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Introduction

Titanium nitride has a unique combination of useful proper-
ties (high hardness and melting point, good electric and ther-
mal conductivity, chemical inertness, and excellent adher-
ence to most metals, semiconductors and insulators) and nu-
merous existing and potential industrial applications. It has

even been called as “technologically the most important ni-
tride” [1 ] In microelectronics TiN has a broad area of appli-
cations as a low resistance contact and a diffusion barrier
for metallization.[2 ]

Chemical vapor deposition (CVD) usually provides high
quality film and good step coverage, and it is often superior
to physical vapor deposition (PVD). Several precursors such
as TiCl4,[1,3 ] Ti(NMe2)4, [1,4 ,5 ] Ti(NEt2)4 [1,4,6 ] and
Ti(NMeEt)4 [7 ] have been applied in titanium nitride depo-
sition. The reaction of TiCl4 with N2 and H2 (eq. 1) has been
used at first for TiN deposition at high (~900-1200°C) tem-
peratures. The application of ammonia as a source of nitro-
gen (eq. 2) lowers the temperature to ~500°C, [3] which
opens this process for a broader application in the micro-
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electronics industry. Organometallic precursors such as
Ti(NR2)4, contain an excess of nitrogen. However, simple ther-
mal decomposition leads to a high carbon contamination,
while addition of ammonia improves the film composition
and also lowers the process temperature.

2TiCl4 + N2 + 4H2 → 2TiN + 8HCl (1)

6TiCl4 + 8NH3 → 6TiN + 24HCl + N2 (2)

The optimization of the CVD conditions for obtaining
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 experi-
ments or/and modeling and simulation. Recent developments
of quantum chemical methods, particularly density functional
theory (DFT), and software and fast progress in computa-
tional hardware have provided first principles (ab initio) based
theoretical quantum chemistry approaches as an alternative
to experiments and empirical simulations in some areas of
CVD modeling. However, such studies still have serious limi-
tations in the size of the system, and thus can be applied
most efficiently only for smaller precursors and gas phase
reactions. In our theoretical study we have considered initial
reactions between TiCl4 and NH3 in order to provide some
insight into the thermochemistry, mechanism and kinetics of
CVD.

During the CVD process three types of (subsequent) proc-
esses occur. At lower temperatures TiCl4 and ammonia form
donor-acceptor complexes, presumably with one or two am-
monia, e.g. TiCl4:NH3 and TiCl4:2NH3. Fast complexation is
followed by slow ammonolysis. At high temperatures Ti(IV)
is reduced to Ti(III) in the form of TiNx film or as a powder.
These types of processes (e.g., complex formation, ammon-
olysis and reduction) are well known in the gas phase and
solution chemistry of TiCl4 while their detailed mechanistic
description is far from being well understood [8 ]. In liquid
ammonia up to three chlorine atoms are substituted by NH2
groups, while in methylamine only two TiCl bonds are
ammonolysed. Trimethylamine reduces Ti (IV) to Ti(III) and
forms a complex with resulting titanium trichloride –
TiCl3:2NH3. Saeki et al. [9 ] observed TiCl4:5NH3 as a prod-
uct of the gas phase reaction between TiCl4 and NH3 at a
temperature below 220°C, which presumably consists of a
mixture of NH4Cl with an ammonia adduct of the partially
aminolyzed TiCl4. In the temperature range between 220oC
and 430oC TiCl4:5NH3 decomposes to ClTiN, which at higher
temperatures reacts with ammonia forming TiNx powder [9].
The thermochemistry of gas-phase species relevant to TiN
CVD has been studied theoretically by Allendorf et al. [10 ]
who reported a 17 kcal mol-1 exothermic enthalpy of the 1:1
complex formation between TiCl4 and NH3 and a 20 kcal
mol-1 endothermic decomposition energy of this complex
toward Cl3TiNH2 and HCl. Ti-C and Ti-N bond energies have
been also reported in ref. [10]. It was found that the Ti-Cl
bond energies computed at CCSD(T) and at BLYP levels are
in good agreement with each other. Structures and energetics
of some intermediates in TiN CVD: TiClm(NH2)n,

TiClm(NH2)nNH and TiClm(NH2)nN have been calculated by
Schlegel et al [11 ] using a variant of G2 level theory.

In this paper we have studied theoretically subsequent steps
of TiCl4 ammonolysis and 1:1 and 1:2 complexes of TiCl4-

x(NH2)x (x = 1-4) molecules with ammonia using different
ab initio (HF, MP2, CCSD(T)) and DFT (B3LYP) methods
in combination with pseudopotentials for Ti and Cl atoms.
The study has been done as a part of a joint project between
the Philipps University Marburg and Motorola in the aim of
developing a mechanism of TiN chemical vapor deposition.

Computational methods

Molecular geometries have been optimized using three dif-
ferent theoretical methods: HF, MP2 [12 ] and B3LYP [13 ]
as implemented in the Gaussian98 program package [14 ].
Analytical harmonic frequencies have been computed at the
HF level of theory for all stationary structures and at the
B3LYP and MP2 levels for selected molecules. HF vibra-
tional frequencies are scaled by 0.89 [15 ]. Using B3LYP
optimized geometries single point coupled cluster CCSD(T)
[16 ] calculations have been performed17 . The relative ener-
gies presented in this paper include zero-point energy (ZPE)
corrections.

All calculations were performed using a quasi-relativistic
effective core potential (ECP) for titanium with a valence
basis set (441/2111/41), derived [18 ] from the [55/5/5] va-
lence basis set of Hay and Wadt [19 ]. An ECP with a valence
basis set (4/5)/[2s3p] [20 ] extended by a d-type polarization
function [21 ] was used for chlorine. It has been demonstrated
for a representative set of transition metal complexes [22 ]
that ECP’s generated for ab initio methods can be applied in
DFT-based calculations as well. Standard 6-31G* basis sets
[23 ] were used for nitrogen and hydrogen atoms. Unless speci-
fied otherwise, relative energies are given at the CCSD(T)//
B3LYP level and the structural parameters for the B3LYP
optimized geometries.

Results and discussion

Titanium tetrachloride reacts with gaseous or liquid ammo-
nia by forming adducts, which are further ammonolyzed in
excess of ammonia [24 ]. When TiCl4 and NH3 are mixed at
temperatures below 530K, also six-coordinated complexes
with ammonia are observed [25 ], [26 ]. In our paper we have
considered first the following four-coordinated molecules:
TiCl4, TiCl3NH2, TiCl2(NH2) 2, TiCl(NH2)3 and Ti(NH2)4 and
their 1:1 and 1:2 complexes with ammonia.

Four-coordinated titanium containing molecules

The optimized geometries of TiCl4, TiCl3NH2, TiCl2(NH2)2,
TiCl(NH2)3 and Ti(NH2)4 at B3LYP, HF and MP2 level are
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shown in Figure 1. Experimental structures and vibrational
frequencies are available only for TiCl4 [27 ] (Table 1). The
Ti-Cl bond length determined by gas electron diffraction is
2.170 Å. Thus, all three methods, HF, MP2 and B3LYP, are
within 0.01 Å of the Ti-Cl bond length (see Figure 1a). B3LYP
gives a larger and HF and MP2 a smaller value compared
with the experimental results. In earlier HF all electron [28 ],
HF pseudopotential [29 ] and local density functional stud-
ies, [30 ] the Ti-Cl bond length in TiCl4 was computed as
2.165 Å, 2.184 Å and 2.167 Å, respectively.

The calculated HF vibrational frequencies are in a good
agreement with experimental values [26] and previous theo-

retical studies using HF ECP [28] and LDF [29] approaches
(see Table1). The vibrational modes computed at the B3LYP
and at the MP2 approaches are higher than the experimental
values.

Consecutive substitution of Cl by NH2 in the TiCl4-x(NH2)x
(x = 0-4) series leads to elongation of both Ti-Cl and Ti-N
bond lengths. Thus the first two molecules in the series, TiCl4
and TiCl3(NH2), have the shortest Ti-Cl (2.176 Å) and Ti-N
(1.855 Å) bond lengths, respectively, while the last two,
TiCl(NH2)3 (Ti-Cl = 2.259 Å and Ti(NH2)4, (Ti-N = 1.912 Å)
have the longest ones. An earlier RHF ECP [31 ] study of
TiClH2(NH2) and TiH2(NH2)2 predicts Ti-N bonds to be 1.86

Figure 1 B3LYP optimized
geometries of four coordi-
nated titanium compounds:
a) TiCl4, b) TiCl3NH2, c)
TiCl2(NH2)2, d) TiCl(NH2)3 ,
e) Ti(NH2)4 . HF and MP2
values are given in parenthe-
ses
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Å and 1.89 Å, respectively. This is in good agreement with
1.855 Å and 1.867 Å obtained in our work for the Ti-N bonds
in TiCl3(NH2) and TiCl2(NH2)2, respectively. Experimental
geometries for these compounds are not available. However,
theoretical values of the TiN bond length in Ti(NH2)4 (1.912
Å) and in TiCl(NH2)3 (1.855 Å) are in good agreement with
experimental data in the substituted compounds Ti(NMe2)4
(1.917 Å) [32 ] and Cl3TiCl3 NEt2 (1.852 Å) [33 ].

Amino groups attached to Ti in the calculated molecules
are planar, which indicates a delocalization of the nitrogen
lone pairs towards the empty d-orbitals of titanium.

Five-coordinated complexes

Tetracoordinated titanium molecules TiCl4-x(NH2)x, form rela-
tively strong donor-acceptor complexes with ammonia. The
energy of the TiCl4:NH3 complex formation (∆Hc) (see Table
2) varies from 18.3 kcal mol-1 (HF and BL3LYP) to 23.6 kcal
mol-1 (MP2 and CCSD(T)), which can be compared with pre-
vious theoretical values of 24.3 and 17 kcal mol-1 calculated
using MP2 ECP [34 ] and BLYP [10] methods, respectively.

The complexes of TiClx(NH2)4-x with ammonia have
bipyramidal structures. For the TiCl4:NH3 complex two con-
formations (geometric isomers)35 are visualized with NH3
occupying the axial or equatorial positions in Scheme 1.

Structure 1-eq collapses into 1-ax during optimization at
the B3LYP level and has thus not been investigated further.
The Ti-Cl bond length for of axial chlorine atom in 1-ax (see
also Figure 2a) is shorter compared to the equatorial ones,
which is unusual for bipyramidal structures [36 ]. An elonga-
tion of the equatorial bonds in 1-ax can be explained by hy-
drogen bonding between equatorial chlorine atoms and the
hydrogen atoms of ammonia. We have previously observed a
similar effect in pentacoordinated oxichlorides TaCl4(OH) and
TaCl3(OH)2 [37 ].

Four possible conformations with regard to axial and equa-
torial orientation are visualized for the TiCl3NH2:NH3 com-
plex in Scheme 2.

All methods except HF predict the 2-ax,ax conformation
(NH2 and NH3 in axial positions) to be the most stable one.

Table 1 Computed and ex-
perimental vibrational fre-
quencies (in cm-1) for TiCl4

HF B3LYP MP2 Calc. [a] Calc. [b] Exp. [c]

ν1(a1) 389 397 407 403 377 388
ν2(e) 112 121 122 117 96 118
ν3(t2) 484 514 533 518 507 497
ν4(t2) 138 144 141 144 129 139

[a] from ref. 27
[b] from ref. 28
[c] from ref. 25

Ti

Cl

NH3

Cl
Cl

Cl
Ti

Cl

Cl

Cl
NH3

Cl

1-ax 1-eq

Table 2 Complex formation energies (∆Hc) (in kcal mol-1) for TiCl4-x(NH2)x:yNH3 (x =0-4; y  = 1-2) adducts [a]

TiCl 4-x(NH2)x:yNH3 HF B3LYP MP2 CCSD(T)

1:1 18.3 18.3 23.6 23.6TiCl4 1:2 35.9 (35.8) [b] 34.7 (32.9) [b] 47.4 (43.8) [b] 47.4 (44.9) [b]

1:1 17.1 17.5 23.3 23.2
TiCl3NH2 1:2 34.7 33.6 46.9 46.8

1:1 13.9 13.7 19.5 19.5TiCl2(NH2)2 1:2 27.9 28.0 40.4 40.5

1:1 12.0 10.9 16.2 16.1TiCl(NH2)3 1:2 19.9 17.7 33.1 29.5

1:1 7.2 7.9 12.8 13.3
Ti(NH2)4 1:2 6.6 7.5 16.6 17.2

[a] Most stable conformations of complexes are considered. See text for details
[b] The ∆Hc values for the trans conformations are given in parenthesis

Scheme 1Possible conformers of TiCl4:NH3
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The energy difference is small (~1 kcal mol-1) at all four theory
levels considered (see Table 3). The 2-eq,ax conformer col-
lapses into 2-ax,eq during optimization at the B3LYP level
and was thus not considered further. The Ti-Cl and Ti-NH3
bond lengths in 2-ax,ax are elongated compared to 1-ax (see
Figures 2a and 2b). Thus, similar to the tetracoordinated
molecules, substitution of Cl by NH2 leads to elongation of
all bonds in their complexes with ammonia. This effect is
apparent in other NH3 complexes discussed below. The ∆Hc
value of the most stable TiCl3NH2:NH3 conformer, 2-ax,ax,
is very similar to that one of TiCl4:NH3 (see Table 2). As well

as for TiCl4:NH3, the complex formation energies for
TiCl3NH2:NH3 appear to be higher at MP2 and CCSD(T)
compared to the values computed with the HF and the B3LYP
approaches.

TiCl2(NH2)2:NH3 has five possible arrangements of the
ligands with regard to their positions in a bipyramidal struc-
ture (Scheme 3).

Similar to the TiCl3NH2:NH3 complex, the 3-ax,ax,eq
conformer of TiCl2(NH2)2:NH3 with NH2 and NH3 ligands in
the axial positions has been found to be most stable at the
B3LYP level. Somewhat unexpectedly, another conformation

Figure 2 B3LYP optimized
geometries of five coordi-
nated titanium complexes
with ammonia: (a) TiCl4-
NH3, (b) TiCl3NH2-NH3,
(c) TiCl2(NH2)2-NH3,
(d) TiCl(NH2)3-NH3 ,
(e) Ti(NH2)4-NH3. HF and
MP2 values are given in pa-
rentheses
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with an axial position of ammonia, 3-ax,eq,eq, was found to
be slightly higher in energy compared to 3-eq,eq,eq, where
all nitrogens are located in the equatorial positions. Two other
conformations 3-eq,ax,eq and 3-eq,ax,ax collapsed to 3-
ax,eq,eq and to 3-eq,eq,eq, respectively. We also computed
the most stable conformation, 3-ax,ax,eq at the HF, MP2 and
CCSD(T)//B3LYP levels of theory (see Figure 2c).

While the complex formation energies are close for TiCl4
and TiCl3NH2, the following steps of the ammonolysis re-
duce ∆Hc by 3-4 kcal mol-1 (see Table 2). The drop in ∆Hc at
the second and subsequent steps of the ammonolysis can be
explained as follows. The first substitution of Cl by NH2 takes
place in an axial position, while in further steps the Cl atoms
are replaced in the equatorial positions. Completely
ammonolyzed Ti(NH2)4 forms a 1:1 adduct with NH3 with an
energy of only 13.3 kcal mol-1, which is about half the ∆Hc
value of TiCl4:NH3. Although TiCl(NH2)3:NH3 may have four
conformations with different orientation of the ligands in the
bipyramidal structure, we limited ourselves by computing
only the isomer with axial positions of NH2 and NH3 (see
Figure 2d) which is expected to be the lowest one according
to conformational studies of TiCl3NH2:NH3 and
TiCl2(NH2)2:NH3. For the Ti(NH2)4:NH3 complex we com-
puted the conformation with an axial orientation of ammo-
nia (see Figure 2e).

Six-coordinated complexes

Titanium tetrachloride forms a six-coordinated adduct with
the second NH3 molecule with almost the same Ti-NH3 bond
strength as the first one (see Table 2). There are two possible
TiCl4:2NH3 conformers, e.g. with cis and trans orientation
of NH3 in the tetragonal bipyramidal structure of the com-
plex (Scheme 4).

Both conformers have almost the same energy at the HF
level, while the correlated methods show the 4-cis form to be
2-3 kcal mol-1 more stable compared to 4-trans (Table 2).
The relatively small energy difference between the cis and
trans forms of TiCl4:2NH3 can be explained by a balance of
van der Waals repulsion of ligands (larger in the 4-cis con-
former) and the TiCl4 deformation energy (larger in the 4-
trans conformer) (see Figures 3a and 3b). Four other 1:2 com-

Table 3 Relative energies of TiCl3NH2:NH3 conformers in
kcal mol-1 (see Scheme2)

HF B3LYP MP2 CCSD(T)

2-ax,ax 0.0 0.0 0.0 0.0
2-ax,eq -0.2 1.2 1.0 0.8
2-eq,eq 2.8 2.6 3.1 3.3
2-eq,ax – Collapses into 2-ax,eq –
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Scheme 2Possible conformations of TiCl3NH2:NH3
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Scheme 3Possible arrangements of TiCl2(NH2)2:NH3

Scheme 4cis and trans conformers of TiCl4:2NH3
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plexes have been computed only for the cis conformation of
two NH3 coordinated to Ti (see Figure 3c-f).

Substitution of chlorine atoms by NH2 in
TiClx(NH2)4-x:2NH3 leads (as in the case of the four-coordi-
nated molecules and the corresponding 1:1 complexes) to
elongation of the Ti-Cl and Ti-N bonds. A comparison of the
TiCl and TiN bonds in the four- , five-, and six-coordinated
complexes reveals an additional effect of elongation of both
bonds when the coordination number of Ti increases through
formation of dative Ti-NH3 bonds.

Similar to 1:1 complexes, ∆Hc values of the 1:2 complexes
of TiCl4 and TiCl3NH2 with ammonia are close to each other.
The value of ∆Hc drops again with further increase of the
number of NH2 groups in the complexes (see Table 2). Note,
that the ∆Hc values of the 1:2 complexes are approximately
twice as large as the energies of the 1:1 adducts, except for
Ti(NH2)4. In the latter case the formation of the second
Ti←NH3 donor-acceptor bond is accompanied by a smaller
energy release than the first one.

The results of an NBO analysis performed at the B3LYP
level is shown in Table 4. The positive charge at Ti increases
along with increasing number of NH2 groups in four-coordi-
nated molecules and in 1:1 and 1:2 complexes. Thus, the elec-

trostatic component in the dative Ti←NH3 bond should in-
crease when the number of the NH2 groups increases. How-
ever, electrostatic repulsion between the ligands leads to the
decrease of ∆Hc with increasing number of NH2 groups in
the molecule. Complexation by ammonia reduces the posi-
tive charge at the central atom, in agreement with dative char-
acter of the Ti←NH3 bond.

Thermochemistry and mechanism of ammonolysis.

Substitution of the Cl atoms by NH2 groups is endothermic,
and the heat of reaction increases with the number of amino
groups in the molecule (see Table 5). Since substitution of Cl
by NH2 reduces the binding energy in the complexes with
ammonia, ammonolysis of the complexes is more endothermic
than similar reactions of four-coordinated molecules. It is
well known that an excess of ammonia replaces up to three
Cl atoms while full ammonolysis does not occur [23]. This
holds for gas phase reactions of TiCl4 and NH3 and for the
reactions of TiCl4 with liquid NH3. Since the reaction of TiCl4
with NH3 consists of two steps, exothermic complex forma-
tion (presumably with two ammonia) and endothermic sub-

Figure 3 B3LYP optimized geometries of six coordinated ti-
tanium complexes with two ammonia molecules: (a) TiCl4-
2NH3, (b) TiCl3NH2-2NH3, (c) TiCl2(NH2)2-2NH3, (d)

TiCl(NH2)3-2NH3 , (e) Ti(NH2)4-2NH3 . HF and MP2 values
are given in parentheses
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stitution of Cl by NH2 groups, we calculated the overall re-
action energies for the different stages of ammonolysis (see
Table 6). We have also considered an exothermic effect of
formation of an H-bonded adduct of NH3 and HCl (10-11
kcal mol-1) [38 ]. With such approximations, a substitution of
up to three Cl atoms by NH2 groups appears to be exothermic,
while the complete ammonolysis of TiCl4 into Ti(NH2)4 is
endothermic. This provides a qualitative explanation for the
experimental observation of incomplete ammonolysis of ti-
tanium tetrachloride. For an accurate estimation of the free
energy of ammonolysis, the entropy changes and the solvoly-
sis of reactants and products must be taken into account.

Transition state energies for the ammonolysis reactions
of TiCl4-x(NH2)x molecules are shown in Table 7. The corre-
sponding structures are given in Figure 4. We located the
transition states at all three levels for the first two reactions,
at HF and MP2 for the third reaction, and only at HF for the
last step of the ammonolysis. The transition state structures
for all steps of the ammonolysis have very long Ti-Cl dis-
tances for the leaving Cl atoms (product-like). A comparison
of the structures shown in Figure 4 at the HF level shows a
clear trend of “shifting” the TS geometries toward the disso-
ciation products with proceeding ammonolysis. This obser-
vation explains the increasing difficulty in locating the TS

TiCl x(NH2) 4-x TiCl x(NH2) 4-x:NH3 TiCl x(NH2) 4-x:2NH3

TiCl4 0.67 0.61 0.50
TiCl3NH2 0.92 0.84 0.74
TiCl2(NH2) 2 1.12 1.06 0.97
TiCl(NH2)3 1.30 1.25 1.19
Ti(NH2)4 1.46 1.33 1.25

Table 4 B3LYP NBO char-
ges (q) at Ti atom in calcu-
lated complexes

Table 5 Zero Kelvin heats of the subsequent steps of ammonolysis of TiCl4-x(NH2)x molecules and  their 1:1 and 1:2 com-
plexes with ammonia (in kcal mol-1)

Reaction x= HF B3LYP MP2 CCSD(T)

0 9.2 10.5 12.1 10.8
TiCl4:xNH3 + NH3 → TiCl3NH2 :xNH3+ HCl 1 12.3 13.2 14.2 13.0

2 10.5 11.7 12.5 11.4

0 13.4 13.2 14.9 13.5
TiCl3NH2:xNH3 + NH3 → TiCl2(NH2)2:xNH3 + HCl 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
TiCl2(NH2)2:xNH3 + NH3 → TiCl(NH2) 3:xNH3 + HCl 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
TiCl(NH2)3:xNH3 + NH3 → Ti(NH2)4:xNH3+ HCl 1 30.4 28.3 31.1 28.8

2 38.9 35.3 44.3 38.3

Table 6 Zero Kelvin heats of the subsequent stages of aminolysis of TiCl4 accompanied by 1:2 complex formation with
ammonia (in kcal mol-1) [a]

Reaction HF B3LYP MP2 CCSD(T)

TiCl4 + 4NH3 → TiCl3NH2 :2NH3+ NH3:HCl -36.5 -34.1 -45.8 -47.0
TiCl4 + 6NH3 → TiCl2(NH2)2:2NH3 +2NH3:HCl -27.3 -26.3 -35.5 -38.3
TiCl4 + 8NH3 → TiCl(NH2) 3:2NH3 + 3NH3:HCl -10.3 -7.8 -17.9 -18.6
TiCl4 + 10NH3 → Ti(NH2)4:2NH3+ 4NH3:HCl 17.6 16.6 15.4 8.8

[a] 11 kcal mol-1 exothermic energy of NH3:HCl adduct formation computed in ref. [36a] has been uniformly added to all
reaction energies
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Figure 4 B3LYP optimized
geometries of transition
states during dichlorinations
of (a) TiCl4-NH3,
(b) TiCl3NH2-NH3,
(c) TiCl2(NH2)2-NH3,
(d) TiCl(NH2)3-NH3. HF and
MP2 values are given in pa-
rentheses

Figure 5 Calculated reac-
tion path for the formation of
TiCl4-NH3 complex and fur-
ther ammonolysis at
CCSD(T). Relative energies
at HF, MP2 and B3LYP are
given in parentheses
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structures at correlated levels, which usually have lower bar-
riers and thus flatter potential energy surfaces in the barrier
region. Since the B3LYP optimized geometries have not been
located, we used the HF optimized geometries for computa-
tion of the single point CCSD(T) energies of the transition
states for the last two reactions in Table 7. To validate their
comparison with other CCSD(T) energies computed at the
B3LYP optimized geometries, we calculated both CCSD(T)/
/B3LYP and CCSD(T)//HF energies for the transition states
in the first two reactions in Table 6. Although the N…H and
H…Cl distances vary substantially in different approaches for
the first two TS structures shown in Figure 4, CCSD(T) ener-
gies computed at HF and B3LYP differ only by ~1 kcal mol-1.
This comparison confirms the flat character of the potential
energy surface in the barrier region. It also validates com-
parison of the CCSD(T)//HF energies for transition states with
the CCSD(T)//B3LYP energies calculated for molecules and
complexes.

The TS for the first step of ammonolysis of TiCl4 has ap-
preciably higher energy, than subsequent substitution of Cl
by NH2. Only for the first reaction step between TiCl4 and
NH3 and for the second one at the HF level the energies of
the transition states are above the product energies (see en-
ergy diagram in Figure 5 and compare the energies in Tables
5 and 6). For the following Cl substitution by the NH2 groups,
the transition state energies are below the product energies,

which shows that (weak) hydrogen bonded complexes exist
as intermediates between the transition states and the prod-
ucts. A similar situation has been revealed in our previous
study of TaCl5 hydrolysis in the context of Ta2O5 CVD.[35]

For 1:2 complexes, TS structures were located at all thee
levels only for the first reactions and at the HF level for the
second and third reactions. For the last step of ammonolysis
we were not able to locate the TS even at the HF level. Simi-
lar to the reactions of four-coordinated molecules with am-
monia 1:2 complexes have very loose product-like TS struc-
tures for substitution of Cl by NH2 (Figure 6). The computed
TS energies for reactions of the 1:2 complexes with ammo-
nia show (Table 8) similar trends as the corresponding ana-
logs in Table 7. Thus, only the first reaction in Table 8 (see
also energy diagram on Figure 7) has a barrier height larger
than the energy of the reaction products and larger than the
barriers for two subsequent reactions.

Conclusions

According to our theoretical studies all four steps of TiCl4
ammonolysis are endothermic with the heat of reaction in-
creasing along the pathway of the ammonolysis. In excess of
ammonia exothermic formation of TiCl4-x(NH2)x provides the

Table 7 Transition state energies in reactions of substitution of Cl atom by NH2 group  in TiCl4-x(NH2)x (x = 0-3) molecules
(in kcal mol-1)

Reaction HF B3LYP MP2 CCSD(T)

TiCl4 + NH3 → TiCl3NH2 + HCl 25.1 16.4 18.4 19.0 [a]
20.4 [b]

TiCl3NH2 + NH3 → TiCl2(NH2)2 + HCl 19.3 9.6 11.3 12.7 [a]
13.8 [b]

TiCl2(NH2)2 + NH3 → TiCl(NH2) 3 + HCl 19.0 — 11.0 13.3 [b]
TiCl(NH2)3 + NH3 → Ti(NH2)4+ HCl 19.9 — — 15.5 [b]

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

Figure 6 B3LYP optimized
geometries of transition
states during dichlorinations
of (a) TiCl4-2NH3,
(b) TiCl3NH2-2NH3,
(c) TiCl2(NH2)2-2NH3,
(d) TiCl(NH2)3-2NH3. HF and
MP2 values are given in pa-
rentheses
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Table 8 Transition state energies in reactions of substitution of Cl atom by NH2 group  in TiCl4-x(NH2)x:NH3 (x = 0-3)
complexes (in kcal mol-1)

Reaction HF B3LYP MP2 CCSD(T)

TiCl4:NH3 + NH3 → TiCl3NH2:NH3 + HCl 31.4 15.7 21.2 18.6 [a]
22.0 [b]

TiCl3NH2:NH3 + NH3 → TiCl2(NH2)2:NH3 + HCl 17.8 — — 14.3 [b]
TiCl2(NH2)2 :NH3 + NH3 → TiCl(NH2) 3:NH3 + HCl 18.3 — — 14.6 [b]
TiCl(NH2)3:NH3 + NH3 → Ti(NH2)4:NH3 + HCl — — — —

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

Figure 7 Calculated reac-
tion path the formation of
TiCl4-2NH3 complex and fur-
ther ammonolysis reaction at
CCSD(T). Relative energies
at HF, MP2 and B3LYP are
given in parentheses

thermodynamic driving force for ammonolysis. Our estima-
tion shows that the first three steps of ammonolysis are
exothermic in excess of ammonia, while the last one is
endothermic, in agreement with an experimental observation
of incomplete substitution of Cl atoms by NH2 groups in gas-
eous and liquid ammonia.

The transition state structures for substitution of Cl atoms
by NH2 are close to the reaction products. For all but the first
step of the ammonolysis, the transition states have energies
below those of the separated reaction products because of H-
bond formation between nitrogen and HCl. The transition
states structures “shift” further toward the products with an
increasing number of NH2 group in the reactant. This com-
plicates their locations on the flat potential energy surface
particularly for correlated methods, MP2 and B3LYP. The
optimized geometries at B3LYP, HF and MP2 are generally
in good agreement with each other. All three correlated meth-
ods MP2, B3LYP and CCSD(T) give similar values for reac-

tion energies, while B3LYP underestimates the complex for-
mation energies compared to the other two methods.
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