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ABSTRACT. Aggregation-induced emission enhancement 1 

(AIEE) is a process recently exploited in solid-state materials and 2 

organic luminophores; and it is explained by tight-molecular 3 

packaging. However, solution-phase AIEE and its formation 4 

mechanism have not been widely explored. This work investigated 5 

AIEE phenomena in two donor–acceptor–donor (D–A–D) type 6 

benzodiazole-based molecules (the building block in metal-organic 7 

frameworks) with an acetylene and phenyl π-conjugated backbone 8 

tapered with a carboxylic acid group at either end. This was done 9 

using time-resolved electronic and vibrational spectroscopy in 10 

conjunction with time-dependent density functional theory 11 

(TDDFT) calculations. Fluorescence up-conversion spectroscopy 12 

and time-correlated single-photon counting (TCSPC) conclusively 13 

showed intramolecular charge transfer (ICT)-driven aggregate 14 

emission enhancement. This is shown by a red-spectral shift of the 15 

emission spectra as well as an increase in the fluorescence lifetime 16 

from 746 ps at 1.0 x 10-11 M to 2.48 ns at 2.0 x 10-3 M. The TD-17 

DFT calculations showed that a restricted intramolecular rotation 18 

mechanism is responsible for the enhanced emission. The 19 

femtosecond IR - TA results directly revealed the structural 20 

dynamics of aggregate formation, as evident from the evolution of 21 

the C≡C vibrational marker mode of the acetylene unit upon 22 

photoexcitation. Moreover, the IR data clearly indicated that the 23 

aggregation process occurred over a time scale of 10 ps, which is 24 

consistent with the fluorescence up-conversion results. 25 

Interestingly, time-resolved results and DFT calculations clearly 26 

demonstrated that both acetylene bonds and sulfur atom are the key 27 

requirements to achieve such a controllable aggregation-induced 28 

fluorescence enhancement. The finding of the work not only shows 29 

how slight changes in the chemical structure of fluorescent 30 

chromophores could make a tremendous change in their optical 31 

behavior, but also prompt a surge of research into a profound 32 

understanding of the mechanistic origins of this phenomenon. This 33 

may lead to the discovery of new chemical strategies that aim to 34 

synthesize novel chromophores with excellent optical properties 35 

for light-harvesting applications.36 

INTRODUCTION 37 

Organic fluorophores are of immense importance partly due to 38 

their tailored emissive properties and synthesis costs, as well as 39 

their potential applications in fluorescent sensors, bio-probes and 40 

organic light-emitting diodes (OLEDs).1-6 Given the high 41 

sensitivity of their fluorescent properties to molecular architecture, 42 

the common synthetic strategy of increasing the π-conjugation 43 

throughout the molecule is utilized to shift emission towards the 44 

red side of the electromagnetic spectrum.7-8 A common pitfall of 45 

the design approach is introducing the so-called aggregation-46 

caused quenching (ACQ) effect, which is brought about by the 47 

enhanced π-π stacking effect in longer π-conjugated molecules.9-10 48 

Under this condition, π–π stacked fluorophores become more 49 

susceptible to excimer/exciplex formation after absorbing light. 50 

This subsequently provides a new non-radiative relaxation pathway 51 

for the generated excitons.11 Fortunately, another effect called 52 

aggregation-induced-emission (AIE), first studied by Tang et al. in 53 

2001, offered new hope to suppress the undesirable non-radiative 54 

relaxation channels significantly.12 In this case, the opposite effect 55 

occurs whereby sought-after emission characteristics such as 56 

fluorescent quantum yield and lifetime are enhanced by an organic 57 

molecular system that forms an aggregate. This phenomenon has 58 

since prompted a surge of research to further understand its 59 

mechanistic origins concurrently with new synthetic strategies that 60 

aim to take full advantage of the effect.13-16 One such venture uses 61 

the fact that there are some systems that display AIE in the solid-62 

state but are non-emissive in solution, hence may be excellent 63 

candidates for OLEDs.17 64 

It is worth noting that there is a difference between AIE and AIE 65 

enhancement (AIEE). Compounds that display the latter still emit 66 

when they are not in an aggregate state. However, their 67 

photoluminescent (PL) properties are markedly enhanced when 68 

they form an aggregate. One of such systems is known to display 69 

AIEE is conjugated electron donor-acceptor-donor (D–A–D) type 70 

chromophores. This chemical system consists of a central benzo 71 

bisthiadiazole as the acceptor moiety.18 When conjugated with 72 

strong donor groups, e.g., triphenylamine (TPE) derivatives, this 73 
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system can undergo strong intramolecular charge transfer (ICT), 1 

which further facilitates a bathochromic shift of the emission.19-20 2 

However, the precise role ICT plays in forming an aggregate and 3 

how it enhances emission remains unclear, particularly in the 4 

solution phase. 5 

Previous studies on the mechanistic origins of AIE have proposed 6 

a restricted intramolecular rotation (RIR) paradigm in which 7 

limited molecular motion shuts off non-radiative pathways.21 8 

However, how a single chemical bond and/or atomic center can 9 

fully control the ICT and the aggregation processes are not yet 10 

reported. Moreover, many studies in the literature highlight a 11 

variety of different techniques and synthesis strategies available to 12 

induce AIEE, but limited investigations (if any) have selectively 13 

probed the process at atomic or molecular levels.22-23 14 

Herein, we investigated a D–A–D type system consisting of a 15 

central benzothiadiazole component with an acetylene and phenyl 16 

π-conjugated backbone tapered with a carboxylic acid group at the 17 

end, namely 4,4’-(benzo[c][1,2,5]thiadiazole-4,7-diylbis(ethyne-18 

2,1-diyl))dibenzoic acid. It is referred to as AC-TDZ (Figure 1b). 19 

To investigate the key role of the sulfur atom on the ICT and 20 

aggregation process of AC-TDZ, a second home-synthesized 21 

molecule, 4,4’-((1H-benzo[d]imidazole-4,7-diyl)bis(ethyne-2,1-22 

diyl))dibenzoic acid, known as AC-BZI, where sulfur  was 23 

substituted with a carbon was also studied (Figure 1a). Steady-24 

state and time-resolved measurements showed that an ICT process 25 

was seen for AC-TDZ but not for AC-BZI. The same 26 

measurements also revealed that for this ICT, sulfur atom, and 27 

acetylene bonds are necessary for aggregate formation in the 28 

excited state. This leads to fluorescence spectral redshifts and 29 

significant increases in lifetime. TD-DFT calculations suggested an 30 

alternating dipole-dipole attraction and repulsion regime whereby 31 

regions of high and low electron density along the molecule were 32 

probably responsible for the restricted bond rotation. Moreover, we 33 

utilized ultrafast time-resolved infrared (fs-IR) spectroscopy as a 34 

novel technique to study the AIEE effect. Following the vibrational 35 

signature of a particular bond in time offers unique structural 36 

insight into the photoexcited (PE) system and also the subsequent 37 

formation of an aggregate state. 38 

It should be noted that the functionalization of the lateral sections 39 

of AC–TDZ allows it to be an excellent candidate for a fluorescent 40 

linker in metal-organic frameworks (MOFs) and has already been 41 

previously demonstrated as an effective water sensor.24 Elucidation 42 

of a concentration-dependent emission for these D–A–D type 43 

fluorescent linkers and their underlying mechanism can pave the 44 

way for new MOF-based fluorescent sensors that go a step further 45 

by also gauging analyte concentration.25 Our analysis also 46 

highlights the importance of designing a molecular framework with 47 

alternating charge density in an ICT species in order to induce AIE. 48 

EXPERIMENTAL SECTION 49 

Synthesis 50 

The AC-BZI and AC-TDZ linkers in this study were initially 51 

synthesized in their ester form from ethyl 4-ethynylbenzoate and 52 

4,7-dibromo-1H-benzo[d]imidazole or 4,7-dibromobenzo[c]-53 

[1,2,5]thiadiazole, under Sonogashira coupling conditions. The 54 

final acid forms were obtained through basic condition hydrolysis 55 

using LiOH. The final products were characterized using 1H-, 13C-56 

NMR. The detailed synthetic procedures and characterization can 57 

be found in the Supporting Information. 58 

 59 
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Steady-State Measurements 61 

Steady-state absorption spectroscopy was performed with a Cary-62 

5000 UV−vis spectrometer from Varian. The PL measurements 63 

were performed with a Fluoromax-4 fluorimeter (Horiba). Fourier 64 

Transform Infrared (FTIR) measurements were carried out using 65 

Cary 600 spectrometer (Agilent). The liquid samples were prepared 66 

in a calcium fluoride cell with a 300 μm spacer in DMF. KBr pellets 67 

of ~2 mm in length were prepared to measure the vibrational 68 

absorbance in the solid state. 69 

TCSPC and Up-conversion 70 

The time-resolved photoluminescence data for the emission 71 

decays were measured through the time-correlated single-photon 72 

counting (TCSPC) technique in a Halcyone setup (Ultrafast 73 

Systems). The samples were excited with a 330 and 400 nm pulsed 74 

laser beam coming from an optical parametric amplifier (Newport 75 

Spectra-Physics) seeded with an Astrella femtosecond pulsed laser 76 

(100 fs, 800 nm 1 kHz, Coherent). Emissions from the samples 77 

were collected and collimated by a couple of parabolic mirrors. 78 

Then, they were passed through 350 nm (AC-BZI) or 450 nm (AC-79 

TDZ) long-pass filters to eliminate the remaining light from 80 

excitation. The excitation power was controlled with a set of 81 

variable neutral density filters to ensure that less than 1 % of 82 

excitation events resulted in a detected photon. The PL signal was 83 

then focused on an optical fiber and directed to a monochromator 84 

and a PMT detector. The resolution of the equipment was better 85 

than 120 ps. 86 

Ultrafast emission spectral evolution was carried out by the 87 

fluorescence up-conversion technique. It was performed in the 88 

same Halcyone setup (Ultrafast Systems), but with a suitable 89 

configuration. The pump pulses at 350 and 400 nm came from a 90 

parametric optical amplifier (Newport, Spectra-Physics) pumped 91 

with an Astrella femtosecond pulsed laser (800 nm, 100 fs, 1 kHz, 92 

Coherent). They were focused on the samples. The luminescence 93 

(440-590 nm) from the samples was collected with a pair of 94 

parabolic mirrors (the remaining excitation light was eliminated by 95 

350 and 450 nm long-pass filters (Newport)) and focused in a 96 

type- I β-BBO up-conversion crystal. Here, it was spatially 97 

overlapped with probe pulses that were separated from the 98 

fundamental beam (800 nm) and passed through a mechanical 99 

delay stage. The crystal angle was optimized for the different 100 

emission wavelengths. The resulting sum-frequency mixing signal 101 

was collected and focused on an optical fiber and directed to a 102 

monochromator and a PMT detector. The instrument response 103 

function (IRF) for the up-conversion experiments was determined 104 

as FWHM of 168 fs. The kinetic traces were fitted using the 105 

Lavenberg-Marquart algorithm as implemented in Ultrafast System 106 

software. The reconstructed time-resolved spectra were obtained at 107 

different delay times and calibrated using fluorescein dye as 108 

standard. 109 

Time-Resolved Mid-Infrared Spectroscopy (fs-IR) 110 

Time-resolved IR experiments were carried out using a Helios-111 

IR spectrometer with broadband capability (Ultrafast Systems). 112 

The UV pump pulses at 400 nm were directly obtained by the 113 

second harmonic of a 120 fs Ti: Sapphire regenerative amplifier 114 

operating at 1 kHz (Spectra-Physics). In a near-infrared optical 115 

parametric amplifier (Spectra-Physics), the tunable mid-IR probe 116 

pulses were generated by difference-frequency mixing in a near-117 

infrared optical parametric amplifier (Spectra-Physics). The 118 

experimental setup is detailed elsewhere.26 In the transient IR 119 

measurements, the photoinduced process was recorded in AC-TDZ 120 

and AC-BZI solutions in DMSO at different concentrations 121 

pumped through a rotational CaF2 cell with a nominal thickness of 122 
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300 μm. This was to make a fresh sample excited at every laser 1 

shot. 2 

Computational Methods 3 

The electron density calculations were performed using the 4 

Density Functional Theory (DFT) and the time-resolved Density 5 

Functional Theory (TD-DFT) approaches. Ground state geometries 6 

for AC-BZI and AC-TDZ were optimized using the CAM-B3LYP 7 

functional together with the 6-311++G(d,p) Popple basis set. The 8 

solvent was modeled to be DMSO employing the IEFPCM 9 

approximation. Frequency calculations for each geometry 10 

confirmed the minima. The excited state optimized geometries 11 

were also computed at the same level of theory and confirmed by 12 

frequencies calculation. The dimers ground and excited state 13 

geometries were optimized from two starting points: The H-type 14 

dimer and the head-to-tail dimer. Both systems were calculated 15 

with the same DFT and TDDFT level of theory. The values of the 16 

carbon-carbon triple bond based on Laplacian bond order analysis 17 

were computed with the Multiwfn package using the ground and 18 

excited state optimized structures. 19 

RESULTS AND DISCUSSIONS 20 

Optical Properties and AIEE 21 

First, the impact of the sulfur atom in the benzothiadiazole ring 22 

on the overall optical properties of AC-TDZ was evaluated. The 23 

absorption and emission spectra of AC-BZI and AC-TDZ in 24 

different solvent polarities are presented in Figure 1c-f. The 25 

absorption spectrum of AC-BZI in DMSO (Figure 1c) showed a 26 

structured band and mirror symmetry with its emission spectrum. 27 

The small Stokes shift together with the visible vibronic features in 28 

both absorption and emission suggests a locally excited (LE) state. 29 

 

Figure 1. Representation of the photo-exciting process in AC-BZI (a), and in AC-TDZ which exhibits ICT in the excited state, facilitating 

enhanced emissive aggregation (b). UV-Visible absorption spectra of AC-BZI (c, grey line) and AC-TDZ (d-f, grey lines); fluorescence 

spectra of AC-BZI (c, purple) and AC-TDZ (d-f). The used solvents are given in their respective spectra. Note that the concentrations were 

1.0 x 10-6 and 1.0 x 10-3 M for  AC-BZI and AC-TDZ, respectively. 
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In the case of AC-TDZ, the absorption and emission spectra were 1 

recorded in three solvents of varying polarity, namely DMSO, 2 

toluene, and hexane (Figure 1d, e, f). The absorption spectra of 3 

AC-TDZ in hexane and toluene showed an S0→S1 transition with 4 

vibronic bands between 400–475 nm and an absorption cutoff of 5 

around 650 nm. 6 

On the other hand, in DMSO, the fine structure disappeared and 7 

instead there was a broad featureless absorption band centered at 8 

415 nm. Note that the absorption spectrum of solvents of 9 

intermediate polarity (e.g., dichloroethane and acetone) also 10 

showed vibronic transitions in the same spectral range (Figure S1). 11 

Furthermore, the emission spectra of AC-TDZ exhibited positive 12 

solvatochromism with increased solvent polarity (see Figure 1d, e, 13 

and f). First, two emission features were visible in hexane, with the 14 

most intense peak at 454 nm and a less intense shoulder peak at 15 

477 nm, resembling the emission spectrum of AC-BZI (Figure 1c). 16 

Moreover, in toluene, the less intense peak was at 475 nm in 17 

addition to a more intense peak at 496 nm. It is worth noting that 18 

the relative intensity of both peaks changed as the solvent polarity 19 

was changed. Finally, for DMSO, the AC-TDZ spectrum exhibited 20 

a single broad emission centered at 510 nm. 21 

Considering the contrasting behavior in the absorption and 22 

emission spectra of AC-BZI and AC-TDZ, we can conclude the 23 

solvent polarity plays a central role in the optical features of these 24 

molecules, especially for AC-TDZ. The results obtained for AC-25 

TDZ, like the gradual disappearance of vibronic features with 26 

increase in the solvent polarity, the large Stokes shifts, and the 27 

spectral broadening are typical for a molecule undergoing ICT.27 28 

Contrary to AC-BZI in Figure 1c, the small redshift and the shape 29 

in the emission strongly suggest that in that case, the locally excited 30 

state is the emissive one. The relative ease in which AC-TDZ 31 

attained the ICT state indicates there is a potent acceptor moiety in 32 

the molecule, and, as demonstrated below in the discussion of AC-33 

BZI, replacing sulfur with carbon on the benzothiadiazole core is 34 

the key factor in explaining their different optical properties. 35 

Interestingly, the solvent polarity does not need to be particularly 36 

high to induce a solely ICT state as a similar line shape for the 37 

emission is seen in dichloroethane as in DMSO (see Figure S2). 38 

From these steady-state results, we can observe the importance of 39 

the sulfur atom modulating the absorption and emission properties 40 

of the whole molecule. It resulted in a clear ICT compared to its 41 

counterpart, AC-BZI. It is crucial to notice the importance of how 42 

slight structural variations in the chemical structure can 43 

dramatically change the excited-state dynamics. Supported by 44 

previous examples in the literature and given the absence of the ICT 45 

in AC-BZI counterparts, we conclude that it is the presence of the 46 

highly electron-withdrawing, in the central benzothiadiazole ring 47 

that is essential to induce ICT.18, 28 48 

The steady-state measurements in the previous section indicated 49 

the presence of an ICT process in the AC-TDZ molecule. In order 50 

to understand this behavior better, we performed concentration-51 

dependent and time-resolved emission measurements, as shown in 52 

Figure 2. From the normalized concentration-dependent emission 53 

of AC-TDZ in DMSO (Figure 2a), we can recognize a 54 

hypsochromic shift upon lowering the concentration. At a high 55 

concentration of 1.5 x 10- 3 M, the emission peak was centered at 56 

510 nm and experienced a blue shift as the concentration decreased. 57 

It reached its limit of 480 nm at the lowest concentration of 58 

1.0 x 10- 11 M. On the other hand, the absorption spectra with the 59 

same range of concentrations showed no such dependence. The 60 

maximum position (at 389 nm) and the shape are preserved in all 61 

measured concentrations. This observation suggests an excited-62 

state interaction between the molecules at higher concentrations not 63 

present in the ground state.  Additionally, the time-resolved 64 

emission results obtained by time-correlated single-photon 65 

counting measurements in Figure 2b also accounted for the 66 

changes in the excited-state dynamics as a function of 67 

concentration. We can observe that at 1.0 x 10-11 M, where the 68 

sample is expected to contain mostly the excited state monomer, 69 

the emission lifetime for AC-TDZ presents a biexponential decay 70 

with a <τ> = 746 ± 9.7 ps. This lifetime increases as the 71 

concentration increases up to the point that at 1.5 x 10-3 M, the 72 

emission exhibits a monoexponential decay with a time constant of 73 

2.48 ± 0.07 ns. Such an increase in the fluorescence lifetime at 74 

higher concentrations indicates aggregation-induced emission 75 

enhancement (AIEE). Here, the geometrical restrictions imposed 76 

by the excited-state aggregates block non-radiative deactivation 77 

channels. It should be noted that the PL spectral shift of the 78 

aggregate formation of AC-TDZ is fully supported by our 79 

computational results (see latter section). This observation 80 

indicates that self-absorption has no perceptible role in our system. 81 

It is worth mentioning that the steady-state and lifetime 82 

measurements for AC-BZI display an almost inverse effect, 83 

exhibiting a considerable decrease in the PL intensity accompanied 84 

by a change in the emission band shape (Figure S3). In accordance, 85 

it shows fast relaxation at high concentrations and longer lifetimes 86 

at lower concentrations. The reason is as ICT is expected not to 87 

occur in AC-BZI, shorter lifetimes at high concentrations are due 88 

to the usual ACQ or due to a self-reabsorption process at high 89 

concentrations due to the evident overlap for the absorption and 90 

emission spectra in AC-BZI. This further supports the assertion that 91 

ICT is necessary for AIEE to take place. At low concentrations, the 92 

sample contains mostly the AC-TDZ monomer as the molecules are 93 

well separated by the solvent. More aggregate is formed as 94 

concentration increases, further stabilizing the ICT state and 95 

spectral red shifting of the emission. Most importantly, as the broad 96 

featureless emission peak is present at low concentrations in highly 97 

polar solvents, it suggests that ICT is present in the monomer. Our 98 

theoretical study indicates that a dipole-dipole-driven interaction 99 

between AC-TDZ molecules in the ICT state is the key driving 100 

force that enables AIEE. 101 

Further evidence for aggregation in the excited state, as well as 102 

the necessity of ICT in driving the process can be derived from the 103 

time-dependent evolution of the emission spectrum of AC-TDZ 104 

obtained from the up-conversion measurements (Figure 2c). For 105 

the highly concentrated solution (1.0 x 10-3 M in DMSO), the first 106 

peak at 485 nm seen at 300 fs matches the same peak position of 107 

the steady-state emission (480 nm) at lower concentrations 108 

(1.0 x 10- 11 M), i.e. of the monomer. This suggests an 109 

exceptionally fast formation of ICT in the monomer following 110 

optical excitation. As the aggregate begins to form, it stabilizes and 111 

spectral redshifts the emission to its final position around 510 nm, 112 

matching precisely the aggregate steady-state emission in 113 

Figure 1f. A broad emission here is indicative of a shallow 114 

potential energy surface of the ICT state with varying degrees of 115 

stabilization from the polar solvent. Note that the origin of the 116 

shoulder at 470 nm that first appears at around 500 fs is not clear, 117 

but it may come from the fitting process used to construct the time-118 

resolved PL spectra.  119 

In conjunction with the fluorescence spectra in both steady-state 120 

(Figure 1d, e, f) and time-resolved (Figure 2) measurements for 121 

AC-TDZ, the most likely explanation for the spectral shift is the 122 

formation of an ICT state shortly after the excitation. It enables the 123 

aggregation to occur in the excited state. The emission from the LE 124 

state rapidly evolves to the ICT state in the sub-ps time scale. The 125 

ICT peak then shifts to lower energy as the aggregate formation 126 

takes place in a longer time scale. 127 
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Vibrational Spectroscopy: FT-IR and fs-IR 1 

Once the AIEE was proposed for explaining the AC-TDZ 2 

emissive properties, we turned to the mid-IR transient absorption 3 

spectroscopy due to its unique advantages in following excited-4 

state structural dynamics. The time-resolved vibrational spectra can 5 

elucidate structural information in the excited state often obscured 6 

in UV-Vis measurements. In other words, vibrational spectroscopy 7 

gives direct information on the local structural changes of the 8 

molecule during the course of the chemical reaction.29 By following 9 

the excited state dynamics of the C≡C stretch vibration, we can 10 

obtain a clear picture of the time-dependent structural changes in 11 

both AC-TDZ and AC-BZI solutions after photoexcitation. 12 

To identify the character of the C≡C stretch vibration and 13 

subsequently quantify the shift in wavenumber between the ground 14 

and excited state, steady-state FT-IR measurements were 15 

performed for both AC-TDZ and AC-BZI solutions and in solid 16 

form (Figure S4). The C≡C bands in DMF solution are located at 17 

2205 cm-1 and 2213 cm-1 for AC-TDZ and AC-BZI, respectively. 18 

These values are in agreement with the expected region for the C≡C 19 

stretching band.30-31 When switching to the KBr pellets to simulate 20 

conditions more similar to the aggregates, there is only a slight 21 

spectral downshift of ~2–3 cm-1. Once the region for the IR 22 

absorption band was determined, the IR transient absorption 23 

measurements were performed. Changes in the C≡C bands in the 24 

excited state for both molecules at different time delays at 25 

1 x 10- 3 M in DMSO are shown in Figures 3a and 3b. Comparing 26 

the excited state peak positions at relatively early times (0.5 ps) 27 

with the ground state reveals a downshift of 152 cm-1 for AC-TDZ 28 

and 198 cm-1 for AC-BZI. This places the peaks at 2051 cm-1 and 29 

2011 cm-1, respectively. A smaller downshift for AC-TDZ suggests 30 

it attains a more energetically stable arrangement following 31 

excitation relative to AC-BZI and can be attributed to rapid 32 

aggregate formation in the excited state. It is noticeable from both 33 

figures that there is a progressive shift to higher wavenumbers at 34 

longer time delays. The maxima are displaced to 2062 cm-1 and 35 

2018 cm-1 for AC-TDZ and AC-BZI, respectively. For the same 36 

concentration, absorption is approximately 6 times greater for AC-37 

TDZ, pointing to a much larger change in dipole moment for the 38 

C≡C stretching vibration in the excited state than for AC-BZI.32 39 

This is consistent with the ICT character of AC-TDZ. 40 

 

Figure 2. Normalized UV-Visible absorption and fluorescent spectra of AC-TDZ at different concentrations in DMSO (a), fluorescence 

decays for AC-TDZ at different concentrations measured by TSCPC (b), and time-resolved fluorescence spectral evolution obtained by up-

conversion compared to the steady-state monomer and aggregate spectra (c). λexc = 400 nm. 
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 1 

Figure 3. IR-transient absorption spectra at different time delays 2 

for AC-TDZ (a) and AC-BZI (b) 1 x 10-3 M in DMSO after 400 nm 3 

excitation; and the kinetic traces at 2010 cm-1 for AC-BZI and 4 

2060 cm-1 for AC-TDZ (detail at early times in the inset) (c). 5 

However, more pertinent to the discussion is how fast the 6 

vibrational mode relaxes in the excited state. In AC-BZI, 7 

vibrational relaxation exhibits a single decay profile (Figure 3c) 8 

with a characteristic time constant of 860 ± 90  ps. On the other 9 

hand, AC-TDZ displays a fast rise of 20 ± 6 ps (22 %) and slow 10 

decay of 2200 ± 350 ps (78 %). Given that the rise time is 11 

associated with the time it takes to redistribute energy into the 12 

excited state vibrational C≡C stretching modes, we can use this to 13 

indicate aggregate formation and the possible associated 14 

photophysics.33 This process is likely to be slower for AC-TDZ 15 

because it is expected to form aggregate quickly at higher 16 

concentrations. The resultant increase in the planarity of each 17 

monomer in the aggregate restricts longitudinal vibrational 18 

motions. This is not the case for AC-BZI, as it does not form 19 

aggregate at higher concentrations. Instead, it experiences an ACQ 20 

effect at higher concentrations and, as a consequence, quickly 21 

redistributes energy throughout the whole molecule (including 22 

C≡C vibrations).34 It is worth mentioning that the slow evolution of 23 

the C≡C band of AC–TDZ over the course of approximately 10 ps 24 

coincides with the estimated formation of the aggregate from the 25 

fluorescence spectral evolution obtained by the up-conversion 26 

measurements (see Figure 2c). This is further explored below. 27 

These results confirmed the different behavior of both molecules in 28 

the excited state and provided insights into the role of other 29 

molecule regions in their photodynamics besides the central ring 30 

cores. Moreover, fs-IR measurements provided us with direct 31 

structural-related evidence of the aggregate formation timescale in 32 

AC-TDZ solution. 33 

 34 

Figure 4. IR-Transient absorption spectra for AC–TDZ at different 35 

concentrations in DMSO upon 400 nm excitation. 36 

It is clear that the C≡C bond plays an essential role in forming the 37 

excited-state aggregate, reducing the steric hindrance between the 38 

aromatic rings and allowing a near-planar geometry to be achieved. 39 

This planar structure facilitates the interaction between molecules, 40 

needed to form the aggregates. At this juncture, the effect of the 41 

molecule concentration on this signal and how it impacts the AIEE 42 

need to be explored and deciphered. To accomplish that goal, the 43 

concentration-dependent IR transient absorption measurements 44 

were also performed for AC-TDZ solutions 2.0 x 10-3 M down to 45 

1 x 10-4 M. As can be seen from the evolution of the C≡C 46 

vibrational band (Figure 4), two main differences can be observed 47 

as the concentration increases. 48 
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The frequency position reached at the end of the rise is gradually 1 

shifted to lower wavenumber and the time taken to get to the 2 

aforementioned point becomes much faster at higher 3 

concentrations. The position of the maximum changed from 4 

2054 cm-1 to 2063 cm-1 for the 1.0 x 10-4 M solutions and from 5 

2054 cm-1 to 2061 cm-1 in 2.0 x 10-3 M. This shift can be 6 

attributed to the increased rigidity of the C≡C bond during 7 

vibrational cooling as the molecules in the aggregate at higher 8 

concentrations are packed closer together, and the amplitude of the 9 

displacements is minor.35-36 This rigidity increase of the C≡C 10 

bond at higher concentration is consistent with the time-resolved 11 

PL data obtained in our TCSPC measurements where more 12 

concentrated solutions exhibit longer PL lifetime, caused by a 13 

decrease in the non-radiative deactivation pathways.  14 

The dynamics of signal formation between the lowest and highest 15 

concentrated solutions reveal a clear difference between the two 16 

regimes (see Figure S5). For instance, the 1.0 x 10-4 M solution 17 

reached maximum intensity after 35 ps; and it became almost two 18 

times faster at 2.0 x 10-3 M. It is worth mentioning that this rise 19 

time is in good agreement with the one obtained in up-conversion 20 

measurements, supporting it to be the time associated with the 21 

excited-state aggregate formation. We posit that the slower rate in 22 

less concentrated samples can be attributed to a lower probability 23 

of molecules forming the aggregate as they are further from each 24 

other. To conclude here, the unique capabilities of the IR transient 25 

absorption technique allow us to directly observe local structural 26 

changes being induced by the aggregate formation phenomenon. 27 

This confirms our previous results obtained by the time-resolved 28 

electronic spectroscopy results alleging the AIEE process taking 29 

place in the AC-TDZ concentrated solutions. 30 

 31 

Theoretical Study (TD-DFT) 32 

To further support our observation and investigate in more detail 33 

the influence of replacing carbon with sulfur on the central ring, we 34 

turned to the Density Functional Theory (DFT) calculations and 35 

their time-dependent approximation (TD-DFT). First, the isolated 36 

molecule was studied as a model system for the monomer species. 37 

To closely model AC-TDZ and AC-BZI as an aggregate in the 38 

excited state, both were simulated as dimers, from which two 39 

possible arrangements were realized. The first being a head-to-tail 40 

arrangement (HtT-dimer) whereby molecules were arranged 41 

longitudinally, driven by the formation of hydrogen bonds between 42 

two carboxylic acid groups on the end of separate molecules. The 43 

second is a stacked arrangement (H-dimer) shown in Figure 5 for 44 

both molecules, along with the changes in electron density upon 45 

transitioning from the ground to the excited state. We centered on 46 

the H-dimer for this study as the ICT on the central component 47 

would encourage a large dipolar attraction in this orientation. 48 

Furthermore, the HtT dimer shows a similar variability in dihedral 49 

angle to the monomer (see Figure S6). It is also apparent that the 50 

H-dimer optimized structures are in the antiparallel arrangement 51 

and slight offset in vertical alignment. This is due to the regions of 52 

high electron density sitting within pockets of low electron density, 53 

driven by dipole-dipole interactions. Moreover, the calculated 54 

energy for the electronic transition of the H-dimer (see Figure S7) 55 

exhibit the spectral redshift for the aggregate which is consistent 56 

with steady-state PL results (Figure 2a), confirming that the 57 

aggregation is the main reason for the observed spectral shift to 58 

lower energy as compared with the monomer counterparts.16  59 

 

Figure 5. Optimized structures showing electron density changes (blue = loss/red = gain) upon transition to the excited state (a, b), change 

in the dihedral angle (c), and Laplacian bond order (d) for AC-TDZ and AC-BZI as a monomer and an H-dimer in the ground and excited 

states. Level of theory: CAM-B3LYP/6-311++G(d,p); IEFPCM: DMSO. 
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It should be noted that these calculations reflect the changes in 1 

electron density distribution following the photoinduced transition 2 

to the electronically excited state. From the electron density 3 

difference plot in Figure 5a, we can observe that for the AC-TDZ 4 

monomer, the transition is mainly localized in the central 5 

benzothiadiazole ring. On the other hand, the transition is 6 

delocalized through the whole molecule for the AC-BZI monomer. 7 

In comparison, in the H-dimers of both molecules, the changes in 8 

the electron density upon excitation are localized in the central 9 

rings with higher values for AC-TDZ (see Figure 5b). These 10 

results indicate the change in the behavior going from the isolated 11 

to the aggregate species. It is also important to note the 12 

accumulation of electron density on the sulfur atom following the 13 

excitation, accompanied by the charge density loss along with the 14 

C≡C bonds and phenyl ring. This confirms the ICT character 15 

observed in the previously shown time-resolved experiments. 16 

Furthermore, comparing the changes in the dihedral angle formed 17 

by the central and the phenyl rings from ground to excited-state 18 

optimized structures of AC-TDZ (transition from monomer to H-19 

bonded dimer), we can see the angle decreases from ca 7.5° to 0°, 20 

indicating a significant increase in planarity upon the formation of 21 

a dimer. Interestingly, AC-BZI shows the opposite trend whereby 22 

the molecule shows a more significant distortion of dihedral angle 23 

in the excited H-dimer state. The absence of the sulfur gives rise to 24 

a more even distribution of electron density, leading to more 25 

conjugation and greater bond rotation in the ground state. Even in 26 

the excited state, a minimal, if any, change in structure is expected 27 

(as supported by the mirrored image spectra seen in the steady-state 28 

absorption and fluorescence measurements). 29 

This finding is in accordance with the rotation restriction 30 

mechanism accepted within the literature as one of the key drivers 31 

of efficient AIEE.23, 37 Typically, that mechanism has been brought 32 

about by changing the external environment (temperature, pH, and 33 

pressure), conformationally locking sections of the molecule in 34 

place, or causing steric hindrance.38-41 It appears in our case that 35 

planarity is encouraged by a dipole-dipole-driven aggregate 36 

formation as supported by the TD-DFT results. Activation of the 37 

rotation restriction mechanism concurrently suppresses the PL 38 

quenching pathway, i.e., excimer formation. This effect has been 39 

demonstrated for similar D–A–D type molecules by Qian et al.18 40 

Further support comes from the fact that AC-TDZ still fluoresces 41 

as a monomer, which is not surprising considering the dihedral 42 

variability is still relatively small at ~ 7.5°. This shows that the 43 

conjugation is hindered but still present (see Figure 5c). These 44 

small changes in the torsion angles upon photoexcitation along with 45 

the initial close-to-flat structure helps the electron conjugation 46 

across the molecule that facilitate the ICT with minor geometry 47 

distortions. This leads to faster ICT dynamics in this system as 48 

compared with other ICT systems.27 49 

According to the rotation restriction mechanism, PL lifetime can 50 

be enhanced when the molecule is more rigid/planar. As such, this 51 

system is an example of using intermolecular interactions to induce 52 

AIEE in solution without inducing external changes like pressure 53 

or temperature. The calculated average Laplacian bond order 54 

(LBO) for the C≡C bond in AC-TDZ and AC-BZI monomer and 55 

H-dimer in the ground and excited state is shown in Figure 5d. The 56 

calculated values in the ground state present minimal differences 57 

and are within the error range for the level of theory utilized. Thus, 58 

we can say that they have roughly the same bond character. Losing 59 

bond order in the excited state is expected due to the redistribution 60 

of electron charge following the absorption of a pump pulse. 61 

However, substituting the sulfur introduces a sizable difference in 62 

the monomer and dimer for both cases. 63 

Interestingly, the bond order increases for AC-TDZ as an excited-64 

state dimer relative to the respective monomer. This increase in 65 

bond strength is almost contradictory given the reduction in 66 

electron density from the C≡C bond. However, this change can be 67 

rationalized by the increased conjugation attained upon forming an 68 

aggregate. Consequently, the enhanced conjugation becomes the 69 

dominant effect amongst the two opposing phenomena. 70 

Identification of the acceptor moiety has been clearly attributed to 71 

the benzothiadiazole core, as has been previously discussed. The 72 

donor moiety was less obvious in our case as the electron-73 

withdrawing carboxylic acid groups took the place of conventional 74 

donors that typically terminate both ends of a molecule in D-A-D 75 

type systems. 76 

Moreover, from the electrostatic potential (ESP) surfaces 77 

obtained from the same TD-DFT data (Figure 6) one can better 78 

visualize the role of different molecule fragments upon electronic 79 

 

Figure 6. Mapped electrostatic potential surfaces for AC-BZI and AC-TDZ in the ground (S0) and excited (S1) states. The distances between 

the monomers are indicated. Level of theory: CAM-B3LYP/6-311++G(d,p); IEFPCM: DMSO. 



 9 

excitation. For AC- BZI, the changes in ESP mapping and distances 1 

between the molecules are negligible, following the small tendency 2 

of the molecule to form aggregates shown by the steady-state and 3 

time-resolved measurements. On the other hand, the data for AC-4 

TDZ reveal an accompanying loss in electron density from both the 5 

C≡C and phenyl rings on either side of the benzothiadiazole core. 6 

Thus, both acetylene bonds (electron donor) and sulfur atom 7 

(electron acceptor) are the key requirements to achieve ICT in AC-8 

TDZ. This observation is in accordance with previous studies on 9 

similar chemical structures,28 and highlights once more the 10 

importance of the C≡C in the molecular design to generate the ICT 11 

state and the subsequent aggregate formation. This behavior can be 12 

explained by the larger electronegative character of S as compared 13 

with C which can influence the charge transfer directed to this 14 

atom. Also, the higher polarizability and size of S compared to C 15 

allows it to easily accommodate the excess of charge on the atom. 16 

It is also worth mentioning that the distance between the two AC-17 

TDZ molecules decreases at the excited state from 3.54 to 3.49 Å. 18 

This shows a stronger interaction between them at the excited state, 19 

which confirms the excited-state aggregation behavior. 20 

Considering the TD-DFT results for both molecules, we can 21 

conclude that the redistribution of electronic density caused by the 22 

photoexcitation leads to the different excited-state behavior for 23 

both molecules and is the first step for the ICT to take place in the 24 

AC-TDZ molecule. The latter aggregate formation produces the 25 

rotational restriction in this molecule that enhances the radiative 26 

deactivation channels, giving the AIEE phenomena. C≡C LBO 27 

analysis also confirms the time-resolved IR spectroscopy results on 28 

how the bond strength is affected during the excitation and 29 

aggregate formation process. 30 

CONCLUSIONS 31 

In this work, we designed, synthesized, and tested two 32 

fluorophores based on benzoimidazole and benzothiadiazole cores 33 

to explore and decipher the influence of structural changes on their 34 

optical properties. The benzoimidazole molecule’s emission not 35 

only changes due to solvent polarity, and thus emitting from the 36 

locally excited state, but also exhibited aggregation-induced PL 37 

quenching. On the other hand, the absorption and emission 38 

experiments, together with TD-DFT calculations, showed that the 39 

benzothiadiazole-based molecule underwent a photoinduced ICT 40 

from the C≡C bonds to the central ring in polar solvents. This led 41 

to an aggregate formation, significantly enhancing its emissive 42 

properties. This aggregate formation was favored at higher 43 

concentrations, restricting intramolecular rotation, which 44 

subsequently blocked the non-radiative channels and enhanced the 45 

PL lifetimes. The time-resolved fluorescence and fs-mid IR 46 

spectroscopy demonstrated that the ICT process occurred on the 47 

femtosecond time scale and the aggregate was formed within tens 48 

of ps. The results presented here highlight the significant influence 49 

of minor variations of chemical structure on the optical properties 50 

and the ability to form highly emissive aggregates. The time-51 

resolved IR and fluorescence upconversion spectroscopy provided 52 

a unique opportunity to directly follow the structural changes 53 

related to the emissive-aggregate formation in real time with fs 54 

resolution. Finally, these new findings provide the key variable 55 

structural components to design and synthesize novel 56 

chromophores with excellent optical properties for sensing and 57 

light-conversion applications. 58 
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