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A B S T R A C T   

This article reports a detailed theoretical investigation on dual fluorescence properties of p-amino substituted 
benzaldehyde molecules by taking specifically p-N,N-dimethylaminobenzaldehyde (3◦ PABA), p-N-methyl
aminobenzaldehyde (2◦ PABA), and p-aminobenzaldehyde (1◦ PABA) molecules. The calculations are performed 
in gas phase as well as in butanol (BuOH) and dichloromethane (DCM) solvents. Twisted intramolecular charge 
transfer emission property is particularly looked at by scanning the potential energy curves as a function of -NR2 
(R = H/CH3) rotation (twisting) angle. The results suggest that there are dual emission possibilities for 3◦ and 2◦

PABA molecules. Experimental validation is available for the former but not for the latter. 1◦ PABA, on the other 
hand, does not show any possibility of dual fluorescence except in BuOH. The theoretical absorption and 
emission spectra are also calculated and compared with experiment where it is available, and they are in close 
correlation. Excited state molecular dynamics simulations show that for 3◦ PABA, the molecule reaches to the 90◦

twisting angle and stays there with a probability higher than the same probability for 2◦ PABA. 1◦ PABA, on the 
other hand, had showed variations in the twisting angle from 0◦ to above 100◦, but no evidence of this molecule 
to have considerable lifetime at 90◦ twisting angle.   

1. Introduction 

Organic molecules with donor-acceptor substituents showing dual 
emission properties has gained enough interest in the literature due to 
their wide applications [1–12]. Intramolecular charge transfer phe
nomenon is one of the most interesting sub-topics of dual emission 
properties [3–9]. Various para-amine substituted benzonitrile, benzal
dehyde, benzoate derivatives, etc., are well explored for their useful 
applications in electro-optical switches, chemical sensors, fluorescence 
probes, etc [9–11]. A widely accepted model of the dual fluorescence of 
these molecules was proposed by Grabowski et al. [13,14]. and known 
as Twisted intramolecular charge transfer (TICT) and is depicted in 
Fig. 1 [8]. Other models of dual fluorescence, such as Wagging intra
molecular charge transfer [15], planarized intramolecular charge 
transfer [16,17] were also proposed. 4-(N,N-dimethylamino) benzoni
trile (DMABN) [1,2,7,13,14], p-N,N-dimethylaminobenzaldehyde (3◦

PABA) were studied experimentally as well as theoretically to under
stand their dual fluorescence based on TICT model [8]. It was shown 

that the fluorescence emissions are in plane and perpendicular orien
tations of –NMe2 group with respect to the benzene ring plane as 
depicted in Fig. 1. 3◦ PABA exhibits a local emission (LE) at 370–390 nm, 
and a charge transfer (CT) emission at 490–510 nm in solvents with 
different polarity, according to Kawski et al. [18]. However, the CT 
emission of 3◦ PABA was detected at 600 nm, especially in DMF and ACN 
solvents, as reported by Kawski et al. [18]. and Grabowski et al. [19]. It 
was showed that complexing with cyclodextrin (CD) increases TICT 
emission of 3◦ PABA [20,21]. Research has reportedly been done on the 
impacts of gold nanoparticles on the intramolecular charge transfer 
(ICT) state of 3◦ PABA [22] as well as the interfacial electron transfer 
effects on it in TiO2 and CdS semiconductor colloids [23]. As reported by 
Samanta et al. [8], when excited at 340 nm in polar liquids, DMABA 
emits two fluorescence. In addition to the local fluorescence at 385 nm, 
it also shows a long wavelength fluorescence band at about 520 nm, 
which is still weaker and is identified as generated from the ICT state. 
They have also explored the phenomena through computational DFT 
calculations. In addition, many other molecules are considered in the 

* Corresponding authors. 
E-mail addresses: anuva.samanta25@gmail.com (A. Samanta), amit.paul@nitm.ac.in (A.K. Paul).  

Contents lists available at ScienceDirect 

Chemical Physics Impact 

journal homepage: www.sciencedirect.com/journal/chemical-physics-impact 

https://doi.org/10.1016/j.chphi.2024.100538 
Received 11 January 2024; Received in revised form 14 February 2024; Accepted 14 February 2024   

mailto:anuva.samanta25@gmail.com
mailto:amit.paul@nitm.ac.in
www.sciencedirect.com/science/journal/26670224
https://www.sciencedirect.com/journal/chemical-physics-impact
https://doi.org/10.1016/j.chphi.2024.100538
https://doi.org/10.1016/j.chphi.2024.100538
https://doi.org/10.1016/j.chphi.2024.100538
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Chemical Physics Impact 8 (2024) 100538

2

literature with the same perspective, for example, spirothiolactamized 
benzothiazole substituted N,N-diethylrhodol [24], excited state proton 
transfer of thiol [25], Nonadiabatic Relaxation Dynamics of 4-(N, 
N-Dimethylamino)benzonitrile (DMABN) [26], Time-resolved photo
electron spectroscopy of 4-(dimethylamino)benzethyne [27], photo
protection mechanisms of chalcones [28], substituent effects on 
excited-state intramolecular proton transfer and photophysical proper
ties of fluorophores containing 4-diethylaminosalicylaldehyde [29], 
solvent-regulated enhancing fluorescence of benzimidazole derivative 
[30], development of smart-switch materials responsive to stimuli [31], 
etc. Despite the extensive studies as mentioned above of DMABN and 3◦

PABA, and other related molecular systems, the effect of primary, sec
ondary, and tertiary amine on the dual emission property is not well 
explored. 

In this work, the dual emission property of p-N,N-dimethylamino
benzaldehyde (3∘ PABA) molecule is examined in comparison with the 
primary and secondary amine analogues, namely, p-N-methyl
aminobenzaldehyde (2∘ PABA), and p-aminobenzaldehyde (1∘ PABA), 
in different solvents through theoretical calculations. The experimental 
data of 3∘ PABA is taken from the ref. 8 for reference. Two different 
solvents with different polarities are used, namely, butanol (BuOH) with 
polarity index (ε) 17.33 and dichloromethane (DCM) with the ε value of 
8.93. The potential energy curve of the ground S0 and excited S1 states is 
scanned to understand the dual emission behavior and the emission 
wavelengths are computed. Finally, the non-adiabatic dynamics is per
formed to explore the possibility/probability of the ES-ICT phenomenon 
across the studied molecules. The article is organized as follows: Section 
2 discusses the computational methodologies adopted for this work. 
Section 3 presents the results and the related discussion, where the po
tential energy curves, emission spectra, and the results from the dy
namics are produced. Finally, the article is summarized in Section 4. 

2. Computational methodology 

The geometry optimization of all the substituted compounds of PABA 
were done with Density Functional Theory (DFT) with Becke, 3-param
eter, Lee–Yang–Parr (B3LYP) functional [32,33] and 6–31G(d) basis set 
[34–36] in gas phase as well as in solvent phase using conductor-like 
polarizable continuum (CPCM) [37] and universal solvation (SMD) 
[38] models. This level of theory has been implemented in the past for 
DMABA, and the calculations were validated by experimental findings 
[8]. Therefore, DFT(B3LYP)/6–31G(d) level is accurate enough to draw 
conclusive statements. Time dependent DFT (TDDFT) calculations were 
performed in gas phase as well as in solvent phase to perform the ge
ometry optimization at excited S1 state, as well as to obtain both ab
sorption and emission spectra. All these calculations are performed in 
Gaussian09 software [39]. 

To understand and validate the TICT phenomenon in the 3̊, 2̊, and 1̊
PABA, excited state on-the-fly dynamics was performed on the S1 state of 
these compounds using NEWTON-X [40] program interfaced with CO
LUMBUS software [41]. For each molecule, 50 trajectories were inte
grated using the Wigner distribution model, which uses the normal 
modes of optimized ground state geometry. The trajectories were inte
grated for 300 fs with 0.5 fs integration time step. The integrations of the 
equations of motion were calculated through the Velocity-Verlet algo
rithm. Fifty (50) trajectories were generated at an excitation energy 
window of 5.54 ± 0.5 eV (5.54 eV = 223.8 nm; 5.04 eV = 246.0 nm, 
6.04 eV = 205.3 nm) for 3◦ PABA, 4.65 ± 0.5 eV (4.65 eV = 266.6 nm, 
4.15 eV = 298.8 nm, 5.15 eV = 240.7 nm) for 2◦ PABA, and 4.69 ± 0.5 
eV (4.69 eV = 264.4 nm, 4.19 eV = 295.9 nm, 5.19 eV = 238.9 nm) for 
1◦ PABA. The Absorption cross-section spectrum of 3◦, 2◦, and 1◦ PABA 
are shown in Fig. S1 of the Supplementary Material (SM). The dynamics 
were performed with CASSCF(6,6)/6–31G(d) method [42,43]. The or
bitals for the Complete Active Space (CAS) consisted of π, π* orbitals and 
nonbonding orbitals. The orbitals are represented in Figs. S2–S4 of the 
SM. To include π orbitals of the benzene ring for the CAS calculation, an 
interchange was done in between HOMO-5 and HOMO-2 orbitals. The 
previous HOMO-2 (which is currently made HOMO-5) orbital of 3◦

PABA is shown in Fig. S5 of SM. 

3. Results and discussion 

3.1. Geometries and structural parameters 

First, the minimum energy geometries of 1◦, 2◦, and 3◦ PABA are 
calculated for both S0 and S1 states. Fig. 2 displays the optimized ge
ometries of these molecules S0 state. As one can see that –NR2 (R = H/ 
Me) group is coplanar (for tertiary amine) or nearly coplanar (for sec
ondary and primary amine) with the benzene ring. Fig. S6 presents the 
same geometries at S1 state. Table 1 reports the comparison of some 
crucial geometrical parameters of the S0 and S1 geometries of 3◦ PABA. 
Similar tables for 2◦ and 1◦ PABA are given in Tables S1 and S2. The 
geometrical parameters at S1 state are very similar to the ones for S0 
state. These geometries are at the Franck Condon (FC) region. Thus, 
these geometries are associated with the absorption and local emission 
spectra. 

It is believed that the CPCM model yields satisfactory results for 
charged transfer species. Hence, this model is focused to discuss the 
geometrical parameters as follows. The data presented in Table 1 in
dicates that the C3-N14 bond length for the CPCM model increases from 
1.368 to 1.386 Å in the BuOH solvent and from 1.369 to 1.386 Å in the 
DCM solvent when excited from the S0 to S1 state. Conversely, the length 
of the C6-C11 bond decreases from 1.458 to 1.396 in both the BuOH and 
DCM solvents. However, upon examining the total distance between 

Fig. 1. Proposed TICT model (a) and the corresponding potential energy scan presented schematically.  
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C11-N14, one can identify that the bond length decreases as the mole
cule excites to the S1 state. This decrease in bond length provides sup
port for the charge transfer characteristic of 3◦ PABA. Furthermore, 
when excited from the S0 to S1 state, the C4-C3-N14-C15 dihedral angle, 
which is crucial for TICT emission, changes from -0.044◦ to -10.238◦ in 
BuOH solvent and from -0.045◦ to -10.305◦ in DCM solvent. In S0 ge
ometry, since the -NMe2 group is planar to the benzene ring; therefore, 
the lone pair electrons of the nitrogen atom can be delocalized over the 
benzene ring with relative ease. Furthermore, the twisted geometry at 
the S1 state promotes the ICT process in accordance with the TICT 
model. Next, when 2◦ PABA is checked with CPCM model, it was 
observed that the geometrical properties are comparable to those of 3◦

PABA in both solvents. This implies that 2◦ PABA is also capable to show 
both LE and TICT emission. Conversely, if we observe 1◦ PABA, despite 
the fact that the C11-N14 bond length decreases, the C4-C3-N14-H15 
dihedral angle is not planar to the benzene ring, which diminishes the 
likelihood of charge transfer as well as dual fluorescence in 1◦ PABA. 

3.2. Potential energy curves 

The potential energies at S0 and S1 states are calculated as a function 

of –NR2 (R = H, Me) twisting angles (C4-C3-N14-R15 dihedral angle, see 
Fig. 1) for all the molecules in gas phase, BuOH, and DCM using two 
solvent model systems SMD and CPCM. For calculating the potential 
energy curves as a function of the said twisting angle, the optimized 
geometry at S0 state is taken, and single point energies are calculated for 
the twisting angle variation from -20 – 120◦ for 3◦ and 2◦ PABA, and 
from 0◦ to 180◦ for 1◦ PABA at every 10◦ interval. The same scan for S1 
state is obtained by taking the same geometries of S0 state at every 
twisting angle, and energies of S1 state are calculated using TDDFT 
methodology. Such a methodology was used in the past several times 
and claimed to provide an accurate interpretation to the experimental 
results [44,45]. 

In Fig. 3, the scan for 3◦ PABA is shown for gas phase, BuOH, and 
DCM solvent systems. A clear double well S1 surface is visible for these 
figures, one at 0◦ twisting angle and another at 90◦. While the former 
one is in the FC region and is the one where the LE fluorescence is 
originated from, the latter at 90◦ twisting angle is the origin of CT 
emission spectrum. Thus, the dual emission nature of 3◦ PABA can be 
nicely demonstrated from the corresponding potential energy curves of 
S0 and S1 states. It may be important to note that there is a potential 
barrier for the population to transfer from the former well to the latter. 
Interestingly, the barrier height reduces significantly in the presence of a 
more polar solvent, namely, BuOH. For 3◦ PABA, this potential barrier is 
5.87 kcal/mol in gas phase and is 2.15 (2.52) kcal/mol in DCM solvent. 
In BuOH, the barrier further reduces to 1.78 (0.430) kcal/mol in CPCM 
(SMD) solvent model. These small barriers are easily accessible even at 
room temperature (thermal energy, RT at 300 K = 0.6 kcal/mol). 

In case of 2◦ PABA, as observed from Fig. 4, there is still enough 
evidence for dual emission behaviour from the potential energy curves. 
This has not been experimentally explored yet. However, in terms of the 
feasibility of the dual emission between 3◦ and 2◦ PABA, the potential 
energy barrier may be compared. The gas phase barrier is 7.46 kcal/mol. 
In DCM this barrier is 5.30 (5.95 kcal/mol), while in BuOH, the barrier is 
reduced to 5.17 (3.18) kcal/mol. Therefore, although the potential 
barrier is not very high for 2◦ PABA, it is higher than that of 3◦ PABA, 
making the latter a better dual emission species. On the other hand, in 1◦

PABA, there is no evidence of CT emission from the potential energy 
scan, as depicted in Fig. 5. The potential energy barriers for all molecules 

Fig. 2. Minimum energy geometry of (a) 3∘ PABA (b) 2∘ PABA (c) 1∘ PABA with B3LYP/6–31 g(d) level of theory for the gas phase calculation at S0 state.  

Table 1 
Comparison of some crucial geometrical parameters of 3◦ PABA at S0 and S1 
states with different solvent mediums.  

Medium/ 
Solvent 

State Bond 
length 
C3- 
N14 

Bond 
length 
C6-C11 

Bond 
length 
C11- 
N14 

Dihedral 
angle 
(C4-C3- 
N14-C15) 

Dihedral 
angle 
(C5-C6- 
C11-O12) 

Gas S0 1.377 1.467 5.684 -0.062 -0.002 
S1 1.391 1.390 5.656 11.418 0.196 

BuOH 
(SMD) 

S0 1.366 1.452 5.664 -0.046 -0.004 
S1 1.388 1.398 5.661 -13.773 0.074 

DCM 
(SMD) 

S0 1.368 1.459 5.673 -0.044 -0.003 
S1 1.386 1.396 5.659 -11.326 -0.194 

BuOH 
(CPCM) 

S0 1.368 1.458 5.672 -0.044 -0.002 
S1 1.386 1.396 5.658 -10.238 -0.116 

DCM 
(CPCM) 

S0 1.369 1.458 5.673 -0.045 -0.001 
S1 1.386 1.396 5.658 -10.305 -0.118  
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and in all solvent systems are listed in Table 2, which shows an opposite 
trend. The energy barrier increases from gas phase to BuOH to DCM in 
both models. The increased potential energy barrier height in 1◦ PABA 
could be due to the lack of conjugation of the lone pair of nitrogen in this 

molecule. As provided in Table S2, the geometry of 1◦ PABA in S0 state 
minimum showed a much higher dihedral angle of NH2 group with 
respect to the benzene ring. Hence, the lone pair of nitrogen is not ex
pected to participate in the conjugation as prompt as in 2◦ or 3◦ PABA. 
Thus, in 1◦ PABA, there will be expectedly only one emission spectra 
(LE) possible which is to be verified by experiment. 

3.3. Absorption and emission spectra 

After understanding the dual emission phenomenon from potential 
energy scans, the theoretical absorption and emission spectra are 
computed for all these molecules. For 3◦ PABA the spectra are compared 
with the experiment. The absorption spectra of all the molecules are for 
the π → π* transition and are presented in Fig. 6 for gas phase 

Fig. 3. Potential energy curves for ground and first excited state of 3◦ PABA with varying the –NR2 twisting angle for gas, BuOH, and DCM with both (a) SMD and (b) 
CPCM models. The ΔELE→TICT values (kcal/mol) are written in the parenthesis. 

Fig. 4. Same as Fig. 3 but for 2◦ PABA.  

Fig. 5. Same as Fig. 3 but for 1◦ PABA.  

Table 2 
Potential energy barrier at S1 state from LE to TICT emissions.  

Medium/Solvent Solvent Model Potential Energy Barrier (kcal/mol) 

3◦ PABA 2◦ PABA 1◦ PABA 

Gas Phase – 5.87 7.46 7.31 
BuOH SMD 0.43 3.18 8.36 

CPCM 1.78 5.17 8.57 
DCM SMD 2.52 5.95 9.21 

CPCM 2.15 5.30 8.63  
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calculations and in BuOH and DCM solvents using both CPCM and SMD 
models. In Table 3, the λmax values for both the absorption and local 
emission (LE) spectrum are reported along with the corresponding en
ergy gaps. 

The absorption curves show a blue shift for the λmax moving from 3◦

PABA to 2◦ to 1◦ The λmax in gas phase for tertiary, secondary, and 
primary PABA are 288, 280, and 268 nm. This suggests that the energy 
gap between S0 and S1 states increases from 3◦ PABA to 1◦ PABA. The 
corresponding energy gaps are 99.37, 102.2, and 106.7 kcal/mol in gas 
phase. This may be due the destabilization of the excited state by 
weakening the electron donation ability of amine group from 3◦ to 1◦

PABA. This situation is also consistent in the calculations in presence of 
solvents. For SMD model, the energy gaps are 90.65 for tertiary, 93.44 
for secondary, and 98.32 kcal/mol for primary PABA in BuOH. On the 
other hand, for a particular molecule, there is a redshift from gas phase 
to solvent phase. For example, the λmax values for 3◦ PABA are 288, 309, 
and 315 nm in gas phase, DCM and BuOH, respectively in SMD model. In 
the same model, the peak in BuOH shows a significant redshift than the 
one in DCM solvent. In CPCM model, the redshift is not so significant. 
The charge separation in the excited state gets stabilized in polar sol
vent. As a result, there is a redshift form gas phase absorption to solvent 
phase. BuOH, being more polar than DCM, the absorption maxima shift 
towards higher wavelength further. For SMD model, the energy gap in 

Fig. 6. Absorption spectra for 3◦ PABA (a) and (d), 2◦ PABA, (b) and (e), and 1◦ PABA, (c) and (f) in gas, BuOH, and DCM solvent with SMD, (a), (b), and (c), and 
CPCM (d), (e), and (f) models. Experimental absorption spectrum of 3◦PABA is shown in the inset of (a) for both BuOH and DCM solvents. 

Table 3 
The computed absorption and local emission (LE) λmax and the corresponding 
energy gaps (ΔE).  

Molecule Solvent Model Absorption 
λmax(nm) 

ΔE 
(kcal/ 
mol) 

Emission 
λmax(nm) 

ΔE 
(kcal/ 
mol) 

3◦ PABA Gas 
Phase 

– 287.7 99.37 297.3 96.18 

BuOH SMD 315.4 90.65 327.5 87.31 
DCM 309.5 92.38 321.8 88.86 
BuOH CPCM 309.5 92.39 321.9 88.81 
DCM 308.8 92.59 321.3 89.00 

2◦ PABA Gas 
Phase 

– 279.7 102.2 288.4 99.15 

BuOH SMD 306.0 93.44 319.5 89.50 
DCM 300.6 95.13 310.4 92.11 
BuOH CPCM 300.6 95.12 310.6 92.04 
DCM 299.5 95.36 310.0 92.22 

1◦ PABA Gas 
Phase 

– 268.0 106.7 276.6 103.4 

BuOH SMD 290.8 98.32 300.0 95.30 
DCM 285.5 100.1 295.3 96.82 
BuOH CPCM 285.8 100.0 295.4 96.79 
DCM 285.3 100.2 295.1 96.89  
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DCM is ~1.7 kcal/mol higher than that in BuOH for the 3◦ PABA. This 
difference of energy gaps for 2◦ and 1◦ PABA are also very similar and 
are ~1.7 and ~1.8, respectively (see Table 3). 

In Fig. 7, the LE spectra are shown for all molecules as calculated 
from gas and solvent phases using both SMD and CPCM models. The 
emission spectra are also similar to the absorption spectra mentioned 
above. The λmax values are 297, 328, and 322 nm for tertiary PABA in 
gas phase, BuOH, and DCM, respectively, in SMD model. These values 
for 2◦ PABA are 288, 319, and 310 nm, and for 1◦ PABA are 277, 300, 
and 295 nm. As one can see, there is a consistent blue shift from 3◦ PABA 
to 1◦ PABA. On the contrary, for a particular molecule, there is a red shift 
from gas phase to DCM to BuOH. This observation of LE is similar to the 
absorption phenomenon. However, for 3◦ PABA and in gas phase, the 
energy gap from absorption data was obtained as 99.37 kcal/mol. From 
LE spectra, this gap is reduced to 96.18 kcal/mol. In case of BuOH and 
DCM, this lowering of energy values are 3.34, and 3.52 kcal/mol, 
respectively for 3◦ PABA in SMD model (see Table 3). In the cases of 2◦

and 1◦ PABA, this energy gap difference is ranging from 3 – 4 kcal/mol. 
Such a gap is expected mainly due to vibrational relaxation after the 
absorption and before the emission. 

For the TICT emission spectra, the theoretical oscillator strength was 
calculated to be zero or very small, hence the pictorial representation 
could not be presented. This may be due the forbidden transition in the 

theoretical procedure [46]. Experimentally, the TICT spectrum can be 
obtained due to the vibronic coupling [46]. In this calculation, the 
molecules are first optimized at S1 state with 90◦ –NR2 twisting angle 
(C4-C3-N14-R15 dihedral angle, see Fig. 1) with respect to the benzene 
ring. Then, this optimized geometry is considered at S0 state, and an 
absorption spectrum is calculated with TDDFT method. This absorption 
spectrum is nothing but the TICT emission spectrum. In Table 4, the 

Fig. 7. Local Emission (LE) spectra for 3◦ PABA (a) and (d), 2◦ PABA, (b) and (e), and 1◦ PABA, (c) and (f) in gas, BuOH, and DCM solvent with SMD, (a), (b), and (c), 
and CPCM (d), (e), and (f) models. Experimental LE spectrum of 3◦PABA is shown in the inset of (a) for both BuOH and DCM solvents. 

Table 4 
The wavelengths with the corresponding oscillator strengths for the TICT 
emission spectra of 3◦, 2◦, and 1◦ PABA molecules.  

Medium/ 
Solvent 

Solvent 
Model 

Wavelength (Oscillator Strength) 

3◦ PABA 2◦ PABA 1◦ PABA 

Gas Phase – 514.30 
(0.0000) 

419.46 
(0.0014) 

– 

BuOH SMD 595.16 
(0.0001) 

493.28 
(0.0000) 

376.04 
(0.0001) 

CPCM 572.47 
(0.0000) 

477.70 
(0.0000) 

390.76 
(0.0000) 

DCM SMD 561.16 
(0.0002) 

468.30 
(0.0015) 

– 

CPCM 567.07 
(0.0000) 

471.98 
(0.0013) 

–  
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wavelengths of the TICT emission spectrum of all the molecules are 
presented. 

As one can see from Table 4, the TICT emissions are taking place at 
wavelengths above 500 nm and ranging from 514 to 595 nm. Experi
mental observations are also similar but somewhat lower than the 
theoretical ones. For 3◦ PABA, the experimental λmax are 492 and 505 
nm in DCM and BuOH solvents [8]. The theoretical values are 561 nm 
(SMD) and 567 nm (CPCM) in DCM, and 595 nm (SMD) and 572 nm 
(CPCM) in BuOH. The mismatch may be due to the theoretical methods 
employed for the current work. However, in the earlier works [18,19], 
the TICT emission was reported at ~600 nm in DMF and ACN solvents, 
which are not considered in the present work. 

Another observation in the present calculations is that there is a 
minimum in S1 state at 90◦ twisting angle for 1◦ PABA in BuOH solvent 
for both SMD and CPCM models, as seen in Fig. 5b. Such minimum was 
absent in gas phase and DCM calculations. Therefore, an emission 
spectrum was also obtained for this molecule at that geometry. How
ever, the associated wavelength is at the lower side, as reported in 
Table 4. For the gas phase and DCM solvent there is no minimum located 
at 90◦ twisting angle (see Fig. 5a and c) and hence, no TICT emission 

spectrum was obtained. 

3.4. Excited state dynamics 

To check the possibility of the molecules to produce TICT emission 
spectrum, the dynamics at the S1 state is performed in the gas phase 
based on the procedure mentioned in Section 2 for all the 3◦, 2◦, and 1◦

PABA. The starting geometry of this molecule is around the S0 optimized 
geometry, i.e., at the twisting angle around 0◦. Due to a probability 
window of 0.5 eV, the initial twisting angle varied around -30◦ to 30◦, 
but much lesser than 90◦. In Fig. 8 (a), (b), (c), the change in twisting 
angle is measured as the dihedral angle of C4-C3-N14-R15 (see Fig. 1) as 
a function of simulation time for all PABA molecules. As one can see that 
in case of 3◦ PABA, many trajectories show a final twisting angle around 
90◦. From the data, about 36 % of trajectories ended with a twisting 
angle (absolute value) range of 60–120◦ at 300 fs. There is no trajectory 
found in this molecule, which ended at around 180◦. In case of 2◦ PABA, 
some trajectories ended with a twisting angle of 180◦ (~4 %), which 
means the molecule returns back to a structure similar to the original 
one with an interchange of the position of H and CH3 of the amine group. 

Fig. 8. Twisting angle as a function of simulation time for 3◦ (a), 2◦ (b), and 1◦ (c) PABA and probability distribution of the twisting angle at the end of the simulation 
for 3◦ (d), 2◦ (e), and 1◦ (f) PABA. 
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Moreover, 24 % of the trajectories for 2◦ PABA remained with a twisting 
angle (absolute value) range of 60 - 120◦ at 300 fs. Interestingly, for 1◦

PABA, the angle varies randomly between ±90◦. One can understand 
the behaviour by looking at the potential energy curves shown in Figs. 3, 
4, and 5. The TICT (at twisting angle of 90◦) potential energy well is 
deeper in 3◦ PABA, shallower in 2◦ PABA, and no potential energy well 
at all in 1◦ PABA in the gas phase. As a result, the molecule is better 
trapped when tertiary molecule is considered than for the secondary. 

The bar diagram at 300 fs, as shown in Fig. 8 (d), (e), and (f) dem
onstrates that for 3◦ PABA, a greater number of trajectories are seen to 
stick to ~90◦ twisting angle towards the end of the simulation in case of 
3◦ PABA and no trajectories are found with twisting angle 120◦ or more. 
In case of 2◦ PABA, although a significant number of molecules are 
produced with 90◦ twisting angle, some of them (about 12 %) are found 
to form the end products with a twisting angle range of 120–210◦. This is 
because of a shallower potential well in 2◦ PABA than in case of 3◦

PABA. With no potential well, 1◦ PABA, shows a smaller number of 
molecules with a twisting angle of 90◦ at the end of trajectories inte
gration. There are 8 % of the trajectories ended with a twisting angle 
range of 70–110◦, and no trajectories are found to end with a twisting 
angle of 180◦. It may be noted that all the dynamical calculations are 
performed at 0 K temperature. The energy acquired by the molecules to 
cross the S1 potential barrier from LE minimum to TICT minimum could 
be due to the zero-point energy leakage in the classical dynamics. If the 
temperature was more, the percentages of the twisted molecule could 
have been more, but the overall comparative scenario may not be 
altered. 

4. Summary 

The current article contributes to the understanding of dual emission 
property in the light of twisted intramolecular charge transfer (TICT) 
phenomenon and helps to construct the model which may show such 
property. This theoretical work demonstrates the dual emission prop
erties of primary (1◦), secondary (2◦), and tertiary (3◦) p-amino
benzaldehyde (PABA) and exhibits the possibilities of TICT. The study 
was performed in gas phase, in butanol (BuOH), and in dichloromethane 
(DCM) solvents. The potential energy scan with respect to the twisting 
angle of amine group of the molecules showed that 3◦ and 2◦ PABA are 
the potential candidates for the dual emission behaviour, whereas 1◦

PABA could only exhibit local emission. Excited state molecular dy
namics simulations, as performed in the gas phase also suggest that 3◦

PABA has a longer lifetime at the 90◦ twisting angle of the amine group, 
making it a more efficient dual emitter. For 2◦ PABA, although the 
molecules are produced with 90◦ twisting angle with similar probability 
of 3◦ PABA, the lifetime is shorter. 1◦ PABA, on the other hand, did not 
show any considerable lifetime at 90◦ twisting angle geometry. 

This work presents the possibilities of excited state charge transfer 
for a weak donor-acceptor model. This study could pave the way of 
modelling molecular structures for dual emission property and can be 
used to understand excited state charge transfer, excited state proton 
transfer behaviours, etc. It also suggests the future directives of the 
experimental investigations in this field. 
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