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The synthesis and drastic chromic properties of a novel phenacyl-substituted bis-viologen are reported. The
aforementioned viologen was proved to undergo reversible deprotonation leading to a highly-chromic compound
as a result of the pH-dependent activity of the ketone-enolate system that it encompasses. The deprotonation is
feasible through inorganic bases such as sodium hydroxide as well as organic bases e.g. diisopropyl ethylamine.
The propensity of the viologen to undergo chromic modifications in solution as well as in solid state is examined.
In solution, a negative solvatochromic response is observed and for its quantification, a suitable linear solvation

energy relationship (LSER) is employed. Finally, the vapochromic response of the title viologen is qualitatively
assessed in powder form as well when absorbed on SiO; plates.

1. Introduction

Viologens are structurally N,N'-disubstituted derivatives of 4,4
dipyridyl or 2,2"-dipyridyl. In recent years, this widely known class of
positively charged heterocycles have found a wide range of applications
[1-3]. The applications span from supramolecular chemistry [4-6], and
the research fields of molecular machines [7,8] and switches [9-11], to
electrochromic materials and devices [12,13], solvatochromic dyes
[14,15], and chromotropic sensors and actuators [16-18]. Different
kinds of substituents on the two quaternized N-atoms of a viologen
shape its properties as it is clear that their redox, optical and chromic
properties readily depend on the type of substituents [1]. The idea of
introducing active methylene moieties on the quaternary N-atoms of
bispyridinium compounds in order to induce viologen-based chromic
effects is not new. Indeed, Papadakis and coworkers as early as 2012
reported on the drastic viologen chromotropism activated upon inser-
tion of the phenacyl functional groups on one of the N-atoms of a 4,4
bipyridine-based viologen [14]. The electron push-pull effect was
further examined by altering the substituents on the other N-end of a
viologen [14]. The drastic chromotropic behavior was attributed to the

formation of an enolate in conjugation to the viologen n-electron system,
exhibiting electron deficiency and being capable of stabilizing the
negative charge (see Scheme 1). Similar observations were later on
made by Hu et al [19].

These attempts fall under the concept of employment of viologen-
based or “monoquat” scaffolds as electron acceptors, in conjunction
with electron-donating groups like enolates [14,18], ferrocyanide
[20-23], and phenolates [18]. The aforementioned approach has in
recent years gained widespread acceptance among research groups and
serves as a pivotal strategy for creating chromotropic compounds and
materials [1].

To the best of the authors’ knowledge, dissymmetric 4,4-dipyridyl-
based viologens with chromic properties have been rarely reported to
date, and this is presumably associated with the synthetic challenges
relating to dissymmetric viologens. In this study, we aim to synthesize
and develop a novel viologen of this type with chromic properties. To
achieve this, a synthetic approach employing a flexible —xylene bridge
connecting two viologen units which were subsequently phenacetylated
was adopted (in Scheme 2; compound 8 will be herein referred to as
PABV). The choice of connecting group between the viologen units is
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diisopropylethylamine; DMF, N,N-Dimethylformamide; DMSO, Dimethylsulfoxide; DTG, Derivative Thermogravimetry; FA, formamide; FTIR, Fourier-transform
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critical. Notably, a recent report by one of the authors highlighted a bis-
viologen with full n-conjugation, utilizing an azobenzene bridge as a
chromotropic axial component in a family of [2] rotaxanes [21]. In that
context, the bis-viologen serves as an electron-deficient aromatic ligand,
capable of accepting two single electrons from the two Fe''((CN)5 endcaps
[21,24]. The flexibility that the —xylene bridge introduces is a crucial
feature of the structure since there is a clear connection of the flexibility
of the bridge and the optical properties of viologens [1]. In addition to
synthesizing and characterizing the title viologen, this study examines
its behavior under various stimuli, including changes in pH, exposure to
dissolved base, organic base vapors, and solvent polarity. A suitable
model to quantitatively analyze the solvatochromic properties of the
viologen is employed. Furthermore, an experimental approach for
qualitatively assessing its vapochromic behavior is presented.

2. Results and discussion
2.1. Synthesis

PABV was synthesized in two steps. Initially, an excess of 4,4-
dipyridyl (corresponding to slightly more than two equivalents) was
reacted to one equivalent of ortho-xylene dibromide (see Scheme 2). The
electrophile was added portion-wise. The reaction took place in anhy-
drous acetonitrile under reflux conditions. During the reaction, a pre-
cipitate was formed, and to ensure that the reaction proceeded to
completion, the reaction progress was monitored using thin layer
chromatography (TLC). The product was allowed to cool and then was
filtered. It was finally isolated/purified through reprecipitation in cold
acetone (for details see Materials and Methods section).

In a second step, the non-quaternized nitrogen atoms of the two 4,4'-
dipyridyl units are reacted to phenacyl bromide in DMF at 80 °C over-
night (Scheme 2). No ion exchange is required since the product as a
tetrabromide salt is readily soluble in water as well as a wide range of
organic solvents and therefore all the tests on chromotropism were
performed on the tetrabromide salt of PABV. In fact, the primary chro-
mic effects are observed in water in contrast to organic solvents.
Therefore, exchanging the ions to (PFg) or other forms soluble in
organic solvents would hinder testing in water due to the water insol-
ubility of the latter.
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2.2. Characterization

PABV was characterized using various analytical methods. "H NMR
analyses clearly confirm the formation of the dissymmetric viologen.
Specifically, in the 'H NMR spectrum of PABV the —protons of 4,4
bipyridinium units appear as the most deshielded protons of the struc-
ture. Due to the dissymmetric structure of PABV, the 'H NMR spectrum
of PABV involves two doublet signals, one at 9.61-9.59 ppm pertaining
to the —4,4"-bipyridine protons adjacent to the —xylene bridge (4H; J =
6.3 Hz) and a second one pertaining to the —4,4"-bipyridine protons
adjacent to the phenacyl substituents at 9.40-9.39 ppm (4H; J = 6.3 Hz;
see Fig. 1). The meta-protons of the 4,4-dipyridinium units are located
closer to one another and as anticipated they are less deshielded
compared to —protons 9.01-9.00 ppm and 8.97-8.96 ppm both exhib-
iting coupling constants of 6.3—6.4 Hz (see Materials and Methods
section for details). Moreover, characteristic aromatic signals pertaining
to the —xylene bridge and the phenacyl end-caps appear in the region
7.20-8.10 ppm (see Fig. 1). Additionally, the two types of methylene
protons present in the structure of PABV exhibit 'H NMR singlet signals
at 6.72 ppm (>CHj; group neighboring to the phenacyl groups) and 6.48
ppm (—xylene > CHj groups).

FTIR spectrophotometry confirms the presence of phenacyl groups
with a ketonic > C=0 stretching band at 1696 cm ™! characteristic of a
ketone in conjugation to a phenyl ring as well as a band centered at
1449 cm™! corresponding to the bending of ketonic a-CH, groups (see
Fig. 2). Furthermore, a series of signals pertaining to the aromatic/
conjugated system of PABV were identified with a range of C—=C
stretching bands most characteristic being the 1637 cm™! (aromatic
C=C stretching; see Fig. 2). Additionally, a band at and 1558 cm™!
corresponding to C=N stretching confirms the presence of pyridinium
entities (Fig. 2).

Thermogravimetric analysis indicated that PABV is thermally stable
at temperatures up to approximately 220 °C. This is in line with the
results obtained through melting point measurements (melting/
decomposition at 242 °C). Indeed, heating between 30 and 145 °C
resulted in a roughly 14 % mass loss (Fig. 3). This mass loss presumably
corresponds to water loss [25] and through that it can be concluded that
the product which was obtained after reprecipitation (see Experimental
Details), contains approx. 9 water molecules per molecule of PABV. FTIR
analysis on a sample thermally treated upon a TGA experiment between
30 and 220 degrees indicated that the structure remains the same as the
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Scheme 1. The effect of deprotonation on the resonance structures of a phenacylated viologen.
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starting material; Merely, the OH-stretching bands is reduced as a result
of water loss.This information is also in line with the chemical formula
C44H3gN405Br4-9H,0 which was confirmed through elemental analysis
(see Experimental Details section). Heating above 140 °C and up to
220 °C results in no further mass loss. Nonetheless, heating further
above 220 °C lead to structure deterioration. Two main phases were
identified during the thermal decomposition of PABV; one between 220
and 250 °C and a second one between 250 and 400 °C. Most likely and
based on FTIR analysis after separately heating between 30 and 250 °C
the first treatment results in excretion of the phenacyl group. Based on
the above information, it can be concluded that PABV can be conve-
niently used as a sensor (vide infra) at temperatures ranging from r.t. and
up to 220 °C.

2.3. Chromotropic behavior in solution

PABV has a pronounced sensitivity to both organic and inorganic
bases in solution. As seen in the photo of Fig. 4A, while a 1 mM solution
of PABV in deionized water has a light yellow color, solutions containing
PABV at the same concentration and gradually higher amounts of a base
(in case of 4A N,N-diisopropylethylamine (DIPEA), also known as the
Hiinig’s base used as a proton scavenger) exhibit intense pink to even
violet coloration. Clearly, this effect is associated with the interaction of
a base like DIPEA with H-atoms of enolate units of PABV according to
Scheme 3. Recently, Papadakis et al. showed that non-symmetric mono-
viologens bearing phenacyl and aryl units as their N-substituents using
UV-Vis spectrophotometry and NMR spectrometry [14]. As seen in
Fig. 4, PABV is capable of sensing the base.

at concentrations as low as 180 pM (plot of Fig. 4C). The changes in
absorbance of the CT band appearing in the electronic spectra of PABV
upon addition of DIPEA can be tracked accurately using UV-Vis spec-
trophotometry (see Fig. 4B). Saturation of the CT-band signal emerging
at 528 nm occurs at DIPEA concentrations above 250 uM.

Evidence on the formation of enolates in conjugation to the 4,4
dipyridyl backbones upon treatment with base is provided through FTIR
analysis. Upon treatment of PABV with NaOH (see details in experi-
mental section), the FTIR features of PABV between 800 and 1800 em !
are drastically influenced (see Fig. 5). First of all, new bands emerged,
most important being at 891.3 cm ™}, possibly corresponding to out-of-
plane bending vibrations of C-H bonds in the substituted vinyl group
formed upon deprotonation (see Scheme 3, structure 9%*). The band at
1176 cm ™! corresponds to a C-O stretching vibration of the formed enol,
appearing stronger than prior to deprotonation. Additionally, bands at
1492 cm cm ! and 1582 cm™! corresponding to G=C and C=N
stretching vibrations, respectively, associated with changes in the aro-
matic pyridinium ring upon deprotonation. Other bands of smaller

1. Refluxing MeCN
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Fig. 2. ATR-FTIR spectra of PABV recorded in the solid state.
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Fig. 3. TGA (A) and DTG (B) thermogram of PABV recorded between 30
and 650 °C.

contribution were also observed e.g. at 1019, 1088, 1302 and 1426
cm~!. Manifestly, the prevailing resonance pattern of PABV changes
upon deprotonation, resulting in the donation of electron density from
the enolates to the electron-deficient 4,4-bipyridyl units. As proposed in
Scheme 3 and supported by the FTIR findings, the quinoidal pattern
becomes more prominent than the aromatic pattern, which prevails in
the absence of a base. Specifically, the bands at 1637 cm™! (C=C
stretching) and 1696 cm ! (C=0 stretching) exhibit a band intensity
ratio (C=0)/(C=C) of about 0.6 prior to deprotonation, which de-
creases to nearly 0.3 after deprotonation. This observation aligns with
the assumption of the adaptation of a quinoidal pattern in the depro-
tonated form.

2.4. Solvatochromism

As already mentioned PABV is readily soluble in water and a wide
range of organic solvents. Upon dissolution, the solvents exhibiting
significant basicity can hydrogen bond with the enolic hydrogen atoms
(see Scheme 4) and the ones of higher basicity can cause deprotonation.

A consequence of this specific interaction (or even deprotonation) is the
formation of an electron push-pull system which results in a charge
transfer (CT) transition band in the visible spectra of PABV. The latter is
responsible for the vivid coloration of PABV in solution. The CT band is
readily influenced by solvent polarity. As shown in Fig. 6 this behavior is
apparent even by naked eye (see Table 1 for numerical results on the
solvent effects on CT band).

The energy of CT is strongly dependent on the polarity of the me-
dium. Solvents of high basicity (either hydrogen bond accepting (HBA)
basicity or Lewis basicity) such as acetonitrile or DMSO can interact
strongly with the PABV (see Scheme 3). It is easily witnessed that drastic
shifts of the CT absorption band of PABV can be induced by different
solvents (Fig. 7).

A good way to rationalize the effect of solvent polarity on the elec-
tronic spectra of PABV is by use of solvent polarity parameters. Plotting
the measured CT energies (see Table 1) against parameter Er(30)
(Reichardt’s polarity scale [27]) results in a line with positive slope (a =
4.741) and a fairly high correlation coefficient "= 0.872; see Fig. 8)).
The positive slope is indicative of a negative solvatochromic effect since
it signifies bathochromic shifts (lowering of CT energy) while decreasing
Er(30). It is important to mention that E7(30) constitutes an empirical
measure of solvent dipolarity/polarizability [28]. On the other hand,
plotting the measured CT energies of PABV against a parameter
expressing solvent Lewis basicity such as DN (Gutman’s Donor Number)
[29] results in a line of negative slope (8 = —2.919; see Fig. 8). This
suggests that enhancing the basicity of the solvent leads to higher charge
transfer energies. Specifically, solvents with greater ability to form
hydrogen bonds with the enolic hydrogen atom or to induce deproto-
nation (as shown in Scheme 3) tend to stabilize the ground state more
effectively. In the electronic ground state, the resonance structure of
type 3a is pronounced, whereas in the excited state (as depicted in
Scheme 1), structure 3b dominates. The observed trend is illustrated by
a line with a negative slope in Fig. 8a. Nonetheless, the correlation co-
efficient involving DN was significantly lower than in case of parameter
Er(30). This could imply that solvent dipolarity and polarizability of the
medium demonstrates a more important effect on the solvatochromism
of PABV than solvent basicity. In order to assess this, a linear solvation
energy relationship (LSER) involving both the aforementioned solvent
polarity parameters was employed (Eq. (1))

Ecr :ECT,O +a.ET(30)+ﬁ.DN (1)

Eq. (1) corresponds to Krygowski-Fawcett equation [30], an LSER which
in its original version involves two parameters namely Reichardt’s po-
larity scale E7(30) and Gutman’s donor number (DN) [30]. As E(30)
expresses a mix of solvent Lewis acidity and dipolarity/polarizability
and Lewis acidity whereas DN expresses solvent Lewis basicity, the
model can be considered as a complete approach simultaneously taking
into account specific and non-specific solvent effects. Noteworthy,
Papadakis et al. have recently successfully employed the same model in
its solute and indicator centric form to assess solvent effects occuring in
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Fig. 4. A) Photo depicting the effect of base (DIPEA) concentration on the color of an aqueous solution of PABV (1 mM). Concentration of DIPEA from left to right:
0.000, 0.180, 0.185, 0.195, 0.215 mM. B) visible spectra of aqueous PABV solution (blue line) and solutions increasing base (DIPEA) concentration from 0.180 to
0.215 mM. C) Plot of AAbs@528nm against the concentration of DIPEA. (AAbs@528nm corresponds to the difference of measured absorbance at 528 nm with respect
to aqueous PABV solution without base; [PABV] = 1 mM). Sigmoidal curve obtained through regression analysis [26] (orange line) experimental data appear as blue
dots. Sigmoidal fitting equation: y = d + [(a-d)/(1+(x/c)b]; a = 0.0143 + 0.0499, b = 43.55 + 5.201, C—=0.1964 + 0.0005, d = 2.219 + 0.097; > = 0.9961. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

solvent mixtures [31]. Biparametric linear regression on the spectrally
obtained CT energies of PABV against parameters Er(30) and DN
resulted in equation (2) which is characteristic of the solvatochromism
of PABV.

Ecr (I:::ll) = 41.07 4 0.2039 « E(30) — 0.01326 « DN, 7> = 0.9188

(2

Noteworthy, acetonitrile was excluded from this regression analysis
because its coloration may be due to decomposition, through solvolysis
of the viologen, rather than a solvatochromic shift.

The success of Eq. (2) in predicting CT energies is reflected in the 3D-
plot of Fig. 9 depicting the experimental data with respect to the
regression plane obtained through Eq.2.

Additionally, through the statistical analysis it was found that E+(30)
contributes more than DN to the observed solvatochromic phenomenon.
This finding illustrates that while Lewis/HBA basicity is an important
property of a solvent without which the chromic behaviour of PABV
could not be triggered, dipolarity and polarizability as expressed
through Er(30) is the driving force shaping the solvatochromic prop-
erties of PABV. This is in line with the results of the linear regression
performed separately for parameters Er(30) and DN where, as
mentioned the correlation coefficient of the Ecro<DN was significantly
lower than that of the correlation: EcrxEr(30).

Based on these findings, it is apparent that PABV is a potent sol-
vatochromic probe of high solvatochromic intensity (i.e. large sol-
vatochromic shifts induced through defined solvent polarity changes). It
is noteworthy that the difference between the two extreme recorded
cases of solvents/solvent mixtures in terms of solvent dipolarity studied
in this work [namely water/AcMe mix. 30:1 v/v (or H/A for short) and
neat DMSO] the recorded difference in charge tansfer energy was

Ag{vaso (Ecr) = —3.26Xd corresponding to a AS@O(/{CT) = + 34nm. The
aforementioned recorded difference between these two solvents/solvent
mixtures corresponds to a very slight positive change in Lewis/HBA
basicity (Ab/A(DN)

=121 %) however to a drastic negative change

in dipolarity (AEI{,,ASO (Er(30)) = —18.0k4)) These findings underline the
impact of dipolarity of the medium on the CT-transition of PABV.
Based on the above analysis it is apparent that substantial solvent
basicity is required in order to induce a solvatochromic effect on PABV.
Water exhibits a DN of 17.8 k% yet by itself it is not possible to induce
any chromic effect (the color of PABV aqueous solution in Milli-Q water
is light yellow; see inset of Fig. 10). Nonetheless, small amounts of better
Lewis bases/solvents such as AcMe or "BuOH are capable of inducing
chromic effects in water (see for instance the case of mixtures HOH/
AcMe, 30:1 (v/v) and HOH/nBuOH, 30:1 (v/v). Moreover, it is aston-

ishing that while Milli-Q (0.048 uS/cm, pH = 6.99) water keeps PABV
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Scheme 3. Deprotonation of PABV using a strong base (NaOH) and corresponding limiting resonance structures of the as formed compound 9.
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Fig. 5. Partial ATR-FTIR spectrum of pristine PABV (orange line) and PABV
after treatment with NaOH(aq) (see Experimental Details). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

predominantly in its tetranionic form (yellow color), tap water (pH =
8.4) redners it violet (see Fig. 10). This effect clearly indicates the pro-
pensity of PABV to undergo chromism even at traces of base e.g. OH".
The Amax Of a solution of PABV in tap-water was deterimined to be equal
to 528 nm. This value is very close to the recorded ones in case of the
water-based mixtures HOH/AcMe 30:1 (530 nm) and HOH/nBuOH 30:1
(530 nm) (see details in Table 1). They are also very close to the Apax
recorded in water/DIPEA mixtures (528 nm; see Fig. 4B). These facts
indicate that the mechanism of this chromic effect is likely associated to
deprotonation occuring at pH 8.4 (tap water).

2.5. Vapochromism of PABV in the solid state

The chromotropic behavior of PABV can be also efficiently triggered
in the solid state. Specifically, vapochromic responses are observed
when powder samples of PABV are exposed to vapors of a volatile amine
such as aqueous ammonia or a volatile organic amine e.g. triethylamine.
In the photos of Fig. 11 a drastic change of the PABV powder color from
yellow to purple is observed upon exposure to ammonia vapors (see
experimental details in Fig. 11 and Materials and methods section).
These results indicate a drastic vapochromic response even in the
powder form. What is noteworthy is that the powder changed color from
yellow to violet even after exposure to ammonia vapor for 15 min and
moreover after exposure for 1 h, no traces of yellow particles were
detected. As a further example of a real sensor application, a message
was written on a TLC plate using an aqueous solution of PABV. An
interesting effect observed after drying the TLC plate, is the light brown
coloration of SiO particles (see Fig. 12); for details on the experiment
see Materials and Methods section) which presumably is a result of the
PABV with SiOs. The vapochromic effect was immediate when the dried
TLC plate was placed above a beaker containing a small amount of
NH4OH_one. Due to the fluorescence of PABV it is very easy to read the
message merely using a black-light source (Aey, = 395 nm) as seen in
Fig. 12b prior to exposure. These results indicate the potentials of PABV
as a vapochromic sensor of basic vapors.

To assess the reversibility of vapochromism, experiments were con-
ducted on SiO,-TLC plates where compound 8 was absorbed (see
Experimental Details). Coloration was induced by exposing the plates to
ammonia vapors and subsequently reversed by exposing them to HCl
vapors. This process was repeated five times. It was found that minimal
changes in color intensity were observed upon repeated coloration/
discoloration cycles (5 in total; see Fig. 12D-E). The system demon-
strated complete reversibility with no apparent degradation for at least
five cycles.



V. Silveira and R. Papadakis

O

Sol

/
/

+ 7/

8" H

0o

Journal of Molecular Liquids 427 (2025) 127401

(@)

84+
Sol\
L RYEL
5
— — /> <>
N2 Wi
94*
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Fig. 6. Photo depicting UV-Vis spectrophotometry cuvettes containing PABV dissolved in a variety of solvents/solvent mixtures.

Table 1

Maximum absorbance CT-wavelengths and corresponding CT wavenumbers and
energies of PABV recorded in ten solvents/solvent mixtures along with corre-
sponding solvent polarity parameters Er (30) and DN.

Solvent A Anno-  ¥(em)  Ecr Er(30)*  DN'
(nm) tation (kcal/ (kcal/ (kcal/
mol) mol) mol)

HOH/AcMe 530 LA™ 18,867.9 53.95 63.1 17.8 [32]

30:1 (v/v)
HOH/nBuOH 530 LA 18,867.9 53.95 62.7 18.2 [32]

30:1 (v/v)
FA 554 Lx 18,050.5 51.61 55.8 24.8
MeOH 550 LA 18,181.8 51.98 55.4 19.0
EtOH 564 LA 17,730.5 50.69 51.9 31.4
"BuOH 562 Lx 17,793.6 50.87 49.7 19.4
MeCN 588 Sh 17,006.8' 48.62 45.6 14.0
DMSO 564 Lr 17,730.5 50.69 45.1 29.9
DMF 564 Lx 17,730.5 50.69 43.2 26.8
DCM:AcOEt: 578 Lx 17,301.0 49.47 42.6* 10.1

MeCN:DMF

2:2:1:1drop

w/v/v/v)

*Determined directly using Reichardt’s solvatochromic betaine.

® Annotation LA corresponds to the visible absorption band (wavelength
range (450-750 nm) of PABV.

* Data from Ref. [28] or otherwise indicated.

f Data from Ref. [29] or otherwise indicated.

¥ Value based on the shorter wavelength (SA) UV-Vis band since LA likely
corresponds to a solvolysis/decomposition product.

2.6. Color stability in liquid and solid state

To assess the color stability in solution, UV-Vis spectrophotometric
experiments were performed in DMSO and DMF, two solvents of
different polarity. The absorbance of the charge transfer (CT) maxima
wavelengths (Amax) of the viologen was recorded at various time points
to monitor color stability over time. The results indicated that the color
remained stable for several hours with slightly higher stability in DMSO
than DMF (see Fig. 13). The experiments were conducted in the presence
of air which indicates very high stability. Although there is no evidence
of oxidation, it is likely that CO, absorption in the liquid state leads to
slight acidification, resulting in a slow loss of color through the pro-
tonation of the enolate (see Scheme 3). Solvents/media that can better
buffer the acid-base equilibria can provide stabilization to the enolates
and thus help maintain the stability of the absorbance features. Specific
interactions between the solvent and the viologen, such as hydrogen
bonding, polarity, and solvent acidity/basicity, play a crucial role in
dictating the stability of these absorbance features. Additionally, in
more viscous solvents, the diffusion of CO, from the air is slower.
Therefore, in more viscous solvents, one can expect slower discoloration
and higher stability for the enolates of compound 8. For instance, this is
apparent through the comparison of DMSO (viscosity 1.996 cP at 20 °C)
and DMF (viscosity 0.799 cP at 20 °C) [33] as shown in Fig. 13.

2.7. Computational details
All correlations presented in this study were performed on R (version

4.0.2). The multiparametric model (normalized Krygowski-Fawcet) was
employed in order to assess the relative contribution of various



V. Silveira and R. Papadakis Journal of Molecular Liquids 427 (2025) 127401

0.78
0.68
0.58 DMSO
0.48 H20/AcMe NBuQH /7
- 30:1 '
< v
0.38
0.28
0.18
0.08
0
300 350 400 450 500 550 600 650 700 750 800
A (nm)
Fig. 7. Visible spectra of PABV recorded in various solvents and solvent mixtures.
70 70
~ 60 60
<) y=4.741x - 192.2
£ so r2=0,8723 50 g
T
40 40 ®
g %
~ 30 y=-2.914x + 174.4 |F 30 %
=) r*=0,5517 3
= 20 20 ©
Iu S
10 10
0 ] v v v v T v v v v ] v v v v T v v v v ) v v v v ] v v v T 0
49 50 51 52 53 54 55

Ect (kcal/mol)

Fig. 8. Plots corresponding to the linear correlations of Ecr energies determined for PABV with solvent parameters Er(30) and DN.
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solvatochromic parameters expressing solvent polarity. For the Fig. 10. UV-Vis spectrum of PABV recorded in Milli-Q water and in tap water
sigmoidal fits, the flowing model was used: y = d+ﬁ5 where y cor- (pH = 8.4). Inset: photo of the two solutions (Milli-Q on the left, Tap water on
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responds to the spectrally determined AAbs@528nm and x is the
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Experimental Setup

P—

Fig. 11. A) Illustration of the experimental setup used for the vapochromic test applied on powder of PABV B) Photo of the powder of PABV prior to exposure to

ammonia vapors and C) Photo after exposure for 15 min.

concentration of base (DIPEA) in mM.
3. Experimental details
3.1. Materials

Compounds 4,4-bipyridine, phenacetyl bromide, 1,2-bis(bromo-
methyl)benzene, Acetone (AcMe) all of reagent quality and all sol-
vents (pro analysis quality) in this study were purchased from Sigma
Aldrich. Solvents were purified according to published procedures prior
to use [34]. TLC plates: (Silica Gel on TLC Plates 5 cm x 10 cm) were
purchased from Sigma Aldrich.

3.2. Analytical methods

All NMR spectra were recorded a Bruker 500 MHz spectrometer
(Bruker Advance Neo, TXO probe), (NMR Center Uppsala). All chemical
shifts are presented in ppm and were indirectly referenced to the TMS
signal (6 = 0.00 ppm) for proton and carbon using the residual deuter-
ated solvent signal. Elemental Analyses were performed on a Perkin-
Elmer Elemental Analyser 2400 CHN. UV-Vis spectra were recorded
using a Varian CARY 1E UV-Vis spectrophotometer. Regarding the
solvatochromism of compound 4, typically solutions with a concentra-
tion of 750 ppm (approx. 1 mM) were prepared right before any mea-
surement, and measured at 25 + 1 °C. Each measurement was repeated
three times; therefore, each of the values of CT energies listed in Table 1
correspond to the average of three measurements (standard deviation
0.5 nm). Melting points were determined with a Gallenkamp MFB-595
melting point apparatus. Fourier-transform infrared spectroscopy:
Infrared spectrum were recorded using a Fourier-transform infrared
spectrophotometer (Spectrum Two, Perkin-Elmer, Llantrisant, UK)
equipped with a Universal Attenuated Total Reflectance diamond. All

FTIR spectra were collected at a spectrum resolution of 4 cm ™!, with 32
scans from 4000 to 500 cm™!. Thermogravimetric analyses: Thermo-
grams were made with a Mettler-Toledo TGA2 (Mettler Toledo, Grei-
fensee, Switzerland), under nitrogen with a flow rate of 40 mL min*l,
using alumina pans. 5 to 10 mg of each sample were put in a standard
TGA alumina crucible pan and heated from 30 °C to 600 °C at a heating

rate of 10 °C/min.).
3.3. Compound 7

This compound has been reported before [35]. Herein we provide a
variation of its method of preparation. Specifically, in a two-neck 50 mL
dry round bottom flask (rbf) equipped with a magnetic bar was added
1.56 g of 4,4-bipyridine (10 mmol) and was dissolved in 8 mL of freshly-
distilled acetonitrile. The solution was brought to reflux (81 °C). To the
refluxing solution of 4,4"-bipyridine a solution of 1.00 g (3.78 mmol) of
1,2-bis(bromomethyl)benzene in 10 mL of acetonitrile was added
portion-wise within 30 min. The resulting reaction mixture was stirred
under reflux for 2 h. During the first hour of the reaction a beige pre-
cipitate was already formed. The reaction mixture was allowed to cool
down to r.t. and it was observed that more precipitate was formed
during cooling. The solid was then filtered off by suction and was
washed with cold ethanol and subsequently diethylether. The separated
solid was purified as follows: the solid was then dried on the filter and
then it was collected in an rbf where it was dissolved in 25 mL of warm
water the (50 °C). The solution was filtered through Filtrox adapted on a
sintered glass filter (porosity level 3) to remove undissolved material.
The clear solution was then added dropwise in a beaker containing 200
mL of acetone and immediately a shiny beige precipitate was formed.
Washing the solid with diethyl ether and subsequently Drying in vacuo at
r.t. overnight resulted in 2.03 g of 7 (93 %). The product was used as it
was obtained in the next step.
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Fig. 12. Photos depicting a message written using PABVq on the surface of a SiO»-TLC plate recorded A) under ambient light prior to exposure to NHs, B) UV-light
(“black-light™) prior to exposure to NH3 and C) ambient light after exposure to NHs. Inset in panel A depicts a detail monitored under the conditions A-C. D) Photos of
8 on SiO,-TLC after 5 colaration/discoloration cycles E) Optical microscope images of 8 on SiO,-TLC after 5 colaration/discoloration cycles.

3.4. Compound 8

1.73 g (8.70 mmol) of phenacyl bromide was dissolved in 20 mL of
dry DMF in a 50 mL rbf equipped with a magnetic bar. To this solution
was added 1.00 g of 7 (1.74 mmol) and the mixture was heated at 80 °C
and it was fully dissolved after a few minutes. The mixture darkened in
color after the full dissolution of 7. Heating at 80 °C was continued for 6
h. TLC was used to monitor the progress of the reaction. The mixture was
then allowed to cool down to r.t. and it was then added to a beaker
containing ethyl acetate (10 fold the reaction mix. Volume i.e. approx.
200 mL) while stirring. Immediately a shiny light yellow colored pre-
cipitate was formed. The stirring was continued for 10 min and then the
precipitate was allowed to sediment. Filtration of the solid with suction
through a porosity grade 3 fritted filter and washing with ethyl acetate
and finally diethyl ether several times resulted in 1.25 g of 8 (74 %). The
product was further purified by dissolving the product in 20 mL of
distilled water and reprecipitating by adding it in 200 mL of absolute
ethanol while stirring. Filtering and drying in vacuo resulted in purified 8
in 92 % purification yield (1.15 g of 8 was finally obtained). mp: 242 °C
(decomp.); 'H NMR (500 MHz, DMSO-dg) 6§ = 9.60 (d, J = 6.26 Hz, 4H;
CsH4N), 9.39 (d, J = 6.37 Hz, 4H; CsH4N), 9.00 (d, J = 6.41 Hz, 4H;
CsH4N), 8.96 (d, J = 6.33 Hz, 4H; CsHy4N), 8.11 (d, J = 7.32 Hz, 4H;
Phppac), 7.82 (t, J = 7.31 Hz, 2H, Phppac), 7.69 (¢, J = 7.89 Hz, 4H,
Phppac), 7.57 (m, 2H, Phyy)) 7.37 (m, 2H, Phyy), 6.73 (s, 4H, >CHa phac),
6.48 (s, 4H, >CHp xy1); "°C NMR (125 MHz, DMSO-dg) 190.93, 163.54,
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162.81, 149.84, 149.67, 147.69, 146.73, 135.33, 133.92, 133.24,
130.69, 130.22, 129.72, 129.06, 128.81, 127.75, 127.04, 67.17, 66.85.
IR: #(C=0O0; ket.): 1696 cm’l, (C=C; arom.): 1637 cm’l, (C=N; pyrid.):
1558 cm ™, (a-CHy; PhAc): 1449 cm™Y; UV-Vis (DMSO) Ay (loge)): 564
(3.20); elemental analysis caled (%) for: Cg4Hs6N4011Bry
(C44H3gN405Br4-9H50) C: 45.77, H: 5.06, N:4.85, found: C: 45.65, H:
5.23, N:4.99; TGA: loss of ca. 9 molecules of HyO upon heating.

3.5. Deprotonation of 8

In a 10 mL rbf, 10 mg of 8 were dissolved in 5 mL of a 1/1 (v/Vv)
ethanol/water mixture forming a 1.76 mM solution. To this solution
under stirring 1 mg of NaOH dissolved in 1 mL of Milli-Q water was
added and immediately the mixture was colored deep blue. The mixture
was stirred for 10 min and then it was poured in a beaker containing 20
mL isopropanol. Immediately, a shiny blue precipitate was formed. The
solid was filtered by suction and washed with small amount of cold
ethanol and isopropanol. The solid was then dried in vacuo at 40 °C
overnight and then it was analyzed through FTIR.

3.6. Staining of TLC plates

A freshly prepared 10 mM aqueous solution of PABV (Milli-Q water)
was applied using a Pasteur pipette to a TLC SiO» plate (250 pm thick-
ness; particle size 10-12 pm; pore size 60 A). A message was written on
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Fig. 13. A) Plot of the Absorbance of solutions of PABV in DMF and DMSO against time indicating stability of the solvent induced color over time. B) Photo of a SiO2-
TLC stained with PABV before and after exposure to ammonia vapors at different time points.

the TLC plate, ensuring the solution was applied evenly and without
causing any damage to the SiOj layer. The plate was allowed to dry at
room temperature for 10 min using a stream of argon gas to facilitate
water evaporation. Subsequently, the TLC plate was fixed to the lid of a
250 mL beaker, with the message facing the inside bottom of the beaker,
which contained 2 mL of 28 % NH4OH,q solution. The color of the
written message turned violet within seconds of attaching the lid. To test
the reversibility of the chromic effect, the purple TLC plate after 5 min of
exposure to ammonia, was placed in a 250 mL beaker containing 5 mL of
10 % HCl,q. The process was slower; after 20 min, the message turned
light brown/yellow, proving reversibility of the process.

3.7. Vapochromism reversibility experiment of viologen 8

On a SiOy-TLC plate with absorbed viologen 8, coloration was
induced by exposing it to ammonia vapors for 10 s. Photos were taken
with a regular camera as well as using an optical microscope under
identical illumination conditions. The color was then reversed by
exposing the viologen-on-TLC sample to HCl-vapors for 10 s, and photos
were taken again in the same manner. This process was repeated five
times to assess the reversibility of the vapochromism.

4. Conclusion

In addition to its intriguing color changes, PABV’s pronounced

11

sensitivity to both organic and inorganic bases holds significant promise
for various applications. Understanding the interaction between PABV
and bases—such as DIPEA—can inform the design of novel chemical
sensors. By exploiting the specific response of PABV to different bases,
the development of sensitive and selective detection methods can be
enabled. Furthermore, the saturation behavior observed in the CT band
at higher DIPEA concentrations suggests a potential limit of detection,
which could be valuable for quantitative analysis. Future studies may
explore PABV’s behavior in different solvent environments, investigate
other base-analyte interactions, and optimize its performance for prac-
tical sensing devices. Overall, PABV’s unique properties make it an
exciting candidate for advancing chemical sensing and analytical
techniques.
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