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ABSTRACT: Most approximations to the exchange-correla-
tion functional of Kohn—Sham density functional theory lead
to delocalization errors that undermine the description of
charge-transfer phenomena. We explore how various approx-
imate functionals and charge-distribution schemes describe
ground-state atomic-charge distributions in the lithium—
benzene complex, a model system of relevance to carbon-
based supercapacitors. To understand the trends, we compare
Hartree—Fock (HF) and correlated post-HF calculations,
confirming that the HOMO-LUMO gap is narrower in
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semilocal functionals but widened by hybrid functionals with large fractions of HF exchange. For semilocal functionals, natural
bond orbital (NBO) and Mulliken schemes yield opposite pictures of how charge transfer occurs. In PBE, for example, when
lithium and benzene are <1.5 A apart, NBO yields a positive charge on the lithium atom, but the Mulliken scheme yields a
negative charge. Furthermore, the partial charges in conjugated materials depend on the interplay between the charge-
distribution scheme employed and the underlying exchange-correlation functional, being critically sensitive to the admixture of
HF exchange. We analyze and explain why this happens, discuss implications, and conclude that hybrid functionals with an
admixture of about one-fourth of HF exchange are particularly useful in describing charge transfer in the lithium—benzene model.

1. INTRODUCTION

Porous carbon materials have great potential for the
construction of novel electric energy storage (EES) devices
such as supercapacitors.' > Because of experimental limitations,
high costs of nanotechnology research, and importance of
quantum effects, computational-aided fabrication of carbon
materials for supercapacitors is promising.“_7 Often, classical
force fields provide useful data for calculations of chemical
stability, adsorption and desorption dynamics, and other
properties of these materials.” Yet the exploration of quantum
phenomena such as charge transfer, which is at the heart of the
working mechanism of supercapacitors, requires ab initio
treatment. The goal of this study is to investigate whether
standard approximations in Kohn—Sham density functional
theory (KS-DFT),”"® when used in combination with popular
charge-distribution schemes,'' provide an adequate description
of the ground-state charge transfer that occurs in a very simple
model system: the lithium—benzene complex. Some of the key
features observed in this system are due to the interaction
between a lithium atom that can be easily ionized and a
benzene ring whose valence electrons are delocalized due to
aromaticity, so our observations are relevant to the much more
complex simulations of carbon nanoporous electrodes in
supercapacitors,’”” where such interactions are ubiquitous.
More generally, we want to determine how different charge-
distribution schemes perform for various families of approx-
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imate exchange-correlation (XC) functionals and understand
the trends.

KS-DFT is an extraordinarily popular electronic structure
method applied throughout science and engineering.'” As is
well known, however, approximate KS-DFT calculations suffer
from problems that need to be addressed."* For instance, most
standard approximations to the XC functional underestimate
charge-transfer excitation energies and overestimate bindin%
energies of charge-transfer complexes."*'® Mori-Sanchez et al.'
and Cohen et al.'® demonstrated that this problem can be
traced back to the delocalization error of approximate
functionals: their tendency to minimize the energy by
unrealistically spreading-out the electronic density, especially
at large separations between the fragments involved in the
charge transfer. As discussed by Cohen et al,'” this inaccuracy
is closely related to the self-interaction error, and it is caused by
the unphysical convex behavior of the energy as a function of
fractional charge.

Properties of alkali-conjugated complexes have been explored
in several computational studies.'”””"> For instance, studying
the conformation of complexes of lithium and C60 fullerenes,
Varganov et al. found a strong ionic interaction between the
atom and the fullerene.”® The structures and dissociation
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energies of lithium and benzene sandwich complexes were
researched by Vollmer et al. using several quantum-mechanical
methods.”® Kang studied the formation of neutral lithium-
aromatic complexes and found that it originates in the charge
transfer from the lithium atom to the aromatic rings.”' An
emerging discussion about the existence of charge transfer
between lithium and aromatic carbon compounds motivated
Ferre-Vilaplana® and Martinez et al*® to look into the
lithium—benzene complex. Marshall et al. explored cation-z
interactions, modeling the approach of alkali cations to a
benzene ring from different angles and inclinations, pointing
out that nonperpendicular interactions in cation—benzene
complexes are attractive.”*

In response to the controversy about charge transfer, Baker
and Head-Gordon” studied a set of polyaromatic carbon
systems with lithium, which included the lithium—benzene
complex, and suggested that some density-functional approx-
imations may produce artificial charge transfer due to the self-
interaction error, whereas Hartree—Fock (HF) underestimates
the amount of charge transfer as a result of overlocalization.
Inspired by that work, Denis and Iribarne™® used the lithium—
benzene complex as a prototype system to understand the
interaction in lithium-doped carbon compounds, focusing on
the relationship between its symmetry and stability. Employing
highly sophisticated techniques, they concluded that charge
transfer does indeed occur.

We ask two questions that are relevant in this context: (1)
What do popular charge-distribution schemes such as NBO,
MPA, and ChEIPG tell us about ground-state charge transfer in
the lithium—benzene complex? (2) How does the answer to
question (1) depend on the approximation employed for the
XC functional? As will be made clear, the admixture of HF
exchange in the functional plays a critical role. Resorting to HF
and post-HF multistate calculations, we explain why. First, we
summarize in the next section the computational methods
employed.

2. COMPUTATIONAL METHODS

Ground-state electron transfer is studied as a function of the
separation between a lithium atom and the center of a benzene
ring. A potential energy rigid scan (PES) is performed along the
coordinate of separation between the center of mass (COM) of
the benzene molecule and the lithium atom, perpendicular to
the plane of benzene (see Figure 1). This is done in a series of
unrestricted single-point calculations,”” where the lithium atom
advances toward the benzene molecule along the main
symmetry axis, while the geometry of the benzene molecule,
optimized with B3LYP/6-31G*, is kept fixed. The atom starts
its path toward the ring at 7.0 A, moving at 0.1 A steps, and
totaling 71 points. Initial separation of 7.0 A guarantees
minimal interaction between the two fragments. The electronic
structure and the atomic charge on lithium are analyzed as a
function of separation. For consistency, all calculations are
carried out with the same basis set, 6-31G*, in the
computational chemistry package Q-Chem 4.3.°°7% The self-
consistent field convergence criteria are chosen such that the
Direct Inversion in the Iterative Subspace error is below 1.0 X
107, For each geometry, the lowest energy solution was found
by employing the maximum overlap method (MOM)”* when
necessary.

Two sets of approximate functionals are employed. Each set
has functionals from different rungs in Perdew’s Jacob’s ladder
of approximations'” or levels of sophistication. On the one

8191

C-C:1.397 A
C-H:1.084 A

]

——

Figure 1. Lithium—benzene complex. The lithium atom is displaced
along the z axis toward the center of the benzene ring.

hand, PES calculations are performed with PBE,** PBEO,*
PBES0,® and LRC-wPBEPBE” functionals. PBE is a non-
empirical generalized gradient approximation (GGA) with
exchange and correlation expressions derived from physical
constraints. The hybrids PBEO and PBESO are prepared by
admixing 25 and 50% of EL'F, respectively, as this inclusion is
believed to improve atomization energies, energy barriers, and
energy gaps in materials without impacting computational
performance.”®”” A different way of including a fraction of EF
in hybrids is through the long-range correction (LRC), as in
LRC-wPBEPBE. In LRC functionals, the 1/r;, dependence of
the exchange potential is decomposed into an error function of
wry,, which accounts for the amount of Ef and governs the
long-range behavior, and its complementary, which corre-
sponds to pure-DFT-exchange, EX*, and rules short-range
interactions. @ is a range-separation parameter that adjusts the
distance at which the EPT vanishes.

On the other hand, BLYP,* B3LYP,*"' and CAM-B3LYP**
were used. BLYP is a simple GGA constructed by putting
together the pure-DFT Becke88-exchange® and the Lee—
Yang—Parr correlation** functionals. Replacing the exchange
with a mixture of Slater-,”'%** Becke88-, and HF-exchange and
combining VWN5-*® and LYP-correlation produces the highly
popular B3LYP hybrid. CAM-B3LYP is another LRC hybrid
prepared by using the Coulomb Attenuated Method (CAM)
for long-range exchange correction. The decomposition of 1/r,
in the calculation of E, is done by including two parameters.
The second parameter avoids vanishing of EL' at short
distances and of EXFT at long distances. Notably, CAM-
B3LYP does not include Slater-exchange, as opposed to B3LYP.

In addition to the KS-DFT calculations, lithium—benzene
interaction energies are computed with HF, second- and fourth-
order Moller—Plesset perturbation theory (MP2, MP4),*” and
coupled-cluster with single and double excitations method
(CCSD).**

To better understand charge-transfer behavior, we employ
the equation-of-motion coupled-cluster method with single and
double excitations for electron attachment (EOM-EA-
CCSD).**™>* EOM-EA-CCSD provides information on both
ground- and excited-state PESs, allowing us to relate charge-
transfer to the interaction of the ground state and the excited
states that have charge-transfer character. Chemically important
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regions of the excited-state PESs are computed on a tighter
grid, such that the whole PES comprises 221 points computed
with uneven displacements ranging from 0.00S to 0.1 A.

The partial charge on the lithium atom is computed by
means of Mulliken Population Analysis (MPA),> natural
bonding orbital theory (NBO),”* Chemical Electrostatic
Potentials using a Grid (ChEIPG),” as well as a simple
estimate based on the magnitude of the dipole moment, u

/z H
Q) ==
4 z (1)
where z is the separation between fragments and i is the
dipole-moment vector defined as

i = f d7 n(7)zk .

where n(7) is the ground-state electron density and k is the z-
direction unitary vector.

Interaction energy curves are calculated as the difference
between the total ground-state energy of the system, at each
point, and the sum of the energies of the isolated fragments: the
benzene molecule and the lithium atom

E(2) = EO-~~Li(Z) - (Eo + Ey) 3)

3. RESULTS AND DISCUSSION

We divide the discussion into five parts. The first two parts
analyze in detail atomic charges and molecular orbitals (MOs).
The next two sections compare (single-state) KS-DFT results
with those of a multistate approach. The final section discusses
the description interaction energies.

3.1. Charge Distributions. We summarize our results of
the charge-distribution analyses in Figure 2, where the reader
can verify that the calculated charge on the lithium atom
strongly depends on both the nature of the approximate XC
functional and the charge-distribution scheme employed. We
discuss the latter dependence first.

Interestingly, in Figure 2, natural charges from NBO (blue
solid lines) and Mulliken charges (green long-dashed lines)
show opposite results. The Mulliken charge on lithium tends to
be negative. This can be understood by examining the
definition of the Mulliken charge for open-shell systems. The
charge belonging to atom A, Q}"*, is expressed by

Q™ =2— 2 X0 X (CICl + Cicl)S

VEA i

4)

where Z, is the atomic number of atom A, C;; and Cj* are the
matrix elements representing the alpha coefficients of the basis
functions y and v, respectively, in the ith MO, and S, is the
matrix element representing the overlap-integral between basis
functions u and v. The same notation applies for beta orbitals,
substituting the o superscript by f. The second term on the
right-hand side, often called the gross atomic product, is
computed by taking the sums of the product of the coefficients
of two basis functions and their overlap. If several basis
functions overlap on the lithium atom, which is the case at
short distances, the corresponding gross atomic product
increases, making the Mulliken charge more negative.

These eftects had been previously observed, in general, by
Reed et al.”® and Kim et al,”” and, in é)articular, for the
lithium—benzene complex by Vollmer et al.”” They pointed out
that Mulliken populations and charges are highly susceptible to
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Figure 2. Charge accumulated over the lithium atom as a function of
the separation between fragments in the lithium—benzene complex.
Noteworthy, charge-distribution schemes produce diverse results. By
admixing HF exchange, the description of the charge transfer changes.

the basis set employed and become ambiguous when utilized
with diffuse basis sets.

ChEIPG is an alternative to explore atomic charges. It uses
the electrostatic potential (ESP) computed from the system’s
wave function on a grid and then tries to match that ESP by
optimizing a set of trial point charges located at the nuclei.
ChEIPG curves (orange short-discontinuous lines in Figure 2)
are smooth at long and medium distances, in agreement with
those of Mulliken. However, as the atom moves toward the
cavity formed by the benzene ring, ChEIPG shows a sheer
behavior when the atom is too close to the ring’s surface and
the ESP is poorly described.

The dipole-based scheme of eq 1 (red dotted line in Figure
2) agrees qualitatively with Mulliken and ChEIPG at medium
and large distances, but the scheme clearly breaks down at short
separations, where the classical expression for the dipole as
generated by point charges is not adequate.

In contrast with other schemes, the variations of the natural
charge on the lithium atom are solely due to changes in the
occupation of bonding and nonbonding orbitals. In the NBO
theory, orbitals are classified into three groups: nonbonding
natural atomic orbitals, orbitals involved in bonding and
antibonding, and Rydberg-type orbitals. Atomic and Rydberg
orbitals are made of basis functions of single atoms, whereas
bonding and antibonding orbitals are a combination of basis
functions of two atoms. This resembles Lewis’ idea of core, lone
pair, and valence electrons. Thus, the NBO procedure treats the
bonding and antibonding orbitals as linear combinations of
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two-atom basis functions, while Mulliken analysis treats all of
the orbitals as linear combinations of two-atom basis
functions.'"' At the end, an orthonormal set of localized
maximum-occupancy orbitals is produced. The leading N
members of this set give a Lewis-like description of the total
electron density.

Notably, the NBO scheme reveals extreme behaviors,
showing either no charge accumulation on lithium at long
separations or a sudden change in the lithium charge at short
separations. BLYP and PBE are the exceptions, showing an
intermediate region in which there is an incremental
accumulation of positive charge. In all cases, the lithium natural
charges at short separations become positive and close to 1 e.

Different charge-distribution schemes thus provide qualita-
tively different results. Natural charges have the advantage of
not being as susceptible to basis-set issues as Mulliken charges
or to surface effects as ChEIPG charges.20 As it will be shown in
the next section, natural charges are in agreement with the
analysis of the MOs for this system.

Figure 2 also provides a comparison between approximate
XC functionals of similar complexity. At long distances, all KS-
DFT calculations and HF go to the correct separation limit
with no partial charges on either fragment. At short separations,
all functionals and HF predict charge transfer from lithium to
benzene. However, pure-DFT functionals, BLYP and PBE,
show a different picture at intermediate separations. Namely, all
charge schemes reveal a growth of fractional, positive charge on
the lithium atom in the region between 2.3 and 1.3 A for these
two functionals. To understand this, we analyze valence MOs
next.

3.2. Frontier Molecular Orbitals. We plot in Figure 3 the
energies of relevant alpha MOs. A correlation between the
qualitative description of charge transfer described in the
previous section, the energy difference between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), the character of the
frontier MOs, and the contribution of EF becomes evident.
For more clarity, we discuss first the results of the functionals of
the PBE family, shown on the right-hand side of Figure 3, and
compare them with HF (top left).

The HOMO—-LUMO gap width at large separation follows
the trend

HF > LRC—wPBEPBE > PBESO > PBEO > PBE

In general, the gap width decreases due to the stabilization of
unoccupied orbitals (dotted lines) and destabilization of
occupied orbitals (continuous line) following the same trend.
Notably, for separations between 1.3 and 2.3 A, PBE and BLYP
have no gap, promoting delocalization.

As shown in Figure 2, all charge distribution schemes except
for NBO show some degree of charge transfer even at medium
distances, reflecting HOMO delocalization between the lithium
atom and the benzene ring. This is a manifestation of HOMO
hybridization. When the character of the HOMO changes, it
produces discontinuities in atomic-charge curves. PBE is the
most interesting case, so we discuss it in detail using Figure 4,
which compares HOMOs, at three characteristic separations, in
HF (Figure 4a—c), PBEO (Figure 4d—f), and PBE (Figure 4g—
i). The reader may also refer to the Supporting Information for
additional details supporting this discussion.

On the one hand, as shown in the top row of Figure 4, the
contribution from benzene’s 7 bonding orbital (or 4,,) (here
and later benzene orbital symmetries are based on Dy, point
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Figure 3. Frontier molecular orbital energies, as a function of the
separation between fragments, for each density functional approx-
imation applied to the lithium—benzene complex. When the HF
character of the exchange functional increases, the occupied molecular
orbitals are stabilized, while the unoccupied orbitals are destabilized.

group) to the long-range HF HOMO increases as the
separation shortens, implying that the weight from benzene’s
basis functions is becoming predominant in the complex. As the
atom approaches the ring, larger portions of lithium’s p, and
benzene’s p, basis functions are incorporated into the HOMO,
at the expense of a smaller share of lithium’s s atomic orbitals
(compare Figure 4b and c and see Supporting Information).
Notwithstanding, we find no evidence of charge transfer in
Figure 4b and ¢ because the lithium atom always contributes to
the HOMO.

On the other hand, inspection of the PBE HOMO at the
bottom in Figure 4 suggests that at large separation it has a
main contribution from lithium’s s orbital and a minor
contribution from benzene’s A,, orbital, similar to HF
(compare Figure 4c and i and see Supporting Information).
Nonetheless, the contribution from p, orbitals from both
lithium and benzene is marginally greater in PBE, while the
weight of lithium’s s basis functions slightly decreases. This is
reflected in a smoother and slightly more spread-out surface of
the PBE HOMO over the benzene ring,

At medium separations, the character of the HOMO in PBE
changes, in contrast with HF (compare Figure 4b and h).
Instead of having an important contribution from benzene’s 7
(A,,), we see a predominant 7* (E,,) antibonding character in
PBE. In the same range of separations (1.3 to 2.3 A), HOMO
and LUMO energy curves in PBE become degenerate and
experience a kink (see Figure 3). In this region, the frontier
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(a) HF, 1 A. (b) HF, 2 A. (c) HF, 3 A.

(f) DFT/PBEO, 3 A.

(d) DFT/PBEO, 1 A. (e) DFT/PBEQ, 2 A.

(i) DFT/PBE, 3 A.

() DFT/PBE, 1 A. (h) DFT/PBE, 2 A.

Figure 4. Evolution of the lithium—benzene highest occupied
molecular orbital (HOMO) as a function of the separation between
fragments, for HF, PBEO, and PBE. The HOMO adopts one character
at long separation and another one at short separation in HF and
PBEO, whereas in PBE it exhibits three different characters.
Interestingly, at separations shorter than 1.3 A, the HOMO is
exclusively localized over the benzene molecule in all cases.

MOs consist of the E,, orbital of benzene and an s-p,
hybridized orbital on lithium (see Figure 4h). Also, natural
charges suggest that this intermediate state involves a partial
charge transfer between the lithium atom and benzene
molecule (see Figure 2).

At short separations, PBE predicts complete electron transfer
from lithium to benzene. The HOMO localizes over the
benzene ring and misses any contribution from lithium’s basis
functions. Additionally, the character of the HOMO and
LUMO changes again (compare Figure 4g and h), and the
HOMO-LUMO degeneracy is broken (see Figure 3). Thus, at
short separations, PBE and HF show the same charge-transfer
state (see Figure 2 and Supporting Information).

The PBE0 HOMO, shown at the center in Figure 4,
transforms as the HF HOMO. The main difference of PBEO
with respect to pure PBE is the absence of the intermediate-
separation state (compare Figure 4e and h). In PBEO, the
system abruptly switches from the long-range neutral state to
the short-range charge-transfer state at ~1.65 A (see Figures 2
and 3). Likewise, the evolution of the HOMO in PBESO and
LRC-wPBEPBE is analogous to that observed in HF.

The other set of functionals, including BLYP, B3LYP, and
CAM-B3LYP, follows the previous description closely, as seen
in Figures 2 and 3. As with PBE, an intermediate state is also
observed with BLYP. In the BLYP-family functionals, the trend
of the HOMO—-LUMO gap is

HF > CAM—B3LYP > B3LYP > BLYP

Therefore, in both PBE and BLYP families of functionals, the
character of the frontier MOs and their energies depend
strongly upon the admixture of EX". The difference between the
functionals in each set is the proportion of EJf. Our
calculations show that the HOMO—-LUMO gap increases
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with the amount of E;' and is the largest in HF. Additionally,
functionals with a narrow HOMO—-LUMO gap exhibit an
intermediate partial-charge-transfer state. The charge transfer
occurs at longer intermonomer separation in functionals with
no EXF. Is the charge transfer between lithium and benzene a
real phenomenon? Which functional and which partial-charge
scheme provide the best description of the lithium—benzene
complex? We explore these questions in detail in the next two
sections of the paper.

3.3. State-Crossing. In the first two sections of this
discussion, the variation of charge accumulation on lithium was
related to a change in character of the wave function along the
lithium—benzene separation. The abrupt change in the wave
function character suggests the existence of a state crossing.
While the description of a state crossing by single-reference
methods is generally nontrivial, a few techniques are available,
including wave function stability analysis,® symmetry-enforced
self-consistent field convergence, constrained DFT meth-
0ds,>”® and so on. To find the lowest energy solution for
each separation between lithium and benzene, we employed the
MOM by Gilbert et al.**

If the MOM is triggered on the first cycle of the self-
consistent procedure, it holds the initial configuration by
choosing occupancies that maximize the overlap of the new
occupied orbitals with the set previously occupied. In our case,
when the calculation of the PES starts from long separations,
the MOM, accompanied by reading orbitals from a previous
geometry, helps maintaining the neutral-state character
[O---Li-]. On the contrary, starting from short separations,
the charge-transfer state [OLi"] can be enforced and kept.

Electronic energies of the neutral and charge-transfer states
obtained with the MOM are presented in Figure S. The curves
are plotted using only those calculations in which the self-
consistent field procedure converged under tight criteria. State
crossings are clearly observed in all cases except BLYP and
PBE, both of which become unstable in the region near the
crossing. This instability is manifested by the presence of an
intermediate state seen in Figure 3. We note that the
convergence of the higher energy state is more stable when
the proportion of ELF is greater, such that the most stable
MOM calculations are those of HF.

Comparison of HF and DFT state-crossing curves suggests
that the charge-transfer state in HF is displaced to higher
energies with respect to the neutral state, causing a shift of the
crossing to shorter separations. Indeed, the crossing occurs at
~1.65 A in all hybrid and LRC functionals, whereas in HF it is
located at ~1.45 A. A relative overstabilization of the charge-
transfer state in functionals, with respect to HF, is consistent
with narrower HOMO—LUMO gaps in functionals than in HF,
as discussed in Section 3.2.

The separation at which the state crossing appears in B3LYP
coincides with that at which HOMO and LUMO energies
nearly collide in Figure 3. A similar situation is observed for
PBEDO, although the HOMO—LUMO gap is slightly wider. This
suggests that one could correctly estimate the position of a
state-crossing in PBEO and B3LYP by monitoring the HOMO—
LUMO gap. However, this is not true in general.

3.4. Excited-State Calculations. The calculations dis-
cussed hitherto are based on single-referenced methods. To
better understand the physics of charge transfer in our model
system, we now calculate the interaction of the ground and
excited charge-transfer states using a method that is capable of
describing several electronic states on equal footing. For this

DOI: 10.1021/acs.jpca.6b09014
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Figure S. Energy of the electronic states as a function of the separation
between the plane of benzene and the lithium atom, obtained by the
maximum overlap method. The neutral state is plotted with a blue line.
The charge-transfer state is depicted in green.

purpose, it is possible to use a multireference method such as
multiconfigurational self-consistent field (MCSCF), multi-
reference perturbation theory (CASPT2, MRPT, MCQDPT),
or multireference configuration interaction (MRCI).®" We use
an alternative method for describing electronic states in the
lithium—benzene complex, namely, EOM-EA-CCSD. This
sophisticated treatment provides a robust description of radical
systems, correctly capturing the multiconfigurational nature of
electronic states by using a single-reference formalism.”

The closed-shell cation state [()---Li*] is taken as a reference
state in EOM-EA-CCSD, while electronic states of a neutral
complex are obtained by creating an electron on any vacant
orbital. These electronic configurations constitute single
excitations. Additionally, electronic configurations in which
the creation of an electron on a virtual orbital is accompanied
by the excitation of another electron (double excitations) are
also included in the subspace in which the Hamiltonian is
diagonalized. Thus, in the EOM-EA-CCSD formalism both the
ground and charge-transfer states of the lithium—benzene
complex are obtained as single excitations from the cation
reference state and are expected to be described with similar
quality. Therefore, EOM-EA-CCSD provides an accurate
location of the state crossing if there is one.

The results obtained with the EOM-EA-CCSD method are
presented in Figure 6. The character of the electronic states
might be derived from the shapes of the singly occupied
molecular orbitals (SOMOs) of the leading configuration for

each state. For example, in the large-separation limit, one can
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clearly see electronic states corresponding to excitations on
lithium: the 1s*2s' ground state (in black), the degenerate pair
of 1s*2p} and 1s*2p; (in red), and the 1s*2p] (in orange). A
crossing of the ground and charge-transfer states is observed at
1.465 A. At separations shorter than this, the character of the
ground state switches from a neutral state, with the SOMO
represented mainly by the 2s orbital of the lithium atom, to a
degenerate pair of the charge-transfer states, with the SOMO
being one of the 7* orbitals of benzene. Note that the crossing
of the ground and charge-transfer states is a real crossing, rather
than an avoided crossing because the states involved do not mix
by symmetry. This is also true for other state crossings seen in
Figure 6. The position of the state crossing between the ground
and charge-transfer states predicted by EOM-EA-CCSD better
agrees with HF than standard-hybrid or LRC functionals, and it
disagrees with the description of pure functionals BLYP and
PBE, which exhibit an unphysical intermediate state. In contrast
with Mulliken and ChEIPG, NBO charges respond consistently
with the appearance of the crossing of the neutral and ionic
states for each of the hybrid functionals and HF.

However, as it is obvious from Figure 6, the position of the
state crossing depends upon the shape and depth of the
potential curves of both the ground and charge-transfer states.
In particular, overstabilization of the ionic state results in an
early charge transfer, as is observed in BLYP and PBE. These
functionals produce an intermediate spurious state in which
fractional atomic charges increase from 0 to almost 1 in the
region between 1.3 and 2.3 A, as seen in Figure 2. This raises a
red flag when using standard KS-DFT for modeling charge
transfer in conjugated materials: The functional needs to be
carefully selected to predict the charge transfer at the correct
separation between moieties, or alternative computational
schemes must be used. In the model system considered,
B3LYP and PBEO are close to the correct behavior.

3.5. Interaction Energy. We now turn our attention to the
calculation of interaction energies from Equation 3. Figure 7
summarizes our results obtained via correlated wave function
methods and various density-functional approximations. As
expected, the HF equilibrium distance, ~2.5 A, is longer than
the distance obtained with CCSD, ~2.25 A, both in agreement
with those reported by Baker and Head-Gordon.”” An old
experimental study by Manceron and Andrews®” estimates a
separation of ~1.8 A based on gas-phase infrared spectra of
lithium—benzene in argon, but it is unclear if this corresponds
to the neutral or cationic species. A previous in silico study by
Vollmer et al.”” on the neutral complex reports 2.252 A (black,
dashed, vertical line on Figure 7), calculated with MP2(FC)/6-
31G(d). Zhengyu et al."” reported 2.600 A with MP2/6-31G
and 2.511 A with HF/6-31G(d).

In agreement with the results by Vollmer et al., we observe
that HF underbinds the lithium—benzene complex, highlighting
the importance of correlation effects. Our HF interaction
energy, —0.0031 a.u,, is close to the one they reported at the
minimum: —0.0029 a.u.”° To our knowledge, the most accurate
interaction energy in lithium—benzene is —0.0078 a.u. (black,
dashed, horizontal line on Figure 7), reported by Denis and
Iribarne,”® who calculated it at the CCSD(T)/CBS level,
including corrections for core correlation and relativistic effects.
Vollmer et al.”® reported a value of —0.0092 a.u. using the
G3(MP2) method.

We now compare against our CCSD interaction curve to
meaningfully contrast the results from different methods
without the influence of basis set and basis-set superposition
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Figure 6. Energy of the electronic states as a function of the separation between the plane of benzene and the lithium atom, obtained by the EOM-
EA-CCSD method. The ground-state (GS) is plotted with a continuous black line. Dotted lines represent the first nine excited states (ESs). Singly
occupied molecular orbitals (SOMOs) corresponding to the leading configuration of each state are shown at several separations. A crossing between
the long-separation ground state, in which the SOMO is mainly localized over lithium, and a charge-transfer state, in which the SOMO localizes

exclusively over the benzene molecule, occurs at about 1.5 A.

In general, approximate DFT calculations do better than HF,
but they still underbind the complex when compared to CCSD.
Even though GGAs and standard hybrids account for local and
semilocal correlation, the long-range part of correlation is not
properly described.'’ Functionals derived from PBE show
similar interaction-energy curves, with a slight decrease in the
binding energy when the amount of EX" increases. That is, the
binding energy follows the trend

HF < LRC—wPBEPBE < PBESO ~ PBEO < PBE

The PBE binding energy shows an unphysical wide well near

the equilibrium separation. This is because the character of the

0.002
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Figure 7. Interaction energy of the lithium—benzene complex
computed by different methods. The black dotted horizontal line
corresponds to the most accurate interaction energy in lithium—
benzene found in the literature.”® The black dotted vertical line
indicates the most accurate equilibrium distance.”” All results of the
present work are obtained in 6-31G* basis.

errors. The minimum energy from our CCSD calculation is
—0.0114 a.u. and the separation at that point is 2.2 A. MP2 and
MP4 show very similar results and their curves overlap in
Fi§ure 7. Also, MP2 calculations agree with those of Vollmer et
al.”® Nonetheless, it is known that the MP methods may
overestimate the dispersion energy’ and overbind the complex.
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PBE ground state changes near the equilibrium distance
(compare Figure 4b and h), such that the repulsive side of
the well is determined by the intermediate state with partial
charge-transfer character. In other functionals of the PBE family
and in HF, this intermediate state does not exist and the charge
transfer occurs at a shorter-than-equilibrium distance, such that
neither the interaction energy nor the equilibrium position is
affected by the charge-transfer phenomenon.

A rather unexpected behavior is observed in BLYP-related
functionals. The CAM-corrected functional describes the
interaction energy better than either B3LYP or BLYP. Thus
the trend is opposite to that of PBE-related functionals: The
binding energy in the BLYP-derived functionals increases with
the proportion of EXF. It is hard to point out the exact origin of
the difference because neither E, nor E_ is easily comparable
between BLYP-related functionals. Finally, similar to PBE, the
BLYP binding curve exhibits a wider well due to a state crossing
near the equilibrium separation.
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4. CONCLUSIONS

We assessed how several functionals model ground-state charge
transfer and predict charge distributions in the lithium—
benzene complex. This model illustrates an all-too-common
problem in computational chemistry: With results hinging on a
delicate combination of methods, the interplay of approximate
functionals and charge-distribution schemes can lead to
drastically different qualitative pictures of ground-state charge
transfer.

Functionals with an admixture of E5" are useful in describing
charge transfer in the lithium—benzene complex. The
HOMO-LUMO gap is widened when the proportion of EX*
is increased, a consequence of the stabilization of the occupied
MOs and the destabilization of the unoccupied MOs.

Despite the existence of a state crossing that induces charge
transfer, the crossing occurs in the repulsive region of the
interaction curve, leaving the equilibrium region unaffected in
hybrid functionals and HF. However, the equilibrium region is
incorrectly described by pure functionals PBE and BLYP
because of a crossing with an artificial state. Ground-state
charge distributions display sharp features when state crossings
occur, as is clear from Figures 2 and 5.

While modeling the state crossing is prone to errors when
using single-reference methods, high computational cost might
hinder the use of multireference or excited-state methods for
larger systems relevant in materials science. In those situations,
rigorous functionals capable of describing charge-transfer
phenomena, or alternative computational schemes, are needed.
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