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Time-dependent density-functional tight-binding method with the third-order

expansion of electron density

Yoshio Nishimoto (7§ 7 {F:5 )@
Fukui Institute for Fundamental Chemistry, Kyoto University, 34-4 Takano Nishihiraki-cho, Sakyo-ku,

Kyoto 606-8103, Japan
(Received 1 July 2015; accepted 20 August 2015; published online 4 September 2015)

We develop a formalism for the calculation of excitation energies and excited state gradients for the
self-consistent-charge density-functional tight-binding method with the third-order contributions of a
Taylor series of the density functional theory energy with respect to the fluctuation of electron density
(time-dependent density-functional tight-binding (TD-DFTB3)). The formulation of the excitation
energy is based on the existing time-dependent density functional theory and the older TD-DFTB2
formulae. The analytical gradient is computed by solving Z-vector equations, and it requires one to
calculate the third-order derivative of the total energy with respect to density matrix elements due
to the inclusion of the third-order contributions. The comparison of adiabatic excitation energies for
selected small and medium-size molecules using the TD-DFTB2 and TD-DFTB3 methods shows
that the inclusion of the third-order contributions does not affect excitation energies significantly. A
different set of parameters, which are optimized for DFTB3, slightly improves the prediction of adia-
batic excitation energies statistically. The application of TD-DFTB for the prediction of absorption
and fluorescence energies of cresyl violet demonstrates that TD-DFTB3 reproduced the experimental
fluorescence energy quite well. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929926]

. INTRODUCTION

Prediction of photochemical properties has been increas-
ingly popular due to the advancement of time-dependent
density functional theory (TD-DFT).!® Its reasonable
computational cost and accuracy have given a large number
of valuable theoretical insights. The low computational cost is
partly attributed to algorithmic developments such as efficient
matrix manipulations’® and analytical first-"!! and second-
order'?!3 geometrical derivative techniques.

Even with such advancement in TD-DFT, the computa-
tional demanding is still a heavy burden for researchers who
wish to investigate large systems. An alternative method is
the density-functional tight-binding (DFTB) method.'*!” The
first generation of DFTB!® is based on the concept of extended
Hiickel method with parameters obtained from reference
atomic DFT calculations. The total energy of DFTB is derived
from that of DFT with the introduction of the tight-binding
approach, and electron density is expanded with minimal
Slater-type valence orbitals. This type of DFTB is called
nonself-consistent-charge DFTB (NCC-DFTB or DFTB1) in
which charge-charge interactions are neglected, and the energy
for DFTB1 is obtained after single diagonalization of the
secular equation. As the second generation of DFTB, Elstner
et al. developed the self-consistent charge version of DFTB!”
(SCC-DFTB or DFTB2) which includes the second-order
terms of a Taylor series of the DFT total energy with respect
to the fluctuation of electron density. In the framework of
DFTB2, atomic charges are determined iteratively during SCC
cycles, which are practically equivalent to self-consistent field
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(SCF) cycles, and properties such as energy, dipole moments,
and gradients are to be easily calculated after self-consistency
is fulfilled.

With DFTB2, the time-dependent version of DFTB2
(TD-DFTB2) was first introduced by Niehaus et al.?’ in 2001.
The formula for TD-DFTB is closely related to those for TD-
DFT; excitation energies are obtained by solving the Casida’s
equation.”> Later, the analytical gradient of TD-DFTB2 was
developed by Heringer et al.?! in 2007 based on the technique
for TD-DFT?!? utilizing the Z-vector method.?* These TD-
DFTB studies have shown that the accuracy of TD-DFTB
is comparable with that of TD-DFT, while the computational
cost is significantly reduced. Developments in TD-DFTB have
enabled us to investigate excited state properties of silicon
materials,”>?* the dynamics of microsolvated adenine,?
azobenzene,’® and cycloparaphenylenes.?’

From a different scope of developments in DFTB,
DFTB3 has recently been proposed.”®=3° DFTB3 conceptually
holds two independent improvements. While DFTB2 includes
a Taylor series of the DFT energy up to second order
contributions, DFTB3 includes the third-order contributions,
and this is the first improvement in DFTB3. They are
responsible for changing chemical hardness, which is related
to Hubbard parameters, of an atom depending on the charge
on it. The necessity of the flexible chemical hardness comes
from the fact that chemical hardness depends on the charge
on an atom.”®3! Another improvement in DFTB3 is the use
of a damping function for the y function for pairs which
include a hydrogen atom. The y function used in DFTB2
and DFTB3 ideally approaches the Hubbard value at a short
distance, but it is not the case for hydrogen atoms due to
an inconsistency between the atomic size and the chemical

©2015 AIP Publishing LLC
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hardness.?®3! Previous investigations'”3*32-* have proved
that DFTB3 is systematically superior to DFTB2 in describing
hydrogen-bonded and polar systems.

In spite of a number of developments in parameters for
DFTB3 at the ground state (GS),?%¥>3>-37 the formulation and
the performance of the time-dependent version of DFTB3
(TD-DFTB3) are still missing. In this study, we derive the
excitation energy with the restricted TD-DFTB3, following
the previous TD-DFTB2 formula, and its analytical first-
order geometrical derivative. The performance of TD-DFTB2
and TD-DFTB3 is also presented by comparing adiabatic
excitation energies and absorption and fluorescence energies
of a small dye in explicit water molecules.

Il. THEORY
A. DFTB3 at the ground state
The total energy of DFTB3, E, is given by

E=3">"nic ) CuicCricHp + Y Ext
o i Hv

A>B

1
+ = AgaA
2AZB7’AB UVYAYY):]

1 =
=+ 6 Z(FABACIA + FBAAQB)A‘IAAC]B + Espm’ (1)
A,B

where u and v (for latter use, «, 4, ¢, and y) are the indices
for atomic orbitals (AOs), A and B (C, D, and E) are those for
atoms. The occupation number of ith molecular orbital (MO)
is represented as n;,, and it is either O or 1 for virtual and
occupied orbitals in the present work. We only treat the case
for restricted electronic configuration in this study, but spin
indices o, T, and v, which are either a- or S-orbital/electron
are explicitly denoted. The fifth term in Eq. (1) represents the
spin interaction energy defined at DFTB2 level*® explicitly, but
this term is always zero in this study due to restricted electronic
configuration. As usual, the repulsive energy, E A B, and the
non-perturbed zeroth-order Hamiltonian, ng are precom-
puted with reference DFT calculations. The Coulombic inter-
action is described with the third and fourth terms in Eq. (1)
where y4p and I'yp depend on the distance between two
atoms A and B and their Hubbard values. As for I'4p, it also
depends on the derivative of the Hubbard value with respect
to atomic Mulliken charges Ag4 calculated as Aga = ga — qg,
where g4 is the Mulliken population on atom A, defined as

qa = Z Z Z D/,lVD'S/lV9 (2)

O ueEA v

where D, is the usual density matrix, and qg is the number
of electrons on atom A in neutral. One of two developments
in DFTB3 is the modification of y and I" values to y" and
'™ for pairs that contain a hydrogen atom. However, we will
not explicitly make a distinction between the standard y and
I and y" and T" values. In practical calculations, one can
simply replace y and I" with y" and I'", and there is no need to
modify the code other than the calculation of y and I'. Despite
v and I are used for the derivation hereafter, all equations are
applicable for the case with and without the damping function.

J. Chem. Phys. 143, 094108 (2015)

The derivative of the total energy (Eq. (1)) with respect
to a density matrix element leads to the Hamiltonian (Fock)
matrix element,

H,uv = Hgv + S/lVQABa 3)

where € A and v € B, and S, is the overlap matrix
element in AO basis. The shift contribution Q4 g describes the
Coulombic interaction,

1
Qap = 3 ;('}’AC +vBc)Aqe

1
+ ES“V 2{2(FACACIA +T'pcAgp)
C

+(Tca +Tep)Age}Aqce. 4)

Since the spin contributions in Q4p are zero with restricted
wavefunction, we omit it. Overlap matrix elements are also
precomputed as non-perturbed Hamiltonian elements are
done so. Obviously, the Hamiltonian matrix depends on the
current density of the system under consideration, so the MO
coefficients (C,;s) in density matrix have to be determined
self-consistently.

For a seamless connection with other ab initio methods
(e.g., Hartree-Fock or DFT), Eq. (1) can be written in a
so-called density matrix formalism,

1 e = .
=3 2. 2 Do (R + Fuo) + EX 4 B (5)

o uv

where

. 1

A = H), - ES’“’ Z(?’AC +YBC)qy ©)

C

and

. . 1

Fuy = H + ES’” ;(VAC +YBc)qc- @)

E3 corresponds to the fourth term in Eq. (1), and E™P is
defined as

B = ) (EY% + Ya5a5q5)- @®)
A>B
Because E™ depends on the cubic of density fluctuation and
comes from the third-order derivative of exchange-correlation
contributions,®® we cannot straightforwardly incorporate it
with A v and I:",“, as a previous study with DFTB2 did.* The
third-order contributions may be seen as a pseudo-exchange-
correlation term.
The gradient of the DFTB3 energy with respect to the
geometrical displacement of the coordinate x of atom @, R,
(x in the derivatives can be replaced with y or z), is

I IP I I

Ata neAvea
aHgv O

- 2550’
awa aRax

rep
7Aa
+ Aqa Z AqA Ra/x

0S8,y

2
aRax

X +2

QAa:l

A#—a 6R“x

Ol
+2 Aqa D Aga (AqA + Ada

aFaA )
&)
A#a aR”x

6R(IX
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In a density matrix formalism, one can express Eq. (9) as

K D (L
HT\ ORax = ORax
o uv
aE3I’d aErep
_ nv
33 W g * G * e 10
where
dH< ™  9HO 1 68
v uv "y 0
- +
aRax 6R(lx 2 aRax Z(YAC YBC)C]C
1 ayAC 6’)/BC 0
"% 11
2™ ZC:(@RM R ) (11)
and
(9F,uv (’)Hcore GS,N
ORax  OR 5 Ry Z(VAC +7Y¥BC)C
ayAC (9)/BC
"2 S’NZ (GRM R, )i 12

Wy is the usual energy-weighted density matrix, and
(OE*%/(OR4y) represents

6E%rd
3R 6 Z Z yvaaR Z{z(rACAC]A +T'pcAgp)

o uv

+ (FCA + FCB)AQC}ACIC

0l s or
+ - Z AgaAgp (ACIA IR +A BaRBA

). (13)

B. Excited state with the DFTB3 method

Excitation energy w and excitation vectors X and Y can
be obtained by solving the non-Hermitian eigenvalue problem,

(g i)(ﬁ):“’(; _()1)@) (14)

where matrix elements of A and B are defined as

Aiao’,jb‘r = 60’75ab6ij(8a0' - 8[0') + K[aa',jb‘r (15)

and
Biao’,jb‘r = Kiao’,bj‘r’ (16)

where g, is the eigenvalue of ith MO, and the element of the
coupling matrix, K;qc, jpr, iS given as
0’E
Ktao‘,jbr = 8Dia(,-aDij . (17)
In this work, i,j,... and a,b,. .. label occupied and virtual
orbitals, respectively, and for latter use, p,q,. .. label general
MOs. The coupling matrix is the second-order derivative of
the total energy with respect to density matrix elements. In
order to compute the coupling matrix element, it is convenient
to introduce the four-index kernels which represent the charge
and spin interaction terms for DFTB,*’

0’E

W = fﬂvo’,k/l‘r + ],%/lVD',K/lT' (18)
uvo KAT

K/IVO',K/lT =

J. Chem. Phys. 143, 094108 (2015)

We note that these matrix elements for TD-DFTB2* are

\ 1
JBE]?,?,IT = ZSWSKA(VAC +¥Bc +7Yap +vsp) (19)
and
1
kl?fg'Blg/lT = ZS;:VSK/I(MA‘SAC + Mpdpc

+Mabap + Mpdpp), (20)

where € A,ve B,ke C, and 1 € D, and M, represents
the spin constant of atom A which is also obtained from
reference DFT calculations. For TD-DFTB3, f uvokar has to
be reformulated as

*DFTB3

A 1
*DFTB2
Juva' KAt — + _SHVSK/I

= Juvokar 6
X [{(FAC +Tap)Aga + (Tpc + Tp)Ags}
+{(Tca+Tcp)Agc + Tpa + Tpp)Agp}
+ Z{FAE(5AC +0AD)

E

+Tpe(08c + 050)}AgE]. @n

In order to derive the spin interaction term needed for
singlet-triplet excitation in the framework of DFTB3, we need
to compute the second-order derivative of the DFTB energy
with respect to spin density. The spin-polarized contributions
in DFTB® are defined as

% Z Z Z paepaeWaee, (22)

A teAl'cA

Espin —

where pa, is the shell(€)-resolved spin density, and Ws.p
is a spin constant calculated using Janak’s theorem.*! It is
clear from the derivation by Kohler er al. that Eq. (22) is
derived within the framework of DFTB2. The extension of
the spin-polarized contribution to the DFTB3 framework is
considered to require an additional parameter, the derivative of
spin constants with respect to spin density, but the development
in this direction is far beyond the scope of this study. For this
reason, we will not consider DFTB3 contributions for singlet-
triplet excitation explicitly, but only DFTB2 contribution
(Eq. (20)) in our derivation.

In order to obtain excitation energies and vectors, we need
to diagonalize the matrix operator of the left-hand in Eq. (14).
Since the size of the matrix operator becomes huge for large
systems, it is usually diagonalized iteratively.*? Practically, we
construct the four-index matrices (A + B) and (A — B) defined
as

(A + B)iao‘,jb‘r = 6016ah6ij(8a(r -

and

8[0’) + 2Kiao',jh‘r (23)

(A - B)iao‘,jb‘r = 50'16ab5ij(8aa' - i), 24

which are known as orbital rotation Hessians. There has
been discussion of the character of the (A — B) matrix for TD-
DFTB.* In TD-DFT, the matrix becomes diagonal with a pure
(i.e., without Hartree-Fock exchange) exchange-correlation
functional such as generalized gradient approximation
functionals including the Perdew, Burke, and Ernzerhof (PBE)
which is used for generating the electronic part of DFTB
parameters. As DFTB is derived from a DFT formalism
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without Hartree-Fock exchange, we assume that (A — B)
matrix for TD-DFTB3 is strictly diagonal.

By neglecting the matrix B, we only have to evaluate
Eq. (15). This approximation is known as the Tamm-Dancoft
approximation (TDA),** and since the difference is only the
scaling of K;qr, jpr, We can introduce TDA for TD-DFTB
with a slight modification. Although some advantages** have
been recognized in TDA, we do not use TDA in this study.
Since the real value of TDA for TD-DFT calculations is the
case with hybrid or range-separated functionals with which
(A — B) matrix is not diagonal, we think that TDA does not
change the overall conclusions in this study.

C. Analytical excitation energy gradient of TD-DFTB3

Concise derivations for TD-DFT and TD-DFTB2 can
be found in the previous literature.”?"** Solving the non-
Hermitian eigenvalue problem given as Eq. (14) corresponds
to finding the stationary points of the functional defined as

1
GIX,Y,w] = 5 Z {(X +Y)iao(A + Biac,jpe(X +Y)jpr
iaocjbt

+(X = Y)iao(A = Biao,jpe(X = Y) b}

—w {Z(X + Y)ia(r(X - Y)ia(r - 1} B (25)
iaoc

where the second term enforces the orthonormality,® and the

excitation energy w is given as

1
w=3 Z {X +Y)iac(A + B)iao jrr(X +Y)jbr

iaojbt
+ (X - Y)ia(r(A - B)iua',jb‘r(x - Y)jb‘r}~ (26)

Since excitation vectors are variationally optimized, we
do not need to calculate derivatives of (X + Y) and (X — Y) for
excitation energy gradient, but we need to involve derivatives
of MO coefficients, contrary to gradient calculations at
the ground state. Although one can obtain them explicitly
by solving the coupled-perturbed DFTB equations,* it is
computationally demanding, because it requires solving a set
of 3N linear equations, where N is the number of atoms. Such
an explicit evaluation can be avoided by utilizing the Z-vector
method.”?? Solving Z-vector equations corresponds to finding
the Lagrange multipliers of the auxiliary functional,

LIX.Y,w,C,Z,W]

1
) Z {(X + ¥)iao (A + Biao,jpr(X +Y)jbr

iacjbt

+(X = Y)iac(A = Biao.jpe(X = Y)jbe}

—w {Z(X + Y)iao’(x - Y)iao' - 1}

+ Z ZiatrHiao- - Z qu(r(Spq(r - 6pq), (27)
iac pqo.p<q
and Eq. (27) has to be stationary with respect to changes in
MO coefficients,
oL
0Cupo

=0. (28)
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Some supplementary equations are given in Appendix A,
and we simply introduce new terms in TD-DFTB3. In order to
evaluate the vector Z, we need to solve the following equation:

Z(A + B)iao‘,ijZij = —Rigo (29)
jbt
where R;,, is obtained as the difference of Eqgs. (AS) and
(A6),

Riao = ) {(X +V)ipo H o [(X+ Y)I} + Hy o [ T]
b

+2 Z giaa,ij,kc‘u(X + Y)jb‘r(X + Y)kcu
jbtkcu

= D UX +Y)jac H( [(X+ V)], (30)
J

where the vector T is given in Appendix A, and for an arbitrary
vector V,

Hy 0o lV1= > KpgorscVese 31)
rsT

Note that H,,,,[V] found in TD-DFT derivations is always
zero for both TD-DFTB2 and TD-DFTB3 unless an alternative
formulation*” is used. The third term in Eq. (30) represents the
third-order derivative of the DFTB energy, and it did not appear
in the derivation for the TD-DFTB2 analytical gradient.?! This
complication can be understood by comparing the f uvor i ar for
TD-DFTB2 (Eq. (19)) and TD-DFTB3 (Eq. (21)). The former
becomes trivial after differentiating with an additional density
matrix element, but the latter does not, because Eq. (21)
still contains Mulliken charges, which depends on the density
matrix.

The third-order derivative in Eq. (30) can be explicitly
written by differentiating the total energy with three density
matrix elements. In AO representation, the derivative is
g;lwr,wl‘r,d))(v = 1_125/_1VSK/1S¢X

X Z{FAE(5AC +6ap) +I'pe(dpc +08p)}
E

X (6¢€E + 5X€E)- (32)

However, in practice, it is convenient to define a two-third
transformed matrix,

Z g,uwr,ml‘r,d)/\/v(x + Y)K/IT(X + Y)qﬁ)(v
KATP xvU

1
= 28 ) A2TacaX” + Tacgi "
3 C

+(Tca+Ter)gd ), (33)
where
X" =)D 2 X+ Ve Spr (34)
o ueA v

Once the Z-vector equation (Eq. (29)) is solved, we obtain
two Lagrange multipliers, Z and W. By defining the relaxed
one-particle difference density matrix, P =T + Z, and the
effective two-particle difference density matrix ) Wvor K AT

f,uwr,;(ﬂ‘t' = (X + Y)/JV(T(X + Y)K/l‘r + P,uV(rDK/ITa (35)
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the excitation energy gradient is finally given as

0
ow _ Z 6H'uVP BS,“,W
aRax o aRax e o 6R(zx e
6K;1wr KAT A
/.lV()',K/lT' (36)
2 ,uv;/lr ORqx

Eq. (36) for singlet-singlet and singlet-triplet excitations is
explicitly given in Appendix B. The TD-DFTB3, as well as
the TD-DFTB2, with and without TDA was implemented in
GAMESS-US*® whose TD-DFT module had been developed
by Chiba et al.'® Comparison with analytical and numerical
gradients for several excited states with glycine molecule
shows that our analytical gradient reproduces numerical
gradients in six decimal place accuracy.

lll. COMPUTATIONAL DETAILS

We used the MIO'3047 and 30B3*?3° sets of DFTB
parameters*® in TD-DFTB2 and TD-DFTB3 calculations.
Spin constants M4 = Wy used in singlet-triplet excitation
are also taken from the same place. In order to access
the performance of TD-DFTB2 and TD-DFTB3, we
consider two and three sets of TD-DFTB2 and TD-DFTB3
calculations. They are referred as TD-DFTB2/MIO, TD-
DFTB2/30B, TD-DFTB3/MIO/calc, TD-DFTB3/MIO/fit,
and TD-DFTB3/30B; the capital letters after the first slash
specify the employed parameter set, and the letters after the
second slash, if any, do the employed Hubbard derivatives.
The difference of methods is given in Ref. 32, and the
parameter { used for the damping function and Hubbard
derivatives for DFTB3 are also provided in the same reference
and Refs. 30 and 35. The Hubbard derivative for S atom for
TD-DFTB3/MIO/fit was missing, so we simply used the one
for TD-DFTB3/30B. All DFTB calculations were performed
without symmetry constraints.

The performance of TD-DFTB2 and TD-DFTB3 is
discussed based on adiabatic excitation energies for selected
molecules listed in Refs. 9, 49, and 50. Molecules for which
we do not have parameters are excluded. The estimation
of the zero point vibration energy requires to compute the
second-order derivatives at the ground and the excited states.
We analytically calculated them for the ground state, while
numerically for excited states with a step size of 1.0 x 10™*a.u.
with analytical gradients.

We briefly compare wall-clock timings of TD-
DFTB2/MIO and TD-DFTB3/30B. For the demonstration,
we chose a trans-polyacetylene (Cyo9H402) Which contained
2002 basis functions. The five lowest excitation energies were
calculated, and the first excitation vectors were used in the
gradient calculation. The computation of the energy gradient at
an excited state mainly consists of three steps: SCF calculation
at the GS, solving the Casida’s equation to find excitation
energies (ES: excited state), and solving Z-vector equations
followed by the computation of gradient (ES-GRAD). Table I
shows the respective timings and the numbers of iterations
until convergence. Clearly, additional computational cost for
TD-DFTB3 compared with TD-DFTB2 is almost negligible.
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TABLE I. Wall-clock timings (unit in s) and numbers of iterations to obtain
the five lowest excitation energies and the excited state gradient at the first ex-
cited state for C40oH402 with TD-DFTB2/MIO and TD-DFTB3/30B. Calcu-
lations were performed with one CPU core of Xeon E5-1620 v3 (3.50 GHz).

Number of
Step Wall-clock timings iterations
TD-DFTB2
GS 213.80 17
ES 875.97 19
ES-GRAD 42.63 3
TD-DFTB3
GS 213.82 17
ES 819.92 18
ES-GRAD 45.54 3

The timings per iteration during ES calculations for TD-
DFTB2 and TD-DFTB3 are 46.10 and 45.55 s, respectively.
However, considering that the number of trial vectors required
for convergence is different in two calculations, it is more
meaningful to compare the timings per trial vector. The
numbers of trial vectors used in the TD-DFTB2 and TD-
DFTB3 calculations are 89 and 83, respectively, so the
timings per trial vector are 9.84 and 9.88 s. The computational
efficiency of TD-DFTB3 is actually very similar to that of
TD-DFTB2.

IV. RESULTS AND DISCUSSION
A. Performance of TD-DFTB2 and TD-DFTB3

Calculated adiabatic excitation energies are summarized
in Table II with root-mean-square (RMS) and maximum
deviations. Our TD-DFTB2/MIO results are slightly different
from those by Heringer et al.,’! and we think that parameters
and spin constants used in our calculations are slightly
different from those used in Ref. 21.

Table II shows that adiabatic excitation energies
calculated with TD-DFTB2/MIO, TD-DFTB3/MIO/calc, and
TD-DFTB3/MIOQ/fit are overall very similar, and the difference
is not more than 0.04 eV. The difference between RMS and
maximum deviations calculated with all items between these
methods is also very small. Additionally, the difference in
energies with TD-DFTB2/30B and TD-DFTB3/30B is small
as well. This indicates that the extension to TD-DFTB3
from TD-DFTB2 affects the excited state properties very
little. It is because the DFTB3 model does not affect the
levels of eigenvalues (orbital energies) significantly. The
DFTB method is originally derived from a Taylor expansion
of the total energy of DFT. The nonself-charge-consistent
version of DFTB, DFTBI, already includes the zeroth
Hamiltonian contributions which are calculated from atomic
DFT calculations. Although DFTB2 and DFTB3 take the
charge fluctuation into consideration with a better model,
it is a perturbative effect, and orbital energies are already
determined mostly with the DFTB1 level. Moreover, some
excitations are described with a single orbital transition
character whose excitation energy is simply determined by the
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TABLEII. Adiabatic excitation energies (unit in eV) from experiment and those calculated with five TD-DFTB methods. RMS and maximum (MAX) deviations
(unit in eV) for singlet-singlet (S) and singlet-triplet (T) excitations and all items are shown at the bottom. Values in parentheses do not include zero point
vibration corrections.

System State  Experiment ~ TD-DFTB2/MIO  TD-DFTB3/MIO/calc ~ TD-DFTB3/MIO/fit ~ TD-DFTB2/30B  TD-DFTB3/30B
N, 3, (7.39) (7.89) (7.89) (7.89) (8.02) (8.02)
I, (8.59) (7.89) (7.89) (7.89) (8.02) (8.02)
Cco M (6.04) (7.63) (7.63) (7.63) (7.32) (7.32)
I (8.07) (7.63) (7.63) (7.63) (7.32) (7.32)
SO, 3By 3.19 3.09 3.09 3.08 2.80 2.79
CS, 34, 3.25 279 278 278 3.24 3.23
HCN 147 6.48 6.37 6.38 6.38 6.16 6.28
HCP 1A” 431 3.66 3.66 3.66 3.62 3.63
CoH, 1A, 5.23 471 474 474 4.69 472
CH,O tA” 3.49 3.76 3.77 3.76 3.65 3.66
347 3.12 3.66 3.67 3.66 3.55 3.56
CH,S 1A, 2.03 1.74 1.73 1.74 2.00 1.982
347 1.80 1.74 1.73 1.73 2.01 2.00
trans-(CHO), 1A, 272 2.20 2.18 2.16 2.08 2.06
Benzene 1Boy 4.72 4.92 491 4.91 4.92 4.92
Pyridine 'B, 4.76 5.022 5.022 5.01% 5.012 5.00
Porphyrin 1B (2.02) (1.89) (1.90) (1.89) (1.91) (1.92)
RMS (S) 0.42 0.42 0.42 0.46 0.45
MAX (S) 0.70 0.70 0.70 0.75 0.75
RMS (T) 0.74 0.74 0.74 0.63 0.64
MAX (T) 1.59 1.59 1.59 1.28 1.28
RMS 0.57 0.57 0.57 0.53 0.53
MAX 1.59 1.59 1.59 1.28 1.28

2Saddle point.

difference between two hole orbitals. In such case, excitation
energies are largely described with the DFTBI1 level, so the
difference between excitation energies calculated with DFTB2
and DFTB3 is small.

TD-DFTB3/30B nevertheless improved the prediction of
adiabatic excitation energies slightly, by comparing RMS and
maximum deviations for all items at the bottom in Table II. The
improvement is largely attributed to the excitation energies
for CO molecule. Since the extension to TD-DFTB3 itself
does not improve excitation energies dramatically, the small
improvement comes from the difference of two parameter sets,
MIO and 30B. In fact, TD-DFTB2/30B gives an adiabatic
excitation energy of 7.32 eV for CO, so the excitation energy
for CO is dominantly controlled by the employed parameter
set. The excitation corresponds to the HOMO-LUMO (rr — %)
transition (both HOMO and LUMO are doubly generated), and
the HOMO-LUMO gaps of the optimized CO geometry on the
excited potential energy surface (PES) with TD-DFTB2 and
TD-DFTB3 are 6.66 and 6.38 eV, respectively, so the smaller
adiabatic excitation energy of TD-DFTB3 is attributed to the
difference of the HOMO-LUMO gap. It should be noted that
the 30B parameter set uses more diffuse basis functions in
parameterization than those for the older MIO parameter set
so as to describe weak interactions correctly.'”

Another remarkable difference is found for the adiabatic
excitation energy for CS; molecule; the deviation of 0.46 eV
with TD-DFTB2/MIO is decreased to 0.02 eV with TD-
DFTB3/30B. The excitation is characterized as a single
orbital transition from HOMO-1 (A;) to LUMO (A)).
For the optimized geometry at S, an interesting difference is

obvious for LUMOs in Figure 1, visualized with VMD (Vi-
sual Molecular Dynamics).5 I DFTB2/MIO shows 7* character
orbitals between C and S, while DFTB3/30B does 7 orbitals.
The difference of LUMOs should be attributed to the different
levels of non-interacting d orbitals in two parameters. After
optimizing parameters for DFTB3,!” the level of d orbitals for
30B is higher than that for MIO by 0.3 hartree, and this reduces
the participation of d orbitals in MO hybridization, which is
supposed to be good for describing O—S bonds, while less good
for C-S. As areference, we optimized CS; with TD-PBE/STO-
3G whose gradients are obtained through numerical differen-
tiations at S, (*A,). The STO-3G basis set was employed in
accordance with the fact that DFTB uses minimal orbitals. We
performed a TD-PBE/6-311+G* calculation and verified that
the character of the excitation with STO-3G and 6-311+G* is
very similar. The character of excitation of TD-PBE/STO-3G

DFTB2/MIO DFTB3/30B PBE/STO-3G
. u&
LUMO (-0.167)  LUMO (-0.175)  LUMO (-0.109)

&0 69 09

HOMO-1 (-0.257) HOMO-1 (-0.255) HOMO-1 (-0.184)

FIG. 1. HOMOs-1 and LUMOs (+0.05 (e/ag)!/? isosurface) of the opti-
mized CS; with TD-DFTB2/MIO, TD-DFTB3/30B, and TD-PBE/STO-3G
at the 3A, excited state. Values in parentheses are the eigenvalues of vectors
(unit in hartree).
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TABLE III. RMS and maximum (MAX) deviations for bond distance (unit in A) and bond and dihedral angles (degree) with respect to experiment for molecules

in Table II.
TD-DFTB2/MIO TD-DFTB3/MIO/calc TD-DFTB3/MIO/fit TD-DFTB2/30B TD-DFTB3/30B

RMS (distance) 0.021 0.021 0.021 0.023 0.023
MAX (distance) 0.053 0.054 0.054 0.048 0.048
RMS (angle) 8.09 8.10 8.13 8.32 8.41
MAX (angle) 15.05 15.17 15.21 17.40 17.27

RMS (dihedral) 16.65 17.48 17.45 20.67 22.05
MAX (dihedral) 19.29 19.73 19.73 21.48 22.32

is very similar to that of TD-DFTB too, and the HOMO-1 and
LUMO calculated with PBE/STO-3G are quite similar with
those of DFTB2/MIO, but the LUMO is very different from the
one obtained with DFTB3/30B. It makes us to conclude that
the good agreement for CS, with TD-DFTB3/30B may come
from a fortunate error cancellation. Since the choice of the level
of d orbitals in Ref. 17 is originated by better agreement for
O-S species, the parameters for S and P are not optimal for
excited state calculations.

As for CH,S, the excitation with TD-DFTB2/MIO
is described by a pure HOMO-LUMO transition, so the
difference between singlet-singlet and singlet-triplet excitation
energies is exactly zero, which is consistent with the previous
observation.>! Moreover, the symmetry of the stationary points
at 'A; and 3A”" is supposed to be C,, and C;, but the optimized
geometries with the MIO parameter set belong to Cs, in both
cases. The >A” state is supposed to give two hydrogen atoms
out-of-plane, but we could not observe such a geometry with
the MIO parameter set. Interestingly, TD-DFTB2/30B and
TD-DFTB3/30B give two out-of-plane hydrogen atoms at
the 3A” state. Actually, ' A, also gives out-of-plane hydrogen
atoms if geometry optimization is started with out-of-plane
hydrogen atoms. The reason of the difference should be
attributed to the difference of MO hybridization with the MIO
and 30B parameters too.

Since we can compute oscillator strengths with TD-DFTB
using dipole integrals, we compare those of TD-DFTB and a
set of reference calculations with TD-PBE/STO-3G. Among
11 singlet-singlet excitations, TD-PBE/STO-3G gives non-
trivial oscillator strengths for CO (0.018), HCN (0.004), C,H,
(0.005), and pyridine (0.001), while TD-DFTB gives non-
trivial oscillator strengths only for CH,O (0.002 and 0.003
with MIO and 30B parameter sets). The discrepancy comes
from two reasons. Zero oscillator strengths in TD-DFTB
for CO, HCN, C,H,, and pyridine are attributed to the lack
of on-site interactions.’?> On the other hand, the non-trivial
oscillator strengths for CH,O come from a difference in
electronic structure between DFTB and PBE/STO-3G. Note
that the characters of excitation for CH,O with TD-DFTB and
TD-PBE/STO-3G are nevertheless same.

As experimental geometrical parameters (bond distance
and bond and dihedral angles) for molecules in Table II are
available,” we tested the five DFTB methods by comparing
these parameters. A similar comparison for TD-DFTB2/MIO
has been done in Ref. 21. The geometrical parameters are
overall better predicted with the MIO parameter set, although
the difference between the predictions with the MIO and 30B
parameter sets is rather small (Table III).

B. Adiabatic excitation energies for medium-size dye
molecules

Considering the efficiency of TD-DFTB as shown in
Table I, it is possible to predict adiabatic excitation energies
of bigger molecules with TD-DFTB relatively easily. Goerigk
et al. proposed a benchmark set consisting of 12 dye molecules
in their works.*>>" In order to check the applicability of
TD-DFTB further, we have calculated adiabatic excitation
energies for 1-3 and 5-12 (see Ref. 50 for structures)
in vacuum with five TD-DFTB methods. For 4, we do
not have appropriate parameters. Calculated and reference
TD-PBE/TZVP*-*" energies as well as RMS and maximum
deviations with respect to TD-PBE/TZVP are summarized in
Table IV. Additional set of parameters for halogen atoms?’->
were utilized.

With the MIO parameter set, we could not obtain excited
state minima for 1 and 12. These molecules contain halogen
atoms, F in 1 and Cl in 12. Particularly, in 1, the optimized
geometry with the MIO parameter set at the ground state gives
a —CF;3 group in which all four atoms in the group are on a
same plane. Such a situation is totally inconsistent with our
intuition, so we guess that the artefact should be attributed
to the limit of the parameters. We did not face with such a
difficulty with the 30B parameter set. For fair comparison,
1 and 12 are excluded in computing RMS and maximum
deviations.

The RMS and maximum deviations in Table IV indicate
that the 30B parameter set improves the prediction of
adiabatic excitation energies slightly. Among five TD-DFTB
methods, TD-DFTB3/30B gives the smallest deviation from
the reference calculation, but the improvement over TD-
DFTB2/30B is little. In computing adiabatic excitation
energies, the semi-numerical second derivative with analytical
gradient is certainly the most time consuming step. With TD-
DFTB for the biggest molecule (5; 60 atoms), it can be finished
in around 2 min using one CPU core of Xeon E5-1620 v3
(3.50 GHz).

C. Absorption and fluorescence energies of cresyl
violet

In the end, we demonstrate one possible application of
TD-DFTB. Taking the fact that DFTB3 is supposed to be
superior to DFTB2 for polar and hydrogen bonded systems,
it is still early to conclude that TD-DFTB3 does not improve
excited state properties. We therefore calculated the absorption
and fluorescence energies of cresyl violet,* which contains
one positive charge, in explicit water molecules as a practical
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TABLEIV. Adiabatic excitation energies (unit in eV) for 11 dye molecules, obtained with TD-PBE/TZVP*** and five TD-DFTB methods. RMS and maximum
(MAX) deviations (unit in eV) for 2, 3, and 5-11 with respect to TD-PBE/TZVP are shown at the bottom.

TD-PBE/TZVP TD-DFTB2/MIO

TD-DFTB3/MIO/calc

TD-DFTB3/MIO/fit TD-DFTB2/30B TD-DFTB3/30B

1 2.37 R R
2 2.13 2.20 2.20
3 1.83 1.76 1.77
5 1.86 2.06° 2.05°
6 222 2.30 2.30
7 3.05 2.82 2.80P
8 245 227 2.27
9 2.65 2.66 2.64
10 233 2226 224
11 1.81 1.82 1.81
12 1.48 L LA
RMS 0.13 0.13
MAX 0.23 0.25

8 2.49 242
2.20 223 223
1.78 1.93 1.93
2.04° 2.04° 2.04°
2.30 2.30 2.30
2.79 3.05 3.00
2.27 2.29 2.29
2.63 2.65 2.63
223 2.28 225
1.81 1.81 1.80

.. 1.91 1.82
0.13 0.10 0.10
0.26 0.18 0.17

2Unable to locate excited state minimum.
bSaddle point.

test example. We soaked cresyl violet at 10 locations of a
large water box optimized with the “minimize” module in
TINKER 6.0% with the AMBERY9 force field parameters.>®
Surrounding water molecules were then removed other than
those located at 2.0 < d < 6.0, where d is the distance between
the solute (cresyl violet) atoms and water molecules in A.
The resultant geometries contained 323-404 atoms (cresyl
violet plus 97 to 124 water molecules). They were optimized
with (TD-)DFTB2/MIO and (TD-)DFTB3/30B, respectively,
and excitation energies were calculated for the optimized
structures at the ground state (Sp) for absorption and at the
first excited state (S;) for fluorescence energies. With explicit
water molecules, excited state geometry optimizations were
started with the optimized structure at the ground state with
the corresponding DFTB method, but we sometimes had
to start with the TD-DFTB3 structures in some TD-DFTB2
calculations because of technical problems. We added the UFF
(universal force field)-type dispersion correction®”3 in all
calculations here. Calculated (in vacuum and explicit water)
and experimental® (in water) absorption and fluorescence
energies and oscillator strengths are summarized in Table V.
The excitation mainly corresponds to the transition from
HOMO to LUMO. These orbitals with DFTB3 for one of the
optimized geometries on S; PES in vacuum and water are
depicted in Figure 2. The absorption energies in vacuum and
water do not differ significantly, but the fluorescence energies
are different by around 0.2 eV. This clearly indicates the

importance of solvent effects. The experimental fluorescence
energy>* in water is 1.96 eV (631 nm), which is very well
reproduced by our TD-DFTB3 calculation as well as TD-
DFTB2. Of course, a part of the good agreement may be
attributed to a fortunate error cancellation and an arbitrariness
of sampling, but it is quite probable that the improvement
of (TD-)DFTB3 in describing polar and hydrogen bonded
systems is important for the prediction of fluorescence
energies.

The difference of fluorescence energies with TD-DFTB2
and TD-DFTB3 is only 0.03 eV. Although it implies that the
difference between TD-DFTB2 and TD-DFTB3 methods is
trivial again, we would like to point out that the geometry
optimization on the excited state PES with TD-DFTB2 was
rather difficult, because the order of excited state easily
alters during geometry optimization. Actually, we could
not directly find stationary points on S; PES from the
So optimized structure with DFTB2 as mentioned. Some
additional calculations prove that such a difficulty caused by
state alternation is suppressed by adding only the third-order
contributions of a Taylor series of the DFT energy, but not by
the damping function for hydrogen atoms. This indicates that
the DFTB3 contributions improve the description of excited
state PESs, but we need more analysis to conclude it.

According to oscillator strengths with TD-DFTB3
(Table V), transition intensity is very slightly (3%) enhanced
upon solvation, which is consistent with a study for a

TABLE V. Experimental and calculated absorption and fluorescence energies (unit in eV) for cresyl violet and
oscillator strengths. Calculated energies and oscillator strengths in water are the averages of 10 geometries. Values
in parentheses represent lower and upper bounds of 10 energies.

Excitation energies

Oscillator strength

Method Absorption Fluorescence Absorption Fluorescence
TD-DFTB2 (in vacuum) 2.46 2.10 0.452 0.200
TD-DFTB3 (in vacuum) 2.50 2.15 0.429 0.187
TD-DFTB2 (in water) 2.40 (2.35/2.44) 1.93 (1.80/2.03) 0.427 0.175
TD-DFTB3 (in water) 2.46 (2.43/2.49) 1.96 (1.86/2.09) 0.442 0.157
Experiment (in water) 2.12 1.96 N/A N/A
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LUMO
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FIG. 2. HOMOs and LUMOs (£0.03 (e /ag)!/? isosurface) of the optimized
cresyl violet in vacuum and water with TD-DFTB3/30B on S; PES.

explicitly hydrated acetone system.”® On the other hand,
the transition intensity is diminished with TD-DFTB2. The
oscillator strengths for fluorescence are diminished in both
TD-DFTB2 and TD-DFTB3 in solution phase. A direct
comparison between the results of the present study and those
of Ref. 59 is complicated, owing to the different characters of
the excitations involved.

V. CONCLUSIONS

We derived the time-dependent density-functional tight-
binding method with the third-order contributions of a
Taylor series expansion of the DFT energy (TD-DFTB3).
The developed method was implemented in GAMESS-
US. The analytical gradient requires to compute the third-
order derivative of the total energy with respect to density
matrix elements, while it disappears for TD-DFTB2.2! The
computational cost to include DFTB3 contributions for
excitation energies is virtually negligible.

Since the performance of TD-DFTB3 has been
completely unknown, we compared a set of adiabatic
excitation energies with TD-DFTB2 and TD-DFTB3. We
showed that the inclusion of the DFTB3 terms has small
effects for excitation energies, while the different parameter
sets optimized for DFTB3 slightly improved the prediction
of adiabatic excitation energies. The small difference of
excitation energies comes from the fact that the third-order
contributions affect orbital energies very little. Of course,
one has to realize that DFTB3 is developed to describe
charge polarized and hydrogen bonded systems better, but not
excited state properties. Although the parameters optimized
for DFTB3 slightly improved the prediction of excitation
energies, the improvement could be partly attributed to
a fortunate error cancellation. We expect that the range-
separated version of DFTB®? will improve excitation energies,
as that of DFT did improve well.'?

We also demonstrated a possible application of TD-
DFTB with cresyl violet solvated by explicit water molecules.
Although the absorption energies were overestimated relative
to the experimental result,> the agreement of the TD-DFTB3
fluorescence energy with the experiment was fairly promising.
We pointed out that DFTB3 contributions may improve the
description of excited state PESs. Since many parameters are
being produced for bio-systems with DFTB3, we think it
is important to shift from DFTB2 to DFTB3 for predicting
excited state properties, too. At present, solvent effects are

J. Chem. Phys. 143, 094108 (2015)

taken into account with explicit molecules, and this could
introduce the arbitrariness of positions and orientations of
solvent molecules. To eliminate such an arbitrariness, the
implicit treatment®' is of great interest as a future work. We
are also planning to apply TD-DFTB2 and TD-DFTB3 for the
fragment molecular orbital-based DFTB.6%%3

ACKNOWLEDGMENTS

Y.N. acknowledges the Fukui Institute for Fundamental
Chemistry Fellowship. The author would like to thank Dr.
Dmitri G. Fedorov and Mr. Kosuke Usui for helpful comments.

APPENDIX A: DERIVATION OF Z-VECTOR EQUATIONS
FOR TD-DFTB3

The derivative of the auxiliary Lagrangian functional in

Eq. 27) s
oL 6G X, Y, w] Z 7 Hiur
acuprr Cupor o “TOCupo
aSrs‘r
D Weer : (A1)
rST,r<s ac'upo—

which is equal to zero, and solving Z-vector equations
corresponds to finding the Lagrangian multipliers Z and W.
Because a straightforward derivative is hard to manipulate
equations, one usually multiplies both sides of the equation
with C,4 and sums over u, giving

aHiaT

Q ot Z[aT —C o
rq ; A 9C,iper uq
asr_s‘r
rst (o) (A2)
r.y‘r,ZrSs Z aCi‘I’a' /“1
where
G[IX,Y,w
quo- = %quo‘- (A3)
m upo

Since p and ¢ label general MOs, they could be occupied and
virtual orbitals. Considering that we do not need the derivative
of density matrix elements when p belongs to virtual orbitals
and using the diagonal nature of the Hamiltonian matrix in
MO basis, we can express Q4 matrix decomposing into four
blocks: occupied-occupied (p =i < g = j), occupied-virtual
(p =i and g = a), virtual-occupied (p = a and g = i), and
virtual-virtual (p = a < g = b) blocks,

Qijo’ =w Z{(X + Y)ia(r(X - Y)jao‘

+ (X - Y)iaa’(X + Y)jacr}

- Z Eaol(X +Y)iao(X +Y)jacr

+ (X - Y)iaa'(X - Y)jao-}
+H. _[T]

ijo

+2 Z Bijorkeridv(X + V(X + Y )1aw,
kcetldu

(A4)
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Qiar = Z<X + V)inr Hppo [(X + )] + HY, [ T]

+2 Z gia(r,jb‘r,kcu(x + Y)ij(X + Y)kcva

jbtkcv
(AS)
Quic = ) (X + VjucHfi [(X+Y)],  (A6)
J
and
Quve =@ Y {(X +Viar(X = Viper
+ (X - Y)iao‘(X + Y)ibO'}
= > Eiod(X + V)iao(X + ¥V )ine
+ (X - Y)ia(r(X - Y)ibo‘}, (A7)
where the unrelaxed difference density matrix T is
1
mg:_EZH@+YMAX+DwG
+ (X - Y)iuo‘(X - Y)ja(r}»
Tiwo = 0, (AS)
Thivc = 0,

1
Tape = 5 Z{(X + Y)ia(r(X + Y)ibo'

+ ()l( - Y)iao‘(X - Y)ibo'}'

The derivative of the Hamiltonian and overlap matrices is
similarly obtained,

aIiiu‘r
Z iat Z aCypa—

iat

quo’ = Z 60‘1’(61'176(1:4 + 6ap6iq)8qa'ziu‘r

iat

+-§:6”,IWG (A9)
and
aSrv‘r
> mz Cuugr = (1 +6p)Wpgor.  (AL0)
rsT,r<s

Now, by comblmng equations above, we can obtain a set of
linear equations for different blocks,

QlJO'+H1](T[ ]:(1+6ij)Wijo-’ (All)
Qiao + €acZias + H:—ag—[Z] = Wiao (A12)
Qai(r + &i0Ziao = Wiaos (A13)
Qah(r = (1 + 6ah)Wab(r- (A14)

Subtracting Eqs. (A12) and (A13), one obtains a Z-vector
equation,

€ic)iac + H:raa-[ 1 = —(Qiao = Qaic)

which is equivalent to Eq. (29). Once we obtain the vector Z
as a solution of a Z-vector equation, we can then evaluate the
vector W, according to

(A15)

(8u(r -

Wijo- = 1+ (Qle’ + l]g’[Z])7 (A16)
Wabo = abos Al7

b= 1T 5ubQ b (A17)
Wlao' Qalo’ + glO—Zlaa_ (AIS)
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APPENDIX B: EXPLICIT EXCITATION ENERGY
GRADIENT FOR TD-DFTB3

According to Eq. (36), after mathematical manipulations,
the explicit excitation energy gradient for singlet-singlet
excitation is

25505 S v P

o A#a ucAvea x
0S8,y

Sy
da

da
65}”’ XY,S
BR QAB

0y A
+ZZ XY gya?l’{\x

P,XY,S
QoAY

- Wﬂvo’ + Dyvo’

+2X +YV)pyo 75—

B+a

) ATy
2¢XY XY (AGe—= + A =t
3%2;{ Ao 1 3 Rax PR

2 0l'gy
+(q§Y)Aqaakix}

al—‘a/B
OR,x

2
+(q927) Ags
8703
aR(ZX

+ ) (a5 Ags + Adeqh)
B+a

Tap
+= 2AGa A P +
z{ anian a5

B#a/

or
P Ba
s 6Rax)

0len
+(Aga)’qp (BI)

0o
OR. -+ (e el }’

a/ aRax

where

a5 = > PuveSurs

O HEA Vv

(B2)

1
QF-XY.S _ 5 Z(’)’Ac + YBc)qg

Z {(TacAga + TpcAgr)qe
C

U)I»—a

+(Tacqh + Trcap)Aqe
+(Tca +Tep)gbAge)

1
+ = Z {2(FAC‘L§Y +Tpeqpgd”
3 &

+(Tca + rCB)(CI():(Y)Z} ) (B3)

and

QXY S= Z(')’AC +¥BC)ge”

Xy
+3 ; {(TacAqa + TpcAgn)qe

+(Tacqy” +Tpeqn?)Aqc

+(Tca+Tep)gd  Aqe} . (B4)

For singlet-triplet excitation,
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(9Rax o OR,

where

P,T P
Q= 3 ;('}’AC +YBC)qc

1
+3 Z {(TacAga + TpcAgn)gt
C

+ (Tacqh + Trcqp)Aqe
+ (Cca + Tep)géhgc} (B6)

and

Q= T= 3 Z(?’Ac +yBC)ge”

+ E(MAqi‘Y + Mpqy"). (B7)

By omitting the ['-related terms, one obtains TD-DFTB2
gradient. The gradient expressions for excitation energies
(Egs. (B1) and (BS)) resemble to that for the ground
state (Eq. (9)). These gradients can therefore be calculated
simultaneously.
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