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ABSTRACT: Design of Experiments (DOE) is a key method for optimizing physical processes by altering multiple variables at 
once to assess their effect. In chemistry DOE explores a wider parameter space than the dominant ‘One Factor at a Time’ 
(OFAT) method providing greater opportunity to explore the factors that can be used to optimize yield, purity, and to explore 
chemical space for new compounds. One area of chemistry which suffers from low yields and poor reproducibility but is full 
of hard to predict and interesting materials is polyoxometalate cluster science. Herein we developed a DOE analysis method-
ology to explore the parameter space of polyoxometalate cluster formation to explore the subtle input effects which are 
known to have an impact on the product discovery, purity, and stability under the preparation conditions. Using a Plackett-
Burman screening design we analyzed the effect of six synthetic parameters in only 12 experiments, following up with a full 
factorial analysis of the three most significant factors to identify the key parameters in the successful synthesis of each. Based 
on this we provide a useful template which produces the input data for automated synthesis based on DOE on other synthetic 
procedures. In our POM test cases, redox agent stoichiometry was found in three of the four systems studied to be significant 
factors with pH and temperature also found to be commonly important. The insights derived from this analysis were applied 
to design optimized synthetic procedures and improve the yield of the product by on average >33% from the highest reported 
literature yield. Thus, the DOE methodology outlined here is shown to yield insights in reaction optimization rapidly with 
facile experimental design and analysis even for complex multivariate synthetic procedures.  

With increasing automation of chemistry allowing the execu-
tion of massively parallel reactions process optimization, the 
exploration of chemical space faces a combinatorial explosion 
of reaction possibilities. As such the identification of the non-
innocent factors (i.e., those which change the process out-
come) is vital as is exploring multi-dimensional chemical space 
in the most resource efficient and productive manner. Chem-
ists have long utilized intuition-led OFAT methods for catalyst 
and process optimization despite the fact that it is has been 
largely discredited.1 Of the many limitations of OFAT methods 
perhaps the most relevant to chemistry are that it is highly de-
pendent upon the starting point in chemical space,2 can result 
in different labs reaching different scientific conclusions about 
the impact of the same factors and is subject to stochastic re-
sponses if, as is common, each data point is only collected once. 

Design of Experiments (DOE) is a branch of applied statistics 
provides a more robust and comprehensive search of the 
chemical space in question from fewer experiments than re-
quired for OFAT methods.3 The method was developed ini-
tially for use in agriculture by Ronald A. Fisher in the 1920s 
and 1930s. Since then it has become a powerful tool in engi-
neering,4 administration, pharmaceuticals5-6, the food indus-
try7-8, energy9, and chromatography10 as well as being applica-
ble to physical processes and computer simulation models.11  
The principle of DOE is to arrange input variables or factors 
(e.g., temperature, stoichiometry etc.) in such a way that their 
effects on a measured response (e.g., yield, purity) can be cal-
culated relatively easily but robustly. In contrast to the domi-
nant one factor at a time (OFAT) methodology where each pa-
rameter is varied individually, DOE is designed to provide the 
maximum information from the least number of experiments, 

by changing multiple factors at the same time such that a larger 
experimental space can be explored and a ‘global’ optimum can 
be found (Figure 1).12 The method takes into account the fact 
that the response may be non-linear in multidimensional ex-
perimental space. DOE also has 

the ability to unravel combinations of multiple main factors 
working together, so called factor interactions,13 which could 
have a substantial impact on the outcome of a reaction and stay 
undetected by using traditional OFAT methods. Instead, by us-
ing DOE it is possible to not only unravel all factors which are 
significant to the desired outcome (i.e. yield), but also uncover 
the important interactions which may deliver a deeper under-
standing of the synthesis and potentially the mechanism of for-
mation for a desired target. 

Plackett-Burman designs (PB, Figure 2) are one type of DOE 
design that can be used to examine syntheses with large num-
bers of reaction steps without performing all the experiments 
required for a full analysis. A PB design can examine up to (n–

Figure 1. Experimental space can be explored using (a) One factor at 
a time (OFAT) or (b) Design of Experiments (DOE) methods. The latter 
covers the space more efficiently and is more likely to find the global 
optimum in multidimensional space.   
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1) factors in n experiments, where n is a multiple of four, ergo 
a design with 12 experiments can examine up to eleven fac-
tors.14 A two level plan allows each factor to have either a low 
(−1) or a higher value (+1) and each run is undertaken with 
the various factors set at different levels. The design is com-
pleted with dummy factors if the number of examined factors 
is smaller than (n – 1). The effects of these imaginary factors 
can be used in statistical analysis of the main effects.15 Such 
methods which allow the variation of a large number of factors 
can be advantageous to exploratory work by revealing the sig-
nificant factors of a complex synthetic process where little is 
known about the key formation parameters making it ideal for 
highly sensitive and/or unreliable syntheses such as in polyox-
ometalate (POM) chemistry.  

 

Figure 2: Example of an Plackett-Burman screening design with 
twelve runs (eleven factor, two-level). Factors to be varied: A-F, Re-
sponses: yn (i.e. yield), Factor Settings: -1 (low)/ +1 (high). Negative 
Effect values indicate higher yield at the low setting while positive ef-
fects represent increased yield at the higher setting. The absolute 
value of the effect indicates the magnitude of the impact on yield.    

POM chemistry is an attractive and dynamic field covering fun-
damental and applied research, synthesis and reactivity, phys-
iochemistry and biochemistry and many other domains.16 
These polyatomic ions occur as molecular metal oxide clusters 
of transition metals (e.g. Mo, W, V etc.) in their high oxidation 
state linked together by shared oxygen atoms. Due to the self-
assembly nature of their formation their syntheses can be very 
sensitive with the slightest deviation in process able to influ-
ence the success of a reaction. This may be partly because 
many of the key parameters of POM synthesis are known to in-
teract with each other. For example, variation of the solution 
pH strongly influences the reduction potential of the metal 
center and olation behavior changing the effect of the reducing 
agent added or stirring time in an aerobic environment. The 
mechanics of many clusters’ and materials’ formations are still 
relatively unclear although recent studies suggest a subtle au-
tocatalytic effect for some POMs.17 Therefore, many POMs 
which have been reported are later found to be extremely chal-
lenging to reproduce or provide product with very low yields.  

In the light of these issues we have utilized DOE to investigate 
the following four candidate reactions of large polyoxomet-
alate structures to improve yields and gain insights into the 
formation mechanism: The Keggin network with the molecular 
formula (C4H10NO)n[W72Mn12O268Si7] (Figure 3), the {V18} net-
work [Fe3V18O42(H2O)12(XO4)] (X = V, S) (Figure 4), the 
{Mo154} blue wheel Na14[Mo154O462H14(H2O)70]. (Figure 6) and 

the {Mo132} brown Keplerate 
(NH4)42[Mo132O372(CH3COO)30(H2O)72] (Figure 7) 

Methodology 

For all syntheses, a 12-run, two-level Plackett-Burman design 
was chosen as an initial screening method as this allows us to 
determine the significant main factors by performing substan-
tially fewer than the 64 reactions which would be required for 
a full analysis.18 Several repetitions of each set were carried 
out, especially when the responses varied considerably, to 
make sure the results were reliable and comparable by their 
averages. To neutralize any uncontrolled inputs and to control 
for blocking effects the running order within the 12 runs was 
randomly determined for all setups by rolling a dodecahedral 
die and running them in two different blocks on different days. 
Each repeat of the 12-run design was carried out in a different 
randomly assigned running order. Each step of the procedure 
was assigned to a factor column (controlled inputs A-F) in the 
design table and the high levels (+1) and low levels (-1) were 
defined. The five remaining columns were assigned to dummy 
factors (G-K). Usually, three dummy factors are sufficient to 
calculate the experimental error later, however, more can eas-
ily be used, if fewer main factors than possible are investigated 
in the design.19   

The original values of each reported experimental step were 
taken as a starting point and the factorial levels were set by 
either adding 10 % or deducting 10 % of the original values for 
most of the factors. The design matrix in the following Figure 
2 was elaborated and used as a template for all experiments 
(See SI Table S1). A setup was generated that had all solid rea-
gents added as stock solutions and used DrySyn Blocks to dis-
tribute the heat equally to all reactors. Total volumes were 
kept the same within all experiments by adding deionized wa-
ter. Afterwards, the minimum significant factor effects were 
calculated from the experimental error using the effects of the 
dummy factors and the corresponding t-value of 1.476 based 
on the degrees of freedom, which was 5 in this case (i.e. the 
number of Dummy Factors) and the statistical significance 
level of 20% (i.e. α = 0.2). 

Before being able to compare the effects with each other they 
had to be disentangled because the more the number of exper-
iments is reduced using by the Plackett-Burman screening 
method the more main factors and two-factor interactions in-
fluence one another, which means that their effects are con-
founded (See SI). Higher order interactions, such as three or 
more factor interactions, could be neglected in screening due 
to the hierarchy ordering principle.20 

The disentangled effects could then be calculated from Equa-
tion 1.  

𝐸𝑓𝑓𝑒𝑐𝑡(𝐹𝑎𝑐𝑡𝑜𝑟) =
2 ×[∑(𝑦+)−(𝑦−)]

𝑛
 

Where y+ is the yield when the factor in question is at the 
higher setting and y− is the yield when the factor is at the lower 
setting (n = number of factors). If the disentangled factor effect 
was positive, the product yield increased at the factors maxi-
mum setting and if it was negative, the product yield increased 
at the factors minimum setting. Whilst every reagent, solvent 

(1) 
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or other experimental parameter plays a role in the syntheses, 
only a few were considered as significant to the outcome of the 
reaction. This so called sparsity-of-effects principle presumes 
that the total number of factor effects that dominate the sys-
tem is small.20 Accordingly, the three main factors with the 
largest individual effect on the yield of the desired POM were 
then analyzed for two-factor interactions using a three factor 
full factorial design. This involves multiplying the values for 
the two factors in question (i.e. A and B) and calculating the 
effect of the new column (AB). All main and two factor interac-
tions were then rated based on their overall effect on product 
yield and purity (determined by ICP). 

Results and Discussion 

Keggin Network  

The so-called “Keggin-Net” belongs to a class of porous mate-
rials with an open three-dimensional structure and can be for-
mulated as (C4H10NO)n[W72Mn12O268Si7]·zH2O. It was first re-
ported in 200821 and is the first example of a mesoporous POM 
based framework, where the scaffold consists exclusively of 
transition metal substituted polyoxometalates (TMSP). This 
means it is based solely on α-Keggin clusters [α-XMzW12-zO40]n- 
with two different substitution modes ergo two distinct build-
ing blocks (Figure 3). Importantly, they are connected to each 
other directly in absence of any external electrophilic linkers. 
The distribution of the Mn substituted addenda is crucial to the 
framework because both tetrahedral and trigonal linked build-
ing blocks must be present. The morpholinium cations serve 
as counterions to stabilize the anionic framework and are 
added at the beginning of the synthesis so potentially have a 
templating effect. They are embedded in the large cavities in 
the crystal structure formed by rings of ten Keggin clusters ac-
companied by two more secondary building units (SBU) on 
each side and may be important for crystallization as without 
them the framework might stay soluble. 

The synthetic procedure for the Keggin-Net reported involves 
four key reactants and three process steps which were identi-
fied as likely to be relevant (three pH adjustments and a stir-
ring period). Thus the factors chosen to investigate were mor-
pholine, which acts as the cation for crystallization of the prod-

uct; {W10} precursor (K8SiW10O36.12H2O) and the 

heterometallic redox agents Mn(II)SO4.H2O and KMnO4 which 
react together to provide the Mn(III) ions for the Keggin-Net. 
Only one pH adjustment was used as a factor after some pre-
liminary experiments found the adjustment after Mn(II) addi-
tion to be the largest. The levels of each of the factors were var-
ied from ca 80% at the lower level to ca 120% at the higher 
setting for each reagent while pH was varied ±0.15. Tempera-
ture was set at 30 degrees or 80 degrees to capture the differ-
ence between room and elevated temperature.  

Three 12-reaction screening experiments were conducted by 
varying factors A-F as shown in Table 1 at their maximum or 
minimum setting. In the Keggin network experiments the min-
imum significant factor effect was calculated to be 5.3  10−3 
and the absolute value of any effect had to be equal or higher 
to be considered as significant. The stoichiometry of manga-
nese sulphate  (MnSO4·4H2O) and the heating temperature 
were found to have significant effects on the outcomes, 
whereas the concentration of 

Table 1: Two Level Settings and Disentangled Factor Effects for All POMS.  

POM Keggin Net  Fe-Linked {V18}  

Label Factor −1 +1 Effecta 
 

Factor −1 +1 Effecta 
 

A NR3c 22.9 34.4 -0.06  LiOH 4.0 6.0 0.6  

B {W10} 0.10 0.13 0.41  V2O5 2.25 2.75 -3.4  

C Mn(II) 0.13 0.20 -1.29  T 60 95 0.2  

D KMnO4 31.6 41.1 0.48  RAb 2.0 40 3.5  

E pH 7.60 7.90 0.41  FeCl2 1.0 1.5 1.9  

F T 30.0 80.0 0.55  t 180 420 -3.4  

All reagent quantities in mmol. All temperatures (T) in °C. All times (t) in minutes. Keggin Net Scale = 55 mL, Minimum Significant Factor Effect = 0.53  
10−2; Fe-Linked {V18} Scale = 35 mL, Minimum Significant Factor Effect = 6.9  10−2; a10-2; b RA = Hydrazine sulfate; c NR3 = Morpholine 
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Figure 3 The Keggin network is built from two types of lacunary Keg-
gin clusters which act as either trigonal (mauve) or tetrahedral nodes 
(purple). The polyhedral representation of the clusters shows the two 
different secondary building units (SBUs) which are linked into an in-
finite 3D-framework based upon bridging oxo’s connecting the clus-
ters.  

potassium permanganate (KMnO4) did not pass the threshold 
of being significant, but its effect was still considerably high 
and worth mentioning here. The negative value of the Factor 
effect indicates that higher yields were achieved with Factor C 
at the lower setting demonstrating that the ratio of 
MnSO4.4H2O to {γ-SiW10} should be closer to 1:1 than 2:1 (or 1 
Mn: 1 Si: 10W) in order to achieve the optimal conditions for 
self-assembly of the Keggin network (Mn:Si:W = 12: 7: 72). 
Morpholine has the least effect, likely due to the fact that it ex-
ists in significant excess (180-350 equiv.) in solution at either 
setting, however this may also be a result of its role as a coun-
ter cation, rather than integral part of the POM self-assembly 
process, suggesting that crystallization is not the limiting fac-
tor in the synthesis of this POM.   

Next, a full factorial design for these three factors was run with 
the −1 and +1 settings the same as above (Table 3). This was 
run to assess the effects of factor interactions calculated from 
(CD), (CF) and (DF) alongside the effects of the main fac-
tors (See Table S2 and the Supplementary Spreadsheets for full 
design details). Applying this analysis showed that the MnSO4 
was the most significant factor followed by KMnO4 likely due 
to the need to oxidize Mn(II) to Mn(III) in this reaction. The 
interaction effect for these two factors (CD) was negative 
meaning that the ideal ratio of Mn(II):Mn(VII) is  3:1 which, 
assuming complete conversion would yield 3 Mn(III) + 1 
Mn(IV) center. The effect of reaction temperature individually 

was also found to be important with the higher setting found 
to be more favorable.  

The {V18} Fe-Linked Network 

The {V18} network was first mentioned in 199922 and is an ex-
ample of a three-dimensional (b)-type framework displaying a 
regular cubic arrangement of kegginoid {XV18O42} clusters 
(where X = SO4 or VO4) linked together through Fe(H2O)4. The 
high porosity of this scaffold allows the interpenetrations of 
two slightly shifted frameworks as can be seen in Figure 4. 
Each POM cluster binds to six transition metal centers 
{Fe(H2O)4} which results in the general formula 
[Fe3VIV10VV8O42(H2O)12(XO4)]∙24H2O (X = V or S).  
In the {V18} Fe-linked network experiments (Table 1) the min-
imum significant factor effect was calculated as 6.9  10−2  but 
unfortunately, none of the effects were found to meet this 
threshold. However, three factors had far higher effects than 
the others: (1) the concentration of vanadium pentoxide 
(V2O5), (2) the concentration of hydrazine sulphate 
([N2H5][HSO4]) and (3) the reaction time. Surprisingly, the re-
action temperature did not play an important role in the syn-
thesis, whereas a higher yield was achieved when the reaction 
time was shorter and the concentration of vanadium pentox-
ide (V2O5) lower. The ratio of hydrazine sulphate to vanadium 
pentoxide seemed to be maximal around 2:1, providing an ex-
cess of both reducing electrons and sulphate anions and thus 
suggesting V reduction may be a key mechanistic step in the 
formation of this cluster. However, reactions with separate 
sulphate sources may be required to disentangle these two 
possibilities.  

Upon running a full factorial design, the significance of the re-
ducing agent is still clear with this providing the most im-
portant factor (Table 3) with the other factors and factor inter-
actions yielding only small, and likely statistically insignificant 
effects. Statistical analysis of the data collected for the V18 syn-
thesis suggest low R2 values for the derived model suggesting 
that further runs would be required to gain more certainty in 
the key factor effects.  

Interpolated 2D heat maps can be generated from the DOE 
data which provides a way to visualize the results graphically 
(Fig. 5). The interacting effect of time (F) and reducing agent 
(D) can be seen by plotting them at low [V] setting (top left). 
This shows that the positive effect of reducing agent on yield 

Tetrasubstituted node Trisubstituted node 

Linked Network Structure 

Table 2: Two Level Settings and Disentangled Factor Effects for All POMS. Keggin Net Scale = 55 mL, Minimum Significant Factor Effect = 0.53  10−2; Fe-
Linked {V18} Scale = 35 mL, Minimum Significant Factor Effect = 6.9  10−2;  

POM  {Mo154}  {Mo132} 

Label  Factor −1 +1 Effecta  Factor −1 +1 Effecta 

ppt Xtal Comb. 

A  Na2MoO4 0.83 2.07 7.0  OAcc 10.0 16.2 10.0 3.5 13.5 

B  RAb 0.23 0.77 6.2  {Mo7} 0.40 0.49 1.2 1.9 0.7 

C  pH 0.8 1.2 −5.5  pH 3.80 4.20 0.6 4.1 4.8 

D  T 20 60 −1.9  RAb 0.54 0.69 0.8 0 0.8 

E  t 10 60 −2.3  T 20 60 -1.6 3.7 -2.0 

F  Evap. Slow Fast −0.1  t 10 60 -2.5 3.0 0.4 

All reagent quantities in mmol. All temperatures (T) in °C. All times (t) in minutes. {Mo132} Scale = 47 mL, Minimum Significant Factor Effect for precipitate 
(ppt) , single crystals (xtal) and combined (Comb.) = 4.2  10−2, 1.810−2 and 3.7  10-2; a10-2; b RA = Hydrazine sulfate; c[NH4] salt.  
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at short times falls away rapidly upon increasing stir time at 
low reducing agent concentration but less so when reducing 
agent is high. This may be due to aerobic oxidation over time 
limiting the amount of reducing electrons available for the 
POM synthesis. At high reducing agent concentration, the 
chemical space is relatively flat showing good yields at most 
vanadium concentrations particularly for shorter reaction 
times (bottom center). This reflects the smaller effect signifi-
cance of the vanadium concentration.  

 

Figure 4 Polyhedral and ball and stick representation of the cubic ar-
rangement of the {V18} network linked through FeII centers, where the 
{VO5} polyhedra = cyan and Fe = dark red. 

Finally, at by controlling for reaction times the more marginal 
effect of the vanadium can be visualized (bottom right) with 
higher yields at the lower values reflecting the negative value 
of the factor effect. Intriguingly, the data appears to show an 
‘island’ of high yield at low reducing agent concentration when 
reaction times are short and vanadium concentration is low 
suggesting these two factors combined may be able to over-
come the disadvantageous effect of the lower reducing agent 
concentration, however the DOE analysis suggests that this 
does not in fact represent the true optimum and the idealized 
synthesis will include reducing agent at its higher setting while 
both the vanadium and time should be at their lower values.  

 

The {Mo154} Blue Wheel 

Table 3: Full Factorial Main and Two-Factor Interaction effects for the three most influential factors studied in the screening experiments (above) in order 
of absolute significance.  

Keggin Net  Fe-Linked {V18}  Mo154  Mo132 

Factor Effectc 
 

Factor Effectc 
 

Factor Effecta 
 

Factor Effectc 
   

MnSO4 (C) -13.16  RAb (D) 12.46  Na2MoO4 (A) 60.7  NH4OAc (A) 22.8 

KMnO4 (D) 4.64  BF -1.88  AB 44.6  AC -4.93 

Temp. (F) 4.11  t (F) -0.75  RAb (B) 38.6  pH(C) 3.00 

CD -2.72  V2O5 (B) 0.56  BC 19.0  AE -0.73 

CF 1.74  DF 0.46  pH (C) −14.9  Temp. (E) 0.46 

DF -0.36  BD 0.34  AC −0.43  CE -0.42 

Negative Effect values indicate higher yields at low (−1) settings and Positive effect values indicate higher yields at the higher (+1) setting. The higher the 
absolute value of the effect the more significant it’s influence on yield. Their high effects demonstrates that Two-Factor interactions can have important 
impact on the outcome of these reactions;  a 10-3; b RA = Hydrazine sulfate; c weighted effect.  
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Molybdenum blues are without a doubt widely accepted as re-
markable examples of polyoxoanion self-assembly, especially 
considering the simplicity of their synthetic procedures. They 
are defined by containing mixed valence MoV/MoVI addenda 
having delocalized electrons capable of intervalence charge 
transfer from MoVI to MoV and it is this electronic interaction 
that gives the clusters their signature intense blue color. The 
self-assembly of molybdenum blues occurs in aqueous MoVI so-
lutions by interaction of reducing agents and acids.  We have 
recently demonstrated that the mechanism of Mo154 formation 
occurs through an autocatalytic process whereby the rate of 
reductive dimerization of molybdate to the Mo2 building block 
is key to the isolation of the wheel structure over other topol-
ogies (e.g. Keplerate Mo132). As such we hypothesized that the 
concentration of reducing agent would be a key factor in this 
synthesis, as well as potentially pH and MoO4 concentration 
since reduction potential is closely related to metal oxide pro-
tonation.  

In the {Mo154} blue wheel experiment (Table 2) the minimum 
significant factor effect was calculated to be 6.5  10−2. The 
stoichiometry of both the molybdate and the hydrazine sul-
phate ([N2H5][HSO4]) were found to have a significant effect on 
the outcome, whereas the pH did not pass the threshold of be-
ing significant but was still considerably high.  

The positive value of Factor effect A suggests that concentra-
tion is important for this reaction however the negligible effect 
of evaporation for crystallization may indicate this is less re-
lated to the formation of crystals than other factors related to 
concentration such as rate of aerobic oxidation. This would be 
in keeping with the observation that the reducing agent hydra-
zine sulphate ([N2H5][HSO4]) was the second most important 
factor and produced greater yields when at the higher setting. 
The preference for a lower pH setting also validates our 

mechanistic studies which showed that Mo154 dominated over 
Mo132 at lower pH, presumably due to more facile reduction 
when the metal oxide ligands are protonated.  

 

Figure 6 Polyhedral representation of the {Mo154} wheel structure 
shown from a top-down perspective highlighting the seven {Mo11} 
units, where {Mo1} = yellow, {Mo2} linker-type = red and {(Mo)Mo5} pen-
tagonal-type = light blue/blue. 

After the application to a full factorial design (Table 3) the mo-
lybdate concentration was still found to be the most important 
effect followed by reducing agent. However the interaction ef-
fect of these two was found to be larger than reducing agent 
alone demonstrating that the formation of reduced Mo(V) is 
key to the mechanism of Mo154 formation. Interestingly, no sig-
nificant interaction was found for molybdate concentration 
and pH. Instead, interaction of reducing agent with pH (posi-
tive) was found to be the next most important factor, higher 

Figure 5: Interpolated Heat Maps showing slices of the 3-dimensional Chemical space for the significant factors in Fe-linked {V18} network synthesis 
at the higher (+1) and lower (−1) settings analysed in these experiments. High Yield = Yellow, Low Yield = Blue. {V} = V2O5 Concentration (mmol), RA 
= Reducing Agent Concentration (Hydrazine Sulfate, mmol), Time (h). See SI section 1.14 for plot preparation details.  

A C E 

B D F 
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even than pH alone reflecting the more facile reduction with 
lower pH (-1 setting) and higher reductant concentration (+1 
setting). These data may indicate that Mo154 formation is more 
thermodynamically controlled than the {V18} synthesis.    

The {Mo132} Brown Keplerate 

In principle, molybdenum browns are further reduced relative 
to molybdenum blues and, rather than being delocalized 
throughout the entire molecule, the additional electrons that 
are found in this species are localized between reduced MoV 
centers in Mo-Mo bonds contributing to the brown color of 
these clusters, see Fig. 7. That means, when the pH is slightly 
increased, the self-assembly tends towards the formation of a 
remarkable spherical anions colloquially referred to as Kep-
lerate clusters due to Johannes Kepler’s early model of the cos-
mos.24 The {Mo132} spherical structure can also be described as 
twelve {Mo11} units which, however, are different to the ones 
found in {Mo154}. The central {(Mo)Mo5} building blocks are 
linked together by five {Mo2} linker-type units connected via 
edge-sharing among themselves leading to a smaller, fully 
spherical, icosahedral topology25,26,27,28. This structure has an 
internal cavity size with a diameter of 17 Å and an outer diam-
eter of 25 Å. The building block approach to the formation of 
the Keplerate structures leaves twenty hexagonal open spaces, 
referred to as pores, on the sphere’s surface. This internal cav-
ity of this Keplerate can be used for the study of guest-host 
chemistry.  

 

Figure 7 Polyhedral representation of the {Mo132} Keplerate structure, 
where the pentagonal-type {(Mo)Mo5} = light blue/blue and the edge-
sharing {Mo2} linker-type = red. 

In the {Mo132} Keplerate experiments (Table 2) the minimum 
significant factor effect was calculated to be 4.2  10−2 although 
none of the effects were found to be significant enough in this 
initial analysis. Despite this the pH adjustment by 50 % acetic 
acid (CH3COOH) almost passed the threshold. The effects of the 
following the reaction temperature and the concentration of 
ammonium acetate (CH₃COONH₄). were rather close to the 
minimum significant factor effect and high enough to be note-
worthy. The positive value of the Factor effect indicates that 
higher yields were achieved with Factor C at the higher setting 
demonstrating that the pH should be higher in order to achieve 
the optimal conditions for self-assembly of the {Mo132} Kep-
lerate. Interestingly, hydrazine sulphate ([N2H5][HSO4]) has 
the least effect here which might be lead back to the small 

difference between the two settings or the predominant influ-
ence of the pH. Two weeks after the removal and collection of 
the dark brown {Mo132} Keplerate solid material, large dark 
brown crystals had formed. They were analyzed in the same 
manner as the other POM products from all the other reac-
tions. 

In the {Mo132} Keplerate crystals analysis the minimum signif-
icant factor effect was calculated to be 1.810−2 (Table 2). The 
stoichiometry of ammonium acetate (CH₃COONH₄) and the re-
action time were found to have significant effects, whereas the 
reaction temperature almost passed the threshold of being sig-
nificant. The outstanding positive effect of factor A indicates 
that a higher concentration of ammonium acetate 
(CH₃COONH₄) leads to higher yields. This could be easily iden-
tified because only the samples with the higher setting of fac-
tor A formed crystals whereas the others had no yields at all. 
Surprisingly, a shorter reaction time yielded better results 
while the opposite was the case in the previous results. This 
makes sense though because less material reacted and was col-
lected as precipitate.  

Keplerate {Mo132} combined results 

Interestingly, the results for the {Mo132} Keplerate precipitate 
and crystals were not equivalent. The concentration of ammo-
nium acetate (CH₃COONH₄) and the reaction temperature 
were among the three most important factors in both cases, 
only the pH adjustment by 50 % acetic acid (CH3COOH) and the 
reaction time differed in the results. Removing the precipitate 
after a few days could, also be examined as a factor because 
crystals formed afterwards in only the 6 flasks containing the 
higher concentration of ammonium acetate (CH₃COONH₄).  

Combining the results of both crops of Mo132 allows a clearer 
picture of the overall effects on the synthesis of the Keplerate. 
The minimum value for significance of the combined results 
was found to be 3.7  10-2 (Table 2). Both ammonium acetate 
and pH were found to be key and the subtle effects of temper-
ature and time were not significant in this analysis. After the 
application to a full factorial design the most important signif-
icant factor was still the ammonium acetate by almost an order 
of magnitude with the higher concentration yielding more de-
sired product (Table 3). pH was the third most important fac-
tor with the interaction between these two constituting the 
second most important factor. Intriguingly the interaction fac-
tor effect was found to be negative while the main effects were 
both positive meaning that a high pH (achieved through addi-
tion of HOAc) is able to compensate somewhat for a lower con-
centration of ammonium acetate while if both are low then for-
mation of the product is decimated. Thus the effect of the 
NH4OAc may be a result of the pH buffering effect of the acetate 
than the crystal packing provided by the ammonium cation. 
Future experiments with a range of acetate salts would be ex-
pected to confirm this hypothesis.  

Optimized Syntheses 

For all of the four families discussed optimized syntheses were 
designed based on the results of the DOE analysis (see SI). 
Where a factor clearly influenced the yield it was set at it’s 
more favorable setting however if the factor showed little to 
no impact on yield this value was set either at the midpoint 
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value or at the setting which placed the least additional burden 
on the synthetic protocol (i.e. if temperature had no effect this 
was set at room temperature). The improvements in the syn-
thesis unveiled by our DOE analysis gave on average a 33% in-
crease in yield over the top yields reported in the literature. 
For the Fe-linked V18 almost no increase from the literature 
value (57% vs lit. 56%) was observed under the optimal con-
ditions however the yield was higher than almost all of our 
other iterations of this synthesis.  The Keggin-Net synthesis 
was increased to a 28% yield, higher than the 22% reported in 
the literature and significantly higher than the highest in our 
screening experiments of 11%. The Mo154 synthesis yield in-
creased from 45% to 60% after our investigations and the 
Mo132 from 52% to 71% demonstrating the utility of the DOE 
method for optimizing inorganic syntheses.  

Conclusions 

In three of the four POM syntheses the redox modulating rea-
gent was found to be one of the most significant factors affect-
ing yield demonstrating the vital importance of electron trans-
fer processes in the formation of these complex nanostruc-
tures. Given this it is interesting to note that most POM synthe-
ses are carried out under aerobic conditions where oxidation 
rate at the solution surface is not well controlled. Curiously the 
only POM which did not feature reducing agent as a key factor 
is the most reduced POM {Mo132} containing thirty Mo(V) di-
mer units per cluster however this is most likely a result of the 
large (ca 10 fold) excess of the reducing agent wrt Mo under 
our DOE conditions. For Mo132 the ammonium acetate was the 
most significant by a large degree followed by the pH which 
under our conditions was modulated by addition of acetic acid. 
Full factorial analysis demonstrated an interaction effect be-
tween these two such that high pH was able to mitigate a lower 
concentration of ammonium acetate suggesting some buffer-
ing role for the acetate base being key to increased yield as op-
posed the facilitation of crystallization by the ammonium cat-
ion which is commonly posited. 

Overall, we have provided a standard methodology for the use 
of DOE in inorganic synthesis by varying 6 factors ca ±10-20% 
from their reported values. We have further demonstrated 
that by applying a full factorial analysis on the three most sig-
nificant factors we can elucidate factor interactions which pro-
vide key insights into the chemical basis for improved yields. 
We have produced a simple template for design of experiments 
planning (SI Spreadsheet) which produces a machine-readable 
csv file for automated optimization reaction. In the case of no-
toriously unpredictable POM formations and syntheses, it pro-
vided guidance as to which variables are the most important 
allowing for procedure optimization and targeted trouble-
shooting of failed syntheses. We have thus written optimized 
procedures for these POMs which have provided up to a 73% 
increase in yield over those reported previously. In addition, 
the lessons learned from these specific POMs regarding the im-
portance of redox agents and pH buffers can be extrapolated 
to the whole wealth of POM syntheses providing opportunities 
to improve yields and our understanding of their self-assembly 
across the field.  

ASSOCIATED CONTENT  

Supporting Information. This material is available free of 
charge via the Internet at http://pubs.acs.org. Detailed 

synthetic procedures, tables of yields, DOE designs and opti-
mized procedures are available in the word document. Full cal-
culations and the Template for DOE Design is available in the 
attached spreadsheet.    
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