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TiCl,4 precursor in the presence of various amino adidsse protein building blocks were employed to
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Crystalline titanium dioxide particles were obtalridrough the thermo-hydrolysis at 60°C of aqueous
TiCl, precursor in the presence of various amino adidese protein building blocks were employed to

modify the phase distribution, size and shape effttrmed nanopatrticles. The consequences of the
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presence of biological species during the differsteéps of the inorganic condensation were
characterized by a variety of techniques, includfdBay diffraction, transmission electron microsgop
and thermogravimetric analysis coupled with difféi@ scanning calorimetry. The amino acids side
chain functions were shown to be of a particulapontance in regard to the modification of the TiO
structure and morphology. More specifically, adpa#gcid, glutamic acid and serine allowed the
formation of pure anatase nanoparticles. The pth@feacting solution was also proved to be a aglev
parameter to control the particle size and shapplaBations based on the actual knowledge on the

titania-amino acids interface were proposed forewebserved modification.

Introduction

Research on titania powder synthesis is motivayeitstnumerous applications such as pigrdoy
blocker? photocatalyst;> electrochromic materidl,” oxygen sensdt,?® lithium-ion battery® and dye-
sensitized solar cell (DSS&)The efficiency of the oxide in each of those amatibns depends on the
phase, size and shape of the particles used. Indegdvell-known that the anatase polymorph digpl
a higher photoactivity than brookite or rutfeHowever, a pure polymorph is not always easy taiob
and mixtures of various polymorphs are often ob=grin commercially available photocatalysts:
Degussa P-25 contains a maximum anatase amoun@%f Rutile, the thermodynamically stable
polymorph!? is obtained by high temperature synthesis but witbwer control over particle size and
shape. In order to obtain the metastable polymoaplasase and brookite, or to form rutile crystalthe
nanometer size range with a controlled shape, a@ohkgethods were developed. These methods are
mainly hydrothermal synthesfs'® and hydrolysis and condensation of alkoxides areags Ti(IV)
precursors/ ™ In these more gentle conditions, the use of miffeca organié*2° additive as well as
specific acidic or alkaline conditioffs ?® allowed to tailor precisely both titania structuamd

morphology.



In the field of the controlled synthesis of inorgamaterials, living organisms were proved to be/ve
efficient even in aqueous solutions and at amhk@mperatures. Shells and sea urchins can synthesize
mineral defense made of calcium carbonate withfemet structure and a morphological control from
the nanometer to the centimeter séalBlanometric magnetic iron oxide particles were dtamd in
magnetotactic bacterfd. In every case, proteins and biological membranes iavolved in the
biomineralization process. The geometry, chargeciednical functions at the surface of those prestein
are of particular importance in the control of iherganic condensatiott: 32

The work presented here aims at synthetic methodstitanium oxide nanoparticles in which
biomolecules are used to tune the structure andntrphology of the final material. Amino acids, the
proteins building units, represent an interestingf step in this bio-inspired approach as theypldisa
variety of chemical functions. They can consequeintieract with the Ti(IV) precursors in solution o
with the different titania surfaces. In this studmino acids were introduced in a Ti@gueous solution
and precipitation and crystallization of titaniadied by adjusting the pH of the solution and kgrimo-
hydrolysis at 60°C. The influence of various systigarameters such as the solution pH, the nature
and amount of the introduced amino acid was stydieds allowing a discussion of possible bio-

inorganic interactions.

Experimental section

Synthesis. A stock solution with a T ion concentration of 0.5 mollwas prepared by slow dilution
of TiCl, (Fluka) in cooled HCI (3 mol:) solution. 4.0 mL of the stock solution were imtnged in
46.0 mL of Milli-Q water at room temperature. A ohefd amount of selected amino acid was then
introduced as powder under a vigorous stirring. €hemical structures and acidic properties of the
used amino acids are given in Table 1. No predipitaoccurred during the mixing. The pH of the
mixture was adjusted to a selected value by additfoNaOH (2.0, 1.0 and 0.1 mot‘Lsolutions) and

the sample volume was completed to 100.0 mL withi4@i water. The concentration of “fiand amino
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acids became 20 mmol‘Land 1 to 80 mmol.L (40 mmol.* when not mentioned) respectively. A
white precipitate appeared immediately with alkiaktion. The pH of the sample was controlled again
after few minutes of stirring and readjusted to $ké value. Several samples were prepared in the 1
pH < 8 range. Suspensions were aged for periods cognipeisveen one day and one week in a stove at
60 °C without stirring. Solids were collected byhtrédugation of the colloidal suspensions and the p
of the remaining supernatant solutions was recorédcipitates were washed, ultrasonicated and
centrifuged twice with water whose pH was set te tine of the synthesis with few drops of
hydrochloric acid. Finally, powders were dried undegon flow at room temperature.

Methods. Titanium concentration in solution was determingdspectroscopic measurement, on a
Varian Cary 5000 spectrometer, of the stable orasmaplex, [Ti(Q)(OH)(H,0)]", formed by the
addition of HO; to an acidic Ti* solution (2.1 < [Ti*"] < 2.10%).%3 The titration of amorphous titania
in solid samples was carried out following the sanethod: a 10.0 mg aliquot of solid was first paure
in 10.0 mL of HNQ (2 mol.LY) and left under stirring for 3 hours at room tenapere. It has been
shown elsewhef? that crystalline titania is not affected by suctreatment while amorphous material
is totally dissolved. The 1i concentration of the supernatant solution was threasured after
centrifugation. The amount of crystalline titania the powder was calculated from the difference
between the total amount of titania and amorphdasia. The total amount of titania was measured
from the weight of the inorganic residue after hrepto 1000°C in TGA experiment or from total
dissolution of titania in a hot 230,/(NH4),SO, and subsequent spectroscopic measurement.

X-ray diffraction (XRD) measurements were perforn@da Siemens D5000 diffractometer, using
filtered Cu Ko radiation over @ range from 1®to 80 with a step size of 0.02° and counting time of 10
s/step. Titania powders were deposited on an amagpblass wafer. Patterns were analysed using the
DMfit software® The approximate proportion of the different Fifblymorphs, anatase, brookite and
rutile, in the solids, were evaluated from the tretaareas of the 110, 121 and 101 diffractiondiné
rutile, brookite and anatase phases, respectiVélg. calibration parameters were taken from Magali

Koelsch Ph-D worf and from elsewher®. The size of anatase particles,Pwas calculated applying
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the Scherrer formula, {d = 0.9/BpcoW, to the line width, By, at half maximum corrected for the
instrument broadening assuming Gaussian profilwait assumed that line broadening is mainly due to
the particle size effect. The 101, 004 and 200rattfon lines were used once brookite lines were
subtracted by fit® * The 0.9 constant used in the Scherrer equatiorespond to the calculation of
spherical particles. However it was used in a gt approximation to estimate the anatase crystal
dimensions in the different directions.

High resolution transmission electron micrograghR{TEM) were performed on a JEM-ARM 1250
at an acceleration voltage of 400.0 kV. The nartopes were simply ultrasonicated in ethanol and
dispersed on Cu-grids (Ted Pella Inc. USA).

Thermo gravimetric analyses and differential scagntalorimetry (TGA-DSC) experiments were
performed on a Jupiter STA 449C apparatus from $¢dtzoupled with a GAM 200 gas analyser from
In Process Instruments. Solids were heated in alamiucibles up to 1000 °C with a heating rate(f 1
°C.min* in a purified air flow.

Infrared spectra (IR) of pure amino acids and igtgowders were recorded on a Nicolet Avatar 360
FT-IR apparatus. A minimum of 32 scans from 4000@t@0 cni" were collected at 2 cfresolution

versus the appropriate background spectrum.

Results and Discussion

Influence of the amino acids on the obtained titania polymorph. For pH > 1, the precipitation of
titanium was immediate and complete with and witheoaino acid even at room temperature. For pH =
1, precipitation of most titania is observed betwveee and four hours at 60°C. The X-ray diffraction
patterns of the powders obtained with the diffegntno acids at pH = 4 after one day of aging 4C60
are displayed in Figure 1 and compared to thatrefexence sample (Ref) obtained without the aoidliti
of any amino acid. One first notices that everygratdisplays broad diffraction lines correspondiog
nanometer size particles. Amorphous titania wasdoin all amino acid containing samples as

confirmed by UV-visible measurements. Referenceptarabtained at pH = 4 is only 2% amorphous,
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amino acid containing samples are at least 4% amooip(10% with Ser, 20% with Glu and 40% with

Asp). The amount of amorphous titania increaseth whH up to 100% for pH = 8. The presence of
amino acids in the final powder can be directlyrelated with the amount of measured amorphous
titania. The interaction of biological species wdamorphous titania surface may inhibit, crystalline
titania nucleation. The crystallization mechanisnonly slowed down as full crystallization can be

observed after one week of aging in the presencanoho acids. Such a delay on crystallization is
already observed on the higher temperature expetgrand attributed to the adsorption of amino acids
on the embryos of crystalline Ti&

In such low temperature synthesis conditions, @eais the predominantly obtained ph#&se the
reference sample and with all amino acids except(&d), Asp (1d) and Ser (1e), a secondary phase (1
to 20% with regard to the total crystalline conjetrresponding to brookite is observed at pH = 4.
Brookite is replaced by rutile as a secondary pliseore acidic conditions (pH = 1) in the referenc
sample and with Gly, Lys and Arg. The titania phdis¢ribution depending on the pH and the nature of
the introduced amino acid is listed in Table 2.

The most interesting feature is the synthesis of pmatase at any pH in the presence of Glu, Asp or
Ser. It is also the case with His at high and IéW(p or 6). The amino acid concentration was vafted
Glu at pH =4 and His at pH = 6 and no other cliygaphase than anatase was observed for [Ti]][Glu
< 10 and [Ti]/[His] < 4. This means that only fewnaunts of amino acids are needed to control the
structure of synthesized titania. The effect & #yging time on the nature of the obtained polymorp
was also studied. The phase distribution betweertaaa and brookite polymorphs did not change
significantly with time in the reference systemaaty pH. Similarly, pure anatase was observed even
after a week of aging in the Glu system at pH =O4. the contrary, with histidine at pH = 6, the
amorphous/anatase/brookite titania mixture evolveoh 60/40/0% after one day of aging to 30/65/5%
after one week. Consequently, in the presence sf &norphous titania must be converted faster into
anatase than into brookite. Under kinetic contmily anatase is observed while after aging, and

consequently closer to thermodynamic equilibriunookite is also present like in reference samples.
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The control over experimental parameters such aiumeacidity and reaction temperature and the
use of inorganic mineralizers are the commonly usethods for titania polymorph selectih®’3°
Rutile is known to be the thermodynamic polymdfpbut it is no more the case when considering
nanometer scale systerfisndeed, at nanometer scale, the surface energyilmation to nanoparticles
free energy can not be neglected. With a smallerame surface energy (1.3 Fhan that of rutile
(1.9 J.nf), anatase is the most stable phase for partichesdler than 14 nm® At pH = 1, the titania
solubility is close to the *1 concentration used in this stddynd a dissolution-crystallization process
can lead to the thermodynamic phase rutile. Theradgsof rutile at pH = 1 in Ser, Glu or Asp system
may be due to the presence of [amino acids*] Teomplexes in solution that force condensation
mechanism to anatase formation as already suggestiecsQ” ions** *3 Another explanation is that
the release of metal ions from initially precipgdtamorphous solid into solution that should lead t
rutile by reprecipitation may be more difficult Withe presence of amino acids at the surface of the
amorphous oxide. At pkt 2, the formation of brookite is also preventedhgsihe same three amino
acids Ser, Glu and Asp. Nucleation of anatase neajabored by the specific surface attachment of
those amino acids that would then lower the intgafdension of at least one of its faces. The fran
of pure anatase nanoparticles has already beemnrveldswith citric acid or acetic acid as organic
additives®> ** At pH = 6, both His and Pro containing systemsasho brookite secondary phase. As
this secondary phase was recovered after longaegdgne, this phase selection is only due to atkine
effect. The attachment mode of His and Pro onititaroxide surface at pH = 6 must be different from

that of Glu, Asp and Ser.

Influence of the amino acids on titania nanoparticles size. As anatase was the most observed
polymorph in the different obtained powders, theesstudy was focused on it. Average particle sizes
were calculated from X-ray diffraction patternsngsil01, 004 and 200 lines. Figure 2 shows the
evolution of particle size with pH for the diffeteintroduced amino acids. Under all synthesis

conditions, mean size of anatase particles wasrltvee 8 nm, which is significantly smaller thanath
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is observed through hydrothermal treatment (20-b@0)2° This is not surprising since higher
temperature treatment usually leads to largergesti Two different behaviors of the particles siath
the pH could be observed depending on the natutteeahtroduced amino acids. In the presence of Gly
and Pro or without amino acid (Ref) the particlieze svas about 6 nm at pH = 1, decreased to 5 nm at
pH = 2 and then increased up to 7 nm at pH = 6h @u&ize increase with pH has already been observed
with a larger slope in the 2-6 pH range without amyoduced amino acitf The same trend was
observed in the case of hydrothermal treatmenthén iresence of the same amino atids the
presence of the other amino acids, particles $irairmed first increased from 4 nm to 8 nm (with )Gt
pH = 4 and then decreased drastically to less 3nam (with His) at pH = 6. A clear distinction cha
made here between systems containing an aminonéttidut side chain functionality (Gly, Pro), whose
behavior was close to the one of the reference kearapd those having a side chain functionality tha
may interfere in the oxide condensation process.

The influence of the [Ti]/[aa] ratio on particlageswas also studied. With Glu at pH = 4 aged ane d
at 60°C, a maximum patrticle size of 9 nm was ole@ifor [Ti]/[Glu] = 2 while with His, a value of 6
nm was calculated for all [Ti]/[His] ratio. With Bliat pH = 6, the particles size increased contisiyou
from 2 nm ([Ti]/[His] = 0.25) to 7 nm ([Ti)/[His] =4). These experiments show that amino acids in
solution have an inhibitory effect on particleswtio. The increase of the aging time in all systatnsH
= 4 did not have any effect on the particles sidge same trend was observed at pH = 6 with the
reference sample while, in the presence of His, pi@ticles reached the maximum size only after four

days of aging. This confirms that the equilibriutats is reached slower with His at pH = 6.

Influence of the amino acids on titania nanoparticles shape. Results on the particle shape study
presented here only refer to anatase which wam#jer polymorph formed. The determination on the
crystal shape was performed combining two techrsgué-ray diffraction and high resolution
transmission electron microscopy. Three lines @f diffraction patterns were chosen for the crystal

shape estimation: 101, 004 and 200 as they werersho correspond to the more displayed faces
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{101}, {001} and {100} in natural anatase crystdfs.*® Size measurement obtained in the reference,
Glu and His samples are displayed in Figure 3.

Roughly round particles (Scheme 1a) are obtaingtiénreference sample except at pH = 1. For that
pH value, the following size order is foundpod > d200] > dio1;. The corresponding reconstructed
crystal shape (Scheme 1b) corresponds to an alowmsplete octahedron with {101} face mainly
exposed. Such shapes are commonly observed ireratiatase crystalé.The introduction of amino
acids does not change particles shape except with A3p and His. As Asp and Glu samples are
roughly similar, only those with Glu are presentette. The size ordefggl > dooo) > d1o1; IS NOW
maintained for every pH and the calculategl/d;o; ratio reaches a maximum value of 2.3 at pH = 4.
The reconstructed model crystal shape is thenargated octahedron (Scheme 1c) with exclusively the
{101} face exposed. In the His samples, the sizke0IS Ghoo; > d101] ~ Goos) and the crystal anisotropy
is most pronounced at pH = 6. The correspondingempdrticle shape is a platelet, with {001} face
mainly exposed (see Scheme 1d).

HR-TEM micrographs displayed in Figure 4 confirntae of the proposed shapes. Titanium oxide
nanoparticles obtained at pH = 4 without amino &iéadm aggregates quite difficult to deagglomerate
(Figure 4a). The observation of fringes in the aggte indicates that most of the solid is made of
nanocrystalline anatase as the distance betweaegegicorrespond to that between (101) anatasesplane
Nanoparticles can be described as spheroids iB-ftenm size range. Tighanoparticles formed in the
presence of glutamic acid seem less aggregatedré~&h). They also display fringes corresponding to
(101) anatase planes but here two sets of fringgsng a cross angle of ca 130° can be observedgUsi
those fringes we were able to deduce that cryatalsleveloped preferentially in the [001] directam
indicated by the arrow. Moreover, particles arestaight rods but are faceted by {101} face, asash
by the dashed lines. These results are in goockiangmat with XRD calculations but when comparing to
model crystal shape one must state that thgdeh: ratio can exceed in some cases the 2.4 limit value
corresponding to elongated octahedrons. Microgragtained in the His system only show small

crystalline domains among high amounts of amorpltibaisia and particles shape can not be analyzed.
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TiO2 nanoparticles obtained through hydrothermal treatnin the presence of amino acids display a
similar behaviof® Indeed, at pH = 10.5, nanoparticles elongateché&[001] direction are observed
exclusively in the Glu and Asp containing systelBlipsoidal particles are obtained in the 9-11 pH
range while ill-defined spheroids are obtainedhia -6 pH range. The same driving force probably
controls the particles shape in the two studiesthedlifference in the pH range on which this calns
effective may be due to the pH range shrinkage ytirothermal conditions.

In order to address in detail the shape contrad, mmist consider that, under thermodynamic control,
particles morphology is driven by the reductionsafface energy. Particle growth is controlled by th
minimization of the surface area that correspondbi¢ highest surface energy. Indeed, the totécair
energy defined a%i(yiAi) with A; the size of exposed surface i ands interfacial tension, is minimized
to reach the equilibrium state. For more detaileegrrhodynamic explanations, a modeling of oxide
nanoparticles size and shape tailoring was propdsedolivet et al*® The relation between the
modification of experimental conditions and the oyerticles shape may be found in the change in the
different faces interfacial tension. The variatmithis parameter is given by Gibb’s lady = -X/7dw;
with 75 the density of adsorption of species i of eledtsuical potentia,lzi.49 By modifying the pH of
the reaction, the adsorption of protons on the @sidrface is changed. The chemical structure of{10
and {001} faces are different, so their protonatstate with pH are also different and can be esécha
using oxide surface simulation software such as MU$°? Using a qualitative approach, we can state
that the {001} face display a higher density of fprmation sites and then its maximum charge must be
higher than the one of the {101} face. The intedhdension variation with pH is related to the
maximum charge of the oxide surface by a complétios*® and it is more pronounced with higher
surface charge. The less charged surface {101} thest be more present at low pH (far from the point
of zero charge). The preferential growth of anapsséicles in the [001] direction at lower pH isgaod
agreement with that statement. Such a trend wasaddserved in hydrothermal coarsening of anatase

nanoparticles’
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The interfacial tension balance between the diffefaces is also altered by selective adsorption of
amino acids on a specific oxide surface. Thus, &ld Asp may interact more strongly with the {101}
face of anatase than with the {001} face as progosd-igure 5. That way, the {101} face displays a
lower interfacial tension and is consequently mstabilized. In other words, the {101} face must be
covered by the preferential complexation of amicms leading to a preferential growth in the [001]
direction and the total disappearance of the coitnge{001} face.

The particle shape evolution with [Ti]/[Glu] ratat pH = 4 is shown in Figure 6. Particles sizet firs
increases equally in every direction with incregdifi]/[Glu] ratio. A nearly constant value ofgl/di01
= 2.4 was calculated up to [Ti)/[Glu] = 2. The asprtio then decreases with the amount of glutamic
acid in solution. The same trend and the same hblésvalue [Ti]/[aa] = 2 is observed in the
hydrothermal system with a maximum aspect ratid. SfThe threshold value [Ti)/[aa] = 2 is also valid
in this study with His at pH = 6. At low [Ti]/[HisYalues, size in the [200] direction is signifitig
greater than in the other two the directions wiatehigh [Ti]/[His] values all the directions are
equivalent in size. Another interesting featurehiat, at a fixed [Ti]/[Glu] = 1/2 ratio, a longegiag
time did not change particles shape in the Gluesysat pH = 4 whereas anisotropy was lost after four
days of aging in the His system at pH = 6.

This value of [Ti}/[Glu] = 2 confirms that the pexxce of a Glu layer on the surface of the oxide
particle is responsible for the shape control. Assg that, for that specific value of [Ti)/[Glu] tia all
introduced amino acids are present on the {101}aser of all anatase nanoparticles, the Glu surface
coverage density is 0.3 MmEach of the three possible interacting hydroxyiface groupgi-OH
presents a site density on the {101} face of 5.2°ram calculated from therystallographic structure.
Moreover, assuming full monolayer coverage of thiel® surface by Glu assimilated to a 0.8*0.4 nm
rectangle lying parallel to the surface, the minimGlu density calculated is 3 AmSo the full
coverage of the surface is not reached at thehbi@walue but is enough to stabilize the formatba

complete {101} faceted octahedron. The stabilizatd the {101} face with Glu is preserved over time
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while the stabilization of the {001} face is paftlyalost with His after seven days so we can say the
binding of amino acid to the surface is strongehmfirst system.

Other examples of organic species used as shap®lt@mnare present in the literatufe?? 23 25 42,53
The use of tetramethylammonium ions (TKJAtriethanolamine, acetyl acetonate or acetic asid
additives in hydrothermal crystallization of titaralso lead to the formation of elongated partialesg
the [001] direction. The saw tooth shape of thoseiges with the {101} face exposed clearly shows

that this surface is specifically stabilized. Butne of these studies gave a clear explanation aif th

shape control property.

Presence of the amino acids on titania nanoparticles surface. The explanations discussed above for
titania structure, size and shape controlled bynamacids are based on the assumption that intenscti
between organic and inorganic components occungdwsynthesis. These interactions may happen in
agueous solution, at the amorphous oxide interfaca the crystalline oxide interface. In the lwgd
cases, amino acids must still be present in thed firoduct. That is why the presence of organicigge
has been checked.

The presence of organic material was first estichdtg infrared spectra of the powders. Titanium
oxide network produces vibration bands at wavenuslmsver than 1000 cthand the hydroxyl surface
groups contribute to a broad band at ca. 1608, afibration bands in the 1200-1600 ¢mange may be
attributed to amino acids. Except in the Glu, Asyl &er systems, very few organic species can be
observed in the powders obtained at apH The washing and ultrasonication treatments haveved
quite efficiently organic materials which were rimtund to the oxide surface. The relative amount of
organic species is much more important in the Gldi Asp systems than in the Ser one. At pH = 6, all
infrared spectra present vibration bands correspgntb the amino acids. In summary, amino acids
adsorption on the oxide surface depends on its idaéncomposition and on solution pH. The
adsorption of amino acids on titanium oxide hagaly been studied as first step for biological

adhesion on titanium implants studi&¥® or for their photocatalysis mineralizatioh®* Different
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techniques such as supernatant anafydisermal desorption spectroscopy (TD%)* attenuated total
reflectance infrared spectroscopy (ATRARY® *®and X-ray photoelectron spectroscopy (XP%)
have been used to determine the adsorption mode.

Electrostatic interactions are proposed in mangistu The sign of oxide surface charge changes at
the point of zero charge (PZC). This PZC is 4.6ammorphous titant4 and is between 5.4 and 6.0 for
crystalline polymorph&’ As for amino acids, charge depends directly orattid base properties of the
chemical groups of their main and side chains. pHlaes of the different amino acids are listed in
Table 1. In the first experimental study of amimida adsorption of titania, Glu is adsorbed omtéaan
the 3-4 pH range and Lys, in the 6-10 pH raffgehese results are explained by attractive eletetiios
interactions. The presence of positively chargethamcids on particles synthesized at pH = 6 in our
study may also be explained by such interactiongitasia surface is slightly negatively charged.
Adsorption of Glu and Asp at pH = 4 can also bel@rpd that way.

However, the adsorption of Glu, Asp and Ser at pidycan not be explained only by electrostatic
considerations. Indeed, with isoelectric point eslwf 3.22 and 2.77 respectively, Glu and Asp shoul
only adsorb to the oxide surface in the 3-5 pH eammino acids such as Gly and Ser are in a
zwitterionic form at pH = 6 and are still presemtsmall amounts at oxide surface. Other studieg hav
also evidenced the adsorption of Ser, Met, Glu Asgl in the 2-6 pH range even if the first two are
positively or not charge®l: °® Moreover, an increase of solution ionic strength dot affect Asp
adsorption on Ti@particles, what rules out a purely electrostatteriactior>

The infrared spectrum of the titania powder obtdimethe presence of Glu at pH = 4 was studied
more accurately and compared with data displayatieniterature (Table 3). The measured values are
in good agreement with those obtained by ATR-IRdgtof glutamic acid adsorption on a %O
surface®® No vs(COOH) could be observed around 1713cm our sample indicating that the side
chain carboxylic group is deprotonated upon adsgmpto TiO,. The twovas(COO) bands were
observed at slightly lower wavenumber values tHaevehere’® but this may be due to the nature of the

£58

oxide surfac® or to a difference of the system pH = 4 here mmbtef 2.9 in ref>®. The positions of
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those two bands are consistent with a bidentatedowadion mode of the carboxylate group to two
titanium (as proposed in Figure 5) or a chelatiorihie same surface titaniuthin any case, the two
carboxylate groups seem to be involved in the gadigor of the amino acid on the oxide surface. The
1446 cm® band corresponds to the bending of the side cBaip The observed difference with
measured value in solution can be explained bybihding of both ends of the chain on the oxide
surface. The last interesting band at 1405 corresponds to thes(COO) and seems unaffected by the
adsorption on titania. These data show that adsorpf amino acids containing two carboxylate gre®up
on the titanium oxide surface is due to the chatatif both groups to surface titanium ions.

Results presented here are in fair agreement Wwigady published ATR-IR and XPS data on amino
acids adsorption on titania surfaces. Both teclesgshowed that the carboxylate group is interacting

+67.%83nd only one study on Asp proposed -Nid the main interacting grodp.

with the oxide surfac
Different described structures for amino acids gasan on TiQ are given in Scheme 2. The first
structure corresponding to interactions throughrbgen bonds was proposed from simulations of
cysteine adsorption on rutifé An unionized molecule is presented in that stmecas calculations were
performed in vacuum where this form is more stablen the zwitterionic form. The other three
structures correspond to an inner sphere compéxafiamino acids to surface*Tions with different
coordination modes of the carboxylate groups pregda the literaturé® > *">wjith dicarboxylate
amino acids Asp and Glu, binding through more thaa group was proposéd.’ In structure 3, a -
NH. group is proposed as another ligand in the coatitin sphere of a second*Tsurface ior?® In
structure 4, Glu forms a surface chelate complexbdth carboxylate group$.The presence of both
carboxylates groups in the inner sphere of suttita@ium ions evidenced in the present study gaad
agreement with the structure 4. Consequently, strigcture is the most probable for Glu and Asp
adsorption.

More accurate information about the amount of oigapecies in the powders can be obtained from

TGA-DSC coupled with a gas analyzer in order teimsinate weight loss due to adsorbed water from

that of organic species. The powder obtained witha pH = 4 contains 4%.wt of water and 15%.wt of
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organic material (Figure 7). This organic mateisateleased in two steps: the first and most ingourt
desorption step starts at 280°C with a maximum aedeind 300°C and the second step starts at 400°C
with a maximum at 420°C. Almost no weight lossliserved above 500°C. The powder obtained in the
presence of glycine contains roughly the same amaiuentrapped water as the former sample but only
5%.wt of organic species. This organic materiadesorbed in three steps with maximum rate at 120,
280 and 450°C. This is in good agreement with diiere dat&® Low temperature desorption
corresponds to a weekly bound state while higherptgature release corresponds to the thermal
decomposition of glycine into smaller sub-unitstMglutamic acid, no low temperature desorption was
observed indicating a stronger interaction withdexsurface and most of organic material was retease
as carbon dioxide. This is in good agreement whith ¢complexation of two carboxylate groups with
glutamic acid instead of only one with glycine.

A last possibility of amino acid-Ti(IV) interactiotihat may impact on the condensation of an oxide
phase is the formation of a bio-inorganic complaxsbolution. Indeed, the formation of a Ti(IV)-
acetoacetate complex from alkoxide solution chandesstically the reactivity of the inorganic
precursof’ The complexation of amino acids to *Tihas already been reported but two
cyclopentadienyl ligands are also needed in thedioation spheré®’® The amino acid binds to the
metallic center only through the carboxylate gragpa two electrons donor ligand and the formed
complex in organic solvent is rapidly dissociatedagueous solutioff. So the formation of a Ti(IV)-aa

complex as driving force for nanoparticle modifioatcan not be completely ruled out but the surface

interaction modes must be preferentially taken adcount.

Conclusion and outlook

Amino acids have been used for the first time adrotling agent in the sol-gel formation of titamu
oxide bellow 100°C. Different parameters such as qgding time, amino acid nature and concentration
have been studied. The presence of the amino haglan impact on the kinetic and thermodynamic of

the crystalline oxide formation. More specificaltie crystallization is slower with glutamic acits
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presence leads exclusively to the formation ofath@tase structure with an elongated octahedroreshap
This was explained by the proposition of a specdiabilization of the {101} face of anatase by
complexation of both carboxylate group of the amacal on that surface.

Experimental results and data taken from the liteademonstrate that amino acids can be present on
both amorphous and crystalline titania particleSRAR studies on dicarboxylate adsorption on
different titania polymorphs have shown that ondhieee different complexes could be observed on
each structuré This means that the dicarboxylate complexatioensfih depends also on the geometry
of the oxide surface.

The question that must now be answered is whythiaaacid Glu binds preferentially to the {101}
surface of anatase and His to the {001} one. A mbssanswer is that an epitaxial relation exists
between the metallic sites of the chosen surfaddlacorresponding amino acid. A molecular dynamic
simulation of Glu and His approach and adsorptwdifferent anatase surfaces is mandatory to answer
that question in full.

The selection of a polymorph and a specificallyasqul face are of particular interest in application
of photocatalysis and solar cells. These new reshibuld motivate further investigations on titabiia

controlled syntheses in aqueous solution.
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Figure 1. X-ray diffraction patterns of titania powders aibed at pH = 4 after 1 day aging at 60°C
without or with various amino acids. Lines markeithva circle correspond to anatase and with a cross

to brookite.
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Figure 2. Mean size of anatase nanoparticles calculatedy e Scherrer equation as a function of the
pH of the starting solution and the nature of titeoduced amino acid. Error bars are not preseored

the graph but generally correspond to £ 0.5 nm.

Figure 3. Mean size d of anatase nanoparticles in diffeceydtallographic directions calculated using
the Scherrer equation as a function of the pH efdfarting solution and the nature of the introduce
amino acid. Black dots correspond to Ref sampléstewones to Glu samples and grey ones to His
samples. Circles correspond to measurements il direction, squares to measurements in the
[004] direction and rhombuses to measurementsar{200] direction. Error bars are not presented on

the graph but generally correspond to £ 1 nm.
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Figure 4. High resolution electron micrographs of titananaparticles obtained at pH

of aging, (a) without and (b) with glutamic acidtire reacting medium. Scale bars correspond to.5 nm
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Figure 5. Possible model of glutamic acid adsorption ondh§101} face and b) {001} face of the

anatase polymorph. For clarity purpose, surfacerdxydl groups are not represented on the oxide

surface$?
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Figure 6. Evolution of anatase particles shape with [TiJ({{3latio. Circles correspond to measurements
in the [101] direction, squares to measurementkar{004] direction and diamonds to measurements in

the [200] direction. Crosses and dashed line reptake go4/d1o; ratio.
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Figure 7. Thermogravimetric (solid) and differential scarmealorimetry (dashed) curves of the titania
powder obtained at pH = 4 after 1 day in the presef Glu. On top, the relative amount of released

CO; gas as a function of temperature is represented.

Scheme 1. Atoms drawing of model anatase crystals rebuildnfrbebye Scherrer measurements of
crystal size. The upper and lower surfaces corraspo the {001} plane and the side surfaces to §101
planes. The calculated model systems are a) Ref pHb) Ref pH = 1, ¢) Glu pH = 4 and d) His pH =

6.
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Scheme 2. Possible structures for amino acids adsorbed offitbgsurface’™ °® 72
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Amino acid Molecular structure pKa IEP
Glycine o
+ 2.35,9.78 5.97
(Gly) : o
(0] o
Glutamic acid
o o 2.10,4.07,9.47 3.22
(Glu) .
NH;
O
Aspatrtic acid .
o o 2.10,3.86, 9.82 277
(Asp) N
o) NH;
O
Serine
HO o 2.21,9.15 5.68
(Ser) +
NH,
(0]
. H, |
Histidine N )
</ | o] 1.77,6.10, 9.18 7.47
H +
(His) N NH;
H
(0]
Proline
A . 2.00, 10.60 6.30
(Pro) N ©)
H,
(e}
Lysine HaNT
8 o 2.18,8.951053 9.59
(Lys) .
NH3
NH; o
Arginine )\ i
HN NH O 2.01,9.0412.48 11.15
(Arg) +

Table 1. Molecular structure of the different amino acidedispKa and isoelectric point values of the

acid-base groups present on the amino acids (lablets correspond to side chain group).
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aminoacid pH=1

A+R
Gly A+r
Glu A
Asp A
Ser A
His A
Pro A+b
Lys A+R
Arg A+R

pH=2
A+b

A+b

A+b
A+b
A+b

A+b

pH=4
A+b

A+b

A+b
A+b
A+b

A+b

pH=6
A+b

A+b

A+b

A+b

pH=8
amorphous
amorphous
amorphous
amorphous
amorphous
amorphous
amorphous
amorphous

amorphous

Table 2. Titania polymorphs distribution as a function o thH of the reacting solution and the nature

of the introduced amino acid. A stand for anatdésstands for brookite and R or r stand for rutile.

Capital letters correspond to the predominant polyrh and small letters to the secondary phase.

Sample
In solution %
Adsorbed %8

Thisstudy

V(COOH)
1713
/

/

Va(COO)
1613
1600

1590

VACOO)

1540

1537

1530

dCHy)

Table 3. Infrared spectroscopic data of glutamic acid caytaie groups in solution at pH = 3.2

according to ref’®, adsorbed on a Tidilm at pH = 2,9 according to ref and in the present system at

pH = 4.0. All vibration band values are expressedni’.
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Bio-inspired synthesis of crystalline TiCEffect of amino acids on nanopatrticles strucamd shape.

Olivier Durupthy*, Joachim Bill, and Fritz Aldinger

The use of amino acids as additives to the therchathysis of titanium tetrachloride solutions is an
innovative bio-inspired process for the synthegdisitania. With certain amino acids such as glutami
acid, pure anatase nanoparticles were obtainethyglisp an elongated shape. Bio-control is performed

through the modification of the oxide/solution ifitee.
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