
Supplementary Information 
Environmental conditions drive self-organisation of reaction pathways in 
a prebiotic reaction network 

William E. Robinson1, Elena Daines1, Peer van Duppen1, Thijs de Jong1, and Wilhelm T. S. 
Huck1,* 

1 Institute for Molecules and Materials, Radboud University Nijmegen, Heyendaalseweg 135, 6525 AJ Nijmegen, 
The Netherlands 

* Corresponding author. Email: w.huck@science.ru.nl 

Table of Contents 
Supplementary Schemes ................................................................................................................. 2	
Discussion of the parameters chosen in this study and their magnitudes ....................................... 2	

Selection of formaldehyde concentrations .................................................................................. 2	
Selection of calcium hydroxide concentrations .......................................................................... 3	
Selection of residence times ........................................................................................................ 3	
Selection of temperatures ............................................................................................................ 4	
Selection of amplitudes ............................................................................................................... 4	
Selection of periods ..................................................................................................................... 5	

Supplementary Figures ................................................................................................................... 6	
References ..................................................................................................................................... 16	
	



Supplementary Schemes 

	

Scheme S1. Detailed reaction types which describe the transformations shown in Figure 1a 
(main text). 

Discussion of the parameters chosen in this study and their 
magnitudes 
Selection of formaldehyde concentrations 

Within the conditions explored in this work, formaldehyde concentration was varied in the range 

0 to 400 mM. This range was chosen based on the series of experiments depicted in Figure 2c of 

the main text. Here, increasing the formaldeyde concentration beyond 200 mM had little effect 



on the composition of the formose reactions (with fixed conditions of 21 °C [dihydroxyacetone]/ 

mM = 50, [CaCl2]/ mM = 15, [NaOH]/ mM = 30 and residence time/ min = 2). We chose 200 

mM as a benchmark formaldehyde concentration as under these conditions a broad range of 

products was formed, and the system was on the edge of the dynamic range of the reaction’s 

response to formaldehyde concentration. 

Selection of calcium hydroxide concentrations 

The conditional variations explored covered CaCl2 variation in the range 1.5 to 52.0 mM and 

NaOH variation in the range 2.5 to 96.0 mM. Within the combinations of concentrations studied, 

no precipitation of Ca(OH)2 was observed. Therefore, we assume that all of the reactions occured 

homogeneously. Applying higher concentrations beyond the ranges used for both compounds 

would likely result in significant precipitate formation. Therefore, such regions of concentration 

were avoided. Increasing the NaOH concentration to above 30 mM resulted in a higher amount 

of formaldehyde consumption, without concurrent increases in product concentration. This effect 

can be attributed to the increased rate of disproportionation of formaldehyde into formate and 

methanol caused by Cannizzaro reactions. On the other hand, lowering the NaOH concentration 

below 30 mM would slow the rate of reaction, leading to less diverse collections of compounds 

(see Figure 3e of the main text). Therefore, a benchmark of 30 mM was chosen across the 

dataset. To maintain a 2:1 Ca2+:HO−- concentration of 2:1, the benchmark concentration of 15 

mM CaCl2 was chosen. 

Selection of residence times 

We explored a variety of residence times in the range 60 to 480 s. At a residence time of 120 s, 

the product distribution was best balanced between C4, C5 and C6 products. At a residence time 

of 60 s, only a small amount of C6 compounds was formed. Above 120 s residence time, the 



amount of C4 products, as well as lyxose, were significantly diminished. The observation of 

compounds with a variety of chain lengths was a vital component in searching for reaction 

pathways connecting the various formose products. Furthermore, keeping the formose reaction at 

under conditions under which the reaction was far from completion rendered it in a state which 

was more sensitive to changes in other reactions conditions. For these reasons, a benchmark 

residence time of 120 s was chosen to fulfil these criteria. 

Selection of temperatures 

As described in the main text, we explored temperatures in the range 10 – 50 °C, finding little 

impact on the reaction composition. We did not explore temperatures outside of this range due to 

the contraints of the apparatus used. A temperature of 21 °C was as a benchmark temperature for 

our experiments. 

Selection of amplitudes 

An amplitude of 25 mM was a applied for the modulation of each input sugar, whilst more 

traditional stready-state experiments were performed with an input modulation of 0 mM. We did 

not explore other magnitudes of amplitudes as such investigations are outside the scope of this 

study. An amplitude of 25 mM was large enough to induce concentration modulations in the 

majority of observed products. Lowering the amplitude would likely prevent the observation of 

the transfer of the input modultation to products, as the induced amplitudes may drop below the 

signal-to-noise ratio of the analysis workflow employed. Significantly increasing the amplitude 

beyond 25 mM may have introduced strong non-linear effects on the reaction. With the intent of 

modulation providing only a characterisation handle for reaction connectivity, we sought to 

maintain moderate perturbations of the reaction. 



Selection of periods 

We found that varying the period of the input modulation for any of the initiators had little effect 

on the product composition. It has been shown that flow reactors have a frequency cutoff similar 

to their residence time.1 Therefore, we employed benchmark modulation periods of three times 

the residence time of the experiment (360 s for a benchmark residence time of 120 s). 



Supplementary Figures 

	

Figure S1. The structures of compounds assigned in this work and their corresponding 
numbering scheme. 



	

Figure S2. A dendrogram derived from hierarchical clustering (average method) on a pairwise 
dis-similarity matrix defined by 1 – Pearson Correlation Coefficient on the experimentally 
determined average concentrations and amplitudes of compounds. 



	

Figure S3. Example total ion chromatograms from GC-MS measurements of authentic samples 
of a erythrose, b threose, c erythrulose, d erythritol, e xylose, f ribose, g lyxose, h arabinose, i 
ribulose. Derivatisation procedure and conditions given in Materials and Methods. 



	

Figure S4. Example total ion chromatograms from GC-MS measurements of authentic samples 
of a xylulose, b xylitol, c arabitol, d ribitol, e talose, f tagatose, g mannose, h idose, i gulose. 
Derivatisation procedure and conditions given in Materials and Methods. 



	

Figure S5. Example total ion chromatograms from GC-MS measurements of authentic samples 
of a glucose, b galactose, c allose, d altrose, e sorbose, f psicose, g fructose, h sorbitol. 
Derivatisation procedure and conditions given in Materials and Methods. 



	

Figure S6. Example mass spectra from GC-MS measurement of authentic samples of a 
erythrose, b threose, c erythrulose, d erythritol, e xylose, f ribose, g lyxose, h arabinose, i 
ribulose. If compounds gave two peaks in the GC-MS analysis, mass spectra were taken from the 
peak with the largest integral. Derivatisation procedure and conditions given in Materials and 
Methods. 



	

Figure S7. Example mass spectra from GC-MS measurement of authentic samples of a xylulose, 
b xylitol, c arabitol, d ribitol, e talose, f tagatose, g mannose, h idose, i gulose. If compounds 
gave two peaks in the GC-MS analysis, mass spectra were taken from the peak with the largest 
integral. Derivatisation procedure and conditions given in Materials and Methods. 



	

Figure S8. Example mass spectra from GC-MS measurement of authentic samples of a glucose, 
b galactose, c allose, d altrose, e sorbose, f psicose, g fructose, h sorbitol. If compounds gave 
two peaks in the GC-MS analysis, mass spectra were taken from the peak with the largest 
integral. Derivatisation procedure and conditions given in Materials and Methods. 



	

Figure S9. GC-MS calibration lines for a erythrose, b threose, c erythrulose, d erythritol, e 
xylose, f ribose, g lyxose, h arabinose, i ribulose. Dots: data, lines: fitted polynomial curves, 
shaded areas denote confidence interval of the fitted lines. Concentrations and peak areas are 
reported relative to the tertradecane internal standard. Due to the presence of cis/trans- isomers 
of the ethoxime group, some compounds give two peaks in GC-MS chromatograms. The peak 
with the highest integral of the two was used for calibration. The peak integral reported is the 
highest of Error bars are ± one standard deviation (n given in panel). 



	

Figure S10. GC-MS calibration lines for a xylulose, b xylitol, c arabitol, d ribitol, e talose, f 
tagatose, g mannose, h idose, i gulose. Dots: data, lines: fitted polynomial curves, shaded areas 
denote confidence interval of the fitted lines. Concentrations and peak areas are reported relative 
to the tertradecane internal standard. Due to the presence of cis/trans- isomers of the ethoxime 
group, some compounds give two peaks in GC-MS chromatograms. The peak with the highest 
integral of the two was used for calibration. Error bars are ± one standard deviation (n given in 
panel). 



	

Figure S11. GC-MS calibration lines for a glucose, b galactose, c allose, d altrose, e sorbose, f 
psicose, g fructose, h sorbitol. Dots: data, lines: fitted polynomial curves, shaded areas denote 
confidence interval of the fitted lines. Concentrations and peak areas are reported relative to the 
tertradecane internal standard. Due to the presence of cis/trans- isomers of the ethoxime group, 
some compounds give two peaks in GC-MS chromatograms. The peak with the highest integral 
of the two was used for calibration. Error bars are ± one standard deviation (n given in panel). 
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