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Abstract: We report multifunctional D-n-A molecular systems having the N,N-diethylamino
group as a pH sensitive donor unit connected to the electron accepting substituents such as the
cyano moiety and the pH responsive benzimidazole fragment. For that purpose we have
synthesized three types of derivatives, namely acrylonitrile, Schiff base and iminocoumarin
derived benzimidazoles, whose photophysical characterization has been carried out in several
polar and non-polar organic solvents as well as aqueous solution buffers with different pH.
Computationally supported determination of species involved in prototrophic equilibria,
including their respective pKa values, has been performed to aid in understanding structural and
substituent effects on their UV—Vis and fluorescence spectral properties and pH sensing
potentials. Both sets of results jointly indicate that all molecules are predominantly unionized
under neutral conditions, while their transition towards monocationic forms, responsible for
spectroscopic response changes, occurs at pH ~ 1-4 for acrylonitriles 4-5, pH ~ 4-5 for Schiff
bases 11-12, and pH ~ 4.5-6.5 for iminocoumarins 7-8, thus increasing their practical

attractiveness for a broad range of applications in the same order.
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Introduction

Heterocyclic molecular systems with prominent and diverse spectral features and
responses are among the most extensively studied classes of organic compounds. Design and
development of small molecules for (chemo)sensing and optoelectronic applications is of great
interest in organic chemistry and sensing technology.!?

The fact that the benzimidazole nuclei shares a structural similarity with naturally
occurring purines promoted its applications in molecular biology and medicinal chemistry.3#
The benzimidazole moiety can serve as a multifunctional unit and an especially attractive
building block in D-n-A systems, thus allowing different applications in optoelectronics, as
functional materials and as pH sensors.® The photophysical and chemical properties of push-
pull systems are defined by the position, number, electron donating and accepting strengths of
donor and acceptor groups, and their chemical nature.1%® Since benzimidaziole has electron
accepting and z-bridging properties that can be combined with its chromogenic pH sensitivity,
switching and metal-ion chelating properties, it became an unavoidable building block for the
design and synthesis of heteroaromatic derivatives possessing different applications in
optoelectronics ® and as non-linear optics (NLO), in photovoltaics, 1! for sensing and
bioimaging*?'*3 etc. D-n-A heteroaromatic systems are usually tailored to have an electron
donating group placed opposite to the electron withdrawing group on the conjugated organic
skeleton, with the possibility to manipulate the fluorescent response and signaling recognition
processes. Since benzimidazole has a muntifunctional nature with desirable photophysical
properties as well as potentially selective binding sites for different analytes, it is very often
incorporated in such D-z-A structures.1-14

Naturally occurring and synthetic coumarin derivatives display diverse biological
activities and are important structural motifs in medicinal chemistry, but have also attracted
much attention as important fluorescent optical compounds with a broad applicability in a wide
range of different applications.'®® Thus, iminocoumarins are described as functional and optical
materials, '’ fluorescent brighteners, '8 laser dyes,'® solar energy collectors,?° pigments and
probes for physiological measurements in living systems, 2* charge-transfer agents 2 or
fluorescent labels. 2 Suchlike derivatives possesses good solubility and interesting
photochemical characteristics while their spectral responses can be further modified upon
substituting the iminocoumarin skeleton on various positions, mostly with electron-donating
groups at position 7 along with electron-accepting groups at position 3.2* The photophysical
properties can be modulated by introducing a longer n-electronic conjugation, as for example, in

several benzo- and benzazole-derived coumarins.2526



Schiff bases, as one of the most extensively studied compounds, play an important role
in electron donor-n-electron acceptor molecular systems (D-n-A systems) based on charge-
transfer interactions due to their excellent properties as chromophores and fluorophores. %’
Besides their broad spectrum of biological activities, they are also considered as catalysts in
synthesis, ?® chemodosimeters,?® corrosion inhibitors,* fluorescent probes for imaging, 3!
colorimetric indicators,® and as optical chemical sensors.®* Considering Schiff bases as pH
sensors in aqueous solutions is typically challenging, since the complex protonation and
tautomeric equilibria are involved together with the sensitivity of the imino bond towards the
hydrolysis in polar solvents. Schiff bases derived mostly from a variety of heterocyclic rings are
most frequently described as optical chemical sensors.>>%

Furthermore, the cyano group, is a strong electron acceptor in D-n-A systems capable to
impact the spectral characteristics of the characterized molecules, as well as the basicity of the
neighboring sites and their corresponding pKa values.®’ ldeal intermediates for affording
substituted nitriles are acrylonitriles, a nitrile structure attached to a vinylic moiety.3® This
functional group has the potential to establish hydrogen bonds, hydrophobic interactions, and it
is a key factor in the creation of supramolecular interactions.3®

Based on presented considerations, herein we present multifunctional D-n-A molecular
systems containing the N,N-diethylamino group on a phenyl ring as a pH sensitive donor group
connected via a linker (imino bond, acrylonitrile group and coumarin nuclei) to the the pH
sensitive benzimidazole moiety (Fig. 1). The photophysical characterisation and computationally
supported determination of species involved in prototropic equilibria, including their matching
pKa values, have been performed in order to better understand the effects of the D--A molecular
structure and the type of the linker on the UV-Vis spectral properties, and pH sensing potential

of these chromophores.
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Figure 1. Structures of investigated benzimidazole derivatives.



2. Results and Discussion
2.1. Chemistry

Benzimidazoles 4-5, 7-8 and 11-12 were prepared according to the two experimental
procedures presented in Schemes 1 and 2. For the synthesis of targeted acrylonitriles and
iminocoumarins, the main synthetic intermediates 2-cyanomethylbenzimidazoles 1-2 and 2-
aminobenzimidazoles 9-10 were afforded according to the previously published experimental
procedure. Within the condensation with 4-N,N-diethyl-aminobenzaldehyde 3 in slightly basic
media, acrylonitriles 4 and 5 were obtained in moderate reaction yields. Due to the
cyclocondensation with 4-N,N-diethylamino-2-hydroxybenzaldehyde 6 in ethanol and

piperidine, iminocoumarins 7 and 8 were prepared.
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Scheme 1. Synthesis of acrylonitrile 4-5 and iminocoumarin derivatives 7-8.

Targeted benzimidazole derived Schiff bases obtained in the reaction of 2-amino-benzimidazoles

9-10 with 4-N,N-diethylamino-2-hydroxybenzaldehyde 6 in ethanol.
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Scheme 2. Synthesis of Schiff bases 11-12.



The structures of all prepared benzimidazoles were confirmed by *H and **C NMR spectra and
elemental analysis. The structural analysis was performed based on the chemical shifts in both
'H and C NMR spectra, and on the H-H coupling constants values in the H spectra.
Appearance of the singlet related to the acrylonitrile proton around 8.0 ppm confirmed the
formation of acrylonitrile derived benzimidazoles 4-5. The formation of targeted Schiff bases
11-12 was confirmed by the observation of a singlet related to the proton of the imino group in

the *H NMR spectra as well as a signal for the C atom of the imino group in the *3C NMR spectra.

2.2. Spectroscopic characterization

Basic photophysical properties of the prepared derivatives were characterised by UV-Vis
spectra recorded in several organic solvents of different polarities with the chromophore solution
concentration of 1 x 107> mol dm™3. The main focus was to study the influence of the linker type
between the para-N,N-dimethylamino group placed as a pH sensitive donor group on the phenyl
ring and the benzimidazole skeleton, as well as the type of the substituent placed on the
benzimidazole nitrogen on spectroscopic characteristics.

2.2.1. UV-Vis absorption spectra

In order to evaluate the impact of the solvent polarity on the spectroscopic features of
studied benzimidazole compounds, stock solutions were prepared in six organic solvents.
Absorption spectra were recorded at the same concentration at room temperature in the same
range. For the spectroscopic characterization, solvents of a high purity grade with different
Et(30) polarity parameters were used. The absorption spectra of representative studied
derivatives were presented in Fig. 2, for other studied compounds in Supporting Material (Fig.
S1). Electronic absorption and emission data for studied compounds are presented in Table 1.

The absorption spectra of compounds 4, 5, 8 and 11 show one main absorption band
which are centered for compound 4 around 425 nm, for 5 around 410 nm, for 8 ranging from
405 nm to 445 nm, and for 11 from 415 to 425 nm. In most used solvents, compounds 7 and 12
showed two main absorption bands. When considering the absorption spectra of the N-
unsubstituted acrylonitrile derivative 4, the most intensive absorbance with a slight blue shift in
comparison to toluene and MQ water, was observed in acetonitrile and ethyl acetate, while in
toluene the absorption spectra showed the increase of intensity. The lowest absorption intensity
has been observed in hydrogen donating solvents, MQ water, methanol and ethanol in
comparison to other solvents. Iminocoumarin 8 substituted with cyano and phenyl group,

displayed the highest absorbance intensity in ethanol and acetonitrile with significant decrease
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of intensity in methanol. In MQ water we might observe the red shift of absorption maxima,

opposite in comparison to ethyl acetate.
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Figure 2. UV-Vis spectra of 4 (a), 8 (b) and 12 (c) at concentration 2x10~° mol dm= in
organic solvents of varying polarities; compared absorption spectra of all studied compounds
in methanol (d), acetonitrile (¢), and toluene (f).



N-phenyl substituted Schiff base with the cyano group placed at the benzimidazole nuclei 12,
showed the highest intensity in ethanol, while in methanol we observed the most significant
hypochromic effect as well as significant red shift of maxima for ~30 nm in comparison to other
solvents. In nonpolar aprotic toluene, 12 showed slight blue shift and also decrease of absorbance
intensity. Considering all absorption spectra taken in methanol, the highest intensity has been
observed for unsubstituted iminocoumarin 7, while the lowest intensity has been observed for
N-phenyl and cyano substituted acrylonitrile 5 together with the blue shift of absorption maxima.
The most significant red shift of absorption maxima has been observed for N-phenyl and cyano
substituted Schiff base 12. Compound 12 showed in acetonitrile the increase of intensity with
two absorption bands at 429 and 452 nm, while all other studied compounds showed one main
band. The significantly lowest intensity as well as blue shift of absorption maxima has been
observed for N-phenyl and cyano substituted acrylonitrile 5, while iminocoumarin 7 showed red
shift of absorption maxima in comparison to other studied compounds. In toluene, the lowest
intensity has been displayed by N-phenyl and cyano substituted iminocoumarin 8, while N-
phenyl and cyano substituted acrylonitrile 5 showed the most significant blue shift of maxima.
N-phenyl and cyano substituted Schiff base 12 showed the highest absorption intensity.

Compounds 4, 7 and 11 showed two absorption bands.

2.2.2. Fluorescence emission spectra

Fluorescence emission spectra were recorded at lower concentrations, namely 1 x 107

mol dm™3 for 10 and 13-15, and 2 x 10" mol dm3 for 11-12 due to differences in their
solubilities. The emission spectra were recorded in several solvents using excitation wavelengths
determined from the absorbance maxima, and were uncorrected for the inner filter effects. The
emission spectra of representative iminocoumarines 7 and 8 are shown in Figure 3, while in
Figure S17 for other systems that did not exhibit significant fluorescence intensity. Electronic
absorption and emission data for studied compounds are presented in Table 1.

Emission spectra of 7 and 8 indicated one emission band and one maximum in all solvents
as well as the strong impact of the solvent polarity on the fluorescence characteristics. In the
most polar water solution, both compounds showed hypochromic shift of the fluorescence
intensity, while 7 showed significant decrease of fluorescence intensity with slight bathochromic

shift of emission maxima. By decreasing the solvent polarity, 7 exerted the hyperchromic effect.
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Figure 3. Experimentally measured emission spectra of 7 (Aexc = 420 nm) and 8 (Aexc = 420

nm) at concentration 1x10~" mol dm=2 in organic solvents of varying polarities

Table 1. Electronic absorption and emission data for all studied compounds

Compound MQ Methanol | Ethanol | Acetonitrile Ethyl Toluene
water acetate
E~ (30) 63.1 55.4 51.9 45.6 38.1 33.9
Aabs/NM 425 423 421 427 425 431
£x103/dm3
4 mol-t em- 18.9 25.5 27.9 39.4 39.7 35.8
Aemiss/fnm - - - - - -
Aabs/NM 410 410 408 406 398 402
£x103/dm?
5 mol- cm-t 21.3 14.4 30.2 6.6 29.7 34.7
AemisssnM - - - - - -
e jZé 439 438 437 432 jg?
abs
291 286 286 286 284 314
/ A 40.4 48.15 50.6 5055 | o)
-1 -1 . .
mol-tcm 13.9 11 12.7 13.9 13.4 56
AemisssnM 495 480 481 479 469 469
445 419 419 412
Aabs/NnM 291 220 220 220 403 423
8 £x103/dm3 26.5 174 32.7 325
moltcm? 453 33.7 58.6 57.6 25.2 30.8
Aemiss'nM 506 492 492 494 492 481
rasdm 425 418 419 415 414 421
abs 279 281 280 281 280 407
11 £x103/dm? 30.95 37.85 34.4 38.8 36.99 35.3
molt cmt 4.87 5.0 4.7 5.2 5.2 33.0
}\.emiss/nm - - - 421 417 -
b/ 465 472 452 429 449 455
abs 418 345 434 452 428 432
12 £x103/dm3 21.6 27 56.1 543 49.7 46.1
molt cmt 37.4 3.3 67.2 ) 65.8 61.9
Aemisssfnm 493 479 471 479 417 455




The strongest fluorescence intensity of 7 was demonstrated in ethanol, acetonitrile and ethyl
acetate with a slight hypsochromic shift of maxima relative to spectra taken in water (~15 nm).
We observed a slight bathochromic shift of emission maxima in methanol, ethanol and
acetonitrile relative to spectra taken in toluene and ethyl acetate. Compound 8 showed the
bathochromic shift of emission maxima in MQ water when compared to all others solvents (~
10 nm). The strongest hyperchromic effect of the intensity has been observed in methanol. The
strongest hypochromic effect with the significant decrease of the intensity has been observed in
MQ water and ethyl acetate. Acrylonitriles 4-5 did not show any measurable fluorescence
intensity in any solvent (Fig. S17), while Schiff bases 11-12 revealed only very low fluorescence
intensity (Fig. S17).

2.2.3. Experimental acid-base properties of studied benzimidazole derivatives

To study the possibility of a potential use of the prepared benzimidazoles as optical pH
indicators, the influence of their spectroscopic properties relative to changes in the pH conditions
was determined through the spectroscopic UV-Vis and fluorescence pH titrations. Agueous-
solution pKa values are typically used to characterize potential optical pH sensors, as useful
parameters to determine precise protonation states of a studied molecule. They can be determined
from the obtained spectroscopic data, which rely on the optical determination of the
concentrations of the acidic (HA) and basic forms (A") through the Henderson—Hasselbalch
equation:°

[A7]

pH = pK, + logﬁ

pH dependence of spectral properties was studied by spectroscopic UV-Vis and fluorescence pH
titrations. Changing the pH conditions caused the protonation/deprotonation of studied
compounds, leading to the reorganization of the electron density within the structural units
following the accompanying generation of the excess charge.

Absorption spectra taken at the pH range from 1 to 13 confirmed pronounced spectral
changes, thereby confirming the possible use of the studied benzimidazoles as pH optical probes
(Fig. 4, Table 2). Spectral properties upon pH titrations for all benzimidazoles are presented in
Table 2. Considering the obtained results, the most significant changes are observed in strong
acidic media (pH 1) for all studied compounds, especially Schiff bases 11 and 12 which showed
almost total decrease of absorbance intensity when compared to spectra taken in neutral (pH 7).
At pH 2 we can observe the strong increase of absorption intensity and red shift of maxima for
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compound 11 relative to spectra at pH 7. At pH 1, acrylontriles 4 and 5 showed a significant red

shift of absorption maxima as well as strong hypochromic effect of intensity (Fig. 5), while at

pH 2, there is a strong hyperchromic effect.
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Figure 4. Absorption spectra of studied compounds 4, 8, 11 and 12 at different pH values in

buffer (a, b, c, d); ratiometric absorption pH titration curve for compounds 8 and 11 from

which the pKa was obtained by using a Boltzmann curve (e, f).
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In highly basic condition (pH = 13), unsubstituted acrylonitrile 4 showed hypsochromic shift in

comparison to spectra taken at pH 7, while N-phenyl and cyano substituted acrylonitrile 5

showed almost the same spectra as at pH 7. Iminocoumarin derivatives 7 and 8 showed

bathocromic shift of absorption maxima in acidic condition at pH 1 in comparison to spectra

taken at pH 7. For unsubstituted iminocoumarin 7 we observed the hyperchromic shift and for

N-phenyl and cyano substituted iminocoumarin 8 hypochromic effect of intensity. For both

compounds, the spectra taken at pH 13 are almost unchangeable relative to those at pH 7, thereby

indicating that no acid-base changes occur under basic conditions.

Figure 5. Comparison of absorption pH titration curves for compounds 4 and 5.
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The acid-base features are best described by an ‘apparent’ pKa value, as opposed to a real

thermodynamic pKa, since pH titrations were not performed under strictly controlled temperature

and ionic strength. The pKa values were determined as the inflection point of a sigmoid

Boltzmann curve fitted to the experimental pH titration data (Table 2).

Table 2. pH dependence of absorption for studied compounds in buffered solutions

Amax (NM) € x10° (dm® mol~* cm™)
Cpd — . — - PKaexp)

Acidic Neutral Basic Acidic Neutral Basic

4 340 424 398 24.3 29.9 35.6 35

5 330 410 417 21.3 28.3 28.2 }i26
442 442 40.9 40.4

! 415 472 473 74.6 28.1 28.0 4.6
391 35.5

8 478 396 492 19.9 36.6 9.1 6.4

11 326 421 432 3.6 29.8 31.7 4.6

418 23.9
12 479 167 453 1.8 161 33.7 -0.9
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Emission spectra taken at pH values 1, 4, 7, 10 and 13 confirmed pronounced spectral
changes for iminocoumarines 7-8, thereby supporting their potential use as pH optical probes
(Fig. 6). Considering the results obtained for 7, the most significant changes are observed at pH
4 with a total decrease of intensity, in strong acidic media (pH 1) and strong basic media (pH
13), when compared to the spectra taken at pH 7 and in MQ water. At pH ~10, compound 7
showed the fluorescence intensity increase. On the other hand, compound 8 revealed the intensity
decrease in strong basic media at pH 13, while in strong acidic media the data showed two
emission bands with relatively low fluorescence intensity and slight bathochromic shift of
emission maxima. The most significant increase of fluorescence intensity is observed at pH
10.Interenstingly, the cyano substituted Schiff base 12 which did not showed significant
fluorescence intensity in organic solvents, showed the significant increase of intensity in neutral

at pH 7 and in strong basic media at pH 13.
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Figure 5. Emission spectra of studied compounds 7, 8 and 12 at different pH values in buffer

taken at the concentration of 1x107" moldm™
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2.3. Computational analysis

Computational analysis was used to elucidate predominant protonation forms of each
system in solution that are responsible for the observed photophysical property alterations
following pH conditions changes. For that purpose, we employed the B3LYP/6—
311++G(2df,2pd)//(SMD)/B3LYP/6-31+G(d) model to calculate the matching aqueous phase
pKa values, which are presented in a brief form in Table 3, while a more extensive illustration is
given in Figure S3. The obtained data reveal a very good agreement with measurements, in a
way that most computed values are found within the acceptable margin of 1 pKa unit from
experiments. The only two exceptions are noted for derivatives 7 and 8, where computations
overestimate the corresponding basicities by 3.6 and 2.4 pKa units, respectively, an aspect that
we will come back to latter in the text.

It is interesting to observe that, according to the measured acid-base constants, all
molecules are unionized systems under neutral conditions, as evident from their pKa values for
the most basic position that are all found below 7. Starting with the seemingly simplest
acrylonitriles 4 and 5, their most basic sites correspond to the benzimidazole nitrogen, where the
calculated values of pKa(4) = 4.7 and pKa(5) = 2.0 are well-matched with measured values 3.5
and 1.2, in the same order. Interestingly, both systems are significantly less basic than their parent
benzimidazole (pKaexp = 5.6).*! In 4, this is ascribed to the electron accepting ability of the
unsaturated acrylo unit, which is in a direct resonance interaction with the basic benzimidazole
nitrogen, further furnished by the strong electron accepting nitrile moiety. It appears that a
synergic effect of the acrylonitrile unit components overcomes a likely favorable contribution of
a strong electron donating diethylamino group, whose typical basicity-enhancing effect can be
illustrated by, for example, its ability to improve the basicity of pyridine from 5.2 to 9.7 once it
is attached in the para position.* Still, due to a much distant nature, its positive effect is over
dominated by a basicity suppression effect of a more closer acrylonitrile fragment. In 5, the
basicity lowering trend is even more pronounced due to two effects: (i) the direct attachment of
an additional cyano moiety onto the benzimidazole core, and (ii) converting the secondary
benzimidazole amine into its N-phenyl analogue. This is a common feature observed in all six
studied derivatives, where the matching benzimidazole nitrogen turns less basic once its
neighboring amine is N-phenylated, and additional nitrile is inserted onto the benzimidazole
skeleton. Both effects represent a typical behavior observed in a large variety of systems; for
example, the basicity of N-phenylimidazole is lowered from pKa = 7.0 to pKa = 5.1 relative to
the parent imidazole,*! while a strong basicity-diminishing effect of the resonantly coupled nitrile
is broadly documented in the literature. *?:%* Because of the same reasons, and since its
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protonation occurs on already protonated derivatives 4* and 5%, the basicity of diethylamino
group is drastically suppressed, —1.8 in 4 and —2.3 in 5, which is far from what is typically
achieved for this functionality in, let us say, N,N-diethylaniline, where it is pKaexp = 6.9.4! Lastly,
the N—H acidity within the benzimidazole unit in 4 is calculated at pKa = 15.3, thereby also being
much lower than in the parent benzimidazole, where it is 12.9.4 Nevertheless, all of this suggests
that acrylonitrile-based derivatives 4 and 5 could be employed as potential pH probes, yet only
for highly acidic media around pH ~ 1-4, where the corresponding transition from the unionized
to monocationic derivatives occurs.

When Schiff base derivatives 11 and 12 are considered, one could expect notably more
basic systems, based on the fact that the parent benzenemethanimine (Ph—CH=NH) is already
appreciably basic at pK, = 7.0,* let alone a likely significant basicity-promoting contribution
from the p-NEt> group. Still, when the aromatic moiety is attached directly to the protonating
imine, it results in a drastic lowering of the basicity, where the former moiety depletes the
electron density from the imine, thereby reducing its proton accepting ability. As an illustration,
the basicity of N-phenylbenzenemethanimine (Ph—CH=N-Ph) drops over 4 pKa units to a value
of pKa = 2.8, an effect that is also observed is several guanidines as well.** All of this is nicely
evident in 11 and 12, where the basicity of the Schiff base imine is even preceded by the
benzimidazole nitrogen, which retains its basicity around pKa = 4-5 and is identified as the most
basic site in both 11 and 12. In addition, the O—H--N hydrogen bonding with the vicinal phenol,
seen in both unionized systems, further contributes to the lower Schiff base imine basicity,
through stabilizing the system prior to the protonation. Although the calculated value for the
Schiff base imine protonation in 12 (pKa = —0.9) is found in a very good agreement with
experiments (pKa = —2.0), such low values bear little significance for the potential applications
of systems 11-12 as pH probes in broad areas, due to extreme acidity conditions to which they
respond. In contrast, the fact that both 11-12 exchange protonation forms and give modified
photophysical responses at pH ~ 4-5, makes them more appealing for further derivatization over
their acrylonitrile analogues. We note in passing that the acidity of phenols in both derivatives
and that of benzimidazole in 11 exceeds conditions employed in this work (pKa > 14) and were,
therefore, not observed in our experiments.

Values measured for iminocoumarins, pKa(7) = 4.6 and pKa(8) = 6.4, illustrate their
potential for the application is a large variety of academic and industrial application, since they
respond under already moderately acidic conditions, especially the latter. Employing the same
computational model as here, our earlier work on a series of similar iminocoumarins revealed

excellent agreement between computed and measured pKa data,?® which leaves it unclear for the
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reasons underlying 2.4-3.6 pKa units discrepancy observed here. Still, more importantly, we are
confident that our calculations correctly identified the iminocoumarin moiety as the most basic
site in 7-8, since it is several kcals mol™ more favorable over benzimidazole for the first
protonation. Interestingly, the basicity of both benzimidazole rings is reduced because of a
favorable =N-H:--N hydrogen bonding with the nearby iminocoumarin that stabilizes neutral
benzimidazole and diminishes its basicity, which is established only at pH =~ 0 in both 7-8.
Lastly, to further confirm the validity of our pKa calculations and the identification of the
relevant protonation states, we have calculated the matching UV-Vis transitions pertaining to
different protonation forms that were identified to occur under employed experimental
conditions (Figure S4). On the overall, the computed data are found in good agreement with
experiments and trends in the position of the measured absorption maxima. For both unionized
acrylonitriles 4 and 5, the most dominant feature is a broad absorption at around 400 nm, which
well-matches experiments and confirms the predominance of this form at neutral pH = 7.
Because of its N-phenyl moiety, 5 does not possess an acidic hydrogen, which is why its bands
at pH = 7 and pH = 13 are overlapped (Figure S2), while computations correctly predict a red
shift of the absorption maxima for deprotonated 4- at pH = 13. Analogously, bands computed
for monoprotonated 4* and 5 confirm the absorption blue shift, while rationalize a large red shift
at lowest pH values that appear close to 300 nm, which validates the existence of the protonated
diethylamine under very acidic conditions (pH = 1). Furthermore, given the calculated negative
pKa values required to achieve diethylamine protonation, at pH = 1 there is only a few percent
of the matching dications in solution, which corroborates a very strong hypochromic effect of
their absorption intensity observed experimentally. For iminocoumarins 7 and 8, computed pKa
values around zero predict the possibility for the existence of the matching dications at lowest
pH conditions, while the obtained overlap of their absorption bands with those for monocations,
although both correctly red shifted, makes it indistinct to claim their presence.  An analogous
overlap is observed experimentally for bands at pH = 7 and pH = 13, which is rationalized by
the absence of the acidic proton in 7 and, according to our calculations, a very low acidity of the
benzimidazole proton in 8 (pKa = 17.3). Schiff bases 11 and 12 are associated with the largest
red shift under basic condition, which is well reproduced by our calculations. As with 7, the
significant overlap of bands corresponding to 11~ and 11%- disallows any certainty in claiming
the presence of the latter, although a very low basicity of the benzimidazole proton (pKa = 18.2)
suggests only monoanions are present under employed basic conditions. The latter correspond

to the phenol deprotonation, being achieved at around pKa = 14 in both 11 and 12.
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Table 3. Calculated aqueous-phase pKa values by the B3LYP/6-311++G(2df,2pd)//(SMD)/B3LYP/6-31+G(d) model. Experimental

determined here are given in square brackets for an easier comparison.

System State pKs(calc) Protonation Reaction System State  pKa(calc)  Protonation Reaction
42+ 52+
1 -1.8 N2 — N2* N1 1+ 23[-1.6]exp N2 — N2*
<y 4 (o4, S
NZ(N@_/)_(N]@ 1 47[3.5]ep N1 — N1* N2 ”@ﬁ N o1 2.0 [1.2]exp N1 — NI1*
( N 4 { @ 5
l 15.3 N3 — N3~
4_
7% 8%
0 -5.9 N2 — N2* 1 5.4 N2 — N2*
N4 7 NH g 8%*
oy M 1 0.7 N1 — NI* % ok N 1 0.0 NI — N1*
D [ oSt U
N2 N N CN
< NH3 T 82 [4.6]exp N4 — N4+ < @ T 88 [6.4]exp N4 — N4+
7 8
! 17.3 N3 — N3~
7_
113 123+
1 -10.4 N2 — N2* 1 -11.1 N2 — N2*
112+ 122+
o1 ” 7 -1.6 N4 — N4* S 2.0 [-0.9]ex N4 — N4*
( Oy A,
N2 N;@JN{NQ T 56 [4-6]exp N1 — N1+ N2 N N CN T 4.2 N1 —>N1+
< N8 11 < @ 12
! 14.5 Ol - 0O1- ! 14.2 01 - 01-
11- 12-
! 18.2 N3 — N3~
11*

values
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3. Conclusions

We present the design and synthesis of D-n-A benzimidazoles with carefully chosen
electron donating and electron accepting substituents to confirm their potential as optical sensors
for the pH detection in solutions. These molecules are substituted at the para position of phenyl
ring with an electron donating N,N-diethylamino group and an electron accepting cyano group
placed at the benzimidazole nuclei, which is also pH sensitive due to the two imidazole N atoms.
To study the influence of the central core on spectroscopic properties, we have prepared two
acrylonitrile, two Schiff bases and two iminocoumarin derived benzimidazoles.

The spectroscopic characterization has been carried out with UV—Vis and fluorescence
spectroscopies in several organic solvents, as well as in aqueous solution buffers with different
pH. Absorption spectra were strongly influenced by the solvent polarity, while the type of the
phenyl and benzimidazole substituents, together with the type of central core affected their
photophysical features. Their potential application as optical pH sensors was determined by
absorption and fluorescence pH titrations, which showed that modified pH conditions exert
significantly different responses. This was confirmed by experimentally determined aqueous
solution pKa values and further supported by DFT calculations, which achieved good agreement
with measurements.

Computational analysis identified predominant protonation forms of each investigated
system in solution, which are responsible for the observed changes in the photophysical properties
following changes in the pH conditions. The obtained insight revealed that all systems are
unionized molecules under neutral conditions, whereas they transit into monocationic derivatives
under acidic conditions, which is responsible for modified responses observed in the UV-Vis
spectra. The most basic site in both acrylonitrile- and Schiff base-based derivatives is the
benzimidazole nitrogen, with all four studied systems being less basic than the parent
benzimidazole, due to the employed molecular design dominated by the electron-withdrawing
moieties in the nearest vicinity of the basic center. While for the studied acrylonitrile derivatives
4-5 the matching protonation form change occurs under highly acidic conditions (pH = 1-4), for
Schiff base derivatives 11-12 this is observed within less extreme environments (pH =~ 4-5),
which makes them more appealing for practical implementations. Yet, the full potential of our
strategy is achieved in the iminocoumarin-based derivatives 7—8, where the relevant transition
from the neutral to the monocation forms is achieved at pH = 4.6 for 7 and pH = 6.4 for 8, thereby

revealing their sensitivity to already mildly acidic conditions.
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4. Experimental part
4.1. Chemistry
4.1.1. General methods

All chemicals and solvents were purchased from commercial suppliers. Melting points of
prepared compounds were recorded on SMP11 Bibby and were not corrected. NMR spectra were
measured in DMSO-ds solutions using TMS as an internal standard on a Varian Gemini 300 or
Varian Gemini 600 spectrophotometer at 300, 400, 600, 100, 110, 151 and 75 MHz. Chemical
shifts are reported in parts per million (ppm) relative to TMS. Elemental analyses for carbon,
hydrogen and nitrogen were performed on Perkin-Elmer 2400 elemental analyser. Analyses are
indicated as symbols of elements, analytical results obtained are within 0.4 % of the theoretical

value. All compounds were routinely checked by TLC using Merck silica gel 60F-254 glass plates.
4.1.2. Synthesis

Synthesis of main precursors necessary for the synthesis of targeted benzimidazole
derivatives, namely  2-cyanomethylbenzimidazole, = 6-cyano-2-cyanomethyl-N-phenyl-
benzimidazole and 2-amino-6-cyano-N-phenylbenzimidazole was carried out according to the

previously published procedures.*

4.1.2.1. General method for preparation of compounds 4-5, 7-8, 11-12

Solution of equimolar amounts of 2-cyanomethylbenzimidazoles 1-2 or 2-amino-benzimidazoles
9-10, corresponding heteroaromatic aldehyde 3 or 6 and few drops of piperidine in absolute
ethanol, were refluxed for 2-48 hours. The cooled reaction mixture was filtered and, if necessary,
product was purified by column chromatography on SiO2 using dichloromethane/methanol as

eluent.

(E)-2-(1H-benzimidazol-2-yl)-3-(4-N,N-diethylaminophenyl)acrylonitrile 4

Compund 4 was prepared from 1 (0.10 g, 0.6 mmol) and 3 (0.11 g, 0.6 mmol) in absolute ethanol
(2 mL) after refluxing for 3 hours to yield 0.14 g (68 %) of orange powder. m.p 151156 °C; H
NMR (DMSO-ds, 300 MHz): 8/ppm = 12.75 (s, 1H, NHbenzimdazole), 8.10 (S, 1H, Harom), 7.97—7.81
(m, 3H, Harom.), 7.53 (bs, 2H, Harom.), 7.23-7.17 (M, 1H, Harom.), 6.87-6.77 (m, 2H, Harom.), 3.47
(0, 4H, J=6.45 Hz, CHy), 1.15 (t, 6H, J = 6.68 Hz, CH3); *C NMR (DMSO-ds, 151 MHz): §/ppm
= 150.6, 149.5, 145.9, 144.0, 135.3, 133.5, 132.8, 123.2, 122.3, 119.6, 119.0, 118.4 (2C), 111.8,
111.6, 93.4, 44.4 (2C), 12.9 (2C); Anal. Calcd. for CaoH20Na: C, 75.92; H, 6.37; N, 17.71. Found:
C, 75.97; H, 6.46; N, 17.76%.

(E)-2-(6-cyano-N-phenylbenzimidazol-2-yl)-3-(4-N,N-diethylaminophenyl)acrylonitrile 5
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Compund 5 was prepared from 2 (0.10 g, 0.4 mmol) and 3 (0.07 g, 0.4 mmol) in absolute ethanol
(2 mL) after refluxing for 2 hours to yield 0.14 g (86 %) of red powder. m.p 210214 °C; *H NMR
(DMSO-dg, 300 MHz): 6/ppm = 8.31 (d, 1H, J = 0.78 Hz, Harom.), 7.74 (S, 2H, Harom.), 7.70 (s, 1H,
Harom.), 7.69-7.57 (m, 6H, Harom.), 7.29 (d, 1H, J = 8.47 Hz, Harom.), 6.77 (d, 2H, J = 9.09 Hz,
Harom.), 3.45 (g, 4H, J = 6.89 Hz, Harom), 1.13 (t, 6H, J = 6.97 Hz, Harom); *C NMR (DMSO-d,
75 MHz): 8/ppm = 151.7, 151.5, 151.2, 142.2, 140.3, 135.3, 133.2 (2C), 130.7 (2C), 130.3, 128.1
(2C), 127.2, 124.2, 120.1, 119.3, 117.4, 112.2, 111.8, 105.7, 90.1, 44.5 (2C), 12.7 (2C); Anal.
Calcd. for C27H23Ns: C, 77.67; H, 5.55; N, 16.77. Found: C, 77.61; H, 5.66; N, 16.73%.

3-(1H-benzo[d]imidazol-2-yl)-N,N-diethyl-2-imino-2H-chromen-7-amine 7

Compund 7 was prepared from 1 (0.05 g, 0.2 mmol) and 6 (0.04 g, 0.2 mmol) in absolute ethanol
(2 mL) after refluxing for 4.5 hours to yield 0.05 g (64 %) of orange powder. m.p °C; *H NMR
(DMSO-de, 300 MHz): &/ppm = 12.26 (s, 1H, NHbenzimidazote), 8.92 (s, 1H, NH), 7.71 (d, 1H, J =
8.97 Hz, Harom.), 7.61 (bs, 2H, Harom.), 7.19-7.13 (m, 2H, Harom.), 6.83 (dd, 1H, J1 = 2.36 Hz, J> =
8.97 Hz, Harom.), 6.66 (d, 1H, J = 2.18 Hz, Harom.), 5.75 (S, 1H, Harom.), 3.50 (q, 4H, J = 6.99 Hz,
CHy), 1.16 (t, 6H, J = 6.98 Hz, CH3); *C NMR (DMSO-ds, 151 MHz): §/ppm = 160.2, 156.5,
151.6, 147.2, 143.0, 130.8, 121.8, 110.0, 108.1, 107.9, 96.2, 44.3 (2C), 12.3 (2C); Anal. Calcd.
for C2oH20N4O: C, 72.27; H, 6.06; N, 16.86. Found: C, 72.19; H, 5.98; N, 16.84%.

2-(7-(diethylamino)-2-imino-2H-chromen-3-yl)-1-phenyl-1H-benzo[d]imidazole-6-carbonitrile
8

Compund 8 was prepared from 2 (0.05 g, 0.2 mmol) and 6 (0.04 g, 0.2 mmol) in absolute ethanol
(2 mL) after refluxing for 4.5 hours to yield 0.05 g (64 %) of orange powder. m.p 238-241 °C;
'H NMR (DMSO-ds, 400 MHz): §/ppm = 8.39-8.33 (m, 1H, Harom), 7.76 (d, 1H, J = 9.97 Hz,
Harom.), 7.68 (d, 1H, J = 8.28 Hz, Harom.), 7.64-7.44 (m, 5H, Harom.), 7.34 (bs, 1H, Harom.), 7.04—
6.89 (m, 1H, Harom.), 6.53-6.46 (M, 1H, Harom.), 6.38-6.25 (m, 1H, Harom.), 3.40 (g, 4H, J = 6.85
Hz, CH2), 1.10 (t, 6H, J = 6.92 Hz, CH3); 3C NMR (DMSO-ds, 110 MHz): §/ppm = 160.9, 153.0,
152.6, 144.9, 142.3, 140.4, 135.4, 130.7, 130.2, 129.1, 128.0, 126.9, 124.6, 123.9, 120.2, 118.2,
112.0, 108.5, 108.0, 105.5, 105.3, 96.6, 87.2, 44.6 (2C). 31.2, 12.9; Anal. Calcd. for C27H23Ns0:
C, 74.81; H, 5.35; N, 16.16. Found: C, 74.75; H, 5.30; N, 16.09%.

(E)-2-(((1H-benzo[d]imidazol-2-yl)imino)methyl)-5-(diethylamino)phenol 11

Compound 11 was prepared from 9 (0.25 g, 1.9 mmol) and 6 (0.36 g, 1.9 mmol) in absolute
ethanol (10 mL) after refluxing for 48 h to yield 0.13 g (22 %) of green powder. m.p. 122-125°C;
'H NMR (DMSO-ds, 600 MHz): §/ppm = 12.83 (s, 1H, NHbpenzimidazole), 12.36 (s, 1H, OH), 9.31
(s, 1H, Harom.), 7.50 (s, 1H, Harom.), 7.48 (S, 1H, Harom.), 7.38 (bs, 1H, Harom), 7.14-7.10 (m, 2H,
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Harom.), 6.39 (dd, 1H, J1 = 2.07 Hz, J> = 8.86 Hz, Harom.), 6.14 (d, 1H, J = 1.99 Hz, Harom.), 3.43 (Q,
4H, J = 6.98 Hz, CHy), 1.14 (t, 6H, J = 6.97 Hz, CH3); 3C NMR (DMSO-ds, 75 MHz): 8/ppm =
164.6, 164.0, 155.2, 153.1, 135.7, 121.9 (2C), 108.8, 105.3, 97.2, 44.6 (2C), 13.0 (2C); Anal.
Calcd. for C1gH20N4O: C, 70.11; H, 6.54; N, 18.17. Found: C, 70.16; H, 6.62; N, 18.26%.

(E)-2-((4-(diethylamino)-2-hydroxybenzylidene)amino)-1-phenyl-1H-benzo[d] imidazole-6-
carbonitrile 12

Compound 12 was prepared from 10 (0.20 g, 0.9 mmol) and 6 (0.16 g, 0.9 mmol) in absolute
ethanol (10 mL) after refluxing for 48 h to yield 0.23 g (66 %) of yellow powder. m.p. 111-114
°C; 'H NMR (400 MHz, DMSO-ds) (8/ppm): 12.28 (bs, 1H, OH), 9.37 (s, 1H, Harom ), 8.13-8.11
(m, 1H, Harom.), 7.68-7.64 (M, 2H, Harom.), 7.61-7.59 (m, 3H, Harom.), 7.56 (dd, 1H, J1 = 8.28 Hz,
J2=1.56 Hz, Harom.), 7.51 (d, 1H, J = 9.09 Hz, Harom.), 7.35 (d, 1H, J = 8.37 Hz, Harom.), 6.40 (dd,
1H, J1 =9.08 Hz, J>= 2.40 Hz, Harom.), 6.04 (d, 1H, J = 2.28 Hz, Harom.), 3.44-3.39 (m, 1H, CH>),
1.11 (t, 6H, J = 7.01 Hz, CHas); *C NMR (100 MHz, DMSO-ds) (8/ppm): 165.8, 164.4, 156.8,
154.0, 142.0, 138.6, 136.4, 134.7, 130.3, 129.3, 127.8, 126.2, 122.9, 120.4, 111.5, 109.1, 105.9,
105.0, 96.9, 44.7 (2C), 13.0 (2C); Anal. Calcd. for C25H23Ns0: C, 73.33; H, 5.66; N, 17.10. Found:
C, 73.36; H, 5.69; N, 17.15%.

4.2. Spectroscopic characterization

Absorption spectra were taken in different organic solvents with various polarity
parameters“® at the same concentration and at room temperature, using a Varian Cary 50
spectrophotometer in double-beam mode, where the employed water was additionally purified
using a Millipore Milli-Q lab water system and denoted as MQ-water throughtout the text. The
wavelength range covered was 200-650 nm. Quartz cells of 1 cm path length were used
throughout and the absorbance values were recorded at 0.1 nm. In order to study the effect of pH
on the spectroscopic properties of studied benzimidazoles, UV-Vis spectra were recorded in
universal buffer solutions covering the pH range 1-13. Solutions of 0.1 mol dm= hydrochloric
acid and 0.1 mol dm= sodium hydroxide were used as terminal acidic and basic points in the
titration experiments with 2 x 10 mol dm™= solutions of compounds for the absorbance
measurements. Flourescence measurements were recorded on Varian Cary Eclipse fluorescence
spectrophotometer in quartz cells of 1 cm path length. Excitation maxima were determined from
absorption spectra in the range of 200-500 nm. Emission spectra were recorded in the range from
400-600 nm and were corrected for the effects of time- and wavelength-dependent light-source

fluctuations using a standard of rhodamine 101.
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4.3. Computational analysis

All molecular geometries were optimized with the efficient B3LYP/6-31+G(d) model,
providing a good compromise between accuracy and feasibility of the approach. The obtained
electronic energies were supplemented with thermal corrections, extracted from the matching un-
scaled frequency calculations, so that all values reported here correspond to free energies at room
temperature and normal pressure. Gas-phase energies were further refined with single-point
calculations through a more flexible 6-311++G(2df,2pd) basis set. The effect of the solvent
environment was accounted through the SMD polarisable continuum model with all parameters
for pure water, yielding the B3LYP/6-311++G(2df,2pd)//(SMD)/B3LYP/6-31+G(d) model
employed here. Such a computational setup choice was facilitated by its success in reproducing
kinetic and thermodynamic data for a range of organic*’*®and biochemical*® processes, and in
evaluating pKa values for similar organic derivatives.'*3"*° pK, values were obtained in absolute
fashion utilizing the exact gas-phase free energy of a proton, G°(H*) = 6.28 kcal mol?, and an
experimental aqueous-phase solvation free energy of a proton,®* AGsoLv(H") = —265.9 kcal mol-
! to match the value employed by Truhlar and et al.>? in parameterizing their implicit SMD model.
The latter value includes the free energy contribution of —1.89 kcal mol required to move from
a gas-phase pressure of 1 atm to a liquid-phase concentration of 1 M. UV-Vis electronic transitions
were obtained by the (SMD)/CAM-B3LYP/6-31+G(d) single-point calculations employing the
TD-DFT approach and considering 32 lowest singlet electronic excitations. All calculations were

performed with using the Gaussian 16 suite of programs.>®
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Figure S1: Experimentally measured UV—Vis spectra of 5, 7 and 11 at concentration 2x10~> mol
dm= in organic solvents of varying polarities; compared absorption spectra of all studied
compounds in ethanol, ethyl acetate and MQ water. Figure S2: Experimentally measured
absorption spectra of 5 and 7 at different pH values. Figure S3: Calculated aqueous-phase pKa
values. Figure S4: Calculated aqueous-phase UV-Vis spectra for different protonation forms of
studied systems. Figures S5-S16: NMR spectra of studied compounds. Figure S17:
Experimentally measured emission spectra of 4, 5, 11 and 12 at concentration 1x10~" mol dm= in

organic solvents of varying polarities.
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