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ABSTRACT: Metal-containing single chain polymeric nanoparticles (SCPNs) can be used as synthetic mimics of metalloenzymes 

to catalyze analogous biological reactions. However, the role of folded polymer backbones on the reaction activity and selectivity of 

metal sites is currently not clear. This communication reports our findings on how polymeric frameworks modulate the coordination 

of Cu sites and the catalytic activity/selectivity of Cu sites using Cu-containing SCPNs as artificial enzyme mimics for monophenol 

hydroxylation reactions. Imidazole-functionalized copolymers of poly(methyl methacrylate-co-3-imidazolyl-2-hydroxy propyl meth-

acrylate) were used for intramolecular Cu-imidazole binding that triggered the self-folding of polymers simultaneously. Polymer 

chains were found to impose steric hindrance which limited the Cu-imidazole complexation, to yield unsaturated Cu sites with an 

average coordination number of 3.3. Cu-containing SCPNs showed a high selectivity for the hydroxylation reaction of phenol, >80%, 

with a turnover frequency of >870 h-1. We demonstrated that the selectivity to yield catechol was largely influenced by the flexibility 

of the folded polymer backbone where a more flexible polymer backbone allows the cooperative catalysis of two Cu sites. The second 

coordination sphere provided by the folded polymer that has been less studied is therefore critical in the design of active mimics of 

metalloenzymes.   

 Copper (Cu) plays a key role in many biological redox re-

actions in nature.1-5 Several metalloenzymes, including galac-

tose oxidase and tyrosinase, have Cu ion(s) as cofactors. For 

example, tyrosinase, widely distributed in plants, animals and 

fungi, can catalyze the regioselective hydroxylation of mono-

phenols to catechol derivatives as the first step of melanin syn-

thesis.6 The active site of tyrosinases consists of two adjacent 

Cu+ ions switching between the +2 and +1 oxidation states,7 co-

ordinated by histidine residues, known as “type-3” Cu-sites.5, 8, 

9 Much effort has been made to design Cu-containing com-

plexes that mimic the active sites of tyrosinase and catalyze 

analogous redox reactions. In the absence of protein frame-

works, Cu-containing complexes, however, are not efficient for 

oxygen activation and catalysis.10-12  

 Incorporating metal ions into discrete self-folded polymer 

chains offers a facile way to preparing synthetic mimics of 

metalloenzymes.13-24 Folded polymeric frameworks having rich 

functionalities, controllable hydrophobicity/hydrophilicity and 

chain flexibility are excellent alternatives to replace (or mimic) 

protein frameworks of metalloenzymes to some extent. Self-

folding is an intramolecular coil-to-particle transition of indi-

vidual chains that is usually triggered by intramolecular cross-

linking at very dilute concentrations.25-34 The self-folding of 

polymers can produce ultrasmall, well-defined single chain pol-

ymeric nanoparticles (SCPNs) in the range of 2-20 nm, close to 

the size of metalloenzymes. Since self-folding is usually per-

formed in a good solvent, SCPNs are expected to be loosely 

collapsed in their swollen state, unlike the folding of natural 

proteins.35-39 This ensures the accessibility of SCPNs to any 

small molecular substrates. When integrating Cu complexes 

within SCPNs, the second coordination sphere provided by the 

folded polymeric frameworks is expected to promote the cata-

lytic activity of metal ions.40, 41 In the current contribution, we 

design Cu-containing SCPNs as artificial enzymes for hydrox-

ylation reactions of monophenols. Our synthetic strategy is to 

use the coordination of copper ions to imidazole ligands to drive 

the self-folding of discrete polymer chains of an imidazole-

functionalized copolymer of poly(methyl methacrylate-co-3-

imidazolyl-2-hydroxy propyl methacrylate) (P(MMA-co-

IHPMA)). Hydroxyl groups that facilitate the movement of pro-

tons are part of the second coordination sphere of the metal 

ion.The Cu-imidazole coordination is used to efficiently and re-

versibly fold P(MMA-co-IHPMA) as confirmed by size-exclu-

sion chromatography (SEC) and NMR spectroscopy. The Cu-

containing SCPNs show a selectivity for the hydroxylation re-

action of phenol, >80% with a turnover frequency (TOF) of 

>870 h-1. We demonstrate that the selectivity toward the hy-

droxylation reaction is largely influenced by the dynamics of 

folded polymer backbone, known to be critical for the activity 

of enzymes as well.42-44  

 Imidazole-functionalized copolymers of P(MMA-co-

IHPMA) were prepared via post-polymerization functionaliza-

tion (Figure 1a). The parent copolymers of poly(methyl meth-

acrylate-co-glycidyl methacrylate) P(MMA-co-GMA) were 

synthesized via reversible addition-fragmentation chain transfer 

polymerization. Post-polymerization functionalization of the 

parent copolymers was carried out via ring opening reaction of 

epoxides with excess imidazole (i.e. 10 fold excess with respect 

to epoxides) in dimethyl sulfoxide (DMSO) at 80 oC to yield 

P(MMA-co-IHPMA) copolymers.45-48 The post-polymerization 

functionalization was confirmed by 1H NMR spectroscopy and 

SEC. Using P(MMA218-co-GMA43) as an example, the disap-

pearance of diastereotopic proton peaks of methylene groups 

from GMA units at 4.3, 3.8 ppm and 2.8, 2.7 ppm suggested the 

occurrence of the ring opening reaction (see Figure 1b). In ad-

dition, new peaks at 6.9, 7.1, and 7.6 ppm corresponding to pro-

tons on the imidazole ring confirmed the introduction of imid-

azole moieties. The grafting ratio was estimated to be ca. 100%, 

to yield P(MMA218-co-IHPMA43) (denoted as P1). SEC meas-

urements showed an increase in the number-average molecular 

weight (Mn) of the copolymer from 56.5 to 128.4 kg/mol with a 



 

dispersity (Mw/Mn) of 1.28 (Figure 1c). There is a small shoul-

der at a shorter elution time that may be due to the interchain 

cross-coupling in the ring opening reaction and/or weak absorp-

tion of imidazole to SEC columns.48, 49 Another copolymer with 

a higher content of imidazole P(MMA273-co-IHPMA134) (P2) 

was also prepared to examine the effect of the imidazole content 

on the self-folding (see Table 1 and Figure S1).  

   
Figure 1. (a) Synthetic routes to preparing imidazole-functionalized copolymers. (b,c) 1H NMR spectra and SEC elution curves of 

P(MMA218-co-GMA43) (black), P(MMA218-co-IHPMA43) (red), its Cu-SCPN F1 (blue) and unfolded P1 (pink). All NMR spectra were 

collected in d6-DMSO and the SEC measurements were performed in DMAc. The peak * is from acetone.   

Cu-SCPNs were prepared by utilizing the intramolecular 

Cu-imidazole coordination that triggers the self-folding of indi-

vidual polymer chains simultaneously. The intramolecular Cu-

imidazole coordination was carried out in a good solvent for the 

linear copolymers, such as N,N’-dimethylformamide (DMF) or 

N,N’-dimethylacetamide (DMAc). The coil-to-particle transi-

tion of discrete polymer chains results in the formation of Cu-

SCPNs where the folded polymer backbone as a whole serves 

as the second coordination environment for the incorporated Cu 

sites. The Cu-imidazole coordination was examined using 1H 

NMR spectroscopy (Figure 1b). In a good solvent for the linear 

copolymer of P1 (d6-DMSO), all protons of MMA and imidaz-

ole units were indicated in the solution. After adding Cu(NO3)2 

as a Cu source, the resonance feature of polymer side chains 

completely disappeared. The peaks of methylene (i, Figure 1b) 

and methyl (j, Figure 1b) groups on the backbone showed obvi-

ous broadening. This is attributed to the loss of the chain mo-

bility of polymer and the presence of paramagnetic Cu2+ ions.  

Self-folding of the copolymers was evidenced by SEC 

measurements. For P1, the Mn decreased from 128.4 kg/mol to 

114.0 kg/mol along with a small increase in its elution time 

(Figure 1c), corresponding to the shrinkage of hydrodynamic 

volume ~11.5 %. The volume shrinkage is small in terms of the 

decrease in molecular weight; but it is in good agreement with 

other reports on intramolecular cross-linking of polymers via 

non-covalent interactions.19, 22, 37, 50 A recent report from Pom-

poso et al. shows that the expected size (R) of polymer upon 

intrachain folding via reversible non-covalent cross-linking is 

given by,37  

𝑅 = 𝑅0 (1 − 𝑥)0.6 

where x is the fraction of cross-linkable functional groups in 

polymer chain involved in reversible bonds, and R and R0 are 

the expected size of folded polymer and the size of linear poly-

mer, respectively. The expected size of the folded polymer (R) 

should be R= 0.9×R0 for P1. Given R ∝ M0.588,51 the expected 

shrinkage in molecular weight is 16.4% for P(MMA218-co-

IHPMA43), fairly close to our observed value from SEC. It 

should be noted that, the magnitude of the decrease in Mn for 

copolymer P2 is smaller when compared to that of copolymer 

P1 after Cu-imidazole complexation. This can be attributed to 

the increase in number of imidazole moieties in P2 leading to 

strong interactions with the SEC columns (note that, P2 and its 

SCPNs cannot be eluted in DMAc in the absence of LiCl).49 The 

absence of peaks at a shorter elution time suggested the Cu-im-

idazole coordination occurred intramolecularly to drive the self-

folding of discrete polymer chains that reduced the hydrody-

namic volume of chains. The Cu-to-imidazole ratio seems to 

have a minimum influence on the change of the apparent mo-

lecular weight of the final Cu-SCPNs. No further decrease in 

molecular weight of Cu-SCPNs was seen when the Cu-to-imid-

azole ratio reached to 0.25 (Figure S2). The change in hydrody-

namic diameters was confirmed by dynamic light scattering 

(DLS). The linear copolymer of P(MMA218-co-IHPMA43) has a 

hydrodynamic radius of 5.8 nm in DMAc, while its Cu-SCPNs 

reduced to 3.7 nm (Figure S3). These findings confirmed the 

intramolecular folding of the linear copolymers upon Cu-imid-

azole coordination. 

 To confirm whether the folding was triggered by Cu-imid-

azole complexation, the dissociation of Cu-imidazole complex 

of Cu-SCPNs was further investigated by adding HCl solution 

using 1H NMR spectroscopy. The quaternization of imidazole 

with the addition of HCl solution (10 equivalences relative to 

imidazole) can disrupt Cu-imidazole complexation. This is evi-

denced by the reappearance of all resonance peaks of the linear 



 

copolymer as exhibited in Figure 1b. The dissociation of Cu-

imidazole complexes thus led to the unfolding of the copoly-

mers, since the NMR peaks of methyl and methylene groups of 

PMMA became prominent. A downfield shift of proton peaks 

on the imidazole ring (8-10 ppm) occurred as a result of the pro-

tonation of imidazole. The unfolded P1 was also examined by 

SEC, in which an increase in elution time, compared to its linear 

copolymer, was observed (Figure 1c), likely due to the interac-

tion of the positively charged copolymer with SEC columns.52  

 
Table 1. Molecular weights and hydrodynamic diameters of the 

two linear copolymers and their SCPNs  
Polymers a Mn, NMR

 

(kg/mol) a 

Mn, SEC
 

(kg/mol) b 

Ð 

(Mw/Mn)
 b 

Rh 

(nm) c 

P(MMA218-co-

GMA43) 

27.9 56.5 1.19 -- 

P(MMA218-co-

IHPMA43) 

30.6 128.4 1.28 5.8 

P(MMA273-co-
GMA134) 

46.3 53.8 1.21 -- 

P(MMA273-co-

IHPMA134) 

55.2 119.4 1.36 6.1 

Cu-SCPN-1 d - 114.0 1.28 3.7 

Cu-SCPN-2 d - 112.5 1.38 2.6 

Note: a Mn determined from 1H NMR; b Mn determined from SEC; c Dh is 

the hydrodynamic radius measured using DLS; d Cu-SCPN-1 and Cu-
SCPN-2 were prepared using the P(MMA218-co-IHPMA43) and P(MMA273-

co-IHPMA134) at a Cu-to-imidazole ratio of 1:1 (mol), respectively. 1H 

NMR was measured in d6-DMSO, while both SEC and DLS measurements 
were performed in DMAc. 

 

 The formation of Cu-imidazole complexes was confirmed 

by UV-vis spectroscopy. To remove the unbound Cu2+ ions, as-

prepared Cu-SCPNs were dialyzed against water for 24 h. Both 

Cu-SCPNs from P1 and P2 showed a good solubility in water 

as confirmed by DLS (see Figure S3). The hydrodynamic radius 

of Cu-SCPN-1 in water was determined to be 11.5 nm. It sug-

gested that Cu-SCPN-1 formed small micelles that were stabi-

lized by hydrophilic imidazole and hydroxyl groups on the 

SCPN. On the other hand, the hydrodynamic radius of Cu-

SCPN-2 in water is found to be only 1.4 nm. It suggested Cu-

SCPN-2 formed more compact folding driven by the hydropho-

bic interaction of the PMMA backbone. The hydrophobicity of 

polymer backbones is responsible for the inter- or intramolecu-

lar collapse of SCPNs when changing the solvent to water.53 

The Cu-SCPN-1 from P1 displays two distinct peaks at 278 nm 

(strong), and 670 nm (weak), attributed to the Cu-imidazole 

charge-transfer band and d-d transitions of Cu2+ ions, respec-

tively.54 Upon addition of HCl, the two peaks at 278 nm and 670 

nm disappeared, indicating the dissociation of Cu-imidazole 

complexes.55 In contrast, the linear copolymer of P1 shows no 

obvious absorption in the range of 300-800 nm and a weak ab-

sorption peak at 276 nm was assigned to n→π* of carbonyl 

groups. Cu(NO3)2 in aqueous solution exhibited a broad, weak 

feature centered at ~810 nm, due to the Laporte-forbidden d-d 

transition of [Cu(H2O)6]
2+.56 Similar results were observed for 

the Cu-SCPN-2 of P1 (Figure S4). Using the absorption of the 

d-d transition, we estimated the average number of Cu sites per 

SCPN to be ca. 6.4 for the Cu-SCPN-1 of P1, and 18.7 for the 

Cu-SCPN-2 of P2. The incorporation of Cu2+ ions was further 

confirmed using electron paramagnetic resonance (EPR) spec-

troscopy (Figure S5). Since the EPR spin signal is determined 

by the total number Cu2+ ions, the average number of Cu sites 

per Cu-SCPN-1 of P1 was measured to be ca. 6.8 by averaging 

the total spin states to the total number of Cu-SCPNs. This value 

is in good agreement to that obtained from UV-vis spectros-

copy.  

 

 
Figure 2. UV-vis spectra of the linear copolymer of P(MMA218-co-

IHPMA43) (black), the Cu-SCPN of P(MMA218-co-IHPMA43) 

(red), unfolded P(MMA218-co-IHPMA43) (blue), and Cu(NO3)2 

(dark yellow). The UV-vis spectrum of the linear copolymer of 

P(MMA218-co-IHPMA43) was recorded in THF/methanol (5:1, 

vol); while the other three were measured in water. The concentra-

tion of the linear copolymer and Cu(NO3)2 is 1mg/mL, and the Cu-

SCPN and the unfolded polymer is 0.9 mg/mL  

 

The binding affinity of Cu to the imidazole-functionalized 

copolymer was measured by titrating the linear copolymer with 

Cu2+ ions. In brief, at a fixed polymer concentration (1 mg/mL) 

in DMAc, Cu(NO3)2 was added until no more increase in ab-

sorbance at 670 nm was observed, indicating the saturation co-

ordination of Cu-to-imidazole. The fraction of saturation, de-

noted by θ, was calculated by normalizing the absorbance at 670 

nm to the maximum absorbance at saturation point. The fraction 

of saturation, denoted by θ, is a function of the total concentra-

tion of Cu2+ ions and the binding constant, Kb, as given in the 

equation (see SI for the analysis),57 

𝜃 =
𝐾𝑏[Cu2+]

1 + 𝐾𝑏[Cu2+]
 

The binding constant Kb can be extracted to be 102.98 M-1 for 

P(MMA218-co-IHPMA43) by plotting 1/θ vs. 1/[Cu2+] (Figure 

S6). The binding stoichiometry of Cu was estimated from Job’s 

plot by continuously varying the ratios of Cu-to-imidazole (see 

experimental details in SI). The average coordination number 

of Cu2+ ions in Cu-SCPN-1 was estimated to be ca. 3.3 (Figure 

S7). Compared to the theoretical coordination number of Cu2+ 

ions (i.e., 4 for a square planar coordination for Cu2+), our re-

sults suggest that polymer chains impose steric hindrance to 

limit the number of imidazole ligands coordinated to Cu. The 

unsaturated Cu sites in turn may favor the binding of reactants 

in catalysis. Although the binding affinity of Cu to copolymers 

is low, the SCPNs are stable at higher temperatures. The tem-

perature-dependent 1HNMR spectra of Cu-SCPN-1 shown in 

Figure S8 did not indicate any obvious dissociation of SCPNs 

up to 67 oC.  

The catalytic activity of Cu-SCPNs was examined for hy-

droxylation of phenols using H2O2 as an oxidant in water at 60 
oC.58 The conversion of phenol and the product selectivity was 

calculated from HPLC-MS and 1H NMR using DMF as an in-

ternal standard (see SI for experimental details). The primary 

products obtained were identified as catechol (CAT) and hydro-

quinone (HQ). A trace amount of benzoquinone (BQ), <0.5%, 



 

was detected from HPLC-MS (Figures S9-11). The catalytic ac-

tivity of Cu-SCPN-1 of P(MMA218-co-IHPMA43) was first car-

ried out in excess of phenol (3160-fold relative to that of Cu 

sites) at different concentrations of H2O2. The selectivity of 

CAT and HQ and the conversion of phenol results were sum-

marized in Table 2. At an optimal ratio of phenol to H2O2 (1:2, 

mol), a high selectivity of 85.1% toward the 1,2-hydroxylation 

(CAT) was obtained.  

Cu-SCPN-1 and Cu-SCPN-2 were carefully examined to 

study the influence of Cu loading on the reaction kinetics and 

selectivity as given in Figure 3. Both SCPNs show very similar 

activity where >50% conversion of phenol was achieved at 1.5 

h. Given that the copper loading in Cu-SCPN-2 is significantly 

higher than that in Cu-SCPN-1, it suggests that the collapse de-

gree of polymer chains has very limit impact on the accessibility 

of Cu sites. However, Cu-SCPN-1 shows a higher selectivity 

towards CAT throughout, compared to Cu-SCPN-2. The selec-

tivity to catechol varied in the range of 96%-73% using Cu-

SCPN-1; while, only 78%-54% using Cu-SCPN-2. This is 

likely caused by the difference in the flexibility of folded poly-

mer chains of Cu-SCPN-1 and Cu-SCPN-2. The flexibility of 

polymer chain will be largely limited in the presence of Cu-im-

idazole complexes. Since Cu-SCPN-2 has a higher content of 

Cu ions, the SCPN becomes less flexible. It has been known 

that, the hydroxylation of phenol is achieved cooperatively by 

two Cu sites. Only when the two Cu2+ ions are close in the dis-

tance of 3-5 Å, they can bind to phenol and transfer the oxygen 

to the ortho position to generate CAT.5, 59, 60 In the case of Cu-

SCPN-2, the stiffness of the polymer chains possibly limits the 

dynamic properties of adjacent Cu ions to co-catalyze the hy-

droxylation. Therefore, the folded polymer chains can tune the 

conformational landscape to modulate the reaction selectivity. 

 

 
Figure 3. (a) Schematics of phenol hydroxylation reaction cata-

lyzed by Cu-SCPNs. (b) Schematic illustration of Cu-imidazole 

complexes in SCPNs (a coordination number of 3). (c,d) Kinetic 

plots of phenol hydroxylation catalyzed by Cu-SCPN-1 (c) and Cu-

SCPN-2(d). Reaction conditions in c and d: Cu/phenol/H2O2 = 

1/3160/6320 and Cu/phenol/H2O2 = 1/1950/3900 at 60 oC. 

Table 2. Summary of hydroxylation reaction using Cu-SCPNs at various conditions 
Entry a Catalysts Cu/Phenol/H2O2 Conversion (%) Yield (%) c Selectivity (%) TOF  

(h-1) CAT b HQ b DHB b CAT b HQ b BQ d 

1 No catalyst 0/3160/6320 7.6 0 0 0 0 0 - - 

2 Cu-SCPN-1 e 1/3160/3160 17.4 3.3 1.6 28.5 67.5 32.5 - 550 

3 Cu-SCPN-1 e 1/3160/6320 27.6 8.1 1.4 34.6 85.1 14.9 <0.3% 872 

4 Cu-SCPN-1 e 1/3160/9480 30.0 10.7 4.9 51.4 69.5 31.5 - 948 

5 Cu-SCPN-2 e 1/1950/3900 26.7 7.0 5.1 45.1 58.1 41.9 <0.5% 520 

6 Cu-SCPN-1+HCl f 1/3160/6320 2.5 0 0 0 0 0 - 79 

7 Cu-SCPN-1+HCl f 1/3160/6320 1.4 0 0 0 0 0 - 44 

8 Cu-SCPN-1+ AcOH f 1/3160/6320 15.7 0 0 0 0 0 - 496 

10 Cu-SCPN-1+ TFA f 1/3160/6320 8.2 0 0 0 0 0 - 259 

11 Cu-SCPN-1+ MeI f 1/3160/6320 20.4 2.8 0.7 17.1 79.5 20.5 - 644 

12 Cu(NO3)2.3H2O 1/3160/6320 17.5 0.8 0.7 9.2 53.3 46.7 - 553 

Note: a All reactions were performed at 60 oC for 1 h in water. b DHB = dihydroxy benzene (both 1,2- and 1,4-), CAT= catechol, HQ = hydroquinone, BQ= 

benzoquinone. The selectivity of DHB was calculated using the sum of produced CAT and HQ. c Yield of CAT = nCAT/nphenol; Yield of HQ = nHQ/nphenol. The 

conversion of phenol and the selectivity to DHB/CAT/HQ were determined using 1H NMR. d The amount of BQ was determined from HPLC-MS; e Cu-SCPN-
1 and Cu-SCPN-2 were prepared using P(MMA218-co-IHPMA43) and P(MMA273-co-IHPMA134), respectively, as indicated from Table 1. f 20-25 equivalences 

of acids and MeI were used with respect to IHPMA.   

 The importance of polymeric secondary coordination 

sphere was further supported by the unfolding and/or compari-

son to the reaction catalyzed by free Cu2+. When adding acids 

(i.e. HCl, AcOH, trifluoroacetic acid (TFA)) or methyl iodide 

(MeI) to quarternize imidazole, the unfolding of the SCPNs oc-

curred as aforementioned. Without the presence of polymer 

frameworks, the catalytic selectivity and activity of unfolded 

Cu-SCPNs decreased dramatically as shown in Entries 6-11, 

Table 2. When the reaction was catalyzed by free Cu2+ ions (En-

try 12 in Table 2), the yield of catechol was less than 1% even 

with a similar conversion of Entry 2 catalyzed by Cu-SCPN-1.  

 To summarize, we showed the use of Cu-imidazole coor-

dination to trigger the self-folding of imidazole-functionalized 

polymers and mimic the catalytic activity of tyrosinase. The Cu-

imidazole complexation is validated to drive the self-folding ef-

ficiently and reversibly. We demonstrated that polymer chains 

imposed steric hindrance to limit the Cu-imidazole complexa-

tion, to yield unsaturated Cu sites with an average coordination 

number of 3.3. Folded polymer chains acted as a secondary co-

ordination environment and modulated the reaction selectivity, 

although individual Cu sites and conformational landscape can-

not be fine-tuned at the current stage. The flexibility of poly-

meric secondary coordination environment could dynamically 

vary the Cu-Cu distance and enable the selective hydroxylation 

cooperatively by adjacent two Cu sites. A high selectivity of 

80% toward 1,2-hydroxylation can be achieved with an opti-

mized Cu loading. These metal-containing polymeric SCPNs 

are believed to stand as conceptually new examples to mimick-

ing the active sites of metalloenzymes. 
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