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Carboxylate-based metal organic frameworks (MOFs) coordinated by multiple-functional carboxylic acid
linkers and various metals represent a large family of MOFs. Carboxylic acid functionalized polymers, such
as poly(acrylic acid), polystyrene-b-(acrylic acid) and poly(methacrylic acid)-co-(ethylene glycol di-meth-
acrylate), have been used in the synthesis of carboxylate-based MOFs in order to modulate, or provide a
template for, the growth of MOF crystals. Although this strategy has been used to prepare MOFs, the role
of the carboxylic acid functionalized (co)polymers in the synthesis of MOFs is still not very clear. In this
article, we report the synthesis of UiO-66 (a MOF designed at the University of Oslo) in the presence of
core cross-linked poly(methacrylic acid)-b-poly(methyl methacrylate) (PMAA-b-PMMA) nanoparticles
(NPs), with two different modulators (acetic acid (HAc) and hydrochloric acid (HCl)) and in the absence of
any modulator. Additionally, a series of reactions were carried out where the classical terephthalic acid
(TA) linker was replaced with PMAA-b-PMMA NPs. These experiments elucidated the role of NPs in the
polymer-assisted synthesis as well as how the PMAA-b-PMMA NPs become incorporated into the final
UiO-polymer hybrid investigated material. In this polymer-assisted UiO-MOF synthesis, the PMAA-b-
PMMA NPs act as a stabilizer, a template and a (co)modulator to form the final UiO—-polymer hybrid NPs

rsc.li/polymers

1. Introduction

Metal organic frameworks (MOFs) are crystalline and porous
materials constructed by the coordination bonds between
metal ions or clusters and organic linkers." They are character-
ized by large surface areas with tunable pore sizes and high
thermal and chemical stabilities, which make them good can-
didates for many applications, such as gas capture and separ-
ation, catalysis, sensing and pollutant removal.>

One of the most representative MOF families is that of car-
boxylate-based MOFs, formed by the union between multiple-
functional carboxylic acid linkers and various metals." The use
of carboxylic acid functionalized polymers during their syn-
thesis allows us to modulate, or provide a template for, the
growth of MOF crystals. In this sense, Lotsch et al.” used poly
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with different colloidal aspects, sizes and crystallinity.

(acrylic acid) (PAA) to control the particle size of HKUST-1 (a
MOF first synthesized at the Hong Kong University of Science
and Technology). PAA was also used to synthesize UiO-66 (a
MOF designed at the University of Oslo) with narrow particle
size distributions.® Moreover, block-copolymers with a car-
boxylic chain were also used as templates for preparing meso-
porous MOFs. For example, polystyrene-b-(acrylic acid) oligo-
mers and poly(methacrylic acid)-co-(ethylene glycol dimeth-
acrylate) were used as soft templates for the preparation of
mesoporous HKUST-1.>'® Although this strategy has been
used to prepare carboxylate-based MOFs, the role of carboxylic
acid functionalized polymers, especially block copolymers
with carboxylic acid functions, in MOF synthesis is still not
very clear.

Previously, we have described the successful synthesis of
stable UiO-polymer NPs using spherical core cross-linked poly
(methacrylic  acid)-b-poly(methyl methacrylate) (PMAA-b-
PMMA) nanoparticles (NPs) via a reversible addition-fragmen-
tation chain-transfer polymerization controlled polymerization
induced self-assembly (RAFT-PISA) method."" The exceptional
colloidal stability of this material facilitated the preparation of
a thin-film membrane ideal for nanofiltration. In this case, in
order to further delve into the mechanism of the formation of

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/polymers
http://orcid.org/0000-0002-1544-1824
https://doi.org/10.1039/d2py01202b
https://doi.org/10.1039/d2py01202b
https://doi.org/10.1039/d2py01202b
http://crossmark.crossref.org/dialog/?doi=10.1039/d2py01202b&domain=pdf&date_stamp=2023-01-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2py01202b
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY014005

Open Access Article. Published on 11 January 2023. Downloaded on 12/5/2025 9:18:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

UiO MOFs with core cross-linked PMAA-b-PMMA NPs, we have
designed the synthesis of UiO-66 in the presence of different
sizes of core cross-linked PMAA-b-PMMA NPs, two different
modulators (acetic acid (HAc) and hydrochloric acid (HCI))
and in the absence of any modulator. HAc and HCI have been
proved as efficient modulators for UiO synthesis.'*"® The use
of HAc leads to the formation of large crystals. In contrast, the
use of HCI as a modulator allows the reaction to take place at a
lower temperature with a high reaction rate, which is advan-
tageous due to the presence of polymers (reducing the risk of
polymer degradation at higher temperatures). Other carboxylic
acid modulators have also been applied in MOF synthesis,
such as benzoic acid,'” formic acid and propionic acid.**
Moreover, the impact of different mono-functional carboxylic
acid modulators on the sizes of particles and their colloidal
stability was also further studied.'® Here, we investigate the
role of PMAA-b-PMMA NPs in the formation of UiO-polymer
hybrids as compared to the classical UiO-66. In addition, the
possibility of using these NPs as modulators was also studied
where no extra modulator was added to the synthesis media.
In addition, to further study the role of PMAA-b-PMMA NPs in
the process of UiO synthesis, a series of reactions were
designed where the H,BDC linker (1,4-benzenedicarboxylic
acid, terephthalic acid, TA) was gradually replaced with PMAA-
b-PMMA NPs while keeping the same number of moles of acid
functionality in the synthesis system (with zero H,BDC linker
and 100% PMAA-b-PMMA NPs). The carboxylic acid functional-
ities provided strong coordination sites for the Zr ions/clusters.
By gradually replacing the classical UiO-66 linker with PMAA-b-
PMMA NPs, the influence of the NPs and how they become
integrated in the final UiO-polymer hybrid material were
studied.

2. Materials and methods

2.1. Materials

Methacrylic acid (MAA) (4-methoxyphenol, MEHQ used as an
inhibitor; 99.0%), 4-cyano-4-(phenylcarbonothioylthio)penta-
noic acid (>97.0%), 4,4-azobis(4-cyanovaleric acid) (ACVA;
98.0%), methyl methacrylate (MMA) (MEHQ used as an inhibi-
tor, 99.0%), 2,2'-azobis(2-methylpropionitrile) (AIBN; 98.0%),
ethylene glycol dimethacrylate (EGDMA) (MEHQ used as an
inhibitor; 98%), (trimethylsilyl)diazomethane solution 2.0 M
in diethyl ether, zirconium(wv) chloride (ZrCly; >99.5% trace
metals basis), acetic acid (HAc; >99%) and hydrochloric acid
(HCl, 37%) were purchased from Sigma-Aldrich while ter-
ephthalic acid (TA; >98.0%) was purchased from Alpha Aesar.
Solvents were purchased from Fisher Scientific and VWR. All
reagents were used without further purification.

2.2. Methods

2.2.1. Synthesis of poly(methacrylic acid) (PMAA). PMAAg,,
used as the macro chain transfer agent (PMAAg, mCTA), was
synthesized following our previously reported procedure.'!
MAA (12 g, 135.3 mmol), 4-cyano-4-( phenylcarbonothioylthio)
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pentanoic acid (540.8 mg, 1.93 mmol), targeting a molecular
degree of polymerisation (DP) of 70, and ACVA (54.26 mg,
0.19 mmol; CTA/ACVA molar ratio = 10) were dissolved in
ethanol (12 g). The reaction mixture was placed under nitrogen
and heated at 70 °C for 6 h (>99% monomer conversion). The
polymerization was quenched by cooling the reaction mixture
and exposing it to air. Finally, the reaction mixture was diluted
with a two-fold excess of ethanol. The resulting solid was dried
under vacuum for 24 h and a targeted mean degree of
polymerization (DP) of 64 was established using "H NMR spec-
troscopy (Fig. S1at).

2.2.2. Synthesis of poly(methacrylic acid)-b-poly(methyl
methacrylate) (PMAA-b-PMMA) nanoparticles (NPs). PMAA-b-
PMMA NPs at 20% w/w in ethanol were prepared via the
RAFT-PISA method, following a similar procedure previously
reported by us."" Briefly, MMA (1 g, 10 mmol), AIBN initiator
(1.8 mg, 0.01 mmol), and PMAAg;, macro-CTA (200 mg,
0.036 mmol) were dissolved in ethanol (7 g). The reaction
mixture was sealed in a 10 mL round bottom flask, purged
with N, for 10 min and kept at 70 °C until '"H NMR analysis
showed an MMA conversion of 90% (about 33 h, see
Fig. S1b¥). Then, the PMAA-b-PMMA NPs were cross-linked by
the addition of 10 mol% (to MMA) EGDMA. The reaction was
carried out at 70 °C for a further 12 h and a pink viscous solu-
tion (gel-like) in ethanol was obtained.

PMAA-b-PMMA powder was collected after centrifugation at
4400 rpm (2460 RCF) for 40 minutes. The pink gel obtained
was first dried in air for 4 hours and then dried under vacuum
for 8 hours.

2.2.3. Synthesis of UiO-66 using HAc (UiO-66-HAc) and
HCI (UiO-66-HCI) as modulators. UiO-66-HAc was synthesized
using a similar method previously reported by Behrens et al.'?
employing 0.5 mL of acetic acid as the modulator (see details
in Table S17).

UiO-66-HCl was synthesized following a previous report
with some modifications (see details in Table S11).** ZrCl,
(0.25 mmol, 58.3 mg) and TA (0.25 mmol, 41.5 mg) were dis-
solved separately in 4 mL of N,N-dimethylformamide (DMF) by
sonication for about 10 minutes. After mixing these two solu-
tions, 0.4 mL of HCI (1.4 molar ratio to ZrCl,) was added to
the mixture. The final mixture was sonicated for 2 minutes
and then transferred to a 20 mL glass pressure tube that was
heated at 80 °C. After 12 hours, a white precipitate of UiO-66-
HCI in DMF was obtained. To isolate the powder, the reaction
mixture was centrifuged at 4400 rpm for 5 minutes. The
washing and centrifugation cycles were repeated using DMF
(2 x 10 mL) and then with ethanol (3 x 10 mL). The resulting
white powder was dried under vacuum at 80 °C for 8 hours.

2.2.4. Synthesis of UiO-polymer hybrid NPs using HAc
(Ui0-P-20%-HAc) and HCI as modulators (UiO-P-20%-HCl) or
without using a modulator (UiO-P-20%-No modulator).
UiO-P-20%-HAc NPs were prepared following the same method
previously reported by us.™

For the preparation of UiO-P-20%-HCI NPs, in the first step,
PMAA-b-PMMA NPs 20% w/w in ethanol (20% molar ratio of
carboxylic acid function of PMAA-b-PMMA to zirconium; see
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details in Table S11) were dispersed in 2 mL of DMF and
stirred for 1 hour. ZrCl, (0.25 mmol, 58.3 mg) was dissolved in
3 mL of DMF by sonication for about 10 minutes and mixed
with the PMAA-b-PMMA NPs DMF dispersion for about
5 minutes using sonication. TA (0.25 mmol, 41.5 mg) was also
dissolved in 3 mL of DMF and then 0.4 mL of HCI (1.4 molar
ratio to ZrCl,) was also added to the mixture of polymer NPs
and ZrCl,. The final mixture was sonicated for 2 minutes and
then transferred to a 20 mL cylindrical glass pressure vessel
that was heated at 80 °C. After 12 hours, a light pink viscous
solution (gel-like) of UiO-polymer NPs in DMF was obtained.
To isolate the dry powder, the viscous solution was centrifuged
at 4400 rpm for 20 minutes. The washing and centrifugation
cycles were repeated using DMF (2 x 10 mL) and then with
ethanol (3 x 10 mL). The resulting white powder was dried
under vacuum at 80 °C for 8 hours.

The synthesis of UiO-P-20%-No modulator NPs was carried
out following the same formulation as in UiO-P-20%-HAc (see
details in Table S1t). The initial mixture without acetic acid
was heated at 120 °C for 20 h and a light pink viscous solution
in DMF was obtained. To isolate the dry powder, the solution
was centrifuged at 4400 rpm for 40 minutes. The washing and
centrifugation cycles were repeated using DMF (2 x 10 mL)
and then with ethanol (3 x 10 mL). The light pink powder was
dried under vacuum at 80 °C for 8 hours.

2.2.5. Study of TA replacement by PMAA-b-PMMA NPs in
Ui0-66 synthesis. UiO-66-TA; was prepared following the same
procedure as UiO-66-HCl (see details in Table S2t). Then,
UiO-TAx-Py materials were prepared following the synthesis
conditions explained for UiO-P-20%-HCI. Briefly, the TA was
gradually replaced with PMAA-b-PMMA NPs to maintain the
same number of moles of acid function in the reaction
mixture (X + Y = 1) until no TA and 100% of PMAA-b-PMMA
NPs were achieved (see details in Table S2t). The resulting
product of UiO-TA, o-Po; was a light pink solution, UiO-TA, g-
Py, and UiO-TA, 5-P, 5 were a light pink viscous solution (gel-
like) and UiO-TAy-P; was a pink transparent viscous solution
(gel-like). To isolate the dry powders, the reaction mixtures
were centrifuged at 4400 rpm for 10 minutes to 1 hour depend-
ing on their different viscosity and colloidal stability. The
washing and centrifugation cycles were repeated using DMF (2
x 10 mL) and then using ethanol (3 x 10 mL). The white or
pink powders were dried under vacuum at 80 °C for 8 hours.

2.3. Characterization studies

"H NMR spectra were recorded on a 400 MHz Bruker Avance
spectrometer. PMAA-b-PMMA molecular weight and distri-
butions were determined using size exclusion chromatography
(SEC) with a double detector array from Viscotek (TDA 305,
Malvern Instruments, Worcestershire, UK). The Viscotek SEC
apparatus was equipped with a two-column set-up with a
common particle size of 5 mm and a refractive index detector
(RI, concentration detector). Tetrahydrofuran (THF) was used
as an eluent (1.0 mL min~") and polystyrene was used as the
standard (15 standard samples ranging from 100 to 1 000 000 g
mol ") for number average molecular weights (M,,) and the dis-
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persity index (P). OmniSEC software was used for data acqui-
sition and analysis. For SEC, PMAA and PMAA-b-PMMA were
modified by methylation of the carboxylic acid groups on the
polymer chain using an excess of trimethylsilyldiazomethane.
Briefly, 20 mg of the PMAA or PMAA-b-PMMA was dissolved in
THF and trimethylsilyldiazomethane (yellow solution) was
added dropwise at room temperature. The addition of tri-
methylsilyldiazomethane was continued until the colorless
solution turned yellow. A few drops of trimethyl-
silyldiazomethane were added and the solution was stirred
overnight to make sure the methylation was complete.
Centrifugation of colloidal solutions was performed using a
Sigma Laboratory centrifuge (using 4400 rpm-2460 RCF (g)).
Powder X-ray diffraction (XRD) was carried out on a
PANalytical X’pert Pro diffractometer with reflectance parallel
beam/parallel slit alignment geometry. The measurement
employed Cu Ko line focused radiation at 800 W (40 kv,
20 mA) power. Samples were observed using a 0.017° 26 step
scan from 5° to 50° with a 120 s exposure time per step. The
powder diffraction pattern was calculated based on previously
published crystal data'® via VESTA software. Fourier-transform
infrared (FT-IR) spectra were recorded on a Thermo Nicolet
iS50 FT-IR spectrometer in transmission mode. Sample pellets
were prepared with 1 mg of sample grinded and pressed with
200 mg of KBr powder. Each pellet was subjected to 32 scans
from 400 cm™" to 4000 cm™'. Scanning electron microscopy
(SEM) images were obtained from a Hitachi S4800 with a
working voltage ranging from 0.1 to 30 kV. Transmission elec-
tron microscopy (TEM) images were obtained from a JEOL
1200 EXII (or JEOL 1400 Flash) under working voltages up to
120 kv. TEM samples were prepared by dropping 10 pL of the
sample (previously diluted 50 times from the reaction mixture
and stirred for at least 1 hour to ensure a homogeneous dis-
persion) on a carbon-coated copper TEM grid and left for
1 minute. The PMAA-b-PMMA samples were stained for 20 s
using ammonium molybdate. Then the grid was dried for
1 minute using a vacuum hose under ambient conditions. All
the image analyses were performed using Image] software.
Nitrogen adsorption isotherms were measured at 77 K on a
Micromeritics ASAP 2020 Plus Adsorption Analyzer. Prior to
measurement, powder samples were degassed for 12 h at
373 K.

3. Results and discussion

The core cross-linked PMAAg,-b-PMMA,5, NPs were syn-
thesized in ethanol via RAFT-mediated PISA, following our pre-
viously reported procedure.’ In brief, a well-defined PMAA
macro-CTA with a mean DP of 64 (M,, = 14.3 kg mol™, M,, =
14.9 kg mol™", P = 1.04) was block extended with MMA in
ethanol under dispersion PISA conditions. The conversion of
MMA was followed by 'H NMR (Fig. S1bf). The resulting
PMAAg4-h-PMMA,5; NPs (M, = 24.5 kg mol™, P = 1.28) were
core cross-linked via the addition of EGDMA. The cross-linking

This journal is © The Royal Society of Chemistry 2023
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Table 1 Nanoparticle size and morphology obtained using TEM and
SEM images

Size (nm) Size (nm)
Material by TEM by SEM Shape
PMAA-b-PMMA 45-80 NA Spherical®
90-265 NA Short worm*”
45-90 NA Spherical®
105-300 NA Short worm”
UiO-P-20%-HAc 100-200 80-150 Spherical
UiO-P-20%-No modulator NA 60-90 Spherical
UiO-P-20%-HCl 50-80 50-80 Spherical
UiO-66-HCl NA 70-300 Spherical
(inter-grown)
UiO-66-HAc NA 6000 Octahedral

@ Core cross-linked PMAAg,-b-PMMA,s, NPs dlspersed in ethanol.
b Core cross-linked PMAAg,-b-PMMA, 5, NPs dispersed in DMF.

of the core would prevent the NPs from solubilizing in organic
solvents.

The size and shape of PMAA-b-PMMA NPs were analyzed by
TEM and SEM (Table 1). The TEM results showed that the dia-
meter of the PMAA-b-PMMA NPs before cross-linking in
ethanol was 45-65 nm for individual spherical NPs. These
spherical NPs had a tendency to form dimers and trimers
(short worms) (Fig. S2at). These short worms had a length
range of 100 to 220 nm. After cross-linking with EGDMA, the
morphologies were maintained but the sizes were slightly
larger than the NPs before the cross-linking. In particular, the
sizes calculated from TEM images were 45-80 nm for individ-
ual spherical NPs (Fig. S2bt), and the lengths were 90 to
265 nm for the short worms in ethanol (Fig. S2b¥). Then, NPs
were dispersed in DMF, preserving their morphology
(Fig. S2ct). Since DMF is a good solvent for both polymer
blocks, the NPs swelled to a larger diameter of 45-90 nm. So,
the TEM images indicated the preservation of the shape and
size of the core cross-linked PMAA-b-PMMA NPs in ethanol
and DMF.

Then, the core cross-linked PMAA-b-PMMA NPs were used
in the synthesis of UiO-polymer NPs (Scheme 1). Previously,
we have demonstrated that the presence of 20 mol% of PMAA-
b-PMMA spherical NPs in the synthesis of UiO-66 would give a
better control over the homogeneity and colloidal stability of
the MOF-polymer hybrid material in DMF.'® Thus, this
optimal ratio of 20% was maintained in this study and the syn-
thetic conditions were modified through the presence of a
modulator such as HAc or HCI or without a modulator. Again,

% 8 m‘\
J;SEZ

Spherical NPs

- %
:
(/Rw)

J‘:{/\' zr*/BDC

Jig“g “

Chelation of metal ions
to acid groups

Zr* (o)

MOF crystals grown
on the Spherical NPs

Scheme 1 Synthesis of UiO-66 crystals initiated from the surface of
core cross-linked PMAA-b-PMMA spherical NPs.
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the size and shape of UiO-polymer NPs obtained from
different modulation syntheses (UiO-P-20%-HAc, UiO-P-20%-
HCI and UiO-P-20%-no modulator) were analyzed by SEM and
TEM (Table 1) and the results compared with the pristine
material obtained following the same modulation conditions
but without using polymer NPs (UiO-66-HAc and UiO-66-HCI).
The SEM image of UiO-P-20%-HAc NPs (Fig. 1a) shows a
spherical shape with sharp edges and the particle sizes ranged
from 100 to 200 nm. Compared to the UiO-66-HAc crystals
(Fig. S3%), the particle shape changed from octahedral to
spherical and particle sizes became much smaller. TEM
images of UiO-P-20%-HAc NPs (Fig. S4af) confirmed the
spherical shape with sharp edges and sizes comparable to the
results from SEM. It should be emphasized that only a few par-
ticles could be observed due to the high viscosity of the solu-
tion, which were difficult to disperse and dilute for the TEM
analysis.

On the other hand, the solution of UiO-P-20%-HAc NPs in
DMEF showed a colloidal stability of about 7 days. The viscosity
aspect of this solution was due to the presence of the PMAA-b-
PMMA NPs forming short worms (since they can entangle and
increase the viscosity of the NP solution'”'®). These short
worms will provide a smaller number of accessible acid func-
tionalities and lower particle mobility in solution as compared
to spherical nanoparticles. The larger NP size and fewer acces-
sible acid functionalities led to the formation of different par-
ticle sizes and physical behavior of the final UiO-polymer
hybrid NPs indicating that the morphology of the used PMAA-
b-PMMA NPs has a marked influence on the properties of the
hybrid material (larger particles, broader size distribution and
lower colloidal stability).

In the case of the synthesis of UiO-66 in the presence of
core cross-linked PMAA-h-PMMA NPs and without a modulator
(UiO-P-20%-No modulator), the resulting NPs also formed a
pink viscous solution in DMF with good colloidal stability.
These NPs were spherical and small (50 to 90 nm by SEM).

Fig. 1 SEM images of (a) UiO-P-20%-HAc, (b) UiO-P-20%-No modu-
lator, (c) UiO-P-20%-HCl and (d) UiO-66-HCL.

Polym. Chem., 2023, 14, 662-669 | 665
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This size is very close to the size of the PMAA-b-PMMA NPs
(Fig. 1b). Since the PMAA-b-PMMA NPs have multiple car-
boxylic acid functions on their surface, the Zr ions and clusters
can coordinate with these acid functions. Then, UiO-66 will
preferentially grow from the surface of the PMAA-b-PMMA NPs
where the Zr content is higher. If there are modulators in the
system, the modulator (for example, HAc) could form inter-
mediate complexes with Zr ions and favor the further growth
of UiO crystals."” In the absence of a modulator, the UiO crys-
tals will grow from each Zr coordinated to the PMAA-b-PMMA
NPs resulting in the final NPs (UiO-P-20%-No modulator) with
almost the same size as that of the PMAA-b-PMMA NPs. The
small particle size and the limited UiO growth on the PMAA-b-
PMMA NPs made the UiO-P-20%-No modulator NPs a more
stable colloid in DMF. In this case, the PMAA-b-PMMA NPs act
both as the modulator and as the template for the growth of
UiO crystals. There are also some large aggregates with a size
range from 200 to 500 nm and no defined shape. These aggre-
gates are very similar to the dried polymer particles.

PMAA-b)-PMMA NPs in the HCl-modulated UiO-polymer
synthesis acted the same as in the case of HAc-modulated syn-
thesis, forming a stable viscous solution of UiO NPs in DMF.
The resulting UiO-P-20%-HCI showed spherical NPs with a size
50-80 nm under SEM (Fig. 1c). The spherical shape and
similar size of UiO-P-20%-HCl NPs were confirmed by TEM.
Spherical UiO-P-20%-HCl particles were connected together
via the polymer due to the high viscosity (Fig. S4bt), while the
UiO-66-HCI sample presented inter-grown spherical NPs from
70 to 300 nm as seen in the SEM image (Fig. 1d).

In the two examples where HAc and HCI were used as
modulators, the particle size of the final UiO-polymer hybrid
NPs was smaller than the UiO synthesized under the same
conditions but in the absence of PMAA-b-PMMA NPs. In a clas-
sical MOF synthesis using a mono-functional modulator (such
as HCl or HAc), metal ions would form an intermediate
complex with the mono-functional modulator and favor the
growth of a few large UiO crystals via exchanging the metal
from the complex with the di-functional linker. But in the case
of the assisted synthesis with PMAA-b>-PMMA NPs, the metal
ions would coordinate with the PMAA-b-PMMA NPs in a homo-
geneous manner. This would lead to the preferential growth of
the UiO crystals from the surface of PMAA-b-PMMA NPs,
which allows for the formation of smaller but more homo-
geneous UiO NPs.

Structural characterization of UiO-P-20%-HAc, UiO-P-20%-
No modulator and UiO-P-20%-HCl was carried out using XRD
(Fig. 2). All the main peaks of pristine UiO-66 (HAc and HCI)
were present in the diffraction patterns of UiO-polymer
hybrids ~ (UiO-P-20%-HAc, = UiO-P-20%-No  modulator,
UiO-P-20%-HCl), confirming the formation of the same crystal-
line structure. This means that the presence of PMAA-b-PMMA
NPs does not affect the crystalline growth phase of the pristine
UiO-66.

The hybrid UiO-polymer NPs were further analyzed using
FT-IR measurements (Fig. 3). It was noted that the character-
istic C=O0 stretching of the uncoordinated carboxylate group
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Fig. 2 XRD patterns of simulated UiO-66,'¢ UiO-66-HAc, UiO-P-20%-
HAc, UiO-P-20%-No modulator, UiO-P-20%-HCl and UiO-66-HCL.
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Fig. 3 FT-IR spectrum of UiO-66-HAc, UiO-P-20%-HAc, UiO-P-20%-
No modulator, UiO-P-20%-HCl, UiO-66-HCl and PMAA-b-PMMA NPs.

at 1730 cm™' and C-H stretching of methyl and methylene

groups between 2995 and 2955 cm™" from PMAA-b-PMMA NPs
appeared in all three UiO-polymer hybrid samples
(UiO-P-20%-HAc, UiO-P-20%-No modulator, UiO-P-20%-HCl),
indicating that the PMAA-b-PMMA NPs were successfully incor-
porated into the UiO-polymer hybrid structure.

To conclude, in a preformed polymer-assisted UiO syn-
thesis, the shape and morphology of the PMAA-b-PMMA NPs
have a strong impact on the final UiO-polymer hybrid colloidal
behavior (stable colloid solution or viscous solution) and par-
ticle homogeneity. For example, small spherical PMAA-b-
PMMA NPs lead to a stable colloidal solution with homo-
geneous UiO-polymer hybrid NPs.'® In contrast, larger spheri-
cal or short worm-like PMAA-)-PMMA NPs result in the for-
mation of a viscous solution and wider size range of hybrid
NPs. PMAA-h-PMMA NPs could also act as modulators them-
selves or as a co-modulator with a mono-functional acid (HAc
or HCl) to synthesize UiO-polymer hybrid NPs with small size
and good crystallinity.

With an aim of understanding how the PMAA-b-PMMA NPs
interact with Zr ions/clusters and integrate into the final UiO-
polymer hybrid structure, a series of reactions were performed
where the UiO-66 linker (TA) was gradually replaced with

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 XRD patterns of simulated UiO-66,*° UiO-66-TA;, UiO-TAgo-
Po.1, UiO-TAg g-Pg 2, UiO-TAg 5-Po s, UiO-TAg-Py, and PMAA-b-PMMA.

PMAA-b-PMMA NPs. For this, a series of UiO-polymer hybrids
with increasing polymer content were synthesized (UiO-TA, o-
Py.1, UiO-TA, ¢-Py, and UiO-TA;5-Py5). In the absence of the
linker, a Zr-coordinated polymer network was obtained
(UiO-TAy-P;). The interactions between Zr ions or clusters with
the acid groups on the PMAA-b-PMMA NPs lead to the for-
mation of an amorphous network as shown in the XRD and
FT-IR results.

The XRD patterns (Fig. 4) of UiO-TAjo-Po; and UiO-TA g-
P,, showed intense diffraction peaks, as expected. The small
amount of missing TA linker maybe partially replaced by the
acid functionalities on the PMAA-b-PMMA NPs or created
the UiO-polymer
Nonetheless, the whole structure remained highly crystalline.
The UiO-polymer synthesized with only 50 mol% of the linker,
UiO-TA, 5-Py 5, was still crystalline. All the diffraction peaks of
Ui0-66 from 5° to 50° (26) could be found in the UiO-TA, 5-Py 5
with broader signals and reduced intensity indicating the
decrease of crystallinity. UiO-TA,-P, synthesized with only the
PMAA-b-PMMA NPs and ZrCl, led to a non-crystalline material
with a broad signal starting from 5° to 12° (26), which is
different from the non-coordinated PMAA-b-PMMA NPs.

The UiO-polymer hybrid materials with different ratios of
TA and PMAA-b-PMMA were further analyzed by FT-IR (Fig. 5).
It was noted that the characteristic C=O stretching of the
uncoordinated carboxylate group at 1730 ecm™ ' and C-H
stretching of the methyl and methylene groups between 2995
and 2955 cm™' from PMAA-b-PMMA NPs appeared from
UiO-TA 9-Po 1 to UiO-TA, 5-Py s samples with increased inten-
sity. All characterization peaks of UiO-66 were found in the
spectra of UiO-TAgq-Py; to UiO-TA,s-Pos samples. These
further confirmed that same chemical bonding of hybrid
samples (UiO-TAjo-Py1 to UiO-TA,5-Pys) with UiO-66 and
quantity of integrated PMAA-b-PMMA NPs increased. For
UiO-TA,-P;, two bands at 1600 cm™" (initially at 1585 cm™" in
Ui0-66) and 1401 cm™" are assigned to the asymmetric and
symmetric stretching vibrations of the coordinated carboxylate
C=0 group, respectively. A broad band at 660 cm™" was also
found in the UiO-TA,-P; spectrum, which is at the same wave-
number as that of Zr-u;-O bonding in UiO-66, indicating that
the coordination of Zr-O between metal and PMAA-b-PMMA
NPs is similar to that of Zr-u;-O bonding.’® These signals

some linker defects in structure.
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Fig. 5 FT-IR spectrum of UiO-66-TA;, UiO-TAgo-Po1, UiO-TAgg-Po.,
UiO-TAo 5-Po 5, UiO-TAg-Py, and PMAA-b-PMMA.

affirmed new coordination bonds formed between the PMAA-
b-PMMA NPs and Zr resulting in the formation of a metal-co-
ordinated polymer network.

Nitrogen adsorption isotherms (Fig. 6) of the pristine
UiO-66 exhibit a typical type I isotherm at 77 K with a
Brunauer-Emmett-Teller (BET) surface area of 1177 m® g7},
indicating the uniform microporous structure of UiO-66-TA;.
Then, by gradually replacing the linker, UiO-TAqq-Po.1,
UiO-TAy s-Py., and UiO-TA 5-Py.s showed mixed type I and type
IV isotherms with BET surface areas of 920 and 392 m” g~*
respectively. As was expected, the replacement of linker
reduced the adsorption capacity of the micropores (P/P, < 0.1)
and at the same time opened the mesopores due to linker
defects and the introduction of polymer NPs. The desorption

—u— UiO-66-TA, 4§
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700

—e— UiO- l/\m-l’l, ﬁ
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Fig. 6 N, adsorption isotherms measured at 77 K for UiO-66-TAy,

UiO-TAp9-Po1, UiO-TAgg-Po2 UiO-TAgs-Pos, and UiO-TAq-P;. Filled
and empty symbols represent adsorption and desorption, respectively.
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hysteresis from 0.6 to 1 (P/P,) increased gradually from
UiO-TApo-Po;s to UiO-TAy5-Pos, which may indicate the
increasing of mesoporous areas by the replacement of the
linker (Fig. S6t), although sometimes such hysteresis loops
can also be found for microporous MOFs. This also highlights
that including up to 50% polymer NPs in the synthesis media
still leads to the formation of a porous MOF-polymer struc-
ture. UiO-TA,-P; showed a surface area of only 1.8 m* g™ at
77 K since the polymer network would collapse at this
temperature.

SEM images of these UiO-polymer hybrids showed that par-
ticle size became smaller when the ratio of PMAA-b-PMMA
increased. UiO-TA,o-Po; presented spherical NPs with sizes
from 50 to 90 nm and few inter-grown crystals (Fig. 7a). The
TEM image of UiO-TAq Py, showed spherical particles with
the same size as observed from SEM (Fig. S5at). UiO-TAg g-Po.»
showed spherical NPs with a smaller size from 30 to 50 nm
(Fig. 7b). UiO-TA 5-Py 5 NPs had a size of 30 to 40 nm with con-
nected particles (Fig. 7c). The same connecting aspect was also
observed under TEM, where UiO-TA, 5-P, 5 NPs were connected
and partially covered with the polymer (Fig. S5bt). There are
also some small particles (<10 nm) visible in the TEM image
of UiO-TA, 5-Py 5 (Fig. S5b7t). This could be Zr ions coordinated
to the acid groups on the surface of the PMAA-b-PMMA NPs.
UiO-TA(-P; (Fig. 7d) showed a porous morphology with some
particles that were very similar to the PMAA-b-PMMA NPs. The
morphology of this sample is very different from the initial
PMAA-b-PMMA NPs after drying (Fig. S71). The PMAA-b-PMMA
NPs after drying form a dense agglomerate block, while the
UiO-TAy-P; forms a porous light powder. This may be due to
the network formed via Zr coordination with PMAA-b-PMMA
NPs, preventing structural collapse during the drying step.

This set of data showed that in the presence of up to
50 mol% of PMAA-b)-PMMA NPs, crystalline and porous UiO-
polymer hybrid material could be formed with properties com-
parable to the UiO-66 structure. In addition, when only the

Sty

S
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r

Fig. 7 SEM images of (a) UiO-TApo-Po1, (b)
UiO-TAo_s-Po_s, and (d) Uio-TAo-Pl.

Uio-TAolg-Po‘z, (c)

668 | Polym. Chem., 2023, 14, 662-669

View Article Online

Polymer Chemistry

PMAA-b-PMMA NPs were used (no TA: UiO-TA,-P,), the Zr ions
coordinated with the acid groups on the surface of the
polymer NPs forming a metal-coordinated polymer network.
This network could be considered as the starting point of the
UiO-66 growth in the presence of acid-functionalized polymer-
assisted MOF synthesis.

4. Conclusions

An in-depth study was carried out to investigate how the
UiO-66 framework would grow in the presence of PMAA-b-
PMMA NPs that would lead to the formation of hybrid MOF-
polymer NPs. The first set of experiments revealed that a stable
colloid of hybrid NPs could be synthesized regardless of the
original morphology of the polymer NPs used. Furthermore, it
was shown that by using polymer NPs of different mor-
phologies (spheres (reported in our previous work'") vs. short
worms), the viscosity of the final MOF-polymer hybrid NPs
could be controlled (from stable colloid solution to viscous
solution). This is an important finding, as control over the vis-
cosity of the NP solution is an important issue in materials
processing (for example, in the preparation of coatings, thin
films, porous foams, etc.). Since the outer layer (shell) of the
polymer NPs was covered with acid groups (polymethacrylic
acid (PMAA)), the role of these acid moieties in the formation
of the hybrid NPs was investigated. By varying the type of
modulator (HCl, HAc, polymer NPs), it was demonstrated that
when a monoacid modulator was used, larger MOF particles
were generated as would be in the case of classical UiO-66 syn-
thesis. In contrast, in the absence of monoacids and only the
polymer NPs (polyacid groups), smaller MOF particles were
generated. The presence of polymer NPs also leads to the for-
mation of homogeneous MOF-containing solutions. The pres-
ence of PMAA-h-PMMA NPs provided strong coordination sites
for Zr and good interaction with the solvent due to the soluble
PMAA chains. Hence, it seems that polymer NPs have a dual
role in the formation of hybrid NPs: (i) as an anchoring point
for the metal ions (a template for the growth of the MOFs) and
(if) a modulator (polyacid). In addition, when the molar ratio
between polymer NPs and the classical UiO-66 linker (TA) was
varied, no change was observed in the crystal pattern of the
generated UiO-66, confirming that the polymer NPs do not
take part in forming the crystal structure but act only as a tem-
plate/guide (surface for the initiation) for the growth of the
MOF structure. Naturally, a minimum percentage of the classi-
cal linker (TA) is required in order to form a porous network.
Again, this finding highlights the robustness of this approach
in producing hybrid NPs with varied properties that could be
dialed-in depending on the final application.
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