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Structural Changes during the Growth of Atomically Precise Metal
Oxido Nanoclusters from Combined Pair Distribution Function and
Small-Angle X-ray Scattering Analysis
Andy S. Anker, Troels Lindahl Christiansen, Marcus Weber, Martin Schmiele, Erik Brok,
Emil T. S. Kjær, Pavol Juh#s, Rico Thomas, Michael Mehring,* and Kirsten M. Ø. Jensen*

Abstract: The combination of in situ pair distribution function
(PDF) analysis and small-angle X-ray scattering (SAXS)
enables analysis of the formation mechanism of metal oxido
nanoclusters and cluster–solvent interactions as they take place.
Herein, we demonstrate the method for the formation of
clusters with a [Bi38O45] core. Upon dissolution of crystalline
[Bi6O5(OH)3(NO3)5]·3H2O in DMSO, an intermediate rapidly
forms, which slowly grows to stable [Bi38O45] clusters. To
identify the intermediate, we developed an automated model-
ing method, where smaller [BixOy] structures based on the
[Bi38O45] framework are tested against the data. [Bi22O26] was
identified as the main intermediate species, illustrating how
combined PDF and SAXS analysis is a powerful tool to gain
insight into nucleation on an atomic scale. PDF also provides
information on the interaction between nanoclusters and
solvent, which is shown to depend on the nature of the ligands
on the cluster surface.

Introduction

The design of new functional materials relies on under-
standing the fundamental chemical reactions that govern
material formation and growth. In inorganic and materials
chemistry, we are still challenged in describing these processes
on an atomic level,[1] as studies of nucleation and growth
phenomena are challenging. In recent years, atomically
precise metal oxido nanoclusters of titanium,[2] cerium[3] and
bismuth have been intensively studied due to their wide range
of applications, for example, for photocatalysis,[2] oxygen
storage,[3] in medicine,[4] as radiopaque materials[4b, 5] or as
building blocks for advanced catalysts.[6] Apart from their

technological relevance understanding the solution chemistry
of such metal oxido clusters on an atomic and molecular scale
can open new opportunities for synthesizing nanoscale metal
oxides in a controlled manner.[6, 7]

We have in recent years focused on the chemistry of
bismuth oxido clusters and have synthesized a range of
differently sized molecules and nanoclusters.[4a, 8] These nano-
clusters are generally composed of a bismuth oxido core
[BixOy]

z+ of varying nuclearity and charge, and anionic ligands
(e.g. nitrate, carboxylates, aryl sulfonates, silanolates) for
charge compensation. In the following, we will refer to the
structures of the nanoclusters as [BixOy] neglecting charge
and ligand shell. The nanoclusters can be considered built
from [Bi6O8] units which share edges (as defined from the
octahedra formed from Bi atoms, Figure 1A,B) to form larger
clusters. These clusters represent cut-outs of the fluorite-type
structure which constitutes the basis of d- and b-Bi2O3.

[6, 9] For
example, the [Bi22O26] cluster[8e] (Figure 1C) is composed of 6
of these basic motifs and the [Bi38O45] cluster[4a] (Figure 1D)
of 13. Similar structures are seen in metal oxido clusters of
other large cations such as [Ce22O24],[10] [Ce38O54],[3a]

[U38O56],[11] and [Pu38O56].[12] The [M6Ox] building block,
where M is a metal, is therefore anticipated to play an
important role in the cluster growth, however, an under-
standing of the mechanisms controlling this process in
solution is still missing. In situ investigations have shed light
on cluster reactions in solution, and the cluster growth from
[Bi6O8] to [Bi38O45] has previously been investigated with
electrospray ionization mass spectrometry (ESI-MS).[13] A
variety of bismuth oxido clusters were observed during the
reaction, but [Bi6O8], [Bi22O27] and [Bi38O45] clusters were
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identified as particularly stable, which agrees well with other
cluster studies.[3a, 9a, 11, 12,14] From these experiments, Sattler
et al.[13] proposed that cluster growth happens through di- or
oligomerization reactions and rearrangement processes, with
cluster growth starting from hexanuclear metal oxido clusters.
Based on the ESI-MS findings, as well as on knowledge on
crystal structures of polynuclear clusters (containing 6–10 Bi
atoms), the reaction is expected to proceed through inter-
mediate species formed by addition of bismuth containing
fragments of dissociated [Bi6O8] units to the cluster core.[15]

However, while mass spectrometry gives information about
the atomic composition of the species present during growth,
the evolution of the atomic structure in solution is yet to be
unraveled.

The molecular structures of many bismuth oxido nano-
clusters are well known, as these can be characterized with
single crystal diffraction. The structures of the clusters shown
in Figure 1 have all been determined from single crystal X-ray
diffraction studies. However, characterizing cluster structures
directly in solution, as is needed for in situ studies, is more
challenging. Extended X-ray absorption fine structure
(EXAFS) has been used to characterize the atomic structure
of some small clusters[14a, 16] and limited structural information
can be obtained from Nuclear Magnetic Resonance (NMR)
spectroscopy.[16b] However, these methods only provide
information on the very local atomic range. Here, we use in
situ X-ray total scattering (TS) and pair distribution function
analysis[17] (PDF) to follow the formation of [Bi38O45] from
[Bi6O8] as a model reaction for nanocluster formation and
growth. As the Fourier transform of the TS signal, the PDF
represents a histogram of all interatomic distances in a sample,
and thus provide atomic structural information from the local
to the global range. PDF is an excellent technique for in situ
studies of materials formation in solution,[18] and has been
applied to study a few large cluster systems previously[12a16b] in
order to characterize their solution structure, but not in situ to
follow cluster reactions. While PDF analysis offers informa-
tion on the atomic structure of matter, it is less sensitive to for
example, cluster or particle size and shape. A way to
complement the structural information available in the PDF
is to combine the technique with small-angle X-ray scattering
(SAXS), which provides information on the size, morphology
and size dispersion of clusters or particles.[19]

We here use PDF and SAXS to study the formation of the
[Bi38O45] cluster starting from [Bi6O5(OH)3(NO3)5]·3H2O

[8a]

in dimethyl sulfoxide (DMSO) and obtain detailed informa-
tion on the reaction pathway from octahedral [Bi6O8] units to
[Bi38O45] nanoclusters. To analyze the data, we have devel-
oped an automated modeling approach[20] to identify inter-
mediates and the reaction pathway. This automated approach,
where all relevant smaller cluster structures, based on the
[Bi38O45] framework, is tested against the experimental PDF,
allows us to readily identify the size and structure evolution
during the reaction. Our results clearly identify [Bi22Oy] as
a metastable intermediate structure in the reaction, and we do
not observe [Bi6O8] units as a reaction intermediate on the
time scale of our experiments. We also demonstrate how PDF
can be used to characterize restructuring effects of the solvent
at the surface of nanoclusters and show that the cluster–
solvent interaction affects the [Bi38O45] clusters themselves, as
it introduces disorder in their structure. This effect is highly
dependent on the presence and type of the ligand covering the
clusters. The methods and modeling tools developed here,
using automated and combined SAXS and PDF analysis thus
provides insights into cluster chemistry in solution.

Results and Discussion

Figure 2A shows in situ X-ray total scattering data
obtained during the formation of [Bi38O45] from
[Bi6O5(OH)3(NO3)5]·3H2O dissolved in DMSO. The experi-
ment was done at T= 80 88C, and data sets obtained from
similar experiments performed at lower temperatures (T=

30 88C–60 88C) can be found in Figure S1. At the beginning of
the reaction, Bragg peaks from the crystalline
[Bi6O5(OH)3(NO3)5]·3H2O phase (Figure 2D) is seen, as
crystals at this point are still in suspension in DMSO. After
approximately 7 min, the crystals have fully dissolved, and
only diffuse scattering is seen. We therefore turn to PDF for
further structural analysis, and the corresponding PDFs are
plotted in Figure 2B. The PDFs are the Fourier transforma-
tion of the TS data, where the signal from DMSO has been
subtracted, as illustrated in Figure S2. In the beginning of the
experiment (Figure 2E), the PDF shows the presence of long-
range order from the crystalline starting material, and as
expected, the data can be fitted with the
[Bi6O5(OH)3(NO3)5]·3H2O structure. Towards the end of
the experiments the long-range order disappears,
and the PDFs now show peaks up to only about 12 c.

Figure 1. A) Structure of crystalline [Bi6O5(OH)3(NO3)5]·3H2O.[8a] Hydrogen atoms have been omitted for clarity. B) An octahedral [Bi6O8] unit.
C) The [Bi22O26]

[8e] cluster structure. D) The [Bi38O45]
[4a] cluster structure. In all structures, bismuth is shown in purple, oxygen in red, and nitrogen

in blue.
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In Figure 2F, the PDF obtained at the end of the
experiment is fitted with the [Bi38O45] model, confirming
the product of the reaction. The cluster model (Figure 1D)
was obtained from the structure of crystalline
[Bi38O45(NO3)20(DMSO)28](NO3)4·4DMSO,[4a] where an iso-
lated [Bi38O45] cluster was cut out of the crystal structure. The
modeling (described in detail in Table S1) was set up so that
the basic atomic structure was kept fixed during the refine-
ment. The excellent fit illustrates that the structure of the
[Bi38O45] cluster in solution is similar (if not identical) to that
seen in the crystalline phase, as also confirmed from DLS
measurements (see Figure S3).

The presence of the [Bi38O45] cluster at the end of the
experiment is further supported by SAXS experiments.
In situ SAXS data from a similar experiment are shown
in Figure 2 C. Bragg peaks from the crystalline
[Bi6O5(OH)3(NO3)5]·3H2O phase can again be identified at

the beginning of the reaction (Figure 2C) but disappear after
approximately 10 min. Figure 2G shows the SAXS data
obtained at the end of the experiment fitted with the
[Bi38O45] cluster using the Debye equation as described in
detail in Table S2. Again, the fits show excellent agreement
between data and model.

Having established that we can use PDF and SAXS to
confirm the starting point and end point of the reaction, we
now move to characterize the structures seen during the
cluster growth and identify intermediate species. Figure 3A
shows selected PDFs from the process, clearly illustrating that
a smaller cluster than [Bi38O45] is present at the beginning of
the reaction after dissolution. Initially, we had expected to see
the presence of isolated [Bi6O8] clusters in solution, since it is
described as particularly stable.[9a, 13] The calculated PDF from
a [Bi6O8] cluster is shown in Figure 3A showing only a few
peaks from the small structure. Surprisingly, we cannot

Figure 2. A) Background subtracted in situ X-ray TS data obtained during the experiment performed at T = 80 88C plotted as a function of time.
While Bragg peaks are seen at the beginning of the reaction, only diffuse features are seen after dissolution. B) Corresponding PDFs plotted as
a function of time. C) Background subtracted SAXS data obtained during a similar experiment plotted as a function of time. The intensity is
shown on a logarithmic scale. D) Simulated X-ray scattering data of the [Bi6O5(OH)3(NO3)5]·3H2O crystal structure, compared to background
subtracted data from t = 0 min and t =70 min, T =80 88C. E) Fit of the [Bi6O5(OH)3(NO3)5]·3H2O crystal structure to the PDF obtained from the
first frame in the experiment at t = 0 min. Rwp =29.0%. F) Fit of the [Bi38O45] cluster structure to the PDF obtained at the end of the experiment at
t =70 min; Rwp = 16.6%. G) Fit of the [Bi38O45] cluster structure to the SAXS data obtained at the end of the experiment at t =37 min; Rwp = 3.1%.
The SAXS data are plotted in a log–log plot.

Figure 3. A, B) Comparison of experimental PDFs (A) and SAXS data (log–log plot) (B) with calculated patterns from an isolated [Bi6O8] unit and
a [Bi10O14] “dimer”. C) Fit of the [Bi38O45] cluster structure to the PDF obtained after the dissolution of the crystalline starting material; T = 80 88C,
t =8 min. D) Asymmetric peak at 3.8 b in the PDF. E) A log–log plot of the fit of the [Bi38O45] cluster structure to the SAXS data obtained after the
dissolution of the crystalline precursor; T = 80 88C, t = 16 min.
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identify a PDF similar to this at any point in our in situ data
from any reaction temperature, as peaks to higher r values are
seen immediately after dissolution has occurred. This indi-
cates that the small [Bi6O8] clusters are not stable in DMSO
on the time scales and experimental conditions of the in situ
X-ray scattering experiments. This observation is confirmed
by SAXS (Figure 3B), where isolated, monodisperse [Bi6O8]
clusters are not seen at any point in our data. We also do not
observe the presence of for example, [Bi10O14] structures (two
edge-sharing [Bi6O8] units) or any smaller fragments. While
we cannot rule out that such structures are present in very
small concentrations in the samples, they are not main species.

[Bi6O8] was observed as a very dominant species in in situ
ESI-MS experiments.[13] However, the conditions used for the
ESI-MS measurements were different from the current
scattering studies, as the hydrolysis reactions in the ESI-MS
experiments were followed at room temperature, at much
lower Bi concentration (0.05 mM–1 mM for ESI-MS vs.
230 mM for PDF/SAXS), and in a different solvent, namely
a mixture of DMSO and dichloromethane, CH2Cl2. These
highly different conditions may explain the differences in the
species observed. However, ESI-MS is also more sensitive to
minor species than both PDF and SAXS, although they will
only be detected if they can easily be charged. The two
experiments are thus not in contradiction but provide
information for different conditions and different time scales:
While the ESI-MS studies show that [Bi6O8] species form
rapidly after dissolution, their absence from our in situ X-ray
scattering data indicate very low solubility and thus low
concentration of these species and fast condensation after
dissolution in DMSO. Both experiments show the formation
of [Bi22O26] clusters as quite stable intermediate and [Bi38O45]
as final products.

We can now analyze the structure of the intermediate
species. From the similar PDF peak positions between the
intermediate structure (t = 8 min) and the final cluster (t =

70 min) seen in Figure 3A, it is evident that the intermediate
is structurally related to the [Bi38O45] cluster, as many of the
main peaks show up in both PDFs. However, the peaks
representing the largest interatomic distances are not present
in the PDF from the intermediate cluster, which also appears
to be significantly more disordered, as seen from the
asymmetric broadening of the first Bi···Bi peak at r = 3.8 c
in Figure 3D. Figure 3C shows a fit of the [Bi38O45] structure
to the PDF from the intermediate cluster. In Figure 3 E, the
SAXS fit of the [Bi38O45] cluster to data representing the
intermediate confirm that the cluster is smaller than the final
[Bi38O45].

To characterize the cluster size evolution during the
reaction, we first analyze the in situ SAXS data with a form
factor analysis. Details on the modeling and examples of fits
are given in Table S3 and Figure S4. The results (Figures S5
and S6) show that the average cluster size increases during the
reaction, and the clusters present are of a higher size
dispersity at the beginning of the reaction than at the end,
where the presence of stable [Bi38O45] clusters results in a very
low size dispersity.

The observation that the intermediate cluster is smaller
but structurally close to the [Bi38O45] structure agrees well

with the chemistry of bismuth oxido clusters discussed above,
as several different sizes of bismuth oxido clusters, all built up
from [Bi6O8] units can be synthesized. We therefore attempt-
ed to fit other known cluster structures, with sizes between
[Bi6O8] to [Bi38O45], to the intermediate PDF as shown in
Figure S7. The best cluster candidates were the [Bi18O36] and
[Bi22O38] structures, agreeing well with observations from in
situ ESI-MS analysis, molecular dynamics simulations and
quantum chemical calculations.[13, 15a,b] However, to look
further into the time-dependent structural changes, and to
probe a larger structural space, we developed an automated
method, where all smaller cluster structures based on the
[Bi38O45] framework were tested against the experimental
PDF. Automated modeling methods for PDF analysis have
recently been proposed by Banerjee et al.[21] for analysis of
metal nanoparticles. In a recent study, we developed a meth-
od, where structural motifs in molybdenum oxide structures
were identified by fitting automatically generated fragments
of know polyoxometalate structures to PDFs.[20] We here
apply an extension of this latter method to in situ data in order
to identify intermediates and reaction pathways.

The principle is illustrated in Figure 4. First, the [Bi38O45]
model is fit to the PDF obtained from the last frame in the
experimental series. It was thereafter tested whether a smaller
version of the structure, i.e., with some Bi and O atoms
removed would result in a better fit to the data, as described
in more detail in the Supporting Information, section I.

This method can give us an overview of the best fitting
structure (built up from edge-sharing [Bi6O8] units) for every
frame obtained during the reaction. Figure 5A–C shows the
results from the automated modeling described above, where
the refined number of Bi atoms is plotted as a function of time
for the in situ experiments done at T= 80 88C, 60 88C, and 30 88C.
Results from experiments done at other temperatures are
given in Figure S8. Figure 5A–C firstly show that larger
structures appear to be stabilized at higher reaction temper-
atures, and that the clusters grow with time. In Figure 5 A (T=

80 88C) plateaus at approximately 32 Bi atoms and 28 Bi atoms
are identified, labelled as I and II. The same plateau at 28 Bi
atoms is seen for the data obtained at T= 60 88C (Figure 5B),
whereas data from T= 30 88C (Figure 5C) show plateaus at 25
and 20 Bi atoms (III and IV). The occurrence of clusters of
a given size is illustrated in Figure 5D, which shows a histo-
gram of the cluster structures identified in all three datasets.
This shows that a large proportion of the identified clusters
have between 20 and 25 Bi atoms. In Figure 6E–H, we show
the structures I–IV along with fits to selected data. While
these structures fit the data well, they appear unphysical, as
“dangling” Bi atoms are seen. However, when looking closer,
we identify that they share a stable backbone of 22 Bi atoms.
This is particularly clear for cluster III and IV, as seen in
Figure 6A, where the Bi positions of these are compared to
the [Bi22O26] structure, and fits of the [Bi22O26] cluster to the
same frames (Figure 6B,C) are reasonable.

The results from the automated modeling thus indicate
that [Bi22O26] is an important intermediate in the reaction. We
also saw other frequent sizes, such as Bi28 and Bi32. However,
these structures do not appear as closed-shell, physical
structures, and are unlikely to be stable. The SAXS form
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factor analysis described above (Figures S5 and S6) further-
more showed that before the reaction finished, a larger size
dispersion is seen, thus indicating that multiple cluster sizes
can be present during the reaction. We therefore tried fitting

both the PDF and SAXS data with a two-structure model with
the [Bi22O26] and [Bi38O45] clusters. The refined parameters
are given in Tables S4–7 and the fits to both SAXS and PDF
data are shown in Figure S9, where they are compared to the

Figure 4. Sketch of the automated modeling process. The last frame of the in situ dataset is modeled with the [Bi38O45] cluster structure and all
structures in which up to 8 Bi atoms from the outer shell have been removed together with nonbonding oxygen atoms. The best fitting structure
(with three Bi atoms added) is used as a starting point for the fitting of the second-last frame. This process is repeated for all frames in the
reaction.

Figure 5. A–C) The number of bismuth atoms in the best fitting structure for each frame is plotted versus reaction time for the experiments done
at T =80, 60, and 30 88C. D) Histogram representing the number of Bi atoms in the best fitting structure through the reaction. Frequency is the
number of times the specific cluster size is present during the reaction. E–H) Clusters and fits that have been obtained in the automated
modeling process.
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results from the automated modeling. In section K in the
Supporting Information, we compare simulated SAXS data of
the [Bi22O26] and [Bi38O45] clusters to data at two different
time points in the reaction and compare two-phase SAXS
refinements to fits using individual [Bi22O26] and [Bi38O45]
clusters. Generally, the two-structure models provide similar
fit qualities or better.

Having established that the main species present through-
out the reaction are [Bi22O26] and [Bi38O45], we can sequen-
tially analyze the data to extract phase fractions of the two
clusters as a function of time. The results from this analysis are
shown in Figure 7 (see Figure S12 for results from other
reaction temperatures). Results from SAXS is shown in blue,
and PDF in red, illustrating how the [Bi38O45] fraction
increases with function of time and temperature. Analysis of
SAXS and PDF data independently show similar phase
fractions of the two clusters in the high temperature cases, and
the amount of the [Bi38O45] cluster steadily increases. We
therefore attempted a combined analysis method, that is,
using the so-called complex modeling approach.[19b–d, 22] Com-
plex modeling using SAXS and PDF analysis has been
exemplified for CdS nanoparticles, where Farrow et al.[19b]

showed that by combining the two techniques, a much more
robust description of particle size and shape could be
obtained. Here, we have in a similar way used the program
Diffpy-CMI for complex modeling of PDF and SAXS data.
However, we have applied the Debye equation to calculate
the scattering pattern in both the SAXS regime and PDF
regime, as described in detail in the Supporting Information,
sections L and M. The results of the combined modeling are
shown in green in Figure 7 and generally agree well with the

individual SAXS and PDF analysis, but with more certainty
on the refined parameters as seen from the less scattered data
points.

While the results from the experiments done at higher
temperatures (T= 50 88C–80 88C) generally show clear trends
and a good agreement between the SAXS and PDF results,
larger discrepancies are observed for the data seen from
experiments done at lower temperatures, illustrated for T=

30 88C in Figure 7C. Here, the PDF results are somewhat
scattered, while the SAXS refinements appear to give
a clearer trend. The dispersity analysis illustrated in Figures
S5 and S6 furthermore showed a larger dispersion of sizes for
low temperature experiments, and it may be that small
fractions of other cluster structures or fragments are present
for longer times during these slower reactions.

The data indicate that in none of the experiments, a full
reaction to [Bi38O45] takes place, as some [Bi22O26] is present
at the end of the experiment. The refined fraction of the final
[Bi38O45] cluster is approximately 60 % at the end of the in situ
experiment at T= 80 88C, and for the reactions done at lower
temperatures, the [Bi22O26] cluster remains the majority
species in the solution. However, PDF and SAXS data
collected from samples kept up to 275 days at room temper-
ature show excellent fits with a single phase [Bi38O45] model
(Figures S16 and S18).

Combined, the results from the automated PDF analysis
and the complex modeling of SAXS and PDF data allow us to
establish the overall reaction route. When
[Bi6O5(OH)3(NO3)5]·3H2O is dissolved in DMSO, larger
clusters quickly form, and we never observe free [Bi6O8] (or
smaller structure fragments) in our data at a time resolution

Figure 6. A) Comparison of the Bi positions in the [Bi22O26] cluster with those of structures III and IV, found from the automated modeling
method. B,C) Fit to the in situ PDF (T = 30 88C) obtained at t =152 min (B) and t =103 min (C) using the [Bi22O26] cluster as the model.

Figure 7. Phase fractions of the [Bi22O26] and [Bi38O45] clusters, plotted as a function of time for experiments at A) T =80 88C, B) 60 88C, and C) 30 88C.
Results from PDF are plotted in red, from SAXS in blue, and from complex modeling in green.
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of 4 s. This process most likely takes place through condensa-
tion reactions and rearrangement processes, as also suggested
by Sattler et al.[13] The main intermediate species we observe
is [Bi22O26] , as concluded from both SAXS and PDF data.
This cluster is quite stable and co-exists with [Bi38O45] in the
time range investigated with in situ experiments. The local
structure changes taking place during dissolution are dis-
cussed further in the Supporting Information, section O.
The experiments discussed so far were all done from
[Bi6O5(OH)3(NO3)5]·3H2O. Nearly identical results were
obtained when the starting crystalline material was changed
to [Bi6O4(OH)4(NO3)6(H2O)2]·(H2O) (see Figure S18). This
indicates that the results presented are general for compounds
based on a hexanuclear bismuth oxido core [Bi6O8] dissolved
in DMSO.

Using SAXS and PDF, we have identified the main
intermediate species in the process. Nevertheless, some
questions regarding the cluster growth remain unanswered
from the current study. As discussed above, it has previously
been suggested that cluster growth takes place through
oligomerization reactions involving fragments of [Bi6O8] units
as key species. Our data and time resolution do not allow us to
identify these short-lived species or the specific mechanism.
Several processes may take place in the reaction: for example,
elusive, larger intermediates assembled from [Bi6O8] units
may form, which could collapse or partly dissociate to result
in the [Bi22O26] structure. Dissociation of [Bi6O8] fragments
could also take place before oligomerization to lead stepwise
to [Bi22O26] and finally to [Bi38O45]. This hypothesis is
supported by ESI-MS studies of the hydrolysis of bismuth
carboxylates, which revealed intermediates between Bi3- and
Bi13-oxido clusters. Independent analytic techniques to sup-
port their formation in solution are missing, but several single
crystal X-ray structures of other polynuclear bismuth oxido
clusters including at least one [Bi6O8] unit with various ligands
have been reported.[9a, 15c] The time resolution for the scatter-
ing experiments currently possible limits our insight into the
fast processes in solution; for example, molecular dynamic
simulations have suggested that the growth from [Bi6O8] units
take place on the nanosecond to microsecond time scale.[15a]

In the future, new possibilities for ultrafast, high flux X-ray
scattering studies may open for studies of such processes.[23] If
one could chemically stabilize a series of species formed on
the way to the [Bi22O26] clusters, new insight could also be
obtained.

Ligand Exchange: From [Bi38O45(NO3)20(DMSO)d] to
[Bi38O45(OMc)24(DMSO)d]

PDF analysis also allows us to study cluster–solvent
interactions and any structural changes that may take place
during exchange of ligands in the clusters. Figure 8A shows
PDFs obtained when heating a solution of
[Bi38O45(NO3)20(DMSO)28](NO3)4·4DMSO in DMSO with
sodium methacrylate. In this process, nitrate ligands are
substituted with methacrylate[5, 9a] making the clusters soluble
in organic solvents. After 7 min of the reaction, significant
changes appear. Figure 8B shows selected PDFs obtained
over the course of the reaction. At the beginning, both the
peaks at r& 3.8 c and r& 6.7 c have shoulders which
disappear through the ligand exchange, and all of the peaks
become narrower and more symmetric as the reaction
progresses.

We start by modeling the first frame of the reaction with
the [Bi38O45] cluster structure, Figure 9A. While this model
fits all main PDF peaks, significant misfits are seen, and the
difference curve is similar to an exponentially dampened
sinusoidal function. This behavior has previously been
described by Zobel et al., who related it to solvent restructur-
ing effects on the surface of nanoparticles.[24] Figure 9B shows
the fit if a dampened sinusoidal function is added to the
[Bi38O45] model. This significantly improves the fit to the data,
suggesting a strong interaction between the cluster (or its
ligands) and the DMSO solvent. A PDF obtained from pure
DMSO is shown in Figure S19 confirming that the oscillation
does not arise from the solvent itself.

At the end of the reaction, the data (Figure 9 D) is very
well described by the [Bi38O45] cluster, giving a Rwp value of
12.2%. Here, the exponential dampened sinusoidal does not
contribute to the fit as seen in Figure 9 E. Figure 9C (bottom)
shows the Rwp values of the fits during the reaction. This
behavior indicates that the structuring of the solvent domi-
nates at the beginning of the reaction but when the ligand is
exchanged to methacrylate, the effect vanishes. This is also
clear when plotting the contribution of the dampened sinu-
soidal oscillation through the reaction, Figure 9F.

The ligand exchange, and the solvent interactions also
appear to affect the atomic structure of the bismuth oxido
clusters. Figure 9C (top) shows the refined ADPs of the Bi
atoms through the reaction. This parameter relates to the
width of the PDF peaks, and decreases through the reaction,

Figure 8. A) PDFs obtained from in situ X-ray TS data collected during the ligand-exchange experiment performed at T =80 88C, plotted as
a function of time. B) Selected PDFs from the experiment.
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showing that the ligand-exchanged clusters with methacrylate
are more ordered. The PDFs obtained from the beginning of
the reaction furthermore show highly asymmetric peaks, as
seen most clearly from the shoulder peak at about 4.2 c. This
asymmetry is likely to be an effect of the strong interaction
between the cluster and the DMSO solvent. Modeling details
are given in Table S8,9.

The solvent restructuring in the beginning of the reaction
is likely due to partial dissociation of nitrate ligands, which
results in a cationic cluster, making the coordination to
DMSO strong. This can result in some distortion of the
[Bi38O45] core as seen from PDF peaks asymmetry. When the
nitrate ligand is substituted with methacrylate, the strong
bonding between methacrylate and the [Bi38O45] clusters
hamper the coordination of DMSO to the nanoclusters, and
the effect in the PDF vanishes. This is also
reflected when considering the crystal structures of
[Bi38O45(NO3)20(DMSO)28](NO3)4·4DMSO[4a] and
[Bi38O45(OMc)24(DMSO)9]·2DMSO·7H2O:[5] For the nitrate-
coordinated cluster, 28 DMSO molecules coordinate to the
bismuth oxido core, while this is only 9 for the crystal
structure containing methacrylate.

A sketch of how the solvent restructures at the surface of
the [Bi38O45] clusters is illustrated in Figure 10. The DMSO
molecules coordinate to the nanocluster through strong
bonding to the surface of the bismuth oxido cluster with
directions perpendicular to the surface of the [Bi38O45]
clusters. This results in regions with alternating low and high
electron density due to packing of solvent molecules.
Collectively, this gives rise to a sinusoidal oscillation contri-
buting to the PDF. Since the solvent effect is strongest close to
the surface of the [Bi38O45] clusters and it slowly transforms
into a bulk solvent structure of DMSO, the sinusoidal

oscillation exponentially decays. However, we observe sol-
vent effects of up to r = 30 c.

Conclusion

In situ PDF and SAXS have been used to follow the
reaction from a suspension of [Bi6O5(OH)3(NO3)5]·3 H2O in
DMSO to [Bi38O45] clusters in solution (Figure 11). The
structural modeling was done using the Debye equation, and
we applied combined modeling of the PDF and SAXS data.
To follow the cluster growth taking place during the reaction,
we introduced an automated modeling method, where
intermediate species were identified by iteratively removing
atoms from the final [Bi38O45] structure. This analysis showed
that starting from [Bi6O8] a [Bi22O26] intermediate very
quickly forms and slowly transforms to [Bi38O45]. The
formation of the [Bi22O26] structure unexpectedly proceeded
immediately after dissolution of the crystalline starting
material, meaning that the time resolution of the X-ray
scattering experiments does not allow us to identify any short-
lived building blocks that may form before the larger clusters
are seen. Questions regarding e.g., oligomerization reactions
and cluster fragmentation thus remain open, but the combi-
nation of SAXS and PDF provided new insight into the
cluster growth process of bismuth oxido species including
information on the time scale at which processes occur.

We furthermore demonstrate that due to nitrate ligand
dissociation, a strong interaction between DMSO and the
bismuth oxido clusters induce restructuring of solvent mole-
cules around the bismuth oxido clusters. This interaction leads
to disorder of the atomic structure in the bismuth oxido
clusters themselves, as seen from the width and asymmetry of
PDF peaks. When methacrylate is introduced as a ligand in

Figure 9. Representative fit of a PDF obtained during ligand exchange, obtained t =0 min into the ligand-exchange reaction A) without including
solvent restructuring effects (wave), B) including solvent restructuring effects (wave). C) Rwp values and ADP values of Bi obtained when modeling
the time-resolved PDFs, obtained during ligand exchange, with the [Bi38O45] model. D) Representative fit of a PDF obtained during ligand
exchange, obtained t = 15 min into the reaction without including solvent restructuring effects and E) when including solvent restructuring effects
at the surface of the nanocluster. F) The contribution of the solvent restructuring effects during the ligand-exchange reaction.
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the [Bi38O45] cluster, it screens the cluster from strong solvent
interactions, consequently leaving the [Bi38O45] core more
ordered and closer to that observed in the crystalline
structure. However, the [Bi38O45] core structure stays intact
during the ligand substitution reaction, which demonstrates
that such atomically precise metal oxido nanoclusters can
serve as model structures to study ligand effects at the surface
of metal oxide nanoparticles.

The chemical knowledge built up in this study is likely
transferable to the growth of other metal oxido clusters, at
least to metal oxides of the fluorite type such as uranium,
cerium and plutonium oxido nanoclusters, which also show
a stable nuclearity of 38 metal atoms in their cluster core. The
insights that can be obtained from combined in situ X-ray
scattering studies furthermore open for understanding mate-
rial formation in solution. For example, SAXS and PDF
studies may allow the identification of prenucleation clusters,
and provide a much deeper understanding of the fundamental

processes involved in nucleation. Studies of atomically
monodisperse metal oxido cluster structures, as done here,
can furthermore provide knowledge of metal oxide chemistry,
and it is likely that the metastable [Bi22O26] cluster observed
here may be an important species in bismuth oxide formation.
Understanding the solution chemistry of metal oxido clusters
on an atomic and molecular scale can thus open new
opportunities for synthesizing nanoscale metal oxides in
a controlled manner.
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