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Abstract A transferable tight-binding parametrization pro-
cedure for extended Hiickel approximation is proposed,
with the charge self-consistent scheme, that could be applied
to the quantum molecular dynamics (MD) simulation for
long-time dynamics of large-scale systems. In this proce-
dure, either a target molecule is divided into small molecules
or another realistic set of small molecules characterizing
chemical bonds in the complicated target molecule is adop-
ted. Then, the parameters for these small molecules are
adjusted and compared with reference results of energy
levels and wave functions by, for example, density function-
al theory. Upon application to the large target molecule,
these parameters are then readjusted directly in the target
molecule. An example is demonstrated with MD simulation
applied to the ionic liquid molecule N-methyl-N-propylpi-
peridinium bis trifluoromethanesulfonyl imide (PP13-
TFSI). The origin and stability of HOMO-LUMO gap are
discussed.

Keywords Extended Hiickel approximation - Charge self
consistent scheme - Tight-binding molecular dynamics
simulation - Ionic liquid PP13-TFSI

Introduction

The tight-binding (TB) method continues to play an impor-
tant role in quantum chemistry and physics, mainly due to
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its high capacity to give qualitative insight into chemical
bonding, even though nowadays ab initio electronic struc-
ture calculation methods based on the density functional
theory (DFT) are widely used. Moreover, combining quan-
tum molecular dynamics (MD) with the TB method (TB-
MD scheme) is useful and powerful, particularly for simu-
lating long-term dynamic processes from several hundreds
of picoseconds to nanoseconds in large size systems of
several tens of thousands of atoms, so that the TB-MD
scheme has been applied to a wide range of materials and
phenomena.

Many studies have reported improved accuracy and
transferability of the extended Hiickel approximation
(EHA) [1-6]. TB methods with the charge self-consistent
(CSC) scheme can treat more qualitatively materials in
which electron charges transfer appreciably among ions
[7]. Optimized parameter sets for the semi-empirical molec-
ular orbital (MO) method, such as the modified neglect of
diatomic overlap (MNDO) method [8, 9], have accumulated
and calculations succeed in well describing the heat of
formation and other physical and chemical properties of
many molecules. Furthermore, improvement of the Slater-
type orbitals (STO) was proposed recently and it was found
that the double-( STOs for s- and p-orbitals can reproduce
accurately the electronic band structures of crystalline solids
by the TB scheme with EHA [10].

However, it is recognized that the parameters of EHA
must be determined empirically, and no efficient parametri-
zation scheme has yet been established. It is very difficult to
determine a parameter set because it depends sensitively on
the local system environment. In fact, even though well
optimized parameter sets might possibly give accurate
results for tested molecules, they might not guarantee appli-
cability to other molecules or compounds, especially com-
plicated molecules, i.e., there is a lack of transferability. In
addition, we have often faced the difficulty of having no
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optimized parameters for target molecules, so that few TB
studies with EHA have been achieved for unconventional
molecules and novel materials. The essential cause of this
difficulty may be the absence of a transferable parametriza-
tion scheme with clear physical or chemical meanings of
parameter adjustment procedure for target molecules and
materials, even though a general procedure of atom-
superposition and electron-delocalization (ASED) band the-
ory has been established [11]. After several attempts at
EHA, we found that ¢ parameters for the extent of STO do
not depend sensitively on a compound itself, once the
valency of ions is fixed, and that, on the contrary, the
environment has a great effect on the relative difference of
atomic energy.

Stimulated by wanting to solve these fundamental prob-
lems, we have attempted to construct a transferable pa-
rametrization scheme in the TB formalism with EHA, so
as to contribute to wider application of the TB-MD cal-
culation. In this paper, details of the parametrization pro-
cedure of EHA are presented for, as an example, a
molecule of N-methyl-N-propylpiperidinium bis trifluoro-
methanesulfonyl imide (PP13-TFSI), which is one of ionic
liquids attracting much attention because of its unconven-
tional solvent properties. Ionic liquid PP13-TFSI is a
prospective candidates for an electrolyte in lithium sec-
ondary batteries due to its valuable properties such as low
flammability, negligible vapor pressure, and chemical sta-
bility. Hence, PP13-TFSI has been the subject of many
studies, both experimental and theoretical [12-15].
However, it is widely known that the slow dynamics of
ionic liquids requires long simulations during which DFT
cannot determine the dynamic properties of materials
[16-19]. In addition, charge transfer is expected to play
an important role in the formation of a solvation shell in
ionic liquid solvents. However, classical MD simulation
treats charge transfer effects as a change in electrostatic
potential and a small deviation of interaction parameters
(e.g., spring constants between atoms). It is barely possi-
ble for classical MD simulations to include a change of
bonding character. As such, simulation studies on ionic
liquids remain challenging. The following section
“Extended Hiickel approximation and charge self consis
tency” gives a brief review of EHA, and explains CSC
theory. In “Determination of TB-parameters of extended
Hiickel approximation”, we explain details of the param-
eter optimization procedure using the example of a H,O
molecule. The section entitled “Molecular dynamics sim-
ulation of PP13-TFSI molecule” is devoted to a prelimi-
nary TB-MD simulation of PP13-TFSI, and the results of
the simulation confirm the effectiveness of our parametri-
zation scheme with EHA. The final section (“Molecular
dynamics simulation of PP13-TFSI molecule”) summa-
rizes the present work.
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Extended Hiickel approximation and charge self
consistency

The total molecular charge density is given as

Z Pa (¥

p(rvRanRazf" R, +pnpf(r Ra/aRaz"")v

(1)

where R,, represents the atomic position of an atom a;, and
Po,(r —Rg) and p,, (r,Ry,Ry,,--+) are the spherical
atomic charge of an atom a; and the non-perfectly-
following remainder [11]. Evaluation of the energy due to
the electronic charge rearrangement requires knowledge of
Pupr (£s R4y, Ry, ) which is not available. However, the
extended Hiickel-like delocalization energy generally pro-
vides a good approximation [11, 20]. The resultant total
energy consists of the band energy and the repulsive energy,
which are expressed, respectively, as

occ

EZOZZZE[+ZErep(|Ru_Rb|)7 (2)
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Here, ¢; is the MO energy of the level i, R,,=R,—R,, Z,
is an effective core charge, and p,(r) is the electron density
of the atom a.

The MO vy,, can be obtained by solving a generalized
eigenvalue equation;

Hl//a = 5aSWm (4)

Z a;nlm nlm7 (5)

a,nlm

where H and S represent the Hamiltonian and the overlap
matrices evaluated from MOs, respectively, and MOs are
expressed by a linear combination of atomic orbitals ¢nlrzz of
the principal, angular and magnetic quantum numbers (, [, m).

We introduce a further approximation into atomic orbi-

tals, i.c., we adopt STOs ¢°.°“ (r —R,) of an atom a

represented with an STO parameter (; as

G () = Ry (1) Y]"(0.9), (6)
2n+1
R (r) = (zf;,)l)! “exp(~¢ir), (7)
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where Y;" is the spherical harmonics. The matrix elements of
the overlap matrix can be calculated from the STOs. The
diagonal elements H;; of the Hamiltonian H are empirically
determined from ionic energies and the off-diagonal ele-
ments of H are determined in EHA as follows;

HY = o ®)

Hi + Hj

Hj = K(Ry) 2

Sy (1 ), ©)

where %" is the atomic energy. The modified Wolfsberg-
Helmholtz constant K represents the distortion of wavefunc-
tions and is a function of an inter-atomic distance R;; de-
scribed as [5]

KR) =1+ (x+ A’ — A4K)exp[—6(R —do)/ql, (10)

A=ty (11)
Hyi + Hy

q=1+[(R—dy) — R~ dy[]’5”. (12)

The parameter ¢ is a damping factor for inter-atomic
distances further than dy=n"/¢*+n®/(®, and the parameter
k enhances interactions between orbitals. In the present
study, we fix them at the standard values of 6=0.13 A !
and x=0.75.

The repulsive interaction £, is sometimes too large at
long distances so that inter-atomic distance and MO energy
levels could not be determined consistently. Then, we intro-
duce a parameter " in the charge density p,(r) only in the
repulsive energy E,, part (3) as ¢'=C"-¢ and refer to this as
Eep(Q).

A serious problem in the conventional TB-scheme is the
treatment of fixing the Hamiltonian independent of electron
charge transfer. The CSC calculation proposed by Elstner et
al. [7] is adopted in the present scheme in order to handle the
charge transfer effect correctly. The Mulliken fluctuation
charge is calculated at each iteration step. The resultant
Mulliken charges can reproduce quantitatively those of the
DFT calculations and will be compared with DFT results in
a later section.

If the resultant charge density p(r) is not equal to the
starting charge density p’(r), which is almost always the
case, we have the energy deviation (the second order ener-

gy) [7]

1
Emi=5 (13)

“aﬁridjr’f'[n v’ 2 p°]8p,(r)5p,(r).
a,b .
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Equation (13) can be expressed as
1
Eypa = 5 ; AqaAGpY ap, (14)
where the charge fluctuation is approximated as
6pa(r) = AqaF o (Jr — Ra) Yoo (r — R), (15)

and Ag, is the deviation of the resultant Mulliken charge
from the starting one.

Then, the total energy and the Hamiltonian are modified
as [7]

oce

Etot = Zsi + ZErep (g*) + E2nd~ (16)
i a,b

The parameter v, introduced in Eq. (14) is defined as [7]

_ 3 3 Pa(1)py(r')
Vap = Jd rjd r 7|Rab Tr—r|’

(17)

which is a function of the interatomic distance |R,;| and the
diagonal terms ~,,, and 7,,. The quantity ~,,, is the chemical
hardness or the Hubbard parameter, and could be evaluated
by the difference between the ionization and the electron
affinity energies. In our actual calculations, the highest
occupied atomic level is used as the chemical hardness for
each atom.

Consequently, the matrix element of the Hamiltonian is
given as

Hy = Hy + H}>C,

(18)

1
HijCSC = ES;'/ Z(7ik + Vi) A (19)
k

In the present formalism of the modification of the EHA,
we chose parameters adjusted to the atomic levels &
= H;;, the STO parameters ¢, and the degree of screening
effect (rescaling) for the repulsive part ¢". Hereafter, we
refer to these parameters as TB-parameters of extended
Hiickel approximation (TB-EHA parameters). It should be
noted that, in the present study, we used single-( STOs.

Determination of TB-parameters of EHA

Determination procedure for TB-EHA parameters

The procedure of our parametrization scheme (for TB-EHA
parameters) is represented schematically in Fig. 1. It should
be stressed that careful consideration of electronic states was

used to clarify the physical meaning of the parameter ad-
justment procedure.
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The procedure of determining TB-EHA parameters con-
sists of three steps for a given complicated molecule as
follows:

(1) separation of small molecules consisting of the target
molecule or choice of small real molecules character-
izing chemical bonds in the target complicated
molecule,

(2) parameter adjustments for small molecules, and

(3) “readjustment” of these parameters by applying those
adjusted parameters directly to the target molecule.

In the procedure (2), physical quantities such as bond
length and bond angle dependence of the total energy,
energy levels, and wavefunctions of eigen states are calcu-
lated both by EHA and DFT methods (or other reference
method) and the behavior of MO levels and the character of
eigen states are observed. In procedure (3), one calculates
the electronic structure of the target molecule by using the
adjusted parameter set, and compare the density of states
(DOS) and the typical character of some eigen states with
those obtained by reference DFT calculations. The “read-
justment” of parameters is thus necessary in order to calcu-
late accurate electronic structures and to perform TB-MD of
large systems.

We demonstrate our parametrization scheme by treating
an ionic liquid molecule PP13-TFSI consisting of H, C, N,
O, S, and F atoms (Fig. 2). All calculations based on the
EHA are achieved by the extra-large scale electronic struc-
ture (ELSES) calculation package [21]. Other application
studies with ELSES may be found in the literature [22-24].
A reference DFT calculation with B3LYP hybrid functional
and STO-3G basis set was performed using the Gaussian 09
package [25].

Parameter adjustments using small molecules: the example
of H,O

First, we chose small molecules, H,O, CO,, NO,, SO,
and CF,4, of constituent atoms or ions of PP13-TFSI
[procedure (1)]. For example, though a N—O bond does
not appear in PP13-TFSI, the geometry of NO, or the N—
O bond may be similar to that of a fictitious molecule
NS, or a N-S bond in PP13-TFSI. The resultant adjusted
parameters for these molecules are expected to reproduce
faithfully the chemical bonds in PP13-TFSI. Following
procedure (2), parameter adjustment was carried out on
small molecules. Here, we first fixed those parameters of
H, then adjusted those of O, and then those of C, and so
on (H— O — C, N, S — F). We show details of the
parametrization scheme of the H,O molecule as an exam-
ple in the following. All TB-EHA parameters of H atom

are fixed at el = —13.6 eV and {iL = 1.3 (1/au).

@ Springer

Since the creation of a dipole moment is crucial in the
geometry of the H,O dimer, one possible method for MD
simulation of water would be to include 2p orbitals in the H
atom. It should be noted that a sophisticated dipole interac-
tion term was introduced recently, and the TB Hamiltonian
successfully treats the MD of liquid water [26].

STO parameters in the EHA

Parameter adjustment is achieved systematically in accor-
dance with the hierarchical structure of cohesive energy, i.e.,
(difference between) atomic energies, two-center energies
(determining bond lengths), three-center energies (determin-
ing bond angles) and delocalization energies (due to extend-
ed charge).

We first calculated bond length and bond angle de-
pendence of the total energy with a starting parameter set
of £, =—282eV,e5 =—124¢V, {5 =2.575 (1/au),
g“?p =2.275 (1/au),and " = 1.0, compared with DFT
calculation with B3LYP hybrid functional and STO-3G
basis. Figure 3 shows the bond length dependence of the
total energy with the starting parameter set. The resultant
equilibrium O-H bond length is 1.123 A and the equi-
librium bond angle 114.6° (cf. experimental values of
0.960 A and 104.5°). The bond length dependence of
the total energy does not show a clear stable minimum
thus the parameters required to be adjusted.

Figure 4 shows bond length and bond angle dependence
of MO energies calculated by using the starting parameter
set for the O atom, compared with DFT calculation with
B3LYP/STO-3G. The bond length dependence of the total
energy could be adjusted by using the rescaling parameter
¢", and then the bond angle dependence may be first adjust-
ed at this earlier stage. One may note from Fig. 4b that the
starting TB-EHA parameter set does not reproduce the be-
havior of MO energies. The order of energies of MOs is an
additional property, and the resultant order is (in the energy
region above —30 eV from lower side near the equilibrium
value of bond angle): 1A, 1B,, 2A,, 1By, 2B,, 3A4, -*. The
DFT calculation with B3LYP/STO-3G predicts the order
1A, 1B,, 2A4, 1By, 3A4, 2B,, . Highest occupied MO
(HOMO) level is 1B and the order of occupied MO levels
is identical.

The MO levels of 1B,, 1B; and 1A; have their own
individuality in their bond angle dependence; e.g., the MO
energy of 1B, decreases, that of 1B, is almost constant and
that of 2A increases with increasing bond angle. Therefore,
in order to decrease the equilibrium bond angle, one should
find parameters that change either the MO energy of 1B, or
that of 2A; more slowly with changing bond angle.

Atomic energies are set initially to be those of isolated
atoms evaluated by the DFT calculation. At this stage, it is



J Mol Model (2013) 19:2363-2373

2367

Fig. 1 The flow of the
adjustment procedure of tight
binding-parameters of extended
Hiickel approximation
(TB-EHA parameters)

Small molecule A

'

Parameter adjustment for the small molecules

Adjustments of the atomic level and the STO parameter

Small molecule B

Target molecules and materials

/\ Devide into small molecules

Small molecule C

' '

Parameter adjustment based
on physical insights

+ Dependences of bond length and angle of total energy and energy levels
+ Character of molecular orbitals

Adjustments of the repulsive part

* Optimized geometry

Refarence data
+ ab initio, DFT calculation
+ Experiments.

T

Parameter readjustment for the target molecule and the material
The pre-adjusted parameter set is readjusted to improve some essential physical
quantities of the target molecules and materials.

'

Tight binding molecular dynamics simulation

essentially important not to change the intervals of atomic
energies between different atoms and different orbitals.
Each isolated MO level can be estimated mainly from the
atomic levels especially in a long bond length region. The
atomic energy is then adjusted on the basis of physical

Fig. 2 Molecular structure of N-methyl-N-propylpiperidinium bis tri-
fluoromethanesulfonyl imide (PP13-TFSI). Element symbols and num-
bering of atoms are depicted on the atomic spheres

consideration to fit the bond angle or bond length depen-
dence of the MO energies.

Wave functions of these MO levels are depicted in Fig. 5.
We can see their bonding or anti-bonding character and plan
a strategy for choosing appropriate values of parameters. In
the present example of H,O: (2-i) since 1B; is a non-

0.20 T T T

T
—+— ELSES
---x--- B3LYP/STO-3G

0.15

o
-y
o

0.05

ETOT [a. u. ]

0.00

-0.05
08 0.9 1.0 1.1 1.2 13 1.4

Bond length [A]

Fig. 3 Bond length dependence of the total energy of the H,O mole-
cule with a starting Slater-type orbitals (STO) parameter set (see text),
compared with the density functional theory (DFT) calculation with
B3LYP/STO-3G. The energy zero point coincides with the total energy
at the equilibrium geometry of the DFT results
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Fig. 4 a Bond length dependence, and b bond angle dependence of
molecular orbital (MO) levels of a HO molecule with the starting TB-
EHA parameter set for an O atom, compared with DFT calculation with
B3LYP/STO-3G. The energy zero point is at the top of the occupied
MO energy at the equilibrium geometry of bond length and bond angle
determined experimentally

bonding orbital of O-2p,, one can find a value of zsg’p by
adjusting its MO energy. (2-ii)) MO energy of 1A, level is
determined by €9, and {5, and one can find these values by
adjusting the 1A; MO energy. The MO energies of 2A and
3A, levels (contributed by oxygen 2p,) depend not only on
9 and {5 but also on e9, and Cg)p. (2-iii) Because MO
energies of the B,-group (contributed by oxygen 2p, or
2p, orbitals) are determined mainly by é’gp, one can find a
value of § gp by adjusting their MO energy intervals. Thus,

(2-ii) and (2-iii) are explained in more detail as follows:
The change of 9, affects only the levels of A, states, as
described in (2-ii) above. After testing several values, we
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(2B2)

(3A1)

(1A1)

(1B1)

Fig. 5 Eigen states of the H;O molecule. The colors yellow and blue
show the phases of wave functions

chose S, = —33.2 eV with an agreement of 1A; MO energy
and better agreement of excited states 3A; and 2B,. Now the
energy order of MO levels agree with the DFT calculation.

Next, we adjust STO parameters ¢ by considering the
bonding or anti-bonding nature between atomic orbitals.
In the case of the H,O molecule, since energy levels of
occupied MO states depend weakly on the bond angle,
the change of g“?s seems not to affect the behavior of
energy levels. However, in fact, the energies of the
occupied A, states are slightly shifted. From these trials,
we chose the STO parameter g“?s = 3.175 (1/au) to fit the
DFT calculation.

The same procedure was executed for the STO parameter
4 SP, and all TB-EHA parameters of the oxygen atom were
then fixed. Figure 6 shows the bond length and bond angle
dependence of MO levels after readjusting all TB-EHA
parameters.
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Fig. 6a, b Dependence of energy levels for the H,O molecule, com-
pared with DFT calculation by B3LYP/STO-3G method, with the final
adjusted parameters for O atoms of £9, = —33.200 eV,sgp = —15.87
7eV,{Y =3.175 (1/au),and £5 = 1.950 (1/au). a Bond length de-
pendence, and b bond angle dependence. The energy zero point is the
same as in Fig. 4

Repulsive rescaling parameters

MO energies are independent of the repulsive rescaling
parameter (. Of course, ¢ changes E,., in the total energy
and, therefore, changes the equilibrium bond lengths and
bond angles. Therefore, after fixing all other TB-EHA
parameters, ¢ should be adjusted to obtain the accurate
molecular geometry.

After optimization of STO parameters without repulsive
rescaling (¢"=1.0), the O-H bond length Ry was found to be
1.464A and the H-O-H bond angle 93.07°. These results
overestimate the repulsive energy between O and H atoms.
Then, in order to weaken the repulsive Coulomb interaction

between O and H, we chose a value of 5*0 =1.6.

The total energies before and after the repulsive rescaling
procedure are compared in Fig. 7, together with that of DFT
calculation. After this adjustment, the O—H bond length was
found to be 1.074 A and the H-O-H bond angle 102.9°,
which are much closer to the experimental values of 0.96 A
and 104.5°, respectively. The results may be fairly good,
though the cohesive energy is not deep enough, compared
with that of the DFT calculation.

The resultant Mulliken charges of an H,O molecule in
the EHA are —0.520 (in O) and 0.260 (in H), compared with
the DFT results —0.366 (in O) and 0.183 (in H). Thus,
agreement is fairly good.

Summary of parameters for PP13-TFSI from results of small
molecules

The above procedure explained for H,O was applied to other
isolated molecules CO,, NO,, SO, and CF,, for which we
followed the procedure in that order. Then, when attempting
to determine TB-EHA parameters of N in NO,, we use those
of O determined in H,O. All TB-EHA and repulsive rescaling
parameters were optimized as shown in Table 1.

The DOS of the PP13-TFSI molecule is shown in Fig. 8
(“pre-adjusted”), together with that of the DFT calculation.
The atomic configuration here was optimized using the
ELSES package tool and is very similar to that optimized
by the DFT calculation with B3LYP/STO-3G [24]. We can
see that the essential feature of DOS with optimized TB-
EHA parameters (in Table 1) corresponds well to those
obtained using the DFT calculation.

The wavefunctions of HOMO and the lowest unoccupied
MO (LUMO) of PP13-TFSI are depicted in Fig. 9, and the

0.40 T T T T T &
0.35| —+— RR_0=1.00 _

---%--- RR_0=1.60
0.30

...... g B3LYP/STO-3G 4

L 1
1.2 1.4 1.6 18 2.0
Bond length [A]

Fig. 7 Total energy of H,O molecule before and after the repulsive
rescaling of ¢ for an oxygen atom. Other TB-EHA parameters of the
oxygen atom are fixed as 5(2)5 = —33.20 eV, ag’p = —15.877 ¢V,
¢9 =3.175 (1/au)and ¢5, = 1.950 (1/au)
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Table 1 Optimized tight bind-

ing-parameters of extended Element AO Atomic level [eV] ¢ (1/au) “Readjusted” ¢ (1/au) ¢ “Readjusted” ¢"
Hiickel approximation (TB-
EHA) parameters for small mol- H Is —13.600 1.300 1.300 1.0 1.0
ecules H,0, Nozy SO, and CF,4 C 2s —25.840 2.400 2.400 1.0 1.3
and the “readjusted” ¢ and re, 2p  —15.870 1.525 1.525 10 13
pulsive rescaling parameter ¢
for N-methyl-N-propylpiperidi- N 25 —28300 1.700 1700 13 13
nium bis trifluoromethanesul- 2p -16.337 1.600 1.600 1.3 1.3
fonyl imide (PP13-TFSI) 0 25 —33.200 3.175 3.175 16 16
molecules 2 —15.877 1.950 1.950 16 16
F 2s —37.860 3.510 3.510 2.0 2.0
2p —-16.060 2.225 2.225 2.0 2.0
S 3s —23.500 2.000 2.000 1.1 1.1
3p —11.800 1.900 1.750 1.1 1.1

character of these eigen states is identical to that determined
by DFT calculation. However, several differences were
found in level-spacings and the HOMO-LUMO gaps do
not agree with each other. Hereafter, we refer to the param-
eter set at this stage as the ‘pre-adjusted’ parameter set.

“Readjustment” of parameter set for the target molecule
PP13-TFSI

Now, we show the final step, the “readjustment” procedure
of the parameter set, to perform accurate electronic state
calculations (and MD simulations) of a target molecule.
This readjustment is necessary due to the difference in
electrostatic environment between small isolated molecules
and the larger target molecule. We readjust the parameter set
to fit only essential physical quantities (e.g., the MO ener-
gies or the DOS), because complete readjustment of many
physical quantities is not feasible.

pre-adjus'ted
final

ELSES

-------- B3LYP/STO-3G

DOS

A

10
Energy [eV]

Fig. 8 Density of states (DOS) of PP13-TFSI with parameters before
readjustment (‘pre-adjusted’) and that with readjusted parameters (‘fi-
nal’). The HOMO-LUMO gap is smaller in the former case, compared
with that of DFT calculation, and improved by the readjustment
procedure
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We noted already that several level spacings and the
HOMO-LUMO gap show a discrepancy with the reference
DFT results. The HOMO-LUMO gap may be seriously
important when we deal with mixture solvent of PP13-
TFSI molecules and other ions or molecules, since we
expect a large amount of charge transfer. Here, we show
how to improve the HOMO-LUMO gap quantitatively as
an example of parameter readjustment for the target mole-
cule without changing the values of many parameters.

The HOMO-LUMO gap obtained by calculation with the
pre-adjusted TB-EHA parameters is 1.55 eV, i.e., smaller
than the 3.4 eV obtained by DFT calculation. In order to
improve agreement of the HOMO-LUMO gap, we carefully
analyzed the character of HOMO and LUMO. It was ob-
served that no amplitude of HOMO wavefunction exists on
the S atom, and anti-bonding character in LUMO 1is seen
between the S atom and the C atom, as indicated by the red
circle in Fig. 9. This implies that the energy level of HOMO
does not depend on the TB-EHA parameters of S atoms, and
that, with decreasing magnitude of §§p, the anti-bonding
character of LUMO increases. As a result, with decreasing
g gp, the energy level of LUMO shifts and the HOMO-
LUMO gap would open wider. On the basis of this physical
insight, we readjusted the TB-EHA parameters of S atom as
g gp = 1.750 (1/au), so that the DOS and HOMO-LUMO

gap were improved as shown also in Fig. 8.

Final optimized “readjusted” ¢ and ¢ are listed in
Table 1. It should be noted that the repulsive rescaling
parameter of C-atom is changed slightly and reproduces an
accurate stable structure.

A good test would be to compare the resultant bond
lengths in N-C (1.73 A in average), N-S (1.72 A ), and
C-S (2.24 A) with the DFT results N-C (1.57 A on
average), N-S (1.89 A), and C-S (2.25 A). This results
show a fair agreement with those of the reference system
and support our adoption of the NO, molecule instead of a
fictitious NS,.
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Fig. 9 HOMO (a, ¢) and
LUMO (b, d) of PP13-TFSI, by
the present method (calculated
using the ELSES package) and
DFT calculation (B3LYP/STO-
3G)

ELSES

We also check the effect of the final adjustment on SO,
and CF, molecules. The readjustment of the TB-EHA
parameters of the S atom does not affect the behavior of
the SO, molecule except a slight elongation of the S-O bond
length 1.83 A (from 1.75 A) that can be compared to a
value 1.6 A of DFT calculation. The readjustment of the
parameters of the C atom causes shortening of the C—F bond
length to 1.473 A (from 1.575 A), which is comparable to
the value 1.421 A of the DFT calculation.

B3LYP/STO-3G

The resultant Mulliken charge in a stable configuration is
also summarized in Table 2, confirming the overall agree-
ment of the results with those obtained by DFT calculation
with B3LYP/STO-3G.

Molecular dynamics simulation of PP13-TFSI molecule

We performed a TB-MD simulation of the PP13-TFSI mol-
ecule, using the ELSES package, for a time period of 100 ps

Table 2 Mulliken charge of

PP13-TESL The numbers of Element ELSES  DFT Element  ELSES DFT Element ELSES  DFT

atoms correspond to those in

Fig. 2. The column ‘DFT’ indi- 1-C -027  -0.15 2-C -0.29 -0.14 3-C -0.28 -0.15

cates the results by DFT calcu- 4-C -0.31 -0.06 5N -0.37 -0.12 6-C -0.36 -0.06

lation with B3LYP/STO-3G 7.C ~036  —006 8-C ~0.26 ~0.14 9-C —048  —0.23
22-C -052  -0.17 318 1.32 1.18 32-N -0.68  —0.78
33-S 1.34 1.18  34-C -0.08 0.20 35-C -0.06 0.20
36-F -0.04  -0.12 37F -0.03 -0.11 38-F -0.03 -0.14
39-F -0.01 -0.13  40-F -0.03 -0.12 41-F -0.03 -0.11
42-0 -0.61 -0.54 430 -0.63 -0.56 44-0 —0.64 -0.56
45-0 -057 053 H 0.13~0.25 0.08~0.16
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Fig. 10a—c Quantum molecular dynamics simulations of the PP13-
TFSI molecule. The HOMO-LUMO gap is always located between
—10 eV and —8 eV. Top Snapshots of the molecules. Bottom: DOS
(solid lines), compared with those obtained by DFT (dotted lines). The

under a free boundary condition, in order to clarify the
validity of the resultant optimized parameters, molecular
motions, and behavior of electronic state throughout the
simulation. In the simulation, the temperature was con-

trolled by the Nose-Hoover thermostat and was set to 303 K.

Figure 10 shows some snapshots of the PP13-TFSI mol-
ecule and the corresponding DOS in the MD simulation,
together with DOS of LDA, but in the same molecular
configuration. The HOMO-LUMO gap survives through
the MD simulations with large fluctuation, although the
configuration of the cation (PP13) and the anion (TFSI)
changes, and depends strongly on the interaction between
S and C atoms on the anion as mentioned above. The
thermal fluctuation of the distance between S and C atoms
on the anion results in fluctuation of the HOMO-LUMO
gap. The gap in Fig. 10c becomes very narrow in DFT,
because a certain unoccupied level on the PP13 cation at a
higher energy shifts downwards below the original LUMO
level, in contrast to the present ELSES calculation. This
might not happen if we could achieve the MD-simulation
with DFT calculation, because the DFT calculation does not
allow too long C—N and C—C distances in the PP13 cation
but these sometimes happen in the present TB-MD calcula-
tion. This is one of problems with the repulsive interaction
that we have not solved yet.

We found that the ion pair of a cation and an anion is
quite stable in a PP13-TFSI molecule and no spontaneous
dissociation was observed under the simulation conditions.

@ Springer

DOS by DFT theory was calculated using the same molecular config-
uration as that obtained with TB-MD simulation. Snapshots are at time
t=25 ps (a), 50 ps (b), and 75 ps (c)

This dynamic behavior is also confirmed by the radial
distribution function between N atoms on a cation and an
anion, with a single peak of width 0.7 A at around 6 A and
no intensity over 7 A . This dynamic property was also
observed in a subsequent study where TB-MD simulations
of four PP13-TFSI ion pairs were performed using the
optimized TB-EHA parameters [24]. The diffusion constant
obtained by the study (D=3.3x10""" m?%s) agrees fairly
well with experimental observations [27].

Furthermore, we also performed an MD simulation of the
solvent mixture LiTFSI+(PP13-TFSI); for 100 ps with the
same TB-EHA parameters [28]. The following was observed:
(1) solvation formation as Li(TFSI), and no diffusion of an
isolated Li ion; and (2) diffusion of metal ions dressing the
solvation shell becomes much slower. The results of this
additional study reveal the validity of the TB-EHA parameter
set. Details of the results of the TB-MD simulation of LiTFSI
+ (PP13-TFSI); will be published elsewhere.

Conclusions

We have proposed a transferable TB parametrization
scheme with the extended Hiickel approximation which is
independent of modeling, and have demonstrated the actual
procedure in the ionic liquid molecule PP13-TFSI.

In the scheme, we first consider small molecules consist-
ing of the target molecule or characterizing chemical bonds
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in the target molecule. The parameter adjustment is carried out
by comparing the bond angle and bond length dependence of
MO energies, calculated by the Hiickel approximation with
the CSC scheme, with reference data (experimental values or
data from DFT calculations). We determine atomic orbital
energies from the levels of isolated atoms, and choose values
of STO parameters by considering the bonding or anti-
bonding characteristics between a certain atom-pair. We dem-
onstrate the actual procedure of the determining parameter set
of'a H,O molecule, in comparison with that obtained by DFT
calculation. As such, the physical meaning of the parameter
adjustment in our parametrization scheme is quite clear. At the
next step of the procedure, we readjust the TB-EHA parame-
ters considering the target molecule directly. In this step, we
focus only on important physical quantities, because a com-
plete description of many physical quantities is not feasible.
We demonstrate the readjustment procedure for the PP13-
TFSI molecule and demonstrate a good quantitative descrip-
tion of the HOMO-LUMO gap.

The quantum MD simulation of the PP13-TFSI molecule
was demonstrated in order to test the validity of the resultant
parameter set. The parameter set stabilizes the dynamic
behavior of PP13-TFSI; no spontaneous dissociation of
PP13-TFSI into cation and anion was seen under the simu-
lation conditions. Furthermore, the diffusion constant and
solvation geometry can be described in a plausible manner.
The width of the HOMO-LUMO gap shows strong fluctu-
ation, due mainly to the thermal vibration of the bond length
in the anion. The thermal fluctuation might be enhanced too
much and we thus observe too large a fluctuation of the
HOMO-LUMO gap, which remains an open problem.

We have established a procedure for optimizing the TB
parameters with EHA and CSC theory. We now believe that
the TB parametrization scheme with EHA and the CSC
theory can be applied to investigate the long-time dynamic
behavior of a wide range of molecules and materials, al-
though, at the present stage, the procedure to determine the
parameter set requires time-consuming and careful treat-
ment, especially for complicated molecules. We also applied
the double-¢ STOs of Cerda et al. [10] to several materials
and confirmed better agreement with reference DFT calcu-
lations. We are now in the process of coding a program of
parameter determination for automatic optimization of the
TB-EHA parameter set.
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