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Abstract

Photoionization and photodetachment spectroscopy are important experimental tools

for studying electronic structure and dynamics. However, connecting the experimental

observables with the underlying quantum mechanical picture and even interpretation of

the experimental results are not straightforward without theoretical modeling. Despite

great progress in computational methods, the most common analysis tools are still based

on the Koopmans’ theorem, employing canonical Hartree-Fock or Kohn-Sham orbitals.

Although this approach often captures a qualitative picture, it has a limited predictive

power, especially for systems beyond closed-shell species.

In Chapter 2, we present a derivation of the generalized one-electron wave func-

tion that provides a quantitative yet simple and transparent description of the electronic

structure part of the problem. This description is applicable to a wide variety of possi-

ble experimental setups. We employ a high-level robust electronic structure approach,

equation-of-motion coupled-cluster family of methods, and describe a black-box imple-

mentation for computing Dyson orbitals, an overlap of many-electron wave functions

that differ by one electron. Our choice of electronic structure method enables analyzing

multiple transitions from one calculation and provides a direct connection to Koopmans’

theorem predictions.
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In Chapter 3, we analyze limits of the simplest single-center expansion approach for

modeling outgoing electron by comparing computed cross-sections with reliable exper-

imental data. We show that the plane-wave description is valid for photodetachment

from molecular anions, but molecular photoionization cross-section profiles often con-

tain features observed both in plane-wave and in Coulomb-wave descriptions. We then

proceed to utilize Coulomb waves with partial charge to show that a single fitted param-

eter makes it possible to quantitatively reproduce absolute cross-sections in a wide range

of photon energies. Finally, we propose a simplified one-dimensional model for obtain-

ing partial charge without fitting to experimental data.

In Chapter 4, we apply the formalism developed in Chapter 2 to describe solvated

electrons. Our approach enables implicit inclusion of the effects of the bath (solvent)

within an orbital (i.e., one-electron) picture. Analysis of Dyson orbital shapes sug-

gests that in small sodium-doped ammonia and dimethyl ether clusters, the electron is

surface-bound. The analysis of the computed properties reveals the effect of hydrogen

bonding in solvent on stabilization of the charge-separated system. We further explain

the experimentally observed trend in anisotropy parameter dependence on cluster size,

including the appearance of “magic numbers”. We also make connections to popular

mean-field orbital descriptions and illustrate the consequences of self-interaction error

of Kohn-Sham density functional theory in this type of systems.

Finally, in Chapter 5 we consider photoionization of arginine in the gas phase and in

water. This amino acid has long and complex side chain, which participates in multiple

non-covalent inter- and intramolecular interactions. Our calculations suggest that while

the photoionization in the gas phase results in fast fragmentation of the cations, the

solvation stabilizes them, changing the photoionization picture qualitatively.
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Chapter 1: Introduction and overview

1.1 Photoelectron spectroscopy and imaging

Photoionization and photodetachment experiments are widely used in physics and

chemistry1–3. Among many applications, they are valuable tools for characterization of

transient reaction intermediates. Compared to conventional methods of electron scatter-

ing4 and electron transmission spectroscopy5, 6, photodetachment introduces a benefit of

higher spectroscopic resolution. In addition, photodetachment can be employed to cre-

ate transient species (such as molecules at transition states) that are otherwise unstable,

thus enabling determination of their properties and spectroscopic signatures7–9. Further-

more, photodetachment experiments utilize initially charged species and can be coupled

with mass-spectroscopic pre-selection or various ion traps for precise speciation con-

trol10. The basics of photodetachment spectroscopy is schematically shown in Fig. 1.1;

photoionization can be described by swapping labels M− to M and M to M+.

In the simplest setup, a photoionization or photodetachment experiment delivers

information about energy levels of the system and, indirectly, structural changes in the

target ionized/detached states with respect to the initial one (as seen in Fig. 1.1, relative

shape of the potential energy surface determines the observed progression). By using

special detectors, one can detect photoelectrons in an angular-resolved manner11–13,

gaining additional insights into the nature of the underlying changes in wave functions.

1



Figure 1.1: Various flavors of photoelectron spectroscopy. (a) Origin of photode-
tachment spectra. (b) Time-resolved photoelectron spectroscopy (bottom) and
imaging (top). Adapted with permission from Ref. 135. Copyright 2012 Ameri-
can Chemical Society.

Further, pump-probe setup enables investigation of time dependent processes14–18, pro-

viding a tool for experimentally monitoring excited state dynamics. Time-resolved pho-

toelectron imaging (TRPEI) offers an additional advantage of being able to distinguish

different channels with close ionization energies, such as, for example, ultrafast inter-

nal conversion in pyrazine19. The basic idea behind time-resolved photoelectron spec-

troscopy (TRPES) and TRPEI is illustrated in the right panel of Fig. 1.1.

Insights from theoretical modeling allow one to connect experimental observations

with the underlying electronic-structure changes. Modeling spectra entails computing

energies and intensities (as well as angular positions, in the case of photoelectron imag-

ing, PEI). Calculation of relevant energies is relatively well-established20 and can be car-

ried out using numerous methods, ranging from Koopmans’ theorem, to ∆E approaches

(in which ionization energy, IE, is computed as a difference of total energies), to direct

calculations of energy differences by equation-of-motion coupled-cluster21 (EOM-CC),
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electron propagator22, or Green’s function23 formalisms. Computing properties (i.e.,

cross-sections) is less developed. At the same time, measuring absolute cross-sections

experimentally is very challenging. In general, it requires special setups for detecting

both the species under study and a reference compound24–26. For photodetachment, it is

also possible to conduct measurements in ion traps apparati, as described in Refs. 27,28,

providing an opportunity to perform state-selected studies29 for specific rotational and

vibrational states of target species. Total cross-sections at different photon energies are

needed in many applications: for planning and interpreting mass-spectroscopic experi-

ments, as parameters in kinetic models of atmospheric and interstellar chemistry30–36,

and for interpretation of photoionization and photodetachment spectra. In some TRPES

experiments, having data on total cross-sections is particularly important owing to sim-

ilar timescales of excited-state processes in different conformers37. Differential cross-

sections are needed to analyze the results of photoelectron imaging experiments.

In the absence of reliable theory, simplified models are often employed, com-

monly based on uncorrelated Hartree-Fock (HF) and Koopmans’ theorem predictions,

same cross-section approximation38, atomic and orbital hybridization-based representa-

tions39, 40 of photoelectron angular distributions (PADs). Robust and easy-to-use theo-

retical approach is thus highly desired for modeling photodetachment/photoionization

cross-sections. The starting point is the photoelectron matrix element, which describes

probability of forming the final many-electron bound state ΨF and an outgoing electron

with energy and direction determined by wave vector k from the initial many-electron

state ΨI . In the dipole approximation, the photoelectron matrix element has the follow-

ing form:

|DIF
k |2 = |〈ΨI

N |r|ΨF
N−1Ψ

el
k 〉|2, (1.1)
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where r is the dipole moment operator and Ψel
k is the wave function of the ejected elec-

tron.

There are several ways of computing DIF
k , which differ in how they tackle Ψel

k . The

Stieltjes imaging41, 42 avoids explicit representation of Ψel
k . Instead, it utilizes an elec-

tronic structure method capable of describing excited electronic states and, by perform-

ing a series of calculations with highly diffuse basis sets, uses discretized representa-

tion of the continuum to reconstruct the state of the ejected electron. The Coulomb

and exchange/correlation interactions of the outgoing electron with the remaining core

are handled explicitly by this approach. The implementations based on linear-response

coupled-cluster with single and double substitutions43, 44 (LR-CCSD) and algebraic

diagrammic construction45, 46 (ADC) electronic structure methods have been reported;

however, Stieltjes imaging is expensive due to basis set requirements (it was suggested46

that using mixed Gaussian and B-splines basis is preferable) and is plagued by numerical

convergence issues.

A practical alternative for computing photoelectron matrix element, Eq. (1.1), is

to assume strong orthogonality and separate bound and outgoing electron states such

that they can be described independently of each other. This gives rise to the following

expression for the photoelectron matrix element:

DIF
k = u〈φd

IF |r|Ψel
k 〉, (1.2)

where u is a unit vector in the direction of the polarization of light. Here we contracted

two many-electron wave functions, ΨI and ΨF , into a one-electron quantity (called
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Dyson orbital), which represents in a compact way the difference between the initial

and the final states:

φ
d
IF(1) =

√
N

Z
Ψ

I
N(1, . . . ,n)ΨF

N−1(2, . . . ,n)d2 . . .dn. (1.3)

This definition can be applied to any type of many-electron wave functions. For instance,

using HF wave functions constructed from the canonical orbitals of one of the states,

we recover Koopmans’ theorem. To include electron correlation and orbital relaxation

effects, which are neglected within Koopmans’ theorem, one can use47 density func-

tional theory, DFT (note that for a hypothetic exact functional highest occupied molec-

ular orbital (HOMO) within DFT is the exact Dyson orbital48, 49) or employ extended

Koopmans’ theorem50. Other possibilities include using either51 complete active space

self-consistent-field/complete active space configuration interaction (CASSCF/CAS-CI)

or52 multistate second order perturbation theory (MS-PT2) treatment with an artificial

restriction of using molecular orbital (MO) basis of the neutral molecule for constructing

determinant expansion of both initial and final states. Alternatively, one can use linear-

response time-dependent density functional theory (LR-TDDFT), computing overlaps

of the molecular orbitals for neutral and cationic species19, 53, 54, or direct methods such

as electron propagator55–58 or EOM59, 60. The last two approaches are the most rigorous

and, therefore, preferable when affordable. Propagator-based methods with the diagonal

approximation (for self-energy operator matrix) and EOM-CC offer an advantage in the

analysis of the Dyson orbitals by providing straightforward interpretation in terms of the

canonical HF orbitals. EOM-CC methods feature conceptually transparent formulation

and are robust, black box, numerically stable, single-reference, and capable of describ-

ing multiple states (i.e., closed- and open-shell with various multiplicities, ground and

excited electronic states, etc.) in a balanced manner. Until present work, EOM-CC
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Dyson orbitals were only implemented as transition densities in a pilot code59, 60 using

diffuse orbital trick61. The resulting code was slow and suffered from convergence prob-

lems. As part of this thesis, a proper implementation of Dyson orbitals within EOM-CC

formalism was developed.

The second quantity entering Eq. (1.1) is wave function of the outgoing electron.

There are several advanced theories of molecular photoionization, which are capable

of reproducing experimental data62, but their applications are limited by the level of

electron correlation in compatible electronic structure theories63–66. More practical and

simpler photoelectron models utilize single-center expansion, originating in the Cooper-

Zare model67, which was subsequently extended to molecular systems60, 68. These sim-

ple models are capable of explaining experimentally observed trends in cross-sections

and angular distributions2, 69–74. Han and Yarkony pointed out that the strong orthog-

onality assumption might be too extreme75 and developed a theoretical framework for

determining the state of the ejected electron using the Lippmann-Schwinger equation76,

which accounts for non-orthogonality and exchange interactions with the core75, 77–79.

However, there is no practical implementation of this formalism yet. Practical imple-

mentation of single-center expansion using plain or Coulomb-type outgoing waves, dis-

cussed above, is available in the ezDyson code80. These descriptions are exact only in

the cases of atomic photodetachment and photoionization, yet they clearly capture the

physics of the photoejection processes in molecules.

Having photoelectron matrix element, Eq. (1.1), computed, one can obtain differen-

tial cross-section as

dσ

dΩk
=

4π2

c
·E · ∣∣DIF

k (θ,φ)
∣∣2 (1.4)

6



Integrating by angle φ, one obtains PAD, which, in turn, can be integrated by θ to yield

the total cross-sections.
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1.2 Solvent effects in photoionization and photodetach-

ment

Understanding solvent effects is of fundamental importance. It is critical for model-

ing transient reaction intermediates, as most of chemistry and electrochemistry happen

in solutions. Therefore, it is desirable to extend the techniques of photoelectron spec-

troscopy and imaging to study the effect of solvation on electronic structure (and dynam-

ics) of solutes. The simplest yet very important type of experiments, which reveals

underlying elementary chemical processes in condensed phase, considers81 clusters of

solute with a single solvent molecule. As a starting point, one can consider differ-

ent solvent molecules with the same solute and analyze differences in the spectra and

images2, 82. Already at this level new – with respect to the isolated solute – phenomena

can be observed, as shown in Fig. 1.2: shifts of IEs, changes in branching ratios of pho-

todetachment channels, deviations from atomic-type PADs, and signatures of “thermal

electrons” (i.e., indirect photodetachment channels due to the presence of solvent, see

the discussion in Ref. 2 and references therein).

On the other end of the range of solvation experiments, there are studies in liq-

uid microjets83, 84, which capture bulk properties. However, the experimental setup is

complicated due to a limited penetration depth of photoelectrons85–87 and the interplay

between surface effects54, 88 and bulk solvation. In between these two limits, there are

studies of microsolvated clusters, which enable observation of the dependence of var-

ious properties on cluster size81, 89–91. By means of extrapolation92–94, these measure-

ments provide an insight into bulk liquid and into the fundamental boundary between

gas-phase clusters and solutions.
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Figure 1.2: The effect of single solvent molecule forming a complex with I− on
PADs (left) as well as line positions and relative intensities in the photoelectron
spectra (right). Adapted with permission from Ref. 2.

Although computational studies of solvated systems are more challenging than those

in vacuum, they can provide unique insights. From the theoretical point of view,

solvent effects can be divided95 into direct (i.e., polarization of solute by solvent or

specific solvent-solute interactions, such as hydrogen bonding) and indirect, caused

by the changes in the geometry of solute upon solvation. Computational modeling

allows one to discriminate between these effects as well as to quantify the contribu-

tions of various interactions into solvent-induced changes of properties. Intermolec-

ular interactions can be divided into Coulomb, polarization, exchange-repulsion, dis-

persion, and charge-transfer96. Since photoionization and photodetachment involve

charged species either as an initial or as a final state, the Coulomb part dominates

solvent-induced shifts, followed by polarization contribution. The latter was shown97

to contribute as much as 15% into solvation energies. In photodetachment, charge trans-

fer to solvent (CTTS) followed by autodetachment can also become operational, as was

9



shown experimentally98, 99. Theoretical approaches for describing solvent effects can be

broadly divided into dielectric continuum models100–106 (reasonable for neutral species,

but producing large errors for charged ones107–110), quantum mechanics–molecular

mechanics (QM/MM) approach111, 112, including quantum mechanics–effective frag-

ment potential113–117 (QM/EFP), and explicit quantum mechanical treatment of sol-

vent118, 119. The latter requires a large number of solvent shells for properties to con-

verge116, 120, but it can be combined with the other two approaches to improve their

performance121, 122. There are also developments in the area of density embedding

(QM/QM type) schemes123, 124. To account for indirect solvent effects and finite tem-

perature, equilibrium structural fluctuations are sampled via molecular dynamics (MD)

simulations. The properties are subsequently averaged over the MD snapshots, giving

rise to solvent-induced broadening.

Obviously, approximations and trade-offs are needed to make simulations feasible.

Often, the computed properties are shifted for comparison with the experimental results.

On the other hand, experiments in solutions entail considerable line broadening and

often probe more than one microsolvated cluster (rather, a distribution of cluster sizes).

Given the inherent complexity of the problem and the limits of both experimental and

computational approaches, the best strategy is to combine theoretical and experimental

efforts, in order to reveal the effects of solvation on IEs and the fundamental underlying

mechanisms.

Solvated electrons represent an extreme example of solvated systems. In this case,

post-ionization/detachment or post-excitation relaxation process emerge solely due to

collective behavior of solvent molecules. Furthermore, adiabatic ionization energy

(AIE) and adiabatic detachment energy (ADE) of solvated electrons have somewhat

different physical meaning, since by removing an electron, the solute, one creates a
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qualitatively different system: pure solvent.125 Observed first as a mysterious blue

color upon dissolving alkali metals in ammonia126 and subsequently as a bronze-colored

metallic state at higher metal concentrations127, solvated electrons were later found in

many processes involving electron generation and/or transfer in the presence of solvent,

such as electrochemistry128, biological radiation damage129–131, atmospheric aerosol

nucleation132, a family of mild reduction reactions in organic chemistry133, as well as

radiolysis of water, ammonia, alcohols, and amines134. There are two type of systems

containing solvated electrons: neat clusters135 and (metal-)doped clusters136. The for-

mer have been thoroughly investigated experimentally, both in liquid jets and in anionic

clusters, and there are numerous theoretical studies on the subject, as reviewed in Refs.

132,135,137 and Refs. 138–140, respectively. The combined experimental and theoret-

ical efforts revealed the existence of several isomers shown in Fig. 1.3: surface-bound,

cavity-type, and partially embedded; dipole-bound anions can be observed under certain

conditions, too. The extrapolation by the cluster size141–144, which is shown in Fig. 1.4,

results in detachment energies close to the bulk values.

In contrast, doped clusters hitherto received rather limited theoretical atten-

tion149, 150. Modeling of solvated electrons in these systems is highly desirable to

complement and explain experimental observations151, 152. EOM-CC Dyson orbitals,

which represent correlated one-electron wave function and implicitly include an effect

of remaining N−1 electrons, provide an ideal tool for studying solvated electrons (i.e.,

a system with one electronic degree of freedom strongly affected by the bath) in small

solvent clusters at high and robust level of theory.

In this thesis, we present a theoretical approach for modeling photoionization and

photodetachment processes, with a special emphasis on the electronic structure part of

the problem. Chapter 2 presents the derivation of the EOM-CC Dyson orbitals and the
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Figure 1.3: Examples of the four main types of solvated electrons observed in
(H2O)40: (a) a dipole-bound surface isomer, (b) a surface isomer, (c) a partially
embedded surface isomer, and (d) a cavity isomer. The isosurfaces encapsulate
70% of the electron density. Adapted with permission from Ref. 145. Copyright
2011 American Chemical Society.

implementation within the new generation of the EOM-CC codes in the Q-Chem elec-

tronic structure package153. In Chapter 3, we discuss an extension of the single-center

expansion approach to utilizing Coulomb waves with a partial charge. This consider-

ably improves the performance of the model, allowing one to quantitatively reproduce

the experimental values of total cross-sections in a wide range of photon energies. Chap-

ter 4 presents theoretical insights into the nature of solvated electrons in sodium-doped

clusters, revealing the influence of hydrogen bonds in solvent, explaining the existence

of “magic numbers” in clusters, and performing an evaluation of performance of DFT

functionals for reproducing physical properties of such systems. In Chapter 5 we con-

sider an extreme case of solvent effect, namely, when behavior of the solute upon ion-

ization is qualitatively different from that in the gas phase. Finally, Chapter 6 proposes

further advancements in method development and prospective applications of the devel-

oped formalisms.
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Figure 1.4: VDEs of solvated electrons in various solvent clusters as a function of
cluster size. For water, three distinct isomeric series (labeled I, II, and III) were
found146; for methanol, two isomers (I and II) were detected147. For acetonitrile,
two isomers were observed148, but only one is plotted here. Adapted with permis-
sion from Ref. 135. Copyright 2012 American Chemical Society.
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ics of pyrazine by time-resolved photoelectron imaging. J. Phys. Chem. A,
118(37):8437–8445, 2014.

[20] J. Simons. Theoretical study of negative molecular ions. Annu. Rev. Phys. Chem.,
62:107–128, 2011.

[21] A.I. Krylov. Equation-of-motion coupled-cluster methods for open-shell and
electronically excited species: The hitchhiker’s guide to Fock space. Annu. Rev.
Phys. Chem., 59:433–462, 2008.

[22] H.H. Corzo and J.V. Ortiz. Electron propagator theory: foundations and predic-
tions. Adv. Quantum Chem., 74:267–298, 2017.

[23] A.R. Welden, J.J. Phillips, and D. Zgid. Ionization potentials and electron affini-
ties from the extended Koopmans’ theorem in self-consistent Green’s function
theory. arXiv, 2015. doi: arXiv:1505.05575.

[24] B. Yang, J. Wang, T. A. Cool, N. Hansen, S. Skeen, and D. L. Osborn. Absolute
photoionization cross-sections of some combustion intermediates. Int. J. Mass
Spectrom., 309:118–128, 2012.

[25] M. Xie, Z. Zhou, Z. Wang, D. Chen, and F. Qi. Determination of absolute pho-
toionization cross-sections of oxygenated hydrocarbons. Int. J. Mass Spectrom.,
293:28–33, 2010.

15



[26] L.G. Dodson, L. Shen, J.D. Savee, N.C. Eddingsaas, O. Welz, C.A. Taatjes, D.L.
Osborn, S.P. Sander, and M. Okumura. VUV photoionization cross sections of
HO2, H2O2, and H2CO. J. Phys. Chem. A, 119:1279–1291, 2015.

[27] S. S. Kumar, D. Hauser, R. Jindra, T. Best, S. Roucka, W. D. Geppert, T. J. Millar,
and R. Wester. Photodetachment as a destruction mechanism for CN− and C3N−
anions in circumstellar envelopes. Astrophys. J., 776:25, 2013.

[28] T. Best, R. Otto, S. Trippel, P. Hlavenka, A. von Zastrow, S. Eisenbach, S.
Jezouin, R. Wester, E. Vigren, M. Hamberg, and W. D. Geppert. Absolute pho-
todetachment cross-section measurements for hydrocarbon chain anions. Astro-
phys. J., 742:63, 2011.

[29] S. Trippel, J. Mikosch, R. Berhane, R. Otto, M. Weidemuller, and R. Wester. Pho-
todetachment of cold OH− in a multipole ion trap. Phys. Rev. Lett., 97:193003,
2006.

[30] I. R. Slagle, F. Yamada, and D. Gutman. Kinetics of free radicals produced by
infrared multiphoton-induced decompositions. 1. Reactions of allyl radicals with
nitrogen dioxide and bromine. J. Am. Chem. Soc., 103:149–153, 1981.

[31] I. R. Slagle and D. Gutman. Kinetics of polyatomic free radicals produced by
laser photolysis. 5. Study of the equilibrium methyl + oxygen = CH3O2 between
421 and 538 C. J. Am. Chem. Soc., 107:5342–5347, 1985.

[32] R. S. Timonen, E. Ratajczak, D. Gutman, and A. F. Wagner. The addition and dis-
sociation reaction atomic hydrogen + carbon monoxide = oxomethyl. 2. Experi-
mental studies and comparison with theory. J. Phys. Chem., 91:5325–5332, 1987.

[33] C. Fockenberg, H. J. Bernstein, G. E. Hall, J. T. Muckerman, J. M. Preses, T. J.
Sears, and R. E. Weston. Repetitively sampled time-of-flight mass spectrometry
for gas-phase kinetics studies. Rev. Sci. Instrum., 70:3259–3264, 1999.

[34] A. J. Eskola and R. S. Timonen. Kinetics of the reactions of vinyl radicals with
molecular oxygen and chlorine at temperatures 200–362 K. Phys. Chem. Chem.
Phys., 5:2557–2561, 2003.

[35] M. A. Blitz, A. Goddard, T. Ingham, and M. J. Pilling. Time-of-flight mass
spectrometry for time-resolved measurements. Rev. Sci. Instrum., 78:034103,
2007.

[36] M. T. Baeza-Romero, M. A. Blitz, A. Goddard, and P. W. Seakins. Time-of-
flight mass spectrometry for time-resolved measurements: Some developments
and applications. Int. J. Chem. Kinet., 44:532–545, 2012.

16



[37] M. Ruckenbauer, S. Mai, P. Marquetand, and L. González. Revealing deactiva-
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Chapter 2: Theory

2.1 Equation-of-motion coupled-cluster family of meth-

ods

Wave-function-based ab initio methods are constructed by representing electronic wave

function Ψ in a basis of Slater determinants1. A complete set of determinants gives

rise to the exact solution, this is called full configuration interaction (full CI, FCI). The

method scales exponentially with the number of electrons and one-electron basis func-

tions and is, therefore, applicable only to the smallest systems. On the opposite extreme,

one can take only one, leading determinant: this constitutes Hartree-Fock (HF) method,

which scales polynomially as O(N4). The difference between this solution and the exact

wave function is called electron correlation. The approximate electronic structure meth-

ods aim to capture as much correlation as possible while maintaining reasonable com-

putational cost.

Within single-reference approaches, one defines HF determinant Φ0 as a reference,

divides orbitals into the occupied i, j,k, . . . and virtual a,b,c, . . . subspaces, and con-

structs other determinants in the FCI expansion as all possible µ-tuple excitations with

respect to this reference:

|Ψ〉= |Φ0〉+∑
µ

cµ|Φµ〉= (1+∑
µ

Ĉµ)|Φ0〉 (2.1)
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Intuitively, it is tempting to truncate expression (2.1) at some low level of µ. This

gives rise to truncated CI methods. Although physically motivated, this approach lacks

size-extensivity, meaning that the energy of a system of non-interacting fragments is not

equal to the sum of fragment energies and the wave function is not separable. Apart

from being fundamentally wrong, the lack of size-extensivity leads to deteriorating per-

formance with the increase of the system size. Truncating FCI expansion such that

size-consistency is preserved is possible via exponential ansatz, giving rise to coupled-

cluster (CC) methods2–5.

|Ψ〉= e(T̂1+T̂2+...+T̂n)|Φ0〉 (2.2)

where T̂i are called cluster operators. Without truncation, this ansatz is equivalent to

the FCI expansion. Truncating at singles and doubles (SD) level (i.e., keeping only T̂1

and T̂2) allows to recover ∼95% of electron correlation while maintaining polynomial

scaling with respect to the number of basis orbitals, O(N6). In the second-quantization

language, cluster operators are defined as

T̂1 = ∑
ia

ta
i â+î, (2.3)

T̂2 =
1
4 ∑

i jab
tab
i j â+b̂+î ĵ, (2.4)

...

Solving CCSD equations entails finding t-amplitudes, ta
i and tab

i j , which is done by

projection

〈Φµ|H̄−ECC|Φ0〉= 0, (2.5)
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where we introduced similarity-transformed Hamiltonian H̄ = e−T̂ HeT̂ . Applying the

CI-type operators on top of the CCSD reference gives rise to the equation-of-motion

coupled-cluster (EOM-CC) family of methods6.

|Ψ〉= R̂eT̂ |Φ0〉 (2.6)

H̄R̂ = ER̂ (2.7)

The EOM amplitudes and the corresponding energies are found by diagonalizing the

similarity-transformed Hamiltonian, H̄, in the space of target configurations. Different

choices of the reference and the type of EOM operators R̂ enable access to different

types of electronic states, which is illustrated in Fig. 2.1. If R̂ conserves the number of

electrons of each spin, one obtains the description of electronically excited states, the

EOM-EE-CCSD method:

R̂EE = r0Î +∑
ia

ra
i â†î+

1
4 ∑

i jab
rab

i j â†b̂† ĵî (2.8)

Here Î is a unit operator, which allows ground state reference to contribute to the

final excited state, and r are right EOM amplitudes. By using one-particle (1p) and

two-particles-one-hole (2p1h) operators, an electron is added to the reference, which

describes electron attachment (EOM-EA-CCSD). Likewise, employing 1h and 1p2h

operators describes electron removal, i.e., ionization, and the respective method is called

EOM-IP-CCSD.

R̂EA = ∑
a

raâ† +
1
2 ∑

iab
rab

i â†b̂†î (2.9)
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R̂IP = ∑
i

riî+
1
2 ∑

i ja
ra

i jâ
† ĵî (2.10)

All EOM variants need stable vacuum state, i.e., they only work well for the cases

when the reference determinant provides good approximation for the reference state.

This is not the case for open-shell singlets, diradicals, and triradicals, where multi-

reference character of low-multiplicity states is considerable. Starting then from well-

behaving high-spin reference and applying spin-flipping EOM operator gives rise to

EOM-SF-CCSD method, which enables balanced treatment of these challenging target

states.

R̂SF = ∑
ia

ra
i â†

β
îα + ... (2.11)

Figure 2.1: Various EOM operators describing electronic excitations, ionizations,
electron attachment and open-shell singlets. Adapted with permission from Ref. 7.
Copyright 2006 American Chemical Society.
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Similarity-transformed Hamiltonian H̄ is no longer a Hermitian operator, therefore

it has left and right eigenvectors, 〈Φ0|L̂† and R̂|Φ0〉. They form a biorthogonal set:

H̄R̂|Φ0〉 = ER̂|Φ0〉, (2.12)

〈Φ0|L̂†H̄ = 〈Φ0|L̂†E, (2.13)

〈Φ0|(L̂†)KR̂M|Φ0〉 = δKM, (2.14)

where K and M label the Kth and Mth EOM states. Left eigenvectors have the same form

as the right ones, Eqs. (2.8,2.9,2.10,2.11), except for R0, and L̂† can be described as de-

excitations (which is equivalent to excitations for the ket states). Having r-amplitudes,

one can compute EOM energies Ω (excitation, ionization, electron attachment, or spin-

flip) directly as a set of differences with respect to the reference state

(H̄−ECC Î)R̂ = R̂Ω (2.15)

Solving for left l-amplitudes is necessary for calculating properties. Due to bi-

orthogonality, the left and right expectation values of operator Â are not identical, and

the corresponding physical property should be computed as a geometric average:

ÂMK =
√
〈Φ0|L̂M†e−T̂ ÂeT̂ R̂K|Φ0〉〈Φ0|L̂K†e−T̂ ÂeT̂ R̂M|Φ0〉 (2.16)

2.2 Dyson orbitals

Dyson orbitals, Eq. (2.17), are defined for any two wave functions that differ by one

electron

φ
d
IF =

√
N

Z
Ψ

I
N(1, . . . ,n)ΨF

N−1(2, . . . ,n)d2 . . .dn (2.17)
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Within EOM-CCSD one can take EOM-IP-CCSD wave function to describe the final

state, and the CCSD wave function to describe the ground state. Alternatively, one can

use EOM-EE-CCSD for an excited state or EOM-SF-CCSD for a tricky open-shell state

as an initial wave function. Different options are available for an initial doublet state,

which can be conveniently accessed via EOM-EA-CCSD and combined with CCSD

ground closed-shell singlet, or EOM-EE-CCSD excited, or EOM-SF-CCSD open-shell

final states.

Since both CCSD and all EOM-CCSD flavors are built over the same reference

determinant, Dyson orbitals can be expanded over a set of the reference molecular

orbitals:

φ
d = ∑

p
γpφp (2.18)

where index p,q,r, . . . denotes any – occupied or virtual – orbital. Following the con-

vention from Refs. 8, 9, we label the coefficients of expansion (2.18) for the left and

right Dyson orbitals as:

γ
R
p =

〈
Ψ

N∣∣ p̂†
∣∣ΨN−1〉 (2.19)

γ
L
q =

〈
Ψ

N−1∣∣ q̂ ∣∣ΨN〉 (2.20)

Programmable expressions for the EOM-CCSD Dyson orbitals are given below. For

practical purposes, it is convenient to derive and compute occupied and virtual sets of

the coefficients separately.
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• CCSD to EOM-IP-CCSD:

γ
R
a =

〈
Φ0e−T (I +Λ)

∣∣ â†
∣∣RIPeT

Φ0
〉

= ∑
k

λ
k
ark +

1
2 ∑

klc
λ

lk
carc

kl, (2.21)

γ
R
i =

〈
Φ0e−T (I +Λ)

∣∣ î† ∣∣RIPeT
Φ0
〉

= (2.22)

= ri +∑
kc

λ
k
crc

ik−∑
c

γ
R
c tc

i −
1
2 ∑

k
rk ∑

lcd
λ

lk
dct

dc
li ,

γ
L
a =

〈
Φ0e−T LIP

∣∣ â ∣∣eT
Φ0
〉

= ∑
k

lkta
k +

1
2 ∑

klc
lkl
c tac

kl , (2.23)

γ
L
i =

〈
Φ0e−T LIP

∣∣ î ∣∣eT
Φ0
〉

= li (2.24)

• EOM-EE-CCSD or EOM-SF-CCSD to EOM-IP-CCSD (note the term from

CC/IP):

γ
R
a =

〈
Φ0e−T LEE

∣∣ â†
∣∣RIPeT

Φ0
〉

= ∑
kc

lk
ark +

1
2 ∑

klc
llk
carc

kl, (2.25)

γ
R
i =

〈
Φ0e−T LEE

∣∣ î† ∣∣RIPeT
Φ0
〉

= (2.26)

= ∑
kc

lk
crc

ik−∑
c

γ
R,virt
c tc

i −
1
2 ∑

klcd
llk
dct

dc
li rk,

γ
L
a =

〈
Φ0e−T LIP

∣∣ â ∣∣REEeT
Φ0
〉

= (2.27)

= r0γ
L,CC−IP
a +∑

kc
lkra

k +
1
2 ∑

klc
lkl
c rac

kl +∑
klc

lkl
c ta

k rc
l ,

γ
L
i =

〈
Φ0e−T LIP

∣∣ î ∣∣REEeT
Φ0
〉

= lir0 +∑
kc

lik
c rc

k (2.28)

34



• EOM-EA-CCSD to CCSD:

γ
R
i =

〈
Φ0e−T LEA

∣∣ î† ∣∣eT
Φ0
〉

=−∑
c

lctc
i +

1
2 ∑

kcd
lk
dct

dc
ki , (2.29)

γ
R
a =

〈
Φ0e−T LEA

∣∣ â†
∣∣eT

Φ0
〉

= la, (2.30)

γ
L
i =

〈
Φ0e−T (I +Λ)

∣∣ î ∣∣REAeT
Φ0
〉

=−∑
c

λ
i
crc +

1
2 ∑

kcd
λ

ik
cdrdc

k , (2.31)

γ
L
a =

〈
Φ0e−T (I +Λ)

∣∣ â ∣∣REAeT
Φ0
〉

= (2.32)

= ra +∑
kc

λ
k
crca

k +∑
k

ta
k γ

L
k −

1
2 ∑

ckld
λ

lk
dct

da
lk rc

• EOM-EA-CCSD to EOM-EE-CCSD or EOM-SF-CCSD (note the term from

EA/CC):

γ
R
i =

〈
Φ0e−T LEA

∣∣ î† ∣∣REEeT
Φ0
〉

= (2.33)

= r0γ
R,EA−CC
i −∑

c
rc

i lc− 1
2 ∑

lcd
rcd

il ll
dc−∑

lcd
tc
i ll

dcrd
l ,

γ
R
a =

〈
Φ0e−T LEA

∣∣ â†
∣∣REEeT

Φ0
〉

= lar0 +∑
kc

lk
carc

k, (2.34)

γ
L
i =

〈
Φ0e−T LEE

∣∣ î ∣∣REAeT
Φ0
〉

=−∑
c

li
crc− 1

2 ∑
kcd

lik
cdrdc

k , (2.35)

γ
L
a =

〈
Φ0e−T LEE

∣∣ â ∣∣REAeT
Φ0
〉

= (2.36)

= ∑
kc

rca
k lk

c +∑
k

ta
k γ

L
k −

1
2 ∑

klcd
llk
dct

da
lk rc
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Chapter 3: Photoelectron wave

function in photoionization: Plane

wave or Coulomb wave?

3.1 Photoelectron wave function in photoionization

Photoionization and photodetachment experiments are broadly used in chemical

physics1–3. Photoionization is often used as a tool to identify transient reaction interme-

diates, whereas photodetachment can be employed to create molecules that are reactive

intermediates or otherwise unstable in order to study their properties and spectroscopic

signatures4–6. Such experiments provide detailed information about the energy levels of

the target systems and, often equally important, about the underlying wave functions.

However, the interpretation of the photoionization/photodetachment measurements is in

many cases not straightforward and requires input from theory. For example, calcula-

tions of Franck-Condon factors (FCFs) allow one to connect the features in photoelec-

tron kinetic energy distributions with specific structural changes induced by electron

ejection. Particularly challenging is extracting information about the wave functions

from the measured cross-sections and photoelectron angular distributions.
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The information about electronic states of the system is encoded in the so-called

photoelectron matrix element, DIF
k :

DIF
k = u〈φd

IF |r|Ψel
k 〉, (3.1)

where r is the dipole moment operator, u is a unit vector in the direction of the polar-

ization of light, and Ψel
k is the wave function of the ejected electron. φd

IF is a Dyson

orbital connecting the initial N-electron and the final N-1-electron states (I and F, respec-

tively)7–10:

φ
d
IF(1) =

√
N

Z
Ψ

N
I (1, . . . ,n)ΨN−1

F (2, . . . ,n)d2 . . .dn. (3.2)

Eqns. (4.2)-(4.1) are derived within the dipole approximation and assuming strong

orthogonality between Ψel
k and φd

IF and Ψ
N−1
F . DIF

k enters the expression of the total

cross-section11, 12:

σk =
4π2kE

c

∣∣DIF
k
∣∣2 (3.3)

Atomic units are used throughout this letter. E is the energy of the ionizing radiation,

c is the speed of light, and k is the magnitude of the photoelectron wave vector related

to its kinetic energy, Ek, by k =
√

2Ek. If several channels are open (i.e., when various

final Ψ
N−1
F states are accessible at given energy), the total cross-section is simply a sum

of the cross-sections computed for each channel using its respective Dyson orbital, φd
IF .

The calculation of the photoelectron matrix element in Eq. (4.2) requires the Dyson

orbital and the photoelectron wave function. The Dyson orbital, which is a correlated

analogue of a Hartree-Fock orbital describing the initial state of the ionized electron

within Koopmans’ theorem, contains all the information about molecular wave functions

needed for computing the photoelectron matrix element8–10. Dyson orbitals10 can be

computed within the equation-of-motion coupled-cluster (EOM-CC) framework13–15,
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which provides accurate wave functions for closed-shell and various types of open-shell

systems. EOM-CC Dyson orbitals include electron correlation and orbital relaxation

effects that are neglected in Koopmans’ approximation. In this Letter, we consider

photoejection from closed-shell systems, a situation which usually can be accurately

described by EOM-CC variant known as EOM-IP-CC (EOM-CC for ionization poten-

tials)16–18. We employ EOM-IP-CC with single and double substitutions (EOM-IP-

CCSD).

By using accurate correlated Dyson orbitals, we can focus our attention on approxi-

mate treatments of the photoelectron wave function, Ψel
k . In particular, we test the ability

of the simplest possible approximations, i.e., using plane or Coulomb waves, to repro-

duce experimental cross-sections. Our goal is to determine whether Eq. (4.2) obtained

within strong orthogonality assumption and the simplest ansatz, single-center expansion

of Ψel , can capture the correct physics of the problem.

Han and Yarkony pointed out that the strong orthogonality assumption might be too

extreme19. While various theories of molecular photoionization are capable of provid-

ing a quantitatively accurate description of experimental data20, applications are often

limited by the level of electron correlation that can be employed21–24. Alternatively, the

Stieltjes imaging approach25, 26 allows one to compute cross-sections for photoioniza-

tion/photodetachment with, in principle, any excited-state electronic structure method

by performing a series of necessarily expensive calculations using very diffuse basis

sets. In Stieltjes calculations, the state of the ejected electron is approximated by the

discretized representation of the continuum states. Since the target state of the system

is described by the same many-electron method as the initial state, the strong orthogo-

nality condition is not invoked and the Coulomb and exchange/correlation interactions
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are described without the assumption of orthogonality. The application of the Stielt-

jes method with linear response CCSD (a formalism in which the target state ener-

gies are identical to EOM-CCSD but transition properties are computed in a different

fashion) was shown to yield accurate cross-sections for photodetachment27 and pho-

toionization28; however, numerical difficulties can be encountered in the effort to obtain

converged results with this procedure. Averbukh and coworkers reported29 good results

for photoionization cross-sections of closed-shell molecules obtained using the Stielt-

jes method with the method known as Algebraic Diagrammatic Construction (ADC)30.

They observed that the accuracy of the calculations deteriorates at higher energies,

which they attribute to using Gaussian bases for representing the continuum. By intro-

ducing mixed bases in the Stieltjes scheme, i.e., Gaussian and B-splines, they were able

to achieve uniform performance over a large energy range31. These studies27–29, 31 illus-

trate that correlated methods such as CCSD and ADC are capable of providing wave

functions that are sufficiently accurate for obtaining cross-sections within the Stieltjes

scheme. Thus, it is desirable to understand the limits of applicability of a simpler model

of photoionization (strong orthogonality and single-center expansion) employing Dyson

orbitals computed using high-level electronic structure methods. We note that the suc-

cess of the Cooper-Zare model32 and its extension to molecular systems12, 33 in fitting

and explaining experimental trends in photoionization cross-sections and angular distri-

butions2, 34, 35 suggests that the underlying assumptions do capture the essential physics

of the problem. Similar single-center models have been successfully used in the con-

text of photoionization36–39. Han and Yarkony have developed a theoretical framework

for determining the state of the ejected electron using the Lippmann-Schwinger equa-

tion accounting for non-orthogonality and exchange interactions with the core19, 40–42.

Once the implementation of this much more rigorous framework becomes available, it
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will become possible to validate approximate treatments such as those explored in this

work against their results. However, in the meantime, we are restricted to calibrating

our model against experiment, a strategy which we adopt in this Letter.

By completely neglecting interactions with the remaining core, the photoelectron

can be treated as a plane wave (PW):

Ψ
el
k =

1

(2π)
3
2

eik·r (3.4)

The (2π)−3/2 factor is the “continuum normalization” typically used for PWs43.

It is convenient to express the PW as a sum of spherical partial waves44:

eik·r = 4π

∞

∑
l=0

l

∑
m=−l

ilRl(kr)Y ∗lm(r̂)Ylm(k̂), (3.5)

where r̂ and k̂ are the position vector and wave vector, respectively. Each spherical wave

is characterized by its energy, Ek = k2

2 , and angular momentum parameters l and m. The

wave function (3.5) is expressed as a product of radial and angular functions. The angu-

lar function corresponds to spherical harmonics (Ylm), whereas the radial function for a

PW can be expressed using spherical Bessel functions, Rl(kr) = jl(kr). The expansion

origin is placed at the centroid of the Dyson orbital, which is equivalent to orthogo-

nalizing Ψel to the Dyson orbital33. In other words, the origin of the expansion in our

approach is fixed such that strong orthogonality condition is partially satisfied (i.e., Ψel

is orthogonal to φd). Note that for spherically symmetric species, in which single-center

expansion is exact, the centroid of the Dyson orbital always coincides with the origin of

the expansion.

The PW approximation assumes no electrostatic or exchange/correlation interac-

tions between the ejected photoelectron and the remaining core, which can be justified

41



by a very large size of the free electron relative to the core. This is certainly a rea-

sonable assumption in the case of photodetachment from anions, where the remaining

core is neutral. However, in photoionization of neutral species, the core is positively

charged, creating a long-range Coulomb potential that can meaningfully perturb the

ejected electron. It is possible to account for these electrostatic interactions by using a

Coulomb-distorted plane wave, also known as a Coulomb wave (CW). For a CW, the

ionized core is treated as a point charge (i.e., which generates a spherically symmetric

field), therefore affecting only the radial part of the photoelectron wave function without

affecting the angular part. The CW can also be expanded as a sum of Coulomb partial

waves using the same expression as Eq. (3.5); however, instead of using spherical Bessel

functions, the radial part is described using a Coulomb radial wave function45:

Rl(kr,η) = (2kr)le−
πη

2
|Γ(l +1+ iη)|

Γ(2l +2)
e−ikr

1F1(l +1− iη,2l +2,2ikr), (3.6)

where Γ is the Gamma function and 1F1 is the confluent hypergeometric function of the

first kind. η is the Sommerfeld parameter, which is equal to -Z/k in atomic units (taking

the electron charge to be -1), where Z is the charge of the ionized core and k is the

magnitude of the photoelectron wave vector. When Z=0, the CW becomes a PW since

the Coulomb radial function becomes a spherical Bessel function. Fig. 3.1 shows the

radial function, Eq. (3.6), for three different values of Z; 0, 0.5, and 1.0. For the same

kinetic energy, the CW is more compact along r and displays more oscillations than

its PW counterpart. A more detailed comparison between CWs and PWs is presented

in Fig. 3.7 in the supporting information (Appendix). Even for small kinetic energies,

CWs rise quickly at the origin for small non-zero l, whereas PWs are much slower to

rise. For l=0, the PW has a value of 1 at the origin, while CWs have a larger value

(which is determined by the respective normalization constant) that becomes yet larger
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as k becomes smaller. This can be explained by the fact that slow electrons have a larger

probability to be close to the positive charge.
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Figure 3.1: Coulomb radial function for l=0 and k=0.068 a.u. (Ek=0.0625 eV), with
Z=0, 0.5, and 1.0 (black, orange, and blue curves, respectively). The Coulomb
radial function with Z=0 is identical to the spherical Bessel function. In the systems
studied here, Dyson orbitals do not extend beyond 12 bohr.

Here we consider several atomic and molecular systems for which reliable exper-

imental cross-sections are available. We focus on systems with relatively small

ionization-induced structural changes, such that FCFs can be reliably calculated using

the double-harmonic Franck-Condon approximation, which allows us to focus on the

electronic part of the problem, Eq. (4.2). We also do not consider systems that show

evidence of ionization via autoionizing resonances; these cases can, in principle, be

approached by the extension of EOM-CC theory to metastable electronic states46. We
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are particularly interested in the cross-sections near threshold (the origin of the ioniza-

tion/photodetachment and a few eV above it) as this is a key “fingerprint” region that,

for example, plays an important role in identifying isomers in reactive mixtures47–49.

For all molecules studied in this work, structures are optimized at the DFT level of

theory with the ωB97X-D functional50. Dyson orbitals are computed in Q-Chem51, with

the initial and final wave functions, ΨN
I and Ψ

N−1
F , described by CCSD and EOM-IP-

CCSD, respectively. All optimizations and FCF calculations employ the aug-cc-pVTZ

basis set. Dyson orbitals for neutral systems are also computed with aug-cc-pVTZ,

unless indicated otherwise. Dyson orbitals for the anions are computed with the d-aug-

cc-pVQZ basis set (additional augmentation has little to no effect for neutral systems).

cross-section are computed with ezDyson33, 52 using experimentally determined ioniza-

tion energies. FCFs are computed by ezSpectrum53. using DFT (ωB97X-D) structures

and frequencies. The details about averaging over molecular orientations, accounting

for electronic degeneracies of the initial and target states, and incorporating FCFs into

the cross-sections calculations can be found in the ezDyson manual52.

The performance of the PW description with EOM-CCSD Dyson orbitals in cal-

culations of the cross-sections for photodetachment from small atomic and molecular

anions has been tested before33. As illustrated in Fig. 3.2, the difference between those

computed with PW and CW is huge. As one can see, the PW approach can reproduce

the experimental cross sections well — the discrepancies between the computed and

measured cross-sections are within the experimental uncertainties54 (e.g., 30% for Li−).

However, the same protocol applied for computing photoionization cross-sections

for small neutral systems (such as He, Ne, Ar, H2) leads to disastrous results. On the

other hand, as illustrated in Fig. 3.3, the calculations using the CW representation (with

Z=+1) yield very good agreement with the experiments, both in terms of the magnitude
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Figure 3.2: Absolute cross-sections for photodetachment from H−, Li−, and NH−2 .
Red dots are the experimental values from Refs. 55 (H−), 54 (Li−), and 56 (NH−2 ).
Black and blue curves denote cross-sections computed using PWs and CWs (with
Z=1), respectively. For NH−2 , only the relative cross-sections were measured exper-
imentally and so they have been scaled to match absolute cross-sections obtained
by calculations. FCFs are included for NH−2 . The corresponding Dyson orbitals
are shown in the top left corners.
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and the shape (with the exception of the Cooper minimum in Ar57 discussed below).

The theoretical curves are practically on top of the experimental ones for He, Ne, and

H2. Likewise, the absolute partial cross-sections for the three different ionized states of

water (Fig. 3.4) show much better agreement with experiment when computed using

CWs. We emphasize that both partial cross-sections corresponding to three different

valence ionized states and the total cross-section are reproduced well. We note that

our calculations fail to reproduce the Cooper minimum in Ar57, a spectral feature at

around 47 eV observed in the photoionization spectrum as well as in high-harmonic

spectra58–60. The Cooper minimum arises due to the node in the Dyson orbital, which

leads to the change of the sign in the photoelectron matrix element as the outgoing

d-wave moves in at higher Ek. Thus, the position of the Cooper minimum is defined

by the shape of the Dyson orbital and by Ψel . The calculations by Wörner et al.60

failed to reproduce the Cooper minimum when using plane or Coulomb waves and an

uncorrelated Dyson orbital. However, they were able to describe the minimum with

free electron wave functions computed using effective central potential accounting for

exchange interactions with the core. In the Stieltjes imaging calculations31, the position

of the Cooper minimum was found to be very sensitive to the details of calculations

(quantitative agreement with the experiment was only achieved when using a B-spline

instead of Gaussian basis, which provides a better description of the continuum).

The better performance of CWs for photoionization of atomic neutral species is not

surprising, and one may expect that CWs might also work well for larger neutral tar-

gets. However, as illustrated below, the performance is not uniform; in polyatomic

systems a better agreement with experiment is sometimes observed for PWs. An opti-

mal description of the photoelectron is often obtained with a CW parameterized with a

partial charge, Z ∈ [0,1].
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Figure 3.3: Absolute cross-sections for photoionization from He, Ne, Ar, and H2.
Red dots are experimental cross-sections58, 61. Black and blue curves denote cross-
sections computed using PWs and CWs, respectively. FCFs are included for H2.
For neon and argon, the aug-cc-pV6Z basis set was employed. The corresponding
Dyson orbitals are shown in the top right corners.

We begin with formaldehyde, for which accurate experimental results are avail-

able63. The results are shown in Fig. 3.5. The CW gives a step-function like shape,

whereas the calculation based on PWs results in a gradually rising curve, which can

be rationalized by the more oscillatory behavior of the CWs (Fig. 3.1 and Fig. 3.7

in Appendix). The experimental cross-section exhibits features seen in both PW and

CW (Z = 1) calculations; the sharp rise of the cross-section at the ionization threshold

is a feature of the CW, whereas the continuing gradual rise with increasing energy is

a feature of the PW. Neither PW nor CW (Z=1) provides a good agreement with the
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Figure 3.4: Absolute partial cross-sections for the three lowest ionized states of
water, and the total absolute cross-section (excluding contributions from the core-
ionized state). Red dots are the experimental cross-sections62. Black and blue
curves denote the cross-sections computed using PWs and CWs, respectively. FCFs
are not included.

experiment. However, using CW with Z=0.25 leads to an excellent agreement, once

FCFs are included, both at threshold and at higher energies. A possible reason for this

is that the effective charge in the center of expansion is different from 1, as the hole is

delocalized. Fig. 3.8(a) in the Appendix shows the location of the center of the expan-

sion and partial charges in CH2O+ — as one can see, the position of the Dyson orbital

centroid is significantly offset relative to the carbon atom hosting most of the positive

charge.
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Figure 3.5: Left: Absolute cross-sections for formaldehyde photoionization. The
experimental cross-section are shown as red dots63. The computed values are
shown by black (PW), blue (CW with Z=+1), and orange (CW with Z=+0.25). All
computed curves include FCFs. Right: The cross-sections (without FCFs) using
different values of Z.

Fig. 3.5 also shows the photoionization spectra of formaldehyde computed using dif-

ferent values of Z. It is clear that the energy dependence and absolute value of the elec-

tronic cross-section depends strongly on the effective charge. Interestingly, the changes

in shape and magnitude of the cross-section profiles are not monotonic as Z changes

from 0 to 1, such that spectra computed with CWs with intermediate values of Z do

not lie between those computed with Z=0 and Z=1. These changes are driven by the

shape of the photoelectron radial function, Rl(kr). This is illustrated in Fig. 3.11 in

the Appendix, where we plot rxφd
IF along a one-dimensional cut for formaldehyde and

Rl(kr) for l=1 as a function of Z (we consider only l=1 since the outgoing electron is

predominantly a p-wave in this case).

Fig. 3.6 and Fig. 3.9 (Appendix) show the computed and experimental cross-

sections of other small organic molecules with relatively short FCF progressions. These

molecules are ethylene, acetelyne, propene, 1-butene, cis-2-butene, 1-butyne, methanol,

and propyne. For ethylene and propene, two channels are accessible in the reported

energy range. Mulliken charges for the ionized states in these systems are shown in Fig.

49



0.0

0.3

0.6

0.9

1.2

1.5

9.5 10.5 11.5 12.5 13.5

Ethylene, Z=0.5

Energy of Ionizing Radiation (eV)

To
ta

l C
ro

ss
-S

ec
tio

n 
(a

.u
.)

0.0

8.4

16.8

25.2

33.6

42.0

Total C
ross-Section (M

b)

0.0

0.5

1.0

1.5

2.0

11.0 11.5 12.0 12.5 13.0 13.5

Acetylene, Z=1.0

Energy of Ionizing Radiation (eV)

To
ta

l C
ro

ss
-S

ec
tio

n 
(a

.u
.)

0

14

28

42

56

Total C
ross-Section (M

b)

0.0

0.2

0.4

0.6

0.8

9.5 10.0 10.5 11.0 11.5 12.0

1-butene, Z=1.0

Energy of Ionizing Radiation (eV)

To
ta

l C
ro

ss
-S

ec
tio

n 
(a

.u
.)

0.0

5.6

11.2

16.8

22.4

Total C
ross-Section (M

b)

0.0

0.4

0.8

1.2

1.6

10.0 10.5 11.0 11.5 12.0

1-butyne, Z=0.1

Energy of Ionizing Radiation (eV)

To
ta

l C
ro

ss
-S

ec
tio

n 
(a

.u
.)

0.0

11.2

22.4

33.6

44.8

Total C
ross-Section (M

b)

0.0

0.2

0.4

0.6

10.5 11.0 11.5 12.0

Methanol, Z= 0.25

Energy of Ionizing Radiation (eV)

To
ta

l C
ro

ss
-S

ec
tio

n 
(a

.u
.)

0.0

5.6

11.2

16.8

Total C
ross-Section (M

b)

0.0

0.5

1.0

1.5

2.0

10.0 10.5 11.0 11.5 12.0

Propyne, Z= 0.2

Energy of Ionizing Radiation (eV)

To
ta

l C
ro

ss
-S

ec
tio

n 
(a

.u
.)

0

14

28

42

56

Total C
ross-Section (M

b)

Figure 3.6: Absolute cross-sections for photoionization of ethylene, acetylene, 1-
butene, 1-butyne, methanol, and propyne. For ethylene, two ionized states are
accessed. The experimental cross-sections are shown as red dots. Experimental
data are from Refs.64 (for acetylene, ethylene, methanol, and propyne) and65 (for
1-butene and 1-butyne). The computed values are shown using PW (black), CW
(blue), and CW with a charge that gives the best fit with experiment (orange, if a
good fit is not already obtained with PWs or CWs). All computed curves include
FCFs. The Dyson orbitals and the center of expansion of the PW or CW (yellow
circle) are also shown.
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3.8 in Appendix (with hydrogen charges summed onto heavy atoms). While in some

cases (e.g., acetylene and 1-butene) good agreement with experiment is obtained using

CWs with Z=1, for most systems a better fit is obtained by using CWs with a partial

effective charge. In the case of multiple channels (ethylene and propene), the resulting

total cross-section can be reproduced by using the same effective charge for each chan-

nel, which is perhaps fortuitous since we would expect the appropriate choice of partial

charge to be dependent on the final state accessed in photoionization. Fig. 3.10 com-

pares the cross-section profiles computed with and without FCFs to elucidate the effect

of FCFs on the cross-section profiles. Again, we emphasize good agreement between

theory and experiment near the threshold, which can be important for identification of

isomers.

To summarize, this work investigated photoionization/photodetachment cross-

sections in small neutral (He, Ne, Ar, H2) and anionic (H−, Li−, NH−2 ) systems, as well

as neutral molecular systems. We find that we can accurately reproduce the experimental

spectra for these systems by using the formalism derived within the strong orthogonality

assumption using EOM-IP-CCSD Dyson orbitals along with a single-center expansion

of the wave function of the photoejected electron. However, whereas in the anions the

photoelectron wave function can be treated as a PW, in the neutral systems the photo-

electron must be treated using CWs (with Z=1) to account for the electrostatic interac-

tion between the photoelectron and remaining core. Our results also illustrate that for

photoionization from larger neutral molecules, a relatively simple single-center expan-

sion of the free-electron wave function appears to provide a reasonable description of

the state of the ejected electron, allowing one to compute cross-sections that are in good

agreement with the experiment. However, the effective charge for the CW that gives the
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best agreement with the experiment is not always unity. The experimental photoioniza-

tion spectra often have features that resemble spectra computed both with PWs and with

full (Z=1) CWs. For example, in formaldehyde the cross-section rises sharply at the

threshold (as in the cross-sections computed with full CW), but then continues to rise

gradually after that as in the PW. This is likely because the photoelectron wave is blind

to the charge located far away from the expansion center (which is determined by the

centroid of the Dyson orbital, in order to partially satisfy the strong orthogonality con-

dition). This is an important result that shows that neither PW nor CW by themselves

provide an adequate description of the ejected electron. Also, the generally good nature

of the results suggests that our simple model, which is based on the strong orthogonality

assumption, does capture the essential physics even though it neglects the non-spherical

symmetry of the electrostatic potential, as well as the correlation and exchange interac-

tions of the ejected electron with the core. Thus, we conclude that accurate photoion-

ization cross-sections for molecules can be computed by using a modified central poten-

tial model that accounts for non-spherical charge distribution of the core by adjusting

the charge in the center of the expansion. Contrary to the Stieltjes scheme28, 29, 31, the

present approach is vastly cheaper since it does not require calculations with very large

basis sets, finding large number of approximate eigenstates (e.g., via block Lanczos

diagonalization), or solving the moments problem to recover the cumulative oscillator

strength for photoionization. This result is of both fundamental and practical impor-

tance. On the fundamental side, it shows that the strong orthogonality assumption is

justified and that exchange and correlation interactions of the photoelectron with the

core have relatively weak effects on the cross-section. On the practical side, this find-

ing provides guidance for future theoretical developments. It suggests that this simple

ansatz correctly captures underlying physical behavior and can, therefore, be used as a
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starting point for developing a predictive model for computing photoionization cross-

sections. What is needed is a procedure for determining the optimal charge Z. We

propose variational optimization of this parameter by using numerical solutions of a

one-particle Schrödinger equation with a non-spherical Coulomb potential described by

the electrostatic potential, V el(R,r), of the ionized system:

δ

δZ

[
〈Ψ(Z)|HC|Ψ(Z)〉L√

〈Ψ(Z)|Ψ(Z)〉L〈HCΨ(Z)|HCΨ(Z)〉L

]
= 0, (3.7)

where HC ≡ Tk +V el(R,r) and Ψ(Z) is CW with charge Z, and the integration is done

over a finite box of size L. The expression in square brackets in Eq. (4.24) is maximized

for Ψ(Z) which is the closest approximation to an eigenstate of HC. For example, if

Vel is just the Coulomb potential created by point charge Z placed in the center of the

expansion, the value of the expression in Eq. (4.24) equals 1 when Ψ(Z) is a CW with

charge Z, since that is the exact solution. The exploratory calculations for formalde-

hyde using this criterion (see Appendix) are encouraging. This full implementation and

detailed benchmarks will be pursued in future work.
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3.2 Appendix A: Detailed comparison between PW and

CW for l=0–5, Mulliken charges in ionized species,

photoionization cross-sections for selected molecules

with and without FCFs, comparison between pho-

toelectron radial functions with different Z with

formaldehyde’s Dyson orbital
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Figure 3.7: Coulomb radial functions for l=0–5 and for two different wave vector
values, k=0.068 a.u. (Ek=0.0625 eV) and 0.271 a.u. (Ek=1.0 eV).
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Figure 3.8: Mulliken charges (with hydrogen charges summed onto heavy atoms)
for (a) formaldehyde, (b) cis-2-butene, (c) propene, (d) ethylene, (e) acetylene, (f) 1-
butene, (g) 1-butyne, (h) methanol, (i) propyne. The blue spheres show the centers
of the expansion of the photoelectron wave function.
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Figure 3.9: Absolute cross-sections for photoionization of propene and cis-2-
butene. The experimental cross-sections are shown as red dots. The computed
values are shown using plane wave (black), Coulomb wave (blue), and Coulomb
wave with a charge that gives the best fit with experiment (orange, if a good fit is
not already obtained with Coulomb or plane waves). The computed curves include
FCFs. Note that our calculations indicate that the second ionized state of propene
has vanishing FCFs and, therefore, does not contribute to the cross section. The
state shown in this figure is the third ionized state of propene. The Dyson orbitals
and the center of expansion of the plane or Coulomb wave (yellow circle) are also
shown.
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Figure 3.10: Absolute cross-sections for ethylene, acetylene, 1-butene, 1-butyne,
methanol, and propyne. The computed values use a plane wave (black), Coulomb
wave (blue), and a Coulomb wave with the charge that gives the best fit to the
experiment (orange), if a good fit is not already obtained with Coulomb or plane
waves. Solid and dashed lines denote the cross-sections computed with and without
FCFs, respectively.
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Figure 3.11: Coulomb radial functions for l=1 and for k=0.271 a.u. (Ek=1.0 eV) with
varying Z. Black line shows a cut along the left Dyson orbital for formaldehyde in
the x-direction (as shown in the figure). The value of the Dyson orbital is multiplied
by x to give rxφd

IF and magnified by a factor of 4 for clarity. As one can see, l=0.4–0.6
provide the biggest contribution to the cross-sections for formaldehyde.
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3.3 Appendix B: Using variational optimization to

determine the optimal charge: Formaldehyde exam-

ple

Here we present a model calculation of the optimal charge, Z, using the variational cri-

terion given by Eq. (4.24) in the main text. The physical rationale for Eq. (4.24) is

that when Ψ(Z) is an eigenstate of HC, HΨZ is parallel to Ψ(Z) leading to the maximal

overlap between the two. We propose to solve this three-dimensional equation numeri-

cally, on the grid. V el can be approximated by a Coulomb field due to the point charges,

or described more accurately, using electron density of the cation. To provide proof-of-

principle, here we present exploratory calculations performed with Mathematica using a

one-dimensional model and point-charge potential. We use formaldehyde as a test case.

As shown in Fig. 3.8, the formaldehyde cation has most of its positive charge local-

ized on the carbon atom. The center of expansion of the photoelectron wave function

is at the centroid of the Dyson orbital, which lies near the center of the carbon-oxygen

bond. Thus, V el can be approximated by a Coulomb attraction due to a +1 point charge

displaced by a distance d from the center of expansion of Ψel (d here represents the

distance to the carbon atom, or the hydrogen atoms, depending on where we assume the

positive charge to be):

V (r) =
−1√

r2 +d2
. (3.8)

The point charge is placed in a perpendicular dimension to r, to avoid singularities in

Ψel . In this arrangement, the potential energy term is spherically symmetric, which
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preserves the separation of variables and allows us to reduce the problem to a one-

dimensional Schrödinger equation for the radial part, R(r):

[
−1

2
d2

dr2 −
1
r

d
dr

+
l(l +1)

2r2 − 1√
r2 +d2

]
R(r) = ER(r) (3.9)

Since in formaldehyde the photoelectron is almost exclusively a p-wave, here we con-

sider l=1.

In order to find a Coulomb radial function that best represents the solution to the

radial equation above, we vary Z to find the CW, Rc(Z,r), that best satisfies the eigen-

value problem in Eq. (3.9), i.e., the CW that changes the least upon applying the radial

Hamiltonian. This is done by computing the following:

[
−1

2
d2

dr2 −
1
r

d
dr

+
l(l +1)

2r2 − 1√
r2 +d2

]
Rc(Z,r) = Rc′(Z,r) (3.10)

〈Rc(Z,r)|Rc′(Z,r)〉√〈Rc(Z,r)|Rc(Z,r)〉〈Rc′(Z,r)|Rc′(Z,r)〉 (3.11)

We then maximize expression (3.11) by varying Z. If Rc(Z,r) in an exact eigenfunction

of Eq. (3.10), the overlap in Eq. (3.11) equals 1. Note that the eigenvalue is absorbed

into Rc′(Z,r).

Fig. 3.12 shows the value of Eq. (3.11) as a function of Z for the displaced point-

charge model. The integration is performed over a grid size of 30 bohr. We consider

d=1.02 bohr (corresponding to the distance between the centroid of the Dyson orbital

in formaldehyde and the carbon atom). We also look at the effect of a point charge

displaced by d=2.93 bohr (corresponding to the distance between the Dyson orbital

centroid and the hydrogen atoms). We find in both cases that the best overlap is achieved

for Z =∼0.2–0.3, which is in good agreement with Z=0.25 obtained by from the best fit
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of the computed cross-section to the experimental curve. Note that the optimal Z is

not very sensitive to the magnitude of the wave vector k, which is consistent with the

fact that the same value of Z reproduces almost the entire photoionization spectrum of

formaldehyde.
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Figure 3.12: The value of Eq. (3.11) computed for CW with different values of Z
using displaced point-charge Coulomb potential. Two values of d are considered:
one corresponding to placing the charge on the carbon atom (dashed lines) and
one at the distance of the hydrogens (solid lines). For both models, we consider
Coulomb functions with different k spanning a 40-fold change in kinetic energy.
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Chapter 4: Probing electronic wave

functions of sodium-doped clusters:

Dyson orbitals, anisotropy parameters,

and ionization cross-sections

4.1 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) in order to study their

properties and spectroscopic signatures4–6. Such experiments provide detailed informa-

tion about the energy levels of the target systems and about the underlying wave func-

tions. In particular, the cross-sections and photoelectron angular distributions encode

the information about the Dyson orbital, a one-electron quantity characterizing the dif-

ference between the initial N and final N-1 electron wave functions (ΨN
I and Ψ

N−1
F ,

respectively)7–10:

φ
d
IF(1) =

√
N

Z
Ψ

N
I (1, . . . ,n)ΨN−1

F (2, . . . ,n)d2 . . .dn. (4.1)
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Within the dipole approximation and strong orthogonality assumption, Dyson orbitals

contain all information about ΨN
I and Ψ

N−1
F needed for computing the so-called photo-

electron matrix element:

DIF
k = u〈φd

IF |r|Ψel
k 〉, (4.2)

where r is the dipole moment operator, u is a unit vector in the direction of the polar-

ization of light, and Ψel
k is the wave function of the ejected electron. DIF

k enters the

expression of the total and differential cross-sections11, 12 and is thus an experimen-

tal observable. Consequently, experimentally measured angular-resolved photoelectron

spectra encode the information about the Dyson orbitals. However, reconstructing the

orbital from the experimental measurements requires theoretical modeling10, 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 multi-configurational character of the wave functions, dynamical electron cor-

relation, 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) framework15–17, 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 which

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
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by the CC wave function and the initial open-shell state is described by EOM-EA. We

employ EOM-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 dimethylether (DME), which have been recently investigated experimentally18–20.

These systems18–22 provide a good model for solvated electrons23–26.

Signorell and coworkers 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 distributions 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 param-

eter27, β:

PAD(θ) =
σ

4π

(
1+

β

2
(
3cos2(θ)−1

))
. (4.3)

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.

Fig. 4.1 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
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Figure 4.1: 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.

in neutral clusters18. Thus, these Na-doped clusters are analogs of Rydberg molecular

states in which a very diffuse electron is interacting with a positively charged core28.

As one can see from Fig. 4.1, the solvent pushes the electron away from the posi-

tively charged Na and slightly distorts the shape of the orbital. It also breaks the degen-

eracy 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-

3.05 eV for the lowest electronic state, to be compared to 4.96 eV of bare Na.

Ref.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
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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 solvent18. In solvents with strong hydrogen bonds

(water, ammonia), the sodium cation perturbs the hydrogen-bond network, which par-

tially 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.

Anisotropy parameter β varied between 1.5 and slightly above zero in different sol-

vents18. In DME clusters, the asymptotic β values were around 0.75, indicating sub-

stantial anisotropy even in very large clusters18. Taking into account reported isotropic

distributions of photoelectrons from bulk-solvated Rydberg states28, the results of Sig-

norell and coworkers suggest that in the sodium-doped clusters the unpaired electrons

reside on the surface of the cluster and no cavity states are formed18. The experimental

results were complemented by calculations using DFT with the ωB97X-D functional18.

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 devia-

tions 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 investi-

gated structures of solvated sodium clusters and pointed out the existence of multiple

isomers29 and also analyzed the shapes of their frontier orbitals.
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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 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 trajectories, to quantify the effect of thermal fluctuations on the observables.

4.2 Theoretical methods and computational details

4.2.1 Dyson orbitals within the equation-of-motion coupled-cluster

framework

The EOM-CC approach provides an efficient and robust framework for computing mul-

tiple electronic states15–17, 30–33. The EOM-CC wave function has the following form:

|Ψ〉= ReT |Φ0〉, (4.4)

where linear EOM operator R acts on the reference CCSD wave function, eT |Φ0〉. Oper-

ator T is an excitation operator satisfying the reference-state CC equations:

〈Φµ|H̄−ECC|Φ0〉= 0, (4.5)
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where Φµ are the µ-tuply excited determinants (with respect to the reference determi-

nant, Φ0) and H̄ = e−T HeT . 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 occu-

pied 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 states15. 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:

REA
1 = ∑

a
raa†, (4.6)

REA
2 =

1
2 ∑

iab
rab

i a†b†i, (4.7)

and the reference corresponds to the closed-shell wave function (cationic, in the case of

the sodium-doped clusters). Thus, in Eq. (4.1), ΨN
I and Ψ

N−1
F 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, H̄, in the space of target configurations defined by

the choice of operator R and reference Φ0:

H̄R = ER. (4.8)
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Since H̄ is a non-Hermitian operator, its left and right eigenstates, 〈Φ0|L† and R|Φ0〉,
are not Hermitian conjugates, but form a biorthogonal set:

H̄R|Φ0〉 = ER|Φ0〉, (4.9)

〈Φ0|L†H̄ = 〈Φ0|L†E, (4.10)

〈Φ0|L†M
RN |Φ0〉 = δMN , (4.11)

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

LEA = LEA
1 +LEA

2 = ∑
a

laa† +
1
2 ∑

iab
lab
i a†b†i. (4.12)

The expansion coefficients, la, lab
i , ra, and rab

i , are found by diagonalizing the corre-

sponding matrix representation of H̄. 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:

µK ≡ 〈Φ0|LK†e−T µeT RK|Φ0〉. (4.13)

For transition properties, such as transition dipole moment (µMN) between two EOM-EA

states, one needs to compute a geometric average:

µMN =
√
〈Φ0|LM†e−T µeT RN |Φ0〉〈Φ0|LN†e−T µeT RM|Φ0〉. (4.14)

Thus, in EOM-CC theory, we have left and right Dyson orbitals13. The differences

between the two are small and for visualization we always show normalized right
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orbitals13, 34; however, for cross-section calculations both right and left Dyson orbitals

are needed10, 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:

〈ΨEOM|R2|ΨEOM〉= 〈ΨEOM|X2|ΨEOM〉+ 〈ΨEOM|Y 2|ΨEOM〉+ 〈ΨEOM|Z2|ΨEOM〉.
(4.15)

Since the size of the electronic wave function increases with the system size, it is conve-

nient to consider the difference between 〈R2〉 of the target EOM-EA state and the CCSD

reference, as commonly done in the analysis of excited states35:

∆RΨ ≡
√
|〈ΨEOM|R2|ΨEOM〉−〈ΨCCSD|R2|ΨCCSD〉|. (4.16)

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

∆RΨ
α , α=X ,Y ,Z, which characterize the shape of the wave function. For example, the

values of the ∆X , ∆Y , and ∆Z are similar for s-like states, whereas p-like states can be

identified by one large and two small components35.

We also compute the properties of Dyson orbitals, which are more directly related

to the unpaired electron13. The expectation values of R give the centroid of the Dyson

orbital, Rd , and 〈(R−Rd)2〉 gives its size, R̄d:

Rd
α ≡ 〈φd|Rα|φd〉, (4.17)

R̄d
α ≡

√
〈φd|(Rα−Rd

α)2|φd〉, (4.18)

R̄d =
√

(R̄d
X)2 +(R̄d

Y )2 +(R̄d
Z)2, (4.19)
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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:

deh ≡ |Rd−RNa|. (4.20)

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, R̄d , and

µ depend on the choice of the coordinate system (or molecular orientation). Thus, in

order 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 (∆RΨ, R̄d , deh) are invariant to the molecular orientation,

owing to the properties of the trace.

4.2.2 Cross-sections and photoelectron angular distributions

The expression for photodetachment/photoionization cross-section is11:

dσ

dΩk
=

4π2

c
·E · ∣∣DIF

k (θ,φ)
∣∣2 , (4.21)

where DIF
k is the photoelectron dipole matrix element defined by Eq. (4.2).
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To compute DIF
k , one needs a Dyson orbital, Eq. (4.1), and the wave function of

free electron, Ψel
k . 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
el
k =

∞

∑
l=0

l

∑
m=−l

|E, l,m〉 1√
k

Ylm(k̂). (4.22)

Each partial wave can be written as a product of radial function Rkl and spherical har-

monic Ylm
36:

|E, l,m〉= il
√

2k
π

Rkl(r,Z)Ylm(θ,φ). (4.23)

The origin of the expansion is placed at the centroid of the Dyson orbital, which is equiv-

alent to orthogonalizing the Dyson orbital to Ψel10, 14. Radial functions, Rkl , depend on

the effective charge Z. For Z=0 (as in the case of photodetachment from anions), Rkl

is a spherical Bessel function and the photoelectron wave function is a plane wave. In

photoionization of neutral species, the charge of the cationic core is +1 and Rkl is a

Coulomb radial wave function with Z=137.

The performance of this model has been recently investigated using a benchmark set

of anionic and neutral species14. 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 using an effective charge Z ∈ [0,1], which accounts for non-point charge distri-

bution in polyatomic cations (i.e., the outgoing electron is less sensitive to the charge

located far away from the expansion center). The benchmarks14, which were performed

in a broad energy range, provide numerical evidence in support of strong orthogonal-

ity assumption. In particular, the threshold behavior in anionic and neutral systems is

correctly reproduced by the model14.
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Once Dyson orbitals are computed, the calculations of the total and differential

cross-sections can be performed by the ezDyson software38. The details about averag-

ing over molecular orientations and accounting for electronic degeneracies of the initial

and target states can be found in the ezDyson manual38.

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

δ

δZ

[∣∣∣∣∣ 〈Ψ(Z)|HC|Ψ(Z)〉L√〈Ψ(Z)|Ψ(Z)〉L〈HCΨ(Z)|HCΨ(Z)〉L

∣∣∣∣∣
]

= 0, (4.24)

where HC ≡ Tk +V el(R,r) describes the Hamiltonian of the outgoing electron in the

field of the cationic core characterized by Coulomb potential V el(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. (4.24) is maximized for Ψ(Z) which is

the best approximation to an eigenstate of HC. While the general implementation of this

approach is not yet available, in one-dimensional case one can easily optimize Z using

Eq. (4.24) and a simple displaced point-charge model14. This procedure is employed

here.

4.2.3 Computational details

Equilibrium geometries of the clusters were taken from Ref.18, where they were opti-

mized 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) calcu-

lations 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 ran-

domly sampled from the Maxwell-Boltzmann distribution at 333 K. AIMD trajectories
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of 2.4 ps 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 based on the overall performance of different func-

tionals for the experimental observables in the entire range of photon energies (these

results are shown in Fig. 4.33 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, σtot , R̄) was investigated for NaXn, n=1-3 (X=NH3, DME). The results

for Na(NH3) are summarized in Appendix (Fig. 4.18). We observe a noticeable dif-

ference 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, while for DME, doubly aug-

mented basis is sufficient for a given zeta. In general, for a given zeta, extra augmen-

tation brings the results closer to those with higher zeta. These trends hold for various

cluster sizes for the same solvent. In absolute terms, the changes beyond aug-cc-pVDZ

are rather small – the 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 insen-

sitive to the basis set increase beyond aug-cc-pVDZ. Thus, we employ the aug-cc-pVDZ

basis for the rest of the calculations.
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For larger clusters (Na(DME)5, Na(DME)6, and Na(DME)7), we employed a mod-

ified 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 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 Fig. 4.19 in

Appendix.

All calculations were performed with the Q-Chem electronic structure program39, 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 Appendix.

As shown in the Appendix (Fig. 4.17), the anisotropy parameter β depends on the

effective charge Z at low energies. Even in small clusters (see Fig. 4.1), the Dyson

orbitals are displaced from the positively charged core (Naδ+). As illustrated in Tables

4.1 and 4.2, the distance between the centroid of the Dyson orbital and the position of

Naδ+ varies from 0.73 a.u. in the smallest cluster to 5.10 a.u. 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. (4.24). The results

are shown in the Appendix (Fig. 4.16). 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 Fig. 4.17, 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, while the variations in the total

absolute cross-sections can be larger — up to 50 % of the plane-wave value. Thus, for
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these clusters one can use plane wave to represent Ψel; this is done in all calculations

below.

4.3 Results and discussion

4.3.1 Electronic properties of sodium-doped ammonia and DME

clusters

Tables 4.1 and 4.2 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.

Table 4.1: Electronic properties computed using the EOM-EA-CCSD/aug-cc-

pVDZ wave functions for the Na(NH3)n clusters, n=1-10. VIEs are given in eV

and other quantities in a.u.

System VIE µ ∆RΨ R̄d deh fL

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
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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
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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

Table 4.2: Electronic properties computed using the EOM-EA-CCSD/aug-cc-

pVDZ wave functions for the Na(DME)m clusters, m=1-7. Results 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.

System VIE µ ∆RΨ R̄d deh fL

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
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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 -

Our results fully agree with those reported in Ref.18. Let us consider the trends in

VIE for the lowest state. The VIE in the smallest cluster (one solvent molecule) are

practically identical for NH3 and DME: 4.12 eV 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 eV 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 Fig. 4.2. 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 more solvent molecules, the emerging
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Figure 4.2: 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).

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 trend19. In the previous

work19, these magic numbers were associated with highly symmetric structures19. 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 4.1 and 4.2.

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.
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Figure 4.3: The effect of electron correlation on the composition of the 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.

To illustrate the effect of electron correlation, it is instructive to quantify the differ-

ences 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). Fig. 4.3 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 appear 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.
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Figure 4.4: Dependence of sizes of Dyson orbitals, R̄d , 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).

Fig. 4.4 shows the dependence of the Dyson orbital size, R̄d , on the number of

solvent molecules (a similar plot for the state size, ∆RΨ, is shown in Fig. 4.21). We

observe a nearly monotonic increase of R̄d with the cluster size in both ammonia and

DME, which correlates nicely with the decreasing IEs: lower IEs correspond to a weaker

bound and, therefore, more diffuse electron. This general trend is also seen in ∆RΨ.

∆RΨ, however, depends on both the EOM-EA state and the reference CCSD state, while

Dyson orbitals depend only on the unpaired electron state; therefore, R̄d provides a more

direct measure of the diffuseness of the solvated electron.

As one can see from Fig. 4.4, 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 R̄d . The behavior of p-like

states is similar, but their respective sizes are larger. As one can see from Table 4.1,

p-states show clear asymmetry, in contrast to s-states. In the DME clusters (Fig. 4.4

and Table 4.2), the initial increase in R̄d is less steep. For example, for n=4, R̄d for

ammonia and DME are about 8.2 and 5.7 bohr, respectively. In contrast to ammonia
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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 (R̄d) 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 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, see Eq. (4.20). Fig. 4.5 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 Fig. 4.16, 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
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rather different for the s and p states (see Tables 4.1 and 4.2), which reflects a different

distribution of electron density.

Figure 4.5: Effect of the solvent on dipole moments and the 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).

The offset between the unpaired electron and the positively charged sodium core

is related to the dipole moment. Fig. 4.6 shows deh versus µ for the ammonia and

DME clusters. The ammonia clusters show a weak correlation between these two quan-

tities. 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 sol-

vent molecules. To quantify these contributions, we computed the dipole moment of

the ammonia and DME clusters from which the sodium atom was removed (the posi-

tions of all solvent molecules were unchanged) and subtracted the result from total µ;

the resulting difference dipole moments are shown in Fig. 4.7. As one can see, there is
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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 Figs. 4.6 and 4.7 illustrate that a sim-

plified picture of the unpaired electron interacting with the offset solvated core holds

for DME clusters, but is inappropriate for ammonia clusters, where hydrogen-bond net-

work of polar solvent molecules contributes significantly to the electronic properties of

the cluster.

Figure 4.6: Dipole moments and the 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.

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. Since for a pure

s-state, the outgoing waves should have pure p character (p0 for the light polarized along

92



Figure 4.7: 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.

the z-axis), the deviation of the weight of the p0 amplitude from one provides a measure

of the orbital distortion. Thus, we compute

w(p0) =
|Ck10|2

∑
l,m
|Cklm|2 , (4.25)

at k values corresponding to the experimental photon energy 4.66 eV (k =√
2m(hν− IE)) and using z-polarized light. Fig. 4.8 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 orbitals by the solvent in DME. This evolution of the orbital character agrees

with the trends in VIEs and state/orbital sizes described above.
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Figure 4.8: The 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).

4.3.2 Effect of structural fluctuations on electronic properties

The structures of the clusters are floppy and feature multiple local minima29. The ther-

mal fluctuations may affect the shape of the Dyson orbital and, consequently, experi-

mental 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).

Total cross-section is more sensitive to structural variations, with maximal variation of
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0.65 a.u. (∼15%) at the experimental energy and nearly constant difference throughout

the entire range of photon energies (0.44 a.u. at 4.21 eV). More details are shown in

Appendix.

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,

since it has closely lying conformers that are sampled in the course of thermal motion.

Figure 4.9: Snapshots along the equilibrium trajectory for Na(NH3)6. The respec-
tive VIE (eV), R̄d (bohr), and deh (bohr) are shown for each snapshot. The first
picture corresponds to the minimum-energy structure.

Fig. 4.9 shows the Dyson orbitals and the respective VIE, R̄d , and deh for five

selected snapshots for Na(NH3)6 (the first picture corresponds to the optimized struc-

ture). Additional data are given in Appendix (Table 4.4). 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 orbital and, consequently, electronic properties show significant fluctuations

among the snapshots. VIEs vary from 2.57 eV 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 to 4.5 bohr. These variations
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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 (see Fig. 4.26

in Appendix). 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 1.95-1.98, as shown in

Appendix in Fig. 4.24).

Figure 4.10: Dependence of anisotropy parameter on photon energy at the
minimal-energy structure compared with equilibrium trajectory average (com-
puted by averaging β over 21 snapshots) for Na(NH3)4, left, and Na(NH3)6, right.

Fig. 4.10 compares β computed for the minimum-energy structures against the val-

ues averaged over 21 snapshots for the two clusters. The difference between the two

clusters is two-fold. First, thermal fluctuations of β are larger for Na(NH3)6 at all com-

puted photon energies. Second, in Na(NH3)6 the thermal motions lead to random fluc-

tuations 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. Con-

sequently, for Na(NH3)6 the averaged value of β at 4.66 eV is 1.74±0.05 is 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.
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Thermal fluctuations of β and σ for Na(DME)4 (see Appendix) are similar in mag-

nitude 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 intra-molecular degrees of

freedom comes into play already in the Na(DME) cluster; the snapshots from the respec-

tive equilibrium trajectory show small but noticeable variations in anisotropy parameters

and total cross-sections at 4.66 eV (see Appendix, Fig. 4.23). The magnitude of these

fluctuations is larger than in Na(NH3).

For Na(DME)6, selected snapshots for which are shown in Fig. 4.11, 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. Since

the optimized structure is highly symmetric, small distortions have 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 com-

pared 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 averaged value is 1.68±0.06. For comparison, con-

sider Na(DME)4 in which equilibrium β is 1.68 and thermally averaged β is 1.67±0.07.

Detailed comparison is shown in Appendix.

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
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Figure 4.11: Snapshots along the equilibrium trajectory for Na(DME)6. The
respective dipole moments (Debay) and R̄d (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.

larger variations for DME, because of the internal degrees of freedom. Highly symmet-

ric structures are special: in Na(NH3)4 and Na(DME)6, the thermal motions result in

lower β, whereas in clusters of other sizes, the equilibrium structure values are close to

average values.

4.3.3 The effect of correlation on the shape of Dyson orbitals

Figure 4.12: Dyson orbitals for Na(DME)3 computed with EOM-EA-CCSD (left),
ωB97X-D/Koopmans’ (middle), and B3LYP/Koopmans’ (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 DFTs, respectively.
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Using Na(DME)3 as an example, Fig. 4.12 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 functionals41–43. The orbitals look very similar. The

variations in the diffuseness of the orbitals (as quantified by R̄d) 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 small-

est 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 inter-

mediate 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 4.3 and

visualized in Fig. 4.13.

Table 4.3: VIEs (−ε as Koopmans’ theorem), dipole moments, and properties of

the SOMO orbitals for the Na(NH3)n and Na(DME)m clusters (n=1-10, m=1-7) com-

puted at the UHF/6-31+G(d) and DFT/6-31+G(d) levels of theory. Ionization ener-

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

System Method −ε µ R̄d 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
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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
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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

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
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Figure 4.13: 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), ωB97X-D/6-
31+G(d), CAM-B3LYP/6-31+G(d), B3LYP/6-31+G(d), and HF/6-31+G(d) levels of
theory.

As Fig. 4.13 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 vari-

ations 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.
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Interestingly, CAM-B3LYP gives deh values that are closest to EOM-EA. The separa-

tion between the unpaired electron and the sodium core arises due to repulsive exchange

interactions between the unpaired electron and solvent’s electron density. This interac-

tion 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 R̄d and deh.

The effect of the orbital shape and IE values on β and σ is illustrated in Figs. 4.28-

4.37 for clusters of various sizes. Let us first consider Na(NH3) and Na(DME) (Fig.

4.28). 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, while 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 Fig. 4.14. 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
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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 meth-

ods (except B3LYP) perform well for small clusters. The errors are large for Na(DME)5

for all methods, except CAM-B3LYP. We note that B3LYP underestimates 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 Fig. 4.3, the EOM-EA-CCSD Dyson orbitals

are about 85% of Koopmans’ character, which is a drop relative to commonly observed

95%. For largest clusters, all methods perform well. In terms of σ, ωB97X-D and HF

show the best performance with an exception for 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 Fig.

4.15. 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.
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Figure 4.14: Anisotropy parameters (upper panel) and total cross-sections (lower
panel) for different cluster sizes at energy of 4.66 eV computed using the EOM-
EA-CCSD Dyson orbitals and Koopmans’ theorem (DFT or HF SOMO).

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 Fig. 4.20 (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.
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Figure 4.15: The weight of the 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).

The increasing differences in the shapes of EOM-EA-CCSD Dyson orbitals and

Kohn-Sham SOMOs with the cluster-size increase (as well as non-systematic 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.

4.3.4 Comparison with experiment

The trends in computed VIEs, such as changes with the cluster size increase and dif-

ference between ammonia and DME, are in agreement with the experimental obser-

vations18–20. 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 charac-

ter gradually decreases in larger clusters, with cluster size increase, with DME clusters

being affected earlier (Fig. 4.15), with an exception of a highly symmetric cluster,

Na(DME)6.
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For the cluster sizes studied, we observe that β-values (computed at the experimen-

tal 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), which is shown in Fig. 4.14. 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 calcu-

lations using a single structure) and partly to the experimental uncertainties, such as the

spread of cluster sizes.

Signorell and coworkers have reported that PADs of small sodium-doped clusters

exhibit magic numbers behavior19. Specifically, they observed higher β values for

Na(NH3)4 and Na(DME)6, which they attributed to highly symmetric equilibrium struc-

tures of these complexes. The calculation with EOM-EA-CCSD shows the spike in β

for Na(DME)6 (see Fig. 4.14). 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 show magic number at n=4

for ammonia. On the basis of our analysis of AIMD trajectories, we attribute this dis-

crepancy to the dynamic fluctuations (see section 4.3.2). The effect of thermal fluctu-

ations is different for Na(NH3)4 and Na(NH3)6 (Fig. 4.10, S9 and S10). We observe

relatively small spread in values for Na(NH3)4, which appears to be more rigid, rel-

ative to Na(NH3)6 (Fig. 4.10): i.e., for Na(NH3)4 trajectory averaged β=1.96±0.02,

with equilibrium β equal to 1.98, while for Na(NH3)6 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
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reduced value of β, which can wash out the appearance of magic numbers. Yet, equilib-

rium 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.

4.4 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-bonded

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-workers18–20. In particular, we observe
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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 ammonia19. 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 exper-

imental 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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4.5 Appendix A: Calculations of total cross-sections and

anisotropy parameters

In the ezDyson calculations38, the important parameters are lmax, the highest angular

momentum in the plane wave basis, and the grid size. We investigated the effect of

these parameters on the computed anisotropy parameters and cross-sections for every

case. The box of -20 to 20 Å was sufficient for all systems. For all EOM-EA-CCSD

Dyson orbitals, lmax=5 was used, and the contributions from the waves with high l were

shown to be negligible. For DFT SOMOs, lmax in the largest clusters was increased to 9,

due to larger set of contributing outgoing waves, especially at higher photon energies.

Fig. 4.16 shows the dependence of the overlap of Ψel(Z) and HCoulΨel(Z) on the

distance between the expansion origin for the free electron wave function and the pos-

itive charge assuming an outgoing p-wave (from an s-like state) in a one-dimensional

model potential. By virtue of Eq. (24) from the main manuscript, the optimal value of

Z would give the largest overlap of Ψel(Z) and HCoulΨel(Z). The distance d between

the centroid of the unpaired electron and Naδ+ is varied within the range of values from

Tables 4.1 and 4.2 from the main manuscript. We considered three different values of

electron kinetic energy Ek: 0.5 eV, 1.5 eV, and 2.5 eV. As one can see, for Ek=0.5 eV

the optimal values of effective charge Z are close to zero (and definitely do not exceed

0.4). The calculations using Ek=1.5 and 2.5 eV yield similar results. The deviation of

optimal Z from 0 is smaller for larger d and higher Ek, suggesting that the quality of

plane-wave description improves for clusters with more solvent molecules. As one can

see from Fig. 4.17, 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,
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while the variations in the total absolute cross-sections can be larger — up to 50 % of

the plane-wave value.

Figure 4.16: Optimizing effective core charge Z for the outgoing p-wave with
Ek=0.5 eV, 1.5 eV, and 2.5 eV.
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Figure 4.17: Dependence of anisotropy parameters and total cross-sections on pho-
ton energy for different values of effective charge Z for Na(NH3) (upper panels) and
Na(DME) (lower panels).

Figure 4.18: Dependence of anisotropy parameters and total cross-sections on pho-
ton energy and basis sets for Na(NH3).
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Figure 4.19: The effect of using reduced basis set and virtual orbital space on β

and σ for Na(DME)5. FC denotes the EOM-EA-CCSD/aug-cc-pVDZ calculations
with frozen core orbitals. FV denotes calculations with 31 frozen virtual orbitals.
FV+basis denotes calculations with 31 frozen virtual orbitals and reduced basis set:
aug-cc-pVDZ on heavy atoms and cc-pVDZ on H.

Figure 4.20: The effect of the basis set on β and σ for Na(NH3)5 computed with
ωB97X-D.
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4.6 Appendix B: Wave function analysis

Figure 4.21: Dependence of states’ size, ∆RΨ, on cluster size for the four lowest
electronic states of Na(NH3)n, n=0-10, and Na(DME)m, m=0-4, at the EOM-EA-
CCSD/aug-cc-pVDZ level of theory.

Koopmans’ character of the EOM-EA states can be quantified by the weight of

Hartree-Fock LUMO in the first Dyson orbital, w(LUMO) = cle f t
LUMO ∗ cright

LUMO, where

c are the coefficients of the normalized left and right Dyson orbitals. w(LUMO) are

shown in Fig. 4.3 of the main manuscript. As we can see, with the increasing size of

the system, the deviation from the Koopmans’ picture increases, and the discrepancy is

larger for DME clusters.
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4.7 Appendix C: The effect of thermal fluctuations on

the observables

Figure 4.22: Anisotropy parameters and total cross-sections computed at different
snapshots from the equilibrium trajectory of Na(NH3). EOM-EA-CCSD/aug-cc-
pVDZ.

Figure 4.23: Anisotropy parameters and total cross-sections computed at different
snapshots from the equilibrium trajectory of Na(DME). EOM-EA-CCSD/aug-cc-
pVDZ.
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Figure 4.24: Anisotropy parameters and total cross-sections computed at different
snapshots from the equilibrium trajectory of Na(NH3)4. EOM-EA-CCSD/aug-cc-
pVDZ.

Figure 4.25: Anisotropy parameters and total cross-sections computed at different
snapshots from the equilibrium trajectory of Na(NH3)6. EOM-EA-CCSD/aug-cc-
pVDZ.
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Figure 4.26: Anisotropy parameters and total cross-sections computed at different
snapshots from the equilibrium trajectory of Na(DME)4. EOM-EA-CCSD/aug-cc-
pVDZ.

Figure 4.27: Anisotropy parameters and total cross-sections computed at different
snapshots from the equilibrium trajectory of Na(DME)6. ωB97X-D/6-31+G(d).
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Table 4.4: State properties computed using the EOM-EA-CCSD/aug-cc-pVDZ

wave functions and properties of the Dyson orbitals for the lowest electronic state

of Na(NH3)6 at selected snapshots. VIEs are given in eV and other quantities in

a.u.

Snapshot, fs Properties Values Picture

equilibrium VIE 2.76

µ 2.17

∆RΨ 8.89

R̄d 7.94

deh 3.98

3360 VIE 2.68

µ 2.13

∆RΨ 8.94

R̄d 8.13

deh 4.23

4800 VIE 2.61

µ 2.03

∆RΨ 9.14

R̄d 8.50

deh 3.01

5280 VIE 2.57

µ 0.97

∆RΨ 9.22
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R̄d 8.99

deh 1.47

8160 VIE 2.83

µ 2.00

∆RΨ 8.63

R̄d 7.80

deh 3.93
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4.8 Appendix D: Comparison of DFT and EOM-EA

Dyson orbitals: The effect on β and σ

Figure 4.28: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3) (upper panel) and Na(DME) (lower panel).
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Figure 4.29: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)2 (upper panel) and Na(DME)2 (lower panel).
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Figure 4.30: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)3 (upper panel) and Na(DME)3 (lower panel).
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Figure 4.31: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)4 (upper panel) and Na(DME)4 (lower panel).
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Figure 4.32: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)5 (upper panel) and Na(DME)5 (lower panel).
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Figure 4.33: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)6 (upper panel) and Na(DME)6 (lower panel).
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Figure 4.34: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)7 (upper panel) and Na(DME)7 (lower panel).

Figure 4.35: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)8.
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Figure 4.36: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)9.

Figure 4.37: Anisotropy parameters and total cross-sections computed using
the EOM-EA-CCSD Dyson orbitals and Koopmans’ theorem (Kohn-Sham and
Hartree-Fock SOMOs) for Na(NH3)10.
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Chapter 5: Photoionization of arginine

in gas phase and in solution

5.1 Introduction

Gas-phase studies of amino acids are essential for extracting thermochemical informa-

tion necessary to understand fragmentation patterns1 in proteomics2 and genomics3.

The ionization energies of amino acids in the gas phase are also needed for studies of

amino acids on semiconducting surfaces4 relevant in the context of new types of bio-

devices. Since they are non-volatile and fragile, introducing amino acids into the gas

phase is a challenging task. Moreover, amino acids easily undergo dissociative ioniza-

tion facilitated by depositing internal energy into molecules upon vaporization. There-

fore, for measuring ionization energies and studying fragmentation channels it is impor-

tant to distinguish between thermal decomposition in the gas phase and fragmentation

upon ionization. In the extensive study of Lichtenberger et. al5, which focused on deter-

mining correlations between adiabatic ionization energies (AIEs) and proton affinities,

two amino acids are missing due to the complete absence of data: histidine and argi-

nine. The two are similar in that they have large proton-acceptor functional groups in

their long side chains, leading to existence of numerous low-lying isomers. Histidine

was recently studied6 by mass spectrometry with VUV synchrotron radiation ionization
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using a novel method of impaction of nanoparticles on a heater for generating gas-phase

amino acids. Accompanying theoretical modeling (using B3LYP) suggested that seven

conformers are accessible under the experimental conditions.

Figure 5.1: Different forms of arginine.

Arginine, in turn, was shown7 to have over a hundred isomers – setting the record

among 20 natural amino acids. In the gas phase, conformers of canonical or tautomeric

type (sketched in Fig. 5.1) are the most abundant. The existence of zwitterionic forms in

the gas phase has been extensively debated8, but ab initio calculations7 suggested that,

despite being considerably higher in energy, they are within thermally accessible range.

Even at low temperatures, several isomers have considerable populations in equilib-

rium vapor, making the system intrinsically multi-isomeric; at room temperature at least

eight isomers are present7. The large number of isomers arise due to a large and flexible

side chain with the guanidine group: it participates in various non-covalent interactions,

exhibiting stereoelectronic effects and forming multiple red- and blue-shifting hydro-

gen bonds, and even double hydrogen bonds. This imposes stringent requirements for
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appropriate electronic structure method and basis set, as shown in an extensive bench-

mark study9. For instance, including perturbative triples correction (T) is highly desir-

able for coupled-cluster with single and double substitutions (CCSD), while preferable

density functional theory (DFT) functionals are of double-hybrid type, and at least D3

correction is necessary for dispersion. Among lower-rung functionals, hybrid B3LYP10

and ωB97X11 perform relatively well, provided that they are combined with a suitable

description of dispersion. In terms of basis sets, extensive polarization and diffusion

contributions are important, however, going beyond triple ζ is not needed. In geometry

optimizations, canonical protocol of isomer search with semiempirical PM3 method,

highly successful in many cases, overlooks tens of low-lying isomers; B3LYP performs

well as a starting point, but further second order perturbation theory (MP2) refinement

is desirable7. Clearly, studying photoionization of such complicated system calls for

a high level of theory, such as the equation-of-motion coupled-cluster with single and

double substitutions for ionization potential (EOM-IP-CCSD) method12–14.

5.2 Computational details

Equilibrium geometries of neutral arginine (shown in Fig. 5.2) were obtained from Ref.

7, where they were computed at the MP2/6-31++G(d,p) level of theory. We labeled iso-

mers according to the order of CCSD/6-31++G(d,p) total energies from Ref. 7 (i.e., t1

corresponds to the lowest energy tautomeric form). We performed calculations of ver-

tical ionization energies (VIEs) and Dyson orbitals of selected isomers using EOM-IP-

CCSD/aug-cc-pVDZ. We optimized the structures of gas-phase cations using ωB97X-

D3/6-31++G(3df,2pd), starting from the geometries of neutral isomers (which corre-

sponds to vertical ionization). We subsequently computed AIEs as difference between

the EOM-IP-CCSD energy of the cation at its equilibrium structure and the CCSD total
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energy of the neutral at the corresponding equilibrium structure, corrected by zero-point

vibrational energies computed with ωB97X-D3/6-31++G(d,p).

 
 

 

 

t1 t2 c3 t4 

 

 

 

t5 t6 z7 z8 
 

Figure 5.2: Isomers of arginine considered in this work. ti denotes tautomeric
conformers, c3 denotes canonical form, and z j denotes zwitterionic conformers.

To model the impact of energy imparted by ionizing photons, we carried out ab

initio molecular dynamics (AIMD) simulations for cationic species with ωB97X-D3/6-

31++G(d,p). The 9675 fs trajectory was initiated from the neutral equilibrium geometry

and the initial velocities were randomly sampled from the Maxwell-Boltzmann distri-

bution at 10,000 K (∼1 eV of excess energy), 1000 K (∼0.1 eV of excess energy), and

400 K.

To model ionization in condensed phase, we performed geometry optimizations

of aqueous neutral and cationic arginine with ωB97X-D3/6-31++G(3df,2pd)/CPCM

(conductor-like polarizable continuum model, PCM). The equilibrium structures of the
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neutral species in water were sampled using classical molecular dynamics (MD) with the

OPLS-AA force field and SPC/E description for water in a cubic 20 Å box with peri-

odic boundary conditions. We considered two forms: carboxyl-to-amino zwitterionic

structure without counterions and a singly protonated at the guanidine group form with

the Cl− counterion. The initial geometries were taken from the gas phase and then opti-

mized with a chosen force field in solution; the initial velocities were randomly sampled

from the Boltzmann distribution at 300 K. Following temperature equilibration in the

NVT ensemble and density equilibration in the NPT ensemble, 1 ns production run was

performed. We computed VIEs at snapshots (taken every 50 ps, total of 21 snapshots)

using EOM-IP-CCSD/MM (molecular mechanics) with the quantum mechanical (QM)

part comprising arginine. Such calculations agree within 0.2 eV for the 8 lowest VIEs

with the results obtained for the larger QM part, which included arginine and 7 or 6 water

molecules. We used a truncated basis set: aug-cc-pVDZ for heavy atoms and cc-pVDZ

for H atoms; these VIEs agree with the full aug-cc-pVDZ description within 0.1 eV. For

one snapshot, we also considered EOM-IP-CCSD/CPCM and microhydrated clusters of

varying size in vacuum (described by EOM-IP-CCSD). We selected water molecules for

the QM part and for microsolvated clusters based on hydrogen bonding criteria as fol-

lows: one closest water molecule, three donor water molecules near the carboxyl group,

three acceptor water molecules, six molecules (a combination of two previous triades),

one extra closest water molecule giving seven in total. For microsolvated clusters we

also included one with three more water molecules, totaling ten. Unfortunately, includ-

ing more than 7 water molecules into the QM region within QM/MM or QM/CPCM

turns out to be too expensive at the EOM-CC level and an attempt to further reduce

basis set (to cc-pVDZ on all atoms) introduces considerable 0.2-0.3 eV errors.
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All electronic structure calculations were carried out with the Q-Chem package15

and molecular dynamics simulations in water were performed using Gromacs16.

5.3 Results and discussion

5.3.1 Gas-phase ionization

On the basis of previously reported7 computed equilibrium populations of gaseous argi-

nine, we considered six lowest-lying conformers of the canonical and tautomeric type,

and two zwitterionic conformers (see Fig. 5.2). For each structure, we computed 9

VIEs (5 for zwitterions) based on the analysis of energies of the occupied Hartree-Fock

(HF) orbitals. All these ionizations are almost pure one-electron transitions, with the

norms of Dyson orbitals being 0.94–0.95. They also follow Koopmans’ predictions in

terms of the leading contributing canonical orbitals, except for the second and the third

transitions in zwitterionic conformers, which have leading contributions from HOMO-2

and HOMO-1, respectively (where HOMO denotes highest occupied molecular orbital).

The computed lowest VIEs, AIEs, and the corresponding Dyson orbitals are collected

in Fig. 5.3.

The optimization of the cationic structures reveals that several conformers undergo

dissociative ionization producing neutral CO2 and amine cations. These processes are

highly exothermic: 2.2 eV for the tautomeric conformers and 1.6 eV for the zwitterion.

Other isomers undergo substantial structural relaxation, resulting in a 1 eV difference

between the lowest VIE and AIE. Such significant relaxation hints that Franck-Condon

factors for the 0-0 transition might be unfavorable. All non-dissociating conformers

maintain their type of structure (i.e., they remain tautomeric, or canonical, or zwitteri-

onic). The leading contributions to the Dyson orbitals come from the guanidine and/or
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(t1) 

8.46  
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(t2) 

8.51  
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(t4) 

8.96 7.01 (diss) 

(t5) 

8.96 7.01 (diss) 

(t6) 

8.56  
7.53 

(z7) 

8.11 6.61 (diss) 

(z8) 

8.13  
7.39 

Figure 5.3: Energies and Dyson orbitals of different isomers of arginine at the
Franck-Condon (left columns) and relaxed (right columns) structures.

carboxyl group. We note that the Dyson orbitals computed at the relaxed ionized struc-

tures are somewhat more localized compared to the Dyson orbitals computed at the

initial (neutral) structures. Fig. 5.4 presents the computed stick spectra containing nine

lowest VIEs and the lowest AIE for the isomers with a non-dissociative cationic state.

According to the AIMD simulations (carried out for a representative set of t1, c3,

t4, and z8 isomers), imparting energy (1 eV, or 0.1 eV, or even 400 K) into the cationic
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Figure 5.4: Stick spectra showing the lowest nine VIEs and the lowest AIE for t1,
t2, c3, t6, and z8 isomers of arginine.

systems leads to a rapid dissociation on < 50 fs timescale. The resulting fragments are

small, up to atoms, except for the lowest excess energy (400 K), at which for some

canonical/tautomeric conformers we observed proton transfer to guanidine. The result-

ing zwitterionic structures underwent CO2 abstraction – again, within 50 fs – and the

resulting cations remained stable throughout the rest of the simulation, i.e., for about 10

ps.
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To conclude, our calculations strongly suggest that ionization of arginine in the

gas phase leads to rapid fragmentation and only a small yield of parent cation can be

expected.

5.3.2 Effect of solvation

To gain an insight into effect of the solvent on ionization, we performed geometry opti-

mizations at the ωB97X-D3/6-31++G(3df,2pd) level of theory with the CPCM descrip-

tion of solvent, in a similar manner as was done in the gas phase. The initial structures

were optimized starting from the gas-phase geometries. The geometry optimization of

the cations was performed starting from the Franck-Condon structures. The initial struc-

tures of solvated species remained similar to their gas-phase counterparts, but no disso-

ciation was observed for the final cationic species, revealing that solvation introduces

qualitative changes into the ionization process. The structures of most of the cations

were similar to those of the corresponding neutral systems, but some converted to zwit-

terionic types. We observed two main scenarios: some isomers produced zwitterions

with the guanidine group protonated, while others underwent proton transfer resulting

in the protonated amino-group.

Prompted by this observation, we decided to consider an amino-zwitterion, in addi-

tion to the protonated structure, in the MD simulations of aqueous arginine. The amino-

zwitterion was extensively tested to evaluate the effects of varying the size of the QM

part (shown in Fig. 5.5), as well as to assess the performance of the implicit CPCM

model and microsolvation in vacuum.

We found that having 6 or 7 explicit water molecules in QM yields similar VIEs.

We note that, for the converged results, the solvation shell must include both donor- and

acceptor-type hydrogen bonds with the solute, otherwise the description is imbalanced,
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Figure 5.5: Arginine with closest hydrogen-bonded water molecules. Left to right:
one closest water molecule, three donor water molecules near the carboxyl group,
three acceptor water molecules – in the upper row; six (a combination of three
donor and three acceptor) water molecules, seven (six and one closest), ten (seven
and three closest) molecules – in the lower row.

leading to considerable discrepancies in VIEs computed with either 6, 7 or 0 water

molecules in the QM region. Having 0 or 6/7 explicit water molecules does not introduce

more than 0.2 eV difference in VIEs across all states, with a notable exception of state

9, where having only arginine in QM produces over 1 eV error. We note that this energy

(around 12 eV) exceeds ionization energy of bulk water (11 eV17). Indeed, the analysis

of Dyson orbitals for the 9th state (shown in Fig. 5.6) reveals a qualitative change upon

adding water into QM and considerable contributions of water molecules, when they

are available. Comparison with the Dyson orbitals for the first state, Fig. 5.7, confirms

that this effect is specific only for some states. Consistently with no water contribution

into the corresponding Dyson orbital, the lowest VIE changes within 0.1 eV for all

considered sizes of the QM region.

Compared to the QM/MM result with 7 water molecules, PCM produces errors of

up to 0.5 eV when only arginine is included into the QM part, with the exception of
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Figure 5.6: Dyson orbitals corresponding to the 9th ionized state computed at
QM/MM level for arginine with different number of water molecules in QM.

the 1 eV deviation for the 9th state. Introducing explicit water molecules into the QM

region improves the results, reducing errors to 0.4 eV. These observations agree with
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Figure 5.7: Dyson orbitals corresponding to the first ionized state computed at
QM/MM level for arginine with different number of water molecules in QM.

conclusions in previous studies18–21 that PCM description of solvent leads to consider-

able errors for ionization energies.

In the gas phase, when no solvent molecules are included in the calculations, the

VIEs differ by 0.5–1 eV from the QM/MM data, but microsolvation with 10 water
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molecules brings the difference down to 0–0.5 eV. The comparison of the first Dyson

orbital computed with QM/MM or QM/CPCM in solvent and QM only in vacuum

for arginine with 7 water molecules is shown in Fig. 5.8. The orbitals look qualita-

tively similar, but adding solvent leads to some delocalization. We note that reference

HF orbitals are considerably different, with Dyson orbitals containing 86% HOMO +

10% HOMO-1, 91% HOMO + 7% HOMO-1, 71% HOMO + 28% HOMO-1 within

QM/MM, QM/CPCM, and QM only descriptions, respectively.

Figure 5.8: Dyson orbitals corresponding to the first ionized state of hydrated or
micro-hydrated arginine with 7 water molecules. From left to right: QM/MM,
QM/CPCM, QM only.

QM/MM VIEs of the 9 lowest ionized states averaged over 21 snapshots are shown

in Fig. 5.9. The stick spectrum from the MD snapshots was convoluted with Gaussians

0.2 eV wide (typical resolution of synchrotron photon source). Since all transitions

remain almost pure one-electron in the solvent, with the Dyson orbitals norms exceeding

0.9 in every case, we applied the same cross-section approximation and used unit height

for every stick. Considerable broadening makes the lines overlap, such that the maxi-

mum of the resulting spectral line is shifted away from the averaged first IE. We expect

some additional contributions from bulk water ionization to appear between states 8 and

9, but this would not affect the first peak. Despite different protonation states, the max-

ima of the first peak happen to be around 10 eV for both species. Protonated arginine,

however, yields much narrower peak, such that the onsets differ by ∼0.5 eV.
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Figure 5.9: Computed photoelectron spectra of zwitterionic and protonated argi-
nine in aqueous solution.

In sum, we observe that solvation: (i) suppresses the dissociative ionization and

(ii) requires considering several ionized states due to close-lying IEs and considerable

broadening.
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Chapter 6: Future work

We derived and implemented the equation-of-motion coupled-cluster with single and

double substitutions (EOM-CCSD) Dyson orbitals, which can be used for computing

total and differential cross-sections and for assisting the interpretation of experimental

studies. The research presented in this thesis opens many ways for expansion, in terms

of both method development and studying solvation effects.

6.1 Method development: Electronic structure part,

outgoing electron and experimental observables

modeling, extension to time-resolved experiments

For electronic structure part of the problem, derivation and application of Dyson orbitals

within EOM-MP2 formalism1 would allow to reduce the scaling of the calculations

from O(N6) to O(N5), while maintaining accuracy and simplicity of the formulation.

As can be readily seen from the programmable expressions derived in Chapter 2, this

will require implementing EOM-MP2 left vectors. Currently only EOM-CC left vectors

are implemented, while EOM-MP2 left vectors for the reference state are not available2.

Such implementation will extend the size of the systems that can be tackled.
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Another interesting line of research is to investigate the asymptotic behavior of

EOM-CC Dyson orbitals computed using Gaussian-type basis sets (GTO). As was

shown long ago3, the correct asymptotic behavior of the radial part is

φ
d(r) ∝ e−αr, (6.1)

where α is related to the ionization energy, α =
√

2 · IE. However, the radial part of

GTOs is defined as

φ(r) = n(l,β)rle−βr2
, (6.2)

where n is normalization coefficient, specific for an angular momentum l. Thus, the

asymptotic decay will follow e−βdi f f r2
, where βdi f f is the exponent of the most diffuse

GTO basis function. It would be interesting to determine at which r values (angular

dependent in the case of molecules due to non-spherical symmetry) the performance

deteriorates, and to connect it to basis-set size and diffuseness, as well as to assess the

effect on the computed spectral properties. Even though we do not expect significant

deterioration, since with the increase of r, the exponent decreases faster than a linear

function (dipole moment operator r), some improvement was observed4for calculating

β anisotropy parameters and total photoionization cross-sections when using Slater-type

orbitals (which have correct asymptotic behavior) instead of GTOs in density functional

theory (DFT).

In Chapter 3, it was shown that simple single-center expansion with physically

meaningful single parameter Z enables modeling cross-sections for broad range of pho-

ton energies and very simple one-dimensional model was proposed for computing opti-

mal Z from the first principles (i.e., without fitting to experimental results). This idea

needs to be generalized and expanded to full dimensionality and any types of outgoing
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waves. Furthermore, ezDyson can be expanded for computing experimental observ-

ables for autoionization or autodetachment processes, taking the extension of Dyson

orbitals for metastable states5 within EOM-CC approach with complex absorbing poten-

tial (CAP) as an input. For this development, one needs to incorporate both real and

imaginary parts of CAP-EOM Dyson orbitals. As metastable states play very important

role in plasmas, atmospheric chemistry, and in extraterrestrial conditions, the results

can be used to provide parameters for kinetic modeling of those processes. In particular,

by application to stable and metastable, valence and dipole-bound anions relevant for

interstellar space, this study can contribute towards resolving the puzzle of the diffuse

interstellar bands6, 7.

Time-resolved photoelectron spectroscopy and imaging, TRPES and TRPEI8–12, are

sensitive to nuclear degrees of freedom of the systems, which means that their modeling

needs to account for non-adiabatic dynamics. Currently, full dynamics at the EOM-CC

level is not affordable beyond the smallest systems. It also requires implementation of

the EOM-CC non-adiabatic couplings. Having EOM-MP2 Dyson orbitals would be very

useful for these studies, too. MS-PT2 implementation13 suggests that at least within ab

initio multiple spawning (AIMS) scheme the EOM treatment would be possible and,

moreover, superior due a common set of the MOs for all states by construction. At

the same time, EOM treatment at some snapshots can be used14 for benchmarking when

selecting appropriate density functional, if time-dependent DFT, TD-DFT, happens to be

electronic structure method of choice15. For instance, we have already shown in Chap-

ter 4 that DFT self-interaction error has significant effect on orbitals and experimental

spectroscopic properties of sodium-doped clusters in their ground electronic state.
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6.2 Understanding solvent effects

There are numerous possibilities to expand studies of solvated electrons by, for exam-

ple, considering different solvents, various dopants, or neat clusters. The methodology

described in Chapter 2 would be especially useful and powerful for the following:

• characterizing excited states of solvated electrons by EOM-EA/EOM-EE (EOM-

CC for electron attachment or excitation) Dyson orbitals (related to the experi-

mental study of Gartmann et. al16)

• describing multi-doped Mk(NH3)n clusters by using EOM-EA/EOM-SF (EOM-

CC for electron attachment or spin-flip) combination. Such clusters are interesting

for understanding if bulk phase transition of the solvated electrons (reviewed in

Ref. 150) exists at cluster level.

Although it is unclear whether direct TRPEI modeling would be affordable for the first

problem, it would be very interesting to try. Alternatively, as discussed above in sec-

tion 6.1, theory can contribute by providing information on vertical excitation energies

and oscillator strengths of transitions to the lowest-lying excited states, as well as by

providing photoelectron angular distributions (PADs) for these states as a reference for

facilitating the interpretation of experimental results. For the second problem, even

though we would not be able to model as large clusters as in the experimental studies17,

we can directly visualize and discover trends for varying k, n, and metal M, as well as

provide benchmarks for approximate treatments, as was done in Chapter 4.

One can develop a molecular-level insight into solvent effects on ionization by

visualizing and comparing Dyson orbitals in the gas phase, in microsolvated clusters

of various sizes, and in bulk water. One interesting model system would be phenol
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and phenolate, whose photoionization/photodetachment was modeled18 at the EOM-

IP-CCSD/EFP (effective fragment potential) level of theory. In that study aqueous

photoionization and photodetachment spectra were successfully reproduced using the

molecular dynamics (MD) snapshots, but the relative intensities were incorrect, possi-

bly because of the same cross-section approximation. By comparing to the experimental

gas-phase spectra19, 20, we notice a different trend in relative peak intensities, however,

apart from having no solvent, the gas phase experiments are conducted at much lower

photon energies, 21.2 and 3.5 eV for phenol and phenolate, respectively – compared to

200 eV in solution. Therefore, visualizing Dyson orbitals for different solvation states

of phenol and phenolate (including microsolvation), followed by computing total cross-

sections in a broad range of photon energies, will provide an insight into the underlying

physics as well as allow one to test the validity of extrapolations from microhydration

to bulk for total cross-sections. Additionally, we can evaluate applicability of the same

cross-section approximation under different conditions.

Preliminary gas-phase and microsolvation results are shown in Fig. 6.1. These

Dyson orbitals suggest that we should expect different behavior of the two species upon

solvation, with anion being more sensitive. The next step would be to compute total

cross-sections at different snapshots in solution, as was done in previous work18, and to

incorporate them into the peak profiles. Since the computed cross-sections are absolute

values in the atomic units21, we can directly compare the outcome with the experimental

spectra. Similar procedure can be applied to gas-phase data at the corresponding exper-

imental photon energies, combined with gas-phase MD snapshots to take temperature

effect into account. Finally, cross-sections can be modeled for a broad photon energy

range in different solvation states (no solvent, clusters, bulk) to discriminate between

solvent effects and the role of experimental setup and to test if convergence to bulk
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Figure 6.1: Second Dyson orbital for the bare (top) and doubly hydrated (bottom)
phenol and phenolate.

with cluster size increase is observed. Visualizing the corresponding Dyson orbitals

will allow one to visually connect the trends in the experimental observables with the

underlying microscopic picture, and comparing Dyson orbitals’ norms with the com-

puted cross-sections will allow one to assess the validity of approximating cross-section

by the norms in different regimes.

6.3 Scanning tunneling microscopy

While photoelectron imaging provides indirect observation of changes in wave functions

upon photoionization via PADs, scanning tunneling microscopy (STM) is designed to

directly obtain images of electron density, an example of which is shown in Fig. 6.2.

The observable quantity in microscopy experiments is the space- and frequency-

resolved spectral density N(r,ω), a many-body analogue of density of states ρ(r,ω).
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Figure 6.2: Cartoon (a) and STM image (b) of CoPC and its anions adsorbed on
a h-BN monolayer on Ir(111). Inset in (a) shows the chemical structure of CoPC.
Reprinted by permission from Macmillan Publishers Ltd: Nature Physics (Ref. 22),
copyright 2015.

The STM images are usually analyzed in terms of the uncorrelated orbitals, which pro-

duces density of states (a recent molecular example can be found in Ref. 23). Toroz

et. al.24 went further and utilized many-body treatment, borrowing quasi-particle wave

function (QPWF) description from solid state physics25, 26. When the tip is not included

into the description, the quasi-particle here is of a hole type, “dressed” by the interaction

with N electrons of the system:

N(r,ω) = h̄∑
i
|〈N−1, i|Ψ̂(r)|N,0〉|2×δ(h̄ω−E0(N)+Ei(N−1)) (6.3)

Here |N, i〉 is i-th excited state of an N-electron system with total energy Ei(N); i = 0

represents ground state. In principle, the system comprises both the molecule and the

substrate, but experiments can be designed to make molecule isolated electrically from

the substrate by adding an insulating layer. In this case, one can focus on the molecule

alone (only the effects of tunneling to or from substrate would be neglected).
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Then in case of well-separated states with respect to the experimental resolution, i.e.,

by having E0(N)−Ei(N−1) > h̄dω, one obtains spectral density as the square modulus

of hole-type QPWF:

N(r,ω)dω = |〈N−1|Ψ̂(r)|N〉|2 = |hQPWF(r)|2 (6.4)

Taking into account the form of Fermi field operator as a combination of contributions

from basis orbitals, one can immediately see that Ψ̂(r) = ∑p âpϕp(r), Eq. (6.4) rep-

resents the Dyson orbital. That is, under certain conditions, the STM affords direct

observation of spatially resolved molecular Dyson orbitals (squared). Toroz et. al.24, 27

used primarily configuration interaction singles and doubles, CISD (which lacks size-

extensiviy), and, in limited cases, CCSD in order to include the effects of electron corre-

lation into STM image modeling. In their calculations, for computational convenience

the CI/CC coefficients for the neutral initial and for the final N−1-electron states were

computed using the same set of canonical HF orbitals of neutrals. Even such approx-

imate treatment allowed them to predict27 the case where correlation is expected to

qualitatively change observed image.

Our approach for Dyson orbitals (Chapter 2) is more robust and naturally allows one

to compare correlated and uncorrelated pictures directly from one calculation, simpli-

fying analysis and prediction process. Furthermore, we can go beyond a simple model

and contribute towards improvement of more complicated descriptions of STM images.
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