Supporting Information Part 1
DFTB3: Extension of the self-consistent-charge
density-functional tight-binding method (SCC-DFTB)

Michael Gaus,” Qiang Cui,* and Marcus Elstner*

Institute of Physical Chemistry, Karlsruhe Institute of Technology, Kaiserstr. 12, 76131
Karlsruhe, Germany, and Department of Chemistry and Theoretical Chemistry Institute,

University of Wisconsin, Madison, 1101 University Avenue, Madison, Wisconsin 53706

E-mail: marcus.elstner@kit.edu

: s vative b
Y-Function and Derivative 0.

The y-function is described in detail in refs 1,2 and when introducing the abbreviations o = 15—6Ua,

B = 15—6Ub, r = |Rp — Ry| it can be written as (for the y"-function see below)
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Thus, we find for the derivative (for the derivative of the yh-function see below):
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Kohn-Sham Equations

To determine the MO coefficients cy; of the LCAO ansatz
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approximate Kohn-Sham equations are derived by finding the maximum of the total energy with
respect to the coefficient cg,;, the basis function  being located at atom d. Therefore, taking into

account the constraints

/l,tlil//id3r:1 Vi (14)
the respective derivative is given by

d

306dz ab WE€aveb

EDFTB3 _ Zn,é?] (Z Y Y cujeviSuv — )] =0 Vd,0€d,i. (15)

The total energy expression

= Z Z Z nj C[.LZCVZHMV +3 ZAquqb’yab + 3 ZAququab +E™P
iab Ucaveb

(16)

as derived in the manuscript can now be inserted, and the Mulliken charge analysis for estimating

the charge fluctuations Ag, = g, — ¢° can be employed

da = Y.ni Y, Y X cujcviSuv 7

J uea b veb

where Syy = <¢“|¢v> are the overlap matrix elements. Taking advantage of the symmetry of

Hy), = H, and S,y = Sy eq 15 can be formed to

aE OEY

2 I’ZCWH5 + — —2n;§; cviSs,y = 0 (18)
R o PR L
JEY J |« 94a
= 5 2 AGalA 5 A 19
achz e Xb" qalAqpYab zab acédi Qb('}/ab"_}/ba) (19)
JEY J 1 1« g
= Y AG*Aq T, = — CAgp (2Aq, T, + AgpT 20
dcs,i 805[”-3;’ b7 ab 35 dcs,; 9 (284aTab +ApTha) (20)
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The derivative of the Mulliken charge with respect to cg,; can be written as

d
1 = 5 Y Y nicviSsyy + Y nicuiSs,u- @1
ac5di ¢ VEc U€a
Thus, eqs 19 and 20 expand to
JEY 1
e — 2 Y AGy(Yab + Voa + Yeo + Yoe) Y, nicviSs,y (22)
o1 bc vece
JET 1
Y = 3 Y Aqy (2AqaTap + AqpTpa + 28Ty + AgpTpe) Y nicviSs,y- (23)
c5di bc vee

Dividing eq 18 by (2n;), combining with eqs 22 and 23, and renaming indices gives

YY) cvi(Huy —€Suy) = 0, Va, U € a,i (24)
b veb

1
H,uv = Hgv +Syv Zch <Z('}/ac+ Yea + Yoe + ’}/Cb)—i_
c

1 A
+§(ACIaFac + AC]brbc) + %(Fca + Fcb)) (25)

Va,b,u € a,v € b.

Taking advantage of the symmetry Y., = 5, (note, that I',;;, # ', is not symmetric!), and renaming

the indices results in

ZZC\/[ (H'uv_ng’uv) - O, Va,[l Ea,i (26)
b veb
1 1 A
Huv = HEV + Suv ZAQC (5(Yac + ch) + g(AQaFac +AQbec) + %(Fca +rcb)) (27)
c

Ya,b,L €a,v €b
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Total Energy

The total energy (eq 16) as derived in the manuscript can also be express the energy in terms of &;

using eqs 13, 14, 24, 25, the symmetry S,y = Sy, and the definition of g, (eq 17):

Zl’li&‘i = Z Z Z ”liC,uiniHuv
i

iab L€aveb
=Y Y Y nicuicviHp, + Y. Y Y nicpicyi
iab Leaveb iab U€aveb
1 Ag.
Suv ZAC]c ( Yac + Yea + Yo + ch) 3 (AQaFac + AQbec) + %(Fca + Fcb))

2 1
= Z Z Z nzC,usz uv +quACIc ( Yac + %a) + 3A9arac + 3AQLFca> (28)
iab Ucaveb

Thus, inserting eq 28 into eq 16 and using Ag, = g, — q_), the total energy can be written as

2 1
EDFTB3 _ Z nig; — Z GalAge ( (Yae + Yea) + 3Aqal"ac+ 3chl“ca) +5 ZAqu%Yab

+ 1Y A AT+ E?
3 ab
1
=Y nig;— ZAC]b GaVoa + 49 Yab) — ZAququab(qa +49) -3 GaAgZT by + E™P
i ab
(29)
Considering the symmetry Y,, = %, the total energy can be simplified to

1 1
EDFTB3 _ an& Z da+ 90 AgyYup — 3 Y (qa+ 0\ AGuAGT o — 3 anAqﬁFba + E™P,
ab ab ab
(30)

Forces

An analytical force equation is derived for a Cartesian coordinate system using the derivative of the
total energy with respect to the atomic coordinates Ry, while subjecting to the constraints eq 14.

With k, the respective atom index, and an index x € {1,2,3} for the Cartesian coordinate we can
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write using eq 13:

d

F. —
kx a ka

EPFTBS _ Zn & (): Y Y cuicviSuy — )] Vk,x 31

ab Ucaveb

The energy depends explicitely on the atomic coordinates via Sy, H| 0., and ¥, and implicitly via

uvs

the coefficients cy;:

EPFT3 — EPFT® (¢4i(Riy), R G
AEPTT o AEDT (cuRey) i) deis | OEPT™ (33)
dRy Wi deyi ARy IR

Because of the variational principle (see eq 15) the implicit dependence via the coefficients cy;,

1.e., the first term of eq 32 is equal to zero. The second term, i.e., the explicit dependence of the

aEDFTB3

energy with respect to the coordinates *5 I - needs to be carried out and is shown in the following.

Inserting

EDFTB3 — EHO +EY+EF+Erep (34)

into eq 31 gives

?
Fo = = 5o [EM+ BT+ EV 4 P — Y e (ZZ ZCWCVIS#V_l)]

i ab U€aveb

= R+ F + FL+ P+ FR™ Yk, (35)
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where

HO

Fkljo = 8R Z Z Z nicuicvil MV = Z Z Z n; C;qu— (36)
kx jab ueaveb iab Heaveb
d
Y _
Fkx - aR 2ZAQQAQbYab
dA dA d
_ Z?’ab( 9a 5 a0+ Ada qb>__ZA Ab Yab
= F" + F7 37)
Fl, = ? ZACI AgpTap
* T ORk 3 “
8A 8Aqb 1 2 81},;,
= —=) Aqq —2Agp+Aqq — =) Aq;A
ZCI ab( IRk, +q8R ) 32 7p Clbaka
94, 2 Il
= —= Aqp (2Aq L ap +AqpTha) — = ) AqiAq
Zaka ap (2AqaT ap + Aqplpa) Z dq baka
= F' + FP (38)
JE™P ovP
FP =— = — ab (39)
e IRy ; IRy
norrn _ _ aSIlV
angl Z Z Z CuleSuv = Z Z Z ni&cpiCyi=+— 8R (40)
ab Ueaveh iab uUcaveb
0
Because Hﬁ — HO, v _ aHV“, and HO with 4 € a and v € b is only dependent on the

VI* TRy . IRy

coordinates R, and R;, ! and for a = b it is not dependent on any coordinate ! FkI){C0 can be simplified

to

Ho OH),
b = _Z Z Zzntcmcw
ab Heaveb i
aHO aHO
= Z Z Z Zn Cuivizn— Z Z Z Zn CpiCviapn—
b#kuckveb i kx  atkpcavek i
oH)), aHO
- Z Z ancmcvz Z Z Z Z Zl’l C/chw
uckvek i Rix atkb#£kUEavek i
OH),
= 2L ¥ ¥ Yomcucn g 1)
aFkpeavek i
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The same applies for F/°"™ which can be simplified to

ISuv
e - Yy y nlglcwcw =2y ¥y Zn,s,cwcv, R 42)

iablcaveb a#kUecavek

The derivative of the atomic charge with respect to an atomic coordinate is given by

T = LY Y G @
IR peavek i
94k Muv IS,y
= nicyic nicyiCvi—=———
aka ‘E'kl;#\g},z," nitviS5— 8R lgk‘}zgcg iCuitvi 8R
25,
=2 Y Y Ynicuicviog V, (44)
UEkb#kveb i

where the last recasting in latter equation is due to the fact that the overlap of two basis functions
centered at one atom does not change with a change in the coordinate of that atom. Further the basis

functions centered on one atom are orthogonal to each other. Taking advantage of the symmetry
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Suv = Syy and aS’” = %fevk’; we can rewrite F7' and FT'! (see eqs 37 and 38).

949
ij;l = _—Z 1 Y Ay (Yab + Voa) —

. IRy ZA% Yo + Vok)

28R

ISy
= Py ACIb ’}/ab+7ba Z ZZ” C,ulcw—v
XY

atk b ueavek i
1

aS
—ZA% Yo+ k) Y, Y Y, Zn CuiCvigp— -

UeEkc#kVee i

N
= 75 Z ZA% Yab + Yoa + Yo + Vok) Z Z ancuzcw . (45)
atk b ueavek i

1 2q.
Agp (2Aq,1 Agpl’
3 9ka§ ab (2Aqalap + Aqplpa) — 3(9ka

PPN Cuch ZAqb (2AqaTap + AqyTha)
aFkHeavek

[\.)

[\.)»—\

© Y Agy 2Aq Tk +AgpTie)

ds
Z )y Z nicﬂicWW‘” Y Age 2AqiTye +AqLy)
uekbtkveb i kx “¢

ISy
IRy

Q| = L))lb—‘ u.)l»—*

Y Agy (2AqaTap + AqpTpa + 28T + AqpTii) Y, Y. Y nicpicyi
b ueavek i

(46)

Taking advantage of the derivatives iey =0and al;kk = 0 we can also expand F, 7}? (eq 37) and Fkl:cz

X

(eq 38) to
= 3 Laada 3 Y aaa it
_ ;ACIk Z Ag (g;kk + j;kk ) @7)
Fol = =3 (Z Aquq aka P} 424 g?)
= — %AQk %{Aqa (Aqa g;“k +Agi g;ii) (48)

Thus, the final expression for the force can be shortly written by instering eqs 37, 38, 41, 42, and
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45 - 48 into eq 35, using Y, = Y», and reordering terms as

oH), dSyy  9S
uv uv
x = = Z Z Zznicuicvi( & + :
aZkiicavek 1 aka IRk IR
1
(Zch (Yac + Yie + <2A‘Iarac +Aqclca +2Aq ke + AQLFck)) > > (49)

8y 1 8Fak 8Fka JE™P
_ AquA IR, 3AquAqa (Aqa aka+A X aka> "R Yk, x.

oH,),
The derivatives 5z~ R and are determined by taking the numerical derivative of the tabulated

JE™P

IR . Details about

integrals H)) v and Syy. The force contribution

the representation of E™P can be found in ref 3.

Y

In the remainder of this subsection the analytical expressions for 55 R

and 9 are derived.
IRy

With eq 1, the definition of I (as discussed in the manuscript)

d d d
| ab | _ ab 9Ya with a # b,
a(]a q(a) aUa aqa qO
Vb Yap U}, .
r,, = 2| _ 2% tha+b,
YT g o 9Up 9q|p witha 7 0
9| 10%a 9U
L =571, = 230, @
qa 4 a 94q Q0
eq 7, and
Tkb = |[Rp — Ry| Fak = |Rx — R4|
i = O ReRe? ra = (/T (Rl Ra)? (51)
Irip _ —(Rox—Ru) Ok _ (Rie—Rax)
IRy T'kb ORx Tak

10
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Va,b,k,x, we can write

M IV 9T OVak  9Yak OTax (52)
8ka 8rkb 8ka aka 8rak aka

o'?l"kb . &Fkb 8rkb 8Fak . Bl"ak al’ak (53)
8ka c?rkb 8ka 8ka al’ak aka’

and for easier writing we use @ = 15—6Ua, B = EU;,, r = rup, and yield (for the derivative of the

y"-function see below)

(1 dS*
R r#0,a#p
ab — OVab 1 Js¢
orey,  Or | 2 o r#0,0= (54)
\ 0 r=0
an . —araf(avﬁvr) —ar —ﬁraf(ﬁaaar) —Br
O = e wtRORD geary(a,pr) e LT e Prr(p ) (55)
08¢ _o-08(ar) —ar
W = € T—Oze g(a,r) (56)
af(a7ﬁ7r) _ ﬁ6_3a2ﬁ4
or - (062—[32)3r2 57
dg(a,r) 1 3a* o
o - R e twu” (58)
Functions f(a,,r) and g(a,r) are defined in eqs 5 and 6, respectively. Similarly,
arab _ arab _ i &’}/ab aUa _ 82'}/ab aUa a’}/ab 82Ua o
oray  Or  9r\dU,dq,) 09U, 0rdq, U, dq.0r
aZYab aUa
= 9U.9r 94 (59

The latter term on right hand side of the first line is equal to zero, because the Hubbard-derivative

is not dependent on any atomic coordinate. Thus, we need eqs 7, 54, and (for the derivative of the

11
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y"-function see below)

r aZSf
“oU.ar r#0,00#p
82'}/otb . azsg
oUdr T oUOr r#0,a=p (60)
| 0 r=0
P50 (1605 _
oUdr dr\ 5 da /)
_ 160 4 o Of(a,B,r)  f(a.B,r)  df(a,B,r)
5[6 (f(“’ﬁ”)(“r R P PR T Ir
(9 (B,a,r) L Of(B,ar)
ﬁr s Wy . y Wy
e < dadr P o )] ©1)
9258 _ d (1698 _
oUr 9dr\ 5 da )
16 g, dg(a,r)  d*g(a,r) dg(a,r)
N <(°‘r_1)g(°‘”)_“ do " oaar | or (©2)
9 f(a,B,r) 120°B*
doar (@ —P)r (63)
*f(B,a,r) 120°B*
Toaor . (FP—ad)R (4
d%g(a,r) 3 1,
Jagr g TR (©65)

12
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The y"-Function

The ¥, = ¥ function for HX atom pairs (X€{C, H, N, O, P, S}) takes the form

P = Lo s (66)

r
¢
h = exp <— (Ua—;Ub) r2> (67)

where S = ST when o # B and S = §2 when @ = 8. ST and $2 as well as o, 3, and r are defined in

eqs 3 and 4. Eqgs 7, 54, and 60 then change to:

s = (o) “
‘98_’”;2 -1 (gms%) (69)
2 2 2
;Uﬁbr - (aiﬁyr“ aaz}i%*%aaz}fla”azagr) 7
with
oh _ _C_r2 (Ua+Ub)Cl‘h 1)
U, 2 2
% _ —Zr(Uﬁz_Ub)C-h 72)
% . gr(U“;Ub)C_l (#(UG;U”)C_l) . (73)
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