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Abstract: Enzymes could be described as small-molecule, metal, or cluster catalysts augmented by 7 
biopolymeric scaffolds. It is conceivable that early in chemical evolution, ancestral enzymes opted 8 
for simpler, easier to assemble scaffolds. Herein, we describe such possible protoenzymes: 9 
hyperbranched polymer-scaffolded metal-sulfide nanocrystals. Hyperbranched polyethyleneimine 10 
(HyPEI) and glycerol citrate polymer-supported ZnS nanocrystals (NCs) are formed in a simple, 11 
abiotically plausible process. Transmission electron microscopy (TEM) analyses of HyPEI-12 
supported NCs reveal spherical particles with an average size of 10nm that undergo only a modest 13 
aggregation over a 14-day incubation. The polymer-supported ZnS NCs are shown to possess a high 14 
photocatalytic activity in an eosin B photodegradation assay, making them an attractive model for 15 
the study of the origin of life under the “Zn world” theory dominated by a photocatalytic proto-16 
metabolic redox reaction network. The catalyst, however, could be easily adapted to apply broadly 17 
to different protoenzymatic systems. 18 

Keywords: protoenzyme; hyperbranched polymers; photocatalytic nanoparticles; polymer-19 
supported nanoparticles; metal-sulfide clusters 20 

 21 
 22 

1. Introduction 23 

Metabolism is one of the defining characteristics of life. The primary purpose of metabolism is 24 
the efficient utilization of external sources of energy to fuel cellular processes, such as growth and 25 
replication [1]. Enzymes, highly selective and efficient biocatalysts, govern metabolism. Enzymes 26 
offer a selective advantage to some reactions by enhancing their rate up-to 1023-fold [2,3], unmatched 27 
by other types of catalysts, effectively shaping metabolic transformations. This level of control and 28 
order sets metabolism apart from any other set of chemical reactions. The crucial role of enzymes in 29 
life has prompted some to argue that catalytic enzyme precursors, or protoenzymes, played a critical 30 
role in the emergence of life [4,5]. 31 

Nearly all enzymes are based upon globular proteins, save for some RNA strands that have 32 
catalytic activity (ribozymes) [1]. While the discovery of the ribozyme [6,7] has become the basis of 33 
the RNA world origins of life theory [8,9], the question of how long, functional biopolymers were 34 
spontaneously formed remains unsolved. Previous studies have thus considered potentially more 35 
prebiotically reasonable transition metal complexes [10], small molecules [11], and mineral surfaces 36 
[12, 13] as primitive protoenzymes. While metal cations and small molecules catalyze chemical 37 
reactions by lowering the activation energy or altering reaction pathways, macromolecular enzymes 38 
offer an additional advantage of selective binding, orienting, and enclosing reactants within a 39 
modulated microenvironment [14]. In the prebiotic world, in the absence of long coded proteins or 40 
RNA, mineral surface catalysis could have performed some catalytic functions. Encapsulation of 41 
organic molecules between mica sheets has been proposed to trigger protoenzymatic processes [15] 42 
and clay minerals have been shown to facilitate the polymerization of activated nucleotides, 43 
presumably by orienting the reactants [16]. The orientation of glycine molecules on oxide mineral 44 
surfaces has also been shown to affect its reactivity towards polymerization [17]. 45 



 2 of 11 

 

In the synthetic community, the application of enzymatic systems to modern synthetic processes 46 
has become a desirable goal [18]. The high cost of enzyme isolation and enzyme incompatibility with 47 
synthesis conditions outside of physiological has prompted studies of non-biopolymer-based 48 
enzyme mimics. Approaches to the design of artificial enzymes range from stripping the cofactors of 49 
the biopolymeric scaffold, synthesis of supramolecular active sites, surveying enzyme-mimetic 50 
properties of various nanoparticles, and investigation of non-biological polymeric scaffolds [19]. In 51 
the context of prebiotic chemistry, it is conceivable that the first enzymes may not have been purely 52 
or entirely protein- or RNA-based. Herein, we describe an effort to combine the principles of artificial 53 
enzyme construction discovered by synthetic chemists to gain new insights into the question of the 54 
provenance of enzymes. 55 

Catalytic nanoparticles are an attractive avenue to explore in the context of protoenzymes. The 56 
catalytic properties of nanoparticles, in particular, arise from their large surface area compared to the 57 
nanoparticle's total number of atoms [20]. Many nanoparticle catalysts have been shown to catalyze 58 
enzymatic reactions to earn the term "nanozyme" [21]. Nanomaterials are usually thought of as 59 
synthetic or anthropogenic; however, they can form through natural abiotic processes and could have 60 
been present on prebiotic Earth. All mineral formation processes undergo a sometimes persistent 61 
nanophase stage during formation. For example, volcanic ash clouds contain polydisperse particles 62 
that range from 100 to 200 nm in size and are primarily composed of silicate and iron compounds 63 
[22]. In geological processes, nanoparticles can be generated through mineral weathering or by 64 
mechanical grinding associated with earthquake-generating faults in Earth's crust [23]. Could 65 
chemical evolution harness the catalytic capacity of natural nanomaterials? To answer this question, 66 
we investigated the potential role of metal-sulfide nanocrystals (NCs) as possible precursors to metal 67 
sulfide clusters found in some modern enzymes. Metal sulfide deposits near deep-sea hydrothermal 68 
vents have become the basis of the iron-sulfur world theory [24]. The model suggests that these 69 
minerals would catalyze complex sequences of reactions, driven by the energy from the vents, 70 
eventually leading to life. In the subaerial "Zinc world" scenario [25], life emergence would have been 71 
driven by light energy harnessed by photoactive semiconductive zinc sulfide (ZnS) minerals. Under 72 
"Zinc world" assumptions, the geochemical formation of long-lived ZnS nanoparticles would extend 73 
the catalytic capacity of the material due to the significantly increased specific surface area of the 74 
catalyst and the exciton confinement effects [26]. NCs, however, tend to spontaneously aggregate; 75 
therefore, it is a common practice to include polymeric supports [27] or other capping agents [28,29] 76 
in NC formulations to decrease particle overgrowth and aggregation. As a plausible prebiotic 77 
polymeric support candidate, we introduce hyperbranched polymers. Hyperbranched polymers [30] 78 
and dendrimers [31,32] have been long considered for biomimetic catalysts in synthetic applications. 79 
Our previous studies have demonstrated the plausibly prebiotic synthesis of hyperbranched 80 
polyesters from citric acid and glycerol [33-35] and the ability of hyperbranched polyesters to catalyze 81 
the Kemp elimination reaction [36]. Here, we report on the prebiotically plausible formation of 82 
photocatalytic hyperbranched polymer-scaffolded ZnS NCs. 83 

2. Materials and Methods  84 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without 85 
further purification. 86 

Synthesis of hyperbranched polyethyleneimine (HyPEI)-supported ZnS nanocrystals (NCs): 87 
To produce 10mg of supported ZnS NCs, a solution of 0.4g HyPEI (124.9ml, pH=6) was titrated 88 

with 2.56ml of 40mM ZnCl2 solution and magnetically stirred for 1 hour. 2.56mL of a 40mmol solution 89 
of Na2S was then added dropwise and was allowed to stir for 1 hr magnetically.  90 

Synthesis of glycerol citrate polyesters: 91 
A polyesterification was conducted, starting with 10mL of an aqueous solution containing 92 

330mM citric acid and 660mM glycerol. Some formulations contained also 165mM CoCl2 or ZnCl2. 93 
The samples were incubated, uncovered, at 85°C for 72 h. The resulting gel-like product was 94 
redissolved and dialyzed through a 500-1000Da cutoff Float-A-Lyzer membrane (Repligen, Waltham, 95 
MA, USA) and lyophilized. 96 
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Measurement of the divalent cation loading capacity of the polymers: 100mg of glycerol citrate 97 
polyester (formulation without added cations), COOH-terminated oligo- 2,2-98 
bis(hydroxymethyl)propionic acid dendrimer, trimethylol propane core, generation 1, C45H62O30 99 
(Sigma-Aldrich, 806099), OH-terminated oligo- 2,2-bis(hydroxymethyl)propionic acid dendrimer, 100 
trimethylol propane core, generation 1, C21H38O12(Sigma-Aldrich, 805920) polyester dendrimers, and 101 
HyPEI was equilibrated overnight in 1mL of a 165mM solution of CoCl2. The step was omitted for 102 
the glycerol citrate polyesters prepared in the presence of CoCl2. The solutions were then dialyzed 103 
through a 500-1000Da cutoff Float-A-Lyzer membrane and lyophilized. The content of Co2+ per unit 104 
weight of the resulting polymer was determined spectroscopically utilizing a JASCO (Hachioji, 105 
Tokyo, Japan) V-670 UV-vis spectrometer. 106 

Synthesis of glycerol citrate polyester-supported ZnS NCs: The loading capacity towards the 107 
absorption of Zn2+ was estimated to be the same or similar, as in the case of Co2+ ions. An excess of 108 
the theoretical amount of the Zn2+-bearing polyester was used. 0.8g of Zn2+ -bearing polyester was 109 
dissolved in 27.4mL of water. The pH of the solution was adjusted to pH=6 with NaOH. 2.56mL of a 110 
40mmol solution of Na2S was then added dropwise and was allowed to stir for 1 hr magnetically.  111 

Mass spectrometry: MALDI-MS spectra were collected on an ultrafleXtreme Bruker Daltonics 112 
MALDI-TOF-MS (Bruker Corporation, Billerica, MA, USA) in positive ion mode. External mass 113 
calibration was conducted using standard peptide mixtures. The sample preparation matrix, 90:10 114 
mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxy benzoic acid (SDHB), was dissolved 115 
in deionized water. Subsequently, the freeze-dried samples and the matrix were mixed at a 1:10 [v/v] 116 
ratio in advance, and then the mixture was applied to the plate before analysis. 117 

Transmission Electron Microscopy (TEM): Transmission Electron Microscopy and Field-emission 118 
(FE)-TEM imaging were performed at the Tokyo Institute of Technology Materials Analysis Division 119 
Technical Department in Meguro-ku, Tokyo, with the assistance of Akira Genseki and Ryohei 120 
Kikuchi. Samples were prepared by placing a droplet of ZnS nanoparticle solution (See above for 121 
synthesis method) on a Collodion Film COL-C15 copper grid (Okenshoji Co., Ltd., Chuo-ku, Tokyo, 122 
Japan) and wicking away the liquid to deposit a thin layer onto the grid. The grid was allowed to dry 123 
at room temperature for 2 days before imaging. After confirmation using a Hitachi (Chiyoda-ku, 124 
Tokyo, Japan) H7650 Zero A TEM (100 kV), high-resolution imaging was performed at room 125 
temperature on a JEOL (Akishima, Tokyo, Japan) JEM-2010F FE-TEM at 200 kV with the following 126 
specifications: a ZrO/W(100) Schottky cathode, ultra-resolution pole piece, Gatan (Sarasota, Florida, 127 
USA) Digiscan System Model 688, Gatan MSC 794 CCD Camera, and an EDAX (Minato-ku, Tokyo, 128 
Japan) Genesis energy dispersive X-ray spectrometer. 129 

Photocatalytic activity measurement: A jacketed pyrex flask (capacity ca. 40mL) was used as the 130 
photoreactor vessel. For a typical experiment, a solution adjusted to pH=6 by NaOH containing eosin 131 
B (5.0 x10-5M, 30mL) and polymer-supported ZnS NC catalysts (10mg of ZnS, corresponding amount 132 
of polymer) was magnetically stirred in the dark for 30 min to reach the adsorption equilibrium of 133 
eosin B with the catalyst and then exposed to light from a 100W high-pressure mercury lamp (Handy 134 
100, Mizuka Planning, Amagasaki, Hyogo, Japan). The temperature of the solution was maintained 135 
constantly by circulating ice water through the flask's jacket. An aliquot was collected every 15 min; 136 
UV/Vis absorption spectra of each aliquot were recorded on a JASCO V-670 UV-vis spectrometer. 137 

3. Results 138 

The procedure for the preparation of hyperbranched polyethyleneimine (HyPEI) was adapted 139 
from a protocol described by Hassan and Ali [37]. The protocol devised by Hassan and Ali utilized 140 
high molecular weight HyPEI (Mw=25,000 – 50,000); however, we used HyPEI of a low molecular 141 
weight HyPEI (Mw=800Da) comparable to that of hyperbranched polyesters synthesized under 142 
prebiotically plausible conditions [33,34] In our experiments, when Na2S solution was titrated into a 143 
solution of ZnCl2 at neutral pH, the clear solution quickly turned cloudy with a white precipitate, 144 
presumably, crystalline zinc sulfide (ZnS), settling within an hour. However, when Na2S solution was 145 
titrated into a ZnCl2 solution in the presence of hyperbranched polyethyleneimine (at neutral pH, the 146 
resulting solution remained unclouded for at least 14 days suggesting that the ZnS product remained 147 
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soluble. Figure 1A shows a low-magnification TEM (transmission emission microscope) micrograph 148 
of a freshly prepared ZnS/HyPEI sample, which indicates that the sample contains many 149 
nanoparticles in a clustered pattern, possibly owing to the hyperbranched polymer matrix. The high-150 
magnification FE (field-emission)-TEM micrograph in Figure 1A (inset) reveals spherical particles 151 
with an average size under 10nm. The low-magnification TEM micrograph in Figure 1B shows the 152 
presence of aggregated particles (~50nm in diameter) in a solution of ZnS/HyPEI that was kept at 153 
room temperature for 14 days, confirming our previous observation that the nanoparticular ZnS 154 
remained stable in solution for this time period.   155 

 156 

 
(a) 

 
(b) 

Figure 1. TEM images of HyPEI-supported ZnS nanocrystals. (a) Low magnification image of a freshly 157 
prepared sample; inset: high magnification FE-TEM micrograph of a freshly prepared sample. (b) 158 
Low magnification image of a sample aged for 14 days. 159 

 160 
HyPEI contains abundant primary, secondary, and tertiary amine groups, and has a strong 161 

affinity towards the complexation of transition metals [38]. HyPEI, consequently, has been used in 162 
water treatment and as a support for nanoparticles [37,39], although it is not very prebiotically 163 
plausible. We, therefore, next considered hyperbranched polyesters that could plausibly form in 164 
geochemical settings [33-35]. We assessed the hyperbranched polyesters formed upon the reaction 165 
between citric acid and glycerol, as well as commercially available oligo-2,2-166 
bis(hydroxymethyl)propionic acid dendrimers terminated with either carboxylic acid or alcohol 167 
functional groups. Neither commercial polyester dendrimers nor the glycerol citrate polymer has 168 
exhibited high affinity towards transition metal binding (Table 1). Interestingly, the citric acid 169 
glycerol polymers formed in the presence of CoCl2 retained a significant amount of Co2+ through 170 
dialysis (see the Materials and Methods section). We have previously shown that the presence of 171 
divalent cations during citric acid and glycerol polyesterification alters the structure and the size of 172 
the resulting polymer [33]. The cation-containing formulations resulted in shorter polymers that 173 
incorporated more citric acid moieties compared to neat solution formulations. Stochiometrically, the 174 
increased number of citric acid moieties, in turn, increases the number of unreacted carboxylic groups 175 
changing the metal affinity. The response of the polyesterification system to the presence of divalent 176 
cations by adjusting the polymer product structure to accommodate cation absorption is an example 177 
of rudimentary molecular imprinting, a primitive mechanism of molecular memory encoding 178 
suggested to be prevalent in prebiotic word prior to the onset of nucleic acid replication [40]. Thus, 179 
to incorporate a prebiotically plausible polymer that has molecular imprinting ability, we synthesized 180 
a polyester by heating at 85˚C a dry mixture of citric acid, glycerol, and ZnCl2 (1:2:0.5, mole ratios). 181 
The mass spectral analysis of the polymer (Figure S1) reveals a heterogeneous mixture of polymeric 182 
products up to ~1400Da. The resulting polymer solution was titrated with Na2S to form polymer-183 
scaffolded ZnS NCs. 184 

200nm

20nm

200nm
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 185 
Table 1. Loading Capacity of Co2+ of hyperbranched polyesters and HyPEI. 186 

Polymer Co2+ Loading Capacity ([µmol Co2+/ g polymer] 
Hyperbranched Polyethyleneimine 

Mw=800 
736 

COOH-terminated oligo- 2,2-
bis(hydroxymethyl)propionic acid 

dendrimer, trimethylol propane 
core, generation 1, C45H62O30 (bis-

MPA-COOH) 

4.5 

OH-terminated oligo- 2,2-
bis(hydroxymethyl)propionic acid 

dendrimer, trimethylol propane 
core, generation 1, C21H38O12 (bis-

MPA-OH) 

1.6 

Citric acid – glycerol polymer, 
prepared in neat non detectable 

Citric acid – glycerol, prepared in 
the presence of CoCl2 

542 

 187 

 188 
To demonstrate the potential applicability of the polymer-supported ZnS NCs to the prebiotic 189 

chemistry in "Zinc world" settings, we have followed the analytical procedure described by Hu et al. 190 
[41]. We investigated the photocatalytic activity of the polymer-supported ZnS NCs relative to those 191 
of bulk ZnS and the commercial photocatalyst TiO2 (21nm), with the photocatalytic degradation of 192 
eosin B as a test reaction. We have chosen the characteristic absorption of eosin B at 520 nm as the 193 
monitored parameter for the photocatalytic degradation process. 30 ml of 5.0x10-5M solution of eosin 194 
B was subjected to incubation with periodic sampling under the following conditions (Figures 2, S2): 195 
a) without a catalyst, in the dark b) without a catalyst, under UV irradiation, c) with polyester-196 
supported ZnS NCs (10mg of NCs), in the dark, d) with HyPEI supported ZnS NCs, in the dark, e) 197 
with 21nm TiO2 nanoparticles, in the dark f) with 21nm TiO2 nanoparticles, under UV, g) with HyPEI-198 
supported ZnS NCs, aged at room temperature for 14 days, under UV h) with freshly prepared 199 
HyPEI-supported ZnS NCs, under UV, i) with polyester-supported ZnS NCs, under UV, j) with 200 
unsupported ZnS2, k) with monomeric citric acid, glycerol, ZnCl2, and Na2S, under UV. When 201 
appropriate, 10 mg of TiO2 nanoparticles or ZnS NCs was used. Under the experimental conditions 202 
from (a) to (e), the photocatalytic effect on the solution degradation without catalysts but under 203 
exposure to UV light is almost the same as that with catalyst but no exposure to UV light. For 204 
example, a slight decrease in the concentration of eosin B was detected in the absence of any catalyst 205 
(Figure 2, curve b). Exposure to UV light for 135 min resulted in only 5-6% degradation of the dye 206 
with and without the catalyst. The curves measured under the experimental conditions (f) to (i), those 207 
containing a catalyst and with exposure to UV light, are indicative of a significantly higher catalytic 208 
activity. For example, the fresh HyPEI-supported ZnS NC (Figure 2, curve h) sample was completely 209 
decolorized after 135 min of exposure to UV light with a half-life of ~24 mins. The aged HyPEI-210 
supported ZnS NC (Figure 2, curve g), and commercial TiO2 particle (Figure 2, curve f) samples 211 
exhibit a lower photocatalytic activity with half-lives of ~45 and 72 min, respectively. This difference 212 
in the photocatalytic activity between fresh HyPEI-ZnS NC sample and aged HyPEI ZnS NC and 213 
TiO2 samples can be explained by the smaller diameter of the ZnS NC (~10nm of the fresh HyPEI-ZnS 214 
NCs vs. 20nm of TiO2 particles vs. ~50nm of the aged HyPEI-ZnS NCs), hence resulting in a larger 215 
catalytic surface area. The polyester-supported ZnS NCs activity (Figure 2, curve i) closely resembles 216 
that of the fresh HyPEI-supported ZnS NCs (Figure 2, curve h). Unsupported ZnS undergoes quick 217 
aggregation and precipitation under the irradiation (Figures S2, S3). In this sample (Figure S2, curve 218 
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j), the solution was rapidly decolorized. However, the dye was adsorbed and preserved on the surface 219 
of the precipitated ZnS particles suggesting that decolorization derived from the solid-liquid phase 220 
partitioning rather than photodegradation (Figure S3). The photocatalytic activity of polyester-221 
supported ZnS NCs was further compared to that of a solution containing unreacted citric acid and 222 
glycerol as well as ZnCl2 and Na2S (Figure S2, curve k). Interestingly, ZnS did precipitate out of the 223 
solution containing citric acid and glycerol as it did in a neat solution. Moreover, citric acid, glycerol, 224 
ZnCl2, and Na2S solution did not exhibit a detectable photocatalytic activity. It is conceivable that the 225 
process of chelation of zinc cations by the unreacted citric acid in the sample (i) interferes with the 226 
formation of ZnS particulates.  227 

 228 

Figure 2. Time-lapse measurement of photodegradation of eosin B (5.0x10-5M, 30mL) under different 229 
conditions: a) without a catalyst, in the dark b) without a catalyst, under UV irradiation, c) with 230 
polyester-supported ZnS NCs (10mg of NCs), in the dark, d) with HyPEI-supported ZnS NCs, in the 231 
dark, e) with 21nm TiO2 nanoparticles, in the dark f) with 21nm TiO2 nanoparticles, under UV, g) with 232 
HyPEI-supported ZnS NCs, aged at room temperature for 14 days, under UV h) with freshly prepared 233 
HyPEI-supported ZnS NCs, under UV, i) with polyester-supported ZnS NCs, under UV. When 234 
appropriate, 10 mg of TiO2 nanoparticles or ZnS NCs was used. The normalized concentration (Ct/C0) 235 
was derived from the UV absorbance values at 520nm. 236 

4. Discussion 237 

Our results show that HyPEI- or glycerol citrate polyester-supported ZnS NCs make excellent 238 
photocatalysts. Their straightforward formation makes them plausible agents at the early stages of 239 
chemical evolution. While we so far have only explored the catalyst and the processes relevant to the 240 
"Zinc World" scenario, the demonstrated synthesis of the catalytic complexes could be applicable in 241 
a variety of geological settings. Therefore, by considering different particles or cofactors, as well as 242 
different plausible polymeric scaffolds, one could extend the repertoire of similar catalysts to other 243 
chemical evolution models. With minimal modifications, the model could be adjusted to study the 244 
possible chemical evolution of FeS or MoS cluster bearing proteins, e.g., ferredoxins, hydrogenases, 245 
and nitrogenases [42]. Utilizing NCs rather than bulk surfaces as a model for possible cluster 246 
precursors permits the investigation of size-dependent properties. The concept of hyperbranched 247 
scaffolds could also be applicable broadly to the models of chemical evolution. In these models, 248 
cofactors other than metal sulfides, i.e., small molecules and cations could be used. Furthermore, in 249 
lieu of hyperbranched polyimides and polyester, other polymers could be utilized, i.e., 250 
hyperbranched polyamidoamines [43] and polypeptides [44]. In addition to forming efficient 251 
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prebiotically plausible catalysts, the structure of cofactors scaffolded by globular polymers, 252 
superficially similar to contemporary enzymes, is intriguing in the context of chemical evolution as 253 
well. When considering enzyme-like prebiotic catalysts, the abundance of particular small-molecule 254 
cofactors, inorganic clusters, and cations are conceivable; however, functional high proteins and RNA 255 
molecules are unlikely to have been present at the early stages of chemical evolution. Several studies 256 
have tackled the prebiotic formation of peptide [45,46] and phosphodiester bonds [16,47]. These 257 
studies, however, so far, did not address the mechanisms controlling the primary structure of a 258 
biopolymer that is responsible for folding and function. The intrinsically globular hyperbranched 259 
polymers are a reasonable candidate for primitive protoenzymatic scaffolds. 260 

In summary, we have presented a straightforward, plausibly prebiotic process of a spontaneous 261 
formation of stabilized polymer-supported nanoparticles. The structure of these complexes, a 262 
catalytic agent scaffolded by globular polymers, is superficially reminiscent of the enzymatic 263 
structure and therefore is a compelling model for the study of the chemical evolution of enzymes. An 264 
enzyme could be described as a catalytic agent augmented by a biopolymer scaffold. The 265 
hyperbranched polymer scaffold could have been the early primitive augmenting scaffold to be 266 
replaced with more sophisticated ones throughout chemical evolution. This primitive scaffold 267 
furthermore provides a means to study the aspects of small particle catalysis in prebiotic chemistry. 268 
Although herein, we have only explored the photocatalytic ZnS NC complex relevant to the "Zinc 269 
world" hypothesis of the origin of life, the model, however, can be easily extended to other 270 
protoenzymatic systems. 271 
 272 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: MALDI 273 
mass spectrum of the ZnCl2-bearing glycerol citrate polyester, Figure S2: Time-lapse measurement of 274 
photodegradation of eosin B (5.0x10-5M, 30mL) under additional conditions, Figure S3: Visual progression of the 275 
eosin B degradation assay catalyzed by unsupported ZnS. 276 
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Supplementary Materials 387 

 388 

 Figure S1. MALDI mass spectrum of the ZnCl2-bearing glycerol citrate polyester. The mass spec is 389 
indicative of a heterogeneous mixture of polymeric species. The assigned peaks indicate the masses consistent 390 
with molecular formulae of x glycerol (G) units and y citrate units (C). The assignments were possible in the 391 
case of sodiated signals; zinc complexes were difficult to assign unequivocally due to the complexity of the 392 
zinc isotopic pattern.  393 

 394 

Figure S2. Time-lapse measurement of photodegradation of eosin B (5.0x10-5M, 30mL) under additional 395 
conditions: j) with unsupported ZnS particles, under UV, k) with unreacted citric acid, glycerol, ZnCl2, Na2S, 396 



 11 of 11 

 

under UV. 397 
 398 

 399 

Figure S3. Visual progression of the eosin B degradation assay catalyzed by unsupported ZnS. A) 400 
Photograph of the reaction vessel showing colored precipitate at the end of the reaction. B) Photograph of the 401 
centrifuged aliquots taken over the course of the measurement (left to right indicates increasing time) featuring 402 
the colored precipitate. 403 


