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ABSTRACT.

Using Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS) the carbon
backbone of sodium copper chlorophyllin (SCC), a widely used chlorophyll derivative, and its
breakdown products are analyzed to elucidate their electronic structure and physicochemical
properties. Using various sample preparation methods and complementary spectroscopic
methods (including UV/VIS, X-ray Photoelectron Spectroscopy), a comprehensive insight into
the SCC breakdown process is presented. The experimental results are supported by Density
Functional Theory (DFT) calculations allowing a detailed assignment of characteristic NEXAFS-
features to specific C-bonds. SCC can be seen as a model system for the large group of
porphyrins, thus this work provides a novel and detailed description of the electronic structure of
the carbon backbone of those molecules and their breakdown products. The achieved results also
promise prospective optical pump - X-ray probe investigations of dynamic processes in

chlorophyll containing photosynthetic complexes to be analyzed more precisely.

KEYWORDS (Copper) chlorophyllin, breakdown products, electronic structure, UV/VIS

spectroscopy, Carbon K-edge, NEXAFS, DFT
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INTRODUCTION

The role of chlorophylls (Chl) in photosynthetic light-harvesting processes and energy
conversion has been studied extensively in the past'™ in order to elucidate, understand or even
mimic nature’s mechanisms. Structure-function relationships in pigment-protein complexes
containing Chl molecules are currently in the focus of research, since efficient light-energy
conversion is one of the grand challenges of our time*. Under certain developmental and/or
environmental conditions (higher) plants as well as algae and cyanobacteria degrade Chl
molecules actively®. Chl breakdown in plants first requires uncoupling of the molecules from the
Chl-binding protein. Subsequently, the Chl molecules are converted in a multi-step process to
structurally different catabolites. A widely visible sign of this process is the appearance of the
autumn and/or ripe fruit colors. Some later Chl catabolites belong to colorless, bilane-type
tetrapyrroles®. However, colored catabolites were also found in the Chl breakdown process”.
Appearance and structure of these catabolites have been extensively studied, mainly by UV-VIS

and NMR spectroscopy®”’.

Sodium copper chlorophyllin (C34H3;CuN4NazOg, SCC) is a semi-synthetic, water soluble

derivative of Chl that is widely used in the food industry®*°

and as a light absorber in organic
photovoltaics'*™. Due to its characteristic tetrapyrrole structure, SCC can be regarded as a
model system for the large group of porphyrins, of which Chl is one of most prominent and
important, but by far not the only member. SCC can undergo (photo) chemical reactions in a
manner very similar to that of Chl. A prominent example is a pink-colored breakdown
intermediate™®.

Optical spectroscopy has been performed extensively on SCC*™2, however, X-ray spectroscopic

investigations, which render conclusions about the inner-shell electronic structure feasible are all
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but missing™. With near edge X-ray absorption fine structure (NEXAFS) spectroscopy the
electronic structure as well as the oxidation state can be probed. The use of soft X-ray radiation
allows the investigation of the K absorption edges of carbon (C), oxygen (O) and nitrogen (N), as
well as the L-edges of the central metal atom, thus providing a more comprehensive analysis of
the entire SCC molecule. In this work a detailed description of the electronic structure of the C-
backbone of SCC and its breakdown products is presented, based on experimental C K-edge

NEXAFS data and Density Functional Theory (DFT) calculations.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Sample preparation. Initially, SCC (commercial grade powder from Sigma Aldrich, no further
purification) has been analyzed in a dried droplet (made from a solution in deionized H;0O, ¢ =
2x10® mol/l) that can be seen as representative of the pristine molecular structure. Since the
NEXAFS spectrum of the SCC droplet suffers from a low signal-to-noise ratio due to sample
inhomogeneity (Figure S1) and to avoid contaminations as well, an SCC thin film has been
produced using an effusion cell (EC, Createc Fischer & Co. GmbH). The latter is a common
technique for producing thin layers of, e.g., phthalocyanine molecules'®. The EC is integrated in
a vacuum chamber, where pressures down to 10" mbar can be achieved. During the evaporation
process the chamber pressure can increase up to 8x10° mbar. In contrast to phthalocyanines, the
exact vaporization temperature of SCC is unknown. Thus, an optimization of the process using
different heating rate sequences was conducted. As a result a total evaporation time of 3 h at a
maximum temperature of about 300 °C were selected, yielding an optimum layer thickness for

transmission NEXAFS spectroscopy of about (250 + 50) nm.
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Experimental Methods. Previously, the SCC samples were investigated by UV/VIS
spectroscopy using a PerkinElmer Lambda900 spectrometer with a step size of 1 nm in the range
between 300 and 800 nm. The molecular integrity and absorption behavior of the samples is
verified by the characteristic absorption behavior of porphyrins®’.

To study the electronic structure of SCC and its breakdown products in more detail, NEXAFS
investigations have been performed at the PolLux'®* beamline (X07DA) of the Synchrotron
radiation facility Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI), Villigen
Switzerland, providing a high energy resolution in the required energy range (E/AE > 3000 for E
=260 — 430 eV, see Supporting Information). Since the NEXAFS investigations were performed
in transmission mode, thin SizNs; membranes (d = 150 nm, Norcada Inc.) were used as
substrates. The NEXAFS measurements were performed in the “line-scan” mode in a region of
interest at the sample with a length between 4-6 um (number of steps: 50, resulting in a spatial
resolution between 0.08 um and 0.12 pum). On each position, an energy scan consisting of 362
energy points with varying energy step sizes has been recorded (see Table S1). With a dwell
time of 5 ms at each energy point, an overall acquisition time of 10 minutes per scan is needed.
Computational Methods. Density Functional Theory (DFT) calculations based on the gradient-
corrected DFT program StoBe?, with the exchange functional by Becke? and the correlation
functional by Perdew®, were used for the interpretation of the NEXAFS spectra. With a
previously optimized SCC geometry the C K-edge NEXAFS spectrum was generated with StoBe
for each C atom. The spectral intensities were generated from the computed transition dipole
probabilities convoluted with Gaussian curves with increasing broadening from 0.5 - 5 eV. The
total calculated NEXAFS spectrum for each compound was obtained by summing up all the

single-atom 1s - 2p transitions.
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Normalization of all NEXAFS spectra was done by using the program ATHENA Version
0.9.25%°. Further details on the sample preparation, experimental methods and calculations are

given in the Supporting Information.

RESULTS

After the evaporation process the resulting SCC thin film has turned color from dark green to red
indicating a molecular alteration that can be confirmed by UV/VIS absorption spectroscopy (see
Figure 1, Table 1 and Figure S1).

This rigorous color change can be explained by formation of breakdown products during heating.
Catabolites and breakdown products occur in a large variety of molecular structures, e.g., as
linear tetrapyrroles (phyllobilins?®®) with or without a central metal atom. Two important
representatives are the yellow Chl-catabolites (YCC) and pink Chl-catabolites (PiCC)?’, which
may among others be responsible for the colorful appearance of autumn leaves. Following the

work of Krautler et al.?®

we interpret the UV/VIS spectrum of the SCC thin film as a composite
of multiple breakdown products.

Among a hypsochromic shift of the SCC thin film absorption spectrum, which argues against an
aggregation of the SCC molecules® during the evaporation process, a further absorption band
(UV-band) occurs around 320 nm and can be assigned to the absorption of the a-formyl pyrrole
of type-1 phyllobilins?®. Although the Soret band around 400 nm can be explained by
Gouterman's four-orbital model for the optical absorption of porphyrins'’, characteristic Q-bands

appear with a strong displacement and a pronounced double feature that cannot be explained by

the splitting into the different Q-bands. These absorption bands occur below 550 nm for metal-
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Figure 1. UV/VIS absorption spectra of SCC dissolved in water (turquoise), a dried SCC-water
droplet (light green, dotted line), an evaporated SCC thin film (red) and an SCC thin film
dissolved in 2-Propanol (orange, dash-dotted line). The spectral shifts and new arising absorption
bands are indicated by arrows.

Table 1. UV/VIS absorption bands of various SCC samples

absorption band / UV-band Soret-band Q-bands "
sample
SCC: H;0 - 404 nm 628 nm
dried SCC solution - 404 nm 634 nm
SCC thin film 325 nm 396 nm " 545 nm / 576 nm

dissolved SCC

o 319 nm 399 nm 525 nm /560 nm
thin film

i) The wavelengths of the absorption bands are given within an uncertainty of 1 nm and ii) uncertainty of £2 nm respectively

free and above 550 nm for metal-containing PiCC molecules, respectively, in accordance with
the results of Krautler et al®.
A further evidence for the existence of SCC breakdown products is the non-solubility of the SCC

thin film in water. Additional XPS investigations (see Figure S2) pointed out that during the
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evaporation process the weak ionic bonding between the Na™ cations and the O™ anions breaks,
which is responsible for the solubility in water.

To study the electronic structure of SCC and its breakdown products in more detail, NEXAFS
investigations have been performed at the PolLux'®* beamline (X07DA) of the Synchrotron
radiation facility Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI), Villigen
Switzerland, providing a high energy resolution in the required energy range (E/AE > 3000 for E
= 260 — 430 eV). Since the NEXAFS investigations were performed in transmission, thin SizN4
membranes (d = 150 nm, Norcada Inc.) were used as substrates.

The C K-edge NEXAFS spectrum of a SCC droplet (green solid line) as shown in Figure 2A is
characterized by small pre-edge features (peaks A & B) followed by two pronounced w*
transitions D and E above 288 eV and a broad structure at higher energies around 300 eV. The
detailed energetic positions are listed in Table 2. With regard to already published results*®
feature E can be assigned to a n* transition of the carbonate C=0 bonding. This assignment can
be confirmed using the C K-edge NEXAFS spectrum of dissolved sodium bicarbonate in water
(NaHCOg3, Figure 2A blue dotted curve). This spectrum has been measured to aid further
interpretation, using a laser produced plasma source® with a high resolution NEXAFS laboratory
setup®. The NaHCO3 spectrum displays a n* transition from the carbonate C=0 bonding at 290
eV that can be also identified in the SCC NEXAFS signal and provides evidence for a carbonate
contamination of the sample. Additionally, at energies above 295 eV, both NEXAFS spectra
acquired at the synchrotron and in the laboratory, display the same characteristic features. This
observation leads to the conclusion that the C K-edge NEXAFS spectrum of the SCC droplet can
be interpreted as a superposition of the SCC and the NaHCO3; NEXAFS signals generated by

dissolving SCC in water.
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55 Figure 2. Normalized C K-edge NEXAFS spectra of an SCC droplet (green), an SCC thin film
56 (red), an NaHCOj3 droplet (blue, dotted line) (A, B) and DFT-calculated spectra (B, C). The
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NEXAFS spectra in A are displayed with an offset for clarification. The composition of the total
DFT NEXAFS spectrum from the individual signals from specific C atoms of the SCC molecule
is displayed in C. The molecular structure of SCC is shown in D, where the C-atoms are marked
with regard to their chemical binding and peak contribution. The explanation of each group is
given in the table.

Table 2. Resonance energies of experimental and DFT-calculated NEXAFS spectra.

Peak  SCC scc DFT
droplet?  thin film"

A 284.1 284.2 284.2

B 285.0 285.0 285.0

C - 285.4 286.3

D 288.6 288.2 287.8

E 290.4 - -

i) The experimentally determined energies are given with an uncertainty of +0.1 eV caused by the step size.

These results are an excellent example, how synchrotron- and laboratory-based investigations
can complement each other.

In comparison, the SCC thin film NEXAFS signal features the same characteristic peaks with
similar energetic positions as the previously discussed SCC droplet NEXAFS (Table 2).
However, the intensities of the pre-edge structures (peaks A & B) are increased with regard to
the m*-resonance (peak D) and the intensity ratio changes significantly. Additionally, a slight
shoulder towards higher energies (peak C at 285.5 eV) can be resolved. A carbonate
contamination is not detectable.

Surprisingly, the DFT calculations (Figure 2B & C) based on the pristine SCC molecular
structure very well reproduce at least the pronounced peaks A, B for both, SCC droplet and thin
film (Figure 2C & D). The two pre-edge features, peaks A and B, mainly originate from C=C

and C-C bonds within the tetrapyrrole ring (group 2 & 3) of SCC, whereas peak B has an
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additional contribution from C atoms bound to N atoms (group 1). The higher intensity of peak
B in relation to peak A in the measured spectrum can be attributed to a larger proportion of C-N
and C=N bonds, which in turn is another evidence for the presence of catabolites and degradation
products, in which the bonding to the central metal ion is no longer present. The DFT
calculations for the intact SCC molecular structure suggest that the intensity ratio should be
exactly the opposite.

Feature C, which is clearly visible in the thin film NEXAFS spectrum, can be attributed to
similar C bonds as peaks A and B but with much lower intensity.

Moreover, the experimental and theoretical results listed in Table 2 show large deviations that
make a clear assignment difficult. Towards higher energies, feature D can be assigned to C=0
and C-O bonds. For this resonance a shift towards higher energies occurs in the order: DFT
calculations, SCC thin film and SCC droplet. This shift can be explained by the increasing
influence of additional oxygen, either by a change of the molecular structure (thin film) or a
contamination (droplet). These “external contributions” are not taken into account in the DFT
calculations, as well as the C 1s edge jump, which explains the trend of the calculated spectrum
above 290 eV.

The previously shown UV/VIS spectra indicate that several breakdown products should be
present in the SCC thin film. However, the fact that the DFT calculations, even though they are
based on the pristine SCC molecular structure, reproduce the near edge region of the NEXAFS
spectra with high precision, can be explained by the chemical bonds that are responsible for these
characteristic NEXAFS structures. For linear tetrapyrroles or open-ring catabolites, extended

conjugated w-electron systems are present.
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Figure 3. Left: SCC thin film NEXAFS spectrum (red solid line) in comparison to a linear
combination (navy-blue dotted line) of DFT calculated spectra of SCC (80%, dark grey dotted
line) and one of its catabolites, the pink chlorophyll catabolite (20% PiCC, grey dotted line).
Right: molecular structure of the PiCC molecule (white: H, grey: C, blue: N, red: O).

The NEXAFS spectrum of the thin film is shown in comparison to the DFT calculated spectra of
SCC (dark grey, dotted line) and PiCC (grey, dotted line) in Figure 3. The two calculated spectra
of SCC and PiCC are additionally shown in Figure S3 in the Supporting Information. While the
single spectra of both components can explain parts of the experimental results, a linear
combination (dark blue, dotted line) of the ratio 80 % SCC to 20 % PiCC leads to a better
agreement between the calculations and the measured data especially in the pre-edge region.
Thus, feature C at 285.5 eV can now be explained by the existence of PiCC in the thin film.
However, these calculations also show that only one additional structure is not sufficient to

reproduce the entire NEXAFS spectrum of the thin film.
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CONCLUSION

Due to the large number of possible different breakdown products, additional analysis such as
nuclear magnetic resonance (NMR)* which are beyond the scope of this work, will be
necessary to identify further components and to perform additional DFT calculations.
Furthermore, the partial nonconformity between the SCC droplet NEXAFS spectrum and the
calculated DFT spectrum remains an open question and requires further considerations.
Nevertheless, the X-ray spectroscopic analysis of commercial grade SCC in combination with
the presented DFT calculations provides a novel and detailed description of the electronic
structure of this widely used molecule and its breakdown products. The presented results are the
first X-ray spectroscopic investigations of the carbon skeleton of the SCC molecule and its
breakdown products supported by DFT calculations. Using a VIS pump/X-ray probe
experimental arrangement additional NEXAFS resonances due to a vacancy in the HOMO of the
molecule can be generated®. These resonances should be visible in the NEXAFS spectra as
characteristic fingerprints of different catabolite structures. Such experiments, allowing a further

differentiation between the catabolites are planned for the near future.
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