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ABSTRACT

The current study presents a new class of functional derivatives (1–3) consisting

of a dicationic viologen (4,4’-bipyridinium unit) (V21) capped by nucleobases

thymine (NB1), adenine (NB2), thymine/adenine (NB1, NB2), and ion-paired

with amphiphilic anion 3,4,5-tris(dodecyloxy)benzene sulfonate (DOBS-). The

target of our work focuses on the design and synthesis of molecular building

blocks in which three different functionalities are combined: chromophore (V21

unit), molecular recognition (NB unit), and thermotropic liquid crystal (DOBS

unit). The resulted materials exhibit liquid crystalline properties at ambient

temperature with significant particularities-induced by nucleobases in the

mesogen structure. Structure–properties relationship study focuses on provid-

ing knowledge about (1) how the thermotropic, redox properties, ther-

mochromism, or ionic conductive properties are influenced by the presence of

purinic or pyrimidinic nucleobases, and (2) how effective is their ability to self-

assembly by hydrogen bonding in nonpolar solvents. The presence of nucle-

obases has been proved to have a substantial impact on electron transfer rate

during the reduction of viologen moieties by intermolecular aggregation. Ionic

conductivity and thermochromic properties of derivatives 1–3 were investigated

and compared to a non-containing nucleobase analog methyl viologen with

3,4,5-tris(dodecyloxy)benzene sulfonate anion (MV) as reference.
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GRAPHICAL ABSTRACT

Introduction

Bis-quaternized 4,4’-bipyridinium salts (‘‘viologens’’)

are well-known building blocks of special importance

because they allow the generation of functional

materials with a multitude of stimuli-induced chro-

mism like electrochromism [1, 2], photochromism

[3, 4], thermochromism [5, 6], piezochromism [7],

solvatochromism [8]. A particular interest for such

compounds lies in their electron [9, 10] or charge

transfer [11, 12] abilities. On the other hand, the

viologen-based compounds are alternative to the

classical ionic organic mesogens such as pyridinium

or imidazolium salts [13, 14]. In an ionic liquid

crystalline matrix, viologens can be used as multi-

stimuli chromic additives to construct ‘‘task-specific’’

materials [15–17]. Recent reports describing violo-

gens capped by alkyl or alkoxy chains exhibit pref-

erentially smectic mesophases[18–20]. Particularly,

the mesogenic ionic complexes of polycationic vio-

logens with anionic cunitic ligands such as 3,4,5-

tris(dodecyloxy)benzene sulfonate (DOBS-) were

prepared in our group by phase transfer catalysis

[16]. Such materials exhibited LC properties in a

broad temperature range (30–270 �C), ionic conduc-

tivity in liquid crystalline state, thermo-, and

electrochromism. In previous work, we reported the

synthesis and study of optoelectronic properties of

bifunctional derivatives, so-called nucleobase-appended

viologens—which combine redox 4,4’-bipyridinium

units, with the molecular recognition function of

nucleobases thymine (NB1) and adenine (NB2) [21].

Viologen-nucleobase complexes with 3,4,5-tris(dode-

cyloxy)benzene sulfonate (DOBS-) anions have not

Scheme 1 Chemical structure of nucleobase-appended viologens

ion-paired with amphiphilic DOBS- anion: compound (1)

NB1 = NB2 = T; compound (2) NB1 = NB2 = A; compound (3)

NB1 = T and NB2 = A.
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yet been reported in the literature. The target of our

work focuses on the design and synthesis of molec-

ular building blocks with three different functionali-

ties: chromophore (V21 unit), molecular recognition

(NB unit), and thermotropic liquid crystal (DOBS

unit) (Scheme 1).

The bulk solid-state behavior of such complexes,

obtained by ion-pairing dicationic nucleobase-ap-

pended viologens with amphiphilic anion 3,4,5-tris(-

dodecyloxy)benzene sulfonate (1–3) was

investigated. The systematic structure–properties

relationship study focuses on (1) how the ther-

motropic, redox properties, thermochromism, and

ionic conductive properties are influenced by the

presence of nucleobases, and (2) how effective is their

ability to self-assembly by hydrogen bonding in a

nonpolar solvent.

Such multifunctional building-block molecules can

form self-assembling structures by ionic interactions,

hydrogen bonding, charge transfer, p–p, and van der

Waals interactions that have potential applications in

nanotechnology, crystal engineering, and medicine.

Experimental section

Synthesis procedure

A solution in water (0.01 mol L-1) of 1, 2, or 3, as

iodine salt, was vigorously stirred for 12 h at 21 �C
with an equal volume of cesium 3,4,5-tris(dodecy-

loxy)benzene sulfonate (0.01 mol L-1) solution in

chloroform. Further on, the organic phase was sepa-

rated, washed two times with 20 mL distilled water,

dried over MgSO4, and subsequently evaporated

under reduced pressure. The resulted yellow solid

was freeze-dried from 40 mL benzene to obtain the

ionic complexes 1, 2, and 3, respectively.

1,1’-Bis[3-(5-methyl-2,4-dioxo-3,4-dihydropyrim-

idin-1(2H)-yl)propyl]-4-(pyridin-4-yl)-pyridinium di-

[3,4,5-tris(dodecyl)benzene sulfonate] (1); 1H-NMR

(250 MHz, THF-d8/D2O, 4/1 vol.): d = 9.29 (d,

J = 5.34 Hz, 4 H), 8.72 (d, J = 5.34 Hz, 4 H), 7.56 (s, 2

H), 7.05 (s, 4 H), 4.90 (t, J = 6.28 Hz, 4 H), 3.92–4.08

(m, 16 H), 2.54 (quin, J = 7.30 Hz, 4 H), 1.77 (s, 6 H),

1.41–1.57 (m, 12 H), 1.16–1.40 (m, 108 H), 0.86 ppm (t,

J = 6.30 Hz, 18 H); 13C-NMR (62.9 MHz, THF-d8/

D2O, 4/1 vol.): d = 165.74(s), 153.50(s), 152.93(s),

151.30(s), 147.04(d), 142.52(d), 141.90(s), 140.25(s),

128.51(d), 111.63(s), 105.73(d), 73.71(t), 69.93(t),

60.30(t), 46.02(t), 32.96(t), 31.51(t), 30.41–31.03(t,

overlapped peaks), 27.37(t), 23.64(t), 14.56(q),

12.33 ppm (q); IR (ATR, cm-1): 3056(w), 2921(s),

2852(m), 1681(s), 1585(m), 1463(m), 1421(m), 1380(m),

1313(m), 1180(s), 1108(s), 1041(s), 840(m), 721(w),

651(s); Elemental analysis calcd (%) for C110H184N6-

O16S2 ? 2.45 H2O (1910.8 ? 44.1): C 67.95, H 9.41, N

3.92 S 3.34%; found: C 67.58, H 9.74, N 4.3, S 3.28.

1,1’-Bis[2-(6-amino-9H-purin-9-yl)ethyl]-4-(pyr-

idin-4-yl)pyridinium di-[3,4,5-tris(dodecyl) benzene

sulfonate]; (2); 1H-NMR (250 MHz, THF-d8/D2O, 4/1

vol.): d = 9.08 (d, J = 6.59 Hz, 4 H), 8.52 (d,

J = 6.91 Hz, 4 H), 8.25 (s, 2 H), 7.96 (s, 2 H), 7.05 (s, 4

H), 5.29 (t, J = 5.34 Hz), 5.01 (t, J = 5.34 Hz, 4 H), 3.96

(t, J = 5.97 Hz, 8 H), 3.86 (t, J = 6.28 Hz, 4 H), 1.40—

1.56 (m, 12 H), 1.15–1.40 (m, 108 H,), 0.85 ppm (18 H,

t, J = 6.28 Hz); 13C-NMR (62.9 MHz, THF-d8/D2O,

4/1 vol.): d = 156.96(s), 153.73(d), 153.52(s), 151.70(s),

150.41(s), 147.50(d), 142.79(d), 141.73(s), 140.26(s),

128.55(d), 119.43(s), 105.72(d), 73.70(t), 69.93(t),

62.13(t), 44.92(t), 32.96(t), 31.52(t), 30.86–30.40(t,

overlapped peaks), 27.39(t), 23.64(t), 14.58 ppm (q);

IR (ATR, cm-1): 3338 (br), 2921(s), 2852(m), 1685(m),

1639(m), 1585(m), 1463(m), 1421(m), 1382(m),

1311(m), 1228(m), 1176(m), 1108(s), 1043(s), 956(w),

836(w), 719(m), 647(s); Elemental analysis calcd (%)

for C108H178N12O12S2 ? 1.85 H2O (1900.8 ? 33.3): C

66.92, H 9.29, N 8.85, S 3.33; found: C 67.07, H 9.47, N

8.69, S 3.32.

1-[2-(6-Amino-9H-purin-9-yl)ethyl]-1’-[3-(5-methyl-

2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propyl]-4-

(pyridin-4-yl)pyridinium di-[3,4,5-tris (dodecyl)ben-

zene sulfonate] (3); 1H-NMR (250 MHz, THF-d8/D2O,

4/1 vol.): d = 9.27 (d, J = 6.59 Hz, 2 H), 9.07 (d,

J = 6.59 Hz, 2 H), 8.63 (d, J = 6.59 Hz, 2 H), 8.57 (d,

J = 6.91 Hz, 2 H), 8.25 (s, 1 H), 7.96 (s, 1 H), 7.55 (s, 1

H), 7.04 (s, 4 H), 5.29 (t, J = 5.34 Hz, 2 H), 5.01 (t,

J = 5.49 Hz, 2 H), 4.88 (t, J = 7.06 Hz, 2 H), 3.77–4.01

(m, 14 H), 2.53 (quin, J = 7.14 Hz, 2 H), 1.78 (s, 3 H),

1.40—1.58 (m, 12 H), 1.12–1.40 (m, 108 H), 0.85 ppm (t,

J = 6.28 Hz, 18 H); 13C-NMR (62.9 MHz, THF-d8/

D2O, 4/1 vol.): d = 166.02(s), 157.06(s), 153.87(d),

153.51(s), 153.03(s), 152.01(s), 151.05(s), 150.42(s),

147.40(d), 147.11(d), 142.74(d), 142.65(d), 141.76(s),

140.26(s), 128.59(d), 128.45(d), 119.44(s), 111.79(s),

105.72(d), 73.70(t), 69.93(t), 62.07(t), 60.37(t), 46.03(t),

44.91(t), 32.96(t), 31.52(t), 31.05–30.40(t, overlapped

peaks), 27.38(t), 23.64(t), 14.57(q), 12.35 ppm (q); IR

(ATR, cm-1): 3446 (br), 3058(w), 2921(s), 2852(m),

1681(m), 1639(m), 1585(m), 1463(m), 1421(m), 1380(m),
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1313(m), 1228(m), 1180(m), 1108(s), 1043(s), 960(w),

836(w), 651(s); Elemental analysis calcd (%) for C109-

H181N9O14S2 ? 1.3 H2O (1905.8 ? 23.4): C 67.72, H

9.42, N 6.40, S 3.38; found: C 67.86, H 9.59, N 6.53, S

3.32.

Molecular characterization

1H- and 13C-NMR spectra were recorded on Bruker

AMX-250 spectrometer; 1H: 250 MHz, 13C: 62.9 MHz;

chemical shifts d are given in ppm relative to the sol-

vent signal peaks as internal standard. IR characteri-

zation was performed on a Bruker FT-IR

Spectrophotometer Vertex 70 by ATR technique. Ele-

mental analyses were made on a VarioMICRO cube

device. The content of hygroscopic H2O was deduced

from elemental analysis data by employing JASPER

v2.0—JavaScript Percentage Elemental Results Calcu-

lator, available online: 15/05/2021 http://www.yor

ku.ca/pgpotvin/public/Jasper/jasper2.htm.

Thermotropic characterization

DSC measurements were taken on samples of

approx. 4–12 mg. Phase transitions were measured

on a Netzsch DSC 204 Phoenix differential scanning

calorimeter. The heating and cooling rates were

10 �C min-1. Indium, tin, and cyclohexane were used

as calibration standards. Thermo-optical polarizing

microscopy (TOPM) was realized with a Zeiss

AXIOPLAN 2 polarizing microscope, equipped with

a Mettler FP 80 hot stage. Pictures were taken using a

digital Zeiss AxioCam MRC4 camera with a resolu-

tion of 4 megapixels combined with Zeiss AxioVision

software.

Diffusion-ordered spectroscopy

DOSY experiments were performed on a Bruker

AMX-500 spectrometer using the Bruker pulse pro-

gram ledbpgp2s. Diffusion time (D20) was 60 ms, the

length of the diffusion gradient variable between 600

and 2500 ls (P30) and the gradient recovery delays

200 ls (D16) in deuterated chloroform or THF.

Temperature-dependence DOSY measurements were

applied to a sample of respective ionic complex 1–3

(50 mM) in the temperature range from 20 to 50 �C.

Concentration-dependence DOSY experiments were

performed at 30 �C on samples of different concen-

trations ranging from 3 to 50 mM of ionic complex 1–

3. The deuterated solvent used for temperature and

concentration-dependence experiments, respectively,

was THF-d8.

Electrochemical characterization

Cyclic voltammetry experiments were performed

under argon in a three-electrode electrochemical cell

with the potentiostat PGSTAT 302 N from AUTO-

LAB controlled by a PC running under GPES from

Windows, version 4.9 (ECO Chemie B.V.). A glassy

carbon electrode (GCE) from Metrohm (Germany)

with an electrochemically active surface area of

A = 0.031 cm2 was used as a working electrode. The

surface of the working electrode was polished before

the measurement with Al2O3. The reference electrode

was Ag/AgCl (3 M, KCl in water), and the counter

electrode was a Pt wire. The analyte concentration

was 1 mmol/L dissolved in THF containing lithium

bis(trifluoromethane)sulfonimide (0.1 mol L-1) as a

supporting electrolyte.

Ionic conductivity

5–7 mg solid material 1, 2, and 3, respectively, was

placed between two ITO conductive glass slides,

heated at 51 �C, and compressed to prepare a uni-

form film with a rectangular surface area of 0.25 cm2

and approx. 50 lm thickness. The conductivity

experiments were performed in a two-electrode sys-

tem by applying a constant potential (- 2 V) between

the two ITO electrodes. The flowing current in the

external electrical circuit was monitored upon the

time while the temperature was ramped with

4 �C min-1 in the range from 30 to 90 �C.

Results and discussion

Synthesis

The ionic complexes 1, 2, and 3 were synthesized by

salt metathesis reaction between the analogs viologen

derivatives 1–3 as iodine salts and cesium 3,4,5-

tris(dodecyloxy)benzene sulfonate (CsDOBS),

respectively. The corresponding reagents were syn-

thesized according to a literature procedure [21, 22].

During the ionic exchange reaction, the color of the

organic phase changed from colorless to yellow,

which is attributed to the transfer of viologen
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dication from the aqueous to chloroform phase. The

ionic complexes, formed between dicationic violo-

gens 1–3 and 3,4,5-tris(dodecyloxy)benzene sul-

fonate, were isolated from the organic phase in

excellent yield ([ 93%) and characterized using 1H-,
13C-NMR and IR spectroscopy. (cf. SI for detailed

spectroscopic data). Their purity exceeded 98%

accordingly with elemental analysis results. Violo-

gen2?/DOBS- ratio was deduced from the relative

integral peaks of the respective ionic components and

was found to be 1/2 (Fig. 1). The experimentally

determined value of Viologen2?/DOBS- ratio in the

corresponding ionic complex demonstrates that:

(i) the interaction between Viologen2? and DOBS-,

respectively, is electrostatic as per one unit of Violo-

gen2? it is required theoretically two DOBS- units to

ensure electrostatic neutrality, and (ii) the phase

transfer reaction occurred quantitatively until the

dicationic viologen from chloroform solution com-

pletely replaced the cesium.

Thermotropic behavior

Thermal properties of ionic complexes 1–3 were

investigated using differential scanning calorimetry

(DSC) and thermo-optical polarizing microscopy

(TOPM). A comparison with the previously reported

analog MV 12 was performed in order to understand

the influence of nucleobases capping groups on the

thermal behavior of ionic complexes 1–3.

Figure 2a–c illustrates the corresponding 2nd

heating–cooling cycles of ionic complexes 1–3. At

8.2 �C for 1, - 17.7 �C for 2, and - 24 �C for 3,

respectively, the endothermic peak corresponds to

the melting transition from crystalline to mesophase

state. Figure 2d–f shows the optical micrographs of

derivatives 1–3 at 110 �C. The colored domains seen

between the cross-polarizers above melting transition

indicate that all three nucleobase-appended violo-

gens exhibited optical anisotropy. Shearing experi-

ments performed by mutual sliding of the

microscope slides proved the liquid nature of the

observed material; hence, the compounds are in a

mesomorphic state.

The transition from crystal to LC state of all three

complexes that occurred at low temperature was

compared to analog, derivative MV21(DOBS)2 (Tm-

= 64.7 �C) [12]. This is attributed to the presence of

thymine and adenine in the mesogenic unit’s chem-

ical structure, which influence the supramolecular

arrangement, i.e., destabilize the crystalline state.

The undisturbed texture of the mesophase, as

obtained by cooling from the isotropic state, has been

obtained only for compound 1 (Fig. 2d), which is the

only ionic complex stable up to its isotropization

temperature. The fan-like texture of 1 suggests a

columnar type mesophase, an

expectable supramolecular arrangement for a discotic

mesogen such as 3,4,5-tris(dodecyloxy)benzene sul-

fonate anion [22]. Notably, the mesophase texture is

different from the analog MV [16] revealing the

influence of thymine capping units on supramolecu-

lar arrangement. The isotropization of 1 (192 �C)

occurred at a lower temperature than MV

(Tiso = 270 �C).

The compounds containing adenine as capping

groups (2 and 3) were not thermally stable up to the

isotropization point. They changed the color irre-

versibly into dark brown at elevated temperatures

([ 160 �C) concomitantly with the loss of optical

anisotropy. For this reason, it was impossible to

Figure 1 1H-NMR spectra in the aromatic region of the ionic complexes 1–3 in THF-d8:D2O (4:1 vol).
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obtain an undisturbed texture with characteristic

features of the mesophase by cooling from the iso-

tropic state. Ionic complexes 2 and 3 are thermally

unstable due to irreversible oxidation of adenine in a

media containing a suitable electron acceptor such as

viologen. Irreversible electro/oxidation of adenine is

well known and follows a complex mechanism

[23, 24]. TGA analysis showed the ionic complexes

losing mass at 296 �C for compound 1, 306 �C for 2,

and 300 �C for compound 3 (cf. supporting

information).

The phase transition schemes of derivatives 1–3 are

summarized in Table 1.

Figure 2 Second heating–cooling cycle of 1 (a), 2 (b), and 3 (c), respectively, at dT/dt = 10 K/min and the corresponding optical

micrographs (d, e and f, respectively) at 110 �C between cross-polarizers.
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Self-association by hydrogen bonding
in low-polar solvents

Ionic complexes of 4,4‘-bipyridinium capped by

nucleobases with amphiphilic anion DOBS- are

expected to self-associate in solvents with low

polarity due to the ability of nucleobase moieties to

undergo in-plane hydrogen bonding. The self-asso-

ciation of ionic complexes 1–3 were investigated in

solution by 1H-NMR spectroscopy (i.e., one-dimen-

sional 1H-NMR and DOSY) and compared with

nucleobase-free MV. The influence of solvent nature,

temperature, and concentration were systematically

checked.

The 1H-NMR spectra at 30 �C in deuterated chlo-

roform of the individually ionic complexes 1–3 and

MV, respectively, are represented in Fig. 3. Except

for the compound MV, all the other ionic complexes

showed a line broadening of the spectra, increasing in

order 1\ 3\ 2.

The 1H-NMR line broadening effect arises from the

self-association of the molecules into higher molecu-

lar weight aggregates [25]. Previous research showed

that thymine (T) and adenine (A) nucleobases could

undergo many hydrogen bonding motifs in low-po-

lar solvents. These motifs include self-associated

cyclic dimers T–T, A–A, trimer A–A–A (kass-

\ 4 M-1), or complementary T–A base-pairing with

higher association constant (kass[ 100 M-1) [26–30].

Our results show that the self-association of nucle-

obase-appended viologens in solvents with low

polarity is induced by adenine and thymine, which

are capable of hydrogen bonding.

The magnitude of signal attenuation seen in 1H-

NMR spectra is interpreted as a qualitative appreci-

ation of the self-association degree. Comparing the

relative signal broadening of the ionic complexes 1–3

(Fig. 3), the compound with the highest degree of

self-association is 2, containing two adenine units,

while the ionic complex with the lowest degree of

self-association is 1 containing two thymine units.

The ionic complex 3, comprising an adenine and a

thymine group, has an intermediary self-association

degree. Remarkably, the ionic complexes capped by

adenine units exhibited the highest degree of self-

association. This is explained by the nature of purinic

adenine moiety, which contains more hydrogen

bonding sites over the thymine [28], which enhances

the supramolecular self-assembly process of the cor-

responding nucleobase-appended viologens.

Imino proton of thymine in compound 3 (N3–H,

11.46 ppm, ma inset in Fig. 3) appeared broadened,

and downfield shifted compared to imino proton (N3–

H, 10.35 ppm) in compound 1. This observation

suggests that the thymine unit in compound 3 is

associated with hydrogen bonding with the comple-

mentary adenine.

Table 1 Phase transition temperatures and corresponding

enthalpies of ionic complexes 1–3

Compound Phase transition schemea

(1) Cr, 8.2 (35) U, 192 Ib

(2) Cr, -17.7 (22.5) Uc

(3) Cr, -24 (27.5) Uc

aTransition temperatures (�C) and enthalpies (kJ/mol, in

parentheses) determined by DSC during the 2nd heating run;
bIsotropization temperature determined by thermo-optical

analysis; cThermally unstable beyond 160 �C; Cr = solid crystal,

U = mesophase, I = isotropic phase

Figure 3 1H-NMR spectra in the aromatic region of the ionic

complexes 1–3 (50 mM) in CDCl3 at 30 �C.
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An overlap of the three individual DOSY spectra of

ionic complexes 1, 2, and 3, respectively, in CDCl3 at

30 �C, is shown in Fig. 4. The diffusion coefficients of

the ionic complexes increase in the order 1\ 3\ 2.

The observed difference in the diffusion of ionic

complexes 1–3 is explained by the different self-as-

sociation degrees. This trend is in complete agree-

ment with the assumption derived from previously

presented one-dimensional 1H-NMR experiments.

The self-association by hydrogen bonding of ionic

complexes 1–3 is an equilibrium process. The molar

ratio of associated and non-associated molecular

species depends on the thermodynamic parameters

(temperature, concentration) and association constant

(Kass). In respect to this, a series of DOSY experiments

were performed to investigate the influence of ther-

modynamic parameters, i.e., temperature and con-

centration. Figure 5 shows the measured diffusion

coefficients of compound 2 as a function of temper-

ature and concentration. From the trend of diffusion

coefficients, it can be concluded: (1) by temperature

increase, the self-association degree decreases

because of thermal-induced hydrogen bond breaking,

and (2) by concentration increase, the self-association

degree of the molecular species increases.

Further on, it was investigated the self-association

behavior of ionic complexes 1–3 in three different

solvent media: chloroform, THF, and a mixture of

THF: water (4:1 volume ratio) (see Fig. 6). The highest

degree of self-association was observed in chloro-

form, where peak signals of respective ionic com-

plexes appeared significantly diminished and

broadened compared with the other two solvent

systems. In THF, a solvent with higher polarity than

Figure 4 Overlapped DOSY spectra of ionic complexes 1–3

(50 mM) in CDCl3 at 30 �C.

Figure 5 Plot of diffusion coefficient (logD) as a function of

a temperature and b concentration for deriv. 2 in THF-d8.

Figure 6 1H-NMR spectra in the aromatic region of the ionic

complexes 1–3 at 30 �C in a CDCl3, b THF-d8, and c THF-

d8:D2O (4:1 vol).
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chloroform, the ionic complexes exhibited a lower

broadening of the peaks suggesting a lower degree of

self-association. When the solvent was a mixture of

THF: water, practically no self-association occurred

since no line broadening was observed. The self-as-

sociation of nucleobase-appended viologens was

inhibited in THF: water, obviously due to the com-

petitive hydrogen bonding with water molecules

[31–33].

Combined experiments, DOSY, and one-dimen-

sional 1H-NMR proved that the self-association of

nucleobase-appended viologens 1–3 is a process

strongly influenced by the type of nucleobase (thy-

mine or adenine), solvent media as well as by the

thermodynamic parameters, temperature, and con-

centration. The crucial role of nucleobases in the self-

association behavior of complexes 1–3 was high-

lighted by direct comparison with the analogs

derivative MV, which did not self-associate in the

same environmental conditions. It is noteworthy that

viologens capped dihexadecylviologen bistriflimide

can self-associate by electrostatic forces in low-polar

solvents [34]. In our system, the self-association by

electrostatics was insignificant, presumably due to a

much bulky counter anion DOBS.

Electrochemical properties

Electrochemical characterization of solution of 1–3

was performed to regard the influence of the self-

association process on the redox properties of the

4,4’-bipyridinium unit. The compounds 1–3 and

analog, derivative MV, respectively, were investi-

gated by means of cyclic voltammetry.

The cyclic voltammograms in Fig. 7 represent the

typical reversible reduction process of the 4,4’-

bipyridinium unit from dicationic state (V2?) to rad-

ical cation (V?•) and further to the neutral species

(V0). The cathodic and anodic current peaks (Ipc/Ipa)

ratio was determined after baseline correction of the

corresponding cyclic voltammograms and satisfies

the condition for reversibility (Ipc/Ipa = 1) for all ionic

complexes. Separation peak potential (DE = Epa-

- Epc) for both reduction steps overcome the value

required for the one-electron transfer process

(\ 59 mV). We believe this effect is attributed to the

iR drop rather than to the reversibility of the elec-

trochemical process. The iR drop is expected in a

solvent with low dielectric permittivity, such as THF

[35].

Derivatives 1–3 were reduced at much positive

potential than the analogs derivatives MV. The value

of formal potentials E01 and E02, respectively, of ionic

complexes 1–3 followed the same trend as for the

analogs derivatives as PF6
- salt [21] and were not

affected by the self-assembly process in THF.

The linear trend of the plot of current peak Ipc1

against the square root of the scan rate indicates a

diffusion-controlled redox process in the range from

0.05 to 1 V�s-1. The limiting process is related to the

electron transfer kinetics between the electrode and

the redox species. Remarkably, the rate of electron

transfer was diminished as a result of the self-

Figure 7 Cyclic voltammograms of (0.001 mol L-1) ionic

complexes 1–3 and MV, respectively, at 0.6 V�s-1 scan rate in

LiTFSI/THF (0.1 mol L-1).

Figure 8 Plot of the first peak current (Ipc1) versus the square root

of the scan rate (v) for 1–3 and MV, respectively.
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association process. That is reflected in the small

value of the slope for derivatives 1–3 compared to

analog MV (Fig. 8).

The diffusion coefficients calculated from cyclic

voltammetry data (DCV) of ionic complexes 1–3 and

MV, respectively, increase in the order

2\ 3\ 1\MV and follow the same trend as DOSY

experiments. Detailed electrochemical parameters

derived from CV measurements can be found in

supporting information.

Ionic conductivity and thermochromism
in solid state

Figure 9a illustrates two different temperature ranges

with distinctive ionic conductive properties. In the

first low temperature range below 60 �C, no passing

current between the electrodes was observed. The

ionic complexes 1–3 are highly viscous. The ionic

mobility is moderate; they act as insulator materials;

In the second temperature range above 60 �C, com-

plexes 1–3 are less viscous, and the conductivity

increases exponentially with the temperature. In this

temperature regime, the ionic complexes 1–3 behaved

as 2nd order conductors. The 2nd order conductors

are defined as materials of which electrical conduc-

tivity increases with the increase in temperature.

Figure 9b presents the Arrhenius plot of conduc-

tivity in the high-temperature regime (above 60 �C)

for the ionic complexes 1–3, respectively. The acti-

vation energy (Ea) was calculated with Formula 1

[36]:

Ea ¼ � m � Rð Þ ð1Þ

where m is the slope of the Arrhenius plot (1000 K),

and R is the gas constant (8.314 J K-1 mol-1). The

activation energy values were 65.85 kJ/mol for 1,

71.67 kJ mol-1 for 2, and 74.41 kJ mol-1 for 3. When a

compact film of compounds 1, 2, and 3, respectively,

was heated between two glass plates without any

applied voltage, a color change was observed. The

corresponding materials 1–3 changed the color

instantly (small DT) from pale-yellow to blue-green

above 110 �C (Fig. 10). Similar behavior was previ-

ously reported for the analog, derivative MV [16].

Figure 11 illustrates the Vis spectra of the thin films

of respective compounds 1–3 after exposure at 110 �C
between two glass plates without any applied volt-

age. The typical absorption band with a maximum

wavelength of 600 nm demonstrates the formation of

monomeric radical and cationic species (V?•). The

oxidation of the film in the presence of atmospheric

oxygen (color change from blue-green to yellow)

occurred when the film was cooled down at room

temperature (approx. 21 �C) and stand for more than

12 h. It is noteworthy that the color change did not

occur at the outer rim of the thin films where contact

with the air is imminent, and the formed radical

species are spontaneously oxidized back in the

presence of the atmospheric oxygen.

Above 60 �C, the liquid crystalline compounds 1–3

started to behave as 2nd order conductors because of

the exponential increase in ionic mobility. Under

these conditions, the electron transfer from the anion

Figure 9 a Plot of current versus temperature at a constant applied voltage (- 2 V) for ionic complexes 1–3; b Arrhenius plots of ionic

conductivity versus reciprocal temperature for ionic complexes 1–3.
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3,4,5-tris(dodecyloxy)benzene sulfonate, which acts

as an electron donor source, to the viologen moiety

(electron acceptor) is facilitated. Extensive work of

Haramoto et al. [37] and Nanasawa et al. [3] also

demonstrated that the long alkylbenzene sulfonate

counter anion might act as an electron source for

photoreduction N,N’-diphenyl bipyridinium deriva-

tives in LC state. On the other hand, the group of

Kato [38, 39] concluded that the mobility of the ionic

species plays a crucial role in the redox activity of the

liquid crystal materials combining ionic and elec-

tronic functions. Beneduci et al. [40] emphasized the

importance of ionic conductivity on the elec-

trochromic properties in the bulk state of the p-con-

jugated thienoviologens liquid crystals, compounds

with similar redox activity such as the one reported

in our study. Remarkably, the electrochromic reaction

of derivatives 1–3 did not require any external

applied potential like the nanostructured redox liq-

uid crystals reported by Kato or Beneduci [27–29].

The reduction of viologen units occurred sponta-

neously at a temperature at which the material exis-

ted in LC state with sufficiently low viscosity to allow

the charge transport in the bulk liquid crystal.

Conclusions

A novel class of redox-active liquid crystalline

materials (1–3) capable of self-associating in solution

by hydrogen bonding was synthesized and charac-

terized concerning structure, self-assembly, and

physicochemical properties. Such materials are based

on ion pairing of amphiphilic anion 3,4,5-tris(dode-

cyloxy)benzene sulfonate (DOBS-) with dicationic

nucleobase-appended viologens. The compounds 1–3

exhibited liquid crystalline properties at room tem-

perature, while the analogs paraquat derivative MV

changed from solid crystalline to LC state above

60 �C. The fan-shaped texture of compound 1,

observed on a polarized light microscope, suggested

a columnar type mesophase different from that

reported for MV analog [12]. Compound 1, contain-

ing thymine units in its structure exclusively, exhib-

ited a stable mesophase until isotropization. By

contrast, compounds 2 and 3 were decomposed by

the temperature before transition into the isotropic

state, revealing the influence of adenine on the ther-

mal instability. Derivatives 1–3 self-associate in sol-

vents with low polarity by hydrogen bonding. 1H-

NMR and DOSY experiments demonstrated that the

degree of self-association depends strongly on the

nature of the capping groups (i.e., thymine or ade-

nine), solvent polarity, temperature, and concentra-

tion. Due to self-association by hydrogen bonding in

solution, the electron transfer rate during electro-

chemical reduction of 1–3 was significantly dimin-

ished. The ionic complexes 1–3 behaved as 2nd order

conductors in the mesophase state, at a temperature

at which viscosity increased significantly as well as

theirs analog MV derivative. Ionic mobility, induced

by thermal energy, facilitated the electron transfer

from the anion DOBS- to the viologen unit, which

was readily transformed in the radical, cationic state

Figure 10 Ionic complexes 1–3 compressed between two glass

slides, before and after thermal treatment.
Figure 11 VIS spectra of a thin film of ionic complexes 1–3 after

exposure to 110 �C.
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under anaerobic conditions. Compounds 1–3 show

thermochromic and ionic conductive properties sim-

ilarly to MV but in mild temperature conditions. The

new class of compounds, combining the hydrogen

bonding abilities of nucleobases, redox function of

viologen, and thermotropic properties of dodecyl

sulfonate, has a great potential for the construction of

optoelectronic components for optoelectronic

devices.

Funding

Open Access funding enabled and organized by

Projekt DEAL. The authors did not receive support

from any organization for the submitted work. No

funds, grants, or other support were received for

conducting this study.

Declarations

Conflict of interests The authors declare that they

have no known competing financial interests or per-

sonal relationships that could have influenced the

work reported in this paper. All authors certify that

they have no affiliations with or involvement in any

organization or entity with any financial or non-fi-

nancial interest in the subject matter or materials

discussed in this manuscript. The authors have no

financial or proprietary interests in any material

discussed in this article.

Supplementary Information: The online version

contains supplementary material available at http

s://doi.org/10.1007/s10853-021-06554-1.

Open Access This article is licensed under a Crea-

tive Commons Attribution 4.0 International License,

which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long

as you give appropriate credit to the original

author(s) and the source, provide a link to the Crea-

tive Commons licence, and indicate if changes were

made. The images or other third party material in this

article are included in the article’s Creative Commons

licence, unless indicated otherwise in a credit line to

the material. If material is not included in the article’s

Creative Commons licence and your intended use is

not permitted by statutory regulation or exceeds the

permitted use, you will need to obtain permission

directly from the copyright holder. To view a copy of

this licence, visit http://creativecommons.org/licen

ses/by/4.0/.

References

[1] Choi SY, Mamak M, Coombs N et al (2004) Electrochromic

performance of viologen-modified periodic mesoporous

nanocrystalline anatase electrodes. Nano Lett 4:1231–1235.

https://doi.org/10.1021/nl049484d

[2] Campus F, Bonhote P, Grätzel M et al (1999) Electrochromic

devices based on surface-modified nanocrystalline TiO2 thin-

film electrodes. Sol Energy Mater Sol Cells 56:281–297

[3] Nanasawa M, Matsukawa Y, Jin JJ, Haramoto Y (1997)

Redox photochromism of viologen in organized solid state.

J Photochem Photobiol A 109:35–38. https://doi.org/10.101

6/S1010-6030(97)00105-6

[4] Sun J-K, Wang P, Yao Q-X et al (2012) Solvent- and anion-

controlled photochromism of viologen-based metal–organic

hybrid materials. J Mater Chem 22:12212–12219. https://d

oi.org/10.1039/c2jm30558e

[5] Kinuta T, Sato T, Tajima N et al (2010) Solid-state ther-

mochromism observed in charge-transfer complex composed

of binaphthol and viologen. J Mol Struct 982:45–49. http

s://doi.org/10.1016/j.molstruc.2010.07.048

[6] Li X-N, Tu Z-M, Li L et al (2020) A novel viologen-based

coordination polymer with multi-stimuli responsive chromic

properties: photochromism, thermochromism, chemochro-

mism and electrochromism. Dalton Trans 49:3228–3233. h

ttps://doi.org/10.1039/C9DT04699B

[7] Sui Q, Ren X-T, Dai Y-X et al (2017) Piezochromism and

hydrochromism through electron transfer: new stories for

viologen materials. Chem Sci 8:2758–2768. https://doi.org/

10.1039/C6SC04579K

[8] Papadakis R (2019) Mono- and di-quaternized 4,40-bipyr-

idine derivatives as key building blocks for medium- and

environment-responsive compounds and materials. Mole-

cules 25:1. https://doi.org/10.3390/molecules25010001

[9] Hoogvliet JC, Lievense LC, Dijk C, Veeger C (1988) Elec-

tron transfer between the hydrogenase from Desulfovibrio

vulgaris (Hildenborough) and viologens. 1. Investigations by

cyclic voltammetry. Eur J Biochem 174:273–280. https://doi.

org/10.1111/j.1432-1033.1988.tb14094.x

[10] Krishnamurthy S, Lightcap IV, Kamat PV (2011) Electron

transfer between methyl viologen radicals and graphene

oxide: reduction, electron storage and discharge. J Pho-

tochem Photobiol A 221:214–219. https://doi.org/10.1016/j.

jphotochem.2011.02.024

J Mater Sci

https://doi.org/10.1007/s10853-021-06554-1
https://doi.org/10.1007/s10853-021-06554-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/nl049484d
https://doi.org/10.1016/S1010-6030(97)00105-6
https://doi.org/10.1016/S1010-6030(97)00105-6
https://doi.org/10.1039/c2jm30558e
https://doi.org/10.1039/c2jm30558e
https://doi.org/10.1016/j.molstruc.2010.07.048
https://doi.org/10.1016/j.molstruc.2010.07.048
https://doi.org/10.1039/C9DT04699B
https://doi.org/10.1039/C9DT04699B
https://doi.org/10.1039/C6SC04579K
https://doi.org/10.1039/C6SC04579K
https://doi.org/10.3390/molecules25010001
https://doi.org/10.1111/j.1432-1033.1988.tb14094.x
https://doi.org/10.1111/j.1432-1033.1988.tb14094.x
https://doi.org/10.1016/j.jphotochem.2011.02.024
https://doi.org/10.1016/j.jphotochem.2011.02.024


[11] Moore JS, Stupp SI (1986) Charge-transfer and ther-

mochromic phenomena in solid polyelectrolytes. Macro-

molecules 19:1815–1824. https://doi.org/10.1021/ma00161a

007

[12] Monk PMS, Hodgkinson NM, Partridge RD (1999) The

colours of charge-transfer complexes of methyl viologen:

effects of donor, ionic strength and solvent. Dyes Pigm

43:241–251. https://doi.org/10.1016/S0143-7208(99)00063-

7

[13] Binnemans K (2005) Ionic liquid crystals. Chem Rev

105:4148–4204. https://doi.org/10.1021/cr0400919

[14] Axenov KV, Laschat S (2011) Thermotropic ionic liquid

crystals. Materials 4:206–259. https://doi.org/10.3390/ma

4010206

[15] Zheng Y, Wang J, Tang X et al (2020) Liquid-crystalline

behavior and ferroelectric property of viologen-based ionic

liquid crystals. J Mol Liq 301:112369. https://doi.org/10.10

16/j.molliq.2019.112369

[16] Asaftei S, Ciobanu M, Lepadatu AM et al (2012) Ther-

motropic ionic liquid crystals by molecular assembly and ion

pairing of 4,40-bipyridinium derivatives and tris(dodecy-

loxy)benzenesulfonates in a non-polar solvent. J Mater

Chem 22:14426–14437. https://doi.org/10.1039/c2jm31830j

[17] Tanabe K, Yasuda T, Yoshio M, Kato T (2007) Viologen-

based redox-active ionic liquid crystals forming columnar

phases. Org Lett 9:4271–4274. https://doi.org/10.1021/

ol701741e

[18] Casella G, Causin V, Rastrelli F, Saielli G (2014) Viologen-

based ionic liquid crystals: induction of a smectic A phase by

dimerisation. Phys Chem Chem Phys 16:5048–5051. http

s://doi.org/10.1039/C3CP54628D

[19] Casella G, Causin V, Rastrelli F, Saielli G (2016) Ionic liquid

crystals based on viologen dimers: tuning the mesomor-

phism by varying the conformational freedom of the ionic

layer. Liq Cryst 43:1161–1173. https://doi.org/10.1080/026

78292.2016.1161852

[20] Bhowmik PK, Al-Karawi MKM, Killarney ST et al (2020)

Thermotropic liquid-crystalline and light-emitting properties

of bis(4-aalkoxyphenyl) viologen bis(triflimide) salts.

Molecules 25:2435. https://doi.org/10.3390/molecule

s25102435

[21] Ciobanu M, Asaftei S (2015) Nucleobase appended violo-

gens: building blocks for new optoelectronic materials. Opt

Mater 42:262–269. https://doi.org/10.1016/j.optmat.2014.12

.044

[22] Beginn U, Yan L, Chvalun SN et al (2008) Thermotropic

columnar mesophases of wedge-shaped benzenesulfonic

acid mesogens. Liq Cryst 35:1073–1093. https://doi.org/10.

1080/02678290802376107
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