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Abstract:
Polyoxoniobates (PONbs) are attracting great attention in recent years due to its novelty
as well as a variety of geometrical presentations in different pH conditions. In this paper we
are reporting the reaction of tetramethyl-decaniobate ([(CH3)4N]6[Nb10O28]) with alkaline
carbonates to observe the periodic trend of alkaline ions interacting with the Nb10 cluster,
using solution characterization including Small Angle X-ray Scattering (SAXS) and Raman
scattering spectroscopy. We have isolated a new type of Nb10 cluster via the reaction TMANb10 with potassium carbonate in both aqueous and 50% v/v water-methanol mixture. Both
solid-state characterizations including Powder X-ray Diffraction (PXRD) and Single-Crystal
X-ray Diffraction and above-mentioned, solution characterization reveal the connectivity in
solid-state and in solution.

Introduction:
Polyoxometalates (POMs) are the anionic oxide clusters composed of 5/6 transition
metals including Mo, W, V, Nb and Ta in their highest oxidation state. The clusters feature
the terminal M=O yl-oxos and have some well-known geometries including the Keggin and
Dawson ion geometries. Such clusters have many applications in catalysis [1], medicine [2],
magnetism [3], and material science [4]. POMs of Mo, W, and V have been popular materials
in POMs research due to the wide pH range stability, which is compatible with function
heterometals including lanthanides and open-shell transition metals. Polyoxoniobates
(PONbs) have not been explored as extensively as other group 6 based POMs structure since
they are stable only in basic condition due to the high charge to size ratio. [5] The interests in
Nb-POMs include application of hydrogen evolution [6], antiviral medicine, [7] and nuclear
waste treatment. [8]

Figure 1. Lindqvist type Nb6 structure

Attention toward PONbs began in the late 20th century when the Lindqvist type
hexaniobiate [Nb6O19]8- cluster (commonly known as Nb6) has been isolated in both solid and
solution form by Lindqvist in 1953. [9] Lindqvist Nb6 structure is a superoctahedron with six
edge sharing NbO6 units. One of the key properties to this type of the structure is its high
charge density, which can be represented by the by divided by the total charges of the
molecule with number of non-hydrogen ions in the molecule, since this type of cluster has
high charge and small size. Deblonde et al. had done extensive research in 2011 in
hexaniboiate and hextantalate cluster that they had synthesized two kinds hexaniobiate
compound, [Na7HNb6O19] and [K8Nb6O19], in order to characterize them with magnetic angle
spinning (MAS) NMR, which is the convenient tool to differentiate between protonated and
non-protonated clusters. [10] The real interest toward polyoxonibate research became popular
when Nyman et al. isolated the Keggin derivative of PONbs cluster [SiNb12O40]16- in 2002.
[11]

In their experiment, they synthesized K12[Ti2O2][SiNb12O40], in which the ⍺-Keggin

clusters [SiNb12O40]-16 are linked together by [Ti2O2]4+ as bridge while the potassium
counterion and water molecules filled the region between the chains. Zhang et al. also
reported the similar structure in 2011 with ⍺-Keggin [SiNb12O40]-16 bridged together by
[Nb2O2(H2O)2]6+. [12] What makes this compound different from the structure proposed by
Nyman et al. was that instead of straight chain, the [Nb2O2(H2O)2]6+ structure was presented
in the zig zag formation. They also tested the photocatalytic activity in the hydrogen

evolution by with Pt as co-catalyst in 20% methanol solution and irradiated under xenon
lamp.

Figure 2. ⍺-Keggin type [SiNb12O40]-16 cluster

On the topic of hydrogen evolution for renewable energy, Abe et al. proposed the
inserting oligothiophene based coumarin dye into the layers Pt- loaded [H4Nb6O17] and
demonstrated hydrogen evolution when coupled with WO3 catalyst. [13] The n-type
semiconductor [H4Nb6O17] was first synthesized by mixing potassium carbonate and Nb2O5
and heating to 1473K for fifteen minutes to make the K4N6O17. Platinum was loaded by
mixing the [Pt(NH3)4]Cl2 with the K4Nb6O17 and stir for three days with the appropriate
amount of methanol added and irradiated with tungsten light. Then the compound was stirred
into HCl for the cation exchange for making the [H4Nb6O17] material. This compound will
then be mixed with various coumarin dyes in acetonitrile/methanol solvent to complete the
material. Hydrogen evolution experiment was conducted by dissolving the dye absorbed
Pt/[H4Nb6O17] material into potassium iodide solution, adjusted the pH with H2SO4 or KOH,
and irradiated with 300W Xenon lamp. Taking example from NKX-2677, which is the
coumarin compound with two thiophene rings, Pt/[H4Nb6O17] semiconductor can generate 50
𝛍mol of hydrogen in six hours comparing to TiO2 sample, which can generate minimal
amount of gas in the same given of time, considering the Pt/[H4Nb6O17] is the layer structure
with many surface area for reaction comparing to bulk TiO2 which has only surface layer for
hydrogen evolution.

Figure 3. (a) Nb7 intermediate building block cluster (b) Nb24 cluster (c) Nb32 cluster (d) K-Nb96
tetramer cluster

Huang et al. structurally characterized proposed three different compounds [Nb24O72]24-,
[Nb32O96]32-, and [Nb96O288]96- tetramer in 2012. [14] The organic acid isonicotinic acid
dissolved with Cu(OAc)2, which served as the catalyst in the synthesis process, and then
added dropwise to 50 mL of K-Nb6 solution. The pH was later adjusted to 10.5 with NaOH
and filtered to get a clear solution for crystallization. The synthetic process was long,
complicated and the reagents are not found in the final product. Their experiment has created
the path in our study of the geometry and chemistry of [Nb7O22]9- cluster-based structure.
[Nb7O22]9- is the intermediate cluster compound serving as the building block for larger
structures such as [Nb24O72]24- and [Nb32O96]32-, where three or four [Nb7O22]9- joins together
with three or four extra niobium oxide. They have also conducted the photocatalytic
experiment to compare the Lindqvist type Nb7 to Keggin type [SiNb12O40] cluster in
hydrogen evolution study. They dissolved 100 mg of each compound and 100mg of
cobaloximes (Co(III)dmgH)2pyCl), which is the catalyst material for hydrogen evolution,
into triethanolamine and irradiated under UV light using tungsten light. Within four hours the
[Nb24O72]24-, [Nb32O96]32-, and [Nb96O288]96- clusters can generate about 1800-2000 𝛍mol of
hydrogen. However, the Nb32 performed worse in second and third trials. These experimental
results had shown that it was possible to use the Nb24 cluster for hydrogen evolution.

Figure 4. Eu-Nb24 dimer

Chen et al. performed similar research in 2017, but they used rare earth metal such as
europium as the counterion instead of alkaline ion. [15] In the synthesis process, K-Nb6 cluster
was first combined with citric acid since it can stabilize the europium in alkaline medium and
obtain the [Eu-Nb24]. Since such clusters contain lanthanide, they are also luminescent due to
the photoexcitation during metal- oxygen electron transition, which can have application in
forensic, optics, and magnetism. Although the above two studies have provided the insight of
changing structure of Niobium oxide cluster under various condition, Nb6 cluster needs to be
undergone acidification first as the first step. Martin et al. pointed out an issue involving the
acidification process that it is not fully understood and hard to control. [16] Martin’s 2019
paper mentioned the importance of pH environment in niobate chemistry. The Nb6 cluster is
stable in high pH condition (above 12) while the Nb7 exists in pH between 9 and 10. In order
to use Nb6 as starting material, the pH has to be lowered first to allow the structure to be
transformed to [Nb7O22]9-, which is the building other structures. Reason for the difficulty in
controlling the experiment is that when pH is toward a neutral range (around 7 and 8), the
niobite will be precipitated out.

Figure 5. Nb10 cluster

Research on the chemistry between niobate and alkali chloride by Sures et al. in 2018 is
the true inspiration for our experiments and this paper would serve as the follow up to their
project.[17] Sures reacted TMA-[Nb10O28] directly with the alkaline chloride including
lithium, sodium, potassium, rubidium, and cesium chloride. Using characterization methods
including small angle X-Ray scattering (SAXS) and Raman, they were able to track the
reaction kinetics and the size of the product compound in order to predict the formation of
possible cluster assemblies under different conditions and different alkalis. This type of
reaction can be beneficial to our research since Nb10 exists in an environment with lower pH
than that for the Nb6, so there’s no need for the acidification process before the start of the
reaction and we can better track and observe the reaction process.
In their experiment, Sures first prepared 15 mL, 20 mM Nb10 solution in DI water, then
mixed with one, three, and six aliquots of alkali chloride prepared by dissolving 20, 60, and
120 mM of salts in 3 mL DI water. The reactions were tracked with Raman spectroscopy and
the pH measurement. Results for pH value shows that in water, they can rise to value
between 8.5 and 9.0, which are ideal for Nb7 cluster to aggregate to Nb24 cluster. Cesium and
potassium salt can raise the pH value in the less than one day while the lithium salt would
take four days to raise the pH to same value. The highest peaks for Raman shifts for each
solution were roughly at same position at the first day around 970 cm-1, which is the position
for Nb10. However, they changed as the reaction proceeded over time during the aggregation.

When enough data were collected, the fraction of Nb10 would be calculated and the plot of
fraction versus time would be generated to identify the reaction kinetics. Result show that
plots have the first order like behavior and reaction occur faster in rate with higher
concentration and ions with larger radius. For example, six aliquots cesium sample can
complete the reaction in less than a day where else the one aliquot lithium requires 90 days to
finish the process. The reaction rate had positive correlation with size of ion, which the trend
is Cs>Rb>K>Na>Li.
Final solution products after two weeks of reaction were also characterized using SAXS
to determine the overall size so the structure of final product can be simulated. What they had
found out was that the sizes for all salt solutions were larger than the Nb10 cluster ions, which
demonstrates some type of aggregation reaction had happened. The result also demonstrated
that the ions larger radii like cesium and rubidium had even larger than lithium, sodium, and
potassium. It can be deduced that for solution with smaller ion such as lithium, sodium, and
potassium, the dimer Nb48 clusters were more likely to form that two Nb24 cluster are linked
together with alkali ion. As for the larger ion, the tetramer Nb96 were formed when four Nb24
cluster were linked together. The deduction was confirmed when the SAXS result for
solution of lithium and Nb10 and simulated Li-Nb24 matched together well, although the
actual data were not as mono disperse as simulated counterpart. The scattering curve of
simulated and actual Nb10 and Li-Nb24 dimer cluster matched well, which can infer the
possible presence of dimer cluster in the system.
In our research, we will follow the similar footstep of observing the reaction between
Nb10 cluster and alkaline salt. However, instead of using chloride salt, we will use the
carbonate salt. The reason for using carbonate salt is that according to the research done by
Fang et al. in 2005 when they tried to synthesize tungsten-based Dawson cluster with yttrium
and sodium carbonate salt. [18] Carbonate ion can link the counter ion like sodium in this case
to the cluster and it can create the basic environment, so it is ideal for allowing the Nb10 to

transform to Nb7 then aggregate to large niobium-based cluster. We are also reporting the
simpler method of synthesizing K-Nb96 cluster compared to prior reports by simply reacting
TMA-Nb10 with potassium carbonate in 4ºC environment.
One example of presence of carbonate in the niobate cluster was demonstrated by
Tsunashima and Leroy in 2010. [19] In their paper, they had reported a giant
[H10Nb31O93(CO3)]23- chiral cluster with potassium as counter ion. The structure was
synthesized by dissolving K7HNb6O19·13H2O and sodium dibenzyldithiocarbamate in 8mL
water and heated up to 200ºC in an autoclave for about three days. Finally, the resulting
solution was evaporated slowly to obtain the crystal. The characterization result shows that
the structure consisted of four Nb(Nb5) units. Two Nb(Nb5) pentagonal building block and a
[Nb(CO3)(Nb5)] where two Nb5 blocks were sharing one niobium center that is coordinated
with carbonate ion, which was confirmed with FTIR spectroscopy. One interesting physical
property of this cluster was that it is a chiral structure, which means it has no symmetry. The
study in the niobium center demonstrated the coordination of Nb5building blocks with
carbonate ions. Center niobium was linked with bidentate carbonate ion by attaching with
two oxygen molecules of carbonate. Four remaining oxygen ligands of the center niobium
allowed two Nb5 blocks to connect together and the entire cluster was connected with crown
type Nb6O6 unit.
While Sures research provided the good insight on how Nb10 cluster would react with
alkaline chloride salt, the cluster structures were evaluated by the simulated SAXS result
instead of single crystal diffraction. This scenario created an issue that the structures
published were behavior in solution state but not in solid state as compounds might have
different formation in different phases. For our research, we will use the X-Ray single crystal
to confirm the overall structure of the final product and check how the counterion and
niobium cluster connect with each other in solid phase. More importantly, we will design a
simple synthesis method that just involves alkali carbonate and decaniobate.

In the experiment, the Nb24 cluster will be mixed with Li, Na, K, Rb, and Cs carbonate
salt and undergo the crystallization process via slow solvent evaporation. pH value will also
be measured after the end of each procedure since the pH value is very important in this
research, considering niobium cluster will have different geometry under different pH
condition. The solid compound will be bulk characterized with powder X-ray diffraction
(PXRD) to check if the solids are crystalline and if they are different from starting Nb10
materials. Then the solid sample will be measured in single crystal to confirm the structure
and the connectivity. As for the solution characterization, we will run the SAXS on the
solution after 24 hours mixing to track the aggregation process and to see if the sizes for
niobium clusters are the same in each solution condition and if they are mono- or
polydisperse. Raman spectroscopy will also be measured to track the reaction kinetics of the
compound before and after crystallization.

Experimental:
Material and Instruments:
Deionized water from Gilbert Hall is used for all aqueous solutions. Isopropyl alcohol
(ACS grade) is purchased from Fischer Scientific and ethanol (HPLC grade) is from
Pharmco. Tetramethylammonium hydroxide solution is from Alfa Aesar. Lithium carbonate
is purchased from Carolina, sodium carbonate is from Macron Fine Chemical, potassium
carbonate is from EMD Chemical, rubidium carbonate is from Alfa Aesar, and cesium
carbonate is from Sigma Aldrich. pH is measured with Mettler Toldedo Seven Compact
pH/ION benchtop meter and it is calibrated with the standard solution with pH=4.0, 7.0, and
10.0.
Synthesis of [(CH3)4N]5H3[Nb6O19]:
100 mL of tetramethylammonium hydroxide (25% w/w) had been charged to the 150
mL beaker and heated on the hot plate to 90ºC with 1000 rpm stirring. 20g of amorphous
Nb2O5 powder were added in small aliquots to allow full dissolution before the addition of

next aliquots and temperature was checked every five minutes to make sure it was maintained
at 90ºC. The process took about three hours to complete. After the addition of all Nb2O5 the
hot plate was turned off to allow the system to be cooled down to room temperature. Once
the solution had been cooled down it was transferred to a large 2L beaker in ice bath and
filled with isopropyl alcohol and left 24 hours under the fume hood for the formation of the
solid compound. The precipitate was later filtered with vacuum and washed with excess
isopropyl alcohol to remove the extra tetramethylammonium and allowed to be dried in air.
Yield: 28.46g.
Synthesis of [(CH3)4N]6[Nb10O28]:
7g of [(CH3)4N]5H3[Nb6O19] was added to 70 mL ethanol in 150 mL beaker and stirred
for 20 minutes. The white suspension was later transferred to the Teflon cup in Parr Reactor
and heated at 140ºC oven for 18 hours. The oven was turned off and the Parr reactor was put
under the fume hood to be cooled down to room temperature. The white solid was filtered
with vacuum and washed with 50 mL ethanol to remove excess tetramethylammonium while
the brown supernatant was discarded. The compound was later put under the hood to be dried
in air and characterized by IR and PXRD. Then it was dissolved in deionized water and
characterized with SAXS and Raman spectroscopy. Yield: 5.00g
Solution Preparation for Lithium Carbonate and [(CH3)4N]6[Nb10O28]:
The 20 mM solution of Nb10 was prepared by dissolving 379.2 mg (0.2mmol) of
[(CH3)4N]6[Nb10O28] in 10 mL deionized water and stir for 2 minutes and the pH value was
measured, which was 7.296. 0.6 mmol (44mg, 120mM) of lithium carbonate was added to the
solution. The equivalence ratio between lithium cation and Nb10 cluster was 6:1. Systems
were stirred for 20 minutes at room temperature then the pH value was measured again,
which was 10.05. 1 mL of solution is separated into a 20 mL vial and put under room
temperature with parafilm on and another 1 mL of solution is separated into another 20 mL
vial and put in a refrigerator at 4 ºC to obtain crystalline solid via slow solvent evaporation.

The remaining solution was characterized by SAXS and Raman spectroscopy. After three to
five days the solid compound formed and was put into a 45 ºC oven overnight to evaporate
the excess solvent. It was characterized by a single X-Ray single crystal and PXRD. Then it
was dissolved in deionized water and characterized with SAXS and Raman spectroscopy.
Solution Preparation for Sodium Carbonate and [(CH3)4N]6[Nb10O28]:
The process was the same as the Lithium sample but done with 64 mg, 0.6 mmol of
sodium carbonate instead. The pH value for this solution system was 10.02.
Solution Preparation for Potassium Carbonate and [(CH3)4N]6[Nb10O28]:
The process was the same as the lithium sample but done with 83 mg, 0.6 mmol of
potassium carbonate instead. The pH value for this solution system was 10.06. After three to
five days, the clear cubic shape crystal and needle shape crystal formed in room temperature
and cubic crystal formed in 4 ºC. All solid compounds were put in the 45ºC oven to remove
excess solvent and characterized.
Solution Preparation for Rubidium Carbonate and [(CH3)4N]6[Nb10O28]:
The process was the same as the lithium sample but done with 138.6 mg, 0.6 mmol of
rubidium carbonate instead. The pH value for this solution system was 9.98. There was no
significant formation of the solid compound for any solid characterization.
Solution Preparation for Cesium Carbonate and [(CH3)4N]6[Nb10O28]:
The process was the same as the lithium sample but done with 195.5 mg, 0.6 mmol of
cesium carbonate instead. The pH value for this solution system was 9.96. After three to five
days, the clear Cs-Nb48 crystal formed and was put into the 45ºC oven to remove excess
solvents and characterized.
Synthesis of K2CO3-Nb10 in 50% v/v water-methanol mix solvent:
100 mL of the mixture was prepared by mixing 50mL of deionized water with 50 mL of
methanol. 758.4 mg (0.4 mmol) of [(CH3)4N]6[Nb10O28] was dissolved with 20mL of mix
solvent in 100 mL Erlenmeyer flask and stirred for 2 minutes. 165.8 mg (1.2 mmol) of

potassium carbonate then was added to the system and white precipitate formed. After
stirring 3 hours at room temperature, the solution was left overnight to make sure the reaction
gets completed and centrifuged with 4000 rpm in three minutes. The supernatant was
separated from the pellet and filtered to remove impurity. Then 15mL of the solution was
separated into a large glass Petri dish and put in room temperature to be crystalized with slow
solvent evaporation and the remaining solution was characterized. One day later the needle
shape crystal formed, was put under fume hood overnight to evaporate the excess solvent and
was characterized.
Powder X-Ray Diffraction:
The compound was loaded onto the sample holder plate and compacted with a
microscope slide glass to make a smooth surface. PXRD was measured in Rigaku Miniflex
600 X-Ray Diffractometer with a Cu-Kα radiation source. 2⍬ angles ranged from 3 to 70º
and the scanning rate was 1º/min. The data were plotted and analyzed with Igor software.
Single crystal X-ray diffraction:
Single-crystal X-ray diffraction data for K-Nb96, KCO3-Nb10, and Cs-Nb24 dimer
samples were collected at 173 K on a Rigaku Oxford Diffraction Synergy-S equipped with a
PhotonJet-S Cu-Kα source (λ = 1.54184 Å) and HyPix-6000HE photon counting detector. All
the images were collected and processed using CrysAlisPro Version 1.171.40.53 (Rigaku
Oxford Diffraction, 2018). After integration, both numerical (Gaussian) absorption and
empirical absorption (spherical harmonic, image scaling, and detector scaling) corrections
were applied. The structure was solved by the intrinsic phasing method from the SHELXT
program, [20] developed by successive difference Fourier synthesis, and refined by full-matrix
least-squares on all F2 data using SHELX in OLEX2 interface.
Small Angle X-Ray Diffraction:
Small-angle X-ray scattering data were collected on an Anton Paar SAXSess instrument
utilizing Cu-Kα radiation (1.54 Å) and line collimation. The instrument is equipped with a 2-

dimensional image plate for data collection in the q=0.018-2.5 Å-1 range. All solutions were
contained in a sealed 1.5 mm diameter capillary tube for SAXS measurements, and data
collection time was 30 minutes. Likewise, background solutions were prepared and measured
for 30 minutes. SAXSQUANT software was used for data collection and treatment
(normalization, primary beam removal, background subtraction, desmearing, and smoothing
to remove extra noise created by the desmearing routine). Differences in scattering intensity in
the high q-range (~q>1 Å-1) from similar solutions are the result of imperfect background
subtraction due to slight differences in capillary thicknesses and overlap between solvent
scattering (increases at high q) and particle/cluster scattering. All data modeling were carried
out utilizing the IRENA macros

[21]

within IgorPro 6.3 (Wavemetrics) software. Scattering

curves were simulated using SolX software. [22] Structural files containing the selected portion
of the solid-state structure were created as P1 .xyz files. Scattering curves were simulated from
the .xyz files, and the simulated scattering was then imported into Irena and treated in the same
manner as experimental data.
Raman Spectroscopy:
Raman spectra were collected on a Thermo Scientific DXR spectrometer with a 780 nm
laser source in the range of 600-1200 cm-1. The data were then plotted and analyzed with Igor
software.

Result and Discussion:
Solution Characterization of Alkali-Nb24 clusters:
The SAXS and Raman Spectroscopy for all alkali carbonate- Nb10 reaction solution was
measured and compared to the previous study done by Sures et al. [17] We mixed 10 mL of 20
mM of TMA-Nb10 solution with 120 mM alkali carbonate that the ratio between alkali ion
and Nb10 cluster was 6:1. We separated some amount solution for crystallization via slow
evaporation while the remaining solutions were monitored after a week from the beginning of
the crystallization process with SAXS and Raman spectroscopy to observe the change in

geometry of niobium cluster. The final pH for all reaction solutions was around 9.96 to 10.05,
which was ideal for Nb10 to change to Nb7 intermediate for the aggregation process to form
Nb24 cluster.
SAXS curves for all alkali carbonate-Nb10 reaction solutions are presented in figure 6
and they demonstrate strong scattering for all species. The clusters solution is monodisperse
as proven by the plateau at low q (below q= 0.06 Å-1) and well define Guinier regions
(between q= 0.1 – 0.7 Å-1). Size of the Nb cluster from the scattering curve agreed well with
Sures’ results that showed that the size of clusters increases with ionic radii of alkalis. When
compared to the simulated scattering curve of Nb24 monomer and dimer, we can see that for
small ion such as lithium, sodium, and potassium the cluster is mostly monomer based on the
location of the elbow in the Guinier regions, which the q value is around 0.2-0.3 Å-1. As for
the large ion like rubidium and cesium, the q value gets smaller as the position of elbow
moves toward 0.15 to 0.25 Å-1 and the intensity of scattering also gets greater. The overall
aggregation of the cluster for Rb2CO3-Nb10 and Cs2CO3-Nb10 suggests a mixture of monomer
and dimer of Nb24 clusters. The overall sizes of the cluster follow the periodic trend that
Cs>Rb>K>Na>Li.

Figure 6. SAXS Curve for all alkali carbonate -Nb10 reaction solution and simulated Nb24 and Nb24
dimer. The size of the clusters grow as ionic radii for alkali get larger. The overall size of Rb2CO3Nb10 and Cs2CO3-Nb10 clusters is somewhere between monomer and dimer.

Raman spectroscopy shown in figure 7 of the alkali carbonate- Nb10 cluster also
demonstrates the change in the overall geometry. TMA-Nb10 compound dissolved in the
water sample has two strong peaks in Raman shift in 940 cm-1 and 750 cm-1. After the
reaction process between alkali carbonate and TMA-Nb10 is completed, the 940 cm-1 peak
diminishes and shifts into a more intense peak at 900 cm-1 which is related to terminal-oxo of
Nb24 units or terminal-oxo of Nb7 subunits which are the main building block for Nb24 and
two less intense peaks at 950 cm-1 and 750 cm-1 that are related to tetramethylammonium
counter ions.[16] The pH range is ideal for Nb7 to aggregate, so it can be assumed that since
Nb7 is Nb6 with extra niobium oxide and serves as the building block for Nb24 cluster, we
might be able to observe similar stretch hence the peaks in Raman shift in the Nb24 cluster.

Figure 7. Raman Curve for all alkali carbonate -Nb10 reaction solution. Nb10 turns into Nb24 for all
samples.

Structural Description and Characterization of K-Nb96
We separated a small amount of alkali carbonate- Nb10 solutions (about 1mL) into 20
mL vials and put in the room temperature and 4ºC environment for three to five days to get
crystal with slow solvent evaporation. As a result, only potassium and cesium solution yield
crystal whereas other samples that form some amorphous gel. The solid compound for
rubidium sample is so tiny that any solid characterization is impossible. Figure 8 shows the
cubic shape crystal of K-Nb96, which form in 4ºC environment and the structure of the crystal

is presented in figure 9 the full formula is Kx[Nb24O72Hy]4.ZH2O which (X+4Y= 96), in the
first refinement that we have already done on the crystallography data, X= 19, and Z= 27,
this structure needs more refinements to finalize the formula. We name this structure as KNb96 in the rest of this report. It is basically a tetramer where four Nb24 clusters linked
together with potassium counterion in the middle. A similar cluster had already been reported
by Huang et al, in their research article mentioned in the introduction section above. [14]
However, just like the steps described in the introduction section, the synthesis process that
Huang et al, have provided to obtain the K-Nb96 tetramer is very complicated, needs lots of
chemicals, also required three weeks to complete. What we are reporting here is a simple
alternative method to yield the same structure just by simply mixing Nb10 and potassium
carbonate and put into the 4ºC refrigerator environment. It is an easy process that is
reproduce able and we are able to get a high percentage of yield (75%) and produce a large
quantity of material in a short amount of time.

Figure 8. Image of the cubic shape of K-Nb96 crystal taken from the optical microscope.

Figure 9. Polyhedral representation of K-Nb96 structure.

As for the bulk characterization of the K-Nb96 cluster, the PXRD pattern for the sample
crystal and the simulated result is shown in figure 10. Even though the actual data is quite
noisy due to the excess unevaporated solvent in the sample, the overall positions for peaks
still match very well with the simulated K-Nb96 structure.

Figure 10. PXRD pattern of K-Nb96

Figure 11 and 12 shows the SAXS and Raman spectra for the solution characterization
of the K-Nb96. We dissolved the crystalline compound in water to compare the behavior of
the pure cluster to the reaction solution. SAXS curves for K-Nb96 solution before and after the

crystallization are almost identical to the simulated Nb24 monomer curve, which means that
once dissolve in water, the tetramer cluster will revert back to monomer. It also means KNb96 only forms upon crystallization and tetrameric unit is stable in the solid form (based on
the PXRD results), Nb24 units are stable in both reaction solution and after dissolving the
crystals in water. Raman curves are another evidence that the Nb24 unites are stable in the
reaction solution and dissolved final crystals. In figure 12, the Raman spectra of the TMANb10 solution has two characteristic peaks at 750 cm-1 and 940 cm-1 which are related to
tetramethylammonium and niobium-oxygen vibration of Nb10 respectively. While the most
intense peak for K-Nb96 reaction solution has three peaks at 750 cm-1, 900 cm-1, and 950 cm-1
that means all the Nb10 units have been converted to Nb24 unites (or Nb7 units which are the
subunits of Nb24) by shift the 940 cm-1 peak position to 900 cm-1 because the peak in 900 cm-1
is the characteristic peak of Nb24 (or Nb7). The Raman spectra of the K-Nb96 dissolved in
water (shown in green color) has the 900 cm-1 characteristic peak of Nb24 which proves that
the Nb24 unites are stable after dissolving K-Nb96 crystals in water and there is not any sign
of tetramethylammonium peaks in this Raman spectrum which shows the K-Nb96 crystals are
pure and only crystallized with potassium counter ion.

Figure 11. SAXS curve for K-Nb96 reaction solution and K-Nb96 crystal dissolves in water compare to
simulated result.

Figure 12. Raman spectra for K-Nb96 reaction solution and K-Nb96 crystal dissolves in water with
Nb10 in water.

Structural Description and Characterization of KCO3-Nb10:
We obtained the novel needle shape crystal from both aqueous and mixed solvent
(Water/methanol, 50% v/v) conditions. The isolated niobium cluster has a unique structure
that is a new representation of Nb10. The main cluster formula is (TMA)6K6[Nb10O25(CO3)6].
X H2O, (TMA= tetramethylammonium), we name it Nb10O25(CO3)6 sheet in the rest of the
report. In pure water, we isolate this structure at room temperature (RT); however, the cubic
shape crystal of K-Nb96 can be found in the 4ºC environment. We get the needle shape
crystals, Nb10O25(CO3)6 sheet in the RT and cubic shaped crystals in 4 ºC, which are K-Nb96.
For the control experiment, we left the vial of K-Nb96 crystals in the RT; after several days,
a lot of needle shapes crystals grow in the vail and around the cubic shape crystal as well. It
means the needle sheet crystals are temperature-sensitive, and they will form only at the room
temperature setting.

We synthesized the same crystal in 50% v/v water-methanol mix solvent because methanol
allows the solvent to evaporate faster in order to yield the crystal faster. While the Nb10
entirely dissolved in the mixed solvent, the white precipitate formed while the potassium
carbonate was added to the system. The solution was later centrifuged, and the clear
supernatant was separated and filtered from the pallet for the crystallization process in the
large glass petri dish since we need a large surface area to allow the solvent to evaporate
faster. After one day, pure needle shape crystals grow in the dish. The crystals were
characterized with single-crystal X-ray diffraction, and it was Nb10O25(CO3)6 Sheet structure.
Unfortunately, such crystals are fragile and temperature-sensitive, so the crystals would melt
in temperature that is above room temperature, which means it’s hard to harvest the crystal
for solid bulk characterization.

Figure 13. (a) Needle shape Nb10 O25(CO3)6 crystal grows around cubic shape K-Nb96 Crystal. (b)
Pure needle shape Nb10 O25(CO3)6 crystal grows in the mixed solvent condition.

Still, the X-Ray single crystal is a feasible method to characterize the needle shape
crystals, in which the characterization process reveals that this is a new type of presentation
for Nb10 cluster different from the TMA-Nb10 starting material that has not been reported.
Nb10O25(CO3)6 is in a tetragonal system with the space group of P21/n. In the monomer
building unit of Nb10 O25(CO3)6, three additional niobium oxides attach to the outside of the
main Nb7 block and they are in the pentagonal bipyramid geometry. Six carbonate groups
connected to each cluster link the clusters together with the potassium counterion bridge. A

two-dimensional coordination cluster is made with the connection of these Nb10 unites
together. This type of connectivity provides a good opportunity to create a new type of
niobium-based Metal-Organic Framework (MOF) for more variety of applications that the
carbonate ligand can be exchanged to terephthalic acid or any dicarboxylic with long benzene
chain. It would be a great opportunity as creating a niobium-based MOF structure has proven
to be impossible in the past due to the high negative charge of the niobium-oxo cluster. While
the monomer units of Nb10O25(CO3)6 formed in water and mixed solvent are the same, how
the Nb10O25(CO3)6 units connect to each other is quite different. In Figures 14a and 14b, we
color-coded the monomers units to demonstrate the orientation of the Nb10O25(CO3)6 cluster.
The products which form in water, the upward and downward cluster are attached right next
to each other. However, the products which form in the mixed solvent, the upward and
downward are linked together and make the dimeric units that form like the zig-zag
formation that upward clusters occupy one row and downward clusters occupy another. The
head of both orientations connects with each other with the potassium bridges via the
carbonate linker.

Figure 14. (a) Polyhedral representation of (Nb10O25(CO3)6) structure from pure water. (b) Polyhedral
representation of (Nb10O25(CO3)6) structure from mix solvent. Building blocks are color-coded that
those points upward are green, and those points downward are pink. (c) View of a single cluster of the
(Nb10O25(CO3)6) phase, the blue color units are three niobium with pentagonal bipyramid geometry
that two carbonate groups are connected to each of these niobium units, and each niobium unit is
connected to the main Nb7 block via two corner -shared oxygens. Six potassium atoms are located
around each unit and make connections to the other (Nb10O25(CO3)6) groups to form the complete 2D
coordination structure.

Like the Nb96 crystal, we also dissolved the Nb10O25(CO3)6 sheet crystal in water and
did the solution characterization to see how the cluster behaves before and after the
crystallization process. From the SAXS data presented in figure 16, we see the presence of
Nb10O25(CO3)6 dimer in both reaction solution of mixed solvent and the dissolution of 2D
coordination structure crystal in the water plus the simulated Nb10O25(CO3)6 dimmer curve. It
shows that in the reaction solution, the dimer Nb10O25(CO3)6 unit forms, which will grow up
and make the 2D coordination cluster in the solid form, but after dissolving the crystal in
water the 2D structure breaks down to the dimer units which is a favorable type of
presentation for the new Nb10O25(CO3)6 cluster. The scattering curves of these dimer units
are agreed with the simulated dimer unit from single-crystal data. In the Raman spectroscopy
shown in figure 17, we compare the Raman spectra of the original TMA-Nb10 in the mixed
solvent, reaction solution of Nb10O25(CO3)6, and solution after dissolving the Nb10O25(CO3)6
sheet crystal in water. As we mentioned above about the Raman spectra of the TMA-Nb10
solution in water; TMA-Nb10 dissolved in the mixed solvent has the same two characteristic
peaks at 750 cm-1 and 940 cm-1 (shown in green in figure 17). After adding K2CO3 to this
solution, the 940 cm-1 peak shifts to 900 cm-1, which can be signed for transferring the Nb10
to Nb7 unites that are subunits for Nb10O25(CO3)6 as well (red spectrum), after isolating the
Nb10O25(CO3)6 needle-shaped crystals we dissolved them in water, and the related Raman
spectrum is similar with the reaction solution, that means the Nb10O25(CO3)6 cluster is stable
in water, and the Raman peak positions are matched with Nb7 subunits plus two main peaks
at 750 cm-1, and 950 cm-1 related to tetramethylammonium molecules in between the 2D
coordination layers made of Nb10O25(CO3)6 unites in this structure.

Figure 15. View of the Nb10O25(CO3)6 dimer units isolated in the mixed solvent

Figure 16. SAXS curve for Nb10 O25(CO3)6 dimer units isolated in the mixed solvent dissolved in
water (blue), reaction solution (green), and simulated Nb10 O25(CO3)6 dimer units (red).

Figure 17. Raman spectra of TMA-Nb10 in the mixed solvent (green), TMA-Nb10 +K2CO3 reaction
solution in the mixed solvent (red) and Nb10 O25(CO3)6 crystals isolated in the mixed solvent and
dissolved in water (black)

Structural Description and Characterization of Cs-Nb24 Dimer:

Figure 18. Image of Cs-Nb24 crystal taken from an optical microscope.

Cesium carbonate dissolved in TMA-Nb10 is the final sample that yields promising
crystal result {(TMA) CsxHy[Nb24O72(CO3)]}2. zH2O, (x+y=26), and we named it as (CsNb24 dimer) in the rest of the text. After two to three days, the crystal forms in both room

temperature and 4ºC environment from the solution of Cs2CO3 and TMA-Nb10 as shown in
figure 18. Cs-Nb24 dimer is crystallized in the triclinic with the space group of P1&. As shown
in figure 19 a, the single-crystal X-ray diffraction data shows that the main cluster is the CsNb24 dimer that each dimer is a sandwich structure made of two main Nb24 clusters that are
attached together via the cesium counter ions in between, tetramethylammonium, and
carbonate molecules are other counter ions around the Cs-Nb24 dimer. Then each dimer unit
is connected to the neighbor dimer clusters via the cesium counterions (figure 19 a). PXRD
curve of Cs-Nb24 dimer in figure 20 is once again very noisy due to the unevaporated solvent
left in the compound. However, we are still able to identify the most intense peak and it
matches well with the simulated data. The low degree of angle once again suggests that the d
spacing for the cluster is large; therefore the dimension for the crystal is also large.

Figure 19. (a) polyhedral representation of the Cs-Nb24 dimer structure. Each color represents
different dimers in the lattice system. (b) View of a single dimer of the lattice

Figure 20. PXRD curve for Cs-Nb24 dimer

To study the behavior of the clusters in solution before and after isolating the Cs-Nb24
dimer, we dissolve the Cs-Nb24 dimer crystal in water. SAXS curve presented in figure 21,
however, shows different behavior than the K-Nb96 samples. In the case for Cs-Nb24 dimer,
formed in the solution that is more Nb24 monomer unit after crystallization, the Nb24 dimer
units formed and these dimer units are stable in solid and solution phase. SAXS results prove
that Cs-Nb24 dimer clusters dissolved in water do not turn into the monomer and the related
curve matches with the Cs-Nb24 dimer simulated curve, as demonstrated in figure 21. The
green curve of the Cs2CO3-Nb10 solution reaction matches with the Nb24 monomer simulated
curve while the blue curve of the Cs-Nb24 crystal solution matches well with the simulated
dimmer curve. This behavior shows that the dimer formation is favorable for the Cs-Nb24
crystal when dissolved in water. We have done the Raman study in figure 22, we once again
observe the Nb10 peak at 948 cm-1 splits into high intensity 900 cm-1 peak and low intensity
950 cm-1 peak as Nb10 converts to Nb24 when reacting with cesium carbonate and the
stretches of terminal-oxo connected to the niobium can be identified from the Raman
scattering.

Figure 21. SAXS curve for Cs-Nb10 solution reaction (green) and Cs-Nb24 dimer crystals dissolve in
water (blue) and the simulated scattering curves related to the monomer Nb24 units (red) and dimmer
Nb24 (brown)

Figure 22. Raman curve for TMA-Nb10 (red), Cs-Nb10 solution reaction (blue) and Cs-Nb24 crystal
dissolve in water (black)

Conclusion:
In this research, we are able to present the periodic trend of interaction between alkali
carbonate and TMA-Nb10 cluster, three different niobium cluster crystal structures, an easier
method of synthesizing Nb96 cluster, and isolate new geometry for Nb10 cluster. From mixing
the alkaline carbonate with decaniobate, we can observe how the TMA-Nb10 cluster reacts
with alkali carbonate using the instrument such as SAXS and Raman spectroscopy to see the

change and aggregation of niobium oxide cluster in aqueous and mixed solvent condition.
The size of the result product cluster fits well with our hypothesis that large ion is more likely
to form Nb24 dimer with Nb10 in solution condition compare to the smaller ion, which is more
likely to form nb24 monomer in the reaction solution system.
While lithium, sodium, and rubidium samples do not yield the crystal structure and more
research needs to be done to understand reason for such behavior, potassium and cesium
carbonate create promising crystal structure especially the novel Nb10 O25(CO3)6 needle
shape crystal with new kind of geometry for Nb10 cluster that might have promising
application in the new type MOF synthesis. The simpler method of acquiring the K-Nb96
crystal provides the opportunity for making large quantity of such material in a short amount
of time for application in hydrogen evolution. Solution characterizations for each crystal
show how the solid compound behaves in the solution phase before and after the
crystallization. The solution study allows us to see what kind of formation is favorable in the
solution phase. Potassium crystal tends to be monomer in the solution where else the cesium
crystal remains in the dimer formation compared to the monomer cluster for reaction
solution.
In summary, this research first provides the periodic trend on the interaction between the
alkaline carbonate with TMA-Nb10 clusters and then presents two novel structures of Nb10
O25(CO3)6 and Cs-Nb24 dimer plus a simple method for obtaining the K-Nb96 tetramer
cluster. With the discovery of the new material, we can explore more potential in the
application of niobium clusters in the field of medical or renewable energy, which can bring
great benefit to our society.
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