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A titanium oxide molecular cluster prepared by hydrolysis of titanium tetraethoxide in the
presence of methacrylic acid, can be characterized by electrospray time of flight mass
spectrometry (ESMS-TOF). The chemistry of such systems is not well known and ESMS is a
powerful technique for studying the reactions of clusters in solution. The fingerprint of the
cluster fragmentation suggests formation of TixOy core fragments that represent commonly
observed structural constructs in bulk titanium oxide metallates. The fragmentation steps
provide insight into the hydrolytic conversion of this molecular sol gel intermediate into bulk
TiO2. While MS has been applied to the study of metal alkoxide hydrolysis mechanisms, mass
spectra of isolated individual titanium oxide clusters have not previously been
reported. (J Am Soc Mass Spectrom 2004, 15, 260�267) © 2004 American Society for Mass
Spectrometry

Mass spectrometry is a unique analytical tool
that allows the determination of the exact
mass of molecular and nano sized biological,

organic, and inorganic species [1–11]. In polymeric
systems, MS techniques have been shown to provide
accurate estimates of the average size and polydisper-
sity. Continuing advances in ion source and mass
analyzer technologies have resulted in the characteriza-
tion of progressively larger species [5, 6, 8]. In particu-
lar, the use of the electrospray ionization (ESI) method
for inorganic-organic hybrid materials has allowed for
the mass spectral analysis of ions from the liquid phase
with minimal fragmentation [11]. Coupling ESI with the
use of tandem MS (MS/MS) is of even greater useful-
ness for the characterization of complicated chemical
systems. The technique allows for the isolation of a
single ion from an analyte mixture and the systematic
degradation of this ion to establish its composition. In
this way relationships between chemical species de-
tected by MS may be established. In fact, MS analysis of
metal chalcogenide clusters up to 1.2 nm has suggested
that cluster fragmentation occurs along pseudo-lattice
planes in such materials [9].
In this study, we report the ESMS and MS/MS

characterization of the [Ti6O4(EtO)8(McO)8] cluster (Fig-

ure 1) where EtO and McO denote ethoxide and
methacrylate ligands, respectively. Discrete [TixOyLz]
clusters are stable materials, consisting of a titanium
oxide core surrounded by alkoxy or carboxylic acid
ligands, that are important intermediates in the conver-
sion of Ti(OR)4 precursors to TiO2 glasses and sol-gel
materials by either acid or base catalyzed hydrolysis
[12–16]. These clusters are obtained by in situ hydroly-
sis of Ti(OR)4 in the presence of carboxylic acid. The
bulky carboxylate ligands stabilize small titanium oxide
clusters and prevent the formation of bulk TiO2. Frag-
mentation analysis by MS/MS indicates formation of a
family of species related to titanium oxide architectures
commonly observed in bulk lattices. This suggests a
surprising level of insight into structure stability can be
gained by inspection of the fragmentation pattern in
inorganic clusters. These clusters are potentially useful
as building blocks in hybrid materials as it is possible to
incorporate the organic capping groups into a polymer
network while maintaining the integrity of the core
[12–15]. While XRD, NMR, and spectroscopic studies
exist, there are no published reports of a MS character-
ization of a discrete cluster with a TixOy core.

Experimental

[Ti6O4(EtO)8(McO)8] clusters were synthesized as re-
ported elsewhere [16]. They were kindly provided by
Professor Ulrich Schubert. The clusters were stored in a
nitrogen filled drybox to minimize hydrolysis. The
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clusters were dissolved in dry toluene (Fisher, Pitts-
burgh, PA) to yield a 3 mM solution to which 100%
ethanol (Fisher) was added to 17 volume %. The mass
analysis was performed on a Waters (Milford, MA),
QTOF2 mass spectrometer equipped with Quadrupole
and time of flight (TOF) analyzers, as well as a hexapole
collision cell. The sample solution was introduced by a
Harvard syringe pump coupled to an infusion electro-
spray source. Block and desolvation temperatures were
set to 120 and 150 °C, respectively. Cone voltage was
varied between �30 and �100 V. Nitrogen was used as
the nebulizing and desolvation gas, while argon was
used as the collision gas. All gases were purchased from
Air Liquide (Santa Barbara, CA) and were UHP grade.
MS/MS was performed by setting the quadrupole
analyzer to only pass ions of a specific m/z value,
subjecting the ion to high energy collisions with argon
atoms in the collision cell, and using the TOF analyzer
to study the products of degradation as the collision
voltage was increased. Collision voltage was varied
between �10 and �80 V depending on the ion being
analyzed. At least 100 scans were averaged, and
smoothed for each mass spectrum presented. All peaks
with a relative intensity of 3% of the maximum or
higher were assigned to molecular species. All assigned
peaks in the presented mass spectra were identified by
the most abundant isotope (48Ti, 73.8% abundance).
Mass analysis and isotope modeling were performed on
software provided by Micromass Inc. The instrument
was externally calibrated with a standard mixture of
NaI and CsI.

Results/Discussion

Figure 2 presents the positive ion mass spectrum of the
[Ti6O4(EtO)8(McO)8] parent cluster dissolved in dry
toluene containing 17% ethanol by volume, collected
with cone voltage settings of�30,�50 and�100 V. The
significant observed mass peaks, their relative intensi-
ties, and the chemical species to which they were
assigned appear in Table 1. The fragmentation of the
parent cluster can be described as a series of substitu-
tions of methacrylate by ethoxy ligands (�m 40 Da);
elimination of ethyl ether (�m 74 Da); and loss of
[TiO(EtO)2], [TiO(McO)2], and [Ti(EtO)4] fragments

(�m 154, 234, 228 Da), which give rise to nine fragment
families (A)–(I). In addition, fragmentation that results
in a 28 Da mass change was observed which is either the
result of hydrolysis, or ethylene elimination by the
ethoxy ligands. Many of these processes, e.g., ligand
exchange, ligand hydrolysis, and ether elimination have
been previously observed in the solution chemistry of
titanium oxide clusters capped with alkoxy and carbox-
ylate ligands [14, 17–19]. The fragment family hierarchy
is presented as a flowchart for ease of identification in
Figure 3 with the schematic drawings of probable core
structures of the nine cluster families shown in Figure 4.
The structures adequately account for both the core
atoms and the organic ligands in the assigned formulae
of the MS species. While the structures of the fragment
clusters could not be determined, clusters with identical
core stoichiometries have been previously observed as
intermediates and products of hydrolysis and ligand
exchange reactions of titanium alkoxide precursors [20–
29]. Furthermore, DFT calculations on unpassivated Ti
oxide clusters reveal similar structures are thermody-
namically stable, although cyclic forms are more stable
than the acyclic structures represented in Figure 4 for
systems without alkoxy stabilizing groups [30, 31].
These fragments may be important in the hydrolytic
formation of TiO2 sol gel materials.
The production of positively charged species ap-

pears to occur exclusively by loss of the negatively
charged ethoxy or methacrylate ligands (�m 45 or 85).
None of the MS features were assigned to species
formed by proton or metal ion addition as has been
observed in ESI spectra of other metallate species. This

Figure 1. Structure of Ti6O4(EtO)8(McO)8. The methacrylate li-
gands are represented by curves for clarity.

Figure 2. Electrospray mass spectra of Ti6O4(EtO)8(McO)8 in
toluene-ethanol using cone voltage settings: (a)�100, (b)�50, and
(c) �30 V.
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could be the result of positive ion scavenging by free
ethoxy and methacrylate ions in solution. All the mem-
bers of a fragment family possess the same titanium
oxide core and are produced either by fragmentation of
the same larger cluster, or from another family member
by ligand exchange. Examination of MS/MS data on
members within the same family found that the mass
difference between principal fragmentation products
was identical to the mass difference of the ions selected
for controlled fragmentation. For example, in fragment
family (A), MS/MS analysis of the two species yields
fragments that are assignable to the mass difference
arising from the replacement of the McO by an EtO
ligand. The m/z 1033.0 ([Ti5O3(EtO)9(McO)4]

�) fea-
ture yields fragment products at m/z 805.1 and 765.1;
while MS/MS of the species at m/z 953.1
([Ti5O3(EtO)11(McO)2]

�) yields products at m/z 725.1
and 685.1. The mass difference is maintained in the
fragmentation products, consistent with members exist-

ing within the same core family. Thus the larger mem-
bers of family (C) would give rise to the larger frag-
ments in family (F). Differences between the family
members lie in the number of ethoxy, methacrylate, or
hydroxy ligands that surround the core.
The mass spectrum obtained with the cone voltage

set to �30 V represents the ions in solution with
minimal fragmentation; lowering the cone voltage to
�5 V and�15 V results only in a reduction of the signal
levels. The cone voltage setting determines the energy
with which the ions are accelerated into the analyzer,
and therefore the likelihood of ion dissociation. The
low cone voltage spectrum contains intense peaks at
m/z 799.1 and 725.1, and much less intense peaks at
m/z 953.1 and 1033.0. These peaks have been assigned
to the species [Ti4O2(EtO)9(McO)2]

� (B), species
[Ti4O3(EtO)7(McO)2]

� (C), and species
[Ti5O3(EtO)11(McO)2]

� and [Ti5O3(EtO)9 (McO)4]
�

(A), respectively. Species in families (A) and (B)

Table 1. Peak assignments for Ti6O4(Mc0)8(EtO)8 ESMS fragmentation products

Core Peak assignment

Normalized peak intensity m/z Expt. m/z Calc.

30 V 50 V 100 V (Da) (Da)

A [Ti5O3(EtO)9(McO)4]� 3 — — 1033.0 1033.20
[Ti5O3(EtO)11(McO)2]� 6 — — 953.1 953.16

B [Ti4O2(EtO)9(McO)2]� 100 100 — 799.1 799.17
[Ti4O2(EtO)10(McO)]� — 7 — 759.1 759.15

C [Ti4O3(EtO)6(McO)3]� — 5 — 765.1 765.07
[Ti4O3(EtO)7(McO)2]� 14 26 — 725.1 725.05
[Ti4O3(EtO)8(McO)]� — 10 — 685.1 685.03
[Ti4O3(EtO)(McO)2]� — 7 — 645.1 645.01

D [Ti3O(EtO)8(McO)]� — 4 — 605.1 605.17
E [Ti3O2(EtO)5(McO)2]� — 23 — 571.0 571.06

[Ti3O2(EtO)6(McO)]� — 8 — 531.1 531.04
[Ti3O2(EtO)7]� — 3 — 491.1 491.02

E2 [Ti3O2(EtO)5(McO)2(H2O)]� — 24 — 589.1 589.08
[Ti3O2(EtO)6(McO) (H2O)]� — 43 7 549.1 549.06

F [Ti3O3(EtO)(McO)4]� — — 3 576.9 576.98
[Ti3O3(EtO)2(McO)3]� — — 13 536.9 536.96
[Ti3O3(EtO)3(McO)2]� — 5 7 497.0 496.94
[Ti3O3(EtO)4(McO)]� — 8 51 457.0 456.92
[Ti3O3(EtO)5]� — 3 — 417.0 416.90

F2 [Ti3O3(EtO)5(H2O)]� — — 46 435.0 434.92
[Ti3O3(EtO)4(OH)(H2O)]� — — 4 407.0 406.86

G [Ti2O(EtO)4(McO)]� — 4 —a 377.1 377.06
[Ti2O(EtO)5]� — — 4 337.1 337.04

H [Ti2O2(McO)3]� — — N/A 383.0 382.98
[Ti2O2(EtO)(McO)2]� — — N/A 343.0 342.96
[Ti2O2(EtO)2(McO)]� — — N/A 303.0 302.94
[Ti2O2 (EtO)3]� — — N/A 263.0 262.92

H2 [Ti2O2(McO)3(H2O)]� — — 15 400.9 400.99
[Ti2O2(EtO)(McO)2(H2O)]� — — 5 360.9 360.97
[Ti2O2(EtO)2(McO)(H2O)]� — — 14 321.0 320.95
[Ti2O2(EtO)3(H2O)]� — — 4 281.0 280.93

H3 [Ti2O2(EtO)(McO)3(H2O)2]� — — 100 378.9 378.99
[Ti2O2(OH)(McO)3(H2O)2]� — — 13 350.9 350.93
[Ti2O2(EtO)3(H2O)2]� — — 3 299.0 298.94

I [Ti4O4(EtO)3(McO)4]� — — 4 730.9 730.97
[Ti4O4(EtO)4(McO)3]� — — 5 690.9 690.95
[Ti4O4(EtO)6(McO)]� — — 3 611.0 610.91

aPossibly obscured by isotope pattern of m/z 379 species.
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represent the largest fragments of the parent cluster
and their assigned chemical composition and struc-
tures are consistent with the loss of Ti-O units from
the cluster core (Figure 4). No parent ion is observed
for this material although a peak at m/z 1301 was
observed when using a mass spectrometer equipped
with a quadrupole analyzer that could only be as-
signed to the species [Ti6O4(EtO)6(McO)8]

�. This spe-
cies could be produced by the elimination of an
ethanol molecule from the parent cluster in addition
to the loss of an ethoxy ligand to yield the positive
charge. Alternatively, the species at m/z 1301 could be
the result of a neutral [Ti(EtO)4] fragment addition to
the species at m/z 1073 which is a member of the (A)
family (see discussion at the end of the section). The
(A) and (B) cores form independently since (B) does
not appear in the tandem mass spectrum of (A)
(Figure 5). The core stoichiometries of the two fami-

lies are consistent with the loss of a [TiO(McO)2]
fragment from the parent cluster to yield (A) species,
and the loss of an additional [TiO(EtO)2] fragment to
yield (B) species. Both of these transformation pro-
cesses were accompanied by the loss of a single
methacrylate or ethoxy ligand to give the fragment a
net positive charge, and the substitution of methac-
rylate by ethoxy groups. Ligand exchange by an
ethoxy group for the bridging metacrylate at the Ti
center is believed to initiate the degradation of the
parent cluster by breaking a Ti™O bond, as was
previously observed in the solution chemistry of
similar clusters [32]. The lack of evidence for the
conversion of a ligand oxygen to core oxygen atom by
ether, ester, or anhydride elimination during the
generation of core (A) and (B) species and the inabil-
ity to assign the MS features to fragments with a
different core stoichiometry suggest that the elimi-

Figure 3. Proposed degradation pathway of the parent cluster it ethanol/toluene mixture. Abbre-
viations: EtO � ethoxy, McO � methacrylate, Et2O � diethyl ether.
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nated Ti-O species were part of the core. The Ti4O2
core structure of family (B) species [24, 25] has
previously been observed in isolated products of the
controlled titanium alkoxide hydrolysis. No reports
of the isolation of species with the Ti5O3 structure
were found. It is likely that this species is relatively
unstable and is easily fragmented by coordinating
ethoxy ligands in the analyte solution. This hypoth-
esis is consistent with the relatively low intensity of
the MS features attributed to this family, as well as
the increase in intensity observed when lower con-
centrations of EtOH are used in the analyte solution.
The appearance of the (C) species is consistent with a
loss of a [Ti(EtO)4] fragment from the (A) cluster
(Figures 3 and 5). [Ti(OR)4] elimination has previ-
ously been observed in the solution chemistry of
[TixOyLz] type clusters [32] and in MS/MS studies of
metal alkoxide clusters [33]. While clusters with the
Ti4O3 core stoichiometry have not been isolated and
characterized, we believe the ring structure shown in
Figure 4 is plausible because ring structures have
been assigned to the stoichiometries of most of the
other stable fragments observed in these experiments.
Increasing the cone voltage to �50 V results in the

formation of a (B) family species at m/z 759.1 which is
consistent with the substitution of a methacrylate li-
gand on the 799.1 fragment by an ethoxy ligand. The
fragmentation of (B) core species results in the appear-
ance of peaks assigned to the (E) and (E2) fragment
families (Figure 6). The stoichiometry of the family (E)
species is consistent with the fragmentation of (B) to
produce a family with the Ti3O2 core structure. Clusters
with core (E) have been observed previously [29] and

Figure 4. Schematic representations of the skeletal arrangements
of the Ti and O atoms in the fragmentation product core struc-
tures.

Figure 5. Electrospray MS/MS spectra of the parent ion at m/z
1033 using collision energy settings: (a) �40, (b) �20 V.

Figure 6. Electrospray MS/MS spectra of the parent ion at m/z
799 using collision energy settings: (a) �60, (b) �40, (c) �10 V.
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the structure is shown in Figure 4. The structure and
mass differences between the two families suggest that
the (B) species undergo [Ti(OEt)4] elimination to yield
(E) species atm/z 571.0, 531.1, and 491.1 with the general
formula [Ti3O2(EtO)5�n(McO)2-n]

� (n � 0–2). The (E2)
fragment features appearing atm/z 589.1 and 549.1 were
assigned to the general formula [Ti3O2(EtO)5�n(McO)2-
n(H2O)]

� (n � 0,1), and share their core structure with
the family (E) species. Family (E2) species are most
likely the result of water addition to (E) species in the
collision cell of the instrument. It is observed that (E2)
features disappear and the intensities of the (E) species
at m/z 571.0 and 531.1 increase when the collision gas is
turned off (Figure 7). Furthermore, the attempt to use
the Quadrupole analyzer to select the species at m/z
589.1 for MS/MS analysis resulted in no signal being
observed even at the lowest collision energies, while a
peak at m/z 589.1 was observed at low collision energies
when the species at m/z 571.0 were selected for MS/MS
analysis.
Increasing the cone voltage to �50 V also results in

the increased fragmentation of the (A) family of clus-
ters. The (A) fragments disappear, while the peaks
assigned to the family (C) species increase in number
and intensity. We see three additional family (C) species
peaks appearing at m/z 765.1, 685.1, and 645.1. These
peaks, along with the peak at m/z 725.1, were assigned
to species with the general formula
[Ti4O3(EtO)6�n(McO)3-n]

� (n � 0–3). Because this for-
mula has a limited number of methacrylate ligands, the
peak at m/z 605.1 has been assigned to the species
produced by TiO2 elimination from the fragment at m/z
685.1 to yield [Ti3O(EtO)8(McO)]

� as the lone represen-

tative of the (D) family. The structure of Ti3O core
clusters has been previously determined by several
workers [20–22] and appears in Figure 4.
The features observed at m/z 497, 457, and 417 were

assigned to the general formula [Ti3O3(EtO)3�n(McO)2-n]
�

(n � 0–2) and represent the (F) family of fragments.
Unlike the fragment families discussed so far, members
of the (F) family are observed in the tandem MS
analyses of both family (C) and family (E) species. The
formation of the family’s Ti3O3 core is consistent with
ethyl ether elimination from core (E) to yield an O
bridge between two Ti atoms in Ti3O2 followed by a
structural rearrangement to form the more stable ring
structure (Figure 4) [23]. Conversely, core (F) could be
produced from core (C) by the elimination of the
pendant Ti atom in Ti4O3 as [Ti(EtO)4]. Like the simi-
larly structured family (C) species, the core (F) species
at m/z 457.1 appear to undergo TiO2 fragment elimina-
tion to produce a core (G) species at m/z 377.1 which
was assigned to the formula of [Ti2O(EtO)4(McO)]

�.
This elimination is probably a minor pathway in the
fragmentation of (F) species as the peak has very low
intensity. Another low intensity (G) peak appears at m/z
337.1 when the cone voltage is set to �100 V. It is
interesting to point out that clusters with Ti2O cores
have been observed as unstable intermediates and
possible building blocks of more complex titanium
oxide species [23].
As the cone voltage is increased to �100 V, the MS

features assigned to family (B), (C), (D), and (E) species
disappear from the spectrum, while additional peaks
assigned to species (F) appear at m/z 576.9 and 536.9,
and are assigned to the general formula
[Ti3O3(EtO)1�n(McO)4-n]

� (n � 0,1). We also see the
appearance of features at m/z 435.0 and 407.0 assigned
to the (F2) fragment family. Like the features assigned
to the (E2) family above, these features disappear when
the collision gas is turned off indicating that they are the
result of water addition in the collision cell. Based on
this evidence, the m/z 435.0 species was assigned to the
formula [Ti3O3(EtO)5(H2O)]

�. The low intensity peak at
m/z 407.0 is probably the result of ethylene elimination
from the species at m/z 435.0 in the high energy envi-
ronment of the ion source [33].
The fragmentation of family (F) continues with the

appearance of (H2) fragment family features at m/z
400.9, 360.9, 320.9, and 281.0 assigned to the general
formula [Ti2O2(EtO)0�n(McO)3-n(H2O)]

� (n � 0–3).
These features disappear when the collision gas is
turned off allowing the observation of core (H) features
at m/z 383.0, 343.0, 303.0, and 263.0 (Figure 7). These
features were assigned to the general formula
[Ti2O2(EtO)0�n(McO)3-n]

� (n � 0–3). This core could be
produced by the elimination of TiO2 and ethyl ether, or
the loss of a [TiO(EtO)2] fragment from (F) family
species (Figure 4). It is possible that fragment family (G)
is an intermediate in the (H) core formation. Additional
spectral features assigned to species having the Ti2O2
core and assigned to the (H3) family were observed at

Figure 7. Features assigned to E, F, G, and H fragment families
with the collision gas off (a), and E2, H2, and H3 families with the
collision gas on (b). Spectra collected with the cone voltage set to
�100 V.
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m/z 378.9, 350.9, and 299.0. The species at m/z 378.9 and
299.0 which may be the products of the addition of two
water molecules to the species at 343.0 and 263.0,
respectively. The species at 350.9 which could be the
addition of two water molecules to the species
[Ti3O4(EtO)2(OH)]

� which is the result of an ethylene
elimination from the species at m/z 343.0.
We also observe the appearance of peaks at m/z

730.9, 690.9, and 611.0 (Table 1). These peaks were
assigned to family (I) species having the general for-
mula [Ti4O4(EtO)3�n(McO)4-n]

� (n � 0,1,3). Stable spe-
cies with Ti4O4 cores have previously been observed
[26–28] and exhibit the ring structure shown in Figure
4. Very weak features assigned to family (I) fragments
appear in the tandem MS spectra of family (A), and
could be the result of [Ti(EtO)4] and ethyl ether elimi-
nation from family (A) clusters. Quite unexpectedly,
family (I) species do not appear in the tandem MS of
family (C) even though the latter would seem to be
intermediates in their formation. Perhaps the ethyl
ether elimination step cannot take place in the collision
cell and only occurs in solution or at the ion source.
Another possible assignment of the species at m/z 730.9,
690.9, and 611.0 is ligand exchange of ethoxy by
methacrylate ligands (mass addition ofm/z 40) to the (E)
family of fragments. It is possible that at the high cone
voltage, rapid ligand exchange may occur between the
fragments in the source, although cluster fragmentation
is expected to be the primary process observed at high
cone voltage. Low intensity fragments that appear to be
the result of this process can be observed if the higher
m/z section of the �100 V data is magnified (Figure 2).
There is a possibility that the fragmentation pathway

described above leads not to the structures shown in
Figure 4 but to polymeric species that form by addition
of neutral fragments ([TiO2], [Et2O], and [Ti(EtO)4]) to
small charged fragments of Ti6O4(McO)8(EtO)8 in solu-
tion. In this scenario, the cluster would quickly frag-
ment in the coordinating solvent to form the (F) and (G)
families of clusters which would gain the neutral frag-
ments necessary to form species with core stoichiome-
tries corresponding to all the larger cluster families. The
formation of such polymer like species has previously
been observed for titanium alkoxides as well as various
polyoxometallate species in solution [18, 34, 35] and is
very likely. These neutral adducts would then be pro-
gressively removed from the large species at higher
cone voltages to give the appearance of large cluster
degradation.

Conclusion

We have studied the fragmentation of the
Ti6O4(O2C4H5)8(OCH2CH3)8 molecular cluster in a mix-
ture of toluene and ethanol by ESI-MS and MS/MS. We
determined that the fragmentation products can be
explained by the combination of pathways previously
observed in solution and in the higher energy environ-
ment of the ESI source or TOF analyzer. A fragmenta-

tion mechanism for the cluster was proposed on the
basis of the species observed in the MS and was found
to be consistent with the previously reported structures
and chemistry of the species involved.
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