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Amphoteric Aqueous Hafnium Cluster Chemistry
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Abstract: Selective dissolution of hafnium-peroxo-sulfate
films in aqueous tetramethylammonium hydroxide enables
extreme UV lithographic patterning of sub-10 nm HfO,
structures. Hafnium speciation under these basic conditions
(pH>10), however, is unknown, as studies of hafnium
aqueous chemistry have been limited to acid. Here, we report
synthesis, crystal growth, and structural characterization of the
first polynuclear hydroxo hafnium cluster isolated from base,
[TMA][Hf(u-0,)s(u-OH)s(OH),,]-38 H,O. The solution
behavior of the cluster, including supramolecular assembly
via hydrogen bonding is detailed via small-angle X-ray
scattering (SAXS) and electrospray ionization mass spectrom-
etry (ESI-MS). The study opens a new chapter in the aqueous
chemistry of hafnium, exemplifying the concept of amphoteric
clusters and informing a critical process in single-digit-nm
lithography.

Water—soluble molecular oxo-hydroxo metal clusters are
recognized building blocks for deposition of functional thin-
film coatings, offering low energy and “green” processing.!'!
Additionally, selected hafnium-peroxo-sulfate clusters pro-
vide unprecedented dimensional control in nanolithogra-
phy.™ In this lithography, unexposed oxo-hydroxo Hf
regions dissolve in base, meaning soluble hafnium species
exist at high pH.

Up to now, however, the aqueous chemistry of hafnium
has been documented only for strongly acidic conditions. In
mildly acidic conditions (pH > 3), gels and precipitates result
from rapid hydrolysis and condensation.™” At low pH, oxo-
hydroxo hafnium clusters are commonly stabilized and
isolated with capping sulfate ligands, sometimes linking
clusters into 1, 2 or 3-dimensional networks.”’ These clusters
include  Hf;30,(OH)(SO,)3(H,0)35,"  [Hf;05(OH) -
(SO.)11(H0),5.7 [Hf;;07(OH),1(SO,)15(H,0)e]
[Hf;05(OH)(SO,) 4] " and [HfO5(SO,)105(H,0)5] .1
The only reported sulfate-free cluster is the tetrameric
species  [Hf,(OH)y(H,0);4]**, commonly known as
HfOCl,x H,0.[> 1]

Our interest in oxo-hydroxo hafnium speciation in base
arises from the development step in lithographic patterning
with the water-processed hafnium material known as HafSO,,
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formulated Hf,(OH)44(0,)2(SO,),5.*>  Nanolithography
allows bulk semiconductors and metals to be shaped into
computing devices with sub-10 nm features."™ New inorganic
resists, such as HafSO,, offer ultra-high-resolution patterns.”
There are two major steps in the patterning process with
HafSOx: 1) exposure, which causes dissociation of the peroxo
ligand and induces condensation; and 2) development, where
unexposed material is selectively dissolved in concentrated
aqueous tetramethylammonium hydroxide (TMAH). The
nature of the species produced in these basic solutions is
unknown. This dissolution, coupled with stability of a similar
peroxo-phosphato-niobium cluster observed in both basic and
acidic solutions!'® has led us to propose the concept of
amphoteric clusters, wherein simple ligand sets stabilize
a single cluster or similar clusters at the extreme ends of the
pH scale. This concept broadens the approach to cluster
synthesis and study, as most common cluster types exist across
limited pH ranges.!"” For example, Group 13 polycations are
currently known to exist in the narrow range pH 3-4;11%191 v,
Mo, and W polyoxometalates (POMs), pH = 1-7; and Nb and
Ta POMs, pH > 10.2°2

Herein, we report the synthesis and structure of
the peroxo-hydroxo-hafnium cluster [TMA]([Hfs(1-O,)e-
(u1-OH)4(OH),,]-38H,0 (Hf;), the first example of a hydroxo
hafnium cluster isolated in base. The cluster contains bridging
hydroxy ligands, like hafnium clusters in acid. Hfg presents
a rare feature of terminal hydroxy ligands. These ligands are
commonly reactive toward condensation, thereby limiting
cluster isolation. The H-bond effects of these reactive ligands
in both solution and solid-state are documented by structure
analysis, small angle X-ray scattering (SAXS), and electro-
spray-ionization mass spectrometry (ESI-MS).

The structure of Hf; (Figure 1), established by X-ray
crystallographic analysis,* exhibits a hexanuclear peroxo-
hydroxo-Hf polyanion. Neighboring eight-coordinate Hf
atoms link via one p-peroxo and one p-hydroxo ligand,
forming a ring.

Each Hf atom completes its coordination sphere with two
terminal hydroxo groups. The H atoms of these hydroxo

Figure 1. Structure of the Hf; cluster Hf;(1-0,)¢(u-OH)¢(OH),,]° (left)
and illustration of intermolecular hydrogen bonds (right). Blue
spheres: Hf, red spheres: O. Hydrogens were not found directly, but
inferred by charge-balance and BVS (see text).
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groups were not located in the electron density maps
generated during the structure determination. Hence, the
hydroxo assignment derives from balancing cluster and TMA
charges and considering Hf-O distances. The average Hf—O
distance, 2.25 A, for terminal aqua ligands in [Hf,(OH),-
(H,0),s]"" and [HfO5(SO,)105(H,O)5)" is  significantly
longer (Table S1 in the Supporting Information),”¥! than
the average terminal Hf—O distance, 2.08 A (Table S2), in
Hf, indicating terminal hydroxo ligands. BVS values
obtained from the terminal Hf—O bond lengths in Hf; (0.69
average, Table S2) are also significantly larger than the values
obtained from Hf—O bond lengths for terminal water ligands
(0.44 average, Table S1). As indicated by O---O distances near
2.9 A, hydrogen from these terminal hydroxo groups partic-
ipate in H-bonding with the peroxide oxygen atoms from
adjacent clusters (Figure 1, right) and with water molecules
(not shown in Figure 1). All six TMA cations required to
charge balance the [Hfy(pu-O,)s(u-OH)s(OH),,]°~ anion were
located in the structure analysis.

The presence of the peroxide ligand is confirmed by
a signal at 835 cm™" in the Raman spectrum of crystals, and
the 1:1 Hf:0,*" ratio is verified by potassium permanganate
titration (see Experimental Section 2 and Figure S1). The
number of waters of crystallization could not be reliably
quantified by TGA because the Hf, crystals are hygroscopic.
Thirty eight water molecules per hexamer were modeled in
the crystal structure.

The Hf, ring has been previously recognized as a part of
a POM framework, where it is stabilized by three capping
phosphodecatungstate ligands and K*-cations.” The HIf;
ring, however, has not previously been isolated without the
stabilization of these inorganic ligands. In the Hf-tungstate
POM obtained at pH 4.8, instead of the terminal hydroxy
ligands, the Hfy cluster is capped by terminal oxo-ligands of
the lacunary tungstate clusters. Notably, few polynuclear
peroxo complexes of hafnium have been reported,™ " and all
of them utililze well-known chemistry for the isolation of
transition-metal and rare-earth substituted POMs. A series of
hexanuclear peroxogermanate anions with a similar architec-
ture to Hf; were reported recently;® These clusters present
end-on peroxide coordination to Ge rather than the side-on
bridging in Hfg; and the bridging ligands in the Geg ring are
oxo instead of hydroxo.

The radii of gyration R, determined by Guinier approx-
imation of the SAXS data for Hf solutions with varying
concentration (Figure 2 and Table S3) are too large (6.5 to
9 A) to represent only the Hfy cluster, since R,=3.8 from
simulated scattering for a single Hf; cluster. Additionally, for
all concentrations R, increases with solution aging, reaching
ca. 12 A at 9 days for the lowest concentration Hf solution
(Figure 2 and Table S3). The increase of the scattering
intensity at ¢ <0.1 A-! also indicates an increase in the
average particle size with aging (Figures 3 and S2) suggesting
that Hfs undergoes oligomerization in solution. In the solid-
state, the terminal hydroxo ligands of Hf; assemble the
clusters into chains via hydrogen bonding represented by
O--O (Figure 1, right). To study a corresponding organization
in solution, we compared our experimental data with the
simulated data for chains of clusters directly derived from the
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Figure 2. Calculated R, (blue) from Guinier fits and cylindrical lengths
(red) from cylindrical fits for Hf;, crystals dissolved in water as
a function of aging time and Hf concentration.
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Figure 3. SAXS scattering curve for Hf; crystals dissolved in water
([Hf]=200 mm). The solution was aged for O (purple), 1 (green), 6
(blue) and 9 (red) days. Black dotted lines are cylindrical model fits to
the experimental data (see Table S3 for model parameters). Inset:
Representation of hydrogen bonded clusters of Hfg forming chains.

structure (Table S3). The simulated R, values for chains of
three, four, and five clusters are 7.5, 9.6, and 11.6 A
(Table S3), respectively, which are very similar to the
experimental values (Figure2 and Table S3) that range
between 6.5 and 11.9 A. Moreover, the scattering data fit
well to a cylindrical model with a radius of ca. 5.5 A, which is
similar to the radius of the Hfj cluster (Figure 2 and Table S3).
While the radius is invariant to aging and concentration,
cylinder lengths vary between 20 and 39 A (Figure 2 and
Table S3), corresponding to chains with three to five clusters.
As seen in Figure 2, lengths increase with aging and dilution.
Dilution reduces counterion shielding and produces longer
chains. Aging probably results in intercluster hydrolysis and
condensation involving the terminal hydroxo. Aging does not
produce changes in pH, and the peroxide Raman signature
remains constant (Figure S1, right), confirming that the
terminal hydroxo ligands, and not the peroxide groups, are
responsible for the condensation reactions. Moreover, addi-
tion of TMAH to an aged solution of Hf; did not produce any
changes in the scattering curve (Figure S3), indicating that
TMAH is not sufficient to reverse the polymerization.
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Figure 4. ESI-MS spectra of Hf; crystals dissolved in water at selected
aging times. Data are normalized to the strongest peak in each
spectrum over the selected range. The asterisks indicate peaks
associated with TMA-carbonate species formed by CO, absorption
from the air. See Table S4 and Figure S4 for detailed peak assign-
ments.

Figure 4 shows the labelled peak envelopes from ESI-MS
analysis of Hf; crystals dissolved in water (see Table S4 and
Figure S4 for detailed peak assignments). The peak envelopes
observed are consistent with hexameric species containing
coordinated peroxide. The clusters detected have a general
formula of [Hf;O4(0,)s(OH),(H,0),(TMAOH),, |, meaning
the core of the peroxo-Hf hexameric ring, [Hf;O4(O,)4], is
robust, while the hydroxo ligands are more labile in solution
and with ionization-induced fragmentation. As the solution
ages, the Hfy peak intensity decreases; after nine days the
cluster peaks have essentially disappeared. According to
previous ESI-MS studies on hafnium-sulfate aqueous solu-
tions, the ionization process may reject the larger polymeric
species that evolve with solution aging.!! Hence, the reduction
of cluster peaks with aging time is consistent with the increase
of oligomer size observed with SAXS. These observations are
consistent with chain growth via oligomerization of the Hf;
clusters.

We also analyzed the crude HfOCL,-TMAH-H,0, reac-
tion mixture (pH > 14). The same Hf; clusters were detected
by ESI-MS (Figure S5). At saturation, i.e., 3 days aging and
right before Hf; crystallization, the peak intensity decreases
due to cluster oligomerization. SAXS data (Figure S6)
suggests polydispersity (slope in low-g region#0). Size
distribution shows particles with mean diameters of 8, 16.5,
and 28.5 A (Figure S7), up to 4 clusters preassembled into
chains just prior to crystallization.

The solid-state organization of the anionic clusters into
chains by H-bonding correlates to similar order in aqueous
solutions. SAXS confirms that Hf; immediately forms elon-
gated particles when dissolved in water, while ESI-MS
demonstrates that the oligomers are formed from Hfj
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monomers. This organization represents an emergent state
for a condensed solid oxide. As such, it provides a unique
system to study condensation thermally through the termal
hydroxo ligands or photolytically through the peroxo ligands.

Here we have shown that similar hafnium clusters can
exist at the extreme ends of the pH scale, i.e., <1 and > 13.
Although initial dissolution of Hf*' cannot be performed
without peroxide at high pH; it does not seem important in
maintaining solubility, since it resides in an internal bridging
position rather than a capping position. The inherently
reactive nature of hydroxide ligands suggest these are not
the origin of this unusual solubility and stability. However, the
bulky and non-associating character of TMA counterions
perhaps play a vital role, similar to the sulfate counterions and
ligands of Hf-clusters in acid. TM A enables solubility, yet can
be easily displaced by pyrolysis, oxidation, or ion exchange to
produce HfO,. Finally, this amphoteric speciation is key for
realizing single-digit-nm lithographic resolution with radia-
tion sensitive oxo-hydroxo metal clusters.
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