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The first systematic study of chemical adsorption/desorption
of phosphonic acid and geminal bis(phosphonic acid) on/
from the surface of anatase nanoparticles is reported. Stable
TiO, colloidal nanodispersions were used in the study. The
colloidal stability is preserved upon nanoparticle modifica-
tion. A macrocyclic lanthanide(Ill) complex, attached
through a phosphonic/bis(phosphonic) group to the TiO, sur-
face allowed precise quantification of sorption parameters by
means of inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). Results show different behavior of phos-
phonate and bis(phosphonate) groups. For phosphonate, a

monomolecular layer formation was observed, and the de-
sorption rate depends on the sorption conditions. It is proba-
bly caused by different phosphonate binding modes on the
surface. Excess amounts of phosphate in the washing media
accelerates the desorption rate of the phosphonate. The bis-
(phosphonate) is adsorbed on the surface in large quantities
forming multilayers that resist desorption even in the pres-
ence of phosphate ions and, thus, the bis(phosphonate) moi-
ety is a suitable group for anchoring other molecules on the
TiO, particle surface.

Introduction

Surface modification of inorganic materials by organic
molecules is widely used in many fields of research and in-
dustry as it can improve their performance in a wide range
of applications. The modification proceeds through nonco-
valent or covalent interaction of the adsorbate with the sur-
face. The noncovalent surface coatings are based mainly on
van der Waals and electrostatic interactions and are typical
for coatings of polymers. Grafting of low-molecular-weight
molecules is usually carried out through interaction of the
inorganic surface with specific chemical group that serves
as a chemical anchor. These interactions are mostly based
on the formation of covalent bonds between the anchoring
group and substrate, and the sorption is called chemisorp-
tion in this case. The most typical example of chemisorp-
tion is a surface modification of oxidic materials such as
SiO,! or SnO,P! with organosilanes/organostannanes or
metals such as gold?®# with thiol-containing molecules.
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Phosphonates have been intensively studied as chemical
anchorsP! and have been used for the modification of a wide
variety of surfaces like iron oxides,® zirconium dioxide,”)
aluminum oxide,[”-8! oxides of rare earths,!”! and other ox-
idic!'%'" and metallic!'?! substrates. Presence of more than
one phosphonate group in the molecule can further improve
sorption properties.'¥) The most studied arrangement of
two phosphonate groups, geminal bis(phosphonate), is used
in clinical practice for the treatment of osteoporosis and
other bone diseases!!¥ due to its extremely stable sorption
onto the surface of bone tissue. The interaction of geminal
bis(phosphonates) with various inorganic surfaces has also
been studied to prepare new materials applicable, for exam-
ple, as medical implants,['>! drug-delivery systems,'¢l or
medical-imaging probes.['7:18]

Titanium dioxide is a highly stable, nontoxic, and chemi-
cally inert material. Phosphonate affinity towards the TiO,
surface is high, and the adsorption proceeds under a wide
variety of conditions in terms of reaction temperature, sol-
vent, and pH. The grafting of bis(phosphonates) and phos-
phonates!' onto the TiO, surface has been studied, and the
resulting modified materials have been used for numerous
applications. Tuning of the hydrophilicity/hydrophobicity of
the surface by organophosphonate coating may improve the
TiO, properties as a chromatographic material®®! or desira-
bly change the properties of the pores in TiO, mem-
branes.?! Titanium alloys are always covered with a thin
layer of TiO, and, thus, can also be modified with organic
layers to inhibit corrosion??! or improve biocompatibility
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of bone implants.?*?4 TiO, particles have been extensively
studied for their photochemical properties, and phosphona-
tes were successfully utilized for connecting photosensing
dyes to the TiO, surface in solar cells.>>) The low toxicity
also makes TiO, a suitable candidate as an inert inorganic
support for functional nanoparticles used in biomedical ap-
plications. In addition, the use of photocatalytic TiO, as a
selective cell killer has been reported.l?¢-27]

The description of the interaction between a phosphonic
acid group and the surface of TiO, on a molecular level
involves several possible modes of adsorption.”®! Triden-
tate, bidentate, and monodentate adsorption modes may be
present depending on the number of Ti—O-P bonds formed
by one phosphonate group. In the case of di- and mono-
dentate adsorption modes, the remaining phosphonate oxy-
gen atom(s) may form hydrogen bond(s) with either surface
hydroxy groups or with other phosphonate groups. In-
terpretation of experimental data and identification of par-
ticipating binding modes is complicated, and the results re-
ported in the literature may appear contradictory.?!-28-33]
Although considerable effort has been devoted to the de-
scription of the sorption on a molecular level (i.e., mecha-
nism of absorption and modes of binding), limited atten-
tion has been paid to the description of the adsorption from
a macroscopic point of view in terms of adsorption ca-
pacity,?* hydrolytic stability (i.e., desorption),l>>23-35-39]
and their relation to the reaction conditions used during
the sorption process.>3] Whereas the mode of adsorption is
important for theoretical studies, the macroscopic behavior
of sorbates (in terms of adsorbed amounts and stability of
the adsorbed layer against degrading/washing) is of crucial
importance for practical applications of such surface-modi-
fied materials.

Recently, we have reported several Gd™ macrocyclic
complexes bearing phosphonate or bis(phosphonate)
groups in the side chain. The phosphonate/bis(phosphon-
ate) group was used for anchoring the complexes on the
surface of TiO, or other inorganic materials for application
in magnetic resonance imaging (MRI).** 42l In the com-
plexes, the metal ion is bound in the macrocyclic cavity,
whereas phosphonate groups are not involved in the coordi-
nation*3>#4 and remain freely available for interaction with
other metal ions or the particle surface. So, in contrast to
most phosphonate/bis(phosphonate) complexes that have a
direct coordination bond between the metal ion and the
phosphonate groups, in this case, the metal complex is an
“inert” component that does not influence the phosphonate
sorption properties.

As the described hybrid systems appeared to have prom-
ising properties as contrast agents in MRI, we report here a
sorption study of phosphonate/bis(phosphonate) molecules
bearing DOTA-like (DOTA = 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid) lanthanide(III) com-
plexes (Scheme 1) to bring a better insight into the topic of
adsorption and to optimize the preparation of this type of
probe. The evaluation of the sorption properties of phos-
phonate and bis(phosphonate) provides information about
relations between adsorption conditions and adsorption ca-
1982
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pacity. In addition, we thoroughly studied the hydrolytic
stability of the adsorbed layer formed with both grafting
groups and compared their adsorption properties. To the
best of our knowledge, this is the first systematic study of
this kind. There is limited information about the mentioned
properties in the literature, and available data is mainly re-
lated to the surfaces of macroscopic particles, whereas our
study was performed on the stable nanocolloids.
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Scheme 1. Structures of discussed ligands.

Results

Sample Preparation and Stability

We studied the sorption of macrocyclic complexes
bearing a phosphonate (Ln—DOTAPP, further denoted sim-
ply as “phosphonate”) or geminal bis(phosphonate) [Ln—
BPAMD, further denoted as “bis(phosphonate)”] pendant
arm on TiO,. Presence of the strongly chelating macrocyclic
part of the molecule insures a stable complexation of the
lanthanide(IIT) ion inside the macrocycle cavity (for the
complex structure, see the Supporting Information) and,
consequently, enables the opportunity to use microele-
mental analysis (inductively coupled plasma atomic emis-
sion spectroscopy, ICP-AES) for a precise quantification of
the lanthanide (Gd or Eu) and titanium contents. The phos-
phonate/bis(phoshonate) group is not involved in the coor-
dination of the metal ion and remains free for sorp-
tion.[*9-421 Both macrocyclic complexes exhibit a high sta-
bility, and, thus, no decomplexation has been observed un-
der experimental conditions used here for the sorption/de-
sorption study according to the NMR and fluorescence ex-
periments as given in the Supporting Information.

In this work, acid-stabilized colloidal nanoparticles of
TiO, were used as the substrate, and the adsorption reac-
tions also proceeded under acidic conditions. As the study
was focused on the preparation of bioapplicable materials,
colloidal stability of the prepared samples at physiological
pH is essential. The procedure, involving several dialysis cy-
cles and addition of polyvinylalcohol (PVA), was developed
to remove the excess amount of sorbate and to obtain the
modified material as a colloid, stable at neutral pH. The
procedure led to completely transparent colloidal solutions
that had a pH of approximately 6.5 (depending on the CO,
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content). The prepared colloids were stable in aqueous or
in the physiological (aq. 0.9% NaCl, pH = 7.4) solutions.
As the amount of TiO, in the samples decreases during pro-
cessing, the results are presented as Gd/Ti ratio found by
using ICP-AES in the final PVA-stabilized colloidal sam-
ples. The dialysis times during processing of the samples
were chosen with respect to the membrane permeability
towards the sorbate. The concentration of macrocycle out-
side the membrane (i.e., in the washing solution) reached
approximately 90% of the equilibrium value after 12 h; af-
ter 24 h, the value was around 97% (for more information,
see the Supporting Information).

The procedure of the sample preparation is discussed fre-
quently in this text and, thus, here we will introduce a stan-
dard notation for the distinct parts of the preparation pro-
cess. The adsorption reaction, that is, stirring of TiO, with
phosphonate/bis(phosphonate), is called “incubation”. The
following process, including three dialysis steps against
acidified water, stabilization with PVA polymer, and three
dialysis steps against pure water, is called “processing”.

The particle morphology in the TEM and HR-TEM
microphotographs (Figure 1) as well as the electron-diffrac-
tion pattern remain unchanged during the incubation and
processing of the samples, which indicates negligible
recrystallization of the bulk oxide particles. This is also sup-
ported by the measurement of the light scattering. The re-
sults show a narrow particle-size distribution that does not
change upon modification with phosphonates (average par-
ticle diameter 12 nm, for a plot see the Supporting Infor-
mation). So, the oxide core of the final nanoparticles ob-
tained after processing did not undergo any change, and
interaction with the sorbate occurs mainly on the oxide par-
ticle surface. These facts raise the question: What is the

Figure 1. TEM and HR-TEM (inset) microphotography of the
studied material after incubation with bis(phosphonate) [1 mL of
colloidal solution was treated with Gd-BPAMD (12.4 pmol) at
70 °C; corresponds to the last point of the adsorption capacity esti-
mation plot]. Microphotography was obtained after the first part
of processing just before PVA addition as the presence of polymer
negatively influences the image quality. The morphology of the
sample is identical to the morphology of the starting unmodified
TiO..
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reason for the above-mentioned decrease of the Ti content
in the samples during the dialysis steps? As the loss of mate-
rial could not be ascribed to the phosphonate-assisted dis-
solution/recrystallization of the nanocrystalline core, it may
be attributed mainly to the dissolving of an amorphous
fraction of the original oxide phase in the presence of the
strongly complexing phosphonate/bis(phosphonate) group
in the solution. Similarly, we did not observe any difference
in adsorbed amounts between samples stored and manipu-
lated in the dark or in daylight or under fluorescent tube
light, which indicates negligible photodegradation of the or-
ganic matter in the presence of the photoactive anatase
phase.

3P NMR spectroscopy can provide information about
the binding modes of the phosphonic acid group attached
to the oxide surface, and, therefore, diamagnetic La'! com-
plexes were prepared. 3'P NMR spectra of TiO, modified
with phosphonate complex in colloidal solution showed one
broad signal at J = 13 ppm (Figure S7A in the Supporting
Information). The low quality of the spectra is mainly due
to an extremely low concentration of phosphorus in the col-
loidal sample. On the contrary, for bis(phosphonate), two
sharp signals at 6 = 13.2 and 8.4 ppm were found (Fig-
ure S7B in the Supporting Information). IR spectra of Gd
complexes of both ligands (freeze-dried material mixed with
KBr) are rather complicated, both in the free as well as in
the adsorbed forms (Figure S8 in the Supporting Infor-
mation). This prevented identification of the P-O stretching
bands, and, consequently, no information on the type of
interaction could be obtained from the spectra.

Adsorption Capacity

A set of experiments was performed to estimate adsorp-
tion capacities of the material for phosphonate and bis(pho-
sphonate) molecules. The Gd/Ti ratio found in the final
samples after processing was plotted against the initial Gd/
Ti ratio used for incubation (Figure 2). The resulting curves
exhibit a typical saturation shape. For phosphonate, the
curve reaches a plateau of 27 mmol of the complex per
1 mol of TiO, (0.337 mmol per 1 g of TiO,). For bis(phos-
phonate), the adsorption capacity is significantly higher as
the curve reaches a plateau of 115 mmol of the complex per
1 mol of TiO, (1.43 mmol per 1 g of TiO,). Based on the
BET measurements, the TiO, particles show a surface area
of 178 m?>g ! and negligible porosity. From the obtained
Gd/Ti ratios and the TiO, specific surface area, the esti-
mated area occupied by one molecule of phosphonate and
bis(phosphonate) is around 90 and 20 A2, respectively.

Phosphonate/Bis(phosphonate) Coadsorption

Macrocyclic complexes of lanthanide(III) ions show sim-
ilar physicochemical properties along the whole lanthanide
series. Thus, complexes with different metal ions should ex-
hibit the same sorption behavior. This allows a parallel
1983
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Figure 2. Estimation of the adsorption capacity of (A) phos-
phonate and (B) bis(phosphonate). The Gd/Ti ratio during incu-
bation (70 °C, pH = 2.5) is on the x axis, the ratio found in samples
after processing is on the y axis.

quantification of two or more complexes, each containing
a different lanthanide.

We studied the sorption ability of the Gd-BPAMD [the
bis(phosphonate)] and Eu-DOTAPP (the phosphonate)
complexes during cosorption from a solution containing an
equimolar mixture of the complexes. The Ln/Ti ratios
found in the cosorbed samples are summarized in Table 1.
The values are compared with those found for the single
sorption (estimation of the adsorption capacity experiment
above). The amount of adsorbed phosphonate is somewhat
decreased due to the presence of bis(phosphonate). But the
decrease was significantly lower than that expected for a
simple competition of two sorbates on the surface. On the
contrary, the adsorbed amount of bis(phosphonate) was
not affected much by the presence of phosphonate.

Desorption Experiments

To determine the hydrolytic stability of the materials,
they were incubated at various temperatures, and the de-
crease of the Gd/Ti ratio as a function of the dialysis time
(with regular exchange of the dialysis solution) was moni-
tored. Furthermore, as our research is focused on bioapplic-
able materials, we also studied the desorption in the pres-
ence of phosphate anions as they are present in physiologi-
cal fluids; a phosphate concentration of 1.5 mm and pH =
7.4 as found in human blood plasma were used.’! The
presence of phosphate was expected to accelerate the de-
sorption rate as it may compete with the adsorbed phos-
phonate or bis(phosphonate) groups. The results of the de-
sorption experiments are shown in Figure 3.

For phosphonate, a significant desorption occurred dur-
ing washing. The extent of the desorption was lower for the
samples incubated at elevated temperature. After three
weeks of washing with water, the remaining amount of the
sorbate varied from 34% of the adsorbed amount found
after the processing (sample incubated at 30 °C) up to 50%
(sample incubated at 90 °C). If the dialysis was performed
against phosphate buffer the desorption was accelerated
(for a direct comparison of washing curves, see the Support-
ing Information). Surprisingly, the adsorbed complex was
not washed out completely, and its amount on the oxide
surface converges towards the constant value of around 30
and 15% for the samples incubated at 90 and 30 °C, respec-
tively.

The degree of adsorbed phosphonate varied among the
samples even before the washing experiment started: the
amount of adsorbed material increased with increasing in-
cubation temperature (Figure 3A and C). This phenomenon
could be explained by an enhancement of the absorption
capacity with higher incubation temperature or by a hy-
pothesis that the fraction of the sorbate being washed out
during the processing is proportional to the incubation tem-
perature. Therefore, the Gd and Ti contents were measured
during processing just after the first dialysis step (12 h) for
the samples incubated at 30 or 90 °C; the adsorbed
amounts were 40 mmol Gd per mol Ti and 37 mmol Gd
per mol Ti, respectively. So, the differences in the amounts
of bound sorbate found in the samples after the whole
washing procedure are due to the different degree of pro-
cessing desorption, which is dependent on the incubation
temperature. The amount of the bound complex during in-
cubation is probably similar at any temperature used.

Table 1. Comparison of the phosphonate/bis(phosphonate) single sorption and cosorption (70 °C, pH = 2.5).

Experiment Ln/Ti ratio used in incubation [mmol/mol] Ln/Ti ratio found after processing [mmol/mol]
Phosphonate Bis(phosphonate) Phosphonate Bis(phosphonate)

Single sorption 63 - 19.6 -
- 63 - 23.1

Coadsorption 63 63 14.5 27.0

Single sorption 254 - 26.2 -
- 254 - 104.5

Coadsorption 254 254 19.5 93.5

1984 www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 19811989
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Figure 3. Decrease of the Gd/Ti ratio as a function of dialysis time for the samples containing adsorbed phosphonate (full symbols) and
bis(phosphonate) (empty symbols) incubated at 30 °C (circles, solid line), 50 °C (squares, dash-dotted line), 70 °C (diamonds, dotted line),
and 90 °C (triangles, dashed line). Dialysis solution: pure water [(A) absolute values; (B) relative values]; phosphate buffer [1.5 mm, pH
= 7.4; (C) absolute values, (D) relative values]. The initial point refers to the Gd/Ti ratio in the samples after the processing cycle.

In the case of the bis(phosphonate) system, the desorp-
tion was significantly slower. After three weeks of washing,
around 80% of bis(phosphonate) remained bound to the
oxide surface in each sample. Furthermore, no dependence
of the desorption rate on the incubation temperature was
observed. Desorption rates were uniform for all bis(phos-
phonate) samples within statistical significance. The pres-
ence of phosphate in the washing solution had a negligible
effect on the desorption rate.

Discussion

It is well known that lanthanide(Ill) complexes of
DOTA-like ligands are thermodynamically extremely stable
(log Ky > 20) and, mainly, kinetically inert (no ligand/
metal ion exchange is expected even in the presence of an
excess amount of other ligands or metal ions).*¢48! For the
studied ligands, it has been shown that the lanthanide(III)
ion is located inside the macrocyclic cavity binding to four
nitrogen atoms of the ring and four carboxylate oxygen
atoms, and there is no interaction with phosphonate/bis-
(phosphonate) moieties in the side arm; the phosphorus(V)
groups are freely available for interactions with other ions
or substrates.[*0-41-43-44 However, the amine and carboxylate
groups are involved in the coordination, and, thus, they
cannot interact with the sorbent. Nevertheless, the sorption

Eur. J. Inorg. Chem. 2011, 1981-1989
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of the carboxylate groups is very weak and could be consid-
ered negligible in comparison with phosphonates as it has
been shown previously.l’>#%1 So, complexes of the ligands
employed in this study provide a unique opportunity for
quantification of the sorption ability of the phosphorus-
containing side chains by means of measurement (by ICP)
of the concentration of the rare-earth metal atom bound in
the macrocyclic cavity.

Adsorption Capacity

Based on the X-ray data, on average, the geometry of the
DOTA-like complex was a sphere with a diameter of 8§ A5
(for the complex structure, see the Supporting Information).
Using a simple geometrical model and considering such
spheres and the most dense hexagonal packing, leads to a
monolayer with an area of 55 A2 occupied by one molecule
of the complex. By taking into account thermal movement
around the phosphonate pendant arm, the experimental
value of the surface occupation obtained for phosphonate
(ca. 90 A?) is in the range expected for the formation of a
monomolecular layer. Our previously published results ob-
tained for adsorption of the same phosphonate-containing
complex onto a different TiO, matrix (Degussa P25) gave
the area occupied by one molecule of the complex as ap-
proximately 160 A2 0]

1985
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The experimental value for the surface occupied by one
bis(phosphonate)-containing molecule (20 A2) is extremely
small for the bulky macrocyclic complex and cannot be re-
alistic considering the monomolecular layer formation. Sev-
eral layers of the complex are more likely present on the
oxide surface; one can speculate that the molecules are con-
nected through Ti'V ions as a cross-linking agent into a 3D
coordination polymer. As the core of nanoparticles remains
intact during incubation and processing, one can conclude
that the Ti'V ions present in the multilayer originate from
an amorphous fraction present in the starting material. This
is also supported by the saturation shape of the curve (Fig-
ure 2B) that excludes a bulk recrystallization of the oxidic
material. The multilayer structure could resemble structures
of some Ti" phosphonates reported previously as products
of the reaction of TiO, with phosphonates under hydrother-
mal conditions.’'¢ Such a Ti'V-bis(phosphonate) 3D co-
ordination polymer present on the oxide particle surface is
more likely stabilized due to extensive cross-linking through
Ti** ions and due to the presence of two tetrahedral phos-
phonate moieties in one molecule. Each bis(phosphonate)
moiety can form a six-membered chelate ring with a single
titanium(IV) ion (chelating motif). Independently, each
phosphonate group itself can participate in binding to an-
other titanium(IV) ion, thereby resulting in the 3D polymer
network in which oxygen atoms can be bound to different
metal ions (phosphonate bridge, Ti-O-P-O-Ti motif) or
even simply bridge two metal ions (oxygen bridge, Ti-O-Ti
motif). All these binding motifs have been observed in
metal-phosphonate complexes.[>>>7->81  Despite variable
conditions being tested (sorption at room temperature, with
pre-dialyzed starting material, etc.), an excess amount of
bis(phosphonate) always led to multilayer formation. So,
one can conclude that the formation of multilayers is a ge-
neral trend in the bis(phosphonate) sorption.

This hypothesis is also supported by the *'P NMR spec-
troscopy measurements of the modified colloids. In the case
of phosphonate, the spectra show a broad signal at J =
13 ppm that indicates tridentate phosphonate binding to the
surface.*’] In the case of bis(phosphonate), two sharp sig-
nals in the 3'P NMR spectrum indicate two different envi-
ronments of the phosphonate groups. In the literature, there
are no data correlating chemical shift of the titanium-—bis-
(phosphonates) to a particular sorption mode. So, we can
only speculate that one of the signals is related to phos-
phonate groups directly coordinated to the TiO, surface,
whereas the other one is related to groups included in the
multilayer. Unfortunately, this cannot be supported by IR
spectroscopy measurements as both complexes exhibit com-
plicated spectra that prevent identification of the P-O
stretching bands.

The formation of the multilayer could also explain the
results of cosorption experiments employing phosphonate
and bis(phosphonate). The amount of adsorbed bis(phos-
phonate) remains almost unaffected by the presence of
phosphonate, whereas the adsorbed amount of phos-
phonate is only slightly lowered (by approximately 25%)
compared with that from the single-sorption experiment.
1986
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The sum of the adsorbed bis(phosphonate) and phos-
phonate molecules exceeds the adsorbed amounts from the
single-sorption experiments. This excludes monomolecular-
layer formation as it would lead to the competition of both
sorbates on the surface.*?! Thus, it is more likely that the
phosphonate is efficiently involved in the multilayers
formed by bis(phosphonates) during the surface reaction.

Stability of the Sorbent—Sorbate Interaction

The amount of adsorbed complex decreases with an in-
crease in the washing time in all samples, but the absolute
amount of the desorbed complexes is significantly lower for
bis(phosphonate) than for phosphonate. This could be ex-
plained by the higher denticity of the bis(phosphonate),
which leads to the formation of more stable structures. The
stronger interaction of bis(phosphonates) than that of sim-
ple phosphonates is pronounced in many types of interac-
tions, for example, in surface adsorption to other materi-
alst!¥ or in coordination to metal ions.[>”)

The higher stability of the bis(phosphonate) multilayers
is also reflected in the phosphate-assisted desorption. The
desorption is not affected — even in the presence of a large
excess amount of phosphate anions in the washing solu-
tions. This could be explained by the fact that the interac-
tion of bis(phosphonates) with Ti*" ions is several orders
of magnitude stronger than that of phosphates.

The lower stability of the phosphonate-containing com-
plex on the oxide surface results in faster desorption that is
even accelerated in the presence of competing phosphate
anions. The desorption rates of phosphonate are dependent
on the incubation temperature; the samples incubated at an
elevated temperature exhibit a slower desorption rate. The
relationship between incubation temperature and stability
of the sorbate on the oxide surface could be explained by
the existence of several modes of interaction between the
sorbate and sorbent surface that are energetically nonequiv-
alent. This nonequivalency could originate from different
hapticity of the sorbate; mono-,?"! di- 3% and tridentatel*!l
adsorption modes of phosphonate on the TiO, surface have
been described in the literature as well as their coexistence
in one material.?®! The slow energy-demanding transition
between the mentioned binding modes leads to stronger
sorbate—sorbent interactions. It could explain the slower de-
sorption of phosphonate incubated at higher temperatures.
A similar observation has been reported by Kim et al.['"]

The parallel existence of two or more phosphonate bind-
ing modes could also explain the “convergence” of the de-
sorption found for the phosphonate samples dialyzed
against phosphate buffer. It is evident that a part of the
sorbed complexes is washed out swiftly, but the remaining
sorbate resists washing. The remaining amount of sorbed
complex is higher for the samples incubated at elevated tem-
perature. This observation is in good agreement with the
presumption that slow conversion tends towards stronger
binding modes (di/tridentate binding of the phosphonates)
and, thus, leads to the higher stability of surface-bound

Eur. J. Inorg. Chem. 2011, 1981-1989



Modification of Nanocrystalline TiO, with Macrocyclic Complexes

Eur/IC

complexes; it is accelerated if the samples are treated at ele-
vated temperature during incubation.

Conclusion

This is the first systematic adsorption and desorption
study dealing with the interaction between phosphonate-
and/or bis(phosphonate)-containing molecules and the sur-
face of TiO,. A new methodology for the evaluation of
sorption was developed allowing the precise quantification
of the adsorbed amount. Titanium dioxide nanocolloids
were treated with in-cage complexes of phosphonate- and/
or bis(phosphonate)-modified macrocyclic ligands to study
the relationship between the reaction conditions during ab-
sorption to the oxide matrix, post-reaction treatment of the
materials, the resulting abundance of complex on the sur-
face, and the stability of the modified materials against de-
sorption. After stabilization with polyvinylalcohol, the ob-
tained colloids were stable in water at neutral pH and in
physiological solution. ICP-AES is a convenient method for
quantification of the sorption/desorption of the lantha-
nide(IIT) macrocyclic complexes. For the phosphonate-con-
taining complex, monomolecular layer formation was con-
firmed. The results indicate formation of Ti-O-P bonds.
The bis(phosphonate)-containing complex shows a signifi-
cantly higher stability and formation of a 3D coordination
polymer on the TiO, surface. The desorption rate of the
complex with a phosphonate side arm is dependent on the
conditions used during the preparation of the samples as
more phosphonate binding modes are possible; the more
stable ones are formed to a greater extent at elevated tem-
peratures. Bis(phosphonate) is a better anchoring group
than phosphonate for modification of the TiO, surface as
bis(phoshonate) interacts significantly stronger with Ti**
ions. The different TiO, coating that is obtained with phos-
phonates and with bis(phosphonates) assigns the two an-
choring groups for different applications. The hydrolytically
stable bis(phosphonate) coating could be used for applica-
tions requiring stable materials (implants, imaging probes,
etc.). In contrast, phosphonate coatings, which undergo
faster hydrolysis, can be extremely useful for drug delivery
and release systems. Furthermore, both types of anchors
can be combined in advanced materials with multimodal
functions.

In general, our study is an important step to a better
understanding of the interaction between phosphonic acids
and TiO, on a macroscopic level as well as the stability of
the sorbed phosphorus-containing molecules on the oxide
surface. It should help in the design of new molecules for
the stable oxide modification and for the inorganic—organic
hybrid material synthesis. Furthermore, the outcome of the
study can serve as preparation of coated materials with tun-
able hydrolytical stability.

Experimental Section

Materials: Ligands DOTAPP and BPAMD and their complexes
were prepared according to published procedures.*?#!1 Nanocrys-
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talline anatase (average particle diameter 12 nm) was used as the
sorbent.[® The material was used in the form of a stable trans-
parent colloidal solution (pH = 2.5, TiO, concentration 1.8 gL !
according to ICP-AES). The surface area of TiO, was 178 m? g !
(estimated by BET); a decrease of the surface area was observed
upon heating of dry material at high temperature (300400 °C).
Polyvinylalcohol (M, = 80 kDa, 86-89% hydr., Wacker) was used
for colloid stabilization. Standard-grade chemicals and deionized
water were used for adsorption and desorption experiments; for the
preparation of the ICP samples, high-purity grade sulfuric acid,
nitric acid, hydrogen peroxide, and reverse-osmosis purified water
were used.

Dialysis: An Ultrapor membrane with 6-8 kDa cutoff was used for
dialysis. The ratio between volumes inside the membrane and the
washing media was 1:250 for all experiments. One dialysis step was
performed at room temperature for 12 or 24 h as noted for the
particular experiments. During the dialysis, the washing solution
was stirred.

ICP-AES: The concentrations/amounts of Gd and Ti were deter-
mined with an ICP-AES spectrometer VistaPro (Varian) in axial
plasma configuration, equipped with an autosampler SPS-5, an in-
ert parallel flow nebulizer, an inert spray chamber and a demount-
able torch with an inert injector tube. The samples (200 uL) were
digested in concentrated H,SO,4 (300 uL) and concentrated H,O,
(100 uL) at 170 °C for 24 h. For the measurements, the solutions
were diluted with 1% HNO; to a volume of 10 mL. All ratios of
Ln/Ti in the text are molar ratios.

TEM and HR-TEM: The morphology and size of the particles were
investigated by means of TEM (TecnaiG2 SpiritTwin 12; 120 kV)
and HRTEM (Jeol JEM 3010; 300 kV). To prepare the samples, a
drop of diluted colloidal solution was placed on a carbon-coated
copper grid (SPI 3630C-MB) and was left to dry freely.

NMR Spectroscopy: *'P (161.9 MHz) NMR spectra of the colloidal
samples were recorded with a Varian Unity Inova-400 spectrometer
at 25 °C, using 5 mm sample tubes. 1% H;PO, in D,O was used
as an external reference.

IR Spectroscopy: Infrared spectra were recorded with a Thermo
Nicolet 6700 FTIR spectrometer by using the DRIFTS (diffuse
reflectance infrared Fourier transform spectroscopy) method with a
Pike Technologies EasiDiff accessory (128 scans, 4 cm™! resolution,
4000-400 cm' range, Happ-Genzel apodization). Freeze-dried
samples were mixed and grinded with KBr (ratio approximately
1:50) in an agate mortar.

Dynamic Light Scattering: The light scattering setup (ALV, Langen,
Germany) consisted of a 633 nm He/Ne laser, an ALV CGS/8F
goniometer, an ALV High QE APD detector, and an ALV 5000/
EPP multibit, multitau autocorrelator.

Adsorption Capacity Estimation: An appropriate amount of Gd-
DOTAPP (0.32-3.2 umol) or Gd-BPAMD (0.32-12.8 umol) in
solution (75 mm, pH = 2.5) was mixed with the TiO, colloidal solu-
tion (1 mL). The reaction mixture was stirred at 70 °C for 3 d. The
reaction mixture was dialyzed three times against HCI solution
(250 mL, pH = 2.5) for 12 h to remove excess sorbate. Then, PVA
solution (0.33 mL, 50 mg PVA per mL) was added, and mixture
was stirred in the vial for 12 h. Then, the reaction mixture was
dialyzed three times against pure water (250 mL) for 12 h. The re-
sulting pH was around 6.5.

Desorption Experiments: Gd-DOTAPP (3.2 umol) or Gd-BPAMD
(3.2 umol) in solution (75 mm, pH = 2.5) was mixed with TiO,
colloidal solution (2 mL). The reaction mixture was stirred at a
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given temperature (30, 50, 70, or 90 °C) for 3 d. The reaction mix-
ture was dialyzed three times against HCI solution (500 mL, pH =
2.5) for 12 h to remove excess amounts of the sorbate. Then, PVA
solution (0.66 mL, 50 mg PVA per mL) was added, and the mixture
was stirred in a vial for 12 h. Consequently, the reaction mixture
was dialyzed three times against pure water (500 mL) for 12 h. The
resulting pH was around 6.5. The resulting colloids were further
dialyzed against water or phosphate buffer (1.5 mm, pH = 7.4) at
room temperature. The washing solution was exchanged every 24 h.
The amount of Gd and Ti in regularly collected samples was deter-
mined by ICP.

Coadsorption Experiments: Eu-DOTAPP (0.80 or 3.2 umol) and
Gd-BPAMD (0.80 or 3.2 pmol) solutions (75 mMm, pH = 2.5) were
mixed with TiO, colloidal solution (1 mL). The reaction mixture
was stirred at 70 °C for 3 d. The reaction mixture was dialyzed
three times against HCI solution (250 mL, pH 2.5) for 12 h to re-
move excess sorbates. Then PVA solution (0.33 mL, 50 mg PVA per
mL) was added, and the mixture was stirred in the vial for 12 h.
Then, the reaction mixture was dialyzed three times against pure
water (250 mL) for 12 h. The resulting pH was around 6.5.

Supporting Information (see footnote on the first page of this arti-
cle): Details on the test of membrane permeability, complex sta-
bility under acidic and incubation conditions, direct comparison of
desorption, visualization of Gd-BPAMD, and 3'P NMR and IR
spectra of the studied materials.
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