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A B S T R A C T

Equipping ZIF particles with a polyelectrolyte membrane provides functional groups at their interface, enabling
further conjugations necessary for applications such as targeted drug delivery. Previous approaches to coat ZIF
particles with polyelectrolytes led to surface corrosion of the template material. This work overcomes previous
limitations by performing a Layer-by-Layer (LbL) polyelectrolyte coating onto ZIF-8 and ZIF-67 particles in non-
aqueous environment. Using the 2-methylimidazolium salt of polystyrensulfonic acid instead of the acid itself
and polyethyleneimine in methanol led to intact ZIF particles after polyelectrolyte coating. This was verified by
electron microscopy. Further, zetapotential and atomic force microscopy measurements confirmed a continuous
polyelectrolyte multilayer built up. The here reported adaption to the well-studied (LbL) polyelectrolyte self-
assembly process provides a facile method to equip ZIF particles with a nanometer thin polyelectrolyte multi-
layer membrane.

1. Introduction

Zeolitic imidazolate frameworks (ZIFs) are a subclass of metal or-
ganic frameworks (MOFs) where metal centers are coordinated by de-
protonated imidazole derivatives [1]. ZIF-8 and ZIF-67 that have been
investigated in this study are isostructural representatives of the ZIF
family. Zif-8 comprises of zinc cations while ZIF-67 comprises of cobalt
cations that are coordinated by 2-methylimidazolate anions in both
cases. Both, ZIF-8 and ZIF-67 share most of the material characteristics
[2] that are relevant to this study. These material characteristics relate
to the stability of the ZIF particle interface and are mainly determined
by ionic dissociation and protonation equilibria of the imidazole ligand.
Possible commercially relevant applications of ZIFs have been proposed
and include their use for gas separation, gas storage, and chemical
sensing devices as well as catalyst for chemical reactions [3–5]. Of
particular interest to the present study is the fact that ZIFs and in
particular ZIF-8 have been used to entrap small molecular weight drugs,
proteins, and even enzymes [6]. ZIF-8 was of particular interest for
these earlier studies since it only comprises of zinc ions and an imida-
zole derivative. Both components are precursors for several pharma-
ceutical preparations. Hence, ZIF-8 was envisioned to be a suitable
candidate to realize MOF-based drug delivery approaches. Targeted
drug delivery using ZIF-8 carriers would, however, require stabilization

against early dissolution in aqueous environment and functionalization
on ZIF particle surfaces with e.g. antibodies. Native ZIF-8 particle sur-
faces are, however, not suitable for conjugation of antibodies due to
their lack of functional groups. Functional groups might be introduced
through the use of e.g. amino reactive imidazole derivatives [7].
However, this likely gives rise to material properties that differ from
that of native ZIFs. Alternatively, a nano-meter thin polyelectrolyte
coating around ZIF particles was envisioned to provide functional
groups at the interface. Traditionally, polyelectrolyte coating was per-
formed by using oppositely charged polyelectrolytes in aqueous en-
vironment [8] or by using solutions of their free acid and amine forms
in organic solvents. The polyelectrolyte pair poly(4-styrene sulfonate)
(PSS) and poly(allylammonium) (PA) is well-established for Layer-by-
Layer (LbL) polyelectrolyte self-assemblies onto colloidal and micro
particles. Reported properties of PSS/PA films include stability under a
wide pH range (1−11), their tuneable permeability towards proteins
[9], their tuneable thickness by number of LbL deposition steps and the
possibility to functionalize their surface with low fouling polymers or
antibodies [10]. Notably, PA and polyethyleneimine (PEI) share many
properties except that PEI is highly branched, which often results in
better adsorption on lowly charged interfaces [11], as it is the case for
matured ZIF particle surfaces. The assembly of polyelectrolytes in or-
ganic solvents was shown to be valuable for water soluble materials
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[12–19]. In an earlier study by Ejima et al. ZIF-8 particles were used as
template materials that were coated with polystyrenesulfonic acid
(PSA) and PA polymers. As it was aimed to prepare multifaceted hollow
polyelectrolyte microcapsules, this approach led to complete ZIF tem-
plate material dissolution [20].

2. Results and discussions

Currently available LbL polyelectrolyte coating methods are un-
suitable to provide a stable polyelectrolyte coating while maintaining
intact ZIF particles. Hence, the scope of the current study was to es-
tablish a LbL polyelectrolyte coating procedure that overcomes these
limitations. ZIF-8 and ZIF-67 were both utilized for this study and
synthesized according to a previously established protocol [2]. The
particle size distribution was generally between 500 nm and 1000 nm
as shown by SEM imaging (Fig. 1A and supplemental data). Both ZIF-8
and ZIF-67 particles were dispersed in methanol for the LbL coating
process since Zhang et al. [21] demonstrated that ZIFs have slight water
solubility. Methanol more strongly prevents ionic dissociation and
thereby lowers dissolution of ZIF-8 or ZIF-67 particles. Exact experi-
mental procedures are described within the supplemental information.
Firstly, the previously reported LbL polyelectrolyte self-assembly pro-
tocol to create multilayer of the strong acid PSA and polyethyleneimine
(PEI) was evaluated. In accordance to Ejima et al. [20] this led to a
complete template material dissolution and yielded hollow

polyelectrolyte microcapsules (Fig. 1B). As the ability of polyacids to
dissolve the ZIF template during encapsulation depends on their
acidity, the much weaker polyacrylic acid (PAA) was investigated as
substitute for PSA in order to prevent template material dissolution.
Interestingly, utilization of a weaker acid resulted in a concave mor-
phology of the ZIF particles (Fig. 1C). This indicated surface etching.
Thus, even weak polyacids led to corrosion of the ZIF material at par-
ticle interfaces. In order to completely avoid ZIF template dissolution,
both polyacids were neutralized with 2MeIM to yield their 2-methyli-
midazolium salt. The attempt to neutralize PAA with 2MeIM led to
precipitation in methanol. In contrast, the resulting polystyrene sulfonic
acid-2-methylimidazolium (PSS-2MeIM) salt was soluble in methanol.
And indeed, the PSS-2MeIM salt together with PEI allowed coating
without dissolution or etching of template materials (Fig. 1D and Fig.
S1 to S14).

It was observed that the zeta potential changed in accordance to the
adsorbed polymer for all polymer combinations that were investigated.
It is important to note that PEI likely acquired charges only due to in-
teraction with PAA, PSA or PSS-2MeIM salt. The coating was therefore
referred to be a polyelectrolyte multilayer while the precursor material
was referred to as polymers due to their little or no charge while in
solution. Alternating polyelectrolyte layers resulted in an altered zeta
potential for all polymer combinations investigated, although the
magnitude of the acquired potential varied strongly between the dif-
ferent combinations. Alternate coating of PSA and PEI resulted in strong

Fig. 1. Scanning electron micrographs depicting ZIF-67
crystals (A) that are coated with 4 double layers of each:
PSA & PEI (B), PAA & PEI (C) and PSS-2MeIM salt & PEI
(D).

Fig. 2. Zeta-potential measurement in methanol (A) and AFM measurements of polymer layer total thickness (B), depicted as relation to the number of adsorbed polyelectrolyte layers.
Blue indicates PSA & PEI. Red indicates PAA & PEI. Green indicates PSS-2MeIm & PEI. (For interpretation of the references to colour in this figure, the reader is referred to the web version
of this article.)
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and truly alternating zeta potentials (Fig. 2 A, blue line) that is in ac-
cordance with earlier observations [20]. As it is well established that
polyacids cause protonation of the amine groups in polyamines and
hence induce positive charges, the multilayers that were fabricated by
sequential adsorption of these polymers therefore were held together by
electrostatic interactions. In contrast, PAA being a very weak polyacid
did not achieve a significant change in surface charge for the first 3
layers (Fig. 1 A, red line). This observation implied that multilayer
build-up between PAA and PEI might have been governed by non-
charged hydrogen bonds to a certain extent. The low positive zeta po-
tential that was observed for ZIF particles with PEI as outermost layer
could be explained by excess adsorption of non-charged polyamines.
The positive zeta potential of particles with PSS-2MeIM as outermost
layer suggested low dissociation of the salt (Fig. 1 A, green line).
However, zeta potential measurements only allow for tentative con-
clusions on multilayer build-up. Thus, fluorophore labelled PEI was
utilized to observe a continuous increase of fluorescent signal with in-
creasing number of coatings in fluorescence images of LbL coated ZIF-8
particles (Fig. S15 and S16 of the Supplemental information). In-
creasing fluorescence intensity together with alternating zeta potentials
has been established as a good indication of multilayer build-up [22].
Of note, earlier works distinguished between multilayer architectures
that exhibit a linear layer thickness and exponential layer thickness
growth. Thus, we aimed to investigate the layer thickness of the various
polyelectrolyte pairs during multi-layer build-up by experimental
Atomic Force Microscopy (AFM). Silicon supports were coated with
polyelectrolyte multilayers and measurements were performed at the
edge of a scratch through the multilayers to reveal the total thickness
(Fig. 2 B, Fig. 3 B & C) of the coating. The single layer thickness was
calculated by dividing the total thickness of the coating by the number
of assembled polyelectrolyte layers. Since the single layer thicknesses
that were determined for PSA together with PEI were the same re-
gardless of the number of layers that were assembled, this polymer pair
was assumed to exhibit a linear layer growth (Fig. 2B, blue bars). The
layer growth of PAA and PEI on the other hand, was rather exponential
and ranged from 0.78 nm for 2 polyelectrolyte layers to 2.19 nm for 8
layers, respectively. Interestingly, the layer growth kinetics of PSS-
2MeIM appeared to be also rather exponential and comparable to that
of PAA rather than to that of PSA. The single layer thickness for PSS-
2MeIM and PEI increased from 0.68 nm for two layers to 1.91 nm for 8
layers. Figs. S17 to S27 (Supporting information) show representative
AFM images depicting the surface topology. Previously it was estab-
lished that the charge density and hence polyacid conformation in so-
lution directly influences architecture (e.g. thickness) of the multilayer
coating [23]. Since charge density on polyacids depends on the

protolysis equilibrium, differences between the protolysis equilibria of
the utilized polyacids were briefly estimated from the pKa values of
their monomeric components. The acidity of monomeric benzene-
sulfonic acid (pKawater ~ 0.7) and acetic acid (pKawater ~ 4.25,
pKamethanol ~ 6.9) spans already several orders of magnitude indicating
that the polyacids will significantly differ in acidic strength.

Polyacids are even weaker when compared to their monomeric
counterparts due to their coupled protolysis equilibria. This indicates
that PAA is barely charged and coiled in diluted solution while PSA is
moderately charged and semi-stretched in diluted solutions.
Consequently, the stretched PSA conformation explains why PSA and
PEI yielded the thinnest polyelectrolyte coating. The membrane made
of PAA with PEI, on the other hand, was thicker due to the lower charge
density and more coiled conformation of PAA. The fact that polyelec-
trolyte membranes made of PSS-2MeIm and PEI were more similar in
thickness to the membranes made of PAA & PEI than to that of PSA &
PEI indicated a low charge density on the PSS-2MeIM salt. This was in
line with the observations from zeta-potential measurements as was
discussed above. The reduced charge density of the 2MeIM salt pre-
sumably led to a more coiled polymer in solution. This consequently
also led to a thicker coating together with PEI, when compared to the
free acid PSA. Thus, the presented results are in line with the theoretical
understanding and earlier studies. Atomic force microscope measure-
ments on hollow polyelectrolyte microcapsules that were generated
with the here described protocol were not successful. In line with ear-
lier observation by Ejima et al., the resulting hollow polyelectrolyte
microcapsules did not fully collapse which is, however, necessary for
AFM measurements to determine the polyelectrolyte layer thickness
from microcapsules. In addition to the described enabling methodology
to equip ZIF particles with a polyelectrolyte coating, this study also
presented a novel alternative to established Layer-by-Layer coating
protocols. The here described alternative used a polyacid salt together
with a non-charged polyamine in an organic solvent. Our under-
standing of the discussed acid-base chemistry led to the hypothesis that
PEI has a stronger proton affinity (expressed in pKa values) by roughly
two orders of magnitude compared to 2MeIM [24,25]. Therefore, it
appeared likely that the stronger base of PEI acquired the charge from
2MeIM by proton transfer. This chemistry would have furthermore al-
lowed ionic pairing between PSS-2MeIM and PEI.

3. Conclusions

PSS-2MeIM and PEI in methanol constituted an excellent polymer
pair for a self-assembly process that led to electrostatically bound
polyelectrolyte multilayers around ZIF particles. This work is

Fig. 3. Representative atomic force microscope images of Layer-by-Layer polyelectrolyte coated silica surfaces with 4 double layers of PEI and PSS-2-MeIM. The micrographs depict a
coherent polyelectrolyte coating (A), the edge of a scratch for total layer thickness measurement (B). The line profile (C) reveals a total polyelectrolyte coating thickness of ~15 nm for 4
double layers of PEI and PSS-2-MeIM or 1.88 nm per single polyelectrolyte layer.
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envisioned to provide a facile polyelectrolyte coating procedure for acid
sensitive ZIF particles or generally ZIF interfaces (Fig. 4). Such a facile
protocol would, for example, allow bioconjugation to facilitate future
applications of ZIF-8 in targeted drug delivery or other application that
require e.g. antibody conjugation.
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Fig. 4. Schematic representation of the process to encapsulate ZIF crystals with a nan-
ometer thin polyelectrolyte membrane. Multilayer membranes are achieved by con-
secutively coating cycles of PSS-2 M (red) and PEI (blue) until the desired number is
reached. The magnification of the ZIF particle shows the six-membered rings of one-
dimensional channels along the [111] direction of a ZIF-8 crystal. The yellow polyhedra
indicate coordinated zinc ions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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