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Abstract

The coupled cluster models CCSD and CC3 are used to investigate the (core) excited

states and ionization energies of glycine in the gas phase. Excited states and ionization

energies in the UV spectral range are calculated using standard coupled cluster linear

response, while core-level excited states and ionization potentials are calculated using

the core-valence separation approximation. The temperature dependence from different

conformers is also assessed.

Introduction

Glycine is the smallest amino acid found in proteins and is often used as a model system

for studying properties of biological molecules.1 Due to its essential role in living organisms,

there have been numerous studies trying to detect glycine in the interstellar medium as

this would support the hypothesis of panspermia.2–6 Even though claims of its successful

detection in three high-mass star-formation regions were made in 2003,2 they were disputed

just two years later3 and finally rejected in 2007.4,5 Thus, glycine in the interstellar medium

remains elusive, despite being one of the most intensively hunted prebiotic molecules.

In the gas phase glycine exists as neutral species while in solution it is a zwitterion.

Glycine is also one of the smallest molecules with internal hydrogen bonding, which results

in a large number of stable conformers.7–9 The literature contains many experimental studies

on glycine characterizing the properties of the molecule, including several X-ray spectroscopy

studies in gas phase,10–12 in solution13 and in solid state.14,15 However, gas phase UV absorp-

tion spectra have not been reported so far, probably due to the low vapor pressure making

such an experiment challenging.

Accurate computational methods can be an invaluable help when interpreting experi-

mental results such as X-ray absorption spectra.16 The static exchange (STEX) method17

has been used in many studies to simulate spectra. While STEX can give good qualitative

spectra, it requires shifts of several eV to agree with experimental peaks. A more advanced
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method is the Algebraic Diagrammatic Construction (ADC).18,19 In this approach, an effec-

tive Hamiltonian is constructed based on perturbation theory. This results in a size extensive

and explicitly Hermitian theory. By combining this method with the core-valence separation

(CVS) approximation,20–22 the ADC(2) approach has often been used to calculate X-ray

absorption spectra. For instance, Wenzel et al.23 were able to calculate X-ray absorption

spectra at the ADC(2) and UADC(2) level of medium sized molecules. The extended ADC(2)

method, named ADC(2)-x, showed good agreement with experimental data, but fortuitous

error cancellation probably plays an important role, and the accuracy is difficult to improve

systematically.24

Coupled cluster (CC) theory25–28 is one the of the most accurate electronic structure

models routinely used in quantum chemistry. Applying linear response (LR)29,30 or equation

of motion (EOM) theory,31,32 it is possible to quantitatively predict molecular properties

such as absorption and ionization spectra. However, using CC theory to simulate X-ray

spectra has been lagging behind for a long time, due to the difficulties to selectively converge

to the high energetic core states and to recover the large relaxation effects that occur upon

promotion of a core electron.

An early attempt to address core excitations with CC theory is the two step open shell

electron attachment (OS-EA-EOMCC) procedure of Nooijen and Bartlett, that utilized

a coupled cluster singles and doubles (CCSD) description of the core ion to include the

large relaxation effects, followed by adding an extra electron to the core-ionized state to

obtain the various core-excited states of the neutral system.33 More than a decade later,

Lanczos and Arnoldi based procedures were explored,34–36 as well as state specific multiref-

erence CC,37 complex polarization propagator,38 restricted window39 and time dependent

EOMCC40 schemes.

The CVS approximation was introduced in CCLR/EOMCC in 2015 by Coriani and

Koch 41,42 in the form of a projector operator that iteratively eliminated pure valence excita-

tions during the solution of the CC eigenvalue equations. By removing the space of valence
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excited states from the solution space, convergence problems are avoided. Using CVS has

proven extremely efficient in yielding core excitations and ionisations within CCLR and

EOMCC theory.43–47 In general, calculation of spectroscopic observables related to the inter-

action of the molecular system with X-ray radiation displays strong dependence on the level

of theory and size of the basis set, especially when describing excited states with Rydberg

character.44,45,47,48

Because core excitations and ionizations tend to be highly localized, they are well suited

for local approaches. In multilevel CC,49 a part of the molecule is treated with higher ac-

curacy than the rest in order to reduce computational costs. The multilevel CC method

successfully described X-ray spectra when combined with the CVS approximation.50–52 An-

other approach to reduce the cost of EOMCC is using a perturbative description of the

excited states. By solving for the excited states in the much smaller space of singly excited

states and then including correlation from the doubles perturbatively, Sadybekov and Krylov

were able to model the X-ray spectra of glycine in aqueous solvent and predicted significant

differences in the spectra between different protonated forms.53

The core-valence separation approximation has also been combined with the frozen core

(fc) approximation for the ground state,48 yielding the fc-CVS-EOMCCSD method. Intu-

itively, one would expect errors from excluding correlation for the core orbitals in the ground

state, but the approximation results in a constant shift of the whole core-excited spectrum,

similar to the inclusion of core correlating functions in the basis set,45 except in the oppo-

site direction. This can be understood as the improved description from the core orbitals

lowering the ground state energy while the lack of correlation from the frozen core raising

it. Because CVS-CCSD consistently overestimates core excitation and ionization energies,

the fc-CVS-CCSD core excitations and ionization energies were found to be systematically

closer to the experimental reference data than the CVS-CCSD ones, whereas the spectral

intensities are basically the same.

Very recently, the CVS approximation has also been combined with the ∆CC method
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and successfully used to describe core ionizations.54 In this method, CC states are computed

using wavefunctions with core holes as reference and CVS is used to ensure the method does

not collapse towards the ground state.

In this work, we present and compare spectroscopic data of glycine calculated at the

CCSD27 and CC3 (coupled cluster singles, doubles and approximate triples)28,50 levels of

theory. Specifically, we have modelled absorption and ionization spectral parameters in the

UV and X-ray energy ranges using the LR formalism, and compared them to experimental

values from the literature.11,12 We also compare our CCSD results with the results obtained

with the fc-CVS-CCSD approach. As excited state properties show a strong dependence

on the basis set, we have performed calculations with different sets in order to determine

the best compromise between accuracy and cost. We also investigate the effect of different

conformers.

Theory

In coupled cluster theory, the wave function is expressed as the exponential of a cluster

operator, T , operating on a reference state, typically a Hartree-Fock (HF) wavefunction.

|CC〉 = exp(T ) |HF〉 (1)

The cluster operator is a sum of excitation operators (τµ) each weighted by the corresponding

amplitude (tµ), T =
∑
µ

tµτµ, where µ refers to excited determinants in the Fock space. The

wave function parameters are then determined by projection.

E = 〈HF| exp(−T )H exp(T ) |HF〉

Ωµ = 〈µ| exp(−T )H exp(T ) |HF〉 = 0

(2)

Excitation energies and excited state properties are usually calculated using either CC
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linear response (LR)29,30 or equation of motion (EOM) CC.32 The critical step in both

methods is finding the eigenvalues of the Jacobian matrix, A, with elements given by eq. (3).

Aµν =
∂Ωµ

∂tν
= 〈µ| exp(−T )[H, τν ] exp(T ) |HF〉 (3)

Because the Jacobian is non-symmetric, both the right, Ri, and left, Li eigenvectors must

be determined in order to obtain excited state properties

ARi = ωiRi LT
i A = ωiL

T
i . (4)

The eigenvectors satisfy the biorthogonality condition, LT
i Rj = δij, and the eigenvalues, ωi,

are the excitation energies of the system.

We employ the Davidson algorithm55 to determine the eigenvalues. This algorithm con-

structs a subspace, starting with the lowest eigenvalue. As a result, finding eigenvalues

corresponding to core excited states is not straightforward because they are embedded in a

continuum of valence excited states. The CVS approximation20,41 overcomes this limitation

by taking advantage of the very small coupling between valence- and core excited states.

Vector elements corresponding to such couplings can then be set to zero without loss of

accuracy and the algorithm will not collapse to valence excited states.

In order to calculate ionization energies, an extremely diffuse orbital can be added to the

basis set.41,56 Integrals involving this orbital will then be zero and ionization energies are

approximated as the states with excitations to this orbital. It is possible to estimate the

(relative) strength of the corresponding ionization using the norm of the Dyson orbitals,57

which can be obtained from the transition density matrix elements for excitations to and

from the diffuse orbital.58 However, we have not calculated the strengths in this work.
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Results

Geometries

In order to compare our results to experiment, accurate geometries are required. Miller and

Clary1 identified five important conformers of glycine, summarized in Figure 1. Conformer

I indicates the numbering scheme adopted in this work, where atoms are ordered after their

1s orbital energy in descending order.

I (E = −283.80990 Eh) II (∆E=+3.29 kJ/mol) III (∆E=+6.89 kJ/mol)

IV (∆E=+5.46 kJ/mol) V (∆E=+10.21 kJ/mol)

Figure 1: Conformers of glycine with energies calculated at the CCSD(T)/aug-cc-pVDZ
level. For conformer I, the total energy is indicated in atomic units. The relative energies
with respect to conformer I in kJ/mol are reported for the other conformers.

The geometries were optimized at the CCSD(T) level using CFOUR59,60 and the aug-

cc-pVDZ basis set.61 A larger basis set would have been preferable, especially the cc-pVTZ

basis set because it shows favorable error cancellation with CCSD(T), but this would have

been computationally too expensive.62 Judging from the relatively small differences between

the different conformers, this is unlike to cause noticeable errors.

Zero-point vibrational energies were also calculated using the same model and basis

set. This was also done in CFOUR using the harmonic approximation and analytic second

derivatives.63 The zero point energies for all conformers were about 2.15 eV, consistent with
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earlier studies.1 Geometries, ground state energies and zero point energies are collected in

the Supplementary Information file. The optimized geometries of conformers I, II and III

have Cs symmetry up to the convergence threshold and most states could be clearly assigned

as either A′ (σ character), or A′′ (π character).

UV excitation- and binding energies of conformer I

In this section we present CCSD and CC3 UV excitation- and ionization energies calculated

for the lowest energy conformer (conformer I) using various basis sets. We also present CCSD

oscillator strengths computed in the length gauge. Our results are compared to experimental

values when these are available.

Based on our experience,44 diffuse basis functions61 are important for excited state prop-

erties and should be included in all basis sets. Furthermore, core-valence polarization func-

tions64 are required for accurate absolute core excitation energies. For the sake of brevity, we

adopt a shorthand notation for the basis sets. For example, aug-cc-pCVDZ will be referred

to as aCDZ. We also use mixed basis sets for core excitations and ionizations, and these are

indicated with parentheses, for example, a(CT)Z means aug-cc-pCVTZ on the atom being

excited and aug-cc-pVDZ on the rest.

Table 1 collects the results for the valence excitations and ionizations investigated. For the

most expensive calculation, namely CC3/aCTZ, we were only able to compute four excited

states due to the high computational cost. At least up to 7.5 eV, the differences in excitation

energies between aCDZ and aCTZ are 0.2 eV or less. However, when going from aCDZ to

aCTZ with CC3, the order of the third and fourth excitations changes. The A′′ states involve

orbitals with π character, that extends further away from the atoms in the molecule, so it is

not surprising that these are described better and get lower in energy relative to the A′ states

when the basis set is increased with more diffuse orbitals. A similar, but less pronounced

effect is observed for CCSD with the third and fourth states becoming almost degenerate

with aCTZ. In general, larger basis sets increase the excitation energies, while going from
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CCSD to CC3 reduces them, indicating that there is some error cancellation at work. We

note that Osted et al. 65 have also investigated the UV excitations of (among others) glycine

at the CCSD level of theory. Using the aug-cc-pVTZ basis set on the nitrogen atom and

aug-cc-pVDZ on the rest, they reported 5.88 eV (f = 5.3 × 10−4), 6.32 eV (+0.44 eV,

f = 1.25× 10−2), 7.24 eV (+1.36 eV, f = 4.61× 10−2), 7.48 eV (+1.60 eV, f = 1.54× 10−2)

and 7.61 eV (+1.73 eV, f = 3.16×10−2) for their minimum energy conformer, similar to our

results

As noted in the introduction, no experimental gas-phase UV results seem to be available

in the literature. Nonetheless, we report in Figure 2 a simulated UV spectrum of conformer

I calculated at the CCSD/aug-cc-pCVDZ level of theory. The computed sticks have been

broadened with a Lorentzian line-shape function and a line broadening of 0.1 eV half width

at half maximum (HWHM). In order to simulate the whole spectrum up to the ionization

edge, we used the aCDZ basis set in the calculations.
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Figure 2: Simulated UV/Vis spectrum for conformer I using CCSD/aug-cc-pCVDZ with ar-
bitrary intensity units. Vertical bars indicate the first CCSD/aCDZ (blue) and experimental
(red) ionization energies (almost identical).

For the ionizations, the effect of changing the basis set is marginally larger, with the

smaller basis set in a few instances yielding results slightly closer to the experimental ones.

The deviations from the experimental values for both CC methods are in any case modest

and do not exceed 0.32 eV. Similarly to the excitation energies, increasing the basis set tends
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to increase the ionization energies, whereas going from CCSD to CC3 reduces them.

Table 1: Calculated CCSD and CC3 excitation and ionization energies (eV),
CCSD transition moments (×100) and experimental ionization energies (±0.1)12

for conformer I. The higher excitations/ionizations are given relative to the first.

CCSD CC3 experiment
aCDZ aCTZ aCDZ aCTZ

∆E f Sym. ∆E f Sym. ∆E Sym. ∆E Sym. ∆E Sym.

5.90 0.01 A′′ 5.89 0.02 A′′ 5.88 A′′ 5.83 A′′ –
+0.55 1.62 A′ +0.74 1.57 A′ +0.51 A′ +0.68 A′ –
+1.37 7.72 A′ +1.58 7.44 A′ +1.28 A′ +1.33 A′′ –
+1.47 0.06 A′′ +1.58 0.03 A′′ +1.29 A′′ +1.45 A′ –
+1.67 1.01 A′ +1.86 1.06 A′ +1.61 A′ – –

10.01 – A′ 10.25 – A′ 9.97 A′ 10.13 A′ 10.0 A′
+0.89 – A′ +0.91 – A′ +0.90 A′ – +1.2 A′
+2.05 – A′′ +2.06 – A′′ +2.04 A′′ – +2.2 A′′
+3.52 – A′′ +3.46 – A′′ +3.43 A′′ – +3.7 –
+4.36 – A′ +4.32 – A′ +4.30 A′ – +4.4 –

Core excitation- and binding energies of conformer I

We now turn our attention to the X-ray spectra of conformer I. The CVS-CCSD core excita-

tion energies at all K-edges together with their relative intensities are presented in Table 2,

whereas CVS-CC3 and experimental excitation energies are given in Table 3. In this sec-

tion, CCSD will refer to CVS-CCSD-LR unless otherwise specified and CC3 will always

refer to CVS-CC3LR. Notice that the results presented here do not take relativistic effects

into account. Relativistic effects typically result in a constant shift of the whole spectrum,

depending almost exclusively on the type of core. Including scalar relativistic effects would

result in a shift of about +0.10 eV for carbon, +0.21 eV for nitrogen and +0.39 eV for

oxygen.35,45,46

Comparing the results from different basis sets in Table 2, it is clear that the main effect

of increasing the basis is a reduction of the excitation energy. This effect is largest for oxygen,

where the difference is more than 2 eV, while it is closer to 1 eV for carbon. The largest
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Table 2: CCSD core excitation energies (in eV), corresponding intensities (×100)
and symmetries of conformer I. Higher excitation energies are given relative to
the first.

aCDZ a(CT)Z aCTZ a(CQ)Z
∆E f Sym. ∆E f Sym. ∆E f Sym. ∆E f Sym.

C1

290.79 0.96 A′ 289.85 1.04 A′ 289.87 1.04 A′ 289.79 1.07 A′

+0.24 0.58 A′′ +0.21 0.62 A′′ +0.13 0.51 A′′ +0.21 0.65 A′′

+1.16 0.34 A′ +1.16 0.38 A′ +1.14 1.24 A′′ +1.16 0.40 A′

+1.18 1.19 A′′ +1.18 1.24 A′′ +1.15 0.48 A′ +1.18 1.28 A′′

+1.61 0.65 A′ +1.60 0.64 A′ +1.58 0.64 A′ +1.60 0.64 A′

C2

290.53 7.20 A′′ 289.48 7.55 A′′ 289.43 7.62 A′′ 289.35 7.64 A′′

+3.82 0.10 A′ +3.92 0.10 A′ +4.01 0.11 A′ +4.00 0.11 A′

+4.70 0.14 A′ +4.80 0.15 A′ +4.87 0.15 A′ +4.87 0.16 A′

+5.10 0.03 A′′ +5.18 0.02 A′′ +5.25 0.02 A′′ +5.24 0.02 A′′

+5.32 0.02 A′ +5.41 0.02 A′ +5.46 0.02 A′ +5.47 0.03 A′

N3

404.30 0.60 A′ 402.90 0.61 A′ 402.90 0.61 A′ 402.82 0.63 A′

+1.11 1.89 A′′ +1.09 1.95 A′′ +1.09 1.95 A′′ +1.08 2.00 A′′

+1.64 0.10 A′ +1.62 0.11 A′ +1.61 0.11 A′ +1.63 0.12 A′

+2.19 0.32 A′′ +2.18 0.33 A′′ +2.09 0.31 A′′ +2.18 0.33 A′′

+2.27 0.59 A′ +2.23 0.62 A′ +2.15 0.58 A′ +2.19 0.64 A′

O4

535.87 3.75 A′′ 533.96 3.78 A′′ 533.90 3.82 A′′ 533.83 3.79 A′′

+3.22 0.08 A′ +3.18 0.08 A′ +3.27 0.08 A′ +3.21 0.08 A′

+4.14 0.44 A′ +4.10 0.43 A′ +4.18 0.43 A′ +4.13 0.43 A′

+4.52 0.13 A′′ +4.47 0.14 A′′ +4.49 0.14 A′′ +4.50 0.15 A′′

+4.83 0.19 A′ +4.78 0.20 A′ +4.81 0.19 A′ +4.80 0.20 A′

O5

539.19 1.56 A′ 537.34 1.55 A′ 537.37 1.56 A′ 537.23 1.58 A′

+0.55 1.46 A′′ +0.55 1.45 A′′ +0.42 1.46 A′′ +0.55 1.46 A′′

+2.18 0.76 A′ +2.15 0.75 A′ +2.10 0.75 A′ +2.15 0.76 A′

+2.55 0.37 A′′ +2.51 0.40 A′′ +2.44 0.38 A′′ +2.52 0.41 A′′

+2.85 0.36 A′ +2.81 0.36 A′ +2.75 0.32 A′ +2.81 0.34 A′
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change is between aCDZ and a(CT)Z while increasing further to aCTZ or a(CQ)Z reduces

the excitation energies with less than 0.15 eV.

While changing basis set results in large absolute shifts, the relative excitation energies

change much less with no changes larger than 0.2 eV and no change in the ordering of the

states except the nearly degenerate third and fourth states for C1. Similarly, the changes

in transition strength are also quite small, so a change in basis set will not result in large

changes in the shape of the computed spectrum. We note that the largest change in relative

positions and in intensity is observed for C2, especially the first excitation. This is a core

excitation of the carbonyl C atom, and involves considerable charge transfer to oxygen.

In Table 4 we compare core excitations obtained using CVS-CCSDLR with fc-CVS-

EOMCCSD. The frozen core results are consistently just under 1 eV lower than the standard

results, due to the poorer description of the ground state. However, the relative positions are

almost exactly the same and only minor differences are observed in the transition moments,

probably due to the difference between LR and EOM, and the largest difference is observed

for the first excitation of C2.

In Table 3 we present CC3 core excitation energies as well as experimental results from

Ref. 11. Where appropriate, we have aligned the computed excitation energies with the

experimental ones and we will discuss them for each atom. We also present simulated

and experimental spectra for the different K-edges in Figures 3, 4, and 5. There are two

versions of each spectrum, one with the calculated CCSD and CC3 excitation energies and

one shifted. For nitrogen and oxygen, the simulated spectra are shifted to align the first peak

in the experimental spectrum with the first peak in the simulated spectrum. For carbon, the

position of the first experimental peak is unclear, see below, so we have shifted the spectrum

to align with the intense C2 peak. Intensities in the spectra are normalized to match the

most intense peak and the lines are broadened using a Lorentzian with HWHM maximum

of 0.22 eV.

In Table 5, we have listed the difference between the two carbon K-edges and the two
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Table 3: Conformer I. CC3 core excitation energies and experimental results
from Plekan et al. 11 (eV). The point group symmetry could not be determined
for the degenerate states of C1 with aCDZ. Higher excitation energies are given
relative to the first.

aCDZ Sym. a(CT)Z Sym. aCTZ Sym. a(CQ)Z Sym. exp.

C1

289.77 A∗ 288.71 A′′ 288.59 A′′ 288.57 A′′ 287.7
+0.01 A∗ +0.02 A′
+0.97 A′ +1.00 A′
+1.07 A′′ +1.08 A′′ +1.7
+1.29 A′ +1.31 A′

+3.6

C2

290.15 A′′ 288.97 A′′ 288.94 A′′ 288.78 A′′ 288.4
+2.93 A′ +3.06 A′
+3.71 A′ +3.84 A′
+4.20 A′′ +4.30 A′′
+4.32 A′ +4.44 A′

N3

402.76 A′ 401.34 A′ 401.34 A′ 401.20 A′ 401.2
+1.00 A′′ +1.02 A′′ +1.2
+1.17 A′ +1.20 A′
+1.18 A′′ +1.20 A′′
+1.78 A′ +1.81 A′

+2.6
+3.6

O4

533.94 A′′ 532.10 A′′ 532.01 A′′ 531.90 A′′ 532.2
+1.70 A′ +1.83 A′
+2.50 A′ +2.64 A′
+2.90 A′ +3.04 A′′
+3.07 A′ +3.22 A′

+7.0

O5

536.86 A′′ 535.16 A′′ 535.01 A′′ 534.99 A′′ 535.4
+0.06 A′ +0.06 A′
+1.44 A′ +1.49 A′ +2.3
+1.88 A′′ +1.92 A′′
+2.04 A′ +2.08 A′

+3.8
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Table 4: Comparison of excitation energies and intensities (×100) between CVS-
CCSDLR and fc-CVS-EOMCCSD using the aCDZ basis set. Higher excitation
energies are given relative to the first.

LR fc-EOM
∆E f ∆E f

C1

290.79 0.96 289.81 0.97
+0.24 0.58 +0.23 0.69
+1.16 0.34 +1.16 0.35
+1.18 1.19 +1.18 1.21
+1.61 0.65 +1.61 0.66

C2

290.53 7.20 289.55 7.50
+3.82 0.10 +3.82 0.11
+4.70 0.14 +4.70 0.15
+5.10 0.03 +5.11 0.03
+5.32 0.02 +5.32 0.02

N3

404.30 0.60 403.33 0.62
+1.11 1.89 +1.11 1.93
+1.64 0.10 +1.64 0.10
+2.19 0.32 +2.19 0.33
+2.27 0.59 +2.27 0.59

O4

535.87 3.75 534.90 3.91
+3.22 0.08 +3.22 0.09
+4.14 0.44 +4.15 0.45
+4.52 0.13 +4.52 0.13
+4.83 0.19 +4.84 0.19

O5

539.19 1.56 538.23 1.60
+0.55 1.46 +0.55 1.52
+2.18 0.76 +2.18 0.76
+2.55 0.37 +2.55 0.38
+2.85 0.36 +2.85 0.36

Table 5: Differences between the lowest excitation energies for each atom.

CCSD CC3

C2 − C1 aCDZ −0.26 +0.39
aCTZ −0.45 +0.35

O5 − O4 aCDZ +3.32 +2.93
aCTZ +3.46 +3.00
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oxygen K-edges calculated with CCSD and CC3 using the aCDZ and aCTZ basis sets. The

differences vary, especially between CCSD and CC3, demonstrating that the shape of a

calculated spectrum might be wrong, even if the relative excitation energies for each atom

are accurate. Note that there is virtually no difference between CVS-CCSDLR and fc-CVS-

EOMCCSD.
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Figure 3: Experimental and simulated carbon K-edge spectra of conformer I. The simulated
spectra are constructed using CCSD and CC3 excitation energies and CCSD transition
strengths with the a(CT)Z basis set. In panel 3a, the theoretical spectrum is unshifted while
the peaks are shifted to fit the most intense peak of C2 in panel 3b. CCSD shift: −1.08 eV.
CC3 shift: −0.57 eV.

Note that the theoretical spectra are simulated using CCSD and CC3 excitation energies

and CCSD transition strengths. For the lowest excitation, the CCSD and CC3 excitation
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vectors are similar and the CCSD transition strengths are a reasonable approximation to

the CC3 strengths. However, for the higher states, the differences tend to increase and CC3

transition strengths should be used. Unfortunately, we do not have CVS-CC3 transition

strengths available yet.

For C1, we observe the largest absolute error between CC3/a(CQ)Z and the experimen-

tal assignments at almost 0.9 eV. In this case, we suspect the experimental assignment is

incorrect. The carbon spectra are presented in Figure 3, and they are dominated by the

intense peak from C2, and the C1 edge only appears as a shoulder on the main peak. Plekan

et al. used the STEX method to interpret the experimental results, but it appears that this

method is not accurate enough and misses several states that are obtained with CCSD and

CC3. The CC3 results indicates that there are two excitations from C1 in the area, both

contributing intensity to the main peak. Furthermore, the second A′′ excitation calculated

with CC3/a(CT)Z is only 0.39 eV too high and would likely be lowered with a larger basis

set.

There is only one experimental peak assigned to C2 and the absolute error for the first

excitation is 0.38 eV with CC3/a(CQ)Z. Again, there is some uncertainty in the assignment

of the experimental peak because the mixing with the C1 signals may move the apparent

peak down, increasing the error for CC3. In carbon monoxide, the first core excitation of C

is about 0.2 eV too high and CCSDT is required to lower it further,45 so we would expect

CC3 to be too high in this case as well.

The experimental and simulated X-ray spectra at the nitrogen K-edge are presented

in Figure 4. Besides the absolute error, 0.14 eV for CC3, 1.70 eV for CCSD, the spectra

look quite similar, except that the CC3 spectrum is more compressed. Due to the greater

overlaps between the signals in the main peak and normalization, the other peaks appear

less intense in CC3. For the fourth excitation, the relative position is about 0.4 eV lower

in CC3 than in CCSD. Comparing the simulated and experimental spectra, it appears that

the CC3 peak is between the experimental peaks and it is difficult to say where it should
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Figure 4: Experimental and simulated nitrogen K-edge spectrum of conformer I. The simu-
lated spectrum is constructed using CCSD and CC3 excitation energies and CCSD transi-
tion moments with the a(CT)Z basis set. In panel 4a the theoretical spectrum is unshifted,
whereas the peaks are shifted to fit the nitrogen K-edge in panel 4b. CCSD shift: (−1.70
eV). CC3 shift: (−0.14 eV).
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be. There are several possible reasons for this, for example, the intensities are calculated at

the CCSD level, but there are considerable differences between the CCSD and CC3 vectors.

In ammonia,45 the differences between CCSD and CC3 are relatively small, with CCSD

tending to overestimate the relative excitation energies and CC3 underestimating, but much

less than what is observed here for glycine. Notably, including extra diffuse basis functions

on ammonia reduces the relative positions of the higher states with Rydberg character 0.2

to 0.3 eV. A similar shift for the fifth CC3 excitation in glycine would move it into the main

peak.

Finally, the oxygen spectra are presented in Figure 5. For O4 the main feature visible

in the spectrum is the strong peak at 532.2 eV from the double bonded oxygen to the CO

π orbital. CC3 slightly underestimates the excitation energy and larger basis sets appear to

lower it further, but the CC3 shift between Figures 5a and 5b is only 0.10 eV. While CCSD

indicates that there is some intensity in the higher transitions, this mostly disappears behind

the excitations from O5. Again we can compare to CO, where CC3 somewhat underestimates

the excitation energy while CCSDT is a bit higher.45

For O5, the most visible feature of the simulated spectrum is the peak at 535.2 eV tha is

too intense. The intensity is calculated using CCSD and it might be reduced in a CC3, but

the main reason is probably that the two excited states are nearly degenerate when using

CC3/a(CT)Z. This results in a too high and narrow peak. It is possible that the states would

be further apart in a larger basis set, because the A′′ excitation goes to the π orbital which is

more delocalized, see Table 2. Similarly to nitrogen, it appears that the higher peaks are too

close. However, again there are quite large differences between the CCSD and CC3 vectors

and the calculated intensities may be different as well. These excitations are also so high in

energy that additional Rydberg functions may be required to describe them.

Core ionization energies are compared with experiment in Table 6. The overall pattern is

similar to the core excitation energies, with the calculated energies reduced by about 1.5–3.0

eV when going from CCSD to CC3 and reductions of 1.0–2.0 eV when increasing the basis
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Figure 5: Experimental and simulated oxygen K-edge spectra of conformer I. The simulated
spectrum is constructed using CCSD and CC3 excitation energies and CCSD transition
strengths with the a(CT)Z basis set. In panel 5a, the theoretical spectrum is unshifted while
the peaks are shifted to fit the K-edge of the corresponding atom in panel 5b. CCSD shift:
−1.76 eV, CC3 shift: +0.10 eV.
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from aCDZ to a(CT)Z. The largest dependence on basis and model is observed for oxygen,

again similar to the case of the excitation energies.

For the excitation energies, CC3 was very close to the experimental K-edge for nitrogen,

while too high for carbon and too low for oxygen. For the ionizations, it is carbon that is

closest to experiment, but somewhat too low, but the pattern is the same with calculated

results being lower compared to experiment for the heavier cores. Relativistic effects can

partially explain this pattern, because scalar relativistic effects increase excitation energies

from heavier cores more than those from lighter cores.

Another factor missing in these calculations is vibrational effects. These would broaden

the peaks because transitions between different vibrational states would give different en-

ergies. In addition, vibrational effects might move the average position of the peak up if

transitions to higher vibrational states are relatively strong.44

Table 6: Conformer I. CCSD and CC3 core ionization energies and comparison
with the experimental results from Plekan et al. 12 (eV).

aCDZ a(CT)Z aCTZ a(CQ)Z exp. (±0.1)

C1 CCSD 294.68 293.75 293.79 293.70 292.3CC3 293.37 292.35 292.40 292.23

C2 CCSD 297.92 296.98 297.04 296.93 295.2CC3 296.57 295.52 295.58 295.39

N3 CCSD 408.56 407.14 407.17 407.08 405.4CC3 406.48 405.09 405.11 404.95

O4 CCSD 542.71 540.75 540.81 540.66 538.4CC3 538.91 537.24 537.29 537.09

O5 CCSD 544.22 542.33 542.38 542.24 540.2CC3 540.83 539.21 539.24 539.05

Effect of conformers

In Table 7, we present core excitation energies and oscillator strengths of O5 for the different

conformers, calculated using the aCDZ basis set. Only small differences in the excitation en-

ergies and oscillator strengths are observed between the different conformers, except for con-
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former II. For this conformer, we predict that the lowest excitation has A′′ symmetry and is

considerably more intense than the lowest A′ excitation. Boltzmann weights were calculated

based on total electronic energies and zero point vibrational energies at the CCSD(T)/aug-

cc-pVDZ level. The weight of conformer I is 0.73, while the weight of conformer II is 0.13

and the rest considerably lower at 298K. Figure 6 compares the averaged oxygen spectrum

with that of conformer I. There is a slight broadening of the peaks in Figure 6b compared

to 6a, but this would be very hard to detect experimentally.11
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Figure 6: Oxygen spectra of glycine calculated using five CC3/aCDZ excitations for each
atom at the and CCSD/aCDZ transition moments. In the upper panel, the calculated
spectrum for Conformer I is shown, while the lower panel shows the Boltzmann-weighted
spectrum of five conformers at 298K.

Using CC3, the peaks in the spectrum move closer together, see Table 8, and the A′′
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Table 7: Glycine. CCSD/aCDZ core excitations (eV) and intensities for O5.

I II III IV V
∆E f Sym. ∆E f Sym. ∆E f Sym. ∆E f ∆E f

539.19 1.56 A′ 539.17 1.90 A′′ 539.23 1.51 A′ 539.23 1.58 539.21 1.53
+0.55 1.46 A′′ +0.46 0.47 A′ +0.39 1.66 A′′ +0.50 1.49 +0.47 1.50
+2.18 0.76 A′ +1.88 0.36 A′ +2.02 1.04 A′ +2.20 0.77 +2.10 0.89
+2.55 0.37 A′′ +2.06 0.15 A′′ +2.57 0.28 A′′ +2.62 0.41 +2.65 0.29
+2.85 0.36 A′ +2.15 0.27 A′ +2.80 0.38 A′ +2.97 0.30 +2.99 0.41

state is the lowest for all three conformers. Conformer II is 0.4 eV lower than the others,

but again, this would be hard to resolve in an experiment. For the other atoms, smaller

differences are observed between the conformers, see Supplementary Information.

Table 8: Glycine. CC3/aCDZ core excitations of O5 (eV).

I II III IV V

536.86 A′′ 536.44 A′′ 536.84 A′′ 536.86 536.78
+0.06 A′ +0.21 A′ +0.08 A′ +0.13 +0.18
+1.44 A′ +1.29 A′ +1.51 A′ +1.55 +1.60
+1.88 A′′ +1.39 A′′ +1.91 A′′ +2.05 +1.98
+2.04 A′ +1.41 A′ +1.99 A′ +2.15 +2.21
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Conclusions

In this study, we have simulated UV and X-ray spectra of glycine using CCSD and CC3.

The X-ray spectra have then been compared to experiment11 and we have reinterpreted some

of the experimental assignments.11 In particular, the coupled cluster methods indicate that

the main peaks in the nitrogen and carbon NEXAFS spectra are caused by three different

transitions while the STEX method11 indicates it is only one.

Core excitations exhibit a strong dependence on the basis set, with shifts of more than

1 eV when increasing the basis set from aCDZ to a(CT)Z on the core being excited. More

modest shifts are observed when increasing the basis further, so the a(CT)Z basis is sufficient

to get absolute errors less than 1 eV with CC3. The changes in the difference between

excitation energies and transition moments are much smaller when changing basis. However,

these changes appear to be somewhat larger for the double bonded atoms. It should be

noted that extra diffuse functions, that have not been included here, significantly change the

relative positions of the higher excitations in small molecules45,47 by reducing the excitation

energy.

The main differences between CCSD and CC3 are large changes in the absolute excitation

energies of 1–2 eV. In addition, the relative excitation energies are significantly reduced with

CC3 and for C1 the order of the states changes.

Because of the overlapping states, it is difficult to compare the models to experiment

without CC3 intensities, but CC3 appears to give better agreement for oxygen and carbon

at least. We have also modeled the effect of the different conformers of glycine on the

NEXAFS spectra. However, the differences between the conformers are predicted to be

small and the lowest energy conformer dominates. Consequently, we do not expect to see

much of an effect besides a slight broadening of the peaks at room temperature.
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