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Abstract: Carboxylic acid (HORc)-modified Ti(OR)products were used to study the effect that similarly
ligated species with substantially varied structures have on the final densification of the resultant ceramic
(in this case TiQ). The 1:1 stoichiometric products isolated from the reactions oif0Nep)(ONepjy]2 (1,
ONep= OCH,CMes) and a variety of sterically hindered carboxylic acids [HORc: HOFc {€id), HOAc
(HO,CCHg), HOPc (HQCCHMe,), HOBc (HO,CCMe3), or HONc (HQCCH,CMes)] were identified by single-
crystal X-ray diffraction and solid-staféC MAS NMR spectroscopy as Kits-O)(OFch(ONep) (2), Tiz(us-
O)(OAC)(ONep} (3), Tis(uz-O)s(OPCcE(ONep) (4), Tiz(u-OBch(ONep) (5), and Ti(us-O)(ONch(ONep)y

(6). Compoundg, 3, and6 adopt a triangular arrangement of Ti atoms linked by-®xide moiety with ORc

and ONep ligands supporting the basic framework. Compduadopts a distorted, hexagon-prism geometry

of two offset [Ti—O—]3 rings with each six-coordinated metal possessing a terminal ONep and two monodentate
OPc ligands. The unique, nonesterified prodoct dimeric with twou-ONep, two unidentate bridging OBc,

and two terminal ONep ligands. The solution behavior@-66 were investigated by NMR experiments and
were found to retain the solid-state structure in solution with a great deal of ligand rearrangement. Films of
TiO, were made from redissolved crystals2f6. The highest density Tigxthin films were derived from the
partially hydrolyzed, trinuclear, low-carbon-containing ONep compleReand 3, as determined from
ellipsometric data.
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the use of solution route techniques (i.e., dip- or spin-coating). "ates to allow for the production of high-quality thin films.
In general, these processes involve the dissolution of the Multidentate ligands have been used to modify the reactivity
precursors in a solvent, deposition of the resultant precursor©f the Ti(OR) precursors by decreasing the number of
solution onto a substrate, and thermal treatment of the deposited -
. ' . . - (1) Boyle, T. J.; Tyner, R.; Scott, B. L.; Ziller, J. WAbstracts of Papers
film to CO”V?“ the metallo-organic species to the Ceram'c phase. 217th National Meeting of the American Chemical Society, Anaheim, CA,
Metal alkoxide precursors are often favored for solution routes Spring 1999; American Chemical Society: Washington, DC, 1999; Part 1,
due to their high solubility in a variety of solvents, their low |NC()2F)*-8625d| b G- Mehrotra. R. C. Gaur D. Metal Alkoxid

s : : : o “ raaley, . i enrotra, . i aur, . eta oxlaes

(J_Iec?mp05|t|on/crystalllzatlon_temperatures, their ability to Cross- academic Press: New York, 1978.
link” upon exposure to ambient atmosphere, and the variety of  (3) Bradley, D. C.Chem. Re. 1989 89, 1317.

ligands availabl@=® However, alkoxide precursors are oftieo ggg gublert-Pf}?lzgraa Lb GN;;NIJ. C?eLmlc?:iZ 11, ;631'990 90, 960

; ; ; i ; . aulton, K. G.; Hubert-Pfalzgraf, L. em. Re. , .

reactive, with ambient humidity forming large complex mol (6) Chandler, C. .- Roger. C.. Hampden-Smith, MChem. Re. 1993
* To whom correspondence should be addressed. 93, 1205.

T Advanced Materials Laboratory, Sandia National Laboratories. (7) Boyle, T. J.; Alam, T. M.; Mechenbeir, E. R.; Scott, B.; Ziller, J. W.
*Department of Materials Aging and Reliability, Sandia National Abstracts of Papers213th National Meeting of the American Chemical
Laboratories. Society, San Francisco, CA, Spring 1997; American Chemical Society:

§ Los Alamos National Laboratories. Washington, DC, 1999; Part 2, INOR-693.
HUniversity of California-Irvine. (8) Day, V. W.; Everspacher, T. A.; Klemperer, W. G.; Park, C. .
I'Electronic & Optical Materials, Sandia National Laboratories. Am. Chem. Sod 993 115 8469.

10.1021/ja992521w CCC: $18.00 © 1999 American Chemical Society
Published on Web 12/08/1999



Thin-Film Densification of TiQ@

J. Am. Chem. Soc., Vol. 121, No. 51, 1992105

R
0 O ma— Ti RO == T Ti m— O
N A
RO Tiﬁ WO B T — —o/ | I OR 4 A
\' R TnvosTi o I 0 . Ti
\/gl Ti—ol—/Ti—OR I (I’ Tli 0 Ti I O-I;Ti
/ RO
Ti ——— O g T e () Ti —
(a) (b) (c)
1i==Ti
TimmmO  OmmTi R Ti 5
! RO Ti 0 , '
~ O_T].
Ti <\O 0’ >T. I ° Tlgi 0 —Il Ti‘o RO/I
1
O 0 Tivo IITi Til_o I I ) m—i
” . .
TiI’ O‘,O ~‘Ti g gTi \OR RL T — o;Tl Ti
Ti

(@

Figure 1. Schematic representations of the skeletal arrangements of titanium oxo, alkoxy, and acetate compounds, referred to as (a) corner-
removed, inversion-related, oxide-bridge cube, (b) inversion-related, corner-removed, edge-shared cube, (c) cube, (d) star, (e) faceeshared, m

®

corner-removed cube, (f) hexagon-prism, and (g) dual corner-missing cube.

hydrolyzable (terminal) ligand¥-16 One modifier that has
gained widespread use is acetic acid (HOAcHO,CMe);
however, the reaction of Ti(ORwith HOAc leads to com-
pounds of the general formulaghs(OAC)16-4n(OR)an [N = 1,
2: R = Et, CHbMe;!! Pr, (CHMe&y);1213 n-Bu, (CHp)sMe;H

to the fact that a great deal of interest currently exists for thin
films of TiO, with controlled densities. Recent applications of
TiO, thin films include catalyst&*2>sensord®—28 membraned?—32
coatings®3-36 and electrochromi@4° devices.

Carrying out a systematic investigation of Ti(QRyecursors

see Figure 1a], not the simple exchange products. Other,and their effect on Ti@thin films requires a well-characterized

sterically varied carboxylic acids (HORe HO,C(us-C)[Cos-
(CO)] (HOACCo3), HO.CC(Me)=CH, (HOMc), and HQCH

family of similarly ligated compounds in both solution and solid
state. In comparison to the Ti(ORamily of M4O;¢ Structurally

(HOFc)) have also been investigated, and additional structural characterized species ® Me;*! Et;%22 THME3), HORc (see

types have been isolated (Figure-ffal 16-20

Currently, too many variables (both chemical and physical)
exist to realistically determine the controlling aspects for the
densification of the final films of the complex ceramics (i.e.,
Pb(Zr, Ti)0;)?123 that use these precursors. Therefore, we
choose to use TiPas a model for these multicationic ceramic

materials since it is a single-component ceramic, but also due
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Table 1. Carboxylic Acid (HORc) Precursor Data

Formula
Acid (MW)

(Abbreviation) pH2 Structure
Formic o
(HOFc) CH,0,

(46.03)
2.04
HO H
Acetic 0
(HOAc) CoH40,
(60.05)
2.25
HO CHj
o}
iso-Butyric
(HOPc) C4HgO, \\\CHG
88.11 _4CH
(2.57) HO C\‘ 8
H
(o]

Trimethyl Acetic

(HOBc) CsH1002 s
102.13 3 _aCH
( 2.90 : HO C\‘ :

CHa

o] CHs

tert-Butyl Acetic g
(HONCc) CegH1202 C’ACHS

(116.16) SN
2.93 HO % CHg

@ Obtained by pH measurement of &i.0 M solution of each HORc
in deionized water.

as Ti(O)(OFch(OP1)1 (Figure 1ef0 Tig(O)s(OAC)s(OPH)12
(Figure 1a)i2 Ti(OBc)(OPI)s(HOPY),16 and Ti(0O)s(ONC),-
(OPf)12 (Figure 1b)!® To increase the number of useable
precursors, we also characterized the HORc (see Table 1)-
modified products of [Tig-ONep)(ONepy]. (1)** as Ti(O)-
(OFck(ONep} (2), Tiz(O)(OAc)(ONep} (3), Tis(O)s(OPC)-
(ONep) (4), Tio(OBc)(ONep}k (5), and Ti(O)(ONch(ONep}

(6). With these available precursors, investigation of the
densification of ceramic thin films (i.e., Ti¥) could be
undertaker.

Experimental Section

All of the compounds described below were handled under dry argon
or nitrogen atmospheres with rigorous exclusion of air and water using
standard Schlenk line and glovebox techniques. FT-IR data were
obtained on a Nicolet Magna System Spectrometer-550 using KBr
pellets under an atmosphere of flowing nitrogen. TGA/DTA experi-
ments were performed on a Polymer Laboratories STA 1500 Instrument
under an atmosphere of flowing oxygen up to 6&8and at a ramp
rate of 5°C/min. Elemental analyses were performed on a Perkin-
Elmer 2400 CHN-S/O elemental analyzer. The changes in film thickness
and refractive index at room temperature as a function of drying time
were measured by ellipsometry on a Gaertner L116-C ellipsometer.

All NMR samples were prepared from dried crystalline materials
that were handled and stored under an argon atmospher€CAH}
solid-state NMR spectra were obtained on a Bruker AMX400 spec-
trometer at a frequency of 100.63 MHz using a 4-mm broadband magic
angle spinning (MAS) probe, spinning at 4 kHz. For all of fie-

{*H} cross-polarized (CP) MAS spectra acquired, a standard CP
sequence with high-powéiH decoupling, a 1-ms contact time, and
64—256 scans were utilized. For solution spectra, each sample was
redissolved in toluends at saturated solution concentrations. All
solution spectra were obtained on a Bruker DMX400 spectrometer at

Boyle et al.

399.87 and 100.54 MHz foiH and3C experiments, respectively. A
5-mm broadband probe was used for all experimért®NMR spectra
were obtained using a direct single-pulse excitation, with a 10-s recycle
delay and eight scans on average. T#&{*H} NMR spectra were
obtained using a WALTZ-16 composite puldd decoupling, a 5-s
recycle delay, and a/4 pulse excitation.

All solvents were freshly distilled from the appropriate drying affent
and stored over 4-A molecular sieves. The following compounds were
stored under argon upon receipt (Aldrich) and used without further
purification: HONep, HOPc, HOBc, and HONCc (see Table 1). HOFc
and HOAc were dried over boric anhydride and acetic anhydride/
chromium oxide, respectively, and freshly distilled immediately prior
to use. Ti(OP), was freshly distilled under vacuum immediately prior
to use. Compound** and the HORc-modified Ti(OBj derivatives
were prepared as described in the literafufe!®6 Crystals of Ti(u-
OBc)(OBc)(OP)s(HOPH) (5a) and Ti(O)s(ONc)(OPH)1, (6a) were
isolated by slow evaporation of the toluene reaction mixture of Ti-
(OP¥), and HOBc or HONC, respectively. Sin2e-6 were all prepared
in an analogous manner, a general synthetic route is described below,
with any variations noted in the individual sections.

General SynthesisTo a stirring solution oflL (1.00 g, 2.52 mmol)
in toluene (5 mL) was added the appropriate HORc (2.52 mmol) in
toluene (1.5 mL) via pipet. After stirring for 12 h, approximately
half of the volatile component of the reaction mixture was removed
by rotary evaporation. The solution was allowed to sit at glovebox
temperatures with slow evaporation of volatile material until crystals
formed. The mother liquor was decanted, and the remaining crystals
were dried by rotary evaporation. Additional crystalline material was
isolated by further slow evaporation of the volatile components.

Ti3(O)(OFc)(ONep)s (2). HOFc (0.116 g, 2.52 mmol) was used.

A white precipitate formed immediately upon addition of HOFc. The
reaction was stirred for the amount of time given in the general synthesis
procedure, the insoluble material removed by centrifugation, and the
soluble fraction allowed to slowly evaporate (vide infra). Crystalline
yield: 0.291 g (36.5%). FT-IR (KBr, crt): 2956(s), 2905(m), 2869-
(m), 2844(m), 2732(w), 2692(w), 1595(s), 1561(m), 1479(m), 1462-
(m), 1394(m), 1372(m) 1366(m), 1259(w), 1216(w), 1080(s,br), 1038(s),
1023(s), 939(w), 905(w), 801(w)772(w), 753(w), 724(m), 679(m, br),
597(m), 538(m)*H NMR (tol-ds, 400.1 MHz): 6 8.48, 8.19 (s, @CH),

4.82, 451, 4.48, 4.41, 4.40, 4.39, 4.37, 4.36, 4.35, 4.33, 4.29, 4.27,
4.05, 4.02 (s, O8,CMe;) 1.25, 1.09, 1.02, 1.00, 0.79 (s, OGZEMes).
13C{*H} NMR (tol-dg, 100.6 MHz): 6 168.3, 167.3 (gCH), 88.7, 88.1,
86.7, 86.5, 85.0 (OHCMey), 34.1, 33.8, 33.5 (OC#fMes), 27.1, 27.0,
26.9, 26.4, 25.8 (OCHCMes3). Anal. Caled for GiHsgO15Tis: C, 52.73;

H, 9.53. Found: C, 53.03; H, 9.19. TGA/DTA: theoretical weight loss
74.7%, actual 73.2%. Thermal eventC): 134 (m, endo), 326 (s,
exo, recoalescence), 456 (w, exo).

Ti3(O)(OAC)2(ONep)s (3). HOAc (0.152 g, 2.52 mmol) was used.
Crystalline yield: 0.700 g (85.1%). FT-IR (KBr, crif): 2955(s), 2904-
(m), 2868(m), 2834(m), 2699(w), 1593(s), 1481(s), 1449(s), 1389(m),
1364(m), 1261(m), 1092(s), 1066(s, sh), 1037(s), 1023(s), 1014(s), 800-
(m), 751(m), 734(m), 714(m), 694(m, br), 668(m, sh), 631(m), 582(s),
545(w), 502(w).2H NMR (tol-ds, 400.1 MHz): ¢ 4.79, 4.72, 4.49,
4.46, 4.42, 4.40, 4.38, 4.35, 4.34, 4.32, 4.29, 4.27, 4.26, 4.06, 4.03 (s,
OCH,CMe;), 2.01, 1.98, 1.81 (s, £ZMe), 1.26, 1.17, 1.09, 1.07, 1.05,
1.03, 1.01, 0.82 (s, OCGIE€Mes). ¥C{*H} NMR (tol-ds, 100.6 MHz):

0 178.0, 179.9, 177.5 (s, OMe), 90.5, 88.5, 87.8, 86.3, 85.9, 84.6
(OCH,CMes), 35.0, 34.2, 34.0, 33.9, 33.8, 33.5 (Odle;), 27.1,
27.0, 26.9, 26.7, 26.5, 26.5, 25.8, 23.8, 23.5, 22.58C(@e, OCH-
CMe;). Anal. Calcd for GsHo4O013Tiz: C, 55.93; H, 9.65. Found: C,
55.72; H, 9.31. TGA/DTA: theoretical weight loss 75.4%, actual 70.2%.
Thermal events°C): 128 (w, endo), 154 (w, endo), 317 (s, exo,
recoalescence), 456 (w, exo).

Tig(O)s(OPCc)(ONep) (4). HOPc (0.223 g, 2.52 mmol) was used.
Crystalline yield: 0.270 g (89.9%). FT-IR (KBr, crf): 2954(s), 2905-
(m), 2867(m), 2837(m), 1570(s), 1540(m), 1473(m), 1428(m), 1393-
(w), 1363(m), 1263(m), 1095(s, br), 1024(s), 1013(s, sh), 803(m, br),
750(w), 718(m, sh), 698(m, sh), 667(m), 594(w), 526(H).NMR

(44) Boyle, T. J.; Alam, T. M.; Mechenbeir, E. R.; Scott, B.; Ziller, J.
W. Inorg. Chem.1997, 36, 3293.

(45) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals 3rd ed.; Pergamon Press: New York, 1988.
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(tol-ds, 400.1 MHz): 6 4.80, 4.63, 4.52, 4.49, 4.45, 4.43, 4.40, 4.37,
4.35,4.32,4.28, 4.25, 4.31, 4.05 (s, BLCMe;), 2.52, 2.42 (sept,
CCHMe,, Jy—n = 6.8 Hz) 1.26 (mult, @CCHMe;), 1.18, 1.67, 1.16,
1.15, 1.14 (mult, GCCHMe,) 1.08, 1.03, 1.01, 0.80 (OGBMe). 1C-
{*H} NMR (tol-ds, 100.6 MHz): 6 183.5, 183.4, 183.2, 182.9
(O.CCHMe,), 90.1, 88.5, 87.7, 86.1, 85.8, 84.4@H,CMe;), 36.4,
36.3 (QCCHMe,), 35.3, 35.0, 34.1, 34.0, 33.9, 33.5 (OTiMe;), 27.5,
27.1, 26.9, 26.5, 25.8 (OCBMe;3)19.9, 19.5, 19.2, 18.9 (CCHMe,).
Anal. Calcd for GsH108024Tis: C, 45.39; H, 7.61. Found: C, 54.27,
H, 8.83. TGA/DTA: theoretical weight loss 32.8%, actual 78%.
Thermal events°C): 122 (w, endo), 168 (w, endo), 327 (s, exo,
recoalescence), 458 (w, exo).

[Ti(OBc)(ONep)s)z (5). HOBc (0.258 g, 2.52 mmol) was used.
Crystalline yield: 0.881 g (85.0%). FT-IR (KBr, crl): 2954(s), 2904-
(m), 2866(m), 2844(m), 2695(w), 1559(m, sh), 1532(s), 1480(m), 1415-
(m), 1391(m), 1375(m), 1360(m), 1305 (w), 1288(w), 1255(w),
1223(m), 1111(s), 1080(s), 1039(m), 1016(m), 933(w), 899(w), 789-
(m), 746(w), 660(m), 617(m), 600(m), 581(m), 476(m), 464(Hh).
NMR (tol-ds, 400.1 MHz): 6 4.82, 4.78, 4.65, 4.62, 4.58, 4.56, 4.52,
4.49, 4.47, 4.44, 4.38, 4.37, 4.35, 4.32, 4.31, 4.29, 4.28, 4.27, 4.26,
4.25,4.24,4.23,4.22,4.11, 4.09 (s, B®CMe;), 1.38, 1.35, 1.30, 1.26,
1.25, 1.24, 1.23, 1.20, 1.19, 1.18, 1.17, 1.09, 1.08, 1.07, 1.05, 1.04,
1.03,1.02, 1.00, 0.99, 0.97, 0.94, 0.76 (s, QCMe;, O,CCMes). *°C-

{H} NMR (tol-ds, 100.6 MHz, —35 °C): ¢ 186.8, 185.2, 184.8
(O.CCMes), 88.8, 88.5, 87.5, 87.3, 86.7, 86.1, 85.8, 84.CHCMe;)

40.1, 39.8, 39.6, 39.3 (OGBMes, O,CCMe3), 34.5, 34.4, 34.2, 34.0,
33.8 (QCCMe;) 28.2, 28.0, 27.8, 27.6, 27.2, 27.0, 27.0, 26.9, 26.8,
26.7, 25.9 (OCHCMes). Anal. Calcd for GoH420sTi: C, 58.53; H,
10.31. Found: C, 58.73; H, 10.05. TGA/DTA: theoretical weight loss
80.5%, actual 80.7%. Thermal everft€); 93 (w, endo), 111 (w, endo),
199 (w, endo), 255 (w, exo), 373 (s, exo, recoalescence), 431 (w, exo).

Ti3(O)(ONCc)(ONep)s (6). HONc (0.293 g, 5.05 mmol) was used.
Crystalline yield: 0.832 g (90.9%). FT-IR (KBr, ctf): 2949(s), 2906-
(m), 2866(m), 2845(m), 1565(s), 1537(m), 1477(m), 1450(m, br), 1409-
(m), 1391(m), 1362(m), 1092(s), 1070(s), 1037(m), 1022(m), 1009(m),
934(w), 904(w), 798(w), 721(m), 696(m), 668(s), 640(m), 595(m), 542-
(m), 499(m, br)."H NMR (tol-ds, 400.1 MHz): 6 4.82, 4.68, 4.59,
4.56,4.51, 4.49, 4.48, 4.46, 4.43, 4.40, 4.34,4.32, 4.20, 4.18 (d,OC
CMe;, O,CCH,CMe3), 2.35, 1.28, 1.17, 1.15, 1.12, 1.08, 1.06, 1.03
(OCH,CMe;z, O,CCH,CMe3). *C NMR (tol-dg, 100.6 MHz): 6 179.4,
179.2 (QCCH,CMe3), 86.5, 87.7, 86.5, 86.3, 84.7 @B,.CMe3), 52.0,
51.5 (QCCH,CMes), 34.2, 34.0, 33.9, 33.6 (OGBMej3), 30.6, 30.4,
30.2, 29.7 (QCCH,.CMey), 27.2, 27.0, 26.7, 26.6, 26.4, 25.8 (OTVe;,
0O,CCH,CMe3). Anal. Calcd for GoH1100:3Tis: C, 57.46; H, 10.13.
Found: C, 57.50; H, 9.78. TGA/DTA: theoretical weight loss 77.9%,
actual 80.7%. Thermal eventX]): 86 (w, endo), 134 (w, endo), 156
(w, endo), 338 (s, exo, recoalescence), 434 (w, exo).

X-ray Collection, Structure Determination, and Refinement.
Additional details of data collection and structure refinement of the
various compounds are given in the Supporting Information. For each
structural determination, the respective crystals were handled using
standard inert atmosphere oil techniques.

The data for2, 4, 5, and6 were collected on a Bruker P4/CCD/PC
diffractometer, with a sealed Mod<(1 = 0.710 73) X-ray source. A
hemisphere of data was collected using a combinatighasfdw scans,
with 30-s exposures and 0.8ame widths. Data collection, indexing,
and initial cell refinement were handled using SMART softwére.
Frame integration and final cell refinement were carried out using
SAINT software?” The final cell parameters were determined from a
least-squares refinement. The SADABS program was used to perform
any absorption correctior8. Structures were solved using Direct
Methods and difference Fourier techniques. The final refinement
included anisotropic temperature factors on all non-hydrogen atoms.

(46) SMART Version 4.210; Bruker Analytical X-ray Systems Inc., 6300
Enterprise Lane, Madison, WI 53719, 1997.

(47) SAINT Software Users Guide, Version 4.05; Bruker Analytical
X-ray Systems, 6300 Enterprise Lane, Madison, WI 53719, 1997.

(48) Sheldrick, G. M. SADABS; Brucker Analytical X-ray Systems,
Inc.: Madison WI, 1997.
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Structure solution, refinement, graphics, and creation of publication
materials were performed using SHEXTL 5.1 softwére.

Lattice determination and data collection3vere carried out using
XSCANS Version 2.10b softwaf. All data reductions, including
Lorentz and polarization corrections and structure solution and graphics,
were performed using SHELXTL PC Version 4.2/360 softwérehe
structure refinement was performed using SHELX 93 softWalide
data were not corrected for absorption due to the low adsorption
coefficient. The structure was solved using Patterson and difference
Fourier techniques.

For 5a and6a, a crystal of each was mounted on a glass fiber and
transferred to the cold stream of a Siemens P4 rotating-anode
diffractometer. The determination of Laue symmetry, crystal class, unit
cell parameters, and the crystal’s orientation matrix were carried out
according to standard XSCANS procedutesntensity data were
collected at 158 K using a#2-w scan technique with Mo & radiation.

The raw data were processed with a local version of CARE8fat
employs a modified version of the Lehmabarsen algorithm to obtain
intensities and standard deviations from the measured 96-step peak
profiles. All data were corrected for Lorentz and polarization effects
and were placed on an approximately absolute scale. All calculations
were carried out using the SHELXL progr&The analytical scattering
factors for neutral atoms were used throughout the andySibe
structure was solved by direct methods and refine&4duy full-matrix
least-squares techniques.

Film Precursor Solutions. Each of the above precurso&6) was
individually dissolved in toluene (0.2 M solution) and then transferred
to a glass syringe. Under a nitrogen atmospherd5% relative
humidity), the solutions were filter (Zm)-deposited onto cleaned
silicon wafers (12 mf) and spun at 3000 rpm for 30 s. Two samples
(films A and B) were generated from each precursor solufidm A:

Film A was immediately placed on a hot plate at @for 60 s and

then transferred to the ellipsometer. Refractive indices were measured
using the ellipsometer, and then the sample was transferred to a furnace
and fired under ambient atmosphere at 460for 60 min. Refractive
indices were again measured to determine the densification of the final
film. Film B: Refractive indices, monitored at regular intervals over a
60-min period, were recorded for film B while it air-dried (2E).

After this time the sample was fired under conditions identical to those
noted for film A, and the refractive indices were again obtained.

Results and Discussion

Schematic representations of the structure types previously
identified for HORc-modified Ti(OR)are shown in Figure ta
f.11-14,16-18.20\\/e were interested in the structural changes that
occurred for HORc-modified Ti(ORusing the ONep alkoxide
ligand. Furthermore, it was of interest to study how these subtle
structural changes would alter the densification of JiBin
films. To accomplish this, it was necessary to identify these
compounds in both the solid state and the solution state before
investigating the densification of thin films generated from
solutions of these compounds.

Synthesis.The products of the stoichiometric reaction (1:1
titanium to HORc, egs 45) were all isolated in a similar
manner, wherein, compouritiwas dissolved in toluene and

(49) XSCANS and SHELXTL PC are products of Siemens Analytical
X-ray Instruments, Inc., 6300 Enterprise Lane, Madison, WI 53719. (a)
SHELX-93 is a program for crystal structure refinement written by G. M.
Sheldrick, University Of Gtiingen, Germany, 1993. (b) SHELXTL PC
Version 4.2/360; Bruker Analytical X-ray Instruments, Inc., Madison, WI
53719, 1994. (c) SHELXTL Version 5.1; Bruker Analytical X-ray Systems,
6300 Enterprise Lane, Madison, WI 53719, 1997.

(50) Broach, R. W. CARESS; Argonne National Laboratory: Argonne,
IL, 1978.

(51) XSCANS Software Users Guide, Version 2.1; Siemens Industrial
Automation, Inc.: Madison, WI, 1994

(52) Sheldrick, G. M. SHELXL; Siemens Analytical X-ray Instruments,
Inc.: Madison WI, 1994

(53) International Tables for X-ray Crystallographi{luwer Academic
Publishers: Dordrecht, The Netherlands, 1992; Vol. C.
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Figure 3. Thermal ellipsoid plot 08. Thermal ellipsoid plots are drawn
at the 50% level.

the appropriate HORc reagent was added with stirring. Crystals
of 2—6 were isolated by slow evaporation of the volatile material
from the reaction mixture as described in the Experimental
Section. Figures 26 are the thermal ellipsoid plots @6,
respectively.

toluene

[Ti(x-ONep)(ONepjl, + 2HOFc——
/;Tio(O)(OFc),(ONep), (1)

toluene

[Ti(u-ONep)(ONep), + 2HOAC——
%/;Ti,(O)(OAC),(ONep), (2)

toluene

[Ti(u-ONep)(ONepjl, + 2HOPc——
";Ti¢(O)s(OPc)y(ONep); (3)

toluene

[Ti(u-ONep)(ONep), + 2HOBc——
[Ti(OBc)(ONep)l, (4)

toluene

[Ti(u-ONep)(ONep)], + 2HONc——
?;Ti,(O)(ONc),(ONep), (5)

Boyle et al.

Oit1A)

OU0A)

(SR N
7%

Figure 5. (a) Thermal ellipsoid plot ob and (b) ball-and-stick plot
of 5a Thermal ellipsoid plots are drawn at the 50% level.

In the literature, the origin of the oxo ligand has been
attributed to either an etherificatibh or an esterifica-
tion-11-14.16.1820 mechanism. For simple organic acid modifiers,
esters have been identified as the main byproduiét3g#16.18-20
For eqs 15, the byproducts were not fully investigated,;
however, due to the similarities of the previous reports, an
esterification pathway is the most likely mechanism for the
production of the oxo ligands. The rapidity with which oxolation
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Figure 6. (a) Thermal ellipsoid plot o6 and (b) ball-and-stick plot
of 6a. Thermal ellipsoid plots are drawn at the 50% level.

Table 2. Properties of Compounds—6: Degree of Condensation
(xly), Maximum Molarity Mmax), and Sublimation Tsuy),
Decomposition Teed, and CrystallizationTcy) Temperatures

~Mpmax ~Tsu? ~Tdec NTcry

compd xly (g/mL) (°C) (°C) (°C) ref
1 0.0 >2.5 90 44
2 0.33 0.36 130 326 456 b
3 0.33 0.35 130 317 456 b
4 1.0 0.76 155 342 489 b
5 0.0 0.27 100 328 431 b
6 0.33 0.49 135 338 434 b

a Sublimation performed at 18 Torr. ® This work.

occurs under the very mild conditions investigated in this study
suggests that the hydrophilic Ti metal center acts as a catalys
for the esterification reaction. As evidenced by the structural
variations isolated in these systems, the choice of solvent,
alkoxide group, and acid will dictate the rate and extent of
reaction (i.e., water formation and subsequent hydrolysis) tha
ultimately dictate the final product composition. Under the
conditions presented here, we can reproducibly gené&ate
from an assumed esterification mechanism.

Table 2 shows the solubility limit determined and the various
temperatures of sublimation and crystallization of the ceramic
phase (as determined by TGA/DTA) far-6. One trend noted
in the TGA/DTA data was that, as the molecules become more
condensed and thus more stable, the decomposition temperatu
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powder of4 is not consistent with the X-ray structure, numerous
crystals were solved, and all proved to have structures identical
to that reported fod.

Since the ONep stretches dominate the FT-IR spect?a-6f
it is reasonable to focus on the HORe1500 cntl) and M—O
(<700 cn1?) stretching frequency regiofso discern solid-
state structural differences. For each compound, the carbonyl
stretch of the ORc ligand is shifted, indicating a bidentate
ligation. A stretch around 530 crhwas present in the spectra
of 2, 3, 4, 6, and the other HORc-modified complexes but was
absent in the spectrum &f This was assigned as the—T{us-
O) stretch. FT-IR spectra obtained on sample2-66 that had
been exposed to room-temperature atmospheric conditions (20
25% relative humidity) for>2 h were unchanged, except for
5. The relative instability o to hydrolysis versus the other
HORc-modified Ti(OR) compounds must be a reflection of
the reduced oxolation. Each complex was successfully sublimed
<175°C (1078 Torr); however, the FT-IR spectrum recorded
for the sublimed material was altered in comparison to the
starting spectrum of each precursor. This indicates that further
reactivity of2—6 can be expected with either gas-phase reactions
or heating of the samples. The saturation solubility of these
compounds varied from 0.22 to 0.49 M, wherein the larger
pendant hydrocarbon chains of the HORc yielded higher
molarities. The exception is the unesterified OBc derivatbye,
which, quite surprisingly, demonstrated the lowest solubility.

Solution- and Solid-State Characterization.To interpret
the information garnered from these compounds concerning the
densification of TiQ thin films, it was critical that the solution
behavior (nuclearity) of each compound be determined. Due to
the complexity of the solution data associated with metal
alkoxides, it was first necessary to identify these compounds
in the solid state. Solid-state NMR was used to verify that the
bulk powders were consistent with the single-crystal X-ray
studies.

(a) Solid State.The skeletal arrangements of known Tig©)
(ORc)(OR), compounds are shown in Figure 1. The basic
structural arrangements of this family of compounds are best
described as [F+O],4 cubes with different corners removed or
reflected. The thermal ellipsoid plots @&-6 are shown in
Figures 2-6, respectively. A complete listing of the single-
crystal X-ray data collection parameters #+6 can be found
in the Supporting Information. Thel value for every structure
was below 10%, except fat (12.77%) andba (10.92%).

Compound2, 3, and6 adopt a unique dual corner-missing
cube structural arrangement (Figure 1g) observed for HORc-
modified Ti(OR), compounds. For each structure, the three Ti
tmetal centers are linked by&-O ligand. The remainder of
the structures are an asymmetr gnd 6) or symmetric 8)
assemblage of bridging and terminal ligands, as determined by
the placement of the ORc ligand. In comparison to the analogous

t OPt derivatives [Ti(O)(OFck(OPY)1o (Figure 1e)° Tig(O)s-

(OAC)4(OP1)1, (Figure 1a)2 and Ti(O)s(ONcl(OPI)12 (63,
Figure 1b}9], the introduction of the ONep ligand significantly
reduces the nuclearity of the resultant HORc-modified Ti(OR)
compounds.

Figure 4 is the thermal ellipsoid plot @f This is only the
second known modified alkoxide to adopt the hexagon-prismatic
structure (Figure 1f}% which consists of two offset [FiO]s
réngs stacked on top of each other. No structure has been

and crystallization temperatures increased. The elemental analy+eported for the ORIOPc derivative. Several crystalséfvere

ses and TGA/DTA data fo2—6 were consistent for each
compound, expect fod. While this suggests that the bulk

analyzed, but all proved to have a partial atom in a°@0
rotation to the hexagon-prism.
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observed for the pendant hydrocarbon chains, in comparison

a) with their respective solid-state structures, can be accounted for
by coincidental overlap of similar ligands. Due to the uniqueness
. of the carboxylic carbon (&CR) resonances in these compounds,

this region was used for structural interpretation (Figure 7).

b For 2 and®6, the solid-state structure is asymmetric, yielding
) two disparate ORc ligands which were observed in the solid-
state3C spectra. In contrast, the symmetBaevealed only
one type of ORc carbon resonance. For the symmetrical,
/\ hexagon-prism shape df, only a single type of OPc was
c) ! recorded which is consistent with the solid-state structure;
f \ however, the two sets of ONep resonances observed most likely
Y AP A A A oA reflect the disorder noted in the crystal structure. The dinuclear
OBc complex,5, displays only one type of OBc carbon, as
expected. The large number of methyl ONep peaks also recorded
can be explained as packing inequivalencies of the pendant
chains in the solid state. Based upon the carboxylate resonances,
the bulk powders of the crystalline materials 2f6 are

d) /

ol oo A n I ALIN p  A  p

consistent with their respective X-ray structures.
e) M\ (b) Solution State Since the TiQ thin films were to be
/ M generated from solution methods, it was therefore necessary to
nderstand th lution behavior i.e., were th lid-
et fmt e g understand the solution behavior 26 (i.e., were the solid
T

: , ‘ : : ; state structures retained in solution?). Hence, solution-state NMR
190 185 180 175 170 165  ppm studies were undertaken using crystalline samplezs-d that

Figure 7. Stacked plot of théC NMR spectra of the carboxylic region ~ Were dried in vacuo, redissolved in cold tolueiye-and
of 2—6 (a—e). immediately inserted into a cold-@5 °C) probe. This experi-

S . ) mental setup was utilized to minimize the degree of self-
of;hﬁﬁsgndde;vsaetge?ul(ll: '%lj(rcehgi)’égpiﬁgﬁ?l}fntg?kgft raefeotgte esterification that similar compounds have been reported to
structure. There ismo, oxoyli and ?esént In com aris);n the underga®® All of the samples displayed the same room-

: 9 P : P : temperature NMR spectrum originally obtained for that sample
only other noncondensed structure was reported fgrIDBc)-

; . . 6 h . after high-temperature VT-NMR investigations. No ester forma-
(OBC)(OPHe(HOPY) (52, F'g!”e Sby® The coordl_nated acid . tion was observed for these compounds.One figure of merit that
and alcohol share a proton in what can be considered the first

. . e h n | rmine th ility of titanium ox
step in the formation of esterification products. Compoubds as been postulated to dete € the stability of titanium oxo

and 5a represent a novel set of HORc-modified Ti(QR) compounds in solution involves calculating the degree of

. . ) S condensationx{y, wherex = number of oxo ligands ang =
compounds. The large, sterically hindering OBc acid dictates |\ | 1o of metal cationg):2>5*However, this must be tempered
the formation of simple exchange products, suchba8y

. . . with the “amount of openness” displayed by the various
et the pendant Iyocathon hin of e KO MORIN. moecules 5 For 2, 3, and 6, xy = 0.3, and these
both the acid and alkoxide Iigénds could,ljead to a wide range compounds adopt a somewhat “closed structu_re”. This suggests
of compounds at various stages of reactivity. The bond distancesthat t.hese compounds may dempn.strgte.fluxmnal behavior in
P Y tvity. Te solution. For5, xly = 0, and the similarity in structure to that
and apgles 0P—6, 5a, and6aw.ere'con5|ste.:nt with each other of 1 suggests that dynamic behavior should be observed for
and literature reports, wherein (i) the higher the degree of this compound. Fos, thexly = 1, coupled with the low degree

binding the ligand undergoes, the longer the-Oi bond p "
. . o o - of “openness”, suggests that the structurd should be stable
distances (T+ORem < Ti—(u-OR) = Ti(—(us-OR)) and (i) in solution. These concepts were used to aid in interpreting the

the flvej and six-coordinated metal centers adopt trigonal solution behavior of2—6. The asymmetric compound &f
blpyramlda_l z_and octahedral geometries, respectwely_. One displayed two types of OFc shifts in both the VT-NMR and
notable variation was observed for the five-coordinated Ti metal 13C NMR spectra, independent of the temperature or concentra-
gzg;eggfﬁqvevwh was isolated in an unusual distorted square- tion studied. There are a number of resonances present for the
: . . ONep ligands that coalesce upon warming. This indicates that
NI\-/II-Ig ?r”é?.rn?:rirsaCt:rrgentggrg lﬂgnp%stigﬁfea}ﬁ;g?;tgiach the central core o2 is retained on the NMR time scale with a
xpd : d Wd °u .k ?j/ int ' i ' d st dgreat deal of dynamic ligand behavior that is often associated
compound was dried In vacuo, packed Into rotors, and Stored,, ., yeta| alkoxide complexes. The similarly structu@bas
ur11der an argon atmosphere until immediately prior to obtaining a solution spectrum that reveals a more symmetric molecule in
a’*C CP-MAS NMR spectrum. A stacked plot of tH€ NMR solution at room temperature since only one ONc carboxylic

ls:?;frtc;aYOfSti:ﬁeC?ervt\)/O;(gllilg-scgtzolz h;?lggeifrg :’r;?ggvc;t;n d for carbon can bg observed. Aggin, a great deal of dynamic behaviqr

these typ.es of compounds, it is difficult to know if the numerous associated with the ONep I|gands was noted as resonances in

disorders and inequivalar,lcies observed 2er6 are typical; the spectrum coalesced with increasing temperature. On the other
' .hand, the'H NMR spectrum of2 shows a great deal of

S‘éu:,ymmetry at low temperatures. At higher temperatureS@30

only one type of OAc carboxylate resonance was observed. It

is easily envisioned that the symmetric and asymmetric struc-

of their solid-state structures.

For 2, 3, and6, the resonances recorded for the respective
CP-MAS spectra are insufficiently resolved to allow for
unambiguous determination of the bulk powder structure. The ™ (54) Day, v. W.; Eberspacher, T. A.; Chen, Y.; Hao, J.; Klemperer, W.
reduction in the number of methylene and methyl resonancesaG. Inorg. Chim. Actal995 229, 391.
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Table 3. Film Properties of 0.2 M Solutions df—6 for Sintered film was immediately placed into a preheated furnace and
Films sintered at 450C to form TiO,. Each sample had thickness
av thickness (A) values similar to those recorded for the first films. The fipal
- fa Promazed and thicknesses were recorded for each film (see Table 3)
compd green sintered (avp  (av)y ref .

Normalized density dnormaiizeg Calculations were determined

% giz %g g:ig lgg'o 2 using the LorentzLorentz equation, eq .

3 435 232 217 101 ¢ , ,

4 330 151 210 97.0 ¢ —1DMn2+2

5 819 273 1.92 86.5 c Prormalized= [(nfz X ""2 ) (6)
6 _ 793 281 194 875 ¢ [(n“+2)(n,— 1)]

Ti(OPr), 361 218 2113  97.95 1,186,

Ti4(O)(OFC)(OP)g 345 186 2.170 100.7 1,16, n; = film index of refraction
Tig(O)a(OAC)(OP)1, 312 101 2.038 93.65 1,186,

Ti(OPr)4/HOPc 400 183 2.082 9620 1,16, n, = anatase index of refraction

Ti(OBCK(OPi((HOPf) 1028 316 1.802  78.26 1,16,
Tis(O)((ONCK(OPf);, 556 222 1.9660 89.24 1,16,

It was determined that the samples witli00% density are
Sa:n'”l?nex Of]{f a;elfézgttiotc\;oﬁ‘r‘ﬁﬁ%; §d§§rr:1n;ﬂ§g g bg’er?s itPOiRt\;gorgJO(;“t the low-carbon-containing carboxylate, corner-missing, shaped
dete?mir?ed by a point-to-point sampling of at least two th>i/n fiFm'ﬁisg (Figure 19) molecgles with axly _ratlo of 0.3 or 'OW‘?r ¢ and
work. 3). The high density of these films can be explained by the
“cross-linking” properties of these precursors and their low
tures noted foR, 3, and6 are easily intertransformed by simple  nuclearity. Cross-linking, or the formation of MD—M bonds,
ligand rearrangement. However, even with the rearrangementis directly related to the ability of the terminal OR to be
noted for the individual compoundg,(3, and6), based upon hydrolyzed. The introduction of the bidentate ORc ligands has
the low number of ORc resonances present, it appears that thea two-fold effect on the cross-linking ability of a molecule. The
central core of these compounds is preserved in solution. steric bulk of the ORc ligand “protects” the metal center from

For the solid-state disorder structurefthe solution-state  hydrolysis, but, more importantly, there is a reduction in the
NMR spectra at low temperature-40 °C) are very complex. number of terminal OR ligands. This limits the direction in
This may represent inequivalencies based upon reduced dynamievhich cross-linking can occur. Hence, uniform (or controlled)
ligand exchange or further indications of the disorder noted for hydrolysis yields controlled cross-linking, thus limiting voids.
this molecule. At higher temperatures, the resonances coalescq his effect should be observed for large and small nuclearity
to form only one type of OPc ligand and two types of ONep compounds, and both should yield dense films. However,
ligands. Based on the symmetry adopted 4yat higher smaller molecules would have fewer sites of reactivity per
temperatures and the stability of the OFc/GiRrrivative? the molecule, and the resulting controlled cross-linking would be
general constructs of appear to be maintained in solution. greater, yielding films with fewer voids.

For 5, more resonances than can be accounted for from the  The thin film of 1 is almost 100% dense, possibly due to
solid-state structure are present through out the VT-NMR partial hydrolysis by the remnant humidity in the bdk i{as
experiments investigated. The changes in resonances that wergeen reported to adopt a;}0)16(ONep). structure upon full
noted could not be accounted for by simple ligand rearrange- hydrolysis}y® that leads to compounds similar to those observed
ment. Therefore, molecular weight determinations were under-for 2 and 3. Compound4 also had a high density, and an
taken using the Signer methido further clarify the solution argument similar to that made f& and 3 would be valid;
behavior of 5. This study revealed thab had a solution however, due to the general shapetphcreased void inclusion
molecular weight of 1005 or a nuclearity sfL.23 in comparison  would be expected, and thus a lower density film should result.

to the solid-state structure & These data indicate th& Compounds$ and6 also possess some of the characteristics
maintains its primary dinuclear structure with some equilibrium described above for the production of highly dense films;
involving higher order species. however, the densities of their resultant films do not exceed

Film Properties. Since the solid-state structures are main- 88%. Therefore, the amount of organic constituent of the HORc
tained to a great extent in solution, interpretation of the resultant chain mustlso play a determining role in densification of the
changes in the densification of the thin films of kiGan be final thin film. One interpretation that can be inferred is that
based upon the structural variations notedXe6 (vide supra).  the larger ligands generate more organic decomposition gases.
Under an atmosphere of argon,&0.2 M toluene solutionwas  The need to eliminate the increased amount of byproduct may
generated for each sample and transferred to a glass syringegverwhelm the ability of these smaller molecules to densify,
Films were generated under a controlled nitrogen atmosphereresulting in voids. From the ellipsometric data collectede,
(<15% relative humidity) to minimize hydrolysis. Two films it is readily apparent that a fine balance between oxo ligands
were generated for each sample, and the use of a timer wasand carbon content of the HORc must be maintained to optimize
initiated to maintain a systematic investigation. Properties of densification of the final film.
the final films are listed in Table 3. If lower nuclearity and lower carbon content are valid

The first film was transferred directly to an ellipsometer, and characteristics for generating highly dense films, then thé OPr
a drying pattern was recorded by measuring the index of derivatives, which have higher nuclearity than their ONep
refraction @) and thickness (in angstroms). For every sample counterparts, should yield less dense films. Therefore, thin films
(1-6), a standard drying curve was noted. All of the films dried  of the OP¥ derivatives were investigated in a manner similar
to an average thickness of 223(46) A (range-1230 A) within to that presented for the ONep compounds. Table 3 tabulates

a 1-h period. the final results of the films generated using the @igated
The second film was placed on the stage of an ellipsometer species.

to determine initial film thickness. After this measurement, the

(56) Born, M.; Wolf, E.Principles of Optics Permagon Press: New
(55) Clark, E. P Analytical Ed.1941 820. York, 1975; p 87.
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The smaller nuclei ONep compounds were, on average, in toluene reveal a great deal of dynamic behavior associated
thicker than the OPfilms both as the “green” (unfired) and as  with ligand exchange and multinuclear equilibria, the general
sintered films. The densities of the final films, based onithe solid-state constructs oR—6 appear to be maintained in
indicate that the ONep-ligated species were more dense.solutions. Using the well-characterized spe@es and their
Furthermore, higher initial carbon content of the Offrecies OPt analogues in a systematic study of the densification of TiO
also appears to result in a further decrease in the density of thethin films has allowed for the development of an understanding
sintered films. Again, the high densities of the Fithin films of the relationship between ligand, precursor structure, and final
generated from Ti(OPy are most likely a result of hydrolysis  film properties. The most desirable starting precursors that were
from residual humidity in the glovebox, forming a partially found to generate fully dense Ti@Ims have small nuclearities,

condensed species. few terminal alkoxides, and an overall low carbon content.
_ Compound® and3 demonstrated these properties and generated
Conclusion films of ~100% densification. Proper exploitation of these

We have synthesized and characterized several new member§haracteristics and trends noted for the various precursors will
of the HORc-modified Ti(OR)family. These compounds were allow for the production of thin films with controlled properties.
synthesized through the reaction of HORc drehd identified
by single-crystal X-ray diffraction as FiO)(OFc»(ONep}), Tis-
(O)(OAC)(ONep}, Tig(O)s(OPcl(ONep}, [Ti(OBC)(ONep}|2,
and T(O)(ONck(ONep}k. The novel structures identified in
this study for HORc-modified Ti(OR)include (i) the first
example of trinuclear, oxo, alkoxy, or acetate titanium complex,
referred to as a dual corner-missing complgx3, 6), and (ii)
the first “simple” metathesized acetatalkoxide isolated prod-
uct (5). The bulk samples d2—6 were found to be consistent
with their solid-state structures, based on elemental analysis an
13C CP-MAS solid-state NMR spectroscopy. In general, each
of the ONep derivatives yields a compound that possesses
reduced nuclearity (often halved) in comparison to the! OPr
derivatives. While solution NMR spectroscopy studie2e6 JA992521W
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