure 1 it can be estimated that the slope, which is equal
to (/1) (kae/ker), is <0.01 M. This approximation
together with the value for ¢ and k. leads to k4. < 4 X
10* sec—1, which corresponds to a significantly longer
lived triplet relative to nitrobenzene.

Discussion

It is quite evident from the data presented that nitro-
benzene and l-nitronaphthalene are characterized by
relatively large triplet yields (¢ > 0.6). In view of the
absence of significant photochemistry observed with
nitrobenzene in pure isopropyl alcohol, it appears that
rapid radiationless decay from the triplet is of prime
importance. This implication is especially evident
from the concentration dependence of piperylene in the
energy transfer experiments with nitrobenzene. With
l-nitronaphthalene, however, decay of the triplet is
less rapid (<4 X 10° sec™!), but the 7, 7* character of
the lowest triplet accounts for the inefficiency with re-
spect to the hydrogen-abstraction reaction. Since the
photoreduction of l-nitronaphthalene in isopropyl
alcohol has a quantum yield <10—%, it follows that
kx < 102 M—1sec—!. Consequently, the lack of photo-
chemical reactivity of l-nitronaphthalene arises from
a slow hydrogen abstraction rather than a rapid radia-
tionless decay of the triplet.

The results indicate that radiationless deactivation
from the singlet is not unimportant in these aromatic
compounds. The lack of fluorescence from these com-
pounds is well known.? It follows then that for aro-
matic nitro compounds ¢r + ¢ < 1, whereas in many
cases the sum is very close to unity, 3¢

The relatively large triplet yield in the case of nitro-
benzene supplies an answer to the query concerning its
photochemistry, It is very likely that rapid deactiva-
tion of the nitrobenzene triplet is the cause of inefficient
photoreduction, The photochemical disappearance
yield, ®, of nitrobenzene in isopropyl alcohol (IPA) via
the hydrogen-abstraction reaction is represented by the

(25) T. Forster, “Fluoreszenz Organischer Verbindungen,” Vanden-
hoeck and Ruprecht, Géttingen, Germany, 1951, pp 100, 103,

expression

_ ¢
[T+ ka/ku(IPA)]

where ¢ is the triplet yield, currently available from
this work to be 0.67, and k4, and kg are the rate con-
stants for radiationless decay and hydrogen abstraction
for the nitrobenzene triplet. Substituting ® = 1.14 X
10—2 from our earlier investigation and the value for the
triplet yield, the ratio k4 /ky = 753; in contrast, the
value for benzophenone is 0,39. The high ratio for
nitrobenzene indicates that the deactivation of the trip-
let is very rapid relative to hydrogen abstraction, If
the assumption is made that the hydrogen-abstraction
rate constant for the nitrobenzene triplet from isopropyl
alcohol is equal to that for benzophenone, 1.28 X 108
M-1 sec—18 then the radiationless decay constant for
the nitrobenzene triplet is estimated to be ~10¢ sec—1,
It is interesting that both the energy-transfer experiments
and the photochemical disappearance quantum yields
for nitrobenzene in pure isopropyl alcohol predict
kge ~ 10° sec—1,

In pure isopropyl alcohol we have observed no photo-
chemistry for l-nitronaphthalene despite the high trip-
let yield. Although rapid radiationless decay can ex-
plain the observation, another possibility is to consider
a reversal of states such that the =,7* triplet is lower
than n,7*, This explanation has been used to explain
the lack of photoreduction in 1-naphthaldehyde. 26

In summary the inefficient photoreduction of nitro-
benzene is attributed to a rapid radiationless deactiva-
tion of the triplet. The lack of photoreduction with
l-nitronaphthalene, however, is due to a slow hydrogen-
abstraction process, i.e., kg < 102 M—1sec™!. Although
radiationless decay of the nitrobenzene triplet is rapid,
the availability of a reasonably fast reaction or an
environmental perturbation in solution may lead to sub-
stantial photochemical quantum yields. An applica-
tion of the latter possibility to nitrobenzene using pro-
tonation in the excited state has resulted in significant
quantum yield enhancement, - %

& (13)

(26) G. S. Hammond and P, A, Leermakers, J. Am. Chem. Soc., 84,
207 (1962).

(27) R. L. Letsinger and G. G. Wubbels, ibid., 88, 504 (1966).

(28) R. Hurley and A. C, Testa, ibid., 89, 6917 (1967).
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