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Abstract

This work aims at a critical assessment of properties predicting or extracting in-
formation on the density and structure of liquids. State-of-the-art NVT and NpT
molecular dynamics (MD) simulations have been performed on five liquids: methanol,
chloroform, acetonitrile, tetrahydrofuran and ethanol. These simulations allow the
computation of properties based on first principles, including the equilibrium density
and radial distribution functions (RDFs), characterizing the liquid structure. Refine-
ments have been incorporated in the MD simulations by taking into account Basis Set
Superposition Errors (BSSE). An extended BSSE model for an instantaneous evalua-
tion of the BSSE corrections has been proposed, and their impact on the liquid prop-
erties has been assessed. If available, the theoretical RDF's have been compared with
the experimentally derived RDFs. For some liquids significant discrepancies have been
observed and a profound but critical investigation is presented to unravel the origin of
these deficiencies. This discussion is focused on tetrahydrofuran where the experiment
reveals some prominent peaks completely missing in any MD simulation. Experiments
providing information on liquid structure consist mainly of neutron diffraction measure-
ments offering total structure factors as the primary observables. The splitting of these
factors in reciprocal space into intra- and intermolecular contributions is extensively
discussed, together with their sensitivity in reproducing correct RDF's in coordinate

space.

Keywords

radial distribution function, liquid density, molecular dynamics, NpT, structure factor, BSSE

Introduction

The structure of liquids is a recurring theme in the scientific literature. Liquids do not have a

structure in the sense that crystals have a structure. The forces between liquid molecules are
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not as strong as those holding solids together, but they show some attractive character aris-
ing from e.g. hydrogen bonding. The intermolecular forces lead to characteristic correlations,
which determine the structure of the liquid and which affect many physical (thermodynam-
ical) properties. It is important to know the microscopic structure of liquids in as much
detail as possible because it determines their macroscopic properties, e.g. thermodynamic
functions.

Characteristics of liquid structure are mainly governed by a repertoire of intermolecular
interactions, of which hydrogen bonding constitutes the main class if present. Water is by far
the most studied among the hydrogen-bonded molecules.!™® The liquid phase of methanol,
consisting of a hydrogen-bonding hydroxyl group and a hydrophobic methyl group, is also
extensively studied as it is the smallest alcohol which can be studied to characterize the
hydrogen bonding in alcohols.? 2

Neutron diffraction measurements with isotopic substitution (NDIS) are one of the most
powerful methods to extract experimental information on liquid structure. The differences
in the experimental scattering patterns by replacing a particular chemical element by its
isotopes (e.g. hydrogen by deuterium) in the solvent molecule enable the extraction of struc-
ture factors (SFs) determining the differential cross section of the neutron scattering pro-
cess. 213718 However, the interpretation of the experimental SFs is a difficult task as the
measured scattering intensities are the result of a weighted summation of different pairwise
spatial correlation functions formed by all atoms in the system. Disentangling the various
correlations into partial SFs from the total SF remains challenging, as illustrated by the
scheme in Fig. 1. In particular the separation of the experimental total SF into intramolec-
ular and intermolecular contributions is complex even with the NDIS methodology. The
total structure factor is composed of partial structure factors reflecting the pairwise spatial
correlations between different atom types with multiplicative prefactors containing concen-
trations and scattering lengths of each atom type. In case of a solute and a solvent, e.g.

aqueous solution of a polyatomic organic molecule, the atomic concentrations in the solution
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Figure 1: Procedure to derive structural quantities from ab initio molecular dynamics and
from experiment. FT (IFT) refers to the (inverse) Fourier transform. Partial quantities carry
the atom types af in the subindex, while the subindex “tot” refers to total quantities. Each
RDF, SF, or correlation function consists of intermolecular and intramolecular contributions.
Properties in the blue boxes are measured directly in the experiment (and have the subscript
“exp”). Properties in coordinate space (RDFs or weighted summations of RDFs) are in
green boxes, and those in reciprocal space are in orange boxes. Properties can be obtained
from 64simulations (no subscript) or can be derived from experiment (subscript “emp”).
Conversions are described in the text.
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can be handled as an additional degree of freedom. While the intermolecular contribution
varies with concentration, the intramolecular contribution does not change. Exploiting this
concentration invariance, NDIS experiments with different concentrations should in principle
be able to extract intermolecular partial SFs.'® This method has its benefits, but it can not
be applied to liquids composed of one type of molecules.

There are often not enough different scattering experiments available to extract all in-
formation needed to completely characterize the liquid. Experimentalists have circumvented
the incompleteness of the experimental data to extract the partial SFs by combining the ex-
perimental measurements with additional Monte Carlo simulations based on intermolecular
site-site potentials.?1%1920 Structure refinements are proposed as to reproduce experimental
data as well as possible. The method is empirical in the sense that perturbations are induced
iteratively to the various potentials until satisfactory agreement with the experimental data
is reached, as shown in the scheme in Fig. 1. This methodology is called Empirical Potential
Structure Refinement (EPSR) model and is closely related to the original reverse Monte
Carlo simulation technique (RMC) as originally introduced by McGreevy and Pusztai.?!?2
RMC is a structure modeling method and produces a structure that is consistent with the
experimental data. Both RMC and EPSR are inverse methods of structural modeling, in
which building and refining of the particle configurations during the course of the simula-
tions form an essential ingredient. Related methods, where RMC modeling is combined with
MD computer simulations based on interatomic potentials, have also been applied by other
authors on alcohols and haloforms. 1011

In the above RMC-EPSR iterative approaches the intermolecular radial distribution func-
tion (RDF) plays a central role. It is a quantity determined from intermolecular forces and
forms a bridge between the microscopic structure of the liquid and macroscopic properties
such as internal energy, entropy and pressure. The partial and total RDFs are however not

direct observables in an experiment, as already mentioned. Hence, one needs to be cautious

when using them as reference quantities when judging the quality of theoretical predictions.
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Therefore, we will call these quantities “empirical”, meaning that they are derived from the
experimental total SF using some fitting or Monte Carlo procedure.

Even with the help of three-dimensional models of the liquid structure with empirical
parameters which can be adjusted to reproduce the experimental SFs, the procedure is
prone to large inaccuracies/errors. The numerical instabilities become even strengthened
when inverting the SF's to real space distribution functions, as the inverse Fourier transform
is error-prone.??2® These are serious deficiencies, and the results are not free from any bias.
In a very interesting and recent review of Soper, most of the problems in data acquisition
and data treatment have been reported.? This paper further investigates the deficiencies by
comparing them with ab initio simulations.

Molecular dynamics (MD) simulations offer the appropriate theoretical tools to compute
RDFs directly (Fig. 1). They can be performed with force fields!®!1:162627 or hased on
density functional theory.1%?829 MD modeling has proven to be very effective in guiding
assignments of peaks in these empirical RDFs. In this work we will compute theoretical
(partial) RDFs and their counterparts, the (partial) SFs, which are connected by a Fourier
transform. The structure of five liquids will be investigated with DF'T-based MD simulations:
methanol (MeOH), chloroform (TCM), acetonitrile (MeCN), tetrahydrofuran (THF) and
ethanol (EtOH). The availability of first principles MD simulation studies on these liquids
to derive their liquid structure is less abundant in literature than for water. The choice of
the five solvents were based on (i) their importance in industry, and (ii) their classification:
non-polar (TCM), polar aprotic (MeCN, THF), and polar protic (MeOH and EtOH).

A striking example is tetrahydrofuran, where the empirical intermolecular partial RDF's
show sharp peaks at short distances,!® which are missing in the MD simulations performed
in this paper and in refs.?® and.?' This apparent discrepancy between theory and the em-
pirical EPSR model requires a profound and thorough investigation to find the origin of the
appearance of these sharp peaks in the experimental RDF of THF, and why theory based

on first principles methods fails in reproducing it. This discussion should be extended to
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a broader context as similar, however less pronounced, discrepancies are also observed in
other liquids. In order to unravel this apparent mismatch between theory and experiment,
it is better to focus on the SFs and to perform the assessment in reciprocal space than in
real coordinate space. A Fourier transform to convert theoretical RDF's to theoretical SFs
requires some mathematical manipulations but the accuracy of these computations is better
controlled, than the extraction of empirical RDFs. The discrepancy will be discussed in
Section .

Moreover, we will also investigate the impact of intramolecular contributions on the SF's,
which experimentally poses a lot of complications.!® Theoretically, separation of the intra-
and intermolecular contributions of the various properties is perfectly feasible, and may assist
in finding a correct interpretation of the features observed in the experimental SF.

In DFT-MD simulations, it has been shown that (i) dispersion and (ii) the basis set

superposition error (BSSE) have a significant effect on the RDFs of water and methanol.

(i) Standard DFT methods do not account for dispersion interactions.3*3% Dispersion is a
(mostly attractive) long-range interaction due to the correlated electron dynamics in
two well-separated parts of the wavefunction. Schmidt et al.?* have found that adding

35,36 improves the predicted densities of water in the

the Grimme dispersion correction
isothermal-isobaric ensemble (NpT), for both BLYP3"3% and PBE?3? functionals, com-
pared to experiment. In addition, the first and second maxima of the oxygen-oxygen
RDF of water using the BLYP-D functional instead of BLYP lead to an improved
agreement with the experimental data, although the RDF for PBE-D still remains

overstructured. 34

(ii) The BSSE results from an inconsistent description of the molecular orbitals as a re-
sult of using a limited number of localized basis functions (incomplete basis set).
When two molecules are far apart, they can only “use” their own basis functions.
When the intermolecular distance decreases, they may use each other’s basis, causing

an artificial strengthening of the intermolecular interactions and artificial shortening
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of intermolecular distances due to the overlap of basis functions. In ref.?

a system-
atic correction of the BSSE with an exponentially decaying parameterized pairwise
classical force-field energy term has been proposed by the authors that can be added
in subsequent MD simulations. The model was applied to methanol using MD in a
canonical ensemble (NVT) with the BLYP-D functional. It was found that upon in-
troduction of this correction, the errors on the first peak height of the relevant partial
RDFs of the atoms that participate in hydrogen-bonding are reduced from 12%-16%
to 0.4%-1%, compared to experiment. Another conclusion is that, for methanol, the
Grimme-dispersion correction and the BSSE have the same order of magnitude but
an opposite sign. Recently, Grimme proposed a semi-empirical counterpoise-type cor-
rection in the form of an atom pair-wise potential which corrects for the inter- and
intra-molecular BSSE in supermolecular Hartree-Fock or periodic DFT calculations.
This geometrical counterpoise correction scheme depends on the molecular geometry

only. 41,42

This paper extends the work in ref.? in the sense that (i) MD simulations in the NpT en-

semble have been performed on the five liquids under consideration, (ii) the BSSE correction

scheme as proposed in ref.?? has been extended to all intermolecular interactions.

(i)

The isothermal-isobaric ensemble (NpT) is considered to allow density fluctuations of
the liquid. An RDF is directly related to the density of the molecular system, so it
is vital that the density in MD simulations is properly reproduced. In ref.?? the NVT

ensemble was considered.

The BSSE-correction model proposed in ref. 2

is an exponentially decaying parametrized
classical energy term for all intermolecular interactions. In ref.?® one assumed a
dominant BSSE contribution from the intermolecular oxygen-hydrogen interaction in
methanol. This assumption is no longer applicable for the set of liquids under study.
Therefore, in this work all the intermolecular interaction terms are taken into account
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in the parametrisation of the correction model for BSSE.

The following section outlines the technical details of the quantum MD simulations and
the computational methodology to calculate the RDF, SF and BSSE. Section reviews shortly
the BSSE correction model and its extension, i.e. its mathematical form and the parameter
calibration. The BSSE-correction model with calibrated parameters is then applied to a new
series of NpT MD-simulations. Section presents the results of the BSSE computations, MD-
runs, RDFs and SFs with the necessary discussion. Where experimental data is available,
comparison with the experiment is made. In the last section the most relevant conclusions

are summarized.

Computational section

Ab initio MD

f. 29

The same computational settings are used as in re apart from some convergence criteria.

All simulations are performed with the CP2K code.*® For the ab initio MD, the Quickstep
module of CP2K* is used, employing the hybrid Gaussian and plane-wave (GPW) density

functional method with a BLYP gradient-corrected functional. The core electron states are

represented by the norm conserving Goedecker-Teter-Hutter (GTH) pseudopotential.®%+46

The GPW basis set consists of a triple zeta TZVP Gaussian type orbital basis for the real

space representation and an auxiliary plane wave basis to compute the long-range periodic

electrostatic interactions in the reciprocal space.?3

It is known from the work of McGrath et al.?* that the convergence of the volume requires

a significantly higher auxiliary basis set cut-off compared to constant-volume simulations. 2447

Therefore, the NpT and NVT MD runs are performed with the 800 Ry plane wave cut-off.
An exception is the NVT simulation of methanol, where we use the same settings of ref.??

with a 400 Ry cut-off (with Grimme-dispersion,3® without correction for BSSEY).

Liquid MeOH, TCM, MeCN, and EtOH are modeled at room temperature in a periodic

9
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cubic simulation cell containing 129 molecules. Periodic boundary conditions are employed
using the minimum image convention. Given the size of THF molecules, the unit cell for this
molecular system contains 67 molecules. The simulation cell sizes for the NVT-simulations
are chosen to correspond with the experimental densities pey, of the solvents, as summarized
in Table 1. The system sizes are assumed to be large enough, in view of sensitivity analyses

as a function of MD simulation parameters published in literature?3* . The NVT/DFT-

Table 1: Experimental densities (at 298 K) and cell parameters for the NVT
simulations for all studied solvents.

solvent  peyp [g/cm®]  cell parameter [A]

MeOH 0.7874 20.583
TCM 1.483be 25.865
MeCN 0.7772 22.445
THF 0.881¢ 20.882
EtOH 0.7854 23.248

a
ref., 48bref. 49 cref, 50dpef, Sleref 52

D3 MD production runs of MeOH, TCM, MeCN, THF and EtOH amount to 8.1ps. The
NpT/DFT-D3 and NpT/DFT-D3 + CP production runs (defined below) are carried out
for at least 12.5 — 15.0ps and 16.0 — 19.9 ps respectively. The exact lengths of the MD
runs done for this work are given in Table S.1 of the supporting information (SI). The
simulations are carried out at a temperature of 300 K with a Nosé-Hoover thermostat?®
with time constant 1ps: the isobaric-isothermal ensemble is implemented in CP2K making
use of the Martyna-Tuckerman-Tobias-Klein (MTTK) algorithm.?*5 The stress tensor is
implemented as described by Schmidt et al.3* The external pressure is 1bar and the time
constant of the barostat is 1 ps. The MTTK integrator is used with an integration time step
of 1fs.

Once calibrated parameters are obtained for the classical BSSE correction energy term
(see Section ), a new MD simulation is performed with a combination of the Quickstep and
the molecular mechanics module of CP2K (FIST). The total energy is calculated at each

timestep as the sum of the DFT-energy and the classical force-field energy.
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As such we perform three types of MD simulations per solvent:

e NVT/DFT-D3: dispersion-corrected DFT using the DFT-D3 scheme in the NVT-

ensemble

e NpT/DFT-D3: dispersion-corrected DFT using the DFT-D3 scheme in the NpT-

ensemble

e NpT/DFT-D3 + CP: dispersion- and BSSE-corrected DFT using the DFT-D3 scheme

and the counterpoise (CP) correction scheme, as explained in Section

To reduce the amount of equilibration time, three measures have been taken: (i) all initial
structures are generated by Packmol®® (a software package especially developed for building
initial configurations for MD simulations), (i) all MD runs are preceded by equilibration
NVT-simulations, (iii) the positions at the start of the production runs of the NpT/DFT-D3

simulations are taken as the starting geometry for the NpT/DFT-D3 + CP runs.

Radial distribution function and structure factor

The RDF is the number of particle pairs dn(r) in the spherical shell with radius r and r+dr,

relative to the number of particle pairs dng(r) in an uncorrelated ideal gas:

o(r) = o )

where r is the interparticle distance. In practice, the space around a given atom is discretized
in concentric spherical shells with width 7. The number of atoms n; in each shell is counted
during the MD run, such that a histogram of the n; values can be built. The RDF may be
decomposed in an intramolecular and intermolecular contribution, g(r) = g™ (r) + g™ (r),
with limits lim g™ (r) = 1 and lim g™"(r) = 0.

r—yo0 r—yoo

The RDF and SF are connected through a three-dimensional Fourier transform. If g,z(r)

is the partial pair correlation function of atom types o and 3, then the partial SF S,5 may
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be expressed as:

Sas(k) =1 = p / exp(ik - 7)(gua(r) — 1)dr

= 4mp /000 —sin]{ffr) (gap(r) — 1)r2dr. (2)

Here, p is the average particle number density, while in the second equality the angle de-
pendence is integrated out in the understanding that g,s(r) is isotropic in space. The total
structure factor Sio (k) is a weighted sum of the partial SFs, which for neutron diffraction

reads as:

Siot(k) = Y (2 = Gag) Cabacsbs [Sap(k) — 1] (3)

a<lp

k gets a physical significance in the sense that it represents the momentum transfer in a neu-
tron scattering experiment. The weighting factors are composed of the coherent scattering
lengths b, which characterize the interaction strength between atoms and incident radiation
and which can vary from isotope to isotope, and the atomic fractions ¢, = N, /N with N,
the number of type o atoms, and N the total number of atoms in the system. The Kronecker
dap avoids double counting of pairs of atoms of the same type. Sit(k) is not only a direct
experimental observable, but also directly accessible by theoretical simulations, in particu-
lar molecular dynamics, from Egs. (2) and (3). All other quantities, including the partial
SF's, are not directly available from experiment. In an indirect way, however, they may be
derived from the experimental total SFs obtained by changing the isotopic composition of
the sample,'® but this procedure is ill-conditioned for a liquid with one type of molecule.

By means of an inverse Fourier transform,

f) = 1(1)3/exp<—¢k-r)stot(k)dk

p \2m
- 5 (&) [T st e
= 2(2 — dap)cabacsbp(gas(r) — 1), (5)
a<p
12
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Siot (k) is converted to some total pair correlation function or total distribution function
f(r) without clear physical interpretation. Nevertheless, the equivalence of Eq. (4) and
Eq. (5) can be exploited to verify the numerical accuracy of the numerical Fourier transform
integrations (first equation) versus the direct computation of f(r) from the partial RDFs
(last equation). Note that rli_}rgof(r) = 0 since 7’li_>rgoga5(r) = 1.

Experimental total SF's are not free from contributions arising from intramolecular scat-
tering (neutrons can scatter from atoms belonging to the same molecule). On the contrary,
they even dominate the entire behavior of the experimental total SF. From a physical point
of view, in unraveling the liquid structure, intramolecular contributions should be projected
out as only intermolecular terms are of physical interest. This is no easy task from an exper-
imental point of view. In the tetrahydrofuran liquid, for instance, intramolecular distances
of up to 4.2 A occur between hydrogen atoms, which overlaps with typical intermolecular

distances in the RDF. Theory can help in estimating the impact of intramolecular parts on

the various quantities, and in particular those which are inaccessible by experiment.

Counterpoise correction for BSSE

The hybrid Gaussian and plane-wave DFT method uses localized Gaussian basis sets that
are centered at the nuclei of the atoms, of which relatively few basis functions are required
to describe molecular orbitals. A downside of the method however is the BSSE that arises
due to this limited number of basis functions, and thus incomplete basis sets.

The most widely employed method to correct for BSSE is the counterpoise (CP) method
as introduced by Boys and Bernardi.*? If a complex AB is considered, they estimated the
artificial stabilization for monomer A as the energy shift AE, when the basis for chemical
system A is augmented with basis set functions of monomer B (which are located at the
monomer B position), i.e. if A approaches monomer B close enough so that A can utilize
the basis functions of B, and similarly for AEg.5" These estimated errors are then sub-
tracted from the uncorrected interaction energy AE™(AB) of a complex AB to obtain the

13
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counterpoise-corrected interaction energy:

AES(AB) = AE™(AB) — AE, — ABg = AE™(AB) + AEcp, (6)

where AFEqp is the so-called counterpoise correction. The CP-computations are carried out

on pairs of molecules.

Extended force field correction model

CP model

This section develops the CP correction model for AEcp and the calibration method for
its parameters. The aim is to correct for the BSSE by adding a force field correction term
AEZSY to the quantum mechanical energy. In summary, the procedure comprises three
stages. First, a molecular dynamics simulation is run with the BLYP functional to create
a set of liquid configurations. Second, molecule pairs are selected from the configurations
and the BSSE is calculation using the BLYP functional, thus creating a set of reference data
AEXE. The parameters of the force field correction model AEZRY are determined by fitting
to these reference data as closely as possible. Third, a new molecular dynamics simulation
is run, including this correction model. The additional forces originating from the AE%S4
term are evaluated on the fly when integrating the equations of motions. The result is an
MD simulation that is corrected for BSSE.

The model of ref.?? is now briefly reviewed, and extensions, new in this work, are clarified.
The proposed CP model is an additive pairwise interaction between certain atom types in two
different molecules.? The functional form of each term is an exponential Ae=5", decaying
with the separation distance r between two atoms, because BSSE is necessarily of repulsive

nature (A > 0). The pairwise interaction is different for each pair of atom types. Fig. 2

gives the nomenclature of the atoms types of the five molecules considered in this work.
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Each pair of atom types is denoted following these labels throughout the remainder of the

paper. Interaction terms are only present between intermolecular atom pairs. With each

H H )

\ &
. Cn
JQC/& p A & \kcn A
Hion ) (a )
H H
H t

(a) MeOH (b) TCM (c) MeCN

(e) EtOH

Figure 2: Atom types for the solvents MeOH, TCM, MeCN, THF, EtOH.

pair of atom types ¢, a unique set of parameters (A;, B;) is associated:

N-—1 N
AEE =" > > Ay exp (= Bugyyriy) » (7)

p=lv=p+1lieM,
jeMy,

where r;; is the distance between the atoms 7 and j, M, is a set of atomic indices of molecule
v, ;v and v are molecule indices and N is the total number of molecules. To reduce the
number of parameters, the Aq;-parameters in this paper are computed according to the

mixing-rule:
Asij) = Ay X Ay, (8)

such that only the A,(;;) parameters need to be determined (section ). The parameter Biyij

is here calculated as
1

T(RZ + Rj)’ (9)

Buij) =

15
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where R; and R, are the van der Waals radii of the atoms that make up the atom-pair ¢(ij).
We assume that 7 is a general dimensionless factor independent of the atom types. The R;
values are taken from ref.5

Egs. (8) and (9) imply that the number of independent parameters is equal to the num-
ber of atom types (A parameters) plus one (7 parameter), and the other parameters are
correlated. Our model does not discriminate between the different types of the same atoms,
e.g. Hy and H,, in Fig. 2. For instance, methanol consists of H, C, and O, and has four

independent parameters.

Parameter calibration

The training data is obtained from CP computations on snapshots from the NpT/DFT-D3
MD simulations (Section ), and is used to fit the parameters of the model (Eq. (7)). The

procedure, schematically presented in Fig. 3, consists of the following steps:

NPT/DFT-D3 MD calculate d,,,, between

— snapshot (i) —»  COM:s of each pair
of molecules (ii)

t [fs] lif Aeon < Aoy (i)

800 fs{

compute CP correction for
selected pairs of molecules (iv)

# frames

Figure 3: Flowscheme for obtaining training data from MD simulations.

(i) A snapshot of the liquid structure is selected every 800 steps (= 800 fs) of the NpT /DFT-
D3 MD simulation, corresponding to a time greater than the velocity auto correlation
time of the center of mass (COM) of the molecules to ensure statistically independent

31,59

samples. The correlation times are computed with the MD-TRACKS program,

and are all below 270 fs (see Table S.2 of the SI). In this way a respectable number of

16
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1

2

2 frames (15 — 20) of the MD simulation are selected. The exact number depends on
g the type of the solvent.

7

g (ii) At each snapshot, the distance dcoyn between the COMs of every possible pair of
12 molecules is computed with the minimum image convention.

12

ﬁ (iii) The pairs of molecules for which this distance is smaller than a cut-off distance deyt-off,
ig are selected for the computation of training data.

17

ig (iv) We then calculate the CP-correction AE%E with CP2K for each of the selected pairs,
32 which serves as training data.

22

gi The same specifications (basis set, electronic structure method, 800 Ry cut-off, ...) are used
gg for the CP-computations as those for the MD simulations of the solvents (Section ). The
27 box size has been chosen such that there is a margin of minimally 5A between the dimer
28 g y

ég and the edge of the simulation box. The sizes of the unit cells for the five solvents are given
> in Table S.3 of the SI.

gi We use the COM RDF as a criterium to determine a proper dqu:-of for selecting molecule
gg pairs for the training CP-computations, i.e. d.u.of 1S chosen as the distance that contains
g; the whole first peak of the COM RDF determined from the NpT/DFT-D3 simulations.
39 . . .. . . . .
40 Using this approach, it is ensured that at least the first layer of intermolecular interactions is
41

42 represented in the training set. The COM RDF of methanol is shown in Fig. 4 as an example.
43

44 Based on this RDF the deyt o for methanol is set at 6.2 A. Following this criterium, the deyt-of
45

46 of 4.0 A chosen in ref.? is improved. This latter value for deyof resulted in 3850 molecule
47

48 pairs, while the higher cut-off distance in this paper results in a total number of 15714 pairs.
49

50 The deyoff values and the COM RDFs for the other solvents are given in the SI (Table S.3
51

52 and Fig. S.1, respectively).

53

54 The parameters (A;,7) in Eq. (7) are estimated from the training data set of CP-
55

gs computations (AEXL) by a non-linear least-squares fit. In this paper, the CMA-evolution
58 strategy®’ (CMA-ES) is applied to minimize the cost function. CMA is a population-based
59

60

17
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Figure 4: The COM RDF of methanol derived from the NpT/DFT-D3 MD simulation.

stochastic search algorithm for parameter optimization. It neither approximates nor uses
gradients, making it an efficient optimization method for problems where derivative-based
methods may fail due to a rugged search landscape presenting multiple discontinuities, sharp
bends, noise and local optima.

The considered cost function is the root-mean-square deviation (RMSD) between the
natural logarithms of the model AEZS? and the training AEL corrections, and is further

discussed in the SI.

Once average calibrated parameters (A;, 7) are obtained, a new MD simulation is per-
formed with the Quickstep and FIST modules of CP2K. The energy in the MD run is
computed as the DFT-energy (Quickstep module) plus the CP model term (Eq. (7)) (FIST

module).

18
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1

2

; Results and Discussion

5

6

7 CP-computations on NpT/DFT-D3 MD

8

9

10 From the procedure as outlined in Section , 16 — 19 snapshots from the NpT/DFT-D3 MD
11

12 simulations are used to select 7982 — 15111 molecule pairs, with values for d.u.og ranging
13

14 between 6.2 and 7.9 A. CP-computations with CP2K on these selected pairs serve as training
15

16 data for the five considered liquids. The logarithms In A; and In 7 are regarded as parameters
17

18 in the algorithm to avoid that A; become negative. To assess the impact of the stochastic
19

20 factor inherent to the CMA-algorithm, the procedure is conducted 200 times for each sol-
21

22 vent. This results in 200 estimates for each of the parameters. For instance, MeOH has 4
23

24 parameters (In7, In Ay g, In Ac_¢, In Ap.o) that are varied in the CMA algorithm, and other
25

g? parameters (B parameters, other A parameters) are calculated with Eq. (8) and Eq. (9).
gg The final parameters are then averaged over the 200 parameter estimates, and are shown in
30 Table 2.

31

32

gi Table 2: Final A;, 7 and B; parameters for MeOH, TCM, MeCN, THF and EtOH.
35 The last columns contain the average BSSE per molecule in kJ/mol, calculated
36 with Egs. (12) and (13).

37

38

39 solvent  interaction A [kJ/mol] 7 [/] B [A] (AEgsss) % (AEgM
40

41 H-H 3.1689 1.3514 1.21 17

42

43 C-C 0.0779 0.8416 0.01 0

44

45 0-0 7.9499 0.6626 3.25 44

46 MeOH 0.1796 7.31
47 H-C 0.4968 1.0372 0.26 4

48

49 H-O 5.0192 1.1116 2.38 33

50

51 C-O0 0.7869 0.8899 0.19 3

52

gi H-H 0.0491 1.2455 0.00 0

gg C-C 0.3867 0.7757 0.03 2

o7 CI-Cl 1.6284 0.7802 1.18 72

58 TCM 0.1949 1.64
2(9) Continued on next page
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solvent interaction A [kJ/mol] 7 [/]  BIATY] (AEZY % (AESRY)
H-C 0.1377 0.9560 0.01 1
H-Cl1 0.2827 0.9594 0.06 4
C-Cl 0.7935 0.7780 0.36 22
H-H 0.3212 1.0169 0.15 16
C-C 0.0084 0.6334 0.01 1
N-N 0.6938 0.6884 0.16 17
MeCN 0.2387 0.93
H-C 0.0519 0.7805 0.09 10
H-N 0.4720 0.8210 0.42 46
C-N 0.0763 0.6597 0.09 10
H-H 0.8028 1.2596 0.69 17
C-C 0.4101 0.7846 0.50 12
0-0 3.9314 0.8801 0.18 4
THF 0.1927 4.14
H-C 0.5737 0.9669 1.29 31
H-O 1.7764 1.0362 0.82 20
C-0 1.2696 0.8296 0.64 16
H-H 1.7398 1.3816 0.87 20
C-C 0.7422 0.8605 0.25 6
0-0 9.0476 0.9653 0.75 17
EtOH 0.1757 4.43
H-C 1.1363 1.0606 1.02 23
H-O 3.9674 1.366 0.79 18
C-0 2.5913 0.9099 0.75 17

Fig. 5 shows the correlation between training AES and model AEZRY data for methanol.

The CP model-energies are computed with Eq. (7), using the parameters as listed in Table 2.
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The plots for the other four solvents look similar (Fig. S.2 of the SI). The correlation between

N w D w

CP Correction from CP2K [k]/mol]

=

2 3
CP Model [k)/mol]

Figure 5: CP-energies computed with CP2K (AESL) versus model CP-energies (AEZSY) in
methanol.

the two data sets (Fig. 5) is not perfect but sufficient. As for the model parameters, no clear
trend is observed from their values. Given the importance of hydrogen bonds in methanol
and ethanol, one would expect that the O-H parameters are dominant. The Ag.o parameter
however is stronger than the Ag_y parameter. This suggests that the O-O distances are the
determining factor for the BSSE corrections, but this is not the correct interpretation. The
reason for the strong Ag.o parameter originates from the correlation between the parameters
as imposed by Eq. (8): the Ag.y parameter necessarily lies between the Ay y parameter and
the Ap.o parameter. A significant Ag.g parameter is thus only possible in combination with
an even stronger Ag.o parameter. A plain comparison of the parameters thus does not give
much insight in the origin of the BSSE. Statistical correlations between the independent
parameters are illustrated by the large off-diagonal elements in the sampling covariance
matrix. This is also confirmed by the high condition number (see Table S.4 of the SI).

As a significant trend in the final parameters (A;,7,B;) is lacking in Table 2, we eval-

uate the importance of BSSE by estimating each BSSE contribution. The average BSSE

21
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contribution per atom is given by

1 drN AEcp(rN)e PEEY)
N [ drNe=BEEY)

(AEcp) = (10)

where E(r") is the energy of the N particle system including the BSSE correction. With
the pairwise force field model for the BSSE, this quantity may be derived conveniently from

the partial RDFs, which are at our disposal,

1
<AE§§?&5> = épcacﬁ(2—(5aﬁ) 4W/AEg§iﬁ(r)ga5(r)r2dr (11)
1
= 5p0a65(2—(5a5) 47T/Aa563aﬁrga5(7“)7‘2 dr (12)
and
(AEZRY) = (AEZL). (13)
asp

The average BSSE per molecule is shown in Table 2 using the intermolecular RDF's from the
NPT/DFT-D3+CP simulations. The BSSE per molecule is most important for methanol
(7.31kJ/mol/atom), followed by ethanol and THF. The BSSE is small for TCM and MeCN.

The largest corrections are correlated with the capability of forming hydrogen bonds.

NVT versus NpT MD

This work encompasses in total 15 MD simulations (NVT, NpT and NpT + CP for five
solvents). The duration of the production runs depends on the type of the solvent but
especially on the type of the dynamics. NpT dynamics require run times of at least 20 ps
or even more. The instantaneous densities of the five considered solvents found in our NpT
MD simulations, including the equilibration run, are presented in Fig. 6.

It should be stressed that NpT dynamics of molecular liquids within the DF'T method-
ology has a much larger complexity than standard NVT simulations. Their outcome largely

depends on the accuracy of the DFT functionals. It is well-known that the convergence of

22
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the pressure requires a significantly higher basis set cutoff than normally used for standard
NVT MD simulations.***” Another problem is that the equilibration time for NpT dynamics
can be significantly larger, as the volume fluctuations are slow compared to molecular vibra-
tions. A comprehensive DFT study on the performance of two popular gradient-corrected
exchange correlation functionals on the structure and density of liquid water is presented
in3* in the NpT ensemble. Both PBE and BLYP functionals underestimate the density by
about 25 % and 12 % respectively. Adding Grimme corrections of the type D1,3% the authors
of ref.3* found a significant improvement of the densities. Our results are in line with the
findings of this previous work on water.

The densities computed from the NpT runs for the five liquids under study show large
fluctuations (Fig. 6). To visualize the convergence of the average density, the running average
(average over all previous time steps®!) is plotted. Some of the running averages in Fig. 6
still slightly change with time, suggesting that even longer simulation times (> 20 ps) would
be needed to reach absolute convergence, yet the current results are sufficient to support our
conclusions.

The NpT ensemble and the BSSE correction model affect the density of the five solvents
differently. The plots give the impression that the agreement with experiment becomes
better when including the BSSE-CP corrections, although we need to be cautious in gener-
alizing these conclusions as they are not statistically founded . This is remarkably the case
in methanol and ethanol. In only one case — chloroform — the predicted density is largely un-
derestimated. In the absence of hydrogen bonds the remaining intermolecular forces — which
are weaker — become now decisive in determining the liquid density. However, they are prone
to the interaction potentials, involved in the DFT functionals by construction, and therefore
one could expect a large dependence of the predicted density on the choice of functional.
Within this context we also examine the geometry of each separate liquid molecule (the
monomer). When averaging the C-H and C-Cl bond lengths of all chloroform molecules in

the snapshots taken during the NpT simulations, an average bond length of 1.82 A is found
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ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 24 of 55

Figure 6: Evolution of the density as a function of time for the NpT /DFT-D3 and NpT/DFT-
D3 4+ CP MD simulations: instanteneous density (solid lines) and running average density
(dashed lines). The production run starts at a time indicated by an arrow. The horizontal
line gives the experimental density, which has been imposed in the NVT/DFT-D3 runs.
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for C-Cl and 1.09 A for C-H. A geometry optimization of the monomer in gas phase with
the B3LYP/311+g(d,p) level of theory, yields 1.79 A and 1.08 A respectively. The average
“volume” taken by a single chloroform molecule (pyramidal structure) in the simulation is
thus 7.5 % larger than that in gas phase. It partially explains the underestimation by 20 %
for the density measured in the NpT simulation with BLYP compared to experiment. It also
implies that in this specific case of chloroform, the BLYP functional is not adequate enough
to predict the correct intramolecular geometry. Moreover, since hydrogen bond interactions
are absent in chloroform liquid, the weak intermolecular forces are mainly determining the
liquid structure, and DFT functionals are not optimized to reproduce these accurately. The
interplay of all these small effects has direct consequences in the reproduction of the correct
density.

For the convenience of the reader, the average densities p,, for the five liquids under study
are tabulated in Table 3. These averages are taken over the production runs only, starting

from 5 ps unless otherwise stated (arrow in Fig. 6).

Table 3: Average densities p,, for the NpT/DFT-D3 and NpT/DFT-D3 + CP
MD simulations, compared to experiment (NVT/DFT-D3, see Table 1), for the
five considered solvents. The values between brackets show the deviation com-
pared to experiment.

Pav [g/cm’]
solvent VT /GSFI;T_% NpT/DFT-D3  NpT/DFT-D3 4 CP
McOH 0.787 0.872 (0.085) 0.746 (-0.041)
TCM 1.483 1.107 (-0.372) 1.162 (-0.317)
MeCN 0.777 0.845 (0.068) 0.839 (0.062)
THF 0.881 0.909 (0.028) 0.889 (0.008)
EtOH 0.785 0.837 (0.052) 0.795 (0.01)

Radial distribution functions
The previous subsection showed that overall the liquid density in the NpT simulation im-

proves, when taking into account the BSSE (CP correction model). However, a good repro-
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duction of the liquid density does not necessarily lead to a correct description of the structure
of the liquid. This is illustrated by the case of water where PBE has the tendency toward
overstructuring, whereas the obtained density in NpT dynamics is closer to the experimental
value than with BLYP.3*

We calculated the intermolecular partial RDFs for all five liquids from our NpT simu-
lations. We only display a selection of them in Fig. 7, using the atom types as defined in
Fig. 2; a complete list of the RDFs is given in the SI (Figure S.3-S.7). The most character-
istic features of the RDFs, determining the structure of the liquid, are given by the height
and position of the first peak. Table IV shows the amplitude and position of the first peaks
of the RDFs from Fig. 7. For comparison, structure properties found in constant volume
NVT simulations are also included in Table IV, where the density is set to the experimental

value.

FIG. 7. Intermolecular partial radial distribution functions, between atom types
defined in Fig. 2. Experimental data from refs.®"%? (MeOH), ref.?° (TCM), and
ref.'® (THF).
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(i) NpT simulations clearly give rise to an overstructured methanol liquid. The heights

for the first oxygen-hydrogen (O-Hy) and oxygen-oxygen (O-O) peak are largely overes-
timated. In contrast to NVT simulations,? the BSSE-CP corrections even strengthen
the discrepancy. This is surprising, as the BSSE switches the density to a slightly un-
derestimated value (0.746 g/cm?), but closer to the experimental value of 0.787 g/cm?
(see Fig. 6). On the other hand, in similar work on water,3* it is observed that an
underestimation of the density is generally accompanied by a locally overstructured

7:8,29.63-67 yerestimate the first in-

liquid. Many other theoretical studies on water
termolecular peak. Experiments indeed do not measure pair interactions directly, as
explained in the Section . The various manipulations in extracting empirical partial
RDFs from the experimental total SF are not free from inaccuracies, which we will

discuss in detail in the remainder of this paper, and one should be cautious in drawing

final conclusions.

The RDF's of ethanol show large similarities with those of methanol. The first peak
rises significantly when switching from NVT to NpT; correcting for BSSE even enhances

this trend.
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Despite the serious underestimation of the density in chloroform, we now observe
a lower first peak than experiment in most of the partial RDFs (see also Fig. S.4 of
the SI). BSSE corrections on the RDFs are small. The experiment reveals a second
peak at around 3.1 A in the partial RDF of Cl-H, but this peak is not reproduced
by the simulations. Similar observations may be made in the other partial RDFs,
and in particular in C-H and H-H. Prominent peaks at short distances appear, but

68-70 gre in line with

are completely missing in our simulations and other MD studies
our results. RMC calculations performed by Pothoczki et al.?° without additional

constraints imposed by diffraction data also give no evidence for an additional peak in

the region 3.5A — 4.0A.

No experimental data are available for acetonitrile. All simulations predict the same

RDFs. BSSE corrections are negligible.

The situation is problematic for THF where the experiment predicts sharp prominent
peaks at short distances that are not reproduced by any theoretical MD simulation,
neither in this work nor elsewhere in literature. This strongly deviant behavior, also
noticed in the case of TCM, requires special attention and a serious in depth discussion
to understand the discrepancies between theory and experiment. As the primary ob-
servable is the total structure factor, the discussion should also focus on this property
which gives information in the reciprocal space. What characteristic in the (partial)
structure factor in momentum space can cause such a prominent peak at short dis-

tances in coordinate space? This will be unraveled in the next subsection (Section

).
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TABLE IV. Amplitudes and positions of the first intermolecular peak of the
RDFs shown in Fig. 7. The positions are in units A.

©CoO~NOUTA,WNPE

solvent interaction property exp NpT/DFT-D3 NpT/DFT-D3 + CP NVT/DFT-D
amplitude 2.50 3.24 3.60 2.83
O-H;
position 1.68 1.75 1.75 1.75
MeOH
amplitude 2.83 3.18 3.58 2.89
0-0
position 2.67 2.75 2.75 2.75
amplitude  0.93/0.79/1.25  0.79/1.24 0.83/1.24 0.79/1.25
Cl-H
position 2.87/3.80/5.36  2.95/5.75 2.95/5.75 2.85/5.55
TCM
amplitude  1.06/0.90/1.21 0.87/1.23 0.87/1.25 0.87/1.26
C-H
position 3.68/4.02/6.15  4.25/6.65 3.95/6.65 4.25/6.35
amplitude 1.21 1.22 1.23
Cn-H
position 4.85 4.85 4.95
MeCN
amplitude 1.40 1.41 1.38
N-N
position 4.05 4.15 4.05
amplitude 2.16 1.34 1.34 1.21
0-0
position 4.62 4.55 4.65 5.15
THF
amplitude 1.56 1.45 1.48 1.39
Cp-Cy,
position 5.34 5.35 5.35 5.35
amplitude 4.62 4.88 3.23
O-H;
position 1.75 1.75 1.85
EtOH
amplitude 4.56 4.82 3.13
0-0
position 2.75 2.75 2.85
30
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Structure factors of THF

Observations in experimental and theoretical SF.

The example of tetrahydrofuran is selected for the discussion of the structure factors. To
unravel the origin of the large peaks at short distances in the experimentally derived RDF's
it is convenient to analyze the liquid structure in the reciprocal domain, because the total
SE' (Sioet) is the sole quantity that is directly accessible by experiment and appropriate for
a direct comparison between theory and experiment; all other quantities are empirical. We
start by clarifying the origin of all RDF and SF quantities that are displayed in Figs. 8, 9,

10, and their relationship as shown in the scheme in Fig. 1.

Figure 8: Intermolecular partial SFs S3'¢ (k) and SE't, (k) for THF. Theoretical partial
SFs are constructed from partial RDFs with Eq. 2, empirical partial SFs (label “emp”) are
computed as the Fourier transform of the empirical partial RDFs reported by Bowron, ¥ see
text.
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First, consider the theoretical predictions of SF's from the MD simulations. Our theoretical
partial RDFs g,s(r) may be transformed to reciprocal space by a Fourier transform. Using
Eq. (2), we obtain not only theoretical partial SFs S,z(k), but also their intermolecular and
intramolecular contributions. The transformation of the theoretical RDFs from r-space to
k-space can be accurately performed as each RDF is a well-determined function. We focus
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on the partial SF' between the intermolecular oxygen-oxygen and carbon-carbon atom pairs
to explore the possible ingredients lying at the origin of the strong empirical RDF peak at
4.6 A in real space (Fig. 7). The theoretical partial S5 (k) and SE't, (k) are displayed
in Fig. 8 for the three MD runs; other partial SFs are given in the SI (Fig. S.8). These
partial SF's show the typical behavior of a spectral function in reciprocal space with damped
oscillations at increasing k (Fig. S.8). A weighted summation of the partial SF's, as given
in Eq. (3), yields the theoretical total SF Sy, which is displayed in Fig. 9. The coherent

neutron scattering lengths for Eq. (3) are taken from ref.”* (Table 5).

Table 5: Coherent neutron scattering lengths.”

isotope be [fm]
C 6.646
O 5.803
H -3.739
D 6.671

Next, consider the ezperimental SFs as measured in neutron scattering experiments. '
The paper by Bowron et al. reports the experimental total SF S0 and the empirical
intermolecular partial RDF's gzlgp’inter. We remind the reader that the label empirical refers
to the fact that the reported partial RDFs are constructed from the experimental total
SF with a rather complex procedure.'® Fig. 9 compares Sqy with our theoretical total SF.
In addition, we added in Fig. 8 the empirical intermolecular partial SF Sg&™ obtained
by calculating the inverse Fourier transform of Bowron’s empirical RDF gg‘f‘gimer. We also
display the weighted sum S of all partial SFs™ in Fig. 9(a) (labeled: Bowron-adapted).

We include the SF's for the isotope variant, i.e. the deuterium sample C,D40O, in Fig. 10 to
visualize the effect of an isotope substitution. There are indeed some fundamental differences
between the two liquids, which are atttributed to the negative scattering length of the proton

versus the positive scattering length of the deuterium (Table 5).

Comparison of empirical /experimental and theoretical curves gives several observations:

e Comparison of partial SFs in Figs. 8 and S.8. The empirical intermolecular partial
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SF S of THF shows a quasi-perfect damped harmonic oscillator behavior, com-
pletely due to the sharp peak at 4.6 A observed in the empirical ggflop’inter (Fig. 4. This
is a typical feature in F'T. The theoretical SFs are dominated by anharmonicities. Also
the amplitudes of the oscillations are much smaller. It is the result of a complete

inter

absence of prominent peaks in the theoretical RDF ¢3'g.

Comparison of total SFs. In C,HgO (Fig. 9), the theoretical simulations predict the first
peak of Siy; at the correct position, but its amplitude is barely half the experimental
estimate. The remaining part of the spectrum (high k-region) is fairly well reproduced
by theory. This is a very important conclusion as it is the only plot where theoretical
results can be directly compared with a real measurable quantity. The same conclusions
hold for the total structure factor for C,DgO (Fig. 10). The most striking discrepancy
in the Sy spectrum is the appearance of a shoulder structure in Sp,” for C,H,O at
around 2.0A™" which is not present in our MD simulations (Fig. 9). The impact of
this shoulder structure on other derived quantities will be further discussed in the

remainder of this paper. Note that this shoulder is not present in C,D;O (Fig. 10).

Comparison of total intermolecular SFs in Fig. 9 and 10. By summing all empirical
partial SFs according to Eq. (3) we are able to compare the experimentally derived
property with the theoretical prediction. The agreement is surprisingly good in view of
the significant differences observed in the partial SFs (Figs. 8 and S.8). Inspection of
the various contributions leading to SIr reveals that this is mainly due to cancellation
effects. It is a strong indication that multiple sets of partial SF's can yield the same
total structure factor. Note that the intermoleculer spectrum is short ranged. All

oscillations in the high k-region (k > 2.0 A™") fade out.

Comparison of pair correlation function or total radial distribution function f(r) in
Figs. 9 and 10. To estimate the impact of peaks in Si,{ in real space, the inverse
Fourier transform is computed leading to the total pair correlation function fi ' (r)
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using Eq. (4) and plotted in Fig. 9(d). Typical FT features appear: the long tail of
Stot gives rise to well pronounced peaks concentrated in a small window in real space.
A structure factor with signals restricted in the low k-region like SIM" causes a more
structured pattern in r-space but the amplitudes of the fluctuations are one order of
magnitude smaller than in the case of inter/intra fio;. In C,;HgO, a prominent peak
appears at a distance of 0.75 A. However, there are no atom pairs available in the THF

liquid at such a short distance, so this peak must be spurious.

Summarizing, we stress the nice reproduction of the total structure factor by the NpT MD
simulations from first principles, but emphasize the striking differences noticed in the partial
radial distribution functions (RDFs), and in the corresponding partial SFs, between theory
and experiment. The disentanglement between spurious and genuine structural features in
the RDFs is a serious issue that has received since long a lot of attention in literature!%27
and further discussed in a recent review of Soper.?2

Inaccuracies in empirical procedure.

Apart from the total SF, all other experimental quantities are empirical and are obtained
through a series of manipulations (Fig. 1). Inaccuracies can infiltrate the experimental
analysis at different stages; we discriminate between three types: (1) windowing effects in
Fourier transform, (2) extraction of partials, and (3) decomposition in intermolecular and
intramolecular contributions.

(1) A first source of errors lies in the finite windowing effect when taking the Fourier
transform. This is a familiar issue in Fourier analysis well-known as spectral leakage. Applied
to the Fourier transform of the RDF | it implies that a numerical integration over a finite
r-range (from 0 up to Rp.x) convolutes the real spectrum with a sinc(kRpay) function. The
computed spectrum has not only the original peak, but also a series of spurious damped
peaks at distances Ak = 27/Ryax. For instance, a window of size Rpax = 15 A creates

spurious peaks at distances Ak = 0.42 A~' of the original peak. Similarly, a window size

kmax = 20 A~1 in reciprocal space creates spurious peaks in real space at distances Ar =

34
ACS Paragon Plus Environment

Page 34 of 55



Page 35 of 55

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Figure 9: Total structure factor for THF C,HgO obtained as a weighted sum of the partial
SFs limited to intermolecular contributions (upper left) and to inter- and intramolecular
contributions (bottom left). Theoretical total SF is constructed from partial SFs with Eq. (3),
experimental total SF from Bowron et al.!? The corresponding total pair correlation functions
f(r) are given in the right column, as defined in Eq. (4) for the empirical curve and Eq. (5)
for the theoretical curves. Units of S(k) and f(r) are barn/sr/atom.
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Figure 10: Total structure factor for C,D4O obtained as a weighted sum of the partial
SFs limited to intermolecular contributions (upper left) and to inter- and intramolecular
contributions (bottom left). Theoretical total SF is constructed from partial SF's with Eq. (3),
experimental total SF from Bowron et al.'® The corresponding total pair correlation functions
f(r) are given in the right column, as defined in Eq. (4) for the empirical curve and Eq. (5)

The Journal of Physical Chemistry

for the theoretical curves. Units of S(k) and f(r) are barn/sr/atom.
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0.31 A. In addition, the limit of the SF to k = 0 is not calculated from the theoretical RDFs
using the Fourier transform, because the numerical integration diverges for & — 0. SF's are
only evaluated starting from k = 1 A~', and therefore a subsequent inverse Fourier transform
from the SFs to the pair correlation function may experience additional numerical errors.

The ghost peak appearing at a distance of 0.75 A in foit(r) is a neat example of a win-
dowing error, as no atom pairs exist in the THF liquid at that distance (Fig. 9). The ghost
peak is an artifact caused by taking the inverse Fourier transform of the experimental total
SF (S¢). We have visualized the effect of subsequent Fourier transforms (Eqs. (2) and (4))
in Fig. S.11 of the SI (indirect note). In the direct route the total distribution function
f(r) is obtained from direct summation of theoretical partial RDFs (Eq. (5)). Comparison
of the results obtained in the two routes, shows that the peaks in Fig. S.11 below 1A are
indeed spurious. However, these windowing errors are not responsible for the large discrep-
ancies observed in the RDF's and may easily be resolved by removing all peaks appearing at
unphysically short distances.

(2) A second and probably the major source of uncertainties entering the analysis lies in
the extraction of partial SFs from the total SF. Theoretically, the separate contributions to
the RDF's and SF's can be easily computed from the MD simulations, whereas experimentally,
the extractions of partials is a non-trivial task and requires extra experimental procedures
such as neutron diffraction measurements with isotopic substitution (NDIS) as applied in
ref.1? (see Fig. 1). However, for complex systems, with more than two atom types, one has
often not performed enough isotope variation experiments to extract all of the partial SFs.
Experimentalists therefore introduce a three-dimensional model of the liquid structure. By
means of e.g. Monte Carlo and intermolecular potentials (RMC, EPSR), liquid structure is
modeled iteratively by adapting the intermolecular potentials until the modeled SFs are in
agreement with the available experimental SFs (loop in Fig. 1).%5™ However, RMC/EPSR
explores a broad range of structural models that are consistent with the available scattering

data. The method does not ensure unique partial SFs. In addition, the functional form of
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the potential can bias the model, e.g. by preventing a priori certain atomic configurations.
These artifacts are well-known by the experimentalists doing neutron scattering,? but have
not yet been emphasized so strongly as in the case of THF. This procedure is ill-conditioned,
because multiple structure models may give the same total SF. The empirical partial RDFs
and those predicted from the MD simulations show manifestly different structural features.
Nevertheless, Fig. 9 is a clear example of how two different sets of RDFs succeed in repro-
ducing the same total intermolecular structure factor.

(3) A third possible source to induce inaccuracies lies in the decomposition into inter-
molecular and intramolecular contributions. In the particular case of THF, three measured
total SFs (for C,H O, C,D4O and the 1:1 mixture) are at the disposal of the experimental-
ists to decompose into intermolecular and intramolecular contributions.® So for THF the
interatomic partial hydrogen-hydrogen SF' may be derived by taking a linear combination of
these three experimental total SFs (arrow labeled “lin. comb.” in Fig. 1). Again, the miss-
ing intermolecular partial SFs are guessed by means of an iterative RMC/ESPR method.
The most ideal procedure, however, is to succeed into a separation of the two contributions,
completely free of any bias, in other words not established with the help of interatomic
potentials, but extracted solely from the measured total structure factors of the different
samples. In the EPSR-procedure, the distribution of interatomic distances is mostly fixed a
priori.

Intermolecular versus intramolecular structure factors.

The influence of subtracting intramolecular contributions from the total SF is immense
(Figs. 9 and 10). A first observation is that the intermolecular SF (Sr) and the com-
bined inter/intra SF (Si) look significantly different. The typical diffraction pattern in
the intermolecular SZter fades out at relatively low values for the scattering vector (k =
6.0A7" for C,HO and k = 3.0 A7 for C,D¢0). The intermolecular total SF is thus short-
ranged in reciprocal space. In contrast, the combined intermolecular/intramolecular Sinter

has fluctuations extending over the whole k range. Fluctuations at larger k-values in S
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11 Figure 11: Total (intra + inter) partial RDFs go.c, () and gc,.c, () (left column) in THEF.
Also given are the corresponding partial structure factors (right column).
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have completely disappeared in Siier 5o these fluctuations may be fully attributed to in-
tramolecular contributions. Within this context, we present a schematic model wherein the
intramolecular contribution to the partial RDF g,5(r) can be modeled as a sum of one or

more Dirac delta functions:

Gap(r) = gic?éer(r) + ggléra(r) = gglgter(r) + Z Aapid(r — Ragi) (14)

Multiple intramolecular distances may be present between atom types a and f3; they are
discriminated by means of the index i. Eq. (14) is valid for rigid liquid molecules, but may
be regarded as a realistic approximation in molecules like THF where one may expect nearly
constant intra-atomic distances R,g,; in the same molecule during the simulations. A better
representation would be to replace the Dirac delta functions by some function with a finite
width, implying that the molecule is not rigid and the interactomic distances may fluctuate
during the simulation. But this picture will not significantly change the global feature.
Neglecting this finite width and working with the Dirac delta functions, the intramolecular

SF is obtained by Fourier transforming the last term of Eq. (14):

Sin(l{:Ram)

15
kRu3.i (15)

S () = Amp Y Aus iR,

Each RDF peak due to an intramolecular contribution gives a sinc function in the SF, with
a large central peak at & = 0 and damped oscillations with a period of 27/R,s,. The
shorter the atomic distance R,s;, the more the oscillations are spread out in reciprocal
space. Strong peaks at short distances (= 1A) in the partial RDFs g,5(r) thus give rise to
large damping oscillations covering the whole k-region. A clear example is the intermolecu-
lar /intramolecular partial SF So.¢, in Fig. 11(b), which has oscillations ranging from 1 AT
to more than 20 A~

A second observation when comparing the intermolecular (S™T) and inter/intra (Sie)
spectra is that the position of the first peak is maintained at about £ = 1.5 A_l, while
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theoretically its strength is mainly preserved, but substantially reduced in experiment (Fig. 9
and 10). This peak at low k is thus fed by both inter- and intramolecular contributions. This
entanglement of contributions through the spectrum makes the decomposition a delicate task.
Depending on the number of available total structure factors from NDIS measurements,
the experimental data are incomplete to extract an accurate decomposition. The EPSR

2,25,73 assists in acquiring a plausible separation, as for the

method, as developed by Soper,
decomposition into the various partial SFs, by means of iterative refinement of empirical
interatomic potentials (see Fig. 1). This method is not bias free.

Intermolecular versus intramolecular radial distribution functions.

A third observation is that the corresponding pair correlation functions - also called
total radial distribution functions - differ significantly. The intermolecular fI"*(r) is one
order of magnitude smaller than the combined inter/intra fio;(r). This means that the in-
tramolecular contribution is dominating the intermolecular contribution in f(r): intra >
inter. Consequently, changes in the intermolecular partial RDFs are not visible in the to-
tal radial distribution function fi.(r), as they are completely masked by the intramolecular
contributions. This conclusion is not new and already reported in literature!¢ and supports
the general conclusion that the empirical procedure is prone to large inaccuracies. Total SFs
are very insensitive to changes in partial intermolecular RDF's and this is illustrated too in
Fig. 8 where the partial SFs SI and Siéls_eéb are hardly affected by the type of the MD
simulation (and thus by the interactions, e.g. BSSE), while the corresponding RDFs exhibit
clear structural differences in Fig. 7. This explicitly shows that the derivation of empirical
partial intermolecular RDFs from a small number of total SFs from isotope variation exper-
iments, is ill-conditioned: there may be multiple possibilities for the RDF's that match these
total SF's, as spectacularly demonstrated by our simulations.

Returning to the observed shoulder structure in the C,;HgO spectrum Sp,; in Fig. 9(c), we

gempiinter

notice that the shoulder is due to intramolecular interactions, as it is not present in S;;

In addition, as the shoulder structure appears in the short-range region of reciprocal space,
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its effect in real space is most likely small, and the discrepancy between experiment and
theory is here thus probably of little importance.

Finally an interesting exercise is the comparison of the intermolecular partial SFs (S(ifﬁter)
and the inter/intra partial SFs (S,s) (see Fig. 8, Fig. S.8 of SI versus Fig. 11, Fig. S.9 and
Fig. S.10 of the SI). The figures confirm manifestly an intramolecular contribution at the first
peak at small k values. This is not really surprising. The typical high peaks at very short
distances in the intramolecular RDF's can be regarded as Dirac delta peaks, generating a sinc
like function in reciprocal space as proposed in the model of Eq. (15). In the presence of one
single RDF peak, the partial SF clearly shows a one-component damped harmonic oscillation
with a central peak at about 1 A" The peaks in intermolecular RDF's are less sharp, and
create anharmonicities in reciprocal space. Now, let us look back at Sz?;p’inter (see Fig. 9, Fig.
S.8 of SI). We expect anharmonicities in these intermolecular SFs. This is indeed the case for
the theoretical curves derived from our ab initio molecular dynamics, but the empirical curves
surprisingly describe quasi-perfect damped oscillations. This could support the hypothesis
that the empirical intermolecular SFs are contaminated with some residual intramolecular
contribution, and consequently the empirical RDFs are contaminated with intramolecular
peaks. But this hypothesis does not match the observation that a weighted sum of the
empirical intermolecular SFs coincides with that predicted by the MD simulations, as already
mentioned. Concluding, the theoretical simulations give evidence that the extraction of
partial SFs (error type 2) and the decomposition in intermolecular/intramolecular partial
RDFs (error type 3) from experimental data are error-prone, as multiple solutions fit with
the experimental data. Our study thus clearly shows how ab initio molecular dynamics
may assist in distinguishing genuine from spurious structural features in the intermolecular
partial RDFs.

A similar profound analysis can be performed on chloroform where visible spurious spikes
are also observed in the region of short hydrogen-hydrogen distances (below 3.5 A).m This

maximum is reproduced neither by any of our MD simulations nor the RMC study of
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Pothoczki.?® Despite H-H partial SFs only contain intermolecular terms, the appearance
of the spurious peak might be the result of some Fourier transform induced noise (error type
1) on the experimental total SF for CHCl; and CDCl,, and a small perturbation may give

rise to serious changes of the RDF's in real space, as clearly demonstrated in the case of THF.

Conclusions

This work comprises the study of the structure of five liquids: methanol, chloroform, ace-
tonitrile, tetrahydrofuran and ethanol by means of DFT-based MD simulations in both a
NVT and NpT ensemble. First, the influence of BSSE on the various liquid properties has
been investigated. For this purpose the BSSE correction scheme as proposed in ref.? has
been extended to all intermolecular interactions. MD simulations in a NpT ensemble show
that they have a beneficial effect on the reproduction of the density in all five liquids under
study. In only one case — chloroform — a serious underestimation of the density is observed.
We ascribe this deficiency to the inappropriate description of the employed DFT functional
BLYP-D3 in describing the intermolecular interactions in the absence of hydrogen bonds,
as was confirmed by Schmidt et al. in NpT dynamics on water.?* Second, properties have
been computed from the simulations for a structural determination of the five liquids. All
partial RDFs for the three methods under consideration (NpT/DFT-D3, NpT/DFT-D3+CP
and NVT/DFT-D3) have been calculated, and compared with empirical data extracted from
experiment if available. BSSE corrections turn out to overstructure the liquid in NpT simu-
lations, but for the majority of the liquids under study such corrections remain minor and of
no real importance in the further discussion on the overall quality of the theoretical RDF's.

In the liquids TCM and THF — where hydrogen bonds are not occurring — the theoretical
RDF's do not reproduce experimentally derived properties. Peaks appear at short distances,
which are completely missing in any MD simulation. The case of THF has been selected

for further investigation as all necessary experimental data are available to allow for an in-
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depth comparative study with the state-of-the-art MD simulations. As partial RDFs are not
directly measurable but derived after an inverse Fourier transform of the partial structure
factors, which in turn are determined from an iterative protocol combining neutron scattering
experiments on isotope variations and MD runs with empirical interatomic potentials (RMC
and EPSR methods), these properties are not free from cumulating inaccuracies generated
in the various steps in the procedure. A fair assessment can only be performed in reciprocal
space, since the total SF is the only direct experimental observable. Our simulations succeed
in reproducing the total structure factor fairly well apart from a shoulder structure at small
k, which turns out to originate from intramolecular interactions and thus of no importance
for the partial intermolecular RDFs. An important conclusion we may draw from this study
is that despite substantial structural differences in the partial RDF's or SF's between theory
and experiment, they succeed in reproducing the same total intermolecular structure factor.
This can only be achieved when large cancellation effects may occur between the various
partial contributions in the weighted sum. There are thus multiple sets of partials SF's that
yield the same total (intermolecular) structure factor, and in principle all of them can be
regarded as plausible. There is no reason to favor or disfavor one set of partial RDFs over
the other when they reproduce the correct intermolecular structure factor, unless additional
partial SFs can be extracted from the neutron diffraction experiment, e.g. by changing
the isotopic composition of the sample. The property that the intermoleculer spectrum is
only noticeable in the low k-region, and hence characterized by a small number of genuine
structural features, makes the decomposition of the total structure factor into its partial
components even more ill-conditioned.

As well-known in literature we confirm that intramolecular interactions largely dominate
the total structure factor in the whole range of reciprocal space, including the low k-region
where we expect that it is mainly controlled by intermolecular contributions. This dom-
inance is even more pronounced in real space, where intramolecular contributions to the

total radial distribution function are systematically one order of magnitude larger than their
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intermolecular counterparts.

The most delicate operation in the experimental procedure is the separation of the inter
from the total structure factor; this procedure is highly error prone. From theoretical view-
point, it is important that this decomposition can be accomplished with great care and with
a minimum of inaccuracies. It constitutes the only intermolecular property which stands
very closely to the measurements, as it may be derived from NDIS data, without relying
on refined potentials, provided sufficient isotopic substitution can be performed. The inter-
molecular total structure factor can then serve as a reliable reference quantity for the RDF's
resulting from various MD simulations.

The isotopic substitution technique is very powerful, but if the isotopic composition
of the sample can only be changed by replacing hydrogens by deuteriums, the number of
diffraction measurements generating independent information is small. To overcome this
incompleteness, EPSR-refined models are constructed determining all the partial structure
factors, of which a weighted sum leads to the S, The review by Soper reported most of
the problems in data acquisition and data treatment.?

We tried to highlight the origin of errors by a detailed comparison of the experimental
data with accurate ab initio MD. Our conclusion is that the experimentally derived prop-
erties are prone to large artifacts. To improve the reliability of the experimentally derived
properties, we need an unbiased model-independent intermolecular total SF without the
help of interatomic potentials. The lack of such a bias free quantity hinders a fully reliable
comparison with theory. Summarizing, our ab-initio MD simulations succeed in reproducing
fairly well all structure factors in THF available by experiment. The proton sample displays
a shoulder at about 2A_1, which is not present in the MD simulations, but originates from
intramolecular interactions and consequently has no influence on the RDFs. What we finally
may conclude is that MD simulations from first principles - and in particular NpT - are ideal
tools to elucidate the liquid structure and to help in identifying spurious peaks, which may

appear in RDF's resulting from RMC/EPSR procedures.
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