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ARTICLE INFO ABSTRACT

Keywords: Phosphotungstic acid (POM) was crystallized together with the neurotransmitter y-aminobutyric acid (GABA) in

POM acidic medium to form [(HGABA)3PW12040], compound 1. The latter would only crystalize in the presence of

Meml oxide nanoparticle dopamine, while dopamine itself did not become a part of the complex, but crystallized separately as [(Hdo-

zf;‘:rker complex pamine)sHPW15040], compound 2, as previously reported. GABA interacts with POM via hydrogen bonding

Dopamine between the protonated amino group and a terminal oxygen on POM and also via protonated carboxylic acid

Structure-directing agent group. Based on structural information from the crystal structures of 1 and 2 together with complementary
studies using other catechols we attempted to provide molecular insight into the well-known structure-directing
effect of dopamine. Strong hydrogen bonding between dopamine and POM, together with formation of “dopa-
mine dimers” in the packed structure by interactions between the aromatic rings and intermolecular hydrogen
bonding might be important factors for them in directing the self-assembly of polyoxometalates into complex
hierarchal structures. Interaction between dopamine and GABA in solution was investigated by diffusion ordered
spectrometry (DOSY) NMR in MilliQ-water and in 0.1 M HCL

1. Introduction

Nanotechnology has potential to become a powerful tool within
biotechnology and medicine [1-3]. Particularly the use of metal and
metal oxide nanoparticles for bioimaging [4,5], drug delivery [6],
wound healing [7,8], and plant protection [9] have gained increased
interest. Still, the effects of nanomaterials on biological systems are far
from well understood. The comparable sizes allow for interference with
cellular components from nanomaterials. This is both a key feature in
novel therapeutics based on nanomaterials but can also pose a health
hazard for animals and plants alike [10,11]. Polyoxometalates (POMs)
are polyatomic ions, usually oxo-anions (Mo, W, V, Nb, Ta), but some-
times also cationic ions (Al) with well-defined structure and composition
and are often highly stable in solution [12,13]. They are usually clas-
sified as isopolyanions or heteropolyanions, where the former one
consists of the same type of metal ions and the latter contains different
metal/non-metal ions [14]. Several structural families have been
described, including the Keggin, Lindqvist, Andersson, and Wells-
Dawson structures [12]). The POMs can relatively easily be modified
via metal substitution/modification [15,16] or organic functionalization
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[17,18] and this offers great possibility to design new materials for a
range of applications [14,19]. They have been reported to function as
specific artificial peptidases by coordination between the POM and
amino acid functional groups [20,21]. Proteins usually interact with
POMs via electrostatic and/or hydrogen bonding and occasionally
mediated via solvating water molecules [22]. Detailed insight into mo-
lecular interactions were obtained recently in the studies of Mo- and W-
POM complexation with glycine-based oligo-peptides [23].

Antibacterial, antiviral, and antitumor effects have been well re-
ported and are ascribed to interference between POMs and enzymes,
inhibiting cellular processes [24,25]. The use of organic ligands,
including biomolecules, to direct self-assembly of molecular compo-
nents have been receiving increasing attention as a promising route to
realize complex hierarchical structures via bottom-up process. These
structurally complex assemblies may find applications in, for instance,
drug delivery, adsorbents [26-29].

Several publications report the self-assembly of POMs and metal
oxides into monodisperse flower-like aggregates using the neurotrans-
mitter dopamine (a catecholamine) as structure-directing agent
[28,30-32]. We recently reported the crystal structure of a
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Table 1

Crystallographic data for compound 1.
Chemical composition C12H30N3046PW1 5
Formula weight 3189.56
Crystal system Rhombohedral
Space group R-3
R1 0.0812
wR2 0.2418
GooF 1.005
aA) 18.303(16)
b (A) 18.303(16)
c® 24.50(2)
a(®) 90.00
) 90.00
7 () 120.00
V&) 7107(11)
T (K) 296
Z 6
Nr. refl. 2544
0 min 2.23
0 max 25.25
Data completeness 0.996
CCDC reference 2074443

phosphotungstate-dopamine complex [33]. Crystal structures can give
valuable insight into molecular interactions that result in the self-
assembly processes and may provide guidance to discover new
structure-directing ligands for novel self-assembly systems. Herein, we
first report the crystal structure of another neurotransmitter of similar
size to dopamine, y-aminobutyric acid with phosphotungstate. We are
interested in the biological effects of metal oxide nanoparticles and are
seeking molecular models to better understand their influence on bio-
logical systems. The formation of [(HGABA)3PW1204¢], compound 1, is
an example of the “cocktail effect” where the crystallization is depen-
dent on the presence of dopamine, while dopamine itself does not make
up part of the complex. This may be of relevance for understanding how
nanoparticles are entering biological systems, e.g. via the gastrointes-
tinal tract, and interact with a complex mixture of biomolecules in an
acidic environment. Secondly, we used the structural models of com-
pounds 1 and 2 in an attempt to obtain a better understanding of the
factors contributing to the structure-directing effect of dopamine.

2. Materials and methods

Phosphotungstic acid hydrate (H3PW12040-H20, Sigma Aldrich, re-
agent grade), y-aminobutyric acid (GABA, Aldrich, 99%), dopamine 'HCl
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(Aldrich), pyrocatechol (Sigma-Aldrich, >99%), 4-methylcatechol
(Aldrich, > 95%), and 4-tert-butylcatechol (Aldrich, >98 %) were used
as received. 1 M HCl was diluted from 37 % HCI (Aldrich). H3PW;5049
was reacted with GABA and dopamine in a 2: 2: 1 M ratio in 1 M HClL
GABA and dopamine were dissolved first with the subsequent addition
of the POM. This immediately resulted in a dark red, but transparent,
reaction mixture. Crystals of compound 1 formed over night as red cubic
crystals of about 1 mm formed overnight at room temperature. The
crystals suffered from extensive twinning and crystals had to be cut
manually to obtain a piece with single-domain orientation suitable for
data collection. For powder diffraction analysis, the precipitates were
washed three times with deionized water followed by centrifugation
between each wash. The precipitates were then dried at 60 °C. Ther-
mogravimetric analyses were conducted on a PerkinElmer Pyris 1 TGA
instrument with temperature program: 25 °C (hold 1 min), ramp 10 °C
min to 900 °C (hold 1 min).

X-ray data of single crystals and powders were collected using a
Bruker D8 SMART APEX II CCD diffractometer with graphite mono-
chromator and MoK, radiation (0.71073 f\) at room temperature. The
structures were solved and refined in the SHELXTL program suite. All
non-hydrogen atoms were found in the initial solution for both com-
pounds. Data collected was performed at room temperature. The powder
data was treated and analyzed with the Bruker APEX2 program suite and
EVA v12. For details of structure refinement, please, see Table 1. The
Checkcif evaluation render a number of B alerts associated with
refinement of the rhombohedral structure in a hexagonal setup (so
called hexagonal doubly centered) - this is a normal procedure in the
SHELXTL program suite. Also, the observed Rj,; value was relatively
high, 0.208, as a result of merohedral twinning distinguishable in
polarized light. Major part of domains not belonging to the main
orientation were removed by physical cutting-off, but the remaining
minor residues resulted in elevated Ry, R1 and wR2 values.

FTIR spectra were collected by a PerkinElmer Spectrum-100 FTIR
spectrometer. Crystals of 1 were washed several times in MilliQ-water,
dried under a desktop lamp, milled in anhydrous KBr (FTIR-grade,
Sigma-Aldrich, dried overnight at 200 °C) and then pressed into pellets.
Spectra were collected for 4000-400 cm™! with 1 cm™! resolution and
16 scans per spectrum. All NMR spectra were recorded using a Bruker
Avance 600 MHz SmartProbe spectrometer with Bruker TopSpin verison
3.5. The spectra were processed and analyzed in Bruker Topspin version
3.6. The 'H spectra were calibrated against the internal water signal
from residual non-deuterated water. All spectra were recorded at 298 K.
MilliQ water or 0.1 M HCI with ca. 10 v% DO (euriso-top, 99.96 % d)
was used as solvent mixture for recording of NMR data. Scanning

(b)

Fig. 1. (a) Molecular structure of compound 1, [(HGABA)3PW;,04¢]. (b) Molecular structure of compound 2, [(Hdopamine)>HPW;5040] [33]. Hydrogen bonds are
indicated by blue dotted lines. Solvating water molecules in compound 2 have been omitted. The NHz-group of dopamine binds an adjacent [PW;5040]%~ ion (not
indicated in figure), thus acting as a connector. Blue is tungsten, magenta is phosphorous, red is oxygen, grey is carbon, light purple is nitrogen, and white

is hydrogen.
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Fig. 2. Packing of (a) compound 1 and (b) compound 2. The distance between the centroids (indicated by blue dots) of the closely packed dopamine molecules is

4.473 A. Solvating water molecules in compound 2 was removed for clarity.

electron microscopy (SEM) was performed by a Hitachi TM-1000
tabletop scanning electron microscope. Self-assembly studies were
done in 100 mM phosphate buffer at pH 7, 8, or borate buffer at pH 9,
using different m/m ratios of H3PW1204¢: ligand. In cases were pre-
cipitates were formed, these were centrifuged and washed with MilliQ-
water and analyzed by SEM. TGA measurements were performed with
Perkin-Elmer Pyris 1 instrument.

3. Results and discussion

Mixture of H3PW;504¢ with different equivalents (0.5 to 4) of GABA
in various solvent systems only resulted in the crystallization of
H3PWj5040 as colorless, flat squares. In an attempt to facilitate the
crystallization, dopamine was added in small amounts to co-crystallize
GABA and dopamine with phosphotungstate. This resulted in the for-
mation of dark red cubic crystals of compound 1, [(HGABA)3PW15040]
(Fig. 1a). The previously reported [(Hdopamine);HPWj3040] complex
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Fig. 3. FTIR of compound 1 with indicated signal interpretation.

[33], compound 2 (Fig. 1b), crystallized separately as red needles.
Packing in the structures of 1 and 2 differs considerably, featuring
complex aggregated layers for the former and much simpler layered
structure for the latter (See Fig. 2).

The addition of one more potential ligand to promote crystallization
without itself being present in the crystal structure have been reported
before [34]. Compound 1 crystallized in the rhombohedral space group
R-3. Detailed crystallographic description is provided in Table 1. Pro-
tonated HGABA unit interacts with [PW12040]3’ via very strong
hydrogen bonding between the carboxylic hydroxyl group and a ter-
minal oxygen, HIA1 — 0O4(W1) (2.299 10\) and two amino group’s
hydrogen atoms, HIC — O2(W4) (2.901 f\) and H1A — O2(W4) (2.948
R). In the packing, GABA molecules hydrogen bond to each other via the
amino group and the carbonyl oxygen (N1)H1C — O2A(C1) (2.318 A).
Notably, there are no solvating water molecules in the structure of
compound 1. The aromatic rings of dopamine in compound 2 are tilted
towards each other with a distance of 4.473 A between the centroids.
This distance is on the border between very weak n-r interaction and van
der Waals interaction. In addition, the dopamine molecules also
revealed relatively strong hydrogen bonding between their hydroxyl
groups and the protonated amino group; 02Z — H1B(N1) 2.093 A, and
03Z — HIC(N1) 2.486 A.

Pyrocatechol 4-Methylcatechol

4-tert-Butyl
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3.1. Infrared spectrometry

FTIR spectra were recorded of washed and dried crystals of com-
pound 1, (Fig. 3). Vibrations at 1080 cm ™ v(P—O—W), 980 cm ™ u(W
= 0), 888 cm ™! and 800 cm™! as YW-0) [35], 1690 cm~ as U(C=0)
from GABA, and weak signal at 2911 cm ! as V(C—H) from GABA, a
broad region between 3200 cm ™! to 3660 cm™! are assigned to over-
lapping ¥(O—H) and v(NH3™) vibrations.

3.2. Self-assembly studies

Dopamine was previously reported to guide the self-assembly of
phosphotungstic acid, phosphomolybdenic acid, and tungsten oxide into
well-defined flower-like structures [28,31,32], but it was not until very
recently a molecular model for the interaction between dopamine and
POM was reported [33]. In this work, we crystallized phosphotungstate
with GABA as a part of our work to better understand interactions be-
tween biologically important molecules and metal oxide nanoparticles.
It was also of interest to investigate whether GABA also could direct self-
assembly of POMs, and also to get a better insight the mechanism behind
self-assembly with dopamine. GABA was mixed in different ratios with
H3PW12040 (1 to 4, m/m) in 100 mM phosphate buffer, at different pH 7,
8, or 100 mM borate buffer pH 9. However, no self-assembled structures
were observed. Both GABA and dopamine interact with H3PW1,04 via
hydrogen bonding with both an OH-group and a NH3-group. This sug-
gest that n-n stacking between the aromatic rings may be crucial to direct
the self-assembly. To further investigate the role of the amine group of
dopamine, a number of other catechols, lacking the amine group, were
used (See Fig. 4). Three different catechols, pyrocatechol (1,2-dihy-
droxybenzene, PC), 4-methylcatechol (4mC), and 4-tert-butyl catechol
(4tBC), were mixed in different ratios (1 to 4, m/m) with H3PW1504¢ in
the same phosphate buffers.

Of these three, only 4tBC managed to produce self-assembled
structures, which were rather polydisperse spheres (Fig. 5), much
larger (ca. 100 um to 500 um) than the flower-like structures using
dopamine as reported by [28]. From Fig. 5d it is evident that they are
built up of much smaller particles. The ratios of H3PW12040: 4tBC did
not appear to have any major influence on the self-assembly for pH 7,
but increasing the pH apparently inhibited the formation of spheres.
Attempts to crystallize 4tBC with H3PW;,04¢ under various conditions
were unsuccessful.

3.3. Power X-ray diffraction

Powder X-ray diffraction (PXRD) was employed to investigate
possible influence on the crystalline phase of the precipitated powder.
From the diffractograms in Fig. 6 it is evident that different crystalline
products are formed. H3PW12049:dopamine (1:1) resulted in a powder

Dopamine y-Aminobutyric acid

catechol

OH OH OH OH
OH
HO HO HO ;
HO o
H,N
HoN

Fig. 4. Chemical structures of the four different catechols and GABA.
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200 um

Fig. 5. SEM micrographs of self-assembled H3PW;2,040 with dopamine or GABA. (a) H3PW;2040:dopamine 1:1 (m/m) reference as reported by Li et al., [33], here in
100 mM phosphate buffer pH 7 as solvent. (b) H3PW;5040:4tBC 1:1 (m/m) in 100 mM phosphate buffer, pH 7. (c¢) Incomplete self-assembled spheres of
H3PW;5040:4tBC. (d) Magnification of a H3PW;,040:4tBC sphere, revealing it is constructed of smaller units.

(a) (b)

10 20 30 40 50 10 20 30 40 50
2Theta degree 2Thete degree

Fig. 6. PXRD patterns of precipitated (a) H3PW;204¢:dopamine (1:1) (26: 4.26°, 6.0°, 7.26°, 11.04°, 13.02°, 18.36°, and 23.16°) and (b) H3PW;204¢:4tBC (1:1) (26:
7.92°,11.52°, 12.78°, 14.10°, and 24.42°) from Fig. 5.
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Fig. 7. Thermogravimetric analysis of precipitates of (a) H3PW;504¢:dopamine and (b) H3PW;5040:4tBC.

of higher crystallinity compared to H3PW12040:4tBC (1:1). Neither 3.4. Thermogravimetric analysis
diffraction pattern matched any know phases but they both appear to

consist of mixtures of different tungsten oxides. Washed precipitates of H3PW;204¢:dopamine and H3PW;204¢:4tBC
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Table 2
Diffusion coefficients for dopamine and GABA in different solvents.

MilliQ (with 10 v% D,0) 0.1 M HCI (with 10 v% D,0)

Dopamine 5.74-1071° m%s 5.54.101° m%s
GABA 8.61-10 % m?%s 8.89-107 1% m%s
In mixture

Dopamine 7.92:107 1% m?%s 5.61-1071° m%s
GABA 1.12:107° m%s 8.53-107 1% m%

were analyzed by TGA (See Fig. 7). For H3PW;204¢:dopamine there is a
slight weight loss starting at ca. 100 °C which may be ascribed to water,
followed by a very slow weight decrease until ca. 300 °C, when dopa-
mine starts to decompose. For H3PW15040:4tBC there is an initial fast
weight decrease in two steps, from 25 °C to ca. 120 °C, and 160 °C to
300 °C, both of which may be removal of the more volatile 4tBC and
residual water. The third weight decrease at ca. 320 °C would be the
decomposition of more strongly bound 4tBC, which is finalized at ca.
600 °C. This indicates a stronger interaction between H3PW12040 and
dopamine.

3.5. NMR spectrometry

In order to investigate potential interactions between the ligands in
solution 'H DOSY was employed to measure diffusion coefficients. 'H
DOSY spectra for dopamine and GABA were recorded individually and
together in both MilliQ-water with 10 v% D»0 and 0.1 M HCl with 10 v%
D20. The measured diffusion coefficients are reported in Table 2. Con-
centrations and GABA: dopamine rations were the same as for the syn-
thesis of compound 1. Aqueous systems were chosen to resemble the
crystallization conditions. The H3PW;5049-GABA-dopamine mixture
was not soluble in MilliQ-water and crystallized in the NMR tube during
spectra acquisition while using 0.1 M HCI, thus no satisfying DOSY
spectrum was obtained. The difference in diffusion coefficients between
pure solutions of dopamine and GABA did not differ very much between
MilliQ-water and 0.1 M HCI, but the differences were larger for the
mixture in MilliQ-water.

4. Conclusions

In this work we have reported the crystal structure of the new
[(HGABA)3PWj5040] complex. The interaction in solution between
GABA and the POM was apparently weak as the complex would not
crystallize without the addition of dopamine, i.e. the so-called “cocktail
effect”. This could be of relevance for metal and metal oxide nano-
particles entering biological systems where they come in contact with
complex mixtures of biomolecules, which potentially could result in
enhanced interaction between certain components. The influence of
dopamine on the crystallization of other systems is currently under
investigation. The crystal structures of [(HGABA)3PW;2040] and
[(Hdopamine),HPW1504¢], together with studies of catechols structur-
ally similar to dopamine, provides a tentative molecular explanation for
the well-reported structure-directing effect of dopamine where in-
teractions between the aromatic rings are proposed to be important. This
may assist identification of new structure directing ligands.
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Appendix A. Supplementary data

Crystallographic data are available free of charge from the Cam-
bridge Crystallographic Data Center. The CCDC reference numbers for
compounds 1 and 2 are 2074443 and 2015440, respectively. Supple-
mentary data to this article can be found online at https://doi.
org/10.1016/j.ica.2021.120547.
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