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Abstract  

Solvent effects on the excited-state double proton transfer (ESDPT) mechanism in 7-azaindole 

(7AI) dimer were investigated using the time-dependent density functional theory (TDDFT) 

method. Excited-state potential energy profiles along the reaction paths in locally excited (LE) 

state and charge transfer (CT) state were calculated using polarizable continuum model (PCM) to 

include the solvent effect. A series of non-polar and polar solvents with different dielectric 

constant were used to examine the polarity effect on the ESDPT mechanism. The present results 

suggest that in non-polar solvent and polar solvent with a small dielectric constant, ESDPT 

follows the concerted mechanism, similar to the case in the gas phase. In polar solvent with a 

relatively large dielectric constant, however, ESDPT is likely to follow the stepwise mechanism 

via a stable zwitterionic intermediate in the LE state on the adiabatic potential energy surface, 

although inclusion of zero-point vibrational energy (ZPE) corrections again suggests the 

concerted mechanism. In the meantime, the stepwise reaction path involving the CT state with 

neutral intermediates is also examined, and is found to be less competitive than the concerted or 

stepwise path in the LE state in both non-polar and polar solvents. The present study provides a 

new insight into the experimental controversy of the ESDPT mechanism of 7AI dimer in a 

solution. 
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1. Introduction 

In DNA base pairs, photo-induced proton transfer plays important roles in photo-stability, 

as well as in photo-induced DNA mutation. On one hand, proton transfer is correlated with the 

efficient nonradiative decay path in DNA base pairs [1-5]. After UV radiation, single proton 

transfer (SPT) occurs and an internal conversion is invoked from the first excited (S1) to the 

ground (S0) state. This decay process has been studied with dynamics simulations and static 

electronic structure calculations for DNA base pairs and their model systems [6-12]. Double 

proton transfer (DPT), on the other hand, can induce a tautomerization, leading to the mismatch 

in the duplication of the DNA [13,14].  

7-azaindole (7AI) dimer is one of the most studied models as DNA base pair, see Figure 

1 for the molecular structure. The mechanism of the excited-state double proton transfer (ESDPT) 

in 7AI dimer is a very complicated and intriguing topic not only for chemists but also for 

biologists [15-56]. So far, two possible mechanisms have been proposed for ESDPT: concerted 

mechanism and stepwise mechanism. A notable way to distinguish these mechanisms is an 

examination of the existence of a single-proton-transferred intermediate. In the stepwise 

mechanism, the first proton transfer occurs with forming a stable intermediate, followed by the 

second proton transfer. The intermediate could be zwitterionic when formed in a locally excited 

(LE) state, while it could be neutral when formed in a charge transfer (CT) state. In the concerted 

mechanism, two protons are transferred simultaneously, without forming any intermediate. The 

concerted ESDPT in 7AI dimer can proceed synchronously or asynchronously (here, 

"synchronous" means the C2h-conserved proton transfer while "asynchronous" means the C2h-

broken proton transfer). In both synchronous and asynchronous mechanisms, motions of the two 

protons are correlated and cooperative [45]. 

The mechanism of ESDPT in 7AI dimer has been in controversy for a long time. For 

details, see ref. [47] and the references therein. Until recently, several theoretical groups reach 

the consensus that ESDPT in the gas phase occurs with the concerted mechanism, by using high 

level quantum chemical calculations for the excited state [57-59]. Barbatti and co-workers 

further support the concerted mechanism through static quantum chemical calculations and 

dynamics simulations in the excited state [60].  
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For 7AI dimer in the condensed phase, however, the ESDPT mechanism seems to be 

obscure in both non-polar and polar solvent. In particular, due to a strong electrostatic interaction 

between solute and solvent, the reaction path and even the reaction mechanism can change from 

the gas-phase one. Zewail and co-workers reported the behavior of the excited 7AI-dimer in non-

polar solvent (n-heptane) and polar solvents (diethyl ether, dichloromethane and acetonitrile) 

using steady-state absorption and fluorescence spectroscopy, and time-resolved fluorescence up-

conversion [29,32,46]. They proposed the stepwise mechanism for ESDPT of 7AI-dimer, with 

the first and second proton transfers occurring on a different time scale (e.g., 0.13 and 1.2 ps in 

non-polar solvents). Meanwhile, they revealed that the rate of the proton transfer is strongly 

dependent on the polarity and the isotopic composition, which was ascribed to the existence of a 

zwitterionic intermediate [56]. On the other hand, Takeuchi and Tahara [28,31,35,45] 

investigated dynamics of ESDPT of 7AI dimer in non-polar solvent hexane using a steady-state 

and femtosecond time-resolved fluorescence spectroscopy. They found that the intensity of time 

resolved fluorescence signal of 7AI dimer in hexane is significantly dependent on the excitation 

wavelength. The signal shows a biexponential decay (with time constants of 0.2 and 1.1 ps) and 

single exponential decay (with time constant of 1.1 ps) after excitation with the short wavelength 

(280 nm) and the long wavelength (313 nm), respectively. For the biexponential decay, the faster 

component was assigned to the internal conversion from the 1Lb to 1La state, while the slower 

component was assigned to the concerted ESDPT in the S1 state, because the faster component 

was not observed when the red-edge of the S1-S0 absorption (313 nm) was excited. Moreover, 

the tautomer fluorescence rises in accordance with a disappearance of the dimer fluorescence 

within the single exponential behavior, which excludes the formation of the intermediate that 

should appear in the stepwise mechanism.  

Thus, extensive experimental studies have been performed on ESDPT in several non-

polar and polar solvents. However, theoretical studies about the effect of solvent polarity on the 

ESDPT mechanism are still scant.  

In a previous report [57], we revealed that ESDPT of 7AI dimer in the gas phase is likely 

to follow the concerted but asynchronous mechanism in the LE state, at the lowest excitation 

energy. We noticed that the dipole moment of 7AI dimer exhibits non-zero values along the 

asynchronous-concerted reaction path, and thus, the reaction path might be affected by the 
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polarity of the solvent. Existence of the intermediate along the reaction path is one important 

feature in the stepwise mechanism. Locating the intermediate and determining the electronic 

character is of great significance for clarifying the proton transfer mechanism in a solution.  

In this study, we explore excited-state potential energy surfaces of ESDPT in 7AI dimer 

with a series of non-polar and polar solvents through quantum chemical calculations to 

understand the relation of solvent polarity and the ESDPT mechanism. This work, together with 

our previous work in the gas phase [57], is expected to give a conclusive description of the 

ESDPT mechanism in 7AI dimer.  
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2. Computational Details 

Equilibrium geometries in the S0 state were optimized by the density functional theory 

(DFT) method using the CAM-B3LYP functional [61]. The equilibrium geometries in the S1 

state were optimized by the time-dependent DFT (TDDFT) method (referred to as TD-CAM-

B3LYP). DFT/TDDFT calculations were performed with GAMESS [62], using 6-31G* basis 

sets. CAM-B3LYP is a range-separated functional and thus can well describe the energy of CT 

states of 7AI dimer, which is crucial for a proper description of the potential energy profiles for 

ESDPT in 7AI dimer [57]. We used the default parameter of CAM-B3LYP functional in 

GAMESS. The solvent effect was included by the conductor-like polarizable continuum model 

(C-PCM) [63,64], using the default parameters in GAMESS for non-polar solvents (heptane, 

cyclohexane and benzene) and some polar solvents (chloroform, methanol and water) and 

manually set parameters for other polar solvents (diethyl ether, dichloromethane and acetonitrile): 

the PCM parameters are shown in Table S1 in the ESI. Among these solvents, heptane, 

dichloromethane, chloroform, and acetonitrile were used in the experiment [46]. The equilibrium 

solvent effect was included not only in geometry optimization, but also in calculations of the 

constrained minimum energy path (cMEP) in the LE state or in the CT state. The dimerization 

energy for 7AI in solutions, and the solvation energies for the 7AI monomer and dimer were also 

calculated. For all the stationary points optimized with and without solvent effects, normal mode 

analysis was performed in order to verify their geometrical feature as minimum or a transition 

state, as well as to calculate a zero-point vibrational energy (ZPE). The energy profiles along the 

cMEP in the LE state were recalculated including non-equilibrium solvent effects using a PCM 

scheme, based on the cMEP in the S0 state in the gas phase. Vertical excitation and emission 

energies were also calculated with TD-CAM-B3LYP and TD-B3LYP methods at CAM-B3LYP 

(excitation) and TD-CAM-B3LYP (emission) optimized geometries, including non-equilibrium 

solvent effects. 

The cMEPs in the LE and CT states were determined with the TD-CAM-B3LYP method 

where one internal coordinate was assumed as a reaction coordinate, and all other coordinates 

were optimized for the respective electronic states. Figure 1 shows a definition of the reaction 

coordinates for proton transfer, M1, M2 and Q, which were introduced in a previous report [57]. 

For each reaction path involving the CT state, the highest energy point calculated in the scan of 
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cMEP was regarded as an approximate transition state (TSCT). For the reaction path in the LE 

state, a first-order saddle point was located as the transition state (TSLE), and IRC calculations 

were performed by the Gonzales-Schlegel second order algorithm with a stride of 0.3 amu1/2bohr, 

to confirm the connectivity of two minima and TSLE.  

To examine the effect of the diffuse function on the ESDPT behavior, we also calculated 

cMEPs in the LE state in a solution with cyclohexane and with water as solvent at the TD-CAM-

B3LYP/6-31+G* level. The calculated potential energy curves, shown in Fig. S1 in the ESI, do 

not change so much compared with those calculated at the TD-CAM-B3LYP/6-31G* level, 

which means that the diffusion function plays a minor role in this system.  
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3. Results and Discussion 

3.1. Equilibrium Geometries and Excitation Energies 

In the S0 state, equilibrium structures of normal dimer (NDS0) and tautomer dimer (TDS0) 

are shown to have C2h symmetry in the gas phase and in solutions with non-polar and polar 

solvents. The optimized geometries of NDS0 and TDS0 in the gas phase (see Fig. S2 in the ESI) 

are consistent with previous calculations at the MP2 level [57].  

Similar to the case in the gas phase, the S1 state for ND and TD in solutions is 

characterized as LE state. Figure 2a and b show the equilibrium structures of ND and TD in the 

LE state, referred to as NDLE and TDLE, respectively, optimized at the TD-CAM-B3LYP/PCM 

level in non-polar solvent heptane. For comparison, the equilibrium structures NDLE and TDLE in 

the gas phase optimized at the TD-CAM-B3LYP level are shown in Fig. S3a and b in the ESI. 

Geometrical parameters do not differ so much in heptane compared to those in the gas phase. 

Similar results were obtained for the equilibrium structures in solutions with other non-polar and 

polar solvents. We note that the equilibrium structures of NDLE and TDLE optimized at the TD-

CAM-B3LYP level are very similar with those optimized at the CASPT2 level in the gas phase 

[57], although hydrogen bond distances were slightly enlarged in TD-CAM-B3LYP calculations. 

All optimized geometries of NDLE and TDLE in the S1 state exhibit the Cs symmetry due 

to HOMO-LUMO * excitation at one monomer, see Figure 3a and b. The excited monomer 

(indicated by bracket and star in Figure 2a and b) is referred to as Monomer-e while the other 

monomer is referred to as Monomer-g. The geometry of Monomer-e is largely deviated by 

excitation, while Monomer-g almost keeps the ground-state geometry.  

Figure 2c shows the optimized structure of single-proton-transferred intermediate, 

referred to as INTCT in the S1 state in heptane. The electronic state at INTCT is a charge transfer 

state where an electron is transferred from HOMO of the proton-donating monomer to LUMO of 

the proton-accepting monomer, see Figure 3c. Thus, the INTCT structure can be regarded as a 

neutral intermediate where the positive charge of the proton-accepting monomer is compensated 

by electron transfer from the proton-donating monomer. The N...H distances of the hydrogen-

bonded N-H...N part (r2 and r4, see Figure 1) are 2.053 and 2.096 Å, considerably shortened by 

0.2-0.3 Å compared to the ones calculated in the gas phase [57]. This result suggests the 
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enhancement of the strength of the hydrogen bonds. The structures of INTCT are similar in 

solutions with non-polar and polar solvents.  

In polar solvents, another equilibrium structure corresponding to a single-proton-

transferred intermediate has also been located in the S1 state of LE character. Figure 2d shows 

the optimized structure of this intermediate in acetonitrile, referred to as INTLE. Similar 

intermediate structures have been located in solutions with relatively large dielectric constant 

solvents (dichloromethane, methanol and water). Note that this structure could not be found in 

the gas phase and in solutions of non-polar and the smaller dielectric constant solvents (diethyl 

ether and chloroform). Although we attempted geometry optimization starting from Q = 0 with 

these solvents, molecular structure was optimized to TDLE in all attempts.  

The intermediate structure in the LE state (INTLE) exhibits a zwitterionic character with a 

local excitation on the proton donor (see Figure 3d for frontier orbitals), in contrast to the 

neutral intermediate INTCT. In addition, a large distinction was found in geometrical parameters: 

N...H hydrogen bond distances are 1.703 and 1.623 Å at INTLE, which are much smaller than 

2.053 and 2.096 Å at INTCT. Comparatively, the smaller distance in hydrogen bonds at INTLE 

may facilitate the proton transfer in the strengthened hydrogen bonds compared to the longer 

distance at INTCT. 

Table 1 shows the relative energies of excited-state minima and TS’s (relative to NDLE) 

in the gas phase and in solutions, with and without including ZPE. The following discussions are 

based on the electronic energy without ZPE, except specific notification. The relative energy of 

TDLE is influenced by the polarity of solvent. In the gas phase, the energy of TDLE was 

calculated to be -8.16 kcal/mol relative to NDLE. This energy is considerably raised up in non-

polar solvents and in polar solvents, with the latter going up more evidently. For example, the 

energy of TDLE is raised to -7.03 and -5.53 kcal/mol in heptane and acetonitrile, respectively. 

The inclusion of ZPE slightly increases the corresponding values as -6.10 and -4.42 kcal/mol in 

heptane and acetonitrile, respectively. 

The energy of the intermediate in the CT state is considerably influenced by the polarity 

of solvent. For example, the relative energy of INTCT is raised up from -28.81 kcal/mol in the 

gas phase to -15.18 kcal/mol in a solution with non-polar solvent heptane, and to -0.52 kcal/mol 

with polar solvent acetonitrile, see Table 1. In the LE state, the intermediate INTLE appears when 
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the dielectric constant is 8.93 (dichloromethane) or larger. The relative energy of INTLE is 

slightly influenced by the polarity of solvent, which was calculated to be 4.19, 4.02, 4.02 and 

3.98 kcal/mol in dichloromethane, methanol, acetonitrile, and water, respectively. The relative 

energies of both INTCT and INTLE increase when considering the ZPE. 

The dipole moment in the excited state of 7AI dimer considerably changes along the 

reaction path of ESDPT, as shown in Table 1 (values in parentheses). In acetonitrile, for example, 

the dipole moment of NDLE and TDLE was calculated to be 5.13 and 5.24 Debye, respectively. 

The intermediates INTCT and INTLE exhibit much larger values of the dipole moment, 13.92 and 

10.86 Debye, respectively. The same trend is found in the gas phase and in solutions with other 

solvents. This trend is also consistent with the previous work by Serrano-Andrés and Merchán at 

the PMCAS-CI/MS-CASPT2 level [56]. 

Table 2 summarizes vertical excitation energies at the equilibrium geometry in the S0 

state and vertical emission energies at the equilibrium geometries in the S1 state at both TD-

CAM-B3LYP and TD-B3LYP levels. The vertical excitation energies at NDS0 in solutions are 

4.83–4.84 eV with non-polar solvents (heptane, cyclohexane and benzene) and 4.84–4.86 eV 

with polar solvents (diethyl ether, chloroform, dichloromethane, methanol, acetonitrile and 

water), similar to 4.85 eV in the gas phase at the TD-CAM-B3LYP level. The corresponding 

values at the TD-B3LYP level are 4.45-4.46 eV in both gas and solution phases. We note that the 

TD-CAM-B3LYP results are slightly overestimated, and the TD-B3LYP results are very 

consistent with the experimental absorption spectra in non-polar solvents [45,48] and our 

previous TDDFT calculations in the gas phase using the LC-BLYP functional [57]. Vertical 

emission energies at NDLE are 3.94 eV (3.90–3.93 eV) with non-polar (polar) solvents, and those 

at TDLE are 2.87–2.88 eV (2.91–2.95 eV) at the TD-CAM-B3LYP level. The values at NDLE 

become 3.60 eV (3.63–3.66 eV) with non-polar (polar) solvents, and those at TDLE are 2.59–2.60 

eV (2.64–2.69 eV) at the TD-B3LYP level. Again, the TD-B3LYP results are very consistent 

with the fluorescence band maximum of ND and TD in non-polar solvents [45,48] as well as our 

previous calculations in the gas phase [57].  

We also calculated the absorption and emission energies in hexane. The absorption 

energy at NDS0 as well as emission energies at NDLE and TDLE are 4.84, 3.95 and 2.87 eV, 

respectively, at the TD-CAM-B3LYP level. The corresponding values are 4.45, 3.60 and 2.58 eV, 
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respectively, at the TD-B3LYP level. These results are very similar to the ones with other non-

polar solvents. The error is within 0.15 eV from experimental results (4.32 eV for absorption and 

2.53 eV for fluorescence [45], see Table 2) using TD-B3LYP functional. The relatively large 

error of 0.5 eV from experimental results using TD-CAM-B3LYP is due to the increased 

proportion of an exact exchange energy in this functional, which aims to reduce the errors in 

excitation energy of CT and Rydberg states. While, the vertically excited S1 state at NDS0 and the 

S1 state at NDLE and TDLE in 7AI dimer in solutions is local excitation. 

For the intermediate in the CT state (INTCT), the energy difference between S1 and S0 in 

the gas phase was calculated to be 1.01 eV (see Table 2), which is very similar to the one 

calculated by Barbatti and co-workers [60]. This result suggests that the internal conversion from 

INTCT is likely to occur in the gas phase, as predicted by on-the-fly dynamics simulations [60]. 

However, in solution, the energy difference has been found much larger, see Table 2. In non-

polar solvent heptane, it was calculated to be 2.14 eV. Similar values were calculated at INTCT 

with other non-polar solvents. The energy gap is even larger with polar solvents, such as 3.10 eV 

in acetonitrile. These findings indicate that the nonradiative decay is less possible to occur in 

solutions than in the gas phase. 

The energy gap between S1 and S0 at the intermediate in the LE state (INTLE) in solutions 

with polar solvents is also shown in Table 2. In acetonitrile, the energy gap was calculated to be 

3.40 eV at INTLE, which is ca. 0.3 eV larger than that at INTCT. Similar values were also 

obtained for other polar solvents (dichloromethane, methanol, and water). The relatively large 

values are likely to prevent the nonradiative decay through LE state in solutions with polar 

solvents.  

Table 2 also shows the oscillator strength calculated at each minimum. The oscillator 

strength at NDLE is similar to that at NDS0, while TDLE exhibits the smaller value. In acetonitrile, 

for example, the oscillator strength for NDLE and TDLE was calculated to be 0.210 and 0.058, 

respectively, while, for INTCT and INTLE, the calculated values are 0.005 and 0.106, respectively. 

Similar values were calculated for other polar solvents. The values at INTLE may be enough for 

relatively strong emission from the intermediate. However, as discussed in next section, once 

INTLE is formed, the second proton transfer toward TDLE is expected to occur very quickly with 

a low energy barrier. Therefore, the fluorescence from INTLE is likely unfeasible to occur. 
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The 7AI dimerization energies in the gas phase and in solutions, and solvation energies 

for 7AI dimer (NDS0) and monomer were calculated at the CAM-B3LYP/6-31G* level in the S0 

state, as shown in Table 3. The dimerization energy was estimated as a difference of the energy 

of NDS0 and the energy of two monomers located far away from each other (the distance of C8-

C8' is fixed to 10.2 Å), while the solvation energies were calculated as a difference of the energy 

in a solution and that in the gas phase. As the dielectric constant of the solvent increases, the 

dimerization energy decreases and the solvation energies for both dimer and monomer increase. 

Since 7AI dimerization energies in solutions are larger than the corresponding solvation energy 

of 7AI monomer for all solvents, 7AI dimerization is expected to occur in solutions. The 7AI 

dimerization in acetonitrile, heptane, chloroform and dichloromethane was reported in 

experimental studies [46,65]. In the case of protic solvents such as methanol and water, however, 

the 7AI dimerization may be affected largely due to a hydrogen bonding between 7AI and 

solvent molecules, but this is out of scope of the present work.  

3.2. Reaction Path of ESDPT in the Locally-Excited State 

In all non-polar solvents (heptane, cyclohexane, and benzene) and some polar solvents 

(diethyl ether and chloroform), no intermediate was found in the LE state as well as in the gas 

phase, and one transition state has been located at the structure where Monomer-e is releasing the 

proton of the NH bond. Figure 4a shows the optimized transition state geometry in the LE state, 

referred to as TSLE, in heptane. At this structure, one proton is just transferred along the N-H...N 

hydrogen bond from Monomer-e to Monomer-g, while the other proton is still bound to a five-

membered ring of Monomer-g (Q = -0.22 Å, M1 = 0.13 Å, M2 = -0.57 Å). This finding suggests 

that TSLE is a transition state for asynchronous proton transfer. Similar geometry was located as 

TSLE for other non-polar solvents (cyclohexane and benzene) and polar solvents (diethyl ether 

and chloroform).  

In solutions with other polar solvents (dichloromethane, acetonitrile, methanol, and 

water), the INTLE structure was found, and two transition states were located where both 

transferred protons are closer to Monomer-g than Monomer-e. Figure 4b and 4c show the 

optimized transition state geometries, referred to as TSLE1 and TSLE2, in acetonitrile. At each 

transition state, one proton is lying in the middle site of the hydrogen bond, while the other 
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proton is located on Monomer-g. At TSLE1 (Q = -0.29 Å, M1 = 0.09 Å, M2 = -0.67 Å), one 

proton is located in the middle of the hydrogen bond N1'-H10'...N7, while the other proton 

remains at the five-membered ring of Monomer-g. At TSLE2 (Q = 0.21 Å, M1 = 0.69 Å, M2 = -

0.27 Å), one proton is located near the middle of the hydrogen bond N1-H10...N7', while the 

other proton is transferred to the six-membered ring of Monomer-g. The optimized TSLE1 and 

TSLE2 geometries in dichloromethane, methanol, and water are very similar to the ones in 

acetonitrile. 

To examine the equilibrium solvent effect on the ESDPT mechanism in more detail, we 

calculated the cMEPs of 7AI dimer in the LE state along the reaction coordinate Q. Figure 5 

shows potential energy profiles for ESDPT in solutions with non-polar solvents (heptane, 

cyclohexane, and benzene). The shapes of the potential energy profiles are very similar to each 

other and to the one in the gas phase calculated with CASPT2 and TDDFT in our previous work 

[57]. We also calculated the potential energy profiles in the gas phase at the TD-CAM-BLYP 

level. The calculated profile, shown in Fig. S4 in the ESI, is very similar to the one in the gas 

phase calculated with CASPT2 and TDDFT in our previous work [57], also with the ones in 

solutions with non-polar solvents, which further confirm that the current computational method 

can qualitatively describe the ESDPT process in 7AI dimer in solutions. In the gas phase and in 

solutions with non-polar solvents, the S1 state is dominated by the LE configuration all along the 

reaction path. 

In Fig. 5, only one maximum was found for each potential energy profile and no 

zwitterionic intermediate was located. The maximum point near Q = -0.2 Å corresponds to TSLE, 

while two minima at Q = -0.77 and 0.83 Å correspond to NDLE and TDLE, respectively. This 

result suggests that ESDPT of 7AI dimer in solutions with non-polar solvents (heptane, 

cyclohexane, and benzene) follows the concerted mechanism in the LE state. The IRC 

calculations starting from TSLE also exhibited the connectivity with NDLE and TDLE, which 

supports the concerted mechanism. Considering the similar dielectric constant of hexane with the 

other non-polar solvents (heptane, cyclohexane, and benzene), we expect the cMEP in hexane is 

also similar with those in solutions with other non-polar solvents, exhibiting the concerted 

mechanism.  
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Figure 6 shows potential energy profiles in the lowest 6 excited states in heptane. At the 

ND structure, the lowest four excited states are LE states, and the fifth excited state is a CT 

character. The S1 state is dominated by the LE configurations through the proton transfer process. 

In a region of Q = -0.3 ~ 0.2 Å, however, one CT state is rapidly stabilized, resulting in change 

of the character of the S2 state from LE to CT. The smallest energy gap of CT and LE states at Q 

= 0 is 0.11 eV in heptane. The same feature can also be found in solutions with other solvents, as 

shown in Fig. S5a-h in the ESI. 

The non-equilibrium solvent effect was also investigated in the ESDPT process in the LE 

state. Fig. S6 in the ESI shows the potential energy profiles for the ESDPT in non-polar solvents 

(heptane, cyclohexane, and benzene) as a function of Q along the pathway determined for the 

ground state in the gas phase. The potential energy profiles in solutions with non-polar solvents 

are very similar with each other. The energy barrier considering the non-equilibrium solvent 

effect, shown in Table S2 in the ESI, is about 0.8 kcal/mol higher than the one including the 

equilibrium solvent effect, indicating that the difference of non-equilibrium and equilibrium 

solvent effects are very small. 

Table 1 also shows the electronic energy of transition state structures relative to NDLE. 

The height of a potential energy barrier, estimated by the energy difference between NDLE and 

TSLE, is 6.06, 6.04 and 6.04 kcal/mol in heptane, cyclohexane, and benzene, respectively, 

without ZPE. These barriers are slightly lower than that in the gas phase, 6.13 kcal/mol at the 

TD-CAM-B3LYP level. By including ZPE, the barrier is largely reduced to 2.73, 2.74 and 2.76 

kcal/mol in heptane, cyclohexane and benzene, respectively. The dipole moments were 

calculated to be 7.12, 7.18 and 7.30 Debye in heptane, cyclohexane and benzene, respectively, 

which are larger than 5.94 Debye in the gas phase.  

The potential energy profiles of the ESDPT processes in solutions with polar solvents, 

diethyl ether, chloroform, dichloromethane, methanol, acetonitrile, and water, along Q are shown 

in Figure 7. The shape of potential energy profiles considerably depend on the dielectric 

constant. The intermediate INTLE appears when the dielectric constant of solvent is relatively 

large, probably due to a strong electrostatic interaction between the solvent and the dimer with 

non-zero dipole moment as shown in Table 1. 
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In diethyl ether and chloroform, no intermediate minimum could be located near Q = 0, 

although the potential profile shows a very flat nature around Q = 0–0.2 Å, see Figure 7a. This 

result suggests that ESDPT is likely to follow the concerted mechanism when the dielectric 

constant of solvent is small. The barrier height at TSLE was calculated to be 5.97 and 5.95 

kcal/mol in diethyl ether and chloroform, respectively (see Table 1), which are slightly lower 

than the ones in the gas phase and in solutions with non-polar solvents. Including ZPE, the 

barrier height was reduced to 2.76 and 2.59 kcal/mol in diethyl ether and chloroform, 

respectively. The dipole moments were calculated to be 7.81 and 7.88 Debye in diethyl ether and 

chloroform, respectively, which are slightly larger than those in non-polar solvents.  

In dichloromethane, methanol, acetonitrile, and water, on the other hand, there appears a 

shallow minimum near Q = 0 in the reaction path, see Figure 7b. After full-optimization of the 

structure, we located a true minimum for the zwitterionic intermediate INTLE. The energies of 

INTLE are 3.98-4.19 kcal/mol higher than NDLE and 9.40-10.02 kcal/mol higher than TDLE (see 

Table 1).  

The potential energy profiles in Figure 7b exhibit two energy barriers near Q = -0.3 and 

0.2 Å. The first and second barriers correspond to TSLE1 and TSLE2, respectively. TSLE1 is a 

transition state for the first proton transfer from NDLE to INTLE, while TSLE2 is for the second 

proton transfer from INTLE to TDLE. The connections of these stationary points were also 

confirmed by the IRC calculations starting with each TS structure. The findings above suggest 

that in dichloromethane, methanol, acetonitrile, and water, two protons are transferred 

sequentially with the stepwise mechanism, forming an intermediate after the first proton transfer. 

In this mechanism, ESDPT occurs in the LE state without involving CT states.  

The barrier height for the first proton transfer was estimated to be 5.88-5.94 kcal/mol 

(with respect to NDLE), while that for the second proton transfer was 0.06-0.21 kcal/mol (with 

respect to INTLE). This result suggests that the first proton transfer is the rate-determining step in 

the stepwise ESDPT. Including the ZPE, however, the relative energies of both transition states 

TSLE1 and TSLE2 decrease significantly, and become even lower than the energy of INTLE, shown 

in Table 1. This result indicates that the stepwise reaction path turns out to be concerted reaction 

path even in solutions with polar solvents when considering ZPE at stationary points. The 

relative energies of INTLE and TSLE1 are not so large (0.4 ~ 0.6 kcal/mol) and a quantitative 
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estimation of ZPE including the anharmonicity will possibly change the energetics, but anyway 

the region of TSLE1 ~ INTLE ~ TSLE2 should be very flat, and ESDPT should proceed with the 

almost concerted (but asynchronous) mechanism.  The calculated dipole moments at TSLE1 are 

8.11-8.37 Debye in solutions of polar solvents with the larger dielectric constant, which are 1.04-

1.24 Debye lower than those at TSLE2. Combined with the calculated dipole moments at TSLE in 

solutions of non-polar solvents and polar solvents with the smaller dielectric constant, it is very 

interesting to note that the energy barrier decreases against the increase in dipole moment at TSLE, 

TSLE1 and TSLE2.  

The non-equilibrium solvent effect from polar solvents was also examined for ESDPT in 

the LE state. In the ESI, potential energy profiles for ESDPT in solutions with polar solvents 

(diethyl ether, chloroform, dichloromethane, methanol, acetonitrile, and water) along Q are 

shown in Fig. S7a and S7b. The potential energy profiles with non-equilibrium solvent effects of 

polar solvents are very similar with each other, and an intermediate appears along the reaction 

path in all cases. The energy barriers with non-equilibrium solvent effects are about 0.5-0.8 

kcal/mol higher than the ones considering equilibrium solvent effect (Table S2 in the ESI), but 

their energy profiles are basically unchanged. 

For all solvents, we located another transition state structure in solutions where both 

transferred protons are closer to Monomer-e than Monomer-g, which is in contrast to TSLE, 

TSLE1, and TSLE2 where the protons are closer to Monomer-g than Monomer-e. The optimized 

structure, labeled as TSMix, in acetonitrile is shown in Figure 4d. At TSMix (Q = -0.24 Å, M1 = -

0.62 Å, M2 = 0.13 Å), one proton is located near the middle site of the hydrogen bond and closer 

to Monomer-e, while the other proton remains on Monomer-e. It was verified that the proton is 

transferred from Monomer-g to Monomer-e, where Monomer-e is the proton acceptor. The 

asymmetry of hydrogen-bond structure suggests that TSMix is also a transition state for 

asynchronous proton transfer. The character of the S1 state at TSMix is dominated by local 

excitation on the proton acceptor and mixed with small part of charge transfer from Monomer-g 

to Monomer-e. The optimized TSMix geometries in the gas phase and with other solvents are very 

similar to the one in acetonitrile.  

Figure 8 shows potential energy profiles along the IRC paths through TSMix in solutions. 

The IRC calculation shows that the transition state directly connects NDLE and TDLE in non-
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polar solvent benzene and all polar solvents (Figure 8a), while it connects NDLE and INTCT in 

other non-polar solvents (heptane and cyclohexane) (Figure 8b). This result suggests that 

ESDPT along the reaction path through TSMix follows the asynchronous concerted mechanism in 

solutions with solvents other than heptane and cyclohexane. The different connection of the IRC 

path may be due to the distinction of the electronic character in these transition states. In heptane 

and cyclohexane, the extent of charge transfer character is larger than that with other solvents.  

Along the IRC paths starting at NDLE through TSMix, the monomers approach each other 

first with energy increasing gradually, followed by a sharp increase of the energy because of a 

single proton transfer from Monomer-g to Monomer-e until reaching TSMix. After that the energy 

decreases gradually when the two protons are on the same site, followed by a very sharp 

decrease of the energy due to the completion of proton transfer toward TDLE or INTCT. For all 

solvents other than heptane and cyclohexane, the IRC calculations show that there is no 

intermediate minimum along the reaction path, although there is a flat region (see Figure 8a). We 

note that in this reaction path the first proton transfer occurs from Monomer-g to Monomer-e, 

while it occurs from Monomer-e to Monomer-g in other reaction paths through TSLE or through 

TSLE1 and TSLE2.  

The energy barrier at TSMix was calculated to be 7.00-7.24 kcal/mol in solutions with 

solvents studied, which is 0.94-1.36 kcal/mol higher than the one at TSLE and TSLE1, see Table 1. 

Therefore, the proton transfer through TSMix is less likely to occur than the concerted ESDPT 

through TSLE or the stepwise ESDPT through TSLE1 and TSLE2 in each solvent. Including ZPE, 

the energy barrier at TSMix is still higher than TSLE and INTLE, and thus, ESDPT is also likely to 

follow the concerted mechanism. The dipole moments at TSMix in non-polar solvents, heptane, 

cyclohexane, and benzene, are 5.86, 5.92, and 6.06 Debye, respectively, and those in polar 

solvents, diethyl ether, chloroform, dichloromethane, methanol, acetonitrile and water, are 6.61, 

6.68, 6.93, 7.16, 7.17 and 7.21 Debye, respectively. This result shows that the energy increase of 

TSMix is correlated with the increase of the dipole moment against dielectric constant of solvent, 

contrary to the case of other TS structures.  

The potential energy profiles in the LE state suggest that the ESDPT mechanism can 

change depending on the polarity of the solvent. In solutions with non-polar and the smaller 

dielectric constant solvents, the potential energy profile and reaction mechanism in the LE state 
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do not change so much from those in the gas phase considering the equilibrium solvent effect. 

However, in solutions with the larger dielectric constant solvents, the formation of an 

intermediate in the LE state is evident, changing the mechanism from that in the gas phase. 

Under the non-equilibrium solvent effect, the intermediate remains with all polar solvents (see 

Fig. S7a and 7b in the ESI), indicating the stepwise mechanism. While including ZPE, the 

concerted mechanism seems to be maintained in solutions with all solvents.   

3.3. Reaction Path in the Charge-Transfer State  

To unveil the proton transfer mechanism in the CT state, we also calculated the cMEPs 

for proton transfers from NDLE to INTCT and from INTCT to TDLE in solutions with all solvents. 

The calculated cMEPs with non-polar solvents (heptane, cyclohexane, and benzene) are shown 

in Figure 9. In the first proton transfer process, the energy gradually increases before reaching 

the highest energy point (referred to as TSCT1), followed by a sudden decrease in energy from 

TSCT1 toward INTCT. The energy barrier for this process was estimated to be 9.1, 9.5 and 10.3 

kcal/mol in heptane, cyclohexane, and benzene, respectively. This barrier lies higher in energy 

than the barrier at TSLE with all non-polar solvents. Once INTCT is formed, the second proton 

transfer can occur if the dimer overcomes the energy barrier at the second TS (referred to as 

TSCT2), which were estimated to be 20.7, 20.4 and 20.0 kcal/mol. The reverse proton transfer 

from TDLE to INTCT is also possible due to the relatively low energy barrier of 12.5, 13.0 and 

13.8 kcal/mol and the relatively low energy of INTCT.  

Figure 10 shows the cMEPs for the first and second proton transfer processes in 

solutions with polar solvents. In acetonitrile, the energy barriers at TSCT1 and TSCT2 were 

estimated to be 7.0 and 11.1 kcal/mol, respectively. This finding suggests that the second proton 

transfer process is the rate-determining step of ESDPT via the CT state in acetonitrile. The back 

proton transfer from TDLE to INTCT is more difficult to occur than in non-polar solvents due to 

the high energy barrier of 16.1 kcal/mol and the relatively high energy of INTCT. The 

intermediate INTCT lies much higher in energy than TDLE, making the second proton transfer 

process thermodynamically feasible. TDLE can be formed if excitation energy is high enough to 

overcome the total energy barrier at TSCT2. Otherwise, the dimer remains around INTCT even if 

passing over the energy barrier at TSCT1.  
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The energy profiles in methanol and water are very similar to the one in acetonitrile. 

Particularly, the barrier at TSCT2 is higher than the barrier at TSCT1, suggesting that the second 

proton transfer is the rate-determining step also in solutions with these solvents. In methanol, the 

energy barrier for the first and second proton transfers was estimated to be 6.9 and 11.1 kcal/mol, 

respectively. In water, the corresponding values are 7.4 and 11.0 kcal/mol, respectively.  

In dichloromethane, the barrier at TSCT1 lies higher in energy than the barrier at TSCT2, 

suggesting that the first proton transfer is a rate-determining step. The energy barrier for the first 

and second proton transfers is estimated to be 10.6 and 8.5 kcal/mol, respectively. The relative 

energies at the highest energy points for the first and second proton transfers (TSCT1 and TSCT2) 

are 8.3 and 5.6 kcal/mol in diethyl ether and 8.8 and 6.2 kcal/mol in chloroform, respectively, 

indicating the first proton transfer process to be the rate-determining step also in these solvents. 

The energy barrier for the second proton transfer and the reverse process exhibits similar values, 

thus TDLE is expected to get back to INTCT with a certain ratio if the second proton transfer 

process occurs. 

It is worthy to mention that the electronic character at TSCT1 and TSCT2 in S1 is a CT state, 

while the electronic character in S2 state becomes LE state in heptane. The S2 state at TSCT1 and 

TSCT2 is nearly degenerate with the S1 state (energy gap of 0.42 and 0.48 eV, respectively), 

exhibiting an avoided crossing between S1 and S2 states. The similar behavior can also be found 

in solutions with other solvents.    

To reveal the relationship of the inter-monomer distance with the electronic character, we 

calculated the IRC path from INTLE to INTCT, where the electronic character of the transition 

state is a superposition of LE and CT states. Fig. S8 in the ESI shows potential energy profiles in 

polar solvents (dichloromethane, methanol, acetonitrile, and water) exhibiting the INTLE 

structure. INTCT lies 4.1-7.4 kcal/mol lower in energy than INTLE. The energy barriers for the 

forward and backward processes are 0.8-1.4 kcal/mol and 5.4-8.1 kcal/mol, respectively. 

Evidently, the dimer at INTLE can go to INTCT by overcoming a low energy barrier, which opens 

a pathway from LE to CT states. However, this barrier is higher than that for the second proton 

transfer in the LE state from INTLE to TDLE, see Table 1 and Figure 7b.  

 

3.4. ESDPT Mechanism of 7AI Dimer in Non-Polar and Polar Solvents 
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In solutions of non-polar and the smaller dielectric constant solvents, three reaction 

pathways have been revealed for ESDPT in 7AI dimer.  

Path I: NDLE → TSLE → TDLE (concerted mechanism) 

Path II: NDLE → TSMix (→ INTCT → TSCT2) →TDLE (concerted or stepwise mechanism) 

Path III: NDLE → TSCT1 → INTCT → TSCT2 → TDLE (stepwise mechanism) 

Path I is very similar to the Route I in the gas phase proposed in ref. [57]. This reaction 

path exhibits a single-step DPT process from NDLE to TDLE in the LE state, with no stable 

zwitterionic intermediate formed. ESDPT occurs asynchronously with the motions of two 

protons strongly correlated following the concerted mechanism. 

Path II exhibits the ESDPT process through TSMix. In solutions with the small dielectric 

constant solvents (heptane and cyclohexane), the first proton transfer occurs from NDLE to INTCT, 

and then, the second proton transfer occurs from INTCT to TDLE (see Figure 9). When the 

dielectric constant is larger (benzene, diethyl ether and chloroform), Path II shows another 

single-step tautomerization route from NDLE to TDLE, triggered by a proton transfer from 

Monomer-g to Monomer-e. This reaction path is different from Path I where the proton is 

initially transferred from Monomer-e to Monomer-g. 

Path III exhibits a two-step process with the stable neutral intermediate INTCT formed. 

This path is very similar to the Route II in the gas phase [57]. ESDPT via Path III occurs with the 

stepwise mechanism. The first proton transfer occurs along the reaction path from NDLE to 

INTCT through TSCT1, and then, the second proton transfer occurs along the reaction path from 

INTCT to TDLE through TSCT2.  

From the viewpoint of a barrier height, the single-step process via Path I is 

thermodynamically more feasible than the other processes via Path II or Path III. Thus, the 

ESDPT process is more likely to follow the concerted mechanism. Path II may be also accessible 

due to the just slightly higher energy barrier compared to Path I. This conclusion holds even 

when considering the ZPE at stationary points along the pathways. 

In solutions with the relatively large dielectric constant solvents, the reaction path looks 

quite different due to a strong electrostatic interaction with the solvent. We have found three 

main reaction paths for tautomerization from NDLE to TDLE.  

Path I: NDLE →TSLE1 → INTLE → TSLE2 → TDLE (stepwise mechanism).  
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Path II: NDLE →TSMix → TDLE (concerted mechanism).  

Path III: NDLE → TSCT1 → INTCT → TSCT2 → TDLE (stepwise mechanism). 

In Path I, due to the solute-solvent interaction, the intermediate INTLE appears in the LE 

state. The first proton transfer is a rate-determining step, while the second proton transfer is 

almost a barrier-less process. The electronic character of the intermediate is a CT state through a 

structural transformation from INTLE to INTCT (Fig. S8 in the ESI), but this process is less likely 

to occur than the second proton transfer to TDLE because of the higher energy barrier. Including 

ZPE at stationary points, however, the energy at INTLE becomes higher than those at TSLE1 and 

TSLE2, indicating that the reaction mechanism returns to the concerted one. 

In Path II, the dimer tautomerizes from NDLE to TDLE through a single-step DPT via 

TSMix in the LE state without forming a zwitterionic intermediate. Thus, ESDPT occurs 

asynchronously, following the concerted mechanism with proton transfer initiated from 

Momomer-g to Monomer-e.  

In Path III, the intermediate INTCT is formed in the CT state as in the case of the gas 

phase and in solutions with non-polar and the smaller dielectric constant solvents. With the 

larger dielectric constant solvents, however, the energy of the CT state is highly raised up 

compared to the gas phase. The energy barriers at TSCT1 and TSCT2 suggest that the first proton 

transfer is a rate-determining step in diethyl ether, chloroform, and dichloromethane, while the 

second proton transfer is a rate-determining step in methanol, acetonitrile, and water.  

With the larger dielectric constant solvents, Path II exhibits a single-step process without 

forming any intermediate, while Path I and Path III exhibit a two-step process with an 

intermediate formed either in the LE or CT state. In view of the energy barrier for these paths, 

the proton transfer is more likely to occur with the stepwise mechanism via Path I in the LE state. 

The proton transfer via Path II in the LE state (concerted mechanism) is also competitive with 

Path I, considering a slightly higher energy barrier in Path II. By including ZPE, however, both 

Path I and Path II exhibit a single-step process, with the former slightly more competitively. 

The present calculated results in solutions with both non-polar and polar solvents are 

consistent with the experimental observations. With non-polar solvents, the concerted ESDPT 

process via Path I is supposed to be responsible for the single exponential decay of time-resolved 

fluorescence after the excitation at the red-edge of the S1-S0 absorption [45]. Furthermore, the 
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fluorescence with the wavelength of 560 nm, attributed to the emission from TDLE, rises in 

accordance with the disappearance of the fluorescence of 420 nm, assigned to the emission from 

NDLE [45]. This result excludes the formation of the stable intermediate in the DPT process and 

is very consistent with Path I in solutions of non-polar solvents, a direct path from NDLE to TDLE.  

In solutions of polar solvents, the stepwise mechanism is predicted only when the 

dielectric constant is sufficiently large. This prediction is consistent with the mechanism 

proposed by Zewail and co-workers [29,32,45]. When the dielectric constant of the solvent is not 

so large, however, ESDPT is likely to follow the concerted mechanism. In addition, when the 

dielectric constant is large, the potential energy profiles calculated for the stepwise ESDPT in the 

LE state (Path I) exhibit a much higher energy barrier for the first proton transfer than for the 

second proton transfer, suggesting that the first proton transfer is a rate-determining step. The 

second proton transfer seems to be almost barrier-less and is therefore expected to be much faster 

than the first proton transfer. Considering ZPE at stationary points, furthermore, the intermediate 

in the LE state disappears, and the concerted mechanism is more likely to be followed. Thus, for 

polar solvents, it is less likely to assign the faster and slower components of the biexponential 

decay in time-resolved electronic spectra to the first and second proton transfers, respectively, as 

Zewail and co-workers did [46]. Instead, similarly to the case of the gas phase and non-polar 

solvents, the slower component of the decay is attributed to the first proton transfer, while the 

faster component originates from the internal conversion from the higher excited states to the 

first excited state. Moreover, Zewail and co-workers revealed that the decay time of the slower 

component significantly depends on the solvent polarity. The present results can support this 

observation, because the energy of the intermediate and transition state(s) in the LE state is 

correlated with the solvent polarity, which should influence dynamics of the ESDPT.  
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4. Conclusions 

In the present work, we systematically investigated the effect of solvent polarity on the 

ESDPT in 7AI dimer to provide a comprehensive understanding of the mechanism in terms of 

excited-state potential-energy profiles calculated by the TDDFT/C-PCM methods. In solutions of 

non-polar solvents and polar solvents with the smaller dielectric constant, ESDPT in 7AI dimer 

is likely to take place in the LE state following the concerted mechanism. The result is well 

consistent with the experimental work by Takeuchi and Tahara [45]. In solutions of polar 

solvents with large dielectric constants, however, the adiabatic potential energy profiles for 

ESDPT in 7AI dimer indicates the stepwise mechanism is a preferred one. This result is 

consistent with the experimental work by Zewail and co-workers in polar solvents [46], but the 

biexponential decay in time-resolved spectra is less likely to be assigned to two proton transfer 

steps since the rate-determining step of ESDPT is predicted to be the first proton transfer (rather 

than the second proton transfer). Also, the inclusion of ZPE at stationary points along the ESDPT 

pathways changes the energy profiles, and suggests the possibility of the concerted mechanism 

again.  

To the best of our knowledge, this work is the first theoretical study on the ESDPT in 7AI 

dimer in solutions. Together with the previous work in the gas phase [57], the present work is 

expected not only to provide the comprehensive analysis on the mechanism of the ESDPT 

behavior, but also shed a new light on the long-lasting question about the mechanism of the 

ESDPT in 7AI dimer in solutions. To explore this study further, dynamic simulations of the 

ESDPT process in solutions of non-polar and polar solvents would be an interesting topic of 

future studies.  
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Table 1. TD-CAM-B3LYP electronic energies of minimum and transition state structures, relative to NDLE (in kcal/mol). The value 
in the parentheses is the dipole moment (in Debye). The value in italic is the energy including zero-point vibrational energy. 
 

solvent gas phase heptane cyclohexane benzene diethyl 
ether 

chloroform dichlorom
ethane 

methanol acetonitrile water 

static 
dielectric 
constant 

 1.92 2.02 2.25 4.34 4.90 8.93 32.63 36.64 78.39 

NDLE 0.00 
(3.83) 

0.00 
(4.38) 

0.00 
(4.41) 

0.00 
(4.48) 

0.00 
(4.81) 

0.00 
(4.83) 

0.00 
(4.99) 

0.00 
(5.12) 

0.00 
(5.13) 

0.00 
(5.14) 

TDLE -8.16 
(3.35) 
-7.21 

-7.03 
(4.08) 
-6.10 

-6.96 
(4.14) 
-6.01 

-6.83 
(4.22) 
-5.89 

-6.24 
(4.71) 
-5.24 

-6.16 
(4.77) 
-5.36 

-5.83 
(5.01) 
-5.00 

-5.38 
(5.18) 
-4.52 

-5.53 
(5.24) 
-4.42 

-5.46 
(5.28) 
-4.37 

INTCT -28.81 
(10.29) 
-28.53a 

-15.18 
(12.15) 
-14.58 

-14.41 
(12.24) 
-13.79 

-13.01 
(12.38) 
-12.36 

-6.81 
(13.13) 
-5.78 

-6.01 
(13.23) 
-5.17 

-3.17 
(13.59) 
-2.19 

-0.63 
(13.90) 

0.27 

-0.52 
(13.92) 

1.06 

-0.06 
(13.98) 

0.96 
INTLE       4.19 

(10.27) 
3.27 

4.02 
(10.72) 

3.58 

4.02 
(10.86) 

3.23 

3.98 
(10.92) 

3.40 
TSLE 6.13 

(5.94) 
2.39 

6.06 
(7.12) 
2.73 

6.04 
(7.18) 
2.74 

6.04 
(7.30) 
2.76 

5.97 
(7.81) 
2.76 

5.95 
(7.88) 
2.59 

    

TSLE1       5.92 
(8.11) 
2.85 

5.94 
(8.34) 
3.14 

5.89 
(8.33) 
2.85 

5.88 
(8.37) 
2.88 

TSLE2       4.25 
(9.35) 
2.29 

4.20 
(9.38) 
2.04 

4.20 
(9.39) 
2.02 

4.19 
(9.42) 
2.03 
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TSMix 6.74 
(4.64) 
2.51 

7.00 
(5.86) 
3.42 

7.00 
(5.92) 
3.46 

7.03 
(6.06) 
3.56 

7.14 
(6.61) 
3.91 

7.14 
(6.68) 
3.77 

7.19 
(6.93) 
4.18 

7.23 
(7.16) 
4.35 

7.24 
(7.17) 
4.34 

7.24 
(7.21) 
4.38 

 

 

a  with an imaginary frequency of 7.52i cm-1. 
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Table 2. Excitation energies at NDS0 and emission energies at NDLE, TDLE, INTCT and INTLE of 7AI dimer in solutions calculated at 
the TD-CAM-B3LYP and TD-B3LYP levels (in eV). The value in the parentheses is the oscillator strength at each level, and the value 
in italic is the energy calculated at the TD-B3LYP level. 

solvent gas phase heptane cyclohexane benzene diethyl 
ether 

chloroform dichloro
methane 

methanol acetonitrile water exp. 

NDS0 

 

4.85 

(0.136) 

4.46 

(0.105) 

4.84 

(0.196) 

4.45 

(0.146) 

4.83 

(0.201) 

4.45 

(0.149) 

4.83 

(0.210) 

4.45 

(0.155) 

4.85 

(0.193) 

4.46 

(0.144) 

4.84 

(0.205) 

4.45 

(0.152) 

4.85 

(0.203) 

4.45 

(0.150) 

4.85 

(0.190) 

4.46 

(0.142) 

4.85 

(0.192) 

4.46 

(0.144) 

4.86 

(0.191) 

4.46 

(0.143) 

4.32a, 
4.34b 

NDLE 3.96 

(0.086) 

3.94 

(0.127) 

3.60 

(0.086) 

3.94 

(0.130) 

3.60 

(0.089) 

3.94 

(0.136) 

3.60 

(0.093) 

3.93 

(0.168) 

3.63 

(0.091) 

3.92 

(0.171) 

3.63 

(0.097) 

3.91 

(0.191) 

3.64 

(0.098) 

3.90 

(0.209) 

3.65 

(0.096) 

3.90 

(0.210) 

3.65 

(0.097) 

3.90 

(0.210) 

3.66 

(0.097) 

3.54c 

TDLE 2.80 

(0.024) 

2.87 

(0.035) 

2.59 

(0.0260 

2.88 

(0.036) 

2.59 

(0.027) 

2.88 

(0.038) 

2.60 

(0.028) 

2.91 

(0.047) 

2.64 

(0.028) 

2.92 

(0.048) 

2.65 

(0.03) 

2.93 

(0.053) 

2.64 

(0.028) 

2.95 

(0.059) 

2.69 

(0.03) 

2.94 

(0.058) 

2.69 

(0.03) 

2.95 

(0.059) 

2.69 

(0.03) 

2.53 d 

INTCT 1.01 

(0.002) 

2.14 

(0.002) 

2.19 

(0.002) 

2.27 

(0.002) 

2.69 

(0.003) 

2.74 

(0.003) 

2.93 

(0.004) 

3.09 

(0.005) 

3.10 

(0.005) 

3.12 

(0.005) 
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a  Absorption band maximum in hexane [45]. 
b  Absorption band maximum in 3-methylpentane and ethylcyclohexane [48]. 
c  Fluorescence band maximum in 3-methylpentane and ethylcyclohexane [48]. 
d  Fluorescence band maximum in hexane [45]. 

0.718 

(0.005) 

0.766 

(0.005) 

0.842 

(0.004) 

1.26 

(0.004) 

1.31 

(0.004) 

1.50 

(0.004) 

 

1.65 

(0.004) 

1.66 

(0.004) 

2.44 

(0.005) 

INTLE       3.38 

(0.095) 

2.37 

(0.005) 

3.39 

(0.103) 

2.44 

(0.005) 

3.40 

(0.106) 

2.42 

(0.005) 

3.40 

(0.107) 

2.56 

(0.0) 
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Table 3. 7AI dimerization energies in the gas phase and in solutions, and solvation energies of 7AI monomer and dimer (NDS0) 
calculated with nine solvents at the CAM-B3LYP level (in kcal/mol). The values in parentheses are solvation energies for 7AI 
monomer. 
 

  
 

gas phase 

 
in solutions 

heptane cyclohexane benzene diethyl 
ether 

chloroform dichlorom
ethane 

methanol acetonitrile water 

Dimerization 
energy 

-19.18 -16.33 -16.17 -15.85 -14.45 -14.27 -13.65 -13.08 -13.05 -12.95 

Solvation 
energy 

 -2.04 
(-2.48) 

-2.16 
(-2.63) 

-2.39 
(-2.90) 

-3.41 
(-4.13) 

-3.54 
(-4.29) 

-3.99 
(-4.84) 

-4.41 
(-5.34) 

-4.43 
(-5.36) 

-5.00 
(-5.45) 
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Figure Captions 

Figure 1. Molecular structure of 7AI dimer and a definition of reaction coordinates for ESDPT. Labels for atoms are also given. 

Figure 2. Equilibrium geometries of 7AI dimer in the S1 state, optimized at the TD-CAM-B3LYP/PCM level: (a) NDLE, (b) TDLE and 

(c) INTCT in heptane, and (d) INTLE in acetonitrile. Bond lengths are in angstroms. The monomer in [ ]* indicates Monomer-e. 

Figure 3. Frontier orbitals mainly involved in the S1 excitation at (a) NDLE, (b) TDLE, and (c) INTCT in heptane and (d) INTLE in 

acetonitrile. 

Figure 4. Transition state structures optimized in the LE state at the TD-CAM-B3LYP/PCM level: (a) TSLE in heptane, and (b) TSLE1, 

(c) TSLE2 and (d) TSMix in acetonitrile. Bond lengths are in angstroms. The monomer in [ ]* indicates Monomer-e. 

Figure 5. Potential energy curves along cMEPs in LE state as a function of the reaction coordinate Q in solutions of non-polar 

solvents, heptane, cyclohexane and benzene. Filled marks indicate true minima (NDLE and TDLE) and transition state (TSLE). 

Figure 6. Potential energy curves of the ground state and the lowest 6 excited states along cMEPs as a function of the reaction 

coordinate Q in a solution of non-polar solvent, heptane. 

Figure 7. Potential energy curves along cMEPs in LE state as a function of the reaction coordinate Q in solutions of polar solvents, (a) 

diethyl ether, and chloroform, and (b) dichloromethane, methanol, acetonitrile, and water. Filled marks indicate true minima (NDLE, 

INTLE and TDLE) and transition states (TSLE1 and TSLE2). 

Figure 8. Potential energy curves along (a) IRC paths (coordinate s) from NDLE to TDLE in benzene, diethyl ether, chloroform, 

dichloromethane, methanol, acetonitrile, and water, and (b) IRC paths from NDLE to INTCT in heptane and cyclohexane. 
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Figure 9. Potential energy curves along cMEPs for the first proton transfer (left) and second proton transfer (right) processes 

involving CT state as a function of the reaction coordinates M1 and M2, respectively, in solutions of non-polar solvents heptane, 

cyclohexane and benzene. Filled marks indicate true minima (NDLE, INTCT and TDLE). 

Figure 10. Potential energy curves along cMEPs for the first proton transfer (left) and second proton transfer (right) processes 

involving CT state as a function of the reaction coordinates M1 and M2, respectively, in solutions of polar solvents, diethyl ether, 

chloroform, dichloromethane, methanol, acetonitrile and water. Filled marks indicate true minima (NDLE, INTCT and TDLE). 
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