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Abstract 
Charge transfer reactions from I- to solvent water, methanol, and ethanol were studied using extreme 
ultraviolet time-resolved photoelectron spectroscopy (EUV-TRPES). This technique eliminates 
spectral broadening, previously seen in UV-TRPES, caused by electron inelastic scattering in liquids, 
and enables clear observation of the temporal evolution of the spectral shape. The peak position, 
width, and intensity of the electron binding energy distribution indicate electron detachment and 
subsequent solvation and thermalization processes. Geminate recombination between detached 
electrons and iodine atoms is discussed using a diffusion equation and a global fitting analysis based 
on a kinetics model. 
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Elucidation of the static and dynamic influences of solvents on reactions is a central subject 
in solution chemistry. Since an electron has no rovibrational degrees of freedom, the evolution of the 
electronic state of an electron injected into a solvent is an excellent probe for studying solvation 
dynamics. The charge transfer to solvent (CTTS) reaction is an electron transfer process from a 
photoexcited solute to a solvent.1 Iodide (I-) ions in polar protic solvents exhibit metastable CTTS 
states, associated with the 2PJ fine-structure levels of neutral I atoms, and these CTTS states undergo 
electron auto-detachment into the solvent.2-4 The detachment is adiabatic at low photoexcitation 
energy, and produces a solvated electron (𝑒!"#$% ) in the vicinity of the iodine atom. Since HO bonds in 
the first solvation shell are orientated toward the central I- ion,5, 6 electron detachment induces 
solvation dynamics to newly stabilize the excess electron. The excess energy created by the solvation 
dynamics is dissipated into the surroundings by intermolecular energy transfer. A diffusive 
recombination reaction also occurs between 𝑒!"#$%  and the iodine atom with a certain quantum yield.7 

Since the CTTS states of iodide are easily accessible using UV radiation (190–260 nm), a 
plethora of studies have been reported using various spectroscopic methods such as transient 
absorption spectroscopy (TAS),1, 8-13 time-resolved X-ray absorption spectroscopy,14 and the 
fluorescence up-conversion method.15 More recent studies were performed using time-resolved 
photoelectron spectroscopy (TRPES), which enables direct access to time-evolving electron binding 
energy (eBE) distributions.16-20 TRPES with ultraviolet probe pulses (UV-TRPES) revealed a rapid 
increase in eBE due to reorganization of the solvation structure around the excess electrons. However, 
the eBE distribution exhibited distortion caused by electron inelastic scattering in the liquid and the 
energy dependence of the electron transmission efficiency through the gas-liquid interface.21-23 In the 
present study, we employ TRPES with a femtosecond extreme UV (EUV; 47.1 nm, 27.9 eV) laser to 
address these technical problems and measure accurate eBE distributions.24-30 The use of an EUV 
laser eliminates the distortions, because the elastic and rovibrationally inelastic scattering cross-
sections are substantially reduced at high electron kinetic energy (eKE), and electron transmission 
through the interface also becomes energy-independent.28 We investigate CTTS reactions from I- to 
three polar protic solvents: liquid water, methanol (MeOH), and ethanol (EtOH), and compare their 
solvation dynamics. 
 

Figure 1(a) shows EUV-TRPES results obtained for CTTS reactions from I- to water, MeOH 
and EtOH. The vertical axis indicates the eBE, which is the difference between the probe photon 
energy and the observed eKE. In all cases, the eBE distribution rapidly shifts toward higher energy 
after photoexcitation owing to solvation of excess electrons. The timescale for these shifts is different 
among the solvents; it is much longer for alcohol than for water. For a quantitative analysis of the 
time scale, we extracted a non-equilibrium response, 𝑆(𝑡), defined as  

𝑆(𝑡) =
𝑉𝐵𝐸(𝑡) − 𝑉𝐵𝐸(∞)
𝑉𝐵𝐸(0) − 𝑉𝐵𝐸(∞)												(1) 
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in which VBE (vertical electron binding energy) corresponds to the peak of the eBE distribution at a 
given time delay. 𝑉𝐵𝐸(∞) values were fixed at 3.78, 3.39, and 3.25 eV for water, MeOH and EtOH, 
respectively, which were newly estimated in our laboratory. The results are shown in Figure 1(b); the 
black dots are experimental data and the solid lines are the results of least squares fitting using a bi-
exponential function. The extracted time constants and preexponential factors are listed in Table 1. 
The short solvation time in water indicates that	𝑒!"#$%  rapidly reaches an equilibrium state, while the 
slow dynamics in alcohol suggest that the structure and properties of 𝑒!"#$%  in these solvents 
continuously vary over a picosecond timescale. The extracted time constants are in reasonable 
agreement with the values determined using UV-TRPES (Table 1). 
 

 

 

Figure 1.  (a) EUV-TRPES data measured for CTTS reactions from I- to water, MeOH and EtOH 
measured using the 225 nm (5.5 eV) pump pulses and 44.4 nm (27.9 eV) probe pulses. A coherent artifact at 
the time origin has been subtracted (See Section I in Supporting Information for details). (b) S(t) for VBE 
calculated from data shown in (a). (c) FWHM of the spectra shown in (a). The error bars are the standard 
deviations calculated from three independent measurements. The dots are the experimental data, and the solid 
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lines show the results of least-squares fitting. The horizontal axis is in linear scale up to 1 ps and logarithmic 
scale thereafter. 
 

Table 1. Solvation time constants (ps) and preexponential factors 
 Water MeOH EtOH 
t1 0.38±0.04 

0.4a 
0.54±0.03 

0.8a 
0.68±0.05 

1.1a 

t2 5±7 
2.7a 

15±1 
20a 

16±3 
45a 

a1 0.93±0.05 
0.93a 

0.64±0.01 
0.63a 

0.69±0.01 
0.74a 

a2 0.07±0.05 
0.07a 

0.36±0.01 
0.37a 

0.31±0.01 
0.26a 

a UV-TRPES (Ref. 28) 
 

On the other hand, EUV-TRPES revealed an interesting new feature. Figure 1(c) shows the 
eBE bandwidths observed for the three solvents. It is seen that the bandwidths vary with the pump-
probe delay time in different manners for each solvent; this feature could be hardly examined with 
UV-TRPES owing to spectral broadening (comparison with the spectral retrieval analysis of UV-
TRPES is presented in Section II, Supporting Information). In the case of water, the width rapidly 
increases with a time constant of 0.14±0.10 ps and decreases with a time constant of 0.34±0.23 ps. 
Previously, Messina et al. measured fluorescence from the CTTS state of I- in an aqueous solution 
and found that fluorescence at the shortest wavelength of 310 nm decays in 60 fs, followed by a broad 
fluorescence in the visible region with the lifetime of about 200 fs.15 Thus, the observed increase in 
the photoelectron bandwidth is likely occurring in the CTTS state prior to electron detachment, which 
is consistent with a broad visible emission spectrum measured previously. It is noted, however, while 
Messina et al. extracted a fast fluorescence component with a lifetime of 60 fs, the photoelectron 
spectrum exhibits continuous redshift and broadening, from which a fast component cannot be 
extracted clearly. In MeOH and EtOH, the bandwidth increases more slowly on a sub-picosecond 
time scale (0.59±0.24 and 0.36±0.12 ps, respectively) and decreases in 11 ± 6 ps for MeOH and 70 ± 
30 ps for EtOH. As far as we notice, fluorescence up-conversion measurements have not been 
performed for alcohols; however, it is plausible that the increase in the bandwidth is correlated with 
the solvent response in the CTTS state. The decrease in the bandwidth is likely occurring after 
detachment of an excess electron owing to vibrational cooling. In both CTTS state and nascent state 
of 𝑒!"#$% , solvent response by translational and orientational ordering of solvent molecules reduces 
electrostatic energy and increases an internal energy of a system. Both of the dynamic structural 
rearrangements and increased vibrational energy will lead to spectral broadening of the system. 
Subsequent heat dissipation to the surroundings reduces the bandwidth. The considerably slower 
convergence of the EUV-TRPES spectral shape observed for alcohols is consistent with the results of 
a previous TAS study, where the absorption spectra of 𝑒!"#$%  in alcohols converged to the thermal 
spectra in tens of picoseconds (see Figure 3).10 
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Also of particular interest are the EUV-induced photoelectron signal intensities presented in 
Figure 2 for (a) water, (b) MeOH, and (c) EtOH. In all cases, the observed intensities, plotted as black 
dots, gradually increase with increasing time delay on a picosecond timescale. It is noted that 
photodetachment from the CTTS state occurs on a sub-picosecond timescale,8-12, 14-19, 31-38 and the 
number density of 𝑒!"#$%  does not subsequently increase. Thus, the increase in the photoelectron signal 
intensity is ascribed to an increase in the photoabsorption cross-section at the EUV probe photon 
energy; this is presumably due to contraction of the electron wavefunction of 𝑒!"#$% . In order to extract 
and analyze the population of 𝑒!"#$%  from the observed photoelectron signal intensity, we included a 
time-dependent photoabsorption cross-section in the following analysis.  

 

 
Figure 2.  Total photoelectron intensity decay profiles measured using EUV-TRPES for NaI solutions 
in (a) water, (b) MeOH, and (c) EtOH. The black dots are the raw experimental data, and the blue dots are after 
calibration to account for variations in the EUV photoabsorption cross-section. The black solid line shows the 
results of least-squares fitting using a diffusion model. The horizontal axis is linear up to 1 ps and logarithmic 
afterwards. The pump and probe wavelengths were 225 and 44.4 nm, respectively. 

 

The population decay for excess electrons in CTTS reactions is analyzed using the 
Smoluchowski diffusion equation. We employed the following equation, 

∂𝜓(𝑟, 𝑡)
∂𝑡 = 𝐷&

𝜕
𝜕𝑟 𝑟

'𝑒%((*)
𝜕
𝜕𝑟 𝑟

%'𝑒((*)𝜓(𝑟, 𝑡)										(2) 

where 𝜓(𝑟, 𝑡) is the net population of 𝑒!"#$%  on a surface area of 4π𝑟', r is the distance of an electron 
from an iodine atom, 𝐷&  is the mutual diffusion coefficient for the iodine-electron system, 𝐷& =
𝐷(I) + 𝐷(e!"#% ), and 𝑉(𝑟) is a potential of mean force. Previously, Iglev et al. assumed that an 
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electron is ejected at a distance of 0.61 nm from an iodine atom, and that geminate recombination 
immediately occurs at a contact radius, 𝑟,"-./,. .39 Kloepfer et al. assumed that geminate 
recombination at contact occurs with a rate constant 𝜅0 (units of length/time),8  and we also adopted 
this latter approach. We considered that an excess electron is ejected at a distance 𝑟1 from the center 
of an iodine atom to create a time-dependent concentration of 𝑟/{1 − 𝑒𝑥𝑝(−𝑡/𝜏/)}, where 𝑟/ and 𝜏/ 
are the quantum yield and the effective time constant for electron detachment, respectively. The 
detached electron and iodine atom undergo diffusion in a potential,  

𝑉(𝑟) = ∆𝐺{1 − 𝑒𝑥𝑝[−𝛽(𝑟 − 𝑟23-)]}' − ∆𝐺																		(3) 
in which 𝛥𝐺 and 𝛽	are parameters describing the depth and width of the potential, respectively. In 
our simulation, 𝑟1 and 𝑟,"-./,. were set to the potential minimum, 𝑟23-, 𝛽 was 10 nm-1, and 𝑟/ was 
assumed to be 1. These parameters were incorporated into the diffusion equation with a boundary 
condition of 

I𝐷&𝑟'𝑒%((*)
𝜕
𝜕𝑟 𝑟

%'𝑒((*)𝜓(𝑟, 𝑡)J
*4*!

= 𝜅*𝜓(𝑟1, 𝑡) −
𝑟/
𝜏/
𝑃5667(𝑡)								(4) 

where 𝑃5667(𝑡) is the number of transient species in the CTTS state per unit volume, i.e., 𝑃899:(𝑡) =

𝑃5667(0)exp	(−
.
;"
).  The photoelectron signal intensity is described as follows, 

𝐼(𝑡) = 𝜎(𝑡){	𝑃5667(𝑡) + 𝑃<(𝑡)} ⊗ 𝑔(𝑡)													(5)  

where 𝑃<(𝑡) = ∫ 𝜓(𝑟, 𝑡)𝑑𝑟=
*!

 is the number of 𝑒!"#$%  per unit volume. 𝑔(𝑡)  is a Gaussian cross-

correlation function between the pump and probe pulses. A time-dependent photoabsorption cross-
section is introduced to express the aforementioned intensity increase on a picosecond time scale. 
The functional form is 	𝜎(𝑡) = 𝐶[1 + 𝜎;{1 − 𝑒𝑥𝑝(−𝑡/𝜏>)}],  where 𝐶 , 𝜎; , and 𝜏>  are fitting 
parameters. The blue dots in Figure 2 are the calibrated intensities for 𝜎(𝑡). The best-fit parameters 
are summarized in Table 2. 

When the TAS and EUV-TRPES data are compared as shown in Figure 3, the latter exhibit a 
faster intensity decay, indicating faster geminate recombination. This is ascribed to a lower sample 
temperature in EUV-TRPES than in TAS.16 TRPES employed a liquid microjet injected into vacuum, 
and evaporative cooling caused the liquid temperature to be lower than the injection temperature. 
Slower diffusion at lower temperature reduces the electron escape probability, causing faster 
recombination. Iglev et al. performed a TAS study at three different temperatures of 298, 323, and 
348 K, and found that ∆𝐺  can be regarded as temperature-independent in this range.12 The 
temperature dependence of the recombination dynamics was ascribed to the strong variation of 𝐷′, in 
addition to the small increase in 𝛽  with increasing temperature.12 We have tested this notion by 
simulating the decay curve at 298 K using the best-fit parameters determined at an estimated 
temperature of 278 K in EUV-TRPES and 𝐷′estimated from the viscosity of the solvent (Section III, 
Supporting Information). The simulated profile agrees reasonably well with the data at 298 K, 
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confirming the notion proposed by Iglev et al.12 Similar results were obtained for MeOH and EtOH 
(Section IV, Supporting Information).  
 
Table 2. Parameters obtained using diffusion equation  
 TAS EUV-TRPES 

 H2Oa H2Ob MeOHc EtOHc H2O MeOH EtOH 
T(K) 297 298 297 297 278d 260d 260d 

𝐷! × 10"(cm#/s) 8 5.8 13.1 6.6 3.1e 1.7e 0.79e 

Δ𝐺/𝑘$𝑇 3.0 4.1 3.6 3.1 2.5 2.4 2.0 
𝛽(nm-1) 11 6.8 10 10 10e 10e 10e 

𝜏% (ps) 0.2 0.22   0.39e 0.46e 0.68e 
𝑟&(Å) 4.0 6.1 4.0 4.0 4.0e 4.0e 4.0e 
𝜎'     0.25 0.19 0.22 
𝜏( (ps)     1.1 3.0 4.1 
𝜅) (m/s) 5.2    4.3 0.93 0.37 

a Reference 10. 𝐷! is likely overestimated. See Ref. [17]. 
b Reference 12. 
c Reference 31. 𝐷! is likely overestimated. 
d The temperatures of liquid microjets were estimated based on the Raman thermometry by Wilson et al. 40. 
e Fixed 
 

 

 
Figure. 3  EUV-TRPES data (black dots) obtained for CTTS reaction in water at 278 K using the 225 
nm (5.5 eV) pump pulses and 44.4 nm (27.9 eV) probe pulses, and least-squares fitting (black solid line) using 
diffusion equation with  𝐷! = 3.1 × 10*" cm2/s. The blue dashed line is a numerical prediction for EUV-
TRPES at 297 K (𝐷! = 5.7 × 10*" cm2/s). TAS data at 297 K10 are indicated by + (700 nm) and △ (500 nm). 
Intensities are normalized at 400 ps. 
 

An alternative method generally employed for the analysis of TAS and TRPES results is 
global fitting. While the aforementioned diffusion analysis only considers the signal intensity, global 
fitting simulates both the spectral evolution and signal intensity. Figure 4(a) depicts the kinetic 
scheme employed for our analysis. This model assumes four kinetic steps involving (i) formation of 
the CTTS state by photoexcitation, (ii) relaxation to a contact pair (CP), (iii) further separation to 
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form a solvent-separated state (SS), and (iv) separation into a free 𝑒!"#$%  and an iodine atom. Geminate 
recombination is assumed to be possible from all transient states in this model, although it will be 
shown later that recombination is important only from the SS state. The analytical solutions for this 
kinetic model are as follows: 

[𝐶𝑇𝑇𝑆] = 𝑒%./;"       (6) 

[𝐶𝑃] = 𝑟/𝜏@ X
<#$/&"

;"'
+ <#$/&'

;'"
Y     (7) 

[𝑆𝑆] = 𝑟/𝑟@𝜏, X
;"<#$/&"

;"';"(
+ ;'<#$/&'

;'";'(
+ ;(<#$/&(

;(";('
Y   (8) 

[𝑆𝐸] = 𝑟/𝑟@𝑟,𝜏A X
;")<#$/&"

;"';"(;"*
+ ;'

)<#$/&'

;'";'(;'*
+ ;()<#$/&(

;(";(';(*
+ ;*

)<#$/&*

;*";*';*(
Y (9) 

𝐼(𝑡) = 𝜎(𝑡)(𝑐/B[𝐶𝑇𝑇𝑆] + 𝑐@B[𝐶𝑃] + 𝑐,B[𝑆𝑆] + 𝑐AB[𝑆𝐸]) ⊗ 𝑔(𝑡) (10) 
where τC%D = τCD%D + τC'%D(𝑥 = 𝑎, 𝑏, 𝑐, 𝑑) , 𝜏CE = 𝜏C − 𝜏E	(𝑥, 𝑦 = 𝑎, 𝑏, 𝑐, 𝑑) , and 𝑟C = 𝜏CτCD%D(𝑥 =
𝑎, 𝑏, 𝑐) are the branching ratios for each step, 𝑔(𝑡) is a Gaussian cross-correlation function for the 
laser pulses, 𝑐CB 	(𝑥 = 𝑎, 𝑏, 𝑐, 𝑑) is an expansion coefficient, and	𝑘 is an index for equally spaced eBE 
bins. The parameters for 𝜎(𝑡) were fixed to those determined by the diffusion model and assumed to 
be common for all transient states. 
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Figure 4.  Kinetic analysis of CTTS reaction. (a) Illustration of charge transfer reaction and kinetics 
scheme. CTTS: charge transfer to solvent state, CP: contact pair, SS: solvent-separated state, SE: 𝑒+,-.* . (b), 
(d), (f) Time evolution of transient species reproduced by least-squares global fitting for water, MeOH, and 
EtOH, respectively. Black dots are the signal intensities calibrated for variation of the absorption cross-sections. 
(c), (e), (g) Extracted spectra associated with each transient for water, MeOH, and EtOH, respectively. The 
horizontal axis is linear up to 1 ps and logarithmic afterwards.  
 

Figures 4(b)–(g) show the results of global fitting (Section V, Supporting Information), 
assuming a time-independent spectrum associated with each transient state. The determined time 
constants are listed in Table 3. The results indicate that the overall yield of 𝑒!"#$%  is 0.28, 0.62, and 
0.75 for water, MeOH and EtOH, respectively. The kinetic model expresses electron escape by tc1 
and the escape yield in the last step by rc=tc/tc1. Our rc value (0.32) for water is comparable to the 
value of 0.32 estimated by Kloepfer et al. for a bulk solution,9 and the value of 0.30 estimated by 
Nowakowski et al. for a gas-liquid interface.33 The overall long-period signal decay time of 31 ps is 
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comparable to the values of 23 ps estimated by Kloepfer et al.9 and 16 ps estimated by Nowakowski 
et al.33 

For least-squares fitting using the kinetic model, the quality of the fit is always improved by 
assuming a larger number of transient states; here we assumed the minimal number of intermediate 
states (CP and SS). However, as seen in Figures 1(a), 4(c), 4(e), and 4(g) the spectra exhibit a 
continuous energy shift but no large variation in shape, so that it is difficult to categorize the 
continuously evolving state into only two species of CP and SS. 
 
Table 3. Kinetic time constants (ps) and branching ratios determined for NaI solutions by EUV-TRPES 

 H2O MeOH EtOH 
ta 0.20a 0.46a 0.68a 

tb 0.57±0.04 4.6±0.4 2.6±0.2 
tc 31±1 65±8 80±10 
td 1 × 108b 1 × 108b 1 × 108b 
ta1 0.20 0.46 0.68 

ta2 - 17.0±0.3 - 
tb1 0.65±0.04 4.6±0.4 2.8±0.2 

tb2 4.3±0.3 - 40±4 

tc1 95±5 101±12 105±14 
tc2 45±2 180±20 320±40 

    
ra 1.01±0.02 0.97±0.02 1.07±0.02 
rb 0.87±0.01 1.00±0.02 0.94±0.02 
rc 0.32±0.01 0.64±0.01 0.75±0.01 

a Fixed. 
b These values are too large to determine accurately in our measurements. 
 

In conclusion, EUV-TRPES enabled accurate measurements of the temporal evolution of 
eBE distributions free from the influence of electron inelastic scattering in the liquid. The 
photoelectron signal intensity measured for water, methanol, and ethanol solution exhibited an initial 
growth. This indicates that the quantum yield for electron detachment from the CTTS state of I- is 
essentially unity in all cases, and that the optical absorption cross-section for the transient species 
grows with the progressive formation of a stable solvation shell for the excess electron and the 
associated contraction of the electron wavefunction for 𝑒!"#$% . The eBE bandwidth also revealed an 
initial growth in all solvents, indicating the growth of structural inhomogeneity due to formation of a 
new solvation shell and vibrational heating associated with electronic relaxation. The analysis using 
a diffusion equation suggests the depth of the mean force potentials to be 2.5, 2.4, and 2.0 times kBT 
for water, methanol, and ethanol, respectively. The difference in geminate recombination between 
273 and 298 K is reasonably well explained by considering only the temperature dependence of 
mutual diffusion coefficients.  
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Experimental Methods 

A continuous liquid microjet of 0.2 M NaI solution was generated by discharging a solution 
through a fused silica capillary with an inner diameter of 25 µm (water) or 15 µm (alcohol) into a 
photoionization chamber. The flow rates were 0.5 and 0.2 mL/min for water and alcohol, respectively. 
The details of our vacuum chambers and the magnetic bottle time-of-flight photoelectron 
spectrometer (MBTOF) have been described elsewhere.41 A 10-kHz Ti:sapphire regenerative 
amplifier (800 nm (w), 0.7 mJ, 35 fs) was used to generate UV pump and EUV probe pulses. The UV 
(225 nm, 5.5 eV) pump pulses were generated with an optical parametric amplifier and focused on a 
liquid microjet using an Al concave mirror (r = 2000 mm). The UV pulse energies at the sample were 
less than 150, 60 and 30 nJ for water, MeOH and EtOH solutions, respectively. The EUV probe pulses 
were generated by focusing the second harmonic (2w) of the Ti:sapphire laser radiation into an Ar 
gas cell, and the multiple harmonics thus generated were dispersed using a time-preserving 
monochromator to obtain a single 18w (47.1 nm, 27.9 eV) harmonic.42 The energy-selected EUV 
pulses were focused on a liquid microjet using a toroidal mirror. The eKE distribution was measured 
using a 1.3-m-long MBTOF analyzer with an energy resolution of 50 meV and an A/D converter. The 
absolute eKE value was energy-calibrated using the vertical ionization energy for the solvent: 11.3 
(water), 9.70 (MeOH) and 9.52 eV (EtOH).43, 44 The cross-correlation time between the UV pump 
and EUV probe pulses was measured to be 90-100 fs using coherent two-photon ionization of the 
solvents. The penetration depth of the UV and EUV radiation in the solutions is more than 1 µm, 
while the probing depth of EUV-TRPES is about 1 nm owing to the limited escape depth for electrons 
from the liquid. 
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I. Estimation of cross-correlation time between UV pump and EUV probe pulses  
The spectra observed for sample solutions exhibit a strong short-lived signal in the electron 

binding energy (eBE) region above 5 eV due to non-resonant (1+1’) ionization of solvent induced by 
the UV pump and extreme UV (EUV) probe pulses. The Figure S1(a) shows an example. The coherent 
artifact is well separated from the signal of the excited state of iodides and solvated electrons (𝑒!"#$% ) 
appearing in the eBE region bellow 4 eV. The integrated intensity of the coherent artifact is well 
expressed by a Gaussian function centered at the time origin as shown in Figure S1(b), and the FWHM 
provides the cross-correlation time of 90-100 fs. The coherent artifact has already been subtracted in 
Figures 1(a), (b), and (c). 

 

Figure S1. (a) Photoelectron spectra measured for aqueous 0.2 M NaI solution before 
subtraction of a coherent artifact. (b) Integrated intensity over eBE region of 4.8-6 eV (dots) and the 
result of Gaussian fitting (solid line). 

 
II. Comparison between EUV-TRPES and Spectral Retrieval Analysis of UV-TRPES 

We have recently developed a spectral retrieval (SR) method that performs a linear 
transformation of UV time-resolved Photoelectron spectroscopy (UV-TRPES) data to recover sharp 
photoelectron spectra1. Figure S2 compares the observed bandwidths in EUV-TRPES and those 
retrieved from UV-TRPES data. One can see that crude features are successfully captured in the SR/UV-
TRPES, while the remaining discrepancy indicates the current limit in the accuracy of the SR analysis.  
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Figure S2. Comparison of the temporal evolution of band width between EUV-TRPES (black) 
and Spectral Retrieval Analysis of UV-TRPES (red). The horizontal axis is linear up to 1 ps and 
logarithmic afterwards. 

 
III. Diffusion coefficient 

The diffusion coefficient (𝐷) depends on the solute (𝑋), solvent (𝑌) and temperature (𝑇), and it 
is expressed as 𝐷(X, 𝑌, T). Experimental values for 𝐷 are often not available in the literature, so we 

estimated them using the Stokes-Einstein relation, 𝐷 = &!'
()*+

, where 𝑘, is the Boltzmann constant, 𝜂 is 

the viscosity, and 𝑎 is the radius of the solute. It should be noted that the radius a for an electron depends 
on the solvent due to the solvation-shell structure. The value of 𝜂 is strongly dependent on 𝑌 and 𝑇, and 
is expressed by 𝜂 = 𝜂(𝑌, 𝑇).  For simplicity, when the temperature dependence of the diffusion 
coefficient was unknown, only the temperature dependence of the viscosity of the solvent was 
considered. This seems a reasonable assumption; the reported diffusion coefficient for an electron in 
water is well reproduced by the temperature dependence of viscosity (Table S1), especially in the range 
of 278-298 K. To the best of our knowledge, there is no experimentally determined diffusion coefficient 
for iodine atoms in water. Hence, the mutual diffusion coefficient 𝐷- in liquid water is estimated by 

𝐷- = 𝐷./0(𝑒%, H1O, 𝑇) + 𝐷!23(I, H1O, 298.15	K)
*(5"6,189.;<	>)

*(5"6,')
	    (S1), 

where 𝐷./0  and 𝐷!23  are the experimentally determined diffusion coefficient for 𝑒!"#$% ,2 and a 
coefficient calculated for iodine atoms at 298.15 K using molecular dynamics simulations, respectively.3 

Since the diffusion coefficient for iodine atoms in alcohol is also unknown, we approximated it using 
the corresponding value in water as follows, 

𝐷- = 𝐷./0(𝑒%, solvent, 298	K)
*(@ABCDEF,189	>)
*(@ABCDEF,')

+ 𝐷!23(I, H1O, 298.15	K)
*(@ABCDEF,189.;<	>)

*(@ABCDEF,')
 (S2), 

where 𝐷./0 is an experimentally determined diffusion coefficient.4 The mutual diffusion coefficient for 

methanol is smaller than that for water due to the first term, even though methanol is less viscous than 
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water. We used the temperature-dependent viscosity reported by Xiang et al.5 and Gonçalves et al.6 for 

MeOH and EtOH, respectively. 
 
Table S1. Temperature dependence of relative diffusion coefficient and viscosity in liquid water 

T(K) 278 298 323 348  
𝐷′(𝑇)/𝐷′(298	K)  1 1.64 2.33 Ref. [7] 

𝐷.#(𝑇)/𝐷.# 	(298	𝐾) 0.51 1 1.86 3.18 Ref. [8] 
η(298	K)/	η(𝑇) 0.59 1 1.63 2.35  

      
 

IV. Temperature dependence of geminate recombination in MeOH and EtOH  
Iglev et al.7 claimed that the temperature dependence of the geminate recombination reaction 

can be attributed to the temperature dependence of the mutual diffusion coefficient. In the main text, we 
showed that the rate of geminate recombination in water at room temperature can be rather well 
reproduced by fixing the parameters obtained from EUV-TRPES data for 𝑒!"#$%  and considering only the 
temperature dependence of the mutual diffusion coefficient. The decay curve for the population of 𝑒!"#$%  
at room temperature was reasonably well reproduced. As shown in Figures S3 and S4, the rate of 
geminate recombination can be reasonably well reproduced also for alcohol by fixing various parameters 
obtained by EUV-TRPES and considering the temperature dependence of the mutual diffusion 
coefficient. However, the following points should be considered. Firstly, the sample temperature in 
EUV-TRPES is an estimate, and not obtained by spectroscopic measurement. Secondly, energy 
relaxation in the charge transfer to solvent reaction and subsequent cooling may vary the local 
temperature slightly. As shown in Figures S3 and S4, the decay curves for the transient absorption 
spectroscopy (TAS) signal observed at wavelengths of 700 and 500 nm do not match in the time range 
up to about 100 ps. Thus, a discussion based on the temperature of the bulk solution is only expected to 
be valid for long delay times. 
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Figure S3. Least-squares fit of EUV-TRPES results (black) for 𝑒G.HI% at 260 K and TAS at 
297 K.9 The crosses and open triangles are experimental data for different absorption wavelengths. The 
dashed line is a simulation for EUV-TRPES at 297 K. Intensities are normalized at 300 ps. The difference 
between the TRPES and TAS results is primarily due to the difference in temperature.  
 

 

Figure S4.  Least-squares fit of EUV-TRPES results (black) for 𝑒JKHI% at 260 K and TAS  at 
297 K.9 The crosses and open triangles are experimental data for different absorption wavelengths. The 
dashed line is a simulation for EUV-TRPES at 297 K. Intensities are normalized at 400 ps. The difference 
between the TRPES and TAS results is primarily due to the difference in temperature.  
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V. Global fitting analysis of EUV-TRPES data 

 
Figure S5. Global fitting results for EUV-TRPES data measured for aqueous 0.2 M NaI solution. 
(a) observed photoemission spectra. (b) spectra reproduced using kinetic model shown in Fig. 4(a). (c) 
Residuals of fitting process. The vertical axis is linear up to 1 ps and logarithmic afterwards. 
 

 
Figure S6. Global fitting results for EUV-TRPES data measured for 0.2 M NaI MeOH solution. 
(a) observed photoemission spectra. (b) reproduced spectra using kinetic model shown in Fig. 4(a). (c) 
Residuals of fitting process. The vertical axis is linear up to 1 ps and logarithmic afterwards. 
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Figure S7. Global fitting results for EUV-TRPES data measured for 0.2 M NaI EtOH solution. 
(a) observed photoemission spectra. (b) reproduced spectra using kinetic model shown in Fig. 4(a). (c) 
Residuals of fitting process. The vertical axis is linear up to 1 ps and logarithmic afterwards. 
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