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ABSTRACT: Natural processes collectively balance the global carbon
cycle, effectively controlling atmospheric carbon dioxide (CO,) levels.
However, excessive CO, emissions due to industrialization and population
growth have disrupted natural processes by increasing the atmospheric
CO, concentration. To address this issue, CO, capture and conversion
have been implemented. Metal—organic frameworks (MOFs)/coordina-
tion polymers (CPs) with bioligands, such as amino acids and nucleobases,
are receiving much interest. However, bio-MOFs are not much reported
due to the lack of control over their coordination with metal ions. In this
work, we have developed an adenine-tagged Mn-CP with dominant basic N p F
sites, [Mn(TPT>")(Ade)(DMF)], (IPT*" = isophthalate; Ade = adenine; T o S RN X o
DMF = N,N’-dimethylformamide). The analysis of isosteric heat (Q,,) of

CO, adsorption supported the presence of strong interactions between CO, and Mn-CP. Mn-CP demonstrated moderate to
outstanding performance in coupling CO, with smaller and larger epoxides at ambient pressure under neat conditions. The
thermodynamic activation parameters indicate that Mn-CP operates through an associative mechanism (AS* = —283.4 J mol™' K1),
with a reduced kinetic barrier characterized by AH* of 17.28 k] mol ™! and E, of 20.5 kJ mol ™. The catalytic efficiency of Mn-CP was
particularly notable in the coupling reaction of epichlorohydrin and CO,, yielding 92% of the corresponding cyclic carbonate under
atmospheric pressure.
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B INTRODUCTION

Carbon dioxide (CO,) is a crucial substrate in synthesizing
carbohydrates through photosynthesis, thereby contributing to
the balance of the carbon cycle."” Additionally, oceans serve as
considerable carbon sinks, absorbing atmospheric CO,
through dissolution and biological processes.”* These natural
processes balance the global carbon cycle and regulate
atmospheric CO, levels. However, extensive CO, emissions
caused by industrialization and population growth have
disturbed this balance.”® The excessive use of fossil fuels
increases atmospheric CO, concentration, aggravating the
threat of climate change (global warming) for the planet.” In
response to this persistent concern, CO, capture, storage, and
conversion have been practiced for the past few years.” In the
area of conversion, CO, has been utilized to synthesize value-
added chemicals, including fuels, fine chemicals, polymers, and
pharmaceuticals.* One promising pathway for utilizing CO,
involves reacting it with epoxides to form cyclic carbonates.
This process has garnered significant interest because it
provides a sustainable alternative to the traditional method
of synthesizing cyclic carbonates.” Furthermore, the produc-
tion of cyclic carbonates through reaction between CO, and
epoxides is recognized for its complete atom efficiency and
eco-friendly nature.'”'" Cyclic carbonates are used in many
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industrial applications, including fuel additives,"' polar
solvents,'” lithium battery electrolytes,'” precursors for
polycarbonate materials,'* and pharmaceutical manufactur-
ing."> Homogenous catalysts have been traditionally utilized to
effectively synthesize cyclic carbonates with the cycloaddition
of CO, and epoxides.'® However, the use of homogeneous
catalysts is limited due to issues such as catalyst deactivation,
the need for high pressure and temperature, challenges in
separating the catalyst from the product, and recyclability
concerns. On the other hand, heterogeneous catalysts, such as

21 . 22
carbon-based catalysts,” silicas,
23-26

metal complexes,'””*°
covalent organic frameworks
works (MOFs)/coordination polymers (CPs)*’~>" are receiv-
ing a lot of regard, due to their effective catalytic activity, ease
of separation from the product, and ability to be reused
multiple times.

and metal—organic frame-
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Among the various heterogeneous catalysts, MOFs/CPs, a
class of hybrid materials comprising metal ions or clusters and
organic ligands, have become the material of choice on account
of their designability, tunability, and high adsorption
capacity.”® Since 2009, various classes of MOFs/CPs have
been described as competent facilitators for transforming CO,
and epoxides into cyclic carbonates.”’ ** However, most
MOFs/CPs have required high pressure and/or high-temper-
ature conditions for such reactions.*>™>° Meanwhile, several
reports on single-ligand- and mixed-ligand-based MOFs/CPs
have demonstrated high activity under ambient condi-
tions.**™* On the other hand, MOFs/CPs effective under
ambient conditions often require longer reaction times up to
48 h, limiting their practical applicability.*> MOFs/CPs with
biologically derived linkers have been extensively explored in
areas such as biomedicine and sensing*®*” but rarely for CO,
conversion reactions.” For instance, various porous and
nonporous adenine-based MOFs/CPs with diverse topologies
and structure have been studied for agplications like drug
delivery, sensors, and gas adsorption.”’ ~* Nevertheless, only a
handful of reports have shown adenine-based MOFs/CPs
being used for converting CO, to cyclic carbonates under
either challenging or mild conditions.*”*° Compared to other
classes of MOFs/CPs, those incorporating nucleobases (e.g.,
adenine) are less detailed in the literature due to challenges in
controlling their coordination modes with metal ions and their
intrinsic lack of symmetry, which constrains packing in
crystalline materials.””*®*" To address these challenges,
carboxylic-acid-based ligands have been utilized in combina-
tion with adenine to construct metal-carboxylate-adenine
MOFs/CPs. However, this approach remains more challenging
than using synthetic nonbiological ligands.* Adenine-tagged
MOFs/CPs composed of Cd(II), Zn(II), Cu(1l), and Co,
incorporating adenine and additional carboxylate ligands, are
predominant in the literature.***>**> However, Ni(II)** and
Mn(11)**-based MOFs/CPs utilizing adenine and/or carbox-
ylate ligands are notably scarce. Thus, developing MOFs/CPs
using less-expensive, commercially available linkers featuring
multiple potential sites and accessible noncovalent interaction
sites (including hydrogen bonds) is paramount for effective
CO, conversion under mild reaction conditions. Here, we
developed a novel adenine tagged Mn-CP [Mn(IPT?")(Ade)-
(DMF)], (IPT* = isophthalate; Ade = adenine; DMF = N,N'-
dimethylformamide) constructed from Mn(II), adenine, and
isophthalic acid under solvothermal conditions. The Mn-CP
exhibits dominant basic sites, crucial for activating the CO,
molecules. The framework of Mn-CP is decorated with a free
—NH,/NH group, a potential basic site. Moreover, the
computation of isosteric heat (Q,) of CO, adsorption reveals
a significant affinity between CO, and Mn-CP. Thus, Mn-CP
was employed to synthesize various cyclic carbonates from
CO, and epoxides under ambient pressure and mild temper-
ature without further solvents. The free amine decorated Mn-
CP endowed moderate to outstanding catalytic efficacy in the
fixation of CO, with smaller and larger epoxides. The yield of
cyclic carbonate achieved was as high as 92% during the

coupling of CO, and epichlorohydrin.

B EXPERIMENTAL SECTION

Synthesis of Mn-CP. Mn-CP was prepared through a
solvothermal method. Particularly, 0.37 mmol of adenine (Ade) and
0.37 mmol of isophthalic acid (IPT) were dissolved in DMF (4 mL)
separately, while 0.37 mmol of Mn(CH;C0OO),.4H,0 was dissolved

in water (4 mL). Sonication and heating were used to dissolve the
adenine completely. Each solution was poured into a 15-mL vial and
maintained in an oven at 80 °C. After 4 days, pale pink crystals were
obtained. The CP was collected from the mother liquor and rinsed
with ethanol. Then, the collected crystal of Mn-CP was dried in an
oven at 100 °C (yield: 80% with respect to Ade). Elemental analysis
of C;¢H;eMnN4O; (MW = 427.29): Found: C 44.58; H, 4.21; N,
19.19%; calcd: 44.98; H, 3.77; N, 19.67%. FTIR (cm™): 3386, 3310,
1664, 1590, 1541, 145, 1395, 1300, 1221, 1106, 954, 901, 824, 828,
866, 746, 718, 676, 644, 521, 416.

Cycloaddition of CO, and Epoxides. The cycloaddition
reaction of epoxide and CO, was executed under an atmospheric
pressure. Specifically, a round-bottom flask (RBF) was loaded with
epoxide (10 mmol), co-catalyst tetrabutylammonium bromide
(TBAB) (0.62 mol %), and the catalyst, Mn-CP (varying amounts).
The RBF was then attached to a condenser and exposed to a vacuum
pump. The CO, gas was supplied to the reaction mixture via a
balloon, and the CO, balloon was connected to the condenser. Then,
the reaction was performed at 70 °C (24 h) accompanied by vigorous
stirring at 600 rpm. Once the reaction was accomplished, the CO, line
was turned off and allowed to return to ambient temperature. The
Mn-CP was isolated from the product mixture using ethyl acetate via
centrifugation. The product formed from epichlorohydrin was
obtained via a rotavapor, whereas the product of phenyl glycidyl
ether was obtained via pure hexane (HPLC) washing. Other epoxide
products were isolated via column chromatography, using distilled
hexane and ethyl acetate. The purity of the products was verified using
'H and "*C NMR (Supporting Information, Figures $34 and $45).

B RESULTS AND DISCUSSION

Single-Crystal Analysis. Adenine’s abundance of heter-
oatoms makes it well-suited for providing multiple coordina-
tion sites. However, adenine’s intrinsically low symmetry and
limited molecular length pose challenges when constructing
MOFs/CPs using adenine as a single ligand.46 In this context,
isophthalic acid’s high symmetry and angular geometry
contribute significantly to the formation of robust frameworks.
The symmetry of isophthalic acid complements adenine’s
flexible coordination sites effectively. Moreover, adenine offers
unique advantages due to its multiple uncoordinated nitrogen
sites, which function as Lewis basic sites that are essential for
substrate activation. Also, due to the hydrogen bond donor—
acceptor nature of adenine, it can activate the substrates. This
synergy makes the combination of isophthalic acid and adenine
particularly effective for the MOF/CP design. Thus, the
adenine-tagged Mn-CP was synthesized using adenine (Ade)
and isophthalic acid (IPT) (Scheme 1) under solvothermal
conditions, as outlined in the Experimental Section.

The crystal structure analysis of Mn-CP, [Mn(IPT*")(Ade)-
(DMF)], (IPT*" = isophthalate; Ade = adenine; DMF = N,N'-
dimethylformamide), revealed its crystallization in the
monoclinic P2,/n space group. The asymmetric unit entails
one Mn(II) center, one isophthalate (IPT>7), one adenine

Scheme 1. Synthesis Scheme of Mn-CP
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Figure 1. (a) Asymmetric unit of Mn-CP with partial atom labeling [symmetry code: ' = 1—x, 1=y, 1—2; "' = 1—x, 1—y, 2—z], (b)
coordination sphere around dinuclear [Mn,(IPT*"),] secondary building unit (SBU) [symmetry code: " = 1—x, 1—y, 2—2z], (c) one-
dimensional (1D) double chain network of Mn-CP presented in ball—stick; (d) hydrogen-bonded zig-zag two-dimensional assembly in Mn-CP and
(e) cyclic hydrogen bonded network formed by the hydrogen bonding interactions between neighboring Ade molecules. Color code; Mn (violet),
N (blue), O (red), C (gray), and H (cyan).
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Figure 2. (a) PXRD patterns of simulated and as-synthesized Mn-CP. (b) TGA of Mn-CP.

(Ade), and one coordinated DMF (Figure la). Symmetry SBUs connect via IPT?” ligands to create a 1D double-chain

expansion exposes Mn-CP as a one-dimensional (1D) double- structure (Figure 1c). These 1D structures further hydrogen-
chain framework. Within this framework, the IPT*>" ligand bond with each other via uncoordinated amine and N of Ade
coordinates simultaneously to three Mn(Il) ions via carbox- ligands through N2—H2A:+N4 and N5—HSN-*N3 interac-
ylate groups, acting as bridging bidentate and chelate tions, forming a zigzag two-dimensional hydrogen-bonded
monodentate donors, while the Ade ligand coordinates to assembly (Figure 1d). Moreover, these neighboring Ade
one Mn(II) center via a nitrogen group, and the remaining ligands belonging to the 1D networks were connected to
amine and N do not coordinate to the metal center, form a ring R,*(8) type hydrogen-bonded cyclic network, as
participating only in hydrogen bonding interactions. The represented in Figure le. Additionally, N—H+*O hydrogen
Mn(II) ions adopt a distorted octahedral geometry, with Mn1 bonding interaction (e.g., N2—H2B-+O3) between carboxy-
occupied by four carboxylate-O atoms from three IPT?~ lated-O of IPT*™ ligands and free NH,— groups of Ade are
ligands in equatorial positions and the remaining axial observed (Figure S1). Furthermore, various C—H--O
positions filled by one N atom from an Ade ligand and one interactions between the C—H of the Ade ligand and
O atom from a DMEF. The crystal data and structure carboxylate-O contribute to stabilizing this 3D framework.
refinement detail are tabulated in Table S1. In Mn-CP, Mn— All hydrogen-bond distances and angles are listed in Table S3.
O and Mn—N bond lengths range from 2.082(2)—2.273(2) A Physical Characterizations. The crystallinity and phase

and 2.294(2) A, respectively, with bond angles £ZO—Mn—0O purity of the bulk synthesized Mn-CP were inspected via
and £O0—Mn—N with ranges of $8.07(7)°—150.84° and powder X-ray diffraction (PXRD). The simulated and

88.28(9)°—177.20(10)°, respectively (Table S2). experimental PXRD data aligned closely with each other
Within the framework of Mn-CP, two Mn(Il) ions are (Figure 2a), ensuring the crystalline purity of the bulk Mn-CP.
bridged by two IPT?>" ligands, forming a [an(IPTZ_)Z] Fourier transform infrared (FTIR) spectroscopy (Figure S2)
secondary building unit (SBU) (Figure 1b), with a Mnl-- was employed to verify the existence of different function-
Mnl’ distance of 4.165(7) A. These dinuclear [Mn,(IPT*"),] alities. The double peak observed at 3386 cm™ and 3310 cm™
19103 https://doi.org/10.1021/acs.langmuir.5c00906
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correlates to symmetrical and asymmetrical vibrations of the
free —NH, functional group.’’ Additionally, 1664 cm™ is
associated with the C=0 of DMF.” Furthermore, peaks
detected at 1590 cm™" and 1395 cm™" are associated with the
asymmetric and symmetric stretching of the O—C—O group
from IPT, respectively.”® Additionally, the Raman spectrum of
Mn-CP is primarily characterized by vibrations associated with
its organic ligands (Figure S3). The 600—1000 cm™' bands
correspond to the out-of-plane bending vibrations of the Ade
and IPT>- rings.57 The peaks at 722, 832, 867, and 922 cm™
are linked to C—H out-of-plane bending. The region between
1100 cm™ and 1300 cm™ is dominated by C—N stretching
modes.”” A peak at 1461 cm™ is given to the symmetric
stretching of the O—C—O group, while the peak at 1547 cm™
corresponds to its asymmetric stretching.”® Furthermore, peaks
at 1003 and 1610 cm™" are assigned to the symmetric and
asymmetric stretching of the C=C bonds in the benzene ring,
respectively.”® To understand the thermal properties of this
CP, thermogravimetric analysis (TGA) was conducted from
ambient temperature to 900 °C under a N, environment
(Figure 2b). As shown in Figure 2b, TGA of Mn-CP indicates
a weight loss of 17.78% (cal. 17.08%) within the temperature
range of up to 330 °C due to the dissociation of coordinated
DME.” Beyond this temperature threshold, continuous weight
loss (Figure 2b) indicates breakage of the underlying CP
structure.

The chemical composition of Mn-CP was established by
using X-ray photoelectron spectroscopy (XPS). The XPS
survey (Figure S4) of Mn-CP discloses the presence of C, O, N
and Mn. In Figure 3a, the deconvolution of the C 1s peak
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Figure 3. XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s and (d) Mn 2p
for Mn-CP.

reveals three distinct peaks at 284.58, 286.18, and 287.98 eV
attributed to C—C/C=C, C—0/C—-N, and C=0/C=N
bonds, respectively.”” Further deconvolution of N 1s spectra
(Figure 3b) at 398.90 eV provides information on the presence
of the NH, group, while the peak at 400.38 eV corresponds to
the C=N/—NH".>*®! The deconvolution of the O 1s spectra
(Figure 3c) of Mn-CP revealed two distinct peaks at 531.17
and 532.38 eV, signifying the presence of C—O and C=0
bonds, respectively.62 The Mn 2p spectrum is deconvoluted

into four characteristic peaks (Figure 3d). The peaks at 640.67
and 653.27 eV are given to Mn 2p;, and Mn 2p,,,
respectively. The peak at 641.91 eV is ascribed to Mn 2p;,,
spin—orbit coupling. Additionally, the peak at 645.91 eV is
linked with the satellite peak, indicating a Mn(II) species.’*”*°

The CO, adsorption properties of this Mn-CP were
estimated at 273 and 298 K, which displayed reasonable
CO, adsorption properties. CO, uptake of Mn-CP was found
to be 0.26 and 0.18 mmol g™* at 273 and 298 K, respectively
(Figure SS). In addition, the Brunauer—Emmett—Teller
(BET) surface area was determined using CO, adsorption—
desorption isotherms at 273 K and was found to be 14 m* g™,
indicating that the material lacks porosity. Freundlich—
Langmuir equations (eqs S1 and S2) and the Clausius—
Clapeyron equation (eq S3) were employed to compute the
isosteric heat (Q,) of CO, adsorption in Mn-CP. This was
achieved by initially fitting CO, adsorption isotherms at 273
and 293 K (Figures S6 and S7). The Q, value sharply
decreases from 46.5 kJ mol™" to 10.5 kJ mol™" with the loading
amount (Figure S8). This higher Q,, value at lower loading is
accredited to the strong interaction among the free NH, and N
in the Mn-CP framework and CO,.°° The decrease in the Q,
value at higher loads and pressures ensures the occupation of
the available active sites. The availability and strength of acidic
and basic sites in Mn-CP were examined by NH; and CO,
temperature-programmed desorption (TPD) methods. Gen-
erally, the acid and base strengths of the catalyst can be
classified into three distinct regions: weak, moderate, and
strong acidic/basic sites, corresponding to the temperature
ranges of 50—200 °C, 200—400 °C, and 400—600 °C,
respectively.””*® The CO,-TPD analysis (Figure S9, Table
S4) revealed the presence of medium basic sites in the Mn-CP.
The medium basic sites were shown by peaks at 298 °C (0.169
mmol g™') and 340 °C (1.217 mmol g'). Similarly, NH;-TPD
analysis (Figure S10, Table S4) reveals the presence of
medium acidic sites in Mn-CP, with peaks at 283 °C (0.169
mmol g~') and 337 °C (0.951 mmol g'). Thus, this Mn-CP
consists of medium total basic (1.386 mmol g') sites and
acidic (1.12 mmol g™') sites, essential for the interaction of
epoxide and CO,.*””°

Catalytic Activity Studies. The acidic and basic sites are
crucial for the cycloaddition reaction of CO, with epoxides.”*
Based on the features of both basic and acidic sites of Mn-CP,
we conducted the CO, conversion reaction with epichlorohy-
drin (ECH) (2-(chloromethyl)oxirane) as a representative
substrate. The reaction was operated at atmospheric pressure
and under neat conditions. The optimal operating conditions
of Mn-CP were optimized by using a fixed amount of ECH (10
mmol) and tetrabutylammonium bromide (TBAB) (0.062
mmol) while varying the Mn-CP loading, reaction temper-
ature, and time. The findings are listed in Figure 4. The yield of
4-(chloromethyl)-1,3-dioxolan-2-one was 78%, with a Mn-CP
loading of 40 mg (0.94 mol %). Furthermore, increasing the
catalyst amount from 40 mg (0.94 mol %) to 60 mg (1.40 mol
%) enhanced the yield of the product to 83%. The highest
yield of 4-(chloromethyl)-1,3-dioxolan-2-one (92%) was
achieved with a catalyst loading of 80 mg (1.87 mol %).
However, further enhancing the catalyst amount (100 mg
(2.34 mol %), induced a minor decline in the yield of the
product (82%)(Figure 4a). This could be ascribed to the
agglomeration of Mn-CP catalyst.”” The temperature effect
(Figure 4b) on the reaction of CO, with ECH was studied
from 40 to 70 °C. As shown in Figure 4b, the yield of the
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Figure 4. Optimization of parameters for catalytic reaction of CO,
and cyclic carbonates: (a) Mn-CP loading (reaction conditions: 10
mmol epichlorohydrin, 0.62 mol % TBAB, balloon CO,, 70 °C, 24 h),
(b) reaction temperature (conditions: 80 mg (1.87 mol %) Mn-CP,
10 mmol ECH, 0.62 mol % TBAB, balloon CO,, 24 h), (c) reaction
time (conditions: 1.87 mol % Mn-CP, 10 mmol ECH, 0.62 mol %
TBAB, balloon CO,, 70 °C, and (d) co-catalyst effect (reaction
conditions: 10 mmol ECH, 0.62 mol % TBAIL, TBACI, KBr, KI, and
KCI; 1.87 mol % Mn-CP, 70 °C, balloon CO,, 24 h).

product was enhanced with increasing temperature, and a
maximum yield was obtained at 70 °C. Reaction time is
another crucial parameter for this reaction. Hence, the reaction
time varied from 4 to 24 h, while other reaction parameters
remained constant (1.87 mol % of catalyst loading, 70 °C, 0.62
mol % of TBAB, atmospheric CO, pressure) (Figure 4c). The
investigation of the time-dependent experiment revealed that
the maximum yield was obtained at 24 h of reaction. The
optimization process revealed that Mn-CP was notably
effective in the CO, reaction with ECH, using 1.87 mol % of
Mn-CP at 70 °C for 24 h under ambient pressure.
Furthermore, we investigated the effect of various co-
catalysts including tetrabutylammonium iodide (TBAI),
tetrabutylammonium chloride (TBACI), and potassium halides
(K1, KBr, and KCl), in addition to TBAB in the reaction of
CO, and ECH with optimized settings (Figure 4d). As
depicted in Figure 4d, the TBAB showed better co-catalytic
activity than TBAI and TBACIL This may be ascribed to the
better nucleophilicity of bromide than chloride. However, the
co-catalytic performance of TBAI was found to be slightly less
than that of TBAB due to the large size of the I” ion. On the
other hand, all the potassium halides (KCl, KBr, and KI) failed
to enhance the catalytic activity of Mn-CP. This might result
from the competition of the K* ion and CO, for the active
sites. This competition hampers the adsorption and activation
of CO, by basic sites, thereby reducing catalytic activity.”®
While investigating the performance of the reaction with
individual catalysts (Mn-CP, IPT, Ade, Mn(CH;COO),
4H,0, mixture of the precursors of Mn-CP and TBAB), it
was noticed that individual components exhibited lower
efficiency, compared to the Mn-CP/TBAB system, suggesting
synergistic effects of Mn-CP and TBAB boosted the cyclo-
addition reaction (Figure S11, Table SS). The catalytic activity
of Mn-CP was evaluated without any co-catalyst, which
displayed moderate activity with a yield of 33% for the

corresponding cyclic carbonate of ECH (4-(chloromethyl)-1,3-
dioxolan-2-one) (Table SS, entry 1). Meanwhile, IPT exhibited
the lowest catalytic activity (4%) (Table SS, enrty2), while Ade
showed moderate catalytic activity (37%) (Table SS, entry 3).
Also, the formation of 4-(chloromethyl)-1,3-dioxolan-2-one
was noticed with a 26% vyield in the presence of Mn-
(CH,;C00),-4H,0) as a catalyst (Table SS, entry 4). Whereas
the physical mixture of the precursors of Mn-CP yielded only
9% of the product (Table SS, entry 5). When TBAB was
employed only without the Mn-CP, the yield of the product
was 41% (Table SS, entry 6). Integration of Mn-CP with
TBAB resulted in a noteworthy increase in yield, reaching 92%
for the corresponding cyclic carbonate of ECH (Table S5,
entry 7). This synergistic effect suggests that the joint action of
Mn-CP and TBAB boosts the catalytic activity and enhances
the yield of the target product.

The catalytic efficacy of Mn-CP in the cycloaddition
reaction of CO, with epichlorohydrin (ECH) was compared
with those of previously reported adenine-tagged MOFs/CPs
(Table S6). The literature shows that the number of adenine-
based MOFs/CPs explored for this purpose remains limited.
This Mn-CP offers more favorable operating conditions and
maintains comparable catalytic efficiency. For instance, some
adenine-based MOFs demonstrated high catalytic activity.
However, the required CO, pressure was found to be high.”>>*
Furthermore, while comparing Mn-CP with various other
reported Mn-based MOFs/Mn-CPs (Table S6), it becomes
clear that some MOFs/CPs can catalyze this reaction at
atmospheric pressure with longer reaction times. Thus, Mn-CP
has demonstrated the ability to facilitate CO, fixation reactions
at atmospheric pressure and mild temperatures, positioning it
as a promising candidate.

Substrate Scope. The CO, fixation reaction was not only
limited to coupling with ECH, it was also conducted with
various other substrates, such as butyl glycidyl ether, tert-butyl
glycidyl ether, allyl glycidyl ether, styrene oxide, and phenyl
glycidyl ether under optimal working conditions (Table 1). In
all substrate scope studies, the isolated cyclic carbonate yields
were determined and 'H and *C NMR confirmed the purity
of each cyclic carbonate. As shown in Table 1, this Mn-CP
efficiently transforms CO, and epoxides into particular cyclic
carbonates. However, the yield of cyclic carbonate varied from
one substrate to another. For example, epichlorohydrin and
butyl glycidyl ether were converted to their corresponding
cyclic products in 92% and 89% yields, respectively. The higher
conversion of epichlorohydrin and butyl glycidyl ether might
be attributed to their ability to interact effectively with the
active sites of the catalyst.”> While tert-butyl glycidyl ether and
allyl glycidyl ether presented 75% and 77% yields for the
corresponding cyclic carbonates, respectively. Furthermore, the
catalytic activity was studied for phenyl glycidyl ether, resulting
in an 80% yield of its corresponding cyclic product. The higher
yield for the conversion of phenyl glycidyl ether might be due
to the z—r interaction between the phenyl ring of phenyl
glycidyl ether and the aromatic rings of the Mn-CP, as
observed in other reported MOFs/CPs as well.”* Among the
tested epoxides, 1,2-epoxydodecane exhibits a yield (29%)
lower than that of other epoxides. This reduced conversion is
primarily attributed to the longer alkyl chain, which exerts an
electron-donating effect (inductive effect), thereby decreasing
the electrophilicity of the epoxide.”> Additionally, the high
viscosity of 1,2-epoxydodecane poses a solubility challenge for
tetrabutylammonium bromide(TBAB),”*”” further contribu-
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Table 1. Mn-CP Catalyzed Formation of Different Cyclic
Carbonates”

S\ Mn-cP,TBAB ):c’) o
———
R €0,,70°C, 24 h g” O
Entry Reactants Products Yield TON TOF
(%) ()
1. O, o]
92 49 2.04
A \/Ec)):"

. NPNGEA®
3. >r0 A
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o 89 48  2.00
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“Conditions: 1.87 mol % Mn-CP, 0.62 mol % TBAB, 10 mmol
epoxide, 70 °C, 24 h, balloon CO,. Yield was determined using the
stoichiometric ratio. Turnover number (TON) = mmol of product/
mmol of catalyst, Turnover frequency (TOF) = TON/time (h).

ting to the lower conversion of 1,2-epoxydodecane relative to
other cyclic carbonates. In contrast, as can be seen from Table
1 (entries 1—5), epoxides with electron-withdrawing groups,
such as chloro- or alkoxy- substituents at the alpha positions
enhance the electrophilicity of the epoxide,’® and are
converted to corresponding cyclic carbonates in high yields.
Reaction Kinetics, Thermodynamics, and Mechanism.
The kinetic and thermodynamic parameters for the chemical
fixation of CO, with ECH, catalyzed by Mn-CP, were analyzed
by conducting the reaction at 50, 60, and 70 °C. The kinetics
of the reaction between CO, and ECH were studied by
monitoring the concentration of ECH at different time
intervals. The kinetics were evaluated by plotting the
concentration of ECH against time (eq S4). A semilogarithmic
plot (Figures S12—S14) confirmed that the reaction followed
first-order kinetics. The rate constants for the reaction were
determined from this plot and found to be 2.63 X 107° s7/,
227 X 107° 57!, and 1.67 X 1075 s~ at temperatures of 70, 60,
and 50 °C, respectively. These results show the temperature-
dependent nature of the catalytic process, with the reaction
rate decreasing as the temperature lowers. Thermodznamic
activation parameters,”®’’ including enthalpy (AH¥) and
entropy (AS¥), were achieved from Eyring plots (eq S5,
Figure S15). The values for AH* and AS* were 17.28 kJ
mol 'and —283.40 + 5.32 ] mol ™' K™/, respectively. The lower
AH* value for Mn-CP (17.28 kJ mol™'), compared to
previously reported MOFs such as UOW-1 (23.6 kJ
mol™)”” and Zn-MOF (29.3 + 3.75 kJ mol™)®® suggests a
lower kinetic barrier for Mn-CP in the coupling of CO, with
ECH. The negative AS* values indicate an associative
mechanism similar to that observed with other MOFs.®®”’
The activation energy (E,)°** for the formation of 4-
(chloromethyl)-1,3-dioxolan-2-one catalyzed by Mn-CP was

20.5 kJ mol™, indicating a moderate energy barrier for the
CO, fixation reaction (eq S6, Figure S16). The Gibbs free
energy (AG*) was computed from the fundamental
thermodynamics equation (eq S7).”” The values were 108.86
+ 2.1, 111.70 + 2.35, and 114.53 + 242 kJ mol™" at
temperatures of 50, 60, and 70 °C, respectively. The AG*F of
the reactions increases with the temperature (Figure S17),
again indicating a temperature-dependent reaction.

Based on our results and previous reports,®>* 7% we
propose the catalytic cycle for Mn-CP for the formation of
cyclic carbonates through the reaction of CO, and epoxide, as
depicted below (see Scheme 2). Numerous studies have shown
that the Lewis basic and/or acid sites significantly impact the
activation of substrates including epoxides and CO,. In Mn-
CP, the Mn(II) center is coordinatively saturated, as confirmed
by SCXRD. Thus, substrate activation is primarily governed by
Lewis basic sites and dispersive interactions, including
hydrogen bonding.*"** In the initial step, the epoxides are
activated through hydrogen bonding with the free —NH,
group of adenine in Mn-CP (i) and dispersive interactions.
Meanwhile, the interaction between CO, and the CP
framework is governed by dispersive interactions, allowing
CO, to interact weakly with the CP surfaces. Additionally, the
nitrogen atoms in NH, groups and other uncoordinated
nitrogen atoms within the adenine moieties of Mn-CP act as
Lewis basic sites, promoting CO, adsorption. The Br~ from
TBAB undergoes nucleophilic attack at the carbon of the
epoxide from the less-substituted side to generate a
haloalkoxide ((ii) and (iii)). Meanwhile, the NH,/N moieties
of adenine activate CO, molecules by forming a carbamate
intermediate (iii). The haloalkoxide’s nucleophilic attack on
the carbamate intermediate causes the generation of the alkyl
carboxylate (iv). At the end, ring closure (iv) gives cyclic
carbonate (v), simultaneously regenerating both Mn-CP and
TBAB for the next reaction cycles.

Recyclability of Mn-CP. The recyclability of Mn-CP was
examined under optimized conditions using ECH. After each
cycle, Mn-CP was separated from the product via centrifuga-
tion, followed by ethyl acetate and ethanol washing until no
product was detected. Then, the Mn-CP catalyst was dried and
used again for the subsequent cycle. The results show that the
Mn-CP demonstrated consistent performance over three cycles
with no decrease in product yield (Figure Sa). However, there
was a decrease in efficacy in the fourth (82%) and fifth cycles
(71%), likely due to the loss of Mn-CP during the recycling
process. The TON value (Table S7) in each cycle was
determined and found to be almost the same in the first four
cycles (around 49), except for a slight decrement in the fifth
cycle (around 47). The lifetime of the Mn-CP catalyst was
estimated from the cumulative TON and found to be 225. This
indicates that the catalyst can facilitate approximately 225
turnovers over the course of five cycles before its activity
significantly decreases. Despite this decrease in catalytic
activity, Mn-CP maintained its structural robustness over the
cycles. The stability and structural integrity of Mn-CP were
further investigated using various techniques. The recycled
Mn-CP’s PXRD patterns (Figure Sb) indicated that the overall
structure and crystallinity remained the same after catalysis.
Additionally, the FTIR spectra (Figure Sc) of the recycled Mn-
CP closely resembled those of the fresh CP, with no changes in
the characteristic peaks. The Raman spectra (Figure S18) of
the recovered Mn-CP also closely correspond with those of the
as-synthesized Mn-CP, confirming Mn-CP’s structural integrity
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Scheme 2. Proposed Mechanism for Mn-CP Catalyzed Synthesis of Cyclic Carbonates from CO, and Epoxides
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Figure S. (a) Recyclability plot, (b) PXRD of fresh and recycled Mn-

CP, (c) FTIR spectra of fresh and recycled Mn-CP, and (d) EPR

spectra of fresh and recovered Mn-CP.

and stability following the catalytic process. The SEM images
(Figure S19a and S19b) indicated no significant change in the
morphology except for some agglomeration and/or particles
sticking together (Figure S19b). The XPS analysis also
supported the retention of the elemental composition of Mn-
CP after the catalysis studies (Figure S20 and S21). We also

19107

conducted electron paramagnetic resonance (EPR) (Figure
5d) measurements to evaluate the coordination environment
of the Mn-CP after catalysis. The g-factor for the as-
synthesized Mn-CP (2.0038) and the recovered Mn-CP
(2.0039) were found to be nearly identical. This similarity
indicates that the coordination environment of the Mn centers
remains stable throughout the catalytic process. The consistent
g-factors suggest that the geometry and ligand arrangement
around the metal ions are preserved, with no observable
oxidation state or coordination number changes.86 All of these
results collectively confirm the heterogeneous nature of Mn-
CP in the fixation of CO, with epoxides.

B CONCLUSIONS

In this study, we have prepared a novel Mn-CP, [Mn(IPT?")-
(Ade)(DMF)],, using the adenine (Ade)and isophthalic acid
(IPT). As observed from SCXRD, Mn-CP contains uncoordi-
nated nitrogen and free —NH, groups, essential basic sites for
substrate activation. Although it exhibited low CO, uptake, the
high isosteric heat of CO, adsorption confirms strong
interactions between CO, molecules and the CP’s basic sites.
The Mn-CP/TBAB presented efficient activity in the solvent-
free fixation of CO, with epoxides under ambient pressure and
mild temperatures and exhibited moderate to high catalytic
activity for smaller and larger epoxides. However, the
integration of Mn-CP with KCl, KBr, and KI as co-catalysts
significantly inhibited the catalytic activity of Mn-CP, likely
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due to competition from potassium ions for the active sites.
Kinetic analysis revealed that the reaction between ECH and
CO,, catalyzed by Mn-CP, follows first-order kinetics. The
Mn-CP also displays a lower kinetic barrier (AH* = 17.28 kJ
mol™!, E, = 20.5 kJ mol™") and operates through an associative
mechanism, as indicated by its thermodynamic activation
parameters. Notably, Mn-CP’s crystallinity and structural
robustness were retained even after five cycles of CO, and
ECH cycloaddition. Overall, this work highlights the potential
of adenine-based Mn-CP as a promising catalyst for CO,
fixation under mild temperatures and atmospheric pressure
under neat conditions.
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