
Complexes of Oligopeptides of Structure-Determining Amino Acids
with Phosphotungstic Acid
Björn Greijer, Edgar Stigell, Timothe Guerin, and Vadim G. Kessler*

Cite This: Cryst. Growth Des. 2024, 24, 6483−6491 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

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 π-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 π-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 π-stacking. The slower-forming one had a
denser network, also with columns of POMs, but with a more complex network of peptides, including π-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 POMs 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.

■ 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.1 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.2

Self-assembly reactions, such as the sol−gel process,3 are
abundant in nature. Proteins frequently assemble into complex
materials, both with a purpose, such as spider silk,4 and
accidentally, such as the amyloid β-peptides plaques which
cause Alzheimer’s disease.5 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
formation6,7 and properties.4

NPs have been shown to often interact with proteins.8,9

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

might interact.10−12 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.13−18 In this study, phosphotungstic acid
(PW) was used, which has the formula H3[PW12O40].
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 π-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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phenylalanine will self-assemble into nanostructures in aqueous
media.6,7 Hybrid materials of POMs and biopolymers are
increasingly being developed and used for purposes such as
catalysis, adhesion, and biomedicine.2,19

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 crystals.10−12 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.

■ 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 5 mL of HCl each (0.1 M for 4 and
6 and 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 5 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.

■ 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.10−12 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 π-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)−O(4) 2.495(2)
Å, O(1)−O(1Y) 2.535(2) Å, and O(1)−O(6) 2.551(2) Å.
Only slightly longer are groups of bonds between peptides and
peptides and water: O(2X)−O(10) 2.615(2) Å, O(3X)−O(4)
2.627(2) Å, O(1Y)−O(3Z) 2.662(2) Å, and O(3V)−O(1Z)
2.677(2) Å. Next comes a group of water molecules bonding
terminal POM oxygen, amine groups, carboxyl groups, and

other water molecules: N(2X)−O(7) 2.698(3) Å, O(35B)−
O(8) 2.715(2) Å, O(9)−O(13) 2.741(3) Å, N(2Z)−O(8)
2.752(3) Å, O(1V)−O(9) 2.763(2) Å, O(2)−O(10) 2.781(2)
Å, and O(6)−O(9) 2.789(2) Å. A group of bonds with
terminal POM oxygen to an amine group, water, and a
carboxyl group and terminal POM oxygens and water follows:
O(28B)−O(8) 2.792(2) Å, O(38B)−N(2X) 2.794(1) Å,
O(34B)−O(10) 2.822(1) Å, O(26A)−O(4) 2.825(2) Å, and
O(25A)−O(27B) 2.838(1) Å. 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)−O(2Z) 2.842(2) Å, O(13B)−O(6) 2.845(1) Å,
O(24A)−N(2X) 2.847(2) Å, O(3)−O(2) 2.847(2) Å, O-
(31B)−N(2X) 2.855(2) Å, N(2Y)−O(9) 2.890(1) Å, O-
(30A)−O(12) 2.900(1) Å, O(29B)−O(2V) 2.902(3) Å,
O(37A)−O(31B) 2.903(3) Å, O(2Y)−O(13) 2.914(2) Å,
O(9B)−O(5) 2.926) Å, O(10)−O(11) 2.931(4) Å, N(2V)−
O(12) 2.933(3) Å, N(2Z)−O(5) 2.942(1) Å, and O(2Y)−
N(2Z) 2.946(1) Å. 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)−
O(33B) 2.947(2) Å, O(25A)−O(28B) 2.947(2) Å, O(30B)−
O(4) 2.961(2) Å, O(39B)−N(2V) 2.963(4) Å, O(1X)−
O(11) 2.965(1) Å, O(11A) N(1Y) 2.966(2) Å, O(33B)−
O(12) 2.966(2) Å, O(36B)−O(3Y) 2.969(3) Å, N(2Z)−
O(6) 2.972(1) Å, O(5)−O(7) 2.977(2) Å, N(2Y)−O(2)
2.978(3) Å, O(30A)−O(34B) 2.980(1) Å, O(33A)−N(2V)
2.992(2) Å, and O(18B)−O(2) 2.993(2) Å. 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:
O(2Y)−O(1) 3.003(1) Å, O(33A)−O(34B) 3.028(1) Å,
O(12A)−O(5) 3.028(1) Å, O(36B)−O(3X) 3.030(2) Å,
O(39A)−O(29B) 3.032(2) Å, O(2Y)−O(6) 3.038(2) Å, and
O(39A)−N(1X) 3.060(2) Å.

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. O9 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 π-stacked Phe side chains (Figure
3D).

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

Figure 1. Bonding schemes for ligands applied in this study.
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bridging POM oxygen O(16)−O(15) 2.906(4) Å, an amino
group O(42)−N(1A) 2.938(4) Å, as well as a contact between
an amino group and a carbonyl group N(1B)−O(3A)
2.909(7) Å. Next are a contact between a terminal and
bridging POM oxygen O(25)−O(40) 2.961(3) Å, a carboxyl
group and an amino group O(1B)−N(1A) 2.973(5) Å, and
several contacts between terminal POM oxygen O(16)−O(41)
2.977(3) Å, O(38)−O(11) 3.007(3) Å, and O(18)−O(40)
3.037(3) Å. In addition, there is π-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 π-
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) Å, and two amino

Figure 2. Structure 1 [(H3O)2(HPhe-Ala)4[PW12O40]2·11H2O] shown as (A) molecular arrangement and (B) packing. Highlighted are (C)
hydrophobic groups and (D) H-bonds.

Figure 3. Structure 2 [(HAla-Phe)2[HPW12O40]·4H2O] 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).
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Figure 4. Structure 3 [(HAla-Phe)3[PW12O40]] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are (C) hydrophobic
groups and (D) H-bonding.

Figure 5. Structure 4 [(HAla-Ala)2[HPW12O40]·4H2O] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are (C) H-
bonding and hydrophobic interactions.
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groups O(1B)−N(1A) 2.797(3) Å, N(1B)−O(1A) 2.841(3)
Å. The rest of the H-bonds are to terminal POM oxygen, with
other terminal POM oxygens O(25)−O(1) 2.868(3), O(12)−
O(9) 3.017), bridging POM oxygen O(18)−O(9) 2.895(2) Å,
amine groups O(27)−N(1B) 2.906(4) Å, O(37)−N(1A)
2.948(3) Å, amide groups O(1)−N(2C) 2.992(3) Å, O(36)−
N(2A) 2.996(3) Å, O(9)−N(2B) 3.001(3) Å, O(12)−N(2B)
3.018(3) Å, and a carbonyl group O(37)−O(1B) 3.023(3) Å.

The colorless, block-shaped crystals forming the structure of
4 (Figure 5) 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 π-stacking, though van der Waals interactions
(approximately 4 Å) 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) Å and O(2A)−
O(3B) 2.666(3) Å, and between water molecules, O(1X)−
O(2X) 2.669(9) Å, O(2X)−O(4X) 2.727(10), and O(2X)−
O(3X) 2.779(10) Å. Next are contacts between water
molecules and carboxyl groups, O(1B)−O(1X) 2.718(4) Å,
O(1A)−O(3X) 2.871(6) Å, terminal POM oxygen O(30)−
O(4X) 2.862(4) Å, O(32)−O(3X) 2.917(5) Å, or bridging
POM oxygen O(9)−O(1X) 2.932(3) Å. The longest H-bonds
are between two terminal POM oxygens, O(30)−O(38)
2.960(3) Å, O(4)−O(6) 2.977(2) Å, and O(34)−O(39)
3.038(3) Å, a carboxyl group and a water molecule, O(2A)−
O(4X) 3.003(5) Å, terminal POM oxygen, and one particular
amino group, O(31)−N(2B) 2.962(3) Å, and O(4)−N(2B)
2.988(3) Å, and O(6)−N(2B) 3.017(3) Å and O(37)−N(2B)
3.029(3) Å, a water molecule, O(38)−O(4X) 2.963(4) Å, or
bridging POM oxygen, O(7)−O(31) 3.018(3) Å and O(37)−

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

Structure 5 (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 ×
8 × 5 Å 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) Å), and two water molecules, O(1AA)−
O(4AA) 2.637(6) Å. Slightly longer are H-bonds between
bridging POM oxygen and water O(22)−O(3AA) 2.782(5) Å,
terminal POM oxygen and the amine group O(25)−N(1A)
2.788(2) Å, O(17)−N(1A) 2.910(2) Å, and terminal POM
oxygen and water O(18)−O(4AA) 2.923(5) Å. The longest
contacts are between POM oxygens O(24)−O(17) 2.929(2)
O(25)−O(7) 2.960(1) Å, O(17)−O(17) 2.973(2) Å, and
O(25)−O(25) 3.028(2) Å, bridging POM oxygen and the
amine group O(7)−N(1A) 2.959(2) Å, a carboxyl group and
water O(1A)−O(1AA) 3.008(5) Å, and terminal POM oxygen
and water O(11)−O(1AA) 3.028(3) Å. 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 5C), and each such triad is touched by two
amine groups at the center. The pattern of the side chains
interacting with each other is reflected in the structure of pure
L-alanine,20 as well as in those of leucine21 and isoleucine,22

begging the question of whether a MOF-like structure with

Figure 6. Structure 5 [(HAla)H5[PW12O40]2·4H2O] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are (C) H-bonding
and the (D) MOF-like matrix.
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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 π-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) Å, two water molecules O(2A)−O(3A) 2.767(5) Å,
and between terminal POM oxygen and carbonyl groups
O(33)−O(3X) 2.793(3) Å, O(29)−O(3Y) 2.804(3) Å.
Slightly weaker are bonds between water molecules and
terminal POM oxygen O(21)−O(6A) 2.869(6) Å; an amine
group, N(1X)−O(2A) 2.894(4) Å; bridging POM oxygen
O(7)−O(4A) 2.897(4) Å; and terminal POM oxygen O(5)−
O(6A) 2.897(6) Å. Next come bonds between terminal POM

oxygens O(29)−O(49) 2.904(3) Å, O(34)−O(39) 2.957(3)
Å, bridging POM oxygen and water O(24)−O(3A) 2.914(6)
Å, terminal POM oxygen and an amine group O(34)−N1X)
2.944(3) Å, and a carbonyl group and an amine group
O(3X)−N(1X) 2.973(3) Å. The weakest bonds are from
terminal POM oxygen to other terminal POM oxygens, O(5)−
O(21) 2.980(2) Å, O(18)−O(21) 2.988(3) Å, an amine
group, O(36)−N(1Y) 2.984(3), bridging POM oxygen,
O(26)−O(34) 2.991(4) Å, and water, O(38)−O(2A)
3.024(3) Å. In addition to H-bonds, there are π-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−S5), with minor variations likely due
to dried mother liquor, which also explains the presence of

Figure 7. Structure 6 [(HTyr)2[HPW12O40]·4H2O] shown as (A) molecular arrangement and (B) crystal packing. Highlighted are the (C) layering
of the packing, (D) chains of π-stacked rings, (E) H-bonding in the whole structure, and (F) H-bonding between stacked amino acids.
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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 π-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,10,11 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 α-helices and β-
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 5 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,23 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 π-
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.4 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.24 Li and
Wu25 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.

■ 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 π-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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