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Surface-functionalized TiO, (anatase) nanocrystals (NCs)
(avg. d=6.7 = 1.6nm) were synthesized by a supercritical
hydrothermal method. A phosphonic acid derivative was used
as surface modifier of TiO, NCs. It was verified that the
phosphonic acids were bound to the surface of TiO, with very
strong binding energy. The TiO, NCs also exhibited extraordi-
narily high chemical stability. Such a strong binding between the
phosphonic acid modifier and TiO, had not been obtained by
any other methods. The TiO, NC showed sharp pH sensitive
dispersion. Because of the functional as well as stable surface
modifier layer, further manipulations on the surface using
chemical reagents could be possible.

Fabrication of nanocrystals (NCs) which have well-defined
crystal structure, morphology, purity, and surface structure has
keen importance in nanotechnology, since these factors can
affect the properties and functionalities of nanosized devises.'
Among these principal factors of NCs, surface treatment would
be the key technology for application of NCs into functional
devices because surface control could lead to increased handling
and functionalities of NCs. For instance, the hybridization of
NCs with other functional materials, e.g., peptides,” amino
acids,® polymers,*® other NCs, and so on, would be one of the
most promising methods to fabricate new devices, e.g., medical
probes,” organic—inorganic composites,® and metamaterials.’
Therefore, the development of a joining technique between
NCs and other materials is quite important. Among other
challenges and efforts for joining them, we have focused on one-
pot synthesis to introduce functional substituents on a NC.

It goes without saying that TiO, is a quite well-known
functional semiconductor which is used as, for example,
photocatalyst, pigment, and high-refractive index material.
Furthermore, because it is not so poisonous to humans, e.g., it
can be used as sun blocks, enormous studies have been done to
synthesize, characterize, functionalize, and assemble TiO, NCs.
Functionalization by adequate surface modification is a great
breakthrough point for use of TiO, nanoparticles (NPs). In order
to obtain both chemically and thermally stable and highly
functional surfaces, we have used a water-soluble Ti/glyceric
acid complex as Ti source and a phosphonic acid derivative as
modifier for supercritical (sc-) hydrothermal reaction. Phos-
phonic acids have smaller pK, values than carboxylic acids so
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Scheme 1. Schematic description for the synthesis of surface-
functionalized TiO, (anatase) nanocrystal.

that they can bind to the surface of TiO, with much stronger
interaction.'® Applying phosphonic acids as an anchor to TiO,
and carboxylic acid as a linker to the other materials, we
developed a highly functional TiO, NC (Scheme 1). The
carboxylic acid linker is convenient for the hybridization of
TiO, NC because it allows us to graft other NPs, polymers, and
compounds easily by esterification. In addition, because sc-
hydrothermal reaction is very fast, it is suited for large-scale
production of NPs. This is a huge advantage for industrial
production of NPs for hybrid materials.

Strong binding between surface modifier and TiO, is
absolutely essential to synthesize surface-functionalized TiO,
NCs. We chose phosphonic acid derivatives as the modifiers
because phosphoric acid derivatives are well known to strongly
adsorb to TiO, surfaces.'” However, alkyl phosphates are easily
hydrolyzed in super- and subcritical water so that they cannot be
used. Phosphonic acids have a strong P-C bond instead of P-O-
C bonds, therefore they are not hydrolyzed in sc-water.

We synthesized a variety of phosphonic acid derivatives for
the surface modifiers.!! In this study, ethyl 11-diethoxyphos-
phorylundecanoate (EDPU) was selected as the modifier for
surface functionalization. Water-soluble Ti/glyceric acid com-
plex'? (TiGly21, [Ti]:[glyceric acid] = 2:1) was synthesized and
employed as Ti source to obtain homogeneous solution. The
homogeneity of the reaction system is quite important, espe-
cially for obtaining uniform reaction and products in accordance
with crystal growth theory. Our TiGly21 has another advantage
for sc-hydrothermal synthesis because it has quite low carbon
content. Since sc-hydrothermal reaction was conducted at
400 °C, where most organic compounds are not stable for long
periods, the low carbon content of TiGly21 will result in
reduction of impurities in the product.
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Figure 1. TEM (a), HR-TEM (b) images and histogram (c)
of the EDPU-modified TiO, NCs. The HR-TEM image (b)
displayed a cross-lattice pattern with a lattice spacing of 0.35
and 0.19 nm, corresponding to the interplane separation between
the (101) or (200) lattice planes of anatase.
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Figure 2. Powder XRD pattern of the EDPU-modified TiO,
NCs (TiO,—PUA). The diffraction patterns of a commercially
available TiO, (anatase) (NanoTek®) and JCPDS file for TiO,
(No. 21-1272) are also depicted for comparison.

The synthesis of TiO, NCs was performed using TiGly21 as
Ti source and EDPU as functional modifier. The reaction
product was then collected and washed by centrifugation with
methanol 3 times. The washed product was dispersed in water
and freeze-dried. The obtained powder was characterized by
TEM, HR-TEM, XRD, TG, and FTIR spectroscopy. The size
distribution of synthesized NPs was calculated by averaging the
diameter of 200 particles from 3 individual syntheses (total 600
particles). Experimental details may be found in the Supporting
Information. !

Figure 1 depicts the TEM image of EDPU-modified TiO,
NCs (TiO,-PUA) synthesized in this study. The NCs had
average diameter of 6.72 & 1.61 nm. From the HR-TEM image,
it was verified that the NPs synthesized in this study were all
TiO, anatase single crystals. The crystal structure was also
examined by powder XRD. The XRD results also supported that
the structure of TiO, NCs synthesized in this study were anatase.
The XRD diffraction patterns are shown in Figure 2.

Figure 3A depicts the FTIR spectra of unmodified TiO,,
TiO,—PUA, and EDPU. The spectrum of the TiO, NCs without
surface modifier had no peaks corresponding to organic
compounds, only a broad peak of adsorbed water (3700-3000
cm™") was seen. The spectrum of EDPU exhibits strong peaks
due to the free P=0 stretching mode (1240 cm™") and PO-C
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Figure 3. FTIR spectra (A), schematic illustration of possible
surface structure of TiO,—PUA deduced from FTIR (B), and the
TG curve of the TiO,~PUA (C). For FTIR spectra (A), (a)
denotes the spectrum of unmodified bare TiO, anatase, (b)
denotes pure EDPU, (c) denotes TiO,—PUA, (d) denotes TiO,—
PUA after TG measurement, and (e) denotes TiO,—PUA after
esterification with methanol, respectively.

stretching mode (1050 and 950 cm™'). The spectrum of TiO»—
PUA exhibits no peaks at 1240, 1050, and 950 cm™!, whereas
it only exhibits a strong peak corresponding to the PO—metal
stretching mode (1000 cm™").!31% This suggests three PO—metal
bonds per modifier were formed. In addition, a peak due to the
free carboxyl C=0 stretching (1700cm™') was seen in the
spectrum of TiO,—PUA, whereas a peak due to ethyl ester C=0
stretching (1740cm™') was not seen. This indicates the ester
groups of the modifier were hydrolyzed during the synthesis.
Actually, the hydrolysis of diethyl phosphonate and ethyl car-
boxylate of EDPU in sc-water was performed. Both the diethyl
phosphonate and ethyl carboxylate of EDPU were perfectly
hydrolyzed after 2 min reaction at 400 °C, 31 MPa. The results
are presented in the Supporting Information (Figure S1).!
Figure 3B depicts the possible bonding form of the modifier
to the TiO; surface deduced from the FTIR spectra. Actually, the
TiO, NC synthesized in this study was 11-phosphonoundecanoic
acid-modified TiO, NC (TiO,—PUA). Such (3 footed) binding
cannot be obtained by surface modifications of unmodified
powder TiO, NPs by phosphoric acids.' In situ modification is
absolutely necessary. This is also a benefit of the sc-hydro-
thermal method and an advantage of the TiO,—PUA.

In order to measure the amount of the modifier on TiO,—
PUA, TG with air flow was measured. Figure 3C depicts the TG
curve of TiO)—PUA. The total weight loss during the TG was
16.5%. Interestingly, the FTIR spectrum of the TiO,—PUA after
TG still shows a peak corresponding to PO-metal bond. This
implies the phosphoric acids were still chemisorbed on the
surface of TiO,, i.e., even after the alkyl group of the modifier
was totally decomposed, PO-metal bonds survived until
1000°C. The small blue shift of the PO-metal peak after TG
may indicate PO-metal in the TiO,—PUA was partially con-
verted to P-OH. Since the peak corresponding to P-OH
stretching mode usually appears as a broad peak around 1100-
940 nm, the blue shift may be explained by the coexistence of
P-OH and PO-metal groups on the TiO,—PUA after TG. This

www.csj.jp/journals/chem-lett/


http://www.csj.jp/journals/chem-lett/

—OH,*  TiO, (NanoTek) iEP = 5.4 : I%PUA
ol
//[J o Ti02-DSA
i 1A 2
{20' [eX) = - —OH
ri— o
fiurbid > o m |/ -0
! E o
s " / 2
. b= = ANCLO KF
£ 20 LA %
| o ‘ o
N ®$O0 B e
- “%Q. b « diSidn
38853030
N4
604+ ; , . . .
2 4 6 8 10 12

pH

Figure 4. The titrimetric analysis of ¢ potential of the
unmodified TiO, (NanoTek®) (blue filled square), TiO,~DSA
(black circle), and TiO,~PUA (red filled diamond). The
schematic illustration of the suggested dispersion mechanism
and the images of the aqueous TiO,—PUA dispersion are also
displayed.

means the binding energy between the modifier and TiO; is very
large.

The density of the modifier on TiO,—PUA was calculated
from the average size and the TG weight loss of TiO,—PUA. The
graft density was calculated to be 3.1 chains/nm?. The calculated
graft density did not exceed the possible maximum graft density
of the phosphonic acid, i.e., 4 chains/nm? which was calculated
from the occupation area of phosphonic acid.!!

The TiO,~PUA was very much functional and convenient
for hybridization with other materials. For example, esterifica-
tion of carboxylic acid with methanol was performed. The FTIR
spectrum shown in Figure 3A shows a peak due to the methyl
ester (1740 cm™"), this supports the successful esterification.
Polymer could also be grafted to TiO,—PUA by esterification.
These facts supported the high hybridization potential of the
TiO,—PUA. Details of esterification are depicted in the Support-
ing Information (Figure S5).!!

Aqueous TiO,—PUA dispersion showed high pH sensitivity.
Because the phosphonic acid formed very stable self-assembled
monolayer on the TiO, surface, desorption of the modifier was
not likely to happen in water. Figure 4 depicts the pH dependent
changes of the ¢ potential of the aqueous TiO,—PUA dispersion.
The ¢ potential of TiO,—PUA slightly increased with decreasing
pH of the dispersion and suddenly reached zero at pH 4.8. The
isoelectric point (iEP) of commercial TiO, (NanoTek®) was 5.4
and the pK, values of the long chain fatty acids are 4.7-5. This
switching of the surface properties cannot be achieved without
full shielding of the TiO, surface and exhibition of carboxylic
acid group to the surface of the TiO,—PUA.

The ¢ potential of the n-octylsuccinic anhydride-modified
TiO, NPs (TiO,—DSA) were also displayed in Figure 4 as a
reference. The synthesis of TiO,~DSA is described in the
Supporting Information (Figure S4).!' The TiO,-DSA has
ionized n-octylsuccinic acid monolayer on the surface. The
dispersion of TiO,—DSA did not show quick response to pH.
Ligand exchange is well known for fatty acid-modified ceramic
NPs, it is not an exception for TiO,—DSA.!® Because of the
ligand exchange, i.e., some of the n-octylsuccinic acids were
desorbed from the TiO, surface, part of the TiO, surface would
be directly posed to water. Then small amounts of TiO,—DSA
can disperse even though the surface of TiO,—DSA is hydro-

Chem. Lett. 2010, 39, 961-963

© 2010 The Chemical Society of Japan

963

phobic. This could also be the reason why immediate switching
of ¢ potential was not seen for the TiO,—DSA dispersion.
Taguchi et al.!” also reported similar pH-mediated dispersion of
dicarboxylic acid-modified CeO, NCs in water. In their case, the
anchor group was also (ionized) carboxylic acid. According to
this, the strong binding of the phosphonic acid to TiO, was also
deduced. The pH sensitive switching would be attractive for
biocompatible materials.

In conclusion, in situ surface-modified TiO, (anatase) NCs
(TiO,—-PUA) by a phosphonic acid derivative (EDPU) were
synthesized via sc-hydrothermal method. Because of the large
binding energy between phosphonic acids and TiO, formed by
sc-hydrothermal method, the modifier layer on the TiO,—PUA
showed very good stability to heat and chemical reagents. In
addition, since TiO,—PUA exhibits carboxylic acids on the
surface, it showed sharp pH dependent switching on its
dispersion and tunability of the surface properties by esterifica-
tion of the carboxylic groups with alcohols. The surface-
functionalized TiO, NC (TiO,—PUA) synthesized in this study
can be applied to a wide variety of purposes, e.g., for polymer
composites and biocompatible NCs.
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