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Acid-Stable Peroxoniobophosphate Clusters To Make Patterned

Films

Jung-Ho Son,*™ Deok-Hie Park,”™ Douglas A. Keszler,” and William H. Casey™

Abstract: Two new peroxoniobophosphate clusters were
isolated as tetramethylammonium (TMA) salts having the
stoichiometries: TMA,[HNb,P,0,,(0,),]-9H,0 and
TMA;[H,NbgP,0,,(0,)¢]:7 H,0. The former is stable over the
pH range: 3<pH <12 and the latter is stable only below
pH 3. These two molecules interconvert as a function of
solution pH. The [H,NbgP,0,,(0,)¢*~ cluster can be used
to fabricate patterned niobium phosphate films by elec-
tron-beam lithography after solution deposition. D

Aqueous metal-oxide clusters are interesting as potential mo-
lecular precursors for fabricating large-area films and for
making nanopatterned oxide structures with features at the
level of single-digit nanometers. Such advances would help
enable continued adherence to Moore’s Law in next-genera-
tion semiconductor manufacturing. Some existing examples of
solution-processed and patterned films include SiO, from hy-
drogen silsesquioxane (HSQ),"" Sn0,,?" ALQ,, TiO, Zr0O,, and
HfO,." The solutions in all of these cases contain an oxide clus-
ter that is thought to serve as a precursor to the film. For ex-
ample, films, formed from peroxo-hafnium-sulfate (HafSOx)
precursor solutions, can be lithographically patterned to pro-
duce dense HfO, nanostructures at resolutions near 10 nm."
The environmental impact of this method is anticipated to be
much less than conventional methods because of the reduc-
tion in both resist waste and the number of process steps. The
cluster species in the HafSOx solutions are apparently mixed
oligomers of uncertain stoichiometry.”

Here we advance the field by showing that peroxoniobo-
phosphate clusters can generate patternable niobium phos-
phate thin films. Moreover, we have explored the chemistry of
peroxoniobate clusters that incorporate phosphate to expand
the pH stability range of the niobate clusters to the acidic
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region. Polyoxoniobate clusters are generally only stable under
neutral to basic conditions. Since peroxoniobate clusters have
more surface atoms than non-peroxo analogues, and thus
lower surface charge density, the former will exhibit lower ba-
sicity and thus peroxo substitution might extend the pH range
of stability. Phosphate groups can add acidic functionality and
solubility. We note that polyoxotungstates substituted with
peroxoniobate groups show wide pH stabilities, due to the co-
existence of acidic tungstate and basic niobate.”” Niobium
phosphate glasses also have been of industrial interest for op-
tical applications and as a nuclear waste host.®’ Niobates and
tantalates are known to form various peroxo complexes, and
these find use as oxidation catalysts for organic reactions and
precursors for metal-oxide films.”) Peroxoniobates have also
been studied for their possible anticancer activity."® Peroxonio-
bate clusters have been recently synthesized and character-
ized, such as peroxo-Nbg and peroxo-Ti,;Nbg clusters."'? More
recently, a peroxonioboarsenate Cs,sH;;sNa,[Nb,As,0,,(0,),]
(Nb,As,) cluster has been reported,”"® and its structure is simi-
lar to one of the peroxoniobophosphate clusters described in
this paper.

Here we report the synthesis and characterization of two
peroxoniobophosphate clusters as TMA (tetramethylammoni-
um) salts, TMA4[HNb,P,0,,(0,),9H,0 (1, Nb,P,) and
TMA;[H;NbgP,0,4(0,)¢]:7H,0 (2, NbgP,), and demonstrate that
atomically smooth, patterned, oxide films can be fabricated by
using the NbgP, cluster as precursor. These two chemically and
structurally related clusters are inter-convertible by suitable
choice of the solution conditions.

The compounds 1 and 2 can be synthesized at room tem-
perature by simple mixing of a niobate-cluster solution, hydro-
gen peroxide, and phosphoric acid. First, a TMA salt of dec-
aniobate or hexaniobate is dissolved in water with stirring.
Adding excess hydrogen peroxide leads to formation of
peroxo-Nbg ions within a few minutes."" After most of the
bubbles that arise from excess H,0, cease evolving, phospho-
ric acid is added. Both the initial pH of the original niobate so-
lution and the amount of phosphoric acid, thus the final pH,
determines whether 1 or 2 form. Generally 1 forms at solution
pH> 3, and 2 forms only at low pH; (pH <3). The solution
comprising mostly 1 at high pH is nearly colorless, whereas
the solution at pH <3 is intensely yellow. Another viable syn-
thetic route is achieved by adding hydrogen peroxide at room
temperature to a hydrothermally reacted solution of hydrous
niobium oxide, TMAOH, and phosphoric acid.

The structure of Nb,P, is similar to that of Nb,As,™ with
two phosphate ligands stabilizing the peroxo-Nb, core
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(Figure 1). Overall, the structures of these clusters are similar to
those of the peroxo-Nb, cluster."”! Two phosphate groups are
substituted for two adjacent Nb" sites in peroxo-Nb,, thereby
reducing the binding of the central oxygen from g to p,

Hydrolysis
pH>3

| —
—
Condensation
pH<3

Nb,P,
1 2

NbgP,

Figure 1. Reversible association and dissociation of Nb,P, and NbgP,. (Nb:
blue; O: red; P: pink; H: gray).

(Figure 1). During the final crystal structure refinement cycles,
a proton was found on the surface of the cluster from the elec-
tron density map. The proton is located at one of Nb-p,-O-Nb
units, thus the formula of the cluster is represented as
[HNb,P,0,,(0,),]°". The charge of the Nb,P, cluster is balanced
by five TMA ions in the crystal structure.

The structure of NbgP, is related to that of Nb,P,, in a way
that it can form by condensation of two Nb,P, units, with loss
of one corner Nb(O,) site from each (Figure 1). The structure of
Nb¢P, can be viewed as two thus-formed Nb;P, units con-
densed via two Nb-,-O-Nb and two P-p,-O-Nb bridges. The
structure of NbyP, possesses two ;-O units at the center of
NbsP, subunits. The structure of NbgP, exhibits a high degree
of protonation, as expected from its low-pH synthesis condi-
tions and relatively high proton affinities. Four Nb-p,-O-Nb
units within the two Nb;P, subunits are protonated in the
NbgP, cluster, as found in the electron density map. The linking
Nb-u,-O-Nb and Nb-,-O-P units between the NbsP, units are
not protonated. The terminal oxygen atoms of two equatorial
phosphate groups are protonated; these can be regarded as
P-OH groups. Additionally, one of the axial phosphate groups
is protonated and the clusters are linked by this proton via hy-
drogen bonding to form one-dimensional chains along [010]
and [1-10] directions. These protons attached to phosphates
were also found in the electron density map. The seven bound
protons and three TMA countercations balance the charge of
the [NbgP,0,4(0,)s]"*" cluster. The pH of the 15 mm solution of
NbgP, is approximately 2.0, thus the NbgP, cluster behaves
more like traditional Mo- or W-based heteropoly acids, but dif-
fers distinctly from most of other polyoxoniobate clusters,
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which are stable at neutral to basic pH conditions. Most nota-
bly compound 2 is soluble in distilled water up to 0.02m, and
1 is very soluble in water, making processing of it environmen-
tally benign.

Selected *'P MAS-NMR spectra of 1 and 2 are shown in
Figure 2. The *'P NMR spectrum for an amorphous sample of
1 exhibits a single peak at 6 = —2.2 ppm that splits into two re-
solvable peaks at 0 =0.2 and —2.7 ppm when the material is
fully crystalline. Two sites of nearly equal intensity are expected

70 60 50 40 30 20 10 0 -10-20 -30 -40 -50 -60 -70
ppm

Figure 2. °'P MAS NMR spectra of 1 (amorphous, top), 1 (crystalline, middle)
and 2 (bottom).

from the two nonequivalent phosphate groups in the struc-
ture. Although the two phosphate groups are equivalent
within Nb,P, due to its C,, symmetry, they have different outer
environments—one phosphate has two hydrogen-bonded
waters, whereas the other phosphate has three hydrogen-
bonded waters. In the spectra of 2, two different peaks are ob-
served, and we assign the sharper peak at 6 =5.7 ppm to an
axial phosphate, and the broader peak at d=—11.7 ppm to an
equatorial phosphate because the axial phosphates have
a smaller variation in P—O distances (1.525(3)-1.550(2) A) com-
pared with those of the bridging equatorial phosphate
(1.508(2)-1.561(2) A). In the solution, 1 exhibits a single peak at
0=17ppm, and 2 exhibits two peaks at 6=7.0 and
—10.1 ppm (see Figure S2 in the Supporting Information),
which agree with *'P MAS NMR data.

In addition, '"H MAS-NMR spectra were collected to charac-
terize the environments of the protons bound to the clusters
(Figure 3). For both clusters 1 and 2, a conspicuous large peak
arising from the TMA ions is observed near 6 =3.5 ppm; peaks
associated with waters of crystallization are observed at 6 =4.6
and 5.6 ppm for 1 and 2, respectively. Both compounds feature
additional downfield peaks at 6 =7.5 ppm (1) and 6 =8.6 ppm
(2), which we assign as protons bound to Nb-p,-O-Nb. 'H MAS
NMR spectra of protonated hexaniobate clusters at the bridg-
ing Nb-u,-O-Nb unit exhibit 'H peaks either at 1 ppm or be-
tween 8 and 10 ppm, depending upon subtle differences in
the outer environment and the countercations."¥ We assume
that the inclusion of phosphate groups, and thus the more
acidic character of 1 and 2, is responsible for the downfield
shifts of the Nb-p,-O-Nb bound proton peaks. A distinct peak
at 0=14.8 ppm is observed in the '"H MAS-NMR spectra of 2,
which is assigned to the acidic protons attached to the phos-
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Figure 3. 'H MAS NMR spectra of 1 (top) and 2 (bottom).

phate groups. This feature is absent in the spectra of 1, which
agrees with the crystal structures.

Raman spectra of 1, 2, and the unsubstituted peroxo-Nbg
cluster are given in Figure 4. Signals from v,(O—0) are clearly
seen in the range 800-900 cm™' with stronger v,(M—0,) peaks
located between 500 and 700 cm™~". A single v,(0—0) peak is
observed for peroxo-Nbg, whereas split peaks are observed for
Nb,P, and Nb¢P,. From the crystal structure, the peroxo groups

617

peroxo-Nb_P,

peroxo-Nb P,

peroxo-Nb,

1000 900 800 700 600 500 400
Wavenumber (cm™)

Figure 4. Raman spectra of 1, 2 and peroxo-Nbs.

in the peroxo-Nby cluster are known to be chemically identical.
In 1 (Figure 1), only two faces of the distorted Nb, core are
capped by phosphate groups. The capping effectively produ-
ces chemically distinct peroxo environments. In 2, the peroxo
groups are approximately aligned in the planes of the two Nb,
triangles. The asymmetric nature of the phosphate bridging
between these triangular moieties (Figure 1), however, leads to
chemical nonequivalence of the peroxo groups, as evidenced
by the split peaks in the Raman spectrum. FT-IR spectra (Fig-
ure S3) of 1 and 2 exhibit a number of phosphate bands be-
tween 1000 and 1200 cm™', and 2 exhibits more phosphate
bands, consistent with the two chemically and structurally dis-
tinct phosphates in Nb,P,. The v,,(0—0) bands near 850 cm™'
in the FT-IR spectra are split for 1 and 2 similarly to the Raman
data, and 2 shows a larger split between the v,(0—0) bands.
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To better understand the formation of these new clusters,
their interconversion was monitored as a function of time or
pH by using ESI-MS. First, the formation of Nb,P, or Nb¢P, was
monitored after adding controlled amounts of phosphoric acid
to the solution of the peroxo-Nbg cluster (see Figure S4 and
S5). When the Nb:P ratio was 1:0.5, only Nb,P, clusters formed
(pH 3.8) and the solution remained nearly colorless. When
excess phosphoric acid was added to make the Nb:P ratio
1:1.25 (pH 2.2), the NbyP, clusters formed and the solution
color changed to yellow. When an intermediate amount of
phosphoric acid was added, a mixture of Nb,P, and NbgP,
formed. The complete formation of Nb,P, or NbsP, took about
one day at room temperature.

Conversion of NbsP, to Nb,P, was studied by addition of
TMAOH to an NbgP, solution. The Nb¢P, cluster has seven pro-
tons attached to the surface oxygen atoms, thus we prepared
seven different Nb¢P, solutions, comprising one to seven
equivalents of TMAOH (Figure 5). Each solution was monitored
by ESI-MS as a function of time (Figure S6). Although the color
change was instant, actual conversion of 2 to 1 was slower.
For example, the solution of 2 with seven equivalents of
TMAOH completely converted to 1 within a day, and the solu-
tion of 2 with six equivalents of TMAOH nearly converted to
1 only after 3 days. All of the solutions containing one to
seven equivalents of TMAOH converted to 1 after a few weeks,
and all solutions became nearly colorless except the solutions
with one or two equivalents of TMAOH. This indicates that pH
is the determining factor in the hydrolysis of Nbs,P, to Nb,P,,

—pH39
——pH 5.9

0.4 ——pHB3E

Absorbance

T 1
250 300 350 400 450
Wavelength (nm)

Figure 5. The photograph (top) is of a 15 mm solution of 2 with varying
amounts of TMAOH added: 1 equiv (far left) to 7 equiv (far right) and UV/Vis
spectra (bottom) of a 0.04 mm solution of 2 in 0.1 M TMACI solution, during
titration with TMAOH solution.
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not the amount of base equivalent added. The conversion of 2
to 1 is nearly quantitative, as indicated by peak intensities in
the ESI-MS spectra of the solutions.

The Nb,P, cluster is kinetically stable across a broad range of
pH (3-12), as determined by pH-dependent ESI-MS (Figure S7),
and this point is important for its industrial uses. This wide sta-
bility range of Nb,P, is interesting because most of the known
polyoxoniobates form insoluble amorphous niobium-oxide
precipitate when the pH is lowered below 4. The wide stability
of Nb,P, is distinct when compared to peroxo-Nbg, which is
only stable in the range 6 <pH<12. When phosphoric acid
was added to lower the pH of the Nb,P, solution below 3, the
colorless solution changed to yellow immediately, which is the
characteristic color of NbgP,. From ESI-MS, Nb,P, completely
condenses to NbsP, at pH < 2.5 within one hour after addition
of phosphoric acid (Figure S8). We note that the conversion of
Nb,P, to NbgP, is faster (~1 hour) than other inter-cluster con-
version processes discussed above (~1 day). When HCl was
added to Nb,P, solution to lower the pH instead of phosphoric
acid, ESI-MS peak intensities of newly formed NbgP, are lower
than those of the solution where phosphoric acid was added.
Thus not only is pH the determining factor for complete con-
version of Nb,P, to NbgP, but excess phosphoric acid is re-
quired. This excess is partly understandable because each
Nb,P, should lose a monomeric [Nb(O,)O,)" unit after the con-
densation, which will require excess phosphate to reassemble
to form NbgP, clusters.

NbgP, exhibits a bright yellow color both in solution and in
the solid state. The yellow color of Nb¢P, is interesting because
both Nb,P, and peroxo-Nbg are colorless. The solution of 2 ex-
hibits a peak at 1=325 nm (¢=7500) and a stronger ligand-to-
metal charge-transfer (LMCT) band below 1=250nm
(Figure 5). The peak at 325 nm tails to the high-energy limits
of human vision, producing the yellow color. As the solution
was titrated with base, the peak at A=325nm blue shifted
(Figure 5), suggesting a speciation change. The yellow color of
the NbgP, solution fades as more TMAOH is added. The color
change is immediate, but the speciation change is slower
(hours), as discussed above. This result suggests that the color
is more related to protonation, which is fast, rather than
changes in speciation, which is much slower. Even the Nb,P,
solution becomes yellow after addition of phosphoric acid
before the conversion to NbsP,, which completes in hours, in-
dicating that the yellow color is again likely due to protona-
tion. We also note that previously known Keggin- or Dawson-
type peroxoniobotungstate clusters exhibit a yellow color as
well,”’ and those clusters are synthesized in acidic conditions
and they consist of Nb(O,) groups. Thus both a Nb(O,) group
and acidic conditions (protonation) are required for the yellow
color. The loss of yellow color with increasing pH is likely to be
due to deprotonation of the peroxoniobophosphate frame-
work.

Using the NbgP, cluster as a precursor for the production of
niobium phosphate films has been conducted by spin coating
its solutions onto silicon substrates. As seen in Figure 6, a uni-
form amorphous film of NbgP,0,;, exhibiting no pores or
cracks, is readily realized. With a root-mean-square roughness

Chem. Eur. J. 2015, 21, 6727 - 6731 www.chemeurj.org

6730

CHEMISTRY

A European Journal
Communication

e 1.0

H D=320 uC cm™

£ os

2

< 06

kS

N 04

©

E 02

z° 0.0 Dy=120 uC cm2
10 100 1000

Dose (uC cm?)

Figure 6. Cross-sectional SEM image of a spin-coated Nb4P, solution (10
layers) on Si after annealing at 300 °C (top), SEM image of patterned film
with increasing dose from 100 uCcm 2 by increment of 40 uCcm 2 (bottom
left) and contrast curve following exposure with a 30 kV electron beam and
water development (bottom right).

near 3 A, the surface is nearly atomically smooth. The presence
of phosphate inhibits crystallization to temperatures above
700°C, which might be due to the formation of niobium phos-
phate glass. Crystalline Nb,Os is found to separate into phases
near 800°C, followed by crystallization of NbyPO,5 near 900 °C
(Figure S9). To test patterning, the spin-coated film was ex-
posed with a 30 kV electron beam to produce an array of ex-
posed boxes at increasing dose. After exposure, the patterned
structures were developed by dissolving the unexposed areas
with water. The use of water instead of widely used TMAOH
solution in the development step is more environmentally
benign. As seen in Figure 6, the onset of insolubility begins
with an exposure dose of D,=120 uCcm2 with complete ge-
lation and insolubility occurring at a dose near D;=
320 uCcm 2 These dosage (sensitivity) values are comparable
to those of the HafSOx films."™ The calculated contrast value
(y=(logD; — logD,)™") from the curve is 2.3, which is in the
lower range compared to other solution-processed, inorganic,
patterned films."™' The pattern formation in this study sug-
gests that inter-cluster polymerization occurs via radiation-in-
duced decomposition of peroxo groups and subsequent con-
densation like in the HafSOx system. In contrast, the Nb,P, so-
lution did not produce a patterned film—all the film was
washed away during development—indicating that the film
was not polymerized by irradiation. These results suggest that
the smaller amount of TMA in Nb,P, (three TMA per cluster)
compared to Nb,P, (five TMA per cluster) is more advanta-
geous for electron-beam induced pattern formation. The TMA
can sterically hinder the polymerization. This idea is supported
by control experiments where the amount of TMA in the NbgP,
solutions was augmented separately by adding TMAOH. In
these experiments, dose increased and contrast decreased
with TMA concentration.
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In summary, we find that addition of peroxide and phos-
phate groups to aqueous NbY chemistry leads to two types of
new peroxoniobophosphate clusters, the relative proportion of
which depends on pH, including strongly acidic conditions.
Switching between Nb,P, and Nb4P, clusters can be achieved
by simple tuning of the pH. In addition, the NbgP, cluster ena-
bles the deposition of high-quality patterned thin films from
simple aqueous solutions—a first step in evaluating their po-
tential as functional materials for the semiconductor industry.
Furthermore, these peroxoniobophosphate clusters have spur-
red the discovery and development of a rich new family of
niobium phosphate glass, a subject of forthcoming contribu-
tions.

Experimental Section

Synthesis of 1: In a PTFE-lined autoclave (23 mL capacity), hydrous
niobium oxide (3 g; 80% w/w) was mixed with TMAOH solution
(8 mL, 25%), and then phosphoric acid (1 g, 85%) was added. The
mixture was allowed to hydrothermally react at 130°C for 16 h. A
clear solution formed with pH 10.0. The product solution was dilut-
ed with water (ca. 10 mL), and then hydrogen peroxide solution
(5 mL, 30%) was added slowly with stirring, and the solution pH
was 6.5. The solution was evaporated at room temperature, and
the crystalline product which formed after a few weeks was
washed with ethanol on a frit. The product was recrystallized in
methanol. Yield=3.04 g (51%). Elemental analysis calcd (%) for
CyoH56NsNb,O5,P,: C 18.21, H 6.03, N 5.31, P 4.70, Nb 28.17; found:
C17.51, H 6.04, N 5.12, P 3.86, Nb 26.8.

Synthesis of 2: In a PTFE-lined autoclave (23 mL capacity), hydrous
niobium oxide (59, 80% w/w) was mixed with TMAOH solution
(7 mL, 25%). The mixture was allowed to hydrothermally react at
120°C for 3 days. The solution contained mostly decaniobate after
reaction, as checked with ESI-MS. The solution was washed with
isopropanol in a centrifuge tube a few times until a sticky product
remained. The product was dissolved in water (ca. 20 mL) and then
hydrogen peroxide solution (5mL, 30%) and phosphoric acid
(2.5 mL, 85%) were added with stirring. The solution color became
yellow after addition and the solution pH was 2.0. Bright yellow
crystals formed during evaporation after half of the solution was
evaporated at room temperature. The crystals were filtered on
a frit and washed with water. More batches of crystals were har-
vested repeatedly during the evaporation of washed solution.
Combined yield=4.26 g (53%). Elemental analysis calcd (%) for
Cy,Hs;N;NbO,5P,: C 8.94, H 3.56, N 2.60, P 7.68, Nb 34.57; found: C
8.68, H 3.65, N 2.54, P 7.72, Nb 35.5.

Crystal data for TMA,[HNb,P,0,,(0,),]-9H,0 (1): CyoH,oNsNb,0;,P,,
M=1319.46, triclinicc a=11.358(2), b=11.596(2), c=19.303(3) A,
a=94.747(3), f=104.208(3), y=99.452(3)°, U=2410.8(7) A®, T=
93(2) K, space group P1 (no.2), Z=2, 28091 reflections measured,
10976 unique (R,,=0.0187) which were used in all calculations.
The final wR(F?) was 0.493 (all data)."®

Crystal data for TMA;[H;NbgP,0,,(0,)¢]-7 H,0 (2):
Cy,HssN;NbgO,5P,, M=1610.93, triclinic, a=10.202(3), b= 12.883(4),
c=19.392(7) A, «=81.381(5), =84.933(5), y=68.635(4)°, U=
2345.4(14) A, T=88(2) K, space group P1 (no.2), Z=2, 30333 re-
flections measured, 10660 unique (R;,=0.0265) which were used
in all calculations. The final wR(F?) was 0.0773 (all data)."®
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