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Abstract: The chemical pathway responsible for the conversion of the organotitanium compound tetraneopentyltitanium
to titanium carbide has been studied under chemical vapor conditions and on single crystals in ultra-high vacuum.
For every equivalent of TiNpconsumed in the deposition process, 3.28 equiv of neopentane and 0.16 equiv of
isobutane are produced; other organic species are also formed but in relatively small amounts. About 93% of the
carbon and hydrogen originally present in the precursor can be accounted for in these products. Thermolysis of the
specifically deuterated analogue Ti(gEMes)4 yields a 2.25:1 ratio of neopentadgand neopentandy; this result
combined with a kinetic isotope effect of 4.9 at 385 K shows unequivocally that the first step in the deposition
pathway under CVD conditions ig-hydrogen abstraction. The-hydrogen abstraction step produces 1 equiv of
neopentane and a titanium alkylidene, which undergoes futh@nd eventually-) hydrogen activation processes

to generate the second and third equivalents of neopentane. In the last stages of the thermolysis sequence, neopentyl
(or neopentyl-derived) organic groups evidently fragment and generate the carbon atoms that eventually form the
titanium carbide phase. Spectroscopic studies with IR and HREELS techniques have also been carried out in order
to provide additional evidence about the nature of the species present when single crystal surfaces dosedswith TiNp
are heated. A band at 1121 chis tentatively ascribed to the(M=C) band of surface-bound neopentylidene
groups.

Introduction carbides and nitrides) are scafée?’ Such studies of the
deposition pathways are necessary in order to develop better
organometallic precursors and to improve and extend MOCVD
techniques.

We have reported a metabrganic chemical vapor deposition
(MOCVD) method for the deposition of amorphous thin films
of titanium carbide at temperatures as low as 16y using
the organotitanium precursor tetraneopentyltitanium (TjRg?3
Mechanistic studies of the early stages of the thermolysis of
TiNp4 in solution have been described in a separate pdpar.
hydrocarbon solution, the neopentyl complex thermolyzes to

Over the past decade, metarganic chemical vapor deposi-
tion (MOCVD) techniques have been increasingly employed
for the preparation of thin film devices owing to the low
deposition temperatures, high growth rates, high purities, and
ease of process control characteristic of this appréath.
Unfortunately, our understanding of the chemical reactions that
underlie these deposition processes is often very limited.
Recently, mechanistic studies of the reactions responsible for
the conversion of transition metal precursors to metallic thin
films (e.g., Cu, Pd, and Pt) have started to appé&df, but
similar studies of the growth of ceramic thin films (e.g. metal (12) Jeffries, P. M.; Dubois, L. H.; Girolami, G. €hem. Mater1992

4, 1169-1175.
T The University of Illinois. (13) Girolami, G. S.; Jeffries, P. M.; Dubois, L. H. Am. Chem. Soc.
¥ AT&T Bell Laboratories. Current address: DARPA/DSO, 3701 N. 1993 115 1015-1024.
Fairfax Dr., Arlington, VA 22203-1714. (14) Lin, W.; Wiegand, B. C.; Nuzzo, R. G.; Girolami, G. $. Am.
® Abstract published ifAdvance ACS Abstractguly 1, 1997. Chem. Socl1996 118 59775987.
(1) Girolami, G. S.; Gozum, J. BMater. Res. Soc. Symp. Prat99Q (15) Lin, W.; Nuzzo, R. G.; Girolami, G. SI. Am. Chem. Sod.996
268 319-329. 118 5988-5996.
(2) stringfellow, G. B.Organometallic Vapor Phase Epitaxy: Theory (16) Dryden, N. H.; Kumar, R.; Ou, E.; Rashdi, M.; Roy, S.; Norton, P.
and Practice Academic: New York, 1989. H.; Puddephatt, R. hem. Mater1991 3, 677-685.
(3) Jones, A. CJ. Cryst. Growth1993 129 728-773. (17) Xue, Z.; Thridandam, H.; Kaesz, H. D.; Hick, R. Ghem. Mater.
(4) Gladfelter, W. L.Chem Mater.1993 5, 1372-1388. 1992 4, 162-166.
(5) Hitchman, M. L.; Jensen, K. F., Ed$Chemical Vapor Deposition (18) Duboais, L. H.; Zegarski, B. R.; Girolami, G. 3. Electrochem.
Principles and ApplicationsAcademic: London 1993. So0c.1992 139 3603-3609.
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eliminate 2.1 equiv of neopentane as the principal organic Table 1. GC/MS Analysis of Volatile Products from Thermolysis
product. The initial step of the thermolysis is arhydrogen ~ ©Of TiNps at 250°C and 10? Torr

abstraction process which leads to the formation of a titanium product mol % product mol %
alkyliden_e spepies; in rgactive_solvents such as hyd.rocarbons neopentane 90 isobutylene <1
the alkylidene intermediate activates solvertiCbond inter- isobutane 6 ethylene <1
molecularly, whereas in inert solvents such as fluorocarbons it  2,2,5,5-Me-hexane 2 methane <1
activates its owr- andy-C—H bonds. propane 2

In order to evaluate whether the mechanism by which FiNp

thermolyzes in solution is relevant to the processes that taketnat the intensity of thewe = 41 peak was somewhat larger
place during the deposition of TiC films, we have undertaken than expected (see Supporting Information). The absence of
a study of the reactions of TiNpand of the thermolytic  sjgnificant amounts of isobutylene among the products dem-
pathways responsible for its conversion to TiC under CVD gnstrates conclusively that tifemethyl abstraction mechanism
conditions and on single-crystal surfaces in ultra-high vacuum. (eq. 3)is not the pathway by which Tibthermolyzes under
Deuterium-labeling studies combined with temperature pro- cvp conditions. The other three mechanisms all predict that
grammed desorption (TPD), reflectioabsorption infrared  npegpentane should be a major component of the organic
(RAIR), and high-resolution electron energy loss spectroscopic pyproducts, however, and cannot be distinguished on this Basis.
(HREELS) studies have allowed us to elucidate several of the " |n order to establish a mass balance, TiMgs thermolyzed
processes that take place when TiC is deposited from NP jn a static vacuum CVD apparatus that allowed us to collect
under CVD conditions. These results may be of general ang analyze the organic products quantitatively by NMR and
relevance to the deposition of other metal carbide phases fromgc/MS methodé! The NMR results show that 3.28 mol of
MNp4 (M = Zr, Hf, Cr) precursorg> 2 neopentane and 0.16 mol of isobutane are formed per mole of
TiNps. Traces of dineopentyl (2,2,5,5-tetramethylhexane),
isobutylene, propane, ethylene, and methane were also observed
Our solution studies of the thermolysis of TilNpave shown ~ (Table 1). The presence of isobutane among the reaction
that the initial reaction step is-hydrogen abstraction to give a  Products explains the anomalously high intensity oftile =
titanium alkylidene and neopentane (eg?4)Other possible 41 peak in the mass spectrometric studies described above. The
first steps, such ag-hydrogen abstraction to give a titanacy- thin film deposited during the experiment has the composition
clobutane and neopentane (eq/2methyl elimination to give ~ TiCi1dHos7 by elemental analysis. Together, the organic
a Ti—Me complex and isobutylene (eq 3), or homolytic cleavage Products and the TiC film account for 91% of the carbon and
of the Ti—C bond to give a T intermediate and a neopentyl 93% of the hydrogen originally present in the precursor.
radical (eq 4) were ruled out by measurements of deuterium The static-vacuum results show that the following reaction

Results and Discussion

kinetic isotope effects for TiNdabeled at thex positions K/ best describes the formation of TiC from TikNp
kypy = 5.2 £ 0.4) and by analyses of the organic byproducts ) )
generated during thermolysié. Ti(CgHyy), — TiC + 3.28GH;, + 0.16CH10 + ...
TiNps — Np,Ti=CHCMe3 + CMe, (1) where the balance of carbon and hydrogen atoms generate a
Ha distribution of other hydrocarbons, all present in small amounts.
C. These residual atoms are probably also responsible for the excess
TiNpg ———= NpzTi| CMe; + CMe, @) carbon that is present in the non-stoichiometric “TiC
Ha deposits formed from TiNpat lower deposition tempera-
TiNp; — NpsTi—Me + H,C=CMe, ®3) tures?2.23
TiNpg ——= NpsTi +*Np ) Thermolysis of Deuterium-Labeled TiNp; under CVD

Conditions. The a-hydrogen abstraction mechanism can be
distinguished from the other mechanisms by studying the
thermolysis of the deuterium-labeled molecule Ti¢gCMes),
(TiNps-dg) at 250°C under CVD conditions in a static vacuum.

A mass spectrometric analysis of the gaseous thermolysis

Gaseous Byproduct Distribution Generated from TiNp, . AT :
under CVD Conditions. Since different organic byproducts products shows the following distribution of neopentane iso-
. : . . topologs; 56%ds, 32%d,, 11%d;, and 1%d, (see Supporting
are predicted by the four reactions above, an analysis of the Y a2
Information)?2 The large amount of neopentadgformed

gases evolved under CVD conditions should help to discriminate immediately suggests that a maior decomposition pathway is
among them.In situ quadrupole mass spectrometric studies of Y sugg ; p P y

the gaseous products formed during the deposition of TiC undera-hydrogen abstraqtlon; In contrast, bOt.h the radical and.the
CVD conditions (250°C, 10~ Torr) show that the principal y-hydrogen apstractlon mechanisms predict that th(;saredommant
gaseous product is neopentane: peake/at= 57, 41, 39, 29, neopentane isotopolog should be neopenthrf#3**! The

and 27 are seen in the correct ratios for this species, except (30) If neopentyl radicals are formed by mechanism 4, it is possible that
they could abstract hydrogen atoms to form neopentane as a secondary

It is possible, however, that under actual CVD conditions (i.e.
at a gas/solid interface rather than in solution) TjNgacts by
one of the other three mechanisms.

(24) Cheon, J.; Rogers, D. M.; Girolami, G.B5.Am. Chem. S0d.997, product. See: (a) Whitmore, B. C.; Porkin, A. H.; Bernstein, H. I.; Wilkins,
119 6804. J. P.J. Am. Chem. Sod 941, 63, 124-127; (b) Anderson, K. H.; Benson,
(25) Smith, D. C.; Rubiano, R. R.; Healy, M. D.; Springer, R. Mater. S. W.J. Chem. Phy4964 40, 3747-3748.
Res. Soc. Symp. Prot993 282 643-649. (31) The apparatus used to quantify the yields of organic byproducts
(26) Healy, M. D.; Smith, D. C.; Rubiano, R. R.; Elliott, N. E.; Springer, formed in CVD processes has been descrifed.
R. W. Chem. Mater1994 6, 448-453. (32) The determination of the isotopic composition of a sample of the
(27) Groshens, T. J.; Lowe-Ma, C. K.; Scheri, R. C.; Dalbey, Rvter. deuterated neopentanes was deduced from its mass spectrum by solving
Res. Soc. Symp. Prot993 282, 299-304. the appropriate set of linear equatidis.
(28) Rutherford, N. M.; Larson, C. E.; Jackson, R.Mater. Res. Soc. (33) Fendrick, C. M.; Marks, T. J. Am. Chem. Sod984 106, 2214~
Symp. Proc1989 131, 439-445. 2216.
(29) Maury, F.; Ossola, F.; Schuster, $urf. Coat Technol1992 54/ (34) Bruno, J. W.; Smith, G. M.; Marks, T. J.; Fair, C. K.; Schultz, A.

55, 204-210. J.; Williams, J. M.J. Am. Chem. S0d.986 108, 40-56.
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Figure 1. Temperature-programmed desorption profile of neopentane =~ +
(m/e = 57) produced from a Cu(111) single crystal dosed at 235 K
with a submonolayer coverage of (a) TiNgy and (b) TiNp-ds, T
respectively. AA I A . A
10 2 30 © % @ ™
formation of significant amounts of other neopentane isoto- m/e (amu)

pologs, however, shows that other processes must be ocCuringiy o 5 ntegrated desorption mass spectra obtained (a) between 320
as well. Because approximately 3 equiv of neopentane are,nq 420 K from a submonolayer dose of Tings and (b) between

formedin toto per mole of TiNp, these other processes are 350 and 450 K from a submonolayer dose of Tip. The Cu(111)
likely occurring later in the thermolysis sequence. crystal was dosed at 235 K.

Definitive information about the mechanism of thermolysis o . .
of TiNp, under CVD conditions has been obtained from UHV the activation energies of the reactions were calculated from

studies, to which we now turn. eq 5:

Ultra-High-Vacuum Studies of TiNp4 on Cu(111) Single
Crystals. A Cu(111) single crystal surface in an ultra-high- E = RT{In Vl_Tp _ 3.6A} (5)
vacuum (UHV) environment was dosed at 235 K with a a P B

submonolayer coverage of Tiblpnd then heated. Temperature- ) ) )
programmed desorption (TPD) studies show that desorption of Wherev. is the pre-exponential factoFy is the temperature of
neopentane occurs between 330 and 42T K,(= 385 K) as  the desorption maximunR is the gas constant, anilis the
followed by thenve = 57 channel (Figure 1, trace a). Integrated heating rat€> The shapes of the TPD peaks seen for the
desorption mass spectra (IDMS) show that neopentane is thedesorption of neopentane suggest that the desorption process is
predominant species desorbing from the surface in the-320 Unimolecular. Taking a typical pre-exponential factor for a
420 K temperature range (Figure 28). unimolecular process of1 x 104s7%, eq 5 yields activation

In order to determine whether thehydrogen abstraction ~ €nergies ofa" = 26.4 kcal/mol and=,” = 27.6 kcal/mol for
process is also operative under UHV conditions, we repeated desorption of neopentane from TilNgo and TiNp:-dg, respec-
the TPD experiments with the deuterium-labeled precursor tively. These activation energies are ess_entlally |d(_ant|cal with
TiNpsds. The TPD studies again show that neopentane desorbsthose measured for the thermolysis of Tifs and TiNp-ds
between 340 and 430 K, but the peak maximum of 402 K is ' solutionz* o
some 17 K higher than that seen for the unlabeled precursor S€cond, the kinetic isotope effect was calculated from these
(Figure 1, trace b). The IDMS spectrum taken in the-3880 activation energies by using the Arrhenius equation (eq 6).
K temperature range showed that several neopentane isotopologs
were present in the desorbing flux (Figure 2b). Analysis of @: o (ES—EDJRT (6)
the relative intensities of the mass 57 to mass 60 peaks in the Ky()
IDMS spectrum indicates that the neopentane isotopolog
distribution is 69%ds, 27%d,, 1% d;, and 3%d,.32 Thus, of The kinetic isotope effect calculated from the activation energies
the 3.25 equiv of neopentane evolved in all, about 2.25 equiv for neopentane desorption is 4.9 at 385 K. If the kinetic isotope

is neopentanes, and 1 equiv is neopentarmk- The implica- effect is calculated at 353 K (8), a value of 5.5 is obtained.
tions of this result will be discussed in more detail below. This large kinetic isotope effect indicates thates€—H bond
From the TPD peak maximdax = 385 K for TiNp; and is broken in the rate-determining step. This observation rules

Tmax = 402 K for TiNps-dg), a kinetic isotope effect for the  out they-hydrogen abstraction and radical mechanisms; overall,
o-hydrogen abstraction step can be computed as follows. First,the TPD and IDMS results are only consistent with the
o-hydrogen-abstraction mechanism as the rate-determining step

(35) At higher doses, desorption of TilNfsom the multilayer occurs at
~200 K. (36) Redhead, P. AVacuum1962 12, 203-211.
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Figure 3. The RAIR spectrum of-1 monolayer of TiNg-ds dosed
on Cu(111) at 235 K: (a) the 276@100-cnT! region and (b) the
1000-1300-cnT? region.

in the thermolysis pathway. The kinetic isotope effect for the
thermolysis of TiNp obtained from the UHV study agrees very
well with that of 5.2 obtained at 8TC in solution by'!H NMR
spectroscopy*

The reactions of TiNpon Cu(111) were also followed by
Auger electron spectroscopy (AES). After the crystal was dosed
with TiNps at 235 K and heated to 330 K to remove the
multilayer, AES showed that within experimental error the C:Ti

ratio of the surface-bound species was near the 20:1 ratio

expected for TiNp. After the surface was heated to 450 K

and neopentane had been eliminated, the AES spectrum showe

that a titanium carbide phase had formed: the C:Ti ratio was
approximately 2:1 (although the error in this number is large)
and the AES carbon signal at 272 eV, which was sharp and
symmetrical, clearly indicated the presence of carbidic car-
bon37.38

Infrared and HREELS Studies of the Thermolysis Pro-
cess. In an attempt to identify the structures of the surface
species present at various temperatures, we have carried o
reflection—absorption infrared (RAIR) studies of the Cu(111)
surfaces dosed with TiNpds (Figure 3). After the Cu(111)
crystal had been dosed at 235 K, the- € stretching modes
(2951, 2904, 2868, and 2821 c#) and bending modes (1268,
1225, 1200, 1187, 1119, 1090, and 1077 &were monitored

as a function of crystal temperature. As is often the case, the

oscillator strengths of the-C—D stretching modes were low
and these absorptions could not be detected; these modes occ

(37) Grant, J. T.; Hass, T. Wsurf. Sci.1971, 24, 332-334.
(38) Ducros, R.; Piquard, G.; Weber, B.; Cassuto,SArf. Sci 1976
54, 513-518.
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Figure 4. Temperature dependence of the HREELS spectrum of £/iNp
dg dosed on Cu(111) at 235 K. To convert from meV to énmultiply

by 8.066. The peak near 260 meV is due to adventitious carbon
monoxide.

in the 2006-2100-cnT? region as shown by the FTIR spectrum
of a bulk sample of TiNpds (see Supporting Information).

As the crystal was heated from 235 to 350 K, most of the
bands became less intense. An exception was the growth of a
band at 1121 crmt, which at 350 K was the most intense in the
spectrum. The frequency of this band is lower than the 3270
1420-cmt?! frequencies reported for thg M=C) stretches of
metal carbyne® and is in the region expected for metaarbon
double bond stretches. Above 350 K, the peak intensities
decreased rapidly, and only very weakB absorptions were
observed above 500 K.

Surface vibrational spectra of Tilolg adsorbed on Cu(111)
single crystals were also recorded by using high-resolution
electron energy loss (HREEL) spectroscopy. The crystal was
first dosed with a submonolayer coverage of TiNp at 235
K, and then HREEL spectra were taken at 110 K after the crystal

aad been heated briefly to 335, 391, and 450 K. The HREEL

pectrum taken after dosing at 235 K showed the presence of
neopentyl groups: peaks at 2957, 1466, 1241, 918, and 701
cm! are consistent with those present at 2987, 1462, 1227,
914, and 708 cmt in the infrared spectrum of a bulk sample
of the precursor. As the crystal was heated to progressively
higher temperatures, changes in the low-frequency region were
evident. In particular, a feature at 138 meV (1113 éngrew
in and was the most intense low-frequency band at 391 K. The

u1‘requency of this band is similar to that of the 1121-¢reature

in the RAIR studies (see above) and is tentatively ascribed to
formation of a neopentylidene group. By 450 K, the HREEL
spectrum contained only very weak absorptions due +dHC
vibrational modes (Figure 4). These results are entirely
consistent with those of the IR study. The HREEL spectra
obtained upon heating a Cu(111) surface dosed with excess
TiNp4 (so that a multilayer formed) were very similar to those

Uhove.

(39) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple Bonds
Wiley: New York, 1988; Chapter 4.
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Scheme 1 Mechanism Proposed for the Deposition of TiC
from TiNp4
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Transmission FT-IR studies of the thermolysis of TiPts
supported on a Sigcoated Ta grid were also performed. Four
C—H vibrational bands (2959, 2909, 2870, and 2805 Yrwere
studied as a function of temperature (Figure 5). Below 370 K,
little change in the IR peak intensities is seen; above this

Cheon et al.

neopentanel is evolved in thea-hydrogen-abstraction step,
the subsequent steps must result in the evolution of nearly equal
amounts of neopentarg-and neopentands.

The simplest explanation of this result is that the surface
alkylidenes [TiFCDCMe; undergo a second-abstraction to
yield the surface alkylidyne [TH#CCMe;; transfer of the
liberated deuterium atoms to nearby [FTD,CMe; groups
yields 1 equiv of neopentardy: At the same time, transfer of
y-hydrogen atoms from the neopentylidene or neopentylidyne
groups to nearby [TiHCD,CMes; groups yields neopentane-
d>.*1 Other mechanistic sequences are also possible, such as
y-hydrogen abstraction from surface-bound A@D,CMes
groups to yield surface-bound metallacyclobutanes, but it is
unclear whether the latter should decompose under our condi-
tions to give isobutylene as seen for discrete molecular
specied243 At best, only traces of isobutylene are present
among the organic byproducts generated upon thermolysis of

In the last steps of the thermolysis sequence, the remaining
hydrocarbons (dehydrogenated fragments of neopentyl groups)
decompose via multiple-€C and C-H bond cleavage reactions
that eventually result in the formation of TiC along with
isobutane and smaller amounts of other organic byproducts such
as ethylene, methane, and propane (Table 1). The 0.16 equiv
of isobutane formed upon thermolysis of TiNgs under CVD
conditions affords some insight into the latter stages of the bond-
breaking processes that take place during thermolysis. GC/MS
analysis shows that the distribution of isobutane isotopologs is
33%dy, 37%d;, 22%d,, and 7%ds. The presence of significant
amounts of th&ly andd; isotopologs suggests that one pathway
for the formation of isobutane is cleavage of ties carbon-
carbon bond of neopentyl or neopentyl-derived groups: addition
of hydrogen or deuterium to the resultitgrt-butyl fragment
would give isobutane and €;. Elimination of a G fragment
from a G species would afford surface-bound @oducts that
might lead directly to the formation of titanium carbide. Since
only 0.16 equiv of isobutane is generated upon thermolysis of
TiNp4, however, this last pathway cannot be the only route to
TiC.

It is of interest to compare our results with the behavior of
neopentyl groups on nickel surfaces, which has recently been
studied by Zaera and Tjandt&!®> Their studies strongly suggest
that the surface-bound neopentyl groups undergo/drogen

temperature, the peak intensities decrease rapidly and arejimination processes to generate neopentylidene species. The
essentially zero at 450 K. Little further change in the IR hydrogen atoms generated in this way can react with other

spectrum is apparent from this temperature up to 600 K.
All these TPD, IR, and HREEL studies are consistent and
clearly suggest that the major decomposition process of

neopentyl groups to yield neopentane. Unlike our system,
however, upon further thermolysis the neopentylidene groups

41Np decompose to isobutylene via a unimolecular process. As noted

occurs between 350 and 450 K, and that the rate-determiningabove, isobutylene is not formed in significant amounts upon

step isa-hydrogen abstraction with a deuterium kinetic isotope
effect of 5.5 at 353 K.

Overall Mechanistic Scheme for the Thermolysis of TiNp
under CVD Conditions. From the UHV and static vacuum
studies, a mechanistic scheme for the thermolysis of TiNp
precursor to TiC films can be proposed (Scheme 1).

In agreement with our previous studies of the thermolysis of
TiNp4 in solution, the kinetic isotope effect seen under UHV
conditions clearly establishes theatydrogen abstraction is the

thermolysis of TiNp. This difference could reflect the different
chemistries of neopentyl (and neopentylidene) groups attached
to titanium vs nickel, or the different surface concentrations in
the two experiments, which could alter the relative importance
of bimolecular decomposition processes (leading to neopentane)

(40) The following discussion does not explicitly take into account the
possibility that the titanium alkylidene intermediate oligomerizes on the
surface. Dimerization of tantalum neopentylidenes generatedtyydrogen
abstraction has been observed: Li, L.; Hung, M.; XueJZAm. Chem.

first step in the thermolysis sequence; this step results in the Soc 1995 117, 12746-12750.

liberation of 1 equiv of neopentartk- The following steps in
the sequence, which involve the fate of “RCDCMe;)Npy”,

are less cleal? but some information can be obtained from an
analysis of the distribution of neopentane isotopologs evolved

in these subsequent reactions. We showed above that 3.25 equi

of neopentane are evolved in all; of this amount, 2.25 equiv is
neopentanels and 1 equiv is neopentank- Since 1 equiv of

(41) Hydrogenation of surface-bound Zr-Np groups to neopentane has
been observed: Quignard, F.; Choplin, A.; Basset, J3MChem. Soc.,
Chem. Commurl991 1589-1590.

(42) Lee, J. B.; Oftt, K. C.; Grubbs, R. H. Am. Chem. S0d.982 104,
7491-7496.

(43) Anslyn, E. V.; Grubbs, R. HI. Am. Chem. S0d987, 109, 4880~

(44) Zaera, F.; Tjandra, S. Am. Chem. S0d 993 115 5851-5852.
(45) Zaera, F.; Tjandra, S. Am. Chem. S0d996 118 12738-12746.
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vs unimolecular decomposition processes (leading to isobutyl- preparations of tetraneopentyltitanium, Ti(&Hes)s, and tetraneo-
ene). In any event, Zaera’s results do not contradict our pentyltitaniumes, Ti(CD.CMes)4, are described in a separate paffer.
contention that-hydrogen abstraction is a rate determining step The determination of the distribution of deuterated neopentane isoto-

that controls the early events in the chemical pathway that leadsPologs from the mass spectrometric ion intensities was carried out by
from TiNps to TiC solving a set of linear equations according to a procedure described

Finally, we can compare the rate of theelimination ste elsewheré:
¢ 2 b Elemental analyses were performed by the School of Chemical

with the reaCtlon'l.lr.mted rate of deE?SItlon OfOTI%Zfrzgm T!Np Sciences Microanalytical Laboratory at the University of lllinoi¢d
under CVD conditions £0.3 um h™* at 175°C)#+*> This NMR and®3C NMR spectra were recorded on a General Electric QE300
growth rate and the bulk density of TiC allow us to calculate jnstrument at 300 and 75.44 MHz, respectiveRH and 2*C NMR

that approximately 2 10" molecules of TiNg must thermo-  chemical shifts are reported énunits (positive chemical shifts to higher
lyze per cm per second under CVD conditions. The volume frequency) and are referenced with respect to SiMafrared spectra

of a TiNps molecule is approximately 6003Aif we make the were recorded on a Perkin-Elmer 1750 FTIR spectrometer as Nujol
(probably poor) assumption that TiC film growth occurs from mulls dispersed between KBr plates. A Hewlett Packard 5890 gas

a densely-packed monolayer{ x 10% molecules/cr), then chromatograph with a 5970 series mass selective detector was used to
the first-order rate constant for depositiomid st at 175°C. obtain the GC/MS data. The mass selective detector was calibrated

Taking the pre-exponential factor to bel0l s1, this rate by using the 31, 50, and 69 amu peaks of perfluorotributylamine. The

S column used was a 30-m RSL-160 capillary colummii® thick poly-
corresponds_ to an activation energy e27 kcal/mol for_the_ (dimethylsiloxane) film, 0.32-mm i.d., Alltech).
growth of TiC. This value is comparable to the activation

- . Static Vacuum CVD Apparatus. In order to collect and analyze
energy for decomposition of TiNpof about 28 kcal/mol (see  gyantitatively the gaseous products generated under CVD conditions,

above). The comparison suggests that the rate limiting step inTinp, was thermolyzed under a static vacuum-@Uorr) at 250°C

the growth of TiC from TiNp is a-hydrogen abstraction rather  in a closed-system CVD apparatus. This apparatus consisted of a
than a later step in the thermolysis pathway (such as the solvent reservoir, a precursor reservoir, a deposition zone, and an NMR
generation of surface-bound, @agments or their conversion tube3! The solvent reservoir was charged with a 1:3 mixture of benzene
to carbide carbons). The uncertainties implicit in deriving and benzenek (0.423 g). [The concentration of protons in this solvent

activation energies from growth rates, however, make such a(3:0 mmol/mL) had been previously established by dissolving hexam-
conclusion tentative. ethylbenzene (0.0142 g, 0.87 mmol) in the solvent mixture (0.570 g)

and measuring the intensity of thets peak relative to the fMes

Concluding Remarks peak in @H NMR spectrum taken with a 120-s post-acquisition delay.]

. . . After the solvent mixture had been degassed with 3 fre@zenp—
~ The mechanistic sequence responsible for the deposition ofihay cycles, the solvent reservoir was isolated from the rest of the
titanium carbide from the organotitanium compound tetraneo- apparatus until the deposition step was complete. The precursor
pentyltitanium has been in large part elucidated. Studies of the reservoir was charged with TiNg0.10 g, 0.3 mmol) and cooled to
thermolysis of TiNp under CVD and UHV conditions show  —78°C. After the apparatus had been evacuated t& T0rr, it was
that the first step in the thermolysis pathway is the same asisolated from the pump and remained under a static vacuum for the
that previously seen in solutiomi-hydrogen abstraction to form  thermolysis step. The NMR tube was cooled-td96 °C, and the
neopentane and a titanium alkylidene intermediate. This Précursor reservoir was _heated at°45to sublime the TiNpthrough
conclusion is supported by the very similar distribution of ]E_Te ddeposmog zoneﬁ Wh'clT W"’;S r?ea;ed externally togﬁ(?'ﬁdark .
organic products obtained in both cases, by the similar activation ' deposited on the walis of the deposition zone and the organic

. d by th tiallv identical kinetic isot byproducts were collected in the NMR tube. After the precursor had
energies seen, and by the essentially identical KIN€UC ISOOPEg, piimed and the deposition was complete, the deposition zone was

effect observed upon deuterating thehydrogen positions of  cqgled to room temperature. The contents of the solvent reservoir were
TiNps. The subsequent fate of the titanium alkylidene, however, transferred into the liquid nitrogen cooled NMR tube, which was then
is not the same as in solution: under CVD/UHYV conditions it flame sealed. The NMR tube contents were analyzedbgnd 3C
undergoes furthea- (and eventuallyy-) hydrogen activation NMR spectroscopy. In order to ensure accurate integrations, the post-
processes, whereas in solution it activates solverti®onds. acquisition delay times were greater than 5 times the lonGeand,

In the last stages of the thermolysis sequence under CVD/for **C NMR spectra, NOE effects were suppressed by turning the
UHV conditions, neopentyl (or neopentyl-derived) organic decoupler off between acquisitions. Head-space corrections are detailed
groups fragment to give a variety of lower hydrocarbon products, elsewhleréf‘l _ _
isobutane being formed in the largest amounts. The surface- 1€ “C{*H} NMR spectrum of the organic products from the static
bound G—C, hydrocarbon fragments that lead to these lower vacuum CVD experiment showed the presence of neopentane and

. isobut 31.2 (V&) 27.5 CMey), 24.4 (HQVes), 23.2 (HCMes)],
hydrocarbon species also are undoubtedly the source of theood aneq (e, CMe:) (Have;) (HCMe)]

R - along with trace amounts of isobutylene. Dineopentyl, propane,
carbon atoms that eventually form the titanium carbide phase; gthylene, and methane, which were found in trace quantities in the GC/
this part of the mechanistic sequence remains the least underws study, were not detectable in tR&{*H} NMR spectrum. The
stood. At present, it is not clear whether the formation of the relative intensity of the ®le; and HQMe; peaks in the*C NMR

TiC product is simply driven thermodynamically, or whether spectrum was 100:3.6, which corresponds to a neopentane:isobutane
the neopentyl (or neopentyl-derived) organic groups actually mole ratio of 100:4.8. This result, combined with calibrated peak
facilitate the formation of this product by providing low-energy integrals from theH NMR data p 0.88 (s, CMe), 0.86 (d,Jun = 7
pathways to generate;@pecies that transform smoothly to a H2z, HOMes)], showed that 3.28 mol of neopentane and 0.16 mol of
carbide phase. We suspect that the thermodynamic driving force'SoPutane had been evolved per mole of TiNpnsumed. The black

. - ST - deposit was analyzed and found to have a stoichiometry of 18 57.

:CS not _anne% ?uéf |C|e2né (;%f)\{ercon;e_ the kinetic barrier for tg}e After NMR analysis of the byproducts, the sealed NMR tube was broken
ormation of TIC at : Instead it seems more reasonable e formation of neopentane and isobutane was confirmed by GC/
to propose that the chemical source of the carbon atoms playsys methods.

an important kinetically-controlling role at such low tempera-  The static vacuum thermolysis of Tibkgs was carried out with use
tures. of the same apparatus as above, except that no NMR solvent was
. . introduced and the captured byproducts were analyzed only by GC/
Experimental Section MS. P vp Y vy
General Methods. All manipulations were carried out with standard The solid state thermolysis of Tibgly and ds was carried out under

Schlenk and cannula techniques under argon or in vacuum. The vacuum in flame-sealed 5-mm NMR tubes at 280for 30 min. After
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the thermolysis was complete, the sealed tubes were broken and the A 1-cm-diameter Cu(111) single-crystal disk $9.999%, Mono-
volatile organic byproducts were analyzed by GC/MS (Table 1). crystals) was oriented, cut, and polished by using standard techniques.
Ultra-High-Vacuum Studies. Experiments were performed in a The sample was mounted on a molybdenum button that can be heated
diffusion and titanium-sublimation pumped ultra-high-vacuum chamber t0 1200 K by a tungsten filament or cooled to 100 K via copper braids
with a base pressure of cax110-1° Torr. The system was equipped connected to a liquid nitrogen reservoir. Chromalumel thermo-
with four-grid low-energy electron diffraction optics (Varian), a single ~couples were used to monitor the crystal temperature. Sarr;ples were
pass cylindrical mirror analyzer (PHI) for Auger electron spectroscopy, Cleéaned by cycles of sputtering with Neons (1 keV, 2QuA/cn’) at
a differentially pumped quadrupole mass spectrometer (Vacuum Poth 300 and 900 K followed by annealing at 900 K. The crystals
Generators) for temperature-programmed desorption, and a high-Were sputtered and annealed before each experiment and their cleanli-
resolution electron energy loss spectrometer (McAllister Technical N€SS was monitored by AES. ) )
Services). For the HREELS experiments, the angle of the incident ~ Dosing of the TiNp-d, and TiNp-ds precursors was carried out with
electron beam (60to the surface normal) and its energy-@ eV) an effusive molecular beam doser. The samples were held about 1
were held constant and electrons were collected only in the specularmm from the mass spectrometer skimmer during TPD and IDMS
direction. The elastic scattering peak from an adsorbate-covered surfaceXperiments.

had an intensity of 10° cps and a full width at half maximum of-a11 Acknowledgment. We thank the Department of Energy

meV (72-88 cm ™). During TPD and integrated mass spectrometry nder Grant No. DEFG02-91ER45439 for financial support.
(IDMS)?*¢ experiments, the heating rate was 1 deg K/s.

Infrared spectra were collected in either reflection or transmission ~ SUPPOrting Information Available: Figures of the mass
mode on a Fourier transform infrared spectrometer (Mattson Instru- SPectrum of the products exiting the hot zone during CVD of
ments) and a liquid nitrogen cooled, narrow band, MCT detector. TiC from TiNps-do at 250°C and 104 Torr, the mass spectrum
Typically, 2048 scans were averaged at 4-Emesolution. In the of neopentane obtained from the thermolysis of TiHdpat 250
variable-temperature experiments, the temperature of the crystal was°C and 102 Torr, and the FTIR spectrum (Nujol mull) of bulk

raised to the indicated temperature foR s and then cooled to the  TiNp,4-dg (3 pages). See any current masthead for ordering and
dosing temperature before data collection was initiated. Internet access instructions.

(46) Dubois, L. H.Rev. Sci. Instrum.1989 60, 410-413. JA9708124



