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ABSTRACT: The amino group of proline is part of a pyrrolidine
ring, which makes it unique among the proteinogenic amino acids.
To unravel its full electronic structure, proline in solid state and
aqueous solution is investigated using X-ray emission spectroscopy
and resonant inelastic soft X-ray scattering. By controlling the pH
value of the solution, proline is studied in its cationic, zwitterionic,
and anionic configurations. The spectra are analyzed within a
“building-block principle” by comparing with suitable reference
molecules, i.e., acetic acid, cysteine, and pyrrolidine, as well as with
spectral calculations based on density functional theory. We find
that the electronic structure of the carboxyl group of proline is very
similar to that of other amino acids as well as acetic acid. In
contrast, the electronic structure of the amino group is significantly different and strongly influenced by the ring structure of proline.

1. INTRODUCTION
Along with nucleobases, amino acids are the most important
biomolecules. From over 500 different amino acids known so
far,1 23 are generally described as proteinogenic since they
form all peptides and proteins of living organisms. Three out of
these amino acids are rather rare, while the other 20 form the
building blocks of all common proteins. Amino acids are
generally composed of a carboxyl group (−COOH), an amino
group (−NH2), and a specific side chain, in most cases bound
to the carbon atom of a CH moiety, linking the carboxyl and
amino groups. Since the amino group is a strong proton
acceptor and the carboxyl group is a strong proton donor, the
amino acids have a zwitterionic configuration in the
physiologically relevant pH region, which is also the
dominating configuration for crystalline amino acids. In this
configuration, the carboxyl group is deprotonated and the
amino group is protonated for most of the amino acids. This
ionic state of amino acids can, however, be changed by the pH
value in solution, achieving an anionic character at high pH
and a cationic character at low pH.

An important characteristic of amino acids is their electronic
structure, which can be effectively studied by soft X-ray
spectroscopies, including X-ray photoelectron spectroscopy
(XPS),2−8 X-ray absorption spectroscopy (XAS),9−12 X-ray
emission spectroscopy (XES),13,14 and resonant inelastic soft
X-ray scattering (RIXS).15−18 These techniques, providing
information on the occupied and unoccupied electronic states,
can be applied not only to solid-state samples but also to
solutions.17,19−24 This is especially important for amino acids

since all charge configurations, affecting the electronic
structure of these molecules, can be specifically studied.17

The derived information can then serve as a basis for
rationalizing the spectra of more complex biomolecules, such
as peptides and proteins.25−29

In this context, comprehensive XAS and XES spectral
libraries of the proteinogenic amino acids in the solid
state,9,10,13 as well as a variety of XAS, XES, and RIXS data
for these molecules in solutions,17,19−24 were recorded and
analyzed in detail. The XAS library has served as a basis for the
spectral understanding and interpretation of homo- and
heteropeptides25,26 and even proved useful for rationalizing
the spectra of proteins.26−28 The XES library (i.e., spectra
obtained with nonresonant excitation) has helped to identify
the specific spectral signatures of the protonated amino group
and the deprotonated carboxyl group and has provided
important fingerprints for the side chains of the amino
acids.13 The interpretation of the spectra has relied, to a large
extent, on the “building-block principle”, which was shown to
be applicable not only to XAS data (as generally assumed),30

but to XES as well, even though some influence of neighboring
groups was observed.13 This result was supported by XES and
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RIXS experiments on aqueous solutions of cysteine in which
the data for individual building blocks of this amino acid in
specific charge configurations were compared to the analogous
data for several simple reference molecules.17 In view of the
standard architecture of cysteine, featuring the terminal amino
and carboxyl groups and a side chain, these results should also
be well applicable to other amino acids with similar molecular
structures.

The amino acid proline, however, differs noticeably from the
others (Figure 1a). Its aliphatic side chain is back-connected to
the α-amine group, building a pyrrolidine ring. Due to this
back connection, the amino group is in a secondary
configuration instead of a primary one (as for all of the
other 19 common proteinogenic amino acids). The flexibility
of proline is strongly limited by this back connection, and thus
it is often the cause of kinks in the structure of proteins and
peptides. Due to these unique characteristics, this amino acid
deserves special attention, triggering the experiments described
in the present study. Within these experiments, we apply RIXS
and XES to both solid-state samples and solutions of proline,
specifically addressing the particular charge configurations of
this molecule (Figure 1b). The results are compared with those
for several reference systems (Figure 1a) and complemented
by spectral calculations.

2. METHODS AND APPROACH
Proline and pyrrolidine were purchased from Alfa-Aesar
(stated purity > 98%) as powders and used as received,
without further purification. The solid-state proline samples
were prepared by evaporation in high vacuum (10−6−10−8

mbar) from a Knudsen-type evaporator onto a polished copper
sheet. An evaporation temperature of 413 K (140 °C) was
chosen. A sufficiently large sample size was chosen (25 × 12
mm2) to ensure that multiple sample spots could be used for
the RIXS measurements; this reduces the radiation dose for
each particular spot. The thickness of the films was chosen at
1.2 μm, which ensured that the substrate did not contribute to
the emission signal.

To verify that the proline molecules were not destroyed
during the evaporation and no contamination of the sample
film occurred, the quality and stoichiometry of the samples
were tested by laboratory-based XPS measurements with a Mg
Kα X-ray source and a VG CLAM 4 electron analyzer, which
was calibrated according to ref 32 (see Figure S1 for the C 1s

core-level spectrum). For the RIXS studies, the samples were
sealed in a dry nitrogen atmosphere and shipped to the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory, where they were measured after minimal
intermittent air exposure.

Furthermore, three different proline solutions with pH
values of 0.8, 6.8, and 13.0, as well as two different pyrrolidine
solutions with pH values of 1.4 and 13.6 were prepared and
measured. The compounds were dissolved in ultrapure water
and the pH value was adjusted by adding NaOH or HCl.
Proline concentrations of 3 mol/L (for pH 6.8) and 2.6 mol/L
(for pH 0.8 and 13.0) were used.

XES (i.e., with nonresonant excitation) and RIXS (i.e., with
excitation close to the absorption edge) experiments were
performed with the custom-designed Solid and Liquid
Spectroscopic Analysis (SALSA) endstation33 at Beamline
8.0.1 of the ALS. This endstation is equipped with a variable
line space grating soft X-ray spectrometer, which is built in a
slitless design and optimized for maximum transmission at the
biologically relevant C, N, and O absorption K edges.34 All of
these edges were investigated, with particular focus on the N
and O K edges for the solution samples. The high transmission
of the spectrometer allows recording a single XES or RIXS
spectrum with a very good signal-to-noise ratio within 30 s. For
RIXS measurements, the excitation energy was varied over the
absorption edges with a step size of 0.1 eV. The data is then
presented in a two-dimensional map, where the X-ray emission
intensity is color-coded as a function of excitation and emission
energies.15,17,23 In a few cases, additional RIXS spectra were
measured at specific energies with higher signal-to-noise ratios.
The excitation and emission energy scales were calibrated
simultaneously using reference measurements and literature
values for N2,

35 TiO2,
36 and HOPG.37

To avoid radiation damage, the solid-state samples were
continuously moved under the beam during spectra acquis-
ition. For the resulting exposure time of 0.17 s/sample spot,
the influence of beam induced on the spectra becomes
negligible, as discussed in Section 2 of the Supporting
Information.

The measurements of the solutions were performed with a
custom-designed flow-through liquid cell,33 which is a part of
SALSA. The sample liquid was separated from the vacuum of
the analysis chamber by either a thin Si3N4 membrane (100
nm; Silson) for the C and O K edges or a SiC membrane (100

Figure 1. (a) Chemical structure of proline and the used reference systems (from left to right): cysteine, pyrrolidine, and acetic acid. Proline and
cysteine are shown in the zwitterionic state and pyrrolidine in the cationic state. (b) All possible charge configurations of proline, together with the
characteristic pKa values for the respective transitions; the isoelectric point of proline is 6.30.31
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nm; NTT) for the N K edge. The sample liquid was
continuously pumped through the cell, replacing its volume
∼770 times/s, to quickly remove X-ray-damaged molecules
from the probing volume. In all measurements, we have
carefully checked for contributions of damaged molecules as
described in Section 2 of the Supporting Information. In most
cases (with the exception of the N K RIXS data of proline at
pH values of 6.8 and 13.0), spectra with no or only small
signatures of damaged molecules could be collected.

Complementary to the experiments, density functional
theory (DFT) calculations for proline and pyrrolidine were
performed using the StoBe-deMon code.38 A more detailed
description can be found in ref 39.

3. RESULTS AND DISCUSSION
3.1. Proline in the Solid State. As a solid and also at a

neutral pH value, proline is in the zwitterionic configuration,
which corresponds to a protonated pyrrolidine moiety and a
deprotonated carboxyl group, as shown in Figure 1. The C, N,
and O K RIXS maps of the evaporated proline film are
depicted in Figure 2. Each horizontal cut through such maps
represents a single RIXS spectrum, excited with a photon
energy according to the excitation axis. Vertical cuts through
the maps represent partial fluorescence yield XAS spectra. The
sharp diagonal lines at equal emission and excitation energies
in the bottom right corner of the maps represent Rayleigh
lines, i.e., caused by elastically scattered photons. For particular
excitation energies, the Rayleigh lines show a resonant
enhancement, which is accompanied by additional intensity
at slightly lower emission energies. These result from quasi-
elastic transitions, for which the final state is also the electronic
ground state, but with an excited vibronic state. The bright
intensity in the center of all three maps is the result of inelastic
scattering processes in which the final state is an excited
valence electronic state, with a “hole” in the valence orbitals
and an electron in the formerly unoccupied orbitals.

The C K RIXS map of solid proline is depicted in Figure 2a.
This map shows a strong excitation dependence below an
excitation energy (Eexc) of ∼290 eV. Above this energy, the
emission spectrum no longer changes with increasing Eexc. The
emission starts at an excitation energy of ca. 287.2 eV (in the
following always referred to as “absorption onset”) and
becomes strongest at an excitation energy of 288.6 eV,
corresponding to the π*(COO) resonance.10 Both at 288.0

and 288.6 eV, pronounced vibrational structures appear at and
near the elastic line, indicating a strong vibronic coupling.
These features originate from nuclear dynamics in the core-
excited state, leading to vibronically excited states40,41 or to the
dissociation of the molecule41,42 on the time scale of the X-ray
emission process (i.e., the core−hole lifetime). Apart from the
vibrational structures, the emission pattern shows a strong
asymmetric feature at an emission energy (Eem) of 278−279
eV and a weaker feature at 282.3−282.6 eV (see selected
detailed spectra in Figure S5). The Eem of both features
changes slightly with increasing excitation energy, starting from
the absorption onset: the strongest emission shifts pro-
gressively to higher emission energies, while the weaker one
shifts first to lower, then to higher, and back to lower energies
(see also Figure S5). These shifts can be attributed to
“spectator shifts”, i.e., changes in the final-state energy caused
by the presence of the excited (spectator) electron.

The N K RIXS map of solid proline is displayed in Figure
2b. We find the absorption onset at Eexc ≈ 404.0 eV and a
maximum at ∼405.7 eV that is assigned to the σ*(C−N)
resonance.10 The map exhibits three main emission features, at
389, 393, and 395.5 eV, that stay at constant emission energy
over the entire excitation-energy range. The map also reveals a
very small absorption resonance at Eexc = 398.8 eV. The energy
and emission signature of this resonance are very different
from the “regular” N K emission pattern for amino acids,13

which we attribute to a small contribution from X-ray-damaged
molecules. A feature at similar energy, increasing in intensity in
the course of X-ray exposure, can be found in methylammo-
nium-containing perovskites43 and glycine,44 and has been
attributed to the dissociation of a hydrogen atom from the
amino group caused by the X-ray irradiation.

The O K RIXS map of solid proline is displayed in Figure 2c.
The map exhibits a clear and well-separated absorption feature
at Eexc = 532.6 eV, assigned to the π*(COO) resonance.10 At
this resonance, we find the very characteristic fingerprint of the
deprotonated carboxyl group, consisting of three well-
separated emission features at 526.5, 525.4, and 522.3
eV.17,21 These peaks can be assigned to the lone-pair (526.5
and 525.4 eV) and lower-lying (522.3 eV) orbitals.21 For
excitation energies higher than 535 eV, the lone-pair peaks
merge into one emission line at 526.7 eV with a weak shoulder
at low emission energies, giving the typical emission fingerprint
observed for solid (i.e., zwitterionic) amino acids upon

Figure 2. C (a), N (b), and O (c) K-edge RIXS maps of an evaporated proline film. The X-ray emission intensity is color-coded (see the scale bar
above the maps) and plotted as a function of emission (abscissa) and excitation (ordinate) energies. Blue represents zero and white indicates the
strongest intensity.
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nonresonant excitation.13 These excitation-energy-dependent
changes can be attributed to spectator shifts, as well as to
changes in relative emission intensities caused by the angular
anisotropy of the X-ray emission process.45

3.2. Proline Solution: O K Edge. For the carboxyl group
of proline, the pKa value of 1.97 is below the average pKa value
found for other amino acids. The pKa value of the carboxyl
group is influenced by the neighboring amino group and thus
varies between different amino acids. Here, the smaller pKa
value can be interpreted as a larger influence of the pyrrolidine
ring on the carboxyl group.46

Figure 3 shows the O K RIXS maps of proline in aqueous
solutions at three different pH values. The absorption edge of
water starts at Eexc ∼ 534 eV15,47 and then dominates the maps.
For energies below the absorption onset of water, it is
completely transparent, and thus the emission features can be
exclusively related to the carboxyl group of proline. As
expected, the pre-edges of the maps for the zwitterionic (pH
6.8) and anionic (pH 13.0) configurations of proline are nearly
identical and show the three proline-related emission features
(at 522.3, 525.4, and 526.5 eV) typical of the deprotonated
carboxyl group. This is in accordance with the solid-state data
for proline (Figure 2c) and previous experiments on glycine,48

cysteine,17 and acetic acid.21 Similar to acetic acid, the
π*(COO) absorption resonance is found at Eexc = 532.5
eV.21 For the neutral carboxyl group (pH 0.8), we find a small
shift of 0.3 eV to lower Eexc, which agrees well with the one
found for acetic acid when going from high to low pH.21 At pH
0.8, the emission fingerprint is distinctly different, featuring a
strong peak at Eem = 526.5 eV and three additional (weak)
peaks at Eem of 524.8, 524.0, and ∼521 eV. This emission
pattern is in good agreement with the analogous data for
cysteine17 and acetic acid21,49,50 at low pH. The dominating
peak at 526.5 eV can be attributed to the lone-pair orbital at
the double-bonded oxygen,21 while the peaks at lower energies
are related to less localized orbitals.21

For a closer inspection of the O K RIXS fingerprints for
different proline configurations, the RIXS spectra extracted
from the maps are compared with the spectra of solid proline
and acetic acid with either the protonated (pH 0.2) or
deprotonated (pH 12.8) carboxyl group (Figure 4). The
spectra confirm the energies of all emission features of proline
as they were assigned above. Furthermore, two more details
become visible. First, the low-energy feature (Eem = 520−523
eV) of the cationic proline (pH 0.8) shows a distinct
asymmetry and fine structure, indicating that the observed
intensity is the result of multiple transitions. Second, the
spectra of zwitterionic (pH 6.8) liquid, solid, and anionic (pH

13.0) proline are similar but not identical. The anionic
configuration at pH 13.0 exhibits a higher intensity of feature
(A) as compared to the zwitterionic configurations and agrees
very well with the spectral shape found for acetic acid (pH
12.8).17 In comparison, the relative intensity of feature (A) is
lower for the zwitterionic solid sample and even lower for
zwitterionic proline in aqueous solution. This shows that the
emission of the lone-pair orbitals is sensitive to both the charge
state of the proline (zwitterionic vs anionic) as well as to the
environment of the molecule (solvation vs solid state).

Apart from the discussed details, a good similarity of the
spectra of proline in the cationic and anionic configurations
and acetic acid with the protonated or deprotonated carboxyl
group implies the validity of the building-block principle in the
case of proline, similar to other amino acids.17 In this context,
the O K RIXS spectra of proline can also be compared to the
analogous spectra of other amino acids. In particular, the data
for zwitterionic glycine22,48 and cysteine17 show large
similarities to those for zwitterionic proline.
3.3. Proline Solution: N K Edge. The N K RIXS map of

proline representing the cationic (pH 0.8) configuration is

Figure 3. O K RIXS maps of proline in aqueous solutions at three different pH values (0.8, 6.8, and 13.0), representing the cationic, zwitterionic,
and anionic configurations. The absorption onset of water is visible in the top part of the maps. The X-ray emission intensity is color-coded, as
given by the scale bar above the maps.

Figure 4. O K RIXS spectra of proline (black curves) in aqueous
solution at various pH values (0.8, 6.8, and 13.0), representing its
cationic, zwitterionic, and anionic configurations. For comparison, the
spectra of solid proline (black, top) and acetic acid (red curves) at pH
0.2 and 12.8 (taken from ref 17) are also shown. The acetic acid
spectra were aligned with the proline spectra (shifted by +0.3 eV in
emission energy). The low pH spectra represent a neutral carboxyl
group, while the neutral and high-pH solutions correspond to a
deprotonated carboxyl group (see Figure 1b). The spectra of proline
were extracted from the RIXS maps in Figure 3.
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shown in Figure 5, while no corresponding maps for the
zwitterionic and anionic states could be collected without

contributions of damaged molecules adsorbed on the
membrane (see Section 2 of the Supporting Information).
The N K RIXS map of the cationic configuration fits to the
respective RIXS map of solid proline (Figure 2b), representing
the protonated pyrrolidine ring as well (see Figure 1b).

In the following, we will discuss the nonresonantly excited N
K XES spectra of all configurations of proline, collected on
fresh spots of the membrane with an acquisition time
sufficiently short to minimize the X-ray-induced damage
associated with the decomposition of proline (see also
discussion in Section 2 of the Supporting Information). The
spectra are depicted in Figure 6. As expected, the spectra of the
cation (pH 0.8) and zwitterion (pH 6.8) configurations are
very similar since the pyrrolidine ring is protonated (NH2

+) at
both pH values. In contrast, the pH 13.0 solution shows the
spectrum of the anionic proline, which hosts a neutral
pyrrolidine ring. These spectra can be compared with the

analogous spectra of zwitterionic (pH 5) and anionic (pH 13)
cysteine,17 which are also included in Figure 6. The latter
spectra show the typical fingerprints of a protonated (NH3

+)
and neutral α-amino group, respectively.13,23,51

The N K XES spectra of the cationic and zwitterionic
proline are, except for a small energy shift of about 0.3 eV,
identical, exhibiting three emission features centered at an Eem
of 388.8, 393.0, and 394.7 eV. The energy shift might be an
indicator for the changes at the carboxyl group (neutral vs
deprotonated), leading to some charge redistribution over the
molecule, which slightly changes the N 1s binding energy. The
observed emission spectrum is distinctly different from that of
zwitterionic cysteine. This can be related to the significantly
different backbone of these two amino acids and to the fact
that for a protonated amino group, mainly emission from
orbitals with significant overlap with this backbone contributes
to the spectrum.23 For protonated amino groups in primary
configuration (like cysteine), it was shown that ultrafast proton
dynamics on the time scale of the X-ray emission process
significantly influence the spectral shape and give rise to the
peak observed at 394.6 eV. Whether this is that case for proline
will be discussed below, in connection with the comparison
with pyrrolidine solutions and calculated spectra.

As expected, the spectrum of anionic proline (pH 13.0) has
a completely different spectral signature than the spectra of its
zwitterionic and cationic configurations. This spectrum
consists of a strong and sharp emission at 395.7 eV and two
weaker and broader emission features at 391.8 and 387.5 eV.
The latter feature is very broad and has a low-energy tail that
extends to 383.9 eV. The spectrum of anionic cysteine is also
dominated by a high-energy feature, with the peak shape,
relative intensity, and energy position being nearly identical to
those for proline. Analogous to glycine22 and cysteine,17 this
feature is assigned to the lone-pair orbital of the nitrogen atom
of proline.

The low-energy part of the spectrum is, however, distinctly
different. This region is again dominated by contributions from
orbitals with significant overlap with the molecular backbone,
which is very different for proline with its ring structure.

The N K XES and RIXS data of proline were compared to
those of pyrrolidine, which is the main building block of
proline (see Figure 1). The N K RIXS maps of protonated (pH
1.4) and neutral (pH 13.6) pyrrolidine in aqueous solution are
shown in Figure 7 (see Figure S6 for the corresponding XES
and XAS spectra). The maps of proline and pyrrolidine,
representing the protonated pyrrolidine ring, are very similar,
suggesting large similarities between the electronic structure of
proline and pyrrolidine in the direct vicinity of the nitrogen
atom. The map of the neutral configuration of pyrrolidine
could not be compared to the map of the anionic configuration
of proline, since the latter map was affected by beam-induced
decomposition and subsequent fragment adsorption on the
membrane (see above). The map of pyrrolidine seems to be
much less (if at all) affected by these effects, suggesting that
pyrrolidine is more robust under soft X-ray exposure than
proline.

The spectra extracted from the N K RIXS maps of
pyrrolidine (red) can be compared to the N K-edge XES
spectra of proline (black) in Figure 8. We find a good
correlation between the spectra of these two molecules. The
XES spectrum of the neutral pyrrolidine (pH 13.6) has a very
similar shape to that of anionic proline (pH 13.0). This
spectrum exhibits four spectral features centered at Eem =

Figure 5. N K RIXS map of proline in aqueous solution at pH 0.8
representing the cationic configuration. The X-ray emission intensity
is color-coded, as given by the scale bar above the map.

Figure 6. Nonresonant (Eexc = 419 eV) N K XES spectra of proline in
aqueous solution at various pH values (0.8, 6.8, and 13.0)
representing the cationic (c), zwitterionic (d), and anionic (e)
configurations. For comparison, nonresonant (Eexc = 420 eV) N K
XES spectra of cysteine in zwitterionic (a) and anionic (b)
configurations are shown (first published in ref 17).
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395.5, 391.8, 397.8, and 385.1 eV. Similarly, the spectrum of
protonated pyrrolidine (pH 1.4) is nearly identical to that of
cationic proline (pH 0.8). The spectrum exhibits three
overlapping peaks, with the most intense emission feature
located at Eem = 394.8 eV and two less intense features located
at 393.2 and 389.1 eV.

Additional information, especially for the highest occupied
molecular orbitals (HOMOs), can be gained by comparing the

experimental and theoretical spectra, the latter being calculated
for isolated proline and pyrrolidine molecules (see Section 2
for technical details). Calculated emission energies, weighted
by the respective oscillator strengths, are depicted in Figure 8
for the protonated and deprotonated configurations of proline
(blue) as well as the protonated configuration of pyrrolidine
(magenta). We find that the agreement between theory and
experiment for the deprotonated configuration is, in general,
very good. However, the calculated spectrum shows no
intensity at Eem = 394.0 eV, while the experiment still exhibits
a noticeable signal in this region. This discrepancy might be
caused by the environment of the molecule (e.g., hydrogen
bonds between the amino group and water molecules52); also,
a contribution from molecular fragments adsorbed on the
membrane cannot be ruled out. Regardless of these differences,
the calculations allow assigning the dominant feature in the N
K-edge XES spectrum to the HOMO of this molecule, i.e., the
lone-pair orbital at the nitrogen atom. The weaker features at
lower emission energies are then assigned to a number of
orbitals that have a strong overlap with the backbone of the
molecule.

For proline with a protonated amino group, the agreement
between the calculation and experiment is not as good, while
the overall spectral shape is better reproduced in the case of
pyrrolidine, albeit with a compressed energy scale. We note
that the calculations for protonated proline and pyrrolidine
differ in the region between 392 and 396 eV, which can
possibly be explained by the influence of the carboxyl group for
proline. It is expected to have a much stronger effect for an
isolated ion, while its influence is strongly reduced in solution,
i.e., by interacting with the solvation shell. We also note that
for both calculations, the relative intensity in the region
between 392 and 396 eV is lower than in the experiment. This
might be an indication that, similar to the case with amino
groups in primary configuration, proton dynamics on the time
scale of the X-ray emission process play a role,23 which is not
included in the calculations.

4. CONCLUSIONS
The RIXS maps and XES spectra of proline as solid and in
aqueous solutions have been compared with data of several

Figure 7. N K-edge RIXS maps of pyrrolidine in aqueous solution at pH 1.4 and 13.6, representing the cationic and neutral configurations,
respectively. The X-ray emission intensity is color-coded, as shown in the scale bar above the maps.

Figure 8. Nonresonant N K-edge XES spectra of proline (black
curves, Eexc = 419 eV) and pyrrolidine (red curves, Eexc = 424 eV) in
aqueous solution at pH values corresponding to the cationic (pH 0.8
and 1.4, resp.), zwitterionic (pH 6.8), and anionic (pH 13.0 and 13.6,
resp.) configurations. The spectra of pyrrolidine were extracted from
the RIXS maps in Figure 7. The experimental data are complemented
by the calculated X-ray emission energy positions and intensities of
isolated cationic and neutral proline (blue bars). The calculation for
an isolated protonated pyrrolidine ion is shown in magenta. The blue
and magenta curves were derived by applying a Gaussian broadening
for which the FWHM was increased at lower emission energies.
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reference systems, with particular emphasis on pyrrolidine.
While the data for solid proline correspond to the zwitterionic
configuration of this molecule, the measurements in solution
allow access to all three charge states of proline (cation, anion,
zwitterion) by adjusting the solution’s pH value. The spectral
signature of both the carboxyl group and the pyrrolidine ring of
proline were found to be strongly influenced by their
protonation and deprotonation. The data can be well
understood within the building-block principle, comparing
with acetic acid and pyrrolidine as reference systems. We find a
good agreement between the maps and spectra of proline and
the reference systems for all charge configurations, with only a
small influence by the neighboring groups. At the same time,
the unique pyrrolidine building block of proline, differing from
the α-amino group of other amino acids, results in unique N K-
edge XES spectra, with only some similarity to the spectra of
other amino acids (such as cysteine). Additional insight is
gained by comparing the experimental data with theoretical
(DFT) simulations that allow the assignment of individual
emission features to specific molecular orbitals.
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