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An implementation of two-photon absorption matrix elements using the approximate
second-order coupled-cluster singles and doubles model CC2 is presented. In this implementation
we use the resolution-of-the-identity approximation for the two-electron repulsion integrals to
reduce the computational cost. To avoid storage of large arrays we introduce in addition a
numerical Laplace transformation of orbital energy denominators for the response of the doubles

amplitudes. The error due to the numerical Laplace transformation is found to be negligible.
Using this new implementation, we performed a series of benchmark calculations on substituted
benzene and azobenzene derivatives to get reference values for TD-DFT results. We show that
results obtained with the Coulomb-attenuated B3LYP functional are in reasonable agreement

with the coupled-cluster results, whereas other density functionals which do not have a long-range
correction give considerably less accurate results. Applications to the AF240 dye molecule and a
weakly bound molecular tweezer complex demonstrate that this new RI-CC2 implementation
allows for the first time to compute two-photon absorption cross sections with a correlated

wave function method for molecules with more than 70 atoms and to apply this method for
benchmarking TD-DFT calculations on molecules which are of particular relevance for

experimental studies of two-photon absorption.

1 Introduction

After having been predicted by Maria Gdppert-Mayer' in
1931 and its first experimental realization in 1961,% two-
photon absorption has been of interest both for science and
for various technological applications.® Since high absorption
cross sections in general are observed mainly on larger chromo-
phores, the treatment of two-photon absorption is a challenge
for quantum chemistry. When it comes to excited states of
larger molecules, time-dependent density functional theory
(TD-DFT) is widely used.* However, TD-DFT is well known
both from calculated results>® and from theory’ to have
challenges, especially in the treatment of charge-transfer
excitations. The development of ab initio methodology that
allows for a reliable evaluation of excited-state properties
therefore continues to be important.

In this work we present an implementation of two-photon
absorption matrix elements using the well-established second-order
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approximate coupled-cluster singles and doubles model CC2%
in combination with the resolution-of-identity approximation
for the treatment of two-electron integrals.’ This allows us for
the first time to perform correlated wave function-based
calculations of two-photon absorption cross sections on mole-
cules with more than 70 atoms using reasonable basis sets.

Our implementation is tested on a set of molecules which
have previously been studied using the Coulomb-attenuated
B3LYP functional (CAM-B3LYP).!” In these calculations,
CC2 is used as a benchmark for TD-DFT. As a non-linear
optical property, two-photon absorption cross sections are
much more sensitive to the choice of the electronic structure
method than (one-photon) oscillator strengths and other linear
optical properties. Different methods and different density
functionals often give results which are not even in qualitative
agreement. 1

It is thus of particular interest to compare the results obtained
with typical density functionals with those of a correlated wave
function method, CC2, which often gives results close to those of
higher-order methods, for some molecules with chromophores
relevant also for experimental TPA studies.!!

The remainder of this paper is organized as follows: In Section 2
we summarize the working equations for the calculation of
two-photon absorption strengths within the RI-CC2 approach.
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In Section 3 we describe the details of our calculations, before
we in Section 4 present the results. Finally, in Section 5 we give
some concluding remarks.

2  Theory

The two-photon absorption matrix elements between the

ground state (0| and an excited state (J| are defined as:'*!?
5 O|X|K)(K|Y|T)

VA Ll : 1

0—J z](: ((UX _ wK) ( )
~XY J|X|K)(K|Y]|0

M = Py WKLY, o)

T (ox —ok)

where the sum is over excited states (K|. X and Y denote the
transition operators and w represents the corresponding fre-
quencies. P*Y is a permutation operator exchanging the
operators X and Y. In this equation and throughout this
paper, atomic units are used. For an exact-state formulation,
eqn (1) and (2) are complex conjugate to each other.
Following ref. 12, these equations can be obtained as
residues of the cubic response function:
— lim (wz-i-wy—wl)«X; Y,z U>>

wz+wy—wy Wy,0z,0u

owumwnmmmwwm (3)
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2.1 Two-photon absorption with coupled-cluster methods

In the following we adopt the above-mentioned approach to
coupled-cluster response functions. The cubic response func-
tion in coupled-cluster theory is:'>'*

(x;Y,Z,U))
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where ¥ is the first-order and Y is the second-order response
of the cluster amplitudes. 7 is the first-order response of the
corresponding Lagrangian multipliers, which are needed accord-
ing to the 2n+ 1-rule for the amplitudes and the 21 + 2-rule for
the multipliers.'*!'® The operator C* symmetrizes the equation
with respect to a change in the sign of w and complex conjuga-
tion. The remaining intermediates are defined in Table 1. For
better readability, the frequency dependence of the response of
the cluster amplitudes and Lagrangian multipliers has been
omitted here. Details concerning the formation of the residue
are published elsewhere.'>!*!® The two-photon absorption
matrix elements can be obtained as:'?

M7y = PYG E Bt + E/AYY) (5)
MY, = G 'E + PYY(FNYE + M B + AN

+ PBtY + ANEY) (6)

Table 1 Matrices occurring in CC response functions.'? The frequency
dependencies of the response of the amplitudes and Lagrangian multi-
pliers have been omitted for brevity. All matrices are derivatives of the
coupled cluster Lagrangian L which is shown here for the CC2 method®
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where £ and E’ are, respectively, the left and right eigenvectors
of the Jacobi matrix A describing state J.

It is important to point out that in coupled-cluster theory
M3Y, and MY, are no longer complex conjugates to each
other due to the non-Hermitian structure of the theory, so that
both need to be calculated.

From the two-photon absorption matrix elements Mjo,
and M{Y ;, the transition rate for linearly polarized light can
be obtained from'’

1 Vi v v V)
Sos :EZ (MY MY+ MY (MY + MY M),

()

where the summations p and v are over the components of the
dipole operator.

From the transition rates, the two-photon absorption cross
section in Géppert-Maier (GM) units is obtained as'’

16m0a) (ho)
VIR ®
where o is the fine structure constant, ¢ is the speed of light,
w is the photon energy (i.e. half the excitation energy in this
work) and I',is the damping constant which is chosen to be
0.5 eV according to ref. 18. In this definition /i-w, I'y and So,
are given in atomic units, and ay = 5.291772108-10° ¢cm and
= 2.99792458-10" cm s~ .

2.2 The RI-CC2 approach and two-photon absorption

The RI-CC2 approach as implemented in TURBOMOLE has
been widely used to calculate both excitation energies’ and
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first-order properties'*?° of excited states. With the resolution-

of-identity approximation, the demand for I/O and storage
capacity is significantly reduced compared to other coupled-cluster
implementations, making this approach an efficient tool to
study molecules with up to 80 to 100 atoms using accurate
basis sets. This also makes RI-CC2 the method of choice for
calculating two-photon absorptions of larger molecules with a
correlated wavefunction-based model.

The prominent feature of RI-CC2 is the use of the resolution-
of-identity approximation to treat the 2-electron integrals,’
reducing the calculation of the doubles cluster amplitudes to a
few very efficient matrix—matrix multiplications:

- 1
BS =Y "(ailP)V,3, o)

P

(ailbj) = > (@i |P)Vp5(Q1bj) = BSBY (10)
PO (¢

1

ab __ (ai |b]) ~ ZQ BQBQ (1 1)

P e~ ey —g sa—s,+81,—,’

where V;é is a two-index two-electron integral and (aiP) is a
three-index two-electron integral in which a, b are indices of
virtual and 7, j are indices of occupied orbitals, respectively. P, Q
are the indices of an auxiliary basis. For convenience, V;Ql) and
(ailP) are contracted to B% intermediates. All these integrals
refer to a Hamiltonian which is similarity transformed with the
singles cluster amphtudes according to

H=c TN, (12)
By using the RI approximation, the storage of the doubles
amplitudes t;b and other 4-index quantities can be completely
avoided, which is essential for calculations with 1000 and more
basis functions. Neither the ground-state doubles nor the doubles
Lagrangian multipliers or responses of these are ever stored on
disc. All doubles intermediates are calculated on-the-fly whenever
needed and are immediately contracted to three- or two-index
quantities which can easily be stored in memory or on disc.
For the implementation in the ricc2 module of TURBOMOLE,
eqn (5) and (6) are first rewritten in a way that the contractions
of the perturbed matrices AY and F* are expressed in terms of
contractions of one-particle densities with perturbed one-electron
integrals ¥, We thus end up with the following expressions:

MyYy = PV E Bt + DAE RN (13)
MY, = PR G E + DR EDR +
+ DA RN +

1 a7/ pX,Y
3 M’Bt*t
“BYE + DA ENRY).

(14)
In these definitions, M” denotes Lagrangian multipliers ' for
the state J.

While expressions for the density D are given in ref. 20, the
density D7 is defined by

X Y pt
p_ ~OELE
e n ahl”[
= >t (all[tpgs T ], 02 | HF) X E (15)

My

+ D (b [[tpg, T, 2o HF ) EY,

Ha

where F is the matrix of second derivatives of the Lagrange
function as defined in Table 1.

Similarly, the density D” is defined via the derivatives of the
Jacobian AX with respect to the one-electron Hamiltonian
integrals lf,)f,,. It is convenient to organize these densities in
terms of blocks which are related to occupied and virtual
orbitals. Working expressions for D¥ and D* can be found in
Table 2. As can be seen from Table 2, both D and D contain
contractions of two doubles vectors. These terms are denoted
X and Y in Table 2. As soon as one of these vectors depends
on a perturbation, this results in difficulties for the policy of
not storing any N*-intermediates, because the response of the
doubles amplitudes and multipliers depends on the corres-
ponding ground-state parameters. Consider for example the
response of the doubles Lagrangian multipliers:

2

X ‘:aibj
i = ————————— 16
aibj & — a4+ & — 8})7 ( )

—x ~ab 0)
Eay = Py (2—Py) {{ F +ZB 7.8 }
(17)
~ab H0) X
+ Pi/ {Z Zaie_/'heb - azbnhlﬂ}
n

e
where hl,q are the perturbed one-electron integrals and B2 are
the integral intermediates as defined in Table 3. We can see
that the second term of eqn (17), and thereby t'ff,—,,,—, depends on
the ground-state doubles Lagrangian multipliers if,%j These
are obtained as

0) A
{0) b 5 ft(zi>Fib + ZQ (BIQ(I + BQ)B]%

utb/iPii (2_P”) . & — & T & — & 7 (18)

where ISZ-” is a permutation operator which symmetrizes with
respect to an exchange of pairs ai and bj while P; exchanges
the indices 7 and j, i.e.

hab —
P;} Zaitjy = 8aity t &bjai> (19)
Pyfiy = fi (20)
Table 2 Density intermediates used in our implementation. 7” and
denote the ground state Lagrangian multipliers or amplitudes, respec-

tively. If R denotes doubles amplitudes (ground state or resg)onse) the
2 Cou-Exc-combination of R must be used: R = 2R% — RY

Term Definition
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Table 3 Definitions of intermediates used for the calculation of the
response of the doubles Lagrangian multipliers using Laplace decom-
position. x denotes a perturbation operator

Term Definition

kii (X) X, e(l’u &)1y

]EZ[ () Z(‘h(‘n) xcie(z:r—z:f) 1z _kaﬂke(z:u—z:/\) tz /’lﬂg/l)
I(;;_Q (X) XQ' (ea—&i) 1y

I'(Z;.Q (%) Z hil}) (Q: (ec—&i) 1a _Z/‘\ plea—ek) tx h“(l)
é% Z('tdB('u - Z/\’ akBg(

If a contraction with a third four-index quantity (e.g. right
doubles eigenvectors) has to be calculated, this would require
either storage of at least one N*-intermediate or a decomposi-
tion of the integrals or the denominators in the definition of
the doubles vector. Pedersen er al.>' reported an implementa-
tion of the CC2 linear response function where a Cholesky
decomposition of the integrals was used for this purpose. We
decided to use instead a numerical Laplace transformation
which can be implemented efficiently without precomputing
and storing 7 since
o0

! — / e*(gr**‘Ja‘h‘?/*ﬁh)"dl‘7

& — &+ & — &

~ E (0187(8'78‘/+8/78/7)t17
o

with sampling points 7, and weights w,.
We can rewrite the last two terms of eqn (17) by inserting
eqn (18) and (21) and the definitions from Table 3, leading to

Zl Tep L au’/

mbkh//\ ~P (2 Pu wa{ka i )kb_/(F)

+ZK‘Q B+ B)K}; (B)}.
(22)

All O(N*) scaling steps for the computation of £ and K can be
done as efficient matrix-matrix multiplications.

3 Computational details

The structures of p-nitroaniline, p-nitroaminostilbene and
p-aminonitrophenylvinylstilbene were optimized at the MP2
level of theory using the ricc2 module of the TURBOMOLE
program package. In order to allow for a more direct comparison
with previous DFT literature data,? p-nitroaniline was calcu-
lated using the aug-cc-pVDZ? basis, whereas for p-aminonitro-
stilbene and p-aminonitrophenylvinylstilbene, the cc-pVDZ*
basis was used. For the AF240 dye molecule we used a geometry
which was optimized at the DFT level with the B3LYP exchange—
correlation functional and the 6-31G* basis>**® in order to obtain
results that are more directly comparable to the results obtained
in ref. 22. The comparison with DFT results is to some part
based on a comparison with previous literature data for two-
photon absorption (TPA) cross sections, but we also comple-
mented these results by additional TD-DFT calculations using
the CAM-B3LYP,"’ B3LYP** ! and BP86-functionals.”>***

The substituted azobenzene derivatives (p-aminonitro-
azobenzene, p-aminoazobenzene and p-diaminoazobenzene)
were optimized using the 6-311++G** basis*® and the MP2
method in order to allow for a direct comparison with results
of Silva et al.'®

For all molecules, the same basis set was used for the calcula-
tion of the TPA cross sections at the coupled-cluster and the
density functional level of theory as were used to optimize the
molecular structures. All coupled-cluster calculations have
been done with a development version of the TURBOMOLE
program package®® and employed the frozen core approxi-
mation, whereas all DFT calculations presented here have been
performed with the Dalton quantum chemistry package.*

The molecular tweezer complex presented in Section. 4.4
was studied in the cc-pVDZ basis using a geometry based on a
B3LYP-optimization.

3.1 Laplace error

To investigate the error caused by the numerical Laplace trans-
formation of the orbital energy denominators we performed
several calculations on naphthacene and thiophene.

The Laplace sampling points ¢, and weights w,, are obtained
by minimizing the Laplace error function F-*"(z,) for a number
of sampling points 7:3

Emax

1 i )

R Z) 23)
aibj P

Emin
Eaibj = €a — & + e — &j (24)

In the calculations, the error of the biggest M§_; transition
matrix elements for each of the studied systems was evaluated
both with respect to the value of the Laplace error function
(which depends on the number of sampling points) and the
threshold for the convergence of the linear equation systems
for the response vectors 7, 7*, M” and 1*.

All calculations were performed using the aug-cc-pVTZ
basis set,”>*” and the corresponding auxiliary basis set.*®

For studying the Laplace error we first performed a reference
calculation with 18 sampling points and a convergence limit of
107'°. We then varied the number of sampling points and the
convergence threshold for the linear equation systems.

In this study it was found that the error in M§*_, is significantly
higher than the error in M%"_, since the latter only contains one
term which is affected by the Laplace transformation, while in the
former several terms on the one hand depend on the Laplace
transformation and on the other hand one term also depends on
both the response of the amplitudes and the Lagrangian multi-
pliers. For this reason, we will in the following only consider the
error in My since the error in M%?_, was found to be much
smaller.

The results are shown in Fig. 1 for the 2 lAg state of
naphthacene. The 2 lAg state was selected because of its
remarkably high TPA. Fig. 2 shows the results for the 2 'B,-
state of thiophene. Thiophene in general, and the 2 'B,-state
in particular, were selected in order to study a system which
differs chemically from naphthacene due to the sulfur atom
which plays an important role for the excitation into the
2 !B, state.
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Fig. 1 Laplace error for TPA of the 2 lAg state of naphthacene. Ty rg
is the convergence threshold for the linear equation systems and A is
the relative error.

In the regime where the convergence threshold for the linear
response equations (7 rg) is tight compared to the square root
of the Laplace error function, the plots show an approximately
linear relation between the relative errors in the transition
matrix elements. The local minimum in the plot for naphthacene
at VFLap = 1.9 x 1073 is caused by a change of sign in the
relative error.

For more loose convergence thresholds 77 gg we reach a
turning point beyond which the accuracy is limited by the
convergence threshold of the response equations. We found
that the relative errors in the largest transition moments are
bound by

A=05-(Tire + VFL). (25)

This relation can be used in production calculations to
adapt the threshold for F-*P automatically to the requested
accuracy.

It is noteworthy that already with very loose values of
FX ~ 107!, the errors in the two-photon transition moments
MEY  areless than 1% and the errors in ML are even smaller.
For many practical applications, this level of numerical accuracy
will be more than sufficient. F-*P ~ 10" requires typically only
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Fig. 2 Laplace error for the 2 'B,-state of thiophene plotted as a
function of the threshold for the solution of the linear equation systems.
Tire is the convergence threshold for the linear equation systems and
A is the relative error. The series for | g 1077 is cut off since the deviation
to the reference is zero at small values for the error function.

2-3 grid points, making the numerical Laplace transformation of
the denominators an efficient tool for avoiding storage bottle-
necks due to the response of doubles quantities in RI-CC2
higher-order response calculations.

4 Results and discussion

In this section we present the results of our calculations on
some larger molecules that have previously been studied by
CAM-B3LYP.

We are in particular interested in charge-transfer states,
because TD-DFT is known to experience problems in treating
these states correctly.> Significant improvements in the descrip-
tion of excited states were achieved with the introduction of
the CAM-B3LYP functional,'® and one goal of this study is to
benchmark these improvements with a correlated wavefunction-
based method for larger molecules in order to complement earlier
benchmark studies.!*

For this comparison we have chosen a set of substituted
benzene derivatives which were partially investigated in ref. 22, as
well as a set of substituted azobenzene derivatives from ref. 18.
As large-scale applications of RI-CC2, we chose the AF240 dye
molecule which was studied in ref. 22 and a so-called “molecular
tweezer complex” based on a structure from ref. 41.

4.1 Substituted benzene derivatives

To compare the results of TD-DFT and CC2 we did a series of
calculations on a set of “push—pull”-substituted benzene deri-
vatives, which consisted of p-nitroaniline, p-aminonitrostilbene
and a compound we call p-aminonitrophenylvinylstilbene.
While for the former compounds, reference data are found in
ref. 22, no data are yet available for the latter. However, since it
is a higher homologue of p-aminonitrostilbene, we did calcula-
tions both with TD-DFT and CC2 and found that this molecule
has quite high two-photon absorption cross sections. p-Amino-
nitrophenylvinylstilbene was studied in an all-frans conforma-
tion. In this conformation resulting from a MP2 geometry
optimization, the three aromatic rings do not form one plane,
being instead slightly twisted towards each other. The structures
of the studied molecules are shown in Fig. 3 and 6.

For all molecules, we report results for the 10 lowest singlet
states (although we calculated more states in order to ensure
that the lowest states are found) and identify states that have a
strong charge transfer (CT) character.

In general, the ordering of the states obtained with CC2 and
CAM-B3LYP is in good agreement. With the B3LYP func-
tional, the deviations in the ordering are notably larger and
with BP86, even some lower-lying states could not be assigned
to the states found with CC2.

NH,

/ NO;
NH,

NO,

Fig. 3 Structures of p-nitroaniline and p,p-4,4’-nitroaminostilbene.
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Table 4 TPA cross sections (¢) and excitation energies for p-nitroaniline. The order of states follows the order found in CC2. The corresponding
state index found in the TD-DFT calculations is given in the column “state no.”

CcC2 CAM-B3LYP B3LYP BP86

State no. Energy/eV ¢/GM State character State no. Energy/eV ¢/GM State No. Energy/eV ¢/GM State no. Energy/eV ¢/GM
1 395 0.0 1 3.97 0.0 1 3.83 0.0 2 3.53 0.00
2 4.52 57 2 4.38 106 2 3.92 99 1 3.50 73

3 4.54 1 3 443 0.3 3 4.31 0.0 4 4.06 0.0
4 4.64 0.0 4 4.74 0.1 5 4.97 0.0 5 4.54 0.1
5 5.25 3 CT 6 5.48 10 6 5.10 11 15 5.87 4.9
6 5.66 0.2 5 5.47 0.4 4 4.38 0.1 3 3.98 0.00
7 6.05 0.1 CT 8 6.29 0.4 7 5.87 0.5

8 6.1 7 10 6.45 1 10 6.01 17

9 6.31 0.0 CT 9 6.32 0.6 9 6.00 0.1 11 5.50 0.0
10 6.34 45 7 6.20 94 8 5.89 57

Table 5 TPA cross sections (¢) and excitation energies for p-aminonitrostilbene. The order of states follows the order found in CC2. The
corresponding state index found in the TD-DFT calculations is given in the column “‘state no.”

CcC2 CAM-B3LYP

B3LYP BP86

State no. Energy/eV ¢/GM State character State No. Energy/eV ¢/GM State No. Energy/eV ¢/GM State no. Energy/eV o¢/GM

1 3.73 430 1 3.55
2 4.00 0.0 CT 2 393
3 4.52 26 CT 4 4.62
4 4.59 0.0 CT 3 4.42
5 4.64 12 CT 5 4.67
6 5.12 31 6 4.92
7 5.44 3257 7 5.21
8 5.64 254 CT 8 5.45
9 5.78 41 CT 9 5.66
10 6.29 6 10 6.06

858 1 2.95 1308 1 2.43 1022
0.0 2 3.73 0.0 2 32 0.0
205 9 4.61 18 9 4.01 6
0.0 5 4.24 0.0 6 3.76 0.0
8.3 4 4.20 319

705 3 4.04 987 3 3.5 178
7059 7 4.37 271 7 3.78 19
842 8 4.55 26 5 3.64 4.5
41 6 4.26 303 4 3.59 0.2
22 10 5.29 81

Table 6 TPA cross sections (o) and excitation energies for p-aminonitrophenylvinylstilbene. The order of states follows the order found in CC2.
The corresponding state index found in the TD-DFT calculations is given in the column “state no.”

cC2 CAM-B3LYP

B3LYP BP86

State no. Energy/eV o¢/GM State character State no. Energy/eV ¢/GM State No. Energy/eV ¢/GM State No. Energy/eV o¢/GM

1 3.50 820 1 331
2 4.00 0.4 CT 2 3.92
3 4.38 26 3 4.20
4 4.44 109 6 4.59
5 4.52 18 CT 4 4.34
6 4.53 182 7 4.63
7 4.62 44.5 8 4.64
8 4.73 6791 5 4.53
9 5.23 430 9 5.04
10 5.57 14 10 5.37

1802 1 2.51 5708 1 1.82 5353
0.0 4 3.73 1 4 3.16 2
395 3 3.48 324 2 2.75 1654
3499 5 4.01 5

1 8 4.15 335

1247

742 10 4.29 1

18276 2 3.33 3967 3 2.78 134
142 7 4.11 694

1836 6 4.04 294 5 3.22 82

The results of the calculations are displayed in Tables 4-6 for
p-nitroaniline, p-aminonitrostilbene and p-aminonitrophenyl-
vinylstilbene, respectively. In Tables 4, 5 and 7, comparisons
of the two-photon absorption cross sections for linear polarized
light obtained from CC2 and TD-DFT with the CAM-B3LYP,
B3LYP and BP86 functionals are shown for the three molecules.
The TPA values are plotted in Fig. 4, 5 and 7.

For p-aminonitrostilbene, both excitation energies and the
relations between the TPA values for the first three states are
in good agreement with the findings of Rudberg er al.?>

Overall, TD-DFT and CC2 are in good agreement in repro-
ducing the lowest inactive states which are S; in p-nitroaniline
and S, and S, in p-aminonitrostilbene and S, in p-aminonitro-
phenylvinylstilbene, respectively. For the first TPA-active states,

Table 7 TPA cross sections (¢) and excitation energies for p-
aminonitroazobenzene

cC2 CAM-B3LYP'® Experiment*?
State Energy/ o/ State  Energy/ ¢/ Energy/ o/
no. eV GM Character No. eV GM eV GM
1 2.81 00 n->mn* 1 2.82 0.3

2 3.35 350 > n* 2 3.47 29 2.53 100
4 44 33 nmoan* 3 4.74 39 3.6 400
6 4.5 18 m - n*

CC2 and the three density functionals are in reasonable
agreement, with CC2 always yielding the lowest TPA cross
section. This is a tendency that is also seen for most of the
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Fig. 4 Comparison of the linear component of TPA transition rates
in p-nitroaniline.
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Fig. 5 Comparison of the linear component of TPA transition rates
in p-aminonitrostilbene.
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Fig. 6 Structure of p-aminonitrophenylstilbene.

other states with a rather high TPA activity, where the
transition rate from CAM-B3LYP is normally higher than
the one from CC2. For the B3LYP and BP86 values, such
tendencies are not observed.

A prominent exception from these trends is the second TPA
active state in all three molecules, exhibiting a major disagree-
ment between the CC2 and TD-DFT results. In p-amino-
nitrostilbene, this state (S3) is of CT character.

For BP86, only a very small number of states could be
assigned to the CC2 states and the results also show very little
agreement with those obtained from CAM-B3LYP and B3LYP.

On the whole, for the substituted benzene derivatives we
find that there is a tendency for the CAM-B3LYP TPA cross
sections for being higher than the CC2 values, and only very

g CC2 1
10000 0 CAM-B3LYP -
= B3LYP E

BP86

1000 &

100

TPA cross section [GM]

0.1

1 2 3

4 5 6 7 8 9 10
Number of CC2-state

Fig. 7 Comparison of the linear component of TPA transition rates
in p-aminonitrophenylvinylstilbene.

few states display a deviation from this general rule. Whereas
the BP86 and B3LYP results appear to be quite unreliable,
CC2 and CAM-B3LYP show in most cases at least a qualita-
tive agreement. These observations are in line with the results
for some small molecules in ref. 11.

4.2 Substituted azobenzene derivatives

The series of substituted azobenzene derivatives we present
here (Fig. 8) was studied with CAM-B3LYP by Silva er al.,'®
who reported not only TPA data and excitation energies but
also assigned the reported states to be of 1 —» ©n* or n —» n*
character, making it easier to assign the CC2 results to the
CAM-B3LYP ones. The calculated CC2 as well as CAM-
B3LYP values'® and experimental results** for p-aminonitro-
azobenzene (pANA), p-aminoazobenzene (pAAB) and
p-diaminoazobenzene (pDAA) are listed in Tables 7-9, respec-
tively. Experimental data were obtained from measurements
in DMSO.

In ref. 18, the lowest-lying state is described to be dominated
by an n — m*-transition for all three molecules. This, and the
fact that the TPA cross sections are small for this transition in
all three molecules, is fully reproduced by the CC2 calcula-
tions. Although the S; state in pANA is dark in both the CC2
and CAM-B3LYP calculations, in experiment a state with a
similar excitation energy is found which exhibits a cross
section of 100 GM. Silva et al. assign this state to correspond
to the S;5 state from CAM-B3LYP, although the difference in
excitation energy is as large as 0.89 eV, whereas the energy
difference to the S, state is only 0.41 eV for CAM-B3LYP and
0.42 eV for CC2, respectively.

N R2

/

R1 N

Fig. 8 Structure of the azobenzene derivatives that were studied:
R1 = R2 = NH,: p,p-diaminoazobenzene; R1 = H, R2 = NH,:
p-aminoazobenzene; R1 = NO,, R2 = NH,: 4,4’-nitroaminoazobenzene.
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Table 8 TPA cross sections (o) and excitation energies for
p-aminoazobenzene

CcC2 CAM-B3LYP'® Experiment*?
State Energy/ o/ State Energy/ o/ Energy/ o/
no. eV GM Character No. eV GM eV GM
1 2.92 00 n-on* 1 2.89 0.01

2 3.67 131 m—->mn* 2 3.68 6
3 4.48 87 m-omwt 3 4.95 128 4.09 100

Table 9 TPA cross sections (o) and excitation energies for
p-diaminoazobenzene

CcC2 CAM-B3LYP'® Experiment*?

State Energy/ o/ State Energy/ o/ Energy/ o/
GM

Fig. 9 Structure of AF240.

Table 10 TPA cross sections (¢) and excitation energies for the five
lowest states of AF240 calculated with CC2 and CAM-B3LYP

no. eV GM Character no. eV GM eV CcC2 CAM-B3LYP

1'B - 3.00 0.0 n—7n* 1 2.93 Energy/eV o/GM State character Energy/eV g/GM

2'B 352 01 mowt 2 3.50

1'4 44 646 © > ¥ 3 4.54 25  4.09 400 3.45 618 3.59 736

2'4 4.54 872 n —» n* 4.12 6.5 4.36 8.5
4.34 183 CT 4.42 852
4.47 65 CT 4.55 117

In ref. 18, S, always corresponds to © — m*-transitions. This 4.48 47 CT 4.66 73

can in all cases be reproduced in CC2 although the involved
orbitals vary. In pANA, the second state is dominated by the
HOMO-LUMO transition.

For the CC2 calculations on pANA and pAAB, S, shows a
TPA cross section which is much higher than the one of the
second state in CAM-B3LYP, but both the excitation energies
and the TPA cross sections nevertheless fit quite well—and
even better than CAM-B3LYP—to the experimental values in
ref. 42 that have been assigned to the S; state of the CAM-
B3LYP study in ref. 18.

In pDAA, the S, state from the CC2 calculation fits well
with CAM-B3LYP both for the excitation energy and its
(nearly zero) TPA cross section. Additionally, we found two
states (1'A and 2'A) that match fairly well with the experiment
both in terms of the excitation energies and TPA cross sections
while the cross section predicted by CAM-B3LYP for the S;
state disagrees with both experimental and CC2 results.

Among the CC2 results for pANA, we found S, and S¢ to
be of 1 — =w* character and to fit to the S5 state from CAM-
B3LYP both in excitation energy and TPA cross section.
However, experimental data for these states are not available.

In the case of pAAB, the S; state found in the CC2 calcula-
tion, which is nearly dark, fits quite well to the S, state found
with CAM-B3LYP concerning the TPA cross sections,
although the excitation energies deviate significantly.

On the whole, although some irregularities in the state
ordering were found, the CC2 results fit reasonably well to
both the experimental and CAM-B3LYP values.

4.3 AF240

The AF240 dye molecule (Fig. 9) has been studied earlier both
experimentally*® and theoretically.>> We did TPA calculations
both with CC2 and CAM-B3LYP for, respectively, the 20 and
15 lowest singlet states. The results of the CC2 calculations for
the first five states and the assignment of the calculated CAM-
B3LYP-states are given in Table 10.

The four lowest excitation energies of our CAM-B3LYP
calculations are in agreement with the values from ref. 22.

The results for the S; and S, states agree well between CC2
and CAM-B3LYP both for the ordering and the excitation
energies, and for the TPA cross sections. These states have the
character of valence excitations. To visualize our results, in
Fig. 10 we plotted a simulated spectrum of AF240 containing
both the five lowest CC2 and CAM-B3LYP states and their
TPA cross sections. These spectra were plotted by centering
Gaussians at the excitation energies. These Gaussians have
unit width and their heights correspond to the TPA cross
section. As can be seen from the spectrum, the two lowest
excitations are in very good agreement both in intensity and in
their shift. However the S; state from CAM-B3LYP has a very
high absorption peak which cannot be reproduced by CC2,
whereas the other peaks are in quite good agreement if a slight
blue-shift of all CAM-B3LYP results is assumed. We note that
the peak at 550 nm from the CC2 calculation contains two
states which are very close in energy.

207 CCe —
CAM-B3LYP

15 b
[t}
<
=
o,
o 10}
e

o A . J |

500 550 600 650 700 750
photon wavelength [nm]

Fig. 10 Simulated TPA spectrum of AF240.
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4.4 Molecular tweezer complex

To study in detail the behavior of the CC2 implementation
in treating two-photon absorptions with strong charge transfer
in weakly bound systems, a molecular tweezer complex was
studied, motivated by the work of Chakrabarti and Ruud.*!
For this original complex, built from 4,6-bis-(6-acrid-9-yl)-
pyridin-2-yl-pyrimidine encapsulating a trinitrofluorinone (TNF)
molecule through weak intermolecular interactions, Chakrabarti
and Ruud reported the largest TPA cross section to date through
CAM-B3LYP density functional theory calculations.*!*** The
large TPA cross sections were shown to arise from an inter-
molecular charge-transfer state which is not present in the
isolated fragments that constitute the complex.

To make the system feasible for our method, we had to reduce
the size of the tweezer complex compared to that originally used
by Chakrabarti and Ruud.*' This was achieved by removing
one fused aromatic ring from both arms of the tweezer complex
and a fused aromatic ring from the central TNF molecule in the
original structure. The resulting binding sites of the carbon
atoms were saturated with hydrogen using a bond length of
0.95 A on the tweezer and 1.09 A on the central molecule, and
the structure was used without further optimization. The struc-
ture of the complex is shown in Fig. 11. This is the largest
molecule which has ever been studied concerning TPA using a
coupled-cluster method.

We calculated excitation energies for the 12 lowest singlet
states in CC2 and for the 15 lowest singlet states in CAM-
B3LYP, even though we performed TPA calculations only for
the resulting five lowest states. The results for both CC2 and
CAM-B3LYP are listed in Table 11 and illustrated in Fig. 12.

For both methods, the lowest excitation was from quite
deep-lying orbitals to the LUMO with all major contributing

)

Fig. 11 Structure of the modified molecular tweezer complex.

Table 11 TPA cross sections o, excitation energies and one-photon
oscillator strengths f} 4 for the molecular tweezer complex. The order-
ing of the states follows the order found in CC2 with the corresponding
number in TD-DFT given in the column labeled “‘state no.”

CcC2 CAM-B3LYP

State Energy / o°/ State State Energy/ o/
no. eV GM fip4/a.u. character no. eV GM
1 2.97 09 1.7x107* 1 3.15 1.0
2 3.61 39.6 1.8 x 1072 2 3.25 72.8
3 3.8 3.0 1.6x107°

4 3.81 455 1.2x 1072

5 393 341.0 2.6 x 107* CT 3 3.63 165.9

B CC2 - ]
100 [0 CAM-B3LYP 4
3 4 5

TPA cross section (a.u.)

i
0 1 2
Number of CC2 state

Fig. 12 Comparison of the linear component of TPA transition rates
in a molecular tweezer complex.

orbitals being located on the TNF fragment. In CC2, we also
find that the S; and S; states are dominated by excitations
from quite low-lying orbitals, whereas the S, and Ss states
correspond well with the S, and S; states obtained in the
CAM-B3LYP calculations. These latter states, found both in
the CC2 and CAM-B3LYP calculations, do have large contri-
butions from the HOMO-LUMO transition, in both cases
exhibiting large intermolecular charge transfer between one
arm of the tweezer (HOMO) to the TNF molecule (LUMO).

Despite the differences observed between CC2 and CAM-
B3LYP, there is a qualitative agreement between the CC2 and
CAM-B3LYP results for all states that could be assigned. This
verifies that the CAM-B3LYP functional is indeed capable of
rather accurately describing intermolecular charge-transfer
excitations. Although this modified model system for the
tweezer complex does not show the extraordinarily high two-
photon cross sections observed in ref. 41, it gives strong
support for the findings in that work, as there is no reason
to assume that a CC2 calculation on the full tweezer complex,
if computationally feasible, would not corroborate the earlier
CAM-B3LYP calculations.

5 Summary and outlook

An implementation of two-photon absorption matrix elements
for CC2 using the RI approximation for the electron repulsion
integrals has been presented. To avoid storage of large arrays,
we introduced a numerical Laplace transformation of the coupled-
cluster ground-state amplitudes and Lagrangian multipliers.
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This approximation was shown to introduce errors well below
1% already with only few grid points.

In a series of test calculations, we focused on a comparison
of the CC2 results with results from TD-DFT with different
functionals. In these calculations, CC2 served as a benchmark
for TD-DFT because it is well known that TD-DFT has
difficulties in treating CT transitions. For the CAM-B3LYP
functional, we could not find fundamental disagreements
between the results for CT- and non-CT states, whereas the
B3LYP and BP86 functionals were shown to give significantly
poorer results. In this sense, we can regard this as a strong
indication of the reliability of the CAM-B3LYP functional.

In addition, we demonstrated that our implementation is
capable of treating molecules with more than 70 atoms. As a
consequence, we have reported TPA cross sections for the
largest molecule that has ever been treated for this property by
a coupled-cluster method. Our CC2 implementation has thus
enabled a wavefunction-based alternative for TPA calculations
on chromophores which appear as building blocks in many
molecules which are of relevance in practical TPA applications.
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