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Photoelectron spectra of solvated electrons in bulk liquids were obtained at energy-resolution of 60 

meV using a linear time-of-flight photoelectron spectrometer and a 100 kHz ultraviolet femtosecond 

laser. Solvated electrons in H2O, D2O, methanol, and ethanol were generated by 226 nm excitation of 

the charge-transfer-to-solvent bands of I- in 0.1 M NaI solutions, and the photoelectron spectra were 

measured using 260 nm pulses with a time delay of 2 ns. The electron binding energies and band 

shapes are discussed. 
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1. Introduction 

 Vertical electron binding energy (VBE) is one of the fundamental quantities of solvated 

electrons. VBEs of solvated electrons in bulk liquids, however, were not known, and they were 

estimated from the size-dependent VBE of cluster anions measured in the gas phase [1-4]. The validity 

of these estimates is debated, because some theoretical calculations suggest that excess electrons in 

these clusters are trapped at the cluster surface, and thus are not internalized [5-7]. Furthermore, since 

the VBEs of cluster anions are measured at ultralow temperatures, extrapolation of their VBEs to an 

infinitely large cluster size may give the VBEs of low-temperature solids rather than of 

room-temperature liquids. 

In our previous studies, we measured the VBEs of solvated electrons in bulk water, 

methanol, and ethanol by time-resolved photoelectron spectroscopy (TRPES) of liquid beams using a 

hemispherical electron energy analyzer and a 1 kHz ultraviolet femtosecond laser [8-11]. So far, four 

measurements have been reported for VBE of a hydrated electron by different groups, and the values 

range in 3.3 – 3.6 eV [8,12-14]. Despite the remaining ambiguity, the experimentally measured VBEs 

of a hydrated electron have been used to investigate theoretical models, and a new delocalized model 

[15] was refuted because it predicts a much higher VBE than the measured value [15-17]. The bulk 

VBE values of a hydrated electron are in reasonable agreement with the prediction (3.3 eV [1]) based 

on VBEs of water cluster anions. The VBEs of solvated electrons in methanol and ethanol were 

reported to be 3.1 eV only in our previous study [9]; this value is higher than the estimate (2.6 eV) 

made from methanol cluster anions [3].  

The discrepancy in the experimentally measured VBEs of a hydrated electron indicates 

experimental errors, which are possibly due to low signal-to-noise ratios, the short inelastic mean free 

path of an electron in liquid, the streaming potential of liquid [10,18,19], and inelastic scattering of 

electrons in the gas phase. In order to achieve higher precision and reliability for TRPES of liquid, we 

have constructed a high-resolution time-of-flight (TOF) spectrometer coupled with a 100 kHz deep 

ultraviolet femtosecond laser. In this letter, we report high-precision measurements of photoelectron 

spectra of solvated electrons in four polar protic solvents, namely H2O, D2O, methanol, and ethanol.  

 

2. Experimental Section 

Pump (226 nm) and probe (260 nm) pulses are generated from the output (520 nm) of a 

noncollinear optical parametric amplifier pumped by a 100 kHz Ti:sapphire laser (output power: 7.5 

W; pulse width: 70 – 80 fs) [20]. The cross-correlation time of the pump and probe pulses is 60 fs. The 

photoelectron kinetic energies in the photodetachment of solvated electrons at 260 nm are less than 3 

eV, which gives a sufficiently high bulk-sensitivity [10]. Our new TOF analyzer (flight length: 1 m) 



can be operated in a linear TOF or magnetic bottle TOF modes, and both provide symmetric Gaussian 

apparatus functions with the full width at half maximum of 20 – 30 meV for gas samples. Although 

the magnetic bottle TOF mode [21,22] achieves a much higher count rate than the field-free linear 

TOF mode, we used a linear TOF mode in this study to minimize the observation of the electrons 

inelastically scattered by the evaporated gas around the liquid beam. 

The vacuum system consists of a photoionization chamber, a liquid-beam dump chamber, 

and a TOF analyzer. The TOF analyzer has a graphite-coated entrance skimmer (diameter: 0.5 mm) 

whose aperture is located at 2 mm from the ionization point. When a liquid beam is injected into the 

photoionization chamber, the chamber and TOF analyzer pressures are (0.5 – 1.5)×10-3 and < 2×10-6 

Torr, respectively. The photoionization chamber and TOF analyzer are magnetically shielded by a 

1-mm-thick permalloy inner layer and three layers of 1-mm-thick permalloy tubes, respectively. A 

40-mm-diameter microchannel plate detector is placed at the end of the flight tube. The detector 

surface is biased at +300 V to attract incident electrons, ensuring that the detection sensitivity is 

independent of the electron kinetic energy. The detector signal is amplified by a preamplifier and 

averaged using a multichannel scaler with a 2 ns bin. The detection system has an overall response 

time of less than 1 ns. The time origin (t = 0) of TOF measurements is determined with the accuracy 

better than 2 ns by scattered laser light.   

The liquid beam is generated by discharging a solution at a flow rate of 0.5 mL/min from a 

fused-silica capillary (inner diameter: 25 µm; length: 7 mm) and the liquid beam is captured at a 

liquid-N2-cooled trap in the dump chamber. The outer surface of the capillary is coated with graphite 

to prevent surface charging. The laser beam diameters of the pump and probe beams are 0.2 – 0.3 mm 

at the illumination point, which is located 1 mm downstream from the nozzle. The average number of 

electrons detected per laser shot is ~ 0.05 for 0.1M aqueous NaI solution at the pump and probe pulse 

energies of 45 and 150 nJ/pulse, respectively. The analyzer is calibrated in the presence of a liquid 

beam using the photoelectron signals of one-color (1+1) ionization of NO at 226 nm and two-color 

(1+1’) ionization of NO using both 226 and 260 nm pulses. When observing these NO signals, the 

liquid beam is shifted 0.2 mm from the ionization point: the laser beam position was not moved. Since 

this procedure underestimates the streaming potential by 10%, the true streaming potentials are 

obtained by multiplying the measured streaming potentials by a factor of 1.1. 

In order to minimize the influence of the streaming potential on measurements of VBE, we 

employ a new experimental protocol in this study. We passivate fused-silica capillaries in air with 

sample solutions for more than 24 hours prior to TRPES experiments; we continuously record a 

streaming current with a picoammeter and select a well-passivated capillary for TRPES. The selected 

capillary is installed into the chamber, and VBEs of all solutions are measured using the same 



capillary nozzle and laser beam conditions. The streaming potential is measured before and after the 

VBE measurement of each sample solution to confirm stable experimental conditions during the 

measurement. The streaming potential is measured using (1+1’) ionization of NO introduced from a 

gas nozzle. Figure 1 compares the electron TOF spectra obtained in the presence of different liquid 

beams. The different arrival times seen in the figure unambiguously demonstrate the generation of 

streaming potentials. Since the photoelectron kinetic energy distribution produced by (1+1’) ionization 

of NO is inherently narrow, the observed band shape is entirely due to the apparatus function 

predominantly determined by the streaming potential. Figure 1 indicates our high-resolution TOF 

spectrometer has a Gaussian-shaped apparatus function, even in the presence of a liquid beam. The 

energy resolution degrades to ~ 60 meV for liquids from 20 - 30 meV for gases owing to the streaming 

potentials.  

 

3. Results and discussion  

3.1. Hydrated electron 

 Previous studies have established that photoexcitation of the charge-transfer-to-solvent 

band of I- in water produces hydrated electrons well within 2 ns [11,23-26]. Figure 2 shows the 

electron TOF spectra observed for aqueous 0.1 M NaI solution in H2O for a pump–probe delay time of 

2 ns. The 2 ns is the longest time delay in TRPES of a hydrated electron reported so far, and it ensures 

equilibration of hydrated electrons prior to photodetachment. The decaying signals at t < 0.7 µs are 

caused by background photoemission in the flight tube illuminated by scattered laser light. The true 

electron signal from the liquid starts at ca. 0.8 µs. One-color background signals measured 

individually for the pump and probe laser pulses (red: 226 nm; blue: 260 nm) are subtracted from the 

observed signal (black) to obtain a two-color signal (green). Each signal and background spectrum 

was averaged over 3×107 laser shots and the results represent the averages of four sets of 

measurements. 

The two-color TOF spectrum obtained was then transformed into a photoelectron spectrum 

(black in Figure 3). The abscissa in Figure 3 is the electron binding energy, which is given by the 

difference between the probe photon energy and the electron kinetic energy. The energy region of 0 – 

1.5 eV is not shown, since no signal was observed in this region. Figure 3 also shows a similar result 

for a hydrated electron in D2O (blue). Both spectra have been calibrated against the streaming 

potentials (-10 – 30 mV) of these liquid beams: the streaming potentials are rather small because we 

selected a NaI concentration at which the streaming potential is minimized. 

 Figure 3 clearly indicates that hydrated electrons in D2O and H2O have very similar VBEs, 

in agreement with our previous report [8]. In the present study, however, the VBE in D2O appears to 



be slightly larger than that in H2O. The relative magnitudes of the VBEs determined are more reliable 

in this study than in our previous report [8], because the signal to noise ratio is considerably higher 

and measurements of two solutions were performed under the same experimental conditions, such as 

the same capillary nozzle and laser beam alignment. Both spectra in Figure 3 are very similar to 

Gaussian functions; the solid lines in the figure are best-fit Gaussian functions. The VBEs of hydrated 

electrons are evaluated as follows. The expectation values, <E>, calculated from the observed 

distributions are 3.42±0.06 and 3.47±0.05 eV for H2O and D2O, respectively. The band centers of 

Gaussian functions are 3.44±0.03 and 3.49±0.03 eV for H2O and D2O, respectively. These results are 

summarized in Table 1. The spectra have full widths at half maxima of 0.84±0.05 (H2O) and 

0.78±0.06 eV (D2O), which are in excellent agreement with our previous report, 0.86±0.06 (H2O) and 

0.76±0.09 eV (D2O) [11]. The width determined for H2O (0.84 eV) in this study is smaller than the 

value, 1.1 eV, reported by Lubcke et al.[13].  

 

3.2. Solvated electrons in methanol and ethanol 

 The charge-transfer-to-solvent reactions in methanol and ethanol are similar to that in 

water: photoexcitation creates solvated electrons well within 2 ns. Figure 4 shows the electron TOF 

spectra observed for 0.1 M NaI solution in methanol for a pump-probe time delay of 2 ns. Each 

spectrum was obtained by averaging over 1.8×107 laser shots. One-color background signals were 

removed from the observed signal to obtain the true two-color signal, and three data sets were 

averaged. Figure 5 compares the photoelectron spectra of solvated electrons in methanol and ethanol 

with those in H2O and D2O (also shown in Figure 3). The band shapes observed for methanol and 

ethanol are also very similar to Gaussian functions. Close examination of Figure 4 reveals that 

one-color background signal is over-subtracted from the total signal and makes the two-color signal at 

around 1.0 µs slightly negative; this, however, influences the transformed distribution only slightly at 

around 2.0 – 2.5 eV. The VBEs of solvated electrons are determined, from the expectation values <E>, 

to be 3.38±0.04 and 3.30±0.03 eV for methanol and ethanol, respectively. The central energies of the 

Gaussian functions are determined by least-squares fitting to be 3.36±0.02 and 3.28±0.02 eV for 

methanol and ethanol, respectively. The results of the present study confirm a finding of our previous 

report [9], namely that the solvated electrons in methanol and ethanol have larger VBEs than that 

estimate (2.6 eV [3]) from the VBEs of methanol cluster anions. The spectra have full widths at half 

maxima of 0.86±0.03 (methanol) and 0.96±0.06 eV (ethanol). 0.1M NaI solution in methanol and 

ethanol had streaming potentials of +110 and +120 mV, respectively: these potentials are relatively 

large, because we did not select the NaI concentration that minimizes the streaming potentials of 

methanol and ethanol. 



 

3.3. Temperature dependence 

 Previous studies have shown that photoabsorption spectra of solvated electrons in bulk 

solutions exhibit temperature dependence; the shifts of the absorption band maxima, dE/dT, are -2.4 

and -2.5 meV/K for a hydrated electron in H2O and D2O [27]. Similar temperature dependence may be 

expected for photoelectron spectra of solvated electrons. Thus, we heated the discharge nozzle from 

293 to 333 K and examined the spectra of a hydrated electron in H2O and a solvated electron in 

methanol. No noticeable changes were observed in either case; an example is shown in Figure 6. The 

results suggest that the temperature dependences of the photoelectron band maxima, dE/dT, are not 

larger than 100/40 = 2.5 meV/K for a hydrated electron in H2O and a solvated electron in methanol. In 

future studies, we are planning to investigate the temperature dependence for a wider range. 

 

3.4. Symmetry of photoelectron bands 

 The photoelectron spectra of solvated electrons in four different solvents, shown in Figure 5, 

are shifted and overlaid in Figure 7. The figure clearly shows symmetric band shapes of solvated 

electrons. It is noted that photoabsorption spectra of solvated electrons in bulk solutions and 

photoelectron spectra of water cluster anions exhibit asymmetric band shapes. Coe et al. have 

approximated the asymmetric photoelectron band shapes of water cluster anions (isomer I) using 

Gaussian and Lorentzian functions [28,29]; the Gaussian part is commonly expressed for H2O and 

D2O clusters anions (cluster size: n = 11 – 69) by  

 

I(E) = Aexp − E − Epeak( )
2
/2σG

2 

  

 

   (1)   

and 

 

σG = −1.02 n−1/ 3
+ 0.548  (eV) . (2)   

These functions predict that the full width at half maximum of a photoelectron spectrum of a hydrated 

electron in bulk water is 1.29 eV. The widths observed in this study are smaller than this value. This 

comparison, however, is not totally adequate, because it is not established that isomer I is in internal 

(cavity) state [30]. As discussed by Coe et al. [31] and Ma et al. [4], the asymmetric band shapes of 

water cluster anions in the size range of n = 2 – 14 are attributed in part to vibrational excitation of OH 

(or OD) stretch upon photodetachment; the photoelectron spectra of solvated electrons in bulk 

solutions exhibit no clear signature of the O-H (O-D) stretch band. 

The ratio of the bandwidths observed for hydrated electron in H2O and D2O is ~ 1.1. Since 

the Franck-Condon region for photodetachment of a solvated electron is expected to be repulsive for 

intermolecular (solvation) coordinates, the Franck-Condon envelope reflects the ground-state 



wavefunction prior to photodetachment. The narrower spectrum for a hydrated electron in D2O than in 

H2O suggests a more confined nuclear wavefunction in the former owing to a smaller zero point 

energy and stronger hydrogen bonding. Although the freezing point of D2O is higher than H2O, the 

narrower spectral width is not to be ascribed to the fact that aqueous NaI solution in D2O is slightly 

closer to its freezing point than aqueous NaI solution in H2O, based on the small temperature 

dependence seen in Figure 6. 

The difference of VBE between H2O and D2O has two possible sources. One is that a radius 

of gyration of an electron is slightly different between the two solvents (electronic effect) owing to 

stronger hydrogen-bonding network in D2O. The other is that the vibrational frequencies of water 

molecules in the first hydration shell changes upon photodetachment, and that the differences of 

vibrational frequencies with and without an excess electron differ between the two solvents 

(vibrational effect). The relative contributions of these two factors are not clear at this point. 
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Table 1. 

Vertical binding energies (eV) of solvated electrons. a 

Solvent 
Present study  Ref. 

<E> b Gauss fit  [8] [9] [12] [13] [14] 

H2O 3.42(6) 3.44(3)  3.27 - 1.6/3.3 3.4 3.6 

D2O 3.47(5) 3.49(3)  3.20 - - - - 

Methanol 3.38(4) 3.36(2)  - 3.1 - - - 

Ethanol 3.30(3) 3.28(2)  - 3.1 - - - 
a Numbers in parentheses are 1σ of the last digit. 
b Expectation values calculated from the observed photoelectron spectra. 
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Figure captions 

 

Figure 1.  Electron time-of-flight spectra observed for (1+1') resonance two-photon ionization of NO 

in the presence of liquid beams of 0.1 M NaI solution in H2O (black), D2O (blue), methanol (green), 

and ethanol (red). The intensity is in arbitrary units. The solid lines show Gaussian functions obtained 

by a least-squares fit. The widths of TOF signal correspond to the energy width of ~ 60 meV. 

 

Figure 2.  Electron time-of-flight spectra observed for 0.1 M aqueous NaI solution in H2O at the 

pump-probe delay time of 2 ns. The intensity is in arbitrary units. Two-color signals (green) were 

obtained by subtraction of one-color spectra (red: 226 nm and blue: 260 nm) from the spectrum 

measured with both 226 and 260-nm pulses (black). 

 

Figure 3. Photoelectron spectra of hydrated electrons in H2O (black) and D2O (blue). The intensity is 

in arbitrary units. The solid lines show Gaussian functions obtained by a least-squares fit.  

 

Figure 4.  Electron time-of-flight spectra observed for 0.1 M NaI solution in CH3OH at the 

pump-probe delay time of 2 ns. The intensity is in arbitrary units. Two-color signals (green) were 

obtained by subtraction of one-color spectra (red: 226 nm and blue: 260 nm) from the spectrum 

measured with both 226 and 260-nm pulses (black). 

 

Figure 5. Photoelectron spectra of solvated electrons in four polar protic solvents. The intensity is in 

arbitrary units. The solid lines are Gaussian functions obtained by a least-squares fit. 

 

Figure 6. Photoelectron spectra of hydrated electrons in H2O measured at different nozzle 

temperatures. The intensity is in arbitrary units. The abscissa corresponds to the relative energy with 

respect to the peak position of the observed photoelectron spectrum at the nozzle temperature of 293 K 

(black). The spectra measured at three temperatures are identical within the experimental uncertainty. 

 

Figure 7. Photoelectron spectra of solvated electrons in four polar protic solvents. The intensity is in 

arbitrary units. The same spectra shown in Figure 5 are also shifted and overlaid. The solid lines are 

Gaussian functions obtained by a least-squares fit. Lower panel shows the residues of fits. 

 



 

 

 

 



 
 

 

 



 
 

 

 



 

 




