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Abstract: Directed by the solvent polarity, the prevalent
conformation of a polymethine dye bearing a branched -
conjugated junction can be switched from a heptamethine
donor-acceptor (DA) merocyanine-type m-conjugated system
to a nonamethine DAD cyanine-type m-conjugated scaffold.
Concomitantly the absorption maximum shifts from 585 nm in
dichloromethane to 748 nm in methanol solution.

Because of the exciting perspectives arising for sensing,
actuation, or other functional properties, there is currently
great interest in molecular scaffolds with properties that are
strongly governed by conformational changes.'! Among -
conjugated scaffolds, temperature-dependent topology
changes between Hiickel and M&bius conformations have
received particular attention” as well as the planarization of
V-shaped antiaromatic cyclooctatetraenes (COT) in the
reduced or photoexcited state.”®’! The latter effect has recently
been exploited by Yamaguchi and co-workers to shift the
emission wavelength bathochromically by about 100 nm with
a concomitant color change from blue to green by embedding
a COT unit between two anthraceneimides.”! Accordingly,
whilst the special resonance stabilizations of cyclic wt-scaffolds
has attracted much attention, another special resonance state
given for conjugated chains, that is, the ideal polymethine
state® (also called cyanine limit!”'), received little attention
with regard to conformational switching phenomena. Herein,
we report the synthesis of an unusual bifurcated m-scaffold
that exhibits an unprecedented solvent polarity dependent
conformational switching, leading to a shift of the absorption
maximum by more than 160 nm.

The conformationally amphoteric dye 1 (Scheme 1) could
be synthesized in 28 % yield by double Knoevenagel con-
densation as described in detail in the Supporting Informa-
tion. For comparison, reference merocyanine dye 2 was also
synthesized by condensation of the corresponding indolenine
salt. Both dyes were fully characterized by NMR spectrosco-
py, high resolution mass spectrometry, and elemental analysis.
The second reference cyanine dye 3 was purchased from
commercial sources.
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Scheme 1. Conformational equilibrium for dye 1 between merocyanine-
and cyanine-type structures as well as chemical structures of reference
merocyanine dye 2 and cyanine dye 3.

Figure 1 shows the UV/Vis absorption spectra of refer-
ence dyes 2 and 3 as well as the bifurcated dye 1 for selected
solvents of varying polarity (for spectra in further solvents,
see the Supporting Information, Figures S1-S3).

In unpolar solvents such as methylcyclohexane (MCH),
dye 1 features the clear signature of a push—pull chromophore
(conformation 1-MC in Scheme 1) with an intense absorption
band at 576 nm and vibronic progressions similar to mero-
cyanine 2. On the other hand, in polar protic solvents such as
methanol the main absorption band of dye 1 is even more
intense and located at 748 nm. This strongly red-shifted band
of high intensity is typical for cyanine dyes with the same
polymethine chain length as suggested by structure 1-Cy,” as
demonstrated in Figure 1a by comparison with reference
cyanine 3. In solvents of intermediate polarity, such as di- or
trichloromethane, a broad and unstructured band is observed
that is still centered at 585 nm (1-MC) but exhibits a shoulder
above 700 nm.

It is well-known that solvent polarity has a profound
impact on the absorption wavelengths of (dipolar) merocya-
nine dyes, which is explained by a different stabilization of
ground- and excited states of molecules of different dipolarity
by polar solvents (solvatochromism).®! In the case of positive
solvatochromism, as observed here, indeed red-shifts of up to
130 nm have been observed for DA dyes when going from n-
hexane to DMF/water mixtures.®™ However, in our case the
even larger red-shift of 160 nm cannot be attributed to such
a kind of solvatochromism because otherwise a continuous
displacement of the absorption band with increasing solvent
polarity should be observed instead of the bimodal distribu-
tion of absorption intensity at ca. 585 nm and ca. 750 nm,
which is most striking in ethanol where both bands coexist in
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Figure 1. a) UV/Vis (—) and fluorescence (-----) spectra of reference
dyes 2 (pink @, c~107°m, 298 K) and 3 (brown &, c~10°m, 298 K)
and b) of dye 1 (ca107° M, 298 K) in solvents of increasing polarity
(pink methylcyclohexane, blue 1,4-dioxane, green trichloromethane,
red ethanol, brown methanol, black methanol/water 60:40).

500 600

almost equal intensity. Thus, different molecular species have
to be considered to explain the observed bands at 585 and
748 nm.

The nature of the two bands has been studied further by
fluorescence spectroscopy. In Figure 2a the absorption and
normalized emission spectra of dye 1 in MCH and methanol
solutions are depicted. Again the fluorescence spectra are
very similar to those of reference dyes 2 and 3 in the same
solvents, depicted in Figure 1a. Moreover, the absorption,
excitation and emission spectra of dye 1 in trichloromethane
solutions are depicted in Figure 2b. Interestingly, for an
excitation wavelength of 550 nm, the recorded emission is
centered at 624 nm with a small shoulder at 750 nm. The main
emission at 624 nm is accordingly very similar to the emission
of reference merocyanine dye 2. The corresponding excitation
spectrum for an emission wavelength of 630 nm featured
a maximum at 612 nm and a shape typical for merocyanine
dyes. In contrast, when exciting at 680 nm, the small shoulder
observed in the previous experiment evolved as the main
emission band, with a maximum at 750 nm. This band
correlates well with the emission in methanol attributed to
the cyanine conformation. Likewise, the corresponding
excitation spectrum for the emission maximum of 790 nm
revealed a band centered at 725 nm. The fact that two
different excitation spectra were found for the two emission
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Figure 2. a) Absorption (—) and normalized emission (-----) of dye
1in MCH (pink) and MeOH (brown) solutions. b) Normalized
absorption (green), excitation (——, blue for 4., =630 nm and red for
Aem=790 nm) and emission (----- , blue for A.,.=550 nm and red for
Aee =680 nm) spectra of dye 1 in trichloromethane solution
(c~107%M, 298 K). The blue curves correspond to the merocyanine
conformation 1-MC and the red curves to the cyanine conformation 1-
Cy.

bands supports the hypothesis of two independently absorb-
ing species, that is, co-existence of conformational isomers
1-MC and 1-Cy. Owing to the similarity of the spectra with the
corresponding reference dyes, we can assume that the short-
wavelength absorption belongs to the merocyanine-type
conformational isomer 1-MC while the long-wavelength
transition corresponds to the cyanine-type conformational
isomer 1-Cy (Scheme 1). Further corroboration for two
distinct species is provided by the absorption spectra of
solid state materials of 1 obtained from dichloromethane and
methanol solutions by evaporation of the solvent (see
Supporting Information, Figure S4), which exhibit similar
features as in solution.

We were able to confirm the merocyanine conformation
1-MC by single crystal analysis of crystals grown from
dichloromethane solutions where 1-MC is the dominating
species (Figure 3a,b).l” Indeed, a flat and almost planar DA
scaffold is found for the polymethine chain between one of
the donor units and the acceptor heterocycle, whilst the
polymethine chain connected to the second donor subunit is
twisted out of planarity by an angle of almost 60° with respect
to the acceptor unit. The symmetry-broken situation for the
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Figure 3. a) Side-view of the molecular structure of dye 1 in the crystal,
where the angle between both donor units is noted.”! b) Top-view of
the molecular structure of dye 1 in the crystal with the corresponding
bond lengths of the polymethine chains. The planar DA scaffold is
highlighted in the blue rectangle. Optimized geometry of dye 1 in the
gas phase for the c) merocyanine-like conformation 1-MC as well as

d) the cyanine-like conformation 1-Cy, calculated with the software
Gaussian09'% at the B3-LYP/6-31G(d)"" level of theory.

two polymethine chains from the m-junction to the corre-
sponding donor units is as well reflected in the bond lengths of
the polymethine chain. Thus, the bond length alternation
(BLA) is significantly smaller for the polymethine chain of
the planar DA system than for the out-of-plane twisted
polymethine chain to the second donor unit (Figure 3b). It is
accordingly reasonable to conclude that the m-electronic
system is delocalized within one D-mt-A merocyanine scaffold
and that the second donor unit of the second polymethine
chain is disconnected, leading to a more polyene-like BLA
behavior of this chain.

Theoretical calculations were performed for a better
understanding of the electronic properties of dye 1. On the
one hand, a single point energy optimization was performed
using the geometry of the molecule in the crystal structure to
calculate the frontier molecular orbitals for this conforma-
tional isomer. For this purpose, the Gaussian09!""! software
was used, with the functional B3-LYP!'"? and the basis set
6-31G(d). On the other hand, a geometry optimization of the
merocyanine conformation 1-MC, the cyanine conformation
1-Cy, as well as the reference molecule 2 was performed using
the same level of theory. In Figure 3, the optimized geo-
metries of both conformations of dye 1 (c,d) are depicted. The
FMO levels of dye 1-MC in the crystal geometry, the FMOs of
the optimized 1-Cy geometry as well as the optimized
geometry and FMOs of reference merocyanine dye 2 can be
found in the Supporting Information (Figure S6). Interest-
ingly, while the LUMO of dye 1-MC in the crystal geometry is
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distributed all over the molecule, this is not the case for the
HOMO and HOMO-1 orbitals. The HOMO-1 orbital is
localized along the DA planar scaffold, in analogy to the
HOMO of reference merocyanine dye 2. Thus, we can assume
that the main merocyanine-like absorption band displayed by
dye 1-MC in unpolar solvents corresponds to a transition from
the HOMO-1 to the LUMO orbitals. This transition is of
high intensity since both HOMO—1 and LUMO orbitals
overlap well within the planar DA system, leading to a large
oscillator strength. In contrast, the HOMO orbital of dye
1-MC in the crystal geometry is localized on the distorted
donor subunit and features almost no overlap with the
LUMO orbital. Thus, the low intensity absorption from 650 to
700 nm is attributable to the HOMO-LUMO transition. For
the by two methine units longer cyanine conformation 1-Cy,
the calculated FMOs are equally distributed along the
cyanine m-scaffold, indicative of a fully conjugated polyme-
thine chain which is responsible for the intense long-wave-
length absorption at 748 nm.

The possibility of conformational switching between the
merocyanine form 1-MC and the cyanine form 1-Cy by the
solvent polarity is illustrated in Figure 4. Here, solutions with
different CH,Cl,/MeOH and MeOH/H,O ratios have been
prepared and their absorption spectra were recorded. For the
MeOH/H,0O 60:40 mixture the cyanine band shifts slightly
from 748 nm to 753 nm, reaching an absorption of 200 x
10°m~'cm™!, which is in the range of reference cyanine 3.
As shown in the inset of Figure 4, upon increasing the
methanol content the short-wavelength absorption band
decreases, while the long-wavelength absorption rapidly
rises. Since a quasi-isosbestic point (ca. 660 nm) can be
observed for the transition between the merocyanine-like
1-MC and the cyanine-like 1-Cy conformations, a two-state
equilibrium for the process is confirmed. To determine the
thermodynamic data of the conformational equilibrium the
absorption maximum at 753 nm was chosen since this band is
the most sharp and defined, and features no overlap with the
1-MC absorbance. For this analysis two assumptions have
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Figure 4. Solvent-dependent UV/Vis absorption spectra of dye 1
(c~4x107%M, 298 K) in CH,Cl,/MeOH mixtures starting in pure
CH,Cl, changing to pure MeOH by increasing the MeOH content

(—— 20 vol % steps) as well as MeOH/H,O mixtures up to 40% H,O
(----- 10 vol % steps). Inset: Plot of the absorption maxima at 585 nm
and 753 nm against the content of MeOH in CH,Cl,.
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been made. First, for methanol/water mixtures with 40 %
water dye 1 is supposed to be exclusively in the cyanine
conformation 1-Cy which is reasonable because of the
similarity of the extinction coefficient value with the one of
the reference cyanine 3. Second, the spectrum of dye 1 in
MCH (Figure 1) was taken as reference for the pure
merocyanine-like conformation 1-MC. Thus, the fraction of
cyanine conformation ac, was calculated for every solvent
mixture using Equation (1), which has been proposed for the
study of foldamers:!"!!

e(A)mc—£(4)

Aoy =

Y et M

where ¢(4) is the extinction coefficient at a particular wave-
length for an intermediate solvent composition and &(4)yc
and &(A)c, are the extinction coefficients for the pure
merocyanine and cyanine conformations, respectively, at the
particular wavelength. Moreover, the values of the equilibri-
um constant and the free Gibbs energy for the equilibrium at
each solvent composition can be derived from Equations (2)

e 1=y
Ko =M 2o 2
1T T g )
and (3):
AG’ = —RTInK,, (3)

where cyc and ¢, represent the concentration of the
merocyanine and cyanine species, respectively. From this
analysis the free energy change between both states was found
to depend linearly on the solvent composition. The fitted data
can be found in the Supporting Information (Table S1 and
Figure S7). For a solvent mixture with 57 % MeOH and 43 %
dichloromethane the free Gibbs energy is zero, that is, both
species are isoenergetic. For higher dichloromethane contents
the 1-MC isomer is energetically more favored (AG® < 0) whilst
for higher MeOH contents (as well as MeOH/water mixtures)
the 1-Cy isomer is energetically favored. The result in the lower
polarity environment is in accordance with the theoretical
calculations on the optimized geometries in the gas phase of
merocyanine 1-MC and cyanine 1-Cy conformations (Fig-
ure 3c,d), which revealed a 10 kJmol ' lower energy for the 1-
MC conformation.

In conclusion, a new bifurcated m-scaffold has been
synthesized that exhibits a conformational switching between
a merocyanine-like 1-MC donor-m-acceptor and a cyanine-
like 1-Cy zwitterionic (D-n-D)" A™ structure upon increasing
solvent polarity. This conformational switching is accompa-
nied by a shift of the absorption band by more than 160 nm
from the visible (ca. 585 nm) to the near infrared region (ca.
750 nm) when changing the solvent from dichloromethane to
methanol. Both conformations 1-MC and 1-Cy have been
characterized by means of UV/Vis and fluorescence spec-
troscopy. Additionally, the structure of 1-MC has been
confirmed by single-crystal analysis. The equilibrium between
both conformations can be controlled by variation of the
solvent polarity, as illustrated for CH,Cl,/MeOH mixtures. In
MCH solutions of dye 1, the merocyanine conformation 1-
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MC was present exclusively, while in methanol/water mix-
tures with 40 % water dye 1 featured almost exclusively the
cyanine conformation 1-Cy. Further studies on the spectro-
scopic features of this and related molecules as well as those
towards interconversion of the two conformations by external
stimuli are planned.
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