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ABSTRACT. Although proton transport in water ice is well understood, proton–hole transfer 

(PHT) involving proton abstraction by anions remains less explored. This study investigates PHT 

in H₂S and NH₃ solids at low temperatures, aiming to determine if these solids exhibit negative 

charge transport similar to that in ice. In H2S and NH3 solids at 10 K, surface HS− and NH2
− anions 

in hydrogen-bonded systems trigger negative current flow, providing a clear signature of PHT. 

This negative current is controlled by electron flow and 193 nm ultraviolet irradiation, which 

generates HS− and NH2
− anions on the solid surfaces. In bilayer H2S/H2O and NH3/H2O solids, a 

significant negative current is observed only in the NH3/H2O solid, which is attributed to the 

exothermic proton abstraction reaction of NH2
− with H2O at the bilayer interface—a process not 

available for H2S on ice. This study is the first to demonstrate PHT-induced electrochemical 

behavior in hydrogen-bonded solids other than ice. 
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Proton transport through hydrogen bonds plays a crucial important role in environments related 

to acid/base chemistry, biochemistry, and atmospheric chemistry1–5. Water ice has long been 

studied to understand proton transfer through chains of hydrogen bonds. The unique 

electrochemical property of water ice, resembling a ‘p-type semiconductor,’ has been 

characterized by the Grotthuss mechanism1,6, which demonstrates that excess protons are relayed 

along hydrogen bonds. Many experimental and theoretical studies have attempted to clarify the 

conductivity of protons in ice. These studies suggested that protons exhibit anomalous 

physicochemical behavior even at low temperatures7–11. However, while the proton transfer 

mechanism in ice is well understood, knowledge about proton–hole transfer (PHT), involving 

proton abstraction by anions such as OH− remains limited. In recent years, negative charge 

transport in ice at temperatures below 50 K, which is governed by PHT, has been 

demonstrated12,13. This phenomenon is observed when ice is simultaneously exposed to 

ultraviolet (UV) photons and electrons. The negative charge transport was confirmed by 

measuring the negative current at the metal substrate under ice. We suggested a scenario in 

which UV-photodissociated OH from H2O captures an electron on ice and trigger PHT, OH− + 

H2O → H2O + OH−, which continues until OH− reaches the metal substrate under ice. Quantum 

chemical calculations for the PHT pathway in ice indicated that potential energies of ice-metal 

system including OH- anion in ice decrease gradually from vacuum-ice to ice-metal 

boundaries13.  Based on the temperature independence and non-isotope effect observed during 

this phenomenon, PHT is believed to be barrierless or have a low barrier in ice, as confirmed by 

quantum chemical calculations12. However, this feature contrasts with the Grotthuss mechanism, 

which postulates that such processes possess moderate activation barriers14,15. Therefore, in this 
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study, we propose that solids with hydrogen-bonded networks, other than ice, may also exhibit 

negative charge transport via the PHT mechanism at low temperatures.  

H2S and NH3 are typical molecules that form hydrogen bonds through intermolecular interactions 

in solids16. For example, neutron powder diffraction measurements have demonstrated that H2S 

and NH3 solids form hydrogen-bonded crystal structures at low temperatures17,18. The infrared 

spectra of amorphous H2S and NH3 solids exhibit multiple absorption peaks in the hydrogen 

stretching region, suggesting the existence of a hydrogen-bond network19–21. For cation/anion 

dimer systems of H2S and NH3, previous studies have explored proton transfer reactions along 

hydrogen bonds, revealing a symmetric potential energy profile in the system22–26. Nevertheless, 

the negative charge transport in hydrogen-bonded molecular solids, other than ice, and its 

mechanisms have not been elucidated12,13. To gain comprehensive understanding of PHT, it is 

important to examine the PHT-induced negative current in hydrogen-bonded molecular solids, 

such as H2S and NH3, in addition to ice. Therefore, in this study, we observed negative charge 

delivery in H2S and NH3 solids at 10 K, which is the signature of PHT occurring in hydrogen-

bonded systems. For H2S solids, the behavior of surface HS radicals upon electron exposure was 

investigated. In addition, the currents transmitted through bilayer solids (i.e., H2S/H2O and 

NH3/H2O) were measured.  

In analogy with the PHT process in ice, HS− and NH2
− are considered to initiate PHT in H2S and 

NH3 solids, respectively. In this study, the H2S and NH3 solids in amorphous phase with the 

thickness of ~80 monolayers were produced by vapor deposition at 10 K over a nickel (Ni) 

substrate plated on a sapphire disk. The current through the solids was measured at the Ni substrate 

of which the surface would be oxidized to some extent in air.  HS and NH2 radicals were produced 

by 193 nm UV irradiation. Electrons were supplied from an electron-gun to the surface to form 
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HS− and NH2
− to initiate PHT; see Supporting Information for the details of experimental 

methodology. In the photochemical reaction of H2S solids upon 193 nm UV irradiation, HS was 

the primary product, with additional species such as S forming when HS undergoes further 

photolysis27,28. The dissociation cross section of HS was ∼5×10−18 cm2, which was comparable to 

that of H2S at 193 nm29. Therefore, a certain amount of S atoms would exist on the surface. 

However, because proton abstraction by S− anions from H2S was endothermic according to the 

gas-phase proton affinity30, they cannot work for PHT. Thus, HS− most likely becomes the trigger 

for PHT in H2S solids. In the 193 nm UV photolysis of NH3 solids, NH2 was the main product, 

which may recombine to form N2H4
31–33 or absorb additional photons to produce NH and H31–33. 

However, the dissociation cross section of NH2 was ∼10−21 cm2, which was four orders of 

magnitude smaller than that of NH3 (10−17 cm2) at 193 nm29. Thus, the contribution of NH to initiate 

PHT was negligible. Therefore, the main dissociation products that triggered PHT should be HS 

for H2S and NH2 for NH3. Bulk water exhibits negligible photoabsorption at 193 nm29, inhibiting 

the photodissociation of H2O. 

In the experiments with H2S solids, HS radicals on the surface of solid H2S were detected by the 

combination of photostimulated desorption and resonance-enhanced multiphoton ionization 

(PSD-REMPI) methods34,35, which have been applied to detect atoms and radicals such as 

hydrogen atoms34, hydroxyl radicals36,37, and carbon atoms35 on low-temperature solid surfaces. 

The wavelength of the PSD laser was 532 nm. The photodesorption yields of HS correlated 

linearly with the PSD laser power, indicating that the photodesorption of HS from an H2S solid 

surface was caused by one-photon chemical processes, as previously reported for OH36. The 

details of photodesorption mechanism of H2S are unclear. Although an isolated HS radical does 

not absorb photons at 532 nm, the interaction between HS and surrounding H2S molecules may 
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induce red-shift of the electronic excitation band leading to desorption of HS radical like the case 

of OH photodesorption from ice36.  

 

Figure 1. (a) The 2+1 resonance-enhanced multiphoton ionization (REMPI) spectrum of 

photodesorbed HS radicals. The wavelength of the REMPI laser was set at 255.67 nm for the S1 

(3/2) branch of a transition, [a1Δ] 3dπ 2Φ (v′ = 0) ← X 2Π (v″ = 0), as indicated by an arrow. (b) 

The simulation result using the PGOPHER program. The individual line assignments are given 

by the combs above the spectrum. 
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Figure 1 shows the 2+1 REMPI spectrum of HS radicals photodesorbed by the PSD laser from 

the H2S solid surface during 193 nm irradiation. The REMPI laser wavelength was set at 255.67 

nm for the S1 (3/2) branch of transition [a1Δ] 3dπ 2Φ (v′ = 0) ← X 2Π (v″ = 0). The experimental 

results agreed with the spectral simulation generated using the PGOPHER program38, confirming 

the detection of HS radicals photodeosorbed from the H2S solid surface. The rotational 

temperature of desorbed HS was estimated to be 250 K by adapting the rotational constants for 

HS radicals reported by Milan et al.39. The calculated rotational temperature was close that for 

OH radicals (200 K) photodesorbed from ice by a 532 nm photon13,36. 

At low temperatures of ∼10 K, the solid surfaces became negatively charged during electron 

exposure40,41, causing the incident electrons to decelerate, which prevented H2S and NH3 

molecule fragmentation by electrons after the solid surface was charged. As shown in Figures 

2(a) and 3, the transmission of negative charges in pure solids of H2S and NH3 was confirmed 

upon co-exposure to 193 nm UV photons and electrons. These behaviors were similar to those 

observed for ice12,13. Given that the electron affinities of HS and NH2 were 2.3 and 0.77 eV, 

respectively30, electrons would efficiently attach to radicals to form anions (i.e., HS− and NH2
−) 

on the solid surface. The incident electron currents were controlled below 30 nA cm−2 and 

measured on the nickel substrate before sample gas deposition.  

We estimated the production rate of radicals for H2S and NH3 solids. Under UV exposure, the 

photodissociation cross section of H2S and NH3 molecules was ∼10−17 cm2 at 193 nm29. By 

applying this value, the maximum production rate of the HS or NH2 radical was estimated to be 

on the order of 1013 cm−2 s−1, from the photon flux (fuv) of ∼1015 cm−2 s−1 and the surface number 

density of molecules to be ∼1015 cm−2. The incident electron currents less than 30 nA cm-2 

correspond to the electron fluxes less than approximately 1011 cm-2 s-1, which are well below the 
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radical production rate. Therefore,  the transmitted currents would have been limited by the 

incident electron densities supplied to the solid surface, assuming that electron attachment to 

radicals occurred readily. 

 

 

Figure 2. (a) Temporal variation in the negative current density, I, during the sequential 193 nm 

ultraviolet (UV) irradiation of H2S solids at 10 K with continuous electron gun operation (upper 

panel). Temporal variation in the HS density, [HS], as monitored by the photostimulated 

desorption and REMPI (PSD-REMPI) method during the sequential electron exposure of H2S 

solids at 10 K upon continuous 193 nm UV irradiation (lower panel). (b) Correlation between the 

HS radical consumption (Δ[HS]) and increase in the constant negative currents (ΔI) in the H2S 

solid. The measurement was conducted by increasing the incident electron flux from a lower to 
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higher incident flux (black squares). By using another H2S fresh sample, additional data were 

collected by decreasing the flux from higher to lower (red circles). The dotted line indicates a 

linear fitting for each data point considering the error bars. (c) Time-of-flight distribution of the 

desorbed HS radicals for the distance from the solid surface to the focal point of the probe laser 

with (e− ON) and without (e− OFF) electron exposure. Dotted lines refer to the fitting results 

obtained using the Maxwell–Boltzmann distribution at a translational energy of ∼2100 K.  

In the Figure 2(a) upper panel, we observe a temporal variation of negative currents in H2S solids 

at 10 K upon electron and 193 nm UV exposure. The incident electron flux was ∼3 nA cm−2. 

The sharp transient current peak appears at the electron irradiation onset, and the current 

immediately decreases due to the solid surface charging. Although the transient current origin is 

not fully understood, HS radicals formed by electron impact on H2S solids possibly play a role, 

as previously reported for ice13. That is, because electrons with 30 eV kinetic energy could 

dissociate H2S molecules42,43, HS radicals could be formed at the electron exposure onset and 

subsequently capture electrons to become HS− anions as a PHT trigger. After the transient 

current decreased, a small current was still observed, which is possibly due to different 

mechanisms such as electron leakage through the surface of pores and cracks and/or grain 

boundaries or transmission of solvated electrons. Upon 193 nm UV irradiation of the H2S solid, 

an additional steady negative current of ∼2 nA cm−2 appeared immediately and persisted until 

UV irradiation ceased.  

In the Figure 2(a) lower panel, we observe a temporal variation in the surface density of HS 

radicals detected by PSD-REMPI upon 193 nm UV irradiation. An HS density decrease was 

observed upon electron exposure. The negative currents increased and the surface HS density 

decreased simultaneously upon co-exposure of the H2S solid to 193 nm UV radiation and 
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electrons, indicating that HS− formation led to negative current generation through the PHT 

mechanism. That is, HS− on the surface reformed H2S via reaction HS− + H2S → H2S + HS−. 

Furthermore, this process continued until the negative charge (HS−) reached the metal substrate. 

The REMPI laser shots were timed at ∼0.7 μs after the PSD laser shots, aligning with the peak of 

the time-of-flight distribution for HS radicals from the solid surface to probe laser, as shown in 

Figure 2(c). The time-of-flight distribution for the HS radicals photodesorbed from H2S solids 

was reproduced well by the Maxwell–Boltzmann distribution44, with ∼2100 K translational 

energy. This energy is comparable to that for photodesorbed OH from ice in the previous 

experiments36, suggesting the HS photodesorption mechanism similar to the OH case, that is, 

photoabsorption of OH-(H2O)n complex and subsequent desorption. Figure 2(a) and (c) 

confirmed that the HS intensity decreased upon electron exposure.  

∆I was defined as the increase in the negative current, and ∆[HS] was defined as the decrease in 

HS density, that is, ([HS]OFF −[HS]ON)/[HS]OFF, where [HS]ON and [HS]OFF represented the 

detected HS intensities under simultaneous electron and UV exposure and only UV exposure, 

respectively. A correlation between these parameters is plotted in Figure 2(b). ∆[HS] linearly 

increased with ∆I, as previously observed in H2O ice13, suggesting that negative current 

transmission was directly promoted by HS radical consumption. The measurement was initiated 

by gradually increasing the incident electron flux. By using another fresh sample, additional 

measurement was conducted by decreasing the electron flux in the same incident electron flux 

range. Because no hysteresis by electron and 193 nm UV exposure could be seen in Figure 2(b), 

the correlation was independent of the dose of incident electrons and 193 nm UV photons. The 

fitted line had a small ∆[HS] intercept of ∼0.1, which indicated that ∼10% of the detected HS 

radicals could be consumed by electrons on the solid surface without generating a negative 
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current. Moreover, some HS radicals may have desorbed as anions (HS−) following electron 

capture, driven by an exothermicity of 2.3 eV, while experiencing Colomb forces from the 

negatively charged solid surface. A similar concept is chemical desorption, as explained for the 

recombination between H and HS45. However, most HS radicals, ∼90%, may potentially 

contribute to negative current generation through PHT by forming HS− in H2S solids. 

 

Figure 3.  Temporal variation in the negative current during the sequential 193 nm UV irradiation 

of NH3 solids at 10 K with continuous electron gun operation. Similar to that for pure H2S solids, 

∆I of ∼2 nA cm−2 was observed by the co-exposure of UV and electrons. NH2 radicals 

photodissociated by UV on the NH3 solid surface were not detected by the PSD-REMPI method. 

The behavior of negative currents in a pure NH3 solid at 10 K is shown in Figure 3. Similar to 

that observed for pure H2S solids, ∆I of ∼2 nA cm−2 was detected upon co-exposure of UV and 

electrons at 3 nA cm−2 incident current. In this case, NH2 radicals formed by UV photolysis 

likely reacted with electrons to form NH2
− on the NH3 solid surface, which contributed to the 

negative currents. Although we measured PSD-REMPI spectra of NH2 photodesorbed from the 



 12 

NH3 solid at 416–417 and 433–434 nm46, no significant increase in NH2 signal intensities was 

confirmed after the UV photolysis of the solids. We attributed this observation to the fact that the 

NH2 REMPI signals can significantly originate from the REMPI process of gaseous NH3. In fact, 

we found that NH3 was also photodesorbed from the NH3 solid surface by the PSD laser. The 

photodesorbed NH3 can be dissociated into NH2 + H by multiphoton process induced by the 

REMPI laser radiation at 416–417 and 433–434 nm46, and NH2 radicals thus generated can be 

further ionized. We deduce that this process obscured the REMPI intensity variation of NH2 

originating solely from surface NH2. Thus, we could not establish a correlation between the 

negative current and variation of surface NH2. Nevertheless, because NH2 was the primary 

product of the 193 nm photolysis of NH3 with a quantum yield close to unity47, NH2 was the 

most likely candidate for triggering PHT, rather than other radicals such as NH. 

The temperature dependence of ∆I for H2S and NH3 solids was further investigated at 10–50 K to 

examine the reaction barrier of PHT for both solids. However, no significant dependence was 

observed in this temperature range. The same behavior was confirmed for the negative currents 

transmitted through ice during UV and electron co-exposure at < 50 K, suggesting a barrierless 

PHT reaction in ice12. While a temperature dependence of proton transfer in ice has previously 

been reported7,48, our findings suggest an apparent barrierless mechanism for the PHT induced 

negative charge transport through the H2S, NH3, and H2O solids. It should be noted that H2S solid 

was reported to convert from amorphous to crystallin phase at temperatures around 40 – 50 K49 

whereas NH3 solid is known to be in amorphous phase below 50 K50. The possible phase 

transformation of H2S would not affect PHT as demonstrated for water ice13. For water ice, 

computational study also suggested that OH− transmission mechanisms through amorphous and 

crystalline ice are similar. However, to get further insights, more quantitative investigations on the 
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effect of the ice structure are desirable13. For example, previous quantum chemical calculations 

searched only the barrierless or low barrier trajectories in ice which enable negative current flow12. 

We do not claim that all pathways in ice are barrierless. As demonstrated in our previous paper13, 

the negative current flow through ice decreases with the ice thickness. We interpreted this 

observation as a part of OH− is trapped within ice due to the presence of sizable barriers. 

 

Figure 4. Temporal variation in the negative current during the sequential 193 nm UV irradiation 

of (a) ice and (b) H2S/H2O and (c) NH3/H2O bilayer solids at 10 K with continuous electron gun 

operation. A schematic diagram for each case is illustrated by (i), (ii), and (iii) in (d).  

To investigate the effect of exothermicity on PHT at the heterogenous interface, negative 

currents were measured for H2S/H2O and NH3/H2O solids at 10 K. As mentioned earlier, for 
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H2S/H2O and NH3/H2O bilayer solids, the negative charge delivery behavior depends on the 

exothermicity of PHT at the interface between ice and the upper layer of molecules. During the 

measurement, the incident electron currents were controlled at ∼30 nA cm−2, and comparable ΔI 

was expected to be transmitted through the bilayer solids.  

We first confirmed that 193 nm UV irradiation ineffectively induced PHT in ice. The temporal 

variation of negative currents measured for ice exposed to 193 nm UV photons and electrons at 

10 K are shown in Figure 4(a). A sharp transient peak was observed for ice during electron 

exposure, and the negative currents did not significantly increase, even after 193 nm UV 

irradiation. Because the photoabsorption cross section of ice was negligible (<10−20 cm2) at 193 

nm51, OH radicals were inefficiently produced by photolysis. Nevertheless, the photoabsorption 

of surface H2O close to the dimer structure (H2O)2 could have still occurred52, which may have 

contributed to OH formation on ice surface. Thus, a small current increase was observed upon 

193 nm UV irradiation. 

 In the layered H2S/H2O solid, nearly no negative currents were observed during 193 nm UV 

irradiation, as shown in Figure 4(b). First, H2S deposition on ice may have obscured the water 

dimer structure, hindering surface H2O photodissociation. Therefore, negative currents would 

require reaction HS− + H2O → H2S + OH−. However, this reaction is endothermic because the 

proton affinity of HS− (15.0 eV) is lower than that of OH− (17.0 eV); thus, HS− is less likely to 

cause proton abstraction from H2O30.  

In contrast, with the deposition of NH3 layers on ice, the negative currents significantly 

increased, as shown in Figure 4(c). The process is explained by the following exothermic 

reaction: NH2
− + H2O → NH3 + OH−. Because NH2

− has a proton affinity of 17.5 eV, which is 
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higher than that of OH− (17.0 eV)30, proton abstraction by NH2
− from H2O should occur at the 

NH3/H2O solid interface.  

Previous quantum chemical calculations revealed that the total energy of ice decreased as OH− 

moved from the surface toward the nickel substrate12,13. This finding aligned with our 

experimental observation of negative currents in ice, even at 10 K. Although the detailed 

mechanisms of PHT in the H2S and NH3 solid have not been rationalized by calculations, the 

difference in the negative current behaviors between NH3/H2O and H2S/H2O solids can be 

explained in terms of the proton affinities of HS−, NH2
− and OH− 30; that is, exothermic and 

endothermic proton abstraction reactions at the bilayer interfaces, as described above.  

 

Figure 5. (a) Negative currents upon the sequential exposure of NH3/H2O bilayer solids to 

electrons and 193 nm UV photons. The 193 nm UV irradiation durations were 0.5, 1, 5, and 10 

min. (b) Enlarged view for 10 min UV irradiation in the dashed square in Figure 4(a). A five-point 

moving average was used to obtain the smoothed line of the data plots. 
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An additional experiment was conducted to elucidate the relationship between the abundance of 

surface NH2 and negative current generated through the NH3/H2O bilayer solid. The 

experimental procedure consists of three steps. First, the electron gun was operated for 20 min to 

supply electrons to the NH3/H2O surface. Next, after a specified UV irradiation duration, the 

solid was exposed to electrons for ∼1 min. Then, this process was repeated four times with UV 

irradiation durations of 0.5, 1, 5, and 10 min. The corresponding UV fluence was varied from 3 

×1016 to 6 ×1017 photons cm−2. Negative currents with different NH2 abundances on the surface 

were monitored by controlling the 193 nm UV irradiation duration. A similar experiment was 

conducted for ice at 10 K12, suggesting that surface OH accumulation led to the larger peak 

current upon electron irradiation.  

Figure 5(a) shows the temporal variation of negative currents through the NH3/H2O solid during 

the sequential exposure to electrons and UV. The first appearance of a negative current before 

initializing UV exposure corresponded to the bias current (~1 nA cm−2) without UV exposure in 

Figure 4(c). This current was not caused by the PHT mechanism. The peak current at the onset of 

electron impinging increased with the UV irradiation duration preceding it. The identical 

experiment was also conducted for a H2S/H2O solid, but the negative current by PHT could not 

be induced and the peak current at the electron impinging remained very low (≤ 2.5 nA cm−2) 

irrespective of the UV irradiation duration. The contrasting results indicated that the current 

enhancement for the NH3/H2O solid was caused by PHT through surface NH2 accumulation by 

UV irradiation. Over a UV exposure time of 5 min (fluence: 3 ×1017 photons cm−2) in Figure 

5(a), the peak current upon electron irradiation was nearly saturated, which suggested that NH2 

accumulation became saturated over a fluence on the order of 1017 photons cm−2. A previous 

infrared spectroscopy study31 also reported that the number density of NH2 in UV-irradiated NH3 
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solids was steady over a fluence on the order of 1017 photons cm−2. In addition, Figure 5(b) 

shows an enlarged view of the negative currents during 10 min UV irradiation in Figure 5(a). 

The flow of a weak current (∼0.15 nA cm−2) is clearly visible during UV irradiation, even 

without the supply of electrons. Such negative currents during UV irradiation were not observed 

for H2S/H2O solids. These results confirm that the electrons accumulated in solids attached to 

NH2 generated by UV irradiation preceding the sequence of electron injections, resulting in the 

weak current due to PHT. In our previous study with ice, UV irradiation in the Lyman-α region 

caused photoelectron emission from the nickel substrate, leading to low positive currents12. This 

study applied 193 nm UV irradiation with a photon energy of 6.4 eV. Although the work 

function of nickel (and nickel oxide) substrate is approximately 5.2-5.6 eV53, efficient 

photoemission is known to require additional energies of 1 eV and more54, 55. That is, the present 

photon energy was not high enough for efficient photoemission. In fact, photocurrent was not 

observed when the bare nickel substrate without ice was exposed to photons at 193 nm.  

In summary, we investigated the PHT mechanism in hydrogen-bonded solids of H2S and NH3, as 

well as in bilayer solids of H2S/H2O and NH3/H2O, at 10 K. The negative current behavior 

observed through H2S or NH3 solids upon simultaneous exposure to 193 nm photons and 

electrons indicated the occurrence of PHT in solids. The variation in HS densities was explained 

by a scenario where surface HS radicals were produced by UV photolysis and subsequently 

captured electrons on the H2S solid surface. The PHT mechanism was possibly triggered by HS− 

and NH2
− species generated through photolysis and electron capture. The incident electron 

currents supplied to the surface determined the current caused by PHT (i.e., ΔI) through H2S 

solids. To further explore the PHT mechanism in solids, we conducted experiments using bilayer 

solids. An increase in the negative current was observed exclusively for the NH3/H2O solid. 
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Because reaction NH2
− + H2O → NH3 + OH− is exothermic, proton abstraction by NH2

− from 

lower H2O molecules could occur at the bilayer interface. Then, a sequence of PHT by OH− in 

ice reached the metal substrate and was detected as the negative current. Our findings suggested 

that PHT could be a universal electrochemical property of hydrogen-bonded solids at very low 

temperatures. Other solids should be examined in future to further clarify PHT mechanisms and 

investigate the relationship between PHT efficiency and hydrogen bond strength.  
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