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Abstract 

Interactions of electronic and vibrational degrees of freedom are essential for understanding excited 

states relaxation pathways of molecular systems at interfaces and surfaces. Here we present the 

development of interface-specific two-dimensional electronic-vibrational sum frequency 

spectroscopy (2D-EVSFG) for electronic-vibrational couplings for excited states at interfaces and 

surfaces. We demonstrate this 2D-EVSFG technique by investigating photoexcited interface-active 

AP3 molecules at the air/water interface as an example. Our 2D-EVSFG experiments show strong 

vibronic couplings of interfacial AP3 molecules upon photoexcitation and subsequent relaxation of 
a locally excited (LE) state. Time-dependent 2D-EVSFG experiments indicate that the relaxation of 

the LE state, S2, is strongly coupled with two high-frequency modes of 1529.1 cm-1 and 1568.1 cm-

1. Quantum chemistry calculations further verify that the strong vibronic couplings of the two 

vibrations promote the transition from the S2 state to the lower excited state S1. We believe that 

this development of 2D-EVSFG opens up a new avenue of understanding excited state dynamics 

related to interfaces and surfaces. 

Significance Statement 
Electronic-vibrational couplings are pivotal in many photo-induced processes at interfaces and 
surfaces. Two-dimensional electronic-vibrational sum frequency spectroscopy (2D-EVSFG) is a 

unique tool to decipher electronic-vibrational couplings for excited states of molecules at interfaces 

and surfaces, enabling the correlation of photo-induced electronic-vibrational manifolds with their 

subsequent time evolution of high-frequency vibrational modes. This technique is especially 

powerful to monitor ultrafast processes such as charge transfer, energy transfer, proton transfer, 

and proton-coupled charge transfer at interfaces and surfaces on a real-time basis.  

 
Introduction 
 

Electronic and vibrational degrees of freedom are the most important physical quantities in 

molecular systems at interfaces and surfaces. Knowledge of interactions between electronic and 

vibrational motions, namely electronic-vibrational couplings, is essential to understanding excited 

states relaxation pathways of molecular systems at interfaces and surfaces.  Many excited states 
relaxation processes occur at interfaces and surfaces, including charge transfer, energy transfer, 

proton transfer, proton-coupled electron transfer, and configurational dynamics as so on.(1-11) 

These relaxation processes are intimately related to the electronic-vibrational couplings at 

interfaces and surfaces. Strong electronic-vibrational couplings could promote nonadiabatic 

evolution of excited potential energy, and thus facilitate chemical reactions or intramolecular 
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structural changes of interfacial molecules.(10, 12, 13) Furthermore, these interactions of electronic 

and vibrational degrees of freedom are subject to solvent environments, e.g., interfaces/surfaces 

with restricted environment of unique physical and chemical properties.(9, 14, 15) Despite the 

importance of interactions of electronic and vibrational motions, little is known about excited-state 

electronic-vibrational couplings at interfaces and surfaces. 

Interface-specific electronic and vibrational spectroscopies enable us to charaterize the 

electronic and vibrational structures, separately. As interface-specific tools, second-order electronic 

sum frequency generation (ESFG) and vibrational sum frequency generation (VSFG) 

spectroscopies have been utilized for investigating molecular structure, orientational 

configurations, chemical reactions, chirality, static potential, environmental issues, and biological 

systems at interfaces and surfaces.(16-52) Recently, structural dynamics at interfaces and surfaces 
have been explored using time-resolved ESFG (TR-ESFG) and time-resolved VSFG (TR-VSFG) 

with a visible pump or an IR pump thanks to the development of ultrafast lasers.(6-9, 13-15, 49, 

53-61) Doubly resonant SFG has been demonstrated to probe both electronic and vibration 

transitions of interfacial molecular monolayer.(15, 62-71) This frequency-domain two-dimensional 

interface/surface spectroscopy could provide information regarding electronic-vibrational coupling 

of interfacial molecules. However, contributions from excited states are too weak to be probed due 

to large damping rates of vibrational states in excited states.(62, 63) As such, the frequency-domain 
doubly resonant SFG is used only for electronic-vibrational coupling of electronic ground states. 

Ultrafast interface-specific electronic-vibrational spectroscopy could allow us to gain insights into 

how specific nuclear motions drive the relaxation of electronic excited states. Therefore, 

development of interface-specific electronic-vibrational spectroscopy for excited states is needed. 

In this work, we integrate the specificity of interfaces and surfaces into the capabilities of 
ultrafast two-dimensional spectroscopy for dynamical electronic-vibrational couplings in excited 

states of molecules. Two-dimensional interface-specific spectroscopies are analogous to those 2D 

spectra in bulk that spread the information contained in a pump−probe spectrum over two frequency 

axes. Thus, one can better interpret congested one-dimensional signals.  2D vibrational SFG (2D-

VSFG) spectroscopy was demonstrated a few year ago.(72-74) Furthermore, heterodyne 2D-

VSFG spectroscopy using mid-IR pulse shaping and noncollinear geometry 2D-VSFG experiments 

have been also developed to study vibrational structures and dynamics at interfaces.(31, 75-78) 

Recently, two-dimensional electronic sum frequency generation spectroscopy (2D-ESFG) has 
been also demonstrated for surfaces and interfaces.(79) On the other hand, bulk two-dimensional 

electronic-vibrational spectroscopy (2D-EV) has been extensively used to investigate the electronic 

relaxation and energy transfer dynamics of molecules, biological systems, and nanomaterials.(80-

90) The 2D-EV technique not only provides electronic and vibrational interactions between excitons 
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or different excited electronic states of systems, but also identifies fast nonradiative transitions 

through nuclear motions in molecules, aggregations, and nanomaterials. However, an interface-

specific technique for 2D electronic-vibrational sum frequency generation (2D-EVSFG) 

spectroscopy has yet to be developed.  

Here we present the development of 2D-EVSFG spectroscopy for the couplings of electronic 

and nucleic motions at interfaces and surfaces. The purpose of developing 2D-EVSFG 

spectroscopy is to bridge the gap between the visible and IR regions to reveal how structural 

dynamics for photoexcited electronic states are coupled with vibrations at interfaces and surfaces. 

As an example, we applied this new 2D-EVSFG experimental method into time evolution of 

electronic-vibrational couplings at excited states of interface-active molecules at the air/water 

interface.   

 Theoretical Considerations. A reflection-geometry configuration for 2D-EVSFG, analogous to 

that for 2D-ESFG,(79, 91) is considered for studies of interfaces and surfaces, as schematically 

shown in Figure 1(A). There are four beams in the 2D-EVSFG experiment, and they are two 

femtosecond visible pump beams (Ep1 and Ep2), a femtosecond middle infrared (mid-IR) beam (EIR), 

and a picosecond 800 nm beam (Eps). Both the energy and momentum of the radiated 2D-EVSFG 

are conserved to afford (∓𝑘!" ± 𝑘!# + 𝑘$% + 𝑘!&) in a directional manner. The time delays of our 

four laser pulses are measured as the temporal gap between the maxima of the pulse envelopes, 

which are denoted as t1, Tw, and t3, respectively. Here we retain Tw instead of t2 for the customary 

reason. Moreover, the corresponding time delays between the four light-matter coupling are 

designated as 𝑡"′, 𝑡#′, 𝑡'′, and 𝑡(′, respectively (Figure 1(B)). Specifically, the first electric field, Ep1, 

initiates a coherent superposition of the ground and excited electronic states. Then, the already 

perturbed system is populated by a second pulse into either the ground or excited state after a 

coherent time, t1 (Figure1(C)). Subsequently, the vibrational response of the selected state is 

generated by the mid-IR beam with a waiting time, Tw. Finally, the non-resonant picosecond beam 

upconverts the vibrational polarization of the system, thus giving rise to a 2D-EVSFG signal at time 

t. The 2D-EVSFG electric field is written as follows,(76, 79, 91, 92) 

𝐸(()(𝑡) ∝< 𝛼𝜇+'𝜇,"𝜇,# > ∫ 𝑑𝑡(′
-
. ∫ 𝑑𝑡'′

-
. ∫ 𝑑𝑡#′

-
. ∫ 𝑑𝑡"′𝐸!&(𝑡 − 𝑡(′)𝐸$%(𝑡 + 𝜏' − 𝑡(/ − 𝑡'/ )𝐸!#(𝑡 + 𝜏' +

-
.

	𝑇0 − 𝑡(/ − 𝑡'/ − 𝑡#′) 𝐸!"(𝑡 + 𝜏' +	𝑇0 + 𝜏" − 𝑡(/ − 𝑡'/ − 𝑡#′ − 𝑡"′)𝑅(()(𝑡(′, 𝑡'′, 𝑡#′, 𝑡"′)                                                                                                       

                                                                       (1) 

where 𝑅(()(𝑡(′, 𝑡'′, 𝑡#′, 𝑡"′) is a fourth-order response function. where µE1 and µE2 are the electronic 

dipole moment operators for the visibly resonant beams (1 & 2), µV3 is the vibrational dipole moment 

operator, 𝛼 is the transition polarizability, and the trace <…> denotes the statistically orientational 
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average over both the electronic and vibrational manifolds. The electronic responses of molecules 

interacting with a non-resonant visible light is instantaneous, it enables us to make an 

approximation that a Dirac delta function is applied.(76, 93) The fourth-order response function is 

further expressed as, (76)  

𝑅(()(𝑡(/ , 𝑡'/ , 𝑡#/ , 𝑡"/) = 	𝑅(')(𝑡'/ , 𝑡#/ , 𝑡"/) ∙ 𝛿(𝑡(/ )                                                        (2) 

Substitution of Eqn. 2 into Eqn.1 yields the form  

𝐸(()(𝑡) ∝< 𝛼𝜇+'𝜇,"𝜇,# > 𝐸!&(𝑡) ∫ 𝑑𝑡'′
-
. ∫ 𝑑𝑡#′

-
. ∫ 𝑑𝑡"′𝐸$%(𝑡 + 𝜏' − 𝑡'/ )𝐸!#(𝑡 + 𝜏' +	𝑇0 − 𝑡'/ −

-
.

𝑡#′) 𝐸!"(𝑡 + 𝜏' + 𝑇0 + 𝜏" − 𝑡'/ − 𝑡#′ − 𝑡"′)𝑅(')(𝑡'/ , 𝑡#/ , 𝑡"/)                                                             (3)                                       

The semi-impulsive approximation applies if an E(t) is short, namely, d(t), when compared with the 

time delays between the laser pulses. As a result, we could greatly simplify Eqn.1 by eliminating 

the integrals of Ep1, Ep2, and EIR, which is further simplified as, (76, 92) 

𝐸(()(𝑡, 𝑇0 , 𝜏"; 	𝜏') ∝	< 𝛼𝜇+'𝜇,"𝜇,# > 𝐸!&(𝑡 − 𝜏')𝐸$%𝐸!#𝐸!"𝑅(')(𝑡, 𝑇0 , 𝜏")                                   (4)                                                                              

A spectrometer implements direct Fourier transformation from 𝑡 to the detection frequency, wt.  The 

2D-EVSFG electric field takes the form, 

𝐸(()(𝜔1 , 𝑇0 , 𝜏"; 𝜏') ∝< 𝛼𝜇+'𝜇,"𝜇,# > 𝐸$%𝐸!#𝐸!"𝐸!&(𝜔23&; 𝜏')⨂𝑅(')(𝜔$% , 𝑇0	, 𝜏")                         (5)                                                                              

where 𝜔1 is the energy of sum frequency, 𝜔456 = 𝜔23& +𝜔$%. Thus, this renders the convolution of 

the narrow band Eps with the response function.(93) As a matter of fact, the temporally wide 

picosecond pulse Eps serves as a window function in this case.(76, 93) Eventually, a frequency 

domain 2D-EVSFG spectrum E(4)( 	𝜔456 , 𝑇0 , 𝜔t; 	𝜏' ) is the Fourier transformation to excitation 

frequency, wt, from the experimentally measured 2D spectra, 𝐸(()(𝜔456 , 𝑇0 , 𝜏"; 	𝜏')  for a given 

waiting time, Tw. We will neglect the time delay between the IR and the picosecond pulse, 𝜏', 

thereafter since it is here fixed. 

To elucidate how electronic and vibrational transitions of molecules at interfaces and surfaces take 

place in the 2D-EVSFG, we shall examine two vibronic states with different curvatures and 

equilibrium position displacements, d, relative to the ground state as our model system. Figure 1(C) 

schematically projects a three-dimensional excited state potential, S1, into possible vibronic 

transitions (gvàeu’ and gvàe’u’’), leading to a frequency shift in vibrational modes, D11’ = 𝜔./"/-

𝜔.". The 𝑅(()(𝑡(/ , 𝑡'/ , 𝑡#/ , 𝑡"/) of a molecule at interfaces and surfaces follows the Feynman pathways 

as shown in Figure 1(D), which present four possible rephasing pathways for the eu’ vibronic state 

(I for GSB & II for ESA) and for the e’u’’ vibronic state (I’ for GSB & II’ for ESA).  From an 
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experimental perspective, the pure adsorptive 2D-EVSFG acquired in a pump-probe geometry 

consists of its both rephasing and non-rephasing pathways.(94) 

 2D-EVSFG signal stems from the negative components of ground state bleaching (GSB) and 
the positive components of excited state absorption (ESA). As a result, the interface-specific EV 

polarization is composed of two parts: one from the GSB and the other from the ESA. 𝑅(')(𝑡, 𝑇0 , 𝜏") 

is proportional to the line shape function, 𝐹(𝑡, 𝑇0 , 𝜏"), based upon the basic principle of nonlinear 

optical spectroscopy, (76, 79, 91, 92) Accordingly, the fourth-order GSB and ESA polarizations are 

written as,  

𝐸647
(() (𝑡, 𝑇0 , 𝜏") ∝< 𝛼82!,82𝜇8,2,82!𝜇82,:;𝜇82,:; > 𝐹647(𝑡, 𝑇0 , 𝜏")	                                                 (6) 

and 

𝐸,4<
(() (𝑡, 𝑇0 , 𝜏") ∝< 𝛼:;/,:;𝜇:;,:;/𝜇82,:;𝜇82,:; > 𝐹,4<(𝑡, 𝑇0 , 𝜏")	                                                  (7)                     

Figure 1(E) schematically demonstrates how 2D-EVSFG peaks are distributed over both the 

negative GSB and positive ESA of interfacial molecules upon photoexcitation. These peaks 

correspond to the two vibronic transitions for the four Feynman pathways in Figure 1(D). 

Similar to the femtosecond stimulated Raman scattering,(95-98) and two-dimensional 

electronic-Raman spectroscopy,(99) 2D-EVSFG employs one or two acting pumps as well as two 

probe pulses (one picosecond pulse plus an white light or IR). Nevertheless, 2D-EVSFG 

distinguishes itself as a fourth-order wave-mixing process that leads to interface/surface specificity 

by detecting an up-conversion frequency mixing of the IR probe with the picosecond laser. By 

contrast, both the femtosecond stimulated Raman scattering and two-dimensional electronic-

Raman spectroscopy are driven by a fifth-order nonlinear response dominantly contributed from 

the bulk phase.   

Results 
 

Linear and SFG spectra of AP3. We shall begin to characterize linear optical properties of AP3. 

The chemical structure of AP3 ((E)-4-((4-(dihexylamino) phenyl)diazinyl)-1-methylpyridin-1-lum) is 

displayed in the inset of Figure 2(A). In AP3, the donor and acceptor moieties are distributed at the 

amino- and pyridinium- groups, respectively.  Figure 2(A) presents UV spectrum of 100 µM AP3 in 

water, which maximum absorption peak is located at 575 nm with an asymmetric shoulder. The IR 

spectrum of AP3 displays seven peaks at 1416 cm-1, 1464 cm-1, 1503 cm-1, 1521 cm-1, 1543 cm-1, 

1599 cm-1, and 1626 cm-1 in Figure 2 (B). On the other hand, the Raman spectrum of AP3 shows 
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that four peaks appear at 1419 cm-1, 1502 cm-1, 1601 cm-1, and 1639 cm-1 from 1350 to 1800 cm-1 

in Figure 2 (C).  

Vibrational SFG spectra of 20 µM AP3 from the air/water interface were taken over 1350 – 

1800 cm-1.  Figure 2(D) shows two dominant peaks at 1608.9 cm-1 and 1631.1 cm-1. On the other 

hand, two weak and broad peaks occur at 1496.2 cm-1 and 1551.8 cm-1.  A VSFG-active mode is 

known to be both Raman and IR active. The three VSFG-active modes of 1496.2 cm-1, 1608.9 cm-

1, and 1631.1 cm-1 are both Raman and IR active. Only one VSFG peak at 1551.8 cm-1 is IR active 

only. To understand the nature of these four vibrational modes, quantum chemistry calculations 
were carried out. The calculated Raman and IR spectra are displayed in Figure S1. Compared with 

those modes for the IR and Raman of AP3, the four VSFG-active modes of 1496.2 cm-1, 1551.8 

cm-1, 1608.9 cm-1, and 1631.1 cm-1 were assigned to the ring-breathing mode, in-plane bending 

mode, ring-scissoring mode predominantly on benzene, and ring-scissoring mode predominantly 

on pyridinium, respectively. All of the four vibrational modes are visualized in Figure S2. As shown 

in our simulated spectra of AP3 in Figure S1, the vibrational mode centered at ca. 1570 cm-1 is both 

IR and Raman active, even though its relative Raman intensity is significantly weaker than its IR 

counterpart. Experimentally, some weak but apparently non-zero Raman signal in Figure 2 (C) was 
also present between 1502 cm-1 and 1601 cm-1, leading to SFG signals in the help of the notable 

IR intensity in Figure 2 (B). 

2D-EVSFG spectra at initial photoexcitation. Figure 3 shows 2D-EVSFG spectra of 20 µM AP3 

molecules at the air/water interface for a waiting time Tw of 20 fs. We depicted the spectral features 

from two aspects as follows:  

A) Along the vibrational 𝜔1  axis, four negative peaks appear at 𝜔1  =1462.9 cm-1, 1550.6 cm-1, 

1606.4 cm-1, and 1630.8 cm-1, which were attributed to their ground state bleaching (GSB). Only 

one positive peak occurs at 𝜔1  =1403.2 cm-1, which was due to the vibrational transition of 1462.9 

cm-1 in the excited state of AP3. The spectral red shift of vibrational transitions between the GSB 

and ESA, D11’, was found to be 59.3 cm-1. Such a significant spectral shift indicates a larger and 

more diffusive curvature of potential energy in the LE state of AP3 than that in its ground state. 

Figure 3(B) shows vibrational spectra at 570.5 nm and 559.1 nm. The vibrational spectrum at 559.1 
nm shows blue shifted at the peaks of 1403.2 cm-1 and 1462.9 cm-1 but red shifted at the peaks of 

1550.6 cm-1, 1606.4 cm-1, and 1630.8 cm-1, with respect to those at 570.5 nm. These results 

suggest that 2D-EVSFG could provide information about curvatures of potential energy for different 

vibronic states. 

B) Along the electronic 𝜔=  axis, both the negative GSB and positive ESA spectra constitute 

vibronic transitions (VT) that dominate interfacial electronic absorption of AP3. For the negative 
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GSB spectra, two main VT peaks occur at 570.5 nm and 559.1 nm in the vibrational modes of 

1462.9 cm-1, 1550.6 cm-1, 1606.4 cm-1, and 1630.8 cm-1. The interfacial absorption peak at the 

lowest energy of 570.5 nm is blue shifted with respect to the visible absorption in bulk water for 

AP3 (Figure 2(A)). The blue shift in the interfacial spectrum could be understood by the hydrophobic 

nature of the air/water interface. Unlike the broad and featureless electronic spectra in bulk, the 
interfacial electronic spectrum of AP3 exhibits two discernible VT peaks as shown in the Figure 

3(C). The peaks are close to those in linear electronic second harmonic generation spectrum as 

shown in Figure S3. This is likely due to the fact that the interfacial molecules are well ordered or 

partially ordered at the interface so that contributions from orientational broadening are greatly 

suppressed in the interface-specific 2D-EVSFG. On the other hand, for the vibrational mode of 

1403.2 cm-1, two ESA peaks show up at 566.2 nm and 550.0 nm, which are blue shifted with respect 

to their GSB counterparts. This blue shift can be ascribed to the anharmonicity of the vibronic 

potential energy surfaces for different vibronic states as discussed in the Supporting Information. 
As detailed in a theoretical study,(82) a shift of two-dimensional electronic-vibrational signals 

between ESA and GSB is expected if quadratic vibronic coupling is considered for coherent mode 

mixing. Our estimated quadratic vibronic coupling coefficient of 0.043 is actually very close to 0.038 

chosen in that theoretical study, (82) for typical dye molecules.  

Interfacial electronic-vibrational couplings at the initial photoexcitation of AP3. For electronic 

transitions within the Franck-Condon approximation, electronic transitions are independent of 

nuclear coordinates but related to vibrational manifolds on ground and excited state potentials. As 

a result, the couplings between electronic and vibrational degrees of freedom determine the vertical 
Franck-Condon factors. The Huang–Rhys factor, S, directly related to the displacement of the 

equilibrium positions of the nuclei, is a measure for the strength of the electron–vibration couplings 

in the Condon region. On the other hand, for the non-Condon excitation such as the Herzberg-

Teller vibronic couplings, electronic transitions are dependent upon nuclear coordinates. 2D-

EVSFG peaks are characteristic of specific vibrational modes coupled with electronic transitions in 

interfacial molecules. As such, peak intensity in 2D-EVSFG is sensitive not only to the Franck-

Condon factors, but also to the non-Condon effect through intensity contributions from the first 
order or even higher order derivative of transition dipole moment with respect to the nuclear 

coordinates in electronic transitions.(82) 

To further reveal the nuclear dependence of electronic transitions upon photoexcitation, we 

compared GSB 2D-EVSFG peaks from the vibronic transitions g0-e0’ to g0-e’0’’, as shown in 

Figure 3. At initial photoexcitation, the 2D-EVSFG experiments exhibited two separate GSB VT 
peaks at 573.4 nm and 556.8 nm with of an energy gap of 520.0 cm-1. It was found that the vibronic 

transitions exhibit an intensity ratio of 1.01:1 at 573.4 nm (g0-e0’) and 556.8 nm (g0-e’0’’) in the 

ground state. Since the GSB 2D-EVSFG signal is proportional to µ2gv,euµgv,gv’agv’,gv, the intensity 
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ratio for the two VT peaks is equal to µ2g0,e0’:µ2g0,e’0’’. Here, the VT at 573.4 nm is assumed to be 

the lowest transition (g0-e0’) at the interface. This is a good approximation with the Franck-Condon 

transition. If the VT at 556.8 nm (g0-e’0’’) is also the Franck-Condon excitation, this intensity ratio 
of the vibronic transitions would be 1:S. The Huang-Rhys factor S for the mode of 520.0 cm-1 would 

be on the order of 1.01. However, our computations show that no significant Franck-Condon 

transition was found for the VT at 556.8 nm (g,0-e’0’’) as displayed in Tables S1 & S2. Such a large 

value of S value is unlikely to originates from the Franck-Condon excitation. It was suggested that 

the Herzberg-Teller vibronic coupling might play an important role in the photoexcitation.  

On the other hand, the ESA 2D-EVSFG intensity is proportional to µ2gv,euµeu,eu’aeu’,eu.  The intensity 

ratio of the two VT transitions at 565.7 nm and 550.0 nm, is equal to µ2g0,e0µe0’,e1’:µ2g0,e0’µe’0’’,e’1’’ in 

the excited state for the vibrational mode of 1402.4 cm-1. Thus, we are able to extract µe0’,e1’: µe’0’’,e’1’’ 

for the vibronic transitions at 565.7 nm and 550.0 nm in the excited state since µ2g0,e0: µ2g0,e0’ was 

known from the GSB 2D-EVSFG peaks described above. With an intensity ratio of 2:1 at the two 

peaks from Figure 3, the µe0’,e1’:µe’0’’,e’1’’ was found to be 1.41:1 for the vibrational mode of 1402.4 

cm-1.  Therefore, the 2D-EVSFG spectra enable us to quantitatively compare vibrational transition 

strengths in the excited states of interfacial molecules.  

Time-dependent 2D-EVSFG spectra. To reveal time evolution of the LE state of interfacial 
molecules of AP3, 2D-EVSFG spectra were taken for different waiting times Tw. Figure 4 shows 

2D-EVSFG spectra of 20 µM AP3 at the air/water interface for four waiting times of 0 fs (A), 200 fs 

(B), 600 fs (C), and 1000 fs (D). At Tw =0 fs, only one positive peak initially occurs at 1403.2 cm-1 

along the vibrational axis. As the time goes on, additional two peaks start to appear at 1521.7 cm-

1 and 1585.5 cm-1 for a waiting time of 200 fs. As the Tw increases, the 2D-EVSFG signals for the 
two peaks get stronger.  These suggest that the LE state of the AP3 experiences change in nuclear 

geometry with time.   

To further quantify time evolution of electronic-vibrational couplings, we chose to track time-

dependent changes in the three positive regions of the time-dependent 2D-ESFG spectra for AP3. 

We integrated the areas for three vibrational peaks, including 1403.2 ± 5.0 cm-1, 1521.7 ± 5.0 cm-

1, and 1585.5 ± 5.0 cm-1 from 540 nm to 575 nm. Figure 5 (A) shows kinetic behaviors of the three 

excited peaks. The lifetime for the vibrational mode of 1403.2 ± 5.0 cm-1 was found to be as short 

as 80 ± 5 fs. On the other hand, the time constants for the generation of the two vibrational modes 

at 1521.7 cm-1 and 1585.5 cm-1 in Figure 5 (B) are on the order of 406 ± 21 fs and 261 ± 13 fs, 

respectively. The initial negative backgrounds for both the 1521.7 cm-1 and 1585.5 cm-1 peaks 

originate from the GSB contributions from their adjacent modes. These kinetic results suggest that 
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these high-frequency vibrations are strongly coupled with the fast relaxation of the excited state in 

AP3 at the interface. 

 
Discussion  
 
Interfacial electronic-vibrational couplings during the relaxation of excite states. Our time-

dependent 2D-EVSFG experiments demonstrated that the time evolution of the vibrational 

coordinates at 1530 cm-1 and 1580 cm-1 are accompanied with the relaxation process of the AP3 

excited state. To understand how the two vibrational modes of 1530.0 cm-1 and 1580.0 cm-1 are 

coupled with the excited states of AP3, we carried out quantum chemistry calculations. As shown 

in Fig. 5 (C), an incident photon of ~2.2 eV (560 nm) pumps the molecule from its S0 state to LE S2 

state directly, before the thermal relaxation narrows the vertical gap to 0.12 eV that facilitates the 
non-adiabatic S2→S1 transition. Subsequently, the S1 state undergoes a pronounced thermal 

relaxation with a notable energy loss of 0.88 eV to reach the optimized S1 structure, whose S1→S0 

transition energy is as small as 0.19 eV. Finally, another non-adiabatic transition recovers the S0 

state albeit with an excited vibrational energy of 0.75 eV.  The most striking feature observed on 

AP3’s electronic structure change in the stepwise S2→S1→S0 transition is the hole collapse with 

characteristic intramolecular charge transfer as illustrated in Fig. 5(D). Specifically, the well-

extended hole across the aromatic backbone of AP3 in S2 drastically shrinks to a dumbbell that is 
centered on the -N=N double bond in S1. By contrast, the shape of the spatially delocalized electron 

remains nearly unchanged upon the S2→S1 transition. The hole collapse not only justifies the 

optically dark S1 state due to its diminished transition dipole moment, but also suggests a distinct 

vibronic coupling at S1 potential energy surface when compared to that at S2 if one considers the 

sensitivity of electronic wavefunction with respect to molecular vibration.  As listed in Table S1, our 

calculated oscillator strength for the S0→S2 transition at the optimized S0 structure is close to unity, 

making S2 the only optically bright state from the ground state. By contrast, the S1 is only accessible 

through the thermal relaxation from S2. Interestingly, the oscillator strengths for both S2→S0 and 
S1→S0 transitions at the optimized excited-state structures are nearly zero, attesting AP3 as a 

fluorescence-free dye.  

To understand the electronic-vibrational couplings of the intramolecular change transfer from S2 to 

S1, we calculated the Huang-Rhys factors for all the normal modes with Sk >0.3 in the S2→S1 

transition as listed in Table S3. It was found that all the normal modes strongly coupled to the two 
electronic transitions are smaller than 1200 cm-1, except for v147=1529.1 cm-1 and v150=1568.1 cm-

1 during the S2→S1 transition.  Both the vibrational modes are predominantly contributed by the two 

nitrogen atoms of the azo group demonstrated in Figure 5 (E). As listed in Table S3, the Huang-

Rhys factors of the 1529.1 cm-1 and 1568.1 cm-1 modes for the S2→S1 transition are as large as 
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0.39 and 0.42, respectively. On the other hand, the couplings of the two modes for the S0→S2 

transition did not occur in Table S2. In other words, the two strong vibrations around ~1550 cm-1 

are expected to appear in the time evolution of the 2D-EVSFG as confirmed by our experimental 

results. As a result, the strong electronic-vibrational couplings invalidate the Born-Oppenheimer 

approximation and thus promote the relaxation of AP3’s S2 to S1 through a non-adiabatic manner. 
Our approach paves the way for the real-time monitoring of excited-state evolution at interfaces 

particularly for dye molecules with non-fluorescent charge-separated states as the intermediates 

upon thermal relaxation. For example, a dark charge-separated state was found to facilitate singlet 

fission and thus electron injection from a thin film of triisopropyl silylethynyl (TIPS)-pentacene to 

nanostructured TiO2.(100) Therefore, a better understanding of the critical balance between singlet 

fission and charge separation both driven by vibronic coupling could be achieved at this 

molecule/semiconductor interface using our 2D-EVSFG.  

Concluding Remarks 

We have developed interface-specific two-dimensional electronic-vibrational SFG 

spectroscopy (2D-EVSFG) and demonstrated its applications to the excited-state dynamics of AP3 

molecules at the air/water interface. The 2D-EVSFG experiments showed strong electronic-
vibrational couplings of interfacial AP3 molecules upon photoexcitation. Quantitative analyses of 

2D-EVSFG peak intensity enabled us to reveal that the non-Condon effect accounts for the initial 

vibronic states at 573.4 nm and 556.8 nm of AP3 at the air/water interface. It was further found that 

the two vibronic states show different vibrational transition strengths.  The 2D-EVSFG experiments 

also showed strong electronic-vibrational couplings of interfacial AP3 molecules in the relaxation 

of the excited states. Time-dependent 2D-EVSFG displayed that the relaxation of the LE state, S2, 

evolves with the changes in nuclear motions to a lower S1 excited state. The time evolution of the 
excited state is strongly coupled with two high-frequency modes of 1529.1 cm-1 and 1568.1 cm-1. 

Quantum chemistry calculations further evidenced that both vibrational modes are predominantly 

contributed by the two nitrogen atoms of the azo group, and thus possess large Huang-Rhys factors 

for the S2→S1 transition. The strong electronic-vibrational couplings break the Born-Oppenheimer 

approximation and promote the relaxation of the S2 state of photoexcited AP3 to S1. The 2D-EVSFG 

experiments demonstrated the ability to correlate the initial excitation of the electronic-vibrational 

manifolds with the subsequent evolution of high-frequency vibrational modes at the interface. 

The 2D-EVSFG spectroscopy combines the advantages of 2D-VSFG and 2D-ESFG, enabling 

us to couple the initial electronic absorption of vibronic transitions and subsequent time evolution 

of nuclear motions at interfaces and surfaces. The 2D-EVSFG technique provides a new approach 

to understand electronic-vibrational couplings of excited states at interfaces and surfaces. We 
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believe that this tool opens a new window for both chemists and physicists in the fields of interfacial 

and surface science as well as non-adiabatic dynamics theory.   

 
Materials and Methods 
 

2D-EVSFG Setup. A Ti: sapphire regenerative amplifier (800 nm, 100 fs, ∼4 W, 1 kHz, Uptek 

Solution) was used for the generation of a visible pump, an IR beam, and an 800 nm picosecond 
pulse. A portion of 0.8 mJ from the fundamental light was used to pump a home-built noncollinear 

optical parametric amplifier (NOPA) for the visible pump. The output of the NOPA (centered at 560 

nm, FWHM of 25 nm, 6.0 µJ) was compressed with a pair of prisms (LaK21, Newport) to 25-30 fs 

and characterized by a home-built frequency-resolved optical gating. A translating wedge-based 

identical pulses encoding system (TWINs) was introduced to generate a pair of phase-locked pump 

pulses with precise control over a relative time delay, following the literature reported from Cerullo 

and co-workers.(79, 101, 102) A detailed description of the TWINS is found in the Supporting 

Information. The rest of the fundamental light was directed to pump a TOPAS (Light conversion) to 
generate a mid-IR of 3 µJ. The narrowband and picosecond 800 nm light of 10 µJ was produced 

by a narrow-band filter with the residual of the 800 nm from the TOPAS. The time delay between 

the picosecond 800 nm and the mid-IR was set to be zero.  A programable motorized translational 

stage (Klinger) was used to control the time delay, Tw, between the pump and the 800 nm/IR pulses. 

A reflection geometry was used for 2D-EVSFG and VSFG experiments. The picosecond 800 
nm and IR beams were combined with a dichroic mirror (ISP optics) for a collinear propagation. A 

one-inch CaF2 lens with a focal length of 75 mm was applied to focus the two beams onto interfaces 

at an angle of 60° with respect to the surface normal. Both VSFG and 2D-EVSFG signals were 

collected in a reflection direction with energy and momentum conservations. The incident angle of 

the pump pulses was set at 50° with respect to the surface normal.  The polarization of the two 

pump beams, 2D-EVSFG/SFG, 800 nm, and IR beams were set to be p-, p-, s-, s- and p- polarized, 

respectively. The IR beam path was protected with a sealed box and purged with dry air so that 
relative humidity was kept below 1%.  

2D-EVSFG signals are generally weak, similar to those of 2D-ESFG.(79, 91) An optical 

chopper in the pump beam path was placed to synchronize pump-on and pump-off signals. The 

chopper ran at a working frequency of 500 Hz in an effort to synchronize with the laser system. A 

single-axis scanning Galvo mirror (Thorlabs) was also synchronized with the chopper to image the 
pump-on and pump-off on the CCD detector. It was found that the signals fall into two spectral 

strips onto the CCD detector, which was assembled by consolidating a vertically focused cylindrical 

lens of 25 cm with a horizontally focused cylindrical lens of 10 cm. The 2D-EVSFG signals were 
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detected by a spectrometer (Andor-2300i, Princeton Instrument) with a liquid nitrogen-cooled CCD 

(Princeton Instrument, back-illuminated 1300 ´ 400). A self-edited Labview program was compiled 

to control signal collection and data processing. The coherent time delay, 𝜏", was incremented in 

0.32 fs time steps between 0 and 80 fs. Each data point was acquired for 10 seconds. Transient 

visible pump-VSFG probe were also acquired with the same setup except the two coherent pump 

lasers were set to be zero. A calibration of the pump wavelength and phases as well as 
determination of absolute time delay have been made as described in our early work in two-

dimensional ESFG. (79, 91)   

Simulation Details. The AP3 molecule was first optimized at its ground state, S0, by the density 

functional theory (DFT)(103) with B3LYP exchange-correlation functional(104, 105) and cc-PVTZ 

basis set.(106) Unless otherwise specified, all calculations were performed using NWCHEM,(107) 
an open-source simulation package. Subsequently, its excited-state optimized geometries at S1 

and S2 were ascertained by the time-dependent density functional theory (TDDFT).(108) Then, for 

each of these three optimized structures, its vertical excitation energies of Δ𝐸4"⟶4# and Δ𝐸4"⟶4$  

were calculated by the quasiparticle self-consistent GW (QPSCGW) method(109) in conjunction 

with Bethe-Salpeter Equation (BSE) (110) using MOLGW software.(111) Finally, all normal modes 

at S0, S1, and S2 were determined by diagonalizing the molecule’s mass-weighted Hessian matrix 

before its Infrared and Raman spectra were resolved by a perturbation approach.(112)  

Chemicals. The synthesis of AP3 was made in Figure S4 and modified by following the report in 

the literature.(113) A detailed description is found in the Supporting Information. The NMR 

spectrum of the AP3 compound is shown in Figure S5. 

Data Availability. All relevant data, materials, protocols, computational details, and theoretical 

analysis are included in the manuscript and SI Appendix. 
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Figure 1. (A) An experimental configuration of the incident lasers and detection signal for interfaces 
in a reflection-geometry 2D-EVSFG. (B) A pulse sequence for 2D-EVSFG. (C) Potential energy 
surfaces for two vibronic transitions. gn, en’, and e’n’’ represent virtual states for S0 and the two 
vibronic states, respectively. (D) Four rephasing Feynman pathways for 2D-EVSFG. (E) Schematic 
2D-EVSFG peaks for the four pathways in (D). The blue and red colors represent negative GSB 
and positive ESA.  
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Figure 2. A) UV-vis spectrum of 100 µM AP3 in water. The inset is the chemical structure of AP3.  
B) IR spectrum of AP3. C) Raman spectrum of 2 mM AP3 in D2O. D) SFG spectra of 20 µM AP3 
at the air/water interface. 
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Figure 3. (A) 2D-EVSFG spectra of 20 µM AP3 at the air/water interface at a waiting time of 
Tw=20 fs. D11’ is the spectral shift of vibrational transitions between the GSB and ESA. (B) Sliced 
spectra at 570.5 nm and 559.1 nm along the vibrational axis. (C) Sliced spectra at 1462.9 cm-1 
and 1403.2 cm-1 along the electronic axis. At the GSB peak of 1462.9 cm-1, two excitation 
wavelength peaks show up at 570.5 nm and 559.1 nm. On the other hand, at the ESA peak of 
1403.2 cm-1, two excitation wavelength peaks show up at 566.2 nm and 550.0 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

25 

 

 
 

Figure 4. 2D-EVSFG spectra of 20 µM AP3 at the air/water interface for four waiting times of 0 fs 
(A), 200 fs (B), 600 fs (C), and 1000 fs (D). The positive peak at 1403.2 cm-1 diminishes with the 
waiting time, Tw, while the positive peaks at 1521.7 cm-1 and 1585.5 cm-1 start to show up with 
the waiting time, Tw. The color scale for the spectra is the same as that in Figure 3A. 
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Figure 5. Evolution of integration areas for three vibrational peaks, including 1403.2 ± 5.0 cm-1(A) 

,1521.7 ± 5.0 cm-1, and 1585.5 ± 5.0 cm-1 (B) from 540 nm to 575 nm, as a function of the waiting 

time, Tw. C) Energy diagram of electronic states for AP3. D) Simulated iso-surfaces of hole and 

electron for the S1 and S2 states of the AP3 molecule upon excitation from its ground state, S0.  E) 

Visualization of two vibrational modes at 1529.09 and 1568.12 cm-1 for the vibronic coupling 

between S2 and S1. 

 


