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Abstract:



In the present work, we have theoretically studied the one and two-photon absorption (OPA and TPA) probabilities of the native D-luciferin molecule and attempted to find the origin of its larger TPA cross-sections in polar solvents than in non-polar ones. The calculations using state-of-the-art linear and quadratic response theory in the framework of time-dependent density functional theory using hybrid B3LYP functional and cc-pVDZ basis set suggests that two-photon transition probability of this molecule increases with increasing solvent polarity. In order to explicate our present findings, we employed the generalized few-state-model and inspected the role of different optical channels related to the TPA process. We have found that the two-photon transition probability is always guided by a destructive interference term, the magnitude of which decreases with increasing solvent polarity. Furthermore, we have evaluated OPA parameters of D-luciferin and noticed that the the excitation energy is in very good agreement with the available experimental results.
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1. Introduction


Two-photon absorption (TPA) process (i.e., the simultaneous absorption of two photons stimulated by an intense laser beam) is related to the imaginary part of the third order non-linear optical susceptibility. Unlike the absorption/emission of a single photon, it is dependent on the square of the intensity of the incident light [1], which gives rise to a large spatial confinement. This means that the non-linear effect produced by the TPA process mainly occurs at the focal volume, which in turn makes this process better for fluorescence imaging [2]. The resolution increases, and better quality images are obtained compared to those obtained from conventional confocal imaging. Apart from this, TPA process is also excellent for in vivo imaging, because of its larger penetration depth and lower phototoxicity. The latter is because of the use of infrared photons, which are safe for live cells, and hence do not cause cell damage. Because of its larger penetration depth, the TPA process is also very useful for the treatment of thick specimen samples. Additionally, the different selection rules obeyed by the TPA process makes it efficient for accessing those excited states which are otherwise inaccessible. These features make the TP active materials highly demanding for many applications, including optical power limiting [3], photodynamic therapy [4,5], lithography [6], micro fabrication [7], and three-dimensional (3D) optical data storage [8]. The unprecedented surge of research interest in this area has been focused on finding out the proper design principle, followed by the synthesis of molecules with large TPA cross-section. This is guided by a number of factors, such as conjugation length [9,10], donor/acceptor (D/A) strength [11,12], molecular symmetry [13], through space charge transfer interaction [14], branching of diploes and quadrupoles [15], formation of excitons and the open-shell character of the biradical systems [16]. The potential application of D/A substituted trans-stilbene in optical power limiting was pointed out by Albota et al. [3]. Prasad et al. [17] have reported many chromophores as TP active materials. Ruud and Chakrabarti have designed a new class of compounds, known as tweezer-TNF and reported the long-range through space charge-transfer (TSCT) interaction in TP absorption [14]. They also studied the role of weak-interaction in controlling the TPA intensity in the IR-wavelength region. Chattopadhyaya et al. [18] have shown that the number of D/A groups cannot be the sole criteria for larger TPA cross-section; rather, the D/A groups at a suitable position can lead to a large dipole moment difference between the ground and excited state, which is ultimately responsible for the high TP activity of bisanthene and D/A substituted bisanthene molecule. Apart from all these factors, Cronstrand et al. [19,20] and Alam et al. [21,22] have shown that as the excitation from ground to excited state takes place through several optical pathways by the involvement of several intermediate states, the interference between different optical channels also have a crucial role in determining the overall TP activity of a molecule. Cronstrand et al. have scrutinized the role of interference between different optical channels and derived a two-dimensional four-state model formula to demonstrate the role of some selective chromophores on TP activity. Alam et al. [21] have derived a generalized-few-state model (GFSM) including the channel interfering terms for 3D molecules. The interfering terms depending upon the alignment of the transition dipoles may either be constructive or destructive, and have a direct impact on TP transition probability of a molecule. Moreover, several ab initio investigations have been performed to study the crucial role of solvents in determining the TP transition probability [23,24,25]. Alam et al. [26,27,28] have made a thorough investigation on the role of solvents as well as the interfering terms, and argued that the constructive interference between the different optical channels increases in moderately polar solvent. In an another work, they reported on some TSCT systems where the TP transition probability decreases with increasing solvent polarity [26]. They also showed that the destructive interference increases with increasing solvent polarity.



In the present work, we have selected the native D-luciferin molecule and calculated the gas and solvent phase one- and two-photon absorption parameters using linear and quadratic response theory. We have found that TP transition probability of native D-luciferin increases with increasing solvent polarity. To find the precise origin of this, we have made an in-depth analysis of the interference between the several optical channels by means of GFSM for 3D molecules, and confirmed that the magnitude of destructive interference decreases with increasing the solvent polarity.




2. Computational Details


The ground state geometry of the native D-luciferin molecule has been optimized both in gas phase, C2H5OH, C6H5CH3, and C6H12 solvents using hybrid B3LYP functional and Pople’s 6-31G(d,p) basis set for C, H, N, O, and an effective core potential (ECP)-corrected LANL2DZ basis set for S atoms. In the following work, ECP has been used to save some computational time. The TP cross-section obtained with or without ECP is expected to have the same order of magnitude, because TPA does not involve the inner electrons, and hence a suitable pseudopotential (which is the case for S-atom) should not affect the process—and hence the computational results—drastically. The solvent phase geometry optimizations have been carried out within a polarizable continuum model (PCM) [29,30], as implemented in Gaussian 09 program package [31]. In the next step, we have performed frequency calculations on each optimized geometry using the same level of theory as used for the geometry optimization. The absence of any imaginary frequency proved the true variational minima of the ground state electronic wave function. The geometry optimization and the frequency calculations have been done in the Gaussian 09 suite of programs. On these optimized geometries of native D-luciferin (Figure 1), we have performed linear and quadratic response theory calculations for evaluating one- and two-photon absorption parameters using Dunning’s cc-pVDZ basis set and B3LYP functional. The response calculations have been performed within non-equilibrium PCM [32,33], as implemented in the DALTON code [34,35]. The PCM-based response calculation in DALTON uses a spherical cavity model in which the solvent cavities are considered as an interlocking sphere. We have considered the cavity radii of 2.28 Å, 2.04 Å, 1.8 Å, and 2.108 Å for C, N, O, and S atoms, respectively. These radii are found to cover the whole molecule in a single solvent envelope. The static and optical dielectric constants of different solvents considered in this work are the default values implemented in the DALTON code. We have reevaluated the two-photon transition probability of D-luciferin using a GFSM model where we have made an in-depth analysis of the different angles between the transition dipole moment vectors and different interfering terms.


Figure 1. Gas phase optimized geometry of native D-luciferin molecule. Green, white, yellow, blue, and red colors represent C, H, S, N, and O atoms respectively.
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3. Results


3.1. Geometry of the Studied System


The gas phase optimized geometry of native D-luciferin is presented in Figure 1. The gas and solvent phase optimized D-luciferin molecule belongs to C1 point group. It is clearly manifested from the optimized geometry that the main skeleton of the native D-luciferin molecule is near to planar configuration, though the particular ring bearing the chiral centre is making a small dihedral with the indene-type fused moiety. The important geometric parameters are presented in Table 1 and Table 2. The dihedral angle between the indene-type fused ring and ring-bearing chiral centre is presented in Table 1. Three different types of dihedral angles are considered here to describe the geometry of D-luciferin. A close inspection of Table 1 reveals that these dihedral angles are not changed significantly on changing the media from gas phase to solvent phase. Different bond lengths, including three different types of C-O and two different types of C-S, C-N, and C-C bonds lengths are presented in Table 2. The data in Table 2 shows that these bond lengths—like the dihedral angles in Table 1—remain unchanged on moving from gas phase to solvent phase.



Table 1. Different dihedral angles (in degree) of native D-luciferin molecule, both in gas and solvent phase.







	
Dihedral Angle

	
Gas

	
C6H12

	
C2H5OH

	
C6H5CH3






	
S12-C7-C15-N13

	
158.34

	
158.67

	
158.33

	
158.70




	
S12-C7-C15-S18

	
−21.83

	
−21.54

	
−22.28

	
−21.52




	
N11-C7-C15-N13

	
−21.31

	
−20.95

	
−21.48

	
−20.92










Table 2. Different bond lengths (Å) of native D-luciferin molecule both in gas and solvent phase.







	
Bond Length

	
Gas

	
C6H12

	
C2H5OH

	
C6H5CH3






	
C22-O24

	
1.359

	
1.354

	
1.346

	
1.353




	
C22-O23

	
1.198

	
1.200

	
1.205

	
1.201




	
C4-O19

	
1.366

	
1.365

	
1.363

	
1.365




	
C7-S12

	
1.834

	
1.835

	
1.829

	
1.834




	
C15-S18

	
1.851

	
1.848

	
1.842

	
1.848




	
C7-N11

	
1.284

	
1.285

	
1.288

	
1.285




	
C15-N13

	
1.265

	
1.266

	
1.269

	
1.267




	
C7-C15

	
1.467

	
1.467

	
1.467

	
1.467




	
C14-C22

	
1.534

	
1.534

	
1.54

	
1.534











3.2. One-Photon Absorption


We started our investigation by evaluating the one-photon absorption (OPA) parameters for the first two singlet transitions; namely, S0-S1 and S0-S2 states of the native D-luciferin molecule using the gas and solvent (cyclohexane, ethanol, and toluene) phase optimized geometries using cc-pVDZ basis set and B3LYP functional. Irrespective of the nature of solvent, the values of excitation energies for the two transitions are very close to each other, with a maximum difference of 0.19 eV (in toluene). However, the values of oscillator strengths for the two transitions differ largely and show a maximum difference of 0.4 a.u. (in solvent phases). To study the effect of range-separated functional on the OPA parameters, we have re-evaluated the said parameters using long range corrected CAM-B3LYP functional and cc-pVDZ basis set. In an earlier experimental study [36], the OPA wavelength for native D-luciferin molecule was reported as 319 nm, and our calculations using CAM-B3LYP and B3LYP functional with cc-pVDZ basis set (in gas phase) have yielded a value of 284.39 and 321.38 nm, respectively, corresponding to the S0-S1 transition. As the OPA wavelength obtained using B3LYP functional matches well with the experimental value and is underestimated by the CAM-B3LYP functional, we have carried out the rest of the calculations with B3LYP/cc-pVDZ level of theory. The excitation energy, oscillator strength, transition moment, and other important OPA parameters computed for native D-luciferin molecule both in gas and solvent phase has been tabulated in Table 3.



Table 3. Excitation energy, oscillator strength, transition moment, lambda value, and the contributing orbitals for the first two transitions of D-luciferin in gas, ethanol, toluene, and cyclohexane solvents.







	
Excited State

	
Solvent

	
Excitation Energy (eV)

	
Oscillator Strength (a.u.)

	
Transition Moment

	
Λ

	
Orbital Contributions




	
X

	
Y

	
Z

	
Total






	
1

	
Gas

	
3.85

	
0.247

	
−1.618

	
−0.209

	
−0.119

	
1.636

	
0.674

	
H-L




	
C2H5OH

	
3.73

	
0.439

	
−2.191

	
−0.434

	
−0.102

	
2.236

	
0.686

	
H-L




	
C6H5CH3

	
3.77

	
0.447

	
−2.200

	
−0.414

	
−0.110

	
2.241

	
0.698

	
H-L




	
C6H12

	
3.78

	
0.431

	
2.157

	
0.398

	
0.110

	
2.916

	
0.699

	
H-L




	
2

	
Gas

	
3.93

	
0.112

	
1.072

	
0.479

	
−0.057

	
1.175

	
0.530

	
H-1-L




	
C2H5OH

	
3.92

	
0.017

	
0.345

	
0.366

	
−0.117

	
0.517

	
0.501

	
H-1-L




	
C6H5CH3

	
3.91

	
0.030

	
−0.518

	
−0.413

	
0.106

	
0.672

	
0.501

	
H-1-L




	
C6H12

	
3.91

	
0.031

	
−0.566

	
−0.420

	
0.102

	
0.712

	
0.501

	
H-1-L










A close inspection of the results in Table 3 reveal that the excitation energy for the S0-S1 transition in gas phase is larger in magnitude than that in solvent phase. Furthermore, the excitation energy for the first excited state increases with decreasing polarity of the solvent. For the second transition (namely, S0-S2), the value of excitation energy is highest in gas phase, and it reflects an insignificant impact of the solvent polarity. These results indicate that the first excited state in D-luciferin is more polar than its second excited state. We also noticed that the first excited state in gas phase is much less one-photon active than it is in solvent phases. The oscillator strength in toluene, cyclohexane, and ethanol solvents are comparable with each other. In contrast to this, for the second excited state, the oscillator strength in gas phase is much larger than that in solvent phases. Irrespective of the nature of the solvent, the first excited state is always more one-photon active than the second excited state. This different one-photon activities can be well explained by considering the effect of excitation energy and transition dipole moment vectors on oscillator strength. Theoretically, the oscillator strength for the [image: there is no content] transition is given by


[image: there is no content]



(1)




where [image: there is no content], [image: there is no content] is the [image: there is no content] component of transition dipole moment operator, and [image: there is no content] is the excitation energy for the [image: there is no content] transition. Here, [image: there is no content]. It is obvious from Table 3 that in spite of having larger [image: there is no content] for the first excited state in gas phase, the corresponding transition dipole moment value is much less than that in solvent phases. That is why [image: there is no content] for the first excited state is much less than that in solvent phases. For the second excited state, [image: there is no content] is much less than the first excited state, which explains the larger one-photon activity of the latter. We have also noticed that the x-component of [image: there is no content] is the most contributing component, whereas for [image: there is no content], both the x and y components are contributing almost equally. This indicates that the first transition is mainly dominated by the charge-transfer from the donor to the acceptor group, whereas the second one has more contribution from the re-organization of the π electrons throughout the molecule.



In order to study the directionality and short-/long-range nature of the two transitions, we have calculated the Λ parameter and the corresponding orbital contributions. The Λ parameter—whose value always lies between 0 and 1—is calculated from the inner product between the moduli of each pair of occupied and virtual orbitals involved in a transition. Therefore, a larger values of Λ indicates a short-range nature of the transition, whereas a smaller value indicates a long-range transition. The results for Λ parameter and orbital contributions are also shown in Table 3. The orbital contributions clearly indicate that for the S0–S1 transition, the only significant contribution comes from HOMO–LUMO orbital transition. Similarly, the S0–S2 transition has the only significant contribution from HOMO-1–LUMO orbital transition. This reflects the single determinantal nature of the two transitions, and hence supports the use of time-dependent density functional theory (TD-DFT) for the calculations. The HOMO and LUMO orbital pictures in gas and different solvent phases are shown in Figure 2. The orbital pictures clearly indicate the short-range nature of the transitions. This is also supported by the larger values of Λ.


Figure 2. HOMO, LUMO, and HOMO-1 of D-luciferin molecule: (a–c) in gas phase; (d–f) in cyclohexane; (g–i) in ethanol; and (j–l) in toluene solvent.
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3.3. Two-Photon Absorption


After calculating the OPA parameters, we have calculated the TPA properties of the first two excited states of the concerned molecule. Firstly, we have calculated the TPA tensor elements ([image: there is no content])—which is related to the excitation energies and transition dipole moment vectors—by the following relation [37],


[image: there is no content]



(2)




where [image: there is no content], and other terms have their usual meanings. The summation in Equation (2) runs over all the intermediate states, including the initial and final states. The TP transition probability for excitation by a linearly polarized single beam of light is related to [image: there is no content] through the following equation [38]:


[image: there is no content]



(3)







The TPA cross-section is usually expressed in terms of Göppert Mayer (GM) unit. The relation between the GM and atomic unit is given by the following relation [39]:


[image: there is no content]



(4)




where α is the fine structure contstant, [image: there is no content] is the Bohr radius, c is the speed of light in vacuum, Γ is the line-shape function, and other terms have their usual meanings.



The results for [image: there is no content] and [image: there is no content] are presented in Table 4. We noticed that, in solvent phases, the first excited state of D-luciferin is always much more TP active than the second excited state, whereas the reverse is true in gas phase. Furthermore, the TP activity of the first excited state in solvent phase is more than that in gas phase, whereas the TP activity of the second excited state in gas phase is more than that in solvent phase. In order to explain these results, we have performed a three-state model calculation based on the following generalized few-state model formula [21]:


[image: there is no content]



(5)




where [image: there is no content] are the two-state terms, [image: there is no content] are the interference terms, and the angle [image: there is no content] represents the angle between the transition moment vectors [image: there is no content] and [image: there is no content]. The other terms in Equation (5) have their usual meanings. Within three-state model calculations, the ground state and the first two singlet excited states are included in Equation (5). The corresponding results are presented in Table 5. It is obvious from Table 5 that the 3SM results are in excellent qualitative as well as quantitative agreement with the quadratic response theory results. The role of channel interference is clearly visible for both the first and second excited states in D-luciferin. In both the gas and solvent phases, the channel interference is always destructive in nature, which means it destroys the positive contribution from the [image: there is no content] transition in each case. This is because the pairwise angle terms (as appeared in Equation 5) are always negative. In both the gas and solvent phases, the contribution of channel interference for the second excited state is always larger in magnitude than that for the first excited state. In addition to this, the smaller [image: there is no content] values (as compared to [image: there is no content]) in solvent phases explains the lower TP activity of the second excited state, as compared to the first excited state. Note that the different behaviour of TP activity in gas phase (as revealed by the response theory) is also well reproduced by the three-state model (3SM). Both the response theory and 3SM indicates larger TP activity for the second excited state in gas phase, as compared to first excited state. 3SM indicates that the second excited state gains a significant amount of TP activity from the first excited state, as is obvious from larger [image: there is no content] value for the second excited state. 3SM also explains that, in polar solvent, the larger contribution of [image: there is no content] because of larger values of [image: there is no content] provides larger TP activity than that in non-polar or less-polar solvents.



Table 4. The two-photon absorption (TPA) tensor elements [image: there is no content] and TP transition probability for first and second excited states of D-luciferin molecule in gas and solvent phases.







	
Solvents

	
Excited States

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content] ([image: there is no content] a.u.)






	
Gas

	
1

	
96.3

	
2.1

	
0.9

	
27.1

	
1.6

	
−0.3

	
6.27




	
2

	
−112.3

	
10.0

	
0.5

	
−1.0

	
−8.7

	
−4.1

	
7.23




	
C2H5OH

	
1

	
176.6

	
−2.8

	
0.7

	
31.4

	
7.1

	
1.9

	
19.41




	
2

	
−74.2

	
12.1

	
1.0

	
13.7

	
−9.5

	
−4.6

	
3.24




	
C6H5CH3

	
1

	
173.2

	
−1.8

	
0.8

	
33.8

	
6.4

	
1.6

	
18.87




	
2

	
91.0

	
−13.0

	
−1.0

	
−11.3

	
10.1

	
4.9

	
4.77




	
C6H12

	
1

	
−166.0

	
1.5

	
−0.8

	
−33.1

	
−5.9

	
−1.4

	
17.40




	
2

	
93.3

	
−12.7

	
−0.9

	
−10.1

	
9.9

	
4.8

	
4.98










Table 5. Three-state model results for TP transition probability, for the first two excited states of D-luciferin in gas and solvent phases. All the δ values are in [image: there is no content] a.u., and angles are in degree.







	
Solvents

	
Excited

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]

	
[image: there is no content]




	
States






	
Gas

	
1

	
0.95

	
5.26

	
−4.07

	
2.13

	
6.27

	
160.97

	
14.92

	
161.97

	
22.92

	
175.02

	
37.23




	
2

	
11.80

	
1.05

	
−6.49

	
6.42

	
7.23

	
5.07

	
170.39

	
161.97

	
23.00

	
27.02

	
165.17




	
C2H5OH

	
1

	
24.30

	
0.11

	
−2.88

	
21.5

	
19.41

	
172.28

	
42.39

	
141.53

	
3.77

	
174.83

	
45.94




	
2

	
3.92

	
1.16

	
−3.68

	
1.39

	
3.24

	
5.26

	
149.65

	
141.53

	
12.02

	
9.21

	
137.70




	
C6H5CH3

	
1

	
21.0

	
0.49

	
−5.94

	
15.60

	
18.87

	
172.71

	
32.13

	
149.73

	
3.82

	
176.18

	
37.26




	
2

	
8.24

	
2.01

	
−7.41

	
2.84

	
4.77

	
3.74

	
159.52

	
149.73

	
11.71

	
10.77

	
147.95




	
C6H12

	
1

	
18.3

	
0.66

	
−6.50

	
12.50

	
17.40

	
172.58

	
29.62

	
151.76

	
5.98

	
176.38

	
35.38




	
2

	
9.12

	
2.14

	
−8.12

	
3.14

	
4.98

	
3.54

	
161.91

	
151.76

	
11.79

	
11.17

	
150.3












4. Conclusions


In this work, we present a theoretical study of one- and two-photon absorption properties for the first two singlet excited states of the D-luciferin molecule in gas and three different solvent (viz. ethanol, toluene, and cyclohexane) phases. For this purpose, we employ the linear and quadratic response theory within the framework of time-dependent density functional theory. Our results clearly indicate that—irrespective of the nature of medium (i.e., gas phase or solvent phase)—the first excited state of D-luciferin is always more one-photon active than its second excited state. We notice the larger value of transition dipole moment vector between ground and first excited state as the reason for this one-photon activity. We also notice that the x-component of the transition dipole moment is the most contributing component for the first excited state, whereas both the x and y components are contributing almost equally for the second excited state. This reflects that the [image: there is no content] transition is mainly dominated by the charge-transfer from the donor to the acceptor group, whereas the [image: there is no content] transition has more contribution from the re-organization of the π electrons throughout the molecule. For two-photon excitation, the activity increases on moving from gas to solvent phases, and within solvents TP activity is maximum in polar solvents, which decreases in less polar or non-polar solvents. The first excited state is found to be more TP active than the second excited state. We explain these observations by analysing the corresponding three-state model calculations, which reflects the importance of channel interference on TP activity of both the two excited states. In the present case, the channel interference is always destructive in nature, because of the negative values of the pairwise angle terms appearing in the three-state model formula.
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