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Abstract: Photochemical and thermal cis/trans isomerization is reported for a stilbazolium betaine (M). Obtained from synthesis in the trans configuration, M cannot be isomerized directly but only via the 0-protonated form MH&ns.Photoisomerization of MH;,,, yields the cis isomer MH& (structure established by IH NMR) which can be deprotonated to the cis betaine.
M,i, represents the first example of a cis isomer in this class of compounds. Though fairly stable in aqueous solution, M,i, can
be fully reverted to the trans isomer either thermally or photochemically. The sequence M,,,,, s MH:,,, F! MH;, ~i M,i,
M,,,,, constitutes a complete molecular reaction cycle which may serve as a chemical model for the storage of information and
subsequent regeneration of the information carrier, for instance, in biological systems.

-

Introduction
Among the merocyanine dyes, merocyanines of the stilbazolium betaine type (I) have found continuing interest because
of their extreme solvatochromic properties. T h e long-wavelength absorption maximum exhibits strong negative solvat o ~ h r o m y which
~ , ~ has been rationalized qualitatively by assuming that for these compounds the large ground-state dipole
moment is significantly reduced upon e x c i t a t i ~ n .Bayliss
~~.~
and McRaeS have shown that the underlying change in electronic structure is mainly due, though, to the hydrogen bonding
capability of the solvent rather than its bulk polarity. The same
concept has successfully been utilized by Benson and Murrel16
to account for the solvent influence in a velectron SCF calculation of excitation energy and oscillator strength of the
stilbazolium betaine M.

Ia

Ib

IIa

IIb

In valence bond terminology, these experimental results and
theoretical arguments can be interpreted as predominant
contribution of the polar resonance structure, Ib, to the ground
state of stilbazolium betaines in polar solvents. I b represents
an essentially stilbene-analogous structure, with two benzenoid
rings and an ethylenic C=C double bond, offering the possibility of cis/trans isomerism known for many stilbene derivatives. Thus, one should expect stilbazolium betaines to likewise
exist in a cis as well as in the trans configuration, and the cis
isomer, though thermodynamically less favorable, to be sufficiently stable for a t least spectroscopic identification.
So far, however, no cis stilbazolium betaines have been reported in the literature, except for a paper of Schulte-Frohlinde
and Guesten7 who in 1971 proposed a cis stilbazolium betaine
as an intermediate in the thermal cis
trans isomerization
of a hydroxystyryl-quinolinium cation, Le., the 0-protonated
form of the betaine. Since the rate of isomerization was found
to be inversely proportional to the H+ concentration, the authors supposed the reaction to in fact proceed via the corresponding cis stilbazolium betaine which they assumed to be

-

present in protolytic equilibrium, but to be too short lived even
for spectroscopic d e t e ~ t i o n . ~
W e now want to report the successful photochemical and
thermal trans e cis isomerization of l-methyl-4-(4-hydroxystyry1)pyridinium betaine ( M ) and its protonated form,
MH+, both of which have hitherto been known only in the
trans configuration. T h e species M,i, represents the first example of a cis stilbazolium betaine sufficiently long lived to
allow spectral characterization as well as a detailed investigation of its photochemical properties. Kuder and Wychik,*
who have recently determined the pK values of MH+ in ground
and excited singlet state, do not report any indication of
isomerization. W e have found, though, that this type of
merocyanine is ideally suited for a detailed study of cis/trans
isomerism in a conjugate acid/base system.

Experimental Section
Materials. 4'-Hydroxy- 1 -methylstilbazolium betaine was synthesized according to literature procedures3 and recrystallized several
times from water, and its purity was checked by TLC on aluminum
oxide (neutral) and silica gel 60 F254 (Merck). Deionized water was
distilled twice in a quartz column; methanol (p.a. Merck) was used
without purification. HCI and NaOH (1 N Titrisol, Merck),
Na2B407'10H20) (p.a. Merck), and buffer solutions of pH 6, 7, 8,
9, and 1Q (Puffer-Titrisol Merck) were used as buffer materials; the
buffer of pH 8.5 was prepared as described by Bates and Bower.9
Quinine bisulfate (Fluka) served as a fluorescence standard.
Instrumentation.UV and visible absorption spectra were recorded
on a Zeiss DMR 10 spectrophotometer with a cuvette holder equipped
for variable temperature thermostatization.
The fluorescence measurements were made on a Hitachi/PerkinElmer spectrophotometer MPF-32. Fluorescence intensities were
measured at right angle to the exciting light. Narrow entrance slits
we're used in order to minimize the intensity of the exciting light and
thus to keep photoisomerization at a low rate. Owing to the high
quantum yields of some of the species investigated, photoisomerization
could not always be excluded completely. In these cases, the fluorescence intensity was recorded as a function of time, at fixed wavelengths
for both excitation and detection, and extrapolated to t = 0. Fluorescence quantum yields were based on quinine bisulfate in 1 N H2S04
as spectral and quantum standard (+F = 0.55 at h = 366 nmIo). In
order to avoid photochemically induced concentration changes during
the recording of the spectra, solutions of the merocyanine or its conjugate acid were used in these measurements with cis/trans isomer
ratios corresponding to the composition of the photostationary state
for the respective wavelengths.
Fluorescence lifetimes were measured with a 100-MHz phase
fluorometer described by Hauser and Heidt.'l The exciting light
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Table I. IH NMR Data (in CD3OD, 30 OC). for l-Methyl-4-(4-hydroxystyryl)pyridiniumBetaine, MI,,,,, and the Protonated Isomeric
Forms, MH;,,, and MH&

2’

3‘

8’ 9’

6 (PPm)

Mtrans‘
MH;ansd
MH&e
Wrans-cis

H2,2’

H3,3’

8.34
8.62
8.60
-0.02

7.81
8.06
7.82
-0.24

H5
6.868
7.202
6.585
-0.62

J , Hz

H6

H83‘

H9.9’

H5H6

7.758
7.853
7.165
-0.69

7.433
7.613
1.177
-0.435

6.594
6.861
6.748
-0.11

15.8
16.2
12.1

J‘%tlO.

(7.1)f
(7.0)f
(6.8)f

H8H9/HEH9’
8.63/0.09
8.44/0.21
8.25/0.20

For technical details, see Experimental Section. Relative to Me4Si as internal standard. c 5 X

mol/L. Concentration of MH;,,,
mol/L, of DCI 1 X 10-1 mol/L. e Part of the photostationary state &/trans isomer mixture (60:40), total concentration of MH;,,,
MH;, 2 X
mol/L, of DCI 4 X
mol/L. f Because of the lack of fine structure, the H2s2’/H3J’resonances were analyzed as simple
first-order AB patterns. The 6 and J values for Hs,6and H8,8‘99*9‘
represent the best values from iterative calculations (NIC-17-30712).

5X

+

source was a Spectra Physics Model 164 argon ion laser. For fluorescence excitation, the 454.4-nm line was used in the case of the
merocyanine, and the 363.8/356.4 nm lines in the case of the protonated species. Lifetimes 7 were calculated, assuming exponential
decay, from the equation tan = U T .
Photoisomerization. The samples were irradiated in cylindrical
cuvettes of 2.5-mL volume and IO-mm optical path length, placed in
a thermostat. These cuvettes could also be inserted into the sample
holder of the absorption spectrophotometer for recording of the absorption spectra at different stages of the photoreaction. As photochemical light sources, a mercury high-pressure lamp (HBO 200 W/2,
Osram), combined with interference filters (maximum transmission
at 365 and 435 nm, spectral width at half transmission 8 and 17 nm,
respectively) to select the Hg lines at 366 and 436 nm, and a lowpressure mercury lamp (NK 6/20, Hanau), combined with a reflection
filter (UV-R-250, Schott) to select the 254-nm Hg line, were used.
To determine photochemical quantum yields, the time dependence
of transmission was followed directly in the irradiating apparatus,
using the incident light simultaneously as probe light. The light intensity at the far side of the cuvette was detected by a photomultiplier
and recorded on a Philips PM 8251 recorder. For absolute measurements of the incident light intensity, ferrioxalate actinometry was used
as described by Hatchard and Parker.I2 For experiments with exclusion of oxygen, the samples were deaerated by passing a N2 stream
(oxygen content <5 ppm) through the cuvettes for 0.5 h.
NMR Measurements. The IH NMR spectra were obtained in pulse
Fourier transform mode on a Bruker HX 90E spectrometer, equipped
with a 15-in. magnet, BSV 3 PM pulse unit, and a Nicolet BNC 12
computer with 16K data memory. Pulse width was set at 5 w s (corresponding to about 35’ flip angle). The spectral width was 892.857 1
Hz; thus, with a dwell time of 560 ps/address, the total acquisition
time for one 16K FID (= repetition rate) amounted to 9.18 s. For
optimum resolution, samples were run in 5-mm tubes only, with the
CD3OD resonance as 2D lock signal. CD30D (99% D, Sharpe &
Dohme) was used as solvent, DCI (37% in D20, Merck Uvasol) for
acidification, and NaOD (40% in DzO, Merck Uvasol) for subsequent
deprotonation. The sample concentrations of the various merocyanine
DCI concentration
forms were in the range of 5 X IO-3 to 5 X
On the average, 4000-7000 scans were taken for each
was 4 X
single spectrum.
The numerical analysis of the NMR spectra was started with a
first-order evaluation of each of the three subsets (AA’XX’pyridinium,
AA’XX’phcnoxy,
and ABolef),followed where feasible by an iterative
parameter refinement with the Nicolet program ITRCL1/2 (NIC
17-307 12); the final 6 and J values are listed in Table I. For the digital
subtraction, the MH:,ns spectrum was scaled to the correct height by
adjusting the H3J’-pyridinium and the H*J’-phenoxy “doublet” in
both intensity and line width to the respective signals of the composite
trace; finally, the offset was corrected for identical centroid position
of nonoverlapping resonances (Figure 3A/B). Owing to slight changes
in chemical shift between the pure trans solution and the cis/trans
mixture, however, an absolutely exact fit could not be obtained, and
the MHJ, subtraction spectrum (Figure 3C) still retains some MH,:,,,
signal intensity (with both positive and negative sign).
Methods of Calculation. Cis Isomer Absorption Spectra. To analyze
the cis/trans isomer composition at the individual photostationary

states, reached by irradiating solutions of pure trans compound at two
different wavelengths, the method described by Fischer13 was used.
After determination of the &/trans ratio by this method, the spectrum
of the cis isomer can be calculated from the spectra of the isomer
mixture and the pure trans merocyanine. Fischer’s method also yields
) trans
cis
the ratio of the quantum yields cis trans ( @ J - ~and
@c-t/@l-c
being assumed to be independent of the excitation
wavelength.
As a second independent method we applied the procedure developed by Blanc and RossI4 for a mixture of two isomers only one of
which shows fluorescence. This method allows the determination of
the absolute absorption spectrum of the nonfluorescing isomer even
if the absorption spectrum of the fluorescing isomer is unknown. The
formulas as given by Blanc and Ross are not quite exact, however, in
that fluorescence intensities of solutions with different optical densities
are compared. Since the geometric factor is different for the two
samples in the case of different optical densities, we compared only
solutions with different total concentrations of the isomers but with
equal optical densities (D) at the excitation ~ave1ength.l~
For this
method, the molar excitation coefficient of the cis isomer at the excitation wavelength, ec, is given by eq 1 (which is the analogue of eq
5 in the original workI4).

-

-

In eq 1, I F , and IF*are the fluorescence intensities of the solutions with
total concentrations C I and c2, and d is the optical path length of the
cuvettes. As eq 5 of ref 14, expression 1 for cc does not involve explicitly
the actual cis/trans ratio in the respective solutions. To obtain optimal
accuracy, however, the cis/trans ratios of the two solutions should
differ as much as possible.
Quantum Yields
and
On irradiation with monochromatic
light of intensity IO,the optical density D of a solution containing cis
and trans isomer in a total concentration c changes according to
dD/dr

-( 1

- 10-D)Io -D1

(et

- e c ) (Dt+.t+c - DCac+) (2)

Dc and Dt are the fractions of optical density due to the cis and trans
isomer, respectively, and can be calculated from D by the following
relationships
€1

-

PC

(3)

Thus, by using the values for et, cc, and @c-.l/9t-.c
as determined by
the methods described above, the individual quantum yields may be
calculated from the measured value of dD/dt.

Results
At the outset of our investigations, we found the absorption
spectra of the merocyanine M in aqueous solutions of different
p H to be badly reproducible. Especially, there were no sharp
isosbestic points as would be expected for a simple protolytic
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Figure 1. Absorption spectra of aqueous solutions of M at different pH (c 2 X
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mol/L, solutions handled only in the dark),

A) decreases, with a concomitant increase in intensity of the
248 nm), until a stationary state is reached
second band (A,
(Figure 2, spectrum C). By irradiating this solution (C) in the
shorter wavelength band (254 nm), the spectral change (A
C ) is partially reversed until a new photostationary state is
reached (spectrum B). T h e same spectrum (B) can also be
obtained when the initial solution (A) is subjected directly to
irradiation at 254 nm. Both the sharp isosbestic points (Figure
1) and, more generally,I6 a linear correlation between the
absorbances a t two different wavelengths indicate that the
observed spectral change is in fact due to a single, reversible
photoreaction.
A probable explanation for the photochemical process would
be a (reversible) trans F! cis isomerization about the central
C=C bond of M H + . For structural proof of the newly formed
compound, ' H N M R spectra in C D 3 0 D / D C l were measured
of both the initial solution prepared in the dark and of the same
solution after irradiation. By using pulse Fourier technique,
these spectra could be obtained directly from low-concentration
samples which could also be subjected to UV analysis. Thus,
an unequivocal intercorrelation between UV and N M R results
was established.
'H NMR Analysis. Figure 3A shows the 'H N M R spectrum
of the protonated merocyanine, M H + , in C D 3 0 D / D C 1 solution. There are three well-separated, independent partial
spectra: one AA'XX' pattern each for the phenoxy and the
pyridinium moiety ( for the latter, none of the lines belonging
to the two "ab quartets" appears resolved), and a pair of
doublets for the A B system of the two olefinic protons. T h e
H5H6coupling constant, J A B = 16.2 Hz, is compatible only
with a trans configuration of the two aryl substituents about
the central C=C double bondI7-l8(Figure 3A, Table I ) .
After irradiation to a photostationary state, the proton
spectrum of the same solution displays, in addition to the
original set of resonances, a large number of new lines (Figure
3B). Upon digital subtraction of the spectrum of MH,:,,, before
irradiation from the composite trace (for details, see Experimental Section), it becomes evident that the resonances of the
newly formed compound can again be classified into three
separate partial spectra. Two of these are AA'XX' systems
which-despite
considerable changes in chemical shift-

-
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Figure 2. Spectral change for aqueous solutions of MH+ (c 2 X
mol/L, pH 6 ) upon irradiation: (A) spectrum before irradiaton (pure
trans); (B) photostationary state spectrum for irradiation at 254 nm; (C)
photostationary state spectrum for irradiation at 366 nm; (D) calculated
spectrum of pure cis isomer.

equilibrium of only two forms, M and M H + . When the solutions were handled only in the dark, however, the spectra became exactly reproducible and showed sharp isosbestic points
(Figure 1). From these spectra, the pK at 25 O C was evaluated
as 8.54, in perfect agreement with the literature value.* Since
a t a p H 310 where protonation of M is negligible solutions of
M are photochemically stable, these findings are suggestive
of a photoreaction of the protonated form, M H + . In fact, SOlutions of the merocyanine a t pH 1 6 (where only M H + is
present) display reversible photochromism as illustrated by
the several spectral traces in Figure 2.
The Photochemistry of MH+. If a solution of M H + , prepared in the dark by dissolving M in a buffer solution of pH 6
(Figure 2, spectrum A), is irradiated at 366 nm, the absorbance
of the long-wavelength band (A,
initially a t 372 nm in trace
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exhibit exactly the same “fine structure” (splitting, relative
intensity, resolution) observed for the phenoxy and pyridinium
ring protons of MH:ans. For the new pair of A B doublets,
however, J A B is only 12.1 Hz-a value which is in perfect accord with a cis arrangement of the two arene m o i e t i e ~ . ” ~ ’ ~
The N M R spectrum thus supports our original assumption
that the protonated trans merocyanine is partially photoisomerized to the corresponding cis compound. T h e N M R analysis, especially the spectral subtraction, also shows that, as
already demonstrated by the well-defined isosbestic points in
the absorption spectrum, one and-within the limits of ‘H
N M R detection-only one product is formed in the photochemical process.
It now remains to be examined whether the changes in
chemical shifts between MHL,,, and the new isomer likewise
are compatible with a cis merocyanine structure. In this configuration, as in cis-stilbene, the two arene rings must obviously
be twisted from the coplanar orientation relative to the C5=C6
bond. Thus, one might expect considerable attenuation for the
cis compound of both the electron withdrawal by the 1-N+CH3 function (which exerts its influence mainly a t positions
6 and 8,8’ in the other ring) and the + M effect of the OH group
(which should be felt mainly by H5 and H3,3’). There is no
significant effect of the associated decrease in charge exchange
on the actual chemical shift, for both H and H6 move upfield
to nearly the same extent (Figure 3 A
3C). On the other
hand, these protons lie within the deshielding region of the
aromatic ring current in the coplanar configuration of the trans
compound; upon rotation of the arene rings about the C4-C5
and C6-C7 bonds, respectively, H5 and H6 may eventually even
come into the screening cone of the anisotropic ring current,
and thus appear considerably better shielded for the cis than
for the trans isomer. At the same time, the aryl protons in ortho
position to the olefinic linkage (H3v3’and H8,8’,respectively)
each are situated well within the shielding cone of the other
arene ring for the cis configuration, and thus should experience
a significant high-field shift; this is in fact observed (Table
1).
The IH N M R findings as outlined above represent conclusive proof that the photoisomer of MH;,,, is indeed the cis
merocyanine, MH&. T h e photostationary state spectrum
(Figure 3B) also allows calculation of the &/trans isomer
ratio. In the composite trace, the individual resonances can be
assigned to the various ’Hsites in both cis and trans isomer,
as indicated in Figure 3, and the four well-separated resonance
areas may be integrated separately. Thence, cis/trans is calculated as 0.60; if one takes into account the change of solvent
( C H 3 0 H vs. H20), this is in good agreement with the value
for the photostationary state as determined from the absorption
spectra (0.67 for irradiation at 366 nm in aqueous solution, see
below).
Quantum Yields. The nature of the photoproduct being established, it was of interest to determine the quantum yields
of both the trans cis and the cis trans photoisomerization
(which should provide information on the mechanism of the
photoreaction). For this, the spectrum of the pure cis isomer
must be known. From the spectra of the photostationary states
obtained by irradiation a t 254 and 366 nm (Figure 2, spectra
B and C) and from the pure trans spectrum (A), the fraction
of cis compound in the corresponding solutions can be calculated by Fischer’s methodI3 (see Methods of Calculations) as
0.27 and 0.67, respectively. Thence, it is also possible to calculate the spectrum of pure M H & (Figure 2, spectrum D;
9.2 X l o 3 L mol-] cm-I). It should be noted that the spectral
change in going from MH;,,, to MH;, is quite similar to that
between trans- and cis-stilbene.
T h e photostationary state solution (C) was also subjected
to the fluorescence analysis method of Blanc and RossI4 (see
Methods of Calculation) by comparing it with a pure MH;,,,

-

-

-

$,t6nm

C H$
2’

3

Figure 3. Aryl proton spectra of MH+ (assignment of partial spectra fol-

lows the numbering in the accompanying structural formulas; the two AB
doublets of the olefinic protons H5s6are shaded for better clarification):
(A) spectrum of unchanged MH:,
(handled only in the dark, c 5 X lom2
mol/L); (B) spectrum for the photostationary state composition after irradiation at 366 nm (MH&:MH:ans 60:40, total concentration 2 X
mol/L); (C) spectrum of pure cis isomer obtained by digital subtraction
of the MH:,, spectrum (see text) from the composite trace (B).

solution (A). The calculation yields dfnm9.25 X lo3 L mol-’
cm-’, in excellent agreement with the value obtained by
Fischer’s method. The underlying assumptions of both methods
thus seem to be justified, (1) that the ratio of the quantum
is identical at 254 and 366 nm, and (2) that
yields @c,t/@t-c
the fluorescence quantum yield of the cis isomer is negligible.
With the et, tc. and @c-t/@t+c
values determined above, the
individual quantum yields
and
can be calculated
from the time dependence of the optical density on irradiation.
The results are given in Table I1 together with the fluorescence
quantum yield and the fluorescence lifetime of the trans isomer. T h e quantum yields are independent of the presence of
oxygen and, within the range of M H + concentrations used
(max 4 X
M ) , also of the concentration of M H + .
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Figure 4. Absorption spectra of a 67:33 isomer mixture of MH;, and MH:,,

(aqueous solution, total concentration 2

X

pHs.

tochemically (67% cis; Figure 2, spectrum C ) are buffered a t
increasing pH, the absorption spectra of these samples show
a similar dependence on p H (Figure 4) as those of the pure
trans form (Figure l ) , with well-defined isosbestic points. The
cis/trans isomer mixture apparently behaves like a single
compound toward a change of pH, Le., both isomers must have
almost the same pK. A plot of the absorption a t 442 nm vs. that
a t 265 nm (long and short wavelength maxima, respectively,
at p H 10) indeed shows only slight deviation from the straight
line (Figure 5). (This would indicate that the cis form-with
stronger absorbance in the 265-nm band-has a somewhat
higher pK than the trans form.) From this spectral behavior,
it also follows that upon deprotonation of M H + both M,i, and
M,,,,, are obtained without any change in the individual
configuration. This conclusion is confirmed by the fact that
the &/trans ratio calculated from fluorescence data as described above is the same for the protonated and deprotonated
form.
T h e hitherto unknown cis form of the merocyanine, MciS,
could thus be obtained by photoisomerization of MH$,,s and
subsequent deprotonation. Contrary to Mtrans,however, Mcis
is sensitive to light. On irradiating aqueous solutions containing
the cis isomer with light of wavelength 2254 nm, the absorption spectrum changes as illustrated in Figure 6: the longwavelength band intensity increases, that of the second band
decreases, and the final spectrum is identical with that of a
solution prepared by dissolving crystals of M in water buffered
a t p H 310 in the dark, and also with the spectrum obtained by
adding alkali to a MH;,,, solution. T h e last trace of Figure 6
thus corresponds to Mtrans,and the spectral change may be
attributed to the photochemical cis
trans conversion of
M.
Obviously, Mcis is sufficiently stable in aqueous solutions

-00
E

6

20

10
molar

extinction coefflclent

4b

30
a i L 4 2 nm

E X

mol/L) at different

Figure 5. Change of absorbance for the merocyanine M with varying
pH at two wavelengths: correlation plot of €265nm vs. c442nm for the pure

trans isomer solution (0)and a 67:33 &/trans isomer mixture ( 0 ) .The
individual pairs of absorbance values are taken from the pH-dependent
spectra in Figures 1 (0)and 4 (e),respectively, and represent pH 6,7,
8.5,9, and IO, in that order from left to right.

A thermal cis/trans isomerization of M H + in aqueous solution could not be achieved. Under rigorous exclusion of light,
the cis and trans isomers are configurationally stable up to 100

-

OC.

Cis-Trans Isomerism of the Unprotonated Merocyanine M.
If solutions with the highest MH;, fraction obtainable pho-

Table 11. Photochemical and Photophysical Data for M (I) and MH+ (11) at 20 OC, and Some Analogous Compounds

M
MH+
Stilbene
4-Stilbazol
4-Stilbazolium cation
4-Nitro-4'-methoxystilbene

@t-c

@c-t

0.00
0.33
0.5@

0.43
0.57
0.35f
0.25'
0.25k

0,44'

0.53k
0.07'

@Fa

0.0016e
0.015c
0.0398
0.003'
0.002k

psb
55 f 5
60 f 5
110f5h
7Fv

kFe

2.9 x 107
2.5 X IO8
3.5 x 108

k caicd
d
F
2.1

x

108

2.2 x 108

5.9 x 108
3 x 1081
2 x io8j

0.48'

Fluorescence quantum yield of trans isomer. b Fluorescence lifetime as measured by phase fluorometry. Rate constant of fluorescence
k~ = @ F / f F (s-'),
Theoretical rate constants of fluorescence, calculated from the integrated absorption spectrum (s-'). e Excitation wavelength
rnol/L; for isopentane and ethanol as solvents, the
at 366 nm. /Solvent methylcyclohexane/isopentane (1:3).28 g Reference 39. c 1 X
same TF values were obtained. Solvent water/ethanol ( l : l ) , pH 8.2s1 Reference 25. Solvent water/ethanol ( l : l ) , pH 2.2s Solvent methan~l.~'
Reference 40.

'
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Wavelength lnml

Figure 6. Spectral change for aqueous solutions of unprotonated merocyanine M with varying &/trans isomer composition (total concentration 2 X 1 0-5
mol/L, pH IO): ( C ) spectrum of a 67:33 Mcis/Mtransisomer mixture obtained by adding pH 10 buffer to a MH+ solution with &/trans isomer composition
corresponding to the photostationary state after irradiation at 366 nm (see spectrum (C), Figure 2); (A’) spectrum of the same solution of M after irradiation
at wavelengths > 254 nm (100% M,,,,,); (D’) calculated spectrum of pure cis isomer, Mcis.

to be easily identified a t room temperature. Since Mt,,,,, on
the other hand, is photochemically stable, @FC
must be very
= 0, @kt
can be determined by applying
small. Setting @kc
eq 2. For light of wavelength 436 nm, @y!t = 0.43 is obtained
(Table 11).
In contrast to MH;,, Mcis may also be isomerized thermally.
A s expected, this is a first-order reaction with strong temperature dependence (at 23 OC, 7112 is 260 min, a t 60 O C only 1.2
min). Rate constants k were determined a t temperatures between 23 and 60 OC and evaluated in an Arrhenius plot to yield
E , and ko. From these, enthalpy and entropy of activation were
calculated according to Eyring theory.I9

E , = 28.6 kcal/mol
AH&8 = 28 kcal/mol

ko = 7 X 10l6 s-l
= 16.5 eu/mol

On deprotonation of MH;, in methanol, no Mcis can be detected, and M,,,,, is obtained immediately. This means that
M,i,, while perfectly stable in water, is extremely transient in
methanol.
Discussion
Photochemical Isomerization. T h e structural relationship
of the merocyanine M and its conjugate acid M H + to stilbene,
4-stilbazole, and the 4-stilbazolium cation suggests a direct
comparison of their photochemical behavior. As demonstrated
by the data in Table 11, the analogy holds only for M H + : the
quantum yields
and @c-t are of equal order of magnitude,
the sum being close to unity. For the cis trans isomerization
of stilbene-type compounds, this has been explained in terms
of a “phantom” state X as common intermediate in the radiationless deactivation of both the trans and the cis excited
singlet state.20-22A 90’ twisted configuration must be assumed
for this phantom state because of the comparable probability
for its deactivation to either trans or cis ground state. T h e
photochemical behavior of M H + is consistent with this
mechanism.
In the case of
and s t i l b a ~ o l e s evidence
,~~~~~
has been put forward that X is in fact a singlet state for the

-

direct photoisomerization. At the present state, we cannot say
whether this also applies to M H + or whether any intersystem
crossing is involved. In any case, the lifetime of X must be
shorter than 5 ns since preliminary laser flash experiments
cis conversion to be complete within 5 ns.
show trans
is immeasurably
In contrast to M H + and stilbene,
small for the unprotonated form M. Such a difference in the
photochemical behavior of conjugate acid and base is not
general as the close analogy between 4-stilbazole and 4-stilbazolium cation shows (Table 11). Obviously, the change in
electronic structure is more pronounced in the case of O-protonation of the merocyanine M than in the case of N-protonation of 4-stilbazole.
T h e photochemical properties of M a r e quite similar,
though, to those of 4-nitrostilbenes substituted in the 4’ position
with an electron-donating g r o ~ p ,which
~ ~ , also
~ ~ exhibit a very
small at-, in polar solvents (see data for 4-nitro-4’-methoxystilbene in Table 11) and also to those of thioindigo and
some of its derivative^.^^
The
values for M and M H + are not much different in
accord with the general observation that quantum yields of cis
trans isomerizations are not very sensitive to substitution
or solvent changes. This is generally explained with a potential
curve for the excited singlet that has no minimum a t or near
the cis conformation-a model which also accounts for the lack
of fluorescence from cis isomers.
Additional information on the mechanism of the direct
photoisomerization may be obtained from fluorescence data.
The fluorescence spectra of the trans isomers are in agreement
with those of Kuder and Wychik.8 T h e respective quantum
yields and lifetimes are given in Table 11; neither Mcis nor
M H & shows any fluorescence according to the general rule.
It is of interest, now, to compare the rate constants of fluorescence kF = @.F/TF with theoretical values kFlCd,calculated
from the absorption spectrum by the Strickler-Berg equatiom30 For M H + , as for stilbene,31 we find good agreement
between k~ and kFalcd(Table 11). This implies that the transition dipole moments of the electronic state, reached by excitation in the first absorption band, and the emitting state are

-
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vestigation by CNDO calculations, together with a study of
the solvent dependence of the activation parameters, is in
progress.)
4-Nitro-4’-methoxystilbene (111) shows close analogy to M
not only in its photochemical but also in its ground-state
trans isomerization
properties: the activation energy for cis
is 28.8 kcal/mol for
and 28.6 kcal/mol for M. The weight
of the benzenoid structures Ib for M and IIIb for the stilbene

-

ma

tr -So

MH+

mb

derivative must therefore be comparable, which also accounts
for the fact that M has a large ground-state dipole moment
while that of I11 is relatively small.4b
The high positive value of 16.5 eu/mol for the entropy of
activation corresponds to an extremely high frequency factor
of 7 X 10l6 s-l. For comparison, the frequency factors for
cyanines36 and open-chain merocyanines3’ are in the range of
103-1014 s-I, corresponding to entropies of activation of -47
to +4.5 eu/mol. It is reasonable to suppose that, in going from
cis to trans in the course of the thermal isomerization process,
the 90’ twisted configuration represents an energy maximum,
i.e., the activated state of the isomerization reaction. In this
configuration, the contribution of Ib is severely attenuated, and
the dipole moment is expected to be considerably smaller than
in the ground state. Polar solvent molecules which initially were
highly oriented due to the strong dipole moment of the planar
thus can reorient rather freely
configuration (about 30 D4b,38)
in the activated state. This seems to be a reasonable explanation
for the high positive value for the entropy of activation for this
isomerization process. (This entropy change in the activated
complex, by the way, corresponds to the melting of about 3 mol
of H20.)
Molecular Reaction Cycle. The several single reactions described above constitute a full cyclic process as outlined in
Scheme I. MH:,,,, for instance, may be transformed photo-

+

c

tr

- so

- So

M
Figure 7. Possible decay mechanisms for excited cis and trans singlets

of M H + and M (for symbol explanation, see text).

equal, and thus represents strong evidence for these two states
being identical. The quantum yield for the conversion of the
excited MH:,,, singlet to the phantom state X must be close
to 100%; consequently, this process practically determines the
lifetime of the excited MHZ,,, singlet.
For the fact that k F is considerably smaller than ,?Icd in the
case of M, two explanations can be offered: (a) either the singlet state Si, reached upon excitation, could relax very rapidly
to a state S; with a smaller transition dipole moment,34 and
energetically lower than S I ;(b) or thermal relaxation of the
vibrationally excited SIstate could compete with an effective
internal conversion to a state S; (situated somewhat above S I )
which is efficiently deactivated by radiationless ,proceyes.
= 0, the deactivation of either SI or SI must
Since
occur without geometrical change. Therefore, these states
cannot have a twisted configuration, and neither can be identical with the phantom state X.
Our conclusions are summarized schematically in Figure
7.
Thermal Isomerization. The close analogy between M H +
and N-protonated stilbazoles extends also to the molecular
ground state. The high thermal stability of MHZ, (in the dark,
no isomerization is observed in aqueous solution up to 100 “C)
clearly demonstrates that in M H + , as in stilbene, the central
C-C bond has essentially double bond character, Le., for M H +
resonance structure IIb predominates. This conclusion is
supported by quantum chemical calculations of Benson and
MurrelL6 For the unprotonated merocyanine, on the other
hand, the facile cis trans isomerization is conclusive evidence
of participation also of la; because of the large dipole moment
of M, however, Ib must still contribute significantly to the
ground state, and the double bond character of the C5-C6bond
should still be rather pronounced. (A more quantitative in-

-

Scheme I

Mds

M,,,

chemically into MH:,. Deprotonation of MH;, yields M,i,,
which is then isomerized to Mtra,, either photochemically or
thermally. Subsequent protonation of M,,,,, completes the
molecular reaction cycle. It can be traversed, however, in a
“one-way” sense only since the step M,i,
Mtran, is irreversible.
At pH values where both protolytic forms are present, each
molecule is perpetually traversing the reaction cycle in the
indicated direction. As Schulten4I pointed out to us, this oneway cycle could serve as a
for the role which the protonated Schiff base of retinal plays in the light-driven proton
pump, discovered recently by Oesterheld and Stoeckenius in
the purple membrane of Halobacterium halobium.43
Another interesting aspect of this photochemical/protolytic
reaction cycle is its model character with respect to storage of
information and subsequent regeneration of the information
carrier. With respect to “vision” in biological systems, for instance, one might speculate on the following model process.
If such a system consisted of receptors in contact with a solution containing MHZ,,,, then the information “light” could
be stored by means of the photoisomerization MH:,,,
MH;,
and then be “read” at the active sites on the receptor surface,
specific for MHZ, molecules. If we further assume basic
properties of the receptor surface, the “information carriers”
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could be reverted to MH:,,,
by the mechanism delineated
above, thus “resetting” the system to the initial state.
Especially the potential biological model character of the
merocyanine phototropism seems to us to warrant a more detailed investigation of how the individual steps of the reaction
cycle depend upon both medium polarity and aryl substituents.
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Monomeric Methyl Metaphosphate. 3.
Electrophilic Aromatic Substitution in Solution
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Abstract: Monomeric methyl metaphosphate can be generated either by the pyrolysis of methyl 2-butenylphostonate in the gas
phase or by warming solutions of methyl hydrogen threo- or eryfhro-1 -phenyl- 1,2-dibromopropylphosphonate i n the presence
of triethylamine. The monomeric methyl metaphosphate produced by either pathway will react by electrophilic aromatic substitution, albeit in low yield, with either diethyl aniline or with tetraethyl-m-phenylenediamine. The fragmentations of the
phenyldibromopropylphosphonates are strictly stereospecific, and correspond to trans elimination. The dianion of phenyldibro-

mopropylphosphonic acid fragments much more rapidly than does the monoester monoanion, which in turn fragments much
faster than does the diester. These facts, and the formation of electrophilic substitution products during the fragmentation process, are indicative of a monomeric metaphosphate mechanism.

M a n y reactions of phosphates have been postulated to
take place by way of monomeric metaphosphates as intermediates.’ Recently two new lines of evidence have supported such
a mechanism: the results of pyrolysis of methyl 2-butenyl0002-7863/78/1500-3197$01.00/0

phostonate2 and the results of the “three-phase test” with reagents designed to produce m e t a p h o ~ p h a t e . In
~ addition,
compounds analagous to metaphosphates have actually been
i~olated.~
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