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Abstract 

In this work, we report copolymers based on zinc dimethacrylate (ZnDMA) and poly(ethylene glycol) 

methyl ether methacrylate (PEGMA) as versatile platforms for the in-situ growth of ZIF-8 

polyMOFs. ZnDMA is a suitable monomer which can potentially optimize polyMOF growth, 

enabling improved control over nucleation process and both final structure and morphology. The 

copolymers were synthesized both as bulk materials from precursor solutions and via surface-initiated 

Atom Transfer Radical Polymerization (ATRP). The composition and microstructure were 

investigated using the Fineman–Ross Method, complemented by characterization through X-ray 

photoelectron spectroscopy (XPS), proton nuclear magnetic resonance (1HNMR), thermogravimetric 

analysis (TGA), aqueous size exclusion chromatography (SEC) and scanning electron microscopy 

(SEM). We found that variations in structural stability, composition and microstructure of the 

resulting poly(ZnDMA-co-PEGMA)@ZIF-8 materials can be traced back to conditions affecting 

polyMOF growth, mainly regarding efficient nucleation and controlled crystalline growth. Overall, 

these results demonstrate that the hereby proposed synthetic approach to polyMOFs can be employed 

for the rational design of functional nanostructured porous materials. 
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INTRODUCTION

The class of porous materials known as Metal Organic Frameworks (MOFs) has attracted a great deal 

of attention over the past three decades due to their exceptional physicochemical properties and 

structural tunability. Among their most remarkable features are high specific surface areas (reaching 

up to 7000 m² g⁻¹ under appropriate activation conditions),1–3 uniform and well-defined pore sizes 

stemming from their crystalline architectures,4–7 and the presence of coordinatively unsaturated metal 

sites that enable selective adsorption and heterogeneous catalysis. 8 These unique attributes have 

stimulated an exponential growth in MOF-related research, leading to a vast number of reports 

addressing their potential in energy storage and conversion,9,10 selective adsorption,11,12 carbon 

capture,13 sensing/biosensing,14 water harvesting15,16 and remediation applications,17 among many 

other cutting-edge applications. One effective strategy for overcoming challenges that have long 

hindered large-scale synthesis of MOFs for industrial applications (limited processability and reduced 

chemical robustness under common real-life operating conditions) has been their integration into 

polymeric scaffolds. Although the concept of combining MOFs with polymers was proposed more 

than two decades ago,18 the formal introduction of the term “polyMOFs” and the recognition of these 

composite materials as a distinct class can be traced back to Cohen et al..19 and, more broadly, to the 

seminal contribution of Matzger et al.20 Since then, a wide range of synthetic strategies have been 

developed, yielding polyMOFs with diverse porous architectures, increased processability, and 

enhanced functionalities.21–31

A widely adopted strategy for the creation of polyMOFs is the partial or complete substitution of the 

organic linker in a given MOF structure with a polymer bearing equivalent coordination moieties in 

appropriate orientations, e.g., replacing benzene dicarboxylate (bdc) in Zr-UiO-MOFs or Zn-IRMOFs 

with polyethers incorporating bdc units at predefined spacings.19,22,30,31 The trade-off for the reduced 

thermal stability and increased synthetic complexity is the emergence of remarkable features in 

polyMOFs, such as designed hierarchical porosity and stimuli-responsiveness.32 Furthermore, 

polyMOFs offer a unique pathway for the fabrication of free-standing structures, which are highly 

desirable in membrane technologies, including crosslinked polymeric brushes obtained via surface-

initiated radical polymerization (SI-RAFT) on surface-functionalized nano- or microscale MOF 

units. This concept has been successfully applied for Zn-imidazolate ZIF-833 and Zr-based UiO-66-

NH2 PolyMOFs.19,22

On a related note, polymeric brushes exposing suitable functional moieties can be used as three-

dimensional primers for MOF thin-film growth on targeted substrates.34 Moreover, when monomers 
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structurally analogous to the MOF organic linker are incorporated into the polymeric brush, the 

accessible porosity of the resulting polyMOF film can be precisely tuned by controlling the brush 

surface density, as demonstrated for ZIF-8 MOFs and imidazolate-functionalized surface-anchored 

polymeric brushes.35 The above mentioned ZIF-8 MOF (Zn(mim)2, mim2- = 2-methylimidazolate)36 

is one of the most widely studied and belongs to the zeolitic imidazolate framework (ZIF) subclass, 

featuring a zeolite-like crystalline structure with SOD topology, highly ordered hydrophobic 

micropores (6 Å and 11.4 Å pore window and diameter respectively), and relatively high BET surface 

areas (up to 1600 m² g⁻¹). Owing to the versatility and high reproducibility of synthesis protocols,37 

the use of ZIF-8 for multiple applications has been explored, including gas storage,38,39 

separations,40,41 heterogeneous catalysis, or chemical sensing.42,43

Ultimately, the rational design of these PolyMOF with hierarchical nanoarchitectures is driven by 

their potential for diverse applications. In particular, their tunable nanoscale porosity and robust 

polymer–MOF interfaces make them promising candidates for carbon capture, utilization, and storage 

(CCUS),44,45 as well as for the selective separation of low molecular weight alkane/alkene/alkyne.46 

Furthermore, by optimizing the synthesis under conditions aligned with green chemistry principles, 

this platform offers a sustainable pathway toward the development of scalable sorbents for 

environmental remediation.47

Inspired by the ideas discussed above, we evaluated the feasibility of employing tailor-made 

polymeric architectures based on the combination of zinc dimethacrylate (ZnDMA) and 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) as platforms for the controlled growth of 

ZIF-8 polyMOFs. Our main hypothesis is that ad-hoc poly(ZnDMA-co-PEGMA) copolymers, 

featuring homogeneously distributed Zn+2 coordination centers, can act as effective nucleation points 

which can guide polyMOF formation. The selection of ZnDMA represents a rational and strategic 

approach to circumvent common limitations in polyMOF synthesis, as it offers advantages over other 

metallic ion precursor sources. Namely, ZnDMA-based copolymers enable uniform and high-density 

metal ion loading along the polymeric backbone. In addition, the dimethacrylate structure provides a 

rigid and sterically constrained coordination environment, preventing premature Zn+2 leaching into 

the solution before 2-methylimidazole (HmIm) ligand present can trigger in-situ nucleation. Finally, 

the intrinsic ionic nature of ZnDMA modulates the local dielectric environment, potentially lowering 

the activation energy required for ZIF-8 nucleation compared to other non-ionic zinc-sources. 

As ZnDMA homopolymers exhibited poor water solubility due to their high degree of crosslinking, 

PEGMA was selected as a comonomer owing to its greater water solubility. The incorporation of 

PEGMA aimed to increase hydrophilicity, reduce the degree of crosslinking, and enable 
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homogeneous polymer growth both in solutions and on surfaces. To this end, we systematically 

evaluated the influence of polymer architecture and composition on polyMOF formation by 

employing ZnDMA-co-PEGMA copolymers synthesized under both bulk and surface-anchored 

conditions. The resulting materials are comparatively analyzed in terms of their structural and 

morphological features, providing insight into the role of metal-bearing polymer design in directing 

ZIF-8 polyMOF growth.

Scheme  1. Schematized procedure for sequential poly(ZnDMAx-co-PEGMAy)@ZIF-8 synthesis: (A) glass 
slides surface anchoring of ATRP initiator, (B) ATRP synthesis of poly(ZnDMAx-co-PEGMAy)@ZIF-8 

brushes, and (C) early stages of heterogeneous nucleation and growth of ZIF-8.

EXPERIMENTAL SECTION

Materials 

(3-aminopropyl)triethoxysilane (APTES, > 99%), ɑ-bromoisobutyryl bromide (BIBB, 98%), 

triethylamine (TEA, > 99%), zinc methacrylate (ZnDMA, > 99.9%), poly(ethylene glycol) methyl 

ether methacrylate average Mn 500 g mol-1 (PEGMA, > 99%), N,N,N´,N´´,N´´-

Pentamethyldiethylenetriamine (PMDTA, > 99%), copper (I) chloride (CuCl, > 99%), 2,2’-bipyridyl 

(Bpy, > 99%), ethyl 2-bromoisobutyrate (EBIB), zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 98%)  

and 2-methylimidazole (HmIm, 99%), were purchased from Sigma-Aldrich, St. Louis USA,  and used 
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without further purification. Ammonia (30% aqueous solution) and sodium chloride (NaCl) was 

obtained from Anedra (Bs. As., Argentina). Solvents dichloromethane (DCM) and methanol (MeOH) 

grade RPE, also from Anedra, were distilled under Na and kept with 4 A molecular sieves until used. 

The dialysis tubing cellulose membrane with a typical molecular weight cut-off of 14,000 was 

provided by Aldrich.Cover glasses of 18 mm diameter were purchased from VWR international. Prior 

to use, coverslips were cleaned using piranha solution (H2SO4: H2O2 in a 1:4 ratio) and thoroughly 

rinsed with ethanol. Bovine serum albumin (BSA monomer, 2 mg mL-1 in a 0.9% NaCl solution 

containing sodic azide, Mw = 66.4 kDa; Rh = 3.5 nm acquire from Thermo Scientific® (Waltham, 

Massachusetts, USA). Ultra-pure water was produced using a Milli-Q® purification apparatus 

(Millipore, Molsheim, France).  

Methods

Polymer bulk synthesis: polyZnDMA, polyPEGMA homopolymers and four poly(ZnDMAx-co-

PEGMAy) copolymers-where x and y represent the mole fractions of ZnDMA and PEGMA in the 

feed, respectively, were synthesized via Atom Transfer Radical Polymerization (ATRP). EBIB was 

used as the initiator at 3 mol% relative to the total monomer content, while a Cu:PMDETA catalyst 

system (1:1, molar ratio) was employed at a 2.5-fold molar excess relative to EBIB (7.5-fold molar 

ratio to monomers). In each experiment, ZnDMA and/or PEGMA were dissolved in methanol to 

obtain a total monomer concentration of 10 wt% and transferred into a Schlenk tube. After catalyst 

addition, the mixtures were purged with nitrogen at room temperature for 60 min. The solutions were 

then heated to 45 °C under stirring, and EBIB was added to initiate polymerization. 

Reactions proceeded for 24 h. Purification of the crude homo- and copolymers was performed in two 

steps. First, the reaction mixtures were precipitated into hexane, and the resulting waxy solids were 

dried. These solids were then redissolved in water and subjected to three dialysis cycles (12 h each) 

against fresh distilled water using a membrane with a molecular weight cutoff of 1,500 g mol-1 and 

subsequently freeze-dried. Finally, the purified polymers were lyophilized and stored until further 

use. The absence of olefinic proton signals in the 1H NMR spectra confirmed complete monomer 

conversion and the high purity of the final products. The (ZnDMA:PEGMA) molar feed ratios were 

varied as follows: (0.1:1), (0.5:1), (1:1) and (1:0.5), corresponding to ZnDMA feed compositions 

(fZnDMA) of 0.1, 0.3, 0.5 and 0.7.

Polymer brushes synthesis: poly(ZnDMAx-co-PEGMAy) copolymer brushes were grown on glass 

slides using a modified version of the method reported by      Allegretto et al.35 As the first step, an 

organosilane ATRP initiator, (2-bromo-2-methyl)-

(triethoxysilyl)propionyloxyhexyltriethoxysilane), hereafter referred to as BrPTES, was synthesized 
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for surface silanization (as detailed in the Supp. Information). Prior to functionalization, glass slides 

were activated using a freshly prepared piranha solution. The activated substrates were then placed 

in 50 mL reaction tubes containing 28 mL of absolute ethanol and 0.1 mL of 30% v/v aqueous 

NH₄OH. Subsequently, BrPTES were added and allowed to react overnight at room temperature. 

After silanization, the glass slides were thoroughly rinsed with ethanol and used as substrates for 

surface-initiated (SI) ATRP. Poly(ZnDMAₓ-co-PEGMAy) copolymer brushes were grown from the 

BrPTES-modified surfaces by immersion in previously degassed methanolic monomer solutions 

(10 wt%) in the presence of Cu:PMDETA (1:1) as the catalyst (7.5-fold molar ratio to monomers). 

The polymerization was conducted at 45 °C for 24 h under a nitrogen atmosphere. The reaction was 

terminated by exposure to air. The polymer-coated glass slides were then rinsed with MeOH and 

stored under vacuum until further use. As in bulk synthesis, the fraction of ZnDMA (fZnDMA) was 

varied as follows: 0.1, 0.3, 0.5 and 0.7.

poly(ZnDMAx-co-PEGMAy)@ZIF-8 PolyMOF synthesis: Bulk and surface-grafted 

poly(ZnDMAx-co-PEGMAy) copolymers were employed for PolyMOF growth and are referred to as 

poly(ZnDMAx-co-PEGMAy)@ZIF-8-bulk and poly(ZnDMAx-co-PEGMAy)@ZIF-8-surface, 

respectively. Bulk synthesis involves conditions usually employed for preparation of ZIF-8 (as 

detailed in the Supp. Information) in the presence of 2 mg mL-1 suspensions of pure poly(ZnDMA-

co-PEGMA) copolymers previously exposed to HmIm solutions. Using the same conditions and 

concentrations of HmIm and Zn(NO3)2.6H2O, surface syntheses were carried on brush-grafted 

substrates previously exposed to linker solutions, vertically positioned in reaction vials. After reaction 

time elapsed, powder and substrates were washed with fresh solvent and dried under inert atmosphere.

Proton Nuclear Magnetic Resonance spectroscopy (1H NMR): Copolymer compositions were 

determined by 1H NMR, performed on a Bruker Ascend 500 WB spectrometer equipped with an 

Avance III HD console. 1H NMR spectra were acquired at a resonance frequency of 500.15 MHz 

using 64 scans and a relaxation delay of 10s. Raw spectrums were processed with Bruker TopSpin 

3.5 pl7 software. All spectra were referenced to the residual solvent signal or internal standards (TMS 

in CDCl₃ or TMSP-d₄ in D₂O).

Aqueous Size Exclusion Chromatography - coupled to Multi-Angle Light Scattering and 

differential Refractive Index detectors (SEC MALS-dRI): Aqueous SEC-MALS-dRI was 

performed to determine the average molar masses and the molar mass distributions of the polymers. 

The SEC-MALS-dRI system  consisted of a separation module with a vacuum degasser, a quaternary 

pump, an autosampler, and a thermostatic column device SCL-40 System Controller (U-HPLC 

Nexera, Shimadzu) connected to a detector train composed of a DAWN 8 MALS detector (Wyatt 
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Technology Corp., Santa Barbara, CA, USA) which simultaneously measured scattered light at 8 

angles with nominal values ranging from 28°to 147 °, followed by an Optilab differential refractive 

index detector (dRI) (Wyatt Technology Corp., Santa Barbara, CA, USA). For this, the 90°detector 

was previously calibrated with toluene, a highly scattering solvent with a known Rayleigh ratio, 

according to the manufacturer’s instructions obtaining a calibration constant equal to 5.8293 × 10−5 

(1/V.cm). To set the alignment and band broadening parameters for SEC-MALS experiments as well 

as the normalization coefficients, BSA monomer peak was used in this work. The dRI detector was 

calibrated with sodium chloride standards over a linear concentration range of 1–5 mg mL-1, operated 

at room temperature and 658 nm, and yielded a calibration constant of 3.4345 ×  10-5 V/Refractive-

Index Unit (RIU). The separation was performed using a set of two mixed-pore size analytical SEC 

columns: Ultrahydrogel™ (300 × 7.8 mm, 10 μm, exclusion limit 7 × 10⁶ Da, Waters Corporation, 

Milford, USA) combined with a Shodex OHPak SB-80GM column (300 × 8 mm, 13 μm, exclusion 

limit 2 × 10⁷ Da, Shodex, Munich, Germany). A flow rate of 1 mL min⁻¹ was used in all analyses. 

The column temperature was maintained at room temperature. Detector temperatures were set to 25 

°C, and the injection volume was 50 μL. Samples for aqueous SEC analysis were prepared at a 

concentration of 2.0 mg mL⁻¹, dissolved in an aqueous 0.2 M NaCl solution, and equilibrated for at 

least 24 h at 30 °C prior to analysis. The addition of salts such as NaCl is generally recommended to 

regulate the ionic strength (IS) of the medium and to minimize secondary interactions between the 

analytes and the stationary phase. Prior to analysis, both samples and the mobile phase were filtered 

through 0.45 μm cellulose nitrate membranes (Micron Separations, Westborough, Massachusetts, 

USA). For all measurements, MALS and dRI data were collected and processed using ASTRA 

software (Wyatt Technology Corp., Santa Barbara, CA, USA, version 8.3).

Dynamic Light Scattering (DLS): Particle size of aqueous solutions of bulk copolymers was 

determined by DLS using a Zetasizer Nano Z (laser wavelength: 632 nm). The viscosity was assumed 

to be that of pure water at the measurement temperature (25 °C). DLS data were analyzed using 

distribution fitting-methods.

Raman spectrometry and wide-field optical microscopy: Raman spectra and optical micrographs 

were acquired using a Jasco NRS4100 microspectrometer equipped with a 900 g mm-1 grating and an 

edge filter. For Raman measurements, excitation was provided by a 20 mW green laser at 532.34 nm, 

while a tungsten lamp (W lamp) was used for optical microscopy. Raman signals were collected using 

a 20X objective (NA 0.4, Olympus) at 100% laser intensity, corresponding to approximately 6.1 mW 

at the sample. A circular slit (diameter = 100 μm) was employed, and the acquisition time was set to 

5 s for every five averaged spectra. A silicon standard was used for wavenumber calibration.
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Electron Microscopy: Scanning Electron Microscopy (SEM) images and energy-dispersive X-ray 

spectra (EDS) were acquired using an FEI Scios 2 microscope on gold-coated specimens. TEM 

imaging was performed using a FEI F200X TALOS microscope operated at 200 kV. This microscope 

is equipped with a high brightness electron gun (X-FEG) and a four-quadrant silicon drift detector 

(SDD) system (“Super-X”) for performing elemental analysis by means of Energy dispersive X-ray 

spectrometry (EDXS). The high-angle annular dark-field (HAADF) STEM (Scanning-TEM) images 

were captured by a HAADF detector with collection angle from 22 to 136 mrad. The specimens were 

prepared by drop-casting and drying the as-prepared suspension on a formvar/carbon supported 

copper grid. Acquired images were analyzed using the image processing package FIJI software (NIH, 

USA).48 Prior to analysis, the obtained images were preprocessed following a segmentation routine 

that included denoising, thresholding, filtering, and proper masking.49 Particle sizes were estimated 

from the projected areas obtained from micrographs, assuming spherical particles, and compared to 

the Feret radius. Size distributions were determined considering at least 300 imaged particles per 

specimen. Finally, morphology descriptors were obtained by averaging the values of at least 300 

particles processed under different preprocessing conditions, ensuring the robustness of the analysis.

X-ray photoelectron spectroscopy (XPS): Surface composition experiments were conducted using 

an EPECS FlexMode system. XPS samples were mounted on a metallic hub using conductive 

conducting double-sided carbon tape. Measurements were performed with an Al Kα monochromatic 

X-Ray anode run at 100 W and 10 KeV, with spot size of 3.5x1 mm2, and pressure maintained below 

5x10-9 mbar. Internal calibration was carried out using the Au 4f7/2 (binding energy, BE, 84.00 eV) 

and the C 1s peak (BE = 284.6 eV) corresponding to adventitious carbon. To gain insight into the 

chemical environment of the different atoms, high-resolution XPS spectra were acquired and 

deconvoluted using Gaussian–Lorentzian fitting, minimizing χ² values.

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA): DSC 

measurements were carried out on a DSC Q2000 (TA Instruments) under nitrogen atmosphere, with 

heating and cooling rates of 10 °C min⁻¹, over a temperature range from −90 °C to 50 °C. Three 

heating–cooling cycles were performed to eliminate the thermal history of the samples. TGA analyses 

were conducted using a TGA Q500 (TA Instruments) under a nitrogen atmosphere, from room 

temperature up to 500 °C, with a purge gas flow rate of 60 mL min⁻¹.

RESULTS AND DISCUSSION

Polymer Synthesis and Characterization
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In a previous work, we employed 1-vinylimidazole as a ligand-bearing monomer in polymeric 

brushes to promote ZIF-8 surface growth as a strategy to obtain ZIF-8 MOF films with tunable 

porosity.35 In our synthetic approach, zinc dimethacrylate (ZnDMA) was employed as a metal-

bearing monomer to promote ZIF-8 growth within the polymer scaffold, both from surface-anchored 

and bulk (colloidal dispersions) copolymers. Having in mind results obtained for polymerizations 

using different monomer compositions, we focused on determining the influence of both bulk and 

surface grafted poly(ZnDMAₓ-co-PEGMAy) scaffolds on polyMOF growth. In contrast, we employ 

ZnDMA which features Zn+2 as pre-defined nucleation sites along the polymer backbone, yielding 

faster growth kinetics, as no preliminary coordination step is required. This differs from ligand-

bearing systems (e.g., poly-vinyl-imidazole or PVI), where nucleation depends on the diffusion and 

coordination of Zn+2 ions present. Moreover, the direct involvement of polymer-bound carboxylates 

in metal coordination supports enhanced polymer–MOF integration, in contrast to ligand-bearing 

systems that typically act as scaffolds and favor surface growth. 

The atom transfer radical copolymerization of zinc dimethacrylate (ZnDMA) with poly(ethylene 

glycol) methyl ether methacrylate (PEGMA, average Mₙ = 500 g mol-1) yielded a series of novel 

copolymers whose structures, 1H NMR spectra, and resonance signal assignments are presented 

in Figure 1A. Four copolymers were synthesized with ZnDMA feed compositions (fZnDMA) of 0.1, 

0.3, 0.5, and 0.7. To determine the compositions of the bulk copolymers, 1H NMR signals 

corresponding to the polymer backbone of both monomers and to the PEGMA side chains were 

analyzed, since ZnDMA lacks side-chain groups capable of producing detectable 1H NMR 

signals. The resonance at δ = 1.20–1.95 ppm (signal a) corresponds to the –CH₂– backbone protons 

of both monomers, while the signal at δ = 0.50–1.15 ppm (b) is attributed to the –CH₃ backbone 

protons. The peak at δ = 4.08 ppm (c) corresponds to the PEGMA –OCH₂– group bonded to the 

carboxylate moiety, δ = 3.65 ppm (d) is assigned to the PEGMA –CH₂O– units, δ = 3.55 ppm (e) to 

the terminal –OCH₂– group, and δ = 3.38 ppm (f) to the terminal –OCH₃ group of PEGMA. The 

copolymer compositions (𝐹𝑃𝐸𝐺𝑀𝐴) were estimated using from the integral ratio between the PEGMA 

terminal –OCH₃ signal (δ = 3.4 ppm – corresponding to signal 𝐼𝑓) and the –CH₂– backbone signal (δ 

= 1.95 ppm – corresponding to signal 𝐼𝑏). The composition values were obtained according to 

Equation (1):

𝐹𝑍𝑛𝐷𝑀𝐴 = 1 ― 𝐹𝑃𝐸𝐺𝑀𝐴 = 1 ―  𝐼
𝑓

𝐼𝑏 (1)
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Figure 1. (A) Generic bulk copolymers poly(ZnDMAx-co-PEGMAy) structure and their 1H NMR spectra. 
(B) TGA curves of poly(ZnDMAx-co-PEGMAy) and homopolymers polyZnDMA and polyPEGMA. (C) 

DSC curves of poly(ZnDMAx-PEGMAy) and polyPEGMA homopolymer.

For each copolymer synthesis, Table 1 shows FZnDMA, polymer conversion, the mass-average 

molecular weight (Mw), and the dispersity (Ð=Mw/Mn). 

Tabla 1. ZnDMA mole fraction in the feed (fZnDMA), monomer conversion, ZnDMA molar fraction in the 
copolymer (FZnDMA), weight-average molecular weight (Mw) and dispersity (Ð) for the synthesized 

copolymers.

fZnDMA Conversion 

(%)

FZnDMA Mw 

(g mol-1)

Ð 

0.1 9.0 0.15 1.40 × 104 1.16

0.3 9.5 0.51 1.09 × 104 1.53

0.5 18.5 0.75 1.45 × 104 1.65

0.7 20.5 0.87 9.94 × 103 1.14

 

It is observed that, for the same polymerization times, increasing the proportion of ZnDMA results in 

higher polymerization conversion, suggesting higher reactivity of ZnDMA. The Mw values remain 

around 10,000 g mol-1 in all cases, with lower dispersity values at the compositional extremes (fZnDMA 

0.1 and 0.7), close to 1.1, supporting the hypothesis of a controlled polymerization. Dispersity values 

closer to 1.5 for fZnDMA 0.3 and 0.5 may indicate termination mechanisms more likely associated with 

disproportionation or chain transfer, in agreement with theoretical predictions.50 The 

thermogravimetric curves presented in Figure 1B reveal significant differences in the initial 

degradation temperatures (IDT) of polyZnDMA and polyPEGMA, which are 410 °C and 260 °C, 

respectively. The polyZnDMA profile exhibits continuous weight loss from 100 °C up to the IDT, 

suggesting the presence of coordinated water molecules associated with Zn+2 ions, as reported by 

other authors.51 As observed, the polyPEGMA homopolymer shows no residual weight at 500 °C, 
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whereas polyZnDMA shows a residual weight of approximately 34%. This remaining weight is 

consistent with the formation of ZnO, as previously suggested by McNeill et al. for polyZnDMA 

degradation.52 Furthermore, the residual weight increases as fZnDMA increases, in line with the 

increasing Zn+2 content in the copolymers. The TGA profiles of copolymers show two distinct 

thermal events, suggesting a block-like or sequential monomer microstructure along the copolymers 

chain.

DSC curves of poly(ZnDMAx-co-PEGMAy) copolymers and the polyPEGMA homopolymer exhibit 

complex thermal events. As previously reported, the glass transition temperature (Tg) of the 

polyPEGMA homopolymer is around −60 °C, and its melting temperature (Tm) is approximately 

−5 °C. In contrast, the polyZnDMA homopolymer does not show any detectable thermal transitions, 

likely due to its high degree of crosslinking.51–53 As shown in Figure 1C, the Tg values of the 

copolymers with fZnDMA=0.1 and 0.3 remain close to -60°C. For fZnDMA=0.5, the Tg appears to shift 

slightly towards lower temperatures, while for fZnDMA=0.7, no clear thermal transition is observed. 

The melting peak corresponding to PEGMA is visible for fZnDMA values of 0.1, 0.3 and 0.5. However, 

the high ZnDMA content in copolymer with fZnDMA=0.7 likely suppresses the melting peak. In 

agreement with the TGA profile, this thermal behavior suggests a block or sequential monomer 

microstructure along the copolymer chains.

In comparison with bulk copolymerization, Surface-Initiated Atom Transfer Radical 

copolymerizations (SI-ATRP) of ZnDMA with PEGMA 500 produce new brush copolymers, XPS 

spectra are shown in Figure 2. Compositional analysis from the XPS data was performed by 

considering the C1s and Zn2p peak areas from the XPS survey spectra (at - 284.5 and 1022.0 eV 

binding energies respectively). These values were corrected for adventitious carbon54 and normalized 

using the corresponding atomic sensitivity factors.55 The corrected data were then used to quantify 

the Zn and C contents in the sample, considering that for ZnDMA the Zn:C relation is 1:4. Also, from 

C1s signal deconvolution, the relative contribution C species did not show significative changes, 

suggesting that the main contribution of this signal is related to copolymer backbone. 

The FZnDMA values obtained under surface-initiated polymerization conditions were significantly 

different from those observed under bulk conditions, with values of 0.17, 0.34, 0.36, and 0.37 for 

fZnDMA=0.1; 0.3; 0.5 and 0.7, respectively. As quantitative C determination is always challenging, 

XPS obtained results were compared with those derived from Raman spectroscopy, showing good 

agreement (as detailed in the Supp. Information). 
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Figure 2. XPS spectra for surface grafted poly(ZnDMAx-co-PEGMAy) copolymers with increasing fZnDMA.

Depth profiling studies were carried out to evaluate the homogeneity of the polymer layer and any 

possible lamellar segregation (see Figure 3). A depth profiling experiment was performed for a 

selected poly(ZnDMAx-co-PEGMAy) surface brush corresponding to fZnDMA=0.5 using Ar+ ions as 

reactive sputtering source, and quantifying C and Si amounts form C1s and Si 2p peaks. Considering 

the sharp variation in C intensity for copolymer relative to Si (glass substrate), the thickness of the 

polymer brush can be estimated to be below 5 nm. Furthermore, the Zn composition remained 

constant along the polymer brush, indicating a homogeneous distribution with no evidence of lamellar 

segregation.

Figure 3. Depth profile result for poly(ZnDMAx-co-PEGMAy) surface bushes corresponding to fZnDMA = 0.5.

Page 12 of 24RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
2/

20
26

 1
:0

6:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6LP00021E

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lp00021e


The comonomer–copolymer composition curves (see Figure 4) reveal distinct trends for bulk and 

surface polymerizations. Notable differences are observed in the copolymerization behavior of this 

monomer pair when comparing bulk and surface-initiated copolymerization. In bulk polymerization, 

there is a clear trend toward higher FZnDMA values for each corresponding fZnDMA value. In surface-

initiated copolymerization, however, for low fZnDMA values, the FZnDMA values are higher than fZnDMA 

(0.17 > 0.1 and 0.34 > 0.3) whereas at higher fZnDMA values, the FZnDMA values become lower than 

fZnDMA (0.36 < 0.5 and 0.37 < 0.7).

Figure 4. Comonomer–copolymer composition curves for both bulk and surface polymerizations.

The determination of monomer reactivity ratios provides insight into the copolymerization behavior 

of monomer pairs. The application of the Fineman–Ross method under the evaluated conditions 

allowed us to obtain the following reactivity ratios: (a) bulk condition: r₁(ZnDMA) = 3.26 and 

r₂(PEGMA) = 0.60; (b) surface condition: r₁(ZnDMA) = 0.13 and r₂(PEGMA) = 0.43. The obtained 

values, with r₁ > r₂ for the bulk condition, suggest a higher reactivity of the ZnDMA monomer and 

the preferential reaction of the poly(ZnDMA) radical toward the ZnDMA monomer. Furthermore, 

the product r₁×r₂ = 1.956 is consistent with an unbalanced copolymerization behavior, with a higher 

incorporation of ZnDMA and the possible formation of ZnDMA-enriched sequences. On the other 

hand, for the surface condition, the values of r₁ and r₂, together with the product r₁×r₂ = 0.055, suggest 

a copolymerization with a strong tendency toward cross-reactivity, meaning that each monomer 

would preferentially react with the other monomer rather than with itself. This is consistent with an 

alternating or random statistical distribution that would minimize the formation of long sequences or 

blocks of ZnDMA or PEGMA. It should be noted that these values are derived from a limited 
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experimental dataset (four composition points). Nevertheless, the observed qualitative trends are 

considered representative of the system behavior under the studied conditions.

The observed change in reactivity at the film interface can be rationalized by two hypotheses: (i) an 

intrinsic modification of radical reactivity upon anchoring, or (ii) a differential monomer 

consumption, where ZnDMA, being more reactive than PEGMA, is depleted faster at the interface. 

The latter explanation appears more consistent, as it does not require a change in the intrinsic cross-

reactivity rate constants of the monomers. Instead, the enrichment of PEGMA at the interface relative 

to the bulk arises from the faster depletion of ZnDMA due to its higher reactivity. Despite the 

operating mechanism, this change results in alternating or random statistical distribution and 

minimizes the formation of long sequences or blocks of ZnDMA or PEGMA as observed for bulk 

copolymers.

Overall, these results demonstrate that the copolymer composition can be precisely tuned via ATRP, 

although reactivity asymmetries, particularly for PEGMA in confined geometries, must be considered 

for predictive control. The obtained copolymers provide chemically diverse surfaces for subsequent 

MOF growth studies.

The poly(ZDMAx-co-PEGMAy) bulk copolymer with fZnDMA=0.3 was selected for preparation of 

poly(ZDMAx-co-PEGMAy)@ZIF-8-bulk polyMOF. DLS analysis (see Figure 5A) reveals a single 

size population for both the polyMOF and the bare poly(ZDMAₓ-co-PEGMAᵧ) copolymer, revealing 

a single size population for both materials. PolyMOF particle size remains relatively constant for pH 

6, 4, and 8, indicating added stability towards moderate acidic and alkaline conditions. This result 

highlights the structural robustness of the hybrid material within the well-established stability window 

of ZIF-8-based frameworks. In this context, pH stability was prioritized as a key operational 

parameter for aqueous applications. In contrast, bare polymer scaffold exhibits a size variability 

consistent with a crosslinking structure featuring pH-sensitive units, namely methacrylate and zinc 

moieties.56,57 While pH= 6 size is approximately 450 nm, at pH= 4, partial protonation of the 

methacrylate -COO- groups reduce the polymer size to 170 nm, whereas for alkaline pH, partial 

hydroxylation of Zn+2 causes the polymer size to decrease down to 140 nm. Both processes modify 

the degree of crosslinking, leading to a significant size contraction, which is not reversible upon 

restitution of neutral pH conditions (see Figure 5A).
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Figure 5. (A) DLS sizes poly(ZDMAx-co-PEGMAy)@ZIF-8-bulk in comparison with poly(ZDMAx-co-
PEGMAy) with fZnDMA=0.3. (B) TGA profile of the obtained hybrid material, along with a comparison to the 

corresponding bulk copolymer and ZIF-8.

TGA analysis (see Figure 5B) shows the thermal profile of the polyMOF in comparison with the bare 

copolymer and bulk ZIF-8. Although the samples were previously dried at 60 °C, thermograms show 

an initial weight loss 100-150 °C corresponding to water present in ZIF-8 and polyMOF, but not in 

the bare polymer. According to its expected stability, ZIF-8 shows no additional thermal events until 

nearly 400 °C, followed by an abrupt weight loss around 450 °C, an event also present in the 

polyMOF. Comparison between polymer and polyMOF confirms the presence of similar features: 

the polymer exhibits a major weight loss near 250 °C and a smaller event around 400 °C. Both events 

are also present in the polyMOF, with the first one shifted slightly to lower temperatures, likely due 

to a thermal destabilization effect of ZIF-8 on the polymeric backbone. Aside from both DLS and 

TGA suggesting the successful integration of the MOF into a polyMOF composite, XRD patterns 

show evidence of expected diffraction peaks corresponding to ZIF-8 (as detailed in the Supp. 

Information). To obtain clear information regarding crystallinity, we acquired high-resolution TEM 

images while minimizing radiation damage for both the neat copolymer and the polyMOF samples. 

Wide field images were acquired under identical imaging conditions, allowing direct comparison. In 

the case of the polyMOF, regions with varying contrast can be observed within the same particle, 

which are not present in the bare copolymer. This suggests the possible inclusion of crystalline 

domains associated with the MOF component, due to its higher electron density. This observation is 

consistent with the difficulty of resolving distinct crystalline peaks in the XRD patterns. The relatively 

weak XRD signals observed for the polyMOF samples are to be expected due to intrinsic features of 

these hybrid materials, where polymer chains are interwoven within the MOF framework. This results 

in an effective dilution of the crystalline diffraction signal, while covalent tethering of polymer chains 

to metallic centers induces lattice distortion and microstrain, leading to peak broadening. In addition, 
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polymer-induced nano-confinement may limit the growth of ZIF-8 crystallites to small domains 

(<10–20 nm), further reducing peak definition due to Scherrer broadening. Together, these effects are 

consistent with the attenuated diffraction patterns typically observed in polyMOF systems. While 

low-angle XRD would provide a more accurate probe of the expanded periodicities in these materials, 

additional HR-TEM analysis (as detailed in the Supp. Information) revealed lattice fringes of 1.6 ± 

0.2 nm, confirming the presence of crystalline ordering distinct from amorphous phases or ZnO 

formation.

SEM analysis (see Figure 6), which includes images corresponding to the extreme compositions 

(fZnDMA = 0.1 and 0.7), while images for the intermediate compositions (fZnDMA = 0.3 and 0.5) as well 

as bulk ZIF-8 and ZIF-8 on glass are presented in the Supp. Information, reveals a strong inverse 

correlation between FZnDMA and PolyMOF particle size for the surface-grafted polymeric platform 

(see Figure 7); the following key aspects are proposed to rationalize such observations. The 

distribution of ZnDMA units is hypothesized to act as a spatial template dictating the density of 

nucleation sites. At high FZnDMA, the close spacing of Zn+2 ions is expected to generate a high local 

concentration, leading to rapid, simultaneous nucleation. Because the diffusing 2-methylimidazole 

(HmIm) ligand would be rapidly consumed by numerous adjacent nuclei, crystal growth may 

become sterically and chemically constrained, yielding smaller crystal sizes. Conversely, at low 

FZnDMA, the sparse distribution of Zn centers would result in fewer, isolated nuclei that can "harvest" 

HmIm from a larger volume, promoting larger, discrete ZIF-8 crystals.

Figure 6. (A to B) SEM image of surface grafted PolyMOF on poly(ZnDMA-co-PEGMA)@ZIF8-surface 
with 0.1 and 0.7 fZnDMA. 
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Another aspect that may contribute is the formation of ionic clusters. Being an ionic monomer in a 

relatively low-dielectric polymer environment, ZnDMA is likely prone to forming ionic clusters or 

aggregates driven by electrostatic interactions. These clusters are proposed not to behave strictly as 

single atomic nucleation sites but rather as "super-nucleation sites" that could trigger the growth of 

polycrystalline aggregates (e.g., raspberry-like structures) from a single dense ionic pocket. If these 

clusters are too large, Zn+2 ions may become partially trapped within them and thus be sterically 

shielded from the HmIm ligand, creating unreacted zones that could potentially compromise the 

mechanical integrity of the polymer–MOF interface. We further hypothesize that the interface may 

be governed by a nanoscale "dissolution–crystallization" mechanism; in this scenario, the interface 

would not correspond to a sharp boundary but rather to a gradient interpenetration region where 

methacrylate chains are threaded through the outer layers of the growing ZIF-8 crystals. The chain 

mobility (relative to the Tg during synthesis) is expected to influence how effectively ZnDMA units 

can rearrange to feed the growing nuclei without introducing excessive lattice strain into the MOF 

framework.

Figure 7. Average size and polymer templating.

It is important to note that these mechanistic interpretations are inferential and consistent with the 

observed SEM trends, but they do not constitute direct experimental evidence. SEM primarily reflects 

the final morphology and does not independently resolve the nanoscale distribution of ZnDMA units 

or nucleation kinetics. We aim to perform experiments of scattering at wide and small angle (SAXS, 

WAXS) which can contribute to gain further insight on initial nucleation kinetics. Another possible 

way for this end would be to generate in-situ quantitative 13C-NMR or MALDI-TOF MS to resolve 

the precise nanoscale distribution of ZnDMA units and monomer sequence fractions
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CONCLUSIONS

This study demonstrates the successful synthesis of poly(ZnDMA-co-PEGMA) copolymers with 

tailored microstructure across the full compositional range, both in bulk and as surface-grafted 

polymer brushes, establishing versatile platforms for ZIF-8 polyMOF growth. Under bulk conditions, 

the copolymerization behavior (r₁(ZnDMA) > r₂(PEGMA)) as estimated from the Fineman–Ross 

analysis revealed a higher reactivity of ZnDMA and a preferential reaction of poly(ZnDMA) radicals 

toward the ZnDMA monomer. Consequently, the copolymerization is suggested to proceed in an 

unbalanced manner, giving rise to blocky or sequential microstructures with enhanced ZnDMA 

incorporation and the possible formation of ZnDMA-enriched sequences, in agreement with thermal 

analyses. It should be noted that these reactivity ratios are derived from a limited experimental dataset 

(four composition points, some at moderate conversion), and therefore their absolute values may be 

subject to uncertainty; however, the observed qualitative trends are considered representative of the 

system behavior under the studied conditions. In contrast, under surface-initiated polymerization 

conditions, the copolymerization behavior (r₁(ZnDMA) < r₂(PEGMA) and r₁×r₂ ≪ 1) suggests that 

the process is dominated by cross-reactivity, leading to alternating or random statistical 

microstructures and tending to minimize the formation of long ZnDMA or PEGMA sequences, as 

confirmed by X-ray photoelectron spectroscopy. This microstructural shift is proposed to enable the 

generation of chemically diverse polymer platforms suitable for the controlled growth of ZIF-8 

polyMOFs. These mechanistic interpretations, including the relationship between copolymer 

microstructure and nucleation behavior, are consistent with the observed trends but remain inferential, 

as SEM primarily reflects the final morphology and does not directly resolve nanoscale ZnDMA 

distribution or nucleation kinetics. The bulk copolymer is proposed to act as an effective nucleation 

point for ZIF-8, yielding poly(ZnDMAₓ-co-PEGMAᵧ)@ZIF-8-bulk polyMOFs that remained stable 

toward pH variations. In contrast, polymer brushes enabled the direct growth of ZIF-8 polyMOFs on 

surfaces, demonstrating that controlling FZnDMA can be used to modulate the size and surface coverage 

of the crystals, thereby enabling the design of polyMOF platforms with tunable nanoscale 

architectures. Overall, these results establish that copolymer composition and microstructure can be 

tuned via Atom Transfer Radical Polymerization and highlight the potential of ZnDMA–PEGMA 

copolymers as primers for the controlled growth of polyMOFs, while the proposed structure–property 

relationships should be interpreted in light of the aforementioned limitations and will be further 

explored in future studies.
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upon reasonable request.
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