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Abstract: Conversion of renewable plant polyphenol to advanced 

materials with tailorable properties and various functions is desirable 

and challenging. Herein, monovalent cation-phenolic crystals 

contained K or Na ions are synthesized using plant polyphenol as 

organic source in alkaline solution. The crystal structure is resolved, 

showing a laminar crystal structure with M+ as connecting nodes. 

The morphologies (e.g., rod-like and spindle shaped) and chemical 

compositions of crystals are tuneable by changing the types of 

cations. It is found that such polymer crystals exhibit an interesting 

property of pH reversible crystal transformation. They transform into 

protonated crystalline form in acidic condition (e.g., pH 2), and back 

to the cation bound crystalline form in alkaline solution. The crystals 

further demonstrate diverse applications as excellent antioxidant 

crystals and heavy metal ion adsorbents.  

Metal-organic coordination polymers, e.g. metal-organic 

frameworks (MOFs), have attracted intensive attention due to 

the uniform and flexible frameworks,[1] and wide applications, 

such as adsorption,[2] separation,[3] and catalysis.[4] Plant 

polyphenols, as a natural and renewable source, have a 

sufficient number of catechol groups that show a salient feature 

of metal chelation.[5] Recently, a library of metal-phenolic 

coordination polymers with various multivalent metal ions have 

been prepared by a metal-ligand coordination assembly 

strategy.[6] Metal-phenolic coordination spheres with tunable 

mono-, multi-metal ions have also been fabricated via a sol-gel 

process.[7] Furthermore, Dai’s group reported the synthesis of 

mesoporous coordination polymers using Zn(II) and mimosa 

tannin.[8] Plant polyphenols have shown great potentials for the 

synthesis of metal-organic coordination crystals due to their 

strong metal chelate ability. However, most of the reported 

metal-phenolic coordination polymers show amorphous structure 

as the polyphenol can be easily oxidized,[9] meanwhile the self-

assembly process of metal ions and polyphenol can be difficult 

to control. To date, there are only few examples of the 

successful synthesis of metal-phenolic crystal. Yang et al. 

synthesized Zn(II)-ellagic acid (EA) mesocrystals in organic 

solvent via a solvothermal synthesis strategy.[10] Wei et al. 

reported a hydrothermal synthesis strategy for cobalt (or iron)–

phenolic crystals in alkaline solution.[11] In the previous reports, 

transition metal ions are usually used for the synthesis of metal-

phenolic coordination polymers due to their abundant vacant 

orbits to coordinate catechol groups. Moreover, the crystalline 

structure of polyphenol-based crystals has never been fully 

analyzed in the previous work. Monovalent cations, especially 

the alkali metal ions have weak binding interactions with organic 

ligand, which has rarely been investigated to synthesize metal-

phenolic polymers. To the best of our knowledge, the synthesis 

of metal-phenolic polymers with unique crystalline framework 

and tunable monovalent cations have never been reported yet.  

The metal-phenol interactions are depended on pH value. 

For example, the coordination capsules of Fe(III)-tannic acid 

(TA), Zr(IV)-TA, and Fe(III)-gallic acid showed a pH dependent 

behavior that disassembled at acidic pH, due to the competition 

of coordination and protonation of phenolic hydroxyls.[6b, 12] This 

pH dependent behavior may show a genetic disposition on the 

metal-phenolic polymer crystals. Dynamic structure changes of 

crystalline materials have received considerable interest in 

crystal engineering. Guest-induced structural transformation has 

been widely explored. Those structure changes induced by 

removal/addition of metal nodes from the network have rarely 

been studied, since crystals can hardly retain crystallinity. [13] So 

far, there is no report on the pH dependence of metal-phenolic 

crystals. The pH variation may change the physical and 

chemical properties of metal-phenolic crystals, expanding their 

potential applications such as sensor,[13a] actuator,[14] imaging,[15] 

and controlled release.[16] Compared to the strong interaction of 

multivalent cations and phenols, the relatively weak interaction 

of monovalent cations and phenols endow easier dissolution, 

making pH dependent crystal structural changes achievable. 

Herein, monovalent cation (e.g., K, Na)-phenolic polymer 

crystals are synthesized by polymerization of tannic acid in 

trimethylamine (TMA), NH4OH, NaOH, or KOH solutions at room 

temperature. The synthesized processes are detailed, and the 

crystal structure of monovalent cation-ellagic acid (M(I)-EA) are 

resolved, providing good reference to understand the reported 

metal-phenolic crystals. The chemical composition and 

morphology of M(I)-EA crystals are easily tailorable by changing 

the variety of monovalent cations. Such polymer crystals exhibit 

an interesting property of pH reversible crystal transformation. 

They transform into protonated form at acidic condition (e.g., pH 

2), and back to the cation bound crystalline one in alkaline 

solution. M(I)-EA crystals further reveal versatile applications, 

such as excellent antioxidants, and sustainable and regenerable 

adsorbents for trace amount metal ions removal from water. 

[a] Dr. R. Ou, C. Zhao, X. Li, N. S. Nguyen, Dr. L. Wan, Prof. H. Wang 

Department of Chemical Engineering, Monash University 

Clayton, Victoria 3800, Australia 

E-mail: huanting.wang@monash.edu 

[b] Prof. J. Wei 

The Key Laboratory of Biomedical Information Engineering of 

Ministry of Education, School of Life Science and Technology 

Xi'an Jiaotong University, Xi'an, Shaanxi 710049, P. R. China 

[c] Dr. Q. F. Gu 

Australian Synchrotron (ANSTO) 

Clayton, Victoria 3168, Australia 

[d] Dr. H. Zhu, Prof. M. Forsyth 

Institute for Frontier Materials, Deakin University 

Waurn Ponds, Victoria 3216, Australia 

[†] These authors contributed equally to this work. 

 Supporting information for this article is given via a link at the end of 

the document 



COMMUNICATION          

 

 

 

 

 

Figure 1. (a) Synthesis procedures of NH4(I)-EA in NH4OH solution. (b) The 

conversion process of tannic acid to ellagic acid. (c) Analysis of hydrolyzation 

and esterification process by UV-Vis spectra. Yellow band: tannic acid; green 

band and 212 nm: partially deprotonated tannic acid; blue band: ellagic acid. 

The synthesis procedure of M(I)-EA crystals is detailed in 

Figure 1a. Tannic acid firstly underwent mild hydrolyzation, 

esterification, and biacrylation processes to produce partially 

deprotonated ellagic acid, followed by assembly of the 

monovalent cation-ellagic acid crystals. The hydrolyzation and 

esterification process of tannic acid was detailed in Figure 1b 

and Figure S1 (Supporting Information), and determined by UV-

Vis spectroscopy (Figure 1c). Tannic acid mainly showed two 

peaks at 212 and 274 nm in the UV spectra, and a shoulder 

peak at 300 nm. After neutralization by alkaline, it showed three 

peaks at 212, 274, and 317 nm in the first minute, forming the 

partially deprotonated TA. With time increase, the intensity of the 

peak at 317 nm gradually decreased, while the peak at 274 nm 

strengthened and became narrower, indicating the hydrolysis of 

TA and formation of digallic acid (Figure S1, Supporting 

Information).[17] After 5 hours, the occurrence of peaks at 254 

and 360 nm suggested the formation of ellagic acid.[17a] The 

increasing intensity of peak 254 and 360 nm indicated the 

increasing concentration of ellagic acid in solution. After 72 

hours, the yield of ellagic acid in solution was determined to be 

33 wt.%. Compared to other hydrolysis method of polyphenols, 

e.g. enzymatic synthesis, this method is mild and simple. 

Different from tannic acid and the intermediates with flexible 

molecular structure, ellagic acid has planar structure, which was 

beneficial for the assembly and formation of unique crystalline 

structures. Powder X-ray diffraction (XRD) pattern of NH4(I)-EA 

crystals was collected at the powder diffraction beamline, 

Australian Synchrotron, and resolved (Figure 2 and Table S1, 

Supporting Information), providing good reference for the 

reported metal-phenolic crystals. The crystal data for NH4(I)-EA 

are as follows: monoclinic system, P 21/a (no. 14), a=10.4301(1) 

Å, b=16.6214(4) Å, c=3.6379(1) Å, β=97.5086(2)°. It exhibited a 

cell volume of 625.27(5) Å3. NH4(I)-EA showed a laminar crystal 

structure with NH4
+ as connecting nodes (Figure 2b). To the best 

of our knowledge, it’s the first example to synthesize monovalent 

cation-polyphenol crystals. 

The assembly of ellagic acid could be induced by various 

cations, generating crystals with diverse morphologies and 

compositions. TMA, NH4OH, NaOH, and KOH were used as 

alkaline and cation sources to fabricate M(I)-EA crystals in this 

work. As shown in Figure 3, (CH3)3NH(I)-EA was parallelepiped 

crystals, whereas NH4(I)-EA and Na(I)-EA were rod-like crystals. 

Spindle shaped crystals were formed in KOH solution. The 

scanning electron microscopy and energy-dispersive X-ray 

spectroscopy (SEM-EDS) analysis showed that (CH3)3NH+, NH4
+, 

Na+, or K+ were distributed uniformly in the relevant polymer 

crystals. The contents of these four cations in the relevant 

crystals were determined to be 20.5, 10.2, 8.4, and 7.2 wt.%, 

respectively, according to the SEM-EDS and thermogravimetric 

(TG) analysis (Figure S2, Tables S2-S3, Supporting Information). 

Thus, 1.3 units of (CH3)3NH+, 1.9 units of NH4
+, 1.2 units of Na+, 

and 0.6 units of K+ were with each unit of ellagic acid in the 

relevant crystals of (CH3)3NH(I)-EA, NH4(I)-EA, Na(I)-EA, and 

K(I)-EA. M(I)-EA crystals were well dispersed in water (Figure 

S3, Supporting Information). The color of crystal powders varied 

from light gray to yellow green. Importantly, they showed good 

stability in water. After stirring in water for 15 days, the crystal 

structure and morphology of M(I)-EA crystals kept the same as 

the as-prepared one (Figures S4-S5, Supporting Information). 

 

Figure 2. (a) Experimental and standard XRD pattern of NH4(I)-EA, and (b) 

the resolved crystal units of NH4(I)-EA.  

 

Figure 3. The morphology and SEM-EDS analysis of (a) (CH3)3NH(I)-EA, (b) 

NH4(I)-EA, (c) Na(I)-EA and (d) K(I)-EA.  

The chemical and crystal structure, and the thermal stability 

of M(I)-EA crystals were characterized. In the UV-Vis spectra 

(Figure 4a), four M(I)-EA crystals showed the same peaks at 

254 and 360 nm, demonstrating the same organic unit of ellagic 

acid. M(I)-EA crystals with different cation sources showed 

different XRD patterns (Figure 4b), indicating four different 
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crystal structures. This might be due to the different sizes of 

binding cations assembled with EA, resulting in the 

contraction/expansion of crystal structures. As for the chemical 

structures, M(I)-EA crystals showed similar Fourier-transform 

infrared (FTIR) spectra but shift peaks (Figure S6, Supporting 

Information). Different cations affected the electron state of EA 

in crystal, resulting in the shift peaks. In addition, solid-state 1H 

nuclear magnetic resonance (NMR) spectra showed that there 

were mainly three types of 1H in the crystals: Ar-H, Ar-OH and 

H2O (Figure 4c). Ar-H and Ar-OH were part of the EA unit. 13C 

bands of C=O, Ar-O, Ar-C, and Ar-H could be identified in the 
13C-CPMAS spectra (Figure 4d), which were attributed to EA. 

The integration of different cations with EA changed the electron 

density of 13C atom, resulting in different 13C solid-state NMR 

patterns in the chemical shift range of 90-170 ppm. Figure S2 

(Supporting Information) shows the TG analysis of M(I)-EA 

crystals. The pyrolysis of tannic acid started at 200°C,[18] while 

that of ellagic acid at 400°C.[19] However, the cations associated 

M(I)-EA crystals showed better thermal stability than tannic acid 

and ellagic acid. The initial pyrolysis temperatures were 

increased to 437°C, 445°C, 447°C, 455°C for (CH3)3NH(I)-EA, 

NH4(I)-EA, Na(I)-EA, and K(I)-EA, respectively. These results 

suggested that the cations existed in the crystal framework bind 

the EA units and strengthen their interactions. Therefore, M(I)-

EA crystals are laminar crystals with ellagic acid as organic units 

and different monovalent cations as connecting nodes. 

 

Figure 4. Characterization of M(I)-EA crystals. (a) UV-Vis spectra of M(I)-EA 

crystals. (b) XRD patterns of M(I)-EA crystals. (c) Solid-state 1H NMR spectra 

and (d) solid-state 13C NMR spectra of M(I)-EA crystals. 

In addition, M(I)-EA crystals with different sizes and 

morphologies could be prepared by tuning the solvent and the 

cation dosing amount. For instance, the size of NH4(I)-EA crystal 

could be easily tailored by using water-ethanol mixture as 

solvent (Figure 5). The size of NH4(I)-EA crystals were 0.6×10 

μm, 0.5×9 μm, 0.6×13 μm, 0.5×8 μm, 0.3×3 μm, and 0.1×0.7 μm, 

with increasing amount of ethanol as solvent, respectively. 

Moreover, the morphology of K(I)-EA could also be modified by 

changing the K+ dosing amount. Two types of K(I)-EA crystals 

with 1.46 and 1.90 unit of K+ per each EA unit were spindly and 

parallelepiped shaped, respectively (Figure S7 and Table S4, 

Supporting Information). This easily tunable function in 

morphology and composition is desired for material construction.  

 

Figure 5. SEM images of NH4(I)-EA crystals prepared in water-ethanol mixture. 

0.5 g of TA was dissolved in 49 mL solvent with (a) 0 mL, (b) 3 mL, (c) 6 mL, 

(d) 12 mL, (e) 18 mL, and (f) 24 mL of ethanol for crystal growth.  

M(I)-EA crystals exhibited pH dependent crystal structural 

changes. These crystals were stable at neutral pH, while they 

transformed into protonated form in strongly acidic solution, but 

mostly dissolved in strongly alkaline solutions. K(I)-EA was used 

as an example to demonstrate the crystal structural changes. 

The crystal structure of K(I)-EA changed after stirring in 1 M HCl 

solution for 2 hours (Figure S8b, Supporting Information). The C, 

O, and K content of HCl solution treated K(I)-EA crystals were 

56.5, 43.5, and 0 wt.%, respectively (Figure S9, Supporting 

Information). This acid treated crystals showed the same UV-Vis 

peaks at 254 and 360 nm as those of M(I)-EA crystals (Figure 

S10, Supporting Information). This crystals were composed of 

ellagic acid, while water molecules acted as connecting nodes 

via hydrogen bonds, here denoted as H(I)-EA.[20] In UV-Vis 

measurement, K(I)-EA aqueous suspension showed strong UV 

absorbance, while that of H(I)-EA exhibited no absorbance due 

to its low solubility in water. Therefore, the crystal transformation 

from K(I)-EA to H(I)-EA might involve the protonation of 

dissolved K(I)-EA and precipitation of H(I)-EA. Figure S11 

(Supporting Information) shows the changes of crystal structure 

during the transformation process. Most of the K(I)-EA crystals 

became H(I)-EA within 1 min due to the very low solubility of 

H(I)-EA in water. The H(I)-EA crystals obtained from K(I)-EA 

were irregular and smaller particles (Figure S12, Supporting 

Information), further indicating that the crystal structure changes 

might involve the dissolution and re-formation process. The color 

of crystals changed from grayish yellow (K(I)-EA) to grayish 

green (H(I)-EA). Then, K(I)-EA was used to study the crystal 

variation at a pH range of 1-13 (Figures S13-S14, Supporting 

Information). When pH<3, K(I)-EA was transformed to H(I)-EA in 

2 hours. At the pH of 3-12, the crystal structure was retained, 

and the morphology at pH 5-12 was maintained. K(I)-EA crystals 

were fully dissolved at high pH value (13) in KOH solution. 

Furthermore, after stirring K(I)-EA in 1 M NaOH solution for 2 

hours, most of crystals were dissolved, while the residual lost 

crystal structure (Figure S15, Supporting Information). It was 

completely dissolved in 1 M KOH solution, forming an orange 
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clear solution. In alkaline solution with dissolved oxygen, 

phenolic hydroxyls are prone to be oxidized to quinone, while 

the lactones are hydrolyzed that destruct the planar structure of 

EA, resulting in the disassembly and dissolution of crystals. The 

other crystals, e.g. (CH3)3NH(I)-EA and Na(I)-EA, also exhibited 

the same structural changes under varied pH (Figure S8, 

Supporting Information). K(I)-EA crystals demonstrated similar 

pH dependent behavior as Fe(III)-TA coordination polymer. M(I)-

EA crystals are in deprotonated and cation bound form under 

weakly acidic to alkaline condition (e.g., pH 3-12), while 

transformed into protonated form in acidic condition (pH<3). 

 

Figure 6. (a) Schematic illustration of the pH reversible crystal transformation. 

K(I)-EA protonated in HCl solution, and H(I)-EA transformed back to K(I)-EA in 

KOH solution. (b) XRD patterns of the as-prepared K(I)-EA, H(I)-EA, and re-

formed K(I)-EA crystals.  

K(I)-EA was selected to demonstrate the pH reversible 

crystal transformation. K(I)-EA crystals transformed into H(I)-EA 

crystals in HCl solution when pH<3 in 2 hours. H(I)-EA could 

further transformed back to K(I)-EA in KOH solution (pH 12, 

Figure 6) for ~12 hours. As shown in Figure S16 (Supporting 

Information), the XRD patterns showed that H(I)-EA and K(I)-EA 

co-existed as the intermediate during the crystal transformation 

process. Since K(I)-EA crystals dissolved in KOH solution at 

pH>12, the crystal transformation of H(I)-EA to K(I)-EA might 

include the deprotonation of ellagic acid and cation-induced 

assembly of partially deprotonated ellagic acid. The XRD pattern 

of the re-formed K(I)-EA was well consistent with the as-

prepared one (Figure 6b and Figure S8 in Supporting 

Information). The K(I)-EA crystals changed from spindly shaped 

to irregular particles at acidic condition, and became 

parallelepiped crystals in KOH solution, which also indicated a 

dissolution and re-formation process. The re-formed NH4(I)-EA 

and Na(I)-EA crystals maintained the same rod-like morphology 

after crystal transformation in alkaline solution. In addition, the 

H(I)-EA could also be transformed into (CH3)3NH(I)-EA, NH4(I)-

EA, or Na(I)-EA crystals in the relevant alkaline solutions (Figure 

S8, Supporting Information). Because of the competition 

between deprotonation and protonation of phenolic hydroxyls of 

EA, M(I)-EA crystals show a pH reversible crystal transformation.  

The M(I)-EA crystals demonstrated good performance in 

applications as antioxidant and adsorbent. In this work, the 

antioxidant activity of TA and M(I)-EA crystals was characterized 

by DPPH (2, 2-diphenyl-1-picrylhydrazyl) free radical method. 

DPPH is a well-known radical and radical scavenger. The 

amount of antioxidant needed to decrease 50% DPPH is defined 

as EC50. EC50
−1 is the antiradical power (ARP). Higher ARP 

indicates better antioxidant efficiency. Generally, M(I)-EA 

crystals exhibited excellent antioxidant activity that comparable 

with TA (Figure S17, Supporting Information), and K(I)-EA 

showed the best. The ARP of K(I)-EA (13.0 moles DPPH per 

mole EA unit) was similar to that of TA (14.4). In terms of the 

antiradical reaction kinetics, it took ~5 min for K(I)-EA to deplete 

DPPH, which was much faster than those of TA (~15 min), 

demonstrating that K(I)-EA crystals are excellent antioxidant 

crystals. Even though TA has larger amount of phenolic 

hydroxyls, many of them are hindered by the dendritic molecular 

structure. However, ellagic acid has planar structure with 

exposed phenolic hydroxyls, which can be easily reacted with 

free radicals. M(I)-EA crystals are slightly soluble materials, 

which may limit their bioavailability. However, free radicals, such 

as DPPH, can capture H• from phenolic hydroxyls of M(I)-EA 

crystals, forming M(I)-EA• radical. Then, EA could be oxidized to 

be quinone, and the free radical may accelerate the 

hydrolyzation of the lactone, which destruct the planar structure 

of EA unit. The destructed EA units are released from the M(I)-

EA crystals. Therefore, different from the traditional antioxidant 

with good solubility, M(I)-EA crystals are the accumulation of 

antioxidant unit that are stable alone, and highly reactive with 

free radicals on-command. Antioxidants are widely used as food 

preservative, and stabilizer of fuel and lubricant. Features such 

as excellent antioxidant activity, non-toxicity, good stability and 

low-cost are the basic requirements of an antioxidant, while M(I)-

EA crystals meet these requirements, especially good stability 

due to their on-command oxidative characteristics. 

 

Figure 7. (a) Residual concentration of cations in solution and the relevant 

removal efficiency. Error bars are defined as s.d. (b) K and Fe content and 

morphology of K(I)-EA crystals during regeneration in HCl (pH 3) solution.  
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K(I)-EA crystals were used as a non-toxic, renewable, and 

cost-effective adsorbent for removal of trace amount multivalent 

metal ions from water, including heavy metal ions. 50 mg of K(I)-

EA crystals were used to adsorb multivalent metal ions in water 

(50 ppm, 10 mL) for 30 mins, including Al3+, Cr3+, Fe3+, Co2+, Ni2+, 

Cu2+, and Zn2+ (Figure 7a). The ion concentration of Al3+, Fe3+, 

and Zn2+ reduced from 50 to 1.1-1.4 ppm, showing removal 

efficiencies of >97%. The residual concentration of Cr3+, Co2+, 

and Ni2+ were 4.0, 3.6, and 3.4 ppm, respectively, with removal 

efficiencies of 92-93%. However, the adsorption of Cu2+ by K(I)-

EA was not as good as the others, with a residual concentration 

of 6.9 ppm and a removal efficiency of 86%. The adsorption of 

multivalent cations on K(I)-EA didn’t change the morphology of 

the crystals (Figure S18, Supporting Information). Interestingly, 

the microscale K(I)-EA particles was assembled into partially 

arrayed pattern, especially those adsorbed Fe3+ and Co2+. The 

K(I)-EA-Fe3+ was used to further study the regeneration of 

crystals. In the previous reports, Fe(III)-TA capsules were 

disassembled at pH 3 in 4 hours, but stable at pH>7 [6e]. By 

contrast, K(I)-EA crystal is relatively stable at pH 3. Therefore, 

the regeneration of K(I)-EA-Fe3+ was performed in HCl solution 

at a pH of 3. The Fe content of K(I)-EA-Fe3+ dropped 

significantly from 2.41 to 0.68 wt.% in 4 hours with similar crystal 

morphology (Figure 7b). The Fe content slightly decreased to 

0.44 wt% after 22 hours, but the crystals became smaller. Thus, 

72% of K(I)-EA-Fe3+ could be regenerated in HCl solution (pH 3) 

within 4 hours. Therefore, M(I)-EA crystals are sustainable and 

regenerable adsorbent for efficient removal of trace amount 

multivalent metal ions or heavy metal ions from wastewater 

without posting secondary pollution due to their edible nature, 

which is cost-effective and environmentally friendly. 

We demonstrated the successful synthesis of monovalent 

cation-ellagic acid crystals. In the synthesis, tannic acid firstly 

experienced hydrolyzation, esterification, and biacrylation 

process to produce ellagic acid in alkaline solution, followed by 

monovalent cation-induced assembly of ellagic acid. The crystal 

data for NH4(I)-EA are as follows: monoclinic system, P 21/a (no. 

14), a=10.430(1) Å, b=16.617(3) Å, c=3.638(1) Å, β=97.622(67)°. 

M(I)-EA crystals showed a laminar crystal structure with M+ as 

connecting nodes, which provided good reference to understand 

the crystal structure of reported metal-phenolic crystals. M(I)-EA 

crystals with different morphologies and cations distributed 

uniformly were synthesized when using TMA, NH4OH, NaOH, or 

KOH as base and cation sources. M(I)-EA crystals showed pH 

reversible crystal transformation. For example, K(I)-EA crystals 

transformed into protonated H(I)-EA crystals in acidic condition 

(i.e., pH 2), and they were able to transform back to the cation 

bound K(I)-EA crystals in KOH solution. This one-pot synthesis 

method for producing monovalent cation-phenolic crystals is 

easily controllable and tailorable in composition and morphology, 

making it suitable for fabrication of functional materials and 

devices. The M(I)-EA crystals have been demonstrated here to 

be excellent antioxidant crystals and attractive candidates for 

removal of trace amount multivalent cations or heavy metal ions 

from wastewater. We believed that such polyphenolic crystals 

with uniform structure and compositions would be used in many 

fields such as water treatment, food science, sensor and 

actuator, and antibacterial. 
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Experimental 

Materials. Tannic acid (TA), ammonia solution (28 %), trimethylamine solution (~45 %, 

TMA), and 2, 2-Diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma Aldrich. 

Sodium hydroxide (NaOH), potassium hydroxide (KOH), methanol, and ethanol were 

supplied by Merck. Al(NO3)3·9H2O, Cr(NO3)3·9H2O, Fe(NO3)3·9H2O, Co(NO3)2·6H2O, 

Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, and Zn(NO3)2·6H2O were supplied by Sigma Aldrich.  

Synthesis of metal-ellagic acid (M(I)-EA) crystals. 0.5 g of tannic acid was dissolved in 49 

mL of water, followed by addition of 1 mL of ammonia solution (28 % NH3 in water). The 

pH value of the solution before and after addition of ammonia solution were 3.1 and 9.9, 

respectively. The solution was stirred at room temperature for 3 days, and the pH value ended 

at 9.4. NH4(I)-EA particle was separated by centrifuge, followed by washing with water for 

several times. Then, the product was dried in 60 °C oven.  

  As for the preparation of (CH3)3NH(I)-EA, 0.5 mL of ~45% trimethylamine solution was 

added into the tannic acid aqueous solution contained 0.5 g of TA and 49.5 mL water. In 

terms of the preparation of Na(I)-EA and K(I)-EA, 2.5 mL of 1 mol L−1 NaOH or KOH 

solution was added to the TA solution with 0.5 g of TA and 47.5 mL of water, respectively. 

The initial pH of TA and alkaline solution is 9-10. After the synthesis, the pH of solutions 

with TMA and NH4OH maintained at 9-10, while those of NaOH and KOH drop to ~7. The 

product was centrifuged, collected and dried after stirring for 3 days at room temperature. 

Characterization. UV-Vis spectrophotometer (UV mini 1240) was used to monitor the 

hydrolyzation and esterification process of tannic acid, and the produce of ellagic acid. A 

solution of 29 ppm was used during the UV analysis. Powder X-ray diffraction (XRD) 

patterns were collected by a Rigaku Miniflex 600 X-ray diffractometer at 40 kV and 15 mA 

at a scanning rate of 2 ° min−1 and 2θ range of 5–60 °, and by a Mythen-II detector at the PD 
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beamline at 2θ range of 5–90 °, Australian Synchrotron (ANSTO). Fourier transform infrared 

spectroscopy was performed using a Fourier transform infrared (FTIR) spectrometer 

(Spectrum 100, PerkinElmer). 1H and 13C solid-state nuclear magnetic resonance (NMR) 

spectroscopy (Bruker 500M Avance III) was applied to determine the chemical structure of 

the M(I)-EA crystals. The powder samples were packed into a 4mm ZrO2 NMR rotor, and 

then inserted into a 4mm HF-X Magic Angle Spinning (MAS) double resonance probe to 

record the NMR spectra. The MAS rate for 1H and 13C NMR was 10 kHz. 1H → 13C Cross 

polarisation was used to record 13C NMR spectra in order to enhance the NMR signal. 

Recycle delays were 10 s for 1H NMR, and 2 s for 13C CPMAS. All the NMR experiments 

were performed at room temperature (22 oC). The thermogravimetric analysis was conducted 

in a Thermal Gravimetric Infra-Red hyphenated system (TGIR, PerkinElmer) performed in a 

temperature range of 50-850 °C, with a temperature scanning rate of 40 °C min−1 in 20 mL 

min−1 N2 gas flow. Scanning electron microscopy and energy-dispersive X-ray spectroscopy 

(SEM-EDS) analysis were undertaken with Nova NanoSEM 450 and Magellan 400 

microscope (FEG SEM, FEI, USA). The antioxidant activity of M(I)-EA crystals were 

characterized by a DPPH free radical method. The DPPH depletion performance was 

determined by a UV-vis spectrophotometer (UV mini 1240) at 515 nm according to previous 

report [1]. 

pH reversible crystal transformation. 50 mg of M(I)-EA crystals were stirring in 10 mL of 

HCl solution (pH 1) for 2 hours. The HCl treated crystals were collected by centrifugation 

and dried in oven (60 °C) for further use and characterizations. The powder obtained was 

denoted H(I)-EA. 50 mg of H(I)-EA was stirring in alkaline solution (0.013 M TMA, 0.059 

M NH4OH, 0.01 M NaOH, or 0.01 M KOH solutions) overnight, followed by centrifugation 

and collection of the crystal powders. Then, another 10 mL of alkaline solution was added to 
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the collected product and stirring overnight. The crystals were then collected and dried for 

characterization.  

DPPH free radical method. 0.0118 g of DPPH was dissolved in methanol to prepare a 500 

mL of 6×10−5 mol L−1 DPPH solution. The DPPH solution was preserved in fridge at 4 °C 

and used freshly. 0.20 g of M(I)-EA crystal was dispersed in methanol to obtain 50 mL of 4 g 

L−1 M(I)-EA suspension. 0.1 mL of M(I)-EA suspension was added to 3.9 mL of 6×10−5 mol 

L−1 DPPH solution in a UV cuvette. The solution was mixed by transfer pipette. The decrease 

in absorbance was determined at 515 nm with a UV-Vis spectrophotometer at 0 min, 1 min, 5 

min, and every 15 min until the reaction reached a plateau. 

Removal of trace amount multivalent metal ions in water. Al(NO3)3·9H2O, Cr(NO3)3·9H2O, 

Fe(NO3)3·9H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, Cu(NO3)2·3H2O, and Zn(NO3)2·6H2O 

were dissolved in water respectively to form salt solutions with 50 ppm metal ions.  

  50 mg of K(I)-EA crystal was dispersed in 10 mL of 50 ppm multivalent metal nitrate 

solutions for 30 mins before centrifugation separation and characterization. Inductively 

coupled plasma optical emission spectrometry (Optima TM 8300, Perkin Elmer, USA) was 

used to determine the ions concentration of the solutions. The removal efficiency is 

calculated as follows: 

Removal efficiency = (C0−C1)/C0×100% 

where C0 is the original concentration of metal ions, C1 is the metal ions concentration after 

the adsorption process. 

  For the regeneration of K(I)-EA, the morphology and element content of the crystals were 

characterized by SEM-EDS over 62 hours. 
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Figure S1. (a) Changes of UV-Vis spectra during the synthesis process in alkaline solution. 

(b) Proposed synthesis process of ellagic acid. (c) Comparison of UV-Vis spectra of original 

TA solution and those after 5 hours’ reaction in alkaline solution. 
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Tannic acid (C76O46H52) showed peaks at 212, 274 nm in the UV spectra, and a shoulder peak 

at 300 nm, as shown in the black line of Figure S1. Tannic acid was partially deprotonated 

when alkaline was added into solution,[2] showing three peaks at 212, 274, and 317 nm in the 

first minute. With time increase, the intensity of the peak at 317 nm gradually decreased, 

while the peak at 274 nm strengthen, without showing the shoulder peak at 300 nm, 

indicating the hydrolysis of ester groups of glucose and digallic acid.[3] After 3 hours, the 

occurrence of peaks at 254 and 360 nm indicated the formation of ellagic acid,[3a] while the 

peak intensity increased with increasing time. After 24 hours, the peak at 254 nm (EA) 

showed similar intensity with those at 274 nm (TA). The increasing intensity of peak 254 nm 

with time indicated the increasing concentration of ellagic acid in solution. After 48 hours, 

the intensity of peak 254 nm became stronger than that of peak 274 nm. 

There are two possible ways of producing ellagic acid, as shown in Figure S1b. In the first 

route, the digalloyl groups of deprotonated TA partially become hexahydroxydiphenate 

(HHDP) groups. After hydrolysis of ester groups between HHDP and glucose, the HHDP 

undergoes esterification and becomes ellagic acid (ammonium salt) units. In the second route, 

the deprotonated TA hydrolyzes and releases digallic acid ammonium salt. The digallic acids 

undergo esterification and biacrylation to produce ellagic acid. According Ref [3a] and [3b], the 

introduction of HHDP groups in pentagalloly-glucose would fill the two valleys between 

peak 212 nm and Y axis, and between peaks 212 and 274 nm, in the UV-Vis spectra. Also, 

the appearance of HHDP groups would widen the peaks. However, after 5 hours (Figure S1c), 

peaks 212 and 274 nm became narrower, the two valleys were still very deep, indicating that 

HHDP groups were not formed during this step. On the other hand, ellagic acid could be 

detected after 5 hours, demonstrating that ellagic acid were formed from digallic acid, but not 

HHDP. Thus, route 2 is the proper process of producing ellagic acid.  
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Figure S2. Thermogravimetric analysis curves and the relevant derivative of (a) 

(CH3)3NH(I)-EA, (b) NH4(I)-EA, (c) Na(I)-EA, and (d) K(I)-EA. TGA was conducted in a 

temperature range of 50-850°C, with a temperature scanning rate of 40°C min−1 in 20 mL 

min−1 N2 flow. 

 

 

 

Figure S3. M(I)-EA crystals dispersion in water. From left to right: (CH3)3NH(I)-EA, 

NH4(I)-EA, Na(I)-EA, K(I)-EA, H(I)-EA. 
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Figure S4. XRD patterns of as-prepared NH4(I)-EA and those after stirring for 15 days in 

water.  

 

 

 

Figure S5. SEM images of NH4(I)-EA crystals (a) before and (b) after stirring in water for 15 

days. Scale bars, 5 μm. 
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Figure S6. FTIR spectra of TA and M(I)-EA crystals.  

 

 

 

Figure S7. SEM-EDS analysis of K(I)-EA crystals: (a, b) K(I)-EA-1 and (c, d) K(I)-EA-2. 

Please see Table S4 for quantified element content. Silicon peak was observed due to the use 

of silicon chip as sample holder. The potassium content of K(I)-EA-1 are 22.78 wt.% and 

8.99 at.% (Table S4), while that of K(I)-EA-2 are 19.75 wt.% and 7.50 at.%. For K(I)-EA-1 

crystal, each organic unit is bound by 1.90 K+, while that of K(I)-EA-2 is 1.46. 
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Figure S8. pH responsive crystal transformation of M(I)-EA crystals. XRD patterns of the (a) 

as-prepared and (b) 1 M HCl treated M(I)-EA crystals, and (c) crystals transformed from 

H(I)-EA in different alkaline solutions. H(I)-EA used in (c) is the HCl treated K(I)-EA. The 

inset of (a) shows the M(I)-EA crystals dispersed in water. (d) SEM images of M(I)-EA 

crystals transformed from H(I)-EA in alkaline solutions. Scale bars: 1 μm. 



 

S11 

 

pH reversible crystal transformation. The crystal structure of (CH3)3NH(I)-EA, Na(I)-EA, 

or K(I)-EA changed to be the same after stirring them in 1 M HCl solution for 2 hours 

(Figure S8b). The C, O, and K content of HCl solution treated K(I)-EA crystals were 56.5, 

43.5, and 0 wt.%, respectively (Figure S9). Thus, the HCl treated crystals were with 

protonated ellagic acid as crystal units, here denoted as H(I)-EA. The morphology of H(I)-EA 

obtained from different crystal sources varied significantly (Figure S12). NH4(I)-EA was 

partially stable in 1 M HCl solution and kept very similar XRD pattern and morphology as 

the as-prepared crystal. After stirring four types of crystals in 1 M NaOH solution for 2 hours, 

most of M(I)-EA crystals were dissolved, while the residual powders lost the crystal 

structures (Figure S15). These four M(I)-EA crystals were completely dissolved in 1 M KOH 

solution in 2 hours, forming an orange clear solution.  

H(I)-EA could further be transformed to coordinated (CH3)3NH(I)-EA, NH4(I)-EA, Na(I)-EA, 

or K(I)-EA by stirring H(I)-EA crystals in TMA, NH4OH, NaOH, or KOH solutions (Figure 

S8c), respectively. Then, crystals with four different XRD patterns and morphologies were 

obtained. XRD patterns of the re-formed crystals are consistent with the relevant as-prepared 

(CH3)3NH(I)-EA, NH4(I)-EA, Na(I)-EA, or K(I)-EA crystals. The re-formed NH4(I)-EA and 

Na(I)-EA crystals showed the same morphology as the relevant as-prepared ones. However, 

those crystals formed in TMA solutions became irregular particles, and parallelepiped 

crystals in KOH solution. Different morphologies obtained may be due to the varied loading 

amounts of cations. Because of the competition between coordination and protonation of 

phenolic hydroxyls, M(I)-EA crystals show a pH reversible crystal transformation. The cation 

coordinated K(I)-EA could be transformed into protonated H(I)-EA at acidic pH, whereas the 

H(I)-EA could be transformed back to (CH3)3NH(I)-EA, NH4(I)-EA, Na(I)-EA, or K(I)-EA 

in the relevant alkaline solutions.  
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Figure S9. SEM-EDS analysis of H(I)-EA crystals (HCl solution treated K(I)-EA). The 

content of C, O, and K are 56.45, 43.55, and 0 wt.%, respectively, which is well consistent 

with that of ellagic acid unit (C14H6O8). Thus, the HCl treated crystals were with protonated 

ellagic acid as crystal units. 

 

 

 
Figure S10. UV-Vis spectra of M(I)-EA crystals measured in (a) water and (b) ethanol.  

 

 

(CH3)3NH(I)-EA and H(I)-EA crystals didn’t dissolve in water, showing no UV absorbance. 

The UV spectra of H(I)-EA crystals in ethanol is in good consistent with those of 

(CH3)3NH(I)-EA and Na(I)-EA, demonstrating the same crystal units of H(I)-EA and M(I)-

EA crystals. 
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Figure S11. XRD patterns of the K(I)-EA, H(I)-EA and the intermedia during the crystal 

transformation process from K(I)-EA to H(I)-EA in acidic solution. The intermediate sample 

was collected at 1 mins after the mixture of HCl solution (pH 1) and K(I)-EA. 

 

 

 

Figure S12. SEM images of the 1 M HCl treated (a) (CH3)3NH(I)-EA, (b) NH4(I)-EA, (c) 

Na(I)-EA, and (d) K(I)-EA. The as-prepared M(I)-EA crystals were dispersed and stirred in 1 

M HCl for 2 hours, and then the powders were collected and washed for characterization. 

Scale bars, 5 μm. 
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Figure S13. Crystal stability of K(I)-EA in HCl or KOH solutions at pH 1-13. The K(I)-EA 

crystals were stirred in the relevant solutions for 2 hours before collection for XRD 

characterization. The K(I)-EA crystals were fully dissolved in pH 13 KOH solution.  

 

 

 

Figure S14. SEM images of K(I)-EA crystals treated in HCl or KOH solutions at different 

pH. Scale bars, 1 μm. Small particles were obtained at pH 1, while large and irregular 

particles were obtained at pH 2. The spindle shaped crystals broke into small particles in pH 

3 HCl solution. 
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Figure S15. XRD patterns of the residual powders of 1 M NaOH solution treated M(I)-EA. 

The as-prepared M(I)-EA crystals were dispersed and stirred in 1 M NaOH solution for 2 

hours, and then the powders were collected and washed for characterization. After treated by 

1 M NaOH, most of the crystals were dissolved, forming an orange solution. 

 

 

 
Figure S16. XRD patterns of the H(I)-EA, K(I)-EA and the intermedia during the crystal 

transformation process from H(I)-EA to K(I)-EA in alkaline solution. The intermediate 

sample was collected at 6 hours after the mixture of KOH solution (pH 12) and H(I)-EA. The 

total transformation process is about 12 hours. 
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Figure S17. The antioxidant activity of M(I)-EA crystals and tannic acid. (a-b) DPPH 

inhibition of M(I)-EA crystals and tannic acid as a function of moles EA unit/mole DPPH. (c) 

The EC50, antiradical power and stoichiometric value of M(I)-EA crystals and tannic acid. 

The amount of antioxidant needed to decrease 50% DPPH is defined as EC50, while 

stoichiometric is the amount of antioxidant needed to deplete DPPH. EC50
−1 is the antiradical 

power (ARP). Higher ARP indicates better antioxidant efficiency. (d) DPPH inhibition 

kinetics of M(I)-EA crystals and tannic acid.  

 

 

Antioxidant activity of M(I)-EAs. The ARP of NH4(I)-EA (13.8 moles DPPH per mole EA 

unit), Na(I)-EA (15.4), or K(I)-EA (13.0) crystals were similar to that of TA (14.4). However, 

ARP of (CH3)3NH(I)-EA dropped to 8.4. This is because TMA is a potential proton acceptor, 

lowering the antioxidant activity.[1b] In terms of the antiradical reaction kinetics, M(I)-EA 

crystals and TA show equally fast DPPH depletion rate. It took ~5 min for K(I)-EA and 

NH4(I)-EA to deplete DPPH, which was shorter than those of Na(I)-EA and TA (~15 min). 

(CH3)3NH(I)-EA took more than 30 min to deplete DPPH. After reconfiguration of tannic 

acid and the crystallization process, the antioxidant activity of M(I)-EA crystals is as good as 

TA, demonstrating that they are excellent antioxidant crystals.  
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Figure S18. SEM images of K(I)-EA before and after cation adsorption. Scale bars: 1 μm. 

 

 

Regeneration of K(I)-EA. If the K(I)-EA crystals were stirred in pH 3 solution for more than 

46 hours, it became H(I)-EA crystals that the morphology changed significantly, and both K 

and Fe content dropped to 0 wt.%. Compared to the partially ordered K(I)-EA crystals 

assembled with 2.41 wt.% Fe3+, those with less amount of Fe3+ showed random distributed 

crystals.
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Table S1. Crystal data of NH4(I)-EA crystal. 

 NH4(I)-EA 

Crystal system monoclinic 

Space-group P 21/a (14) 

Cell 

parameters 

a 

b 

c 

β 

10.4301(1) Å 

16.6214(4) Å 

3.6379(1) Å 

97.5086(2)° 

Cell ratio 

a/b 

b/c 

c/a 

0.6275 

4.5689 

0.3488 

Cell volume 625.27(5) Å3 

Cal. density 1.7428 g·cm−3 

 

 

Table S2. Element content of M(I)-EA crystals according to SEM-EDS analysis. 

 Element norm. C (wt. %) Atom. C (at. %) Error (wt. %) 

(CH3)3NH(I)-EA 

C 54.82 61.35 6.01 

O 39.33 33.04 4.55 

N 5.85 5.61 0.99 

NH4(I)-EA 

C 46.90 53.56 5.87 

O 45.58 39.08 6.08 

N 7.52 7.36 1.74 

Na(I)-EA 

C 47.61 56.17 5.99 

O 42.88 37.97 5.59 

Na 9.51 5.86 0.63 

K(I)-EA 

C 49.15 58.29 6.09 

O 44.07 39.24 5.89 

K 6.78 2.47 0.25 
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Table S3. The loading amount of monovalent cations of M(I)-EA crystals. 

 Cations 
Cation amount (wt. %) 

Formula 
EDS TGA 

(CH3)3NH(I)-EA (CH3)3NH+ 20.52 18.64 C14O8H6·1.3C3H9NH+ 

NH4(I)-EA NH4
+ 10.22 10.62 C14O8H4.1·1.9NH4

+ 

Na(I)-EA Na+ 8.40 8.34 C14O8H4.8·1.2Na+ 

K(I)-EA K+ 7.22 8.10 C14O8H4.4·0.6K+ 

 

 

Table S4. Element content of K(I)-EA crystals according to SEM-EDS analysis. 

 Element norm. C (wt. %) Atom. C (at. %) Error (wt. %) 

K(I)-EA-1 

C 51.58 66.28 3.59 

O 25.64 24.73 2.19 

K 22.78 8.99 0.43 

K(I)-EA-2 

C 58.41 72.22 6.27 

O 21.85 20.28 3.17 

K 19.75 7.50 0.57 
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Table S5. The XRD peak locations of M(I)-EA crystals. 

 

No. 

2θ (°) 

Simulated 

NH4(I)-EA 

NH4(I)-EA (CH3)3NH(I)-

EA 

Na(I)-EA K(I)-EA 

1 10.07 10.00 9.62 8.98 10.04 

2 10.64 10.58 10.72 10.72 10.82 

3 17.14 17.06 12.26 11.70 17.16 

4 17.95 17.88 13.56 13.12  

5 20.21 20.14 17.42 13.72 20.24 

6 21.37 21.31 18.06 16.86 21.42 

7 23.52 23.46 20.54 17.88  

8 24.66 24.68 25.08 19.24 24.20 

9 25.25 25.26 25.50 21.36 25.64 

10 26.93 26.32 26.34 23.70 27.08 

11 27.28 26.94 27.36 24.48  

12 27.52 27.46  25.14 27.62 

13 27.74 27.74  27.12  

14 28.17 28.20 28.26 28.34  

15 29.29 29.28  29.74 29.28 

16 29.53   30.58  

17 29.85 29.86    

18 30.52 30.46 32.16 32.86 31.00 

19 35.10 35.06 34.62 33.60 35.20 

20 35.68 35.68 35.28 35.06  

21 36.74 36.74  36.02 36.69 

22 37.00    37.22 

23 37.56 37.52   37.80 

24 38.39 38.36  38.56 38.24 

25 38.84 38.86    

26 40.08 40.08   40.42 

27 41.09 41.06  40.80  

28 41.64   42.78  

29 41.80 41.78  44.66  

30 43.42 43.42  45.66  

31 44.40 44.40  46.46  

32 48.04 48.00 48.50 47.78 47.36 

33 50.89   50.94  

34   53.46 53.34 56.04 

35   58.46 55.24  
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