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The photophysical and photochemical properties of the merocyanine dye 1-methyl-2-(4-hydroxystyryl)-
pyridinium betaine (M) have been studied in aqueous solution at the PM3-SCRF (SCRF) self-consistent
reaction field) level of theory. The trans isomer is more stable than the cis one by 6 kcal/mol, and the energy
gap decreases upon protonation to 2.4 kcal/mol. Protonation on nitrogen is energetically unfavorable and
costs at least 31 kcal/mol more energy than protonation on oxygen. The acidity of the O-protonated form
(MH+) soars up on excitation as inferred from the decrease in the proton affinity values. Potential energy
surfaces (PES) for the ground and lowest excited states for the O-protonated (MH+) and unprotonated (M)
forms of the dye have been constructed to explore the deactivation pathways of the excited states. Upon
excitation the protonated form adopts the quinonoid geometry of the central single bond, and the transh cis
photoisomerization goes through a minimum, referred to as the phantom state, of 90° twisted molecular
architecture located on the potential energy surface of its first excited singlet state. For the unprotonated
form (M), the cisf trans isomerization is a downhill process of a quite negligible energy barrier, surmountable
thermally at room temperature. The photochemical/protolytic cycle Mtrans h MH+

trans h MH+
cis h Mcis f

Mtranscould be utilized in the storage of information and its subsequent carrier retrieval. The optical transitions
are xy-plane polarizedπ-π* transitions and are expected at 372 nm (experiment, 364 nm) and 428 nm
(experiment, 426 nm) for MH+ and M, respectively, in aqueous medium. Within the framework of the SCRF
model, the unprotonated form (M) exhibits a slight positive solvatochromism. The hydrogen bond donor
ability of the solvent is likely the key factor behind the experimentally observed negative solvatochromism.

I. Introduction

Merocyanines are a class ofπ-conjugated chromophores that
can be represented schematically by the general formula D-R-
A, where D is the donor, A is the acceptor, and R is the
conjugation path.1 The electronic structure of these compounds
can be represented as a combination of benzenoid and quinonoid
structures. Although the neutral polyenic resonance form
(quinonoid) dominates in molecules with weak donor and
acceptor substituents or in solvents having low dielectric
constants, the ionic form (benzenoid) is favored in molecules
with strong donor and acceptor substituents or in high dielectric
constant solvents. The extent to which one of these structures
dominates the ground state can lead to different solvatochromic
behavior, as reported by Brooker and Daehne.2

Due to their extreme solvatochromic properties, merocyanine
dyes of stilbazolium betaines have been found to be of more
interest among other merocyanines.3 For some dyes, a reverse
solvatochromic behavior has been reported by molecular orbital
calculations.4-6 Merocyanine dyes have been extensively
studied experimentally due to their applications. They are used
as electrochromic compounds for their membrane potentials and
high voltage sensitivity.7 The photoisomerization of some
merocyanine molecules has potential applications in generating
erasable photomemory systems.8 Other merocyanines are used
for solar energy conversion as thin films or monolayers on glass
substrates.9 The benzenoid resonance structure of the mero-
cyanine dye is a stilbene-like structure and could suggest the

possibility of cis/trans photoisomerization.10 It has been
reported10,11a,i that solutions of merocyanine dyes M are pho-
tochemically more stable and these findings are suggestive of
a photoreaction of the protonated form, MH+. The quantum
yieldsΦt-c andΦc-t are of equal order of magnitude, the sum
being close to unity.10 The photoinduced cis/trans isomerism
of organic molecules about unsaturated linkages is a phenom-
enon that has been recognized for some time and has been the
subject of many reported studies.11 Indeed, in at least two cases,
this type of photochemical reaction can be truly said to be a
part of everyone’s daily life. The trans/cis isomerism of
urocanic acid in the epidermis has been suggested as a
mechanism by which part of harmful energy of the ultraviolet
radiation is dissipated by the body,12 and the isomerism of
rhodopsin, which is the vicinal pigment in the desk membranes
of vertebrates’ rod photoreceptors, is well-documented as being
the primary act in the detection of light by the retina.13

In this paper we are theoretically reporting on the structure,
cis/trans photoisomerization, and the solvatochromism of 1-meth-
yl-2-(4-hydroxystyryl)pyridinium betaine (M) in an attempt to
correlate the calculated results with the available experimental
findings.3c,10

II. Methods of Calculations

All calculations have been performed with the VAMP
program.14 The geometries of different conformations of
merocyanine dye (M) and its protonated form MH+ are fully
optimized using the PM315 Hamiltonian in the gas phase as well
as in the solvent media. The PRECISE option is used, as
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recommended,16 for augmenting the convergence criteria for the
consistent field iterations and for geometry optimization. All
geometries are fully optimized without symmetry constraint (i.e.
at C1 symmetry).

For embracing the effect of solvent the numerical self-
consistent reaction field (SCRF) formalism4,17a extented to
excited statessas implemented in the semiempirical package
Vamp14shas been employed. In this model, following the
Tomasi suggestion,17b the polarization of a homogeneous infinite
dielectric mediumscharacterized by its dielectric constant (ε)s
is reduced to the creation of a system of virtual charges on the
surface of a numerically derived cavity containing the solute.
The free energy of solvation (∆Gtot.

solv) is taken as the sum of the
electrostatic interaction of solute with the induced reaction filed
(∆Gestat

solv), the dispersion interaction of solute with the dielectric
continuum (∆Gdisp

solv), and the free cavity energy (∆Gcav
solv).

The arbitrarily shaped solvent cavity4 is represented by a
polyhedron with a finite set of facessi located approximately
at the van der Waals surface of the molecule and carries a charge
density proportional to the gradient of the molecular potential
(V) at the cavity surface due to the charge distributions of the
solute; which is described by multipole expansion. Thus the
induced surface charge densityσ(rs) can be expressed by

Here, (∂V/∂n)s is the gradient of the numerically calculated
molecular potentialsdescribed by the NAO/PC model17csat
positionrs in the direction of the normaln to the surface element
directed toward the dielectric. The factorR describes the
dielectric relaxation of solvent in an electric filed and could be
represented by a variety of functions4 that differ in how the
time evolution of the relaxation process is included in the model.
Thus a finite set of surface chargesqi is determined by

where∆Si is the area of surface elementi.
Within the framework of the SCRF model, the impact of the

solvent on the solute is taken into account self-consistently and

treated quantum mechanically by introducing an additional one-
electron term to the Fock operatorf̂° of solute in vacuo:

with rij being the distance between electronj and surface element
si. Within the semiempirical NDDO formalism the one-center
term of the Fock matrix in the basis of atomic orbitals is given
by

To calculate the energetic properties of an excited state, its
energy of solvation must be calculated in a reaction field that
is induced by the charge distribution of this state. The first-
order correlated density matrix is used to compute the electro-
static component of the total energy of solvation and determine
the polarizability tensor that is used in the calculation of the
dispersion contribution.4 While this corresponds to that of full
relaxation of the solvent molecules, the calculation of the optical
transitions requires the division of solvent polarization into
orientational (inertial) and electronic (fast) relaxations. In fast
Frank-Condon electronic transition, complete relaxation of the
electronic polarization of the solvent is assumed, whereas the
orientational polarizationswhich is equal for all states in the
CI expansionscorresponds still to that induced by the ground-
state charge distribution of solute.4 For additional mathematical
details, ref 4 should be consulted.

To calculate the electronic spectra, we have used configura-
tion interaction (CI) expansion limiting the CI to single and
pair double excitations (PECI) 8).4 The electronic excitations
are vertical in nature.18 Absorption (S0 f S1) spectra have been
calculated at the MNDO19 level using the PM3 optimized
geometries in solvent media. At this theoretical level a good
correlation between theory and experiment is obtained.20

III. Results and Discussion

IIIA. Structures and Effect of Solvent. Depending on the
polarity of the medium as well as its pH, the stilbazolium betaine
adopts two equilibrium molecular architectures, Figure 1: the
polyene-like (quinonoidal) and polymethine-like (benzenoidal)
geometries. The change in geometry between these two
molecular extremes could be indexed by bond length alternation
(BLA)21 defined as the difference between the average single

Figure 1. Optimized structures for O-protonated (MH+) and unprotonated (M) merocyanine dye at PM3 in aqueous solution.
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and double bond distances in the conjugated pathway of the
stilbazolium betaine. The BLAs as a function of solvent
dielectric constant are listed in Table 1.

In the gas phase, the unprotonated form of the dye (M) adopts
the quinonoidal geometry of theCs point group of symmetry
and the dipole moment of 9.04 D. The charge distribution is
mostly localized on both the pyridinium and phenoxy moieties
of charge densities of+0.26e and-0.21e, respectively. Apart
from the increase in the heat of solvation, the BLA index of
the initial value of 0.064 Å in the gas phase changes slightly,
see Table 1, as the solvent dielectric soars up, indicating that
the solvent reaction field is not strong enough to induce
appreciable geometric distortion in the conjugation path of the
dye. In contrast, the charge distribution is highly affected by
the solvent polarity. In aqueous medium, for example, a charge
of about of +0.1e is transferred from the pyridinium to the
phenoxy moiety, clarifying the increase in the dipole moment
by about 3D on its value in the gas phase. About half of the
transferred charge resides on the terminal oxygen atom of the
latter moiety.

Stereochemically, the merocyanine dye (M) ultimately adopts
either the cis or trans molecular architectures; see Figure 1. To
shed light on stabilities of these isomers, potential energy
surfaces have been constructed by anglewise rotation around
the C8-C9 bond in a step of 30°. A cursory glance at Figure
2, for S0, reveals the existence of a minimum at a torsional angle
of 180° and a shoulder at 55°. The minimum represents the
trans isomer, while the shoulder maps out the twisted cis one
which deviates from planarity by coulombic and steric repulsions
between the aromatic rings. The coplanar cis isomer could be
localized at a torsional angle of 0°. It should be clear that the
presence of the N-CH3 group at the ortho position relieves the
steric crowding as the twist angle increases from the coplanar
cis configuration; see Figure 1. The stability of the trans isomer
exceeds that of the nonplanar and planar cis counterparts by
2.0 and 6.0 kcal/mol, respectively.

The basic form of the dye (M) could be protonated on either
the N12 or O1 atom; see Figure 1. To resolve the site of
protonation on thermochemical backgrounds, the proton affini-
ties (PAs), at temperature (T) defined by the minus of the

enthalpy change in the reaction,

are computed in different electronic states, Table 2, by

where∆H°f,T represents the heat of formation at 298 K. For
∆H°f,298(H+) the experimental value of 367.2 kcal/mol was
used.22

In all cases, protonation on the oxygen atom is strongly
preferred over that on nitrogen by a minimum of 31 kcal/mol;
see Table 2. This finding is consistent with previous studies
reported on similar merocyanine dyes.10,11a,i,23 Upon protona-
tion, the energy gap between the O-protonated trans and planar
cis isomers shrinks to 2.4 kcal/mol in aqueous solution. The
protonated form has most of its positive charge, ca. 98%,
localized on the pyridinum moiety.

Being drawn from the decrease in the values of proton
affinities, Table 2, the increase in acidity of the conjugate acid
(MH+) upon excitation could be justified too from the density
of charge of the hydroxyl group of its phenolic moiety. For
the most stable trans isomer, excitation to S1, for example, results
in decreasing the density of charge on the oxygen atom, O1,
from -0.21e, in the ground state, to-0.15e. On hydrogen
atom, H30, the charge density increases from+0.22e, in the
ground state, to+0.24e. The diminution of the negative charges
on both the oxygen and hydrogen atoms facilitates the polariza-
tion of theσ bonding pair of electrons toward the former atom,
making the ionization of the latter easier.

TABLE 1: Variation of Bond Length Alternation (BLA)
Index, the Wavelength of Maximum Absorption (λmax), the
Dipole Moment (µ), and the Solvation Energy (∆Hsolv) as a
Function of the Medium Polarity and F(E), for Unprotonated
Stilbazolium Betaine (M)

medium F(ε)a BLA b (Å)
λmax

(nm) µc (D)
∆Hsolv

(kcal/mol)

gas phase 0.000 0.064 416.0 9.04 0.0
hexane 0.188 0.060 419.9 9.93 (9.90) -0.98
CCl4 0.222 0.059 420.4 10.08 (10.03) -1.14
ether 0.340 0.057 423.1 10.73 (10.62) -1.83
chloroform 0.356 0.056 423.6 10.85 (10.72) -1.95
CH2Cl2 0.420 0.054 425.4 11.27 (11.09) -2. 37
acetone 0.464 0.052 426.9 11.59 (11.36)-2.70
ethanol 0.470 0.052 427.1 11.63 (11.39) -2.74
methanol 0.477 0.052 427.4 11.69 (11.44)-2.79
acetonitrile 0.480 0.052 427.4 11.70 (11.45) -2.81
DMSOd 0.485 0.052 427.4 11.74 (11.48) -2.85
water 0.490 0.052 427.8 11.79 (11.52) -2.90

a F(ε) ) (ε - 1)/(2ε + 1), whereε is the static dielectric constant
of the medium.b The bond length alternation index (BLA) is equal to
the difference between the length of bond C8-C9 and the average length
of the bonds of C7-C8 and C9-C10. c Values in parentheses are the dipole
moments of the dye (M) upon excitation vertically to the first excited
singlet state S1, the nonequilibrium Franck-Condon state, in different
media.d DMSO ) dimethyl sulfoxide.

Figure 2. Potential energy surfaces for the ground and lowest excited
states for merocyanine dye as a function of the angle of twist at PM3
in aqueous solution.

TABLE 2: Heats of Formation (kcal/mol) and Proton
Affinity (PA) for Protonated (MH +) and Unprotonated (M)
Forms of Merocyanine Dye in Aqueous Medium at 25°

heats of formation kcal/mol PA (kcal/mol)

species S0 S1 T1 S0 S1 T1

Mtrans 46.18 113.21 79.84 268.67 254.15 255.76
Mcis 52.21 108.91 74.42 273.03 249.55 210.88
MH+

trans/O 144.71 225.89 191.28
MH+

cis/O 147.09 226.56 239.74
MH+

trans/N 191.40 269.62 222.60
MH+

cis/N 191.40 269.62 222.60

M + H+ f MH+, PA(M) ) -∆H°T(r)

PA(M) ) ∆H°f,T(H
+) + ∆H°f,T(M) - ∆H°f,T(MH+)
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In aqueous medium, the electronic optical transitions for
protonated (MH+) and unprotonated (M) forms of the dye are
expected at 372 nm24 with oscillator strength 0.89 and 428 nm
with oscillator strength 1.18, respectively. These findings agree
very well with the experimental values,23 which are 364 and
426 nm for MH+ and M, respectively. These electronic
transitions are assigned toπ-π* types of transitions and are
polarized in thexy-plane with deviations from thex-axis by
-15 and-10° for MH+ and M, respectively.

The solvatochromic variation of the optical transition energy
of the unprotonated form of stilbazolium betaine (M) as a
function of solvent dielectric constant is shown in Figure 3.
The molecule exhibits a slight positive solvatochromism.
Although this theoretical behavior agrees qualitatively with what
has been calculated by Albert et al.1 on similar merocyanine
dyes, particularily before using the experimentally determined
cavity radius, unfortunately, it does not go in line with the
experimental finding.3c Experimentally,10 it has been found that
the long-wavelength absorption maximum exhibits strong nega-
tive solvatochromy which has been rationalized qualitatively
by assuming that the large ground-state dipole moment of the
molecule is reduced by excitation. Bayliss and McRae25ahave
shown that the underlying change in the electronic structure is
mainly due to the hydrogen bonding ability of the solvent rather
than its bulk polarity, which is the only physical quantity
included in the SCRF model used in the present set of
calculations.

It should be kept in mind that, in the present continuum
model, the cavity is solute specific and solvent invariant. The
solvent is merely taken into account by its reaction field, which
influences the energy of the solute. Moreover, the representation
of hydrogen bonding in the continuum model is, in general,
strongly limited.4 Rauhut et al.4 tried to overcome the effect
of hydrogen bonding in protic solvents empirically by adjusting
the atomic van der Waals radii used in the construction of the
cavity to reproduce the experimental solvation energies of a
set of 30 molecules. Even by doing that, the error is not
completely corrected, with the exception of water. Hence, as a
clear disadvantage of the present SCRF model is the arbitrary
choice of the the van der Waals radii to construct the cavity.

One might have to resort to a more realistic cavity-based
formalism such as the self-consistent isodensity polarized
continuum model25b (SCI-PCM) which gives rise to a cavity
dependent on both the solute and solvent irrespective of the
the atomic van der Waals radii.

The excellent matching between experiment and theory in
the case of water as a solvent in the present study might indicate
that the atomic van der Waals radii used to construct the cavity
is so optimized that the hydrogen bonding is taken into account
which affects to a large extent the solvatochromic behavior of
such merocyanine dye. The decrease in the dipole moment upon
excitationsalthough it is marginal, see Table 1smay be the
clue to the negative solvatochromy of the present merocyanine
dye as previously suggested.10

IIIB. Cis/Trans Photoisomerization. The close resem-
blance of the molecular architectures of the present merocyanine
dye (M) and its conjugate acid (MH+) to stilbene, 4-stilbazole,
and the 4-stalbazolium cation strongly conveys the possibility
of trans/cis photoisomerization. As reported by Steiner et al.,10

the trans forms of the conjugate acid of a similar merocyanine
dye photoisomerizes to the cis one, and vice versa, by a singlet
mechanism involving the phantom state of 90° twisted config-
uration as intermediate of a lifetime shorter than 5 ns. As far
as the unprotonated form is concerned, the possibility of its trans
f cis photoisomerization was ruled out.

To clarify the mechanistic pathway of photoisomerization for
the present merocyanine dye (M) at the level oftheoryin light
of the previous discussionswith the motivation of good
agreement between the calculated and experimentally recorded
optical transitions, especially in aqueous mediumsthe potential
energy surfaces (PESs) have been constructed for the dye (M)
and its protonated form (MH+) in different electronic states by
anglewise rotation around the C8-C9 bond, Figures 2 and 4.
As an essential prerequisite for a potential trans/cis photoi-
somerization is the absence of a sizable energy barrier on the
torsional coordinate from transh cis in the excited state with
localization of most of the excitation energy on the ethylenic
double bond.

In the ground state, the trans and cis isomers of the
merocyanine dye (M) have BLA indices with values 0.052 and
0.078 Å, respectively, which reflect the quinonoid molecular
architecture of the dye. In this geometry, either isomer of the
dye has a central single bond. Upon excitation to S1, the dye

Figure 3. Variation of the calculated wave number of maximum
absorption as a function of the dielectric constant of solventF(ε), where
F(ε) ) (ε - 1)/(2ε + 1) andε is the static dielectric constant of the
solvent.

Figure 4. Potential energy surfaces for the ground and lowest excited
states for the O-protonated merocyanine dye as a function of the angle
of twist at PM3 in aqueous solution.
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adopts the benzenoid geometry of a central ethylenic bridge as
inferred from the reversal in the values of BLA to-0.064 and
-0.077 Å for the trans and cis isomers, respectively. In this
case, either isomer has to surmount an energy barrier of 25 kcal/
mol on the torsional coordinate to isomerize to the other form;
see Figure 2. The presence of this high activation energy might
favor a high-fluorescence quantum yield. But as the PES of
T1 intercepts with that of S1 at torsional coordinate very close
to 180°, the S1 f T1 intersystem crossing (ISC) will be a highly
probable radiationless channel for the decay of S1 with the result
of lowering the fluorescence quantum yield dramatically for the
trans isomer.10

Upon pondering the PES of the ground state of the dye (M),
see Figure 2, it becomes quite clear that the cisf trans
isomerization is a downhill process of a quite negligible energy
barrier, of 0.63 kcal/mol, thermally surmountable at room
temperature. More important is that when the dye adopts the
90° twisted configuration,°perp, in the ground state, its cisf
trans photoisomerization becomes a downhill process of no
energy barrier tracing the sequence:°cis h °perpf 1perpf
(1trans+ 3twist) f °trans, where3twist is a twisted triplet of
torsional angle 120°; see Figure 2. It must be borne in mind
that the first step in this sequence is thermally dependent, while
the second one is photodriven with a probable S1 f T1 ISC to
3twist which decays to the ground-state surface from which it
finally ends up in the trans ground state; see Figure 2. The
downhill nature of the1perp f 1trans twisting process may
contribute in rendering the cis isomer nonfluorescent; i.e.,æF

) 0.
On being protonated, the dye adopts the benzenoidal molec-

ular geometry of a ethylenic bridge as concluded from the BLA
of values-0.089 and-0.113 Å, for the trans and cis isomers,
respectively. Thus in the ground state, either form of the dye
cannot isomerize thermally to the other one owing to a sizable
barrier of 27 kcal/mol on the torsional coordinate from transh
cis located at 90°; see Figure 4. In the first excited singlet state
most of the excitation energy is localized on the ethylenic bridge
based on the increase in the BLA by+0.1 and+0.12 Å on its
value in the ground state for the trans and cis isomers,
respectively. This implies that the geometrical photoisomer-
ization for these isomers proceeds by fast twisting around a
single bond from the trans (cis) excited singlet,1trans (1cis), to
a minimum which maps out the “phantom singlet” with a
perpendicular equilibrium geometry,1perp; see Figure 4. From
1perp the molecule decays by internal conversion to the ground-
state surface,°perp, from which by fast relaxation it ends up in
the cis and trans ground states with partitioning ratiosa and 1
- a, respectively. The exact localization of1perp with that of
°perp on a torsional coordinate of 90° is a computational
challenge. The partitioning ratio is expected to be more or less
1:1 for comparable probability for deactivation of°perp to either
cis or trans ground states of nearly matched energies. The lower
energy barrier, of 1.6 kcal/mol for the twisting process from
1transf 1perp, see Figure 4, retards to some extent of time the
1trans from decaying once it is formed to the phantom singlet.
This may be the clue to the fluorescent character of the trans
isomer, and the lower value10 of its æF, as compared to the
nonfluorescent cis one of the downhill1cis f 1perp twisting
process. In this geometrical photoisomerization it is theoreti-
cally expected that the lifetime (τ) of the excited state is 2.33
ns, as deduced26 from

wheref is the oscillator strength of value 1.18 andν is the wave

number of the optical transition for the trans isomer of value
23 364 cm-1; see above. This time regime of the excited state
is consistent with the result of the laser flash experiment,10 on
a similar merocyanine dye, that showed transf cis conversion
to be complete within 5 ns. The interception of the PES for T1

with that for S1 does not rule out the possibility of the ISC to
a “phantom triplet”,3perp, which decays nonradiatively to the
ultimate cis and trans ground states. From the application point
of view, the photochemical and protolytic properties of the
present merocyanine, as has emerged from the previous discus-
sion, could be utilized judiciously in designing10,27a photodriven
proton pump of one direction functionality as sketched in Figure
5.
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