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CVD onto borosilicate glass from (NaORf)4 and from Zr(ORd4 gives NaF and ZrF4 films, 
respectively. Various fluorinated groups 0% = OCH(CF& and OCMes-,(CF3), (n  = 1-3) 
are studied, and metal-free fluorocarbon products are analyzed (lH and I9F NMR spectra) 
to  show that the transfer of F from carbon to metal occurs with 1,2-migration of a group in 
the alkoxide to the carbon losing the fluorine; such migration is increasingly facile in the 
order CF3 << CH3 I H. Fluorinated ketones or their polymerization products are formed. 
An analysis of the fragmentation processes of these (NaORd4 and Zr(ORf)4 molecules under 
low-energy (15 eV) electron impact also shows stepwise conversion of metal alkoxide to metal 
fluoride by loss of ketone. Since the (NaORf)4 molecules show intramolecular N O  bonding 
interactions in the solid state and since these volatilize as tetramers (mass spectral evidence), 
this is suggested to be the factor which leads to the CVD production of NaF rather than its 
oxide. However, since there is no solid-state structural evidence for Zr/F interactions in 
Zr(ORf)l, a metal as  electrophilic as Zr(IV) can display C-F cleaveage even without M/F 
interactions in its ground-state structure; threshhold temperatures for CVD with Zr(ORf)4 
are higher, however. 

Introduction 

In the investigation of molecules as precursors to 
ceramic solids via chemical vapor deposition (CVD), 
many ligand types and substituents have been utilized. 
For the production of metal oxides, species such as metal 
alkoxides and P-diketonatesl have been utilized in the 
hope that the metalloxygen bond found in the precursor 
will be maintained during processing. This strategy has 
been successfu11s2 and has allowed researchers to modify 
the remaining organic portion of the molecule to obtain 
desired solution and/or gas-phase characteristics, while 
still producing the oxide  product^.^ A n  exception to this 
rule is found when fluorine is incorporated into the 
organic portion of the precursor (as a means of increas- 
ing solubility and ~olatility).~ These fluorinated systems 
are usually found to produce metal fluorides instead of 
metal oxides for both P-diketonate5- and alkoxide6-based 
precursors. It is tempting to attribute this simply to 
thermodynamics, since the metal fluorides are typically 
more stable than the oxides.' However, there exists at 
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least one case where kinetic constraints prevent the 
system from reaching the most thermodynamically- 
stable state: CVD of Zr(TFAC)4 produces8 ZrO2 not 
ZrF4. Even in cases where metal fluorides are formed, 
the mechanism through which this takes place is 
unclear since, based on connectivity, the fluorine atoms 
are at least four bonds away. In this work, we inves- 
tigate these mechanistic questions more systematically. 
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Recently, we reported the observation of close metal- 
fluorine contacts between monovalent main-group metal 
ions and fluoroalkoxides both in the solid state and in 
s o l ~ t i o n : ~  

Similar contacts have been observed for divalent and 
trivalent metal centers for both fluoroalkoxideslO and 
fluoro-/3-diketonate systems.ll In contrast, such con- 
tacts are lacking in Zr(ORfl4 s p e c i e ~ . ~  

(8) Balog, M.; Schieber, M.; Michman, M.; Patai, S. J .  Electrochem. 
SOC. 1979, 126, 1203. 
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1993, 115, 5093. 
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Table 1. Chemical Characteristics 
sublimation temp NMR (ppm) 

Torr) 'Ha 'V 
Na(HF1P) (la) 80 4.10 -83.4C 

Na(TFTB) (Ib) 120 1.05(5)d -85.9(5)d 
(sept, VH-F = 6.5 Hz) (d, %-F = 6.5 Hz) 

Na(HFl'B) (IC) 100 1.41(5P -85.1(5P 
Na(PFTB) (Id) 30 -81.1(5P 

70 

e 
40 
35 
110 

4.79 
lhr. .--, 
l.X.-, 
1.54(5P 

4.6P 
(br sept, 3Jx-F = 3.7 Hz) 

-77.3 (br. sT 

Internal or external reference to residual protons in c.@6 = 7.15 ppm. Extend reference FsCCOOH (neat) = -78.45 ppm. e Solvent 
= C6F6. Solvent = CaDe. e Liquid at Mom temperature distilled at 60 "C and lo-% Torr. 

We report here comparative CM) studies of [Na- 
(0&)la9 and zr(0&)4 as a means of understanding the 
influence which these intramolecular M-F interactions 
may have on the deposition behavior of the precursor. 
These investigations also explore the impact of system- 
atic chemical modification (by fluorine incorporation) of 
the group & in the zirconium and sodium systems. 

We have also attempted to learn something about the 
reactivity of these molecules in the gas phase under 
"intermediate energy" conditions by analysis of their 
electron impact mass spectra (MS). The combination 
of CVD and MS results provide evidence for a mecha- 
nism for metal-fluoride formation from these fluoro- 
alkoxide species. 

Experimental Section 
All manipulations were carried out under dry nitrogen 

atmosphere using oven-dried glassware. Solvents were freshly 
distilled over Nahenzophenone. Reagents were purchased 
from Aldrich with the exception of fluorinated alcohols which 
were purchased from PCR. Tetraneopentyl zir- 
conium tert-b~toxide,'~ and Na2Zr(HFIP)6S were prepared by 
literature methods. Na(0Rr) (la-d) and Zd0Rr)r (Za-d) were 
synthesized from the parent alcohol and NaH or Zr(NP), r ia  
litera- methods? Physical and spectroscopic characteristics 
are reported in Table 1. NMR spectra were run on a Nicolet 
NT-360 spectrometer ("F, 'H, spectra a t  340 and 361 MHz, 
respectively). Samples were run in CeDe and C86 with 
external references when necessary (FsCCOOH (neat) = 
-78.45 ppm, 'H residual protons in C& = 7.15 ppm). NMR 
signal intensities are quoted relative to the highest peak in 
the spectrum. Infrared spectra were run on a Nicolet 510P 
FT-IR spectrometer as KBr pellets. Elemental analyses were 
performed by Oneida Research Services. Abbreviations: O b  
= general fluorinated alkoxide, HFIF' = hexafluoroisopropoxide 
(OCH(CFdz), TFTB = trifluoro-tert-butoxide (OCMedCFS)), 
HFTB = hexafluoro-tert-butoxide (OCMe(CF&), PFTB = 
perfluom-tert-butoxide (OC(CFdd. Substrates for CVD studies 
consist of borosilicate microscope slides prepared by washing 
in isopropanol followed by a 30 min rinse in deionized water. 
Substrates were stored in an oven a t  100 "C. The quoted 
deposition temperatures produced deposits near the center of 
the furnace, where the thermoeouple was located. The tem- 
perature at  the furnace exits was within 10 "C of that a t  the 
furnace center. 

X-ray photoelectron spectroscopy (XPS) analysis was ex- 
ecuted in a spectrometer with base pressure of Torr wing 

(10) Purdy, A. P.; George, C. F. Inorg. Chem. 1991, 30, 1970. 
Labrize. F.: Hubert-Pfalzeraf, L. G.; Damn, J.-C.; Halut, S. J .  Chem. 

,=.cc Sm., Chem: Commun. l g 3 ,  IYYU. 

Pancelet, 0. J. Phys. 1989, 50, C5-981. 

197% 57.269. 
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Figure 1. Schematic diagram of chemical vapor deposition 
apparatus used in thermal conversion of fluoroalkoxides. 

Table 2. Chemical Vapor Deposition Conditions and 
Solid-state Producta 

s o w e  temp furnace temp 
precursor ("C) ("C) product 

Na(HF1P) (la) 75 255 NaF 
Na(TFTB) (Ib) 100 260 NaF 
Na(HFTB) (IC) 80 300 NaF 
Na(PFTB) (Id) 90 400 NaF 
ZdTFl'Bk (Zb) 30 375 ZrF4 
Zr(HFTB)r ( 2 ~ )  30 450 ZrF, 
ZdPFTBh (Zd) 30 460 "ZrFr 
NazZr(HFIP)6 (3) 100 255 NaaZrF, 

Mg Ku radiation and a standard hemispherical analyzer with 
a pass energy of 20 eV. Typical data collection time was 15 
min for a 20 eV scan. The C Is, 0 Is, F Is, and Zr 3d regions 
were monitored at a sample temperature of 25 "C. The films 
were first cleaned in vacuum for 5 min with a 3 keV Kr+ 
sputter beam with a background Kr pressure of 5 x Torr. 
A ZrFd pressed pellet (0.25 mm thiek) showed preferential 
removal of F atoms during sputtering, so spectra from the 
unsputtered standard were used with published literature 
sensitivity values to calculate atom ratios in the CVD films. 
For the estimation of atom ratios in the films, a secondary 
electron background was first subtracted from the raw data 
using a smoothed step fw~ction.'~ Integrated peak areas were 
then calculated for each region. Using literature sensitivity 
 value^,'^ relative concentrations were then calculated and 
normalized to the ZrFd standard. 
CVD Using Na(0Rt). Na(0Rr) (0.50 g) was loaded into a 

glass sample chamber and attached to a glass reactor chamber 
containing prepared glass plate substrates and fitted with a 
cold trap downstream (see Figure 1 for diagram). The system 
was evacuated to Torr, and the reactor heated to deposi- 
tion temperature (Table 2) for 1 h to remove any moisture. 
The cold trap was then filled with Nz(1) and the sample 
chamber was heated to precursor sublimation temperature 
where, over a period of 6 h, NaORrsublimed and an off-white 
iridescent coating was deposited in the reactor chamber. This 
coating was found to adhere poorly to the substrates for all 
precursor compositions. Upon completion of the deposition, 
the contents of the cold trap were vacuum transferred to a 
NMR tube containing benzeneds. Chemical shifts (ppm) and 
relative signal intensities for volatiles: la oil: 19F NMR (THF- 

(14) Shirley, D. A. Phys. Rou. B 1972,5,4709. 
(15) Muilenberg, G. E., Ed. Handbook of X-my Photoeleetmn 

Speetmcopy: Perkin-Elmer COT.: Eden Prairie, MN, 1979. 
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ds) -65.2 (br, 10%); -66.7 (br, lo%), -74.5 (br, 30%), -75.0 
(br, 50%), -78.2 (d, 3 J ~ ~  = 6.5 Hz, NaHFIP, 5%), -225.1 (br, 
5%). lH NMR (THF-ds) 6.8 (5%), 6.7 (5%), 6.4 (br), -74.8 (d, 

NMR (benzene-&) 5.38 (sept, J = 5.8 Hz, 5%), 5.18 (sept, J = 

(br, 20%), 1.92 (sept, J = 9.5 Hz, 10%). 

J = 5.8 Hz, 5%), -76.7 (d, 3 J ~ - ~  = 5.1 Hz, H-HFIP, 70%); 'H 

5.7 Hz, 5%), 3.35 (sept, 3JH-F = 5.1 Hz, H-HFIP, 70%), 2.09 

Transferable Trap Contents. lb: 19F NMR (benzene-&) 

lo%), -84.8 (H-TFTB, loo%, -132.8 (15%). IH NMR (benzene- 
d6) 5.15 (IO%), 4.65 (sept, J =  1.5 Hz, IO%),  3.58 (IO%), 1.57 
(loo%), 1.46 (lo%), 1.23 (lo%), 1.06 (H-TFTB, 75%), 0.85 
(10%). 
IC: 19F NMR (benzene-&) -63.5 (d of d, J = 11.5 Hz, 23 

Hz, lo%), -64.7 (lo%), -65.8 (50%), -70.1 (35%), -70.2 (d, J 
= 7 Hz, 60%), -70.3 (15%), -74.5 (lo%), -77.0 (15%), -79.9 
(H-HFTB, loo%), -80.7 (E%), -132.7 (3%), -163.7 (3%). 'H 
NMR (benzene-&) 5.37 (20%), 2.58 (lo%), 1.51 (H-HFTB, 
loo%), 1.40 (lo%), 1.14 (5%), 1.11 (lo%), 1.09 (20%), 1.04 
(10%). 

-71.3 (60%), -76.1 (d, J = 10 Hz, 15%), -76.4 (d, J = 10 Hz, 

Id: See ref 9. 
CVD Using Zr(OR&. Zr(OR& (0.50 g) was deposited 

(Table 2) using the identical procedure as for Na(ORf) (above). 
The resulting colorless films are found to  adhere well to the 
substrate for all precursor compositions. 

Chemical shifts (ppm) and relative signal intensities for 
transferable volatiles: 
2b: 19F (benzene-&) -84.8 (H-TFTB, SO%), -100.6 (quart, 

-251.4 (15%). 'H (benzene-&) 5.80 (15%), 5.13 (lo%), 1.80 
3 J ~ - ~ =  19 Hz, loo%), -146.1 (5%), -247.3 (d, J=  16 Hz, 5%), 

(t, 4 J ~ - ~  = 2.4 Hz, 50%), 1.50 (d, J = 2.1 Hz, 20%), 1.35 (lo%), 
1.28 (lo%), 1.28 (t, 3 J ~ - ~  = 19 HZ, 50%), 1.12 (5%), 1.06 (H- 
TFTB, 80%). 
2c: 19F (benzene-&) -66.0 (lo%), -70.2 (d, J = 7.8, 3%), 

-70.4 (d, J = 4 Hz, 3%), -74.7 (d, J = 13 Hz), -80.0 (30%), 
-80.6 (H-HFTB, loo%), -132.7 (lo%), -163.7 (10%). 'H 
(benzene-&) 5.42 (5%), 1.56 (H-HFTB, loo%), 1.08 (mult, lo%), 
1.02 (d, J = 3 Hz, 15%). 
2d: 19F (benzene-&) -70.5 (t, J = 8 Hz, 75%), -71.8 (br, 

50%), -76.7 (H-PFTB, loo%), -78.3 (br, 40%), -78.9 (HCF3, 
d, 'JF-H = 79 Hz, lo%), -83.6 (lo%), -109.6 (mult, lo%), 
-164.0 (10%). lH (benzene-&) 5.26 (HCF3, quart, 'JF-H = 79 

CVD Using Zr(TFTB)dZr(Ot-Bu)4. Zr(TFTB)4 (2b, 0.15 
g, 0.25 mmol) Zr(OtBu)4 (0.10, 0.25 mmol) were combined in a 
source chamber. The source was heated to 30 "C with the 
reactor furnace at  375 "C. A homogeneous light tan film was 
deposited over 6 h which had poor adhesion. Analysis by 
powder X-ray diffraction indicated that the film consisted of 
ZrOz. 
CVD Using NazZr(HF1P)s (3). Na&(HFIP)6 (0.50 g) was 

deposited (Table 2) using the identical procedure as for Na- 
(ORf) (above). The resulting colorless films adhere poorly to 
the substrate. Chemical shifts (ppm) and relative signal 
intensities for volatiles: oil: 19F (THF-da) -75.1 ppm (br, 50%), 
-77.6 (d, 3 J ~ - ~  = 6 Hz, Zr(HFIP)4, loo%), -77.7 (d, 3 J ~ - ~  = 5 

Hz, 33%), 2.61 (5%), 2.38 (H-PFTB, 100%). 

Hz, 3, 90%). 'H (THF-ds) 6.96 (lo%), 4.81 (sept, 3JH-F = 6 
Hz, loo%), 4.70 (sept, 3 J ~ - ~  = 5 Hz, go%), 4.86 (br, 30%), 1.72 

lo%), -65.0 (d, J = 7 Hz, 5%), -74.9 (d, 6 Hz, lo%), -76.7 (d, 
3 J ~ - ~  = 5.1 Hz, H-HFIP, loo%), -83.5 (5%), -175.9 (10%). 

total), 3.35 (Sept, 3 J ~ - ~  = 9.5 HZ), 0.89 (mUlt, 30%). 

(5%). Trap: 19F (benzene-&) -58.8 (muk, 5%), -64.5 (mult, 

'H (benzene-&) 5.20 (mult, lo%), 4.0-3.8 (multiplets, 10% 

Scheme 1 
-HF (20) 

Zr(HFIP)$ (758) - Zr(HFIP)3(OC(CF2)(CF3)~= (738) 

-HCF3 (70) 
Zr(HFIP)j(OC(CFj)7t (688) 

-0C3F5H (148) 

-HF (20) 
ZrF(HFIP)3l= (610) - Z~F(HFIP)~(~C(CF~)(CFJ)~~= (590) 

-HCF3 (70) I - ZrF(HFIF')2(OC(CFd?= (540) 

-0C7F5H (148) I 
ZrF2(HFlP)2: (462) (20) - Z~F~(HFIP)(OC(CFI)(CF~))~= (442) 

- ZrFz(HFIP)(OC(CFs)jl= (392) 

-OCJFSH (148) I 
"ZrF3(HFIP)lt" (314) -HF(20)_ ZrF3(0C(CF2)(CF,)$ (294) 

3 ZrF3(OC(CF3)$ (244) 

energy was used (usually 15-30 eV) to minimize 
fragmentati0n.l' 

The mass spectra of the Na(O&) species a t  15 eV 
revealed no parent ion, even at these low ionizing 
voltages. The most abundant ions were the products 
of the elimination of anions from the oligomers. The 
highest mass of significant population observed for most 
of the systems corresponds to [Na4(0&)31+, the product 
of the explusion of O h -  from the tetrameric framework. 
Lower concentrations of [Na5(0&)41+ and [Na6F(0&)41+ 
were detected for species l a  and, a t  higher sample 
temperatures, for IC. Electron impact ejection of larger 
anionic clusters from [Na(O&)l4 was also apparent given 
the presence of [Na3(0&)21+ and [Naz(O&)I+. These 
fragmentation patterns are similar to those observed 
in other [M1(OR)14 species.18a-b It is important to note 
that metal fluorides were observed in appreciable 
amounts as [Na4F(O&)21+ and [Na2Fl+. This implies 
that metal-fluoride formation can occur intramolecu- 
larly, a trait observed in other fluorine-containing metal 
species.18c,d An increase of ionization energy from 15 
to 30 eV resulted in no significant change in the mass 
spectral cracking pattern. 

An examination of 2a19 at 15 eV did reveal a parent 
ion peak of 758 amu, which would indicate that the 
homometallic zirconium fluoroalkoxide ion has greater 
stability than 1 or 3. On the basis of the observed ion 
peaks,17 the following cracking pattern shown in Scheme 
1 is proposed (species in quotes were not observed and 
masses are for the 90Zr isotope). Numerous zirconium- 
free fluorocarbon ions were observed in the lower mass 

Results 

Mass Spectrometric Analysis. Mass spectral for- 
mation via electronic ionization has been shown to 
mimic thermolysis pathways.16 Thus, to gain informa- 
tion on degree of oligomerization in the gas phase and 
possible mechanisms of decomposition, mass spectra 
were obtained on species la-d, 2a-d, and 3. Samples 
were sublimed into the mass spectrometer where they 
were ionized via electron bombardment. Low ionization 

(16) Spectroscopic Identification of Organic Compounds, 3rd ed.; 
Silverstein, R. M., Bassler, G. C., Morrill, T. C., Eds.; John Wiley and 
Sons: New York, 1974; Chapter 2. 
(17) (a) Tables of observed masses and intensities for metal- 

containing fragments are available as supplementary material. (b) 
Numerous metal-free ions were detected for all species. 

(18) (a) Weiss, E.; Alsdorf, H.; Kuhr, H.; Grutzmacher, H. F. Chem. 
Ber. 1968,101, 3777. (b) Hartwell, G. E.; Brown, T. L. Inorg. Chem. 
1966,5, 1257. (c) Reichert, C.; Westmore, J .  B.; Gesser, H. D. J .  Chem. 
SOC., Chem. Commun. 1967,782. (d) Clobes, A. L.; Morris, M. L.; Koob, 
R. D. J .  Am. Chem. Soc. 1969,91, 3087. 

(19) Mazdiyasni, K. S.; Schaper, B. J.; Brown, L. M. Inorg. Chem. 
1971, 10, 889. 
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Scheme 2 

Zr(TFTB)J* (598) 3 Zr(TFTB)3(OC(CH2)(CFz)(CH3)~* (578) 

-0C4FzH6 (108) 

.HF (20) 
ZrFz(TFTB$ * (382) - 

-HCF? (701 

ZrF2(TFTB)(OC(CHz)(CF2)(CH3)7 * (362) 

-0C4F2H6 (108) I 
"ZrF3(TFT$* " (274) Z~F~(OC(CHZ)(CF~)(CH~)?* (254) 

-HCFj (70) - ZrF,(OC(CHz)(CHJ* (204) 

range. The observed elimination of HF and HCF3 is 
common in mass spectra of hydrofluorocarbons.20 The 
apparent formation of metal fluoride species is the result 
of the repeated loss of an OC3F5H molecule: 

0 

Arguments for the identity of this molecule as pen- 
tafluoropropan-2-one will be discussed later. 

The mass spectrum of Zr(TFTB)4 (2b) at 15 eV also 
showed a parent ion peak (598 amu). On the basis of 
the observed ions17 and the observations for other Zr- 

species, the cracking pattern shown in Scheme 2 
is proposed. Although some species (in quotes) were not 
observed, their analogues were detected for 2a. Similar 
to 2a, there is evidence for the production of metal 
fluorides via the repeated loss of OC4F2H6. A possible 
identity for this species is 3,3-difluorobutan-2-one. 
Compound 2b does not appear to lose HF as easily as 
does 2a. This is due to the lack of protons on the carbon 
a to the CF3 group (unlike 2a): 

LnZr(OC(CH3)z(CF3))+ L&F+ + H3C 

The mass spectrum of Zr(HFTB14 (2c) at 15 eV 
showed a parent ion peak at 814 amu's. From the lower 
mass ions observed,17 the cracking pathway shown in 
Scheme 3 is proposed. As with the previous two 
examples, the repeated loss of a neutral species appears 
to produce metal fluorides. In this case, OC4F5H3 is 
proposed to be 1,1,1,3,3-pentafluorobutan-2-one: 

&CH3 
LnZ(OC(CH3)(CF3)2)+ L&F+ + F3C 

Here for the first time, HF is eliminated from species 
which have already eliminated HCF3. This may be the 
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Scheme 3 
Zr(HFTB)~ (814) SWL ZWTB);(OC(CH~)(CF~)? i (744) 

b.& Z~(HFTB)~(OC(CHCFZ$ i (7241 

-0C4FsH9 (162) I 
I 

ZrF(HFTB);I (652) - ZIF(HFTB)Z(OC(CHZ)(CF$ (582) 

b!% Zrf(HFTB)2(0C(CHCF2$ (562) 

-0CdFsH3 (1621 

ZIFZ(HFTB)J L (490) - ZrF~(WrsXOC(CHz)(CF~$ i (420) 

-OCIFSHJ (162) I 
-HCFi (701 

ZrF3(OC(CHz)(CFi)? i (258) ZrFi(HFTBfl: (328) - 
I 

result of the higher fluorine content of the ligand as 
compared to the other fluoroalkoxy species. 

For 2d (Zr(PFTB)4), a much simpler spectrum is 
0b~erved.l~ No parent ion is detected with the largest 
mass being 1011 amu, corresponding to the elimination 
of an F- from the molecular species. Peaks attributed 
to  Zr(PFTB)3+ (795 amu) and ZrF(PFTB)2+ (579 amu), 
as well as numerous low- and medium-mass fluorocar- 
bon ions were observed. The spectroscopic simplicity 
for 2d as compared to the other Zr(0&)4 species may 
be due to the lack of protons on the ligands, removing 
various mechanistic pathways present in the previous 
species. 

For the mixed-metal complex 3 the mass spectral7 at 
30 eV were similar to those of la-d, in that no parent 
ion peak is detected and the main form of fragmentation 
is the loss of anionic units to yield [Na2Zr(ORf)sl+, 
[NaZr(O&)41+, and [Naz(O&)l+. Also present were 
metal fluorides in the form [Na2ZrF(O&)41+, [NaaZrFz- 
(ORf)3]+, and [Na2Fl+. As for la  and IC, 3 did produce 
significant amounts of higher molecular weight species 
[Na3ZrF(O&M+, [Na3ZrFdO&)41+, [Na3Zr(O&)sl+, and 
[Na4Zr(O&)71f at all sample temperatures. This would 
indicate the possibility of either higher oligomers of 
these heterometallics in the gas phase or that recom- 
bination of various molecular fragments is occurring in 
the mass spectrometer. Only minimal amounts of 
metal-free ions were detected. 

It is interesting to note the fundamental difference 
between the ionization patterns seen for the sodium and 
zirconium species. In the sodium systems, primary 
ionization appears to occur via even-electron species; no 
radicals appear to be formed. In the case of the 
zirconium species, ionization does occur via expulsion 
of a single-electron-giving radical species. A possible 
explanation is that the zirconium species, having ter- 
minal alkoxides with oxygen lone pairs, have HOMOS 
of higher energy than those of the sodium alkoxide 
cubes: 

(20) Majar, J. R. Adv. Fluorine Chem. 1961,2, 55. 
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where all the oxygen lone pairs are involved in bonding. 
Thus it is easier to remove an electron and produce a 
radical from the zirconium than from the sodium 
fluoroalkoxide species. For the sodium system, bond 
cleavage and ligand expulsion is a lower energy process. 
This trend appears to hold for the heterometallic 
systems as well, because all alkoxide oxygens are 
bridging.g 

Chemical Vapor Deposition: General Methods. 
To observe the effects of fluorination of alkoxides on the 
deposition of inorganic material, CVD studies were 
performed on the homometallic species, as well as 3. The 
Pyrex apparatus (Figure 1) consisted of an independently- 
heated source chamber, a hot-walled reactor containing 
glass plate substrates where deposition takes place, and 
a liquid nitrogen trap downstream from the reactor to 
collect the volatile products for later analysis. The 
overall system was evacuated to Torr. Table 2 
shows the minimum temperature for sublimation at a 
practical rate. The reactor was heated to the lowest 
temperature a t  which a minimum of precursor sample 
passes through the furnace unchanged (Table 2). Over 
the course of 6 h, coatings were deposited on the reactor 
walls and the glass substrates. Adhesion of the films 
was tested by applying cellophane tape to the coated 
substrate and observing if the film was removed by the 
tape. Analysis of the deposited solid was conducted via 
powder X-ray diffraction. Bulk elemental analysis was 
performed on the sodium-containing films which were 
easily removed from the substrate. 

(a) [Na(O&)]d. CVD using la (Table 2): Chemical 
vapor deposition using l a  at 255 "C produced very light 
tan transparent films on the substrates. These films 
were found to adhere very poorly to the substrates, a 
characteristic common to all the Na(ORf) deposition 
products studied. X-ray diffraction of the films indicated 
the presence of randomly oriented NaF, which is 
consistent with previous  report^.^^^ Bulk elemental 
analysis confirmed this result with samples consisting 
of >98% NaF (0.5% C). For la, the volatiles from the 
deposition reaction were isolated downstream of the 
reactor in two phases, a viscous amber oil just outside 
of the hot zone, and a colorless liquid in the liquid 
nitrogen trap. The viscous oil was found to  be insoluble 
in aromatic solvents. Fluorinated solvents were avoided 
due to potential interference with NMR analysis. How- 
ever, the oil was completely soluble in THE'-&. The 19F 
NMR spectrum indicates that the oil is a mixture of 
products containing (ca. 5%) unreacted la. The other 
components of the mixture produce four broad signals 
(210-360 Hz) in the region of aliphatic -CF3 groups 
(95% of F intensity), and one very broad peak (600 Hz 
half-height, ca. 5%) falling in the region for fluorine 
attached to either olefinic or tertiary carbons.21 The lH 
NMR spectrum of the oil shows signals for unconverted 
l a  together with major peaks at 6.4 and 5.5 ppm (also 
very broad and ca. 30% and 50%, respectively). These 
signals are consistent with highly deshielded protons, 
possibly due to fluorine inductive effects. Minor prod- 
ucts are observed at 6.8 and 6.7 ppm (ca. 5% each). 
There is evidence of some vinylic material being present, 
based on both the proton and fluorine spectral data, but 
this material is only a minor component (ca. 10% total). 
Given the limited fine structure of both spectra, little 
can be concluded about the major products except that 
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the broad nature of the signals, as well as the oily 
physical appearance of the material, suggests a poly- 
meric material with both fluorine- and proton-contain- 
ing units. 

The contents of the liquid nitrogen trap were vacuum 
transferred to an NMR tube containing C&. The 19F 
NMR spectrum indicates that the main product is 
hexafluoroisopropyl alcohol (ca. 70%). The other 30% 
is made up of at least nine other trace signals appearing 
as doublets. The proton NMR spectrum confirms that 
the alcohol is the major product among a variety of other 
complex signals ranging from 5.5 t o  -0.1 ppm. 

CVD using l b :  CVD using lb  at 260 "C produced 
films similar to those formed from l a  although some- 
what darker in appearance. X-ray powder pattern 
analysis indicated that this material consisted of ran- 
domly oriented NaF, and this identity was confirmed 
by bulk elemental analysis (>97% NaF, 0.9% C). Unlike 
la, lb  did not produce any oily material as part of the 
deposition volatiles. Vacuum transfer of the contents 
of the liquid nitrogen trap produced a colorless liquid. 
The 19F NMR spectrum of this material in benzene-& 
showed a signal corresponding to the parent alcohol as 
the major product, as well as a signal at -71.3 ppm 
(60%, CF3 groups),21 plus numerous other low-intensity 
peaks. The lH NMR spectrum confirms the presence 
of the alcohol, as well as a second major product at 1.37 
ppm. Numerous other low-intensity signals were ob- 
served. The large number of NMR signals would seem 
to indicate either numerous products or at least two or 
three products with a highly complex structure. It 
should be noted that the analysis techniques do not 
preclude the possibility of secondary reactions occurring 
among the deposition volatiles in either the cold trap 
or the NMR tube itself. 

CVD using I C :  CVD using IC at 300 "C produced a 
light tan transparent film which, by X-ray diffraction, 
was found to consist of randomly oriented NaF. This 
was confirmed by elemental analysis which also indi- 
cated the film was contaminated with 1.5% carbon. 
Upon warming the deposition volatiles for vacuum 
transfer, the colorless liquid rapidly transformed to a 
brown, nonvolatile oil, indicating the occurrence of 
secondary reactions. The 19F NMR spectrum of the 
material which did transfer was very complex, with 
numerous low-intensity signals ranging from -63 to 
-164 ppm. The parent alcohol was the primary 19F 
NMR signal. The lH NMR spectrum is also fairly 
complex, with numerous signals from 5.37 to 1.09 ppm, 
and the primary signal corresponding to the parent 
alcohol. Unfortunately, due to the occurrence of second- 
ary chemical reactions, in conjunction with the complex- 
ity of the volatile mixture spectra, identification of the 
volatiles was not possible. 

CVD using Id: Our results were consistent with 
previous reports of the CVD using Na(PFTB), ld.6 This 
material requires deposition temperatures of 400 "C and 
produces randomly oriented NaF films. The main 
volatile product observed was the parent alcohol.6 

(b) Zr(O&)d. CVD using 2a: The CVD using Zr- 
(HFIPk (2a) required temperatures in the regions of 450 
"C for precursor conversion. Unfortunately, under these 
conditions, the films were of such poor quality that 
analysis by powder diffraction was impossible. 

CVD using 2b: The CVD using Zr(TFTB14 (2b) 
produced a pure white film with excellent adhesion at (21) Emsley, J. W.; Phillips, L. Prog. NMR Spectrosc. 1971, 7, 1. 
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Figure 2. X-ray diffraction pattem (Cu Ka radiation, glass 
substrate) of films produced by C M  processing of species 2b 
at (a) 400 'C and (b) 375 "C. Both films consists ofB-ZrF, but 
pattern (a) indicates a highly oriented (002) film. Curve (a) 
has been offset vertically for clarity. 

Figure 3. SEM images of the thin film produced via CVD of 
Zr(TFTB), (2b) at 400 "C. 

375 "C. The film was found to consist of randomly 
oriented p-ZrF4. By increasing the deposition tempera- 
ture to 400 "C, a (002) oriented film was produced 
(Figure 2). Scanning electron micrographs (SEM, Fig- 
ure 3) indicated that the substrate was coated on both 
sides. The material consisted of a uniform 4-5 pm thick 
film of crystallites. Image A shows a cross section of 
the film where the substrate was cut. The oriented 
crystallites can be seen to taper toward their base, with 
the film having increasing density as one approaches 
the substrate. Image B is a view perpendicular to the 

-- 

Figure 4. SEM images of the thin film produced via CVD of 
Zr(HFTBk (2c) at 450 "C. 

film showing the (002) face of the crystallites. h m  this 
image, the size of the crystallites appears to be roughly 
uniform at approximately 750 nm. Carbon and oxygen 
impurities were found a t  3.6 and 5.4 atom % by XPS. 

The '9F NMR spectrum of the volatiles from the 
deposition showed signals a t  for the parent alcohol, and 
a quartet a t  -100.6 ppm (JF-H = 19 Hz) which cor- 
responds to 3,3-difluorobutan-2-one, in a 0.671 mole 
ratio. Also present are signals corresponding to CF2 and 
CF The 'H NMR spectrum is consistent with 
the fluorine spectrum, showing the presence of H-TFTB 
(1.06 ppm) and the ketone species (1.80, t, 'JH-F = 2.4 
Hz, 1.28, t, 3 J ~ - ~  = 19 Hz) also in a 0.671 mole ratio. 
Also observed are various low-intensity signals from 5.8 
to 1.12 ppm. 
CVD using 2c: The CVJJ using ZdHFTBk (24  

required furnace temperatures of 450 "C for complete 
conversion of the precursor species. The light-pray film 
that was produced showed good adhesion to the sub- 
strate. Powder X-ray diffraction indicated that the film 
consists of randomly oriented P-ZrF4. SEM images of 
the film (Figure 4) indicate that the substrate was 
coated on both sides. Image A is a cross section of the 
sample where the substrate was cut. It shows shows 
that material to be a dense polycrystalline film, 2-3pm 
thick. Image B, perpendicular to the film, shows the 
random nature of the crystallites in both size and 
orientation. In XF'S comparison to a ZrF4 standard, the 
film had a composition ZrF3.s. Carbon and oxygen 
impurities were found at 6.5 and 4.0 atom %. 

Upon warming the volatiles for vacuum transfer, 
rapid discoloration occurred, producing a dark brown 
involatile oil similar to that observed for Na(HFTB) 
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(above). The 19F NMR spectrum of the material which 
remained volatile showed signals for the parent alcohol 
as the major component, as well as numerous peaks 
corresponding t o  CF3 and CF2 groups. The IH NMR 
spectrum confirmed the presence of the alcohol as a 
major component of the mixture, as well as numerous 
low-intensity peaks making up only a fraction of the 
overall protons present (-30%). Although many of the 
NMR signals match between the deposition products of 
2c and IC, this may mean only that the byproducts of 
the secondary reactions are the same and not that both 
systems undergo the same deposition mechanism. 

CVD using 2d. The CVD using Zr(PFTB)4 required 
temperatures in excess of 460 "C for complete conver- 
sion. The resulting thin white film was found to have 
the same characteristics (adhesion and physical appear- 
ance) as those from the deposition of 2b and 2c. Powder 
X-ray diffraction pattern (supplementary material; see 
paragraph at end of paper) is weak, but matches that 
of ZrOa. XPS of the film, however, revealed high levels 
of contaminants (e.g., 7.1 atom % C, 22.8 atom % 0) 
and, in comparison to a ZrFs standard, a composition 
ZrF3.4. Attempts to vacuum transfer the deposition 
volatiles produced a dark brown involatile oil on warm- 
ing from -196 "C. The 19F NMR of the material that 
did transfer showed that it consisted primarily of parent 
alcohol in combination with moderate amounts of HCF3 
and various unidentified fluorine-containing species. 1H 
NMR confirmed the presence of the alcohol and HCF3, 
as well as other minor products. It is important to note 
the production of hydrogen-containing species from a 
hydrogen-free precursor. This indicates an external 
source of this element (see discussion). 

CVD using 2b and Zr(OtBu)4. To gain information 
as to the effect of simultaneous deposition of a fluoride- 
producing and an oxide-producing precursor, a 1:l mole 
ratio of the liquid Zr(TFTB)4 and Zr(OtBu)4 was com- 
bined in a CVD reaction source chamber and deposited 
at 375 0C.22 This produced a uniform light tan film with 
poor substrate adhesion. X-ray diffraction of the film 
indicated the presence of zirconium oxide, though the 
exact phase could not be determined due to the breadth 
of the lines. What is most remarkable is the absence 
of lines corresponding to ZrF4, even though Zr(TFTB)4 
has been shown to deposit metal fluorides at this 
temperature. The cause of this apparent selectivity of 
metal oxide over metal fluoride formation is currently 
under investigation. 

CVD using 3. The CVD using Na2Zr(HFIP)6 was 
effective a t  255 "C, producing a tan transparent film 
with poor adhesion characteristics. X-ray diffraction 
indicated that the film consisted of randomly oriented 
NasZrF7. Bulk elemental analysis shows the material 
to contain 3.14% C. The presence of the Na3ZrF.i phase 
indicates a change of Na:Zr stoichiometry during depo- 
sition. It is also interesting to note that the deposition 
temperature is comparable to that of [Na(HFIP)]4 and 
is much lower than that of the Zr(ORf)4 precursors (see 
Discussion). As with [Na(HFIP)14, an amber oil deposits 
just downstream of the furnace and a colorless liquid 
collects in the -196 "C trap. 19F NMR spectrum of the 
oil in THF-ds showed a surprisingly simple pattern with 
a broad signal a t  -75.1 ppm (50% relative intensity) 
and doublets a t  -77.6 ( J  = 6 Hz) (100%) and -77.7 ( J  
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(22) The choice of temperature was based on the observation that 
both precursors readily thermolyse under these conditions. 

= 5 Hz, 90%). The doublets are due to Zr(HFIP)4 (2a, 
consistent with the production of Na3ZrF.i) and unre- 
acted Na2Zr(HFIP)6 (31, respectively. This was con- 
firmed by spectroscopic analysis of a second sample of 
the oil in CsFs; these duplicate the values in Table 1. 
Proton NMR spectra in THF-ds showed signals of 2a 
and 3, as well as signals at 6.96 (lo%), 4.86 (broad, 
30%), and 1.72 (5%) ppm. 19F NMR spectra of the cold- 
trap contents in benzene-ds indicated the primary 
product to  be the parent alcohol. The proton NMR 
spectrum shows the signal for the parent alcohol, as well 
as multiplets at 5.20 (lo%), 0.89 (30%), and at 3.8 to 
4.0 (10% total intensity) ppm. Although the physical 
appearances of the volatiles of the deposition of 3 and 
l a  are similar, the spectroscopic character was signifi- 
cantly different. This indicates that the heterometallic 
nature of the precursor can have an effect on the 
deposition pathway. 

Discussion 

Volatile Products. We interpret the broad lH and 
19F NMR lines of the downstream and metal-free 
products as indicating their polymeric character. This 
is also consistent with their viscous (oily) character. 4-6 

4 

5 

6 

R 
HFLP CFlCCFiH 

0 
I1 

0 
II 

CH3CCFzCH; TFTB 

CF~CCFZCH; HFTB 

are the ketones expected to arise from y-F abstraction 
followed by 1,2-R migration from LMOCRRCF3. Com- 
pounds 4 and 6 will have exceptionally electrophilic 
carbonyl carbons and be subject to polymerization to 
give 7 (XOCRR' tOCRRt,Y, X and Y are end groups). 
Since the formerly ketonic carbons are now chiral, 
unselective polymerization will give stereochemically 
irregular polymers and broad NMR spectra. Since 
HFIP is unique among the ORf substituents in giving 
an oily deposit immediately downstream from the 
furnace, it is apparent that ketone 4 has especially high 
reactivity. This we attribute to it being the only product 
with hydrogen directly attached to a carbon with three 
electron-withdrawing groups. Ketone 5 has few enough 
fluorines that it survives warming above -196 "C and 
was identified directly. Note that, when polymerization 
occurs, it could be catalyzed by trace HF produced 
during thermolysis. 

Metal Fluoride Formation. The chemical vapor 
deposition of all the fluoroalkoxide species reported here 
produce predominantly metal fluorides rather than 
metal oxides as their solid-state products. The CVD 
process occurs within the short time that the precursor 
is in contact with the surface in the hot (furnace) zone, 
and the thermolysis reaction steps are influenced by the 
reactive sites on the growing film. These are both 
factors which could lead to kinetic control of product 
identity. However, the majority of our results give no 
evidence for kinetic constraints (direct M-0 bonds in 
the precursor) being able to overcome the thermody- 
namic influence (MF, is more thermodynamically stable 
than MO, for sodium and z i r~onium)~ on the deposition 
products. This could be taken to imply that merely 
having fluorine present in the precursor would result 
in the production of metal fluoride. There are examples 
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of kinetic control of CVD products for zirconium sys- 
tems. Chemical vapor deposition studies of Zr(TFAC14 
(TFAC = Muoroacetylacetonate) and Zr(HFAC)4 (HFAC 
= hexafluoroacetylacetonate) both produce metal oxides, 
not fluorides.* This may be due in part to the rigidity 
of the six-membered ring preventing any migration of 
fluorine to the metal during thermolysis. As noted 
earlier, we have also observed that CVD of a mixture 
of Zr(OtBu)4 and Zr(TFTB)4 a t  375 "C produced prima- 
rily metal oxide by X-ray diffraction. These results 
indicate that the production of metal fluoride is not 
merely due to fluorine being present in the precursor 
or the reactor system (e.g., as HF), suggesting the 
existence of a facile mechanism that works together 
with thermodynamics in those cases where fluorides are 
produced. 

Initial evidence for such a mechanism was observed 
in the CVD studies of Zr(TFTB14. The production of 3,3- 
difluorobutan-2-one (a major volatile product) would 
result from the transfer of a fluorine to the metal center, 
in concert with the breaking of the zirconium-oxygen 
bond and a 1,a-methyl migration. The ketones expected 
from the other ORf groups would be considerably more 
electrophilic and thus less stable. We observed second- 
ary reactions upon warming the volatiles from -196 "C, 
which apparently consume these highly activated flu- 
orinated species,23 possibly via polymerization reactions: 

- (TFTBWF + I! 
CHd 'CFSH3 L a )  (a) 

/& 
Aa) 

-4 
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Evidence for the elimination of ketones was observed 
in the mass spectra of those Zr(ORd4 systems which 
contain a t  least one viable migratory group (i.e., H or 
CH3). For each of these steps, the corresponding metal 
fluoride species were detected. Thus, for Zr(HFIPl4, the 
loss of pentafluoropropan-2-one (OC3FsH) is observed, 
Zr(TFTB) eliminates 3,3-difluorobutan-2-one (OC4F2Hd, 
and Zr(HFTB)4 produces 1,1,1,3,3-pentafluorobutan-2- 
one (OCdFsH3). For Zr(PFTB)4, the formation of a metal 
fluoride species is detected, but multiple steps were not 
observed since the fragmentation seen in this system 
is less than that observed in other zirconium alkoxides. 
This clearly correlates with the low mobility of the CF3 

Since mass spectral fragmentation via electron 
ionization has been shown to follow roughly thermolysis 
pathways,16 the apparent elimination of ketone during 
mass spectral analysis is supporting evidence that this 
is a general mechanism for the production of metal 
fluorides from zirconium fluoroalkoxides. 

The production of zirconium oxide via CVD thermoly- 
sis of fluoride free tetralkoxides is a facile process, 
occurring at temperatures as low as 350 "C.2 The 
primary mechanism for this process involves y-proton 
t r a n ~ f e r . ~ , ~ ~  Even though two of the four zirconium 
precursors examined here contain y-hydrogens (Zr- 
(TFTB14, Zr(HFTB)4), this mechanism does not occur. 

(23) Chambers, R. D. Fluorine in  Organic Chemistry; John Wiley 

(24) Chambers, R. D. Fluorine in Organic Chemistry; John Wiley 

(25) Sen, A.; Rhubright, D.; Nardi, M. Inorg. Chem. 1990,29,3065. 

and Sons: New York 1973; Chapter 8. 

and Sons: New York, 1973; Chapter 4. 

This is surprising, considering that the steric constric- 
tion of the transition state would be less than that of a 
fluoride transfer (six- vs five-membered ring), and that 
the C-H bond and the C-0 bond are significantly 
weaker than the C-F bond (99, 88, and 114 kcal/mol, 
respectively). The lack of y-hydrogen transfer in Zr- 
(TFTBh and Zr(HFTB14 can be attributed in part to 
electronic properties of the fluoroalkoxide group. For 
y-hydrogen transfer, the alkoxy oxygen must be suf- 
ficiently Bransted basic to  accept the hydrogen and the 
C-0 bond must be sufficiently weak to be cleaved. In 
fluoroalkoxides, the inductive effects of the CF3 groups 
both reduce its Bransted basicity and strengthen the 
C-0 bond via hyperconjugation effects (lowering the 
energy of the u* orbitals at the a-carbon, thus allowing 
for C-0  multiple bonding character).26 This effectively 
permits the fluorine-transfer process to dominate. These 
inductive effects are significant, even in the case of a 
TFTB group, where there is only one CF3 group. The 
pK:s of the free alcohols provide a good measure of the 
influence of the CF3 group. There is a large increase of 
the Bransted acidity (and a corresponding decrease of 
Bransted basicity) with each successive CF3 group (Hot- 
Bu, pKa = 18.6; H-TFTB, PKa = 11.4; H-HFTB, PKa = 
9.6; H-PFTB, pKa = 5.4).27 

For the sodium-containing species, no such mecha- 
nistic information is available. Analysis of deposition 
volatiles indicated the likelihood of multiple products 
with the presence of secondary reactions in the volatiles 
trap for three of the four systems. Mass spectral 
analysis did not offer any insight since the primary 
fragmentation pattern involved the breaking up of the 
Na(0Rf) oligomers. 

Trends in deposition temperatures of the fluorinated 
precursors follow the changes in the steric bulk of the 
precursor ligands. With increasing size of the ligands 
(HFIP < TFTB HFTB < PFTB), there is a cor- 
responding increase in the temperature needed to 
initiate deposition (with the exception of Zr(HFIP14). The 
presence of very bulky ligands can interfere with the 
binding of the precursor to the substrate, a preliminary 
step in the deposition process.28 Higher temperatures 
would be necessary to  increase the rate of subsequent 
steps of thermolysis, so that they occur before the 
molecule desorbs from the surface. This hypothesis is 
supported by the correlation between the ability for the 
precursor metal center to bind external Lewis bases and 
deposition temperature. For the sodium alkoxides, 
intermolecular metal-fluorine contacts are observed in 
the solid-state structures of the two species with the 
lowest deposition temperatures ([Na(HFIP)1d9 and [Na- 
(TFTB)1429), but these contacts are absent in [Na- 
(PFTB)14, the species with the highest deposition tem- 
perature. In the zirconium systems, the molecular 
species are found to bind Lewis bases (aminesIg indicat- 

(26) Willis, J .  C. Coord. Chem. Reu. 1988, 88, 133. 
(27) In: Ionization Constants of Organic Acids in  Aqueous Solution; 

(28) Jensen, K. F.; Kern, W. In Thin Film Processes II;  Vossen, J. 

(29) As observed in the single-crystal X-ray studies of [Na(TFTB)14 

Serjeant, E. P., Dempsey, B., Eds.; Pergamon Press: Oxford, 1979. 

L., Kern, W., Eds.; Academic Press: San Diego, 1991; p 283. 

and [Na(PFTB)l4 (J. Samuels, unpublished results). 



1692 Chem. Mater., Vol. 6, No. 10, 1994 

ing the availability of the metal center to surface active 
sites. While extensive studies of binding strength have 
not been made, intuitively one would expect the mol- 
ecules with the greatest steric bulk to be least able to 
bind additional ligands. 

The exception to this trend is Zr(HFIP)4, which 
appears to have a significantly higher deposition tem- 
perature than expected (see results). The cause of this 
discrepancy may be due to this species having a greater 
molecular complexity than a simple monomer, thus 
increasing the overall steric bulk of the precursor. 
Evidence for this is found in the solution behavior of 
the moleculeg as well as the presence of ions of larger 
mass than the parent ion in the mass spectrum. 

A second explanation for the CVD behavior of these 
precursors is that deposition temperatures are a func- 
tion of ease of R-group migration. In the case of [Na- 
(ORd14, the lowest deposition temperature occurs for 
[Na(HFIP)l4 (255 "C), which would require a hydrogen 
migration. In contrast, [Na(TFTB)]4 requires a slightly 
higher thermolysis temperature (260 "C), and involves 
methyl migration. [Na(HFTB)14 (300 "C) also requires 
methyl migration, but from a significantly more electron 
deficient carbon (due to the electron withdrawing effects 
of the CF3 groups). Finally, [Na(PFTB)l4 requires a 
significantly higher temperature (400 "C) than the other 
sodium-containing precursors. This is likely due to  the 
combination of removing a substituent from an electron- 
deficient carbon and the fact that the group migrating 
is CF3. The zirconium species also follow this trend 
(Table 2) with the exception of Zr(HFIP)4, which, as 
noted above, has a much higher deposition temperature 
than expected for a hydrogen migration. The cause of 
this discrepancy is unknown. 

It is interesting to note that [Na(HFIP)14, [Na(T- 
FTB)l4, [Na(HFTB)14, and NazZr(HFIP)6 all deposit at 
significantly lower temperatures than the homometallic 
zirconium analogues. This reduction of deposition 
temperature can be attributed to the presence of in- 
tramolecular metal-fluorine contacts which were ob- 
served in the sodium-containing species but were absent 
in the zr(oRf)4  precursor^.^ These contacts would have 
the effect of reducing the activation barrier for the 
fluoride-transfer step and correspondingly reduce the 
overall deposition temperature. This explains why the 
more electrophilic metal (Zrrv) does not initiate CVD 
conversion (F abstraction) at lower temperatures than 
does Na'. 

The exception t o  the trend of reduced deposition 
temperature is [Na(PFTB)]4. This species requires over 
100 "C greater furnace temperatures for thermolysis. 
Since single-crystal X-ray diffraction studies have shown 
[Na(PFTB)]4 to have intramolecular M-F contacts 
comparable to those observed in the other sodium- 
containing  specie^,^^^^ the cause of the higher deposition 
temperature must be attributed to  ligand steric bulk 
and poor migrating groups. 

Alcohol Formation. Of significant interest is the 
presence of the parent alcohol in the volatiles of all the 
deposition studies, even though an alcohol is not one of 
the expected products for the proposed fluoride-transfer 
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mechanism. It is our belief that the alcohol is the 
product of side reactions not involved in the formation 
of metal fluoride. For the formation of alcohol, a source 
of protons is necessary. While many of the precursor 
species contain hydrogen atoms which can be a source 
of the alcoholic proton, we and others6 observe signifi- 
cant alcohol formation even from a totally fluorinated 
(i.e., hydrogen-free) molecule. This would indicate that 
the protons come from an external source (e.g., hydroxyl 
groups in the glass surface of the CVD reactor). These 
hydroxyls are likely to react with the precursor, result- 
ing in binding of the metal to the surface and the 
elimination of alcohol: 

This process could occur a t  temperatures insufficient 
to allow the formation of metal fluoride, thus merely 
producing a layer of bound precursor, similar to the 
effect observed in the silylation of glass. Due to the 
large surface area of the reactor, significant amounts 
of alcohol would be produced. This process may be 
facilitated by the potentially greater electron donor 
ability of the oxide surface as compared to the fluoro- 
alkoxide ligands,26 stabilizing the electron-deficient 
metal center. 

Conclusions 
For all the above homoleptic fluoroalkoxide species, 

metal fluoride is the major solid-state CVD product. 
This product is independent of the metal present, degree 
of ligand fluorination, or the presence of metal-fluorine 
contacts in the precursor. On a more subtle level, the 
above parameters have a dramatic effect on deposition 
temperature. These observations will allow us to de- 
velop precursors to fluorine materials with lower depo- 
sition temperatures and hopefully cleaner films. We are 
also currently exploring the effects of deposition tem- 
perature and mixed ligand combinations on the CVD 
production of metal fluorides, which is relevant to 

z i r ~ o n i u m , ~ ~  and other metal fluorides32 as 
optical materials. 
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