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The ability of coupled-cluster models to predict vertical excitation energies is tested on the
electronic states of carbon-chain radicals of particular relevance to interstellar chemistry. Using
spin-unrestricted and -restricted reference wave functions, the coupled-cluster singles and doubles
(CCSD) model and a triples-including model (CC3) are tested on the o radicals C,H and C,H. Both
molecules exhibit low-lying excited states with significant double-excitation character (as well as
states of quartet multiplicity) and are thus challenging cases for excited-state approaches. In
addition, we employ two diagnostics for the reliability of the CC results: the approximate excitation
level (AEL) relative to the ground state and the difference between excitation energies obtained with
spin-unrestricted and spin-restricted reference wave functions (the U-R difference). We find that
CCSD yields poor excitation energies for states with AEL significantly larger than ca. 1.1 and/or
large U-R differences, as well as for certain states exhibiting large spin contamination or other
inadequacies in the reference determinant. In such cases, connected triple excitations can be
included in the model and generally provide improved results. Furthermore, we find that large
discrepancies exist between CC and multireference (MR) results for certain states. These
disagreements are not related to basis-set effects, but likely arise from the lack of spin adaptation in

conventional spin-orbital CC implementations and active space selection in the MR models.
© 2010 American Institute of Physics. [doi:10.1063/1.3376073]

I. INTRODUCTION

Interstellar chemistry provides a superb example of syn-
ergistic interplay between theory and experiment. Almost
since its inception, the field of quantum chemistry has played
a significant role in the identification of molecules in inter-
stellar and circumstellar media. For many rigid molecules,
microwave emissions measured from various sources can be
compared to simulated rotational spectra with a high degree
of reliability due to the relative ease with which structures
and associated rotational constants submit to accurate theo-
retical prediction.1 Given that many molecular candidates for
identification in interstellar sources are difficult to prepare in
laboratories, theoretical methods are even more critical.
Early examples of this interplay between measurements
[taken from observation in the interstellar medium (ISM) or
laboratory experiments] and theoretical computations include
the discoveries of N,H* in 1974 (Ref. 2) and C3N in 1977,
and such collaborations continue today.s’7

For some molecular species in the ISM, particularly
those with low abundances, more sensitive methods such
as  UV/visibility  spectroscopy are preferred for
identification.*'" However, electronic spectra are signifi-
cantly more difficult than pure rotational spectra to simulate
accurately for several reasons.'! First, both transition fre-
quencies and oscillator strengths exhibit much greater sensi-
tivity to the level of theory employed (especially for open-
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shell molecules). Second, vibronic effects are relatively
common, but also exceedingly difficult to model,'>" and
simple comparison of experimental spectra to computed ver-
tical (or even adiabatic) transitions is insufficient for robust
assignments. Finally, high levels of electron correlation are
often needed to describe excited states that are not comprised
primarily of one-electron excitations, even when the ground
electronic state is well-described by lower levels of theory.
Thus, the obstacles that must be overcome for theory to play
a similarly valuable role in the identification of interstellar
compounds via electronic spectroscopy as it does for micro-
wave spectroscopy are daunting. Nevertheless, ongoing ef-
forts to identify, for example, the carriers of the diffuse in-
terstellar bands (DIBs),lé_20 the mysterious series of visible
and near-infrared lines whose provenance still remains un-
known, may very well hinge on advances in the reliability of
quantum chemical models.

This work focuses on the last of the three factors de-
scribed above, viz. the level of electron correlation required
to provide an accurate description of the ground and excited
electronic wave functions involved in a given transition. In
particular, we consider the application of coupled-cluster
theory2]’22—widely regarded as one of the most reliable
quantum chemical models****—to electronic excitations in
radicals, where correlation effects are often paramount. The
highest level of theory employed in this work is CC3, which
was developed in the 1990s for the description of response
propertieszsf27 and was extended to open-shell species in

© 2010 American Institute of Physics
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2005.% For a test set, we have chosen two linear molecules
of importance to interstellar chemistry: C,H and C,H. These
radicals were discovered in the ISM in 1974 (Ref. 29) and
1978,%° respectively, the latter study aided by comparison to
theoretically computed rotational constants. Related C,,H
(n=1,2,...) carbon-chain molecules have been proposed as
one of several possible carriers of the DIBs.>' ¢ C,H is also
reported to be potentially among the most abundant mol-
ecules in the universe after the much more common carbon
monoxide and the ubiquitous hydrogen molecule.”’” Addi-
tionally, both C,H and C,H are believed to play a role in the
chemistry of extraterrestrial planetary atmospheres, espe-
cially that of Saturn’s moon Titan.*® For our purposes, how-
ever, these two molecules exhibit both valence and Rydberg
excitations, including states with strong double-excitation
character and higher spin multiplicities,39 and therefore pro-
vide a significant challenge to ab initio methods.***

Il. COMPUTATIONAL DETAILS

Structural optimizations of each radical were carried out
at the coupled-cluster singles, doubles, and perturbative
triples [CCSD(T)] level of theory,*® in conjunction with a
variety of open-shell reference wave functions based on
Hartree—Fock determinants, including spin-unrestricted
(UHF),*# spin-restricted open-shell (ROHF),*? and qua-
sirestricted (QRHF) (Ref. 53) formulations. In addition, the
optimized structures were computed using the equation-of-
motion coupled-cluster method for ionized states
(EOMIP-CCSD),>* in which the anions C,H™ and C,H" pro-
vide the starting coupled-cluster wave functions. All compu-
tations were carried out in the C,, subgroup of C..,. Dun-
ning’s triple-zeta correlation-consistent basis set, cc—pVTZ,5 >
was used to obtain the optimized geometries.

Vertical excitation energies were computed at the UHF-
CCSD(T)/cc-pVTZ optimized structures using the equation-
of-motion CCSD (EOM-CCSD) approach®™ ™ as well as an
open-shell extension” of the approximate triples method,
CC3 of Koch, Christiansen, Jgrgensen, and co-workers.”
Both levels of theory used UHF and ROHF reference deter-
minants with the carbon 1s electrons frozen for each radical.
The lowest several 3*(A,), 27(A,), A(A,/A,), and TI(B,/B,)
states were computed using a multiroot method at the CCSD
level and a root-following approach with CC3 (whose
quasieigenvalue implementation precludes computation of
more than one root at a time but avoids the storage of triples
wave function amplitudes).28 For comparison to the results
from high-level coupled-cluster models, vertical excitation
energies were also computed with configuration interaction
singles (CIS) (Ref. 60) and time-dependent density func-
tional theory (TD-DFT)®! using the Becke three-parameter
exchange functional®® with the Lee—Yang—Parr correlation
functional®® (B3LYP).** All coupled-cluster computations
were carried out with the PSI3 (Ref. 65) and CFOUR (Ref. 66)
quantum chemical program packages. CIS and B3LYP com-
putations were carried out with the GAUSSIANO3 package.67

For the excited-state computations at the various levels
of theory, correlation-consistent basis sets including diffuse
functions were employed, including the aug-cc-pVDZ, aug-
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FIG. 1. UHF-CCSD(T)/cc-pVTZ optimized linear structures (bond dis-
tances in angstroms) of (a) C,H (°3*%); (b) C4H (*3*); and (c) C,H (*IT)
radicals.
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cc-pVTZ, and d-aug-cc-pVDZ basis sets.”>% The impact of

further augmentation of the basis set was analyzed by adding
new diffuse functions (s, p, and d sets for carbon, and s and
p for hydrogen) obtained by even-tempered extrapolation of
the most diffuse exponents in each angular momentum of the
d-aug-cc-pVDZ basis sets for C and H to yield what will be
referred to in this paper as the t-aug-cc-pVDZ basis. For
carbon, the diffuse functions added to the d-aug-cc-pVDZ
basis to produce the t-aug-cc-pVDZ Dbasis were
a,=0.004 060 6, «,=0.002 8864, and «,=0.011406; for
hydrogen, «,=0.001 767 4 and a,=0.005 285 7.

lll. RESULTS AND DISCUSSION
A. Optimized geometries

The UHF-CCSD(T)/cc-pVTZ optimized structure of the
ground state of the ethynyl radical (C,H) is given in Fig. 1.
C,H has a ground-state *3* term, %7 which suggests
that its structure should be comparable to acetylene. Indeed,
the UHF-CCSD(T)/cc-pVTZ C-C triple bond of 1.208 A
resembles that of acetylene, whose RHF-CCSD(T)/cc-pVTZ
C—C bond is somewhat shorter at 1.206 A. We note that the
ROHF-CCSD(T), EOMIP-CCSD, and QRHF-CCSD(T)
methods, as well as earlier RCCSD(T)/cc-pVTZ computa-
tions by Woon™® all agree with this result. We also note that
the UHF reference function for this state exhibits substantial
spin contamination, as evidenced by its large expectation
value of $2 of 1.13, though the CCSD wave function for the
23+ state constructed from either the UHF or ROHF deter-
minant yields very little contamination, with corresponding
expectation values of 0.758 and 0.752, r<=,spe<:tively.75’76

For the longer C4H chain, nearly all of the theoretical
methods employed here [with the notable exception of
ROHF-CCSD(T)] predict a II ground state. In spite of this,
we elected to use the UHF-CCSD(T)/cc-pVTZ optimized
structure of the lowest energy “3* state as the starting point
of our study for three reasons: (1) the lowest *S* and °II
states have been shown by both theory43745’7]’72’77’78 and
experirnentm*84 to be nearly degenerate with experiment fa-
voring the former; (2) this choice gives greater ease of com-
parison of the vertical transitions between C,H and C,H; and
(3) the purpose of this work is to benchmark high-level
coupled-cluster vertical excitation energies rather than to re-
produce the experimental spectra.

As shown in Fig. 1, UHF-CCSD(T)/cc-pVTZ predicts an
optimized structure of the *S* state to be similar to the
shorter C,H chain. The H-C; bond and the C;—C, bond in
C4H (1.057 and 1.209 A, respectively) vary from their C,H
counterparts by less than 0.002 A each. The C;—C, bond of
C,H is predicted to be 1.203 A, varying by 0.006 A from the
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C—C bond of C,H. In addition, this lowest energy *3* state
of C,H is clearly seen to resemble the structure of diacety-
lene. The C,—C; bond of C,H is 1.376 A, a slight deviation
from RHF-CCSD(T)/cc-pVTZ diacetylene at 1.370 A. The
C,-C, bond in diacetylene measures a length of 1.212 A,
just 0.009 A longer than the same bond in C,H. The spin
contamination of the UHF reference function is even larger

in the 23* state of C,H than in C,H, with a poor ($2) value
of 1.59, though, again, the UHF- and ROHF-CCSD wave
functions produce much more reasonable values of 0.782 and
0.755, respectively.

In comparison, the structures of the lowest 23+ and 211
states of C4,H most closely resemble those of diacetylene and
the corresponding cumulene, respectively. The C;—C, bond
of the 23* state is 0.017 A shorter than that of the Il state
while the C,—Cj; bond is longer for the *3* state by 0.037 A,
as illustrated in Fig. 1. The C;—C, bond length shows the
most variation between the states and is 0.077 A longer for
the 2I1 state.

B. Vertical excitation energies

In this section, we analyze vertical excitation energies
for the C,H and C4H radicals using the methods described
earlier. Spin remains one of the central obstacles in the ap-
plication of conventional CC methods to excited states of
open-shell species. In the following sections, the spin-
symmetry assignments of the individual states are approxi-
mate in that the formulation of open-shell coupled-cluster
theory employed in this work does not yield eigenfunctions
of the §2 operator, though, in some cases, the dominant dou-
blet versus quartet character of many states can be estimated
by examination of the expectation value of $2 and of the
relevant determinantal contributions. Nevertheless, as dis-
cussed previously by Szalay and Gauss,® the lack of spin
adaptation in standard formulations of excited-state coupled-
cluster theory can result in the exaggerated importance of
so-called “pseudotriple” (and possibly higher) excitations, in
which a double excitation is accompanied by a spin-flip
within the open-shell orbital(s). While such terms would ap-
pear naturally as doubles in a fully spin-adapted formulation,
spin-orbital approaches, such as that applied in this work,
require at least triple excitations to describe them in even a
qualitatively correct manner.

In an effort to develop an understanding of the accuracy
to be expected from the CCSD and CC3 methods for open-
shell species, we will consider two diagnostics for the reli-
ability of the EOM-CCSD data. The first is the difference
between UHF- and ROHF-based results (which we will refer
to here as the “U-R” difference). As the level of electron
correlation is increased, the U-R difference typically de-
creases (and is zero at the full-CI limit); hence large differ-
ences warrant skepticism in the given results. Second, we
compute an “approximate excitation level” (AEL) based on
the projection of the excited-state wave function onto the
singles and doubles space. For CCSD, the AEL we employ is
defined as

J. Chem. Phys. 132, 144303 (2010)

AEL = (W csp|SHUSIW ccspy + 2( P cesp DXD| W esp)
= 2 (Dg| LeTT|DIN DY ReT|Dg) +2

X 2 (Dol|LeT| DY NP R Dy), (1)

i>j,a>b

where ®;, ®f, and @?jb denote the reference and excited
determinants, and the tilde differentiates left- and right-hand
EOM-CCSD excited states, which are parametrized in terms
of the £ and R cluster operators, respectively. EOM-CCSD
AEL values significantly larger than 1.0 suggest appreciable
double-excitation character in the excited-state wave func-
tion. In such cases, EOM-CCSD is generally expected to
yield poor results, and higher-level correlation treatments are
necessary. Furthermore, as noted by Szalay and Gauss,” for
cases exhibiting significant contributions from pseudotriple
excitations, even states dominated by single excitations can
have significant errors, and thus the question of the useful-
ness of methods that include the effects of connected triple
excitations, such as CC3, remains open.

We also note that the AEL of Eq. (1) differs from the
form given by Stanton and Bartlett,”® who defined the diag-
nostic in terms of differences between approximate natural-
orbital occupation numbers of the ground and excited states.
However, we have found that this definition can yield AELs
less than 1.0 in many cases. The above definition, however,
may be viewed as measuring the overall excitation level rela-
tive to the reference determinant rather than the CCSD wave
function, and is less likely (though still not guaranteed, at
least for totally symmetric excitations) to produce values un-
der unity. In addition, the above AEL definition avoids any
ambiguity as to the use of relaxed or unrelaxed densities. In
passing, we note that the singles and doubles projections that
comprise this diagnostic have been computed by the ACESIV/
CFOUR program package for more than a decade without be-
ing published in the literature.

1. C,H

Table I reports vertical excitation energies, excited-state
characters, and AELs (vide infra) for 16 states of C,H at the
CCSD and CC3 levels of theory with the aug-cc-pVDZ basis
set. The term assignments in the table are based on exami-
nation of the determinantal components of the excited-state
wave function (the specific coefficients given in the table are

taken from the ROHF-CC3 level) as well as the 52 expecta-
tion reported in Table II. The canonical molecular orbital
(MO) transitions given for each excitation are relative to the
ground 23* state, which has the Hartree—Fock configuration
of (core) 30°40?17*50. The key virtual MOs for the states
given in the table are the singly occupied 5o, the valence
27", and four low-lying Rydberg orbitals: 3s, 3po, and a pair
of nearly degenerate 3p7r orbitals (each centered on a differ-
ent carbon atom). Some higher-lying states given in the
tables include minor contributions into Rydberg 4s, 4po, and
even Spo orbitals. Transitions of significance are considered
to be those with coefficients whose absolute magnitudes ex-
ceed 0.20 for single excitations (labeled as either « or 8) and
0.10 for double excitations (labeled as a3, aa, or BB).
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TABLE I. Vertical excitation energies (eV), state assignments, characters, and AELs (from the ROHF-CCSD level) of C,H relative to the ground I3+ state

at various levels of theory with the aug-cc-pVDZ basis set.

Vertical excitation energy

State
assignment Excitation character UHF-CCSD UHF-CC3 ROHF-CCSD ROHF-CC3 AEL
1710 lm—50 (0.85 B) 0.997 0.826 0.798 0.768 1.08
l7—3po (0.29 B)
17— 3s (0.20 B)
lm—27" l7m—50 0.11 apB)
143* lm—27" (0.31 a3 0.33 B; 0.20 apB) 5.476 5.306 5.381 5.235 1.14
lm—3pm (0.29 a; 0.23 B: 0.18 ap)
14A lr—27" (0.32 a; 0.32 B; 0.17 apB) 6.570 6.382 6.498 6.318 1.13
lm—3pm (0.31 a; 0.25 B; 0.17 ap)
143 lm—3pm (0.35 a; 0.26 B; 0.18 apB) 7.353 7.139 7.272 7.067 1.13
72 (031 a; 0.30 B; 0.16 ap)
25 4o0—50 0.36 B) 8.354 7.555 8.067 7.334 1.54
l7m—2m" (0.31 ap)
l7m—3pw (0.30 ap)
123- 17— 3pm (0.36 a; 0.32 B) 7.664 7.575 7.652 7.578 1.05
lm—27" (0.32 a; 0.34 B)
12A lm—3pm (0.40 a; 0.31 B) 7.990 7.903 7.976 7.898 1.06
l7r—27" (0.32 a; 0.29 B)
2710 17—3s 0.39 B) 8.410 8.258/8.299" 8.444 8.195/8.315% 1.07
lm—27" lom—50 (0.33 ap; 0.30 aB; 0.28 BP)
17— 3pm lm—5a (031 aB; 0.29 aB; 0.19 BB)
17 —4s (0.20 B)
321 17— 3s (0.72 @; 0.09 B; 0.29 apB) 8.852 8.625 8.810 8.519 1.12
17— 4s (0.31 a; 0.12 ap)
lm—27" lom—50 (0.13 aB; 0.19 BB)
l7m—3pm lm—50 (0.12 aB; 0.13 BB)
S0—3s lm—3po 0.12 ap)
323" 40—50 0.67 B) 9.334 8.660 9.137 8.525 1.45
lr—2m 0.23 B)
l7m—3pm lm—50 (0.16 ap)
l7—27" l7—50 (0.15 ap)
1411 1lm—3po (0.49 B) 9.016 8.881 9.027 8.805 1.08
17m—3s (0.32 B)
lm—27" lom—50 (0.23 ap; 0.18 aB; 0.25 BP)
lr—4po 0.24 B)
\m—3pm lr—5a (0.23 aB; 0.18 aB; 0.17 BB)
l7m—5po 0.22 B)
4°11 17— 3po (0.62 a; 0.38 B; 0.22 af) 9.455 9.204 9.403 9.189 1.13
lTm—4po (0.29 @; 0.19 B; 0.13 ap)
lrm—27" lom—50 0.11 BB)
l7m—3pm lm—50 (0.10 apB)
Soc—3po 17— 3pc (0.10 ap)
243" lm—3pm (0.36 a; 0.48 B; 0.26 B; 0.14 ap) 9.568 9.457 9.579 9.429 1.07
51 So—3pm (0.56 a) 9.712 9.405 9.644 9.516 1.18
S50—27" (0.48 )
l7—3pm 17— 50 (0.28 ap; 0.17 aB; 0.10 BP)
lm—27" lom—50 (0.25 ap; 0.17 aB; 0.13 BP)
22A lm—3pm 0.61 B; 0.29 B) 9.634 9.550 9.660 9.541 1.09
273 lm—3pm (0.58 B; 0.32 B) 9.765 9.663 9.796 9.665 1.06

“Two possible *IT states in this energy range were identified at the CC3 level. See text for discussion.

In the Hartree—Fock MO basis, nearly all of the states
reported in Table I involve more than one significant transi-
tion, and all exhibit at least some Rydberg character. The
lowest excited state corresponds to the A *IT« X *S* transi-
tion, whose largest contribution arises from S-spin excitation
from the 17 orbital into the singly occupied 5o, though
single excitations into the 3po and 3s Rydberg orbitals (as

well a valence-MO double excitation) all make non-
negligible contributions. The computed excitation energy for
this state depends significantly on the choice of reference
determinant, as indicated by the U-R difference of 0.2 eV. At
the CC3 level of theory, the U-R difference is reduced, as
expected (to 0.06 eV), and the larger CCSD to CC3 shift is
observed for the UHF reference function. The AEL for this
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TABLE I1. (82) values of excited states of C,H at the EOM-CCSD/aug-cc-
pVDZ level of theory. States marked in italics involve unbalanced contribu-
tions from low-spin determinants depicted schematically in Fig. 2.

State UHF-EOM-CCSD ROHF-EOM-CCSD
1211 0.786 0.754
143+ 3.478 3.509
1A 3.403 3.484
143~ 3.241 3.393
223 1.064 0.936
123- 0.893 0.817
12A 0.781 0.761
2201 2.095 2.213
3201 2.032 1.900
323 1.028 0.844
140 2.214 2.434
4711 1.553 1.439
243 2.783 2.937
5201 0.989 0.824
22A 1.941 1.920
2723 1.813 1.807

state (reported in the table for the ROHF-CCSD level) is
only 1.08. Koures and Harding42 reported vertical excitation
energies for C,H at the MRCISD(+Q)/DZP level of theory,
and identified the 1 *IT state at 0.60 eV above the ground *3*
state, approximately 0.2 eV lower than the CC3 results given
in Table I. While Koures and Harding adopted procedures by
which they carried out separate computations of the valence
and Rydberg states (the latter using MCSCF orbitals adopted
from the corresponding anion), all of the states were ob-
tained in the current work using a single basis set and
method. This results in mixed valence/Rydberg character for
nearly every state. We note further that the B3LYP/aug-cc-
pVDZ level of theory, which is normally expected to under-
estimate excitation energies, yields a corresponding excita-
tion energy of 0.6 eV, in very close agreement with Koures
and Harding, while the CIS/aug-cc-pVDZ method gives the
same transition significantly in error at 3.4 eV.

The next transition is to a *3* state, for which our as-
signment of the spin multiplicity arises because of the pres-
ence of the significant “spin-flip” af double excitations

noted in Table I and its high 52 expectation value of ca. 3.5
(just below the pure quartet value of 3.75) reported in Table
% Again, this state exhibits significant Rydberg character
in the Hartree—-Fock MO basis, with dominant contributions
from the valence 27" and Rydberg 3pm MOs. The
EOM-CCSD U-R difference is less than 0.1 eV (a value that
is further reduced at the CC3 level) and the AEL is relatively
small at 1.14. Again, the ROHF-CC3 method yields the
lowest excitation energy at 5.24 eV, but still 0.4 eV higher
than that reported by Koures and Halrding42 at the
MRCISD(+Q)/DZP level. The next transition is to a *A
state, which also exhibits a small U-R difference and a small
AEL, but the ROHF-CC3 excitation energy (6.32 eV) is
more than 0.3 eV higher than that reported by Koures and
Harding.

Beyond the lowest few states, the agreement between
our results and those reported by Koures and Harding42 de-
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teriorates rapidly, both in the ordering of the states and the
excitation energies. The next six states according to
ROHF-CC3 theory are *3-, *3*, 237, 2A, 211, and *II, while
Koures and Harding report *“II, 3, 23*, 21, 23, and 2A.
Most significantly, Koures and Harding find the “II state at
6.59 eV, while CC theory places a state with the same as-
signment more than 2 eV higher at 8.81 eV (at the ROHF-
CC3 level). Our assignment of a quartet to this Il state is

tentative and based primarily on the 52 expectation values
reported in Table II of 2.21 and 2.43 for UHF- and ROHF-
EOM-CCSD, respectively, which lie midway between pure
doublet (0.75) and pure quartet (3.75) values. This state ex-
hibits a U-R difference at the EOM-CCSD level of 0.01 eV
(which, notably, increases slightly at the CC3 level to
0.08 eV) and a relatively small AEL of 1.08, and the shift
from ROHF-CCSD to ROHF-CC3 is 0.22 eV. Clearly spin
contamination is the major source of the discrepancy be-
tween the CC and MRCI results for this case.

The lowest two “3* excited states have the largest AELs
(1.54 and 1.45, respectively) of all the states identified in
Table I. The lower state at 7.33 eV (ROHF-CC3) exhibits
nearly equal contributions from the 40— 50 (a-spin single
excitation), 17— 27" (B double excitation), and 17
—3pm (af double excitation) transitions, while the higher
state at 8.53 eV (ROHF-CC3) is more strongly dominated by
the 40— 50 contribution (with smaller double-excitation
contributions involving the 3p7r and 27 orbitals). The U-R
difference in both cases is 0.2-0.3 eV at the CCSD level,
and the difference between the MRCISD(+Q)/DZP and
ROHF-CC3 excitation energies for these states is slightly
larger: 0.6 eV for the lower and 0.4 for the upper.42

We also take special note of the second *II state, which
Koures and Harding identify at 7.29 eV. CC methods place
this state much higher in energy (at least 8.195 eV with the
aug-cc-pVDZ basis set). However, the CC3 computations
identified two distinct *II states in this energy regime. Spe-
cifically, the root-following method used in the CC3 ap-
proach employed in PSI3 uses a set of EOM-CCSD excited
states as initial guesses and follows the root chosen by the
user for the CC3 procedure. To avoid root-flipping problems,
the program identifies the desired root in each iteration based
on the overlap between its singles and doubles components
with the selected EOM-CCSD wave function. This procedure
typically yields CC3 excited states that compare well with
their EOM-CCSD counterparts. However, in the search for
°TI states, a computation requesting a higher-lying root (the
eighth excited state in the b, irrep of C,,) exhibited collapse
to a lower root that did not compare well to the original
EOM-CCSD guess upon convergence. Thus, we have re-
ported both excitation energies—one from the initial pass
and one from the higher-root search—in the CC3 columns of
Table I, though it should be emphasized that the ROHF-CC3
excitation character given in the table for this state does not
match well with the corresponding EOM-CCSD states.
(More specifically, the CC3 states exhibit much larger
double-excitation character than those from EOM-CCSD.)
Regardless, the comparison between the ROHF-CC3
(8.20 eV) and MRCISD(+Q)/DZP (8.17 eV) excitation en-
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TABLE III. Vertical excitation energies (eV), state assignments, and AELs of C,H relative to the ground 3
state at the EOM-CCSD level of theory with the aug-cc-pVTZ, d-aug-cc-pVDZ, and t-aug-cc-pVDZ basis sets.

aug-cc-pVTZ d-aug-cc-pVDZ t-aug-cc-pVDZ

State

assignment UHF ROHF AEL UHF ROHF UHF ROHF
1711 0.989 0.766 1.08 0.982 0.781 0.997 0.797
143+ 5.531 5.437 1.12 5.478 5.383 5.474 5.380
14A 6.541 6.467 1.12 6.570 6.498 6.568 6.496
143 7.320 7.241 1.11 7.349 7.268 7.350 7.269
273 8.465 8.186 1.47 8.360 8.073 8.354 8.067
123- 7.564 7.537 1.06 7.659 7.646 7.660 7.648
12A 7.912 7.889 1.06 7.981 7.967 7.985 7.971
2211 8.511 8.545 1.07 8.364 8.396 8.367 8.398
31 8.938 8.904 1.11 8.787 8.753 8.791 8.756
325+ 9.485 9.244 1.54 9.335 9.132 9.176 9.130
141 9.068 9.081 1.08 8.892 8.905 8.896 8.910
4°11 9.500 9.441 1.13 9.336 9.284 9.341 9.289
243+ 9.547 9.561 1.07 9.181 9.209 9.329 9.205
5211 9.709 9.608 1.15 9.685 9.615 9.676 9.607
22A 9.580 9.612 1.06 9.197 9.231 9.192 9.226
2723 9.690 9.722 1.06 9.273 9.306 9.268 9.302

ergies for this state are significantly better, assuming, of
course, that this state corresponds to the lowest “IT Rydberg
state reported by Koures and Harding.42

The discrepancies between CC and MRCISD most likely
arise from two points. First, as noted earlier, the open-shell
CC approach employed in this work lacks spin-adaptation of
the excited-state wave functions. In particular, at the
EOM-CCSD level of theory, spin-orbital implementations
fail to include pseudotriple excitations,85 which are essential
for a balanced treatment of electron-correlation effects be-
tween the ground and excited state. Large shifts between
CCSD and CC3, such as that observed for the 2 23+ state
(0.8 eV for the UHF reference) are partly due to such con-
tributions, though the perturbative CC3 method cannot be
expected to account for them completely (and improved
electron-correlation balance may require even higher excita-
tions). Second, the discrepancies may also be related to the
choice of active space in the MRCISD computations, which
included five electrons in five orbitals for the valence states
and five electrons in seven orbitals for the Rydberg states.*?

In order to examine basis-set dependence on the excited
states, additional ROHF- and UHF-EOM-CCSD computa-
tions were carried out. Table III summarizes EOM-CCSD/
aug-cc-pVTZ, /d-aug-cc-pVDZ, and /t-aug-cc-pVDZ vertical
excitation energies for the same 16 excited states (given in
the same order as in Table I). The basis-set dependence of
states dominated by valence-orbital transitions is small, e.g.,
the largest shift between aug-cc-pVDZ and aug-cc-pVTZ is
0.151 eV occurring for the 3 37 state. For states exhibiting
substantial Rydberg character, additional diffuse functions
yield significant lowering of the excitation energies, particu-
larly for the high-lying 2 *S*, 2 %A, and 2?3~ states. How-
ever, the extension of the diffuse space beyond d-aug-cc-
pVDZ has essentially no impact, even for these states.
Furthermore, while the MRCISD(+Q)/DZP excitation ener-
gies of Koures and Harding are invariably lower than their
CC counterparts reported here, the improvement in the basis

set actually increases the excitation energy in several of the
states in Table III, indicating that basis-set effects are not the
source of the discrepancies between CC and MRCI.

2.C,H

Table IV reports vertical excitation energies, excited-
state characters, and AELs for 13 states of C,H below 8§ eV
at the CCSD and CC3 levels of theory, with the correspond-

ing 52 expectation values reported in Table V. As noted ear-
lier, most of the CC methods employed in this work identify
’II as the ground state of C4H (at its optimized geometry),
but we have elected to compute vertical excitation energies
relative to the optimized geometry of the lowest *3* state
(which is nearly degenerate) in part for easier comparison to
the corresponding states of C,H. The Hartree—Fock configu-
ration of the 23* state is (core) 8¢217*27*9¢. The key vir-
tual MOs for the states given in the table are the singly
occupied 9o, the valence 37", and several low-lying Ryd-
berg orbitals, including the 3s, 3po, and a pair of nearly
degenerate 3p 7 orbitals (one centered on C; and the other on
the C,—C; bond). Some higher-lying states given in the table
include minor contributions into the 100™ and the Rydberg
4s.

Similar to the observations above for C,H, all of the
states obtained for C,H exhibit some Rydberg character in
the canonical Hartree—Fock MO basis. Even the lowest-lying
excited state, 1 2H, which is dominated by a 27— 90 tran-
sition (0.81 p), still includes a non-negligible contribution
from a 27— 3po transition. Although the modest AEL for
the 1 °II state of 1.09 is similar to that in C,H (1.08), the
choice of reference determinant is even more significant for
this transition in C4H than for C,H, with a U-R difference at
the CCSD level of theory of more than 0.4 eV. This differ-
ence, which can be attributed to the large spin contamination
in the reference state, decreases to 0.13 eV at the CC3 level,
as expected, but is still larger than that in C,H. The ROHF-
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TABLE IV. Vertical excitation energies (eV), state assignments, characters, and AELs (from the ROHF-CCSD level) of C,H relative to the lowest 23+ state

at various levels of theory with the aug-cc-pVDZ basis set.

Vertical excitation energy

State
assignment Excitation character UHF-CCSD UHF-CC3 ROHF-CCSD ROHF-CC3 AEL
1211 27— 90 (0.81 B) 0.904 0.483 0.487 0.358 1.09
17—90 (0.27 B)
27— 3po (0.26 B)
27—37" 27m—90 (0.10 ap)
2711 1lm—90 0.75 B) 4.660 3.702 4.336 3.510 1.22
17— 3po (0.24 B)
27— 37" 27— 90 (0.14 aB; 0.10 aB)
lm—37" 1l7m—90 0.12 ap)
27—3pm 27— 90 0.12 ap)
27—37" lm—90 (0.10 ap)
143+ 27— 3" (0.35 a; 0.30 B; 0.19 aB) 4.268 4.074 4.090 4.005 1.10
27— 3pm (0.25 B; 0.11 aB)
1A 27— 37" (0.38 a; 0.31 B; 0.17 apB) 5.097 4.901 4.996 4.859 1.10
27— 3pw (0.20 a; 0.25 B)
1 43- 2037 (041 a; 0.30 B; 0.16 af) 5.670 5.452 5.573 5.407 1.10
27— 3pm 0.21 a5 023 B)
223 27— 37" (0.40 aB) 7.735 5.908 7.368 5.607 1.81
27— 3pm 0.21 ap)
90—37" 27— 3po 0.15 ap)
1% 27— 37" (0.39 a; 0.37 B) 5.829 5.683 5.783 5.699 1.08
27— 3pm (0.27 B)
12A 27— 37" (0.42 a; 035 B) 6.064 5.941 6.028 5.953 1.08
27— 3pm (0.20 a; 0.24 B)
243" 1l7m—37" (0.31 a; 0.27 B; 0.17 apB) 6.367 6.506 6.261 6.394 1.18
17— 3pm (0.20 B)
27— 3" (0.13 ap)
243~ 23 041 aB) 7.876 7.450 7.807 7.182 1.14
17— 37" (0.26 a)
27— 3pm 0.19 ap)
90— 37" 2m—3po 0.16 ap)
3701 27— 3s 0.72 B) 7.375 7.259 7.433 7.266 1.09
27— 100" (0.35 B)
27 —ds 031 B)
27— 3po (0.28 B)
24A 17— 37" (0.33 a; 0.28 B; 0.16 ap) 7.289 6.864 7.201 7.280 1.15
l7—3pm 0.21 B)
27— 3" 0.15 ap)
4°11 27— 3s (0.71 a; 0.14 B; 0.21 ap) 7.772 7.533 7.742 7.502 1.10
27— 100" (0.36 a; 0.11 ap)
27— 4s (0.28 a)
27— 3po (0.20 a)

CC3 excitation energy of 0.36 eV, which we consider to be
the most accurate among the CC methods considered here, is
comparable to the value of 0.44 eV reported by Graf, Geiss,
and Leutwyler45 at the CASPT2/cc-pVQZ level of theory (at
the MCSCF optimized geometry) using a (9,9) active space.
Meanwhile, the TD-B3LYP level of theory yields an un-
physical negative value for the square of the excitation en-
ergy.

The 2 2I1 state is identified at 3.51 eV at the ROHF-CC3
level of theory, with a U-R difference of ca. 0.3 eV at the
CCSD level (reduced to 0.19 eV at the CC3 level) and an
AEL of 1.22. This state is similar in composition to the 1 11
state in that it is dominated by a transition out of a valence 7
orbital into the singly occupied 90, and it also exhibits some

Rydberg character. Furthermore, Graf and co-workers® re-
port a CASPT2/cc-pVQZ excitation energy for this state of
3.31 eV, in relatively good agreement with the CC results
reported here. However, the good comparison between the
CC and CASPT?2 results does not continue further. Specifi-
cally, while Graf, Geiss, and Leutwyler45 find five I1 states
below 7.0 eV, we find only the two described above. The
3 21T has an ROHF-CC3 excitation energy of 7.27 eV, while
CASPT2/cc-pVQZ places it more than 2.5 eV lower at
4.71 eV.

As was observed for C,H, the discrepancies between the
CC and multireference (MR) results likely arise from the
lack of spin adaptation of the former and the choice of active
space in the latter. The most glaring impact of triples occurs
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TABLE V. (§?) values of excited states of C4H at the EOM-CCSD/aug-cc-
pVDZ level of theory. States marked in italics involve unbalanced contribu-
tions from low-spin determinants depicted schematically in Fig. 2.

State UHF-EOM-CCSD ROHF-EOM-CCSD
1211 0.866 0.756
2201 0.867 0.762
143+ 3.191 3.253
14A 3.072 3.203
143 2.781 3.077
223+ 2.024 1.612
123- 1.104 0.857
12A 0.879 0.763
243 3.030 2.852
243~ 2.313 2431
3701 2.059 2.077
24A 2.927 2.873
471 1.835 1.708

for the 2 23+ state, with a shift between CCSD and CC3 of
more than 1.8 eV with the UHF reference determinant. This
state also exhibits the largest AEL (1.81) among the excited

states below 8 eV, and its s2 expectation value lies interme-
diate between pure doublet and quartet values (and differs
significantly between UHF and ROHF references at 2.024
and 1.612, respectively). The dominant excitation to this
state in C4H is the valence 27— 37" (8 double excitation)
transition with little contribution from the 80— 90 transi-
tion, while in C,H, the analogous 40— 50 transition is sig-
nificant. Furthermore, while the large AEL in C,H of 1.54
results in a (UHF) CCSD to CC3 difference of ca. 0.8 eV, the
corresponding difference in C4H increases to more than
1.8 eV. The U-R difference, on the other hand, is smaller
(and comparable to that of the 1 °II state) at 0.37 eV for
CCSD and 0.30 eV for CC3. In the CASPT2 computations of
Graf and co-workers,” the active space consisted of nine
electrons in nine orbitals for lower-lying % and II states,
extended to eleven orbitals for A and higher-lying 2 states,
and the CASPT2 configuration expansion was necessarily
truncated due to resource limitations for the larger active

J. Chem. Phys. 132, 144303 (2010)

space. However, Graf ef al. carried out a test of their active
space choices for the 2 I3 state, in particular, and found
little sensitivity, lending greater confidence in the MR results
for this state.

Table VI summarizes EOM-CCSD/aug-cc-pVTZ,
/d-aug-cc-pVDZ, /t-aug-cc-pVDZ vertical excitation ener-
gies for the same 13 excited states (given in the same order
as in Table IV). As observed for C,H, the basis-set depen-
dence of these states is small for the states dominated by
valence-orbital transitions, and the largest shift between aug-
cc-pVDZ and aug-cc-pVTZ occurs for the problematic 2 >3+
state, with the larger basis set producing an increase in the
excitation energy of 0.34 eV at the UHF-CCSD level of
theory. Additional diffuse functions stabilize those states
dominated by Rydberg transitions, though the shifts in the
excitation energies are smaller compared to C,H. Thus, we
note that the often-substantial disagreement between MR
methods (in this case, the CASPT2 results of Graf and co-
workers) and the CC3 data reported here are apparently not
due to inadequacies in the basis set.

IV. CONCLUSIONS

We have examined the ability of high-level coupled-
cluster methods (specifically the CCSD and CC3 ap-
proaches) for the computation of vertical excitation energies
of the C,H and C4,H 23 * radicals, both of which are relevant
to interstellar chemistry. Two diagnostics—the difference be-
tween the UHF- and ROHF-based properties (the U-R differ-
ence) and the AEL—give us some insight into the quality of
the resulting excitation energies. Computations of 16 excited
states of C,H and 13 states of C4,H demonstrate that the
CCSD level of theory in the conventional UHF- and ROHF-
based formalisms is not adequate for describing many ex-
cited states of radicals, unlike the case for closed-shell spe-
cies, where the CCSD method typically yields rather high
accuracy. Even for some low-lying valence-dominated states,
the role of double excitations can be significant for even a
qualitatively correct description of the transition, thus em-

TABLE VI. Vertical excitation energies (eV), state assignments, and AELs of C,H relative to the ground 23+
state at the EOM-CCSD level of theory with the aug-cc-pVTZ, d-aug-cc-pVDZ, and t-aug-cc-pVDZ basis sets.

aug-cc-pVTZ d-aug-cc-pVDZ t-aug-cc-pVDZ

State

assignment UHF ROHF AEL UHF ROHF UHF ROHF
1210 0.913 0.464 1.09 0.889 0.468 0.889 0.468
21 4.709 4.363 1.21 4.649 4.322 4.649 4.322
143+ 4.301 4.120 1.09 4.271 4.092 4271 4.092
14A 5.061 4.952 1.09 5.098 4.997 5.098 4.997
13- 5.622 5.525 1.09 5.669 5.571 5.669 5.571
275+ 8.075 7.674 1.84 7.761 7.391 7.735 7.368
1% 5.751 5.686 1.08 5.828 5.781 5.828 5.781
1%A 5.991 5.944 1.08 6.061 6.024 6.061 6.024
243 6.395 6.295 1.14 6.370 6.264 6.369 6.264
243° 7.811 7.747 1.12 7.874 7.805 7.873 7.805
371 7.464 7.519 1.09 7.294 7.347 7.293 7.346
24A 7.240 7.153 1.12 7.289 7.202 7.289 7.202
4°11 7.846 7.819 1.09 7.680 7.655 7.679 7.654
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FIG. 2. Slater determinants contributing in zeroth order to (a) the doublet
ground state and (b) Mg=1/2 components of either a doublet or quartet
excited state. Among the determinants depicted in (b), the first and third
arise from single (spin-orbital) excitations relative to the reference determi-
nant in (a), while the second is a “spin-flip” double excitation.
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phasizing the need for correlation models that incorporate at
least some estimate of connected triple excitations.

Spin contamination is substantial in many of the states,
precluding definitive state assignments in some cases. The
fundamental inadequacy of the spin-orbital coupled-cluster
approach for such cases can be understood in terms of Fig. 2,
which provides a schematic depiction of the determinants
contributing to a zeroth-order description of both the ground/
reference state [denoted as (a) in the figure] and the My
=1/2 components of some of the quartet and doublet states
of C,H and C,H [(b) in the figure]. Excited states whose
leading contribution involving either an a-spin single-
excitation from the singly occupied orbital or a -spin single
excitation into the singly occupied orbital tend to be rela-
tively well described by the coupled-cluster methods used in
this work. However, those states involving significant contri-
butions from single excitations out of the doubly occupied
orbitals into unoccupied orbitals produce low-spin determi-
nants involving three unpaired electrons, such as those de-
picted in the first and third determinants in (b) in Fig. 2. Such
determinants must be accompanied by the second determi-
nant in (b) in order to obtain either the correct doublet or
quartet state; however, in the spin-orbital formulation, this
determinant is a double excitation relative to the reference
determinant in (a) and thus is not treated in a balanced man-
ner relative to the other two. In such cases, which we have
identified by italics in Tables II and V, the corresponding
coupled-cluster excitation energies may not be reliable. The
CC3 method partly accounts for such excitations, but even
higher levels of theory and/or expressly spin-adapted formal-
isms will be necessary in later studies in order to determine
whether convergence has been reached in the correlated
space. Future directions for this project include the applica-
tion of the CC3 model to larger molecules, particularly those
recent;g/ suggested as candidates for the carriers of the
DIBs.
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