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ABSTRACT: We apply high-level ab initio methods to
describe the electronic structure of small clusters of ammonia
and dimethyl ether (DME) doped with sodium, which provide
a model for solvated electrons. We investigate the effect of the
solvent and cluster size on the electronic states. We consider
both energies and properties, with a focus on the shape of the
electronic wave function and the related experimental
observables such as photoelectron angular distributions. The central quantity in modeling photoionization experiments is the
Dyson orbital, which describes the difference between the initial N-electron and final (N−1)-electron states of a system. Dyson
orbitals enter the expression of the photoelectron matrix element, which determines total and partial photoionization cross-
sections. We compute Dyson orbitals for the Na(NH3)n and Na(DME)m clusters using correlated wave functions (obtained with
equation-of-motion coupled-cluster model for electron attachment with single and double substitutions) and compare them with
more approximate Hartree-Fock and Kohn-Sham orbitals. We also analyze the effect of correlation and basis sets on the shapes of
Dyson orbitals and the experimental observables.

1. INTRODUCTION
Photoionization and photodetachment experiments are broadly
used in chemical physics1−3 for identification of transient
reaction intermediates and for creating species that are
otherwise unstable (radicals, molecules at transition states) to
study their properties and spectroscopic signatures.4−6 Such
experiments provide detailed information about the energy
levels of the target systems and about the underlying wave
functions. In particular, the cross-sections and photoelectron
angular distributions encode the information about the Dyson
orbital, a one-electron quantity characterizing the difference
between the initial N and final N−1 electron wave functions
(ΨI

N and ΨF
N−1, respectively):7−10

∫ϕ = Ψ Ψ −N n n n(1) (1 ,... , ) (2 ,... , ) d2 ... dN N
IF
d

I F
1

(1)

Within the dipole approximation and strong orthogonality
assumption, Dyson orbitals contain all information about ΨI

N

and ΨF
N−1 needed for computing the so-called photoelectron

matrix element:

ϕ= ⟨ | |Ψ ⟩D u rk k
IF

IF
d el

(2)

where r is the dipole moment operator, u is a unit vector in the
direction of the polarization of light, and Ψk

el is the wave
function of the ejected electron. Dk

IF enters the expression of the
total and differential cross-sections11,12 and is thus an
experimental observable. Consequently, experimentally meas-
ured angular-resolved photoelectron spectra encode the

information about the Dyson orbitals. However, reconstructing
the orbital from the experimental measurements requires
theoretical modeling.10,13,14 In addition to their connection to
the experimental observables, Dyson orbitals are also of a
qualitative value, as they enable simple molecular-orbital
interpretation of the many-electron wave functions.
By virtue of Koopmans’ theorem, Dyson orbitals within the

Hartree-Fock or Kohn-Sham theory are just the canonical
molecular orbitals. In the Koopmans’ framework, possible
multiconfigurational character of the wave functions, dynamical
electron correlation, and orbital relaxation are neglected (the
latter can be included by computing Dyson orbitals using self-
consistent field solutions of the N and N−1 electron systems).
To account for these effects, Dyson orbitals13 can be computed
within the equation-of-motion coupled-cluster (EOM-CC)
framework,15−17 which provides accurate wave functions for
closed-shell and various types of open-shell systems. In this
paper, we consider photoionization from open-shell systems
(doublet states), a situation that usually can be accurately
described by the EOM-CC variant known as EOM-EA-CC
(EOM-CC for electron attachment) in which the target closed-
shell state is described by the CC wave function and the initial
open-shell state is described by EOM-EA. We employ EOM-
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EA-CC with single and double substitutions (EOM-EA-
CCSD).
The focus of this paper is on quantifying the effect of

electron correlation on the shape of the Dyson orbital and on
the relevant experimental observables. In particular, we
compare correlated EOM-EA-CCSD Dyson orbitals with
Kohn-Sham and Hartree-Fock orbitals. As a model system,
we consider sodium-doped clusters of ammonia and dimethyl
ether (DME), which have been recently investigated exper-
imentally.18−20 These systems18−22 provide a good model for
solvated electrons.23−26

Signorell and co-workers have reported18−20 angular-resolved
photoelectron spectra of doped sodium clusters (water,
ammonia, DME, methanol) of varying size (up to several
hundreds of solvent molecules). In addition to trends in
ionization energies (IEs), they characterized angular distribu-
tions of photoelectrons, providing a basis for determining how
the shape of the solvated electron is affected by the cluster size
and by the type of solvent.
In the case of one-photon photoionization from randomly

oriented molecules, the photoelectron angular distribution
(PAD) is completely characterized by a single parameter,27 β:

θ σ
π

β θ= + −⎜ ⎟⎛
⎝

⎞
⎠PAD( )

4
1

2
(3 cos ( ) 1)2

(3)

The values of β range from +2 to −1: β = 2 corresponds to the
p-wave (ionization from s-like state) and β = 0 corresponds to
the fully isotropic photoelectron distribution.
Figure 1 shows Dyson orbitals and the respective IEs for the

four lowest electronic states of Na(NH3)n, n = 0−3. As one can

see, the unpaired electron resides on the surface of the clusters
and its shape resembles an atomic s or p orbital. Compared to
electrons solvated in neat clusters (such as (H2O)n

−, ref 24),
the binding energies are relatively high because the cluster core
is positively charged, which is different from electrons in neutral
clusters.18 Thus, these Na-doped clusters are analogs of
Rydberg molecular states in which a very diffuse electron is
interacting with a positively charged core.28

As one can see from Figure 1, the solvent pushes the electron
away from the positively charged Na and slightly distorts the
shape of the orbital. It also breaks the degeneracy between the
three p-states. By stabilizing the cation, solvation decreases the
IE relative to bare Na, i.e., for the three smallest ammonia
clusters, the IEs vary from 4.12 to 3.05 eV for the lowest
electronic state, to be compared to 4.96 eV of bare Na.
Reference 18 reported that the IEs, as expected, decrease

with the cluster size increase. Interestingly, the magnitude of
the decrease is solvent-dependent and correlates with the
hydrogen-bonding ability of the solvents. Specifically, the
steepest decrease in IE was observed for DME, and the smallest
decrease was observed for water. The respective asymptotic
values were around 1 eV (DME) and slightly below 4 eV
(water). This trend was explained by an interplay between the
stabilization of the cation and destabilization of the hydrogen-
bond network of the solvent.18 In solvents with strong
hydrogen bonds (water, ammonia), the sodium cation perturbs
the hydrogen-bond network, which partially offsets the energy
gain due to the electrostatic interaction between Naδ+ and the
solvent resulting in a smaller drop of vertical ionization energy
(VIE). In other words, better solvation of Naδ+ leads to a
weaker-bound solvated electron. This explanation is also
consistent with the observed differences between vertical and
adiabatic IEs, which can be loosely related to the solvent
reorganization energies: in DME this difference is the smallest,
indicating no significant reorganization of solvent upon electron
ejection.
The anisotropy parameter β varied between 1.5 and slightly

above zero in different solvents.18 In DME clusters, the
asymptotic β values were around 0.75, indicating substantial
anisotropy even in very large clusters.18 Taking into account
reported isotropic distributions of photoelectrons from bulk-
solvated Rydberg states,28 the results of Signorell and co-
workers suggest that in the sodium-doped clusters the unpaired
electrons reside on the surface of the cluster and no cavity
states are formed.18 The experimental results were comple-
mented by calculations using DFT with the ωB97X-D
functional.18 The calculations agreed well with the observed
trends in IEs and confirmed that the lowest state of the
unpaired electron is indeed an s-type surface state. Larger
deviations from a perfectly spherical shape were observed in
larger clusters, consistently with the decrease in β with the
cluster size increase. An earlier theoretical study investigated
structures of solvated sodium clusters and pointed out the
existence of multiple isomers29 and also analyzed the shapes of
their frontier orbitals.
Here we consider both energies and properties, with a focus

on the shape of the electronic wave function and the related
experimental observables such as photoelectron angular
distributions. Using accurate Dyson orbitals as the reference,
we assess the quality of Kohn-Sham DFT and Hartree-Fock
orbitals. We analyze the shapes of Dyson orbitals, their spatial
extent, and the average distance between the unpaired electron
and Na (this quantity is related to the dipole moment of the

Figure 1. Dyson orbitals and the respective vertical ionization energies
(eV) for the four lowest electronic states of bare sodium and
Na(NH3)n, n = 1−3, computed using the EOM-EA-CCSD/aug-cc-
pVDZ wave functions.
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cluster). To assess the effect of the changes in the shape of
Dyson orbital on the experimental spectra, we compute
anisotropies for the photoelectrons and total photoionization
cross-sections. In addition to the lowest-energy structures, we
analyze electronic properties along finite-temperature trajecto-
ries, to quantify the effect of thermal fluctuations on the
observables.

2. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS
2.1. Dyson Orbitals within the Equation-of-Motion

Coupled-Cluster Framework. The EOM-CC approach
provides an efficient and robust framework for computing
multiple electronic states.15−17,30−33 The EOM-CC wave
function has the following form:

|Ψ⟩ = |Φ ⟩ReT
0 (4)

where linear EOM operator R acts on the reference CCSD
wave function, eT|Φ0⟩. Operator T is an excitation operator
satisfying the reference-state CC equations:

⟨Φ | ̅ − |Φ ⟩ =μ H E 0CC 0 (5)

where Φμ are the μ-tuply excited determinants (with respect to
the reference determinant, Φ0) and H̅ = e−THeT. μ is
determined by the level of truncation of T, e.g., μ = 1, 2 for
CCSD. The reference determines the separation of the orbital
space into the occupied and virtual subspaces. Here we use
indices i, j, k, ... and a, b, c, ... to denote the orbitals from the
two subspaces.
Different choices of the reference and the type of EOM

operators enable access to different types of electronic states.15

The character of target states is described with respect to the
reference, Φ0. For solvated sodium clusters with one unpaired
electron, the most appropriate choice is EOM-EA-CC (EOM-
CC for electron-attached states). In the EOM-EA-CCSD
variant, EOM operators R are of one-particle (1p) and two-
particles-one-hole (2p1h) type:

∑= †R r a
a

a
1
EA

(6)

∑= † †R r a b i
1
2 iab

i
ab

2
EA

(7)

and the reference corresponds to the closed-shell wave function
(cationic, in the case of the sodium-doped clusters). Thus, in eq
1, ΨI

N and ΨF
N−1 are the EOM-EA-CCSD and CCSD wave

functions, respectively.
EOM amplitudes R and the corresponding energies are

found by diagonalizing the similarity-transformed Hamiltonian,
H̅ , in the space of target configurations defined by the choice of
operator R and reference Φ0:

̅ =HR ER (8)

Because H̅ is a non-Hermitian operator, its left and right
eigenstates, ⟨Φ0|L

† and R|Φ0⟩, are not Hermitian conjugates
but form a biorthogonal set:

̅ |Φ ⟩ = |Φ ⟩HR ER0 0 (9)

⟨Φ | ̅ = ⟨Φ |† †L H L E0 0 (10)

δ⟨Φ | |Φ ⟩ =†L RM N
MN0 0 (11)

where M and N denote the Mth and Nth EOM states and

∑ ∑= + = +† † †L L L l a l a b i
1
2a

a

iab
i
abEA

1
EA

2
EA

(12)

The expansion coefficients, la, li
ab, ra, and ri

ab, are found by
diagonalizing the corresponding matrix representation of H̅ .
For energy calculations, only the knowledge of the right
eigenstate is sufficient. However, in property calculations both
the left and right eigenstates need to be computed. For
example, the dipole moment for Kth EOM-EA state is defined
as follows:

μ μ≡ ⟨Φ | |Φ ⟩† −L Re eK K T T K
0 0 (13)

For transition properties, such as transition dipole moment
(μMN) between two EOM-EA states, one needs to compute a
geometric average:

μ μ μ= ⟨Φ | |Φ ⟩⟨Φ | |Φ ⟩† − † −L R L Re e e eMN M T T N N T T M
0 0 0 0

(14)

Thus, in EOM-CC theory, we have left and right Dyson
orbitals.13 The differences between the two are small, and for
visualization, we always show normalized right orbitals;13,34

however, for cross-section calculations, both right and left
Dyson orbitals are needed.10,14

To gain an insight into the electronic properties of solvated
electrons, we analyze dipole moments, the spatial extent, and
the shape of the underlying wave functions. The size of the
wave function can be characterized by the expectation value of
R2:

⟨Ψ | |Ψ ⟩ = ⟨Ψ | |Ψ ⟩ + ⟨Ψ | |Ψ ⟩

+ ⟨Ψ | |Ψ ⟩

R X Y

Z

EOM 2 EOM EOM 2 EOM EOM 2 EOM

EOM 2 EOM
(15)

Because the size of the electronic wave function increases with
the system size, it is convenient to consider the difference
between ⟨R2⟩ of the target EOM-EA state and the CCSD
reference, as commonly done in the analysis of excited states:35

Δ ≡ |⟨Ψ | |Ψ ⟩ − ⟨Ψ | |Ψ ⟩|Ψ R RR EOM 2 EOM CCSD 2 CCSD
(16)

In a similar fashion, one can consider changes in the individual
Cartesian components, ΔRα

Ψ, α = X, Y, Z, which characterize
the shape of the wave function. For example, the values of the
ΔX, ΔY, and ΔZ are similar for s-like states, whereas p-like
states can be identified by one large and two small
components.35

We also compute the properties of Dyson orbitals, which are
more directly related to the unpaired electron.13 The
expectation values of R give the centroid of the Dyson orbital,
Rd, and ⟨(R − Rd)2⟩ gives its size, R̅d:

ϕ ϕ≡ ⟨ | | ⟩α αR Rd d d
(17)

ϕ ϕ̅ ≡ ⟨ | − | ⟩α α αR R R( )d d d 2 d
(18)

̅ = ̅ + ̅ + ̅R R R R( ) ( ) ( )X Y Z
d d 2 d 2 d 2

(19)

where Rα denotes the three Cartesian components.
The distance between Rd and the coordinates of the sodium

atom, RNa, quantifies the offset between the Dyson orbital and
the positively charged cluster core:

≡ | − |d R Reh
d

Na (20)
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This distance between the average position of the unpaired
electron and the positively charged hole can be compared with
the dipole moment. Obviously, in bare Na, the two coincide
and deh = 0.
Note that the magnitudes of the individual Cartesian

components of R2, R̅d, and μ depend on the choice of the
coordinate system (or molecular orientation). Thus, to
unambiguously describe the shape of the wave function, one
should consider eigenvalues of the R2 matrix rather than its
diagonal matrix elements. However, the respective absolute
values (ΔRΨ, R̅d, deh) are invariant to the molecular orientation,
owing to the properties of the trace.
2.2. Cross-Sections and Photoelectron Angular Dis-

tributions. The expression for photodetachment/photoioniza-
tion cross-section is11

σ π θ ϕ
Ω

= · ·| |
c

E D
d

d
4

( , )
k

k

2
IF 2

(21)

where Dk
IF is the photoelectron dipole matrix element defined

by eq 2.
To compute Dk

IF, one needs a Dyson orbital, eq 1, and the
wave function of free electron, Ψk

el. The latter can be described
by either a plane or a Coulomb wave expressed in the basis of
spherical (partial) waves, |E, l, m⟩:36

∑ ∑Ψ = | ⟩ ̂
=

∞

=−

E l m
k

Y k, ,
1

( )k
l m l

l

lm
el

0 (22)

Each partial wave can be written as a product of radial function
Rkl and spherical harmonic Ylm:

36

π
θ ϕ| ⟩ =E l m

k
R r Z Y, , i

2
( , ) ( , )l

kl lm (23)

The origin of the expansion is placed at the centroid of the
Dyson orbital, which is equivalent to orthogonalizing the
Dyson orbital to Ψel.10,14 Radial functions, Rkl, depend on the
effective charge Z. For Z = 0 (as in the case of photodetach-
ment from anions), Rkl is a spherical Bessel function and the
photoelectron wave function is a plane wave. In photo-
ionization of neutral species, the charge of the cationic core is
+1 and Rkl is a Coulomb radial wave function with Z = 1.37

The performance of this model has been recently
investigated using a benchmark set of anionic and neutral
species.14 In the case of neutral atoms and very small molecules,
absolute total cross-sections are well reproduced by using
Coulomb waves with Z = 1. However, in polyatomic molecules
the best agreement with experiment was achieved when an
effective charge Z ∈ [0, 1] was used, which accounts for
nonpoint charge distribution in polyatomic cations (i.e., the
outgoing electron is less sensitive to the charge located far away
from the expansion center). The benchmarks,14 which were
performed in a broad energy range, provide numerical evidence
in support of strong orthogonality assumption. In particular, the
threshold behavior in anionic and neutral systems is correctly
reproduced by the model.14

Once Dyson orbitals are computed, the calculations of the
total and differential cross-sections can be performed by the
ezDyson software.38 The details about averaging over molecular
orientations and accounting for electronic degeneracies of the
initial and target states can be found in the ezDyson manual.38

To determine optimal charge Z, a variational approach was
proposed in ref 14:

δ
δ

⟨Ψ | |Ψ ⟩

⟨Ψ |Ψ ⟩ ⟨ Ψ | Ψ ⟩
=

⎡

⎣
⎢⎢

⎤

⎦
⎥⎥Z

Z H Z

Z Z H Z H Z

( ) ( )

( ) ( ) ( ) ( )
0L

L L

C

C C

(24)

where HC ≡ Tk + Vel(R,r) describes the Hamiltonian of the
outgoing electron in the field of the cationic core characterized
by Coulomb potential Vel(R,r), Ψ(Z) is the Coulomb wave
with charge Z, and the integration is carried out over a finite
box of size L. The expression in square brackets in eq 24 is
maximized for Ψ(Z), which is the best approximation to an
eigenstate of HC. Although the general implementation of this
approach is not yet available, in the one-dimensional case one
can easily optimize Z by eq 24 and a simple displaced point-
charge model.14 This procedure is employed here.

2.3. Computational Details. Equilibrium geometries of
the clusters were taken from ref 18, where they were optimized
with ωB97X-D/6-31+G(d). To investigate the effect of
structural fluctuations on the electronic properties, we
performed ab initio molecular dynamics (AIMD) calculations
for selected clusters, followed by calculations of orbitals at
selected snapshots. The AIMD calculations were performed
using ωB97X-D/6-31+G(d) and T = 333 K. The trajectories
were initiated using optimized structures and the initial
velocities were randomly sampled from the Maxwell-Boltzmann
distribution at 333 K. AIMD trajectories of 2.4 and 4.8 ps were
calculated for Na(NH3) and for Na(DME), respectively. For
Na(NH3)4, Na(NH3)6 (in which several structural isomers are
possible29), Na(DME)4, and Na(DME)6 we computed longer
trajectories (9.1−9.6 ps). The snapshots were taken each 120 fs
for Na(NH3), each 240 fs for Na(DME), and each 480 fs for all
other systems. At selected snapshots, VIEs and properties were
computed with EOM-EA-CCSD/aug-cc-pVDZ for all clusters
except Na(DME)6 for which ωB97X-D/6-31+G(d) was used.
The method was chosen on the basis of the overall
performance of different functionals for the experimental
observables in the entire range of photon energies (these
results are shown in Figure S18 and discussed in details below).
The following basis sets were used in the EOM-EA-CCSD

calculations: 6-31+G(d) and n-aug-cc-pVXZ (n = 1−4, X = D,
T, Q). The effect of the basis set on the computed quantities
(IE, β, σ, R̅) was investigated for NaXn, n = 1−3 (X = NH3,
DME). The results for Na(NH3) are summarized in the
Supporting Information (Figure S3). We observe a noticeable
difference between the values computed with 6-31+G(d) and
with Dunning’s bases. The results computed with Dunning’s
bases show a systematic convergence with increasing the basis-
set size (from aug- to q-aug-, from DZ to TZ to QZ). For NH3
clusters, all quantities are converged with the triply augmented
basis, whereas for DME, a doubly augmented basis is sufficient
for a given ζ. In general, for a given ζ, extra augmentation
brings the results closer to those with higher ζ. These trends
hold for various cluster sizes for the same solvent. In absolute
terms, the changes beyond aug-cc-pVDZ are rather smallthe
variations in IEs and cross-sections do not exceed 0.03 eV and
10%, respectively. The β values at the experimental photon
energy are also rather insensitive to the basis set increase
beyond aug-cc-pVDZ. Thus, we employ the aug-cc-pVDZ basis
for the rest of the calculations.
For larger clusters (Na(DME)5, Na(DME)6, and Na-

(DME)7), we employed a modified basis set (aug-cc-pVDZ
on all heavy atoms and cc-pVDZ on H atoms) and froze the
core and high-lying virtual orbitals (31, 37, and 43 virtual
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orbitals were frozen in Na(DME)5, Na(DME)6, and Na-
(DME)7, respectively). The errors introduced by these
approximations were found to be negligible for Na(DME)5,
as shown in Figure S4 in the Supporting Information.
All calculations were performed with the Q-Chem electronic

structure program.39,40 Cross-sections and anisotropies were

computed using the ezDyson10,38 code. The details for the
cross-section and β calculations using ezDyson are given in the
Supporting Information.
As shown in the Supporting Information (Figure S2), the

anisotropy parameter β depends on the effective charge Z at
low energies. Even in small clusters (Figure 1), the Dyson

Table 1. Electronic Properties Computed Using the EOM-EA-CCSD/aug-cc-pVDZ Wave Functions for the Na(NH3)n Clusters,
n = 1−10a

system VIE μ ΔRΨ R̅d deh f L

X Y Z X Y Z

Na(NH3) 4.12 1.61 4.4 3.0 3.0 3.0 3.0 3.0 0.73
2.62 2.05 5.7 3.9 3.9 4.2 5.4 3.8 3.14 0.274
2.61 0.97 4.1 5.5 3.5 5.2 3.7 3.4 0.02 0.295
2.61 0.96 4.1 3.5 5.5 3.4 3.3 5.4 0.22 0.295
1.69 0.034

Na(NH3)2 3.50 1.80 3.7 4.5 3.5 3.6 3.5 3.5 0.91
2.41 1.87 4.4 6.0 4.0 4.2 5.6 4.5 3.10 0.253
2.38 0.48 6.8 4.2 3.9 4.6 4.7 5.9 0.52 0.318
2.35 1.02 3.6 4.1 6.1 5.6 3.6 4.4 0.03 0.290
1.52 0.032

Na(NH3)3 3.05 1.29 4.5 4.4 4.5 4.3 4.3 4.0 0.99
2.23 0.43 7.3 4.2 4.4 5.1 6.7 4.2 0.24 0.327
2.22 0.50 4.4 7.3 4.4 6.7 5.1 4.2 0.39 0.326
2.17 1.36 4.5 4.4 6.3 4.3 4.3 6.6 1.93 0.276
1.36 0.027

Na(NH3)4 2.80 0.98 4.9 4.8 4.8 4.8 4.8 4.6 1.67
2.13 1.06 7.6 4.5 4.5 6.8 5.4 4.6 0.89 0.326
2.10 0.45 4.6 7.6 4.6 5.5 6.4 5.1 0.71 0.332
2.07 0.78 4.6 4.6 7.6 4.6 5.3 7.1 0.51 0.327
1.20 0.001

Na(NH3)5 2.74 1.73 5.0 5.3 4.8 4.8 4.7 4.8 2.74
2.07 0.24 8.0 4.7 4.7 7.4 4.6 4.9 1.21 0.328
2.04 2.51 4.9 7.7 4.8 4.8 6.3 5.9 1.71 0.295
2.03 0.52 4.8 4.8 7.9 4.7 6.3 6.5 1.25 0.332
1.25 0.000

Na(NH3)6 2.76 2.17 5.3 4.9 5.2 4.7 4.7 4.4 3.98
2.05 0.39 5.1 7.7 4.9 4.8 7.8 4.6 1.77 0.320
2.04 0.49 7.5 4.8 5.7 7.4 4.9 5.6 2.21 0.332
1.92 3.36 5.6 5.7 7.2 5.6 5.4 6.8 1.99 0.254
1.24 0.010

Na(NH3)7 2.71 2.57 6.2 4.8 5.0 4.3 4.7 4.9 4.08
2.03 0.49 5.3 5.1 7.7 5.0 5.0 7.6 1.70 0.315
1.98 0.59 5.9 7.7 5.1 5.5 7.6 4.9 2.00 0.322
1.89 3.13 7.2 5.8 5.8 7.0 5.7 5.9 2.03 0.255
1.21 0.010

Na(NH3)8 2.55 3.43 7.1 5.1 4.8 4.5 4.8 4.9 4.39
1.89 1.09 7.5 7.3 5.2 7.4 6.9 5.2 3.29 0.311
1.86 1.45 5.8 5.1 8.1 5.3 5.0 7.8 2.06 0.294
1.84 3.74 6.6 7.7 5.6 6.5 7.0 5.6 2.61 0.249
1.18 0.004

Na(NH3)9 2.66 2.70 5.2 5.1 6.1 4.8 4.7 4.1 5.10
1.96 0.89 7.4 5.9 5.1 7.1 6.2 5.3 2.94 0.323
1.92 1.10 6.5 7.4 5.6 6.5 7.2 4.8 2.91 0.318
1.78 4.62 6.2 6.1 7.6 6.1 6.0 7.0 3.17 0.195
1.28 0.011

Na(NH3)10 2.57 2.75 5.8 5.7 5.3 4.5 4.6 4.7 4.95
1.90 0.40 5.6 6.8 7.2 4.9 6.7 7.0 2.12 0.298
1.83 4.39 6.3 7.3 6.5 5.4 6.6 6.2 3.81 0.216
1.79 1.63 8.9 6.0 5.8 8.8 5.7 5.7 2.16 0.304
1.27 0.025

aVIEs are given in eV and other quantities in a.u.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.6b10098
J. Phys. Chem. A 2016, 120, 9841−9856

9845

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b10098/suppl_file/jp6b10098_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b10098/suppl_file/jp6b10098_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.6b10098/suppl_file/jp6b10098_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.6b10098


orbitals are displaced from the positively charged core (Naδ+).
As illustrated in Tables 1 and 2, the distance between the
centroid of the Dyson orbital and the position of Naδ+ varies
from 0.73 bohr in the smallest cluster to 5.10 bohr for
Na(NH3)9. Because the positive charge is displaced from the
center of expansion of the photoelectron wave function, we
expect that the plane wave ansatz would be a reasonable
approximation of Ψel for these systems, especially for larger
clusters. To test this assumption, we computed optimal Z using
a one-dimensional model based on eq 24. The results are
shown in the Supporting Information (Figure S1). We found
that the optimal values of effective core charge Z are small. The
deviation of optimal Z from zero is smaller for larger d and
higher Ek, confirming that the quality of plane wave description
improves for clusters with more solvent molecules. As one can
see from Figure S2, even for n = 1 at the experimental energy of
4.66 eV, computed β’s show little variations whether a plane
wave or a Coulomb wave with Z = 0.2−0.4 is used, whereas the
variations in the total absolute cross-sections can be largerup
to 50% of the plane-wave value. Thus, for these clusters one can
use plane wave to represent Ψel; this is done in all calculations
below.

3. RESULTS AND DISCUSSION
3.1. Electronic Properties of Sodium-Doped Ammonia

and DME Clusters. Tables 1 and 2 collect the computed
properties of the EOM-EA-CCSD states and the respective
Dyson orbitals for the sodium-doped ammonia and DME
clusters. As pointed out in ref 18, these two solvents represent

two very different situations. Ammonia can form hydrogen
bonds, which are perturbed by the sodium cation. This effect
counteracts energy gain due to solvation. Consequently, the
solvent-induced change in IE is small and the electron is
relatively weakly bound. In DME, which does not form
hydrogen bonds, Naδ+ does not perturb the solvent and the
electron binding energy is higher. We note that bulk DME does
not dissolve Na, whereas bulk ammonia does, leading to
production of the solvated electrons. Thus, the properties of
solvated electrons produced in finite ammonia and DME
clusters converge to different bulk limits.
Our results fully agree with those reported in ref 18. Let us

consider the trends in VIE for the lowest state. The VIEs in the
smallest cluster (one solvent molecule) are practically identical
for NH3 and DME: 4.12 and 4.14 eV. However, as the number
of solvent molecules increases, the VIE drops slower in the
ammonia clusters relative to DME. For example, in the cluster
with four solvent molecules, the respective VIEs are 2.80 and
2.69 eV. The VIEs for the higher-lying states follow the same
trend as for the lowest state.
The dependence of the IE on the cluster size is shown in

Figure 2. As one can see, VIEs in ammonia clusters decrease
monotonically for small cluster sizes, up to n = 4, for all four
states; for larger n, the changes in VIE in ammonia clusters level
off and slightly oscillate with increasing n. In DME clusters VIE
is monotonically decreasing with the cluster size increase for
clusters with up to 6 solvent molecules, and then levels off, too.
Thus, for both solvents, the monotonic decrease is observed
until the first solvation shell is formed. For the clusters with

Table 2. Electronic Properties Computed Using the EOM-EA-CCSD/aug-cc-pVDZ Wave Functions for the Na(DME)m
Clusters, m = 1−7a

system VIE μ ΔRΨ R̅d deh f L

X Y Z X Y Z

Na(DME) 4.14 1.98 3.0 3.0 5.7 2.9 2.9 2.6 1.13
2.60 1.22 5.6 3.3 5.3 3.2 5.6 3.1 0.29 0.271
2.55 1.18 3.3 5.7 5.3 5.6 3.3 3.2 0.21 0.276
2.20 1.36 4.6 4.9 6.3 4.8 4.6 6.2 2.48 0.207
1.80 0.100

Na(DME)2 3.56 2.78 3.3 6.0 3.2 3.0 2.6 3.2 1.86
2.32 1.53 3.9 5.2 6.2 3.6 3.4 6.2 0.39 0.233
2.10 2.19 7.0 6.0 4.1 7.0 3.9 4.2 1.08 0.250
2.01 4.22 5.8 5.9 6.0 5.7 5.4 6.0 5.91 0.057
1.61 0.150

Na(DME)3 3.10 3.22 3.6 3.6 6.0 3.3 3.3 2.7 2.71
1.97 2.22 7.6 4.8 5.7 5.1 7.1 4.6 1.62 0.211
1.95 2.10 4.9 7.7 5.7 7.1 5.3 4.8 1.32 0.210
1.90 4.70 6.6 6.6 6.2 6.4 6.5 5.4 6.24 0.022
1.50 0.090

Na(DME)4 2.69 3.92 4.0 3.9 6.4 3.3 3.6 2.9 3.50
1.89 5.06 6.8 6.5 6.7 6.0 5.7 6.5 6.80 0.012
1.81 1.91 5.3 8.7 5.9 7.3 6.7 5.1 0.93 0.185
1.74 1.29 9.5 5.7 6.2 5.8 5.7 9.2 0.67 0.140
1.45 0.051

Na(DME)5 2.25 4.20 4.3 4.4 3.8 4.93
1.77 6.6 6.3 6.8 5.37
1.71 6.2 7.2 9.1 0.42
1.66 9.9 6.2 6.0 0.38

Na(DME)6 1.89 0.00 7.2 7.2 7.2 0.00
Na(DME)7 1.84 2.76 6.9 7.3 6.9 3.34

aResults for Na(DME)5, Na(DME)6, and Na(DME)7 were obtained with modified basis set and reduced orbital space (see text). VIEs are given in
eV and other quantities in a.u.
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more solvent molecules, the emerging shell structure starts to
play a role. The shell structure has a more prominent effect on
the PAD: for example, β for certain clusters shows magic
numbers. That is, the values of β at certain cluster sizes lie far
outside the overall trend.19 In the previous work,19 these magic
numbers were associated with highly symmetric structures.19

The connection between the cluster structure and experimental
observables, as well as the origin of magic numbers in PADs,
will be discussed in detail below for Na(NH3)4 and Na(DME)6.
The solvent affects higher-lying states even more: already in

the smallest clusters, the 3p manifold is no longer degenerate.
The splittings are small in terms of energies; however, oscillator
strengths are more sensitive, as readily seen from Tables 1 and
2. The effect is more pronounced for DME clusters, where
oscillator strength for one of the p-like excited states is an order
of magnitude lower than for the other two, in contrast to three
similar values observed in ammonia clusters. This drop in
oscillator strength can be rationalized by the spatial separation
between the s and p orbitals: for the states with low oscillator
strength, deh ≈ 6 bohr, which is much larger than deh for other
states.
To illustrate the effect of electron correlation, it is instructive

to quantify the differences between the Hartree-Fock and

correlated Dyson orbitals. This can be done by considering the
weight of the dominant Hartree-Fock molecular orbital in the
EOM-EA-CCSD Dyson orbitals; i.e., the deviations from one
quantify the deviation from the Koopmans’ theorem (as applied
to a positively charged core). Figure 3 shows these values for
the lowest electronic state. As one can see, in small clusters, the
weight of the Hartree-Fock LUMO in the EOM-EA-CCSD
Dyson orbital is very close to one, and then it gradually
decreases with the cluster size. The effect of correlation appears
to be more pronounced for DME clusters. We note that for
DME clusters, even the order of the 3p-like states does not
follow the Koopmans’ theorem predictions.
Figure 4 shows the dependence of the Dyson orbital size, R̅d,

on the number of solvent molecules (a similar plot for the state
size, ΔRΨ, is shown in Figure S6). We observe a nearly
monotonic increase of R̅d with the cluster size in both ammonia
and DME, which correlates nicely with the decreasing IEs:
lower IEs correspond to a weaker bond and, therefore, more
diffuse electron. This general trend is also seen in ΔRΨ. ΔRΨ,
however, depends on both the EOM-EA state and the reference
CCSD state, whereas Dyson orbitals depend only on the
unpaired electron state; therefore, R̅d provides a more direct
measure of the diffuseness of the solvated electron.
As one can see from Figure 4, the size of the unpaired

electron in the s-like state increases from 4.5 bohr in bare Na to
about 7.5 bohr in Na(NH3)4 and then remains nearly constant,
consistently with the sharp initial drop in VIE, which levels off
after n = 4. We note small fluctuations at n = 8 in both VIE and
R̅d. The behavior of p-like states is similar, but their respective
sizes are larger. As one can see from Table 1, p-states show clear
asymmetry, in contrast to s-states. In the DME clusters (Figure
4 and Table 2), the initial increase in R̅d is less steep. For
example, for n = 4, R̅d for ammonia and DME are about 8.2 and
5.7 bohr, respectively. In contrast to ammonia clusters, the size
continues to increase for n = 5 and n = 6, until the first
solvation shell is completed. We note that the size of the
electron (R̅d) is particularly large in Na(DME)6 and Na(DME)7
in which the first solvation shell is completed. In the smaller
DME clusters (with an incomplete solvent shell), the size of the
electron is smaller than in the ammonia clusters with the same
number of solvent molecules, which can be explained by larger
electron binding energy in DME. The observed spread in the p-
orbitals sizes is due to the asymmetry. We note that the average
size of a p-state does not always correlate with the respective

Figure 2. Dependence of vertical ionization energies on cluster size for the four lowest electronic states of bare sodium, Na(NH3)n, n = 1−10, and
Na(DME)m, m = 1−5; EOM-EA-CCSD/aug-cc-pVDZ. The results for Na(DME)6,7 were computed with a smaller basis and reduced orbital space
(see text).

Figure 3. Effect of electron correlation on the composition of the first
Dyson orbital in Na(NH3)n, n = 0−10, and Na(DME)m, m = 0−5;
EOM-EA-CCSD/aug-cc-pVDZ. The values for Na(DME)6,7 were
computed with a smaller basis and reduced orbital space (see text).
w(LUMO) is the weight of the Hartree-Fock LUMO in the
normalized EOM-EA-CCSD Dyson orbital.
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VIE. For all cluster sizes, the asymmetry of the lowest state is
small, confirming that this state retains s-like character.
Let us now consider the spatial separation between the

average position of the unpaired electron (which is given by the
centroid of the corresponding Dyson orbital) and the Naδ+

core, eq 20. Figure 5 shows deh for the lowest state. In bare Na,
deh = 0. In ammonia clusters, deh increases from 0.7 bohr in the
smallest cluster up to 5.1 bohr in Na(NH3)9, then slightly
decreases to 4.9 bohr in Na(NH3)10. In DME clusters, both μ
and deh increase almost linearly, with the slope close to 1, up to
n = 5. In Na(DME)6, deh = 0 due to highly symmetric structure
resulting in the Dyson orbital enclosing the entire cluster. For
the clusters with the same number of solvent molecules, the
offset between the negative charge and Naδ+ is larger for DME
clusters than for ammonia, probably because of the differences
in the size of the solvent molecules, with the exception of
Na(DME)6. For example, for n = 5, deh is 2.7 bohr and 4.9 bohr
in ammonia and DME, respectively. For both types of clusters,
deh increases with the number of solvent molecules. (According
to Figure S1, this means that the quality of the plane-wave
description of the outgoing electron improves for larger
clusters.) For Na(DME)6, deh = 0 because of its highly
symmetric structure. We note that deh values are rather different
for the s and p states (Tables 1 and 2), which reflects a different
distribution of electron density.
The offset between the unpaired electron and the positively

charged sodium core is related to the dipole moment. Figure 6
shows deh versus μ for the ammonia and DME clusters. The
ammonia clusters show a weak correlation between these two
quantities. In contrast, the DME clusters show a much better
correlation between deh and μ. This different behavior can be
attributed to the electronic contributions of the solvent
molecules. To quantify these contributions, we computed the
dipole moment of the ammonia and DME clusters from which
the sodium atom was removed (the positions of all solvent
molecules were unchanged) and subtracted the result from
total μ; the resulting difference dipole moments are shown in
Figure 7. As one can see, there is much better correlation
between this quantity and deh, both in the ammonia and DME
clusters. This is true for all four electronic states and the slopes
are close to one in all cases. Larger effect of solvent in ammonia
clusters is due to more polar nature of NH3.
Different trends in deh versus μ reflect fundamental

differences between the DME and ammonia solvents. The
results shown in Figures 6 and 7 illustrate that a simplified

picture of the unpaired electron interacting with the offset
solvated core holds for DME clusters but is inappropriate for
ammonia clusters, where the hydrogen-bond network of polar
solvent molecules contributes significantly to the electronic
properties of the cluster.
To quantify the shapes of Dyson orbitals (i.e., how close they

are to an ideal s-orbital), we exploit the atomic selection rules
for photoelectron states. Because for a pure s-state, the
outgoing waves should have pure p character (p0 for the light
polarized along the z-axis), the deviation of the weight of the p0
amplitude from one provides a measure of the orbital
distortion. Thus, we compute
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at k values corresponding to the experimental photon energy

4.66 eV ( ν= −k m h2 ( IE) ) and using z-polarized light.
Figure 8 shows that w(p0) is very close to one for small clusters
and decreases with cluster size increase, with the exception of
Na(NH3)4 and Na(DME)6, which both have the completed
first solvation shell. There is a noticeable difference between
ammonia and DME revealing stronger perturbation of Dyson

Figure 4. Dependence of sizes of Dyson orbitals, R̅d, on cluster size for the four lowest electronic states of Na(NH3)n, n = 0−10, and Na(DME)m, m
= 0−5; EOM-EA-CCSD/aug-cc-pVDZ. The results for Na(DME)6,7 were computed with a smaller basis and reduced orbital space (see text).

Figure 5. Effect of the solvent on dipole moments and distance
between Na and the centroid of Dyson orbitals, deh, for the lowest
electronic state of Na(NH3)0−10 and Na(DME)0−4; EOM-EA-CCSD/
aug-cc-pVDZ. The results for Na(DME)5−7 were computed with a
smaller basis and reduced orbital space (see text).
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orbitals by the solvent in DME. This evolution of the orbital
character agrees with the trends in VIEs and state/orbital sizes
described above.
3.2. Effect of Structural Fluctuations on Electronic

Properties. The structures of the clusters are floppy and
feature multiple local minima.29 The thermal fluctuations may
affect the shape of the Dyson orbital and, consequently,
experimental observables. To investigate these effects, we
carried out AIMD simulations at T = 333 K using ωB97X-D/6-
31+G(d).
For Na(NH3), we computed a 2.4 ps trajectory from which

snapshots were taken each 120 fs. For this small cluster, the
structural fluctuations are small and do not lead to significant
variations in electronic properties. IEs vary from 4.14 to 4.20
eV, to be compared with 4.12 eV at the equilibrium structure.
Apart from the threshold variations, anisotropy parameters
converge to β ≈ 2 at the experimental photon energy (4.66
eV). The total cross-section is more sensitive to structural
variations, with maximal variation of 0.92 a.u. (∼20%) at the
experimental energy and nearly constant difference throughout
the entire range of photon energies (∼0.9 a.u. at 4.21 eV).
More details are shown in the Supporting Information.
For larger clusters, Na(NH3)4 and Na(NH3)6, we computed

9.6 ps trajectories from which snapshots were taken each 480 fs.
Na(NH3)4 has highly symmetric structure, which does not
show large dynamic distortions. Na(NH3)6 is particularly
interesting, because it has closely lying conformers that are
sampled in the course of thermal motion.

Figure 9 shows the Dyson orbitals and the respective VIE, R̅d,
and deh for five selected snapshots for Na(NH3)6 (the first
picture corresponds to the optimized structure). Additional
data are given in the Supporting Information (Table S1). The
trajectory explores regions corresponding to the two different
structures: (i) one with six solvent molecules in one
coordination shell (as in snapshots 1, 2, and 5) and (ii) one
with five solvent molecules in the first shell and one molecule in
the second shell (snapshots 3 and 4). The shape of the Dyson

Figure 6. Dipole moments and distance between Na and the centroid of Dyson orbitals, deh, for the four lowest electronic states of Na(NH3)n, n =
0−10, and Na(DME)m, m = 0−5; EOM-EA-CCSD/aug-cc-pVDZ. A line with slope = 1 is plotted to guide the eye.

Figure 7. Difference dipole moments and distance between Na and the centroid of Dyson orbitals, deh, for the four lowest electronic states of
Na(NH3)n, n = 0−10, and Na(DME)m, m = 0−5; EOM-EA-CCSD/aug-cc-pVDZ. A line with slope = 1 is plotted to guide the eye.

Figure 8. Weight of p0 amplitude in the outgoing waves at hν = 4.66
eV. Na(NH3)n, n = 0−10, and Na(DME)m, m = 0−5; EOM-EA-
CCSD/aug-cc-pVDZ. The results for Na(DME)6,7 were computed
with a smaller basis and reduced orbital space (see text).
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orbital and, consequently, electronic properties show significant
fluctuations among the snapshots. VIEs vary from 2.57 to 2.83
eV (to be compared with 2.76 eV in the optimized structure).
The size of the Dyson orbital varies between 7 and 9 bohr. The
hole−electron distance fluctuates between 1.5 and 4.5 bohr.
These variations in the shape of the unpaired electron lead to
noticeable variations in the experimental observables: β
(computed at 4.66 eV) fluctuates between 1.5 and 1.9 (Figure
S10, Supporting Information). For Na(NH3)4, in contrast, the
thermal fluctuations of β are smaller, due to its more rigid
structure (β at 4.66 eV fluctuates between 1.95 and 1.98, as
shown in the Supporting Information in Figure S9).
Figure 10 compares β computed for the minimum-energy

structures against the values averaged over 21 snapshots for the
two clusters. The difference between the two clusters is
twofold. First, thermal fluctuations of β are larger for Na(NH3)6
at all computed photon energies. Second, in Na(NH3)6 the
thermal motions lead to random fluctuations in β around the
value corresponding to the minimum energy structure, whereas
in Na(NH3)4 thermal motions almost always result in the
decrease of anisotropy. Consequently, for Na(NH3)6 the
averaged value of β at 4.66 eV is 1.74 ± 0.05 almost the
same as β for the minimum-energy structure (β = 1.76),
whereas for Na(NH3)4 the minimum-energy structure value,
1.98, is an upper bound of trajectory-averaged 1.96 ± 0.02. As
discussed below, this difference contributes to the appearance
of magic numbers in anisotropies.
Thermal fluctuations of β and σ for Na(DME)4 (Figure S11)

are similar in magnitude to those in Na(NH3)6, but their origin
is different. In the ammonia clusters, the fluctuations mostly
arise from the rearrangement of the solvent molecules around
the Na core, whereas in DME they are dominated by the
internal solvent degrees of freedom: i.e., the 9.6 ps trajectory for

DME does not sample different conformers but shows rotations
of the CH3 groups and CO vibrations. The effect of
intramolecular degrees of freedom comes into play already in
the Na(DME) cluster; the snapshots from the respective
equilibrium trajectory show small but noticeable variations in
anisotropy parameters and total cross-sections at 4.66 eV
(Supporting Information, Figure S8). The magnitude of these
fluctuations is larger than in Na(NH3).
For Na(DME)6, selected snapshots for which are shown in

Figure 11, we also observe large fluctuations in the shape of the
Dyson orbital and in its electronic properties, and the
fluctuations are coming mostly from the solvent’s internal
degrees of freedom. Because the optimized structure is highly
symmetric, small distortions have a dramatic effect on the
electronic wave function; e.g., the Dyson orbital becomes
localized at lower-symmetry structures and the clusters develop
large dipole moment, up to 14.5 Debay (to be compared with 0
Debay at the equilibrium structure). Consequently, the
computed β for equilibrium structure is considerably different
from β’s computed along the equilibrium trajectory. At the
experimental energy, β = 1.83 for equilibrium structure (EOM-
EA-CCSD value of 1.88), whereas the averaged value is 1.68 ±
0.06. For comparison, consider Na(DME)4 in which equili-
brium β is 1.68 and thermally averaged β is 1.67 ± 0.07.
Detailed comparison is shown in the Supporting Information.
These observations suggest that thermal fluctuations in larger

clusters may cause significant fluctuations in properties,
including the decrease in the average anisotropy relative to
the values computed for the minimal-energy structures. Also,
we expect larger variations for DME, because of the internal
degrees of freedom. Highly symmetric structures are special: in
Na(NH3)4 and Na(DME)6, the thermal motions result in lower

Figure 9. Snapshots along the equilibrium trajectory for Na(NH3)6. The respective VIE (eV), R̅d (bohr), and deh (bohr) are shown for each
snapshot. The first picture corresponds to the minimum-energy structure.

Figure 10. Dependence of anisotropy parameter on photon energy at the minimal-energy structure compared with equilibrium trajectory average
(computed by averaging β over 21 snapshots) for Na(NH3)4, left, and Na(NH3)6, right.
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β, whereas in clusters of other sizes, the equilibrium structure
values are close to average values.
3.3. Effect of Correlation on the Shape of Dyson

Orbitals. Using Na(DME)3 as an example, Figure 12 compares
Dyson orbitals computed using EOM-EA-CCSD with the DFT
orbitals (Kohn-Sham SOMOs of the neutral radicals) using the
ωB97X-D and B3LYP functionals.41−43 The orbitals look very
similar. The variations in the diffuseness of the orbitals (as
quantified by R̅d) are small (0.1−0.2 bohr difference between
EOM-EA and DFT), but the offset between the centroid of the
orbital and Naδ+ varies quite noticeably; e.g., the difference
between EOM-EA and B3LYP value is 0.7 bohr. DFT SOMOs
are closer to the sodium core than the EOM Dyson orbitals,
which can be explained by the self-interaction error affecting
the description of the exchange interactions between the
unpaired electron and solvent’s electrons. The trend in deh
clearly correlates with the amount of the exact exchange: deh is
the smallest for B3LYP. To analyze this effect further, we
included the CAM-B3LYP functional (19% of short-range and
65% of long-range exact exchange contributions),44 as an
intermediate between B3LYP (19% globally)43 and ωB97X-D
(22% at short-range and 100% at long-range).41,42 We also
consider Hartree-Fock orbitals, which correspond to 100%
exact exchange everywhere. In these calculations, we used
unrestricted Hartree-Fock or DFT; ⟨S2⟩ values did not exceed
0.7504. The results are collected in Table 3 and visualized in
Figure 13.
As Figure 13 shows, the spread in the sizes of the orbitals is

rather small (0.2−0.4 bohr) for the cluster sizes studied, except
for the UHF results for ammonia clusters with more than four
solvent molecules (these show 1 bohr deviation). The ωB97X-
D and CAM-B3LYP curves are nearly parallel to the EOM
curve, especially for Na(NH3)n, whereas the errors of B3LYP
and HF show more variations with the cluster size. CAM-
B3LYP provides nearly perfect agreement with EOM results in

DME clusters. The variations in deh are much larger. We see
that HF overestimates exchange repulsion, giving rise to the
largest offset of the Dyson orbital. ωB97X-D values are closer
to EOM-EA. Interestingly, CAM-B3LYP gives deh values that
are closest to EOM-EA. The separation between the unpaired
electron and the sodium core arises due to repulsive exchange
interactions between the unpaired electron and solvent’s
electron density. This interaction is correctly described by the
Hartree-Fock exchange, but self-interaction error in DFT leads
to the underestimated exchange repulsion. These results
illustrate that both exchange and correlation are important for
correctly describing the solvated electron. For DME, the
differences between different methods are smaller for both R̅d

and deh.
The effect of the orbital shape and IE values on β and σ is

illustrated in Figures S13−S22 for clusters of various sizes. Let
us first consider Na(NH3) and Na(DME) (Figure S13). The
main differences between the methods are due to different
threshold energies. Away from the threshold, e.g., at the
experimental photon energy, all methods yield similar values of
β. However, for total cross-sections even at 4.66 eV the B3LYP
values still differ from EOM, ωB97X-D and Hartree-Fock
perform well, whereas CAM-B3LYP results fall in between.
Similar trends are observed for other small clusters. For larger
clusters, we observe more significant discrepancies between β
(and σ) values computed with different methods. The largest
errors are observed for HF and B3LYP. CAM-B3LYP and
ωB97X-D consistently show the smallest errors in β in the
entire photon energy range. On average, CAM-B3LYP is often
better for ammonia clusters, whereas ωB97X-D is better for
DME. One exception is Na(DME)5, where ωB97X-D shows
relatively large errors. For σ, ωB97X-D delivers the best
performance across the entire photon energy range.
To facilitate further comparison, we plot β and σ at

experimental energy of 4.66 eV for different cluster sizes,
which is shown in Figure 14. Clearly, there is no perfect DFT
functional for the task. However, qualitatively, all methods
reproduce the EOM-EA-CCSD trends. For ammonia clusters,
in terms of β, all methods perform similarly up to n = 3; B3LYP
and CAM-B3LYP stay close to the EOM reference up to n = 5.
CAM-B3LYP continues to deliver the best performance for
medium-size clusters, but then its performance deteriorates for
larger clusters, for which ωB97X-D gives better results. Overall,
however, the difference between DFT and reference EOM-EA-
CCSD increases for larger clusters. For σ, ωB97X-D performs
the best. Interestingly, the difference against EOM decreases for
all DFT methods with the cluster size increase.
In DME clusters, the best performance for β is provided by

CAM-B3LYP. All methods (except B3LYP) perform well for
small clusters. The errors are large for Na(DME)5 for all

Figure 11. Snapshots along the equilibrium trajectory for Na(DME)6. The respective dipole moments (Debay) and R̅d (bohr) are shown for each
snapshot. The first picture corresponds to the minimum-energy structure. All orbitals are shown with the same isovalue of 0.008.

Figure 12. Dyson orbitals for Na(DME)3 computed with EOM-EA-
CCSD (left), ωB97X-D/Koopmans’ (middle), and B3LYP/Koop-
mans’ (right). Orbitals are shown with the same isovalue of 0.025. The
orbitals are computed using the aug-cc-pVDZ and 6-31+G(d) basis
sets for EOM and DFT, respectively.
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Table 3. VIEs (−ε as Koopmans’ Theorem), Dipole Moments, and Properties of the SOMO for the Na(NH3)n and Na(DME)m
Clusters (n = 1−10, m = 1−7) Computed at the UHF/6-31+G(d) and DFT/6-31+G(d) Levels of Theorya

system method −ε μ R̅d deh

X Y Z

Na(NH3) HF 4.05 2.04 2.7 3.0 3.0 1.12
ωB97X-D 4.05 1.97 2.8 2.9 2.9 1.03
CAM-B3LYP 3.65 1.53 2.9 2.9 2.9 0.57
B3LYP 2.83 1.31 3.0 2.9 2.9 0.36

Na(NH3)2 HF 3.35 2.66 3.3 3.1 3.5 1.76
ωB97X-D 3.43 2.45 3.3 3.2 3.4 1.52
CAM-B3LYP 3.07 1.67 3.4 3.3 3.4 0.70
B3LYP 2.42 1.29 3.5 3.5 3.4 0.31

Na(NH3)3 HF 2.75 2.57 4.3 4.3 4.1 2.33
ωB97X-D 2.91 2.32 4.1 4.1 3.9 2.06
CAM-B3LYP 2.67 1.19 4.1 4.1 4.0 0.86
B3LYP 2.15 0.81 4.2 4.1 4.0 0.46

Na(NH3)4 HF 2.39 1.48 5.4 5.4 5.2 2.23
ωB97X-D 2.61 1.81 4.9 4.9 4.7 2.60
CAM-B3LYP 2.45 0.92 4.7 4.7 4.5 1.67
B3LYP 2.04 0.64 4.7 4.6 4.4 1.36

Na(NH3)5 HF 2.31 2.75 5.5 4.9 5.5 3.86
ωB97X-D 2.56 2.78 4.9 4.3 4.9 3.95
CAM-B3LYP 2.39 1.64 4.8 4.5 4.7 2.74
B3LYP 1.99 1.10 4.7 4.6 4.6 2.13

Na(NH3)6 HF 2.34 3.11 5.2 5.4 4.7 4.97
ωB97X-D 2.61 2.67 4.7 4.8 4.1 4.62
CAM-B3LYP 2.42 1.85 4.7 4.7 4.2 3.80
B3LYP 1.99 1.29 4.7 4.7 4.2 3.21

Na(NH3)7 HF 2.29 3.54 4.5 5.5 5.6 5.07
ωB97X-D 2.56 3.10 4.0 4.8 4.9 4.73
CAM-B3LYP 2.37 2.22 4.2 4.7 4.8 3.86
B3LYP 1.93 1.55 4.4 4.6 4.8 3.15

Na(NH3)8 HF 2.15 4.48 4.8 5.4 6.0 5.12
ωB97X-D 2.39 4.02 4.4 4.7 5.3 4.91
CAM-B3LYP 2.18 3.01 4.7 4.7 5.1 4.09
B3LYP 1.80 2.02 5.1 4.7 5.0 3.32

Na(NH3)9 HF 2.23 3.63 5.3 5.5 4.4 6.09
ωB97X-D 2.56 2.87 4.7 4.8 4.0 5.42
CAM-B3LYP 2.31 2.17 4.7 4.7 4.1 4.71
B3LYP 1.90 1.54 4.8 4.7 4.3 3.98

Na(NH3)10 HF 2.18 3.80 5.0 5.0 5.2 6.03
ωB97X-D 2.45 3.07 4.4 4.4 4.6 5.40
CAM-B3LYP 2.23 2.27 4.6 4.6 4.7 4.60
B3LYP 1.82 1.50 4.8 4.8 4.8 3.73

Na(DME) HF 4.08 2.32 2.9 2.9 2.5 1.41
ωB97X-D 4.08 2.18 2.8 2.8 2.5 1.30
CAM-B3LYP 3.67 1.83 2.7 2.8 2.5 0.95
B3LYP 2.78 1.70 2.8 2.8 2.6 0.84

Na(DME)2 HF 3.48 3.27 2.9 2.5 3.1 2.27
ωB97X-D 3.51 2.99 2.9 2.6 3.1 2.03
CAM-B3LYP 3.07 2.56 2.8 2.6 3.0 1.60
B3LYP 2.29 2.34 2.9 2.7 3.1 1.39

Na(DME)3 HF 2.99 3.82 3.2 3.2 2.6 3.26
ωB97X-D 3.05 3.40 3.1 3.1 2.7 2.85
CAM-B3LYP 2.64 2.92 3.2 3.1 2.7 2.38
B3LYP 1.88 2.59 3.3 3.3 2.9 2.03

Na(DME)4 HF 2.53 4.72 3.2 3.6 2.8 4.22
ωB97X-D 2.67 4.14 3.2 3.5 2.9 3.69
CAM-B3LYP 2.23 3.62 3.2 3.5 2.9 3.16
B3LYP 1.58 3.04 3.6 3.8 3.4 2.52

Na(DME)5 HF 2.04 5.65 4.7 4.8 3.6 6.37
ωB97X-D 2.26 4.64 3.9 4.1 3.4 5.43
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methods, except CAM-B3LYP. We note that B3LYP under-
estimates β and HF overestimates it, which suggests that good
performance of CAM-B3LYP is due to error cancellation. As
pointed out above, this cluster shows relatively large deviations
from Koopmans’ theorem: as one can see from Figure 3, the
EOM-EA-CCSD Dyson orbitals are about 85% of Koopmans’
character, which is a drop relative to commonly observed
95−100%. For the largest clusters, all methods perform well. In
terms of σ, ωB97X-D and HF show the best performance with
an exception of m = 7, where the best result is delivered by
B3LYP and CAM-B3LYP. In general, all computed properties

obtained at ωB97X-D and HF levels of theory appear to be
very close in DME clusters of all sizes.
To further compare the shapes of the Kohn-Sham SOMOs

and the EOM-CC Dyson orbitals, we again consider w(p0) at
4.66 eV. The computed values are shown in Figure 15. The
weights agree for small n but start to differ for larger clusters. In
the case of ammonia, CAM-B3LYP and ωB97X-D provide the
best agreement, but overall the disagreement with EOM-EA is
quite considerable. In the case of DME, however, CAM-B3LYP
and HF are in a perfect agreement with the EOM reference,
except for n = 7, for which HF deviates from EOM-EA-CCSD
and matches ωB97X-D.

Table 3. continued

system method −ε μ R̅d deh

X Y Z

CAM-B3LYP 1.88 3.86 4.3 4.3 3.8 4.59
B3LYP 1.44 2.42 4.8 4.8 4.9 2.91

Na(DME)6 HF 1.55 0.00 7.8 7.8 7.8 0.00
ωB97X-D 1.66 0.00 7.6 7.6 7.6 0.00
CAM-B3LYP 1.63 0.00 7.0 7.0 7.0 0.00
B3LYP 1.44 0.00 6.7 6.7 6.7 0.00

Na(DME)7 HF 1.52 5.71 7.1 7.7 6.1 6.57
ωB97X-D 1.66 5.63 7.0 7.5 5.9 6.53
CAM-B3LYP 1.58 2.48 6.8 7.2 6.8 3.05
B3LYP 1.39 1.18 6.7 6.9 6.7 1.60

aVIEs are given in eV and other quantities in a.u.

Figure 13. Sizes of Dyson orbitals and the distance between their centroids and Naδ+ for Na(NH3)n, n = 1−10, and Na(DME)m, m = 1−7; at the
EOM-EA-CCSD/aug-cc-pVDZ (smaller basis and reduced orbital space for m = 6−7, see text), DFT/6-31+G(d) and HF/6-31+G(d) levels of
theory.
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Interestingly, in the case of ammonia, DFT and HF produce
a less s-like orbitals (as compared to EOM-EA-CCSD), whereas
in the case of Na(DME)m, the deviations are random. Overall,
the performance of the methods in terms of orbital character
follows that for anisotropy parameters.
To quantify the effect of the basis on the ωB97X-D orbitals

(and, consequently, β and σ), we also considered the aug-cc-
pVDZ basis set. The results for medium-size system,
Na(NH3)5, are shown in Figure S5 (the reference value is
EOM-EA-CCSD/aug-cc-pVDZ). As one can see, at the DFT
level aug-cc-pVDZ delivers only slightly better performance

than 6-31+G(d). The effect of increasing the basis beyond aug-
cc-pVDZ is negligible.
The increasing differences in the shapes of EOM-EA-CCSD

Dyson orbitals and Kohn-Sham SOMOs with the cluster-size
increase (as well as nonsystematic errors of different DFT
functionals in computed experimental observables) signal
caution for applying DFT for larger clusters. Indeed, although
for smaller clusters all trends are qualitatively similar, it is
unclear how large the deviation between DFT and EOM-EA-
CCSD might become for large clusters.

Figure 14. Anisotropy parameters (upper panel) and total cross-sections (lower panel) for different cluster sizes at an energy of 4.66 eV computed
using the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (DFT or HF SOMO).

Figure 15. Weight of p0 amplitude in the outgoing waves at hν = 4.66 eV. Na(NH3)n, n = 0−10, and Na(DME)m, m = 0−7; EOM-EA-CCSD/aug-
cc-pVDZ (smaller basis and reduced orbital space for m = 6−7, see text) versus DFT/6-31+G(d) and HF/6-31+G(d).
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3.4. Comparison with Experiment. The trends in
computed VIEs, such as changes with the cluster size increase
and difference between ammonia and DME, are in agreement
with the experimental observations.18−20 The calculations using
lowest-energy optimized structures show that the lowest
electronic state has s-like character resulting in large β values.
The s-like character gradually decreases in larger clusters, with
cluster size increase, with DME clusters being affected earlier
(Figure 15), with an exception of a highly symmetric cluster,
Na(DME)6.
For the cluster sizes studied, we observe that β-values

(computed at the experimental photon energy using EOM-EA-
CCSD) vary within 1.2−2.0 for ammonia (n = 1−10) clusters
and 1.3−2.0 for DME (m = 1−7) clusters, which is shown in
Figure 14. Not surprisingly, the agreement with experiment is
qualitative at best. The lack of quantitative agreement can be
attributed partly to the thermal fluctuations (which are not
captured by the calculations using a single structure) and partly
to the experimental uncertainties, such as the spread of cluster
sizes.
Signorell and co-workers have reported that PADs of small

sodium-doped clusters exhibit magic numbers behavior.19

Specifically, they observed higher β values for Na(NH3)4 and
Na(DME)6, which they attributed to highly symmetric
equilibrium structures of these complexes. The calculation
with EOM-EA-CCSD shows the spike in β for Na(DME)6
(Figure 14). For Na(NH3)4, we see no spike, only a sharp drop
for Na(NH3)5. Similar results are obtained using DFT
(including the same functional and basis set as in ref 19).
Yet, the experimental β clearly shows magic number at n = 4 for
ammonia. On the basis of our analysis of AIMD trajectories, we
attribute this discrepancy to the dynamic fluctuations (section
3.2). The effect of thermal fluctuations is different for
Na(NH3)4 and Na(NH3)6 (Figure 10, S9, and S10). We
observe a relatively small spread in values for Na(NH3)4, which
appears to be more rigid, relative to Na(NH3)6 (Figure 10): i.e.,
for Na(NH3)4 the trajectory averaged β = 1.96 ± 0.02, with
equilibrium β equal to 1.98, whereas for Na(NH3)6 the
trajectory averaged β = 1.74 ± 0.05, compared to equilibrium
value of 1.76. A similar dynamical lowering might occur in
Na(NH3)3, which will then lead to the spike in β for Na(NH3)4.
For Na(DME)6 the spread of β’s at experimental energy is
considerable along the trajectory, leading to reduced value of β,
which can wash out the appearance of magic numbers. Yet,
equilibrium values of anisotropy parameter are significantly
smaller for m = 5 and 7, relative to m = 6, and they are also
expected to have considerable effect of thermal fluctuations.
Thus, in contrast to DME, the appearance of magic numbers

in ammonia clusters is dynamic in nature: highly symmetric
structures (such as Na(NH3)4) are more rigid and show less
structural fluctuations relative to other clusters.

4. CONCLUSIONS
We presented detailed calculations of sodium-doped ammonia
and DME clusters. Using the EOM-EA-CCSD method, we
computed ionization energies and Dyson orbitals for the four
lowest electronic states for clusters of different size. In all four
states, the unpaired electron can be described as the unpaired
electron of sodium, perturbed by the solvent and residing on
the surface of the cluster. The lowest electronic state has s-like
character, whereas the three higher states appear as distorted p-
states. In larger clusters, the s-like character of the lowest state
gradually decreases. The two solvents are fundamentally

different: in DME, the binding energy of the unpaired electron
is larger than in ammonia and its shape is less diffuse. The
analysis of the electronic properties of the clusters reveals
further differences between the two solvents: the electronic
structure of the DME clusters can be loosely described as the
unpaired electron interacting with a displaced solvated sodium
core, whereas in ammonia clusters the hydrogen-bond network
of polar solvent molecules contributes significantly into the
overall electronic properties (such as dipole moment) of the
cluster.
Focusing on the experimental observables, we analyzed the

effect of orbital shape on anisotropy parameters and total cross-
sections. Our findings are in agreement with recent
experimental work by Signorell and co-workers.18−20 In
particular, we observe that the lowest electronic state retains
its s-like character in both solvents; however, the state becomes
more distorted in larger clusters. We also quantified the effect
of thermal motions on the shape of Dyson orbitals. The
structural fluctuations lead to orbital distortions, which results
in deviations between thermally averaged β values and the
values computed for lowest-energy structures. Some clusters,
such as Na(NH3)4, are more rigid than clusters of other sizes,
which leads to smaller fluctuations in β; this is responsible for
observed magic numbers in anisotropies in ammonia.19 Magic
number appearance in Na(DME)6 can be explained by its
highly symmetric equilibrium structure.
We also quantified the effect of electron correlation on the

orbital shape and experimental observables. The Kohn-Sham
orbitals are very sensitive to the amount of Hartree-Fock
exchange. The self-interaction errors in DFT lead to errors in
describing repulsive exchange interactions between the
unpaired electron and the solvent electron density, which
results in smaller offsets between the density of the unpaired
electron and Naδ+. The comparison against EOM-EA-CCSD
shows that DFT and HF orbitals are qualitatively correct;
however, the errors increase with the cluster size increase.
ωB97X-D and CAM-B3LYP shows the best performance.
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