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Abstract: Here, for the first time, a 2D and leaf-like zeolitic imidazolate framework (ZIF-L) is reported
for the synthesis of ultrahigh molecular weight (UHMW) poly(methyl methacrylate) (PMMA) with
M, up to 1390 kg mol . This synthesis method is a one-step process without any co-catalyst in a
solvent-free medium. SEM, PXRD, FT-IR, TGA, and nitrogen sorption measurements confirmed the
2D and leaf-like structure of ZIF-L. The results of PXRD, SEM, TGA demonstrate that the catalyst
ZIF-L is remarkably stable even after a long-time polymerization reaction. Zwitterionic Lewis
pair polymerization (LPP) has been proposed for the catalytic performance of ZIF-L on methyl
methacrylate (MMA) polymerization. This MMA polymerization is consistent with a living system,
where ZIF-L could reinitiate the polymerization and propagates the process by gradually growing
the polymer chains.

Keywords: ultrahigh molecular weight polymer; poly methyl methacrylate; heterogeneous catalyst;
zeolitic imidozolate framework

1. Introduction

Metal-organic frameworks (MOFs), also known as crystalline porous materials, are
important discoveries of the 1990s. MOFs have attracted considerable attention over the last
two decades due to their special features such as versatile structure, exceptional surface area,
and chemical and thermal stability [1-3]. Metal ions or clusters and the enormous variety
of organic linkers formulate MOFs structure (2D, 3D) through coordinative bonds and have
been exploited in diverse fields, including gas storage and separation, catalysis, sensors,
and biomedicine [4-9]. The properties and practical aspects of MOFs mainly depend
on their structure, composition and morphology, so it is essential to control the size and
morphology of MOF crystals to take full advantage of MOF in diverse applications [10-13].

Tetrahedral metallic ions (Zn and Co) and imidazolate-based organic ligands form
a particular class of MOFs, known as zeolitic imidazole frameworks (ZIFs), showing the
most desirable characteristics of conventional MOFs and zeolite structures [14]. Some
unique properties, including high porosity and surface area, tunable pore size, chemical
and thermal stability, make ZIFs an ideal candidate for gas storage, separations, catalysts,
biomedical, and energy applications [10,15-20]. In 2013, Wang and his team synthesized a
new type of 2D ZIF (known as ZIF-L) with a unique cushion-shaped cavity and leaf-like
structure from zinc nitrate hexahydrate and 2-methyl imidazole (2-mIm) in deionized water
at room temperature. Subsequently, ZIF-L has attracted significant attention in various
applications due to its porous structure and 2D morphology [10,20-24]. This ZIF-L displays
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structural similarities in some compositions with 3D ZIF-8, but has different topology, such
as in the asymmetric unit. The ZIF-L structure contains two types of Zn?* ions, four 2-mIm
linkers and one free 2-mIm molecule where one Zn ion coordinates with four p2-bridging N
atoms of two 2-mIm units and another one coordinates with three N atoms of three 2-mIm
units and a monodentate one [10,25]. Additionally, in contrast to ZIF-8, the two neighboring
2D SOD layers of ZIF-L are bridged by hydrogen bonding, not by deprotonated 2-mIm,
making the ZIF-L's metallic site more readily available than in ZIF-8 [10,26]. Thus, these
structural features clarify the effect on the acidic and basic characters of ZIF-L and also
inspire us to use them as pairs.

Recently, Lewis pairs components have emerged as new catalysts for various vinyl
monomers polymerization, termed Lewis pair polymerization (LPP) [27-29]. In LPP, the
Lewis acid (LA) and Lewis base (LB) work simultaneously to activate the monomers
and proceeds through activated monomer propagation mechanism via zwitterionic active
species to form higher molecular weight polymers [30-32]. However, choosing a suitable
combination of LA and LB is still challenging. Furthermore, compared with homoge-
neous ones, heterogeneous catalysts have the advantage of higher stability, recoverable and
reusable properties, and negligible metal contamination in polymer products [33,34]. Mean-
while, several recent studies have demonstrated that ZIF-8 could influence an auspicious
catalyst for polymerization due to the presence of LA and LB sites [35-37]; however, despite
the presence of Lewis acid and Lewis base sites, there are still no reports of polymerization
using ZIF-L. Considering the above results and the scarcity of literature on the topic, we
decided to apply the ZIF-L as a polymerization catalyst. Due to the structural system, 2D
ZIF (ZIF-L), like other practical applications, seems to be able to perform better than the 3D
one (ZIF-8) [21,38-40].

This study reports the bulk polymerization of methyl methacrylate (MMA) by 2D
ZIF-L based on zinc metal as a promising catalyst without any solvent and co-catalyst.
Indeed, considering the various critical practical aspects of poly (methyl methacrylate)
(PMMA), we have chosen MMA for polymerization. Additionally, the polymerization rate
of MMA is relatively high among the vinyl monomers. PMMA has emerged as a promising
material, especially in lithium polymer batteries as an electrolyte and other potential appli-
cations such as biomedical, actuation, optical, and sensor technology [41-47]. Importantly,
all of these applications of PMMA depends on its molecular weight. For example, high
molecular weight polymer (HMWP)-based gel polymer electrolytes (GPEs) exhibit superior
ionic conductivity, good mechanical strength and filming processability. In this case, high
molecular weight PMMA has been widely studied as the polymer matrix of GPEs [44,45,48].
Additionally, the biocompatible nature of PMMA enhances its application as bone ce-
ment and dental cavity fillings [42]. Although ultrahigh molecular weight (UHMW)
PMMA synthesis is still challenging, a few studies have reported the use of high-pressure
(Mp = 1250-3600 kg mol 1) [49,50], high reaction time (Mp = 1927 kg mol 1) [51], aprotic
solvent DMSO and tertiary amine N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA)
(Mpn = 1370 kg mol~1) [52]. Thus, our main goal is to synthesize ultra-high molecular
weight poly (methyl methacrylate), using a leaf-like catalyst ZIF-L formed by the green
synthesis method, without any co-catalyst, in a solvent free medium.

2. Results and Discussion
2.1. Structural Features of ZIF-L

The synthetic procedure of 2D ZIF-L (Zn) was executed by associating the given
amount of Zn(NO3),-6H,0 and 2-mIm (1/8 molar ratio of Zn%*/2-mIm) in an aqueous
medium at room temperature. Usually, structural purity is one of the characteristics
showing the highest catalytic activity of any material. Here, the structural morphology
of ZIF-L was examined using several techniques, including SEM, PXRD, FI-IR, TGA,
and nitrogen sorption measurements. The results found were in excellent agreement
with reported studies [10,53-57]. Figure la displays the SEM image of ZIF-L, showing
a leaf-like shape with a size of about 4~6 um length, 1.5~2.5 um width and of about
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200 nm thicknesses [53,54]. The PXRD patterns confirmed the phase purity of ZIF-L
with high crystallinity, and the characteristic peaks were consistent with the simulated
ones (Figure S1) [22,54,55]. Additionally, compared with the PXRD of ZIF-8, it can be
seen that ZIF-L has a similar crystalline structure and an alike pore size inside the 2D
crystalline layers [10]. The FT-IR spectrum was recorded to justify the integrity of the
ZIF-L structure (Figure 1b). This spectrum can be divided into four parts (from strong to
weak peaks), namely, out-of-plane and in-plane bending of the ring, entire ring stretching
and N-H- - - N hydrogen bonds. Among them, the strong to weak peaks at 424, 650-780,
900-1350, 1350~1500, 1566, 2250-3700 cm ! are assigned to Zn-N, out-of-plane bending
of the imidazolate ring, in-plane bending of imidazole ring, entire ring stretching, C=N,
and N—H---N hydrogen bonds features, respectively [26,55,56]. Two peaks positioned at
about 2923 and 3134 cm~! were assigned for the aliphatic and aromatic C-H stretching of
the imidazole ring, respectively [58]. Additionally, the aliphatic C-H peaks were observed
at 1147 cm~! for the imidazole ring in ZIF-L. Furthermore, in the FT-IR spectrum, a specific
peak recorded at 424 cm ™! clearly indicates the Zn-N coordination of the formed ZIF-L.
The thermal stability of the ZIF-L was scrutinized by using thermogravimetric analysis
(TGA) under a nitrogen atmosphere as a function of temperature (Figure S2). The mass
residue was observed as about 97.1% at 100 °C, 92.5% at 250 °C and 77.6% at 320 °C,
showing signs of removal of a small amount of absorbed water, all guest water molecules
and a few weakly bonded ligand molecules, and all weakly bonded ligand molecules,
respectively [10,57]. Subsequently, a plateau-sized curve was observed at approximately
320-580 °C, indicating high stability of ZIF-L in the absence of water and 2-mIm. The
nitrogen sorption isotherms of ZIF-L exhibit a Type-I shaped isotherm, indicating the
presence of a microporous structure (Figure S3). The corresponding results were as follows:
BET surface area of 187.25 m? g~!; Langmuir surface area of 203.36 m? g~!; a pore volume
of 0.073 cm® g~ ! and a pore width of 1.20 nm.
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Figure 1. The structural morphology of ZIF-L: (a) SEM image and (b) FTIR spectrum of synthesized ZIF-L.

2.2. Polymerization of MMA

After the ZIF-L was synthesized and characterized, bulk polymerization of MMA was
performed at first with ZIF-L to examine the feasibility of ZIF-L as a catalyst at a certain
temperature without any co-catalyst in a solvent-free medium. Additionally, numerous
zinc salts and 2-mIm (ligand for ZIF-L synthesis) were used under the same conditions.
Conversion and molecular weight were checked using 'H NMR and GPC, respectively
(Table S1). These initial studies demonstrated that ZIF-L could act as an effective catalyst for
MMA polymerization due to the formation of unprecedented molecular weight of PMMA.
Thus, MMA conversion and the ultrahigh molecular weight (UHMW) of PMMA confirm
that ZIF-L may be a promising catalyst for MMA polymerization.
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In this regard, to explain the catalytic activity levels displayed by ZIF-L, the acidic and
basic properties were investigated by temperature program desorption (TPD) technique
(Table S2). This method uses NHj3 and CO; as gas probe molecules to determine the amount
of acidic and basic sites, respectively. Figure 2 displays the NH3- and CO,-TPD profiles of
ZIF-L, where higher acidic sites compared to basic sites indicate the metallic part of ZIF-L
is more readily available, which is thought to initiate the polymerization reaction. Various
researchers reported that the acidic sites of robust catalyst ZIF-8 are mainly responsible for
the polymerization reaction. However, basic sites also contribute to the polymerization
process [36,59,60]. Additionally, it can be observed that when the Lewis acid /base ratio is
at least 2: 1, then Lewis pairs can effectively polymerize MMA [28,51]. Thus, due to the
relatively high acidic character of ZIF-L compared to ZIF-8, it can be assumed that ZIF-L
may exhibit higher catalytic performance for MMA polymerization in comparison with
ZIF-8 and other reported MOFs.
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Figure 2. NH3-TPD and CO,-TPD profiles of the synthesized ZIF-L.

Subsequently, considering the various parameters (such as reaction temperature,
polymerization time, monomer/catalyst molar ratio, organic solvents, etc.), the catalytic
activity of ZIF-L was investigated elaborately on MMA polymerization, and all of the
results are summarized in Table 1. It is noteworthy that the molecular weight of the
PMMA increases with increasing temperature and polymerization time but decreases
with the molar ratio. Excitingly, a UHMW PMMA was obtained at 24 h and 140 °C
temperature. The time-dependent evolution of MMA conversion gives an idea about the
constant concentration of the active propagating species in MMA during polymerization
(Figure S4). Furthermore, detected results, such as the linear increase in molecular weight
with monomer conversion, reveal that MMA polymerization is consistent with a living
system, where ZIF-L initiates the polymerization and propagates the process by gradually
growing the polymer chains (Figure S5). However, the “livingness” of this synthetic UHMW
polymer can be better understood through a chain extension experiment because, in that
case, the synthesized UHMW PMMA later reacts with approximately the same amount of
monomers (Table S3, Figure S6).

An analysis of the kinetics study revealed that, initially, the polymerization rate
increases with the increasing conversion, suggesting first-order kinetics, but deviates from
the first-order kinetics as the polymerization rate decreases with time (Figure S7). The
existence of progressive viscosity through reaction and its increase over time may be a
possible reason. Again, due to the high viscosity, the polymer eventually reaches such a
condition where all the constituents lose their segmental mobility. This is why, in very rare
cases the polymerization reaction can proceed, but in most of the cases the polymerization
stops, resulting in a lot of free monomers in the system [61]. Considering the initial reaction
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rate, it would take 19 h for all monomers to be converted to polymers. Still, in reality, it
takes much longer than that, as 90% of monomers are converted to polymersin40 h. As a
result, it can be said that due to the formation of HMWP, the viscosity increases and the
reaction rate decreases and, hence, slightly deviates from the expected first-order kinetics.

Table 1. Experimental results of MMA polymerization using ZIF-L at various temperatures and
MMA /ZIF-L ratio.

Entry  Temp. (°C)  Time(h)  [MJ/[Catl Conv.?(%) My" (kg/mol) PP

1 100 24 50/1 17 796 1.58
2 120 24 50/1 52 849 1.69
3 140 24 50/1 83 1390 1.12
4 140 3 50/1 20 745 1.78
5 140 6 50/1 38 890 1.37
6 140 12 50/1 64 1080 1.55
7 140 24 100/1 77 1210 1.46
8 140 24 200/1 63 940 1.69
9 140 24 400/1 50 716 1.73
10 140 24 800/1 34 459 1.79
11 140 24 1000/1 27 407 1.57
12 € 140 24 50/1 64 632 1.62
134 140 24 50/1 85 434 1.77

2 conv. = % of MMA conversion calculated by "H NMR integration of the methoxy resonance relative intensities
of the residual MMA and PMMA in CDCl;,  Determined by gel permeation chromatography (GPC) analysis in
THEF at RT referenced to polystyrene standards, ¢ run with DMF as solvent, ¢ run with toluene as solvent.

The analysis of synthesized polymers is very significant for identifying the active sites
nature of both monomers and catalysts; therefore, to gain information, conventional tech-
niques were used. Figure 3 shows the 'H-NMR spectrum of PMMA obtained using ZIF-L.
The characteristic peaks of -C(CH3)(COOCH3), -CH,- and -C(CHj3)(COOCH3) protons were
allocated at 0.8-1.4, 1.8-2.1, and 3.62 ppm region, respectively, which are fully consistent
with the formation of PMMA. Importantly, the signal at the 1.64 ppm region indicates the
presence of a six-membered lactone ring, which may possibly be formed by intramolecular
backbiting cyclization during the chain-termination step [62,63]. In this case, comparatively
higher acidity of the catalyst may assist the formation of lactone (Figure S8) [29]. Although
the UHMW PMMA formation approves the chain growth reaction, there may be chain
termination at the end of the polymerization, as evidenced by the presence of a peak in
the 1.64 ppm region. Again, the values related to the UHMW PMMA reveal that the
rate of polymerization at the initiation and chain-propagation steps is significantly higher
compared to the backbiting reaction. Moreover, the presence of —OH group in the polymer
structure is proved by the signals at 2.90 and 2.98 ppm, which is additionally affirmed by
the acid anhydride method (Figure S9) [64]. The absence of the FI-IR peak at 1639 cm ™Y,
assignable to the C = C double bond in the PMMA, reveals the formation of a C-C single
bond in the PMMA (Figure S10). In addition, the vinyl peak at 941 cm~! in the MMA
spectrum drifted to 988 cm ! for PMMA, suggesting living polymerization characteristics.
Additionally, DSC analysis of PMMA (Table 1, entry 3), determined under N, flow, exposes
that the glass transition temperature (Tg) of the synthesized PMMA is 124.8 °C (Figure S11).

Furthermore, a series of ions were observed from the MALDI-TOF MS spectrum from
the low molecular weight PMMA, where intervals of the mass ions were equal to the
molar mass of MMA, i.e., equal to the repeating unit of PMMA (Figure 4). Specifically,
a plot of m/z values of the series against the number of MMA repeat unit (n) provided
a straight line with a slope of 100.07 (corresponds to the molar mass of the monomer,
MMA) and an intercept of 435.76, corresponding to a six-membered lactone ring as the
chain end. Thus, the above results confirm the synthesized PMMA is a linear polymer
with ZIF-L/lactone chain ends. Additionally, ICP analysis discloses that PMMA contains
approximately 0.0005% Zn, which is very small and negligible.
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Figure 3. 'TH-NMR spectrum of PMMA in CDClj; obtained using ZIF-L at 140 °C (Table 1, entry 3).
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Figure 4. Low-MW PMMA obtained by using ZIF-L at 140 °C: (a) MALDI-TOF mass spectrum,
(b) plot of m/z values against the number of MMA repeating units (n).

Based on the above experimental details and literature reports, we proposed the
zwitterionic Lewis pair polymerization (LPP) mechanism for the catalytic performance
of ZIF-L on MMA polymerization (Scheme 1). Following the two activation steps, a
zwitterionic active species is formed at the initiation, where first, the Lewis acid (LA) sites
of the catalysts bind with free monomers to form activated monomers. Then, the Lewis
base (LB) sites attack the activated monomers to form zwitterionic active species. Some
earlier studies reported that zwitterionic active species do not react with free monomers in
the case of Lewis pairs mediated polymerization [28,32,65]. So, propagation would then
proceed by the addition of zwitterionic active species with the LA-activated monomer.
The continuous addition of MMA to this activated species would give rise to the chain
growth of polymerization. Finally, the experimentally obtained LB bounded PMMA with
a six-membered lactone ring chain end would result regarding the backbiting cyclization
reaction under air exposure [63]. Importantly, LB-bound polymer chains with lactone
ring (six-membered) cannot polymerize newly added monomers, although, under inert
medium, it can polymerize new monomers through chain extensions. This observation
suggests that chain termination through the formation of a lactone ring (six-membered)
chain end occurred only at air exposure.
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Scheme 1. Proposed zwitterionic Lewis pair polymerization mechanism for the polymerization of
MMA using ZIF-L.

2.3. Recoverability and Reusability of Catalyst

Recoverability and reusability are significant characteristics of heterogeneous catalysts.
Therefore, in this study, these properties of ZIF-L were investigated. For this purpose,
the polymerization reaction was carried out on a large scale in the Schlenk flask. After a
certain period, the catalyst was collected by filtration from the reaction mixture, washed
several times, dried under vacuum overnight, and reused to check the efficiency of the
catalyst. Importantly, PXRD (Figure S12), SEM (Figure S13), and BET (Figure S14) analysis
of the recovered ZIF-L after the third cycle confirms the stability of the ZIF-L during
polymerization. Additionally, leaching of Zn ions in the reaction mixture was analyzed
after the first and third cycle using the ICP technique and, conspicuously, very slight
leaching of Zn ions was observed (Table S4). Since there is a relationship between the
stability and catalytic performance of heterogeneous catalysts, recovered ZIF-L was reused
for the MMA polymerization to investigate the catalytic activity under identical conditions
(Table S5). From the experimental results, it is confirmed that there was no significant
change in the catalytic activity of the recovered ZIF-L after at least three cycles for MMA
polymerization. The slightly lower molecular weight (M;) compared to using a fresh
catalyst (ZIF-L) indicates minor structural change during long-time polymerization, which
can be said to be negligible.

3. Materials and Methods
3.1. Materials

Methyl methacrylate (MMA; 99%), 2-methylimidazole (2-mIm; 99%), and ethyl
2-bromo-2-methylpropanoate (EBiB; 98%) were purchased from Aladdin Chemical Co., Ltd.
and Zn(NOs3);-6H0O (>98%) from Macklin. At the beginning, MMA was first dried over
CaH; and then distilled at a reduced pressure at 50 °C (two times distillation) and, after
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that, preserved under an inert atmosphere. All reagents and solvents were used as received
from commercial suppliers (Aladdin, TCI) without further purification.

3.2. Synthesis of Catalyst ZIF-L

Following the procedure reported elsewhere, 2D ZIF-L(Zn) crystals were synthesized
in an aqueous system at room temperature [10]. In the ZIF-L synthesis system, the ratio
Zn2* /2-mIm in aqueous solution plays an important role because a higher ratio facilitates
the formation of ZIF-8 [66,67]. In a typical procedure, Zn(NO3),-6H,O (0.595 g, 2 mmol)
was dissolved in 40 mL of deionized water to obtain a homogeneous solution. Similarly,
2-mIm (1.31 g, 16 mmol) was dissolved in 40 mL of deionized water to obtain a solution.
Then, the aqueous solution of zinc salt was added into the aqueous solution of 2-mIm
under vigorous stirring. After stirring for 3 h at RT, the product was collected by repeated
centrifugation at 7000 rpm for 5 min and washed with fresh deionized water several times
and finally dried at 80 °C under vacuum overnight.

3.3. Polymerization with ZIF-L

All polymerization reactions were executed under a dry and inert atmosphere using
standard Schlenk techniques. A typical bulk polymerization was performed as follows.
ZIF-L was first activated at 120 °C under the vacuum for 24 h, then a predetermined amount
of activated ZIF-L and MMA were charged in a Schlenk flask under inert atmosphere.
The flask was then purged with argon for a few minutes and sealed and immersed in
the preheated oil bath and heated at a certain temperature. After polymerization at a
constant temperature for a certain period of time, the reaction was terminated by cooling
the flask in an ice bath and quenching in air as quickly as possible. Small aliquots were
taken from the reaction mixture and quenched into around 0.6 mL CDCl;. The quenched
aliquots were then analyzed by 'H NMR, obtaining the monomer conversion. The resultant
polymeric sample was then separated from the catalysts by dissolving in toluene and
filtered. Afterwards, the pure polymeric sample was re-precipitated from methanol and
washed repeatedly several times with fresh methanol, then dried at 60 °C under vacuum
for 24 h and collected as a white solid.

3.4. Characterizations of Catalyst and Polymer

The powder X-ray diffraction (PXRD) spectrum was recorded with a Panalytical
Empyrean instrument using monochromatic Cu K« radiation in the 26 range of 3° to 60°
at a scan rate of 2°/min. A scanning electron microscope (SEM) from JEOL (JSM-IT300,
0.5-35 kV) was used to determine the texture of ZIF-L. Thermogravimetric analysis (TGA)
was carried out on a Netzsch (STA 449C) instrument (5 °C/min as heating rate) under N;
atmosphere (20 mL/min) in the range of 25—800 °C for ZIF-L and 25—600 °C for polymeric
substances. Differential scanning calorimetry (DSC) measurement was performed using
NETZSCH STA 449C instrument under nitrogen flow. Fourier transform infrared spec-
troscopy (FT-IR) was performed using Bruker Vertex 80V ranging from 4000 to 400 cm 1.
The surface area and adsorption/desorption isotherms were measured using Nj adsorption
on Micromeritics ASAP 2020 equipment, and the sample (ZIF-L) was degassed at 200 °C
for 3 h before measurement. The amount of acidic and basic sites of catalyst ZIF-8 were de-
termined with temperature-programmed desorption (TPD) profile of NH3 and CO, using
Micromeritics chemisorb 2750 Pulse Chemisorption, respectively. 'H-NMR spectra were
recorded on a Bruker AC-500 using CDCl3 as the solvent and tetramethylsilane (TMS) as the
internal standard. The molecular weight (M) and molecular dispersity (D) were measured
by gel permeation chromatography (GPC) (PL-GPC 50 with PLgel 5 um MIXED-C column,
Agilent Technology) in THF using standard polystyrene as a standard. Matrix-assisted laser
desorption ionization-time of flight mass spectroscopy (MALDI-TOF MS) of low molecular
weight polymeric sample was performed using a Bruker ultrafleXtreme™ spectrometer.
Moreover, an induced coupled plasma (ICP) test was performed for both the solution
mixture and PMMA.
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4. Conclusions

In summary, for the first time, the catalytic activity of a 2D MOF (ZIF-L) has been suc-
cessfully investigated in the synthesis of ultrahigh molecular weight poly(methyl methacry-
late) without any co-catalyst in solvent free-medium. Systematic analysis of the ZIF-L struc-
ture before and after the polymerization proves that it can polymerize methyl methacrylate
at least three times without significant loss of its catalytic activity following the zwitterionic
Lewis pair polymerization. In addition, the NMR, MALDI-TOF MS, and FTIR results
demonstrated that PMMA is obtained with a six-membered lactone ring chain end, which
formed through the intramolecular backbiting cyclization. Based on the ease of green
synthesis and overall stability, this type of 2D MOF may be competitive not only with other
MOFs but also with Lewis pairs for vinyl polymerization.
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mdpi.com/article/10.3390/catal12050521/s1, Figure S1: PXRD patterns of the synthesized and
simulated ZIF-L (Zn); Figure S2: TGA curve of ZIF-L under N, flow (20 mL/min) ranging from
30 °C to 800 °C; Figure S3: The isotherms of nitrogen adsorption (filled symbols) and desorption
(empty symbols) for the ZIF-L measured at -196 °C; Table S1: Bulk polymerization of MMA initiated
with various Zn-salts, 2-mIm (ligand used for ZIF-L synthesis) and ZIF-L; Table S2: Amount of acid
and basic sites of the catalyst (ZIF-L); Figure S4: Dependence of molecular weight (M), monomer
conversion (%) and molecular dispersity (D) on polymerization time (h) for MMA polymerization
using ZIF-L(Zn); Figure S5: Dependence of molecular weight (Mp) and molecular dispersity (D)
on monomer conversion (%) for MMA polymerization using ZIF-L; Table S3: Chain-extension
experiments of the polymerization of MMA at 140 °C; Figure S6: GPC traces of PMMA obtained
from chain extension experiments; Figure S7: MMA conversion with polymerization time initiated
by ZIF-L at 140 °C and [MMA]/[ZIF-L] = 50; Figure S8: IH-NMR spectra of (a) ZIF-L, (b) 2-mIm,
(c) Zn(OAc); and (d) ZnO mediated PMMA in CDCl; (Table 1) showing the intensity of CH; peaks
of lactone at 1.64 ppm region; Figure S9: TH NMR spectra in both CDCl3 of PMMA before (a) and
after (b) adding acid anhydride; Figure S10: FT-IR spectra of monomer MMA and polymer PMMA
obtained using ZIF-L as catalyst at 140 °C and [MMA]/[ZIF-L] = 50; Figure S11: DSC thermogram
of PMMA (Table 1, entry 3) determined under N, flow; Figure S12: PXRD patterns of ZIF-L before
and after the polymerization reaction. The compared results confirm the stability of the ZIF-L during
polymerization; Figure S13: SEM micrographs of ZIF-L before (a) and after the polymerization
reaction (b) (3rd cycle), Figure S14: The nitrogen adsorption—desorption isotherms of the recovered
ZIF-L after the polymerization (3rd cycle) measured at 77K; Table S4: Elemental analysis (Zn metal)
of the examined catalyst before and after the polymerization, mixture of solution, and synthesized
PMMA using ICP method; Table S5: Recycling studies of the examined catalyst (ZIF-L).
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