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Ligand Functionality as a Versatile Tool to Control the Assembly Behavior of
Preformed Titania Nanocrystals
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Abstract: Nanoparticle powders com-
posed of surface-functionalized anatase
crystals with diameters of about 3 nm
self-organize into different structures
upon redispersion in water. The assem-
bly is directed by a small amount of a
low-molecular-weight functional ligand
(the “assembler”) adsorbed on the sur-
face of the nanoparticles. The ligand

the formation of anisotropic nanostruc-
tures several hundreds of nanometers
in total length, whereas all the other in-
vestigated ligands (ethanolamine H,N-
(CH,),0OH, glycine hydroxamate
H,NCH,CONHOH, dopamine
(OH),C4H;5(CH,),NH,Cl, tris (HOCH,);-
CCH;) mainly lead to uncontrolled
agglomeration. Experimental data sug-

gests that the anisotropic assembly is a
consequence of the water-promoted de-
sorption of the organic ligands from
the {001} faces of the crystalline build-
ing blocks together with the dissocia-
tive adsorption of water on these crys-
tal faces. Both processes induce the
preferred attachment of the titania
nanoparticles along the [001] direction.

functionality determines the anisotropy
of the resulting structures. Multidentate
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The use of polydentate and charged li-

. gands to functionalize the surface of
nanoparticle

ligands, such as trizma nanoparticles thus provides a versatile
((HOCH,);CNH,) and serinol assembly nan0§tructures tool to control their arrangement on
((HOCH,),CNH,), with a chargeable nl(:nac.llf[eous Symthesis surface the nanoscale.

chemistry

terminal group preferentially induce

Introduction

In addition to the synthesis of nanoparticles with controlled
particle size, shape, and crystal structure, the main focus of
nanochemistry shifts more and more towards the use of
these nanoparticles as building blocks for the fabrication of
one-, two-, and three-dimensional superstructures.[M] The
continuing trend towards miniaturization, combined with an
increase in performance and multifunctionality, is a major
driving force for the exploration of such novel “bottom-up”
approaches. Key requirements of a new nanofabrication
technique are the ability to produce components with nano-
meter precision and the ability to control their assembly
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into functional devices.” In the last few years, many differ-
ent methodologies of nanoparticle synthesis have been re-
ported, covering a wide range of compositions, morpholo-
gies, and structures. Anisotropic structures, which are partic-
ularly promising as modules for nanodevices,””! have been
obtained in the form of nanowires,”® nanotubes,*” or
nanobelts"”! mainly by the so-called vapor-liquid-solid
growth,"! thermal evaporation,'” or template-directed syn-
thesis approaches. In the last case, diverse molecular surfac-
tants are used to control the anisotropic particle
growth.31%) Another promising, but yet much less investi-
gated, approach for the preparation of one-dimensional
(1D) nanostructures is based on the spontaneous self-assem-
bly of preformed, individual, and crystalline nanoparticles.
One of the few examples is the spontaneous organization of
nanoparticles into luminescent CdTe nanowires.'® The
key step in this process was the controlled removal of the
protective shell provided by the organic stabilizer, thiogly-
colic acid, from the nanoparticles. After the formation of a
pearl-necklace aggregate, the linear assemblies recrystallized
into wires. Another example is based on the oriented attach-
ment of preformed quasi-spherical ZnO nanoparticles lead-
ing to the formation of single-crystal nanorods."” Also in or-

3541



CHEMISTRY.

A EUROPEAN JOURNAL

ganic chemistry, the crystallization of dyes® or pr-ala-
nine®! by directed aggregation of colloidal intermediates
was reported, providing a model case for this nonclassical
mesoscopic crystallization process.

The synthesis of titanium oxide (TiO,) nanomaterials is a
particularly attractive objective with respect to applications
in photocatalysis,” photovoltaics,®?¥ photochemical water
splitting,”! and sensing.?® The large surface-to-volume ratio
of anisotropic nanostructures results in a favorable combina-
tion of high specific surface areas with improved conduction
paths, having significant implications for solar energy con-
version and photocatalysis.””! For the synthesis of anisotrop-
ic TiO,, two methodologies have mainly been applied,
namely, surfactant-assisted methods and oriented attach-
ment of TiO, nanocrystals. In the former case, the lateral ex-
pansion of the crystal lattice has to be suppressed to achieve
anisotropic crystal growth, usually by adding a large excess
of surfactant, such as oleic acid.® Oleic acid plays two
roles, namely, as stabilizing solvent and as chemical modifier
to control the hydrolysis rate of the titanium alkoxide pre-
cursor. Better fine-tuning of the growth rate of the different
crystal faces, and thus, control over the shape evolution of
the anatase nanocrystals, has been obtained by the use of
mixtures of surfactants, which selectively bind to different
crystal faces and eliminate high-energy facets.” This
method relies on the fact that the crystal growth is deter-

Abstract in French: Selon les fonctions chimiques présentes
en surface, les nanocristaux d’anatase obtenus sous forme de
nanopoudres ont la propriété de s’auto-organiser en différ-
entes nanostructures apres redispersion dans I’eau. L’assemb-
lage est dirigé par la présence de molécules organiques de
faible masse molaire, adsorbées a la surface des nanoparti-
cules, dont les fonctions chimiques déterminent si 'assemb-
lage s’effectue de facon anisotropique ou non spécifique. Comme
le trizma (HOCH,);CNH, et le sérinol (HOCH,),CHNH,,
les polyalcools aminés présentant des groupes terminaux
chargés induisent préférentiellement la formation de nano-
structures anisotropiques de plusieurs centaines de nano-
metres de long, tandis que les autres types de ligands étudiés
(éthanolamine H,N(CH,),OH, hydroxamate de glycine
H,NCH,CONHOH, dopamine (OH),CsH;(CH,),NH;Cl, tris
(HOCH,);CCHj;) n’aboutissent qu’a un assemblage aléatoire
des nanocristaux. Les données expérimentales supposent que
lassemblage anisotropique est la conséquence d’une désorp-
tion spécifique promue par 'eau des ligands liés aux plans
{001} composant la surface des building blocks et simultané-
ment, d’une adsorption dissociative des molécules d’eau sur
ces plans cristallins. Ces deux effets privilégient I'attachement
orienté des nanoparticules d’oxide de titane selon la direction
[001]. L’utilisation de ligands chargés et polydentés afin de
fonctionnaliser la surface de nanoparticules s’avere étre un
outil complet pour contrdler leurs propriétés de solubilité et
d’organisation a I’échelle nanométrique permettant la fabrica-
tion de nanostructures par une approche bottom-up.
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mined by the different surface energies of the crystal faces,
and the surface energy is either enhanced or reduced by sur-
factant adhesion, using lauric acid (LA) as the surface-selec-
tive surfactant and trioctylphosphine oxide (TOPO) as the
nonselective surfactant. However, anisotropic crystal growth
resulting in the formation of anatase nanorods was only ob-
tained at a Ti-to-LA ratio of less than one, which means
that the selective surfactant was always present in large
excess relative to the amount of Ti atoms on the {001} faces.

Oriented attachment involves spontaneous self-organiza-
tion of adjacent particles, so that they share a common crys-
tallographic orientation, followed by joining of these parti-
cles at a planar interface.®* Penn et al. reported the for-
mation of anisotropic aggregates during hydrothermal treat-
ment of TiO, nanocrystals under acidic conditions by orient-
ed attachment However, hydrothermally induced
assembly processes are difficult to control and a better ap-
proach to controlled assembly behavior might involve the
adsorption of polydentate, low-molecular-weight ligands
onto the surface of the nanoparticles in a crystallographical-
ly selective manner, leading to differentially functionalized
crystal faces. Based on these ideas, we recently reported a
simple strategy to synthesize and assemble functionalized ti-
tania nanoparticles into highly anisotropic nanostructures of
several hundred nanometers in total length.”" The forma-
tion of these pearl-necklace agglomerates was a direct con-
sequence of the two-step procedure, which included the
nonaqueous in situ functionalization process for the prepa-
ration of the titania nanoparticles functionalized with an
aminotrialcohol, and the subsequent assembly of the parti-
cles into anisotropic nanostructures in water by means of
oriented attachment. It is an outstanding feature of this
process that a particularly small amount of the directing
ligand (the “assembler”) not only allows the modification of
the surface, and thus, the control of the assembly, but also
influences the size and shape of the nanoparticles during the
synthesis. The observation that the agglomeration of the par-
ticles occurs mainly along the [001] direction, albeit with
some misorientations, points to the fact that the ligands are
bound or removed in a crystallographically selective
manner, resulting in the stabilization of all exposed crystal
faces except the {001} faces.

Recent work has also shown that nonaqueous synthesis
methods provide a generally applicable tool to obtain sur-
face-functionalized nanoparticles.*>*! For example, synthe-
sis protocols based on the reaction of metal oxide precur-
sors, such as metal halides or metal alkoxides, with benzyl
alcohol allow the preparation of a large variety of
binary®**! and ternary metal oxide nanoparticles,***! with
excellent control over particle size,*"! shape,*? crystallinity,
and surface functionalization.¥! Nanoparticles, for example,
of SnO, and In,0;, obtained by the “benzyl alcohol route”
have already shown their high potential for applications in
gas sensing.*¥

In the present work, fabrication of well-defined nano-
structures, consisting of nanosized building blocks of func-
tionalized anatase, was achieved using the “benzyl alcohol
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route” for the preparation of anatase nanopowders, followed
by redispersion and assembly in water. To elucidate the role
of the functional groups of the “assembler” during the for-
mation of the nanostructures, we systematically investigated
the assembly behavior of the titania nanoparticles and its
dependence on the ligand types attached to the surface of
the particles. The ligands consist of an anchoring part bind-
ing to the titania surface and a terminal group pointing
away from the particle core. We studied three families of li-
gands, with the main focus directed towards the comparison
of unidentate with multidentate ligands and also the com-
parison of charged with uncharged terminal groups. In con-
trast to the surfactant-assisted methods, the assembly pro-
cess, using preformed nanoparticles and a particularly low
concentration of low-molecular-weight “assembler” mole-
cules, bears the advantage of keeping the amount of organic
impurities very low.

Results and Discussion

Different “assemblers” and their influence on the agglomer-
ation behavior of preformed titania nanoparticles were in-
vestigated in detail. The molar ratios were kept constant as
follows (BA=benzyl alcohol): Ti/BA=1/20, Ti/“assem-
bler” =12 and BA/“assembler” =240.

All of the differently functionalized TiO, nanoparticles
were analyzed by X-ray diffraction (XRD). The correspond-
ing powder diffraction patterns are shown in Figure 1. The
diffraction peaks can be assigned to the anatase phase. How-
ever, a small shoulder frequently occurring on the higher
angle side of the anatase (101) peak points to the presence
of small amounts of brookite.*”! All particle sizes discussed
in the following paragraphs were calculated from the (101)
reflection of anatase by using Scherrer’s equation. Although
particle-size determination by peak broadening is just a
rough estimation, the results coincide well with the transmis-
sion electron microscopy (TEM) data. A closer look at the
XRD patterns shows some peculiar features, mainly related
to the relative intensities of the (004) and (200) reflections,
representing the ¢ and a axes, respectively. In the case of the
reference and serinol ((HOCH,),CNH,) samples, the (004)
reflection is notably more intense and sharper than the
(200) peak, pointing to an extended crystalline domain
along the ¢ axis, which is typical for anatase nanoparticles
with a preferred growth in this direction.”® On the other
hand, titania powders synthesized in the presence of tris
((HOCH,);CCH3;), trizma ((HOCH,);CNH,), glycine hy-
droxamate (H,NCH,CONHOH), and ethanolamine (H,N-
(CH,),0OH) exhibit approximately equal intensities for the
(004) and (200) reflections, proving that anisotropic growth
along the c axis is slightly suppressed leading to a less elon-
gated particle shape. This effect is most pronounced in
the sample functionalized with dopamine ((OH),CsH;-
(CH,),NH;Cl), for which the (004) reflection is considerably
less intense than the (200) peak, which is typical for nearly
spherical particles.”

Chem. Eur. J. 2005, 11, 3541 -3551 www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

(101) a axis (200)

c axis (004)

Glycme Hydroxamate

w

Ethanolamine

Serinol (refluxed)

M

Trizma (refluxed)

Relative Intensity

Reference (refluxed)

' \ A Reference
) I 1 I 1 I 1 1 |
0 30 50 60

20 (%)

Figure 1. Powder XRD patterns of the anatase TiO, nanoparticles func-
tionalized with various “assembler” ligand molecules. A Ti-to-“assem-
bler” molar ratio of 12 was used before and after reflux.

To prove that the anisotropic growth can be quantified by
XRD, diffraction patterns calculated from the Debye scat-
tering equation are presented in Figure 2.1%%! Although the
calculations are based on model particles without accounting
for a possible polydispersity of size and shape, such calcula-
tions have proven to be a useful tool in determining the
preferential growth along one crystallographic direction.!'’!
The solid line in Figure 2 represents the calculated pattern
of a spherical nanoparticle with a diameter of 3 nm. In this
case, the (004) diffraction peak centered at 38° is slightly
less intense than the (200) peak at 48°. In the calculated pat-
tern of an anisotropic particle (1.9x1.9x4.8 nm) elongated
along the [001] direction (dotted line in Figure 2), the rela-
tive intensities of the (004) and (200) reflections are oppo-
site to the above, that is, the (004) diffraction peak is sharp-
er and more intense than the (200) peak.

It is important to note that the XRD patterns of all sam-
ples, with the exceptions of the reference, trizma-, and seri-
nol-functionalized titania particles, are similar before and
after the reflux experiment (data not shown). In the cases of
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Figure 2. Diffraction patterns calculated from the Debye scattering equa-
tion for spherical nanoparticles with a diameter of 3 nm (solid line) and
elongated particles (1.9x1.9x4.8 nm) along the [001] direction (dotted
line).

the trizma and serinol samples, the intensity of the (004) re-
flection is considerably decreased after reflux, relative to
the (200) reflection (Figure 1, trizma (refluxed), serinol (re-
fluxed)). This is rather surprising, because one would expect
that the fusion of the nanoparticles in the [001] direction, as
observed by using high-resolution TEM (HRTEM, see
below), should lead to an increase in intensity of the (004)
reflection. This observation of decreased intensity points to
the fact that the assembly of the nanoparticles during reflux
incorporates many lattice defects, particularly in the stacking
direction along the ¢ axis. These defects result in a broaden-
ing of the (001) reflections, and higher order reflections, such
as the (004) peak, are particularly affected. In the case of
the refluxed reference experiment, this effect is less pro-

nounced, as the elongated primary particles aggregate in
various directions (see HRTEM results below).

HRTEM was performed to evaluate the stability, shape,
size, and degree of agglomeration of the nanoparticles de-
pending on the type of ligand. The TEM image for the refer-
ence experiment without any additional “assembler” (Fig-
ure 3a) shows that the as-synthesized anatase nanocrystal-
lites exhibit a slightly elongated shape, which is further con-
firmed by HRTEM measurements (Figure 3b). The particles
are oriented along the [100] direction, that is, the a axis is
perpendicular to the copper grid. Figures 3a and b reveal
that the growth of the nanocrystals occurs along the ¢ axis
of the anatase lattice. This observation is in agreement with
the experimental and calculated powder X-ray diffraction
patterns. According to the presence of single spots in the
power spectrum (square of the Fourier transform of the
HRTEM image, Figure 3c), the lattice fringes exhibit no
visible defects. The anisotropic crystal growth is governed
by benzyl alcohol (BA). BA acts like a shape controller and
favors the growth kinetics of TiO, nanoparticles in one di-
rection (along the ¢ axis) by preferential adsorption onto
the {101} faces. Refluxing in water only leads apparently to
uncontrolled aggregation of nanoparticles (Figure 3d), pre-
sumably due to unspecific desorption of the BA molecules
from the surfaces of the nanoparticles. However, it was
found that oriented attachment along the [010] and [001] di-
rections generates porous superstructures, which are some-
times perfectly aligned with respect to the vectorial organi-
zation of the single-crystal coordinate system (Figure 3e).
The presence of single spots in the power spectrum (Fig-
ure 3f) of such a porous assembly gives further evidence of
a single crystal, that is, the vectorial alignment is perfect.

Based on this observation, the influence of tris and trizma
on the agglomeration behavior of the anatase nanosized
building blocks was examined. Tris and trizma differ only in
the presence of a methyl or an amine function (see insets of
Figures 4a and d, respectively). Tris is commonly used in the
synthesis of tridentate metal alkoxide complexes,**! and
trizma is used as a buffer for cell and tissue culture,*! but

Figure 3. a) TEM image of the reference experiment (without any additional “assembler”) before reflux (scale bar=>50 nm); b) HRTEM of slightly elon-
gated nanocrystallites (scale bar=5 nm) and c) its corresponding power spectrum; d) TEM image of the reference experiment after reflux (scale bar=
50 nm); e) HRTEM image of the reference experiment after reflux (scale bar=>5 nm) and f) its corresponding power spectrum.
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Figure 4. TEM and HRTEM images of functionalized titania nanoparticle
assemblies: tris experiment a) before, and b) and c) after reflux; trizma
experiment d) before and e) after reflux. The insets show schematics of
the corresponding functionalizing molecules. All scale bars correspond to
50 nm, except c), in which the scale bar is 5 nm.

they are rarely used for the functionalization of nanoparti-
cles. The tris ligand probably plays an important role in the
formation of iron oxide microplatelets consisting of perfectly
aligned hematite nanoparticles.™”!

In the presence of tris, the as-synthesized nanoparticles
are smaller, with an approximate size of 2.8 nm, and less ag-
glomerated relative to the reference experiment (Figure 4a).
Because tris, as a polydentate ligand, binds more strongly to
titania than benzyl alcohol, the anisotropic growth is almost
completely inhibited, yielding nearly spherical nanoparticles.
However, upon refluxing, the tris-functionalized nanoparti-
cles form irregularly shaped agglomerates (Figure 4b) com-
posed of randomly oriented nanocrystals (Figure 4c).

The nanoparticles obtained in the presence of trizma ex-
hibit similar crystallite size and shape to those obtained by
tris-functionalization, but the as-synthesized particles al-
ready show anisotropic agglomeration behavior resulting in
the formation of short nanorods (Figure 4d). This effect is
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enhanced during the reflux procedure in water. The particles
assemble into highly anisotropic nanostructures, composed
of a continuous string of precisely ordered nanoparticles
(Figure 4e). Considering an average particle size of about
3 nm, hundreds of nanoparticles are involved in the forma-
tion of these well-defined structures.® The diameter (about
3-6 nm) of the whole chain is quite uniform throughout, in-
dicating that the nanostructure is best described as one
single chain of coalesced primary particles. Some of the
chains contain forks that result in the formation of branched
and more complex architectures. This infrequent occurrence
of branching events underlines that, in a few cases, crystal
faces other than {001} can also participate in vectorial aggre-
gation.

The presence of the free terminal amine function on the
trizma-functionalized nanoparticles determines the solubility
properties of the powder. Figure 5 shows trizma-functional-
ized titania nanoparticles dispersed in water and chloroform
(Figures 5a and b, respectively) without reflux. In the case

o

Figure 5. TEM images of as-synthesized trizma-functionalized titania
nanoparticles a) dispersed in water and b) dispersed in chloroform. Scale
bars =50 nm.

of water, the particles immediately start to agglomerate in
an anisotropic fashion forming pearl-necklace structures.
The particles are just loosely connected with each other;
however, initial branching events are already occurring.
After one day of reflux, the nanostructures are longer,
better defined, and the surface is smoother due to a better
orientation of the primary particles in the pseudo-monocrys-
tals. In chloroform, the titania nanoparticles form large, un-
specific agglomerates. The amine functions on the surface of
the particles evidently stabilize the particles in water but not
in chloroform. The fast formation of rodlike structures in
water, even at room temperature, further highlights the im-
portant role of the interplay between water and the “assem-
bler”.

To test if the presence of three hydroxymethyl groups,
that is, a tripodal ligand, is a crucial prerequisite for an ef-
fective “assembler”, we also investigated the influence of
serinol and ethanolamine on the aggregation process. These
two candidates only differ in their number of hydroxymethyl
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arms, two in the serinol molecule and one in the ethanol-
amine molecule (see inset of Figures 6a and d, respectively).
The as-synthesized nanoparticles obtained in the presence
of serinol are short isolated rods composed of smaller pri-
mary particles with an average crystallite size of 3 nm (Fig-
ure 6a). The anisotropic shape of the nanocrystals is in
agreement with the experimental and calculated powder X-
ray diffraction patterns. After reflux, the serinol-functional-
ized nanoparticles assemble into isolated anisotropic nano-
structures (Figure 6b), in addition to larger, apparently less-
defined, aggregates. As in the case of trizma, these nano-
structures exhibit monocrystal-like lattice fringes (Fig-
ure 6¢), and they are formed by oriented attachment of the
functionalized primary nanocrystals along the [001] direc-
tion. The ethanolamine-functionalized nanoparticles behave
differently. Undefined agglomerates are found in the as-syn-
thesized product (Figure 6d) as well as in the refluxed speci-
mens (Figure 6e).

Figure 6. TEM and HRTEM images of functionalized-titania nanoparti-
cle assemblies: serinol experiment a) before, and b) and c) after reflux;
ethanolamine experiment d) before and e) after reflux. The insets show
schematics of the corresponding functionalizing molecules. All scale bars
correspond to 50 nm, except c), in which the scale bar is 5 nm.
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Although serinol, as in the case of trizma, exhibits the
ability to induce the anisotropic organization of preformed
titania nanoparticles, the obtained nanostructures are less
defined, generally shorter, and frequently mixed with larger,
undefined agglomerates. Ethanolamine, with one —OH and
one —NH, group, is not able to act as an “assembler”, prob-
ably due to the fact that both chemical functions can bind to
the titania surface. Consequently, at least two alcohol and
one amine functions are necessary to provide stability in hot
water and to induce oriented attachment.

To gain further information about the adsorption of the
trizma to the particle surface, X-ray photoelectron spectros-
copy (XPS) and Raman measurements were performed.
XPS is usually employed for the analysis of thin film and
bulk materials and has rarely been applied to the surface
characterization of nanoparticles. Nevertheless, it is a power-
ful method and generated some surprising results in this
case. Figures 7 (left-to-right) depicts the N'1s, Cls, and O1s
regions of the XP spectra of as-synthesized trizma-function-
alized titania nanoparticles in comparison to nanoparticles
that were obtained using benzyl alcohol only. The atomic
ratios of the detected elements are summarized in Table 1.

The N1s spectrum (Figure 7, left) of trizma-functionalized
titania clearly proves that trizma is adsorbed on the surface
of the titania nanoparticles. It is split into two components.
The peak at 399.4 eV can be assigned to the amine function
(—NH,), whereas that at 401.4 eV is characteristic of the am-
monium group (—NH;*).FY The corresponding peak areas
yield a NH;*-to-NH, ratio of 1.6 after exposure to the X-
ray beam for 120 min. These results indicate that in addition
to the protonated amine function, which stabilizes the nano-
particles in protic solvents, a significant amount of amine
(~40%) is also present at the nanoparticle surface.

The Cls (Figure 7, middle) and O1s (Figure 7, right) XP
spectra confirm the presence of trizma on the surface, in ad-
dition to benzyl alcohol. The Cls spectrum of trizma-func-
tionalized titania (Figure 7, middle, trizma) can be described
using three peak functions centered at 284.2, 284.6, and
286.1 eV. They can be assigned to aromatic carbon, aliphatic
carbon, and oxygen-bound carbon (C—OH), respective-
1y’ In contrast, the spectrum of titania obtained in
benzyl alcohol without any additional “assembler” (Figure 7,
middle, BA) shows two main peaks at 284.2 and 286.1 eV
(aromatic carbon and C—OH, respectively), but only a small
contribution of aliphatic carbon (284.6 eV). The area of the
peak associated with oxygen-bound carbon (286.1 eV) in-
creases when trizma is added. Quantitatively, based on the
peak areas, an increase in oxygen-bound carbon by a factor
of 4.4 is observed. Considering the proportions of benzyl al-
cohol (obtained from the C-to-C—OH ratio in the reference
sample) and C—NH, bond (which has a similar binding
energy), a trizma-to-BA ratio of 0.75 on the nanoparticle
surface is calculated. The aliphatic carbon signal is assigned
to contributions from trizma and hydrocarbon impurities
due to air exposure.

The O1s spectra can be described by three peak functions
centered at 530, 531.3, and 532.9 eV (Figure 7, right). They
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Figure 7. N 1s (left), C1s (middle), and O 1s (right) spectra of trizma-functionalized titania (trizma) and reference experiment (BA), together with the re-
sults from the peak-fitting procedure (solid lines). The spectra of the trizma sample are offset for clarity.

Table 1. Atomic ratios [%] of the detected elements as obtained from
the XPS analyses of trizma-functionalized titania (trizma) and the refer-
ence experiment (BA).

Cls N1ls Ols Nals Cl2p Ti2p
trizma 39.08 112 39.07 1.89 3.23 15.61
BA 22.58 0.00 50.66 2.44 3.11 21.20

can be assigned to bulk oxygen in TiO,, oxygen in surface
hydroxy groups, and oxygen in adsorbed water, respective-
ly.”4 In the presence of trizma, an increase in the peak in-
tensities of oxygen in hydroxyl groups (20%) and in water
(120%) is observed. These results confirm the bonding of
trizma to the surface. The adsorbed trizma renders the sur-
face of the titania nanoparticles more hydrophilic, leading
also to an increase in the amount of water on the nanoparti-
cle surface. Furthermore, this enhanced hydrophilicity re-
sults in good stabilization of the nanoparticles in protic sol-
vents.

These XPS results were confirmed by Raman spectrosco-
py (data not shown). Trizma-functionalized titania, as well
as titania nanoparticles synthesized without any additional
ligands, exhibit strong Raman bands at 1003, 1211, 1586,
1608, and 3064 cm™!, due to the benzyl group.®? In the pres-
ence of adsorbed trizma, an additional band appears at
1118 cm™!, which can be assigned to aliphatic C—C stretch-
ing.P?

To learn more about the molecular parameters that con-
trol the assembly process, other bidentate ligands with ter-

Chem. Eur. J. 2005, 11, 3541 -3551 www.chemeurj.org

minal amino groups, such as dopamine and glycine hydroxa-
mate, were investigated. It has been reported that enediol li-
gands bind to transition-metal oxides by covalent linkages
of one metal atom per enediol function, providing a simple
means of modifying the surface and physical properties of
the nanoparticles with specific terminal functional
groups.*3>*l The use of dopamine and glycine hydroxa-
mate potentially enables functionalization of the titania
nanoparticles with ligands characterized by an amine func-
tion as the stabilizing terminal group and a strong anchoring
part responsible for binding to the particle surface. The
TEM image of the as-synthesized sample shows well-dis-
persed and spherical nanoparticles (Figure 8a) with an aver-
age crystallite size of 2.5 nm. The isotropic growth of the
crystals is also confirmed by the experimental and calculated
powder X-ray diffraction patterns. In the case of glycine hy-
droxamate, the TEM image reveals similarly well-dispersed
nanoparticles (Figure 8d) with an average crystallite size of
3 nm. Both surface modifiers provide considerable stabiliza-
tion of the nanoparticles in water by electrostatic repulsion
of the amino groups.

After refluxing, the red solution of the dopamine-func-
tionalized particles turned brown and cloudy. The TEM
image (Figure 8b) reveals the presence of small, isolated
particles in addition to larger, undefined agglomerates con-
sisting of randomly attached nanocrystals (Figure 8c). On
the other hand, glycine hydroxamate functionalized nano-
particles form larger, but better stabilized assemblies (Fig-
ure 8e). In spite of the strong binding of the chelates to the
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Figure 8. TEM and HRTEM images of functionalized-titania nanoparti-
cle assemblies: dopamine experiment a) before, and b) and c) after
reflux; glycine hydroxamate experiment d) before and e) after reflux.
The insets show schematics of the corresponding functionalizing mole-
cules. All scale bars correspond to 50 nm except c), in which the scale bar
is 5 nm.

particle surface, combined with the presence of the terminal
amino function, the reflux experiment does not result in the
formation of well-defined nanostructures, unlike the case of
trizma. This is probably due to the fact that in these cases
the particle surfaces are less covered (see below) and less
protected, as compared to trizma, and, thus, destabilization
is mainly induced by desorption of the large amount of BA
molecules from the particle surface.

For the surface-coverage calculation, we have to make
some assumptions regarding the binding mode of the differ-
ent ligands to the titania nanoparticles. Usually, chelating li-
gands bind to the titania surface by the so-called bridge
bonding mode, that is, each OH group is coordinated to one
titanium atom.’*> Investigations of the binding modes of
polypodal alcohols on metal oxide surfaces are scarce and in
the case of titania mainly restricted to the rutile phase.”™
However, it is reasonable to assume that trizma can coordi-
nate three titanium atoms, by either three OH groups or
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one NH, and two OH groups. The two OH functions of seri-
nol are expected to coordinate two titanium centers, where-
as dopamine and glycine hydroxamate bind only to one tita-
nium atom. Rajh et al.” reported that the molar concentra-
tion of the titania surface sites ([Tig,]) can be calculated as
follows: [Tig] =[TiO,] x 12.5/d, with [TiO,] being the molar
concentration of titania and d being the diameter of the par-
ticles in angstroms. With an applied Ti-to-ligand ratio of
only 12, and assuming that all TiCl, molecules are trans-
formed into TiO, molecules, and all ligand molecules are
linked by the proposed binding modes to titania nanoparti-
cles (taking a mean particle diameter of 30 A), the coverage
of the particles is approximately 20 % for dopamine and gly-
cine hydroxamate, 40 % for serinol, and 60 % for trizma.

The ligand functionality of trizma and serinol represents a
useful tool to cover and protect the particle surfaces very ef-
ficiently, whereas dopamine and glycine hydroxamate pro-
vide the lowest surface coverage. In the last two cases, there
is a large amount of BA adsorbed on the particles, leading
to uncontrolled agglomeration upon refluxing. Even though
the relationship between surface coverage and agglomera-
tion behavior in water is based on simple assumptions, the
results obtained give a good explanation for the difference
in agglomeration behavior of the various ligands in terms of
ligand functionality.

In addition to the solubility and stability properties in hot
water, anisotropic reactivity of the nanosized building
blocks is evidently required for the formation of pseudo-1D
nanostructures. In this context, two possibilities have to be
considered, involving either selective binding of the “assem-
bler” molecules to specific crystal faces or selective desorp-
tion of “assembler” molecules from specific crystal faces. It
is reasonable to believe that the formation of anisotropic as-
semblies is not based on the selective binding of “assem-
blers”. The basis for this assumption is that all the applied
“assemblers” (except serinol) lead to the formation of more
spherical particles with respect to the reference experiment.
Without “assemblers”, the as-synthesized particles are elon-
gated along the [001] axis of the anatase lattice. In the pres-
ence of “assembler” molecules, the particles are nearly
spherical, giving evidence that the “assembler” molecules
bind nonspecifically to all crystal faces, and, thus, inhibit the
anisotropic crystal growth. Consequently, the anisotropic as-
sembly has to be induced by the selective removal of the
protective shell of organic stabilizers from specific crystal
faces to enhance the nanoparticles’ reactivity towards ori-
ented coalescence. Assuming that the “assemblers” stabilize
all crystal faces of the building blocks, the {001} face must
have some specific chemical features to allow selective de-
sorption. For this reason, a detailed examination of the crys-
tal structure and the relative surface energies of the crystal
faces is necessary. Anatase has a tetragonal structure (the ¢
axis being 2.7 times the a axis) and has been shown to nucle-
ate as truncated bipyramidal seeds,”® exposing eight equiva-
lent {101} and two equivalent {001} faces. According to
Donnay and Harker rules,®™ the surface free energy of the
{001} faces is ~1.4 times larger than that of the {101} faces.
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This lower stability is an important feature on the pathway
to the oriented attachment of titania nanosized building
blocks in a crystallographically controlled manner. Based on
the geometrical construction shown in Figure 9b, it is possi-
ble to provide a simple scheme to visualize the morphology
of the primary particles (Figure 9a) as well as the assembly
process (Figures 9¢c and d).

Salacte dusorp‘m '::—
(001) hydralysis

ﬁ

Figure 9. a) HRTEM image of a trizma-functionalized titania nanoparti-
cle (scale bar=2 nm). b) The equilibrium shape of a TiO, crystal in the
anatase phase according to the Wulff construction. ¢c) HRTEM image of
a trizma-functionalized titania nanoparticle assembly (scale bar=35 nm).
d) Proposed formation mechanism from the building blocks to the aniso-
tropic nanostructure.

K“ =Trizma

Q =8enzyl aloohol

The important role of water in the formation of anisotrop-
ic nanostructures has been highlighted here. Water seems to
play two roles, namely, separation of the building blocks in a
polar medium and replacement of the stabilizers on the
{001} faces, enhancing the anisotropy of aggregation. Theo-
retical calculations indicated a significant difference in the
adsorption of water on the {101} and {001} faces. Water ad-
sorbs molecularly on the (101) surface and dissociates on
the (001) surface.!” H,O dissociative adsorption induces the
presence of hydroxyl groups on the (001) plane, which pro-
vide a potential reactive site for particle attachment. It is
reasonable to assume that anisotropic organization of the
nanoparticles is initiated by a decrease in the amount of sta-
bilizers on the (001) plane and by the activation of the OH
groups on this plane. The aggregation/fusion process is then
given by, first, a removal of high-surface-energy planes and,
second, by the removal of solvents and the formation of
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chemical bonds by OH-condensation at the interface be-
tween primary particles.”

Conclusion

In this work we present detailed investigations on the as-
sembly properties of preformed TiO, nanopowders in terms
of their dependence on ligand functionality. A systematic
variation of the organic “assembler” molecules bound to the
surface of the anatase nanocrystals shows that four parame-
ters play a particularly important role: 1)the type and
number of “assembler” functional groups, 2)the surface
coverage of the nanoparticles by the “assembler”, 3) the sur-
face energy of the anatase crystal faces, and 4) the surface
reactivity of the different crystal faces towards water.

As the examples of trizma and serinol show, surface func-
tionalization by means of polyalcohols with terminal amino
groups results in the formation of anisotropic nanostruc-
tures. As tris-functionalized nanoparticles do not assemble
anisotropically, the additional functionality provided by the
amino group is clearly the key to providing sufficient stabili-
zation for a controlled process. However, the presence of an
amino group alone is not enough to induce anisotropic parti-
cle arrangement, the other prerequisite is good surface cov-
erage of the nanoparticulate building blocks. Therefore,
dopamine and glycine hydroxamate, with their low coverage
of particle surface, are not able to induce nanowire forma-
tion in spite of their amino groups. These organic species
even prevent any kind of oriented attachment and just allow
the formation of random assemblies upon reflux. This obser-
vation is in agreement with previous reports, in which organ-
ic additives such as glycine, acetic acid, and adipic acid sup-
pressed the hydrothermal coarsening of titania nanocrystals
by oriented attachment.®™ On the other hand, it is notable
that oriented attachment also occurs in the reference sample
without any “assembler” during reflux. In this case, howev-
er, particles fuse in all directions generating porous crystal-
line superstructures. In addition to the role of the “assem-
blers”, the peculiar features of the anatase crystal structure
are also relevant. It is, ultimately, the increased reactivity of
the titania {001} faces that allows trizma and serinol to act
successfully as assembling agents.

Another important aspect of this work is the evaluation
and comparison of X-ray diffraction and HRTEM results. It
is found that, although in HRTEM the particles are identi-
fied as perfectly vectorially aligned, XRD peaks of higher
order crystal planes perpendicular to the fiber direction are
weakened and less defined. This is attributed to lattice de-
fects that are presumably typical for the special mode of
nanofiber growth by particle alignment. It has to be checked
with other systems undergoing controlled alignment whether
this criterion can be used to identify this special mode of
crystallization.

In addition, we are able to show that XPS can be em-
ployed to gain information about the different organic spe-
cies attached to the surface of the nanoparticles, their rela-
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tive ratio, and even about the functional groups that are in-
volved in the binding. Therefore, it will be possible to ex-
plain the different efficiencies of various potential “assem-
bler” molecules with sometimes very similar chemical struc-
tures.

To conclude, the synthesis of powders consisting of nano-
particles, which have their assembly behavior already encod-
ed by functional molecules on their surfaces, would be an
immense step forward toward the controlled, bottom-up fab-
rication of well-defined nanostructures. In this work we
highlighted some novel, but crucial, aspects and principal
physicochemical phenomena occurring on the long way to
self-organization of individual nanoparticle components into
nanodevices.

Experimental Section

Materials: Titanium(1v) chloride (TiCly, 99.9 %), anhydrous benzyl alco-
hol (BA, 99.8%), 1,1,1-tris(hydroxymethyl)ethane (tris, 99 %), 2-amino-
2-(hydroxymethyl)-1,3-propanediol (trizma, 99.9%), 3-hydroxytyramine
hydrochloride (dopamine, 98%), glycine hydroxamate (>90%), 2-
amino-1,3-propanediol (serinol, 98 %), ethanolamine (99.5%), and the
solvents (analytical grade) were purchased from Sigma-Aldrich. All
chemicals were used without further purification.

Synthesis of functionalized TiO, nanocrystals: In a typical synthesis, the
ligand (0.38 mmol, i.e., Ti-to-ligand molar ratio of 12) was dispersed in
benzyl alcohol (10 mL). The ligands used were tris, trizma, dopamine,
glycine hydroxamate, serinol, and ethanolamine. In the next step, TiCl,
(0.5 mL, 4.55 mmol) was slowly added to the benzyl alcohol and ligand
mixture under vigorous stirring at room temperature. The vial was sealed
and the mixture was heated to 80°C under continuous stirring. The aging
time was 24 h. The resulting suspension was centrifuged and the precipi-
tate was thoroughly washed twice with chloroform. After each washing
step, the solvent was removed by centrifugation. The collected material
was left to dry in air at 60°C and finally ground into a fine powder.

Synthesis of anisotropic TiO, nanostructures: For the assembly process,
the functionalized titania nanoparticles (65 mg) were dispersed in distil-
led water (12.5 mL) and refluxed for 24 h under stirring.

Characterization: The powder X-ray diffraction diagrams of all samples
were measured in reflection mode (Cug, radiation) on a Bruker D8 dif-
fractometer equipped with a scintillation counter. XRD patterns were
obtained in the 20 range of 20-60° by step scanning with a step size of
0.01°. Transmission electron microscopy investigations were performed
either on an Omega 912 (Carl Zeiss) microscope, operated at 100 kV
(TEM), or on a Philips CM200 FEG microscope, operated at 200 kV
(HRTEM). For the functionalized TiO, nanocrystals, the fine powders
were dispersed in ethanol and one drop of this dispersion was deposited
on a TEM grid. Refluxed TiO, dispersions were further diluted with
water and one drop was deposited on a TEM grid, supported by filter
paper for fast drying. X-ray photoelectron spectroscopy measurements
were carried out by using a modified LHS/SPECS EA200 MCD system
equipped with a Mg, source (1253.6 eV, 168 W). The pass energy of the
analyzer was fixed to 48 eV. The binding energy scale of the system was
calibrated with foil samples of Au (4f,,=84.0eV) and Cu (2ps;,=
932.67 eV). The functionalized TiO, powder samples were mounted on a
stainless steel sample holder. The base pressure of the UHV chamber
was 1x 107" mbar. All binding energies were referenced to the O 1s peak
of the oxygen component of anatase TiO, at 530.0 eV.'¥ The shifts in
binding energy due to charging effects amounted to 1.63 and 1.27 eV for
trizma-functionalized titania and titania obtained by using only benzyl al-
cohol, respectively. The spectra were normalized to yield the same Ti in-
tensity. Quantitative data analysis was performed by subtracting a step-
ped background and using empirical cross sections.’! For Raman spec-
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troscopy, the spectrometer (LabRam, Jobin Yvon) was equipped with a
HeNe laser (632.8 nm). The laser was operated at a power level of
10 mW measured at the position of the sample. The spectral resolution of
the spectrometer was 1 cm™'. Sampling times varied between 500-1000 s.
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