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ABSTRACT

In the present work, we report the derivation and implementation of vertical ionization potentials (IPs) and electron affinities (EAs) for
embedded wavefunction methods as well as the corresponding analytical nuclear gradients. Vertical transitions have been implemented for
CIS(Dos ), the second-order algebraic diagrammatic construction [ADC(2)] scheme, and the second-order approximate coupled-cluster sin-
gles and doubles method. For all methods, density fitting is applied to facilitate reduced memory and disk storage requirements. Analytical
nuclear gradients have been derived and implemented for CIS(Doo) and ADC(2) both with and without frozen-density embedding (FDE).
The objective of the reported method is to study the properties of organic semiconductors in which charge is transported along molecular
stacks in molecular crystals. The accuracy of the implemented methods is, therefore, assessed using stacked dimers of small model systems.
Albeit second-order methods can yield noticeable errors with respect to reference methods in terms of absolute IP and EA values, they
show a significantly improved accuracy for the shift of the IP and EA values at different intermolecular distances relative to the monomers.
Besides reducing the computational costs, the FDE ansatz introduces furthermore a significant conceptual difference as it enables control over
which subsystem is ionized, allowing for the calculation of transfer integrals for the interacting (embedded) systems. The new implementa-
tion is finally applied to tetraazaperopyrenes, used as organic semiconductors, to study charge-localization and long-range polarization in
particular.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002851

I. INTRODUCTION

The industrial production of semiconductors has been dom-
inated by inorganic materials for decades. However, the devel-
opment of semiconductors based on organic materials, especially
n-conjugated systems, has been rapidly promoted due to their
improved properties, among which are the reduced manufacturing
cost and structural flexibility.

Polycyclic aromatic compounds are particularly promising and
have been employed in various applications. Among them are

the tetraazaperopyrenes (TAPPs), which have received some atten-
tion in recent years. Combining the TAPP core with electron-
withdrawing groups, such as halogen atoms or fluorinated alkyl
groups, leads to tuned properties by changing the lowest unoc-
cupied molecular orbital (LUMO) of the 7 conjugated system.’”
This change in the LUMO alters the electron transport behavior by
either promoting or hindering electronic excitations of the molecule.
In organic semiconductors, electrons (or holes) are transported
through the material and a proper understanding of this process is,
thus, crucial to develop tailored properties.
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A fundamental precursor for understanding the macroscopic
charge-transport behavior is to study ionization potentials (IPs)
and electron affinities (EAs)."” One approach to gain insight into
these quantities is calculating frontier-orbital energies with density-
functional theory (DFT). The advantage of conventional DFT is that
it can be applied to ground-state properties of large systems due
to its low scaling with system size. However, DFT lacks a system-
atic way to improve the functional and it is often not sufficiently
accurate for properties such as bandgaps, excited-state energies, or
charge-transport processes.”’13 One way to improve over DFT is
given by the many-body Green’s function GW formalism."**' The
GoWy method only involves a one-step evaluation instead of an iter-
ative process, thus greatly reducing the computational costs while
still improving significantly over DFT.””*° However, although in
more accurate GW methods, the results are rather insensitive to the
choice of the functional, and it is not the case for GoWy in which
the results are influenced by the initial choice of the functional.””**
Despite several advantages of the GoWy method, e.g., the straight-
forward manner to obtain absolute IP/EA energies, it is more dif-
ficult to extract property information for the sought quasi-particle
states.

An alternative to the GW approach is wavefunction
methods as they can be systematically improved to the full configu-
ration interaction (FCI) limit, and in general, they offer a straightfor-
ward way to investigate the target-state properties. Two approaches
that have been successful in the last decades are the algebraic dia-
grammatic construction (ADC) scheme” and coupled-cluster (CC)
response theory.””** These methods, particularly the second-order
approximate schemes, which have costs that scale with N°, where
N is a measure of the system size, have evolved into very efficient
tools for studying the excited-state properties of medium-sized sys-
tems.” " Another approach is given by the CIS(D oo ) method, which
integrates the second-order perturbation theory into the configu-
ration interaction singles (CIS) framework to improve its perfor-
mance on calculating the excited state properties.”” The accuracy
and efficiency of CIS(Doo ), ADC(2), and second-order approximate
coupled-cluster (CC2) singles and doubles are similar because of
close technical relations.” "' Using wavefunction methods, a simple
scheme to investigate electron-detachment and electron-attachment
energies is used to calculate the energy difference between the ionic
and the neutral system, which is also denoted the AE approach;
see, e.g., Refs. 42 and 43. This scheme suffers from spin contami-
nation when calculating the ions, and often, only the lowest ionic
state can be investigated. In order to avoid spin contamination and
to investigate higher ionic states, wavefunction methods can be com-
bined with response theory or, in case of a coupled cluster, also with
the equation-of-motion (EOM) ansatz to describe electron-detached
or electron-attached states in which electrons are excited to the
continuum or localized from the continuum to unoccupied MOs,
respectively.* "

Wavefunction methods have shown their ability to yield highly
accurate results, but due to a rather steep scaling of the computa-
tional costs with system size, even dimers and trimers of medium-
sized molecules are out of reach, in particular if excited-state
properties are sought. In case of weakly interacting molecules,
embedding approaches offer the advantage of a priori partition-
ing, leading to conceptual decomposition and significantly reduced
computational scaling. There are numerous embedding methods
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each with a different approach on how to treat the subsystems.
To give an example, one difference between embedding schemes
is whether quantum mechanics (QM) methods are applied for the
target subsystem only while classical molecular mechancis (MM)
are employed for the environment, also denoted QM/MM, or the
embedding scheme allows us to treat all subsystems at QM levels,
also denoted QM/QM. Among all the QM/QM embedding schemes,
frozen density embedding (FDE) is one efficient approach to study
environment effects beyond pure Coulomb contributions on target
molecules without the need of parameterization. For example, FDE
allows both an accurate subsystem mode, in which all subsystems are
treated with the same accuracy, and an embedding mode, in which
more approximate methods are applied for the environment sub-
systems.”” " Recently, an equation-of-motion coupled-cluster sin-
gles and doubles for ionization potential (EOM-IP-CCSD) method
combined with FDE for vertical transitions has been reported” in
which DFT-in-DFT is used to obtain the embedding potential. EOM
methods have also been developed recently in the framework of
projector-based embedding.”* >

In the present work, we report the calculation of vertical as well
as relaxed IP and EA energies in the presence of explicit molecu-
lar environments using FDE. This approach allows for an efficient
calculation of ionized systems with a large size such as TAPP com-
pounds, and the results obtained this way are more suitable for
analyzing molecular properties.

This article is organized as follows. In Sec. II, the working
equations, including the analytical nuclear gradients for ADC(2)
and CIS(Do), are derived for the IP and EA approaches. In
Sec. III, results obtained with the new implementation and
the conceptual difference of supermolecular and embedding cal-
culations are discussed. This article concludes with a short
summary.

Il. THEORY
A. Response equations for excitation energies

In coupled-cluster response theory, excitation energies are
obtained as eigenvalues of the stability (Jacobian) matrix, which can
be written for the standard CC models as, see e.g., Ref. 32,

Aw = (4l exp(=T)[H, 7v] exp(T)[HF), (1)

where y, v denote the excitations out of the reference determinant
|HF). Using the convention that a, b, ¢, . .. are the virtual (unoccu-
pied) and i, j, k, . .. are the occupied orbitals, the set of excitations
becomes {u} = {ai, aibj, aibjck, .. .}.

Due to the large dimension of A, excitation energies are
obtained through a Davidson scheme in which the lowest excitation
energies are obtained from linear combinations of trial vectors R.
To determine the coefficients of the linear combinations, products
with trial vectors are required to compute the residual for each trial
vector,

Pu= D AusRe. @)

For the second-order approximate coupled cluster (CC2) singles and
doubles method, the multiplication of the Jacobian A wi(h a vector
from the right is given for the closed-shell case as follows:™
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i = ZEabRé - ZR{zEji +y thiFu + B
b j dl

+ S Ry (dlac) = Y Rig(ldlki) + Y RigFias - (3)
dlc dilk dl

Cpl = (ea+ & — & — )R, + (ailb), @)

with the following intermediates:

Ey = Fy - 3 i (IdJkb), )
dlk
Eij = }A:ij - Z Z‘le(ld[]c), (6)
dlc
Fre = Y [2(kelld) — (kd]ic) IR}, ?)
dl
Eiy = Yo [2(kelai) — (kilac)RE, @)
ck

(ailbj) = > (acbj)RE + > (ailbe) R, - ; R (kilbj) — ;Ri(aiikj).
)

In the present work, Fy, and (qurs) refer to the Fock-matrix
elements and two-electron integrals of the similarity transformed
Hamiltonian, exp(—T1)H exp(T1), where T, is the single excita-
tion part of the cluster operator. #/, and R”, denote the two times
Coulomb minus the exchange combination of the ground-state and
excited-state amplitudes, respectively.

In the present work, the resolution-of-identity (RI) approxima-
tion is applied; see, e.g., Refs. 58-60 and the references therein. The
two-electron integrals are, therefore, computed from the following
two-index and three-index integrals:

Veq = (PIQ), (10)

B = 3" CapCpo(aBlP) Vo2, (11)
apP

A h —

BS = 3 AL A, (apIP) Vo2, (12)
apP

where C are the coefficients of the molecular orbitals (MOs), V™2
is the matrix inverse square root, and (P|Q) and («f|P) denote the
Coulomb integrals. A? and A" are the usual T, -transformed MOQOs,
ie, A’ =C(1-t')and A" = C(1 +1)).

B. Continuum orbitals

As shown about two decades ago, ionization potentials can
be obtained numerically for conventional linear-response methods
when using a continuum orbital.”’ While in the original work an
exponent of 107°° was used, a diffuse coefficient of 107" yielded
satisfying accuracy for the present purpose.

However, the continuum orbitals can not only be used to obtain
IP and EA values numerically but they can also be used in a for-
mal manner in the derivation of the methods, which then have
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eliminated the continuum orbital from the actual calculation. Con-
tinuum orbitals, denoted x in the following, have an orbital eigen-
value of exactly zero, i.e., Fyy = Fox = &¢ = 0, and they do not inter-
act with the other orbitals located on the system so that all matrix
elements of one-electron and two-electron integrals vanish, e.g.,
Fx =0, (x|q) = 0, and (xg|rs) = 0. These properties are used in the
following for the derivation, but the continuum orbitals are finally
omitted in the resulting implementation.

C. lonization potentials
1. Vertical ionization potentials

We relate the vertical ionization energies to vertical excitation
energies where one electron is excited into an ultra-diffuse virtual
orbital, denoted x in the following, with an energy of exactly zero and
a vanishing overlap with the remaining basis functions centered on
the investigated system. The excitation where one electron is excited
into the vacuum orbital x is denoted as {yh} = {xi, xibj, xibjck, . . .}.
Alternatively, the index is sometimes dropped, leading to the exci-
tation hole manifold {yh} = {i,ibj,ibjck, ...}, but in the present
work, the index x is kept for a better readability. Since the elec-
tron in the orbital x cannot interact with the remaining system, A
is the block diagonal with respect to the two excitation manifolds

{‘uh} and {y}\{yh}. The ionization energies are, thus, obtained as

the eigenvalues of the sub-block A .
To determine the eigenvalues of A
vectors of the following type are required:

> products with trial

th = ZA”)WhRVh. (13)
Yh

Replacing p; — pi, R, - Ry, and R, — R’ or R’ — Ri,
and restricting the ground-state amplitudes to excitations into the
usual virtual basis functions, one obtains the following for the CC2
model:

2 i j 8kl il 3
ey =~ D UEiR, - > (ldlki)Ryg + Y RigFa, (14)
j dlk dl

IP'CCZpr =(ep—&i— sj)R;{h - Z(ki\Aaj)Rf. (15)
k

The expressions for CIS(Do) are obtained from those for CC2 by
replacing the ground-state amplitudes with the first-order Moller-
Plesset (MP1) perturbation theory amplitudes as follows:

OISO 5 MR S (ki) RE, (16)
7 dik
PO i~ (g — & - )RV, — " (kilaj)RE. (17)
k

The expressions for ADC(2) are obtained by symmetrizing in addi-
tion the contribution of what before has been the singles-singles
block of the Jacobian matrix A .. The effect of this is now reduced

to a symmetrization of the contributions from EMPL
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IP-ADCE) o _ Z( P! MPl)Rl Z(ld|kl)Rxd’ (18)
dlk
IP- ADC(2) = (ep—&i— ej)RZh - Z(ki|aj)Rﬁ- (19)
k

2. Excited-state Lagrangian for CIS(D.. ) and ADC(2)

Having obtained the eigenvalues and eigenvectors of the Jaco-
bian, a Lagrange functional is constructed to facilitate the calculation
of properties and analytical nuclear gradients of the ionized states,””

£/ = (HF|H + [H, T,]|HF) +wf(1 - %;iihkzh)

+ Z L 14[4 vh " + Z t‘uQ‘u + Z K‘u(,F‘uD) (20)
v Ho

where o' is the ionization energy and Q are the constraints for
the amplitudes. The quantities t, L, and % denote the ampli-
tude multipliers, the excitation vector multipliers, and the orbital-
rotation multipliers, respectively. Note that the Lagrange multi-

pliers for the excited state, i,f , refer to the hole manifold {yh},
while the Lagrange multipliers for the ground-state amplitudes,
t, refer to the conventional manifold {y}. The index range of
the Lagrange multipliers k,, depends on whether, e.g., a canoni-
cal, non-canonical, or semi-canonical representation is chosen; cf.
Ref. 60.

In the present work, the ground-state embedding potential is
used for both vertical transitions and nuclear gradients, that is,
geometry relaxation. Note that the use of the ground-state embed-
ding potential for geometry relaxation is an approximation as
the environment densities are lacking polarization of the electron
change, which results in a too little back-polarization of the ion-
ized compound. The study of back-polarization effects is, however,
beyond the scope of the present work and shall be addressed in
future work.

3. Excited-state Lagrange multipliers

In order to make the Lagrangian stationary, the excited-state

Lagrange multipliers i/ have to be determined. They are constructed
to enforce a vanishing derivative with respect to the excitation
vectors,

6R; ZL (Ap —a’) 20, 1)

which is expressed as an eigenvalue equation,
Ua=o'T. (22)

The Lagrange multipliers are, thus, nothing else than the left eigen-
vectors. However, the biorthogonality condition is taken care of
by explicitly enforcing |[R'| = 1 and (I/|R/) = 1 for R and I/,
respectively.

For a transformation of the Jacobian A‘uh)vh from the left, one
obtains in a doubles-direct formulation only a residual p for the
singles while the doubles are constructed on-the-fly,
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- Eill, - 3 (1djik) LK., (23)
7 dik
L an PR - S AR
L«i’x:_ k x(] |€ _)EI_Skl x( UP ) (24)
a i j

4. Ground-state amplitude multipliers

The equation that determines the ground-state amplitude mul-
tipliers is obtained by the differentiation of the Lagrangian with
respect to the ground-state amplitudes t,,

a%ﬁf:(aa (HF|[H, T,]|HF) )+%: ( )

+ E I = R
L A hyh . 25
whvh '“h(at “r ) g ( )

v
In the latter equation, the first and second term on the right-hand
side (RHS) are simply the conventional CC2 equations. Often, for
the third term on the RHS, the following matrix B is introduced:

!
0=

0
B#h)vh;A = 8—t/\A”th. (26)

However, for the models CIS(Do.) and ADC(2) in the present work,
only the following contribution is needed:

Z L Bz] manhRj

ij

0w
WZLxEjiij

=23 L}(nblja)R, + > LY (naljb)R..  (27)
j j

5. Z-vector equation and gradient

In order to compute the orbital-relaxed excited-state proper-
ties, the Lagrangian also has to be stationary with respect to the
ground-state orbital rotations. The respective equations are obtained
by differentiating

¢ 0
0=
aK}‘o

= (aiﬂo (HF|H + [H, T2]|HF))

+ Ztl‘(akﬂo Q#)+ZK}40( #U 0)- (28)

TABLE I. Transformation matrices in case of IP and EA matrices required to compute
the intermediates. Note that all other A; and A, are zero in case of excited-state
contributions for both IPs and EAs.

IP EA
AL = - %GR, 0
Al = 0 Y CoR}
AL = 0 Y ALy
Al = - SN T 0
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TABLE II. Intermediates for analytical nuclear gradients in the IP case.

Three-center integrals

Level 1 intermediates

- )
- Z AL Ay (aBlP) Vi
z oA (aBIP) Vo2

k
=- Z LLRBY
k

Q
(R) Z RZijh

Ya(R) = Z Ri.B;

Q
ai(t) = Z chB]h

YO(L) = ZL’J B}

Level 2 intermediates

Level 3 intermediates

P yh h
= Yy(R)Ap, + Z A,C,AW

A
Ajb - Yb] (t) + Yb](R)

¥il (1) = Ya(n) - Z(LR) (1)
Aybo-o

e "2 2, Veg "1

Ap(®.Q
xﬁ =0

A#(D),Q —-1/2 <P X P
rj(ﬁ’ = Z Vio! (Z AR Ya(L) + ZAZxij(L))

r(f) Q =0

B

Re-arranging yields the following well-known Z-vector equation:

%Fuo) - (aa (HF|H + [H, T2]|HF))

Kuo

+2Lf (a - [”h)Rf

v

+th( o ) (29)

Using the effective densities, the occupied-virtual block on the right-
hand side can be expressed as:

1 1
Mar = 5 (D + D) (e — ea) — i (D™ + Diy™) Apga
+(®Har - Qa1 — “Hu + “Qn), (30)

where the indices I, ] and A, B denote the general, i.e., active and
frozen, occupied and virtual indices, respectively. The only differ-
ence to Refs. 36 and 63 is that densities employing the particle/hole
excitation vectors are used. For example, the one-electron density
DP4 is defined in the IP case as follows (for zero T; amplitudes):

= -LLR] - ZL ao (31

Dyt = Cui = YR, (32)
J

Dﬁ;A =0, (33)

Z LI.RY, (34)

while the ground-state densities such as D remain unchanged.
Similarly, the matrices “H and *Q are given as

“H=Y"HW + Y *H, (35)
abc ab

*a=Y'0W 3400, (36)
abc abc

for which the ground-state contributions, ‘H* and *Q™), remain
unaltered compared to the conventional excited-state case.
Finally, the contributions are computed from the matrices “H
and 2Q, which are given in the case of IP-ADC(2), as follows, c.f,,
Tables I and II:
AHW = S AYEBE, (37)

Qi

AHY = Zapaz Zér,BQ +Ah, Z Za,l 2, (38)
o5 = DEILD “IO2(alQ), (39)
4 ]

105 =3 Cyg 2531 “1P2(ap|Q). (40)
« J

D. Electron attachment

1. Vertical electron attachment energies

Similar to the IP case, vertical electron attachment energies
are related to vertical excitation energies where one electron is
excited from an ultra-diffuse occupied orbital, x (vide supra), with
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TABLE lll. Intermediates for analytical nuclear gradients in the EA case.

Level 1 intermediates

Q
x(R) Z RZJbB]h

Three-center integrals

= 3 A AR (aplP) Vi

apP
R R
ZAﬁxAﬂq(‘xﬁ|P)Vpl/2 ( ) Z xb
apP i £Q
YR i - Z”’Bﬁ
Y3(L) = ZL Bl

Level 3 intermediates
(a),Q _ —1/2A
:ZAA;;,{ZQ ra Z%ZV

().Q _ p 1/2
AAjh - Y,,] () + YE(R) Iy ZA Z Vg Yar(L)

Y2(1) = YE () - SR YQ(t) Ar(o)a _ —1/2 PP
(1) = Yai(t) ZC)( )Y (1) ¢ _zijPQ ZAaYaj(L)

AXP P h
Y px = ) Yo (R)App Ap()Q _ —1/2A
” Zb: ’ rxﬁ - %: C/;P ZP: pr

Level 2 intermediates

an energy of exactly zero and a vanishing overlap with the remain-
ing basis functions centered on the investigated system, into a vir-
tual orbital of the system. The excitation where one electron is
excited from x is denoted as {y#} = {ax,axbj,axbjck,...}. Sim-
ilar to the IP case, the index can be dropped, resulting in {y}
= {a, abj, abjck, . . .}, but for a better readability, the index x is kept in
the present work. Since the electron in the orbital x cannot interact
with the remaining system, A is again a block diagonal with respect
to the two excitation manifolds {¢} and {u} \ {¢/}. The electron
attachment energies are, thus, obtained as the eigenvalues of the
sub-block AW’VP .

To determine the eigenvalues of Ay ., products with trial
vectors of the following type are required:

Pu = ZAW”VPR"P' (41)
w

Replacing one of the occupied indices of the trial vector and one of
the occupied indices of the result vector by x in the expressions for
excitation energies, and restricting the ground-state amplitudes to
excitation from the usual occupied orbitals with i # x, one obtains

EA-CC2 x _ ZEubRb + ZR (ld|a(;) + ZRadFld’ (42)
dic

BACCLT (g4 48, — &R, + 3" (adbj)R;. (43)

The expressions for CIS(Doo) are obtained from the CC2 equa-
tions by replacing the ground-state amplitudes with the first-order
Moller-Plesset (MP1) perturbation theory amplitudes as follows:
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BA-CIS(D..) % ZEMPle + YR ! (Idac), (44)
dic
EA-CIS(Do) Pl = (ea+ep— )RS+ (aclbj)R?. (45)
c

The expressions for ADC(2) are obtained by symmetrizing in addi-
tion the contribution of what before has been the singles-singles
block of the Jacobian matrix Ay . The effect of this is now reduced
to a symmetrization of the contributions from EMPL

FAADCR) v Z(EM“ +Ep Ry + Y Ry(ld|ac),  (46)
dlc

EA-ADC(2) pah (Ea + & — SJ)R + Z(udb])R)cc (47)

2. Excited-state Lagrangian for CIS(D.. ) and ADC(2)

Having obtained the eigenvalues and eigenvectors of the Jaco-
bian, a Lagrange functional is constructed to facilitate the calcu-
lation of the properties and analytical nuclear gradients of the
electron-attached states,"”

£/ = (HF|H + [H, T, ]|HF) + @ (I—ZL )

+ 3 I, Awa R, + Z O+ Z %o Fi» (48)
e

where ' is the electron-attachment energy. Note that the Lagrange

multipliers for the excited state, L f , refer to the particle manifold

{yf} in the EA case.
In order to make the Lagrangian stationary, the excited-state

Lagrange multipliers I_f have to be determined, which are, similar
to the IP case, given as the left eigenvectors of the Jacobian A .
We, therefore, follow the same approach as for IPs and just replace

the 4" manifold with the 4 manifold, which leads to the following
non-vanishing contributions to L :

2% (caljb) Ly - Zf(cb[ja)if.

&+ &~ &

Ly = (49)
Similar to the IP case, the ground-state amplitudes are obtained by
the differentiation of the Lagrangian with respect to the ground-state
amplitudes t,. Following an analogous derivation as for IPs, for the
models EA-CIS(D) and EA-ADC(2), the doubles contribution is
obtained as follows:

ZLch,d;muanfl at"’” ZL Ecde
cd ab cod

= -2 Ly(nblmd)Ry + > Ly(nalmd)Ry.  (50)
d d

3. Z-vector equation and gradient

In case of EA methods, differentiating and rearranging yield a
corresponding Z-vector equation and right-hand side; cf. Eq. (30).
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The difference is located in the effective densities, which are now
constructed from the particle vectors,

Z LY RS, (51)

Z R Ly, (52)

pit =0, (53)
DEA = LiRy + ZL R (54)

ic

The ground-state contributions, e.g., D%, remain unchanged, while
the matrices needed for the right-hand side vector # are given as,
c.f., Tables [ and 111,

H® = 347952
Z Y,iBi» (55)

A Z Z?ﬁ S LB + Zx\ﬁa%j ZA,, 3, (56)
X r a 1

AHL = Z ZA (57)
and

Aol = Z%Z Z “TéaplQ), (58)

ol - Z%ZA&Z I2(aplQ)
+ ZCanAZxZ ' (aBlQ), (59)

") =Y LA, -2 19°(ap|Q). (60)

Some of these quantities are also used to compute the gradient
itself. To give an example, the differentiated three-index integrals are
contracted with an intermediate A*°,

@ - ZAPau 3(043|P)

(61)
o & *

For this contribution, the intermediate A*® has to be contracted as
follows for the excited-state contributions:

f;ﬂ”“ - Z(C r(“)Q +Ar(b) QAﬂ)

+ (D94, + ALATC), (62)

E. Frozen-density embedding

Employing the a priori partitioning of FDE, the total electron
density is constructed as the sum of the subsystem electron densities,

p(r) = > pe(x). (63)

ARTICLE scitation.org/journalljcp

Each subsystem density p; is obtained from individual subsystem
calculations in which the polarization of the subsystems is obtained
via an effective potential, vide infra. Due to such a partitioning, the
energy can be expressed as follows for two subsystems, I and II:

Ewot[p(r)] = Er[p1(r)] + Eine[p1(r), pu(r) ] + Enlpu(r)],  (64)

where the interaction between the subsystems is given as”

Eint[PI;PII] :[Pl(r)vxl-lluc(r)dr"'/PII(r)ULuc(r)dr+Eflfllc

+ f %drdr +Eemb xck[PI’pH] (65)

In the FDE approach, the non-additive exchange-correlation and the
kinetic energy contributions are expressed using density-functional
theory (DFT), independently of the actual subsystem methods, and
read as follows:

> Exclpe]+

z=LII

- > Tdp:]. (66)

z=LII

Etalprpul = Exelpr +pu - Ts[p1 + pu]

The polarization of the subsystems is introduced by including an
effective embedding potential in the individual subsystem calcula-
tions, which is obtained, due to the DFT formalism, as the functional
derivative of the interaction energy,

OEin[p]
dp(r)

o™ (r) = (67)

In order to construct a supermolecular Lagrangian in the framework
of FDE, the interaction energy Ein and the environment energy En
are added to Eq. (20) or Eq. (48). As discussed earlier,””** how-
ever, we neglect the environment contributions of Ey in the spirit
of uncoupled FDE (FDEu). The FDEu-ADC(2) Lagrange functional
can then be written as

i3
‘CfADC(Z),exc,FDEu = (HF|H|HF> + Z(D i + D )qu
rq
1
T )
2 pars
x (pqlrs) pg + Eints (68)

where the Fock matrix F contains the embedding potential,
Fpg = B2 4 0. (69)

Once the molecular orbital (MO) coefficients, coupled cluster ampli-
tudes, multipliers, and excitation vectors, as well as the Lagrange
multipliers for the orbital rotations, are computed, the gradient can
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be obtained as the partial derivative of the total Lagrangian, Eq. (68),
with respect to the displacement of the nuclear coordinates of the
active subsystem X,

d['ADC(Z),exc,FDEu _ 8»CADC(Z),exc eff embs[x]
e e
dX oX

(—ELHC) / pn(l‘)( Unuc(r))

+ Zqu (p|vemb:coul‘q>
Pq
HF , [X]) I
+2 Z qu (P[ ]|Uemb:xck|q>

+ Z(DF” + D) (plotms|g) (70)

Here, F is the effective Fock matrix, which accounts for the met-

ric change upon geometric perturbations of the underlying Gaussian
basis functions. The analytical nuclear excited-state gradients for

Yol
ADL(Z) exc

conventional ADC(2) , are given for the formalism used
in the present work in Refs. 36 and 40.

Ill. RESULTS
After providing the computational details in Sec. III A, in
Secs. 111 B and III C, reference systems are investigated to assess

the accuracy obtained with the analytical gradients and, in partic-
ular, the effect of the charge localization in the dimers using the
FDE ansatz. In Sec. I1I D, the new methods are applied to TAPP
compounds, which are used as organic semiconductors.

A. Computational details

Unless stated otherwise, all calculations, in particular all FDE
calculations, are carried out using koara’”** which employs den-
sity fitting, also abbreviated as RL™* " using the self-consistent
field (SCF) density in the embedding potential. The embedding
exchange-correlation functional used was Perdew-Burke-Ernzerhof
(PBE),” and the embedding kinetic energy functional used was
PW91k.”’ Electron-detachment (IP) calculations were performed
using the def2-TZVP basis set,’' and electron attachment (EA)
calculations for neutral systems were performed with the def2-
TZVPD basis set to account for accurate virtual orbitals.”” In case
of geometry-relaxed transitions, only the subsystem which is excited
is relaxed, while all other subsystems’ geometries are kept frozen.

In the present work, electron attachment energies are provided
as AEytachment = —EEa in order to distinguish them more easily in the
tables from the ionization potentials. We have, therefore, adapted
also the sign of the experimental adiabatic electron affinity (AEA)
value of azulene to —0.8 + 0.1 eV accordingly.”>”*

1. Reference values

Reference results at the ACCSD(T) level of theory were
obtained using Tursomore.”’* In order to avoid problems due
to spin contamination, in addition, results using a continuum

orbital at the coupled-cluster singles and doubles (CCSD) level of

ARTICLE scitation.org/journalljcp
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FIG. 1. Side view (top) and top view (bottom) of ethylene dimer (left), pyrimidine
dimer (middle), and azulene dimer (right), at an intermolecular distance of 3A.

theory are reported. For these numerical calculations, a continuum
orbital with an exponent of 10~ % was used and has been checked
using the crour program’’ to confirm the use of the RI approxi-
mation. In case of IP calculations, the target state is the one which
is dominated by the excitation from the HOMO to the continuum
orbital. In case of EA calculations, two additional electrons were
included in the calculation, leading to an occupation of the contin-
uum orbital with two electrons. The EA value was then determined
as the singlet excitation, which is dominated by the transition from
the continuum orbital into the valence LUMO of the molecular
system.

B. lonization potentials

In order to assess the accuracy of the present approach employ-
ing FDE, ethylene and pyrimide and selected dimers are computed,
see Fig. 1, for which results are presented in Table IV, including
the results from the reference methods. Ethylene and pyrimide were
chosen to investigate the performance on two structures that can be
considered the basic building blocks of, e.g., TAPPs.

Starting with the monomer ethylene molecule, Table I'V shows
that the methods IP-CIS(Dwo ), IP-ADC(2), and IP-CC2 yield a suf-
ficient agreement within 0.05 eV. The reference methods, i.e., CCSD
and ACCSD(T), agree among each other within 0.02 eV, which
points to a small influence of the triples. The reference values differ
to the second-order approximate methods by about 0.55 eV, which is
in agreement with a benchmark study.” However, in case of super-
molecular calculations on the dimers, the second-order methods are
able to reproduce the distance dependence of the reference meth-
ods. For example, in case of IP-ADC(2) at 3.0 A distance, a shift of
—1.36 eV with respect to the monomer is obtained, which shows a
reduced deviation of about 0.04 eV to the shift obtained with CCSD,
which is computed to be —1.32 eV.

In case of pyrimidine, the ACCSD(T) is not a sufficiently accu-
rate reference method since the spin contamination at the SCF level
of theory becomes significantly large; see Table V. However, the ver-
tical IP of the monomer, obtained from numerical CCSD, exhibits
a deviation of about 1 eV to IP-ADC(2) and IP-CC2. Table IV

2

FIG. 2. Lewis representation of the azulene molecule.
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TABLE IV. Ethylene and pyrimidine dimer vertical ionization potentials in eV calculated with different methods as implemented in the KOALA program with and without embedding.
Values in parentheses denote the shift with respect to the corresponding monomer in the corresponding method. The experimental ionization potential for pyrimidine is 9.8 AL

Molecule System Distance (A) IP-CIS(Deo) IP-ADC(2) IP-CC2 CCSD ACCSD(T)
Ethylene dimer Superm. 3.0 891 (—136)  891(—1.36)  887(—135)  930(—132)  9.30(—1.29)
5.0 10.09 (—0.18)  10.09 (—0.18)  10.05(—0.17)  10.45(—0.17)  10.44 (—0.15)
7.5 1024 (—0.03) 1024 (—0.03)  10.19(—0.03)  10.59 (—0.03)  10.57 (—0.02)
FDE 3.0 10.01 (—0.26)  10.01 (—0.26)  9.96 (—0.26)
5.0 10.19 (—0.08)  10.19 (—0.08)  10.14 (—0.08)
7.5 10.24 (—0.03)  10.24 (—0.03)  10.20 (—0.02)
Monomer 10.27 10.27 10.22 10.62 10.59
Pyrimidine dimer ~ Superm. 3.0 8.23 (—0.45) 8.23 (—0.45) 8.17 (—0.43)
5.0 859 (—0.09)  859(—0.09)  8.52(—0.08)
7.5 8.65(—0.03)  865(—0.03)  8.58(—0.02)
FDE 3.0 857 (—0.11) 857 (—0.11) 849 (—0.11)
5.0 8.63(—0.05) 863 (—0.05) 856 (—0.04)
7.5 8.66 (—0.02)  8.66(—0.02) 858 (—0.02)
Monomer 8.68 8.68 8.60 9.73 10.57°

(8)scr = 0.917.

furthermore shows that the interaction in the pyrimidine dimer is
significantly less pronounced compared to ethylene since the super-
molecular IP at a distance of 3 A is 8.22 €V, which differs from the
monomer value of 8.71 eV by less than 0.5 eV.

Finally, Table IV also contains values for dimers obtained by
employing the FDE ansatz. Comparing these values to the super-
molecular dimer calculations, it can be seen that with increasing
distance, the supermolecular calculations and the FDE approach
both converge smoothly to the monomer result. For the rather
short distance of 3 A, the supermolecular calculations and the FDE
results differ by almost 1 eV in case of ethylene. The reason for
this is rooted in the FDE ansatz itself, which localizes the charge on
one fragment, while in case of the supermolecular calculations, the
charge is evenly distributed among the two molecules. An analysis
in terms of atomic charges is carried out for the EA approach; see
Sec. 11 C.

1. Geometry relaxation

Having assessed the accuracy of the methods for vertical transi-
tions, we now turn to adiabatic transitions for relaxed geometries,
that is, the relaxed vertical ionization. The results in Table V are
obtained from the optimization of one molecule, while the second
one was frozen (in case of dimers). It should be noted that this deci-
sion is straightforward for FDE in which the charge is localized on
one subsystem; it does not enable a one-to-one comparison to super-
molecular calculations as in these the charge might be distributed
evenly over the subsystems.

In case of ethylene, the monomer value relaxes by about 0.24-
10.03 eV. This rather small change indicates that the geometry is not
significantly perturbed in this case after relaxation in the IP state.
Similar to the purely vertical excitations, in case of the supermolec-
ular calculations, the relative influence of the second molecule is

reducing the IPs even further to 8.78 eV of which the relative shift to
the relaxed monomer is similar to the vertical transition.

In case of pyrimide, the monomer value relaxes significantly
by —1.15 eV to 7.56 eV, and accordingly, geometry changes can be

TABLE V. Ethylene and pyrimidine dimer geometry-relaxed ionization potentials in
eV calculated with different methods as implemented in the KOALA program with
and without embedding. Values in parentheses denote the shift with respect to the
corresponding monomer in the corresponding method. In case of dimers, both the
distance between two subsystems and the environment molecule geometry are kept
frozen.

Molecule System  Distance (A) IP-CIS(Dos) IP-ADC(2)
Ethylene  Superm. 3.0 8.84 (—1.19) 8.84(—1.19)
dimer 5.0 9.92 (—0.11) 9.92 (—0.11)
7.5 10.00 (—0.03) 10.00 (—0.03)
FDE 3.0 9.78 (—0.25)  9.78 (—0.25)
5.0 9.95 (—0.08) 9.95 (—0.08)
75 10.01 (—0.02) 10.01 (—0.02)
Monomer 10.03 10.03
Pyrimidine Superm. 3.0 7.22 (—0.34) 722 (—0.34)
dimer 5.0 7.48 (—0.08)  7.48 (—0.08)
7.5 753 (—0.03) 7.53 (—0.03)
FDE 3.0 7.47 (—0.09)  7.47 (—0.09)
5.0 752 (—0.04)  7.52 (—0.04)
7.5 7.54 (—0.02)  7.54 (—0.02)
Monomer 7.56 7.56
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TABLE VI. Azulene dimer vertical electron attachment energies in eV calculated with different methods as implemented in
the KOALA program with and without embedding. Values in parentheses denote the shift with respect to the monomer in
the corresponding method. The monomer EA obtained from CCSD with a numerical continuum orbital is —0.53 eV. The
monomer EA obtained from ACCSD(T) is —0.47 eV, with a large spin contamination at the self-consistent field (SCF) level
with ($?)scr = 1.253. The experimental adiabatic electron attachment energy (AEA) for azulene is —0.8 + 0.1 eV./37

System Distance (A) EA-CIS(Deo) EA-ADC(2) EA-CC2
Superm. 3.0 —1.42 (—0.41) —1.42 (—0.41) —1.31(—0.43)
5.0 —0.98 (+0.03) —0.98 (+0.03) —0.86 (+0.02)
7.5 —0.97 (+0.04) —0.97 (+0.04) —0.84 (+0.04)
FDE 3.0 —0.78 (+0.23) —0.79 (+0.22) —0.66 (+0.22)
5.0 —0.89 (+0.12) —0.89 (+0.12) —0.76 (+0.12)
7.5 —0.95 (+0.06) —0.95 (+0.06) —0.88 (+0.00)
Monomer —1.01 —1.01 —0.88

observed in the molecule. For example, the angle « (NCN) reduces
from 127° to 113°, while the nitrogen-nitrogen distance reduces by
about 0.2 A from 2.39 A to 2.21 A. However, similar to ethylene and
the purely vertical transitions, for pyrimidine, the dimer exhibits no
strong interactions so that even in the supermolecular approach, the
change in the IP is significantly less pronounced.

Finally, the active subsystems, at which the charge is localized,
are optimized, while the environment is frozen using the FDE ansatz.
Similar to the purely vertical transitions, the FDE ansatz reduces
the interaction although the reduction goes even further for the
relaxed systems. For example, in case of pyrimidine, the CIS(Doo)
vertical transition is reduced from —0.45 eV to —0.11 eV, while
in case of the relaxed geometries, it is reduced from —0.34 eV to
—-0.09 eV.

C. Electron attachment energies

In order to investigate the accuracy of the present approach
for electron attachment energies, in the present work, the azulene
molecule is discussed, see Fig. 2, since the ethylene anion is not

stable. Azulene is well characterized and has a stable anion, which
is also experimentally confirmed. Results for this molecule are col-
lected in Table VI, including monomer results, dimer results, see
Fig. 1, and values obtained using the reference methods.

The target methods are in qualitative agreement with the exper-
imental adiabatic electron attachment energy of —0.8 + 0.1 eV.”"*
The reference methods ACCSD(T) and CCSD yield a significantly
smaller vertical transition energy of about —0.5 eV for the employed
geometry, which might be rooted in comparing a computed ver-
tical transition with a measured adiabatic transition. Altogether,
the supermolecular calculations seem to differ strongly from the
FDE results. For example, the dimer at 3.0 A has a shift of
about —0.4 in the supermolecular approach, while it is ~+0.2 eV
using FDE.

In order to analyze the azulene case more closely, we have
computed atomic charges by fitting these to reproduce the elec-
trostatic potential (ESP) of the orbital-relaxed EA-ADC(2) densi-
ties. Results are collected in Table VII. The atomic charges show
that in case of the supermolecular dimer calculation, the charge
is evenly distributed among the subsystems, while in case of FDE,

TABLE VII. Atomic charges in e from an ESP fit based on the orbital-relaxed EA-ADC(2) density (using a neutral reference) for an azulene monomer and dimer (at 3.0 A).
Vertical electron attachment energies are given in Table V/I. The atom numbering is illustrated in Fig. 2.

Monomer Superm. MP2 * MP2-in-MP2 ¢ Superm. EA-ADC(2) EA-ADC(2)-in-MP2

Atom I 1I I 11 I I I 11 I 11

C; —0.43 —0.18" —0.15 —0.14 —0.17 —0.17 —0.12 —0.11 —0.44 —0.18"
Cy +0.40 +0.31° +0.32 +0.32 +0.31 +0.31 +0.40 +0.39 +0.42 +0.32"
Cs —0.64 —0.53" —0.57 —0.57 —0.53 —0.53 —0.70 —0.69 —0.63 —0.53"
H; +0.11 +0.14° +0.14 +0.14 +0.13 +0.13 +0.12 +0.12 +0.10 +0.13%
H; +0.03 +0.10* +0.12 +0.12 +0.08 +0.08 +0.12 +0.13 +0.01 +0.08"
Hs +0.20 +0.21° +0.23 +0.23 +0.20 +0.20 +0.25 +0.25 +0.19 +0.20°
Zh —1.0 0.0 0.0 0.0 0.0 0.0 —0.5 —0.5 —1.0 0.0

*ESP charges obtained from orbital-relaxed MP2.
®The sum of the system’s atomic charges.
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the charge is forced on one subsystem. This charge separation is
clearly reflected in the atomic charges. For example, while in case
of supermolecular EA-ADC(2), the charges are “symmetric” and
significantly differ from both the charged and neutral monomer val-
ues; in case of EA-ADC(2) with FDE, the monomer charges are
retained.

1. Geometry relaxation

Having assessed the accuracy of the methods for vertical elec-
tron attachment energy, we again turn to transitions for relaxed
geometries, that is, the relaxation energy due to electron attach-
ment. Results collected in Table VIII are obtained from the opti-
mization of one molecule, while the second one was frozen (in case
of dimers). Similar to the IP case, this strategy is straightforward for
FDE in which the charge is localized on one subsystem, but it does
not enable a one-to-one comparison to supermolecular calculations
as in these the charge is distributed evenly over the subsystems, as
discussed in the context of Table VII.

The transition energy of azulene is reduced by about —0.25 eV
to —1.33 eV. In case of a neutral system, the supermolecular results
show a strong interaction at 3.0 A and they converge to the monomer
results with increasing dimer distance. However, it can be seen
that in the supermolecular calculations, the sign of the shift is also
inverted for 5.0 A and 7.5 A. The reason might be rooted in a local-
ization of the electron on one molecule. Using FDE, the interaction
is reduced, and similar to the purely vertical transitions, the sign is
inverted even for the close distance of 3.0 A.

D. Tetraazaperopyrenes

In this section, we apply the new methods to tetraazaperopy-
rene (TAPP) derivatives to study their properties and in particular
their change due to molecular environments. TAPP compounds can
be tuned using two different substituents X and R; see Fig. 3. The
substituents R have been shown to be important for the packing of
the crystal structure but rather unimportant for excited states since
the alkyl chains do not participate in the lowest excited state. The
substituents X tune the properties of the valence electrons, in partic-
ular excited states and changes such as the absorption spectra.”” In
order to quantify the impact of the different substituents for IP and
EA values, we, therefore, investigate the properties of all monomer

TABLE VIII. Azulene dimer geometry-relaxed electron attachment energies in eV
calculated with different methods as implemented in the KOALA program with and
without embedding. Values in parentheses denote the shift with respect to the corre-
sponding monomer in the corresponding method. In case of dimers, both the distance
between two subsystems and the environment molecule geometry are kept frozen.

Molecule  System  Distance (A) EA-CIS(D) EA-ADC(2)
Azulene  Superm. 3.0 —1.53(—0.20) —1.53 (—0.20)
5.0 —1.28 (+0.05) —1.28 (+0.05)
75 —129(+0.04) —1.29 (+0.04)
FDE 3.0 —1.11 (+0.22) —1.11 (+0.22)
5.0 —121 (+0.12) —1.21 (+0.12)
7.5 —1.27 (+0.06) —1.27 (+0.06)
Monomer —1.33 —1.33
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FIG. 3. Lewis representation of the R-TAPP-X molecules, where X = {H, F, Cl, Br}
and R = {H, C3F7}.

compounds R-TAPP-X and the selected clusters of H-TAPP-H, cf.
Fig. 4, in the following.

1. lonization potentials

Ionization potential results for different TAPP systems are col-
lected in Table IX. First of all, it can be seen that the result of the
present work is in good agreement with GoW) calculations, agree-
ing within about 0.05 eV for almost all cases. One exception is the
H-TAPP-H for which the GyW, method shows a value which is
shifted by about 0.1 eV. The PBEO results, i.e., the HOMO ener-
gies, show rather large errors with deviations of about 1 eV to
GoWy and the wavefunction methods, revealing that orbital ener-
gies can only be used as a qualitative measure if they have to be
used.

This table also shows the influence of the different substituents
upon the IP. While the substituents X has no significant effect on
the IP, the substituents R yield an almost constant shift of ~0.5 eV
to higher IP values; cf. Ref. 6. In a single-particle picture, the sub-
stituents R can be understood to shift both the HOMO and the
LUMO so that a significant shift for the IP (and EA) is obtained,
while the lowest electronically excited states are not affected by
different substituents R.

Table IX also contains values for increased models of TAPP
crystals, namely, the dimer, trimer, and a cluster containing 21 H-
TAPP-H molecules in total. For the dimer and trimer, the GoyWj
method predicts a pronounced change in the IP, while the wave-
function methods, computed using FDE, yield a reduced depen-
dence. This can, however, be related to the FDE approximation; cf.
Table VIIL

=

FIG. 4. Side view (left) and top view (right) of a cluster consisting of seven stacks
containing three layers each resulting in 21 H-TAPP-H molecules (756 atoms)
in total, as extracted from the experimental crystal structure.”*¢' The 7 — =
interplanar distance is 3.37 A in the crystal.
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TABLE IX. R-TAPP-X vertical ionization potentials in eV.
Molecule PBE0O* " GoWo" IP-CIS(Deoo) IP-ADC(2)
H-TAPP-H 6.52 7.60 7.50 7.50
H-TAPP-F 6.64 7.73 7.68 7.68
H-TAPP-CI 6.64 7.67 7.61 7.61
H-TAPP-Br 6.66 7.66 7.60 7.60
C3F;-TAPP-H 7.08 8.12 8.09 8.09
C3F;-TAPP-F 7.23 8.27 8.30 8.30
C3F;-TAPP-Cl 7.09 8.08 8.10 8.10
C3F7-TAPP-Br 7.08 8.06 8.07 8.07
H-TAPP-H dimer 6.47 (—0.05) 7.47 (—0.13) 7.48 (—0.02)" 7.48 (—0.02)°
H-TAPP-H trimer 6.46 (—0.06) 7.40 (—0.20) 7.47 (—0.03)° 7.47 (—0.03)°
H-TAPP-H cluster” ¢ x¢ 7.51 (+0.01)° 7.51 (+0.01)°

*Computed using TURBOMOLE.
"HOMO energy.
°FDE calculations with KOALA.

4The center molecule of the TAPP cluster with 21 molecules consisting of 756 atoms in total.

“Not computed.

2. Electron attachment energies

Results for electron attachments for different TAPP systems
are collected in Table X. Similar to the IP case, it can be seen
that the results of the present work are in good agreement with
GoWy calculations, agreeing with an almost constant shift of about
0.5 eV. The PBEQ results, i.e., the LUMO energies, show rather large
errors with deviations of about 1 eV to GoyWy and the wavefunction

methods, revealing that orbital energies can only be used as a
qualitative measure if they can be used at all.

This table also shows the influence of the different substituents
upon the EA. In contrast to IPs, now the substituents X have a pro-
nounced effect on the EA, while the substituents R yield again an
almost constant shift to higher EA values; cf. Ref. 6.

Table X also contains values for increased models of TAPP
compounds, namely, the dimer, trimer, and a cluster containing

TABLE X. R-TAPP-X vertical electron attachment energy in eV. Values in parentheses are calculated with the SVPD basis
set for the active subsystem and the SVP basis set for the environment subsystems in case of FDE, while the SVPD basis
set was used for the whole system in case of supermolecular calculation.

Molecule PBEO* " GoWq" EA-CIS(Doo) EA-ADC(2)
H-TAPP-H —327(-331)  —2.09 (—1.80) —2.36 (—2.14) —2.36 (—2.15)
H-TAPP-F —3.57 —2.40 —2.74 —2.74
H-TAPP-Cl —3.70 —2.62 —3.03 —3.03
H-TAPP-Br —3.73 —2.69 —3.14 —3.14
C;F;-TAPP-H —3.82 —2.68 —2.98 —2.98
C3F;-TAPP-F —4.16 —3.05 —3.42 —3.42
C3F;-TAPP-Cl —4.16 —3.12 —3.56 —3.56
C3F;-TAPP-Br —4.17 —3.17 —3.65 —3.65
H-TAPP-H dimer —3.41(—3.46)  —234(—2.08) —235(—2.13)°  —2.35(—2.13)°
H-TAPP-H trimer x4 (—3.21)° x —2.33 (=2.11)° —2.33 (—2.11)°
H-TAPP-H cluster® x ! x4 (=2.17) ¢ x4 (—2.18) ¢

*Computed with TURBOMOLE.
*LuMO energy.
°FDE calculation with KOALA.
4Not computed.

“The center molecule of the TAPP cluster with 21 molecules consisting of 756 atoms in total.
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TABLE XI. H-TAPP-H geometry-relaxed ionization and electron-attachment energies in eV. Values in parentheses denote the
difference to the corresponding monomer and dimer values for IPs and EAs in Tables [X and X, respectively.

IP EA
Molecule IP-CIS(Deo) IP-ADC(2) EA-CIS(Doo) EA-ADC(2)
Monomer 7.33 (—0.17)" 7.33 (—0.17)" —2.74 (—0.38)" —2.74 (—0.38)"
Dimer 7.31 (—0.17)" 7.31 (—0.17)° —2.52 (—0.38)° —2.52 (—0.37)"
ATZVP basis set.
YTZVPD basis set.

“SVPD beasis set for an active subsystem and the SVP basis set for an environment subsystem.

21 H-TAPP-H molecules in total. For the dimer and trimer, the
GoWy method predicts a pronounced change in the EA compared to
the wavefunction methods, computed with FDE, yielding a reduced
dependence. This can, however, be related to the FDE approxima-
tion. For example, calculating a dimer as an active subsystem in a
cluster consisting of 28 H-TAPP-H molecules using ADC(2) FDE
yields an EA value of —2.54 eV, which corresponds to a shift of about
—0.4 eV compared to the monomer value of —2.14 eV. This value of
—0.4 eV can be related to the strong shift of about —0.28 eV in case of
supermolecular GoWo, i.e., from —1.80 eV to —2.08 eV in the dimer
without environment cluster contributions.

Finally, we have studied the effect of geometry relaxation for the
H-TAPP-H compound after electron loss and attachment. Results
are collected in Table XI. This table shows that the geometry relax-
ation yields an energy decrease of about —0.2 eV in case of IPs and
a slightly more pronounced energy decrease of about —0.4 eV in
case of EAs. However, the charges do not lead to significant changes
in the molecular geometry, which is desirable for efficient organic
semiconductors.”’

IV. SUMMARY AND CONCLUSIONS

In the present work, we report the derivation and implemen-
tation to compute vertical ionization potentials (IPs) and electron
affinities (EAs) for embedded wavefunction methods as well as the
corresponding analytical nuclear gradients for IP/EA-ADC(2) as
well as IP/EA-CIS(Doo). The methods were applied to selected case
studies, with an emphasis on localizing the charges as introduced
by the EOM-IP and EOM-EA ansatz in dimers. For the selected
dimers, the error of the dimer shift in the supermolecular calcula-
tions is computed to be below 0.5 eV compared to supermolecular
reference CCSD results for the distance at 3 A, while for increased
distances of 5 A and 7 A, the deviation to reference methods is
found to be sufficiently small. The embedding approach localizes the
charge onto one molecule, which has some conceptual advantages
for studying charge transfer in molecular crystals. Additionally, it
reduces significantly the computational costs, allowing us to study
the TAPP derivatives used as organic semiconductors in increased
cluster models.

The FDE ansatz enforces a localization of the charge on one
subsystem and can thus lead to significant differences with respect to
supermolecular calculations, in particular for short distances. How-
ever, the FDE ansatz allows also to include, for example, two TAPP
molecules in the active subsystem, see Sec. III D 2, allowing us to

study long-range effects and also to investigate coupling in different
directions.

The methods implemented in the present work are based on a
previous implementation of analytical nuclear gradients for excited-
state CC2 combined with FDE. While ADC(2) and CC2 are suf-
ficiently accurate in most cases for purely valence-excited states,
IP-ADC(2) and EA-ADC(2) can exhibit deviations in terms of abso-
lute values of about 2 eV for IPs and EAs compared to IP-CCSD or
EA-CCSD, respectively. Future work should address gradient con-
tributions due to embedding potentials polarized by the electron
change and corrections toward IP-CCSD[k]cc2’” or ADC(2)-x.*
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APPENDIX: OBTAINING WORKING EQUATIONS FOR
THE JACOBIAN LEFT-HAND TRANSFORMATION

For a transformation of the Jacobian A’uh,vh from the left, one
obtains in a doubles-direct formulation only a residual p for the
singles, while the doubles are constructed on-the-fly,

ph = =S Eall - S (1djik) £, (A1)
7 dik

in ) 2(ialjx) - (ix|ja) + ng(ZL;ij - L;Fja)' (A2)
Ex t+ & — & — &j

The breve accent indicates that the integral has to be computed in
the following manner:

(palrs) = PEL(F 17 s") + (073" 1r*s"))] (A3)
=[P4 1Fs") + (PP
+[(# ") + (PP, (A4)

Working out the equations yields the following non-vanishing
contributions:

(iajix) = (P*'[d") = - 3 Li(FK'|a"), (A5)
k

(ixfja) = (P a") = = S LE(PK P a"). (A6)
k
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