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C H E M I C A L  P H Y S I C S

Ultrafast charge transfer coupled to quantum proton 
motion at molecule/metal oxide interface
Weibin Chu1,2,3, Shijing Tan1, Qijing Zheng1, Wei Fang4,5,6, Yexin Feng7, Oleg V. Prezhdo2, 
Bing Wang1, Xin-Zheng Li8,9*, Jin Zhao1,10*

Understanding how the nuclear quantum effects (NQEs) in the hydrogen bond (H-bond) network influence the 
photoexcited charge transfer at semiconductor/molecule interface is a challenging problem. By combining two 
kinds of emerging molecular dynamics methods at the ab initio level, the path integral–based molecular dynamics 
and time-dependent nonadiabatic molecular dynamics, and choosing CH3OH/TiO2 as a prototypical system to 
study, we find that the quantum proton motion in the H-bond network is strongly coupled with the ultrafast photo-
excited charge dynamics at the interface. The hole trapping ability of the adsorbed methanol molecule is notably 
enhanced by the NQEs, and thus, it behaves as a hole scavenger on titanium dioxide. The critical role of the H-bond 
network is confirmed by in situ scanning tunneling microscope measurements with ultraviolet light illumination. 
It is concluded the quantum proton motion in the H-bond network plays a critical role in influencing the energy 
conversion efficiency based on photoexcitation.

INTRODUCTION
The semiconductor/molecule interface is one of the most important 
prototypical systems for different photo-energy conversion applica-
tions, including photocatalysis and photovoltaics. The photoexcitation-
induced charge transfer dynamics at the interface plays a central 
role in a variety of energy transduction processes. In photocatalysis, 
an electron-hole pair is generated in the semiconductor upon photo-
excitation. After that, the photocatalytic reaction is driven by inter-
facial charge transfer between the semiconductor substrate and the 
molecular media, in competition with other carrier processes, such 
as hot carrier relaxation, diffusion, trapping by defects, and electron-
hole recombination (1). In photovoltaics, the molecular solar effi-
ciency is also governed by charge transfer dynamics between the 
semiconductor and the molecule (1). Therefore, understanding the 
interfacial charge transfer dynamics at the semiconductor/molecule 
interface is essential for the sustainable development of clean energy.

At many semiconductor/molecule interfaces, the hydrogen bond 
(H-bond) network is naturally formed. It is well known that the 
H-bond network in aqueous systems plays a crucial role in the collec-
tive dynamics of charge and proton transfer (2–7). At semiconductor/
molecule interfaces, the case becomes more complicated. The struc-
ture of the H-bond network is influenced by the solid surface (8, 9). 

The existence of inhomogeneous adsorption sites, such as metal 
cations, oxygen anions, and defects, makes the nature of the molecule-
semiconductor interaction a problem of great complexity (10–12). 
The interfacial charge transfer is often coupled with motions of 
H nuclei (protons) (1, 9). Because of the light mass of H, the nuclear 
quantum effects (NQEs) can play an important role in H-bonded 
systems, such as water and interfacial water (13–15) and molecular 
crystals (16), affecting the structure and strength of H-bonds (17, 18). 
Moreover, the dynamics of the H-bond network is also notably 
affected by NQEs, which mainly arise from quantum tunneling and 
zero-point motion of protons (2). The photoexcited charge transfer 
dynamics at the semiconductor/molecule interface involves coherent 
motions of charges and protons, in which the H-bond network and 
the NQEs come into play collectively. Studying the coherent photo-
excited charge and quantum proton dynamics raises severe chal-
lenges due to the complexity, and the impact of quantum proton 
motion in the H-bond network on the photoexcited charge transfer 
dynamics at the semiconductor/molecule interface is still unknown.

The development of mixed classical-quantum ab initio nonadia-
batic molecular dynamics (NAMD) makes it possible to investigate 
the photoexcited charge transfer at the solid/molecule interface, in 
which the electrons are treated quantum mechanically, yet the 
nuclei are classical point-like particles (19–22). Methods stemming 
from Feynman’s path integral representation of quantum mechan-
ics made the simulation of NQEs in large condensed phase systems 
feasible. The Feynman representation provides an alternative to the 
wave function representation of Schrödinger. It involves summation 
over classical-like paths, creating a classical mechanical analogy for 
quantum mechanics. A number of reviews have provided detailed 
accounts of the path integral theory, the derived methods, and a 
variety of applications (2, 23). By incorporating quantum mechanics 
into molecular dynamics simulations using Feynman’s path integral, 
one can treat the nuclei quantum mechanically by mapping each 
quantum nucleus onto a classical ring polymer of N replicas of the 
classical nuclei, with adjacent replicas connected by harmonic po-
tentials (23). Ab initio path integral molecular dynamics (PIMD) is 
one example, which is well defined for the simulation of statistical 
properties. When kinetic properties are of interest, there are also 
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several other practical schemes, such as centroid molecular dynamics 
(24) and ring polymer molecular dynamics (RPMD) (25), applica-
ble to large condensed matter systems. Using a combination of such 
path integral–based methods and NAMD, one can investigate how 
the quantum proton motion in the H-bond network affects the 
photoexcited charge transfer dynamics at the semiconductor/
molecule interface at the ab initio level.

In this work, we use such a scheme to study how the NQEs and 
the H-bond network affect the photoexcited charge transfer at the 
CH3OH/TiO2 interface. The interface is chosen as a prototypical 
system for the following reasons. TiO2 has important applications 
in photocatalysis and photovoltaics. CH3OH is known as a hole 
scavenger on the TiO2 surface, since it can trap photogenerated holes 
and prevent electron-hole recombination (11, 26–28). Furthermore, 
CH3OH can form a H-bond network on the TiO2 surface, where 
H-bonds can be formed both between the adjacent molecules and at 
the molecule-solid interface. Previous experiments suggested that 
the H-bond formation may affect the photochemical reactivity (29). 
Last, the energy barrier of proton transfer in the H-bond network is 
comparable to the zero-point energy of the OH stretching mode, 
and therefore, the NQEs, including proton tunneling and delocal-
ization, can play a critical role. All these reasons make the CH3OH/
TiO2 interface an excellent prototypical system to investigate. We 
find that without the H-bond network formation, molecularly ad-
sorbed CH3OH on TiO2 is not able to trap the photoexcited hole. 
However, if a H-bond network is formed, then NQEs will induce 
the proton delocalization between the adjacent CH3OH molecules 
and assist the concerted deprotonation of CH3OH to form CH3O. As 
a result, the photoexcited hole can be trapped by CH3O within sev-
eral hundreds of femtoseconds. The critical role of the H-bond net-
work is confirmed by in situ scanning tunneling microscope (STM) 
measurements with ultraviolet (UV) light illumination. Our results 

prove that the photoexcited carrier dynamics at the solid/molecule 
interface can be significantly coherent with the H-bond formation 
and NQEs.

RESULTS
Models of CH3OH adsorption on rutile TiO2(110)
A 3 × 1 surface cell is used to simulate the interface, as shown in 
Fig. 1 (A to D). We have investigated the molecular and dissociated 
mono-adsorption [labeled as MM and DM in Fig. 1 (A and B)] and 
molecular double adsorption, for which two CH3OH molecules 
adsorb adjacently in one surface cell. For the MM structure, the 
H atom in CH3OH can form a H-bond with a bridging oxygen (Ob) 
on the rutile TiO2(110) surface. Through the deprotonation, the DM 
structure is formed, and in this case, H from CH3OH forms a covalent 
bond with Ob. For molecular double adsorption, a H-bond can be 
formed between the two adjacent molecules, resulting in a CH3OH 
dimer. Therefore, the intermolecular H-bond in the dimer and 
interfacial H-bond between CH3OH and Ob constitute a H-bond 
network. We label the molecular double adsorption with and without 
H-bond network formation as MD_H and MD_nH, respectively, as 
shown in Fig. 1 (C and D). There are two interfacial H-bonds 
between CH3OH and TiO2 in MD_nH, while there is one interfacial 
H-bond and one intermolecular H-bond in the MD_H structure. As 
discussed in our previous study, the photoexcited hot hole in TiO2 
has a probability to be trapped by the highest occupied molecular 
orbital (HOMO) of CH3OH if its energy is above or at least close 
enough to the valence band maximum (VBM) of TiO2 (30). The 
HOMO positions based on the density functional theory (DFT) cal-
culation of these four different structures and their abilities to trap 
the photoexcited hole are schematically shown in Fig. 1E. Such 
energy level alignments imply that only the DM structure has the 

Fig. 1. Geometries and electronic structures of the CH3OH/TiO2 surface. (A to D) Side view, top view, and corresponding projected density of states (PDOS) for (A) 
mono molecular CH3OH (MM), (B) mono deprotonated CH3OH (DM), (C) double molecular CH3OH without H-bond between molecules (MD_nH), and (D) double molecular 
CH3OH with a H-bond between molecules (MD_H). (E) Schematics of the photoexcitation and hole trapping processes in CH3OH/TiO2. A photoexcited hot hole can be 
trapped by the molecule and participate in the subsequent chemical reaction. Under the classical picture, only dissociated CH3OH, i.e., methoxy, has the ability to trap the 
hot hole due to the appropriate energy level alignment. CB, Conduction band; VB, Valence band.
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ability to trap the hole under the classical proton picture. The HOMO 
of MM has the lowest energy. The double adsorption MD_H and 
MD_nH promote the HOMO upward in energy by around 0.5 eV. Still, 
their HOMOs are far below the VBM of TiO2, which makes the hole 
trapping unfavorable. However, the H-bond network formation at 
the CH3OH/TiO2 interface makes the proton transfer possible. The 
MM and DM structures can convert to each other by proton transfer 
at the interface. Similarly, the MD_nH structure can also dissociate 
by transferring the proton in CH3OH to Ob on TiO2. Such proton 
transfer can tune the hole trapping ability as we discuss later.

NQEs induced proton quantum motion
To investigate the proton transfer process, we define a reaction 
coordinate of proton transfer as  = ROaH − ROdH. Here, RXY is the 
distance between sites X and Y, where Oa, Od, and H denote the 
acceptor, the donor, and the proton in the initially proton-ordered 
geometry. Before the proton transfer occurring, OdH is a covalent 
OH bond and OaH is a H-bond that is longer than the covalent OdH 
bond. Upon the proton transfer from Od to Oa,  changes from pos-
itive to negative. Before considering these systems at the quantum 
level, it is instructive to consider the probability of proton transfer 
from the classical perspective. In Fig. 2, we plot the probability dis-
tributions of  for the MM, MD_nH, and MD_H systems at 100 K 
simulated by classical ab initio molecular dynamics (AIMD). For all 
the structures,  remains positive. For the molecular adsorption 
structures (MM, MD_nH, and MD_H),  peaks around 0.5 to 0.7 Å, 
indicating that proton transfer does not occur during the simulation.

Now, we consider how the NQEs affect the H-bond network and 
proton transfer at the statistical level. This is done by comparing the 
probability distributions of  obtained from the AIMD and PIMD 
simulations. The NQEs broaden the peak of  and reduce the peak 
position to around 0.5 Å for MM and MD_nH, suggesting that the 
proton becomes more delocalized between Ob and OM. However, 
there are only transient proton excursions (31), and no stable proton 
transfer is observed for these two structures. It is noteworthy that 
the NQEs influence the proton transfer in the MD_H system signifi-
cantly, as shown in Fig. 2 (C and D). The proton transfer coordinate 
 for the intermolecular proton forms a broad distribution ranging 
from −1.0 to 1.2 Å, indicating that the proton becomes distinctly 
delocalized between the two oxygens (OM1 and OM2). Meanwhile, 
the  peak for the interfacial proton between Ob and OM1 changes 
from 0.58 to −0.73 Å, demonstrating an interfacial proton transfer 
process. We have verified the results with different supercell sizes 
and hybrid functional PBE0. More details can be found in the 
Supplementary Materials. Note that quantum fluctuations in H or 
H-bonded systems generally lead to the broadening of the position 
of the proton/H, which is known as the quantum delocalization effect. 
In the harmonic limit, quantum fluctuations can be effectively re-
produced by thermal fluctuation at a higher temperature. However, 
for vibrational modes with different frequencies, the quantum 
fluctuations correspond to thermal fluctuation at different tem-
peratures (32), which is different from performing a classical simu-
lation at a higher temperature.

H-bond network makes CH3OH a hole scavenger
The simulations demonstrate that the NQEs affect the energy level 
alignment at the CH3OH/TiO2 interface. To capture the influence 
of the NQEs on real-time dynamics, a practical version of the RPMD 
method named thermostated ring-polymer molecular dynamics is 
used (33, 34). Figure 3 shows the time evolution of Kohn-Sham (KS) 
state energies in the AIMD simulation and the averaged KS energies 
over different beads in the RPMD simulation. The colors of the 
KS states show the orbital contribution by CH3OH. In general, the 
NQEs lift the HOMO of CH3OH. However, for MM and MD_nH, 
the HOMO is still below the VBM. For the MD_H structure, in 
which the proton delocalization and transfer have been observed, 
the HOMOs of two CH3OH are lifted above the VBM, suggesting a 
strong ability of hole trapping.

To confirm that the NQEs induce hole trapping, we have per-
formed ab initio NAMD simulation based on these RPMD trajecto-
ries as shown in Fig. 4. We label these simulations as RP-NAMD. The 
hole is initially excited to −1.5 eV below the VBM. The NAMD sim-
ulations based on classical AIMD trajectory predict that there is a 
temporary hole trapping of 10 to 15% for MM, MD_nH, and MD_H 
systems within the first 200 fs. However, afterward, the reverse hole 
transfer from the molecules to the TiO2 (110) surface occurs. After 
reaching equilibrium, the hole trapping ability for all three systems 
is less than 0.1%, which is in good agreement with our previous in-
vestigations (30). The temporary hole trapping in the first 200 fs can 
be understood from the CH3OH HOMO energy position shown in 
Fig. 3. In classical AIMD simulations, the HOMO of CH3OH lies at 
[−1.5, −0.5] eV below the VBM of TiO2. In our simulation, the hole 
is initially photoexcited to −1.5 eV below the VBM. Therefore, the 
temporary hole trapping can be observed in the first 200 fs. By 
quantum RPMD, the HOMO of CH3OH is lifted toward the VBM 
for all three systems. The NQEs enhance slightly the hole trapping 

Fig. 2. Probability distributions of the reaction coordinate in classical AIMD 
and quantum PIMD. (A and B) Interfacial proton transfer of (A) mono molecular 
CH3OH and (B) double molecular CH3OH without the H-bond network. (C and 
D) The (C) intermolecular and (D) interfacial proton transfer of double molecular 
CH3OH with the H-bond network. The reaction coordinate is defined as  = ROaH − 
ROdH. RXY is the distance between sites X and Y, where Oa, Od, and H denote the 
acceptor, the donor, and the proton in the initially proton-ordered geometry. In 
general, the proton transfer occurs when  < 0. The dashed lines represent results 
from classical AIMD simulation, while the solid lines represent results from quantum 
PIMD simulation. The positions of  of the 0 K optimized geometries are indicated 
with the vertical dashed lines.
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Fig. 3. Evolution of CH3OH molecular orbitals in classical AIMD and quantum RPMD simulations. (A and B) The 500-fs evolution of KS energy levels of TiO2 and 
CH3OH in the systems with mono molecular CH3OH, double molecular CH3OH without the H-bond network, and double molecular CH3OH with the H-bond network in 
classical AIMD simulation (A) and quantum RPMD simulation (B). The results are averaged over 32 beads in the RPMD simulation. The energy reference is set at the VBM 
at t = 0 fs. The color bar represents the contribution of CH3OH to each KS state.

Fig. 4. Hot hole trapping and energy relaxation processes calculated with the classical AIMD and the quantum RP-NAMD. (A and B) Hot hole trapping by CH3OH 
in the system (A) without the H-bond network and (B) with the H-bond network. The dynamics at the last 25 fs are shown in the inset of (A). (C and D) Hot hole energy 
relaxation in the system (C) without the H-bond network and (D) with the H-bond network. (E) Snapshots of the real-time hole density distribution in a representative 
trajectory of the H-bond network system. The results from the classical NAMD and the quantum RP-NAMD are indicated with dashed and solid lines, respectively.
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probability in the MM and MD_nH structures. The HOMO of CH3OH 
can trap 1 and 3% of photogenerated holes (Fig. 4A), respectively. 
In the MD_H structure, the CH3OH HOMO can trap as much as 
60% of the photoexcited holes (Fig. 4B), which is comparable with 
the dissociated CH3OH (30).

We have also checked how the NQEs affect the hot hole relax-
ation. For all three systems, the hot hole is initially photoexcited 
at −1.5 eV below the VBM [Eh (t) = −1.5 eV, t = 0 fs]. Within 500 fs, 
the hot hole relaxes toward the VBM. The NQEs on the hot hole 
relaxation in the MM system are minor. For MD_nH and MD_H, NQEs 
have the opposite influence on the hot hole relaxation. For MD_nH, 
NQEs suppress the hot hole relaxation when Eh reaches around −0.4 eV 
(Fig. 4C). On the contrary, NQEs accelerate the hole relaxation in 
MD_H when Eh is close to the VBM (Fig. 4D). Such results can be 
understood from the molecular energy level localization (Fig. 3). In 
the AIMD simulation, the VBM and several states below it are all 
contributed by TiO2 (as shown in Fig. 3A). Therefore, the hot hole 
relaxation in this energy range is within TiO2. In this case, MD_H 
and MD_nH do not show a significant difference. The quantum 
RPMD simulation changes the molecular orbital energy distribution. 
As shown in Fig. 3B, for MD_nH, the VBM is mostly contributed by 
TiO2, while the VBM-1 to VBM-4 states are hybridized states con-
tributed by the molecules and TiO2. Therefore, in this energy region, 
the hot hole relaxation corresponds to the charge transfer dynamics 
at the CH3OH/TiO2 interface. By contrast, in the MD_H system, the 
VBM to VBM-4 are all contributed by the molecules. Thus, in this 
system, the hot hole relaxation in this energy region corresponds to 
the intramolecular charge relaxation, which is faster than the inter-
facial charge transfer, since the orbital overlap is larger.

Note that the length of the trajectory used in this work is 500 fs. 
From Fig. 4, one can see that the hole trapping process and hot hole 

relaxation converge at 500 fs. Therefore, we propose that the current 
trajectory is able to capture the major physics. Longer trajectories 
can provide better sampling. It will be possible to investigate longer 
trajectories in the future by combining PIMD with machine learning 
techniques. In addition, note that in this work, we do not encounter 
the inverted Marcus region or a large energy bandgap, for which the 
standard fewest switches surface hopping needs additional correc-
tions (35, 36). Therefore, we use the standard method.

Collective quantum motion–coupled charge transfer
It is noted that the NQEs are not distinct for MM and MD_nH, but 
for MD_H, they play a crucial role in enhancing the hole trapping, 
implying the critical role of the H-bond network formation at the 
CH3OH/TiO2 interface. To understand more clearly how the H-bond 
network correlates with the NQEs, in Fig. 5A, we analyze the statis-
tical structural properties in the PIMD simulation. The interfacial 
and intermolecular  values at each simulation step in the MD_H 
structure are plotted. Note that the PIGLET thermostat is used in 
the PIMD simulations. The step number presented in Fig. 5 does 
not reflect the exact timescale. However, the simulation shows that 
the intermolecular and interfacial  values are strongly correlated 
and evolve synchronously. Before equilibrium, these two processes 
happen concertedly. Namely, the proton transfer from one CH3OH 
(labeled as M2 in Fig. 5B) to Ob is accompanied by the proton transfer 
from the other CH3OH (labeled as M1 in Fig. 5B) to M2. After the 
initial proton transfer, the intermolecule  oscillates between −0.6 and 
0.7 Å, corresponding to the proton moving back and forth between 
the two CH3OH molecules. The interfacial  remains negative, indi-
cating that the proton is always closer to Ob after the initial proton 
transfer. However, it oscillates coherently with the intermolecule , 
implying the collective quantum motion of the two protons. 

Fig. 5. Collective quantum motion and coupled hole transfer. (A) Evolution of the centroid of the reaction coordinate in the first 4-ps PIMD simulation. The centroid 
of the reaction coordinate is calculated by the average of  = ROaH − ROdH over all the beads. (B) Schematic of the collective quantum motion shown in (A). The inter-
molecular and interfacial proton transfers occur within the equilibration collectively. (C) Quantum motion–coupled hole transfer between two molecules. The snapshots 
along the trajectory of a single bead in the RPMD simulation are used for the statistic. Both dot size and the color bar represent the hole trapping ability, which is charac-
terized by the orbital projection of the frontier orbital on CH3OH. The larger contribution to the frontier orbital corresponds to a stronger hole trapping ability. (D) Frontier 
hole orbital distribution in the H-bond network system of three representative geometries with  > 0,  ≈ 0, and  < 0.
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Therefore, we conclude that the intermolecular and interfacial 
quantum motions are concerted. The situation is different from the 
conventional stepwise proton transfer.

Such collective quantum motion of the protons is strongly cou-
pled with the photoexcited charge transfer dynamics at the CH3OH/
TiO2 interface. In Fig. 5C, we plot the correlation of  with the hole 
trapping ability of M1 and M2. The hole trapping ability character-
izes the projection of the frontier orbital on the CH3OH molecule. 
The larger orbital projection on CH3OH suggests the stronger hole 
trapping ability. Note that M1 and M2 can only trap the hole simul-
taneously when intermolecular  is close to 0. When the proton 
transfers back and forth between M1 and M2, M1 is able to trap the 
photoexcited holes if the intermolecular  is negative, implying that 
the proton transfers to M2. M2 can trap the holes when the inter-
molecular  is positive, corresponding to the proton transfer back to 
M1. Such coupling of the charge transfer process to the quantum 
proton delocalization is shown schematically in Fig. 5D.

Verification of H-bond influence on photochemical reactivity 
by in situ STM measurements
The NQEs have been known to play a critical role in different sys-
tems from biochemistry to condensed matter (2, 37–40). The rutile 
TiO2(110) surface provides an excellent prototypical templet for the 
NQEs. It is well known in photocatalysis and photovoltaics, and 
H-bond network formation, various proton transfer events, and 
proton-coupled charge transfer at the surface have been intensively 
studied (8, 9, 29, 41–45). Some of the previous experimental studies 
suggest the existence of the NQEs at this surface. For example, H2O 
on TiO2(110) was reported to be “pseudo-dissociated” (43). A recent 

high-resolution STM measurement presented a “fuzzy” feature of 
H2O on TiO2, corresponding to the frequent proton switches be-
tween the H2O molecule and the Ob atom, analogous to the proton 
delocalization picture (46).

To further confirm the critical role played by the H-bond network, 
we conducted an in situ STM study by illuminating the CH3OH 
molecules with UV light at 80 K. Figure 6 (A and B) shows the same 
area STM images before and after CH3OH dosing to the reduced 
TiO2(110) surface. The bright spots represent the individually 
adsorbed CH3OH monomer and dimer at Ti5c sites, as can be more 
clearly distinguished in the enlarged images in the right. We propose 
that an intermolecular H-bond is formed in the CH3OH dimer. It is 
known that the adsorbed CH3OH molecules are quite stable at 80 K 
(45), unless the system is exposed to UV light (29, 47) or oxygen 
(48, 49). The photogenerated holes can be excited by UV light, which 
could further induce breaking of the O─H bond in CH3OH. After 
15 min of UV light illumination (Fig. 6C), some of the CH3OH 
monomers have changed to exhibit an expanded feature (green 
arrows), while some of the dimers have changed to a much brighter 
round spot (red arrow). Such structural changes can be determined 
from the corresponding line profiles. According to the previous 
studies, the former feature represents the dissociated CH3O and 
OH pair (29, 45), and the latter one is likely a methyl formate product 
(50, 51), generated by hole photooxidation of the CH3OH monomer 
and dimer, respectively. Statistically, the reaction fraction of the 
dimer is 78.4% after 15 min of light illumination, much higher than 
that of the monomer. These experimental findings verify our con-
clusion that the intermolecular H-bond plays a critical role in the 
photochemical reaction driven by the photoexcited hole.

Fig. 6. In situ STM study by illuminating CH3OH molecules with UV light. (A) STM image of a reduced TiO2(110) surface. (B) The same area image after 0.06 ml of 
methanol adsorption. The dashed ellipses indicate methanol dimers. (C) The same area image obtained after 266 nm of light illumination for 15 min. The red circles indicate 
the reacted dimers. The right are the enlarged areas marked by the dashed rectangles in (A) to (C). White arrows, methanol monomers; blue arrow, methanol dimer; green 
arrows, reacted monomers; red arrow, reacted dimer. All images are obtained at 1.0 V, 10 pA, and 80 K. (D) Line profiles obtained along the specific lines in the enlarged 
images, distinguished by the color. (E) The statistic fractions of reacted monomers and dimers, after 15 min of light illumination.
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DISCUSSION
Note that the CH3OH/TiO2 system studied by both the RP-NAMD 
simulations and the in situ STM measurements is a simplified model 
system in which CH3OH/TiO2 is placed in a vacuum, and the cov-
erage of CH3OH is smaller than 1 monolayer. In the real system, there 
can be multilayer CH3OH adsorption, and the other small molecules 
such as H2O and O2 may also adsorb on the TiO2 surface. There-
fore, a more complex H-bond network can be formed. We propose 
that the major character of proton transfer at CH3OH/TiO2 interface 
is captured by the current study. However, there is a chance to 
observe more abundant intermolecular proton transfer events 
and NQE effects with multilayer CH3OH adsorption, which will 
further influence the charge transfer dynamics at the interface. 
That will be an interesting project for future investigation using the 
RP-NAMD approach.

Moreover, under the classical path approximation (CPA) (52), 
both the AIMD and RPMD trajectories are obtained on their ground 
state. The excitonic relaxation effects are not included. CPA was 
proposed to be sufficient in many solid systems because (i) a single 
electron excitation in a solid system creates only a small perturba-
tion to the total electron density summed over all electrons, which 
is completely different with small molecules. Such small perturba-
tion is often smaller than the thermal effects induced perturbation. 
(ii) The results of NAMD simulation are averaged over many trajec-
tories and initial structures. Such averaging tends to cancel out 
random errors that may be encountered in individual simulated 
trajectories (53). However, the excitonic relaxation effects may still 
play a role in the photocatalytic process. The recently developed 
GW + real-time BSE − NAMD approach (54) provides a chance to 
improve CPA, and it will be interesting to understand how the exci-
tonic effects and the NQEs come into play in the photocatalytic 
process in the future.

To conclude, combining the ab initio RPMD and NAMD simu-
lation, we study how the NQEs affect the photoexcited charge transfer 
at the semiconductor/molecule interface. Taking the rutile TiO2(110) 
surface as a prototypical system, we find that the NQEs induce the 
proton excursion, delocalization, and transfer at the CH3OH/TiO2 
interface, notably enhancing the hole trapping ability. With the as-
sistance of the H-bond network, proton transfer prohibited by clas-
sical theory will occur and make the molecule a hole scavenger. Our 
results successfully explain the reason why CH3OH has been widely 
recognized as a hole scavenger, although the molecular CH3OH 
HOMO is below the VBM by almost 1 eV (11, 26–28). Moreover, 
the photoexcited charge transfer is strongly coupled with the collec-
tive quantum motion of interfacial and intermolecular protons. The 
finding implies that the NQEs may notably enhance the efficiency 
of solar energy conversion in photocatalysis, photovoltaics, and 
photosynthesis, in which the H-bond network formation is essen-
tial. Furthermore, we propose that such a hypothesis is not restricted 
to the studied TiO2 surface and can be extended to other oxide 
surfaces as well.

MATERIALS AND METHODS
Modeling of CH3OH/TiO2 system
A 3 × 1 supercell with five layers of rutile TiO2(110) is used to de-
scribe the CH3OH/TiO2 system. The bottom layer Ti and O dangling 
bonds are saturated with pseudo-hydrogens with nuclear charges of 
+1.33 and +0.66. The modeling details are in line with our previous 

investigations (30), except we use a larger supercell in this study. 
More discussion and verification regarding the size of the simula-
tion cell are provided in the Supplementary Materials.

DFT calculations
The ab initio DFT calculations are carried out using Vienna ab initio 
simulation package (VASP) (55). The generalized gradient approxi-
mation functional of PBE (56) and the projector augmented wave 
(57) approximation for the core electrons are used. A 550-eV cutoff 
of planewave basis set is used for all calculations. A Monkhorst-Pack 
grid of (3 × 4 × 1) is used in optimization and static calculation, 
while a single  point is used in PIMD, RPMD, and RP-NAMD 
simulations. A good description of the electronic structure of the 
system and NQEs is obtained by sampling the Brillouin zone only at 
the  point [(30) and fig. S1], and using the  point only is appro-
priate for the description of an isolated adsorbate. The van der Waals 
(vdW) interactions are considered using DFT-D3 (58). We further 
evaluate vdW interaction influence on the PIMD simulation using 
the optB86b functional (fig. S2).

MD simulations
The classical MD simulations are performed using VASP, while the 
PIMD simulations are carried out using a combination of VASP 
and i-PI simulation software (55, 59). Unless otherwise specified, all 
simulations use a time step of 0.5 fs at 100 K. In classical MD simu-
lations, a 12-ps trajectory is generated using the velocity rescaling 
method, with the first 2 ps discarded for equilibration. In PIMD 
simulations, an approximate 9-ps trajectory is generated using the 
PIGLET thermostat to accelerate convergence with respect to the 
number of beads (32, 60), with the first 2 ps discarded for equilibra-
tion. The parameters of the colored noise in the PIGLET algorithm 
are downloaded from the online repository GLE4MD. Twelve rep-
licas are used in these PIGLET simulations. To verify the quantita-
tive accuracy of the PIGLET simulations with 12 replicas, we further 
perform a PIMD simulation using local PILE thermostat with 64 rep-
licas (fig. S3) (61). The influence of both vdW correction and k-point 
sampling on the PIGLET simulations is evaluated (figs. S1 and S2).

NAMD simulations
Both classical NAMD and RP-NAMD simulations are carried out 
using Hefei-NAMD (62). The NAMD simulation is based on single-
particle time-dependent KS equation combining with the surface 
hopping scheme. CPA is applied in which the electron/hole dynamics 
are calculated on the basis of the predetermined trajectories using 
AIMD or RPMD. The classical NAMD simulations are performed 
with AIMD trajectories, while RP-NAMD simulations are performed 
in combination with thermostated RPMD trajectories. The general-
ized Langevin equation thermostats are used (33, 34). These RPMD 
simulations start from several equilibrated geometries from the 
PIMD simulations, and 32 replicas are used. Electronic nonadiabatic 
transitions are propagated using the fewest switches surface hopping 
method with RPMD, as proposed in (19, 63). Note that nonadiabatic 
couplings are sensitive to the position of nuclei, and the simple bead 
average of them does not provide physical answers, as discussed in 
(64). Therefore, we used the centroid of nuclei to calculate nonadi-
abatic coupling, while other electronic properties, e.g., KS energy 
and hole trapping ability, are still sampled with bead replicas. More 
method details are provided in the Supplementary Materials. For both 
classical NAMD and RP-NAMD, we sample 1 × 104 realizations for 
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500 fs with a time step of 0.5 fs. The NAMD results are based on 
averaging over 100 different initial configurations. The nonadiabatic 
couplings are calculated using CAnac with phase correction and 
state tracking (65, 66).

In situ STM study
The experiments were conducted in a UHV STM (Omicron, LT-STM). 
The reduced TiO2(110) sample (Princeton Scientific Co.) was cleaned 
by more than 30 cycles of sputtering and annealing up to 900 K. The 
STM is operated at 80 K with a tungsten tip at constant current 
mode. Methanol (Sigma-Aldrich, 99.9% purity) was purified by 
repeated freeze-pump-thaw cycles to remove dissolved gases and 
introduced to the sample surface via a leak valve with keeping the 
sample at the cryogenic STM stage. The in situ light illumination was 
introduced from a pulsed Nd:YAG laser (Spectra-Physics Pro250; 
266 nm, 10 Hz, 10 ns). During light illumination, the STM tip 
was retracted about 10 m from the surface to avoid any shadow-
ing effect.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2675
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