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Highlights 

 An AIEE active organic functional material is developed.  
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 PET dynamics and rotational relaxation dynamics of monomers and aggregates were 

explored through time resolved lifetime and anisotropy decay analysis. 

 DLS, elemental mapping of selected area HAADF image and TEM-EDS profiles 

provided visualization of growth process of nano-aggregation. 

 The investigated molecule is susceptible to microenvironmental viscosity changes. 

 

ABSTRACT 

The multifaceted photodynamics of a simple azine based organic functional molecule namely 2-((Z)-

((E)-(pyren-1-ylmethylene)hydrazono)methyl)quinolin-8-ol (PHQ) emphasizing its brilliant 

fluorescence emission redemption properties in aggregation state (AIEE) has been primarily explored 

through absorption and steady state emission techniques. The governing role of photo-induced 

electron transfer (PET) rates and active intramolecular motions of non-interacting PHQ monomers at 

lower water fraction comprising mixed solvent systems have been identified to be the prime reasons 

for non-radiative annihilation of photoexcited states. The transition from weakly emissive to highly 

emissive state has been substantiated through elaborate study using time-resolved photoluminescence 

(TRPL), fluorescence quantum yield and variation of external control experiments. In the current 

study, the increased rotational relaxation time of aggregated hydrosol, responsible for AIEE, is 

investigated using time-resolved anisotropy measurement (TRAM) of different PHQ 

microenvironments, which is unprecedented to the best of our knowledge in AIEE research. 

Interestingly, the high-angle annular dark field-scanning transmission electron microscopy (HAADF-

STEM) image shows one dimensionally grown molecular entity of a single nano-sheet like structure 

of PHQ, which is a unique observation. The average particle size of PHQ aggregates is also increased 

from 84.5 nm to 814 nm corresponding to 10% and 90% fw (water volume %) system respectively. 

The energy-dispersive X-ray spectroscopy (EDX) has also been employed, for the first time in AIEE 

research, which reveals a gradual increase in the amount of carbon within the aggregated 

microstructure with addition of water. The present molecular system PHQ, being a molecular rotor 

system, provides future prospect for probing local microenvironmental viscosities within biological 

systems. 

 

Keywords: Organic functional material, aggregation induced emission enhancement, PET dynamics, 

time-resolved fluorescence anisotropy, TEM-EDX profile, molecular rotor system. 
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1. Introduction 

A paradigm drift towards the evolutionary development of brilliantly luminescent nano/micrometer 

sized highly photoactive organic functional materials (OFMs) have received marked interest in last 

two decades after report of unusual photophysical phenomena termed as ‘Aggregation Induced 

Emission’ (AIE) and ‘Aggregation Induced Emission Enhancement’ (AIEE), coined by Tang and 

Park et. al. in 2001 [1, 2]. These intriguing photophysical phenomena are responsible for transforming 

non-emissive/feebly emissive molecules in their molecularly dissolved solution into brilliantly 

emissive ensemble in non-solvent mixtures/solid state. Aggregation, being intrinsic by nature, is 

exhibited by traditional fluorophores, which are featured with π-conjugated planar polycyclic 

aromatic structures. These fluorophores are thereby capable to strongly interact intermolecularly 

through π-π co-facial stacking of adjacent aromatic rings of monomers that leads to the formation of 

detrimental excimers and/or exciplexes. The resultant excitons contribute to catastrophical emission 

quenching of luminogens in aggregation/solid state (termed as aggregation caused quenching) via 

non-radiative annihilation of excitons which discouraged its solid state application as proficient light 

emitters [3].  

The concept of AIE has been successfully incorporated in diverse ways to transform such ACQ 

active luminogens (ACQgens) to AIE active luminogens (AIEgens) and opened a wide territory by 

surpassing all limitations to design, develop and apply to multifarious real world potential 

applications in aggregation and solid states. This breakthrough discovery has led the way to the 

evolution of high-tech optical and solid state optoelectronic devices such as organic light emitting 

diodes (efficient blue, green, red etc. light emitters), light-emitting liquid crystals (polarized organic 

lasers, anisotropic OLEDs, one-dimensional semiconductors and liquid-crystal displays), optical 

waveguiding emitters, biomedical imaging agent (specific imaging of membrane, lysosome, surface 

protein, mitochondrial tracking, nucleus, etc. and monitoring intracellular microenvironment changes 

such as pH), biological macromolecular probe, chemical sensors of ions, small molecules (amines, 

H2S, VOCs, H2O2, etc.), pathogen imaging and smart materials (exhibits multiple chromic effects 

such as mechano-, thermo-, piezo-, chrono-, vapo- chromisms and organic AIE dots) [4-12].  

   The in-depth exploration of fundamental mechanisms underlying AIEE behaviour of OFMs has 

revealed the governing role of (1) restriction of intramolecular motions (RIM) including rotations 

(RIR) and high amplitude vibrations (RIV), (2) molecular structure (structurally twisted/planar, 

conformationally flexible/rigid), (3) nature of non-covalent interactions between molecules in 

aggregates (H-bonding, electrostatic forces, van der Waal’s interactions, host-guest interactions), (4) 

molecular packing modes (J-type/H-type/irregular), (5) presence of other photophysical processes 

(restriction of twisted intramolecular charge transfer, excited state intramolecular proton transfer), (6) 

close packing modulated assembly leading to weak intermolecular face-to-face π-π interaction 

minimizing the formation of detrimental species like excimer and (7) deactivation of photophysical 
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quenching mechanisms such as photoinduced electron transfer (PET), intramolecular charge transfer 

(ICT) or any other energy transfer processes [13-20]. 

   The eccentric features of AIEgens such as high emission efficiency in aggregation state, strong 

photostability, good thermal stability, large Stokes’ shift, variability in material design, easy synthesis 

and functionalization have brought renaissance to the development of highly efficient AIEE active 

luminogens for diverse applications. The diversity in structural design has led to the successful 

generation of archetypal AIEgens based on derivatives of tetraphenylethene (TPE), triphenylamine 

(TPA), triphenylpyrazine (TPP), silole, cyanostilbene, boron-dipyrromethene (BODIPY), 9,10-

distrylanthracene (DSA), conjugated polymers, triazoles, Schiff base molecules and others [21-30]. 

Among diverse AIEgens, azine based Schiff base AIE systems provide ample opportunities which are 

known for easy synthetic protocols, to develop push-pull molecular structure with D-π-A type 

conjugation through azine bridges in conjunction with excellent chromophoric functionalities [31]. 

These molecules are also featured with wide range of pharmacological properties such as antimalarial, 

antimicrobial, anticancer and anti-tubercular activities which promote their biological significance 

[32]. 

   AIEE active OFMs derived from excellent fluorogenic units such as azine bridged pyrene 

functionalized Schiff base molecules have received marked interest owing to multiple excellent 

photophysical properties such as high fluorescence efficiency, large fluorescence quantum yield, 

relatively longer average excited state lifetime, high molar absorption coefficient, polarity sensitive 

emission signals, ratiometric emission responses, excellent charge carrier mobility, thermal and 

chemical stability. Most importantly, it has the ability to interact with adjacent monomers owing to π-

π stacking of planar polycyclic aromatic rings to form dimeric structures which may be triggered by 

specific microenvironmental changes giving rise to excimer emission signal which provides an 

additional handle to modulate AIEE emission in aggregation state [33, 34]. Moreover, the molecular 

platform 8-hydroxyquinoline has been widely utilized in OFMs because of its high fluorescence, non-

toxicity and suitable functionality to offer stability through inter- and intramolecular hydrogen 

bonding interactions, and also provide opportunity to introduce other chromophoric units by suitable 

substitution at its peripheral positions [35].   

 Prompted by the above facts, herein we have endeavored to shed light on photophysical properties 

of an azine based Schiff base probe, 2-((Z)-((E)-(pyren-1-ylmethylene)hydrazono)methyl)quinolin-8-

ol (PHQ), which resembles a molecular rotor system comprising of pyrene and hydroxyquinoline 

units tethered to a central azine stator. The presence of hydrophobic pyrene moiety in PHQ provides 

water insolubility features owing to which aggregation is promoted and brilliant AIEE is realized 

under UV irradiation. 

  

 

2. Experimental section 
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2.1. Materials and instruments 

All spectroscopically grade chemical reagents and analytical grade solvents were purchased from 

commercial suppliers and directly used without any subsequent refinement. Aqueous solutions were 

prepared in Sartorius arium 18.2 MΩcm-1 ultrapure water. Elemental analysis (C, H and N) were 

performed by using Perkin Elmer 2400 CHN analyzer. 1H NMR spectra were recorded on a Bruker 

Advance 400 (400 MHz) or Agilent Technologies DD2 600 (600 MHz) for routine characterization of 

compounds. Chemical shifts were quoted in parts per million shift (δ value) referenced to Me4Si (δ 0 

for 1H) or based on the middle peak of the solvent (CDCl3) (δ 7.26 for 1H NMR and δ 77.00 for 13C 

NMR) or DMSO-d6 (δ 2.50 for 1H NMR and δ 40.00 for 13C NMR) as an internal standard. Coupling 

constants (J) were reported in hertz unit (Hz). Signal patterns are represented as ‘s’ for singlet, ‘d’ for 

doublet, ‘t’ for triplet and ‘m’ for multiplet. The HR-MS spectra were recorded in a micrOTOF-QII 

Bruker Daltonics using ESI technique. FT-IR spectrum of compounds were recorded on a Bruker 

ALPHA II (ATR-FTIR) spectrometer and reported in wavenumbers (400-4000 cm-1). Dynamic light 

scattering (DLS) measurements were performed on a Brookhaven 90Plus/BI-MAS particle size 

analyzer (Holtsville,NY) at wavelength of 658 nm with scattering angle of 90⁰. HPLC experiments 

were performed in HPLC system from Waters 2487 with dual λ absorbance detector with λ = 290 nm; 

Rp-C18 column, X-Bridge from Waters with dimension of 4.6 x 150 mm having particle size of 5µm 

and mobile phase used was A = 0.1% phosphoric acid in Water; B = 90% acetonitrile. The gradient of 

proper solvent (100 µl) was run for 15 min with a flow rate of 1 ml/min. To investigate the 

morphological characteristics, transmission electron microscopy (TEM) images were taken using field 

emission transmission electron microscopy (FE-TEM; Tecnai TF-30 ST). The TEM samples were 

prepared by drop casting the water (or water-ethanol) suspension of each samples on a 300-mesh 

copper grid. UV-visible absorption spectral studies were performed on a Shimadzu UV-1800 

spectrophotometer and steady state fluorescence spectra were recorded using a HITACHI F-2500 

spectrofluorimeter, respectively, using 10 mm path length quartz cuvette with excitation and emission 

slit widths 5/5 nm. The PMT voltage was kept at 700V and the scan rate was 5 nm.s-1. 

 

2.2. Synthetic details of PHQ 

The compound PHQ was prepared in two steps through the procedure reported from our group 

recently [36]. In brief, pyrene carboxaldehyde hydrazone (PH) was synthesized in first step by one pot 

condensation reaction between equimolar ratio of pyrene-1-carboxaldehyde and hydrazine hydrate in 

ethanol and refluxing the mixture for 6-7 h [37]. In second step, 8-hydroxyquinoline-2-

carboxaldehyde was refluxed with equimolar ratio of PH in ethanol for 4-5 h in the presence of 

catalytic amount of acetic acid and obtained as a bright orange yellow solid. The synthesis of PHQ is 

illustrated in Scheme 1 and analytical results are described here and depicted in supplementary 

information (SI). Yield: 85%. Anal. Calcd for C27H17N3O: C, 81.19%; H, 4.29%; N, 10.52%; Found: 
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C, 81.03%; H, 4.36%; N, 10.65%. FT-IR, ν, cm-1: 3440 (O-H), 1620 (C=N), 1560 (C-N), 1460 (C=C), 

1250 (C-O). 1H NMR (400 MHz, DMSO-d6, δ (ppm)) δ: 9.17 (1H, d(ArH), J = 12 Hz), 8.95 (1H, s(-

CH=N)), 8.80 (1H, d(CH), J = 8 Hz), 8.49-8.41 (5H, m(ArH)), 8.37-8.28 (4H, m(ArH)), 8.17 (1H, s(-

CH=N)), 7.57-7.48 (2H, m(ArH)), 7.2 (1H, d(CH), J = 8 Hz), 5.75 (1H, s(OH)). 13C NMR (400 MHz, 

DMSO-d6) δ: 112.79, 118.38, 121.97, 123.68, 124.14, 124.63, 125.73, 126.51, 126.82, 127.07, 

127.39, 127.96, 129.67, 129.82, 130.63, 132.50, 133.77, 135.84, 136.57, 138.96, 151.41, 154.29, 

161.74, 162.13. HRMS: TOF MS-ES+ (m/z) calculated for C27H19N3O [M+2H]2+ 401.44, found 

401.15. 

 

 

Scheme 1. Synthetic route for PHQ. 

2.3. Sample preparation for UV-visible and fluorescence spectroscopic studies 

   For AIEE experiment, a stock solution of PHQ (5x10-4 M) was prepared in ethanol (10 ml) and 10 

sets of blank solvent mixtures of ethanol and water (10 ml each) were prepared by varying water 

volume fractions from 0% to 95%. In each set, 0.4 ml stock ligand solution was added after discarding 

same volume of blank solvent mixture to fix the final concentration at 20 µM.  

 

2.4. Fluorescence quantum yield in solution 
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   The fluorescence quantum yield of ligand PHQ in different water volume fraction (fw) comprising 

solution were determined in appropriate solvent mixture (ethanol+H2O) with the reference solution of 

optically matching anthracene in ethanol with known Фs = 0.27 regarded as standard at an excitation 

wavelength of 360 nm. The following equation [38] is used:     

Фsample = Фstandard

Isample . ODstandard . η
sample
2

Istandard . ODsample . η
standard
2

            (1) 

 

where, I represent integrated area under the fluorescence emission spectral curve; OD is the optical 

density at the excitation wavelength and η is the refractive index of the solvents. 

 

2.5. Computational method 

   The geometry of the ground state structure of PHQ, electronic charge distribution of highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) as well as 

HOMO-LUMO energy gap were quantum chemically computed based on density functional theory 

(DFT) with the B3-LYP functional and the 6-311G (d,p) basis set by employing the Gaussian 09 suite 

of programs [39-41]. 

 

2.6. Time resolved emission studies 

   Fluorescence lifetimes were determined from time-resolved intensity decays by using time 

correlated single photon counting (TCSPC) technique in commercial instrumental set up (DeltaFlex, 

Horiba Scientific) by using an excitation source of laser diode of 375 nm (NanoLED, Horiba 

Scientific) with pulse duration ˂ 100 ps and picosecond photon detection module (PPD-650) as 

detector. The decays were collected at emission maximum of sample and analyzed using DAS 6 

decay analysis software and full instrumental control with data collection, fitting and analysis were 

performed using EzTime software. The instrumental resolution is upto 25 ps of lifetime decay times. 

The instrumental response function was collected at 375 nm by using colloidal solution of silica 

particles (LUDOX, HS-30, Sigma Aldrich) which has FWHM around 188 ps with peak count of 

5000. The goodness of fits performed was evaluated by χ2 criterion.  

 

2.6.1. Fluorescence lifetime studies 

   Time resolved fluorescence spectra were recorded at the concentration of 20 µM of PHQ solution at 

emission maximum of sample keeping polarization at the magic angle (54.5⁰) and peak preset at 

10,000 counts. The average fluorescence lifetimes (τav) of bi-exponential decays for different 

aggregated species were calculated using the following equation: 

                           τav =
α1τ1 + α2τ2

α1 + α2
                             (4) 
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where, α and τ represent amplitudes and decay times, respectively. In addition, radiative rate constant 

(kr) and non-radiative rate constant (knr) were calculated from the following equation [42]: 

                           τav =
1

kr + knr
                                    (5)   

 

                            kr =
Ф𝑓

τ𝑓
                                            (6) 

 

where, ϕf and τf represent fluorescence quantum yield and decay time of corresponding 

species, respectively. 

 

2.6.2. Fluorescence anisotropy studies 

   For anisotropy decay measurements, the same instrument was used. Anisotropy function [r(t)] is 

defined using the following equation: 

r(t) =
IVV(t) − GIVH(t)

IVV(t) + 2GIVH(t)
                                (7) 

 

where, IVV and IVH represent emission intensities obtained with vertically polarized excitation laser 

beam while the emission polarizer oriented vertically and horizontally, respectively. The emission 

intensities at each polarization position (IVV and IVH) were collected alternatively until a peak preset 

difference of 20,000 was reached.  

   The G-factor is defined as: 

     G =
IHV

IHH
                                                           (8) 

 

where, emission intensities IHV and IHH  represent excitation polarizer is horizontal with emission 

polarizer vertical and horizontal, respectively which signifies correction factor for the detector 

sensitivity to the polarization detection of the emission [43, 44]. 

Average rotational relaxation times (ϕav) for bi-exponential decays were calculated from decay 

times (ϕ1 and ϕ2) and the corresponding amplitudes (β1 and β2) by using the following equation: 

 

   ϕav =  β1ϕ1 +  β2 ϕ2                                                             (9) 

3. Results and discussion 

3.1. Preliminary photophysics and theoretical studies 
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The compound PHQ is effortlessly soluble in common organic solvents such as THF, 

dichloromethane, acetone, ethanol, methanol, DMF, DMSO and acetonitrile but it is completely 

insoluble in water. In pure ethanol (c = 20 µM), PHQ exhibits three prominent absorption bands 

centered at 290, 385 and 406 nm (Fig. 1a). The two absorption bands perceived at 290 and 385 nm 

resembles the characteristic absorption features of pyrene moiety and the absorption band at 406 nm 

originates from azomethine absorption. We have also employed DFT and time dependent density 

functional theory (TDDFT) based quantum chemical computations to optimize the ground state 

geometry and to find electron density distribution throughout the conjugated system. The optimized 

structure of PHQ, as depicted in Fig. 1b, reveals a large angle of deviation between the plane of 

pyrene moiety and hydroxyquinoline (HQ) counterpart conjugated through azine linkage which 

establishes twisted conformation of PHQ. The computed absorption profile of PHQ displays a strong 

band at 284 nm with oscillator strength (f) of 0.24 and excitation energy of 4.36 eV while another 

band at 390 nm with large oscillator strength (f) of 0.48 and low excitation energy of 3.17 eV showing 

marginal deviation from experimental absorption spectrum of PHQ by only 5 nm (Fig. S5). The 

computed strong absorption band at 390 nm derives from the HOMO-LUMO transition which is 

indicative of charge transfer (n→π*) transition while the computed band at 290 nm mainly derives 

from HOMO-1 to LUMO+1 transition with the contribution of π-bonding orbital of imine 

functionalized HQ moiety to the respective π-antibonding orbital of entire PHQ molecule (Table S1, 

Fig. S6). The HOMO and LUMO energy levels of PHQ are shown in Fig. 1c. From the calculated 

data, the HOMO-LUMO energy gap of PHQ is found to be 3.15 eV, much lower than the calculated 

energy band gap of parental pyrene fluorophore alone (3.80 eV) which is symptomatic of extension of 

π-conjugated system of pyrene aromatic rings with HQ group through azine linkage. From the above 

figure, it is also divulged that the electron densities of HOMO energy level are localized within 

pyrene moiety and azine group, whereas LUMO electron densities are delocalized mainly over azine 

and HQ moiety with a little distribution over aromatic rings of pyrene fluorophore. This remarkable 

electron density conveyance from pyrene side to the dynamic HQ rotor is facilely opening the non-

radiative dissipation energy channels of excited monomeric PHQ in its dispersed solution resulting in 

quenched emission characteristics of the synthesized fluorophore.  
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Fig. 1. (a) Absorption spectral changes of PHQ (20 µM) in different ratio of ethanol/H2O (v/v) 

mixtures, (b) optimized geometry of PHQ and (c) electron density distribution of frontier molecular 

orbitals of PHQ calculated by using B3LYP/6-311G(d,p) as implemented on Gaussian 09 suite of 

programs.  

The emission spectral profile of PHQ (20 µM) in ethanol displays a feeble broad emission band 

located at 460 nm upon excitation at 380 nm (Fig. 2a). This is suggestive of the predominance of non-

radiative dissipation energy channels of the photoexcited fluorophore. AIEE aspects of PHQ are now 

explored in detail. 

 

3.2. UV-visible absorption and steady state photoluminescence study 

To investigate that whether PHQ is a potent AIEE active luminogen or not, we employed the most 

familiar good solvent-poor solvent photoluminescence (PL) test. PHQ is copiously soluble in its good 

solvent ethanol but insoluble in its poor solvent water. So, we analyzed AIEE behaviour of PHQ at 

fixed 20 µM concentration in ethanol solution with gradual addition of different volume percentages 

of water (fw) ranging from 0% to 95% (v/v) with the help of absorption and fluorescence 

spectroscopy. As shown in Fig. 1a, a dilute (20 µM) solution of PHQ in pure ethanol displays 

structured absorption bands centered at 290 and 385 nm with a shoulder band at 406 nm. 

Interestingly, upon incremental addition of water from 10% to 50% in ethanolic PHQ solution, a 

trend of decreasing absorbance with concomitant blue shift of absorption maxima in the range of 350-

450 nm is clearly observed. Further addition of water (60% to 95% fw) results in significant 

bathochromic shift alongwith spectral broadening of absorption feature from 367 nm to 450 nm as 

highlighted by a red color rectangle in Fig. 1a. When fw ≥ 70%, the absorption features of isolated 

PHQ molecules is completely lost with the emergence of a broad absorption band centered at ~450 

nm in the whole visible region of 400-700 nm producing leveling of tails in longer wavelength region 

Jo
ur

na
l P

re
-p

ro
of



which clearly implies the Mie scattering effect caused by the light scattering of suspended newly 

developed self-assembled nano-aggregated species [45].  This significant hypsochromic shift of 

absorption bands with decreasing absorbance (0-50% fw) reveals the formation of steric crowdedness 

(of bulky molecular rotor units) balanced oblique H-type of parallel nano-aggregated (i.e., face-to-

face interaction) self-assembly of twisted molecular monomeric species [46]. Further addition of 

water (50-95% fw) has actually emanated dense packing of monomers within continuously growing 

aggregates and highly π-extended improved conjugation between planarized monomers resulting in 

significant bathochromic shift in absorption spectra. This observation clearly suggest the presence of 

aggregated species involving PHQ and further verified by both steady-state and time-resolved 

emission studies.  

   It is to be noted that in order to clear the ambiguity that one may arise in aspect of AIEE activity of 

Schiff base (PHQ) to be the reason for fluorescence emission enhancement or the trend of increasing 

emission intensity is a result of hydrolysis and subsequent aggregation of starting fluorogenic 

aldehyde in addition of water, we have recorded UV-visible absorption spectra of parental aldehyde 

and amine, and compared with PHQ both in ethanol and in aqueous organic solvent. We have found 

that the absorption spectral feature of the above mentioned molecules are significantly different with 

minimal spectral match (Fig. S7). Furthermore, literature survey reveals that the intrinsic hydrolytic 

stability of hydrazones as compared to imines are much higher owing to the presence of a resonating 

structure in which negative charge density is present on imine carbon due to electronic delocalization 

of nitrogen (N2) lone pair (C1=N1-N2). This results in reduction of electrophilicity of imine-carbon and 

imparts stability towards hydrolytic cleavage [47, 48]. Lastly, we performed reversed-phase high-

performance liquid chromatography (RP-HPLC) of PHQ in absence and presence of water (Fig. S8 

and S9). The results show the presence of one chromatographic peak at the retention time t = 4.53 min 

which can be assigned to PHQ and appeared in both the chromatograms at the same position. Since 

after addition of water (Fig. S9), no other chromatogram appeared which clearly eliminates the 

chances of hydrolysis of PHQ. Thus, the present hydrazone PHQ can be regarded as a potential 

candidate for AIEE undoubtedly. 

As shown in Fig. 2a, the steady state photoluminescence (PL) spectral signal of PHQ (20 µM) in 

pure ethanol displays a feeble and broad emission band centered at 460 nm upon excitation at 380 nm. 

So a combination of high absorbance and very low emission is a clear indication of draining out of 

excited state energy via non-radiative pathways. Intriguingly, an overwhelming enhancement of 

fluorescence intensity is progressively achieved upon gradual addition of water from 10% to 90% in 

ethanolic solution of PHQ resulting in nearly 52 fold and 27 fold of PL signal enhancements with a 

spectral red shifts of 5 nm and 10 nm of emission maxima corresponding to 90% and 95% volume 

fractions of water respectively compared to weak emission band maxima of PHQ in pure ethanol. The 

drop of emission intensity of PHQ hydrosol in aqueous-ethanol solution (95%,v/v) suggest a decrease 

in solvating power of such higher water content system resulting the deviation from the formation of 
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larger sized crystalline aggregates to smaller sized amorphous aggregates of PHQ fluorophores. 

These changes can be readily visualized by a remarkable turn-on fluorescence response under UV 

light illumination in 90% water content system as compared to 0% water content system (Fig. 2a, 

inset). 

 

 

Fig. 2. (a) Fluorescence spectral changes of PHQ (20 µM) in different ratio of ethanol/H2O (v/v) 

mixtures. Excitation = 380 nm, emission = 460 nm, slit = 5/5 nm; inset: Visual fluorescence color 

changes of PHQ (20 µM) in 0% and 90% fw mixtures under 365 nm UV light illumination. (b) 

Relative quantum yield variation of PHQ (20 µM) in 0-95% water volume fractions. 

   To analyze quantitatively the fluorescence switch ON transition property of molecular system, we 

estimated the fluorescence quantum yield (Фf) values of PHQ (20 µM) in different ethanol-H2O 

mixed binary solvent system using anthracene in ethanol as the reference. The Фf value of pure 

ethanol solution of PHQ is as low as 0.0016 which almost remained constant upto 40% water volume 

fraction in ethanolic solution indicating the majority of population of PHQ monomers. Interestingly, 

the aggregation phenomena between PHQ monomers through excimer formation initiated from 50% 

fw solution resulting in a continuous increase of population of aggregated fluorophores which is 

crystal clear from the trajectory of linear change of Фf  values from 50% to 90% fw mixtures resulting 

in a 100 fold improvement of emission quantum yield compared to its pure ethanol solution (Fig. 2b).  

 

3.3. Time-resolved fluorescence lifetime study 

   To confirm the AIEE activity of PHQ, we relied on the measurement of excited state fluorescence 

lifetime of fluorophore in different ethanol-H2O mixed solvent system. Fig. 3a shows the excited-state 

decay curves of PHQ using TCSPC technique upon excitation at 375 nm, and the emission was 

collected at 460 nm in variable water content system. In all the solvent systems, PHQ exhibits bi-

exponential decay behaviour with short- and long-lived decay components and all the fitted decay 
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parameters are enlisted in Table 1. It is to be noted that although PHQ in 0% fw fraction is best fitted 

in bi-exponential decay law but the contribution of long-lived decay component is almost negligible 

(only 5%) of total population confirming the prevalence of only one type of molecular system 

(monomeric species) in this present solvent medium. Time-resolved photoluminescence (TRPL) 

spectral data divulged  ̴ 2.5 fold enhancement of average fluorescence lifetime (τavg) from 1.58 ns to 

3.71 ns revealing a transformation of nature of microenvironment of species due to change in water 

fraction from 0% to 90%. 

 

 

Fig. 3. (a) Time-resolved fluorescence decays (bi-exponential) of PHQ (20 µM) in mixed water-

ethanol system with 0, 20, 40, 50, 60, 70, 80 and 90% volume fractions of water; time- resolved 

fluorescence anisotropy decays and fits of PHQ (20 µM) in (b) 0%, (c) 50% and (d) 90% fw system. 

Excitation = 375 nm, emission = 460 nm, bandpass = 16 nm. 

Table 1. Photophysical parameters of PHQ such as fluorescence quantum yield (Фf), fluorescence 

lifetime (τavg), electron transfer rate constant (ket), radiative rate constant (kr), non-radiative rate 
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constant (knr) in different ratio of ethanol-H2O binary solvent mixtures measured at room temperature 

(25⁰C). Concentration = 20 µM, excitation source = 375 nm nanoLED, emission = 460 nm, bandpass 

= 16 nm. For fluorescence quantum yield measurement, anthracene (in ethanol) was taken as 

reference. 

 

 

Uninterrupted intramolecular rotations and large amplitude vibrational modes of non-interacting 

isolated molecules with freely rotatable rotors linked to a central stator by means of C-C, C-N and N-

N single bonds are responsible for consuming excited state energy and serves as a relaxation channel 

for the excited states of fluorophores to decay back non-radiatively to the ground state [49]. The weak 

fluorescence of PHQ is mainly attributed to active intramolecular twisting motions of pyrene and HQ 

rotors against central azine stator and PET due to electron transmission from azinyl nitrogen lone 

pairs to appended fluorophoric system, as clearly evident from the HOMO-LUMO electron density 

delocalization pictures obtained from theoretical calculations (Fig. 1c), which has been 

commonly found in other pyrene-based Schiff bases as reported by other research groups [50, 

51]. The dynamics of PET process can be evaluated by analyzing the TCSPC data which 

reflects the presence of two predominating excited state species (with lifetimes τ1 and τ2 and 

their relative amplitudes as α1 and α2 respectively). The shorter decay component can be 

Sample τ1 

(ns) 

τ2 

(ns) 

α1 

(%) 

α2 

(%) 

τavg 

(ns) 

χ2 ket 

(109s-1) 

Фf kr 

(109 s-1) 

knr 

(109s-1) 

PHQ+ 

0%H2O 

1.48 3.25 95 5 1.58 1.22 

 

0.37 0.0016 0.001 0.634 

PHQ+ 

20% H2O 

0.74 5.18 91 9 1.12 1.21 

 

1.16 0.0017 0.0015 0.8952 

PHQ+ 

40% H2O 

0.45 2.88 74 26 1.08 1.07 

 

1.87 0.0046 0.0043 0.9259 

PHQ+ 

50% H2O 

0.75 3.90 71 29 1.67 1.00 

 

1.08 0.014 0.0084 0.5890 

PHQ+ 

60% H2O 

1.21 4.67 71 29 2.21 1.08 

 

0.61 0.0449 0.0203 0.4316 

PHQ+ 

70% H2O 

1.74 5.02 71 29 2.69 1.08 

 

0.38 0.0853 0.0317 0.3399 

PHQ+ 

80% H2O 

2.40 5.29 71 29 3.25 0.99 

 

0.23 0.1211 0.0373 0.2708 

PHQ+ 

90% H2O 

2.88 5.29 65 35 3.71 1.08 

 

0.16 0.1587 0.0427 0.2268 
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ascribed as non-interacting isolated molecules where quenching (deactivation) of the excited 

pyrene moiety by nitrogen of azine group is predominating photophysical process whereas the 

long-lived decay component is associated with the aggregated hydrosol where unquenched 

decay is predominating phenomenon. The rate constant of photoinduced electron transfer (ket) 

can be evaluated by the following equation [52]: 

                                       ket =
1

τs
−

1

τL
                                           (10) 

where, τS is the lifetime of short-lived component and τL corresponds to lifetime of long-lived species. 

The obtained values which are in the order of 109 explicitly establishes that PET is major 

photophysical process operating in the present system. Initially, a noticeable reduction in average 

lifetime (τavg) is perceived with concomitant decrease in τ1 and τ2 (0-40% fw) due to increased rate of 

intramolecular electron transfer (such as PET) within monomers with increase in polarity of solvent 

system which is prevalent in system before aggregation is boosted [53, 54]. 

When fw ≥ 50%, aggregation is really triggered resulting in dramatic 12 fold reduction in electron 

transfer rate constant of PHQ from 40% to 90% fw comprising solution which unequivocally 

corroborates that suppression of PET is the major factor to transform nearly non-luminescent 

monomeric PHQ to highly emissive nano-aggregates. In conjunction with PET, the smooth increase 

of relative contribution of long-lived components (α2) and concomitant decrease of short-lived 

components (α1) towards lifetime of each individual species upon gradual addition of water to 

ethanolic PHQ solution strongly declare the molecular association of isolated PHQ monomers 

through multiple non-covalent intermolecular interactions such as hydrogen bonding interaction of 

azine donor with adjacent monomers as well as solvent water to form a stable self-assembled 

molecular system. This molecular assembly is much more rigid owing to physical restraint associated 

with space limitation and relatively more planar conformational packing resulting in highly extended 

conjugation that can proficiently inhibit non-radiative annihilation pathways by blocking PET and 

restricting intramolecular motions (RIM) which, in turn, facilitates the opening of radiative dissipation 

energy channels rendering the aggregated hydrosol magnificently emissive. The mechanism is well 

corroborated with the changes of radiative rate constants (kr) and total non-radiative rate constants 

(knr) for each solvent system as evident from Table 1. The data suggest nearly 3 fold reduction in total 

non-radiative rate constants and a significant (43 fold) enhancement of radiative rate constant values 

for ethanol-H2O (1:9, v/v) mixture. 

 

3.4. Time-resolved anisotropy study 

   The fluorescence depolarization technique is also employed to shed some extra light on the nature 

of microenvironment around the fluorophore in different ethanol-H2O solvent system, which is a 

unique analysis performed for the first time in AIEE research. Anisotropy decay traces of PHQ in 

Jo
ur

na
l P

re
-p

ro
of



0%, 50% and 90% fw solvent systems are shown in Fig. 3(b-d). In pure ethanol (fw = 0%), the decay is 

well fitted in single exponential decay law with χ2 = 1.01 which is suggestive of the presence of single 

component in the current system. Also, in this system, rotational relaxation time is obtained as low as 

0.314 ns which is suggestive of very fast rotational diffusion of free monomers in homogeneous 

solution. In contrast, at higher water content (fw = 90%) of PHQ in ethanol, anisotropy decay traces 

are found to have slower decay features with the distinct ‘dip and rise’ characteristics which was best 

fitted with a bi-exponential decay law with a χ2 value obtained as 1.2 which also infers the presence of 

two predominant species in the present system. This system comprises of a slow and a fast rotational 

correlation times (Table 2). At intermediate water concentrations (fw = 50%), slower decay with less 

rising characteristics as compared to 90% fw system is perceived indicating initiation of aggregation 

phenomena. The presence of shorter component can be attributed to unperturbed random rotation of 

unrestricted monomers in bulk environment whereas the longer component can be attributed to 

restricted rotation of monomers in nano-aggregated self-assembled heterogeneous microenvironment 

[55].  From the Table 2, it is found that the average rotational relaxation time (Фav) is also increased 

from 0.314 ns to 0.713 ns corresponding to 0% and 90% fw solution respectively, indicating an 

imposement of restriction to the free rotations of distinct fluorophores with increasing water 

concentrations which directly evident the formation of self-aggregated assembly with enhanced 

rigidity and effective dimensions.  

 

Table 2. Dynamic parameters of time-resolved fluorescence anisotropy of PHQ in different solvent 

system (0%, 50% and 90% fw system). Excitation = 375 nm, emission = 460 nm, bandpass = 12 nm, 

peak count = 10000, FWHM (IRF) = 188 ps. 

 

Environment 

of PHQ 

 

β1 

 

ϕ1(ns) 

 

β2 

 

ϕ2 (ns) 

 

χ2 

 

Фav (ns) 

 

PHQ + 0% 

H2O 

 

1.0 

 

 

0.314 

 

 

- 

 

 

- 

 

1.012 

 

 

0.314 

 

 

PHQ + 50% 

H2O 

 

-0.36 

 

0.505 

 

0.64 

 

0.386 

 

1.303 

 

0.428 

 

PHQ + 90% 

H2O 

 

-0.03 

 

 

 

12.577 

 

 

0.97 

 

 

0.346 

 

 

1.2043 

 

 

0.713 
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3.5. External control experiments: Paving fundamental mechanism 

3.5.1. Steady state spectroscopic studies 

In order to validate the role of intramolecular motion on the luminescence behaviour of PHQ, the 

effect of viscosity as an external control experiment on the fluorescence properties of PHQ has also 

been explored with the help of steady-state fluorescence measurement of PHQ (20 µM) in different 

mixed viscous solvents prepared by ethanol-glycerol mixtures from 0% to 90% weight fractions of 

glycerol [56]. It has been observed that the intensity of the emission band centered at 455 nm swiftly 

increases with increasing glycerol weight fractions in ethanol. At room temperature, the fluorescence 

intensity of PHQ in ethanol-glycerol (1:9, v/v) medium is more than two fold higher than that in pure 

ethanol. In order to check whether the origin of enhanced fluorescence intensity is solely due to 

restricted motion of PHQ in increased viscous solvent systems or the increased number of glycerol 

molecules with increase in glycerol fractions is also interplaying any intermolecular interaction with 

PHQ or not, temperature of the system is varied by fixing the number of glycerol molecules by 

monitoring fluorescence intensity changes of PHQ in glycerol/ethanol (1:1, v/v) medium. It is well 

known that decrease in temperature increases the viscosity of any medium. As evident from Fig. 4, the 

lowering of temperature results in significant enhancement of fluorescence intensity at 455 nm. As in 

this solvent system, the number of glycerol molecules remains same, the temperature change solely 

changes viscosity of the aforementioned solvent system that has boosted emission intensity due to 

obstructed motion of PHQ only. These observations divulged that increasing solvent viscosity and 

lowering temperature can efficaciously hamper the intramolecular motions of PHQ monomers and 

thus blocks the non-radiative excited state dissipation energy channels. As a consequence, radiative 

deactivation channels are opened furnishing the fluorogen to emit more. Thus, RIM plays a pivotal 

role in imposing AIEE property to luminogen PHQ which can be concluded as a molecular rotor 

system. 
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Fig. 4. (a) Fluorescence spectra of PHQ (20 µM) in ethanol-glycerol mixtures with different weight 

fractions of glycerol (fgly = 0%, 10%, 30%, 50%, 70% and 90%) measured at 298 K. (b) Fluorescence 

spectra of PHQ (20 µM) in glycerol/ethanol mixture (fgly = 50%) measured at different temperature 

(283 K, 293 K, 303K and 313 K). λex = 380 nm, slit = 5/5 nm. 

3.5.2. Time-resolved PL studies 

In order to further shed light on the origin of such spectral changes, we relied on the measurement of 

fluorescence lifetimes of PHQ in ethanol/glycerol mixtures of different viscosities (Fig. 5 and table 

S2). Interestingly, average fluorescence lifetimes are observed to increase from 1.57 ns to 1.74 ns by 

increasing glycerol weight fractions in ethanol from 0% to 90%. This abrupt change in fluorescence 

lifetimes of PHQ is realized owing to competitive population in two different electronically excited 

states (emissive state and non-emissive dark state) [57, 58]. Efficient intramolecular motion of PHQ 

molecules in lower viscous solvents populate the dark non-emissive states that decay back to ground 

state via non-radiative deactivation channels leading to weaker emission characteristics. As solvent 

viscosity is increased around the fluorophores, the active rotations (or motions) of pyrenyl and 

hydroxyquinolinyl rotors are effectively blocked resulting in increased population of those 

electronically excited states that result in photon emission leading to enhanced fluorescence emission 

with increased fluorescence lifetimes. Thus, PHQ can be regarded as a potential candidate for 

mapping local microenvironmental viscosities within biological systems. 
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Fig.5. Time resolved photoluminescence spectra of PHQ (20 µM) in ethanol-glycerol mixtures with 

different weight fractions of glycerol in ethanol measured at 298 K. fgly = 0% (cyan color spheres) and 

90% (olive color spheres). Excitation = 375 nm, emission = 460 nm, bandpass = 12 nm, peak count = 

10,000. 

3.6. Dynamic light scattering (DLS) study 

   To further certify the intriguing AIEE process of PHQ, DLS study of PHQ (20 µM) in different 

ethanol-H2O mixtures with water volume fractions of 10%, 30%, 50%, 70% and 90% have also been 

estimated. As a result, the average particle size (mean diameter) of PHQ aggregates are obtained as 

84.5 nm, 110 nm, 429 nm, 750 nm and 814 nm in 10%, 30%, 50%, 70% and 90% fw respectively 

which clearly certify the formation and growth of nano-level aggregates of PHQ with increasing 

water fractions in ethanol (Fig. 6). 
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Fig. 6. Particle size distribution analysis of PHQ (20 µM) in mixed aqueous solutions (ethanol/H2O) 

of (a) 10%, (b) 30%, (c) 50%, (d) 70% and (e) 90% volume fractions of water estimated by DLS 

measurements. 

3.7. Morphological studies 

In addition to average particle size, the discrimination in morphology of growing aggregated hydrosol 

as compared to the dispersed state of PHQ has also been investigated in different mixed aqueous 

solution by performing TEM imaging studies. The TEM images confirmed the exact pattern of nano-

level aggregation features of PHQ (Fig. 7(a-c)). The High-Angle Annular Dark Field (HAADF) 

image shows one dimensionally grown molecular entity of a single nano-sheet like structure of PHQ. 

Also for the first time we have performed elemental mapping analysis in AIEE research. The 

elemental mapping of the selected area HAADF image (Fig. 7d) confirms the presence of constituent 

elements that is one dimensionally distributed over single molecular sheet. With gradual addition of 

water, the one dimensional sheet that possesses parallel stacking, forms an irregular nano-plated 

morphology and eventually larger number of PHQ monomers are aggregated and forms a random 

coiled microstructure with the average dimension of 814 nm. By this investigation, we have 

successfully visualized in a unique way the initiation and growth of aggregation phenomena of azine 

based Schiff base AIEgen PHQ. 
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+ 

Fig. 7. HR-TEM images of PHQ (20 µM) in different aqueous-ethanol mixtures with fw = (a) 10%, 

(b) 50% and (c) 90%; (d) elemental mapping in aggregated material (obtained from fw = 90% mixture) 

and (e) TEM-EDX spectra of PHQ in fw = 10%, 50% and 90% water content system. 

 

Lastly, in order to understand the extent of aggregation, we have performed selected area 

energy dispersive X-ray spectroscopic study (TEM-EDX) of PHQ in 10%, 50% and 90% fw 

solutions with almost same nano-scale dimension which is unprecedented to the best of our 

knowledge in AIEE research (Fig. 7e). The results clearly indicate that the amount of carbon 

within the aggregated microstructure gradually increases with addition of water, which also 

corroborated with the particle size distribution results.  

All the detailed studies performed above concretely declare that PHQ is an emblematic AIEgen. 

The whole phenomena can be understood from the diagram as shown in Scheme 2. 
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Scheme 2. Proposed mechanism of AIEE phenomena of PHQ. 

4. Conclusion 

We hereby successfully investigated multiple facets of photophysical properties of a Schiff base 

luminophoric system PHQ. The magnificent AIEE features with increasing proportion of non-solvent 

in PHQ solution is well established through Mie scattering effect using UV-visible absorption, steady 

state fluorescence and time resolved emission spectroscopic techniques. Herein, for the first time, we 

have utilized time-resolved anisotropy measurements in an attempt to justify the transition of 

monomeric to self-assembled aggregation phenomena prevalent in AIEE system by analyzing the 

polarized emission decays of PHQ in different microenvironments and evidenced the obvious 

heterogeneity owing to aggregated species in 90% fw system. Different photophysical parameters such 

as electron transfer rate constant (ket), radiative (kr) and non-radiative (knr) rate constants, fluorescence 

quantum yield (Фf), rotational relaxation times (ϕ1, ϕ2) and excited state lifetimes (τ1, τ2) of short and 

long-lived species as well as visualization of intra-molecular charge transfer (ICT) due to electronic 

delocalization from HOMO to LUMO clearly establishes AIEE facet of PHQ. In addition, formation 

and growth process of nano-aggregated PHQ hydrosol has been studied to investigate morphological 

changes, packing pattern and average particle sizes of PHQ nano-clusters by means of TEM and DLS 

studies. Also, herein, for the first time, we have performed energy dispersive X-ray spectroscopic 

study to further substantiate AIEE mechanism. The pivotal role of restriction of intramolecular motion 

(RIM) as fundamental mechanism paving the AIEE requirements has been studied through 

temperature and viscosity variation effect of PHQ microenvironments. Analysis of lifetime decay 

traces of PHQ in different viscous microenvironments has established PHQ as a molecular rotor 

system to be potential enough for mapping intracellular viscosity in different biological systems for 

monitoring biophysical processes which is currently under investigation. 
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