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Abstract 

In the design of bio-imaging molecules, the control of radiative and non-radiative decay is 

important. Dimethylaminobenzonitrile (DMABN) is a suitable model molecule to study 

radiative and non-radiative decay processes and has been investigated by theoretical and 

experimental methods. However, an atomistic understanding of non-radiative decay in 

solutions remains to be achieved. In this study, we investigated the potential energy surfaces 

in excited states along the rotation of the dimethylamino group and found that the 

degeneration between S1 and T1 states is one of the key factors in non-radiative decay in polar 

solvents. In addition, we found that the degeneration is precisely controlled by a fundamental 

physical property, exchange integral. Although DMABN is a simple molecule, the 

understanding of non-radiative decay process based on physical properties should be useful 

in the design of more complicated imaging molecules.  
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Introduction 

     Bio-imaging techniques using fluorescence spectroscopy and microscopy are powerful 

tools for investigating systems such as plant structures and hormones.1 Recent bio-imaging 

techniques development is significant in combination with novel bio-imaging molecules.2-8 

The fluorescence molecules for the bio-imaging must have high quantum yield and it would 

be useful to be reflected by surrounding environment, such as polar and non-polar 

characteristics. Recently, not only fluorescence-radiative decay, but also non-radiative decay, 

are becoming important in bio-imaging molecules, such as biosensors that have on-off 

switching fluorescence characteristics.9, 10 Nevertheless, the mechanism of non-radiative 

decay process is still under investigation because of its complication. To optimize the use of 

the non-radiative decay in bio-imaging molecules, it is significantly useful to understand the 

decay mechanism with fundamental physical-chemical properties.  

      In bio-imaging molecules, amino group is one of the most employed functional groups. 

By tuning of the donation strength, we can control the fluorescence color in solutions and 

many kinds of unique molecules have been proposed.11-13 However, another important factor 

of amino group is not so focused on, to the best our knowledge. Amino group greatly affects 

non-radiative decay process. If we can elucidate the non-radiative decay process, the amino 

group should become a useful functional group that can highly functionalize the bio-imaging 

molecules.  

      In this study, to understand the non-radiative decay of amino-group, we picked up 

dimethylaminobenzonitrile (DMABN). DMABN is one of the simplest molecules which have 

amino group and has been investigated in experimental and theoretical studies,14 - 41 because 

of the rotation of the dimethylamino group and the fact that its fluorescence in its excited 

state is affected by polar and non-polar solvents.14 The structure of DMABN is indicated in 
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Scheme 1. It is well 

known that the radiative 

decay of DMABN in 

solution is affected by 

the rotation of the dimethylamino group, from previous experimental studies.14, 26-29, 31, 37, 38 

Although experimental research on DMABN in solution, studied by time-resolved 

fluorescence spectroscopy, has been performed to clarify this reaction on an ultrafast time 

scale specifically focused on the rotation of the dimethylamino group,26-28 an understanding of 

the non-radiative decay process from the singlet state to another state has not been achieved 

because of quenching fluorescence. While in some studies with time-resolved absorption 

spectroscopy a chemical species appeared in the visible region after quenching fluorescence 

of DMABN in polar solution, this species was assigned as the triplet state of DMABN.15, 17-20, 

26, 28 In addition, this assignment was consistent with the results of time-resolved infrared 

spectroscopy in polar and non-polar solvents.29 These two spectroscopy methods suggested 

that DMABN might have a transition from S1 to T1 states in polar solutions, although these 

results do not verify the atomistic characteristics of T1 state of DMABN, which could not be 

shown by any spectroscopy methods. Even now, the decay process of DMABN in each type 

of solution is not understood clearly.  

      In this article, to clarify the non-radiative process of DMABN in solution, we performed a 

calculation with quantum and statistical mechanics. In the most of previous theoretical 

studies, the non-radiative process was discussed by focusing on the transition from S1 to S0 

states. Based on the previous experimental studies, we discussed the decay process from S1 to 

T1 states in polar and non-polar solvents. In the discussion, we aim to understand the 

mechanism using fundamental physical chemical properties, such as energy gap, orientation 

of lone pair orbital, exchange term, and so on.42 Because these properties are not restricted to 

 

Scheme 1. Structure of DMABN. 
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DMABN, the knowledge obtained in this study will give us a fruitful hint to understand the 

non-radiative decay processes in other molecules that have amino groups.   

 

Computational details 

      We performed optimization and energy calculations in gas and solution phases at the 

(TD) CAM-B3LYP/6-31+G(d) level of theory.43 Dihedral angles (ω, φ, θ) are defined as 

∠C3-C4-N2-C5, ∠C5-C4-N2-C7, and ∠C7-

N2-C4-C8 as described in Scheme 2. All 

calculations were performed using the 

GAMESS program package.44 

       The solvation effect was computed with RISM-SCF-SEDD, which is one of the hybrid 

methods between quantum mechanics and statistical mechanics.45-49 By computing solvation 

effect with distribution functions, we can 

perform the calculations in solution with 

reasonable computational cost. The RISM 

integral equation was coupled with the 

Kovalenko-Hirata closure.50 The temperature 

was 300 K and the number density was 0.0153 

for acetonitrile, 0.0148 for methanol, 0.0094 for 

dichloromethane, and 0.0055 molecules Å-3 for 

cyclohexane. The Lennard-Jones parameters for 

 
Scheme 2. Atomic labels of DMABN. 

Table 1.  Lennard-Jones parameters of 
DMABN.  

 Site σ/ Å         ε/ kcal mol-1 

Aromatic group 

C  3.550  0.070 D E 

H	  2.420  0.030 

Cyano group 

C 3.650 0.150 

N 3.200 0.170 

Dimethylamino group 

N  3.300 0.170 

C 3.500 0.066 

H 2.500 0.030 
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the solute were determined based on OPLS-AA51 and summarized in Table 1. 

Results and Discussion 

        DMABN has been studied by many scientists, and it was shown that the rotation of the 

dimethylamino group is a key factor in radiative and non-radiative decays. To elucidate the 

importance of the rotation, we defined the three dihedral angles (φ, ω, θ) and constructed an 

energy surface in the gas phase at S1 state (See Supporting Information). We found that the 

energy surface is mainly controlled by rotation of the dimethylamino group (φ) and wagging 

motions (ω, θ) do not change this characteristic. In the following discussion, we focused on 

the degree φ.  

      Figure 1 indicates the potential energy surfaces of DMABN at S1 and T1 states in 

acetonitrile and the gas phase along φ. The ground state energy at φ = 0 is set to zero. When 

we compare the potential energy surfaces from φ = 0 to 40 degrees at S1 state for each phase, 

the free energy change is small in both the gas phase and acetonitrile. From φ = 50 to 90 

degrees, the free energy surfaces become stable in both cases. At φ = 90 degrees, the 

 

Figure 1. The potential energy surfaces of DMABN in S1 state (blue line) and T1 state 
(red line) in (a) acetonitrile and (b) gas phase along φ. The ground state (S0) energy at φ 
= 0 is set to zero. 
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stabilization from φ = 0 is 0.37 and 0.70 (eV) in the gas phase and acetonitrile, respectively. 

In the gas phase, DMABN can take both the rotated structure (φ = 90) and the planar 

structure (φ = 0) at room temperature because of the small energy change from φ = 0 to 90 

degrees, while it is not easy for DMABN to change to a planar structure from the rotated one 

in acetonitrile.  In the case of T1 state, the shape of the potential energy surface is similar in 

each phase. However, we found that there is a large difference in the energy gap between the 

gas phase and acetonitrile. S1 and T1 states become degenerate at 90 degrees in acetonitrile, 

while the energy gap is large 0.43 eV in the gas phase.  

      According to these results, it is found that the rotated structure (φ = 90) should be a focus 

point to investigate the translation from S1 to T1 states. To discuss the energy gap between S1 

and T1 states in several polar and non-polar solvents, we also performed the same 

calculations in methanol, dichloromethane, and cyclohexane. These results are summarized in 

Table 2. In methanol, protic polar solvent, the energy gap between S1 and T1 states at 90 

degrees is small, as in the case of acetonitrile. On the basis of these results, we found that the 

degeneration between S1 and T1 states is not confined to acetonitrile. In dichloromethane, the 

degeneration could be obtained despite this being a non-polar solvent. In cyclohexane, 

however, the energy gap at 90 degrees between S1 and T1 states is large as in the case of the 

gas phase. This result shows that the polarity of dichloromethane is the threshold to 

determine whether DMABN has an energy gap between S1 and T1 states in the rotated 

structure. It was also found that the dependency of the fluorescence of DMABN on the 

solvent polarization could be explained by the difference in the decay processes, in particular 

the degenerative trend between S1 and T1 states. Non-radiative decay through T1 state caused 

Table 2.  Energy gap between S1 and T1 states at 90 degrees in solutions (unit: eV).  

  Acetonitrile Methanol  Dichloromethane  Cyclohexane Gas phase 

ΔS−T	  0.00  -0.01   -0.01 0.42 0.43 
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by the degeneration is a critical occasion for low-intensity fluorescence in each polar solvent. 

In non-polar solvents, such as hexane, there is an energy gap between S1 and T1 states and the 

decay through T1 state is suppressed because of the energy gap.  

             These results are consistent with previous experimental studies, such as time-

resolved infrared spectroscopy study and transient absorption studies.  M. Hashimoto and H. 

Hamaguchi reported the results of a study of DMABN by time-resolved infrared 

spectroscopy in polar (butanol) and non-polar (hexane) solvents.29 This report focused on the 

cyano group stretching frequency, and there is a significant structural effect of in the polar 

solvent. In the non-polar solvent, however, only one transient species was detected. This 

indicated that the transition from S1 and T1 states in the rotated structure could exist in a polar 

solvent, but not in a non-polar solvent. Our result is certainly consistent with these results. 

          Before we discuss the origin of the energy gap in details, it would be important to 

check the reliability of our calculations based on TD-CAM-B3LYP. For this purpose, we 

employed Multi-Reference Møller-Plesset 2nd order (MR-MP2)52 coupled with RISM. 

Because of the computational cost and the stability of the calculations, we computed S1 and 

T1 states with a medium size of basis set (cc-pVDZ) and treated with C2v symmetry structure 

optimized atφ = 90 degree. It is well known that MR-MP2 is a powerful tool for 

Table 3. Emission energy and energy gapΔS−T at φ = 90 degree in gas phase and 
acetonitrile computed with TD-DFT and MR-MP2 (unit: eV).  

 Emission energy  Energy gapΔS−T 

 gas acetonitrile  gas acetonitrile 

TD-DFT 3.47 2.48  0.36 0.00 

MR-MP2 3.41 2.72  0.49 -0.01 

exp.a) 3.66 2.52  - - 
         

 a) Ref.54 
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investigating electronic structures of molecules and the excitation energies computed with 

MR-MP2 are quite good.53 In Table 3, we summarized the emission energy and energy gap 

ΔS−T atφ = 90 degree in gas phase and acetonitrile. About the emission energy, we also 

showed the experimental data. In emission energy, TD-DFT data reproduced the 

experimental data and MR-MP2 data in gas phase and acetonitrile. In the case of energy gap, 

we do not have experimental data and cannot compare TD-DFT data with experimental one. 

However, even in the case of MR-MP2, the energy gap ΔS−T is not zero in gas phase, while 

the energy gap is negligible in acetonitrile, which is the same with TD-DFT results. From the 

data shown in Table 3, we can conclude that our TD-DFT data in this study are reliable.  

       Why are there some differences in the energy gap at 90 degrees between the gas phase 

and acetonitrile? First, we computed the electronic structure at 90 degree and found a charge 

difference between the planar and rotated structures at T1 state, as shown in Figure 2(a). In 

acetonitrile, a nitrogen atom of the dimethylamino group (N2) has a positive charge 

difference, and some atoms of the benzene ring and cyano group have negative charge 

differences. This means that an electron is transferred from the lone pair of the nitrogen atom 

of the dimethylamino group to other atoms along the dihedral angle change, which is a 

typical charge-transfer (CT) characteristic. In the gas phase, the N2 group and the carbon 

connected to the nitrogen atom (C4) have the opposite charge difference compared with that 

in acetonitrile, which shows a π-π* like character. The electronic structure difference at T1 

state between acetonitrile and gas phase can be also seen in the dipole moment. We show the 

dipole moment changes at S1 and T1 states in the gas phase and acetonitrile in Figure 2(b). 

The dipole moment at 90 degrees is drastically different between S1 and T1 states in the gas 

phase, while the dipole moment is almost the same in acetonitrile. In addition, the trends in 

the dipole moments at T1 state are exactly the opposite to those between the gas phase and 

acetonitrile, despite those at S1 state being similar for every rotation degree. From Figures 2 
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(a) and 2 (b), the difference inΔS−T should come from the excitation character (CT or π-π*) at 

T1 state.  

         The difference in the excitation character at T1 state can be discussed with molecular 

orbitals (MOs). In Figure 3, we showed MOs of DMABN at 90 degrees at S1 and T1 states in 

acetonitrile, gas phase, and cyclohexane. The orbitals are the beta orbital where the electron 

is removed (MO39) and the alpha orbital where the electron enters (MO40) at T1 state, and 

natural orbitals (NOs) at S1 state. In the case of the NOs, we also showed the occupation 

number. At first, we focused on S1 state in each solution. The occupation number showed that 

(a)

 

(b) 

 

Figure 2. (a): The charge difference (Δq) of DMABN between planar and rotated 
structures at T1 state. (b): The dipole moment of DMABN at S1 state (blue) and T1 state 
(red) in acetonitrile (left) and gas phase (right) along φ. 
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the one-electron transition from MO39 to MO40 is dominant for S0 → S1 excitation. The 

MOs indicate lone pair and π* characteristics at MO39 and MO40, respectively, in each 

solvent. According to these results, S0 → S1 is an n-π* transition (CT) and this character is 

not changed by the solvent. Secondly our focus is the difference between the MO at T1 state 

in acetonitrile and that in gas phase. In acetonitrile, MOs at T1 state are similar to NOs at S1 

state, which means that S0 → T1 is an n-π* transition. On the contrary, the beta orbital where 

the electron is removed (MO39) in gas phase is π orbital, which means that S0 → T1 is a π-π* 

transition. In the case of cyclohexane, which also has none zero energy gap, S0 → T1 state is 

also a π-π* transition. From the MOs, the energy gap difference should be explained by the 

difference in the frontier orbitals (MO39 and MO40) at T1 state.   

      The frontier orbital character plays an important role to determine the energy gap ΔS−T.42 

In our case, ΔS−T can be computed with the exchange integral, K, as follows; 

ΔS-‐‑T~2𝐾(MO39,MO40),                                                       (1) 

 

Figure 3. Molecular orbitals of DMABN in S1 and T1 states at 90 degrees in acetonitrile, gas 
phase, and cyclohexane. In the case of S1 state, natural orbitals are shown and the occupation 
numbers of the natural orbitals are given in parenthesis.  For T1 state, the beta orbital where the 
electron is removed (MO39) and the alpha orbital where the electron enters (MO40) are shown.  
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𝐾 MO39,	  MO40 = 𝜓45 r7 𝜓89(r:)
7

r;<r=
𝜓45 r: 𝜓89(r7)𝑑r7𝑑r:.    (2) 

In Eq (1), we assumed that doubly occupied orbitals except for MO39 and MO40 are the 

same for S1 and T1 states. When the orbitals (ψ39 and ψ40) do not overlap significantly, K 

becomes also small, as does the energy gap between S1 and T1 states.42 In the case of gas 

phase (and cyclohexane), MO39 and MO40 are π and π* orbitals, respectively, while MO39 

is lone pair orbital in the case of acetonitrile. Because the lone pair and π* orbitals are 

localized, K for acetonitrile is small and S1 and T1 states are degenerate.  

           We summarized the energy scheme in Scheme 3 based on the above discussions. In a 

polar solvent, the π-π* state at S1 and T1 states is unstable compared to the n-π* state. As 

described in this energy scheme, 2K 

does not change the relative stabilities 

between the n-π* and π-π* states 

because n-π* is greatly stabilized by 

the solvation effect. Therefore, ΔS−T 

becomes negligible and the non-

radiative process from S1 to T1 states 

occurs through the n-π* state. On the 

other hand, in the case of a non-polar 

solvent, stabilization of the n-π* state 

is small and 2K affects the energy 

inversion between the n-π* and π-π* 

states at T1 state. Because there is an 

energy gap between n-π* at S1 state and the π-π* state at T1 state, the non-radiative process 

does not occur in non-polar solvents.  

 
Scheme 3. Energy scheme for DMABN in S1 
and T1 states in polar and non-polar solvents. 
The bold line indicates the state we obtained in 
this calculation. 
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       Scheme 3 clearly shows that the non-radiative decay process is controlled by the 

solvent polarity. However, to understand the non-radiative process in solution specifically, 

we also have to evaluate the reorganization energy of the solvent. If the reorganization energy 

is large, the transition rate should become small. To discuss the reorganization energy, we 

computed the solvation structure.  Figure 4 indicates the radial distribution functions (RDFs) 

of (a) nitrogen atoms of the cyano group of 

DMABN - methyl group of acetonitrile and (b) 

the nitrogen atom of the dimethyl amino group 

– methyl group of acetonitrile, at 90 degrees 

for the dimethylamino group at S1 and T1 states. 

As indicated in Figure 4(a), the RDFs at S1 and 

T1 states are almost the same, and a peak 

around 4 Å is so sharp that this interaction is 

somewhat tight. On the other hand, no 

significant peak exists in Figure 4(b), and there 

is no difference in the RDFs between the S1 

and T1 states, as in Figure 4(a). These results 

indicate that the solvation structures at 90 

degrees are almost the same for S1 and T1 states, 

and the reorganization energy of acetonitrile at 

90 degree is small. Because of the small 

reorganization energy, S1 to T1 transition is possible in the case of acetonitrile.  

 

 

Figure 4. Radial distribution functions of 
DMABN in acetonitrile between methyl 
group of acetonitrile and (a) the nitrogen 
atom of the cyano group of DMABN, and 
(b) the nitrogen atom of the dimethyl 
amino group. The data for S1 and T1 
states are shown with a solid line and 
filled circles, respectively. 
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Conclusions 

      We successfully revealed the non-radiative decay of DMABN through T1 state in the gas 

phase, and in non-polar, and polar solutions, based on theoretical methods. The potential 

energy surface of DMABN at S1 and T1 states in the gas phase and acetonitrile showed that 

the degeneration between S1 and T1 states at 90 degrees in acetonitrile could occur, but not in 

the gas phase. We also calculated the energy at 90 degrees in some other solvents and found 

that the degeneration could occur in polar solvents, but not in non-polar solvents, such as 

cyclohexane. To discuss why there is a difference in the energy surfaces in these solvents, we 

focused on the electronic structures. The differences in atomic charges and dipole moment of 

DMABN indicated that there are CT and π-π* characteristics in acetonitrile and the gas phase, 

respectively, at T1 state. The analysis of the frontier orbitals showed that T1 state in 

acetonitrile is expressed with n-π* transition, while T1 state is expressed with π-π* transition 

in gas phase (and cyclohexane).  By considering exchange integral, we found that the energy 

gap difference between acetonitrile and gas phase is caused by the overlap between the 

frontier orbitals.  We also checked reorganization energy of solvent by computing RDFs and 

showed that the reorganization energy of acetonitrile is small. According to this analysis, it is 

found that the non-radiative process from S1 to T1 states could occur in polar solvents, but not 

in non-polar solvents.  

      We clearly showed that the balance between solvent-polarity and the relative stabilities 

between the n-π* and π-π* states play a key role in the non-radiative decay of DMABN. In 

this study, we obtained the results by employing simple physical chemical properties, such as 

exchange integral, orbital character difference, and so on. Because these properties are not 

restricted to DMABN, we can utilize the knowledge to bio-imaging molecules that have 

amino groups. If we can tune the balance by introducing functional groups, we can prepare 
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not only bright dyes, but also switching dyes. This study is useful not only from a physical 

chemistry viewpoint but also for the design of bio-imaging molecules. 

 

Supporting Information.  

      We performed the calculation of potential energy surface of DMABN at S1 state in gas 
phase containing wagging motions (ω, θ).  
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