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Abstract

Dauben et al. (J. Am. Chem. Soc. 113 (1991) 8367) have found that the quantum yield of the photochemical electrocyclic ring closure of
previtamin D changes dramatically within a very narrow wavelength range. Two conflicting models have been proposed as explanations:
control by conformers, or an excited state effect involving the crossing of S, and S,. We measured the spectrum of the less stable cZc conformer
by matrix spectroscopy and showed that it caused only a minor wavelength dependence. However, the second model also disagrees with part
of this dependence. We suggest another mechanism which seems to be consistent with all observations: ring closure competes with double-
bond isomerization (the latter process has a barrier so that its rate depends on the photon energy). Analysis of the data yields the branching
ratio of reaction to internal conversion. Surprisingly, it is different from that of ring opening. This may be due to the existence of an additional
decay channel {from excited previtamin D: single-bond isomerization to the other conformer. Further properties of the pctential energy surfaces

are discussed.© 1997 Elsevier Science S.A.
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1. Introduction

Wavelength dependences in photochemistry [1] can be
due to ground state factors or to excited state effects. The
former are caused by species present in thermal equilibrium
with the educt, e.g. different conformers or bimolecular com-
plexes, if their spectra differ from that of the educt. In addi-
tion, secondary photoreactions of primary products can
counterfeit a wavelength dependence. In this work, we ignore
secondary reactions and complexes. However, a wavelength
dependence of photochemistry can also result from the exci-
tation of different electronic states if the population exchange
between them is sufficiently slow. Except for very small
molecules, such as iodine [2], this condition is usually met
only if these states are well separated in energy [1]. The
wavelength dependence observed in previtamin D was inter-
preted by one group on the basis of a postulated difference in
conformer spectra [ 3,4}, whereas another group invoked two
different excited states (1B, and 2A,) [5]. The potential
curves of these two states cross each other, and the population
is transferred from the 1B, to the 2A, state probably in a time
similar to that found for molecules such as hexatriene (10—
60 fs [6,7]). Thus any competing process must be assumed
to be extremely fast. In this work, we suggest that the smooth
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part of the wavelength dependence is caused by conformer
control, whereas the sudden change in a narrow wavelength
region is caused by an effect of a hot reaction in the excited
state. One of the two competing reactions proceeds over a
barrier in the excited state, so that its velocity increases with
the excess energy, which depends on the excitation wave-
length. A hot reaction competing with fluorescence has been
reported [8].

1.1. Reaction scheme and previous models

Previtamin D is an open chain steroid triene which has
basically two different conformers, denoted as P (tZc¢) and
P, (cZc) in Scheme 1. (We ignore the fact that each of them
can occur in two helical senses.) The room temperature spec-
tra are shown in Fig. 1. Both of the conformers can undergo
a photochemical Z-E isomerization to tachysterol (T, Ty).
However, only the minor conformer (cZc) has a suitable
geometry to yield photochemical electrocyclic ring closure
to dehydrocholesterol (D) or, with the other helical sense of
the conformer, to lumisterol (L). It was therefore natural to
attribute the wavelength-dependent ratio r(A)/1(A) of the
ring closure yield divided by the Z-E isomerization yield to
an assumed difference in the absorption spectra of the two
conformers [3]. Support for this interpretation was deduced
from model hexatrienes, in which the conformer composi-
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Scheme 1. Reaction scheme. The assignment of the reactions between the
conformers is taken from Ref. [9]. According to Section 3, the P,—P inter-
conversion can occur not only thermally (A ), but also photochemically.
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Fig. 1. Room temperature spectra of 7-dehydrocholesterol (D) and previ-
tamin D (mixture of conformers P and P,).

tions were varied by varying the substituents [4]. On the
other hand, careful studies of the quantum yields by Dauben
etal. [5] showed a jump by a factor of two within the very
narrow range between 302 and 305 nm (Fig. 2). It was argued
that such a sudden change in the ratio of the absorption cross-
sections is not conceivable for the two conformers, whose
spectra are believed to be completely smooth. As an alter-
native, Dauben et al. [5] suggested that the sudden change
occurs at the wavelength at which transitions to the
(“‘bright’’) 1B, state (S,) and to the (‘‘dark’’) 2A, state
(8,) cross each other. They assumed that S, shows a fast loss
to the ground state (S,) by internal conversion, which com-
petes with the conversion to S,, and proposed that the pho-
tochemical processes originate only from S,. They presented
evidence indicating that the crossing is in fact located in the
mentioned wavelength range. However, this mechanism pre-
dicts constant quantum yields at long wavelengths, which
populate only S,. The experiments show a strong, although
smooth, quantum yield variation in this region [5].

We propose that the process competing with ring closure
is double-bond isomerization, and that this process has a
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Fig. 2. Wavelength dependence of the quantum yields of ring closure and
double-bond isomerization during the irvadiation of previtamin D (mixture
of P and Py). The data are from Ref. [5].

barrier leading to a dependence on the photon energy. This
idea has already been suggested by Bernardi et al. [ 10], but
has not been analysed further.

2. Experiments and results

In this work, we prepared the cZc conformer (P,) of prev-
itamin D by photochemical ring opening of 7-dehydrocho-
lesterol (D) in a matrix at 91 K and measured its UV
absorption in a conventional spectrometer. The irradiation
was carried out in a 1 cm quartz glass cell, surrounded by a
vacuum sleeve, by a pulsed, frequency-doubled dye laser at
295 nm. At this wavelength, the ratio of the absorption cross-
sections o(D)/o(P) (and probably also o(D)/a(Py)) is
atamaximum (cf. Fig. 1), so that the secondary photochem-
istry of P, should be minimized. The irradiation was repeat-
edly interrupted, with a small conversion in each step, and
the spectrum was measured. For a preliminary evaluation, we
subtracted from the measured spectra those of D and T (i.e.
tachysterol, the secondary product which dominates after
long irradiation), each multiplied by a factor such that the
known vibrational structures of D and T disappeared. These
factors yield the conversions and thus the concentrations of
the products.

The resulting difference spectrum is the spectrum of cold
Po. It is shown in Fig. 3. This spectrum is shifted by only 3
nm to longer wavelengths compared with that of the normal
Zc conformer (P) at a similar temperature. Both spectra are
otherwise similar and are very smooth. More details of the
spectra and the origin of the temperature shift will be dis-
cussed in later work [9]. The spectra show that the jump in
the quantum yields cannot be explained by any spectral dif-
ference between the conformers. Since we have already
pointed out the difficulties of the alternative model, we pres-
ent here a different explanation.
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Fig. 3. Spectra of D at 91 K, P at 77 K, P, at 91 K and thermal previtamin

D (mixture of P and P,) at 295 K. The low-temperature spectrum of P i
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from Ref. [5]. In Ref. [5]. the P-P, mixture was dissolved and cooled. P
prevails at low temperature.
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Fig. 4. Schematic diagram of the 2A, potential energy surface with the
suggested reaction pathways.
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Fig. 5. Test of the model. ¢, and @y are wavelength independent in the range
in which only P, absorbs (A =300 nm). For completeness, we also show
the data below 300 nm, although the evaluation (Egs. (1) and (2)) neglects
the absorpticn by P. The evaluation according to Egs. (1) and (2) requires
a reference wavelength A in this figure, we used A, =325 nm. Other
choices of A, generate slightly different sets of ¢, and ¢y, whose scattering
is shown by the error bar.
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3. Discussion
3.1. Mode! with a barrier in one of the competing reactions
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nm, the absorption of Py is fa larger than the absorption of P
ai 77-91 K. At 295 K, the spectra are shifte:! v about 10 nm,
so that this limit is expected at 300 nm at room temperature.
Therefore, in the region of the jump in the quantum yields,
we will neglect the absorption of P and will concentrate on
the photochemistry of P,

The basic assumption of the suggested model is that the
path (Fig. 4) from excited P, branches (ratio ¢,/ (1—¢,)),
leading to the ring closure valley without a barrier or, along
anctner coordinate, to the Z-E isomerization valley over a
small barrier; from eacl of the valleys (minima of the 2A,
surface), there is a path via another branching (conical inter-
section) leading to ring closure +educt (ratio ¢,/ (1 —¢,))
or tc educt +E isomer (T) (ratio (1 —¢;)/¢;). The wave-
length dependence reflects the dependence of (1 — ¢,) onthe
excess energy. All branching ratios can be deduced from the
published data (Fig. 2) using

rA) =@ (D¢ (N
HA)= (1= () eor (2)

where rand ¢ are the measured quantum yields of ring closure
and formation of iachysterol respectively (Fig.2). For a
given wavelength A, there are three unknown and two meas-
ured quantities. Taking the data at a second A, we can solve
the equations for all ¢. The data at the remaining wavelengths
can be used to check the assumption of the model that ¢, and
@r are A independent. Fig. 5 shows that they are in fact con-
stant in the range A > 300 nm, where the P, absorption dom-
inates. (The apparent outliers at 320 and 302 nm seem to be
outliers in the original data (see the deviations from asmooth
line especially in the sum of the quantum yields in Ref. [5],
fig. 3).) The A independence contrasts with the strong vari-
ation of the measured data ( by a factor of five for r(A) ). This
provides strong evidence that the model is at least partly
accurate.

This agreement contrasts with the mentioned problems of
the previous model [5] in this wavelength region. In Ref.
[51, it was assumed that the A dependence reflects the dif-
ferent probabilities of excitation of S, and S,, that all the
reactions occur only from the latter and that there is a rapid
deactivation S, - S, competing with the internal conversion
Sz -S 1

In this case, it is difficult to understand why the ratio of the
products should depend on A (internal conversion is a loss,
affecting both products in the same way) and why the yields
should depend on A in a region which, according to Ref. [5],
mainly S, is excited. The general assumption that the pho-
tochemical processes all start from the S, state is also not
sufficiently detailed. According to the general view, also pre-
sented in Ref. [5], the minimum of S, is common to D and
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P,. If all processes started from this state, the product T
(normally formed from P, or P) would also form from D.
However, T is not a primary product of the photolysis of D
[11]. The crucial feature of our model in this context is that
it postulates two consecutive branchings.

3.2. Branching ratios

For both ring closure to D or L and ring opening of D or
L, the rate-determining step is the transition from the S,
minimum to a conical intersection, where the path branches
to either the educt or the product [ 12]. The rates and branch-
ing ratio ¢,(1 - ¢,) should be the same for the forward and
backward reactions. Table ! compares this ratio for ring
opening nd ring closing. It also shows the analogous com-
parison for the Z-E and E-Z isomerizations. In contrast with
expectation, ¢, in the line *‘Py’”" is not equal to the value in
the preceding line. Also the ¢y values in the lines *‘Py’" and
“T"" are different.

There are several conceivable explanations.

1. Contrary to the assumption, the rate-determu.:ng step may
be different for ring closure and ring opening, and also for
Z-E aund E-Z isomerizations. For the former reactions,
this idea would be in conflict with all concepts of photo-
chemical pericyclic reactions [8]. However, the dout le-
bond isomerization proceeds via two different S, minima
and conical intersections in the forward and backward
reactions, as concluded from recent work on unsubstituted
hexatriene [15,16].

2. When leaving the S; minimum, the molecules still remem-
ber from where they originated, carrying a further part of
the momentum. Similar effects have been found in differ-
ent systems [17]. However, in our case, we would have
to postulate that the memory lasts for 5.2 ps, the lifetime
of the S, state [ 18]. Long before this the momentum and
vibrational energy will be redistributed.

Table 1

Branching ratios for ring closure/ring opening and Z-E isomerization/E-Z
isomerization, the reactions starting from an assumed common excited inter-
mediate of educt and product (local S, minimum). The average in the third
line is given for comparison with the back reaction, since the corresponding
helical forms of P, have an abundance ratio of 1 : 2 (line P, is from this
work; other data from [13,14])

Educt @/ (1 - g,) er/ (1 -¢p)
D 0.66/0.34 -

L 0.53/0.42 -
(D+2L)/3 0.61/0.3Y -

Py 0.44/0.56 0.44/0.56

P - 0.48/0.52

T - 0.90/0.10

-

)

T
k() KR\
“d/k,\ N

Fig. 6. Modifie " branchings for excited P, and T, including single-bond
isomerization.

3. Inthe first branching, there may be another channel which
increases the internal conversion to the Py ground state.
Such a channel has been found for several polyenes [ 19]
and for hexatriene [16], and for the latter has also been
predicted by ab initio calculations [15]. Single-bond
isomerization occurs which, via a conical intersection,
leads partly to the other conformer, but partiy back to the
starting conformer [ 15]. Fig. 6 shows the suggested two
branchings, starting from P§ and T*, and indicates the
rate constants in the direction of electrocyclic ring closure
(ky) and of single- and double-bond isomerizations (X
and k).

This refined model leads to the replacement of ¢, and

(1—¢,) inEgs. (1) and (2) by

‘Pcl=kcl/(kcl+ks+kd(A)) (3)
and
‘Pd=kd(A)/(kcl+k§+kd(’\)) (4)

respectively. To obtain a branching ratio for ring closure in
agreement with ring opening (average of D and L as educt,
with twice higher weight for L, in accordance with the
weights for the helical forms making ring closure), we must
postulate k,/ ke = @,/ ¢, =0.39. In a similar way for tachys-
terol (excited at 254 nm), we would have to assume &',/
k' 4=4.6; however, as mentioned, for this case we doubt the
existence of a common minimum for the forward and back-
ward reactions, so that this latter ratio has no meaning.

3.3. Excess energy dependence and barrier

The evaluation above not only delivers the wavelength-
independent ¢, and ¢, but also ¢, (A). Since

(1= @ () @1(A) = @a(A)/ @A) dky(A) (5)

this function reflects the energy dependence of k,, the double-
bond isomerization rate. It is plotted in Fig. 7 vs. A™', the
wavenumber of excitation. At a threshold of 33 000 cm ™!
(303 nm), k, makes a jump and tends to an asymptotic value
at higher energies, as expected for a threshold process. At
lower wavenumbers, k4 depends exponentially on the energy
of excitation. This is probably due to the Boltzmann distri-
bution of the molecules after excitation. To understand this,
we should note that the (thermal) energy of the many UV-
inactive modes is not affected by the excitation, so that their
vibrational energy content is transferred to the upper elec-
tronic state. On the other hand, an energy of E,, in a UV-
active mode will cause a certain shift A in the absorption. A
red shift of the excitation by A will therefore reduce the
vibrational energy by (A — E,,) to below the thermal value.
Therefore the excitation wavenumber (abscissa in Fig. 7)
correlates with the average vibrational energy content in the
upper state, which in turn influences the rate k4 of overcoming
the barrier. If the distribution of this energy is exponential
(Boltzmann), k; will (below the threshold) also depend
exponentially on the excitation wavenumber. Therefore we



W. Fup, S. Lochbrunner / Journal of Photochemistry and Photobiology A: Chemistry 105 (1997) 159~164 i63

10—
-"..E
a | ° *
= @
: | :
2
~
0
8
=
(=] ®
o °
§1_- e E
41 L ..
| .
| ¢ 1
—tde b2 2 2 1 2 | EEPTUT ST S S N Y
31000 32000 33000 34000 35000
v/cni'

Fig. 7. Dependence of (¢ ' — 1) on the wavenumber of excitation. This
function reflects the excess energy dependence of the rate &, for the double-
bond isomerization channel. The asymptotic value at high energies is only
qualitative, since P absorption is not negligible in this region, but has not
been taken into account.

consider that Fig. 7 nicely confirms our model. It should be
noted that the previous models provide no explanation for
any wavelength dependence in this region.

Above 33 000 cm ', the barrier crossing &, can compete
efficiently with k, as well as with any cooling rate. The latter
is probably of the order of 10! s ! and k., may be faster than
10" s~ !. To be so fast, the barrier crossing needs a certain
excess energy. Therefore the maximum of the barrier is prob-
ably slightly (by several kxT) below 33 000cm ~ !, measured
from the ground state. However, we cannot give the barrier
height in the excited state, since the energy of the S, minimum
is not known. It is probably more than 0.5 eV below the
Franck—Condon region [12].

3.4. The tZc conformer of previtamin D

Dauben et al. [5] also measured the fluorescence of prev-
itamin D and its temperature dependence. At 16 K, they
reported a lifetime of 2 ns and a quantum yield of 0.18. This
obviously cannot be attributed to Py, since this molecule dis-
appears from its S; minimum within a temperature-independ-
ent time of 5.2 ps [18]. The emission spectrum is different
from that of the conceivable products T, D or L [20]. There-
fore this fluorescence must be due to P, the tZc conformer of
previtamin D,

At temperatures above about 80 K, the fluorescence yield
strongly decreases. This dependence has been assigned to a
competing process with a barrier height of 630 cm ™' [5]. It
can be assumed that this process is double-bond isomerization
(k4), leading to a tachysterol conformer (to T, according to
Ref. [9]). Then the process competing with fluorescence

(radiative rate, 0.09 ns~' [5]), even at 16 K, can be the
channel (rate k) to a conical intersection, which leads to
single-bond isomerization and internal conversion. k, is cal-
culated to be (2 ns) "' —0.09 ns~' =0.49 ns~'. It must be
barrierless due to the low temperature. It is interesting to note
that, in the unsubstituted counterpart of P, 1,3Z,S-hexatriene,
these two processes have been identified with rates and acti-
v «tion energies similar to those above [16]. The small rate
k;=0.49 ns " for P contrasts wiih the value for P,, where it
is probably faster than 0.1 ps™", since it can compete with
the very fast ring closure (k> 1/5.2 ps, predicted from ring
opening) and the vibrational cooling rate. This contrast is
again consistent with observations on hexatrienes, where a
slight modification of the molecule changes the barrierless
rate by orders of magnitude [21].

Franck~Condon analysis of the fluorescence places the S,
minimum at 29 600 cm ™' [5]. (This value may still depend
on the interpretation of the temperature shift of the spectrum.)
Adding to it the activation energy, we can expect that the
tachysterol quantum yield will decrease dramatically below
30200 cm ™! (331 nm). However, this is difficult to check
since P shows practically no absorption in tliis region.

4. Conclusions

We believe that sufficient evidence has been presented for
the two main claims of our model, i.e. that the reactions of
excited P, proceed via two consecutive branching points and
one of the competing channels, double-bond isomerization,
has an early barrier which is responsible for the wavelength
dependence of the process. This type of excited state effect
has not often been observed; we only know of the case of
Dewar-naphthalene, in which a hot reaction competes with
fluorescence [8]. Obviously, hot reactions can work only if
they are faster than the cooling rates. A hot double-bond
isomerization can also probably be invoked for the similar
observations in other trienes studied recently by Dauben et
al. [22].

In recent experiments in a matrix (90 K), we found that a
slight increase in the irradiation wavelength from 295 to 297
nm results in a very dramatic decrease in tachystero] forma-
tion, while maintaining ring closure and single-bond isom-
erization. Obviously, the matrix increases the barrier height
by about 800 cm ™' compared with that in the liquid phase at
room temperature. Such matrix effects are easily conceivable.

It is the general view that ring opening and ring closing
have acommon rate-determining step [8]. This theory would
be confirmed if their branching ratios ¢,/ (1 —¢,) were the
same for the forward and backward reactions. The fact that
they are different (Table 1) is nevertheless compatible with
this view, since areasonable third channel (single-bondisom-
erization) can be postulated for the first branching point. A
better check for a common intermediate would involve a
comparison of the raie for ring closing with the rate for ring
opening.
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Evidence was found that, in 1,3,5-hexatriene, there are two
different rate-determining steps for the photochemical Z-E
and E-Z isomerizations [15,16]. We also assume that the
P, — T and T — P, rearrangements have different intermedi-
ates. Therefore our model provides no evidence on whether
excited T can also isomerize around a single bond. Neverthe-
less, the existence of such an additional channel is suggestive
for T, in analogy with P,, P and the smaller hexatrienes
[15,16].

Our analysis of the wavelength dependence yields a num-
ber of new features of the potential surfaces responsible for
the electrocyclic ring closing and opening. One is the early
branching (near the Franck-Condon region) of the reaction
path. This branching is far above (by at least several kzT)
the S, minimum, since it is out of reach for the thermal energy.
(For example, T cannot be formed by direct reaction from
D, and D cannot be fortned from T.) The curves of Fig. 4 are
(schematic) cross-sections of the potentia! surfaces. Obvi-
ously, there is no low-energy path around the central barrier
with the first branching. It is also worth noting that the early
branching (in particular, the Z—E channel) has so far not
been found by quartum chemical calculations [ 23], although
the Z-E path has been found in other conformers [ 15].

In these curves, we omitted a commonly known detail,
since it was unimportant for the model: the S,/S; crossing.
Except at very long wavelengths, the absorption populates
the S, i 1B,) state [5]. From there, the molecule very rapidly
(rate k;,.> 10" s~ !, see Section 1) crosses to the S, (2A,)
state, proceeding to the S, minimum and from there to a
conical intersection and the products. The early branching
postulated by us could take place in the S, state. In this case,
the rates k) and ky must compete with the rapid S, — S, cross-
over. Therefore it is probable that (most of) the branching
occurs in the 2A, state.
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