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Under isochoric and solvent-free conditions, the reaction
between ammonium formate and citric acid results in a deeply
purple reaction product with fluorescent properties. This brings
this reaction in the realm of bio-based fluorophores and
bottom-up carbon nanodots from citric acid. The reaction
conditions are optimized in terms of UV–vis spectroscopic
properties and, subsequently, the main reaction product is
separated. While the structural analysis does not give any
indication for carbon nanodots in a general sense, it points

towards the formation of molecular fluorophores that consist of
oligomerized citrazinic acid derivatives. Furthermore, EPR spec-
troscopy reveals the presence of stable free radicals in the
product. We hypothesize that such open-shell structures may
play a general role in molecular fluorophores from citric acid
and are not yet sufficiently explored. Therefore, we believe that
analysis of these newly discovered fluorophores may contribute
to a better understanding of the properties of fluorophores and
CND from citric acid in general.

Introduction

Research on fluorophores from citric acid (CA) and reactive
nitrogen precursors has been a flourishing subject in recent
years. Such materials are promising due to their sustainable,
bio-based precursors and their intriguing fluorescent properties,
which make them attractive for many applications such as in
biomedical imaging,[1–4] fluorescent inks,[5,6] solar cells[7–9] or
fluorescent probes for detection of metals and
biomolecules.[10–14]

The starting point for the research on CA derived
fluorophores was already marked in the late 19th century by the
discovery of the molecular fluorophore citrazinic acid (CzA).
Behrmann and Hoffmann synthesized it in 1884 by the addition
of sulphuric acid to a water solution of citric acid amide.[15] Two
years later, Sell and Easterfield obtained CzA by the reaction of
CA with ammonia via melt formation by evaporation of
water.[16,17] Heating the resulting melt to 130 °C led to trans-
formation of ammonium citrate into its amide and substantially
to CzA. This method was widely used to synthetize CzA,
particularly for colour photography films processing such as
Kodak Ektachrome E-6 process.[18] After the synthesis of Sell and
Easterfield, it has been observed that CA can form many
fluorescent structures, using different amines instead of

ammonia as reactants. Many of such CzA derivatives have been
reported by Kaspzyk et al.[19]

In recent years, considerable research on fluorescent
materials form CA has been performed under the headline of
carbon nanodots (CNDs).[20] Currently, the structure of CNDs is
typically depicted as a core/shell model, where a carbon core
with graphitic elements is equipped with various functional
groups on its surface.[21–23] CNDs from CA and various amines
are typically formed by heating to temperatures between 140
and 200 °C, where solvent-free as well as hydro- and solvother-
mal approaches have been reported.[24,25]

The fluorescent properties of bottom-up CNDs from CA are
still a matter of debate. They have been attributed to the
graphitic core as well as to molecular fluorophores – namely
CzA and its derivatives. However, it is still an open question
how these fluorophores are connected to the cores of CNDs or
with each other, or whether they are chemically connected at
all.[20,26,27] Firstly, separation is an issue and in several cases the
observed fluorescence could be attributed to a specific
molecular species rather than CNDs after careful separation of
the product mixture.[28,29] Secondly, aggregation plays an
important part in the fluorescent properties of such molecules.
For example, in 2017 Reckmeier et al.[30] analysed amorphous
aggregates of CzA derivatives and showed that such aggregates
could absorb and emit at wavelengths over a wide range of the
visible spectra. The emission spectra was overall very similar to
those typically reported for CNDs. In summary, one can say that
fluorophores and CNDs from CA still pose a puzzle with respect
to their structural analysis.
In this paper, we report on a novel synthesis, using CA and

ammonium formate (AF) as reactants in an autoclaved solvent-
free synthesis. This synthesis is especially interesting as it
produces a dye substance with an intense purple colour,
indicating a yet undiscovered reaction pathway. In most of the
reported syntheses with CA so far, the reaction mixture has
usually a brownish colour and is pale-yellow after dilution and
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purification.[31] However, red coloured CNDs also have been
previously reported.[32,33] We hypothesize that formic acid plays
a pivotal catalytic role in the system, which results in
subsequent oligomerization of CzA derivatives.

Results and Discussion

Synthesis in Eutectic Mixture

We recently discovered that AF is able to form eutectic mixtures
with many hydrogen bond donors.[34,35] Those mixtures have
commonalities with eutectic mixtures of Lewis acids and bases
commonly referred as deep eutectic solvents (DES) due to their
similarities with ionic liquids. Namely, eutectic mixtures contain-
ing AF are liquid at relatively low temperatures and show
typical glass transition of a one-phase system. The peculiarity of
those eutectics is the reactivity of AF, which enables solvent-
free reactions and which brings those systems in the category
of reactive eutectic mixtures. AF and CA (2 :1) form a eutectic
mixture that is liquid at room temperature (with a glass
transition temperature at � 37.1 °C) and that starts reacting at
elevated temperatures (Figure S1). The unique properties of the
system are related to the preservation of the phase unity in the
homogeneous liquid state moving over the reaction coordinate,
despite composition change due to the evolution of reaction
products. The incorporation of the low molecular weight
compounds into eutectic is supported by the DCS analysis that
reveals a single glass transition at temperatures decreasing
upon applying higher reaction temperatures (Figure S1). Con-
sidering that formic acid (FA) and CA are acids both of similar
strength we can assume that the ammonium cation is shared
between both acids but the exchange equilibrium is shifted
towards ammonium citrate if the temperature is high enough
to bring FA into the vapour phase. The ammonium salt of CA
can then form CzA at a suitable temperature. Indeed, at 120 °C
we can observe a colour change of the reaction mixture into
yellow, which is in agreement with the reported preparation of
CzA from CA and ammonia or urea at 120–130 °C.[36] Thermal
analysis together with FTIR and NMR of the reaction mixtures
prepared at temperatures above 120 °C reveals the similarities
in the composition of the mixtures and the unity in the

behaviour implying incorporation of the possible products into
the eutectic (Figures S3–S6). At 150 °C, the mixture starts to get
a purple hue while at 180 °C an intense purple colour is
observed (Figure 1, left). This is a common synthesis temper-
ature for fluorophores from CA since it starts to decompose
above 175 °C and reaction kinetics are accelerated.[29] Further-
more, in our system AF decomposes at 180 °C, so at this
temperature a maximum concentration of ammonia can be
expected. For the reaction, it is important to maintain isochoric
conditions – the reaction does not work in an open vessel.
Furthermore, the solvent-free approach appears to be essential
for the synthesis – the same reaction in water results in a
completely different reaction pathway, while the same reaction
in ethylene glycol gives only traces of the relevant product,
according to UV–vis (Figure S2). Solvent-free reactions are
known to offer remarkable advantage, when compared to
solution reactions because of the change in reaction kinetics.
This is because collisions between the reactants are much more
frequent and give higher reaction rates, which often results in
high purity of the products with high selectivity.[35,37–39]

Reaction kinetics, monitored over time by UV–vis absorption
spectroscopy (Figure 1, right), show a similar trend. The band at
340 nm (associated with CzA) develops initially but decreases
over time in favour of an increasing band intensities at 520 and
560 nm. This reflects the purple colour of the resulting
compound, reaching its maximum after a reaction time of four
hours. Prolonged heating reduces the brilliance of colour.
Overall, the kinetic study shows that the reaction proceeds

in at least two clearly distinguishable steps. The first one can be
attributed to the formation of CzA (and derivatives) and the
second one corresponds to the polymerization of the formed
monomer into oligomers of purple hue. Based on these
observations, we propose the following reaction products,
depicted in Figure 2a, as a starting point for discussion. That
products from CA are able to form such conjugated structures
has long been known by the biosynthesis of indigoidine from
CA.[40,41] Furthermore, indigoidine derivatives have recently been
identified as reaction products from CA and urea by including a
photo oxidation step during the synthesis.[42]

Figure 1. UV–vis spectra of the reaction kinetics of the reactive eutectics in water. Left: prepared at different temperatures from 120 to 180 °C and reacted for
40 min in a microwave oven. Right: prepared with different reaction times at a temperature of 180 °C in an autoclaved system. The maxima at ~340 nm
corresponds to CzA.
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Structural Analysis of the Fluorophores

In the following, the purple reaction product is investigated
which is termed oligo-CzA in the further discussion. Maximum
yields are obtained in an autoclaved synthesis at 180 °C for 4 h
as shown by UV–vis analysis (or in 40 minutes in the microwave,
which enables stirring). The reaction work-up can be easily
achieved by repeated washing with ethanol. This precipitates
the product and removes by-products such as formamide and
formic acid as confirmed by nuclear magnetic resonance
spectroscopy (NMR) (Figure S7). After drying, a purple powder
of oligo-CzA is obtained (Figure 2B).

In the further analysis of the product, we did not find any
indication of CNDs. Gel-permeation chromatography (GPC)
shows only small sized molecules below the smallest standard
of 1250 Da. Moreover, scanning electron microscopy (SEM) and
transition electron microscopy (TEM) measurements (Figure 2C
and Figure S9) do not reveal any crystalline particles, instead
show amorphous agglomerates. This is in agreement with the
finding of Reckmeier et al.,[31] who obtained similar TEM images
for the reaction of CA and supercritical ammonia. They also
attributed the observed particles to aggregated CzA derived
fluorophores instead of CNDs.

NMR analysis of the product is not possible as the sample
turns out to be completely NMR silent (Figure S7). EPR measure-
ments (Figure 3, left) reveal that this is due to the paramagnetic
nature of the product. The number of unpaired electrons in
oligo-CzA is calculated to be 1.6×10[18] spins/g and increases
slowly over time (Table S1). EPR measurements for variable
temperatures reveal that the signal increases linearly with
temperature, which means that the behaviour is Curie like
(Figure 3, right). It is not the first time that EPR active CNDs or
fluorophores from citric acid have been reported.[43,44] Interest-
ingly, the ammonium salt of CzA (NH4-CzA) also gives a weak
EPR signal (Figure 3, left). The concentration of unpaired
electrons is significantly lower at 5.1×10[16] spins/g. Both
samples have very similar g-factors: 2.0036 for oligo-CzA and
2.0038 for NH4-CzA (Figure S10). This indicates a similar
chemical environment of the free radical in the two samples.
Considering this result from a broader perspective, it may have
important implications. If such open-shell structures also form
in other syntheses with CA in the realm of CNDs, a portion of
molecules may have been systematically overlooked in NMR
analysis.
Regarding the cause of the observed radical stability we can

only speculate here, but it must ultimately be traced back to
the delocalization of spin density in the molecular structure.[45]

This is known e.g. to be possible by extension of π-
conjugates[46] (which is in fact featured by the proposed
structure of oligo-CzA) but also possible by non-covalent
mechanisms such as electrostatic interactions[47] or π–π inter-
action and molecular aggregates.[48] Also such non-covalent
mechanisms seem worth to consider, taking into account that

Figure 2. (a) Schematic representation of the formation kinetics of CzA and
polymerization in the reactive eutectic media at 180 °C supported by the
colour change of the reaction mixture, (b) visual appearance of the purified
product oligo-CzA in powder form, (c) SEM images of the purified product.

Figure 3. (left) EPR measurement of 20 mg of oligo-CzA and NH4-CzA, (right) variable temperature EPR of oligo-CzA.
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molecular aggregation of CzA has been identified as a crucial
factor for understanding its fluorescent properties.[30]

For a better understanding of the observed radical stability,
more analysis will be needed. E.g. it would be very interesting
to perform magnetic susceptibility measurements in order to
determine the ground state spin multiplicities of the system.
We also tried to reduce oligo-CzA with sodium sulphite or to
oxidize it with sodium hypochlorite – however the NMR
remained silent in both cases. While reduction does not do
anything to the colour, oxidation leads to a change in colour
from purple to orange to yellow to colourless. This exactly the
reversal of the formation kinetics, observed during synthesis.
The product is structurally investigated by X-ray photo-

electron spectroscopy (XPS) in reference to NH4-CzA, since
similarities between the structures are presumed. The tauto-
meric forms of both structures are presented in Figure S11 to
make it easier to follow the discussion. XPS results are shown in
Figure 4.
The XPS C1s spectra show four species of carbons within the

compounds. For oligo-CzA they appear at 284.8, ~286, ~287.5
and ~288.5 eV and are assigned to carbon-carbon (C� C/C=C),
hydroxy and carbon-nitrogen (C� O/C� N), carbonyl as well as
lactam (C=O) and carboxy groups (O� C=O), respectively. For
NH4-CzA a significantly higher signal at 287.8 eV is observed in
comparison to the oligomer suggesting that the lactam form is
favoured over the pyridinic tautomer. This assumption is
supported by the N1s XPS spectrum presenting an intense signal
at 400.6 eV which is characteristic for pyrrolic nitrogens and
which is also in accordance with previous observations.[49] The
N1s spectrum of oligo-CzA shows a signal at 399.9 eV which
indicates a mixture of pyridinic N which range between 399.0–

399.6 eV as well as pyrrolic N at ~400.2 eV. This means that
both tautomeric forms are present. Furthermore, the signals
between 401.9–402.0 eV in both N1s spectra prove the presence
of ammonium ions. Due to the measurement under high
vacuum, the amount of ammonia groups was possibly reduced
to some extent for both compounds. Nevertheless, the small
signal for oligo-CzA may also hint to the formation of primary
amides from ammonium carboxylates which can be expected
under such the high synthesis temperatures. Primary amides
occur at ~399.7 eV and are therefore be part of the major signal
at 399.9 eV. The O1s spectra show two species at 531.7 and
533.2–533.4 eV which correspond with carbonyl as well as
lactam groups (C=O/NH� C=O) and carboxyl as well as hydroxyl
groups (O� C=O/C� OH), respectively. For oligo-CzA the reduc-
tion in intensity of the carboxyl/hydroxyl group signals at
533.2 eV is in accordance with the proposed structure and a
decrease in hydroxyl groups as well as amide formation.
Similarities between NH4-CzA and oligo-CzA are also

observed with Fourier-transform infrared spectroscopy (FTIR), as
shown in Figure 5 (similarly, eutectics prepared at different
temperature and reaction mixture at different reaction time on
Figures S6 and S8). What can clearly be distinguished in the
oligo-CzA spectra are different C=O stretching vibrations. The
peak at 1570 cm� 1 corresponds with the peak of NH4-CzA and is
therefore assigned to the stretching of C=C bond conjugated
with carboxylate group. The signal at 1690 cm� 1 is assigned to
the C=O stretching from carboxylic acid. Presumably, there
were not sufficient ammonium ions present in order to ionise
all carboxylic acid groups. This is supported by performing the
synthesis of oligo-CzA with an excess of AF. In this case the
signal at 1690 cm� 1 from carboxylic acid disappears in favour of

Figure 4. XPS spectra of NH4-CzA (top) and purified oligo-CzA (bottom) with emphasis on the C1s, N1s, and O1s regions.
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a stronger signal from carboxylate stretching vibrations (Fig-
ure S7).
The same can be achieved, when oligo-CzA is treated with

an alkali salt such as potassium or sodium hydroxide (Fig-
ure S12). This does not only result in salt formation of carboxylic
acids but also in the cation exchange of ammonium ions as
wells as hydrolysis of primary amides. In this way all derivatives
of carboxylic acid groups are converted to the carboxylate salt
of the respective alkali metal and the elemental analysis of
these materials gives insightful results. While untreated oligo-
CzA gives a nitrogen/carbon ratio of 1.6/6, the ratio of the alkali
treated compound approaches 1 :6, while the ratio between
nitrogen and counter cation approaches 1 :1. (Table S2) That
means that each pyridine unit is connected to one carboxylate
group, which reflects the structure of NH4-CzA. This is in
agreement with the proposed structure for oligo-CzA of
polymerized CzA derivatives into oligomers.
For information on the molecular mass, MALDI-TOF (matrix-

assisted laser desorption-ionization – time of flight) mass
spectrometry experiments were performed. Although mostly
used for large molecules such as synthetic polymers and
proteins, this technique is also suitable for small molecular
analytes. Soltzberg et al. successfully used MALDI-TOF mass
spectrometry for the identification of a range of anionic dye
molecules.[50] The applied matrix 9-aminoacridin (9AA) appears
to be a good choice for such analytes; it allows for measure-
ments in negative ion mode and only exhibits a low back-

ground. Measured species in MALDI-TOF mass spectrometry are
virtually always singly charged. Multiply charged species there-
fore most often lose all of their counter ions but they will be
compensated by protons from the MALDI plume to result in a
singly charged ion (e.g. [M� NH4]

� , [M� 2 NH4+H]
� , [M� 3 NH4

+2H]� , etc.).
Figure 6 shows the results of MALDI-TOF analysis of oligo-

CzA sample. The measurements are reproducible but for older
samples, the spectra feature peaks with lower molecular weight.
The results suggests that the product consists of three
molecular species. This is supported by preparative HPLC
(Figure S13) where three different hues of purple are separated
from the fresh dye sample. An older solution of the sample,
that has been stored for a few weeks, gives a wider palette of
colours and at least six different fractions are identified.
Taking the results from MALDI-TOF and the structural

analysis into consideration, we can make a few suggestions on
the molecular structure. For examples the major peak at
548.16 m/z in the fresh sample corresponds closely the original
structure suggested (Figure 7, left). However, we do not know
on which position the individual CzA units are connected, so
the structure might also resemble the right proposal in Figure 7.
This would also account for the radical character of the product
in form of a non-Kekulé structure. However, it should be

Figure 5. ATR-FTIR of NH4-CzA and oligo-CzA.

Figure 6. MALDI-TOF mass spectrometry measurements of oligo-CzA, freshly
prepared (left) and after a few weeks, stored as powder (right). The
measurement took place in negative ion mode and by using 9AA as a
matrix. The laser intensity was 40%.

Figure 7. Proposals for the structure of the major component of oligo-CzA.
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stressed, that more work will be required to advance on this
subject and the nature of the stable free radical. For example, in
the present investigation we did not resolve weather we are
dealing with a monoradical or diradicals.

Spectral Properties

The purified product features high solubility in water and
results in a solution with an intense purple colour, which is
even stronger in ammonia solution. However, the colour of the
solution fades over time – a process which is even faster in
ammonia solution as well as under light illumination (Figure 8a).
We presume that the highly substituted structure of oligo-CzA
has little stability in solution due to steric hindrance within the
molecules. What can also be observed in water solution, is
precipitation of a purple powder. We attribute this to molecular
aggregation, which is a phenomenon that is well known in dye
chemistry.[51,52] This is supported by XRD measurements of the
precipitate, which gives the typical signal from π-stacking at 26
°2Θ (Figure S15) as well as by the broadening of absorption
band in the UV–vis spectra. Precipitation is not observed in
ammonia solution. As a results, no material is retained by a
dialysis tube (molecular weight cut-off 1000 Da) in case oligo-
CzA is dissolved in ammonia solution. However, dialysis of
oligo-CzA in water results in an initial yellow dialysate. The
solution shows a single absorption peak at 340 nm which
correlates to the absorption peak of CzA (Figure S16).
The fluorescent properties of the product in solution are

shown in Figure 8b. There are two fluorescent centers so we
assume to be dealing with two main species. The two emission
maxima appear at 462 and 594 nm corresponding to excitation

maxima at 370 or 558 nm, respectively. The rather large Stokes
shifts of 92 and 36 nm, respectively, are related to the highly
polar solvation environment (Figure S17). Notably, the
fluorescence intensity decays rapidly after the product is
dissolved. For example, upon continuous emission measure-
ment at the excitation wavelength of 520 nm, a significant
decay down to ~15% after 10 h is measured (Figure 8c). A
decay takes place irrespective whether or not the solution was
exposed to light. However, the respective emission curves differ
slightly (Figure S18), which again points towards the contribu-
tion of photodegradation. The decrease of the molecular
species that emits at 460 nm is less pronounced. The
fluorescence quantum yields (QYfl) of oligo-CzA were deter-
mined by the gradient method using Rhodamine B (RhB) as a
reference. In ammonia in water solutions the fluorescence
quantum yields are 1.9% while in ammonia in methanol the
QYfl is ten times higher, namely 19% (Figure S19).

Conclusions

We investigated the reaction between ammonium formate and
citric acid under isochoric and solvent-free conditions. Reaction
kinetics were analyzed with UV–vis spectroscopy and optimized
with respect to the purple coloured reaction product. The
intense purple colour of the purified reaction product indicates
a yet undiscovered reaction pathway in the otherwise well
studied research field of fluorophores and CNDs from citric acid.
Therefore, we hypothesized that formic acid plays a pivotal
catalytic role in the reaction system, which results in subse-
quent oligomerization of citrazinic acid derivatives. Structural
similarities between the purified product and the ammonium

Figure 8. a) Absorption spectra of oligo-CzA in water as well as in ammonia water (5%). The solutions were freshly prepared (black) and then stored under
dark (solid) as well as light exposed (dotted) conditions; b) 2D-photoluminescence plot of oligo-CzA in ammonia water; c) Fluorescence intensity decay of
oligo-CzA in ammonia water at 460 nm (blue) and at 600 nm (black) under continuous illumination at 370 or 560 nm respectively.
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salt of citrazinic acid were confirmed with several analysis
techniques such as XPS, FTIR, and elemental analysis. Further-
more, EPR spectroscopy detected stable free electrons in the
product structure as well as in the ammonium salt of citrazinic
acid. Further analysis will be needed in order to understand
these paramagnetic properties and to gain confidence with
respect to the molecular structure of the product. This may also
contribute to a better understanding of the formation of
fluorophores and CNDs from citric acid in general.

Experimental
Synthesis in Autoclave: 3.78 g of ammonium formate was mixed
with the 5.76 g of citric acid to result in a molar ratio 2 :1. The
mixture was thoroughly grinded in agar mortar to obtain homoge-
neous viscous paste. The viscous mixture was transferred into the
Teflon beaker and sealed with the Teflon cap. The beaker was
placed into the high-pressure stainless-steel reactor from Parr. The
reactor was kept at 180 °C for 4 hours. The reaction in the reactor
was stopped by cooling the autoclave in the ice bath. The product
is a viscous solution with the dark colour.

Microwave Synthesis: Synthetic procedure was also performed in
laboratory microwave reactor. The precursors were mixed in the
same ratio (2 : 1 ammonium formate: citric acid), but the quantity
was decreased by half to fit the pressure limit of the microwave of
18 bar. The reactants were transferred into a 35 ml quartz vial,
sealed with a Teflon-lined cap. The vial was heated with a
laboratory microwave (Discover SP), using a power of 50 Watt. The
reaction was performed at 180 °C, but the reaction time was
decreased to 40 min since stirring could be applied.

Purification Procedure: The viscous liquid product was transferred
to a plastic centrifuge tube and ethanol was added. The mixture
was thoroughly shacked and subsequently sonicated for 15 min in
the lab sonicator. The insoluble in ethanol product was separated
by centrifuging at 6000 RPM for 5 min. The washing procedure with
ethanol was repeated several times, until no organic molecules
were detected in the washing solution by NMR. The washed
powder dried in the oven at 60 °C overnight. For 1.5 g of CA,
approximately 0.7 g of purified product could be obtained (after
microwave synthesis).

Preparation of NH4-CzA: Citrazinic acid was dissolved in a minimum
amount of ammonium hydroxide solution and dried in the oven at
60 °C overnight.

Analysis: Ultraviolet-visible absorption (UV–vis) measurements were
performed with a Specord 210 plus from Analytik Jena using
10 mm quartz cuvettes. Gel permeation chromatography (GPC) was
carried out in H2O/NaNO3 on a SUPREMA 30/3000-10 μm column.
The sample was detected with a refractive index detector as well as
a UV-detector at 350 nm. The molecular weight was evaluated
against a poly(acrylic acid sodium salt) standard. Scanning electron
microscopy (SEM) images were obtained on a LEO 1550-Gemini
microscope. Electron paramagnetic resonance (EPR) spectroscopy
was performed on a Bruker EMXnano benchtop X-Band EPR
spectrometer, where the samples where measured in solid state in
EPR tubes (ID 3 mm, OD 4 mm, length 250 mm). Samples were
measured using a receiver gain of 40 dB an attenuation of 35 dB
and 5 number of scans. X-ray photoelectron spectroscopy (XPS) was
performed on a K-Alpha™+X-ray Photoelectron Spectrometer
System (Thermo Scientific) with Hemispheric 180° dual-focus
analyzer with 128-channel detector. X-ray monochromator is Micro-
focused Al� Kα radiation. For the measurement, the prepared

powder samples were loaded on carbon taps. Fourier-transform
infrared (FTIR) measurements were performed using a Nicolet iS 5
FT-IR-spectrometer in conjunction with an iD5 ATR unit from
Thermo Fisher Scientific. Fluorescence measurements were per-
formed on a FP-8300 fluorescence spectrometer. Differential
scanning calorimetry (DSC) was performed on a DSC 204 F1 Phoenix
(Netzsch, Selb, Germany) using an platinum crucible at a heating
rate of 10 °Cmin� 1. Nuclear-magnetic resonance (NMR) spectroscopy
was performed on a 400 MHz Bruker Ascend 400. Transmission
electron microscopy was performed using an EM 912 Omega from
Zeiss operating at 120 kV. CHNX analysis was performed with a
vario MICRO cube CHNOS elemental analyzer by Elementar
Analysensysteme GmbH. The elements were detected with a
thermal conductivity detector (TCD) for C, H, N and O. Inductively
Coupled Plasma Optical Emission spectroscopy (ICP-OES) were
performed on an Optima 8000 for quantification of sodium and
potassium. Maldi-TOF mass spectroscopy was performed with an
Autoflex speed detector from Bruker in negative mode using 9-
aminoacridin (9AA) as a matrix. X-ray diffraction (XRD) was
performed on a Bruker D8 Advance diffractometer in the Bragg–
Brentano mode at the Cu Kα wavelength.
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