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Abstract The structure of liquid benzene is investigated
by quantum molecular dynamics simulations. Results using
variationally optimized numerical pseudo-atomic orbitals
are compared to those of generic optimized orbitals. The
accuracy of the first-principle calculations is compared with
recent experimental findings. Simulations using minimal
basis sets with optimized orbitals are shown to successfully
predict the local structure of liquid benzene, while simula-
tions with non-optimized minimal basis sets have signifi-
cant errors in the structure of the first solvation shell. The
use of a minimal optimized basis set considerably speeds
up simulations, while preserving much of the accuracy of
a larger basis set formed by generic orbitals. The transfer-
ability of the optimized orbitals is also explored under dif-
ferent environmental conditions.

Keywords Liquid benzene - Ab initio simulations -
Orbital optimization - Krylov - Direct diagonalization

1 Introduction

Benzene is an important organic solvent that finds uses in
many industrial and scientific applications. It is the sim-
plest aromatic hydrocarbon, constituting the building
blocks of many important complex molecules. Further-
more, it provides an important example of aromatic 7—r
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interactions, which have been of great interest to numerous
fields including crystal packing [1], drug design [2], molec-
ular recognition [3], and DNA/RNA base stacking [4]. Due
to the aromatic w-bonding and electron delocalization, ben-
zene has exceptional stability at ambient conditions.

Detailed knowledge of the structural properties of ben-
zene is necessary for better understanding of z-interactions
in condensed matter. Solid state benzene is well-known
to have a herringbone pattern [5—7]. The structure of an
isolated benzene dimer in the gas phase [8—16] has also
received much attention; both experimental and theoreti-
cal results indicate almost isoenergetic, parallel displaced,
and T-shaped configurations. The T-shaped configuration
is accepted as the true global energy minimum today [12,
17-19]. Benzene in the liquid state, however, is less well
understood. Theoretical [20] and experimental studies by
X-ray diffraction [21-23] and neutron diffraction [24-27]
techniques on the structure of liquid benzene have shown
that the local ordering in liquid benzene is mostly perpen-
dicular L-shaped [21, 22, 24] and/or T-shaped [23, 26, 27].
More recently, a parallel displaced and a perpendicular
Y-shaped arrangement have been proposed [25] at separa-
tions <0.5 and >0.5 nm, respectively, by high-resolution
neutron diffraction experiments supported with empirical
potential structure refinement analysis. In addition, the per-
pendicular T-shaped configuration is reported to occur only
as a saddle point in the liquid state [25].

Due to the lack of conclusive experimental data, numer-
ous computational studies have been performed to shed
light on the structural properties of liquid benzene. In par-
ticular, a number of studies have employed the molecular
dynamics (MD) [28-30] and Monte Carlo (MC) [31, 32]
techniques with empirical force fields. However, results
obtained greatly depend on the force fields used. Conven-
tional atom-centered force fields generally predict random
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or slightly favor perpendicular orientations [25, 33, 34].
A charge-separated all-atom force field [31] based on the
Hunter and Sanders model [35], where a charge distribu-
tion above and below the aromatic ring represents the -
electrons, has resulted in perpendicular configurations
being strongly preferred [31, 36, 37]. Recently, Fu and Tian
[28] have compared different force fields and concluded
that separation of charges or fitting the ab initio pairwise
potentials does not necessarily guarantee the reliability
of the force fields. They obtained the best fit to the latest
experimental results [25] with the optimized potentials for
liquid simulations (OPLS-AA) force field.

Density functional theory (DFT)-based ab initio MD
simulations have been widely used to study the structural
properties of ionic liquids, which often contain complex
ring structures [38—40]. It has also been shown to provide
an accurate description of m-aromatic interactions in ben-
zene [14, 41, 42]. However, DFT-MD simulations scale
poorly with computational effort and hence are practically
limited to relatively small system sizes (several hundred
atoms) and very short time periods (<10 ps). Liquid state
simulations present particular challenges, due to the pos-
sibility of slow equilibration times and significant system
size effects. Therefore, structural studies of benzene by
DFT-MD simulations have mostly focused on the ben-
zene dimer and small benzene clusters [41, 43—45]. Only
recently, phase changes in solid benzene at pressures up to
300 GPa [46] as well as in shock-compressed liquid ben-
zene (up to 70 GPa) [47] have been investigated by DFT-
MD, which has been proven to be particularly suitable for
the study of the chemical reactions in condensed and gas
phases [48, 49].

First-principles DFT calculations generally scale as the
third power of the number of atoms present in the simu-
lation cell. Therefore, simulations of large and complex
systems by DFT-MD necessitate the use of linear-scaling
methods (O(N)), where the computations scale only line-
arly with the system size. Variationally optimized numeri-
cal atomic orbitals, which we will refer to as optimized
atomic orbitals (OAO), have been shown to provide effi-
cient and accurate localized orbitals as a basis set, suitable
for linear-scaling methods [50-53]. OAO have been well
documented and successfully employed in the simulation
studies of isolated molecules and biomolecules [51, 54] as
well as solids [51, 55], but there are few examples for neat
molecular liquids. Recently, liquid water simulations [53]
have been performed using improved polarization orbit-
als with a screened Coulomb confinement potential devel-
oped for water-based systems [52]. In addition, solid—liquid
interface simulations of an electrochemical system contain-
ing propylene carbonate have been conducted by combin-
ing effective-screening medium method with O(N) DFT
[55].
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To this end, here, we study the structure of liquid ben-
zene by ab initio MD simulations. This approach avoids
the many adjustable parameters involved with empirical
force fields, while allowing for the possibility of chemical
reaction at extreme temperatures and pressures. Numerical
atomic orbitals are variationally optimized specifically for
benzene, based on the force theorem. The benzene-specific
optimized orbitals are used as a basis set in comparison
with generic orbitals. The generic orbitals are optimized
from pseudo-atomic orbitals across a wide range of chemi-
cal conditions. The transferability of the OAO is tested
under different environmental conditions. Effects of long-
range interatomic London dispersion interactions are inves-
tigated. We show that orbital optimization considerably
improves the calculations of a molecular liquid with a fixed
basis set. The simulations with a minimal optimized basis
set are substantially faster than those of a larger basis set
formed by generic orbitals, yet retain much of the accuracy
of the larger basis.

2 Computational details

The initial configuration of liquid benzene was obtained
by MD simulations using OPLS-AA empirical force field
[56, 57] as implemented in the GROMACS software pack-
age [58, 59]. Procedures were based on the simulations
conducted by Fu et al. [28]. Ten benzene molecules were
generated in a cubic simulation box of size 1.484 nm® with
periodic boundary conditions, setting the density equal to
the experimental value [60]. The system was energy mini-
mized for 5,000 steps using the conjugate gradient minimi-
zation algorithm, with one steepest descent step for every
ten conjugate gradient steps. Then, the equilibration and
production runs were performed at 300 K temperature and
1 atm pressure in an NPT ensemble, each for 10 ns and
with a time step of 1 fs. The temperature and pressure of
the system were controlled by a Nose—Hoover thermostat
[61, 62] and a Parrinello-Rahman isotropic barostat [63,
64] with a coupling time of 0.5 and 2.0 ps, respectively. A
0.5-nm cutoff distance was applied for Van der Waals inter-
actions with a long-range dispersion correction for energy.
Coulomb interactions were calculated by the particle-mesh
Ewald (PME) method using a 0.5-nm cutoff for real space,
a 0.12-nm grid spacing, and a PME order of 8. All bonds
were constrained with the P-LINCS algorithm [65, 66].
A final density of 861 kg/m?® was achieved in the produc-
tion run, which is in good agreement with the experimental
value of 876.5 kg/m®.

Ab initio MD simulations of benzene were performed
using the OpenMX software package [50, 51, 54, 67, 68],
based on Kohn—-Sham DFT [69], and basis set consist-
ing of a linear combination of localized pseudo-atomic
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orbitals. The Perdew—Bruke—Ernzerhof (PBE) exchange—
correlation functional [70] within the generalized gradient
approximation was adopted. Norm-conserving pseudopo-
tentials proposed by Morrison et al. [71] are employed. The
pseudo-atomic orbitals, generated by a confinement poten-
tial scheme [50, 51, 54, 67], had a cutoff radius of 5.0 a.u
(except for calculations referred to below as PBE/DZP-7,
where the cutoff radius was set to 7.0 a.u) for both hydro-
gen and carbon atoms. In principle, the complete basis
set limit is approached as both the number of orbitals per
atom and the cutoff radius are increased. For each ele-
ment, single valence (commonly referred to as single zeta
or SZ), double valence plus single polarization (DZP),
and triple valence plus single polarization orbitals (TZP)-
(H:s3p1, C:s3p3d1) as well as optimized contracted single
valence orbitals (H:s1, C:slpl) obtained from the generic
(H:s6, C:s6p6) basis set; generic orbitals are the optimized
pseudo-atomic orbitals provided by OpenMX) produced by
the orbital optimization method [50, 51, 54] were used for
the basis set. The DFT-D2 method [72] was employed to
include the Van der Waals interaction. For orbital optimiza-
tion, atomic basis orbitals with the same element type were
optimized using the same orbital. The maximum number of
self-consistent field iterations and the self-consistence field
convergence criterion were 100 and 10~* (Hartree/bohr)?,
respectively.

For calculations using optimized orbitals, a system size
of 80 benzene molecules were also studied by replicating
fully equilibrated configurations of ten molecules in three
dimensions. The starting configurations were achieved
through the same basis set as the one employed in larger
system size. The real-space grid technique [73] was used
to calculate the Hamiltonian matrix elements within an
accuracy of 107° Hartree. A cutoff energy of 150 Ry was
chosen in the numerical integrations and in the solution of
Poisson’s equation using the fast Fourier transformation
algorithm (FFT). Unlike the small system size (10 benzene
molecules) where the direct diagonalization method was
used, large system calculations employed the linear-scaling
Krylov subspace method [74] with the radius of a sphere
centered on each atom and the dimension of the Krylov
subspace set to 0.5 nm and 400, respectively. The radius of
0.5 nm was selected among the investigated parameters of
0.5, 0.6, 0.7 nm, since the simulations were faster and the
results were only slightly different from those with a larger
sphere radius. The dimension of the Krylov subspace, on
the other hand, was set to the default value of the software.
A cubic periodic boundary simulation cell was used and the
MD time step was set to 0.5 fs, in all simulations. Three
different temperature and density conditions were studied
as follows: (300 K, 861 kg/m?), (573 K, 570 kg/m?), and
(814 K, 1,400 kg/m3). The electron and ion temperatures
were set equal in order to achieve local thermodynamic
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Fig. 1 RDFs of a the COM of benzene molecules, b C-C atom
pairs. Experimental data cited from a Ref. [25] and b ref [22]. The
best fits to experimental results are obtained with a PBE/OO/SZ and
¢ PBE/TZP

equilibrium. All geometries were optimized by the steep-
est descent algorithm until the forces were <107* a.u.
Equilibration runs were performed in an NVT ensemble
by scaling the velocities [75] for 2 ps and subsequently by
the Nose—Hoover method [61, 62, 76] for 8 ps. The mass
of heat bath for the Nose—-Hoover thermostat was set to
100 a.u. Properties were calculated using the data from the
final 8 ps Nose—Hoover MD runs after the equilibrium is
achieved.

3 Results and discussion

The radial distribution functions (RDFs) of the center
of mass (COM) of benzene molecules as well as the C
atoms pairs for the ten molecule system are given in
Fig. 1. The COM-RDFs provide general information on
the size and number of molecules within the first solva-
tion shell (Fig. 1a). It has been calculated by the relation
G(r) = VIN? Zi<j8(r — rlj) and compared to the experimen-
tal findings reported by Headen et al. [25]. Computations
with the optimized single valence orbitals (PBE/OO/SZ)
have predicted the best G(r) values when compared to
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experiment. A coordination number of approximately 12
in the first solvation shell is obtained with all calculations
in agreement with the experimental value, except for the
single valence orbitals (PBE/SZ) where only nine near-
est neighbors are found. Similarly, the differences in the
peak positions are calculated to be within 0.3 A, excluding
PBE/SZ where the difference is ~1 A. The best peak posi-
tions are attained with the optimized single valence orbitals
with and without the DFT-D2 method (PBE/OOwD2/SZ
and PBE/OO/SZ respectively). In contrast, the best fit to the
first minimum outside of the first shell is achieved through
double valence orbitals with polarization (PBE/DZP and
PBE/DZP-7) as well as PBE/OO/SZ. The difference in the
first minimum compared to the experimental value is less
than 0.3 A with PBE/OO/SZ, PBE/DZP-7, and PBE/TZP.
Similar to COM-RDFs, C atom pair RDFs (Fig. 1b) pro-
vide overall features of liquid structure obtained through
different basis sets, but in greater detail. Besides, experi-
mental C atom pair RDFs are generally easier to measure
and more accurate compared to the COM-RDFs, which is
a weighted average of C-C, C-H, and H-H RDFs [26].
All triple and double valence orbitals with polarization
(PBE/DZP-7, PBE/TZP, and PBE/DZP) predict the first
three peaks of the RDF (the peak positions were reported
as 4.0, 5.2, and 6.3 A by Narten et al. [21, 22]) within 0.3 A
deviation. The best first peak estimate is obtained with
PBE/TZP at 4.1 A, while the best second and third peak
estimates are achieved at about 5.2 A with PBE/DZP and
PBE/DZP-7 and at 6.3 A with PBE/DZP, respectively. In
general, PBE/TZP calculations have resulted in the best
intensity profile, while PBE/SZ has yielded in the worst
profile as well as the peak positions, which are observed
at r values more than 0.5 A before reported values. This
is indicative of a large effective attraction between neigh-
boring benzene molecules, perhaps produced by basis set
superposition error. Unlike generic single zeta orbitals
(PBE/SZ), optimized single zeta orbitals (both PBE/OO/SZ
and PBE/OOwD2/SZ) provide satisfying results, although
they fail to locate the first peak of the C—C RDFs. Particu-
larly, the intensity results of PBE/OOwD2/SZ are in good
agreement with both PBE/DZP and PBE/TZP computa-
tions. The second and the third peaks are found to be at
5.0 and 6.0 A with PBE/OO/SZ, and at 5.1 and 6.0 A with
PBE/OOwD?2/SZ, respectively.

The simulated structure of liquid benzene is further
investigated by the radial-angular pair distribution func-
tion (RADF), which gives some information on the degree
of orientational order [25, 29, 30] (Fig. 2). The RADF has
been computed for the minimum angles between the nor-
mals of aromatic planes using the equation g(n6) = 1/
Np4nr’sindArAf [X:X.8(r — ryd6 — 6,)], where p
is the bulk number density, Ar and A@ are the radial and
angular resolution. In accordance with the experimental and
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computational findings [22, 23, 25, 28, 31], PBE/DZP-7,
PBE/SZ, PBE/OOwD?2/SZ, and PBE/OO/SZ calculations
show a preference for perpendicular ordering in the first
shell with the highest g(7,6) values at 6 ~ 90°. The main
peaks are obtained at 5.8, 4.8, 5.3, and 5.8 A, respectively.
Similar to Headen’s findings [25] a shoulder is observed
at r ~ 4 A at low angles with PBE/DZP-7, PBE/OO/SZ,
and PBE/OOwD?2/SZ (Fig. 2d-f), indicating the existence
of a parallel molecular arrangement at small molecular
separations. On the other hand, the first peaks are shifted
to r ~ 4 A at 6 < 20°, with PBE/DZP and PBE/TZP cal-
culations (Fig. 2b, ¢) while they remain at 5.8 and 5.3 A,
respectively, at € > 20°. Indeed, the peak values estimated
for PBE/DZP and PBE/TZP at r ~ 4 A and 6 < 20° are
much greater than the values obtained at 6 ~ 90°, show-
ing higher preference for parallel ordering with increasing
basis set size. Analysis of the simulation trajectories has
revealed that Y-shaped and distorted L-shaped configura-
tions with separation distances r > 0.5 nm (Fig. 3a) are the
predominant geometry throughout the simulation time with
PBE/DZP-7, PBE/SZ, PBE/OO/SZ, and PBE/OOwWD2/SZ
calculations although parallel displaced configurations
(Fig. 3b) are also observed at smaller separations. Con-
versely, benzene molecules mainly arrange themselves
in a parallel displaced configuration with PBE/DZP and
PBE/TZP calculations resulting in large g(76) estimates at
low r and 6. This indicates that the structure of fluid can
be successfully reproduced with a large basis set having
orbital cutoff radius of 7.0 a.u., although a smaller radius
OO/SZ calculation perform as well in capturing the over-
all coordination number and the detailed structure of the
liquid.

Benzene has been shown to be nearly isotropic in the
first solvation shell, with two anisotropic effects, i.e. par-
allel ordering at r < 5 A and perpendicular ordering at
r>35 A, almost canceling each other [25]. Therefore, the
number of benzene molecules in the first solvation shell
(0 <r<7.5A),as well as at small (0 < r <5 A) and large
separations (5 A < r < 6 A) within the first shell, is cal-
culated as function of molecular orientations (Fig. 4)
and compared to that of an isotropic liquid in the defined
region. For PBE/SZ only, the r values are shifted by 1 A
due to a significant shift in COM-RDF values. In other
words, total number of molecules are computed as a
function of 6 for molecular separations 0 < r < 6.5 A,
O0<r<4A, and4 A <r<5A, for a better comparison of
isotropy in the first shells. Unlike the experiments [25], the
configurational distributions obtained in the first shell are
anisotropic in all simulations (Fig. 4a). This is in accord-
ance with the recent computational findings by Takeuchi
et al. [77] and is attributed to the reduced perturbation
effects induced by a small system size and lesser 77— inter-
actions. At smaller molecular separations (r < 5 A:r<4 A
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Fig. 2 Radial angular distribution functions for the COM of benzene
molecules with a PBE/SZ, b PBE/DZP, ¢ PBE/TZP, d PBE/DZP-7, e
PBE/OO/SZ, f PBE/OOwWD2/SZ. The radial and angular resolution is
Ar=1A, A6 =10°in (d), and Ar = 0.5 A, A9 = 10° in all other
cases. PBE/DZP-7, PBE/SZ, PBE/OO/SZ, and PBE/OOwD2/SZ
calculations show a higher preference for perpendicular molecular
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ordering, while PBE/DZP and PBE/TZP show a higher preference
for parallel molecular arrangements. At small angles, PBE/DZP-7,
PBE/OO/SZ, and PBE/OOwD?2 have a shoulder next to main peak at
r~ 4 A in accordance with ref [25] findings. The first peak is com-
pletely shifted to r ~ 4 A with PBE/DZP and PBE/TZP
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Fig.3 a Perpendicular Y-shaped and distorted L-shaped ordering
are the predominant geometry observed with PBE/DZP-7, PBE/SZ,
PBE/OO/SZ, and PBE/OOwD?2/SZ calculations. b Parallel displaced
configuration is the predominant geometry observed with PBE/DZP
and PBE/TZP calculations

for PBE/SZ), all simulations predict parallel arrangements
(Fig. 4c). Profiles obtained by PBE/DZP-7, PBE/OO/SZ,
and PBE/OOwD?2/SZ are specifically in good agreement
with Headen’s findings [25]. PBE/DZP and PBE/TZP,
on the other hand, show significantly higher preference
for parallel displaced stacking and hence have the peak
values exceeding the isotropic curve at much narrower
angles (0 < 30°). At larger separations within the first
shell (Fig. 4e), only PBE/DZP, PBE/DZP-7, PBE/TZP,
and PBE/OO/SZ show a small anisotropy toward perpen-
dicular arrangement with the curves slightly exceeding
the isotropic ones at angles 8 > 65°, 6 > 85°, 6 > 80°, and
0 > 85°, respectively. Although the number of molecules
increases with increasing 6, calculated values are mainly
lower than or in line with the isotropic estimates with
PBE/OOwD2/SZ and PBE/SZ calculations.

Using the variationally optimized orbitals, the effect of
simulation cell size on calculations was also investigated.
An O(N) scheme based on a Krylov subspace method

@ Springer

Fig. 4 Number of benzene molecules as function of angle between »
aromatic planes a in the first coordination shell (0 < r < 6.5 A for
PBE/SZ and 0 < r < 7.5 A, for all others), b between 0 < r < 5 A
(0 < r <4 A for PBE/SZ), and d between 5 A < r < 6 A
(4 A < r <5 A for PBE/SZ) are compared to the isotropic distribu-
tions within the defined region. Calculated distributions are compared
with the experimental distributions reported by Headen et al. [25].
For the sake of simplicity, only the experimental isotropic distribution
is given in (a) and (b), as the calculated curves are in general very
similar to experimental findings. ¢ Distributions of PBE/SZ given in
graph b are enlarged for a better resolution and compared with the
calculated isotropic distribution. e Distributions obtained for PBE/SZ,
PBE/TZP, and PBE/OOWD?2/SZ in graph d are enlarged for a better
resolution and compared with the corresponding isotropic curves.
The isotropic curves for PBE/OO/SZ and PBE/DZP-7 between
5 A <r <6 A (not shown) are overlapping with the isotropic curve
of PBE/OOwD2/SZ given in (e). The best fit to the Headen et al. is
obtained through PBE/DZP-7 and PBE/OO/SZ calculations

implemented in OpenMX [74] was used for the large sys-
tem size. This scheme is ~6X faster than calculations
with the O(N®) direct diagonalization method (11 vs 68 s
per MD step using 960 MPI processes with two threads
per process). In addition, nearly the same C—C RDFs are
obtained using both methods (Fig. 5a). We also compared
G(r) for a system containing 10 benzene molecules with
a system of 80 benzene molecules. No significant differ-
ence in C—C RDF profiles is observed with different simu-
lation cell size (Fig. 5b). Similarly, the first peak and the
first minimum positions in COM-RDFs remain the same
with large system PBE/OO/SZ (PBE/OO/SZ/80) calcula-
tions compared with small system calculations (Fig. 5c).
However, a shift in the peak position by ~0.4 A is observed
with 80-benzene-molecule PBE/OOwD2/SZ simulations
(PBE/OOwD2/SZ/80) compared to PBE/OOwWD2/SZ cal-
culations of 10 benzene molecules (Fig. 5c). The shift in
the curve is attributed to an increase in attractive forces in
the system.

Data presented so far reveal that simulations with a
basis set constructed of variationally optimized numerical
atomic orbitals yield radial structural properties in good
general agreement with experiment and with results with
larger basis sets. The detailed orientational structure of the
fluid, as measured by g(r,0), shows stronger dependence on
the basis set than G(r). In addition, the single zeta simula-
tions are faster and hence computationally much cheaper.
Using 120 MPI processors with two threads, computational
times required for running one MD step to simulate 10 ben-
zene molecules is 5.2, 13.7, 20.4, 32.4, 5.1, and 6.2 s with
PBE/SZ, PBE/DZP, PBE/TZP, PBE/DZP-7, PBE/OO/SZ,
and PBE/OOwD?2/SZ, respectively. Similarly, using 960
MPI processors with two threads and employing the direct
diagonalization method, the times needed to simulate one
MD step of 80 benzene molecules is 346 and 68 s with
PBE/DZP and PBE/OO/SZ, respectively.
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Fig.5 a Comparison of the Krylov diagonalization method versus
the direct diagonalization method. Intermolecular C—C pair distribu-
tion functions were obtained by 2-ps PBE/OO/SZ calculations in a
system with 80 benzene molecules. b Intermolecular C—C pair distri-
bution functions obtained with 80 benzene molecules versus 10 ben-
zene molecules using variationally optimized orbitals (PBE/OO/SZ
and PBE/OOwD2/SZ). ¢ COM distribution functions obtained with
80 benzene molecules versus 10 benzene molecules using vari-
ationally optimized orbitals (PBE/OO/SZ and PBE/OOwD2/SZ). The
COM G(r) is more sensitive to system size than the C-C G(r)

It is also important to have a basis set that performs
well under different environments to circumvent the need
to develop several basis sets for each specific condition.
Therefore, we have tested the transferability of variation-
ally optimized orbitals at temperatures 573 K (density:
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Fig. 6 Orbital optimization results in successful predictions under
different conditions. a Intramolecular C—C pair distribution functions
for benzene at 814 K and 1400 kg/m>. Results of optimized orbital
calculations are compared to the computational findings of Ref.
[47]. b Intermolecular RDFs for supercritical benzene at 573 K and
570.2 kg/m®. Results of optimized orbital calculations are compared
to the experimental findings from Ref. [26]

570.2 kg/m®) and 814 K (density: 1,400 kg/m*) and com-
pared the results with the reported values (cf. Fig. 6). Fig-
ure 6a depicts the intramolecular C—C pair distribution
functions for benzene at 814 K. Both PBE/OO/SZ and
PBE/OOwD2/SZ have yielded in accurate predictions com-
pared to Wang et al. findings where the phase transition in
liquid benzene is studied by a detailed quantum MD simu-
lation. The second peak is found to deviate <0.1 A, whereas
the first and third peaks exactly fit the first and third peak
positions of Wang et al. [47]. Figure 6b, on the other hand,
shows the intermolecular C—C pair RDF for supercritical
benzene at 573 K. The profiles obtained by PBE/OO/SZ
and PBE/OOwD2/SZ simulations are in good agreement
with the calculated values by Tassaing et al. [26] especially
at r < 6 A. PBE/OOWD2/SZ better predicts the C—C G(r)
at ambient conditions (see Fig. 1b) than at supercritical
conditions. The peak positions are calculated to be within
0.35 A of Tassaing’s results. Slightly higher G(r) values
are found at r > 6 A with both cases compared to Tassa-
ing’s findings, which is attributed to the slight differences
in system densities. Overall, optimized orbitals have good
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transferability properties and yield in accurate results at
different conditions.

4 Conclusions

First-principles MD simulations were performed to study
the structure of liquid benzene. Variationally optimized
numerical atomic orbitals based on the force theorem were
used as a basis set in conjunction with the generic opti-
mized orbitals. The accuracy of the simulations was com-
pared with the recent experimental findings reported by
Headen et al. based on neutron diffraction measurements.
The local structure of benzene, with parallel displaced
arrangements at small separations and Y-shaped geometry
at larger separations, is successfully reproduced using basis
sets with variationally optimized orbitals (PBE/OO/SZ and
PBE/OOwD2/SZ). Among the simulations with the larger
basis sets only calculations with double valence single
polarization orbitals having a cutoff 7.0 a.u demonstrated
matching local structure. The smaller basis set size has
substantially increased the simulation speed by at least
a factor of 2-6 compared to a larger basis set of generic
orbitals. Yet, the accuracy is significantly improved or at
least preserved compared to the accuracy of the same size
or a larger basis set formed by generic orbitals, respec-
tively. PBE/OO/SZ is found to predict the local ordering
in benzene slightly better than PBE/OOwD2/SZ, while
PBE/OOwD2/SZ is observed to yield in better C—-C RDF
profiles. The order-N Krylov technique is found to perform
well for molecular liquids, with only a factor of 2 increase
in the wall time per simulation step between a 120 and 960
atom system. The transferability of the variationally opti-
mized orbitals is also explored under different environmen-
tal conditions and shown to result in accurate predictions
at different conditions. Overall, DFT simulations using
orbital optimization are shown to be efficient and accurate
in predicting the structure of molecular liquid benzene.
Further studies will assess the applicability of simulation
methodology employed here, using order-N DFT methods
and compact optimized basis functions, to the study of con-
densed phase chemical reactivity.
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