Exploration of stable, mixed metal oxo clusters:
a step towards atomically precise doping
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Metal oxo clusters are very interesting materials as they can be considered the smallest conceivable
nanocrystal prototypes. In comparison with nanocrystals, they are atomically precise, meaning
that they have a polydispersity of zero. Therefore, they are suitable materials as building blocks of
complex structures. In an attempt to gain control on the doping levels of nanocrystals, one could
envision the use of doped metal oxo clusters as seeds for the nanocrystals. Unfortunately, they
have been scarcely studied. Here we study, computationally using Quantum Espresso, how stable
these mixed clusters with zirconium (Zr), hafnium (Hf) and cerium (Ce) metals are, compared to
the monometallic clusters. First, we optimized the calculation parameters and found that a 3x3x3
k-mesh is enough to obtain accurate results combined with an ecutrho of 50 and an ecutwfc of 350.
Afterwards, we studied bimetallic mixed clusters (ZrCe and HfCe) and found that all of them are
more stable compared to the monometallic cluster except ZrCe5, HfCe5. When mixing Zr and Hf,
only the Zr4Hf2, Zr3Hf3 mer and ZrHf5 complex are more stable compared to the monometallic
cluster. However, the differences are small. Finally, we studied the mixed clusters with all three
metals inside and found that all mixed clusters are more stable compared to their monometallic

counter parts.

I. INTRODUCTION

Group 4 metal oxo clusters (0.5 nm) are an interesting
alternative for their bigger analogues, which are group
4 metal oxo nanocrystals (5 nm). They are atomically
precise meaning that they exhibit a polydispersity of
0 and can be synthesized relatively easier by mixing a
metal alkoxide with an excess carboxylic acid at room
temperature.[1] Clusters under study consists of an oc-
tahedral core with 6 metal atoms on the edges and 8
oxygen atoms in the triangular planes in between the
metal atoms. The core itself has a nearly identical struc-
ture to that of a cubic unit cell of bulk zirconium ox-
ide. Their surface is capped with organic ligands, mainly
short and rigid carboxylic acids.[2, 3] Therefore, these
clusters can be regarded as hybrid objects, similar to
nanocrystals since they consist of an inorganic core (pro-
viding physical properties) capped with an organic lig-
and shell (providing chemical properties). On the other
hand, the nanocrystals are usually synthesized at very
high temperatures (>250°C) and exhibit a polydispersity
of 5% in the best cases.[4—6] The clusters can be used as
polymer fillers[7, 8], catalysts[9, 10], complex porous 3D-
structures[11, 12], and photo UV resists.[13, 14] More-
over, they can be used as nucleation centers in nanocrys-
tal synthesis enabling unprecedented size control.[15, 16]
From this, one could envision the use of doped clusters
as nucleation seeds as this would simultaneously allow
for size control and dopant control. So far, the latter
remains a challenge in the nanocrystal world. Though
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FIG. 1. Structure  of metal oxo  cluster
(MgO4(OH)4(CH3COO)12, where M = Zr/Hf/Ce) capped
with acetate ligands. The MgOg core is shown on the right.
Cyan atoms represent either zirconium, hafnium or cerium;
all other atoms follow conventional CPK coloring.

mono metallic clusters of zirconium, hafnium and cerium
have been reported, the mixed metal clusters have been
barely studied. In order to gain some insight, we hereby
calculated bimetallic and trimetallic mixed metal clusters
to discover which structures are viable options. This will
give us a better insight as to which structures are the-
oretically plausible and can be exploited experimentally
in laboratories.

II. BASIS SET OPTIMIZATION

In order to perform density functional theory calcu-
lations using quantum espresso, we have to optimize
the basis set and other calculation parameters such as
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FIG. 2. k-mesh, ecutwfc and ecutrho optimization of zirconium, hafnium and cerium oxo clusters.

ecutrho and ecutwfc to obtain reliable results. For Zr6
clusters, we started with the k-mesh optimization rang-
ing from 1x1x1 to 8x8x8. Subsequently, the ecutwifc
was changed from 10-80 in steps of 10 while keeping
the ecutwfc/ecutrho ratio constant at 7. Finally, the
ecutwfc/ecutrho ratio was varied from 4-10. The ob-
tained parameters are plotted in figure 2. Once the
optimized values were obtained, they were tested for
both Hf6 and Ce6 clusters. Since the total energy is
not a very sensitive unit to check the convergence, we
tracked the pressure. The inorganic clusters are typically
capped with organic ligands, therefore twelve acetate lig-
ands per cluster were also added during the optimiza-

tion/calculation. A typical cluster is displayed in figure
1.

A. Basis set optimization zirconium oxo clusters

From figure 2, it is clear that the pressure is stable
(4- 1 kbar) from the 3x3x3 k-mesh onwards. Therefore,
this value was chosen for further calculations. It is not
surprising that a small k-mesh is sufficient since the unit
cell of our system is relatively big which makes the first
Brioullin zone small. For the ecutwfc optimization, the
pressure is stable from 47 and above. The value 47 was
obtained as the proposed ecutwfc in the basis set file.
For convenience, we chose ecutwfc = 50 and continued
further. The ratio between ecutrho and ecutwfc does not
seem to have much influence on the pressure. However,
since this would not drastically increase the calculation

time, we opted to go for a safe ratio of 7.

B. Basis set optimization hafnium oxo clusters

Since the parameters were already optimized for Zr6
clusters, we used only a few calculations to show that
these parameters are also valid for Hf6 clusters. The
k-mesh was varied between 3x3x3 and 7x7x7. ecutwfc
was varied between 40-60 in steps of 10 and finally, the
ratio between ecutrho and ecutwfc was varied between
6-8. It is clear from figure 2 that the k-mesh and the
ecutrho/ecutwfc ratio do not show a great effect on the
pressure. The ecutwfc on the other hand, only seems
to give stable results from 47 or higher. Therefore, we
concluded that the parameters found for Zr6 clusters are
also valid for Hf6 clusters.

C. Basis set optimization cerium oxo clusters

For Ce6 clusters, the same smaller optimization pa-
rameters were calculated as for Hf6 clusters. The con-
clusions are exactly the same as can be seen in figure 2.
Thus, the optimized parameters for Zr6 cluster can be
used here as well.



III. BIMETALLIC CLUSTERS

Once the optimized parameters were obtained, mixed
metal clusters were calculated. Three different types of
mixed clusters were calculated Zr-Hf clusters, Zr-Ce
clusters and Hf-Ce clusters, respectively. In order to
obtain the delta H for the formation reaction of mixed
clusters compared to the formation of pure metal clus-
ters, the balanced chemical equations were taken into
consideration. (e.g. for Zr5Hf clusters in figure 3).

5716 + Hf6 ——> 6 Zr5SHf

AH = [6*Ey,sp¢] - [(5*Ez6) + (Egyge)]

FIG. 3. Schematic that shows how the values for delta H were
obtained from the balanced chemical equation (top) and the
calculation (bottom). In order to obtain the formation energy
for one cluster, the calculated value was divided by 6.

If the value for delta H was negative, the mixed clus-
ter is more stable compared to the monometallic clusters.
For the bimetallic clusters, there are several options for
the cluster to position both metals. For the M1xM2y
clusters with x=1 and y=>5, only 1 conformation is dis-
tinguishable since the other positions are equal due to
the symmetry of the octaeder. When x=4 and y=2 or
vice versa the metals can be arranged in either a cis or
a trans configuration. Finally, when x=y=3 again, 2 dif-
ferent structures can be obtained, which are labelled fac
and mer.

A. Mixed zirconium-hafnium clusters

Since Zr and Hf are so similar, the difference for dif-
ferent cluster compositions was expected to be smaller
(Table I). The ionic radii of zirconium and hafnium in
clusters are nearly the same (Zrd4+ = 78 ppm, Hf4+
= 79 ppm). This appears in the delta H difference of
Zr-Hf clusters compared to the Zr-Ce or Hf-Ce clus-
ters. For x=4 and y=2, the cis conformation is more
stable for Zr4Hf2 clusters, and the trans configuration
is more stable for the Zr2Hf4 clusters. However, the
difference is relatively small - 0.14 kJ/mol for both com-
plexes. For the x=y=3 configuration, the mer configura-
tion is more stable by 1.4 kJ/mol (Figure 4A). By looking
at the Boltzmann equation, one can calculate the ratio
between 2 or more stable conformations based on the
energy difference.[17] Therefore, based on the energy dif-
ference of 0.14 kJ/mol, a mixture of 51% cis Zr4Hf2 and
49% Zr4Hf2 trans is expected. Since the Zr2Hf4 and
the Zr3Hf3 fac clusters are less stable compared to the
monometallic cluster, this calculation would be obsolete.

TABLE I. Enthalpy of formation of mixed zirconium-hafnium
clusters.

ZrxHfy Isomer AH (kJ/mol)
76 - 0
Zr5Hf - 1.15
Zr4Hf2 cis -0.90
Zr4Hf2 trans -0.76
Zr3Hf3 fac 0.11
Zr4Hf2 mer -1.30
Zr2Hf4 cis 1.16
Zr2Hf4 trans 1.30
ZrHf5 - -0.90

Hf6 - 0

B. Mixed ziconium-cerium clusters

Interestingly, all mixed metal clusters are more sta-
ble compared to the monometallic clusters except for the
ZrCeb5 cluster, which has a positive delta H (4.1 kJ/mol)
(Table IT & Figure 4B). For x=4 and y=2 conformers,
the trans complex is more stable in both cases, by 10.4
and 18.5 kJ/mol for the Zr4Ce2 and Zr2Ce4 clusters,
respectively. For the x=y=3 mixed clusters, the fac con-
former is more stable. Since the energy differences are
bigger for the Zr-Ce mixed clusters, the relative ratios
show that most of the complexes will be in the most sta-
ble form. The Zr4Ce2 cluster is expected to be 98.5%
in its trans conformation. The Zr3Ce3 cluster is ex-
pected to be 96.3% in its fac conformation. Finally, the
Zr2Ce4 clusters will almost exclusively be in their trans
conformation (99.9%).

TABLE II. Enthalpy of formation of mixed zirconium-cerium
clusters.

ZrxCey Isomer AH (kJ/mol)
7r6 - 0
Zr5Ce - -8.42
Zr4Ce2 cis -5.84
Zr4Ce2 trans -16.22
Zr3Ce3 fac -15.27
Zr4Ce2 mer -7.19
Zr2Ce4 cis -19.65
7Zr2Ce4 trans -38.14
ZrCeb - 0.70
Ceb - 0

C. Mixed hafnium-cerium clusters

Again, all mixed metal clusters are more stable com-
pared to monometallic clusters except the HfCe5 cluster,
which has a positive delta H (3 kJ/mol) (Table III & Fig-
ure 4C). This shows that most of these mixed metal clus-
ter formations are thermodynamically favourable. Fur-
thermore, when comparing the cis and trans conforma-
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FIG. 4. Energy level diagram of (A) zirconium-hafnium, (B) zirconium-cerium and (C) hafnium-cerium mixed bimetallic oxo
clusters. The corresponding structure of octadaer is also provided

tion of the x=4 and y=2, some interesting differences
are observed. For the Hf4Ce2 cluster, the trans con-
former is more stable by 11 kJ/mol.
for the Hf2Ce4 cluster, the cis conformer is more stable
(17 kJ/mol). For the x=y=3 case, the mer conformer is

On the contrary,

more stable. Even though Zr and Hf are considered twin
metals due to the lanthanide contraction, they exhibit
different reactivity when mixed clusters with cerium are
formed.
ration which is more stable, whereas in HfCe clusters,

In ZrCe clusters, it is twice the trans configu-



it is once the trans and once the cis configuration that

is more stable.

Also for the x=y=3 state, the fac con-

former is more stable for Zr-Ce clusters in contrast to

the mer conformation for Hf-Ce clusters.

For the Hf-

Ce clusters, the difference is even larger compared to the
Zr-Ce clusters. This results in the main fraction of the
conformations being in the most stable form (>99%).

TABLE III. Enthalpy of formation of mixed hafnium-cerium
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HfxCey Isomer H (kJ/mol)
Hf6 - 0
Hf5Ce - -28.86
Hf4Ce2 cis -13.21
Hf4Ce2 trans -1.99
Hf3Ce3 fac -13.14
Hf4Ce2 mer -27.46
Hf2Ce4 cis -18.55
Hf2Ce4 trans -35.62
HfCeb - 3.00
Ceb - 0

IV. TRIMETALLIC CLUSTERS

As the number of metals increases, the number of pos-
sible isomers increases (Figure 5A). The possible ratios
of x,y and z are 2:2:2, 1:1:4 and 1:2:3. Five isomeric
structures are possible for Zr2Hf2Ce2 clusters, namely
cis, trans, Zr-trans, Hf-trans and Ce-trans. When met-
als hold the ratio 1:1:4, six different structures need to
be considered. Interestingly, when the ratio of metals
is 1:2:3, eighteen isomers can be obtained. Due to time
constraints, 3 of the 29 calculations, namely ZrHf2Ce3
complex 3, ZrHf3Ce2 complex 3, and Zr3HfCe2 com-
plex 3 couldn’t be included since they didn’t converge
even after 200 iterations. The enthalpy of formation for
every structure is negative, indicating all the trimetallic
zirconium-hafnium-cerium mixed oxo clusters are stable
compared to their corresponding monometallic ones (Ta-
ble IV & Figure 5B). It is quite surprising to observe that
the enthalpy of formation of isomers having exactly one
cerium atom has similar energy. As the number of cerium
metal raised to two or three, the energy differences be-
tween isomers are quite high. Moreover, for the 1:2:3
ratio complexes they all have at least 1 isomer which has
a formation enthalpy of approximately -30 kJ/mol. This
indicates that it might be very challenging to obtain a
single isomer with 1 specific ratio experimentally.

V. CONCLUSION

We were able to successfully optimize the basis set
parameters for all three different metal complexes. By
changing the k-mesh, ecutwifc and ecutrho, we found that
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FIG. 5. (A) Possible structures of zirconium-hafnium-cerium
trimetallic clusters. For 2:2:2, all possible structures are
shown. For 1:1:4, four more structures are possible by chang-
ing the relative ratio of the metals. Similarly, for 1:2:3, chang-
ing the ratio results in 15 more structures. (B) Energy levels
of Zr-Hf-Ce trimetallic clusters.

stable values for the pressure were obtained when the
k-mesh is 3x3x3, ecutwfc is 50 and the ecutrho is 350.
The ratio between ecutwfc and ecutrho was kept at 7
even though stable results were obtained with lower ra-
tios since this does not affect computational time drasti-
cally. Afterwards, several bimetallic and trimetallic clus-
ter complexes were calculated with these optimized pa-
rameters. For the bimetallic clusters, it was clear that
the differences for ZrHf clusters were smaller as com-
pared to the mixed ZrCe and HfCe clusters. This is
due to the similar ionic radii, which are 0.84 pm for Zr
and 0.83 pm for Hf. Therefore, when cerium (ionic radius
is 97 pm) is mixed with another metal in the cluster, the
lattice mismatch might have a bigger effect on certain
isomers resulting in a bigger energy difference. For ZrHf



TABLE IV. Enthalpy of formation of mixed zirconium-
hafnium-cerium clusters.

ZrxHfyCez Isomer AH (kJ/mol)
Zr2Hf2Ce2 cis -28.00
Zr2Hf2Ce2 trans -16.15
Zr2Hf2Ce2 Zr trans -6.30
Zr2Hf2Ce2 Hf trans -1.31
Zr2Hf2Ce2 Ce trans -25.20
ZrHfCe4 complex 1 -19.10
ZrHfCe4 complex 2 -36.87
ZrHf4Ce complex 1 -6.42
ZrHf4Ce complex 2 -5.23
Zr4HfCe complex 1 -8.43
Zr4HfCe complex 2 -9.52
ZrHf2Ce3 complex 3

ZrHf2Ce3 complex 4 -27.17
ZrHf2Ce3 complex 5 -4.79
ZrH{3Ce2 complex 3

ZrHf3Ce2 complex 4 -14.68
ZrH{3Ce2 complex 5 -27.56
Zr2HfCe3 complex 3 -13.51
Zr2HfCe3 complex 4 -27.07
Zr2H{Ce3 complex 5 -4.91
Zr3HfCe2 complex 3

Zr3HfCe2 complex 4 -14.60
Zr3HfCe2 complex 5 -26.96
Zr2Hf3Ce complex 3 -28.39
Zr2Hf3Ce complex 4 -28.28
Zr2Hf3Ce complex 5 -28.37
Zr3HfCe2 complex 3 -28.26
Zr3HfCe2 complex 4 -28.15
Zr3HfCe2 complex 5 -28.16

clusters, the cis isomers seem to be more stable compared
to the trans isomers. However, the energy difference is
relatively small. A second observation is that both the
Zr5Hf and the Zr2H4 clusters do not seem to be viable
options as they do not exhibit a negative formation en-
thalpy. When cerium is added, we couldn’t elucidate a
trend on the stability of isomers. An interesting observa-
tion that can be exploited experimentally while doping
is that for both the ZrCe and the HfCe clusters, all but
one isomer have a negative formation enthalpy indicat-
ing that they are viable complexes. The ZrCe5 and the
HfCe5 clusters on the other hand do not seem to be fea-
sible clusters based on their positive formation enthalpy.
Interestingly, when all 3 metals were mixed into a cluster,
all combinations gave negative formation enthalpies indi-
cating that they can be formed. However, a clear trend
could not be observed and should be studied in more de-
tail. Remarkably, the clusters with a 1:2:3 ratio all have

at least 1 isomer, which seems very stable compared to
the monometallic clusters (approx. -30 kJ/mol). This
indicates that it will be challenging to obtain one single
isomer of a specific metal ratio experimentally since most
of them seem very stable compounds. Finally, it has to
be noted that while these observations are interesting,
more experimental data is needed. We show here which
isomers are thermodynamically favourable but this does
not mean that they are kinetically feasible, as not all of
the metal precursors will react with the same speed. Ad-
ditionally, all calculations are performed at 0 K, which is
also a big difference between the theoretical and exper-
imental approaches. Despite these considerations, the
calculations gave us a first insight as to which isomers
can be formed. The molar ratios for experimental clus-
ter synthesis can be easily elucidated from the energy
profiles, and the hunt to mixed metal oxo clusters which
can be used as nanocrystal templates is on.
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Appendix A: Computational calculations

The projector augmented wave (PAW) approach was
applied in combination with the Perdew-Burke-Ernzerhof
(PBE) approximation for the exchange-correlation func-
tional during the density functional theory calculations
using Quantumespresso.[18-21] A 3x3x3 k-mesh was used
in all calculations together with an ecutwifc of 50 and and
ecutrho of 350. We used the following pseudo potentials
obtained from http://www.quantum-espresso.org:

TABLE V. Enthalpy of formation of mixed hafnium-cerium
clusters.

Atom Pseudo potential
Zr Zr.pbe-spn-kjpaw,sl.1.0.0.U PF
Hf Hf.pbe-spn-kjpaw,sl.1.0.0.U PF
Ce Ce.pbe-spdn-kjpaw,sl.1.0.0.U PF
O O.pbe-n-kjpaw,sl.1.0.0.UPF
C C.pbe-n-kjpaw,sl.1.0.0.UPF
H H.pbe-kjpaw,sl.1.0.0.UPF
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