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ABSTRACT 

The photoisomerization dynamics of trans-stilbene have been well studied in the lowest excited 

state, but much less is known about the behavior following excitation to higher-lying 

electronically excited states. This contribution reports a combined study of the spectroscopy and 

dynamics of two-photon accessible states above S1. Two-photon absorption (2PA) measurements 

using a broadband pump-probe technique reveal distinct bands near 5.1 and 6.4 eV. The 2PA 

bands have absolute cross-sections of 40±16 and 270±110 GM, respectively, and a pump-probe 

polarization dependence that suggests both of the transitions access Ag-symmetry excited states. 

Separate transient absorption measurements probe the excited-state dynamics following two-

photon excitation into each of the bands using intense pulses of 475- and 380-nm light, 

respectively. The initially excited states rapidly relax via internal conversion, leading to the 

formation of an S1 excited-state absorption band that is centered near 585 nm and evolves on a 

timescale of 1-2 ps due to intramolecular vibrational relaxation. The subsequent evolution of the 

S1 excited-state absorption is identical to the behavior following direct one-photon excitation of 

the lowest excited state at 4.0 eV. The complementary spectroscopy and dynamics measurements 

provide new benchmarks for computational studies of the electronic structure and dynamics of 

this model system on excited states above S1. Probing the dynamics of molecules in their higher-

lying excited states is an important frontier in chemical reaction dynamics. 
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1.  INTRODUCTION  

Probing the ultrafast dynamics of molecules in electronically excited states above S1 

represents an important frontier in the field of chemical reaction dynamics that challenges the 

current limits of both experiment and theory.1 Among other complications, the rapidly increasing 

density of electronic states leads to strong configurational mixing and very short excited-state 

lifetimes for even the smallest of molecules, as manifest in Kasha’s rule.2 Nevertheless, probing 

the behavior of these highly excited systems is important for developing a predictive and general 

understanding of the non-adiabatic dynamics that govern chemical reactions under a wide range 

of conditions.  

Extensive work over the past 70 years provides significant insight into the 

photoisomerization dynamics of stilbene, making this compound an ideal prototype for studying 

excited-state dynamics.3-7 Experimental8-18 and theoretical19-27 studies reveal a mechanism in 

which torsional rotation around the central C=C double bond carries the molecule over a small 

barrier in the S1 excited state before passing through a conical intersection (CI) that returns the 

molecule to S0. The CI connecting the ground and excited electronic states is located near the 

minimum of the S1 excited-state potential energy surface, where the phenyl rings have 

perpendicular orientation, but also requires some degree of pyramidalization at one of the 

ethylene carbon atoms.24,26 Passage through the CI results in a roughly 1:1 ratio of cis- and trans-

stilbene.3  

One-photon excitation of the lowest excited state of trans-stilbene initially accesses a 

singly excited state with ππ* character. However, the electronic configuration that correlates 

diabatically with the ground electronic state of the product, and therefore participates in the CI, is 

a doubly excited state with π*π* character (becoming ππ in the ground state).20,28 This two-

electron excited state of trans-stilbene has been observed previously using two-photon 

absorption spectroscopy,28-34 which is suitable for accessing doubly excited states because of the 

propensity for two-photon–two-electron interactions.35 Two-photon excitation also satisfies the 

symmetry selection rules for accessing the totally symmetric (Ag) π*π* state, therefore the 
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electronic configuration that correlates diabatically with the product ground state is accessible 

directly via a symmetry-allowed two-photon (HOMO)2→(LUMO)2 transition from the 

equilibrium ground state of the trans isomer. Although there have been no direct reports of the 

excited-state dynamics following two-photon excitation, competing kinetics measurements for 

both isomers indicate that the cis-trans isomerization process is more efficient following two-

photon excitation than for one-photon excitation.36-38 

Despite the detailed picture that emerges for dynamics on the lowest ππ* excited state of 

stilbene, and even for the π*π* excited state, much less is known about the dynamics in the 

higher-lying excited states, or how excitation to these levels might be used to selectively control 

the photoisomerization reaction. Recently, Bao and Weber probed the dynamics of cis- and 

trans-stilbene in the gas phase following excitation of one-photon-accessible excited-states lying 

roughly 6 eV above the respective ground-state minima, and observed distinctly different 

dynamics than the well-known torsional isomerization pathway that occurs on S1.16,17,39 In 

particular, coherent oscillations in the higher-lying excited-state (S5) of trans-stilbene were 

attributed to an antisymmetric twisting motion of the phenyl groups about the C–C single bonds, 

which suggests that excitation to higher excited states gives rise to different initial motions of 

trans-stilbene than on the S1 surface. Similarly, Kovalenko and coworkers12 probed the solution-

phase photoisomerization dynamics of stilbene following one-photon excitation to the second 

absorption band at 226 nm, from which they observed rapid (sub-100 fs) internal conversion 

followed by vibrational cooling on the lowest excited state.  

The experiments presented in this paper examine the spectroscopy and dynamics of two-

photon-accessible excited-states of trans-stilbene in solution. Mutually exclusive selection rules 

due to the inversion center of trans-stilbene ensure that one- and two-photon excitation access 

different excited states of the molecule. Here, we present the first continuous 2PA spectrum of 

trans-stilbene up to 6.5 eV, and then compare the excited-state dynamics following one- and 

two-photon excitation. Our results provide new benchmarks for computational studies of the 

electronic structure and excited-state dynamics of trans-stilbene above S1. 
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2.  EXERIMENTAL METHODS 

We use ultrafast pump-probe techniques to examine the spectroscopy and dynamics of 

trans-stilbene in solution. Briefly, the two-photon absorption (2PA) spectrum is obtained from 

the wavelength-dependent attenuation of a broadband probe pulse that is temporally and spatially 

overlapped in the sample with a non-resonant pump pulse,40-44 whereas the excited-state 

dynamics are monitored via the evolution of the transient absorption (TA) spectrum as a function 

of time following one- or two-photon excitation.47,48 In both experiments, pump and probe pulses 

are derived from the output of a regeneratively amplified Ti:Sapphire laser (Legend Elite, 

Coherent). Non-linear frequency conversion produces pump pulses that are tunable across the 

visible-UV, and continuum generation in a 2 mm CaF2 crystal produces broadband probe pulses 

covering the range 750-350 nm. We control the relative polarization of the linearly polarized 

pump and probe light by rotating a λ/2 waveplate in the 800 nm fundamental prior to continuum 

generation, while also rotating the CaF2 crystal to maintain the polarization purity of the probe 

beam.45,46 After passing through the sample, the probe light is dispersed with a UV transmission 

grating onto a 256-element photodiode array for shot-to-shot detection. A chopper wheel blocks 

alternating pump pulses before the sample for active background subtraction. We typically 

average 6 ×103 laser pulses per delay for the 2PA measurements and 104 laser pulses per delay 

for the TA measurements, as described below. 

In the 2PA experiments, the simultaneous absorption of one pump and one probe photon 

occurs when the combined energy of the two-photons is resonant with a two-photon-allowed 

transition, but neither photon is absorbed individually.40-44 Using three different pump 

wavelengths (370, 390, and 420 nm) and a continuum probe in the range 750-400 nm gives 

overlapping spectra that cover the full range of 2PA transition energies from 4.6 to 6.5 eV. We 

scan the relative delay of the two pulses in order to account for temporal dispersion of the probe, 

then integrate the transient signal at each probe wavelength over a range of delay times (typically 

±0.3 ps relative to the optimum temporal overlap) to obtain the relative 2PA cross-section as a 

function of the total pump + probe transition energy.40 The integrated signal is independent of 
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non-resonant effects, such as cross-phase modulation of the probe light.40,47 Varying the 

integration range confirms that there are no contributions to the signal from photoproduct 

transient absorption, because the integrated signal does not change when increasing the 

integration window outside of the region of pulse overlap. The diameters of the overlapping 

pump and probe beams are ~300 μm and ~100 μm at the sample, respectively, and the average 

energy of the pump pulse is typically 35 nJ/pulse. The sample for the 2PA measurements 

consists of a 1-mm path length quartz cuvette filled with a 0.5 M solution of trans-stilbene 

(Aldrich, 96%) in chloroform (Sigma-Aldrich, ≥99%). We are unable to measure the 2PA 

spectrum of trans-stilbene in cyclohexane due to low solubility in that solvent. 

Separate TA experiments probe the excited-state dynamics of trans-stilbene following 

one- and two-photon excitation.47,48 One-photon excitation (1PE) experiments use pump pulses at 

310 nm (4.0 eV) that are resonant with the lowest absorption band of trans-stilbene. The ~0.5-μJ 

pulses are weakly focused to a diameter of ~300 μm at the sample, where they intersect the 

~100-μm diameter probe beam. Non-resonant two-photon excitation (2PE) requires higher-

intensity pump pulses, therefore we reduce the beam diameter to ~100 μm at the sample and 

increase the pulse energy (~2 μJ at 475 nm, or ~3 μJ at 380 nm). The intense, non-resonant pump 

beam induces degenerate two-photon excitation at a total transition energy equal to twice the 

photon energy, which is 5.2 eV for 475-nm irradiation and 6.5 eV for 380-nm irradiation. The 

TA measurements cover a range of delays on a quasi-logarithmic scale from –1 to 800 ps, with 

the relative polarization of the pump and probe set to the magic angle (54.7°) in order to exclude 

anisotropic effects. Samples of trans-stilbene in cyclohexane (Sigma-Aldrich, >99%) were 

prepared with concentrations of 1.2 mM for the 1PE measurements and 6.5 mM for the 2PE 

measurements. The sample solution passes through a slit nozzle to form a windowless liquid 

stream with a path length of 300 μm.  
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3.  RESULTS AND ANALYSIS 

One- and Two-Photon Absorption Spectroscopy 

The top panel of Figure 1 shows the one-photon absorption (1PA) spectrum of trans-

stilbene in solution. The spectrum is essentially the same in both cyclohexane and chloroform, 

except for a weak bathochromic shift of 4 nm. Solvent absorption below 260 nm prevents us 

from measuring the full 1PA spectrum of trans-stilbene in chloroform. The three prominent 

bands in the 1PA spectrum, located near 4.1, 5.4, and 6.1 eV, have been discussed extensively in 

the literature.28,33,48,49 The solid vertical bars in the figure represent transition energies and 

oscillator strengths for one-photon allowed transitions that were calculated by Molina et al.49 

using CASPT2. The calculated energies are in good agreement with our experimental spectrum 

(see Table 1).  

 

 

Figure 1. One- and two-photon absorption spectroscopy of trans-stilbene in solution. The top 

panel shows one-photon absorption spectra in cyclohexane (solid line) and in chloroform (dashed 

line). The bottom panel shows two-photon absorption spectra in chloroform, measured using 
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both parallel (dark blue line) and perpendicular (light blue line) relative polarization of the pump 

and probe light. The inset shows the ratio of the two-photon cross-sections for parallel and 

perpendicular polarization. The solid bars in the top panel are calculated one-photon transition 

energies and intensities, and the hollow bars in the lower panel are two-photon transition 

energies, both from Ref. 49. 

 

Table 1. One- and two-photon transition energies of trans-stilbene (in eV). 

Excited 
State 

Experimentala	
   Calculated CASPT2  
(major configuration)b	
  

Calculated 
SDCI/P 200c	
  

1Bu	
   4.03	
   3.77 (4au→5bg)d	
  

4.07 (4au→4bg)d	
  

4.31	
  
4.67	
  

 
1Ag	
   5.12	
   4.13 (3bg→4bg)	
  

4.95 (4au
2→4bg

2)	
  
5.30 (2bg→4bg)	
  

4.67	
  
5.23	
  
5.93	
  

 
1Bu	
   5.41	
   5.42 (3au→4bg)	
  

5.42 (4au→5bg)	
  
5.46 (2au→4bg)	
  

5.80	
  
6.27	
  
6.60	
  

 
1Bu	
   6.14	
   5.95 (3au→5bg)	
   7.07	
  

 
1Ag	
   6.40	
    6.19	
  

7.05	
  
7.15	
  

a This work. b From Ref. 49. c From Ref. 28. d See Ref. 50 for a discussion about the correct 

ordering of the two lowest states. 

 

The bottom panel of Figure 1 shows the two-photon absorption (2PA) spectrum of trans-

stilbene in chloroform. We measure the broadband 2PA spectrum using both parallel and 

perpendicular relative polarization of the pump and probe light. In both cases, the spectrum has 

distinct bands centered near 5.1 and 6.4 eV, with the only difference being a cross section (σ) 

that is smaller by about a factor of 3 for perpendicular polarization. The inset shows that the 

polarization ratio, σpara/σperp, is constant across the entire spectrum. The figure also shows the 

baseline signal obtained under identical conditions for pure chloroform, and confirms that 2PA 

by the solvent is insignificant below 6.5 eV. The hollow vertical bars in the figure mark the 
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calculated (CASPT2) transition energies for two-photon accessible states of trans-stilbene from 

Molina et al.49 All of the bars have the same height in this case because those authors did not 

report two-photon absorption intensities.  

The experimental 2PA cross-sections at the maxima of the two absorption bands are 

40±16 and 270±110 GM (1 GM = 10–50 cm4･s･molecule-1･photon-1), respectively, for parallel 

polarization of the pump and probe light. The uncertainties in the absolute 2PA cross-sections 

represent estimated 95% confidence intervals. As in all 2PA experiments, obtaining the absolute 

cross-section requires precise knowledge of the spatially dependent intensity profile,51 therefore 

we measure the horizontal and vertical profiles of both beams at the sample position in order to 

determine the spatial overlap of the two beams. Small deviations from the ideal overlap 

conditions and subtle imperfections of the pump and probe beams are the primary sources of 

uncertainty in our measurement. 

Our results for the lower energy band are in excellent agreement with degenerate 2PA 

cross-sections in the range of 8-80 GM that were measured previously using various non-linear 

techniques.28-31,52-55 Although the cross-section is not necessarily the same for degenerate and 

non-degenerate excitation at the same total energy, we expect only small deviations in this case, 

because both pump and probe photons are individually non-resonant, and therefore resonance-

enhancement effects are negligible.  

Importantly, these are the first 2PA spectra of stilbene to be measured on a continuous 

energy scale, rather than point-by-point. This is also the first direct measurement of the 2PA 

spectrum. Previous measurements used indirect methods, such as two-photon fluorescence or 

thermal lensing, to measure the “action” cross-section on a point-by-point basis while tuning the 

excitation laser across the spectrum.28-34 Even after applying a wavelength-dependent correction 

to obtain the two-photon absorption from the action cross-section,31 point-by-point measurements 

are susceptible to variation of the pump beam conditions at each wavelength. By simultaneously 

measuring a broad range of the 2PA spectrum with a broadband probe pulse, our measurement is 

less sensitive to variations across the spectrum, and therefore provides a more accurate 
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representation of the energy-dependence of the 2PA cross-section. Notably, we do not observe 

vibronic structure in the 2PA bands, as was previously reported.28,32,34 By recording the 

absorption cross-section directly, our measurement is also independent of the wavelength-

varying fluorescence quantum yield.28,30-34 

The polarization dependence of the 2PA spectrum in the inset of Figure 1 confirms that 

only Ag-symmetry states contribute to the 2PA spectrum below 6.5 eV. The polarization ratio 

σpara/σperp depends on the relative symmetry of the two transition dipole moments associated with 

a transition, and therefore reveals the overall symmetry of the transition.56-58 For molecules in the 

C2h point group, totally symmetric (Ag) transitions give a ratio ≥4/3, and non-totally symmetric 

(Bg) transitions give a ratio <4/3.56 The constant experimental polarization ratio of ~3 across the 

entire spectrum therefore indicates that only Ag-symmetry transitions are responsible for the 2PA 

bands below 6.5 eV. Our observation is consistent with the absence of calculated Bg-symmetry 

states within the range of our 2PA spectrum,28,59 as well as the constant polarization ratio for 

degenerate excitation comparing circular and linearly polarized light, σcirc/σpara, across the lowest 

2PA band.28,30,32 Deviations from the planar equilibrium geometry play a negligible role in the 

spectrum of trans-stilbene in solution,30 therefore the polarization ratio provides a good measure 

of the electronic symmetries of the two-photon accessible excited states. 

 

Excited-State Dynamics Following One- and Two-Photon Excitation 

Figure 2A shows the evolution of the transient absorption spectrum of trans-stilbene 

following excitation with one-photon at 310 nm (total energy of 4.0 eV). Consistent with earlier 

studies,8,12,15,18,60-62 the TA spectrum is dominated by an excited-state absorption (ESA) band 

centered near 585 nm and a weaker stimulated emission (SE) band near 365 nm. The asymmetry 

of the ESA band, including a weak shoulder near 550 nm, was previously assigned as a vibronic 

progression in the Sn←S1 transition.12,63-67 Both the positive ESA band at 585 nm and the negative 

SE band at 365 nm decay to the baseline on a timescale that is consistent with the previously 

reported lifetime of 69±11 ps for trans-stilbene in cyclohexane.10 We also observe very weak 
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shifting and narrowing of the spectrum within the first 10-20 ps due to vibrational cooling in the 

excited state.12  

 

 

Figure 2. Transient absorption spectra of trans-stilbene following one-photon excitation at 310 

nm (A), two-photon excitation at 475 nm (B), and two-photon excitation at 380 nm (C). The 

spectra in (B) are averaged over three adjacent time points in order to improve the signal-to-

noise ratio. 
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Based on previous interpretations of the excited-state dynamics of trans-

stilbene,8,14,15,18,60,61 we model the ps-scale relaxation following one-photon excitation with a 

sequential, two-step kinetic scheme.  

𝑆!∗
!! 𝑆!

!! 𝑆! 

The first species represents vibrationally excited stilbene in the first excited electronic state, S1
*, 

which relaxes to the thermally populated S1 state before returning to the ground electronic state. 

The TA signal is insensitive to the branching between cis and trans isomers when returning to 

the ground state, because neither of the ground-state species absorb in the probe window.  

A global fit to the broadband TA data using this simple kinetic model gives time 

constants of (k1)–1 = 8±2 ps and (k2)–1 = 78±6 ps (95% confidence) for the two steps in the 

sequential relaxation. Although the excitation at 310 nm deposits very little excess energy above 

the S1 band origin,68 we include the S1
* state in the model in order to obtain high-quality fits to 

the data and for consistency with the analysis at higher excitation energies. Species-associated 

spectra (SAS) obtained from the best fit to the transient absorption data for one-photon excitation 

at 4.0 eV are shown in the top panel of Figure 3. The slight narrowing and shifting of the ESA 

band between the first and second species is characteristic of vibrational cooling in the excited 

state.12,14,18  
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Figure 3. Species-associated spectra (SAS) from global fits to the transient absorption data using 

the sequential kinetics models described in the text. The spectra represent species from one-

photon excitation at 310 nm (A), two-photon excitation at 475 nm (B), and two-photon excitation 

at 380 nm (C). 

 

The lower two panels of Figure 2 show the TA spectrum following two-photon excitation 

at 475 nm (total energy 5.2 eV) and 380 nm (total energy 6.5 eV), respectively. The TA signals 

are much weaker than for 1PE due to a substantially smaller cross-section for two-photon 
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excitation, that is only partially offset by the higher concentration and more intense pump pulses. 

Additionally, the two-photon process depends quadratically on the excitation intensity, which 

amplifies small fluctuations of the pump pulse intensity and further increases the noise level in 

the 2PE experiments. As expected from the relative 2PA cross-sections, exciting the lower-

energy band at 5.2 eV with two photons produces a weaker TA signal than does exciting the 

higher-energy band at 6.5 eV. To compensate for the lower signal-to-noise ratio in the lower-

energy 2PE scan, we average three adjacent time points to obtain the TA spectra in Figure 2B. 

Figure S1 in the Supporting Information compares the ps-scale time evolution of the ESA and 

SE bands for all three excitation pathways. 

Despite the lower signal-to-noise ratio for the two-photon excitation experiments, we 

clearly observe additional spectral evolution on a timescale of 1-2 ps that is not observed 

following one-photon excitation into the lowest-energy absorption band. In order to model the 

additional spectral evolution, we add an extra species to the sequential kinetic model to represent 

a precursor to S1
*.  

𝑆!∗∗
!! 𝑆!∗

!! 𝑆!
!! 𝑆! 

The lower two panels of Figure 3 show the SAS obtained from global fits to the ps-scale 

transient absorption data using this four-state model. The additional step in the relaxation reveals 

spectral narrowing (primarily on the high-energy side of the ESA band) with time constants of 

1.9±1.2 ps and 1.5±0.3 ps following 2PE at 5.2 and 6.5 eV, respectively. In both cases, the initial 

relaxation is followed by two slower steps that occur on the same timescales as the relaxation 

following 1PE.  

The similar spectra of all three species in the 2PE experiments (i.e., S1
**, S1

*, and S1) 

suggest that S1
** represents another vibrationally excited state of S1. Therefore, we propose that 

S1
** represents a highly non-statistical distribution of vibrational energy in S1 following rapid 

(sub-ps) internal conversion from the initially excited state, Sn. Intramolecular vibrational 

redistribution (IVR) produces a more statistical distribution of vibrational energy, represented by 

S1
*, within the next 1-2 ps. The red-shift and broadening of the S1

* spectrum is significantly more 
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pronounced for excitation to the higher-lying states than it is following 1PE at 310 nm, because 

of the larger amount of excess energy deposited into the molecule. The ~8 ps relaxation time of 

S1
* is consistent with vibrational cooling (VC) of the hot excited state.8,18,60,61,68 Both the 

vibrational cooling time and the ~80 ps excited-state (ES) lifetime of S1 are consistent with the 

1PE result. Based on this picture, we re-label the time constants from the two kinetic models to 

reflect the underlying process in each step (i.e., τIVR, τVC, and τES). Table 2 summarizes the time 

constants for all three excitation energies.  

 

Table 2. Time constants for intramolecular vibrational relaxation (τIVR), vibrational cooling (τVC), 

and relaxation of the excited state (τES) of trans-stilbene from fits to the transient absorption 

spectra using sequential kinetic models. 

 τIVR / ps	
   τVC / ps	
   τES / ps 
1PE (4.0 eV)	
   – 7.6 (1.8)	
   78 (6)	
  
2PE (5.2 eV)	
   1.9 (1.2)	
   6.2 (2.5)	
   83 (17)	
  
2PE (6.5 eV)	
   1.5 (0.3)	
   9.3 (1.5)	
   82 (5)	
  

 

 

We see evidence of the faster Sn→S1 electronic relaxation on a sub-ps timescale, as shown 

in Figure 4. The figure compares the evolution of the transient absorption spectra within the first 

600 fs following one- and two-photon excitation of trans-stilbene. The most obvious difference 

between the two transient spectra is a new, short-lived absorption band in the higher-energy 

region of the spectrum following 2PE. The short-lived absorption band precedes the formation of 

the 585-nm ESA band following two-photon excitation (Figure 4B), whereas the rise of the 585-

nm ESA band is instrument-limited following one-photon excitation (Figure 4A). A delayed 

onset of the S1 excited-state absorption and stimulated emission bands was also observed by 

Kovalenko et al.12 following one-photon excitation into the second absorption band at 226 nm, 

therefore we interpret the delayed appearance of the 585-nm ESA band as relaxation from the 

initially excited electronic state Sn to the vibrationally hot S1
**.  
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Figure 4. Transient absorption spectra of trans-stilbene at early time delays following one-

photon excitation at 310 nm (A) and two-photon excitation at 380 nm (B). The black arrows 

show the rising excited-state absorption signal up to a delay of 100 fs. Note that the rise of the 

ESA band is complete with the instrument response time of ~75 fs in (A), but the signal 

continues to rise for several hundred fs in (B). The thin dashed line in (B) is the scaled two-

photon absorption spectrum, and therefore represents an upper limit for the 2PA contribution to 

the transient absorption signal at 0 ps delay (black line). 

 

Figure 5 shows the temporal evolution of the sub-ps transient absorption signals at 

several probe wavelengths. Following two-photon excitation, the short-lived TA signal at 400 

nm decays within ~100 fs, with a weak tail extending to a few hundred fs. The fleeting transient 

absorption signal is at least partially due to ESA from an electronic state above S1, as discussed 

below. The initial decay of this band is comparable to the instrument response time of ~75 fs 

(FWHM), reflecting a very short lifetime for the higher-lying electronically excited state. The 
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slower decaying tail at 400 nm, which matches the rise at 600 nm, could be either an 

intermediate electronic state, or a very non-statistical distribution of vibrational energy in S1 that 

precedes even S1
**.  

 

 

Figure 5. Evolution of the transient absorption of trans-stilbene at early time delays following 

one-photon excitation at 310 nm (A) and two-photon excitation at 380 nm (B). Each transient is 

averaged over a ~13 nm range of probe wavelengths (11 adjacent pixels) to improve the signal-

to-noise ratio. The dashed line in (B) is the instrument response function for the two-photon 

excitation experiment, based on the coherent Raman response of the pure solvent at 425 nm. 

 

Non-resonant two-photon (pump + probe) absorption could also contribute to the short-

lived TA signal within the instrument response time. However, the spectral shape of the TA 

feature in Figure 4B is inconsistent with the broadband 2PA spectrum in Figure 1. Most notably, 

the short-lived TA band decreases monotonically across the spectrum, with no evidence of the 
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2PA minimum at 5.6 eV. The 2PA minimum would be observed at a probe wavelength of 530 

nm in the case of the 380-nm pump (i.e., 3.3 eV pump + 2.3 eV probe), as shown by the dashed 

line in Figure 4B. The 2PA signal cannot exceed the total TA signal at any single wavelength, 

therefore the dashed line represents the upper limit of the signal due to non-resonant two-photon 

(pump + probe) absorption, and indicates that the ESA of an electronically excited state is 

responsible for at least a majority of the time-zero TA signal in the region 450-600 nm.69 The 

isosbestic point near 500 nm further supports the picture of a sequential population decay from 

Sn to S1
** following 2PE at 6.5 eV.  

The situation is less clear following 2PE at 5.2 eV, due to the lower signal-to-noise ratio, 

and because the Raman response of the solvent induced by 475-nm pump light overlaps a 

broader region of the transient absorption spectrum. However, subtraction of the solvent signal 

(see the Supporting Information) indicates that there is probably a similar short-lived ESA band 

in that case, as well. Therefore, the sub-ps evolution of the TA spectrum following 2PE reveals 

internal conversion from a higher-lying electronic state (or states) and the formation of the highly 

vibrationally excited S1
** at both excitation energies. 

 

4.  DISCUSSION 

One- and two-photon absorption spectroscopy reveals a great deal of information about 

the electronic structure of trans-stilbene. The one- and two-photon spectra are complementary, 

because different transitions are allowed in the two cases based on parity selection rules and the 

C2h symmetry of the planar molecule. The one-photon spectrum of trans-stilbene has been 

discussed widely,28,33,48,49 therefore we describe primarily the 2PA spectrum. We observe two 

distinct, broad transitions near 5.1 and 6.4 eV, respectively. These two bands represent the two 

excited electronic states that we access in the transient absorption experiments.  

As a first step toward identifying the two-photon-accessible excited states, the 2PA 

polarization ratio (Figure 1, inset) indicates that only Ag-symmetry states contribute to the two-

photon spectrum below 6.5 eV. Calculations show that there are several two-photon accessible 
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states with Ag symmetry in the region of our experiment.20,21,28,49,59,70-72 Although we compare our 

experimental transition energies with the CASPT2 calculations by Molina et al.,49 those authors 

did not report 2PA intensities, therefore we look to lower-level configuration interaction 

calculations to help identify which states contribute to the 2PA spectrum (see Table 1). The latter 

calculations suggest that the lowest-lying Ag-symmetry state has a much smaller 2PA cross-

section than higher-lying states of the same symmetry.28,73 The calculations are consistent with 

earlier observations of a very weak 2PA band near 4.1 eV that lies below the range of our 2PA 

spectrum.28,34 In contrast, the second-lowest state with Ag-symmetry has a larger two-photon 

absorption cross-section.28 This transition has significant doubly excited character (4au
2→4bg

2),49 

and was previously attributed to the 2PA band near 5.1 eV. However, the identity of the higher-

energy 2PA band near 6.4 eV is less clear. The calculations do not reveal a single electronic state 

that is responsible for this more intense, higher-lying two-photon transition, but rather several 

states that may contribute (see Table 1).28 Given the high density of electronic states and 

significant configurational mixing, we expect strong coupling among these higher-lying 

electronic states.  

The state diagram in Figure 6 provides a reference point for describing the excited-state 

dynamics in the context of the one- and two-photon absorption spectroscopy of trans-stilbene. 

The schematic energy-level diagram in the figure also incorporates information from electronic 

structure calculations,24,26,74 as well as previous dynamics measurements.8-12,14-18,60-62 The dynamics 

following excitation into the first absorption band have been discussed widely; however, the 

dynamics following excitation to the higher-lying states have received much less 

attention.12,16,17,39  
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Figure 6. Schematic diagram comparing potential energies curves for several excited states of 

trans-stilbene with the one- and two-photon absorption spectra from the current work and with 

calculated transition energies from Ref. 49. 

 

Two-photon excitation at 5.2 eV accesses a state with significant doubly excited (π*π*) 

character, and therefore correlates diabatically to the ground-state of the cis isomer. Despite an 

electronic configuration that is diabatically similar to the ground state of the product, the ps-scale 

transient absorption spectroscopy and excited-state lifetimes following 2PE of this state are 

identical to the ps-scale results following 1PE of the lowest (π*π) excited state at 4.0 eV. Similar 

ps-scale dynamics are also observed following two-photon excitation to a higher-lying state at 

6.5 eV. The similar result for all three excitation energies indicates that the isomerization 

reaction follows an analogous path on the adiabatic S1 state, regardless of the initial excitation 

level. In other words, rapid electronic relaxation from the higher-lying excited state puts the 

molecule on S1 before crossing a barrier along the torsional coordinate that inhibits motion to the 

S1–S0 conical intersection. That is to say, the molecule probably does not reach a perpendicular 

geometry in the higher-excited state before relaxing onto S1.  
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Fast electronic relaxation from the higher-lying states to the lowest excited state is 

predicted by Kasha’s rule. Surprisingly, however, the excess vibrational energy following 

internal conversion to S1 does not efficiently couple into the reaction coordinate. There are two 

explanations for this behavior. Either IVR is incomplete, and therefore the excess energy does 

not accelerate the barrier crossing before dissipating to the solvent, or else IVR is complete, but 

there is simply too little energy overall to accelerate the reaction substantially. Assuming 

equipartition, Two-photon excitation at 5.2 eV deposits only ~31 cm–1 of excess energy per 

mode, and 2PE at 6.5 eV deposits ~177 cm–1. Given the observation of rapid IVR in the first 1-2 

ps following internal conversion to the S1 state, the second situation seems more likely. 

The 1-2 ps IVR process that we observe following two-photon excitation indicates an 

added degree of structural relaxation compared with one-photon excitation to S1 directly. The 

highly non-statistical distribution of vibrational energy in S1
** is a result of the internal 

conversion from a higher-lying electronic state. Although, that excess vibrational energy does 

not couple efficiently into the torsional motion of the molecule, the center wavelength of the 

ESA band temporarily shifts to lower energy in going from S1
** to S1

*, and then shifts back upon 

cooling to the S1 equilibrium state (see the SAS in Figure 3). This behavior provides a sensitive 

probe of the energy disposal following internal conversion by probing the transient population of 

one or a few specific vibrational modes of the molecule that are responsible for changing the 

Franck-Condon overlap with the higher-lying state in the transition. Similar effects are 

responsible for coherent oscillations of the 585-nm ESA band within the first ps following 1PE 

(see Figure 5), which reveals an in-plane C=C–Ph bending motion on the S1 excited state.75 Bao 

and Weber observed coherent oscillations in a different mode that they assigned as torsional 

motion of the phenyl groups following one-photon excitation at 5.93 eV in the gas phase.16,17 In 

contrast, we do not observe any coherent oscillations following 2PE at 5.2 or 6.5 eV. Either the 

very short electronic lifetimes lead to rapid dephasing, or else electronic spectroscopy is simply 

not sensitive to the specific motions that are induced by excitation to these particular excited 

states. Electronic spectroscopy is a relatively insensitive measure of the vibrational dynamics, 
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therefore transient Raman spectroscopy62,68,76-82 could provide additional insight following 

excitation to the higher-lying states of trans-stilbene.  

 The transient absorption spectroscopy measurements also reveal a very short-lived 

excited state species following excitation to the higher-lying states. Unfortunately, we are not 

able to clearly resolve the ESA spectra in order to distinguish different states that may be 

involved in the relaxation pathways following 2PE. Nevertheless, the TA spectra provide a direct 

probe of the timescales for electronic relaxation from the higher-lying states to S1. Consistent 

with Kasha’s rule, internal conversion to S1 occurs very rapidly, even though the molecule starts 

in a state with different electronic symmetry. One possible pathway to explain the similar short-

lived ESA spectra for the two excitation energies is that the molecule relaxes from the initially 

excited state to the lowest-lying Ag-symmetry state in <75 fs, and then relaxes to S1
** on the ~100 

fs timescale, in which case the ESA contribution that we observe in Figure 4B probes the 

population of the lowest-energy Ag state.  

 

5.  CONCLUSIONS 

Complementary two-photon absorption spectroscopy and two-photon excitation 

measurements give new insight into the dynamics of the higher-lying excited states of trans-

stilbene in solution. Spectroscopy is an essential tool for determining the excited-state energies 

and identifying the initial excited states that are populated by one- and two-photon transitions. 

For example, the absorption of a single photon at 310 nm excites the molecule slightly above the 

origin of the lowest excited state, depositing a small amount of excess vibrational energy that 

dissipates to the solvent in ~8 ps.68 The molecule then returns to the ground electronic state in 

~80 ps by passing through a conical intersection with roughly 1:1 branching between the cis and 

trans isomers.3 Two additional relaxation processes are observed within the first few ps 

following excitation with two-photons to higher-lying excited-states. Internal conversion from 

the initially excited state, Sn, to a non-equilibrium S1
** state occurs within ~100 fs, followed by 
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rapid IVR (1-2 ps). The ensuing dynamics are exactly the same as the case of one-photon 

excitation.  

Higher-lying excited states are a frontier in the field of chemical dynamics, because those 

states present significant challenges for both experiment and theory. We hope that our 2PA and 

TA measurements will stimulated renewed computational interest in the higher-lying states of 

trans-stilbene and other model systems by providing new spectroscopic benchmarks for high 

level calculations of the transition energies and intensities of two-photon allowed states, as well 

as experimental evidence of the electronic and nuclear relaxation dynamics. Additional 

experimental studies with better time resolution or more sensitive probes of the vibrational 

dynamics will provide further insight into the structural relaxation and isomerization dynamics of 

trans-stilbene following excitation to the higher-lying excited states.  
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