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CHAPTER 1
INTRODUCTION

Polyurethane foams are high molecular weight polymer based on the
polyaddition of polyether or polyester polyol with polyisocyanates and some

supplementary chemicals and catalysts. The main reactions are described in Scheme

1.1. A wide variety of properties can be tailored to fulfill the requirements of different

Gelling

—NCO+

Trimerization: T I

S(R_ L

s

S ¢ &
AULINENINBANT
BV RE NI igleh Y

Polyurethane foams (PURFs) account for the largest market among polymeric

foams in the world. Polyurethane foams are categorized as flexible or soft, rigid or
hard and semi-rigid according to their mechanical properties, such as their rigidity,
stiffness, tensile, and compressive properties. Polyurethane foams feature excellent
mechanical properties in relation to their low density, as well as low thermal
conductivity which makes them generally suitable foe use as thermal insulation

materials. Compared with other insulating materials, rigid polyurethane foam is



highly competitive. The air trapped within the honeycomb like structure develops

passive insulation characteristics of foam in addition to polyurethanes heat absorption

capacity.

Foaming occurs when a small amount of blowing agent is added during
polymerization. Water (blowing agent) reacts with isocyanate groups giving carbamic

acids, which spontaneously lose CO,, thus generating the foam bubbles.

et in reaction, foaming, flowability,

and foam properties cag giween polyisocyanate and polyol

is very slow. Therefg ind having excellent catalytic
activity are used maifilv M gfal vs " : hane formation. -In particular,
dibutyltin dilaurate (DM ever, tin is toxic to human beings.
Accordingly, new catal \ place these catalysts.
Objective and scope ¢

The purposed of this si gid polyurethane foams catalyzed by
transition metal ¢omplex vo types of metal €8utplexes were prepared. Metal-
‘”",—', 11 J

amine complexes™ d from the reaction between

rI
metal acetates and amdines (Schemes 1.2 and 1.3). &

[M(en)z(sa 1:.2 nd M(ffiem(sal)s] were d from the reaction between metal
st u.m IS T T k5 15 vt s
emp]{:-}rf:d wc nickel (II) acetate tctrah}rd (Ni(OAc). 4&0] and cobalt (II)

e N GV 0 8 SH T s o

and m&hiylenetetramme (trien).
MOAc), , H;N

HHzﬂzN
s room lemp, accmn: H (OAc),
Metal acetates W i NH2 HZN

ethylenediamine

al-amine-salicylate complexes

Mien), complexes
M = Niand Co

Scheme 1.2 Synthesis of M(en); complexes
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M(OAc);  , _NHHN HN,  NH
Metal acetates [ j room temp, mtm; E \:Mi : ) (OAC),
NH; H,N
) . X NH, HN
triethylenetetramine
Mtrien) complexes
M = Niand Co
Scheme 1.3 Synthesis of M(trien), complexes

OO

M(OAC); + 2 Hj

Metal acetates ethy

Mien);(sal), complexes
M = Niand Co

Scheme 1.4 Synthesis c

I;‘

. coo
COOH

e
Mmﬂu@,!’mﬂﬂiuﬂﬂ’i

Metalaccmes triethylenetetramihe (V) -Mn\ j

RN TIUUATINE ﬂ% -y

‘0oc

M trien)(sal); complexes
M= Niand Co

Scheme 1.5 Synthesis of M(trien),(sal); complexes



The method to prepare the foam was a premix of the polyol, catalyst, water
(blowing agent) and surfactant. The isocyanate was finally added and the mixture was
mixed with a high speed mixer. Subsequently, the exothermic polyurethane formation
took place which was accompanied by a large volume expansion and a temperature

rise from foam formation.

For comparison, a reference foam system was prepared by use of N,N-

system. It was found that rigid
ed | abalt complexes had good physical and
mechanical properties Comparaibl, lodiitprepaged from DMCHA catalyst.
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CHAPTER 11
THEORY AND LITERATURE REVIEWS

A cellular polymer is defined as a polymer the apparent of which is decrease
substantially by the presence of numerous cells disposed throughout its mass [1].
Cellular polymers, or polymeric foams, are multi-phase materials consisting of a
minimum of two phases. Synthetic foams are specialized typed of foam which are true

composite three phase systems cemprising hollow polymeric, ceramic, or glass

2].

variety of ways, usuya i of Gither 1t ecllular morphology mechanical

ure, cellular polymers can be

ghs bubble (figure 2.1) and the
polymer matrix W ‘J
diffusion through cell wall."Closed ce fmm&c generally formed by high

pressure technique.
L]

Thegas‘.

(R
e ——

s transport takes place by

‘o

& I
Simiess aa.v?
@‘B’-r-aii‘fn}u g_

*.'_QH . 4.1h-«' .1‘“}.}*’
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Figure 2.1 Closed cell foam structures (a) discrete cell dispersed in foam e.g.
syntactic foam (b) cells in contact with each other. [3]



2.2 Open cell foams

The void (gas cell) coalesces so that the combined solid and gaseous phases
are continuous. Therefore, the gas is able to flow through the polymer matrix under
the action of some driving force. Open cell foams are generally formed during
processing under ambient, i.e. low pressure, atmospheric conditions.

In practice, the two cellula phological form co-exist so that a polymer

Figure 2.2 (a) Openl g
v,

2t gas structural element [3]

Y
The open ccmsiruc!ure Figure 2.2(a), consiﬁ. of a lattice of struts, whereas
for the closed cell stru€tuze. Fi gure 2.2(b@in addition to the struts there are windows

I T TEOL T TTa¥ - S

significantly Mnner than the dimgnsions of the&u'uts mcmselwaput provide addition
=R RARAGHANIINY 1N Y

Cellular polymers can also be classified according to their stiffness, the two
extremes being rigid and flexible depending on the chemical composition, the rigidity
of the polymer backbone, the degree of crystallinity and the degree of crosslink (if
any).



2.3 Rigid foams

The polymers exist as hard materials. Typical examples include most
polyolefins, polystyrene (PS), phenolics (PFs), polycarbonates (PC), and some
polyurethane (PL) foams.

2.4 Flexible foams

The polymers exist as A gypical examples include rubber foams,

flexible PU foams, and plastiCized poly(vieghchioride) (pPVC) foams.
S

Interme:diat o extremes 1$agelass of cellular polymer known

rug - | &. 1
as semi-rigid foams / l’ ST ‘t\‘i\ '\\u elastic modulus higher than
that of flexible foanf 1€ luss-=ire " \}\u\'m _nevertheless closer to that of

flexible systems than that cx!

The most widely uSed sysiem @l prodt Cing foamed polymer involves (i) the
nucleation of gas bubble’in/ihediqumd | er, (ii) the growth and stabilization of

these bubbles, and (iii) the scludii} polymeric phase by crosslinking or

cooling to give s siricturally stable cellular system. 4
= — 4

I

2.5 Bubble mrmati-m i

o B BUTIS VDT o roum s

initiation of gﬂs bubble in the liquid system. Tﬂs process is kwm as nucleation. In

S G RGO IR PR B e st

controflcell size and cell distribution. Several techniques are used to entrain the gas in

the liquid polymer before expansion
(a) Blowing due to an ‘in stitu’ chemical reaction
Gas is formed by reaction of two chemicals and evolution occurs

simultaneously with polymerization and crosslinking. This is an important process for

the manufacture of PU foams.



(b) Thermal decomposition of a chemical blowing agent (CBA)

The solid blowing agent (BA) is intimately mixed with the polymer,
preferably in the liquid state, and the mixture heated to a temperature at which the BA
decomposition to give off an inert gas such as carbon dioxide (CO;) or nitrogen (N3).

The polymer is then hardened eithien By, gelation at this temperature (thermosetting

ymér at atmospheric pressure and is

The llqu:d B AgiS ‘ Fladaly af i -1*- nta
i ; , \\\\\\ . PU foams blown with CFCs

are examples of this meghod. £ \
2.6 Bubble G ' A
;_ﬁf "_ -J"'

Lowering of the melips

§ 4}# 3 ; the supersaturation of the material,
after which no ng > formec

ubilfzed gas then diffuses into the
A

existing bubbles, € bble is spherical in shape and

grows as a resultinggl the differential pressure (AP) sgtween the inside and outside of
the cell. At e 1llhnufnﬂF the interfadial surface tension (y), and radius (r) of the

pubble ar Wu% EWITWEI']ﬂ‘i
QWWMT]‘?WW‘T’JWEHGEI D

Saunders [4] report that a better bubble stability, a small average cell size, and
more oven bubble size distribution is produced at low interfacial surface tension.
Schematic representations of idealized cellular structures at different stages of bubble
expansion are shown in Figure 2.2, The foam depicted in Figure 2.2 (a) shows the
bubbles uniformly dispersed throughout the liquid medium and if stabilized in this

condition the foam would clearly have a high density. As the gas volume faction



increase, Figure 2.2 (b), the foam density decreases. For spherical bubbles of uniform

size, the lowest density is achieved when the bubble are closed packed.

Figure 2.3 Schematic re ctuges at different stages of foam

~ -

expun it

On further expgpsiﬂn. the bubbles eventually touch each other and the internal

gas pressu : n]w %; - lg’:ﬂUTﬁ fill the interstices. Thus,
the cells hm@tﬂsﬂgﬂgby pzz:]ﬂa. n::m presented in an idealized form as a
pentago 1 l‘ S i :ﬁd but simplistically
shu'qu lmﬁmmﬂﬁIﬁiﬁ[ﬂlj ,EJ)}. Depending on

the physical state of the liquid system, i.e. its viscosity and surface energy,
gravitational and other force may cause the liquid material to concentrate at
intersection of the elements of the associated cells as depicted in Figure 2.3(d). At this
stage the foam is of low density and is closed cell. However, the membranes between
the cell structures, which represent the interface between the gas bubbles, may

become ruptured and give varying degrees of connectivity between the cells. This

give rise to an open cell structure as represented in Figure 2.3(e).
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2.7 Bubble Stabilization

Ultimate stabilization is due to either chemical reaction continuing to complete
gelation effect of cooling below a melting point or softening point to prevent polymer
flow. As complete solidification is approached the previously formed spherical bubble

may become destroyed by the flow of foam or by gravity, with resultant anisotropy of

2.8 General ¥

Foaming drafatighll§ aliess the tang P ysical and mechanical properties
of the base material. Mhg' ' : of solid polymer exert a strong
influence on the propefics of4he -fo hich are also affected by processing
techniques and conditions,. ion, crosslink density (if applicable),

additives and blow ; qoents used

y; Y
J|
Density paimularly affected the following—sparameters: (i) modulus, (ii)
strength, and (iii) thefnsal conductivity &Fhe tcEl 'iaam %mﬁy can be defined as

follows: ‘UEI’J‘VIE]'VITW

amaﬂniﬁﬂ mem&w

(can clange during the ageing process)

Foam typically have the following density ranges:

> 600 kg/m’ = High density
100 — 600 kg/m’ = Intermediate density
< 100 kg/m’ = Low density



The mechanical properties of rigid foams differ markedly from those of
flexible foams. Compressive properties are perhaps the most important mechanical
properties of cellular polymers. Compressive energy absorption characteristics and
deformation characteristics of foam depend mainly on density, type of the base

polymer, and the predominance of either open or closed cells.

In simple terms, closed cell foam deformation involves cell wall

bending/bucking, gas compression, g¢ stretching/yielding.

Figure 2.4 Schg Closed cell deformation [3]

ol .-ﬁ: - J‘ ...F'

Closed cell'gigi Zhibit from very limited to no

A fatrix strength play important

yielding behavior{ Consi

roles during the mcgnic defe

occurs during the energy ‘atlrsnrpnon process

UL INNINYINT

2.9 Application of Cellula.; pulymers

LRI DARUMILZNE AL ke

insulation and energy absorbing characteristic. Rigid closed cell foams are

oami§. In addition, cell rupture often

particularly suitable for thermal insulation because in addition to their low thermal
conductivity they are easy to dispense and have low moisture absorption. PS and PU

foams are extensively used for these applications.
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2.10 Raw materials
2.10.1. Isocyanate

Several aromatic and aliphatic diisocyanates are available but some 95% of all
polvurethane are based upon the two aromatic diisocyanate (MDI) and it derivatives.

The consumption of MDI overlook that of TDI in 1984.

Figy d for PU foam

Ilr‘

TDI has a re f-l‘ ively high vapor pressure and g#ves rise to the risk of airborne
exposure o w ﬁ:‘kﬂs K& con cnm‘:ﬁl’ is quite a difficult material to handle on

st in transfept e 1 Wbk 'Ln‘ias boca Tsied i favor

of MDI Whlﬂhq}HS a lower volatiligy.

2. Polymeric 44’ Diphenylmethane Diisocyanate (PMDI)
(liquid, b.p. 330°C, flash point = 204°C). Polymeric MDI is a polymethylene
polyphenylisocyanate that contains MDI. PMDI is high reactivity, low viscosity and

applicable to many foam processes, coatings, adhesieves and elastomers.



13

NCO NCO NCO
Omz cj@
n

Figure 2.6 Molecular structure of PMDI

Cavender reasons why TDI has been

\\\1 \;

= fipal properties of the foam are

used for a long time 4 DI production is considerably
lower than for MDI
relatively better for TD, i fOF M1 based systems. However, polymeric
MDI and mixtures of | Sl are Betoming competilive in some areas such as
self-skinning foams, high q : fg foams and high resilience foams. It
should be noted
use. The main ;:—_"_?
could induce bronc

hal ise necessitating great care in their
‘spiramr}r system, i.e. they
't gmess of the chest. MDI has the

lowest toxicity rating 0} the lsncyanales

@uﬂ3ﬂﬂﬂ§W81ﬂi
AN BRI DAL s

pnlynls used, however, fall into two class: hydroxyl-terminated polyether, or
hydroxyl-terminated polyester. The structure of polyol plays a large part in
determining the properties of the final urethane polymer. The molecular weight and
functionality of the polyol are the main factors, but the structure of the polyol chains
is important. Generally, flexible foam polyols have molecular weight of 1,000-6500
g/mol, functionality 2.0-3.0 and hydroxyl value 28-160 mg KOH/g , whereas rigid
foam polyols have molecular weight 150-1000 g/mol, functionality 2.5-8.0 and
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hydroxyl value 250-1000 mg KOH/g. The rigid of the foam can be increased by
reducing the chain segment length between junction points-this effectively produces
more tightly crosslinked networks. Specifications of commercial polyols include
hydroxyl values which are used in stoichiometric formulation calculation. Examples

are shown in Table 2.1.

1. Polyether Polyols

909 s used in PU foam production are
hydroxyl-terminated polyeilict diic to_thelstfseeost and ease of handling. Polyether-
¥ Y polyei ‘ I g. Foly

based foams have betig

foams. They are prod

hydrolysis than polyester-based
e oxides using a polyfunctional
starter or initiator, E( lie most commonly used polyols.
The polyols used for gfaking scular weight approximately 500

g/mol in order to reducgfhg

pal hydroxyl groups are used to make

both flexible and-figid polyurethane polymers- Campare with polyether polyols,
; Y

polyester polyols™ foam with better mechanical

properties, are less sukceptible to yellowing in sunlightand are less soluble in organic

solvents. Hn ever, ';we more viscous and therefore more

difficult to duf%,ll I %EJ'] ﬂp ication that require their

superior pm ies. Polyester pc@'ynls are made by condensaiign reaction between

m@wawﬁﬂwma PRGE
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Table 2.1 Specifications of commercial polyols including functionality values

Alcohol Chemical structure Functionality
Ethylene 2
g]ml (EG) HD_'CHZ"CHE_UH
H,C—OH
Glycerol 3
Trimethylol
propane 3
(TMP)
ore 4
6
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2.10.3 Catalyst

Catalysts play a very important role in the reaction of isocyanates. A number
of catalysts can be used for the reaction of isocyanate with polyols and with water and
these include aliphatic and aromatic tertiary amines, and organo-metallic compound,
especially tin compounds. Alkali metals salts of carboxylic acids and phenols, and

symmetrical triazine derivatives are used to promote the polymerization of

Tertiary an used in making polyurethane

foams. The mechanis ine involves he domination of
electron by the tertig bon of the isocyanate group thus
forming a complex 1 of tertiary amine depends on
its structure and its basy ore ase with increasing basicity but
is reduced by steric®hir . The choice of catalysts for
making rigid, closed-€¢l om polymeric MDI is usually
concerned with obtaining » profile and cure rate most suitable for

the process application.

2.1

ﬁm"ma mﬁﬂﬁsf:;z“:;: .

mechanism hy which gas created. ¢
1. Physical Blowing Agents (PBAs) - are gases or compounds
that produce gases as a result of physical processes such as evaporation, desorption at

elevated temperature, or reduced pressure.
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Table 2.2 Amine catalysts used in commercial foam systems

I. N,N-Dimethylcyclohexylamine, Liquid with an intense odor. Rigid
(DMCHA) foams, polyester-based  flexible
foams and some semi-rigid foams.

Solid, soluble in water, glycols and
lyethers. Maybe used in most
wiypes of polyurethanes.

3. Dibutyltin dilauratg 4 ‘Microeellular foams, RIM, two-pot
- e\,- ing systems, elastomers.

AT
4. Tetramethylbis(amin ther (4 - gel 5 purpose, high efficient

'"‘""J catalyst used in urethane

L% A
Rl Y e’ foams and rigid packaging
N CH,—CH- 0 =CH=CH
HC ” CH, ~

5. N.N-Dimﬂyw%ﬂ EJ 'n %’ ‘w ﬂﬂ’ﬁﬂ low-odor, isocyanate

: bile liquid catalyst used
(CHy)NCH,CHOH aint polyether-byggd flexible foams.

o iyl it bl | Ak Gk iedia i

lower odor than 2. Used in

lyester-based flexible foams and
H . po

¢ 3{:12N—<:>—CH_—<:>—N(::H3]1 potting compounds.

7. Stannous octoate Slab stock polyether-based flexible

foams, molded flexible foams.
(¥
CH,  CH aI:I X ,ﬁ\ CHy, . CH
Hp.-v" :r.cH; :I,THf ""'\nr‘ ‘D fo .'I.._.__l_lJ :.EH}
CH H
e S
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8. Lead octoale Urethane chain extension catalyst

~CH, 1.
Hy "'CH ([11 v} 4] fH CH CH,
CH, H,C
H]cf 2 ¥ HEH‘
2. Agents (CBAs) - are individual
compounds or mixturessef~eompounts that-preduce gas as a result of a chemical

reaction. The chemical cls ;about by thermal decomposition or

/ \\\\

as a result of chemical g ! ‘x\ of the formulation. Water acts
4 \\‘*\\ l

as a blowing agent™= itprg on with a diisocyanate. Typical

water concentrationsfire , p \\

l 4 S AANIN it |

parts per 100 parts offpo er plf ¢ T -q in of water with an isocyanate is
- 'P

,-"‘

[adnols “‘J
2.10.5 Surfactamt

5 of polyester polyol and 1.8-5

exothermic.

Surfactan ‘_— - essentia Ftham formulations. They assist
in mixing incompatible cd platio - controlling cell size, open cell

content, and umﬁ::nmay through reduced surface lensmn [6,7]. The most important

surfactants m ﬁrTﬁ It has been found that
increasing mﬁcEMI m e P oamﬂrmu ation causes a reduction in the

mqiT ﬁd ing he surfactant
lnveﬁ:ﬂjlamﬁmmm cntly, the rate of

foam rise , temperature rise, and overall reaction rate reduced. There is a critical level
of surfactant below which the foam produce will suffer foam coarse cell structure and
collapse. Just above this critical level, good open cell foam is produced. At higher

silicone levels, foams with closed cells are produced.

Polyurethane chemistry is based on the high reactivity of the isocyanate group
with any compound containing active hydrogen. Most polyurethanes [9,10] are
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formed by exothermic reaction between di- or polyfunctional isocyanate and di- or

polyfunctional hydroxyl species.

2.11 Primary Reactions of Isocyanates

Primary isocyanate reactions are very fast reactions. They produce urethane,

amine and substituted ureas, all of which still contain active hydrogen atoms. In the

R"NH‘C‘DR

Urethane

o : 2
This reaction is Knowit &5 the * e reaction’. Since it is an exothermic
reaction it must be tempers e of polymerization is affected by

Soh A 'm st is used to accelerate the
| 3

the chemical strusee_the 10

reaction rate.

carbon dlax,wmlﬁmfm‘ﬂwm"m and water releases
_gmaenTalimdingndy

+ H0 ——— R-NH—C—0OH —— R—NH, + (0,

Isocyanate  Water Carbamic acid Amine

This reaction is known as the ‘blowing reaction’ because the CO, gas

produced is used for blowing the foam.
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Reaction with amines — the reaction of an isocyanate with an amine forms a

urea linkage,

i

R—NCO + R™NH; ——— R NH—C—NH-R

Isocyanate Amine Substituted urea

Reaction of unhindered
100-1000 times faster thanaw
2.12 Second:
[suc:fanatc ith the active hydrogen
atoms of urethane 2 eaction as shown follows:
Reaction with feact with the active hydrogen

atoms of urethane linkagy HA Bk allophonates,

R—NCO §+ ' i) R"NH-CO—NR'
- ~ COOR"
) |

Isocyanate ¢a Urethane Allophanate

ﬂ‘IJEI’J'VIEWIﬁWEI'm‘i

ction with Urea — lsocyanate can also react wuh the active hydrogen

“‘”’“ﬂ”ﬁ“"l ST TN Y

I|
R—NCO + R—=NH;-C—NH=R' ——— R-NH-CO—NR'

CO-NH"R"
Isocyanate Substituted urea Biuret

Reactions of isocyanate with both urethanes and ureas produce crosslinking.

At temperature below 100°C these reactions are some 100 times shower than the
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primary reactions [12]. Generally, reaction of isocyanates with urea groups are

significantly faster and occur at low temperature than with urethane groups.

1. Isocyanate Dimer and Trimer Formation

Uretidinedione (isocyanate dimers) can only be produced form aromatic

isocyanates and are inhibited by ortho substituents. Thus, 2.4- and 2,6-TDI do not

Uretidiendione i ~ Isocyanurate (trimers)

Iy} ]

Figure 2.7 Chemical sifyeture of isocyanglg dimer and trimer

AUEINUNINEINT

The afount of lSﬂC}fdl‘la[% required u} react with the 3[}*{:] and any other

=AW DI NN TN D o

stoichigmetric amount of isocyanate may the or downwards,
depending on polyurethane system, the properties required of the polymeric product

and known effects such as the scale of manufacture and the ambient conditions.
2.13 Isocyanate Index (Index number)

The number of isocyanate used relative to the theoretical equivalent amount, is

known as the Isocyanate index or sometime Index number.
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actual amount of isocyanate
Theoretical amount of isocyanate

> 100

Isocyanate index =

For example, an isocyanate index between 103 and 108 is 3% to 8% excess of

isocyanate.

The conventional way of the ratio of the components required for
polyurethane manufacture number of parts by weight of the
isocyanate that are requised o rec 100 parts by weight (pbw) of polyol and
proportionate amounts gl addiives. The dnadwiical data required for calculation are

the isocyanate value gifhcdSoteanate and hydroxgl value, residual acid value and

The isocyanate #alug i ‘-""7"-;1 erceftage of reactive — NCO groups:

Isocyanate valie s .u? O groups
b el _, Vo= 100

B S [

wa]em weight

AU INYNINENNT

2.15 Hydroxyl value {er‘dmxyl uumher}

WIAINIAHAIANENRY) o o

polyol, is express in mg KOH/g of polyol. This convention arises from the method of

determining hydroxyl values by acetylation with pyridine and acetic anhydride in
which the result is obtained as the difference between two titrations with KOH
solution. The OHV may thus be defined as the weight of KOH in milligrams that will
neutralize the acetic capable of combining by acetylation with 1 g of the polyol.
Polyols are sometime characterised by quoting the weight percentage hydroxyl
groups. This related to OHV:
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% Hydroxyl groups = OHV
33
Hydroxyl value _ 96.1 x functionality x 1000
molar mass
B 56.1 = 1000
B equivalent weight

2.16 Water content
Water reacts with. e equivalent weight of water is
thus:
_18
2
2.17 Isocy
Isocyanate conygfsigh fu) 5 thegatie belween urethane absorbance at time =t

L+

" AUDINININYINS

the area of isncyan.;tc absorbance peak at time tor final isocyanate
s

ARNAINIUNNINEAY

GNCO": the area of isocyanate absorbance at time O or initial isocyanate

yanate conversion (@

2.18 Literature reviews

The polyurethane industry has progressed rapidly, and reaction of polyols and
isocyanates are well known technological processes. However, the reaction rate of

isocyanate on preparations of polyurethane is very slow. Therefore, tertiary amines
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and tin compound, having excellent catalytic activity, are used mainly as catalysts for
polyurethane formation. In particular, dibutyltin dilaurate (DBTDL) has been used.
However, tin is toxic to human beings. Accordingly, a new catalysts or catalytic

system is necessary to replace this catalyst.

Inoue er al [13] studied amine-metal complexes as efficient catalysts for

polyurethane syntheses. Since the reaction of aliphatic isocyanates in the preparation

amines as new catalystsordhie E: tion beliveent! examelhylene diisocyanate (HDI)
and polyols. They amplex showed better catalytic
activity than other Lgomparable catalytic activity as

DBTDL catalyst.

Maris and cowqukegd [f44 sthidi aly itivities of various tertiary amines
for isocyanate reaction. ‘catalysis of the gel and blow
reaction and also the alog; zation reactions. They suggested
the activation mechanis n the presence of a tertiary amine and
metal catalyst. The mechanis:

general, the tertia yoamine coordinate to the positive diectron charged carbon of the

catalysts are shown in Scheme 2.1, In

NCO group or hdtos a transition stale to activate

: I " : r:.’
urethane formation l tion. v

e HHINENTNEINS
_ARAININ umam;l&i’ gy

-------- RN

2]
R"-""l "'h-.,R“ R"-ﬂ""IIqI"'\-h.R"
R’ R’
R—NH—=C + RN
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Farka mechanism

L - w - @ v
H=0—R R sN=--H---0—R + R—N=(C==0 R BN""I?H”Q_R

+ ! 1
. R—N==(==0

R 3N [=)
; Va

RN + R—NH—C

O—R
Scheme 2.1 Reactiofi mgefiy of 1t 1 \ ysts

The followipdPcalllflalmeshs

(Scheme 2.2). The isgévagh et ‘At \\\

, \1. in first adds to the polyol then the

isocyanate. In the second @ne e aifi 4d =oxygen of the isocyanate the reacts

in, (I salts has been proposed [15]

N

st form a ternary complex, which

with the polyol.
dialkyltin dialkylthi flateS

alkoxide, which can l]l‘pn‘n react with the ;s;ncyanalc to form a complex [15] (Scheme
2.3). Transfi t i ﬂln?mcyanatc affords an N-
slmnylummﬁuﬂgﬂm Qﬂﬂyﬂ to produce the urethane group and
the originaltin alkoxide. ‘y tiﬁ i mis also observed.
Dneﬁ :ﬁ.ﬁﬁm rﬁﬁﬂ] mfzj: mplexes (metal-

9
based catalysts) acted as a Lewis acid, primarily coordinated to the oxygen atom of

ysis] dialkyltin dicarbonates and

- i"',-j with a polyol forming a tin

the NCO group and activated the electrophilic nature of the carbon and amine
interacting with the proton of hydroxyl group in polyol, which then reacts with the

isocyanate.

Strachota and coworkers [16] studied commercially available amines,

including N-substituted morpholines, as single catalysts and as catalyst mixtures for
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polyurethane foam preparation. The motivation was to search for economically and
environmentally replacements of “classical” catalysts as diazabicyclooctane,
dibutyltindilaurate (DBTDL) and N,N-bis(2-dimethylaminoethyl)methylamine
(DMAEMA). Especially interesting point was DBTDL replacement and also the
possibility of using reactive catalyst derivatives that would be incorporated into
polyurethanes, thus reducing the content of volatile organic compounds in the
polymer. Tertiary amines and tin compounds did not support isocyanate side

reactions, and show varying selag or the “gelation” vs. “foaming” reactions.

'_.ll_'. /aly iding to their function into gel catalysts,

blow catalysts, and skin e s In“diSawerk, tin(ll) 2-ethyl-hexanoate (SnOct),
y cuic - y (

Generally, PU catalysts can e d

as well as combinations.eithese ¢at: s weresiested in simple PU mixtures (bulk as
Lselectivity. The well-established
and DBTDL, and the classical
ive tests. In foam tests, DABCO
l -DMAEMA showed the best

well as foams) in orde
gelling catalysts, di
foaming catalyst DM 4
and the mixtures D

catalytic results on tl

ﬂ‘IJEI’J'VIEWIﬁWEI']ﬂ‘i
ammﬂimum'swmaa
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- "\\\\. E
R—NCO + R—OH + SnX; ———» T
®

R—0 ejs)nx
s i
\T/
< ) R'—D/C\(?
Auganamineang o

QRANTUNMINGINY |
SnX, + R—ﬂ—cf/f;_

Rl

Scheme 2.2 Mechanism of tin (II) salts catalyst
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R X R X R X
;S " +R"OH /‘\An/ \s #
n — i
~ R" 1N ™
R e R'OH K (:} i R/ N
\
R"/ H Ko
+H
“HX
| R X
R'—NHCOR" " .,
N /_jk NCO
OR"
+R"OH . .
>s ¥
n
R \DR“
R—N=C=0

Scheme 2.3 Mechanisny! iin: ":':" "T:.
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Mechanism |

MX,
R—-N=(C—0 ——= R‘N"C—S =MX,

b

. R'OH
R-N=C—0-MX,
) i R—N=E-—{I}
H—?—k{}{z
L

Mechanism Il

H=0-R + MX,
P

R—NH-C +MX,

O0—R

Scheme 2.4 Reachih

and cﬁwﬂrkcm

stidied of the ca

mif:'mglmﬂmmmnﬁm

waterborne po _vurethanes Zircogium acetyl acetonate is mugly less toxic than the

e GBI} 1 08 e o

gmup Isophorone diisocyanate based waterborne polyurethanes was synthesized

c activity of tin and

using zirconium acetyl acetonate. This catalyst had a relatively low toxicity about 10
to 20 times less toxic than comparable tin compounds. Therefore, it was a good
candidate in this application to replace the general use of tin catalysts. The results
showed that in the presence of triethyl amine, tin catalyst showed a higher reactivity
towards the secondary isocyanate group than to the primary group, while zirconium
catalyst showed the same reactivity to both isocyanate groups. These results

confirmed that zirconium catalyst was a good alternative to replace tin compounds.



Okuzono and coworkers [18] studied new polyisocyanurate catalysts which
exhibit high activity at low temperature. The combination of other tertiary amine
catalysts could improve the flowability, however, the flammability of the foam would
be a hazard because the isocyanurate reaction has not fully progressed. For the
improvement of the above-mentioned problems, Tosoh Corp. has developed several

new quaternary ammonium salt compounds, such as Toyocat-TR20. TR20, however,

having even higher catalytic activity at
low temperature, whichwean.ieplace, the “the alkali metal catalyst. The new
catalyst provides the g e isocyanurate reaction activity
compared to the Suilhe new catalyst provides the

following advantage

1. The catalytig@cy®i) *:'-,_ \
2. The isocydhurdlc facti _'--"; ' \. 53 perature is high.

3. The initial #63 gaction gy imp ayed, thereby the rise profile is now

Kumoskig 91 svnthesiz al-contmnineepoxy polymers by crosslinking
of diglycidyl eth Ly

Mn, Fe. Co, Ni~Cu, Zn anc d) and alip afic amines (ethylenediamine,

diethylenetriamine Eﬁhﬁ:ﬁt ami m th ]iﬁ diethylenetriamine) as
shown in Fiﬁeﬁ . lﬁ% ﬂﬁﬂ tions with DGEBA and
its dependence on the structure ofgthe metal complexes was invgstigated. It was found

o R TRHUAD R B

Sition metal complexes (M =
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: OH
! ]
. s NH, | H;N :—\.
o \\\ I N HN t NH
M LR e
’J \‘ 'hﬂ whe
4 "l .a : . E "h.':i“ J
MNH, HZN N i *J’ : ‘\‘

Mitrien YOHC H,CO0),

Figure 2.8 Metal coy

nplexes of transition metals and
aion. Therefore, the aim of this work

From the abGve
amines could be used 10 ¢
was to use the metal cor in"s work, which were previously used
to prepared metal-containing atalysts for rigid polyurethane foam

aration, (g — -
prep Z =

¥

ﬂ‘LJEl’J‘VIEWIﬁWEI’]ﬂ‘i
ammﬂizuum'mmaﬂ



CHAPTER III
EXPERIMENTAL

3.1 Raw materials

The raw materials employed in the preparation of rigid polyurethane foam are

as follows:

sOobanate (PMDI): MR 200 (South City
g¢ functionality = 2.7

¢ Polymeric methane diphem |
Petrochem Co., Ltd.); NCS _
e Sucrose based pol VEMEFpEivol (Raypal @221 South City Petrochem Co., Ltd.);

OH No. = 440 mg KOH; / : ":\\\‘H

o Surfactant agents: g6l ysfloffine & ther copolymer: (Tegostab B8460) (South
City Petrochem Co., Ligf). R \\\\

e Blowing agent: Watefwas g5, ‘ g agent.

e Catalysts: transiun gr o g ed were metal-amine complexes
[M(en); and M(trien)] and t"il , alicylate complexes [M(en)a(sal);
and M(trien)(sal):]. The; .‘.-;;._ r synthesized from metal acetates,
amines and salicylic acid.

3.2 Synthesis of __" ' Y J
J )

Metal compleges, of transitiong metal (M = Ni and Co) and amines

[mh;,rtcnedmﬂ %E]aﬁa %ﬁﬁq Wﬂq}ﬂ% prepared following the

method repmﬂ:l in the literature [1,9]

LA WIANTIEN URNINYA Y

metal-amine complexes
3.2.1.1 Synthesis of nickel-ethylenediamine complex [Ni(en):]
Ni(en); were synthesized from the reaction between nickel (II) acetate and

ethylenediamine (en) in acetone to give nickel-ethylenediamine complex [Ni(en),]
(Scheme 3.1).
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NH, HaN
i Ni.
room temp. acetone LT (OAc),
NH, > ——NH, H:N

Ih

Nﬂﬂﬁc}z + 2H.N
Nickel acetates i VI
ethylenediamine

Ni(en), complexes

Scheme 3.1 Synthesis of nickel-ethylenediamine complex

The preparation of mikk denediamine complexes [Ni(en);] was

nﬁm temperature. A solution of
ethylenediamine (0. L 0 ml) was added drop wise to
nickel acetate solutie d'stirred at room temperature for
r vacuum. Ni(en), was obtain
as a purple-red powg g | ; 3460, 3275 (NH stretching),
2946, 2944, 2890 (@ A himgy i 572\ Gsythmetric C=0 stretching), 1408
(symmetric C=0O stretghing) 4 1333 i sichipg), 1024 (CO stretching). UV;
Amax (H20) = 344 nm, iV - 80. Anal. Caled. For NiCs04H,Ny: C
3237 H 742; N 1888;_ ﬁr,—-}- " H 7.42; N 17.73. AAS. Caled. For

NiCs0:HxNy: Ni$9.79

Vo ]
3.2.1.2 Synthigsis e complex [Co(en),]

Col ﬂ %ﬁ@%ﬁ{% cobalt (II) acetate and

ethylenediamifie (en) (Scheme 3. 2} in acetone gave cobalt mmplﬂxcs [Co(en)a].

RIAIN T ummmm

| hour. Precipitate &

ColOAc) room temp, acetone 2f u“ (OAc),

2 2 H,N NH *

Cobalt acetates 4 il O 1 h = NH} HIN
ethplensdismine Colen), complexes

Scheme 3.2 Synthesis of cobalt-ethylenediamine complex



34

The experiment of Cof{en); was carried out according to described in
experiment 3.2.1.1 employing cobalt (II) acetate tetrahydrate (Co(OAc),.4H,0) (0.67
g, 2.69 mmol) instead of nickel (II) acetate tetrahydrate (Ni(OAc);.4H,0). A solution
of ethylenediamine (0.33 ml, 4.94 mmol) in acetone (10 ml) was added dropwise to
nickel acetate solution. Precipitate of Co(en), complexes was dried under vacuum.
The yield of Co(en); was obtain as a deep-red powder (0.74 g, 74%): IR (KBr, em™):
3484 | 3216 (NH stretching), 2946 , 2966 (CH stretching), 1568 (asymmetric C=0

stretching), 1400 (symmetric C=0 ng), 1340 (CN stretching), 1055 (CO). UV
hmax (H20) = 470 nm, ) 0. Anal. Calced. For CoCgO4H2N4
C 32.33; H 7.41; N Jésbidolind & 2@9? N 12.89. AAS. Calcd. For

CoCg04H2:Ny: Co 1978

3.2.1.3 Syn complexes [Ni(trien)]
Ni(trien) we e between nickel (II) acetate and
triethylenetetramine ( 3 \ etone gave nickel complexes
[Ni(trien)].
Ni(OAc), HN, ~ NH
Nickel acetates }"II.__ } (OAc),

NH, H,N
Ni(trien) complex

lneih lenetetramine

ﬂ‘lJEl’J‘VIEWlﬁWEI']ﬂ‘i

5"’@"%“1% MmN 8

The preparation of Ni(trien) were synthesized form nickel (II) acetate
tetrahydrate (Ni(OAc),.4H;0) (0.63 g, 2.53 mmol) was stirred in acetone (20 ml). The
solution of triethylenetetramine (0.37 ml, 2.47 mmol) in acetone (10 ml) was added
dropwise to nickel acetate solution over a period of 15 minutes and stirred at room
temperature for 1 hour. The solution was evaporated and dried under vacuum.
Ni(trien) complexes was obtained as a purple viscous liquid. (0.94 g, 94%): IR (KBr,
cm’'); 3441, 3409 (NH stretching), 2938 (CH stretching), 1546 (asymmetric C=0
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stretching), 1466 (symmetric C=0 stretching), 1402 (CN stretching), 1024 (CO
stretching). UV; Amax (H20) = 348 nm, molar absorptivity () = 46.

3.2.1.4 Synthesis of cobalt-triethylenetetramine complexes [Co(trien)|

Coltrien) were synthesized from the reaction between nickel (1I) acetate and
triethylenetetramine (trien) (Scheme 3.4) in acetone gave cobalt complexes
[Co(trien}].

Co(OAc), 4H,0
Cobalt acetate E ;'.'u ){DMJZ
H; H:N
Co(trien) complex

Scheme 3.4 Synthesis of ticthylenetetraming complexes

The experiment of Cumin -_ “carried out according to described in
experiment 3.2.1, drate (Co(OAc)..4H-0) (0.63
g, 2.53 mmol) indieg fie [Ni(OAc),4H;0) was stirred

in acetone (20 ml) ‘?1 d us ""'- ml, 2.47 mmol). The light-

brown viscous llqu: ‘was obtain by c\rgg)ralmn and dried under vacuum. (0.95 g,

95%): IR {ﬁg:ﬂfrﬂ 'lniﬂcﬂqﬂg? (CH stretching), 1573

(asymmelric stretching) ymmelric stretching), 1056 (CO

“TRTaert sy
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3.2.2 Synthesis of metal-amine-salicylic complexes

3.2.2.1 Synthesis of nickel-ethylenediamine-salicylate complex
[Ni(en)(sal):]

Ni(en).(sal), were synthesized from the reaction between nickel (II) acetate,

ethylenediamine (en) and salicylic acid (Scheme 3.5).

The preparation of «Ni (sall Wi ied out according to the method
reported in the literatires{S]. c nénickel (II) acetate tetrahydrate
(Ni(OAc)2.4H:0) (0,388 1 ine (0.2 ml, 3.52 mmol) was

h. Finally added salicylic acid
and continuously stirred the

stirred in acetone (2091 ¢
(042 g, 3.11 mmolsol ,_ !
same condition. Nilgaf)-( 38! 8 -- webrown ‘Wiscous liquid was obtained by
\ : 92%): IR (KBr, cm”); 2972 (CH
20 95 (Ar-H stretching), 1462

stretching) 1027, (CO stretching),

evaporation and drieg
stretching), 1705
(asymmetric C=0 s :
859, 768 (Ar-H stretching). &% 427 nm, molar absorptivity (¢) = 399.

The experimental schem in Scheme 3.5.

Yy )
m Coo

TR %

.

Ni(en),(sal), complexes

Scheme 3.5 Synthesis of nickel-ethylenediamine-salicylate complexes
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3.2.2.2 Synthesis of cobalt-ethylenediamine-salicylate complex
[Colen)a(sal):]

Colen)s(sal), were synthesized from the reaction between cobalt (II) acetate,

ethylenediamine (en) and salicylic acid (Scheme 3.6).

Co(0AC), + 2 HyN

Cobalt acetates  ethy

Scheme 3.6 Synthesis Of gBbaltéutivie; inessalicylate complexes
The experiment_of-€a(en) arried out according to described in
experiment 3.2.25 empioyvins L aestate tetndy ‘ ate (Co(OAc):.4H,0) (0.38

i
iy )
g, 1.57 mmol), etliydane Sliind salicylic acid (0.42 g, 3.11

f
|
W

mmol). The red visdus liquid of Cu(cnh[sal]; was obtained by evaporation and dried

under vacu ﬁ}fﬁﬂﬁﬂmijﬁzﬁimmmg}. 1705 (C=0,
salicylate SEE 1586 7( ( metric C=0 stretching,
acetate), 1457 (symmetric C=Ofstretching, agetate), 1387 (€N stretching), 1246,

! !4@135 (oblbfle D 65781 K alahdh) 0V Bl kt0) = 497

molar absorptivity () = 452,
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3.2.2.3 Synthesis of nickel-triethylenetetramine-salicylate complex
[Ni(trien)(sal),]

Ni(trien)(sal); were synthesized from the reaction between nickel (II) acetate,

triethylenetetramine (trien) and salicylic acid (Scheme 3.7).

ﬁm‘*

cabicy 110 Al

Ni(OAc), + [

Nickel acetates trie

Ni(trien)(sal), complexes

Scheme 3.7 Synthesis of nickel-ipetyle ine-salicylate complexes

The ;-U' i ‘n according to the method
reported in literatile [19], "TE™NRIIrE of nitkel (I) acetate tetrahydrate
(Ni(OAc)s. B‘EO] (0.38 I 57 mmol), leneteummne (0.2 ml, 3.52 mmol) was

stirred in § ’]lﬂF%Ily added salicylic acid

(042 g, 3. Ilq'nmul} mlutmn tc-‘thr: prcwnusguxrure and ctﬂmut}usly stirred the
LTS S (81140 A I B oo o
evapofation and dried under vacuum. (0.92 g, 92%): IR (KBr, cm’ ] 3218 (NH
stretching), 2938 (CH stretching), 1721 (C=0, salicylate stretching), 1591 (Ar-H

stretching), 1482 (asymmetric C=0 stretching, acetate), 1471 (symmetric C=0
stretching, acetate), 1380 (CN stretching), 1296, 1256, 1023 (CO stretching), 852, 764

(Ar-H stretching). UV Apax (H20) = 295 nm, molar absorptivity (£) = 429.
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3.2.2.4 Synthesis of cobalt-triethylenetetramine-salicylate complex
[Co(trien)(sal);]

Coltrien)(sal); were synthesized from the reaction between cobalt (II) acetate,

triethylenetetramine (trien) and salicylic acid (Scheme 3.8).

coo
HO
( 7\
Co(DAc), HN, | NH
Cobalt acetates trieth e ( 0 j
NH N
2 H 2
00C
Co(trien)(sal), complexes
Scheme 3.8 Synthesis of cobdlt-igeihyle mine-salicylate complexes

The expert e ¢ ‘ t according to described in
experimental 3.2. 2 :mploymg 1) acetatdd trahydrate (Co(OAc);.4H,0)
(0.38 g, 1.57 mmol) nﬂ?ncdlmnme (0®/ml, 3.52 mmol) and salicylic acid (0.42 g,

3.1 mmolﬂl‘u Qﬂ&m ﬁpw &]a{ﬂﬁsalh was obtained by

evaporation and dried under vaeuum. {094 94%): IR ( r, cm ,'I 3090 (NH

QP ININTH U @@ Hidrs ﬂ"ﬂ“‘l SR

stretcting), 1482 (asymmetric C=0 streiching, acetate), 1460 (symmetric C=0
stretching, acetate), 1387 (CN stretching), 1256, 1227 , 1074 (CO stretching), 862 ,

761 (Ar-H). UV & qax (H20) = 496 nm, molar absorptivity (&) = 521.

Compositions of starting materials in the preparation of all metal complexes

are shown in Table 3.1.



Table 3.1 Composition of starting materials in the preparation of metal complexes

Metal complexes Wt. of M(OAc), Wt. of composition *ew Appearance

(g) en trien salicylicacid (%)

(ml) (ml) (g)

Ni(en): 0.67 0.33 68 purple-red powder
Ni(en)a(sal)> 92 vellow-brown
viscous liquid
s purple viscous
Ni(trien) 94 Jiuid
Ni(trien)(sal)> 92 blue viscous liquid
Colen): 74 deep-red powder
Colen)s(sal)s 90 red viscous liguid
Co(trien) 95 I?ghybmwn viscous
liquid
Co(trien)(sal), 94 red-brown viscous
ligquid
VIt detetramine

I

3.3 Rigid pﬂljrurethmp&am preparat:

ﬂ‘lJEl’J‘VIEWIﬁWEI'm‘i

@dm formulations are reported in Table 3.2 and 3.3. We prepared foams

‘*{ AT S -

mechanical properties. We prepared three sample of each kind of formulation and the
results reported are the average values of the properties of the three samples. The
polyol, surfactant, blowing agent and synthesized catalyst were mixed in paper cup
(8.5 x 16.5 cm) by hand mixing technique and then PMDI was added. The total
components of the formulation were mixed by mechanical stirrer (2000 rpm) for 30
seconds at room temperature. The preparation diagram was shown in Figure 3.1 and
Scheme 3.9,
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During the reaction, we measured the cream time, which is the time of the
beginning of reaction, the gel time, namely the time needed for the mass to reach the
gel point, tack free time and rise time (Table 4.4). After that, the foams were placed in
an oven at room temperature for 24 h to the polymerization reaction completed and 7

days after foam preparation carrying out mechanical characterization.

Pﬂlznl
(Raypol™ 4221)

—
Catalysts —
Metal complexes) g
(H,0) & /

—

Y
) ST I A T

Thermal conductivity (ASTM 177-97) !

Figure 3.1 Diagram of preparation and analyzed of PURFs
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CH,
tcn,l,s{o- -n]—su-n—mcn,;,
CHOH  CH,OH CH (cn
HO of<on 0 o o ? CH, '}'
¢ o 1
" . om  On L G g-{:u
\ ]

L0
|

L ); +  Blowing agent (H,0)

+ Catalyst
Polyol { Raypol 4221) ! J Surfactant (Tegostab B 8460)
1

Scheme 3.10 Diagral i uf prﬁ‘.paratmn of ngld polyuref flane foam

ﬂ‘LlEl’J‘VIEWI?WEI’]ﬂ‘i
’Qﬁﬁﬁﬂﬂ‘iﬁuuﬁﬂﬂmﬁﬂ
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Table 3.2 PURFs formulations at different NCO indexes (in part by weight unit) [20]

Formulation (pbw) NCO index 100 150
NCO:OH 2.5:1 3.75:1
(mole ratio)
Polyols (Raypol®4221) 100 100
Catalysts (metal complexes and | "4. - 1.2 1.2
Surfactant (TEGOTAB B§460) 25 25
Blowing agent (H,O) 4.0 4.0
Polymeric MDI (MR-200 / 133 249.6
Table 3.3 PURFs fogfiulgfiog: & f‘“ gn( ) indexes (in gram unit cup test)

index 100 150

\
\CO:OH 2.5:1 3.75:1

e ratio)

Polyols (Raypol _1_; ;_——F‘ 10 10

Catalysts (metal "’ I 0.12 0.12
Surfactant (TEGOT In B8460) . 0.25 0.25
gy Aneningng o
Polymeric MBI (MR 25.0

ammﬂimum'mmaﬂ



3.4 Measurements
3.4.1 UV-Vis analysis
UV spectra were performed in water on Cary 50 Probe, Varian ultraviolet and

visible spectrophotometer at room temperature. The samples were scanned over the

range of 800-200 nm at a medium speed.

3.4.2FTIR and /

Perkin Elmer FTIR spectrometer
bromide (KBr) disk at room
nge of 500-4000 cem’ at the

Rigid polyurethane foams were

IR spectrum &
spectrum RX [ using
temperature, the sg
resolution of 16 cm
recorded on a Perkin-k ometer at room temperature. The
samples were scannéd o#fer ange ¥ ' it the resolution of 16 cm™ and
number of scan was 16. Uhe dafascoll as Wansmittance values, were converted
into absorbance. Frequercy 1@ A typical PUR/PIR functional group are
given in Table 3.4. The different groups was measured by
employing a coi ;, , wsses e swchor points at approximately
1470-1350-1160 (T : [- 2015-985 cm’ for the free

isocyanate calculation. For the quanmalwe, free isocy u ate calculation, phenyl group

s Tii"ﬂ‘liﬂ"ﬁfﬁﬂ R e e
PRIRAIHUN TN

The Hitachi/S-4800 field emission scanning electron microscope (SEM) over
the range x40 — x70 was used to study the morphology of rigid polyurethane foams.
The samples were gold-coated before scanning in order to provide an electrically
conductive surface. The accelerating voltage was 20 kV in order to avoid degradation

of the sample.
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3.4.4 Elemental analysis

Elemental analyses were carried out using a Perkin-Elmer EP 2400 analyzer.

Table 3.4 Wavenumber of typical PIR/PUR absorbance [21]

Functional groups Wavenumber (cm’™) Chemical structure

[socyanate N=C=0
Phenyl Ar-H
0
R ,.-"" g“\\ R
Isocyanurate
07 “-\N/ S0

Urethane

f:"l-.
3.4.5 Thermal gravi -__i‘_}—r"

The the 'f" ""' ied out on a Netzsch STA
409C thermogravi {:! ic analyz weight of
within 3-5 mg and heled from 25 andy$00°C at heating rate 20°C/min under N,

amosers .85 VBT P4 RPATY e e e

of rigid pﬂlﬂrelhane foams. In‘ual dnmmpus:tmn lcmpcraturc was taken at the

TRNIRIN UL o

3.4.6 Reaction times

amples for all foams was kept

Cream time, gel time, tack free time and rise time during the foaming process
were measured using a stopwatch. Foaming temperature and temperature profile was

recorded by a dual thermocouple, Digicon DP-71.
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3.4.7 Physical and Mechanical properties
The apparent density of rigid polyurethane foams was determined according to
ASTM D 1622, the size of specimen was 3.0x3.0x3.0 cm (lengthxwidthxthickness)

and the average values of three samples were done.

The compressive strength of the foams has been measured according to ASTM

D 1621. At 10% strain in the to the foam rise direction was performed
using universal testing mag size of specimen was 3.0x3.0x3.0
cm (lengthxwidthxthick Sshead movement was fixed at 2.54
mm/min for each san; 0.100 N.

Iy . evaluated according to ASTM
177-97 standard fyg _ hé W, I‘ H.“- ~\‘* ample  was  5.0x5.0x4.0 cm
(lengthxwidthxthicknegf). JAuiizcd by ¥ \N .H‘x; ermal Constant Analyzer TPS
2500 (Hot Disk AB QeI ‘ \ 1\\-- . Disk type: Kapton Insulation
(Sensor No. C7577, R 2 00 ¢ i

fJaidins o 2

e h)A

1V ]

.,I .'"
i ¥

AULINENINYINS
PMIANTUAMINYAE



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Synthesis of metal complexes as catalysts

4.1.1 Synthesis of metal-ethylenediamine complexes [M(en);]

Mien). were synﬂ'lesi_z d fr reaction between metal (1) acetate and

ethylenediamine (en) (Schém by modification of the synthetic

method reported in the
NH;H;N
\4\.» \ (OAc),
M(OAc), NI wﬂh
Metal acetates ¥ . NHZ HEN
M(en), complexes
M = Ni and Co

Scheme 4.1 Synthesis of ¢ Gomplexes [M(en)]

Ni(en), and Co(en ained as purple-red and deep-red

solid, respectivel ¥ I— -
S ]

4.1L.L1IR sﬂlmnpy of M(en), mmp!exeﬂ

ek HEJ.’J NYNINE) T s 1 e

shown in Flgurcs 4.1 and 4.2. The importaniegharacteristic absorption bands were
bl BT 6 IVl I SN B sectn. e
C=0 s!rctchmg of carbonyl group in Ni(en), and Co(en), appeared at 1568 and 1572
cm’ (asymmetric C=0 stretching), 1400 and 1408 em” (symmetric C=0 stretching),
respectively. The C=0 stretching peaks of M(en); were different from those of
Ni(OAc),, which appeared at 1535 cm™' (asymmetric C=0 stretching) and 1417 cm’
(symmetric C=0 stretching) and Co(OAc);, which appeared at 1544 cm’” (asymmetric
C=O0 stretching) and 1422 cm' (symmetric C=O stretching). The absorption bands of
Ni(en), and Co(en); exhibited C-O stretching at 1024 and 1055 cm’, respectively
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which shifted from typical absorption band of Ni(OAc); and Co(OAc); at 1027 cm’”
and 1023 cm™', respectively. The peak of H;O in Ni(OAc),.4 H;O at 2900-3500 cm’”
(O-H stretching) was not found in Ni(en), Since the IR peaks of metal complexes
synthesized as catalyst shifted form those of M(OAc); (M = Ni and Co), this

suggested that the M(en); complexes were formed.

(a) Ni(en),

% Transmittance

AUYANYNINYINS

Figure 4.1 [Rj§pectra of (a) N!{En]z (b) N:(UAC 2

’Q‘WW&NﬂiﬂJ UANINYA Y

4 1.1.2 UV-Visible spectroscopy of M(en); complexes

UV-Vis spectra of M(en); complexes are shown in Figures 4.3 and 4.4. The
maximum wavelength of Ni(en); and Co(en), complexes appeared at 344 and 470 nm,
respectively. They are different form the maximum wavelength of Ni(OAc), and
Co(OAc);, which appeared at 394 and 513 nm, respectively. It was found that the

maximum wavelength of Ni(en); and Co(en); complexes shifted from the typical
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maximum wavelength of Ni(OAc); and Co(OAc),, which indicated that the metal

complexes were obtained.

(a) Co(en),

% Transmittance

- -

Figure 4.2 IR spe vy ‘

4.1.2 ﬁ;nthusifnh]ﬂa]-ethﬁnﬂamine—saﬁﬁlate complexes
U

WA EINEINS
QYRR TR VI et 0 s

ethylefiediamine (en) and salicylic acid (Scheme 4.2) by modification of the synthetic
method reported in the literature [19]. Ni{en)(sal); and Co(en)z(sal); complexes were

obtained as yellow-brown and red viscous liquid, respectively.



1.0

09.] —=— Ni(en),
= —+— Ni(OAc),
074

06-

Absorbance

QIO o
Mit”ﬂjﬂﬂjﬂ'i o

o FEG ,

Metal acetates Elhy lenediamine roog emp, acelone HyN - orghH

ammﬂimum'smgﬂ

Mien)y(sal); complexes
M = Niand Co

Scheme 4.2 Synthesis of metal-ethylenediamine-salicylate complexes [M(en)s(sal);]
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4.1.2.1 IR spectroscopy of M(en):(sal); complexes

Mien)s(sal); complexes (where M = Ni and Co) showed similar IR spectra as
shown in Figure 4.5. Absorption bands were observed at 3262 cm”’ (NH stretching),
2972 cm’' (CH stretching), 1568-1595 cm™ (Ar-H stretching), 1385-1387 cm' (CN
stretching) and 757-859 cm™' (Ar-H stretching). The carbonyl (C=O stretching) of
M(en)s(sal), appeared in the range 1462-1455 em’ (asymmetric C=0 stretching). The
important absorption band of salicgli wrbonyl was observed at 1719-1705 cm’',

Absorbance

Wavtnumher (nm)

mama A0IUIAANAY
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4.1.2.2 UV-Visible spectroscopy of M(en).(sal); complexes

UV-Vis spectra of Mien),(sal); complexes are shown in Figures 4.6 and 4.7.
The maximum wavelength of Ni(en)a(sal); and Co(en)a(sal); complexes appeared at
427 and 497 nm, respectively. They are different form the maximum wavelength of
Ni(OAc), and Co(OAc):, which appeared at 394 and 513 nm, respectively. It was

found that the maximum wavelength of Ni(en)s(sal); and Co(en)a(sal); complexes

M(trien) were 1, between metal (Il) acetate and

triethylenetetramine (trj one. by modification of the synthetic

§ 'L'-“‘ d H\
method reported i i(fpen) and Co(trien) complexes were

obtained as purple vi , respectively.

M(OAc),
Metal acetates

Mitrien) complexes
M = Niand Co

o 5 1 BRI e
PMIANTUAMINYAE
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(a) Co(en),(sal);

. [
/e \\\

% Transmittance

\\\\ e

-

ﬂ' ._-,
- "i"‘ ) ._;"

Figure 4.5 IR spectra of (a) Ci 31 Ni(en)a(sal),

g AE—
Vi 3

Iﬂ 2
ﬂ‘lJEl’J“lelﬁWEl']ﬂ‘i

ammmm UANINYAY



1.0
0.9 -
0.8-

0.7 -

Absrobance

= Ni(en),(sal),
* Ni(OAc),

AULINENTNEINS
ARIAATUUMINYAE
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1.0

094 i —=— Colen),(sal),
+ Co(OAc),

0.B =
0.7 =
0.6 4

0.5+

Absorbance

0.4 4

0.24

014 *

L L LY L == ==
0.0 ~ -

Figure 4.7 UV-Vis spectrgi & S(sal):

4.1.3.1 IR sph py of Mitri .

v Y
Mitrien) .‘: M=

4.8 and 4.9, Ahsnmlinn‘hﬂdu are DhHEr\fEUI 3213-3441 cm’' (NH stretching), 2938-

2986 cm'' {ﬁ %ﬁ@%ﬂ ﬁ“l&ﬁrﬂ@ 1024-1056 cm’' (CO

stretching), wHigh shifted from l}fpﬁ:al absorption band of Ni{OAc): and Co(OAc); at

= o/ .
~ AT
compleges appéared in (hé ran -1573 &m™ (asyifimetrid C=0 stretching) and

1409-1466 c¢cm™' (symmetric C=0 stretching), which were different from those of

ilar IR spectra are shown in Figures
¥

Ni(OAc)s. which normally appear at 1535 ecm’' (asymmetric C=0 stretching) and
1417 em’”’ (symmetric C=0 stretching) and those of Co(OAc),, which normally
appear at 1544 em’ (asymmetric C=0) and 1422 ¢m’' (symmetric C=0 stretching).

These results suggested that the M(trien) complexes were formed.



4.1.3.2 UV-Visible spectroscopy of Mtrien) complexes

UV-Vis spectra of Mitrien) complexes are shown in Figures 4.10 and 4.11.
The maximum wavelength of Ni(trien) and Co(trien) complexes appeared at 348 and
505 nm, respectively. They are different form the maximum wavelength of Ni(OAc)»
and Co(OAc): at 394 and 513 nm, respectively. It was found that the maximum
wavelength of Ni(trien) and Cof(trien) complexes shifted from those of NifOAc); and

Co(OAc)>, which indicated the con : avere obtained.

(b) Ni(OAGh i -

% Transmittance

“";n'enumher (em)”
) =9 o/

LAR0SNIUHYIINA



(a) Col(trien)

% Transmittance

i e “‘.-i.lr
Figure 4.9 IR spectra of (a) Colmssmt5EEall)

] U
AULINENINYINS
RIAINTUNRINYIAY
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1.0

1 — = — Niltrien)
094 + Ni(OAc),

0.8 -
0.7 -
0.6 -

05=

Absorbance

0.4~
0.3~
0.2+

0.1+

0.0=

4.1.4 Synthesis of fijetal-tricths aminesalicyate-ggmplexes [M(trien)
(sal)y] '

Mitri ﬁﬁﬁﬁﬂ {Wﬁ“mﬁmm metal (1) acetate.
lrieth}flﬂnﬂciﬂli (hen P addl daich il Ydehente! 414 @by modification of the

synthetic method reported in lheﬁiteraturcﬁl’aNi{tricn%;am}dnd Coltrien)(sal)s
i

com PSRt G T hadd Hhnd bk @b
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1.0

= Coftrien)
* Co(OAc),

09-
ﬂ.ﬂ:
07-
ﬂ.ﬁ;

0.5+

Absorbance

0.4+
0.3+

01

i AN '7 i ) m

Figure 4.11 UV-Vis spectfa o -:‘éi

_.fif" A

< -
! Cm-
COOF

o A1 %smwmn ol

Metal acemte:wqmcth}Ientieu'ammf room lempeacetone ) j

RN TUNATINE TN

00C

M trien)(sal)> complexes
M = Niand Co
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4.1.4.1 IR spectroscopy of Mitrien)(sal); complexes

Mitrien)sal), (where M = Ni and Co) show similar IR spectra are shown in
Figure 4.12. Absorption bands are observed at 3090-3218 cm™' (NH stretching). 2938-
2943 cm’' (CH stretching). The carbonyl (C=0 stretching) of Mitrien)a(sal);
' (symmetric C=0 stretching). The

complexes appear in the range 1466-1471 cm
' (C=0 stretching,

important absorption bands were observed at 1717-1721 cm
ing), 1380-1387 cm’' (CN stretching), 761-

salicylate). 1588-1591 cm’! (Ar-H.s
862 cm ' (Ar-H stretching)

(b) Ni(trien)(sal ";, 7

% Transmittance

y —— ‘
ﬂuaqwawsW%Wﬂﬁ

Ll

awmnmwwwmﬁﬂ .

venumber (cm

Figure 4.12 IR spectra of (a) Co(trien)(sal )s; (b) Nitrien)(sal),
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4.1.4.2 UV-Visible spectroscopy of Mtrien)(sal): complexes

UV-Vis spectra of Mtrien)(sal)> complexes are shown in Figures 4.13 and
4.14. The maximum wavelength of Niftrien)(sal), and Col(trien)(sal)> complexes
appeared at 295 and 496 nm. respectively. They are different form maximum
wavelength of Ni{OAc): and Co(OAc): at 394 and 513 nm, respectively. It was found
that the maximum wavelength of Ni(trien)(sal)> and Co(trien)(sal), complexes shifted

from those of Ni(OAc): and Co(OAg ich indicated the complexes were obtained.

1.0 -

- \L ~
o5 e Nitrien)(sal),

- : IS A A Wy i(ﬂAC}i
0.8 - o

0.7 =
0.6 -

0.5+

Absorbance

- ; TR R,
s e il il

- "?.I. S ol . o R R R R T
G0N0 4 T00 800

¢ Wavelengthdnm)

amaﬂﬂimum'mmaﬂ

hgure 13 UV-Vis spectra of NitfOAc)> and Ni(trien)(sal)s
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0.0

Figure 4.14 UV-Vis spec Micn)isal)s

Table 4.1 shaws Td (%6) 6f exegwhich were obtained in the

range 68-92%. ',,,‘._

.r':i-" from metal acetates. UV-
Vis spectra of the maidl comy BWET in Whter at 1000 ppm. Ay, of the

metal complexes were fgu E in the range 293 and 505 nm.

ﬂUB?ﬂBﬂﬁWﬂﬂﬂ?

Molar Sisorptivity of Mfcn}w and M(tncn} is in the rdnge 40-60 while that of

BN (BRI R P WA ITAG g
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Table 4.1 Yield (%) and UV-Vis data ol metal complexes

Metal complexes  Yield (%) Color J‘bmax Molar absorptivity
(nm)
Nilen)s H4 purple-red 344 60
Nifen)s(sal)» 95 yellow-brown 427 399
Ni(trien) 46
Niltrien)(sal): 429
Ni(OAc), 25
Colen): 40
Colen)s(sal)- 452
Coltrien) 40
Coltrien)(sal ) 521
Co(OAc) 19
4.2 Rigid polyurethane foz al complexes
4.2.1 P'rep ‘ d

Rigid ﬁ ﬁm‘ﬁlﬂﬁ m ﬂﬁ ﬂ ition metal complexes:
Mien); Mie (Gic (§a = Ni and Co) were

prepared by nne step and the foams'formulationgsgre shown in Table 3.2. The polvol,
':IIILGQ wf}ta(ﬁﬂﬁjmnuﬁ '}v}w&l ’].a Hrdnsmun metal
cnmph: s) were first mixed well in paper cup (8.5%16.5 ¢cm) by hand mixing and
then PMDI was added. The mixture was stirred by using high speed mechanical stirrer
(2000 rpm) for 30 seconds at room temperature and foams were allowed to rise.
During the expansion, cream time, gel time, tack-free time, rise time and foaming
temperatures were recorded. Cream time is the time of the beginning of reaction or
blowing reaction. Gel time is the time needed for the mass to reach the gel point or

gelling reaction. Tack free time is the time of the foams could not tack with other
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materials or crosslink reaction. Rise time is the time when the foams stop rising. After
preparation, the foams were kepl al room lemperature for 48 h to complete the
polymerization reaction and 7 days before investigation of their properties. Samples
were cut into specific shapes by cutter and then the different properties of the foams
were analyzed. In this study, the amount of polyol, blowing agent, surfactant and
catalysts were fixed. The NCO indexes used in the preparation of foams were 100 and
150. The foam formulation and the foam appearances are shown in Tables 4.2,

Figures 4.15 and 4.16, rcsp&uwcl :I ‘oam showed good appearances. When the

the foams were more brittle than those

: ”’

foams were prepared al increg

prepared at lower NCO i _

Table 4.2 PURFs fornudef e s /il cies ekes [20]

100 150

2.5:1 3.75:1
Polyols (Raypol®4221) | | 10 10
Catalysts (metal complexes agdIMACHA 7 0.12 0.12
Surfactant (TEGOgAEBRa60y = L) ()25 0.25
Blowing agent (H: .5":;_[ 0.4 0.4
Polymeric MDI (MR- ] 13.3 25

ﬂ‘lJEJ’JVIEWI'iWEJ"Iﬂ'E
ﬂﬁﬁﬁﬁﬂimﬂﬁﬂﬂmaﬂ
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20\

slarting mate .F?E‘ i “ afeam time; (c) at gel time; (d) at

Figure 4.15 Foam prep: st at different times (a) after all

L)
tack-free time LTRIN T/

During thel[# M .hows the reaction mixture
appearance after all ~'5! ing Mt o) d. Fi‘ 4.15 (b) shows the reaction
mixture at cream time.gwhich is the reacygn between isocyanate and water to give

CO: and reauﬁ i b A/ FR3A @:WWﬁ@m mixture at gel time,

which is the rélfction between hoc‘yana[e and hydmxyl group 1o anr polyurethane.

Flgurq T" ﬂﬂdj ﬁ lhc time when
the pnlnmenmlmn reaction 1s compleled and the [oam dﬂEﬁ not um:k to the other

materials.,
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Figure 4.16 I-'u;un? pearancesarinEGndeaes vl ay 1 and (b) 130

Figure 4,16 ugwa PURFs cala yzed from djl'tﬁah:m catalysts at NCO indexes
of 100 and 150, Figure @ 4% (1) and (b) ( £Lhows the PURFs prepared from Nilen)s,

which had p:ﬂcur&l Qmmuﬂnﬁ wﬁEJJ’]'In'iﬁlL (3). (4). (5). (6), (7)

and (8) show Hc those foams pregared from ?ﬂ:mg:xailig. Niiwzm. Niltrien)isal)-

coe®) WARGRTR MANRIE Foh by a1 oo

L'umplcgc.\. except Niten)s, gave PURFs with similar to appearance.
4.2.2 The reaction time of rigid polyurethane foams

Table 4.3 and Figure 4.17-4.18 show cream time. gel time. tack free time and
rise time of the foams prepared at the NCO indexes of 100 and 150. The obtained
results showed that all transition metal complexes gave similar cream time at NCO

index of 100 and 150. This suggested that catalytic activity of the reaction between
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isocyanate and water to give CO; (blowing reaction) of all catalysts were similar.
Both Nifen); and Cofen); were good catalysts since the reaction time were short,
however, morphology of the foam prepared by use of Ni(en): was not good since the
foam had less volume than those prepared using other metal complex catalysts. This
indicated that Ni(en), catalyzed gelling reaction, which was the reaction between
isocyanate and hydroxyl groups, to form urethane groups very well but the catalytic
activity of Ni(en)> towards blowing reaction to give CO; was not good. The blowing

reaction of PURFs had effect to the fgam density since this reaction released CO: and

wd therefore the density of PURFs
e ok PURFs catalyzed by DMCHA

showed better catal ytic stV UGl metal Camplc™eual ysis.

The metal conyglc ot eould, e Iyzcd PURFs polymerization
since the metal co il s 3 ad s ) .- as a Lewis acid, primarily
7 and activated the electrophilic
5 "\ fie proton of hydroxyl group in
polyol, which then reacts #itlilhETa0C v iSchiemes 4.6) while the tertiary amine

coordinate to the positive eleglic RITTT n of the NCO group or hydrogen of

the OH group and ,W_L_u_ ethgne formation reaction. It is
v X

postulated that a tesfis asflizing its ability to form a
hydrogen bond with. II :ohol 10 PO-H bonlflind therefore it can attach to

the isocyanate more eadilys, The mechanisgy of tertiary amine catalysts are shown in

wwmess AUB MBI NGNS
ARIANTAUNNING 1A Y
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Table 4.3 Cream times, gel times, tack-free times and nise times of PURFs catalyzed

by different metal complexes

Catalysts Cream time  Gel time Tack-free Rise time  Volume

(sec) (min) time (min) (min)

NCO index = 100

DMCHA 2 0.1 4.4 34 8/8
Ni(en)» 4.5 6/8
Nilen):(sal)» 5.1 /8
Niltrien} 74 18
Ni(trien)(sal) 7.3 718
Colen), 6.2 7/8
Colen)a(sal)s b 7/8
Coltrien) 4.5 7/8
Coltrien)(sal), 13 78
NCO index =

DMCHA 3.2 8/8
Nifen): 6.5 6/8
Nilen)aisal)s 9.1 718
Ni(trien) | 9.1 7/8
Ni(trien)(sal)s 14.1 8.5 7/8
Coten ﬂummmw BN s s
Cn(cnhhal} €18 =N 78

cﬂimwaﬂmmummmaﬂ s

Cn[trlen)(qal}«- 718
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0 Cream time (min)

£ Geltime (min)
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Figure 4.18 Reaction time of PURFs at NCO index 150
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Baker mechanism
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R—NCO+ R—OH+ MX; ——»

ﬂusqwﬂﬂﬁwswnp
qmmﬂmw'}mmﬁa

O—R‘

Scheme 4.6 Activation mechanism of metal-based catalyst on urethane formation

reaction

When salicylic acid was added into the structure of metal complexes to yield

Mien)a(sal), and M(trien)(sal);, the reaction time of these metal complex catalysts
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were slower than those synthesized without salicylic acid, M(en); and M(trien). This
might be because salicylic acid formed complex with the metal and therefore steric
effect from salicylic acid hindered the interaction of both metal and amine parts in

metal complexes with the hydroxyl group in polyol.

PURFs catalyzed by metal complexes at NCO index of 100 showed the shorter

reaction than those prepared at NCO index of 150. Only Co(en). catalyst showed long

The max imuq/ .

rise profile (which is ) S |
show that Nilen): gavegfie

Nilen)s was good but P,

crential at secondary stage of
igure 4.19. The results obtained

of PURF. Catalytic activity of
poor morphology. All metal

ol

complexes synthesizefl” sh g his i isé®rate than that DMCHA. This
indicated that the metalCogliple it bet alytic activity towards blowing
reaction than DMCHA. dia s
AN
!.
g '
) 1
E 2 o L7
g o
i ma
sy
=

Figure 4.19 Maximum rise rates of PURFs catalyzed by different metal
complexes (a) DMCHA (rel); (b) Ni(en)s; (¢) Ni(en)a(sal)s: (d) Ni(trien):
(e) Nittrien)(sal)s: (N Colen)s: (g) Colen)a(sal)z: (h) Coltrien); (i)

Colirien)(sal)s
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4.2.3 Density and compressive strength of rigid polyurethane foams

The apparent density of PURFs was measured according to ASTM D 1622
After foam preparation, PURFs were kept at 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.

The reaction time, especially blpwing reaction of PURFs had effect on the

foam density. Ni(en); gave thé Ugher density than the foam catalyzed by
: : caction of PURFs catalyzed by
Nifen)» was not good. Degase=il Pl weatalyzed by different metal complexes,
M(en)z. Men)s(sal). Moy M fenSalieghere M = Ni and Co), at NCO
23682, ke/m’ and 49.7-73.9 kg/m’,
respectively as shown 4 bt And P, g results showed that all metal
ilahle Qensity. The desirable density

for rigid polyurethan #pl il 0 ki 22, 23).

As expected, the #eng@adl P per@ised with increasing NCO index
because the excess of isg s system could undergo further

polymerization 1o g i & psslinked structure [20]. If

o ————————
PURFs were prepatdt i MHoam would be brittle and

- i
therefore the density -_;! Id not measured. u

oA VVINS IR NS o et compie

and DMCHA.“ was found that the foams prcgf:d from nicktilfomp]cxcs showed

QAR SR HIPYDHB ARB) s o

Co(tried) showed similar density to those prepared from DMCHA.
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Table 4.4 (a) Density and compressive strength of PURFs prepared at the NCO index
of 100

PURFs catalyzed Index 100

by Density (kg/m”) Compressive strength (MPa)

DMCHA 39.6 0.19

Nifen)s

Nilen)a(sal), 0.12
Niltrien) 0.07
Ni(trien)(sal ) 0.23
Colen) 0.12
Colen)a(sal), 0.16
Coltrien) (.05
Coltrien)(sal)» 0.19
Table 4.4 (b) Density and OIypIess "LUIRFs prepared at the NCO index
of 150
i <=
PURFs catalyzed - des 150

DEI'ISI[}' {kgfm ) Cumpressne strength (MPa)

ﬂumwﬂmwmm

Nilen)»

Ul aﬂnifgym'mmaﬂ
i(trierfy

Ni(trien)(sal ) 68.1 -

Colen)s 56.5 -

Colen)aisal)s 56.2 -

Coltrien) 46.8 0.25

Coltrien)(sal): 553 -
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Compressive strength of PURFs is an important parameter which determined
its application. PURFs were subjected to compressive stress at 10% strain [24]. The
yield point of a material is defined in engineering and materials science as the stress at
which a material begins to deform plastically. Prior to the yield point the material will
deform elastically and will return to its original shape when the applied stress is
removed. Once the yield point is passed some fraction of the deformation will be

permanent and non-reversible.

Compressive strengtie B wed by different metal complexes at
0.13-0.24 MPa and 0.25 MPa.
respectively (Table 4.7 st e) anfl Fialfesshalad 21 ). Compressive strength of

PURFs with the ma

NCO indexes of 100 “*:-«_'.-- re Jn The i

wasured. It was found that

compressive strength g PURFs.

& (4

__ (c)
¥ itm —v—{d}
{ M -;-q 4 4 ..14 1; £

B ege oe sfe soe '

Pﬁﬂ‘a‘tu i3 AR ®

rrJi rJrrJrTJrrrrerrrTTTT
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-
2 05- 2 /
- >
w prit
2 044 1l ‘/f:: A —a(a)
Z \ & ' “(b)
= —
E ] ] iil
=]
&)

Compressive strain (%)

Figure 4.20 Compressive strength of PURFs catalyzed by different metal
complexes at NCO index of 100 (a) DMCHA (ref): (b) Ni(en)s;
(¢) Nilen)a(sal)s: (d) Nittrien): (e) Niftrien)(sal)s; () Cofen)s: (g)
Colen)a(sal)s: (h) Coldtrien); (i) Co(trien)(sal)s
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0.8-4

0.6-4

Compression Stress (MPa)
]

\M _

Figure 4.21 Compressive $freppig] il ¥ed by Coltrien) at NCO index of

150 ggfﬂ'

(- 4
The comprasdi "% deformation; initial linear

behavior, linear ull region dne on in (e final stage. The initial slope

was used to calculatedihg, compressive gpodulus of foam and intersection point

o ﬂugng@wj (TTIL. 1T F———

strength [25 W was observed that ‘»Iupc of the mma] linear part are the same for all

R YT TR TN e

dependsy on the morphology ol cell in PURFs foan

foam. For linear plateau, cell
deformation occurs as combination of cell bending and collapse.
4.2.4 The temperature profile of rigid polyurethane foams
The reaction between polymeric MDI and polyol is exothermic reaction that

gives a rapid increase in both the temperature and the viscosity of the mixtures [26].

The maximum foaming temperatures of PURFs catalyzed by transition metal
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complexes at NCO indexes of 100 and 150 showed high temperatures and were in the
range 114-126 °C and 118-125 “C, respectively (Table 4.5). Figure 4.22-4.23 shows
the relationship between the temperature profile and the reaction time, namely cream
time, gel time, and tack-free time that tack-free time showed maximum temperature.
The maximum core temperature of almost PURFs decreased with increasing the NCO
index, except for Ni(trien)(sal), and Co(en),;, which the maximum core temperature
increased with increasing the NCO index. PURFs catalyzed by Co(trien)(sal); and
Ni(trien)(sal): showed the highest mggignum temperature at NCO index of 100 and

between isocyanale g Gty /i@ roxyl “wrdiips, selling reaction) of PURFs
catalyzed by metal copggfcxe€ @ik bt Cadlysed by DMCHA.,

Catalysts , das s r* m Core Temperature (°C)

NCO Index

Eiffiﬁ*@s'mﬂyﬂmm
ﬁﬂgg;@ﬂﬂ‘ifuuﬂﬂ’aﬂﬂﬂaﬂ:ig

Coltrien)(sal ); 128 123
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4.2.5 lqu-cvanat%-:um ersions of ribd polyurethane foams

AUYINYNINYINT

The calgulation of NCO LDHVETHIDI'I referred to IR \pcctru of pulyurc[h;mc

N TR TN Ty e =

All PURFs catalyzed by metal complexes at NCO index of 100 and 150
showed similar IR spectra. The important absorption bands used to calculate
isocyanate conversion are free NCO (isocyanate stretching band) observed at 2269
m’', phenyl group as a reference group 1595 em’', the C-N stretching band of

isocyanurate ring at 1406-1420 cm’', which directly indicates the potency of the
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catalysts to result in high trimer conversion, and urethane C-O stretching at 1216-
1238 cm'.

Table 4.6 Wavenumber of PURFs used in calculation [21]

Functional groups

Wavenumber (cm™) Chemical structure

Isocyanate 22717 N=C=0
Phenyl Ar-H
()
I
R. R
Isocyanurate (PIR l l
',"/ ~0
R
0
I
Urethane (PUR)

The NCO cnnw:rf.mn e

IS ratio between isocyanate peak area at
f,.u 2 /.
time t and isocyangtépe

ollewing equation [27]:
‘y‘" |rd
Isocyanate co T

S

AULINENTNEINS
%ﬁﬁ‘i‘“ﬁﬂﬁﬁfﬁmﬁiﬁﬁﬁ*ﬁm

uanm:f of free NCO in RPUR foams were normalized by aromatic ring
absorption band at 1595 em ™.

where;

IR spectra of PURFs catalyzed by DMCHA and Coltrien) at NCO index of
100 are shown in Figure 4.24.
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% Transmiltance

Figure 4.24 IR spectra of PURJEZEsaly4 af€oltrien); (b) DMCHA at NCO

index of 100 T VI
Y

Y]

Y .
NCO conveTsion Tagtr atively determined by IR

spectroscopy following method described in the litera "] e [27] as shown in Table 4.7

" U INENI NGNS
RINNIUUNIININY



Table 4.7 NCO conversion of PURFs catalyzed by transition metal complexes

PURFs catalyzed by % NCO Conversion PIR/PUR
Index 100 Index 150  Index 100 index 150
DMCHA 99 98 0.21 0.20
Nifen), 97 96 0.19 0.62
Nilen)a(sal)s 97 96 0.21 0.21
Ni(trien) 0.18 0.27
Ni(trien)(sal), 0.17 0.18
Colen) 0.19 0.29
Cofen)ssal)s 0.17 0.18
Coltrien) 022 0.31
Co(trien)(sal) 0.17 0.43
The results obfaingd gy § 7 )\ g SO cased with increasing of the

content of NCO indexef dge 1o = \ ol isocyanate in polymerization

i . ¥ - . ¥ N o = 3
reaction. Thf dCCCSs 1500 'F:’r" #1351 rg trimerization to gl\-’ﬂ ISQC}’H.I'II.IHII.E

group since metal complexZeAresIs A L specific towards the isocyanurate
geg B88-99%. The ratio of

e
(1

hl::—wn in Figure 4.26. The

formation. The

polyisocyanurate/poita)
—=

results revealed that Bl

AULINENTNEINS
ARIAATUUMINYAE

IR/PUR ratio increased at the highr isocvanate index.
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Figure 4.26 PIR/PUR of PURFs catalyzed by different metal

{c) Nilen)a(sal)s; (d) Niitrien);
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From these results. PIR/PUR of all PURFs slightly increased with increasing
NCO index. Therefore, this result indicated that the metal complexes were not good
catalyst for polyisocyanurate formation. On the other hand, these metal complexes
could catalyze gelling reaction to form urethane groups. PURFs catalyzed by nickel
and cobalt complexes showed similar NCO conversion and PIR/PUR ratio. It could be
concluded that both mickel and cobalt complexes were good catalysts for polyurethane
but

formation and blowing reaction uitable catalyst for trimerization reaction.

The catalytic behavior was ICHA. which is a suitable catalysts

for polyurethane fo rmu!@ wigg rc‘;m

Morphology n parallel and perpendicular

direction of foam ris  found that cell morphology

ires 4.27 and 4.28 show that

Figure 4.27 SEM of PURFs catalyzed by Co(en)a: (a) top view: (b) side view

(70x)



Figure 4.29 SEM of PL‘RFs. catalyzed by '&‘I(“HA (70x)

ﬂUEJ’mEWl‘ﬁWEJ']m

In the cBmparison of PUREs cell size heg::en those [‘I'Ti_'wl:d from DMCHA.

S RATFRORTRELY AR 6 b o s

cell thafi those prepared from Ni(en); and Colen); Since the smaller PURFs cell size

gave more strength to the PURFs [ 28], the PURF catalyzed by DMCHA had higher

compressive strength than those catalyzed by Nifen)> and Co(en),.
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4.2.6 Thermal stability

Thermal stability of PURFs catalyzed by Ni(en),. Colen)s, and DMCHA (ref.)
at NCO index of 150 were investigated by thermogravimetric analysis under nitrogen
atmosphere (Figure 4.30). TGA thermograms of all PURFs showed the decomposition
of foams in one step. The initial composition temperature (IDT), which is the
temperature at 5% weight loss was found in the range 267-285 “C. The residual
weights at 600°C were in the rangeWiB#2%. PURFs catalyzed by Nifen),, Cofen)..

and DMCHA showed their Ill,l U;/- g@sition temperature (Tmax) values in
the range 331-337°C.

PreparedalineiNiten ), and Colen); showed similar
thermal decomposition sskiimtiiioy G H A catalyst. This indicated that

the Nifen)s and Colen with that of DMCHA.

—u— DMCHA
L] Ni(enjz

& Colen)2

;o
- :
-
=

_uuﬂ o
z -

Temperature [“C}

Figure 4.30 TGA thermograms of PURFs catalyzed by (a) DMCHA (ref.);
{b) Nifen)s: (¢) Colen): at the NCO index of 150
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4.2.7 Thermal conductivity

Thermal conductivity is the ability to transmit heat through the foam matrix.
Thermal conductivity of PURFs catalyzed by DMCHA. Co(trien) and Col(en); were
investigated by thermal constant analysis (TCA) at room temperature (Table 4.8).
Thermal conductivity of foams is usuallv controlled by its density. Thermal

conductivity of foams increases as the density decreases [29]. This is because of the

higher proportion of gas in thr: 5|i i and therefore radiant heat transfer is the

dominant heat transfer p -t'_' . ||“ /
become increasingly gows __ condud

density increases. the heat transfer
i) gh the solid component of the
foam.

The results in wBs catalyzed by Coftrien) and

Colen); gave thermal

Table 4.8 T

Catalysts Thermal conductivity (W/m K)
Collrien) 0.0391]
Colen) 0.0386
DMCHA 0.0377

:mm AnEmA e
RS nen &

q
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For comparison, PURFs were prepared by use of metal acetates. amines and
salicylic acid as catalysts. It was found that the polymerization reaction was slow and

the PURFs had poor appearance as shown in Figures 4.31.

Co(OAc):

Salicylic acid

Figure 431 Iﬂ:?'pé 539 &Wirﬁ PZA R acces. amines

Si 'L_'fh{.‘ acid

Qﬁﬂﬁﬁﬂimﬂﬁﬂﬂmaﬂ



CHAPTER V
CONCLUSION

5.1 Conclusion

Transition metal complexes, namely Mien):, Mien)a(sal),, M(trien) and
M(trien)(sal):) (M = Ni and Co) were synthesized and used as catalysts for the

. All metal complexes were synthesized by

preparation of rigid polyurethane fog
ctal vere characterized by IR and UV-vis
spectroscopy. IR spectra o cobafledMplexes showed different absorption
bands from those in me ., "Tlaie starh madeLiils, L'V spectra also showed that the
maximum wavelength olde®t | and cobali templexes shifted from that of metal
belvgen  metal  acetate, amines

(ethylenediamine and trj errh®) And saltewlic acid were formed.

pared by two short method
_ i@ reaction since PURFs catalyzed
by Ni(en); had short reactin jie: 1(€0)> was a poor catalyst for blowing
reaction, which is the rcm:ti pate and water (blowing agent) to give
COs. Therefore, 1 1’

using other metal &ihp

s& yolume than those prepared

i)

Jt ‘E appearance was not good.
Form the reaction ti -'-5 . cobal " Complexesesy m]I}f (en;h showed better catalytic
activity than nickel congplgxes. DMCHA ghowed bener catalytic actwny than metal

conioes B3 LAY LIS INB) R Foger resctin e

M(en); and Mitrien) because of lhe steric cffcc[ The mac:tmn ime, especially
blawﬁ Wfﬁra nfg;wgls ﬂ gave the foams
with higher densit ﬁmn those LM}T other catalysts. ﬁmﬂy of PURFs
catalyzed by different metal complexes was in the range 42.3-73.9 kg/m’. The results
showed that all metal complexes, except Ni(en),, gave PURFs with suitable density.
Compressive strength of PURFs was in the range 0.13-0.25 MPa. Compressive
strength increased with increasing density of PURFs.
The polymerization was an exothermic reaction, The maximum core
temperature of PURFs were in the range of 114-125°C. The maximum core

temperature of most PURFs decreased with increasing the NCO index. In comparison
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between DMCHA and metal complexes catalysts, it was found that foams catalyzed
by metal complexes showed higher maximum core temperature than those catalyzed
by DMCHA. This result indicated that the reaction between isocyanale groups and
hydroxyl groups (gelling reaction) of PURFs catalyzed by metal complexes was better
than that catalyzed by DMCHA.

IR spectra of all PURFs showed similar characteristic absorption band. IR

spectroscopy  was  used the NCO conversion  and

polyisocyanurate/polyurethang (P RPT A Adb, The results indicated that NCO
conversion decreased willMmestasing g _ of NCO indexes. PIR/PUR ratio

slightly increased witk foam formulations. Thus, the

metal complexes coul ation. SEM micrographs of
PURFs catalyzed by 2

cell structure which w

ed that the foams had closed
GA thermograms of PURFs
showed the decompositi ' '\!x- ams prepared from Ni(en); and
Colen); showed similar ghegmal devo \ ‘that prepared from DMCHA
catalyst. This indicatedtha T ilen): and Co(en), was similar
catalytic to that of DMC :

decreased. PURFs catalyzed

ity of PURFs increased as the density
olen)s gave thermal conductivity
similar to that of I3 ;:..z;

s y:' o d

|
i¥

5.2 Suggestion for ft ‘;I. I'{: work

The ﬂ,ﬁ.JgELFl DHNINELUDT tor st e

foam prcpard[lﬂn is their catalyti€ activities agg similar to tiges reference calalyql
oA RN RN ) Hor v
time th Cofen) while Cofen); gave better external appearance than Ni(en)s. The
suggestion for future work is to synthesize the catalyst mixture between nickel and
cobalt complexes 1o improve the catalytic activity and blowing reaction of nickel-

based catalyst.
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Table 5.1 Summary of data in PURFs preparations

Parameters Conclusion

Ni complexes
Reaction times

Nifen)s Ni(trien)  Nilen)s(sal)» Ni(trien)(sal)» DMCHA

Cream time (sec) 5.0 7.0 6.0 6.0 2.0
Gel time (min) 0.2 1.2 1.2 1.7 0.1
' 13.1 11.5 4.4
7.4 S 34

Tack-free time (min) 5.4

Rise time (min)

Cream time (sec) 6.0 2.0
Gel time (min) 1.8 0.1
Tack-free time (min) 8.4 4.4
Rise time (min) 13 34

I8xeS, > Ni complexes

Catalytic activity I metal complexes

Catalytic reaction Mg and gelling reaction

Polymerization | ) — 5 i
temperature | ;, ; 2

NCO index = 150

Density {kg.-"msj - i
42.3-62.2 49.7-73.9
: f o QL
renn i) W AV N TR
strength (MPa
q NCO index = 100 NCO index = 150

R8N TN INNA B
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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 = 365.8, functionality = 2.7 at an isocyanate indexes of 80, 100, 120, 140,

150, 160 and 200 required to react with the following formulation:

Table A1 Formulation of PL§ --

Part by weight
(g)
Raypol® 4221 (OHY\ 4.3) 100.0
Catalysts 1.0
Surfactant 2.5
Blowing agent (watef 2) 4.0
PMDI (MR-200), NCQfing 150, 160 "

and 200

) = 1000

Hydroxyl value -
R 1 o entweight

1!. Molar mass’ 14
Equivalent weight =

nna]u}f

Sulingyineand, . ..
Qﬁ?ﬁﬂﬂ‘imﬂﬁﬂﬂmaﬂ

Equivalent weight of water

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
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Equivalent in the above formulation:

100

Polyol (Raypol 4221) - = 0.784
¢ Y 127.5
. 4.0

Water (blowing agent) = W = (0.444
Total equivalent weight = 1.228

For stoichiometric equivalence, PMDI pbw is total equivalent x equivalent weight

because PMDI reacts with polyol

thus:
— % 1 TS 365.8
PMDI (pbw) = 1008 e [ ST 228 X = 166.37

Note: 166.37 defincsdffic // ;

where;

' 24 %éntaabu ofisocvanate
lsocyanate i - x 100
N of isocyanate
thus:

Isucyana;‘ ik M = 133 pbw

# lsucﬁatc mcﬁ:ﬁ- 1K)

‘LJEJ’J‘VIEWI?WEJ"Iﬂ‘i

l'-‘.oc anate actual = — x 100 = 1? pbw

qmmnmwﬁﬂmaﬂ

# Isocyanate index = 120;

166.37

Isocyanate actual = — x 120 = 200 pbw
104)
# Isocyanate index = 140;
166.37
Isocyanate actual = 1502 x 140 = 233 pbw

100
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# Isocyanate index = 150,

166.37
100

Isocyanate actual x 150 = 249.5 pbw

# Isocyanate index = 160;

= 266 pbw

Isocyanate actual

= 1333 pbw

NCO conversion calc

The NCO conv IR method, defined as the ratio

i N x 3
between isocyanale peak | ate peak area at time 0, following

equation:

Isocyanate

L

where;

NCO' is the 3 4 of isocvanate absorbance peak®urea at time 1

U AN e

absorption band at 1595 cm’'

qmmnmumwmaa
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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
| 79.378
2 #1.635
3 78.262
8] ol \ ' 79.499
5 NN/ / 79.491

Average (NCO'); APR=pR " —— 70 65

NCD*{FTIR //g (’\*{:\}H _ 980

ate (a) and PIR/PUR of rigid
LD index 150

# Example C

polyurethane foams caig

Conversion of isocyanalt

Data at Table Al
Absorbance_peak

The data from Taly y »/ BEE.U S 5T g K drea of free NCO was

normalized by arc-rn '
Absorbance p 1,

™ o fuAInEN NN
Qﬁ?ﬁﬂﬂ‘ifﬂlﬂ@'} f;l’lﬁ?;l

% NCO conversion = 992

area uf final NCD =0.79195% NCO'

PIR/PUR
Absorbance peak area of PIR (polvisocyanurate) = 11.505
Absorbance peak area of PUR (polyurethane) = 55.536

11.505

thus, PIR/PUR =
55.536

=10.207




Table A3 NCO conversion of PURFs catalyzed by DMCHA at different NCO

indexes
DMCHA Peak Area NCO
:::gz NCO | Ar-H | PIR PUR | NCO' | conversion | PIR/PUR
2277 | 1595 Ar-
em”! cem’! i H=1 (%)
100 20.07 0.79195 99.2 0,207
150 44.259 $1.97912 98.9 0.199
160 63.65 12 2§80 1NGBR9E 12.16629 98.0 0.181
| \xx\\"‘
200 20.0 N BTRI6R0.79195 97.5 0.207

Table A4 NCO cop#®rsj

\\\

\\\ n)s at different NCO indexes

F-Ni(en), NCO
NCO index | NCO M NCO' | conversion | PIR/PUR
80 49598 o438 | 97.7 0.238
100 50.398 | 20.846 492 [Bl1763 | 97.5 0.191
120 32.8386) 23.601 | 8.778a46.239 | 1.39138 |  98.6 0.189
wo  [l4e8) S WM WEThELS | o5 | oo
150 110.262 |€16.948 | 27231 | 2.92399 |as 97.0 0.622
W fﬁﬂ 3 Wil bl bEA R B | 022
2{?&1 30.625 | 22.526 | 10.348 | 17.586 | 1.35954 |  98.6 0.588
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Table A5 NCO conversion of PURFs catalyzed by Ni(en),(sal); at different NCO

indexes
F- Pek Aree NCO
Ni(en)z(sal);
NCOindex | NCO | Ar-H | PIR | PUR | NCO" | conversion | PIR/PUR
2277 | 1595 | 1415 | 1220 | Ar- )
em”! em’! cm’”’ cm” H=1
80 26.801 s | 34.535 | 0.84222 | 99.1 0.228
100 65.586 3.06534 | 96.8 0.213
120 39.17¢ Dade| 2.58502 | 974 0.207
o 1 ]
140 \5! 08298 | 95.9 0.342
150 0. 183734 | 98.1 0.216
160 ) 0122363 [ 94.7 0.222
200 \ Ws3t63| 992 0.309
Table A6 NCO converdlo di(trien) at different NCO
indexes
F-Ni(trien) 4 NCO
NCO index FONCO" | conversion | PIR/PUR
T
L Ar-
cm H=1 (%)
80 e‘wgﬂllﬂsﬁa 98 .4 0.174
100 50.569 | 0.77182 |  99.2 0.177
TN TINTTa e | &
14D 10.661 | 804779 |  91.8 0.345
150 38.943 | 1.36349 |  98.6 0274
160 326,717 | 32.462 | 12.808 | 63.051 | 10.0646 | §9.7 0.203
200 51302 | 25842 | 7.095 | 34.931 | 1.98522| 97.9 0.203
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Table A7 NCO conversion of PURFs catalyzed by Ni(trien)(sal) at different NCO

indexcs
X Peak Area NCO
Ni(trien)(sal);
NCOindex | NCO | Ar-H | PIR | PUR | NCO' | conversion | PIR/PUR
2277 1595 | 1415 | 1220 Ar- (%)
em”! cm’” em” em”! H=1
80 6.157 14.158 | 1.01467 98.9 0.305
100 24.747 _ 0.97314 99.0 0.171
120 01 408503 | .4 75 S00TS | 2.80367 97.1 0.211
140 ) 0.7378 99,2 0.218
150 ] . 71589 98.2 0.185
160 By, 13.1893 86.5 0.235
200 2.86654 97.1 0.234
Table A8 NCO conversig DL NSNS 7 ofen)s at different NCO indexes
f 3
F-Colen), _ NCO
NCO index | NG R ZACO" | conversion | PIR/PUR
i | , Ar-
cm’ cm’ cm’” cem”’ H=1 (%)
80 ﬂluﬂtﬂ?ﬂ] ﬁ 3 991 0.223
100 Q6145 | 19.521 5.265 | 27.202 | 0.82706 99,2 0.194
YR N BTR &
FWITNATFEU INNTFHEIRNE " | “*°
149 54.867 | 30.557 | 5.769 | 28.471 |1.79556| 98.2 0.203
150 31.342 | 14.183 | 9.472 | 33.123 | 2.20983 97.7 (.286
160 339.351 | 30.066 13.12 | 67.424 | 11.2869 88.5 0.195
200 56.894 | 27.015 | 7.804 | 35.549 | 2.10602 97.9 0.220
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Table AY NCO conversion of PURFs catalyzed by Co(en)a(sal)s at different NCO

indexes
g Peak Area NCO
Colen)a(sal),
NCOindex | NCO | Ar-H | PIR | PUR | NCO" | conversion | PIR/PUR
2277 1595 | 1415 1220 Ar- (%)
em’” em” em’” em™”! H=1
50 37.688 nt 1.08783 98.9 0.217
100 14.346 0.64558 993 0.171
120 BRS | 3.15366 96.8 0.419
140 m\ 3. 7.10002 92.8 0.263
150 K, 97.9 0.179
160 91.5 0.205
200 92.7 0.433

Table A10 NCO conversy

indexes

F-
Coltrien)
NCO
index

128
140
150
160
200

I

Al

U7.184
']‘;ﬁ.zlﬁ
47.645
19.233
346.69
123.733

V] §

1.18

22704
31.472
10.830
27.636
36.794

tm” )
', 3.863

58U U3

9.382
9.085
11.934
10.063
9.088

1‘1

)

Y

NCO
PUR 1 NCO" | conversion | PIR/PUR
BV |

12.867 14.5627 851 0.300
']4‘5}% E,lﬁ"sé’ ﬂ??,s 0.223
39.57 |4.25031| 957 0.237
50.245 | 1.51389 | 985 0.181
38553 | 17759 | 982 0310
46.309 | 125449 | 872 0217
41.848 | 336286 | 966 0.217
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Table A11 NCO conversion of PURFs catalyzed by Coltrien)(sal); at different NCO

indexes
F- Peak Area NCO
Coltrien)sal;
NCOindex | NCO | Ar-H | PIR | PUR | NCO' | conversion | PIR/PUR
2277 Ar-
em’! H=1 (%)
80 31.068 04 155792 | 984 0.160
100 25.71 T 1.07087 | 989 0.168
120 | 2.88245 | 97.1 0.223
140 25.144 49,0 2.10463 | 97.9 0.256
150 5,[0.37950 | 90.4 0.431
160 W50 0 84 (0872 | dotig Te.03825 | 929 0.234
200 gl W 355875 | 964 0.232

AULINENTNEINS
ARIAATUUMINYAE
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