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## 5272510123 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWORDS : MIXED METAL COMPLEX/ RIGID POLYURETHANE FOAM/
CATALYST

RUCHUON PROMNIMIT: PREPARATION OF RIGID POLYURETHANE

FOAMS USING MIXED METAL COMPLEXES AND PENTAETHYLENE

HEXAMINE AS CATALYSTS. ADVISOR: ASSOC. PROF. NUANPHUN

CHANTARASIRI, Ph. D., CO-ADVISOR: DUANGRUTHAI SRIDAENG,

Ph. D., 103 pp.

The development of catalysts for rigid polyurethane (RPUR) foam is the main
objective of this research. The catalysts employed were metal-amine complexes
[M;(pentaen)]; (M;= Cu, Zn, Co, Ni and Mn) and mixed metal-amine complexes
[M;(pentaen):M; (pentaen)]; (M;= Cu; My= Zn, Co, Ni and Mn), which were prepared
from metal acetates and pentacthylenechexamine (pentaen). FTIR, UV-vis
spectroscopy and elemental analysis were used to characterize the catalysts. The metal
complexes were used as the catalysts in the preparation of RPUR foams. The reaction
times, physical and mechanical properties of the prepared foams were compared with
that prepared using commercial catalyst, N,N-dimethylcyclohexylamine (DMCHA).
ATR-IR technique was used to determine polyisocyanurate:polyurethane (PIR:PUR)
ratio and isocyanate (NCO) conversion in the RPUR foam.

RPUR foams catalyzed by Cu(pentaen)Zn(pentaen) had a similar catalytic
activity when compared with foams catalyzed by commercial catalyst (DMCHA).
Furthermore, the compressive strengths of RPUR foams catalyzed by
Cu(pentaen):Zn(pentaecn) were better than that catalyjzed by DMCHA. The
compressive strength of RPUR foam catalyzed by Cu(pentaen):Zn(pentaen) increased
from 228.0 to 321.5 kPa with an increasing density from 40.8 to 47.5 kg/m’. SEM
micrographs of foam prepared from Cu(pentaen)Zn(pentaen) had smaller cell size
than that prepared from DMCHA. Therefore, the thermal insulation properties of
RPUR foam prepared from Cu(pentaen)Zn(pentaen) was better than that prepared
from DMCHA.
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CHAPTER 1

INTRODUCTION

Rigid Polyurethane (RPUR) foams have been used commercially for a variety
of applications. Closed-cell foams are generally rigid in nature and are most suitable
for thermal msulation because of their low thermal conductivity, low density, high
strength-to-weight ratio, and low moisture permeability [1]. Some typical engineering
applications of RPUFs are in transportation, refrigeration technology and appliances,
building construction, the automotive industry, packaging and sporting goods [2].

Traditionally, polyurethanes are produced by the exothermic polymerization
reaction of molecules containing two or more isocyanate groups with polyol
molecules containing two or more hydroxyl groups. The functionality of the polyol or
the isocyanate can be adjusted for controllng the physical and mechanical properties
of polyurethanes [3].

The rigid polyurethane foams processing can be categorized nto two methods
which are one shot and two shot methods. For one shot method, all materials
consisting of polyol, catalyst, surfactant, blowing agent and isocyanate are mixed
homogeneously within one step. For two shot method, the difference is that
isocyanate is added mto the mixture of polyol, catalyst, surfactant and blowing agent
[4-5].

The foaming reaction can be carried out with blowing agents which consist of
physical and chemical blowing agents, or the mixture of both agents. There are three
main reactions of polyurethane foams which lead to produce polyurethane (PUR) and
polyisocyanurate (PIR) as follows [6]:

= Firstly, the reaction between isocyanate (-NCO) and hydroxyl (-OH)
groups results in urethane formations.

= Secondly, the reaction between isocyanate groups and blowing agent
(water) releases carbon dioxide gas.

» Finally, the reaction of three isocyanate groups in polymer chain

produces isocyanurate.
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However, the above reactions can not be completed without catalysts for
catalytic reactions because the reaction between isocyanate with hydroxyl group is
slow [7]. Therefore, In this reaction tertiary amines such as N,N-
dimethylcyclohexylamine (DMCHA) and tin compounds such as dibutyltin dilaurate
(DBTDL) are used as catalysts for blowing and gelling reaction, respectively. This is
due to theirr excellent catalytic activity. However, they are toxic to human beings,
strong smell and expensive. In accordance, the objective of this research is to develop
new catalysts synthesized from metal and amme complexes which are less toxic,

mexpensive and have weaker smell
Objective and scope of the research

The proposed of this research was to prepare rigid polyurethane (RPUR)
foams catalyzed by metal-amine complexes; [M;(pentaen)] and mixed metal-amine
complexes; [M;(pentaecn):M;(pentaen)]. It was expected that the synthesized metal
complexes showed good solubilty and good catalytic activity, which should provide
the desirable physical and mechanical properties of prepared foams. Moreover, the
reaction times during foam preparation, the physical and mechanical properties of
foams were studied by varying catalyst types, the content of catalysts and blowing
agent, and NCO indexes.

In the first part, metal-pentacthylenchexamine [M;(pentaen)] complexes and
mixed metal-pentaethylenehexamine  [M;(pentaen):My(pentaen)] complexes  were
prepared. The reactions are shown in Schemes 1.1 and 1.2, respectively. The obtamned
metal complexes were characterized by FTIR spectroscopy, ultraviolet-visible

spectroscopy, elemental analysis and mass spectrometry.

H H
HZN/\'N/\N/\N/\N/\,NHZ /\INI/\‘
H H,N. _N

H H
M(OAc), pentaethylenehexamine \M{ ] (OAc),
T omNT
metal acetate acetone, RT, 1 h 2 H NH
N\/

copper-pentaethylenehexamine
complexes [M,(pentaen)]

M;=Cu, Zn, Co, Ni and Mn

Scheme 1.1 Diagram of metal complexes synthesis



(OAc) (OAc¢)
HZN\g‘/\N,\’INI\/\N,\’NHZ /\ /\ C)y /\INI/\l C),
H

H H2N HN\\ . NH
M, (OAc), - S
I pentaethylenehexamine Ml J + M J
T HN NH HN” “NH
M,(OAc H H
2 )2 acetone, RT, 1 h \/N\/l \/N\/
mixed metal acetate mixed metal-pentaethylenehexamine

complexes [M;(pentaen):M,(pentaen)]
M;=Cu ;M,=Zn, Co, Ni and Mn

Scheme 1.2 Diagram of mixed metal complexes synthesis

In the second part, rigid polyurethane foam preparations were catalyzed by
metal complexes prepared in the first part. All of the raw materials, namely polyol,
catalyst, surfactant and blowing agent (water), excluding isocyanate (PMDI), were
premixed at the begmnning. Then, the isocyanate was added into the mixture and
mixed by mechanical stirrer. Physical and mechanical properties at various NCO

indexes of the RPUR foams were determined.

During rigid polyurethane foams preparation, reaction times included cream
time, gel time, tack free time and rise time were recorded. In order to evaluate the
efficiency of developed catalysts, the result experimental data of synthesized catalysts
was compared with the commercial catalyst, N,N-dicyclohexylamine (DMCHA),

which is used as the reference catalyst.



CHAPTER 1I

THEORY AND LITERATURE REVIEWS

Polyurethane is formed by addition polymerization between alcohols with two
or more reactive hydroxyl groups per molecules (diols or polyols) and isocyanates

that have more than one reactive isocyanate group per molecule (a diisocyanate or

polyisocyanate).

In manufacturing polyurethane, extremely wide range of grades and polymer
stiffhess from vary flexible elastomers to rigid, because specific chemical structure
and the degree of crosslinking can be introduced. The type of PUR foams can vary
from flexible, used in applications such as cushioning, packaging and textile industry
through semi-rigid, commonly found in applications in the automotive industry, and
protective packaging to rigid PUR foam, mainly used in insulation and structural
applications [8].

2.1 Raw materials

For the manufacture of rigid polyurethane (RPUR) foams, two groups of at
least bifunctional substances are needed as reactants; compounds with isocyanate
groups, and compounds with active hydrogen atoms (polyol). The physical and
chemical character, structure, and molecular size of these compounds influence the
polymerization reaction, as well as final physical properties of polyurethane. In
addition, additive such as catalysts, surfactants, blowing agents and fillers are used to

control and modify the reaction process and performance characteristics of the

polyurethane foam.

2.1.1 Isocyanates

Several aromatic and aliphatic isocyanates are commercially available, the
most common aromatic isocyanate used are toluene diisocyanate (TDI) and
diphenylmethane diisocyanate (MDI) [7]. Aromatic isocyanates have been used for

the preparation of isocyanate based foams. Aliphatic isocyanates were not used
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because foaming reactions require high reactivity, and aliphatic polyisocyanates react
slowly with OH groups. Variation of polyurethane properties can be achieved by

variation of the types of used isocyanate [9].

2.1.1.1 Toluene diisocyanate (TDI), TDI is manufactured by
phosgenation of diaminotoluene, which is obtained by the reduction of nitrotoluene.
Commercial products of TDI are mixtures of 2,4- and 2,6-isomers in the weight ratio
of 80220 or 65:35. TDI with a 80:220 isomer ratio is used mamly for flexible foams.
Modified TDI and undistilled TDI are mostly used for rigid polyurethane foams. The
chemical structures of TDI are demonstrated in Tables 2.1 [9].

As would be expected from their chemical reactivity and substantial
volatility, TDI mixtures can represent a serious toxic harzard in use, having a maked
effect on the respiratory system and skin [10]. Therefore, it is pretty a difficult
material to handle on site, n transport and in the laboratory and consequently its

usage has been limited in favor of MDI which has a lower volatility.

Table 2.1 Chemical Structures of TDI

CH;
NCO
2.4-Isomer
NCO
CH;
OCN NCO
2,6-Isomer

2.1.1.2 4,4'-Diphenylmethane diisocyanate (MDI), or methylene
diphenyl diisocyanate (MDI) based on diaminodiphenylmethane is considerably safer
to use, having a much lower volatility. MDI is often used in the crude (undistilled)
form. This particular isocyanate is derived by phosgenation of the

diammodiphenylmethanes form by condensation of aniline with formaldehyde [10].
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MDI is availble n two types, purifide monomeric and polymeric MDI.
They are mainly 4,4'-isomer based and have small quantities of the 2,2'-isomer and up
to 10% of the 2,4'-isomer. Pure MDI (or monomeric MDI) is obtained by the
distillation of a crude reaction product and used for elastomers and coatings.
Polymeric MDI is used for rigid and semi-rigid urethane foams, as well as
polyisocyanurate foams. The chemical structures of MDI are demonstrated in Tables
2.2[9].

Table 2.2 Chemical Structure of MDI

OCNOCHZONCO
4,4-Isomer

OCN
2,4-Isomer OCN@CHZO
OCN
2,2-Isomer
NCO

The wundistilled MDI compositions like polymeric MDIs are made by

phosgenation of polyamine mixtures. Polymeric MDI compositions have
functionalities from about 2.2 to 3.0. The viscosity of polymeric MDIs increases with

increasing molecular weight and polymeric isocyanate content.

Polymeric MDI, average functionality: 2.2 - 3.0

NCO NCO NCO

N ey N
_CHZ__I _CH2_|

/ A -

= -n
n:0-3

Figure 2.1 The chemical structures of polymeric MDI.
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Moreover, the selection of polymeric MDI may obtain the different kinds of
polyurethanes due to different range of functionality, structure and compositions.

2.1.2 Polyols

A wide range of polyols is used in polyurethane manufacture. Most of the
polyols used, however, fall into two classes: hydroxyl-terminated polyether, or
hydroxyl-terminated polyester. The structures of polyol play a large part in
determining the properties of final polyurethane. The molecular weight and
functionality of the polyol are the main factor. However, the structure of the polyol
chains is also mportant. The characteristics of the polyol used to make the two main
classes of flexible and rigid polyurethane foam are illustrated in Table 2.3 [7].

Table 2.3 Polyol for polyurethane manufacture.

Rigid Flexible
Characteristic
polyurethane foam polyurethane foam
Molecular weight range 150 to1,600 1,000 to 6,500
Functionality range 3.0t08.0 2.0t03.0
Hydroxy value range (mgKOH/g) 250 to1,000 28 t0160

The higher molecular molecular weight and lower functionality polyols are
used in the production of flexible foams. On the contrary, rigid polyurethane (RPUR)
foams need the lower molecular weight and higher functionality polyols in order to
get the higher degree of crosslinking which contributes to the stiffhess of polymer. It

is necessary to utilize various polyols produce polyurethane with desired properties.

Specifications of commercial polyols include hydroxyl values which are used

in stoichiometric formulation calculations. Examples are shown in Table 2.4.



Table 2.4 Examples of commercial polyols [9]

¢ Functionality =2 e Functionality =3
H,C—OH
HO—CH,—CH,—OH HC—OH
Ethylene glycol H,C—OH
Glycerol
e Functionality =3 e Functionality =4

H,C—CH,—OH
H,C—OH

HC—CH,—OH HO—CH,—C—CH,—OH
H,C—CH,—OH H,C—OH

Trimethylol propane Pentaerythritol

¢ Functionality =6

CH,0H CH,OH

0 o CH,
OH H OH H “oH
HO 0
H OH

H OH

Sucrose

2.1.2.1 Polyether polyols

In polyurethane foam production, hydroxyl-termmnated polyethers (Figure 2.2)
are approximately 90% of used polyols due to ther low cost and ease of handling
(low viscosity). Polyether-based foams have better resilience and resistance to
hydrolysis than polyester-based foams. They are produced by the ring opening of
alkylene oxides using a polyfunctional as starter or imitiator. Ethylene or propylene
oxides are the most commonly used polyols. The polyols used for making rigid foams
the molecular weight is approximately 500 g/mol in order to reduce the distance
between crosslinks.



OH OH CH,

| |
HO CH, CH CH O
o \§H \?H \CHZ OH

CH; | OH OH

n

Poly (propyleneoxy) sorbitol

CH,O0H
20 CH,OH
HO OHH 01? H on
(0] (8] (0]
CH
3 J,H OH H OH CHyf
Poly (propyleneoxy) sucrose

Figure 2.2 Structure of polyether polyol based sorbitol and sucrose used n the PUR

foams
2.1.2.2 Polyester polyols

When polyether and polyester polyols are compared, the more reaction of
polyester polyols tenderly produce foams with better mechanical properties due to
their less soluble in organic solvents. However, they are more expensive, more
viscous and therefore not easy to handle. As a consequence, they are only used in
applications that require their superior properties. Polyester polyols are made by
condensation reactions between diols (and triol) and dicarboxylic acid such as adipic

acid, sebacic acid and m-phthalic acid.
2.1.3 Surfactants

Surfactants are essential additives used in polyurethane foam formulation. The
presence of surfactants serves two purposes in polyurethane foaming. First, they
stabilize the foam immediately after mixing polyol and isocyanate by lowering the
surface tension of the emergng gas-liquid interface, and presumably also by
emulsifying the polyol-isocyanate interface. Mechanistically, this effect arises from a
preferred accumulation of surfactant molecules at mterfaces. A second, equally
important role of surfactants is to stabilize the polymerizing liquid-gas interface
during the roughly 30 to 50 fold volume increase of rising foam. Here, the mechanism
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is rather dynamic: the expanding foam continuously creates new surface area of high
tension that needs to be stabilized by fast migration of surfactant towards the interface
(the Marangoni effect).

Silicone surfactants are typically added in amounts of 0.4-2.0% w/w of the
polyol formulation. To meet specific processing needs of different foam systems, the
molecular structure may be tuned by varying the length and the composition of the
polydimethylsiloxane backbone or the number, length, and composition of the
pendant polyether chains [11].

Me Me Me Me

Me—Si—O Si—O0

Si—O——Si—Me

Me Me X Me

Figure 2.3 Structure of silicone surfactants used in PUR foams manufacture

2.1.4 Blowing agents

The blowing agent plays a very important role in both the manufacturing and
performance of polyurethane foam. The blowing agent is the dominant factor
controlling density of the foam. Besides density, it affects the cellular microstructure

and morphology of the foam, which in turn define the end-use performance [11].

In RPUR foams preparation, two kinds of gas generation methods are used, is
chemical and physical blowing agent, as well as therr combinations. Chemical
blowing agents are chemical compounds that react with isocyanate groups to generate

carbon dioxide gas. A typical chemical blowing agent is water. Physical blowing
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agents are liquids that have low boiling points and nonreactivity to isocyanate groups;

they vaporize by the exotherm of foaming reaction [9, 11].

Water acts as a blowing agent. It produces CO;, gas by reaction with an
isocyanate. Typical water concentrations are 3-5 parts of water per 100 parts of
polyester polyol. The reaction of water with an isocyanate is exothermic and results in
the formation of active urea sites which form crosslinks via hydrogen bonding. To
reduce the high crosslink density, auxiliary blowing agents are used to produce low
density foams with a softer feel than water-blown foams and to produce closed cell

flexible foams.
2.1.5 Catalysts

A number of catalysts for the reaction of isocyanate with water and with
polyol and these included a range of chemical structures, such as aliphatic and
aromatic tertiary amines, quaternary ammonium salts, alkali metal carboxylates, and

organo-tin compounds (Table 2.5 and Figure 2.4).

Table 2.5 Catalysts for use in rigid polyurethane foams manufacture [12]

e Tertiary amines
Pentamethyldiethylene triamine (PMDETA)
Triethylenediamine (TEDA)
Dimethylcyclohexylamine (DMCHA)
e Quaternary ammonium salts
2-hydroxy propyl trimethyl ammonium (TMR)
e Alkali metal carboxilates
Potassium acetate (K Ac)
Potassium octoate (K Oct)
e Tin compounds
Stannous octoate (Sn Oct)
Dibutyltin dilaurate (DBTDL)
Dibutyltin mercaptide




CH,

N |
NO H;C N\ N\/\ CH
~ 3
H,C~ N N

| |
CH3 CH3

N,N-dimethylcyclohexylami
A-dimethyleyclofiexy’amine Pentamethyldiethylene triamine

(DMCHA)
0} (PMDETA)
Il
C
H,¢” DoK'
Potassium acetate
I
CH 0O—C—C4H
CH, CH, CH ('c') 4 9\5“/ o
SN SN SR TN ! No—c—CH
H,C \CH2 \CHZ CH, OK" CsHy T
(0]
Potassium octoate Dibutyltin dilaurate (DBTDL)

o) O

S S
ey cuH,

Dibutyltin mercaptide

Figure 2.4 commercial catalysts used in rigid polyurethane foams manufacture
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Their catalyst activity is dependent on their basicity, with steric hindrance on

the active site playing a secondary role [13]. In the reactions of isocyanates catalysts

play a very important role. Catalysts exert an influence upon the rates of competing

reactions and have a major effect on the ultimate properties of the final foam.

Each catalyst type is specific for a particular chemical reaction. Catalyst

mixtures are generally necessary to control the balance of the polymerization and the

gas generation reactions which both are exothermic reactions. Getting the correct

balance of polymerization and foaming is a major importance in the production of

closed cell foam. A typical catalyst system would consist of a mixture of a tertiary

amine and organometallic compounds. For tin compounds, the most important one is

stannous octoate.
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For rigid polyurethane foam preparation, two kinds of reactions, which are an
isocyanate-hydroxyl reaction and an isocyanate-water reaction, are employed. Hence,
two types of catalyst are necessary to balance and accelerate between gellng and
blowing reaction.

Tin catalysts promote mainly isocyanate-hydroxyl reactions and they are

considered “gelling catalysts” as the following equation.

R—NCO + R—OH — » R—N—¢—or'

isocyanate hydroxyl urethane

"Gelling reaction"

In contrast, tertiary amine catalysts accelerate mainly the water-isocyanate
reaction, which generates CO; and they are considered “blowing catalysts” as the

belowed equation [9].

o)
H |
R—NCO + H,0 — | R—-N—-C-OH| —> R-NH, + (o0, }

isocyanate water amine carbon dioxide
carbamic acid

""Blowing reaction"

However, tertiary amines are catalyzed both the blowing and gelling reaction,
whereas organo-tin catalysts catalyzed mamly isocyanate-hydroxyl reaction [10, 14].

In preparing formulations for specific processing and application needs,
catalysts are thought to balance these reactions and synergistic effects of certain
catalyst combinations are known as well. If the polymerization is complete before
sufficient gas has been generated. A high density foam will results, ie. virtually a
solid product containing few gas cells. Thus blends of catalysts are required to

balance the relative chemical reaction rates.
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2.2 Reaction mechanisms
2.2.1 Amine catalysts

Tertiary amines are the most widely used polyurethane catalysts. Two
mechanisms have been proposed for amine catalysis. In the one proposed by Baker
(Scheme 2.1), the activation is starts by the amine using its lone pair of electrons to
coordinate with the carbon of the isocyanate group. This mtermediate then reacts with

active hydrogen from an alcohol to produce a urethane group.

© )
R—N=C=0 + R";3N — R_N=|=O
N®
R"” |\R"
R"
R'-OH
H P
R—N—C\
O—R'
+
R"3N

Scheme 2.1 Baker mechanism amine catalysts [3]
R'—OH + R";N — R";N-—H--O—R' + R—N=C=0

|

S )
R—N=C=0Q

R'";N-—H--O—R'
@ ®

l o)

H /7
RN + R—N—C_
O—R'

Scheme 2.2 Farka mechanism amine catalysts [3]
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In the second mechanism, proposed by Farka (Scheme 2.2), which is
supported in the more recent literature, the activation starts by the amine interacting
with the proton source (polyol, water, amine) to form a complex, which then reacts

with the isocyanate.

Factors that affect the catalytic activity of an amine are nitrogen atom basicity,
steric hindrance, spacing of heteroatoms, molecular weight and volatility and end
groups. The level of basicity is determined from the pKa value, defined as the pH at
which the concentration of unprotonated and protonated forms, of an ionisable group,

are equal.

2.2.2 Organotin catalysts

i T
/’N @®
R—NCO + R'—OH + MX, —> H ﬁ
°b b
RN
Mo
X,
_ _ T
H_ R Hee
| - (|:|
C ~
Rv_O/ \O@ R'_O \(I)
o
e|
VX, MX,
o)
H V4
MX, + R—N—C\
O—R'

Scheme 2.3 Mechanism of tin (II) salts catalyst
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For the tin II salts the following mechanism has been proposed, Scheme 2.3.
The isocyanate, polyol and tin catalyst form a ternary complex, which then gives the
urethane product. Two routes, not shown, to the complex have been proposed. In the
first one the tin first adds to the polyol then the isocyanate. In the second one the tin

adds to the oxygen of the isocyanate then reacts with the polyol.

The proposed mechanisms for tin IV catalysts, dialkyltin dicarbonates and
dialkyltin dialkylthiolates, is the reaction of the tin with a polyol forming a tin
alkoxide, which can then react with the isocyanate to form a complex (Scheme 2.4).
Transfer of the alkoxide anion onto the co-ordinated isocyanate affords an N-
stannylurethane, which then undergoes alcoholysis to produce the urethane group and

the original tin alkoxide.

R X R X R X
\ / +R"OH N/ N/
Sn _— /S|n\ —_— Slll

R"/ \H R"O
+HX
-HX
0
R'—NHCOR" RO X
Sn
+R'"NCO
R/ \OR"
+R"OH
R X
R N,/
R\Sl/X /Sln\
|n B ] R i OR"
R'—N—COOR R'—l\lI=C=O

Scheme 2.4 Mechanism of tin (IV) salts catalyst

A synergy between tin and amine catalysts is also observed. One of the

proposed mechanisms is given in Scheme 2.5.
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R—N=C=0—S$nR,"X, + R";N--H--O—R'

© S
R—N=C=0—SnR,"'X,

R'";N--H--O—R'
® ®

R—H—C//O
Y No—g' F RGN+ RMSHX,
urethane

Scheme 2.5 Mechanism of tin-amine synergism
2.3 Chemistry

Polyurethane (PUR) chemistry is based on the high reactivity of the isocyanate
group with any compound containing active hydrogen. Most polyurethane is
formed by exothermic reaction between di- or polyfunctional isocyanates and di- or
polyfunctional hydroxyl species [16]. For simplicity, the basic principle of urethane

chemistry is described below using monofunctional reagents.

2.3.1 Primary reaction of isocyanates

Primary isocyanate reactions produce urethane, amines, and substituted ureas,
all of which still contain active hydrogen atom. In the presence of suitable catalysts at
elevated temperatures, controlled secondary reactions occur which strongly mfluence

the physical properties of the foam by introducing chain branching and crosslinking.

2.3.1.1 Reaction of isocyanate with polyol; the most important
reaction in the manufacture of polyurethanes is between isocyanate and hydroxyl
groups. The reaction product is a carbamate, which is called a urethane in the case of
high molecular weight polymers. The reaction is exothermic and reversible going

back to the isocyanate and alcohol.
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R—NCO + R'—OH —_ R—g—&—OR'

isocyanate hydroxyl urethane

This reaction is known as the “gelling reaction”. Since it is an exothermic
reaction it must be temperature controlled. The rate of polymerization is affected by
the chemical structure of the isocyanate and polyol. A catalyst is used to accelerate the

reaction rate.

2.3.1.2 Reaction of isocyanate with water; the reaction of isocyanates
with water to produce an amme and carbon dioxide is highly exothermic. The initial
reaction product is a carbamic acid, which breaks down into carbon dioxide and a
primary amine [3]

(0]
I

R—NCO + HO — R—g—C—OH

isocyanate water carbamic acid

l

R-NH, + Cozf

amine carbon dioxide

This reaction is known as the ‘“blowing reaction” because the CO, gas
produced is used for blowing the foam which, this reaction had an effect to foam
density. The reaction rate is accelerating by suitable choice of catalyst system.

2.3.1.3 Reaction of isocyanate with amines; the reaction of an

isocyanate with an amine forms an urea linkange.

(0]
H I H
R—NCO + R'—NH, ——>» R—N—C—N—R
isocyanate amine substituted urea

Reactions of wunhindered isocyanates with primary amines occur
approximately 100-1000 times faster than with primary alcohols [16]. The reactivity
of amines increases with the basicity of the amine, and aliphatic amines react much

faster than aromatic amines [3].
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2.3.2 Secondary reaction of isocyanates

Isocyanate may react, under suitable conditions, with the active hydrogen

atoms of urethane and urea linkages from the primary reactions as follows:

2.3.2.1 Reaction of isocyanate with urethane; urethane groups may
be considered hydrogen active compounds, due to the hydrogen atom linked to the
nitrogen atom. By the reaction of an isocyanate with an urethane group an allophanate

is formed [17].

(0] 0]
H I H |
R—-NCO + R'—N—C—OR" —> R'—N—C—lTIR”
. COOR"
isocyanate urethane allophanate

2.3.2.2 Reaction with urea; similarly to the allophanate formation, the

-N-H groups of urea react with isocyanates, to generate a biuret.

(0] (0
H Il H H |
R-NCO + R'-N-C—-N-R" —— R—N—C—ITIR' H
CO_N_RH
isocyanate substituted urea biuret

Formation of allophanates and biurets in polyurethane chemistry, especially
when an excess of isocyanate is used, is in fact a supplementary source of crosslinking
[17]. In general, reactions of isocyanates with urea groups are significantly faster and

occur at lower temperature than that with urethane groups.

2.3.2.3 Trimer formation; isocyanate trimer can be formed on heating
either aliphatic or aromatic isocyanates. The reaction is accelerated by basic catalysts

such as sodium and potassium salts of carboxylic acids [16].

(0]
R" Rn
trimerization \N)J\N/

3 (R"—NCO) -~ J\ /J%
o o)

isocyanate N

é"

isocyanurate
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2.4 Formulations [7, 16]

The amount of isocyanate needed to react with polyol and orther reactive
components can be calculated to obtain chemically stoichiometric equivalents. This
theoretical amount may be adjusted up or down dependent on the PUR system,
properties required, ambient conditions and scale of production. The adjusted amount

of isocyanate used is referred to as the “isocyanate index”,

) actual amount of isocyanate
Isocyanate index = x 100

theoretical amount of isocyanate

The conventional way of calculating the ratio of the components required for
PUR manufacture is to calculate the the number of part by weight of the isocyanate
needed to react with 100 parts by weight of polyol and use proportionate amount of
additives. The analytical data require for the calculation are the isocyanate value of
the isocyanate and hydroxyl value, residual acid value and water content of the polyol

and other reactive additives.

Isocyanate value (or isocyanate content) is the weight percentage of reactive

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

equivalent weight

Hydroxyl value (hydroxyl number; OHV)

The hydroxyl value (OHV) sometime called the hydroxyl number of the
polyol, is used as a measurement of the concentration of isocyanate-reactive hydroxyl
groups per unit weight of the polyol and is expressed m mg KOH/g of polyol. The
hydroxyl value is also defined as the number of milligrams of potassium hydroxide
equivalent to the active functions (hydroxyl content) of 1 g of the compound or

polymer.
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56.1 x functionality

Hydroxyl value = x 1000
molar mass

56.1
= x 1000

equivalent weight

Acid value is also expressed as mgKOH/g of polyol and numerically equal to

OHV in isocyanate useage.

Water content; water reacts with two -NCO groups and the equivalent weight
of water is thus:

molar mass 18

Equivalent weight = — = —
functionality 2

Isocyanate conversion (a), isocyanate conversion can be calculated by FTIR
method [18], defined as the ratio between isocyanate peak area at time t and

isocyanate peak area at time 0:

Isocyanate conversion (%) =

where;

NCO' = the area of isocyanate absorbance peak area at time t (final
isocyanate)

NCO' = the area of isocyanate absorbance peak area at time O (initial

isocyanate)

2.5 Mechanical properties

The mechanical properties of rigid foams differ markedly from those of
flexible foams. The tests used to characterize both types of foam therefore differ, as

do their application areas.

Compression load deflection is used to determine the compressive stress-strain
behavior, ie. it is a measure of the load-bearing properties of the material The test
method is somewhat similar to that developed for non-cellular plastics. Test on rigid
and flexible foams can be determined according to ASTM D 1621-04. A universal
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testing machine fitted with a compression rig (cage) consisting of two parallel flat
plates (Figure 2.5) is used for the tests.

Figure 2.5 Compression load deflection test rig [16]

Compressive properties are the most important mechanical properties for
RPUR foams. Compressive energy absorption characteristics and deformation
characteristics of foam mainly depend on density, type of base polymer and the
predominance of either open or closed cells. In simple terms, close cell foam
deformation involves cell walls bending and bucking, gas compression, cell wall

stretching/yielding (non-reversible). Severe compression causes cell rapture.

Figure 2.6 Schematic representation of closed cell deformation [16]

Closed cell rigid foams (e.g. PS and PU foams) exhibited from very limited to
no yielding behavior. Consequently, gas compression and matrix strength play

mportant roles during the mechanical deformation of rigid foams. In addition, cell
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rupture often occurs during the energy absorption process. The energy absorption
characteristics of foam can be represented in term of compression stress-strain curves.

Figure 2.7 show typical compression stress-strain curve of rigid foams.

True brittle foam
Densification

Collapse plateau (brittle crushing)

Linear elasticity

Figure 2.7 Typical compression stress-strain curve for rigid foams

For rigid foams, elements of true brittle crushing are superimposed on the
elastic/plastic response. The erratic nature of the collapse plateau corresponds to
mtermittent rupturing of individual cells. This is due to cell rupture in rigid foams,
resilience is dramatically affected. Foams can generally withstand only single

impacts, for example the liners used inside riding

The compressive strength of rigid cellular polymers is usually reported at
some definite deformation (5 or 10%). The modulus is then extrapolated to 0%
deformation unless otherwise stated. Structural variables that affect the compressive
strength and modulus of this foam are, in order of decreasing importance, plastic
phase composition, density, cell structure, and gas composition.
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2.6 Literature reviews

A number of research works concerning the effect of blowing agents,
surfactants and catalysts on the physical and mechanical properties of rigid
polyurethane foam [19-22].

Seo and coworkers [19] prepared rigid PU foam and studied their mechanical
properties. This investigation reports the mechanical, morphological, water
absorption, thermal conductivity, and thermal behavior of rigild PUF varying with the
density, which controls the foam architecture. Xiaobin and coworkers [20]
mvestigated the effect of water content on rigid foams and found that water played an
important role in determining the density, mechanical properties, thermal stability
(TGA) and morphology of polyurethane foams. The results found that the density had
effects to the mechanical properties of polyurethane foam.

Effects of silicone surfactant in rigid polyurethane foams are reported by Lim
and coworkers [21]. They found that cream time, gel time and tack free time increased
with the content of surfactant increasing due to the increased stability of reaction
mixture and rising bubbles. Han and coworkers [22] studied the effect of surfactant on
cell size of foam. The scanning electron microscopy (SEM) results indicated an
optimum concentration of the silicone surfactant of about 1.5 to 2.5 pbw. The
optimum of surfactant showed a smaller cell size, and therefore, demonstrated the
lower thermal conductivity of the RPUR samples. From the relation between the
thermal conductivity and the cell size of the foam samples, the smaller cell size

improved the thermal insulation property of the RPUR foam.

Nowadays, there are stronger requirement for the development of all water-
blown polyurethane foam system, because the environmentally friendly blowing agent
is carbon dioxide, which is obtained in the reaction between polyisocyanurate and
water, but the dimensional stability of the foams of this type is not sufficient. Studies
of water-blown polyurethane foam preparation were conducted by Stima and

coworkers [23].

Normally, in polyurethane preparation, the mixed catalyst between tin and

amine is used to accelerate the gellng and blowing reaction, respectively [24-26].
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Singh and coworkers [24] studied effect a mixture of amine and tin catalyst to the rate
of PUR foam formation. This investigation reports the amine catalyst mainly
accelerated the blowing reaction, as confirmed by the faster cream time, and the tin
catalyst only accelerated the gellng reaction, as confirmed by the faster gel time and

tack-free time.

In the manufacture of RPUR foams, catalyst is one component has played
significant role in catalytic system. Catalyst is necessary for the production of
polyurethane foam. Because the reaction between isocyanate with hydroxyl group is
slow [7]. Therefore, In isocyanate reactions tertiary amines and tin compounds are
mainly used as catalyst, due to their excellent catalytic activity. However, tin is toxic
to human beings. Accordingly, a new catalyst is necessary to replace tin catalyst.
There are many works concerning the development of catalyst for polyurethane

(PUR) and polyisocyanurate (PIR) foams preparation as follows:

Maris and coworkers [27] studies polyurethane catalysis by tertiary amines.
They found that tertiary amines play an important role. The mechanism of tertiary
amine catalysts are shown in Schemes 2.1 and 2.2. Generally, the tertiary amine
coordinate to the positive electron charged carbon of the NCO group or hydrogen of
the OH group and forms a transition state to activate urethane formation reaction. It is
said that a tertiary amine can be tuned by maximizing its ability to form a hydrogen
bond with alcohol, thereby activating the O—H bond so it can attach to the isocyanate
more easily. They discussed the selection of catalyst is based on its activity as well as
performance on physical foam properties. Depending on the molecular structure of the
catalyst, the activity will be different. This activity relates to the catalysis of the gel

and blow reaction but also the allophonate, biuret, and trimerization reactions.

In the year 2009, Sardon and coworkers [28] studied about the catalytic
activity of tin and zrconum compounds in the polymerization of isophorone
diisocyanate (IPDI)-based waterborne polyurethanes. Zirconum acetyl acetonate is
much less toxic than the commonly used dibutyltin diacetate (DBTDA). Isophorone
dilsocyanate based waterborne polyurethanes was synthesized using zrconium acetyl
acetonate. This catalyst had a relatively low toxicity about 10 to 20 times less toxic

than comparable tin compounds.
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Therefore, it was a good candidate in this application to replace the general
use of tin catalysts. The results found that zrconum acetyl acetonate does not
catalyze the isocyanate reaction. Nevertheless, when the zirconum compound is used
in the presence of tricthylamine (TEA), the reaction is conveniently catalyzed.
Comparing the results obtained with zirconium and tin catalysts in presence of TEA,
the zirconum compound shows a higher catalytic activity than tin catalysts. These
results confirmed that zrconium catalyst was a good alternative to replace tin

compounds.

Strachota and coworkers [29] studied comparison of environmentally friendly,
selective polyurethane catalysts. Selected commercially available amines, including
N-substituted morpholines, were evaluated as single catalyst and as catalyst mixtures
for the preparation of polyurethane foam. The motivation was the search for
economically and environmentally attractive replacements of “classical” catalyst like
diazbicyclooctane, dibutyltindilaurate =~ and ~ N,N-bis(2-dimethylaminoethyl)methyl
ammne. Especially mteresting was replacing dibutyltindilaurate, and also the
possibility of using reactive catalyst derivetives that would be mcorporated nto
polyurethane, thus reducing the content of volatile organic compounds in the polymer.
The result found that the functionalized morpholine (MEO) showed a poor gelling
activity when compared with the other morpholines. Its reduced mobility due to the
desired incorporation mnto the polyurethane, as well as H-bridging is the probable
reasons. Higher amounts of MEO in combmation with an analogously OH-

functionalized good gelation catalyst should lead to better results.

Kurnoskin [30, 31] studied the synthesized of metal-containing epoxy
polymers by hardening of the diglycidyl ether of bisphenol A (DGEBA) with the
chelates of metals (Cu’’, Zn**, Mn"", Fe’*, N¥" and Cd*") and aliphatic amines
(ethylenediamine, diethylenetriamine, tricthylenetetramine and  cycloethylated
diethylenetriamine). This is due to the aliphatic amines have high solubility. The
reactivity of the complexes in reactions with DGEBA and its dependence on the
structures of the chelates has been mvestigated. The metal-containing epoxy polymers

exhibit a significant increased strength and heat resistance.
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Inoue and coworkers [32] studied amine-metal complexes as an efficient
catalyst for polyurethane syntheses. The reactions of aliphatic isocyanates on the
polyurethane preparations are very slow. Therefore, In this reaction tertiary amines
and tin compounds such as dibutyltin dilaurate (DBTDL) are mainly used as catalyst,
due to theirr excellent catalytic activity. However, tin is toxic to human beings. In
accordance, a new catalyst or catalytic system is necessary to replace tin catalyst. In
this research they prepared the complexes of M(acac), [M = Mn, Fe, Co, Ni and Cu]
and tertiary amines are use as new catalysts for the reaction between hexamethylene
disocyanate (HDI) and polyols. They found that Mn(acac),-TEDA complex (TEDA
= triethylenediamine) showed better catalytic activity than other M(acac), complexes
and show nearly catalytic activity with DBTDL catalyst.

The researchers in our group, Pengjam [33] synthesized new class of catalyst
for the preparation of rigid polyurethane (RPUR) foams. Metal(Il)acetate-amine
complexes, M(en), and M(trien) (M = Cu and Mn en = ethylenediamine and trien =
tricthylenetetramine), were synthesized and used as catalysts in the preparation of
RPUR foams. The catalytic activity of metal complexes and properties of RPUR
foams were investigated and compared to those prepared by NN
dimethylcyclohexylamine (DMCHA), which is used commercially in the preparation
of RPUR foams. They found that RPUR foams catalyzed by copper complexes
showed better catalytic activity than foam catalyzed by manganese complexes and a
reference commercial catalyst (DMCHA).

In manufacturing of RPUR foams, the balance of geling and blowing
reactions is critical to obtain the target morphology and physical properties.
Generally, a good acceleration in gelling reaction will result in a good strength of
foam and a good acceleration in blowing reaction will also result in a good density of
foam. Therefore, there are two kinds of catalysts normally used together, which are
gelling and blowing catalysts that added to accelerate the reactions of isocyanate and
establish a balance between the gelling and blowing reaction. Tin and amine were
traditionally selected as gelling catalyst and blowing catalyst, respectively. However,

tin catalyst is toxic to human beings, strong smell and expensive.
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Consequently, in this research, metal-amine complexes are chosen catalysts to
accelerate both gelling and blowing reactions instead of tin catalyst. Metal-amine and
mixed metal-amine complexes were used in the preparation of RPUR foams (Figures
2.9 and 2.10). In order to evaluate the catalytic activity of metal-amine and mixed
metal-amine complexes, the results were compared with dimethylcyclohexylamine

(DMCHA) catalyst (Figure 2.10), which is used commercially.

H
~. - H,N_ _.NH
el J (OA0), ™ ] (OAc),
HZN
\/N\/ \/N\)
copper-pentaethylenehexamine zinc-pentaethylenehexamine
complex [Cu(pentaen)] complex [Zn(pentaen)]

Figure 2.8 An example of metal-amine complex; Cu(pentaen) and Zn(pentaen)

/\ /\|OAC)2 /\1;11 /QAC)Z

H,N_ HN\ _.NH
, :Cu\ ] + ) :Zn’:\ J

H,N" NH HN’ “NH
H H

\/ N \/l \/ N\/

copper-zinc-pentaethylenehexamine
complex [Cu(pentaen):Zn(pentaen)]

Figure 2.9 An example of mixed metal-amine complex; Cu(pentaen):Zn(pentaen)

H,;C
AN

N
H,C

Figure 2.10 N, N-dimethylcyclohexyl ammne (DMCHA) (ref) [1]



CHAPTER III

EXPERIMENTAL

3.1 Chemicals and raw materials

3.1.1 Metal complexes synthesis

Metal acetate used were copper (II) acetate monohydrate (Cu(OAc), H,0),
zinc (II) acetate tetrahydrate (Zn(OAc), 4H,0O), manganese (II) acetate tetrahydrate
(Mn(OAc),.4H,0), nickle (IT) acetate tetrahydrate (Ni(OAc),.4H,O), Cobalt (II)
acetate tetrahydrate (Co(OAc),.4H,0O) and aliphatic amine [pentaethylenchexaamine
(pentaen)], were abtained from Fluka and Aldrich. Acetone was used as solvent.

3.1.2 Foam preparation

(a) Polyol

In this work polyol (Raypol® 4221, sucrose-based polyether polyol) was used
to prepare polyurethane foam. The polyether polyol, functionality = 4.3 were supplied
by Huntsman (Thailand) CO., Ltd. The specifications of polyether polyol present in
Table 3.1.
Table 3.1 Specifications of polyether polyol (Raypol® 4221)

Specifications Test Method Polyether polyol
Acid number (mgKOH/g) ASTM D 4662 0.1
Viscosity at 25 °C ASTM D 4878 5345
Water content ASTM D 4672 0.050
Hydroxy number ASTM D 6342 438.39

(b) Isocyanate

Polymeric MDI (4,4'-methane diphenyl dusocyanate; PMDI, MR-200):
%NCO = 30.9 (%wt.), average functionality = 2.7 were supplied by Huntsman
(Thailand) CO., Ltd.

Polysiloxane (TEGOSTAB B8460, Goldschmidt) were obtained from South
City Petrochem CO., Ltd. was used as a surfactant. Distilled water was used as a

chemical blowing agent. Metal complexes were prepared and used as catalysts. N,N-
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dimethylcyclohexylamine (DMCHA) (Huntsman (Thailand) CO., Ltd.) was used as a
commercial reference catalyst.

3.2 Synthetic procedures

Synthesis metal-amine and mixed metal complexes for preparing RPUR foam
consist of two methods. In the first method, metal-pentacthylenehexamine complexes
[Mi(pentaen)] and mixed metal-pentacthylenchexamine [M;(pentaen):M,(pentaen)]
complexes were synthesized from the reaction between metal (II) acetate and
pentacthylenehexamine (pentaen) using acetone as a solvent [29]. Acetone was
removed from the metal complex before using in the preparation of rigid polyurethane

foam.

In the second method, the preparation of metal complexes was done in water
to obtain an aqueous solution containing metal complexes. The metal complex

solution was used in the preparation of rigid polyurethane foam without purification.
3.2.1 Synthesis of metal-amine complexes

3.2.1.1 Synthesis of copper-pentacthylenchexamine complex

[Cu(pentaen)]

H H

Cu(OAc),.H,0 H H N7 _NH
pentaethylenehexamine \Cu/ ] (OAc),
copper(Il) acetate > PN

H,N N
acetone, RT, 1 h 2 H NH
\/ N \/

copper-pentaethylenehexamine
complex [Cu(pentaen)]

Scheme 3.1 Synthesis of copper- pentacthylenehexamine complex [Cu(pentaen)]

The preparation of Cu(pentaen) was performed according to the method
reported in the literature [29] as follows: a solution of pentaethylenchexamine
(pentaen) (0.59 ml, 2.54 mmol) was stirred in acetone (10 mL) at room temperature
for 30 minutes. After that, copper (II) acetate monohydrate (0.462 g, 2.31 mmol) was

added and the reaction mixture was stirred at room temperature for 1 hour. Acetone
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was removed from the reaction mixture under vacuum. Cu(pentaen) was obtained as
dark blue viscous liquid (0.89 g, 89%): IR (cm'); 3403 (N-H), 2942 (C-H), 1562
(asymmetric C=0, acetate), 1408 (symmetric C=0, acetate), 1332 (C-N), 1015 (C-O).
UV; Imax(MeOH)=265 nm, molar absorptivity (¢) = 4,750. Cu(pentaen) shown m/z =
436.826. Anal. Calcd. For CuC;404H34Ng: C 40.62; H 8.28; N 20.30; found C 40.32;
H 8.48; N 19.89. AAS. Calcd. For CuC;404H34Ng4: Cu 15.35; found Cu 15.16

3.2.1.2 Synthesis of zinc-pentaethylenehexamine complex

[Zn(pentaen)]

H H
HZNI\,N/\N\N\/\N/\’NHZ /\N/\|
H H H
H,N__ .NH
hyleneh i N LT
Zn(OAc),.H,0 pentaethylenehexamine . Zn J (OAc),
zinc (II) acetate acetone, RT, 1 h H,N” o “NH

NN

zinc-pentaethylenehexamine
complex [Zn(pentaen)]

Scheme 3.2 Synthesis of zinc-pentaethylenehexamine complex

The preparation of Zn(pentaen) was done as follow: a solution of
pentaethylenehexamine (0.56 ml, 2.41 mmol) was stirred in acetone (10 mL) at room
temperature for 30 minutes. After that, zinc (II) acetate tetrahydrate (0.485 g, 2.30
mmol) was added and the reaction mixture was stirred at room temperature for 1 hour.
The reaction mixture was dried under vacuum to remove solvent. Zn(pentaen) was
obtained as yellow viscous liquid (0.75 g, 75%): IR ( cm’'); 3390 (N-H), 2926 (C-H),
1569 (asymmetric C=0, acetate), 1406 (symmetric C=0, acetate), 1335 (C-N), 1015
(C-0). UV; Anmax(MeOH) = 207 nm, molar absorptivity (¢) = 1,053. Zn(pentaen)
shown m/z = 474.289 Anal. Calcd. For CuC;404H34Ng: C 40.43; H 8.24; N 20.21;
found C 40.69; H 8.90; N 18.63. AAS. Calcd. For ZnC404H34N¢: Zn 15.73; found Zn
14.16.
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3.2.2 Synthesis mixed metal-amine complex

3.2.2.1 Synthesis of copper:zinc-pentaethylenehexamine complex

Cu(pentaen):Zn(pentaen)]

H H
N N NH (OAc), (OAc),
H,N Y NS Ny~ NH,
\ N . N/\ /\| /\H/\N iy
Zn(0Ac),.4H,0 . 2 “ P
pentaethylenehexamine + SN,
+ > ,C“\ ] /Zn J
Cu(OAc¢),.H,0 acetone, RT, 1 h H,N H "NH HN H NH
mixed metal acetate copper-zinc-pentaethylenehexamine

complex [Cu(pentaen):Zn(pentaen)]

Scheme 3.3 Synthesis of copper-zinc pentaethylenehexamine complex

The preparation of Cu(pentaen):Zn(pentaen) was done as follow: a solution of
pentaethylenehexamime (0.58 ml, 2.50 mmol) was stirred in acetone (10 mL) at room
temperature for 30 minutes. After that, copper (II) acetate monohydrate (0.226 g, 1.13
mmol) and zinc (I) acetate tetrahydrate (0.248 g, 1.24 mmol) was added and the
reaction mixture was stirred at room temperature for 1 hour. The reaction mixture was
dried under vacuum to remove solvent. Cu(pentaen):Zn(pentaen) was obtained as blue
viscous liquid (0.87 g 87%): IR(cm’); 3318 (N-H), 2986 (C-H), 1565 (asymmetric
C=0, acetate), 1407 (symmetric C=0O, acetate), 1326 (C-N), 1039 (C-O). UV;
Amax(MeOH) = 264 nm, molar absorptivity (¢) = 4,790. Cu(pentaen) shown m/z =
436.094 and Zn(pentaen) shown m/z = 474.272 Anal. Calcd. For CuZnC,303HggN15:
C 40.52; H 8.26; N 20.25; found C 40.11; H 8.15; N 18.45. AAS. Calcd. For
CuZnC,30gHggN17: Cu 7.66; Zn 7.88 found Cu 6.35; Zn 6.25.

Other metal complexes and mixed metal complexes were prepared using
similar procedure as described above. Compositions of starting materials in the

preparation of all metal complexes in acetone are shown in Tables 3.2 and 3.3.
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Table 3.2 Composition of starting materials in the preparation of metal complexes

prepared at different M(OAc),:;pentaen mole ratios

W of c:))‘::;[i)ilsltiti(:)fn Yield Appearance

Metal complexes M(((?g;&c)z Dentacn %) pp
(mL)

M (OAc);:pentaen =1:2
Cu(pentaen); 0.30 0.74 84  Dark blue viscous liquid
Zn(pentaen), 0.321 0.72 70 Yellow viscous liquid
Co(pentaen), 0.349 0.68 82  Purple-red viscous liquid
Ni(pentaen), 0.349 0.68 67  Purple viscous liquid
Mn(pentaen), 0.345 0.69 84  Brown viscous liquid
M (OAc);:pentaen =1:1
Cu(pentaen) 0.462 0.59 89  Dark blue viscous liquid
Zn(pentaen) 0.485 0.56 75  Yellow viscous liquid
Co(pentaen) 0.517 0.51 86  Purple-red viscous liquid
Ni(pentaen) 0.518 0.53 72 Purple viscous liquid
Mn(pentaen) 0.513 0.52 89  Brown viscous liquid

Table 3.3 Composition of starting materials in the preparation of mixed metal

complexes at M(OAc),:M2(OAc),:pentaen mole ratio of 0.5:0.5:1

Wt. of
y Weight of Yield
M(OAc), "
composition (%)
Metal complexes (g) Appearance
pentaen
M; M; (mL)
CuZn(pentaen) 0.226 0.248  0.58 87  Blue viscous liquid
Cu:Co(pentaen) 0.218 0.273  0.54 81  Purple-red viscous liquid
CuNi(pentaen) 0.219 0.272  0.56 75  Blue viscous liquid

Cu:Mn(pentaen) 0.22 0.269 0.54 90  Brown viscous liquid
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3.2.3 Synthesis of metal complexes in water [W_M/(pentaen)]
3.2.2.1 Synthesis of W_Cu(pentaen) complex

Copper (II) acetate monohydrate (0.462 g 231 mmol) and
polysiloxane surfactant (TEGOSTAB B8460) (2.5 ml) were dissolved in 2 mL of
distilled water at room temperature and the solution was stired for 30 minutes.
Pentacthylenehexamine (0.59 ml, 2.54 mmol) was then added dropwise and the
solution was stirred at room temperature for 60 mmutes. W_Cu(pentaen) aqueous

solution was obtained as a dark blue solution. UV; Amax (MeOH) = 265 nm, molar
absorptivity (g) = 2,467.

3.2.2.2 Synthesis of W_Zn(pentaen) complex

Zinc acetate dihydrate (0.485 g 2.30 mmol) and polysioxane
surfactant (TEGOSTAB B8460) (2.5 ml) were dissolved in 2 mL of distilled water at
room temperature and the solution was stired for 30 minutes. Pentaethylenehexamine
(0.56 ml, 2.41 mmol) was then added dropwise and the solution was stirred at room
temperature for 60 mmnutes. W _Zn(pentaen) aqueous solution was obtamed as a

yellow solution. UV; Anax (MeOH) =207 nm, molar absorptivity (&) = 840.

3.2.3 Synthesis of mixed metal complexes in water

[W_M(pentaen):M;(pentaen)]

3.2.3.1 Synthesis of W_Cu(pentaen): Zn(pentaen) complex

Copper (Il) acetate monohydrate (0.226 g, 1.13 mmol), zinc acetate
dihydrate (0.248 g 1.24 mmol) and polysiloxane surfactant (TEGOSTAB B8460)
(2.5 ml) were dissolved in 2 mL of distilled water at room temperature and the
solution was stirred for 30 minutes. Pentaethylenehexamine (0.58 ml, 2.50 mmol) was
then added dropwise and the solution was stirred at room temperature for 60 minutes.
W_ Cu(pentaen):Zn(pentaen) aqueous solution was obtained as a dark blue solution.
UV; Amax (MeOH) = 264 nm, molar absorptivity (g) = 1,900.
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3.3.3 Rigid polyurethane (RPUR) foam preparations

All of RPUR foam sample were synthesized with two step illustrated in Figure
3.1. The foams were prepared by mechanical mixing technique in two steps of the
mixing, In the first mxing step, polyol, catalysts (metal complexes or DMCHA),
surfactant and blowing agent were mixed. In the second mixing step, the isocyanate
was added to the mixed polyol from first mixing then the mixture were mixed in
homogeneous mixture by mechanical stirrer at 2000 rpm for 20 seconds.

The polymerization times investigated in the synthesis of rigid polyurethane
foam were cream time, gel time, tack free time and rise time. The reaction times of the
prepared foams were investigated and compared to those catalyzed with N,N-
dimethylcyclohexylamine (DMCHA), which is used commercially. After that, the
foams were kept at room temperature for 48 hours and then carrying out physical and
mechanical characterization. The foam formulations are demonstrated in Tables 3.4
and 3.5. Polyurethane foams with different NCO indexes were prepared by using

different catalysts.

Table 3.4 RPUR foam formulations at different NCO indexes (in part by weight unit)

NCO index
Formulations (pbw)
100 130 150 170
Polyol (Raypol” 4221) 100 100 100 100
Catalysts (metal complexes) 1.0 1.0 1.0 1.0
Surfactant (TEGOTAB B8460) 2.5 2.5 2.5 2.5
Blowing agent ( H,O) 2.0 2.0 2.0 2.0

Polymeric MDI (MR-200) 137 178 205 233
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Table 3.5 RPUR foam formulations at different NCO indexes (in gram unit, cup test)

NCO index

Formulations (g)

100 130 150 170
Polyol (Raypol® 4221) 10.0 10.0 10.0 10.0
Catalysts (metal complexes) 0.1 0.1 0.1 0.1
Surfactant (TEGOTAB B8460) 0.25 0.25 0.25 0.25
Blowing agent ( H>O) 0.20 0.20 0.20 0.20
Polymeric MDI (MR-200) 13.7 17.8 20.5 23.3

Since the rigid polyurethane foams obtained from different catalysts have
similar IR spectra, therefore, only the IR data PUR foams obtained from
Cu(pentaen).Zn(pentaen) catalyst is described as follows:

RPUR foam catalyzed by Cu(pentaen):Zn(pentaen); IR (IR-ATR, cm’);
3314 (N-H), 2923, 2874 (C-H), 2277 (free NCO), 1707 (C=0), 1595 (Ar-H), 1515
(N-H), 1410 (C-N isocyanurate), 1312 (C-H), 1220, 1077 (C-O urethane)

Polyol
(Raypol® 4221)

Catalysts
(Metal complexes)
J

Surfactant
(B8460)
J
. 7\
Blowing agent @ B
(H20) )
2000 rpm, 20's | Molding
Polymeric MDI D
( MR-200)

Apparent density (ASTM D 1622-09)

Mixing

Compression testing (ASTM D 1621-09)

Thermal gravimetric analysis (TGA)

Figure 3.1 RPUR foams processing
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3.4 Instrumentation

3.4.1 Infrared spectroscopy

The Infrared (IR) spectra were recorded on a Nicolet 6700. FTIR spectrometer
was used to study of functional groups on metal complexes as catalyst and foams at
room temperature using a Nicolet at a resolution of 4 cm” and a total of 64
mterferograms were signal averaged. It is important that the samples are pressed,
reproducibly and with a constant pressure, against the IR-transmitting ATR crystal
The ATR crystal is integrated mto the beam of an ATR-IR spectrometer (Nicolet
6700) in such a way that IR light is passed through the crystal by means of total
reflection. ATR occurs on the measuring surface that is in contact with the foam
sample. The IR bands given in Table 3.6 are used for the analysis. The measurement

was controlled by Omnic software.

Table 3.6 Characteristic IR bands of RPUR foam

Functional .
Vibration mode IR peak (cm™)
group
NCO NCO antisymm. Str. 2180-2310
CcO CO str.(urethane, urea, isocyanurate, 1620-1760

allophanate, Biuret, efc.
Isocyanurate  Ring deformation and CH;-deformation in PMDI 1370-1443
Amide CN-str. (urethane, urea) 1155-1245

Reference Non-reaction groups in polyol and isocyanate 935-1050

3.4.2 Ultraviolet-visible spectroscopy

UV-visible spectroscopy is routinely used in the quantitative determination
of solutions of transition metal ions highly conjugated organic compounds. UV-Vis
spectra were recorded on ultraviolet and visible spectrophotometer at room

temperature. Absorption spectra were obtamed on Varian Cary 50 UV-Vis
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spectrophotometer. The samples were scan over range 200-500 nm at a medium
speed.
3.4.3 Mass spectrometry (MS)

Mass spectrometry (MS) is an analytical technique that measures the mass-to-
charge ratio of charge particles. Mass spectra were obtained on a micromass Quattro

™

micro API spectrometer. Electrospray can also be used in case of molecule without

any ion stable sites, through the formation of proton and sodium.

3.4.4 Atomic absorption spectrometry (AAS)

Atomic absorption spectrometry (AAS) is a spectroanalytical produre for the
quantitative determination of chemical elements employing the absorption of optical
radiation (light) by free atoms in the gaseous state using a flame (Perkin-Elmer :
AAnalyst 100)

3.4.5 Atomic absorption spectrometry (EA)

For organic chemists, element analysis or “EA” almost always refers to %C,
%H and %N analysis; the determination of the percentage weights of carbon,

hydrogen and nitrogen of a sample. Elemental analysis was carried out using a Perkin-
Elmer EP 2400 analyzer.

3.4.6 Digital Stopwatch

The reaction times namely, cream time, gel time tack free time and rise time
were investigated by using a digital stopwatch.

3.4.7 Thermocouple

Thermocouple is a widely used type of temperatures sensor for measurement.

The foaming temperatures were recorded by dual thermocouple, Digicon DP-71.
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3.5 Physical and Mechanical properties of RPUR foam

3.5.1 Density

The apparent density of foams was measured according to ASTM D 1622-09,
the size of specimen was 3.0 x 3.0 x 3.0 cm (lengthxwidthxthickness) and the average

values of three samples were reported.
3.5.2 Scanning electron microscope (SEM)

The morphology and cell size of foams were studied using scanning electron
microscope (SEM) Hitachi  S-4800. The samples were gold coated before scanning
mn order to provide an electrically conductive surface. The accelerating voltage was 20

kV in order to avoid degradation of the sample.

3.5.3 Compressive testing

The compressive testing of foams in parallel and perpendicular to the foam
rise direction were performed using universal testing machine (Lloyd/LRX) according
to ASTM D 1621-09, the specimen size was 3.0 x 3.0 x 3.0 cm dimension, the rate of

crosshead movement was fixed at 2.54 mm/min and the preload cell used was 0.10 N.

3.5.4 Thermalgravimetric analysis (TGA)

Thermalgravimetric analysis (TGA) was used to investigate the thermal
stability of RPUR foam. TGA determination was perform by Netzsch STA 409C
thermogravimetric analyzer. All samples were heated from 25 °C to 600 °C at heating
rate of 20 °C/min under N gas.

3.5.5 Thermal conductivity

Thermal conductivity is a measure of the ability to transmit heat through the
material. The size of the specimen was 5.0x5.0x2.0 cm (lenghtxwidthxthickness).
Analyzed by Hot Disk Thermal Constant analyzer TPS 2500 ( Hot Disk AB) under
room temperature condition. Disk type: Kapton Insulation (Sensor No. C7577, Radius
=2.001)



CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Synthesis of metal amine [M(pentaen)] and mixed metal-amine complexes

[M(pentaen):M,(pentaen)]

The metal and mixed-metal complexes were synthesized using two methods.
In the first method, metal-pentaethylenehexamine complexes [M;(pentaen)] and
mixed metal-pentacthylenechexamine  [M;(pentaen):M,(pentaen)] complexes  were
synthesized from the reaction between metal (II) acetate and pentaethylenehexamine
(pentaen) using acetone as a solvent [30]. The mole ratios of M(OAc),:pentaen were
12, 1:1 and 1:0.5. Acetone was removed from the metal complexes under vacuum

before using in the preparation of rigid polyurethane foam.

H H
HZN’\,N\/\NI\,N\/\N,\,NHZ /\H/\
H H
M, (OAc), pentaethylenehexamine ] (OAc),
- H N'/
metal acetate acetone, RT, 1 h 2 H “NH
N\/

copper-pentaethylenehexamine
complexes [M;(pentaen)]

M;=Cu, Zn, Co, Ni and Mn

(OAc) (OAc)
HZN/\’g‘/\N/\’ngNNHZ /\ /\ €)2 /\E/\l €)2

M,(OAc), H H N~ .-NH
i pentaethylenehexamine \Ml J + M J
> H,N" HN" “NH
M,(OAc) 2 H
2 2 acetone, RT, 1 h \/N\/ \/N\/
mixed metal acetate mixed metal-pentaethylenehexamine

complexes [M;(pentaen):M,(pentaen)]

M;=Cu ;M,=Zn, Co, Ni and Mn

Scheme 4.1 Synthesis of metal and mixed metal- pentacthylenechexamine complexes
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In the second method, W_M(pentaen) and W_M;(pentaen):M,(pentaen) were
synthesized using water as a solvent. It was found that the complexes formation was
obtained in aqueous solution. The metal complex solution was used in the preparation

ofrigid polyurethane foam without purification.

4.2 Characterization of copper-pentaethylenehexamine complex synthesized at

the mole ratio of Cu(OAc);:pentaen =1:1

4.2.1 IR spectroscopy of Cu(pentaen) complex

IR spectrum of Cu(pentaen) is demonstrated in Figure 4.1. They exhibited
absorption band at 3403 cm’' (N-H stretching), 2942 cm' (C-H stretching), 1562 cmi’'
(C=0 asymmetric stretching), 1408 cm' (C=0 symmetric stretching), 1332 cm’' (C-N
stretching) and 1015 cm' (C-O stretching). The C=0 stretching of carbonyl group in
Cu(pentaen) appeared as absorption band at 1562 cm’! (asymmetric C=0), and 1408
cm’! (symmetric C=0), respectively, which were different from the typical Cu(OAc),
normally appears as absorption band around at 1596 cm’! (asymmetric C=0) and 1422
cm!  (symmetric C=0). The absorption bands of Cu(pentaen) exhibited C-O
stretching at 1015 cm'’!
Cu(OAc), at 1036 cm. It was found that the IR peak of Cu(pentaen) shifted from

, respectively which shifted from typical absorption band of

those of Cu(OAc), to lower energy because of the influence of amine coordination,

which suggested that the complex was formed.
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Figure 4.1 IR spectra of (a) pentaethylenehexamine (b) Cu(OAc),; (c) Cu(pentaen)
synthesized at the mole ratio of Cu(OAc),:pentaen = 1:1

4.2.2 UV-visible spectroscopy of Cu(pentaen) complex

UV-visible spectrum of Cu(pentaen) (synthesized in acetone) was compared to
that of W_Cu(pentaen) (synthesized in water) as illustrated in Figure 4.2. The
maximum wavelength of Cu(pentaen) and W_Cu(pentaen) appeared at 265 nm.
Evidently, the maximum wavelength of both Cu(pentaecn) and W_Cu(pentaen) shifted
from typical maximum wavelength of Cu(OAc), at 244 nm, which confirmed the

complex formation.
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Figure 4.2 UV spectra of (a) Cu(OAc),; (b) Cu(pentaen) and (c) W_Cu(pentaen)
synthesized at the mole ratio of Cu(OAc),:pentaen = 1:1

4.2.3 Determination of metal amount in Cu(pentaen) complex by flame

atomic spectrometry (FAAS)

For analytical characteristics of Cu(pentaen) illustrated n Table 4.1 This result
ndicates that there is the consistency between the experimental value and the
calculated value. It confirmed the structure of metal complex (Scheme 3.1).

Table 4.1 Analytical Characteristics of the FAAS method

Elements Experimental Calculated

Catalyst
determined (%) (%)

Cu(pentaen) Cu 15.16 15.35
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4.2.4 Flemental analysis of Cu(pentaen) complex

Elemental analysis (%C, %H and %N) of Cu(pentaen) is shown in Table 4.2.

This result indicates that there is the consistency between the experimental value and
the calculated value.

Table 4.2 Elemental analysis (%C, %H, and %N) of Cu(pentaen)

Elements Experimental Calculated
Catalyst
determined (%) (%)
%C 40.32 40.62
Cu(pentaen) %H 8.48 8.28
%N 19.89 20.30

4.2.5 Mass spectrometry of Cu(pentaen) complex

The molecular ion peak of Cu(pentaen) at m/z = 436.826 corresponding to
[ Cu(pentaen)+2H,O+Na]"; m/z = 436.184 is observed in the ESI mass spectrum
(Figure 4.3).

[**Cu(pentaen)+Na]"

/

Figure 4.3 Mass spectrum of Cu(pentaen) synthesized at the mole ratio of
Cu(OAc);:pentaen = 1:1
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4.3 Characterization of zinc-complex synthesized at the mole ratio of

7n(OAc);:pentaen =1:1

4.3.1 IR spectroscopy of Zn(pentaen) complex

Zn(pentaen) spectrum (Figure 4.4) exhibited absorption band at 3390 cm™(N-
H stretching), 2926 cm’' (C-H stretching), 1569 cm’ (C=0 asymmetric stretching),
1406 cmi!' (C=0 symmetric stretching), 1335 cm’' (C-N stretching), and 1015 cm’
(C-O stretching). The C=0O stretching in Zn(pentaen) appeared absorption band at
1569 cm! (asymmetric C=0), and 1406 cm’' (symmetric C=0), respectively, which
were different from the typical Zn(OAc), normally appears as absorption band around
1541 cm! (asymmetric C=0) and 1427 cm’' (symmetric C=0). The absorption bands
of Zn(pentaen) exhibited of C-O stretching at 1015 cm’', respectively which shifted
from typical absorption band of Zn(OAc), at 1024 cm’'. It was found that the IR peak
of Zn(pentaen) complex slightly shifted from those of Zn(OAc),, which indicated that

the complexes was formed.

(@)

£
:

(b)

:

1541 1427
(©)

% Transmittance

1569 1406

/ /
N N

' 1 ' 1 ' 1 ' 1 ' 1 ' 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)

Figure 4.4 IR spectra of (a) pentaecthylenehexamine; (b) Zn(OAc),; (c) Zn(pentaen)
synthesized at the mole ratio of Zn(OAc),pentaen = 1:1
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4.3.2 UV-visible spectroscopy of Zn(pentaen) complex

UV-visible spectra of Zn(pentaen) (synthesized in acetone) was compared to
that of W_Zn(pentaen) (synthesized in water) as shown mn Figure 4.5. The maximum
wavelength Zn(pentaen) and W _Zn(pentaen) appeared at 207 nm. Their maximum
wavelengths slightly shifted from typical maximum wavelength of Zn(OAc), at 202
nm, which confirmed the complex formation.

1.0
----- (a) Zn(OAc),
0.8 - —.—. (b) Zn(pentaen)
2 (¢) W_Zn(pentaen)

8 06:F[
: .
[
2
1
g :
2 044!

0.2 -M

0.0 5 T T - 1 ' Y ' ! f

200 250 300 350 400 450

Wavelength (nm)

Figure 4.5 UV spectra of (a) Cu(OAc);; (b) Zn(pentaen) and (¢) W_Zn(pentaen)
synthesized at the mole ratio of Zn(OAc),pentaen = 1:1

4.3.3 Determination of metal amount in Zn(pentaen) complex by flame
atomic spectrometry (FAAS)

For analytical characteristics of Zn(pentaen) illustrated in Table 4.3. This
result indicates that the experimental value and the calculated value were different.
Table 4.3 Analytical Characteristics of the FAAS method

Ele ments Experimental Calculated

Catalyst
determined (%) (%)

Zn(pentaen) Zn 14.16 15.73
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4.3.4 Elemental analysis of Zn(pentaen) complex

Elemental analysis (%C, %H and %N) of Zn(pentaen) shown in Table 4.4.

This result indicates that there was inconsistency between the experimental value and

the calculated value.
Table 4.4 Elemental analysis (%C, %H, and %N) of Zn(pentaen)

Elements Experimental Calculated
Catalyst
determined (%) (%)
%C 40.69 40.43
Zn(pentaen) %H 8.90 8.24
%N 18.63 20.21

4.3.5 Mass spectrometry of Zn(pentaen) complex

The molecular ion peak of Zn(pentaen) at m/z = 474.289 corresponding to

[*4Zn(pentaen)+2H,0+Na]"; m/~z = 473.204 is observed in the ESI mass spectrum

(Figure 4.6).

N\

[**Zn(pentaen)+2H,0+Na]”

Figure 4.6 Mass spectrum of Zn(pentaen) synthesized at the mole ratio of

Zn(OAc), pentaecn = 1:1
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4.4 Characterization of copper:zinc-complex synthesized at the mole ratio of

Cu(OAc);:Zn(OAc);:pentaen = 0.5:0.5:1
4.4.1 IR spectroscopy of Cu(pentaen):Zn(pentaen) complex

IR spectra of Cu(pentaen):Zn(pentaen) is demonstrated in Figure 4.7. They
exhibited absorption band at 3415 cm' (N-H stretching), 2935 cm' (C-H stretching),
1565 cmi' (C=0 asymmetric stretching), 1407 cm’' (C=0 symmetric stretching), 1335
cm’! (C-N stretching) and 1015 cm’!' (C-O stretching). The C=0 stretching of carbonyl
group in Cu(pentacn)Zn(pentaen) appeared as absorption band at 1565 cm’
(asymmetric C=0), and 1407 cm' (symmetric C=0), respectively, which were
different from the typical Cu(OAc), and Zn(OAc), normally appears as absorption
band around at 1596, 1541 cm’' (asymmetric C=0) and 1422, 1427 cm' (symmetric
C=0) respectively. The absorption bands of Cu(pentaen)Zn(pentaen) exhibited C-O
stretching at 1015 cm' which shifted fiom typical absorption band of Cu(OAc), and
Zn(OAc), at 1036,1024 cm'. It indicated that the complex was formed.
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:
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Figure 4.7 IR spectra of (a) pentacthylenechexamine; (b) Cu(OAc)z; (¢); Zn(OAc); ;
(d) Cu(pentaen):Zn(pentaen) synthesized at the mole ratio of
Cu(OAc),Zn(OAc); pentaen = 0.5:0.5:1
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4.4.2 UV-visible spectroscopy of Cu(pentaen):Zn(pentaen) complex

UV-visible spectra of Cu(pentaen)Zn(pentaen) (synthesized in acetone) and
W_ Cu(pentaen):Zn(pentaen) (synthesized in water) were compared as illustrated in
Figure 4.8. The maximum wavelength of Cu(pentaen):Zn(pentaen) and
W_ Cu(pentaen):Zn(pentaen) both appeared at 264 nm. Evidently, ther maximum
wavelengths shifted from typical maximum wavelength of Cu(OAc), at 244 nm

which confirmed the complex formation.

1.0
- - - (a) Zn(OAc),
———- (b) Cu(OAc),
0.8 4, __ (¢) Cu(pentaen):Zn(pentaen)

.=+ (d) W_Zn(pentaen):Cu(pentaen)

0.6 4

0.4 -

Absorbance

0.2 -

0'0 " 1 1 " 1 " 1 " 1 i I i
200 250 300 350 400 450 500 550
Wavelenght (nm)
Figure 4.8 UV spectra of (a) Zn(OAc),; (b) Cu(OAc), (c) Cu(pentaen):Zn(pentaen) ;
(d) W_Cu(pentaen):Zn(pentaen) synthesized at the mole ratio of
Cu(OAc)2Zn(OAc), pentaen = 0.5:0.5:1



50

4.4.3 Determination of metal amount in Cu(pentaen):Zn(pentaen)

complex by flame atomic spectrometry (FAAS)
For analytical characteristics of Cu(pentaen):Zn(pentaen) illustrated in Table

4.5, the results indicated that there was inconsistency between the experimental value

and the calculated value. This might be due to the different sensitivity of each metal.

Table 4.5 Analytical Characteristics of the FAAS method

Elements Experimental Calculated
Catalyst
determined (%) (%)
Cu(pentaen) Cu 6.35 7.66
Zn(pentaen) Zn 6.25 7.88

4.4.4 Elemental analysis of Cu(pentaen):Zn(pentaen) complex

Elemental analysis (%C, %H and %N) of Cu(pentaen):Zn(pentaen) is shown
mn Table 4.6. This result indicates that there was inconsistency between the

experimental valuie and the calculated value.

Table 4.6 Elemental analysis (%C, %H, and %N) of Cu(pentaen):Zn(pentaen)

Elements Experimental Calculated
Catalyst
determined (%) (%)
%C 40.11 40.52
Cu(pentaen) Zn(pentaen) %H 8.15 8.26

%N 18.45 20.25
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4.4.5 Mass spectrometry of Cu(pentaen):Zn(pentaen) complex
The positive-ion ESI mass spectrum of Cu(pentaen):Zn(pentaen) showed the
molecular ion peak at m/z = 436.094 corresponding to the form of [ **Cu(pentaen)+

Na]'; m/z = 436.184 and m/z = 474272 corresponding to the form of
[**Zn(pentaeny+2H,0+Na]"; m/z= 473.204 as demonstrated in Figure 4.9.

N

[ ®Cu(pentaen) + Na]"

AN

[**Zn(pentaen)+2H,O0+Na]"

Figure 4.9 Mass spectrum of Cu(pentaen):Zn(pentaen)
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4.5 Preparation of rigid polyurethane (RPUR) foams
4.5.1 Preparation of RPUR catalyzed by metal complexes

The ratio M;(pentaen) and M;(pentaen):My(pentaen) employed in the
synthesis of metal complexes was varied were 12, 1:1 and 1:0.5. The rigid
polyurethane foams catalyzed by metal M;(pentaen); (M;= Cu, Zn, Co, Ni and Mn)
and mixed metal M;(pentaen):M(pentaen); (M;= Cu, Ma= Zn, Co, Ni and Mn) were
prepared by mechanical mixing technique in two steps of the mixing, In the first step,
was prepared by mixing polyol, catalysts (metal complexes or DMCHA), surfactant
and blowing agent (water) were mixed in 700 mL paper cup. In the second step, the
isocyanate (polymeric MDI) was added to the mixed polyol from first mixing, then
the mixture were mixed to obtamed homogeneous mixture by mechanical stirer at

2000 rpm for 20 seconds.

During the reaction, cream time, gel time, tack free time and rise time were
measured. After that, the foams were kept at room temperature for 48 hours before
carrying out physical and mechanical characterization. In this work, the content of
polyol, catalyst, surfactant (B8460), and blowing agent (water) were fixed. The
polymeric MDI was varied according to NCO indexes of 100, 130, 150 and 170 and
RPUR foams were prepared by using different catalysts at the same 1.0 pbw. The
foam formulation of RPUR foams is illustrated in Tables 4.7.

Table 4.7 RPUR foam formulations catalyzed by metal complexes at different NCO

indexes
NCO index

Formulations (pbw¥)
100 130 150 170
Raypol® 4221 100 100 100 100

Catalyst (metal complexes or
bt ( P 1.0 1.0 1.0 1.0

DMCHA)

Surfactant (B8460) 2.5 2.5 2.5 2.5
Water (blowing agent) 2.0 2.0 2.0 2.0
PMDI (MR-200) 137 178 205 233

*pbw: part by weight or 1 gram in 100 grams of polyol
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4.5.2 Reaction times

The metal complexes were used as the catalyst in the formulation of rigid
polyurethane foams. The reaction time, namely cream time, gel time, tack free time
and rise time were investigated and compared to a commercial reference catalyst

(dimethylcyclohexylamine, DMCHA).

The reaction times measured were cream time (which is the start of bubble rise
and hence color of the mixture becomes cream-lke from dark brown due to the
mtroduction of bubbles or blowing reaction) [2], gel time (which is the time of foam
mixture begin to gel or gelling reaction), tack free time (which is the time of the foam
could not tack with other materials or crosslinking reaction) and rise time (which is

the time of the foam stop rising).

4.5.2.1 An effect of mole ratio to RPUR foam properties.

The data mn Table 4.8 demonstrate that the reduction of ammne in
M(OAc),pentaen ratio from 12 to 1:1 had an effect to both reaction time and
external appearance of foam. The reaction time was shorter and external appearance
was better when amme was reduced m foam preparation. This is due to
M(OAc),pentaen ratio of 1:2 had steric hindrance during the polyurethane reaction.
Moreover, Metal and amine had a different catalytic mechanism. However, when
mole ratio of M(OAc),:pentaen was 1:0.5 catalyst was not soluble in starting material.

Therefore, there was no the result data of 1:0.5 mole ratio with in Table 4.8.

As the results, it could be concluded that the catalytic activity of the metal
complex catalyst with the M(OAc),:;pentaen mole ratio of 1:1 better than those with
the mole ratio of 1:2. Especially, Cu(pentaen) and Zn(pentaen) perform as the good

catalysts due to the shortest time when they were used in foam preparation.
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Table 4.8 Reaction times of RPUR foams prepared at NCO indexes of 100 catalyzed
by metal complexes prepared at different M(OAc),pentacn mole ratios

Cream Gel Tack Rise

Catalysts time time free time time  Volume External
(min)  (min)  (mim)  (min) (V)  appearance

M(OAc);:pentaen =1:2

Cu(pentaen), 035 0:59 3:54 4:18 6/8V

Zn(pentaen), 0:31 1:04 4:19 403  6.5/8V Brittle
Co(pentaen), 0:37 1:12 8:56 743  5.5/8V foam
Ni(pentaen), 0:34 1:11 12:57 933 5.5V

Mn(pentaen), 036 121 10:45 855 5.5/8V
M (OAc);:pentaen =1:1

Cu(pentaen) 028 0:45 208 220 7/8V

Zn(pentaen) 025 0:57 3:58 342 7.5/8V Good
Co(pentaen) 0:30 1:06 7:55 6:55 6/8V foam

Ni(pentaen) 031 0:59 10:55 855 6/8V

Mn(pentaen) 0:30 1:07 925 801 6/8V

Cu(pentaen) performed as a good catalyst, however, it was difficult to dissolve
in starting material (polyol). Zn(pentaen) had less catalytic activity than Cu(pentaen)
but Zn(pentaen) could be easily dissolved i polyol. Therefore, mixed metal complex
catalysts, M (pentaen):M,(pentaen), was studied. The reaction time of RPUR foam
catalyzed by mixed metal complexes is shown in Table 4.9. It was found that
Cu(pentaen):Zn(pentaen) showed better catalytic activity than DMCHA and better
than other M, (pentaen):M,(pentaen) catalysts.



55

Table 4.9 Reaction times of RPUR foams prepared at NCO indexes of 100 catalyzed

by mixed metal complexes prepared at M;(OAc),:M»(OAc),:;pentaen mole

ratio of 0.5:0.5:1

Cream Gel Tack free  Rise
Volume
time time time time
Catalysts W)
(min) (min) (min) (min)

DMCHA (ref) 022 0:32 3:07 221 7.5/8V
Cu(pentaen):Zn(pentaen) 027 0:53 2:51 3:07 7.5/8V
Cu(pentaen):Co(pentaen) 029 0:58 330 334 6/8V
Cu(pentaen):Ni(pentaen) 0:30 1.01 420 3:54 6/8V
Cu(pentaen):Mn(pentaen) 031 1.08 430 4:02 6/8V

4.5.2.2 Effect of catalyst content on reaction time of RPUR foams

The effect of catalyst content on the reaction time of RPUR foam is

shown

in Table 4.10. The results indicated that the reaction time of foams increased with

increasing of catalyst content. Interestingly, It was found that the increasing of

Cu(pentaen) content promotes the gellng reaction, relatively, which was confirmed

by faster gel time and tack-free time. However, the increasing of Zn(pentaen) content

promotes the blowing reaction, relatively, which was confirmed by faster cream time

[24-26]. Therefore, it could be concluded that Cu(pentaen) is a gelling catalyst and

Zn(pentaen) is a blowing catalyst.
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Table 4.10 Reaction times of RPUR foams catalyzed by Cu(pentaen) and Zn(pentaen)
prepared at M(OAc),:pentaen mole ratio of 1:1

Catalyst type at NCO index 130

Catalyst

Cu(pentaen) Zn(pentaen)
Content Cream Gel Tack free  Cream Gel Tack free
(pbw) Time Time Time Time Time Time
(min) (min) (min) (min) (min) (min)
0.25 033 1:37 4:57 0:30 203 8:32
0.5 0:31 1:12 3:50 0:28 131 6:02
1.0 029 0:50 2:19 026 1:05 4:14

In Table 4.11, the reaction times of RPUR foams catalyzed by metal
complexes synthesized in acetone, M(pentaen), are compared to those catalyzed by
metal complexes synthesized in water, W_(pentaen). The obtained results are also
compared with commercial catalysts (DMCHA).

In the preparation of RPUR foams, W _(pentaen) gave slightly shorter reaction
time and lower density than M(pentaen). Therefore, the preparation of W_(pentaen) in
water had advantage because foam formulation contained water as a blowing agent.
The preparation of W_(pentaen) spent less time than M(pentaen). This is because
acetone had to be removed from M(pentaen) before use.

Both Cu(pentaen) and Zn(pentaen) were good catalyst since reaction time
were short, however, RPUR foams prepared by Cu(pentaen) foam had less volume
and had higher density than those prepared by Zn(pentaen). This results indicated that
Cu(pentaen) catalyzed gelling reaction, which was the reaction between isocyanate
and hydroxyl group, to form urethane groups very well. Moreover, Zn(pentaen) was a
good catalyst in blowing reaction, which normally had an effect to foam density due
to the released CO,. Therefore, when Cu(pentaen):Zn(pentaen) was used as a catalyst,
Cu(pentaen) performed as a gelling catalyst that increased RPUR foam high strength
[27, 34] and Zn(pentaen) performed as a blowing catalyst that increased the foam
volume.
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Table 4.11 The reaction time of RPUR foams catalyzed by M(pentaen) and
W_(pentaen) prepared at NCO index 100.

Cream Gel Tack Rise

Catalysts time time free time  Density Volume
types (min)  (min) time (min) (kg/m3 ) V)
(min)

DMCHA (ref) 0:22 0:32 3:07 221 39.7 7.5/8V
Cu(pentaen) 028 045 2:08 225 42.4 7/8V
Cu(pentaen) Zn(pentaen) 027 0:53 2:51 3:07 40.8 7.5/8V
Zn(pentaen) 025 0:57 3:58 342 386  7.5/8V
W_ Cu(pentaen) 026 0:39 1:47 2:03 41.8 7/8V
W_ Cu(pentaen):Zn(pentaen) 025 047 2:30 2:48 40.1 7.5/8V
W_ Zn(pentaen) 023 0:50 341 330 37.8 7.5/8V

The reaction time of RPUR foams catalyzed by metal complexes demonstrated
in Figure 4.10. It indicated that Cu(pentaen) and Cu(pentane):Zn(pentane) showed
better catalytic activity than the commercial reference catalyst (DMCHA,
dimethylcyclohexylamine). As a result, tack free time was shorter than rise time when
using Cu(pentaen) and Cu(pentaen):Zn(pentane) as catalyst. This result was good for
foam preparation since the foam contnued to rise when the polymerization reaction
was almost completed. After the reaction was completed, the foam would not

collapse.

Furthermore, rise profile of RPUR foams prepared from Cu(pentaen),
Cu(pentaen)Zn(pentaen) and Zn(pentaen) showed similar trend to that of DMCHA
(Figure 4.11). DMCHA is a tertiary amine-based catalyst and has strong catalytic
activity towards both blowing and gellng reactions [27]. The metal complexes
showed longer mitial time than DMCHA and exhibited a fast rise curve i the latter

stage.
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Figure 4.10 Reaction times of RPUR foams catalyzed by M(pentaen) at NCO index
of 100
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Figure 4.11 Rise profiles of RPUR foams catalyzed by different metal complexes

(a) DMCHA (ref); (b) Cu(pentaen); (c) Cu(pentaen):Zn(pentaen); (d)

Zn(pentaen)
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The reaction mechanism of RPUR foams catalyzed by metal-based catalyst is
shown in Schemes 4.2. It is proposed that M(pentaen) and M;(pentaen):M,(pentaen)
could catalyzed RPUR foam polymerization by this mechanism. Therefore, the metal
complexes acted as a Lewis acid, primarily coordinated to the oxygen atom of the
NCO group and activated the electrophilic nature of the carbon [27] and amine
mteracting with the proton of hydroxyl group i polyol, which then reacts with the
isocyanate. While, the tertiary amine coordinate to the positive electron charged
carbon of the NCO group or hydrogen of the OH group and forms a transition state to
activate urethane formation reaction (Schemes 2.1 and 2.2). Tertiary amine can be
tuned by maximizing its ability to form a hydrogen bond with alcohol, thereby

activating the O—H bond so it can attach to the isocyanate more easily.

_ If _
_N
H ON®
R—NCO + R'—OH + MX, ——> ol
M, o
X,
_ _ . R
HO R N\
N
! -~ Py
" AN
rR—0"7 @ R'—0O e(l)
) MX,
MX, L |
0
VY
MX, + R—N—C<
0O—R'

Scheme 4.2 Activation mechanism of metal-based catalyst on urethane formation

reaction
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The maximum rise rates were calculated by differential at secondary stage of
rise profile which gives maximum slope as illustrated in Figure 4.12. It was
demonstrated that the RPUR foams catalyzed by Cu(pentaen) showed higher
maximum rise rate than that DMCHA. Cu(pentaen):Zn(pentaen) catalyst showed
similar catalytic activity with DMCHA catalyst. This results indicated that the RPUR
foams catalyzed by Cu(pentaen) and Cu(pentaen):Zn(pentaen) showed good catalytic
activity. Although Zn(pentaen) complexes had lowest catalytic activity than those
catalyst but also showed good blowing reaction which showed high maximum rise

rate.

Max. rise rate s (cm/s)

(@ (b) © (d)
Catalysts

Figure 4.12 Maximum rise rates of RPUR foams catalyzed by different metal
complexes at NCO index of 100 (a) DMCHA (ref); (b) Cu(pentaen);
(c) Cu(pentaen):Zn(pentaen); (d) Zn(pentaen)

4.5.3 Apparent density

The apparent density of RPUR foams were measured according to ASTM D
1622. After foam preparation, RPUR foams were kept in room temperature for 48
hours, and then the foams were cut into cubic shape with 3.0 ¢cm x 3.0 cm x 3.0 cm

dimensions before apparent density of foams were measured as shown in Figure 4.13.
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Figure 4.13 Samples for foam density measurements

4.5.3.1 Effect of NCO indexes on foams density

To investigate the effect of NCO indexes on the density of RPUR foams, the
NCO index was varied from 100 to 170. These results indicated that the apparent
density of RPUR foams increased with increasing the content of NCO indexes (Figure
4.14) because the excess of isocyanate m PUR system could undergo further
polymerization to provide crosslinked structure [6]. RPUR foams prepared from metal
complexes had suitable density when prepared at the NCO index of 100-170. If RPUR
foams were prepared over the NCO index of 170, the foam would be brittle.

Therefore, the density could not be measured.

In comparison between the density of foams prepared from metal complexes
and DMCHA, it indicated that RPUR foams catalyzed by Cu(pentaen) and
Cu(pentaen):Zn(pentaen) showed higher density than those catalyzed by DMCHA.
However, foams prepared from Zn(pentaen) complexes showed apparent density
lower than those prepared from DMCHA. This result indicated that Zn(pentaen) was a
good catalyst in blowing reaction which this reaction had an effect to foam density
due to the released CO;. Density of RPUR foams catalyzed by Cu(pentaen) and
Cu(pentaen):Zn(pentaen) complexes at NCO indexes 100-150 was in range of 40-50
kg/m’, which was the desirable density for foam applications [3, 15].
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Figure 4.14 Apparent density of RPUR foams catalyzed by metal complexes
(a) DMCHA (ref); (b) Cu(pentaen); (c) Cu(pentaen):Zn(pentaen); (d)
Zn(pentaen) at different NCO indexes

4.5.3.2 Effect of catalyst quantity on foam density

The effect of catalyst quantity on RPUR foam density catalyzed by DMCHA,
Cu(pentaen), CuZn(pentaen) and Zn(pentaen) is shown in Figure 4.15. It was found
that the foam density decreased with increasing the content of catalyst m foam
formulation since more blowing reactions could occur when increasing amount of
catalyst. The result indicated that the foam prepared at catalyst quantity of 0.25 part
by weight (pbw) showed the lowest blowing reaction when compared with those
prepared from 0.50, 1.0 and 2.0 pbw of catalyst (Figure 4.16). Although high catalyst
quantities resulted in good blowing reaction, however, the cell size of RPUR foam
was not uniform. There were several cells which are obviously larger than the others.
In addition, the high quantity of catalyst resulted in the decreasing of foam density,

which was not suitable for applying in foam manufacturing.
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Figure 4.15 Effect of catalyst content on RPUR foam density catalyzed by different
catalysts type (a) DMCHA (ref); (b) Cu(pentaen); (c)
Cu(pentaen)Zn(pentaen); (d) Zn(pentaen) at NCO index of 130
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Figure 4.16 Appearance of RPUR foam catalyzed by Cu(pentaen):Zn(pentaen)

complex in various amounts at NCO index of 130.
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4.5.3.3 Effect of blowing agent quantity on foam density

In Figure 4.17, the effect of the content of blowing agent on RPUR foams
density at NCO index 130 is demonstrated. It was found that the apparent density of
RPUR foams decreased with increasing of blowing agent content. Since blowing
agent (water) could react with isocyanate group to generate CO, gas and the
temperature of foam was higher due to exothermic reaction, therefore the blowing
agent of 3.0 pbw released more CO, and made the foam volume increased than that of
1.0 pbw. Therefore, the foams prepared at blowing agent of 1.0 pbw showed higher
apparent density than those prepared from 3.0 pbw.

(a) DMCHA (ref.)
55 —e— (b) Cu(pentaen)
—#&— (c¢) Cu(pentaen):Zn(pentaen)
"= (d) Zn(pentaen)
m"\
£ 50+
on
<
Z
E 45 -
40
35 1 1 1 1

1
1.0 1.5 2.0 2.5 3.0
Blowing agent content (pbw)

Figure 4.17 Effect of blowing agent quantities on RPUR foam density catalyzed by
different catalysts (a) DMCHA (ref); (b) Cu(pentaen); (c)
Cu(pentaen)Zn(pentaen); (d) Zn(pentaen) at NCO index of 130.

4.5.4 Foaming temperature

The effect of isocyanate index on the foaming temperature of RPUR foams is
shown in Table 4.12. This result indicated that the foaming temperature increased
with increasing isocyanate (NCO) index from 100 to 150 due to the released heat
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from reaction between isocyanate and water. At isocyanate index less than 150, less
isocyanate was present to react with water and thus less heat was released leading to a
lower foaming temperature [34]. The maximum core temperature of foams from metal

complexes was in the range of 121-137 °C.

Table 4.12 Maximum core temperature of PUR foam catalyzed by M(pentaen) at
different NCO indexes

Catalysts NCO indexes Maximum core Starting times
temperature (°C) (min) at Tyax
100 121 330 (5:30)
DMCHA 130 126 360 (6:00)
150 132 390 (6:30)
100 124 315 (5:15)
Cu(pentaen) 130 128 330 (5:30)
150 133 360 (6:00)
100 125 330 (5:30)
Cu(pentaen):Zn(pentaen) 130 129 345 (5:45)
150 133 390 (6:30)
100 127 375 (6:15)
Zn(pentaen) 130 132 285 (6:30)
150 136 420 (7:00)

The temperature profiles of RPUR foam prepared from different catalysts at
NCO index of 100 were mvestigated (Figure 4.18). It was found that the profiles of
foams prepared from metal complexes were the same as that prepared with DMCHA.
The RPUR  foams prepared from DMCHA, Cu(pentaen) and
Cu(pentaen)Zn(pentaen) catalyst showed shorter time at mitial profile than
Zn(pentaen) which they showed faster gel times. However, Zn(pentaen) had longer

gel time than other catalyst. This is because Zn(pentaen) accelerated blowing reaction.
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Figure 4.18 Temperature profiles of RPUR foams catalyzed by metal complexes
(a) DMCHA (ref); (b) Cu(pentaen); (c) Cu(pentaen):Zn(pentaen);
(d) Zn(pentaen)

4.5.5 Characterization of RPUR foams

Figure 4.19 illustrated the IR spectra of starting materials, namely polyol,
polymeric MDI (PMDI isocyanate) and their corresponding RPUR foams. From the
IR spectrum of (a) polyol, the broad band at about 3402 cm' was the characteristic
stretching vibration of hydroxyl groups, which indicated vibration of hydroxyl groups.
The isocyanate stretching of (b) PMDI (2277 cm’') observed high intensity of fiee
NCO absorption band.

Also, isocyanate groups at 2277 cm' in PMDI disappeared, which indicate
that isocyanate group were completely consumed by the reactions with hydroxyl
groups and water.
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Figure 4.19 IR spectra of starting materials and RPUR foams catalyzed by mixed
metal complexes (a) polyether polyol; (b) PMDI; (c) DMCHA (ref);
(d) RPUR foams catalyzed by Cu(pentaen):Zn(pentaen)

On the contrary, from the IR spectra of RPUR foams, (c) and (d), the
absorption bands at 3392, 1714, 1518, 1220 cm’!' showed the urethane and
disubstituted urea that were formed through the polymerization of isocyanate groups,
hydroxyl groups and water. The bands at 3392 and 1714 cm'were the characteristic
stretching vibrations of amine group (N-H) and carbonyl group (C=0) of urethane and
urea linkages, respectively, while the band at 1220 cm’' was associated with the
characteristic stretching vibration of C-N-H bond of urethane and urea. The band at
1518 cm'could be attributed to N-H bending vibration and C-N stretching vibration

of urethane and urea groups [34].
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4.5.6 NCO conversion of RPUR foams

FTIR spectroscopy was employed to investigate the polymerization of RPUR
foam system. IR spectra of polymeric MDI, polyether polyol and RPUR foams are
demonstrated in Figure 4.19. It indicated that the absorption band of isocyanate could
be observed at 2277 cni'. Therefore, the NCO conversion was determined from FTIR
spectra. When higher NCO index was used in the foam formulation, high intensity of
free NCO absorption band could be observed in RPUR foam as shown in Figure 4.20.
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Figure 4.20 IR spectra of RPUR foams catalyzed by Cu(pentaen)Zn(pentaen) at
different NCO indexes (a) 100; (b) 130; (c) 150

The NCO conversion defined as the ratio between isocyanate peak area at time

tand isocyanate peak area at time 0 as shown in following equation [36-38]:

NCOf

1- —

NCO'

Isocyanate conversion (%) = x 100

where;
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NCO! is the area of isocyanate absorbance peak area at time t (spectra (c) and
(d) in Figure 4.19)

NCO' is the area of isocyanate absorbance peak area at initial time 0 (spectra
(b) in Figure 4.19)

Quantity of free NCO in RPUR foams were normalized by aromatic ring
absorption band at 1595 cm'.

Polyisocyanurate:polyurethane (PIR:PUR) ratio was calculated from the peak

area of isocyanurate and urethane at 1415 and 1220 cm’’, respectively (Table 4.13).

Table 4.13 Wavenumber of the functional groups used in calculation [6]

Functional groups Wave number (cm™) Chemical structure
Isocyanate 2277 N=C=0
Phenyl 1595 Ar-H
Isocyanurate 1415 PIR
Urethane 1220 -C-0O-

The results of NCO conversion of RPUR foams catalyzed by metal complexes
at NCO indexes 100, 130 and 150 are demonstrated n Figure 4.21. This result
indicated that NCO conversion decreased by increasing the content of NCO indexes.
The excess isocyanate could not undergo trimerization to provide isocyanurate group.
Therefore metal complex catalysts were not specific toward of isocyanurate
formation. Although, the NCO conversion decreased with increasing the content of

NCO index, the conversion was 98-99 %.
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Figure 4.21 NCO conversions of RPUR foams catalyzed by different metal
complexes

The ratio of polyisocyanurate;polyurethane (PIR:PUR) mn RPUR foams
prepared from different catalysts is shown i Figure 4.22. From these results,
PIR:PUR of all RPUR foam slightly increased with increasing the content of NCO
index. Therefore, this result indicated that metal complexes were not good catalyst for
polyisocyanurate formation. It could be concluded that metal complexes were good
catalysts for polyurethane formation and blowing reaction but they were not good
catalysts for trimerization reaction. In Tables 4.14 and 4.15, the summarized NCO
conversion and PIR:PUR ratio of RPUR foams catalyzed by metal complexes is
illustrated as follows.
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Figure 4.22 PIRPUR of RPUR foams catalyzed by different metal complexes

Table 4.14 NCO conversions and PIR:PUR ratio of RPUR foams prepared by
M(pentaen) at different NCO indexes

Catalysts NCO indexes NCO conversion (%) PIR/PUR
100 99.7 0.188
DMCHA (ref) 130 99.5 0.211
150 99.3 0.225
100 99.7 0.182
Cu(pentaen) 130 99.5 0.197
150 99.0 0.217
100 99.7 0.171
Cu(pentaen):Zn(pentaen) 130 99.6 0.204
150 99.3 0.227
100 99.6 0.185
Zn(pentaen) 130 99.3 0.206
150 99.2 0.223
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Table 4.15 NCO conversions and PIR:PUR ratio of RPUR foams prepared by
W_M(pentaen) complexes catalyzed in water at different NCO indexes

NCO NCO conversion
Catalysts PIR/PUR
indexes (%)
100 99.7 0.184
DMCHA (ref) 130 99.4 0.212
150 99.0 0.228
100 99.6 0.190
W_ Cu(pentaen) 130 99.3 0.220
150 98.9 0.225
100 99.4 0.189
W_ Cu(pentaen):Zn(pentaen) 130 99.2 0.196
150 98.8 0.206
100 99.4 0.189
W_Zn(pentaen) 130 99.2 0.196
150 98.8 0.206

4.6 Compressive properties of RPUR foams

Compressive strength of RPUR foams is an important parameter which
determines its application. PRUR foams subjected to compressive stress at 10%
strain. The compression stress-stram curves of RPUR foams catalyzed by metal
complexes are shown in Figure 4.23.  The curves revealed three stages of
deformation; initial lmear behavior, linear plateau region and finally, densification.
The initial slope was used to calculate the compressive modulus of foam and
mtersection point between the mitial slope and plateau slope was used to determine
the compressive strength [39]. It was observed that slope of the initial linear are the
same for all RPUR foams. The shape of plateau region depends on the cell
morphology of RPUR foam. For linear plateau, cell deformation occurs as

combmation of cell bending and collapse.
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Figure 4.23 Parallel compression stress-strain curve of RPUR foams catalyzed by
different catalysts at NCO index of 150 (a) DMCHA (ref); (b)
Cu(pentaen); (c) Cu(pentaen):Zn(pentaen); (d) Zn(pentaen)

Parallel compressive strength of RPUR foams at NCO indexes of 100, 130 and
150 is shown in Figure 4.24. It demonstrated that the compressive strength of RPUR
foam was increased by increasing NCO index from 100 to 150, respectively. RPUR
foams catalyzed by Cu(pentaen):Zn(pentaen) showed higher compressive strength
than the foam prepared from a commercial reference catalyst (DMCHA) at both NCO
indexes of 100, 130 and 150.

This phenomenon could be explained that the foams prepared by higher NCO
ndex normally had higher than the foam prepared by lower NCO mndex. In Figure
4.25 illustrated that the compressive strength of RPUR foam catalyzed by
Cu(pentaen):Zn(pentaen) increased from 228.0 to 321.5 kPa with an increasing
density from 40.8 to 47.5 kg/m’. This is due to the cell size decreased with increased
density [19]. Therefore it indicated that the mechanical properties of foams mainly
depend on the density [25, 40-41].
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Figure 4.24 Comparison of parallel compressive strength of RPUR foams between
NCO indexes of 100, 130 and 150
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Figure 4.25 Relationship between compressive strength and density
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In Figure 4.26, compressive strength of RPUR foams catalyzed by metal
complexes in parallel and perpendicular direction of foam rising is demonstrated.
From the results, it was observed that the parallel compressive strength of foams was
higher than that of perpendicular compression direction. This is due to perpendicular,
the foam cells were elongated in the direction of the rise [42]. The compressive
properties depend on direction of measurement, all foams were anisotropic foams. In
general, a high compressive strength in one direction occurred at the expense of the
compressive strength in the other directions which were could be explamed by the
foam cell model as illustrated in Figure 4.27.

Perpendicular Paralel

Compressive strength (kPa)

DMCHA (ref.) Cu(pentaen) Cu(pentaen):Zn(pentaen) Zn(pentaen)
Catalysts

Figure 4.26 Comparison of compressive strength of RPUR foams between parallel
and perpendicular direction of foam rising at NCO index of 150



76

‘anil|
Q| -0-
Rise direction
(@) (b)

Figure 4.27 Isotropic foam (a): spherical cells, equal properties in all directions;
anisotropic foam (b): ellipsoid cells, which properties depend on
direction [1]

4.7 RPUR Foams M orphology

Morphology of RPUR foam catalyzed by Cu(pentaen):Zn(pentaen) in parallel
and perpendicular of foam rising is demonstrated in Figure 4.28. It was observed that
cell morphology showed spherical cell and elongated cell in (a) parallel and (b)
perpendicular direction, respectively. It was illustrated the foams were anisotropic

materials which were confrmed by compressive strength and cell morphology results.
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Figure 4.28 SEM of RPUR foams -catalyzed by Cu(pentaen):Zn(pentaen) and
prepared at the NCO index 150; (a) top view; (b) side view (50x)
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SEM micrographs of RPUR foams prepared from both DMCHA and
Cu(pentaen):Zn(pentaen) catalysts shown in Figure 4.29. It was observed that closed-
cell foams. Then RPUR foam catalyzed by Cu(pentaen)Zn(pentaen) had more
uniform and smaller cell size (cell size = 409.9 um) when compared with RPUR foam
catalyzed by DMCHA (cell size = 497.5 um). This result indicated that the small cell
size provided more strength to the RPUR foam [43]. Therefore, the foam catalyzed by
Cu(pentaen)Zn(pentaen) had higher compressive strength than that prepared from
DMCHA.

500 um

&

@ (b)
Figure 4.29 SEM of RPUR foams prepared at the NCO index of 150 and catalyzed by
(a) DMCHA (ref) ; (b) CuZn(pentaen) (top view, 50x)

4.7.1 Effect of blowing agent on morphology of RPUR foams.

Generally, the mechanical properties not only depend on density of foams, but
also relate to the cell size and morphology of foams. Thus, in the present study, the
morphology of foam with different blowing agent content, which were observed in
the free-rising direction which scanning electron microscopy (SEM), are shown in
Figure 4.30. As seen in figure, the higher was the blowing agent content, the larger
was the average cell size of foams. As blowing agent content increased from 1.0 to
3.0 pbw the cell size increased from 367.4 to 513.2 um, respectively [19-20]. This is
due to the fact that the increase in the blowing agent content generating more bubbles
combined with one another, therefore, the cell size of foam increased with the

increase in the blowing agent content [20, 24].
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Figure 4.30 SEM of RPUR foams prepared at the NCO index of 150, catalyzed by

Cu(pentaen)Zn(pentaen) and blown by different blowing agent content
(a) 1.0 (b) 2.0 (c) 3.0 pbw (top view, 50x)

According to the relationship between cell size and mechanical properties, the
compressive strength will be higher when RPUR foams have smaller cell size and
more uniform [34, 44]. This result was confirmed by Table 4.16. The average cell size
of foam increased from 367.4 to 513.2 pm and the compressive strength decreasing

from 433.2 to 230.8 kPa.

Table 4.16 The compressive strength of RPUR foam with different cell size

Blowing agent content Cell size (um) Compressive strength (kPa)
1.0 pbw 367.4 433.2
2.0 pbw 409.9 321.5

3.0 pbw 513.2 230.8
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4.8 Thermal conductivity

Thermal conductivity is ability to transmit heat through the foam matrix. The
thermal msulation properties of RPUR foams are mostly expressed i terms of their
K-factor. As the K value decreased the thermal msulation properties of RPUR foams

are icrease.

Thermal conductivity of foams is usually controlled by its density and cell
size [21-22, 45]. Thermal conductivity of RPUR foams catalyzed by DMCHA and
Cu(pentaen):Zn(pentaen) were investigated. In Table 4.17 shows the effect of density
and cell size on the thermal conductivity of foam. It indicates that as the density of
foam increases (smaller cell size), the thermal conductivity slightly decreases. It may
be due to the decreased radiant heat transfer via trapped gases in lower foam cells in
the higher density of RPUR foams [19]. Therefore, It could be concluded that the
smaller cell size improved the thermal msulation property of the RPUR foam [21-22].

Table 4.17 The thermal conductivity of RPUR foams at NCO index of 150 with

different cell size.

Catalyst Density Cell size Thermal conductivity
types (kg/m’) (hm) (W/m K)
DMCHA (ref) 46.7 497.5 0.0377
Cu(pentaen) Zn(pentaen) 47.5 409.9 0.0363

4.9 Thermal stability

Thermal stability of RPUR foams catalyjzed by DMCHA, Cu(pentaen),
Cu(pentaen):Zn(pentaen) and Zn(pentaen) at NCO index of 150 were mvestigated by
thermalgravimetric analysis under nitrogen atmosphere. Their thermograms are shown
mn Figure 4.31 and Table 4.18. TGA thermograms of all RPUR foams showed the
decomposition of foams in one step.

The iitial composition temperature (IDT), which is the temperature at 5%
weight loss was found in the range of 283.4-285.7 °C. This step was attributed to
decomposition of urethane [46]. The residual weights at 600 °C were in the range of
32.2-34.6 %. RPUR foams catalyzed by DMCHA, Cu(pentaen), Zn(pentaen) and
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Cu(pentaen)Zn(pentaen) showed their maximum decomposition temperature (Tpax)
values in the range of 336.1-337.6 °C. The foams prepared from all metal complexes
catalysts showed similar thermal decomposition with that prepared from DMCHA
catalyst. This indicated that the metal complexes showed similar catalytic reaction
with that of DMCHA.

100 -
90 -
80 -
;\: E
o 70 1
2
E‘) 60 -
)
=
50 -
] (a) DMCHA (ref.)
s0d ~ (b) Cu(pentaen) 3 o
] (¢) Cu(pentaen):Zn(pentaen) =
30 4 (d) Zn(pentaen) ~
1 1 1 1 1
100 200 300 400 500 600
Temperature (°C)

Figure 4.31 TGA thermograms of RPUR foams catalyzed by (a) DMCHA (ref);
(b) Cu(pentaen); (c) Cu(pentaen):Zn(pentaen); (d) Zn(pentaen) at the
NCO index of 150

Table 4.18 TGA data of RPUR foam catalyzed by various metal complexes catalysts

Weight residue (%) at different

RPUR catalyzed by IDT temperatures (°C) Tmax (°C)
various catalysts O 00 300 400 500 600

DMCHA (ref) 285.7 98.1 842 443 388 34.6 336.1
Cu(pentaen) 2834 965 829 412 360 322 336.3
Cu(pentaen):Zn(pentaen) 284.6 97.0 83.1 432 37.7 335 336.4
Zn(pentaen) 284.8 978 842 425 373 335 337.6
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For comparison, RPUR foams catalyzed by starting materials (Figure 4.32)
showed bad appearance, brittle foam and had a long time of processing time. It was

indicated that starting materials were unsuitable catalytic reaction.

Non-catalyst Zn(OAc),

Cu(OAc), pentaen

Figure 4.32 External appearance of RPUR foams catalyzed by M(OAc); and amine

RPUR foams catalyzed by Cu(pentaen), Cu(pentaen):Zn(pentaen),Zn(pentaen)
and DMCHA catalysts (Figure 4.33) showed good blowing reaction and good foam.



(a) DM CHA (ref.) (b) Cu(pentaen) (c) Cu(pentaen):Zn(pentaen) (d) Zn(pentaen)

(e) W_Cu(pentaen) (f) W_Cu(pentaen):Zn(pentaen) (g) W_Zn(pentaen)

Figure 4.33 External appearance of RPUR foams catalyzed by different metal catalysts (a) DMCHA (ref)); (b) Cu(pentaen); (c)
Cu(pentaen)Zn(pentaen); (d) Zn(pentaen); (e¢) W_Cu(pentaen); (f) W_Cu(pentaen)Zn(pentaen); (g) W_Zn(pentaen)

[4:



CHAPTER V

CONCLUSION

5.1 Conclusion

Metal-amine and mixed metal-amine complexes, namely M;(pentaen) and
M (pentaen):Ms(pentaen) were synthesized and used as catalysts for rigid polyurethane
foam preparation. They were characterized by means of FT-IR, UV-vis, MS spectrometry

and elemental analysis.

Use of Cu(pentaen)Zn(pentaen) as catalyst for foam preparation had the following
advantages. Cu(pentaen) performed as a gellng catalyst that increased RPUR foam high
strength and Zn(pentaen) performed as a blowing catalyst that increased the foam volume.

Interestingly, the mixed metal complexes using balance gelling and blowing reaction.

RPUR foams catalyzed by Cu(pentaen):Zn(pentaen) had a similar catalytic activity
when compared with foams catalyzed by commercial catalyst (DMCHA). From the
reaction time, Cu(pentaen):Zn(pentaen) had tack free time shorter than rise time. This
resulted in the foam dimension stability since the foam would not collapse after that the

reaction was completed.

Apparent density of RPUR foams increased with increasing of the NCO content.
The foams prepared at the NCO mdexes of 100 and 150 had the apparent density about of
40.0 and 49.0 kg/m’, respectively. The density of foams prepared from Cu(pentaen) and
Cu(pentaen):Zn(pentaen) complexes were suitable for foam applications. ATR-IR
spectroscopy was used to determine the NCO conversion and polyisocyanurate (PIR):
polyurethane (PUR) ratio. It was found that NCO conversion of RPUR foams decreased
with increasing of the NCO content. PIRIPUR ratio slightly increased with increasing of
NCO content in foam formulations. Thus, this result indicated that the metal complexes

could not catalyze the PIR formation.
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SEM micrographs of RPUR foams catalyzed by Cu(pentaen)Zn(pentaen) had the
cell size smaller than that prepared from DMCHA. Therefore, the compressive strength of
RPUR foam catalyzed by Cu(pentaen)Zn(pentacn) were higher than the foam prepared
from DMCHA catalyst. The compressive strength of RPUR foam catalyzed by
Cu(pentaen):Zn(pentaen) increased from 228.0 to 321.5 kPa with an increasing density
from 40.8 to 47.5 kg/m’. This indicated that compressive strength mainly depended on the
foam density. Compressive strength of foams m parallel direction of foam rising was
higher than that in perpendicular direction which indicated that RPUR foams were

anisotropic materials.

Morphology of RPUR foams was obtaned by SEM. The average cell size of RPUR
foams increased from 367.4 to 513.2 um when increasing the blowing agent content from

1.0 to 3.0 pbw. This result showed the decreasing of both density and compressive strength
of RPUR foams.

From the relation between thermal conductivity and cell size of RPUR foams,
smaller cell size improved the thermal insulation property of the RPUR foam. This is due
to the decreased radiant heat transfer via trapped gases in lower foam cells in RPUR foam.
Therefore, RPUR foams catalyzed by Cu(pentaen)Zn(pentaen) provided a good the
thermal msulation properties than DMCHA.

All data of RPUR foam are concluded n Table 5.1.

5.2 Suggestion for future work

The suggestion for future work is to develop the synthesis of mixed metal
complexes in water. They might be developed to be used as catalysts in the water-based

polyurethanes.
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Table 5.1 RPUR foams conclusion

Parameters

Conclusions

metal-amine complexes synthesized in acetone

Reaction times Cu(pentaen):
DMCHA Cu(pentaen) Zn(pentaen)
Zn(pentaen)
Cream time (min) 022 0:28 027 025
Gel time (min) 0.32 0:45 0:53 0:57
Tack free time (min) 3:01 2:08 2:51 3:58
Rise time (min) 221 225 3:07 342
Blowing ' Blowing and ‘
Catalytic reaction Gelling Blowing
and Gelling Gelling

Catalytic activity

Cu(pentaen) > Cu(pentaen):Zn(pentaen) =
DMCHA > Zn(pentaen)

Density (kg/m®)

NCO index =100 NCO index =150

38.0-42.0 44.0 - 49.0

Parallel Compressive
strength (kPa)

Cu(pentaen):Zn(pentaen) >

DMCHA-RPUR foam

NCO index =100 NCO index =150

DMCHA
Cu(pentaen):
Zn(pentaen)

217.5 285.8

228.0 321.5

Parallel testing >
perpendicular testing

Anisotropic materials

Thermal insulation

Cu(pentaen):Zn(pentaen)-RPUR foam

properties better than DMCHA-RPUR foam
Thermal conductivity (W/m K)
DMCHA 0.0377 (W/m K) Cell size =497.5 (um)
Cu(pentaen):

Zn(pentaen)

0.0363 (W/m K) Cell size = 409.9 (um)
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Appendix A
NCO index and NCO conversion Calculations

NCO index calculation

#Example Calculate the parts by weight (pbw) of pure PMDI (MR-200),
molar mass = 366.99, functionality = 2.7 at an isocyanate indexes of 100, 130, 150

and 170 required to react with the following formulation:

Formulation (pbw) Part by weight (g)
Raypol® 4221 (OHV =440 mgKOH/ g, finctionality = 4.3) 100.0
Catalysts 1.0
Surfactant 2.5
Blowing agent (water, M, = 18 g/mole, functionality =2) 2.0

PMDI (MR-200), NCO indexes of 100, 130, 150 and 170 ?

1
x 1000 = 127.5
440

Equivalent weight of raypol 4221 =

18
Equivalent weight of water = — =90
2
Note: Surfactants and catalysts are neglected in stoichiometric calculations

because they do not react with NCO groups.

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

equivalent weight

Equivalent in the above formulation:

100

Polyol (Raypol 4221) = —— = 0.784
127.5
. 2.0
Water (blowing agent) = W = 0.222

Total equivalent weight = 1.006
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For stoichiometric equivalence, PMDI pbw is total equivalent x equivalent weight

because PMDI reacts with polyol and water.

thus:

PMDI (pbw) = 1.006x L Dlmolarmass _ -y g4 o

functionality 2.7

366.99
= 136.7

Note: 136.7 defines the isocyanate quantity at 100 index

where;

. actual amount of isocyanate
Isocyanate index = x 100

theoretical amount of isocyanate

thus:

# Isocyanate index = 100;

136.7

Isocyanate actual = — x100 = 136.7 pbw
100
# Isocyanate index = 130;
136.7
Isocyanate actual = — x130 = 177.8 pbw
100
# Isocyanate index = 150;
136.7
Isocyanate actual = x 150 = 205.1 pbw
100
# Isocyanate index = 170;
136.7
Isocyanate actual = x 170 = 232.5 pbw

100
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Table Al Isocyanate quantity at different NCO indexes in the above formulations

NCO index

Formulations (pbw)

100 130 150 170
Polyol (Raypol® 4221) 100 100 100 100
Catalysts 1.0 1.0 1.0 1.0
Surfactant 2.5 2.5 2.5 2.5
Blowing agent 2.0 2.0 2.0 2.0
PMDI (MR-200) 137 178 205 233

NCO conversion calculation

The NCO conversion can be calculated by FTIR method, defined as the ratio
between isocyanate peak area at time t and isocyanate peak area at time 0, following

equation:
NCOf

1- —

NCO'

Isocyanate conversion (%) = x 100

where;
NCO" is the area of isocyanate absorbance peak area at time t
NCO' is the area of isocyanate absorbance peak area at time 0

Quantity of free NCO i RPUR foams were normalized by aromatic ring
absorption band at 1595 cm’.

Table A2 Free NCO absorbance peak area in PMDI (MR-200) from ATR-IR

PMDI (MR-200) NCO Absorbance peak area
spectra Normalized @ 1.0 Ar-H peak area
1 08.886
2 97.547
3 97.274
Average (NCO'); ATR-IR 97.9

# Example Calculate the conversion of isocyanate (o) and PIR:PUR of rigid
polyurethane foams catalyzed by Cu(pentaen) catalyst at NCO index 100
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Conversion of isocyanate (%)

Data at Table A2

Absorbance peak area of iitial NCO=97.9 =NCO!
The data from Table A4 at NCO index 100, absorbance peak area of free NCO was
normalized by aromatic ring quantity:

Absorbance peak area of final NCO = 0.330 = NCO'

thus,
: . NCOf
Conversion of isocyanate (%) = 1- —— | x100
0.330
= 1- —— [ x100
97.9
% NCO conversion = 99.7
PIR:PUR

Absorbance peak area of PIR (polyisocyanurate) = 0.862
Absorbance peak area of PUR (polyurethane) = 4.739

thus, PIRPUR = 0.862 =0.182
4.739

Table A3 NCO conversion of RPUR foam catalyzed by DMCHA at different NCO

ndexes
Peak Area NCO
NCO .
NCO Ar-H PIR PUR NCO conversion | PIR/PUR
indexes %
2277 em™ 1595 cm™ 1415 em™ 1220 em™ (Ar-H=1.0) ()
100 0.604 1.928 1.055 5.618 0.313 99.7 0.188
130 0.946 2.094 1.118 5.304 0.452 99.5 0.211
150 1.556 2.295 1.129 5.013 0.678 99.3 0.225
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Table A4 NCO conversion of RPUR foam catalyzed by Cu(pentaen) at different

NCO indexes
Peak Area NCO
NCO
NCO Ar-H PIR PUR NCO' | conversion | PIR/PUR
indexes .
2277 em™ 1595 em™ 1415 em™ 1220 cm™ (Ar-H=1.0) (%)
100 0.621 1.883 0.862 4739 0.330 99.7 0.182
130 0.868 1.887 0.816 4.146 0.460 99.5 0.197
150 1.723 1.807 0.887 4.096 0.954 99.0 0.217

Table A5 NCO conversion of RPUR foam catalyzed by Cu(pentaen):Zn(pentaen) at
different NCO indexes

Peak Area NCO
NCO -
NCO Ar-H PIR PUR NCO conversion | PIR/PUR
indexes o
2277 em™ 1595 cm™ 1415 ecm™ 1220 em™  (Ar-H=1.0) (%)
100 0.472 1.901 1.023 5.986 0.248 99.7 0.171
130 0.73 1.66 0.813 3.991 0.440 99.6 0.204
150 1.067 1.587 0.790 3.475 0.672 99.3 0.227

Table A6 NCO conversion of RPUR foam catalyzed by Zn(pentaen) at different

NCO indexes
Peak Area NCO
NCO T
NCO Ar-H PIR PUR NCO conversion | PIR/PUR
indexes %
2277 em™ 1595 cm™ 1415 em™ 1220 em™ (Ar-H=1.0) (%)
100 0.629 1.513 0.732 3.947 0.416 99.6 0.185
130 1.159 1.774 0.858 4.163 0.653 99.3 0.206
150 1.416 1.816 0.896 4.020 0.780 99.2 0.223
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Table A7 NCO conversion of RPUR foam catalyzed by W_Cu(pentaen) at different

NCO mndexes
Peak Area NCO
NCO f
NCO Ar-H PIR PUR NCO conversion | PIR/PUR
indexes N
2277 em™  1595cm™ 1415em™ 1220cm™  (Ar-H=1.0) (%)
100 0.728 1.862 0.903 4.765 0.391 99.6 0.190
130 0.974 1.443 0.791 3.588 0.675 99.3 0.220
150 2.034 1.827 0.947 4.217 1.113 98.9 0.225

Table A8 NCO conversion of RPUR foam catalyzed by W_Cu(pentaen):Zn(pentaen)
at different NCO indexes

Peak Area NCO
NCO -
NCO Ar-H PIR PUR NCO conversion | PIR/PUR
indexes .
2277 em™ 1595 cm™ 1415 cm™ 1220 em™ (Ar-H=1.0) ()
100 0.984 1.596 0.896 4.746 0.617 99.4 0.189
130 1.073 1.443 0.702 3.573 0.744 99.2 0.196
150 2.243 1.989 0.902 4.376 1.128 98.8 0.206
Table A9 NCO conversion of RPUR foam catalyzed by W_Zn(pentaen) at different
NCO indexes
Peak Area NCO
NCO -
NCO Ar-H PIR PUR NCO conversion | PIR/PUR
indexes
2277 em” 1595 cm™ 1415 cm™ 1220 cm™ (Ar-H=1.0) (%)
100 0.853 1.621 0.759 3.988 0.526 99.5 0.190
130 1.085 1.445 0.701 3.539 0.751 99.2 0.198
150 1.779 1.711 0.841 4.090 1.040 98.9 0.206
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Appendix B

Compression Curves and Data

600 - (a) DMCHA

550 4 — e (b) Cu(pentaen)

500 - —+— (c) Cu(pentaen):Zn(pentaen)
450 - —— (d) Zn(pentaen)

Compression stress (kPa)

0 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Compression strain (%)

Figure B1 Perpendicular compression stress-strain curve of RPUR foams catalyzed
by different catalysts at NCO index of 150

Table B1 Reaction times and physical properties of RPUR foams catalyzed by metal

acetate and amine

. Starting materials at NCO index of 100
Formulations (pbw)

Cu(OAc); Zn(OAc), pentaen | Non-catalyst

Reaction times

Cream time (min.) 121 1:10 - 1:12
Gel time (min.) 247 2:44 - 2:57
Tack free time (min.) 24:13 2025 - 2721
Rise time (min.) 18:32 15:10 - 17:03
Density (kg/m®) 63.4 57.9 - -

External appearance | Low blowing | Low blowing - Brittle foam




Table B2 Formulations, reaction times, physical and mechanical properties of RPUR foams catalyzed by different metal complexes

Catalysts at different NCO indexes

Formulations (pbw) DMCHA (Ref.) Cu(pentaen)
100 130 150 100 130 150

Raypol® 4221 100 100 100 100 100 100
Catalysts 1.0 1.0 1.0 1.0 1.0 1.0
B8460 2.5 2.5 2.5 2.5 2.5 2.5
H,O 2.0 2.0 2.0 2.0 2.0 2.0
MR-200 137 178 205 137 178 205
Efficiency parameters Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D. | Data S.D.
Reaction times

Cream time (min.) 022 0.6 023 0.6 024 0.6 028 0.6 029 1.0 0:30 0.6
Gel time (min.) 0.32 0.6 0:36 1.0 0:41 0.6 0:45 1.0 0:50 1.0 0:57 0.6
Tack free time (min.) 301 1.0 335 1.0 402 1.0 208 1.5 2:19 1.5 228 1.5
Rise time (min.) 221 1.5 2:40 1.0 3:05 1.0 225 2.5 232 2.5 2:40 2.0
Density

Density (kg/m’) 39.7 0.5 43.4 0.7 46.7 0.8 424 0.5 46.3 0.5 49.1 0.7
Mechanical properties

// Compressive strength (kPa) | 197.2 - 250 - 285.8 - - - - - 353.2 -
// Compressive modulus (kPa) - - - - 217.5 - - - - - 260.7 -
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Table B3 Formulations, reaction times, physical and mechanical properties of RPUR foams catalyzed by different metal complexes

Catalysts at different NCO indexes

Formulations (pbw) Cu(pentaen):Zn(pentaen) Zn(pentaen)
100 130 150 100 130 150

Raypol® 4221 100 100 100 100 100 100
Catalysts 1.0 1.0 1.0 1.0 1.0 1.0
B8460 2.5 2.5 2.5 2.5 2.5 2.5
H,O 2.0 2.0 2.0 2.0 2.0 2.0
MR-200 137 178 205 137 178 205
Efficiency parameters Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D.
Reaction times

Cream time (mimn.) 027 0.6 0:28 0.6 0229 0.6 025 0.6 026 0.6 027 0.6
Gel time (min.) 0:53 1.0 1:00 1.0 1:07 1.0 0:57 1.5 1:05 1.0 1:13 1.0
Tack free time (min.) 2:51 1.5 3:03 1.0 3:13 1.5 3:58 1.0 4:14 1.5 432 1.5
Rise time (min.) 3:07 2.1 3:12 2.0 320 2.5 342 2.5 3:57 2.1 4:18 2.5
Density

Density (kg/m’) 40.8 0.9 44.7 0.7 47.5 0.6 38.6 1.0 42.7 1.0 45.5 0.8
Mechanical properties

// Compressive strength (kPa) | 228.0 - 288.6 - 321.5 - - - - - 280.8 -
_// Compressive modulus (kPa) - - - - 247.4 - - - - - 215.8 -
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Table B4 Formulations, reaction times and physical properties of RPUR foams catalyzed by different metal complexes

Catalysts at different NCO indexes

Formulations (pbw) DMCHA (Ref.) W_Cu(pentaen)
100 130 150 100 130 150

Raypol® 4221 100 100 100 100 100 100
Catalysts 1.0 1.0 1.0 1.0 1.0 1.0
B8460 2.5 2.5 2.5 2.5 2.5 2.5
H,O 2.0 2.0 2.0 2.0 2.0 2.0
MR-200 137 178 205 137 178 205
Efficiency parameters Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D. | Data | S.D.
Reaction times

Cream time (min.) 022 0.6 023 0.6 0224 0.6 026 0.6 027 0.6 028 0.6

Gel time (min.) 0.32 1.0 0:36 1.0 041 1.0 0:39 1.0 045 1.0 0:50 1.0

Tack free time (min.) 301 1.5 335 1.5 4:02 1.5 1:47 1.5 1:58 1.5 2:08 1.5

Rise time (min.) 221 2.1 2:40 2.1 3:05 2.0 203 2.1 2:11 2.0 2:11 2.1
Density

Density (kg/m?) 39.7 0.7 43.4 1.0 46.7 0.6 41.8 0.8 45.5 0.7 48.6 1.0

001



Table BS Formulations, reaction times and physical properties of RPUR foams catalyzed by different complexes

Formulations (pbw)

Catalysts at different NCO indexes

W_Cu(pentaen): Zn(pentaen)

W_7n(pentaen)

100 130 150 100 130 150

Raypol® 4221 100 100 100 100 100 100
Catalysts 1.0 1.0 1.0 1.0 1.0 1.0
B8460 2.5 2.5 2.5 2.5 2.5 2.5
H,O 2.0 2.0 2.0 2.0 2.0 2.0
MR-200 137 178 205 137 178 205
Efficiency parameters Data S.D. | Data | S.D. Data S.D. | Data | S.D. Data S.D. | Data S.D.
Reaction times

Cream time (min.) 025 1.0 026 1.0 0:27 1.0 023 1.0 0:24 1.0 025 1.0

Gel time (min.) 0.47 1.0 0:53 1.0 1:01 1.0 0:50 1.0 0:58 1.0 1:06 1.0

Tack free time (min.) 230 1.5 244 2.0 2:58 1.5 341 2.0 3:57 2.0 4:12 2.0

Rise time (min.) 248 2.0 3:01 2.5 3:14 2.5 3:30 2.0 3:42 2.0 4.06 2.5
Density

Density (kg/m’) 40.1 0.8 43.8 1.0 47.1 0.8 37.8 0.7 42.0 0.7 44.8 0.8
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Table B6 Formulations, reaction times and physical properties of RPUR foams catalyzed by different complexes

Catalysts at NCO index 100

Formulations (pbw) Added Ethylenediamine (en) Added Triethylenehexamine (trien)
Cu(pentaen) Zn(pentaen) Cu:Zn(pentaen) | Cu(pentaen) Zn(pentaen) Cu:Zn(pentaen)

Raypol® 4221 100 100 100 100 100 100
Catalysts 1.0 1.0 1.0 1.0 1.0 1.0
B8460 2.5 2.5 2.5 2.5 2.5 2.5
H,O 2.0 2.0 2.0 2.0 2.0 2.0
MR-200 137 137 137 137 137 137
Efficiency parameters Data | S.D. | Data | S.D. Data S.D. | Data | S.D. | Data | S.D. Data S.D.
Reaction times

Cream time (min.) 026 0.6 0:23 0.6 0:25 1.0 027 1.0 0:24 1.0 026 0.6

Gel time (min.) 0.39 1.0 0:48 1.0 0:44 1.0 0:43 1.0 0:51 1.0 0:48 1.0

Tack free time (min.) 1:48 1.5 335 1.5 228 2.0 1:58 1.5 3146 1.5 2:47 1.5

Rise time (min.) 2:05 2.5 320 2.0 243 2.0 2:11 2.1 332 2.0 2:58 2.1
Density

Density (kg/m’) 37.3 0.9 34.7 1.0 36.5 0.7 38.1 0.8 35.7 1.0 37.6 0.8

<01
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