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ABSTRACT
We investigate the anisotropic frequency-dependent dielectric, THz and IR response of liquid water confined between two planar graphene
sheets with force-field- and density-functional-theory-based molecular dynamics simulations. Using spatially resolved anisotropic spectra,
we demonstrate the critical role of the volume over which the spectral response is integrated when reporting spatially averaged electric
susceptibilities. To analyze the spectra, we introduce a unique decomposition into bulk, interfacial, and confinement contributions, which
reveals that confinement effects on the spectra occur only for systems with graphene separation below 1.4 nm, for all frequencies. Based on
this decomposition, we discuss the molecular origin of the main absorption features of nanoconfined water from the GHz to the IR regime.
We show that, at low frequencies, the 15 GHz Debye peak of interfacial water is redshifted due to a slowdown of collective water reorienta-
tions. At high frequencies, the OH stretch at 100 THz blue shifts and a signature of free OH groups emerges, while the HOH bend mode at
50 THz is redshifted. Strikingly, in nanoconfinement, the 20 THz libration band shifts to below 15 THz and broadens drastically, spanning
two orders of magnitude in frequency. These results are rationalized by the collective water motion and the structure of the hydrogen-bond
network at the water–graphene interface and in two-dimensional water layers, which reveals the intricate behavior of nanoconfined water and
its spectral properties.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0239693

I. INTRODUCTION

The alteration of structural and dynamical properties of liquid
water in nanoconfinement has been the subject of extensive theoret-
ical and experimental research due to its far-reaching implications
in material sciences, chemistry, and biology.1–5 The frequency-
dependent electric response provides a fingerprint of these
properties over multiple time scales. Based on different spectro-
scopic techniques, such as linear infrared (IR) spectroscopy,6–9

time-resolved Kerr effect spectroscopy,10,11 and pump–probe
spectroscopy,12–14 significant alterations of hydrogen-bond patterns
and reorientation dynamics have been observed in confined geome-
tries. Various studies have detected a confinement-induced blue
shift of the OH stretch peak at 100 THz.6,7,12,15 By decomposing
the OH stretch feature into three different hydrogen-bond popula-
tions, this has been argued to be linked to a decrease in connectivity

of the hydrogen-bond network in the vicinity of interfaces.6,7

The hydrogen-bond network has also been analyzed based on the
hydrogen-bond stretch peak at around 5 THz7,16 showing a blue
shift and decrease in linewidth with respect to bulk, whose ori-
gin remains under debate. Finally, by analyzing spectral diffusion
and anisotropic decay from 2D IR spectroscopy experiments, a
rotational slowdown of water molecules in confinement has been
found,13,17 similar to what has been described in the hydration shell
of hydrophobic solutes.18,19

In order to assign observed spectral changes to either surface or
finite-size (confinement) effects, systematic studies at varying con-
finement lengths are typically performed. For spectroscopic tech-
niques that are not surface sensitive, the results are then interpreted
in terms of a “core–shell” or “two-state” model,20,21 which assigns
different properties to water molecules in the vicinity of interfaces
and in bulk. Depending on assumptions made about the total water
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content of the measured systems, interfacial layer widths of a few
Å have been obtained, in line with molecular dynamics (MD)
simulations, which show that liquid properties deviate from bulk
behavior in interfacial layers with a thickness of only a few Å.22–24

However, there is an ongoing discussion about the maximum con-
finement length below which the interfacial layers start interacting
with each other and the core–shell model loses its validity. Some
experimental studies argue confinement effects to be relevant for
confinement lengths as large as 100 nm.7,15,25 Recently, surface-
sensitive sum-frequency generation spectroscopy determined the
confinement size below which confinement effects become relevant
as being smaller than a nanometer.26

In recent years, MD simulations have been widely used to
study water in nanoconfinement, as they can spatially resolve kinetic
molecular properties such as diffusional, vibrational, or reorienta-
tional dynamics in confinement,27–33 reproducing and explaining
the aforementioned experimental results. Most prominently, the
apparent dependence of the static dielectric constant of water con-
fined between planar graphene sheets34 on confinement length was
explained in terms of a dielectric surface layer,35–39 whose thickness
is largely independent of graphene sheet separation. In this context,
a dielectric dividing surface22 has been introduced, whose distance to
the Gibbs dividing surface quantifies the dielectric excess of a general
solid–liquid interface. For systems with confinement length smaller

than 1.5 nm, the position of the dielectric dividing surface has been
shown to deviate from its large-system value for various solid–water
systems, indicating the emergence of confinement effects.29,36,37,40

However, a general scheme to quantify frequency-dependent con-
finement effects is still lacking. This work aims at bridging this
gap.

In this work, we calculate spatially resolved and frequency-
dependent electric susceptibilities of water in planar nanoconfine-
ment. We introduce a box model, which yields effective spectra that
can be compared to spatially averaged spectra from typical experi-
mental measurements. Our model reveals a very strong sensitivity
of the spatially averaged susceptibility to the integration volume.
We further propose a decomposition scheme, independent of the
definition of an interfacial water layer and applicable to experimental
data, which allows for the identification of surface and confine-
ment effects on the susceptibility. This decomposition reveals that
the occurrence of confinement effects is practically independent of
frequency and limited to systems with confinement length of less
than 1.4 nm. Based on this analysis, we discuss the relation between
the electric susceptibility and the microscopic structure and dynam-
ics of interfacial and nanoconfined water. In particular, we discuss
five different features of the water spectrum: the 15 GHz Debye
peak, which is caused by molecular rotations, the 5 THz hydro-
gen bond stretch peak, the 20 THz libration peak due to hindered

FIG. 1. Spatially dependent susceptibilities of water between two graphene sheets from FF-MD simulations. (a) Snapshot from a system with graphene sheet separation
L = 3.4 nm and sketch of the box model used to define the effective susceptibilities χeff. Spatially dependent susceptibility: imaginary (b) and real (c) parts of the parallel
susceptibility χ

∥
of the L = 6.0 nm system in the first 1.5 nm at the interface. The positions of the bulk Debye peak (15 GHz) and libration peak (20 THz) are denoted as

horizontal dashed lines. (d) Parallel χ
∥

(blue line) and perpendicular χ
�

(red line) components of the imaginary part of the susceptibility at 15 GHz of the L = 6.0 nm system
compared to the corresponding mass density profile ρ (black line). χ

�
is smoothed with a Gaussian kernel of width 1.5 Å. (e)–(g) Effective parallel and perpendicular dielectric

susceptibilities of the L = 6.0 nm system for different effective lengths Leff = L − 2δ according to the box model sketched in panel (a) and defined in Eqs. (11) and (12). The
bulk spectrum is denoted by the black lines. (h) Effective parallel and perpendicular static susceptibility χeff

α (ω = 0) of the L = 6.0 nm system as a function of the effective shift
δ = (L − Leff)/2. The horizontal dashed line denotes the static bulk susceptibility of SPC/E water χb = 69.7. The vertical dashed lines indicate 2δ for the specific effective
lengths LW (black) and LDDS

α (red and blue), with LDDS
α being the distances between the dielectric dividing surfaces according to Eq. (13).
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rotations, the 50 THz HOH bend, and the 100 THz OH stretch
peak.

When going from bulk to confinement, we find a redshift of
the 15 GHz Debye peak consistent with the experimental results
for hydrated solutes41,42 and a blueshift of the 100 THz OH stretch
peak, which has been found experimentally in different interfacial
systems.6,7,12,15 In contrast, the 50 THz HOH bend peak red shifts in
confinement. Our analysis reveals that all these effects are predom-
inantly interfacial effects, with geometrical confinement only tun-
ing their strength. Finally, we discuss the hydrogen-bond network
of interfacial and nanoconfined water in terms of the hydrogen-
bond stretch peak around 5 THz and the libration peak around
20 THz. This reveals a confinement-induced transition of the bulk
libration band to a broad absorbance band spanning from 1 to
30 THz, providing a spectroscopic fingerprint of spatially extended
two-dimensional water layers.

II. RESULTS
We conduct force-field (FF) molecular dynamics (MD) sim-

ulations of SPC/E water43 confined between two graphene sheets,
as schematized in Fig. 1(a). We study four different graphene sheet
separations L = 0.7, 1.4, 3.4, and 6.0 nm, containing 212, 627, 1874,
and 3489 water molecules, respectively. The simulation boxes have
lateral sizes of 4.26 × 4.43 nm2. For the separations L = 0.7, 1.4,
and 3.4 nm, we also conduct density functional theory (DFT) MD
simulations using lateral box dimensions of 2.71 × 2.98, 2.71 × 2.98,
and 1.97 × 2.13 nm2, containing 90, 268, and 416 water molecules,
respectively. The numbers of water molecules NW are fixed at values
that reproduce the chemical potential of bulk SPC/E water and have
been determined in an earlier work.37 With the specific bulk water

volume vW = 0.030 36 nm3, which we determined from bulk SPC/E
simulations in the NpT ensemble at p = 1 bar at T = 300 K, the num-
ber of water molecules defines the water layer volume VW = LWA as
well as the water layer thickness LW as

LW = NWvW/A, (1)

which we use to quantify the degree of confinement. Here, A refers
to the lateral simulation box area. In agreement between FF-MD
and DFT-MD, mass density profiles shown in Fig. 1(d) (L = 6.0 nm
FF-MD) and Figs. 2(a)–2(c) (L = 0.7, 1.4, and 3.4 nm comparison
between FF-MD and DFT-MD) show pronounced layering in a
region of ∼0.5 nm at the interface. For L ≥ 1.4 nm, we can define
two hydration layers of 0.52 and 0.34 nm thickness [based on the
first and second minima of the mass density profile of the L = 6.0 nm
system; see Fig. 1(d)]. The smallest system under consideration hosts
only a single layer of two-dimensionally arranged water molecules.
See the supplementary material, Sec. S1 for further snapshots of the
simulated systems.

A. Position-dependent electric susceptibilities
In general, the spectral response of water to an external

frequency-dependent field is tensorial and nonlocal. On the linear
level, the electric field Ẽ(r, ω) and the electric displacement field
D̃(r, ω) are connected by the nonlocal tensorial response function
as

D̃(r, ω) = ε0 ∫ dr′ εnl(r, r′, ω)Ẽ(r′, ω). (2)

FIG. 2. Influence of confinement length on different water properties. (a) Mass density profiles of water between two graphene sheets at different separations L. The FF-MD
results (solid lines) are compared to the DFT-MD results (dashed lines). The profiles are shifted with respect to the graphene sheet position in (b) (FF-MD) and (c) (DFT-MD).
It should be noted that in panel (b), the blue line for the L = 6.0 nm system is exactly hidden behind the green line. (d) and (e) Imaginary part of the effective response
functions for Leff = LW of the parallel and perpendicular component for different graphene sheet separations from FF-MD simulations. The bulk spectrum is denoted by the
black lines. (f)–(i) Excess spectra according to Eqs. (14) and (15) of systems with different graphene sheet separation from FF-MD simulations.
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A similar equation relates Ẽ(r, ω) to D̃(r, ω) using the func-
tional inverse ε−1

nl (r, r′, ω). In planar interfacial systems, the laterally
averaged electric and displacement fields are only functions of
the interfacial normal coordinate z and the response function
becomes diagonal with a parallel (∥) and a perpendicular (�)
component. Under the assumption that magnetic fields can be
neglected, i.e., assuming that the penetration depth of incoming
electromagnetic radiation is much larger than the spatial variation
of the interfacial properties, the perpendicular displacement field
D̃�(z, ω) = D̃�(ω) and the parallel electric field Ẽ∥(z, ω) = Ẽ∥(ω)
can be considered constant in space.22 From Eq. (2), we define the
integrated dielectric functions22 ε∥(z, ω) = ∫ dr′ εnl,∥(z, r′, ω) and
ε−1
� (z, ω) = ∫dr′ ε−1

nl,�(z, r′, ω). Using these local response functions,
the following exact response relations hold

D̃∥(z, ω) = ε0ε∥(z, ω)Ẽ∥(ω), (3)

Ẽ�(z, ω) = ε−1
0 ε−1
� (z, ω)D̃�(ω). (4)

Accordingly, we define the local electric susceptibilities as

χ∥(z, ω) = ε∥(z, ω) − 1, (5)

χ�(z, ω) =
1

ε−1
� (z, ω)

− 1, (6)

so that the frequency-dependent polarization density m̃(z, ω),
which is the relevant observable of spectroscopic measurements, is
related to the electric field according to m̃∥(z, ω) = ε0χ∥(z, ω)Ẽ∥(ω)
and m̃�(z, ω) = ε0χ�(z, ω)Ẽ�(z, ω) = χ�(z,ω)

χ�(z,ω)+1 D̃�(ω). It should be
noted that the standard relation m̃(z, ω) = D̃(z, ω) − ε0Ẽ(z, ω) still
holds in both parallel and perpendicular directions. From our
MD simulations, we determine the parallel and perpendicular
components of the complex susceptibility using the Green–Kubo
relations44,45 (see the supplementary material, Sec. S2 for a deriva-
tion including electronic polarizabilities),

χ∥(z, ω) =
ϕ∥(z, 0) + iωϕ̃+

∥
(z, ω) + a∥(z)

2ε0kBT
, (7)

χ�(z, ω)
χ�(z, ω) + 1

=
ϕ�(z, 0) + iωϕ̃+�(z, ω) + a�(z)

ε0kBT + (Φ�(0) + iωΦ̃+�(ω) + A�)/V
, (8)

where we define the Fourier transform f̃ (ω) =
∞

∫
−∞

dt eiωt f (t) and

the one-sided Fourier transformation f̃ +(ω) =
∞

∫
0

dt eiωt f (t), as well

as the polarization autocorrelation functions,

ϕα(z, t) = ⟨mα(z, 0) ⋅Mα(t)⟩ − ⟨mα(z)⟩ ⋅ ⟨Mα⟩, (9)

Φα(t) = ⟨Mα(0) ⋅Mα(t)⟩ − ⟨Mα⟩ ⋅ ⟨Mα⟩, (10)

for α = ∥,�. Here, mα(z, t) denotes the polarization density pro-
file parallel (α = ∥) or perpendicular (α = �) to the interface and

Mα(t) = ∫
V

dr mα(z, t) is the total dipole moment of the simula-

tion box of volume V . For instantaneously polarizable systems, as is
the case for Born–Oppenheimer DFT-MD, the position-dependent
electronic polarizability aα(z) and the total system electronic polar-
izability Aα = ∫

V
dr aα(z) in Eqs. (7) and (8) have to be taken into

account, while in the case of nonpolarizable FF-MD simulations,
they are zero. As detailed in the methods section, in case of DFT-
MD simulations, we determine Aα from separate simulations with
explicitly applied electric fields.

In Figs. 1(b) and 1(c), we show χ
∥
(z, ω) from FF-MD simula-

tion of the system with the largest separation under study (L = 6 nm)
as a function of both position and frequency. At all distances from
the interface, we observe the Debye and the libration peak in the
imaginary component [Fig. 1(b)] close to their respective bulk posi-
tions, as denoted by the horizontal black dashed lines. It should
be noted that the hydrogen-bond stretch feature, which is usually
located in between the Debye and libration feature around 5 THz,
is known to be missing for the SPC/E model because it is a fixed
charge model.46 In the Debye regime, Im[χ

∥
(z, ω)] is bulk-like for

z > 0.9 nm and varies closer to the interface, as highlighted by the
contour lines shown in Fig. 1(b).

In Fig. 1(d), we plot the cross section of χ
∥
(z, ω) at the bulk

frequency of the Debye peak (ν = 15 GHz) and overlay it with the
perpendicular susceptibility χ

�
(z, ω) as well as the mass density pro-

file (black line). We observe that in the parallel case (blue line), the
intensity of the Debye mode varies approximately proportionally to
the water density (black line), while the perpendicular component
(red line) is strongly suppressed in the interfacial region. The Debye
peak of Im[χ

∥
(z, ω)] is both enhanced and red shifted in the first

hydration layer [see Fig. 1(b), contour lines], as will be discussed in
more detail in the following.

B. Dielectric box model
In typical experiments, the position dependence of the elec-

tric susceptibility cannot be resolved. Instead, the spatially integrated
absorption, reflectivity or capacitance of a system is measured. The
interpretation of such experimental data, therefore, relies on the
comparison with an effective spectrum of the system that results
from a box-model shown in Fig. 1(a) and was previously introduced
in the static limit.29,37 The box model is constructed such that the
integrated frequency-dependent polarization M̃(ω) stays invariant
(see the supplementary material, Sec. S3 for more information). We
thus introduce the effective susceptibility χeff

(ω) and the effective
dielectric length Leff according to

M̃∥(ω)
ε0AẼ∥(ω)

=

∞

∫
−∞

dz χ∥(z, ω) ≡ Leff
∥

χeff
∥
(ω), (11)

M̃�(ω)
AD̃�(ω)

=

∞

∫
−∞

dz
χ�(z, ω)

χ�(z, ω) + 1
≡ Leff
�

χeff
� (ω)

χeff
� (ω) + 1

. (12)

It should be noted that A here denotes the lateral simulation box
area (and not the polarizability). The perpendicular effective suscep-
tibility χeff

� (ω) is significantly influenced by the choice of dielectric
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length Leff
� . In Figs. 1(e)–1(g), we show imaginary and real parts

of the effective parallel and perpendicular dielectric susceptibilities
for different Leff

= L − 2δ, where δ denotes the interfacial dielectric
shift. While the parallel χeff

∥
(ω) is only weakly modified, the per-

pendicular effective susceptibility χeff
� (ω) changes drastically upon

changing the effective length Leff
� by only a few angstroms. This

impact is most pronounced in the static limit: The static dielectric
constant ε0

� = 1 + χeff
� (ω = 0) is calculated to be ε0

� = 15.9 for Leff
� = L,

while with Leff
� = L − 0.3 nm, the SPC/E bulk dielectric constant of

ε0
� = 70.7 is retrieved, as was shown in earlier works.36,37 The specific

effective length LDDS
α that reproduces the bulk dielectric constant in

the static limit was previously interpreted as the distance between
the two dielectric dividing surfaces of the confined system, defined
at a single interface according to47

zDDS
α = zs +

zl

∫
zs

dz
mα(zl, ω = 0) −mα(z, ω = 0)
mα(zl, ω = 0) −mα(zs, ω = 0)

, (13)

with zs and zl being positions deep in the solid and liquid phase,
respectively.

Determining the perpendicular effective susceptibility for an
ill-chosen effective length can, therefore, result in misleading inter-
pretations when trying to describe the influence of confinement on
the susceptibility of water. As an example, a common approach is
to choose Leff

= LW. This is suitable for the parallel component for
all frequencies but for the perpendicular component only in the

THz and IR region where χeff
� is small and thus χeff

�

χeff
�
+1
≈ χeff
� . How-

ever, for the perpendicular component at low frequencies, choosing
Leff
� = LW leads to an unintuitive negative value for the effective static

dielectric constant. The dependence of χeff
α (ω = 0) on the choice of

effective length is shown in Fig. 1(h). It shows that varying δ in
a range of only 0.4 Å, we recover the bulk behavior at Leff

� = LDDS
�

(δ = 0.15 nm), find a diverging effective susceptibility at δ = 0.17 nm
and a negative effective susceptibility at Leff

� = LW (δ = 0.19 nm).
One way to circumvent the high sensitivity of the perpen-

dicular effective susceptibility χeff
� on the effective length Leff

� is to

report the response function to the displacement field χeff
�

χeff
�
+1

instead,
which is rather well behaved, as follows from Eq. (12) (see the
supplementary material, Sec. S3). In fact, χeff

�

χeff
�
+1

is the experimentally
measured response function for energy absorption of the radiation
component with electric field perpendicular to the interface (see the
supplementary material, Sec. S5 for a derivation of the transmittance
coefficient of spectroscopic transmission experiments). Therefore, to
interpret our spectra in a robust and experimentally relevant fashion,

we systematically analyze χeff
�

χeff
�
+1

for all FF simulations.

C. Bulk–interface–confinement decomposition
To separate interfacial from confinement effects of nanocon-

fined water, we compare effective response functions χeff
∥

and χeff
�

χeff
�
+1

calculated for systems with different graphene sheet separation
L shown in Figs. 2(d) and 2(e). In general, the effective response

becomes more and more bulk-like with increasing L. In the paral-
lel component shown in Fig. 2(d), in agreement with experimental
measurements,13,17 a redshift of the Debye peak around 15 GHz is
observed when going from bulk to confinement. At the same time,
the magnitude of the libration peak around 20 THz decreases. In the
perpendicular component, only minor changes in the Debye region
are observed for system sizes larger than L = 0.7 nm, while the Debye
response is slightly lowered for the smallest system. In the libration
region, the intensity increases when going from bulk to confinement.

We seek to relate spectral changes to either the effect that a sin-
gle interface has on the structure and dynamics of water or to the
effect of geometrical confinement between two interfaces. A first sig-
nature of interfacial and confinement effects can be illustrated with
the mass density profiles shown in Figs. 2(b) and 2(c): As has been
vastly discussed in the literature, water has a nonuniform density in
the vicinity of interfaces. When we superpose the density profiles of
systems with different confinement lengths and shift them to a com-
mon origin, the resulting profiles are practically identical for systems
with L ≥ 1.4 nm, i.e., the density variations are independent of
confinement length and thus of interfacial nature. Only when going
to even smaller lengths, the density profile deviates and confinement
effects become relevant. Indeed, for the smallest system with
L = 0.7 nm, we have only a single sheet of water between the two
graphene sheets and the density profile shows a single higher and
broader peak.

In order to quantify interfacial and confinement effects on
the frequency-dependent response in a consistent and robust man-
ner, we decompose the total polarization M̃α(ω) into a bulk part
VWm̃b

α(ω) and an excess part M̃exc
α (ω, L), which depends paramet-

rically on L, where the bulk polarization is defined by the water
bulk susceptibility χb

(ω) according to m̃b
∥
(ω) = ε0χb

(ω)Ẽ∥(ω) or

m̃b
�(ω) =

χb
(ω)

χb
(ω)+1

D̃�(ω). This results into the decomposition of the
polarization response according to

M̃∥(ω)
ε0AẼ∥(ω)

= Leff
∥

χeff
∥
(ω) = LWχb

(ω) + Xexc
∥
(ω, L), (14)

M̃�(ω)
AD̃�(ω)

= Leff
�

χeff
�

χeff
� + 1

=
LWχb

(ω)
1 + χb

�(ω)
+ Ξexc

� (ω, L). (15)

In agreement with the mass density profiles shown in Figs. 2(b)

and 2(c), the excess response functions Xexc
∥
(ω, L) =

M̃exc
∥
(ω,L)

ε0AẼ∥(ω)
and

Ξexc
� (ω, L) = M̃exc

�
(ω,L)

AD̃�(ω)
shown in Figs. 2(f)–2(i) converge to a common

function for L ≥ 1.4 nm, although we observe slight deviations due
to data uncertainty. For L = 0.7 nm, however, the excess response
functions clearly deviate, indicating an onset of confinement effects
below L = 1 nm, consistent with previous results for the static
dielectric constant.29,37

The excess response functions Xexc
∥

and Ξexc
� can be fur-

ther decomposed into interface and confinement contributions,
according to

Xexc
∥
(ω, L) = 2Xint

∥
(ω) + Xconf

∥
(ω, L), (16)

Ξexc
� (ω, L) = 2Ξint

� (ω) + Ξconf
� (ω, L). (17)
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For large confinement length, the confinement contribution goes
to zero, Xconf

∥
(ω, L→∞)→ 0, which allows us to define Xint

∥
(ω)

= 1
2 Xexc
∥
(ω, L→∞) (likewise for the perpendicular response func-

tion). In practice, in case of the FF-MD results, the interface excess is
chosen to be half the total excess response function of the L = 6.0 nm
system Xint

∥
(ω) = 1

2 Xexc
∥
(ω, L = 6.0 nm) and Ξint

� (ω) = 1
2 Ξexc
� (ω,

L = 6.0 nm). The resulting interface and confinement excess spectra
are shown in Figs. 3(c)–3(f). While the interface contribution
is unique for the graphene–water interface, the confinement
excess spectrum depends on the graphene sheet separation L.
Here, we only show the confinement spectrum corresponding to
L = 0.7 nm.

The interface excess (see Fig. 3 blue lines) is pronounced in all
spectral regions. As a reference, the frequencies of the major bulk
SPC/E spectral features (15 GHz Debye peak and 20 THz libration
peak) are depicted by the vertical black dashed lines. In the parallel
component, the redshift of the Debye mode shown in Fig. 2(d) can
be assigned to an interfacial effect, as seen from the pronounced pos-
itive peak in the imaginary part in Fig. 3(c) located at a frequency
lower than the bulk Debye frequency. This redshift goes hand in
hand with an overall increase in intensity, which is reflected in the
positive static interface excess susceptibility Xint

∥
(ω = 0) = 12.5 nm

[Fig. 3(d) plateau of the blue line at low frequencies]. On the other
hand, the parallel libration feature at 20 THz is decreased due to the
interface [see the blue line in the inset of Fig. 3(c)]. The perpendicu-
lar component of the interface excess [Fig. 3(e), blue line] is small in
the GHz regime, but has a sharp positive peak located at a frequency
slightly higher than the center frequency of the bulk libration peak
at 20 THz.

In order to pinpoint the origin of the interface spectra shown
in Figs. 3(c)–3(f), we decompose the interface excess spectra
Xint
∥

and Ξint
� into contributions from the first and second hydra-

tion layers at the interface of the L = 6.0 nm system [see Fig. 1(d)
for definition of hydration layers]. These contributions are shown
in Fig. 3, indicated by the dashed and dotted blue lines, respectively:
We observe that nearly the entire interface excess stems from the first
hydration layer (see Sec. S3 of the supplementary material for more
information).

In the confinement excess shown in Fig. 3 (red lines), we
observe a confinement-induced blue shift of the parallel component
of the Debye peak shown in Fig. 3(c), which counteracts the interfa-
cial redshift at the graphene surface. This blue shift does not include
a major change in intensity, reflected by the small static confinement
excess of Xconf

∥
(ω = 0) = −1.95 nm shown in Fig. 3(d). In the perpen-

dicular component, the sharp feature in the vicinity of the libration
peak is enhanced due to confinement [see Fig. 3(e)], which leads to
overscreening in the frequency regime between 25 and 28 THz, i.e.,

the real part of the perpendicular response χeff
�

χeff
�
+1

of single layer water
becomes negative (see the supplementary material, Sec. S3). Such
overscreening is well known for the nonlocal dielectric response of
liquid bulk water in certain wave number regimes48,49 and for the
static perpendicular response of confined water in a thin interfa-
cial layer,50 but not for the macroscopic response of entire aqueous
systems.

Notably, a new peak emerges at around 2 THz in the perpendic-
ular component as a result of strong confinement in Fig. 3(e). Since
this is in the frequency range of hydrogen bond stretch modes, which
are not faithfully described by the SPC/E model, we will discuss this
feature in Sec. II E with the help of DFT-MD simulations.

The interpretation of the confinement excess becomes clearer
by comparing it with the dielectric response of the first layer of water
in the L = 6.0 nm system. In Fig. 3(c), we observe that interfacial and
confinement excess are almost opposite (represented by the solid red
line for confinement excess vs the dashed blue line for first hydration
layer). This indicates that the dielectric behavior of a single confined
water layer is rather similar to the behavior of the interfacial layer of
the L = 6.0 nm system. This interpretation stems from the definition
of the confinement excess in Eqs. (16) and (17). There, we subtract
the interface excess twice. Thus, a confinement excess of a single
water layer that is equal to the negative of the interface excess, as is
the case in the Debye region, indicates a similar dielectric response of
the interfacial and confined layers. A vanishing confinement excess,
however, would indicate that the confined layer is approximately
twice as dielectrically active as the first hydration layer at the inter-
face, which in fact is the case for the libration feature [see Fig. 3(c),
red line in the inset].

FIG. 3. Decomposition of FF-MD spec-
tra. (a) and (b) Susceptibility spectrum
of bulk water. (c)–(f) Parallel and per-
pendicular interfacial (blue solid) and
confinement (red solid) excess response
functions according to Eqs. (16) and
(17). The blue dashed and dotted lines
show contributions from the first and
second hydration layer to the interfacial
excess response function, respectively.
The confinement contribution is depicted
for the smallest considered system
(L = 0.7 nm). The vertical dashed lines
denote the bulk frequencies of the Debye
and libration peak of SPC/E water at
15 GHz and 20 THz.
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D. Molecular vs collective reorientations from FF-MD
Typically, the dielectric response of water is interpreted in

terms of the motion of individual water molecules. However, since
the reorientation of water molecules is significantly influenced
by the hydrogen-bond network, the motion of neighboring water
molecules is strongly correlated. In order to interpret the inter-
face and confinement excess response functions shown in Fig. 3
on a molecular level, we decompose the polarization autocorrela-
tion function Φα defined in Eq. (10) into a self-part Φself

α , which
corresponds to single molecule rotational dynamics, and a collec-
tive contribution Φcoll

α , which corresponds to collective orientation
effects. Self and collective parts are given by

Φself
α (t) =

NW

∑
i=1
⟨μα

i (0)μ
α
i (t)⟩, (18)

Φcoll
α (t) =

NW

∑
i≠j
⟨μα

i (0)μ
α
j(t)⟩, (19)

where μi denotes the dipole moment of molecule i and the sum
runs over all water molecules. Autocorrelation functions are Fourier
transformed and rescaled by the effective dielectric length Leff to
obtain the self and collective contributions to the effective dielectric
response functions, according to

χeff
∥
(ω) =

iω
2ALeff

∥
ε0kB
[Φ̃self
∥
(ω) + Φ̃coll

∥
(ω)], (20)

χeff
� (ω)

χeff
� (ω) + 1

=
iω

ALeff
� ε0kBT

[Φ̃self
� (ω) + Φ̃coll

� (ω)]. (21)

This decomposition is shown in Fig. 4 for Leff
∥
= Leff
� = LW.

The parallel component of the self-part [Fig. 4(a) solid lines]
shows a red shift of the Debye peak when going from bulk to con-
finement, i.e., molecular reorientation is slowed down due to the
presence of the graphene sheets. The intensity of the Debye peak,
however, is dominated by collective reorientations [Fig. 4(a) dashed
lines]. The red shift of the absorption spectrum in the presence of
graphene sheets, visible in Fig. 2(d) and in the parallel interface
excess response function in Fig. 3(c), therefore, is due to a slowdown
of collective reorientation in the interfacial hydrogen-bond network,
while the increase in intensity is related to an increased orientational
correlation of neighboring interfacial water molecules.

In Figs. 4(b) and 4(c), we show the self-collective decomposi-
tion of the perpendicular component. For all graphene separations,
the self and collective contributions are nearly equal in amplitude
but opposite in sign. This results in a compensation of the sin-
gle molecular motion by collective anti-correlated reorientations,
leading to the very small perpendicular response in the GHz range
shown in Fig. 3(e) for both interface and confinement contribu-
tions. This compensation of self and collective effects reveals the
molecular mechanism by which the electrostatic boundary con-
ditions are satisfied in the system:29 in order to satisfy Eq. (8),
the perpendicular polarization autocorrelation function Φ̃� defined
in Eq. (10) has to be suppressed since Φ̃� ≈ Φ̃ b

/(1 + χb
), with

χb
≫ 1 in the GHz regime, in the limit of large systems, where Φ̃ b is

FIG. 4. Decomposition of the Fourier-transformed polarization autocorrelation
function into self and collective contributions according to Eqs. (18) and (19) from
FF-MD simulations normalized with respect to LW. The normalization constant
ALWε0kBT is chosen such that the sum of the self and collective contributions
equals the effective dielectric response functions χeff

∥
at Leff = LW in the parallel (a)

and
χeff
�

χeff
�
+1

in the perpendicular (b) component. (c) Zoom into the libration region of

the perpendicular component.

the bulk autocorrelation function (see the supplementary material,
Sec. S3). For systems with smaller graphene sheet separation, the
Debye peak is suppressed and we see deviations from mere compen-
sation: Notably, there is a significant increase of in-phase (positive
collective) motion of water molecules around 25 THz [see Fig. 4(c)]
when going from large to small systems, which causes the main fea-
tures of the interfacial and confinement excess spectra shown in
Fig. 3(e). The frequency at which this happens coincides with in-
phase librating pairs of water molecules, which are also present in
bulk water,46 where they, however, give only a small contribution to
the overall susceptibility.

E. Confined spectra from DFT-MD
The Debye peak of water gives valuable information on the

reorientational dynamics of water molecules in the hydrogen-bond
network.51 Additional information can be obtained by probing the
OH stretch motion around 100 THz, the HOH bending around
50 THz, and the hydrogen-bond stretch motion around 5 THz.52,53

Using the same methods outlined for FF-MD simulations, we
determine the effective susceptibilities of water confined between
graphene sheets in the IR and THz regime from DFT-MD simula-
tions. These simulations employ the Born–Oppenheimer approx-
imation such that the systems exhibit instantaneous electronic
polarizability, which is taken into account when extracting spectra
according to Eqs. (7) and (8). In Fig. 5, we show parallel and per-
pendicular effective absorption spectra using Leff

= LW. It should be
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FIG. 5. Parallel (a) and perpendicular (b) components of the effective absorption spectrum for Leff = LW from DFT-MD simulations for different graphene sheet separations L
compared to the bulk result (black line). The HOH bend features [(c) and (d)] and OH stretch features [(e) and (f)] are shown in detail, and the raw data (transparent lines) are
fitted (solid lines). The peak positions according to the fits are indicated by the vertical dashed lines. For the perpendicular spectra, the effective water susceptibility according
to Eq. (22) is fitted. (g) and (h) Interface (blue lines) and confinement (red lines) excess response functions from DFT-MD simulations.

noted that in the IR regime, effective susceptibilities are rather insen-
sitive to the choice of an effective dielectric length, so that Leff

= LW

is suitable. This allows us to compare ωIm[χeff
] in both parallel

and perpendicular direction to bulk absorption spectra. It should be
noted that spectroscopic experiments in transmission or attenuated-
total-reflection geometry actually measure ωIm[χeff

∥
] in the paral-

lel component but ωIm[ χeff
�

χeff
�
+1
] in the perpendicular component,

which then has to be converted to compare to bulk measurements
(see the supplementary material, Sec. S5). Still, when comparing
with the bulk susceptibility, an additional effect has to be taken
into account: in case of the perpendicular component [Fig. 5(b)],
the computed features are drastically larger in confinement than in
bulk, in contrast to the parallel case [Fig. 5(a)]. This is caused by
the presence of polarizable graphene: In analogy to what we find in
Sec. II B and to what has been extensively discussed in the literature
in the static limit: adding a dielectrically dead layer to the system
while keeping Leff constant leads to a sharp decrease in effective
susceptibility,29,38,39,50 adding the highly polarizable graphene while
keeping the effective length Leff constant leads to an increase in effec-
tive susceptibility, which could be misinterpreted as an increased
spectral activity of the confined water. This occurs despite the fact
that, within our level of description, graphene is not absorbing.

In order to define an effective susceptibility, which singles out
the water dynamics, we keep Leff

= LW, but subtract the electronic
polarizability contribution of the pristine graphene sheets, denoted
as Agraph

�
. For this, we define the effective water susceptibility by

slight modification of Eq. (8) as

χeff,H2O
�

(ω)
χeff,H2O
�

(ω) + 1
=
(Φ�(0) + iωΦ̃+�(ω) + ⟨A�⟩ − ⟨A

graph
�
⟩)/VW

ε0kBT + (Φ�(0) + iωΦ̃+�(ω) + ⟨A�⟩)/V
.

(22)
In the supplementary material, Sec. S4, we show that this cor-
responds, in good approximation, to the response function of
the water polarization to the perpendicular displacement field,

i.e., M̃H2O
�
(ω) ≈ Leff χeff,H2O

�
(ω)

χeff,H2O
�

(ω)+1
D̃�(ω) when decomposing the total

polarization into a water and a graphene contribution M̃(ω)
= M̃ H2O

(ω) + M̃ graph
(ω).

The parallel total susceptibility and the perpendicular effec-
tive water susceptibility are shown for the bending and stretching
modes in Figs. 5(c)–5(f). Bend peaks and stretch peaks are fitted
by Lorentzian and Gaussian functions, respectively, to determine
peak positions, indicated by the vertical dashed lines, and linewidths.
The perpendicular confined OH stretch peak [Fig. 5(f) red line]
is fitted with a Lorentzian as well. Fit parameters are detailed in
the supplementary material, Sec. S6. We find qualitatively similar
behavior of the parallel effective total susceptibility and the perpen-
dicular effective water susceptibility: In both cases, the OH stretch
peak around 100 THz shown in Figs. 5(e) and 5(f) undergoes a
blueshift when going from bulk to strongly confined systems, con-
sistent with IR and Raman measurements of water confined in silica
nanopores.7,16 For a single water layer (L = 0.7 nm), the perpendic-
ular OH stretch peak is blueshifted to 108 THz and the linewidth
is greatly reduced, corresponding to the vibration of non-hydrogen-
bonded OH groups. The existence of such dangling OH groups at
interfaces has been reported and discussed in detail in many inter-
facial systems.54–56 In addition, we find that the intensity of the OH
stretch peak, determined by the integrated area of the peak, decreases
with decreasing graphene sheet separation.

The HOH bend feature in Figs. 5(c) and 5(d) shows opposite
behavior that, however, is similar in the parallel and perpendicu-
lar directions. In both cases, the peak is redshifted when going from
bulk to confinement. We observe a decrease in linewidth in the par-
allel effective susceptibility in the HOH bend region as the graphene
sheet separation decreases but not in the perpendicular component.
The THz region between 0 and 30 THz will be discussed in more
detail in Sec. II F.

As done previously, we decompose the dielectric spectra into
bulk and excess contributions according to Eqs. (14) and (15) and
use Eqs. (16) and (17) to determine interface and confinement
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excess. This decomposition is shown in Figs. 5(g) and 5(h). In the
supplementary material, Sec. S4, we further show that, in agreement
with FF simulations, only the L = 0.7 nm system has a confinement
contribution to the excess response functions.

The OH stretch peak around 100 THz shows a negative inter-
face excess in both the parallel and perpendicular components [blue
lines shown in Figs. 5(g) and 5(h)] consistent with the decreased
intensities observed in Figs. 5(a) and 5(b). In the parallel direction,
we find that the confinement excess is approximately equal to the
negative of the interface excess, indicating a vanishing confinement
effect [similarly to the situation in the Debye region from FF-MD
results shown in Figs. 3(c) and 3(d)]. Both the decreased intensity
and the blue shift of the parallel response shown in Fig. 5(e) are,
therefore, interfacial effects.

For the perpendicular component, discerning whether the blue
shift of the OH stretch feature is an interfacial or confinement effect
is more challenging. We integrate the interface excess response func-
tion from 80 THz to the center frequency of the OH stretch peak
[dashed lines in Figs. 5(g) and 5(h)] as well as from the center
frequency to 115 THz and compare the respective values (see the
supplementary material, Sec. S4 for details). By this, we find that the
shift of the perpendicular OH-stretch response shown in Fig. 5(f) is
also an interfacial and not a confinement effect.

To the right of the large negative peak in the interface excess
in Fig. 5(h), we observe a smaller positive peak around 108 THz,

which corresponds to the vibration of free OH groups. Interest-
ingly, the confinement excess in the region of hydrogen bonded OH
stretch vibrations around 100 THz is small compared to the interface
excess, which indicates, as discussed earlier, that confinement effects
have an additional and equally important contribution as interfa-
cial effects. Therefore, the intensity drop of the OH stretch peak
shown in Fig. 5(f) for L = 0.7 nm is due to confinement, on top of
the decrease for larger L due to interfacial effects. The same holds
true in the 108 THz region, meaning that there is an additional con-
tribution from free OH groups in confinement on top of the single
interface case. To confirm this directly, we investigate the average
number of hydrogen bonds per water molecule as a function of the
distance to the graphene sheet in the supplementary material, Sec. 8.
We find that the number of hydrogen bonds per water molecule
decreases with decreasing distance to the graphene sheet, but that
the decrease is stronger for the L = 0.7 nm nanoconfinement, con-
sistent with the spectral signatures of free OH groups at the interface
and confinement excess response functions shown in Fig. 5(h), as
well as previous results in the literature.57

F. Relation between DFT spectra and molecular
motion and vibrations

To interpret the interface and confinement excess spectra
shown in Figs. 5(g) and 5(h) in terms of molecular vibrations, we

FIG. 6. Relation of interface and confinement excess spectra from DFT-MD simulations with the microscopic water structure and dynamics. (a) and (b) Parallel and perpen-
dicular core-charge spectra according to Eq. (10), where SPC/E partial charges are placed on atomic cores. The dashed lines in panel (a) denote the position of the main OH
stretch peak. (c): OH bond potential for the confined L = 0.7 nm system (red lines); the first hydration layer of the L = 3.4 nm system (cyan lines) compared to bulk (black
lines). (d) and (e) Parallel and perpendicular components of the effective susceptibilities for Leff = LW in the THz regime for different graphene sheet separations L. For the
perpendicular component, we subtract the graphene sheet electronic polarizability. (f) and (g) Power spectra S̃Ω of the angular velocity (dashed lines) of water molecules and
S̃dOO

of the oxygen–oxygen distance of hydrogen-bonded water molecules (dotted lines). (h) Radial cross-correlation function of parallel molecular orientations as quantified
by molecular dipole moments μi (calculated at fixed core charges) (i): Sketches defining the hydrogen bond distance dOO, the molecular bisector rHOH, and its angular
velocity Ω.
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determine the core-charge autocorrelation functions Φcore
∥

and Φcore
� .

These are computed from DFT-MD simulations using Eq. (10)
by placing SPC/E partial charges on the oxygen and hydrogen
atomic cores. By construction, these core-charge autocorrelation
functions reproduce the dynamics of molecular reorientation and
vibrations but do not contain spectral contributions from electronic
polarization, i.e., from the deformation of the electronic density.

We plot ω2Φ̃core
α /ALWε0kBT in Figs. 6(a) and 6(b): both the

parallel and perpendicular components of the core-charge autocor-
relation function reproduce the blueshift of the OH stretch peak in
the full DFT spectra shown in Fig. 5, but not its decrease in inten-
sity. This indicates that the intensity decrease is due to an electronic
polarization mechanism, in agreement with a previous theoretical
work, which shows that the dipole moment of water molecules and,
therefore, the transition dipole moment of the OH stretch mode
decreases at interfaces due to weaker hydrogen bonding.58 On the
contrary, the blue shift of the OH stretch vibration stems from a
change in molecular vibrational dynamics. It can be rationalized by
looking at the effective bond potentials of OH groups, obtained from
the bond length distributions, which reflect the local environment of
water molecules, in particular the local hydrogen bond network.59

In Fig. 6(c), we report the OH bond potentials for two water orienta-
tions: we distinguish between OH groups pointing perpendicular to
the graphene sheet (�, dotted lines) and parallel (∥, solid lines). These
are shown for bulk water (black line), water in the first hydration
layer of the L = 3.4 nm system, denoted as interfacial water (cyan
lines), and the single water layer in the L = 0.7 nm system, which we
denote as confined water (red lines). We fit the effective bond poten-
tials with a fourth-order polynomial and evaluate the equilibrium
bond length and the curvature at the minimum k. First, we observe
that, for OH groups perpendicular to the graphene sheet (dotted
lines), the equilibrium bond-length d�OH is 9.77 Å for the confined
water and 9.86 Å for the interfacial water, both shorter than the bulk
value of db

OH = 9.90 Å. Next, from the extracted curvatures, we esti-
mate the frequency shift of interfacial and confined OH vibrations
with respect to bulk using a harmonic oscillator model,

ν2
k =

k
4π2m

, (23)

where m = 0.948 u is the reduced mass of the OH vibrational sys-
tem. Curvatures and resulting frequencies obtained from Eq. (23)
are presented in Table I.

For comparison, we fit the parallel and perpendicular core spec-
tra shown in Figs. 6(a) and 6(b) with two Gaussians representing the
bonded OH population around 100 THz and the free OH popula-
tion around 110 THz (see the supplementary material, Sec. S7). We
retrieve a gradual blue shift of the bonded OH vibration frequency
of about 5 THz, while the frequency of the free OH vibration stays
constant for all systems. For the L = 0.7 nm system, we present in
Table I the frequency of the bonded OH population peak in the
parallel spectra as νcore

0∥ [vertical dashed lines shown in Fig. 6(a)]
and that of the free OH population as νcore

0� . The interpretation
and comparison of the potential-based frequencies νk with the peak
positions of the effective susceptibilities νeff

0 of the full DFT-MD sim-
ulation [vertical dashed lines shown in Figs. 5(e) and 5(f)] and of
the core-charge autocorrelation functions νcore

0 is not straightfor-
ward. This is mostly due to the fact that we differentiate between
bulk and interfacial water populations in the construction of the
potential of mean force (PMF), while the effective (averaged) spec-
tra contain contributions from both bulk and interfacial water. In
the case of interfacial water in the L = 3.4 nm system, we see that
the effective potential of the parallel interfacial OH bonds has a
higher curvature with respect to bulk water, predicting a blue shift
of about 5 THz. This qualitatively explains the resulting blue shift
of the parallel core charge spectra shown in Fig. 6(a), where the rel-
ative contributions of bulk and interfacial water gradually change,
i.e., the blue shift increases with decreasing confinement length.
The effective potential of perpendicular free OH interfacial popu-
lation yields an extracted frequency νk of 110 THz, which is the
result of a very different local environment with no hydrogen bonds
formed. In the core charge spectra in Figs. 6(a) and 6(b), we see
a peak around that frequency with increasing intensity as we go
from bulk to confinement. In the case of strongly confined water,
i.e., for the L = 0.7 nm system, there is no contribution from bulk
water molecules, so we can directly compare core spectra frequencies
νcore

0 to potential-based frequencies νk. We retrieve similar shifts
from bulk to confinement for all investigated frequencies, νeff

0 , νcore
0 ,

and νk of around 2.5 THz in the parallel and around 10 THz in the
perpendicular components, which hints to the fact that the blue shift
of the bonded OH vibrations as well as of the free OH bonds is due to
a change in curvature of the effective potentials. This reveals that the
in-plane hydrogen bond network in the interfacial layer is weaker
than that in bulk, leading to a higher potential curvature, and that,

TABLE I. Analysis of OH stretch frequencies. Curvature of OH bonds potentials shown in Fig. 6(c) from fourth-order polyno-
mial fit is denoted as k. Frequencies νk are calculated with Eq. (23) and compared to the fitted frequencies of the OH stretch
peak from the effective spectra shown in Figs. 5(e) and 5(f) (νeff

0 ) and core spectra shown in Figs. 6(a) and 6(b) (νcore
0 )

of bulk water and nanoconfined water. We do not determine interfacial spectra from DFT-MD simulations so that we do not
provide the according values.

νeff
0 (THz) νcore

0 (THz) k (kBT/Å 2
) νk (THz)

Bulk 97.3 99.5 1.442 98.0
Interfacial water (first hyd. lay. L = 3.4 nm) ∥ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.589 102.9

� ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.818 110.1
Confined water (L = 0.7 nm) ∥ 99.4 102.5 1.518 100.6

� 108.8 109.9 1.713 106.8
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as mentioned earlier, the absence of hydrogen bonding for the out-
of-plane free OH bonds leads to a further curvature increase and to
a frequency shift to 106.8 THz.

In Sec. S7 of the supplementary material, we also show that the
redshift of the HOH bend peak in confinement with respect to bulk,
as shown in Figs. 5(c) and 5(d), can be rationalized by a decrease in
curvature of the effective angular bond potential.

Finally, to probe the hydrogen-bond network more directly,
usually the hydrogen-bond stretch feature around 5 THz is consid-
ered. We show close-ups of the effective water susceptibility in the
0 to 30 THz region in Figs. 6(d) and 6(e). Going from bulk
to nanoconfinement changes the characteristics of the THz spec-
trum dramatically. In both the parallel and perpendicular compo-
nents, instead of well-separated libration and hydrogen-bond stretch
peaks, we see the emergence of a broad absorption band span-
ning from 1 all the way to 30 THz. A similar signature has been
reported previously in single-molecule polarization power spectra
of nanoconfined water.30 The excess spectra from (non-polarizable)
FF-MD simulations in Fig. 3(c) (inset blue and red lines) and the
core-charge autocorrelation spectra in Fig. 6(a) also show a broad
response in the low THz regime, indicating that the band broadening
is caused by molecular rotations and not by electronic effects.

In the 1–30 THz region, the bulk water spectrum has two main
features at 20 and 5 THz, attributed to hindered rotations (libra-
tions) and hydrogen-bond stretch vibrations, respectively. These can
be described based on the power spectrum of two observables based
on atomic core positions:46 the power spectrum,

S̃Ω(ω) =
∞

∫
−∞

dt ⟨Ω(0) ⋅Ω(t)⟩eiωt , (24)

of the angular velocity of the water molecule bisector Ω [see
Fig. 6(i)], indicated by the dashed lines shown in Figs. 6(f) and 6(g),
which qualitatively reproduces the libration peak, and the power
spectrum,

S̃dOO =

∞

∫
−∞

dt ⟨dOO(0)dOO(t)⟩eiωt , (25)

of the oxygen–oxygen distance of hydrogen-bonded water pairs dOO
[see Fig. 6(i)] indicated by the dotted lines shown in Figs. 6(f) and
6(g), which reproduces the hydrogen-bond stretch peak at 5 THz.
In Figs. 6(f) and 6(g), we further decompose these power spectra
into parallel and perpendicular components. The peak of S̃dOO is only
shifted marginally in frequency when going from bulk (black dotted
line) to confinement (red dotted line), while its intensity changes.
The increase in intensity of S̃∥dOO

and the simultaneous vanishing
intensity of S�dOO

in nanoconfinement can be attributed to an aver-
age orientation of hydrogen-bonds parallel to the graphene (see the
supplementary material, Sec. S8 for more details on S̃�dOO

and S̃∥dOO
).

The rotational power spectrum S̃Ω on the other hand changes
from a band localized between 10 and 30 in bulk [black dashed line
in Figs. 6(f) and 6(g)] to a band spanning the entire range from
1 to 30 THz in confinement (red dashed line), similar to the effective
susceptibility. This shows that the emergence of the broad absorp-
tion band in confinement is indeed caused by single-molecule rota-
tion. This can be linked to a change of the hydrogen bonding pattern,

which has been reported in nanoconfined water.57 In particular, it
has been shown that the geometric arrangement of water molecules
transitions from tetrahedral in bulk to different lattice structures
in single layer nanoconfinement, depending on the temperature
and the pressure.60 A representative molecular structure of our
L = 0.7 nm system is shown in Fig. 6(h), together with the ori-
entational ordering of water as quantified by the spatial dipole
correlation function ⟨μ∥i (0)μ

∥

j(r)⟩/⟨μ
∥

i ⟩
2, where μ∥i denotes the com-

ponent of the dipole moment of molecule i parallel to graphene. In
bulk water (black line), the orientational correlation decays rapidly
over the first two hydration shells of a water molecule, while in the
L = 0.7 nm system (red line) as well as in interfacial water of the
L = 3.4 nm system (cyan line), it decays over about five hydration
layers. This high spatial ordering results in a delocalization of the
libration mode, so that water molecules of the second hydration
shell also participate to the libration. By performing time-frequency
analysis (see Sec. S9 of the supplementary material), we determine
the spatial range of this libration correlation. In bulk water, we
find that the libration of water molecules is correlated up to a dis-
tance of around 3.5 Å, i.e., only neighboring water molecules librate
in a synchronized fashion, which reflects the two-body nature of
the libration motion.46 However, in L = 0.7 nm confinement, the
librational motion of different water molecules is correlated over dis-
tances of up to 6 Å. This indicates that there is a transition from a
two-body to a multi-body vibration characterized by many distinct
normal modes, which causes the broad libration band between 1 and
30 THz in confined water. Interestingly, also the first hydration layer
of the L = 3.4 nm system [Fig. 6(h) cyan line] shows long-ranged ori-
entational organization. Due to this, a broadening of the libration
peak can be seen to a lesser degree also in the L = 1.4 and L = 3.4 nm
systems [Figs. 6(d) and 6(e) green and orange lines].

III. CONCLUSION
We extract the frequency-dependent anisotropic electric sus-

ceptibility of nanoconfined water from FF-MD and DFT-MD simu-
lations and introduce a box model for the polarization response to
applied Ẽ∥(ω) and D̃�(ω) fields. We find that the derived effective
susceptibility, which is typically reported in experiments, is strongly
sensitive to the effective box length, in the perpendicular direction
at low frequencies. Moreover, we show that the polarizability of
the confining surfaces influences the effective susceptibility. In the
case of experimental suspended graphene, frequency independent
absorption has been experimentally observed, which is attributed
to electronic interband-transitions61,62 not included in DFT-MD
simulations. Adding the imaginary part to the electronic polariz-
ability a∥/� in our model would alter the effective susceptibility even
further.

The sensitivity of the effective susceptibilities to the effective
length Leff is rationalized by decomposing the response into bulk
and excess contributions. The excess function can be further decom-
posed into a confinement-length-independent interface excess and
a confinement excess, which allows for the quantification of the
influence of geometric confinement vs interfacial effects on the
frequency-dependent susceptibility. In the case of water confined
between two graphene surfaces, confinement effects are absent for
confinement lengths L ≥ 1.4 nm, i.e., above a confinement length
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of a nanometer, the spectra can be explained by the sum of bulk
water and interface contributions. The onset of confinement effects
at around L = 1 nm is largely independent of frequency.

By analyzing FF-MD simulations of water confined between
graphene sheets at different confinement lengths and extracting sur-
face and confinement excess spectra, we show that the Debye relax-
ation at 15 GHz of water parallel to the interface is enhanced due to
stronger orientational correlation of interfacial water. At the same
time, collective rotations are slowed down at the interface leading
to a redshift of the Debye peak. Employing DFT-MD simulations,
we recover experimentally reported changes in the intramolecular
dynamics of water at interfaces, in particular a blue shift of the
OH stretch vibration, which we explain with an increased curva-
ture of the effective OH bond potential. Strikingly, the HOH bend
peak shows the opposite behavior and undergoes a red shift. The
slow-down of the Debye relaxation, the red shift of the HOH bend,
and the blue shift of the OH stretch vibration are all predominantly
interfacial effects with only small additional effects due to geometric
confinement.

Below the confinement threshold, the arrangement of water
changes and we find significant confinement effects, most promi-
nently in the spectral range from 1 to 30 THz. In bulk water, two
distinct peaks at 5 and 20 THz caused by hydrogen-bond stretch-
ing and hindered molecular rotations are found. In two-dimensional
water layers, however, a broad spectral band, ranging over the entire
spectral range from 1 to 30 THz, appears due to collective molecu-
lar rotation. Compared to bulk, the libration band in confinement
is not only considerably broader but also redshifted to nearly half
its usual frequency. We relate this to a transition of the libration
motion from a two-body mode in bulk to a delocalized multibody
mode in nanoconfinement. While there are some signs of similar
motion also in the first hydration layer of water at graphene surfaces,
reflecting its two-dimensional nature, the described broad rotational
band is largely confinement-induced and a striking signature of
geometrically confined water.

IV. METHODS
A. FF-MD simulations

FF-MD simulations are performed using GROMACS 202163

with the SPC/E water model and GROMOS 53A664 parameters for
carbon atoms. Simulations are performed in the NVT ensemble
using the canonical sampling through velocity rescaling (CSVR)65

thermostat at 300 K. We use a 2 fs time step and truncate Lennard-
Jones interactions at 0.9 nm. Treatment of electrostatic interactions
employs a real-space cutoff at 0.9 nm, while long-range interac-
tions are handled with the particle mesh Ewald method.66 During
the simulation, all carbon atoms remain frozen. To cover the full
range of frequencies, we conduct multiple MD simulations at differ-
ent lengths and write-out frequencies. For each confinement length,
we conduct a 2 μs and at least ten times 10 ns simulations for
which we write out atomic positions every 400 and 2 fs, respec-
tively. We calculate polarization-autocorrelation functions for each
system and assemble the full correlation function in the time domain
from the first 1600 fs of the 10 ns trajectories and the rest from the
2 μs trajectory. Correlation functions from shorter simulations are
shifted additively by a constant to match the 2 μs correlation func-
tion at t = 0 to give smooth correlation functions. The assembled

correlation function is truncated when it first takes a negative value
and a one-sided Fourier transform is calculated numerically with a
trapezoidal integration rule. Bulk water simulations have been per-
formed with 1410 water molecules in a (3.5 nm)3 box for 100 ns.
All the presented FF-MD spectra are smoothed in logarithmic fre-
quency space with a Gaussian kernel. This corresponds to smoothing
with a kernel with varying width, corresponding to 3% of the kernel’s
center frequency.

To determine spatially resolved dielectric profiles according
to Eqs. (7)–(10) from FF-MD simulations, parallel and perpendic-
ular polarization density profiles are extracted. The perpendicu-
lar polarization density is determined by taking into account the
instantaneous charge density profile,

ρZ(r, t) =∑
i

Ziδ(q − ri(t)), (26)

where we sum over all atoms with positions qi(t) and partial charges
Zi. The perpendicular polarization density, assuming no external
electric field is applied, is found by integration, using

m�(z, t) = −
z

∫

0

dz ρZ(z′, t). (27)

Parallel polarization densities are obtained using the virtual cutting
method introduced by Bonthuis et al.47

B. DFT-MD simulations
DFT-MD simulations are carried out with CP2K 7.1 soft-

ware67 within the Born–Oppenheimer approximation. We use the
BLYP68,69 exchange–correlation functional with Grimme-D370 dis-
persion correction, GTH pseudopotentials71 and combine it with
the DZVP-SR-MOLOPT basis set.72 The plane wave expansion of
the electronic density is truncated at 400 Ry. DFT-MD simulations
are conducted with a time step of 0.5 fs. As in FF-MD simula-
tions, carbon atoms are frozen during all simulations. Each system
is first equilibrated in FF-MD for 1 ns and subsequently for 5 ps
in DFT-MD. Production runs are performed for at least 75 ps each
using the CSVR thermostat at 300 K. Total system dipole moments
are calculated according to the implementation in CP2K. The total
polarization is determined modulo a period so that it depends on the
lattice vectors. We reconstruct a continuous polarization trajectory
by assuming polarization changes between successive MD steps to
be smaller than half of that period. The imaginary part of the dielec-
tric spectra is extracted by using the Wiener–Khintschin theorem on
the polarization trajectories M(t),

χ′′αβ(ω) =
ω

ε0kBTLt
M̃α(ω)M̃∗β (ω), (28)

with total simulation time Lt . Real parts are then calculated
numerically with the Kramers–Kronig relation, according to73

χ′αβ(ω) = −F
−1
[i sgn (t)F[χ′′αβ(ω)](t)], (29)

with the Fourier-transform F[ f ](ω) = f̃ (ω) as defined in the main
text and its inverse F −1. All spectra are smoothed with a Gaussian
kernel in the frequency domain at constant width of 0.4 THz. Bulk
water simulations have been taken from Ref. 46.
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C. Electronic polarizabilities
As shown in the supplementary material, Sec. S2, the polariza-

tion density at given atomic core positions q is an explicit function of
the applied external field if the system is instantaneously polarizable.
The electronic polarizability is defined by

aαβ(z) = ⟨
∂

∂Eext
β

mα(z, q, Eext
post)∣

Eext
post=0

⟩

Eext
traj=0

. (30)

Here, ⟨⋅⟩Eext
traj=0 denotes an average over a core-position trajectory that

is simulated without applying an external field, while mα(z, q, Eext
post)

denotes the (post-processed) calculation of the polarization density
with applied external field Eext

post. In case of a system that is uniform
in x and y directions, the electronic polarizability is a diagonal ten-
sor with two independent components a∥ = axx = ayy and a� = azz .
From our unperturbed (zero-field) DFT-MD simulations, we take
snapshots every 500 fs and determine the polarization of the system
in post-processing at fixed nuclei positions for each frame with and
without an externally applied field of nominally Ê ext

= 0.512 V/nm.
The polarizability is calculated from a finite difference scheme,
according to

aαβ(z) =
⟨mα(z, q, eβÊ ext

)⟩0 − ⟨mα(z, q, 0)⟩0
Ê ext , (31)

where eβ denotes the unit vector in the β direction. The graphene
sheet polarizability Agraph

�
= ∫

V
dr agraph

�
(z) is calculated accordingly

for the separations L = 0.7 nm, L = 1.4 nm, and L = 3.4 nm from
single-energy calculations of the graphene sheets without water in
between.

SUPPLEMENTARY MATERIAL

The supplementary material contains derivations of the
Green–Kubo relations in Eqs. (7) and (8), the box model in Eqs. (11)
and (12), and the Green–Kubo relation in Eq. (22). It contains
further details on the relation between spectroscopic experiments
and effective susceptibilities, time-frequency analysis of the libra-
tion feature that allows for the interpretation of spectra shown in
Figs. 6(d) and 6(e), fit parameters of HOH bend and OH stretch
peaks, and additional remarks on effective susceptibilities helpful for
the understanding of this work.
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