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Abstract: Using pulsed laser photolysis at 347 nm it was shown that the transient absorption of 1 1-cis-retinal is due to the trip-
let state of this isomer as well as that of all/-trans-retinal. The triplet spectra of both isomers have been constructed in the
300-500-nm region, and their intersystem crossing yields have been determined by an energy extrapolation procedure. The
laser photolysis method was also used to determine the photoisomerization quantum yields for 11-cis-retinal (¢isom = 0.25 %
0.03) and all-trans-retinal (disom = 0.07 £ 0.03) in hexane. The laser-stimulated room temperature emission spectra of all-
trans-, 13-cis-, and 11-cis-retinal have been measured, and the quantum yields of these emissions have been estimated. Infor-
mation about the photoisomerization pathway of |1-cis-retinal was obtained from absorption measurements in two spectral
regions at various energies and times after excitation. Based on the insensitivity of ¢isom to oxygen, the evident lack of ground-
state all-trans-retinal production during the initial ~50-ns time interval, and quantitative calculations based on kinetic mod-
els, it is concluded that isomerization in hydrocarbon solvents occurs predominantly from an internally excited first triplet
state. Evidence was found for a biphotonic contribution to the isomerization.

It is by now well established that the visual pigment rho-
dopsin consists of the chromophore 11-cis-retinal bound to the
protein opsin by means of a protonated Schiff base linkage. 2>
Phetolysis of rhodopsin ultimately produces opsin and retinal,
with the latter now in the all-trans configuration.b The nature
of the intermediates involved in this bleaching reaction of
rhodopsin has been widely studied from experimental and
theoretical points of view.” Although the protein moiety clearly
plays an important role in this transformation, much of the
attention has focused on the behavior of model compounds,
particularly that of the retinal isomers.®

The photoisomerization of retinals has been investigated in
numerous laboratories.?-'# These studies have included the
measurement of photoisomerization quantum yields for the
direct excitation®!13 and triplet-sensitized!%11:13 processes,
the determination of isomer distributions,''4 and laser pho-
tolysis experiments.'? Unfortunately, few unequivocal mech-
anistic conclusions have resulted from these efforts. In par-
ticular, the question whether isomerization by direct excitation
under a given set of conditions involves excited singlet and/or
triplet pathways remains unanswered.

That triplet states may play a significant role in the photo-
isomerization of retinals follows from the relatively high in-
tersystem crossing quantum yields (~0.5)'113-17 in nonpolar
solution.!® Photosensitization experiments with biacetyl and
biphenyl as triplet energy donors have provided isomerization
quantum yields (¢ijsom) from the retinal triplet states of
0.15-0.2 for the 11-cis, 13-cis, and 9-cis to all-trans isomer
processes.!1:13:19 Taken at face value in conjunction with the
quantum yields for the direct isomerization process, these data
indicate a substantial contribution (~30%) from the triplet
pathway to the direct process.'? The recent proposal that the
isomeric retinal triplet states are rapidly equilibrated prior to
their decay?? also appears to argue for triplet state participation
in the direct photoisomerization.

The situation is, however, not quite so simple. Although the
11-cis-retinal triplet state is efficiently quenched by oxygen,
Rosenfeld et al.'! have reported that ¢isom for both the direct
and photosensitized processes is unaffected by this gas. These
observations led the authors to propose that, in the sensitized
reaction, isomerization occurs in a thermally excited triplet
state which decays with partitioning into relaxed cis and trans
triplet configurations. Whether or not the same mechanism
is operative for the direct photoisomerization of 11-¢is-retinal
could not be inferred from the sensitized case. Menger and
Kliger'? have examined the direct process for 11-cis-retinal
by the laser flash photolysis technique. Based on the finding
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that, in nonpolar solution, the rates of recovery of ground-state
absorption and triplet decay are equal, they conclude that
isomerization does occur from a thermally relaxed triplet level
in this medium. For polar solution, where a different kinetic
behavior was observed, a predominantly singlet pathway was
proposed.'?

The seemingly contradictory evidence from the quantum
yield!' and kinetic spectroscopy!?:2° experiments represents
the point of departure for the present study. With the dis-
tinction between various photoisomerization pathways as our
aim, we have employed the laser photolysis technique to
carefully reexamine the transient spectroscopy of 11-cis-retinal
and all-rrans-retinal in the nanosecond time domain. In ad-
dition, the intersystem crossing quantum yields, photoisom-
erization quantum yields, and laser-stimulated emission have
been measured for these compounds. A novel aspect of this
study is the use made of the nonlinear variation of transient and
isomeric product absorptions with the laser excitation energy.
This approach proved to be a particularly fruitful source of
photochemical and photophysical information.

Experimental Section

Materials. a/l-trans-Retinal, 13-cis-retinal (Sigma Chemical Co.),
and |1-cis-retinal (gift of Hoffmann-La Roche, Inc.), which had
absorption spectra in agreement with those reported,17 were used
as received. The samples were stored at =20 °C. Anthracene (Aldrich
Chemical Co., zone refined) and rhodamine 6-G (Phase-R Corp.)
were also used without further purification.

For the transient absorption experiments, the solvents cyclohexane,
hexane (Burdick and Jackson), absolute ethanol (U.S. Industrial
Chemical Co.), and methanol (Fisher, “Spectrograde”) were used
as received. For the laser-stimulated emission work, the hydrocarbon
solvents were purified by treatment with fuming sulfuric acid (10%),
refluxing with basic potassium permanganate solution, and fractional
distillation from calcium hydride. The methanol was refluxed with,
and then distilled from, magnesium powder. These procedures yielded
solvents which showed acceptable levels of background emission (<5%
above 420 nm) in relation to the sample emission with laser excita-
tion.

Apparatus and Methods. The basic laser photolysis apparatus, which
provides 347-nm light pulses of ca. 25-ns duration, has been previously
described.16:21:22 A recent modification consists of reversal of the
operating mode of the Pockels cell (Lasermetrics, Inc.) in order to
protect this device against damage by continuous high voltage. For
the emission experiments, a Bausch and Lomb high-intensity mono-
chromator (33-86-02) fitted with appropriate filters and an RCA 8852
photomultiplier tube was used with a 10-nm bandpass. The spectral
response of this combination was determined with a standard lamp
(GE Q6.6/T4/CL).23
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Figure 1. Room temperature, laser-stimulated emission in cyclohexane,
22 mJ/pulse, of 7.5 X 1076 M all-trans-retinal (A), 1.25 X 1075 M 13-
cis-retinal (B), and 8.8 X 1076 M 11-cis-retinal (C). The relative positions
of the curves on the intensity scale are arbitrary.

In the laser-stimulated emission measurements, appropriate cor-
rections were applied for pulse energy variations, nonlinear absorption
effects, and absorption due to the triplet state. Estimates of the fluo-
rescence quantum yields were obtained by comparing the areas under
the corrected retinal emissions with those for the reference compounds
anthracene (¢r = 0.30 in ethanol?42) and rhodamine 6-G (¢r = 0.84
in ethanol?%). The intersystem crossing quantum vyields (¢js.) and
photoisomerization quantum yields (¢isom) were determined by the
comparison method:16.22,26
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Here x = isc or isom, AD are the changes in optical density measured
at appropriate wavelengths, e represents the molar extinction coeffi-
cients, and /1, the intensities of absorbed laser radiation. Anthracene,
with ¢/ = 0.71 and €€ (423 nm) = 6.47 X 10* M~} em~1 in cyclo-
hexane,?%27 was used as the reference compound for both types of
yield. The symbol Ae refers to the difference between the extinction
coefficients of the initial and product retinals in case of isomerization,
and to the difference between these parameters for the triplet and
ground state retinals for intersystem crossing. Measurements of ADy
were made at 445-450 nm for the triplet states and at 365-370 nm
for isomerization. Values of et for the retinals were determined at high
laser excitation energies such that the ground states are totally de-
pleted.

The sample solutions were degassed by repeated freeze-pump-thaw
cycles in a transfer assembly which permits multiple fillings of the flash
cell.?® The ground-state absorption spectra were measured with a Cary
14 spectrophotometer. Unless otherwise indicated, all photolysis ex-
periments were conducted at room temperature, 20 £+ 2 °C.

Data on the variation of transient and isomeric product absorption
with the laser power were evaluated with the aid of an appropriate
kinetic model and numerical calculations.22:2% The computer program
used for this purpose has been modified to include the experimentally
determined spatial energy distribution of the laser beam, and to permit
computation of ADy values at pertinent wavelengths and time intervals
after excitation.

bx = H

Results

1. Room Temperature Emission. Early in our laser photolysis
experiments we noticed that, in the 420-750-nm region, the
oscilloscope traces on nanosecond time scales with high gain
displayed signals which correspond to emission. It was easily
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Figure 2. Variation of optical density (OD) with laser power for all-
trans-retinal (8.75 X 1076 M) in cyclohexane. (A) OD at 347 nm in aer-
ated solution, determined directly from the energy loss of the laser pulse;
(B) OD at 450 nm in degassed solution, measured 50 ns after excita-
tion.

Table I. Emission Data for Retinals

Amax, M o X 104
Isomer Solvent? 295K¢ 77K 295K? 77K¢4
all-trans- HC 530 520¢ ! 50
MeOH 640 620¢ 40
13-cis- HC 550 5054 0.8 240
MeOH 640 40
1-cis- HC 610 0.9
MeOH 640 40

@ HC is cyclohexane at 295 K and 3-methylpentane at 77 K, both
conventionally dried; cf. ref 30. & Laser excitation at 347 nm; Amax
values +£30 nm in cyclohexane and £40 nm in methanol; ¢r values
+50%. ¢ Reference 30; 213 K in MeOH. 9 Reference 31; excitation
at 340 nm.

established that these signals did not originate from stray light.
Using compounds with well-characterized emission properties
(9,10-diphenylanthracene, rhodamine 6-G) it was found that
347-nm laser excitation can accurately reproduce their fluo-
rescence spectra24b under conditions which correspond to ef-
fective quantum yields of <1074 With the efficacy of the
method established, measurements were performed with all-
trans-retinal, 11-cis-retinal, and 13-cis-retinal (Figure 1).
These emission spectra are characterized by broad, struc-
tureless bands. The scatter of the experimental points not-
withstanding, it is evident that each isomer gives rise to a dis-
tinct spectrum in cyclohexane. The emissions of the three
retinal isomers were also measured in methanol, where the
broad bands all show maxima at 640 £ 40 nm. A summary of
the emission results and a comparison with low-temperature
data are given in Table I.

2. Nonlinear Laser Power Effects. During earlier laser
photolysis experiments with al/-trans-retinal'® it was observed
that the optical density of solutions at the laser wavelength (347
nm) decreased rapidly with increasing pulse energy.?® This
saturation of absorption, which signifies a major deviation from
Beer’s law, and the variation of the transient optical density
at 450 nm (which represents the triplet state population, vide
infra), are shown in Figure 2. Although analogous behavior
is shown by all three isomers, the detailed shapes of the curves
are quire characteristic for each of them, Figure 3 shows the
corresponding curves for 11-cis-retinal, as well as the variation
of the optical density at 365 nm measured after complete decay
of the triplet state; this absorption reflects the isomerization
to predominantly a//-trans-retinal.!> At high energy, triplet
state production reaches a limit.
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Figure 3. Variation of optical density with laser power for 11-cis-retinal,
(A) OD at 445 nm, 50 ns after excitation, and (B) change in optical density
(AD) at 365 nm after triplet decay for 1.0 X 107% M retinal in degassed
n-hexane; (@) designates points measured in aerated solution. (C) OD
at 445 nm, and (D) AD at 365 nm for 3.8 X 107® M retinal in degassed
n-hexane. (E) OD at 347 nm for 1.0 X 1075 M retinal in aerated cyclo-
hexane, measured as explained in Figure 2.

0.20
Q.15
0.10

g 0.05
0.0

-0.05

1 1 |
300 350 400 450 500
WAVELENGTH,nm

| |

Figure 4. Transient absorption of all-trans-retinal (A) and 11-cis-retinal
(B), 3.4 X 1076 M solution in degassed n-hexane, measured with >50 mJ
laser pulse energy.

The bleaching of the retinal solutions at 347 nm is due to the
efficient production of triplet state molecules,!!16.17 which
have much smaller absorption cross sections at this wavelength
than do the ground-state molecules (vide infra). The absorption
variations with the laser power will be seen to provide impor-
tant insights into the photoisomerization mechanism.

3. Transient Spectra. The transient absorption spectra of
all-trans- and 11-cis-retinal in n-hexane solution are shown
in Figure 4. At wavelengths >400 nm, they may be compared
with previously reported spectra in several hydrocarbon sol-
vents.'1-16.20.32 By working in very dilute solution (~3 X 10~¢
M) and with energies at which the ground-state population is
totally depleted, spectra encompassing the bleaching region
(300-400 nm) were obtained from which triplet extinction
coefficients could be determined (cf. Discussion section).

Since they will play an important role in the interpretation
of the data, we display at this point, in Figure 5, some oscillo-
scope traces recorded for a hexane solution of 11-cis-retinal
in the isosbestic region (395-400 nm, Figure 5), where the
ground state and triplet state absorptions are of comparable
magnitude. At these wavelengths both of these species absorb
quite strongly. The trace at 397 nm is particularly significant.
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Figure 5. Oscilloscope traces for 11-cis-retinal in n-hexane. (A) At 365
nm in degassed 3.8 X 1076 M solution; (B) at 397 nm, (C) at 365 nm, and
(D) at 400 nm in aerated 1.3 X 10~5 M solution. The time base is 10 us/cm
for (A) and 100 ns/cm for the other traces; the vertical scale is 3.3% ab-
sorption/cm in each case. The same traces on longer time scales are ob-
served at 395-400 nm in degassed solution.
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Figure 6, Determination of ¢is for all-trans-retinal in n-hexane. (A) AD
at 450 nm, 6.1 X 1076 M retinal; (B) AD at 423 nm for 1.0 X 1074 M
anthracene in degassed cyclohexane; (C) product ¢jsc er(445) computed
witheq 1.

Here, the optical density increase is produced during the ex-
citation pulse and then remains constant with time.

4. Intersystem Crossing Quantum Yields. The determination
of these yields is based on eq 1, which is used to compute the
product ¢isceT(445). The key to obtaining reliable ¢s values
which do not incorporate errors due to nonlinear absorption
and multiple excitation effects!® is an extrapolation to zero
energy.22 The raw data which enter into the ¢;s. determination
for all-trans-retinal, and their treatment by eq 1, are shown
in Figure 6. With er(445) = (7.0 £ 0.7) X 10* M~ cm™! (vide
infra), the result is ¢jsc = 0.62 £ 0.05 in hexane. This value may
be compared with other recent ¢isc estimates of 0.43,17 0.54,16
0.60,'% and 0.70.'* Of course, the ¢;sc results are very sensitive
t0 eT at Amax, for which values in the range 6.9-7.8 X 104 M™!
cm™! have been previously reported.1:!3-17

By the same extrapolation procedure, ¢isc = 0.50 + 0.03 has
been determined for 11-¢is-retinal in hexane. In the Discussion
section it will be shown that 11-cis-retinal produces the all-
trans as well as its own triplet state. Consequently, the above
oisc value, which is based on an effective triplet extinction
coefficient (cf. Figure 7), refers to the total triplet state pro-
duction from the 11-cis isomer. Previous values of ¢isc for
11-cis-retinal are 0.5!7 and 0.6,!! based on e (Amax) = 6.2 X
104 and 7.5 X 104 M~ em™!, respectively.
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Figure 7. Absorption spectra in n-hexane. (A) al/-trans-retinal triplet state,
(B) 11-cis-retinal triplet state; (C) and (D) are the corresponding
ground-state spectra. The broken curve represents the “effective” triplet
state spectrum of the 11-cis isomer; see text.

We have also redetermined ¢ for all-trans-retinal in
methanol at room temperature, and confirm that it is much
smaller in this solvent than it is in hydrocarbon solution. The
new, extrapolated value is 0.11 £ 0.03, compared with 0.08
previously reported.'® Interestingly, ¢isc in methanol appears
to increase significantly with decreasing temperature. Thus,
preliminary experiments indicate the lower limit of ¢ at —60
°Ctobe0.16.

5. Photoisomerization Quantum Yields. In the application
of the energy extrapolation procedure described above to the
determination of ¢om, the pertinent measurement is the
change in optical density at 365 nm after complete decay of
the triplet absorption (r > 100 us). This information is utilized
in conjunction with the extinction coefficients of the initial and
product retinal isomers® (eq 1). A complication arises from the
fact that the primary isomerization products in hydrocarbon
solution are all-trans- and 11,13-di-cis-retinal (ratio 5:1) from
11-cis-retinal,'? and 13-cis- and 9-cis-retinal (ratio 4:1) from
the all-trans isomer.'# In principle, separate quantum yields
for each product isomer could be computed since their relative
abundances are known. Mitigating against this approach are
the close similarity between the spectra of the 9-cis and 13-cis
isomers® and the absence of reliable spectral data for 11,13-
di-cis-retinal.}? For the isomerization of 11-cis-retinal, the
uncertainty in ¢jsom introduced by assuming the all-trans iso-
mer to be the only product is quite small. For a/l-trans-retinal,
the error in the total quantum yield is negligible.

Based on data similar to those displayed in Figure 6, the
extrapolated value for 11-cis-retinal in hexane derived from
several such experiments is ¢;som = 0.25 & 0.03. This result is
in excellent agreement with ¢iom = 0.24 &+ 0.04 determined
by Waddell et al.!3 with the conventional continuous irradia-
tion method. Earlier reported values are smaller (0.2,°0.12 +
0.01'"). We are able to confirm directly by our laser method
that ¢isom for 11-cis-retinal is unaffected by oxygen'! (cf.
Figure 3).

For all-trans-retinal in hexane, the changes in optical
density at 365 nm are quite small (<5 X 1073) in the low-
energy region of interest; consequently, the uncertainty in ¢isom
is larger than in the case of the 11-cis isomer. The value ob-
tained, ¢isom = 0.07 £ 0.03, agrees well with all but one pre-
vious estimate (0.2,° 0.10 + 0.01,'! 0.04 + 0.01,13 0.08 +
0.02'4).
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Discussion

The room temperature emission results (Figure 1, Table I)
demonstrate the utility of pulsed laser techniques for emission
studies of systems with very low quantum yields. A distinct
advantage of this technique is the flexibility it provides to ex-
amine the influence of environmental factors. The room tem-
perature emission of all-trans- and 13-cis-retinal has not
previously been fully characterized. Moreover, emission from
11-cis-retinal has not been detected under any conditions.>!
In cyclohexane, ¢ for the retinals was measured to be ~1074,
the error in these values is large owing to the relatively small
signal-to-noise ratio at some wavelengths and the need to ex-
trapolate bands to determine the areas under them. The
emission maximum of 11-¢is-retinal in cyclohexane is shifted
by 60-80 nm relative to the maxima of the all-trans and 13-cis
isomers. Thus, a thermally relaxed excited singlet state with
configurational integrity exists for 11-cis-retinal and, as for
the other isomers, a radiative decay channel is open to this
state. Since the differences between the emission spectra of the
isomers are maintained even at high excitation energies, in-
terconversion between them may not occur in the excited sin-
glet state. In methanol, the accuracy of our measurements was
insufficient to reveal significant differences between the
emissions of the three isomers (Table I). In this solvent at room
temperature, the quantum yield is more than an order of
magnitude larger (¢r &~ 4 X 1073) than it is in cyclohexane.

A noteworthy feature of the emission spectra of all-trans-
and 13-cis-retinal is their substantially greater width at room
temperature than at 77 K.3? The band half-width (em™") ratios
are ca, 1.6 for all-trans-retinal and 1.3 for the 13-cis isomer.
These results substantiate the importance of conformational
freedom in the retinals. The recent report of Takemura et al.3®
that no fluorescence was detected from all-trans- and 13-
cis-retinal in absolutely dry alkane solvents at 77 K may in-
dicate that the cyclohexane used in our experiments contained
traces of water.

We have also demonstrated that the laser photolysis method
can be used to determine photoisomerization quantum yields.
The values obtained in hexane for the 11-cis- to all-trans-
retinal process (¢isom = 0.25 £ 0.03) and all-trans- to 13-
cis-retinal process (¢isom = 0.07 £ 0.03) are in gratifying
agreement with the most recent reported values.'?4 These
results indicate that the transient changes in optical density
at 365 nm accurately reflect the production of isomers. The
energy extrapolation procedure (Figure 6) also furnished
values of ¢jsc (all-trans, 0.62 & 0.05 in hexane,0.11 £ 0.03 in
methanol; 11-cis, 0.50 &+ 0.03 in hexane) which we believe to
be the most reliable ones to date.

Before describing our evaluation of the triplet extinction
coefficients, we need to consider the most recent study of the
retinal photoisomerization problem by Menger and Kliger.'2
These authors have found that, for 11-cis-retinal in nonpolar
solution, the rate of growing in of absorption due to the product
isomer (predominantly all-trans) matches the decay rate of the
triplet absorption. We were able to confirm this result. How-
ever, the conclusion of Menger and Kliger that the equality of
the isomer growth and triplet decay rates implicates the ther-
malized triplet state in the isomerization process is untenable.
Thus, it is easily shown that these rates will be identical for any
mechanism, whether or not the thermalized triplet state is
involved.34 Since the appearance of absorption due to the iso-
meric product will always follow exactly the decay of the triplet
state, the shape of the oscilloscope traces is determined by the
values of the ground-state and triplet-state extinction coeffi-
cients at the measurement wavelength. With overlapping ab-
sorptions, any trace shape can be produced, as is demonstrated
by the step-function trace obtained at 397 nm for 11-cis-retinal
in hexane (Figure 5). Consequently, the observation of a
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step-type trace in methanol does not necessarily indicate a
different isomerization mechanism in this solvent.!2 We be-
lieve, with Rosenfeld et al.,!! that the insensitivity of ¢isom to
oxygen constitutes compelling evidence against a relaxed triplet
state mechanism for the photoisomerization of 11-cis-retinal
in hexane. The development which follows incorporates this
conviction.

The construction of the triplet state absorption spectra from
the transient absorption curves of Figure 4 will now be con-
sidered. For this and the subsequent discussion, it will be useful
to define the following symbols in which time is understood to
be variable unless labeled otherwise.

ADY, ADY = optical density change at wavelength A im-
mediately after laser pulse (0) and after
complete transient decay («)

eA1.T, €).7 = molar extinction coefficients at X\ of the

triplet states of all-trans- (AT-T) and
11-cis-retinal (11-T)

molar extinction coefficients at A of the

corresponding ground states

CaT-T, C1i.1 = concentrations of the retinal triplet (AT-T,

A A
€AT) €11

Cat, Cn1 11-T) and ground (AT,11) states.
Superscripts designate t = 0, ©
d = path length, cm

The sum of the concentrations of the various ground-state
and triplet species is taken to be equal to the initial retinal
concentration (C4} or C{)) at all times.3 Since the conditions
under which they were measured (low concentration, high
pulse energy) assured the complete depletion of the ground
states (cf. Figures 2 and 3), the absorption shown in Figure 4
is due only to the triplet states. For all-trans-retinal, which has
a small ¢isom value in hexane (~0.07), the assumption is made
that the transient absorption represents only the triplet state
with trans configuration.?¢ The extinction coefficients eX1.t,
computed in a straightforward manner from eq 2, are displayed
in Figure 7.

AD} = Cii(ehr.1 — €A)d (2)

The error in these values, which arises from the neglect of
small absorption contributions by triplet states of other con-
figurations, measurement noise, and uncertainties in the initial
retinal concentration and in d, and the bandwidth of the mo-
nochromator, is estimated as £109%.44

In the case of 11-¢/s-retinal in hexane the analysis is more
complicated. First of all, we applied the analogue of eq 2 for
the 11-cis isomer to compute values of an “effective” extinction
coefficient €} 1(eff). The results are shown as the dashed curve
in Figure 7. We note at once that this spectrum differs in both
shape and absolute values from the triplet spectrum of all-
trans-retinal. Consequently, the proposal that 11-¢is-retinal,
all-trans-retinal, and 7-cis-retinals all produce the same
equilibrated mixture of isomeric triplet states® is not valid,
at least for the 11-cis and all-trans isomers in hexane. We now
consider the question whether or not the “effective” triplet
spectrum is due only to the 11-cis triplet state. The following
observation is pertinent. With total depletion of the 11-¢is-
retinal ground state (Figure 5), the complete decay of the
triplet absorption leaves a solution containing a 1.0:1.1 mixture
of 11-cis and all-trans isomers. This ratio was obtained from
the measured optical density at 365 nm. Since we have already
excluded the relaxed triplet state isomerization mechanism
(vide supra), there is no decay of 11-cis triplets to all-trans
triplets. Consequently, the ground-state all-trans-retinal
molecules must come from the decay of the all-trans triplet
molecules produced during the laser pulse, and C1.1 = Cir.
The “effective” triplet spectrum of 11-cis-retinal therefore
represents the triplet states of both of these isomers. The ex-
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tinction coefficients of the 11-cis triplet state, )11, Were ex-
tracted from the curve in Figure 4 with aid of eq 3 and 4, in
which all other quantities are measured or known,

ADSes = Car(alf — €9%)d (3)
ADY = [Ci{(éh1 — &) + Car(ehrr — ehinld (4)

The resulting 11-cis triplet spectrum in hexane is shown in
Figure 7. The triplet spectra in this figure enable us to glean
some information from the step-type oscilloscope trace, ob-
served at 397 nm for 11-cis-retinal (Figure 5). At this wave-
length, AD} is constant between t = 0 and «.

AD§ = [Cat(eht — €)) + CaT-1(eht.T — €1)
+ Crli—t(éir — €)1d  (5)

The triplet spectra of Figure 7 indicate that, within experi-
mental error, the isosbestic points for both all-trans- and
11-cis-retinal and their respective triplet states appear near
397 nm. Then ADY = (Cat + Cat.1) (€A1 — €})d, and eq §
shows that the sum Cat + Car.T1 is constant. Thus, the in-
variance with time of AD3g7 signifies the match between the
decrease of the all-trans triplet state concentration and the
increase of the ground-state concentration. For the points ¢ =
Oandt = =, eq 5 gives Cir — CA1 = Cr.1, where Cqr is the
concentration of the all-trans ground state immediately after
the laser pulse. Since triplet state is present at that time (Cqr.1
= 0), some but not all ground state all-trans-retinal molecules
can be produced during the laser pulse.

The evidence presented to this point, and that reported by
others.'"12 is compatible with the following photoisomerization
pathways.

(A) Singlet mechanism 1: The first excited singlet (S;) state
of 11-cis-retinal is converted to an S, state with a trans con-
figuration. These two Sy states, which are separated by a low
rotation barrier, decay to their respective ground states.?’

(B) Singlet mechanism 2: The S, state of 11-¢is-retinal in-
ternally converts to a hot ground state which partitions between
relaxed 11-cis and all-trans configurations.

(C) Triplet mechanism:'' Intersystem crossing from S;
ultimately yields an internally excited first triplet (T}) state
which relaxes into T, states with 11-cis and all-trans config-
urations.??

A key difference between the singlet (A and B) and triplet
pathways is the presence or absence of ground-state all-
trans-retinal molecules immediately after the pulse. Thus,
mechanisms A and B predict that C%1 # 0, and mechanism
C that C%; = 0. A nonzero €%t value may, of course, mean
that both paths are followed. These predictions are amenable
to direct experimental testing by means of transient absorption
measurements at 445 nm (triplet production at 1 = 0) and 365
nm {all-trans-retinal production at t = 0 and «). The pertinent
equations are

ADYys = (¥ 1Chrr + 13 CY 1 d
AD%es = [AeCo1 + Aear.TCo1.1 + Aer.1Chrld  (6)
AD5s = Ao + Clr.1)d

. 5 5
where, for convenience, Ae = &F — 6¢°, Acar.T = &F1 — 6P,

and Aeirr = 6% — 9. Measurements of AD, were made for
a 1.0 X 1073 M solution of 11-¢is-retinal at various energies
(Figure 8) and, using the known values of the extinction
coefficients, eq 6 were solved for C41, Cr.1, and C?, 1, the
concentrations of ground-state a//-trans-retinal, the all-trans
triplet, and the 11-cis triplet which are present immediately
after cessation of the excitation. The results of these compu-
tations are displayed in Figure 9. With an uncertainty of ca.
+1 X 107% M3 we find that, at all energies, essentially equal
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Figure 8. Changes in optical density for 1.0 X 107° M 11-cis-retinal in
degassed n-hexane. (A) At 445 nm, ¢ = 0; (B) at 365 nm, ¢ = 0; (C) at 365
nm, ! = . The solid curves were computed for the scheme of Figure 10;
see text.

amounts of 11-cis and all-trans triplets are produced and C%
1S zero.

To interpret these results, we must consider how the con-
centrations C3r, C%r.1, and CJ,.1 would vary for the singlet
mechanisms. Qualitatively, one can see that Cr will pass
through a maximum since the all-trans ground state will be
converted to its triplet state in proportion to the intensity of the
excitation pulse. For a quantitative comparison of the mech-
anisms, we have used a previously described method?22-2° to
numerically integrate the differential equations describing the
various photophysical and photochemical processes involved
in them over a time interval which encompasses the duration
of the laser pulse. The input parameters for these calculations
are the excited singlet and triplet state lifetimes, ¢isc, isom, and
the extinction coefficients of the 11-¢is- and al/-trans-retinal
ground and triplet states. The ¢ value for 11-cis-retinal refers
to the total (11-cis and all-trans) triplet yield. Inclusion of a
picosecond S, — S, absorption process*® was found not to
affect these simulations. The dashed curve in Figure 9 repre-
sents the computed variation of the postpulse al/-trans-retinal
concentration C%1 with energy for singlet pathway B, which
falls barely within the uncertainty range of these values.
Moreover, the ratio ADSs/ ADYs, which is measured to be
constant with energy (£10% at 5 mJ/pulse, £5% at 30 mJ/
pulse), is predicted to decrease by 18% between 5 and 30
mJ /pulse for singlet mechanism B and by 16% for mechanism
A. The ratio ADYs/ADY,;s shows a similar discrepancy between
observed and computed values. Mechanism C predicts these
ratios to vary by no more than 4% in this energy range.

These findings permit us to exclude singlet mechanisms A
and B as major pathways, and to conclude that the direct
photoisomerization of 11-¢is-retinal in hydrocarbon solvents
occurs predominantly by the nonrelaxed triplet state mecha-
nism C which was originally proposed by Rosenfeld et al.!! for
the triplet-sensitized isomerization.

According to this mechanism, ! 1-¢/s-retinal forms both the
I'1-cis and all-trans relaxed triplet states during the laser pulse,
and the ground-state all-frans-retinal molecules come from
the decay of the latter, i.e., Ciy = C%1.1. Moreover, mechanism
C predicts that the ratio of triplet concentrations, C81.1/C%,.1,
remains constant with increasing excitation intensity. Mea-
surements of AD3;s at low 11-cis-retinal concentration and
high pulse energies show that this is not exactly the case, and
that this ratio increases slightly with energy. We ascribe this
behavior to a small, energy-dependent biphotonic contribution
to the isomerization which is considered to operate as follows.
Since the excited singlet state lifetimes are short (~20 ps4?),
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Figure 9. Variation with energy of the concentrations at # = 0 of all-trans
triplet state (C%1.7) (A), 11-cis triplet state (C3,.1) (B), and all-trans-
retinal ground state (C7) (C), in the 11-cis-retinal solution of Figure 8.
The solid curves were computed with the model of Figure 10, for which
C%r = Oatall energies. The broken curve represents the variation of Cr
for singlet pathway B; see text.
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Figure 10. Photoisomerization scheme for 1 1-cis-retinal. The heavy arrows
represent the excitations, and T} the internally excited triplet state.

the thermalizing relaxations very rapid, and triplet lifetimes
relatively long (~10 ws'!'¢29), the triplet concentrations
during the ~25-ns laser pulse will be substantial. Figure 7
shows that both the 11-cis- and all-trans-retinal triplet states
absorb 347-nm radiation. This absorption will populate the
upper triplet levels (Ty,) of the two isomers. For the 11-cis
isomer, internal conversion will lead to the nonrelaxed T, level
from which partitioning into 11-cis and all-trans T; configu-
rations occurs. Since the photoisomerization of all-trans-
retinal does not produce the 11-cis isomer,'* the all-trans T,
state is presumed to revert predominantly to the relaxed all-
trans T, state; some possible diversion to the 13-cis T, state is
neglected.

The proposed photoisomerization scheme for 11-cis-retinal
in hydrocarbon solvents, including this biphotonic process, is
summarized in Figure 10. The solid curves in Figures 8 and 9
were computed for this model. In both cases the agreement
between the calculated and observed values is seen to be
good.

Finally, we consider the relation of these results for 11-cis-
retinal to the triplet-sensitized isomerization and the direct
photoisomerization of other isomers. While the same basic
mechanism is considered to be operative in the sensitized and
direct isomerizations of 11-cis-retinal, the partitioning of the
nonrelaxed triplet intermediate into cis and trans configura-
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tions is distinctly different in the two cases. With ¢jsc = 0.5 and
disom = 0.25 for direct excitation, 50% of the intermediate
triplet state is converted to the trans form, whereas for the
sensitized reaction (Coisom = 0.15-0.17'113) only ca. 15%
follows this channel. A reasonable interpretation of this finding
is that, as anticipated by Rosenfeld et al.,'! the two excitation
modes populate different triplet vibronic levels, and that the
relaxation of these states to cis and trans configurations is
governed by their energy content. The excitation wavelength
dependence reported for the ¢isom of 11-cis-retinal® is consis-
tent with an energy-dependent partitioning mode.

Evidently, the photoisomerization pathway followed by a
particular retinal isomer is decisively influenced by the detailed
shapes of the excited state potential energy surfaces for that
configuration. Consequently, no meaningful mechanistic
conclusions about the other isomers can be drawn from the
results for 11-cis-retinal. A case in point is a/l/-trans-retinal,
the behavior of which is quite different from that of the 11-cis
isomer. Not only is ¢isom much smaller for the direct isomer-
ization of the trans compound which produces no 11-cis isomer
but also, its isomerization cannot be sensitized by triplet energy
transfer.!'13 If the same isomerization mechanism is followed
as for 11-cis-retinal, the all-trans and 11-cis triplet state
manifolds are not coupled and, as suggested by Menger and
Kliger,!? the reactive triplet level is not populated by the sen-
sitizer. The quantum yields and product distributions are
significantly modified by the nature of the solvent.!4#! Thus,
for all the retinal isomers, the isomerization mechanism may
change with the environment, which can affect ground-state
conformations and the ordering of the excited states.30:42:43
Since they have ¢isom values of reasonable magnitude in hy-
drocarbon solution,!3 13-¢is- and 9-cis-retinal may be ame-
nable to study by the same method we have used for 11-cis-
retinal.

Summary

In this study we have shown that the transient absorption
of 11-cis-retinal is due to both the 11-cis and all-trans triplet
states. Working at laser excitation energies which produce
complete ground-state depletion, we were able to construct the
complete triplet spectra of these isomers in the 300-500-nm
region. With this information and the results of measurements
in the ground-state and triplet-state absorption regions at
various energies and times after excitation, it could be shown
that, within experimental error, little or no all-trans-retinal
appears to be produced during the laser pulse. This result, and
quantitative absorption and concentration calculations based
on kinetic models, indicate the applicability of the nonrelaxed
triplet state pathway proposed by Rosenfeld et al.!! to the di-
rect photoisomerization of 11-cis-retinal in hydrocarbon sol-
vents.
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Abstract: Allyl and benzyl radicals have been produced by pyrolysis in a photoelectron spectrometer. Adiabatic and vertical
IPs coincide for both species and are determined to be 8.13 £ 0.02 eV for allyl, 7.20 £ 0.02 eV for benzyl, and 7.22 £ 0.02 eV
for benzyl-a-d,. Heats of formation derived from these results are 225.5 + 1.1 kcal/mol for ally! cation and 211 + 1.1 keal/
mol for benzy! cation. Vibrational structure has been resolved. The results are discussed in terms of the role of the unpaired

electron in the conjugated « systems of these radicals.

Application of various spectroscopic techniques to free
radicals has provided a great deal of information on their
electronic structure, geometries, spin densities, and normal
modes. Recently, photoelectron spectroscopy (PES) has been
added to the list of techniques available, allowing character-
ization of the relationship between the radical and its ion. In
particular, the first photoelectron band yields information on
the unpaired electron in the radical. Much can be learned about
the localization and bonding character of this electron by
consideration of the shape of the band itself, especially when
vibrational structure is present. The information obtained can
be combined with that from other sources such as electron spin
resonance spectroscopy (ESR) and theoretical calculations to
characterize stabilities and reactivities of these transient
species. Radicals having conjugated = systems are particularly
well studied. Allyl and benzyl radicals are among the simplest
and best understood of these, and are the subject of the present
work.

Both of these species have been treated in numerous theo-
retical calculations.! Many of these involve interpretation of
ESR hyperfine splittings®-3 in terms of spin densities, which
give information on the delocalization of the unpaired electron.
In allyl radical,>? the positive density is found entirely on the
equivalent terminal carbon atoms, with a small negative
component on the central carbon. In benzyl radical,*> on the
other hand, the spin density on the exo methylene is ~0.7-0.8,
the remainder being shared between the ortho and para posi-
tions on the phenyl ring. The distribution of unpaired spin in
these two radicals can be understood qualitatively in terms of
valence bond resonance structures.

Theoretical effort has also been directed toward an under-
standing of the electronic structure of allylé-® and benzyl10-13
radicals. Analyses of the absorption and emission spectra of
benzyl radical have identified the symmetries of the states
involved, as well as most of the normal modes in the ground
state.'0-13 However, owing to the large number of €lectrons
in benzyl radical, only allyl radical has been the subject of ab
initio calculations involving large basis sets.6-%

Both molecular orbital®-® and generalized valence bond
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(GVB)7-? calculations indicate that the unpaired electron in
allyl radical is mainly nonbonding. Levin and Goddard”s found
that this species is reasonably well described using wave
functions of an ethylene molecule fused to methylene. Removal
of this electron to form a carbonium ion allows the two re-
maining = electrons to delocalize over all three centers.!* This

Jincreased delocalization is expected to increase the resonance

energy of the ion relative to that of the neutral !

The results of the present work are consistent with the spin
density distributions derived from ESR studies. They also
support the theoretical description of allyl radical discussed
above, and indicate that a similar one is appropriate for benzyl
radical.

Experimental Section

These experiments are part of a series of studies of free radicals
produced by pyrolysis of alkyl nitrites. The instrumentation, which
has been briefly described in a previous communication,'¢ consists
of a photoelectron spectrometer of standard design which has been
specifically modified to study the products of gas-phase pyrolyses. A
schematic of the spectrometer is shown in Figure 1. The differentially
pumped source chamber, 127° electrostatic analyzer, and Channeltron
electron multiplier are situated on a stainless steel baseplate in a
high-vacuum chamber. The Hel capillary discharge lamp, located
directly underneath the source chamber, is separated from the main
vacuum chamber by a stage of differential pumping. The analyzer is
protected from magnetic fields by a mumetal shield and a set of six
Helmbholtz coils. Sample gases are introduced into the source chamber
through a stainless steel inlet system divided into three sections. Two
of these are connected to the bottom of the source chamber and are
used for calibrant gases (usually argon) and samples at room tem-
perature. The third enters the vacuum chamber through the side wall.
It consists of a 3-mm i.d. quartz tube fitted to a stainless steel flange.
This tube is used for pyrolysis. A 2-cm long section at the free end of
the tube is wrapped with double-stranded Semflex heater wire insu-
lated with MgO and an Inconel outer sheath. A chromel-constantan
thermocouple is wedged between the sheath and the quartz tube to
monitor the temperature. Constant temperatures of up to 1000 °C
can be maintained for hours. The analyzer is protected from blackbody
radiation by a water-cooled copper shield surrounding the hot section.
The tip of the quartz tube is inserted through an aperture in the side

© 1978 American Chemical Society



