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Polyoxometallate ions as models for mineral
nanoparticle interactions with proteins

Abstract

Keywords: Polyoxometallate, Oligopeptide, X-ray single crystal study, NMR,
Electrospray mass-spectrometry, Electrocatalysis

Mineral nanoparticles (NPs) form naturally by weathering of rock, and artificially
by industry. They are abundant in our surroundings, so it is important to know what
the effects on living organisms might be. NPs often interact with proteins, important
building blocks and biocatalysts in all living things. The potential effects of NPs on
proteins could be either detrimental or beneficial, and it is important to know which.
Using a model system, we have identified a number of factors which can affect how
NPs interact with biomolecules. These are: 1) the polarity of the metal-oxide bond,
as determined by the metal atom’s electronegativity; 2) the hydrophobicity of the
ligand, determined in our model by the length of an oligoglycine; 3) the ionic
strength of the solution, as cations in excess will compete for binding spots with the
ligand, replacing it on the NP surface; 4) The shape of the ligand, as demonstrated
by structure determining peptides; 5) The relative affinity of ligands, as shown by
one NP readily crystallizing with a buffer molecule rather than a peptide, but not
interacting noticeably with a similar buffer. Certain NPs are unstable under specific
conditions, such as pH, while others tolerate it, and complexes with ligands can
differ for these NPs. In addition, compounds used in the model were used as a model
in a study on antiviral activity, and were also used to produce a Sol-Gel material with
remarkable efficacy in electrocatalytic water splitting.



Polyoxometallatjoner som modeller for
mineralnanopartiklars interaktion med
proteiner

Abstract

Minerala nanopartiklar (NPs) bildas naturligt genom vittring av sten, och artificiellt
fran industri. De dr vanliga i vira omgivningar, sa det ar viktigt att veta vad effekten
pa levande organismer kan vara. NPs interagerar ofta med proteiner, viktiga
byggstenar och biokatalysatorer i alla levande ting. De potentiella effekterna av NPs
pa proteiner kan vara endera skadliga eller gynnande, och det &r viktigt att veta
vilket. Genom ett modellsystem har vi identifierat ett antal faktorer som kan paverka
hur NPs interagerar med biomolekyler. Dessa &r: 1) Polariteten hos metall-
oxidbindningar, som bestims av metallatomens elektronegativitet; 2)
Hydrofobiciteten av liganden, som i var modell bestims av ldngden pa en
oligoglycin; 3) Losningens jonstyrka, d& katjoner i 6verflod kan tdvla om
bindningsplatser med en ligand, och ersétta den pa ytan av en NP; 4) Ligandens
form, vilket demonstreras av strukturbestimmande peptider; 5) Den relativa
affiniteten av ligander, som visas av att en NP létt bildar kristaller med en
buffertmolekyl istéllet for en peptid, men inte interagerar markbart med en liknande
buffert. Vissa NPs ér instabila under sérskilda forhallanden, sa som pH, medan andra
tolererar dem, och komplex med ligander kan skilja sig for dessa NPs. Dessutom var
dgmnen som anvindes i modellen dven anvdnda som en modell i en studie om
antiviral aktivitet, och anvindes for att producera Sol-Gel-material med
anmarkningsvéard effekt i elektrokatalytisk vattensplittring.

Keywords:  Polyoxometallat,  Oligopeptid, = Rontgenkristallografi, NMR,
Elektrospray mass-spectrometri, Electrokatalys
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1. Introduction

Billions of years ago, Life first emerged in the primordial soup. This
mixture contained organic molecules, formed randomly over eons of wet, hot
and electric conditions, as well as minerals weathered, dissolved and
reformed as nanoparticles due to the same. Mineral nanoparticles (NPs) have
been with us since the beginning, and still affect us in ways that are not
always clear. This work may shed a small light on what, exactly, NPs do to
us.

1.1 Metal oxide nanoparticles

Metal oxide nanoparticles (NPs) are a highly diverse class of compounds,
consisting of oxides of main group or transition metals, which form particles
in the 1-100 nanometre range. These will form naturally over time from
weathering of minerals, but can also be synthesized artificially for a purer or
more specialized product. Some of the most common natural NPs include
certain clays and iron or manganese oxides. Such NPs often contribute to
biological abundance by making micronutrients available to organisms, for
example by providing iron to phytoplankton (Hochella et al. 2008).

When synthesizing NPs, they can be doped. That is, other elements than
the main constituents can be included. This is often done to enhance physical
or chemical properties, such as conductivity, catalytic ability, or structure
(Guo et al. 2013; Chavali & Nikolova 2019; Chen et al. 2020; Zhou et al.
2020).

Many of the chemical properties of NPs are dependent on how the surface
is composed (Lundqvist et al. 2008), as it is the surface which interacts with
the surroundings. NPs are ideal for catalysis, as they, due to the square cube
law, have much greater surface area than larger particles. The square cube
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law states that as objects grow in size, the volume increases at a faster rate
than the surface area. Conversely, a given mass of material has much higher
net surface area if it is divided into smaller particles. This makes NPs more
effective than the bulk material of the same compound.

Photocatalysis can occur directly, where photoexcitation of the catalyst
causes redox reactions in a molecule, or indirectly, through various reactive
oxygen species (ROS), which attack the molecule (Bertucci & Lova 2024).
Other means of producing ROS, such as the Fenton reaction (Koppenol
1993), requires addition of chemical precursors, e.g. hydrogen peroxide, but
with an efficient photocatalyst only water and light are needed.
Electrocatalysis also adds or removes electrons from a molecule, but through
electric potential rather than excitation. This approach necessitates contact
with the electrode, so the surface material needs to be conductive, have
affinity with the reagents, as well as having a large surface area (McCreery
2008; Roduner 2018). Many reactions in nature are catalysed by enzymes,
but due to the limitations and challenges of working with protein catalysts at
larger scales, alternatives are sought. Nanozymes, NPs which mimic enzyme
activity, can replace enzymes for many purposes (Wei & Wang 2013).

Many NPs are amorphous, vary in size and shape, and are not completely
homogeneous in their makeup. For these reasons, it is difficult to study their
interactions with other compounds in close detail. Fortunately, there are NPs
without these drawbacks, which can be used as a model for the less amenable
ones.

24



1.1.1 POMs

Figure 1. Some examples of polyoxometallates. Left to right: Lindqvist (MosO1o>),
Keggin (PW1,04>), Dawson (PaW1506%), molybdenum blue
(MOVI126M0V280462H14(H20)70- l4)-

Polyoxometallates (POMs) are a class of NPs consisting of a series of
distinctly ordered arrangements of metal oxides (Fig. 1). They are typically
small, water soluble, and chemically individual. They form by nucleation of
dissolved metal oxides, very similar to the Sol-Gel process (Kessler &
Seisenbaeva 2023). Nearly all metals can form some kind of POM,
particularly as an intermediate when forming bulk oxide materials. POMs
stable at less extreme conditions tend to be based on molybdenum, tungsten,
vanadium, niobium or tantalum.

The earliest described, and perhaps most well studied, POM are the
Keggin POMs (Keggin & Bragg 1934), which consist of a central heteroatom
in a cage of twelve transition metal atoms in their highest oxidation state,
with the formula [XM12040]™ for the anion (X =P, Si; M = W, Mo, V). Since
then, the diversity of POMs have exploded. Keggin POMs have been
modified with titanium (Hayashi et al. 2005), iron (Farsani & Yadollahi
2014), zirconium (T. Ly et al. 2013), niobium (Abramov et al. 2016) among
others. A number of distinct structures have also appeared, from the small
Lindqvist structure, to the huge wheels of molybdenum blue (Miiller et al.
1995, 1998). Many of these different types have also been modified with
heteroatoms (Coyle et al. 2012; Anyushin et al. 2018), and even organic
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groups (Di et al. 2020; Salazar Marcano et al. 2024). Beyond modifying the
POMs themselves, they can be used as components in higher order structures
(Amiri et al. 2021; Soria-Carrera et al. 2022; Salazar Marcano et al. 2024),
and have seen some use in protein crystallography (Bijelic & Rompel 2015).

1.1.2 Chemistry

Keggin phosphometallic acids are unstable at neutral and alkaline
conditions, but form spontaneously in acidic conditions if the phosphate to
metallate ratio is 1:12. This degradation is stepwise, with certain pH ranges
providing the [PM;1030]”7 or [PM9O34]” lacunary anions, among others (Zhu
et al. 2003; Bajuk-Bogdanovi¢ et al. 2016; 1. Gumerova & Rompel 2020).
Modulating the pH allows for control of which species is dominant in a
solution. It also allows modification of the POM, by inserting a different
metal ion in the open spot. These doped POMs sometimes exhibit increased
catalytic activity (Absillis & Parac-Vogt 2012; Coyle et al. 2012; Aoto et al.
2014; Song et al. 2016; Sun et al. 2020). Even the unmodified POM is
reactive, particularly under intense light (Han et al. 2002). As the metals are
in their highest oxidation state, +6, the phosphotungstic (PW) and
phosphomolybdic (PMo) acids are readily reduced to lower oxidation states
(I. Gumerova & Rompel 2020), which can be observed as a colour change.
PW is normally colourless, and PMo yellow, while the reduced forms are
blue for both, often showing as a green mixture for PMo. Such redox-
properties are attractive in many areas. In some cases, partial reduction of
POM can lead to novel structures(Long et al. 2013; Colliard & Nyman 2021)

1.2 Proteins

When introduced into a biological context, NPs often form a shell of different
protein species, called a protein corona (Cedervall et al. 2007; Lundqvist et
al. 2008).

Proteins are one of the universal biopolymer molecules present in all life,
along with DNA and RNA. They are highly diverse in structure and function,
and are used for everything from building blocks to catalysis. Proteins are
polymers of amino acids, folded into shapes that determine their function.
Most amino acids have side chains, and are divided into types based on their
properties. Hydrophobic side chains are typically found in the core of
globular proteins, and play a greater role in maintaining the structure, while
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hydrophilic side chains are more often found on the surface, and interact with
the environment. Certain spatial arrangements of residues can aid in
chemical reactions, such as the “catalytic triad,” a motif often found in
proteases (Buller & Townsend 2013).

An important function of proteins is signalling (Hamm 1998). Receptors
detecting changes in the environment by binding ligands, thus changing
conformation in a way that transmits the signal is essential in e.g. neuron
communication (Tuteja 2009). Other signalling pathways include
modifications to the protein, e.g. phosphorylation by kinase enzymes
(Johnson 2015). This is common in the immune system. Phosphate groups
often bind strongly to mineral NPs (Daou et al. 2007; Antelo et al. 2015),
and so NPs may interfere with biological processes through such a
mechanism.

1.2.1 Oligopeptides

Oligopeptides are similar in makeup to proteins, but contain fewer amino
acid residues, between 2 and 20. Naturally occurring oligopeptides are
frequently employed as toxins (Meinecke & Meinecke-Tillmann 1993;
Faltermann et al. 2014). Those used in this project are 2-4 residues, largely
for the sake of simplicity, as they are easy to work with in respect to
solubility, availability, and characterization.

1.3 NPs in biology

Mineral weathering causes formation of natural NPs. It is therefore
reasonable to assume they were present since the very beginnings of life on
Earth (Sharma et al. 2015). Interactions between early biomolecules and NPs
might have been as inevitable as their interaction with water. Indeed, there
are still proteins which bind NPs, e.g. the Molybdenum Storage Protein (Fig.
2) (Briinle et al. 2018).
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Figure 2. Schematic view of Molybdenum Storage Protein with ligands highlighted.
Molybdate “clusters” can be seen at the centre.

In modern times, research into NP interactions with biomolecules is
largely centred on medical applications. Natural and artificial NPs are
frequently employed for e.g. drug delivery (Blanco et al. 2015). Many drugs
are difficult to deliver to the location where they are effective, so a delivery
system may be required. NPs which can bind drugs and are themselves
nontoxic can be used for this purpose. Their large surface area, which can be
further increased through porosity, also means more of the drug can be
loaded, and a higher dose can be achieved. Depending on the properties of
the NP, the release of the drug can be controlled. A slow release is desired
when treating chronic conditions, while a faster release is better for e.g.
painkillers.

1.4 The model system

Because NPs are not typically homogeneous in size and shape (Karlsson et
al. 2009), an analogue is needed to study their interactions with different
molecules. Proteins are difficult to study for different reasons, i.e. short
lifetime and lengthy synthesis and purification. While there are established
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methods for studying them at the atomic level (Timofeev & Samygina 2023),
they are time consuming and expensive. Thus, an analogue of proteins is also
necessary to facilitate the experiments.

This project seeks to create a model system of how NPs might interact
with biomolecules, specifically proteins, by analysing complexes of Keggin
POMs with oligopeptides. Keggin POMs have a similar surface to NPs,
while being far more consistent in their structure, and thus more suitable for
X-ray crystallography. Oligopeptides are similar to proteins, but are far
simpler to work with. By studying complexes of POMs and oligopeptides,
one can make predictions about how NPs and proteins might interact.

1.5 Characterization techniques

These techniques were used to analyse the materials produced.

1.5.1 X-ray diffraction

Figure 3. An X-ray diffractometer. The beam hits a crystal, diffracts and creates a pattern
on the receiver.

Single crystal X-ray crystallography is a means of observing materials on an
atomic level. It is done by shooting a crystal with a beam of X-rays (A = 0.1
— 10 nm) and collecting the resulting diffraction pattern (Fig. 3) at many
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different angles. The pattern occurs due to the unique properties of crystals,
i.e. their symmetrical, repeating makeup. The X-rays interact with the
electrons in the atoms making up the crystal to an extent proportional to the
size of the atom, and thus the amount of electrons. Knowing the intensity and
angle of the reflections and the distance between the crystal and the detector,
the structure of the crystal material can be solved mathematically.

The nature of a crystal causes planes in the structure, along which atoms
are ordered in repeating patterns. Diffraction patterns occur for an X-ray
beam hitting a crystal when Bragg’s law (equation 1) is satisfied:

1 nl = 2dsinf

Where n is an integer, A is the wavelength, d is the distance between
planes and 0 is the angle between the plane and the X-ray beam (Fig. 4A).
The result of this is that due to interference between the reflected beams, only
certain portions are visible (Fig. 4B). Destructive interference, where they
are out of phase and negate each other, gives a weaker signal (Fig. 4C), while
constructive interference, where the beams are in phase and combine into a
single beam, gives a stronger signal (Fig. 4D). The result is the “starry sky”
illustrated in Fig. 3.
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Figure 4. Scheme of how interference can cancel out or enhance emitted electromagnetic
waves.

The reflections are recorded with intensity and angles relative to the
beam, as well as the rotation of the crystal. From this, an electron density
map is constructed, where atoms correspond to high concentrations of
electrons. It is then necessary to refine the structure, as the crystal is rarely
perfectly ordered; the disorder needs to be treated by various statistical
operations. Once the structure is solved, however, it shows how the atoms in
the crystal are arranged.

Powder diffraction uses the same principles, but instead of using a single,
large crystal, it uses a multitude of tiny ones, assumed to be arranged
randomly. This means the pattern recorded is a series of concentric rings
rather than a pattern of dots, as it collects every possible angle all at once.
Solving the structure can be attempted with this method through Rietveld
refinement (Rietveld 1969), though most commonly the pattern of the rings
can be turned into a graph showing their intensity plotted against the
scattering angle. Each compound has a unique “fingerprint” in such a graph,
allowing identification of the material.
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1.5.2 Scanning Electron Microscopy
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Figure 5. Make up of a scanning electron microscope.

SEM (Fig. 5) works by launching electrons towards a sample, then detecting
the backscattered or secondary electrons. Electrons are ejected by an electron
gun and the beam is focused and directed using magnetic lenses. When
electrons hit the sample, it emits electrons and radiation which can be
detected. The sample is loaded on a stage covered in carbon or copper tape,
depending on its contents. Because SEM requires vacuum, the water (or
other solvents) should be removed from the sample beforehand. If this is not
feasible, e.g. if high vacuum will damage the sample, instruments with
variable pressure exist. Some samples need to be sputtered, i.e. covered by a
thin layer of gold, to improve the conductivity of the sample. Different
materials can have different conductivity, which is visible as different
intensity in the image. Certain materials will also build up charge, which can
change the intensity in the image, and possibly damage the sample. More
information can be found in Egerton 2016.
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1.5.3 Transmission Electron Microscopy
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Figure 6. Make up of a transmission electron microscope.

In TEM (Fig. 6), electrons are made to pass through a thin layer of sample
material, and the image detected is formed by the electron beam interacting
with the electrons in the sample. The sample is often a thin sheet or a
suspension on a grid. Similar to SEM, the electron beam is focused using
magnetic lenses, but the image is detected by an imaging device, such as a
fluorescent screen, photographic film, etc. For certain samples, TEM is
preferable to SEM, as it can reach higher resolution and has higher contrast
in images. However, as electrons need to pass through the sample, thicker
pieces of material are not as suitable as thin films and small particles. More
information on TEM can be found in Williams & Carter 1996.

1.5.4 Energy-Dispersive X-ray Spectroscopy

EDS is used for elemental analysis of a sample. If a material is made to emit
X-rays, the distinct wavelengths of the radiation can be used to identify
which elements are present. This is done by shooting a beam of electrons or
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X-rays at the sample, which excites the electrons of lower energy in the
atoms. As this creates a hole in a lower electron shell, an electron from a
higher shell is sucked down to take the vacant spot, and emits an X-ray
photon with a distinctive energy level in the process (Fig. 7). The number of
photons and their energy can be measured, yielding information about the
presence of elements and their approximate relative amounts. The peaks
representing each element, or rather each energy difference between two
electron shells, can be predicted by Moseley’s law (equation 2), which states
that the square root of the frequency (v) of the emitted X-ray is
approximately proportional to the atomic number (Z). More details can be
found in Egerton 2016.
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Figure 7. Scheme of EDS mechanism.
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1.5.5 Atomic Force Microscopy

-
Laser—

" Photodiode

\\\
~~ Cantilever

/

Sample surface/

Figure 8. Make up of an atomic force microscope.

AFM works by a needle hovering above a sample, and moving back and forth
across the surface. A laser is pointed at the cantilever the needle is attached
to, and its reflected trajectory is tracked (Fig. 8) and used to reconstruct the
surface of the sample. The needle can be either touching the sample directly
(contact mode), have intermittent contact (tapping mode), or hover slightly
above the surface (non contact mode). The tip of the needle can be as fine as
a few nanometres, and can therefore have a very high resolution. Contact
mode is more suitable for hard samples, as softer samples such as gels or
biological samples can be damaged by the contact. The “stickiness” of a
sample can also affect the quality of the image, as the needle sticks to the
surface rather than gliding across it. In tapping and non contact mode the
cantilever oscillates at or just above its resonance frequency. In tapping mode
the needle “taps” the surface rather than scrape it, which makes it a more
gentle method as compared to contact mode. In non contact mode the needle
is affected by non-physical interactions with the sample, such as van der
Waals forces or electrostatic interactions. Non contact mode does not risk
damaging the needle, though it can be affected by adsorbed fluids on the
sample surface, which would be penetrated in contact or tapping mode. In
any mode, AFM is highly sensitive to vibrations in the environment, which
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can cause distortions in the image. More information on AFM can be found
in Haugstad 2012.

1.5.6 Fourier Transform Infrared Spectroscopy

FT-IR is a method for determining which wavelengths of light are absorbed
by a sample. It is similar in principle to spectrophotometry, but the approach
is different. Where spectrophotometry uses a series of beams with a single
wavelength at a time to construct a spectrum, FT-IR uses a series of beams
with a mixture of multiple wavelengths, and then computationally
reconstructs the spectrum based on how much of each beam is absorbed. The
raw data is processed by Fourier transformation, a mathematical operation
that turns it into a graph of light intensity plotted against displacement of a
mirror in an interferometer. The data obtained shows which wavelengths are
absorbed, and this can correlated to which chemical bonds are present in the
sample. The sample can be in solution or suspended in a pellet, if solid. The
latter method was used in the experiments described here. The dry sample is
mixed with potassium bromide (KBr) and pressed into a disk using a
hydraulic press, then mounted in the FT-IR instrument for data collection.
Halide salts such as KBr or KI are used as they give minimal background
noise; the intensity of their signals are low and their major absorbtion bands
are not within the analysed region. As KBr is highly hygroscopic, it is
important that the sample material is as dry as possible. More information
can be found in Fleming & Williams 2019.
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1.5.7 Mass spectrometry
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Figure 9. Make up of a mass spectrometer.

In mass spectrometry (MS), the mass to charge ratio, m/z, of molecules in a
sample is measured. In many cases, the charge is +1, and so m/z is equal to
the mass of the molecule. A sample solution is injected in a chamber where
it is vaporized and ionized. The ions are accelerated by a magnetic field, and
their path is bent by passing through a second magnetic field at an angle (Fig.
9). The degree to which the ions’ path is disturbed depends on how strongly
the magnetic field affects them, dependent on their charge (z), and the
momentum of the particles, which depends on their mass (m). Once the ions
hit the detector, the location they land in is determined by the m/z ratio, and
particles with the same ratio will land in the same spot. This technique is
often sensitive enough to distinguish isotopes of the same element from each
other, making it useful for identifying products. A mass spectrum shows the
m/z against the intensity, i.e. the number of hits over a time period. It is
difficult to obtain quantitative data, but it can be done by adding a standard
of known concentration. More information can be found in Fleming &
Williams 2019.

1.5.8 Nuclear Magnetic Resonance

By placing a sample in a magnetic field, the nuclear magnetic moment of
atoms will align with it if it has a non-zero nuclear spin, which generally
occurs for isotopes with an odd atomic weight, such as 'H, '*C, '°F, and *'P,
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all of which are commonly studied by NMR spectroscopy. However, as 'H
is common in water, it is often an unsuitable solvent for NMR experiments.
Instead, deuterated solvents, such as D»0O, are used. An oscillating magnetic
field is applied to the sample. At a certain frequency, called the resonant
frequency, the nuclear magnetic moment begins to flip, which can be
measured. Electrons near the nucleus shifts the resonant frequency. If the
electrons’ magnetic moment fluctuate, the nuclei will return to their starting
position, a process called relaxation. The shifts in relaxation time gives
information about the electrons in the sample. NMR is mainly used to
analyse compounds in solution.

Different setups in an NMR experiment can give different kinds of
information. For example, one can see which atoms are close to each other
both physically and in terms of number of chemical bonds, giving structural
information. The field of protein NMR is an advanced application of this
concept. One difference between NMR and X-ray crystallography is that the
latter analyses molecules in the solid state, and the former the dissolved state.
NMR in two dimensions and higher can give information about distances
and interactions between atoms, while X-ray gives positions of atoms, where
the distance between them can imply interactions. NMR can also give
information about dynamic processes; in this case one will observe
overlapping structures, whose intensity corresponds to their frequency in the
sample. The same principle can be applied for kinetics studies; reactants and
products can be distinguished by their resonant frequencies, and their
intensities will vary over time. More information can be found in Fleming &
Williams 2019.
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1.5.9 Thermogravimetric analysis
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Figure 10. Make up of a thermogravimetric analyser.

TGA is a type of analysis where the mass of a sample is tracked over
different temperatures using a thermobalance; a precision balance combined
with a furnace where the sample is heated (Fig. 10). The speed of rising
temperature can be controlled, as can the atmosphere surrounding the
sample. The data takes the form of a graph where mass is plotted against
temperature, and the information given concerns mainly sorption, thermal
decomposition, and phase transitions (Seisenbaeva et al. 2004).
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2. Methods

This section details how compounds were synthesized, characterized and
tested for catalysis.

2.1 Synthesis of compounds

Complexes of peptides and POMs were made by the general procedure of
adding 1 mmol POM and 3 mmol peptide to 0.1 M HCI, dissolving and
allowing the solvent to evaporate. The procedure was modified as needed,
for example by increasing the concentration of acid, diluting the solution in
a larger volume of acid, or freezing the POM and peptide solutions separately
and allowing them to mix as they thawed.

1 ((HGly3)3[PMo012040]-5H20) was synthesized by mixing 0.03 mmol
PMo dissolved in 1 mL 0.1 M HCI and 0.09 mmol triglycine dissolved in 1
mL 0.1 M HCIL. The POM solution was added to the peptide solution and the
mixture was left to evaporate.

2 ((HGlys)3[PW12040]-8H20) was synthesized by mixing 0.03 mmol PW
dissolved in 1 mL 0.1 M HCI and 0.09 mmol triglycine dissolved in 1 mL
0.1 M HCI. The POM solution was added to the peptide solution and the
mixture was left to evaporate.

3 ((HGly4)2(H30)[PM012040]-9H,O) was synthesized by mixing 0.03
mmol PMo dissolved in 1 mL 1 M HCI and 0.09 mmol tetraglycine dissolved
in 1 mL 1 M HCI. The POM solution was added to the peptide solution and
the mixture was left to evaporate.

4 ((HGly4)1.33(H30)1.67[PW12040]-H2O) was synthesized by mixing 0.03
mmol PW dissolved in 3 mL 0.1 M HCI and 0.09 mmol tetraglycine
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dissolved in 3 mL 0.1 M HCI. The POM solution was added to the peptide
solution and the mixture was and left to evaporate.

5 (HGly-Gly)3[PMo012040]-4H,0) was synthesized by mixing 0.03 mmol
PMo dissolved in 0.5 mL 0.1 M HCI and 0.03 mmol diglycine dissolved in
0.5 mL 0.1 M HCI. The POM solution was added to the peptide solution and
the mixture was left to evaporate.

6 (HGly-Gly)3[PMo012040]-3H,0) was synthesized by mixing 0.03 mmol
PMo dissolved in 0.5 mL 0.1 M HCI and 0.03 mmol diglycine dissolved in
0.5 mL 0.1 M HCIL. The POM solution was added to the peptide solution and
the mixture was heated to >90°C, cooled to room temperature, then left to
evaporate.

7 (Na(HGly-Gly)>[PMo012040]-8H20) was synthesized by dissolving 1.57
mmol ammonium heptamolybdate and 11 mmol sodium carbonate and
boiling off the solvent and ammonia. 1 mmol iron(III) nitrate was dissolved
in 2 mL 0.1 M HCI, 1 mmol sodium phosphate dibasic dihydrate was
dissolved in 2 mL water, and 3 mmol diglycine was dissolved in 2.5 mL
water. The phosphate solution was added to the molybdate material and
concentrated HCI (12 M) was added until the solution turned yellow. The
yellow solution was added to the hot iron solution slowly. The diglycine
solution was added and the solution was cooled to room temperature.

8 (Na(HGly-Gly)2[PMo01,040]-8H,0) was synthesized by dissolving 11
mmol sodium molybdate and 1 mmol sodium dihydrogen phosphate in 10
mL water, 1 mmol iron nitrate nonahydrate in 5 mL 1 M HCI, and 1 mmol
diglycine in 1 mL 0.1 M HCI. Concentrated HCI (12 M) was added to the
molybdate/phosphate solution until yellow. The yellow solution was added
to the iron solution. The diglycine solution was added and the mixture was
heated to >90°C, then cooled to room temperature.

9 (Na(HGly—Gly)z(H3O)3[PM012040]2'3H20) was synthesized by
dissolving 11 mmol sodium molybdate and 1 mmol sodium dihydrogen
phosphate in 10 mL water, and 1 mmol titanium(IV) oxysulfate in 5 mL
concentrated HCI, by vigorous stirring at above 80 °C. Concentrated HCI (12
M) was added to the molybdate/phosphate solution until yellow. The yellow
solution was added slowly to the titanium solution. 3 mmol diglycine was
added directly to the solution, and it was cooled to room temperature.

10 (Na(HGly-Gly)(H30)[PMo01204]-3H>0) was synthesized by
dissolving 1 mmol sodium dihydrogen phosphate and 11 mmol sodium
molybdate in 5 mL water, and adding concentrated HCI1 (12 M) until the
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solution turned yellow. 1 mmol zirconyl chloride octahydrate dissolved in 5
mL water was added to the phosphomolybdate solution. White precipitate
formed. 3 mmol diglycine dissolved in 2 mL 0.1 M HCI was added, and the
solution was kept att > 70°C for several hours.

11 ([La(H20)o](H30)3[PW12040]2- 19H,0) was synthesized by dissolving
1 mmol lanthanum nitrate in HCI at pH < 0.1. 1 mmol PW was added and
the solution was placed in water bath at > 90°C to evaporate, without stirring.
When 12 mL of the solvent remained, the solution was cooled to room
temperature. Crystals were stable under mother liquor, but degraded into
white powder within several hours if left in air.

12 ((H;O)z(HPhe-Ala)4[PW12040]2' 1 leO) was Syl’lthCSiZCd by
dissolving 0.01 mmol PW in 5 mL 0.5 M HCI, and 0.03 mmol Phe-Ala in 5
mL 0.5 M HCIL. The peptide solution was added to the PW solution and left
to evaporate.

13 ((HAla-Phe),[HPW,040]-4H,0) was synthesized by dissolving 0.01
mmol PW in 5 mL 0.5 M HCI, and 0.03 mmol Ala-Phe in 5 mL 0.5 M HCI.
The peptide solution was added to the PW solution and a portion of the
mixture was transferred to a petri dish, then left to evaporate. Crystals formed
over night,

14 ((HAla-Phe)3;[PW12040]) was synthesized by dissolving 0.01 mmol
PW in 5 mL 0.5 M HCI, and 0.03 mmol Ala-Phe in 5 mL 0.5 M HCI. The
peptide solution was added to the PW solution and left to evaporate. Crystals
formed after several months.

15 ((HTyr):,[HPW12040]-4H,0) was synthesized by dissolving 0.01 mmol
PW in 5 mL 0.1 M HCI, and 0.03 mmol tyrosine in 5 mL 0.1 M HCI. The
peptide solution was added to the PW solution and a portion of the mixture
was transferred to a petri dish, then left to evaporate.

16 (HAla-Ala):;[HPW12040]-4H,O ) was synthesized by dissolving 0.01
mmol PW in 5 mL 0.1 M HCI, and 0.03 mmol Ala-Ala in 5 mL 0.1 M HCL.
The peptide solution was added to the PW solution and left to evaporate.

17 ((HAla)Hs[PW2,040]2-4H,0) was synthesized by dissolving 0.01
mmol PW in 5 mL 0.5 M HCI, and 0.03 mmol trialanine in 5 mL 0.5 M HCI.
The peptide solution was added to the PW solution and left to evaporate.

18 ((HGly3)4[SiW12040]- 2H,0) was synthesized by dissolving 0.01 mmol
SiW in 5 mL 0.1 M HCI, and 0.03 mmol triglycine in 5 mL 0.1 M HCI. The
SiW solution was added to the triglycine solution, and left to evaporate.
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19 ((HEPES)3(H30)SiW12040-H,O) was synthesized by freezing 5 mL of
HEPES buffer (100 mM, pH 7) in liquid nitrogen, then adding on top a
solution of 3 mmol diglycine and 1 mmol SiW and freezing it as well. The
tube was wrapped in insulation foil and left in a Dewar to thaw slowly.
Crystals formed by reverse flow crystallization as the two solutions thawed
and mixed.

Zirconium phosphate (ZrP) was synthesized by adding 0.03 grams of
zirconium chloride octahydrate in 2 mL water. To this was added 5 mL 0.1
M phosphate buffer (pH 7.4), upon which white precipitate formed.

PW microspheres were synthesized by dissolving 1 mmol potassium
titanium oxide oxalate hydrate in 30 mL 2 M HCI, then adding 1 mmol
phosphotungstic acid. The solution was heated to >90°C and evaporated until
10 mL remained. The precipitate was washed via pelleting by centrifugation
and replacing the supernatant with water, repeated three times. The washed
precipitate was then dried in a Petri dish.

2.2 Characterization

2.21 Crystals

The general workflow once crystals formed was to screen them in SEM/EDS
to verify crystal morphology and that the correct elements were present in
approximately correct ratios. If these factors were acceptable, a crystal was
selected to run X-ray diffraction, and the structure was solved. In some cases,
FT-IR, NMR, TGA or MS were used to obtain complementary data.

2.2.2 Other material

Non-single-crystal material was analysed in SEM/EDS to determine
morphology and elemental composition. Powder X-ray (XRPD) was used to
determine the composition, and for the two products detailed here, ZrP
microcrystals and PWTi microspheres, the catalytic capabilities were
determined. For PWTi microspheres, AFM and TEM were performed for
additional morphological data. TEM was performed by collaborators from
the Department of Forest Biomaterials and Technology, Swedish University
of Agricultural Sciences, Uppsala, Sweden.
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2.3 Catalysis

Some of the non-crystal materials showed catalytic abilities. These powders
were tested for potential applications.

2.3.1 Peptide bond degradation

To test the ability of ZrP particles to degrade peptide bonds, a mixture of 30
puL ZrP suspension (used as prepared), 30 uL phosphate buffer (0.1 M, pH
7), and 600 pL D,O, with 6 mM DSS-d6 as a reference and 12 mM Gly-Gly
to be split into Gly. In the control, the ZrP suspension was replaced with
additional phosphate buffer. The samples were incubated first at 37°C for
one week to determine whether peptide bond hydrolysis took place, then for
30 days to study the kinetics, with daily readings of '"H NMR for the first
week, and every other day for the remainder of the experiment.

2.3.2 Electrocatalysis

PW microspheres were tested as an electrocatalyst for the oxygen evolution
reaction (OER) at pH 0 in 0.5 M H>SOg, pH 3 in citric acid/sodium citrate
buffer, and at pH 7 in phosphate buffer. A three-electrode setup was used; a
catalyst-loaded graphite electrode, a platinum mesh as a counter electrode,
and Ag/AgCl as a counter electrode. Cyclic voltammetry (CV), linear sweep
voltammetry (LSV), and chronoamperometry (CA) were performed. For
cyclability, 200 cycles of CV were performed, and the working electrode
saturated 20-30 cycles of activation. The iR drop was directly compensated
for by the potentiostat (with 82% compensation). The potentials recorded
were finally calibrated in relation to the reversible hydrogen electrode (EruE)
by using the equation: Erug = FEagagct 70.059 x pH. To minimize the
capacitive current, the scan rate for the LSV curve waslOmV/ s. The
overpotential (n) of HER (hydrogen evolution reaction) was calculated by
using the equation: # = Erus — 1.23, after reduction of the redox potential of
oxygen, Eoxo2- =1.23. The Tafel plots were obtained by transforming the
LSV curve into log(j) vs E. The faradaic efficacy was evaluated via control
of the gas evolution. The electrocatalytic studies were performed by
collaborators at the Department of Materials and Environmental Chemistry,
Stockholm University, Sweden.
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3. Results and discussion

The main results of this project were a series of X-ray single crystal
structures (1-19), as summarized in Table 1, as well as two powder materials
with notable catalytic properties. In this section, each compound will be
described in turn, including structural analysis and additional
characterization where such were performed, followed by a brief
comparative summary.
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Table 1. An overview of the structures produced in this project.

Nr Publication Formula CCDC code
1 1 (HGIY3)3[PM012040] SHQO OJIWIQ,
2031299
2 I (HGlys)s[PW1,040]-8H,0 OJIWUQ,
2031301
3 I (HGlys)2(H30)[PMo12040]-9H,0 OJIWOW,
2031300
4 I (HGlys)133(H30)1.67[PW12040]- H.0 OJIXAI,
2031302
5 il (HGly-Gly)s[PMo1,040]-4H,0 YEKDAX,
2151361
6 I (HGly-Gly)s[PMo,,040]-3H,0 YEKCUQ,
2151360
7 1l Na(HGly-Gly):[PMo;,04]-8H,0 YEKDOL,
2151364
8 1I Na(HGly-Gly)2[PMo01,040]-8H20 YEKDOLO1,
2156667
9 il Na(HGly-Gly)»(H30)3[PMo012040],-3H,0 | YEKDIF,
2151363
10 |1 Na(HGly-Gly)(H;0)[PMo;,040]-3H,0 YEKDEB,
2151362
11 |1 [La(H20)](H30)3[PW 12040]>- 19H,0 2307589
12 v (H30)2(HPhe-Ala)4[PW12040]2- 1 1H20 FOTZEX,
2362067
1 3 v (HAla-Phe)2 [HPW] 2040] . 4H20 FOTZIB,
2362068
14 |1V (HAla-Phe);[PW,040] FOTZOH,
2362069
15 |1V (HTyr),[HPW,040]-4H,0 FOVBEB,
2362072
16 |1V (HAla-Ala),[HPW1,04]-4H,0 FOTZUN,
2362070
17 v (HAla)Hs[PW12040]2'4H20 FOVBAX,
2362071
18 |V (HGly;)4[SiW1,040]-2H,0 N/A*
19 |V (HEPES)s(H30)[SiW1,040]-H,O N/A*

*Not submitted at the time of writing
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3.1 M-O bond and hydrophobicity of ligands

These structures show in what way the metal in an NP can affect how ligands
bind, even if they bind the oxygen at the surface, and how the hydrophobicity
of the ligand can affect the nature of the bonds.

3.1.1  Structure Nr 1 - (HGly3)3[PM012040]-5H20

Figure 11. Structure 1 shown as molecular arrangement (A) and packing motif (B).

Structure 1 contains one PMo, three triglycine molecules and five water
molecules in an asymmetric unit (Fig. 11), Z = 2, in a triclinic P-1 Space
group (Table 2). The POMs appear to lie in a hexagonal dense packing with
peptides filling the gaps. The contacts between POMs and peptides are
mainly electrostatic interactions, with distances near or exceeding 3 A
between POM surface oxygen and low-charge peptide atoms.

MS of the complex at low concentration (50 uM) showed signals
corresponding to singlets and doubles of triglyicine, as well as PMo with
various lacunary species (Fig. 12A). EDS (Fig. 12B) showed the expected
elements; molybdenum, phosphorus, oxygen, carbon and nitrogen. FTIR
(Fig. 12C) showed signals expected for PMo (Bamoharram 2009; Rominger
et al. 2019) and diglycine (Fischer et al. 2005; M. Marsh et al. 2015). 3'P
NMR (Fig. 12D) of 1 in D,O acidified with HCI showed that PMo was intact.
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Figure 12. Data for compound 1. A: MS spectra. B: EDS spectrum. C:
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3.1.2  Structure Nr 2 - (HGly3)3[PW12040]-:8H20

Figure 13. Structure 2 shown as molecular arrangement (A) and packing motif (B).

Structure 2 contains one PW, three triglycine molecules and eight water
molecules in an asymmetric unit (Fig. 13), Z =4, in a monoclinic spacegroup
P2i/n (Table 3). While the arrangement of peptides resemble that in 1, the
interactions with the POM tend more toward H-bonding between POM
oxygen and acid/base groups on the peptide.

MS of the complex at low concentration (50 uM) showed signals
corresponding to triglyicine and aggregated pairs and triplets of triglycine,
as well as PW with various lacunary species (Fig. 14A). EDS (Fig. 14B)
showed the expected elements; tungsten, phosphorus, oxygen, carbon and
nitrogen. FTIR (Fig. 14C) showed signals expected for PW (Bamoharram
2009; Rominger et al. 2019) and diglycine (Fischer et al. 2005; M. Marsh et
al. 2015). *'P NMR (Fig. 14D) of 2 in D,O acidified with HCI showed that
PW was intact.
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3.1.3  Structure Nr 3 - (HGly4)2(HsO)[PM012040]-9H20

Figure 15. Structure 3 shown as molecular arrangement (A) and packing motif (B).

Structure 3 contains one PMo, two tetraglycine molecules and ten water
molecules in an asymmetric unit (Fig. 15), Z=2, arranged in a triclinic Space
group, P-1 (Table 4). The peptides stretch out from the POM, like a tail, and
make contact with POMs at both ends. Similar to 1, there are electrostatic
interactions between POM and peptide (Fig. 16).

Figure 16. Part of structure 3, showing close contacts between PMo and tetraglycine even
in groups with low charge.
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MS of the complex at low concentration (50 uM) showed signals
corresponding to singlets and doubles of tetraglyicine, as well as PMo with
various lacunary species (Fig. 17A). EDS (Fig. 17B) showed the expected
elements; Molybdenum, phosphorus, oxygen, carbon and nitrogen. FTIR
(Fig. 17C) showed signals expected for PW (Bamoharram 2009; Rominger
et al. 2019) and diglycine (Fischer et al. 2005; M. Marsh et al. 2015). *'P
NMR (Fig. 17D) of 3 in D,O acidified with HCI showed that PMO was
intact.

MS-spectra were taken at four time points spread over one hour (Fig.
18A). The intensity changed over time, with larger PW fragments gaining
intensity, and smaller ones declining in intensity (Fig. 18B). For a control of
only PMo with no tetraglycine, the corresponding signals declined uniformly
(Fig. 18C). This suggests that tetraglycine has a stabilizing effect on POMs.
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3.1.4 Structure Nr 4 - (HG|y4)1,33(H30)1,67[PW1204o]'HzO

Figure 19. Structure 4 shown as molecular arrangement (A) and packing motif (B).

Structure 4 consists of tetraglycine and PW in a 4:3 ratio, three water
molecule and five oxonium ions (Fig. 19), in a tetragonal Space group P4,/n
(Table 5). It is somewhat denser than 3, and the peptide is wrapped around
the POM rather than stretching out from it. Carbonyl groups also form double
H-bonds between peptides. The arrangement of POMs resembles hexagonal
close packing, with peptides filling the gaps (Fig. 20)

Figure 20. Expanded packing motif of 4, showing how tetraglycine surrounds PW and
fills the gaps between the particles.
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MS of the complex at low concentration (50 uM) showed signals
corresponding to singlets and doubles of tetraglyicine, as well as PW with
various lacunary species (Fig. 21A). EDS (Fig. 21B) showed the expected
elements; tungsten, phosphorus, oxygen, carbon and nitrogen. FTIR (Fig.
21C) showed signals expected for PW (Bamoharram 2009; Rominger et al.
2019) and diglycine (Fischer et al. 2005; M. Marsh et al. 2015). *'P NMR
(Fig. 21D) of 4 in D,O acidified with HCI showed that PW was intact.
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3.1.5 Discussion

Complexes of PW and PMo with triglycine and tetraglycine show the
differences the metal and chain length can make. Because molybdenum is
more electronegative than tungsten, the Mo-O bond will be less polar than
W-0, allowing for electrostatic interactions, while the PW will favour H-
bonding. The peptide chain length also affects the bonding, as the triglycine
complexes look similar, while the tetraglycine complexes are very different,
with differing POM/peptide ratio and arrangement of the peptide. The MS
experiments were done at a low enough concentration that POM in complex
with diglycine and no ligand would degrade (Rominger et al. 2019). The
POM appeared somewhat stable, suggesting that longer peptide chains have
a stabilizing effect on POMs.

The number of H-bonds per POM differ slightly; 1 and 3 have 18, 2 has
20, and 4 has 2.66 per POM unit (normalized through the formula /nr of
unique bonds x Z] / [nr of POMs in a unit cell]). This, along with the tight
wrapping of the peptide in 4, implies that it favours electrostatic interactions
more than the other structures.

3.2 pH and salinity

Changing the conditions of crystallization can affect how a crystal forms.
Even if the crystal itself contains the same compounds, factors such as
temperature, pH and salinity can change how they are put together
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3.2.1  Structure Nr 5 - (HGly-Gly)s[PM012040]-4H20

v o

\g,\ N ‘ 2(

Figure 22. Structure 5 shown as molecular arrangement (A) and packing motif (B).

Structure 5 contains one PMo, three diglycine molecules and seven water
molecules in an asymmetric unit (Fig. 22), Z = 2, contained in a triclinic
Space group P-1 (Table 6). The contacts between POM and peptide are
mainly H-bonding, with some electrostatic interactions visible.

MS-spectra were taken of 5 dissolved in 0.2 M HCI, water and phosphate
buffer (Fig. 23). PMo was more intact in the acidic solution, and nearly
completely degraded in the buffer. The stabilizing effect of oligopeptides
touched on in 3.1.3 appears more potent for longer chains.

HMoO,

Figure 23. MS of 5 dissolved in (A) 0.2 M HCI, (B) water, and (C) 5 mM phosphate
buffer, pH 6.5.

EDS (Fig. 24A) showed the expected elements; molybdenum,
phosphorus, oxygen and small amounts of nitrogen. Carbon was excluded
due to the carbon tape the sample was mounted on contaminating the ratios.
TGA (Fig. 24B) showed a stepwise decline in mass, starting with loss of
water, then a stepwise decomposition of organics, finishing at S00°C. FT-IR

61



(Fig. 24C) showed the typical bonds from PMo and diglycine (Fischer et al.
2005; Bamoharram 2009).
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Figure 24. Data for compound 5 Displayed in A: EDS, B: TGA, C: FT-IR
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3.2.2  Structure Nr 6 - (HGly-Gly)s[PM012040]-3H20

Figure 25. Structure 6 shown as molecular arrangement (A) and packing motif (B).

Structure 6 contains one PMo, three diglycine molecules and three water
molecules in the asymmetric unit (Fig. 25), Z = 4, with a monoclinic Space
group P2i/n (Table 7). It was produced similarly to 5, but with an additional
step of heating the solution prior to crystallization. The contacts between
POM and peptide are also H-bonding with some electrostatic contacts,
though the peptides lie more flat against the POM than in 5. TGA (Fig. 26A)
showed a stepwise decline in mass, starting with loss of water, then a
stepwise decomposition of organics, finishing at 500°C. FT-IR (Fig. 26B)
showed the typical bonds from PMo and diglycine (Fischer et al. 2005;
Bamoharram 2009).
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Figure 26. Data for compound 6 Displayed in A: TGA, B: FT-IR

3.2.3  Structure Nr 7 - Na(HGly-Gly)2[PM012040]-8H20

Figure 27. Structure 7 shown as molecular arrangement (A) and packing motif (B).
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Structure 7 contains one PMo, two diglycine molecules, eight water
molecules, and one sodium ion in an asymmetric unit (Fig. 27), Z = 8, with
an orthorhombic Space group Pbca (Table 8). The only direct contact
between POM and peptide in this structure is with an amine group. The
others are indirect, via either water or sodium. Sodium also bridges contacts
between POM particles (Fig. 28), likely shielding the anions’ charge.

Figure 28. PMo anions/particles bridged by sodium ions.

EDS (Fig. 29A) showed the expected elements; molybdenum,
phosphorus, oxygen, nitrogen and chlorine. Carbon was excluded due to the
carbon tape the sample was mounted on contributing to the ratios. TGA (Fig.
29B) showed a stepwise decline in mass, starting with loss of water, then a
stepwise decomposition of organics, finishing at 500°C. FT-IR (Fig. 29C)
showed the typical bonds from PMo and diglycine (Fischer et al. 2005;
Bamoharram 2009).
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Figure 29. Data for compound 7 displayed in A: EDS, B: TGA, C: FT-IR
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3.2.4  Structure Nr 8 - Na(HGly-Gly);[PMo12040]-8H20

Figure 30. Structure 8 shown as molecular arrangement (A) and packing motif (B).

Structure 8 contains one PMo, two diglycine molecules, eight water
molecules and one sodium ion in an asymmetric unit (Fig. 30), Z =4, with a
monoclinic Space group P2i/c (Table 9). Similar to 7, it has few direct
contacts between POM and peptide, instead having indirect contacts via
water and sodium. Here too are sodium ions acting as bridges between POM
anions. EDS (Fig. 31) showed the expected elements; molybdenum,
phosphorus, oxygen, nitrogen and trace amounts of titanium. Carbon was
excluded due to the carbon tape the sample was mounted on contaminating
the ratios. TGA and FTIR were not run on this compound due to insufficient
material.

W Map Sum Spectrum

Figure 31. EDS spectrum for compound 8.
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3.2.5 Structure Nr 9 - Na(HGly-Gly)z(H30)s[PM012040]2-3H20

Figure 32. Structure 9 shown as molecular arrangement (A) and packing motif (B).

Structure 9 contains one PMo, one diglycine molecule, three water
molecules, and one half sodium ion per asymmetric unit (Fig. 32) , Z =4
with a monoclinic Space group P2;/c (Table 10). The sodium ion is wedged
between two PMo and two diglycine carbonyl groups, likely driving the
formation of this particular arrangement. The two H-bonds between PMo
and peptide, at the carboxyl and amine groups, are relatively weak at 2.83
and 2.98 A, supporting that conclusion. TGA (Fig. 33A) showed a stepwise
decline in mass, starting with loss of water, then a stepwise decomposition
of organics, finishing at 500°C. FT-IR (Fig. 33B) showed the typical bonds
from PMo and diglycine (Fischer et al. 2005; Bamoharram 2009), though
with the signals corresponding to oxygen/nitrogen — hydrogen bonds too
diffuse to make out with certainty.
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Figure 33. Data for compound 9 displayed in A: TGA, B: FT-IR

3.2.6  Structure Nr 10 - Na(HGIy-Gly)2(Hs0)s[PM0+12040]24H20

Figure 34. Structure 10 shown as molecular arrangement (A) and packing motif (B).

Structure 10 contains one PMo, one diglycine, two water molecules, one and
a half oxonium ions, and one half sodium ion in an asymmetric unit (Fig.
34), Z = 8, with an orthorhombic Space group Pben (Table 11). The peptide
makes contact with two sodium ions, and has no direct contact between PMo
and diglycine. Both 9 and 10 contained high amount of sodium in solution,
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due to the precursors being sodium salts of molybdate and phosphate. The
sodium in solution likely competes with diglycine for space around the POM,
which is why 9 and 10 have only one peptide per POM, and to a lesser extent
why 7 and 8 have two peptides per POM. EDS (Fig. 35A) showed the
expected elements; molybdenum, phosphorus, oxygen and nitrogen. Carbon
was excluded due to the carbon tape the sample was mounted on
contaminating the ratios. TGA (Fig. 35B) showed a stepwise decline in mass,
starting with loss of water, then a stepwise decomposition of organics,
finishing at 500°C. FT-IR (Fig. 35C) showed the typical bonds from PMo
and diglycine (Fischer et al. 2005; Bamoharram 2009).
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Figure 35. Data for compound 10 displayed in A: EDS, B: TGA, C: FT-IR
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3.2.7 Structure Nr 11 - [La(H20)](H30)3[PW 12040]2: 19H20

Figure 36. Structure 11 shown as molecular arrangement (A) and packing motif (B).

Structure 11 contains two PW, one lanthanum (III) ion and 31 water
molecules in asymmetric unit (Fig. 36), Z = 2, with a triclinic Space group
P-1 (Table 12). Likely, due to the acidity of the solution, the PW is
protonated, and a portion of the water are oxonium ions. This would help
shield the charge of the PW ions, allowing them to make close contact despite
the lack of bridging metal ions. The La ion is completely hydrated, and does
not make direct contact with the POM. Much of the crystal appears to be held
together by H-bonded water, which might explain the low stability in air; the
water evaporates and the crystal structure is compromised.

3.2.8 Discussion

The diversity of these structures is remarkable, given that the components
are identical. Simply heating the solution turned 5 into 6, with lower water
content and rearranged ligands. The increasing amount of sodium and
oxonium ions in solution lead to a decrease in the number of ligands binding
the POM (Fig. 37). Likely, there is competition for space on the POM
surface, and given increasing excess of rivals, the peptide loses hold of its
spot.

The Na-containing structures, 7-10, are interesting for another reason, as
they can be used as a model for purification of proteins by salt precipitation
(Duong-Ly & Gabelli 2014).
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Figure 37. pH and salinity plotted for structures in publication II.

3.3 Structure determining peptides

The previous sections dealt with complexes of oligoglycines.

Tyr and Phe side chains are capable of n-stacking, the drivin
e.g. DNA structure, and a major force behind protein folding.
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3.3.1  Structure Nr 12 - (H30)2(HPhe-Ala)4[PW12040]2-11H20

Figure 38. Structure 12 shown as molecular arrangement (A) and packing motif (B).

Structure 12 contains two PW, four Phe-Ala molecules, and twelve water
molecules in an asymmetric unit (Fig. 38), Z = 4, with a monoclinic Space
group P2 (Table 13). The POM and peptide are arranged in distinct layers,
with the Phe side chains arranged in four-member n-stacked chains (Fig. 39).

EDs shows expected ratios of tungsten, phosphorus, oxygen, carbon and
nitrogen (Fig. 40A). FTIR shows signals consistent with PW and protonated
peptides (Fig. 40B).
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Figure 39. Structure 12 shown as packing motif with hydrophobic groups highlighted.
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Figure 40. (A) EDS spectrum and (B) FTIR spectrum of 12.
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3.3.2  Structure Nr 13 - (HAla-Phe)s[HPW+12040]-4H,0
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Figure 41. Structure 13 shown as molecular arrangement (A) and packing motif (B).

Structure 13 consists of one PW, two Ala-Phe molecules and four water
molecules in an asymmetric unit (Fig. 41), Z = 2, with a monoclinic Space
group P2, (Table 14). The peptides form chains of alternating n-stacking and
H-bonding groups, while the POMs are arranged in columns (Fig. 42).
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Figure 42. Structure 13 shown packing motif with highlighted (A) peptide chains and (B)
POM columns.

76



3.3.3  Structure Nr 14 - (HAla-Phe)3[PW12040]
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Figure 43. Structure 14 shown as molecular arrangement (A) and packing motif (B).

Structure 14 contains one PW and three Ala-Phe in an asymmetric unit (Fig.
43), Z = 2, with a triclinic Space group P1 (Table 15). The POMs are
arranged in columns, with a matrix of peptides surrounding them. The
peptides are connected by both n-stacking and H-bonding, and the structure
is very dense, containing neither water nor voids. Despite containing the
same components as 13, this structure is both denser and more complex in
its order. This is likely due to the different time spans used for their
crystallizations, and supports the argument of section 3.2; that different
conditions can yield different structures from the same components.

EDS showed expected ratios of tungsten, phosphorus, oxygen, carbon and
nitrogen (Fig. 44A). FTIR showed signals consistent with protonated
peptides (Fig. 44B).
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Figure 44. (A) EDS spectrum and (B) FTIR spectrum of 14.
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3.3.4  Structure Nr 15 - (HTyr)2[HPW12040]-4H20

Figure 45. Structure 15 shown as molecular arrangement (A) and packing motif (B).

Structure 15 contains one PW, two tyrosine molecules, and four water
molecules in an asymmetric unit (Fig. 45), Z =2, with a triclinic Space group
P-1 (Table 16). The amino acids are arranged in long n-stacks with distorted
columns of POMs at an angle (Fig. 46). The infinite Tyr stacks are likely
possible due to it being an amino acid rather than an oligopeoptide, which is
why the same motif is not seen in 12-14, as the steric hindrance prevents it.
It is a valuable comparison to the Phe-residues, however, as the Tyr side
chain has a carbonyl group available for H-bonding, which is present and
appears to stabilize the stacking by binding an adjacent amino group.

Figure 46. Structure 15 shown as packing motif with (A) stacked tyrosine and (B) PW
columns highligted.
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EDS showed expected ratios of tungsten, phosphorus, oxygen, carbon and
nitrogen (Fig. 47).
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Figure 47. EDS spectrum of 15.

3.3.5 Structure Nr 16 - (HAla-Ala)2[HPW12040]-4H20

Figure 48. Structure 16 shown as molecular arrangement (A) and packing motif (B).

Structure 16 contains one PW, two Ala-Ala molecules, and four water
molecules in an asymmetric unit (Fig. 48), Z = 2, in a monoclinic Space
group P2; (Table 17). While there are contacts between Ala side chains, the
main interactions are H-bonds, and I appears that the POM is the driving
force behind the structure, with the dialanine filling the gaps. In all, 16 has
more in common with 1-6 than with 12-15.
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EDS showed expected ratios of tungsten, phosphorus, oxygen, carbon and
nitrogen (Fig. 49A). FTIR showed signals consistent with protonated
peptides (Fig. 49B).
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Figure 49. (A) EDS spectrum and (B) FTIR spectrum of 16.
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3.3.6  Structure Nr 17 - (HAla)H5[PW12040]2-4H20

Figure 50. Structure 17 shown as molecular arrangement (A) and packing motif (B).

Structure 17 contains two PW, one alanine molecule, and four water
molecules (Fig. 50), Z = 4, with an orthorhombic Space group C222 (Table
18). The structure contains a relatively small amount of alanine, but the
impact is significant, as it strongly resembles a metal-organic framework, a
type of porous organic/inorganic hybrid material (Furukawa et al. 2013). The
alanine amino group has H-bonds to three POMs, each triad has two amino
groups near the center, each POM is a member of two triads, and the alanines
are arranged in pairs by hydrophobic interactions at the side chains. The
result is a remarkably ordered structure with large voids, approximately 8x12
A wide channels, shaped like a rhombus with corners at 50° and 130°.
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Figure 51. (A) EDS spectrum and (B) FTIR spectrum of 17.

EDS showed expected ratios of tungsten, phosphorus, oxygen, carbon and
nitrogen (Fig. 51A). FTIR showed signals consistent with protonated
peptides (Fig. 51B).

3.3.7 Discussion

Structure 13 and 14 contain the same components, but have quite different
structures. The reason for this is likely the time they took to form. 13 was
quick to form, and is less dense and more “simple” in its structure, while 14
took longer to form and is denser and more complex, with more elaborate m-
stacking and a higher dimension in the bonding network. 12 contains the
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same amino acids as 13 and 14, but in reverse order, which has made a
significant difference in the structure. 12 has alternating layers of POM and
peptide, and four rings involved in n-stacking. It also has far more H-bonds,
with 55 unique H-bonds compared to eleven and thirteen for 13 and 14,
respectively. This might be due to the order of amino acids. In 12, the
aromatic ring is adjacent to the amino group, which is smaller than the
carboxyl neighbour in 13 and 14. This makes Phe-Ala more surfactant-like,
with a hydrophobic “head” and a hydrophilic “tail,” so there is less steric
hindrance for both types of interaction. Similar molecules have been grafted
onto POMs to link proteins and form large assemblies (Salazar Marcano et
al. 2024), a sort of protein sol-gel.

Comparing these to 15, the Tyr amino acid lacks much steric hindrance
for its ring, so it can form an infinite stack, aided by H-bonding between the
carbonyl group on the ring and the amine group. Tyrosine has been shown to
be important to the structure of spider silk proteins (Greco et al. 2021).

16 looks much like the structures in section 3.2, but with the addition of
some hydrophobic interactions, though it is clear that these are not as
powerful as the n-stacking in 12-15. 17, on the other hand, has a surprising
structure, in that it resembles a metal-organic framework (MOF). MOFs are
assemblies of organic molecules linking metal atoms (Furukawa et al. 2013).

3.4 Stabilization at higher pH via complex formation

Silicotungstic acid (SiW) is similar to PMo and PW, but has a silicon atom
at the centre instead of a phosphorus atom. It is stable to a higher pH than
phosphometallates, and has therefore been used as a control to compare with
titanium oxide NPs for interactions with virus particles (publication V).
Titanium oxide particles were investigated for their antiviral properties, and
a control was needed which had oxidative potential but would not interact
with the virus’ surface. The initial intention was to use HEPES buffer, but as
it precipitated with SiW, MES was used instead, and the structure of a
HEPES-SiW complex could be solved.
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3.4.1  Structure Nr 18 - (HGIy3)4[SiW12040]:2H20

Figure 52. Structure 18 shown as molecular arrangement (A) and packing motif (B).

Structure 18 contains one SiW, four triglycine molecules and two water
molecules (Fig. 52), Z = 1, with a triclinic Space group P-1 (Table 19). It
superficially resembles 1 and 2, though the POM heteroatom is silicon rather
than phosphorus. SiW has a -4 charge while PW has -3, so the interactions
with peptide will differ slightly. Each POM corresponds to four peptides
stoichiometrically, but it makes direct H-bonds with six surrounding
peptides, mainly via amine groups, but also amide and carbonyl groups.

3.4.2 Structure Nr 19 - (HEPES)3(H30)[SiW12040]-H20

Figure 53. Structure 19 shown as molecular arrangement (A) and packing motif (B).

Structure 19 contains one SiW, three 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) molecules, and four water molecules
in an asymmetric unit (Fig. 53), Z = 4, with a monoclinic Space group P 2,/c
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(Table 20). SiW precipitated in HEPES buffer and, when crystallized
carefully, yielded this structure. Notably, a similar buffer compound, MES
(2-(N-morpholino)ethanesulfonic acid), did not precipitate with SiW. There
was also diglycine present in solution, but it is not included in the structure,
suggesting a higher affinity for HEPES towards SiW.

3.4.3 Discussion

18 resembles 1 and 2, with H-bonding between POM and amine or amide
groups, with some electrostatic interactions. 19 is displaying almost entirely
electrostatic interactions. As these formed at neutral pH it is likely that the
ligands lack much charge to interact with the POM. The high affinity for
HEPES to bind SiW is surprising, especially as the similar MES molecule
did not interact noticeably with SiW. Subtle differences can clearly have
major effects, as section 3.3 showed, and the composition of the solution
needs consideration when working with NPs, as was discussed in section 3.2.
If an NP is intended for biological or medical use, it will likely be in a buffer,
and from these results, the choice of buffer will need to consider interactions
with the NP.

3.5 Sol-Gel materials

Not all materials produced were crystals. The following materials were
produced as side products of the main objective, but are interesting enough
to discuss in detail. They formed by the Sol-Gel process, where dissolved
chemicals form a colloidal solution (the sol), which then form an integrated
network as a solid (the gel).

3.51 ZrP

Parac-Vogt and colleagues reported a structure of Zr-substituted PW, which
interacted with protein (Vandebroek et al. 2018), and degraded peptide bonds
(T. Ly et al. 2013). The evidence of successful insertion of Zr is insufficient,
and likely the Zr and phosphate from the buffer formed the compound
described below.

During synthesis of 10, white precipitate formed. This was analysed by
SEM and EDS (Fig. 54), and showed it was likely microparticles of
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zirconium phosphate (ZrP). It was synthesized in isolation and characterized
with respect to morphology, composition and catalytic ability.

FlexSEM1000 5.00kV 7.7mm x30.0k SE

. Map Sum Spectrum

Figure 54. A: SEM image of ZrP particles at 30 000 times magnification. B: EDS
spectrum of ZrP particles.

As there are reports of zirconium-substituted PW degrading peptide
bonds (Vandebroek et al. 2018), the possibility of this compound being the
true catalyst was present. To test this, an NMR experiment was performed,
where diglycine was incubated with ZrP at 37°C for one week. The results
are shown in Fig. 55. After incubation, there was a new peak, not present in
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the control, at a chemical shift corresponding to glycine, indicating the
hydrolysis of diglycine.

GlyGly + PB L
1 GlyGly + ZrP post W
GlyGly + pre o

T T T T T T
a4 43 a2 a1 40 38 [ppm]

Figure 55. 'H-NMR spectra of diglycine before incubation with ZrP (blue), after
incubation (red) and a control without ZrP (green).
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Figure 56. A: IH-NMR spectra focused on the Gly signal at different times of incubation
(normalized against a DSS signal). B: Integral of signals plotted against time.

To further investigate this reaction, another experiment was performed,
where the incubation was over one month, and regular readings were made
via NMR (Fig. 56). After two weeks, a linear increase in glycine began,
corresponding to a zero-order reaction, as would be expected for this type of
catalyst. The lag at the beginning may be explained as the ZrP “maturing”
into microcrystals, which are known to have catalytic applications (Cheng &
Chuah 2020).

3.5.2 PW microspheres

When attempting to synthesize Ti substituted PW as described in Hayashi et
al. 2005, precipitate formed. Under SEM this precipitate contained spherical
particles, a few micrometres in diameter, and some broken spheres appeared
as though they were hollow. Titration with NaOH showed them to be stable
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at neutral pH, which could be beneficial, as PW has many desirable
properties, but is limited in applications due to its instability at neutral and
alkaline pH.

The PW microspheres were analysed by TEM, AFM (Fig. 57), SEM,
XRPD, TGA, and EDS (Fig. 58). The SEM shows particles ranging from 0.8
to 2 um in diameter, with broken spheres appearing hollow. TEM and AFM
show that these are made up of smaller spheres, approximately 20 nm in
diameter, which are presumably made up of PW. As the synthesis is very
similar to 11, that structure may be considered a “snapshot” of the partially
assembled particles, with highly hydrated PW in contact with each other.
XRPD patterns (Fig. 58B) are consistent with hydrated PW, but grows more
amorphous over time. TGA showed good thermal stability, with only loss of
water up to 500°C (Fig. 58D). EDS showed high amounts of tungsten and
oxygen, with smaller amounts of titanium and potassium (Fig. 58E).

o HeightS¥asor

Figure 57. A-C: TEM of PW microspheres. D-G: AFM of microspheres.
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Figure 58. Analysis of PW microspheres. A: SEM image. B: XRPD. C: Size distribution.
D: TGA curve. E: EDS spectrum.

The electrocatalytic experiments were performed at pH 0, 3 and 7. The
overpotential was low at pH 0, at 286 mV for the OER, at pH 3 it was 308
mV and at pH 7 it was 397 mV (Fig. 59C). The cyclic voltammogram showed
a redox peak at 0.72 V for pH 7 and two peaks at 0.72 V and 0.50 V (Fig.
59B), indicating W®/W>" for both as well as W3/W** for the latter. The
Tafel slopes calculated from LSV measurements were 83 mV/dec at pH 0,
0.86 mV/dec at pH 3, and 96 mV/dec at pH 7. The Tafel slopes at pH 0 and
7 are comparable to that of RuO, (Qin et al. 2022), and the latter is of
particular note, as water splitting at neutral pH is highly desirable.
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Figure 59. Electrochemical measurements at pH 0, 3, and 7. A: LSV, B: CV, C: pH
dependence of the overpotential and Tafel slope.
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4. Conclusions

The crystal structures presented here show a number of factors that influence
how NPs interact with biomolecules. First, the nature of the NP plays a role,
as the M-O bond can have varying degrees of polarity depending on the
metal, and thus varying partial charge on the surface oxygen. Different
heteroatoms will also affect the NP, affecting its stability under different
conditions, and occasionally changing its affinity for ligands. Second, the
nature of the ligand plays a role, in terms of charge, size, shape and
hydrophobicity. Third, the environment plays a role, as these interactions
seldom occur in isolation. Dissolved ions and organic molecules can compete
with the intended ligand, and steal its spot on the NP.

In addition, two sol-gel materials were produced, and showed interesting
catalytic abilities. ZrP microcrystals were able to hydrolyze the peptide bond,
and PW microspheres were able to split water electrocatalytically, at a
comparable efficiency to commercial catalysts.
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Popular science summary

Nanoparticles are tiny bits of matter, somewhere around 0.00000001 meters
in diameter. They occur naturally, but can also be made artificially, and are
often made for the sake of catalysis. Catalysts are materials that make a
chemical reaction happen more easily, without being consumed themselves.
Having nanoparticles as catalysts is often beneficial, because the reaction
happens on the surface of the catalysts. Nanoparticles have much more
surface area as compared to bulk material thanks to the square-cube law,
which states that, as an object grows in size, its volume grows faster than its
surface area. Thus, to maximize surface area, we want as small objects as
possible, and the reaction can go as fast as possible.

The reactions that can be catalysed vary, but are often transforming
organic molecules. For the reaction to happen, the molecule often need to sit
on the surface of the catalyst. That is why it is interesting to see how
molecules tend to interact with nanoparticles, which is what we were trying
to find out here. We found that some of the factors that control how
molecules interact with the nanoparticle are: the metals that make up the
nanoparticle, the amount of salt in the solution, the amount of acid in the
solution, the makeup and shape of the molecules themselves, and whether
there are other molecules that can bind the nanoparticle. Some of these may
seem obvious, but it is important to have evidence and not just make
assumptions. And now we have evidence.
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Popularvetenskaplig sammanfattning

Nanopartiklar dr smé bitar av material, nagonstans kring 0.00000001 meter
I diameter. De finns naturligt, men kan dven tillverkas artificiellt, och gors
ofta for anvindning i katalys. Katalysatorer 4r material som gor att en kemisk
reaktion hénder léttare, utan att de forbrukas sjalva. Att ha nanopartiklar som
katalysatorer dr ofta behédndigt, eftersom reaktionen sker pd ytan av
katalysatorn. Nanopartiklar har mycket storre ytarea jamfort med
bulkmaterial tack vare kvadrat-kubforhallandet, som sédger att nir ett objekt
Okar i storlek, sd Okar dess volym snabbare dn dess ytarea. S& for att
maximera ytarean, sd vill man ha sa sma objekt som mdjligt, sa att reaktionen
kan gé sa snabbt som mojligt.

Reaktionerna som ska katalyseras kan variera, men é&r ofta transformering
av organiska molekyler. For att reaktionen ska ske sd maste molekylen ofta
sitta pd katalysatorns yta. Darfor dr det intressant att se hur molekyler
tenderar att interagera med nanopartiklar, vilket dr vad vi forsokt ta reda pa
hédr. Vi fann att nigra faktorer som kontrollerar hur molekyler interagerar
med nanopartiklar dr: metallerna som bygger upp nanopartiklarna, méangden
salt i 16sning, hur sjilva molekylerna &r uppbyggda och formade, och
huruvida det finns andra molekyler som kan binda nanopartiklarna. En del
av dessa kan verka uppenbara, men det dr viktigt att ha bevis och inte bara
gora antaganden. Och nu har vi bevis.
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Appendix

Crystallographic data.

Table 2. Crystallographic data for structure 1.

Compound nr 1

Chemical formula

CisH24M012NoOs,P

Formula weight 2380.71

Temperature (K) 296(2)

Wavelength 0.71073 A

Crystal size 0.36 X 0.21 x 0.19 mm
Crystal system Triclinic

Space group P-1

Unit cell dimensions

a: 11.0479(17) A @ 102.063(2)°

b: 15.1092) A B: 96.441(2)°

c: 18.720(3) A v: 97.031(2)°

Volume (A3 3002.0(8)

Z 2

Theta data range for collection 2.16 t0 23.84°
Reflections collected 26695
Independent reflections 7721

Nr. of obs. independent refl; I>26(I) 9173

Final R indices, observed

R1= 0.0702, wR2=10.1613

Final R indices, all data

R1= 0.0813, wR2=0.1653

109



Table 3. Crystallographic data for structure 2

Compound nr 2

Chemical formula

CisH30N9Os2:PW1

Formula weight 3441.68
Temperature (K) 296(2)
Wavelength 0.71073 A
Crystal size 0.38 x0.18 x 0.12 mm
Crystal system Monoclinic
Space group P2i/n
a: 14.448(6) A a: 90.00 ©
Unit cell dimensions b: 10.648(4) A B: 92.187(6) °
c:41.167(18) A v: 90.00 °
Volume (A3 6328(5)
V/ 4
Theta data range for collection 2.38 t023.87°
Reflections collected 42239
Independent reflections 6722
Nr. of obs. independent refl; I>26(I) 9763

Final R indices, observed

R1=0.0482, wR2=0.1121

Final R indices, all data

R1=0.0823, wR2=0.1270
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Table 4. Crystallographic data for structure 3.

Compound nr 3

Chemical formula

C24H4sMo012N,055P

Formula weight 2563.97
Temperature (K) 296(2)
Wavelength 0.71073 A

Crystal size

0.3 x0.27 x 0.26 mm

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a: 14.177(2) A

a: 106.574(2)°

b: 15.405(2) A

B: 101.890(2)°

c: 16.209(2) A

v: 106.216(2)°

Volume (A3 3097.0(8)

V/ 2

Theta data range for collection 2.36 10 29.30°
Reflections collected 29698
Independent reflections 9567

Nr. of obs. independent refl; I>26(I) 10901

Final R indices, observed

R1= 0.0343, wR2=0.1045

Final R indices, all data

R1= 0.0400, wR2=0.1078
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Table 5. Crystallographic data for structure 4.

Compound nr 4

Chemical formula

C32H88N160148P3W36

Formula weight 9776.69

Temperature (K) 296(2)

Wavelength 0.71073 A

Crystal size 0.34 x 0.26 x 0.22 mm
Crystal system Tetragonal

Space group P 4y/n

Unit cell dimensions

a: 18.991(14) A a: 90°

b: 18.991(14) A B: 90°

c:25.049(16) A  y:90°

Volume (A%) 9034(14)

Z 2

Theta data range for collection 2.40 to 20.65°
Reflections collected 79916
Independent reflections 4209

Nr. of obs. independent refl; I>20(I) 8120

Final R indices, observed

R1=0.0865, wR2=0.1893

Final R indices, all data

R1= 0.1603, wR2=0.2130
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Table 6. Crystallographic data for structure 5.

Compound nr 5

Chemical formula

C12H41M012N6Os6P

Formula weight 2347.76

Temperature (K) 296

Wavelength 0.71073 A

Crystal size 0.33 x 0.31 x 0.09 mm
Crystal system Triclinic

Space group P-1

Unit cell dimensions

a: 12.7308(12) A

a: 97.8970(10)°

b: 13.0510(12) A

B: 105.2180(10)°

c: 18.0332(17) A

v: 105.9070(10)°

Volume (A3 2708.77

Z 2

Theta data range for collection 2.261029.27°
Reflections collected 26 853
Independent reflections 8786

Nr. of obs. independent refl; I>26(I) 9555

Final R indices, observed

R1= 0.0263, wR2=0.0670

Final R indices, all data

R1 = 0.0296, wR2=0.0686
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Table 7. Crystallographic data for structure 6.

Compound nr 6

Chemical formula

C12H43Mo012N6Os2P

Formula weight 2285.77
Temperature (K) 296
Wavelength 0.71073 A
Crystal size 0.24 x 0.2 x 0.08 mm
Crystal system Monoclinic
Space group P2i/n
a: 12.788(2) A a: 90°
Unit cell dimensions b: 31.897(5) A B: 112.173(2)°
c: 13.843(2) A v: 90°
Volume (A% 5228.8(15)
V/ 4
Theta data range for collection 2.142 to 25.023°
Reflections collected 24390
Independent reflections 7929
Nr. of obs. independent refl; I>26(I) 9193

Final R indices, observed

R1=0.0494, wR2=0.1407

Final R indices, all data

R1= 0.0573, wR2=0.1448

114



Table 8. Crystallographic data for structure 7.

Compound nr 7

Chemical formula

C8H3 «Moj 2N4NaO55P

Formula weight

2273.65

Temperature (K) 296

Wavelength 0.71073 A

Crystal size 0.28 X 0.22 x 0.20 mm
Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions

a: 17.3441(13) A 0:90°

b: 23.078(2) A B: 90°

c:25.295(2) A v: 90°

Volume (A% 10124.8(14)

V/ 8

Theta data range for collection 2.268 to 25.025°
Reflections collected 68807
Independent reflections 8046

Nr. of obs. independent refl; I>26(I) 8916

Final R indices, observed R1= 0.0373, wR2=0.1177

Final R indices, all data R1=0.0419, wR2=0.1212




Table 9. Crystallographic data for structure 8.

Compound nr 8

Chemical formula

C3H34M0 1 2N4N3,O54P

Formula weight 2255.63
Temperature (K) 296
Wavelength 0.71073 A
Crystal size 0.22 X 0.20 x 0.14 mm
Crystal system Monoclinic
Space group P2i/c
a: 21.1353) A a: 90.00°
Unit cell dimensions b: 12.9339(16) A B: 111.185(2)°
c:19.455(2) A v: 90.00°
Volume (A% 4958.7(11)
V/ 4
Theta data range for collection 2.381029.15°
Reflections collected 44715
Independent reflections 7531
Nr. of obs. independent refl; I>26(I) 8719

Final R indices, observed

R1= 0.0304, wR2=0.1062

Final R indices, all data

R1= 0.0355, wR2=0.1092
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Table 10. Crystallographic data for structure 9.

Compound nr 9

Chemical formula

C4Hi65M012N>Nag sO46P

Formula weight 2022.44
Temperature (K) 296
Wavelength 0.71073 A
Crystal size 0.30 X 0.25 x 0.14 mm
Crystal system Monoclinic
Space group P2i/c
a: 19.443(8) A a: 90°
Unit cell dimensions b: 12.745(5) A B: 105.275(5)°
c: 19.657(8) A v: 90°
Volume (A3 4699(3)
V/ 4
Theta data range for collection 2.17 to 24.25°
Reflections collected 38785
Independent reflections 5180
Nr. of obs. independent refl; I>26(I) 7345

Final R indices, observed

R1=0.0991, wR2=0.2060

Final R indices, all data

R1=0.1333, wR2=0.2184
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Table 11. Crystallographic data for structure 10.

Compound nr 10

Chemical formula

C4H23Mo012N;Nag 5047P

Formula weight

2044.99

Temperature (K) 296
Wavelength 0.71073 A
Crystal size 0.38 x0.18 x 0.11 mm
Crystal system Orthorhombic
Space group Pben
a: 12.765(3) A a: 90°
Unit cell dimensions b: 19.680(5) A B: 90°
c: 37.663(10) A v: 90°
Volume (A3 9462(4)
V/ 8
Theta data range for collection 2.50 to 28.21°
Reflections collected 88347
Independent reflections 6480
Nr. of obs. independent refl; I>26(I) 8333

Final R indices, observed

R1= 0.0553, wR2=0.1763

Final R indices, all data

R1= 0.0703, wR2=0.1858
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Table 12. Crystallographic data for structure 11.

Compound nr 11

Chemical formula

HesLaOi33.5PaWoy

Formula weight 6494.77
Temperature (K) 163(2)
Wavelength 0.71073 A

Crystal size

0.32x0.2x0.16 mm

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a: 14.008(3) A

a: 88.978(5)°

b: 15.140(3) A

B: 89.228(4)°

c: 22.386(5) A

v: 80.885(5)°

Volume (A% 4686.6(18)

V/ 2

Theta data range for collection 2.26t035.79°
Reflections collected 57188
Independent reflections 17582

Nr. of obs. independent refl; I>26(I) 22324

Final R indices, observed

R1=0.0596, wR2=0.1531

Final R indices, all data

R1= 0.0787, wR2=0.1630
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Table 13. Crystallographic data for structure 12

Compound nr 12

Chemical formula

C24H315N4O52PW 1

Formula weight 3445.20
Temperature (K) 273(2)
Wavelength 0.71073 A
Crystal size 0.130 x 0.180 % 0.240 mm
Crystal system monoclinic
Space group P12,1
a: 15.0118(6) A a: 90°
Unit cell dimensions b: 26.6598(12) A B: 101.782(2)°
c: 15.5858(6) A ¥: 90°
Volume (A3 6106.2(4)
V/ 4

Theta data range for collection

2.06 to 35.26°

Index ranges

24<=h<=24, -42<=k<=42, 24<=]<=24

Reflections collected

103478

Independent reflections

50215

Nr. of obs. independent refl; I>20(I)

42803

Final R indices, observed

R1=0.0402, wR2=0.0867

Final R indices, all data

R1=0.0527, wR2=0.0915
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Table 14. Crystallographic data for structure 13

Compound nr 13

Chemical formula C24H4N4Os50PW 2
Formula weight 3423.78
Temperature (K) 273(2)
Wavelength 0.71073 A
Crystal size 0.020 x 0.080 % 0.210 mm
Crystal system monoclinic
Space group P12,1
a:9.737(6) A a: 90°
Unit cell dimensions b:26.169(16) A B: 103.931(11)°
c: 14.337(9) A v: 90 °
Volume (A3 3546.(4)
V/ 2

Theta data range for collection

2.14t0 28.13°

Index ranges

12<=h<=12, -34<=k<=34, -18<=I<=18

Reflections collected

49681

Independent reflections

17101

Nr. of obs. independent refl; I>20(I)

13023

Final R indices, observed

R1=0.0497, wR2=0.1172

Final R indices, all data

R1=0.0751, wR2=0.1289
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Table 15. Crystallographic data for structure 14

Compound nr 14

Chemical formula CisH23N3024 5Po s W
Formula weight 1791.98

Temperature (K) 293(2)

Wavelength 0.71076 A

Crystal size 0.300 x 0.300 % 0.800 mm
Crystal system triclinic

Space group P1

Unit cell dimensions

a: 9.8759(8) A a: 65.914(3)°

b: 143510(11) A P: 76.635(4)°

c: 14.6921(11) A v:75.416(3)°°

Volume (A3 1820.2(3)
zZ 2
Theta data range for collection 2.44 t0 34.98°

Index ranges

-15<=h<=15, -21<=k<=22, -23<=1<=23

Reflections collected

24187

Independent reflections

19537

Nr. of obs. independent refl; I>20(I)

13164

Final R indices, observed

R1=0.0617, wR2 =0.1364

Final R indices, all data

R1=0.1062, wR2 =0.1564
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Table 16. Crystallographic data for structure 15

Compound nr 15

Chemical formula

CisH24N2043PW 1

Formula weight 3273.56

Temperature (K) 295(2)

Wavelength 0.71073 A

Crystal size 0.020 x 0.020 x 0.100 mm
Crystal system triclinic

Space group P-1

Unit cell dimensions

a: 14.516(4) A a: 79.727(6)°

b: 14.786(5) A B: 75.244(7)°

c: 15.519(5) A v: 65.402(6)°

Volume (A3

2918.8(15)

V/

2

Theta data range for collection

2.12 to 26.60°

Index ranges

-18<=h<=18, -18<=k<=18, -19<=1<=19

Reflections collected

26319

Independent reflections

11856

Nr. of obs. independent refl; I>20(I)

7309

Final R indices, observed

R1=0.0708, wR2 =0.1789

Final R indices, all data

R1=0.1233, wR2 = 0.2049

123



Table 17. Crystallographic data for structure 16

Compound nr 16

Chemical formula

C12H20N4050P W12

Formula weight 3257.49
Temperature (K) 273(2)
Wavelength 0.71073 A
Crystal size 0.010 x 0.080 % 0.100 mm
Crystal system monoclinic
Space group P1211
a: 9.9033(5) A a: 90°
Unit cell dimensions b:26.5990(14) A PB: 90.8930(10) °
c: 10.0515(5) A v:90°
Volume (A3 2647.4(2)
V/ 2

Theta data range for collection

2.17t035.13°

Index ranges

-16<=h<=15, -42<=k<=42, -15<=1<=16

Reflections collected

49121

Independent reflections

21811

Nr. of obs. independent refl; I>20(I)

15898

Final R indices, observed

R1=0.0548, wR2 =0.1276

Final R indices, all data

R1=0.0830, wR2 = 0.1469
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Table 18. Crystallographic data for structure 17

Compound nr 17

Chemical formula

CeHi14N2071P1sWig

Formula weight 4605.95
Temperature (K) 273(2)
Wavelength 0.71073 A
Crystal size 0.320 x 0.340 % 0.540 mm
Crystal system orthorhombic
Space group C222
a: 16.1458(8) A a: 90°
Unit cell dimensions b: 34.5595(17) A B: 90°
c: 12.9893(6) A v: 90°
Volume (A3 7247.9(6)
V/ 4

Theta data range for collection

2.52t035.11°

Index ranges

-25<=h<=23, -55<=k<=55, -20<=1<=20

Reflections collected

48469

Independent reflections

15371

Nr. of obs. independent refl; >20(I)

12863

Final R indices, observed

R1=0.0463, wR2 =0.1073

Final R indices, all data

R1=0.0603, wR2 =0.1131
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Table 19. Crystallographic data for structure 18

Compound nr 18

Chemical formula

C24HusN12056S1W12

Formula weight 3631.00
Temperature (K) 293(2)
Wavelength 0.71073 A
Crystal size N/A
Crystal system triclinic
Space group P-1

Unit cell dimensions

a: 10.8473(5) A a: 99.7051(8)°

b: 12.4152(5) A B: 91.9863(9)°

c: 13.1760(6) A y: 103.7460(9)°

Volume (A% 1693.76(13)

V/ 1

Theta data range for collection 2.837 to 25.024°
Reflections collected 16418
Independent reflections 5757

Nr. of obs. independent refl; I>26(I) 5605

Final R indices, observed

R1=0.0655, wR2=0.1564

Final R indices, all data

R1=0.0666, wR2=0.1570
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Table 20. Crystallographic data for structure 19

Compound nr 19

Chemical formula CsH9oNsO3653S13W12
Formula weight 3101.82
Temperature (K) 293(2)
Wavelength 0.71073 A

Crystal size N/A

Crystal system monoclinic

Space group P2i/c

Unit cell dimensions

a:32.191(3) A

o: 90°

b: 14.8183(12) A

B: 91.018(2)°

c: 15.3532(13) A

v: 90°

Volume (A3

7322.6(11)

V/

4

Theta data range for collection

2.278 to 25.242°

Index ranges

-48<=h<=47, -21<=k<=22, -23<=1<=22

Reflections collected 119465
Independent reflections 25909
Nr. of obs. independent refl; I>20(I) 17682

Final R indices, observed

R1=0.0744, wR2=0.1830

Final R indices, all data

R1=0.1114, wR2=0.1997
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Complexes of Keggin POMs [PM,,0,,]>" (M=Mo, W) with
GlyGlyGly and GlyGlyGlyGly Oligopeptides

Bjorn Greijer,” Timothy De Donder,” Gustav Nestor,” Jan E. Eriksson,”
Gulaim A. Seisenbaeva,”™ and Vadim G. Kessler*

Complexes of Keggin phosphomolybdate and phosphotung-
state anions with tri- and tetra-peptides, GlyGlyGly and
GlyGlyGlyGly respectively, were isolated and investigated by
single crystal X-ray diffraction, FTIR and SEM-EDS in the solid
state and by 'H- and *'P NMR and ESI-MS in solution. The trends

Introduction

Metal oxide nanoparticles have frequently been shown to have
biological relevance,"™ either due to their potential toxicity"®®
or their use for drug delivery.” Polyoxometallates (POMs) are a
subset of metal oxides which have highly ordered structures,
often with one or more central heteroatoms surrounded by
heavy metallic addenda atoms. They have garnered much
interest in a number of areas, ranging from electronics to
medicine (in particular, as underwater adhesives).*® Among
POMs, the Keggin type PW,,0,,° was the first structure
solved,"” and has been the most extensively studied since. The
Keggin type POM anion (XM;,0,,"", X=P/Si, M=W/Mo/V), being
only 1 nm in diameter, is one of the smallest types of metal
oxide nanoparticles. This molecular size and appreciable
stability in both solid state and solution makes Keggin POMs an
attractive model for investigating chemical interactions be-
tween metal oxide nanoparticles and molecules possessing
important biological functions. There is an appreciable pool of
work on how a variety of oligo and monopeptides interact with
POMs."" High electric surface charge of POMs has apparent
ability to influence the conformation of large biomolecules. In
particular, POMs have been shown to aid in protein crystal
formation by forming bridges between charged bodies and
stabilizing flexible regions. These interactions vary depending
on the protein side chains and can be electrostatic, hydrogen
bonds or van der Waals interactions."? Covalent interactions
have also been observed."” Due to the small size of POMs they
are able to fit into cavities in the proteins and adhere to small
charged patches on the protein surface. However, relatively few
groups are aiming specifically at obtaining complexes between
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imposed by longer chain length and increased hydrophobicity
of the peptide molecules were traced both in binding in the
solid state and in effects on solution stability of POMs.
Hydrolysis of peptides was observed in strongly acidic solutions
at enhanced temperatures in the presence of tungsten POMs.

POMs and proteins,"*'” and many of the POM-containing
structures in the Protein Data Bank are, essentially, byproducts
of unrelated projects, for example, by being used as phasing
tools. Bijelic and Rompel"” have previously compiled the
available POM-containing structures in the PDB. It is clear that
POMs have a place in protein crystallography, though their
behavior in contact with biomolecules is at present still
relatively poorly understood

We previously reported the structures of Keggin-type
phosphotungstate and phosphomolybdate in complex with
glycylglycine (GlyGly) dipeptides."® These findings showed that
interactions with peptides differ between tungsten- and
molybdenum-based POMs, and that POMs complexed with
peptides were somewhat protected from degradation by
hydrolysis at lower concentrations. Despite the structural and
chemical similarity of phosphomolybdate (PMo) and phospho-
tungstate (PW), their interactions with glycylglycine differed, in
that PW mainly formed H-bonds, while PMo had predominantly
electrostatic interactions. Here, we intended to investigate
whether longer peptide chains will provide further stabilization
of POMs. There are results that would suggest that to be the
case, as Seixas and collegues reported spontaneous formation
of a Keggin-type phosphomolybdate in a lysozyme crystal
soaked in a metalorganic drug containing molybdenum
(ALF186)." By studying complexes between POMs and longer
peptides, we aimed to get a more realistic model for their
possible interactions with proteins. Oligopeptides become less
hydrophilic as they grow longer, which may lead to different
intermolecular interactions with the same particle. Increased
peptide length also provides a larger number of contact points
and rotamers, both of which will increase the number of
possible binding modes.

Here, we aim to expand on the previous findings by
reporting the structures of the industrially available Keggin
tungsten and molybdenum POMs in complex with tri- (Gly-
GlyGly, G3) and tetraglycine (GlyGlyGlyGly, G4).
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Table 1. Details of structure collection and refinement for compounds 1-4.
Compound 1 2 3 4
Chemical composition CygH,4NsO5,PMo, , CigH30NOs,PW, 5 Cy6Hs1NgOgPMo,, C3,HggN160146PsWse
Formula weight 2381.37 3441.02 2497.85 9776.22
Crystal system Triclinic Monoclinic Triclinic Tetragonal
Space group P-1 P2,/n P-1 P4,/n
R1 0.0702 0.0482 0.0315 0.0726
wR2 0.1653 0.1270 0.0924 0.1802
alA] 11.0479(17) 14.448(6) 14.177(2) 18.991(14)
bIA] 15.109(2) 10.648(4) 15.405(2) 18.991(14)
c[A) 18.720(3) 41.167(18) 15.209(2) 25.049(16)
al 102.063(2) 90.00 106.574(2) 920
B 96.441(2) 92.187(6) 101.890(2) 90
y [ 97.031(2) 90.00 106.216(2) 90
VA% 3002(8) 6329(5) 3097(8) 9034(11)
TIK 296 296 296 296
V4 2 4 2 4
Nr. of obs. Independent refl., 9173 9763 10901 5529
1 > 2sigma(l)
Results and Discussion uniform for the Mo compared to the W derivative."™ The latter
favors electrostatic charge interactions for Mo and stronger
The major difference from recently reported GlyGly network of hydrogen bonding for W compounds. The details of

derivatives"® was the need in using more acidic medium (0.1 or
1 M HCI), because of low solubility of tri- and tetraglycine in
water at neutral pH. Some of the compounds required different
conditions, i.e. lower concentration due to low solubility for
G4 W (4), or a lower pH for G4Mo (3), both of which formed
non-crystalline precipitate in the standard conditions. As this
happened to the larger peptide complexes, one might extrap-
olate that issues may occur should even larger oligopeptides
lacking hydrophilic side groups be used. The Mo-containing
complexes, G3Mo and G4Mo, were photosensitive and would
slowly turn green if not shielded from light, as might be
expected based on reports of similar compounds.?”

Molecular and crystal structures

Comparing the formally analogous structures of Keggin Mo-
and W-POMs is an exciting challenge for nanoscience insights,
because these anions are identical from the point of view of
colloid chemistry, featuring the same size, shape and total
charge, which also results in exactly the same formal charge
density on their surface. The difference thus is manifesting only
the subtle effects of chemical bonding, revealing the difference
in the chemical nature of the POM-forming elements. Using
longer chain peptides as cations we were able to observe even
more pronounced differences between Mo and W POMs,
compared to earlier observations with di-peptide cations."® For
the G4 peptide even the composition of the precipitating (least
soluble) complexes  turned different, (HGly,),(H;0)
PMO0,,04(H,0)s (3) vs (HGly,)(H;0),PW,,0, (4). It is worth noting
that with tri-peptide cations both POMs are forming complexes
with 3:1 cation-to-anion ratio, but with tetra-peptide the
compositions are 2:1 (Mo) and 1:1 (W). This can be explained
on one hand by the need to use higher acidity in the medium,
from which the complexes are crystallizing, and, on the other
hand, by the difference in charge distribution, which is more

Eur. J. Inorg. Chem. 2021, 54-61 www.eurjic.org

data collection and refinement are summarized in Table 1.

The structure of compound (HGly;);PMo,,0,4(H,0)s (1) (see
Figure 1) is triclinic centrosymmetric, space group P-1, and
contains three protonated peptide cations, one phosphomolyb-
date anion and five water molecules in an asymmetric unit
(Figure 1, Figure 5), Z=2 (for details, please, see Table 1). The
anion is an a-Keggin construction. The hydrogen bonds form a
well-developed network, where the strongest are between the
ammonium unit (on N3 atoms in peptide structures) to the
interstitial water molecules, N(3D)- O(5 A) 2.848(18), and N(3B)-

Figure 1. Molecular structure of the (HGly;);PMo,,0,(H,0)s (1).
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0(3 A) 2.913(18) A. Next strongest appear the H-bonds between
the ammonium units and carbonyl oxygen atoms of the
peptides, N(3 €)-O(2D) 2.733(17), N(3B)-O(2 C) 2.843(18), N(3 CO)-
0(4 C) 2.890(18), N(3B)-O(4B) 2.924(18) A, where the shortest
bond goes to the oxygen atom in the carboxylic acid group.
One H-bond of comparable strength per asymmetric unit is
observed for a NH amide proton to a bridging oxygen atom in
the POM anion, N(1B)-O(15) 2.956(18) A. The other hydrogen
bonds between peptides and the anion are relatively weak
(mostly over 3.0A in length) and are formed between the
ammonium ion unit and the bridging oxygen atoms of the

® oex

LE

Figure 2. Molecular structure of the (HGly;);PW,,0,4(H,0)g (2).

eaum

Figure 3. Molecular structure of the (HGly,),(H;0)PMo0,,0,,(H,0)s (3).

Eur. J. Inorg. Chem. 2021, 54-61 www.eurjic.org

POM, N(3 €)-O(32) 2.929(18), and between the ammonium unit
and terminal oxygen atoms of the POM, N(3C)-O(31)
3.007(18) A, N(3D)-0(40) 3.162(18) A. The relatively longest H-
bonds are between the amide nitrogen atoms in the center of
peptide cations and bridging oxygen atoms of the POM, N(2 C)-
0O(36) 3.068(18), N(2B)-O(17) 3.274(18) and N(2B)-O(16)
3.299(18) A.

The structure of compound (HGIy;);PW,,0,0(H,0)s (2) (see
Figure 2) is centrosymmetric monoclinic, space group P21/n,
and contains three protonated peptide cations, one phospho-
tungstate anion, and eight water molecules in an asymmetric
unit (Figure 2, Figure 6), Z=4 (Table 1). The anion is an a-
Keggin construction. The hydrogen bonding is extensive, with
the strongest being between a carboxyl oxygen and an
interstitial water molecule, O(1 C)-O(1X) 2.543(15) A, followed
by an ammonium group binding to water N(3 C)-O(7X)
2.734(15) A. Next strongest are ammonium groups interacting
with carbonyl oxygens N(3B)-O(2 A) 2.774(15) A, N(2B)-O(3 A)
2.815(15) A, N(3 A)-0(4B) 2.858(15) A, N(3 0)-0(1 C) 2.859(15) A
or interstitial water N(2 A)-O(2X) 2.851(15) A, N(1B)-O(4X)
2.868(15) A, N(3B)-O(8X) 2.985(15) A, N(3 A)-O(3X) 2.899(15) A, N
(3B)-0(8X) 2.985(15) A. The next weakest bonds were between
amide NH of the peptide and oxygen belonging to the POM
anion N(2 0)-0O(14) 2.920(15)A and N(1 0)-O(7) 3.002(15) A,
where the former is a terminal oxygen and the latter is bridging.
The longest bonds were between ammonium units of the
peptide and terminal oxygen of the POM N(3B)-O(36)
3.023(15) A, N(3 A)-0(18) 3.065(15) A, N(3B)-O(11) 3.081(15) A, N
(3 0)-0(26) 3.353(15) A.

The structure of compound (HGly,),(H;0)PMo0,,0,,(H,0), (3)
(see Figure. 3) is triclinic centrosymmetric, space group P-1, and
contains two protonated peptide cations, one phosphomolyb-
date anion, and 10 water molecules in an asymmetric unit
(Figure 3, Figure 7), Z=2 (Table 1). The anion is an a-Keggin
construction. The shortest hydrogen bonds lie between termi-
nal ammonium groups and interstitial water molecules N(4)-O
(6A) 2.741(5) A or central carbonyl groups of an adjacent
peptide N(4 A)-O(5B) 2.780(5) A, N(4 A)-O(5C) 2.714(5)A.
Slightly longer are the bonds between a terminal ammonium
unit and terminal oxygen on the POM surface N(4 A)-O(31)

-3
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2.903(5) A and N(4)-0(37) 2.918(5) A, as well as between an
amide NH and water N(3 A)-O(9 A) 2.928(5) A. The bonds which
are around 3 A lie between an amide NH and water N(2 A)-O
(2 A) 3.047(5) A, and amide NH groups interacting with the POM
oxygen N(4)-0(25) 3.043(5) A, N(4)-O(7) 3.084(5) A (terminal N,
bridging 0), N(2)-0(19) 3.083(5) A, N(3)-0(4) 3.097(5) A (internal
N, terminal O). The relatively weakest interactions are also
between peptide NH groups and a mix of terminal and bridging
oxygens on the POM surface, N(1 A)-O(14) 3.122(5) A, N(4)-0(23)
3.139(5) A, N(1)-0(5) 3.144(5) A, N(2)-0(16) 3.153(5) A, N(3)-0(16)
3.238(5) A, as well as between a terminal ammonium unit and a
carbonyl group of an adjacent peptide N(4 A)-O(4B) 3.140(5) A.

The structure of compound (HGly,); 33(H;0); 6,PW;,04,(H,0)
(4) (see Figure 4) is tetragonal centrosymmetric, space group
P4,/n, and contains protonated tetraglycine cations and -
Keggin phosphotungstate anions in 4:3 ratio, and eight (of
which five apparently protonated) water molecules/oxonium
jons in a formula unit. The asymmetric unit constitutes one
fourth of the latter (Figure 4, Figure 8), Z=2 (Table 1). By far the
strongest H-bond in the structure lies between the carboxyl
groups of two adjacent peptides O(2 A)-O(1 A) 2.610(40) A. The
carboxyl group is also H-bonded to the terminal ammonium
group of an adjacent peptide N(4)-O(2 A) 3.065(40) A. The
remaining hydrogen bonds lie between amide NH groups and
terminal surface oxygens of the anion N(4)-O(7) 2.952(40) A, N
(3-0(8) 3.027(40) A, N(4)»-0(17)  3.044(40) A,  N(3)-0(1)
3.169(40) A.

The arrangement of the tetraglycine in the two compounds
4 and 3 is quite different. This may be in part due to the
different pH used during synthesis but is likely also caused by

Figure 4. Molecular structure of the (HGly,); 33(H;0); 5,PW;,04,(H,0) (4).

Eur. J. Inorg. Chem. 2021, 54-61 www.eurjic.org

the nature of the anions. In 4, the peptide wraps around the
POM, while being linked via the carboxyl group to a second
peptide, while in 3, it is straighter and makes contact with
multiple POM units. Here too, there are contacts between
peptides, but those are largely to carbonyl groups. In general,
there are more H-bonds per unit cell between the peptide and
POM in the structures with phosphotungstate (28 for 2, 24 for
4), than for those with phosphomolybdate (10 for 1, 22 for 3).
(Table S1). While there is generally extensive H-bonding
between the peptides and water, particularly in 2, there is no H-
bonding between water and POM in either structure. However,
there appears to be H-bonding between POM particles (ranging
from 2.7 to 3 A, not listed the .st files), which may imply
protonation of the POM.

The packing of POM species in the structures is very
distinctly different between the pairs of expected analogs 1 and
2, and 3 and 4 respectively (Figure 5-Figure 8). In the structure
of 1 (see Figure5) the POM-anions are placed largely in
agreement with a dense hexagonal packing with cations
following the same kind of arrangement. Same principle can be
followed even in the structure of 3 (Figure 7). The packing in
the structure of 2 (Figure 6) leaves voids in the packing, which
are filled with peptide cations, hydrogen bonded to each other
and surrounding anions. This type of packing has been
observed in the structures of diglycine complexes with W-
POMs"® and even in complexes of large globular proteins with
nanoparticles.?” The packing in the structure of 4 (Figure 8) is
resembling hexagonal dense packing for the POM anions
combined with tetra-peptide cations wrapped around them.
The additional oxonium ions disordered together with few

;«g\\,.‘.," /
3
B W

97 I \%\:-
QLIS

(mAAY,

Figure 5. Packing motif in the structure of (HGly;);PMo,,0,0(H,0)s (1).
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Figure 6. Packing motif in the structure of (HGly;);PW;,0,,(H,0)s (2).

strongly hydrogen bonded water molecules are expelled to the
periphery of hydrophobic voids.

Mass Spectrometry

Mass spectrometry revealed the initial dissociation of complexes
on strong dilution (from 50 mM to 50 uM concentration) in
agreement with what we observed earlier in the case of free
POM acids and also for the complexes with bis-glycine
peptide."® However, tri- and tetraglycine appeared to have a
more pronounced stabilizing effect on POM nanoparticles

Figure 7. Packing motif in the structure of the (HGly,),(H;0)PM0,,0,,(H,0)s
(3).

Eur. J. Inorg. Chem. 2021, 54-61 www.eurjic.org

~—PM012040 (1824)
1.6
14 ~PM09030
=
E
I 12
E
T ~Gd (245)
=
08 ~PMo08027 (1230)
08 ~PMo7022 (1016)
PM07024 (1084)
~PMo6021 (940)
14 21 28 36 43 50 57 64
(T =To), min
1.2
b
1
0.8
)
=
<
§ 06 ~PM012040 (1824)
~=PM09030
04
~PM08027 (1230)
PMo7024 (1084)
02
—PM06021 (940)
—PMo7022 (1016)
0
14 21 28 36

(T =To), min

Figure 9. The change in area of selected mass spectrometry signals as a
function of time from the moment, when solution was produced (T,) for (a)
Compound 3 and (b) a phosphomolybdate control without peptide. For 3
signal intensities from smaller POM fragments decrease with increasing time,
while those from larger fragments increase. In the control, all signal
intensities decrease as a function of time.
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compared to bis-glycine, as the signal representing the
PM,,0,,°-ion retained most of its initial intensity or increased
in the course of time (Figure 9). Signals representing ions of
breakdown products were observed (Figure S15), as well as ions
of free peptides and their dimers and trimers (Figure S16). The
decrease of signals from smaller POM fragments and the
increase of larger ones as a function of time, suggest that
fragments assemble into larger or complete nanosized POM
species. This supposition was supported by the observations
from mass spectra of a solution of peptide-free POM diluted by
1 M hydrochloric acid. In that case (see Figure 9B) the intensities
of both larger and smaller POM fragments decreased with time,
indicating dissociation and transformation into most probably
positively charged chloride-substituted fragments no longer
detectable in the negative charge mode ESI-MS.

NMR Spectroscopy

NMR analysis was performed at 80°C on 2 and 4 due to low
solubility and a drop of concentrated HCl was added to further
improve solubility. 'H spectra showed broad signals, suggesting
that the peptide is bound to the complex. Over 90 minutes,
signals at 4.09 and 3.92 ppm appeared and increased with time
(Figure 10a and Figure S19). These were tentatively assigned to
GlyGly, which could be formed by partial hydrolysis of the
peptides. In the case of 4, also signals assigned to triglycine,
GlyGlyGly were formed. The same behavior was observed from
a sample of tetraglycine without POM anions, which confirms
acidic hydrolysis of the peptide at elevated temperature
independent of the POM species. In control experiments
without POMs under the same conditions the peptide hydrol-
ysis could also be traced. This indicates that the observed
hydrolysis is not caused primarily by the catalytic action of
POMs but occurs due to common acidic hydrolysis. The
measurements for 1 and 3 were run at 40°C with addition of a
drop of 1 M HCI for higher solubility. Also here the 'H signals
were broad, suggesting peptides in complex. No hydrolysis was

b
1 PMo1z0s®
.._4,.,‘\_%]%-..,“_ e
3 PM012040*
2 PWi2Ow®
)
4 Pwuom@"
[) 5 o A5
*'P (ppm)

Figure 10. (a) 'H NMR spectra of free tetraglycine (GGGG) and 4 at 80°C,
pH 0.0. The unlabeled signals correspond to tetraglycine, and the asterisks
(*) denote signals tentatively assigned to triglycine after hydrolysis of
tetraglycine. (b) *'P NMR spectra of 1, 3, 2 and 4 respectively. The most
abundant species are indicated.
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observed, but a gradual change towards higher chemical shifts.
The chemical shifts of complex-bound tri- and tetraglycine did
not differentiate significantly from free peptides in samples
without POMs. *'P NMR showed the presence of intact Keggin
complexes without any significant degradation (Figure 10b),
which is expected at acidic pH.

SEM and EDS

The SEM images (Figure S6) demonstrate well-shaped relatively
large rod-like crystals of uniform shape for each sample. The
EDS analysis reveals uniform distribution of elements with
nitrogen/phosphorus/transition metal ratios corresponding to
those expected for formulas of POM complexes obtained from
single crystal studies (Supplementary Tables S2-S5).

Vibrational spectra

Characteristic bonding modes were revealed in the FTIR spectra
of the obtained complexes (Table 2, Figure S5). All of them
contain the typical M=O and M-O-M stretching bands
representative of the Keggin phosphometallate anion'#22%
along with a set of bands present in oligo-glycine
molecules®®?”. The interaction of peptides with POM core
species does not lead to stronger line shifts, the most apparent
being only the increase in wavenumber value for the N-H band
originating from ammonium cations more strongly involved
into hydrogen bonds with the anions in W-derived species.

Conclusion

In this study the structure and solution stability of complexes of
Keggin POMs with tri- and tetra-glycine peptides has been
revealed. The longer peptide chains, compared to earlier
investigated di-peptides, led to less hydrophilic molecules with
enhanced interactions between the peptide chains and POMs.
Even as earlier in the case of dipeptides, no direct structural
analogy could be traced between complexes of analogous Mo-
and W-POMs. While electrostatic interactions were dominating

Table 2. Selected signals from FTIR analyses of complexes 1-4 [cm™'].
Bond 1 2 3 4

v(P—O-M) 1063 1063 1080 1080

v(M=0) 958 960 979 980
v(M-Od-M)® 877 879 895 892
v(M-Oc-M)® 795 808 808 808

v(C=0) 1728,1693 1698, 1664 1732,1692 1726, 1693, 1677
v(CO2)s 1549 1545 1551 1543

v(CO2)as 1429 1431 1428 1412

v(O-H) 3546 - 3556 -

v(N-H) 3493 3502 3497 -

V(NH3 +) 3345,3084 3326,3129 3363,3152 3350, 3151

[a] Letter c indicates a bridging oxygen within a metallate triad, d between
any two triads.
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for the Mo-derivatives, the hydrogen bonding between peptide
NH fragments and POMs played more pronounced role for the
W-derivatives. An interesting observation was made also for
rather pronounced stabilization of POMs in diluted solutions
when in complex with tri- or tetra-peptides. While free POM
acids are completely hydrolyzed at 50 uM concentration, and
complexes with di-peptides retain only a minor fraction of Mo-
and W species as POMs, the complexes with tri- and tetra-
peptides appear to preserve POM anions as the major fraction.

Experimental Section

Syntheses of compounds. Phosphomolybdic acid,
H;[PMo,,0,0]-xH,0  (CAS, grade), phosphotungstic  acid
H;[PW,,0,0]-xH,0 (CAS, grade), bis-glycine (CAS, grade), triglycine
(CAS, grade), tetraglycine (CAS, grade) were purchased from Merck
and used without further purification. In a standard procedure
0.03 mmol of POM was dissolved in 1 mL 0.1 M HCl and added to a
solution of 3 equivalents of peptide dissolved in 1 mL 0.1 M HCl. In
the case of G4Mo, 1 M HCl was used as solvent. In the case of 4, a
total of 6 mL solvent was used. In the case of 1 and 2, crystals
formed within several hours. For 3 and 4, crystals were obtained by
slow evaporation of the solvent over several days. All crystals were
stable when kept in solution except 1, which degraded into a white
precipitate if left in the mother liquor for several days.

Analysis. Single-crystal X-ray diffraction data were recorded with a
Bruker D8 SMART APEX Il CCD diffractometer (graphite monochro-
mator) with A(Mo—Ka) =0.71073 A. FTIR spectrometer Perkin-Elmer
Spectrum-100 was used for infrared spectroscopy studies. Crystals
were milled in paraffin oil and their spectra were recorded by a
total of 8-16 scans in 400-4000 cm ' range. SEM-EDS measure-
ments were carried out with Hitachi Flex-SEM-1000 scanning
electron microscope.

Crystallography. Single-crystal X-ray diffraction data were recorded
at room temperature with a Bruker D8 SMART APEX Il CCD
diffractometer (operating with graphite monochromated Mo—Ka
radiation, A=0.71073 A). The structures were solved by direct
methods. Metal atom coordinates were obtained from the initial
solutions and the other non-hydrogen atoms by Fourier synthesis.
All non-hydrogen atoms were refined first isotropically and then
anisotropically in full-matrix approximation. The hydrogen atom
positions were calculated geometrically and they were added into
the final refinement in isotropic approximation.

NMR Spectroscopy. NMR spectra were acquired on a Bruker Avance
Il 600 MHz spectrometer using a 5mm broadband observe
detection SmartProbe equipped with z gradient. Samples were
dissolved in D,0 with addition of 1 drop of HCI (1 M for 1 and 3,
conc. for 2 and 4). Spectra were recorded at 40°C (1 and 3) or 80°C
(2 and 4) with DSS and water as 'H chemical shift references. Water
suppression of 'H NMR spectra was achieved with 1D NOESY
presaturation. 'H and "*C resonances were assigned using 'H,">C-
HSQC and constant-time 'H,"°C-HMBC experiments. NMR spectra
were processed with TopSpin 3.6 (Bruker).

Mass Spectrometry. Negative electrospray ionization mass spectra
were recorded with a Bruker Esquire 3000 ion trap mass
spectrometer using direct infusion at 3 ulL/min. The spectrum
acquisition was optimized using the built in target m/z feature
together with an automated charge control value of 30000 for 1
and 3, or 15000 for 2 and 4. The spectra were analyzed with the
Bruker Compass Data Analysis 4.1 software.
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Supporting information (see footnote on the first page of this
article): Supporting information includes images of molecular
structures with indicated system of hydrogen bonds, FTIR spectra,
mass-spectra and electron microscopy images of the reported
complexes.

Deposition Numbers 2031299 (1), 2031300 (2), 2031301 (3), and
2031302 (4) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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Factors influencing stoichiometry and stability of
polyoxometalate — peptide complexesy

Bjorn H. Greijer, Gustav Nestor, @ Jan E. Eriksson, Gulaim A. Seisenbaeva @ and
Vadim G. Kessler @ *

In the pursuit of understanding the factors guiding interactions between polyoxometalates (POMs) and
biomolecules, several complexes between Keggin phosphomolybdate and diglycine have been produced
at different acidity and salinity conditions, leading to difference in stoichiometry and in crystal structure.
Principal factors determining how the POM and dipeptide interact appear to be pH, ionic strength of the
medium, and the molar ratio of POM to peptide. An important effect turned out to be even the structure-
directing role of the sodium cations coordinating carbony! functions of the peptide bond. Given the inter-
est in applying POMs in biological systems, these factors are highly relevant to consider. In the view of
recent interest in using POMs as nano catalysts in peptide hydrolysis also the potential Keggin POM trans-
formation in phosphate buffered saline medium was investigated leading to insight that nanoparticles of

rsc.li/dalton

Introduction

Polyoxometallates (POMs) are molecular metal oxide oligo-
mers, generally consisting of tungsten, molybdenum or
vanadium oxides, commonly, in their highest oxidation state.
Quite a number of different families of POMs have been
reported, but in this study we have focused on the Keggin type
hetero poly acid H,[EM;,04] (E = P, Si; M = Mo, W) involving a
central phosphorus atom surrounded by molybdenum oxide
triades of edge-sharing octahedra, forming a tetrahedron-
shaped construction, a phosphometallate (PM;,). These
species and their heterometallic derivatives possess spheroidal
shape with a diameter of about 1.04 nm, making them attrac-
tive as potentially well structurally resolved models of metal
oxide nanoparticles (NPs).

Biological activity of small NPs and POMs has recently
attracted a lot of attention.'™ There are numerous PDB entries
which contain POM ligands,® and modified phosphotungstates
have shown great catalytic abilities towards proteins”® and
DNA analogues,’ acting as catalysts in hydrolysis of peptide
and phosphoester bonds, respectively. It is, therefore, of inter-
est to structurally characterize the interactions between POMs
and various biomolecules in detail, in order to identify factors

Department of Molecular Sciences, Swedish University of Agricultural Sciences, Box
7015, 75007 Uppsala, Sweden. E-mail: vadim. kessler@slu.se
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zirconium phosphate (ZrP) can be actual catalysts for breakdown of the peptide bond.

guiding formation of new structures and determining their
activity. This can give insights into the factors guiding biologi-
cal activity of metal oxide nanoparticles. In particular, the
insights into the POMs’ interaction with biomolecules has
potential to contribute to understanding the phenomenon of
formation of the so-called “molecular corona”.

Nanoparticles typically form a protein corona, where
protein molecules adhere to the surface of the particle. With
regard to Keggin POMs, however, their small size (~1 nm dia-
meter) permits treating them as small molecule ligands, which
can be directly visualized and provide quantitative information
about the chemical bonding. The high negative charge of
Keggin POMs allows formation of both electrostatic and hydro-
gen bonds with proteins targeting positively charged domains
on the protein surface. Furthermore, the small size of Keggin
POM s allows for interaction limited to small patches as well as
fitting into cavities within protein structures.

Because of the POM’s strong negative charge, the target in
their interactions are thus primarily the positively charged
regions. When no such regions exist on a protein, they may be
created via protonation by lowering the pH and thus opening
for new unexpected interactions. Keggin POM PMo0;,0,0°"
anions have shown a tendency towards electrostatic inter-
actions with oligoglycines, aside from the H-bonds one would
expect.'>"* These electrostatic interactions may allow for con-
tacts with uncharged or hydrophobic residues, increasing the
versatility in comparison to the more studied PW,, species.

The Keggin POM is more stable under low pH,""** though
we have previously demonstrated that oligopeptides have a sta-
bilizing effect on the POM structure.'” The extent of stabiliz-

10,11
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ation is yet undetermined. Vandebroek and colleagues'®
reported a structure of a zirconium-modified Keggin phospho-
tungstate [Zr(PW;;050)]* in complex with Hen Egg-White
(HEW) Lysozyme (HEWL) protein, which was crystallized at
neutral pH. Normally, the Keggin phosphomolybdate POM
would break down above pH 4-5, depending on the
composition,"'* so preserving the intact POM at physiological
pH would be highly beneficial in regards to in vivo appli-
cations. The new species formed reportedly in the course of
the synthesis from (Et,NH,)g[{o-PW,030Zr-(p-OH)
(H,0)},]-7H,0 used as reactant, and was considered as the
potentially active species in protein hydrolysis.'®

In our previous study, we have investigated the interaction
of Keggin POMs, phosphomolybdic and phostungstic acid
with diglycine peptide in 1:3 ratio and demonstrated that at
PH between 3 and 4 the structures differed considerably, indi-
cating stronger electrostatic interactions with Mo-POM and
relatively stronger manifested H-bonding with W-POM."> We
noticed that heating of the reaction mixture led generally to
products with lower crystal water contents. Increase in the
length of the peptide to tri and tetra-glycine led to products
with lower POM-peptide ratios and require lowering of pH for
isolation of the products."® We have demonstrated that the pH
affected considerably the ability of a complex between tetragly-
cine and PMo,, to form crystals."® This was hypothesized to
become possible due to the protonation of the oligopeptide,
which would make it stronger positively charged for better
electrostatic interaction with POM. This peptide possessed
also quite poor solubility under near-neutral pH conditions,
which was strongly improved on lowering the pH. In order to
ensure that it was fully protonated, the acid concentration was
increased considerably, which yielded crystals fit for X-ray
diffraction. In this study, we aimed to investigate this phenom-
enon further, by analyzing crystals derived from solutions with
different ratios of diglycine-to-POM, acidity and also salinity.

Results and discussion
Synthesis

In our previous work,'” where we aimed to compare Mo and W
Keggin POM bonding to diglycine, the compounds were pre-
pared by mixing the POM and peptides in a 1: 3 ratio without
addition of acids for pH regulation. This resulted in isolation
of compound 1, (HGlyGly);[PM0,,0,40]-4H,0, when the reac-
tion was carried out at room temperature for Mo-POM.
Increase in hydrophobicity of a peptide led to decrease in
POM : peptide ratio in the isolated products with 1:2 for Mo-
and just 1:1 for W-POM, in spite of 1:3 composition in the
reaction mixtures.”> Here, we aimed to reveal the action of
such factors as POM-peptide ratio, salinity and pH on the com-
position and structure of emerging complexes. Interestingly,
changing the ratio of Mo-POM and diglycine did not affect the
composition of the complex. When subjecting the solutions
with GlyGly:PM;, in 1:1 and 2:1 ratios to crystallization on
cooling or solvent evaporation, the primary product that could

9512 | Dalton Trans., 2022, 51, 9511-9521
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be isolated at room temperature, was the earlier described
(HGlyGly);[PM0,,04,]-4H,0 (1)."> When the crystals of 1 were
removed from solution and the ratio of GlyGly : PM,, decreased
to less than 0.5:1, a new phase appeared denoted as com-
pound 2, featuring the same composition, but with the struc-
ture analogous  to that of  earlier  reported
(HGIyGly);[PW;,040]-4H,0."> Heat-treatment of the reaction
mixture led for 1: 1 composition to the complex with the same
peptide to POM ratio, but with a doubled unit cell and exact
composition (HGlyGly);[PMo0,,04]:3H,0 (3), i.e. containing
less water per asymmetric unit. This change was in line with
our earlier observations."'”

Na(HGlyGly),[PM0,,040]-8H,O (4) was obtained in attempt
to crystallize iron-substituted POM and titanium substituted
POM and can be reproduced, applying simply increased sal-
inity. Na(HGlyGly),[PMo0,,040]-8H,0 (5) was obtained from the
titanium containing solution at lower pH. A different form of
1:1 complex, not containing any interstitial water molecules,
Na(HGlyGly)(H;0)[PMo0;,040]-3H,O (6), was obtained from the
attempt to produce a zirconium-substituted POM (Fig. 1).

The pH of 2 and 3 were approximately 1.2, for 4 pH was 0.6,
and for 5 and 6 pH was approximately 0. It appears that pH is
a major factor in deciding which structure forms, and how
many peptide molecules are found in it. 2 and 3 are also dis-
tinct from the previously described structure of diglycine and
phosphomolybdate.'> Though the older structure does contain
three peptides, their conformation differ to that of those
reported here. The structure of 2, obtained at lower pH is iso-
morphous to that of W-POM with more pronounced trend to
H-bonding. The effect of pH may be due to the peptides being
more, or less, protonated,’” or the POM being partially lacunary
at certain pH."® These equilibria may be one reason for the great
diversity observed. 3, 6 and 7 also are obtained in syntheses invol-
ving multiply charged metal ions which, while not entering the
crystal structures, might contribute to their formation.

The single crystal to bulk identity of products was con-
firmed by unit cell determination of several randomly chosen
single crystals of each compound and also by matching X-ray
powder diffractogram of each material to its theoretically cal-
culated powder pattern generated from single crystal structure
determination results. The theoretical and experimental
powder patterns were in good agreement for all samples.

Crystal and molecular structures

(HGIyGly);[PM0,,040]-4H,0 (2) (Fig. 2) is triclinic centro-
symmetric, with the space group P1. It contains three proto-
nated diglycine molecules, one phosphomolybdate Keggin
anion, and five water molecules in an asymmetric unit, Z = 2.
The strongest H-bonds are between water and carboxyl
group (2B)-O(4D) 2.717(6) A and between waters O(1D)-O(7D)
2705(7) A. The next strongest bonds are between ammonium
units and carbonyl groups N(2A)-O(3B) 2.776(4) A and N(2B)-
0(3C) 2.786(6) A. Slightly weaker are the bonds between car-
boxyl groups and water O(1A)-O(5D) 2.795(6) A and amino
groups and water N(2B)-O(1D) 2.810(5) A and N(2C)-O(2D)
2.861(8) A as well as bonds between water molecules O(1D)-O

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) Scheme of how synthesis conditions yields different crystal structures. (B) Plot of ionic strength of the medium vs. pH for compounds
2-7.

(2D) 2.841(7) A and O(2D)-O(3D) 2.832(6) A and bridging
oxygen atoms of the POM with water O(5D)-0(12) 2.836(6) A,
carboxyl oxygen O(1C)-O10 2.840(6) A and an amino group
N(2B)-O(38) 2.866(5) A, and between water and carboxyl
oxygen O(2D)-O(2A) 2.836(5) A and between amino group and
a carbonyl oxygen N(2A)-O(3A) 2.867(5) A. Next comes bonds
between an amide group and water N(1C)-O(5D) 2.941(7) A,
water and a carbonyl group O(7D)-O(3A) 2.929(8), bridging
oxygen on the POM and a water O(7D)-0(40) 2.937(6) A and an
amino group N(2A)-O(32) 2.947(5), terminal oxygen on the
POM and a carboxyl group O(1C)-0(22) 2.948(6) A, an amino
group and water molecules N(2C)-O(6D) 2.939(9) A, and an
amide group and a terminal oxygen on the POM N(1A)-O(34)
2.962(4) A.

The weakest bonds are between water molecules O(7D)-O
(4D) 3.028(9) A, O(6D)-O(5D) 3.038(7) A, an amino group and a
bridging POM oxygen N(2C)-O(33) 3.207(5) A and an amide
group and a carboxyl group N(1B)-O(1C) 3.264(4) A.

(HGIyGly);[PMo0,,0,40]-3H,0 (3) (Fig. 3) is monoclinic, space
group P24/n, with one POM, three diglycine, and three water

This journal is © The Royal Society of Chemistry 2022

molecules in an asymmetric unit, Z = 4. The strongest H-bond
is between carboxyl and carbonyl oxygen O(2D)-O(3B) 2.571
(20) A, a carboxyl group and water O(2B)-O(1A) 2.643(10), and
corresponding amide groups N(1D)-N(1D) 2.747(30) A. Next is
amino groups with a carboxyl group N(2D)-O(1C) 2.802(30) A
or water N(2C)-O(3A) 2.849(30) A, N(2C)-O(2A) 2.880(30) A and
between an amino group and a bridging POM oxygen N(2B)-O
(16) 2.904(10) A. Slightly weaker are a number of bonds
between amino groups and terminal POM oxygen N(2D)-O(40)
2.948(30) A, N(2C)-0(22) 3.043(20) A, N(2B)-O(3A) 3.063(20) A,
N(2B)-0(14) 3.071(10) A, or bridging POM oxygens N(2B)-O(1)
3.062(10) A.

Na(HGlyGly),[PMo0,,040]-8H,0 (4) (Fig. 4) has an ortho-
rhombic space group, Pbca, and contains one Keggin POM
unit, two diglycine molecules, eight water molecules and a
sodium ion in an asymmetric unit, Z = 8.

The shortest bonds are between oxygens and the hydrated
sodium ion Na(1)-O(1C) 2.341(5) A, Na(1)-O(1A) 2.346(5), Na
(1)-0(40) 2.374(5) A, Na(1)-O(1B) 2.395(5), Na(1)-O(35) 2.415
(5) A, Na(1)-O(2A) 2.453(5) A. The strongest H-bonds are

Dalton Trans., 2022, 51, 9511-9521 | 9513
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Fig. 2 The molecular (A) and crystal (B) structure of compound
(HGlyGly)3[PM01,040]-4H,0 (2).

Fig. 3 The molecular (A) and crystal (B) structure of compound
(HGlyGly)s[PM01,040]-3H20 (3).

between a carboxyl group and water O(2C)-O(5A) 2.634(8) A,
and between amino groups and carbonyl groups N(2C)-O(3B)
2.729(8) A, N(2B)-O(3C) 2.790(7) A, which form a ring involving
four adjacent diglycine molecules (Fig. S1t). Next, come bonds
between water molecules O(5A)-O(7A) 2.796(9) A, O(3A)-O(5A)
2.804(8) A, O(4A)-O(7A) 2.833(8) A O(2A)-O(3A) 2.870(8) A,
water and an amino group O(7A)-N(2C) 2.856(8) A, and

9514 | Dalton Trans., 2022, 51, 9511-9521
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Fig. 4 The molecular (A) and crystal (B) structure of compound Na
(HGlyGly)2[PM01,040!-8H,0 (4).

Fig. 5 The and structure of Na

molecular  (A)
(HGlyGly)>[PM01,040]-8H,0 (5).

crystal  (B)

between water and bridging POM oxygen O(1A)-O(29) 2.863(6)
A, O(3A)-0(12) 2.892(6) A.

The weakest H-bonds are between amino groups and water
N(2B)-O(3A) 2.910(10) A or terminal POM oxygens N(2B)-O(31)
2.919(8) A, O(13)-N(2C) 2.966(8) A.

Na(HGlyGly),[PM0,,0,0]-8H,0 (5) Is monoclinic, space
group P2,/c. It contains one a-Keggin POM, two diglycine mole-
cules, one sodium ion and eight water molecules, Z = 4 (Fig. 5).

The shortest contacts are between the sodium ion and a
carboxyl oxygen Na(1)-O(1C) 2.267(6) A, water Na(1)-O(1A)

This journal is © The Royal Society of Chemistry 2022
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2.337(4) A, Na(1)-O(4A) 2.344(5) A, Na(1)-O(2A) 2.418(4) A, or
terminal POM oxygen Na(1)-O(27) 2.535(4) A, Na(1)-O(14)
2.612(4) A, and between carboxyl oxygen and water O(2C)-O
(8A) 2.636(8), O(2C)-O(2A) 2.689(6) A. Next are H-bonds
between waters O(2A)-O(5A) 2.712(6) A, O(3A)-O(5A) 2.820(6)
A, carboxyl and amino group O(1B)-N(2C) 2.731(8), bridging
POM oxygen and water O(23)-O(1A) 2.797(5) A, carbonyl
oxygen and water O(3B)-O(3A) 2.823(6) A, and amino and
water N(2B)-O(7A) 2.827(6) A. Slightly weaker H-bonds are
between a bridging POM oxygen and water O(11)-O(4A) 2.906
(5) A, amino and water N(2B)-O(3A) 2.918(6) A, N(2C)-O(1A)
2.938(7) A, two water molecules O(6A)-O(4A) 2.918(6) A, brid-
ging POM oxygen and water O(36)-O(2A) 2.935(5) A, bridging
and terminal POM oxygen O(19)-O(10) 2.940(5) A, terminal
POM oxygen and water O(40)-O(5A) 2.988(5), and between car-
bonyl oxygen and water O(3C)-O(1A) 2.990(5) A. The weakest
H-bonds are between an amino group and a bridging POM
oxygen N(2B)-O(12) 3.014(5) A, amino and carbonyl groups
N(2C)-0O(3C), Carboxyl group and water O(2C)-O(1A) 3.015(6),
bridging and terminal POM oxygen O(30)-O(33) 3.017(5) A,
two terminal POM oxygen O(19)-0(34) 3.021(4) A, 0(40)-O(28)
3.026(6) A, terminal POM oxygen and water O(14)-O(4A) 3.031
(5) A, and between an amide group and water N(1C)-O(8A)
3.056(6) A.

Na(HGlyGly)(H30)[PMo0,,040]-3H,0 (6) (Fig. 6) is ortho-
rhombic, space group Phcn, and contains one a-Keggin POM,
one diglycine, four water molecules (two of which should actu-
ally oxonium ions) and one half sodium ion per asymmetric
unit, Z = 8.

Fig. 6 The molecular (A) and crystal (B) structure of compound Na
(HGlyGly)(H30)[PM01,040]-3H20 (6).

This journal is © The Royal Society of Chemistry 2022
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The shortest bonds are between a sodium ion and a car-
boxyl group Na(2)-O(2A) 2.164(20) A, a carbonyl group Na(1)-O
(34) 2.35(20) A, water Na(2)-0(4C) 2.41(30) A, Na(1)-0O(2C) 2.33
(20) A, and terminal POM oxygen Na(1)-O(26) 2.319() A, Na(2)-
0(38) 2.69(20) A, Na(2)-O(35) 2.74(20) A. Next come contacts
between an amino group and water N(2A)-O(1C) 2.780(20) A,
N(2A)-0(2C) 2.920(20) A, two equivalent water molecules
0(4C)-0(4C) 2.870(20) A, water and a bridging POM oxygen
0(36)-0(4C) 2.980(20) A, and water and an amide group
0O(3C)-N(14) 2.99(20) A. The weakest H-bonds are between
terminal and bridging POM oxygen O(18)-O(27) 3.01(19 A,
water and a terminal POM oxygen O(1C)-0O(30) 3.02(10), water
and carboxyl group O(4C)-O(1A) 3.02(20), two terminal POM
oxygen O(27)-0(35) 3.03(10) A, O(31)-0O(39) 3.04(10), and a
terminal POM oxygen and water O(40)-O(3C) 3.03(20). The
dipeptide lies flat against the POM, making contact via the
sodium ions. The shortest distance between the two is greater
than 3 A, so there does not seem to be any direct interaction in
this complex.

Na(HGlyGly),(H;0)3[PM0,,0,],:3H,0 (7) (Fig. 7) is monocli-
nic, space group P24/c. It contains one a-Keggin POM, one digly-
cine molecule, one half of sodium ion and three water mole-
cules half of which statistically should be oxonium ions, Z = 4.

The strongest H-bonds are between the amino group and
water molecules N(2B)-O(2A) 2.795(30) A and N(2B)-O(1A)
2.899(30) A. The weaker bonds are around the sodium ion, and
connect to a terminal POM oxygen Na(1)-0(20) 2.27 A, water

Ao SRS

Fig. 7 The molecular (A) and crystal (B) structure of compound Na
(HGlyGly),(H30)3[PM01,040l2-3H,0 (7).
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Na(1)-O(1C) 2.37 A, and a carbonyl group Na(1)-O(3B) 2.38 A.
Next come H-bonds between the amino group and water
N(2B)-0O(5C) 2.79(30) A, N(2B)-O(1C) 2.82(30) A and between
the carboxyl group and a terminal POM oxygen O(4)-O(2B)
2.82(30) A. Then come bonds between the amide group and
water N(1B)-O(3C) 2.96(6) A, amino group and terminal POM
oxygen O(20)-N(2B) 2.98(3) A, a terminal and a bridging POM
oxygen O(11)-0O(14) 2.99(2) A, and a terminal POM oxygen and
water O(5C)-0(19) 2.99(3) A. The weakest H-bonds are between
the amino group and a terminal POM oxygen N(2B)-O(25) 3.01
(30) A, two terminal POM oxygen O(11)-O(5) 3.01(20) A and
between terminal and bridging PM oxygen O(33)-O(18) 3.02
(20) A, 0(35)-0(29) 3.02(29) A and O(33)-0(36) 3.03(20) A. The
extensive POM-POM contact may imply protonation of the
anion. It is worth noting that despite the similarity to 4, it is
distinct on a few points. Here we see direct contact between
the peptide and POM, as well as less sodium in the structure.

Compound 3-7 were synthesized using sodium salts of mol-
ybdenum oxides, and this shows up in the structures. 3 and 4
had relatively less sodium present, and are nearly identical to
one another. 6 and 7 contained more sodium, and, while not
identical, do appear very similar in the asymmetric unit. 5
appears to be an outlier, as it has a high amount of sodium,
but a low amount of peptide in solution, yet resembles 4 more
than 6 or 7. As both 4 and 5 involved iron cations in the syn-
thesis, it might also have been a factor that together with the
presence of nitrate influences polarity of the media.
Nevertheless, the overall trend appear to be that more sodium
in the solution means less peptide in the structure. While only
diglycine is treated here, and the effect of the various side
chains of other amino acids remain to be investigated, it is
clear that the presence of sodium ions will interfere with POM-
peptide interactions. This is significant, as the presence of
sodium is nearly universal in biological systems. Compared to
the other structures, the peptides of 3 and 7 appear more dis-
ordered (Fig. S4-S97), though no obvious pattern can be
gleaned from this.

Solution behavior

In order to determine whether diglycine has a stabilizing effect
on the POM at higher pH, a mixture of PMo,, and diglycine was
prepared and brought to pH 6, at which point the solution had

Day 30 «&
Day 21 «
Day 14 =
Dayl «

A

p— _ —to

T T T
3.684 3.682 3.680 3678 [ppm]

Fig. 8
malized to the DSS signal.
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become blue. The main signal in the *'P NMR spectra at
2.50-2.52 ppm (Fig. 10G and H) is probably from a lacunary
Keggin species on the formula H,P,M050,;°™)~, which is
formed at higher pH (Pettersson et al. 1986).>* The blue color
may be due to reduced forms of Keggin type POM, which are
present in very low concentrations and not observed in the
NMR spectrum.

Compound 7 was formed during an attempt to produce Zr-
substituted PMo, as has been done with Keggin type phospho-
tungstate.'® The zirconium tended to form a precipitate with
aggregates of particles 1-5 pm in size (Fig. S157), which was
identified as zirconium phosphate via EDS (Fig. S19 and
Table S51). Vanderbroek et al."® reported a structure of Zr-sub-
stituted PW in complex with hen egg white lyzosyme (HEWL),
however our results imply that under these conditions zirco-
nium may be removed from complexes forming a separate
phosphate phase, which in diluted solution was going to be
present in nano form. Close analysis of the rather disordered
structure published by Vanderbroek et al'® reveals coordi-
nation of the site, interpreted as that of Zr(wv), very unusual for
this cation with coordination number 5 and involving the car-
bonyl oxygen of the protein. The arrangement of Zr(v) in its
complexes in aqueous medium is usually following the
Archimedes anti-prism with coordination number 8 '* and in
complexes with chelating organic ligands can in some cases
feature mono-*° or tricapped®’ trigonal prism with coordi-
nation numbers 7 and 9 respectively. The coordination
number 5 is unprecedented in unequivocally determined
molecular structures of Zr(wv) in contact with O- and N-donor
ligands. In the view that, on one hand, the complexation with
peptides appears to enhance stability of Keggin POMs, and, on
the other hand, Zr(iv) seems to be removed in the presence of
phosphate, it would be plausible to consider a different
interpretation of the structure reported by Vanderbroek et al.'®
The POM site could rather be occupied by statistically dis-
ordered PW,;,0,,° ions and the lacunary PW;;0;35"~ ' ion
with predominance of the latter, resulting in a decreased
“shady” population of the elusive 12" W-site approximately
matching the electron density of Zr, atomic number 40,
instead of W, atomic number 74.

The same group has reported the same ZrPW,, nano-
particles as catalyzing the peptide bond in horse heart myoglo-

y=0.1701x - 2.2561
R*=0.991

int(rel)
.

0 5 10 15 20 25 30 35 t (days)

(A) The glycine signal in NMR spectra of ZrP and GlyGly incubated at 37 °C for 0, 14, 21, and 30 days. (B) Plot of the glycine signal integer nor-
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bin,* transferin,® and dipeptides.>* Should these catalytic pro-
perties be attributed to the Zr-P portion of the ZrPW particle,
a pure zirconium phosphate (ZrP) material may display similar
abilities. Therefore, we have investigated the catalytic pro-
perties of these ZrP particles. Formation of Gly was observed
when ZrP was incubated with GlyGly at 37 °C for one week
(Fig. S207t), though this was not observed for a similar experi-
ment with tetraglycine. A second experiment was performed
where diglycine was incubated with ZrP for 30 days at 37 °C
with regular NMR spectra taken (Fig. 8A). Detectable quantities
of glycine formed after seven days, and after 14 days, a linear
increase in glycine formation was observed (Fig. 8B), implying
a zero order reaction with a significant lag phase at the begin-
ning. A control with identical conditions, excluding presence
of ZrP, showed no detectable glycine formation.

Thermal analysis

The TGA curves for compounds 1-4, 6, 7 (ESI Fig. S21-S267)
are resembling each other and contain rather distinct steps,
corresponding to the loss of interstitial water (below 100 °C),
then of water, resulting from condensation of bis-glycine and
coordinated to Na'-cations (100-200 °C). Then the decompo-
sition of organics occurs in several steps, finishing at about
500 °C. The residue, consisting of MoO; and combination of
MoOj; and Na,MoO, volatizes essentially completely at temp-
eratures over 700 °C.

FTIR

FTIR showed that the characteristic bonds from Keggin phos-
phomolybdate and diglycine were present in the spectra of the
samples (Table 1 and Fig. 9). In the spectra of 6 and 7 only one
broad signal was observed for oxygen/nitrogen-proton bonds,
which may result from facile proton exchange caused by for-
mation of extensive network of hydrogen bonding as seen in
the structures.

Mass spectrometry

2-3 mg of 2 was dissolved in 1 mL water, 0.2 M HCI, or 5 mM
phosphate buffer, pH 6.5 and mass spectra were obtained
(Fig. 10A-C). In water, the signals corresponding to heavier

Table 1 Selected signals from FTIR analyses of complexes 1-4 and 6-7 (cm™
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Fig. 9 FT-IR spectra of compounds 2, 3, 4, 6, and 7. Signals corres-
ponding to bonds in the PMo particle are indicated in blue, signals
corresponding to diglycine bonds are indicated in green.

compounds are roughly even in intensity, implying a variety of
breakdown products in solution. In the sample dissolved in
HCI, the signal at 1822 m/z, corresponding to the Keggin phos-
phomolybdate, is dominant, and there appears to be some
amount of free molybdate (MoO, ™2, 160 m/z). In the phosphate
buffered sample, the extremes appear subdued, with the most
prominent signals appearing between 500 and 1000 m/z. This
may be due to the high pH destabilizing the heavier forms,
while the lighter fragments aggregate onto the phosphate in

Bl

Bond 2 3 4 6 7
Y(P-O-M) 1060 1060 1061 1063 1062
Y(M=0) 968 959 968 960 960
»(M-04-M) 875 875 876 872 876
Y(M-0.-M) 790 787 797 782 786
1(C=0) 1676, 1691, 1731 1731, 1691, 1676 1675, 1729 1738, 1684 1744, 1676
Y(CO,)s 1544, 1580 1543, 1580 1555 1532 1560
Y(CO5)as 1437 1437 1437 1419 1437
1(O-H) 3560 3561 3574 - -
Y(N- H) 3477 3482 3511 - -
»(NH;") 3116, 3340, 3377 3370, 3340, 3102 3118, 3362 3361, 3342, 3152 —

(-) indicates absent or poorly resolved peak (s).
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Fig. 10 Mass and NMR spectra of POM-diglycine complexes dissolved in different media. Diglycine-PMo complex 2 (3:1) (1.5 mM) 2 was dissolved
in (A) 0.2 M HCl, (B) water, and (C) phosphate buffer (5 mM, pH 6.5). Diglycine-PW complex (3:1) (14 uM) dissolved in (D) 0.2 M HCL, (E) water, and
(F) phosphate buffer (5 mM, pH 6.5). (G) and (H) *'P NMR spectra of phoshomolybdate at pH 6 with diglycine (compound 2) and without diglycine

respectively.

the buffer, which results in mid-weight fragments being more
prevalent.

3-5 mg of phosphotungstate - diglycine complex was dis-
solved in 1 mL water, 0.2 M HCI, or 5 mM phosphate buffer,
then diluted one hundred times before collecting mass spectra
(Fig. 10D-F). The sample in water shows some amount of
double- and triple charged PW anions (1433 and 911 m/z,
respectively), as well as the lacunary species [PW,;03] (1368
m/z). The sample in acid showed clear signals at 2879 m/z and
1439 m/z corresponding to the complete POM, as well as
signals at 955 m/z (W,0,4%) and 268 m/z (WO, ~2). The sample
in phosphate buffer displayed no isotope patterns identifiable
as W,0, species, implying complete hydrolysis of the POM at
this high pH and very low concentration.

9518 | Dalton Trans., 2022, 51, 9511-9521

SEM-EDS

Crystals of complexes were placed on carbon tape fixed on alu-
minium holders and investigated with Hitachi Flex-SEM 1000
II. Elemental distribution maps were obtained to confirm the
chemical homogeneity. The ratio of elements was in all cases
matching well the chemical composition obtained from single
crystal structure models.

Experimental
Synthesis

All chemicals were analytical grade and used as received from
Sigma Aldrich.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Details of data collection and refinement for compounds 2-7

Compound

C4H35M041,N,Na 5046P

2083.51

C,H,3Mo0,,N,NaO,,P

2065.49

CgH3,Mo0,,N,NaOs,P

2255.63

CgH36Mo0,,N,NaOs,P

2250.66

C12H43M01,N6O5,P

2365.77

C12H41M01,N6O56P

2347.76

Chemical composition

Formula weight

Crystal system

Space group

R1

Monoclinic
P2y/c (14)
0.1018
0.2341

Orthorombic
Pbcn (60)

Monoclinic
P24/c (14)
0.0304
0.1062

Orthorombic
Pbca (61)
0.0474
0.1377

Monoclinic
P2,/n (14)
0.0494
0.1406

Triclinic
P1(2)

0.0544
0.1733

0.0263
0.0656

WR2

19.443(8
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2 was prepared by dissolving 0.03 mmol phosphomolybdic
acid hydrate and 0.03 mmol diglycine in 0.5 mL 0.1 M HCI
each. The POM solution was added dropwise to the peptide
solution, after which it was mixed by inversion. The test tube
was left open to let crystals form via solvent evaporation. 3 was
prepared in a similar manner, but was heated in a water bath
after mixing.

4 was prepared by dissolving 1.57 mmol ammonium hepta-
molybdate and 11 mmol sodium carbonate, which was boiled
to remove the ammonia. 1 mmol iron(u) nitrate was dissolved
in 2 mL 0.1 M HCI, 1 mmol sodium phosphate dibasic dehy-
drate was dissolved in 2 mL water, and 3 mmol Gly-Gly was
dissolved in 2.5 mL water. The phosphate solution was added
to the molybdate and concentrated HCl was added until it
turned yellow. The resulting phosphomolybdate solution was
added to the hot Fe(m) solution dropwise. The Gly-Gly was
added, and the solution was allowed to cool slowly. Crystals
appeared within hours.

5 was prepared by dissolving 11 mmol sodium molybdate
and 1 mmol sodium dihydrogen phosphate in 10 mL water,
1 mmol iron nitrate nonahydrate in 5 mL 1 M HCI, and
1 mmol diglycine in 1 mL 0.1 M HCI. Acid was added to the
phosphate and molybdate solution until it became yellow, at
which point it was added dropwise to the Fe solution, which
turned reddish brown. The diglycine solutionwas then added
and the solution was evaporated by heating in a water bath.
Crystals formed upon slow cooling.

6 was prepared by dissolving 11 mmol sodium molybdate
and 1 mmol sodium dihydrogen phosphate in 10 mL water,
and 1 mmol titanium(iv) oxysulfate in 5 mL concentrated HCI,
by vigorous stirring at above 80 °C. HCI was added to the phos-
phate and molybdate solution until it became yellow (pH 4.8),
at which point it was added dropwise to the titanium solution.
A white precipitate was formed. Diglycine was added after the
PMo, and the solution was slowly cooled to room temperature.
Yellow crystals formed after several days, while the solution
had become green.

7 was prepared by dissolving 1 mmol sodium dihydrogen
phosphate and 11 mmol sodium molybdate in 5 mL water,
and adding concentrated HCI until the solution turned yellow.
1 mmol zirconyl chloride octahydrate dissolved in 5 mL water
was added to the phosphomolybdate solution, dropwise. A
white precipitate was formed. 3 mmol diglycine dissolved in
2 mL 0.1 M HCl was added, and the solution was kept at
70-75 °C for several hours, until it was greenish blue. Blue
crystals had formed after several weeks at room temperature.

Analysis

FTIR spectrometer Perkin-Elmer Spectrum-100 was used for
infrared spectroscopy studies. Crystals were milled in paraffin
oil and their spectra were recorded by a total of 8-16 scans in
400-4000 cm™" range. SEM-EDS studies were performed with
Hitach FlexSEM 1000 II instrument supplied by Oxford
Instruments EDS analysis system operated by Aztec software.
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NMR spectroscopy

NMR spectra were acquired on a Bruker Avance III 600 MHz
spectrometer using a 5 mm broadband observe detection
SmartProbe. Samples were dissolved in D,O with DSS as 'H
chemical shift reference and spectra were recorded at 37 °C.

X-ray crystallography

Single-crystal X-ray diffraction data were recorded at room
temperature with a Bruker D8 SMART APEX II CCD diffract-
ometer (operating with graphite monochromated Mo-Ka radi-
ation, 2 = 0.71073 A). The structures were solved by direct
methods. Metal atom coordinates were obtained from the
initial solutions and the other non-hydrogen atoms by Fourier
synthesis. All non-hydrogen atoms were refined first isotropi-
cally and then anisotropically in full-matrix approximation.
The hydrogen atom positions were calculated geometrically
and they were added into the final refinement in isotropic
approximation. For details, please, see Table 2. Powder X-ray
diffraction patterns were registered on Bruker Discover diffract-
ometer with theta-theta Bragg-Brentano geometry using CuKo
radiation (4 = 1.54056 A) and imaged using CCDC DASH soft-
ware. Theoretical powder patterns were generated using CCDC
Mercury software from the produced cif-files. Good matching
between the experimental and theoretical X-ray powder pat-
terns confirmed the identity of the bulk materials with the
identified single crystal structures (see Figs. S277).

Mass spectrometry

Negative electrospray ionization mass spectra were recorded
with a Bruker Esquire 3000 ion trap mass spectrometer using
direct infusion at 3 pL min~'. The spectrum acquisition was
optimized using the built in target m/z feature together with
an automated charge control value of 30000 for 1 and 3, or
15000 for 2 and 4. Negative electrospray ionization mass
spectra of PW were recorded with a Bruker maXis impact TOF
mass spectrometer under the same electrospray conditions as
was the case for 2. The spectra were analyzed with the Bruker
Compass Data Analysis 4.1 software.

Conclusion

In the absence of competing cations the PMo;, POM is
forming a 1:3 complexes with the GlyGly peptide indepen-
dently of the solution composition. The crystal structure of the
products is, however, dependent on the acidity of the applied
media, offering a form with enhanced hydrogen bonding iso-
structural to the earlier described PW;, analog in highly acidic
medium. As in the case of earlier described complexes isolated
from less acidic media, the intermediate heating is leading to
a phase with lower water content. Increased salinity results in
incorporation of sodium cations that have a structure-directing
role via unexpectedly strong coordination of carbonyl oxygen
atoms of protonated peptide molecules. This observation is
important in the view of abundance of Na' in biological
media. Increase in pH to near-neutral values leads to

9520 | Dalton Trans., 2022, 51, 9511-9521
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dissociation of POMs partly stabilized by complexation with
peptide. Zirconium cations form under these conditions, in a
phosphate buffer, the nanosized zirconium hydrogen phos-
phate. The latter acts as (micro) heterogeneous catalyst of
peptide hydrolysis.
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ABSTRACT: Subjecting phosphotungstic acid solutions to low
pH in combination with introduction of polyvalent cations led to
the formation of nanostructured microspheres of approximately 2
pm in size, as shown by scanning electron microscopy, which were cm
almost insoluble and resistant to degradation at neutral and high
pH. These microspheres were composed of secondary nanospheres
with diameters around 20 nm as revealed by transmission electron
microscopy and atomic force microscopy. Investigations of the
crystal structure of a potential intermediate of this process, namely, o e ‘
acidic lanthanum phosphotungstate, [La(H,0),]- Solution | Nucleation |  Growth
(H;0)3[PW,,0,0],(H,0) 0, showed a tight network of hydrogen
bonding, permitting closer packing of phosphotungstic acid anions,
thereby confirming the mechanism of the observed self-assembly
process. The new material demonstrated promising electrochemical properties in oxygen evolution reactions with the high stability
of the obtained electrode material.
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B INTRODUCTION together with platinum NPs.'' The development of noble
metal free photo- and, especially, electrocatalysts is an
important and highly addressed research target."

An attractive candidate for the photo- and electrocatalyst in
water splitting [i.e, oxygen evolution reaction (OER)] is
pure'> "¢ and chemically doped'’™" tungsten oxide along
with closely related nanocomposite heterostructures.”*~>* The
challenge in the creation of such related nanostructures is the
relatively high reactivity and solubility of WO; and its
derivatives in both acidic and basic media.”**® Here, in
particular, phosphotungstic acid has attracted attention as a
possible photncatalystw’27 and potentially electrocatalystZI.
However, this compound in its hydrated form is highly soluble
in water, which hinders its application.

Phosphotungstic acid is a well-studied representative of the
polyoxometallate (POM) family of compounds. It is of the
Keggin type, the smallest metal oxide nanoparticle of
approximately 1 nm in diameter, which has a highly ordered
structure consisting of a central heteroatom inside a cage of 12
transition metal atoms in their highest oxidation state, all

The internationally recognized goal to reduce evolution of
greenhouse gases has set focus on the development of efficient
fossil-free technologies for energy production.1 The main
source of usable energy for the earth is solar light and thus
solar energy conversion is one of the most addressed topics in
modern research in designing and producing new materials.””
An attractive alternative to fossil fuel-based processes is
hydrogen energy, primarily the production of electricity with
the aid of fuel cells,* but also the use of hydrogen in reduction
reactions such as the recently proclaimed HYBRIT technology
for “green synthesis” of steel from iron ore.” A common feature
of hydrogen energy technologies is the need for high-purity
hydrogen gas required in large volumes. Its production is
possible either via costly purification of hydrogen obtained via
the water—gas shift reaction from natural gas or biogasé or via
highly energy-demanding electrolytic water splittir\g.7 An
attractive alternative to electrolysis is the use of photocatalytic
or electrocatalytic water decomposition. In these approaches,
the energy costs for hydrogen gas can be significantly reduced

while not compromising its quality. The challenge, however,
lies in the need for expensive components used in the making Received: November 21, 2023
of such catalysts. Typical photocatalysts for water splitting are Revised:  January 18, 2024
nanoparticles (NPs) of semiconductor oxides or chalcogenides Accepted: January 23, 2024
in combination with noble metals.® The efficient electro- Published: February 7, 2024
catalysts applied so far also commonly contain platinum group

metal-based NPs either as oxides (RuO,” or IrO,'’) or

© 2024 The Authors. Published b
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Figure 1. Hierarchical assembly of phosphotungstate spheres by the sol—gel process, illustrated in relation to the La Mer concept graphically (A)
and structurally (B). Individual POMs aggregate to form nanoparticles approximately 20 nm in diameter, which in turn assemble into ternary
particles of up to approximately 2 ym in diameter.
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Figure 2. (A) SEM image of the Ti-derived spheres at 5000X magnification. (B) XRPD pattern of the spheres. (C) Size distribution of the particles
in A ranges from 0.8 to 2 ym, with an average of 1.4 ym. (D) Nitrogen adsorption/desorption isotherms for PW NPs. (E) EDS spectrum of the
spheres. Tungsten and oxygen were the most abundant, while traces of potassium and titanium were also detected.
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connected by oxygen bridges, giving the general formula
XM ;040" (X = P, Si, Ge, As, Sb; M = W, Mo; z = 3 or 4).

We have previously reported complexes of Keggin POMs
and oligopeptides, in an effort to model the interactions
between NPs and proteins at the nanoscale.”**’ Some of these
complexes displayed POM—POM contacts, approximately 3 A
in length, likely resulting from hydrogen bonds. As these were
observed at very low pH, protonation of the POM likely
shielded the charge, allowing for direct interactions. Acidic
conditions are necessary when working with Keggin POMs, as
one drawback of phosphotungstic acid, in particular, is its
instability at neutral and alkaline pH.M'25 Thus, retaining POM
intact at a higher pH could potentially strongly expand its
suitability as a catalyst.

In the present study, we utilized the Keggin POM as a
precursor in a sol—gel process. The sol—gel is a process where
separation of a solid phase, usually metal oxide, from solution
occurs via nucleation in the form of NP species resembling
POMs. This creates a colloid solution (ie., sol), allowing
subsec%uent aggregation without growth, forming a colloid solid
— gel.*” The Keggin POM species appear to act as such NPs
and self-assemble into secondary particles, analogous to self-
assembled particles formed by a sol—gel. The process can be
described through a La Mer diagram,*" illustrated by a graph in
Figure 1A. The conditions required for their formation in this
case appear to be highly acidic media, heat, and the presence of
polyvalent cationic species in addition to the POM opening for
neutralization of the POM charge and subsequent aggregation.
Using this approach, we were even able to isolate and
characterize a chemically individual intermediate in this self-
assembly process—a lanthanum salt of POM. The produced
hierarchical self-assembled POM structures were extremely
poorly soluble under acidic and neutral conditions and
demonstrated exceptional stable activity in electrochemical
water splitting.

B RESULTS AND DISCUSSION

In a recent study, we found that increasing acidity and ionic
strength (cation concentration) in solutions of Keggin POMs
together with peptides resulted in the formation of compounds
with lower peptide-to-POM ratios, where metal cations and,
most importantly, oxonium ions became incorporated into the
resulting structures.”> Highly charged cations facilitated
formation of “acidic” POM derivatives that are usually included
in the composition of the product. In the present study, we
attempted to use extremely acidic conditions with pH < 0 and
relatively high concentrations of highly charged cations such as
Ti(IV), Zr(IV), Ce(IV), and La(IlI) on heating with
continuous stirring. As expected, this approach resulted in all
cases in hierarchical self-assembly of POMs with formation of
spherical aggregates several micrometers in size. The analysis
of the particles showed a hierarchical structure with three levels
of organization (Figure 1). First, the POM “nuclei” make
contact at similar distances via hydrogen bonds. Second,
nanospheres made from POMs of approximately 20 nm in
diameter are formed. Third, assemblies of these nanospheres
form ternary particles of up to 2 ym in diameter.

Scanning electron microscopy (SEM) images revealed
spherical particles ranging from S00 nm to 2 ym in diameter
(Figure 2A). A typical size distribution for Ti(IV)-derived
material (i.e,, nanospheres/particles) is shown in Figure 2C.
Debris of broken spheres were present in the unwashed
samples. EDS analysis showed mainly tungsten, with traces of
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the metal cations present during synthesis, such as titanium
and potassium (Figure 2E and Table TS1).

X-ray powder diffraction (XRPD) of freshly obtained
materials was consistent with the known pattern of hydrated
Keg%in-type phosphotungstic acid H;PW,0,0-21H,0 (Figure
2B).”* Drying of the samples resulted in broadening of the
peaks and weakening of the peak intensity, with a fully X-ray
amorphous product on longer storage. These transformations
were likely caused by the loss of water molecules from the
material that became amorphous while preserving the overall
morphology at all levels.

The nitrogen adsorption/desorption isotherms for the PW
NP sample are shown in Figure 2D. The shape of the
isotherms corresponds to characteristic type I, typical of
microporous solids having relatively small external surfaces, the
limiting uptake being governed by the accessible micropore
volume rather than by the internal surface area.”* The
Brunauer—Emmett—Teller specific surface area (Sppr) was
found as 100.6 m*g™' and the Langmuir surface area was
found as —125.9 m?>.g”" for the PW NP sample. The Barrett—
Joyner—Halenda desorption cumulative surface area and
volume of pores between 1.7 and 300 nm were 23.0 m*g™'
and 0.019 cm®g™' (corresponding to 8.75 vol % of pores),
respectively.

Atomic force microscopy (AFM) investigations showed that
the spheres were made up of fairly uniform secondary particles
(Figure 3), although larger than individual POMs, which are
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Figure 3. AFM images of the spheres. Particles in the micrometer
range (AB) can be seen at low magnification and their nanosized
composition at high magnification (C,D).

primary ones in this sol—gel process, analogues of what in
metal—organic sol—gel are called micelles templated by the
self-assembly of ligands (MTSALs).>*® This implies, at the
first step, aggregation of the Keggin POMs in the tens of nm
size, which then form a tertiary aggregate in the ym range. The
secondary particles, as shown from the X-ray diffraction
(XRD) data, were originally formed as crystallites of the
H;PW,,0,-21H,0 phase. Their growth, however, is appa-

https://doi.org/10.1021/acs.inorgchem.3c04122
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rently impeded by adsorption of highly charged cations on
their surface, which drastically decreases solubility of the
material and permits aggregation of these secondary particles.

The hierarchical composition of the spheres was also
observed under transmission electron microscopy (TEM),
where tertiary spheres of approximately 2 ym across (Figure
4A) are made up of secondary spheres in the tens of
nanometers in diameter (Figure 4B,C) that are presumably
composed of individual units of hydrated phosphotungstic
acid.

Figure 4. TEM image of the spheres. The large tertiary particle (A) is
made up of secondary particles of nanosize (B,C).

Similar structures, made of potassium phosphotungstate,
have been reported by Yan et al,***’ although these were
produced by simple coprecipitation through dropwise addition
of KCl solution to a POM solution. The latter were
significantly smaller and singular in composition and structure
rather than the hierarchical structure observed in this work. It
can be speculated that they were formed by the action of
analogous driving forces with their ground in charge
compensation of the POM structural units. The cation content
and the solubility, crucial for the application as stable
electrocatalysts, are, however, drastically lower in the new
material reported here.

The thermal stability of the produced material was
investigated via both thermogravimetric analysis (TGA)
(Figure S1) and by preparative experiments. The weight loss
occurred in several steps in the interval 120—500 °C, being
associated initially with the loss of the different forms of water
content. Elemental analysis of the residues showed that the
ratio of W to P did not vary significantly in the samples taken
at different temperatures (¢ = 0.78), and thus, no loss of the
phosphorus content could be observed.

For dynamic light scattering (DLS) and zeta potential, three
measurements were taken using distilled water as a medium,

3431

and the mean and standard deviation are shown in Supporting
Information Table TS2. As the particles were fairly large, the
standard deviation of the zeta potential was near S in all cases.

Single-Crystal X-ray Structure of the Isolated Inter-
mediate. Crystals isolated from the synthesis using La(III)
nitrate were triclinic centrosymmetric with a P1 space group,
containing two phosphotungstate anions, one lanthanum ion,
and 31 water molecules in an asymmetric unit, Z = 2 (Figure S,

Figure S. Asymmetric unit (A) and packing (B) of the
phosphotungstic acid crystals of acidic lanthanum phosphotungstate,
[La(H,0),](H;0)5[PW,0,0],(H,0) 5. Numerous cavities filled
with water molecules are seen as well as close contacts between

POMs.

Table 1). The composition of the material can thus be
formulated as [La(H,0),](H;0);[PW,,0,,],(H,0) ;5. The
large amount of water forms an extensive hydrogen bonding
network throughout the crystal. The shortest contacts lie
between water at 2.16 and 2.7 A. At a bond length of 2.7-2.8
A, contacts exist between both water molecules and water to
bridge POM oxygen. Between 2.8 and 2.9 A, there are a
number of bonds mainly between water and between water
and terminal POM oxygen. In this range, there are also
contacts between water and bridging POM oxygen, as well as
POM—POM contacts. The longest contacts above 2.9 A lie
between water, POM oxygen and water, or two adjacent
POMs.

The extensive contacts between POMs suggest that they are
protonated at this pH (Figure S2), allowing for hydrogen

https://doi.org/10.1021/acs.inorgchem.3c04122
Inorg. Chem. 2024, 63, 3428—3435
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Table 1. Details of Data Collection and Refinement for the
Phosphotungstate—Lanthanum Structure”

chemical formula HgsLaO13.50P, Wy

formula weight 6494.77 g/mol

temperature 163(2) K

wavelength 0.71073 A

crystal size 0.160 X 0.200 X 0.320 mm
crystal system triclinic

space group P1

a=14.008(3) A a = 88.978(5)°
b =15.140(3) A = 89.228(4)°
¢ =22.386(5) Ay =80.885(5)°
volume 4686.7(18) A®

z 2

2.26 to 28.00°

—18 <h <18, -19 <k < 19, =29
<I<29

reflections collected 57188
Independent reflections 22324 [R(int) = 0.0652]

No. of observed independent 17582
reflections; I > 20(I)

unit cell dimensions

theta range for data collection
index ranges

final R indices, observed
final R indices, all data

R1 = 0.0596, wR2 = 0.1531
R1 = 0.0787, wR2 = 0.1630
“Details of data collection and refinement can be obtained free of
charge from the Cambridge Crystal Structure Database at https://
www.ccde.cam.ac.uk/structures/citing, deposition no. CSD-2307589.

bonding between the POMs. Though the protons are not
visible in the structure, the bond distances are consistent with
H-bonds. Similar phenomena have been observed with
phosphomolybdic acid previously.” The water molecules
participate mostly in four hydrogen bonds per molecule,
which is typical for the structure of liquid water. We can
observe two POMs per La ion, necessitating the need for other
cations (e.g,, protons) to contribute to charge neutralization.
This structure can be seen as a “snapshot” of an intermediate
in the process by which the spheres form, the next step being
the accumulation of a larger number of POM units and transfer
of the cations to the surface of the hydrated phosphotungstic
acid crystallites.

Electrochemistry. Phosphotungstic acid has been used as
an electrocatalyst at different pH values from 0 to 7 for the
OER in water splitting. The catalyst is highly dependent on the
pH of the electrolyte and LSV measurements give the lowest
overpotential at acidic conditions, see Figure 6. At pH 0 (0.5
M H,S0,), the overpotential was as low as 286 mV for the
formation of O,(g) bubbles (OER). At pH 3 (citric acid/
sodium citrate buffer), the overpotential was 308 mV and at
pH 7 (phosphate buffer), the catalyst showed an overpotential
of 397 mV. The formation of oxygen bubbles becomes more
and more pronounced with increasing potential. The
determined faradaic efficiency was quite high, exceeding 90%
and slightly increasing in time (see Supporting Information
Table TS3-5).

From the cyclic voltammograms obtained at pH = 7, a redox
peak was observed at 0.72 V, confirming the W /W"* redox
state, while at pH = 0, two redox peaks were observed at 0.72
and 0.50 V, confirming both W /W and WS/W* redox
states, respectively.'> The shift in the redox peak confirms the
influence of phosphorus on the redox potential of tungsten, as
phosphorus incorporation enhanced the acidity."’

The Tafel slopes calculated from the linear sweep
voltammetry (LSV) measurements showed the efficiency of
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Figure 6. Electrochemical measurements at pH 0, 3, and 7, where
phosphotungstic acid has been evaluated as an electrocatalyst for the
OER in water splitting. (A) LSV. (B) CV curves obtained after initial
stabilization. (C) pH dependence of the overpotential and Tafel
slope.

an electrode to produce current in response to a change in the
applied potential. The Tafel slope increases with pH in the
tested range: 83 mV/dec at pH 0, 86 mV/dec at pH 3, and 96
mV/dec at pH 7. Chronoamperometry (CA) was performed to
evaluate the stability of the catalyst over time. The current
density was observed during 24 h and found to be stable at an
applied potential of 0.4 V (vs RHE) (Figures S3—S5 and Table
$3).

B CONCLUSIONS

Exploiting the factors leading to a decrease in the potential
surface charge of phosphotungstic acid nanocrystals allowed
the development of nanostructured microspheres of this
material by simple sol—gel synthesis. Determination of the
crystal structure of the potential intermediate product—an
acidic salt of La(III) cations—provided additional clues to how
the self-assembly process occurs. Sol—gel-produced water-
insoluble phosphotungstic acid was demonstrated as a

https://doi.org/10.1021/acs.inorgchem.3c04122
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potential candidate for an electrocatalyst for the OER process
at acidic conditions showing a very low overpotential in 0.5 M
H,S0, (pH = 0) electrolyte with great stability.

Experimental Section. All chemicals were purchased from
Sigma-Aldrich and used without further purification. The
particles were produced by the general procedure of using 30
mL of a solution containing 1 mM of the cation Ti(IV) from
potassium titanium oxide oxalate hydrate, or La(Ill) from
lanthanum nitrate with pH near 0 (<0.1). To this was added 1
mM of phosphotungstic acid, upon which a precipitate formed.
The precipitate was filtered either immediately or after the
solution was evaporated to a near volume of 10 mL in a water
bath held above 90 °C. The precipitate was washed with Milli-
Q water and collected by centrifugation. Crystals of La and
phosphotungstic acid were prepared by dissolving 0.4 g of
lanthanum nitrate in 30 mL 2 M HCI and heating the solution
in a > 95 °C water bath. To this was added 3 g of
phosphotungstic acid and the solution was evaporated to
approximately 12 mL, without stirring, at which point large
cube-shaped crystals formed. Upon cooling, small X-ray quality
crystals formed. The crystals were stable under the mother
liquor, but upon drying, they degraded into a white powder.
Safety concern: using relatively concentrated acidic solutions at
near boiling water temperature is associated with a risk of
stench of highly corrosive and irritating liquid—the use of
gloves and safety goggles is compulsory on operation.

SEM and energy-dispersive X-ray spectroscopy (EDS)
samples were immobilized on carbon tape and characterized
using a Hitachi FlexSEM-1000 II. EDS spectra were analyzed
using an Oxford Instruments EDS analysis system operated by
the Aztec software.

For TEM observations, dispersions of the sol—gel were
deposited on holey carbon grids (PELCO SO mesh grids: pitch
508 um; hole width 425 pm; bar width 83 yum; transmission
70%) and observed using a Philips CM/12 microscope
(Thermo Fisher Inc.) fitted with a LaB, gun and operated at
100 kV. Negative TEM films were scanned using an Epson
Perfection Pro 750 film scanner.

BET specific surface area and pore volume were determined
from nitrogen adsorption/desorption isotherms at —196 °C
(Micromeritics ASAP 2020 surface area and porosity analyzer).
The samples were degassed at 120 °C for 12 h before
measurements.

DLS and zeta potential were done by suspending spheres in
distilled water and analyzing them on a Malvern Panalytical
Zetasizer Nano analyzer, equipped with a red (362.8 nm) laser.
Data was processed using the Zetasizer Ver. 7.12 software.

For AFM, samples were characterized using a Bruker
Dimension FastScan atomic force microscope with a Nano-
scope V controller in the ScanAsyst mode using a FastScan-B
AFM probe (silicon tip, f,:400 kHz, k:4 N/m, tip radius: S nm
nominally) and a scan rate of 1-3 Hz. Data was processed
using Bruker NanoScope Analysis.

Preparative TGA was performed using a Nobertherm LE/6/
11/P300 furnace and an FA2204B electronic balance.
Approximately 160 mg of PW spheres was placed in two
crucibles and heated to 120, 170, 220, 270, 320, 400, and 500
°C. At each point, the weight of one crucible was recorded, and
from the other, a sample was taken for the EDS analysis.

Single-crystal XRD data was collected on a Bruker D8
QUEST ECO instrument and processed using the Apex4
software. A total of 2424 frames were collected. The total
exposure time was 2.02 h. The frames were integrated with the
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Bruker SAINT software package using a narrow-frame
algorithm. The integration of the data using a triclinic unit
cell yielded a total of 57 188 reflections to a maximum 6 angle
of 28.00° (0.76 A resolution), of which 22324 were
independent (average redundancy 2.562, completeness =
98.7%, Ry = 6.52%, Ry, = 8.17%) and 17582 (78.76%)
were greater than 26(F?). The final cell constants of a =
14.008(3) A, b = 15.140(3) A, ¢ = 22386(5) A, a =
88.978(5)°, B = 89.228(4)°, y = 80.885(5)°, and volume =
4686.7(18) A3 are based upon the refinement of the XYZ-
centroids of 9879 reflections above 20 o(I) with 4.512 < 26 <
71.58. Data were corrected for absorption effects using the
multiscan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.307. The calculated
minimum and maximum transmission coefficients (based on
the crystal size) were 0.0370 and 0.0870. The structure was
solved and refined using the Bruker SHELXTL software
package, using space group P1, with Z = 2 for the formula unit,
HgsLaOy;350P,Wo,. The structure loses water extremely easily,
which likely creates multiple defects reflected in low precision
in determination of the electron density, in spite of using low-
temperature data collection. This generated a B-alert for large
residual electron density. The B-alerts for isolated oxygen
atoms are actually misleading because these atoms are actually
water molecules invoked into a network of hydrogen bonding.
The location of hydrogen atoms was impossible to discern
because of the challenges in obtaining the correct electron
density map. The final anisotropic full-matrix least-squares
refinement on F* with 1268 variables converged at R1 = 5.96%
for the observed data and wR2 = 16.30% for all data. The
goodness-of-fit was 0.990. The largest peak in the final
difference electron density synthesis was 9.579 e”/A® and the
largest hole was —6.835 e~ /A® with an RMS deviation of 0.749
e”/A%. On the basis of the final model, the calculated density
was 4.588 g/cm® and F(000), 5631 e. The full list of bond
distances and angles is available in Supporting Information
Tables S7—S9.

All electrochemical experiments were performed at room
temperature. The experiments were performed in a three-
electrode system using an SP-S0 potentiostat (Biologic). The
phosphotungstic material was tested as an electrocatalyst at
different pH from pH 0—7 for the OER in water splitting. The
catalyst was then mixed with carbon black to enhance the
conductivity and subsequently deposited on the graphite felt
(loading = 0.2 mg/cm?). A three-electrode setup was used to
perform the electrocatalysis experiments; a catalyst-loaded
graphite working electrode, Pt-mesh as a counter electrode,
and Ag/AgCl as a reference electrode. CV, LSV, and CA were
performed. OER tests were carried out in a single-compart-
ment electrolytic cell with different electrolytes of 0.5 M
H,S0, (pH = 0), citric acid/sodium citrate buffer (pH = 3),
and phosphate buffer (pH = 7). For cyclability, 200 cycles of
CV were performed, and the working electrode saturated after
20—30 cycles of activation. The iR drop was directly
compensated for by the potentiostat (with 82% compensa-
tion). The potentials recorded were finally calibrated in
relation to the reversible hydrogen electrode (Egyg) by using
the equation: Erpgp = Epg/ager + 0.059 X pH. To minimize the
capacitive current, the scan rate for the LSV curve was 10 mV/
s. The overpotential (17) of HER was calculated by using the
equation: 7 = Epye — 1.23, after reduction of the redox
potential of oxygen, Eg,/0,- = 1.23. The Tafel plots were
obtained by transforming the LSV curve into log(j) vs E. All
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experiments were performed twice to check reproducibility.
The faradaic efficiency was evaluated via control of the gas
evolution. The instrumental setup and procedure details are
reported in the Supporting Information (Figure S7 and Tables
$3-S5).
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ABSTRACT: Peptides tend to form anisotropic structures, being
both asymmetric and chiral. Structure-determining peptides
include phenylalanine (Phe) and tyrosine (Tyr) amino acids as
they contain aromatic rings, which are sterically demanding and
prone to self-assembly via 7-stacking. Pursuing the mechanisms of
protein interactions with oxide nanoparticles, we used Keggin
phosphotungstic acid polyoxometalate (POM) as a model. Six
complexes of the POM with different peptide-based ligands were
studied, including Phe, Ala (Alanine), and Tyr. Phe—Ala formed a
layered structure with pockets of 7-stacking involving four Phe
residues. Ala—Phe formed two structures based on the rate of
formation. The faster forming structure had a loose pattern of

POMs in columns surrounded by chains of the ligand with alternating H-bonding and 7-stacking. The slower-forming one had a
denser network, also with columns of POMs, but with a more complex network of peptides, including 7-stacks of three residues
appearing as a “web” rather than a “chain”. Ala—Ala showed mainly H-bonding connecting the molecules, with the peptide filling the
spaces between POM:s rather than controlling the structure. Ala seemed to mainly act as a bridge between three POMs, and it had
the effect of forming a highly porous structure reminiscent of metal—organic frameworks (MOFs). Tyr formed long columns of the
amino acid with both vertical and lateral H-bonding, resulting in alternating layers of POMs and parallel Tyr columns. These
structures provide insights into the interactions between biomolecules and POMs, which is valuable for the design and synthesis of

POM-derived composite materials.

Bl INTRODUCTION

Life has been surrounded by mineral nanoparticles (NPs) since
they first emerged in the primordial soup. Weathering of
minerals will eventually produce nanomaterials, which remain
in bodies of water and affect the organisms living in them.' In
modern times, such materials are studied and used for a vast
number of purposes, are frequently produced artificially, and
are occasionally combined with biomolecules to form
composite materials.”

Self-assembly reactions, such as the sol—gel process,” are
abundant in nature. Proteins frequently assemble into complex
materials, both with a purpose, such as spider silk,* and
accidentally, such as the amyloid f-peptides plaques which
cause Alzheimer’s disease.” Understanding the mechanism
behind these assembly reactions is naturally highly sought
after. It has been shown that aromatic residues, tyrosine (Tyr)
and phenylalanine (Phe), are often responsible for fiber
formation®” and properties.*

NPs have been shown to often interact with proteins.*’
Determining the nature of the interactions can be difficult in
systems as complex as a naturally occurring one; therefore, a
model has been developed in order to discover some general
principles of the interactions. By using analogues of NPs and
proteins, we have developed a model system to study how they

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

might interact.'°~'> This consists of Keggin polyoxometalates

(POMs) and oligopeptides. Keggin POMs consist of a central
heteroatom within a roughly spherical cage of 12 transition
metal atoms in their highest oxidation state, all bridged by
oxygen atoms. POMs have frequently been shown to interact
with biomolecules.">™* In this study, phosphotungstic acid
(PW) was used, which has the formula H;[PW,,04].
Oligopeptides are short chains of amino acids, which are the
building blocks of proteins. In this study, sequences consisting
of alanine (Ala) and phenylalanine (Phe), as well as tyrosine
(Tyr), as a single amino acid were used.

Phe and Tyr, as amino acids with an aromatic side chain,
play a significant role in controlling the folding of a protein.
This is largely due to their ability to form z-bonds with other
aromatic groups, providing greater stability to a protein fold or
complex. It has been shown that oligopeptides containing
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Figure 1. Bonding schemes for ligands applied in this study.

phenylalanine will self-assemble into nanostructures in aqueous
media.®” Hybrid materials of POMs and biopolymers are
increasingly being developed and used for purposes such as
catalysis, adhesion, and biomedicine.”"”

Our previous studies on this topic focused mainly on
oligoglycines, which demonstrated that POMs can interact
with the backbone of proteins in a variety of ways and also how
changing the conditions can alter how the same components
form crys'ca.ls.m_12 Here, we have aimed to investigate how
more hydrophobic oligopeptides, such as trialanine, and mixed
dipeptides, such as Ala—Phe and Phe—Ala, may interact with
NPs.

H MATERIALS AND METHODS

All materials were purchased from Sigma-Aldrich and used without
further purification. 0.01 mmol of phosphotungstic acid and 0.03
mmol of peptide were dissolved in S mL of HCl each (0.1 M for 4 and
6and 0.5 M for 1, 2, 3, and 5). The peptide solution was added to the
POM solution and mixed in a 15 mL Falcon tube. A portion was
transferred to a Petri dish to evaporate quickly. The tube was left open
to allow the solvent to evaporate slowly. X-ray quality crystals formed
within several months for 1, 3, 4, and § in test tubes and within a few
days for 2 and 6 in a Petri dish. The ligands used were Phe—Ala for 1,
Ala—Phe for 2 and 3, Ala—Ala for 4, Ala—Ala—Ala (degraded to Ala)
for 5, and Tyr for 6. Single-crystal XRD data was collected using a
Bruker D8 QUEST ECO instrument and was processed using the
Apex4 software package. Details are given in Supporting Information
Methods. EDS was performed with a Hitachi FlexSEM 1000 II
instrument (Oxford Instruments) operated by Aztec software.
Infrared spectroscopy was performed with a PerkinElmer Spectrum-
100 FTIR spectrometer PerkinElmer Spectrum-100.

B RESULTS AND DISCUSSION

The peptides used (Figure 1) were chosen for their ability to
simulate a more complex part of a protein than our previous
studies, which mainly focused on oligoglycines.'"”~"> The
amino acids used here are both more complex and more
hydrophobic, which is more accurate to globular proteins, as
they often show a hydrophobic core and a hydrophilic surface.
Details of the data collection and refinement are provided in
Table 1.

Structure 1 (Figure 2) was found in yellow, block-shaped
crystals and forms distinct layers (Figure 2B), with alternating
sheets of POMs and peptides. Viewed straight on, the POM
layer is arranged in a “mirrored zig zag.” The peptides form
chains of four z-stacked Phe side chains (Figure 2C) and H-
bonds (Figure 2D).

The hydrogen bonding network is extensive, with the
shortest bonds being to a particular water molecule and other
water molecules and a carbonyl group: O(1)—0(4) 2.495(2)
A, 0(1)-0(1Y) 2.535(2) A, and O(1)-0(6) 2.551(2) A.
Only slightly longer are groups of bonds between peptides and
peptides and water: O(2X)—0(10) 2.615(2) A, O(3X)—0(4)
2.627(2) A, O(1Y)-0(3Z) 2.662(2) A, and O(3V)-0(1Z)
2.677(2) A. Next comes a group of water molecules bonding
terminal POM oxygen, amine groups, carboxyl groups, and

other water molecules: N(2X)—0(7) 2.698(3) A, O(35B)—
0(8) 2.715(2) A, 0(9)—0(13) 2.741(3) A, N(22)—0(8)
2.752(3) A, O(1V)—-0(9) 2.763(2) A, O(2)—0(10) 2.781(2)
A, and 0(6)-0(9) 2.789(2) A. A group of bonds with
terminal POM oxygen to an amine group, water, and a
carboxyl group and terminal POM oxygens and water follows:
0(28B)-0(8) 2.792(2) A, O(38B)-N(2X) 2.794(1) A,
0(34B)—0(10) 2.822(1) A, O(26A)—0(4) 2.825(2) A, and
0O(25A)—0(27B) 2.838(1) A. Next is a mixed group of bonds
with terminal and bridging POM oxygen, water, amine groups,
and carboxyl groups, with most combinations represented:
N(2V)-0(2Z) 2.842(2) A, O(13B)-0(6) 2.845(1) A,
0(24A)-N(2X) 2.847(2) A, O(3)-0(2) 2.847(2) A, O-
(31B)-N(2X) 2.855(2) A, N(2Y)-0(9) 2.890(1) A, O-
(30A)-0(12) 2.900(1) A, O(29B)—0(2V) 2.902(3) A,
0(37A)—0(31B) 2.903(3) A, O(2Y)-0(13) 2.914(2) A,
0(9B)—-0(5) 2.926) A, 0(10)—0(11) 2.931(4) A, N(2V)—
0(12) 2.933(3) A, N(2Z)—0(5) 2.942(1) A, and O(2Y)-
N(2Z) 2.946(1) A. Next comes a series of bonds with mostly
POM oxygens or water molecules bonding amine, amide,
carbonyl groups, water molecules, and each other: O(28A)—
0(33B) 2.947(2) A, O(25A)—0(28B) 2.947(2) A, O(30B)—
0(4) 2.961(2) A, O(39B)-N(2V) 2.963(4) A, O(1X)-—
O(11) 2.965(1) A, O(11A) N(1Y) 2.966(2) A, O(33B)—
0(12) 2.966(2) A, O(36B)—0(3Y) 2.969(3) A, N(22)-
0(6) 2.972(1) A, 0(5)-0(7) 2.977(2) A, N(2Y)-0(2)
2.978(3) A, O(30A)—0(34B) 2.980(1) A, O(33A)—N(2V)
2.992(2) A, and O(18B)—0(2) 2.993(2) A. Pushing the upper
limit of hydrogen bonding, but still worth noting, are a group
of bonds between carbonyl, carboxyl, and amide groups and
water or POM oxygen, as well as POM—POM contacts:
0(2Y)-0(1) 3.003(1) A, O(33A)—O(34B) 3.028(1) A,
0(124)-0(5) 3.028(1) A, O(36B)—0(3X) 3.030(2) A,
0(39A)—0(29B) 3.032(2) A, O(2Y)—-0(6) 3.038(2) A, and
0(39A)-N(1X) 3.060(2) A.

Some of the bonds to O1 are extremely short, but this can
be attributed to the tight packing and strong attractive forces
between the molecules. The oxygen atoms O1—-O13 do not
have hydrogen placed on them, but it is clear from their
placement and bonding patterns that they are, in fact, water
molecules. 09 and O10 appear to have bond angles close to
those of oxonium ions and are likely protonated. The close
contacts between POMs are likely due to protonation of the
POM, as they are in the range of H-bonds.

In contrast to 1, the needle-shaped crystals of 2 (Figure 3)
do not form layers, but rather columns of POMs surrounded
by a matrix of peptides (Figure 3B). The peptides form chains
of alternating H-bonds between peptides, POMs and water
molecules (Figure 3C), and 7-stacked Phe side chains (Figure
3D).

The shortest contacts are between carboxyl groups and an
amino group N(1B)—O(2A) 2.658(8) A or water O(1B)—
O(1X) 2.838(6) A. Slightly longer are bonds terminal POM
oxygen and an amide group O(18)—N(2B) 2.903(4) A, a
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A

Figure 2. Structure 1 [(H;0),(HPhe-Ala),[PW,0,,],-11H,0] shown as (A) molecular arrangement and (B) packing. Highlighted are (C)

hydrophobic groups and (D) H-bonds.
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Figure 3. Structure 2 [(HAla-Phe),[HPW,,0,,]-4H,0] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are (C) H-
bonding and hydrophobic interactions viewed from the side (D) and from the top (E).

bridging POM oxygen O(16)—0(15) 2.906(4) A, an amino
group O(42)—N(1A) 2.938(4) A, as well as a contact between
an amino group and a carbonyl group N(1B)—O(3A)
2.909(7) A. Next are a contact between a terminal and
bridging POM oxygen O(25)—0(40) 2.961(3) A, a carboxyl
group and an amino group O(1B)—N(1A) 2.973(S) A, and
several contacts between terminal POM oxygen O(16)—0(41)
2.977(3) A, 0(38)—0(11) 3.007(3) A, and O(18)—0(40)
3.037(3) A. In addition, there is z-stacking between the Phe
side chains. These form pairs from nonequivalent peptides and
lie in a parallel displaced conformation (Figure 3E).

Despite containing the same components as 2, the structure
of 3 (Figure 4) is quite different. First, the crystal was block-
like. Second, the structure appears to be more dense,
containing no water molecules and showing less porosity.
The POMs are arranged in columns, surrounded by a matrix of
peptides, but the peptides are arranged less like a chain and
more like a net, with connections to each other in three
dimensions (Figure 4B). These connections are both 7-
stacking (Figure 4C) and H-bonding (Figure 4D), with the
former in both face—face and face—edge conformations.

The shortest H-bonds are between carbonyl groups and a
carboxyl group O(3B)—O(1C) 2.612(4) A, and two amino

https://doi.org/10.1021/acs.cgd.4c00806
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Figure 4. Structure 3 [(HAla-Phe);[PW,,0,o]] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are (C) hydrophobic
groups and (D) H-bonding.

A B

Figure S. Structure 4 [(HAla-Ala),[HPW,0,,]-4H,0] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are (C) H-
bonding and hydrophobic interactions.

E https://doi.org/10.1021/acs.cgd.4c00806
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A

Figure 6. Structure 5 [(HAla)H;[PW,,0,,],-4H,0] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are (C) H-bonding

and the (D) MOF-like matrix.

groups O(1B)—N(1A) 2.797(3) A, N(1B)—O(1A) 2.841(3)
A. The rest of the H-bonds are to terminal POM oxygen, with
other terminal POM oxygens O(25)—0(1) 2.868(3), O(12)—
0(9) 3.017), bridging POM oxygen O(18)—0(9) 2.895(2) A,
amine groups O(27)—-N(1B) 2.906(4) A, O(37)-N(1A)
2.948(3) A, amide groups O(1)—N(2C) 2.992(3) A, O(36)—
N(2A) 2.996(3) A, O(9)—N(2B) 3.001(3) A, O(12)—N(2B)
3.018(3) A, and a carbonyl group O(37)—0(1B) 3.023(3) A.

The colorless, block-shaped crystals forming the structure of
4 (Figure S) contain far more H-bonds compared to
complexes 2 and 3, likely due to the comparatively lower
hydrophobicity of the peptide. The main force directing this
structure appears to be H-bonding, while in 2 and 3, it appears
to be m-stacking, though van der Waals interactions
(approximately 4 A) between the Ala side chains are visible
(Figure 5C).

The shortest H-bonds are between carboxyl groups and
carbonyl groups, O(3A)—O(2B) 2.655(4) A and O(2A)—
O(3B) 2.666(3) A, and between water molecules, O(1X)—
0(2X) 2.669(9) A, 0(2X)—0(4X) 2.727(10), and O(2X)—
0O(3X) 2.779(10) A. Next are contacts between water
molecules and carboxyl groups, O(1B)—0O(1X) 2.718(4) A,
O(1A)—0(3X) 2.871(6) A, terminal POM oxygen O(30)—
0(4X) 2.862(4) A, 0(32)—0(3X) 2.917(5) A, or bridging
POM oxygen O(9)—0(1X) 2.932(3) A. The longest H-bonds
are between two terminal POM oxygens, O(30)—O(38)
2.960(3) A, O(4)—0(6) 2.977(2) A, and O(34)—0(39)
3.038(3) A, a carboxyl group and a water molecule, O(2A)—
O(4X) 3.003(S5) A, terminal POM oxygen, and one particular
amino group, O(31)—N(2B) 2.962(3) A, and O(4)-N(2B)
2.988(3) A, and O(6)—N(2B) 3.017(3) A and O(37)—N(2B)
3.029(3) A, a water molecule, O(38)—0(4X) 2.963(4) A, or
bridging POM oxygen, O(7)—0(31) 3.018(3) A and O(37)—

0(12) 3.023(3) A. In addition, two Ala side chains form a van
der Waals interaction, with C(3A)—C(3B) 4.023(8) A.

Structure S (Figure 6) was synthesized using trialanine,
though it contains only the monomer, and formed large,
colorless, block-shaped crystals. Most likely, the acidic
conditions degraded the peptide bonds over time, as the
sample was left for several months before crystals formed. The
structure is remarkably porous, with voids approximately 12 X
8 X 5 A in volume (Figure 6B,D). This structure is reminiscent
of metal—organic frameworks (MOFs), though as it is held
together by H-bonds (Figure 6C) rather than covalent bonds,
it should not be considered a true MOF.

The H-bonding network is extensive, with the shortest
contacts being between water and a carboxyl group, O(2A)—
O(3AA) (2.454(7) A), and two water molecules, O(1AA)—
0(4AA) 2.637(6) A. Slightly longer are H-bonds between
bridging POM oxygen and water O(22)—O(3AA) 2.782(S) A,
terminal POM oxygen and the amine group O(25)—N(1A)
2.788(2) A, 0(17)-N(1A) 2.910(2) A, and terminal POM
oxygen and water O(18)—O(4AA) 2.923(5) A. The longest
contacts are between POM oxygens O(24)—0(17) 2.929(2)
0(25)-0(7) 2.960(1) A, 0(17)-0(17) 2.973(2) A, and
0(25)-0(25) 3.028(2) A, bridging POM oxygen and the
amine group O(7)—N(1A) 2.959(2) A, a carboxyl group and
water O(1A)—O(1AA) 3.008(5) A, and terminal POM oxygen
and water O(11)—O(1AA) 3.028(3) A. In addition, there are
hydrophobic interactions between the Ala side chains, causing
the formation of isolated pairs of the amino acid between the
POMs. The amine group is in contact with three adjacent
POMs (Figure SC), and each such triad is touched by two
amine groups at the center. The pattern of the side chains
interactin§ with each other is reflected in the structure of pure
L-alanine,”” as well as in those of leucine®’ and isoleucine,”
begging the question of whether a MOF-like structure with

https://doi.org/10.1021/acs.cgd.4c00806
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A

Figure 7. Structure 6 [(HTyr),[HPW,0,,]-4H,0] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are the (C) layering
of the packing, (D) chains of 7-stacked rings, (E) H-bonding in the whole structure, and (F) H-bonding between stacked amino acids.

larger voids could be produced using the amino acids with
longer side chains.

6 (Figure 7) is a light brown, needle-shaped crystal, with
phosphotungstate forming a complex with an amino acid
rather than an oligopeptide, though its relevance for the sake of
comparison with Phe cannot be overlooked. Tyr has a carbonyl
group on the phenyl ring, allowing for additional H-bonding as
well as 7-stacking. The structure shows a chain of stacked rings
(Figure 7C,D), with the amino acids alternating in the
direction, allowing for lateral connections between stacks
(Figure 7E), as well as occasional H-bonds between the
carbonyl and amine groups (Figure 7F).

The structure contains a number of H-bonds, the shortest of
which are between water and a carboxyl group O(1X)—O(2A)
2.719(4) A, two water molecules O(2A)—0(3A) 2.767(5) A,
and between terminal POM oxygen and carbonyl groups
0(33)-0(3X) 2.793(3) A, 0(29)-0O(3Y) 2.804(3) A.
Slightly weaker are bonds between water molecules and
terminal POM oxygen O(21)—O(6A) 2.869(6) A; an amine
group, N(1X)—O(2A) 2.894(4) A; bridging POM oxygen
0O(7)—0(4A) 2.897(4) A; and terminal POM oxygen O(5)—
O(6A) 2.897(6) A. Next come bonds between terminal POM

oxygens 0(29)—0(49) 2.904(3) A, 0(34)—0(39) 2.957(3)
A, bridging POM oxygen and water O(24)—0(3A) 2.914(6)
A, terminal POM oxygen and an amine group O(34)—N1X)
2.944(3) A, and a carbonyl group and an amine group
0(3X)-N(1X) 2.973(3) A. The weakest bonds are from
terminal POM oxygen to other terminal POM oxygens, O(S)—
0(21) 2.980(2) A, 0O(18)—0(21) 2.988(3) A, an amine
group, O(36)—N(1Y) 2.984(3), bridging POM oxygen,
0(26)—0(34) 2.991(4) A, and water, O(38)—0(2A)
3.024(3) A. In addition to H-bonds, there are z-interactions
between the aromatic rings in the side chains.

It should be noted that atoms C(2Y), C(3Y), O(1Y), and
N(1Y) are highly disordered, and their positions may in reality
be more varied than the structure suggests, and atom C(2X)
was disordered and had to be treated to fix thermal deviation
parameter for the most probably atomic arrangement. There
are also voids likely containing a disordered solvent.

EDS spectra of 1, 3—6 were taken (Figure S1), showing the
composition to be of tungsten, phosphorus, oxygen, nitrogen,
and carbon in the approximate ratios one would expect from
the structure (Tables S1—SS), with minor variations likely due
to dried mother liquor, which also explains the presence of

https://doi.org/10.1021/acs.cgd.4c00806
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chloride in some samples. FTIR spectra of 1, 3—5 were taken
(Figure S2—S5), showing that the carboxyl groups are likely
protonated for those peptides.

The Phe-containing structures all displayed isolated pockets
of m-stacking, while H-bonding to the environment occurred
via the oxygen- and nitrogen-containing groups. The same
pattern is found in globular proteins, which typically have a
hydrophobic core and a hydrophilic surface. Ala-containing
peptides had a weak tendency to place the Ala side chains in
contact with each other, likely due to their hydrophobicity. We
have shown previously that longer oligopeptides tend to direct
structure formation more strongly than shorter ones, and may
cause a different ratio of POM to peptide in the crystal than
there was in solution,'”'! as was also the case here. It is
reasonable to suggest that the side chains direct complex
formation before crystal nucleation and so dictate the structure
of the crystal to a degree. This is much like how a protein will
fold its hydrophobic side chains toward each other as it is
extruded from the ribosome, while hydrophilic groups seek
each other to form the secondary structures of a-helices and -
sheets.

As for the contacts between peptides and POMs, 1 shows
mainly H-bonding with the amine group, and 2 has only two
direct contacts, with amine and amide groups. 3 also has both
types, but more of them. 4 has several H-bonds to amine
groups, and § has two amine groups central to each POM
triad. In 6, POMs have H-bonds to the amino group, as well as
the carbonyl group on the ring. The rings in 1-3 lie with the
edge toward POMs, while in 6, the angle is less perpendicular
but still not face-on. All rings appear wedged between terminal
oxygen and lie closer to the bridging oxygen.

The difference between compounds 2 and 3 is notable. 3
appears more dense, with no water or cavities in the structure.
The main difference between their syntheses is the speed of
formation. A slower evaporation yielded a denser and more
highly ordered packing, in that 2 showed “chains” of peptides
(Figure 3B), while 3 showed a “web” of peptides (Figure 4B).
3 also has three rings involved in their stacks, compared to the
pairs in 2. The additional time afforded to 3 may have allowed
for a more sophisticated network, possibly by allowing the
peptides to arrange themselves into stable clusters before the
nucleation event, although the exact dynamics remain to be
determined. As phosphotungstate is considered a super-
chaotropic ion,>® it may be that chaotropic forces affect 2
more strongly than 3. 2 and 3 should also be compared to 1.
Simply switching the order of the amino acids produced a
remarkably different structure. Not only does 1 display nearly
twice the H-bonds compared to 2 and 3 (normalized against
Z), but the POMs are also arranged in layers rather than the
columns seen in 2 and 3. Again, a seemingly insignificant factor
produced a major effect on the structure. Finally, 6 should be
compared to 1, 2, and 3. As with Phe, it is clear that 7-
interactions from Tyr molecules are the main force forming the
structure. Adding the possibility of H-bonding to the carbonyl
group and the lack of steric hindrance from other residues, the
stacks form long chains rather than isolated pockets, somewhat
inverting the pattern of POM columns in 2 and 3. The stacks
and POMs are also arranged in layers, reflecting the motif in 1.
Tyr-forming H-bonds support the findings that they are
partially responsible for deformation of spider silk fibers in high
humidity.* The findings presented here also imply that NPs
have the capacity to impact the structure and properties of
protein-based composite materials. The MOF-like 5 may also

deserve some interest, as polyoxometalate-based MOFs
(PMOFs) have gained attention in recent years.”* Li and
Wu>® outline how amphiphilic ligands can form supra-
molecular frameworks by binding a POM at the hydrophilic
head and one another at the hydrophobic tail, which is exactly
what can be seen in structure 5. Using POMs and amino acids,
instead of late transition metals and polypyridines or
carboxylates, as materials for H-bonded nanoporous structures
could present a distinct advantage.

B CONCLUSIONS

Six structures of complexes with Phe, Ala, or Tyr with
phosphotungstic acid have been synthesized. Columns of NPs
surrounded by an organic framework and columns of 7-stacked
aromatic rings could be expected in composite materials with
similar precursors. The addition of hydrophobic peptides
moves structures from standard hexagonal packing seen for
spherical particles such as Keggin POMs, and instead, we see
cubic packing for many of these structures enforced by the self-
assembly of the peptide ligands. These structures reveal core
principles behind the formation of NP-biomolecule composites
and may be used for a more refined method of designing such
materials.
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the mode of action of TATT against the enveloped virus was through interaction with

membrane phospholipids.
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Figure 1. Effect of NPs of silicotungstate POM (POM) and TATT on TGEV virus (A,B) and EMCV
virus (C,D). The TATT concentration is given with respect to particles, not TiO, formula unit. Decrease
in infectivity (log decrease in plaque forming units (PFU)/mL) in the presence of different
concentrations of NPs is shown. Asterisks mark data points statistically different from control

experiment according to ANOVA statistical analysis.
Binding models for 'P NMR study at different temperature and pH 7.0

Aiming to verify our suggestion that the interaction between particles and the virus occurs via

strong complexation of the TATT NP with membrane phospholipids, resulting in potential
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