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ABSTRACT

SYNTHESIS OF NANOPOROUS CARBOHYDRATE METAL-ORGANIC
FRAMEWORK AND ENCAPSULATION OF SELECTED ORGANIC COMPOUNDS

By
Saleh Al-Ghamdi

Cyclodextrin metal organic frameworks (CDMOFs) with different types of cyclodextrins
(CDs) (ie., a, p and y-CD) and coordination potassium ion sources (KOH) CDMOF-a and
(C7HsKO2) CDMOF-b were synthesized and fully characterized. The physical and thermal
properties of the successfully produced CDMOFs were evaluated using N2 gas sorption, thermal
gravimetric analysis (TGA), X-ray diffraction (XRD), and scanning electron microscopy (SEM).
The N2 gas sorption isotherm revealed high uptake into the micropores (330 cmi.gt for y-
CDMOF-a) to macropore (125 cmé.g?! for y-CDMOF-b) structures with isotherm types | and Il
for y-CDMOFs and a-CDMOFs, respectively. The Langmuir specific surface area (SSA) of y-
CDMOF-a (1376 m?.g!) was significantly higher than the SSA of a-CDMOF-a (289 n¥.g!) and
B-CDMOF-a (54 m?.gl). The TGA of dehydrated CDMOF crystals showed the structures were
thermally stable up to 300 °C. The XRD of the y-CDMOFs and a-CDMOFs showed a highly
face-centered-cubic symmetrical structure. An Aldol condensation reaction occurred during the
encapsulation of acetaldehyde, hexanal, trans-2-hexenal, and ethanol into y-CDMOF-a, with a
SSA of 1416 m?.gl. However, y-CDMOF-b with a SSA of 499 m?.g! was successfully used to
encapsulate acetaldehyde. The maximum release of acetaldehyde from CDMOF-b was 53 ug of
acetaldehyde per g of CDMOF, which is greater than previously reported acetaldehyde

encapsulation on B-CD inclusion complexes.
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Chapter 1. Introduction and motivation



1.1 Introduction

The development of novel metal-organic frameworks (MOFs) has increasingly gained
attention in the scientific community because of their unique functionality and high surface area.
MOFs are crystal materials that consist of metallic ions linked to basic organic compounds and
forming one, two, and three-dimensional structures, which can be highly porous resulting in high
specific surface area (SSA). Throughout this work the term linker/s will be used interchangeably
for either metal or organic sites in the MOF structure, but bridging ligands will be used only for
the organic compounds as is the convention. MOFs were initially developed from the basic
understanding and research conducted from zeolites, and gained momentum as highly tailored
surface area structures. Following, a short introduction to MOFs is provided to give insight about

these nowvel structures.

1.2 Metal-Organic Frameworks (MOF)

MOF, on a fundamental level, are new crystal class materials that consist of inorganic
molecules linked to basic organic repeated units. MOFs can be highly porous materials and have
an ultra-high surface area that can cover a football field with only a few grams of MOF. In the
last decade, the development and production of MOF have exponentially increased, and a
massive number of patents and publications have been reported. Figure 1 provides an indication
of the increasing importance of the topic “metal organic framework™ as evaluated by the number

of publications reported by Web of Science from 1999 to 2014.
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Figure 1. Number of publications citing “Metal organic frameworks” in the manuscript as

recorded by Web of Science core collection and retrieved on November, 10th 2014,

The crystallization or synthesis process of MOF combines both organic and inorganic
components. A simple chemistry techniqgue can be used such as vapor diffusion or liquid-liquid
diffusion crystallization to create these complex structures. When the surrounding environment is
suitable, the inorganic ions start to create the linkages between the organic compounds.
Predominantly, the complex does not lose any of its functional groups. For example, the
hydroxide group attached to a potassium ion, forming a complex structure like in CD-MOF

structure, does not separate from the complex. This is the usual situation when there is no



reaction between both elements in the complex. A further step is necessary, which is the
activation of these pore structures to reduce the quantity of water molecules inside the crystals’
pores. High temperature and a vacuum are sufficient to release the water from the nano and
micro-pores. Various activation solvents can be used depending on the structure and its elements,

such as chloroform and methanol. Figure 2 shows two examples of MOF structures.
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Figure 2. Two dimensional structure of both Cu based MOFs, a) HKUST-1 (Copper benzene-

1,3,5-tricarboxylate), b) MOF-101 Cu2[O-Br-CsH3(C0O2)2]2(H20)2,(DMF )g-(H20)..



MOF consists of inorganic-organic hybrid nano-to-micro-porous material similar to the
zeolite structure as shown in Figure 3. MOF clusters are built of metal ions, for example, but not
limited to Ag+, Zn2+, Co2+, Cu+, K, etc., joined by organic structures to form a two-or-three-
dimensional complex structure. The structural properties of MOF are determined by the metal-
organic combination. If the organic linker is flexible, as a result the MOF will experience some
flexibility. The geometry of the organic side will also affect the topography of the produced
MOF [1]. The idea of obtaining a stable structure is the core of MOFs innovations throughout the
past two decades to expand the range of potential applications. The most important features in
the MOF’s structure are the specific surface area (SSA), porosity and cohesion. The structural
unity provides advanced performance and a sustainable structure that does not collapse during a

variety of applications.



Figure 3. Zeolite structure, (red; oxygen and purple; silicone).

Applications of MOF are mainly based on their great storage capacity as one of its many
features that can be used. For example, in the automotive industry for specialized cars, MOF has
been tested for improving fuel storage capacity. In the chemical industry, MOF has been used for
improving catalysis function [2]. Separation and selectivity of air emission gases (e.g., CO2 and
CHs) are promising fields for MOF applications [3]. MOF has also been used in medical research
for making complex structures for pharmaceutical-delivery purposes [4]. Most of these

applications are still in the development phase. Hundreds of research groups around the world
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are trying to produce new MOF structures and innovations that can be used for unique
applications [5]. Currently, one of the main innovations of MOF is based on creating MOF that
can be used in food, polymer, and packaging applications. This development is mainly based on

the use of cyclodextrins (CD).

1.3 Cyclodextrins (CD)

CDs are sugar-based compounds where the molecules are bonded together in a ring or
cyclic shape. CDs are made from starch using enzymatic fermentation. There are three main
types of commercial CDs: alpha (a)-CD has a 6-membered sugar ring molecule, beta (B)-CD has
a 7-membered sugar ring molecule and gamma (y)-CD an 8-membered sugar ring molecule. CDs
are extensively used in drug delivery, pharmaceuticals, chemical industry, environmental

engineering, and agriculture [6].

CDs are synthetized by using enzymes like CD glycosyltransferase (CGTase) [7]. The
starch is liquefied by heat or by using the a-amylase treatment. After the CGTase is added in the
conversion process of a, B or y-CD, CDs a: B: y are produced on specific production ratio for
each specific CGTase enzyme. The separation process of a, B, or y CD depends on the water
solubility where B CD is the least soluble. Chromatography based techniques or the use of
solvents such as acetone or ethanol can be used to separate produced CDs based on the number
of glucose units. Specific enzymes that can produce only one type of a, B, or y CD have been

used by Wacker Chemie AG in the food industry [8].

The structures of the different type of CDs are well defined. Unlike the o, B or y-CD other
CDs with large rings have been reported and are mostly used in laboratory research. CD rings as

large as 39 a -D-glucopyranose units linked 1—4 as in amylose have been developed. The

7



structure of CD has a hydrophobic interior cavity as a doughnut-shape consisted of a ring of C-H
chains and a hydrophilic exterior. This structure provides the ability of CD to host hydrophobic
molecules. However, the primary opening is smaller than the secondary face as shown in Figure
4. The primary hydroxyl side has the ability to rotate closing the primary side, but the secondary

side is relatively rigid (further explanation is given in the literature review).

Secondary Face Primary Face

4
A

Figure 4. Three dimensional structure of CD a) 30° wired frame structure, b) side-view of -CD

illustration (gray; carbon, red; oxygen and white; hydrogen).

CDs have a wide variety of applications in the food, pharmaceutical and other industries.
The ability of hosting other guest molecules in its hydrophobic interior and the hydrophilic
exterior gives CD the ability to deliver an array of chemical compounds. a, B, and y CD are all
classified as generally recognized as safe by the USA FDA [9]. Additionally, CDs can be used to
stabilize volatile compounds, and get rid of off-flavors and smells of food, and increase the

stability of colorants [10, 11]. In the pharmaceutical field, CDs are being used to host small drug
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molecules that fit inside the CD cavity [12, 13]. There has been a very large use of CDs and
many more applications are expected for CDs [14]. CDs have been used to create novel nano-

and-micro CDMOF structures.

1.4 Cyclodextrin Metal-Organic Framework (CDMOF)

CDMOFs are a combination of starch y-CD and earth metal ions such as potassium,
rubidium or cesium [15, 16]. The main advantages of these coordination structures are the high
SSA, new class of porosity, and being edible crystals. This innovation was initially reported in,
2010 [17], and it is gaining popularity among scientists and research groups (see additional
information in the literature review section). The potential applications and environmental
impact of these innovative structures are promising for several industry sectors, which are
focusing on nano-material building blocks and green chemistry as alternative environmentally

friendly substances.

To synthesize CDMOF, in general, one must have a carbohydrate source of CD and the
supporting metal ions. Until now, it has been shown that three plausible ions can be conjugated
with CD (e.g., K, Rb and Cs) as described by reference [17]. A basic chemistry technique to
produce CDMOF is vapor diffusion. Crystallization of the structure is the first process to occur
where the solution contained in a beaker is placed in larger closed beaker containing a volatile
solvent, which allows to evaporate and to create a vapor pressure upon the solution surface. This
pressure is responsible for nucleating the crystalline material within the solution. The vapor
diffusion technique is also used to produce other MOF crystal structures like P1ZA-4 nonpolar
ZnO  framework with zinc-(1l) trans-biscarboxylatetetraarylporphyrin  bridges [18]. The final
step of producing CDMOF is the dehydration process just like for other porous materials.

CDMOF crystals need to be degassed to remove the water residue inside the pores.

9



CDMOFs have very distinguishable and unique structures that vary from other MOFs.
The doughnut-shape CDs are connected with at least four potassium, cesium or rubidium ions in
each face and on the sides. No ions are inside or blocking the CD cavity with this reticular
structure. As a result, the cavity and the pattern of CDMOF expand in a symmetrical manner to

form a reticulate structure. Figures 5 and 6 show a drawing of the formed structure.

Figure 5. Two partial structures of the CDMOF, where seven K* are attached to f-CD, a) ball
and stick, b) space filling (light gray; carbon, dark gray; potassium, red; oxygen and white;

hydrogen). Additional CDs are attached to this K* ions.
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Figure 6. The coordination of K* with d-glucose units in y-CD in both primary and secondary

faces plus one attached functional group (i.e., a) OH-, b) C7HsOx.
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Potential applications of these novel structures can be envisioned in the pharmaceutical,
medical, food and packaging industries. However, chemists might use this novel materials as a
catalyst to obtain other substances. In the case of the food and packaging industry, CDMOF may
be used for carrying or delivering chemical compounds in different systems. Bio-based

multifunctional membranes can be developed using this CDMOF as carrier devices [19].

1.5 Motivation

Due to the high SSA and pore volume of these new CDMOF structures compared with
CD, the objective of this thesis is to synthesize CDMOF and to explore the use of delivering
organic chemical compounds such as antimicrobials and antioxidants from these structures for
different industrial applications. The idea of the MOFs containing heavy metal next to food
hinders the application of MOF in the food and pharmaceutical industries. So, CDMOF may
create a venue for using these structures in these industries. Specifically, the objectives of this

thesis are:

1- Synthetize CDMOF structures based on a, f, and y CD
2- Characterize and determine the properties of o, B, and y CDMOF
3- Encapsulate selected chemical compounds such as trans-2-hexenal, acetaldedyde and

hexanal in CDMOF.

This document is structured in four chapters. Chapter one describes the introduction and
motivation of this work. Chapter two provides a literature review of CD, MOF, CDMOF, and the
properties and characterization of these structures. Chapter three presents synthesis and
characterization of o, P and vy cyclodextrin metal-organic frameworks, encapsulation, and
releasing of aroma compounds from nanoporous CDMOF. Chapter four draws conclusions and

discusses possible future work.
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Chapter 2. Literature Review
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In this chapter, both CD and MOF are discussed in detail. First, sorption isotherms of
different MOFs and similar materials are described. Then, MOFs’ physical, chemical and
structural properties are addressed as well as the synthesis and application of MOFs. Afterward
CDs’ chemical and physical properties are considered. CDMOF will be brought into
consideration to give a sense of this new developed material. Selected organic compounds such

as acetaldehyde, hexanal and both methods of encapsulation and release are briefly discussed.

2.1 Sorption isotherm

The physical and chemical adsorption isotherm is an intrinsic property of any macro-meso
and micropore solid type of material. Porosity in these structures is the reason for the high
specific surface area (SSA). Thus, surface area and pore density can be calculated depending on
how much gases and/or vapors is a material able to uptake into its pore volume. For example,
simple gaseous elements such as N2 and Ar are used to determine non-porous and mesoporous
hydroxylated silica [20]. Physisorption often does not involve reaction, but it occurs between
both adsorbent surfaces and the gas element. Chemisorption usually involve reaction with

substances that at least alter the properties of one of the materials involved [21].

There are several sorption isotherm types described by the International Union of Pure and
Applied Chemistry (IUPAC) [22]. The vast majority of the isotherms give an indication of the
material’s interior topography at constant temperature, for example, sorption isotherm at 77 K
for N2 gas. A theoretical model such as Brunauer, Emmett and Teller (BET) or Frenkel-Halsey-
Hill (FHH) could be used to obtain additional information of a material such as surface area and
pore volume based on the adsorption and desorption behavior of gases. Figure 7 provides a list of

the modern IUPAC classification of adsorption isotherms.
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“Type I:. characterize microporous adsorbent (monolayer adsorption only) with relatively

small external surfaces.

Type |I: describe adsorption on non-porous or macroporous adsorbent with strong

adsorbate—adsorbent interactions (unrestricted monolayer—multilayer adsorption).

Type 1lI: describe adsorption on non-porous or macro-porous adsorbent with weak

adsorbate—adsorbent interactions (rarely encountered).

Type IV: represent adsorption isotherm with hysteresis (associated with capillary

condensation in mesopores).

Type V: represent adsorption isotherm with hysteresis (pores present in the mesopore

range).

Type VI: stepped isotherm (theoretically important, but rarely encountered).” [22]

15
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Figure 7. Modern IUPAC classification of adsorption isotherms [22].

Specifically, the type 1 sorption isotherm can be described according to the Langmuir
isotherm model, or BET model at low relative pressure. Type | is a concave curve to the relative
pressure (P/Po). This curve is obtained when the adsorption is limited mostly to a few molecular
layers of either N2 or Ar gas. Physical sorption isotherm type | is usually an indication of micro-
porous materials when there is large uptake at very low relative pressure. This is because of the
narrow width of the pores and high adsorption potential. Unlike type I, type Il indicates a non-
porous or macro-porous adsorbent, where the curve inflection at low relative pressure is an
indication of monolayer completion (sometimes called point B or the knee); after this point

multilayers start to accumulate in the wide pore opening [21].
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SSA calculations use the low relative pressure section of the sorption isotherm to create a
linear relationship between the relative pressure and amount absorbed. Pore size and volume can
be taken either at low or high relative pressure depending on the porosity needing to be measured
(e.g., macro, meso and micropore range). Pore size or SSA can be estimated from the sorption

isotherm profile for each material.
2.2 Metal-Organic Frameworks (MOF)

One of the significant discoveries and great innovations, in the last two to three decades, was
the creation of MOF structures that integrate both organic and inorganic chemistry. Keskin et al.
reported that the number of publications indicating the term “Metal-Organic Frameworks” in the
topic are about 1,000 ISI papers in 2009 and 2010 [23]. However, the first reported building
block structure, in 1959, was a two-dimensional structure copper | adiponitrilo [24]. This
structure was a diamond-like framework. Still the structure of the two-dimensional MOFs being
produced resulted in a limited SSA of 270 m?.g1; an example of that is MOF-2 [25]. A structure
of a three-dimensional building block, for instance, MOF-5 was published in 1999 by Li et al.
with a SSA of 2,900 m?.g1. It was made from organic struts of terephthalic acid and zinc oxide

joints [26].

Since 1999 innovations of MOFs attracted scientists’ attention. A timeline of the most
remarkable MOFs’ structures, and their SSA is provided in Table 1. Until now, a complete
system to name MOF structures has not be produced. So, MOF’s names can depended of the
group that produced them. An extended structure of MOF-5 was reported [27]. Chae et al.
showed that the MOF-177 ZnsO(1,3,5-benzenetribenzoate). has the second highest surface area
of around 5,000 n?.g?l [28] after the discovery of MOF-5 and new type of MOF named (MIL-

100) consists of 1,3,5-Benzoltricarboxylate [29]. A chromium terephthalate-based structure MIL-
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101 was reported in 2005 by Férey et al. that has a SSA around 5,900 m?.g! [30]. Furukawa et
al. reported a MOF-201 consist of BTE/biphenyl-4,4’-dicarboxylate (BPDC) that has a surface
area of 6,240 n?.g? higher than the previous MIL-101 [31]. The last reported surface area, and
probably the highest among all new MOF crystals, was for the NU-100 almost 7,000 m?.g! this
was named after the location of the group that produced these MOFs, Northwestern University
[32]. All the SSA were reported using the Brunauer—Emmett-Teller (BET) model as shown in

Table 1.

18



Table 1. Developed MOF and their SSA and pore volume.

Year MOF name BET surface area  Pore volume Reference
(m?.g) (cm®.gt)

2005 MIL-101 4,230 2.15 [30]
2007 MOF-177 4,750 1.59 [33]
2009 UMCM-2 5,200 2.32 [34]
2010 MOF-210 6,240 3.6 [31, 35]
2011 DUT-23-Co 4,850 2.03 [32, 36]
2012 NU-110E 7,140 4.40 [32]

2.2.1 Structure

MOF, as the name indicates, is a chemical structure that depends on organic substance
bridges and metal ion linkers [37]. However, these porous materials have open interior sides, and
as result small molecules can penetrate in and out without any difficulties. The larger molecules,
in contrast, would not have a chance to diffuse across the structure because of the small pore
opening that does not exceed a few nanometers. For instance, protein molecules are somewhat
larger than the opening pore size dimensions of early-developed MOFs, and it is hard for large
molecules to penetrate and to diffuse through the pores. Bigger pore sizes are possible at the

right conditions, for example, Mg-MOF-74 [38].
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2.2.2 Physical Properties

Physisorption is one of the remarkable features of the MOFs, which depends on the SSA and
pore sizes. For example, separation of methane (CH4) from a carbon dioxide (CO2) mixture was
reported by Britt et al. using Mg-MOF-74 [39]. Gas capture and storage is also one of the
utilities that the MOF can provide CHs4 and CO: emision captured by MOFs have been
extensively studied. Most MOFs follow a type | adsorption isotherm, sometimes named
Langmuir isotherm [40], unlike other materials such as activated carbon or zeolite which follow
a type Il sorption isotherm. MOFs provide full functionality when they are activated and the
pores are free of guess compounds like water molecules. Most MOFs are thermally stable up to

300 °C [41].

Optical properties of the MOFs have been investigated by several researchers. Ferroelectric
MOF like (L)-N-(4‘-cyanobenzy)-(S)-proline with CdCl. was developed by Ye et al. and they
reported a high dielectric constant [42]. Allendorf et al. claimed that MOFs have luminosity from
their building blocks, structure and metal ions [43]. Color changes sometimes are an indication
of sensory properties such as CO: adsorption. For example, MOF-505 with linker biphenyl-
3,3',5,5'-tetracarboxylic acid and metal Cu2(CO2)4 change from blue-green to light blue after

dehydration [44].

2.2.3 Chemical Makeup
From a simple chemistry point of view, crystallization techniques are used to build or link
molecules by strong bonds or what is so called reticular chemistry.  This crystallization

methodology depends on the functional groups being crystallized or the basic materials of the

MOF. Vapor diffusion is one of the main techniques being applied to create pure crystals. A
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study reported by Li and co-workers in 1998 used slow vapor diffusion at room temperature to

grow Zn(BDC) (BDC= 1,4-Benzenedicarboxylate) MOF [25].

The MOFs development process is unlike other chemical process since all functional groups
within the primary materials remain in the MOF structure. The structure backbone would still
hold each functional group in the right position within the structure. This is the ideal situation,
but not in reality. The real distribution for functional groups can be heterogeneous or
homogeneous depending on the functional groups attached to the structure. Kong and colleagues
provided a solution for the small, random, and alternating heterogeneous cluster functional
groups within the multivariate MOF (MTV-MOF-5) using solid-state nuclear magnetic
resonance (SSNMR) [45]. They showed a 400% improvement in selectivity of CO2 by mapping

the arrangement of the finctional groups within the MOFs’ pores.

Tranchemontagne et al. showed a wide variety of transition-metal carboxylate clusters that
could be secondary building units (SBU) for MOFs, for example, Cr, Mg, Cu, Zr, Ag, and Fe
[46]. There are various possible combinations described depending on the bonds’ points of these
metal from three up to sixty six points. For example, Zn, C and O make a triangular SBU
structure [47]. CO2, C, O, and ClI create an octahedron structure [48], last but not least Fe, C, and

O create a hexagonal structure [49].

The chemistry of the MOF has improved beyond the humankind expectation knowing other
similar porous materials such as carbon black and zeolites due to their unique high SSA. Since
MOFs have an open-wall structure, they could facilitate the release of medication; however,
MOFs’ matrix degradation and the presence of the coordination of heavy metals might represent

a concern for human consumption or, in general, the field of drug delivery [50].Literature
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information regarding the use of MOF in food chemistry and other human related applications is

very limited.

2.2.4 Synthesis

MOFs can be synthesized using slow crystallization technique. Crystallization starts
whenever there is saturation of the material in the solution. After that nucleation occurs very
slowly. There are several crystallization techniques such as liquid-liquid diffusion, slow cooling,
slow evaporation, and vapor diffusion. Vapor diffusion, which has been used intensively in MOF
synthesis, depends on the solubility of the raw materials in the solution, their boiling point and
the surrounding temperature. The solution must be placed into a higher vapor pressure solution
and allowed to create pressure on the solution to start nucleating [26]. Yaghi et al. synthesized a
number of MOFs (IRMOFs) using a method called solvothermal when a source of metal cations
and the organic linker dissolved together. In closed wvessel the solvent is heated to a
predetermined temperature [51]; this method takes between one and seven days. A two-
dimensional MOF structure was produced by hydrothermal synthesis in several days [52]. Also,
a solvothermal method can produce MOF crystals in only 12 h [2, 53]. Liquid diffusion was used
to produce homochiral MOF in two days [2], rather than using solvothermal method to produce
homochiral MOF [54]. For rapid production, a special microwave solvothermal method can

produce MOFs such as IRMOF-1, 2 and 3 in a few minutes [55].

2.2.5 Applications

Gas separation, selectivity, sensitivity, and purification have been the main focus of some
researchers for developing MOFs [56, 57]. Capturing air emissions is one of the trending topics
tackled by MOF. Emissions such as CO2 and CHa have been controlled by MOF [26, 58]. Due to

the large SSA of the MOFs, much larger than activated carbons, silica gels, and zeolites, MOFs
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are promising candidates for gas storage and separation. A review done by Li et al. showed that
gas storage, selectivity (adsorption and separation), catalysis, magnetic properties, luminescence
and electronic properties are about half of the researchers’ interests in MOF. Harbuzaru et al.
showed the sensitivity and magnetic properties of lanthanide-based porous MOF (Ln-MOFs),
which are considered to have photoluminescence properties [59]. On the other hand, Corma and
co-workers  showed the  potential  catalytic  propertes of MOF  such  as
hydrogenation/isomerization [60], cyanosilylation of aldehydes [61], oxidation of alcohols [62]

and Knoevenagel condensation [63-66].

Inclusion and uptake in the pores of the MOF take different approaches. Alkordi et al.
reported that the (In-imidazoledicarboxylate)-based RHO-ZMOF is suitable to uptake cationic
free-based porphyrin to function as a catalytic material [67]. In drug delivery, there is potential
use of MOFs such as MIL-53, MIL-88, MIL-101 and MIL101 that are suitable for carrying drugs
such as busulfan, azidothymidine triphosphate, doxorubicin, or cidofovir as reported by
Horcajada et al. The study showed a fair amount of release during the first 5 d for
azidothymidine triphosphate AZT-TP in MIL-100 [68]. Another study reported by Horcajada et
al. showed an interesting delivery system for ibuprofen around 20 % inside MIL-53 iron and

chromium based MOF [69].

2.3 Cyclodextrin (CD)

CD is a starch based substance. The history of CD started in early 1891 when three grams
were isolated from a large batch of starch. Twelve years later Schardinger reported the first
fermentation of B and y-dextrin as they were called then. The authors claimed that the bacteria
would produce 25 — 30 % of crystalline materials, and they looked alike. Szejtli reported in his

book that there were four periods of the CD development [70]. The first period started from
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1891, when the first publications were reported until the 1930s. The second period was from the
1930s to the 1970s when some structural development, enzyme modeling and properties
development were studied. The third period was from the 1970 to 1988 when there were at least
up to this point 750 patents for different applications of CDs. Finally, the fourth period started

right after 1988 when new development of CD was conducted [71].

In 1989, Schmid reported large-scale production of the enzyme cyclodextrin
glycosyltransferase (CGTase). The author expected a worldwide increased demand for CD
because of the affordable production cost and high acceptability in society [8]. Szejtli also
reported that by 1998 more than 15,000 peer-reviewed papers were published [70]. As the
number of publications increased, the number of applications rose [72]. Saenger explained that
plausible applications for CDs are in food processing, pesticides and pharmaceuticals [73]. In
1996, Szejth reported that the market of CDs is distributed at 73 % for food and cosmetic
products, 15 % for pharmaceutical industry, 10 % for chemical industry, and 2 % for pesticides
and analytical chemistry components [74, 75]. Russell suggested that new research should be

conducted to develop new applications for CD and its derivatives [76].

2.3.1 Structure

The structure of the CD starts from the carbon-to-carbon atomic bonds in a glucose unit. The
primary hydroxyl groups are located on the first face of the CD’s structure. The secondary
hydroxyl groups are located on the secondary torus. The interior cavity of the CD’s ring contains
C-H groups, glucosidic oxygen and also C-H groups. Thus, the interior torus has high polarity
compared to water. The primary hydroxyl groups have the capability to rotate, but the secondary

face has somewhat rigid chains that cannot move [77].
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The molecular weights for the o, B and y-CDs are 972, 1135 and 1297 g.mol!,
respectively, where the cavity diameters for o, p and y-CDs are 0.47-0.53, 0.6-6.5 and 7.5-8.3
nm; numbers are for the primary-secondary faces, respectively. The height of the torus is the
same for all three CDs 0.79 nm. CDs do not have a well-defined melting temperature, but they
all decompose after approximately 300 °C. The solubility in water at 25 °C (%, wi/v) differs; the
B CDis 1.85 o CD is 145 and y CD is 23.2 (%, w/v) as shown in Table 2 [6]. Also, Figure 8

shows the y CD interior and exterior dimensions.

The type of alignment differs in bulk CD molecules and there are at least three clear
positions that the CD can be found in. One of the main and first positions is the stacked CD when
the molecules of CD are packed on top of each other and form a channel along the CD cavity.
This channel can be head-to-head (primary to primary face) or tail-to-head (secondary to primary
face). The other position is herringbone; that is when molecules are not in order, and this is the
most common situation. The brick alignment is also another shape of the bulk molecules in CD

[78].
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Table 2. Structural properties of a, B and y-CD.

Property o-CD p-CD y-CD
Number of glucopyranose units 6 7 8
Molecular weight (g/mol) 972 1135 1297

Solubility in water at 25 °C (%, wiv)  14.5 1.85 23.2

Outer diameter (A) 14.6 15.4 17.5
Cavity diameter (A) 4.7-5.3 6.0-6.5 7.5-83
Height of torus (A) 7.9 7.9 7.9
Cavity volume (A3) 174 262 427
1.69 nm
0.95 nm oy >
/ 2nd Face

Hydrophobic interior
0.78 nm

44— Hydrophilic exterior

1:tFace

Figure 8. Schematic illustration of y-CD.
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2.3.2 Physical Properties

The physical properties, as indicated in the structure section, are known for the four types of
CDs, o-CD, B-CD, y-CD, and 5-CD. First, regarding the thermal properties of CD, the B-CD is
the most thermally stable CD with a thermal decomposition above 300 °C. The y-CD is the
second stable CD before the a-CD, which starts to deteriorate at almost 300 °C, and the second
about 280 °C, respectively. The melting points for the a-CD, B-CD, and y-CD are 57.2, 74.6 and
67.1 °C, respectively [79]. a-CD, B-CD, and y-CD easily dissolve in water in large quantities as
indicated in Table 2, but the B-CD has the lowest solubility in water as shown Table 2. Solubility
at high temperatures is more likely to happen than at low temperatures for almost all CD types

[71].

In general, the CD inclusion needs prior activation to decrease the amount of H.O molecules
in the inner cavity. The crystal formation in water for the o-CD is hexagonal, B-CD is
monoclinic, and y-CD is quadratic as described by Szejtli [71]. It should be noted that the
thermal properties differ in the p-CD and the y-CD depending on the drug included in the
complex [80]. Thus, physical changes to the CD and encapsulation of certain chemical
compounds change the chemical properties either when the complex is bonded or being mixed

together.

2.3.3 Chemical Properties

CD is a cyclic oligosaccharide consisting of a-(1,4) linked glucopyranose [6]. Figure 9
represents the CD structure of a, B, and y-CD and the functional groups. a-CD consists of 6
glucose units, B-CD has 7 glucopyranose units, y-CD has 8 glucopyranose units, and 6-CD has 9
units of sugar ring molecules [81]. Guest molecules in the interior cavity of CD can be included

by non-covalent interaction forces (e.g., hydrogen bonds or Van der Waals forces) [82, 83]. The
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glucose units are linked together with a-(1,4) bonds as shown in Figure 9. Connors wrote that

cyclic structure can also imposed significantly conformational mobility [84].

Figure 9. CD and functional groups of a) a-CD, b) B-CD, and c¢) y-CD, respectively. Circles

around the structure present 3D spheres and dimensions.
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Van Etten et al. in 1996 showed that the polarity of the y-CD cavity is very similar to
dioxane [85]. The composition of the CD chemical structure is 44.45 % C, 6.22% H and 49.34%
O atoms calculation is in the appendix. All CDs share this number because the nature of this

composition.

CD has very limited rotational movement around the glucosidic links. The glucose is a
very rigid bridge, but the hydroxyl group can rotate around the direction of the two carbon bonds
as illustrated with blue arrows in Figure 9 (c) [86]. Manor et al. reported that conformational
alternation in the CD complex must be considered in the inclusion process [87], for example,

alternation could be done by elevated heating.

Tanaka et al. studied CD involved in a reaction process of a gas-solid halogenation and
hydrohalogenation for the production of ethyl trans-cinnamate [88]. B-CD was also used in the
liquid-solid system reaction in Br2/CCls solution for the reduction of ketones [89]. Takahashi in
1998 described the organic reaction of the CD as two types; one involves an effect in a covalent
bond and the other one happens in the hydrophobic cavity. The first type is called a Michaelis-
Menten reaction. The second type does not involve the CD in the reaction, but the CD helps the

reactant to undergo another step in the reaction [90].

2.3.4 Applications

The first application reported using CD was drug delivery through inclusion complexation
[91]. Pharmaceutical and biomedical uses of delivering the guest molecules is referred to as
inclusion complex of CD. Manakker et al. described CD as a component with unique
physicochemical properties [92]. Mabuchi et al. reported the use of CD in the food and flavor

industry [93]. Since CD is a starch based substance, it can be used as a food ingredient [94]. CD
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was also used as a catalyst changing the anisole with HOCI reaction [95]. Baudin et al. proved
that the CD can eliminate environmental emissions using inclusion of both (—)-geosmin and (+)-
2-methyl-isoborneol [96]. Lemon oil flavors were also encapsulated in inclusion complex in f-
CD using a paste method as reported by Bhandari et al. [97]. Marques suggested that all those
volatile compounds were encapsulated through non-covalent bonds in the cyclodextrin cavity
[98]. A natural anti-microbial volatile compound hexanal was encapsulated in B-CD by Almenar
et al. to prevent post-harvest microbial growth. Finally, B-CD was used as a nucleating agent

with poly(lactic acid) (PLA) in polymeric materials [99].
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Figure 10. Research fields reported on 39,738 CDs peer-review publications reported by Web of

Science since 1999 (retrieved November, 15th 2014).

2.4 Cyclodextrin Metal-Organic Frameworks (CDMOF)

CDMOFs are a new class of crystals, developed from natural based components earth metal
cations potassium linked y-CD [15]. This coordinated structures were named CDMOF where the
first two letters is the abbreviation for cyclodextrins, and the last three is the abbreviation for
metal organic frameworks [16]. CDMOFs can be obtained from food-grade substances
accomplishing safe material, unlike coordination with heavy metal substances such as Cu?*,

Zn?*, etc [17]. CDMOF’s properties are very unique among other MOFs, hence, they may
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specifically be used in the food or drug related applications. One of the main components in
CDMOF is CD, which has some advantages of potential utilization, in pharmaceuticals, post-

harvest and advanced materials application [71, 100], as previously described.

2.4.1 Structure

The structure of the CDMOF consists of y-CDs rings linked by potassium ions either from
the KOH or C7HsKO:2 source. The organic source of this MOF is the eight-member glucose units
of the CD. This CDMOF has open walls and a large cavity compared to CD alone. The CD
primary face is connected by K* ions to the secondary face of other CD molecules. Repetitive
units are formed in a long reticular manner that extends the SSA and affects the pore volume.
The K* links are stable and still linked to their functional groups without any change in both CD
and potassium source structure. Small functional groups like hydroxyl and large ones like

benzene ring can be attached to the structure in the vapor diffusion technique.

2.4.2 CDMOF Properties

CDMOFs have been reported to have small cubic crystals that are thermally stable up to 275
°C. Nitrogen uptake in the CDMOFs has been reported, which indicates that these crystals have
high microporosities. The theoretical calculated pore density was 0.56 g.cnv3. The reported
surface area was about 1,220 m?.g! [17]. These new types of CDMOF have the ability for
information storage and working as resistive random-access memory RRAM where the elements
can be stored, read and erased [101]. CDMOF also has electrochemical sensitivity for CO2 and
the capability of sensing the CO: concentration [102]. A safe use of this CDMOFs in a high

school chemistry laboratory experiment has recently been claimed [103].
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2.5 Potential Organic Compounds for CDMOF Encapsulation
2.5.1 Acetaldehyde

Acetaldehyde is a complex compound naturally occurring in fruits, and it has several
pathways of reactions to be formed from ethanol or other chemical compounds [104]. Studies
have been reported in post-harvest applications for fruits using acetaldehyde as a defense
mechanism against diseases [100]. However, acetaldehyde in various concentrations has been
tested to reduce the rot of fresh fruits. Most of the time and because of its nature, acetaldehyde
showed significant impact on black and grey molds resulting from R. stolonifer and B. cinerea ,

respectively [105].

2.5.2 Trans-2-hexenal

Trans-2-hexenal has a green leafy odor and a molecular weight of 98 g mol* [106]. It can
have different acidity levels depending on the formation process. Also, trans-2-hexenal can be

produced as follows:

Enzyme/0; £AD)
Linolenic acid — = cis-3-hexenal —— = trans-2-hexenal (leaf aldehyde) «——— = trans-2-hexenal

*Alcohol dehydrogenase (2).

Figure 11. Reaction pathway for the biosynthesis of trans-2-hexenal.

Biosynthesis of trans-2-hexenal happened in chloroplasts from Thea sinensis [107]. This is
showing that the trans-2-hexanal can be produced using bio-based process and different natural
reaction pathway. There are some applications for trans-2-hexenal where it can be used as

antimicrobial compound incorporated in polymers. A recent study reported that the trans-2-
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hexenal can be encapsulated into B-CD and incorporated into a poly(lactic acid) matrix by
extrusion and casting [108]. Other studies showed that the inclusion complexes of trans-2-
hexenal in B-CD were effective in reducing the activity of fungi A. solani, B. cinerea, C.

acutatum, Penicillium sp., and A. niger [109].

2.5.3 Ethanol

Ethanol is used in many applications like alcohol-based hand gels [110]. Also, it is
commercially available as an anti-mold product using ethanol release “microencapsulating food-
grade ethanol” for bakery products with high water activity to avoid mold growth and extend
product shelf life. Freund Industrial Co Ltd, designed packet that contains 55% silica gel and 35

% ethanol by weight under the trademark Ethicap® used for active packaging [111].

2.5.4 Hexanal

Measurement of the hexanal concentration can be an indication of meat quality as reported in
several studies [112-114]. On the other hand, hexanal at a concentration of 2 ppm showed an
excellent reduction of fungal growth, while at 4 ppm hexanal concentration totally prevented the
fungal activity of B. cinerea at 23 °C. Also, there were special effects on the colony lengths by
the hexanal encapsulated into the p-CD [115]. Hexanal (CeH120) boils at 130 °C and has a
molecular weight of 100 g.mol!. It has been shown that hexanal can be used to significantly
extend the shelf life of apple slices at low temperature in modified atmosphere packaging (MAP)

[116].
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Table 3. Common properties of the organic compounds used for encapsulation.

Properties/compound  Acetaldehyde Trans-2- Ethanol Hexanal
hexenal
Boiling point °C 20.2 47 78 130
2-D Structure o] 0

g SN I
SEPSPNPN

HsC”™ "H H;C = H H—?—Cl'i—o HiC H
H H

Formula C2H40 CsH100 C2HsO CsH120
Molecular weight g 44 98 46 100
molt
Density g cm3 0.784 0.846 0.789 0.814

2.6 Encapsulation of organic compounds

For food science professionals, flavor and sustainable natural components are the main focus
to enhance food safety and quality [117]. For the chemical industry, catalysis are used to
improve the reaction rate or lower the activation energy of chemical reactions [118]. For the
pharmaceutical industry, drug delivery of non-stable chemical drugs is a large challenge [119].
So, the development of inclusion complexes where volatile and non-stable organic compounds

are encapsulated for further release is of paramount interest for all these industries.

Development of B-CD inclusion complexes has been a large area of development for
chemical’ compounds delivery. For example, Veiga et al. prepared a blend of Tolbutamide (1-

butyl-3-(p-tolysulfonyl) urea (TBM) (1:1) with B-CD for improving TMB bioavailability. The
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process first started with kneading the mixture to ethanolwater solution (3:1) and drying at 40
°C. The solution then was frozen for 24 h. The solid quantity was washed and dried. Three
methods were used in this study; kneading, freeze-draying, and coprecipitation methods [120].
Almenar et al. prepared an inclusion complex of hexanal and B-CD in distilled water with
different concentration. The hexanal and B-CD paste was dried for 24 h at 40 °C. The authors
claimed that the maximum amount of hexanal encapsulated in B-CD complex was 1.40 ppb, and

the release was effective against the growth of fungi [100].
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Chapter 3. Synthesis and characterization of a, p and y-CDMOF and Encapsulation and
release of acetaldehyde from CDMOF
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3.1 Introduction

Cyclodextrins (CD) are enzymatically made from a starch base, synthesized using CD
glycosyltransferase enzymes, which can produce o, B, vy, and 6 CD forms [77]. a, B, and y are
commercially available, but not 6-CD. The numbers of glucopyranose units are well defined for
a=6,p=7 v=28and & =9 units. As results, the molecular weight of CDs will vary from 972
for o to 1459 g.mol! for 5, and the solubility in water of 14.5 ¢/100 mL for a to dissolve for &
CD. The cavity diameter is the largest for the & and smallest for the o CD. The hydrophilic
exterior and hydrophobic interior of the CD facilitate all types of CD usage in a number of
commercial applications in the food, pharmaceutical and chemical industries [121]. CDs are used
for a variety of applications such as preventing or stabilizing oxygen or light-sensitive
substances, improving the solubility of chemical substances, protecting different substances from
being consumed by living microorganism as a protection shelll and as a carrier for

pharmaceutical compounds [6, 94, 108, 115, 122, 123].

Metal-organic frameworks (MOF) are a new class of coordination polymer of metal ions
linked by organic molecules [37]. MOFs are well known for their gas sorption, separation,
selectivity and sensitivity due to their large specific surface area (SSA) [25, 26, 28, 53]. The SSA
is one of the main properties of the MOF structure, for example, MOF-210 has a Langmuir
surface area of 10,400 m2.g! [31]. Porosity in MOFs may vary within the same materials ranging

from meso/macroporous to nanoporous [27, 124].

The structural properties of MOFs are unique among other chemical organic and inorganic
structures such as zeolite and activated carbon [125]. With a three-dimensional solid structure,
MOFs are capable of hosting guest molecules such as Hz, CO2, N2 and CHs4 [126]. The MOFs

symmetric structure allows the guest molecules to penetrate in and out of their cavities [127].
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CD has been recently used in coordination with earth metal ions (e.g., K*, Rb*, Na*, and Cs*)
to produce CDMOF [15]. Two practical applications were made possible by y-CD and RbOH
coordination, called CDMOF-2. The first application was the electrochemical sensitivity for CO>
and the capability of sensing CO2 concentration [102]. The second application of CDMOF-2 was
information storage and working as resistive random-access memory (RRAM) where the
elements can be stored, read and erased [101]. CDMOF has a suitable structure for a number of
applications such as organic compound and drug delivery [128]. Understanding the CDMOF
crystal structure is the first priority before using CDMOF in new applications. To the best of the
authors’ knowledge, no extensive characterization and understanding of producing CDMOF
coordinated with different CDs and potassium hydroxide KOH or potassium benzoate C7HsKO>

have been carried out.

The main objectives of this study were to synthesizz CDMOF from a, B and y-CD with the
coordination of both potassium hydroxide (KOH) and potassium benzoate (C7HsKO:), and to
characterize the surface area, pore volume and size, thermal stability, and crystal structures of
these CDMOF structures. Also, study was to encapsulate organic compound like acetaldehyde in
the CDMOF nanostructure, and examine the release kinetic from CDMOFs’ pores. Aldol
condensation also was studied due to the functional group side reaction with other organic

compounds.
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3.2 Materials and Methods

3.2.1 Materials

a, B and y-CD (purity > 99%, food grade) were obtained from Wacker Chemical Corporation
(Adrian, MI, USA). KOH pellets (ACS reagent, purity >85%), and C7HsKO2 were purchased
from Columbus Chemical Industries, Inc. (Phoenix, AZ, USA). Anhydrous methanol (purity >
99.8%) was purchased from Sigma-Aldrich Corp. (Saint Louis, MO, USA). Distilled and
deionized water was purchased from Avantor Performance Materials (Center Valley, PA, USA).
Acetaldehyde (purity >99%, FCC), trans-2-hexanal (purity>95%, FCC, FG), ethanol absolute
(200 proof) molecular biology grade and Hexanal (purity > 98%) were purchased from Sigma-
Aldrich Corp. (Saint Louis, MO, USA). All the materials were used as received unless otherwise

indicated.

3.2.2 Synthesis and Activation of CDMOF

A main method to synthesize CDMOFs is describedl by Smaldone et al., 2010 [17]. A ratio
of metal ion source and organic compound of 8 mmol:l mmol was used. a, p and y-CD 1.30 g
and 0.45 g of KOH were dissolved in 20 mL of deionized water and labeled in this work as o,
or y-CDMOF-a. When C7HsKO2 was the coordinating ion source, the amount of a, B or y-CD
was 0.25 g and 0.26 g of C7HsKO2 and labeled as o, B or y-CDMOF-b, and diluted in 5 mL of
deionized water. The solution was stirred for 6 to 8 h at 500 rpm. A slow vapor diffusion method
was used to produce the CDMOF crystals. The a, B or y-CD and KOH or C7HsKO2 solution was
placed in a small 80 mL beaker, which was then placed in a bigger 500 mL beaker containing 50
mL of methanol. The 500 mL beaker was sealed with Parafilm to allow the methanol vapor
diffusion to take place for three to seven days. After the CDMOF crystals were produced in the

solution with average yield of 1.25 g for the CD and KOH and 0.30 g for the CD and C7HsKOz,
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they were activated. The crystals were washed with methanol and filtered before activation. The
methanol-washing step was to remove additional potassium ions unlinked to the structure. The

crystals were placed in a vacuum oven at 4 kPa (30 mmHg) at room temperature for 10 h and
then the temperature was increased to 45 °C for an additional 12 h under the same vacuum

pressure 4 kPa. Figure 12 illustrates the production and activation processes.

A. Crystals production Sealed using

of Parafilm Washing with Methanol
130 gKOH 20 mIH,0 045 gy-CD yield =125 g of crystals

e

3-7 d Growth time = 5,

| aen
condition "
°|,- 50 ml Methanol
tirrmg 6-8h 30 rpm
1. Sturing 3. Filtration

E. Activation procedure d

! ! Soaking 3

| days in

! methanol
45°Cfor1i2h 25°Cfor 100

6. Vacuum Oven 5. Vacuum 4. Soaking

Figure 12. y-CDMOF-a growth and activation procedure.

41



3.2.3 Surface area and pore size

The gas sorption experiment was conducted using an iQMicropore-XR (Quantachrome
Instruments, Boynton Beach, FL, USA). The surface area, pore sizes and diameter were
calculated using the Brunauer-Emmett-Teller (BET) [129], and Langmuir methods. A 5 mg
weight sample of each synthesized a-CDMOF-a, B-CDMOF-a, y-CDMOF-a, a-CDMOF-b, -
CDMOF-b, and y-CDMOF-b were dehydrated at the following conditions; 10 h of vacuum
pressure at 0.133 kPa (1 Torr) at 25 + 0.1 °C, and followed by heating at 45 °C for 12 h under
the same pressure. The specimens were then transferred to the sorption station where the N2
adsorption took place at 77.3 K and N2 gas sorption at a relative pressure varies from 10-° to 0.99

[21].

The BET SSA for CDMOFs was calculated using the following equation;

1 1 C—l(F

= —]..(31
WmC+WmC PD) (3-1)

W[Pﬂu— 1]

where C is the BET constant, W is the adsorbed weight, 1/, is the weight adsorbed in a
completed monolayer and P/Po is the relative pressure. The Langmuir surface area was

calculated using the Langmuir theory for the concave isotherm toward relative pressure P/Po:

where K is the Langmuir equilibrium constant. The SSA was calculated as shown in equation

3.3.

W NA,
:l’= M

.. (3.3)
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where S,,N,,and A, are the total surface area, number of molecules and cross section area of

adsorbate, respectively, and M is N2 molecular weight.

Micropore volumes were calculated at a radius of 2 nm and relative pressure 0.5 P/Po,
whereas total pore volumes were obtained at the relative pressure P/Po =0.99. Because the
sorption isotherm is not truly horizontal at high relative pressures (Figure 7) type | microporosity

and mesoporosity were reported and calculated by equation 3.4 and 3.5;

v, = (3.4)

The total pore volume was calculated as the sum of the micropore and mesopore volume
Total pore volume = Micropore volume + Mesopore volume ...(3.5)

where Vp is the total pore volume, Wa is the adsorbed amount (grams of fluid to specimen

amount in grams), and g, is the fluid density.

3.2.4 Thermogravimetric Analysis (TGA)

Evaluation of the thermal stability of a, p and y-CDMOF-a and b crystals was conducted
using a TGA model 2950, from TA Instruments, New Castle, DE, USA. A sample weight of 5
mg activated o, B and y-CDMOF-a and b was used. Samples were heated at 10 °C.min't from 25
+ 0.1 to 450 °C. The data were collected and analyzed using Universal Analysis software version

2000 from TA Instruments.

3.2.5 X-Ray Diffraction (XRD)

The a, B and y-CDMOF-a and b activated sample crystals were examined using a Bruker D8
advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) radiation of Cu Ka
(A=0.154 nm) at 40 kV, 40 mA, and 1.2 mm beam incision, and 2.0 mm detector slit [130], over
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the range 3 to 40 ° with increments of 0.02°. Very short wavelengths from 0.005 to 10 nm and
high energy x-ray diffraction were used to identify the d-spacing between structure layers at a

specified angle as specified by Bragg's law (3.5);

nd = 2dsin @ ... (3.6)

3.2.6 Fourier Transform Infrared (FTIR)

CDMOFs samples were examined using an FTIR spectrophotometer model Prestige-21 from
Shimadzu Scientific Instruments, Columbia, MD, USA. The surface reflection technique or
Attenuated Total Reflectance (ATR) mode was used with an ATR MIRacle™ Single Reflection
(PIKE Technologies, Inc., Madison, WI, USA) accessory. The wavenumber range was 600 to

4000 cm! for 60 scans.

3.2.7 Scanning Electron Microscopy (SEM)

Activated o, B and y-CDMOF-a and b crystals were, first, mounted on aluminum stubs (SPI
supplies, West Chester, PA, USA). CDMOF samples were coated with platinum approximate
thickness 8 nm on the surface. Specimens were examined using a JEOL JSM 6410LV SEM
instrument (tungsten hairpin electron emitter) scanning electron microscope (JEOL Ltd., Tokyo,

Japan).

3.2.8 Encapsulation and Release Method

Encapsulation was carried out after the activation process of y-CDMOF-a and b. First, 1 g of
activated y-CDMOF-a or y-CDMOF-b was placed in a small aluminum pan that was placed in a
1,960 mL glass jar. Acetaldehyde (1 mL) was injected to the jar and placed into a PTC-1
Temperature Cabinet at 25 0.1 °C with a controller device from (Sable System International,

NA, USA). Acetaldehyde was stored in a conventional refrigerator at 5 °C prior to injections.
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The injections were carried out using a microsyringe that was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The glass jar was sealed with a metal screw cap for an incubation time of 24 h

in the chamber to insure the acetaldehyde penetration in the y-CDMOFs voids (Figure 13).

a) Encapsulation b) Release
] [ Headspace
1 mL of concentration
Acetaldehyde measured at 1. 2, 3.
4,5, 6,and 24 h
Crystals
24 h transfer in
incubation | CDMOF clean jar CDMOF
— - T

S~ N

Temperature 25°C

Figure 13. Acetaldehyde a) encapsulation and b) release method.

Determination of release amount of acetaldehyde from encapsulated y-CDMOFs was
conducted by transferring the crystals to a new 1960 mL glass jar. The acetaldehyde
concentration in the headspace was measured at 25 +0.1 °C. A gas chromatographer (GC), from
Hewlett Packard GC 6890, CA, USA, with a flame ionization detector (FID) and a HP-5 column
dimension 30 m x 0.32 mm x 0.25 um, was used to determine the headspace concentration for
acetaldehyde release in the glass jar. An airtight gas micro-syringe was used to extract 0.25 uL
from the jar headspace through a rubber septum and injected into the GC. Figure 13 shows a
schematic of this experiment. 25 uL samples from headspace were injected to the GC in 1, 2, 3,
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4, 5, 6, and 24 h. The GC setting conditions were as follows; oven temperature inttially 80 °C for
2 min, and increased to 200 °C at 10 °C.min"t. The detector and the inlet temperatures were at
240 °C. A calibration curve between 50 to 500 ul/L of acetaldehyde concentration was
constructed at temperature of 25 + 0.1 °C with adjusted R-square= 0. 990. Samples were tested

in triplicate.

3.2.9 Color Measurements

Encapsulated y-CDMOF-a and b specimens were examined using a Mold U-4100 HunterLab
LabScan XE (Reston, VA, USA) colorimeter. After 24 h of incubation time, the encapsulated vy-
CDMOF-a and b, and activated y-CDMOF-a and b were examined. Lightness L*, a* from red
positive to green negative, b* from yellow positive to blue negative were obtained. AE total color

change was calculated using the equation (3.6);
AE = [(AL*) 2 + (da*)? + (4b*)?]12...(3.6)

3.2.10 Data Analysis
The data were analyzed using Tukey's HSD (Honestly Significant Differences) for the means
comparisons with a = 0.05 at 95% confidence interval using SAS 9.4 Software (SAS Institute

Inc., Cary, NC, USA).

46



3.3 Results and Discussions

3.3.1 Synthesis and Activation of CDMOF

All CDMOF samples, formed from different CDs and potassium ion sources, were
successfully produced with KOH yielding about 1.20 to 1.30 g (70% yield) a, B or y-CDMOF-a,
and C7HsKO:2 yielding around 0.25 to 0.30 g (50% vyield) o, B or y-CDMOF-b. All the CDMOFs
samples were able to crystallize during the methanol vapor diffusion process. Table 4 shows the
average amount of CDMOF crystals produced using o, B or y-CD. The lack of solubility of the -
CD was solved effectively by adding an additional 5 mL of deionized water to the solution.

Figure 14 shows y-CDMOF-a crystals.

Table 4. Quantity of KOH, C7HsKO2and CD use to produce a,  or y-CDMOF-a & b.

KOH (g)  C/HsKO, CD (g) H,0 (mL) Yield (g

(@) crystals)
a-CDMOF -a 0.45 -- 1.30 20 1.25
a-CDMOF -b -- 0.26 0.25 5 0.30
p-CDMOF-a 0.45 -- 1.30 20 1.25
p-CDMOF-b -- 0.26 0.25 10 0.30
v-CDMOF-a 0.45 -- 1.30 20 1.25
v-CDMOF-b -- 0.26 0.25 5 0.30

47



Figure 14. y-CDMOF-a crystals with different sizes (graded from small up to large size at bottom

of the beaker).

Table 5 shows the crystallization time of all o, B and y-CDMOFs with either KOH or
C7HsKO2. High methanol pressure accelerates the crystallization and coordination between
different CDs and potassium ions present in the solution. The delay of growth in the a-CD with
KOH can be attributed to the small size of the functional groups (OH) with K* and a-CD. When

a, B and y-CDs were diluted in H20O with C7HsKOz2, crystallization occurs in 2 to 3 d, whereas v,
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B and o-CDs with KOH solutions took 1.3, 10 and 30 d, respectively. The d-glucose number 6, 7
and 8 for a, B and y-CDs influenced the time of crystallization with KOH, but not with C7HsKOx.
The presence of the functional groups with K* greatly affected the growth time because of the
energy state and size of the CD molecules. These small, functional groups (e.g., OH) can be
excited by the surrounding visible light more than the benzene ring in the C7HsKO: structure.
Thus, this movement caused by, for example, but not limited to, surrounding visible light caused
the ion coordination with CD to be difficult and/or taken time as illustrated in Table 5. However,
a sufficient amount of either KOH or C7HsKO2 added into the solution eventually will coordinate
with CDs to form crystals. A recommended rapid crystallization technique should be used, for
instance, microwave-assisted solvothermal to assess how fast this crystallization can be formed

[131].

Table 5. Time of crystallization of various CDMOFs using KOH and C7HsKO2.

Time, day
CD Type \ lon Source KOH C7HsKO;
v -CDMOF 13* 2
-CDMOF 10 3
o -CDMOF 30 (20%)** 3

* Similar times were reported in reference [132].

**indicate that from 10 jars used for ethanol diffusion only 20% crystallized.
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3.3.2 Surface Area and Pore Size

Surface area and pore volume are important features for CDMOFs crystals. The selection of
organic structure and ion linker determines the theoretical pore volume and expected surface
area, for example, the y-CDMOF-a has a theoretical pore density of 0.56 g.cm™ as reported by
Smaldone et al. [17] and calculated by space simulation or advance chemical drawing software.
CDMOF samples were examined using N2 gas physisorption. All the CDMOFs were dehydrated
prior to the experiment. Figure 15 shows the adsorption-desorption isotherms. The highest
adsorption was obtained for the y-CDMOF-a. The y-CDMOF-a and y-CDMOF-b showed type |
isotherm behavior (Langmuir). The y-CDMOF-a adsorption was about 300 cmi.gl. At high
relative pressures, y-CDMOF-b showed about 150 cmi.g! N2 uptake. In general, B-CDMOFs
showed the lowest adsorption-desorption, and both did not exceed 20 cm3.gl at any relative
pressures. However, a-CDMOFs were surprisingly different; a-CDMOF-a had higher adsorption
compared to both B-CDMOFs. The highest point was about 30 cm3.gl N2 adsorption at 0.99
relative pressure for a-CDMOF-a. The behavior of a-CDMOF-b was similar to behavior of
zeolite-like materials [133] and macroporous adsorbents [21]. This could be attributed to small
a-CD and different structural arrangement compared to the y-CDMOF. Different ion sources
seemed to inflence the N2 adsorption where coordination with C7HsKO2 gave highest
adsorption than KOH. The y-CDMOFs were opposite with the highest adsorption for the y-CD
with coordination of KOH. It is possible that the functional group with potassium benzoate ion
creates larger macro-voids and greater uptake at high relative pressure. That was almost

comparable to the y-CDMOF-b.
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Figure 15. CDMOFs N2 sorption isotherm.

Table 6 provides the surface area and the total pore volume in addition to the microporous
and mesoporous volumes of the synthesized CDMOFs. The average radius for the crystal pores
of each of the CDMOFs is also provided. The surface area of the y-CDMOF-a was the highest of
all the produced CDMOFs due to the large CD molecules and small attached functional groups
to the K*. The total pore volume of the y-CDMOF-a was 0.50 cm®.g’t, and was not significantly
different from the theoretical value of 0.56 cmi.gl. The micro and mesopore volumes indicated
that y-CDMOF-a and y-CDMOF-b have micropores, which conforms work done by Smaldone et
al. [17]. The y-CDMOF-b had a surface area significantly different from y-CDMOF-a. The total

pore volume of the y-CDMOF-b was 0.22 cm?3.gl, which is smaller than the pore volume of y-
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CDMOF-a and comparable to the MOF-200 pore volume [31]. The low surface area could be
attributed to the large functional groups (benzene ring) attached to the potassium benzoate. The
average pore radius was not significantly different in both y-CDMOF-a (0.79 nm) and y-
CDMOF-b 0.40 nm due to the large variation of radius. B-CDMOFs showed the lowest surface
area of all CDMOFs with BET SSA of 32 m?.g! and Langmuir SSA of 54 n?.g! for B-CDMOF-
a , which are lower than the Langmuir SSA values for zeolite 300 to 800 nm?.gt [57]. The total
pore volume for both B-CDMOFs was 0.02 cm?.g?, smaller than the MOF-3 which was 0.03
cmi.gl and a similar N2 uptake [41]. The average pore radius was not significantly different
from all the other produced CDMOFs due to the great variation in the determinations. o-
CDMOFs had significantly higher surface area compared to B-CDMOFs. The highest BET
surface area of all ae-CDMOFs and B-CDMOFs was for the a-CDMOF-b with a SSA=74 n?.g’!
and Langmuir SSA of 289 m2.gl, which is higher than the values reported for the flowerlike
iron oxide nanostructures [134]. Both a-CDMOFs showed noticeable mesoporous behaviors; for
the a-CDMOF-a the mesoporous volume equaled microporous volume; and both were 0.02
cmi.gl. This is shown by potential physical absorbance in either low or high relative pressure.
For the a-CDMOF-b the mesoporous volume was double the microporous volume, 0.12 and 0.06
cmi.gl, respectively. This can be attributed to the highest absorption in the high relative pressure
region for the type Il isotherm. The total pore volume of the a-CDMOF-b of 0.18 cm?3.g! was
higher than the y-CDMOF-a 0.05 cmi.gl. Both a-CDMOFs did not reveal any significant
differences in the average pore radius than the rest of the CDMOFs samples due to the variation

in the pore radius average.
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Table 6. Specific surface area and pore volume and size.

CDMOFs BET SA Langmui Microporous Mesoporous Total Average
(m?/g) r SA volume volume Pore Pore
(m?/g) (cmd/g) (cmd/g) volume Radius
(cmd/g) (nm)
b
-COMOF-a*  1950.6" 1376418  0.49+0.02 0.01+0.00 0.50£0.02  0.79+0.01
b b b b b a
v-CDMOF-b  4174110° 6074102  0.18+0.03 0.03+0.00 0.2240.03  0.40+0.40
d b
B-COMOF-a  35,10° 54412 0.010.00 0.00+0.00 0.02+0.00  0.15+0.02
c d c b c a
B-CDMOF-b 19415 51422 0.01:+0.00 0.01:+0.00 0.0240.00  0.43+0.20
c cd c b c a
0-CDMOF-a 40417 106452 0.02+0.01 0.02+0.01 0.05+0.02  0.26+0.04
a-CDMOF-b  74441° 289486  0.06+0.01 0124002 0184004 0.58+0.18

Note: Values in the same column with the same superscript letters are not significantly different at « =
0.05. Micropore volumes were calculated at a radius of 2 nm, whereas total pore volumes were obtained

at the relative pressure P/Po =0.99.*denote the K* source a) KOH b) C;Hs;KO,.

3.3.3 Thermogravimetric Analysis (TGA)

Figure 16 shows the thermal analysis conducted for all activated CDMOF crystals. At around
100 °C all CDMOFs lost from 5 to 10% of the CDMOF weight mostly due to the evaporation of
the H2O molecules and residual methanol. These H2O molecules could be remained after the
methanol activation, which has a low boiling point of 64.7 °C. Almost all the CDMOF crystals
started to degrade at temperatures around 250 to above 300 °C. The remaining residuals vary, at
high temperature 450 °C, from 18 to 30% of the total sample weight residuals were observed.
The powdery residue left after the thermal decomposition of the crystals can be interpreted as the
remaining metallic elements in the structure (K*) obtained either from KOH or C7HsKO2 and CD

ash.
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Activated y-CDMOF-a and y-CDMOF-b in Figure 16 started to degrade at a similar
temperature between 250 and 300 °C. This was also comparable to the y-CDMOF-a and cubic
gel y-CDMOF-a reported by Furukawa et al.,, 2012 [132]. The remaining residue for the y-
CDMOF-a was around 20% of the sample weight at 450 °C while the residue of the y-CDMOF-b
sample was almost 30% due to the difference in the functional groups attached. A similar loss of
weight of around 5-10% at low temperature for both y-CDMOFs was observed. B-CDMOFs
showed similar initial weight lost at low temperature, but not at the decomposition point. Both B-
CDMOFs showed a weight decrease of 10% at 100 °C. The degradation of the f-CDMOF-a was
faster at lower temperatures compared to f-CDMOF-b that degraded at almost 300 °C. Both a-
CDMOFs showed similar thermal behavior and slight difference in final weight. The two
samples lost initially 10% of the weight, and the remaining residues were around 20% at 450 °C.
a-CDMOFs showed thermal degradation behavior around 250-260 °C for a-CDMOF-a and 260-

270 °C for a-CDMOF-b.

A small variation in the degradation point for each CDMOF was observed at 270-300 °C due
to the difference in the potassium ion source since the KOH degraded faster than the C7HsKOo.
The type of functional group attached to both ion sources was not the same, and therefore
variations are expected. The higher molecular mass for the C7HsKO2 160 g.mol! resulted in
higher degradation compared to the KOH with a molar mass of 56 g.mol! in CDMOF. The
degradation point of CDs was also part of the difference attributed to this variation. For example,
the highest thermal stability was reported for the p-CD 314 °C, y-CD 297 °C, and the lowest was
a-CD 293 °C [135]. The large surface area and pore volume also may play a role in exposing the
CDMOF structure to degradation at lower temperature. For instance, the lowest surface area was

for the p-CDMOF-b, which was 19 m?.g?1, and it showed the highest degradation temperature.
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For catalysis purposes requiring a higher degradation temperature 3-CDMOF-b may be suitable

for such application.
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Figure 16. Thermal analysis of activated a, p and y CDMOFs crystals.

3.3.4 X-Ray Diffraction (XRD)

Figure 17 shows the x-ray diffraction results for all six CDMOF structures. All CDMOFs

were activated before conducting the XRD tests. y-CDMOF-a showed a similar XRD pattern as

the work simulated and examined by Smaldone et al. [17]. All produced CDMOFs crystals had a

Face-Centered Cubic (FCC) structure according to the XRD plane diffraction matching the
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values reported so far [17]. Table 7 shows the planes with d-spacing and 26 angles for the first
three peaks of each XRD graph. ni = 2dsin# ...(3.6) The d-spacing for the CDMOFs with
C7HsKO2 CDMOF-b were generally larger than the samples prepared by the KOH CDMOF-a by
at least 0.1 nm. This may be due to the fact that the functional groups differed in size and space
that they took within the structure. B-CDMOFs were showing lower intensity compared to -
CDMOFs, but both B-CDMOFs had a large number of peaks. Conversely, a-CDMOFs had the
fewest peaks and high-diffracted intensity. Therefore, we can speculate y-CDMOFs and o-
CDMOFs have considerably highly symmetrical structure compared to p-CDMOFs. This is due
to the surface roughness and the geometry of the crystals [136, 137]. Possibly the odd number of
d-glucose units in the B-CD which allowed CD to coordinate with seven potassium ions resulted
in an asymmetrical structure. The coordination of each CD with the other neighboring CDs
through the ions coincided with at least four peaks as reported by Smaldone et al. [17]. In
general, the 26 angle increased as the d-glucose unit number in the CD increased due to the

structure pattern.
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Table 7. Theta angle and d-spacing for the first three peaks of each CDMOF.

CDMOFs Plane 260 (°) d-spacing (nm)
v-CDMOF-a 110 4.0 2.1
200 5.7 1.5
211 6.9 1.2
v-CDMOF-b 110 3.8 2.2
200 55 1.6
211 6.9 1.2
-CDMOF-a 110 4.6 1.8
200 6.5 1.2
211 9.2 0.9
B-CDMOF-b 110 4.3 2.0
200 6.0 1.4
211 8.7 1.0
o-CDMOF-a 110 5.3 1.6
200 5.6 1.5
211 7.5 1.1
a-CDMOF-b 110 9.5 1.6
200 6.6 1.3
211 7.3 1.1
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3.3.5 Scanning Electron Microscopy (SEM)

Figure 18 shows a y-CD image and shows that the y-CD has multiple size particles shown in
in the background. The crystals of y-CD did not show any symmetrical structure at the micron
scale unlike the CDMOF in Figure 19. First, Figure 19 shows a SEM image of the activated
CDMOFs. y-CDMOFs both showed a cubic structure in these SEM images. In general, the
differences between the two y-CDMOFs is that the y-CDMOF-a has more defined cubic shaped
structure than the y-CDMOF-b. The cubic size of both y-CDMOFs was not significantly
different. B-CDMOFs were different than both y-CDMOFs. The size of the cubic crystals in
both B-CDMOFs was considerably larger than both y-CDMOFs. The difference between f3-
CDMOF-a and B-CDMOF-b was the surface roughness. The surface of -CDMOF-a was much
smoother than the B-CDMOF-b as shown in the SEM pictures. That could be perhaps due to the
difference in nucleating pattern in both B-CDMOFs. A limitation of the crystallization was clear
in B-CDMOF-b when the surface did not have a chance to be part of the smooth crystals. Figure
19 shows a-CDMOF-a which presents a structure of a pack of laminae packed together as well
as a-CDMOF-b with some CD residues. Both laminae dimensions vary where a-CDMOF-a has
considerably smaller laminae compared to a-CDMOF-b. a-CDMOFs showed a different class of
crystals that still (FCC) according to the XRD results. Laminae were built from very small cubic
structures. The variation in a-CDMOF geometry could be due to the extension of the structure
only in one direction more than the other. Alignment of the a-CDMOFs can be an advantage
when such structure is needed with nanocomposites, for example. Finally, CDMOF SEM images
showed a class of crystals unlike the pure y-CD alone Figure 18 and 26. The different metal
coordination was capable of producing different FCC shapes of crystals. o, B, and y-CDs stack in

a different symmetrical structure with the same or different ion sources.
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3.3.6  Encapsulation and Release

There were some attempts to encapsulate more than one organic compound inside the cavity
of CD as a medium capable of hosting antimicrobial agents. B-cyclodextrin (B-CD) was loaded
successfully with at least three selected organic compounds as antimicrobial materials ready to
be released [100]. Acetaldehyde, trans-2-hexenal and hexenal were examined on several living
microorganisms while they were being encapsulated in B-CD. Those antimicrobial compounds

showed great influence at different encapsulation concentrations.

During the encapsulation of y-CDMOF-a, which has the highest SSA, an unexpected side
reaction occurred. The reaction took place right after the injection of 1 mL of acetaldehyde,
trans-2-hexanal, hexanal, and ethanol. The white crystals changed to yellow and then brown to
red in a matter of minutes. An identification of the reactive site was necessary. Table 8 shows the
reaction of KOH with various organic compounds. Figure 20 shows crystals placed in the
aluminum pan. Encapsulated y-CDMOF-a as shown below a) before injecting acetaldehyde and
b) after injection. The main reaction producing the change in color of the crystal was Aldol
condensation. Aldol condensation occurred between the carbonyl group and hydroxyl group
when the acetaldehyde was added to the jar. The reaction continues when the aldehyde enolate
reacts with another aldehyde molecule. The reaction pathway is presented in Figure 21 as
described by Anderson and Peters [138]. In this reaction water could be consumed or generated
as a reversible first pathway. It should be mentioned that there were some gases being produced

as a by-product of this reaction. Aldol condensation Kinetics can be studied through the change

of acidity (pH) level.
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Table 8. Reaction strength of KOH with selected organic compounds.

Substance Acetaldehyde Trans-2-hexanal Ethanol Hexanal

Reaction Strength Very Srong Strong Medium Slow *

*Very slow reaction needs to be accelerated.

a) Before encapsulation b) After encapsulation

g -

Figure 20. Aldol side reaction with y-CDMOF-a when acetaldehyde was added to the jar.
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C,H,0 +HO" «——» (C,H;0 +H,0
C,H,0 + C,H;0 ——— CH;CHOCH,CHO

CH;CHOCH,CHO +H,0 -«———» (CH3;CHOHCH.CHO

Figure 21. Reaction pathway of acetaldehyde and hydroxide group.

In the case of y-CDMOF-a, it was not possible to add acetaldehyde without the
occurrences of the Aldol condensation reaction. In the case of y-CDMOF-b, no Aldol
condensation reaction occurred. So, successful encapsulation without any side reaction was
achieved. The main reason for successful encapsulation on y-CDMOF-b is because of the
presence of the benzene ring on the C7HsKO:2 as the functional group instead of the hydroxide
group. Figure 22 shows the release of acetaldehyde from the encapsulated y-CDMOF-b and an
empty with y-CDMOF-b crystals jar used as control. The release of acetaldehyde from 1 g of y-
CDMOF-b increased during the first 6 h of release. The variations of the measurement were the
greatest at 4 to 6 h of release. This was due to the crystals inability to release the same amount.
At 24 h of release, the concentration of acetaldehyde on the headspace decreased to almost 30 ug
acetaldehyde per 1 g of CDMOF. Further work is needed to understand if re-sorption of

acetaldehyde into y-CDMOF-b crystals or degradation of the acetaldehyde in the headspace was
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responsible for this reduction. The owverall trend in this release is similar to the B-CD release of
acetaldehyde reported by Almenar et al., 2007 [115]. However, the maximum release in this
study was 53 ug acetaldehyde/ 1 g of CDMOF, which is greater than the release reported in the
B-CD inclusion complexes [115, 139]. Thus, y-CDMOF-b was suitable for hosting a larger
amount of acetaldehyde than the B-CD alone [115]. The N2 sorption isotherm and the surface
area is reported in Figure 24 and Table 10 in the appendix. Also, the concentration and the
system maximum capacity is reported in Table 11. The calibration curve is reported in Figure 26

in the appendix.
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Figure 22. Acetaldehyde released from y-CDMOF-b.
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3.3.7 Color Measurements

Encapsulated y-CDMOF-a and y-CDMOF-b and activated y-CDMOF-a and y-CDMOF-b
were examined using the colorimeter to verify the Aldol condensation that occurred with -
CDMOF-a and acetaldehyde. Table 9 shows the color parameter of y-CDMOF exposed to
acetaldehyde. The distinguishing change was in the encapsulated y-CDMOF-a where the value of
b* yellowness was very high compare to the negative values of the encapsulated y-CDMOF-b
toward the blue region. In general, the brightness of the crystal was decreased in the
encapsulated samples. The yellowness in the reacted or encapsulated y-CDMOF-a could be due
to the carbon dioxide capture and sensitivity as reported to CDMOF-2 [140]. y-CDMOF-b did
not change color throughout the inclusion time and release. Thus, y-CDMOF-b may be suitable
to build inclusion complexes for various organic compounds. The reaction Kinetics can be
studied during a design period of time and temperature with a colorimeter or a pH meter for
various solvents such as acetaldehyde, hexanal, trans-2hexanal, and ethanol. This would
determine the reaction acceleration and strength in the presence of CD in the y-CDMOF-b

structure.
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Table 9. Color measurements of reacted and unreacted y-CDMOF exposed to acetaldehyde.

CDMOF L* a* b* AE
v-CDMOF-a 80.77+2.128 -0.05+0.13P -0.23+0.15¢ 80.77+2.122
v-CDMOF-b 72.40+2.61° -0.50+0.10° -0.30+0.35¢ 72.41+2.60°
v-CDMOF-a 46.88+0.59°¢ 15.94+0.452 39.44+0.617 63.30+0.40¢
Encapsulated
v-CDMOF-b 48.21+0.83°¢ -1.42+0.02¢ 0.87+0.17° 48.24+0.82¢

Encapsulated

Values in the same column with the same superscript letters are not significantly different at o =

0.05.

3.3.8 TGA of encapsulated CDMOF

The goal of performing the thermal analysis was to confirm the presence of the encapsulated
acetaldehyde inside the pore volume of y-CDMOF-b. Figure 23 shows the as-synthesized,
activated and encapsulated sample TGAs. At low temperature there was a slight different
between encapsulated and activated y-CDMOF-b. This should be due to the presence of
acetaldehyde in the y-CDMOF-b pore volume. As-synthesized sample showed a great difference
compared to the activated samples indicating the of water molecules presence in the y-CDMOF-
b wvoids. The decomposition temperature matched previous studies for the activated and as-
synthesized y-CDMOF-b [17, 132]. An earlier thermal degradation and weight loss for the
encapsulated y-CDMOF-b was observed. This was probably due to the fact that the acetaldehyde
structure was attached to y-CDMOF-b. Figure 23 provides additional information about the

capability of y-CDMOF-b to fully encapsulate and release acetaldehyde.
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Figure 23. Thermal analysis of as-synthesized, activated, and encapsulated y-CDMOF-b.
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Chapter 4. Conclusions and recommendation for future work
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4.1 Conclusion

The aim of this study was to produce different cyclodextrin metal organic framework
(CDMOF) structures using a, B, and y CDs and two K* ion sources. All combinations of a, f,
and y-CDMOF with KOH (CDMOF-a) and C7HsKO2 (CDMOF-b) were successfully produced
using a vapor diffusion technique utilizing methanol as the activation solvent. The BET surface
areas were 1229 m?.g! for the y-CDMOF-a, 417 n?.g’! for the y-CDMOF-b, 74 m?.g! for the a-
CDMOF-a, 40 m?.g?! for the a-CDMOF-b, 32 n?.g? for the B-CDMOF-a, and 19 m?.g! for the
-CDMOF-b. The N2 sorption isotherm assessments and the pore volume calculations showed
that a-CDMOF-a and a-CDMOF-b had micro, meso, and macropore material behaviors. a-
CDMOF-b adsorption-desorption isotherm showed a similar sorption isotherm to zeolite. The N2
uptake at a high relative pressure 0.99 was 125 cm?.g! for a-CDMOF-b, whereas the y-CDMOF-
b at a high relative pressure was below 150 cm3.gt. y-CDMOF-b and a-CDMOF-b were capable
of adsorbing almost the same amount of a simple nitrogen molecule in the gas phase. However,
y-CDMOF-b and a-CDMOF-b had different adsorption isotherms, type | (Langmuir) and type Il
(BET), respectively. Thermal gravimetric analyses showed that CDMOF weight lost around 10%
of H20 at low temperatures. The degradation temperature of CDMOFs varied from 250 to above
300 °C. XRD results revealed a FCC crystal structure for all synthesized CDMOFs, but these
crystals were different in symmetry. The intensity of y-CDMOFs and a-CDMOFs diffracted
plane was higher than B-CDMOFs, which indicated a high symmetrical structure for both y-
CDMOFs and a-CDMOF and decreasing symmetrical pattern of the f-CDMOFs structure. SEM
images brought to light different crystal structures; cubic and laminae symmetry of the different
CDMOFs. In addition, y-CD image was captured to compare it to the residues appeared on some

of the CDMOFs images.
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Regarding the encapsulation of organic compounds into the nano-porous of CDMOF, the
most suitable structure was y-CDMOF-a, which showed the largest surface area of 1257 m?.g!
among all other CDMOFs. The process of encapsulation was carried out using inclusion
complex. However, the y-CDMOF-a showed a side Aldol condensation reaction between
hydroxyl and carboxyl groups, and further the aldehyde enolate reacted with another aldehyde
molecules. Similar Aldol condensation reactions were observed with trans-2-hexanal, hexanal,
and ethanol. The reactions varied in speed and strength depending on the chemical compounds.
The reaction was followed by using a colorimeter, which revealed strong yellowness compared
to another encapsulated y-CDMOF-b. As an alternative, y-CDMOF-b synthesized with C7HsKO2
was used to encapsulate acetaldehyde. y-CDMOF-b had a BET surface area of 327 m?.gl.
Acetaldehyde was successfully encapsulated into the y-CDMOF-b pores at a maximum amount
of 53 ug of acetaldehyde per one gram of y-CDMOF-b, which is greater than the release reported
in the PB-CD inclusion complexes. The headspace analysis was carried out using gas
chromatography (GC). The release system was verified using a control sample. To insure the
acetaldehyde presence in the y-CDMOF-b thermal analysis of the activated, as-synthesized, and
encapsulated y-CDMOF-b was carried out. A slight decrease of the thermal degradation was
observed in the encapsulated sample because of the presence of acetaldehyde. The thermal
decomposition around 290 °C, was different only for the encapsulated y-CDMOF-b which can be

attributed to the residue sorbed acetaldehyde remaining within the structure.
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4.2 Recommendation for Future Studies
In order to obtain high surface area and micro-pore size, 3-CD is the best candidate with

coordination of KOH. This is due to the large molecules cavity of 6-CD, since it has 9 glucose

units.

X-ray diffraction of single CDMOF crystals will help to understand these nowel structures.
Research on the effect of other coordination ions such as Na*, Rb*, and Cs* on the surface area,
selectivity and sensitivity of the CDMOF should be performed. The reason is that other ion
coordination seems to have a different sensitivity and selectivity [102]. Also, different
coordination ions produce different surface areas as shown earlier in this study. On the other
hand, a different crystallization technique like microwave-solvothermal can reduce the crystal

production time.

Additional work should be conducted to produce mixed matrix membranes using either -
CDMOFs o-CDMOFs. y-CDMOFs showed the highest surface area, which might facilitate
sorption, permeability and selectivity to create novel functional membranes. Active polymeric
packaging materials can be produced using encapsulated y-CDMOFs because of their surface
area and selectivity. Polymer nanocomposites can be produced also using a-CDMOFs which
have a unique topography. If the purpose is advanced polymer properties a-CDMOFs can be
used. The advantage of a-CDMOFs is the macro-and-meso pore size that can fully open to large
polymer molecules. o-CDMOFs laminae can be aligned along the polymer film, which might
produce new thermal and mechanical properties. Unlike organo-modified montmorillonite (O-
MMT), CDMOFs do not contain Al or Si which could provide a benefit to create future

nanocomposites [141].
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The encapsulation of chemical compounds, research evaluating the release of acetaldehyde
from y-CDMOF-b at different temperatures such as 25, 35, and 45 °C should be conducted.
Different concentrations in the encapsulation part of other organic antimicrobial compounds such
as acetaldehyde, hexanal, trans-2-hexanal, and ethanol worth to study. Also, further
understanding of the Aldol condensation reaction between y-CDMOF-a and acetaldehyde,
hexanal, trans-2-hexanal, and ethanol may help to elucidate the encapsulation mechanism.

The FTIR transmittance technique could be used to assess the presence of all the organic
compounds within the structure. Surface area analysis might disclose the remaining volume of
encapsulated y-CDMOF-b at the right condition compared to the activated sample. Surface area

analysis condition can be performed without degassing to estimate the remaining pore volume.

Encapsulated CDMOF should be used in nanocomposite in different polymeric packaging
materials. Previous research showing inhibition by B-CD inclusion complex with different
antimicrobial compounds such as hexanal and acetaldenyde of wvarious microorganisms is
encouraging to produce encapsulated y-CDMOF-b, which can release much larger quantities of

these compounds, so that antimicrobial packaging membranes can be produced.
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Figure 24. Adsorption-desorption isotherm for y-CDMOF-a and y-CDMOF-b.
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Table 10. Presents the surface area and pore volume.

CDMOF with different K* BET SA Langmuir Total Pore

Average Pore Radius

SOURCE (m2/g) SA (m?/g) volume (nm)
(cm3/g)
KOH 1257+5128 1416+622 0.514+0.022 0.81+0.012
C7HsKO2 3274260 499+59bP 0.18 +0.02° 0.11+0.00°
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Table 11. Release value in concentration and maximum system capacity.

Release time (hours) Concentration ppm Acetaldehyde /g CDMOF

! 0.0096 + 0.0036 ¢
2 0.0133 £ 0.0049 ¢
3 0.0210 + 0.0094 b
4 0.0954 % 0.0430 2P
> 0.1053 + 0.0559 2
6 0.0950 + 0.0229 &b
24 0.0596 + 00132 b
Max system capacity 1 mL =0.7880 mg /1.96 L= 0.4020 ppm

1 ml acetaldehyde

Values in the same column with different superscript letters are significantly different at alpha =

0.05.
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Figure 25.y-CD pure starch SEM picture.

Calculation of the atomic percentage in CD;

C,(12 atomic mass X 36 C, number in § — CD)
+ H,(1 atomic mass X 70 H, number in § — CD)
+ 0,(16 atomic mass X 35 0, number in 8 —CD)
= 1134 molecular weight (g.mol™1)

and the composition percentage is calculated as below

H,(1 atomic mass X 70 H, number in § — CD)
1135 molecular weight (g.mol™1)

X 100 = 6% of H,
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Figure 26. Calibration curve of the acetaldehyde.
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