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Abstract 

Real-time observation of the solvent response following Excited State Proton Transfer (ESPT) of the 

photoacid HPTS into water using Optical Pump THz Probe (OPTP) spectroscopy from 0.1 ps up to 300 ps 

is reported. Subsequent to an instantaneous (< 0.2 ps) electronic response of the solute to 

photoexcitation, an oscillation with a period of 4 ps involving an intermolecular Hpyranine Owater mode is 

observed. Proton transfer in HPTS starts at (<0.4 ps). While for the methylated derivative, MPTS, and 

the deprotonated photoacid this oscillation relaxes on a time scale of 1.5 – 2 ps, for HPTS the oscillation 

decays more rapidly within 0.4 ps, which marks the onset of proton transfer.  Energy transfer from the 

excited solute to the solvent takes place on a time scale of 120 ps and is proportional to the Stokes 

shift associated with energetic relaxation from the Franck-Condon region to the ground state of the 

photoexcited HPTS.  

 

Teaser: Optical Pump-THz Probe spectroscopy enables us to probe the solvent reaction coordinate in 

real-time, revealing a detailed mechanism of pyranine photoacidity. 

  



Introduction 

Photo-induced excited-state (ES) proton transfer (PT) reactions are of central importance in many 

biological and chemical processes, and numerous studies have examined ESPT by a photoacid into a 

bulk liquid such as water1. Ultrafast fluorescence and infrared (IR) techniques have been successfully 

used to probe the electronic structures or intramolecular vibrations of photoacids or bases as well as 

reaction intermediates, and the rate constants obtained have enabled the deduction of elementary 

reaction steps involved in ESPT processes2–11. ESPT is suggested to follow a two-step or three-step 

mechanism5,12,  the latter involving solvent-controlled reversible dissociation inside the solvent shell 

followed by diffusion of the proton  into the solvent. Previous experimental studies indicated that the 

initial PT of strong photoacids is controlled by solvent relaxation13,14. Indeed, solvent fluctuations and 

rearrangements are proposed to play essential roles in forming the correct hydrogen bond 

configuration and solvent polarization to facilitate PT15. Theoretical studies have also underlined the 

need to track ultrafast structural reorganization of the solvent subsequent to photoexcitation of 

proteins16–18.  

In this work, we aim to shed light on the solvent reaction coordinate using a novel set-up for transient 

Terahertz-optical spectroscopy. We present Optical-Pump THz-Probe (OPTP) spectroscopy (1-3 THz) 

experiments with sub-ps time resolution and a high dynamic range (> 70 dB) which allows us to probe 

the solute-solvent response in photo-induced reactions. The time interval of 300 ps spans initial proton 

release, the relaxation of the solvent coordinate, and the thermalization of the energy into the solvent. 

Probing subtle changes of the solvent upon ESPT on a background of bulk solvent dynamics in real time 

constitutes a major experimental challenge. Terahertz (THz) spectroscopy (0.1-10 THz) is a sensitive 

tool to probe solvation dynamics and the hydration of ions, amino acids and proteins as well as the 

formation of Zundel or Eigen cations19–24. Ab initio molecular dynamics (AIMD) simulations made it 

possible to dissect the broad THz spectra for water and small solutes and identify specific collective 

intermolecular modes involving the first and even the second hydration shells25–29. These THz 

fingerprints could be directly correlated to changes in the hydration network30,31. 

OPTP is a common technique in solid state physics, especially for semiconductors where it is used to 

probe , e.g., carrier dynamics32,33. In contrast, so far very little work was been done on the liquid phase. 

In 1997, McElroy and Wynne published OPTP results on betaine 30 and p-nitroaniline in 

m-dichlorobenzene solution34. In the same year, Haran et al. obtained data on betaine 30 in 

chloroform35. These molecules exhibit a large change in dipole moment upon optical excitation. The 

studies revealed transient signals with time constants around 1 – 1.5 ps which are, in both studies, 

linked to the reorientation of solvent molecules in the vicinity of the dye molecules and the resulting 

changes in low-frequency collective motions. In 2003 Kadlec et al. used the OPTP technique to study 



the response of organic solvents to the excitation of two dyes, TBNC and Coumarin 15336. In the 

following years, studies on solvated electrons in n-hexane and aqueous solution were performed37,38. 

To our knowledge, the first OPTP study in water was carried out in 2018 by Ahmed et al. on 

coumarin 343 in basic aqueous solution39. In their experiment, a 10 ps time constant, which is close to 

the Debye relaxation time of 8 ps in bulk water40, was associated to the dielectric response within the 

solvation layer of the solute upon electronic excitation. Based on simulations, they predicted a non-

equilibrium temperature increase in the first hydration shell upon electronic excitation on time scales 

of 2-3 ps39.   

By stabilizing the THz radiation source and the water jet, such that averaging over more than 12 hours 

become possible, we were now able to observe the fine details of the solvent response beyond overall 

“heating” and Debye relaxation processes.  

Here, we present the OPTP spectrum of a prototypical photoacid, 8-hydroxypyrene-1,3,6-trisulfonate 

(HPTS), also known as pyranine. An overview of ESPT in HPTS has been given by Kumpulainen et al12. 

HPTS is highly soluble in water, photostable, and has a quantum yield close to unity41. When optically 

excited (λmax = 403 nm), the pKa of HPTS drops from 7.2 in the ground state to 0.4 in the excited state2,42. 

Pioneering ps-ns fluorescence studies on the excited state proton transfer of HPTS by Pines and 

Huppert (starting in the 1980s) yielded time scales of 100 ps for the proton transfer1,3,43. Based on the 

observation of a non-exponential decay for longer time scales and higher concentrations, a diffusion 

controlled geminate recombination process was proposed. Using femtosecond fluoresecence 

upconversion spectroscopy Tran-Thi and co-workers found that proton release takes place on a time 

scale of 87 ps (in H2O)44. UV/IR measurements by Rini et al. confirmed these time scales by observation 

of the IR-active fingerprint modes5. In these experimental studies the dominant charge-transfer 

pathway is attributed to a sub-ps “through bridge” event in which the bridge adopts an Eigen-like 

(hydronium) structure. This was confirmed by ab initio Molecular Dynamics studies45, while, Siwick and 

Bakker explained the long time scale of PT in HPTS by Grotthus-like conduction between the acid and 

the base on a proton wire spanning several water molecules46,47. Transient IR absorption spectroscopy 

allows to follow the proton dissociation of the HPTS photoacid and the concomitant generation of the 

HPTS photobase, as well as to characterize the transient absorption of the aqueous proton shuttling in 

between acid and base by observation of the IR proton continuum. However, the exact molecular 

mechanism of the key role of the solvent still remains to be unraveled48. 

In summary, fs-ps fluorescence and IR studies probing sensitive changes of the pyranine photoacid or 

conjugate base yielded three time constants. The shortest time constant of ~0.3 ps was attributed to 

a fast solvent relaxation step in the vicinity of the photoacid or an initial charge separation step9,49. The 

longest time constant of 80-100 ps reflects diffusion-assisted proton dissociation12. Furthermore, an 



intermediate process with a time constant of 2-3 ps was observed, whose interpretation is 

debated12,50. This intermediate step exhibits distinct spectral features in comparison to the 

electronically-excited solute or the deprotonated chromophore, and has been assigned to: a) hydrogen 

bond formation between HPTS and a specific water molecule and/or subsequent reorganization of 

surrounding water molecules44; b) the transition to electronic states possibly involving a slow charge 

transfer process50–54; c) formation of contact ion pairs (CIP)5,13,49,55; d) the hydrated proton “in flight” 

between the acid and the base46,47,56.  According to Vauthey, unambiguous evidence for one of the 

above interpretations has yet to be provided57.   

Due to recent experimental advances in OPTP spectroscopy, we are now able to observe in real time 

the finer details of the solvent response in HPTS and derivative chromophores.  Our results 

demonstrate the exceptional sensitivity of OPTP, which enables us to follow in detail the response of 

the solvent, separating out the onset of PT from heat transfer, among other processes.  

 

Results  

Experimental 

The OPTP setup in Bochum has been described before58. An overview is given in the methods section 

of this paper. In short, using a plasma-generated THz beam as probe beam and a water flat-jet with 

excellent stability enabling long measurement times (typ. 10 h), we could increase the sensitivity to 

detect changes in the THz field amplitude smaller than 5x10-5 in liquid samples. To compare the OPTP 

traces of the photoacid HPTS, we also investigated the HPTS derivative MPTS (8-methoxypyrene-1,3,6-

trisulfonic acid), which is very similar in electronic structure but does not undergo PT. MPTS is obtained 

by substitution of the hydroxyl with a methoxy group. 

The results of the OPTP traces for HPTS, MPTS and OPTS (the deprotonated HPTS) in H2O are displayed 

in Fig. 1. We plot the change in the peak amplitude of the transmitted THz electric field (ΔE) as a 

function of pump-probe delay (t), normalized to the signal at t=0 ps, denoted as ΔE/E. Both the 

instantaneous signal (<0.2 ps) as well as the long-lasting response scale linearly with the pump fluence. 

Note that both the pump as well as the probe are linearly (parallel) polarized. Therefore, isotropic as 

well as anisotropic changes in absorption or refraction will yield a signal change in the transmitted 

electric field of the THz probe. In the pump-probe overlap region a pulse-width limited spike (<0.2 ps) 

in the transmitted THz amplitude is observed: ΔE/E peaks around 14x10-3 for HPTS, MPTS and OPTS 

(see Fig. 1). Note that the time resolution is restricted by the instrument response time (88 fs)58. This 

instantaneous signal is attributed to an electronic response, e.g., a change in the solvent polarizability.  

 



 

Fig. 1. OPTP signal of the HPTS, OPTS, and MPTS aqueous solutions at pump-probe overlap (left), and the 

transient OPTP traces out to 300 ps (right). The data shown is filtered using a 2 point moving average. Note that 

the magnitude of the transient signal beyond pump-probe overlap is one order of magnitude smaller than the 

signal at time zero. The black lines show the best fits of the global data analysis as discussed in the text. On the 

right side, we show the amplitude of the negative OPTP offset ΔEoffset (see Table 1). Next to ΔEoffset we also give 

the calculated Stokes shifts associated with relaxation from the S0 geometry of the Franck-Condon region of the 

vertical excitation to the optimal S1 structure (ΔEcalc). Both values are linearly correlated, as shown in the inset 

(top right). 

 

For pump-probe time delays beyond 1 ps we observe a decrease (ΔE/E<0), i.e., an increase in THz 

absorption. Most notably, ΔE/E remains negative on a time scale that exceeds our measurement time 

(300 ps). 

While a long lasting (>300 ps) decrease of ΔE/E is observed for all three cases, the normalized change 

in the transmitted THz field amplitude differs for HPTS, MPTS, and OPTS, as shown in Fig. 1. The 

magnitude of this offset (ΔEoffset) is a signature of the overall energy release into the solvent, as 

explained later. 

In Fig. 2 we zoom into the first 15 ps time interval after photoexcitation for HPTS, MPTS, and OPTS. 

Surprisingly, beyond the expected long term response, which can be described by a biexponential 

decay for OPTS and MPTS (Fig. 2 b,c) the initial signal resembles a classical damped harmonic 

oscillation. For HPTS, the dampening becomes large, such that the oscillation becomes overdamped 

and resembles an exponential decay (Fig.2a).  

We have fitted the three OPTP traces to a sum of one damped harmonic oscillation and a biexponential 

decay, as described by:   

 𝛥𝐸𝐸 (𝑡) =  𝑆𝐷𝐻(𝑡) +  𝑆𝐸1(𝑡) + 𝑆𝐸2(𝑡) 
(1) 

 



 

Fig. 2. OPTP signals at pump-probe delays between 0 ps and +15 ps obtained from 20 mM aqueous solutions of 

a) HPTS, b) MPTS, and c) OPTS. 

 

In the cases of OPTS and MPTS, the damped harmonic oscillation is expressed as: 

 𝑆𝐷𝐻(𝑡) = a0√ω02 − 𝛿2 𝑒−𝛿𝑡 sin 𝑡 √ω02 − 𝛿2 (2) 

Here, ω0 and δ denote the undamped angular frequency and damping constant, respectively. In the 

case of HPTS, where an overdamped response is observed (δ > ω0), Eq. (2) can be simplified to a sum 

of two exponential decaying terms: 

 𝑆DH(𝑡) = 𝐴1𝑒−𝑡/τDH1 + 𝐴2𝑒−𝑡/τDH2 (3) 

where 

 τDH1/2  = (𝛿 ± √𝛿2 − ω02)−1
 

(4a) 

 𝐴1/2 = ∓ a02√𝛿2 − ω02 (4b) 

For HPTS, MPTS, and OPTS, the long-term response can be modeled as a bi-exponential decay and a 

long-lasting offset: 

 𝑆𝐸1(𝑡) + 𝑆𝐸2(𝑡) = 𝑎1 𝑒−𝑡/𝜏1 + 𝑎2 𝑒−𝑡/𝜏2 + 𝛥𝐸offset (5) 

While the amplitudes a1 and a2 varied significantly between MPTS and OPTS, the time constants τ1 and 

τ2 are similar for all three molecules. For OPTS and MPTS two exponentials with time constants of 

τ1=5.4 ps and τ2=120 ps are required to describe the data adequately. 

 



Table 1. Fit results for the OPTP signal for HPTS, MPTS and OPTS, describing the short time response, the longer 

term response by an (over)damped harmonic oscillator, and the very long term exponential response (a2). 

 ESPT? a0 x103 ω0/ps-1 T /ps δ /ps-1 1/δ /ps 
a1 x104  

(τ1: 5.4 ps) 

a2 x104 

(τ2: 120 ps) 

ΔEoffset 

x103 

HPTS ✔ 1.75 1.52 4.1 2.6 0.38 0 5.6 -1.47 

MPTS ✖ 0.43 1.58 4.0 0.7 1.4 3.1 1.4 -1.04 

OPTS ✖ 0.70 1.91 3.3 0.5 2.0 1.7 0.5 -0.86 

 

For HPTS the amplitude a1 was zero within our experimental uncertainty. In the case of HPTS, the 

overdamped oscillation (SDH) yields an overall biexponential decay with time constants of τDH1=0.2 ps 

and τDH2=2 ps. All traces show a long-lasting plateau for which a constant ΔEoffset is included. The result 

of the fit is summarized in Table 1. 

Interestingly, for HPTS and MPTS the fitted undamped angular frequencies ω0 of ~1.52 ps-1 and 1.58 

ps-1 (vibrational period of T~4 ps) are identical within error bars. For OPTS, ω0 is 1.91 ps-1 (T~3.3 ps). 

While the oscillation period is very similar, the damping constant increases when PT occurs, accounting 

for the different responses detected in the first 15 ps (see Fig. 2). The largest damping constant was 

found for HPTS (δ > ω0), while for MPTS and OPTS δ < ω0 still holds.  

 

Computational 

In this section, we utilize electronic structure calculations in an effort to indirectly elucidate the solvent 

response to photoexcitation. Time-dependent density functional theory (TDDFT) calculations were 

performed to characterize the changes in electron density upon photoexcitation for all three solutes, 

and the resulting attachment/detachment density plots are shown in Fig. 3. 

In HPTS, MPTS, and OPTS, the electronic transition to the first excited state shows two main features. 

First, there is significant rearrangement of charge within the pyrene ring system, which leads to 

changes in the geometric structure of S1 versus S0. The Stokes shifts associated with relaxation from 

the S0 geometry of the Franck-Condon region of the vertical excitation to the optimal S1 structure are 

calculated to be 23.2, 29.0, and 36.7 kJ/mol for HPTS, MPTS, and OPTS. The ordering of these 

magnitudes is consistent with that of the observed damping constants as well as the long-lasting offset 

ΔEoffset. This energy will be dispersed into solute modes upon excitation, and will then be transmitted 

in due course to solvent degrees of freedom as well. 



 

Fig. 3. Attachment (blue) and detachment (red) densities corresponding to vertical excitation of HPTS, MPTS, and 

OPTS. 

 

From Figure 3, one can also observe that part of the calculated electron density change upon excitation 

involves the removal of a fraction of an electron from the oxygen atom of the OH, OMe, and O- 

functional groups and its redistribution into the -system of the pyrene ring. This provides evidence 

for a mesomeric effect in which electron density corresponding to the lone pair in an atomic p orbital 

of the oxygen atom is donated into the neighboring -system, i.e. the pyrene scaffold. That such an 

effect occurs spontaneously in the excited state can be understood in the context of Baird’s rule of 

(anti)aromaticity59, which states roughly that a cyclic aromatic molecule with 4N+2  electrons in its 

perimeter will be aromatic (and energetically stabilized) in the ground-state but anti-aromatic (and 

energetically destabilized) in the excited state. The opposite holds for such systems with 4N  

electrons, which will be anti-aromatic in the ground state and aromatic in the excited state. This has 

recently been observed spectroscopically60, and has been used to rationalize ESPT processes.61 

The substantial Stokes shifts constitute the driving force behind the observed energy transfer to the 

solvent environment, via energy transfer into solvent vibrational modes for all three species. The 

density distributions shown in Fig. 3 suggest that these vibrational modes involve a collective motion 

of the pyrene ring of the solute and surrounding solvent molecules in the first solvation shell. A critical 

observation from Fig. 3 is that the electronic rearrangements are qualitatively similar in all three 

species. However, the redistributions that occur in HPTS and MPTS are nearly identical, and differ 

slightly from that predicted in OPTS. In the latter case, the alternating regions of added and removed 

densities are more localized (~atom centered), and a larger amount of density appears to be lost at 

the oxygen atom. This is consistent with previously measured changes in dipole moment upon 

photoexcitation of 4.2 and 5.2 Debye in HPTS and OPTS, respectively.62 The relatively larger 



stabilization of the excited state of OPTS vs that of HPTS, due to stronger interactions with the polar 

solvent and a greater degree of aromatic character, provides further insight into the photoacidity of 

this species.  

Finally, we note that the calculated bond length between HPTS and an explicit water in the separately 

optimized ground (S0) and excited (S1) states decreases from 1.62 to 1.57 Angstroms, respectively. 

 

Discussion  

Based on previous studies, the following three steps have been discussed: an instantaneous step 

(< 0.1ps), an intermediate step (ca. 2-3 ps) and diffusion limited proton transfer (80-90 ps)5,12,51,63.  

The instantaneous signal change in the OPTP transient (< 0.1 ps) is attributed to the electronic response 

subsequent to photoexcitation.  Nuclear motions such as the nuclear rearrangement of the photoacid 

or the solvent molecules in the hydration shell will require longer time scales of >1 ps.   

The time scale between 1 and 10 ps is characteristic of (longitudinal) relaxation of the first solvation 

shell. Using OPTP we observe an initial amplitude oscillation when monitoring the transmitted THz 

amplitude for OPTS, MPTS, and HPTS (i.e., even in the absence of PT, see Fig. 2). For both HPTS and 

MPTS, the period, T, of this oscillation is ~4.0-4.1 ps; for OPTS, it is slightly shorter (T ~3.3 ps).  OPTP is 

most sensitive to signals in the frequency range below 2 THz (67 cm-1), which include  translational and 

so-called rattling modes, i.e. THz signature of the motion of a charge  in/with its hydration shell23,27. 

Using AIMD, Chiariello and Rega predicted the low frequency spectrum of the solvated photoexcited 

HPTS- The  intermolecular Hpyr-OWater stretch mode has an absorption in the frequency range below 

100 cm-1.64 Thus, we propose, that subsequent to photoexcitation a low-frequency nuclear 

displacement is triggered that involves the skeleton motion of the photoacid against the first hydration 

shell. The signal is observed  independently of PT50,51. However, for HPTS, the intensity is a factor of 4 

larger compared to MPTS and OPTS, which do not exhibit PT (a0, see Table 1). This is in line with our 

previous THz studies which revealed a significant increase in intensity depending on the protonation 

state, e.g., the intensity of the N-C-C-O mode of the glycine zwitterion is increased by 80% compared 

to the neutral glycine25.  

The 4 ps oscillation corresponds to a frequency of 8 cm-1. Based on the well-known frequencies of the  

rattling modes of anions, we can estimate the frequency range  expected for pyranine: The rattling 

mode of Cl-,  more specifically, the self-term of the Cl- ion and its cross-correlations with water 

molecules in the first and second shell is centered at 200 cm−1, as was shown in a joint experimental 

and theoretical study27. When we take into account that the square root of the mass ratio of HPTS to 

Cl- is 524/35 and assume a reduction of the force constant in the case of photoexcited HPTS, we expect 



a frequency on the order of approx. 10 cm-1 for a rattling or “breathing” mode, in agreement with our 

observation.   

As shown in Fig. 3, both HPTS and MPTS show almost an identical instantaneous change in charge 

density. Interestingly, both have the same oscillation period (4 ps) independent of whether or not PT 

occurs, which suggests that this oscillation is triggered by the change in charge distribution. A slightly 

different response upon electronic excitation is predicted for OTPS (Fig. 3). We note that the observed 

oscillation period for OTPS is close to, but still distinct from, that of HPTS and MPTS. We did not observe 

any change in the oscillation period upon deuteration, i.e., when exchanging H2O with D2O for HPTS 

solutions (see SI for details).  The lack of any isotope effect is in line with the proposed assignment to 

an intermolecular stretch or translational mode26. However, this observation rules out modes involving 

any hindered rotation of water molecules (e.g. a librational mode).  

We note that neither the vibrational period, T = 4 ps, nor the damping time of the initial oscillation, 

τ = 1/δ = 0.38 ps, corresponds to the time constant of 2-3 ps reported in previous studies13,49. In fact, 

based on our experiments we provide an alternative interpretation: The previously observed 

intermediate time constant for HPTS of 2-3 ps describes the convolution or the envelope of the 

overdamped oscillation. The damping constant in case of HPTS is 0.4 ps, i.e. almost one order of 

magnitude faster than previously suggested (see 1/δ in Table 1). 

In the absence of PT, e.g for the methylated and deprotonated photoacid, the relaxation of the initial 

oscillation (Fig. 2) takes place on a typical time scale of 1/δ = 1.3-1.9 ps (Table 1). This time scale is in 

agreement with previous values predicted for energy release into the first hydration shell39,65,66. It is 

interesting to note that the same time constant was also observed for MPTS in a transient absorption 

study: Fang et al. observed an exponential in the center wavelength shift with a time constant of 1.2 ps 

for MPTS in H2O, which was attributed to a solvent rearrangement known as longitudinal relaxation.  

In other words, this describes the relaxation of the coordinated process between the solute and the 

first hydration shell67. Therefore, the observed damping, or exponential decay times of 1.3-1.9 ps, in 

the absence of PT is attributed to the dissipation of energy into the first hydration shell only. This 

damping time is considerably faster for HPTS (0.4 ps). Thus, the later must be attributed to a different 

process, e.g. the onset of deprotonation which is consequently proposed to be a time scale of < 0.5 ps.  

Between 5 and 300 ps we observe for MPTS and OPTS a bi-exponential decay with a time constant of 

5-6 ps and a longer time constant of 120 ps. The 5-6 ps exponential response is on the same order of 

magnitude as the 10 ps response reported by Hamm et al.39 for coumarin 343, and the time constant 

τD = 8.2 ps Debye relaxation of bulk water68.  Thus, we attribute the time constant of 5-6 ps to the 

macroscopic dipole relaxation, which is probed in the low frequency range.   



The slower decrease in the transmitted THz amplitude (or increase in THz absorption) on a time scale 

of τ2 ~120 ps is the time scale of the net energy transfer into the bulk solvent, i.e., the “heating” of the 

solvent, which is assumed to be diffusion limited. This time scale is the same for MPTS, OPTS, and HPTS. 

The fitted amplitude ΔEoffset differs, and is proportional to the total amount of energy that is deposited 

into the solvent: ΔEoffset is found to be linearly correlated to the calculated Stokes shifts associated with 

relaxation from the S0 geometry of the Franck-Condon region of the vertical excitation to the optimal 

S1 structure (see inset of Fig 1). The time scale of 120 ps implies that even after 300 ps thermalization 

has not yet been fully reached, as seen in the raw data.   

In D2O, the energy transfer is observed to be slowed down, with τ2=120 ps in H2O compared to 

τ2=150 ps in D2O (see the SI for details). Thus, the measured kinetic isotope effect (KIE) is 

150ps/120ps = 1.17, in line with an energy transfer either via Debye relaxation or via diffusion. For 

Debye relaxation, we expect a KIE of 1.25. The ratio of deuteron to proton mobilities in pure D2O and 

H2O is 1.446, the isotope ratio of self-diffusion coefficients is 1.2269.  

In the presence of PT transfer, as in HPTS, we find an approximately 5-fold increase in the 

experimentally observed damping compared to MPTS and OPTS (1/δ = 0.38 ps for HPTS). In previous 

studies, a similar time scale  (0.5 ps) has been reported for the decay of transient low-frequency modes 

assigned to ring deformation of photoexcited HPTS by Resonance Raman spectroscopy63. Furthermore, 

in the AIMD simulations by Chiariello and Rega a time constant of 0.5 ps was predicted for the 

completion of the main nuclear relaxation64. 

As indicated computationally, upon photoexcitation the pyranine–H2O hydrogen bond distance 

decreases, forming a tighter proton donor-acceptor couple. A decrease in this intermolecular distance 

and an excitation of an intermolecular pyranine-H2O stretch will promote the rapid onset of PT. 

We attribute the time scale of 0.4 ps to the time before the onset of proton transfer which is facilitated 

by a decrease in the intermolecular pyranine–H2O hydrogen bond. Thus, based on our results, we 

conclude that the time scale for transfer into a charge transition state or the onset of protonation is < 

0.5 ps and not 2-3 ps. 

In D2O we observe the same oscillation with a damping time constant of 0.4 ps, as expected for a 

triggering via an intermolecular stretch mode. Due to the lack of any isotope effect we can exclude a 

tunneling PT process. Instead, we propose an adiabatic PT, as in the case of HCl dissociation, where 

Ando and Hynes proposed that the proton wave-packet motion will follow the modulation of the 

proton potential from the reactant solvent configuration to the product state15.  



 

Fig. 4. Left: Response of HPTS and OPTS/MPTS subsequent to electronic excitation. In both cases we observe the 

initial excitation of an intermolecular collective vibration of solute and solvent. The pyranine–H2O hydrogen bond 

distance decreases, promotes PT and an efficient coupling to the first hydration shell. For OPTS and MPTS the 

energy release occurs via dipole relaxation, before the energy dissipation is equilibrated into the solvent. Right: 

We plot the amplitude of the OPTP signal after subtraction of the long term exponential decay (ΔE/E -Slongterm) 

which is attributed to the total energy transfer in the solvent. While for OPTS/MPTS the long-term response can 

be exclusively attributed to the energy transfer or “heat”, for HPTS we find a long-term amplitude modulation 

which is reporting on the proton transfer. 

 

Probing the solvent response during PT. The long-term response of the OPTP signal is dominated by 

the energy transfer into the solvent described by an exponential decay with a characteristic time scale 

of τ2 ~120 ps. In Fig. 5, we plot the OPTP signals of HPTS and MPTS on a logarithmic scale. The long-

term exponential decay (τ2) is shown as a blue-dashed line. While for MPTS we find a perfect 

agreement, for HPTS we observe small but systematic deviations (indicated by the arrows) from the 

exponential decay. This is clearly visible around 100 ps, where we observe a small maximum in ΔE/E. 

In order to distinguish the statistical significance of these small deviations from the noise, we repeated 

the measurement several times. The results were found to be reproducible.  



 

Fig. 5. Logarithmic representation of the HPTS (red) and MPTS transient signals (inset, green). For HPTS the 

experimental data deviate from a single exponential fit (blue dashed lines) as indicated by black arrows. In 

contrast, for MPTS no significant deviations are observed (inset). The black curve corresponds to a fit including 

an additional low-frequency damped harmonic oscillation, see text for details. 

 

Based on these results, we tried to include in the fit a second damped harmonic oscillation SDH2 (eq. 2). 

The fit yielded a vibrational period, T2, of 140 ps. The damping constant, δ2, is 0.012 ps-1, which 

corresponds to a time constant of 1/δ2 ~ 83 ps. This spectroscopic feature is lacking for MPTS and OPTS, 

i.e., in cases where no PT takes place. The time constant for the 1/ δ2 damped oscillation agrees within 

error bars with the 90 ps proton diffusion time into the bulk, as reported previously52.   

First we estimated whether at our experimental conditions, i.e. at a solute concentration of 20 mM,  

an additional process, the diffusion-assisted, reversible geminate-recombination of the proton as 

proposed by Pines and Huppert70 needs to be taken into account: In D2O the rates for PT into the 

solvent (kW) and the back reaction (kgem) are found to be of the same order of magnitude (kW=245 ps-1 

and kgem = 900 ps-1), however PT into the solvent network still dominates46,56.  

Previously, it was found that the H-bond network of water supports propagation of phonon-like 

modes71–73. Here we propose that, due to the charge, we can follow the propagating into the bulk 

solvent, causing an amplitude modulation in ΔE/E. On the right side of Fig. 4 we plot the amplitude of 

ΔE/E after subtracting the overall exponential decay as a function of time.  It should be noted that the 

damping of an acoustic phonon can be described as exp(-αr), with r being the traveling distance. α 

scales quadratically with the frequency, i.e. α/ν2 = 19 x 10 -15  sec2/m at 30 °C74. At a frequency of 10 

GHz, the damping is α= 1.9 x 106 sec2/m. Thus, after propagating even a distance of approx. 300 

Angstrom, the damping amounts to only a factor of exp(-αr) = 0.94. This rationalizes the observation 

of a propagation of a low frequency phonon-like wave. 



By assuming a continuum model for solvation, a spherical non-polarizable solute molecule, and a single 

Debye process of the solvent, we find the following relation between the longitudinal relaxation time, 

τS, which involves reorientation only in the first shell, and the Debye relaxation time of a fully solvated 

dipole in a spherical cavity filled with a uniform, τD 
75,76.  

 𝜏𝑆 = (2ε∞ + 1)/(2ε0 + 1)𝜏𝐷 (6) 

Here ε∞ ~ 1.8 is the dielectric constant from only the electronic polarizability, and ε0 ~ 80 also includes 

orientational polarizability. For water solvent, this implies that the macroscopic (total dipole) 

reorientation is ~35x slower than that of a solute-solvent relaxation in the first solvation shell. After 

the creation of a macroscopic reaction field, the electric field of the dipole is screened by molecules 

beyond that layer39.  For time scales of ca. 1 ps, the OPTP experiment probes the solute-solvent 

response restricted to the first shell, whereas for longer times scales (10-100 ps), i.e. after proton 

release, we probe the reaction field. While these considerations were derived only for the orientational 

relaxation time – not including translational modes – we want to point out here that the observed time 

scale of the second oscillation (T= 140 ps) is a factor of 35 increased compared to that of the initial 

oscillation (T = 4 ps). 

At 100 ps, we find a local increase compared to an exponential decay in the transmitted THz field (see 

Fig. 5). In the time between 0.5 ps and 100 ps, we expect a change in the protonation state of the 

solute, from a photoacid to a photobase. In previous THz studies, a protonated solvated solute showed 

an increase in THz absorption compared to the neutral solute, while the negatively charged amino acid 

had a decreased absorption in the frequency range up to 3 THz77. If we assume that the same holds for 

HPTS, then any transformation from photoacid to photobase is expected to result in a relative decrease 

in absorption, i.e. in a relative increase in transmission.  

Final Remarks.  ESPT processes can involve several steps occurring at different timescales: photoacid 

electronic rearrangement (subfs-fs), intrinsic PT (subps-ps), product stabilization, diffusion, and 

recombination (ps–ns). We report here the direct, real-time observation of the solvent response 

following Excited State Proton Transfer (ESPT) of the photoacid HPTS into water using Optical Pump 

THz Probe (OPTP) spectroscopy over a wide range of energy and time scales (from 0.1 ps up to 300 ps). 

These OPTP experiments enabled us to follow the solvent response after photoexcitation between 

0.2 ps and 300 ps in real time, as the wave-packet evolves out of the Frank-Condon zone.  

For the photoacid HPTS, the initial rise of the signal is instantaneous (within our experimental time 

scale). We observe a fast, initial response (< 0.2 ps) attributed to the response of the redistribution of 

electron density on the photoacid.  



In previous studies of HPTS, it was proposed that PT is assisted and modulated by low-frequency modes 

of solvent molecules in close proximity to the proton-accepting molecule78, e.g. a low frequency mode 

at 180 cm-1 was thought to set the stage for ESPT63. The authors speculated that the proton might 

shuffle back and forth between the photoacid and water molecules within the first solvation shell63. In 

the present paper, we indeed observe an oscillation with an oscillation period of 4 ps, which can be 

attributed to a collective solute-hydration mode independent of PT.  

In the Eigen–Weller model for ESPT to solvent the intermediate step is attributed to a reversible short-

range proton transfer from the protonated form to the solvent:  . 

For the proton transfer of HPTS into water we find no spectroscopic evidence for the formation of a 

reaction intermediate such as a contact ion pair (CIP). Instead, the same initial oscillation is observed 

even when PT does not take place, i.e. for MPTS and OPTS. This is in line with Kumpulainen et al. who 

argued that the CIP* intermediate, if present, might be extremely short-lived and hence 

thermodynamically unfavorable or bypassed by a Grotthuss-type proton-hopping mechanism79. Our 

experimental results are in line with a two-step mechanism, see Siwick and Bakker46, or to a small 

number of solvent (water) molecules ultimately leading to proton transfer48. For HPTS, OPTP 

spectroscopy we observe an amplitude modulation with a second, local maximum in transmission, 

with a small amplitude (reduced by a factor of 1000 compared to the initial 4 ps oscillation).   

Our OPTP data reveal an overall exponential decrease in the transmitted THz amplitude of the probe 

beam, which is centered around 1 THz, with a time scale of 120 ps. This time constant is consistent 

with the time scale of the decrease in amplitude of a 420 cm-1 band (110 ps), as observed by 

Femtosecond Stimulated Raman Spectroscopy63. Although the time scale for energy release is close to 

that for PT (80-90 ps), our study clearly reveals that the 120 ps process describes the diffusion limited 

energy release into the solvent. The amplitude of the 120 ps offset, i.e. the total energy release into 

the solvent, is directly proportional to the Stokes shifts associated with relaxation from the Franck-

Condon region to the minimum S1 structure. In this sense, the THz probe effectively acts as a “THz 

thermometer”39,80. 

Our results demonstrate the exceptional sensitivity of the present OPTP technique, which enables us 

to follow the solvent response and the propagation of the charges into the bulk solvent. Thus, this 

technique allows us to go beyond the solute perspective and map the effect of the reaction on the 

surrounding solvent to reveal details that were partly or even fully hidden when focusing solely on 

observables tagged to the photoacid or its conjugate base. 

 

 



Materials and Methods 

Experimental 

In Bochum we have built up an OPTP spectrometer with a time resolution of 90 fs and a sensitivity for 

measuring relative changes in electric field amplitude better than 5x10-5 81. This allows to follow the 

ultrafast solvent rearrangement, in real time.  

An overview of the optical setup is given in Figure 6. An amplified Ti:Sapphire laser source (SolsticeAce, 

SpectraPhysics) was used, providing 45 fs pulses centered around 800 nm with an energy of 1.2 mJ per 

pulse at a repetition rate of 5 kHz. About 20% of the energy was used for the optical pump pulse. The 

pump pulse was frequency-doubled in a β-BBO crystal (thickness: 200 µm) yielding pulses centered at 

400 nm. Another 75% of the pulse energy was used to generate the THz probe pulse. This pulse was 

focused through a 100 µm thick β-BBO crystal and a true zero-order dual-wavelength waveplate (0° at 

400 nm, 90° at 800 nm) into air. At the focus, the fundamental and second harmonics produce an air-

filament that emits THz radiation with a conical profile and linear polarization (see supplementary 

material). The process of THz emission from two-color filaments has been described in detail before82–

84. In our experiment, we used two-color air-filamentation to generate short (~190 fs full-width at half 

maximum, FWHM), broadband THz probe pulses spanning 0.5-10 THz (17-334 cm-1) with an intensity 

maximum around 1-2 THz (33-67 cm-1). The THz probe-pulse energy was measured to be 10 nJ (Ophir 

RM9-THz power meter). 90° off-axis parabolic mirrors in an 8f-geometry were used to collimate and 

focus the THz beam. The THz beam path was purged with nitrogen gas to reduce absorption by water 

vapor. 

 

 

Fig. 6. Overview of the optical setup. BBO: β-barium borate crystal, DWP: true zero-order dual-wavelength 

waveplate, SH: shutter, AS: dichroic mirror, GaP: gallium phosphide crystal, WP: Wollaston prism, BPD: balanced 

silicon photodetectors. 

  



A low-pass filter after the first parabolic mirror was used to clean the THz pulse from any residual 

optical radiation. The optical pump pulse and THz probe pulse were collinearly overlapped in a free-

flowing, flat liquid jet sheet with a thickness of about 100 µm. This avoids any artifacts related to 

cuvette window materials and ensures a fresh sample for every laser pulse. Furthermore, it prohibits 

local heating effects due to the fast flow rate. All experiments were performed at 22 °C. The center of 

the flat-jet sheet was carefully positioned at the focus of the THz beam. 

The THz E-field was detected via electro-optic sampling in a double-layer 200 µm thick <110> gallium 

phosphide (GaP) crystal contacted with a 1 mm <100> GaP crystal, using either step-scanning or a 

rapid-scanning technique58. The optical pump-pulse was chopped, and the difference in the THz E-Field 

amplitude between the pump-on and pump-off states was recorded at different pump delays. The 

transient signal obtained at each pump-probe delay was averaged over 2500 pulses. Per measurement 

around 100 OPTP traces were averaged (10-20 h measurement time) to obtain a signal to noise (SNR) 

of ΔE/E better than 5x10-5. The instrument time resolution is 88 fs, as determined by recording the THz 

response upon optical excitation of electron-hole pairs in a high-resistivity silicon sample85. In order to 

exclude systematic errors due to heating or ionization, we verified that no signal was observed in case 

of a bulk water sample.  

HPTS was obtained from ACROS organics. 8-Methoxypyrene-1,3,6-trisulfonate (MPTS) was synthesized 

from HPTS following a previously reported route86. The water was of ultrapure quality with a measured 

conductivity of less than 0.055 µS/cm. Sample concentrations were kept at 20 mM. At this 

concentration no deviation from a highly diluted sample should be expected7. 

 

Computational  

Electronic structure calculations were performed with the Q-Chem 5.2 package87, and utilize the B3LYP 

functional 88, def2-SV(P) basis set 89, and the polarizable continuum model (PCM)90 with a dielectric 

constant of 78.39 to implicitly account for the effects of water solvent on the electronic structure. For 

HPTS and OPTS, we include a single water molecule near the OH or O- functional groups, respectively, 

to explicitly account for the intermolecular hydrogen bond. As shown in the Supporting Information, 

this level of theory produces predictions in quantitative agreement (~0.1eV) with experimental 

absorption and fluorescence spectra for these molecules. Linear-response time-dependent density 

functional theory (TDDFT) within the adiabatic approximation was employed to model excited 

electronic states91,92. Attachment and detachment density plots93 are utilized to reveal where electron 

density is added and removed upon vertical excitation from ground to first-excited singlet states. 
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