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1 INTRODUCTION
1.1 CO, as a Greenhouse Gas (GHG).

Global warming is still an unresolved problem that everybody can notice since the initial spark
of the industrial revolution. Weather changes and severe environmental problems are seen as a
result of the increased concentrations of GHGs which disturbs the carbon cycle.!* One valid
option to reduce CO, emissions is throughout carbon capture and sequestration (CCS)
(Figure 1.1).12 Excess CO, can be sequestered in porous rocks in the deep subsurface.[*!

2. Coal- or gas-fired
station with

power
CO, capture plant

Shaftmine 1. Mining of fuel

Figure 1.1.  CO, separation and capture at power plants enables storage of CO; in porous
rocks deep below ground.™

Global greenhouse gas (GHG) emissions have increased by approximately 80% over the period
1970-2004 (from 21 to 38 Gt/year). Approximately, 77% are from CO, emissions of which the
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majority (55.6%) came from fossil fuels, 17.3% from deforestation and agriculture, 2.8% from
other sources, with a further contribution from methane and N,O with an estimate of 14.3% and

7.9%, respectively. as shown in Figure 1.2.[

I CO, from fossil fuels

e CO2 from deforestation, agriculture
L] CO, from other sources

[ fluorinated gases
I N0
I CH .

2.8%

1.1%

Figure 1.2.  Global greenhouse gas emission sources in
2004 of which approximately 77% are
represented by CO, emissions.!
The most noticeable GHG that is made by man-made “anthropogenic” emission is CO,. Due to
the increased utilization of energy and its production from fossil- or oil-based fuels, it left behind
a negative impact on the overall ecosystem as what we call today an anthropogenic effect.
Figure 1.3 summarizes examples of such emissions such as those from electricity generation in
coal-run power plants, cement industry, or even those coming from naturally-occurring
phenomena (volcanoes, ocean temperature oscillations, fires, etc.) during the industrialization

period.l”!
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Figure 1.3.  Emission of CO, by activity sector.

Allan et al.'¥! predicted that total anthropogenic emissions of one trillion tons of carbon (3.67
trillion tones of COy), about half of which has already been emitted since the beginning of the
industrial revolution. The concentration of CO, in the atmosphere has increased significantly
from about 280 ppm in 1750 (pre-industrial era) to 367 ppm in 1999 and to 379 ppm in 2005.1"
Moreover, the International Panel on Climate Change (IPCC) anticipated that the atmospheric
levels of CO, would increase up to 570 ppm in 2100, leading to a global temperature rise of 1.9
°C and a sea level increase of 38 cm.!® The concentration is still estimated to increase by 1.4
ppm/year unless strict regulations and extreme precautions are not taken into consideration.
Thus, CO, management is a global demand and continuous challenge to be met by a
collaborative action of humankind rather than individual efforts. Many efforts have been
gathered to effectively capture CO, from the atmosphere to reduce its enormous effects on the
environement.”’ Among the top industrial countries, the United States and China are considered
the main producers of CO, with more than 40.0% (Figure 1.4).
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1.2

30 I United States
- lo— o China
-— 25.6 %
_L ;IJ._%% 20%, T Russia
20 — = . Inclia
s A — "B =Japan
_ T B m Germany
10 I
-I' e — = Canada
L4 935 T ——
5 _|,_, - . A._S_I-'I__M% S— o United Kingdom
i ___——_
o 29% — i
. L;___'_ . I_ I_. I ="10% . TEu _ ®m Other MEET Countries
B 7| | '_—__._ ﬁ__- . il ® International Aviation & Shipping

—— LML, wother

Figure 1.4.  Emission of CO, per country (% of the total) and from the avio-sector.

Industrially-Applied Separation Methods

In brief, CCS is mainly carried out by three industrially-applied methods which facilitate the

separation and capture of CO, they include: postcombustion, precombustion, oxyfuel, and many

others like membranes, cryogenic distillation, algal and microbial systems, (Scheme 1.1).1 It is

noteworthy that this thesis will focus on a novel green sorbent that would be feasible and

applicable to be used in postcombustion and explains its highlight in terms of CO, capture from a

chemical point of view.



CHAPTER ONE INTRODUCTION

| CO, capture (pre-, oxy- and postcombustion) |

! |
Absorption  |? I > Membranes | <————=| Adsorption
(wet scrubbing) (dry scrubbing)
]

[ Physical | | Chemical | | Physical/Chemical | | Polymer | | Ceramie | | Tsa || psa || vsa |
I | I [ |
RECTISOL BENFIELD SULFINOL MMM Hybrid RCPSA
(MeOH) (K,CO/KHCO,) (DIPA + MDEA) L—, L—’ L=

J | |
el CHILLED NH AMISOL
(2";"” \—l—S/ ‘ (MEA+DEA+DIPA)
SELEXOL Alkanolamines
; MEA, DEA, T
(PEG, DME) ( ES’EA, g’lP :}A, 1__1

Cryogenic Chemical
distillation looping (CLC)

Scheme 1.1. Different CO, capturing technologies. (Orange, postcombustion; violet,
precombustion; and blue, oxy-combustion). MMM: Mixed matrix membrane.
PPC: Polypropylene carbonate. 2-MP: 2-methyl-2-pyrrolidone. TSA:
Temperature swing adsorption, VSA: Vacuum swing adsorption PSA: Pressure
swing adsorption; RCPSA: rapid cycle pressure swing adsorption. MDEA: N-
methyldiethanolamine; MEA: Monoethanolamine; DEA: Diethanolamine; DIPA:
Diisopropanolamine.t*”!

A brief explanation of each one of these terminologies will be indexed briefly within the context

accordingly (vide infra).
1.2.1 Post-Combustion Process

In order to successfully deploy the concept of sequestration, recycling or utilization of CO,, first
CO; has to be efficiently captured from different anthropogenic resources. The removal and
capture of CO; can be achieved by a range of conventional separation techniques; they are based
on different physical and chemical processes, including absorption into liquid solution systems
e.g. amines, bases, and so on. Moreover, adsorption can be enhanced using solid materials,
Adsorption into a solid material as in MOFs and zeolites, or O,/CO, recycles combustion system,
cryogenic separation, and permeation through membranes.*! Generally, in CCS systems!*?
capture of CO, from a flue gas must be in an efficient, reversible fashion. Table 1.1 shows the
composition of a flue gas in a typical postcombustion process. Moreover, Scheme 1.2 shows
block diagram for typical postcombustion, based plants.
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Table 1.1. Typical postcombustion flue gas

composition for a coal-fired power plant.

13]

Molecule Concentration (by volume)
N> 73-77%
CO, 15-16%
H,O 5-7%
0O, 3-4%
SO, 800 ppm
SO; 10 ppm
NOx 500 ppm
HCI 100 ppm 100 ppm
CO 20 ppm
hydrocarbons 10 ppm
Hg 1 ppb
Turtines =@ Power
+ Nitrogen
Fuel "
Post- —_— : co
= Boiler 2
Combustion Air Flue gas Capture =gp- CO,
N, (70%)
CO, (3-15%)
Nitrogen
Co,
a Sap::;tion Oxygen oo ec) (20 +
— Gasifier/ " cao, Hp E
Pre- Fuel Shift S Uni6as Capture ﬂcqrrz?;'izgon— pd) Power
Combustion — ﬁ? = ? ‘
CO, (40%) ' Steam
Heat * Cycle
Nitrogen Sroat
* Trubines Power
Air Air | Oxygen
Oxy- q Sepljrr]?ltlon *
Combustion Fuel Boiler T co,
Recycle Flue Gas
Scheme 1.2. Block diagram illustrating post-combustion, pre-

combustion, and oxy-combustion systems.™®



CHAPTER ONE INTRODUCTION

1.2.1.1 Chemical Absorption

In a chemical-based absorption process, e.g., strong bases such as sodium hydroxide and
potassium hydroxide are used. The primary disadvantage of such sorbents is the regeneration, as
it is a highly energy-intensive process. but according to the intensive energy needed during their
regeneration, and the high energy required, absorption technology utilizing amine-based solvents
has been known on an industrial scale for decades and therefore promising candidates, such as
monoethanolamine (MEA) and diethanolamine (DEA), which form carbamates and bicarbonates
with CO, have been fully explored and studied.™*' Wet scrubbing using amine solutions of
MEA have been introduced and patented in the literature since the early work of Bottoms in
1930.1"! This is the most common method in capturing of CO, as a well-known mature
technology, through the use of solvents and subsequent solvent regeneration.!*®! However, this
procedure has several shortcomings. For instance, the efficiency is decreased due to evaporative
losses of MEA or crosslinking at high temperatures to form urea. In addition, the regeneration of
the utilized aminel*”! (CO,-stripping) requires high energy consumption and it causes severe
corrosion to the facility pipelines. Consequently, more practical and economical approaches have

been sought to overcome these limitations.

The main challenge still to achieve is to recover the CO, with a minimum energy penalty
provided with an acceptable cost.l*®! In this sense, strong bases are less used than amines due to
much lower temperatures needed for their regeneration.*® Nevertheless, limited concentration of
amines due to corrosion problems and amine degradation are major drawbacks warranting the

development of more efficient, and robust CO, sorbents.[*

1.2.1.2 Physical Adsorbents

Physical separation process mainly depends on absorption using non-reactive polar solvents with
an acid affinity.l*¥ Examples of such materials are Recitsol® (-40°C-chilled MeOH), Selxol® (a
mixture of dimethylether of polyethyleneglycol), and Purisol® (2-MP: 2-methyl-2-
pyrrolidone).™® The key step for their utilization in CO, capturing is the low regeneration
temperature which can be driven by either heating or lowering pressure.[“] Moreover, due to

vaporization of the amine-based scrubbing agents, ionic liquids (ILs, Section 1.4) have been
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proposed as another alternative with a partial solution to some of the associated problems in

amine-based solutions.[**]
1.2.2 Pre-combustion Process

In general, most of facilities that apply precombustion methods are natural gas plants where CO,
capture is entrapped at high partial pressure. Two noticeable advantages are involved in a
precombustion process: Firstly, the lower energy capture penalty once compared to
postcombustion (10-16%) which is almost half of that in latter process. Secondly, production of
hydrogen (H,) which can be used as a chemical feedstock. Precombustion is found in an
Integrated Gasification Combine Cycle (IGCC) plants which involve three steps (stages):
Firstly, a fuel is reacted at high pressure and temperature to form the syngas containing a mixture
of CO, CO,, and H,, Secondly, CO is converted into CO, via a water gas shift reactor
(Scheme 1.2, Section 1.2.1).1) Thirdly, the separation is carried out by the use of an adsorbent
(physisorption) which is considered a much cheaper process for follow-up and separation.
Physical-sorption based solvents can be used in IGCC because of the relatively high partial
pressure of CO, in the syngas exiting the shift converter. Moreover, RTI developed a highly
active lithium silicate (Li4SiO4) for the high temperature, it was reported that it is highly
effective in the range of 250 to 550 °C, along with pressures ranging 0 to 20 atm, CO,

concentrations of 2 to 20% in the presence of contaminants such as hydrogen sulfide (H,S).!?"!
1.2.3 Oxy-Combustion Process

Another alternative to capture CO, from flue gas is simply by increasing the CO, levels to higher
concentrations (greater than 95.0 %). This can be achieved by supplying the flue gas with
oxygen, by which the latter can be efficiently produced provided that a cryogenic air separation
unit (ASU) is available (Scheme 1.2, Section 1.2.1). The disadvantages in this process are the
extra cost for the ASU unit as well as the flue gas recirculation. Therefore, to sum the advantages
and disadvantages of the three approaches mentioned (vide supra), which might give a clear
perspective for the pros and cons of each one of them. It is noteworthy, that the first oxy-fuel
technology, pilot-plant was inaugurated in September 2008 by the European energy company

Vattenfall, at “Schwarze Pumpe” located in Germany.!?!
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1.2.4 Advantages and disadvantages of the industrially applied separation methods.

Table 1.2.

Advantages and disadvantages of CO, capturing technologies.!*®!

Advantages

Barriers to implementation

Post-combustion

Pre-combustion

Oxy-combustion

- Applicable to the majority of existing
coal-fired power plants

- Retrofit technology option

Synthesis gas is ...
- Concentrated in CO,

- High pressure

... resulting in ...

- High CO, partial pressure

- Increased driving force for separation
- More technologies available for
separation

- Potential for reduction in compression

costs/loads

- Very high CO, concentration in flue gas
- Retrofit and repowering technology

option

Flue gas is ...
- Dilute in CO,

- At ambient pressure

... resulting in ...

- Low CO, partial pressure

- Significantly higher performance or
circulation volume required for high
capture levels

- CO, produced at low pressure compared

to sequestration requirements

- Applicable mainly to new plants, as few
gasification plants are currently in
operation

- Barriers to commercial application of
gasification are common to pre-
combustion capture

- Availability

- Cost of equipment

- Expensive supporting systems

requirements

- Large cryogenic O, production
requirement may be cost prohibitive

- Cooled CO; recycle required to
maintain temperatures within limits of
combustor materials

- Decreased process efficiency

- Added auxiliary load
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A summary of the advantages and disadvantages is already given (vide supra). Therefore, search
for more candidates is still valid. In the current work, Postcombustion is the main process of

interest to be considered for the capturing of CO..
1.3 Bicarbonate vs. Carbamates; 1:1 Mechanism versus 1:2 Mechanism

A milestone that needs to be addressed when dealing with different sorbents e.g., amines, the
COgj:amine ratio involved during absorption is a condition-dependent process; viz., different
mechanisms are evolved depending on wet/dry conditions and type of amine used. Two main
mechanisms can be evolved depending on stoichiometric amount of CO, captured. Firstly, a 1:2
mechanism, in this mechanism, one mole of CO, reacts with two molecules of the reactive
species, e.g. the reaction of primary and secondary amines with CO, to form carbamates, (dry
conditions, upper, Scheme 1.3). Secondly, 1:1 mechanism, in which one mole of CO, can be
captured by one mole of sorbent. e.g. amidine, guanidine, carbenes, tertiary amines in aqueous
solutions. (wet conditions, lower, Scheme 1.3) are considered to be cost-effective due to its

energy consumption on regeneration.

H -

+
NH
2 o2 L COp =—— HO/\/NTO + HO/\/NH3
0]
MEA carbamate
OH ~ OH
N o 2 v
+ CO, + H; _Cxs +
HOI \_\ HO (@] HOJ_ \_\
OH OH
TEA bicarbonate

Scheme 1.3. The interaction of CO, with monoethanolamine (MEA) and
triethanolamine (TEA) to form carbamates (Upper, dry
conditions) and bicarbonate anions (Lower, wet conditions,),
respectively.
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In 2012, a very important study was reported by Liu et al®®? regarding steric-hindered-controlled
CO; absorption followed a 1:1 mechanism through the formation of carbamic acid rather than
ammonium carbamate (Scheme 1.4). The reason behind such discrepancy is due to
intramolecular hydrogen bonding; it was proved by both NMR (1H & 13C) and IR using sodium
N-alkylglycinates and alaninates in the presence of PEG, the function of the latter is to enhance
the counterion capacity towards CO,. It is noteworthy that the cost effectiveness of energy for
regeneration for of the materials produced was less than that for bicarbonate based systems,
regeneration was either under 40.0 °C or 90.0 °C in the presence or absence of nitrogen,

respectively.

O\N ONa
by

O

Scheme 1.4. CO, capture through the formation of carbamic acid
rather than ammonium carbamates.??

1.4 lonic Liquids and their Feasibility for Gas Separation

lonic Liquids (ILs) are inorganic or organic salts with a melting or glass transition temperature
(Tg) below the boiling point of water.[?®! IL’s have a surprisingly long history, which started with
Gabriel and Weiner who were the first to report on the production of ethanol ammonium nitrate
(m.p. 52.0-55.0 °C) in 1888.%*! Afterwards, in 1970s and 1980s ILs based on alkyl
substituted imidazolium and pyridinium cations, with halide or tetrahalogenoaluminate anions,
were initially developed for use as electrolytes.!”® New classes of ILs that consist of
dialkylimidazolium chloroaluminate were reported by Wilkes et al. in 1982.1%! Notable interests
of ionic liquids have been increased during the last two decades; many studies were done by the
research community,’?” ILs have distinctive properties such as high thermal and chemical
stability and low flammability. Moreover, they are considered to be an excellent material for
recyclability and ionic conductivity.!?® They have a wide liquids range, ranging from 75.0 °C to
300.0 °C, which allows better kinetic control on reactions. On the other hand, they have the
potential to be used as novel solvents or fluids for a diverse range of applications.[*! ILs play an

important role as organocatalysts,[*” electrolyte materials,®! and many other applications such

11
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as liquid-liquid extractions,®® mass spectrometric applications,**** IR, Raman and
fluorescence spectroscopy.*® They have the potential to be used as liquid absorbents since they
have shown to exhibit high CO, solubility.®® The desirable properties of IL solvents as
described above make them remarkable candidates as new materials in well-known CO;
capturing processes.®”) They present many opportunities to reassess and optimize existing
technologies and processes. Several studies have shown that the gas solubility in ionic liquids
increases when the pressure is increased and decreases with an increment in temperature. The
absorption of CO, into standard ionic liquids is controlled exclusively by physical
mechanisms.!*® Obviously, the use of ILs gained more importance, this importance is focused in
changing the ILs properties; by varying the cations and anions or by functionalization of ILs
“task specific ionic liquids, TSIL” which can be produced by grafting functional groups onto the
ions. The design and synthesis of ILs for special applications or to enhance the efficiency of

different processes using functional ILs is a very interesting topic.!>

Organic cations such as imidazolium (A), pyridinium (B), ammonium (C), phosphonium (D) and
pyrrolidinium (E), Figure 1.5, can be easily combined with a variety of anions (halides, PFg,
BF,, Tf,N"), leading to a myriad of possibilities for the modification of their physicochemical

properties, this special feature is not possible for organic compounds.!*”!

Cations R R
Ri /RQ | 1 | !

Riw. 2, -R @ \NJr N+ Pt.,l
N ARe g\ R
\__/ R R4 R3 R4 R3

imidazolium  pyridinium  pyrrolidinium  Ammonium  Phosphonium
(A) (B) () (D) (E)
Anions
Br PFg BFy TN

Figure 1.5.  The structures of common cations and anions of ILs

Selected properties, such as thermal stability and miscibility, mainly depend on the anion, while

others, such as viscosity and density, depend on the length of the alkyl chain in the cation, shape,

12
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and symmetry. However, the use of ILs also has some disadvantages; the physical properties are
not always known, their viscosity is usually higher than that of common solvents and their

toxicity effects are still unknown.
1.4.1 Task Specific lonic Liquids (TSILSs)

ILs are tailor-made solvents this means that their properties can be adjusted to suit the
requirements of a particular process, so it is almost possible to tune a particular IL associating an
anion with a cation adapted for a specific reaction.'*] These named solvents, viz. TSIL mainly
take a place as ‘green’ alternatives to several volatile organic solvents and welcome
environmentally friendly technologies.*? In 1999, Davis and co-workers*®! were the first to
demonstrate the concept of designing IL to interact with a solute in a specific fashion for
applications other than CO, absorption. Followed by another consecutive work in which he
focused and outlined the concept briefly in a mini-review by introducing the term TSILs.1*
Progress and advancement in the field of TSIL and their use in organic chemistry is already well
reviewed in literature, which is beyond the scope of the thesis.[*! Therefore, the work is focused
on TSIL for the capture of CO,. In terms of CO, absorption, and in contrast to standard ILs as
pointed above, TSILs have chemical absorption which makes the selectivity towards capturing

CO; easier, among other gases.

BF,
2 /\/\N®N/\/\NH2
ot

Al co,
BF,

BF, 0
N SN SNAN T TN
/\/\N@N HJ(O_ HaN N@N

Scheme 1.5. Proposed reaction between TSIL and CO,
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For the use of TSIL and their utilization for the capture of CO,, a breakthrough took place in
2002 by Davis and coworkers,*®! who synthesized a novel IL containing an amine-tethered,

imidazolium-based IL that can absorb CO, with an efficiency of 7.4 wt%, (Scheme 1.5).

Compared to an earlier literature that was preceded by Brennecke!*’® with a 1-hexyl-3-methyl
imidazolium hexafluorophosphate, [6-mim]PFs, (Figure 1.6), the increase in mass was due to the

purely physical absorption, with an increase in mass by 0.0881 wt% of the IL.

~NAIN
o

Figure 1.6.  1-hexyl-3-methyl imidazolium hexafluorophosphate

Zhang et al.,[*® synthesized a new type of TSIL based on tetrabutylphosphonium amino acid
[P(C4)4][OH] [AA], it was synthesized by the reaction of tetrabutylphosphonium hydroxide
[P(C4)4][OH] with amino acids, including glycine, L-alanine, L-f-alanine, L-serine, and L-lysine,
(Figure 1.7). They showed that the CO, absorption capacity at equilibrium was 50.0 mol% of the
used IL. In the presence of water (1.0 wt%), the ionic liquids could absorb 1 mole of CO,. The

CO; absorption mechanisms of the ionic liquids with and without water were different.

NH, 0 o
- 0
0
Hsc)\ﬂ/ H,N /\)LO HO/ﬁ)LO HyN \/\/\HJ\O—
© NH, NH,
L-Alanine L-B—Alanine L-Serine L-Lysine

Figure 1.7.  Structural representation for the anionic amino acids [AA] used in the study

In 2009, as an unprecedented step in TSIL regarding the modification of both cation and anion at
the same time, Zhang et al.!* synthesized a new series of 20 dual amino-functionalized
Phosphonium ILs based on (3-aminopropyl)tributylphosphonium amino acid salts [aP4443][AA].
It was found that the [aP4443][AA] ILs have excellent thermal properties, such as low Tg4 values
that range from -69.7 to -29.7 °C and thermal decomposition temperatures all above 200.0 °C.

14
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Supported by porous SiO,, the CO, absorption by [aP44ss][Gly], [aPaass][Ala], [aP4sss][Val] and
[aP44s3][Leu] almost reaches equilibrium within 80.0 min. 1 mol CO; per mol IL, which is a
factor of two greater than that reported before. The [aP443][AA] ILs (Figure 1.8) can be
repeatedly recycled for CO, uptake. For [aP443][Gly], the durability or loss of absorption rate

and capacity are almost not significant and lasts for five absorption cycles.

R Blu
O_ +

HzN BU’PI\/\/NHZ
o) Bu

Figure 1.8. Structure of the dual amino-functionalized phosphonium ILs ([aP,,,3][AA]).
[AA] = [Ala] , [Arg] , [Asn] , [Asp] , [Cys] , [GIn] , [GIu] , [Gly],
[His] , [lle] , [Leu] , [Lys] , [Met] , [Phe] , [Pro] , [Ser] , [Thr] , [Trp] ,
[Tyr] »and [Val].

Wang et al.l®® managed to synthesize a binary system consisting of an equimolar ratio of an
alcohol-functionalized IL together with a superbase. The system was found to be effective for
CO; capture under atmospheric pressure. What was advantageous in their system is that no dry
conditions are needed, and the system follows a typical 1:1 Mechanism (Figure 1.9). The
novelty of the applied system is to be considered one alternative to replace volatile amine

solutions.

3 \ OH
~
Ao Ny i

N
(Imy,OH][TE,N] [Nip211OH][TE;N] DBU
- NS SNy
r."/j — NNy
(\N/j %N:Q\N N=P—N=P-N
N/)\N N N NG
| ()

MTBD BEMP EtP2(dma)

Figure 1.9. The chemical structures of the RTILs and
superbases used and their designation.®”
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In 2011, Xue et al.® synthesized a TSIL with a first-time synthesis of a dual-functionalized
imidazolium-based IL with amine functionality on both cation and anion (Figure 1.10).
Absorption isotherm of CO, showed that absorption capacity is about 0.9 mol CO,/IL. The

absorption is due to a chemical process as verified by both NMR and IR.

03S._~NH,
/N®N\/\NH2

o

Figure 1.10. Chemical Structure of [aemmim][Tau]

For more closer look on the field of TSIL, Yang et al.,*? gave a brief review for the use of TSIL
for CO, capture/activation and subsequent conversion. Also, Zhang and coworkers [*®! gave
another review on carbon capture using ILs. It is up to now in competitive race to give the best

solution for the capture of CO; using such systems.

1.4.2 Poly (lonic Liquids) (PILs)

Very recently, significant progress has been made in the application of ILs as absorbents for CO,
separation.*’¥ As previously mentioned, one of these applications was based on a TSIL for CO,
capture, which was developed by introducing an amine group to ILs, causing the CO; solubility
to increase substantially.®” On the other hand, Poly(ionic liquids) (PILs) or polymerized ionic
liquids have emerged recently as a research focus attracting steadily growing interest in the fields

of polymer and material science as another successful application.®
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Figure 1.11.  [llustration of the relationship
between ILs and PILs. ILMs: ionic
liquid monomers. “P”: polymerizable
group.

It should be mentioned that initial research on PILs or back then named as polyelectrolytes was
back-dated to 1970’s.°®! The major advantages of using a PIL instead of an IL are not only the
enhanced mechanical stability, improved processability, durability over the IL species, but also

much faster CO, absorption and desorption rates than ILs.l>"!

PILs refer to a special type of polyelectrolytes which carry an IL moiety in the constitutional
repeating unit (CRU), providing them with a combination of unique properties of ILs with the
flexibility and properties of macromolecular architectures as well as enhancing novel properties
and functions that are of huge potential in a multitude of applications as in the case of absorption
of CO,.5¥ They are heavily used as carbon materials,’*® thermo-responsive materials,’** energy

harvesting and storage!®”, and many others such as bio-related application.®!

In 2005, the first report to describe the use of PILs as sorbent-based materials was given by Tang
et al.!% Unexpectedly, they reported several imidazolium-based PILs that exhibited significantly
higher CO, absorption capacities than the corresponding ILs. Most importantly, CO, absorption
and desorption of PILs are much faster and are completely reversible. All of these factors
indicate that PILs are more suitable than ILs for industrial CO, capture, storage, or conversion.
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ﬁ
Q.9 o
5 F;C-SN—S-CF;
BF, N PFe N © 0

N
I +/N\—
BF4
P[VBTMA][BF,] P[VBTEA][PFg] PIVBTBA][Tf,N] PIMATMA][BF 4]

Figure 1.12. Structural representation of PILs reported in the study.®?

Consecutively, Tang et al.®® reported on the use of another set PILs where he compared

ammonium-based PIL relative imidazolium-based ones (Figure 1.13).

) 02
\| BFs 2N+ N/\X_ o BF,
- N
P[VBTMA][BF 4] PIMATMA]IBF,] X = BF4; P[VBBI][BF,4] P[MABI][BF,4]

X = Tf,N; P[VBBIJ[Tf,N]

Figure 1.13. The structures of the PILs reported in the study.[®*!

Synthesized materials, viz., poly[p-vinylbenzyltrimethyl ammonium tetrafluoroborate]
(P[VBTMA][BF,]) and poly[2-(methacryloyloxy)ethyltrimethylamnonium tetrafluoroborate]
(P[MATMA][BF,4]) have absorption capacities of almost eight- and six-fold of those of RTILs,

e.g. [omim][BF4], respectively, with reversible and fast sorption and desorption.

J. Yuan et al.,**¥ reported on the CO, absorption capacities of PILs containing different cations
have been observed to decrease in the order of ammonium [(NR,)]" > pyridinium [Py]" >

phosphonium [(PR4)]"> imidazolium [Im]*. While PILs containing different anions decrease in
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the order of BF, > PFg > Tf,N". Moreover, PIL membranes are physically resistant to higher
pressures (overcoming blowing out problems faced when dealing with supported ILS).
Furthermore, the IL moieties in PILs provide good CO./light gas selectivity. The current
drawback to PIL membranes is their CO, permeabilities, which are still orders of magnitude,

lower than its IL-monomeric analogous.

PFg

+
N-~cH
HaC' CHy

Figure 1.14. Poly[(p-vinylbenz I}trimethylammonium) hexafluorophosphate
P[VBTMA][PF¢].*

Unexpectedly, Supasitmongkol and Styring®®® reported a similar PIL that was reported by Tang
et al. (P[VBTMA][PF¢]) the discrepancy was in the amount adsorbed, viz., up to 77.0 wt%, upon
the use of a Radley’s carousel synthesizer (scaled-up adsorber unit). However, under TGA

conditions, this material absorbed only 2.47 wt% (gravimetrical technique).

1.5 Microwave-Assisted Reactions

Microwave-assisted reactions are considered to be one of the most important methodologies
which has been used for more than over two decades.!® It has been widely used in organic,!® ¢!
inorganic,!®”! and polymer synthesis!®® as well as in chemical modification.l®® Since 1986 the
attention towards microwave-assisted reactions has grown exponentially. Advantages for
microwave-assisted reaction as compared to conventional heating applying conduction
phenomena, such as rapid and directed uniform heating (Table 1.3).["°! In some cases, it has been
shown to reduce polymerization reaction times from hours to few minutes,/™ as well as from

minutes to seconds scale for simple organic reactions,!? thus, saving energy and time.
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Table 1.3. Characteristics of microwave and conventional heating.!®*

Microwave heating Conventional heating
Energetic coupling Conduction/convection
Coupling at the molecular level Superficial heating
Rapid Slow

Volumetric Superficial

Selective Non selective

Dependent on the properties of the material ~ Less dependent

Regarding the synthesis of polyureas using a microwave-assisted reaction, there was a sole

pioneering study in 2004."]

X X
L DMAG, p-TSOH L
NH>-Y-NH, + H,N NH, i » —+Y-HN NH)—n
X=0,S
Scheme 1.6. Schematic representation for the general synthesis of

polyureas /polythioureas organocatalyzed by p-TSOH.

Interestingly, Banihashemi et al. was the first to describe an efficient and rapid microwave-
assisted synthesis of polyureas and polythioureas (Scheme 1.6). Upon the reaction of an
equimolar ratio of urea or thiourea with diamines catalyzed by 10.0 mol% p-toluenesulfonic acid
(p-TSA) in the presence of 5.0 mL DMACc as a solvent. In his report, a domestic microwave oven
was used; the reaction period was an overall of 15.0 minutes, it was divided into two intervals
with two different power inputs, for the first interval, microwave energy of 220.0 W for 7.0
minutes and then 400.0 W for 8.0 minutes to control the evolution of ammonia. In our method,
milder reaction conditions as in a solvent-free, lower catalyst loading, shorter overall reaction
times, as well as lower microwave power are used. Furthermore, in some cases; more efficient
and almost quantitative yields were obtained. In contrast to our method, the use of aromatic

diamines for the synthesis of the presumed polyurea/polythioureas was not successful.
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1.6  Large-Scale Sorbents for CO, Capture:

1.6.1 Amine-Scrubbing-, Impregnation-, and Grafting-based Process.

Amine based scrubbing agents (solvent-based) are the most well-known, developed technologies
with a mature knowledge of both chemical and engineering aspects regarding capturing of CO,.
Other candidates to replace MEA that might be suggested or tailored, e.g., sterically-hindered
amines such as 2-amino-2- methyl-1-propanol (AMP), this solvent is considered to be the most
promising absorption solvent among others due to its lower stability carbamate-formed
(carbamate stability constant: AMP, 0.1 < DEA, 2.0 < MEA, 12.5 at 303 K).[" The sterically-
hindered amines allow higher CO; loadings in excess of 0.5 mol equivalents to be reached, with
higher regeneration rates (process-effective with minimal regeneration costs) compared with the

conventional alkanolamines (e.g., the CO, regeneration rate ratio for AMP/MEA is 1.83!"}) l7®!

In 2002, the first amine-impregnated silica used to capture CO, was reported by Song and
coworkers.’ MCM-41 was impregnated with low molecular weight poly(ethyleneimine) (PEI),
a high-surface-area mesoporous silica with cylindrical pores of relatively small diameter was
obtained, a CO, adsorption capacity as high as 215 mgcoz/g-pe; Was obtained with MCM-41-PEI-
50 at 75.0 °C. Further reports regarding impregnation can be seen elsewhere.® To minimize
costs and increase the efficiency of capturing/separation, other advances regarding the use of
templated polymeric materials as adsorbents for postcombustion capture (PCC) are also
reported.l”®
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Figure 1.15. Amines, silanes monomers and polymers used in the synthesis of solid supported
amine adsorbents.[®
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1.6.2 Membrane-Based Process.

Membranes suited for CO, capturing purposes possess certain merits that make them successful

.y
o

Polyimide
XH
o CFs N FsC CFj
O~ = e o0 o
V.
O O @ x x
HaC” “CHj
O XH TR Polymer (X= 0, S)
‘LCH3 (@]
HEC S| CH3
CHs

PTMSP (Polyacetylenes)

I"IquH33 O(/\/O\}\n/\oﬁ ’{/\/OMN&"/O% nC15H33

nCigHaz q

PEO

Scheme 1.7. Representative chemical structures of polymers with high CO, permeability. TR:
Thermally-rearranged; PTMSP: Poly(trimethylsilylpropyne), (a derivative of
polyactylene); PIM: Polymer with intrinsic microporosity; PEO: a derivative of
Poly(ethyleneoxide).’®"
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candidates for the separation of CO, from other gases, these characteristics include: cost
effectiveness high CO, permeability, aging resistance, high CO,/N, selectivity, thermal and
chemical resistance, plasticization resistance, and ability to be cheaply processed and
manufactured into different membrane modules.[” Further, Membrane-based processes offer the
opportunity to efficiently save energy alternative for CO, capture due to having no phase
transformation. However, they lack the high permeability for massive volumes processing of flue
gas, which would result in a high CO, capture (If successful). Some examples that are heavily
used in the industry for suitable applications are summarized below, viz., Thermally-rearranged
polymers (TR), polyactylene and its derivatives, e.g. Poly(trimethylsilylpropyne) (PTMSP),
Polymer with intrinsic microporosity (PIM), or even Poly(ethyleneoxide) (PEO) and its

derivatives (Scheme 1.7).[%%

1.6.3 Adsorbent-Based Process.

Many factors affect the use of sorbents (liquids or solids) to adsorb CO,. Among the other
candidates, they should generally have large adsorption capacity, fast adsorption/desorption
kinetics, multitude of regenerability and stability.®" Examples of liquid adsorbents include
Rectisol®, Selexol® (Section 1.2.1.2), and ionic liquids (Section 1.4).
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Figure 1.16. Different types of solid adsorbents applied for the capturing of CO,.[8!

1.6.4 Solvents, Sorbents, and Membranes, Which is Which?

Li et al.l®¥ reviewed the recent advances in CO, capture technologies from a patent point of

view. Among them, emphasis has been placed on patenting (1297 patents from 1980 to March,
2012) solvent- (37.5%), sorbent- (35.5%), or membrane-based technologies (27.0%). Indeed,

more than a quarter of the patents were documented in the last 2 years (i.e. 2010-2011). Most

probably, the authors referred the major increase of patenting in the 1990s due to the realization

of the Sleipner project in 1996 (environmental concern), the early adoption of the Kyoto Protocol

in 1997, as well as the prospective benefit of CO, injection for enhanced oil recovery

(commercial purposes), (Figure 1.17).

[82]
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Figure 1.17. Number of publications vs. publication year./Total patents published by 1980.?

Further, according to the patent type (i.e. the country or organization where the patent
application was filed or granted), Japan (JP), the United States (US), World Intellectual Property
Organization (WIPO), and China (CN) are the top four types of patents found, making up
approximately 71% of the overall number of patents. Each one of the main four contributors for
the different types of patents (i.e. JP, US, WO, and CN) possesses more than 100 patents on CO,
capture (Figure 1.18 A) corresponding to 26.5%, 22.5%, 11.6%, and 10.6% of the overall
number of patents, respectively (Figure 1.18 B). Interestingly, for the JP patent type,
substantially more technologies were patented as sorbent- (192 patents) or membrane-based
(139 patents) compared to those as solvents-based ones (53 patents). On the other hand, for the
Australia (AU), Germany (DE), European Patent Office (EP), France (FR), and United Kingdom

(GB) patent types, solvent patents dominated (Figure 1.18 A).1%%
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Figure 1.18. (A) Number of patents in solvent, sorbent, and membrane vs. patent
type. (B) Distribution of patent type. Country codes: AU (Australia);
CA (Canada); CN (China); DE (Germany); EP (European Patent
Office); FR (France); GB (United Kingdom); JP (Japan); KR
(Korea); RU (Russian Federation); SU (Soviet Union, USSR); US
(United States); WO (World Intellectual Property Organization,
WIPO).[?]
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1.7  Sorbents Used for the Capture of CO,

Several advanced solid CO, sorbents like organic—inorganic hybrid materials,'®*! metal-organic
frameworks (MOF) materials,’® microporous organic polymers (MOPs),!®! hydrotalcites,!®®
calcium oxides™*® and micro- and/or mesoporous sorbents (activated carbon!®”! and zeolites!®)
have been reported in the literature. The latter two substances, viz., activated carbon and zeolites
have been preferred worldwide due to their ability to tailor their sorption behavior by simple
modification of their surface/structural properties and low cost. This is important considering
that physisorption of activated carbon and zeolite is dramatically reduced at high

temperatures.’® In this respect, amine grafting [

or impregnation of samples with
amines/polyaminest® have shown to enhance the CO, sorption at high temperatures through
chemisorption. The first type of amine functionalization of solid sorbents reduces the leaching
and improves the reuse performance. Nevertheless, the addition of the amino groups to the
sorbent surface is usually conducted by using toxic amine-containing silanes. Therefore, more
benign/green methods to immobilize amines or to fabricate nitrogen-containing CO, sorbents are
of extreme importance. In addition, the development of an optimal CO,-sorbents has also been
motivated by the aim of finding a capturing material that meets several criteria in order to enable
a fair competition/replacement with other industrially applied processes. Consequently, nitrogen-
containing, chemically-stable quests with a high sorption capacity (at least 3.0 mmolco2/Jsorbent)

at temperatures in the range of 40.0 to 80.0 °C at 1.0 bar have been searched.*®!

1.8 Polyureas: Synthesis, Development, and Green Chemistry Perspectives.

Polyureas are defined as ureylene containing polymers -NHCONH- in the polymer backbone,
(Figure 1.19). They are well synthesized and characterized since the early times of polymer
chemistry itself, which is based on the condensation reactions that were initiated by the

pioneering work of both Carothers® and Bayer.[*!
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Figure 1.19. General structural formula for polyurea, R: Aliphatic. Ar: Aromatic.

In medicinal chemistry, urea bonds are used as critical structural elements in enzyme inhibitors,
(Figure 1.20).1° In addition, whether as a polyurea or poly(urea-urethane) copolymers, it has
many uses. They are widely used in foams, films and membranes, molding, fibers, biomedical

applications and coatings.!**%*

Figure 1.20. Structural representation for some non-peptide, urea-
based HIV protease inhibitors

The production of polyurea is based on the reaction of the diamine with phosgene,®
diisocyanates,!® triphosgene, ! biscarbamyl chlorides®® and dimethyl carbonate (DMC),!* or
di-tert-butyl dicarbonate (DTBC).1*®? Furthermore, it was produced using CO,*% or sCO,*%%,
(Figure 1.21).
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Figure 1.21. Different synthetic routes for the preparation of Polyureas

Industrially, due to the fact that the use of toxic carbonylating agents such as phosgene,
isocyanate or corrosive alternatives, e.g., biscarbamyl chlorides has environmental and hazardous
problems, they are no longer a motivating target to be used. Consequently, much more benign
eco-friendly carbonylating agents; e.g. alkylene carbonates with high yield reactions to replace
the above mentioned toxic and corrosive reagents for the synthesis of polyurea is of great interest
to industry and of global demand. On the other hand, oligoureas have biological properties as

they are considered to be an attractive class of synthetic oligomers.[**!

Besides urea, among the most important carbonylating agents that can be derived from CO, are
carbonates (Figure 1.22), e.g. DMC, (A), ethylene carbonate (EC, B), propylene carbonate (PC,
C), and diphenyl carbonate (DPC, D). Due to toxicity of the phenol which is formed as a
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byproduct of the latter, green chemistry utilizes EC, DMC and PC as ‘benign’ carbonylating

agents.

o) 0
\oj\o/ o\)_J\/O o)ko ©\oio/©

(DMC) (EC) (PC) (DPC)
A B C D

Figure 1.22. Structural representation of some common carbonates.

Furthermore, the formation of liquefied byproducts of the aforementioned carbonylating agents
such as methanol, ethylene glycol, and propylene glycol, respectively, makes use of a solvent
free process much more feasible and interesting acting as a cosolvent. PC can be synthesized
from CO,** in almost quantitave yields,[*® which makes it more interesting to be used as a
carbonylating agent that can be used in a pilot or plant scale. Furthermore, the search for benign
materials and catalysts that can be recycled and recovered is also considered to be one of the
leading goals in industrial plants, such that our work and others for the production of fine
chemicals using transition-metal free processes or simply the use of organocatalysis % is a
must. Therefore, this perspective of green sorbents' generation through an organocatalyzed
microwave-assisted, solvent-free, and isocyanate-free synthesis of aliphatic [n]-OU starting from
PC and the aliphatic diamines still a motivation that needs to be fulfilled. Furthermore, the aim of
this thesis is to emphasize the use of green chemistry approaches to minimize the hazards of the
starting materials and byproducts afterwards to have the most efficient eco-friendly approach for
the synthesis of title oligoureas, therefore, PC is used as a carbonylating agent rather than
ethylene carbonate due to the fact that propylene glycol is being less toxic than its ethylene
homologue.[! Moreover, the produced [n]-OU-based sorbents might be easily recycled to yield

N-substituted carbamates (Scheme 1.8), as reported for similar substances by Shang et al.*%!
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Scheme 1.8. The results of dibutyl hexamethylenedicarbamate (BHDC) synthesis from
dibutylcarbonate (DBC) and [6]-PU.!%8!

1.9 Oligoureas/Polyureas and CO, Capture

Simple (oligo)urea-based organic structures have shown to be able to capture CO, from air (vide
infra). These H-bond receptors can absorb CO; in the form of carbonate anions forming a 2:1
(host/guest) complex. In 2009, Gale!’® and coworkers reported on the synthesis of some
substituted ureas, in which they used to stabilize the formation of alkyl carbamate through their
H-bond receptors. This glimpse gave a better understanding for a later study, they showed the
interaction with either alkylcarbamate anions formed by the reaction of carbon dioxide with
primary aliphatic amines and the zwitterionic amidinium carbamate formed by the reaction of
carbon dioxide with 1,4,5,6-tetrahydropyrimidine (THP, Scheme 1.9).[**°! By applying both
solution and solid state investigations, significant downfield chemical shifts regarding the NH of
the urea, which is consistent with a host:guest coordination; viz., anion hydrogen bonding

interactions, confirmed the interaction with bound-carbon dioxide species.

0.2.0 Q

T NS

Cﬁ Z Q\IH H H HI\Q o
N, 8.0 A

H \I/ ‘ FI-I Ill !
N ! !
L/W : , |
N\ . I
+ \H

Scheme 1.9. Expected binding mode between the urea derivative and THP-CO, complex.”!
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Incorporation of more functionalized groups, e.g. tren-based tris-ureas/thioureas, such as phenyl-
substituted tris-thiourea,’*™™ m-nitrophenyl-substituted tris-urea,"**?! p-cyanophenyl-substituted
tris-thiourea,[**® pentafluorophenyl-substituted tris-urea,l*** and recently, Pramanik et al.l**®!
synthesized a new tripodal hexaurea derivative in a three-step synthesis, and showed the
interactions of a bound CO3> with urea motifs, by which each oxygen of the carbonate anion was
bound to two ureas (four bound NH~O). In the previous examples, the overall interaction was
shown to bind carbonate anions, forming 2:1 (host/guest) complexes as evidenced by single-

crystal X-ray diffraction, (Figure 1.23).

Figure 1.23. Single-crystal X-ray structure of the carbonate
complex (countercations and hydrogen atoms
on carbons are omitted for clarity).'!

Interestingly, polyureas have not been intensively explored as CO, sorbents. For the first time,
this type of sorbent was addressed only in one recent publication *** where organic molecular
networks were formed by crosslinking of multifunctional monomers via organic sol-gel
polymerization to yield 3D-networks. However, the properties of the products were governed by
maintaining the networks as colloidal dispersions below their critical gelation concentration

accompanied by the use of highly toxic isocyanates.
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CHAPTER TWO

2

Aims of the work are explicitly summarized in the following main milestones (A, B, and C). Part
A which deals with basic concepts when dealing with CO, and its corresponding amine
interaction. Further, Part B deals with synthesis, optimization, and full characterization of [n]-

oligoureas, ([n]-OU). Finally, Part C gives an insight towards the measurement of CO, sorption

AIMS OF THE WORK

capacity using a gravimetric method via microbalance. Briefly, points are bulleted as follows:

A

Understanding the basic interactions in CO,-activated nitrogen-bearing donors for

the development of an effective system for the capture of CO,.

Investigation on the interaction of diamines and amino alcohols with CO..

DCM

s O
1Y +
BNH  NH, o —NH  NH;
S + CO A =
95°C, 10 bar | 1° C

Use of in-situ techniques to study reversible CO, binding reactions of ethylenediamine.

o1

ny
£0'0- 640 !
N N N I N Y Y T Y O T Y

LI e e B B B B I\T_C'g
4001 2325 649
METTLER TOLEDO Wavenumber (cm-1)

Quantification of carbamate, by means spectroscopic techniques, e.g. 1H and 13C NMR,

HPLC, and GC-MS.
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4. Synthesis of organic molecules with multi-arm containing amines.

Kl o e
N ot

H,N NH;

NH,

5. Synthesis of other candidates for the capturing of CO, using a mono- or bi-tethered
imidazolium-based ionic liquids, viz., Task-specific ionic liquids (TSILs) and their

presumed polymers/oligomers to capture CO..

Br
N
N/ N
HZN/\/\ ON H,
6. Investigation of a newly-developed system for CO, capturing, [n]-OUs.
B. Synthesis, optimization, and full characterization of [n]-oligoureas, ([n]-OU).

1. Synthesis of aliphatic [n]-oligoureas, ([n]-OU; n = 4, 6, 7, 10, and 12) by a microwave-
assisted, organocatalyzed reaction throughout the use of propylene carbonate (PC) and
aliphatic diamines.

200 W, 50°C, 10 min
m=4,6, 7,10, 12 Solvent-Free

0 o
I 2 molos TBD
HZNMNHZ + n O O > H NH\mN< /Y (n 1) O OH
m )—/

m=4,6,7, 10, 12

2. Performing optimization reactions to find out the best values to propagate further, using
both dynamic and fixed power modes. viz., (organocatalysts used, organocatalyst loading
(mol%), microwave power (W), temperature (°C), and time of experiments (min)).
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3. Full characterization of the synthesized materials in both solution via 1H- & 13C NMR,
and solid state using Elemental Analysis (EA), Attenuated Total Reflectance-Fourier
Transform Infra-Red Spectroscopy (ATR-FTIR).

4. Performing a stability study in acidic solutions of deuterated trifluoroacetic acid (TFA-d)

as a function of time using 1H NMR over hours to days scale.

5. Performing of a stability study in the solid state, and characterization of thermal
properties regarding the synthesized materials via Thermo-Gravimetric Analysis (TGA),
and Differential Scanning Calorimetry, (DSC). Further testing to confirm crystallinity
using Powder X-Ray Diffraction (PXRD).

C. Performing CO; sorption experiments using a gas microbalance.

6. Measurement of CO, equilibrium capacities using a TGA-DSC microbalance.
Optimization experiments were carried out following the measurement of sorption
capacities at 35.0 °C and 1.0 bar of CO..
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Mg co2/ 9 sorbent

Time (h)

7. Optimization of prepared [n]-OU based materials at two different activation/desorption

temperatures; viz., 60.0 and 100.0 °C (in vacuuo).

8. Measurement of the porous character (if any) within the [n]-OU solid sorbents using a
Brunauer-Emmett-Teller (BET) model.
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9. Analysis of the CO,-sorbed species via physi- and/or chemisorption by the means of solid
state 13C Cross Polarization-Magic Angle Spin (CP-MAS) NMR and ATR-FTIR
spectroscopy, i.e. differentiation of the sorbed materials by confirming the presence of
carbamates, carbonates, or bicarbonates.

10. Detection of chemical and thermal stability of the green sorbents via TGA.
11.  Testing of sorption experiments at different temperatures. i.e., 35.0, 65.0, and 95.0 °C

12. Testing of regenerability of the optimal sorbent at different activation/desorption
temperatures, viz. 60.0 and 100.0 °C.
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13. Comparison with other well-known technologies.

38



Chapter 3

RESULTS AND
DISCUSSION



CHAPTER THREE RESULTS AND DISCUSSION

3 RESULTS AND DISCUSSION.
3.1 Synthesis of Alkylammonium/Arylammonium Carbamates

Ethylenediamine was set as a model compound to test its interaction with CO,. Primarily, it
shows a very fast sorption kinetics which might be due to the formation of six-membered ring
hydrogen bonded product. The product was to isolate and separate out of solution upon contact.
The new shift in the IR spectrum was observed for the formation of the carbamate formation
RNH---(C=0)0 at 1573 cm™. Carbamates are shown to be affected by water which can undergo
further a multi set of equilibria in order to form carbonates and bicarbonates, which was further
verified by the use of thermogravimetric analysis (TGA). Due to the insoluble character of the
formed carbamates, which hinders their quantification in solution only solid state analyses were
feasible to deduce their structures.

s —NH  NHj

Resction Spactes (AU )
o
1]
_-_L— !
-
|
=
3 8

HaN NH

0 = it " o -

4000 3600 3200 Ze00 2400 2000 1600 1200 800
Wanseriumbes [em-11

Figure 3.1.  In-situ ATR-FTIR spectrum of Ethylenediammonium carbamate (blue) and its
starting material, ethylenediamine (grey). a: (3282 cm™) VYinHe), D (2959, 2922
em™) Vas, s c-r); (1573 cm™) vas cooy; d: (1462 em™) Snnzey; €: (1389 cm™) vg
(CO0-) f:(llOl cm'l) V (c-N); O (1595 cm'l) @ (NH2)-

Figure 3.1 shows ATR-FTIR spectra for both the starting material (grey) and the product (blue).

The vibrational analysis for the product is already well recognized by the formation of a

secondary amine (a, v = 3282 cm™) as a result of the formation of a carbamate ion, accompanied

by the formation of an antisymmetric (c, vas = 1573 cm™) and symmetric stretching (e, vs = 1389
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cm™) of the carboxylate group assigned at and (C(=0)-O"). A broadened band ranging from the
2200-3000 cm™ region was due to intramolecular hydrogen bonding which can be attributed to

an ammonium ion. Further peaks are associated with the bending mode of the ammonium (d,
8nH,') assigned at 1462 cm™. A prominent C-N peak, (f, v C-N) as a result of the formation of

carbamate can be located at 1101 ¢m™*.[t%]

Other candidates were synthesized, viz., 1,3-propylenediamine (1,3-Cs), 1,6-haxamethylene-
diamine (1,6-Cs, HMDA), and 1,10-decamethylenediamine (1,10-Cy5) and compared relative to
ethylenediamine as a function of stability of the presumed carbamates, yields ranged from (78-
92) % and well-characterized by elemental analysis and IR spectroscopy which confirmed the

presumed structures.

A specially designed TGA experiment to show the stability of a set of series of diammonium
carbamates with respect to time was performed. The TGA experiment was carried out starting
from room temperature with a ramp of 10.0 °C.min™ up to 60.0 °C, The isotherm at 60.0 °C was
kept for 40.0 minutes. After that the temperature was continuously-increased till the evaporation
temperature of the parent diamine. The carbamate released CO, with time as a result of the
reversible character of the system as shown in Figure 3.2 (vide infra). To prove the hypothesis,
an MS spectrometer was coupled with the outlet of the oven chamber. TGA-MS proved the fact
that CO,, starting materials and unexpectedly the carbamate itself was observed. Hence,
sublimation experimnets of carbamates took place but no successful isolation of any crystal was
feasible. Interestingly, 10-ammoniodecylcarbamate (1,10-C;o carbamate) (d, Figure 3.2)
showed a tangible stability as while an isotherm was applied.

Attempts to quantify the conversion towards the ionic carbamates produced from diamines using
GC-MS was not working. Only the parent molecule, i.e. ethylenediamine was detected, as a
result of a possible decomposition of the carbamate at the high temperature in the injection
chamber of the GC.
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Figure 3.2. TGA diagrams for the carbamates of aliphatic diamines: (a): 1,2-C, carbamate;
(b): 1,3-C; carbamate; (c): 1,6-Cg carbamate; (d): 1,10-Cy, carbamate.

Further, a theoretical study was carried upon the cooperation of our research group together with
scientists from the Theoretical Chemistry Chair to study the stability of the transition state during
the absorption of CO,, viz., carbamate vs. carbamic acid, using diamine based solutions to
produce cyclic carbonate. Eger et al. set ethylenediamine as a model under investigation. In the
studied system, where they analyzed the stepwise addition of CO, to ethylenediamine, the
transition state that mediates the reaction above is either being a carbamate or carbamic acid,
depending on the solvent of interest with a value below or above the critical dielectric constant
(€cr = 18). Moreover, within high dielectric constant solvents (g > &), the direct interaction of 2
with the amino group, yields a betainic ammonium salt, viz., carbamate (3_15, 10 kJemol™), and
proton transfer (15_16) ending with the more favorable betainic carbamate (16, 33 kJemol™). On
the other hand, When the reversed case is studied (¢ < &), in the mechanism as agents that

mediate proton shuttling.!**®!
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Scheme 3.1. Mechanism of CO, (2) insertion into a diamine with proton shuttling agent X-H
(4). The numerical values next to the designators of transition structures indicate

the barriers with X-H=MeNH; (in kJemol™) relative to the immediate precursor.
Important hydrogen bonds are indicated by gray wavy lines.!**8!
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3.2 Substituted Ammonium (alkylamine)-Based Bromides.

One of the disadvantages of using MEA is the use of sacrificial bases (MEA captures 0.5 mol
CO; per amine group, 1:2 Mechanism, Section 1.3). Therefore, the synthesis of multi-armed,
amine-containing, ammonium bromides (Scheme 3.2) was thought to be a plausible solution to
tether as many amine functionalities over one mole of a stable capturing agent. Unfortunately,
the synthesis was tedious and showed decomposition products, e.g. Olefins as a result of
elimination of the alkyl halide under the conditions applied. Moreover, due to having a charged

ammonium salt, the presumed syntheses undergo Hoffmann elimination.

H,N

N o) o)
W l” (m,°
0 m MW BI’ + m (m
N~~~ N
+ N R N1 /m Nfﬁm
o 9)m Br 0
N82CO3 )m
NH, o]
NHoNH,/H,0
Hs;N

HoN

Scheme 3.2. Failed synthesis of the amine-terminated, ammonium bromide-based TSILs

The HMDA substituent was replaced by a p-phenylenediamine. The reaction was carried out in

DMSO, and followed by 1H NMR measurements. But the same problem took place, no
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feasibility for the separation of the product among other byproduct. Therefore, the search for a
more stable capturing agent at temperatures for PCC regenerability applications (chemical
stability above 150.0 °C) is still on the search (vide infra). Hence, TSILs were thought to be a
stable solution.

3.3  Task specific ionic liquids (TSILs) and their oligomeric correspondents
(OILs)

Briefly, the presumed synthesis as shown in Scheme 3.3 was based on a multistep approach to
yield the TSIL with high purity. On a later stage, PILs synthesized will be used as sorbents to
effectively capture CO,. Recently, we discovered a pathway for the synthesis of urea-based OILs
using a microwave assisted approach which is based on organocatalyzed, solvent-free synthesis
starting from propylene carbonate and diamines.[**® Therefore, our approach was to design a
TSIL with a diamine-based imidazolium moiety for the purpose of oligomerization
/polymerization to yield their corresponding OILs/PILs, respectively. Imidazolium based ionic
liquids and the interaction with the anion to determine CO, solubility (1201 \yas chosen among the
other candidates due to its high stability and heavily-reported research articles, as it was reported
primarily by the pioneering work of Brennecke in 1999.174 It should be mentioned that this
approach is novel for the synthesis of such PILs. From a synthetic perspective, each of these
strategies as well as the polymerization techniques governs different structural parameters of
PILs, and demonstrates distinct advantages as well as limitations with respect to the molecular

[121]

design. Antonietti and coworkers gave the recent update in the production of PILs and their

different uses along the multidisciplinary fields.
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Scheme 3.3. a) NaH, THF, C11H10BrNO,, 1 h, r.t., 67.0 °C, 3 h; b) C11H10BrNO,, toluene,
60.0 °C,48h; c) MX: KPFs, NaBF,4, or LiTf,N metathesis; d, €) N,H;H,0; f)
TBD, PC, MW.

3.3.1 Synthesis of 2-(3-(1H-imidazol-1-yl)propyl)isoindoline-1,3-dione (3)

Regarding the synthesis of (3), a proper protection of the amine terminated alkyl halide of choice
is a must. Otherwise, intra- and intermolecular nucleophilic attack occurs, which may give rise to
several products that might be difficult to separate. The primary amine group needs to be
protected/deprotected to ensure the ease of modification and cleanliness of the target material
upon workup. The protecting group was a phthaloyl group. Therefore, N-(3-
bromopropyl)phthalimide (2, Scheme 3.4) was used.
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The general procedure for the synthesis of 2-(3-(1H-imidazol-1-yl)propyl)isoindoline-1,3-dione

(3, Scheme 3.4), was carried out by Harjani et al.[**%

\ 5@ NaH, THF /\ﬁ'\'

N
67°C, 3 “ercan o O
O q) ©)

Scheme 3.4. Ternerization reaction of mono-substituted TSIL-precursor (3)

Harjani et al. isolated the final product (3) as an amorphous white powder with a yield of 80%. A
slight modification was carried out concerning the last step, the final product was concentrated
and left to crystallize, crystals were formed and collected ca. 60%. Furthermore, 1H NMR
analysis of (3) was performed in deuterated methanol, MeOH-d*. The 1H NMR of the organic
ternerized-imidazole (3) is shown in Figure 3.3. A multiplet assigned at (7.76-7.85) ppm, this
multiplet region gives a clear indicator towards the presence of the aromatic ring of the
phthalimide’s phenyl, viz., 7 and 8 (Figure 3.3). A singlet at 7.70 ppm corresponding to an
imidazolium C2 (1, Figure 3.3) was observed. Further two more singlets at 7.17 and 6.92 ppm
can be ascribed to the hydrogen’s 3 and 2, respectively (Figure 3.3). The aliphatic spacer’s
hydrogen’s 6, 4 and 5 can be distinguished as two triplets at 4.09, 3.68, and a pentet at 2.17 ppm,
respectively. Moreover, Elemental analysis confirmed the proposed structure for both calculated

and found molecule for the TSIL precursor (3).
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Figure 3.3.  1H NMR in MeOH-d* of the organic compound. S: solvent; x: DCM.

3.3.2 Synthesis of 1,3-bis(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-imidazol-3-ium bromide
(4)

Two different pathways were used for the synthesis of the di-substituted TSIL precursor (4,
Scheme 3.4); viz., Thermal and microwave-assisted pathways. Both pathways gave the same
chemoselectivity regarding the product but in different yields, which were 28 and 91% regarding
the thermal and microwave-assisted approaches, respectively. Preference was given towards
using a microwave reactor due to higher yielding as well as shorter reaction times (20 min vs. 48
h).
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Scheme 3.5. Quaternization reaction of the di-substituted TSIL precursor (4)

The use of microwave synthesis has considerably speeded up the TSIL preparation. Furthermore,
the 1H NMR analysis for the prepared TSIL precursor (4) was shown in Figure 3.4, a singlet at
9.07 ppm, which can be ascribed to the hydrogen at the C2 of the imidazolium ring. (1,
Figure 3.4). Moreover, a solid evidence for the quaternerization process due to a shift to a more
down field position can be seen clearly within the alkylene chain’s hydrogens. i.e. 3 to 4,
(Figure 3.4). A multiplet observed in the region (7.79-7.91) ppm, which can be ascribed to the
aromatic phenyl of the phthalimide moiety, 6 (Figure 3.4). A singlet at 7.74 ppm which
corresponds to aromatic hydrogen for the imidazolium ring 2. The aliphatic arm hydrogen’s 5, 4
and 3 can be distinguished as a triplet at 3.75, pentet at 2.32 and a triplet at 4.30, respectively.

Elemental analysis for TSIL-precursor (4) confirmed the calculated CHN ratio.
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3.3.3

In the literature, several methods were used for the production of the TSIL (10). Instead of
working directly with imidazole and 3-bromopropylamine hydrobromide, it was a problematic
issue to clean the final product. This might result in multi nucleophilic attacks due to high
nucleophilicity of the resulting secondary and tertiary amines once formed. In order to avoid this
problem, it was thought to proceed with a suitable protecting group, viz., the use of phthaloyl
group. The hydrolysis of the TSIL-Precursor was carried out in basic solution using ethanolic
hydrazine monohydrate solution. The yield was 99.0% (NMR vyield, assay: 84.0 %). A singlet
shown at 8.35 ppm which is presumably due to the H-2 of the imidazolium ring 1. A singlet at
7.70 ppm which corresponds to an aromatic hydrogen H-4 for the imidazolium ring 2, the

aliphatic arm hydrogen’s 3, 5 and 4 (Figure 3.5) can be distinguished as a triplet at 4.34, triplet at

S
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Figure 3.4. 1H NMR in MeOH-d* of product (4); S: Solvent.

Hydrolysis of TSIL-precursor (4) to yield 1,3-bis(3-aminopropyl)-1H-imidazol-3-
ium Bromide, TSIL-Br (10)

RESULTS AND DISCUSSION
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2.81 and a pentet at 2.13. The main impurity which can ascribed to two sets of multiplets in the
ranges of (8.18-8.24), (7.80-7.84) is attributed to the aromatic hydrogens of the phthalhydrazide,
X. The reason why for this impurity presumably is due to the partial solubility of the
phthalhydrazide hydrolysis byproduct.in the synthesized (10).
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Figure3.5. 1H NMR of TSIL-Br (10) in MeOH-d*. M: Traces of starting material, x:
hydrogen region showing the aromatic rings of the dissolved byproduct,
phthalhydrazide.
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3.3.4 Failed Manipulation of Anion Exchange (6-8) and Attempted Hydrolysis of TSILS
precursors (11-13)

The anion exchange (double replacement) reactions using metals salts (MX) of potassium
hexafluorophosphate (KPFg, 5a) sodium tetrafluoroborate (NaBF,, 5b), and lithium
bis((trifluoro-methyl)sulfonyl)imide (LiTf,;N, 5c) to yield TSIL-precursors with different counter
ions of PFg (6), BF4 (7), Tf,N (8) was not successful (Scheme 3.6).

Br
@] AN O
N N N N
N/\/\ \_/® /\/\N olvent /\/\ @ /\/\
+ MX %(—'-

MX (5) (a) KPF, X=PF; : (6)
(b) NaBF, X=BF, : (7
(¢) LiTf,N X=THN; (8)

Scheme 3.6. Failed anion exchange of TSIL-precursor (4) using different metal salts (MX),
5(a-c)

Moreover, the hydrolysis of the TSIL precursors (6-8) to yield the TSILs with counter anions (X_
= PFs (11), BF4 (12), Tf,N™ (13) (Scheme 3.7) was not successful due to contamination of
TSILs (11-13) with both counterions.

/\/\N N/\/\ X
@ /\/\N@N/\/\
+ NH,NH,H,0 — » HzN = NH;

X= PFg
X= BF, X=PFg ;(11)
X= TN ;(3) X=BF, ;(12)

X=Th,N ; (13)

Scheme 3.7.  Attempted hydrolysis of the TSIL precursors (6-8) to yield TSIL-PFg (11), TSIL-
BF, (12) and TSIL-Tf;N (13)
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3.3.5 Imidazolium-based TSIL and their Oligo(ionic liquids) (OlLs) and CO, capturing.

TSIL (10) or similar structures with different alkyl chain (lengths) was prepared in the literature
by many other research groups. As a rule of thumb, all of them use a protecting group for the
primary amine terminal to eliminate any other undesired side reaction within the starting material
(alkyl halides) that may occur during synthesis. If not protected, this might give multiple
nucleophilic substitutions as a result of the high reactivity of the resulting product which does
not facilitate both cleanliness and ease of separation. In our work, we used a phthaloyl-

protecting group that is easy to cleave off upon hydrolysis.

The first research group to report the structure was Tan et al.,[***! They reported on the use of a
TSIL as a comonomer for a material being prepared to produce a heterogeneous catalyst for
immobilizing a Mn(l11)-based catalyst for enantioselective epoxidation of styrene (Scheme 3.8),
where they synthesize TSIL starting from imidazole and 3-bromopropylamine (non-existent as a
chemical material) unless the authors made a typo and meant the use of its hydrobromide salt.

/\_/\
B NH H5N [\ NH,
NONH - NarTHE B N N

reflux

Scheme 3.8. Preparation of TSIL (10) and their use as a comonomer
for the production of oligomeric Mn(lll)-based
heterogeneous catalyst for the enantioselective
epoxidation of styrene.**!
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Within their experimental procedure, he should have written an extra additional step for use of a
base to neutralize the acidic moiety (hydrobromic acid) to yield the free amine groups (the

experimental procedure for preparing the TSIL (10) was not written precisely).

Moreover, Coleman and coworkers,[***! managed to synthesize (10) in a much more pure,
sophisticated, multi-step synthesis (Scheme 3.9). The starting material synthesis requires further

three-step synthesis that was tedious and time-consuming.

30mins then RT
= for 24 h

) (e} (o] Q
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+
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NaOH (IM). THF 0
Br™ "NHHBr  + \’(O)J\O)L(}r 0°C~50C Br/\/\NJLO /l<
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for12 h H

RT, 24h |Isopropanol

0
N A~~~ HBr(6M) H W J J<
BrHHN NN NFeHBr 0N~ NN 0
Br 12h, RT X 11)/ Br

NaHCO;|H,0, 24h RT

NH
N~ NN 2
Br

Scheme 3.9.  Multi-Step synthesis carried out by Coleman and coworkers.!*>*!

Very recently, a new protocol that came along with a very less demanding step was reported by
Zhang et al.,™®! In this protocol 3-bromopropylamine hydrobromide was treated with a
protecting group, viz., Triphenylmethyl chloride (TrCl), (Scheme 3.10). So far, this report is

considered to be the best among other experimental procedures for the preparation of (10). The
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CO; capture capacity in aqueous solution was estimated as 1.05 mol CO, per mol of TSIL at
303.15 K, (18.5 wt %) with good thermal stability (T4 ca. 250 °C).

+ B H
(a) (b) Tr /\ T
Br/\/NH?»Br + Tl —=— Tr”N\/\Br - \”/\/NCDN\/\H

Te

r

S )\ + -
ﬁ"’ C|H3N/\/N®I\J\/\NH3CI ﬂ"’ H2N/\/N/6\N\/\NH2
Br Br

we QSO
O

Scheme 3.10. Synthesis of (10) reported by Zhang et al.***!

TSIL-Br (10) was synthesized using a new approach of protected amine terminals. This TSIL is
considered to have a dual function as a capturing agent as well as a co-monomer to be used for
the oligomerization/polymerization (Scheme 3.11). A neat sample of (10) was submitted for CO,
capturing purposes using a Setaram microbalance. The sample was activated at 100.0 °C for 1 h
(in vacuuo), sorption took place at 35.0 °C. Surprisingly, CO, sorption was 1.7 wit%.
Presumably, it can be attributed to the high viscosities associated with TSIL and its H-bonding
network. Such low sorption values, were observed by Davis and coworkers who used a mono-
substituted, amine-tethered TSIL (Scheme 1.5).1%¢!

Br Br

N AN
+ o~ NN _ CO, A~ NN PC, TBD
MO s, = D Ay, T

OlLs

Scheme 3.11. TSIL (10) dual function as a capturing agent, OILs: Oligo(ionic liquids).
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On the other hand, the oligomeric form can be synthesized via two basic strategies: Firstly,
chemical modification of existing polymers e.g. transplantation of IL functionalities, which is not
the followed methodology in this work. Secondly, direct polymerization of IL monomers,® e.g.
synthesis of PILs through polyurea formation.

Recently,!***! we discovered a pathway for the synthesis of OILs using a novel approach which is
based on a microwave assisted, organocatalyzed, solvent-free synthesis starting from propylene
carbonate and diamines. Therefore, our approach was to design an IL-based imidazolium
diamine moiety for the purpose of oligomerization/polymerization to yield the corresponding
OILs/PILs, respectively. It is noteworthy that these materials are novel for the synthesis of these
OILs (if any, Scheme 3.12).

Br

SN
NN
Wadih O/l n ™
G RSN SN [ SR {
A~ TNEINTN A~ N P
NH \Q/ NH E N\@JN/\/\NH NH/\/\N\Q/N/\/\E O/E:
n

Scheme 3.12. Presumed Synthesis of the Oligo(ionic liquids) (OILs). Conditions applied: 1:1
(10):PC, 2.0 mol% TBD, 50.0 °C, 200.0 W.

All reactions were carried out under air, following up a previously published protocol.™ The
reaction was heating very rapidly due to the ionic nature of the TSIL, but the reaction did not
show any produced oligomers as shown by 1H NMR. The same reaction was repeated, and
materials were prepared inside the glovebox, and the same result was obtained as the former
experiment excluding the possibility of poisoning of the materials due to air. Failure to obtain
OILs was achieved presumably due to high viscosity of TSIL which might prevent the diffusion
of TSIL (10) towards PC. Application of the same reaction using polar solvents, e.g. DMF,
DMSO was also carried out. No materials were achieved, presumably due to poisoning of the

organocatalyst by the presence of the solvent.
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3.4  Aliphatic [n]-Oligoureas, [n]-OUs

3.4.1 Optimization conditions with 1,6-hexamethylenediamine (HMDA)

3.4.1.1 Dynamic control mode

As a model, the dynamic mode (Section 4.3.1.1) was used in order to optimize the conditions for
the oligomerization a set of parameters were studied using an equimolar ratio of 1,6-
hexamethylenediamine (HMDA) and PC as a model reaction to yield the [6]-OU. The
parameters were chosen as a function of catalyst loading, microwave energy, temperature and
time. The optimized conditions are: 2.0 mol% TBD, 50.0 °C, 10.0 min and 200.0 W.

3.4.1.2 Fixed-Power mode

During optimization, the microwave effect was investigated in the dynamic mode
(Section 4.3.1.1). In addition, after optimization, [6]-OU synthesis was further tested using the
fixed mode (Section 4.3.1.2) as shown in Table 3.1. Using fixed power almost quantitative yields
were obtained as a function of time, Table 3.2. Best microwave power was at 10.0 W with a
yield of 96.0%. It is noteworthy that 1.0 and 2.0 W runs did not yield any collected products.

1H NMR shows a proportional increase in yield upon increasing the power till a maximum is
reached at 10.0 W (run 4, Table 3.1). The decrease in yield is presumably due to decomposition
of the prepared [6]-OU due to focused microwave energy. Therefore, it was concluded to have
the power input (10.0 W) as an optimal power. The DP value is equal to 12 for the obtained [6]-
OU within plausible error from NMR.!**! Upon fixing the microwave power to see the effect of
time on conversion of the oligourea it would be plausible to think that upon increasing time an
increase in DP values would be seen. The results came in accordance to the expected hypothesis.
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Table 3.1. Percentage yield as a function of
Microwave energy using the fixed
mode.

Run Power (W) Yield (%) @
1 5.0 0
2 8.0 30.0
3 9.0 28.0
4 10.0 96.0
5 12.0 95.0

& Conditions applied (optimized): 1:1diamine:PC; 2.0
mL PC; 2.0 mol% TBD, t = 20.0 min.

Table 3.2 shows percentage yield as a function of time. At time t = 10 min, There was no product
formed. A DP for the [6]-OU is = 16 after one hour, with a yield of 97.0% and equals 20 after

two hours with a 98.0% yield. Results are reproducible, and almost quantitative conversion can

be obtained upon tuning the appropriate time.™*!

Table 3.2. Percentage yield as a function of time (min)
using the fixed mode

Run Time, t (min) Yield (%)?
1 10.0 0

2 15.0 94.0
3 20.0 96.0
4 60.0 97.0
5 120.0 98.0

& Conditions applied (optimized): 1diamine:1 PC; 2.0 mL PC;
2.0 mol% TBD, 10.0W.
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3.4.2 Screening and testing different variables

The production of the [6]-OU was a solvent-free, transition-metal free, microwave-assisted, eco-
friendly synthesized, low catalyst loading, lower toxicity of chemicals involved, less time and
energy consuming. All of these are considered as good merits that enhance the efficiency of the
whole process. To the best of our knowledge, regarding polyurea synthesis, the temperature of
the reaction conducted was as low as 50.0 °C, which is considered to be the lowest temperature
for the preparation of polyurea based-materials, using condensation polymerization starting from
a non-isocyanate route.”**?®! This makes the process itself much more attractive under the
applied conditions. For the purification purposes, five different workup-procedures were used:
Soxhlet extraction, methanol/boiling water, methanol soaking/washing, and trifluoroacetic acid
(TFA) solubilization followed by precipitation in either Et,O or methanol. Regarding TFA-
containing methods, traces or leftovers of the acid, might give failure during analysis of the
oligomers while performing thermal analyses. The easiest workup-procedure was “soaking in

methanol” method; it was the most efficient among others in purity and processing time.
3.4.2.1 Organocatalysts Screening

In  this study, organocatalysts 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, a), 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU, b), Schreiner’s thiourea based catalyst (c), 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN, d), 1,1,3,3-tetramethylguanidine (TMG, ¢e), 1/4-
diazabicyclo[2.2.2]octane (DABCO, f) and 4-dimethylaminopyridine (DMAP, g) were used.
Other than TBD (a)-catalyzed processes, which gave an off-white solid paste, all other
catalyzed-processes using organocatalysts (b-g) gave oily products. The arbitrary parameters
were 3.1 mol% cat., 220.0 W, 100.0 °C, 10.0 min, and solvent-free conditions. It was shown that

it is superior in catalysis to give the aforementioned oligomers.[*'

The guanidine super base TBD (a) is one of the most effective commercially-available
organocatalysts for the oligomerization process when compared to other organocatalysts.!%®! |t
was reported to have an activity in condensing propylene glycol with CO, to produce PC!*?"!

besides its superior activity in more than 15 different organic and polymeric processes.[*?®!
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Figure 3.6. Structural formula for the catalysts used in the study (a-f).*

3.4.2.2 Carbonylating agents

Among the non-phosgene carbonylating agents, PC, EC and DMC were used to see the reactivity
of each one of them within the oligomerization process. PC gave the best yields, viz., of 65.0%
(run 1, Table 3.3), followed by EC with a 54.0% (run 2, Table 3.3). On the other hand,
unexpectedly, DMC showed almost no reactivity towards oligomerization, this might be due to

methanol is not a strong microwave absorber, viz., methanol has low energy dissipation factor
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(tans) once compared to ethylene glycol/propylene glycol.l*?®! Table 3.3 shows the yields

obtained under the same conditions.

A control experiment showed that the ring opening of PC via TBD to give polycarbonate was not
feasible under the same applied conditions. IR and NMR spectroscopy showed that there was no
change in the reaction under the applied conditions, only peaks/signals for the starting materials

can be observed.

Table 3.3. Yield as a function of Carbonylating agents.***!

Run Carbonylating Agent* Yield (%0)

1 PC 65.0
2 EC 54.0
3 DMC <1.0

& Conditions applied: 3.1 mol% TBD,
100.0 °C, 220.0 W, 10.0 min.

3.4.2.3 Thermal vs. Microwave control

To show the importance of a microwave reactor and its role in enhancing the reaction to yield
[n]-OUs under the appropriate conditions, a thermal control experiment was carried out in an
ATR-FTIR autoclave (Section 4.1) applying thermal energy only using the same conditions, the
reactor itself is heated to the desired temperature, viz. 50.0 °C, and components were added in the
same manner when using the microwave reactor. The gradual decrease in the intensity of
propylene carbonate at 1790 cm™ as a result of consumption accompanied with an increase in the
absorption band of urethane functionality assigned at 1696 cm™, is the result of the catalyzed
nucleophilic attack of the diamine at the carbonyl carbon of the propylene carbonate as shown in
Figure 3.7. Workup after 10.0 min showed only viscous material, 1H NMR analysis of the
product revealed the formation of urethane protected diamine. These experiments proved that the

reaction is not successful unless microwave energy is applied.***!
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Figure3.7. In-situ  ATR-FTIR spectrum of  the
oligomerization process under thermal conditions.
(Only spectra from 1477 to 1861 cm™ over 10.0
minutes are shown for clarity).

3.4.2.4 Solubility Tests and Organic Solvents.

The solubility behavior of [6]-OU using polar solvents as in N,N-dimethylacetamide (DMAC),
DMSO, DMF, and NMP was not successful. Even upon mixing with a 5.0 wt % LIiCl, neither
cold nor hot solubilization (100.0 °C) was capable of dissolving the aforementioned oligomers.
On the other hand, room temperature solubilization was feasible through the use of
perflourinated protic solvents such as, 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP), trifluoroacetic
acid (TFA), or formic acid. Such trend is presumably due to strong intermolecular hydrogen
bonding formed upon dissolution. TFA was chosen for solubilization of the [6]-OU due to being
the least hazardous.™*"!
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3.4.2.5 Screening with aromatic diamines and amino alcohols

Using a microwave-assisted reactor, the same reaction with the aromatic diamines did not show
any reactivity presumably due to the low nucleophilicity of the aromatic diamine compared to
aliphatic diamines (Scheme 3.13). Furthermore, no oligomer formation concerning the reaction
of amino alcohols with PC under the same applied conditions was formed. On the other hand,
Bis(hydroxyalkyl)urea was formed, which is in accordance to the literature as synthesized and
patented by Yasuji et al.[***! which cannot undergo further reactions because the hydroxyl group

is not nucleophilic enough to ring open the PC.[*

O 0
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Scheme 3.13. Failed oligoemerization experiments of aromatic diamines with PC.
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3.4.3 [6]-Oligourea ([6]-OU) Results

Upon assigning the DP value from the 1H NMR spectra, the total mass of the prepared oligomers
was calculated. Elemental analysis is based on the total mass of the oligomer including the end
groups.**¥ The elemental analysis is to a great extent close to the proposed structures. Figure 3.8
shows the ATR-FTIR spectra of the HMDA and the [6]-oligourea, ([6]-OU). The band at 1614
cm™ (C) can be assigned to carbonyl stretching of a urea functional group, as well as the band at
1571 cm™ (D) which is ascribed to (CO-NH) amide stretching. Also, the formation of a band at
3318 cm™ (A) which is ascribed to a secondary amine peak as well as the disappearance of the
two bands of the antisymmetric stretching (B;) and symmetric (B,) of the primary amine
corresponding the starting material centered at 3328 cm™, 3254 cm™, and 3165 cm™. These
assignments confirm the aforementioned assumption. This indicates that the material was
transformed into the presumed [6]-OU. X stands for the secondary amine of carbamate upon

capturing atmospheric CO,. This can be cleaved upon applying the reaction conditions.!***!
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Figure 3.8. The FTIR-Spectrum of the corresponding [6]-OU (Red) and its corresponding
1,6-Hexamethylenediamine (HMDA) (Black). (Reproduced from Ref. [119] with
permission from The Royal Society of Chemistry).

Figure 3.9 shows the 1H NMR of the [6]-OU, a triplet is shown at 3.30 ppm representing the

methylene group closest to the urea functional group, i.e. 2, Figure 3.9, and two definite singlets

at 1.63, 1.31 representing protons of the main skeleton of the repeating unit. 3 and 4, Figure 3.9.

The urethane end group (a, a’, b, b’, ¢, and ¢’) is distinguished by a set of multiplets assigned at

(3.85-4.27), the reason for such complex pattern is attributed to the existence of isomeric

hydroxopropyl carbamate end groups as a result of the regio-unselective ring opening of PC. The

peaks assigned at around 6.7, and 7.0 ppm (1, Figure 3.9), are attributed to the proton to
deuterium exchange at the amine end group of [6]-OU, since the signal of -NH, utterly vanishes
after 48 h in TFA due to H-D exchange (Figure 3.10). The degree of polymerization (DP) is

equal to 12 and the molecular weight of the oligomers is ca. 2.0 kDa within the plausible error.
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Figure 3.9. 1H NMR of the [6]-OU in TFA-d, S: Solvent, E: End group (Reproduced from
Ref. [119] with permission from The Royal Society of Chemistry).[*'*!

On the one hand, solutions of the oligomers in TFA-d, were stable over a long period of time as a
function of the urea backbone. On the other hand, shifts in peaks of the urethane end group as a
result of esterification in highly acidic solution, viz., TFA-d. Figure 3.10 shows the stability
study up to 48h. For consistency and precision of analysis, fresh samples were prepared before
measuring any 1H NMR spectrum. The peaks in the right rectangular region, (E, Figure 3.10) in
the range (3.85-4.27) ppm shows the transformation for the urethane end group into the
propylene glycol upon hydrolysis of the oligomer’s end group. A detailed assignment of the
signals from the hydroxopropyl carbamate end group is tangled by its reactions with TFA.
Moreover, another exchange of the —OH proton with deuterium occurs (middle rectangular
region, Figure 3.10), followed by the reaction with TFA to form a trifluoroacetic ester (TFA-PG,
Figure 3.10)."° Clearly, the other peaks associated to the urea backbone show its extreme
stability over prolonged acidic treatment, this explains why polyurea are used in coating

industry.*!
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Figure 3.10. Stability study of the [6]-OU in TFA-d after 1.0 h, 2.0 h, 3.0 h, 4.0 h, 5.0 h, 6.0 h,
12.0 h, 24.0 h and 48.0 h (from top to bottom, respectively). *: MeOH traces.[**
Figure 3.11 shows the 13C NMR of [6]-OU, which further confirms the presumed structure. The
peak at 161.4 ppm (1, Figure 3.11) is assigned to the carbonyl group of the urea functionality.
Further peaks, viz. 2, 3 and 4 at 44.2, 30.7 and 28.0 ppm, respectively; correspond to the carbon
atoms forming the backbone skeleton of the repeating unit.***! The urethane end group could not

be seen within the spanned time for a 13C experiment due to hydrolysis.
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Figure 3.11. 13C NMR of the [6]-OU in TFA-d, S: Solvent.!

3.4.3.1 Synthesis of other candidates of [n]-OUs

Similarly, [n]-OUs-based solid sorbents were prepared through a TBD-organocatalyzed reaction

with the use of a microwave, mono-modal system in a dynamic mode similarly to a procedure

that was previously optimized and reported for the synthesis of [6]-OU by Qaroush et al.

(Scheme 3.14).1%
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Scheme 3.14. General representation for the organocatalyzed microwave-assisted
oligomerization of primary diamines with propylene carbonate
(PC) (TDB: 1,5,7-triazabicyclo[4.4.0]dec-5-ene; MW: micro-
wave).[3!
The dynamic mode was selected for the synthesis in order to reach mild temperatures and avoid
excessive thermal microwave effects, which could affect the reaction yields.®® Under these
conditions, equimolar amounts of homologous diamines and PC afforded the desired [n]-OUs as
white-colored powders upon drying. Table 3.4 summarizes the degree of polymerization (DP),

yields, and elemental analyses of the oligomers, viz., [4]-, [7]-, [10]-, and [12]-OUs. **1

The obtained yields were very good in comparison with values reported by a similar
condensation method conducted via a thermal approach at very high temperatures and vacuum
for prolonged times. ¢! According to our procedure, DP varies significantly as a function of
spacer, i.e. the shorter the spacer in the diamine moiety the higher the DP value. This is
presumably due to a solubility issue. The elemental analysis results were in good agreement with
the calculated formula for each oligomer, where the DP and a statistical distribution of 1:1 molar
ratio of amine:urethane end groups were taken into consideration. In all cases ([n]-OU, n =4, 7,
10, and 12), the presence of some traces of methanol affected the microanalyses, as observed by

1H NMR and TGA, this result was consistent to a previously reported study.™ 31
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Table 3.4. Summary of results for the synthesized [n]-OUs 13!

EA (Total mass)®
[n]-OU.MeOH DP® Yield (%)°

Calculated Found

C:51.29  C:5151
[4]-OU.H,0 9 820  H:9.05 H: 8.95

N:22.30  N:22.09

C:60.03  C:60.56

[7]-OU.H,O0 10 76.0  H:10.38  H:10.42

N:16.80  N:16.33

C:65.35  C:65.64

[10]-0OU 7 780  H:11.18  H:11.38

N:13.32  N:13.21

C:67.73  C:67.59

[12]-0OU 6 86.0  H:1158  H:11.64

N:11.59  N:11.54

& Conditions: 1:1 molar ratio of diamine:PC, 2.0 mol% TBD,
50.0 °C, 10.0 min, 200.0 W; ° Obtained from 1H NMR; ¢
Isolated yields; ¢ The total formula weight is accounted with
the inclusion of end groups.

A clear evidence of the formation of the urea functional group was observed by using Attenuated
Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR). For instance, [10]-OU
showed two definite new peaks at 1615 cm™ (amide I, C=0; C) and 1570 cm™ (amide 11, CO-
NH; B) in comparison to the spectrum of the starting material as shown in Figure 3.12.%% A
small peak at 1691 cm™ (D) related to the formation of a urethane end group was also
detected.[*? The single broadened band centered at 3321 cm™ (H) is related to the presence of
an amine group of a urea moiety. In this region, a similar peak can be also observed in the ATR-
FTIR spectrum of the starting material (1,10-diaminodecane, 1,10-DAD) at 3329 cm™ (1) but this
signal corresponds to a secondary amine peak in a carbamate functional group.[**®! The latter is

formed while performing the ATR-FTIR measurement under air. However, the formation of urea
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group in [10]-OU was confirmed by a peak at 1251 cm™ (A), which is assigned to the single
bond C-N."*4 The latter peak is determinant to differentiate between the existence of urea group
or a carbamate. Moreover, the formation of the [10]-OU can be proved by the disappearance of
the one symmetric (3162 cm™, F) and one asymmetric (3252 cm™, G) vibration band of 1,10-
DAD. In addition, signals corresponding to the aliphatic backbone of both materials were also
seen. Accordingly, Eamine (2917 and 2848 cm™) blue shifted to Eqrea (2932 and 2856 cm’™).[**!
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Figure 3.12. ATR-FTIR spectra of [113?]]OU (dark blue) and its diamine

comonomer (light blue).

The DP of the obtained oligomers can be estimated by end-group analysis via 1H NMR
spectroscopy in deuterated trifluoroacetic acid (TFA-d), as recently demonstrated by our research
group.’*! Figure 3.13 shows a descriptive 1H NMR spectrum for one of the oligomers, viz. [10]-
OU. Integration of the protons related to the a-carbon of the ammonium end group (2’), which is
formed after addition of TFA-d to the [n]-OUs, relative to the protons on the a-carbon close to
the urea repeating unit (2) gives the DP. For [10]-OU, the 1H NMR spectrum shows a triplet at
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3.28 ppm representing the methylene group closest to the urea functional group in the backbone
of the repeating unit (methylene group 2) and multiplets between 1.80 and 1.20 ppm related to
the methylene protons of the main skeleton of the repeating unit (methylene groups 3 to 6). This
is in agreement with the proposed structure for [10]-OU.[*!
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Figure 3.13. 1H NMR spectrum for the prepared [10]-OU in TFA-d at room temp.™**!

Moreover, Figure 3.14 shows the **C NMR of [10]-OU which revealed the presence of a urea
group at 161.2 ppm. (34
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Figure 3.14. 13C NMR of [10]-OU in TFA-d.[**!

3.4.3.2 Thermal Analysis

Thermogravimetric analysis (TGA) was conducted on the new oligomeric materials to study
their thermal stability (Figure 3.15). For comparison reasons, TGA from the previously prepared
[6]-OU is also shown.[™ In particular, two thermal transitions are observed. Firstly, a gradual
decomposition occurs after ca. 200.0 °C in all [n]-OUs, which can be explained by the formation
of PC as a result of backbiting of the urethane end group. Thermal stability of the backbone
remains intact till about 300.0 °C as observed in similar compounds.**¥) A second decomposition
step was detected for all [n]-OUs as a result of an arbitrarily isocyanate formation rather than
backbiting or zip mechanism to form cyclic ureas (as in the case of oligomers with short
methylene chains). In this regard, a very significant difference is detected in the TGA trace of the

[4]-OU due to the presumed formation of seven membered ring cyclic urea.l*”®! For all

73



CHAPTER THREE RESULTS AND DISCUSSION

oligomers, Tgso (decomposition temperatures at 50.0 % weight loss) is ca. 350.0 °C
(Table 3.5).131
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Figure 3.15.  TGA traces of [n]-OUs, (n =12 (red —), 10 (blue —), 7
(green ——), 6 ( ), and 4 (black —)).1*3

Further thermal properties of [n]-OUs were studied using differential scanning calorimetry
(DSC, Table 3.5). No thermal transitions were observed when performing a full scan from room
temperature till 200.0 °C at different heating rates (5.0 or 10.0 K/min). The scan was prolonged
till 300.0 °C with the loss of the end group (vide infra). On cooling, an exothermic crystallization
peak could be observed at 205.0, 192.0, and 165.0 °C for [7]-, [10]-, and [12]-OUs, respectively.
In addition, melting temperatures (Tn) were detected at 229.0, 215.0, and 204.0 °C for those
materials, respectively. These are spacer-dependent, viz. the longer the spacer between the urea
groups, the lower Ty. Due to the high crystallinity of the produced [n]-OUs (vide infra), Ty
values could not be determined. % Crystallinity was measured using DSC (Table 3.5).1**°]
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Table 3.5.  Thermal properties of the studied [n]-OUs.*!

Enthalpy of fusion o Taso” T Ter®
[n]-OU % Crystallinity®

AHfus (\]/g) (OC)
[4]-OU n.a n.a 3480 na n.a
[6]-OU? n.a n.a 352.0 282.0 252.0
[7]-OU 109.0 81.0 357.0 229.0° 205.0
[10]-OU 100.0 74.0 349.0 215.0° 192.0
[12]-OU 95.0 70.0 353.0 204.0 165.0
a o5 Crystallinity!™® = AHs(sample)/AHzs(urea); ° Decomposition

temperature at 50.0% weight loss obtained from TGA; ° Crystallization
temperature; ¢ Taken from a previously-reported study.™ An additional
thermal transition was observed for the [n]-OU samples at ® T,,= 241.0 °C
and " T,,= 223.0 °C. n.a: Not Available.

The overall behavior show that materials are highly crystalline relative to urea in the range of
81.0, 74.0, and 70.0 % crystallinity for [7]-, [10]-, and [12]-OU, respectively. Regarding [6]-OU,
Tm is close to the decomposition temperature and, therefore, heat of fusion (AH¢s) cannot be

obtained.!**!
3.4.3.3 Powder X-ray diffraction patterns (PXRD) patterns

Powder X-ray diffraction patterns (PXRD) gave another proof towards the presence of
crystallinity of the prepared [n]-OUs. Urea functionality forms the crystalline domains through
bidentate hydrogen bonds; on the other hand, the carbon chains constituting the backbone form
the amorphous domains, the amorphous domains increased with the chain length as shown in
(Figure 3.16), leading to the decrease of the crystallinity.l**™ This is the same trend as seen for

the [n]-polyurea, [n]-PU prepared from sCO,.[*%
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10 20 30
Angle (20)

Figure 3.16.  XRD pattern of the studied [n]-OUs, (n =
12 (red —), 10 (blue —), 7 (green —),
6 ( ), and 4 (black —))."3!

3.4.4 CO, Sorption experiments of [n]-OUs

As the new synthesized materials contain a terminal amino group (Scheme 3.14), it was
presumed that this moiety would react with CO, and, therefore, the [n]-OUs could be employed
as solid sorbents for CO, capture. Preliminary CO, sorption tests at 35.0 °C were made using a
microbalance, which also allows the activation of the samples under vacuum at 60.0 °C before
the sorption measurements, as described in the experimental section. Figure 3.17 shows
moderate to good sorption capacities (7.76 to 18.90 mgcoz/Jsorbent) OF the different [n]-OUs. Very

fast sorption kinetics were observed for all samples.[**!
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Figure 3.17. CO, sorption isotherms for the [n]-OUs activated under

vacuum at 60.0 °C (n = 12 (red ¢), 10 (blueV), 7 ( ),

6 ( ), and 4 (black m)).*H
The sorption equilibrium was reached for most of the [n]-OUs within minutes of exposure to
CO,. For [10]-OUs, this equilibrium was not present and further CO, uptake was detected,
probably due to some diffusion limitation to internal -NH, moieties. To study the effect of the
activation step on the sorption capacities, sorption measurements were also run for all [n]-OUs
upon activation at 100.0 °C under vacuum. Higher sorption values (10.12 to 22.70 Mgco2/Qsorbent)
were determined for the [n]-OUs (Figure 3.18).*3
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Figure 3.18. CO, sorption isotherms for the synthesized [n]-OUs activated

under vacuum at 100.0 °C (n = 12 (red ¢), 10 (blueV), 7
( ), 6 ( ), and 4 (black m)).[*!

Among all the oligomers, [10]-OU gave the highest sorption capacity and the sorption

equilibrium was not reached up to 7.0 h. In all samples, no significant N, sorption was detected.

There is no clear trend between the CO, sorption capacity, the DP, and the methylene chain

length (between two consecutive urea groups). In order to investigate a possible dependence of

the sorption properties of the oligomeric materials with their macrostructure, Brunauer-Emmett

Teller (BET) analysis was used. All oligomeric materials have a very small specific surface area

and are nonporous (Table 3.6).[**!
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Table 3.6. Sorption cai)acities and specific surface area of the studied [n]-OUs-based
sorbents. [3

o Theoretical Sorption
Specific N wt% _ )
[n]-OU b sorption Capacity®
Surface area Elemental NH,:NH _
2/4\2 . CapaC|ty (mgCOZ/gsorbent)
(m</g) analysis
(mgCOZ/gsorbent) 600 OC 1000 OC
[4]-OU 3.42 22.09 1:21 31.6 14.54 16.07
[6]-OU 0.85 17.77¢ 1:22 25.4 9.86 10.12
[7]-OU 0.35 16.33 1:23 214 13.35 17.51
[10]-OU n.a 13.21 1:17 23.1 18.90 22.70
[12]-OU 1.60 11.54 1:15 22.7 7.76 11.60

2 Specific surface area as measured by the BET model; P Calculated from the DP values of each
[n]-OU; © Sor(Jotion capacities were recorded at 35.0 °C and 1.0 bar with different activation

temperatures; ~ Reference 119; n.a: Not available.
. _______________________________________________________________________________________________________________|

The theoretical sorption capacity of CO, for each oligomer was calculated based on the NH,:NH
ratio (calculated from the DP values of each [n]-OU), the found nitrogen weight percent (N wt%,
Table 3.4), and considering a maximum 1:1 reaction ratio between CO, and NH; in the presence
of water (wet conditions, Scheme 3.15, Path A). A comparison between the experimental and
theoretical sorption capacities of [10]-OU indicates that this oligomer almost reaches the
theoretical value when activation is conducted at 100.0 °C. However, other oligomers did not
show such any similar behavior which means that other factors may affect the accessibility of

CO; for the -NH, end group moieties (vide infra).[**!
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R-NH, CO,/H,0 R-NH; HCO;
Path A
CO; |path B ”Hzo
H O R-NH, HO |
R-N-C-OH R-N-C-O HsN-R

Scheme 3.15. The reversible formation of a [n]-OUs- containing
bicarbonate zwitterion (Path A, 1:1 Mechanism) or
carbamate (Path B, 1:2 Mechanism) as a result of
CO; sorption by the amine-terminated [n]-OUs in the
presence or absence of water, respectively.[**!!

3.4.5 Labeling experiments

In order to confirm the formation of bicarbonate during the first CO, sorption period in [10]-OU,
a series of 13C cross polarization-magic angle spin (CP-MAS) solid state NMR experiments
were performed (Figure 3.19).31

After activation at 60.0 °C and exposure to *CO, (99.0 atom % 13C, <3 atom % 180), [10]-OU
shows two peaks in the low-field region of the 13C CP-MAS solid state NMR spectrum (164.8
ppm and 160.6 ppm, Figure 3.19, a). The latter peak corresponds to the carbonyl groups as
compared with the 13C solid state NMR spectrum of activated [10]-OU (Figure 3.19, b). The
second peak (164.8 ppm) indicates the formation of bicarbonate in [10]-OU. This is confirmed
by the 13C CP-MAS NMR spectra of NaH*CO; and Na,**COj3 standards (Figure 3.19; e and d,
respectively) as the latter one showed a prominent peak at 171.2 ppm (presumably, another
signal corresponding to a bicarbonate contaminant as received from the manufacturer was also
observed). This indicates that bicarbonate species are formed during the CO, sorption
measurements with [10]-OU due to the presence of water molecules (Scheme 3.15, Path A)

Water might be adsorbed on the oligomers as a result of humidity.!**!
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Figure 3.19. Different 13C CP-MAS NMR spectra of [10]-OU: a. After activation at 60.0 °C
and treatment with 3CO,; b. After activation at 60.0 °C; ¢. Without activation; d.
3C-labeled sodium carbonate (Na,**COs) standard (*signal corresponding to a
presumable bicarbonate contaminant from the manufacturer); e. 3C-labeled
sodium bicarbonate (NaH'3COs, standard.™*!

The decomposition of [n]-OUs-containing bicarbonates to form [n]-OUs requires a higher
amount of energy than the corresponding carbamates, which required us to go beyond 60.0 °C (in

vacuuo) to activate the samples completely.!**®!
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3.4.6 Testing of sorption capacities at different temperatures

As [10]-OU showed the highest sorption capacity, it was considered as model for further tests.
Sorption capacities of [10]-OU upon increasing the sorption temperature from 35.0 to 65.0 and
95.0 °C on the same experimental run were determined. As depicted in Figure 3.20, the sorption
capacities decreased in the order 22.0, 20.0, and 14.0 mgcoz/Gsorvent, respectively.™ Presumably,
the decrease in sorption is presumably due to decomposition of the formed

carbamate/bicarbonate as shown in TGA-MS experiments (vide infra).

mg CO, / sorbent
S
|

0 T R . S S e s P ) S
0 2 4 6 8 10 12 14

Time (h)

Figure 3.20.  Sorption capacities of [10]-OU activated under vacuum at 100.0 °C as a function
of time at different temperatures.[**!
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3.4.7 Cyclic sorption/desorption experiments

[10]-OU was further investigated under a series of CO, sorption/desorption periods to test its
recyclability. Samples were activated for 30.0 minutes at either 60.0 °C (A") or 100.0 °C (A) (in
vacuuo), sorption was carried out at 35.0 °C (S, S’), and desorption was set for 60.0 minutes, at
60.0 °C (D') or 100.0 °C (D) (in vacuuo). A profile with conditions/steps is provided in
Scheme 3.16.1%%
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Scheme 3.16. Schematic representation for the sorption/desorption for the [10]-OU applied at
either activation /regeneration temperature at 60.0 °C (A’, S’, and D’) or at 100.0
°C (A, S, and D) as the A: activation at the desired temperature, S: sorption at
35.0 °C, and D: desorption at the desired temperature, respectively. A prime
marking implies conditions applied at 60.0 °C.
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3.4.8 Cyclic Sorption/Desorption at 60.0 °C

Figure 3.21 shows that the first CO, sorption step is in agreement with the former sorption
capacity for [10]-OU (Figure 3.17) but the sorption capacity decreases in the latter three CO,
sorption periods. However, the sorption capacity for [10]-OU is similar in the latter three. This
suggests a partial reversible sorption-desorption mechanism. It was thought to make desorption

with longer times in order to make the hypothesis tested.™
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Figure 3.21. Cyclic CO, sorption/desorption of [10]-OU activated at 60.0 °C.1**

On the one hand, longer desorption periods (2 h) improved only slightly the CO, sorption
capacity of [10]-OU after the first sorption period (Figure 3.22). This led us to go beyond 60.0
°C to study the effect of obtaining stable cycles along the regeneration of the solid sorbent.
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When performing the cyclic sorption/desorption measurement at 60.0 °C (desorption was under
vacuum) the pattern of cycles generated differs upon changing the desorption temperature (vide
infra). While performing the first cycle, (Figure 3.21), 18.90 mgcoz/Jsorbent Was achieved. Upon
running the second sorption cycle, a behavior similar to the first one would be expected. On the
other hand, ca. 12.0 mgco2/Qsorent Were achieved (almost one half). The species formed upon
sorption is expected to be carbamate ions as a result of a 1:2 mechanism (vide supra),
(Scheme 3.15, Path A). Therefore, the substance was heated to a higher temperature to make
sure that anhydrous conditions can be achieved to eliminate the presence of water.
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0 4 8 12 16 20 24 28 32 36
Time (h)

Figure 3.22. Cyclic sorption/desorption for the [10]-OU at 60.0 °C with longer
desorption times. Sorption was carried out at 35.0 °C at 1.0
bar.!
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3.4.9 Cyclic Sorption/Desorption at 100.0 °C

Due to the increased sorption capacity at higher activation/desorption temperature, another
planned cyclic sorption/desorption at 100.0 °C was taken into consideration. Subsequently, CO,
sorption/desorption cyclic measurements with a high activation temperature (100.0 °C) but with
different desorption temperatures (60.0 °C and 100.0 °C, respectively) were conducted and the
expected outcome was exactly the same as previously depicted in Figure 3.21 (Scheme 3.16,
with the codes A, S, and D).1**"]

24 -
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16 -

12
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Mg co2/ 9 sorbent

Time (h)

Figure 3.23. Cyclic CO, sorption/desorption of [10]-OU activated at 100.0
°C, sorption was carried out at 35.0 °C at 1.0 bar, desorption
was carried out at 100.0 °C (under vacuum).[**”

A new designed experiment was carried out by activating/desorping the [10]-OU at 100.0 °C (in
vacuuo, Figure 3.23). Clearly, a new trend that was not seen in the previous cyclic

sorption/desorption (Figure 3.21 and Figure 3.22 ). Almost equivalent cycles are obtained. In the
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first cycle, the same trend of fast kinetics as seen in Figure 3.18, the latter three achieved stable,
higher-valued cycles. Moreover, when the substance is heated to a 100.0 °C (under vacuum), the
sorption capacity improved in the first cycle, sorption was recorded up to 22.70 Mgco2/Usorbents
the theoretical sorption following a 1:1 mechanism is 23.10 mMgco2/Usorbent, Presumably due to
activating the amino groups at the terminal, it means that almost 98.3% (Table 3.6) of the total

primary amines were loaded with CO,.[**"!

Surprisingly, the second cycle (Figure 3.23) was almost below the first cycle by a small
difference, viz., 20.0 mgco2/gsorwent. INitially, that was a bit hard to understand at that instance
when anhydrous conditions can be achieved at such harder conditions. The possibility for the
formation of bicarbonates via a 1:1 mechanism is almost zero, due to the exclusion of water. On
the other hand, if water was present in the system, it would be excluded at such high temperature,
viz., 60.0 °C and 100.0 °C (under vacuum), respectively. This means that the increased sorption

in the latter three cycles is due to another unknown factor away from a 1:1 mechanism.**"!

Regarding the thermal history of the [10]-OU, the material showed a thermal stability up to
200.0 °C (ca. 100.0 °C, in vacuuo). After 200.0 °C, a first step loss presumably due to a
backbiting step occurs, the urethane end group backbites to form PC which can be lost during
heating as a result of unzipping (Scheme 3.17).**¥ That might be the logical reasoning for the
almost doubled amount of chemisorbed CO; in the latter three cycles (Figure 3.23). [*"]

o o o} o)
B PN SN N Ha%’ﬁ N N

N” N
OUH H H < N

NH,

Scheme 3.17. In-situ formation of a new amine (red) arm due to an induced thermal backbiting
of the urethane end group.
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On the other hand, Table 3.7 shows two oligomers; viz., [7]-, and [10]-OU which possess almost
complete CO, capturing efficiency (sorption capacity at 100.0 °C/theoretical sorption capacity)
with values of 81.8 and 98.3 %, respectively. Further, the rest of the [n]-OUs series are almost
one half of the overall efficiency ([10]-OU > [7]-OU > [12]-OU =~ [4]-OU > [6]-OU).
Fortunately, this corresponds to the same order of urethane cleavage that can be seen within the
magnified rectangular area of the TGA profile in the region above 200.0 °C (Figure 3.24). It
explains the reason why for the unexpected behavior of both [7]-, and [10]-OU materials in the

previous study.!**"]

Table3.7.  Efficiency of capturing CO, of the [n]-OU-based sorbents™"

[N]-OU  Theoretical sorption  Sorption Capacity® Efficiency of

it turi oL
capacity (MYcoa/Gsorbent) at capturing CO; (%)

(mgCOZ/gsorbent)a
100.0 °C?
[4]-OU 31.6 16.07 50.9
[6]-OU 25.4 10.12 39.8
[7]-OU 21.4 17.51 81.8
[10]-OU 23.1 22.70 98.3
[12]-OU 22.7 11.60 51.1

a: Taken from reference [131].

. ________________________________________________________________________________________________________________________________|
Presumably, The latter oligomers have had the highest efficiency in sorbing CO, due to having
the ease of loss of the urethane end group both terminals as amino groups (Scheme 3.17) as
evidenced by the TGA experiment (first step after 200.0 °C, Figure 3.15). It means that
carbamates should be formed instead of bicarbonates because under these conditions no water

was present.l**"]
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Figure 3.24. TGA traces of [n]-OUs, (n = 12 (red —), 10 (blue —), 7 (green —), 6
( ), and 4 (black —)). Magnification of the rectangular area
corresponding to a loss of a PC molecule as a result of activating samples at 100.0
°C (in vaccuo) ~ 200.0 °C (at atmospheric pressure). ([10]-OU > [7]-OU > [12]-
OU ~ [4]-0OU > [6]-0U).[="

Accordingly, another mechanism would apply, viz., 1:2 mechanism of CO,:amine, this
explained the so-called almost the same loading (Figure 3.23) of the three cycles relative to the
first cycle which was observed due to capturing of CO, by both arms (Scheme 3.18). The
difference between the first cycle and the consecutive three is due to the loss of PC (Figure 3.25),
together with adsorbed H,O and MeOH which were contained in the original samples before

activation.**"
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Scheme 3.18. CO,-chemisorbed via 1:2 (Path B) or 1:1 (Path A) mechanisms upon measuring
under dry or wet conditions, respectively. R = condensed formula for the [10]-
OU, for viewing purposes of the full structure, see Figure 3.13.13"]
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Figure 3.25. FTIR-Spectrum of [10]-OU before (blue) and after activation (red)

at 100.0 °C (in vacuuo). Loss of a urethane group (blue peak in the
rectangle area) due to activation of the materials at 100.0 °C (in

vacuuo).
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To show the proof-of-principle for the cleavage of urethane upon activation at 100.0 °C (in
vacuuo), ATR-FTIR was carried out on the activated [10]-OU (red spectrum, Figure 3.25)
sample after being activated at 100.0 °C, the pre-assigned peak at 1691 cm™ (blue-colored peak
in the rectangular area, Figure 3.25) disappeared due to loss of urethane end group due to
backbiting. It is noteworthy, small traces of a urethane end group can be seen, this explains the
incomplete experimental sorption capacity (98.3%, Table 3.7) due to presence of traces of
urethane end-capping functional group.t**"!

Moreover, to further support the above mentioned hypothesis, an in-situ TGA-MS experiment
for the [10]-OU was carried out and the temperature profile was added carefully to see at which
temperature the urethane end group loss occurs. The experiment did not show any losses for PC
under the applied conditions. It did not show any change in the ion current of PC under the same
conditions applied in the experiment, viz., 100.0 °C. Presumably, loss of the urethane end group
as a result of activation of the [10]-OU might be a plausible explanation for the trend. Also this
might explain the absence of the presumed peaks or even the detection is lower than the
detection limit of machine due to the signal to noise (S/N) of the baseline. On the other hand,
other members of the [n]-OUs were also tested to verify the hypothesis. In this experiment, the
weakest absorber was taken into consideration, and a careful design was deployed to show the
dislodging of the end group under the same temperature of activation, viz., [6]- and [12]-OU at
100.0 °C (in vacuuo).[**"

On the one hand, a TGA-MS profile of [6]-OU shows that there is no total loss of PC during
activation (Figure 3.26). That was a bit misleading because in theory, [6]-OU should have its
urethane end group which can be seen from the TGA profile (Figure 3.24) as well as its low
sorption compared to 1:1 mechanism (Table 3.6). On the other hand, in the last region of
activation, viz., 100.0-120.0 °C, an abnormal broadened peak is shown for CO,. The experiment
chosen was giving evidence that there might be another source of CO, within the sorbent that is
being fragmented. The rational explanation was PC. If successful, it should fragment and give
CO; as well as a propylene moiety. Due to limited amount of the material, the same experiment

was carried out with another candidate, viz. [12]-OU. It is noteworthy, that PC has a low relative
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intensity of the parent molecular ion, upon fragmentation, a prominent molecular ion peak at m/z
= 57 is well observed.[**®!
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Figure 3.26. TGA-MS profile of [6]-OU experiment under a step-wise rise of
temperature. PC: Propylene carbonate, Water peak was eliminated due
to higher intensity. TGA profile (in vaccuo): 30.0 °C (30 min), (30.0-
40.0) °C (1 h), (40.0-60.0) °C (1 h), (60.0-80.0) °C (1 h), (80.0-100.0) °C
(1 h), (100.0-120.0) °C (1 h), and (120.0-1350.0) °C (1 h). Heating rate:
10.0 K/min.1¥7]

Figure 3.27 shows a TGA-MS profile for the activated [12]-OU, it shows two prominent facts
regarding the CO,-loss behavior upon a stepwise rise of temperature. Firstly, the CO; loss at

every step under vacuum indicates two active species involved, at lower vacuum (below 40.0 °C)
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as well as high vacuum (above 60.0 °C). Most probably, carbamates and bicarbonate in the
presence of a humid environment might equilibrate, Scheme 3.15. Secondly, an interesting
broadening of CO, peak is the last step in the range of (100.0-120.0) °C. As an assumption that
there is an additional source of CO, at this point that might be the result of the broadening of the
last peak. Most presumably, under mass spectrometric conditions, fragmentation pattern of PC to
give CO, and propylene radical moiety might explain the reason why for the tendency of

broadening.[**®!
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Figure 3.27. TGA-MS profile of [12]-OU experiment under a step-wise addition
of temperature. PC: Propylene carbonate, C3HsO: fragmented PC
moiety. Water peak was eliminated due to higher intensity. TGA
profile (in vaccuo): 30.0 °C (30 min), (30.0-40.0) °C (1 h), (40.0-60.0)
°C (1 h), (60.0-80.0) °C (1 h), (80.0-100.0) °C (1 h), and (100.0-120.0)
°C (1 h). Heating rate: 10.0 K/min.
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Further, *C CP-MAS NMR spectroscopy (Figure 3.28) was carried out to confirm the presence
of carbamates under the applied condition. Due to the sensitivity of carbamates and to prevent
further hydrolysis from the atmosphere, the preparation of the sample was carried out inside the
glovebox. The formation of Urea (C), carbamate (B), and bicarbonate (A) was assigned at 160.6,
161.7, and 164.9 ppm, respectively. *C CP-MAS NMR paved another proof for the presence of

two species within the sample as a result of humidity during sample preparation.[**”

T
Ho/u\o’ HN” S0 N7 N7
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(A) Bicarbonate (C) Urea

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 3.28. Partial 13C CP-MAS NMR spectrum for the [10]-OU-'*CO, activated at 100.0 °C
(in vacuuo).!*¥"!
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3.4.10 High-pressure, thermogravimetric analysis (HP-TGA) sorption measurements.

To see the predominant effect of either physisorption or chemisorption in [10]-OU, high-
pressure thermogravimetric apparatus (HP-TGA) was used. Additional CO, sorption capacity
values for [10]-OU at different pressures were recorded. The resulting sorption capacities were
similar to the previously recorded sorption capacity and they were characterized by a very fast
sorption profile with a value of 20.11 MQco2/Usorbent at 1.033 bar and a maximum sorption
capacity of 23.63 mgcoz/0sorvent at 10.55 bar (Figure 3.29). Expectedly, there is no significant
increase of sorption capacity as a function of increasing pressure, indicating only chemisorption

as the principal mechanism for sorption.*!
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Figure 3.29. CO, sorption isotherm capacities from [10]-OU at 35.0 °C
and different CO, pressures.[**!
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3.4.11 Comparison of [n]-OUs-based sorbents with other sorption systems.

The presence of different measurement units (e.g. mol%, wt%, mmolco2/Qsorbent, OF MYco2/Usorbent)
and conditions (e.g. temperature and pressure) to describe and determine the CO, sorption
capacity of new materials in the literature impedes a direct comparison with our results.!***! On
the other hand, the use of diverse methods (volumetric or gravimetric) can afford contradicting
results. As an example, Coopert**® and coworkers reported on the synthesis of porous organic
solids. One of these synthesized materials showed an interesting character by changing the
recrystallization solvent. i.e. from permanently porous polymorph cages upon changing into a
nonporous material once dissolved into ethyl acetate (surface area, SAger = 24.0 m?/g, 1.03
MmMOlco2/gsorvent @t 16.0 °C and 1.0 bar CO;) using a volumetric method. However, no sorption

was detected using a gravimetric method.

Although having differences with our measurement system; viz., gravimetric vs. volumetric, the
[n]-OUs are competitive with reported CO, sorption capacities of known porous and non-porous
sorbents bearing in mind the ecofriendly and easy approach for the synthesis, cost-effectiveness
of the starting materials, fast kinetics regarding CO, sorption/desorption, and resistance of the
oligomers to humidity. Moreover, our measuring conditions are closer to those required in
industrial facilities.®™ Concerning porous materials, Antonietti and coworkers reported on the
preparation of a mesoporous poly(ionic liquid) (mpPIL), which was made upon the reaction of
equivalent amounts of 4-vinylbenzene chloride together with 1-vinylimidazole. The resulting

polymers gave a maximum CO, sorption of 0.46 mmolcoa/Gsoment (Table 3.8).H4
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In addition, Qiu and coworkers studied porous aromatic frameworks (Scheme 3.20, X =, PAF-

3; X =, PAF-4) for the capture of CO,.2*? They showed that adsorption occurs at room

temperature and atmospheric CO; pressures with an overall uptake of 1.09 mmolco2/Qsorbent-

Scheme 3.20. Structural representation of the porous aromatic frameworks, X = Si (PAF-3) and

X = Ge (PAF-4).14
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Moreover, under the same conditions, Jiang and his coworkers implemented the use of MOP
networks (Figure 3.30).%*Y These sorbents gained a total of 1.18 mMmMOolco/Gsorpent at 0 °C and

atmospheric pressures.

008

YPTPA

Figure 3.30. Structural representation for YPTPA.[*4
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Scheme 3.21. Synthetic routes to HPP-1 to HPP-4. Some fragments are shown as a possibility to
be formed; OVS: Octavinylsilsesquioxane.[**®!
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Wau et al.™*®! reported on the synthesis of hybrid porous polymers (HPP, Scheme 3.21) that were
constructed from octavinylsilsesquioxane (OVS) and benzene via a Friedel-Crafts reaction,
among the synthesized materials, HPP-3 had the highest Sget , which gave 0.62 mmolco2/Qsorbent
at 25.0 °C and 1.0 bar.

Table 3.8. Comparison of the CO, sorption capacity of [10]-OU
with different sorbents.!*3!

T P Sorption capacity

Sorbent Reference
(°C) (bar) (mmolcoz/Ysorbent)
[10]-OU® 350 1.0 0.52 [131]
mpPIL (mesoporous) 25.0 1.0 0.46 [141]
PAF-3 250 1.0 1.82 [142]
MOP, CMP-1 250 1.0 1.18 [143]
YPTPA 00 1.13 1.56 [144]
P6 [BIEMMA][Br] 250 1.0 0.08 [145]
HPP 250 1.0 0.62 [146]

& As measured by a TGA-DSC instrument.

Regarding nonporous materials, the CO; sorption value of [10]-OU is higher than those reported
for ILs and comparable or even higher than those evaluated for PILs. In 2005, Tang et al.**"!
introduced PILs (e.g. poly[(p-vinylbenzyl)trimethylammonium  tetrafluoroborate];
P[[VBTMA][BF,], Figure 3.31) as solid sorbents to capture CO,. Those non-porous sorbents
gave an adsorption of 10.22 mol% (22.0 °C, 0.78 atm CO,). Under our measuring conditions
(35.0 °C and 1.0 bar CO,), higher CO, equilibrium capacity was reached (ca. 11.0 mol%).[**!
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Figure 3.31. Structural representation of poly[(p-
vinylbenzyl)trimethylammonium tetrafluoro-
borate]] P[VBTMA][BF,], [ or its
hexafluorophosphate P[VBTMA][PFs]®® PILs. X:

BF., PFs.

A similar PIL (P[VBTMA][PF¢], Figure 3.31) was studied by Supasitmongkol and Styring®®
adsorbs up to 77.0 wt%, upon the use of a scaled-up adsorber that was constructed from a
Radley’s carousel synthesizer. However, this polymer absorbed only 2.47 wt% as determined by
TGA, while [10]-OU absorbed 2.36 wt% under TGA conditions. In addition, there is no clear
correlation between crystallinity and CO, sorption.!**!!

3.5 Synthesis of Other Candidates of Aromatic/Aliphatic ter-Oligoureas.

Ter-oligomerization trials using aromatic diamines, Hexamethylenediamine (HMDA) and
propylene carbonate (PC) were not successful. On the other hand, co-oligomers were obtained,
viz., [6]-OU’. These oligomers differed from those synthesized in Section 4.6.6.2, the
discrepancy is represented by both the degree of polymerization (DP) as well as end groups. DP
values are less, and urethane end groups are end-capping both terminals. The rational
explanation for such trend was due to the 1:2 ratio of aliphatic diamine to PC which would give

the same DP no matter aromatic diamine was used (Scheme 3.22).
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Scheme 3.22. Oligomerization of aliphatic/aromatic diamines with PC organocatalyzed
by TBD.

Those materials were characterized by both 1H NMR and IR spectroscopy. Using 1H NMR, a
clear evidence for the failure of preparation of the teroligomers was the absence of the aromatic
hydrogens in the NMR spectrum (Section 4.6.7). According to NMR, DP for the formed
materials was 4.0, the materials produced were methanol insoluble, and therefore, TFA was used
as NMR solvent. IR spectroscopy confirmed the presence of a urea bond formation as seen by
the formation of a carbonyl stretching at 1617 cm™ as well as an extra pronounced peak
associated with amide formation at 1752 cm™. Peaks assigned above 3000 cm™ were observed at
3318 cm™ which can be attributed to the secondary amine formation due to urea bondage.!***!

Urethane group was identified with a medium intensity peak at 1685 cm™.[*?
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4 EXPERIMENTAL PART.

4.1 Instruments used.

Nuclear Magnetic Resonance (NMR)

Solution NMR spectra were collected at room temperature using a Bruker ARX300 spectrometer
and trifluoroacetic acid (TFA-d) as deuterated solvent. 1H and 13C NMR spectra were
referenced to the residual solvent signal (1H: CF3COOH, 11.50 ppm; 13C: CF;COOD, 116.6

ppm).

Cross Polarization-Magic Angle Spin- Nuclear Magnetic Resonance (13C CP-MAS NMR)

Solid State NMR experiments were performed using a Bruker Avance 300 (1H: 300.0 MHz,
13C: 75.0 MHz) equipped with a 4.0 mm- ZrO, rotor, which was spun at a rate of 12.0 KHz.

Adamantane was used as an external standard.

Differential Scanning Calorimetry (DSC)

DSC measurements were performed on a DSCQ2000 from TA Instruments in the temperature
range from 25.0 to 300.0 °C. Samples were sealed in T-zero hermetic aluminum pans under

Argon and scanned at a rate of 10.0 K/min under a N, atmosphere.

Thermogravimetric Analysis (TGA)

TGA analyses were performed using Q5000 from TA instruments under N, with a flow rate of
10.0 mL/min and a heating rate of 10.0 K/min.

Thermogravimetric Analysis —Mass Spectrometry (TGA-MS)

The gravimetric and calorimetric measurements were performed in a modified SETARAM TG
DSC 111 instrument with a BARATRON 122A pressure transducer. For precise measurements,

a sample (about 20 mg) was filled inside a glass vial, activated at 30.0 °C for 30 min (under
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vacuum), then stabilized to 40.0 °C for another 30 min, afterwards, temperature was raised
gradually to reach 60.0 °C, 80.0 °C, 100.0 °C, 120.0 °C and 140.0 °C (in vacuuo). After setting
the TGA measurement, the mass spectrometric recording started with a delay of 10 seconds to

ensure that all experiments with unified parameters.
Attenuated Total Reflectance-Fourier Transform Infra-red Spectroscopy (ATR-FTIR)

ATR-FTIR Infrared spectra were recorded on a Bruker Vertex 70-FT-IR spectrometer with an
MCT detector at room temperature coupled with a Vertex Pt-ATR accessory. Materials (ca. 5
mg), were dried in a vacuum oven prior to use. Sample manipulation was carried out under air

very rapidly.

In-situ Attenuated Total Reflectance-Fourier Transform Infra-red Spectroscopy (in-situ
ATR-FTIR).

In-situ ATR-FTIR measurements were carried out using a 50.0 mL stainless steel reactor a
Mettler-Toledo MMIR45m RBO04-50 with an MCT Detector; DiComp (Diamond) probe
connected via Pressure Vessel; Sampling 4000 to 650 cm™ at 8 wavenumber resolution; Scan
option: 64; Gain: 1x. The drying and preparation of the autoclave required cleaning with DCM,
acetone, then rinsed with toluene. Heated at 110.0 °C (in vacuuo) overnight to make sure that the
autoclave is dry. Upon starting the material, the vacuum pump was closed and Argon valve was

opened by which the opening of the reactor was ensured by an argon blanket.
Elemental Analysis

Elemental analyses were performed on a HEKAtech EuroEA elemental analyzer. Regarding air

sensitive materials, all sample preparation involved was carried out under standard glovebox.
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Powder X-ray diffraction (PXRD)

PXRD patterns were measured using a Bruker D8 Advance X-ray diffractometer (Bruker AXS,
Karlsruhe, Germany) with Bragg-Brentano geometry, equipped with a two-dimensional detector
(Vantec-1®, Bruker AXS, Karlsruhe, Germany).

4.2 Methods

4.3  Oligomerization experiments

4.3.1.1 Microwave-assisted reactions in the dynamic-mode

The working principle of the dynamic mode is based on a sensor feedback; it controls the
temperature upon varying the microwave power automatically. All [n]-OU applied in the study
were synthesized using this mode unless otherwise stated. Catalysts used, catalysts loading,
temperature, and time were optimized using the dynamic mode. Optimized conditions were:
parameters used: Microwave power 200.0 W, 2.0 mol% TBD, 50.0 °C, and a time of 10 min.

The reaction temperature was measured with an IR-sensor.

4.3.1.2 Microwave-assisted reactions in the fixed-mode

The fixed mode applies a specified amount of energy (fixation of microwave power) for a
specified amount of time. Along with the dynamic mode, [6]-OU was fully optimized using this
mode as a function of time, and microwave power. The reaction temperature was measured with

an IR-sensor.

4.3.2 Optimization Conditions

In order to find out the right conditions (set of optimized parameters) for the oligomerization
recipe, different variables were taken into consideration, i.e. Temperature, pressure, time,

microwave power (MW), solvent, organocatalysts used, Microwave method (dynamic- vs. fixed-
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mode). Moreover, 1,6-Hexamethylenediamine (HMDA) was taken as a model compound to be

optimized. In the following sub-section, a careful study will be shown elsewhere (vide infra).**!

4.3.2.1 As a Function of Organocatalyst.

The organocatalysts applied in the study were: 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, a),
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, b), Schreiner’s thiourea based catalyst (c), 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN, d), 1,1,3,3-tetramethylguanidine (TMG, &e), 14-
diazabicyclo[2.2.2]octane (DABCO, f) and 4-dimethylaminopyridine (DMAP, g). Among all
chosen candidates (b-g, vide supra), only TBD (a) Gave solid [6]-OU upon applying the same

conditions.

4.3.2.2 As a Function of Organocatalyst’s Loading (mol%o).

70% -
60% -
50% -
e 40% ¢
% b
o 30% -
> 20% -
10% - l
U% T T T 1
0% 5% 10% 15% 20%
TBD (mol%)

Figure 4.1. Yield as a function of catalyst loading (mol %); parameters used:
TBD (mol%), 220.0 W, 50.0 °C, 10.0 min and solvent-free
conditions, dynamic mode. HMDA was used as a model compound.

As shown in Figure 4.1, optimal catalyst loading was 2.0 mol%b.
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4.3.2.3 As a Function of Oligomerization Time (min).

70%
60%
50%
40%
30%
20%
10%

0%

Yield (%)

5 10 15 20 25 30
Time (min)

Figure 4.2.

Yield as a function of time (min), parameters used: time (min), 3.1
mol% TBD, 220.0 W, 50.0 °C and solvent-free conditions, dynamic
mode. HMDA was used as a model compound.

As shown in Figure 4.2, time for performing the oligomerization was t = 10.0 minutes.

4.3.2.4 As a Function of Temperature.

80% -
70% -
60% -

¥ 50% -

S 40% |

= 30% -
20% -
10% -
0% | | | |

0 50 100 150 200
Temperature (°C)
Figure 4.3.  Yield as a function of temperature (°C), parameters used: Temp

(°C), 3.1 mol% TBD, 220.0W, time 10.0 min and solvent-free
conditions, dynamic mode. HMDA was used as a model
compound.

As shown in Figure 4.3, optimal temperature was 50.0 °C.

107



CHAPTER FOUR EXPERIMENTAL PART

4.3.2.5 As a Function of Microwave Power.

70% -
60%
50%
40%
30%
20%
10%

D% | [ [ [ [ |
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MW energy (W)

Yield (%)

Figure 4.4. Yield as a function of MW energy (W), parameters used: Microwave
power 220.0 W, 3.1 mol% TBD, 50.0 °C, time 10.0 min and solvent-
free conditions, dynamic mode. HMDA was used as a model
compound.
By default, increasing the microwave power will increase the yields obtained till a plateau is
reached. After this point, no more pronounced effect for more power is observed. As shown in

Figure 4.4, optimal microwave power was 200.0 W.

4.4  Oligomerization Recipe

Unless otherwise stated, representative oligomerization recipe: In a 35.0 mL CEM reactor vessel
containing a mini-stirring bar, an equimolar ratio of the aliphatic diamines was mixed with
propylene carbonate catalyzed by 2.0 mol% TBD. Upon optimization, the oligomerization
procedure was carried out at 50.0 °C, 200.0 W, 10.0 minutes using 2.0 mol% of the super base
TBD under solvent—free conditions (Scheme 4.1). Upon completion, off-white to pale yellow
paste was formed. To purify the oligomers; the paste was soaked and washed in MeOH, crushed
using a mortar and pestle, washed with copious amounts of MeOH, then filtered on a preweighed
filter paper, dried overnight in a vacuum oven at 80.0 °C. Quantification of the oligomeric

material was gravimetric.
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s
OH
n HN(NH, + n QO 2mol%TBD_ @l >LL
m )—/ 200 W, 50 °C. 10 min

m=4,6,7,10,12 m=4,6,7,10,12

OH OH

and

Scheme 4.1. General representation for the organocatalyzed solvent-free microwave-assisted
oligomerization process

4.5 Sorption Experiments

Gravimetric CO,/N, sorption measurements of the [n]-OUs were performed using a Setaram®-
Labsys evo TG/DSC-apparatus in a continuous flow mode (0.98 atm at Garching b. Miinchen,
Germany). In a general gravimetric CO,-sorption experiment, ca. 20.0 mg of sample was filled
into a platinum crucible (140.0 pL, diameter = 5.0 mm) and kept in the apparatus under high
vacuum for 30.0 min at either 60.0 °C or 100.0 °C in order to activate the sample then the sample
was allowed to cool down to 35.0 °C. Then, the apparatus was filled for five minutes with CO,
or N, (flow rate = 200.0 mL/min) and kept under a steady flow (16.0 mL/min) for 7.0 h at 35.0
°C under atmospheric pressure. A schematic representation of the temperature profiles at 60.0 °C
or 100.0 °C of the measurement is provided in Figure 4.5 and Figure 4.6, respectively (vide
infra). The sample weight is recorded once every second throughout the experiment. Buoyancy

effects on the weight signal were corrected via subtraction relative to a blank measurement.
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Figure 4.5. Schematic representation of the activation
under vacuum (60.0 °C) and CO, sorption
profile for all [n]-OUs.
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Figure 4.6.  Schematic representation of the activation
under vacuum (100.0 °C) and CO, sorption
profile for all [n]-OUs.

4.6 Materials

All reactions were performed under inert Argon using standard Schlenk techniques unless
otherwise stated. 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) (a) 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) (b), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) (d), 1,1,3,3-tetramethylguanidine
(TMG) (e), 1,4-diazabicyclo[2.2.2]octane (DABCO) (f) and 4-dimethylaminopyridine DMAP
(9), (Figure 3.6) were purchased from Aldrich in the highest purity grade possible and used as
received unless otherwise stated. Schreiner’s thiourea based catalyst (c) was synthesized by us
using a novel procedure (Section 4.6.1 ). N-(3-bromopropyl)phthalimide 98%, sodium hydride
(60% mineral oil dispersion), imidazole 99.5%, anhydrous Magnesium sulfate (MgSQ,), Lithium
bis(trifluoromethylsulphonyl)imide, Hydrazine and Acetonitrile were all purchased from Sigma-
Aldrich and Potassium hexafluorophosphate (KPFg), Sodium tetrafluoroborate (NaBF4) and
lithium bis(trifluoromethylsulphonyl)imide, LiTf,N were purchased from ACROS. All chemicals
were used as received without further purification; hexane and dichloromethane (DCM) were

commercially available solvents (technical grade solvents). Dried tetrahydrofuran (THF) was
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obtained from a solvent purification system (SPS). The mono-substituted precursor 2-(3-(1H-

imidazol-1-yl)propyl)isoindoline-1,3-dione (3) was prepared following a literature procedure.!*?

4.6.1 Synthesis of 1,3-bis(3,5-bis(trifluoromethyl)phenyl)thiourea (Schreiner’s catalyst, c)

N

S
+
Neat F,C NJ\N CF

CF3 CF,

Scheme 4.2.  Synthesis of Schreiner’s thiourea-based organocatalyst (c).

Under air conditions, using a CEM Discover® (S-Class) focused microwave synthesizer, and
applying a dynamic mode. A 35-mL CEM reactor vessel containing a mini-stirring bar, 3,5-
bis(trifluoromethyl)aniline (0.63 mL, 0.004 mol) was added to neat 3,5-bis(trifluoromethyl)-
phenyl isothiocyanate (1.0 g, 0.0039 mol), prestirred for two minutes and allowed to heat at 55.0
°C, 300.0 W and 20.0 minutes. Upon cooling, the product was filtered and washed with cold
ethyl acetate (3 x 5.0 mL). It is noteworthy that the thiourea synthesis applied in this report is the
highest yielding synthesis reported in literature with a new preparative procedure to give almost

quantitative yields.

Yield: 98.0%. (Literature values were 60.0-85.0 % that spanned from 4-5 days, under room

temperature.!*®!
1H NMR: (300.0 MHz, Acetone-d®) = 9.92 (s, 2H), 8.29 (s, 4H), 7.84 (s, 2H)

EA (C17HgF12N2S) Calc.: C: 40.81, H: 1.61, N: 5.60, S: 6.41.
Found: C: 40.71, H: 1.59, N: 5.53., S: 6.22.
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4.6.2 Synthesis of Alkylammonium Carbamates

Method A:

Under schlenk conditions, to a 100-mL schlenk flask containing 0.05 mol solution of the diamine
in 50 mL dichloromethane (DCM). CO, was added by bubbling into the solution for 30.0
minutes under ambient temperature and pressure. CO, was left to bubble; a white suspension
appeared upon bubbling. Upon completion, the precipitate was filtered through a glass frit (no.
4), and washed with DCM (3 x 15 mL). The precipitate was dried in vacuuo at room

temperature.

Method B:

In a prestirred 100-mL steel autoclave (prepared in an oven at 150 C)containing 0.05 mol
solution of the diamine in 50 mL dichloromethane (DCM). CO, was added through bubbling into
the solution for 30.0 minutes under ambient temperature. Upon stirring, introduction of 5 bar
CO; was left to equilibrate for 10 minutes, the reaction was left to stir for 30 min. Upon
completion, the precipitate was filtered through a glass frit (no. 4), and washed with DCM (3 x

15 mL). The precipitate was dried in vacuuo at room temperature.

Method C: A small modification for method B

In a 50-mL steel autoclave containing 0.025 mol solution of the diamine in 50 mL
dichloromethane (DCM). CO, was added through bubbling into the solution for 30.0 minutes
under ambient temperature. Upon stirring, introduction of 5.0 bar CO, was left to equilibrate for
10 minutes, the reaction was left to stir for 30 min. Upon completion, the precipitate was filtered
through a glass frit (no. 4), and washed with DCM (3 x 15 mL). The precipitate was dried in
vacuuo at room temperature. In this method, the highest yields were obtained due to the use of a

built-in mechanical stirrer.
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(Note: All products were only water-soluble; as a result, these compounds decompose.
Therefore, solid state analysis was performed to characterize the products, e.g. ATR-FTIR and
EA).

0
~ N2+ co, ——— HaNT HN
HoN N H —40_

Scheme 4.3.  Synthesis of ethylenediammonium carbamate using CO, and ethylenediamine
Yield of applied methods (A, B and C): 76-93%.

EA (CgHgNzOongO) Calc.: C: 29.51, H: 8.25, N, 22.94.
Found: C: 29.43, H: 8.03, N: 22.76.

ATR-IR (cm™): 3287, 2923, 2877, 2703, 2650, 2559, 2164, 2145,

1561, 1466, 1377, 1298, 1153, 971, 815, 698.

H O
HoN _~_ NH; &+ CO, = H3N+\/\/N4< )
(@]

Scheme 4.4. Synthesis of 1,3-propylenediammonium carbamate using CO; and 1,3-
propylenediamine

Yield of methods (A, B and C): 83-92%.

EA (C4H10N202¢H,0) Calc.: C: 35.29, H: 8.88, N, 20.58.
Found: C: 35.08, H: 8.95, N: 20.18.

ATR-IR (cm™): 3329, 2958, 2934, 2853, 2783, 2705, 2653, 2553,
2163, 2145, 1638, 1560, 1460, 1420, 1343, 1273,
1167, 1130, 1060, 1034, 1007, 980, 936, 832, 816,
777, 671.
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0
H
NH —_—

Scheme 4.5.  Synthesis of 1,4-butylenediammonium carbamate using CO; and 1,4-
butylenediamine

Yield of methods (A, B and C): 73-84%.

EA (C5H12N2020H20) Calc.: C: 39.99, H: 9.40, N, 18.65.
Found: C: 39.67, H: 9.73, N: 18.29.

ATR-IR (cm™): 3316, 2923, 2856, 2759, 2660, 2560, 2338, 2324,
2163, 1554, 1469, 1394, 1303, 1154, 1049, 1001,
958, 936, 912, 884, 819, 738, 685.

o
N
e

Scheme 4.6. Synthesis of 1,6-hexamethylenediammonium carbamate using CO, and 1,6-
hexamethylenediamine (HMDA)

+

H2N/\/\/\/NH2 + C02 -~ H3N

Yield of methods (A, B and C): 81-95%.

EA (C;H1sN20y) Calc.: C: 52.48, H: 10.07, N, 17.49.
Found: C: 52.43, H: 9.95, N: 17.29.

ATR-IR (cm™): 3315, 2926, 2854, 2667, 2576, 2336, 2325, 2164, 2123,
1630, 1559, 1475, 1384, 1309, 1266, 1075, 1007, 959, 816,
730, 699.

4.6.3 Synthesis of Arylammonium Carbamates

Arylammonium carbamates were not obtained under the three methods that were discussed in

section 3.1. Therefore, more focus was going towards the synthesis of aliphatic correspondents.
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0
HN-Ar-NH,  + €O, ——>——=  HN'Ar-NH—4
0

HzN@NHz H2NNH2

HoN NH,
00" el
0
; ere
H,N S NH,

1l

0]

Scheme 4.7. Failed synthesis of aromatic carbamates.

4.6.4 Synthesis of Task specific ionic liquids (TSILS)

4.6.4.1 2-(3-(1H-imidazol-1-yl)propyl)isoindoline-1,3-dione (3)

Br\ 0 0]
AN N

& 67°C,3 h ©) o)
1)) @ N 3)

Scheme 4.8. Ternerization reaction of the mono-substituted TSIL-precursor (3)

Mono-substituted precursor IL was prepared in one-step by a ternerization reaction according to
a previously reported method prepared by Harjani et al.*?? to a well stirred suspension of
sodium hydride (4.200 g, 7.000 g of the 60.0% mineral oil dispersion, 175.0 mmol) in THF (500
mL), under Argon atmosphere, maintained at 0 °C, the solution of imidazole (1) (13.09 g, 192.5
mmol) in THF (200.0 mL) was added, over a period of 30.0 min. After an additional 30.0 min of
stirring at 0 °C, the solution of N-(3-bromopropyl)phthalimide (2) (46.90 g, 175 mmol) in THF
(200 mL) was added to it gradually at 0 °C. The reaction mixture was stirred at room temperature
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for 1 h and finally refluxed at 67.0 °C for 3 h. The work up involved filtration and washing the
residual NaBr with THF and evaporation of the combined organics to yield a syrupy mass, which
was dissolved in DCM (250 mL), washed with water, dried over anhydrous MgSO, and treated
with hexanes (1000 mL) under cold conditions to precipitate a white solid. (Harjani et al. Yield:

80.0 %; our Yield: 60.0 %). A slight modification in the last step yielded a crystalline product.

1H NMR: (300.0 MHz, CDCls-d%) = 7.76-7.85 (m, 1H), 7.70 (s, 1H), 7.17 (s, 1H), 6.92
(s,1H), 4.09 (t, 1H), 3.68 (t, 1H), 2.17 (p, 1H).

13C NMR: (75.0 MHz, CDCls-d®) = 168.4, 137.2, 134.3, 132.0, 129.3, 123.4, 118.9,
44.6, 44.6, 35.2, 30.2.

EA (C14H13N302) Calc.: C: 65.87, H: 5.13, N, 16.46.
Found: C: 65.66, H: 5.10, N: 16.25.

4.6.4.2 1,3-bis(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-imidazol-3-ium bromide (4)

The TSIL-precursor 1,3-bis(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-imidazol-3-ium bromide (4)
preparation was not reported before. It was synthesized via two pathways, viz., a) Thermal
approach. b) microwave-assisted approach.

L (b) toluene, 60 W, 70°C, 20 min
(2) 3)

N
0 .
@;léN o Q /\/\N/B\rN’\/\ o
. N_/_/ (a) toluene, 70°C, 48 h N &) N
(0] Br + -
[: 2; S0 07 :;; :3
€)]

(a) Thermal approach
(b) Microwave approach

Scheme 4.9. Quaternization reaction of the di-substituted TSIL-precursor (4)
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4.6.4.2.1 Thermal approach:

In a 250 mL Schlenk tube equipped with a magnetic stirring bar, N-(3-bromopropyl)phthalimide
(2) (4.183 g, 0.015 mol) was added to a stirred solution of the of 2-(3-(1H-imidazol-1-
yl)propyl)isoindoline-1,3-dione (3) (0.40g, 0.0015mol) in 50.0 mL toluene. The solution was set
to reflux in an oil bath at 70.0 °C with continuous stirring; upon refluxing, a white turbid solution
was observed and left to reflux for 48 hours. Upon finishing, the reaction was cooled to room
temperature; the white precipitate was filtered, washed with copious amounts of toluene, and
dried in a vacuum oven at 60.0 °C for 4 hours.

4.6.4.2.2 Microwave-assisted approach

In a 35 mL microwave vessel containing a mini-stirring bar, N-(3-bromopropyl) phthalimide (2)
(7.24 g, 0.027 mol) was added to a pre-stirred solution of 2-(3-(1H-imidazol-1-
yhpropyl)isoindoline-1,3-dione (3) (0.70g, 0.0027 mol) which was dissolved in toluene (20 mL),
mixed at room temperature till no further solids were observed, and then introduced to the
microwave reactor. The solution was heated to 70.0 °C for 20.0 minutes, and 60.0 W. Upon
finishing the reaction, a white precipitate formed. The product was filtered, washed with toluene
(5%20 mL), and subsequently dried in a vacuum oven at 60.0 °C for 4 hours to obtain an

amorphous white powder.
Yield: 60.0%

1H NMR: (300.0 MHz, CDCls-d) = 7.85-7.76 (m, 1H), 7.70 (s, 1H), 7.17 (s, 1H), 6.92 (s,1H),
4.09 (t, 1H), 3.68 (t, 1H), 2.17 (p, 1H).

13C NMR: (75.0 MHz, CDCl;-d) = 168.4, 137.2, 134.3, 132.0, 129.3, 123.4, 118.9, 44.6, 44.6,
35.2,30.2.

EA (C25HngrN4O4) Calc.: C: 57.37, H: 4.43, N, 10.70.
Found: C: 57.63, H: 4.43, N: 10.33.
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4.6.4.3 Metathesis reaction of the TSIL precursors

Br X
NN o o) PAN o
N/\/\ \@/ /\/\N Solvent N/\/\N\@/N/\/\N
+ MX
° w ° 5@0) °© ey ©

MX (5y () KPFg X=PFg; (6)

(b) NaBF, X=BF; ;(7)

(C) LiTf,N X=Tf,N; (8)

Scheme 4.10. Metathesis of IL precursor (4) using different Metal salts (MX)

4.6.4.3.1 1,3-bis(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-imidazol-3-ium hexafluorophosphate
(6)

In a 100 mL round bottom flask equipped with a magnetic stirring bar, (4) (0.5 g, 0.000955 mol)
was added to (50 mL) deionized water. After dissolution, Potassium hexafluorophosphate, KPFg
(5a) (0.1760 g, 0.000955 mol) was added. The solution was stirred for 40.0 hours at room
temperature. The reaction workup involved filtration and then evaporation of water under

reduced pressure to yield a white precipitated powder.

Not successful.

4.6.4.3.2 1,3-bis(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-imidazol-3-ium tetrafluoroborate (7)

In a 100 mL round bottom flask equipped with a magnetic stirring bar, a solution of (4) (0.5 g,
0.000955 mol) in 50 mL Acetonitrile (CH3CN) at room temperature was added. After
dissolution, Sodium tetrafluoroborate, NaBF, (5b) (0.10489 g, 0.000955 mol) was added. Upon
addition, a white precipitate formed. The solution was stirred for 40.0 hours at room temperature.
The reaction workup involved filtration and then evaporation of CH3CN under reduced pressure

to yield a white precipitated powder.

Not successful.
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4.6.4.3.3 1,3-bis(3-(1,3-dioxoisoindolin-2-yl)propyl)-1H-imidazol-3-ium bis((trifluoro-methyl)-
sulfonyl)imide (8)

In a 250 mL round bottom flask equipped with a magnetic stirring bar, a solution (4) (0.5 g,
0.000955 mol) in a 150 mL mixture of 1:1 (by volume), deionized H,O/MeOH was dissolved.
Upon dissolution, lithium bis(trifluoromethylsulphonyl)imide, LiTf,N (5c) (0.274 g, 0.000955
mol) was added. The solution was stirred for 40.0 hours at room temperature. The reaction
workup involved evaporation of methanol and then the deionized water under reduced pressure
to yield a white precipitated powder, which was re-dissolved in methanol and then filtered.

Afterwards, methanol was evaporated under reduced pressure to give a white precipitate.
Not successful.

4.6.4.4 Hydrolysis of TSIL-precursors

X
@] PAS 0] X
/\/\N N/\/\
N & N A~ NN
+  NH,NH, H,0 HoN =/ NH;
o 0]
©)

X=PFgs :(6)
X= BFS 1(7) X=PFg ; (11)
X=THiLN ;(8) X=BF, ;(12)

Scheme 4.11. Failed hydrolysis of the TSIL-precursors (6-8) to yield TSIL-PFg (11), TSIL-BF,4
(12), and TSIL-Tf,N (13).

4.6.4.4.1 1,3-bis(3-aminopropyl)-1H-imidazol-3-ium Bromide, IL-Br (10)

In a 250 mL Schlenk equipped with a stirring bar, hydrazine monohydrate (9) (1.30 mL, 0.026
mol) was added to a 100 mL solution of (4) (0.5g, 0.000955 mol) in absolute ethanol. The well
stirred solution was refluxed in an oil bath at 78.0 °C for 48h. Upon completion, the reaction
workup involved double filtration using a filter paper followed by a microfilter to ensure non-
turbid mother liquor. Afterwards, evaporation of the filtrate under reduced pressure to get a pale

yellow syrupy product. The IL-Br (10) was placed in a 50 mL round bottom flask and heated in
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an oil bath for 7 days under vacuum to eliminate any contamination via water or CO, during the

manipulation.

Yield: 96.0%, Purity (84% according to 1H NMR).

4.6.4.4.2 1,3-bis(3-aminopropyl)-1H-imidazol-3-ium hexafluorophosphate, (TSIL-PFg) (11)

In a 250 mL Schlenk equipped with a stirring bar, hydrazine monohydrate (9) (1.19 mL, 0.02459
mol) was added to a 100 mL solution of (6) (0.53 g, 0.000911 mol) in CH3CN. The well stirred
solution was refluxed in an oil bath at 78.0 °C for 48h. The reaction workup involved double
filtration using a filter paper followed by a microfilter to ensure non-turbid mother liquor.
Afterwards, evaporation of the filtrate under reduced pressure to get pale yellow syrupy product.
(11) was placed in a 50 mL round bottom flask and heated in an oil bath for 7 days under

vacuum to eliminate any contamination via water or CO, during the manipulation.

Not successful.

4.6.4.4.3 1,3-bis(3-aminopropyl)-1H-imidazol-3-ium tetrafluoroborate, (IL-BF,) (12)

In a 250 mL Schlenk equipped with a stirring bar, hydrazine monohydrate (9) (1.28 mL, 0.02647
mol) was added to a 100 mL solution of (7) (0.50 g, 0.00094 mol) in CH3CN. The solution was
refluxed in an oil bath at 82.0 °C for 48h. The reaction workup involved double filtration using a
filter paper followed by a microfilter to ensure a clear mother liquor. Afterwards, evaporation of
the filtrate under reduced pressure was performed to yield a pale yellow precipitate. The IL-BF,
(12) was placed in a 50 mL round bottom flask and heated in an oil bath for 7 days under

vacuum to eliminate any contamination via water or CO, during the manipulation.

Not successful.
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4.6.4.4.4 1,3-bis(3-aminopropyl)-1H-imidazol-3-ium bis((trifluoromethyl)sulfonyl)amide,
(TSIL-Tf,;N) (13)

In a 250 mL Schlenk equipped with a stirring bar, hydrazine monohydrate (9) (2.0 mL, 0.041
mol) was added to a 100 mL of crude product (8) in CH3CN. The well stirred solution was

refluxed in an oil bath at 82.0 °C for 48h. No further workup was feasible.
Not successful.
4.6.5 Synthesis of Aromatic Oligourea

The aromatic diamines applied in the study did not show any activity towards applied conditions

in the dynamic mode. The recipe is the same applied for the aliphatic correspondents.

0O 0] 0O 0}
)k MW, Orgcat.
HoN-Ar-NH, + 0O (@]

RO I“lvl-Ar-l}l I\Il-Ar-I\I‘E I}I-Ar-NHQ
H H H H H

_ OH OH

Orgcat. =

() @O 010,

Schremers catalyst

H2N—<: :)—NHZ HZNNHQ
N NH, 0
VO™ w00
0 o)

Scheme 4.12. Failed oligoemerization experiments of aromatic diamines with PC.
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The oligomerization recipe: In a 35.0 mL CEM reactor vessel containing a mini-stirring bar, an
equimolar ratio of the aliphatic diamines was mixed with propylene carbonate catalyzed by 2.0
mol% of the organocatalyst (Orgcat.), viz., TBD, DBU, and Schreiner’s catalyst (vide infra).
Upon optimization, the oligomerization procedure was carried out at 50.0 °C, 200.0 W, 10.0
minutes using 2.0 mol% of the superbase TBD under solvent—free conditions. Upon completion,

no precipitate was formed. 1H NMR showed the presence of the peaks for the starting materials.
Not Successful.

4.6.6 Synthesis of [n]-Oligourea analysis, ([n]-OUs)

Synthesis of [n]-OUs was carried out under air conditions. elemental analysis values were
corrected relative to the presence of tracews of methoanol and H,O as seen by the NMR and
TGA experiments (Table 3.4).

4.6.6.1 [4]-Oligourea, ([4]-OU)

H

ROEEE!\IJENH
@ﬁj%mﬁz

O

Figure 4.7.  Structural representation of the [4]-OU

Yield: 82%. Degree of Polymerization (DP = 9).

1H NMR: (300.0 MHz, TFA-d ) = 7.15 (1 H, s), 6.83 (L H, ), 5.06 (1 H, s), 4.27 (1 H, t, J
=10.8), 3.98 - 4.21 (1 H, m), 3.58 - 3.95 (1 H, m), 3.59
(1H,s),3.35 (2H, s), 3.11 (1 H, s), 1.69 (2 H, 5), 1.46 (1
H, d, J=6.3),1.39 (L H, d, J = 6.3), .29 (L H, dd, J =
10.1, 6.6).
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13C NMR: (75.0 MHz, TFA-d) = 160.9, 72.0, 69.7, 67.3, 42.6, 42.5, 42.1, 27.8, 27.6, 27.1,
18.1, 16.2.

EA (C59H124N22015) Calc.: C: 51.29, H: 9.05, N: 22.30.
Found: C: 51.51, H: 8.95, N: 22.09.

ATR-IR (cm™): 3318, 2940, 2862, 1614, 1569, 1516, 1476, 1456, 1378,
1274, 1224, 1145, 1078, 1055, 776, 750, 637, 620.

4.6.6.2 [6]-Oligourea, ([6]-OU)

H

ROHEE&ENH
DS Gy A

]

~_ OH OH
-7 and H/

Figure 4.8.  Structural representation of the [6]-OU
Yield: 79.0%. (DP = 12).

1H NMR: (300.0 MHz, TFA-d ) = 6.70 (1 H, ), 4.20 - 4.32 (1 H, m), 4.08-4.17 (1 H, m), 3.75 -
3.94 (1 H, m), 3.58 (1 H,s), 3.30 2 H, t, J 7.1), 3.22 (1 H,
d,J7.0), 1.63 (2 H,s), 1.25 - 1.46 (3 H, m).

13C NMR: (75.0 MHz, TFA-d) = 161.4, 72.6, 70.1, 67.1, 44.2, 43.4, 31.2, 30.7, 29.2, 28.2,
27.4,18.6, 16.8.

EA (C101H204N28016) Calc.: C: 58.69, H: 9.95, N: 18.97.
Found: C: 58.14, H: 10.04, N: 17.77.

ATR-IR (cm™): 3307, 2931, 2856, 1614, 1561, 1477, 1460, 1375, 1337,
1250, 1213, 1146, 1077, 772, 735, 615, 607.
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4.6.6.3 [7]-Oligourea, ([7]-OU)

H H H H H

RO\H/!{IQI{I\W%I\IIQI\IJ\H%Q(\%?NHZ
0 0 0

OH

_ OH
R")\/f’ and

Figure 4.9.  Structural representation of the [7]-OU
Yield: 76%. (DP = 10).

1H NMR: (300.0 MHz, TFA-d) = 6.67 (1 H, s), 5.00 - 5.13 (1 H, m), 4.84 (1 H, dd, J = 13.8,
7.5),4.58 (L H, d, J=8.6),4.36 (L H, s), 4.20 - 4.30 (1 H,
m), 4.12 (1 H, dd, J = 11.8, 7.5), 4.00 (1 H, s), 3.87 (1 H,
d,J=2.7),3.74-3.85 (1 H, m), 3.57 (L H, s), 3.29 2 H, t,
J=71),320(1H,d J=69),242(LH,t J=70),1.72
-1.81 (LH, m), 1.61 (2 H, s), 1.34 (3 H, s).

13C NMR: (75.0 MHz, TFA-d) = 161.3, 72.8, 70.4, 67.8, 44.3, 44.2, 44.08, 43.9, 30.7, 29.4,
28.5, 28.0.

EA (C100H206N24016) Calc.: C: 60.03, H: 10.38, N: 16.80.
Found: C: 60.56, H: 10.42, N: 16.33.

ATR-IR (cm™): 3325, 2929, 2853, 1611, 1570, 1476, 1460, 1374, 1312,
1243, 1208, 1146, 1128, 1078, 768, 728, 639, 613.
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4.6.6.4 [10]-Oligourea, ([10]-OU)

Figure 4.10. Structural representation of the [10]-OU
Yield: 78%. (DP = 7).

1H NMR: (300.0 MHz, TFA-d) = 6.61 (1 H, s), 5.02 - 5.10 (1 H, m), 4.84 (1 H, dd, J = 14.6,
6.9), 456 (L H,t, J=75),4.38 (1 H, d, J = 30.8), 4.25 (1
H, dd, J = 11.5, 2.0), 4.12 (1L H, dd, J = 11.6, 7.4), 3.84 (1
H, dd, J = 16.7, 9.2), 3.46 - 3.61 (L H, m), 3.28 2 H, t, J =
7.1),3.05 (1 H,s), 2.17 (1L H, s), 1.17 - 1.84 (9 H, m).

13C NMR: (75.0 MHz, TFA-d) = 161.2, 76.3, 72.9, 70.5, 46.7, 31.4, 31.3, 31.2, 31.1, 30.9,
30.8, 29.5, 28.6, 28.1.

EA (C103H210N18012) Calc.: C: 65.35, H: 11.18, N: 13.32.
Found: C: 65.64, H: 11.38, N: 13.21.

ATR-IR (cm™): 3321, 2932, 2855, 1691, 1615, 1570, 1478, 1461, 1441,
1377, 1337, 1251, 1213, 1143, 1113, 1075, 1051, 875,
844, 819, 772, 735, 618.
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4.6.6.5 [12]-Oligourea, ([12]-OU)

Figure 4.11. Structural representation of the [12]-OU
Yield: 86%. (DP = 6).

1H NMR: (300.0 MHz, TFA-d) =6.63 (1 H, s), 5.10 - 5.01 (1 H, m), 4.21 - 4.33 (1 H, m), 4.12
(LH,dd, J=11.7,7.4),3.73-3.93 (1 H, m), 3.28 (1 H, t,
J=7.2),3.15-3.22 (1L H, m), 1.56 - 1.65 (1 H, m), 1.29 (7
H, s).

13C NMR: (75.0 MHz, TFA-d) = 161.1, 76.8, 72.8, 70.5, 44.4, 31.5, 31.4, 31.1, 30.7, 29.4,
28.5, 28.0.

EA (C109H222N16011) Calc.: C: 67.73, H: 11.58, N: 11.59.
Found: C: 67.59, H: 11.64, N: 11.54.

ATR-IR (cm™): 3333, 2920, 2849, 1690, 1612, 1571, 1477, 1465, 1374,
1310, 1263, 1233, 1149, 1105, 1075, 777, 723, 610.

4.6.7 Synthesis of Aromatic/Aliphatic Teroligoureas

Ter-oligomerization trials using aromatic diamines, Hexamethylenediamine (HMDA), and
propylene carbonate (PC) were not successful. On the other hand, co-oligomers were obtained,
viz., [6]-OU. These oligomers differed from those synthesized in section 4.6.6.2, the discrepancy
is represented by both the degree of polymerization (DP) as well as end groups. DP values are

less, and urethane end groups are end-capping both terminals. The rational explanation for such
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trend was due to the 1:2 ratio of aliphatic diamine to PC which would give the same DP no

matter aromatic diamine was used.

Not successful as teroligomer.
Co-oligomer formation with double-capped urethane end groups, ([6]-OU’).

H j\ H
Ng NEON b
0 H H o

_ OH OH
R )\/" and -

Figure 4.12. Structural representation of the double-
end capped urethanated [6]-OU as a
result of failed ter-oligomerization.

Yield: 66%. (DP = 4).
1H NMR: (300.0 MHz, TFA-d) = 5.13 — 5.20 (m, 1H), 5.03 = 5.11 (m, 1H), 4.19 — 4.33 (m,
6H), 4.06 — 4.17 (m, 3H), 3.72 — 3.96 (m, 5H), 3.29 (t,

J=7.2, 67H), 3.14 — 3.24 (m, 14H), 1.61 (s, 53H), 1.53 —
1.56 (m, 39H), 1.37 (t, J=4.0, 72H), 1.29 (t, J=6.9, 20H).

ATR-IR (cm™): 3318, 2932, 2855, 1685, 1617, 1572, 1541, 1478, 1461,
1440, 1377, 1338, 1251, 1213, 1142, 1074, 1050, 1015.

128



Chapter 5

SUMMARY



CHAPTER FIVE SUMMARY

5 SUMMARY

In the current work, alternatives for the amine-based scrubbing agent monoethanolamine (MEA)
were synthesized and used for CO, capturing purposes. Problems associated with MEA involve,
degradation, oxidation, and crosslinking. MEA absorption in aqueous solutions is highly
energetic to regenerate due to the high heat capacity of water. Therefore, search for other
alternatives was the main goal of this PhD thesis. Several candidates have been synthesized as a
function of nitrogen content. Capturing agents ranged forming Amino-tethered, multi-armed
ammonium bromides salts ((NH)z-N*-R-N"-(NHy)s,), imidazolium-based TSIL and their new
route for synthesis and the manipulation of oligomerization to yield oligo(ionic liquid)s (OILs).
In addition, the most successful generation of green sorbents, viz. [n]-Oligoureas ([n]-OUs).
Unfortunately, the ammonium-based amine tethered synthesis were not successfully prepared

due to having decomposition during prepration or after modification

A new eco-friendly, isocyanate-free, energy-saving method for the production of [6]-OUs
utilizing a green carbonylating agent, viz. propylene carbonate (PC), is reported. It comprises an
organocatalyzed, microwave-assisted, solvent-free synthesis. Two modes of microwave-assisted
synthesis, viz. dynamic and fixed energy modes were applied. Upon optimization, the dynamic
mode gave 79.0 % vyields of [6]-OU. On the other hand, almost quantitative yields were obtained
using the fixed mode, within 20.0 min, 10.0 W, and same catalyst loading. Combination of both
organocatalysis and microwave energy input appears to be a key issue for the efficiency of the
reaction, with the fixed energy mode being best suited for [6]-OU. It should be noted that all data
reported are reproducible (due to the homogeneous microwave technology used by CEM
discover S-Class of microwave reactors). To the best of our knowledge, this is the best synthetic
approach for the preparation of the title oligomers with an eco-friendly approach. It paves the
way to use more of the biorenewable and sustainable chemicals as a feedstock for the production
of polyureas. The oligomer produced was analyzed by EA, ATR-FTIR, XRD, 1H and 13CNMR.
Furthermore, thermal properties of the resulting [6]-OU were analyzed using TGA and DSC.

Moreover, further candidates of the same family were also synthesized for the purpose of CO,

capturing. The degree of polymerization (DP) of the oligomers was determined by end-group
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analysis via 1H NMR spectroscopy. Thermal stabilities and % crystallinity were further
investigated through TGA, DSC, and XRD. Decomposition temperatures at 50% weight loss
(Tys0) were ca. 350 °C for all prepared oligomers. The CO, capturing capacities were determined
at 35.0 °C by a gravimetric method. Accordingly, [10]-OU had the highest CO, sorption capacity
at two different activation temperatures (60.0 or 100.0 °C) with a maximum equilibrium sorption
of 18.90 or 22.70 mgcoz2/Usorbent (1.0 bar, 35.0 °C), respectively. Chemisorption was the principal
mechanism for CO, capture in [n]-OUs. This was supported by 13C CP-MAS NMR experiments
of [10]-OU with *CO,, which indicated the formation of bicarbonates (1:1 mechanism) as a
result of the reaction with amine-terminated oligomers in the presence of humidity. Furthermore,
the sorption capacity of [10]-OU did not change significantly as a function of pressure as studied
by high pressure thermogravimetric (HP-TGA) analysis. Cyclic CO, sorption/desorption
measurements were carried out to test the recyclability of [10]-OU. Activating the sample at 60.0
°C, three stable CO; sorption cycles were achieved after the first cycle. The difference between
the first and the latter cycles is presumably explained by the absence of water, which affords
carbamates through a 1:2 mechanism. Moreover, an induced urethane cleavage was reported
during the activation of [10]-OU at 100.0 °C. This cleavage increases the sorption capacity of the
sorbent in order to capture CO,. ATR-FTIR, TGA-MS, and solid state 13C CP-MAS NMR were

used to confirm the aforementioned urethane cleavage.
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6 ZUSAMMENFASSUNG

In der vorliegenden Arbeit wurde eine grundliche Studie bezlglich der Alternativen fiir den
aminbasierten Gaswéscher Monoethanolamin (MEA) durchgefiihrt. Bei der Anwendung des
Monoethanolamins treten in der Regel mehrere unerwiinschte Degradationsprozesse auf. Diese
sind z. B. partielle Zersetzung, Oxidation und Vernetzung des Reagens. Als eine alternative
Losung zur Verbesserung der Stabilitdt des Gaswaschmittels kénnen stabile ammoniumreiche
oligomere Substanzen maligeschneiderter Komposition betrachtet werden. Der Fokus dieser
Arbeit liegt dabei auf der Syntheseentwicklung von aminterminierten  Ammoniumbromide
((NH2)s-N*-R-N*-(NH,)3), imidazoliumbasierten aufgabenspezifischen ionischen Flussigkeiten
(TSILs), oligomeren ionischen FluRigkeiten (OILs), sowie [n]-Oligoharnstoffen ([n]-OUs). Im
Zuge der Arbeit stellte sich heraus, dass die aminterminierten Ammoniumbromide synthetisch
nicht zuganglich sind. Die im Rahmen dieser Forschung synthetisierten Substanzen wurden auf
ihr CO,-Absorptionsverhalten untersucht.

Eine neue umweltfreundliche isocyanatfreie energieeffiziente Methode fiir die Produktion von
[6]-OUs bei der Anwendung von einem ,grinen®“ Carbonylierungsreagens (Propylencarbonat
(PC)) wurde entwickelt. Die Methode basiert sich auf einer organokatalysierten
mikrowellenunterstutzten I6sungsmittelfreien Synthese. Die Prozessfiihrung wurde sowohl in
einem dynamischen als auch in einem konstanten Energiemodus studiert. Die Optimierung der
Reaktionsfiuhrung lieferte eine maximale Ausbeute der [6]-OU in H6he von 79.0 % fur einen
dynamischen Modus und einen quantitativen Umsatz firr die konstante Betriebsart (20.0 min,
10.0 W). Eine Kombination aus passenden organischen Katalysatorspezies mit der richtigen
Auswahl der Zufuhrart der Mikrowellenenergie war ein Schlusselelement fir effiziente [6]-OU

Produktion.

Zusétzlich wurden die anderen [n]-OUs mit den Linkern unterschiedlicher Lange synthetisiert
und ihr CO,-Absorptionsverhalten untersucht. Es muss darauf hingewiesen werden, dass die
Synthesen mittels einem ,,CEM discover S-Class*-Mikrowellenreaktor durchgefiihrt wurden und
sind voll reproduzierbar. Die erhaltenen [n]-OUs wurden mittels EA, ATR-FTIR, XRD, *H und
3C NMR analysiert. Der Polymerisationsgrad (DP) von Oligomeren wurde mittels *H NMR-

Endgruppenanalyse ermittelt. Die thermischen Eigenschaften, die Stabilitdt und der
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Kristallinitatsgrad der [n]-OUs wurden anhand TGA, DSC und XRD bestimmt. Ein
Zersetzungspunkt aller getesteten Oligomere beim 50% Massenverlust (Tgsp) wurde bei ca.
350°C beobachtet. CO,-Absorptionskapazitdten wurden bei 35.0°C, 1.0 bar durch
gravimetrische Analyse bestimmt. Dabei stellte sich heraus, dass [10]-OU uber die hdchste
Absorptionskapazitat fir zwei unterschiedlichen Aktivierungstemperaturen mit einer maximalen
Gleichgewichtssorption von 18.90 mgco2/gsorpent flir 60.0 °C und 22.70 mgco2/gsorvent flir 100.0 °C
verfiigt. Der prinzipielle Mechanismus fur Kohlendioxidbindung ist die Chemosorption. Dies
wurde durch eine Reihe der 13C CP-MAS NMR Experimente von [10]-OU mit **CO, bewiesen.
Das Experiment zeigte die Bildung von Bicarbonaten in der feuchten Umgebung als Ergebnis
der Reaktion der aminterminierten Oligomere nach dem 1:1 Mechanismus. Dartber hinaus, wie
es aus hochdruck-thermogravimetrischen Analyse (HP-TGA) ersichtlich ist, wurden keine
signifikanten Anderungen der Sorptionskapazitit von [10]-OU als Funktion des Drucks
beobachtet. Eine zyklische CO, Sorption/Desorption-Messung wurde fiir die Abschatzung der
Recyclingféhigkeit von [10]-OU eingesetzt. Nach der Aktivierung der Probe bei 60.0 °C und
100.0 °C wurden mindestens drei stabile Sorptionszyklen erreicht. Der Unterschied zwischen
dem ersten Initiierungszyklus und weiteren Sorptionszyklen lasst sich durch die Abwesenheit des
Wassers in der Umgebung erklédren. Die wasserfreien Bedingungen begunstigen die Bildung der
Carbamate und bestimmen somit den Sorptionsprozess durch einen 1:2 Mechanismus.
AuBerdem wurde eine thermisch induzierte Urethandegradation [10]-OU wéhrend der
Aktivierung bei 100.0 °C durch ATR-FTIR, TGA-MS, sowie 13C CP-MAS Festkorper-NMR
Techniken nachgewiesen. Diese Zersetzung erhoht die Sorptionskapazitdt des Sorbers und

beglnstigt dadurch die CO, Sorption.

Anhand der grindlichen Literaturrecherche l&sst sich behaupten, dass die von uns entwickelte
Herstellung von [n]-OUs die umweltfreundlichste Synthesealternative darstellt. Diese Methode
erschliet die Maoglichkeit Polyharnstoffe durch eine nachhaltige Nutzung der erneuerbaren

biologischen Rohstoffe zu erhalten.
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7 CONCLUSION AND OUTLOOK

In this humbled work, an eco-friendly approach for the synthesis of [n]-oligourea, [n]-OU; n =
4, 6, 7, 10, 12) was proposed. The method had the following merits: it follows an isocyanate-
free, phosgene-free, organocatalyzed, microwave-assisted, solvent-free synthesis. As an outlook
for the current work proposed in the thesis, much more chemisorption can be enhanced by
increasing the amino groups which can be introduced in the backbone itself. The method was
optimized following a dynamic-power mode, using HMDA as a representative candidate for the
family produced (Organocatalysts used, catalyst loading (mol%), power (W), temperature (°C),
and time (min)). Further, it was studied as a function of power, and time in the fixed mode. After
optimization, the other members of the [n]-OUs were synthesized in the same fashion. These
materials were fully analyzed and characterized in solution and solid-state analyses, viz., 1H, and
13C NMR, EA, ATR-FTIR. Thermal properties and stabilities were characterized using TGA,
and DSC, the latter was used to determine % crystallinity relative to a urea as a standard. Along
with DSC, XRD was used to confirm crystallinity present in the [n]-OUs. CO,-sorption
experiments were carried out at 35.0 °C, and 1.0 bar. Prior to sorption, the materials were
activated either at 60.0 °C or 100.0 °C (under vacuum). Among the whole homologous series,
[10]-OU was the most active in CO, sorption. The sorption was much better attained at the latter
temperature due to an in-situ CO, capture as a result of generation of a new amino group due to
backbiting of the urethane end group and forming PC. The [10]-OU was further tested at
different sorption temperatures, viz., 35.0, 65.0, and 95.0 °C. Further testing included the stability
of sorption/desorption cycles at both 60.0 °C or 100.0 °C temperatures. It was shown that the
active species in CO,-sorption was bicarbonate following a thorough *C CP-MAS NMR study.
On the one hand, At 60.0 °C, the material was partially activated, water was not taken out till the
second cycle was applied, and that is why it followed 1:1 mechanism. On the other hand, the
second, third, and fourth cycles formed with equivalent, half-sorbed values of the first cycle are
attributed to elimination of water out of the system (dry conditions). Therefore, carbamates

would be formed due to a 1:2 mechanism.

For the Task specific ionic liquids (TSILs), the new synthetic route for the brominated TSIL
made a new perspective towards the ease of the synthesis of these interesting molecules to be

used as templates or co-monomers. This can be utilized to capture CO; in a polymeric material
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rather than its monomeric form to overcome problems associated with viscosity. Therefore, other
alternative pathways for the synthesis of poly(ionic liquids) (PILs) using solvents to allow the
diffusion of the highly viscous TSIL towards the carbonylating agent to produce PILs were

thought of to overcome those limitations.

Still to do by concluding this work, is to increase the chemisorption values for the produced
family throughout the functionalization of the [n]-diamines forming functionalized co-oligomers,
or simply by mixing with previous diamines b by forming either random or even more organized
alternating ter-oligomer. Expectedly, the latter would be much more efficient by forming an
ordered structure which might be a good tool to diffuse CO, effectively. This can be done when
multiple secondary or tertiary amines can be introduced when choosing the primary diamines,

chosen examples are reported (vide infra, Figure 7.1).

On the other hand, more >N CP-MAS NMR solid-state studies can be carried out to clarify more
on the chemistry of CO, and amine-based sorbent. In the literature, there has been only one study
that was published in 1999.124°!

{0 o
,X, *_+ : *X* *X:*
e ¢ @Q“‘“’—’ i s, o e i i,
-PG . "

E: End group.
Z: Spacer moiety.
*: 15N-enriched.

5N-enriched Oligourea

Scheme 7.1.  N-labeling experimnets for the synthesis of labeled-amines, X = -(CHy)m-
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IMMOBILIZATION ON SOLID SURFACES

7= \/\N/\/ (C1)
H
I (C2)
I
NSNS (e3) SOLID SURFACES:
b H MCM-41, SILICA, AMINE-BASED

POLYMERS, ...etc.

Figure 7.1.  Immobilization of functionalized oligourea over solids and their use as solid
sorbents as a proposed future work.

Urea introduction can be a good reason for increasing the chemical stability towards other routes
for impregnation under post-combustion conditions. The extra stability is governed by the

extensive H-bonding network that can be formed along the urea.
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