Downloaded from orbit.dtu.dk on: Dec 02, 2021

Benchmarking Correlated Methods for Frequency-Dependent Polarizabilities: Aromatic
Molecules with the CC3, CCSD, CC2, SOPPA, SOPPA(CC2), and SOPPA(CCSD)
Methods

Jargensen, Maria W; Faber, Rasmus; Ligabue, Andrea; Sauer, Stephan P. A.

Published in:
Journal of Chemical Theory and Computation

Link to article, DOI:
10.1021/acs.jctc.9b01300

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Jorgensen, M. W., Faber, R., Ligabue, A., & Sauer, S. P. A. (2020). Benchmarking Correlated Methods for
Frequency-Dependent Polarizabilities: Aromatic Molecules with the CC3, CCSD, CC2, SOPPA, SOPPA(CC?2),
and SOPPA(CCSD) Methods. Journal of Chemical Theory and Computation, 16(5), 3006—3018.
https://doi.org/10.1021/acs.jctc.9b01300

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

xUsers may download and print one copy of any publication from the public portal for the purpose of private study or research.
xYou may not further distribute the material or use it for any profit-making activity or commercial gain
xYou may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1021/acs.jctc.9b01300
https://orbit.dtu.dk/en/publications/67dcd7dc-f92c-48c8-ac5e-29daa4702b6b
https://doi.org/10.1021/acs.jctc.9b01300

Downloaded via DTIC NATL TECH INFORMATION CTR on May 4, 2020 at 11:14:02 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

]‘ I ‘ Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Benchmarking Correlated Methods for Frequency-Dependent
Polarizabilities: Aromatic Molecules with the CC3, CCSD, CC2,
SOPPA, SOPPA(CC2), and SOPPA(CCSD) Methods

Maria W. Jgrgensen, Rasmus Faber, Andrea Ligabue, and Stephan P. A. Sauer*

I:I Read Online

Cite This: https://dx.doi.org/10.1021/acs.jctc.9b01300

ACCESS | [l Metrics & More | Article Recommendations ‘ > Supporting Information
ABSTRACT: A benchmark study of several correlated second- 4 _r

order methods for frequency-dependent polarizabilities has been cc? Mean Absolute Deviation from/CC3
carried out. For the benchmark, a set of 14 (hetero)aromatic Ccsp ‘.stat.c B bynamic Polarizabilities

medium-sized molecules has been chosen. For the rst time, CC3
polarizabilities are reported for these molecules using Sadlej’s
polarized triple- basis set, and for a subset of these molecules the
polarizabilities were obtained at the CC3 level also with the larger
aug-cc-pVTZ basis set. These CC3 values are used as the reference
values for benchmarking the second-order methods: SOPPA,
SOPPA(CC2), SOPPA(CCSD), CC2, as well as CCSD. The
in uence of di erent basis sets, aug-cc-pVDZ, aug-cc-pVTZ, aug-
cc-pVQZ, d-aug-cc-pVTZ, and Sadlej's polarized triple- basis set, on static and frequency-dependent polarizabilities was
investigated for the full set of molecules at the SOPPA level. It was found that the choice of basis set had a somewhat greater
in uence on the frequency-dependent polarizabilities than on the static polarizabilities, but all e ects were small. The aug-cc-pVTZ
basis set performed adequately for both static and frequency-dependent polarizabilities, having an insigni cant o set from the values
obtained with the larger d-aug-cc-pVTZ and aug-cc-pVQZ basis sets. Comparing the second-order methods, SOPPA, SOPPA(CC2),
SOPPA(CCSD), CC2, as well as CCSD, to the CC3 reference values, it was found that the best performing method was CCSD, as
expected. The SOPPA method, on the contrary, outperformed the CC2 method, suggesting the use of SOPPA rather than CC2 for
polarizabilities, at least for these kinds of molecules. The SOPPA results were found to improve further when the Mgller Plesset
correlation coe cients in the wave function were replaced by coupled-cluster amplitudes in the SOPPA(CC2) and SOPPA(CCSD)
methods. Finally, a comparison was made for a small subset of the molecules between experimental data and calculated
polarizabilities. It shows that, for this set of molecules, the trend in the performance of the di erent second-order methods does not
depend on whether the reference values are calculated CC3 values or experimental values.
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1. INTRODUCTION play a substantial role in electron energy-loss spectra

The interaction of molecules with light causes a perturbation of
the electrons in the molecule. Such a polarization plays an
important role in molecular interactions and in uences the way
in which light scatters from a molecule.* At high intensities,
caused by lasers, the molecular response to the eld yields
properties such as two-photon absorption, self-focusing, high-
harmonic generation, and more. These nonlinear optical e ects
are of great importance,” and there is a need for e cient and
accurate methods to calculate these properties. A natural
prerequisite for such methods is that they should rst perform
well for linear optical properties. Linear optics, as the name
suggests, possesses the advantage that at a low intensity of laser
light, the response of the molecule is linear in the eld. Such a
property could be the electronic dipole polarizability, which is
the focus of this study. The polarizability or, more precisely, its
gradients with respect to normal modes, determines the
intensities of vibrational Raman transitions.®> The electric
dipole polarizability tensor and its geometric derivatives also
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(EELS)." ° The electronic polarizability has also been found
to a ect the mechanism in multiphoton absorption.’
Calculated polarizabilities can thus be used to verify a variety
of di erent experimental data and can also be used for the
prediction of polarizabilities of molecules for which exper-
imental data are not yet available. However, this is only
possible if the calculations have a similar accuracy as the
experiments. As the accuracy of the experimental methods
keeps improving, there has been a great interest in developing
more advanced theories while still keeping the computational
cost low.
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The quest for well-performing methods has led to the
benchmarking of many computational methods for several
molecular properties in recent literature. Benchmark studies
are of great importance and will continue to be so, as long as
new methods are developed. Comparing medium-cost
methods to higher cost methods can verify the performance
of medium-cost methods, which can then be used with more
con dence in large-scale applications. Benchmark studies also
provide reference values for future investigations. The
calculation of electronic excitation energies has most
extensively been investigated with the benchmark set of
Thiel and coworkers,® '° leading to many following studies.
Benchmark studies have also been published for linear
response properties like NMR coupling constants.**

Many studies of polarizabilities have been carried out using
response theory methods. As coupled-cluster theory has
become a promising theory during the last several decades,
many studies have been carried out at this level of theory. The
hierarchical improvement of coupled-cluster methods has, for
example, been demonstrated for polarlzabllltles by a study of
Larsen et al.,"> showing that the performance improves in the
series CCS, CC2, CCSD, and CC3. Christiansen et al.'°
showed that this systematic improvement also extends to
CCSDT. Several approximate coupled-cluster methods and
variants, for example, the Brueckner coupled-cluster method,"’
have been developed from this theory. Furthermore, there has
been an increase in interest in second-order methods like the
second-order polarization propagator approximation
(SOPPA),'®* €C2% or ADC(2),**** as higher-order
methods are, for larger systems, still greatly limited by
computing power. Also, the usage of coupled-cluster ground-
state amplitudes in other theories such as SOPPA and ADC
theory has been proposed, leading to intermediate models like
SOPPA(CC?2),** SOPPA(CCSD),**** or CCD-ADC(2) and
CCSD-ADC(2).>%

A study by Packer et al.>" showed that SOPPA performs
better than time-dependent Hartree Fock (TDHF) for
frequency-dependent polarizabilities. This was also the case
in the study of static polarizabilities by Dalskov and Sauer,?®
where they found an improvement of the methods in the series
TDHF < SOPPA < SOPPA(CCSD) < CCSD. The
observation that SOPPA is out-performed by SOPPA(CCSD)
for polarizabilities has also been made in several other
studies”®?° * on small molecules. The improvement of the
SOPPA method by using the coupled-cluster amplitudes
inspired the study by Hodecker et al.?®> where the coupled-
cluster amplitudes were incorporated in the ADC(2) method
and tested primarily for excitation energies. No signi cant
e ect was observed for most cases of smaller molecules, but the
performance for the di cult case of ozone was improved in the
CCD- ADC(Z) method. Similar to a previous SOPPA(CCSD)
study,”* no real e ect was found, in general, for singlet excited
states of aromatic organic molecules, but an |mprovement was
observed for triplet excited states. The study was expanded?® to
also test the larger coupled-cluster version of the method,
CCSD-ADC(2). In this study, the methods were tested for
polarizabilities of aromatic organic molecules because the cases
of, for example, benzene and pyridine had been shown to be
di cult for the ADC method. The same tendency as for the
SOPPA method was shown, meaning the higher the order of
the coupled-cluster amplitudes, the more improved the
method becomes. Another approach to obtain results of high
precision for larger molecules is to lower the cost of

demanding preexisting methods. This was, for example, done
by Pedersen et al. in a study®* where the implementation of the
CC2 method was optimized based on a Cholesky decom-
position of the two-electron integrals. Alternatively, the
resolution of the identity approximation®* can signi cantly
reduce the CPU time of CC2 calculations.

For small molecules, there are many calculations of static or
dynamic polarizabilities using various forms of coupled-cluster
or Mgller Plesset perturbation theory, and |t would 3go to far
for this Article to mention more than a few.?*?%3° %% We are
aware of only a few high-level calculations on Iarger molecules.
Unsurprisingly, benzene agpears to be a very popular molecule
for testing new methods.?#2°*3%* 47 Sadlej's polarized triple-
basis set™*° as well as various correlation consistent basis
sets® °2 have been employed in these studies. A few previous
papers are worth mentioning explicitly here. Pedersen et al.*
carried out an extensive basis set study of the static
polarizability of benzene at the CC2 Ievel gorng up to even
an aug-cc-pV7Z basis set. Coriani et al.,*” on the contrary,
reported a CC3 value for the static polanzabrlrty of benzene
calculated with the aug-cc-pVDZ basis set, and Fransson et

reported an ADC(3/2) value for the static polarizability of
benzene using a triple- basis set. For furan, static and
frequency-dependent polarizabilities have been reported at the
CC2 and CCSD levels with the aug-cc-pVDZ basis set.>* Static
polarizabilities for pyridine and naphthalene were very recently
reported usrng various versions of ADC methods and Sadlej's
basis set,’® as previously mentioned. Finally, the static
polarizabilities of small and large [4n + 2] annulenes were
studied at the CC2/aug-cc-pVDZ level of theory.”®>* There
are only two studies, of which we are aware, where for a larger
set of medium-sized (hetero)aromatic molecules CCSD results
were reported. The rst is the 2014 study of Hickey and
Rowley,*” who used both Sadlej’s polarized triple- and the
aug-cc-pVTZ basis sets on furan, thiophene, pyrrole, pyrazole,
imidazole, benzene, pyridine, toluene, uorobenzen, chlor-
obenzene, phenol, and imidazole. The other study is by
Skrzynski et al.,>®> who used Sadlej’s basis set for CCSD as well
as CC2 for wuorene, carbazole, and dibenzofuran. On the
contrary, the focus for polarizabilities has not only been on
wave-function methods but also been on the often faster
density functional theory (DFT) methods, which has led to
several benchmark studies through the years, ° %8 Hickey and
Rowley*’ compared both wave-function and DFT methods in
their calculation of dipole moments and polarizabilities for a
variety of molecules, from smaller diatomic molecules to
(hetero)aromatic systems like those in this study. It was found
that CCSD performed similarly to some of the DFT
functionals when comparing to experimental values. However,
when comparing to CCSD results, it was clear that the second-
order method MP2 did perform better than the DFT methods.

Despite all of these studies of polarizabilities with di erent
methods, until now, no direct comparison of SOPPA and
coupled-cluster methods has been carried out for polar-
izabilities of larger molecules. This study thus focuses on the
benchmarking of second-order methods such as the coupled-
cluster method CC2 and SOPPA in addition to the full
coupled-cluster single- and double-model CCSD for polar-
izabilities of (hetero)aromatic molecules. The CCSD model
contains both the single- and double-excitation operators,
whereas in the CC2 model, the equations for the double
amplitudes are approximated based on Magller Plesset
perturbation theory. Similarly in SOPPA, the double-excitation
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part of the molecular Hessian is evaluated only to the zeroth
order. Furthermore, two mixed methods have been included,
the SOPPA(CC2) and SOPPA(CCSD) methods. These
methods draw on the fact that the coupled-cluster wave
function is a better description of the electronic ground-state
wave function than the second-order Mgller Plesset theory.
The reference state in the expression for the polarization
propagator is thus approximated by a linearized coupled-
cluster wave function. This has essentially no in uence on the
SOPPA equations but improves the description of the electron
correlation due to an improved wave function.

For the benchmark, the second-order methods should be
compared to a method of adequate performance. Thus, in this
study, the CC3 method™ has been used. Optimally, the full
CCSDT method® should have been used, but this method, as
it now includes the full equations for the triple amplitudes, is
simply too expensive for the size of molecules studied in this
work. The CC3 method, on the contrary, takes advantage of
the same approximation as the CC2 method for the double-
amplitude equations by approximating the equation for the
triple amplitude. As expected, the CC3 method has been
shown to perform better than CCSD for frequency-dependent
polarizabilities.®*

2. COMPUTATIONAL DETAILS

The set of molecules in this study consists of 14 aromatic
medium-sized molecules, whose structures can be seen in
Figure 1. Geometries optimized at the MP2/6-31G(d) level for

OO0

Benzene Oxazole Imidazole  Thiazole Phenol
N N
G | ) ’ N
N N/ N/ i pZ
Pyridine  Pyrimidine Pyrazine Pyridazine Benzonitrile
Furan Thiophene Phosphole Pyrrole

Figure 1. Structures and names of the molecules used in this study.

benzene, furan, pyrrole, imidazole, pyridine, pyrimidine,
pyrazine, and pyridazine were taken from the literature.” The
geometries of the remaining molecules were optimized at the
same level of theory using the Gaussian®” program. The level
of optimization was thus kept the same as in the Thiel
benchmark set for excitation energies® *° for the current
polarizability benchmark to function as an extension. For the
study of the basis set dependence of the polarizabilities,
Dunning’s aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pvVQZ, and d-
aug-cc-pVTZ basis sets™ > were used as well as Sadlej’s
polarized triple- basis set.*®*

For the method benchmarking part of this study, the aug-cc-
pVTZ and Sadlej basis sets were used. The polarizabilities in
this study, calculated with the SOPPA, SOPPA(CC?2),

SOPPA(CCSD), CC2, and CCSD methods, were obtained
with the DALTON program.®® The reference polarizabilities,
calculated with the CC3 method with the Sadlej basis set, were
also obtained with DALTON, whereas the CFOUR program®*
was used for the reference values with the larger aug-cc-pVTZ
basis set. The SOPPA-based methods are, by derivation,
unrelaxed methods, but all coupled-cluster results were also
obtained with the unrelaxed approach to ensure the correct
pole structure, which is especially important for the dynamic
polarizabilities. The benchmarking is carried out for both static
and dynamic polarizabilities. The frequencies used in this study
were 632.8 nm (0.072003 au), HeNe laser, and 488.8 nm
(0.093215 au). They were chosen because they were
frequently found to be used in experiments in previous
literature. All polarizabilities reported in this work are isotropic
polarizabilities, that is, one-third of the trace of polarizability
tensor.

3. RESULTS AND DISCUSSION

In Section 3.1 there will be a discussion of the performance of
the di erent basis sets studied in this work to nd the optimal
basis set for further usage. Section 3.2 will be a discussion of

nding appropriate reference values to use for benchmarking of
the second-order methods and how to obtain them in a feasible
way. In Section 3.3, the di erent second-order methods will be
compared with the coupled-cluster method CC3 to test their
accuracy. At last, in Section 3.4, there will be a comparison
between experimental and calculated polarizabilities for a
smaller set of molecules.

3.1. Basis Set E ects. For any calculation, a su cient,
well-performing basis set is of high importance for the accuracy
of the results. Previously, it has been shown that the accuracy
of polarizabilities is highly dependent on the basis set.®>%° It
was proposed that a triple- basis set contains enough basis
functions to perform su ciently. Because the polarizability is
the property in focus, di use functions should also be included
to better describe the long-range behavior. Second, it was
shown that the neglect of di use functions, which better
describe the electron correlation, leads to signi cant errors
when calculating electronic properties.®” It was also found that
the aug-cc-pVDZ, aug-cc-pVTZ, and Sadlej’s cc-pVTZ basis
sets gave similar results, with the aug-cc-pVTZ basis set
performing best. Another study'® states that although the
di use functions are critical for polarizabilities, more than one
set is not needed, and one should instead go to higher cardinal
numbers. Thus, in the present study, the aug-cc-pVTZ basis set
is tested against both the smaller aug-cc-pVDZ basis set and
the larger aug-cc-pVQZ basis set to see how much is gained or
lost in accuracy by using the triple- basis set over the larger or
smaller ones. Furthermore, the accuracy gained by employing
even more di use functions, using the d-aug-cc-pVTZ basis set,
is tested. Finally, also, a basis set specialized for polarizabilities,
Sadlej’s polarized triple- basis set, is tested against the aug-cc-
pVTZ basis set. In this study, the test of the basis sets is
separately carried out for static and dynamic polarizabilities,
and both cases are calculated with the SOPPA method. All of
the results can be found in Tables S1 and S2.

For the separate static and dynamic cases, linear regressions
between the SOPPA/aug-cc-pVTZ results and the SOPPA
polarizabilities obtained with the other basis sets were
generated. Because all basis sets exhibit a good correlation
with the aug-cc-pVTZ basis set, not much can be seen from the
plots, which can be found in Figures S1 and S2. On the
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Table 1. Parameters in the Linear Regression y = ax + b of Static and Dynamic Polarizabilities (in au), Calculated with the
Given Basis Set (y) versus the Values Obtained with the aug-cc-pVTZ Basis Set (x)®

static dynamic
basis set a b R? a b R?
aug-cc-pvDZ 0.9970 0.4682 0.9999 0.9960 0.5387 0.9999
aug-cc-pvQz 0.9976 0.1494 1.0000 0.9976 0.1616 1.0000
d-aug-cc-pVTZ 1.0001 0.1005 1.0000 0.9998 0.1424 1.0000
Sadlej 1.0018 0.4905 0.9998 1.0012 0.5916 0.9997

@Dynamic polarizabilities for the frequencies 0.072003 and 0.93215 au.

Table 2. Mean Deviations (in au) of the Static and Dynamic Polarizabilities Calculated with the Di erent Basis Sets from the

aug-cc-pVTZ Results®

static dynamic
basis set mean abs. mean std. dev. mean abs. mean std. dev.
aug-cc-pvDZ 0.27 0.27 0.13 0.27 0.27 0.15
aug-cc-pvQZz 031 0.31 0.04 0.32 0.32 0.05
d-aug-cc-pVTZ 011 0.11 0.04 0.13 0.13 0.05
Sadlej 0.60 0.60 0.17 0.67 0.67 0.23

2Dynamic polarizabilities for the frequencies 0.072003 and 0.93215 au.

contrary, the parameters from the linear regressions, which can
be found in Table 1, show the di erences between the basis
sets more clearly. The parameters for the static case reveal that
all correlations are close to perfect and have only small o sets
compared with the size of the polarizabilities, that is, at most
1%. The slope for the correlation between the aug-cc-pvVDZ
and aug-cc-pVTZ basis sets is the one most deviating from 1,
and the o set is rather large. This means that the accuracy of
the results will be less if the double- basis set is used instead
of the triple- basis set. For the correlation between the aug-cc-
pVQZ and aug-cc-pVTZ basis sets, the R? value is perfect, the
slope is very close to 1, and the intercept is close to O, that is,
slightly lower than 0. This shows that the gain in accuracy by
using the quadruple- basis set instead of the triple- basis set
is very small. Taking the longer computational time into
consideration, it is thus well justi ed to use the triple- basis
set. The inclusion of even more di use functions in the d-aug-
cc-pVTZ basis set is seen to have an insigni cant e ect on the
results, as the correlation between the basis sets is almost
perfect. Therefore, there is no need to use the extra
computational time on the d-aug-cc-pVTZ basis set because
there is no improvement in the accuracy. Sadlej's basis set is
seen to have the lowest R? value, and the largest o set for the
correlation with the aug-cc-pVTZ basis set. However, because
the slope deviates only 0.0018 from 1, the loss of accuracy
would be little if the o set was corrected for. From this, it can
be concluded that because all basis sets perform similarly, for
the static polarizabilities of such systems, any of the basis sets
would give reliable results. Using the aug-cc-pVTZ instead of
the larger basis sets will have an insigni cant e ect on the
accuracy of the results.

For the dynamic polarizabilities, the changes in the basis sets
are seen to have a slightly larger e ect, which may not be so
obvious from the plots in Figure S2 but can be observed by
looking at the values in Table 1. The aug-cc-pVQZ basis set is
again found to perform almost equally to the smaller aug-cc-
pVTZ basis set, with a perfect R? value, a small o set, and a
slope close to 1. It is thus more than justi ed to use the aug-cc-
pVTZ instead of the larger basis set because there is no real
gain in accuracy using the larger one. The lowered computa-

tional time further justi es this. In the same way, the e ect of
adding more di use functions to the aug-cc-pVTZ, making it
double-augmented, is again also seen to give only a negligible
gain of accuracy. There is thus no need to use the extra
computational time necessary for using the d-aug-cc-pVTZ in
place of the aug-cc-pVTZ basis set. As for the static case,
Sadlej’s polarized triple- basis set is again found to have a
lower R? value than the aug-cc-pVDZ basis set and a larger
0 set for the correlation with the results of the aug-cc-pVTZ
basis set. However, the slope is again closer to 1, meaning that
the o set could be corrected, and then this basis set would
perform comparably to the aug-cc-pVTZ basis set.

To look further into the performance of the di erent basis
sets, mean and absolute mean deviations from the aug-cc-
pPVTZ results were calculated for each basis set. They can be
found in Table 2, again separated for the static and dynamic
cases. The values prove that all of the basis sets perform rather
close to the aug-cc-pVTZ basis set because the deviations are
small compared with the size of the polarizabilities. Although
both d-aug-cc-pVTZ and aug-cc-pVQZ consist of more basis
functions than aug-cc-pVTZ, their results are again seen to
di er only insigni cantly from the aug-cc-pVTZ results. It can
be seen for both the static and dynamic cases that the aug-cc-
pVDZ results deviate less and have a smaller spread in the
deviation than the Sadlej's basis set results. This might seem
unexpected, considering that Sadlej’s basis set contains more
basis functions than aug-cc-pVDZ. However, Sadlej’s basis set
has been found to be a ected by the near-linear dependence of
the response properties for larger molecules.’” Hence, the
molecules in this study might approach a large enough size for
this e ect to be become relevant.

Overall, aug-cc-pVTZ should give results of su cient
precision for both the static and frequency-dependent cases
because there is not a great gain in accuracy using the larger
basis sets. There is, on the contrary, a small gain in using the
aug-cc-pVTZ over the aug-cc-pVDZ and Sadlej’s basis sets. For
this reason, the aug-cc-pVTZ basis set is used in this study.
The smaller basis sets can be adequate if a quicker estimate of
polarizabilities is needed.
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Table 3. CC3 Static and Dynamic Isotropic Polarizabilities (in au) Obtained with Sadlej’s Basis Set and the aug-cc-pVTZ Basis
Set, aT, and by Estimating the aug-cc-pVTZ Values, (aT), from the Correlation in Equation 1

frequency (au)

0.000000 0.072003 0.093215

molecule Sadlej aT? (amn)? Sadlej aT? (@n)? Sadlej aT? @n?
benzene 68.76 68.49 68.28 71.16 70.86 70.66 72.96 72.63 7244
benzonitrile 86.28 85.66 89.60 88.94 92.13 91.45
furan 48.69 48.34 48.36 50.14 49.75 49.80 51.23 50.80 50.88
imidazole 49.50 49.17 51.00 50.65 52.11 51.76
oxazole 43.47 43.18 43.19 44.63 44.32 44.35 45.48 45.16 45.20
phenol 74.69 74.15 77.38 76.82 79.43 78.85
pyrazine 59.09 58.83 58.68 61.16 60.89 60.73 62.78 62.50 62.34
pyridazine 58.97 58.73 58.56 60.87 60.62 60.45 62.33 62.07 61.89
pyridine 63.64 63.19 65.77 65.31 67.38 66.91
pyrimidine 58.23 57.81 57.83 60.05 59.62 59.64 61.42 60.98 61.00
pyrrole 55.01 54.47 54.64 56.87 56.25 56.48 58.27 57.59 57.86
phosphole 74.18 73.52 73.65 77.60 76.85 77.04 80.32 79.51 79.74
thiazole 59.35 58.87 58.93 61.22 60.69 60.79 62.61 62.05 62.17
thiophene 64.37 63.85 63.91 66.55 65.98 66.08 68.20 67.58 67.72

#aT stands for aug-cc-pVTZ

Table 4. SOPPA Static and Dynamic Isotropic Polarizabilities (in au) Obtained with the Basis Sets aug-cc-pVTZ and Sadlej

frequency (au)

0.000000 0.072003 0.093215
molecules Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ
benzene 7152 70.96 74.42 73.79 76.63 75.96
benzonitrile 89.47 89.00 93.60 93.13 96.86 96.40
furan 50.69 50.05 52.40 51.68 53.69 52.92
imidazole 51.29 50.61 53.04 52.28 54.36 53.54
oxazole 45.28 4478 46.65 46.11 47.68 47.10
phenol 78.33 77.59 81.77 80.95 84.48 83.61
pyrazine 61.31 60.92 63.87 63.50 65.99 65.65
pyridazine 61.17 60.79 63.14 63.53 65.14 65.50
pyridine 66.29 65.79 68.90 68.37 70.91 70.36
pyrimidine 61.09 60.64 63.38 62.91 65.17 64.68
pyrrole 56.92 56.06 59.06 58.09 60.70 59.64
phosphole 77.05 76.06 81.13 80.03 8451 83.32
thiazole 61.82 61.24 64.10 63.47 65.85 65.18
thiophene 66.75 66.07 69.37 68.61 71.38 70.57

3.2. CC3 Reference Values. For the benchmarking of any
method, the reference values should be of a higher level of
theory. Accordingly, in this study, the reference values are
calculated with the coupled-cluster method CC3, which is an
approximation of the full CCSDT model, where the equations
of the triple amplitudes are approximated at the lowest level of
perturbation theory. A huge disadvantage with this method is
its long computational time, which has prevented us from
obtaining CC3 results for some of the molecules in our
benchmark set using the aug-cc-pVTZ basis set. For these
molecules, benzonitrile, imidazole, phenol, and pyridine, the
reference values must thus be obtained from a smaller basis set.
From the statistical analysis of the basis sets, aug-cc-pVDZ was
found to deviate less from the aug-cc-pVTZ values than
Sadlej's basis set. However, because the missing reference
values will be obtained as a function of the polarizability with a
smaller basis set, the slope of the linear correlation is
considered to be of higher importance. For this reason,
Sadlej’s basis set is chosen over aug-cc-pVDZ despite the
statistical analysis. We will thus obtain the aug-cc-pVTZ value

as a function of Sadlej's value. The correlation between the
CCa3 results obtained with Sadlej's and the aug-cc-pVTZ basis
sets, for both the static and dynamic polarizabilities, was found
to be of the linear expression

y = 0.9919x + 0.0693, (R?) = 0.9997 D)
The polarizabilities obtained with both basis sets correlate
nicely, with an R? value close to 1 and a small o set.

Table 3 shows the CC3 polarizabilities obtained with the
aug-cc-pVTZ and Sadlej’s basis sets. The individual tensor
components of the polarizability for this method and these two
basis sets can be found in Tables S3 S8. In Table 3, in the
column (aT), the “pseudo” aug-cc-pVTZ values, obtained with
eq 1 from the corresponding Sadlej basis set results, are shown.
These values are, as previously mentioned, used for the
molecules where the polarizabilities were not obtained with the
aug-cc-pVTZ basis set. As can be seen from comparing the
“real” aug-cc-pVTZ results in column aT with the “pseudo”
triple- results in column (aT), this approach gives almost the
same polarizabilities with only slight deviations. For the static
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Table 5. SOPPA(CC2) Static and Dynamic Isotropic Polarizabilities (in au) Obtained with the Basis Sets aug-cc-pVTZ and

Sadlej

molecules

benzene
benzonitrile
furan
imidazole
oxazole
phenol
pyrazine
pyridazine
pyridine
pyrimidine
pyrrole
phosphole
thiazole
thiophene

frequency (au)

0.000000 0.072003 0.093215
Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ
7127 70.91 7413 7371 76.31 75.85
89.04 88.75 93.09 92.78 96.26 95.95
50.52 50.05 52.20 51.66 53.47 52.88
51.18 50.66 5291 52.32 54.22 53.57
4513 4478 46.49 46.09 47.50 47.07
77.96 77.44 81.34 80.74 84.00 83.34
61.16 60.91 63.68 63.43 65.75 65.52
60.99 60.75 63.06 63.32 64.98 65.23
66.05 65.73 68.62 68.26 70.60 70.21
60.76 60.48 63.01 62.70 64.75 64.42
56.70 56.05 58.82 58.06 60.43 59.58
76.70 75.98 80.71 79.88 84.00 83.09
61.80 61.44 64.07 63.66 65.81 65.35
66.52 66.07 69.10 68.58 71.09 70.50

Table 6. SOPPA(CCSD) Static and Dynamic Isotropic Polarizabilities (in au) Obtained with the Basis Sets aug-cc-pVTZ and

Sadlej

molecules

benzene
benzonitrile
furan
imidazole
oxazole
phenol
pyrazine
pyridazine
pyridine
pyrimidine
pyrrole
phosphole
thiazole
thiophene

frequency (au)

0.000000 0.072003 0.093215
Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ
69.67 69.69 7257 72.62 74.80 74.88
87.23 87.45 91.45 91.80 94.82 9531
49.28 49.04 50.94 50.68 52.20 51.92
50.06 49.74 51.78 51.44 53.09 52.72
44.04 43.86 45,38 45.19 46.39 46.19
76.03 75.90 79.48 79.38 82.24 82.18
59.84 59.91 62.52 62.70 64.80 65.16
59.61 59.68 62.16 62.02 64.36 64.08
64.59 64.58 67.22 67.26 69.28 69.37
59.47 59.43 61.78 61.77 63.59 63.63
55.59 55.21 57.71 57.27 59.34 58.85
75.17 74.81 79.25 78.91 82.65 82.36
60.19 59.95 62.43 62.19 64.16 63.92
65.07 64.82 67.64 67.38 69.64 69.36

Table 7. CC2 Static and Dynamic Isotropic Polarizabilities (in au) Obtained with the Basis Sets aug-cc-pVTZ and Sadlej

molecules

benzene
benzonitrile
furan
imidazole
oxazole
phenol
pyrazine
pyridazine
pyridine
pyrimidine
pyrrole
phosphole
thiazole
thiophene

frequency (au)

0.000000 0.072003 0.093215
Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ
72.29 71.85 74.91 74.41 76.88 76.33
90.05 89.65 93.60 93.17 96.31 95.85
51.10 50.60 52.66 52.09 53.81 53.20
51.97 51.39 53.60 52.94 54.81 54.10
45.69 4529 46.95 46.51 47.87 47.40
79.23 78.63 82.24 81.58 84.55 83.83
62.23 61.87 64.47 64.08 66.21 65.81
62.06 61.73 64.14 63.77 65.73 65.35
67.03 66.61 69.37 68.91 71.13 70.64
61.51 61.14 63.52 63.12 65.04 64.61
57.48 56.76 59.44 58.63 60.92 60.03
77.67 76.87 81.23 80.32 84.05 83.05
62.57 62.11 64.62 64.12 66.16 65.61
67.33 66.80 69.67 69.06 71.42 70.75
F https://dx.doi.org/10.1021/acs.jctc.9b01300
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Table 8. CCSD Static and Dynamic Isotropic Polarizabilities (in au) Obtained with the Basis Sets aug-cc-pVTZ and Sadlej

frequency (au)

0.000000 0.072003 0.093215
molecules Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ Sadlej aug-cc-pvVTZ
benzene 69.40 69.15 7175 71.46 73.50 73.17
benzonitrile 86.49 86.26 89.65 89.40 92.05 91.78
furan 48.90 4852 50.30 49.88 51.35 50.88
imidazole 49.70 49.19 51.15 50.58 52.22 51.61
oxazole 43.65 4331 44.77 44.40 4559 45.20
phenol 75.33 74.90 77.95 77.46 79.93 79.40
pyrazine 59.53 59.28 61.54 61.27 63.09 62.81
pyridazine 59.36 59.12 61.19 60.93 62.58 62.29
pyridine 64.20 63.91 66.28 65.97 67.84 67.50
pyrimidine 58.80 58.50 60.59 60.25 61.92 61.56
pyrrole 55.30 54.72 57.11 56.45 58.46 57.74
phosphole 74.90 74.27 78.26 77.52 80.92 80.10
thiazole 59.71 59.23 61.52 60.98 62.87 62.28
thiophene 64.82 64.34 66.95 66.39 68.54 67.93

case, the absolute mean deviation is 0.11 au, and the largest
deviation is found for benzene, with a deviation of 0.31% from
the aug-cc-pVTZ value. For the dynamic case, the absolute
mean deviation is 0.14 au, with pyrrole at 0.093215 au having
the largest deviation of 0.47%.

To verify that the slope is of more importance when
predicting values from a linear t, the same approach was
applied to the aug-cc-pVDZ basis set results. The CC3
polarizabilities obtained with the aug-cc-pVDZ basis set can be
found in Table S9. It was found that the aug-cc-pVTZ values
predicted from the aug-cc-pVDZ values deviated more from
the true aug-cc-pVTZ values. For the static case, the absolute
mean deviation was 0.45 au, with pyrimidine having the largest
deviation of 0.95% from the true value. For the dynamic case,
the absolute mean deviation was 0.43 au, with the most
deviating result belonging to pyrimidine at 0.072003 au with a
0.92% deviation.

It can thus safely be concluded that for such predictions, the
slope is of higher importance for the accuracy. Because the
deviations for Sadlej's polarized triple- basis set are relatively
small, the basis set is found to be a valuable alternative in
combination with the CC3 method instead of using a larger
basis set with a method of a lower level of theory.

3.3. Benchmarking of Methods. Having found appro-
priate reference values (Table 3), the performance of di erent
second-order methods is now investigated using the aug-cc-
pVTZ basis set. Values of the polarizabilities obtained from the
di erent methods using the aug-cc-pVTZ and Sadlej basis sets
can be found in Tables 4 8.

In Figure 2, the mean and absolute mean deviations of the
results of the di erent methods from the CC3 results are
shown for the static case. The numerical values for the
deviations can be seen in Table 9. The method giving the
results that deviate most from the CC3 results is found to be
CC2, with a mean deviation of 3.06 £ 0.68 au. One might have
expected CC2 to perform worse than CCSD, with a mean
deviation of 0.45 + 0.24 au, because the equations for the
double amplitudes are in CC2 approximated based on Maller
Plesset theory. However, this is in contrast with the previous
results for singlet excitation energies,® *° where CC2, on
average, performed better than CCSD in comparison with
CC3. SOPPA is found to yield results that deviate less from the
CC3 reference values than CC2, with a mean deviation of 2.30

I MeanDev (au)
mmE MeanAbsDev (au)
Bmm StdDev (au)

Deviation (au)

SOPPA

SOPPA(CC2)

SOPPA(CCSD) cc2 CCsD

Figure 2. Deviation from CC3 results for static polarizabilities (in au).

+ 0.61 au, which suggests using SOPPA instead of CC2 for
calculations of polarizabilities. A similar better performance of
SOPPA than CC2 in comparison with CCSD values was also
previously found for NMR spin spin coupling constants.*? For
vertical excitation energies, on the contrary, CC2 has been
shown to yield results in clearly better agreement with CC3
results than SOPPA.*®%%9 |t is then seen for the mixed
methods, SOPPA(CC2) and SOPPA(CCSD), that the SOPPA
results are improved by using the coupled-cluster amplitudes in
the wave functions instead of the Megller Plesset correlation
coe cients, making SOPPA(CC2), with a mean deviation of
226 + 0.55 au, slightly better than SOPPA and making
SOPPA(CCSD) the best, with a mean deviation of 1.12 + 0.39
au. The fact that the mean and absolute mean deviation are the
same for the SOPPA, SOPPA(CC2), SOPPA(CCSD), and
CC2 methods shows that all of these methods consistently
overestimate the CC3 static polarizabilities.

The same overall performance of the methods is also
observed for the frequency-dependent polarizabilities, which
can be seen in Figure 3 and in Table 9. However, the
di erences in performances between CC2 and the SOPPA
methods are less pronounced here; CC2’s mean deviation is
3.27 £ 0.76 au versus 2.97 £+ 0.89 au for SOPPA, 2.86 + 0.79
au for SOPPA(CC2), and 1.89 £ 0.79 au for SOPPA(CCSD).
Furthermore, the mean deviations are actually larger than those
for the static polarizabilities. CCSD still leads to the results
closest to the CC3 results, with an actually smaller mean
deviation of 0.34 £ 0.23 au than for the static polarizabilities.
The mean and absolute mean deviations here again show that
these methods mostly overestimate the CC3 results. The
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Table 9. Deviations in Static and Dynamic Polarizabilities (in au) of All Methods with Respect to the CC3/aT or CC3/(aT)

Results®
static dynamic
method mean abs. mean std. dev. mean abs. mean std. dev.
SOPPA 2.30 2.30 0.61 297 297 0.90
SOPPA(CC2) 2.26 2.26 0.55 2.86 2.86 0.79
SOPPA(CCSD) 112 112 0.39 1.89 1.89 0.79
CC2 3.06 3.06 0.68 3.27 3.27 0.76
CCsSD 0.45 0.45 0.24 0.34 0.35 0.23

2Dynamic polarizabilities for the frequencies 0.072003 and 0.93215 au.

Figure 3. Deviation from CC3 results for frequency-dependent
polarizabilities (in au). The dynamic polarizabilities are of frequencies
0.072003 and 0.93215 au.

exception is the frequency-dependent polarizabilities of
imidazole calculated with the CCSD method. Unlike all
other cases, here the CCSD method underestimates the
polarizability compared with the value obtained from CC3,
which can be seen in Table 8.

Because few of the reference CC3 polarizabilities are not
true aug-cc-pVTZ values but are obtained through eq 1 from
results using the Sadlej basis set, the previous discussion is not
a completely true analysis of the methods. For that reason, the
same analyses is made here again for all methods using only the
true CC3/aug-cc-pVTZ values. Although this will represent
the methods better because they are compared on exactly the
same level (aug-cc-pVTZ), it is worth remembering that the
test set is now smaller. Figures 4 and 5 show the mean

Figure 4. Deviations from only true CC3/aug-cc-pvTZ results for
static polarizabilities (in au).

deviations for the di erent methods from only the CC3
polarizabilities, which were obtained with the aug-cc-pVTZ
basis set. The numerical values from the gures can be found
in Table 10. Ata rst glance of the gures, the hierarchy of the
methods is seen to be unchanged for both the static and
dynamic polarizabilities. It is observed that the mean
deviations, excluding the pseudo values, are lower than when
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B StdDev (au)
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Figure 5. Deviations from only true CC3/aug-cc-pvTZ results for
dynamic polarizabilities (in au). The dynamic polarizabilities are of
frequencies 0.072003 and 0.93215 au.

the pseudo values are included in the analyses. It can also be
seen that the di erence in the methods is slightly smaller, more
so for the dynamic polarizabilities. The fact that the hierarchy
is the same whether or not the pseudo CC3/aug-cc-pVTZ
values are included in the analyses shows that the pseudo
polarizabilities can be used to rank the performance of the
di erent methods. Furthermore, the fact that the deviations are
slightly higher for the comparison including the pseudo values
could simply be due to the larger data set.

From the analyses, both excluding and including the pseudo
CC3/aug-cc-pVTZ polarizabilities, it can be concluded that for
both static and dynamic polarizabilities it is justi ed to prefer
SOPPA over CC2 because it yields results closer to the CC3
results. Both SOPPA and CC2 have an N° scaling, which
makes the methods formally equally demanding. However,
there are di erences in the size and the number of sets of the
inhomogeneous linear equations, which have to be solved in
the two methods. Furthermore, in general, optimized
implementations of the CC2 method in di erent quantum-
chemical computer programs have attracted more attention.
Exploiting, for example, the resolution of the identity
approximation,® leading to RI-CC2,® signi cantly reduces
the spent CPU time. A comparison of timings between such an
optimized CC2 implementation and our standard SOPPA
implementation is therefore not meaningful. Had the
implementation of the SOPPA method received as much
attention, SOPPA calculations with a tuned SOPPA program
could potentially run as fast as CC2 calculations with current
RI-CC2 programs. For even closer agreement with the CCSD
or CC3 results, the ground-state amplitudes of the coupled-
cluster methods can be used in the SOPPA approach, leading
to the SOPPA(CC2) or SOPPA(CCSD) methods. The order
of increasing performance is thus CC2 < SOPPA <
SOPPA(CC2) < SOPPA(CCSD) < CCSD. It is worth
mentioning that these mixed methods, SOPPA(CC2) and
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