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Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a funda-
mental tool for probing the structure, dynamics, and interac-
tions of organic molecules, providing detailed insights that are
indispensable in material science, drug development, and
biochemical research.” NMR enables chemists to elucidate
molecular properties by revealing subtle changes in electronic
environments, molecular dynamics and  molecular
conformations.*®

Brooker's merocyanine (BM),® is a highly conjugated dye
known for its strong solvatochromic behaviour, namely, its
colour changes depending on the solvent polarity (Fig. 1A).
Numerous seminal studies have established the theoretical and
experimental foundations of solvatochromism, including key
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Systematic NMR/UV-Vis analysis of Brooker's merocyanine dyes reveals solvent polarity governs electronic
structure and spectroscopy. Absorption maxima *C and >N NMR shifts correlate with E+(30), probing
zwitterionic/vinylogous amide. Substituent and solvent effects modulate these interactions, directly
linking colour changes to electronic structure for rational design of environment-sensitive probes.

reports on spectroscopic correlations—particularly between UV/
Vis and NMR spectroscopy.”™**

The unique electronic structure of BM makes it valuable in
developing advanced materials for sensors, photonic devices,
and molecular electronics.*>*® Its well-defined electronic tran-
sitions and ability to exist in multiple resonance forms make
BM an ideal model for exploring fundamental mechanisms of
nonlinear optical behaviour, such as intramolecular charge
transfer and polarizability, which are central to the develop-
ment of advanced photonic and optoelectronic materials."”**

Structurally, BM, 1a can be drawn in two canonical forms, as
shown in Fig. 1B. The form on the left preserves the aromaticity
of the two rings, and is zwitterionic, involving charge separa-
tion, and would, therefore, be expected to be dominant in polar
solvents. Conversely, the form on the right is a vinylogous
amide and is neutral, eliminating the charges on the hetero-
atoms expected to be dominant in non-polar solvents.

In our previous work on the synthesis and applications of
BM derivatives,***' we observed substantial solvent-dependent
variations in their NMR spectra of various derivatives of BM's
consistent with literature reports.*>*

This is reminiscent of the well-known solvatochromic
material, Reichardt's dye, from which C. Reichardt derived the
UV/Vis-based E1(30) index of solvent polarity (Reichardt himself
mentions Brooker as an early proposer of a dye-based scale of
solvent polarity).”* Extending this concept further, Frimer et al.
reported an NMR study of Reichardt's dye, in which they
showed that "*C chemical shifts correlate very well with solvent
polarity and, therefore, with colour.*

Although basic NMR study of BM laid the foundation, here
we significantly expand this scope by systematically investi-
gating the correlation of E(30) index and the photophysical
properties of nine BM derivatives. Our results reveal a direct
correlation between solvent polarity and both NMR chemical
shifts ("H, *C and '*N) and UV-Vis absorption, demonstrating
that changes in the local environment are consistently reflected
in both spectroscopic signatures. These findings provide new
insights into the structure-property relationships in BM dyes
and underscore the broader applicability of NMR and UV-Vis
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methods for understanding solvatochromism in this important
class of materials.

Results and discussion

Compounds 1a-i, 2g and 2i (Fig. 2) were synthesized according
to a previously reported procedure.”**

The UV/Vis spectrum of parent merocyanine 1a shows two
absorption maxima, one in the yellow (Ayax = ca. 600 nm), and
one in the violet region (Ayax = ca. 400 nm) of the spectrum. We
measured UV/Vis spectra for 1a in a variety of solvents ranging
from THF (least polar) to water (most polar) (see; ESIT).

A plot of the wavelengths of the absorption maxima in nm
and eV, as a function of the E(30) index of the polarity of the
solvent is shown in Fig. 3. As can be seen, there is a good
correlation between E1(30) and the A, values, which suggests
that the ability of the solvents to induce separation of charges is
similar for both the Brooker and the Reichardt dyes.

With a view to compare the UV/Vis and NMR spectral prop-
erties we then took 'H and ">C NMR spectra of 1a in a variety of
solvents. We unambiguously assigned all the NMR signals by
using several 2D-NMR techniques (COSY - 'H x 'H correlation,
HMQC - 'H x *C one-bond correlation and HMBC - 'H x *C
long-range correlation). In addition, we indirectly obtained N
chemical shifts by "H x "N HMBC spectra (see; ESI, Table S17).

As the polarity increases, the high-wavelength peak becomes
less intense and approaches the lower wavelength, and for the
most polar solvents (methanol and water) it cannot be observed.
(Full data in the ESI, Table S12).

Inspection of the data indicates the chemical shifts of carbons
5, 7 and 10 are the most solvent-dependent - (Fig. 4). C-10 is
deshielded in non-polar solvents, suggesting a more carbonyl-like
nature, and shielded in polar solvents — more resembling an
aromatic-carbon. Following this trend, even numbered carbons
(C-8, C-6), also have negative slopes (albeit smaller in absolute

1 2
a.R;=0,R,=H f. R, =NHCOCH3, R, = H
b.R;=H,R,=H g. Ry =OH, R, =H
c.Ry=0CH3 R,=H h.R;=0,R,=F
d.Ry=NHp R,=H .R;=0H,Ry=F
e. R =N(CHa), R, = H

Fig. 2 BM derivatives synthesized and evaluated in this study.
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Fig.3 Amax (V) values for 1a, as a function of the polarity of the solvent
[E1(30) values, in kcal mol™Y ranging from THF (least polar) to water
(most polar).

terms) in the 6 x E1(30) graph. Conversely, odd-number carbons
(C-3, C-5, C-7) have positive slopes. Especially striking are the
chemical shift of the N-1 nitrogen, with a strongly positive slope
(Fig. 4). In non-polar solvents, this nitrogen is more like a VA and
therefore deshielded relative to polar solvents, where it is more
resembles a typical pyridinium salt.

All the compounds examined dissolve well in CD;0OD and
DMSO-Dg; however, compounds 1a-i, 2g and 2i can be dissolved
in less polar solvents (e.g. CDCl;) or in D,O, but this often
resulted in more dilute samples which required overnight runs.
Also, methanol and DMSO are representative more and less
polar solvents, [Ex(30) = 55.5 and 45.1, respectively].

Therefore, for the sake of brevity and comparison purposes,
we decided to consistently report in the body of this paper only

180 c-10
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Fig. 4 Solvent dependence of the chemical shifts for selected carbon
and nitrogen atoms of la.
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the differences of the chemical shifts in these two solvents of
(Omethanol — Opmso) for carbons 5, 7 and 10 and for N-1 (Table 1).

The complete data we have obtained is available in the ESL.{

Unsurprisingly, compound 1b is not solvatochromic - all
solutions we examined were orange, this finding is expected, as
no zwitterionic canonical form can exist. The observed unifor-
mity of the UV/Vis spectra is mirrored in the NMR results -
much smaller absolute 6methanol — OpMmso values are observed
(Table 1).

Compounds 1b, was analysed by single crystal X-ray
diffraction (Fig. 5).

Similarly, dyes 1c-1f are also not solvatochromic, as seen
both by the consistent orange colour of their solutions as by
their small absolute Omethanol — Opmso values (Table 1), as
compared to 1a. It turns out that, for all compounds 1b-1f, for
each specific carbon/nitrogen atom the A¢ values are not zero but
are very similar (if not quite identical) across the sequence of
dyes, and are likely due to unrelated specific solvent interac-
tions — and we can use these trends as a baseline to distinguish
other, more subtle changes, as will be shown below.

Interestingly, 1g is the protonated (phenol rather than
phenolate) form of 1a - and, unlike 1b-1f, it was found to be
solvatochromic. Solutions of 1g show the characteristic colour
change of phenolate 1a (red in methanol, purple in DMSO,
Fig. 1A) - even though to obtain a vinylogous amide form
a carbonyl oxygen would have to carry a positive charge and
would likely deprotonate, with the departing H' attaching itself
either to the nitrogen or to a solvent molecule.

In either case, we could envisage an equilibrium between an
acid and its conjugate base or between tautomers, but not
a resonance hybrid. Inspection of the A¢ data as indicated in
Table 1, indeed suggests an equilibrium of this type. Ad values
may be used to estimate the degree of deprotonation for the
phenol - specifically, the Ad value (dmethanol — Opmso) for N-1 is
+13.7 for the phenolate, but ca. —2 for the non-solvatochromic
substances (1b-1f); this means the corrected Aé for the
nitrogen atom is ca. +16 ppm.

For phenol 1g, the corrected A¢ would be ca. +3 ppm, indi-
cating ca. 20% deprotonation to the phenolate 1a. This is sup-
ported by the observation of small broadenings of some carbon
signals (in DMSO, 20 and 7 Hz for C-5 and C-7, respectively),
indicating that there is an equilibrium which, at 300 K, is not fast
enough for the extreme narrowing of the lines. It is worthwhile
noticing that in 1d and 1f, we see no indication of an equivalent
deprotonation of a less acidic NH-containing substituent.

Compound 2g is related to 1g, having a quinoline system
rather than pyridine. The behaviour of the two phenols is very
similar - 2g is also solvatochromic, and the Aé values in this
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Fig. 5 Solid-state structure of 1b, shown in ORTEP mode. Ellipsoids
are shown at 50% probability.

Table 1 indicate that also in this case, the OH group is partially
deprotonated. The degree of deprotonation for this phenol, esti-
mated as in item 2.4, indicates an even larger value - ca. 50%.

Compounds 1h and 1i are the phenolate/phenol pair, having
difluoro substitution ortho to the OH group.*® As expected, 1h is
indeed solvatochromic and the NMR data (ESI, Table S27)
clearly indicates the contribution of the vinylogous amide form
as in the parent 1a. To our surprise, phenol 1h, however, does
not deprotonate and is not solvatochromic, even though the
ortho fluorine substituents are expected to increase the acidity
of the phenol function.

Compound 2i is the quinoline version of the ortho-difluori-
nated phenol. 2i, however, is solvatochromic and is >80%
deprotonated in solution (ESI, Table S9t). An equilibrium
between protonated and deprotonated forms is also indicated
by extensive broadening (the kinetics of this process seem to be
slightly slower than what we observed for 1g) of several of the
NMR lines (see ESIT file) - the broadest carbon signal (linewidth
ca. 40 Hz) is C-10.

In order to estimate the contribution of the VA canonical
form to the structure of 1a, we used '°N chemical shifts as the
most sensitive tool for this purpose. We thus measured the
NMR spectra for 1,4-dimethylpyridinium iodide, 3, and 1-
methyl-4(1H)-pyridinone, 4, as model compounds (Fig. 6).

These compounds were selected as reference structures for
the two principal resonance forms of BM: 3 as a representative
of the charge-separated pyridinium form, and 4 as a model for
the vinylogous amide form. This allows a direct comparison of
"N chemical shifts, facilitating a quantitative assessment of
resonance contributions in the studied dyes.

Table 1  Omethanol — Oomso for selected nuclei

la 1b 1c 1d 1e 1f 1g 2g 1h 1i 2i
C-5 8.24 0.71 0.72 1.44 0.75 1.24 2.57 3.81 6.09 0.61 6.00
C-7 6.41 1.53 1.56 2.72 1.83 2.40 3.46 2.09 8.45 2.36 6.25
C-10 —4.58 1.48 2.47 1.55 2.27 1.25 —0.04 —1.76 —4.20 2.19 —4.84
N-1 13.7 —1.9 —2.2 —1.8 —2.6 —1.5 0.8 6.4 6.6 —1.8 12.1
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Fig. 6 Structure of model compounds 3 and 4 and solid-state
structure of 3, shown in ORTEP mode. Ellipsoids are shown at 50%
probability.

The '°N chemical shift for salt 3 is indeed quite solvent-
independent, at ca. —183 ppm, and this value is a good refer-
ence for this type of quaternary nitrogen atom. Conversely, we
use the >N chemical shift - ca. —246 ppm - of 4, in CDCl;, as
a model for the uncharged, vinylogous amide form. This
chemical shift is quite typical for amide nitrogen.

We thus get a Ad value of 63 ppm between the two chemical
shifts, which allows us to estimate the contribution of the VA
form of 1a as 44% in DMSO, 22% in methanol and 17% in
water. Compound 4 can be also described as a resonance hybrid
between the vinylogous amide form shown here and a charge-
separated zwitterion. Using the same A¢ value, we estimate
that the canonical form depicted in 4 is the dominant contrib-
utor to the resonance hybrid (78%) even in methanol. Of course,
in all amides there is some contribution of a charge-separated
(zwitterionic) form, and this is especially true for a vinylogous
amide, even in a non-polar solvent, so that these values are
obviously overestimates, but we still feel that they add to our
understanding of this type of chemical function.

Conclusions

In conclusion, we have demonstrated that solvent polarity and
molecular structure play key roles in dictating the electronic
properties and resonance equilibria of merocyanine dyes. Our
combined UV/Vis and NMR studies reveal that only dyes capable
of adopting zwitterionic resonance forms, such as 1a, exhibit
strong solvatochromism, with both absorption maxima and NMR
chemical shifts shifting systematically with solvent environment.
Through analysis of structural analogues and *°N chemical shifts,
we show that substituents finely tune the extent of charge sepa-
ration and deprotonation equilibria. These findings provide
a clear framework for designing merocyanine-based dyes and
probes with tailored, environment-sensitive properties.

Experimental
General information

Reagents and solvents were purchased from commercial sour-
ces and were used without further purification. Progress of
reactions was monitored by TLC on precoated Merck silica gel
plates (60F-254), with visualization by UV light. Compounds
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were characterized by nuclear magnetic resonance using
a Bruker Avance-III-700 spectrometer (700.45, 176.13 and 70.98
MHz for 'H, *C and "N, respectively). Chemical shifts are re-
ported in ppm units () relative to TMS (0 and 6c = 0 ppm). The
residual signals of under-deuterated solvents (d;; = 7.26 ppm in
CDCls, 4.79 ppm in D,O and 2.50 ppm in (CD;),S0) in '"H NMR
spectra, and the central peaks of CDCl; (6c = 77.00 ppm),
(CD3),S0 (6c = 39.52 ppm) or TMS in >C NMR spectra were
used as internal standards. The coupling constants (J), calcu-
lated according to the first order NMR spectra, are reported
in Hz. Standard abbreviations indicating multiplicity were used
as follows: m = multiplet, quint = quintet, q = quartet, t =
triplet, d = doublet, s = singlet, br = broad, sept = septet. "H
signal assignment was carried out using 2D NMR methods
(COSY, HMQC, HMBC) as appropriate. Chemical shifts for >N
NMR spectra were referenced to neat nitromethane (an external
standard). Absorption spectra were measured on a UV-2401PC
UV-VIS recording spectrophotometer (Shimadzu, Kyoto, Japan).

Compounds 1a-1i, 2g and 2i were synthetized according to
literature procedures.”*** Typically, 1,4-dimethylpyridinium
iodide, 3 (0.1 mmol), the appropriate substituted benzaldehyde
(0.1 mmol), and a catalytic amount of piperidine were dissolved
in 2 mL of absolute ethanol in a 10 mL microwave CEM vial. The
reaction mixture was irradiated in a microwave reactor at 80 °C
for 2 hours. After cooling to room temperature, 10 mL of diethyl
ether was added to precipitate the product, which was collected
by vacuum filtration and washed three times with 3 mL portions
of diethyl ether to afford the pure compound. The products were
characterized by NMR and UV/Vis spectroscopy (see ESIf for
details).
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