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The two-dimensional coordination polymers [Co(DMF),L;]¢0.65H,0 and [Mn(DMF),L;]0.4H,0 (L = N,N'-bis
(glycinyl)pyromellitic diimide) have been prepared and structurally characterized by a variety of techniques
including FTIR spectroscopy, powder and single crystal X-ray diffraction. Results for their use as catalysts in the
ring opening polymerization of e-caprolactone (e-CL) and §-valerolactone (5-VL) are reported. High conversions

were achievable at 130 °C, resulting in the formation of mostly cyclic polycaprolactone (PCL) and poly-
valerolactone (PVL), respectively, with only a small number of linear polymers formed. Kinetic studies revealed
the presence of two distinct rate steps, the second of which is assigned to the formation of an active decom-

position product.

1. Introduction

Two-dimensional coordination polymers (CPs) have exhibited
excellent performance in the field of catalysis [1-4]. Such structures
may also be referred to as two-dimensional metal-organic frameworks
(2D MOFs) or two-dimensional metal-organic layers (MOLs) [5,6]. Be-
sides the high surface activity characteristic commonly found in most 2D
materials, CPs also possess specific and adjustable chemical function-
alities as an added advantage [7]. By deliberate selection and synthesis
of organic ligands, researchers can tailor CPs to meet specific application
requirements. One example is the synthesis of two Cd-based CPs by
Kumar and Paul using a novel organic ligand containing N- and O-donor
functional groups [8]. These CPs exhibited outstanding properties for
dye adsorption and desorption as well as catalysis. In addition, the co-
ordination bonds in CPs are reversible, allowing for flexible interactions
between the ligands and metal ions and even self-assembly [7-11]. It
should be noted that the catalytic activity of metal-organic frameworks
(MOFs) is often influenced by the constraints imposed by their frame-
work structure [12]. However, the 2D structure of CPs can mitigate the
impact of framework constraints.

Ring opening polymerization (ROP) is a common method for syn-
thesizing eco-friendly and biodegradable polymers, such as poly-
caprolactone (PCL) and polyvalerolactone (PVL) [13,14]. Typically, the
process is catalysed by a transition metal catalyst in the form of an
alkoxide [M—OR] [15], though rare-earth metal [16], main group [17]
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and organic catalysts [18] can also be employed. Recent studies have
also shown that the use of multinuclear metals systems can be beneficial
[19], whilst the use of external stimuli for ROP is an emerging area [20].
Moreover, structure/activity relationships for ROP remain a key topic
coupled with the search for the rate determining transition states [21].

CPs are a type of hybrid materials composed of organic linkers and
inorganic metal ions, which can be classified as heterogeneous catalysts
with superior performance and recyclability compared to homogeneous
catalysts [22]. Many metal-organic complexes have been utilized as
catalysts for ROP, exhibiting remarkable catalytic activity [23-26]. CPs
and MOFs, similar to metal-organic complexes, possess metal active
sites and organic linkers. Additionally, CPs and MOFs are ideal options
for catalysts due to their large specific surface area and abundance of
metal active sites.

Considering that there is limited research on the application of CPs or
MOFs as catalysts in ROP, we employed N,N-bis(glycinyl)pyromellitic
diimide (LH», Fig. 1) as our entry point in order to synthesize two CPs
[Co(DMF);,L,]#0.65H50 (referred as Co-L) and [Mn(DMF);L,]e0.4H>,0
(referred as Mn-L) and have investigated their ROP potential. Both
systems were capable of high conversions at elevated temperatures and
exhibited two different catalytic mechanisms, the second of which were
ascribe to an active decomposition product. The polymerization prod-
ucts formed via ROP were mostly cyclic in nature.

Interestingly, while this manuscript was in preparation, Liu et al. also
reported a 1D cobalt-based polymer, the synthesis of which utilized L
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Fig. 1. Structure of LH,.

(and 2,7-di(4H-1,2,4-triazol-4yl)benzo[lmn] [3,8] phenanthroline-

1,3,6,8-(2H,7H)-tetraone/DMF). However, in this case LH,; decom-
posed to the anion 2,5-dicarboxyterephthalate and did not bind to the
metal [27].

2. Method
2.1. General

Acetic acid, methanol, 1,2,4,5-benzenetetracarboxylic anhydride
and glycine were purchased from Fisher Scientific. Dimethylformamide
and e-caprolactone were purchased from Alfa Aesar. Cobalt(I) nitrate
hexahydrate, manganese(I) nitrate tetrahydrate and §-valerolactone
were purchased from Sigma-Aldrich. All reagents were used without
further purification. The hydrothermal reactions proceeded in a
temperature-controlled oven (Memmert UF 30PLUS). Catalysts were
dried in a vacuum oven (50°C, overnight) prior to the ROP reaction.
Infra-red (IR) data were collected using a Nicolet iS5 FTIR spectrometer
with iD1 Transmission Diamond ATR. Elemental analyses were per-
formed in the School of Natural Sciences (Chemistry) at the University of
Hull. MALDI-TOF mass spectra were collected on a Bruker Maxis Impact
HD Mass spectrometer in ESI positive mode. Thermogravimetric anal-
ysis (TGA) results were recorded on a PerkinElmer TGA 4000 ther-
mogravimetric analyser under ambient atmosphere from 30 to 757 °C.
Powder X-ray diffraction (PXRD) patterns were obtained using a PAN-
Alytical Empyrean Series 2 powder diffractometer with a copper X-ray
tube. 'H NMR spectra were obtained on a JEOL ECZ 400S spectrometer
operating at a frequency of 400.2 MHz. Gel Permeation Chromotog-
raphy (GPC) tests were conducted using SHIMADZU liquid chromatog-
raphy (LC-6A), Viscotek VE 3580 RI detector, Viscotek VE 5111 injector
valve bracket, Viscotek 270 dual detector. The molecular weights and
polydispersity index were determined by analyzing the experimental
traces with the software OmniSEC 5.12.

2.2. Synthesis of L

The synthesis of N,N-bis(glycinyl)pyromellitic diimide (LHz) fol-
lowed the previously reported literature method [28]. Benzene-1,2,4,5-
tetracarboxylic dianhydride (1.09 g, 5 mmol) in 30 mL of acetic acid was
heated to 40 °C. Then glycine (0.75 g, 10 mmol) was added, and the
system was refluxed for 4 h. The reaction mixture was concentrated
under reduced pressure, yielding LH; as a white powder (1.49 g, 90 %
yield). NMR and FTIR spectroscopic results were in good agreement
with the literature (Fig. S1 and Fig. 3(c)).

2.3. Synthesis of Co-L

Co-L was prepared by the following hydrothermal reaction: Co
(NO3)2-6H20 (0.145 g, 0.5 mmol) and LH;, (0.166 g, 0.5 mmol) were
added to 10 mL DMF. The resulting mixture was transferred into a 25 mL
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Telflon-lined autoclave, which was sealed and placed in a temperature-
controlled oven at 120 °C for 18 h. The autoclave was allowed to cool
down gradually to room temperature at a rate of 1°C per hour, resulting
in the formation of red rod-like shaped crystals. The obtained crystals
were then decanted and dried in a vacuum oven. Yield: 72 %. Elem. anal.
(%) for CooH29CoN4O1 Caled: C 44.87, H 3.77, N 10.47; Found: C 45.44,
H 3.56, N 10.67.

2.4. Synthesis of Mn-L

Mn-L was prepared as for Co-L but using Mn(NO3),-4H20 (0.125 g,
0.5 mmol) and L (0.166 g (0.5 mmol) affording Mn-L as yellow needle
shaped crystals. Yield: 81 %. Elem. anal. (%) for CooH20MnN4O;( Calcd:
C 45.21, H 3.79, N 10.54; Found: C 45.00, H 4.31, N 10.93.

2.5. Crystal structure determinations

Suitable crystals of Co-L and Mn-L were selected, and each was
mounted on a Rigaku Oxford Diffraction Synergy Custom system, HyPix
diffractometer. The crystal was kept at 100.00(10) K during data
collection. Standard data collection and processing procedures were
employed. Using Olex2 [29], the structure was solved with the SHELXT
[30] structure solution program using Intrinsic Phasing and refined with
the SHELXL [31] refinement package using Least Squares minimisation.
Hydrogen atoms were placed using a riding model. In each structure
there was a small region of unmodelled electron density away from the
CP framework. This was modelled using a solvent mask with Olex2;
small amounts of unbound, disordered, water were located within each
structure.

Crystal Data for Ca9oH20CoN401 (M = 535.33 g/mol): triclinic, space
group P-1 (no. 2), a = 9.6513(4) A, b = 10.1479(3) A, ¢ = 13.5546(4) A,
a = 85.002(2)°, f = 71.920(3)°, y = 63.319(3)°, V= 1125.48(8) A%, Z =
2, T = 100.00(10) K, p(Cu Ka) = 6.565 mm ™, Dcalc = 1.580 g/cm?,
48,475 reflections measured (6.872°< 26 < 140.136), 4201 unique (R
=0.0685, Rsigmq = 0.0274) which were used in all calculations. The final
R; was 0.0526 (I > 2 o(I)) and wR, was 0.1696 (all data).

Crystal Data for CpoH16N4O10Mn (M = 527.31 g/mol): triclinic,
space group P-1 (no. 2), a = 9.8488(5) A, b = 10.0737(5) A, ¢ = 13.5449
(7) A, a = 84.235(4)°, f = 71.370(4)°, y = 64.089(5)°, V = 1144.21(11)
A3, Z =2, T=100.00(10) K, p(Cu Ka) = 5.268 mm ', Dcalc = 1.531 g/
cm3, 21,605 reflections measured (6.894°< 26 < 150.12), 4599 unique
(Rint = 0.0334, Ryigma = 0.0203) which were used in all calculations. The
final R; was 0.0374 (I > 2 o(I)) and wR, was 0.1193 (all data).

CCDC 2,298,025 and 2,298,026 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via https://www.ccdc
.cam.ac.uk/structures.

2.6. ROP of e-Caprolactone and §-valerolactone

Polymerization of e-CL or 8-VL was carried out using Co-L and Mn-L
as catalysts under ambient atmosphere (melt). Catalyst and monomer
were weighed out into a flask and the reaction mixture was then placed
in a preheated oil bath at the desired temperature, followed by
quenching using glacial acetic acid (0.2 mL) and cold methanol (10 mL).
The reaction conversion was monitored using 'H NMR spectroscopy
(400 MHz, CDCl3, 298 K), and the resulting polymer was collected after
vaporization and dried in a fume hood. The polymers were then dis-
solved in CHyCl, and precipitated with cold methanol. Molecular
weights (M, and D) of the polymer products were determined using GPC
in THF. Recycled catalysts were separated by dissolving the polymeri-
zation product in chloroform and centrifugation.

2.7. Kinetics studies

Kinetic experiments were conducted using the aforementioned
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polymerization protocol. At suitable intervals, ~0.05 mL reagents were
withdrawn, quenched with cold CDCl3 (1 mL), and subjected to 'H NMR
spectroscopic analysis (400 MHz, CDCls, 298 K).

3. Results and discussion
3.1. Structures of Co-L and Mn-L

The structures of Co-L and Mn-L, as determined by single-crystal X-
ray diffraction, are shown in Fig. 2a-d. These are isostructural and each
crystallises in the triclinic space group P-1. Each metal in Co-L and Mn-L
exhibits an octahedral coordination geometry. Each carboxylate group
binds to two metals in bridging bidentate mode and four unique oxygen
atoms bind to each metal in a square plane. All C---O distances of the
carboxylates are roughly equal; the electron density is delocalised rather
than being formally O—C — O~. This produces chains of edge-sharing
square planes that run parallel to the crystallographic a axis. The
remaining two coordination sites on each metal are occupied by two
trans DMF molecules. The two carboxylates at different ends of the
ligand are bound in adjacent chains. The cross linking of the chains by
the ligand gives rise to the 2-D sheet in the xz plane. Fig. 2e,f present the
2D layered structures of Co-L and Mn-L. Critically there are no strong
intermolecular forces between the layer. It appears that there are only
van der Waals interactions between layers. There is some additional
electron density contained in channels running parallel to the a-axis
corresponding to around 6 % of the cell volume. This was modelled
using a solvent mask to give overall compositions Mn(DMF);Ly-0.4H20
and Co(DMF);,L,-0.65H20; it is notable that the C=0 from the ligands
project in these small channels, and there is the potential for hydrogen
bonding between water and framework.

Fig. 3a,b demonstrate the good agreement between the experimental
and simulated PXRD patterns of Co-L and Mn-L, confirming the purity
and crystallinity of the synthesized bulk compounds. Fig. 3c presents the
IR spectra of L, Co-L and Mn-L, respectively. The small peaks around
3000 cm ! corresponding to the stretching vibrations of the C—H bonds.
In the spectrum of L, sharp peaks at 2390-2290 cm ! are attributed to
the stretching vibrations of the O—H bonds in the carboxyl motif. Weak
and broad peaks are observed in the spectra of Co-L and Mn-L due to a
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small quantity of carboxyl groups retained at the termini. Additionally,
the peaks at 1812-1482 em™? correspond to the stretching vibrations of
C—O0 bonds. The four split peaks in the spectra of Co-L and Mn-L can be
attributed to C=0 bonds in L. and DMF. The peaks at 1167-982 cm ! are
characteristic of the C—N bonds in L.

3.2. Ring opening polymerization studies

Ring opening polymerization (ROP) of e-caprolactone (e-CL) and
§-valerolactone (8-VL) were initiated by Co-L and Mn-L using different
ratios of catalyst to monomer (1 to 100, 500, 1000). All reactions con-
ducted at ambient atmosphere exhibited no activity when performed
either under nitrogen or in the presence of solvent (toluene). According
to Tables 1 and 2, the optimal [Cat]:[monomer] ratio for the ROP of e-CL
and §-VL was found to be 1:500, affording high conversion (e.g. con-
version = 98 %, Table 2, entry 5) and narrow polydispersity index (e.g. b
=1.34, Table 1, entry 5). With regard to the temperature, the majority of
the catalysts only exhibited activity at 130°C, whilst only for the ROP of
8-VL initiated by Co-L was activity observed at 100°C (Table 2, entry 7).
End group analysis of the resulting polymers (Figs S3-S6) revealed that
the dominant products were cyclic PCL and PVL, with only a small
amount of linear polymers formed. In the MALDI-TOF mass spectra
(Fig. 4), signal peaks at m/z 1053.6 (n = 9) and 3463.0 (n = 30) were
assigned to cyclic PCL with Na* (m/z: 114.1 x n + 23.0) and cyclic PCL
with K™ (m/z: 114.1 x n + 39.1). Other peaks at m/z 1083.7 (n = 9),
3591.5 (n = 30), 3808.5 (n = 31) and 3921.1 (n = 34) corresponded to
the quenching products with methanol and acetic acid, indicating the
presence of linear PCL (OH(CL),H with K™ (m/z: 18.0 + 114.1 x n +
39.1), linear PCL (OH(CL),H or H3CO(CL),H) with Na* (m/z: 18.0 or
32.0 + 114.1 x n + 23.0). Uniformly distributed signal peaks at m/z
3942.9 (n = 39), 4043.3 (n = 40), 4143.7 (n = 41), 4244.0 (n = 42),
4344.3 (n = 43) and 4444.6 (n = 44) in the MALDI-TOF mass spectrum
of PVL (Fig. 4c) were assigned to cyclic PVL with K™ (m/z: 100.1 x n +
39.1). Signal peak at 1458.5 (n = 14) in Fig. 4d corresponded to the
linear PVL (OH(VL),H with K™ (m/z: 18.0 + 100.1 x n + 39.1). The
lower molecular weights (My) versus theoretical values suggest the
occurrence of undesired transesterification processes during the ROP.

Fig. 2. Molecular structure of (a) Co-L and (b) Mn-L; Coordination environment of the central metal ion for (c) Co-L and (d) Mn-L; 2D layer structure of (e) Co-L and

() Mn-L.
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Fig. 3. Experimental and simulated X-ray powder diffraction patterns of (a) Co-L and (b) Mn-L; (c) Infrared spectra of L, Co-L, Mn-L.

Table 1
ROP of ¢-CL initiated by Co-L and Mn-L under air as melts.

Entry Catalyst [Cat]:[CL] Temp. (°C) Conv. (%) M, (Da)® ¢
1 Co-L 1:100 130 68 1010 2.24
2 Co-L 1:500 130 92 4490 1.77
3 Co-L 1:1000 130 39 4670 1.31
4 Mn-L 1:100 130 45 1200 2.34
5 Mn-L 1:500 130 90 7200 1.34
6 Mn-L 1:1000 130 82 3640 1.65
7 Co-L 1:500 100 - - -

8 Mn-L 1:500 100 - - -

Reaction conditions: 0.01 mmol of catalyst was used in each reaction, [Cat]:
[CL] = 1:100, 1:500, 1:1000, 20 h. # Conversion was confirmed by 1H NMR
spectroscopy. ® GPC analysis in THF at ambient temperature, the results were
calibrated with polystyrene standards and corrected by a factor [32] of 0.56. €
Polydispersity index (My/M,) were calculated by GPC.

Table 2
ROP of §-VL initiated by Co-L and Mn-L under air as melts.

Entry Catalyst [Cat]:[VL] Temp. (°C) Conv. (%) M, (Da)® p°
1 Co-L 1:100 130 87 4310 1.64
2 Co-L 1:500 130 95 5520 1.61
3 Co-L 1:1000 130 67 4740 1.23
4 Mn-L 1:100 130 75 1810 2.77
5 Mn-L 1:500 130 98 5640 2.24
6 Mn-L 1:1000 130 94 5250 1.80
7 Co-L 1:500 100 46 4180 1.36
8 Mn-L 1:500 100 - - -

Reaction conditions: 0.01 mmol of catalyst was used in each reaction, [Cat]:
[VL] = 1:100, 1:500, 1:1000, 8 h. ® Conversion was confirmed by 'H NMR
spectroscopy. ® GPC analysis in THF at ambient temperature, the results were
calibrated with polystyrene standards and corrected by a factor [32] of 0.57. ¢
Polydispersity index (My/M,) were calculated by GPC.

3.3. Kinetics studies

Kinetics studies using e-CL or 8-VL catalyzed by Co-L and Mn-L were
performed under air in the melt state (solvent-free). The ratio of
monomer to catalyst utilized was 500 to 1. At certain time intervals (2 h
for e-CL; 1 h for 3-VL), a tiny amount of the reaction mixture was
quenched in glacial CDClj3 solution, and the conversion was determined

by 'H NMR spectroscopy. Fig. 5 illustrates the plot of time vs In([CL]o/
[CL]p and In([VL]o/[VL]y), and two clear slopes are evident. The two
distinct rates corresponding to the two separate stages (denoted by blue
and yellow). It can be clearly seen that the rate in the final stage is
markedly faster than the one in the preceding stage. As shown in Fig. 5,
the initial period for the e-CL systems (12-14 h) was somewhat longer
than that observed for 3-VL (3 h). In the subsequent second stage, the
ROP of e-CL with Co-L proceeded at a slow rate from 4 h to 12 h (Fig. 5a).
In the case of Mn-L, the ROP of ¢-CL with Mn-L exhibited a higher rate
than Co-L over 4 to 14 h (Fig. 5b), whilst in the second stage, the rate
involving Co-L is slightly faster than that of Mn-L. As indicated by
Fig. 4c,d, the rate of ROP with §-VL involving Co-L in both stages is
marginally faster than that involving Mn-L.

When we isolated the catalysts post ROP, we compared their FTIR
spectra and PXRD with that of the pre-ROP species. For example, the
spectra for the Co-L system are provided in Fig. S7, SI. There were clear
differences in both the FTIR and PXRD indicating that the nature of the
catalyst had changed. Given this, in a separate experiment, we heated up
the catalyst alone to the temperature employed for the ROP process (i.e.
130 °C), and on cooling re-recorded the FTIR spectra and PXRD. Again,
the FTIR spectra and PXRD had changed and were exactly as we found
post-ROP. We therefore infer that during the ROP process the catalyst
‘decomposes’ into a second active species. On-going studies, such as
attempting to grow single crystals of this ‘decomposition’ product will
help to identify the nature of this product and will be reported sepa-
rately. We note that for the ROP of lactide catalysed by Zn(C¢F5)2/Lewis
base, a bifunctional activation mechanism has been proposed [33].

4. Conclusion

In summary, two 2D coordination polymers, Co-L and Mn-L, have
been synthesized and their molecular structures determined using single
crystal X-ray diffraction studies, as well as PXRD, IR spectroscopy and
elemental analyses. These 2D structures have been utilized for the ROP
of e-caprolactone (e-CL) and &-valerolactone (5-VL), and at elevated
temperatures (130 °C), favourable results in terms of conversion and
polydispersity index were achieved. The majority of the polymers pro-
duced consisted of cyclic products, as identified by NMR spectroscopy
and MALDI-TOF mass spectra. Two distinct steps were observed in the
kinetics studies, the second of which is assigned to an active ‘decom-
position’ product. The Co-based system was found to exhibit a slightly
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faster kinetic profile than the Mn-based system. Further studies are in
process to identify the nature of the active ‘decomposition’ catalyst.
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