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Abstract 

Vibrational-mode-selective modulation of electronic excitation is conducted with 

a synchronized femtosecond (fs) visible (vis) pulse and a picosecond (ps) infrared (IR) 

pulse. The mechanism of modulation of vibrational and vibronic relaxation behavior of 

excited state is investigated with ultrafast vis/IR, IR/IR, and vis-IR/IR transient 

spectroscopy, optical gating experiments and theoretical calculations. An organic 

molecule, 4'-(N,N-dimethylamino)-3-methoxyflavone (DMA3MHF) is chosen as the 

model system. Upon 1608 cm-1 excitation, the skeleton stretching vibration of 

DMA3MHF is energized, which can significantly change the shape of the absorption, 

facilitate the radiative decay and promote emission from vibrational excited states. As 

results, a remarkable enhancement and a slight blueshift in fluorescence are observed. 

The mode-selective modulation of electronic excitation is not limited in luminescence 

or photophysics. It is expected to be widely applicable in tuning many photochemical 

processes. 
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1. Introduction 

Quantum coherences of electronic and nuclear motions may play important roles 

in photo-physical or -chemical processes in systems ranging from small molecules to 

macromolecules(1-6). The coupling of electronic and nuclear degrees of freedom, 

beyond the Born-Oppenheimer approximation, is critical in determining the outcomes 

of photochemical reactions(7, 8), the efficiency of emission(9, 10), and the rate and 

efficiency of electronic transitions(11, 12), which in turn provides a guidance for the 

modifications of relaxation behaviors of excited states(13, 14), excited state 

dynamics(15, 16), charge separation processes (17) and relaxation pathways(18).  

It has been discovered that vibronic coherences as well as related energy 

redistributions play a vital role in many photo-induced processes such as isomerization, 

bond cleavage, electron transfer process and other chemical reactions (6, 19-24) of 

polyatomic molecules (25). The observations have inspired researchers to introduce 

specific vibrational excitations along particular reaction coordinates via ultrafast mid-

IR pulses, to explore the effect of vibronic coupling in regulating molecular functions 

(22, 26-28). Previous approaches show that some electronic transition processes can be 

promoted or suppressed successfully(29-35). Modulations on many other ultrafast 

processes, e.g. singlet fission (SF) (36-38) and molecular luminescence processes (25, 

39, 40), however, are not as effective.  

Molecular fluorescence is one of the simplest but probably the most classical 

photophysical processes. Its efficiency is determined by the competition between 

radiative and nonradiative decays. If selective infrared excitations can modulate the 
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absorption of light and/or the evolution dynamics of electronic excited states, 

fluorescence can be tailored. Herein, we present a comprehensive investigation on the 

mechanism of mode-selective modulation of the vibronic relaxation processes with 

fluorescence as the spectator. In doing so, a picosecond (ps) IR pulse is frequency-tuned 

to be on resonance with molecular vibrations and a synchronized femtosecond (fs) 

visible pulse is subsequently applied to drive the molecule to its electronic excited state 

and the spontaneous emission is detected and analyzed.     

2. Results and discussion 

2.1 Fluorescence modulation with mode-selective IR excitations 

 

Fig. 1 Fluorescence modulations with mode-selective IR excitations. (A) Mode-

selective fluorescence enhancement at the emission wavelength 465 nm in the infrared 

frequency range from 1300 cm-1 to 1700 cm-1 with visible excitation wavelength 450 
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nm of a 0.1 M DMA3MHF THF solution. The delay between IR and Vis pulses is 0 ps. 

(B) The UV-visible absorption spectrum of DMA3MHF in THF solution (black curve), 

and the fluorescence spectra excited with 450 nm light with and without IR excitation 

at 1608 cm-1. Inserts are the molecular structures of DMA3MHF. The delay between IR 

and Vis pulses is also 0 ps. The fluorescence quantum yield is 46% excited at 380 nm.  

(C) Two dimensional fluorescence difference spectrum excited with 450 nm light with 

and without IR excitations at different frequencies. (D) Zoomed in spectrum of (C) in 

the range from 1300 cm-1 to 1700 cm-1. Both C & D have been normalized with the 

power of IR laser. To avoid the influence of non-resonant excitation, The delay between 

IR and Vis pulses is 1.5 ps. 

 

Fig.1 displays the mode-selective vibrational excitation dependence of 

fluorescence of a 4'-(N,N-dimethylamino)-3-methoxyflavone (DMA3MHF) dilution 

solution in 0.1 M THF of the vis-IR double and vis single resonance experiments. Upon 

excitation by 450 nm photons, DMA3MHF reaches the first electronic excited state and 

relaxes back to the ground state, emitting fluorescence peaked at 465 nm (apricot line 

in Fig.1 A & B, the noise of the apricot line in Fig.1A mainly comes from the excitation 

laser fluctuation and the detector noise). When a narrow-bandwidth picosecond infrared 

laser is on resonance with its vibrations, e.g. 1608 cm-1 which can energize the skeleton 

stretching vibrational mode, mode-selective fluorescence enhancements of more than 

two times are observed, illustrated as azure lines in Fig.1A&B. The enhancement is not 

only at a particular fluorescence wavelength, but also covering the entire spectrum 
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(Fig.1B). It is well known that high-frequency vibrations in room temperature liquids 

typically last only for a few picoseconds, whereas the fluorescence lifetime is at the 

time scale of a few to tens of nanoseconds. Therefore, the enhancement of fluorescence 

intensity by vibrational excitation displayed in fig.1A certainly not entirely due to the 

emission of the initial vibratory excited states. One of the main causes of enhanced 

fluorescence may be that vibrational excitation changes the shape of the absorption line, 

redshifting the absorption spectrum(32, 34), and thus excites more molecules. In order 

to distinguish these two roles, we measure the electronic absorptions and corresponding 

fluorescence spectra with and without infrared excitation. It is found that with the 

infrared excitation at 1608 cm-1, the absorption doubles, and the fluorescence increases 

for 2.3 times. An extra 30% fluorescent enhancement compared to the absorption 

increase is found, indicating that the radiation rate is also increased.  

The vibrational mode-selective fluorescence modulations are presented in Fig.1A. 

Ranging from 1300 cm-1 to 1500 cm-1, where a series of rocking vibrations of benzene 

skeleton with different orientations reside, the effects are modest. A tremendous 

enhancement emerges at 1608 cm-1 which excites the skeleton stretching vibrations. 

Smaller enhancements are achieved with 1632 cm-1, 1559 cm-1 photons that energizes 

the carbonyl stretch and rocking vibrations of benzene skeleton. Moreover, excitations 

of the C−H stretching vibrations located from 2700 to 3300 cm-1 have negligible effects, 

compared to other vibrational modes that are strongly coupled to skeletal motions (Fig.1 

C & Fig. S11). It is conceivable that C−H stretching vibrations can barely change the 

structure of molecular skeleton which determines the extent of conjugation and the 
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electronic structures. Besides, the vibrational transition dipole moments of C−H 

stretching vibrations aren’t aligned with (or even orthogonal to) that of the electronic 

transition dipole moment, which diminishes the vibration/electronic coupling.  

The vibrational excitation at 1608 cm-1 leads to not only an intensity enhancement 

(Fig.1B), but also a blue-shift of emission peak, moving from 467.9 nm to 466.5 nm 

(Fig.S4), with the visible excitation at 450 nm. The blue-shift is not caused by 

subspecies that prefer to absorb at different wavelengths and emit differently, e.g. As 

displayed in Fig. S3, when the visible excitation wavelength shifts from 450 nm to 420 

nm which is closer to the absorption center, the intensity of fluorescence increases 

tremendously, but the peak wavelength remains the same. The results imply that no 

subspecies that emit differently exist in the sample solution. It is interesting to note that 

when the IR pulse 5 ps ahead of the visible pulse, the enhancement of fluorescence 

intensity is reduced, and the peak blue-shift diminishes accordingly (Fig.S4).  
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Fig. 2. (A) FTIR spectrum of DMA3MHF. Four different colored arrows illustrate the 

four different vibrational modes. (B) IR/IR and Vis-IR/IR transient spectra of 

DMA3MHF. The IR/IR spectrum is at time zero with excitation at 1610 cm-1. The Vis-

IR/IR spectra are collected with excitations at 450 nm and 1610 cm-1. (C) Evolution of 

transient vibrational spectra of DMA3MHF with various visible excitations at the 

waiting time of 0.5 ps. The insert shows spectra at the waiting time of 100 ps. (D) Time 

dependent bleaching signals probed at about 1607 cm-1 with various visible excitations. 

 

The fluorescence modulation mechanism by the vibrational excitations are further 

investigated with ultrafast IR/IR, Vis/IR and Vis/IR/IR spectroscopic techniques. 

Fig.2A displays the FTIR spectrum and peak assignments in the frequency range from 

1465 to 1670 cm-1. Results of visible (infrared) pump/infrared probe spectroscopy are 

illustrated in Fig.2B~D. The IR pump/IR probe spectrum at time zero with excitation 
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at 1610 cm-1 shows that the bleaching peak position is located at 1610 cm-1 (apricot in 

Fig.2B), the same as that in FTIR spectrum. With the additional electronic excitation at 

450 nm, the bleaching peak redshifts ~ 4 cm-1 at time zero (both 450 nm and 1610 cm-

1 pulses are temporally overlapped, and the delay between them and the probe IR pulse 

is also zero, Fig.2B). 20 ps after the visible and IR double excitation, the redshift 

disappears and the bleaching peak position recovers. The waiting time dependent peak 

shift is interesting and somewhat perplexing. It is likely caused by the combination of 

several factors. First, the peak appears at 1610 cm-1 is the overlap of the skeletal 

stretching vibration at frequency lower than 1610 cm-1 and the carbonyl stretching 

vibration at frequency higher than 1610 cm-1. Second, the visible and IR double 

excitations send molecule to some vibrational excited states of the electronic excited 

state. Third, these vibrational states excited are expected to be strongly coupled to the 

electronic transition (otherwise they would not be excited when the electronic state is 

excited). Fourth, they are expected to be also coupled to the skeletal stretch through 

anharmonicity much stronger than the carbonyl stretch, as the skeletal stretch is more 

strongly coupled to the electronic transition as the fluorescence enhancement results 

suggest. Therefore, the excitations of the vibrations at the electronic excited state must 

shift the skeleton stretch out of its 0-1 transition frequency more than they do to the 

carbonyl stretch, resulting in a redshift of the overall bleaching peak observed in Fig.2B 

at time zero. However, once the excitations of these vibrations decay for a significantly 

amount, like after 20 ps, most of them go back to the ground state, and accordingly the 

redshift they cause diminishes. The explanation is further supported by Vis/IR 
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pump/probe data with visible excitation wavelength varying from 450 nm to 420 nm 

(Fig.2C). The bleaching peak red shifts from 1610 cm-1 with 450 nm excitation to 1602 

cm-1 with 420 nm excitation, with the intensity increasing gradually. The intensity 

increases with a shorter excitation wavelength because 420 nm is closer to the 

absorption center than 450 nm. The bleaching peak redshift is probably because of the 

same reason discussed above. Upon 420 nm excitation, more and/or higher vibrations 

are excited at the electronic excited state, compared to 450 nm excitation, and therefore 

more skeletal stretches are shifted out of its 0-1 transition frequency, resulting in the 

overall peak redshift. Because the relaxations of these vibrations typically occur in a 

period of 80 fs ~8 ps (41-45), the redshift is gone once they go back to the vibrational 

ground state. As displayed in the insert of Fig.2C, after 100 ps, the bleaching peaks 

under different visible excitations go back to the same position as 450 nm.  Fig.2D 

displays the waiting time dependent bleaching intensity under different visible 

excitations. It can be clearly seen that the decay is faster with a shorter excitation 

wavelength. The faster decay dynamics are caused by the relaxations of more 

vibrational excitations driven by a higher photonic energy (Fig.S17).  

2.2 Time delay dependent Fluorescence enhancement  
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Fig. 3. (A, C) illustrate the evolution of infrared modulated fluorescence spectra: (A) 

the visible and IR pulses arriving at the sample simultaneously (0 ps) and (C) the IR 

pulse arriving 2 ps prior to the visible pulse. (B) Evolution of fluorescence intensity at 

465 nm modulated with different vibrational excitations. (D) Normalized fluorescence 

emission spectra of DMA3MHF with different time delays between the visible and 

infrared laser pulses. 

 

The fluorescence enhancement is dependent on the time interval between the two 

excitations. When the visible excitation proceeds prior to the IR excitation, the 

modulation effect illustrates a sharp growth from ~ 12% at -1.5 ps to ~230% at 0 ps 

(Fig.3B). Here, the negative time is defined as the visible pulse arrives at the sample 

prior to the IR pulse. The time zero is defined as the time point when the pump/probe 

signal reaches maximum. In contrast, the growth is apparently slower when the infrared 

excitation proceeds first (Fig.3B). Another time dependent feature is that the most 
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efficient modulation frequency of infrared laser shifts with the time interval, as 

illustrated by the dash arrow in Fig.3B. At time zero, it is 1608 cm-1, and shifts to 1612 

cm-1 at 3 ps. This shift can be observed by directly comparing spectra at time zero and 

2 ps (Fig.3A&C). It is even more interesting that it also blue shifts in the negative time 

direction as the dash arrow indicates in Fig.3B.  

Immediately after the visible excitation, the infrared laser interacts with molecules 

at the vibrational excited states of the electronic excited state. Both vibrational and 

electronic excited states red shift the IR-absorption. Long after the visible excitation 

(the negative time direction), the excited vibrations have relaxed, and the infrared laser 

interacts with molecules at the vibrational ground state of the electronic excited state. 

In this case, only the electronic excited state plays a role in redshifting the IR adsorption, 

the effect of which is only a portion of that at time zero. Therefore, the redshift 

amplitude becomes smaller (or appears blueshifting) along the negative time. On the 

contrary, at the positive time direction, after the infrared excitation, the visible pulse 

interacts with molecules at the vibrational excited state of the electronic ground state. 

In other words, the molecules that absorb IR photons are at the ground state, so the IR 

absorption frequency is higher than that at time zero when the molecules are excited, 

leading to the blueshift along the positive time. At the same time, the fluorescence 

blueshift also becomes smaller as the visible excitation is further away behind the 

IR excitation, as displayed in Fig.3D and discussed above.   

2.2 Long life and initial fast decay of fluorescence enhancement 
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Fig. 4. (A) The evolution of fluorescence enhancement at 465 nm of DMA3MHF 

dependent on the time delay between the visible 450 nm excitation pulse and the IR 

1608 cm-1 excitation pulse (apricot line)，and the vibrational decay signal excited with 

1608 cm-1 and probed at 1597 cm-1 (azure line). The insert displays the signals at long 

delays. (B) Time dependent fluorescence intensity at 465 nm of DMA3MHF excited at 

450 nm with and without 1608 cm-1 modulation. (C) Diagram illustrating the modulated 

radiative pathway that produces a blueshifted fluorescence.  

 

Fig.4A displays the time dependent vibrational excitation signal excited at 1608 

cm-1 and detected at 1597 cm-1 and the emission intensity at 465 nm of double 

excitations with 450 nm visible photons and 1608 cm-1 IR photons. In the initial 30 ps, 

the fluorescence decay is surprisingly faster than the vibrational decay. In Fig.4A, the 
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vibrational decay signal is rotation free, whereas in the double resonance experiments 

for fluorescence enhancement the polarization directions of the IR pulse and the visible 

pulse are parallel. Since the cross angle between the electronic and vibrational transition 

dipole moments is fixed, the molecular rotation during the time period between the two 

excitations can change the number of molecules that are doubly excited. Therefore, it 

is conceivable that the fluorescence enhancement decreases along with the 

randomization of molecular orientation, adding an additional signal decay channel 

besides the population decay. However, as displayed in SI (Fig.S15), the time dependent 

vibrational excitation signal with the parallel pump/probe polarization configuration is 

still significantly slower than the fluorescence decay in Fig.4A. The results indicate that 

the faster fluorescence dynamics must be caused by reasons other than molecular 

rotation. It is likely that in addition to the resonance vibrational absorption, the 1608 

cm-1 IR pulse can also drive a nonresonant electronic response which can also increase 

the absorption of the 450 nm photon, resulting in a fluorescence enhancement. The 

nonresonant electronic response is expected to have a shorter lifetime than the skeleton 

stretch, and therefore the overall fluorescence decay in Fig.4A appears to be faster than 

the vibrational decay of the skeleton stretch. To test this hypothesis, the IR pulse is 

tuned to 2200 cm-1 where no vibrational peak resides, a fluorescence enhancement of 

about 25% is observed (Fig.S16 in SI), indicating that the IR pulse can indeed induce a 

nonresonant response to produce a sum frequency effect. The results also indicate a 

relatively large nonlinear response coefficient of DMA3MHF. This molecule actually 

has a structure that favors a large polarizability. It has an electron donating group – the 
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amine group on one side, and an electron pulling group – the carbonyl group on the 

other side. Electrons can be easily driven by electric field to move from one side to the 

other.  

Interestingly, when the infrared laser interacts with the molecule before the visible 

pulse, a slight fluorescence enhancement can sustain for a very long period of time over 

1 nanosecond (the insert in Fig.4A). Along with this observation, the vibrational signal 

also have a similar long tail (the insert in Fig.4A). The results indicate that probably 

long-lived low frequency modes populated by the relaxation of the skeleton stretch 

located at 1606 cm-1 can effectively enhance the fluorescence. The existence of the low 

frequency modes of which the lifetimes are comparable to that of fluorescence provides 

a channel for the observed fluorescence blueshift of the IR modulation discussed above. 

The emission can take place from these vibrational excited states of the electronic 

excited state, of which the wavelength is shorter than the regular fluorescence emitted 

from the vibrational ground state. Blueshifted fluorescence emitted from vibrational 

excited states of electronic excited has been previously investigated in several model 

systems such as Nile Blue and oxazine 1 (46, 47). Based on the fact of the slight 

fluorescence shift (about 1.5 nm) and theoretical analyses of vibrational modes, we 

tentatively assign the long-lived low-frequency vibrational modes to be the molecular 

wagging vibration located at about 86 cm-1 (Fig. S6B).  

Optical gating experiments provide more insights into the modulation mechanism. 

As displayed in Fig.4B, besides the enhancement of luminescence, the time to reach 

emission maximum and the emission decay are also faster with 1608 cm-1 excitation. 
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With IR modulation, the molecular luminescence reaches maximum at ~4 ps，and 

decays with a fast component (59 ps) and a slow kinetics (588 ps). In contrast, the 

luminescence reaches maximum at ~ 40 ps and decays with a single exponential (593 

ps) without IR modulation (Fig. 4B, Fig. S12 & Fig. S13). The results imply that the IR 

modulation facilitate the radiative decay rate and leads to more emissions from the 

vibrational excited states rather than the ground state. Both are consistent with the extra 

30% fluorescence enhancement (over absorption increase) and blueshift discussed 

above.  

  Calculations on the electronic ground state and excited state are carried out to 

further explore the modulation mechanism. Density functional theory calculations are 

performed to obtain the equilibrium geometry and vibrational frequencies of molecule 

in both S0 and S1. The PBE0 in combination with 6-311++g (d, p) basis set is applied 

in all calculations. The dispersion correction and solvation models are also considered. 

The electronic structures of excited state S1 are calculated by TDDFT. The calculations 

are performed with the Gaussian 16 software (48). The calculated emission wavelength 

is 443.93 nm which is close to the experimental results. With the visible excitation 

wavelength and the electron transition dipole moment assumed to be constant, the 

absorption intensity is largely determined by the weighting of Franck-Condon factor. 

When the absorption wavelength is determined, the absorption strength of the molecule 

is different when it is under different vibration states. The calculation results show that 

nearly 50% more molecules can be excited with 1608 cm-1 than that excited with 1632 

cm-1, the carbonyl group stretching vibrational mode with 450 nm excitation, which is 
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agree with the experimental results. This also preliminarily indicates that our 

experiment can plot the coupling degree of S0 and S1 under different vibration modes. 

In addition, we use the Duschinsky rotation program to analyze the contribution of 

different vibration modes modulating the molecular conformational evolution from S0 

to S1, and find that the excited skeleton vibration can facilitate the molecule to reach 

the energy minimum of S1.  

From the harmonic approximation we can obtain the instantaneous structure of the 

molecule as it vibrates and obtain Fig.4C which illustrates the emission from the 

vibrational excited state of the electronic excited state. After infrared excitation, the 

change of absorption spectrum results in the increase of absorbance and the excitation 

of more molecules, which is the main reason for the enhancement of fluorescence. On 

the other hand, the molecular evolution path to S1opt is different by exciting different 

vibrational modes, and the skeleton vibration is the most efficient. At the same time, 

more molecules undergo radiation transition from high vibrational energy levels, 

resulting in fluorescence enhancement. More details can be found in the Supporting 

Information. 

3. Concluding remarks 

In summary, mode-selective vibrational excitations can effectively modulate the 

electronic transition and the evolution dynamics of the electronic excited state. Upon 

1608 cm-1 excitation, the skeleton stretching vibration of DMA3MHF is energized, 

which can significantly increase the absorption intensity of the absorption edge, and 

facilitate the radiative decay and promote emission from vibrational excited states. As 
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results, a remarkable enhancement and a slight blueshift in fluorescence are observed. 

The mode-selective modulation of electronic excitation is not limited in luminescence 

or photophysics. It is expected to be widely applicable in tuning many photochemical 

processes. 

Supplementary information is available in the online version of the paper. 
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