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Merocyanines of the stilbazolium betaine type, e.g., 1-
methyl-stilbazelium 4'-clate! (see formula I}, in the [ollowing
abbreviated as M, are characterized by their extreme solva-
tochromic properties (1), i.e., their absorption spectra exhibit
very large solvent effects which allow the polarity of a solvent
to be judged by the color of the solution (2). For this reason
M has been suggested as an interesting preparation for stu-
dents in THIS JOURNAL (3).

la Ik

In addition to its solvatochromy the compound M exhibits
some remarkable chemical and photochemical properties (4)
making it suitable to illustrate some important concepts in
physical chemistry by simple experiments.

The resonance structure Ib represents an essentially stil-
bene-like structure, suggesting the possibility of cis/trans
isomerism known for many stilbene derivatives (5}, so that
one should expect merocyanines of this type to exist hikewise
in ¢is and trans configurations. Recently we have identified
the isomer M, (4) which represents the first example of a
cis-stilbazoliumbetaine stable enough to be amenable to both
spectral and photochemical characterization. However, Mg,
cannot be obtained from M;y;ns directly. Instead one has to
make use of the protonated form MH*, .., which is even more
stilbene-like since resonance structure Ib is stabilized by the
protonation. MH*,,, .. may be transformed to MH™ ., pho-
tochemically. Deprotonation of MH ™ yields the cis-betaine
M. Thermally as well as photochemically, M, can be
completely reverted 10 the trans isomer M, ..

The protolytic, photochemical, and/or thermal reactions
described above can be combined to a complete molecular
reaction cycle (Fig. 1), which is a one way cycle, however, since
the step Mgy — Mr,ns is itreversible.

In this paper we describe three experiments with the
merocyanine M, suitable as an integrated laboratory experi-
ence for undergraduates.

1) A simple experiment, demonstrating the complete mo-
lecuiar cycle composed of photochemical, thermal, and
protolytic reaction steps. This molecular reaction cycle
exhibits interesting aspects with relation to a model dis-
cussed in the literature for the mechanism of a light driven
proton pump (6, 7).

1 Alternate names used 0 the literature are 1-melhyl-4-(4'-hydroxy-
styrypyndinium betaine, 4’-hydroxy-3-melhyl-stilbazolium betains,
and 1 - methyl - 4 - [{axycyclohexadienylidine)sthylidene] - 1,4 - diby-
dropyridine.

2) A kinetic study of the thermal cis — trans isomerization
of the form M, which is a simple firsi-order reaction and
is very sensitive to changes in temperature and solvent.
This reaction is ideally suited for demonstrating the ob-
vious significance of the activation parameters in Eyring’s
absolute rate theory (8).

3) An experiment, demonstrating the mechanism of base
catalysis for thermal isomerization of MHT*,,
MH+tmnS-

Experimental

The merocyanine dye M may be svnthesized as described in THIS
JOURNAL (3). {t is obtained as M., (5).

The reaction cycle depicted in Figure 1 is carried out in a 1-cm
spectrophotometer cuvetle, starting with a 2 X 107> M salution of the
dve (M0 In 107! M aqueous HCI, prepared freshly in the dark. The
first absorption spectrum is measured at this stage. Then the cuvette
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Frgure 1. Absorption spectra representing the tour siages of the reaction cycle
A: Spectrum of & 2 X 1078 M aqueous soiution of M, prepared in the dark, with
107¢ MHCI. B: Alter irradiating solution A with light of 366 nm until reaching
the photostationary state, C: After addition of 1 6rop of 1 NNaOH to the cuvetts.
O After irradiating with iight o! 436 nm until reaching the photostationary state
(volume of the cuvetle 4 mi, opticai pathlength 1 cmy),
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15 eaposed 1o normal daviight or hght (Tom a halogen lamp. The
progress af the conversion ¢an be fullowed by measuring the absorh-
ance at dit{erent stages of Lhe reaction untl the photostationarn slate
is reached tapproximately 2 fir at normal davlight). Addimon of one
drop of 1§ NaOH at room lemperature vields a mixture of M, . and
Mirane with the same ratio as the photostationary slate composition
belore the deprotonation. The cis/trans ratio of this ixture f kept
in the darkois nat changed significantly for 30 mun. so there 1~ encugh
timne (o recard the absorplion spectrum. The cls fracuon is then
isoanerized Lo My, either photochemically or thermally. To (ollow
the photochemical somerization the solution must not be kept above
roain temperature. 'To mepsure the thermal isomerization, the re-
action should be accelerated by heating in the dark fat 219°C. £ w12
i i, at $0°C only 1.2 miny.

Atler the cis-trans iomenzation of M has been compleled,
MH™ e I regenerated by adding 2 drops of T.N HCL This completes
the reaction evele, All Lthe reactions described above can he followed
by recording the ubsorption spectra as shown in Figure 1.

To measure the rate constant of thermal viz — trans 1Isemerizarnon
ol M. thermostated cuvette holder is required. An irradiated acidic
selution THCT 1674 A0 which is thermally siable up to 100207, iy
heated 10 Lhe required remperature. A drep of 1 ¥ NaOH is added
wo Lhe cuvette, and alter mixng, the isomerization is tollowed hy
incasuring the change ol absorplion at a fixed wavelength, preferen.
tiallv at 440 nm. This peocedure 13 repealed at several temperatures
between 20 and 80°C to determine the activation parameters.

T pursue the base catalvzed thermal isomerization MH* . —
MH™ 1, bulter solutions are used instead of NaOH. An irradiated
4 % 107" Af slightly acidic solution 18 x 107 N HCD ot the dve is
hented to the required temperature and then diluted to the half
concentration with a given butter solution, which has heen previouslv
adjusted In temperature to the irradiated solution. The rate of
1Is0merization is measured as hetare.

Results and Discussion

Reactron evele. The spectral change in geing from a pure
MH* (an. solution to the photostationary state MH7™ .
MH*, isshownin Figure 1 {A — B). It should be noted that
the photostationary state depends on the wavelength A of ir-
radiation. It is, however. not very sensitive to A if A > 300 nin.
Deprotonation, which is achieved by addition ot Na(H,
transtorms MH*, to M, . and MH* ... to M, ... where the
clg/trans conformation is preserved in the protolvtic reaction.
Therefore the cis/trans ratio of M obtained immediately after
addition ot NaQH tspectrum C} is the same as in the phato-
stationary state of MH*. Subsequent irradiation of this so-
lution transtorms M., to M une with an increase of the main
absorption band tspectrum D). The composition of the pho-
tostationary state obtained by irradiation with anv wavelength
above 254 nm corresponds to a pure M., solution. On
acidifving this solution one obtains the original unirradiated
MH*, ... solution ispectrum A).

It can be seen from the reactions considered above that the
cis-betaine M, constitutes an essential link of a complete
photochemical. thermal. and protolytic reaction cvele.  Since
the step M., — M., 15 irreversible, the cycle can be tra-
versed in one direction only. This peculiarity is of special
interest with respect to a model for a molecular light-driven
proton pump (cf, ¥ig, 2). This was recently suggested hy
Schulten and Tavan (6) to explain the rele of the Schiff base
of retinal in the light-driven proton pump, as discovered by
Qesterheld and Stoeckenius {7} in the purple membrane of
Halobacterium halobium,

Thermal tsomerization. In contrast to MH*__ which is
thermally stable up to 100°C, M,,. may be isomerized ther-
mally. As expected. this is a {irst-order reaction with strong
temperature dependence. Let A, be the abserbance vhserved
al. the beginning of the reaction. A, at time ¢ and A . at in-
finity, corresponding to complete conversion to the trans
isomer. The difference (A, — A.) is proportional to the con-
centration of c¢is isomer at anyv time ¢. and the integrated
first-order rate equation is given hy:

A,— AL

kot =In—— (
A - A

—

Aplotof In {4, — A.) versus ¢ is linear with slope equal to
—A.. The Arrhenius activation energy £~ and the [requency
factor &, are determined fram a plot of In k. versus 1/ 7' (see
Fig. 3) according to the equation:

E <
Ink.=Ink,— — 12}
RT
The rate constant according to Exring's theory (8 s given

by

BT jAS=Y [ AH- .
ke =— exp (7)&{) [‘ — [33))]
] RT
where £ is Boltzmann's constant. & is Planck’s constant, AS =
is the entropy of activation. and AH = the enthalpy of acti-
vation. ¥or liquid phase reactions £~ and AH ~ are related
hy:

AH==F"-RT L

Figure 2. A model of a moiecular light-driven prolon pump according to {61
The merocyvanine molecuies are part ol a closed memorane By the reaclion
sequence 1.2.3. 41 . prolons are accepted Irom carriers inside the
vesicle. shifted across the membrane by the pholochermical trans  + cis
isomerizalion and accepled by carmers ouside the vesicle. The working direction
gt the pump 15 deternuned by the irreversibility of slep 4
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Figure 3 Arrherus plot for the rate constant of thermal isomerization M.,
M ans-
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The following values are obtained for the thermal cis — trans
isomerization of M:

ko, =7 X 10105t
£ =119.6 kJ mol~!
AH #5395 = 117 1 kJ mol ™!
AS¥ 13 = 89.0J mol ™! K~!

H

These activation parameters are particularly useful in order
to demonstrate that even though the activation energy is
rather high, the actual reaction rate constant can be appre-
ciably fast due to the influence of the activation entropy which
is extraordinarily high in our case. Whereas the activation
energy can be gualitatively accounted for by the strong con-
tribution of resonance structure I'b giving the C—C bond es-
sentially double bond character, the activation entropy can
be related to an increasing disorder of the solvent shell in the
course of the isomerization (cf. Fig. 4). While the planar state
is very polar due to the strong contribution of resonance
structure Ib, the dipole moment must be considerably smaller
in the 90° twisted configuration where resonance structure
Ia should be dominant. Polar solvent molecules which initiaily
are highly oriented in the strong dipole field of the planar
configuration can reorient rather freely in the activated
iwisted configuration. [t is of interest to note that the observed
entropy of activation corresponds to the entropy of melting
about three moles of water.

Base catalysis MH* cannot be cis/trans isomerized ther-
mally. From the spectra in Figure |, however, it can be inferred
that, by base catalysis, a thermal isomerization MH7%,, —
MH™*, 405 becomes feasible through the reaction steps MH™ ¢
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Figure 4 Interpretation of the positive entropy of activation for thermal isom-
enzaton of My, — My Since the dipole moment of M 1s drastically decreased
in the 90° twisted state thers 1s a corresponding ncrease of the disorder of the
solvent shell.
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Figure 5. Apparent rate constant k.5, Of Isomerization of MH* s as a function
of the degree « of prololyhic dissociation (7 = 40°C)

= Ms = Mirans = MH™ rans. This offers the possibility of
demonstrating the role of a base catalyst in reducing the en-
ergy barrier for MH*,, isomerization.

For a given pH a fraction « of MH ™ is dissociated. The
value of « can be measured directly from the absorption
specirum or calculated using the reiation (9):

1

T T+ 10wKamet i

The apparent rate constant for thermal isomerization is then
given by:

kapp = athe (6)

k. being the rate constant of the isomerization Mg — Mirans.
The validity of this relation is shown in Figure 5 where the
apparent rate constant &,qp is plotted against a.
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