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Abstract

The local valence orbital structure of solid glycine, diglycine, and triglycine is studied
using soft x-ray emission spectroscopy (XES), resonant inelastic soft x-ray scattering
(RIXS) maps, and spectra calculations based on density-functional theory. Using a
building block approach, the contributions of the different functional groups of the
peptides are separated. Cuts through the RIXS maps furthermore allow monitoring
selective excitations of the amino and peptide functional units, leading to a
modification of the currently established assignment of spectral contributions. The
results thus paint a new-and-improved picture of the peptide bond, enhance the
understanding of larger molecules with peptide bonds, and simplify the investigation

of such molecules in agueous environment.

Introduction

Amino acids are the most basic building blocks of life. They connect via peptide
bonds to form peptides, which, in turn, are folded into proteins. Thus, in addition to
the secondary and tertiary structure of the proteins, the primary structure (i.e., the
amino acid sequence) plays a fundamentally important role for the function of the
protein. It is therefore of high interest to understand the bonding between the amino
acids, as well as the interaction of the peptides with their environment (e.g., in

aqueous solution).

Soft x-ray spectroscopic techniques, namely x-ray absorption spectroscopy (XAS), x-
ray emission spectroscopy (XES), and resonant inelastic x-ray scattering (RIXS) have
proven to be very powerful tools to probe the electronic structure of such molecules.

XAS, in particular, has been used to study amino acids!?*3, small peptides'+813-19,
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and proteins®1617.20-24 _ 35 3 solid, in the gas phase, as well as in aqueous solution. A
spectral database of the XAS spectra of all proteinogenic amino acids is available®.
XAS spectra for peptides and proteins are very complex, and thus considerable work
has been put into extracting the chemical and molecular structure information.
Special attention has been paid to the XAS signature of the peptide bond*, and even
a “modified building block approach” was developed to predict the spectra of

peptides?’.

In comparison, only a few publications using XES and RIXS to study amino acids can
be found®?*2°. These also include a library of proteinogenic amino acids at all
relevant absorption edges®® and allow for a “building block picture”?. However, to
our knowledge, peptides have not been studied with these techniques at all. And
while XAS probes the unoccupied electronic states, XES and RIXS also give insights
into the occupied valence states, including those directly responsible for the peptide
bond. Applying these techniques, it is thus now possible to give a comprehensive
description of the electronic structure of the peptide bond. Note that, due to the low
fluorescence yield for soft x-rays, XES and RIXS experiments are challenging and
require special care to minimize beam-induced damage to the studied molecules.
Under our experimental conditions, this can be achieved by reducing the exposure

of a given sample volume to about or less than a tenth of a second?5-%°,

In an early XES study on amino acids, glycine adsorbed on a Cu(110) surface was
probed®, while later studies focus on amino acids in bulk films/powders?’?° and
aqueous solutions at different pH values®?28, Grasjo et al.® show a strong influence
of protonation/deprotonation at the amino and carboxyl groups. In a later study?5,
we could furthermore show that the N K spectrum of the molecule with protonated
amino group is strongly affected by proton dynamics on the time scale of the x-ray
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emission process. Building on the local character of the x-ray emission process, we
could demonstrate that the spectra with excitation on selected functional groups
(i.e., N K for the amino group and O K for the carboxyl(ate) group) are specific for
this functional group and only slightly affected by the rest of the molecule?®?°, Based
on the above-mentioned XES database of all proteinogenic amino acids?®, fingerprint
spectra for these functional groups can now be used in a “building block approach”
to study peptides and proteins. For these larger molecules, however, the situation
becomes more complicated, since they possess other nitrogen- and oxygen-
containing functional groups as well, in particular at the peptide bond itself (i.e., the
formation of an amide group). To overcome this complication, we here use diglycine
and triglycine as model peptides and compare them with glycine to derive the
influence of the additional functional group on the N and O K spectra. We show that
it is possible to separate the contributions of the amino/carboxylate groups from
those of the peptide bond by taking suitable difference spectra and/or selecting
suitable excitation energies from the RIXS maps of these molecules. This opens a
new pathway for studying the peptide bond in complex molecules and, furthermore,
allows us to derive a comprehensive and improved description of the peptide bond

in small glycine-based peptides.

Experimental and Theoretical Section

XES and RIXS experiments were carried out at beamline 8.0.1 of the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory (Berkeley, USA) with the
dedicated Solid And Liquid Spectroscopic Analysis (SALSA) roll-up station®°. Spectra
were collected using a high-transmission soft x-ray spectrometer?' with a variable

line space (VLS) grating and a combined resolving power E/AE (both x-ray
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spectrometer and beamline) of better than 1000. For the calibration of the excitation
and emission energy scales, the spectra of N, gas® and TiO;* at the N and O K
edges and the elastically scattered (Rayleigh) lines at these energies were used,
resulting in an uncertainty of the absolute energy scales of about £0.2 eV, while the

relative uncertainty between measurements is better than £0.05 eV.

Glycine, diglycine, and triglycine powders (Alfa Aesar, purity >99%) were pressed
into pellets under ambient conditions with a hydraulic press (5 tons/cm?), using
clean Teflon contact sheets. The resulting pellets (about 1 mm thick and 15 X 24
mm? wide) were fixed to the sample holder using carbon tape, and then transferred
into the vacuum chamber for measurement. To minimize/avoid radiation damage
effects, the spectra were recorded at reduced beamline flux and while the samples
were continuously moved under the beam, such that a given spot on the sample
was, in total, exposed to x-rays for less than 90 ms. The choice of scan speed and
flux was based on a separate radiation damage study, which is discussed in the

Supporting Information in conjunction with Fig. S1.

As references for specific functional groups, acetic acid and acetamide solutions
were measured. The pH value of the 25 wt% acetic acid solution (Sigma-Aldrich,
purity >99%) was adjusted to 12.8 by adding NaOH to the solution, leading to a
deprotonation of the acid group. A 1 mol/l solution of acetamide was prepared by
dissolving acetamide powder (Sigma-Aldrich, purity >99%) in water. For the
measurements, the flow-through liquid cell setup®*® of the SALSA endstation was
used, separating the sample liquid from the vacuum of the analysis chamber by a
SisNs membrane (Silson). During the measurement, the sample liquids were
continuously replenished to avoid radiation damage, such that a given volume of the
liquid was exposed to x-rays for less than 5 ms.
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XES and XAS spectra of isolated zwitterionic glycine, diglycine, and triglycine
molecules were calculated using density-functional theory (DFT) within the StoBe-

DeMon package?®, as described in more detail in the supplemental information.

Results and Discussion

In Fig. 1, the structural formulas of glycine, diglycine, and triglycine are shown.
Glycine is the smallest amino acid and consists of an amino group and an acid
(carboxyl) group, connected by CH.. In a condensation reaction, two (or three)
glycine molecules can be connected via peptide (or amide) bonds
(-C=0ONH-), forming diglycine or triglycine, while releasing water in the process. In
the solid state, all three molecules are found in the zwitterionic state [i.e., with a
protonated amino and deprotonated acid (carboxylate) group], as presented in Fig.
1. Using XES at the N and O K edges, the local electronic structure at the nitrogen
(blue) and oxygen (red) atoms can be probed. The corresponding non-resonant XES
spectra of the three molecules are compiled in Fig. 2 a) for the N K edge and Fig 2 b)

for the O K edge, respectively.

Glycine only contains a single N atom, and thus its N K XES spectrum (red in Fig. 2
a) exclusively probes the (protonated) amino group (-NHs*) of the molecule. The
spectrum exhibits a distinct line at ~395 eV with a shoulder at its high emission
energy side, a broad intense structure containing several features between ~387
and ~394 eV, and a weak peak at ~384 eV. To discuss these different features,
spectral calculations from Ref.?® are plotted below the experimental spectrum of
glycine. These calculations were performed for glycine in agqueous solution, in which
glycine is also found in the zwitterionic state. However, due to the different
environment in the agueous solution, some differences can occur, but by comparing

the experimental spectrum in the solid state with that in solution?®, we find that
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these differences are small. Consequently, the calculations are used to discuss the
main features of the solid sample spectra as well. Two types of calculations are
shown: a *“static” electronic ground state DFT calculation, and a “dynamic”
calculation that includes dynamic effects that occur in the molecule on the time
scale of the x-ray emission process (i.e., the core hole lifetime). Below the static
calculation, the individual peak positions and intensities, as derived from the
calculation, are shown as black bars. The static calculation does not reproduce the
experimental spectrum in a satisfactory way - only some features of the
experimental spectrum can be identified in this calculation. Most prominently, the
observed spectral line at ~395 eV is not reproduced in the static calculation. In
contrast, this peak is indeed derived in the dynamic calculation, which, overall, gives
a very good description of the experimental spectrum. As discussed in detail in
Ref.?6, the -NHs* group undergoes ultrafast dissociation in the core-ionized state,
and we find significant spectral contributions that can be related to a neutral amino
group (-NH,) after dissociation. The dominant peak at ~395 eV then corresponds to
the lone-pair orbital of the neutral amino group, while the shoulder at ~396 eV is

due to the frontier orbital of the (undissociated) -NHs* group.

For di- and triglycine, nitrogen atoms are found at two sites, namely at the amino
group and at the peptide bond(s). Correspondingly, significant spectral differences
in the N K XES spectra are observed. While the features of the amino group can still
be identified, two additional spectral lines at ~395.8 and ~386.6 eV appear, and the
spectral shape of the broad features between ~388 and ~394 eV changes. Making
use of the fact that XES allows the local probing of selected functional groups in a
building block approach®?°, we subtract the N K XES spectrum of glycine

(representing the amino group) from those of di- and triglycine to extract the



contribution of the nitrogen in the peptide bond. This is done in Fig. 2 a) (top two
spectra shown in blue) by subtracting the spectrum of glycine after normalizing its
area to half of that of the spectrum of diglycine (and one-third of triglycine). The two
difference spectra are very similar, with only some variation in intensity at ~390 eV
and the shoulder at ~395 eV (note that, for better comparison, the diglycine
difference spectrum was multiplied by 4/3). In the following, we will refer to these

spectra as the “N K emission spectra of the peptide bond”.

For a detailed discussion of the spectral features, line positions and intensities were
calculated for isolated di- and triglycine molecules and shown as vertical bars below
the difference spectra. The most prominent lines are labelled, and the iso-density
surfaces of the corresponding molecular orbitals are depicted in Fig. 2 as well. To
allow for a better comparison between theory and experiment, spectra were
simulated based on the calculations using a simple approach with Voigt line profiles
to approximate the broadening caused by experimental resolution, lifetime, as well
as vibrational fine structure. The Gaussian full-width-of-half-maximum (FWHM) was
0.6 eV, while the Lorentzian FWHM was linearly increased towards lower emission
energies (with a slope of 0.2), starting from 0.4 eV for the HOMO transition. In the
supplemental information, iso-density surfaces of all valence orbitals of the three
molecules are shown (Figs. S2-54). Note that these are static calculations, which do
not include nuclear dynamics on the fs time scale (as discussed for the amino group
above). However, based on earlier studies on glycine with neutral amino group?® (as
opposed to the protonated amino group) and ammonia®®, it can be expected that
nuclear dynamics will play a much smaller role for N K emission from the peptide
nitrogen. Consequently, we expect that the static calculations give a reasonable

description of the experimental spectra.



The HOMO, HOMO-1, and HOMO-2 orbitals of diglycine are predominantly located at
the carboxylate group (see Figs. S3 ) and consequently show no intensity in
the N K emission spectra of the peptide bond. The spectrum is dominated by a sharp
peak at 395.8 eV, which can be attributed to the lone-pair electrons at the nitrogen
atom of the peptide bond (HOMO-3, see Fig. 3). The peak at 391.9 eV can be
attributed to the HOMO-10, -11, and -12 orbitals, which are rather delocalized over
the entire molecule except for the amino group (see Fig. S3). The peak at 386.7 eV
is likely indicative of a transition from the HOMO-15 orbital, which is mostly localized

at the peptide nitrogen.

As described above, the N K emission spectrum of the peptide bonds of triglycine is
very similar to that of diglycine and the spectral features can be attributed to
orbitals located around the two peptide bonds, which have very similar shapes. This
is illustrated by the comparison in Fig. 3. For example, the sharp peak at 395.8 eV
consists of transitions from the HOMO-3 orbital at the N2 nitrogen atom and from
the HOMO-7 orbital at the N3 nitrogen atom. We note that our calculations show a
binding energy difference for the N 1s levels of N2 and N3, which can be
attributed to the proximities of N2 and N3 to the carboxylate and amino groups,
respectively. The energy difference between HOMO-3 and HOMO-7 is very similar,
and thus both transitions appear at the same energy. We attribute this to the strong
localization of the two orbitals, hardly affected by their environment. The situation is
different for orbitals more delocalized over the molecule, and thus the structures
below ~393 eV become more complicated, presumably leading to the additional

intensity at ~390 eV as compared to the spectrum of diglycine.

In the zwitterionic glycine, the two oxygen atoms of the carboxylate group are
nearly equivalent, and we hence expect no significant differences in their local
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electronic structure. The O K emission spectrum of glycine in Fig. 2 b (bottom, red),
shown together with calculated line intensities (black and gray bars), consists of a
dominant peak at 526.8 eV, a small shoulder at 525.4 eV, and a peak at 522.5 eV,
which is flanked on both sides by regions of low intensity. The main line with its
shoulder on the low-energy side can be attributed to the three highest occupied
molecular orbitals of glycine, with strong contributions from the lone-pair electrons
at the carboxylate group (see also Fig. S2). The peak at 522.5 eV is a superposition
of contributions from the next three lower orbitals that are responsible for the

sigma- and pi-bonding at the carboxylate group.

In di- and triglycine, oxygen atoms are found on additional site(s) at the peptide
bond. This leads to strong spectral changes in the spectral region from 520 to 525
eV, while there is no change in peak position and only a minor change in peak shape
of the main line at 526.8 eV (in comparison to glycine). In detail, the peak at 522.5
eV decreases in relative intensity but extends to lower emission energies and new
intensity - with some substructure - is found in the “valley” around ~524.5 eV. In
Fig. 2 b) (top, blue), we have subtracted the weighted O K spectrum of glycine
(representative for the carboxylate group) from those of di- and triglycine to isolate
the contributions from the peptide bond oxygen(s). These spectra are again
compared to the calculated emission intensities and positions for transitions at the
oxygen atoms of the peptide bond(s). This comparison shows that the main line at
526.8 eV can be attributed to the lone-pair-related orbitals at the peptide bond(s)
(HOMO-3 and -4 for O3 in di- and triglycine, and HOMO-7 and -8 for O4 in triglycine).
The structures at lower energies can be attributed to more delocalized, bonding

orbitals.
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Further insights into the electronic structure, including the unoccupied states, are
gained from the RIXS maps presented in Fig. 4. In these maps, the color-coded
emission intensity is shown as a function of emission and excitation energies. In the
top row, the N K RIXS maps of glycine, diglycine, and triglycine are shown, while the

bottom row depicts the O K RIXS maps.

The N K RIXS map of glycine is dominated by spectator emission, which is found for
emission energies below 397 eV and excitation energies above the absorption onset
at ~403.0 eV?°. By integrating the emission intensity in the spectator region at each
excitation energy, we compute the partial fluorescence yield (PFY) XAS spectrum of
glycine. This spectrum is depicted in Fig. 5 a) and compared to the calculations
shown as vertical bars and thin black lines. The spectrum is characterized by a
broad and rather featureless structure with a maximum at 406.5 eV, which can be
attributed to N 1s to o* transitions at the amino group. A closer look at the map
reveals that the spectral shape of the emission spectra (i.e., a horizontal cut in the
map) does not change significantly for most excitation energies. An exception is the
region close to the absorption onset (i.e., detuned from the first absorption
resonance), where the relative intensity of the emission peak at 395 eV (compare
Fig. 2 and Ref.?®) is reduced. This finding can be explained as follows?® (and supports
the assignment of this peak to nuclear dynamics): The time scale of the x-ray
emission process is reduced for detuned (below-edge) excitation®t, effectively
reducing the spectral weight of those molecules that have already undergone

nuclear dynamics.

For emission energies above 397 eV, we find the participant region, which includes
the elastically scattered photons (Rayleigh line) at equal excitation and emission
energies (marked with “E” in Fig. 4). It is quite weak in the case of glycine.

11



Furthermore, it contains loss structures for excitation energies around the
absorption onset (marked with “L” in Fig. 4). These loss structures extend over the
full range between the elastic line and the spectator emission, and can be attributed
to vibrational excitations (close to the Rayleigh line) and nuclear dynamics (for

higher energy losses)?’.

The RIXS maps of diglycine and triglycine differ significantly from that of glycine.
Most prominently, we find additional structure at an excitation energy of 401.3 eV as
also seen in the PFY XAS spectra in Fig. 5 a, which agree well with literature
data?*!%. The XAS spectra of diglycine and triglycine have previously been
extensively studied in experiment and theory?*. Based on these studies, the peak at
401.3 eV is attributed to N 1s to m* transitions at the amide (peptide bond) nitrogen.
At this excitation energy, a resonance at the Rayleigh line and a pronounced loss
structure are observed as well. Different from the loss structure observed for
glycine, this loss structure does not extend down to the spectator emission, which
suggests that only vibrational excitations take place at the peptide nitrogen, while
no ultrafast dissociation occurs. Above the N K absorption edge of the amino group
nitrogen, contributions from the amino and the peptide bond nitrogen atoms
overlap. Specifically, the lone-pair peak of the peptide (emission energy of 395.8 eV,
see also Fig. 2) can be easily identified - especially for triglycine, it dominates the
RIXS map. In the PFY XAS spectra in Fig. 5 a) (i.e., derived from the RIXS map as
mentioned above), additional differences to the glycine spectrum can be found: The
spectral shape of the broad feature around 406.5 eV changes slightly, and additional
intensity around 411 eV is observed, which are both attributed to o* transitions at
the amide nitrogen?. The latter assignment can also be seen directly in the RIXS

maps, which, for these excitation energies, show an intensity increase of the lone-
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pair emission of the peptide bond nitrogen (at 395.8 eV), while the peak at 394.9 eV

(i.e., from the amino group nitrogen) decreases in intensity.

To derive a site-specific view on the electronic structure at the peptide bond, we
further analyze the RIXS spectra that are (resonantly) excited at 401.3 eV (Fig. 6 a).
While no intensity is observed for glycine (as already seen in the RIXS map), the
spectra for diglycine and triglycine are very similar and resemble the (non-resonant)
difference spectra between di-/triglycine and glycine discussed above (Fig. 2a). For
the detailed discussion, the difference spectrum between diglycine and glycine is
plotted again at the top of Fig. 6 a). Compared to the difference spectrum, we find
spectator shifts of all emission lines to lower emission energies, which is caused by
the presence of the excited (spectator) electron in the emission final state (due to
the resonant excitation). Furthermore, a narrowing of the lone-pair peak at 394.9 eV
and a reduction in relative intensity of its low-energy shoulder is observed. We
attribute these changes to differences in vibronic coupling and symmetry selection

in the resonant RIXS process.

Unlike the N K RIXS maps, the O K RIXS maps of glycine, diglycine, and triglycine in
Figure 3 (bottom panels) look rather similar to each other. This is not surprising,
given the similarity of the electronic structure at the carboxylate and peptide bond
oxygen atoms. In particular, all three maps (and the extracted PFY XAS spectra in
Fig 5 b) are characterized by the O 1s to m* transition at an excitation energy of
532.5 eV and a broad structure above 534 eV. Around the O 1s to m* transition, we
find a weak emission feature that shifts diagonally at an emission energy ~6 eV
below the excitation energy. We attribute this feature to an electronic Raman loss
feature, which corresponds to a HOMO-LUMO excitation and note that it is strongest
for glycine and weakest for triglycine; it thus probably occurs at the carboxylate
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group. Upon close inspection, some additional differences between the maps of
glycine, diglycine, and triglycine are identified, as additionally visualized by the PFY
XAS spectra in Fig. 5 b), which agree well with the literature data*. For excitation
energies above 534 eV, we find additional emission intensity at ~524 eV, as in the
non-resonant spectra discussed above (Fig. 2b). Moreover, small shifts in energy
and a change in relative intensities are observed for the O 1s to m* transition. For
better visualization, black contour lines in Fig. 4 (bottom) represent the O K RIXS
map of glycine. Specifically, we find a shift of the emission feature at 522.3 eV (for
glycine) to 522.8 eV (for triglycine). At the same time, this feature slightly shifts in
excitation energy, from 532.6 eV (glycine) to 532.4 eV (triglycine), indicating a
slightly lower excitation energy for the O 1s to m* transition at the peptide bond
oxygen. Finally, the relative intensity of the emission feature at 525.5 eV decreases

when going from glycine to diglycine to triglycine.

For a detailed investigation of these changes, Fig. 6 b) shows the O K RIXS spectra
of glycine, diglycine, and triglycine, resonantly excited at 532.8 eV, in comparison
with reference spectra of aqueous solutions of acetic acid (pH 12.8, “anionic acetic
acid”) and acetamide. Furthermore, we have computed differences between the
spectra of di-/triglycine and glycine (“DiGly-Gly” and “TriGly-Gly”) to separate the
contributions from the carboxylate group and the peptide bond. For resonant
excitation, it cannot be assumed that the absorption cross section at the peptide
bond is equal to that at the carboxylate group. To compute meaningful difference
spectra, we have thus assumed that the spectral shape of the peptide bond
contributions is identical for diglycine and triglycine. With this assumption, we have
introduced a factor f and computed the following difference spectra: “DiGly-Gly” =

|DiGIy_ fX(2/3)X|G|y and “TriGIy-GIy" = |DiG|y—fX(1/2)X|G|y, with IGIy: |DiGIy, and ITriGIy being
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the area-normalized spectra of glycine, diglycine, and triglycine, respectively. f was
derived by minimizing x? between the two differences (resulting in f = 0.76). The

difference spectra are shown in Fig. 6 b).

All spectra are dominated by two spectral lines at 526.5 and 525.5 eV. For anionic
acetic acid and an acetate solution, these peaks in the resonant spectra have
previously been attributed to three orbitals by comparing with (non-resonant)
calculations of an isolated ion®*3°: the two oxygen lone-pair orbitals and a further
orbital delocalized over the entire ion. Based on these calculations, Refs.383°
attribute the peak at 526.5 eV to contributions from one of the lone-pair orbitals, as
well as from the delocalized orbital. The peak at 525.5 eV is assigned to transitions
involving the second lone-pair orbital. Comparing the spectra of acetic acid with that
of acetamide, we observe that the relative intensity of the peak at 525.5 eV is lower
for acetamide, i.e., for the amide oxygen compared to the carboxylate oxygen
atoms. We thus argue that the peak at 525.5 eV rather stems from transitions of the
delocalized orbital, which we expect to be more sensitive to the different
environments at the carboxylate and amide groups, respectively. In this picture, the
peak at 526.5 eV consists of contributions from the lone-pair orbitals only. Note that
the three peaks all overlap for non-resonant excitation (see Fig. 2 b) and only split
up due to spectator shifts for resonant excitation, which are not included in the non-
resonant calculations in Refs.?®3° The peak positions and relative intensities of these
two lines in the glycine spectrum are very similar to the anionic acetic acid
reference, and those of the peptide bond contributions (“DiGly-Gly” and “TriGly-

Gly”) are very similar to the acetamide reference.

In the spectral region between 518 and 524.5 eV, we observe strong changes when
comparing the two reference liquids and the spectra of glycine, diglycine, and
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triglycine. Consequently, we attribute the intensity in this region to orbitals that are
more delocalized and specific for the functional groups (carboxylate, amide), but are

also influenced by the remainder of the molecules.

Conclusion

We have derived a comprehensive picture of the local electronic structure of the
peptide bond. For this purpose, we used XES and RIXS maps at the N and O K edges
and compared spectra of solid powder films of glycine, diglycine, and triglycine with
DFT spectra calculations as well as the spectra of reference solutions of acetamide
and acidic acid. We find that the local contributions of the peptide bond can be
distinctly separated from those of the amino and carboxylate groups by deriving
weighted difference spectra, as well as by using suitable excitation energies in the
RIXS maps of the peptides. Based on the comparison with theory, the most
prominent spectral features can be assigned to specific orbitals of the molecule.
Furthermore, we find spectator shifts in the RIXS maps and can identify spectral
signatures of nuclear dynamics on the time scale of the x-ray emission process.
They lead to vibrational coupling and ultrafast dissociation at the protonated amino
group, while only vibrational coupling is observed at the peptide bond (amide
group). Using the resonant excitation regime of the RIXS map, we argue for a
modification of the currently established assignment of spectral contributions in
view of the degree of delocalization of the various orbitals (in particular the lone-pair
orbitals). This study thus demonstrates the possibility of selectively separating the
local contributions of the peptide bond from those at the amino and carboxylate

groups, which is expected to be a very important tool for the investigation of larger
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molecules with peptide bonds, such as peptides and proteins, and monitoring their

interactions with aqueous environments.
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Figure 1: Chemical structure of the zwitterions of glycine (Gly), diglycine (DiGly), and
triglycine (TriGly). In all three structures, the amino group is protonated (-NHs*) and
the carboxyl group is deprotonated (forming carboxylate, COO"). Oxygen and
nitrogen atoms are numbered and labelled.
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Figure 2: a) Non-resonant N K XES spectra of glycine (Gly), diglycine (DiGly), and
triglycine (TriGly), normalized to area. Below the spectrum of glycine, two calculated
spectra are shown (taken from Ref.?®): a “static” electronic ground state DFT
calculation and a “dynamic” calculation that includes molecular dynamics during the
X-ray emission process. At the top (blue), weighted differences between the spectra
of di-/triglycine and glycine are shown. Below the difference spectra, DFT
calculations for the nitrogen atoms at the peptide bonds are shown as vertical bars
(as calculated) and thin lines (broadened by Voigt profiles). b) Non-resonant O K XES
spectra of the three molecules, normalized to area. Below the spectrum of glycine,
the DFT calculation for an isolated glycine zwitterion is depicted as black bars.
Weighted difference spectra are again shown in blue, together with the DFT
calculations for the oxygen atoms at the peptide bonds as vertical bars (as
calculated) and thin lines (broadened by Voigt profiles).
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Figure 3: Molecular structure and calculated orbital iso-density surfaces of selected
occupied molecular orbitals of diglycine (bottom) and triglycine (top).
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Figure 4: N K (top) and O K (bottom) RIXS maps of glycine (Gly), diglycine (DiGly),
and triglycine (TriGly). The color-coded RIXS intensity is shown as a function of
excitation and emission energy. For better visualization of differences in the O K

RIXS maps, the map of glycine is also superimposed on the maps of diglycine and
triglycine as black contour lines.
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Figure 5: Partial fluorescence yield XAS spectra of glycine (Gly), diglycine (DiGly),
and triglycine (TriGly) at a) the N and b) the O K edges. Below each spectrum,
corresponding DFT calculations are shown as vertical bars (as calculated) and thin
black lines. The latter are broadened by Gaussians with a FWHM of 1 eV (4 eV) for
excitation energies below (above) 402.5 eV (N K edge) and 534.0 eV (O K edge).
This was done to approximate vibrational substructure and lifetime broadening,
which is known to significantly increase for higher-lying resonances?.
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Figure 6: a) N K RIXS spectra of glycine (Gly), diglycine (DiGly), and triglycine
(TriGly), excited at 401.3 eV. For comparison, the weighted difference between the
non-resonant spectra of diglycine and glycine is shown at the top. b) O K RIXS
spectra of glycine, diglycine, and triglycine, excited at 532.8 eV. For comparison, the
spectra of aqueous solutions of acetamide (top) and acetic acid (bottom) are also
shown. Above the spectrum of triglycine, weighted and magnified differences
between the spectra of di-/triglycine and glycine are depicted (the weighting is
discussed in detail in the text).
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