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Bismuth oxido clusters exist in a range of sizes, all built up by octahedral {Bi6O8} units. While the atomic structure of various clusters has 

been solved by single crystal diffraction, it is much more challenging to study clusters directly in solution. Here, we use in situ X-ray total 

scattering with Pair Distribution Function (PDF) analysis to study the formation of the {Bi38O45}a cluster from [Bi6O5(OH)3(NO3)5]·(H2O)3 

crystals dissolved in DMSO. The implementation of PDF analysis provides a unique insight into the structural rearrangements on the 

atomic scale. By combining with Small Angle X-ray Scattering (SAXS) we can furthermore investigate the size, morphology and size 10 

dispersion of the clusters taking place in the process. Consequently, the combination of these two complementary techniques provides a 

mean of bridging the local atomic and macroscopic characteristics of the material.  

In the presented study, the results obtained show that the reaction goes through several stable intermediates before the magic-sized product 

{Bi38O45} is reached. Through an associated temperature study, the intermediate was furthermore found to be capable of stabilization of 

up to days by varying the resulting reaction rate. The present studies show how powerful a tool the Debye Equation is in combination with 15 

SAXS and PDF, which in this field is a new development that has a large potential for unravelling important questions in nanochemistry 

in solution.

Introduction 

In recent years, bismuth oxido clusters have been widely studied 

due to their applications ranging from medicin1, 2, for designing 20 

radiopaque materials2, 3 and building blocks for advanced 

catalysts4, which all is possible due to their low toxicity3, 5. 

 Bismuth oxido clusters exist in a range of sizes, all built up by 

octahedral {M6OX} (M = Bi) units, which is commonly accepted 

as a building block in inorganic chemistry of large metal cations 6-
25 

8. The octahedral {Bi6O8} unit can be seen in Figure 1, right. With 

mass spectroscopy and single crystal diffraction, it has been shown 

that a range of large metal cations form stable clusters of {M22OX} 

and {M38OX}8-11 both built by octahedral {M6OX} units.     Both 

clusters are, for the bismuth oxido clusters, illustrated in Figure 2. 30 

The {M38OX} cluster is sometimes referred to as magic-sized8, 11, 

which means that they are atomically monodisperse12.  

 

 Despite the large potential of using this as a model system in 

studies of fundamental cluster chemistry of large cations, the 35 

chemical processes involved in 

the cluster formation are not well understood8, neither 22- or 38 

bismuth atoms are equally dividable by 6, so how does the building 

blocks create the {Bi22OX}- and the {Bi38O45} cluster? 

 While single crystal diffraction is restricted to samples of high 40 

crystallinity, it cannot be used to study materials in solution, as a 

result of the missing global order in the structure. Mass 

spectroscopy has been used to investigate the chemical 

composition of various clusters13 but does not give any structural 

information. Therefore, it has been found challenging to study 45 

clusters directly in solution. This challenge can be generalized to 

other cluster systems14.  

 

 If we were able to characterize the growth of the clusters on a 

molecular scale, we would get an understanding of the 50 

fundamental chemistry of clusters, and thereby be able to tailor-

made materials with specific properties8, 15. This opens a new field 

of research, determining structures between molecules and 

Figure 2: Left) The {Bi22OX} cluster seen with single crystal diffraction 

and mass spectroscopy. Right) The {Bi38O45} cluster seen with single 

crystal diffraction. 

Figure 1: Left) The [Bi6O5(OH)3(NO3)5]·(H2O)3 crystal which is built by 

the Right) octahedral {Bi6O8} unit. Purple) bismuth, red) oxygen, blue) 

nitrogen. Hydrogens are not included in the figure. 
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particles16, 17, whereas methods in the cross border of these fields 

must be used. 

 

 This study presents in situ15 X-ray total scattering with Pair 

Distribution Function14 (PDF) analysis of the formation of the 5 

{Bi38O45} cluster in solution. {Bi38O45} clusters are synthesized by 

dissolving crystals of [Bi6O5(OH)3(NO3)5]·(H2O)3 in DMSO.  

The PDF analysis has given a unique insight into the structural 

rearrangements on an atomic scale, but PDF gives limited 

information on the nanometer scale. Therefore, Small-Angle X-ray 10 

Scattering18 (SAXS) is used to investigate the size, morphology 

and size dispersion of the clusters taking place in the process. 

These two techniques complement each other allowing us to follow 

the cluster formation in both the local- and global order of the 

particle. The combination of SAXS and PDF bridge the local 15 

atomic and macroscopic characteristics of materials. Further work 

can be done in order to combine these techniques with complex 

modelling19, which has a large potential for unravelling important 

questions in nanochemistry in solution19, 20.  

Since the bismuth oxido cluster does not consist of a periodic 20 

order, the Debye Scattering Equation21, 22 is used to calculate the 

theoretical scattering. The Debye Equation is a sum of the 

scattering contribution from every atom in an isotropic sample 

which does not necessarily have to contain a periodicity in the 

structure. 25 

Equation 1:𝐼(𝑄) = 𝑁𝑗𝑓𝑗
2 + 𝑁𝑖𝑓𝑖

2 + 𝑓𝑖𝑓𝑗 ∑ ∑
𝑠𝑖𝑛(𝑄∙𝑟𝑖𝑗)

𝑄∙𝑟𝑖𝑗

𝑁
𝑗≠𝑖

𝑁
𝑖  

With the exponential increase in computational power the last 

decades23, and the focus on nanomaterials, the Debye Scattering 

Equation becomes essential to characterize materials.  

Further details of the methods are available in Supplementary S2. 30 

Experimental section 

Synthesis of {Bi38O45} clusters for total scattering experiments 

To characterize the formation of {Bi38O45} clusters 131.4 mg of 

crystalline [Bi6O5(OH)3(NO3)5]·(H2O)3 was dissolved in 2 mL 

DMSO at room temperature.  Additionally, a ligand exchange 35 

experiment was performed to investigate the effect of the ligand on 

the cluster structure. Therefore, 100 mg of 

[Bi38O45(NO3)24(DMSO)25] and 37 mg of NaOOCC(CH2)CH3 was 

dissolved in 2.5 mL DMSO. These solutions were used for in situ 

PDF15 experiments at DESY, P02.1. The solutions were loaded in 40 

Kapton tubes with an inner diameter of 1.5 mm and measured at 

temperatures ranging from 30°C to 80°C with X-ray wavelength 

of 0.207170 Å. 

In the ex situ PDF experiments, 32.85 mg of crystalline 

[Bi6O5(OH)3(NO3)5]·(H2O)3 was dissolved in 0.5 mL DMSO at 45 

room temperature and maintained undisturbed until measurements 

after 2 days, 4 days, 11 days and 100 days.  

The experiments were performed at DESY, P07. The solutions 

were loaded in Kapton tubes with an inner diameter of 1.5 mm and 

measured at room temperature with X-ray wavelength of 0.123506 50 

Å.  

All total scattering data were integrated using the programme 

Fit2D24, and Fourier transformed with PDFgetx325, 26 to obtain 

PDFs. The modelling was done using DiffPy-CMI19. When 

analysing the intermediate, only the bismuth atoms were modelled, 55 

since the radial distribution function is directly proportional to the 

form factor squared as well as the Debye Equation (Equation 1) 

(Supplementary S2.2.2). 

Synthesis of {Bi38O45} clusters for SAXS experiments 

In the SAXS experiments 32.85 mg of crystalline 60 

[Bi6O5(OH)3(NO3)5]·(H2O)3 was dissolved in 0.5 mL DMSO at 

room temperature. Afterwards, the samples were stirred until no 

precipitate was left (a few hours) and maintained undisturbed until 

measurement after 5 hours and 45 hours. 

Additionally, a sample was heated at 40°C, in order to investigate 65 

the kinetic behavior.  

The SAXS experiments were done at the NBI Institute, 

Copenhagen. The solutions were loaded in glass capillaries tubes 

with an inner diameter of 0.6 mm and measured at room 

temperature with X-ray wavelength of 1.5418 Å. 70 

The data were integrated using the programme Fit2D24 and 

analyzed with SASfit27 for the SAXS form factor analysis, and 

with a Python script for the calculations of the Debye equation 

(This is further elaborated in Supplementary S2.3.5). 

Further details of the experiments are available in Supplementary 75 

S1, and details about the PDF- and SAXS analysis is in 

Supplementary S2. 

Results and Discussion  

Formation of the {Bi38O45} cluster from the crystalline 
[Bi6O5(OH)3(NO3)5]·(H2O)3 dissolved in DMSO 80 

Figure 3, left, shows the time-resolved PDFs obtained from the 

dissolution of [Bi6O5(OH)3(NO3)5]·(H2O)3 in DMSO at 80°C. The 

beginning of the reaction can from the long-range order be 

identified as a crystalline phase in suspension. 

 Figure 1, left, shows the crystalline [Bi6O5(OH)3(NO3)5]·(H2O)3 85 

structure which was determined with single crystal diffraction28 in 

1978. It contains bismuth oxido clusters in the octahedral building 

block {Bi6O8} as well as nitrate groups and water. 

Figure 3: Left) The in situ measurement of the 80°C PDF measurement 

clearly indicates a structure change during the reaction. Right) The 

crystalline [Bi6O5(OH)3(NO3)5]·(H2O)3 phase describes the first 7 minutes 

of the reaction well. : Graph-description: Left) Time is plotted versus the 

interatomic distances in the cluster with the intensity shown with color 

code from light blue to dark red. Right) The probability of finding pairs of 

atoms separated by a distance “r” is plotted versus the interatomic 

distances, “r”. Rw = 29.0 %. 
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At the beginning of the reaction, the PDFs can be fitted by the  

Bi6O5(OH)3(NO3)5]·(H2O)3 structure28, as seen in Figure 3, right.  

Furthermore, a PDF was obtained by the crystalline 

[Bi6O5(OH)3(NO3)5]·(H2O)3 solid, which also fits well to the 

[Bi6O5(OH)3(NO3)5]·(H2O)3 structure from the literature 5 

(Supplementary S3.1.1 Figure 18). Since the molecular crystals 

have stronger intramolecular forces than intermolecular forces, the 

refinement was improved significantly by including two isotropic 

displacement factors17 (Further details are available in 

Supplementary S3.1.2). 10 

 Within the first 7 minutes of the in situ PDF experiment performed 

at 80°C, the long-range order disappears as illustrated by the 

absence of the initial crystalline phase. This provides evidence of 

a structural change, where the crystalline suspension dissolves to 

small nanoparticles without long-range order.  15 

 

At the last frame, which is 40 minutes after the beginning of the 

experiment, the reaction is expected to be in equilibrium and have 

formed {Bi38O45}, since a similar reaction has been seen to create 

{Bi38O45} clusters13. This is furthermore confirmed by fitting a 20 

model of the calculated Debye Scattering from the {Bi38O45} 

structure to the PDF from the last frame as seen in Figure 4, left.    

To support the in situ PDF data, ex situ SAXS data were obtained 

from samples prepared under similar conditions. Only the time and 

temperature of the reaction were different. Figure 4, right shows 25 

the Debye Scattering of the {Bi38O45} structure fitted to the SAXS 

data of the sample prepared at 40°C. Since the model also describes 

the SAXS data very well, it indicates strongly that the dissolution 

of [Bi6O5(OH)3(NO3)5]·(H2O)3 in DMSO creates the {Bi38O45} 

cluster at equilibrium. It has earlier been shown that similar 30 

reactions create stable {Bi38O45} clusters13 (Supplementary S3.6). 

 From an analysis of the SAXS form factor, the radius of the 

spherical {Bi38O45} cluster was estimated to be 7.25 Å and the size 

dispersity to be 0.09 Å (Figure 5), which is the first time that it has 

been quantified that {Bi38O45} is magic-sized in solution.  35 

Investigating the PDF’s obtained at lower temperatures, 30°C-

60°C, the {Bi38O45} cluster model does not describe the data well, 

indicating that the {Bi38O45} cluster has not yet been formed. 

Figure 6, left, shows the calculated Debye scattering fitted to the 

in situ PDF measurement at 30°C after 3 hours of the experiment. 40 

The structure presented by the measured data does exhibit 

similarities to the utilized {Bi38O45} cluster model. However, for a 

few of the peaks, such as at r = 7.8 Å, the intensity is not fully 

described with the given model. Concludingly, the given structure 

must be described as a structure with some similar structural 45 

features of the known {Bi38O45} structure, but it cannot solely be 

described with this model. Furthermore, ex situ SAXS data of the 

sample prepared at room temperature and measured 5 hours after 

initialization of the experiment was modelled with the {Bi38O45} 

cluster in Figure 6, right. It can be seen that the model in the high 50 

Q-value regime does not fit the data well, which supports the 

conclusion that this is an intermediate. Both the PDF and SAXS 

data collected from samples prepared at low temperatures cannot 

Figure 7: The {Bi38O45} structure describes the ex situ PDF data of the 

samples prepared at room temperature well after – left) 2 days, right) 100 

days. 

Figure 5: The SAXS measurements shows that the clusters will grow with 

time and temperature. Also the large cluster is characterized as magic-

sized (fits are available in Supplementary S3.2.1). 

Figure 4: The last frames of the 80°C in situ PDF measurement are 

described well by the {Bi38O45} structure. Left) The calculated structure 

of {Bi38O45} with the Debye Equation describes the data after 40 minutes 

of the beginning of the experiment in the in situ PDF measurement well, 

right) The calculated structure of {Bi38O45} with the Debye Equation 

describes the SAXS data from the sample prepared at 40°C well. Inset) 

The structure of {Bi38O45}. Graph-description: Right) The intensity is 

plotted versus the scattering vector Q. 

Figure 6: The data of the intermediate is not described well by the 

{Bi38O45} structure. Left) The calculated structure of {Bi38O45} with the 

Debye Equation does not describe the data of the 30°C in situ PDF 

measurement after 3 hours well. Right) The calculated structure of 

{Bi38O45} with the Debye Equation does not describe the ex situ SAXS 

data of the 30°C measurement after 5 hours after the beginning of the 

experiment, well. 
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be described with the {Bi38O45} cluster model, which is identified 

by the poor fits obtained. The full analysis can be read in 

Supplementary S3.1.4. 

Ex situ measurements of samples prepared at room temperature 

were done to characterize the reaction after 2 days, 4 days, 11 days 5 

and 100 days, which are illustrated in Figure 7. The structures of 

all of these samples correspond to {Bi38O45} (Supplementary 

S3.1.4). Therefore, the equilibrium of the reaction seems to go 

towards {Bi38O45} but is both temperature dependent and time-

dependent. At 80°C, the reaction goes to equilibrium in minutes, 10 

where it takes days at room temperature. 

Analysis of intermediate structures 

As presented above, it has been established that the first 7 minutes 

of the in situ PDF measurement at 80°C in Figure 3, left, 

corresponds to the crystalline phase of 15 

[Bi6O5(OH)3(NO3)5]·(H2O)3 and the frames after 40 minutes 

corresponds to the {Bi38O45} cluster. Figure 8 illustrates the 

reaction pathway, in which the intermediate structure is still to be 

elucidated. This is supported by Figure 9, which shows that the 

middle frame and last frame are not the same.   20 

                                                 

 
[1] Troels Lindahl Christiansen found that the octahedral building block 

octahedral {M6OX} was never stable in solution. 

But from the in situ PDF measurement in Figure 3, left, it seems 

like the crystalline phase dissolves into an intermediate, before the 

formation of {Bi38O45}. When the long-range order disappears 

after 7 minutes, the peaks at r = 3.8 Å, r = 6.3 Å, r = 8.2 Å and r = 

10.2 Å increases in intensity until it is similar to the {Bi38O45} 25 

cluster. This must represent the intermediate, which is assumed to 

be the same structure in all experiments despite the varying 

temperature (Figure 6 + Figure 17). 

Since the octahedral building block, {Bi6O8}, is referred to as 

particularly stable in the literature6-8, it is expected that the crystals 30 

will dissolve into clusters of building blocks with nitrate 

functioning as ligands. By comparing the calculated PDF of the 

octahedral building block {Bi6O8} with an early frame, a middle 

frame and the last frame of the 80°C in situ PDF data, it can be 

seen that {Bi6O8} is never stable in solution[1] (Figure 9), since the 35 

structure of the presented data contains distances significantly 

longer than the octahedral {Bi6O8} does.  

 From Figure 9 it can clearly be seen that the middle frame and last 

frame are different, especially in the peak at r = 6.5 Å, which is an 

intermolecular distance between two {Bi6O8} building blocks. 40 

Therefore, the intermediate must be a smaller cluster than the 

product. This agrees with what is chemically expected as we have 

a cluster growth proceeding in the reaction. Cluster Growth is 

furthermore verified through analysis of the SAXS form factor in 

Figure 5 since the particles prepared at 30°C and measured after 5 45 

hours has a radius of 6.25 Å, which is smaller than the {Bi38O45} 

cluster with a radius of 7.25 Å.  

While the octahedral building block, {Bi6O8}, is not seen stable in 

solution, it is instead utilized to build an intermediate structure. A 

similar structure composed of 22 bismuth atoms as the one 50 

presented in Figure 2, left, has been identified with single crystal 

diffraction29. Additionally, based on mass spectroscopy, a cluster 

of 22 bismuth atoms has been observed from a similar reaction13. 

Therefore, a {Bi22OX} structure was built simply by putting the 

{Bi6O8} units together, which can be seen in  Figure 2, left. In 55 

Figure 2, it is seen that the {Bi22OX} structure is similar to the 

{Bi38O45} structure, both built by the octahedral building blocks, 
Figure 9: Data from frames through the reaction compared to the 

calculated structure of the octahedral {Bi6O8} unit, which shows that the 

octahedral {Bi6O8} unit is not stable in solution. Inset: The structure of 

the octahedral {Bi6O8} unit. 

Figure 10: The frames corresponding to the intermediate structure in the 

in situ PDF measurement is not described well by the {Bi22OX} structure. 

Left) The calculated structure of {Bi22OX} with the Debye Equation fit the 

data of the frames after 3 hours after the beginning of the experiment of 

the 30°C in situ measurement partially, right) The calculated structure of 

{Bi22OX} with the Debye Equation fitted to the SAXS data from the 

sample prepared at 30°C after 5 hours. Inset) The structure of {Bi22OX}. 

Refined parameters can be seen in Supplementary S3.1.4. 

Figure 8: The [Bi6O5(OH)3(NO3)5]•(H2O)3 crystals dissolved in DMSO 

have shown to go through an intermediate before growing to a magic-

sized {Bi38O45} cluster. 
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{Bi6O8}, but the two clusters are different in size. Afterwards, the 

constructed {Bi22OX} cluster was fitted to the data from the 

intermediate. However, as observed in Figure 10, the data is only 

partially described, with good agreement between the peaks at r = 

3.8 Å and r = 6.3 Å, while the smaller peaks at r = 8.2 Å and r = 5 

10.2 Å cannot be fully described with the current model. 

 Apart from the cluster growth indications provided through the 

SAXS measurements, the measurements furthermore displayed a 

larger size distribution (0.94 Å) than in the final product as 

illustrated in Figure 5. Eventually, this indicates that the 10 

intermediate is disordered. The SAXS form factor analysis has 

been done by fitting a spherical SAXS form factor with a Gaussian 

curve to the data. Thereby, a size distribution of clusters can be 

illustrated as seen in Figure 11. Here the frequency of clusters with 

radius “R” is plotted versus the radius “R”. In Figure 11, left, it can 15 

be seen that 68 % of the clusters in the intermediate has a radius in 

range R =  5.3 Å – 7.3 Å, while this is compared to the {Bi38O45} 

cluster in Figure 11, right, where 68 % of the clusters has a radius 

of R = 7.16 Å – 7.34 Å.  

These results indicate that the reaction goes through a spherical 20 

polydisperse intermediate before growing to the spherical magic-

sized {Bi38O45} cluster (further analysis and results of the SAXS 

data can be found in Supplementary S3.2.1). 

Based upon the above-stated results, it has been shown that all the 

clusters are build up by the octahedral building block, {Bi6O8}, and 25 

that the product is the well-defined structure of {Bi38O45}. 

On the search for a complete solution; introducing a multi-
phase refinement 

From the previous investigations, it was found that single-phase 

refinement with either the {Bi22OX}- or {Bi38O45} cluster as the 30 

model did provide a description of some structural features, but 

still with severe discrepancies between model and experimental 

data. Therefore, it was motivated to investigate if the reaction 

instead should be considered as consisting of two phases, the 

{Bi22OX}- and {Bi38O45} cluster. Consequently, a two-phase 35 

refinement was performed on both the PDF and SAXS data. When 

a linear combination of the calculated Debye scattering from the 

{Bi22OX} cluster and the {Bi38O45} cluster is fitted to the 30°C in 

situ PDF data after 3 hours, and subsequently to the SAXS data 

which were prepared at low temperature, it can be seen that they 40 

describe the data very well (Figure 12). The SAXS form factor 

analysis can equally well be described by a two-phase refinement 

of magic-sized structures, with similar dimensions as the {Bi22OX} 

cluster and the {Bi38O45} cluster, as a polydisperse intermediate 

(Further details are available in Supplementary S3.2.1). Sequential 45 

refinement was done on the in situ PDF data, where the weighted 

scaling factor of the individual clusters can be seen as an indicator 

of how much the cluster is present in the sample (Further details in 

Supplementary S3.4). In Figure 13, it can be seen that the weighted 

scaling factors of the two clusters are changing through the 50 

reaction. The reaction can, in the beginning, be described as a large 

fraction of the {Bi22OX} cluster and small amounts of {Bi38O45}, 

but with time the {Bi38O45} cluster becomes more dominant. In 

Figure 14 the ratio between the two clusters is plotted versus the 

time after the beginning of the experiment. High values mean a 55 

high ratio of the {Bi22OX} cluster, and low values mean a high ratio 

of the {Bi38O45} cluster. It can be seen that the reaction can be 

divided into two regions; at the beginning of the reaction, the 

cluster ratio rapidly changes, which is followed by a rather constant 

change in cluster ratio throughout the reaction. Furthermore, as 60 

illustrated in Figure 14, the temperature is also observed to have an 

effect on the reaction rate and therefore dictates how rapid the 

reaction is growing from the intermediate to the {Bi38O45} cluster.  

Figure 12: Data corresponding to the intermediate in the in situ PDF 

measurement is described well by a linear combination of the {Bi38O45} 

cluster and the {Bi22OX} cluster. Left) The calculated structure of a linear 

combination of the calculated Debye scattering of the {Bi38O45} and the 

{Bi22OX} describes the data of the frames after 3 hours from the 

beginning of the experiment of the 30°C in situ PDF measurement well, 

right) The calculated structure of a linear combination of the calculated 

Debye scattering of the {Bi38O45} and the {Bi22OX} describes the SAXS 

data from the sample prepared at 30°C after 5 hours well. Inset) The 

linear combination of the {Bi22OX} and the {Bi38O45} cluster. 

+  

Figure 11: The size distributions of the clusters found with SAXS form 

factor analysis of the SAXS data of the sample prepared at 30°C and 

measured after 5 hours after the beginning of the experiment and the 

sample prepared at 40°C. Left) The size distribution of the intermediate, 

{Bi22OX} cluster. Right) The comparison of the size distributions of the 

intermediate, {Bi22OX}, and the product, {Bi38O45}. 

Figure 13: The scaling factor versus time of the reaction from the 

beginning of the experiment is plotted from the 30°C in situ PDF 

measurement, which shows that the {Bi22OX} cluster is growing to the 

{Bi38O45} cluster. 
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 How fast the conversion occurs between the {Bi22OX}- and 

{Bi38O45} cluster has been further investigated through ex situ PDF 

measurements. 

The data were measured at 30°C after 2 days, 4 days, 11 days and 

100 days. By introducing the two-phase model for refinement, the 5 

resulting fit was significantly improved (Figure 15). 

Furthermore, it can be seen that the ratio between the {Bi22OX} - 

and {Bi38O45} cluster is lower than for the high temperature in situ 

PDF measurements for 40 minutes (Supplementary S3.4), which 

indicates that both the time dependency and temperature 10 

dependency have a significant effect. 

This conventional modelling technique, which has so far been 

introduced, provides a reasonable idea of the overall cluster growth 

process, where the intermediate is growing until it becomes the 

{Bi38O45} cluster. However, limited insight can be achieved, when 15 

considering how the cluster growth is happening. To gain such 

information, a new approach must be introduced. 

Predicting the average structure through computational 
permutations 

A new way of modelling the PDF data is introduced in order to 20 

characterize the average structure through the reaction. All 

possible models, with the same motif as the {Bi22OX}- and the 

{Bi38O45} cluster must be tried in order to eventually obtain the 

best possible structure (Supplementary S3.3 Figure 37).  

The procedure of this approach is initialized by fitting a structure 25 

to a frame of the in situ PDF measurement. Proceeding from this, 

atoms are added or deleted to the structure individually in order to 

find a structure, which describes the data better. When the best 

possible structure is found, this is used as a starting point for the 

next frame, where atoms are deleted or added again. (Full 30 

description of this modelling method is available in Supplementary 

2.4 & 3.3). 

Be aware that the method can only be used when the structural 

motif is the same through the reaction, in which only the size of 

the cluster may vary. 35 

The reaction can be followed by starting from the product and 

using this method backwards in the reaction by deleting atoms or 

adding atoms to the structure in order to find the structure, which 

describes the data best. This method is illustrated by a flowchart in 

Figure 16.  40 

To avoid the unphysical values, the method was restricted. The 

cluster cannot contain more than 38 bismuth atoms and it cannot 

be smaller than the octahedral building block. Only one larger 

cluster is reported in the literature 

[Bi50Na2O64(OH)2(OSiMe)3)22]30, which does not fit the data well 45 

(Supplementary S3.5). The correlated motion, delta2, was 

restrained to between 0 and 7, the zoomscale between 0.9 and 1.1 

and the atomic displacement parameter should be between 0 and 3.  

Permutations are done by adding 2 atoms per frame, which were 

the most inner atoms of the ones missing and deleting up to 6 50 

atoms, which were always from the outer sphere of the particle. 

Ideally, all 38 bismuth atoms had to be included in the 

permutations, but this gives 238 structures that have to be fitted to 

the data. Due to limited computational power, this is not possible. 

By experience, it was seen that 6 atoms are sufficient to follow the 55 

reaction process when 1 frame corresponds to 4 seconds. 

Figure 17 shows the results of the time-resolved permutation. The 
Figure 15: The linear combination of the {Bi22OX} cluster and  {Bi38O45} 

cluster describes the ex situ data of the samples well after – left) 2 days, 

right) 100 days. 

Figure 14: The ratio of {Bi22OX} cluster and {Bi38O45} cluster is plotted 

versus time of the reaction. It can be seen that the intermediate is growing 

until it becomes the {Bi38O45} cluster. The rate of ratio change is highly 

temperature- and time-dependent.  Figure 16: The permutations method follows the steps: 
1. Fit the data of the last frame to all permutated structures of the 

{Bi38O45} cluster. 
2. Output the structure which describes the last frame best. 

3. Go 1 frame backwards and fit the data to all permutated 

structures derived from the outputted structure. 
4. Output the structure which describes the data of the second to 

last frame best. 
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number of bismuth atoms is plotted versus the time of the reaction; 

thus a reaction process of the average structure in the sample is 

shown. It is evident that the reaction goes through multiple 

intermediates.  

From Figure 17, it is seen that an intermediate of 19-23 bismuth 5 

atoms appears, which upon both lower temperatures and longer 

reaction-time, grows to an intermediate of 30-34 bismuth atoms 

before the stable {Bi38O45} structure is seen. Both intermediates 

are only stable with low temperature and the {Bi38O45} cluster is 

only seen at 80°C. Furthermore, the 30-34 bismuth intermediate is 10 

only seen at measurements longer than 30 minutes (Figure 17). In 

order to confirm the results, the residuals and the physical structure 

of every frame can be shown by this method. In Figure 18, left, the 

residuals are shown as function of the number of bismuth atoms in 

the structure. It can be seen that all intermediate states before the 15 

19-23 atom intermediate have a high Rw value. In Figure 18, right,  

a selected structure with less than 19 bismuth atoms is illustrated. 

This illustrates that when the structures have less than 19 atoms, 

they are seen to be unphysical and fit the data with high Rw values, 

which probably are caused by some crystalline material in the 20 

sample. 

In Figure 19, left, all structures larger than 19 bismuth atoms are 

plotted as function of how frequent they appear. In Figure 19, right, 

the most frequent structures through the reaction are shown. They 

                                                 

 
[2] I want to credit Troels Lindahl Christiansen for making this observation 

all seem physical and consisting of the octahedral building block, 25 

{Bi6O8}. 

For the 60°C in situ PDF measurement, the intermediate structures 

that were made this way by deleting atoms from the {Bi38O45} 

structure, were investigated. 14 different structures were found 

between the crystalline phase and the {Bi38O45} structure (Figure 30 

19), where the most frequent structures are denoted as number 6 

and 9 (Further analysis of the intermediates of the 30°C in situ PDF 

measurement are available in Supplementary S3.3.1.1). It is also 

showed that the PDF’s cannot distinguish all these structures, but 

they are all physical following the building block principle 35 

(Supplementary S3.3.1 figure 38).  

It can be seen that characterization of the cluster formation is very 

complex. Traditional refinements only show that the cluster is 

growing, but does not tell anything about how it is growing. 

Therefore, a new modelling technique was designed, where the 40 

structure was permuted. This means that the model is chosen 

relative to the earlier frame. With this technique, the average 

cluster growth process has been characterized. Both techniques are 

essential in order to understand the reaction process (Further 

comparison of the two techniques are available in Supplementary 45 

S3.8). 

Exchange of ligands from [Bi38O45(NO3)24(DMSO)25] to 

[Bi38O45(OMc)24(DMSO)25] 

In order to control the synthesis, one must not only be able to 

control the synthesis with nitrate as a ligand, but with all kind of 50 

ligands. To characterize the effect of the ligand, a replacement of 

the nitrate ligand with NaOOC(CH2)CH3 was measured in situ 

(Figure 20) at 30°C. 

It is evident that changing the ligand directly changes the structure 

of the bismuth clusters in the reaction[2]. Comparing the first frame 55 

after dissolution and the last frame of the 30°C in situ ligand 

exchange PDF measurement with the {Bi38O45} cluster reveals that 

the model describes the data reasonably just after dissolution, 

which is 5 minutes after the beginning of the experiment. However, 

following the introduction of ligand exchange, the fit is 60 

significantly improved, showing good agreement between data and 

Figure 17: The reaction goes through several intermediates, which’s 

stability is dependent of the temperature, before ending as the {Bi38O45} 

cluster. Graph-description: The number of bismuth atoms in the best 

possible structure of the frame is plotted versus reaction time. 

Figure 18: Left) The RW values plotted against the number of bismuth 

atoms in the best possible structure of the frame. Right) One of the 

structures with high RW value, which shows that these frames in the 

beginning of the reaction does not give a physical output. 

Figure 19: Left) The frequency of the clusters are plotted versus how 

many bismuth atoms they contain. Boxes) Illustrates which structures the 

reaction goes through.  
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the utilized {Bi38O45} cluster model. Consequently, this indicates 

that NaOOC(CH2)CH3 is found to stabilize the core built by the 

building blocks (Figure 21) (Further details is available in 

Supplementary S3.7). 

 However, the reasoning of why this ligand has a stabilizing effect 5 

is yet unknown, but interesting it is that the ligand has such a great 

effect on the structure of the clusters. Additionally, for further 

studies, it would be interesting to use NaOOC(CH2)CH3 in the 

cluster growth process to investigate if the intermediates could be 

further stabilized.  10 

The full analysis is available in Supplementary S3 with a 

description of the individual contributions from Troels Lindahl 

Christiansen, Martin Schmiele and Andy Sode Anker. 

Conclusion 

The experiments reported here demonstrate how challenging it is 15 

to characterize clusters directly in solution. Meanwhile, it has been 

demonstrated how powerful a tool the Debye Equation is, and how 

it can be used with both PDF and SAXS to characterize complex 

systems of multiple phases and size distributions of structures. The 

combination of PDF and SAXS has shown its large potential in 20 

material chemistry of nanomaterials. 

 In the presented study, crystalline [Bi6O5(OH)3(NO3)5]·(H2O)3 

was dissolved in DMSO, in which it was found that the material 

directly forms into a bismuth oxido cluster containing about 22 

bismuth atoms, but not through a stable octahedral {Bi6O8} unit as 25 

assumed in earlier studies13. The product was characterized as the 

atomically stable {Bi38O45} compound, which could be further 

stabilized by varying the ligand. It is the first time that it has been 

quantified that the {Bi38O45} structure is magic-sized in solution. 

In order to characterize the intermediate two modelling approaches 30 

were used. The traditional PDF methods were used with a two-

phase refinement to follow the reaction process from the {Bi22OX} 

cluster to the {Bi38O45} cluster. This method showed that the 

intermediate was found to grow until it reached the {Bi38O45} 

cluster. However, the current method does not provide any 35 

additional information regarding the unique structure(s) through 

the reaction. 

 Therefore, a new method was designed in order to characterize the 

average structure in the sample through the reaction. This method 

showed that the average structure of the cluster grows step-wise, 40 

and goes through two stable intermediates before growing to the 

{Bi38O45} cluster. The general reaction is illustrated in Figure 22, 

where it can be seen that the [Bi6O5(OH)3(NO3)5]·(H2O)3 crystal 

dissolves directly into an intermediate, which grows until the 

{Bi38O45} cluster is reached.  45 

 The reaction rate was varied by varying the temperature. At room 

temperature, the reaction took several days, while at 80°C the 

reaction took about an hour.  

This project is an outstanding improvement of the understanding 

of “real materials”. We have shown that bismuth oxido clusters in 50 

solution are affected by temperature and ligands. They are not 

simply found in one monodisperse phase, but a mixture of phases 

where the ratio between the phases is constantly changing. 

Additionally, the phases may exist of size distributions of clusters, 

where we need new techniques to characterize a unique structure 55 

through the reaction.  

Further work will be done to combine PDF and SAXS in order to 

unravel the full potential of these techniques. In situ SAXS 

measurements are currently in progress, which would greatly 

contribute to the understanding of the cluster growth of bismuth 60 

oxido clusters, and other similar systems as uranium-, cerium- and 

plutonium oxido clusters.  
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Figure 20: The 30°C in situ PDF measurement of the ligand exchange 

experiment clearly indicates a structure change during the reaction. 

Figure 21: Left: The first frame after dissolution of the in situ PDF 

measurement of the ligand exchange fitted to the {Bi38O45} cluster. Right: 

The last frame, which corresponds to 29 minutes after beginning of the 

experiment, fitted to the {Bi38O45} cluster. 

Figure 22: The [Bi6O5(OH)3(NO3)5]•(H2O)3 crystals dissolved in DMSO 

have shown to go through an {Bi22OX} cluster as intermediate before 

growing to a magic-sized {Bi38O45} cluster. 
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