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CHAPTER 1

INTRODUCTION

Polyisocyanurate-polyurethane (PIR) and rigid polyurethane (PUR) foams
have been extensively utilized as thermal insulation materials for constructions and
buildings owing to their low thermo-conductivity, light weight, good dimensional
stability and small water absorption (1-3). The repeating units of rigid PUR and PIR
foams are urethane and isocyanurate-urethane linkages, respectively. The contained
isocyanurate structures of PIR foam provide the inherent thermal stability and fire-
retarded properties to the foams (4-6). Therefore, PIR foams have been required for
the applications which need more thermal stability and fire-retarded properties in
comparison to the conventional rigid polyurethane foams. The included urethane
structures are necessary for reducing the brittleness of PIR foam due to the fact that
unmodified PIR foams with too many isocyanurate structures are extremely fragile
and unable to use in practical applications (4, 7). The two main reactions of PUR
foam are gelling (polymerization) and blowing reactions which are the reactions
between equivalent amount of isocyanate compound with alcohol and water,
respectively. The products of gelling and blowing reactions are polyurethane and
carbon dioxide gas, respectively. The carbon dioxide is the blowing gas for generating
the foaming process and leading to the cellular structures of the foam. For the
processing of PIR foam, the excess amount of isocyanate compound is used.
Therefore, the three main reactions which lead to PIR foams compose gelling,
blowing and trimerization reactions. Trimerization reaction is the cyclization reaction
between three isocyanate groups to give isocyanurate structures (8).

Catalysts are important for all main reactions of rigid PUR and PIR foams.
The general isocyanurate catalysts for accelerating the rate of trimer formation are
quaternary ammonium salts and alkali metal carboxylates, such as potassium octoate
(KOct) and potassium acetate (KOAC). Gelling and blowing catalysts are also needed
for accelerating and balancing the rate of gelling and blowing reactions, respectively,
during the foam formation. Two types of industrial catalysts, which are widely used

for the production of rigid PUR and PIR foams, are tertiary amines and organotin



compounds due to their good catalytic activity in gelling and blowing reactions.
Organotin compounds, such as dibutyltin dilaurate (DBTDL), dibutyltindilaurylmercaptide
and stannous octoate, are the Lewis acid catalysts and show the effective catalytic
activity in gelling reaction. Tertiary amines, such as N,N-dimethylcyclohexylamine
(DMCHA), triethylamine (TEA) and triethylenediamine (TEDA), are the Lewis base
catalysts and can accelerate both gelling and blowing reactions (8-10). The catalyst
system for PIR foam are the mixtures of tertiary amines or organotin compounds with
the isocyanurate catalysts (1, 11, 12) in order to obtain the optimum reaction rate
among gelling, blowing and trimerization reactions. However, the solubility of
DMCHA and potassium octoate solution the diethylene glycol in the presence of
water is limited (13). In addition, Organotin compounds and tertiary amine catalysts
are concerned about their toxicity and strong odor problems, respectively (10, 14-17).

From the above drawbacks, metal compounds, metal complexes and
organocatalysts have been investigated as alternative catalysts for gelling and blowing
reactions in various polyurethane applications. For instance, waterborne
polyurethanes were prepared by use of bismuth carboxylate and zinc acetylacetonate
as catalysts (18, 19). Manganese acetylacetonate/triethylenediamine catalyst system
(20) was a good catalyst for polymerization of isophorone diisocyanate-diethylene
glycol. A mixture of neodymium chloride Schiff base and triethylenediamine was
used to accelerate semi-rigid PUR foams (21). Iron acetylacetonate was a catalyst in
the preparation of composite scaffold between polyurethane foam and
nanohydroxyapatite (22). Examples for organocatalysts are basic and organic
compounds derived from guanidine, amidine and phosphonic acid (17, 23). There
have been development of catalysts with desirable catalytic properties for rigid PUR
foam in our research group. These catalysts are copper acetate-amine (24), copper
acetate-ethanolamine and zinc acetate-ethanolamine complexes (25).

Copper acetate- and zinc acetate-ammonia complexes, namely Cu(Amm) and
Zn(Amm), are of interest as the catalysts for gelling and blowing reactions of rigid
PUR and PIR foams. Cu(Amm) have been applied for several works such as the
Schweizer's reagent for dissolving cellulose in rayon processing (26) and the metal
precursors for synthesis of copper oxide in the applications of lithium-ion battery (27)

and the heterogeneous catalysts (28, 29). Zn(Amm) have also been utilized as the



metal precursors for synthesis of zinc oxide in the applications of solar cell (30) and
thin film transistors (31). However, both Cu(Amm) and Zn(Amm) have never been
reported as the catalysts for rigid PUR and PIR foams, especially in the aqueous
solution form. Therefore, the investigation of catalytic activity of Cu(Amm) and
Zn(Amm) in gelling and blowing reactions has been performed in this work. The
complex formation of copper or zinc acetate with ammonia can occur using water as
the solvent to obtain the aqueous solutions of Cu(Amm) and Zn(Amm), respectively.
These aqueous catalyst solutions are expected to improve the solubility with all
starting materials of rigid PUR and PIR foams and can be used for the foam
processing without the purifying step. Water in catalyst solutions can serve as a

chemical blowing agent for both foams.

Objectives of the research

The objectives of this work are as follow:

- To synthesize and characterize metal-ammonia complex aqueous solutions,
namely Cu(Amm) and Zn(Amm)

- To use these catalyst solutions as the homogeneous catalysts for accelerating
gelling and blowing reactions of rigid PUR and PIR foams

- To experimentally and theoretically study their catalytic activity in gelling
and blowing reactions

- To compare their catalytic activity to the industrial catalyst system (DMCHA
catalyst) and

- To investigate the obtained properties of rigid PUR and PIR foams catalyzed
by Cu(Amm) and Zn(Amm).

Scope of the research

The scope of research investigation is summarized in Figure 1.1, which covers
four parts of experimental and theoretical studies and corresponds to the research
objectives listed above. The details of each part are as follows:

- In the first part, Cu(Amm) and Zn(Amm) have been synthesized in water

from the coordination reaction of copper or zinc acetates with ammonia using the



molar ratio of metal acetate:ammonia of 1:6 and characterized by UV-visible
spectrophotometry, FT-IR spectroscopy and MALDI-TOF mass spectrometry.

- The second and the third parts have been conducted in order to evaluate the
catalytic activity of Cu(Amm) and Zn(Amm) in gelling and blowing reactions of rigid
PUR and PIR foams using experimental investigation. The reaction time of the foams,
which indicate the catalytic reactivity of the catalysts, has been measured. The
important parameters have been varied. For example, in rigid PUR foam processing,
the catalysts have been varied their contents of 0.5, 1.0 and 1.5 pbw to confirm their
characteristic of gelling and blowing catalysts and to study the effect of catalyst
contents on the foam properties. NCO indices have been varied of 160, 200 and 250
to investigate their effect on PIR/PUR proportions of the foams. The obtained
properties of rigid PUR and PIR foams, which are affected by the catalytic activity of
Cu(Amm) and Zn(Amm), including physical properties, PIR/PUR proportions, %
isocyanate conversion, fire-retarded properties, thermal properties and mechanical
properties have been investigated. These foam properties have been compared to
those obtained from DMCHA catalyst (for the rigid PUR foam) and the catalyst
mixture of DMCHA with potassium octoate solution (for the PIR foam).

- The last part of this research is computational study. The reaction pathways
with involved configurations and the thermodynamic properties of catalyzed gelling
and blowing reactions have been studied. The catalytic mechanism with electron
transfer process and the HOMO-LUMO orbital distributions with energy gab between
catalyzed compounds have been investigated. All calculations have been carried out
with the GAUSSIAN 09 program using DFT method at CAM-B3LYP/6-31G(d)]
level of theory.
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CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 General background

Polyurethane (PUR) materials utilized for industries were originated by Otto-
Bayer and his co-workers in the late 1930s. The potential applications of PUR at that
initial time were the fiber, the adhesive, the coating and the foam. However, the
development of these polymer materials has been conducted over the past thirty years.
Some examples of important development of PUR are listed in Table 2.1. Until now,
PUR materials play the vital role in several industries. The number of PUR
applications has been increased from furnitures to footwears and constructions to cars.
This makes PUR to be one of the most versatile polymer materials. The wide range of
grades and product types (Figure 2.1), whose density varies in the range of 6-1,220
kg/m® from the elastomer to the hard plastic including our rigid PUR foam, can be
obtained with various PUR formulations (8, 32). Polyisocyanurate-polyurethane (PIR)
materials are obtained by trimerization reaction of isocyanate groups accompanying
with the polymerization between isocyanate with hydroxyl groups. This makes these
materials to have both isocyanate and urethane linkages in the structures. The first
patent reporting about isocyanurate-urethane linkages of PIR foam appeared in 1961
(4) and the aim of this work was to increase the crosslink density of conventional
PUR foam. However, the thermal properties of this polymer were first reported via
the TGA results by Nicholas and Gmitter in 1965 (33). Unlike the urethane linkages
of the conventional PUR materials, the isocyanurate linkages in PIR materials do not
have labile hydrogen which can be dissociated at low temperature. This leads PIR
materials to have better thermal properties than the conventional PUR materials (4).

Rigid PUR foams are the PUR materials having the cellular structures. They are
mostly utilized for the constructions, such as the boardstock, sandwich panels,
refrigeration and technical insulation, due to the long-term thermal insulating
performance together with the dimensional stable and light weight. Rigid PUR foams
can be produced in the wide range of density of 10-1,000 kg/m?, however, most are



used in the range of 28-50 kg/m® (8). The density is the important property for
determining the applications of rigid PUR foam. The major developments of rigid
PUR foam have purposed to increase the use of environmentally friendly starting
materials, especially the blowing agent of the foams, and improve the fire
performance. For PIR foams, their applications are similar to those of rigid PIR foams
and emphasize for the fire-saver constructions such as petrochemical tanks and

pipelines (4, 8).

A
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Thermoplastic and cast elastomers .
polyurethanes plastics
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Figure 2.1 The wide range of grades and product types of polyurethane (8).



Table 2.1 Important development of polyurethanes (32).

Periods Developments

1937-40 Otto Bayer and co-worker made polymer by polyaddition processes from
various diisocyanates with glycols and/or diamines.

1940-45 Development of millable polyurethane elastomers and adhesives in Germany
(I.G. Farben), U.K. (ICI) and the U.S.A. (Du Pont). Polyurethane coatings
for barrage balloon (ICI), synthetic polyurethane bristles (I.G. Farben).

1945-47 Manufacture of millable polyurethane elastomers, coatings and adhesives

1950 Cast elastomers from polyester diols, diisocyanate prepolymers and chain-
extenders

1953 First flexible polyurethane foam manufacture with a Bayer system using a
high pressure machine, a polyester polyol and TDI.

1956 First manufacture of polyether-based flexible polyurethane foam in the
U.S.A. using a two stage or 'pre-polymer' process.

1957 ICT introduces the first commercially available polymeric MDI composition
for rigid polyurethane foam manufacture.

1959 ICT introduces the first rigid foam system based on polymeric MDI and a
polyether polyol.

1959 'One-shot' system for flexible polyether-based foam introduced in U.S.A.

1960 ICT introduces the first polymeric MDI-based semi-rigid energy absorbing
foam for vehicles.

1960-65 Rigid foam blowing by chlorofluoromethanes.

1962 First production line molded 'deep seat' flexible polyurethane car cushions at
Austin-Morris (U.K.).

1963 ICI demonstrates production line manufacture of refrigerators using MDI-
based polyurethane foam.

1963 First cold-store built entirely from metal-faced polyurethane rigid foam
laminate mad continuously (Australia).

1964 ICI inverse- and floating- platen systems for the continuous manufacture for
rigid polyurethane foam-cored build boards in production.

1965 First commercial production of self-skinning flexible foam (Soc. Quillery,
France).

1968 ICI introduces isocyanurate rigid foams.

1968 General Motors make the first polyurethane microcellular bumper for the
Pontiac G.T.O.

1973 MDI based 'soft-face’ bumpers made by RIM system for Chevrolet taxis.

1979 ICT introduces wholly-MDI-based systems for flexible foam molding.

1983 ICI introduces system to make dual-hardness, molded seating from MDI-

based, flexible foam.




The chemistry, starting materials and manufacturing processes of rigid PUR and
PIR foams are similar, except that the different isocyanate index and the specific

catalyst system are used for each foam type as described in the following sections.

2.2 Chemistry

Rigid PUR and PIR foams are obtained by several exothermic reactions of
isocyanate compound. PUR structures are formed by the reaction between di- or
polyfunctional isocyanate compounds with di- or polyfunctional hydroxyl
compounds, while PIR structures are formed by trimerization of isocyanate groups (4,
8, 32, 34). For simplicity, the reactions which lead to the formation of urethane,
isocyanurate and the other linkages in rigid PUR and PIR foams are described using

monofunctional compounds as follows:

2.2.1 Primary reactions of isocyanate

Isocyanates can react with active hydrogens to form urethane, amine, and
substituted urea linkages. All primary reactions of isocyanate are exothermic
reactions, whose heat release gives the energy to cure PUR or PIR chains, to drive the
foaming process and to increase the other secondary reactions. Several catalysts are
employed to enhance and balance the rate among virous reactions. The details of

primary reaction are as follows:

2.2.1.1 Reaction of isocyanate with polyol (gelling reaction or polymerization)

Gelling reaction (Scheme 2.1) is the polymerization reaction
between isocyanate compound with polyol (alcohol). The product of the reaction is a
carbamate (urethane) linkage, which can be called “polyurethane” for the higher
molecular weight polymer. The rate of reaction depends on the structures of polyol
and isocyanate. Aliphatic polyol having the terminated primary hydroxyl group is the
most reactive and can react with isocyanate compound around ten times faster than

the polyol having second hydroxyl group. Steric hindrance of isocyanate structure
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also influences the rate of gelling reaction. Gelling catalysts are necessary for
accelerating this reaction rate (8, 32, 34).

0
R—NCO + R—-OH _ 5 g—N_¢_or

Isocyanate Hydroxyl Urethane

Scheme 2.1 Reaction of isocyanate with polyol (8).

2.2.1.2 Reaction of isocyanate with water (blowing reaction)

Blowing reaction (Scheme 2.2) is the reaction between isocyanate
with water for producing carbamic acid intermediate which further decomposes to be
carbon dioxide (CO>) gas and primary amine. CO; acts as the blowing gas and inflates
the foams to form the cellular structure. Water is called “a chemical blowing agent”.
This reaction is as important as the gelling reaction due to the fact that the density of
the foams relates with the amount of CO. generated from the blowing reaction.
Blowing catalysts are needed for this reaction (8, 9, 32, 34).

(0]

R—-NCO + H,0 — 5 R—&I—%—OH

Isocyanate Water Carbamic acid

l

R-NH, + CO, T

Amine Carbon dioxide
Scheme 2.2 Reaction of isocyanate with water (8).

2.2.1.3 Reaction of isocyanate with amines

The amine product from blowing reaction can further react with
isocyanate to give substituted urea (Scheme 2.3), which can be a chain extender to
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increase primary and secondary hydrogen bonding yielding in higher crosslink density
of the foam. The reaction of aliphatic isocyanate with primary amine occurs about
100-1000 times faster than the reaction of isocyanate with alcohol. The reactivity of
amine depends on its basicity and structure. The aliphatic amine with higher basicity
shows more reactivity to react with isocyanate than aromatic amine. The electron
withdrawing group along with steric hindrance of the carbon atom next to nitrogen atom

can reduce the reactivity of amine (8, 32).

0
H I H
R-NCO + R'—NH, —  » R—N—C—N—R

Isocyanate Amine Substituted urea

Scheme 2.3 Reaction of isocyanate with amine (8).

2.2.2 Secondary reactions of isocyanate

Isocyanate can undergo the secondary reactions with the active hydrogens
of urethane and urea, which are the products of the primary reactions. These reactions
can give the products which can affect both physical and mechanical properties of the
foam by increasing the crosslink and branch density. All secondary reactions of

isocyanate are listed as follows (4, 8, 32):

2.2.2.1 Reaction of isocyanate with urethane

Isocyanate can react with the active hydrogen of urethane to form

allophanate linkage (Scheme 2.4).

0] 0
H 1 H 1
R-NCO + R'—N—-C—OR" —> R'—=N—C—NR"
|
OOR"
Isocyanate Urethane Allophanate

Scheme 2.4 Reaction of isocyanate with urethane (8).
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2.2.2.2 Reaction of isocyanate with urea

Likewise, the reaction between isocyanate with active hydrogen of

urea gives the biuret linkage (Scheme 2.5).

(0] 0
H oo H H 1
R-NCO + R'-N-C—-N-R" —> R-N-C—NR' -
|
CO—N-R"
Isocyanate Substituted urea Biuret

Scheme 2.5 Reaction of isocyanate with urea (8).

2.2.2.3 Trimerization reaction

Three isocyanates from the excess amount of isocyanate compound
(isocyanate index > 100) can undergo a cyclization reaction through C=N bonds
resulting in a six-membered ring called a trimer or isocyanurate (Scheme 2.6), which
can be “polyisocyanurate” for the higher molecular weight polymer (4, 8, 32).
Polyisocyanurate are thermally stable and can improve both fire-retarded properties
and thermal stability of PIR foam. The foams with adequate PIR proportion have self-
extinguishing properties and can be increased decomposition temperature to 250-
300 °C (35).

R" )K R"
Trimerization

3(R"—NCO) — » J\ /L

Isocyanate
RH

Isocyanurate

Scheme 2.6 Trimarization reaction of isocyanate (8).
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Among secondary reactions of isocyanate, the reaction with urea is
the fastest and can occur at the lower temperature than the trimerization and the
reaction with urethane. All these secondary reactions are the crosslinking and
branching reactions. The number of products of each reaction can be controlled using

the specific functionality of reactant, reaction temperature and catalyst types.

2.3 Starting materials

Isocyanate and polyol compounds are the major starting materials of rigid PUR
and PIR foams. In order to modify the properties of the foams to reach the
commercial and industrial requirements, other additives, namely catalyst, blowing
agent, flame retardant, surfactant, filler, chain extender and viscosity reducer are used
in the formulations of the foam. The details of these starting materials are given as
follows (8, 32, 36):

2.3.1 Isocyanate compounds

Various types of aromatic and aliphatic isocyanate compounds can be
found in the production of rigid PUR and PIR foams. However, more than 95% of all
foams are prepared from toluene diisocyanate (TDI) and methane diphenyl

diisocyanate (MDI).

2.3.1.1 Toluene diisocyanate (TDI)

Toluene diisocyanate is the viscous liquid with the boiling point of 120
°C. it can be synthesized via the direct nitration of toluene obtaining the product ratio
of 2,4:2,6- dinitrotoluenes of 80:20. These dinitrotoluenes are further hydrogenated,
phosgenated and distilled to obtain TDI liquid, which composes of 2,4:2,6-TDI
isomer of 80:20. Chemical structures of 2,4 and 2,6-TDI are presented in Figure 2.2.
TDI mixture can cause a serious toxic hazard and have a marked effect on the
respiratory system and the skin. On the other hand, the diisocyanate of MDI based on
diaminodiphenylmethane is safer to use and has much lower volatile component than
that of TDI.
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CH; CH;
NCO OCN NCO
NCO
2,4-TDI 2,6-TDI

Figure 2.2 Chemical structures of 2,4 and 2,6-TDI (8).

2.3.1.2 4,4'- Methane diphenyl diisocyanate (MDI)

4,4’-Methane diphenyl diisocyanate is the crystalline solid at room
temperature. The melting and boiling points of this chemical are 38 and 195 °C,
respectively. Therefore, it can be slightly heated to become the viscous liquid when
used. MDI composes of two main types, namely monomeric MDI and polymeric MDI
(PMDI). PMDI contains 55% of 4,4- and 2,4'- diisocyanate isomers, 25% of
triisocyanate and small amount of the 2,2'-diisocyanate isomer. Pure MDI, which is
obtained from the distillation of PMDI, mostly contains 4,4'- diisocyanate isomer. The
chemical structures of PMDI and monomeric MDI are shown in Figure 2.3.

OCN OCN
NCO

2,4'-MDI 2,2'-MDI
OCN @CH@NCO
4,4'-MDI
NCO

NCO NCO
N SN LS
| o cHy
/ A ~
n:0-3 "

Polymeric MDI (PMDI)

Figure 2.3 The chemical structure of MDI and PMDI (8, 32).
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MDI can be manufactured to have the wide range of functionality, structures

and composition for several applications of polyurethane as shown in Table 2.2.

Table 2.2 Several MDI starting material for different applications (32).

Isocyanate compounds sz?rag(e. Material types
functionality

Pure MDI 2.0 High performance PUR elastomer
Modified pure MDI 2.01-2.1 High performance PUR elastomer and
liquid microcellular PUR elastomer.
Low functionality 2.1-2.3 Flexible, semi-rigid and rigid (structural)
polyisocyanate liquid PUR foams.
Low viscosity 2.5 High density flexible PUR foam
polyisocyanate liquid
Low viscosity polymeric 2.7 Low density rigid PUR foam, PIR foam
MDI and particle binders
High functionality 2.8-3.1 Rigid PUR and PIR foams.
polymeric MDI

2.3.2 Polyols

The two main types of polyol for the production of rigid PUR and PIR
foams are hydroxyl-terminated polyether and polyester polyols. These polyols are
prepolymers whose different structures, functionality and molecular weight affect the
final properties of the foam. The polyols with low functionality and high molecular
weight are mostly employed for the preparation of flexible polyurethane foam. In
contrast, the high functionality and low molecular weight polyols are used to
processed rigid PUR and PIR foams due to the reason that they can provide the high
crosslink density, which enhances the mechanical properties of the foams. Moreover,
the distance between chain segment of polyol is another factor affecting the rigidity of
the foams. The polyol with shorter chain segment can give the foams with more
rigidity and tighter networks. In general, polyols for rigid PUR and PIR foams have
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molecular weight, functionality and hydroxyl value in the range of 150-1000 g/mol,
2.5-8.0 and 250-1000 mgKOHY/qg, respectively (36, 37).

2.3.2.1 Polyether polyols

Polyether polyols are the long chain-polyols which range from
viscous liquid to waxy solid based on their structures and molecular weight. These
polyols are synthesized from ring opening reactions of ethylene or propylene oxide
using the polyfunctional initiators. Polyether polyols have been widely used for the
processing of rigid PUR and PIR foams owing to their low cost and viscosity.
Furthermore, the foams processed from polyether polyols show better resilience and
hydrolysis resistance than the foams processed from polyester polyols. The chemical
structure of polyether polyol is presented in Figure 2.4.

2.3.2.2 Polyester polyols

Polyester polyols are synthesized from the condensation reactions of
diols (and triol) with dicarboxylic acid, such as adipic acid, sebacic acid and m-
phthalic acid. When compared to polyether polyols, polyester polyols seem more
reactive and give the foams with better mechanical properties and organic solvent
resistance. However, polyester polyols are more expensive and have higher viscosity
than polyether polyols. Thus, they are used only for the applications that require

superior properties. The chemical structure of polyester polyol is presented in Figure 2.4.

H%O——R—O——R}—O——R——OH
n

Polyether polyol

0]

|| I
H+O—R'—C—O—R—C%O—R'—OH
n

Polyester polyol

Figure 2.4 Basic chemical structures of polyether and polyester polyols (37).
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The generally used catalysts for rigid PUR and PIR foams can be divided

into three categories as blowing, gelling and trimerization catalysts which are based

on the main reactions they promote as shown in Table 2.3. These include a wide range

of chemical structures, such as tertiary amines, organotin compounds, quaternary

alkali metal carboxylates and ammonium salts. The different structures and properties

of catalyst lead to the several catalytic mechanisms in the formation of rigid PUR and

PIR foams (8, 10, 36).

Table 2.3 The typical catalysts and their catalytic activity used in the processing of

rigid PUR and PIR foams (36).

Catalyst Code Catalytic activity
Tertiary amines
Pentamethyldiethylene triamine PMDETA  Blowing catalyst
Triethylenediamine TEDA Gelling catalyst
N,N-Dimethylcyclohexylamine DMCHA Blowing/ gelling catalysts
Quaternary ammonium salts
2-Hydroxyl propyl trimethyl TMR-2 Delayed action/ trimerization
ammonium salt catalysts
Alkali metal carboxylates
Potassium acetate KOAc Gelling/ trimerization catalysts
Potassium octoate KOct Gelling/ trimerization catalysts
Organotin compounds
Stannous octate SnOct Gelling catalyst
Dibutyltin dilaurate DBTCL Gelling catalyst

In the production of rigid PUR foams, catalysts are needed to balance

between gelling and blowing reactions. The catalytic activity affects not only the

reaction rate but also the ultimate properties of the final polymer. With suitable
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catalysts, the desired properties of rigid PUR foam can be obtained. The catalyst
activity of gelling and blowing catalysts depends on the basicity and the steric
hindrance around the active site of the catalyst. The selection of catalyst for foam
processing is based on the catalytic reactivity, odor, toxicity, solubility and cost of the
catalyst. The effect of catalytic activity in gelling and blowing reactions on the foam
properties is shown in Figure 2.5. In general, the strong gelling catalysts give the
foams with high adhesive strength and good dimensional stability, but the reaction
mixture has poor flowability in mold. On the other hand, strong blowing catalysts give
the low density of foams and better flowability. However, the foams have poor adhesive
strength (9).

o
-5, g Flowability
T
Isotropy
F
Cream time

A\ 4
g E Cell size
-0 K-factor Dimensional stability

Gelling » Blowing

Catalytic activity

Figure 2.5 The effect of catalytic activity on the foam properties (9).

PIR foams contain both polyurethane and polyisocyanurate structures. The
optimum proportion between PUR and PIR in the foam structures is required due to
the fact that the foams containing too few PIR structures do not give the fire-retarded
properties, while the foams containing too many PIR structures are brittle (38). Thus,
in order to obtain the suitable composition of PIR foams, the catalyst mixtures

composing of gelling, blowing and trimerization catalysts are commonly used for the
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catalytic systems of PIR foam. The details of all catalysts of rigid PUR and PIR foams

are described as follows:

2.3.3.1 Tertiary amine catalysts

Tertiary amines can accelerate both isocyanate—polyol (gelling) and
isocyanate-water (blowing) reactions. However, their catalytic activity in blowing
reaction appears to be better than that in gelling reaction. The most relevant
parameters which affect their reactivity are basicity and steric hindrance around the
amino nitrogen atom. Catalytic activity normally increases with increasing the
basicity and decreasing the steric hindrance in the structures. The ability to form
hydrogen bonds and the spatial separation between active sites also affect the catalytic
selectivity. Some of the most commonly used tertiary amine catalysts are N,N-
dimethylcyclohexylamine, triethylenediamine and dimethylaminoethoxyethanol (9).
Two catalytic mechanisms of tertiary amine have been proposed. The first is
nucleophilic catalysis given by Baker (Scheme 2.7), the mechanism starts by the
tertiary nitrogen of amine coordinating with the carbonyl carbon of the isocyanate
group, then complex intermediate is formed. This intermediate further reacts with the
hydrogen from polyol or water to produce urethane linkage or carbamic acid,

respectively.

© )
R—N=C=0 + R"3N —_— R—N—=C—=0Q

RHSN

Scheme 2.7 Catalytic mechanism of tertiary amine given by Baker (8).
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The second mechanism is general base catalysis given by Farka
(Scheme 2.8), the activation starts by the tertiary nitrogen of amine interacting with
the proton of polyol or water to form a complex intermediate and then reacts with the
isocyanate to give urethane linkage or carbamic acid, respectively (8, 9).

R'-OH + RN —> R";N--H--O—R' + R-N=C=0

|

© )
R—N=C=Q

R";N---H--O—R’
® ®

Scheme 2.8 Catalytic mechanism of tertiary amine given by Farka (8).

2.3.3.2 Organometallic catalysts

Organometallic compounds are classified to be predominantly
gelling catalysts even though they can slightly increase the rate of blowing reaction.
Organotin compounds are the most widely used, while organomercury and organolead
catalysts are also used in other applications, namely PUR elastomers and rigid spray
PUR foams, respectively. However, both mercury and lead catalysts have unfavorable
hazard properties, and therefore, alternatives are always being sought. Among
organotin catalysts, the diorganotin (IV) ester compounds show remarkably high
catalytic activity toward urethane forming. Examples are dibutyltin dilaurate
(DBTDL), dibutyltin bis(2-ethylhexanoate) and dibutyltindilaurylmercaptide. The
proposed catalytic mechanism of tin (IV) catalysts (Scheme 2.9) is the reaction of tin

with polyol to form tin alkoxide, which further reacts with isocyanate to obtain a
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complex. Transferring of the alkoxide anion to the coordinated isocyanate affords an
N-stannylurethane, which then undergoes alcoholysis to obtain the urethane linkage

and the original tin alkoxide (8, 10).

R
N X +R"OH R\ /X R\ /X
Sn S S /Slll — /Slll\
R™ X -R"OH R ! X R | HX
N R”O
R"/
+HX
-HX
@
R'—NHCOR" R.X
Sn "
Y +R"NCO
R \O‘RH
+R"OH
R X
R N
R_I_X /S'n
Sln - R i \ORH
R'-N-COOR R'—N=C=0

Scheme 2.9 Catalytic mechanism of tin (IV) salt catalyst (8).

Tin (I1) 2-ethylhexanoate or stannous octoate has also been used as
the catalyst for the foams. The catalytic mechanism of this tin (II) salts is shown in
Scheme 2.10. Tin coordinates with isocyanate and polyol to form the ternary
complex, which further converts to urethane. Two possible pathways of coordination
of stannous octoate have been reported. Tin may first coordinate with polyol and then
reacts with isocyanate. In the second one, tin may coordinate with oxygen of
isocyanate and then reacts with the polyol (8).

The catalyst mixtures between tertiary amine and tin compound are
often used with the purpose of achieving a balance between blowing and gelling
reactions. When using the catalyst combination, synergetic effect between amine and
tin in the catalytic process of urethane formation is found (8, 39-41). The synergetic

mechanism is proposed as shown in Scheme 2.11.
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Scheme 2.10 Catalytic mechanism of tin (1) salt catalyst (8).
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Scheme 2.11 Catalytic mechanism of tin-amine synergism (8).
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2.3.3.3 Trimerization catalysts (isocyanurate catalysts)

Typical isocyanurate catalysts for PIR foams are quaternary

ammonium salts of tetraalkylmonoamine (e.g., methyltriethylammonium octanoate),

some tertiary amines [e.g., tris(N,N-dimethylaminopropyl)hexahydrotriazine and N-

methylimidazole] and alkali metal carboxylates (e.g., potassium acetate and potassium

2-ethylhexanoate). A comparative study between tetraalkylammonium carboxylates

and tertiary amines has shown their potential to accelerate trimerization reaction. This

result is explained by the fact that oxyanionic bases are more nucleophilic and

therefore more catalytically active than tertiary amines with similar basicity. The

proposed catalytic trimerization mechanism is shown in Scheme 2.12. Anionic

nitrogen is the reactive species which induce the cyclization of isocyanates (8, 10).

® @ o 0 Ar (@)
ArNCO + M Nu MAr o ANy, — N=(
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Ar Ar
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Ar—N=C=N—Ar - 0 - Ar
. |
Carbodimide Ar ®
+ =y OT/NYO
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M Nu + 2 O Ar ~
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Scheme 2.12 Catalytic mechanism of isocyanurate catalyst (8).
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2.3.4 Blowing agents

Both rigid PUR and PIR foams are prepared using blowing agents to
generate gas bubbles which increase their volume along with the time and inflate the
foams to have the cellular structure. Blowing agents can be classified in two types as
physical and chemical blowing agents. The properties of the foam depend on both the
types and the blowing agent content. Water is the chemical blowing agent, which
reacts with isocyanate to obtain CO> gas bubbles as previous discussed. This blowing
reaction not only gives polyurea crosslink but also releases the exothermic heat
needed for completing the other reactions. Physical blowing agents, such as pentane,
monofluorotrichloromethane and difluorodichloromethane, create the cellular
structure of the foam by evaporation process and do not give the reaction for
increasing the crosslink density of the foam. However, they can give the foams with
lower density than those prepared from the chemical blowing agent (42).

The use of monofluorotrichloromethane and difluorodichloromethane
increases the depletion of ozone layer. Therefore, the development of environmentally
friendly blowing agents has become an important and urgent issue for the industry of
rigid PUR and PIR foams. The use of pentane increases flammability of the foam.
Therefore, higher amount of flame retardant is needed for the foams blown with this

blowing agent (43).

2.3.5 Surfactants

A surface-active chemicals or surfactants are necessary for the processing
of the foam since they help to reduce the surface tension of CO. gas during the
foaming process and enhance the foam rising. Moreover, the surfactants can also
stabilize the gas bubbles generated at the nucleation process (44). Polydimethyl
siloxane-polyether copolymer called silicon surfactant has been widely utilized as the
surface-active chemical for rigid PUR and PIR foams. It has substituted the organic
and nonionic surfactants since the late 1950s.

The chemical structure of silicone surfactant is presented in Figure 2.6,
where x and y are the average number of dimethylsiloxy and methylpolyethersiloxy

groups, respectively, per molecule. Likewise, m and n are the average number of units
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of polyethylene oxide and polypropylene oxide, respectively. R corresponds to
polyether group. the normal amount of silicone surfactant used in the formulations of
rigid PUR and PIR foams is 0.4—-2.0 pbw of polyol. The chemical structure of silicone
surfactant can be modified for the other applications of PUR, which may need more
specific and complex processing, by varying the number of units and lengths of
polydimethylsiloxane main chain and polyether pendant. One molecule of typical
silicone surfactant for rigid PUR and PIR foams contains 10-50 silicon units with the
average molecular weight of polyether chain of 400-1500 g/mol. Ethylene oxide
content is different in the range of 50-100%. Polysiloxane:polyether proportion is 3:1-
10:1. The total molecular weight of the silicone surfactant is in the range of 1,500-
15,000 g/mol.

Me Me Me Me

|
Me—Sli—O Si—0 Si—O—Si—Me

Me Me Me

Figure 2.6 Chemical structure of silicone surfactant (8).

2.3.6. Flame retardants

Several Flame retardants are needed for rigid PUR foams since these foams
are highly flammable. In the case of PIR foam, PIR structure can provide the
inherently fire-retarded properties to the foams. However, the flame retardants are still

used for PIR foams in some specific applications, which are strictly concerned about
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fire safety. The flame retardants can be classified to additive and reactive flame
retardants. The additive flame retardants are incorporated with the foams by physical
mixing, which leads to the poor compatibility, easy leaching and decrease of
mechanical properties of the foam. Examples of additive flame retardants are
halogenated paraffins, inorganic oxides, organic phosphates (alkyl-, aryl- and
ammonium-phosphates), phosphonates and bromine-containing compounds (5, 45).

The chemical structures of some additive flame retardants are shown in Figures 2.7
and 2.8
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Figure 2.8 Chemical structures of ammonium polyphosphates (5).



27

The reactive flame retardants are the organic compounds with the active
functional groups, which can form the covalent bond with the polyol, isocyanate or
the other suitable functional groups of starting materials of the foam. This can
improve the compatibility between polymer and the flame retardants and reduce the
leaching problem of additive flame retardant. Examples of reactive flame retardants
are organophosphorus compounds containing hydroxyl or amine groups,
organoboron and organosilicon compounds (5, 45). The chemical structures of

some reactive flame retardants are shown in Figures 2.9.

D
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Tris|3-(trimethoxysilyl)propyl]isocyanurate

Figure 2.9 Chemical structures of reactive flame retardant (5).

2.3.7 Fillers

The objectives of use of filler are to reduce cost, improve the mechanical
properties and enhance the thermal stability. Specific fillers can be employed to
improve the water resistance of the foam. Particle and fiber are typical forms of filler,
which are selected to use based on the applications of the foam. Particle filler is used

in the flexible PUR foams for reducing flammability and increasing foam stiffness.
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However, it can improve the thermal stability of rigid PUR foams. Mineral filler is
sometimes utilized for reducing cost and increasing the compressive strength of rigid
PUR foams (8, 46).

2.3.8 Viscosity reducers

The demand of viscosity reducer for the area of rigid PUR and PIR foams
has increased due to the reason that the trend of these foam systems moves to
decrease the use of physical blowing agent by replacing with water. This leads to
higher viscosity of foam system because more crosslinks can occur by the secondary
reactions of isocyanate with urea or amine. However, the viscosity of foam system
can be decreased by using the viscosity reducer. This additive can also aid the
processing of the foam. Examples of viscosity reducers are glycol ether, dimethyl

ester and propylene carbonate (8).

2.3.9 Chain extenders

Difunctional chemicals with low molecular weight, such as glycols,
diamines or hydroxyl amines can be chain extenders for rigid PUR and PIR foams.
These additives can react with isocyanate to obtain polyurethane or polyurea short
segments, which can increase the intermolecular interaction and crosslink between the
polymer chains (46).

2.4 Formulations

Amount of isocyanate required for the reactions with polyol and other reactive
chemicals is calculated in order to obtain the theoretical amount of isocyanate, which
shows the stoichiometric equivalent. The theoretical amount of isocyanate can
increase or decrease depending on several parameters, such as amount of reactive
chemicals in the formulation, properties of the foam, ambient conditions and
production scales. The varied amount of isocyanate used in the actual processing
compared to the theoretical amount of isocyanate is called the “isocyanate index”,

which can be obtained by the following equation (8, 34, 46):
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) actual amount of isocyanate
Isocyanate index = x 100 2.1

theoretical amount of isocyanate

The typical method to calculate the quantity of the reactive starting materials used
for the preparation of rigid PUR and PIR foams requires the technical values, namely
isocyanate, hydroxyl and acid values as well as equivalent weight of polyol, water and
other reactive chemicals defined as follows (8, 34, 46):

Isocyanate value (% NCO group) is the weight percentage of reactive isocyanate

groups:
42 x functionality
Isocyanate value = % NCO group = x 100
molar mass
4200

= (2.2)
equivalent weight

Hydroxyl value is sometime called the hydroxyl number of the polyol. It shows
the concentration of reactive hydroxyl groups per unit weight of the polyol, which can
react with isocyanate. The unit of hydroxyl value is mg KOH/g of polyol (milligram

of KOH equivalent to the active hydroxyl content of 1 gram of polyol).

56.1 x functionality

Hydroxyl value = x 1000
molar mass

56.1
= x 1000 (2.3)
equivalent weight

Acid value is expressed as mg KOH/g of polyol and numerically equal to

hydroxyl value in isocyanate use.

Equivalent weight of polyol, water and other reactive chemicals is calculated
using the molar mass and functionality of reactive chemicals, which can react with

isocyanate. For example, water has two functional groups to react with two isocyanate
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groups. Therefore, the equivalent weight of water can be calculated by the following

equation:

molar mass 18
Equivalent weight = — = — (2.4)
functionality 2

2.5 Mechanical properties

Compression properties are the most important mechanical properties of rigid
PUR and PIR foams sine these materials are mainly applied as the insulations inside
many constructions. The compression properties of rigid PUR and PIR foams are
obviously different from those of flexible PUR foams. The compression stress-strain
curves as well as the strength obtained from the compression testing can be used to
characterize and classify the different types of foam. Compression load deflection is
given to deform the foam samples in order to measure the load-enduring properties of
the foams (46). The testing procedures are rather close to those of noncellular polymer
materials, which can be performed according to ASTM D 1621-16. A universal
testing machine (UTM) with the compression cages and two parallel flat plates is

applied for the compression test of the foam as shown in Figure 2.10.

[_:L%:j

[a Moving crosshead

Foam sample

Fixed base
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Figure 2.10 The instrument for compression test of the foam (46).
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Characteristics of compression energy absorption and deformation of the different
foams strongly depend on the density and cell morphology. For instance, the flexible
PUR foams having open-cell feature as shown in Figure 2.11 can respond with the
compression load by bending and stretching their cell walls and recovering their cell

structures after the release of load.

Figure 2.11 Appearance of open-cell flexible foam during compression test (46).

In the case of rigid PUR and PIR foams having closed-cell feature as shown in
Figure 2.12, their cells become more compacted during compression test. The
entrapped gas inside the cells difficultly escapes and compresses the cell walls. This
leads the foams to resist to the deformation. However, when the compression load
exceeds the limit of the foam resistance, the foam cells will rupture resulting in the

permanent deformation of the rigid foam.

Figure 2.12 Appearance of closed-cell rigid foam during compression test (46).
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Closed cell rigid foams (rigid PUR and PIR foams) show very limited to no
yielding behavior. The energy absorption characteristic of foam can be presented in
the term of compression stress-strain curve (Figure 2.13). The compression strength
of rigid foams is usually collected at 10% deformation.

Densification ~

o

A J

Collapse plateau (brittle crushing)

™~

Compression stress

Linear elasticity

Compression strain

Figure 2.13 Typical compression stress-strain curve of rigid foams (47).

2.6 Theoretical methods

Quantum mechanics (QM) method in quantum chemistry can be utilized in all
fields of chemistry for studying the chemical structures, molecular interaction,
thermodynamic properties of reaction and etc. QM method is the mathematical
explanation for electron behaviors and can be used to predict the molecular or atomic
properties. The equations including in QM method have been correctly solved for the
one-electron system. An assembly of method has been modified for applying with the
multi-electron system. The assumption of basic concept of QM method is the
presence function of coordinating so—called wave function (y), which composes all
probable data about the systems. QM method is classified to ab initio, density
functional theory (DFT) and semi—empirical methods. The details of ab initio and
DFT methods, which are related with this work, are given in the following section
(48).


https://dict.longdo.com/search/assumption
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2.6.1 Ab initio method

Ab initio method is the basic QM principle, which solves the Schrédinger
equation with ignoring of fitting to the experiment according to the following

equation:
HY —E¥ (2.5)

where Iﬁl is Hamiltonian. Eis the electron energy in orbital. ¥ is electronic
wavefunction. This method can be used for only one-electron system. Hartree—Fock
(HF) method is the simplest means of ab initio method. HF method starts with the
approximation of ¥ of one-electron system recognized as the orbital. In order to

obtain ¥ for multi-electron system, linear combination of atomic orbitals (LCAQ) is

carried out giving polyelectronic wavefunction (%%, ) known as Hartee product as:

o =y, 2y (3).eenee ¥y (n) (2.6)

¥, depends on the coordinates of all electrons in the atom, w,(1), ¥,(2), v,(3)and
w,(4) are the functions of the first, second, third and fourth electrons, respectively.

w,(n) is a initial guess that is expanded by the basis set.

Because of the approximation of HF non-linearity, this equation is further

resolved using iteration known as self—consistent—field (SCF) approximation. ¥, is

resolved in Schrodinger equation. The SCF approximation is calculated for k cycles
until self—consistency is found. After the calculation, spin orbitals together with

configuration state functions is created using HF equation.

2.6.2 Density functional theory (DFT) method

DFT method is originated by theorem of Hohenburg and Kohn. The

molecular energy is computed from the electron density function. o(X, Y, Z) dxdydz
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is the probability to meet electrons in a volume element, dxdydz. According to the
relationship of p(X,Y,z) and one-electron spatial wavefunctions (¥,), the ¥ of HF

is obtained as:
po=p0 =2l (2.7)
i=1

2.6.2.1 Kohn-Sham (KS) Energy

In the calculation of KS energy, non-interacting electrons
moving in an effective potential is assumed. The first idea is expression of the
molecular energy as a sum of small terms. The second idea is the use of initial guess
of the electron density in the KS equations to calculate an initial guess of KS orbitals,
which are then refined. The last KS orbitals are employed to compute the electron
density and the KS energy, subsequently.

The energy of ground state electron is summed from the kinetic

energy, (T[p,]), the attraction of the nucleus and electron, (V,.[p,]), and the repulsion

of electron with each other, (V. [p,1), according to the equation shown below:

E0 = <T [p0]> + <Vne[p0]> + <Vee[po]> (28)

The nucleus—electron potential energy can be obtained as:

V=3 > 2= S 29)

i=1 nucleiA riA

where, V(r;) is the external potential for the attraction of electron i and nucleus. The

density function p can be introduce into (V,,) due to the relation that

| \yzzl f(rwdt = [ p(r)f (r)dr (2.10)
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where f (r,) is a function of the coordinate of the 2n electrons of a system and ¥ is

the total wavefunction. (V,,) can be obtained as:

(Vie) = [ 2o (r)v(r)dr (2.11)
The deviation of the real kinetic energy from that of the reference system is:

ATLo]) = (Tlpol) ~ (T [oo]) (2.12)

The A(V,) is the deviation of the real electron—electron repulsion energy from

classical charged—cloud coulomb repulsion energy and can be obtained by the
summation of repulsion energy for pairs of infinitesimal volume elements p(r1)dr: and

p(r2)drz separated by distance ri2, as:

A<Vee[p0]> <Vee[p0 — _Ij4()dr drz
(2.13)

Therefore, the energy of ground state electron ( E;) is written as:

Eo = [ po(r(r)dr + (T, [p,]) + j | Mwmpob + AV [2,])

12

(2.14)

The summation of last two terms is called exchange—correlation energy (Exc), which can

be written as:
E..Loo] = A(T, [ ]) + AV, [0,]) (2.15)

where A(Tr> is the kinetic correlation energy of the electron, A(V,,) are the potential

correlation and the exchange energies.
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2.6.2.2 Kohn-Sham (KS) equation

KS equation is used by variation principle because electron

density of the reference system is as same as that of real system, so

2n

po:przz

i=1

v ) (2.16)

where ¥ is the KS spatial orbital. Varying Eo according to the ¥*° subjects to the

constraint that these remain orthonormal lead to the KS equation as:

{-lv?- > Zag | @drﬁvxc(l)}yq“ O=c°¥1 (217

i
2 nucleiA riA 12

where & are KS energy levels. vy (1) is the exchange correlation potential. The

functional derivative of E,_[p(r)] with respect to p(r) represents as exchange—

correlation potential according to the equation shown below:

O, [p(r)]

Y = (2.18)

The Kohn-Sham equations can be written as:

h @M =ESQ¥EQ (2.19)

2.6.2.3 DFT exchange and correlations

The exchange—correlation energy functional (E,) can be
obtained by the summation of the exchange—energy (E,) and the correlation—energy

(E,) functionals as following equation:
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E, -E +E, (2.20)

E, is obtained by the similar method applied for that of HF, However, the KS orbital

is used instead of HF orbital. Therefore, E, can be written as:

£ =23 S 0r wor @ jor 00 2) @2y

i1 j=1

where 9 and HJ.KS are the spatial parts of spin—orbital locating at X;,Y,,z, and

X,,Y,,Z,, respectively. 1, is the length between X,,y,,z, and X,,Y,,z,. E, is

c

calculated from E,_ by the following equation:

Ec = Exc + Ex (222)

2.7 Literature reviews

The literatures relating to the development of alternative catalysts for rigid PUR
and PIR foams, the theory and applications of metal-ammonia complex and the
computational investigation of urethane formation reaction have been reviewed as

follows:

2.7.1 Catalysts for rigid PUR foam

Because the use of tertiary amine and organotin catalysts have odor and
toxicity problems, respectively, development of alternative catalysts for gelling and
blowing reactions of rigid PUR foams and the other PUR materials have been
reported as follows: Schellekens et al. (49) studied the catalytic activity of several
metal-based catalysts in urethane formation (gelling reaction) of thermoplastic
polyurethane and compared to that of dibutyltin dilaurate (DBTDL) catalyst. Thermal
stability and ability of catalysts to accelerate the gelling reaction at low catalyst
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concentrations were also investigated. The results indicated that metal-based catalysts
act as Lewis acid in the catalytic processes. Fe(lll)-based compounds showed
remarkable and comparable catalytic activity to DBTDL catalyst. Fe(acac)s and
Fe(tmhd)s (where acac = acetylacetonate and tmhd = 2,2,6,6-tetramethyl-3,5-
heptanedionate) still highly active at very low concentrations resulting in high
urethane conversion. FeClz was thermally stable and gave PUR with high molecular
weight. Inoue et al. (20) studied possibility of metal acetylacetonate [M(acac)n]-
amine complexes as an efficient catalyst for the model gelling reaction of
hexamethylene diisocyanate (HDI) with diethylene glycol (DEG). The mixtures of
M(acac)n (where M = Mn, Fe, Co, Ni and Cu) and triethylenediamine (TEDA) were
used as the catalysts. They found that Mn(acac),-TEDA complex had better catalytic
activity than the other complexes and showed comparable catalytic activity to
DBTDL catalyst. The reaction rate along with catalytic constant investigated at 30 °C
using the concentration of catalyst of 0.00036 mol/l are reported in this literature as

shown in Table 2.4.

Table 2.4 Reaction rate and catalytic constant of urethane formation between HDI

and DEG using various catalysts (20).

Catalyst Reaction rate Catalytic constant (Kc)
(k/ molth™?) (Kc x10*/1%eqt molth)
None 0.2 -
DBTDL 139.6 3.8
Mn(acac): 52.3 1.4
Mn(acac).-TEDA 102.2 2.8

Sardon et al. (50) prepared PUR materials by solution polymerization of
hexamethylene diisocyanate with poly(ethylene glycol). Different types of organic
acids such as acetic acid, p-toluenesulfonic acid and methanesulfonic acid were used
to catalyze the reactions. They found that p-toluenesulfonic acid was the most

effective catalyst for urethane formation exhibiting 97% of PUR conversion after 6 h,
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which was higher than that of DBTDL catalyst (82% of the conversion). Moreover,
density functional theory (DFT) was conducted to support a dual hydrogen-bonding
mechanism of the acid catalysts in PUR catalysis. The mechanism involves
electrophilic activation of isocyanate via the isocyanate nitrogen, with simultaneous
nucleophilic activation of alcohol. Blank et al.(18) investigated the catalytic activity
of metal salts and their chelates in the acceleration of gelling and blowing reactions of
polyurethane coating in order to use as the alternative of DBTDL. They found that
zirconium acetylacetonate chelate or Zr(acac)s showed more selective catalytic
activity toward gelling reaction in comparison to DBTDL. In addition, blowing
reaction hardly occurred with using this chelate. Therefore, this catalyst had the
potential to develop for PUR coating application. Alsarraf et al. (51) studied
possibility of cyclic guanidines to be the catalysts for urethane formation. The aim of
this work is to find the alternative catalysts for replacement of DBTDL catalyst.
Under bulk polymerization, cyclic guanidines effectively catalyzed reaction of diols
with diisocyanates leading to PUR with a high molecular weight (Mw= 74000 g/mol).
The catalytic mechanism of cyclic guanidines was proposed. The cyclic guanidines
could act as dual activator which had two different catalytic pathways as shown in
Figure 2.14.

R"OH l ™ R'N=C=0
%; NS .N
®
NN R L
-6 i R .e O
RI'O’ - H R N
R'N=C=0 0] R"OH
General base catalysis R'HNJLOR" Nucleophilic catalysis

Figure 2.14 Two catalytic mechanisms of cyclic guanidine (51).

Strachota et al. (40) compared environmentally friendly catalysts for
gelling and blowing reactions of rigid PUR foam to each other. Selected

commercially available amines, including N-substituted morpholines, were evaluated
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as the single catalyst and the catalyst mixture with organotin compound for
preparation of rigid PUR foams. They found that the catalyst mixture, which
composed of both metal and amine in the system, showed better catalytic activity than
the single catalyst. Liao et al. (21) synthesized neodymium chloride (NdCls) Schiff
base complex for using as the catalyst mixture with triethylenediamine in the
acceleration of gelling and blowing reactions of semi-rigid PUR foams. The results
indicated that the ratio of NdClIs Schiff base complex:triethylenediamine affected its
catalytic activity. The reaction time, namely cream time and gelation time decreased
with increasing the proportion of triethylenediamine. The most suitable proportion of
NdCls Schiff base complex:triethylenediamine, which gave the shortest reaction time
and comparable catalytic activity to stannous octoate catalyst was 1:2.

Our research group developed metal-amine complexes as alternative
catalysts for water-blown rigid PUR foams. For example, Pengjam et al. (24) and
Sridaeng et al. (25) synthesized metal-amine complexes, namely [Cu(en)z2](OAC)2,
[Cu(trien)](OACc)2, [Cu(EA)(OAC).] and [Zn(EA)(OAC).]; where, en, trien and EA are
ethylenediamine, triethylenetetramine and ethanolamine, respectively. These metal
complexes were employed as catalysts for the processing of rigid PUR foams. It was
found that [Cu(en)2](OAc)2 and [Cu(trien)](OAc)2 showed comparable catalytic
activity to DMCHA, while [Cu(EA)(OACc).] and [Zn(EA)(OAC).] had lower catalytic
activity than DMCHA.

2.7.2 Catalysts for PIR foam

Catalyst mixtures of trimerization catalyst, industrial gelling and blowing
catalysts were used in order to obtain the optimum properties of PIR foams. For
example, Xu et al. (52) studied effect of different trimerizaton catalysts, namely
quaternary ammonium, potassium octoate and potassium acetate, on the thermal
properties of PIR foams. Each trimerization catalyst was mixed with gelling and blowing
catalysts, namely N,N-dimethylcyclohexylamine and pentamethyldiethylenetriamine for
using as the catalyst mixture. The highest PIR amount was obtained with using
potassium acetate catalyst at 5.0 parts by weight (pbw). PIR foams showed superior

thermal stability than reference rigid PUR foams. Moreover, PIR foams had lower
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heat release rate and smoke producing rate than rigid PUR foams during burning.
Modesti et al. (38) used the catalyst mixture between potassium octoate (DABCO®
K15) and pentamethyldiethylenetriamine for the processing of PIR foams. The
purpose of this research is to develop simply efficient method for evaluating
isocyanate conversion and isocyanurate formation using FTIR analysis. The effect of
isocyanate indices on isocyanate conversion, isocyanurate formation, physical and
mechanical properties of PIR foams was investigated. The increase of isocyanurate
formatiom resulted from the increase of isocyanate index and consequently improved
both physical and mechanical properties of PIR foam. At optimum amount of catalyst,
sufficient isocyanate conversion would be obtained. Okuzono et al. (3) studied new
catalyst mixtures for PIR foams which exhibited high reactivity at low temperature.
The combination of trimerization catalysts with several tertiary amine catalysts was
used. The results showed that the catalyst mixtures could improve the flowability,
however, the flammability of the foam would be a hazard because the isocyanurate

reaction did not fully progressed.

2.7.3 Metal-ammonia complexes

It is well-known that both copper (1) and zinc(ll) ions can coordinate with
ammonia to form copper- and zinc-ammonia complexes. Hathaway et al. (53)
prepared copper-ammonia complex and studied the electronic properties of the
complex. In addition, Bjerrum et al. (54) synthesized zinc-ammonia complex. They
reported that addition of ammonia solution to an aqueous solution of the copper(ll)
and zinc(ll) ions gave the successive replacement of coordinated water in Cu(H20)s%*
and Zn(H20)s?* by NH3 to obtain copper-ammonia complex [Cu(NHsz)n(H20)6.n]*"
and zinc-ammonia complex [Zn(NHs)a(H20)s-n]**, respectively, according to the

reaction shown in Scheme 2.13.

M(H,0)s*" + n NH; M(NH;),(H,0)¢,,2" + nH,0

M =Cu and Zn

Scheme 2.13 Coordination of metal-ammonia complexes (53).
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The consecutive complexity constants for the reaction of Cu(H20)s** with
NHs to give [Cu(NH3)n(H20)6-n]?*, namely log ki, log k2, log ks, log ks and log ks,
were 4.15, 3.50, 2.89, 2.13 and -0.52, respectively. For [Zn(NH3)n(H20)s-n]?*, the
consecutive complexity constants for the reaction of Zn(H20)e?* with NHs, namely
log ki, log ko, log ks and log ka, were 2.37, 2.44, 2.50 and 2.15, respectively (53, 54).
Vazquez-Arenas et al. (55) studied species distribution in aqueous solution of
copper(l)- and copper(ll)-ammonia complexes. They found that the composition of
the complex depended on NHs*:Cu®* ratio and pH of the aqueous solution as
presented in Figure 2.15. When using the pH in the range of 85 to 10.5,

[Cu(NHs3)4(H20)2] 2 was found as the predominant species.

Fraction Cu(ll)

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 2.15 Species distribution for copper(ll)-ammonia complexes in aqueous
solution (55).

For the applications of copper- and zinc-ammonia complexes, a well-
known Schweizer's reagent, [Cu(NH3)4(H20)2](OH)2, has been utilized to dissolve
cellulose in the preparation of rayon fiber (26). The major applications of copper- and
zinc-ammonia complexes in many researches tend to be the precursors for
transforming into the other forms of copper and zinc compounds. For instance, Chen
et al.(27) prepared hollow transition-metal oxides (Co3O4, NiO, CuO-Cu.0O and

ZnO)/nitrogen-doped graphene hybrids using copper- and zinc-ammonia complexes
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as the metal precursors. The metal oxides obtained from metal-ammonia complex
precursors can be deposited on the graphene sheets. These synthesized materials
showed the potential to apply in lithium-ion batteries. Fan et al. (56) synthesized
copper nanoparticles encapsulated within hexagonal boron nitride (Cu@h-BN), which
were obtained by annealing Cu(NH3)4Cl> and KBH4 under N2 atmosphere at 900 °C.
The Cu@h-BN appeared the low-cost, thermal conductive and high-temperature
antioxidation materials. Zhang et al. (30) utilized the aqueous solution of zinc-
ammonia precursor to synthesize the inverted organic solar cells with Al-doped-ZnO
electron transport layer. Metallic Al was soaked into the aqueous solution of zinc-
ammonia complex. Armbruster et al. (28) prepared the [Cu(NHs)x]?*-form of
heulandite by alternating the Na-form of natural heulandite with the copper-ammonia
complex solution. It was found that the structure of copper-ammonia complexes in
heulandite was the square planar [Cu(NH3)4]?*, which coordinated with two axial H20

molecules having the elongated octahedron complex.

2.7.4 Computational study on the catalytic mechanism of gelling and blowing

reactions

Although computational studies on the mechanism of urethane formation
(gelling reaction) without using catalyst could be found in several works (57-61), the
computational study on the mechanism of CO. generation (blowing reaction) has
never been reported. Moreover, very few computational studies on the catalytic
mechanism of industrial catalysts, namely organotin compounds and tertiary amines,
in urethane formation have been found as follows: Devendra et al. (62, 63) used
dimethyltin diacetate (DMTDA) as the model compound of dibutyltin dilaurate
(DBTDL) industrial catalyst to investigate the catalytic mechanism in the urethane
formations, which were the model reactions between methanol with methyl or phenyl
isocyanate. This computational study  was performed using
DFT/B3LYP/LANL2DZ/6-31G** (62) and DFT/B3LYP/LANL2DZ/ 6-31G* (63)
levels of theory with CPCM solvent model, whose water and toluene were selected to
used as the mediums of the reaction in order to investigate the effect of polar and non-

polar mediums, respectively, on the urethane formation. They concluded that the tin
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model catalyst (DMTDA) showed more catalytic reactivity in the water than that in
toluene. The catalytic mechanism started with the formation of tin alkoxide, which
was actually reactive form of DMTDA and could catalyze the urethane formation by
using tin (Sn) to coordinate with oxygen of aliphatic and aromatic isocyanates. In the
case of tertiary amine catalyst, Hatanaka (64) studied the model reaction of methanol
with methyl isocyanate using triethylenediamine (TEDA) as the catalyst. The
computational study was conducted using the DFT method with B3LYP functional
and 3-21G basic set. The computational results revealed that the catalytic mechanism
of TEDA involved the protonation of catalyst and the nucleophilic attack from
hydroxyl oxygen of alcohol to carbon of isocyanate. Moreover, the activation energy
of urethane formation decreased from 11.4 kcal/mol to 5.6 kcal/mol with using TEDA
catalyst.

According to the above literature reviews together with the best of our
knowledge, copper- and zinc-ammonia complexes have never been experimentally
and computationally investigated as the gelling and blowing catalysts for both
urethane formation and CO: generation. Therefore, the catalytic activity of these
metal complexes as well as the obtained properties of rigid PUR and PIR foams have

been studied in this work.



CHAPTER 3

EXPERIMENTAL AND COMPUTATIONAL DETAILS

3.1 Chemicals

3.1.1 Chemicals for metal-ammonia complexes synthesis

Copper(I1) acetate monohydrate [Cu(OAc)2.H20, Sigma-Aldrich, St. Louis,
MO, USA], Zinc(ll) acetate dihydrate [Zn(OAc)..2H2O, Nacalai Tesque, Kyoto,
Japan] and ammonia (NH3) solution with 30 wt% of concentration (Carlo Erba, Val

de Reuil, France).

3.1.2 Chemicals for the foam preparation

Polyether polyol (Polimaxx®4221) and polymeric 4,4 -methane diphenyl
diisocyanate (PMDI, B9001®, %NCO = 31.0 wt%, average functionality = 2.7).
Polysiloxane surfactant (Tegostab®B8461), potassium octoate with 70 wt% of
concentration in diethylene glycol (Dabco®K-15) and N,N-dimethylcyclohexylamine
(DMCHA), the reference industrial catalyst, were obtained from IRPC Public
Company Ltd. Distillated water (H20) is chemical blowing agent.

3.2 Catalyst preparation

Cu(OAC)2 and Zn(OAc). underwent the complex formation in H2O to obtain the
low-viscous catalyst solutions of Cu(Amm) and Zn(Amm), respectively, for the
processing of rigid PUR and PIR foams. The method of catalyst synthesis was
adapted from that reported in the previous work (65). After synthesis, these catalyst
solutions were ready to use for the foam processing without purifying step. H20 in
catalyst solutions could blow the foams and did not interfere the catalytic activity of
Cu(Amm) and Zn(Amm).
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3.2.1 Synthesis of Cu(Amm) in water

The synthesis of 25 wt% aqueous solution of Cu(Amm) was carried out as
follows: an NHs solution (1.27 ml, 19.91 mmol) was added into distilled water (3.21
ml). This solution was constantly stirred at room temperature for 10 min. After that,
Cu(OAC)2.H20 (0.662 g, 3.32 mmol) was added and the Cu(Amm) complex solution
was continually stirred at room temperature for 3 h. The complex formation between
Cu(OAc)2 with NH3 took place according to the reaction in Scheme 3.1. Cu(Amm)
solution was found as a clear blue solution with weak odor and low viscosity.

UV-visible (MeOH): Amax = 240 and 620 nm and molar absorptivity (¢) =
3,808 and 49, respectively. IR (ATR-IR): v = 3327 [w; v(N-H) and v(O-H)], 1549 [s;
vas(C=0)], 1411 [s; vs(C=0)] and 1267 [m; v( N-H deformation)]. MS (MALDI-TOF,
m/z): calcd for {[Cu(NHs)s(H20)2](OAC)2+H.0+NHz+H}" = 321.13; found 321.93,
{[Cu(NH3)4(H20)2](OAC)2+2NHs+H}* = 320.14; found 319.93 and {[Cu(H20)s](OAC)}
*=230.03; found 230.12.

H,0
30% NH; aqueous solution
Hlefu,,_ : ,..\-\\NHs

CU(CH3C02)2.H20 u (CH3C02)2
RT, 3 h. BN | OWNH
Copper(IT) acetate 3 3
H,0
Cu(Amm)

Scheme 3.1 Synthesis of Cu(Amm) solution.

3.2.2 Synthesis of Zn(Amm) in water

The synthesis of 25 wt% aqueous solution of Zn(Amm) was carried out as
follows: an NHs solution (1.19 ml, 18.66 mmol) was added into distilled water (3.26
ml). This solution was constantly stirred at room temperature for 10 min. After that,
Zn(OAC)2.2H20 (0.682 g, 3.11 mmol) was added and the Zn(Amm) complex solution

was continually stirred at room temperature for 3 h. The complex formation between
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Zn(OAc)2 with NH3 took place according to the reaction in Scheme 3.2. Zn(Amm)
solution was found as a clear colorless solution with weak odor and low viscosity.

IR (ATR-IR): v = 3326 [w; v(N-H) and v(O-H)], 1549 [s; vas(C=0)], 1411
[s; vs(C=0)] and 1270 [m; v( N-H deformation)]. MS (MALDI-TOF, m/z): calcd for

{[Zn(NH3)2(H20)4](OAC)2+3H0+H}* = 343.13; found 342.95,
{[Zn(NH3)4(H20)2](OAC)2+3H0+H}* = 341.12; found 340.95,
{[Zn(NH3)4(H20)2](OAC)2+H2,0+2NH3+H}* = 339.15; found 338.95,

{[Zn(NH3)2(H20)4](OAC)2+2H20+H}* 325.08; found  325.92,
{[Zn(NH3)4(H20)2](OAc)2+2H,0+H}* 323.11; found  323.92,
{[Zn(NH3)4(H20)2](OACc)2+2NH3+H}" = 321.14; found 321.93 and
{[Zn(NH3)(H20)s](OAc)}* = 230.05, found 230.12.

H,0
30% NH; aqueous solution HN : NH
Zn(CH3C02)2.2H20 o 3 iznﬂ“;“ 3 (CH3C02)2
RT, 3 h. H;N : NH
Zinc(IT) acetate ’ 3 : 3
H,0
Zn(Amm)

Scheme 3.2 Synthesis of Zn(Amm) solution.

In order to study effect of catalyst and blowing agent contents on the
properties of rigid PUR foam, the synthesized catalyst solutions were prepared with
several catalysts (metal-ammonia complexes) or blowing agent (water) contents by
varying the content of metal compounds, NHz and H.O in catalyst solutions as
summarized in Tables 3.1 and 3.2. When studying the effect of catalyst amount on
foam properties, the metal-ammonia complex contents in catalyst solution were varied
from 0.5 to 2.0 g while the water amount is constant at 3.0 g (Table 3.1). Likewise,
when studying the effect of water contents on foam properties, the water contents in
catalyst solution were varied from 3.0 to 5.0 g while the metal-ammonia complex
amount is constant at 1.0 g (Table 3.2).



48

Table 3.1 Chemical amount for synthesis of catalyst solutions (study of catalyst

effect).
Total content of
catalyst or water Chemical amount used for preparing catalyst solution
Catalysts Metal Water  Copper acetate Zinc acetate Ammonia Water
complex solution
(@) @) (@  (mmol)  (9)  (mmol) (ml)  (mmol)  (ml)
0.5 3.0 0.331 1.66 - - 0.64 10.03 2.60
Cu(Amm) 1.0 3.0 0.662 3.32 - - 1.27 19.91 2.21
2.0 3.0 1.323 6.63 - - 2.54 39.82 1.42
0.5 3.0 - - 0.341 1.55 0.60 9.41 2.63
Zn(Amm) 1.0 3.0 < - 0.682 311 1.19 18.66 2.26
2.0 3.0 - - 1.365 6.22 2.38 37.31 1.52

Table 3.2 Chemical amount for synthesis of catalyst solutions (study of blowing

agent effect).

Total content of catalyst or

Chemical amount used for preparing catalyst solution

water
Catalysts Metal Water  Copper acetate Zinc acetate Ammonia Water
complex solution
(@) (@) (@ (mmol) (@ (mmol) ~ (ml)  (mmol)  (ml)
1.0 30 0662 332 - - 127 1991 221
Cu(Amm) 1.0 40 0662 332 - - 127 1991 321
1.0 50 0662 332 - - 127 1991 421
1.0 3.0 - - 0682  3.11 119 1866 226
Zn(Amm) 1.0 4.0 - - 0682  3.11 119 1866  3.26
1.0 5.0 - - 0682  3.11 119 1866  4.26
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3.3 Preparation and of rigid PUR and PIR foams

Both cup test method, which was modified from ASTM D 7487-13, and molded
method were used to process rigid PUR and PIR foams. For processing of rigid PUR
foams, the constant isocyanate index of 100 was used and metal-ammonia complexes
([Cu(Amm) and Zn(Amm)] were employed as the gelling and blowing catalysts. For
processing of PIR foams, the isocyanate indices were varied from 160 to 250 and the
catalyst mixtures between potassium octoate (isocyanurate catalyst) with metal-
ammonia complexes (gelling and blowing catalysts) were employed as the catalyst
systems. Catalytic activity of metal-ammonia complexes on the reactions and the
obtained properties of rigid PUR foam were investigated and compared to those
accelerated by the industrial catalyst (DMCHA). In the case of PIR foams, the
catalytic activity of the mixtures of potassium octoate with metal-ammonia complexes
together with the obtained properties of PIR foam were compared to those accelerated

by the industrial catalyst system (the mixture of potassium octoate with DMCHA).

3.3.1 Preparation of rigid PUR and PIR foams using cup test method

Two steps of mixing were used to process rigid PUR and PIR foams for cup
test method. All foam formulations for rigid PUR and PIR foams are given in Table
3.3. All chemicals in Table 3.3 are showed in parts by weight (pbw) unit, which
indicates the weight of each chemical (in gram) per 100 g of polyol.

For rigid PUR foam processing (Figure 3.1), polyol was manually blended
with gelling and blowing catalysts (metal-ammonia complex solutions or DMCHA),
surfactant and blowing agent (water) in 0.7 | of a paper cup to obtain homogeneously
blended polyol in the first mixing step. The addition of H2O is only required for the
foam processed using DMCHA catalyst. In the case of the foams processed using
Cu(Amm) and Zn(Amm) solutions, the H20 is already included as the solvent in the
catalyst solutions. In the second mixing step, PMDI with the isocyanate index of 100
was added to the blended polyol, and then, the reaction mixture was mechanically
stirred at 2000 rpm for 20 s. The foams were allowed to freely rise. The measurement
of reaction time and other properties of the foam was carried out after the foams were

kept at room temperature for 48 h to complete the reactions.
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The processing method for PIR foams (Figure 3.2) was the same as that of
rigid PUR foams. However, the addition of potassium octoate catalyst solution into
the polyol was performed in the first mixing step. The PMDI with the higher
isocyanate indices of 160, 200 and 250 was employed.

The isocyanate index is the proportion between excess amount of the
isocyanate compound, which is used in the real foam processing, per the theoretical
equivalent amount of the isocyanate compound required to react with all hydroxyl
compounds. The isocyanate index can be calculated according to the following

equation (66):

Actual amount of isocyanate used
Theoretical amount of isocyanate

x100 (3.1)

Isocyanate index =

The isocyanate index of 100 means that the actual amount of isocyanate used equals
the theoretical equivalent amount of isocyanate. While the isocyanate indices of 160,
200 and 250 mean that the actual amount of isocyanate used is higher than the
theoretical equivalent amount of isocyanate by 1.6, 2.0 and 2.5 times, respectively.

The examples of isocyanate index calculation are shown in Appendix A.

Table 3.3 Foam formulations for processing of rigid PUR and PIR foams.

Chemicals (pbw) Rigid PUR foam PIR foams
Isocyanate index 100 160 200 250
PMDI (B9001%) 166.0 270.0 3375 4219
Polyether polyol (Polimaxx® 4221) 100.0 100.0 100.0 100.0
Gelling and blowing catalysts 1.0 0.5 0.5 0.5
[Cu(Amm), Zn(Amm) or DMCHA]

Trimerization catalyst (potassium - 3.0 3.0 3.0
octoate)
Surfactant (Tegostab® B8461) 25 25 25 25

Blowing agent (water) 4.0 4.0 4.0 4.0




o1

Polyol
[ (Polimaxx® 4221) ]_
' ™
Catalysts

(Cu(Amm), Zn(Amm) @
\_ or DMCHA) Y,
| (Tegostab® B8461) |
p

Blowing agent 2000 rpm, 20 s
(Distilled water) )

PMDI
(B9001®)

~
J

| Reaction times (ASTM D 7487-13) Ij_

| Rise and temperature profiles | ]

| Apparent density (ASTM D 1622-08) ]

| Morphology (SEM) ]

| Compression test (ASTM D 1621-16) ]

| Dimensional variation test (ASTM D 2126-04 & ISO 2796-1986) ]

Figure 3.1 Processing steps and characterizations of rigid PUR foam.

Polyol
(Polimaxx® 4221)

Catalysts

(Cu(Amm), Zn(Amm)
or DMCHA)

Trimerization catalyst Molding
(Potassium octoate solution)
Surfactant 2000 rpm, 20 s
(Tegostab® B8461)
Blowing agent
(Distilled water)

PMDI
(B9001%®)

:

| Reaction times (ASTM D 7487-13) ]

| Apparent density (ASTM D 1622-08) | ]

| PIR/PUR proportion and % isocyanate conversion ]

Morphology (SEM) ’

| Compression test (ASTM D 1621-16) ]

| Thermal properties (TGA) ]

% Limiting oxygen index (ASTM D 2863-06) ]

| Fire-retarded properties (ASTM D 4986-03) ]

Figure 3.2 Processing steps and characterizations of PIR foam.
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3.3.2 Preparation of rigid PUR and PIR foams in the mold

The processing of the molded foams was carried out using the same mixing
steps as those of cup test method. However, after all reactants were mechanically
stirred at 2000 rpm for 20 s in the second mixing step, the liquid mixture was poured
into a 1000 cm® plastic mold. The processability of the foams in larger mold was
observed. After molded rigid PUR and PIR foams were kept for 48 h, they were

investigated the properties as shown in the Figures 3.1 and 3.2, respectively.

3.4 Structural analysis of metal-ammonia complexes

3.4.1 Ultraviolet-visible spectroscopy

The complex formation between metal acetate and NHz could be observed
by the shifted ultraviolet-visible (UV-visible) spectra of metal-ammonia complexes in
comparison to their metal salts. The UV-visible spectra were recorded on UV-vis
spectrophotometer (Varian Cary 50, Palo Alto, CA, USA) in the range of 200-900 nm
using a medium speed scan. Methanol with the spectrophotometric grade was use as a
solvent in this analysis. Molar absorptivity (&) of the particular wavelength was

calculated as the following equation:

& = Albc (3.2)

where A is measured absorbance, b is cell-path length (cm) and c is concentration of
analyte (mol/l)

3.4.2 Fourier transform infrared spectroscopy

The fourier transform infrared (FTIR) spectra of metal-ammonia complexes
were recorded on FTIR spectrometer (Perkin EImer model Spectrum Two, Waltham,
MA, USA) between the mid-IR range from 4000 to 500 cm™ at a resolution of 4 cm™.
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3.4.3 Mass spectrometry

The analysis of matrix-associated laser desorption ionization time of flight
(MALDI-TOF) mass spectra was performed on a Bruker Daltonics mass spectrometer
(USA) using water as a solvent. This analysis is based on the theory that each
compound shows its individual fragmentation pattern on its mass spectrum. For
analysis, the metal-ammonia complexes were ionized. Their ions were splitted
following their different mass and relative abundance. The mass-to-charge ratio (m/z)
obtained from MALDI-TOF mass spectra can be used to study the complex formation
of synthesized metal-ammonia complexes as it relates with the mass of molecular ions

of the complexes.

3.4.4 pH measurement

An Ohaus starter 2100 pH meter was used to measure the pH values of
Cu(Amm) and Zn(Amm) solutions prepared with different mole ratio of metal
acetate:NHsz = 1:4 and 1:6 .

3.5 Investigation of rigid PUR and PIR foam properties

3.5.1 Reaction time

The measurement of reaction time of the foam, namely cream time, gel
time, tack free time and rise time, by a digital stopwatch was conducted following
ASTM D 7487-13 in order to investigate the effect of catalytic activity of catalysts on
the reaction time of the foam. Cream time was measured when the foam height
reached approximately 5% of total height. Gel time was measured when the stable
shape of the foam mixture was observed. Rise time was measured when the rising
process of the foams terminated. Tack free time was measured when the foams totally

became dry solid.
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3.5.2 Density

Apparent density of the foam was measured according to ASTM D 1622-
08. The foam samples were cut into a cubic shape, which had the dimensions of 3.0
cm x 3.0 cm x 3.0 cm (length x width x thickness), and then, each sample was
weighed with precision. The density was calculated from the mass to volume ratio.

The average density of at least ten samples was reported.

3.5.3 Foam height and rise profiles

Foam height processed using cup test method were measured after the
blowing reaction was completed. The values were reported in % foam height, which
was calculated using the relation to the highest foam. For example, among rigid PUR
foams processed using different catalysts, the foam processed using Zn(Amm) was
highest (16.6 cm) in comparison to those obtained from DMCHA and Cu(Amm).
Therefore, the % foam height of the foam processed using Zn(Amm) was determined
as 100%. Whereas the height of foams processed using Cu(Amm) was 14.5 cm.
Therefore, % foam height of the foam processed using Cu(Amm) was 87.4%. Rise
profiles of the foam were plotted using the data of % foam height as the function of
reaction time. The rise profiles relate with the ability of catalyst to accelerate the
blowing reaction. The catalysts with suitable catalytic activity in blowing reaction

should give the smooth and continual rise profiles without the interrupted pattern.

3.5.4 Foaming temperature and temperature profiles

The temperature change during foaming reaction was detected every 10 s
using Digicon DP-71 thermocouple, whose sensor was placed inside the foams. The
data were reported as the temperature profiles, which were plotted between foaming
temperature versus reaction time. The highest and constant temperature of each

temperature profile was reported as the maximum core temperature of the foam.
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3.5.5 PIR/PUR proportion and % isocyanate conversion

PIR/PUR proportion and % isocyanate conversion of the foam were
calculated from attenuated total reflection infrared (ATR-IR) spectra, which were
recorded on a Nicolet 6700 FTIR spectrometer between 4000 to 500 cm™ at a
resolution of 4 cm™ and 16 scans. For the calculation, the data were collected via the
mode of transmittance and would be converted into the mode of absorbance, which is
directly related to the concentration of the functional group by Lambert-Beer’s law
(35). Frequency assignments for the typical functional groups of rigid PUR and PIR
foams are shown in Table 3.4 (35, 67-69). PIR/PUR proportion was obtained from the
ratio of normalized absorption peak of isocyanurate functional group at 1415 cm™ per
normalized absorption peak of urethane functional group at 1220 cm™. The
percentage of isocyanate conversion was calculated from the normalized absorption

peak of remaining isocyanate group at 2277 cm after the foams were kept for 48 h.

Table 3.4 Typical functional groups of rigid PUR and PIR foams in ATR-IR spectra (35,
67-69).

Functional groups Wavenumber (cm™) Chemical bonds
Isocyanurate 1415 C=0
Isocyanate 2277 N=C=0
Phenyl 1595 Ar-H
Urethane 1220 C-O
Urethane 1710 C=0
Urethane 1307 C-N
Urethane 1510 N-H (bend)
Urethane 3317 N-H (stretch)

3.5.6 Morphology

The morphology and average cell size of the foams in the same (side view)
and the opposite (top view) to foam-rising direction were studied with JEOL JSM-

6480 LV scanning electron microscope (SEM). The foam samples were sliced with a
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sharp blade to have about 0.1 cm of thickness and were coated with gold before
scanning to provide an electrically conductive surface of the foam. The cell size of the

foam was measured using SEMAFORE program. The average cell size was reported.

3.5.7 Dimensional stability

The dimensional variation of the foam was studied according to ASTM D
2126-04 and ISO 2796-1986. For sample preparation, the foams were cut into a cubic
shape with dimensions of 10.0 cm x 10.0 cm x 5.0 cm (length x width x thickness).
Then, the sample surface was finished with NO. 0 sandpaper to eliminate the crack on
foam surface. The foam dust was blown off using a dryer. Each side (length, width
and thickness) of prepared sample was marked at three positions to obtain a precision
measurement as shown in Figure 3.3. For dimensional stability test, the foam samples
were placed at 70 °C in an oven and at -25 °C in a refrigerator for 1, 7 and 14 days.
After the testing period, the foams were removed from the testing conditions and
placed at the room temperature for 1 h before they were measured the dimensional
change. The dimensional variation of three samples was calculated as the following
equation and reported as the average values.

Dimensional change (%) = [(Ms- M)/Mi] x 100 (3.3)

Where M is the final dimension measurement and M, is the initial dimension measurement.

(2)

(b)

Figure 3.3 Marked positions on the foam surface for (a) the length and the width

sides and (b) the thickness side using in the dimensional stability test.
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3.5.8 Compression properties

The compression properties of the foam were investigated in the same and
the opposite to foam-rising direction (Figure 3.4) according to ASTM D 1621-16
using universal testing machine (Hounsfield H 10 KM). The foam samples were cut
into a cubic shape with the dimensions of 5.0 cm x 5.0 cm x 5.0 cm (length x width x
thickness). Compression force (0.100 N) moved at 2.54 mm/min to deform the foam

samples. Compression strength was noted at 10% strain.

The same to
foam-rising
direction

l

The opposite to

foam-rising m—p

direction

Foam-rising direction

Figure 3.4 The directions of compression test for rigid PUR and PIR foams.

3.5.9 Fire-retarded properties

The fire-retarded properties of the foam were studied through the UL-94
horizontally-oriented burning test and %limiting oxygen index (LOI) measurement.
The UL-94 horizontally-oriented burning test was carried out according to ASTM D
4986-03. The foam samples with the dimensions of 15.0 cm x 5.0 cm x 1.3 cm
(length x width x thickness) were marked the position at 2.5, 6.0 and 12.5 cm. Then,
each sample was horizontally placed over the holder and ignited with fire source.
Burning length, burning rate and afterglow time were reported for all foam samples.

%LOI measurement was performed following ASTM D 2863-06. The foam

sample with the dimensions of 12.5 cm X 1.0 cm X 1.0 cm (length x width x
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thickness) was vertically placed in the glass column flowed with the mixture of O
and Na. Then, the fire source was applied to the top of foam sample and the
combustion behavior of the foam sample was observed. The minimum O
concentration in % volume which could maintain the combustion of the foam was

recorded.

3.5.10 Thermal properties

Thermogravimetric analysis (TGA) was conducted with Perkin—Elmer
Pyris Diamond TG/DTA analyzer to evaluate the thermal properties of the foam. The
foam samples were heated under N2 from 35 to 800 °C by 10 °C /min. The results of
thermal properties, namely the temperature at 5 wt% loss (Ts%), %weight loss, the
maximum degradation temperature (Tmax), the activation energy for thermal

degradation (Ea) and % char residue were reported.

3.6 Computational details

The catalytic mechanism of metal-ammonia complexes in gelling reaction
(urethane formation) and blowing reaction (carbon dioxide generation) could be
disclosed by computational study. The model compounds of reactant, namely phenyl
isocyanate and methanol, were used as the models of polyol and PMDI reactants,
respectively. The model compound of product obtained from gelling reaction was
methyl phenyl carbamate (urethane), while, the model compounds of product obtained
from blowing reaction were carbon dioxide (CO2) and phenyl amine (aniline). The
suitable chemical structures of Cu(Amm) and Zn(Amm) used in this computational
study were [Cu(NH3)4]?" and [Zn(NH3)4]?*, respectively.

3.6.1 Structural optimization of model compounds

Full structural optimizations of phenyl isocyanate, methanol, water,
urethane, carbon dioxide, phenyl amine, [Cu(NHs)4]** and [Zn(NH3)4]?>" were carried
out using density functional theory (DFT) calculations with the GAUSSIAN 09
program (70). CAM-B3LYP or hybrid density functional B3LYP (the Becke’s three—



59

parameter exchange functional (71) with the Lee-Yang—Parr correlation functional
(72) combined with Coulomb-Attenuating Method (73) (the long-range correction
version) was employed for all calculations with 6-31G(d) basis set (74). CAM-
B3LYP is suggested as the enhanced version of B3LYP that gives better estimation
for charge transfer effect on the excitation energy (75).

Considering the structures occurred during the reaction pathways, the
intermediate (INT) structures were optimized by CAM-B3LYP/6-31G(d) level of
theory. The transition-state (TS) structures for the conversion of phenyl
isocyanate/methanol to urethane and the conversion of phenyl isocyanate/water to
CO- were optimized by the same level of theory using quadratic synchronous transit
(QST2) calculating option, which can find the TS structures through the user-given
specified structures of the reactant and the product. The single negative imaginary
frequency along with the intrinsic reaction coordinate (IRC) calculation (76) were
used to verify the obtained TS structures. All electronic properties of optimized
structures referred in this work were obtained using the B3LYP/6-31G(d)

calculations.

3.6.2 Catalytic reactivity of metal-ammonia complex

Frontier molecular orbital (FMO) analysis was conducted to calculate the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energies of reactants when they were activated by [Cu(NH3)4]?* and
[Zn(NH3)4]?*. The catalyst reactivity could be investigated from the HOMO-LUMO
energy gab (Eg), which is the energy difference between the LUMO of electron
acceptor (activated phenyl isocyanate) and the HOMO of electron donor (methanol or

water). Eg can be calculated using the following equation:

Eg = ELUMO of activated phenyl isocyanate = EHOMO of methanol or water (3-4)

The catalysts having reactivity should give narrower Eg in comparison to that of
noncatalytic reaction. The charge population at transition state was calculated by
natural bond orbital (NBO) analysis (77, 78) in GAUSSIAN 09 program for
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investigating the intermolecular interaction and partial electron transfer between

metal-ammonia complex catalysts and their accelerated components.

3.6.3 Thermodynamic and Kinetic investigation

The change of standard enthalpy (AH%s ) as well as Gibbs free energy
(AG%s) for gelling and blowing reactions has been derived from the zero-point
vibrational energy (79) calculated at CAM-B3LYP/6-31G(d) level of theory. The
activation energy (AE** ) for each reaction step is obtained from the different value

between the energy of TS structure and that of reactant structure. The reaction rate

constant (k(T)) is calculated using AE according to the following equation (79, 80):

kT Qrs —AE'
k(T) =« R exp( — ) (3.5)

where kg, h, R and T are the Boltzmann’s constant, the Plank’s constant, the gas
constant and the absolute temperature, respectively. Qr and Q;¢ are the partition
functions for the reactant and the transition state whose values are consisted of
translational, rotational and vibrational partition functions. The equilibrium constant

(K) can be calculated using the following equation:



CHAPTER 4

SYNTHESIS OF METAL-AMMONIA COMPLEXES AND PREPARATION
OF RIGID POLYURETHANE AND POLYISOCYANURATE FOAMS USING
METAL-AMMONIA COMPLEXES AS CATALYSTS

4.1 Preparation and characterization of metal-ammonia complexes

In the first section, the synthesis of metal-ammonia complexes [Cu(Amm) and
Zn(Amm)] was carried out using water as solvent in order to obtain the agqueous
solution of complexes, which could enhance the solubility between these synthesized
catalysts and other liquid raw materials of rigid PUR and PIR foams (65). Cu(OAc):
and Zn(OAc). (where OAc = CH3CO7") were coordinated with NHz ligands to obtain
Cu(Amm) and Zn(Amm), respectively, as presented in Scheme 4.1. It was found that
pH values of Cu(Amm) and Zn(Amm) solutions were 8.63 and 9.03, respectively,
when using mole ratio of metal acetate:NHs = 1:4. The slight precipitation of
Cu(OAc)2 and Zn(OAc). was still observed in the solution (Figure 4.1). These
solutions of metal-ammonia complex might be not suitable for employing as
homogeneous catalysts for the foam processing. However, when increasing the mole
ratio of metal acetate:NHs to 1:6, pH values of Cu(Amm) and Zn(Amm) solutions
increased to 10.63 and 10.38, respectively, and both synthesized metal-ammonia
complexes were completely dissolved in H20 due to the assistance of polar nature
between ammonia and water (81). At this mole ratio along with the obtained pH
value, the structure of copper-ammonia complex was reported to be
[Cu(NH3)4(H20)2](OAC) ] (29, 82).

H,0
30% NHj; aqueous solution
o | H3sNm,, : wNH;
Metal(IT) acetate RT, 3 h. H3;N NH;
M =Cu and Zn H,0
M(Amm)

Scheme 4.1 Synthesis of metal-ammonia complexes.
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Both metal-ammonia complex solutions were low-viscous liquids and had less
odor in comparison to DMCHA industrial catalyst. The metal-ammonia complex

solutions with no precipitation were characterized and used for the foam processing.

.'- ‘i 1[

1:4 1:6

Figure 4.1 Solutions of (a) Cu(Amm) and (b) Zn(Amm) synthesized at different mole
ratios of metal acetate:NHs.

4.1.1 Structural analysis of metal-ammonia complexes using MALDI-TOF

mass spectrometry

Figure 4.2 and Table 4.1 show mass spectra and the data of molecular ion
peaks corresponding with m/z, respectively, of Cu(Amm) and Zn(Amm). The
molecular ion peaks of [Cu(NHz)a(H20)2](OACc)2 [Figure 4.2 (a)] were found at m/z =
321.93 and 319.93, whilst those of [Zn(NHz3)4(H20)2](OAC). [Figure 4.2 (b)] were
found at m/z = 340.95, 338.96, 323.92 and 321.93. These results indicated that the
structures of Cu(Amm) and Zn(Amm) are [Cu(NHs)s(H20)2](OAc), and
[Zn(NH3)4(H20)2](OAC)z, respectively. Each metal center (Cu?* or Zn?*) of the metal-
ammonia complex coordinates with four NHs and two HO, which bind to metal ions
as the monodentate ligands. Two OAC™ groups act as the counter ions. In the case of
Zn(Amm), two NHs ligands could continue to exchange with two H,O molecules
resulting in the structure of [Zn(NHs)2(H20)4](OAC)2, which showed molecular ion
peaks at m/z = 342.95 and 325.93. This could be attributed to exchangeable of
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ligands, which generally occurs for the synthesis of metal-ammonia complex in the
presence of H>O. As reported in the literatures, Hathaway et al. prepared copper(lIl)-
ammonia complexes and studied their electronic properties (53), while Bjerrum
synthesized Zinc(ll)-ammonia complexes (54). They suggested that several possible
structures of the metal-ammonia complex could be found since the complex formation
between metal ions and NHs in aqueous solution was equilibrium reaction as

illustrated in Scheme 4.2.

M(H,0)¢?* + nNH; M(NH3),(H;0)6.,** + nH,0

(M =Cu or Zn)

Scheme 4.2 Equilibrium complex formation of metal ions, NH3 and HO.
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Figure 4.2 MALDI-TOF mass spectra of (a) Cu(Amm) and (b) Zn(Amm) aqueous

solutions.
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Table 4.1 Molecular ion peaks corresponding with m/z of metal-ammonia complexes.

molecular ion peaks miz m/z (Found)
(Calculated)
{[Cu(NH3)4(H20)2](OAC)+H20+NH3+H}* 321.13 321.93
{[Cu(NH3)4(H20)2](OAC)2+2NH3+H}" 320.14 319.93
{[Cu(H20)6](OAC)}* 230.03 230.12
{[Zn(NHz3)2(H20)4](OAC)2+3H20+H}" 343.13 342.95
{[Zn(NHz3)4(H20)2](OAC)2+3H20+H}" 341.13 340.95
{[Zn(NH3)4(H20).](OAC)2+H20+2NH3+H}* 339.15 338.96
{[Zn(NH3)2(H20)4](OAC)2+2H20+H}" 325.08 325.93
{[Zn(NHz3)4(H20)2](OAC)2+2H.0+H}" 323.11 323.92
{[Zn(NH3)4(H20)2](OAC)2+2NH3s+H}* 321.14 321.93
{[Zn(NH3)(H20)s5](OACc)}* 230.05 230.12

4.1.2 Structural optimization of metal-ammonia complexes by density

functional theory (DFT) calculations

In order to investigate stability of metal-ammonia complexes in water and
to support the characterized structures obtained from mass spectrometric analysis, the
structures of [M(NH3)a(H20)2]** (where M = Cu or Zn) were optimized using
B3LYP/6-311+g(d,p) level of theory and compared to the other possible structures,
namely [M(NHs)s]?* and [M(NHs3)4]?*. The optimized structures of copper- and zinc-
ammonia complex are shown in Figures 4.3 and 4.4, respectively. It was found that
the metal-ammonia complexes with 6 coordination numbers, namely
[Cu(NH3)a(H20)2]%*, [Zn(NHs)2(H20)2]%*, [Cu(NHs)e]** and [Zn(NHs)s]>*, had
distorted octahedral structures. Whereas the complexes with 4 coordination numbers,
namely [Cu(NHs)s]?* and [Zn(NHs)4]?*, showed a square planar structure and a

distorted tetrahedral structure, respectively.
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Figure 4.3 B3LYP/6-311+g(d,p) optimized structures of (a) [Cu(NH3)a(H20)2]*, (b)
[Cu(NHa3)s]** and (c) [Cu(NH3)4]*" in water. The optimized structures in top and

bottom rows are top and side views, respectively.
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Figure 4.4 B3LYP/6-311+g(d,p) optimized structures of (a) [Zn(NH3)s(H20)2]**, (b)
[Zn(NH3)6]?* and (c) [Zn(NH3)s]?* in water. The optimized structures in top and
bottom rows are top and side views, respectively.
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Total energy of optimized complex structure, which can indicate the
stability of the complexes in water, was obtained from frequency analysis (Figure
4.5). The complex with the lowest total energy is the most stable structure. The total
energy of both copper- and zinc-ammonia complexes followed the order: [M(NH3)4]?*
> [M(NH3)6]?" > [M(NH3)2(H20)2]?*. This result pointed out that [Cu(NH3)a(H20)2]%*
and [Zn(NHs)a(H20)2]** were the most stable structures for copper- and zinc-
ammonia complexes, respectively, in water because they possessed the lowest total
energy in analogy to the other species in their own groups. This result agrees with the
data analyzed from mass spectra as discussed in previous section.

Coordinated bond lengths between metal and ligands, whose positions are
determined in Figure 4.6, are reported in Table 4.2. It was found that, for
[Cu(NH3)4]?" and [Zn(NHs)4]?>*, the four bond lengths between metal and NHs of
each complex (M---Ligl to M---Lig4) were equal of 2.05 and 2.09 A,
respectively. For [Cu(NHs)s(H20)21%*, [Zn(NHs)s(H20)2]%*, [Cu(NHs)s]** and
[Zn(NH3)6]?*, the bond lengths between metal and NH3 in planar position of each
complex (M---Ligl to M---Lig4) were equal and shorter than the bond lengths
between metal and H>O (or NHs) in axial position (M---Ligs and M---Lig6). For
example, Cu---NHs bond of [Cu(NHz3)s(H20).]?" in the planar position was 2.06 A,
which was shorter than Cu---H20 bond (2.52 A) in the axial position. This similar
observation was also found for the other complexes having 6 coordination numbers.
This result indicated that the coordination bonds in the planar position of the
complexes (M---Ligl to M---Lig4) were stronger than those in the axial position (M--
-Lig5 and M---Lig6) (83, 84). For this reason, [Cu(NH3)s(H20)2]>* and
[Zn(NH3)4(H20)2]?* could readily liberate their two H2O ligands to have the square
planar structures (85). These structures show the potential to accelerate gelling and
blowing reactions of rigid PUR and PIR foams due to the fact that they contain the

vacant sites for interacting with the foam reactants in foam formulation.
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Figure 4.5 Total energy of each optimized structure of (a) copper-ammonia
complexes and (b) zinc-ammonia complexes in water.
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Figure 4.6 Ligand positions in metal-ammonia complexes.

Table 4.2 Metal-ligand bond lengths for each species of metal-ammonia complexes.

Metal-ligand bond length (A)

Species Coordination
umber  MLigl  MeLig2  M-Lig3  M-Ligd  M-Ligs  M-Ligé
[Cu(NHz)a(H20)2]* 6 2.06 2.06 2.06 2.06 2.52 2.52
[Cu(NH3)e]?* 6 2.09 2.09 2.09 2.09 251 2.61
[Cu(NH3)4]%* 4 2.05 2.05 2.05 2.05
[Zn(NHs)a(H20)2]* 6 2.18 2.18 2.18 2.18 2.29 2.29
[Zn(NHa)s]%* 6 2.24 2.24 2.24 2.24 2.24 2.24
[Zn(NHs)a]%* 4 2.09 2.09 2.09 2.09

4.1.3 Structural analysis of metal-ammonia complexes using UV-visible
spectrophotometry

Most of metal-ammonia complex solutions have colors which are different
from those of their metal acetate solutions. Therefore, UV-visible spectrophotometry
is a possible method to indicate the complex formation. For Cu(Amm) and Cu(OAc)z,
their UV-visible spectra compared to each other are showed in Figure 4.7. The
maximum absorbance of Cu(Amm) emerged at 240 nm, which shifted from that of
Cu(OAC)2 at 245 nm. Moreover, UV-visible spectrum of Cu(Amm) gave three new
peaks at 287, 334 and 620 nm, which were the different patterns from that of
Cu(OAC). This result is consistent with the UV-visible spectrum of copper-ammonia
complex having four coordinated NHz reported in the literature (55). Unfortunately,
the Zn(Amm) and Zn(OAc): solutions do not have the color since 3d orbitals of Zn?*
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are completely filled with electron. Therefore, UV-visible spectra of Zn(Amm) and
Zn(OAC)2 could not be obtained.
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Figure 4.7 UV-visible spectra of Cu(Amm) and Cu(OAC)..

4.1.4 Structural analysis of metal-ammonia complexes using FTIR

spectroscopy

Figure 4.8 presents IR spectra of metal-ammonia complex aqueous solution
in comparison to their reactants, namely metal acetate (solid) and NHs solution. IR
spectrum of Cu(Amm) in Figure 4.8(a) demonstrates symmetric and asymmetric
C=0 stretching of acetate group at 1411 and 1549 cm?, respectively. It was found that
these peaks were different and shifted from the typical symmetric and asymmetric
C=0 stretching of acetate group of Cu(OAc)2 which appeared at 1418 and 1596 cm™,
respectively (25). In the case of Zn(Amm) in Figure 4.8(b), the symmetric C=0
stretching of acetate group of Zn(Amm) shifted to 1411 cm™ in comparison to that of
Zn(OAC)2, which appeared at 1435 cm™ (25). Furthermore, Hathaway et al. reported

about N-H symmetric deformation of NHs in copper-ammonia complexes, which
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arose in the range of 1272-1087 cm™ (53). This result is in agreement with N-H
symmetric deformation of Cu(Amm) and Zn(Amm) in this work which were found at

1267 cm™ at 1270 cm, respectively.
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Figure 4.8 IR spectra of (a) Cu(Amm) and (b) Zn(Amm) aqueous solutions compared

to metal acetate (solid) and NHs solution.

4.2 Preparation of rigid PUR foams using metal-ammonia complexes as catalysts

In the second section, Cu(Amm) and Zn(Amm) solutions were applied as
catalysts for the preparation of rigid PUR foams. The main functions of catalyst use to
accelerate and to balance the reaction rate between blowing and gelling reactions of
the foam. Equimolar of isocyanate and hydroxyl compounds (isocyanate index of

100) was used to prepare rigid PUR foams.

4.2.1 Reaction time and properties of rigid PUR foam accelerated by metal-

ammonia complexes

The reaction time and physical properties of rigid PUR foam accelerated by
constant amount of Cu(Amm) and Zn(Amm) at 1.0 pbw were investigated and
compared to those accelerated by Cu(OAc)2, Zn(OAc)., NHz and DMCHA (the
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industrial catalyst) as shown in Table 4.3 and Figure 4.9. According to ASTM
standard method of rigid PUR foams, the reaction time in the foaming reactions
should be recorded as follows: cream time is the starting point of blowing reaction at
which the foam height increases approximately 5% of total height. Gel time is the
beginning point of crosslink formation (gelling reaction) via urethane linkages. At this
time, stable shape of the foam mixture is observed. Rise time is the time when
blowing reaction is completed and the foams no longer rise. Tack free time is the time
when gelling reaction is completed and the foams totally become dry solid (34, 86,
87). Among the reaction time, tack free time and rise time indicate the time at which
gelling reaction and blowing reaction, respectively, are accomplished. Therefore, the
catalytic efficiency in gelling and blowing reactions of each catalyst was considered

via tack free time and rise time, respectively.

Table 4.3 Reaction time and properties of rigid PUR foam obtained from various

catalysts.
Reaction time (s) Density Foam Isocyanate
Catalysts Cream Gel Tack Rise (kg/m?) height conversion
time time free time time (%) (%)
No catalyst 38+1 359+8 1682+13  779+10 58.7+1.9 65.0 86.7
DMCHA 2140 34+1 165+3 11244 39.4+0.5 95.8 99.1
Cu(Amm) 271 69+2 14243 156+2 41.8+0.4 87.4 99.2
Zn(Amm) 251 95+1 19242 215+2 38.5+0.8 100 98.5
Cu(OAc): 35+1 2374 880+6 557+6 51.6+2.4 69.9 94.7
Zn(OAC); 30+1 256+4 77510 527+9 44.4+2 1 83.9 91.7

NHs 28+0 165+1 859+3 403+4  43.6x2.0 80.4 92.7
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Figure 4.9 Trend of reaction time of rigid PUR foam catalyzed by various catalysts.

It was found that NHs, metal acetates [Cu(OAc). and Zn(OAc).] and metal-
ammonia complexes could catalyze the reactions of rigid PUR foam since they
reduced the reaction time in comparison to those of the foam without catalyst.
However, their catalytic activity showed the large difference. Without complex
structure, NHs, Cu(OAc)2 and Zn(OAc)2 showed very poor catalytic activity resulting
in very long reaction time, whereas Cu(Amm) and Zn(Amm) obviously showed better
catalytic activity to effectively reduce the reaction time of the foams. This result
might be attributed to reason that copper and zinc ions had strong interaction with
NHz3 ligands and could maintain their complex structures without ligand detachment
throughout their catalytic processes. Therefore, it might be concluded that the
complex structure was necessary and could enhance the catalytic properties of copper-
and zinc-based catalysts in this study. The consistent result was also reported by
Schellekens et al., who used iron(I1) complex catalysts having several ligand types to
catalyze the polymerization (gelling reaction) of thermoplastic polyurethane. They
found that the iron(I1)-complexes with the stable complex structures could prevent the
deactivation of central iron(lIl) ion during polymerization process and showed better

catalytic activity, especially at high temperature, than iron(ll)-complexes with ligand
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detachment (49). The foam appearance obtained from those catalysts was also
investigated as presented in Figures 4.10. The foam without catalyst as well as the
foams accelerated by Cu(OAc)2, Zn(OAc). and NHz were brittle materials. This
indicated that Cu(OAc)2, Zn(OAc). and NHs were not good catalysts for rigid PUR
foams. In contrast, the foams processed by Cu(Amm) and Zn(Amm) had proper

appearance with stable shape and did not have the fracture surface.

\_.7 - S e ™
No No

Figure 4.10 Appearance of rigid PUR foams accelerated by (a) Cu(Amm) and (b)
Zn(Amm) in comparison with their unaccelerated foams and those accelerated by
Cu(OAC)2, Zn(OAC)2 and NHa.

Then, the catalytic efficiency of the synthesized complexes [Cu(Amm) and
Zn(Amm)] was compared to that of industrial catalyst (DMCHA). Considering the
catalytic efficiency in gelling reaction, gel time and tack free time obtained from these
catalysts followed the orders DMCHA < Cu(Amm) < Zn(Amm) and Cu(Amm) <
DMCHA < Zn(Amm), respectively. Cu(Amm) and Zn(Amm) appeared to start the
gelling reaction slower than DMCHA resulting in longer gel time, which was good
for the processing of samples in large mold since longer mixing time was obtained.
However, according to the fastest tack free time of Cu(Amm), it could improve its
catalytic activity along the reaction time and accomplished the gelling reaction before
DMCHA and Zn(Amm). This indicated that Cu(Amm) gave the fastest catalytic
activity in gelling reaction. In case of cream time and rise time, DMCHA had the

highest catalytic activity and appeared to overwhelm Cu(Amm) and Zn(Amm) for
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catalyzing the COz generation. Nevertheless, the foam density obtained from
Cu(Amm), Zn(Amm) and DMCHA is quite similar. This result indicated that the
catalytic efficiency in blowing reaction of Cu(Amm) and Zn(Amm) was enough to
obtain rigid PUR foams with appropriate density.

The isocyanate conversion of rigid PUR foam (Table 4.3) is another
parameter which can indicate the efficiency of catalyst to complete gelling and
blowing reactions of the foams. After all reactions of the foams took place, isocyanate
conversion was computed from the normalized absorption peak of remaining
isocyanate group at 2277 cm™ in IR spectra as shown in Figure 4.11 using the

following equation (88):

Isocyanate conversion (%) = [1 - (A! /A?socyanate)] x 100 (4.2)

isocyanate

where Aitsocyanate is the normalized absorption peak of isocyanate group at time t.
A?socyanate is the normalized absorption peak of isocyanate group at initial time. The
results in Figure 4.11(a) showed that there was the large decrease in isocyanate
absorption peak of the foams accelerated by Cu(Amm) and Zn(Amm) in comparison
to those accelerated by the other catalysts in Figure 4.11(b). Considering % isocyanate
conversion, rigid PUR foam without catalyst showed the lowest % isocyanate
conversion of 86.7%. The isocyanate conversion of the foams accelerated by
Cu(Amm), Zn(Amm) and DMCHA increased to 99.2%, 98.5% and 99.1%,
respectively. More than 98% of isocyanate conversionreduc accompanying with the
other previous results indicated that Cu(Amm) and Zn(Amm) could act as the suitable

catalysts for the preparation of rigid PUR foam.
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Figure 4.11 IR spectra of rigid PUR foams accelerated by (a) Cu(Amm), DMCHA
and Zn(Amm) and (b) other catalysts in comparison to isocyanate starting material

(PMDI).
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4.2.2 Rise profiles of rigid PUR foam accelerated by metal-ammonia

complexes

Figure 4.12 presents rise profiles of rigid PUR foam accelerated by
Cu(Amm), Zn(Amm) and DMCHA. The result revealed that the foams processed by
Cu(Amm), Zn(Amm) and DMCHA had the similar rise profiles which exhibited
smooth rise profiles with uninterrupted pattern during rising process. The order of the
foams arriving to their total height is Zn(Amm) > Cu(Amm) > DMCHA. DMCHA
drove the foam height very fast at initial time. Cu(Amm) and Zn(Amm) initiated the
blowing reaction and increased the foam height slower than DMCHA at the initial

time, however, they could give faster rise curves in the latter stage.
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Figure 4.12 Rise profiles of rigid PUR foam accelerated by different catalysts.
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4.2.3 Temperature profiles of rigid PUR foam accelerated by metal-

ammonia complexes

Because both gelling reaction and blowing reaction of rigid PUR foam are
exothermic reaction, the study of heat release during foaming process is necessary.
Temperature profiles of the foams accelerated by Cu(Amm), Zn(Amm) and DMCHA
are shown in Figure 4.13. It was found that the reaction temperature increased along
with the time until the reactions almost completed. The maximum core temperatures
of the foam accelerated by Cu(Amm), Zn(Amm) and DMCHA were 123.8, 124.5 and

127.8 °C, respectively, and appeared close to each other.
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Figure 4.13 Temperature profiles of rigid PUR foam accelerated by different

catalysts.

4.2.4 Effect of catalyst amount on rigid PUR foam properties

Effect of amount of Cu(Amm) and Zn(Amm) on reaction time and the

appearance of the foams was investigated as shown in Figures 4.14 and 4.15,
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respectively. The same result was observed for both Cu(Amm) and Zn(Amm) that the
reaction time decreased with increasing catalyst amount in foam formulation. The
large decrease in gel time and tack free time affirmed that Cu(Amm) and Zn(Amm)

were effective catalysts for accelerating the gelling reaction.
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Figure 4.14 Effect of catalyst amount on reaction time of rigid PUR foam.
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Figure 4.15 Appearance of rigid PUR foams obtained from different amount of (a)
Cu(Amm) and (b) Zn(Amm) catalysts at the constant blowing agent content of 3.0
pbw.
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Foam density decreased with higher amount of catalyst as shown in Figure
4.16. The increase of catalyst amount caused the increase of foaming temperature,
which could promote the kinetic rate of CO- diffusion into the foam cells resulting in

reduction of foam density (89).
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Figure 4.16 Effect of catalyst amount on density of rigid PUR foam and % isocyanate

conversion.

The effect of catalyst amount on % isocyanate conversion was studied as
shown in Figure 4.16. It was found that % isocyanate conversion slightly increased
with increasing catalyst amount from 0.5-2.0 pbw. Although higher catalyst amount
of both Cu(Amm) and Zn(Amm) at 2.0 pbw could almost complete the reaction of
isocyanate and also gave faster reaction time, rigid PUR foams processed using this
catalyst amount had poor properties. The large holes appeared at the bottom of the
foam as shown in Figure 4.17. Therefore, the suitable amount of Cu(Amm) and

Zn(Amm) for the processing of rigid PUR foams is 1.0 pbw.
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Figure 4.17 The large holes at the bottom of rigid PUR foam accelerated by 2.0 pbw
of (a) Cu(Amm) and (b) Zn(Amm).

4.2.5 Proposed catalytic mechanism of metal-ammonia complexes

Catalytic mechanism in gelling and blowing reactions of metal-ammonia
complexes is presented based on the information of alternative catalysts suggested in
several works. For example, Barman et al., Schellekens et al. and Sardon et al.
developed copper(I1)-, iron(I1)-based and zirconium(IV)-based catalysts, respectively,
for catalyzing urethane formation (49, 90, 91). They reported that their transition
metal ions of catalyst could be electrophilic activators by accepting electron pair from
isocyanate. Whereas cyclic guanidines, which is the tertiary amines, were used by
Alsarraf et al. as the nucleophilic activators for donating electron pair to the proton of
alcohol (51).

Based on these evidences, Cu(Amm) and Zn(Amm) were proposed to be
electrophilic activator and nucleophilic activator for gelling reaction (Scheme 4.3) and
blowing reaction (Scheme 4.4) as they contained both metal ions and amines in their
structures (24, 92). After Cu(Amm) and Zn(Amm) detached their axial ligands (H-20)
to have square planar structures, Cu?* or Zn?* could perform as electrophilic activators
(Lewis acid) by coordinating with an oxygen atom of isocyanate compound. This led
a carbon atom of isocyanate compound to be more electrophilic. Meanwhile, NH3
could be nucleophilic activators (Lewis base) by interacting with the proton of
hydroxyl compound. This led the oxygen atom of hydroxyl compound to be more
nucleophilic for interacting with the carbon atom of isocyanate compounds.
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4.2.6 Effect of blowing agent amount on rigid PUR foam properties

The effect of blowing agent amount on reaction time and properties of the
foam accelerated by constant amount of metal-ammonia complex at 1.0 pbw was also
studied as shown in Figures 4.18-4.20. It was found that gel time, tack free time and
rise time increased with increasing blowing agent amount, whilst the change in cream
time was negligible. The blowing reaction between isocyanate with water needs
suitable catalyst quantity in acceleration (46). Increase of water amount employs more
catalyst content to complete the blowing reaction. Therefore, in the case of using the
constant amount of catalyst at 1.0 pbw, the duration for completing blowing reaction
at higher amount of water was extended resulting in longer reaction time. The
isocyanate conversion slightly decreased with increasing blowing agent as presented
in Figure 4.19. This result indicated that the catalytic activity of catalysts slightly
reduced at the higher amount of blowing agent. Density of the foams decreased with
increasing of blowing agent content due to the fact that more CO, was generated (93,

94) resulting in higher rigid PUR foams as shown in Figure 4.20.
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Figure 4.19 Effect of blowing agent amount on density of rigid PUR foams and %

isocyanate conversion.

Figure 4.20 Appearance of rigid PUR foams accelerated by (a) Cu(Amm) and (b)

Zn(Amm) using different blowing agent contents.
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4.2.7 Morphology of rigid PUR foams accelerated by metal-ammonia

complexes

Morphology of the foams is affected by several parameters, such as
catalytic activity of catalysts, blowing agent amount and foam-rising direction. The
foam morphology with small cell size and high number of close cell could improve
the mechanical properties of rigid PUR foam (95).

Figure 4.21 presents the SEM micrographs of rigid PUR foam processed
by different catalysts, blowing agent amount and foam-rising direction. It was
observed that all rigid PUR foams composed of close cell structures and had
dissimilar morphology when observed in different views. The cell morphology in the
same to foam-rising direction (side view) had extended shape, whilst that in the

opposite to foam-rising direction (top view) appeared rounded shape.

(c) DMCHA, side view, H,0 3.0 pbw (d) DMCHA, side view, H,0 4.0 pbw

(e) Cu(Amm), top view, IL,0
INARA ™ b A

Figure 4.21 SEM micrographs of rigid PUR foam accelerated by DMCHA,
Cu(Amm) and Zn(Amm) at different views and amount of blowing agent.
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The average cell size of those foams calculated from the SEM
micrographs is shown in Table 4.4. At constant amount of blowing agent, the effect of
different catalyst types on morphology could be observed. The order of average cell
size obtained from different catalyst types in both top and side views is Zn(Amm) >
DMCHA > Cu(Amm). The average cell size of the foams accelerated by Cu(Amm)
was very close to that accelerated by DMCHA, whilst the foams accelerated by
Zn(Amm) distinctly showed the largest average cell size. The smallest cell size of the
foams accelerated by Cu(Amm) might be corresponded to the fastest tack free time
given by this catalyst, which could confine the foam cells to increase their volume and
prevent the coalescence of foam cells resulting in the final foams with the smallest
average cell size (96, 97). For the foams accelerated by Zn(Amm), their reaction time
was the longest. Therefore, the coalescence of their foam cells could occur owing to
the slowest viscosity increase resulting in the largest average cell size.

The effect of blowing agent (water) amount on morphology of the foams
was also examined. It was observed that all foam cells were larger (Figure 4.21) and
the average cell size in both top and side views increased (Table 4.4) when increasing
water amount from 3.0 to 4.0 pbw. Water is the chemical blowing agent, which
produces CO> through the exothermic reaction with isocyanate compounds. Due to
the increase of water amount, more CO, was generated and trapped into the foam
cells resulting in larger foam cells (32, 98).

Table 4.4 Average cell size of rigid PUR foams accelerated by DMCHA, Cu(Amm)

and Zn(Amm) at different views and amount of blowing agent.

Average cell size (pm)

Catalysts Top view Side view

3.0 4.0 3.0 4.0
DMCHA 310.2+62.5 330.9+73.2 502.0+£70.4 546.0+175.6
Cu(Amm) 308.7453.8 341.5+70.4 498.5+81.1 539.5+109.8

Zn(Amm) 402.5+67.3 484.6+88.6 660.1+136.7  993.9+187.7
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4.2.8 Compression properties of rigid PUR foam accelerated by metal-

ammonia complexes

Compression stress-strain graphs of rigid PUR foam accelerated by metal-
ammonia complexes in the same and the opposite to foam-rising direction are
illustrated in Figure 4.22. This figure also shows the effect of blowing agent amount,
3.0 and 4.0 pbw, on compression properties of the foam. Compression strength was

collected at 10% strain as reported in Figure 4.23.
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Figure 4.22 Compression behavior of rigid PUR foam obtained using different catalyst
types and blowing agent amount in (a) the same and (b) the opposite to foam-rising

direction.
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Figure 4.23 Compression strength of rigid PUR foam obtained using different
catalyst types and blowing agent amount in (a) the same and (b) the opposite to foam-

rising direction.

It was found that the foams processed using the same catalyst type and
constant blowing agent amount had higher compression strength in the same to foam-
rising direction [Figures 4.22(a) and 4.23 (a)] than that in the opposite to foam-rising
direction [Figures 4.22(b) and 4.23 (b)]. This might be corresponded to the dissimilar
cell structures of the foam. Lin et al. suggested that the foam cells with extended
shape could resist with the compression better than the foam cells with rounded shape
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as they could freely rise without restriction by the mold wall and therefore contained
higher degree of cell orientation (99).

At constant blowing agent amount, various catalyst types affected the
compression properties of the foam. The order of compression strength obtained from
various catalysts in the same and the opposite to foam-rising direction is Cu(Amm) >
DMCHA > Zn(Amm). The maximum compression strength of the foam accelerated
by Cu(Amm) was due to its highest density and smallest average cell size. On the
other hand, the foam accelerated by Zn(Amm) had lowest density and largest average
cell size, and therefore it showed the lowest compression strength in the same and the
opposite to foam-rising direction. In general, the higher foam density (34, 98) and
smaller average cell size (100-102) could improve compression properties of the
foam. The smaller foam cells had the thicker cell walls as they expanded less than the
larger foam cells during foaming process. Therefore, they could resist with the
compression better than the larger foam cells resulting in higher compression strength.
However, the compression strength of the foam processed by Zn(Amm) at 3.0 pbw of
blowing agent is practical since it reaches the recommended value at 100 kPa (42).

Considering effect of blowing agent amount on compression properties,
with increasing blowing agent amount from 3.0 to 4.0 pbw, the compression strength
in the same and the opposite to foam-rising direction decreased due to the decrease in

foam density together with larger average cell size.

4.2.9 Dimensional stability of rigid PUR foam accelerated by metal-ammonia

complexes

Tables 4.5 and 4.6 summarize dimensional variation of rigid PUR foam
accelerated by metal-ammonia complexes, when they were kept according to the
ASTM standard method for 14 days at -25 and 70 °C, respectively. The foam
appearance (Figure 4.24) after 14 days showed that the foams accelerated by
Cu(Amm) and Zn(Amm) still had dimensional stability without any visible damage or
crack on the surface. The foams processed from Cu(Amm) showed good dimensional
stability at both high and low temperatures. The % dimensional variation of the foams

processed by Zn(Amm) was higher than that of the foams processed by Cu(Amm).
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For instance, % volume and % mass variation at 70 °C after 14 days of the foams
obtained from Zn(Amm) were -3.33% and - 2.65%, respectively, which were higher
than those obtained from Cu(Amm) of -2.41% and -1.82%, respectively. However,
the highest % linear variation (width, length and thickness) of the foams accelerated
by Zn(Amm) did not exceed the values recommended by commercial standard
(BS4370: Part 1), which reported that the foams should have % linear change lower
than 3.0% and 1.0% at 70 °C and -15 °C, respectively (103).

According to the results, our foams shrank at both high and low
temperatures. This is different from the foams blown with CFC, which shrank at low
temperature but expanded their volume at high temperature. CFC-blown foams
decreased internal pressure at low temperature due to the condensation of CFC
resulting in volume reduction of foams. In contrast, the volume of the CFC-blown
foams increased at high temperature because CFC tried to evaporate when
temperature increased (104, 105). For the H2O-blown foams, CO- did not condense at
-25 °C, but tried to outwardly diffuse from foam cells at both high temperature and
low temperature (106, 107). Therefore, the shrinkage of the foams was found at the
testing temperatures. This result is in agreement with that of H>O-blown foam

reported in another study (108).

Table 4.5 Dimensional variation of rigid PUR foam accelerated by Cu(Amm) and
Zn(Amm) at -25 °C.

Duration % Variation at -25 °C
Catalyst
(days) Width Length Thickness Volume Mass

1 -0.02+0.01  -0.05+0.02  -0.09+0.06  -0.16+0.07  -0.18+0.04
Cu(Amm) 7 -0.11+0.04  -0.09+0.01  -0.13+0.02  -0.33+0.05  -0.49+0.12

14 -0.10£0.04  -0.14+0.06  -0.19+0.10  -0.44+0.07  -0.58+0.10

1 -0.04+0.04 -014+0.03 -0.17+0.05 -051+0.16 -0.60+0.12
Zn(Amm) 7 -0.16+£0.09 -025+0.08 -028+0.08 -095+026 -1.27+0.17

14 -022+0.06 -021+0.10 -045+0.09 -1.30+0.23 -1.44+0.19
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Table 4.6 Dimensional variation of rigid PUR foam accelerated by Cu(Amm) and
Zn(Amm) at 70 °C.

Duratlon % Val’iatIOI’l at 70 OC
Catalyst
(days) Width Length Thickness Volume Mass
1 -0.06+0.03 0.01+0.03 -0.08+0.04 -0.13+0.05 0.09£0.15
Cu(Amm) 7 -0.30£0.10 -0.16+0.04 -0.32+0.09 -0.79£0.13 -0.63%0.06
14 -0.25+0.08 -0.22+0.06 -0.4620.05 -0.92+0.13 -0.83£0.08
1 -0.22+0.02 -0.24+0.09 -0.38+0.09 -1.19+0.29 -1.37£0.22
Zn(Amm) 7 -0.52+0.06 -0.50+0.06 -0.80+0.13 -2.57+0.21 -2.01+0.15
14 -0.74+0.06 -0.63+0.04 -1.01+0.07 -3.33£0.19 -2.65%0.28
(a) Cu(Amm) at 70 °C (b) Cu(Amm) at -25 °C

(¢) Zn(Amm) at 70 °C (¢) Zn(Amm) at -25 °C

Figure 4.24 Rigid PUR foams after dimensional variation test (14 days).
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4.3 Preparation of PIR foam using the mixtures of potassium octoate with metal-

ammonia complexes as catalysts

In the third section, the processing of PIR foam has been done. The catalyst
systems used for PIR foam processing composed of isocyanurate catalyst, gelling
catalyst and blowing catalyst. Isocyanurate catalyst is the main catalyst for increasing
the reaction rate of trimerization in order to obtain PIR crosslinks. Whilst, gelling and
blowing catalysts are the co-catalysts for accelerating the reaction rate of gelling and
blowing reactions, respectively, resulting in PUR crosslinks and entrapped CO.. In the
foam processing, potassium octoate was applied as isocyanurate catalyst, whilst
metal-ammonia complexes were applied as gelling and blowing catalysts. Excess
amount of isocyanate (isocyanate indices of 160, 200 and 250) was used for PIR
foams. Physical properties, PIR/PUR proportion, morphology, compression
properties, fire-retarded properties and thermal properties of PIR foam were compared
to their relating rigid PUR foams in order to ensure that the properties of PIR foam

were improved.

4.3.1 Reaction time and density of PIR foam accelerated by the mixtures of

potassium octoate with metal-ammonia complexes

Table 4.7 summarizes the reaction time of PIR foam processed at different
isocyanate indices and catalyst systems. The foam appearance is presented in Figures
4.25-4.27. When comparing between PIR foams and their relating rigid PUR foams, it
could be observed the different results between PIR foams accelerated by the mixtures
of potassium octoate with metal-ammonia complexes and PIR foams accelerated by
the mixture of potassium octoate with DMCHA. In the case of PIR foams accelerated
by the mixtures of potassium octoate with Cu(Amm) or Zn(Amm), gel time, tack free
time and rise time were obviously decreased from those of their relating rigid PUR
foams, whilst the change in cream time was negligible. For instance, the gel time, tack
free time and rise time of PIR foam processed using the mixture of potassium octoate
with Cu(Amm) at isocyanate index of 160 were shorter than those of rigid PUR foam
processed using Cu(Amm) by 45, 130 and 120 s, respectively. Higher proportion of

PIR crosslink caused the decrease in gel time and tack free time (52). Incorporation of
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potassium octoate catalyst increased PIR crosslinks which could lead the viscosity of
the reaction mixture of PIR foam to increase and to become gel faster than that of
their relating rigid PUR foams. The decrease in rise time of PIR foam might be
affected by faster tack free time. When the crosslink reactions seemed to complete
faster, the foams were more difficult to expand their volume during rising process
resulting in faster stop in rising.

Considering the different result of PIR foams accelerated by the mixture of
potassium octoate with DMCHA, the gel time of these PIR foams was extended in
comparison to their relating rigid PUR foam accelerated by only DMCHA. Moreover,
at the same isocyanate index, the mixture of potassium octoate with DMCHA seemed
to have less catalytic activity than the mixtures of potassium octoate with metal-
ammonia complexes resulting in longer reaction time. These results pointed out that
the catalytic activity of DMCHA for gelling reaction might be partially lost when
used with potassium octoate catalyst. The drop of DMCHA’s catalytic activity for
gelling reaction was also reported in another work (109). Furthermore, the solubility
of DMCHA with potassium octoate solution in diethylene glycol and H-O (blowing
agent of PIR foam) is limited (13). This might cause the insufficient compatibility
between catalyst components as well as the reactant of PIR foam and could influence
the DMCHA'’s catalytic activity. For Cu(Amm) and Zn(Amm) solutions, they could
be completely soluble with potassium octoate solution in diethylene glycol and H>O
owing to the intermolecular interaction (H-bond) of diethylene glycol, NHs and H20.
Therefore, the homogeneously catalytic systems for PIR foams could be obtained.

The effect of isocyanate index on reaction time and foam density was
examined (Table 4.7). It was found that tack free time and rise time of all PIR foams
were longer with increasing isocyanate indices from 160 to 250. After the gel time,
the polymerization rate of PIR foam was slightly retarded owing to the denser
polymer crosslinks (38). Thus, the period to complete all reactions was prolonged
with increasing isocyanate index. The retardation in gelling and blowing reactions
affected by higher isocyanate index was reported in other studies (38, 110, 111).
Density of PIR foams increased with increasing isocyanate index regardless of
catalyst systems because more density of PIR crosslinks was obtained with increasing

isocyanate index (112).
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Table 4.7 Reaction time and density of PIR foam obtained from various catalysts in

comparison to their relating rigid PUR foams.

Catalysts isocyanate Reaction time (s) Density
indices Cream Geltime  Tack free Rise (kg/m®)
time time time

Rigid PUR foams

DMCHA 100 21+1 352 196+3 125+3 34.7+0.7
Cu(Amm) 100 26+1 7612 17616 1874 38.1+0.7
Zn(Amm) 100 25+1 98+1 20212 23243 33.4+0.9
PIR foams
DMCHA & 160 24+1 40+1 85+2 12242 38.5+0.9
potassium octoate

200 25+1 46+1 97+2 141+2 42.6+0.6

250 28+1 53+1 122+2 181+2 51.6£0.7
Cu(Amm) & 160 24+1 31+1 46+1 6712 38.7£0.8
potassium octoate

200 2510 36+1 49+1 70+1 43.6+0.9

250 28+1 43+1 70+2 98+2 52.7+1.3
Zn(Amm) & 160 23+1 33+1 6212 89+2 37.5+0.7
potassium octoate

200 24+0 371 68+1 97+2 39.9+0.9

250 27+0 46+0 92+1 125+2 50.4+0.8
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Figure 4.25 Appearance of PIR foams accelerated by the mixture of potassium

octoate with DMCHA in comparison to their relating rigid PUR foams.
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Figure 4.26 Appearance of PIR foams accelerated by the mixture of potassium

octoate with Cu(Amm) in comparison to their relating rigid PUR foams.
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Figure 4.27 Appearance of PIR foams accelerated by the mixture of potassium

octoate with Zn(Amm) in comparison to their relating rigid PUR foams.

4.3.2 Calculation of PIR/PUR proportion and % isocyanate conversion of
PIR foams accelerated by the mixtures of potassium octoate with metal-ammonia

complexes

Effect of different catalyst systems and isocyanate indices on PIR/PUR
proportions and % isocyanate conversion was studies as shown in Figure 4.28 and
Table 4.8. PIR foams showed the increase in PIR/PUR proportions in comparison to
those of their relating rigid PUR foams for all catalyst systems. However, at
isocyanate index of 160, PIR/PUR proportions of PIR foam were not significantly
different and had similar values to those of their relating rigid PUR foams. The effect
of different catalyst systems on PIR/PUR proportions of PIR foam could be compared
at higher isocyanate indices of 200 and 250. For example, PIR foams processed at
isocyanate index of 250 and accelerated by the mixtures of potassium octoate with
Cu(Amm), DMCHA or Zn(Amm) had PIR/PUR proportions of 3.31, 3.19 and 2.58,

respectively. This result revealed that the mixtures of potassium octoate with
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Cu(Amm) or DMCHA gave better catalytic activity toward PIR/PUR proportions than
the mixture of potassium octoate with Zn(Amm).

The change in isocyanate indices was another factor that strongly
influenced PIR/PUR proportions (35). It was found that the PIR/PUR proportions of
PIR foam increased with increasing isocyanate indices from 160 to 250 for all catalyst
systems. Nonetheless, the % NCO conversion of PIR foam slightly decreased when
increasing NCO indices. The % NCO conversion of PIR foam at maximum
isocyanate index of 250 decreased approximately 1.8 — 5.6 % as compared to those of
their relating rigid PUR foams. The PIR foam accelerated by the mixture of potassium
octoate with DMCHA seemed to have the lowest % isocyanate conversion, which
could be attributed to the loss of reactivity of DMCHA in gelling reaction and

blowing reaction as previously discussed.

100
L L =
A ——— =
-98 £
o
— |
& 96 S
N e
PUR[DMCHA]/100 and o1 <
PIR[IDMCHA & potassium octoate]/160, 200, 250 B \©
—&— PUR[(Cu(Amm)]/100 and I °
PIR[Cu(Amm) & potassium octoate]/160, 200, 250 - 92
g 44 —4—PUR|(Zn(Amm)]/100 and
g 3 1 PIR[Zn(Amm) & potassium octoate]/160, 200, 250 2
g
™
2 N /
g ] -— /
=¥
~ 1- é
E 1 /’
&0 ——— .

T T
80 100 120 140 160 180 200 220 240 260

Isocyanate index

Figure 4.28 Trend of PIR/PUR proportions and % isocyanate conversion of PIR

foams obtained from various catalysts as compared to their relating rigid PUR foams.
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Table 4.8 PIR/PUR proportions and % isocyanate conversion of PIR foam obtained

from various catalysts as compared to their relating rigid PUR foams.

Catalysts Isocyanate PIR/PUR % isocyanate

indices proportions conversion

Rigid PUR foams

DMCHA 100 0.18 99.1
Cu(Amm) 100 0.24 99.2
Zn(Amm) 100 0.17 98.5
PIR foams
DMCHA & potassium octoate 160 0.61 97.2
200 1.83 96.2
250 3.19 93.5
Cu(Amm) & potassium octoate 160 0.73 97.7
200 1.53 96.9
250 3.31 96.8
Zn(Amm) & potassium octoate 160 0.46 97.8
200 0.91 96.3
250 2.58 96.8

4.3.3 Fire-retarded properties of PIR foam accelerated by the mixtures of

potassium octoate with metal-ammonia complexes

Fire-retarded behavior of PIR foams was investigated via the results of
horizontally-oriented burning test and % LOI as illustrated in Figures 4.30 -4.33. In
addition, the appearance of burned PIR foams as compared to burned rigid PUR
foams after horizontally-oriented burning test is shown in Figure 4.29. It could be
observed from Figure 4.29 that fire-retarded behavior of those foams depends on
catalyst systems and isocyanate indices. All rigid PUR foams, especially the foam
processed from Zn(Amm), lacked fire-retarded properties and suddenly caught fire
with severe burning due to their highly combustible characteristics (5, 113). The

flame propagation occurred very fast and burned out 15.0 cm throughout of sample
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length for all catalysts (Figure 4.29). The total time for burning out of rigid PUR
foams accelerated by DMCHA, Cu(Amm) and Zn(Amm) was 57.0, 63.0 and 46.5 s,
respectively (Figure 4.32). After burned out, the surface of foams peeled off and a lot

of voids were observed.
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Figure 4.29 Appearance of burned foams after burning test; (a), (b) and (c) are PIR
foams at different isocyanate indices accelerated by the mixtures of potassium octoate
(KOct) with DMCHA, Cu(Amm) or Zn(Amm), respectively, in comparison to their
relating rigid PUR foams.

For PIR foams, their damage areas were reduced. However, the foams
processed using isocyanate index of 160 still showed combustible characteristic due
to the low PIR/PUR proportions resulting in long burning lengths (Figure 4.30) and
afterglow time (Figure 4.32). The effect of different catalyst systems on fire-retarded
properties could be found in the case of foams processed at isocyanate indices of 100
and 160. For both indices, the order of fire-retarded properties of the foams is
Cu(Amm)-based foams = DMCHA-based foams > Zn(Amm)-based foams. The PIR
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and the rigid PUR foams processed using Zn(Amm) as gelling and blowing catalysts
had the worst fire-retarded properties because of the least PIR/PUR proportions and
the lowest density. In general, the fire-retarded properties of foam relate to not only
the PIR/PUR proportion but also the foam density. The foam having higher density is
more difficult to ignite, can retard the flame propagation and therefore shows better
fire-retarded behaviors (113). This result indicated that the catalytic activity of metal-
ammonia complexes could influence the fire-retarded properties of the foam by giving
different foam density.

The improvement in fire-retarded properties of PIR foam processed at
isocyanate indices of 200 and 250 could be obviously observed for all catalyst
systems. In comparison to their relating rigid PUR foams, all PIR foams showed large
reduction in burning length (Figure 4.30), burning rate (Figure 4.31) as well as
afterglow time (Figure 4.32) and could extinguish by themselves. For example,
burning length, burning rate and afterglow time of PIR foam processed by the mixture
of potassium octoate with Zn(Amm) at isocyanate index of 200 decreased from those
of rigid PUR foam processed by Zn(Amm) at isocyanate index of 100 by 10.5 cm,
17.1 cm/min and 23.8 s, respectively. In case of Cu(Amm)-based foams, burning
length, burning rate and afterglow time of PIR foam processed by the mixture of
potassium octoate with Cu(Amm) at isocyanate index of 200 decreased from those of
rigid PUR foam processed by Cu(Amm) at isocyanate index of 100 by 11.2 cm, 10.3
cm/min and 44 s, respectively. For PIR foams processed at isocyanate index of 250,
their fire-retarded properties were higher than those of PIR foams processed at
isocyanate index of 200 for all catalyst systems. All PIR foams processed at
isocyanate index of 250 could almost suddenly extinguish when the fire source was
taken away. Therefore, their afterglow time was 0.0 s and their burning rate was
unable to calculate. The enhancement of fire-retarded properties of PIR foam over
rigid PUR foam is owing to the increase of PIR crosslinks that can act as intrinsically
fire-retarded structures (5).
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Figure 4.32 Afterglow time of the foams processed at various isocyanate indices and

catalyst systems.

Table 4.9 Burning behavior of PIR and rigid PUR foams.

Catalysts Isocyanate Self- Burning behavior Material
indices extinguishment rating
Rigid PUR foams
DMCHA 100 Burn out Fast and severely burn No rating
Cu(Amm) 100 Burn out Fast and severely burn ~ No rating
Zn(Amm) 100 Burn out Fast and severely burn ~ No rating
PIR foams
DMCHA & 160 Yes Fast burn HBF
potassium octoate 200 Yes Slow burn HF1
250 Yes Slow burn HF1
Cu(Amm) & 160 Yes Fast burn HBF
potassium octoate 200 Yes Slow burn HF1
250 Yes Slow burn HF1
Zn(Amm) & 160 Burn out Fast burn No rating
potassium octoate 200 Yes Slow burn HF1
250 Yes Slow burn HF1
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PIR and rigid PUR foams were categorized by their fire-retarded properties
following ASTM D4986 as summarized in Table 4.9. It was found that all rigid PUR
foams showed no rating because of the worst fire-retarded results. Whereas PIR
foams accelerated by the mixtures of potassium octoate with Cu(Amm), Zn(Amm) or
DMCHA at isocyanate indices 200 and 250 could achieve HF1 rating, which is the
best rating of fire-retarded cellular polymers as they had burning length and afterglow
time less than 6.0 cm and 30 s, respectively.

%LOI (Figure 4.33) of PIR and their relating rigid PUR foams was also
investigated. PIR foams showed greater %LOI than their relating rigid PUR foams.
The % LOI of PIR foams increased with increasing isocyanate indices from 160 to
250. The maximum %LOI values of PIR foam accelerated by the mixtures of
potassium octoate with Cu(Amm), Zn(Amm) or DMCHA at isocyanate index of 250
were as high as 21.4%, 21.4% and 21.5%, respectively. The enhancement in %LOI of
PIR foams is consistent with the results of horizontally-oriented burning test. This can
confirm the improvement in fire-retarded properties of PIR foams in comparison to
rigid PUR foams. The PIR crosslinks along with carbonaceous char occurred during
foam burning of PIR foams might cause the improvement of these fire-retarded

properties (1).

22
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20.2

% LOI

160

NCO index

PUR[DMCHAJ/100 2 PIR[DMCHA & potassium octoate]/160, 200, 250
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PUR|Zn(Amm)]/100 13381 PIR[Zn(Amm) & potassium octoate]/160, 200, 250

Figure 4.33 % LOI of the foams processed at various isocyanate indices and catalyst

systems.
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In order to confirm the above results, SEM micrographs of the
carbonaceous char accumulated on burned areas of PIR foam at different isocyanate
indices were investigated and compared to those of rigid PUR foams as presented in
Figure 4.34. 1t was found that the foams processed at the same isocyanate index show
similar morphology of the burned areas and the carbonaceous char, even though they
were accelerated by different catalyst systems. However, the dissimilar morphology
of the burned areas and the carbonaceous char among the foams processed at different
isocyanate indices could be observed. More carbonaceous char tended to accumulate
on burned areas when increasing isocyanate indices. For rigid PUR foams (isocyanate
index of 100) and PIR foams (isocyanate index of 160) in Figures 4.34(a) - 4.34(f),
less carbonaceous char content was obtained and their burned areas appeared to have
a lot of voids due to the severe release of combustible gases through the char layers
(52). In contrast, PIR foams (isocyanate indices of 200 and 250) appeared to have the
intact char, which could cover throughout the foam surface. This intact char might be
originated from the crosslinked isocyanurate, which is easy to yield the char during
combustion (5, 52), and could improve the fire-retarded properties of PIR foam
because it could restrain the release of combustible gases to fire, prevent the oxygen
from attaching polymer to participate the combustion and reduce the heat transfer

from fire source to polymer (1, 5, 52, 114).
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(a) PUR[DMCHA]/100 (b) PUR[Cu(Amm)]/100 (¢) PUR[Zn(Amm)]/100

Figure 4.34 Morphology of char covering burned areas of the foam.

4.3.4 Morphology of PIR foams accelerated by the mixtures of potassium

octoate with metal-ammonia complexes

Effect of various catalyst systems, isocyanate indices and foam-rising
direction on morphology of PIR foams was investigated. The SEM micrographs of



105

cell morphology of PIR foams accelerated by the mixtures of potassium octate with
DMCHA, Cu(Amm) or Zn(Amm) are presented in Figures 4.36-4.38, respectively.
Average cell size of all foams in the same and the opposite to foam-rising direction is
summarized in Figure 4.35. The results showed that the cell structures of PIR foam
still appeared extended and rounded shape in the same (side view) and the opposite
(top view) to foam-rising direction, respectively.

Considering trend of average cell size, all PIR foams at isocyanate index of
160 had the significant decrease in average cell size in the same and the opposite to
foam-rising direction when compared to their relating rigid PUR foams processed at
isocyanate index of 100. It is postulated that the average cell size can depend on
several factors, such as reaction time (gel time), density of crosslinks and viscosity of
reactants. Faster gel time and high density of crosslinks lead to the foams with smaller
cell size, whereas low viscosity of reactants leads to the foams with larger cell size
(110, 115-117). The reduction of average cell size of PIR foams in comparison to that
of rigid PUR foams was due to the faster gel time along with the increase of PIR
crosslinks, which could restrain CO2 growth to coalesce with each other and reduce
the ability of cell walls to expand themselves (110, 115, 117).

In the case of average cell size of PIR foams accelerated by potassium
octoate and DMCHA at different isocyanate indices, the average cell size of the foams
continually increased with increasing isocyanate indices from 160 to 250 (Figures
4.35 and 4.36). This result revealed that effect of longer gel time resulted from this
catalyst system and the viscosity decrease of reaction mixture when increasing
isocyanate indices could overwhelm the effect of PIR crosslink density.

However, the contrast results were observed for PIR foams accelerated by
the mixtures of potassium octoate with Cu(Amm) (Figures 4.35 and 4.37) or
Zn(Amm) (Figures 4.35 and 4.38). The average cell size of these PIR foams
decreased until the isocyanate index was risen to 200, but then slightly increased at
the higher isocyanate index of 250. Unlike the industrial catalyst system (the mixture
of potassium octoate with DMCHA), the developed catalyst systems of potassium
octoate with Cu(Amm) or Zn(Amm) did not seem to lose their reactivity in PIR foam
system. The gel time given by both alternative catalysts was faster than that obtained

from the industrial catalyst system, and therefore they could hold the decrease of foam
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cell size until isocyanate index was risen to 200. However, when the viscosity of
reaction mixture was further reduced and polymerization rate (reaction time) was
slightly delayed by adding larger amount of isocyanate reactant, the foam cells could
expand their volume and coalesce into the larger cells. These results pointed out the
complex interaction among those parameters, namely reaction time, density of PIR

crosslinks and viscosity of reactants, in determination of the cell size of the foams.
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Figure 4.35 Average cell size in (a) the same (side view) and (b) the opposite (top

view) to foam-rising direction.
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(a) PUR[DMCHA]/100, top view

K48 D588mm

(f) PIR[DMCHA & potassium octoate]/200, side view

f -

(g) PIR[DMCHA & potassium octoate]/250, top view (h) PIR[DMCHA & potassium octoate]/250, side view

y
— /

Figure 4.36 SEM micrographs of PIR foam accelerated by potassium octoate and
DMCHA (indices 160, 200 and 250) and rigid PUR foam accelerated by DMCHA
(index100) and at different views.
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(a) PUR[Cu(Amm)]/100, top view

(b) PUR[Cu(Amm)]/100, side view
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(f) PIR[Cu(Amm) & potassium octoate]/200, side view
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(e) PIR[Cu(Amm) & potassium octoate]/200, top view
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(g) PIR[Cu(Amm) & potassium octoate]/250, top view
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Figure 4.37 SEM micrographs of PIR foam accelerated by potassium octoate and
Cu(Amm) (indices 160, 200 and 250) and rigid PUR foam accelerated by Cu(Amm)

(index100) and at different views.
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(a) PUR[Zn(Amm)]/100, top view

” o

(b) PUR[Zn(Amm)]/100, side view

ug) PIR[

Figure 4.38 SEM micrographs of PIR foam accelerated by potassium octoate and
Zn(Amm) (indices 160, 200 and 250) and rigid PUR foam accelerated by Zn(Amm)
(index100) and at different views.
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4.3.5 Compression properties of PIR foam accelerated by the mixtures of

potassium octoate with metal-ammonia complexes

In order to investigate whether compression properties of PIR foams are
improved in comparison to their relating rigid PUR foams, their compression stress-
strain graphs in the same and the opposite to foam-rising direction were studied as
shown in Figure 4.39. Their compression strength, which was recorded at 10% of
strain, is reported as the function of foam density and catalyst systems in Figure 4.40.
In this section, PIR foams processed at isocyanate index of 200 are chosen to study
since their apparent density was suitable for application, which was between 30 to 50
kg/m?® (114). As expected, the compression strength of PIR foam in the same to foam-
rising direction (Figures 4.39a and 4.40a) was higher than that in the opposite to
foam-rising direction (Figures 4.39b and 4.40b) due to the higher degree of cell
orientation in the same to foam-rising direction (99). When compared to their relating
rigid PUR foams, PIR foams gave superior compression strength in the same and the
opposite to foam-rising direction. This could be attributed to the higher foam density
and the increase of PIR crosslink density, which might cause PIR foams to become
denser polymer network and could resist with the compression force better than their
relating rigid PUR foams (38). This result pointed out that PIR foams were stronger
than rigid PUR foams.

Considering the compression properties among PIR foams accelerated by
different catalyst systems, It was observed that PIR foams processed from the mixture
of potassium octoate with Cu(Amm) or Zn(Amm) were tough and did not rupture
when compressed resulting in hard and tough stress-strain graphs (Figures 4.39a). The
compression strength in the same to foam-rising direction of PIR foams processed
from the mixtures of potassium octoate with Cu(Amm) or Zn(Amm) was 228.0 and
218.5 kPa, respectively (Figures 4.40a). These values are higher than the
recommended value at 100 kPa (42). However, the PIR foam accelerated by the
mixture of potassium octoate with DMCHA had the lowest compression strength in
the same to foam-rising direction of 193.9 kPa (Figures 4.40a). Moreover, this foam

ruptured at = 7.0 % of strain during compression test and showed brittle stress-strain
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graphs (Figures 4.39a). This result indicated undesirable mechanical properties of PIR

foam obtained from this catalyst system.
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Figure 4.39 Stress-strain graphs of foam obtained using different catalyst systems in

(a) the same and (b) the opposite to foam-rising direction.
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Figure 4.40 Compression strength of foams obtained using different catalyst systems

in (a) the same and (b) the opposite to foam-rising direction.

4.3.6 Thermal properties of PIR foam accelerated by the mixtures of

potassium octoate with metal-ammonia complexes

As the PIR foams processed from the mixtures of potassium octoate with
metal-ammonia complexes at isocyanate index of 200 showed proper density,

mechanical properties and fire-retarded properties, the thermal stability of these PIR
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foams was further studied by TGA and compared the results to those of their relating
rigid PUR foams in order to understand the improvement of thermal stability related
with PIR structures. TG and DTG curves of PIR foam are presented in Figures 4.41a
and 4.41b, respectively, whose thermal degradation data are summarized in Table
4.10. The results showed that two steps of thermal degradation were observed for both
PIR and rigid PUR foams. The first degradation step occurred in the range of 250-400
°C that corresponds to the thermal degradation of urethane segments and polyol
chains. The second thermal degradation step occurred in the range of 450-600 °C that
relates with the decomposition of isocyanurate, aromatic and isocyanate segments (1,
52).

The temperature recorded at 5 wt% loss (Tse%) can be used to indicate
thermal stability of the foams (118). When considering Tse of the foam in Table 4.10,
PIR foams initiated their thermal degradation processes between 260-266 °C, which
was higher than that of the their relating rigid PUR foams (238-259 °C). This
indicated that PIR foams could withstand thermal better than RPUR foams. The
higher degree of PIR crosslink in PIR foams can strengthen overall polymer network
by increasing dense crosslinks. Therefore, higher thermal energy is needed for PIR
foams to initiate their chain movement at the initial thermal degradation processes.
The temperatures at maximum rate of weight loss (Tmax: and Tmax2) Were investigated
for both thermal degradation steps. It was found that T max: of PIR foams was close to
that of rigid PUR foams and appeared in the range of 307-314 °C, whereas Tmaxz Of
PIR foams was significantly higher than that of their relating PUR foams by 15-22 °C
owing to the higher PIR/PUR proportion. Moreover, calculation of char residue from
TGA is the relatively simple method to assess fire-retarded properties of polymeric
foams (5). The % char residue of PIR foams after thermal analysis was higher than
that of their relating rigid PUR foams by 8.8-14.0 %. This result is consistent with the
results of horizontally-oriented burning test and could indicate the improvement in not
only fire-retarded properties but also thermally-stable properties of PIR foams.

Horowitz-Metzger’s method was applied to calculate the activation energy

(Ea) of those foams by the equation as follows (119):

In[In(W, —W," )/ (W -W," )] = E,0/RT? (4.2)
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where Wp and W,"is the initial and final weight, respectively, of each thermal

decomposition step. W is the weight at temperature (T). 8 is T-Ts, where Ts iS Tmax1 OF

Tmaxe. Ea Of thermal degradation reported in Table 4.10 could be calculated from the

slope of the graphs plotted between In[In(W, -W." )/ (W —W." )] and & as shown in

Figure 4.42. The slope of graphs could be used for Ea evaluation due to the reasonable
correlation coefficients (R?) as reported along with Ea in Table 4.10. The results
showed that the Ea for the latter degradation step was higher than that for the first
degradation step for all foam samples due to the fact that the isocyanurate linkage is
more thermally stable and require more energy to decompose in comparison with the
urethane linkage (4, 5, 52). Therefore, it could be concluded from this result that the
incorporation of isocyanurate structures could help PIR foams to enhance their

thermal stability.

Table 4.10 Thermal properties of PIR and rigid PUR foams obtained from TGA.

1%t Step 2" Step
Char at
Tso0
Catalysts Ea Ea 800 °C
CC)  Tmaa W% Trae W%
(kJ/ R? (kJ/ R? (%)
(°C) loss (°C) loss
mol) mol)
Cu(Amm) 259 314 76.1  256.0  0.9995 466 119 306.1 0.9975 12.0
Zn(Amm) 238 307 76.0 2543  0.9993 465 124 3317  0.9995 11.6

Potassium octoate
and Cu(Amm)
Potassium octoate
and Zn(Amm)

266 314 61.6 357.7 0.9981 488 12.4 3840 0.9975 26.0

260 311 64.4 3509 0.9981 480 152 3802 0.9982 204
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Figure 4.41 Thermograms of (a) TG and (b) DTG of PIR foams as compared to rigid
PUR foams.
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CHAPTER 5

THEORETICAL STUDY OF CATALYTIC PROPERTIES OF METAL-
AMMONIA COMPLEXES IN GELLING AND BLOWING REACTIONS

According to the experimental results in the previous chapter, Cu(Amm) and
Zn(Amm) were able to accelerate gelling and blowing reactions of rigid PUR and PIR
foams. In this section, the DFT computational study at CAM—B3LYP/6-31G(d) level
of theory was conducted to investigate their catalytic mechanism as well as the
thermodynamic properties of catalyzed gelling and blowing reactions. The transition
state of each reaction was studied in order to reach better understanding on the
reaction pathways of urethane formation and CO generation.

5.1 Reaction mechanism of gelling reaction over metal-ammonia complexes

The computational study for gelling reaction (urethane formation) was carried out
using a model reaction (Scheme 5.1). Methanol is employed as the model of polyol
while phenyl isocyanate substitutes PMDI. Methyl phenyl carbamate (urethane) is the
product. [Cu(NHs)4]*" and [Zn(NHs)4]?* are the structures of catalysts used in gelling
reaction since [Cu(NHz)a(H20)2]?* and [Zn(NH3)a(H20)2]?* can readily liberate their
H20 ligands (83, 85) to have vacant sites for interacting with the methanol and phenyl
isocyanate reactants as discussed in the previous chapter. The noncatalytic system for
gelling reaction was also studied in order to confirm that whether [Cu(NHs)4]?>* and

[Zn(NH3)4)?* can effectively increase the rate of gelling reaction.

NN
~o

Phenyl isocyanate Methanol Urethane

H
@_ [Cu(NHy),|** or [Zn(NHy),]** @7111 0
N + H3C —OH > N~
Sc ¢ cH,
0

Scheme 5.1 A model reaction for gelling reaction.
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Based on the computational investigation, the reaction mechanism for the gelling
reaction accelerated by [Cu(NHs)4]** can be constructed as shown in Figure 5.1. The
reaction pathway composes of four reaction steps, namely 1) the primary coordination
between the reactants and [Cu(NHs)4]?*, 2) the reaction between activated reactants
toward the transition state, 3) the urethane formation over [Cu(NHs)4]?* and 4) the
liberation of urethane product from [Cu(NHs)4]?*. The reaction pathway for the
gelling reaction accelerated by [Zn(NHs)s]?* is similar to that obtained from
[Cu(NHs)4]?*as shown in Figure 5.2. In the case of uncatalyzed gelling reaction
(Figure 5.3), the reaction mechanism appears different. The reaction pathway
composes of three reaction steps, namely 1) the primary interaction between phenyl
isocyanate and methanol reactants, 2) the reaction toward the transition state and 3)
the urethane formation. The details about all configurations included in these reaction

pathways are further discussed in the sections 5.1.1 and 5.1.2.
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[Cu(NH3),J** PhHNCOOCH,
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(Urethane) INT2

Figure 5.1 Reaction mechanism for gelling reaction accelerated by [Cu(NH3)4]?*.
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Figure 5.2 Reaction mechanism for gelling reaction accelerated by [Zn(NHs)4]%".
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Figure 5.3 Reaction mechanism for unaccelerated gelling reaction.
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5.1.1 Optimized structures of reactant, product and catalyst for gelling

reaction

The optimized structures of phenyl isocyanate, methanol, urethane product
and metal-ammonia complexes obtained at CAM-B3LYP/6-31G(d) level of theory
are presented in Figure 5.4. Phenyl isocyanate is the planar structure. A bond angle of
N=C=0 group is 173.55, which almost appears as a linear bond before it is activated
by metal-ammonia complexes. Bond distances between N=C and C=O of phenyl
isocyanate are 1.20 and 1.17 A, respectively. For methanol, the bond distance of O-H
is shorter at 0.97 A. In the case of [Cu(NHs)4]** and [Zn(NHs)4]?*, the coordinated
bond distances between Cu---N and Zn---N are 2.01 and 2.04 A, respectively.

s\/ ) J’ . 4‘
‘f;f' “r “*‘s’

d ?
1 BIP2000 T LeDB WD WP
9

() (b) ()

Figure 5.4 CAM-B3LYP/6-31G(d)-optimized structures of (a) phenyl isocyanate (b)
methanol, (c) urethane product, (d) [Cu(NH3)s]** and (e) [Zn(NHs)s]?*". The

optimized structures in top and bottom rows are top and side views, respectively.



121

5.1.2 Optimized structures of involved configuration in gelling reaction

According to the reaction mechanism, it is found that the gelling reaction
accelerated by [Cu(NHs)4]** and [Zn(NHs)s]** composes of three involved
configurations (Figures 5.5 and 5.6) as follows: 1) the intermediate (INT1g, or
INT1,,) which occurs before the transition state when the phenyl isocyanate is
activated by the catalysts and the reactants move closer to each other. 2) the transition
state [TS(Cu) or TS(Zn)] which occurs when the oxygen of methanol interacts with
the carbon of phenyl isocyanate to have the C—O bond and tries to transfer its proton
to nitrogen of phenyl isocyanate to form urethane linkage. 3) the intermediate
(INT2¢, or INT2,,) which occurs after transition state when the urethane product is
formed and tries to release from the catalyst. For uncatalyzed gelling reaction, only
two involved configurations, namely INT1' (the closer reactants) and TS(Non) (the
structure with proton transfer process) are found as shown in Figure 5.7.

Considering INT1, [Figure 5.5(a)] and INT1,, structures [Figure 5.6(a)],
it can be observed that their N=C=0 groups tend to bend toward the [Cu(NHz3)4]*" and
[Zn(NH3)4]?* catalysts, respectively. The bond angle of N=C=0 group of INT1, and
INT1,, changes from 173.55 ° to 143.33" when compared to that of phenyl isocyanate
reactant. The oxygen of N=C=0 group obviously points to the metal ion of each metal
complex for coordinating. The distances between carbon of phenyl isocyanate and
oxygen of methanol (C---O) in INT1, and INT1,,, are 1.57 and 1.56 A, respectively.
These distances are much shorter than that of INT1’ in uncatalyzed gelling reaction
(3.81 A). The distance between reacting atoms is one of the physical factors that
indicates whether the reaction is easily taken place (58). This result reveals that
[Cu(NHs)4]?" and [Zn(NHs)4]** can activate the N=C=0 group through the oxygen
coordination and decrease the distance between the reactants by inducing the
methanol to move closer to activated phenyl isocyanate. Therefore, the urethane
formation between methanol and phenyl isocyanate tends to occur easier in
comparison to the uncatalyzed gelling reaction.

In the case of transition state configurations of [Cu(NHs)4]?*-catalyzed,
[Zn(NH3)4)?*-catalyzed and uncatalyzed gelling reactions, namely TS(Cu) [Figure
5.5(b)], TS(Zn) [Figure 5.6(b)] and TS(Non) [Figure 5.7(b)], respectively, appear as
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the four-membered ring structures with the single negative imaginary frequency of
1640.99i, 1642.91i and 1517.21i cm™, respectively. The intrinsic reaction coordinate
(IRC) of TS(Cu), TS(Zn) and TS(Non), which can track the minimum energy paths
from transition state structures to the corresponding minimum, are presented in
Figures B1, B2 and B3, respectively, in Appendix B. It is found that the transition
state for gelling reaction proceeds through the proton transfer process from the
oxygen of methanol to the nitrogen of phenyl isocyanate. These obtained four-
membered ring structures with the proton transfer at the transition state of urethane
formation are in good agreement with the previous results studied using the different
systems in the other works (57, 64, 120). The urethane products catalyzed by
[Cu(NHs)s]**and [Zn(NH3)4]?*" catalysts as shown in Figures 5.5(c) and 5.6(c),
respectively, have the similar geometry to that obtained from uncatalyzed gelling

reaction as shown in Figure 5.7(c).
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Figure 5.5 CAM-B3LYP/6-31G(d)-optimized structures of (a) INT1¢,, (b) TS(Cu)
and (c) INT2'Cu. The optimized structures in top and bottom rows are top and side

views, respectively. The bond distances are in A.
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Figure 5.6 CAM-B3LYP/6-31G(d)-optimized structures of (a) INT1,,, (b) TS(Zn)
and (c) INT2,,. The optimized structures in top and bottom rows are top and side

views, respectively. The bond distances are in A.
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Figure 5.7 CAM-B3LYP/6-31G(d)-optimized structures of (a) INT1’, (b) TS(Non)

and (c) urethane product. The optimized structures in top and bottom rows are top and

(2)

side views, respectively. The bond distances are in A.
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5.1.3 Natural bond orbital (NBO) analysis for gelling reaction accelerated by
[Cu(NHS3)4]?* and [Zn(NH3)4]?*

The population of charge on the atoms of TS(Cu), TS(Zn) and TS(Non)
structures is presented in Figures 5.8(a), (b) and (c), respectively. The atoms relating
with the reaction site of the urethane formation are focused as labeled in these
Figures. The positive charges are accumulated on Cu, Zn, C and H and appear as the
green atoms, while the negative charges are accumulated on O1, N and O2 and appear
as the red atoms. The charge values are summarized in Table 5.1.

The investigation for donating and accepting of electrons between
molecules could be conducted through the NBO analysis, which gives the appropriate
basis to predict the partial charge transfer (Qect) between the catalysts and their
accelerated molecules and can indicate the catalytic mechanism of [Cu(NH3)4]** and
[Zn(NH3)4)?* in the urethane formation. The Qpcr is calculated using the following

equation:

Qrct = Qcatalyst/PhNCO/CHsOH — Qcatalyst (5.1)

where QatalysuphncorcH:on IS the total charge (in e) of catalysts, [Cu(NHs)s]** or
[Zn(NH3)4)?*, during accelerating the reaction of phenyl isocyanate and methanol at
the transition state, while Qcataiyst is the charge of [Cu(NHz3)s]?* or [Zn(NH3)4]?" in free
case. It is found that [Cu(NH3)4]** and [Zn(NHs)s]?* catalysts can withdraw electrons
from phenyl isocyanate, and Qpcr is transferred to [Cu(NH3)s]?* and [Zn(NH3)4]?* of -
0.155 and -0.168 e, respectively [Figures 5.8(a) and (b)]. The electron transfer to
[Zn(NHs)4]?* is slightly more than [Cu(NHs)4]** owing to the reason that the zinc ion
coordinates with the oxygen atom of phenyl isocyanate closer than the copper ion.
Based on this result obtained from NBO analysis along with the optimized
geometries of TS(Cu) and TS(Zn), which obviously point the oxygen atom of phenyl
isocyanate to each metal ion of the catalyst, the catalytic mechanism of [Cu(NH3)4]**
and [Zn(NHs)4]** can be deduced that the metal ions (copper and zinc ions) of
[Cu(NH3)4]?* and [Zn(NHs)4]** act as the Lewis acid to coordinate with the oxygen

atom of phenyl isocyanate. This causes the carbon atom of phenyl isocyanate to be
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more electrophilic, which enhances the nucleophilic attack from the oxygen of
methanol to form the urethane linkage. The data of NBO charge in Table 5.1 show
that the carbon atoms of phenyl isocyanate accelerated by [Cu(NHs)4?" and
[Zn(NH3)4]** have more positive charge values of 0.938 and 0.941 e, respectively, in

comparison to that of carbon atom in noncatalytic system (0.919 e).
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Figure 5.8 NBO atomic charges at the transition state of urethane formation
accelerated by (a) [Cu(NH3)4]?*, (b) [Zn(NH3)4]?>* and (c) noncatalytic system.

Table 5.1 Selected NBO charges (in e) of the relating atoms around the reaction site
of urethane formation obtained using CAM-B3LYP/6-31G(d) level of theory.

Configurations Cu Zn 01 C N 02 H
TS(Non) - - 0578 0919 -0.729 -0.656  0.542
TS(Cu) 1.113 - 0.726 0938 -0.667 -0.597  0.565

TS(Zn) - 1256 -0.741 0941 -0.654 -0.594  0.565
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5.1.4 Frontier molecular orbital (FMO) analysis for gelling reaction
accelerated by [Cu(NH3)4]?* and [Zn(NH3)4]?

FMO analysis was carried out for better understanding about the
electronic properties of [Cu(NHs)4]** and [Zn(NH3)s]?* catalysts in gelling reaction.
HOMO and LUMO orbital distributions of TS(Cu), TS(Zn) and TS(Non) are shown
in Figures 5.9(a), (b) and (c), respectively. The difference result of orbital
distributions between the catalyzed and the uncatalyzed transition state is found. For
catalyzed transition state, namely TS(Cu) and TS(Zn), the electron delocalization
between HOMO and LUMO is obviously changed. Their HOMOs are delocalized on
the phenyl group and around the interacting site between phenyl isocyanate and
methanol, while their LUMOs are delocalized on [Cu(NHs)4]** or [Zn(NH3)4]**. For
uncatalyzed transition state or TS(Non), the electron delocalization between HOMO
and LUMO is not obviously changed, which locates on phenyl isocyanate and the
oxygen atom of methanol. This result indicates that the use of [Cu(NH3)4]** and
[Zn(NH3)4)?* catalysts for urethane formation can lead the electron delocalization at
the transition state of urethane formation.
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Figure 5.9 Frontier molecular orbitals of (a) TS(Cu), (b) TS(Zn) and (c) TS(Non)

investigated at the transition state of urethane formation.
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Moreover, the HOMO and LUMO orbital distributions relating to some
crucial step in the reaction pathway of urethane formation were investigated. As
previous discussed, [Cu(NHz3)4]** or [Zn(NH3)4]?* can act as the Lewis acid to activate
the carbon atom of phenyl isocyanate to be more electrophilic for enhancing the
nucleophilic attack from oxygen atom of methanol in the activating step of urethane
formation. Therefore, this activating step is important to calculate the energy gab (Eg)
between the LUMO of activated phenyl isocyanate and the HOMO of methanol in
order to evaluate the reactivity of the catalysts and to indicate whether urethane
formation is easier to occur in comparison to the uncatalyzed reaction. The LUMO of
activated phenyl isocyanate is the innermost empty orbital which can accept the
electron from the HOMO of methanol, and the HOMO of methanol is the outermost
orbital which contains the electron for giving to the LUMO of activated phenyl
isocyanate for constructing the C-O bond of urethane linkage.

Figures 5.10(a), (b) and (c) show the calculated energy gap (Eg = AEHomo-
Lumo) obtained from [Cu(NHs)4]**-catalyzed, [Zn(NH3)4]**-catalyzed and
uncatalyzed reactions, respectively. It is found that the E4 between the LUMO of
phenyl isocyanate and the HOMO of methanol largely decreases from 9.636 eV
(uncatalyzed reaction) to 2.671 and 2.737 eV when using [Cu(NHs)s]?* and
[Zn(NH3)4)**catalysts, respectively. This narrower Eq can indicate that the reaction
between activated phenyl isocyanate with methanol to form urethane can occur easier
when using [Cu(NHs)s)** and [Zn(NHs)s]**catalysts. The slightly narrower Eg
obtained from [Cu(NHa3)s]?* reveals that [Cu(NH3)s]?* had slightly more reactivity
than [Zn(NHa3)4]%".
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Figure 5.10 Frontier molecular orbitals of phenyl isocyanate and methanol in the case
of (a) [Cu(NHs)4]**-catalyzed, (b) [Zn(NHs3)4]?*-catalyzed and (c) uncatalyzed reactions.
The unit of energy gap (Eg) is eV.

5.1.5 Thermodynamic and kinetic investigation of gelling reaction accelerated
by [Cu(NH3)4]?* and [Zn(NH3)4]?*

Potential energy profiles of gelling reaction obtained from [Cu(NHz3)4]?*-
catalyzed, [Zn(NHs)s]?*-catalyzed and uncatalyzed systems are presented in Figures
5.11, 5.12 and 5.13, respectively. The reaction energy, thermodynamic property,
reaction rate constant and equilibrium constant for each system are summarized in

Table 5.2. It can be observed from the potential energy profiles that the rate
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determining step for gelling reaction in both catalytic and noncatalytic systems is the
step at which the INT1,, INT1,, and INT1' transform to the INT2,, INT2;,, and
INT2', respectively, via the transition state of each reaction. According to the data in
Table 5.2, the reaction rate constants for the rate determining step via TS(Cu), TS(Zn)
and TS(Non) are 1.28x107, 3.51x10° and 9.43x101° s%, respectively. The equilibrium
constants for the rate determining step via TS(Cu), TS(Zn) and TS(Non) are
2.58x10%, 2.07x10% and 2.98x10%, respectively. The activation energies for the
[Cu(NHs3)4]?*-catalyzed, [Zn(NHs)4]?**-catalyzed and uncatalyzed gelling reactions are
9.49, 9.58 and 27.54 kcal/mol, respectively. The gelling reaction without any catalyst
shows the largest activation energy accompanying with the minimum reaction rate
constant. This result proves that [Cu(NHz)4]** and [Zn(NHs)s]** are good catalysts for
the gelling reaction since they show the activities of the catalyst, which can reduce the
activation energy and also increase the rate constant of the gelling reaction in

comparison to the uncatalyzed reaction.
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Figure 5.11 The potential energy profile for gelling reaction accelerated by
[Cu(NH3)4]?".
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Table 5.2 Activation energies, reaction energies, thermodynamic quantities, rate
constants and equilibrium constants of catalyzed and uncatalyzed gelling reaction,
computed at the CAM—B3LYP/6-31G(d) level of theory.

Reaction AE* 20 AGH b ko5 ° AE @ AHS9g®  AGSgg ® K9s
Noncatalytic system:

PhNCO + CH3OH — INT!' - - - -4.71 —-4.40 4.36 6.41x10*
INT1' — TS(Non) — urethane 27.54 30.26 9.43x10710 —25.26 —26.43 —22.47 2.98x1016

Catalytic system:
[Cu(NHz)4]?* catalyst:

PhNCO + CH3OH + [Cu(NHs)a]?* — INT1, - - - -3296  -33.21 -8.89 3.27x10°
INTlg, — TS(Cu) — INT2, 9.49 9.30 1.28x107 4459  -44.64 4558 2.58x10%
INT2{, — urethane + [Cu(NHs)a]2* = - = 47.58 47.01 36.35 2.26x10%

[Zn(NH3)4]?* catalyst:

PhNCO + CH3OH + [Zn(NHzs)a]?* — INT1y, - - . 2441  —24.24 -0.17 1.32x10°
INT17, — TS(Zn) — INT2y, 9.58 9.33 351x10° 4493 4555 -44.08 2.07x10%
INT2}, — urethane + [Zn(NHz)a]?* K - h 39.37 38.96 26.13 6.98x102
& n kcal/mol.

b Activation energy.
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5.2 Reaction mechanism of blowing reaction over metal-ammonia complexes

According to the results of gelling reaction obtained from computational study in
the previous section, [Cu(NHs)s]** showed better catalytic efficiency than
[Zn(NH3)4)?*. Therefore, the catalytic mechanism in blowing reaction was studied
using [Cu(NHs)s)?* as the catalyst. The model reaction for computational study of
blowing reaction is shown in Scheme 5.2. Water (H20) reacts with phenyl isocyanate
to obtain the carbamic acid (intermediate molecule), which further decomposes to
give carbon dioxide (CO2) and phenyl amine. CO2 product is the blowing gas

providing the cellular structure of the foams.
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Scheme 5.2 A model reaction for blowing reaction.

From the result of computational study, the reaction mechanism for the blowing
reaction accelerated by [Cu(NHs)s]** can be obtained as shown in Figure 5.14. The
reaction pathway composes of eight reaction steps, namely 1) the primary
coordination between the reactants and [Cu(NHs)4]?*, 2) the reaction of activated
reactants toward the first transition state, 3) the carbamic acid formation over
[Cu(NHs)4]?* catalyst, 4) the rotation of proton of carbamic acid toward the second
transition state, 5) the change of second transition state toward the intermediate, 6) the
reaction of intermediate toward the third transition state, 7) the CO. generation and
phenyl amine formation over [Cu(NHs)4]?* catalyst and 8) the liberation of CO, and
phenyl amine products from [Cu(NHs)s]?*. The details about all configurations

involved in the blowing reaction pathway are further discussed in the section 5.2.1.
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Figure 5.14 Reaction mechanism for blowing reaction accelerated by [Cu(NH3)4]%*.
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5.2.1 Optimized structures of reactant, product and involved configuration

in blowing reaction accelerated by [Cu(NH3)4]?*

The optimized structures of phenyl isocyanate, H-O, phenyl amine and CO-
obtained at CAM-B3LYP/6-31G(d) level of theory are presented in Figure 5.15.
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Figure 5.15 CAM-B3LYP/6-31G(d)-optimized structures of (a) phenyl isocyanate
(b) H20, (c) phenyl amine and (d) CO». The optimized structures in top and bottom

rows are top and side views, respectively.

The seven optimized geometies of involved configurations in blowing
reaction are shown in Figures 5.16. This number of involved configurations in
blowing reaction is more than that of gelling reaction, which points out that the
reaction pathway of blowing reaction might be more complex than that of the gelling
reaction. The details of the configurations in the blowing reaction pathway are as

follows: 1) the intermediate [INTl'(Cu’COQ] which occurs when the phenyl isocyanate

is activated by the [Cu(NH3)4]?*, and the H2O reactant is induced to move closer to
the activated phenyl isocyanate. 2) the first transition state [TS1(Cu,CO2)] which
occurs when the oxygen atom of H»O interacts with the carbon atom of phenyl
isocyanate to obtain C—O bond and tries to transfer its proton to nitrogen atom of

phenyl isocyanate to form carbamic acid. 3) the obtained carbamic acid [INT2'(CH,C02)]

which is the thermally unstable structure and the main intermediate of blowing
reaction (8, 10, 121). 4) the rotational transition state [TS2(Cu,CO2)] which is the
second transition state and occurs when carbamic acid tries to rotate its hydroxyl
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group. 5) the intermediate [INT3'(Cu,C02)] whose hydroxyl proton locates in the same

planar to the N-H. 6) the third transition state [TS3(Cu,CO2)] which occurs when the
C—N bond of carbamic acid is weaker and the oxygen atom tries to transfer the second
proton to nitrogen atom in the same carbamic acid molecule. 7) the intermediate
[INT4'(Cu,C02)] which composes of CO; and phenyl amine products over the
[Cu(NHz3)4]?* catalyst.

The result reveals that all intermediates in the blowing reaction pathway
still point their N=C=0 groups toward the [Cu(NHs)4]?" catalyst. This is similarly to
the case of gelling reaction. However, the distance between the activated phenyl
isocyanate and the H,O (2.21 A) in the case of blowing reaction shown in

INTI'(CU’COZ) is longer than that of the activated phenyl isocyanate and the methanol

(1.57 A) in the case of gelling reaction shown in INT1, even though both reactions
are accelerated by the same catalyst. In addition, the blowing reaction undergoes three
transition state configurations, namely TS1(Cu,CO;), TS2(Cu,CO2) and
TS3(Cu,CO»), with the single negative imaginary frequency of 1605.29i, 504.45i and
1777.99i cm™, respectively. The intrinsic reaction coordinate (IRC) of these transition
state structures are presented in Figures B4-B6 in Appendix B. TS1(Cu,CO) and
TS3(Cu,CO2) are the proton transfer transition states with four-membered ring
structures, whereas TS2(Cu,COy) is hydroxyl rotational transition state. Generally, the
optimized structure of the CO> should be the linear structure as shown in the Figure
5.15(d), but, the CO2 product decomposed from the carbamic acid in

INT4'(Cu,COZ) locates at the middle between the phenyl amine product and

[Cu(NHs3)4]?* catalyst. This leads the CO; structure to slightly bend its oxygen atoms
toward the [Cu(NHs3)4]?* catalyst with the bond angle of 133.9".
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@

Figure 5.16 CAM-B3LYP/6-31G(d)-optimized structures of (a) INTl'(Cu,Coz), (b)
TS1(Cu,CO), (¢) INT2(¢y co,), (d) TS2(CU,CO2), (€) INT3(gy o,y () TS3(CU,CO)
and (g) INT4'(Cu,C02). The optimized structures in top and bottom rows are top and

side views, respectively. The bond distances are in A.
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5.2.2 Natural bond orbital (NBO) analysis for blowing reaction accelerated
by [Cu(NH3)4]?*

The population of charge at the transition state of blowing reaction was
investigated. The NBO charges on the atoms of TS1(Cu,CO), TS2(Cu,CO2) and
TS3(Cu,CO>) are presented in Figures 5.17(a), (b) and (c), respectively. The atoms
relating with the blowing reaction are focused as labeled in these Figures. Their
charge values are summarized in Table 5.3. The partial charge transfer (QecT)
between the catalyst and their accelerated molecules (in e) is calculated using the
same equation of gelling reaction as shown in the Figure 5.17. As expected,
[Cu(NHs3)4]?" also shows the Lewis acid characteristic for catalyzing the blowing
reaction, which can withdraw electrons from the phenyl isocyanate reactant. In the
case of blowing reaction, Qpcr is transferred to [Cu(NHs)4]?* of -0.145, -0.149 and -
0.140 e for TS1(Cu,CO2), TS2(Cu,CO2) and TS3(Cu,COy), respectively. These Qpct
values are slightly less than that transferred to [Cu(NHs)4]?* in the case of gelling
reaction (-0.155 e).
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Figure 5.17 NBO atomic charges of (a) TS1(Cu,CO,), (b) TS2(Cu,CO,) and (c)

TS3(Cu,CO) investigated at the transition states of blowing reaction.
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Table 5.3 Selected NBO charges (in €) of the relating atoms around the reaction site
of blowing reaction obtained using CAM-B3LYP/6-31G(d) level of theory.

Configurations Cu o1 C N 02 H1 H2

TS1(Cu,CO;) 1113 -0715 0933 -0.664 -0.759 0568  0.560
TS2(Cu,CO2) 1111 0731 1.006 -0.646 -0.738 0468  0.540
TS3(Cu,CO2) 1101 0656 0.996 -0.759 -0.740 0471  0.544

5.2.3 Frontier molecular orbital (FMO) analysis for blowing reaction
accelerated by [Cu(NH3)4]%*

HOMO and LUMO orbital distributions of TS1(Cu,CO2), TS2(Cu,CO>)
and TS3(Cu,CO>) are shown in Figures 5.18(a), (b) and (c), respectively. The orbital
distributions for the transition state configurations of blowing reaction are similar to
those of the gelling reaction. The Homos are delocalized on the phenyl group and
around the interacting site between activated phenyl isocyanate and H>O, while their

LUMOs are delocalized on [Cu(NH3)4]?* due to the Lewis acid nature of this catalyst.
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Figure 5.18 Frontier molecular orbitals of (a) TS1(Cu,COy), (b) TS2(Cu,CO2) and (c)
TS3(Cu,COy) investigated at the transition states of blowing reaction.
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The calculated Eg (AEHomo-Lumo) between LUMO of activated phenyl
isocyanate and the HOMO of H2O is shown in Figure 5.19(a) and compared to that of
uncatalyzed blowing reaction as shown in Figure 5.19(b). This calculated Eg decreases
from 10.443 eV of uncatalyzed blowing reaction to 3.479 eV with using [Cu(NH3)4]*
catalyst. In comparison to the gelling reaction catalyzed by [Cu(NHs)4]?*, the E4 of
blowing reaction is wider than that of the gelling reaction (2.671 eV). This result
indicates that the reactivity of [Cu(NH3)4]?" in gelling reaction is better than that in

the blowing reaction.

(a) (b)
u‘ :
o 9
¢ 9
bt
3.167 -6.267 @ 3.167 0.698
(% % S50
LUMO  /LUMO o8 LUMO  /LUMO >,
/’/5-479 /10443
9746 /1299 ‘ -9.746 -7.836 ‘ ’
9 HOMO HOMO ? < HOMO HOMO .
H,0 H,0
oD, : PhNCO
JYSDT
e
PhNCO with [Cu(NHy),J*'

Figure 5.19 Frontier molecular orbitals of phenyl isocyanate and H-O in the case of
(a) [Cu(NHs3)4]**-catalyzed and (b) uncatalyzed reactions. A unit of energy gab (E) is
eVv.

5.24 Thermodynamic and Kkinetic investigation of blowing reaction
accelerated by [Cu(NH3)4]?*

The potential energy profile of blowing reaction accelerated by
[Cu(NHs)4]?* are presented in Figures 5.20. The reaction energies, thermodynamic
properties, reaction rate constants and equilibrium constants are summarized in Table
5.4. The result of the potential energy profile reveals that the rate determining step for
the blowing reaction accelerated by [Cu(NHs)s]?* is the step at which the rotated

carbamic acid [INT3 ¢, co,)] transforms to CO and phenyl amine [INT4c, co,)] Via

the proton transfer transition state [TS3(Cu,CO2)]. The reaction rate constant, the
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equilibrium constant and the activation energy for this rate determining step of
blowing reaction are 9.71x10° s, 4.35x10° and 36.42 kcal/mol, respectively. The
calculated reaction rate constant is rather low because our computational study of
blowing model reaction was conducted at 298.15 K. However, the real temperature
obtained from the reactions of rigid PUR foam catalyzed by [Cu(NHs)4]?* is 396.9 K.
Therefore, the reaction rate constant for the real blowing reaction can increase with
this higher temperature. In comparison to the gelling reaction catalyzed by the same
catalyst, the blowing reaction show the lower reaction rate constant accompanying
with the higher activation energy. This result points out that [Cu(NH3)s]** can
catalyze the gelling reaction better than the blowing reaction.

According to all data of computational study, it can be concluded that the
results of experimental study are in good agreement with the results of computational
study, which reveals that the metal-ammonia complex can catalyze the gelling
reaction better than the blowing reaction. The catalytic mechanism of both gelling and
blowing reaction can be obtained. However, only Lewis acid characteristic of catalyst
can be confirmed by this computational study.
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Figure 5.20 The potential energy profile for blowing reaction accelerated by
[Cu(NH3)4]?".
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Table 5.4 Activation energies, reaction energies, thermodynamic quantities, rate

constants and equilibrium constants of blowing reaction accelerated by [Cu(NH3)4]?",
computed at the CAM—B3LYP/6-31G(d) level of theory.

Reaction AE* 20 AGH b ko5 ¢ AE?®  AHog®  AGeg? Kaos

Blowing reaction (CO2 generation):

[Cu(NH3)4]** catalyst:

PhNCO + Hz0 + [CU(NHa)?* — INTlcyco, 2894  -28.88 -9.77 1.46x107
INTI (¢4, c0,) — TSL(CU,CO2) — INT2(cy o) 13.56 16.82 2.90x10°  -4457 4572 -42.88  2.74x10%
INT2{c co,) — TS2(CU,CO2) — INT3(, co) 7.95 936 857x10° 265 271 333 3.61x10°
INT3;Cu,COI) — TS3(Cu,COy) — INT4i(tu.(toZ) 36.42 36.57 9.71x10%° 3.01 2.66 3.22 4.35x107°
INT4(, o) — CO2 + PhNH; + [Cu(NHs)a]?* 42.78 4321 2118 2.99x1076

2 In kcal/mol.
b Activation energy.
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CHAPTER 6

CONCLUSIONS

The conclusions of all experiment and computational parts are as follows:

6.1 Synthesis and characterization of metal-ammonia complex solutions

Copper- and Zinc-ammonia complexes, namely Cu(Amm) and Zn(Amm),
respectively, were synthesized using water as a solvent in order to yield the solution
form of these metal complexes, which could be utilized as the homogeneous catalysts
for the processing of rigid PUR and PIR foams. According to the catalyst synthesis,
the metal acetate [Cu(OAc)2 and Zn(OAc)2] could in situ coordinate with NHs in
water with the optimum mole ratio of metal acetate:NHs of 1:6. Cu(Amm) and
Zn(Amm) solutions could be characterized by MALDI-TOF mass spectrometry
and UV-visible spectroscopy, which indicated that the main structures of metal
complex were [Cu(NHs)s(H20)2](OAc)2 and [Zn(NHs)s(H20)2](OAC).. Density
functional theory (DFT) calculations at B3LYP/6-311+g(d,p) level of theory
confirmed that these structures were the most stable species of the metal complex in

water.

6.2 Preparation of rigid PUR foams using metal-ammonia complexes as catalysts

Cu(Amm) and Zn(Amm) could be homogeneously mixed with all reactants of the
foam. Cu(Amm) and Zn(Amm) showed adequately catalytic activity toward both
gelling and blowing reactions in comparison to DMCHA (the industrial catalyst).
Zn(Amm) slightly had lower catalytic activity than DMCHA, whilst Cu(Amm)
showed higher catalytic activity than DMCHA. The coordinated structures were
necessary for copper-based and zinc-based catalysts in this work since the metal
acetates without the complex structures showed very poor catalytic activity. H2O
merely existed as a solvent in catalyst solutions, but did not interfere the catalytic

activity of metal-ammonia complexes. Both Cu(Amm) and Zn(Amm) showed the
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characteristic of catalyst, which could obviously decrease the reaction time of the
foams with increasing catalyst contents. The optimum catalyst content for processing
of rigid PUR foam is 1.0 pbw. Density of rigid PUR foams obtained from Cu(Amm)
and Zn(Amm) was comparable to that of DMCHA. More than 98% of isocyanate
conversion of rigid PUR foam could be obtained with using Cu(Amm) and Zn(Amm)
catalysts. The reactions of rigid PUR foams were exothermic reactions, which gave
the maximum core temperature of the foam in the range of 123.8-127.8 "C. All rigid
PUR foams composed of close cells, which had dissimilar morphology in different
foam-rising direction. The compression strength of rigid PUR foams in the same to
foam-rising direction was higher than that in the opposite to foam-rising direction.
This probably related to the dissimilar morphology of foam in different foam-rising
direction. The compression strength of the foams decreased when using higher water
content in foam formulation. The prepared rigid PUR foams using Cu(Amm) and
Zn(Amm) as the catalysts had suitable dimensional stability that was in the range of

commercial standard.

6.3 Preparation of PIR foam using the mixtures of potassium octoate with metal-

ammonia complexes as catalysts

Cu(Amm) and Zn(Amm) solutions were completely soluble with potassium
octoate solution in diethylene glycol (the trimerization catalyst) and could be used as
co-catalysts for accelerating the urethane formation and CO; production of PIR foam.
Their catalytic activity was compared to the mixture of potassium octoate with
DMCHA, which was the industrial catalyst system. PIR foams prepared by the
mixtures of potassium octoate with Cu(Amm) or Zn(Amm) showed shorter reaction
time than their relating rigid PUR foams. However, PIR foams obtained from the
mixture of potassium octoate with DMCHA showed longer gel time than their relating
rigid PUR foam. This result indicated the partial loss of catalytic activity for gelling
reaction of DMCHA when used in PIR foam system. Higher isocyanate index
increased PIR/PUR proportions, but decreased % isocyanate conversion. However, all
catalyst mixtures gave >90% of isocyanate conversion at the highest isocyanate index

of 250. The PIR foam processed by the mixture of potassium octoate with Cu(Amm)
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had similar fire-retarded properties to that processed by mixture of potassium octoate
with DMCHA, but showed better compression properties which did not rupture with
the compression force. All prepared PIR foams showed better compression properties,
fire-retarded properties as well as thermal stability in comparison to rigid PUR foams.

6.4 Theoretical study of catalytic properties of metal-ammonia complexes in

gelling and blowing reactions

The reaction mechanism for gelling and blowing reactions accelerated by
Cu(Amm) and Zn(Amm) could be obtained by theoretical study using DFT
calculations at CAM-B3LYP/6-31G(d) level of theory. The reaction pathway of
catalyzed gelling reaction composed of four reaction steps and three configurations,
while reaction pathway of catalyzed blowing reaction composed of eight reaction
steps and seven configurations. The blowing reaction pathway was more complex
than the gelling reaction and had three transition states of the reaction. NBO analysis
confirmed that Cu(Amm) and Zn(Amm) showed the Lewis acid characteristic in the
catalysis, which could withdraw the electron from their activated isocyanate
compounds resulting in more electrophilic carbon of isocyanate compound. FMO
analysis indicated that the energy gab between the reactants of both gelling and
blowing reactios decreased with using Cu(Amm) and Zn(Amm) catalysts.
Thermodynamic and kinetic investigation revealed that the reaction rate constant
increased, while the activation energy of the reactions decreased with using Cu(Amm)
and Zn(Amm) catalysts. This could prove the catalytic activity of Cu(Amm) and
Zn(Amm) catalysts in gelling and blowing reactions. The results of experimental
study are in good agreement with the results of computational study, which reveals
that the metal-ammonia complexes can catalyze the gelling reaction better than the
blowing reaction. However, only Lewis acid characteristic of catalyst in the proposed
catalytic mechanism can be confirmed by the computational study.

In summary, the advantages of Cu(Amm) and Zn(Amm) solutions in the
processing of rigid PUR and PIR foams are as follows: The catalytic mechanism of
these catalysts in gelling and blowing reactions is known. These catalysts were

obtained in the form of agueous solution which was homogeneous and could be
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applied for the foam processing without purifying step. H2O solvent in the catalyst
solutions was able to blow both rigid PUR and PIR foams. This gave more convenient
procedure for the foam processing and showed the potential to reduce the use of
hydrochlorofluorocarbons (HCFCs), which is the physical blowing agent of the foams
and can cause ozone depletion. Both Cu(Amm) and Zn(Amm) solutions had much
weaker odor than the DMCHA industrial catalyst and could improve the working
environment in the foam processing. The catalytic activity in gelling and blowing
reactions of these catalysts was enough resulting in rigid PUR and PIR foams with

good properties.

6.5 Suggestion for future work

The other compounds of transition metal, namely Mn(acac)., Fe(acac)s, FeCls
and Zr(acac)s, may be further studied for using instead of Cu(OAc)z2 and Zn(OAC): in
the synthesis of metal-ammonia complexes in order to obtain more variety of the

catalytic activity of catalyst.
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APPENDIX A

CALCULATIONS OF ISOCYANATE INDEX AND
ISOCYANATE CONVERSION

Isocyanate index calculation

The calculation of isocyanate index of 100 (for rigid PUR foams), 160, 200 and
250 (for PIR foams) requires the data of isocyanate compound and the reactive
starting materials, which can react with the isocyanate compound, as follows:

e PMDI (B9001®, molecular weight = 365.8, functionality = 2.7)

e Polyol (Polimaxx®4221, OH value = 440 mg KOH/g, functionality = 4.3)

e Blowing agent (water, molecular weight = 18.0 g/mole, functionality = 2)

e Solvent of trimerization catalyst (diethylene glycol molecular weight = 106.1

g/mole, functionality = 2
The chemical amount of each compound in foam formulation used for the calculation

is presented in Table Al.

Table A1l Chemical content (pbw) of reactive compounds in foam formulations used

for isocyanate calculation.

Chemicals Rigid PIR foams

PUR

foams
Polyol 100.0 100.0 100.0 100.0
Diethylene glycol solvent in 70%wt - 0.9 0.9 0.9
potassium octoate solution (3.0 pbw)
Silicone surfactant 2.5 2.5 2.5 2.5
Water 4.0 4.0 4.0 4.0
Isocyanate index 100 160 200 250

PMDI ? ? ? ?
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The example of the calculation can be shown as follows:

56.1

Equivalent weight of polyol = x 1000 = 127.5 (Al)
440
18.0

Equivalent weight of water = T = 9.0 (A2)

) ) . 106.1
Equivalent weight of diethylene glycol = —— =53.1 (A3)
2

Note: Surfactant, gelling and blowing catalysts are not required to calculate the

equivalent weight since they do not react with isocyanate compounds.

parts by weight (pbw)
Number of equivalent in formulation = (Ad)
equivalent weight

Number of equivalent in the formulation:

Polyol = —— = 0.7843 (A5)
127.5

Water 2xoffl Una 0.4444 (A6)
9.0
: 0.9

Diethylene glycol (solvent) = ? = 0.0170 (A7)

Total number of equivalent for rigid PUR foams = 0.7843 + 0.4444 = 1.2287
(A8)

Total number of equivalent for PIR foams = 0.7843 + 0.4444 + 0.0170 = 1.2457
(A9)
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Therefore, the theorical amount of PMDI at isocyanate index of 100 for rigid PUR

foams (without using trimerization catalysts) can be obtained as:

PMDI molar mass
PMDI (pbw) = 1.2287 x = 12287 x 398 — 166.07

functionality 2.7

(A10)

The theorical amount of PMDI at isocyanate index of 100 for PIR foams can be

obtained as:
PMDI molar mass
PMDI (pbw) = 1.2457 x = 12457 x 308 — 16877
functionality 2.7
(A11)
where;

actual amount of isocyanate
Isocyanate index = ‘ . x 100 (A12)
theoretical amount of isocyanate

Thus, the actual amount of isocyanate at isocyanate index of 160 can be calculated as:

Actual amount of isocyanate = 1600 168.77 = 270.03 pbw (A13)

100

The actual amount of isocyanate at isocyanate index of 200 can be calculated as:

Actual amount of isocyanate = 2000 ' 168.77 = 337.54 pbw (Al4)
100

The actual amount of isocyanate at isocyanate index of 250 can be calculated as:
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Actual amount of isocyanate = 2500 168.77 = 421.93 pbw (A15)

100

Therefore, the actual amount of PMDI at isocyanate index of 100 for rigid PUR foams
is 166.0 pbw, while the actual amount of PMDI at isocyanate index of 160, 200 and
250 for PIR foams are 270.0, 337.5 and 421.9 pbw, respectively.

Isocyanate conversion calculation
Isocyanate conversion is computed from the normalized absorption peak area of
remaining isocyanate group at 2277 cm* using the following equation:

Isocyanate conversion (%) = [1 - (A!

isocyanate

/ A?socyanate)] x 100 (A16)

where Aitsocyanate is the normalized absorption peak area of isocyanate group at time t.
A?SOCyanate is the normalized absorption peak area of isocyanate group of PMDI at

initial time. The normalization for obtaining A?Socyanate is carried out using the

absorption peak area of phenyl group (Appeny1) at 1595 cm as follows:

/ Aphenyl (A17)

0
Aisocyanate = Ais ocyanate
where Ajgoeyanate 1S the absorption peak area of isocyanate group of PMDI before

normalization. Therefore, the A?S(,Cyanate can be calculated as:
Aoeyanate = 57.41/0.90 = 63.79 (A18)

This A?SOCyanate is used to calculate the isocyanate conversion for both rigid PUR and

PIR foams. For example, rigid PUR foam prepared at isocyanate index of 100 and

using Cu(Amm) as the catalyst has Afsocyanate of
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Alsoeyanate = 0.91/1.82 = 0.50 (A19)
The isocyanate conversion of this foam can be obtained by:

Isocyanate conversion (%) = [1 - (A! /A oeyanate)] X 100 (A20)

isocyanate

Isocyanate conversion (%) = [1-(0.50/63.79] x 100 = 99.22 % (A21)

PIR/PUR proportion

PIR/PUR proportion is calculated by the peak area proportion of PIR and PUR
groups of each foam sample. For example, rigid PUR foam prepared at isocyanate
index of 100 and using Cu(Amm) as the catalyst has peak areas of PIR and PUR of
1.06 and 4.37, respectively. Therefore, PIR/PUR proportion = 1.06/4.37 = 0.24.

Table A2-A4 show the calculated % isocyanate conversion and PIR/PUR
proportion of all rigid PUR and PIR foams prepared in this work. The IR spectra

whose peak areas are used to calculate these data are presented in Figure A1-A3.

Table A2 % Isocyanate conversion and PIR/PUR proportion of rigid PUR (isocyanate
index 100) and PIR foams accelerated by Cu(Amm) and the mixture of potassium

octoate solution with Cu(Amm), respectively.

Peak Areas Isocyanate
NCO .

indices Aisocyanate Aphenyl Agsocyanate APIR
2277cm?*  1595cm®  (ph=10) 1415cm® 1220 cm™*

ApUR conversion PIR/PUR
(%0)

100 0.91 1.82 0.50 1.06 4.37 99.22 0.24
160 2.77 1.90 1.46 1.87 2.56 97.72 0.73
200 3.48 1.75 1.99 2.75 1.80 96.88 1.53

250 2.86 1.39 2.06 3.85 1.16 96.77 3.31
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Table A3 % Isocyanate conversion and PIR/PUR proportion of rigid PUR (isocyanate

index 100) and PIR foams accelerated by Zn(Amm) and the mixture of potassium

octoate solution with Zn(Amm), respectively.

Peak Areas Isocvanate
NCO yan
indices Aisocyanate Aphenyl Aitsocyanate API R APUR conversion PIR/PUR
0,
2277cm?*  1595cm?  (ph=10) 1415cm? 1220 cm* %)
100 1.73 1.83 0.94 0.57 3.40 98.52 0.17
160 2.96 2.08 142 131 2.83 97.77 0.46
200 4.10 1.75 2.34 211 2.32 96.33 0.91
250 3.23 1.56 2.07 2.90 1.13 96.75 2.57

Table A4 % lsocyanate conversion and PIR/PUR proportion of rigid PUR (isocyanate

index 100) and PIR foams accelerated by DMCHA and the mixture of potassium

octoate solution with DMCHA, respectively.

Peak Areas Isocvanate
NCO yan
indices Aisocyanate Aphenyl Aitsocyanate Apir APUR conversion PIR/PUR
0,
2277cm?*  1595cm?  (ph=10) 1415cm? 1220 cm? (%)
100 111 1.94 0.57 0.95 5.30 99.10 0.18
160 3.40 1.90 1.79 1.69 2.76 97.19 0.61
200 4.39 181 2.42 4.42 241 96.20 1.83
250 6.34 1.53 4.14 5.29 1.66 93.51 3.19
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Figure Al IR spectra of rigid PUR foam accelerated by Cu(Amm) at isocyanate
index 100 and PIR foams accelerated by the mixture of potassium octoate solution
with Cu(Amm) at isocyanate index 160, 200 and 250.
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Figure A2 IR spectra of rigid PUR foam accelerated by Zn(Amm) at isocyanate index
100 and PIR foams accelerated by the mixture of potassium octoate solution with

Zn(Amm) at isocyanate index 160, 200 and 250.
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Figure A3 IR spectra of rigid PUR foam accelerated by DMCHA at isocyanate index
100 and PIR foams accelerated by the mixture of potassium octoate solution with
DMCHA at isocyanate index 160, 200 and 250.
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APPENDIX B

INTRINSIC REACTION COORDINATES FOR
TRANSITION STATE CONFIGURATIONS
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Figure B1 Intrinsic reaction coordinate of TS(Cu) for gelling reaction catalyzed by
Cu(NH3)4%*.
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