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A family of new mixed-ligand titanium guanidinate compounds was synthesized as potential atomic layer deposition
precursors, and the surface chemistry on silica of a promising candidate (Cp2Ti[(N

iPr)2CN(H)
iPr]) was explored.

Generally, these compounds have very good thermal stability with onsets of volatility between 127 and 168 �C, with
melting points generally ranging from 147 to 165 �C. The reactivity of [iPrN(H)C(NiPr)2]TiCp2 was studied with high
surface area silica between 180 and 330 �C. The surface reactivity was found to differ if the silica was preheated to 350
or 900 �C; this was attributed to the hydroxyl nucleation site density of the silica, which is known to vary with the
temperature. The surface reaction products were characterized by solid-state NMR, and these agreed well with a
calculated model. When the silica was pretreated to 350 �C, the precursor appeared to chemisorb primarily through the
loss of a Cp ligand, while with a 900 �C pretreatment, the chemisorption occurred primarily through a loss of the
guanidinate ligand. The adsorption enthalpies to silica were calculated for the different surface species.

Introduction

Titanium-containing precursors find a variety of appli-
cations in microelectronics for the deposition of pure metal,
nitride, and oxide. As a metal, titanium is used as a metal
electrode, but due to its high tendency toward oxidation,
titaniumnitride is typically deposited as a capping layer.1 The
most important applications for titanium nitride are employ-
ment as an N-type gate metal and as a metal electrode in
various capacitor applications, where it can be employed as
pure TiN or mixed with aluminum or silicon.2 In addition,
thin films of TiN have been used in solar cells,3 as hard and
decorative coatings, and in optics.4

There is an increasing interest in titanium oxide due to its
high k value. It can be deposited either as the pure oxide or
with other oxides. For instance, with strontium oxide, it will
form the ultra-high-k ternary material SrTiO3, with a k value
that may exceed 300. Titanium-based materials can be

deposited by several known methods such as physical vapor
deposition,5 chemical vapor deposition (CVD),6,7 and atomic
layer deposition (ALD).8 However, novel three-dimensional
structures are an increasing trend in the semiconductor
industry, and this calls for new ALD processes for the
titanium based materials.
In ALD, TiCl4 is the best-known titanium precursor. It is

highly volatile and thermally stable. However, it cannot be
used to deposit TiN layers at interconnects because of the
formation of hydrogen chloride as a byproduct, which etches
copper.9 As well, TiCl4 may induce the formation of a very
stable SrCl2 phase when employed in the deposition of
SrTiO3 by ALD.
Titanium alkyl amides have been studied in the deposition

of TiN by ALD, but the drawback of this process is the low
thermal stability of these precursors, which decompose above
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150 �C.10,11 For TiO2 deposition, there are a number of
titanium precursors available: alkoxides have been used, but
they are also not highly thermally stable. The highest tem-
peratures they can withstand are around 250 �C.12 A mixed
imido, amido titaniumprecursorwas shown to form tungsten
carbide at low temperatures, but this required a plasma
source.13 Despite the large number of titanium precursors
available for ALD, there is need for development of ther-
mally stable metal organic titanium precursors for both TiN
and TiO2 deposition. In this paper, we introduce a new class
of volatile and thermally stable titaniumprecursors forALD:
cyclopentadienyl titanium guanidinates.
An ALD precursor should meet several design criteria: the

compound should have a low molecular weight, and the
metal center should be sterically congested. This promotes
volatility as well as self-limiting behavior when the chemi-
sorbed monolayer is formed on the surface. The compound
should be thermally stable to resist decomposition in the gas
phase and on the surface at process temperatures, yet be
chemically reactive to allow formation of the target film.
Guanidinates are a class of ligands with rich connectivity and
chemistry, and they have been used in severalALDandCVD
precursors.14 The flexibility of the guanidinate structure with
respect tomodifying its steric and electronic propertiesmakes
it a particularly useful ligand, and its well-known decompo-
sition pathways allow chemical control of its thermal
chemistry.
Herein, we report the synthesis and characterization of

volatile heteroleptic titanium(III) precursor compounds
Cp2Ti(N

iPr)2CNRR0 (where R, R0’ = H, Me, iPr). As well,
we consider the volatility and thermal chemistry of these
compounds to assess their suitability as ALD precursors.
Finally, surface reactivity onhigh surface area silica is probed
for the selected candidate [iPrN(H)C(NiPr)2]TiCp2 to deter-
mine how the precursor might dissociatively absorb to an
oxide substrate. High surface area silica is an ideal material
for this experiment due to the abundance of surface hydro-
xyls, which in turn lead to a high enough concentration of
surface species to use solid-state nuclear magnetic resonance.
The overall enthalpy of adsorption for the precursor on HO/
SiO2 is estimated fromcalculations employinga fully periodic
surface model.

Results and Discussion

Generally, Ti(III) compounds of the formulation (guan)-
TiCp2 (where guan is any guanidinate) can bemade in very low
yield fromCp2TiCl2 and a dianionic guanidinate at room tem-
perature with stirring overnight. There can be an in situ reduc-
tion of the titanium center, and the reactionmixture resulted in
several unidentifiable sideproducts.This reaction is highlighted
here by using the compoundCp2Ti[(N

iPr)2CN(H)iPr] (1) as an

example. When following the above route using Li2(
iPr(N)3C)

as a ligand, compound 1 was isolated in 15% yield, while the
rational synthesis of 1 using Cp2TiCl (from the reduction of
Cp2TiCl2 with zinc dust) and Li(iPr(N)2C(N(H)iPr) produced
1 in 58% yield.
In general, compounds 1-4 were easily synthesized in

moderate yields from the Cp2TiCl starting material and
appropriate lithium guanidinate. It was found that the com-
pounds formed slowly at room temperature, with the starting
titanium species changing from a characteristic yellow-green
to a solution ranging from gray-green to blue, depending on
the guanidinate. In every case, blue crystals were isolated,
and this color change was used to gauge the completeness of
the reaction. Compounds 1-3 produced crystals of sufficient
quality for single-crystal structures to be collected (Figure 1
and Tables 1 and 2 for 1, Figure 1 and Tables 1 and 3 for
2 and 3).
In each structure, the titaniumwas in a four-coordinate, dis-

torted tetrahedral environment considering the centroids of
the cyclopentadienyl rings. Not surprisingly, the angle be-
tween the centroids was much larger than ideal (130-133�),
and the bite angle of the guanidinate was correspondingly
smaller (61.0-61.8�). The centroid-metal-nitrogen angles
were closer to the ideal for 1 (108.4� and 109.8�) and 2 (109.5�)
and somewhat distorted for 3 (111.4�). The guanidinate ring
was very close to planar in each case, with torsion angles of
0-1.3�. As is typical for guanidinates, the exocyclic amido
moieties were rotated from the plane of the guanidinate ring in
all cases. However, π overlap follows a cos2θ relationship for
twisted systems like this; thus the exocyclic group participated
significantly in the delocalizedπ bonding of the guanidinate.15

In every structure, the carbon-nitrogen bond to the exocyclic
amide was longer than the carbon-nitrogen bonds to the
chelate nitrogens. This bond indicated a higher contribution
to theπ system from the chelate ring compared to the exocyclic
amide. This can be seen by the sum of angles around the
chelate nitrogens on 1 an 2 (N1 at 360� and N2 at 359� for 1,
360� for 2), whose planarity indicated an sp2 hybridization,
and thus participation in the π system. Interestingly, com-
pound 2 was defined by two planes of symmetry: one in the
C1-Ti-C4plane andone in theTi-N1-C4plane. This gives
rise to two orientations of the isopropyl groups where they
bend 14� above or below the Ti-N1-C4 plane 50% of the
time. Likewise, the exocyclic amido group tilts 36� in either
direction out of the C1-Ti-C4 plane 50% of the time. This
symmetry is likely enforced by the crystal’s P42/ncm space
group and forces the chelating nitrogen out of planarity.
In these structures, the bond lengths to the centroids were

somewhat longer than a typical four-coordinate Cp titanium
compound (Cp2Ti(NSO)2 reported by Roesky et al., Cp-
Ti = 2.055)16 and similar to those of the starting material
[Cp2TiCl]2.

17 The Cp rings also showed a similar angle com-
pared to the starting material (Cp-Ti-Cp= 131.2-133.4).
The Ti-N bond lengths were within a typical bonding
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also fell in the range reported by Hagadorn and Arnold for
their prototypical titanium(III) amidinate (2.05-2.16 Å).19

Themelting points of these compounds fell in awide range,
from 150 �C for 1 to decomposition at >180 �C for 2.
Thermogravimetric (TG) analysis showed all compounds to

decompose with small, final residual masses and similar
onsets of volatility (Figure 2, Table 4). The thermal data

Table 1. Selected Crystal Data and Structure Refinement Parameters

empirical formula C20H31N3Ti (1) C23H38N3Ti (2) C19H30N3Ti (3)

fw 361.38 404.46 348.36
T (K) 120 120 120
λ (Å) 0.71073 0.71073 0.71073
cryst syst monoclinic monoclinic tetragonal
space group P21/n P21/n P42/ncm
a (Å) 14.870 8.8431 8.1809
b (Å) 8.449 29.036 8.1809
c (Å) 16.922 9.0884 28.121
R (deg) 90 90 90
β (deg) 111.68 110.82 90
χ (deg) 90 90 90
V (Å3) 1976 2181 1882
Z 4 4 4
F (calcd) (Mg/m3) 1.215 1.232 1.229
abs coeff

(mm-1)
0.439 0.405 0.458

refinement
method

full-matrix least-squares on F2

R indices
[I > 2σ(I)]a

R1 = 0.0505 R1 = 0.0424 R1 = 0.0578
wR2 = 0.1256 wR2 = 0.1064 wR2 = 0.1901

aR1=
P

)Fo|- |Fc )/
P

|Fo|; wR2= (
P

w(|Fo|- |Fc|)
2/
P

w|Fo|
2)1/2.

Figure 1. The single-crystal X-ray structures of (a) 1, (b) 2, and (c) 3. The thermal ellipsoids are shown at 50% probability, and the hydrogen centers are
omitted for clarity. N.B.: Only one of two orientations of 3 is shown (see text).

Table 2. Experimental (XRD) Crystal Structure and BLYP/DNP Calculated
Geometric Parameters for 1 as a Crystal and as a Gas-Phase Precursora

crystal (exptl) crystal (calcd) precursor (calcd)

Bond Lengths (Å)

C1-N1 1.463 1.46 1.47
C4-N2 1.464 1.47 1.47
C8-N3 1.479 1.49 1.49
C7-N1 1.339 1.35 1.35
C7-N2 1.341 1.35 1.35
C7-N3 1.405 1.40 1.41
N1-Ti 2.154 2.17 2.19
N2-Ti 2.147 2.17 2.21
Ct01-Ti 2.101 2.14 2.16
Ct02-Ti 2.091 2.13 2.16
N1-C7-N2 111.1 111.0 111.8
N1-C7-N3 122.4 122.8 121.7
N2-C7-N3 126.5 126.2 126.5
C7-N1-Ti 93.42 93.7 93.9
C7-N2-Ti 93.68 93.7 93.3
N2-Ti-N1 61.81 61.6 61.0
Ct01-Ti-Ct02 133.2 133.2 132.1
Ct01-Ti-N2 111.39 111.4 112.8
Ct01-Ti-N1 110.14 110.4 110.4
Ct02-Ti-N2 108.35 108.2 108.2
Ct02-Ti-N1 109.75 109.7 110.6
Ti-N1-C7-N2 1.3 0.8 0.4
N2-C7-N3-C8 45.6 42.9 44.0

aThe atomic index corresponds to those shown in Figure 1a.

(19) Hagadorn, J. R.; Arnold, J. Organometallics 1998, 17, 1355.
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showed no clear predominant candidate as an ALD precur-
sor from these compounds, so compound 1 was selected due
to its higher yield, lower melting point, and generally less
problematic synthesis.
Closer thermal analysis was undertaken of compound 1.

There is a small initial weight loss in the TG of <1%
(highlighted in the derivative curve) that is due to residual
solvent in the sample. The onset of volatilization (i.e., 5%
mass loss) occurred at 149 �C and showed an uninterrupted
weight loss to 10.5% of the original mass. The differential
curve for this weight loss had the typical appearance of sub-
limation, with an additional small feature centered at 155 �C:
this interruption in the otherwise smooth volatilization

corresponds to themelting point of the sample and was likely
caused by a change in surface area upon melting. From the
residualmass after volatilization, there is a secondweight loss
of 4.4%. This could be the loss of volatility due to the
presence of a nonvolatile impurity interrupting the kinetics
of volatilization, or a subsequent thermal decomposition of
the remaining material.
The differential scanning calorimetry (DSC) data for

compound 1 suggested that the volatilization occurred while
the material was in the liquid state. An initial endotherm at
152.5 �C corresponded to the melting point of 1, as corrobo-
rated by benchtop methods. The second, broad endo-
therm corresponded to the major weight loss in the TG and
can thus be assigned to the volatilization of the compound.
Although the onset of volatilization was at a relatively high
temperature with respect to ALD process temperatures, the
lack of thermal decomposition during the volatilization event
suggested that this material could be used as a vapor
precursor.
Initial thermal ALD deposition experiments showed no

appreciable film growth with 1 using water, oxygen, or air as
a second precursor. Deposition temperatures up to 400 �C
were attempted, and these experiments resulted in the con-
densation of compound 1 in the liquid nitrogen trap of the
vacuumpump.Thiswas surprising to us, since the compound
shows appreciable reactivity to air when exposed under
ambient conditions. Thus, we undertook an investigation
of the surface reactivity of the precursor itself. We are
continuing to investigate these precursors under a variety
of harsher ALD conditions, including remote and direct
plasma experiments.
Since compound 1 was pursued as a potential ALD

precursor, solid-state and gas-phase optimized structures of

Table 3. Selected Bond Lengths and Angles for Compounds 2 and 3

C23H38N3Ti (2) C19H30N3Ti (3)

Selected Bond Lengths (Å)

Ti-N1 2.1710(17) Ti-N1 2.172(3)
Ti-N2 2.1730(17)
N1-C11 1.326(3) N1-C4 1.335(4)
N2-C11 1.328(3)
N3-C11 1.433(3) N2-C4 1.409(6)

Selected Bond Angles (deg)

N1-Ti-N2 60.91(6) N1-Ti-N10 61.58(14)
Ct01-Ti-N1 109.5 Ct01-Ti-N1 111.4
Ct02-Ti-N2 109.5
N1-C11-N2 112.14(17) N1-C4-N10 112.7(4)
N1-C11-N3 121.82(17) N1-C4-N3 123.6(2)
N2-C11-N3 126.04(18)

Sum of Angles (deg)

N1 360 N1 356
N2 360 N2 360
N3 354

Figure 2. The thermogravimetric analysis of 1 (;), 2 (- - -), 3 ( 3 3 3 ), and
4 (- -).

Table 4. Thermal Parameters for Compounds 1-4

exocyclic amido
melting

point (�C)
onset of

volatilitya (�C)
residual
mass (%)

1 R=iPr, R0=H 147-150 149 6.1
2 R=R0=iPr decomposes > 180 168 1.3
3 R=R0=Me 163-165 127 0.0
4 R=R0=Et 155-157 139 8.5

aOnset of volatility was taken as a 5% mass loss.

Figure 3. End-on (a) and side (b) views of the calculated highest
occupiedmolecular orbital (HOMO) of 1 showing the localized dz2 nature
of the unpaired electron (0.04 e au-3).

Table 5. Exposure Experiment Data for Silica Preheated at 350�C (SiO2-350) and
at 900�C (SiO2-900)

substrate
reaction

temperature (�C)
Ti density
(at 3nm-2) C/Ti ratio

SiO2-350 180 0.53 8.8
SiO2-350 210 0.31 7.45
SiO2-350 240 0.25 8.0
SiO2-350 270 0.71 6.8
SiO2-350 300 0.54 5.0
SiO2-350 330 0.72 4.9
SiO2-350 240 1.47 6.6
SiO2-900 240 1.02 7.0

http://pubs.acs.org/action/showImage?doi=10.1021/ic902411h&iName=master.img-001.png&w=239&h=171
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1 were calculated at the BLYP/DNP level of theory (selected
parameters are included in Table 1). It was undertaken for
use in surface reactivity studies (presented herein). The
calculated and measured geometries are in good agreement,
with an average difference for the periodic structural coordi-
nates of 0.8 and 0.2%, for bond lengths and angles, respec-
tively (Ti-Cp(crystal, calcd) = 2.14, 2.13 versus Ti-Cp-
(X-ray) = 2.101, 2.091 Å; Ti-N(crystal, calcd) = 2.17, 2.17
versus Ti-N(X-ray) = 2.154, 2.147 Å). As expected, the
agreement was slightly worse for the gas-phase calculated
structure with average differences of 1.4 and 0.6%, for bond
lengths and angles, respectively (Ti-Cp(gp, calcd) = 2.16,
2.16 versus Ti-Cp(X-ray) = 2.101, 2.091 Å; Ti-N(gp,
calcd) = 2.19, 2.21 versus Ti-N(X-ray) = 2.154, 2.147 Å).
The cyclopentadienyl groups, along with the mono-
anionic guanidinate chelating the metal center, gives rise to
a doublet ground state for this system with the unpaired
electron residing in the HOMO, which largely corresponds
to the dz2 orbital of the Ti(III) metal center, as depicted in
Figure 3.
In potential ALD processes using 1 as a precursor, the

initial nucleation pathway would involve nucleation on the
interfacial oxide layer of a silicon substrate, creating a bound
titanium complex. High surface area silica is the most often
used material support for metallocene catalysts,20 but it is a
useful model to lend insight into the nucleation products at
the interfacial oxide layer. High surface area silica is an ideal
material for investigating the surface reactivity of 1 due to the
abundance of surface hydroxyls, which in turn leads to a high
enough concentration of surface species to use traditional

characterization techniques such as (solid state) nuclear
magnetic resonance.
Upon reactive exposure of the silica to a gas-phase metal

precursor, the number of product surface species is directed
by details of the surface structure. Preheating the substrate
decreases the density of surface hydroxyl sites, limiting the
coordination number of the bound product complex. Pre-
vious experimental work by Leskel€a and co-workers,21 using
NMR and elemental analysis, demonstrated that the silica
surface bonding mode of a zirconocene precursor depended
on the level of substrate preheating.
We used silica pretreated at two different temperatures,

350 and 900 �C, called SiO2-350 and SiO2-900, respectively.
In order to optimize the surface exposure experiment, SiO2-
350 was exposed to the titanium precursor in heated N2

carrier gas for 5 h using 0.4-1.0 g of compound 1 at a variety
of temperatures. In these cases, the precursor was completely
volatilized from the bubbler. It was determined that 240 �C
was the optimal temperature for the exposure experiments.
When the reactionswere repeated at 240 �Cusing an excess of
precursor with substrates preheated at either 350 or 900 �C,
complete saturation was visually evident from the change in
color of the silica (Table 5).
SiO2-350 turned uniformly bright orange, a color that

persisted on air exposure. Solid-state NMR showed two
13C resonances: a broad, complex peak in the aliphatic region
centered at 23.8 ppmand a broad peak in the aromatic region
at 115.3 ppm. Elemental analysis yielded a C/Ti ratio of 6.6.
This suggests that 1 may decompose on the SiO2-350 silica
surface to yield both a guanidinate-containing as well as

Figure 4. Side and top views (left and right panels, respectively) of the BLYP/DNP optimized surface reaction products for the a and b reaction pathways
(top and bottom panels, respectively).

(20) Fink, G.; Steinmetz, B.; Zechlin, J.; Przybyla, C.; Tesche, B. Chem.
Rev. 2000, 100, 1377.

(21) Kr€oger-Laukkanen, M.; Peussa, M.; Leskel€a, M.; Niinist€o, L. Appl.
Surf. Sci. 2001, 183, 290.
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a Cp-containing surface species, suggesting that the surface
enthalpies for eqs a and b are similar. SiO2-900 was uniformly
dark orange-brown, and this color faded to light yellowwhen
the silica was exposed to the atmosphere for several hours.
Solid-state 13CNMR showed one resonance at 115.0 ppm, in
the aromatic region, as well as a C/Ti ratio of 7.0. This
suggested mainly a Cp-Ti surface complex.
To estimate the silica adsorption enthalpies of the doubly

bonded surface species, calculations were carried at the
BLYP/DNP level of theory for the following adsorption
processes:

Cp2TiGuanþ 2SiO2=OH f SiO2=ðOÞ2TiGuanþ 2CpH

ðaÞ

Cp2TiGuanþ 2SiO2=OH f SiO2=ðOÞ2TiCpþCpHþGuanH

ðbÞ
Typically, modeling a silicon surface means employing a

Si6 or Si9 cluster, tominimize calculation time.22 The calcula-
tion of reliable surface adsorption energies involving pre-
cursors containing bulky ligands requires the use of
increasingly larger truncated surfacemodels to ensure appro-
priate convergence of steric and electrostatic effects. The use
of a fully periodic surface model ensures a physically realistic
treatment of surface-adsorbate interactions. The model
employed here consisted of a fully periodic 19.64 � 21.61 Å
supercell of the hydroxylated (100)-R quartz surface having a
stoichiometry of Si48O96H64 (further details given in the
Experimental Section). Such a model is expected to closely
represent the vicinal OH reaction site on the 350 �C silica
substrate, with a reactive OH distance of 3.5 Å. The gas-
phase and surface reactant and product structures were fully
optimized using an identical level of theory and convergence
criteria. The final surface structures are shown in Figure 4.
The top panels show the SiO2/(O)2TiGuan complex, and the
bottom panels show the SiO2/(O)2TiCp complex. At the
BLYP/DNP level of theory, both surface reaction pathways
are found to be thermodynamically favorable. The overall
computed reaction enthalpies for the surface reaction path-
ways a and b are remarkably similar, being -23.8 and -23.0
kcal/mol, respectively. The predicted enthalpies reported
here are consistent with the experimental observation of both
aliphatic and aromatic ligands retained on the surface tita-
nium. A product ratio of 1:1 indicated by elemental analysis
and NMR on the reaction products of 1 on the 350 �C
preheated silica sample was found. We are presently investi-
gating different surface models to better reflect the expected
nonuniformity of a real high surface area silica substrate.

Conclusion

This work has presented the synthesis and structural
characterization of a new monomeric Ti(III) gas-phase
precursor, Cp2Ti[(N

iPr)2CN(H)iPr]. The new precursor
shows good volatility and thermal stability, satisfying
important requirements for application as a titanium-
containing precursor for chemical deposition techniques
such as ALD. Silica exposure experiments at a rela-
tively low substrate temperature, along with model DFT

calculations, indicate that the precursor is reactive at
surface nucleation sites, further supporting its utility for
ALD or CVD applications.

Experimental Section

General Considerations. All manipulations were performed
in a nitrogen-filled drybox. The chemicals, isopropyl amine,
diisopropyl amine, diethyl amine, lithium dimethyl amide,
methyl lithium, 1,3-diisopropyl carbodiimide, and zinc dust,
were purchased from Aldrich Chemical Co. and used as
received. Bis(cyclopentadienyl) titanium dichloride was pur-
chased from StremChemicals and used without further purifica-
tion. All solvents used were reagent-grade purified from an
MBraun Solvent Purifier System. The monoanionic ligand
synthesis of [Me2NC(NiPr)2]Li, [Et2NC(NiPr)2]Li, [iPr2NC-
(NiPr)2]Li, and [iPrN(H)C(NiPr)2]Li followed literature proce-
dures.23 Cp2TiCl2 was reduced to Cp2TiCl following the litera-
ture procedure.24 The dianonic ligand Li2(NiPr)3C was pre-
pared following the literature procedure.25 Mass spectra were
obtained using the electron impact method on a VG ZAB-2HF
triple-focusing spectrometer. Guelph Chemical Laboratories
performed combustion analysis. Thermogravimetric analysis
was performed on a TA Instruments Q50 apparatus located
within a Labmaster 130 Drybox. Differential scanning calori-
metry was performed on a DSC Instruments Q10 apparatus.

Synthesis of Cp2Ti[(N
iPr)2CN(H)iPr)] (1) fromCp2TiCl2. In a

60 mL round-bottom flask, 4.200 g (16.9 mmol) of bis-
(cyclopentadienyl)titanium(IV) dichloride was allowed to stir
in 40 mL of ether. A total of 3.326 g (16.9 mmol) of dianionic
ligand was slowly added to the red solution. The solution
changed from bright red to a dark maroon, almost brown color
and was left to stir overnight. The solution was then filtered and
placed in the freezer and allowed to sit for 24 h.A total of 0.916 g
(2.53mmol, 15%yield) of dark blue needle-like crystals of 1was
collected. Combustion analysis, found (calculated): C, 65.97
(66.29); H:, 9.21 (8.90); N, 11.52 (11.59).Mass spectral data (EI,
m/z) (rel. intensity, %): 248 (100, Mþ).

Synthesis of Cp2Ti[(N
iPr)2CN(H)iPr] (1) from Cp2TiCl. A

total of 2.82 g (9.88 mmol) of Cp2TiCl was placed in a 60 mL
round-bottom flask and dissolved in ether. To this solution, 1.89
g (9.88 mmol) of LiNiPrCNiPr(N(H)iPr) was slowly added. As
the reaction proceeded, the solution changed from light green to
dark blue. The reaction was allowed to stir overnight. It was
then filtered to remove LiCl and placed in a freezer at -30 �C
overnight. Thick dark blue needle-like crystals were collected at
58% yield (1.63 g, 5.73 mmol). Mass spectral data (EI,m/z) (rel.
intensity, %): 248 (100, Mþ). Combustion analysis, found
(calculated): C, 65.87 (66.29); H, 9.23 (8.90); N, 11.65 (11.59).

Synthesis of Cp2Ti[(N
iPr)2CN

iPr2] (2). In a 100 mL round-
bottom flask, 3.79 g (17.8 mmol) of Cp2TiCl was allowed to
dissolve in about 60 mL of diethyl ether for about 10 min. An in
situ solution of [iPr2NC(NiPr)2]Li (4.14 g, 17.8 mmol) in diethyl
ether was slowly added to the yellowish green titanium solution.
The solution changed to a dark gray-green color. The reaction
was allowed to stir overnight at room temperature. The green
solution was then filtered to remove LiCl. The blue mother
liqueurwas evacuated to dryness and redissolved in diethyl ether
and placed into a freezer at-30 �C. Blue crystals were collected
(3.74 g, 9.25 mmol), yielding 52%. Mass spectral data (EI, m/z;
rel. intensity, %): 404.3 (100, Mþ). Combustion analysis, found
(calculated): C, 68.40 (68.30); H, 9.56 (9.47); N, 10.35 (10.39).

(22) For example, see: Haran, M.; Engstrom, J. R.; Clancy, P. J. Am.
Chem. Soc. 2006, 128, 836.

(23) Aeilts, S. L.; Coles, M. P.; Swenson, D. C.; Jordan, R. F. Organo-
metallics 1998, 17(15), 3265.

(24) Green, M. L. H.; Lucas, C. R. J. Chem. Soc., Dalton Trans. 1972,
1000.

(25) Tin, M. K. T.; Yap, G. P. A.; Richeson, D. S. Inorg. Chem. 1998, 26,
6728.
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Synthesis of Cp2Ti[(N
iPr)2CNMe2] (3). In a 60 mL round-

bottom flask, 1.00 g (3.5 mmol) of Cp2TiCl was allowed to
dissolve in about 30 mL of diethyl ether for about 10 min. An in
situ solution of [Me2NC(NiPr)2]Li (0.62 g, 3.5 mmol) in diethyl
ether was slowly added to the yellowish green titanium solution.
The reaction was allowed to stir overnight at room temperature.
The baby blue solution was then filtered and evacuated to
dryness and redissolved in approximately 5 mL of diethyl ether
and placed into a freezer at-30 �C.A total of 0.52 g (1.49mmol)
of a baby blue solid was collected, resulting in 43% yield. Mass
spectral data (EI, m/z; rel. intensity, %): 348 (37.3, Mþ).
Combustion analysis, found (calculated): C, 65.85 (65.51); H,
9.00 (8.68); N, 11.64 (12.06).

Synthesis of Cp2Ti[(N
iPr)2CNEt2] (4). In a 60 mL round-

bottom flask, 1.00 g (3.5 mmol) of Cp2TiCl was allowed to
dissolve in about 30 mL of diethyl ether for about 10 min. An in
situ solution of [Et2NC(NiPr)2]Li (0.719 g, 3.5 mmol) in diethyl
ether was slowly added to the yellowish green titanium solution.
The reaction was allowed to stir overnight at room temperature.
The light blue solution was then filtered to remove LiCl,
evacuated to dryness, and redissolved in approximately 5 mL
of diethyl ether and placed into a freezer at -30 �C. A total of
0.57 g (1.5 mmol) of a dark blue solid was collected, resulting in
43% yield. Mass spectral data (EI, m/z; rel. intensity, %): 376
(100, Mþ). Elem anal. exptl (calcd): C, 67.20 (67.01); H, 9.33
(9.11); N, 11.00 (11.16).

Exposure Experiments. The Ti guanidinate reactions were
carried out using a commercial F120 ALCVD reactor manu-
factured by ASM Microchemistry Ltd. and equipped with a
reaction chamber for processing porous materials. In the test
exposures, 3 to 5 g of porous high surface area SiO2 powder
(Table 6) were heat-treated in a muffle furnace for 16 h at 350 or
900 �C. These were subsequently used as substrates. Before the
introduction of the titanium precursor to the surface, the
substrates were further preheated in the reaction chamber at
the reaction temperatures for 3 to 5 h to remove any possible
moisture adsorbed to the surface during storage. After the
pretreatment, the Ti precursor was vaporized and transported
with the help of nitrogen flow through the silica particles where
it reacted. In the tests, just one exposure of the precursor was
carried out on the oxide surface. The precursor amount was
varied from 0.4 to 2.5 g, and the reaction time was 4 h to ensure
surface saturation. The reaction temperatures studied were 180,
210, 240, 270, 300, and 330 �C. After the reaction, the reaction
chamber was purged with nitrogen. The samples were handled
inertly by storing them in the glovebox.

The samples were characterized by elemental analysis and
solid-state NMR spectroscopy. Titanium content was deter-
mined by instrumental neutron activation analysis, and carbon
content was determined with a Leco CR12 carbon analyzer.
Solid-state 13CNMRwas performed on aBrukerAVANCE500
NMR spectrometer.

Structural Determination. A suitable single crystal was sele-
cted and mounted on a glass fiber using Paratone oil, flash-
cooled to 150 K. Data were collected on a Br€uker-AXS APEX
CCD diffractometer with graphite-monochromated Mo KR
radiation (λ = 0.71073 Å). Unit cell parameters were obtained
from 60 data frames, 0.3� ω, from three different sections of the
Ewald sphere. The systematic absences in the data and the unit
cell parameters were uniquely consistent with the reported space
group. The data set was treated with SADABS absorption
corrections based on redundant multiscan data.26 All non-
hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were treated as idealized con-
tributions. Structure factors are contained in the SHELXTL
6.12 program library.26

Computational Methods. Calculations were carried out using
the gradient-corrected B-LYP density functional, correspond-
ing toBecke’s exchange functional27 (B) in combinationwith the
Lee-Yang-Parr correlation functional28 (LYP), as implemen-
ted in the DMol3 package.29 A spin unrestricted electronic
scheme using a numerical atomic basis set of double-ζ quality,
augmented with additional polarization functions (DNP) with a
real-space cutoff of 6.0 Å, was employed in this work. ForTi, the
core electrons were represented with an effective relativistic
semicore pseudopotential30 along with the DNP basis for
valence electrons. The convergence criteria for structural opti-
mizations were 1.0� 10-5 au and 2.0� 10-3 au/Å for the energy
and gradient, respectively. Surface calculations were based on a
hydrogen-terminated, four-layer slab of the (100)-R quartz sur-
face using a 4 � 4 supercell (19.64 Å � 21.61 Å) with a 30 Å
vacuum slab. For the bulk and surface periodic calculations, a
Monkhorst-Pack k-point mesh with a spacing of 0.04 Å-1 was
used to sample the Brillouin zone.
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Table 6. Physical Properties of High Surface Area SiO2 Substrate

oxide type

surface
area
(m2/g)

pore
volume
(cm3/g)

pore
size
(nm)

mean particle
diameter
(μm)

SiO2 INEOS
silicas EP10X

300 1.8 24 100

(26) Sheldrick, G.M. Acta Crystallogr., Sect. A 2008, 64, 112.

(27) Becke, A. D. J. Chem. Phys. 1988, 88, 2547.
(28) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 786.
(29) Delley, B. J. Chem. Phys. 2000, 113, 7756.
(30) Delley, B. Phys. Rev. B 2002, 66, 155125.


