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Abstract

In a recent paper of this Journal (Tajti and Szalay, JCTC 2019, 15, 5523) we have
shown that failures of the CC2 method to describe Rydberg excited states, as well
as potential energy surfaces of certain valence excited states can be cured by spin-
component scaled (SCS) versions SCS-CC2 and SOS-CC2 by a large extent. In this
paper, the related and popular Second Order Algebraic Diagrammatic Construction
(ADC(2)) method and its SCS variants are inspected with the previously established
methodology. The results reflect the similarity of the CC2 and ADC(2) models, showing
identical problems in the case of the canonical form and the same improvement when

spin-component-scaling is applied.

1 Introduction

In two recent papers'? in this Journal, we have extended the large pool of benchmark calcu-
lations on vertical excitation energy®1* with characterisation of the excited state potential
energy surfaces using Coupled-Cluster (CC) type methods. In the first paper we have found®
that the popular CC2 method!® fails sometimes badly, depending on the type of the excited
state. The parent CCSD method (termed either EOM-CCSD'¢18 or CCSD-LR'%?%) gives
usually reasonable results, but the inclusion of approximate triple excitations is necessary
to achieve high accuracy. Since this is generally not possible for larger systems, improved
second order approximations are requested. 213 Along this line, in our recent study? we also
investigated spin-component scaled versions of CC22?2 and found that both the scaled-
opposite-spin (SOS-CC2) and spin-component-scaled (SCS-CC2) variants cure the problem
of CC2 to a considerable extent and the resulting potential energy surfaces run quite close
to those obtained with CCSD.

Besides CC2, another second order method often used in applications is the so called
ADC(2) (2nd order Algebraic Diagrammatic Construction) method.??* This method is

closely related to CC2,% and it is a widespread experience that CC2 and ADC(2) results



are of very similar quality. 2% 27

2 and present the results of

In this paper we augment the results of our previous paper
the same type of calculations, now using the ADC(2) and its spin-component scaled variants
SOS-ADC(2) and SCS-ADC(2). We believe that this addition is necessary to get a complete

picture about the performance of the second order methods which can be used and are being

used to describe excited states of larger molecules.

2 Methods

2.1 The ADC(2) method

The 2nd order Algebraic Diagrammatic Construction (ADC(2)) method has been introduced
by Schirmer,?*% based on a diagrammatic perturbational expansion of the polarization prop-
agator.?® Later the ADC(2) method has been reintroduced by Trofimov and Schirmer. 42
The real advent of the method came when its relation to CC2 has been established and its
implementation in program codes, e.g. in TURBOMOLE?® pursued. The close relation of
CC2 and ADC(2) has been discussed by Hittig?® and recently in detail by Izsdk,?” showing
that ADC(2) can be considered as an approximation to CC2 by neglecting Ty amplitudes
(thus enforcing strictly second order) and symmetrising the Jacobian. As has been shown e.g.
in ref. 12, neglect of T; amplitudes has a negligible effect on excitation energies. Symmetri-
5

sation, on the other hand, avoids technical issues related to the non-Hermitian formulation.?

These two approximations also result in a slightly lower cost.

2.2 Spin-component scaled ADC(2)

The concept of spin-component scaled CC2, i.e. the introduction of spin scaling factors Cpg

and Cgg into the formulae of the effective Hamiltonian has been first established by Hattig

121 31,32
*

et a in the spirit of spin-component-scaled MP2 originally proposed by Grimme. In

case of the SCS (spin-component-scaled) variant the same-spin integrals are multiplied by
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a factor of Cgs=1/3, while the opposite-spin integrals by Cps=6/5. In the SOS (scaled-
opposite-spin) version only the opposite-spin integrals are retained (Cps=1.3, C55=0.0).
Using the above mentioned similarity of CC2 and ADC(2) theories, the same spin-scaled
modifications can be introduced into ADC(2) in a straightforward manner, leading to the
SCS-ADC(2) and SOS-ADC(2) models. The latter was first realized by Winter and Héttig, %2

33 and, recently, by Mester and co-workers.3%3% Today,

and later by Dreuw and co-workers™
implementations are available in the TURBOMOLE?® and MRCC?® program packages. The
particular choice of SOS-ADC(2) is of outstanding importance for applications on large
systems as, if combined with the Resolution-of-Identity approximation of the two-electron
integrals, 37 it can be formulated to obey a computational cost scaling with no more than the

fourth power of the system size.?%38

2.3 Computational details

The same methodology as in the parent paper? has been used. To benchmark the accuracy
of vertical excitation energies, 64 valence and 56 Rydberg states of 23 molecules have been
calculated using the aug-cc-pVDZ basis set, with the core electrons not correlated. The
calculations were performed using the TURBOMOLE?® program system. As reference, the
CC3-LR excitation energies obtained in ref. 12 are used.

The characterisation of the potential energy surfaces has been performed for the low-lying
valence excited states of methanimine, formamide, cytosine and guanine, explored previously
in refs. 1 and 2. As a reference, CCSDT results from ref. 1 were used, except for guanine,
where the reference values are calculated! by the EOM-CCSD(T)(a)* method of Matthews
and Stanton.? This choice has been justified in ref. 1 showing that EOM-CCSD(T)(a)*
results are very close to CCSDT ones.

Gradients of the vertical excitation energy at the Franck-Condon point have been calcu-
lated numerically using the MRCC?3® program in the cc-pVDZ basis set. For comparison of

the gradients, the length of the vectors, as well as their relative angle with respect to the



reference values is evaluated.
Finally, the surface plots that follow the Frank-Condon forces in mass-weighted steps (for

a detailed definition, see our previous paper!) have also been evaluated in the cc-pVDZ basis

by the MRCC program. 36

3 Results and discussion

3.1 Vertical excitation energies

Statistics on the error of the vertical excitation energies are presented in table 1 for ADC(2)
and its spin-component scaled variants, evaluated against CC3 reference values. The respec-
tive CC2, SCS-CC2, SOS-CC2, and CCSD results from ref. 2 are shown for comparison.
(The full set of results for the excitation energies is available in the Supporting Information.)
The errors of ADC(2) lie close to those of the unscaled CC2 model. In particular, the severe
underestimation of Rydberg excitation energies is very apparent, with an error of -0.42 eV
being worse than even CC2 by 0.04 eV. Nevertheless, the valence-Rydberg misbalance, shown
in the last column of table 1, is exactly as large as that of CC2. The two spin-component
scaled ADC(2) variants show statistics very similar to their CC2 counterparts, the difference
of the mean errors being no more than 0.03 eV, and even the standard deviations follow the
same pattern. The above mentioned misbalance is reduced by spin-component scaling by
as much as 38 and 55 percent for the SCS-ADC(2) and SOS-ADC(2) models, respectively,
essentially identical to the SCS-CC2 and SOS-CC2 results.

3.2 Franck-Condon gradients

Measures on the gradients of the excited state energies at the ground state equilibrium
geometry are presented in tables 2, 3, 4, and 5. The ADC(2) gradients, as evaluated by their
length and their direction relative to the reference vectors, show an accuracy similar to that of

CC2, with no clear indication of one being better than the other. Compared to CC2, in many
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cases a larger error of the gradient length is accompanied by a more accurate direction of
the vector, or vice versa. However, in situations where the description is clearly problematic
(e.g. in some n-7* states of nucleobases), both measures are inferior to the CC2 result. For
such states, the effect of spin-component scaling is generally also similar, marginally inferior
compared to the respective CC2 variant, i.e. both SCS-ADC(2) and SOS-ADC(2) provide
significantly better gradients compared to the canonical model. The only exception seems
to be the m-7* state of formamide, where no improvement is seen for the ADC(2) methods,
while the CC2 result is clearly surpassed by the spin-component scaled versions. This can
be, however, attributed to the fact that the CC2 and ADC(2) single excitation vectors of
this state show a slightly different mixing of dominant 7-7* contributions. For excited states
where the CC2 gradient is found to be satisfactory, the spin-component scaling in ADC(2)
shifts the canonical values in the very same direction as seen in the CC2 cases. Although
this does not clearly lead to more accurate gradients, the differences remain negligible as the

nominal errors remain low in all such cases.

3.3 Surface scans

The excited state potential energy surface scans shown on figures 1, 2, 3, and 4 gener-
ally seem to emphasize the above findings even further. The ADC(2) and CC2 curves run
very close to each other, at least in the first half of the explored PES. That is, wherever
ADC(2) and CC2 gradients were found to be exceptionally inaccurate (like in case of the
first n-7* state of cytosine), the respective plots form a well recognizable, distinct pair. The
spin-component scaled ADC(2) models show a pattern similar to the one found earlier for
their CC2 counterparts:? their divergence from the reference curve, as compared to regular
ADC(2), is reduced considerably, giving nearly CCSD quality results for most investigated
states. SOS-ADC(2) performs slightly better than SCS-ADC(2) in this analysis, but the
difference of the two variants remains minor compared to how much they both improve over

spin-unscaled ADC(2).



4 Conclusions

The results presented above affirm earlier conclusions that ADC(2) and CC2 are closely
related methods: not only statistics on vertical excitation energies for both valence and
Rydberg states are close, but also the Frank-Condon gradients show very similar patterns.
In case of the surface scans one sees a failure of ADC(2) in situations when CC2 fails, as
well. Noteworthy differences happen only for near-degeneracies where the character of the
single excitation part of the solution vectors might be different for the two methods. Scaling
spin-components differently in ADC(2) brings a significant improvement in most cases, very
similarly to the CC2 case. Both the systematic error of the Rydberg excitation energies,
and the misbalance between valence and Rydberg states are reduced. It also spectacularly
corrects the potential energy surfaces when ADC(2) fails, while conserving the accuracy if
it does not.

Therefore SOS-ADC(2), along with SOS-CC2, seems to be an economic and accurate
variant for large calculations, considering the lowest, fourth power scaling of these methods
with the system size. One should keep in mind, however, that spin-component scaling is
mostly empirical (for an approximate theoretical justification for ground state see the paper
of Szabados?), and therefore the good performance can not be guaranteed for all systems

and all situations.
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Table 1: Statistics on relative vertical excitation energies compared to CC3-LR, in electron volts

Valence States Rydberg States
Method Mean AE  oap  Max.|AE| | Mean A]}é aAgE Max.|aE| | Mean A(Valence -Rydberg)
cc2! 0.02 0.10 0.40 -0.38 0.26 0.68 0.40
ADC(2) 003 012  0.38 042 030 081 0.40
SCS-CC2 0.18 0.14 0.53 -0.07 0.14 0.48 0.24
SCS-ADC(2) 0.17 0.16 0.87 -0.08 0.18 0.59 0.25
SOS-CC2 0.26 0.20 0.71 0.08 0.16 0.56 0.18
SOS-ADC(2) 0.23 0.19 0.65 0.05 0.17 0.53 0.18
EOM-CCSD 0.17 0.13 0.42 0.11 0.08 0.33 0.07

I Calculated without Resolution of Identity approximation



Table 2: Vertical excitation energies (in electron volts), as well as the length
(in atomic units) and angle with respect to CCSDT (degrees) of excited state
gradient vectors of Methanimine

E«imc Hsz” £ocspr Eézc H?EZH £LocspT
(eV) (a.u.) (deg.) (eV) (a.u.) (deg.)

State 1 (n —7*)

SCS-CC2 573 0.1636 1.56 | SCS-ADC(2)  5.69  0.1631 1.62
SOS-CC2 578  0.1641 1.58 | SOS-ADC(2)  5.73  0.1637 1.63
CC2 5.65 0.1626 1.56 | ADC(2) 561  0.1619 1.68
CCSD 554 0.1576 4.37 | CCSDT 547 0.1692 0.00

State 2 (o0 — 7*)

SCS-CC2  10.01  0.2543 6.37 | SCS-ADC(2) 10.01  0.2444 8.10
SOS-CC2  10.05 0.2518 6.50 | SOS-ADC(2) 10.06  0.2407 8.65
CC2 9.92  0.2606 6.12 | ADC(2) 9.93  0.2516 7.36
CCSD 9.79  0.2423 3.18 | CCSDT 9.65 0.2387 0.00
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Table 3: Vertical excitation energies (in electron volts), as well as the length
(in atomic units) and angle with respect to CCSDT (degrees) of excited state
gradient vectors of Formamide

B |IVE'] Zocspr El.. |IVE' Zocspr
(eV) (a.u.) (deg.) | (eV) (a.u.) (deg.)
State 1 (n — 7*)
SCS-CC2  6.05 0.3010 4.90 | SCS-ADC(2) 5.78 0.3129 2.26
SOS-CC2  6.03  0.2986 4.75 | SOS-ADC(2) 5.81  0.3099 1.73
CC2 6.00 0.3061 5.26 | ADC(2) 5.73  0.3190 3.31
CCSD 5.87  0.2678 1.13 | CCSDT 5.84  0.2850 0.00

State 2 (m — 7*)

SCS-CC2  8.05 0.2196 8.07 | SCS-ADC(2) 7.81 0.2365 11.17
SOS-CC2  8.01  0.2265 15.92 | SOS-ADC(2) 7.87 0.2465 16.29
CcC2 7.71  0.2370 16.00 | ADC(2) 7.63  0.2367 13.72
CCSD 7.92  0.1975 6.87 | CCSDT 7.64 0.2066 0.00

Table 4: Vertical excitation energies (in electron volts), as well as the length
(in atomic units) and angle with respect to CCSDT (degrees) of excited state
gradient vectors of Cytosine

Eéa:c | ’?Ez‘ | £Lcespr Eéxc ‘ |?EZ| ‘ ALcespT
(eV) (a.u.) (deg.) | (eV) (a.u.) (deg.)

State 1 (m —7*)
SCS-CC2  5.06 0.2354 3.18 | SCS-ADC(2) 4.90 0.2403 3.88

SOS-CC2  5.10 0.2316 5.51 | SOS-ADC(2) 4.96 0.2351 5.83
CcC2 4.96  0.2467 4.44 | ADC(2) 4.77  0.2541 5.15
CCSD 5.11  0.2034 8.08 | CCSDT 4.86 0.2267 0.00

State 2 (m —7*)

SCS-CC2  6.05 0.2203 8.73 | SCS-ADC(2) 5.91 0.2169 8.93
SOS-CC2  6.14 0.2316 10.36 | SOS-ADC(2) 6.00 0.2174 10.70
CC2 5.86 0.2171 7.24 | ADC(2) 5.71  0.2125 6.72
CCSD 6.10 0.1961 7.73 | CCSDT 5.75  0.2095 0.00

State 3 (n — )

SCS-CC2 552 0.1706 5.83 | SCS-ADC(2) 5.37  0.1747 6.26
SOS-CC2 565 0.1645  14.13 | SOS-ADC(2) 552 0.1665  14.28
CC2 515 0.2489  35.46 | ADC(2) 496 02622  37.04
CCSD 553 01538  21.45 | CCSDT 528 0.1628 0.00
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Table 5: Vertical excitation energies (in electron volts), as well as the length (in
atomic units) and angle with respect to CCSD(T)(a)* (degrees) of excited state
gradient vectors of Guanine

Eéoe IVE'|]  Lcosp(m)(a)* Eéee  [IVE'|] £Loosp(t)(ay*
(eV) (a.u.) (deg.) (eV) (au.) (deg.)
State 1 (m — %)
SCS-CC2 538  0.1947 4.08 | SCS-ADC(2)  5.28  0.1961 4.61
SOS-CC2  5.40 0.1938 3.91 | SOS-ADC(2) 5.30 0.1939 4.65
CC2 5.35  0.1982 6.39 | ADC(2) 5.22  0.2013 5.60
CCSD 580  0.1697 6.60 | CCSD(T)(a)* 5.75 0.1843 0.00
State 2 (m — ")
SCS-CC2  6.03 0.2062 3.98 | SCS-ADC(2) 5.99 0.2039 5.38
SOS-CC2  6.11  0.2070 5.10 | SOS-ADC(2) 6.06 0.2046 5.05
CC2 5.88  0.2077 4.94 | ADC(2) 5.82  0.2025 7.93
CCSD 6.11  0.1798 6.60 | CCSD(T)(a)* 591  0.1957 0.00
State 3 (m — %)
SCS-CC2  7.02  0.1771 5.88 | SCS-ADC(2)  6.98  0.1632 6.41
SOS-CC2  7.07  0.1732 7.21 | SOS-ADC(2)  7.02  0.1586 7.42
CC2 6.91 0.1843 6.57 | ADC(2) 6.88  0.1708 6.99
CCSD 710 0.1498 6.04 | CCSD(T)(a)* 6.87 0.1788 0.00
State 4 (n — )
SCS-CC2  5.87  0.3024 1.63 | SCS-ADC(2)  5.64 0.3165 3.12
SOS-CC2  5.92  0.2979 2.55 | SOS-ADC(2) 570  0.3112 3.93
CC2 5.75  0.3173 5.21 | ADC(2) 5.50  0.3284 4.42
CCSD 580  0.2626 4.94 | CCSD(T)(a)* 5.75 0.2835 0.00
State 5 (n —7)
SCS-CC2  6.84 0.1782 22.20 | SCS-ADC(2) 6.77  0.1749 29.15
SOS-CC2  6.94 0.1699 15.70 | SOS-ADC(2) 6.88 0.1647 23.60
CC2 6.57  0.2339 38.52 | ADC(2) 6.46 0.2634 48.92
CCSD 6.87  0.1705 11.90 | CCSD(T)(a)* 6.73  0.1823 0.00
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Figure 1: Potential energy curves following the gradient of low lying excited states of Metha-
nimine relative to the ground state equilibrium energy (left panels) and their divergence from
the respective CCSDT curve (right panels).
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Figure 2: Potential energy curves following the gradient of low lying excited states of For-
mamide relative to the ground state equilibrium energy (left panels) and their divergence
from the respective CCSDT curve (right panels).
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Figure 3: Potential energy curves following the gradient of low lying excited states of Cytosine
relative to the ground state equilibrium energy (left panels) and their divergence from the
respective CCSDT curve (right panels).
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Figure 4: Potential energy curves following the gradient of low lying excited states of Guanine
relative to the ground state equilibrium energy (left panels) and their divergence from the
respective CCSD(T)(a)* curve (right panels).
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