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ABSTRACT
Insights into the microscopic structure of aqueous interfaces are essential for understanding the chemical and physical processes on the
water surface, including chemical synthesis, atmospheric chemistry, and events in biomolecular systems. These aqueous interfaces have been
probed by heterodyne-detected sum-frequency generation (HD-SFG) spectroscopy. To obtain the molecular response from the measured
HD-SFG spectra, one needs to correct the measured ssp spectra for local electromagnetic field effects at the interface due to a spatially varying
dielectric function. This so-called Fresnel factor correction can change the inferred response substantially, and different ways of performing
this correction lead to different conclusions about the interfacial water response. Here, we compare the simulated and experimental spectra
at the air/water interface. We use three previously developed models to compare the experiment with theory: an advanced approach taking
into account the detailed inhomogeneous interfacial dielectric profile and the Lorentz and slab models to approximate the interfacial dielectric
function. Using the advanced model, we obtain an excellent quantitative agreement between theory and experiment, in both spectral shape and
amplitude. Remarkably, we find that for the Fresnel factor correction of the ssp spectra, the Lorentz model for the interfacial dielectric function
is equally accurate in the hydrogen (H)-bonded region of the response, while the slab model underestimates this response significantly. The
Lorentz model, thus, provides a straightforward method to obtain the molecular response from the measured spectra of aqueous interfaces in
the H-bonded region.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0133428

Aqueous interfaces are essential for various interfacial phe-
nomena such as atmospheric chemistry,1,2 chemical reaction,3–6

and bioengineering.7–9 The characteristic hydrogen-bond (H-bond)
structure at the interface gives rise to several peculiar properties
of liquid water. For example, at the air/water interface, a water
molecule at the topmost layer evaporates by breaking its H-bond
with other interfacial water molecules and following one specific
molecular pathway.10 The interface constitutes a confined environ-
ment for molecules to generate incomplete solvation, potentially
accelerating the chemical reaction compared to the bulk.5,11 As
such, it is essential to probe the structure of interfacial water and
understand the details of the interfacial H-bonding to reveal the
underlying physics behind these phenomena.

Heterodyne-detected sum-frequency generation (HD-SFG)
spectroscopy has been used to probe the microscopic structure of
a few topmost water layers.12 Among various polarization combi-
nations of SFG, the ssp combination has often been used, because
the measured data ((χ(2)eff )ssp), which are affected by the interfacial

dielectric function,13–19 can be connected with the second-order
susceptibility (χ(2)yyz ) of the yyz direction, which contains solely the
molecular response, through the Fresnel factor correction.20 The
Fresnel factors reflect the local electromagnetic field strength of the
infrared, visible, and sum-frequency fields. Here, ssp denotes the s-,
s-, and p-polarized SFG, visible, and infrared (IR) beams, while
the xy- and xz-planes are parallel to the surface and the plane of
incidence, respectively. Although in the Fresnel factor correction,
one needs to assume the interfacial dielectric profiles, the interfa-
cial dielectric profiles are not known, resulting in a debate on the
details of the χ(2)yyz lineshape.21 For example, the Im(χ(2)eff )ssp spec-
trum at the air/water interface shows a positive 3700 cm−1 feature
and a negative 3400 cm−1 feature, which arise from the free O–H
stretch and H-bonded O–H stretch modes, respectively.22,23 This
negative 3400 cm−1 feature varies substantially, assuming different
interfacial dielectric profiles.20,21 As such, it is essential to under-
stand the interfacial dielectric profiles to accurately assess the Imχ(2)yyz
spectra.
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To this end, we carry out HD-SFG measurements at the ssp
polarization combination and SFG spectra simulation at the yyz
polarization at the air/water interface. By rigorously comparing the
experimental and simulated spectra using the inhomogeneous inter-
facial dielectric profile model, we obtain a quantitative agreement
between the simulated and experimental spectra. We explore the
much simpler Lorentz and slab models to examine the accuracy of
these homogeneous interfacial dielectric profile approximations.15

We conclude that the Lorentz model provides an adequately accu-
rate model for the interfacial dielectric profile of water at any
aqueous interface.

For the HD-SFG measurements reported in this paper, we
used an experimental setup that has been described previously.16

Briefly, a part of the power from a 1 kHz amplified femtosecond
Ti:sapphire laser system was used to generate a narrowband visi-
ble pulse (∼14 cm−1) by a grating-based pulse shaper. The central
wavelength of this visible pulse is 800 nm. The incident angles for
all beams are 45○ with respect to the surface normal. A phase mod-
ulator was placed before the sample to delay the LO pulse relative
to visible (ω1) and infrared (ω2) pulses by ∼2 ps. For the spectra

simulation, we used the POLI2VS model of water.24,25 We used the
classical molecular dynamics (MD) data of the trajectories, molecu-
lar dipole moments, and molecular polarizabilities obtained in Ref.
16 and computed the χ(2)yyz spectra based on the time-correlation
function of the dipole moment and polarizability.26 Various quan-
tum correction schemes have been implemented for computing the
spectra from the classical time-correlation function.27–29 Note that
these schemes have been shown to be robust for the accurate force
field model of water.24,30 Details of the experimental and simulation
procedures are given in the supplementary material.

The measured Im(χ(2)eff )ssp and Re(χ(2)eff )ssp spectra at the
air/water interface are displayed in Figs. 1(a) and 1(b), respectively.
These data are consistent with the previous reports.22,31 To compare
the experimental (χ(2)eff )ssp data and simulated χ(2)yyz data rigorously,
one needs to consider that the interfacial dielectric profile is inho-
mogeneous within a few Å depth region;14,32 for example, the water
molecules with one donor (D) and one acceptor (A) of the H-bonds
(DA species) experience a different dielectric environment from
those with two H-bond donors and two acceptors (DDAA species).16

FIG. 1. (a) and (b) Experimental
Im(χ(2)

eff )ssp and Re(χ(2)
eff )ssp spectra

at the air/water interface. (c) and (d)
Simulated contributions to the Imχ(2)

yyz

(Imχ(2),i
yyz ) and Reχ(2)

yyz (Reχ(2),i
yyz ) from

the i-water species (i = DA, DAA, DDA,
and DDAA). The purple dashed line
indicates the non-resonance contribu-
tion. (e) and (f) The comparisons of the
simulated and experimentally obtained
Imχ′(2)

yyz and Reχ′(2)
yyz .
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The Fresnel factor correction to rigorously convert (χ(2)eff )ssp to
χ(2)yyz requires, in principle, a complete knowledge of the inhomoge-
neous dielectric profile ε′(z) and a knowledge of the contribution
from differently H-bonded water species at different depths z. Since
these are not accessible in the experiment, we, thus, compared the
χ′(2)yyz spectra between the experiment and simulation without con-

sidering the interfacial dielectric function. We obtained the χ′(2)yyz
spectra experimentally using the following equation:

χ′(2)yyz = (χ
(2)
eff )ssp/(Lyy(ω)Lyy(ω1)L′zz(ω2) sin β2), (1)

where Laa(ωi) is the aa-component of the Fresnel factor at frequency
ωi and β2 denotes the incident angle of the IR beam. The Lzz(ω2)

component contains the interfacial dielectric function (ε′(ω2)) in
the denominator.14,16 To avoid the discussion of interfacial dielectric
constant, we define L′zz(ω2) = ε′(ω2)Lzz(ω2) (see the supplementary
material). Meanwhile, one can calculate χ′(2)yyz spectra from the
simulations using the following equation:

χ′(2)yyz =∑
i
(ε′i(ω2))

−1
χ(2),iyyz + (ε

′NR
(ω2))

−1
χ(2),NR

yyz , (2)

where the sum is over all types of hydrogen-bonded water species,
with i representing the DA, DAA, DDA, and DDAA species. ε′i
is the average interfacial dielectric function that species i experi-
ences. The individual ε′i is given as ε′DA

= ε(0.33 + 3.34/(3ε + 2)),
ε′DAA

= ε(0.44 + 1.69/(1.6ε + 1.4)), ε′DDA
= ε(0.86 + 0.41/(1.1ε

+ 1.9)), and ε′DDAA
= ε′NR

= ε, where NR represents non-resonant
contribution. Note that we used the frequency-dependent ε
obtained from Refs. 33 and 34. Furthermore, we set
Reχ(2),NR

yyz = −4.8 × 10−22m2
/V and Imχ(2),NR

yyz = 0.16 These hetero-
geneous interfacial dielectric profiles were optimized to reproduce
the anisotropic nature of the interfacial dielectric function at the
air/water interface,16 based on the bulk dielectric function.32

The simulated Imχ(2),iyyz and Reχ(2),iyyz spectra are shown in
Figs. 1(c) and 1(d), respectively. As expected, the positive free O–H
peak is governed by the DA and DAA water species, while all the
water species contribute to the negative peak.35 Through Eqs. (1)
and (2), we obtained the experimental and simulated Imχ′(2)yyz and

Reχ′(2)yyz spectra, which are displayed in Figs. 1(e) and 1(f), respec-
tively. The data show that the simulation quantitatively reproduces
the χ′(2)yyz line shape, particularly the bonded O–H stretch mode
region. However, one can see the deviations in the 3150–3250 cm−1

and 3500–3750 cm−1 regions. The deviation in the 3150–3250 cm−1

region arises from the insufficient description of the Fermi reso-
nance (FR) within the classical MD simulation;36–38 because the FR
arises from the mixing of the nuclear wave functions of the O–H
stretch vibration and H–O–H bending vibration, it cannot be fully
captured in the classical MD simulation. Furthermore, the deviation
in the 3500–3750 cm−1 region arises from the enhanced 3600 cm−1

shoulder peak in the simulation. This feature is also observed in the
simulation data using the MB-pol model of water.29 We attribute
this enhancement to the inability to account for nuclear quantum
effects in the classical MD simulation. The simulation of the Imχ′(2)yyz
spectra of water with a high frequency resolution, including nuclear
quantum effects,39 is urgently needed.

Above, we analyzed the data using the spatially inhomogeneous
interfacial dielectric profile. However, such an analysis is possible
only if we know the individual contributions of the different water
species from the simulation, and even then, it is very labor-intensive.
The question presents itself whether we can approximate the inter-
facial dielectric profile with one ε′, i.e., assuming a homogeneous
interfacial dielectric profile. Can we infer the Imχ(2)yyz spectra even
approximately from the (χ(2)eff )ssp spectra using an effective inter-
facial dielectric function within the three-layer model?13 Here, we
would like to consider the two models of interfacial dielectric pro-
files: one is the Lorentz model, where the vibrational chromophores
are fully solvated by water and, thus, ε′ = ε.13 The other is the slab
model, where the vibrational chromophores are semi-solvated and
ε′ = ε(ε + 5)/(4ε + 2).15 Because the interfacial dielectric profile crit-
ically affects the amplitude of the Imχ(2)yyz peak,20,21 the accurately
estimated amplitude of the simulated Imχ(2)yyz peak can access the
appropriate model of the interfacial dielectric function.16

Figures 2(a) and 2(b) display the experimental χ(2)yyz spectra
obtained using the Lorentz and slab models. Here, we also plotted
the spectra that are the sum of the simulated χ(2)yyz spectra and the
estimated FR contribution (see the supplementary material). This

FIG. 2. Comparison of the simulated and
experimentally obtained (a) Imχ(2)

yyz and

(b) Reχ(2)
yyz spectra. The Lorentz model

(ε′ = ε) and the slab model (ε′ = ε
(ε + 5)/(4ε + 2)) are used for Fresnel
factor correction.
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comparison reveals that the Lorentz model captures the simulated
Imχ(2)yyz spectra at the air/water interface remarkably well. In con-
trast, the slab model underestimates the amplitude of the negative
3100–3400 cm−1 feature significantly. Our result, thus, manifests
that the Lorentz model is sufficiently accurate to obtain the χ(2)yyz spec-
tra of water. The fact that the free O–H stretch signature, which
is expected to be described by the slab model as the free O–H
chromophores are located at the topmost surface,16 can be well
reproduced by the Lorentz model ensures the validity of the Lorentz
model for the Fresnel factor correction of the (χ(2)eff )ssp spectra of
water not only at the air/water interface but also at various aque-
ous interfaces. We note that the Lorentz model is still insufficient
for obtaining the Imχ(2)zzz spectra, because the interfacial dielectric
profile affects the (χ(2)eff )ppp spectra in a much more complicated
manner.16

Historically, the Imχ(2)yyz spectra of water have often been
inferred using the slab model.31,40–43 Our current finding questions
this approach, because the slab model appears to underestimate the
H-bonded O–H stretch peak in the 3100–3400 cm−1 region sig-
nificantly. This would lead to the conclusion of weaker hydrogen
bonding at the interface than there is in reality. We further suspect
that the obtained χ(2)yyz spectra (or χ′(2)yyz spectra with the interfacial
dielectric profiles for different water species) can be used for the crit-
ical check of the simulated spectra.20,29,31,44–50 It is more robust if one
can see the agreement on not only the spectral line shape but also
the absolute amplitude of the spectra.16,51 Such an attempt is on the
horizon.

In summary, by carrying out the HD-SFG measurement at
the ssp polarization combination and SFG spectra simulation at the
air/water interface using the inhomogeneous interfacial dielectric
profile, we obtained a very good agreement between high-level sim-
ulations and the interfacial dielectric constant-uncorrected exper-
imental Imχ′(2)yyz spectra. Our study further indicates that among
the homogeneous interfacial dielectric constant models, the Lorentz
model allows us to accurately convert the (χ(2)eff )ssp

spectra to the χ(2)yyz

spectra, while the slab model underestimates the H-bonded O–H
stretch signal. As such, we strongly suggest processing the (χ(2)eff )ssp
data of water using the Lorentz model.

See the supplementary material for the details of the experi-
ment, data processing, and simulation.

We thank Shoichi Yamaguchi and Shumei Sun for stimulating
discussions. We thank Fumiki Matsumura for the assistance pro-
vided in the experiment. Xiaoqing Yu thanks the support of China
Scholarship Council.

The authors gratefully acknowledge the support from the
MaxWater initiative from the Max Planck Society.

AUTHOR DECLARATIONS
Conflict of Interests

The authors have no conflicts to disclose.

Author Contributions

X.Y. and K.-Y.C. contributed equally to this work.

Xiaoqing Yu: Data curation (equal); Formal analysis (equal);
Writing – original draft (equal); Writing – review & editing
(equal). Kuo-Yang Chiang: Data curation (equal); Formal analysis
(equal); Writing – original draft (equal); Writing – review & edit-
ing (equal). Chun-Chieh Yu: Data curation (equal); Formal analysis
(equal); Writing – original draft (equal); Writing – review & editing
(equal). Mischa Bonn: Conceptualization (equal); Funding acquisi-
tion (equal); Supervision (equal); Writing – original draft (equal);
Writing – review & editing (equal). Yuki Nagata: Conceptualization
(equal); Data curation (equal); Formal analysis (equal); Writing –
original draft (equal); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES
1J. L. Jimenez, M. R. Canagaratna, N. M. Donahue, A. S. H. Prevot, Q. Zhang,
J. H. Kroll, P. F. DeCarlo, J. D. Allan, H. Coe, N. L. Ng, A. C. Aiken, K. S. Docherty,
I. M. Ulbrich, A. P. Grieshop, A. L. Robinson, J. Duplissy, J. D. Smith, K. R. Wilson,
V. A. Lanz, C. Hueglin, Y. L. Sun, J. Tian, A. Laaksonen, T. Raatikainen, J. Rauti-
ainen, P. Vaattovaara, M. Ehn, M. Kulmala, J. M. Tomlinson, D. R. Collins, M. J.
Cubison, J. Dunlea, J. A. Huffman, T. B. Onasch, M. R. Alfarra, P. I. Williams, K.
Bower, Y. Kondo, J. Schneider, F. Drewnick, S. Borrmann, S. Weimer, K. Demer-
jian, D. Salcedo, L. Cottrell, R. Griffin, A. Takami, T. Miyoshi, S. Hatakeyama, A.
Shimono, J. Y. Sun, Y. M. Zhang, K. Dzepina, J. R. Kimmel, D. Sueper, J. T. Jayne,
S. C. Herndon, A. M. Trimborn, L. R. Williams, E. C. Wood, A. M. Middlebrook,
C. E. Kolb, U. Baltensperger, and D. R. Worsnop, Science 326, 1525 (2009).
2X. Yu, T. Seki, C.-C. Yu, K. Zhong, S. Sun, M. Okuno, E. H. G. Backus, J. Hunger,
M. Bonn, and Y. Nagata, J. Phys. Chem. B 125, 10639 (2021).
3S. Narayan, J. Muldoon, M. G. Finn, V. V. Fokin, H. C. Kolb, and K. B. Sharpless,
Angew. Chem., Int. Ed. 44, 3275 (2005).
4K. Liu, H. Qi, R. Dong, R. Shivhare, M. Addicoat, T. Zhang, H. Sahabudeen,
T. Heine, S. Mannsfeld, U. Kaiser, Z. Zheng, and X. Feng, Nat. Chem. 11, 994
(2019).
5R. Kusaka, S. Nihonyanagi, and T. Tahara, Nat. Chem. 13, 306 (2021).
6T. Seki, X. Yu, P. Zhang, C.-C. Yu, K. Liu, L. Gunkel, R. Dong, Y. Nagata, X. Feng,
and M. Bonn, Chem 7, 2758 (2021).
7L. Fu, J. Liu, and E. C. Y. Yan, J. Am. Chem. Soc. 133, 8094 (2011).
8G. S. Sailaja, P. Ramesh, S. Vellappally, S. Anil, and H. K. Varma, J. Biomed. Sci.
23, 77 (2016).
9L. B. Dreier, Y. Nagata, H. Lutz, G. Gonella, J. Hunger, E. H. G. Backus, and M.
Bonn, Sci. Adv. 4, eaap7415 (2018).
10Y. Nagata, K. Usui, and M. Bonn, Phys. Rev. Lett. 115, 236102 (2015).
11J. E. Klijn and J. B. F. N. Engberts, Nature 435, 746 (2005).
12Q. Du, R. Superfine, E. Freysz, and Y. R. Shen, Phys. Rev. Lett. 70, 2313 (1993).
13A. Morita, Theory of Sum Frequency Generation Spectroscopy (Springer, 2018).
14C.-C. Yu, T. Seki, K.-Y. Chiang, F. Tang, S. Sun, M. Bonn, and Y. Nagata, J. Phys.
Chem. B 126, 6113–6124 (2022).
15X. Zhuang, P. B. Miranda, D. Kim, and Y. R. Shen, Phys. Rev. B 59, 12632 (1999).
16K.-Y. Chiang, T. Seki, C.-C. Yu, T. Ohto, J. Hunger, M. Bonn, and Y. Nagata,
Proc. Natl. Acad. Sci. U. S. A. 119, e2204156119 (2022).
17X. Wei and Y. R. Shen, Phys. Rev. Lett. 86, 4799 (2001).
18X. Wei, S.-C. Hong, X. Zhuang, T. Goto, and Y. R. Shen, Phys. Rev. E 62, 5160
(2000).

J. Chem. Phys. 158, 044701 (2023); doi: 10.1063/5.0133428 158, 044701-4

© Author(s) 2023

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0133428
https://www.scitation.org/doi/suppl/10.1063/5.0133428
https://doi.org/10.1126/science.1180353
https://doi.org/10.1021/acs.jpcb.1c06001
https://doi.org/10.1002/anie.200462883
https://doi.org/10.1038/s41557-019-0327-5
https://doi.org/10.1038/s41557-020-00619-5
https://doi.org/10.1016/j.chempr.2021.07.016
https://doi.org/10.1021/ja201575e
https://doi.org/10.1186/s12929-016-0284-x
https://doi.org/10.1126/sciadv.aap7415
https://doi.org/10.1103/physrevlett.115.236102
https://doi.org/10.1038/435746a
https://doi.org/10.1103/physrevlett.70.2313
https://doi.org/10.1021/acs.jpcb.2c02178
https://doi.org/10.1021/acs.jpcb.2c02178
https://doi.org/10.1103/physrevb.59.12632
https://doi.org/10.1073/pnas.2204156119
https://doi.org/10.1103/physrevlett.86.4799
https://doi.org/10.1103/physreve.62.5160


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

19D.-S. Zheng, Y. Wang, A.-A. Liu, and H.-F. Wang, Int. Rev. Phys. Chem. 27, 629
(2008).
20F. Tang, T. Ohto, S. Sun, J. R. Rouxel, S. Imoto, E. H. G. Backus, S. Mukamel,
M. Bonn, and Y. Nagata, Chem. Rev. 120, 3633 (2020).
21S. Sun, R. Liang, X. Xu, H. Zhu, Y. R. Shen, and C. Tian, J. Chem. Phys. 144,
244711 (2016).
22S. Nihonyanagi, R. Kusaka, K. I. Inoue, A. Adhikari, S. Yamaguchi, and
T. Tahara, J. Chem. Phys. 143, 124707 (2015).
23V. Ostroverkhov, G. A. Waychunas, and Y. R. Shen, Phys. Rev. Lett. 94, 046102
(2005).
24T. Hasegawa and Y. Tanimura, J. Phys. Chem. B 115, 5545 (2011).
25Y. Nagata, C.-S. Hsieh, T. Hasegawa, J. Voll, E. H. G. Backus, and M. Bonn,
J. Phys. Chem. Lett. 4, 1872 (2013).
26A. Morita and J. T. Hynes, J. Phys. Chem. B 106, 673 (2002).
27Y. Nagata, T. Hasegawa, E. H. G. Backus, K. Usui, S. Yoshimune, T. Ohto, and
M. Bonn, Phys. Chem. Chem. Phys. 17, 23559 (2015).
28R. Ramírez, T. López-Ciudad, P. Kumar P, and D. Marx, J. Chem. Phys. 121,
3973 (2004).
29G. R. Medders and F. Paesani, J. Am. Chem. Soc. 138, 3912 (2016).
30G. R. Medders and F. Paesani, J. Chem. Theory Comput. 11, 1145 (2015).
31S. Yamaguchi, T. Takayama, Y. Goto, T. Otosu, and T. Yagasaki, J. Phys. Chem.
Lett. 13, 9649–9653 (2022).
32K. Shiratori and A. Morita, J. Chem. Phys. 134, 234705 (2011).
33J.-J. Max and C. Chapados, J. Chem. Phys. 131, 184505 (2009).
34G. M. Hale and M. R. Querry, Appl. Opt. 12, 555 (1973).
35P. A. Pieniazek, C. J. Tainter, and J. L. Skinner, J. Chem. Phys. 135, 044701
(2011).

36A. A. Kananenka and J. L. Skinner, J. Chem. Phys. 148, 244107 (2018).
37K. M. Hunter, F. A. Shakib, and F. Paesani, J. Phys. Chem. B 122, 10754 (2018).
38M. Sovago, R. K. Campen, G. W. H. Wurpel, M. Müller, H. J. Bakker, and M.
Bonn, Phys. Rev. Lett. 100, 173901 (2008).
39S. Habershon, D. E. Manolopoulos, T. E. Markland, and T. F. Miller, Annu. Rev.
Phys. Chem. 64, 387 (2013).
40W. J. Smit, J. Versluis, E. H. G. Backus, M. Bonn, and H. J. Bakker, J. Phys.
Chem. Lett. 9, 1290 (2018).
41X. Xu, Y. R. Shen, and C. Tian, J. Chem. Phys. 150, 144701 (2019).
42J. Kirschner, A. H. A. Gomes, R. R. T. Marinho, O. Björneholm, H. Ågren,
V. Carravetta, N. Ottosson, A. N. de Brito, and H. J. Bakker, Phys. Chem. Chem.
Phys. 23, 11568 (2021).
43R.-r. Feng, Y. Guo, R. Lü, L. Velarde, and H.-f. Wang, J. Phys. Chem. A 115,
6015 (2011).
44S. Nihonyanagi, T. Ishiyama, T.-k. Lee, S. Yamaguchi, M. Bonn, A. Morita, and
T. Tahara, J. Am. Chem. Soc. 133, 16875 (2011).
45Y. Ni and J. L. Skinner, J. Chem. Phys. 145, 031103 (2016).
46T. Ohto, M. Dodia, J. Xu, S. Imoto, F. Tang, F. Zysk, T. D. Kühne, Y. Shigeta, M.
Bonn, X. Wu, and Y. Nagata, J. Phys. Chem. Lett. 10, 4914 (2019).
47M. Sulpizi, M. Salanne, M. Sprik, and M.-P. Gaigeot, J. Phys. Chem. Lett. 4, 83
(2013).
48N. K. Kaliannan, A. Henao Aristizabal, H. Wiebeler, F. Zysk, T. Ohto, Y. Nagata,
and T. D. Kühne, Mol. Phys. 118, 1620358 (2020).
49C. Liang, J. Jeon, and M. Cho, J. Phys. Chem. Lett. 10, 1153 (2019).
50S. Shepherd, J. Lan, D. M. Wilkins, and V. Kapil, J. Phys. Chem. Lett. 12, 9108
(2021).
51K. Niu and R. A. Marcus, Proc. Natl. Acad. Sci. U. S. A. 117, 2805 (2020).

J. Chem. Phys. 158, 044701 (2023); doi: 10.1063/5.0133428 158, 044701-5

© Author(s) 2023

https://scitation.org/journal/jcp
https://doi.org/10.1080/01442350802343981
https://doi.org/10.1021/acs.chemrev.9b00512
https://doi.org/10.1063/1.4954824
https://doi.org/10.1063/1.4931485
https://doi.org/10.1103/physrevlett.94.046102
https://doi.org/10.1021/jp111308f
https://doi.org/10.1021/jz400683v
https://doi.org/10.1021/jp0133438
https://doi.org/10.1039/c5cp04022a
https://doi.org/10.1063/1.1774986
https://doi.org/10.1021/jacs.6b00893
https://doi.org/10.1021/ct501131j
https://doi.org/10.1021/acs.jpclett.2c02533
https://doi.org/10.1021/acs.jpclett.2c02533
https://doi.org/10.1063/1.3598484
https://doi.org/10.1063/1.3258646
https://doi.org/10.1364/ao.12.000555
https://doi.org/10.1063/1.3613623
https://doi.org/10.1063/1.5037113
https://doi.org/10.1021/acs.jpcb.8b09910
https://doi.org/10.1103/physrevlett.100.173901
https://doi.org/10.1146/annurev-physchem-040412-110122
https://doi.org/10.1146/annurev-physchem-040412-110122
https://doi.org/10.1021/acs.jpclett.7b03359
https://doi.org/10.1021/acs.jpclett.7b03359
https://doi.org/10.1063/1.5081135
https://doi.org/10.1039/d0cp06387h
https://doi.org/10.1039/d0cp06387h
https://doi.org/10.1021/jp110404h
https://doi.org/10.1021/ja2053754
https://doi.org/10.1063/1.4958967
https://doi.org/10.1021/acs.jpclett.9b01983
https://doi.org/10.1021/jz301858g
https://doi.org/10.1080/00268976.2019.1620358
https://doi.org/10.1021/acs.jpclett.9b00291
https://doi.org/10.1021/acs.jpclett.1c02574
https://doi.org/10.1073/pnas.1906243117

