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Stable water-soluble diammonium tris(2-hydroxypropionato)titan- we decided to search for other titanium complex compounds
ate(IV) [ammonium trilactatotitanate(IV)], (NH4)2[Ti(CsH4O3)s], was that could be utilized without a glovebox and toxic solvents.
prepared in the crystalline form. According to the X-ray single- As one can conclude from the structure of citratoperoxo-
crystal diffraction data, this compound crystallizes in the cubic cell ~ titanate ion the minimum structural unit of citric acid pro-
with a = 11.649(4) A, space group P2:3 (no. 198), and has Z = viding the stability of the complex is a carboxylic group and

an a-hydroxo group, yielding a five-member ring together

. with a Ti atom. For a chemist, it would be natural to attach
spectra support the determined structure. The absence of non- CHs— or another bulky group to this fragment to create a
bonded functional groups restricts the formation of oligomers in steric obstacle for complex ion segregation. In this way, we
contrast to the reported speciation of citratoperoxotitanate(IV) identified lactic acid CHCH(OH)COOH as the primary can-
complexes. didate to form a stable titanium compound. In fact, solutions
of “titanium lactate”, bis(ammonium lactato)titanium dihy-
droxide, are known to be stable in water, and they were suc-
“cessfully used for the synthesis of anatase nanocr§/Staisl

the fabrication of ultrathin titanium oxide filn¥s, UV-protec-

tive coatings on plastic interfacé&sand titania coatings on
colloid particlest**?However, to the best of our knowledge,
the preparation of titanium lactate single crystals has not been
reported, and its assumed structunas proposed from the

4 molecules per unit cell. The *C NMR data and Raman and IR

Recently, we have the reported synthesis and crystal struc
ture of a water-soluble titanium compouritiat was to be
suitable for preparation of different oxide materials contain-
ing titanium via a variation of the selgel processthe
Pechini-type polymerizable complex methedAlthough we
were able to synthesize fine powders and thin films of high

quality relatively easily compared to the case of titanium j,qirect data. Here, we describe the synthesis and structure
isopropoxide utilizatiort,the precursor tends to form Ti-rich of a new titanium-lactic acid complex that is soluble and
intermediate phases at low temperature after the polymergi,pie in water: (NB[Ti(C3H4O03)3].

pyrolysis stef.We suspected that such behavior_could res_,ult Synthesis of the titanium lactate complex can be sum-
from the structure of_th(_e complex moleculg, which confcalns marized by the following chemical equations

four Ti atoms. In principle, free carboxylic groups might ) - ] B

coordinate other titanium ions, resulting in even larger Ti 4+ 3H,0, + OH —Ti[(OH);0,] + 2H,0
oligomers. From the viewpoint of materials chemistry, the _

multidentate nature of citric acid creates an inconvenience TH{OH):O2l 4 3CHO;

in the synthesis, leading to the clustering and segregation of [Ti(C5H,05)4 % + H,0, + 2H,0 + H,0"

titanium ions in the solution and later in the gel. Therefore, The description of the synthesis procedures is available in

Authors 1 wh g rould bo add & Emai the Supporting Information. The obtained solid product was
* Authors to whom correspondence shou € addressead. -maill: . : - .
kakihana@tagen.tohoku.ac.jp (M.K.); valery@tagen.tohoku.ac jp (V.P.). twice recrystallized for further characterization.
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Figure 1. Solid-state"3C NMR spectrum of the (N[ Ti(C3H4O3)3] single Figure 2. IR (upper) and unpolarized micro-Raman (lower) spectra of
crystals. (NH4)2[Ti(C3H4O3)g].

The elemental analysis of the prepared single crystals givesperoxo complex, one should expe¢D,?) peaks at 800
H, 5.86%; C, 31.08%; N, 8.22%; O, 34.53%; and ash (per- 900 cnr! andv(Ti—0,) peaks in the 560610 cnt region’s
centage from TG), 22.91%. According to the powder X-ray \we can locate peaks at 545, 623, 860, and 939cm
diffraction, the ash contains Ti&s a single phase. Judging Although there is no good match for the-T®, frequency,
from the elemental analysis and taking into account the the interpretation of the spectra should be still carried out
synthesis method, one can conclude the most likely chemicalyith caution. Perhaps the additional evidence against the
formula of the obtained crystals is (NH[Ti(CsH4O3)3], presence of peroxo group is the white color of the crystals.
which contains H, 5.74%; C, 31.05%; N, 8.04%; O, 32.17% peroxo complexes of Ti tend to have from yellow to deep
(assuming that the rest of the oxygen is consumed fok TiO yellow color depending on the pH.

for_rn;]ati%)l;\“?/lnéd TQ 22.94‘;@.(1 NMR-GSX-270 . The X-ray diffraction data were collected from the single
‘ 67eg MH s_ﬁ]ectrum ( \arizat i -2/0 operating crystal polished to spherical shape. The titanitlactic acid
at o7 £ with cross-po‘arization magic spinning) in complex crystallizes in the cubic system and has a relatively
Figure 1 allows the assumption that the complex molecule large unit cell parameter of 11.649 % The crystal struc-
contains three structurally different carbon groups. The ture was solved by the direct method using Sifeifter cor-
abse:] ce of ageterl]k at apEr((?;(PlEl’grg)ately 70. pdp.m LnlMMFt recting of the diffraction data for the absorption. The guided
Zpec rtum t?m ftﬁ p?a holi Oprm N 'Cti eI C(i.mp g(;e refinement was carried out with the CRYSTABSoftware
eprotonation ot fhe aiconotie groupin the factic aci integrated system. After the isotropic refinement of the ther-
molecule®® Thus, lactic acid should either chelate titanium mal parameters, the hydrogen atoms of the lactic acid were
ina .bldent.ate manner S|m.|Iar to the p|s(§1mmon|um lactato)- generated geometrically. During the final stage of the refine-
titanium dihydroxidé or bridge two tltanlum atoms. ___ment, we located the hydrogen atoms of both,NHroups.

The ?amatr;] Sp%CtLquwaS ?giggge? 'ml a bacliscattetnng].heir positions and thermal parameters were kept constant.
geometry with a Jobin-yvon - fipie SPeCromeler rq \ve carried out the refinement of the anisotropic ther-
equipped W'.th _Atago Bussan microprobe optics and an Ar mal parameters of non-hydrogen atoms. Although the
Iaser;{rse_i_(glt\jl t'z%noéséilsg r;l). kFTIIEF\I) spectrurr; was trecor(jed parameters-to-reflections ratio decreases to 4.6 in this case,
ona i Erkin-=imer Specromeler using .o refinement statistics improved, and the reasonable thermal

:;Brsfoerc(tjr';ug?r;h(:’aé?)?;?r/]};gr;no'Ii:t?ogiaT:?nR;m;g azngre parameters and only small change of the atomic positions

diffefent from those of (Nk) [Ti(gC Y é) (OH)] gcom- indicate that the refinement stayed within reasonable margins
. : gt A3 AR 2 of the obtained model. The full list of atomic parameters is

mercial Aldrich product? This fact unambiguously indicates

that (N i(C3H403)5] is a novel compound different from
. ( l_h)z[-l.-( 84 3)3] . . . P . (15) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
bis(ammonium lactato)titanium dihydroxide. Note that all dination Compounds8rd ed.; John Wiley and Sons: New York, 1978.

vibrations are active in both the Raman and IR spectra, and(16) Crystallographic data: diffractometer, Rigaku AFC5; chemical formula,
s e (NHa)2[Ti(C3H40s)3]; cubic; space grou2;3 (no. 198);a = 11.649-
tr_le|r |ntens_|t|es are complementary. The presence of the same (4) A, volume= 1580.5(9) /g T =206 K. MW = 348.13.7 = 4,
vibrations in both spectra well supports the choice of non- Mo Ka, 4 = 0.71073 A, pcac = 1.459 g/crd, u = 5.83 cn1l, total
i i i reflections= 2616, reflections without Friedel's law871, Rt =
Centrosy.mmemc space group. At the Sa.me time, t.he relatl\./e 0.04, reflections witH > 20(l) = 300, number of parametets 65,
complexity of both spectra does not provide unequivocal evi- Ry = 0.0674,R = 0.0343,Ra) = 0.1448, goodness of fit 0.9443.

dence for the presence or absence of peroxo groups in the  The structure was solved by the direct method and refined by full-
. . ) - i = 2 2)2, 1/2
prepared single crystals. Depending on the structure of the g‘naggxz'egﬁ}jﬁ“_a[ﬁjjgf;'f‘- Ry = [2w(Fe® = FTEW(EA T
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1987 91, 6128-6136. Appl. Crystallogr 1998 32, 115-119.
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2003. of Oxford: Oxford, U.K., 1999; Issue 11.
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Figure 3. ORTEP view and labeling scheme of the complex anion
[Ti(C3H403)3]2~. Thermal ellipsoids are displayed for 50% probability. ) )
Figure 4. H NMR spectrum of the—CHz doublet of (a) (NH)[Ti-

. . . . . (C3H403)3] single crystals dissolved ind® and (b) sporadic powder sample
provided in a separate CIF file available as Supporting o 5 similar chemical composition dissolved i@

Information.
An ORTEP?® view of the titanium lactate complex is dis-

played in Figure 3. Note that the titanium is coordinated by & Weak quadruplet (4.1 ppm, possibly due to th€H
six oxygen atoms from three lactic acid molecules, forming N€ighboring the protonatedOH group). The-CH; doublet

a stable five-membered ring composed of Ti, O(2), C(3) shown in Figure 4a is of particular interest because it provides
C(4), and O(5). The TiQoctahedron is slightl3; distorted.  €vidence of structurally similar groups in the three lactic acid

with an O(2)-Ti—O(2) angle of 162 7and the Ti atom shift- molecules chelating titanium as they are presented in the
ed from the center giving, the two sets of T interatomic ~~ ORTEP plotin Figure 3. We attempted to prepare the other

distances of TrO(5) = 2.071(5) A and T+O(2) = 1.848- diasteriomers of the Filactate complex by modifying the

(5) A. The lactic acid molecules preserve their chirality. In- Préparation conditions. In some instances, we could obtain
spection of the difference Fourier maps did not reveal any POWder samples having structurally differenCHs groups

residual electronic density that could be interpreted as pres-(S€€ Figure 4b). However, we could not obtain such com-
ence ofp-lactic acid. Lactic acid acts as a bidentate ligand, POUNds in areproducible way, and after keeping the solution
and as we expected, there are no potential free groups forl® 24 h, their H NMR spectra always transformed into
oligomerization. At the same time, tight coordination creates SPEctra similar to Figure 4a, suggesting that the formation
spatial difficulties for nucleophilic attack, the first step of ©f A, @, anda’ might be possible, although tif isomer is
hydrolysis. The bond-valence sum of Ti for the observed thérmodynamically the most stable.

interatomic distances is 4.24, which indicates that the tita- N the chiralP2,3 space group, the [Ti(tCsH4Os)s]
nium coordination might be strained, and the-T(2) dis- ~ COMPlex anions form left-handed helixes osymmetry (see

tance is particularly short. Nevertheless, such interatomic (€ Stéreoview in the Supporting Information). The mirror
distances are not outstanding and can be found in a titanium

a—CHs doublet (1.3 ppm), aCH quadruplet (5 ppm), and

image of this helix has right-handed direction $8rew rota-

malotolate comple® (1.868 and 2.193 A) and in acetyl- 10n) and corresponds to the packing of the similar [F(D
acetonate complex®(1.796, 1.805, and 2.622.08 A). C3H403)3]%~ complex. One might question whether it is pos-
Figure 3 displays thg'-isomer, one of four possible iso- sible to arrange the titanium-lactate complex ions into a
mers of the T+lactic acid compie%? Two isomers3 and right-handed helix of 3symmetry, yielding one more isomer

f', exhibit C; symmetry and can be accommodated on the in _the crystaliine state. We do not havg any experimental
3-fold axis of theP2;3 space group. The other two isomers, evidence th".ﬂ could support or reject this idea.
a ando!’, haveC, symmetry, and they are inconsistent with The described water-soluble titanium lactate complex was
the P2 3' space group Anélysis of the residual electronic successfully utilized for the synthesis of SrEifihe powders

1 . . . . .
density and low flack parameter of 0.09 suggests that the an:ctlilrl]r; f':?ds &yetnfle ?E‘IQ-Cg?;mgasmf;génE:au supported
unit cell contains only the§'-isomer species, which might KNOWIEdg - This work was 1l 1afly supp
have the lowest solubility among the four isomers or the by N|ppor_1 Sheet Qlass Foundation for Materials S(_:lence and
crystals of which might have been picked up accidentally. Engineering. V.P. is grateful to the Japanese Society for the

To verify this hypothesis, we collected tH¢ NMR spectrum Promotion Of. Sc?gnce (JSPS) for the fellowship and Grant-
of the solid product recrystallized and dissolved irCD in-Aid for Scientific Research 13001266.

vailabl S tting Information). Th trum contain Supporting Information Available: Synthesis details antiH
(available as Supporting Information). The spectrum contal SNMR spectrum of the solid product recrystallized and dissolved in

D,0. Atomic positions and selected interatomic bond distances in
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