J. Mol. Model.2000 6, 413 — 424

| FuLL PaAPER © Springer-Verlag 2000

Theoretical ab initio Study of TiCl, Ammonolysis: Gas Phase Reactions of TiN
Chemical Vapor Deposition

Magdalena Siodmiak, Gernot Frenking?!, and Anatoli Korkin 2

IFachbereich Chemie, Philipps-Universitat Marburg, Hans-Meerwein-Strasse, D-35032 Marburg, Germany.
2Advanced Systems Technology Lab, Motorola IiMesa AZ85202, USA. E-mail: r40757@email.sps.mot.com

Received: 11 November 1999/ Accepted: 18 January 2000/ Published: 28 April 2000

Abstract The mechanism of TiGlammonolysis has been studied theoreticallatatnitio Hartree-

Fock, B3LYP, MP2 and CCSD(T)//B3LYP levels using effective core potentials for Ti and Cl and
6-31G* basis sets for N and H. TiGind products of its ammonolysis form five- and six-coordinated
complexes with ammonia, which intermediate substitution of Cl atoms QygNidps. Transition state
energies for the subsequent steps of ammonolysis decrease with increasing numbgigafuls

bound to Ti. The energy of the transition state for the first step of ammonolysis is 19 kéahoed

the energy of the reactants (TGl NH,) and 8 kcal mot above the products (TigNH, + HCI). The
following steps have transition states energetically located below the products, indicating weak hydro-
gen bonded complex formation as intermediate between transition state and product. A thermodynamic
estimation shows the last step of ammonolysis to be endothermic, while the first three steps are exothermic
if the adduct formation energy is taken into account.

Keywords Titanium nitride,Ab initio calculations, Chemical vapor deposition, Ammonolysis, Donor-
acceptor complexes

even been called as “technologically the most important ni-
tride” [1] In microelectronics TiN has a broad area of appli-

L . . o cations as a low resistance contact and a diffusion barrier
Titanium nitride has a unique combination of useful propero; metallization.[2]

ties (high hardness and melting point, good electric and ther-  chemjcal vapor deposition (CVD) usually provides high
mal conductivity, chemical inertness, and excellent adheryyajity film and good step coverage, and it is often superior
ence to most metals, semiconductors and insulators) and nis physical vapor deposition (PVD). Several precursors such
merous existing and potential industrial applications. It hasyg TiCl,[1,3] Ti(NMe,),, [1,4,5] Ti(NEt),[1,4,6] and
Ti(NMeEt),[7] have been applied in titanium nitride depo-
sition. The reaction of TiGlwith N, and H, (eq. 1) has been
—_— i used at first for TiN deposition at high (~900-1200°C) tem-
Correspondence taA. Korkin peratures. The application of ammonia as a source of nitro-
Dedicated to Professor Paul von Ragué Schleyer on the o@€n (ed. 2) lowers the temperature to ~500°C, [3] which
casion of his 70birthday opens this process for a broader application in the micro-
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electronics industry. Organometallic precursors such &€l (NH,) NH and TiC|(NH,) N have been calculated by
Ti(NR,), contain an excess of nitrogen. However, simple th&ehlegel et al [11] using a variant of G2 level theory.
mal decomposition leads to a high carbon contamination,In this paper we have studied theoretically subsequent steps
while addition of ammonia improves the film compositioof TiCl, ammonolysis and 1:1 and 1:2 complexes of [iCl
and also lowers the process temperature. (NH,), (x = 1-4) molecules with ammonia using different
. . ab initio (HF, MP2, CCSD(T)) and DFT (B3LYP) methods
ZTiCl, + N, + 4H, — 2TiN + 8HCI @) in combination with pseudopotentials for Ti and Cl atoms.
6TiCl, + 8NH, - 6TiN + 24HCI + N, (2) The study has been done as a part of a joint project between
the Philipps University Marburg and Motorola in the aim of
The optimization of the CVD conditions for obtainingleveloping a mechanism of TiN chemical vapor deposition.
higher quality films, better conformity or higher (optimal)
film growth rate requires knowledge of the deposition chem-
istry, which can be obtained from specially designed eXp%kmputational methods
ments or/and modeling and simulation. Recent developments
of quantum chemical methods, particularly density functior}\zl

i lecular geometries have been optimized using three dif-
theory (DFT), and software and fast progress in compu 9 X )
tional hardware have provided first principles {nitio) based 'crént theoretical methods: HF, MP2 [12] and B3LYP [13]

theoretical quantum chemistry approaches as an alterna §é'mplemented "? the Gaus.sian98 program package [14].
to experiments and empirical simulations in some area lytical harmonic frequencies have been computed at the

: ; ; ; : level of theory for all stationary structures and at the
CVD modeling. However, such studies still have serious li .
g YP and MP2 levels for selected molecules. HF vibra-

i in the si f th h
tations in the size of the system, and thus can be app lanal frequencies are scaled by 0.89 [15]. Using B3LYP

ici ly f Il h 7 . ; ;
most efficiently only for smaller precursors and gas p as timized geometries single point coupled cluster CCSD(T)

reactions. In our theoretical study we have considered ini? . .
reactions beteen TiC} and NH, in order to provide some ] calculations have been perforrtedThe relative ener-

insight into the thermochemistry, mechanism and kinetics BFS prgsented in this paper include zero-point energy (ZPE)
CVD. corrections. ' _ o
During the CVD process three types of (subsequent) pro%_All'calculatlons were performed using a qugS|-reIat|V|st|c
esses occur. At lower temperatures Tihd ammonia form Sffective core potential (ECP) for titanium with a valence
donor-acceptor complexes, presumably with one or two aﬁ’?‘-s's set (441/2111/41), derived [18] from the [55/5/5] va-
monia, e.g. TIGENH, and TiC}:2NH,. Fast complexation is ence basis set of Hay and Wadt [19]. An ECP with a valence

; ; : i t (4/5)/[2s3p] [20] extended bg-ty/pe polarization
followed by slow ammonolysis. At high temperatures Ti(IV)2S!S S€ :
is reduced to Ti(lll) in the form of TiNfilm or as a powder_\)fglunctlon [21] was used for chlorine. It has been demonstrated

; tative set of transition metal complexes [22]
These types of processes (e.g., complex formation, amm(}j-& 'eépresen P &
olysis and reduction) are well known in the gas phase t ECP’s generated fab initio methods can be applied in

solution chemistry of TiGlwhile their detailed mechanistic Tbased calculations as well. Standard 6-31G* basis sets
@] were used for nitrogen and hydrogen atoms. Unless speci-

description is far from being well understood [8]. In liqui d otherwise, relative energies are given at the CCSD(T)/

ammonia up to three chlorine atoms are substituted by
groups, while in methylamine only two TiCl bonds ar LYP level and the structural parameters for the B3LYP
optimized geometries.

ammonolysedTrimethylamine reduces Ti (V) to Ti(lll) and
forms a complex with resulting titanium trichloride —
TiCl;:2NH,. Saeki et al. [9] observed TiZ3NH, as a prod-
uct of the gas phase reaction betw TiC| and NH, at a Results and discussion
temperature below 220°C, which presumably consists of a

mixture of NHCI with an ammonia adduct of the partiallyriianiym tetrachloride reacts with gaseous or liquid ammo-
ammolyzed' TiC). In the temperature range be'tween 0,220 nia by forming adducts, which are further ammonolyzed in
and 4306C TiCl,:5NH; decomposes to CITiN, which at higheg, cess of ammonia [24]. Mén TiC|, and NH, are mixed at
temperatures reacts with ammonia forming, Tgewder [9]. o mperatures below 530K, also six-coordinated complexes
The thermochemistry of gas-phase species aate TiN it ammonia are observed [25], [26]. In our paper we have
CVD has been studied theoretically by Allendorf et al. [1Q},sjgered first the following four-coordinated molecules:

who reported a 17 kcal mbbx.othermic enthalpy of the 1:1TiCI4, TiCI,NH,, TiCL,(NH,) ,, TICI(NH,), and Ti(NH), and
complex formation beteen TiC} and NH and a 20 kcal heir 1:1 and 1:2 complexes with ammonia.

mol!l endothermic decomposition energy of this complex
toward CLTiNH, and HCI. Ti-C and Ti-N bond energies have

been also reported in ref. [10]. It was found tnat T-Cl ., ~oordinated titanium containing molecules
bond energies computed at CCSD(T) and at BLYP levels are ¢

in good agreement with each other. Structures and energefics | i : : : .
, L . L ptimized geomets of TiCl,, TiCI;NH,, TiCI(NH,),,
of some intermedi@s in TiN CVD: TiCl,(NH,),.  1iciNH,), and T(NH,), at B3LYP, HF and MP2 level are
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shown in Figure 1. Experimental structures and vibratiorratical studies using HF ECP [28] and LDF [29] approaches
frequencies are available only for Tj{27] (Table 1). The (see Tablel). The vibrational modes computed at the B3LYP
Ti-Cl bond length determined by gas electron diffraction &d at the MP2 approaches are higher than the experimental
2.170 A. Thusall three methods, HF, MP2 and B3LYP, arealues.
within 0.01 A of the Ti-Cl bond length (see Figure 1a). B3LYP Consecutive substitution of Cl by N the TiCl,_(NH,),
gives a larger and HF and MP2 a smaller value compa(gd= 0-4) series leads to elongation of bothClrand Ti-N
with the experimental results. In earlier HF all electron [28pnd lengths. Thus the first two molecules in the serlesA1 TiCl
HF pseudopotential [29] and local density functional studnd TiCL(NH,), have the shéest Ti-Cl (2.176 A) and Ti-N
ies, [30]the Ti-Cl bond length in TiC] was computed as (1.855 A) bond lengths, respectively, while the last two,
2.165 A, 2.184 A and 2.167 A, respectlvely TiCI(NH,), (Ti-Cl = 2.259 A and Ti(NH),, (Ti-N = 1.912 A)

The calculated HF vibrational frequencies are in a gobdve the longst ones. An eber RHF ECP [31] study of
agreement with experimental values [26] and previous thdocIH,(NH,) and TiH,(NH,), predicts Ti-N bonds to be 1.86

Figure 1 B3LYP optimized
geometries of four coordi-
nated titanium compounds:
a) TiCl,, b) TiCLNH,, c)
TICL,(NH,),, d) TICINH), |
e) Ti(NH,), . HF and MP2
values are given in parenthe-
ses

1.855 %
(1.837, 1.853)

107.24
(107.11, 106.80)

2.176

(2.161, 2.163) 2.194
(2.187, 2.180)

2208
(2.197, 2.199)
Tp Cs
a) TiCl4 b) TiClzNH:

2.226
(2.222,2.216)

110.16

¢) TiCI2(NH2):

2259 %
(2.256,2.250)

1.889

111.85 i3 Xﬁ 1.912
111.14,112.30 (1.908.1.908
(1.882,1.884) - N ; (110.60.110.47 4
D

108.18 N
(107.23,107.49)

Cs )‘
d) TiCl(NH2)s e) T1(NH2)4



416 J. Mol. Model.2000,6

Table 1 -

pi?i;engl’rci%‘;;et% :‘:Idfgf HF B3LYP MP2 Calc.[a] Calc.[b]  Exp.[c]

quencies (in c®) for TiCl4 v,(a) 389 397 407 403 377 388
v,(€) 112 121 122 117 96 118

% ;{gm g gg vo(ty) 484 514 533 518 507 497

ic] from ref, 25 v (1) 138 144 141 144 129 139

Table 2 Complex formation energieglid ) (in kcal mot?) for TiCl, (NH,),:yNH, (x =0-4; y = 1-2) adducts [a]

Ticl, (NH,).:yNH HF B3LYP MP2 ccsD(T)
4-x 27x 3
el 11 18.3 18.3 23.6 23.6
4 12 359 (35.8)[b] 347 (32.9)[b]  47.4(43.8)[0]  47.4(44.9)[b]
. 11 171 175 23.3 23.2
TICI;NH, 12 34.7 33.6 46.9 46.8
. 11 13.9 137 195 195
TICI,(NH,), 1:2 27.9 28.0 40.4 40.5
. 11 12.0 10.9 16.2 16.1
TICI(NH )3 12 19.9 177 33.1 205
. 11 7.2 7.9 12.8 133
Ti(NH_), 1:2 6.6 7.5 16.6 17.2

[a] Most stable conformations of complexes are considered. See text for details
[b] The AH_ values for théransconformations are given in parenthesis

A and 1.89 A, respectively. This is in good agreement with Structurel-eq collapses intdl-ax during optimization at
1.855 A and 1.867 A obtained in our work for the Ti-N bondke B3LYP level and has thus not been investigated further.
in TiCl;(NH,) and TiCL(NH,),, respectively. Experimental The Ti-Cl bond length for of axial chlorine atomlirax (see
geometries for these compounds are not available. Howee¢sp Figure 2a) is shorter compared to the equatorial ones,
theoretical values of the TiN bond length in Ti(§jH1.912 which is unusual for bipyramidal structures [36]. An elonga-
A) and in TiCI(NH,), (1.855 A) are in good agreement witftion of the equatorial bonds ivax can be explained by hy-
experimental data in the substituted compounds Ti(NMedrogen bonding between equatorial chlorine atoms and the
(1.917 A) [32] and C[TiCI, NEt, (1.852 A) [33]. hydrogen atoms of ammonia. We have previously observed a
Amino groups attdwed to Ti inthe calculated moleculessimilar effect in pentacoordinated oxiclibes TaC)(OH) and
are planar, which indicates a delocalization of the nitrog&€aCL(OH), [37].
lone pairs towards the emptiforbitals of titanium. Four possible conformations with regard to axial and equa-
torial orientation are visualized ftine TiCLNH,:NH; com-
plex in Scheme 2.
Five-coordinated complexes All methods except HF predict ttax,ax conformation
(NH, and NH, in axial positions) to be the most stable one.
Tetracoordinated titanium molecules Ti(INH,),,, form rela-
tively strong donor-acceptor complexes with ammonia. The

energy of the TiGINH, complex formation&H) (see Table cl cl
2) varies from 18.3 kcal mél(HF and BL3LYP) to 23.6 kcal ‘
mol! (MP2 and CCSD(T)), which can be compared with pre- CI,,,,’. ) C'//,,,_ l
vious theoretical values of 24.3 and 17 kcal #necalculated /T'—Cl /TI—NH3
using MP2 ECP [34] and BLYP [10] methods, respectively. ~ Cl ‘ Cl |
The complexes of TiG(NH,),  with ammonia have NH3 Cl

bipyramidal structures. For the TiWH, complex two con-
formations (geometric isome#8)are visualized with N
occupying the axial or equatorial positions in Scheme 1

1-ax 1-eq

" Scheme 1Possible conformers of TigNH,
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Figure 2 B3LYP optimized

geometries of five coordi- f'
nated titanium complexes 2915
with ammonia: TiCl -
NH,, (b) TiC|3NHf’\)'H3, ) = el 550 (2,255.,2.240)
() TICL(NH,),-NH,, (2.212, 2.207) - ’
(d) TICI(NH,);-NH, , @%}%@
(e) Ti(NH,),-NH,. HF and
MP2 values are given in pa- 2.203
rentheses (2.278, 2.293) (2.324,2.321)
N
C3V

a) T1C14 ‘NH3 1.885

(1.870,1.876)

2.33

c¢) TiCl2(NHz2)2:NH3
1.905
(1.893,1.894)
(2.332,2.316)
1.907
(1.908,1.912)
2351
(2.345,2.337)
Cs
d) TiCI(NH2)3::NH3 e) Ti(NHz2)4:NH3

The energy difference is small (~1 kcal riadt all four theory as for TiCl:NH,, the complex formation energies for
levels considered (see Taldg The2-eq,axconformer col- TiCI;NH,:NH, appear to be higher at MP2 and CCSD(T)
lapses into2-ax,eq during optimization at the B3LYP levelcompared to the values computed with the HF and the B3LYP
and was thus not considered further. The Ta@ T-NH, approaches.

bond lengths ir2-ax,axare elongated comparedleax (see TiCl(NH,),:NH, has five possible arrangements of the
Figures 2a and 2b). Thus, similar to the tetradomted ligands with regard to their positions in a bipyramidal struc-
molecules, substitution of Cl by NHeads to elongation of ture (Scheme 3).

all bonds in their complexes with ammonia. This effect is Similar to the TiCINH,:NH, complex,the 3-ax,ax,eq
apparent in other NHcomplexes discussed below. TAE_, conformer of TiCJ(NH,),:NH, with NH, and NH, ligands in
value of the most stable TiBlH,:NH, conformer,2-ax,ax  the axial positions has been found to be most stable at the
is very similar to that one of TIENH, (see Table 2). As well B3LYP level. Somewhat unexpectedly, another conformation
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Table 3 Relative enerigs of TiCINH,:NH, conformers in Six-coordinated complexes
kcal mof* (see Scheme?2)
Titanium tetrachloride forms a six-coordinated adduct with

the second NEHmolecule with almost the same Ti-Nbond
HF B3LYP MP2 cesb() strength as th% first one (see Table 2). There are |'?lwo possible
2-ax,ax 0.0 0.0 0.0 0.0 TiCl,:2NH, conformers, e.gwith cis and trans orientation
2-ax,eq 0.2 1.2 1.0 0.8 of NH, in the tetragonal bipyramidal structure of the com-
2-eqeq 2.8 2.6 3.1 3.3 plex (Scheme 4).
2-eq,ax — Collapses into 2-ax,eq — Both conformers have almost the same energy at the HF

level, while the correlated methods show4kas form to be

2-3 kcal mott more stable compared titrans (Table 2).

The relatively small energy difference betm thecis and
trans forms of TiC|,:2NH, can be explained by a balance of
yan der Wdals repulsion of ligands (larger tine 4-cis con-
ormer) and the TiGldeformation energy (larger ihe 4-
C}rans conformer) (see Figures 3a and 3b). Four other 1:2 com-

with an axial position of ammoni&;ax,eq,eqwas found to
be slightly higher in energy compared3eeq,eq,eq where
all nitrogens are located in the equatorial positions. Two ot
conformations3-eq,ax,eqand 3-eq,ax,ax collapsed to3-
ax,eq,egand to3-eq,eq,eq respectively. We also compute
the most stable conformatiaBrax,ax,eqat the HF, MP2 and
CCSD(T)//IB3LYP levels of theory (see Figure 2c).

While the complex formation energies are close for TiCl

and TiCLNH,, the following steps of the ammonolysis re- NH3 Cl
duceAH_ by 3-4 kcal mol (see Table 2). The drop &H_ at cl., ’ Cl.,, ‘

the second and subsequent steps of the ammonolysis can be “Ti—NH, /'Ti—NH2
explained as folles. The firstsubstitution of Cl by NHtakes cl | H,oN ‘

place in an axial position, while in further steps the Cl atoms NH, NH;

are replaced in the equatorial positions. Completely

ammonolyzed Ti(NE), forms a 1:1 adduct with NHwith an 3-ax,ax,eq 3-ax,eq.eq

energy of only 13.3 kcal md] which is about half thé&H_
value of TiC],:NH,. Although TiCI(NH,),:NH, may have four

conformations with different orientation of the ligands in the Cl
bipyramidal structure, we limited ourselves by computing H,N, ‘
only the isomer with axial positions of NHind NH (see I"'Ti—NH3
Figure 2d) which is expected to be the lowest one according HZN/
to conformaional studies of TiCJNH,:NH,; and Cl
TiCI,(NH,),:NH,. For the Ti(NH),:NH; complex we com-
puted the conformation with an axial orientation of ammo- 3-eq,eq,eq
nia (see Figure 2e).
Cl NH;
NH3 NH3 HoN, | Cl/l,"'lli "
Ti—NH —NH3
CI /I"--I‘_- CI CI /l"._i. CI/ ‘ 3 CI/ |
i— I—Cl
ca” ‘ HNT | NH, NH,
NH> Cl 3-eq,ax,eq 3-eq,ax,ax
2-ax,ax 2-ax,eq Scheme 3Possible arrangements of Ti@NH,),:NH,
Tl THz Cl NH3
cl, cl, ‘ |
e L CI/, \ CI/,, \
/TI NH3 /TI—‘NHS I"'Ti-“‘\ cl "'Ti-“‘\ cl
HoN c|:| | | ™ | NH; a”” [ c
c NH3 NH3
2-eq.,eq 2-eq,ax 4-cis 4-trans

Scheme 2Possible conforntions of TICINH,:NH, Scheme 4cis and transconformers of TiGI2NH,
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<N-Ti-N=87.61(85.62,83.56)

2212
(2.194.2.210)

2.341
(2.340,2.336)

DX
CZV CS

1.893 2332 2.378
(120218 2) (2-353,24) (2.375,2355)

U

(2.349,2.368)

o,
CZV Cl
d) TiCl2(NHz)2:2NHs e) TICI(NH2)3:2NHs ) Ti(NHz) :2NHs

Figure 3 BALYP optimized geometries of six coordinated WiCI(NH,);-2NH; , (€) Ti(NH,),-2NH, . HF and MP2 values
tanium complexes with two ammonia molecule¥:T{Cl,- are given in parentheses
2NH,, (b) TiCI;NH,-2NH,, (c) TiCl,(NH,),-2NH;, (d)

plexes have been computed only for tieeconformation of trostatic component in the dative TNH, bond shouldin-
two NH, coordinated to Ti (see Figure 3c-f). creasewhen the number of the NH2 groups increases. How-
Substitution of chlorine atoms by NHin ever, electrostatic repulsion between the ligands leads to the
TiCl(NH,),.2NH; leads (as in the case of the four-coorddecreaseof AH, with increasing number of NfHgroups in
nated molecules and the corresponding 1:1 complexesjh® molecule. Complexation by ammonia reduces the posi-
elongation of the Ti-Cl and Ti-N bonds. A comparison of the&ve charge at the central atom, in agreement with dative char-
TiCl and TiN bonds in the four- , five-, and six-cdorated acter of the Ti- NH; bond.
complexes reveals an additional effect of elongation of both
bonds when the coordination number of Ti increases through
formation of dative Ti-NH bonds. Thermochemistry and mechanism of ammonolysis.
Similar to 1:1 complexeéH_ values of the 1:2 complexes
of TiCl, and TICLNH, with ammonia are close to each otheSubstitution of the Cl atoms by Nigroups is endothermic,
The value of AH_ drops again with further increase of thand the heat of reaction increases with the number of amino
number of NH groups in the complexes (see Table 2). Notgroups in the molecule (see Table 5). Since substitution of Cl
that theAH, values of the 1:2 complexes are approximately NH, reduces the binding energy in the complexes with
twice as large as the energies of the 1:1 adducts, excepafamonia, ammonolysis of the complexes is more endothermic
Ti(NH,),. In the latter case the formation of the secontlan similar reactions of four-coordinated molecules. It is
Ti — NH; donor-acceptor bond is accompanied by a smaleell known that an excess of ammonia replaces up to three
energy release than the first one. Cl atoms while full ammonolysis does not occur [23]. This
The results of an NBO analysis performed at the B3L¥fIds for gas phaseactions of TiCJ and NH, and for the
level is shown in Table 4. The positive charge at Ti increaseactions of TiCJwith liquid NH,. Since the reaction of Ti¢|
along with increasing number of Nigroups in four-coordi- with NH, consists of two stepsxothermiccomplex forma-
nated molecules and in 1:1 and 1:2 comgéeshus, the elec- tion (presumably with two ammonia) aremdothermicsub-
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Table 4 B3LYPNBO char- . : . : .

ges (@) at Ti atom in calcu- TiCl (NH,) , . TiCl (NH,) , ;[NH,  TiCl (NH,) , :2NH,

lated complexes TiCl, 0.67 0.61 0.50
TiCI,NH, 0.92 0.84 0.74
TiCL(NH,) , 1.12 1.06 0.97
TiCI(NH,), 1.30 1.25 1.19
Ti(NH,), 1.46 1.33 1.25

Table 5 Zero Kelvin heats of the subsequent steps of ammonolysis pf(NiJ), molecules and their 1:1 and 1:2 com-
plexes with ammonia (in kcal mdl

Reaction x= HF B3LYP MP2  CCSD(T)
0 9.2 10.5 12.1 10.8
TiCl:XNH, + NH, — TiCI,;NH, :XNH,+ HCI 1 12.3 13.2 14.2 13.0
2 10.5 11.7 125 11.4
0 13.4 13.2 14.9 13.5
TiCI,NH,:XNH, + NH, - TiCl,(NH,),:xNH, + HCI 1 16.6 17.0 18.7 17.2
2 20.2 18.8 21.4 19.7
0 20.0 19.2 21.2 19.7
TiCL(NH,),;XNH, + NH, — TiCI(NH,) ;xXNH, + HCI 1 21.9 22.0 24.6 23.1
2 28.0 29.5 28.5 30.7
0 25.6 25.2 27.8 26.0
TICI(NH,);XNH; + NH, - Ti(NH,),:xNH g+ HCI 1 30.4 28.3 31.1 28.8
2 38.9 35.3 443 38.3

Table 6 Zero Kelvin heats of the subsequent stages of aysisabf TiC] accompanied by 1:2 complex formation with
ammonia (in kcal mdj) [a]

Reaction HF B3LYP MP2 CCSD(T)
TiCl, + 4NH, - TiCI;NH, :22NH_+ NH_:HCI -36.5 -34.1 -45.8 -47.0
TiCl, + 6NH, - TiCI,(NH,),:2NH, +2NH,:HCI -27.3 -26.3 -35.5 -38.3
TiCl, + 8NH, - TiCI(NH,) ;2NH, + 3NH,:HCI -10.3 7.8 -17.9 -18.6
TiCl, + 10NH, - Ti(NH,),2NH,+ 4NH,:HCI 17.6 16.6 15.4 8.8

[a] 11 kcal moi! exothermic energy of NHHCI adduct formation computed in ref. [36a] has been uniformly added to all
reaction energies

stitution of Cl by NH groups, we calculated trwverall re- Transition state energies for the ammonolysis reactions
action energies for the different stages of ammonolysis (s€&iCl4,(NH,), molecules are shown in Table 7. The corre-
Table 6). We havalso considered aexothemic effect of sponding structures are given in Figure 4. We located the
formation of an H-bonded adduct of Nind HCI (10-11 transition states at all three levels for the first two reactions,
kcal mot?) [38]. With such approximations, a substitution cit HF and MP2 for the third reaction, and only at HF for the
up to threeCl atoms by NHgroups appears to bgothermic last step of the ammorysiis. The tansition state structures
while the complete ammonglis of TiCl, into Ti(NH,), is for all steps of the ammonolysis have veayg Ti-Cl dis-
endothermic This provides a qualitative explanation for th&ances for the leaving Cl atoms (product-like). A comparison
experimental obsertian of incompleteammonolysis of ti- of the structures shown in Figure 4 at the HF level shows a
tanium tetrachloride. For an accurate estimation of the frdear trend of “shifting” the TS geometries toward the disso-
energy of ammonolysis, the entropy changes and the solvaligtion products with proceeding ammoysi$. This obser-

sis of reactants and products must be taken into accountvation explains the increasing difficulty in Idtey the TS
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Figure 4 B3LYP optimized
geometries of transition
states during dichlorinations
of (@) TiCl,-NH,,

(b) TICI,NH,-NH,,

(c) TiICl,(NH,),-NH,,

(d) TiCI(NH,),-NH,. HF and
MP2 values are given in pa-
rentheses

Figure 5 Calculated reac-

tion path for the formation of
TiCl,-NH, complex and fur-

ther ammonolysis at
CCSD(T). Relative energies
at HF, MP2 and B3LYP are
given in parentheses

421
2.180 2205
(2.161,2.166) (2.190,2.188)
1.999 : &'@ ?
1.988.1.983) % .
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Table 7 Transition state energies in reactions of substitution of Cl atom bygittip in TiC)_(NH,), (x = 0-3) molecules
(in kcal mott)

Reaction HF B3LYP MP2 CCSD(T)
TiCl, + NH, - TiCI,NH, + HCI 25.1 16.4 18.4 19.0 [a]
20.4 [b]
TiCI,NH, + NH, - TiCL(NH,),+ HCI 19.3 9.6 11.3 12.7 [a]
13.8 [b]
TiCl,(NH,), + NH, — TiCI(NH,) ,+ HCI 19.0 — 11.0 13.30]
TiCI(NH,), + NH, — Ti(NH,),+ HCI 19.9 — — 15.5 [b]

[a] at CCSD(T)//B3LYP
[b] at CCSD(T)//HF

structures at correlated levels, which usually have lower bahich shows that (weak) hydrogen bonded complexes exist
riers and thus flatter potential energy surfaces in the barasrintermediates between the transition states and the prod-
region. Since the B3LYP optimized geometries have not baets. Asimilar situation has been revealed in our previous
located, we used the HF optimized geometries for compustudy of TaCl hydrolysis in the context of J@, CVD.[35]

tion of the single point CCSD(T) energies of the transition For 1:2 complexes, TS structures were located at all thee
states for the last two reactions in Table 7. To validate thieivels only for the first reactions and at the HF level for the
comparison with other CCSD(T) energies computed at tbecond and third reactions. For the last step of ammonolysis
B3LYP optimized geometries, we calculated both CCSD(TWe were not able to locate the TS even at the HF level. Simi-
/B3LYP and CCSD(T)//HF energies for the transition statés to the reactions of four-coordinated molecules with am-
in the first two reactions in Table 6. Although thelland monia 1:2 complexes have very loose product-like TS struc-
H--Cl distances vary substantially in different approaches tores for substitution of Cl by NHFigure 6). The computed

the first two TS structures shown in Figure 4, CCSD(T) enéiS energies for reactions of the 1:2 complexes with ammo-
gies computed at HF and B3LYP differ only by ~1 kcal-folnia show (Table 8) similar trends as the corresponding ana-
This comparison confirms the flat character of the potentlags in Table 7. Thus, only the first reaction in Table 8 (see
energy surface in the barrier region. It also validates coaiso energy diagram on Figure 7) has a barrier height larger
parison of the CCSD(T)//HF energies for transition states wittan the energy of the reaction products and larger than the
the CCSD(T)//B3LYP energies calculated for molecules abdrriers for two subsequent reactions.

complexes.

The TS forthe first step of ammonolysis of Ti(has ap-
preciably higher energy, than subsequent substitution Ofc%
by NH,. Only for the first reaction step beten TiC} and
NH; and for the second one at the HF level the energies of i ) ]
the transition states are above the product energies (see®6g0rding to our theoretical studies all four steps of [JiCl
ergy diagram in Figure 5 and compare the energies in Tagynonolysis areendothermiowith the heat of reaction in-

5 and 6). For the following Cl substitution by the Nitoups, Ccréasing along the pathway of the ammonolysis. In excess of
the transition state energies are below the product enercgig@moniaexothermidormation of TiC}, ,(NH,), provides the

I|1clusions

Figure 6 B3LYP optimized
geometries of transition
states during dichlorinations
of (@) TiCl,-2NH,,

(b) TiCI,NH,-2NH,,

(c) TICl,(NH,),-2NH;, : (]
(d) TiCI(NH,);-2NH,. HF and ef L115
MP2 values are given in pa-
rentheses

ibim/ﬂ
1 2.225

(2.162,2.170)
2.100

(1.996,1.978)

*HF

(1.416,1.390)
Cs
a) TiCl+:2NHs TS b) TiCIsNH2:2NH3 TS ¢) TiCl2(NH2)2:2NH3 TS
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Table 8 Transition state energies in reactions of substitution of Cl atom by dwdlp in TiC)_(NH,),:NH, (x = 0-3)
complexes (in kcal nd)

Reaction HF B3LYP MP2 CCSD(T)
TiCI,;NH, + NH, - TiCI;NH,:NH, + HCI 31.4 15.7 21.2 18.6 [a]
22.0 [b]
TiCI,;NH,:NH, + NH, - TiCl,(NH,),:NH, + HCI 17.8 — — 14.3 [b]
TiCI,(NH,), :NH, + NH, - TiCI(NH,) ;zNH, + HCI 18.3 — — 14.6 [b]

TiCI(NH,):NH, + NH, — Ti(NH,),:NH, + HCI — — — —

[a] at CCSD(T)//B3LYP
[b] at CCSD(T)//HF

thermodynamic driving force for ammonolysis. Our estim&eon energies, while B3LYP underestimates the complex for-

tion shows that the first three steps of ammonolysis anation energies compared to the other two methods.

exothermic in excess of ammonia, while the last one is

endothermic, in agreement with an experimental observatidcknowledgement This work was supported by the Deutsche

of incomplete substitution of Cl atoms by Nétoups in gas- Forschungsgemeinschaft (Graduiertenkolleg Metall-

eous and liquid ammonia. organischeChemie) and Aleander von Humboldt Founda-
The transition state structures for substitution of Cl atortisn (Fellavship to AK). We acknavledge excellent service

by NH, are close to the reaction products. For all but the fiestd generous allotment of computer time of the Computa-

step of the ammonolysis, the transition states have energi@sal Technology Lab aBemiconductor Products Sector,

below those of the separated reaction products because dfidtorola, HRZ Marburg and HHLRZ Darmstadt. We would

bond formation between nitrogemd HCI. The tansition also like to thank Dr. Ted Mihopoulos for useful discussion.

states structures “shift” further toward the products with an

increasing number of NHyroup in the eactant. Tiis com-

plicates their locations on the flat potential energy surf

particularly for correlated methods, MP2 and B3LYP. Ti%gferences and notes

optimized geometries at B3LYP, HF and MP2 are generally
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tion path the formation of N -5.0
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