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A B S T R A C T

A new class of molecular architecture made of five conjugated rings carrying terminal methyl or variable 
alkoxy (chain lengths of 4, 6, 8, or 16) substituents at para positions has been synthesized. Among the five 
rings, two rings are of cyanopyridones utilized as an electron deficient N-heterocycle and blue lumines-cent 
motif, and the rest of them are phenylene motifs. All the compounds were obtained in good yield and ATR-
IR, NMR and Mass spectroscopy confirmed their structures. Furthermore, the compounds were stable up to 
≈200 °C and the degradation occurs at higher temperature as evidenced by the TGA analysis. The mesomor-
phic study reveals that only the compound having very long terminal n-hexadecyloxy substituents showed in-
layers liquid crystalline organization as confirmed by POM and variable temperature XRD analysis. Fur-
thermore, the compounds showed intense blue fluorescence in both solution as well as solid state and their 
fluo-rescence quantum yields are dependent on the length of alkoxy chains. Calculated HOMO/LUMO 
levels by cyclic voltammetry measurements revealed that the compounds are ambipolar in nature and 
proposed to be ideal candidates for electroluminescent applications.

© 2017.

1. Introduction

In the recent years, tuning of photophysical properties of organic
moieties based on their state, size, molecular framework, and change
in functionalities have drawn a lot of interest, as tuning of these prop-
erties allows to achieve organic moieties with desired characteristic
behavior. However, the area of synthesizing new luminescent organic
moieties showing emission over a wide range in the solid state is
still challenging and is of great interest to many researchers. In this
frame, a number of recent research has confirmed that alkyl chain
length could influence on the molecular conformations, intermolecu-
lar interactions and packing modes in solid state, thus, alters the solid
state optical and optoelectronic properties [1–5]. Hence, varying of
alkyl chain lengths has a functional role in determining the solid-state
aggregation and optoelectronic behavior of organic motifs. The ex-
tensively studied luminescent materials exhibiting alkyl length-reliant
fluorescence properties contains twisted conformations, usually ex-
hibit aggregation induced emission (AIE) [6], mechanochromic lu-
minescence [7–9] phenomenon and weak solution fluorescence quan-
tum yield. In the literature, some of the cyanopyridone derivatives
were reported to be electron deficient and strong blue emitters with
high quantum yields [10–12]. Because of these properties, the present

⁎ Corresponding author.
Email address: tn.ahipa@jainuniversity.ac.in (T.N. Ahipa)

study concerns the luminescent cyanopyridone core bearing methyl
and linear alkoxy substituent and their photo-physical properties in
various solvent mixtures being inquisitive about the emission behav-
ior upon aggregation.

On the other hand, few reports are available on liquid crystalline
cyanopyridones with a rod-shaped molecular structure and polymeris-
able cyanopyridones [13]. Also, it is well established that the incor-
poration of cyanopyridone unit helps to attain high polarity and high
positive values of the dielectric anisotropy mainly due to the presence
of cyano and keto groups at adjacent positions in the ring [14]. Cyano
group being a well-known electron withdrawing substituent, the incor-
poration of cyano group as a substituent in the molecular framework
further increases the molecular dipole moment and thereby, minimize
the repulsive interactions between adjacent aromatic π-systems and
promotes the formation and stabilization of mesophase [15]. In addi-
tion, pyridone motifs have the greater tendency to self-assemble into
columnar discotic mesophase via hydrogen bond interactions [16,17].
In contrast, polycatenar mesogens, particularly the penta-catenar com-
pounds showed interesting mesophases viz. smectic, cubic and colum-
nar phases. These mesophase formations are generally assisted by the
number of rings present in the core, the type and number of termi-
nal chains, the nature of the bridging groups etc. [18]. Keeping all the
above facts in view and the availability of limited reports on the lumi-
nescent cyanopyridone unit, we have designed new five ring system
carrying two cyanopyridones based molecular architecture in the pre-
sent work.

https://doi.org/10.1016/j.molliq.2018.01.126
0167-7322/© 2017.
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In the present study, we have incorporated two 3-cyanopyridone 
units as luminescent core to achieve five ring molecular framework. 
Both the terminals of molecular frameworks have been substituted by 
the methyl or linear alkoxy groups (length of chain = 4, 6, 8, or 16) 
at their para position to get new cyanopyridone derivatives (AC1–5). 
These molecules were prepared from one pot synthesis method by 
reacting 4-methyl acetophenone/4-alkoxy acetophenone, terepthalde-
hyde, ethyl cyanoacetate and ammonium acetate. Later, ATR-IR, 
NMR and Mass spectroscopy elucidated their chemical structures. 
Their photophysical properties were determined by UV–visible ab-
sorption and fluorescence emission studies. The target compounds 
were subjected to TGA (thermogravimetric analysis), DSC (differen-
tial scanning calorimetry), POM (polarized optical microscopy) and 
variable temperature X-ray diffraction (XRD) analysis to check their 
underlying thermal stability as well as liquid crystalline behavior. 
Surface features of thin films of selected compounds were extracted 
with the help of AFM. Finally, electrochemical band gap, LUMO 
and HOMO energy levels were determined using cyclic voltammetry 
method.

2. Results and discussion

2.1. Synthesis and characterization

The synthetic route for the preparation of the target molecules is 
depicted in Scheme 1. The general procedure for the preparation of 
long chained alkoxyacetophenones (1b-e) are same as reported ear-
lier [19]. Target bicyanopyridone compounds (AC1–5) were synthe-
sized by a one pot method by reacting the mixtures of methyl/alkoxy-
acetophenones (1a-e) with terephthaldehyde (2), ethyl cyanoacetate 
and ammonium acetate (0.16 mol) in 1,4-dioxane under 80 °C for 8 h. 
All the target compounds were obtained in good yield (>70%). The 
structures of all the target molecules were confirmed using ATR-IR, 
NMR spectroscopy and Mass analysis.

2.2. Thermal behavior

Thermal stability of all the target compounds was investigated 
with the help of thermogravimetric analysis (TGA) and also by POM. 
Cyanopyridone derivatives (AC1–5) were instable above 200 °C as 
evidenced by the TGA (Fig. 1). The temperature degradation depends 
on the terminal chain lengths, but this fact did not allow to fix their 
melting temperatures as cyanopyridone derivatives decompose before 
melting, with the exception of AC5 that decomposes before passing to 
isotropic liquid from mesophase as detailed later.

2.3. Photophysical properties

Solution state UV–visible absorption spectra of AC1–5 com-
pounds were recorded at the concentration 1× 10−5 M in DMSO. The
values of absorption maximum of AC1–5 are given in Table 1 and
their absorption spectra is depicted in Fig. 2. As can be seen, the ab-
sorption spectra obtained for the solutions of AC1–5 showed a single
absorption maximum in a range of 385–394nm and these absorption
bands can be attributed to the spin allowed π-π* transitions in them.
In general, more the planar molecular framework greater the extant of
delocalization of π electrons, which narrow the band gap and shifts
the absorption wavelength to longer wavelength region (red shift).
However, the obtained absorption values for compounds AC1–5 in
DMSO are almost same when compared to our earlier report of the
three ring system containing a central cyanopyridone core [20]. Fur-
ther, compounds exhibited larger values of molar absorption coeffi-
cient (ε)> 17,000L mol−1 cm−1 and showed how strongly these sub-
stances absorb light. The variation of alkoxy chain lengths in the com-
pounds affects the absorption wavelength and molar extinction coef-
ficient. Among AC1–5, the highest absorption wavelength and molar
extinction coefficient are noted for AC3 (carrying n-hexyloxy chains)
and AC2 (carrying n-butyloxy chains), respectively. It is interesting
to note that, as we varied the alkoxy chain lengths from n-butyloxy to
n-hexyloxy chains, the bathochromic shift occurs, but later on the fur-
ther increase of chain lengths n-hexyloxy to n-octyloxy or n-hexade-
cyloxy chains exhibited a hypsochromic shift. This can be accounted
on the basis of steric factor, wherein, the presence of higher alkoxy
chains causes a greater steric hindrance leading to attain a highly dis-
torted chain conformation with shorter π-conjugation length in the
molecule [21]. Thus, the extent of molecular planarity is more in case
of AC3 (carrying n-hexyloxy chains) than the rest of compounds,
which resulted in the absorption at longer wavelength region [22].

Fluorescence emission spectra of cyanopyridone compounds
(AC1–5) were recorded in DMSO (Conc. 1× 10−5 M) by exciting the
solutions of these compounds at their absorption maxima, leading to
emissions band with their maxima centered at around 456–474nm
(Fig. 3) and displaying large Stokes shift (range: 69–81nm) values.
In solution state, all the compounds are blue emissive in nature. Fur-
ther, their relative quantum yield (Φf) in solution state were deter-
mined using quinine sulphate in 0.1M sulfuric acid as a standard
(Φf = 0.54) [23–25]. The compounds displayed a varied quantum
yields (Φf = 0.08–0.36), among them, compound AC4 was exhibited a
highest quantum yield. It is observed that, the fluorescence quantum
yield improved with the increase of alkoxy chain lengths till n-octy-
loxy chain, thereafter, no drastic change was noted with the n-hexa

Scheme 1. Synthetic route for AC1–5.



UN
CO

RR
EC

TE
D

PR
OO

F

Journal of Molecular Liquids xxx (2018) xxx-xxx 3

To evaluate whether the cyanopyridone based conjugated com-
pounds were AIE active, their emission behaviors in solvent-nonsol-
vent mixtures were determined. The studies were made in THF/wa-
ter and DMSO/water systems. All the AC1–5 compounds are highly
soluble in polar aprotic DMSO solvent but insoluble in water. In case
of AC1–3, using the DMSO/water as the mixed solvent and increas-
ing the water fraction 0 to 90% would cause the decrease in emission
intensity (Fig. S2–4). However, the compound AC4 with 10% water
fraction showed the highest emission intensity (Fig. 4a) and a slight
red shift in the emission wavelength (470 nm) was noted, which may
be due to the stronger molecular aggregation and the acquired planar
molecular framework in it. Even, the compound at 20% water fraction
exhibited slightly higher emission intensity and blue shift in wave-
length compared to the compound at 0% water fraction (emission at
467nm). Later on, the increase of water fraction up to 60% decrease
the emission intensity and the blue shift in emission wavelengths were
noted. This can be attributed to aggregation of molecules could result
in the twisting of molecular framework and slightly increasing in the
energy of band gap, hence the observed hypsochromic shift or blue
shift. Furthermore, the compound once again causes a slight increase
in emission intensity and a considerable red shift in the wavelength
(~505 nm) with broad emission profile with the 70 and 80% water
fraction. However, the emission intensity decreased a bit once again
at 90% water fraction. Curves of fluorescent intensity vs. water frac-
tion and emission images of the compounds in DMSO/water solution
with a 254nm UV lamp are depicted in Fig. 4b and Fig. 4c, respec-
tively. However, the AIE investigation study on compound AC4 sug-
gests that the molecular aggregation causes molecules to acquire var-
ious conformational forms upon the increase of water fraction. Also,
red-shifted emission wavelength (≥70%) during the process is attrib-
uted to the twisted intramolecular charge transfer effect. However, in
case of compound AC5, emission intensity decreases with the increase
of water fraction except with 60 and ≥80% of water fraction, which
showed characteristic AIE effect (Fig. S5).

On the other hand, AIE studies of AC1–5 were investigated in
THF/water mixtures, and their emission spectra were recorded. The
emission slightly increased with the addition of water up to 30% wa-
ter fraction, followed by non-uniform quenching of emission inten-
sity on further addition in AC1–3 and AC5. Fluorescence emission
spectra of AC3 in THF/water with different water fraction, a graph
of fluorescent intensity vs. water fraction, and emission images of the
compounds in THF/water solution with a 254nm UV lamp is shown
in Fig. 5a–c. The emission gradually quenched with the addition of
water in AC4, arising from increased solvent polarity and increase
in immiscibility of AC4 with increasing water concentration. As a
whole, the emission intensity of AC series in THF solution increases

Fig. 1. TGA thermograms of AC1–5.

decyloxy chain [26]. Also, UV–visible absorption spectra of AC1–5 
were recorded in thin film state (Fig. S15) and showed a slight hyp-
sochromic shift in their absorption band to that of solution state. Fur-
ther, their optical band gaps (Eg) were estimated by considering the 
wavelength of absorption edge in their thin film state and they were 
found to be in the range of 2.77–2.88 eV. In general, fluorescence 
properties of compounds in their film state are also required in order to 
identify the suitability of these compounds in OLED application [27]. 
All the compounds exhibited good film forming ability. Thus, we ex-
amined the emission properties of AC1–5 in thin film state and found 
that their blue emission bands (Fig. S16) are slightly shifted to longer 
wavelength region compared to that of solution state.

A number of recent examinations have clearly confirmed that com-
pounds bearing alkyl chain length could define the nature of inter-
molecular interaction, solid-state optical and optoelectronic properties 
as well [1–5]. Further, alkyl chains play a functional role in deter-
mining the solid-state aggregation, optimizing the intermolecular π-π 
and aliphatic interaction as well as molecular packing. Introduction of 
long alkyl chains are known to increase the intermolecular distance 
between neighboring molecules which can induce AIE. However, they 
can also induce disorder in molecular arrangements and reduce the 
emission process [28].

Table 1
Photophysical properties of AC1–5.

Sample
λmax

absa

(nm)
ε
(L mol−1 cm−1)

λmax
ema,b

(nm)
Stokes shift
(nm) Φf

c
λmax

absd

(nm)
λmax

emd

(nm)
λa.e.

f

(nm)
Eg

Optg

(eV)

AC1 385 17,000 461 76 0.13 374 463 430 2.88
AC2 393 69,000 473 80 0.18 390 487 447 2.77
AC3 394 52,000 474 80 0.27 383 479 446 2.78
AC4 390 49,000 471 81 0.36 376 479 439 2.82
AC5 387 35,000 456 69 0.32 372 472 437 2.83

a Solution in DMSO (1 × 10−5 M).
b Excited at the respective absorption maxima.
c Relative quantum yield method using quinine sulphate as standard. 
d Thin film.
f Absorption edge in the thin film state.
g Formula Eg (eV) = 1240/λa.e. (nm).
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Fig. 2. UV–visible absorption spectra of AC1–5 in DMSO (Conc. 1× 10−5 M).

Fig. 3. Fluorescence emission spectra of AC1–5 in DMSO (Conc. 1× 10−5 M).

from AC1–3 followed by a further decrease in emission intensities
are observed in AC4 and AC5 (Fig. S7–10). This infers that the in-
troduction of alkoxy chains and the extending of alkyl chain lengths
could decrease the fluorescence efficiency [29]. Also, the emission in-
tensity of organic chromophores bearing at least one π deficient sub-
stituent (cyano or nitro) are reported to weaken in polar solvents ow-
ing to the formation of less emissive ICT state [30,31]. The emis-
sion peak red-shifted from AC1–4 followed by a slight blue shift
in AC5. In case of AC1, the emission peak exhibits bathochromic
shift up to 60% water fraction, on further addition of water the peaks
are observed to shift hypsochromically from 70 to 90% water frac-
tion. Whereas in AC2, the bathochromic shift is observed only till
50% water fraction followed by slight hypsochromic shift further
up to 90% water fraction. Further in AC3, the emission peak shifts
bathochromically only up to 30% water fraction preceded by a hyp-
sochromic shift thereafter till 90% water fraction. While in AC4, a
steady bathochromic shift is only observed till 20% water fraction
followed by a non-uniform shift in emission peak wavelength. Inter

estingly, AC5 shows a hypsochromic shift up to 60% water fraction 
followed by bathochromic shift further up to 90% water fraction. The 
emission peak of AC1–4 in THF exhibits red-shift, whereas, AC5 is 
observed to shift towards the blue region. Hence, side chain engineer-
ing can be exploited to tune the optical and optoelectronic properties 
of organic moieties. The emission color and intensity show some ir-
regularity after the water content reaches a critical value, possibly due 
to the formation of different aggregation states such as crystal parti-
cle and amorphous particles. From the above results, the maximum 
fluorescence intensity is observed for AC3 having alkyl substitution 
of 6-carbons while a decrease in fluorescence intensity was observed 
for alkyl substitution of 16-carbons. Same kind of observations can be 
made in their solid states. To support this, photographs of compounds 
AC1–5 showing color emissions in solid and solution states under day 
light and short UV (254 nm) illumination is depicted in Fig. 6.

2.4. Cyclic voltammetry

Cyclic voltammetry (CV) measurement helps to determine the un-
derlying HOMO/LUMO energy levels and an electrochemical band 
gap of organic molecules. All the cyanopyridone derivatives AC1–5 
were investigated for their electrochemical behavior by carrying out 
CV studies in anhydrous acetonitrile solution. The energy levels and 
band gaps calculated from these studies are tabulated in Table 2. 
A 0.1 M solution of tetrabutylammonium hexaflurophospate (TBAH) 
was used as a supporting electrolyte in deoxygenated acetonitrile. For 
CV measurement, a single compartment cell equipped with Ag/Ag+

wire (reference electrode), platinum rod (counter electrode) and glassy 
carbon (working electrode) were used. The reference electrode was 
calibrated with the ferrocene/ferrocenium (Fc/Fc+) redox couple (ab-
solute energy level of −4.80 eV to vacuum and ionization potential for 
Fc/Fc+ measured was +0.53 eV vs. Ag/AgCl). The cyclic voltammo-
grams were recorded at a scan rate of 50 mV/s. All the compounds ex-
hibited well-defined irreversible oxidation and reduction curves (Fig. 
7). To calculate HOMO and LUMO levels of the molecules oxida-
tion potential (Eonset

ox) and reduction potential (Eonset
red) values are es-

sential. The oxidation and reduction potentials values for the mole-
cules were obtained in the range of +1.06 to +1.13 eV and −0.49 to
−0.57 eV, respectively. Further, HOMO and LUMO levels of the mol-
ecules were calculated using the formula EHOMO = −[Eonset

ox + 4.27 eV] 
and ELUMO = –[Eonset

red + 4.27 eV], respectively. Upon calculation, it is 
evident that these molecules possess their HOMO and LUMO en-
ergy levels at around −5.33 and −3.75 eV, respectively. Also, electro-
chemical band gap of about 1.60 eV were achieved for the cyanopy-
ridone functionalized molecular architecture. Here, the obtained elec-
trochemical band gap values (~1.60 eV) from CV measurements are 
slightly different from the one calculated from their optical band gap 
values. According to Tang et al., the materials with LUMO < −3.15 eV 
and HOMO > −5.6 eV exhibits strictly ambipolar behavior [32]. Our 
compounds showed HOMO/LUMO levels within the aforementioned 
range, thus, the compounds are ambipolar in nature and proposed to 
be ideal candidates for electroluminescent applications [33].

2.5. Liquid crystal properties

Compounds AC1–5 were studied by POM, D SC, and XRD at 
variables temperatures in order to explore their liquid crystal prop-
erties. Only AC5 with long terminal tails showed evidence of me-
somorphic behavior; however optical textures under the 
microscope did not allow the unambiguous assigning the type of 
mesophase (Fig.
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Fig. 4. Fluorescence emission spectra of a) AC4 at 10μM in DMSO/water solution with different water fraction; b) curves of fluorescent intensity vs. water fraction; c) Emission
images of the compounds in DMSO/water solution with a 254nm UV lamp.

S11). The DSC curves recorded on different heating and cooling
processes of AC5 (see DSC traces at Fig. S11) contain a set of transi-
tion peaks that supported the mesomorphic behavior. Combination of
DSC and POM data advised that a mesophase is present above 140°C
on heating, but the compound decompose reaching 180–190°C in a
similar way to the rest of the compounds of the series.

To confirm our proposal, compound AC5 was studied by X-ray
diffraction at variable temperatures to explore the existence of a liquid
crystal phase above the melting of the crystalline solid. To this aim,
X-ray patterns were recorded in all temperature regions above and be-
low each transition peak detected by DSC. Thus, experiments were
carried at room temperature (before and after the studies at high tem-
peratures), and also at 76°C, 118°C, 150°C, and then at 120°C and
150°C according to the different DSC peaks and avoiding the decom-
position of the sample. The X-ray patterns recorded at room tempera-
ture both before and after thermal treatments, as well as at 81°C and
at 118°C, (see Fig. S12) were characteristic of a 3D crystalline struc-
ture, although with a significant degree of disorder as suggested by the
absence of diffraction maxima at low angles and the presence only of
diffuse scattering in this angular region. However, the presence of sev-
eral sharp reflections at middle and high angles unequivocally shows
the crystalline character of the sample.

On the other hand, the two patterns recorded at 150°C and the
pattern at 120°C after cooling from 150°C are characteristic of a
mesophase of A or C type. The patterns contain a set of two
equally-spaced sharp reflections at low angles and a diffuse scat-
tering halo at high angles (see Fig. S13). The diffuse scattering at
low angles and the sharp reflections at middle and high angles ob-
served in the previ

ous patterns are no longer present. This indicates that a phase tran-
sition has taken place to a mesomorphic phase upon heating up to
150°C and this mesomorphic phase is maintained by cooling down to
120°C and heating again up to 150°C. The fact that the mesophase is
kept by cooling from 150°C to 120°C is consistent with the DSC re-
sults.

Each low-angle maxima corresponds in the three cases (150 °C,
120°C and 150°C) to a spacing of 32.4Å and 16.2Å, respectively.
This is coherent with a lamellar structure with layer periodicity 32.4Å
and the two maxima are respectively the first and second order re-
flections from the layers. The diffuse halo corresponds roughly to an
average distance of 4.6Å, and its broad character is typical of many
kinds of mesophase. It is related to the liquid-like arrangement of the
hydrocarbon chains and corresponds to the mean lateral distances be-
tween neighboring molecules. After long exposure times, some sharp
reflections become visible at middle and high angles, which suggests
progressive crystallization probably related to thermal instability. The
absence in the low-exposure-time patterns of sharp reflections at high
angles and the presence only of diffuse scattering in this angular re-
gion suggests a smectic A or smectic C mesophase. However, it is not
possible to distinguish between the two mesophase types on the basis
of powder X-ray diffraction measurements.

By simple calculations based on the molecular mass, the layer
spacing and the expected density for organic compounds (ca. 1g/cm3),
the average cross-section area of the molecules in the mesophase can
be estimated. Indeed, the density ρ of a smectic mesophase is related to
the molecular mass M and the layer spacing d by the following equa-
tion:
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Fig. 5. Fluorescence emission spectra of a) AC3 at 10μM in THF/water with different water fraction; b) graph of fluorescent intensity vs. water fraction; c) Emission images of the
compounds in THF/water solution with a 254nm UV lamp.

where S is the molecule cross-section area, and NA is Avogadro's num-
ber. Assuming that the density is 1 g cm−3, an estimated area S of about 
48.5 2 is obtained, which is a value larger than the usual values for 
orthogonal smectic phases. This suggests that the molecules are tilted 
in the layers (SmC mesophase) and/or that interdigitation takes place 
between molecules in adjacent layers, both phenomena producing a 
larger effective cross-section. Interdigitation would not be surprising 
given the peculiar shape of the molecules of AC5, containing a rigid 
region with two bents that must produce a widening compared to clas-
sical rod-like molecules.

Unfortunately, none of the compounds synthesized has been able 
to yield single crystals, so it has not been possible to propose and 
support a certain supramolecular organization of AC5 within the 
mesophase based on a crystalline structure. However, according to the 
structural parameters of the smectic mesophase of AC5 above detailed 
and the crystalline structures of rather similar compounds 
reported by Chopra et al. [34] we propose an interdigitated 
smectic mesophases as shown in Fig. 8. This type of 
supramolecular organization is sta-bilized through a hydrogen 
bond network and could sup

port a lamellar arrangement with an interlayer spacing of around 
32.4 Å depending on interdigitation. To evaluate this proposal, the 
model compound ACOMe (Fig. 9) was optimized at the B3LYP 
level with the van der Waals correction and using 6-31G(d) basis 
set, as a first approximation that has proved sufficient to support 
our proposed supramolecular order. The optimized structure of the 
model compound revealed that the pyridone rings are coplanar be-
tween them and not coplanar with the rest of the aromatic rings (Fig. 
9). Following the evaluation of the proposed model, the hydrogen 
bonded dimer of ACOMe (Fig. 9) was optimized, taking the struc-
tural parameters of the crystalline networks based on hydrogen bond-
ing published by Chopra et al. [34] as a starting point for geome-
try optimization of the dimer. The BSSE corrected interaction en-
ergy of the optimized dimer due to four non-covalent interactions,
two hydrogen bonds N H⋯O and two other C H⋯O is nega-
tive (−102.8 kJ mol−1). Furthermore, the calculated infrared spectra of 
ACOMe and its hydrogen-bonded dimer were compared to experi-
mental IR spectrum of a solid sample of AC5 (Fig. 10). The main 
difference between the calculated IR spectra is the presence of two 
intense bands in the spectrum of the dimer (f and a) that are attrib-
uted to the stretching frequencies of the C O. The band at a 
higher frequency corresponds to the free C O (f) and the one that 
appears at a lower frequency to the associated carbonyl group (a). 
While the
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Fig. 6. Photographs of compounds AC1–5 showing color emissions in solid and solution state under day light and short UV (254nm) illumination.

Table 2
Electrochemical properties of AC1–5.

Entry Eonset
ox Eonset

red EHOMO (eV) ELUMO (eV) Eg
CV (eV)

AC1 1.11 −0.49 −5.38 −3.78 1.60
AC2 1.06 −0.52 −5.33 −3.75 1.57
AC3 1.08 −0.56 −5.35 −3.71 1.63
AC4 1.07 −0.55 −5.34 −3.72 1.61
AC5 1.13 −0.57 −5.40 −3.70 1.69

Fig. 7. Cyclic voltammogram of AC1–5 in acetonitrile (inset: graph of Fc/Fc+).

ACOMe spectrum only exhibits the carbonyl band corresponding to 
the free carbonyl groups. The experimental FT-IR spectrum of AC5 
and the calculated infrared spectrum of the optimized dimer show a 
good consistency corroborating the existence of free and 
associated car-bonyl groups. Although these results, interaction 
energy, and vibra-tional spectra, are computed for dimers in 
optimal geometry undis-turbed by their surroundings (gas phase) 
everything points to a molec-ular self-assembly leading to an 
interdigitated smectic-like mesophase favored by a hydrogen bond-
mediated organization. This model can explain the appropriate 
space filling needed for compact molecular packing at the solid 
state, turning to a lamellar mesophase only when long alkyl-tails are 
present as well as the high melting point observed for these 
compounds.

2.6. AFM studies

Atomic force microscopy (AFM) is a useful tool to study the sur-
face morphology and structure at the nanometer scale and hence, it 
helps in understanding the surface morphology to a greater extent. The 
thin film of compound AC5 was subjected to AFM study and the ex-
periment was performed at room temperature. A thin film of com-
pound AC5 was prepared on ITO glass plate from its acetone solu-
tion (1 mg/ml) via spin coating. Its 3D and topographic images are 
shown in Fig. 11. From the image, it was evident that the surface of the 
thin film is homogeneous studded with granular structures. The root 
mean square (rms) roughness value of film AC5 was found to be in 
the range of ~7–148 nm (±10 nm). In order to explore the suitability of 
these compounds for device application, detailed investigations on the 
solvent effects, the morphology of thin films, and luminescence effi-
ciency in film state are required.
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Fig. 8. Evaluated molecular self-assembling of the smectic mesophase of AC5.

Fig. 9. Optimized structure (B3LYP-D3, 6-31G*) of model compound ACOMe (a) and the hydrogen-bonded dimer, HB-DIMER, (b).

3. Conclusions

A new series of compounds possessing molecular architecture 
based on cyanopyridone units were synthesized and investigated for 
photophysical and liquid crystal behavior. All the compounds are ther-
mally stable up to 200 °C and exhibit strong blue light emissive prop-
erties with considerably impressive quantum yield. Furthermore, it 
was ev-ident from the photophysical data that the variation of 
terminal linear alkoxy chain lengths in the compounds affects the 
absorption wave-length and molar extinction coefficient values. 
However only very long tails allow the stabilization of a liquid 
crystalline organization with a layered molecular arrangement.

4. Experimental

4.1. Materials and methods

All the reagents and solvents used in the current work were pur-
chased from a commercial source and they were used without further
purification. The synthesized compounds were purified and recrystal-
lized from high purity solvents. UV–visible absorption and emission
properties were measured using UV-1800 SHIMADZU UV-spec-
trophotometer and RF-5301 PC, SHIMADZU spectrophotometer
equipped with a Xe-lamp as an excitation source, respectively. IR
spectra were collected using Bruker ALPHA eco-ATR-IR on ZnSe
Crystal. 1H NMR (400MHz) and 13C NMR (100MHz) on a Bruker
spectrometer. The spectra were recorded at room temperature in
deuterated dimethyl sulfoxide (DMSO‑d6). The chemical shifts are
expressed in ppm values referenced to tetramethysilane (TMS). The



UN
CO

RR
EC

TE
D

PR
OO

F

Journal of Molecular Liquids xxx (2018) xxx-xxx 9

Fig. 10. FTIR spectrum of AC5 in KBr pellet (upper); calculated infrared spectra (B3-
LYP-D3, 6-31G*) of HB-DIMER (middle) and ACOMe (down).

mass spectra were obtained with Waters (SynaptG2) ESI-MS method
with methanol as eluent. Cyclic voltammetry (CV) data were de-
termined in a N2-saturated three-electrode system, where the work-
ing, counter, and reference electrodes are glassy carbon, platinum
and Ag/Ag+, respectively. The glassy carbon electrode was polished
with 1.0μm alumina slurry and then sonicated for 10min in dis-
tilled water. The sample solution (in DMSO + Acetone) was added
into acetonitrile solution containing 0.1M tetrabuylammoniumhexa-
fluorophosphate (TBAH) as the supporting electrolyte. Further, the
electrochemical measurements were made at a scan rate of 50mV/
s. The Ag/Ag+ reference electrode was calibrated using a ferrocene/
ferrocenium (Fc/Fc+) redox couples as an external standard. Atomic
force microscopy (AFM) imaging was performed using A100-SGS
AFM (A.P.E. Research, Trieste, Italy). The preliminary mesophase
identification was based on microscopic examination of the textures
formed by samples between two glass plates. NIKON and OLYMPUS
BH-2 polarizing microscopes equipped with a LINKAM THMS600
hot stage were used. The temperatures and enthalpies of the phase
transitions were determined by calorimetric measurements with a DSC
TA Instrument Q-20 system. Thermogravimetric analysis (TGA) was
performed using a TA Q5000IR instrument at a heating rate of
10°C min−1 under a nitrogen atmosphere. Molecular dimensions were
estimated by molecular modeling (ChemSketch3D). The X-ray inves-
tigations on non-oriented samples were carried out in Lindemann cap-
illary tubes (diameter 0.9mm) using a PINHOLE (ANTON-PAAR)
film camera.

4.2. Computational details

Quantum chemical calculations were performed using the Gauss-
ian 09 [35] suite programs. Geometry optimization was carried out in
gas phase with the B3LYP method [36–38], with the van der Waals
dispersion correction [39], employing 6-31G(d) [40] basis set. Geom-
etry optimization were conducted without constraints, using the de-
fault convergence criteria for the Gaussian software. Vibrational fre-
quency calculations were carried out at the same level of theory as
the geometry optimizations and indicated that the stationary points
were minima, lacking imaginaries frequencies. The energies of inter-
action were calculated, at the same level without and with correction
for the BSSE using the Boys-Bernardi counterpoise technique [41],
by subtracting the electronic energies of the optimized isolated part-
ners of the electronic energy of the optimized noncovalent complex.
The obtained electronic energy of interaction was corrected for scaled
(0.9813) [42] zero-point energy differences (obtained from the fre-
quency calculations described above).

4.3. Preparation of aggregates for AIE measurements

A 10−3 M stock solution of compounds AC1–5 in DMSO/THF was
prepared. Aliquots (50 μL) of the stock solution were added to 5mL
volumetric flasks and diluted to volume with DMSO/THF and H2O in
the proper ratios. Solutions were placed in a sonicator for 10min be-
fore measurement [43].

4.4. General procedure for the preparation of AC1–5

The long chained alkoxyacetophenones (1b-e) were prepared ac-
cording to the standard procedure [19]. Target compounds AC1–5
were synthesized by a one pot method depicted in Scheme 1. The mix-
ture of methyl/alkoxyacetophenones (1a-e) (0.02mol) with tereph-
thaldehyde (2) (0.01 mol), ethyl cyanoacetate (0.02 mol) and ammo-
nium acetate (0.16 mol) in 1,4-dioxane was heated at 80°C for 8h. The
reaction mixture was added drop wise into water and the precipitate
was filtered, washed with ethyl acetate followed by ethanol, finally,
the crude compound was recrystallized using mixture of chloroform
and ethanol to obtain the pure product (AC1–5).

4.4.1. Synthesis of 4,4′-(1,4-phenylene)bis(2-oxo-6-(p-tolyl)-1,2-
dihydropyridine-3-carbonitrile) (AC1)

According to the general procedure using mixture of 4-methylace-
tophenone (1a) (2.68 g, 0.02mol) with terephthaldehyde (2) (1.34g,
0.01mol), ethyl cyanoacetate (2.26 g, 0.02mol) and ammonium ac-
etate (12.33 g, 0.16mol) in 1,4-dioxane (25 mL) was heated at 80°C
for 8h, the target compound AC1 was obtained as a yellow solid after

Fig. 11. AFM images of AC5 (10 × 10μm) in (a) 3D perspective (b) Topographic image.
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purification. Yield 75%, ATR-IR (cm−1): 3036, 2900, 2220, 1740,
1651, 1341. 1H NMR (400 M Hz, DMSO‑d6) δ (ppm): 7.89 (d,
J = 8Hz, 4H, Ar-H), 7.76 (s, 2H, Ar-H), 7.67 (s, 1H, Ar-H), 7.42 (1H,
Ar-H), 7.24 (d, J = 8Hz, 4H, Ar-H), 6.76 (s, 2H, Ar-H), 3.54 (s, 2H,
Pyridine-OH), 1.80 (s, 6H, -CH3).

13C NMR (100 MHz, DMSO‑d6)
δ (ppm): 172.78, 156.79, 151.09, 140.17, 139.79, 135.79, 134.83,
131.07, 130.34, 129.52, 128.73, 127.61, 119.71, 104.43, 22.16, 21.30.
MS (m/z): [M + H]+ Found: 495.4; Calculated: 495.3. Anal. Calcd. for
C32H22N4O2: C, 77.72; H, 4.48; N, 11.33. Found: C, 77.78; H, 4.50;
N, 11.37.

4.4.2. Synthesis of 4,4′-(1,4-phenylene)bis(6-(4-butoxyphenyl)-2-oxo-
1,2-dihydropyridine-3-carbonitrile) (AC2)

According to the general procedure using mixture of 4-butyloxy-
acetophenone (1b) (3.84g, 0.02mol) with terephthaldehyde (2)
(1.34 g, 0.01mol), ethyl cyanoacetate (2.26 g, 0.02mol) and ammo-
nium acetate (12.33 g, 0.16mol) in 1,4-dioxane (25 mL) was heated
at 80°C for 8h, the target compound AC2 was obtained as a yel-
low solid after purification. Yield 72%, ATR-IR (cm−1): 3040, 2931,
2871, 2216, 1741, 1634, 1358. 1H NMR (400 M Hz, DMSO‑d6) δ
(ppm): 7.89 (s, 6H, Ar-H), 7.70-7.66 (m, 1H, Ar-H), 7.49-7.45 (m,
1H, Ar-H), 7.00 (d, J = 8Hz, 4H, Ar-H), 6.86–6.76 (m, 2H, Ar-H),
4.06–4.02 (m, 4H, –OCH2-), 3.96 (s, 2H, Pyridine-OH), 1.73–1.66 (m,
4H, -CH2-),1.47–1.38 (m, 4H, -CH2-), 0.92 (t, J = 8Hz, 6H, -CH3).

13C
NMR (100 MHz, DMSO‑d6) δ (ppm): 181.66, 147.93, 140.47, 137.47,
131.11, 129.98, 129.13, 129.08, 115.28, 110.01, 109.99, 68.02, 31.05,
26.73, 19.10, 14.08. MS (m/z): [M –H]+ Found: 609.2; Calculated:
609.2. Anal. Calcd. for C38H34N4O4: C, 74.73; H, 5.61; N, 9.17.
Found: C, 74.79; H, 5.64; N, 9.12.

4.4.3. Synthesis of 4,4′-(1,4-phenylene)bis(6-(4-(hexyloxy)phenyl)-2-
oxo-1,2-dihydropyridine-3-carbonitrile) (AC3)

According to the general procedure using mixture of 4-hexyloxy-
acetophenone (1c) (4.40 g, 0.02mol) with terephthaldehyde (2)
(1.34 g, 0.01mol), ethyl cyanoacetate (2.26 g, 0.02mol) and ammo-
nium acetate (12.33 g, 0.16mol) in 1,4-dioxane (25 mL) was heated
at 80°C for 8h, the target compound AC3 was obtained as a yel-
low solid after purification. Yield 75%, ATR-IR (cm−1): 3038, 2931,
2895, 2218, 1790, 1631, 1352. 1H NMR (400 M Hz, DMSO‑d6) δ
(ppm): 7.93–7.85 (m, 6H, Ar-H), 7.06-6.97 (m, 6H, Ar-H), 6.96 (s,
2H, Ar-H), 4.05–4.01 (m, 4H, -OCH2-), 3.9 (s, 2H, Pyridine-OH),
1.88 (s, 2H, -CH2-), 1.72–1.68 (m, 4H, -CH2-), 1.39 (b, 4H, -CH2-),
1.28 (b, 6H, -CH2-), 0.85 (t, J = 6Hz, 6H, -CH3).

13C NMR (100MHz,
DMSO‑d6) δ (ppm): 170.89, 170.36, 161.63, 159.89, 159.11, 158.58,
141.37, 140.76, 130.88, 129.90, 127.66, 127.33, 125.41, 124.23,
122.45, 120.76, 119.72, 118.95, 118.48, 115.22, 107.97, 68.30, 31.39,
28.96, 28.91, 25.54, 22.47, 14.31. MS (m/z): [M + H]+ Found: 667.2;
Calculated: 667.3. Anal. Calcd. for C42H42N4O4: C, 75.65; H, 6.35; N,
8.40. Found: C, 75.71; H, 6.38; N, 8.36.

4.4.4. Synthesis of 4,4′-(1,4-phenylene)bis(6-(4-(octyloxy)phenyl)-2-
oxo-1,2-dihydropyridine-3-carbonitrile) (AC4)

According to the general procedure using mixture of 4-octyloxy-
acetophenone (1d) (4.96g, 0.02mol) with terephthaldehyde (2)
(1.34 g, 0.01mol), ethyl cyanoacetate (2.26 g, 0.02mol) and ammo-
nium acetate (12.33 g, 0.16mol) in 1,4-dioxane (25 mL) was heated
at 80°C for 8h, the target compound AC4 was obtained as a yellow
solid after purification. Yield 82%, ATR-IR (cm−1): 3010, 2921, 2854,
2218, 1741, 1638, 1358. 1H NMR (400 M Hz, DMSO‑d6) δ (ppm):
7.91–7.87 (m, 4H, Ar-H), 7.54–7.25 (m, 4H, Ar-H), 7.08–6.74 (m, 4H,
Ar-H), 6.82–6.74 (m, 2H, Ar-H), 4.04–4.01 (m, 4H, -OCH2-), 3.25 (s,
2H, Pyridine-OH), 1.71–1.68 (b, 4H, -CH2-), 1.39–

1.19 (b, 20H, -CH2-), 0.84 (s, 6H, -CH3).
13C NMR (100MHz,

DMSO‑d6) δ (ppm): 179.62, 174.68, 162.99, 161.59, 140.59, 130.94,
130.88, 130.75, 130.50, 129.88, 129.03, 128.42, 128.25, 127.92,
125.93, 122.18, 116.85, 113.16, 105.66, 105.24, 68.29, 31.65, 29.07,
25.88, 22.49, 14.36. MS (m/z): [M + H]+ Found: 723.3; Calculated:
723.3. Anal. Calcd. for C46H50N4O4: C, 76.43; H, 6.97; N, 7.75.
Found: C, 76.48; H, 7.01; N, 7.79.

4.4.5. Synthesis of 4,4′-(1,4-phenylene)bis(6-(4-
(hexadecyloxy)phenyl)-2-oxo-1,2-dihydropyridine-3-carbonitrile)
(AC5)

According to the general procedure using mixture of 4-hexade-
cyloxyacetophenone (1e) (7.21 g, 0.02mol) with terephthaldehyde (2)
(1.34 g, 0.01mol), ethyl cyanoacetate (2.26 g, 0.02mol) and ammo-
nium acetate (12.33 g, 0.16mol) in 1,4-dioxane (25 mL) was heated
at 80°C for 8h, the target compound AC5 was obtained as a yellow
solid after purification. Yield 80%, ATR-IR (cm−1): 3035, 2919, 2849,
2220, 1739, 1675, 1381. 1H NMR (400 M Hz, DMSO‑d6) δ (ppm):
12.70 (s, 2H, Pyridone-NH), 7.89–7.86 (m, 4H, Ar-H), 7.54–7.42
(m, 4H, Ar-H), 7.37–7.29 (m, 2H, Ar-H),7.03-6.94 (m, 4H, Ar-H),
4.03–3.99 (m, 4H, -CH2-), 1.72–1.65 (m, 4H, -CH2-), 1.37 (b, 4H,
-CH2-), 1.20 (b, 48H, -CH2-), 0.83–0.80 (m, 6H, -CH3).

13C NMR
(100 MHz, DMSO‑d6) δ (ppm): 174.89, 163.00, 143.76, 142.28,
135.20, 130.87, 129.97, 129.95, 129.92, 129.88, 128.47, 115.23,
114.69, 114.66, 113.45, 105.00, 82.03, 80.86, 68.28, 31.71, 29.44,
29.36, 29.11, 26.78, 25.83, 22.50, 14.35. MS (m/z): [M + CH3CN]+

Found: 989.1; Calculated: 989.1. Anal. Calcd. for C62H82N4O4: C,
78.61; H, 8.72; N, 5.91. Found: C, 78.68; H, 8.75; N, 5.87.
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