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Abstract

In this paper, we present the preparation of nano-soft composites of ZnS and

ZnS:Mn2+ quantum dots (QDs) with star shaped hekates mesogens (HMs) de-

rived from tris(N-salicylideneaniline) core. The photophysical studies of the

neat HMs and it’s composites with QDs have been carried out as a function of

temperature. The blue emission of HMs is found to be enhanced and red shifted

in the presence of ZnS QDs. An induced yellow emission at 575 nm has been

observed in HM−ZnS:Mn2+ QDs composite which is attributed to the 4T1 to

6A1 transition between the sp electrons of ZnS and d electrons of Mn2+ in the

ZnS:Mn2+ QDs. The change in photophysical properties of HMs is analogous

to the adscititious electron-proton interactions in hydrogen bonded environment

after the dispersion of QDs. The large shift in N−H stretching and induction

of a new S−H stretching band at 2734 cm−1 in the composites reveal the oc-

currence of intermolecular interactions between the HMs and QDs. Moreover,

the presence of QDs significantly changes the molecular orientation of the HMs
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as adduced by polarized optical microscopy. Tunability of the blue emission of

HMs due to QDs dispersion depends on the degree of intermolecular interactions

in the Guest-Host system. This study depicts its possible applications in the

quantum dots based tunable photoluminescent displays.

Keywords: Quantum dots, Star-shaped mesogens, photoluminescence

1. Introduction

After the discovery of Discotic liquid crystal (DLC) by S. Chandrashekhar

et al. in 1977, this class of LCs became an adoptive option for zone refined

single crystals [1, 2, 3]. DLCs have shown their potential utilization in the

self healing process to control the molecular ordering and defects [4]. In last

few years, these materials have been eventuated in photo-luminescent and opto-

electronic devices [5, 6, 7]. Until now, a large number of DLCs have been

designed and characterized to realize the columnar LCs capable of exhibiting

high charge carrier mobilities [8, 9, 10, 11, 12]. Non-discotic mesogens, having

similar geometrical structures to that of discotics, have attracted particular

interest due to their rich photoluminescence properties. Yelamaggad et al. [13]

have reported the supramolecular tris(N-salicylideneaniline)s (TSANs) existing

in exclusive a mixture of Cs and C3h keto-enamine tautomeric forms. In general,

these star shaped mesogens are termed as hekates. Hekates mesogens (HMs)

are novel materials that emit blue emission in contrast to other available DLCs

exhibiting the green or red emissions [3, 4, 13].

ZnS quantum dots (QDs), a direct band-gap semiconductor of II−IV group,

have drawn the attention of researchers in recent years due to their unique prop-

erties in chemical/biological sensing and photocatalysis arising from the size

dependent quantum confinement effect [14, 15, 16, 17, 18]. The doping of any

transition metal ions, like Mn2+, in ZnS has also been emerged as a new method

to tune the physical and luminescent properties of these QDs [15, 19, 20]. QDs

are promising materials for doping in the liquid crystals [21] to achieve high

photoluminescence (PL) intensity, good photo-stability and broad transforma-
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tion of emission [22, 23, 24, 25, 26, 27, 28]. The doping of QDs in LCs has

shown the tailoring of optical properties of host LCs [29, 30]. In 2012, Kumar

et al. [27] have shown the enhancement in PL property of a ferroelectric liquid

crystal (FLC) by doping with ZnS QDs. They stated that the emission of ZnS

QDs combines constructively with that of the FLC to produce enhanced pho-

toluminescence. Similar hypothesis has also been presented by Roy et al.[23] in

which they demonstrated the tuning the photoluminescence of ZnS nanoflakes

in the presence of an antiferroelectric liquid crystal into different concentra-

tions. These reports could not be completely able to explain the reason of PL

enhancement in the composites. In contrast, Singh et al. [31] have shown the

quenching of normalized PL in a FLC by dispersing the host material with ZnS

and ZnS:Mn2+ QDs. During this quenching mechanism, the emission peaks re-

mained at the same position and quenching has been found to be fairly depend

upon the content of Mn. Dealing with a nematic LC and its reorientation in the

presence of an external applied field, Kurochkina et al. [32] have successfully

controlled the PL of host LC material by doping it with CdSe/ZnS; where they

found the quenching of QDs luminescence with increasing electric field strength

in the active LC matrix. The study of photoluminescence properties in LC and

LC-composites is all-time interesting task in order to produce temperature sta-

ble highly luminescent displays [33]. All aforementioned studies are only limited

to the nematic and ferroelectric phases of LC materials; therefore, the oppor-

tunity of such studies with other columnar LCs is still open [34]. Recently, we

have performed the preparation of soft-nano composites of another star shaped

mesogens with the insulating anatase TiO2 nanoparticles and received interest-

ing results in the form of triple photoluminescence which has shown significant

quenching of PL with increasing temperature [35]. This study has left a plenty

of opportunities to carry forward our investigation for the practical realization

of high contrast photoluminescent displays using other nanomaterials.

With this in view, we have extended our studies on the photophysical prop-

erties of another family member of the star shaped hekates mesogens (HMs) de-

rived from tris(N-salicylideneaniline) core with the dispersion of semiconductor
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ZnS and ZnS:Mn2+ QDs. The characterization of QDs dispersed HMs compos-

ites has been carried out by using polarized optical microscopy, photolumines-

cence (PL) and Fourier-transform infrared (FTIR) spectroscopy. The change in

mesogenic orientation due to the interactions between the guest QDs and the

host HMs in hydogen bonded environment and variation of PL emission as a

function of temperature have been analyzed and discussed within the scope of

this paper.

2. Materials and methods

2.1. Star shaped mesogens

The liquid crystal used for the present investigation is DLT-10 (Figure 1). It

is a star shaped liquid crystal material which is also known as hekates. DLT-10

refers to dialkoxy long armed tris(N-salicylideneaniline)s (TSANs), having ten

number of carbon atoms in peripheral alkoxy chain [13]. This is a new class

of mesogens occurring in the form of mixture comprising two inseparable keto

enamine tautomers featuring C3h and Cs rotational symmetries. This material

is vital because of its blue emission in contrast to other conventional mesogens

having red or green emissions. The phase transition sequence and corresponding

enthalpies of DLT-10 material are given below-

Cr 77.4 (0.9) Colr 130.4 (7.2) Colh 169.6 (3.8) I

I 166.7 (3.6) Colh 116.8 (4.9) Colr 56.1 (11.4) Cr

All transition temperatures are presented in oC whereas corresponding tran-

sition enthalpies are mentioned in brackets with units in kJ/mol.

2.2. ZnS and ZnS:Mn2+ quantum dots

ZnS and 20 mol% Mn doped ZnS (ZnS:Mn2+) quantum dots (QDs) were cho-

sen as dopant to disperse in the aforementioned mesogens. The particle sizes

(2r, diameter) of ZnS and ZnS:Mn2+ QDs were 2.25 and 2.45 nm, respectively

[19, 31] which is smaller than the stacking distance, (i.e. 3.4 nm), of hekates-

TSANs within the same column [13]. The absorption and emission wavelengths
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of ZnS QDs were centered nearly at 300 and 400 nm, respectively. ZnS:Mn2+

QDs absorb the light of 312 nm and produce two PL emissions at 435 and

590 nm associated with the pristine ZnS and Mn incorporation in ZnS, respec-

tively. Other details of these QDs have already been published in Refs.[19, 31];

therefore, the absorbance and PL curves of the pristine QDs are not given here.

2.3. Preparation of sample cells

ITO coated glass plates have been used to prepare the sample cells for po-

larized optical microscopic measurements. The active area of electrodes was

taken to be 5 × 5 mm2. The required pattern on ITO glass plates was obtained

by the photolithography technique. Thickness of 5 µm between the both glass

plates was uniformly maintained. The planar alignment on the patterned glass

plates was obtained by using the conventional rubbed polyimide technique. The

detailed information about the preparation of sample cells has been reported in

our earlier published papers [31, 36, 37, 38, 39].

2.4. Preparation of DLT-10 hekates mesogens (HMs)-Quantum dots composites

ZnS and ZnS:Mn2+ quantum dots (QDs) suspensions were first prepared in

toluene with a suspension concentration of 1 mg/ml followed by an ultrasonica-

tion for 1 hr to ensure the uniform and stable distribution of QDs in suspensions.

Stability of all suspensions was checked by leaving those for one week under the

ambient conditions. After confirming the stability of suspensions, we prepared

the HMs-QDs composites. DLT-10 mesogens were also dissolved in toluene

to maintain the experimental protocol in which ZnS and ZnS:Mn2+ QDs were

added in a single concentration of 1.0 wt/wt %. These mixtures were subjected

to ultrasonication for 30 min at isotropic temperature of DLT-10. The solvent

was carefully evaporated from the composites and afterward, they were filled in

sample cells by capillary method. The more details about the preparation of

composites have already been reported by us [36, 38].
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2.5. Polarized optical microscopy

QDs are well known dopant for altering the molecular orientation of liquid

crystalline materials; therefore polarized optical microscopy was performed to

analyze the change in the orientation of DLT-10 mesogens. The polarized opti-

cal micrographs (POMs) were recorded at 106 oC by using the polarized optical

microscope, Radical RXLr-5. For this purpose, temperature of the sample cells

was controlled by the INSTEC hot plate (HCS 302). The POMs were cap-

tured by an inbuilt digital camera (Jenoptix ProgresCT3) fixed at the top of

microscope.

2.6. UV-visible, photoluminescence (PL) and Fourier-transform infrared (FTIR)

study

UV-visible absorptions were recorded by using a UV-VIS Spectrophotometer

(ELICO, SL 210). Photoluminescence spectra of the composites were performed

at different temperatures between 30−90 oC by using Agilent Cary Eclipse fluo-

rescence spectrophotometer equipped with Xenon lamp of power 13 Watt (Cath-

odeon AXE 3u). 325 and 400 nm excitation wavelengths (λex) and 10 nm slit

width have been used for all PL measurements. Peltier based thermo-couple

was used to maintain the temperature accuracy of ± 0.1 oC during PL mea-

surements. Excitation wavelengths were selected according to the absorption

characteristics of DLT-10 material. Fourier-transform Infrared (FTIR) spec-

troscopy was performed by using Shimadzu IR Affinity-I at room temperature.

3. Results and discussion

The dispersion of ZnS and ZnS:Mn2+ QDs significantly changes the molec-

ular orientation of HMs which was confirmed by polarized optical microscopy.

The polarized optical micrographs (POMs) are shown in Figure 2. POMs were

recorded at 106 oC with a scale bar of 25 µm for all the samples. On adding

ZnS QDs to DLT-10, a weak induced homeotropy in the molecular orientation

can be observed (fig. 2b). In last decade, several research groups have reported
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Figure 1: Molecular structure of star shaped hekates mesogen DLT-10.

the nanomaterials, like CdSe [40], CdSe/ZnS [41, 42], silica [43], gold [44, 45],

based induced homeotropic orientation in different LC materials. In the present

investigation, weak induced homeotropy in HMs has been observed by ZnS dis-

persion; in which ZnS QDs are expected to form a vertical self assembly which

assists HMs to orient perpendicular to the substrate. In general, the optimized

homeotropic alignment can be achieved if the length of mesogen is being on the

order of tail. In addition to this, surface with strong polarity has also a ten-

dency to induce homeotropic alignment. In our case, the size of QDs is smaller

than that of the stacking distance of hekates-TSANs within the same column

and no strong surface polarity takes place in composite. These two factors have

caused a weak induced homeotropy in composite. The doping of Mn (20 mol

%) in ZnS, enhances the dipolar interactions in ZnS:Mn2+ QDs [19, 31] and

consequently results the formation of smaller columns of HMs,(visualized in fig.

2c), due to the effective short range interactions in HMs−ZnS:Mn2+ composite.

The observed changes in POMs have again proven the self-assembling capability
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of QDs in a soft mesogenic medium.

Absorption and PL emission spectra of the neat DLT-10 and DLT-10/QDs

composites are shown in figure 3. The principal absorption band for DLT-10 is

centered at 402 nm whereas, for DLT-10/QDs composites, it is hypsochromic

(blue) shifted by 46 nm and observed at 356 nm. DLT-10 shows two absorption

peaks at 324 and 402 nm attributed to π−π* and n−π* transitions, respectively

[13]. The absorption wavelengths for ZnS and ZnS:Mn2+ QDs are reported at

305 and 312 nm, respectively (See supplementary Figure S1)[19]. In QDs, ab-

sorption band is analogous to the bandgap of QDs and the blue/red shift in

the absorption spectra is a consequence of quantum confinement effect [46]. In

our investigation, the observed hypsochromic shift in the absorption spectra

of DLT-10/QDs composites is due to the formation of hybrid system and par-

tial overlapping of the absorptions bands of pristine QDs and π−π* absorption

band of the DLT-10 HMs. It should be noticed that the host DLT-10 matrix

represents a supramolecular system and not referred to be a quantum mechan-

ical confined matrix; therefore the shift in photophysical (absorption/emission)

properties is not related to any quantum confinement effects. It is also ob-

served that the magnitude of absorption of the DLT-10/QDs composites has

been diminished in comparison to the pure DLT-10 HMs which is probably due

to the mismatching of the absorption bands of the DLT-10 and QDs. In the

DLT-10/QDs composites, QDs behave like impurity additives that reduces the

absorption property.

PL study of neat DLT-10 and its composites with ZnS and ZnS:Mn2+ QDs

has been carried out in the solution state which is shown in figure 3. It is

reported by Goel et al. [47] that the PL emission of ferroelectric LC−CeO2

system remarkably depends on the excitation wavelength; therefore, we have

also examined this effect. Two excitation wavelengths (i.e. 325 and 400 nm)

have been selected for this purpose and we found that the change in excitation

wavelength only changes the intensity of emission (see supplementary fig. S2).

When we excite a fluorescent material, some energy is dissipated leaving the

fluorophore in the lowest vibrational level. This relaxation takes place in 10−12
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Figure 2: Polarized optical micrographs of (a) DLT-10, (b) DLT-10 dispersed with ZnS QDs

and (c) DLT-10 dispersed with ZnS:Mn2+ QDs at 106 oC.
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Figure 3: Absorption and emission of (a) DLT-10, (b) DLC-10 dispersed with ZnS QDs and

(c) DLC-10 dispersed with ZnS:Mn2+ QDs.
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seconds which is presumably a result of a strong overlap among numerous states

of nearly equal energy. Due to this rapid relaxation, emission spectra are invari-

ant of the excitation wavelength. For recording the PL spectra of neat DLT-10

and its composites with QDs, 400 nm wavelength was taken as excitation source.

This selection criterion was chosen to observe the PL emission that corresponds

to n−π* absorption transition of neat DLT-10 HMs, so that we could only excite

to the DLT-10 HMs. By only exciting DLT-10 HMs, we can investigate the in-

fluence of QDs on the PL properties of HMs without activating the fluorescence

of pristine QDs. It is clear from figure 3 that the neat DLT-10 HMs transmit

blue emission of wavelength 455 nm with a negligible shoulder when their solu-

tions were irradiated with 400 nm absorption maximum. The blue emission of

DLT-10 is attributed to the electron−proton interaction in the hydrogen bond-

ing environment and quenches with the increase in temperature. The detailed

PL emission and its thermal quenching mechanism have already been reported

in ref.[13]; therefore, we only presented a single emission of DLT-10 recorded at

30 oC.

After the dispersion of ZnS QDs in DLT-10 HMs, the PL emission has been

observed to be red-shifted and centered at 476 nm. In addition, PL emission has

also been enhanced which quenches with increasing temperature. DLT-10 HMs

are capable to make hydrogen-bonded environment in solution state in which

electron-proton interactions become stronger due to the dispersion of ZnS QDs

that gives enhanced PL in the composite. As ZnS QDs also exhibit PL emission

at 400 nm; therefore, the second possible reason for the enhancement in PL can

be the exciton resonance between the individual PL emissions of ZnS QDs and

DLT-10.

The doping of Mn2+ ions in ZnS QDs introduces a secondary yellow emis-

sion at 590 nm including a principal blue emission at 435 nm. This secondary

emission is either attributed to the formation of Mn2+ luminescent centers in

the ZnS:Mn2+ QDs or 4T1 to 6A1 transition between the sp electrons of ZnS

and d electrons of Mn2+; but the origin of this emission is still controversial. It

is well known fact that Mn has d5 electronic structure with tetrahedral symme-
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try [19, 31]. When Mn2+ ions are incorporated in ZnS, they occupy the certain

sites of Zn2+ and mixing between s-p electron of ZnS and d electron of Mn2+

takes place. Therefore, forbidden transitions are partially allowed giving rise to

Mn2+ related yellow color PL emission. Borse et al. [20] have also reported that

the large content of Mn in ZnS causes 4T1 to 6A1 transitions between the sp

electrons of ZnS and d electrons of Mn2+, which results an additional emission

band near 600 nm. In DLT-10 HMs−ZnS:Mn2+ QDs composite, two emission

peaks have been noticed at 494 and 575 nm, respectively. The first emission

peak at 494 nm is analogous to principal blue emission wheras secondary emis-

sion at 575 nm is attributed to 4T1 to 6A1 transitions in ZnS:Mn2+ QDs. The

temperature dependence of PL emission for DLT-10 HMs/QDs composites is

also clear in figure 3. Thermal quenching fairly follows the Seitz relation [48]-

I(T ) =
Io

1 +A exp(−Eb/kT )
(1)

where, Eb is the activation energy known as the thermal quenching en-

ergy, k is the Boltzmann constant, A is a constant related to the ratio of the

non−radiative to the radiative recombination rate, and Io is the emission inten-

sity at 0 K.

The quantum yield (QY) of the neat DLT-10 and DLT-10/QDs composites

has been measured at 30 oC by calculating the integrated intensity of the ab-

sorbance and emission spectra [49]. The QY has been calculated with respect to

toluene. The relative QY for the neat DLT-10 HMs [6] and DLT-10 HMs/QDs

composite with the dispersion of ZnS QDs and QYs were found to be 0.29 and

0.73, respectively. The QY for the DLT-10/ZnS:Mn2+ could not be determined

due to the interference of the secondary emission at 575 nm. Accurate calcula-

tion of the relative quantum yields is difficult because of the need to correct for

the changing absorbance of the solution[49].

Figure 4 depicts the Stokes shift (in nm) in DLT-10 and its composites with

QDs. The Stokes shift is the difference between the spectral positions of the band

maxima of absorption and emission spectra for the same electronic transitions
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Figure 4: Stokes shift of pure DLT-10 and it’s composite with QDs.

that signifies the Energy losses during the excitation and emission processes.

The Stokes shifts for DLT-10 and its composites with ZnS and ZnS:Mn2+ QDs

have been found to be 53, 120 and 138 nm, respectively. In DLT-10/QDs com-

posites, the enhanced Stokes shift and the redshift in the emission band are

in agreement with the general experimental observation; suggesting that the

strong intermolecular interactions take place in the composites. Koda et al.

[50] have reported that the shift in the emission peak can also be observed if the

guest dopant occupies few certain positions in the host structure. Taking this

theory into account, we can also explain the red-shift in PL emission. ZnS and

ZnS:Mn2+ QDs can occupy certain sites at the DLT-10 HMs which redistribute

liquid crystalline (mesogenic) field strength. In pure DLT-10, the mesogenic field

strength depends on the degree of interactions between two mesogenic molecules.

After the dispersion of QDs in DLT-10 host matrix, this field strength is influ-

enced by the Guest-Host interactions in composites. In QDs/DLT-10 compos-

ites, the mesogenic-mesogenic interactions (interaction between two successive

DLT-10 molecules) are reduced in comparison to the Guest-Host interactions

between QDs and DTL-10 molecules which cause a red shift in the PL.

The physical interactions between DLT-10 HMs and QDs have been analyzed
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Figure 5: Fourier-transformed infrared (FTIR) spectra of DLT-10 dispersed with QDs.

by using the FTIR spectroscopy. The FTIR spectra of DLT-10/QDs composites

are shown in figure 5. The FTIR spectra were recorded for the wave number

interval of 1500−4000 cm−1 in solution state by taking toluene as solvent. It is

observed that the vibrational bands of DLT-10 HMs between 2500−3500 cm−1

have been modified with the dispersion of QDs. Yelamaggad et al.[13] have

shown that the DLT-10 HMs exhibit three major vibration bands nearly at ≈

3334, 2924 and 2854 cm−1 corresponding to N−H stretching, CH2/CH3 asym-

metric and symmetric stretching vibrations, respectively (see supplementary fig.

S3).

In DLT-10 HMs/QDs composites, the N−H stretching, CH2/CH3 asymmet-

ric and symmetric stretching vibrations have been shifted in comparison to pure

DLT-10 HMs and found to be at 3026, 2919 and 2876 cm−1, respectively. The

large shift in N−H stretching band reveals the formation of composite [51]. In

addition, a new induced band at 2734 cm−1 in DLT-10 HMs/QDs composites is

analogous to the induced S−H stretching, between the QDs and DLT-10 HMs.
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In addition, Liu et al.[52] have also shown that an induced S−H stretching band

can be observed nearly at 2500 cm−1 in the thiol-functionalized mesoporous cal-

cium silicate which supports our hypothesis about the induced S−H stretching

band in the DLT-10 HMs/QDs composite.

4. Conclusions

In summary, the photophysical properties of the star shaped hekates meso-

gens (HMs) derived from tris(N-salicylideneaniline)s core have been investigated

in the presence of an optimized concentration of ZnS and ZnS:Mn2+ QDs.

The neat DLT-10 HMs and its composites with QDs have been characterized

by polarized optical microscopy, UV-visible, photoluminescence and Fourier-

transform infrared (FTIR) spectroscopy. Polarized optical microscopy has re-

vealed that ZnS QDs significantly changes the orientation of HMs by inducing a

weak homeotropy whereas ZnS:Mn2+ QDs break HMs in smaller columns due to

the effective short range interactions. The neat DLT-10 HMs show two absorp-

tion peaks located at 324 and 402 nm attributed to π−π* and n−π* transitions,

respectively and transmit blue emission at 455 nm. The dispersion of ZnS QDs

leads to the enhancement in the PL properties of DLT-10 which is analogous to

the strengthening of electron-proton interactions in the hydrogen bonded envi-

ronment of HMs. In addition, the presence of ZnS QDs causes a red-shift in the

blue emission of HMs. The relative quantum yields (QY) of the neat DLT-10

HMs and DLT-10 HMs/QDs composite with the dispersion of ZnS QDs and

QYs were found to be 0.29 and 0.73, respectively. The presence of ZnS:Mn2+

QDs in DLT-10 offers two emissions; blue emission at 494 nm and yellow emis-

sion at 575 nm. The yellow emission at 575 nm is attributed to the 4T1 to 6A1

transition between the sp electrons of ZnS and d electrons of Mn2+. The Stokes

shift in DLT-10 HMs/QDs composite is found to be increased because of the

re-distribution of liquid crystalline field strength by affecting the effective ionic

contributions in composites. The significant shift in N−H stretching band and

induction of a new S−H stretching band at 2734 cm−1 have confirmed the ex-
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istence of intermolecular interactions between the DLT-10 HMs and QDs. The

present study reveals that HMs/QDs composites are superior to be used in the

luminescent displays. The tunability of blue emission of neat HMs will certainly

open a new scope for the optical devices.
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