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Abstract

Layered framework materials, a rapidly advancing class of porous materials, are composed of molecular
components stitched together via covalent bonds and are usually synthesized through wet-chemical methods.
Computational infrared (IR) and Raman spectra are among the most important characterization tools for this
materials class. Besides the a priori known spectra of the molecular building blocks and the solvent, they
allow for in situ monitoring of the framework formation during synthesis. Therefore, they need to capture
the additional peaks from host-guest interactions and the bands from emerging bonds between the molecular
building blocks, verifying the successful synthesis of the desired material. In this work, we propose a robust
computational framework based on ab initio molecular dynamics (AIMD), where we compute IR and Raman
spectra from the time-correlation functions of dipole moments and polarizability tensors, respectively. As a
case study, we apply our methodology to a covalent organic framework (COF) material, COF-1, and present
its AIMD-computed IR and Raman spectra with and without 1,4-dioxane solvent molecules in its pores. To
determine robust settings, we meticulously validate our model and explore how stacking disorder and different
methods for computing dipole moments and polarizabilities affect IR and Raman intensities. Using our robust
computational protocol, we achieve excellent agreement with experimental data. Furthermore, we illustrate how
the computed spectra can be dissected into individual contributions from the solvent molecules, the molecular
building blocks of COF-1, and the bonds connecting them.

1 Introduction
Two-dimensional (2D) covalent organic frameworks (COFs)
are periodic layered materials composed of organic link-
ers connected by covalent bonds.1,2 Due to high degree of
porosity and large surface area, COFs are excellent candi-
dates for a series of applications including gas storage3,4 and
gas separation.5–8 Moreover, COFs have been reported to
have promising application areas in sensing,9,10 proton con-
duction,11,12 catalysis,13,14 energy storage,15–18 light har-

vesting,19,20 and electronics,21–23 owing to a high amount
of π-electron conjugation in-plane and π-π stacking inter-
actions, which facilitate exciton migration and dissociation,
that can be further enhanced via tuning the donor-acceptor
units.20

Vibrational spectroscopy techniques, such as infrared (IR)
and Raman spectroscopy, are widely used tools for the char-
acterization of 2D materials, including identifying contri-
butions from different components of host-guest systems.24

Since 2D COFs,1 and 2D polymers25,26 are commonly syn-
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thesized through wet-chemical methods, any remaining sol-
vent contributes signals, potentially complicating the inter-
pretation of the spectra. It has been previously reported
for 2D COFs that the presence of guest molecules can af-
fect several properties including the stacking order27,28 and
tensile strain.29 A recent study reveals that pristine COF-
1 and COF-1 with trapped solvent (mesitylene) molecules
inside its pores show varying degrees of stability under
high-pressure, which can be monitored via Raman spec-
troscopy.29 Raman measurements are also employed to track
reactions in solution. Some noteworthy examples include
the in situ catalytic reaction monitoring of phthalocyanine-
based conjugated COFs30 and metal-organic frameworks
(MOFs)31 using in situ Raman spectroelectrochemistry.

The most common approach to compute vibrational spec-
tra is normal mode analysis, typically within the Born-
Oppenheimer approximation.32 While this approach is com-
putationally efficient, it has several limitations: It only al-
lows the calculation of the fundamental transitions, which
excludes a series of phenomena, such as overtones, combi-
nation and hot bands, Fermi resonances and bond breaking.
Anharmonic effects are not captured and explicit solvent ef-
fects cannot be included because the structure must be in a
local minimum and configurational sampling is thus not ac-
counted for.

Ab initio molecular dynamics (AIMD) within the Born-
Oppenheimer approximation is a promising alternative to
overcome the limitations of the normal mode analysis, in
particular for including anharmonicities along with temper-
ature and solvent effects. However, this comes at the ex-
pense of increased computational cost in the case of systems
with only a few hundreds of atoms, and the loss of nuclear
quantum effects such as the vibrational zero-point energy or
quantum tunneling33,34 when treating nuclei classically.

AIMD as well as classical MD-based approaches provide
an overall description of the modes activated at a specific
temperature range. A large number of studies have been con-
ducted on the computation of the vibrational spectra for var-
ious systems from dynamic approaches. The calculation of
the vibrational spectrum of liquid water using classical MD
and AIMD has been discussed in several studies,35–38 along
with other liquid,39–41 gas-phase,42–46 and air-water inter-
face systems.47–49 In the case of solids, the vibrational spec-
tra of high-pressure ice,50 hydrogen chloride hydrates,51,52

crystalline naphthalene,53 crystalline paracetamol,54 zeo-
lites,55,56 metal-halide perovskites56 and MOFs56 have so
far been investigated via MD-based approaches. The appli-
cation of such methods for predicting IR and Raman spec-
tra of 2D materials has been scarce. We are aware of two
recent Raman studies on 2D YbOCl57 and 2D titanium car-
bide MXene,58 the latter one in combination with machine-
learned force-fields.

In this work, we assess the AIMD-based approach for ac-

curately predicting IR and Raman spectra of layered 2D ma-
terials. Our goal is to develop a computational tool to support
the interpretation of in situ vibrational spectroscopy during
wet-chemical synthesis of layered COFs and similar porous
materials. We focus thus on host-guest interactions between
the framework material and solvent molecules and strategies
for analyzing the AIMD-based spectra. We demonstrate how
to dissect the AIMD-based spectra into individual contribu-
tions from the solvent, the molecular units of the framework
material, and the covalent bonds connecting these molecu-
lar units. Identifying and monitoring the vibrational bands
related to these connecting bonds is crucial for verifying
the successful synthesis of the framework material. Specifi-
cally, we investigate the COF-1 system with and without 1,4-
dioxane solvent molecules in the pores. We propose compu-
tationally robust settings to obtain AIMD-based IR and Ra-
man spectra for COF-1 and demonstrate how to dissect the
spectra by adapting established strategies. We expect that the
majority of our findings are transferable to other framework
materials.

The structure of the paper is as follows: In Section 2,
we provide an overview of the theory. Section 3 introduces
the COF-1 test system and provides implementation details.
Section 4 gives information on the computational procedure
and the experimental setup. Section 5 includes details on the
validation of our computational setup. We summarize and
discuss our results for COF-1 in Section 6, comparing the
MD-based results with the experimental data and the static
calculations, analyzing the vibrational bands, and assessing
host-guest interactions in the IR and Raman spectra. In Sec-
tion 7, we provide our conclusions.

2 Theory
In the following, we summarize the key equations for the
MD-based IR and Raman intensities,59 together with the dif-
ferent methodologies we tested for the calculation of dipole
moments and polarizability tensors. The expressions for IR
and Raman intensities for static calculations based on con-
ventional normal mode analysis are given in Section S1 in
the Supplementary Information (SI).

2.1 IR and Raman spectra from MD
For MD-derived vibrational spectra, we generate a trajectory
and calculate the dipole moments and polarizability tensors
for a selected set of snapshots which are equally spaced over
the trajectory. The vibrational spectra are obtained from au-
tocorrelation functions (ACFs) containing these quantities.
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The ACF of the real-valued property A is defined as:60

⟨A(τ)A(τ+ t)⟩τ =
∫

A(τ)A(τ+ t)dτ (1)

≈
1

τmax

τmax∑
τ=1

A(τ)A(τ+ t) (2)

In practice, we use Equation (2) since we have a set of dis-
cretized values for A. τ and t label the times for two different
snapshots and τmax is the correlation depth, which is an input
parameter.

The IR intensities are obtained from the Fourier transfor-
mations of the ACFs of µ̇µµ, which denotes the time derivative
of the dipole moment µµµ.61 The expression for IIR is given
by:

IIR(ν̃) =
2NA

12ε0ckBT

∫ ∞
−∞

⟨µ̇µµ(τ) · µ̇µµ(τ+ t)⟩τ exp(−2πcν̃t)dt (3)

where ε0 is the vacuum permittivity, NA is the Avogadro con-
stant, c is the speed of light, kB is the Boltzmann constant, T
is the temperature and ν̃ is the wavenumber.

Following Placzek’s polarization theory, the total (unpo-
larized) Raman intensity is given by:32,59

IRaman(ν̃)=
2h

8ϵ2
0 kBT

(ν̃in− ν̃)4

ν̃

1

1− exp
(
− hcν̃

kBT

) 45δ2(ν̃)+7ϵ2(ν̃)
45

(4)
where ν̃in denotes the wavenumber of the incident light and
h is the Planck’s constant. The isotropic contribution δ2(ν̃)
and the anisotropic contribution ϵ2(ν̃) are computed in the
MD-based approaches from Fourier transforms of ACFs as
follows:62

δ2(ν̃) =
∫ ∞
−∞

〈
α̇xx(τ)+ α̇yy(τ)+ α̇zz(τ)

3
×

α̇xx(τ+ t)+ α̇yy(τ+ t)+ α̇zz(τ+ t)
3

〉
τ

×

exp(−2πicν̃t)dt

(5)

where α̇αα denotes the time derivative of the polarizability ten-

sor ααα. The anisotropic contribution ϵ2(ν̃) is given by:

ϵ2(ν̃) =
∫ ∞
−∞

[1
2

〈{
α̇xx(τ)− α̇yy(τ)

} {
α̇xx(τ+ t)− α̇yy(τ+ t)

}〉
τ

+
1
2

〈{
α̇yy(τ)− α̇zz(τ)

} {
α̇yy(τ+ t)− α̇zz(τ+ t)

}〉
τ

+
1
2

〈
{α̇zz(τ)− α̇xx(τ)} {α̇zz(τ+ t)− α̇xx(τ+ t)}

〉
τ

+
3
4

〈{
α̇xy(τ)+ α̇yx(τ)

} {
α̇xy(τ+ t)+ α̇yx(τ+ t)

}〉
τ

+
3
4

〈{
α̇yz(τ)+ α̇zy(τ)

} {
α̇yz(τ+ t)+ α̇zy(τ+ t)

}〉
τ

+
3
4

〈
{α̇zx(τ)+ α̇xz(τ)} {α̇zx(τ+ t)+ α̇xz(τ+ t)}

〉
τ

]
× exp(−2πicν̃t)dt

(6)
The spectral width of the MD-based IR and Raman spec-

tra is determined by the time interval ∆t between the se-
lected snapshots, where the maximum wavenumber is ν̃max =

1/(2c∆t). Choosing a time step of 2.5 fs corresponds to a
spectral range up to a wavenumber of 6671.28 cm−1. The
resolution of the spectra is connected to the correlation depth
τmax and can be enhanced by, e.g., data mirroring as de-
scribed in Section 3.2.2.

The MD-based approach yields also access to the power
spectrum, which is obtained from the ACFs of the veloci-
ties as shown in detail in Section S2 in the SI. The power
spectrum displays all vibrational frequencies independently
on IR and Raman selection rules and is the MD-equivalent
to the set of normal frequencies obtained after diagonalizing
the Hessian matrix in the static approach.

2.2 Calculation of the dipole moments
For finite systems, the electronic contribution to the dipole
moment is given in terms of the expectation value of the posi-
tion operator r̂ as µµµ = −e

∑
i ⟨ψi|r̂|ψi⟩, where ψi are the Kohn-

Sham density functional theory (KS-DFT) orbitals. This
definition does not generalize to periodic systems, where
the KS-DFT orbitals are represented by Bloch functions
ψnk, where k is the wave vector. The expectation value
⟨ψnk|r̂|ψnk⟩ is ill-defined since the integrand diverges as |r|
approaches infinity. The modern theory of polarization63–65

solved this problem by providing a rigorous reformulation of
the electric polarization (dipole moment per unit volume) in
terms of a Berry phase or Wannier centers. In the following,
we summarize the key equations and refer the reader to Ref.
66 for a detailed description.

2.2.1 Berry phase approach
The modern theory of polarization recasts the expression for
the expectation value of the position operator into a Berry
phase of the cell-periodic parts of the Bloch functions.63–65

This approach abandons the notion of a completely unique
value for the dipole moment, recognizing instead that the
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latter is determined modulo a so-called quantum of polar-
ization. In this work, we employ large supercells for the
computation of IR and Raman intensities. For large super-
cells, an evaluation only at the Γ-point is justified, for which
the Berry phase dipole expression reads:

µ
Berry
α =

e
2π

∑
β

hαβγα+µnuc
α (7)

where α and β indicate the Cartesian directions (x, y,z). hαβ
is an element of the 3× 3 matrix h = [a,b,c], which defines
the simulation cell with the primitive Bravais lattice vectors
a,b and c. µnuc

α is the nuclear contribution. The α component
of the Berry phase γγγ is given as:

γα = Imlndet S(α) (8)

with
S (α)

nm =
〈
ψn | exp {−iGα · r} | ψm

〉
(9)

and the reciprocal lattice vectors:

Gα = 2π(h−1)Teα (10)

with ex = (1,0,0), ey = (0,1,0) ez = (0,0,1). ψn/m are oc-
cupied KS-DFT orbitals under periodic boundary conditions
(PBCs).

The Berry phase approach yields the total electric dipole
moment for the whole system. Since exp{iGα · r̂} in Equa-
tion(9) is a periodic function, the Berry phase dipole moment
is only defined modulo the lattice vector. During an MD sim-
ulation, µBerry

α can “jump”, which needs to be addressed by
adding or subtracting multiples of aα+bα+cα to or from the
α component of the dipole vector, to ensure that we autocor-
relate dipole moments from the same polarization branch.

2.2.2 Maximally localized Wannier functions
Wannier functions are derived through a unitary trans-
formation of the Bloch functions to localized functions.
Specifically, we employ maximally localized Wannier func-
tions (MLWFs),67,68 obtained by applying a “maximal-
localization" criterion to produce a unique set of Wannier
functions. The minimization of the spread of the MLWFs is
based on the concepts of the modern theory of polarization.
While the regular position operator can be used for finite sys-
tems, the spread function is derived in terms of a Berry phase
under PBCs. MLWFs are localized in space around the Wan-
nier centers rWC

i . Adopting again a Γ-only formulation, the
α component of the Wannier center is given by68,69

rWC
αi = −

1
2π

∑
β

hαβImln
〈
wi | exp {−iGα · r} | wi

〉
(11)

where wi is the MLWF and Gα is defined in Equation (10).

Assuming a spin-unpolarized calculation, each MLWF is
occupied by two electrons. Or in other words, we have a
charge of −2e at each Wannier center rWC

i . The electric
dipole moment, including nuclear contributions, can then be
evaluated as:

µµµMLWF = −2e
∑

i

r̃WC
i + e

∑
i

ZiR̃i (12)

where the distance vectors r̃WC
i = rWC

i − r0 and R̃i = Ri − r0

are implemented with PBCs and r0 is a reference point, for
example, the center of mass. Ri and Zi indicate the atomic
positions and charges, respectively. Equation (12) yields the
total dipole moments of the supercell. As for the Berry phase
dipole moments, “jumps" of µµµMLWF during the AIMD are
possible, which are again corrected by adding/subtracting
multiples of aα+bα+ cα.

A molecular dipole moment µMLWF is obtained by restrict-
ing the sums in Equation (12) to the Wannier centers and
atomic charges assigned to the individual molecule. The sum
of the molecular dipoles corresponds then to the total dipole
moment of the cell.39 In the context of IR and Raman, a typi-
cal application of MLWFs is to compute subspectra of liquid
mixtures,70 summing up only the molecular dipole moments
of a subset of the molecules. Similarly, we employ MLWFs
in this work to dissect the obtained spectra into contributions
from solvent molecules (guest) and the material (host) itself,
and also to analyse the spectral bands via breaking down the
material into molecular units and connecting bonds. The def-
inition of a “Wannier molecule", to which the rWC

i can be
uniquely assigned, is only approximately possible for frame-
work materials. We elaborate our approach in Section 3.2.1.

2.3 Calculation of the polarizabilities
We tested two different approaches to compute polarizabili-
ties. The first one is based on an induced dipole approach,
whereas the second approach relies on a direct calculation
of the polarizabilities within the framework of the density
functional perturbation theory (DFPT).

2.3.1 Polarizabilities via induced dipoles
Polarizabilities can be calculated numerically through in-
duced dipole moments µµµind,39 requiring no further modifi-
cation to the electronic structure beyond the computation of
electric dipole moments. The polarizability tensor ααα is re-
lated to the change in the dipole moment under the applied
external electric field E = (Ex,Ey,Ez) by:

µµµind = αααE (13)

In practice, we perform three additional single-point cal-
culations for each of the selected MD snapshots. In these
calculations, a finite periodic electric field E, which is com-
puted using the Berry phase approach71,72 and has a field
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strength of 0.005 a.u., is applied along the x, y or z direc-
tion, i.e., we apply the fields (E,0,0), (0,E,0) or (0,0,E).
After convergence of the electronic structure, we compute
the electric dipole moment µµµk, where k indicates the direc-
tion in which the field has been applied. The induced dipole
moment is then calculated via forward finite differences as:

µµµk
ind = µµµ

k −µµµ0 with k = x, y,z (14)

where µµµ0 denotes the dipole moment vector obtained from
the field-free calculations. The components ααβ of the polar-
izability tensor are then given by αα,β=k = µ

k
ind,α/E.

The dipole moments µµµk and µµµ0 can be calculated using
different approaches, e.g., the Berry phase approach or ML-
WFs. The induced dipole moment is unique since we take
the difference between two dipole moments on the same po-
larization branch. The advantage compared to the DFPT-
based approach (Section 2.3.2) is that IR and Raman spectra
can be treated on equal footing, meaning that the dipole mo-
ment (IR) and the induced dipole moment/polarizability (Ra-
man) can be computed with the same method. This also en-
ables the computation of local contributions in Raman spec-
tra by computing the induced dipole moments via MLWFs.
A disadvantage of the induced dipole strategy is that the field
strength E has to be selected with care such that i) the fi-
nite difference approach is valid and ii) that non-linear ef-
fects, which might be relevant for larger E-fields, can be ne-
glected. However, employing field strengths that are too low
can introduce noise into the spectrum, necessitating a trial-
and-error procedure to identify the optimal field strength for
each material.

2.3.2 Polarizabilities via DFPT

DFPT73,74 is an analytical approach to compute the response
of a molecule or material to an external electric (or magnetic)
field. It can be viewed as the solid-state formulation of the
coupled perturbed self-consistent field (CPSCF) method75,76

originally developed in the quantum chemistry community.
The derivation of the DFPT equations relies on perturbation
theory. The KS Hamiltonian is modified by an additional
term ĥE = −r̂ ·E, where E is the applied homogeneous elec-
tric field. EE denotes the energy term due to ĥE.

Expanding the total energy in a perturbative manner under
the zero-field condition results in:

Etot(E) ≈ E0
tot[n0]+

∑
α

µαEα+
1
2

∑
α,β

ααβEαEβ+ . . . (15)

where E0
tot[n0] is the total energy of the unperturbed KS sys-

tem with the ground-state density n0 and α,β indicate again
the Cartesian directions (x, y,z). The second-order term cor-
responds to the polarizability and is expressed within PBCs

for the Γ-only case as:77

ααβ =
∂2EE[n0]
∂Eα∂Eβ

∣∣∣∣∣∣E=0
=
∂µ

Berry
α

∂Eβ

∣∣∣∣∣∣∣E=0

(16)

=
e

2π

∑
β

hαβIm

∑
nm

(〈
ψ

(1)β
n
∣∣∣exp[−iGα · r]

∣∣∣ψ(0)
m

〉
(17)

+
〈
ψ(0)

n
∣∣∣exp[−iGα · r]

∣∣∣ψ(1)β
m

〉)(
S (α)

mn

)−1
]

where ψ(0)
n and ψ(1)β

n are the unperturbed and first-order per-
turbed KS-DFT orbitals and S (α)

nm is defined in Equation (9).
The first-order perturbed KS-DFT orbitals are obtained via
a linear-response calculation. For more details of the DFPT
procedure, see Ref. 44.

The DFPT polarizabilities are obtained for the whole su-
percell, while individual contributions are not accessible, un-
less modifications are made to the DFPT code.40 An im-
portant advantage compared to the induced dipole method
introduced in Section 2.3.1 is that the polarizabilities are
directly obtained after a single linear-response calculation,
requiring no manual adjustments of field strengths or post-
processing steps. We note that also the DFPT polarizabilities
are uniquely defined due to multiplication with the inversion
of S (α)

nm in Equation (17), canceling the phase indeterminancy.

3 System and Implementation
3.1 Test system COF-1
We selected COF-1 as our test system since it is well-
characterized in terms of structural properties and vibrational
modes.28,78 COF-1 is a crystalline material composed of
atomically thin 2D periodic layers. The COF-1 monolayer is
a porous network consisting of connected phenyl and borox-
ine rings. The layered bulk material is formed by stacking
the 2D layers via non-bonded interactions.

The stacking structure of COF-1 and other 2D COFs is not
eclipsed as assumed from early low-resolution powder X-ray
diffraction data (PXRD),1 but between two layers there is a
small shift of about 1.6 Å along one of the high-symmetry
directions. This stacking is denoted as AA’ and shown in
Figure 1a.79,80 These apparently small shifts can impose sig-
nificant changes in the electronic properties.81 In realistic
COFs, there is no pronounced interaction between second
next layers, yielding to a stochastic sequence of small shifts,
which result in non-periodic structures normal to the COF
plane.28

Accommodating a statistical stacking model is computa-
tionally too expensive for AIMD simulations. We employed
thus COF-1 models with AA’ stacking for the static calcula-
tions and as starting structures for the AIMD simulations.
However, we tried to take the statistical stacking model
somewhat into account by repeating the unit cell shown in
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Figure 1 a) COF-1 system with AA’ stacking. The unit cell is indicated by a purple rhombus. b) COF-1 system with the solvent
molecules (1,4-dioxane) inside the pores. Color code: black: C, white: H, red: O, pink: B. The solvent molecules are depicted
in blue. A lighter blue shade is used for the oxygen atoms for clarity. c) Side view representation showing the number of layers
of the COF-1 unit cell, 1×1×2 supercell used for the pristine COF-1, and the 1×1×3 supercell used for the COF-1+solvent
system.

Figure 2 Molecular structure of COF-1 layer (unit cell) and
the assigned fragments. The boroxine and phenyl fragments
are highlighted in green and purple, the B-C bonds are high-
lighted in blue.

Figure 1(c) 2-3 times via a supercell approach, which is de-
scribed in detail in Section 4.1. In the supercell model, sym-
metry is not enforced normal to the plane of the layers during
the AIMD simulation, allowing as much independent stack-
ing shifts as the selected supercell can afford. In a 1× 1× 2
supercell, layers 1 and 1’ will not remain aligned on top of
each other during the AIMD simulation, see Figure 1c for
labels.

For the investigation of solvent effects in the IR and Ra-
man spectra, we included 1,4-dioxane molecules in the pores
of our COF-1 model, as shown in Figure 1b. 1,4-dioxane is
one of the solvents commonly used during the synthesis of
COF-1.1

3.2 Implementation details

3.2.1 Fragment approach for MLWFs
The AIMD-based scheme does not give access to the in-
dividual vibrational modes, but only the total spectrum.

Different methods were proposed to dissect the MD-based
spectra into individual contributions, ranging from Voronoi
integration techniques82 to subsystem DFT-based embed-
ding,70 spatial decomposition methods83 to extracting effec-
tive normal modes from the vibrational density of states.84

The most common approach is decomposition via ML-
WFs,67,85,86 which, from the practitioner’s perspective, is
straightforward to apply without requiring any modifications
to the electronic-structure code. In the case of, e.g., molecu-
lar liquids, MLWFs can be easily assigned to the individual
molecules. Such an assignment is less obvious for materi-
als. However, COF frameworks are composed of “molecular
units” which can be considered as separate fragments even
though they are connected with covalent bonds.

We implemented such a fragment-based approach for
COF-1, dividing the network in phenyl and boroxine frag-
ments and boron-carbon (B-C) bonds as displayed in Fig-
ure 2. We computed and summed up the individual dipole
moments for each of these fragments and B-C bonds to ob-
tain their subspectra.

3.2.2 Computation of IR and Raman spectra
We evaluated the time derivatives of µµµ and ααα, which are re-
quired in the ACFs (Equations (3) to (6)), through central
finite differences:

ẋ =
δx(t)
δt
≈

x(t+∆t)− x(t−∆t)
2∆t

(18)

where ∆t indicates the time step between the selected
equidistant MD snapshots and x is a component of µµµ or ααα. In
addition, we applied a finite difference correction by divid-
ing the obtained frequencies IIR(ν̃) and IRaman(ν̃) by the sinc

function
(

sin(ν̃∆t)
ν̃t

)2
.59,87 This correction factor alters the am-

plitude of the vibrations without affecting the frequencies.
We carried out the discrete Fourier transformations of the
ACFs of µ̇µµ or α̇αα employing an interface to the FFTW 3.3 li-
brary.88
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Prior to conducting the Fourier transformation, we applied
so-called “data mirroring” to the ACFs.59 That means, we
added the data set in reverse order to the original autocorre-
lation data. Data mirroring does not change the integral of
the spectrum, however it is useful to increase the resolution
of the spectrum since it doubles the data points. To further
enhance the resolution of the spectra, we employed window
functions. More specifically, we multiplied the autocorrela-
tion data with the Hann window function cos2[π/(2τmax−2)]
before performing the Fourier transformations.59 τmax is the
correlation depth defined in Equation (2).

For the validation of the methodology and the results,
we compared the computed Power, IR and Raman spectra
with the spectra generated with the TRAVIS program pack-
age,39,89,90 which targets application to molecular liquids.
The spectra presented for liquid water AIMD simulations
(Figure S4, SI) show perfect agreement with our results.

4 Methodology
4.1 Computational details
We carried out AIMD simulations within the Born-
Oppenheimer approximation using the FHI-vibes package91

interfaced to the FHI-aims code92 for the computation of
energies and forces. FHI-aims is an all-electron code based
on numerical atom-centered orbitals (NAOs). The simula-
tions were performed at 300 K with a time step of 0.5 fs,
using the NVT ensemble with a Langevin thermostat.93 The
electronic structure calculations were performed with the
Perdew–Burke-Ernzerhof (PBE) exchange-correlation func-
tional94 in combination with the Tkatchenko-Scheffler (TS)
correction95 to account for long-range dispersion interac-
tions. NAOs of tier1 quality in combination with “light”
numerical settings were used.92 The AIMD simulations
were equilibrated for approximately 5.0 ps followed by a
production run of at least 25.0 ps.

For the pristine COF-1 material (no solvent), we gener-
ated AIMD trajectories with two different setups using ei-
ther k-point (KP) meshes or large supercells (SC). In the KP
setup, our computational model is a COF-1 unit cell, i.e., a
structure with 84 atoms shown in Figure 1c, in combination
with a 1× 1× 3 k-point grid. For the SC setup, we used a
1× 1× 2 COF-1 supercell, which contains 4 layers and 168
atoms (see Figure 1c), and performed all electronic-structure
calculations at the Γ-point only. In order to investigate the
solvent effects, we generated a third AIMD trajectory using
a 1× 1× 3 COF-1 supercell with 1,4-dioxane molecules in
the pores, see Figures 1b and c. The initial COF-1+solvent
structure was generated with the PACKMOL package,96 set-
ting a density of 1.033 g/mL for the solvent. The COF-
1+solvent supercell contains seven 1,4-dioxane molecules
in the pores, resulting in a system size of 350 atoms. The
AIMD starting structures were cell- and geometry optimized

at the PBE+TS level with FHI-aims.
We extracted at least 5000 snapshots from the AIMD tra-

jectories, evenly spaced by 2.5 fs. For each snapshot, we
computed MLWFs, Berry phase dipole moments and polar-
izabilities using the CP2K program package.97 For all CP2K
calculations, we employed the PBE exchange-correlation
functional,94 Goedecker–Teter–Hutter (GTH) pseudopoten-
tials98–100 and the DZVP-MOLOPT-SR-GTH basis sets.101

The CP2K calculations of the dipole moments and polariz-
abilities were conducted only at the Γ−point. Snapshots from
the AIMD trajectories with the SC setup were used without
modification, while the snapshots from the KP trajectories
were extended to an 1×1×2 supercell.

We calculated the polarizabilities via induced dipole mo-
ments and alternatively via DFPT. For the induced dipole
method, we computed the MLWFs and Berry phase dipole
moment under the influence of an external periodic electric
field with an absolute value of 0.005 a.u. in x, y or z direction,
respectively. We computed the ACFs of the dipole moments
and polarizabilities with an autocorrelation depth of 10.24 ps
and set an incident laser wavelength of 1064 nm for the com-
putation of the Raman intensities. We report the unpolarized
(total) Raman intensities in alignment with the experimental
measurements.

We used FHI-aims instead of CP2K for the force eval-
uation since the TS dispersion correction, added as post-
processing step to the electronic forces, is not implemented
in CP2K. A proper choice of the dispersion correction model
is crucial to keep the AIMD trajectories stable, as dis-
cussed in detail in Section 5.1. However, the dispersion
correction is irrelevant for the electronic-structure optimiza-
tion and does consequently not affect the computation of
the dipole moments and polarizabilities for the single snap-
shots. Figure S5 (SI) demonstrates that the CP2K and FHI-
aims calculations generate very similar electronic poten-
tial energy surface (PES). This ensures that the frequencies
(via forces/velocities from FHI-aims) and the corresponding
IR/Raman intensities (from CP2K) are treated on equal foot-
ing.

Static IR and Raman calculations were performed with a
setup analogous to the AIMD-based ones: The frequencies
were obtained via normal-mode analysis using the FHI-aims
package with the same settings as employed in the AIMD
runs. After tightly relaxing the AA’ structure, 6N structures
were generated from the optimized AA’ structure (1× 1× 2
supercell) by shifting one of the N atoms by 0.001 Å in ei-
ther ±x, ±y or ±z direction, respectively. The forces were
computed for each of the 6N structures and the elements of
the Hessian matrix were evaluated numerically via a central
finite difference approach. The Berry phase dipole moments
and DFPT polarizabilities for the 6N structures were com-
puted with CP2K using again the same settings as for the
AIMD snapshots.
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AIMD trajectories, input and output files of all calcula-
tions, and the raw spectral data are available in the Zenodo
database.102

4.2 Experimental details
All reagents were acquired from commercial sources and
used without further purification. The precursor 1,4-benzene
diboronic acid was ordered from Alfa Aesar, while the
analytical grade solvents, mesitylene (98%), 1,4-dioxane
(≥ 99.8%) and extra dry acetone (99.8%), were purchased
from Sigma-Aldrich, Fisher Scientific and Thermo Scien-
tific, respectively.

FT-IR spectra were recorded on a Bruker Vertex 70 FT-
IR instrument in the range from 400 cm−1 to 4000 cm−1 in
attenuated total reflectance (ATR) mode. For the measure-
ments, the ATR diamond of the spectrometer was covered
with the sample, using approximately 1-2 mg of sample.
All measurements were background corrected. Raman mea-
surements were performed on a Bruker RFS 100 FT-Raman
spectrometer with a 1064 nm laser and a liquid N2-cooled
Ge-detector. The spectra were background corrected and
performed at λ=1064 nm with a resolution of 4 cm−1 and
800-1000 mW power (100 scans). For measurement, the
sample was packed in a soda lime glass capillary (1.50 mm
outer diameter, 1.20 mm inner diameter) inside an Ar-filled
glovebox. Details on the PXRD and physisorption mea-
surements are given in Section S3 in the SI, together with
the obtained PXRD spectra (Figure S2) and N2 adsorption-
desorption isotherms (Figure S3) for COF-1.

COF-1 was synthesized in accordance with the literature
report by Côté and coworkers.1 A Pyrex tube (1.6 cm outer
diameter, 1.4 cm inner diameter) was filled with 1,4-benzene
diboronic acid (50 mg, 0.30 mmol), followed by 4 mL sol-
vent mixture of 1,4-dioxane: mesitylene (1:1 v/v) and 2 µL
of deionized water. The suspension was then sonicated for
30 min. Next the Pyrex tube was flash frozen at 77 K in liq-
uid N2 and evacuated to 3 x 10−2 mbar before flame-sealing
it (length after sealing: 14.8 cm long). The sample was left
to react in an oven at 120 ◦C for 4 days, yielding a white
precipitate which was rinsed by filtration through a frit with
acetone (30 mL) before activation by CO2 supercritical dry-
ing.

The supercritical drying procedure was performed in a
Jumbo Critical Point Dryer 13200JAB (SPI Supplies). Be-
fore the supercritical drying process, all samples were
soaked in dry acetone for 2 days (solvent was refreshed every
12 h) and placed in POR3 filter crucibles. The drying cham-
ber was first cooled to 17 ◦C and the filter crucibles contain-
ing the samples were placed inside. The chamber was filled
with liquid CO2 and regularly purged for 3 days (multiple
times per day). The temperature was then raised to 37 ◦C,
resulting in a chamber pressure of around 80 bar. Once the
temperature and pressure were stable, the chamber was left

Figure 3 a) Change in the total energy of COF-1 calculated
with different London dispersion corrections upon shifting
every second layer simultaneously in zigzag direction. The
shifted structures corresponding to the AA, AA’ (serrated),
AB stackings are shown with arrows. ∆AA denotes the
change in the energy of the shifted structure with respect
to the energy of the AA stacked structure (∆AA = EAA

tot −

EShifted
tot ). b) The molecular structures for the AA, AA’ and

AB stacked COF-1. The arrow indicates the direction of the
shift.

overnight at these conditions. The CO2 cylinder equipped
with a siphon tube was closed, and the pressure was released
from the drying chamber. The samples were transferred into
an Ar-filled glovebox and handled further under an inert at-
mosphere.

5 Validation of the computa-
tional model

5.1 Dispersion model
The interaction between the layers in materials like COF-
1 is dominated by long-range London dispersion interac-
tions. It is well known that generalized gradient approxi-
mation (GGA) functionals like PBE cannot describe long-
range electron correlation. Empirical dispersion corrections
are typically added after the electronic-structure optimiza-
tion to account for dispersion interactions.103 We tested five
different dispersion models, namely, TS95 and many-body
dispersion (MBD) models104 as well as Grimme’s D2105

and D3106 corrections. We investigated also the latter in
combination with Becke–Johnson (BJ) damping, denoted
as D3(BJ).107 The dispersion models describe the disper-
sion at different levels of sophistication. D2 and D3 in-
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troduce terms which solely depend on the nuclear coordi-
nates, while TS and MBD also incorporate terms depen-
dent on the electronic density. In addition to these, we also
tested the “strongly constrained and appropriately normed"
(SCAN) meta-GGA functional108 combined with the revised
Vydrov–van Voorhis (rVV10) non-local correlation func-
tional109, denoted as SCAN+rVV10 and previously pro-
moted as versatile van der Waals (vdW) functional.110

Figure 3a reports the total PES along the zigzag vertices
of the hexagonal pores, including electronic contributions
at the PBE level and contributions from the dispersion cor-
rection, together with the SCAN+rVV10 results. Our start-
ing structure is the density-functional tight binding (DFTB)-
optimized AA stacked COF-1 provided by Lukose et al.79

Figure 3a displays the change in the total energy when shift-
ing every second layer with respect to the AA structure as
shown in Figure 3b. A shift of 1.6 Å and 8.6 Å corresponds
to the AA’ and AB stacking, respectively. All models predict
that the AA’ structure is energetically the most stable one.
This aligns with previous DFTB calculations,28,79 albeit the
DFTB-predicted AA’ shift is slightly smaller (1.4−1.5 Å).

Even though all models agree on AA’ being the global
minimum, we find that the obtained PES is highly sensitive
to the chosen dispersion correction. We observe pronounced
qualitative and quantitative differences. For example,
PBE+TS estimates for the total energies AB>AA, in agree-
ment with previous DFTB results,79 while the other five
PBE+vdW models and SCAN+rVV10 predict that AA>AB,
consistent with a prior PBE+D3(BJ) study.28 In addi-
tion, the quantitative disagreement between SCAN+rVV10,
PBE+MBD, PBE+D2, PBE+D3 and PBE+D3(BJ) is large.
The calculated energetic differences between AA and AB
stacking range from −0.22 eV/layer to 0.08 eV/layer.

More importantly, the dispersion models yield qualita-
tively different shapes of the PES for shifts close to the global
minimum structure AA’. Especially the PBE+D3 model pre-
dicts a pronounced second minimum for a shift of 3.6 Å.
We found that the double-well-like PES predicted by the
PBE+D3 model causes spurious effects in our AIMD simu-
lations. A continuous translation shift was observed through-
out the AIMD simulation, where the layers kept moving
away from each other. While shear movement of the layers
is expected, the stacking between two adjacent layers should
be preserved or restored after a couple of picoseconds.

Similarly to the D3 correction, the PBE+MBD and
PBE+D3(BJ) models yield an unphysical minimum at 3.6 Å.
We also expect in this case that the AIMD trajectory will
not remain stable. Conversely, PBE+TS, PBE+D2 and
SCAN+rVV10 predict the AA’ structure as clear global min-
imum. The minimum computed with PBE+TS is slightly
more pronounced. Hence, we selected the PBE+TS model
for our AIMD simulations. As expected, the AA’-type stack-
ing between two adjacent layers was preserved during the

AIMD simulations with the PBE+TS model.
Our results show that a proper assessment of the disper-

sion model against computationally very expensive ab initio
methods, such as the random phase approximation,111,112 is
in principal necessary. The choice of the dispersion model
is expected to have a major impact on the low-frequency
modes (< 100 cm−1) because they are dominated by layer-
layer interactions.113 However, we focus in this study on
high-frequency modes, which are governed by intralayer in-
teractions. In the latter case, the stability of the AIMD simu-
lation is a sufficient criterion as demonstrated in Sections 6.2
to 6.5.

5.2 Convergence of the supercell size
We assessed the convergence of the electronic PES with re-
spect to supercell and k-mesh sizes. We conducted a similar
test as in Section 5.1, shifting the layers as shown in Fig-
ure 3b. The electronic PES is reported for different supercell
sizes and k-meshes in Figure S6 (SI). We obtain practically
identical PESs using a unit cell in combination with a k-point
mesh of 1× 1× 3 (KP setup) and a 1× 1× 2 supercell (SC
setup). However, the KP setup enforces higher symmetry in
the z-direction during the AIMD simulation, while the layers
1’ and 2’ can move independently from the layers 1 and 2 in
the SC setup (see Figure 1c for the labels.)

6 IR and Raman results
6.1 Effect of stacking order on the

spectra
The KP and SC setups result in a different stacking during
the AIMD simulation. While an ordered stacking is enforced
in the KP setup, the SC setup allows for a more disordered
stacking in z direction, where layers 1 and 2 are no longer
aligned on top of 1’ and 2’, respectively. We assess here the
effect of the different stacking on the vibrational bands.

Figure 4b and c compare Raman spectra obtained with the
SC and KP setups, respectively, based on polarizabilities cal-
culated with the DFPT approach. Although the same peak
positions are obtained with both setups, the intensities are af-
fected. The Raman spectra of the KP setup features sharper
and more intense peaks compared to the SC setup, in partic-
ular at ≈ 1600 cm−1 indicated with the green arrows. How-
ever, not all peaks are affected. For example, the intensity of
the Raman signal at ≈ 3150 cm−1 hardly changes.

To explain the difference between SC and KP intensi-
ties, we analyzed the output from our static calculations and
assigned the modes. The vibrations occurring at ≈ 3150
cm−1 correspond to the C-H stretches, which are isolated and
barely affected by the changes in the overall lattice structure.
The vibrational modes at ≈ 1600 cm−1 are collective mo-
tions involving the B-C and C-C stretching modes (Figure
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Figure 4 a) COF-1 layer. The arrows indicate the stretch-
ing motions of the bonds corresponding to the Raman peaks
shown with the green arrows. Raman spectrum calculated
from the AIMD trajectory with b) KP setup and c) SC setup.

4a). These vibrations extend across the whole layer. Sim-
ilarly, the IR signals corresponding to collective vibrational
motions appear broader in the SC setup, see Figure S7 (SI).
The reason for this observation is that the structure of layers
1 and 1’, as well as the 2 and 2’, are no longer identical for
the snapshots from the SC trajectory. Hence, the collective
motions in the layers are slightly different, which manifests
in a broadening of the signal.

In the following, we will proceed with the trajectories us-
ing the SC setup, motivated by the study already mentioned
in Section 3.1, which suggests a statistical stacking model
for COF materials.28 While much larger supercell sizes are
necessary to properly describe the disorder in z direction, we
consider the AIMD simulations with the SC setup to be the
more realistic computational model. Furthermore, the sol-
vent inclusion necessitates an SC setup for accurately mod-
eling the liquid. Thus, we maintain consistency by using the
same approach for the pristine material.

6.2 IR spectra
In this section, we investigate the differences between static
and MD-based IR spectra, as well as the effects of different
dipole approximations on the IR intensities. The IR spectra
of the dry COF-1 material from the static and AIMD-based
approaches are displayed together with the measured spec-

trum in Figure 5a. In the static case, the intensities were
computed from Berry phase dipole moments. For the MD-
based spectra, we tested two different approaches to com-
pute the IR intensities. The total dipole moments were ei-
ther obtained from the Berry phase approach (MD: µBerry)
or Wannier centers (MD: µMLWF). The MLWF dipole mo-
ments were computed using Equation (12), where the sum
runs over all MLWFs in the supercell, with the center of mass
of the entire simulation cell taken as the reference point.

Figure 5 Experimental and computed a) IR and b) Raman
spectra for the dry COF-1 material. The computed spec-
tra are either based on the static harmonic approximation or
MD. For the MD-based spectra, different approximations to
obtain the IR and Raman intensities are displayed. For IR,
we computed the intensities either from Berry phase dipole
moments (MD: µBerry) or Wannier centers (MD: µMLWF).
The Raman intensities were computed from DFPT polar-
izabilities (MD: αDFPT), via the induced dipole method us-
ing Berry phase dipoles

(
MD: α

(
µ

Berry
ind

))
or Wannier centers(

MD: α
(
µMLWF

ind

))
.

Figure 5a shows that all calculated spectra reproduce
the prominent bands observed in experiment. The bands
in the experimental spectrum are generally broader than
in the computed spectra, in particular in the range from
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1200− 1400 cm−1 (area highlighted in green), where most
of the collective vibrations involving B-C and B-O stretch-
ing modes occur. The most notable difference is the band at
≈ 650 cm−1. While this band is also present in the computed
spectra, the intensity is much higher in the experimental one.

Comparing the computed static and Berry phase MD-
based spectra, we find that both agree well in terms of band
intensities and frequencies. The MD-based spectrum has a
broader band at 1200−1400 cm−1, which must be attributed
to the stacking disorder which is incorporated to some extent
in our MD calculations with SC setup; see Section 6.1.

Next, we compare the Berry phase and MLWF-based IR
spectra. The Berry phase and the MLWF-based approach
yield exactly the same spectra. This is expected, and it can
be ascribed to the fact that under PBCs, Wannier centers are
the real-space equivalent of the k-space Berry phase expres-
sion.68

6.3 Raman spectra
Similarly as in Section 6.2, we compare the computed static
and MD-based Raman spectra to experiment. The Raman
spectra for the dry COF-1 are presented in Figure 5b. The
intensities of the static Raman spectrum were computed
from DFPT polarizabilities. In the MD case, we employ
three different methods. These methods include the polar-
izability tensors calculated from induced dipole moments
(Equation (13)), denoted as α (µind), and the DFPT approach
(Equation (17)), denoted as αDFPT. We computed the in-
duced dipole moments using the Berry phase scheme and
MLWFs.

In general, all computed spectra agree well with the exper-
imental Raman spectrum. However, the static approach fails
to reproduce the signals below 250 cm−1. These features
are reproduced in all MD-based Raman spectrum. Similarly
to the IR spectra, the MD-based spectra generally exhibit
broader peaks.

Turning now to the different approximations used for the
polarizability tensor α, we find that αDFPT and α

(
µ

Berry
ind

)
yield almost identical MD-based spectra. The good agree-
ment is not surprising since α

(
µ

Berry
ind

)
can be viewed as

the non-analytic variant of αDFPT. The derivative ∂µα/∂Eβ

(Equation (17)) is computed analytically in DFPT and nu-
merically in the induced dipole approach. In both cases, µα
corresponds to a Berry phase dipole moment. The compari-
son of the α

(
µ

Berry
ind

)
and α

(
µMLWF

ind

)
reveals that, in line with

the observations for IR, we obtain identical spectra from the
Berry phase and MLWF-based approaches.

In general, we find that the induced dipole spectra exhibit
more noise, making smaller peaks such as the C-H stretches
around ≈ 3150 cm−1 (area highlighted in blue) hardly vis-
ible. Our tests revealed that the induced dipole moments
are highly sensitive to the strength of the applied electric
field. Even a decrease by ≈ 0.0045 a.u. in the electric field

Figure 6 The AIMD-based Raman spectra for pristine COF-
1 calculated from MLWFs. The subspectra of the borox-
ine/phenyl units and B-C bonds are calculated by defining
fragments as explained in Section 3.2.1.

intensity E can introduce so much noise that no peaks are
visible at all. Using forward instead of central finite dif-
ferences might be another, but probably less important, fac-
tor contributing to the noise in the spectra. We note that a
central-finite-difference approach would double the number
of induced-field calculations.

The MD-based αDFPT approach yields the best results
compared to experiment and will be used as default unless
otherwise stated. The DFPT implementation in CP2K is
computationally very efficient, with the computational ef-
fort not significantly exceeding the time required to perform
three additional sets of electric field calculations for each
snapshot, as necessary in the induced-field method.

6.4 Dissecting the COF-1 spectra
In this section, we demonstrate how the MLWF-based frag-
ment approach introduced in Section 3.2.1 can assist in
dissecting the AIMD-based spectra into individual contri-
butions of the phenyl and boroxine rings and B-C bonds.
The dissected Raman spectrum generated from α

(
µMLWF

ind

)
is shown in Figure 6 and the IR spectrum in Figure S8 (SI).

Figure 6 indicates that most peaks in the spectrum of the
COF-1 structure can easily be assigned to the phenyl and
boroxine contributions. Starting with the area highlighted in
blue, we know from normal mode analysis that the peak at
3150 cm−1 originates from the C-H stretches. We can now
also confirm with the AIMD-based approach that this band is
indeed associated with the phenyl fragments. Similarly, the
peak at 1600 cm−1 (area highlighted in green) clearly origi-
nates from the phenyl fragments. Normal mode analysis also
shows that this band belongs to the aromatic C-C stretches.

The B-C bond stretches appear in the range of 1250-
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1400 cm−1 (area highlighted in yellow). This observation
is also in line with the normal mode analysis results predict-
ing B-C stretches exactly in this region. We observe that
boroxine and phenyl fragments also show peaks in this area
possibly because the B-C bonds stretches are collective vi-
brational modes which affect the overall structure.

The peak at ≈ 1000 cm−1 (area highlighted in red) appears
to result from vibrations of the phenyl ring. Normal mode
analysis suggests that this peak corresponds to the aromatic
C-C bending modes. Notably, the spectrum of the phenyl
fragments features two peaks in the region highlighted in
red, rather than the single prominent peak visible in the spec-
trum of the whole structure. Artificial peaks have been pre-
viously observed in AIMD-computed vibrational spectra of
liquid benzene using MLWFs.82 This observation was ex-
plained as follows and might also apply here: Throughout
the AIMD simulation, the locations of the MLWFs repre-
senting the double and single bonds of the phenyl ring in-
terchange. This leads to spurious changes of the dipole mo-
ment, and eventually artificial bands in the spectrum. Artifi-
cial peaks can also be observed in the low-frequency region
of the MD-based IR spectrum of the phenyl fragments (Fig-
ure S8, SI). However, the effect is small and does not hamper
the assignment of the peaks in the overall vibrational spectra
to boroxine or phenyl fragments.

The identification of vibrational bands associated with the
covalent bonds connecting the molecular fragments is often
particularly valuable when the framework material is syn-
thesized via a bimolecular reaction mechanism. Such an
example could be the metal-phthalocyanine-based pyrazine-
linked conjugated 2D COFs that are sythesized via a con-
densation reaction to form pyrazine linkages which are not
present in any of the reactants.114 However, COF-1 is syn-
thesized via a unimolecular reaction, where the B-C bond is
already present in the precursor molecule (1,4-benzene di-
boronic acid), making the monitoring of this bond in in situ
Raman spectroscopy not beneficial. The purpose here is sim-
ply to demonstrate that such an analysis is possible.

6.5 Solvent signature
So far, we presented only vibrational spectra of the pristine
COF-1 material. We made a dedicated effort to dry the sam-
ple to enable a comparison between theoretical predictions
and experimental results. If such an effort is not made, the
samples are not completely dry and include residual solvent,
in our case 1,4-dioxane and mesitylene, trapped inside the
pores.1 In the following, we discuss the effect of the solvent
residues, or guest molecules, on IR and Raman spectra, us-
ing the computational approach and settings we determined
as optimal in Sections 6.2 and 6.3 (Berry phase dipole mo-
ments and DFPT polarizabilities).

The experimental and MD-based IR and Raman spectra
for the dry (without solvent) and wet (with solvent) COF-1

system are presented in Figures 7a and b, respectively. In
addition, we computed the contribution of the 1,4-dioxane
solvent molecules to the overall MD-based spectra. The sol-
vent contribution was extracted by computing the molecular
dipoles of the 1,4-dioxane molecules using MLWFs for all
selected snapshots of the COF-1+solvent trajectory. Subse-
quently, the IR and Raman spectrum were generated solely
from the molecular dipole moments of the solvent.

Starting with the measured IR spectra displayed in Fig-
ure 7a, we observe additional bands for the wet sample at
following three wavenumbers 800− 900 cm−1, 1600 cm−1,
and, arguably, at 2850− 3050 cm−1, which are not present
in the spectrum of the dry COF-1 sample. These bands are
highlighted in yellow, green, and blue, respectively, in Fig-
ure 7a. Otherwise, both measured spectra are very similar.

Comparing the computed MD-based IR spectra with and
without solvent, the additional bands at 800− 900 cm−1 oc-
cur also in the simulated spectrum of COF-1+solvent, albeit
with much lower intensity than in experiment. Normal mode
analysis of isolated molecules reveals that these bands be-
long to the C-O bending modes of 1,4-dioxane. The addi-
tional bands at 2850− 3050 cm−1 also appear in the com-
puted spectrum, but, similarly as in experiment, with very
low intensity. These bands correspond to the C-H stretching
modes of 1,4-dioxane. The third small band at 1600 cm−1

is not present in our simulation. Vibrations of COF-1 or
1,4-dioxane are neither computationally or experimentally
expected at this wavenumber. This band most likely orig-
inates either from the precursor 1,4-benzene diboronic acid
(BDBA) (see Figure S9a in the SI) or the second solvent used
throughout the synthesis, namely mesitylene.

The most prominent difference we observe between the
two MD-based IR spectra is that the broad band at 1250−
1400 cm−1 exhibits higher intensity in the COF-1+solvent
spectrum compared to the pristine COF-1 spectrum. One
possible explanation for the enhancement of the intensity of
this band could be that the presence of the solvent molecules
inside the COF-1 pores restricts the movement of the lay-
ers. This preservation of stacking symmetry during the MD
simulation may result in narrower peaks.

Turning now to Raman and comparing the measured spec-
trum of the dry and wet sample, we observe additional peaks
at ≈ 500-600 cm−1 and ≈ 2850-3050 cm−1, highlighted in
red and blue in Figure 7b, respectively, for the wet sam-
ple. Apart from these, the Raman spectrum remains un-
changed. The AIMD-based spectrum of COF-1+solvent
does not show additional signals at ≈ 500-600 cm−1 in Fig-
ure 7b, indicating that these peaks might stem from the re-
maining mesitylene or the precursor. However, the peaks at
≈ 2850-3050 are reproduced. In agreement with the exper-
imental findings, the solvent has no further impact on the
spectrum, except that the peaks involving collective vibra-
tions, such as the one at 1600 cm−1, appear narrower in the
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Figure 7 a) IR and b) Raman spectra of COF-1 comparing experimental data and computed spectra from the MD-based
approach. The MD-based spectra were computed for the dry COF-1 (without solvent, blue line) and with solvent (1,4-dioxane,
pink line). The “wet” experimental spectra is expected to contain also vibrational excitations of the 1,4-dioxane solvent. The
spectra of the solvent contribution were obtained from the COF-1+solvent trajectory by extracting solvent contributions via
MLWFs. (c) Zoom into frequency range of 2500-3500 cm−1 for experimental Raman spectra with visible solvent contributions
at around 2850 cm−1 and 3050 cm−1. (d) Zoom into the same frequency region for the MD-based spectra, displaying the
dissection of the MD-based Raman spectrum in COF-1 and solvent contribution.

spectra containing solvent. This observation aligns with the
findings for IR. The explanation is the same.

We take the vibrational signature of the solvent in the
range from 2850-3050 cm−1 as an example to illustrate how
the MD-based approach can aid the peak assignment in ex-
perimental spectra. The zoom-ins are shown in Figure 7c and
d for measured and simulated Raman spectra, respectively.
Comparing the measured Raman spectra of dry and wet sam-
ple, two additional spectral features are observed at ≈ 2900
and 3000 cm−1 for the wet sample. These peaks could be
originating from the remaining precursor BDBA (see also
Figure S9b in SI) or the solvent molecules trapped inside
the pores. The simulated spectra now clearly prove that
these two additional spectral features must originate from
the 1,4-dioxane solvent. Normal mode analysis of isolated
1,4-dioxane molecules suggest that those must be attributed
to C-H symmetric and asymmetric stretching modes. The

C-H stretching modes of COF-1 appear closer to 3200 cm−1.

7 Conclusions
In this study, we presented the IR and Raman spectra for
COF-1, a well-known 2D periodic layered material, using an
AIMD-based procedure. We compared our results to static
calculations and experimental data. Our computational stud-
ies comprised the pristine COF-1 material without solvent,
as well as COF-1 with 1,4-dioxane solvent molecules in-
cluded in the pores.

We carefully validated our computational model regarding
the dispersion correction, supercell and k-mesh sizes, and
stacking order. After investigating several dispersion mod-
els, we conclude that the choice of dispersion model must
be made with great care, which very likely is also true for
other layered materials. We observed that the TS correction,
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unlike most other models, yields a physically sound PES for
COF-1, resulting in well-preserved layer stackings through-
out the AIMD simulation. Furthermore, our findings indicate
that the stacking order influences the width and intensity of
certain peaks. We recommend using a supercell rather than a
k-mesh setup to account for stacking disorder between non-
adjacent layers, as found in a recent previous study.28

We assessed different methods to compute dipole mo-
ments and polarizability tensors and their effect on AIMD-
based IR and Raman intensities. We found that Berry phase
dipole moments and DFPT polarizabilities yield the best
agreement with experiment for the overall IR and Raman
spectra, respectively. We also demonstrated that MLWFs can
be used to analyse and dissect the AIMD-computed spectra
into contributions from individual molecular building blocks
and chemical bonds. This approach can possibly be used
in in situ monitoring of reactions of other porous materi-
als which form via bimolecular mechanisms, since it allows
tracking the formation of the bonds connecting the reactants.

Finally, we investigated the host-guest interactions be-
tween COF-1 and solvent molecules in measured and
AIMD-computed spectra. The influence of the solvent on
COF-1 spectra is relatively minor, with the most signifi-
cant impact observed in Raman spectra at high wavenum-
bers (≈ 3000 cm−1). The AIMD-based spectra correctly re-
produce these observations and confirm that the additional
peaks originate from 1,4-dioxane.

Future and ongoing work comprises a dedicated investi-
gation of low-frequency modes in 2D organic polymers and
inorganic 2D materials as well as the acceleration of the MD-
based procedure using machine-learned potentials. Another
focus is the extension to resonance Raman spectroscopy.
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We give the key equations for the static IR and Raman in-
tensities which rely on the normal mode analysis within the

harmonic approximation (Section S1). We include the de-
tails on how we calculated the power spectra (Section S2),
together with the power spectrum of COF-1 (Figure S1). We
provide the details on the PXRD and physisorption mea-
surements in Section S3, including the PXRD spectra of
the dry and wet COF-1 samples (Figure S2) and the N2

adsorption-desorption isotherms of the dry COF-1 sample
(Figure S3). We present the power, IR and Raman spec-
tra of liquid water calculated with Travis program package
and our own methodology (Figure S4). We show the PES
diagrams of COF-1 calculated using different codes (CP2K
and FHI-aims), setups (KP and SC), supercell sizes and k-
point meshes (Figures S5 and S6). We show the IR spectra
of the SC and KP setups of COF-1 calculated from the Berry
phase dipole moments (Figure S7). We include the AIMD-
based IR spectra showing contributions from the boroxine
and phenyl fragments and B-C bonds in Figure S8. We also
present the calculated IR (Figure S9a) and the experimental
and calculated Raman spectra (Figure S9b) of the precursor
BDBA.
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