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Benzylamines as Versatile Agents for the One-Pot Synthesis and Highly
Ordered Stacking of Anatase Nanoplatelets
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The simple reaction of titanium isopropoxide in benzylamine
is shown to lead to remarkably complex, highly ordered hy-
brid structures. These structures consist of anatase nano-
platelets that were stacked in a lamellar fashion with a small
organic layer in between. By careful characterization of these
structures, we show that indeed solely the benzylamine sol-
vent is present in the organic moiety between the nanocrys-

Introduction

Hybrid organic–inorganic materials are one of the hott-
est topics in research today, and one struggles to combine
the advantages of organic and inorganic components of the
material whilst eliminating their limitations.[1,2] Although
also macroscopic composites have proven their advan-
tageous properties to mankind,[2] the full potential of hy-
brid materials is unfolded in nanocomposites, where the
interface of chemistry and physics come to play a dominant
role.[3] These materials can exhibit a multitude of structures,
ranging from inorganic clusters or nanoparticles embedded
in organic polymers[4,5] to organically modified inorganic
materials such as ORMOSILs (organically modified sil-
icas).[6] Sol–gel strategies are an ideal means for the con-
trolled synthesis of such structures, and a lot of effort has
been invested in their molecular design.[7] Especially, the or-
ganic modification of metal–oxido clusters has been shown
to provide high versatility for the synthesis of hybrid materi-
als of many metal oxides.[8]

The synthetic strategies of such hybrids often involve sev-
eral reaction and purification steps to achieve good control
of the structure and composition of the forming material.
Still, when going beyond the cluster length scale, control of
size and shape, especially of the inorganic component, re-
mains challenging. The rational design of even simple metal
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tals, which thereby provides both shape control and align-
ment of the inorganic crystals. The solvent also plays a cen-
tral role during the anatase formation itself; hence, it enacts
control on the forming materials on a multitude of levels.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

oxide nanoparticles, for example, is not yet possible, al-
though complete avoidance of water in the reaction systems
has led to much progress in that respect.[9,10] This nonaque-
ous strategy offers the great advantage that very simple re-
action systems can be used, even in the absence of any sur-
factant, as the solvent also fulfills the role of a growth-con-
trolling agent. This renders nonaqueous processes highly
suitable for syntheses on larger scales,[11,12] but also consti-
tutes a big advantage for performing mechanistic studies.[13]

It has turned out that the role of the organic species in the
system can be manifold, providing not only size and shape
control but also contributing to the particle formation itself
and to the stabilization of the formed nanostructures. In
special systems, the organic species interact with each other,
and thus help to assemble the inorganic crystals into ex-
tended hybrid composite materials. In these cases, it is even
possible to create nanocomposites in a one-pot process, as
we have recently shown for lamellar hybrid yttria–benzoate
nanostructures.[14] Yttrium isopropoxide was treated with
benzyl alcohol at elevated temperatures to result in particles
consisting of alternating layers of yttria and benzoate spe-
cies that were bound to the yttria surface and stacked to-
gether through π–π interactions. Pinna et al. showed that
this approach is a quite general possibility for the facile
synthesis of highly ordered layered nanocomposites con-
taining lanthanide oxides.[15,16] Interestingly, in the benzyl
alcohol solvent only the reaction of the rare-earth alkoxides
can produce such nanocomposites, whereas the use of other
transition-metal alkoxides generally results in highly crys-
talline nanoparticles.[17] Here, we show that by switching to
benzylamines as solvents, nanocomposites can be obtained
simply by the solvothermal treatment of titanium isopro-
poxide. The formed hybrid structures consist of elongated
nanoplatelets that are arranged in a lamellar, highly ordered
fashion. In order to investigate the role of the solvent in the
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formation of these structures, the obtained products were
characterized in detail and possible formation mechanisms
are given.

Results and Discussion

We have investigated the synthesis of titania nanopar-
ticles from common titania precursors in a nonaqueous re-
gime quite intensively by employing benzyl alcohol[18,19]

and also aprotic solvents as reaction media.[20] Similar to
these systems, the analogous reaction of titanium tetraiso-
propoxide in benzylamine, when used in a molar ratio of
1:50, yielded slightly yellow or greenish milky suspensions.
After washing and drying, yellow powders were obtained
that appeared rather soft and fluffy and, thus, not like a
typical metal oxide powder. The samples were characterized
by powder X-ray diffraction (XRD). The highest ordering
was obtained when the solvothermal treatment was per-
formed at 200 °C for 3 d. A typical diffractogram is pre-
sented in Figure 1,a. The dominant low-angle reflection at
2θ = 7.3° proves the presence of a highly ordered lamellar
structure, representing the 100 reflection of the lamellae. Its
position corresponds to a d spacing of 1.2 nm. A second-
order peak is visible at 14.1°. The signals at larger angles
correspond to the crystal structure of the inorganic material
(shown in higher magnification in Figure 1,a*). Most of the
other visible peaks correspond to the anatase phase of
TiO2. The peaks, however, are rather broad, pointing
towards the presence of small crystallites, except for the 200
reflection found at 2θ = 48.3°. This indicates that the nano-
crystals possess strongly anisotropic morphology, with sub-
stantially enhanced growth in the [200] direction. Growth
along the c axis of the anatase lattice, however, appears di-
minished, as the 004 reflection is strongly decreased, espe-
cially in comparison to the neighboring 112 reflection. The
reflection marked r cannot be assigned to anatase and prob-
ably stems from a small amount of rutile present in the
sample. To investigate the effects of the solvent, we per-
formed the analogous reaction in m-xylylenediamine [(3-
aminomethyl)benzylamine]. A similar product was ob-
tained, the XRD plot of which is presented in Figure 1,b.
Again, highly ordered structures were found, but the main
small-angle reflection was slightly shifted to 2θ = 6.3°, cor-
responding to a d spacing of 1.4 nm. The large-angle ana-

Figure 2. TEM images of the nanocomposite obtained in benzylamine under various magnifications (a, b).
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tase signals are quite similar to the benzylamine sample,
with a slightly lower intensity of the 200 signal, which indi-
cates a smaller size of the obtained nanocrystals along their
[200] direction.

Figure 1. XRD graphs of a nanocomposite obtained from solvo-
thermal treatment of Ti(OiPr)4 in benzylamine (a) and m-xylylene-
diamine (b); wide-angle region of the benzylamine sample under
higher magnification (a*).

Transmission electron microscopy (TEM) images of the
sample prepared in benzylamine are presented in Figure 2
at various magnifications. The images indicate the presence
of nanoplatelets that are tightly stacked, forming large ag-
gregates several hundred nanometers in size. The stacking
is highly regular, with the nanoplatelets additionally being
arranged to form extensive layers in their equatorial direc-
tion. To further investigate the structure of these aggregates
and to prove the platelet-like morphology of the individual
nanocrystals, an image under higher magnification is shown
in Figure 3,a. On the right side of the image, the nanoplate-
lets are visible frontally, and they are about 25–30 nm in

Figure 3. TEM images of the sample obtained in benzylamine at
higher magnification (a) and after extensive washing and ultra-
sonication treatment (b).



G. Garnweitner, N. Tsedev, H. Dierke, M. NiederbergerFULL PAPER
size and circular to ellipsoidal in shape. In the cone-like
structure on the lower left of the micrograph, however,
clearly a lamellar structure is visible, consisting of dark lay-
ers alternating with light organic layers. Obviously, in this
region the platelets are oriented parallel to the viewing di-
rection. The dark layers (and, thus, the nanoplatelets) are
about 0.7 nm thick and separated by organic light-contrast
layers that are 0.6 nm thick, resulting in a d spacing of
1.3 nm, which is in good agreement to the d spacing of the
lamellae of 1.2 nm as obtained by XRD. We thus infer that
the nanoplatelets are stacked to agglomerates about 20–
50 nm in thickness; however, they laterally extend over sev-
eral hundred nanometers. Within the sample, these stacks
are randomly oriented with respect to each other.

We propose that the formation of anatase nanoplatelets,
in contrast to the bigger and spherical nanoparticles that
were obtained in other solvents,[20] is a result of strong
binding of the benzylamine (or m-xylylenediamine) solvent
to the (001) surface of the nanocrystals, which thereby pre-
vents further growth in the [001] direction. Such selectivity
has been observed for anatase also with other organic spe-
cies such as Trizma or oleic acid; however, it is highly inter-
esting to note that in these cases, growth/agglomeration in
the [001] direction was in fact enhanced over the other crys-
tal faces either by surface-selective desorption (Trizma) or
by surface-selective capping (oleic acid).[21,22] Examples of
the influence of the crystal face-specific capping agents on
the morphology of nanostructures during their liquid-phase
synthesis have abounded in the last decade,[9,23] proving that
in many cases selective binding of small organic molecules
with specific functional groups can result in the directed
growth of inorganic nanorods or nanoplatelets.[24]

As the solvent molecules preferentially bind to the (001)
crystal face, the nanoplatelets are not stabilized against ag-
glomeration on their other faces. Thus, they assemble lat-
erally to form extensive sheet-like structures as visible in
the TEM pictures. The organic layers between these stacked
sheets appear quite thin, pointing towards the presence of
small organic species in those layers. In contrast, the “glue”
between the sheets of anatase is remarkably stable, and it
was not possible to separate the anatase sheets even by ap-
plying extensive ultrasonication and washing treatments in
various solvents (Figure 3,b displays a sample after exten-
sive washing and ultrasonication in toluene, showing similar
agglomerated layered structures as were observed initially).

Figure 4. TEM micrographs of the sample obtained in m-xylylene-
diamine under various magnifications (a, b).
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TEM images of the sample prepared in m-xylylenediamine
are shown in Figure 4. Interestingly, the morphology is
rather different in this case, as structures only about 100 nm
in size are present that possess prism-like shape. It is clearly
visible that these structures are also composed of stacked
platelets with similar thickness to that observed in the case
of benzylamine, but obviously, the assembly of the platelets
in their plane direction is much less pronounced here. As-
suming the presence of solvent molecules between the inor-
ganic layers, a slightly higher organic layer thickness can be
expected in this case, which is in good agreement to the
larger d spacing observed in the XRD measurement.

Thermal analysis of the obtained nanocomposites was
performed to obtain quantitative information about their
composition and stability. Figure 5 presents the TGA data
obtained by heating the dried products from benzylamine
(a) and m-xylylenediamine (c) at a low heating rate of
5 °Cmin–1 up to 950 °C under an atmosphere of nitrogen.
Additionally, the decomposition behavior of the benzyl-
amine sample under an atmosphere of oxygen is shown (b).
Interestingly, the sample prepared in m-xylylenediamine
contains about 10 wt.-% more organics than the benzyl-
amine sample. Both samples exhibit only a small weight
loss of 5% up to 150 °C, pointing to a small amount of
adsorbed solvents and moisture. The main decomposition
step occurs between 150 and 450 °C and is attributed to the
desorption and decomposition of benzylamine present on
the surface of the aggregates and individual nanocrystals.
This decomposition step is much more pronounced for the
m-xylylenediamine sample, which is consistent with the
presence of smaller agglomerates as observed for this sam-
ple by TEM. However, above this temperature and even at
900 °C there is a substantial further weight loss, which is
attributed to the formation of amorphous carbon from the
organic matter intercalated between the anatase layers of
the nanostructure that decomposes only at temperatures
above 800 °C. Therefore, the remarkably high temperatures
required for full decomposition of the organic matter is a
strong indication for the presence of thin layers of strongly
bound organic matter in between the anatase platelets. Un-

Figure 5. Thermograms of the nanocomposite prepared in benzyl-
amine under an atmosphere of N2 (a) and O2 (b); thermogram of
the sample obtained in m-xylylenediamine under an atmosphere of
N2 (c).
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der an oxygen atmosphere, decomposition of the organics
is enhanced due to the formation of CO2 rather than
amorphous carbon, and hence, the weight loss is completed
at 500 °C. From the sample measured under an atmosphere
of oxygen, the total organic content of the sample prepared
in benzylamine was determined to be about 27 wt.-% and
that of the m-xylylenediamine sample was 38 wt.-%. In con-
trast, anatase nanoparticles prepared by similar nonaque-
ous routes in other solvents that are present as individual
nanoparticles show an organic content of less than 10 wt.-
%, with decomposition fully completed at 500 °C also when
measured under an atmosphere of nitrogen due to the much
easier decomposition of the organics present on the particle
surface.[20]

For further analysis of the obtained hybrid materials, dif-
fuse reflectance infrared fourier transform spectroscopy
(DRIFTS) measurements were carried out. In Figure 6, the
DRIFTS spectrum of a sample obtained in benzylamine is
displayed. From the intensity ratio between the inorganic
Ti–O–Ti modes (ca. 550 cm–1) and the organic modes (e.g.,
ca. 1500 cm–1), it is clearly visible that the content of or-
ganics is rather high in this sample. In this spectrum, N–H
stretching vibrations at 3400 cm–1 and the bands at 755 and
667 cm–1, corresponding to the –NH2 wagging vibration,
clearly prove the presence of amine groups in the nano-
composite. The two latter signals are shifted relative to a
free amine,[25] which indicates that there is binding of the
amine group to the anatase surface. Furthermore, the sig-
nals at 1615 and 1500 cm–1, attributed to C=C aromatic
ring stretching, and the two peaks observed at 3064 and
3028 cm–1, assigned to the asymmetric and symmetric C–H
stretching modes, point towards the presence of a mono-
substituted aromatic ring. Therefore, we infer that the or-
ganic layers being intercalated between the anatase platelets
indeed consist of benzylamine species. The broad peak cen-
tered at 3200 cm–1 is caused by a hydroxy species adsorbed
to the titania surface during the synthesis (see below).

Figure 6. DRIFTS measurement of the hybrid material prepared
in benzylamine.

To unambiguously prove the sole presence of benzyl-
amine in the organic moiety between the arranged nano-
platelets, we conducted 13C-MAS solid-state NMR mea-
surements. A typical nanocomposite prepared in benzyl-
amine was analyzed, and the corresponding spectrum ob-
tained at a spinning rate of 7 kHz is presented in Figure 7.
The peaks marked with asterisks are shifted relative to the
spectrum obtained at a spinning rate of 5 kHz (not shown)
and, therefore, can be identified as rotational sidebands.
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The remaining signals at δ = 129.0 and 43.2 ppm are some-
what broad but can be unambiguously attributed to ben-
zylamine. The presence of any benzoic acid, benzaldehyde,
or benzyl alcohol can clearly be excluded. Thus, we con-
clude that the benzylamine provides control over growth
and assembly of the nanocrystals through selective binding
of its amine groups to the (001) crystal surface. The phenyl
groups of bound benzylamine next undergo π–π interac-
tions, which therefore leads to assembly and stacking of the
platelets into a highly ordered nanocomposite material.

Figure 7. 13C-CP MAS solid-state NMR spectrum of the nano-
composite prepared in benzylamine. The rotational sidebands are
marked with asterisks.

To gain understanding of the anatase formation itself,
we elucidated the formation mechanism by identifying the
organic side compounds present in the final reaction solu-
tion, followed by retro analysis. The 13C liquid NMR char-
acterization of the final reaction solution (not shown) re-
vealed that aside from the benzylamine solvent, dibenzyl-
amine, N-benzylidenebenzylamine, and iPrOH were present
in larger quantities, and N-isopropylbenzylamine was pres-
ent in trace amounts. Additionally, GC–MS analysis of the
reaction solution was performed (Figure 8). Benzylamine
(a) was clearly identified (the mass spectra obtained for
each peak are not shown) as the main component, and di-
benzylamine (b), N-benzylidenebenzylamine (c), N-isopro-
pylbenzylamine (d), 2-propanol (e), and toluene (f) were
identified as side components. Additionally, trace amounts
of aniline (g) and polyaromatic condensation products of
benzylamine (h) were detected. The main reaction occur-
ring during the solvothermal treatment is thus a condensa-
tion reaction of the benzylamine solvent, mainly with an-

Figure 8. GC–MS spectrum of the reaction solution obtained after
removal of the solid product from the benzylamine/Ti(OiPr)4 sys-
tem.
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other solvent molecule, as illustrated in Scheme 1,A. It can
be expected that the condensation is greatly catalyzed by
the Ti centers present in the reaction system, as the high
affinity of the amino groups to Ti alkoxides is well known
from the studies of Cook in the 1950s.[26] As dibenzylamine
forms, metal-coordinated ammonia groups remain, but
these groups are not capable of inducing bridging to an-
other metal center, as would be the case with hydroxy
groups in the analogous ether elimination mechanism.[13,27]

Instead of the nitride, the thermodynamically much more
stable oxide is formed (see below), which implies that the
ammonia groups must be released during the further course
of the condensation. Indeed large quantities of ammonia
were observed in the reaction system, which escaped upon
opening the autoclave and were visible as a “boiling” of
the reaction solution. The oxide formation hence must be
induced by a different side reaction. For elucidation of this
reaction, we compared the ratios of the main compounds
detected by GC–MS, which were calculated to be benzyl-
amine/iPrOH/toluene/dibenzylamine/N-benzylidenebenzyl-
amine/N-isopropylbenzylamine, 99:1.0:1.9:17:15:1.1. It is
remarkable that the ratio of detected isopropoxy groups to
benzylamine is only half (100:2) of that used initially
(100:4). As no remaining Ti(OiPr)4 was detected in the sys-
tem by NMR spectroscopic measurements, this indicates
that half of the isopropoxy groups must have been con-
verted into volatile compounds during the synthesis. Hence,
we expect the elimination of the isopropoxy ligands of the
titanium alkoxide to be the main mechanism for the forma-
tion of anatase, which leads to gaseous propene as a by-
product (Scheme 1,B). This results in Ti–OH groups that
then initiate the formation of oxygen bridges as the starting
point of oxide formation [probably through release of 2-
propanol from a second Ti(OiPr)4 species]. Through further
exchange reactions, N-isopropylbenzylamine is also formed.
The vital point in this mechanism is the obviously high af-
finity of the amine nitrogen atom towards the metal alk-
oxide but, at the same time, its inability to form bridges
between the metal centers. The same phenomenon has been
observed similarly for the reaction of metal acetylacetonates
in benzylamine,[28] and therefore, we postulate that the syn-
thesis of metal nitrides in amine solvents cannot be
achieved under standard sol–gel conditions from metal alk-
oxides.

Scheme 1. Proposed reaction mechanisms occurring during the sol-
vothermal treatment of Ti(OiPr)4 in benzylamine.
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Conclusions

A simple one-pot solvothermal reaction of titanium iso-
propoxide in benzylamine has been shown to result in re-
markably complex, highly ordered nanostructures. These
composites consist of anatase nanoplatelets that are as-
sembled into larger sheet-like structures. The sheets are
stacked in a highly ordered fashion, with thin organic layers
in between them acting as “glue”. We have shown that ben-
zylamine is the only organic species found within this nano-
structure, and therefore, we infer that the solvent plays
many roles in the course of this synthesis. The solvent is
already involved in the reaction mechanism leading to the
transformation of the titanium isopropoxide into anatase.
By selective capping of the (001) crystal face, benzylamine
also controls the morphology of the forming crystals, by
aggravating their growth in the [001] direction, which leads
to the formation of nanoplatelets. The benzylamine species
bound to the (001) surfaces next interact with each other,
through π–π interactions, driving the stacking of the nano-
platelets into highly ordered lamellar superstructures. Sim-
ilar solvents such as m-xylylenediamine are also capable of
such multistage control, resulting in ordered structures with
slightly larger spacing between the nanocrystals. These re-
sults show that aromatic amine solvents are highly interest-
ing media for the formation of inorganic nanostructures by
nonaqueous processes due to their versatile properties and
their ability to selectively bind to specific faces of the form-
ing nanocrystals.

Experimental Section
Synthesis: The solvents benzylamine and m-xylylenediamine were
used as received in p.a./dry quality by Acros Organics and Aldrich.
The samples were assembled in a glove box under an atmosphere
of argon to exclude any influence of moisture and oxygen. The
subsequent solvothermal treatment was performed in acid diges-
tion bombs obtained by Parr Instruments, equipped with 45-mL
Teflon cup holders. The appropriate amount of titanium tetraiso-
propoxide [Ti(OiPr)4, 99.999%] was put into a 45-mL Teflon liner.
Next, benzylamine or m-xylylenediamine (20 mL) was slowly
added, and the Teflon liner was inserted into a steel autoclave,
which was closed, removed from the glove box, and put into an
oven that was preheated to 200 °C. After 3 d, the autoclave was
removed from the oven and opened in air after cooling down. Cau-
tion must be taken when opening the autoclave due to possible
overpressure of formed ammonia. In most cases, turbid suspen-
sions resulted, from which the solid product was removed by centri-
fugation, and was washed by adding EtOH and CH2Cl2, followed
by shaking and centrifugation. The powders were dried at room
temperature in a desiccator.

Characterization: XRD measurements were carried out by using a
Bruker D8 diffractometer equipped with a scintillation counter.
The samples were measured in θ–θ reflection mode (under Cu-Kα

radiation) by step-scanning with a step size of 0.04°. TEM was
performed with a Zeiss EM 912Ω instrument at an acceleration
voltage of 120 kV and a LEO 922 instrument at 200 kV. The sam-
ples were prepared by dispersing a small amount of powder in etha-
nol, followed by ultrasonication for 10 min and application of one
drop of the dispersion on a carbon-coated copper grid (400 mesh).
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DRIFTS measurements were carried out with a Bruker Equinox
IFS 55 device under ambient atmosphere, under accumulation of
64 scans. TGA measurements were performed with a Mettler To-
ledo TGA/SDTA851 instrument under a nitrogen atmosphere by
employing a heating rate of 5 °Cmin–1 from room temperature to
950 °C. The liquid-state 13C NMR measurements were performed
under 1H-BB decoupling at 100 MHz, using CDCl3 as solvent. The
relevant main reaction products identified for the individual sys-
tems show the following shifts: (a) benzylamine/Ti(OiPr)4 system:
dibenzylamine δ = 140.3 (Phipso), other Ph signals superimposed
by benzylamine, 53.1 (CH2); N-benzylidenebenzylamine δ = 161.8
(C=N), 139.3/136.2 (Phipso), 130.7 (Phpara), 65.0 (CH2); N-isopro-
pylbenzylamine: δ = 136.5 (Phipso), 51.6 (CH2), 48.0 (CH), 22.9
(CH3). Solid-state NMR analysis of the benzylamine nanocompos-
ite was performed by using the CP-MAS 13C{1H} technique at
100 MHz. The sample was spun at 7 and 5 kHz. GC–MS analysis
was carried out with a GC 6890N device by Agilent Technologies.
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