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Abstract

Ling Zhang
Number of Words: 350

The versatility of polyurethane (PU) flexible foam has made it an
indispensable material in furnishing, transportation, and packaging. To make PU
flexible foam, petroleum-derived reactants, polyol and isocyanate, are used. As
the price of crude oil has escalated and the cost of PU reactants doubled,
researchers have turned to renewable natural oils for polyols. Recent
developments have successfully derived polyols from natural oils and
synthesized a range of PU products from them. However, making flexible foam
from natural oil polyols is still proving challenging. The goal of this thesis is to
understand the potentials and the limitations of natural oil polyols as an

alternative to petroleum polyols.

An initial attempt to understand natural oil polyols showed that flexible
foams could be synthesized from castor oil, a naturally occurring polyol, but not
from soybean oil-derived polyol (SBOP), which produced a rigid foam.
Characterization results indicated that both foams were phase-mixed and the

glass transition temperature (Ty) was the predominant factor that determines the

-Vi-
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rigidity of the foam. The high T4 of SBOP foam was attributed to the low number

of covalent bond between crosslinkers.

As neither castor oil nor SBOP was suited as sole polyol component for
flexible foams, we partially substituted petroleum polyol with these natural oll
polyols in a flexible foam formulation. A 30-wt% replacement with SBOP more
than doubled the foam compressive modulus and this increase was achieved by
changing the hard domain morphology as well as creating a SBOP-rich second
soft phase. Although foaming natural oil polyol-containing samples showed no
signs of kinetic issues, an infrared spectroscopy (IR) study demonstrated that not
only was urethane formation rate reduced but phase separation in foams was

delayed as well.

To further explore the potentials of natural oil polyols as sole polyol
component in flexible foam, the relationship between the T4 and the number of
covalent bonds between crosslinks was investigated. It was found that with
increasing number of covalent bonds between crosslinks, the Ty of PU can be
systematically lowered and that the dangling chains present in natural oil polyols

act as a plasticizer to help lowering the Ty further.

Chris W. Macosko

- Vil -
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Chapter 1

Introduction
Contents
1.1 BacKgroUNd .......c.oieoiiiiiie e e 1
1.2  Polyurethane Chemistry and Morphology ...........coocoviiiiiinnnnn. 3
1.2. 1 CRemMISHIY o e e e e e e 3
1.2.2 Morphology ....coooiiii 9
1.3  Natural Oil POlYOIS ..., 12
1.4  Natural Oil Polyol-based Polyurethanes ..............c.ccooviiiiiis 16
1.5 Organization of TheSIS ......cuiuiiiiiiii e 19

1.1 Background

Polyurethane (PU) is one of the most versatile polymeric materials with
regard to both applications and processing methods. From anti-fogging coating,
elastomeric shoe soles to rigid insulation foams, polyurethane can be found in
almost all aspects of life. Among all PU products, flexible foam is the largest
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product family by quantity, constituting more than 40% of all PUs and is the

primary concern of this research work [1-3].

foam are illustrated in Figure 1.1.
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Figure 1.1: Polyurethane flexible foam applications [4].
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PU flexible foams are made via two processes: molded and slabstock

foaming. Molded foams are largely used in transportation applications, such as

automotive seating. The process begins by mixing all the reactants together and

transferring the foaming mixture to a mold. The foam is then risen to take on the
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shape of the mold. Slabstock foams are largely used in furnishing industry, such
as mattress and carpet backing. This process is performed in an open
environment. Well-mixed reactants are spread onto a conveyor belt. As the
conveyor belt moves forward, the foaming mixture expands and rises to shape.

Figure 1.2 depicts the two processes side by side.

RAW
MATERIALS DISPENSING
UNIT

O

00 }mvmms

O

TRAVERSING
= MIXING HEAD
OPERATORS _ Y Iﬁf SIGH BAGK

PLATFORM —======{ |

Figure 1.2: Processes for making slabstock (left) and molded (right) foams,
taken from reference [4].

Clearly, molded foaming is a batch process while slabstock foaming is a
continuous process. When a high productivity is desired, a batch process
becomes seemingly less attractive. To compensate the slow turn-around in
batch process, more reactive polyols can be used in formulations to speed up the
reactions. Details on manipulating polyol reactivity through synthesis are

discussed in the next section.

1.2 Polyurethane Flexible Foam Chemistry and Morphology
1.2.1 Chemistry

Polyurethane is named after the urethane bond formed via the reaction of

isocyanate with hydroxyl. In flexible foam formation, the hydroxyl-isocyanate
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reaction is also known as the gelling reaction. In addition to the gelling reaction,
the blowing reaction that produces gas is also involved in flexible foam synthesis.
The blowing reaction occurs between water and isocyanate. The reaction
product, carbon dioxide, expands the polymer into the final foam form. In some
formulations, a low boiling point blowing agent, such as hydrofluorocarbon, is
also used to aid gas bubble formation. A schematic representation of both
gelling and blowing reactions is shown in Figure 1.3. A multi-functional alcohol,
called polyol, and a di-functional isocyanate are used to illustrate the gelling

reaction.

CH OCN = NCO
HO + OCN == NCO —»
OH

OCN == NCO
I |
H,O + OCN == NCO —» OCNmm I}l C I\II == NCO t+ CO,

H H

Figure 1.3: Gelling (top) and blowing (bottom) reactions.

The process to make flexible foam requires precise kinetic control over
these two competing reactions. If the blowing reaction is much faster than the
gelling reaction, a foam will likely to collapse early on. If the gelling reaction is
faster than the blowing reaction, then a formed polymer network will likely entrap
the gas and suppress bubble formation. Therefore, it is an intricate, and yet,

critical step before manufacturing to find a kinetic balance point for the foaming
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process. Industrially, catalysts have always been used to provide Kkinetic

leverages [5-7].

The main reactants used in flexible foams, polyol and diisocyanate,
deserve quite some attention because of the wide variety of these materials and
their effects on foam properties. Diisocyanates, compared to polyol, has fewer
options. Toluene diisocyanate (TDI) and methylene diphenyl diisocyanate (MDI)
are the two types of diisocyanates used in flexible foam, among which TDI is the
diisocyanate of choice. Chemical structure and structural variations of
diisocyanates are shown in Figure 1.4.

a) .H.

H
CH, CH,
n

H

Figure 1.4: Diisocyanates commonly used in foaming: a) 2,4-toluene
diisocyanate, b) 2,6-toluene diisocyanate, c¢) 4,4-methylene diphenyl
diisocyanate, d) 2,4-methylene diphenyl diisocyanate, e) 2,2-methylene diphenyl
diisocyanate, and f) polymeric MDI

In contrast to diisocyanate, polyols come in a much wider range of

varieties based on chemical structure, molecular weight, and functionality. The
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type of polyol used in a formulation has a profound impact on foam’s visco-elastic

properties.

Because majority of the polyols used in flexible foam manufacturing are
polyether polyols, we will focus on these polyols here [8]. A polyether polyol is
made via polyaddition process. An initiator is first reacted with an alkylene oxide
monomer by oxirane ring-opening reaction, and the polymerization process
propagates as more monomers are added through the same reaction. To
terminate, a proton exchange, by either adding water or acids, places a hydroxyl
at the chain end. The most commonly used alkylene oxide monomers are
ethylene oxide and propylene oxide. Due to its hydrophilic nature, ethylene oxide
is seldom used as the sole monomer to make polyols, but is commonly
copolymerized with propylene oxide [9]. Structures of polyols made with either
ethylene or propylene oxides are illustrated in Figure 1.5. These molecules are

intended to highlight the differences between polyols made with either monomer.

\/(O\/\oﬁ/\/o\/\o/\/oﬂn\/\o/\/OH

R/O
O—R
O\)\ O\)\ Oﬂ\)\
O/m/ O/W/ . O/Y
RO OH
O—R*

Figure 1.5: Polyether polyols made from ethylene oxide (top) and propylene
oxide (bottom). The initiator used, for illustration purposes, is glycerol and R and
R* represent the same structures as shown.

One apparent difference between the two molecules in Figure 1.5 is the

order of hydroxyls. Ethylene oxide-based polyol has only primary hydroxyls,

-6 -
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whereas propylene oxide-based polyol has secondary hydroxyls. It has to be
pointed out that propylene oxide-based polyol can also result in primary
hydroxyls under cationic polymerization conditions. When selecting polyols for
foaming, it is critical to understand how the order/position of hydroxyls may affect
the process. In general, a high content of primary hydroxyls are preferred for
molded foam process. This is because primary hydroxyl speeds up gelling
reaction without increasing the catalyst loading and thus shortens turn-around
time for manufacturing. For slabstock foaming, a range of polyols with different
reactivity can be used based on application requirements and processing
conditions. To make high primary hydroxyl content polyols, either polypropylene
oxide or poly(propylene oxide-co-ethylene oxide) propagating chain is end-
capped with ethylene oxides leaving a high content of primary hydroxyls at the
chain ends.

Aside from chemical structural variations, polyols can also vary in
molecular weight: from just a couple hundred up to slightly over six thousand
grams per mole. For use in flexible foams, a polyol needs to have a molecular
weight of 3000 g/mol or higher. Targeted molecular weight is achieved via a
close monitoring of the monomer conversion and a tight control over the initiator-

to-monomer ratio.

The third important variation between polyols is functionality. Functionality
of a polyol simply implies the number of functional groups, in the case of polyol:
hydroxyls, per molecule. Unlike molecular weight, functionality of a polyol cannot
be controlled during polymerization but rather through initiator selection. The use
of initiator to control functionality also helps to avoid allyl formation, which loses
hydroxyls to form unsaturation sites. Because one propagating alkylene oxide
chain results in one hydroxyl group, it is the number of active hydrogen on an

initiator determines the number of propagating polymer chains, thus functionality
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of the polyol. To meet the many needs of PU flexible foam applications,
functionality of a polyol needs to be easily adjustable. Therefore, a range of
initiators is available commercially. Table 1.1 lists the commonly used initiators

and their functionalities.

Table 1.1: Initiators commonly used for polyether polyol synthesis [1].

Initiator Functionality Initiator Functionality

Carbohydrate Source Amine Initiators

Sucrose 8 Alkanolamines 3

Sorbitol 6 Ethylene diamine 4

Methyl glucoside 4 Diethylene triamine 5

Toluene diamine 4

Aliphatic Initiators Diaminodiphenylmethane  4-5.5

Glycols 2 Mannich bases 3-7

Glycerol 3

Trimethylolpropane 3

Pentaerythritol 4

One special family of polyols worth noting is grafted or copolymer polyol
(CPP). These polyols are of great commercial significance ever since their debut
in the 1950’s [10]. Although CPP is referred to as a polyol, it is in fact a colloidal
suspension of rigid particles sized 1 um or smaller and does not necessarily
contain reactive hydroxyls. Synthesis of CPP involves either chain or step
growth polymerization in a nonaqueous media [11, 12]. In the case of a styrene-
acrylonitrile copolymer polyol, styrene and acrylonitrie monomers are
polymerized via chain growth polymerization reaction in the presence of

unsaturated polyether polyol as a stabilizing precursor [13-15]. The polymerized
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styrene-acrylonitrile copolymer polyol is comprised of stabilized particles and the

polyol media.

The reason that CPP has received so much attention and been successful
is its unique benefits. Incorporation of CPP allows harder flexible foams to be
made without many modifications to existing formulations. In addition, CPP also
adds processing benefit by promoting cell opening, which eliminates or reduces

the post-crushing processes.

1.2.2 Morphology

The unique properties of flexible foams cannot be accounted for with a
simple one-factor extrapolation. A combination of both the foam gas bubbles, or

cells, and the polymer phase morphology contributes to the final properties.

The cellular structure, described as a collection of tetrakaidecahedral
shaped cells, influences foam mechanical properties via a number of parameters
[16]. Foremost, the foam modulus is most influenced by foam density, typically
described by a power law relationship [17, 18]. At constant foam density, cell
size and strut thickness are related to foam modulus through inverse quartic and
guadratic relationships, respectively [19, 20].

At the microstructural level, polymer phase morphology varies at different

length scales. Figure 1.6 depicts these variations.
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Figure 1.6: Morphology of flexible foam at different length scales [21].

To better understand polymer phase morphology in a flexible foam, we

need to begin by examining the chemical reactions involved. Both blowing and
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gelling reactions compete for isocyanates in the foaming mixture. The kinetically
faster reaction, water-isocyanate reaction, quickly forms polyurea segments and
releases CO, gas to expand the mixture [22]. The relatively slower reaction,
hydroxyl-isocyanate reaction, gradually polymerizes isocyanates and polyols
building up molecular weight. As either polyurea-based hard segment or polyol-
based soft segment increases in the degree of polymerization, the interaction
parameter () between the two types of segments increases as well. At a critical
conversion, the entire system crosses the thermodynamic boundary of a miscible
system, and phase separation occurs [23-26]. The resulting polymer is a
segmented block copolymer with domains that are rich in either polyurea
segments or polyol segments [27]. Within a polyurea-rich hard domain, further
association of the segments can also occur through hydrogen bonding [28-30]. A

simple illustration of this phase-separated morphology is shown in Figure 1.7.

polyol segments

polyurea segments

Figure 1.7. Phase separated morphology of PU flexible foams. Dashed lines
indicate hydrogen bonding within a hard domain.
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This phase-separated morphology gives flexible foam its unique
properties. The polyol-rich domains, also called soft domains, have a low glass
transition temperature (Tgy) that can be anywhere from — 50 °C to — 70 °C. The
low Ty domains give PU flexible foam its visco-elastic properties and allow
energy absorption and dissipation. The polyurea-rich domains, also called hard
domains, have a much higher Ty, in comparison, generally above 200 °C. The
high T4 hard domains provide PU flexible foam with its modulus and thermal

stability.

Within the soft domains of a PU flexible foam, the polyol segments are
covalently crosslinked as the polyols used in flexible foam synthesis have
functionalities of 3 or higher. The entire polymer phase of a flexible foam is,
therefore, comprised of both covalent crosslinks in the soft domains and physical

crosslinks in the hard domains.

1.3 Natural Oil Polyols

Because of its unique properties, PU is an indispensable material in areas,
such as construction, furnishing and transportation. Similar to most polymeric
materials, PU relies on petroleum for feedstock. As the price of crude oil in US
escalated from $11/barrel in 1998 to $110/barrel today, the cost of raw materials:
polyol and isocyanate have risen steadily [31-36]. From both economic and
environmental stand point, it is desirable to replace petroleum oil as a feedstock

with a renewable resource.

As early as 1930’'s, Henry Ford envisioned that agricultural products, such
as soybeans, would one day be the raw material sources for automobiles [37].
For PU raw materials, natural oils, such as soybean oil comprised of unsaturated
triglycerides, can potentially lend themselves to polyol synthesis. Structurally,

triglyceride is a branched molecule, similar to polyols. However, with the
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exception of castor and lesquerella oils, natural oils do not contain hydroxyls
inherently [38, 39]. Conversion steps are needed to add hydroxyls to natural oils.
In Table 1.2, some of the natural oils can potentially be used for polyol synthesis

are listed and their compositional variations are indicated.

Table 1.2: Composition of some common natural oils [38].

Natural Oleic Linoleic Linolenic Ricinoleic Stearic Palmitic

ol (1817 (182)  (18:3) (18:1°  (18:0) (16:0) Others
Soy(g’ifa” 24 54.5 6.8 - 3.2 10.9 0.6
castor oil 6.0 1.0 89.5 1.0 2.0 0.5
Saﬁ(')?l‘"’er 131 777 2.4 6.5 0.3
palmoil  45.2 7.9 3.6 40.8 2.5

% The numbers in the parenthesis indicates the total number of carbon bonds and number of
unsaturation sites in the fatty acid residue.
® Ricinoleic acid residue contains functional hydroxyl, see Figure 2.1 for details.

A number of methods adding hydroxyls at the unsaturation sites have
been reported and Figure 1.8 and 1.9 show the five known processes. For
illustration purposes, a single triglyceride molecule is used as the starting

material.
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o\
Catalyst solution (Rd, R2
Na complexes, NMP) R,

Figure 1.8: Conversion of a triglyceride molecule to an alcohol via
hydroformylation followed by hydrogenation method, method (I) [40]. R, and R3
are indicative of unsaturated fatty acid residues.

The hydroformylation followed by hydrogenation method is being used
industrially to make polyols [40, 41]. Although in practice the reaction is different
from illustrated as the starting material, instead of triglyceride, is fatty acid methyl
esters. The triglyceride molecules first undergo a transesterification reaction with
methanol to form methyl esters and are then subjected to the hydroformylation
reaction outlined above. The hydroxyl-containing esters obtained at the end of
reaction are further reacted with an initiator, could be a conventional initiator
(Table 1.1) or a polyol, a polyamine, or other suitable molecules, to produce
polyol with desired molecular weight [42]. This process allows easy molecular
weight build up in addition to generating kinetically advantageous primary
hydroxyls.
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Figure 1.9: Methods for converting natural oil to polyol: (Il) expoxidation and
oxirane ring-open with methanol [43], (lll) ozonolysis [44], (IV) microbial
conversion [45], and (V) halogen addition and nucleophilic substitution [46]. R>
and Rz are indicative of unsaturated fatty acid residues and superscripted R, and
R3 are indicative of modified fatty acid residues.

Methods (Il) through (V) can be directly applied to natural oils themselves
as presented in Figure 1.9. Among these four methods, ozonolysis is a rather
expensive process. Not only ozone generation is costly but also the process to
separate the product from a significant amount of byproducts is economically
undesirable. Method (IV), the microbial conversion method, is capable of
generating high purity polyols at high yields. However, the low production rate
makes this process impractical. Method (II) and method (V) are, thus, the most

favorable routes for converting natural oils to polyols for industrial applications.

1.4 Natural Oil Polyol-based Polyurethanes

Natural oil polyols derived from different oil seeds, such as soybean,

sunflower, canola, and rapeseed, have been successfully used in PU elastomer
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synthesis [47-49]. Authors reported comparable hardness/modulus between
elastomers synthesized from petroleum polyether polyols and natural oil polyols.
Thermal degradation experiments indicated that natural oil polyols derived
elastomers are superior to petroleum polyols derived samples in both thermal
stability and oxidation resistance [47, 48]. Researchers believe that the thermal
stability and oxidation resistance are attributable to a high content of
hydrocarbons in natural oil polyols as oppose to the alkylene oxide in petroleum
polyols. Other than processed natural oil polyols, unprocessed castor oil
containing hydroxyls naturally, has also been experimented as a potential polyol
for elastomer synthesis [50]. Unlike the processed polyols, the addition of castor
oil was shown to lower the Young’s modulus and improve elongation properties.
Although both castor oil and processed oil polyols are considered as natural oil
polyols, their resulting elastomers differ in mechanical properties. Some believe
that the difference in heterogeneity between processed polyols and castor oll
cause the differences in elastomer properties [51]. When functional hydroxyl
groups are added to a triglyceride molecule, depending upon the location of
unsaturation sites and process method used, the number of hydroxyls, or
functionality, as well as the location of the hydroxyls vary significantly [43]. A
naturally occurring polyol, such as castor oil, has less variations in its fatty acid
residue structures, for castor oil ~ 90% of the fatty acid residues are ricinoleic
acid [38, 52, 53]. Zlanatic et. al. surveyed a range of natural oil polyols and their
elastomers and concluded mechanical properties are largely dependent upon the
crosslinking density and functionality of the polyol, and less influenced by the
position of the hydroxyls [51]. However when low functionality polyols are used,
the heterogeneity of the polyols was shown to have an adverse effect on both
young’s modulus and elongation at break [54]. Authors further speculated that
the loss in elongation properties, in particular, was due to the imperfections

introduced through the heterogeneity of natural oil polyols [55].
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Aside from elastomer applications, rigid foam, which is the second largest
family of PU products, can also benefit from using natural oil polyols. Similar to
the elastomer cases, rigid foams made from soybean oil-derived polyol showed
superior thermal stability and oxidation resistance to the petroleum polyol foams
[56]. Guo et. al. suggested that the absence of the ether linkage is the key to
improved thermal and oxidation properties. Mechanical testing on rigid foams
synthesized from a number of soybean oil-derived polyols showed that these
rigid foams delivered similar compressive properties to the petroleum foams [57,
58]. Thermal conductivity of all foams tested showed no significant changes and
was independent of polyol properties. Other than soybean oil polyols, rigid foam
can also be made from rapeseed oil-derived polyols, however, the authors
recommended that both polyol reactivity and long-term stability of the polyols
should be further understood [59].

The most important family of PU products is flexible foams, however,
making such foams from natural oil polyols has found limited success. John and
coworkers synthesized flexible foam using entirely soybean oil polyol and
concluded that soybean oil polyol can be potentially used [60]. However, the
SEM images provided show large amounts of closed cells. Herrington et. al. and
Babb et. al., instead of using entirely soybean oil polyols, replaced part of
petroleum polyol with soybean oil-derived polyol and found improvements in
foam loadbearing properties without sacrifices in the number of open cells [61,
62]. Zhang et. al. further studied flexible foams made with different substituent
polyols including a soybean oil-derived polyol and concluded that both changes
in hard domain morphology and the addition of a second soft domain with high
glass transition temperature increased soybean polyol foam modulus [63]. There

has been some success in using castor oil, however, samples made from this
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natural polyol are limited to low resiliency foams, which means only partial

recovery can be attained immediately after deformation [64].

The goal of this research is to understand the potentials and the limitations
of natural oil polyols and ultimately synthesize flexible foams using entirely

natural oil polyols.

1.5 Organization of Thesis

We focused our attention on flexible foam because replacing petroleum
polyols using natural oil polyols in this application has the most profound impact
on PU industry. In addition, no success has been reported, yet, on flexible foams
synthesized entirely from natural oil polyols. To achieve our research goal of
understanding natural oil polyols, we began by exploring an experimental
soybean oil-derived polyol (SBOP), see details in Chapter 2, and expanded the

study to natural oil-based model polyols.

Chapter 2 describes formulating foams with entirely natural oil polyols as
we explore the potential of using either castor oil or SBOP as the sole polyol
component in foams. Castor oil produced a low resiliency foam, while SBOP
produced a rigid foam. Evidently, the two natural oil polyols are not the ideal
candidates for flexible foam synthesis. Two approaches were taken thereon. In
the first approach, SBOP was investigated as a substituent polyol in a flexible
foam formulation. In the second approach, a series of natural oil-based model
polyols was designed and investigated for their potentials as the sole polyol

component in flexible foams.

Both Chapter 3 and 4 document the substituted polyol systems. In
Chapter 3, we studied the morphology changes as natural oil polyols were used
to replace a petroleum polyol. Comparative method was used to uncover the
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role that a natural oil polyol played in changing foam mechanical properties. In
Chapter 4, a different subject, reaction kinetics, was explored. Because of the
structural differences between petroleum and natural oil polyols, the reactivity of
the hydroxyls is expected to vary. In this chapter, we examined the reactivity of
small molecule alcohols that are analogous to either petroleum or natural oil
polyols and then followed foaming reactions of substituted polyol systems via

Fourier transform infrared spectroscopy coupled with an optical fiber.

In Chapter 5, the focus shifted to design natural oil-based polyols that can
be potential candidates as the sole polyol component in flexible foams. Based
on results in Chapter 2, we hypothesized that the molecular weight between
hydroxyls is the dominating factor in determining the thermal and mechanical
properties of a foam. To substantiate this hypothesis, a series of polyols was
synthesized using ricinoleic acid as repeating unit and polyurethane samples
were made thereof. The experimental data indicate that high molecular weight
natural oil-based polyols do result in foams of flexible nature. Included in this
chapter also are the experimental results of molecular weight distribution (MWD)
effects on polyurethane thermal-mechanical properties.

Chapter 6 provides a summary of the research and a brief overview of

possible research directions in the future.
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2.1 Chapter Overview

In this chapter, four polyols, two petroleum and two natural oil polyols,
were selected as the sole polyol components for polyurethane (PU) flexible foam
synthesis. The goal is to examine whether natural oil polyols can be used as the
sole polyol components for flexible foam synthesis and to understand the
differences between petroleum and natural oil polyols. Foam samples obtained
ranged quite widely in properties. One of the petroleum polyol produced a
flexible foam, while the other petroleum polyol and castor oil produced semi-

flexible foams. SBOP produced a rigid foam.

The thermal-mechanical study showed that the flexibility of a foam was
closely associated with its glass transition temperature (Tg). Further examination
of the data suggested that polyol molecular weight could have played a vital role
in determining Tg. Although castor oil and SBOP are not the ideal sole polyol
components for flexible foams, they provided us the first step toward

understanding natural oil polyols.

2.2 Introduction

Flexible foam is the single largest product family in PU [65]. The
unparallel properties offered by PU, such as vibration damping, sound insulation,
impact protection and consumer comfort, have made this material an
indispensable component in furnishing, transportation and packaging industries
[21].

In the recent years, the price of crude oil has escalated raising many
concerns over the stability and the sustainability of petroleum resources [31].
The rising cost of crude oil also impacts the cost of PU products, because

majority of the raw materials, such as polyols and isocyanates used in flexible
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foams, are petroleum derivatives [34]. Finding an alternative feedstock for PU
has become highly desirable for both economic and environmental reasons.
Natural oils, such as soybean and safflower oils, have been shown to be a

potential bio-renewable feedstock for PU [66-72].

Early research work has focused on synthesizing elastomers and rigid
foams from entirely natural oil polyols and are proven to be successful, however,
challenges remain in making flexible foams, the most significant PU product,
using entirely natural oil polyols [47, 49, 59, 60]. Thus far, castor oil, a naturally
occurring polyol, has been used as the sole polyol component for flexible foam
synthesis [64]. The samples obtained, although are low resiliency flexible foams
meaning slow recovery from deformation, are the first success case of entirely
natural oil polyol-based flexible foams. On the other hand, polyols derived from
natural oils using methods stated in Chapter 1.3, such as SBOP, have not been
reported as a successful sole polyol component in flexible foam synthesis. In the
open literatures, no mention has been made regarding the reason why these
processed natural oil polyols are not used in flexible foams as the sole polyol

components.

As the goal of this research is to understand the potentials and the
limitations of natural oil polyols and ultimately synthesize flexible foams entirely
from them, understanding both castor oil and SBOP is naturally the first step.
Four polyols, two petroleum and two natural oil polyols, were selected and used

in polyurethane foams synthesis.

2.3 Experimental
2.3.1 Materials

The four polyols selected for this study are: two petroleum polyols, a
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naturally occurring polyol, and a processed natural oil polyol. Properties of the

polyols used are shown in Table 2.1.

Table 2.1: Properties of polyols used.

Hyperlite®  Softcel® U-

Polyol E-848 1000 Castor oll SBOP
OH #
(mg KOH/g) 32 168 109 20
Molecular weight 6700 1000 930 1058
(g/mol)
Manufacture Bayer Bayer Sigma- o rimental
/Source Corporation Corporation Aldrich P
T, (°C) } 68 } 65 } 64 }35
AC,
(3/g/°C) 06 007 088 o

Hyperlite® E-848 is a propylene oxide-based, ethylene oxide-capped polyol
commonly used in flexible foam formulations. Hyperlite® E-848 contains
approximately 85% primary hydroxyls and has a functionality (f,) of 3.8 [73].
Softcel® U-1000 is a propylene oxide-based, glycerol-initiated polyol with a f, of
3.0 [73]. Castor oil is a triglyceride fatty acid and approximately 90 % of its fatty
acid residues are ricinoleic acid and the rest 10 % varying mainly among oleic,
linoleic, stearic and palmitic acids. The f, of castor oil is 2.7 [38]. The SBOP
used here is derived by epoxidizing soybean oil followed by an oxirane ring-
opening reaction using a mixture of water and methanol [43]. SBOP has a f, of
3.8, the same as Hyperlite® E-848. The idealized structure of both castor oil and

SBOP are shown in Figure 2.1.
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OMe OMe

Figure 2.1: ldealized structures of castor oil (top) and SBOP (bottom). Castor oil
shown above contains two units of ricinoleic acid and one unit of oleic acid
residues.

Toluene diisocyanate (TDI) used is an 80:20 mixture of 2,4 and 2,6
isomers (Grade A Mondur® T-80, Bayer Corporation). Isocyanate in excess of
that needed to react with the OH groups on the polyols reacts with distilled water
to form CO,, which acts as the only foam blowing agent. Gelling and blowing
catalysts, Dabco® 33-LV, Dabco® T-12, and Dabco® BL-11, were obtained from
Air Products and Chemicals and were used as received. Dabco® 33-LV and
Dabco® T-12 are both gelling catalysts used to accelerate the reaction of NCO
with OH. Dabco® 33-LV is a solution of 33 wt% triethylene diamine in
dipropylene glycol and was used as the gelling catalyst in Hyperlite® E-848 foam

only. Dabco® T-12 is a strong gelling reaction catalyst comprised of dibutyltin
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dilaurate (DBTDL) and was used in foam formulations other than Hyperlite® E-
848. Dabco® BL-11 is a blowing catalyst used to accelerate the reaction of NCO
with water. Dabco® BL-11 is a solution of 70 wt% bis(2-dimethylaminoethyl)ether

in dipropylene glycol.

Single surfactant was used in this study to stabilize the foam cellular
structures: Niax L-3184 (Momentive Performance Materials, formerly GE

Silicones, Huntersville, NC) is a silicone-based, molded foam surfactant.

2.3.2 Foam synthesis

Table 2.2 gives the details on foam formulations. All samples were made
based upon a total mixture weight of 250 g. The amount of TDI used
stoichiometrically balanced NCO to active hydrogen species, i.e. isocyanate
index = 100. The amounts of water used were calculated to keep hard segment
(HS) contents at ~28% between samples. For HS % calculation, see Equation
3.1 in Chapter 3 for details.
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Table 2.2: Foam formulations of single-polyol systems.

Component Hyg_%qigte(@ U-1000 Castor oil SBOP
Hyperlite® E-848 100 -- -- --
Softcel® U-1000 - 100 - -
Castor all -- -- 100 --
SBOP —~ - - 100
Water, distilled 4.2 2.0 2.0 1.3
Niax® L-3184 1.0 1.0 0.6 0.6
Dabco® BL-11 0.08 0.08 0.08 0.08
Dabco® 33-LV 0.5 - - -
Dabco® T-12 - 1.0 2.0 2.0
TDI weight (g, index = 100) 75.7 74.5 74.7 74.1
Foam density (kg/m?) 30.8 34.2 34.6 40.9
HS (%) 28.1 28.8 28.9 29.0

All ingredients except the TDI were weighed into a 500 mL polypropylene
beaker cup and mixed using a 10-in shop drill (Delta ShopMaster, Model DP-
200) equipped with a 3-inch diameter mixing blade (ConnBlade Brand, Model
ITC, Conn & Co., Warren, PA) for 30 seconds at 1500 rpm. At the end of the
mixing period, pre-measured TDI was added to the mixing cup and the mixing
continued for another 6 seconds. The contents were quickly transferred into a
170 fl. oz paper bucket (International Paper Company, SFR-170, Memphis, TN).
The foam was allowed to rise at room temperature for approximately 30 seconds
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before it was transferred into a pre-heated curing oven controlled at 70 + 1 'C.
The foam was hand crushed after 8 minutes in the curing oven to open the cell
windows and prevent foam shrinkage. For adiabatic temperature rise
measurements during foaming, the samples were kept in the ambient and

discarded after the experiments.

2.3.3 Characterization
Adiabatic Temperature Rise

Temperature profiles during foaming were taken wusing type J
thermocouples made in-house. Two fine wires of Iron and constantan, 0.25 mm
in diameter, were purchased from Omega Engineering Inc., Stamford, CT. The
wires were first cut into 30 cm long pieces and the nylon jacket at one end was
stripped. The exposed wires, one iron wire and one constantan wire, were
brought to form a knot by twisting the exposed ends together by hand. A
propane blowtorch was then brought to a quick contact with the twisted ends thus
melting the two metals to form a welded tip. The thermocouple is accurate to
<0.1 °C in measurements. The analogue temperature reading was recorded via
an analogue connection on a rheometer (ARES II, TA instruments, New Castle,
DE) at 1 Hz frequency. The conversion of the analogue signals to temperature

reading was performed via a pre-measured calibration curve.

Differential scanning Calorimetry

Differential scanning calorimetry (DSC) (Q1000, TA Instruments, New
Castle, DE) was used to determine the soft domain T4. An amount of 3-7 mg of
foam was loaded into an aluminum pan and sealed hermetically. The sample

was first heated at 10 °C/min to 110 °C and equilibrated for 2 minutes before
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cooling down to —120 °C. The second temperature ramp heated the samples up
to 300 °C at 10 °C/min and was used to determine the Ty and heat capacity

change (ACy).

The T4 of polyol was measured in the same instrument by loading
approximately 5 mg of the polyol into an aluminum pan and sealed hermetically.
The sample was first cooled down to —100 °C and equilibrated for 5 minutes,
followed by heating up to 40 °C at 10 °C/min. A cooling isotherm was also taken
on the polyol samples when it was cooled to —100 °C at 10 °C/min. Both T4 and

AC, were determined.

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was used to probe the mechanical
properties of foams over a large temperature range. Foams were cut using a hot
wire into 25 mm diameter and 10 mm thick disks and tested under sinusoidal
oscillation mode between two 25 mm diameter serrated parallel plates (ARES I,
TA Instruments, New Castle, DE). Contact between the sample and plates was
ensured by first gluing the foam sample onto the serrated plates using
Cyanoacrylate adhesives (KrazyGlue®, Elmer's Products, Inc., Columbus, OH)
and maintaining a constant normal force of 50 g throughout the experiment.
Storage modulus (G’) was recorded at a frequency of 1 Hz over the temperature
range from —100 to 200 °C. The temperature ramp rate was controlled at 3
°C/min and strain applied was 0.2 % for temperature above 25 °C and 0.1 % for
temperature below. Both strains are within linear viscoelastic region of the foam

in the corresponding temperature range.
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Small Angle X-ray Scattering

To examine the characteristics of internal structures in foams especially
the phase-separated morphology, small angle X-ray scattering (SAXS) technique
was employed. Approximately 10 mg of the foam sample was compressed into a
copper sample holder to a thickness of 2mm and placed in a SAXS apparatus.
The experimental setup is comprised of a Rigaku rotation anode, Cu source and
a Siemens Hi-Star multi-wire area detector. The X-ray generator operates at 12
kW and 40 mA. The attainable scattering angle (6/2) ranges from 0.18 ° to 38 °.

The foam was exposed to X-rays for 5 minutes.

Fourier-transform Infrared Spectroscopy with Attenuated Total Reflectance

A Fourier-transform infrared spectroscopy (FTIR) (Nicolet Series || Magna-
750, Thermo Fisher Scientific Inc., Waltham, MA) equipped with a single bounce
attenuated total reflectance (ATR) attachment (ProfilirTM, SpectraTech, Oak
Ridge, TN) and a mercury-cadmium-telluride detector was used to collect spectra
at foam surfaces. Samples were cut using a razor blade to 2 x 2 x1 cm cubes
from the center of the foam buns and a total of three samples were tested for
each formulation. The foam was pressed against the ATR crystal to ensure
complete contact. A total of 512 scans were taken on each sample over the
wavelength range of 4000 to 400 cm™ at a resolution of 4 cm™. The collected
spectra were normalized with respect the absorbance of the aromatic C=C
stretching in TDI at 1600 cm™. Deconvolution of each spectrum was performed
in the carbonyl region (1800-1550 cm™) using Thermo Galactic’'s GRAMS/AI
software. Each peak was fit to a Gaussian curve at a series of fixed wavelengths

given in Table 2.3.
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Table 2.3: IR band assignments in carbonyl region [74-76].

Chemical bond Wavenumber (cm™)
Ester carbonyl 1745
Free urethane 1732
Free urea 1713
Hydrogen bonded urethane 1695
Monodentate urea 1676, 1662
Bidentate urea 1640-1645

2.4 Results and Discussion
2.4.1 Foam Kinetics

During foaming, both gelling and blowing reactions are exothermic
reactions. As a foam takes on its shape, the cellular structures developed act as
a layer of insulation around the center of a foam bun making it an adiabatic
reactor. Figure 2.2 shows the adiabatic temperature rise profiles taken of the

foam buns.

-39 -



Single-polyol Foam Systems -32 -

120 - !
o
Py
2 80
B
>
£
(<)
Q.
S 40
|_
0 T I T I T I T I U
0 20 40 60 80 100

Time (sec)

Figure 2.2: The adiabatic temperature rise during foam formation: Hyperlite® E-

848 (solid line), U1000 (o), castor oil (A), and SBOP (m). Timer started when
TDI was added to the polyol mixture.

One of the characteristics of an adiabatic temperature rise is its direct
relationship with reaction kinetics. In the case of PU foam formation, the
temperature change is related to the consumption of a common reactant in both
gelling and blowing reactions, isocyanate [24]. Equation 2.1 shows the
relationship between the isocyanate conversion and the temperature rise. The
calculated isocyanate conversions from the temperature rises are plotted in
Figure 2.3.
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rAT
NCO) = T
p( ) ATrxn
(2.1)
AH, Dy AH, Do g
ATr o= Q — Ivlw I\/IOH
c,m c,m

where p is the isocyanate conversion, r is the stoichiometric ratio of functional
groups, which is unity in this case, AT, is the temperature rise during foaming
measured via thermocouple, AT, is the maximum temperature rise based on an
adiabatic reactor, Q is the total amount of heat generated in the unit of J, AH; is
the heat of reaction in the unit of J/g, m is reactant mass, C, is the specific heat
capacity of foam, which is 1.81 J/g/°C, M is the molecular weight in the unit of
g/mol, f, is polyol functionality, and the subscripts, u,r, w, OH, and T indicate
urea, urethane, water, polyol and total, respectively. The heat of reaction for
urea and urethane formation were taken as —125.5 kJ/mol and —93.9 kJ/mol [77-
79].
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Figure 2.3: The isocyanate conversions calculated from temperature rises
during foaming: Hyperlite® E-848 (solid line), U1000 (e), castor oil (A), and
SBOP (m). Timer started at the moment TDI was added.

The isocyanate conversion versus time curves in Figure 2.3 for all four
foam samples are very similar. This similarity required changes in the gelling
catalyst. In the Hyperlite® E-848 foam, a tertiary amine type of gelling catalyst,
DABCO® 33-LV, was used and proven adequate. For the same catalyst,
DABCO® 33-LV, when used in foam formulations containing natural oil polyols or
Softcel® U-1000 at the same loading as in Hyperlite® E-848, no detectable string
time' was found 10 minutes after the initial mixing. Furthermore, the foams

collapsed during the curing step. The gelling reaction, when catalyzed by

! String time is defined as the amount of time between the initial mixing and the strings of viscous
material can be pulled away from the surface, or gel time.
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DABCO® 33-LV, is evidently too slow in foams containing natural oil polyols or
Softcel® U-1000.

Test trials on the effect of gelling catalyst were performed at room
temperature by reacting a polyol with TDI only and monitoring the reaction using
a rheometer. Both castor oil and SBOP reaction with TDI showed gel times
greater than one hour at 6 pph loading of DABCO® 33-LV. Compared to the
polyol used in Hyperlite® E-848 foam, its reaction with TDI has a gel time of
approximately 5 minutes at 0.4 pph loading of DABCO® 33-LV. Tertiary amine-
type gelling catalyst is, therefore, not an effective catalyst for natural oil polyol-
TDI reaction. The high content of primary hydroxyls in Hyperlite® E-848 polyol
undoubtedly gives rise to the gel time differences as well as its less sterically
hindered hydroxyls. Tin-based catalyst, on the other hand, is much more
effective. At 4pph loading of DBTDL, the gel time for TDI-castor oil, TDI-SBOP,
and TDI-Softcel® U-1000 reactions was reduced to approximately 8, 8.5, and 6.5
minutes, respectively. Further testing of the DBTDL catalyst in foam formulations
indicated that at 2 pph loading the string time in either castor oil or SBOP foam
was reduced to ~ 170 seconds, which is comparable to the string time in
Hyperlite® E-848 foam. For Softcel® U-1000 sample, 1pph DBTDL was shown to
be adequate giving a string time of ~ 160 seconds. The eventual 2pph, instead
of 4pph, gelling catalyst loading in both natural oil polyol foams can be attributed
to the autocatalytic effect of urethanes and the exothermic reactions, which

increase reactivity through an increase in temperature.

The isocyanate conversion profiles in Figure 2.3 are nearly identical
among Hyperlite® E-848, U-1000, and castor oil foams, whereas SBOP foam has
a slightly lower isocyanate conversion. During the first 20 seconds of reaction,
TDI was consumed at a 20 % slower rate in SBOP and nearly 10 % faster in

castor oil and U-1000 foams than in the Hyperlite® E-848 sample. The difference
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in TDI consumption could be attributed to the difference in urethane formation
rates. If TDI conversion rate were dominated by water-isocyanate reaction, one
would expect that Hyperlite® E-848 have the highest TDI conversion rate, as
water concentration is the highest in this sample. The fact that both U-1000 and
castor oil foams had higher TDI conversion rates during the first 20 seconds of
foaming suggest urethane formation was a significant factor in TDI consumption.
Nonetheless, the overall differences in isocyanate conversion remained small
and at 100 seconds after the initial mixing, the isocyanate conversion difference
is only 5 % between SBOP and the other three foams. Again, the overall

foaming kinetics is similar among the foams.

The final conversions of isocyanate, based on the temperature profiles
shown, are ~80% in all foams at t = 100 seconds. The reason isocyanate
conversion did not reach the theoretical 100% conversion is likely due to
vitrification of the hard segments, which makes the foaming mixture
inhomogeneous. The isocyanate conversion during reaction will be further

discussed in Chapter 4.

2.4.2 Thermal-mechanical properties
Differential Scanning Calorimetry (DSC)

Polymer phase morphology and thermal properties are the emphasis of
this study and were carefully characterized. In Figure 2.4, the DSC curves of the
foam samples are shown. Two distinct differences are noteworthy. First, the
sample Ty varied significantly. In Hyperlite® E-848, the observed Ty is at—60 °C,
whereas U-1000, castor oil and SBOP foams showed Ty's at 3, 5, and 70 °C,
respectively. SBOP, for having a Ty at 70 °C, will evidently be rigid at room
temperature and is consistent with the observations. Second, the breadths of T

-36 -



Single-polyol Foam Systems -37 -

are quite different as well as the AC,, values. Hyperlite® E-848 has the sharpest
transition with the shortest breadth, whereas the breadth of Ty is the largest in
SBOP and the transition is the least pronounced. The measured AC, values of
Hyperlite® E-848, U-1000, castor oil and SBOP are: 0.33, 0.61, 0.23, and 0.14
J/g/°C, respectively. Compared to the pure polyol AC, at Ty, the U-1000 sample
has the closest AC;, to its polyol followed by the Hyperlite® E-848, as in Table 2.1.

Heat Capacity (J/g/ °C)

-100 -50 0 50 100 150 200

Temperature (°C)

Figure 2.4: DSC results of foams. From bottom up: Hyperlite® E-848 (solid line),
U1000 (e), castor oil (A), and SBOP (m). The arrows indicate the Ty's. These
curves were shifted vertically to avoid overlapping. Dashed lines show the
method for Tq and AC,, determinations.
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In PU flexible foam, the polyurea hard segments are generally phase
separated from the polyol soft segments forming soft domains that are rich in
polyol and hard domains that are rich in ureas [9, 26, 80]. For well phase-
separated foams, the soft domains share similar thermal properties as their
polyols, which makes the Ty an indication of the degree of phase separation.
The Tg's of all polyols were measured and tabulated in Table 2.1. From the
results of DSC, Figure 2.4, it is clear that Hyperlite® E-848 foam shares a similar
Tg with its polyol, however, the rest of the foams do not. The U-1000, castor oil,
and SBOP foams all showed significant shift of their foam Tg's from the pure
polyol Tg's. In the case of SBOP, this shift is the most significant of 105 °C, while
castor oil and U-1000 both showed a shift of 68-69 °C. The soft domains in
foams other than the Hyperlite® E-848 clearly do not share similar thermal
properties and is indicative of either structural or morphological changes in the
PU network. Structurally, natural oil polyols as well as the U-1000 polyol have a
low molecular weight between crosslinks, which could lead to high Tq4 of the soft
domains [81, 82]. Morphologically, an increase in phase mixing could also result

in high T4's and especially broader Tg.

Dynamic Mechanical Analysis (DMA)

To further probe the properties of PU flexible foams, the DMA technique
was applied. DMA experiment measures the viscoelastic properties of both
polyurea-based hard domains and polyol-based soft domains as temperature of
the sample varies. In Figure 2.5, both the G’ and G” data are plotted for the
sample foams. Hyperlite® E-848 sample, a standard flexible foam, shows a drop
of G" at approximately — 60 °C, the soft domain Ty, and reaches a plateau region
covering a range of temperatures up to 200 °C. The plateau region is

characteristic to crosslinked polymers, such as PU flexible foams. The values of
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the plateau G’ are largely dependent upon two variables in a flexible foam: hard
segment concentration and crosslinking density, where the former is the
predominant factor [21, 83-86]. As the polyol component was changed to U-
1000, castor oil and SBOP, the G’ curve showed significant changes mainly in
two areas: the drop off of G’ shifted to higher temperatures and the plateau
modulus varied as well. The drop off of G’ curve indicates the transition of a
foam sample from a glassy state to a rubbery state. Both U-1000 and castor oil
foams show this transition at a similar temperature suggesting a similar Tq
between these two foams. The G’ curve of SBOP does not show a clear drop in
G’ value until a much higher temperature than the rest of the samples. Thus, the
T4 of SBOP foam is the highest among all foams. The tan (8) curves in Figure

2.6 are used to determine the Tg4's of foams and will be discussed shortly.
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Figure 2.5: DMA curves showing G’ (top) and G” (bottom) as functions of
temperature: Hyperlite® E-848 (solid line), U-1000 (e), castor oil (A ), and SBOP

(m).

The plateau modulus G’ of foams, in Figure 2.5, is the highest for the
Hyperlite® E-848 foam valued at approximately 7x10* Pa at T = 100 °C followed
by castor oil valued at 3.5x10* Pa, and U-1000 foam has the lowest G’ plateau
modulus valued at 1.5x10* Pa. Since all samples were formulated to have the
same concentration of hard segments, the differences in plateau modulus are,
thus, an indication of differences in the properties of hard domains, such as the
effective volume fraction of hard domains or segmental length of the polyureas,
or the crosslinking density of soft segments. For the Hyperlite® E-848 sample,
the crosslinking density of its polyol soft segments is the lowest among all foams,

and yet its plateau modulus is the highest. Indicatively, the hard segments are
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well ordered in Hyperlite® E-848 foam with potentially higher effective volume
fraction of hard domains than the rest of the samples, and thus showing a higher
plateau modulus. This argument will be verified further in both SAXS and FTIR
sections. Conversely, the lower plateau modulus in both U-1000 and castor oil
samples are likely the result of a lower effective volume fraction of hard domains
than in Hyperlite® E-848. Between U-1000 and castor oil foams, the plateau
modulus of castor oil is approximately twice of the U-1000 implying, again,
differences in the amount of effective hard domains as both sample share nearly
the same soft segment crosslinking densities. Among all foams, SBOP foam is
the only sample showing an absence of plateau region. The network in SBOP
degrades shortly after the polymer reaches its rubbery state, and the degradation
of the network is indicated by a second drop in G’ values at approximately 200
°C.

All samples show similar degradation temperatures between 150 - 200 °C,
as a second drop in G’ values. The degradation temperatures seen from the

DMA results are consistent with the values reported in literatures [87, 88].
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Figure 2.6: DMA curves showing tan(3) as a function of temperature for
Hyperlite® E-848 (solid line), U-1000 (), castor oil (A ), and SBOP (m).

A tan (8) curve shows the transition of a foam sample from its glassy state
to rubbery state as a visible peak, such as those seen in Figure 2.6. The Tg's
determined from the tan (8) curves are: - 56, 20, 19, and 84 °C for Hyperlite® E-
848, U-1000, castor oil, and SBOP foam, respectively. These values are in a
reasonable agreement with the DSC results, although are about 15 °C higher the
DSC results. Other than the peak position of the tan (5) curves, the distributions
of the peaks also vary among the samples. Hyperlite® E-848 has the most
pronounced peak with a narrow distribution while both U-1000 and castor oil
foams show slightly broader peak distributions. SBOP, among all foams, has the
broadest distribution and the lowest peak intensity. The distribution of the tan (5)

curve is generally considered as an indication of network homogeneity and the
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peak height is related to the relative elasticity of the sample. Hyperlite® E-848
having a sharp peak with high intensity implies uniform soft segments that are
phase-separated from the hard domains. The other extreme, SBOP foam,
having the broadest peak with low intensity suggests a lesser degree of

uniformity in soft segments and is less likely phase-separated.

2.4.3 Small Angle X-ray Scattering (SAXS)

As we speculated from the DMA results that hard domain ordering might
have played a significant role in determining foam mechanical properties, in this

section a more detailed examination of morphology will be performed.

Intensity Count (a.u.)

Figure 2.7: SAXS data for foams: Hyperlite® E-848 (solid line), U-1000 (e),
castor oil (A), and SBOP (m).
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The scattering profiles of the foams are plotted in Figure 2.7. The
Hyperlite® E-848 foam shows a broad peak characteristic to amorphous
materials and the peak of the scattering profile corresponds to approximately 11
nm in spacing. Evidently, there is a distinguishable distribution of hard domain
spacing in Hyperlite® E-848 foam. The SAXS profiles of U-1000, castor oil and
SBOP foams are dramatically different from the Hyperlite® E-848 and differ only
slightly between each other in scattering intensities, where castor oil has a higher
intensity followed by SBOP and U-1000 has the lowest intensity. The fact that
there is no distinguishable peak observed in U-1000, castor oil or SBOP
suggests that all these samples are relatively homogenous. The X-ray scattering
in PU flexible foams depends on two main factors: (1) the concentration of high
electron density domains (hard domains), and (2) electron density contrast
between the soft and hard domains. With all samples sharing a similar hard
segment concentration, a change in either the degree of phase separation or
inherent electron density contrast between hard and soft domains will result in
changes of X-ray scattering intensity. Between Hyperlite® E-848 and U-1000
samples, the soft segments are all comprised primarily of polypropylene oxides.
Thus, the electron density contrast between hard domains and the soft domains
is expected to be similar in both Hyperlite® E-848 and U-1000 samples. The
observed SAXS scattering intensity is dramatically lower in U-1000 than in
Hyperlite® E-848 suggests that the hard segments are barely phase separated

from the soft segments and a phase mixed morphology exists in U-1000.

The SAXS results, to a great extent, confirmed our speculation on the
DMA data as plateau modulus differences were attributed to a difference in the
volume fraction of hard domains or degree of phase separation. In the case of
Hyperlite® E-848, the soft and hard segments are phase separated to domains

resulting in distinguishable scattering peak in SAXS, and a highest plateau
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modulus in DMA. Between U-1000 and castor oil foams, a slightly higher
intensity is seen in the castor oil foam, although not by much but could be an
indication of better phase separation in castor oil. The DMA plateau modulus is

higher in castor oil than in U-1000, as seen in Figure 2.5.

The low intensity scattering profiles also raise the question whether the
scattering angles used for experiments were adequate. Based on literature
results, the range of hard domain spacing is from 6 up to 13 nm, or a
corresponding scattering vector (q) range of 0.5-1.0 nm™ [89]. The scattering

angels used in SAXS experiments were adequate.

2.4.4 Fourier Transform Infrared Spectroscopy (FTIR)
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Figure 2.8: FTIR-ATR spectra of foams (top) and the spectra after the ester
linkage band has been subtracted (bottom). Each plot shows from bottom up:
Hyperlite® E-848 (solid line), U-1000 (o), castor oil (A), and SBOP (m). The
spectra were shifted vertically to avoid overlapping. Dashed lines (from left to
right) are indicative of free urethane, free urea and bidentate urea peak positions.

In this section, the study is further extended to the molecular levels to
examine microscopic differences between the foams and an FTIR-ATR
technique was used. In Figure 2.8, both the as-is spectra and the spectra with
ester linkage band subtracted are shown, and the detailed band assignments can
be found in Table 2.3. In the free carbonyl region (> 1700 cm™), which includes
both free urethane and free urea, Hyperlite® E-848 shows a much less overall
absorbance band than the other samples. This is partially because the hydroxyl
concentration is lower in Hyperlite® E-848 than the rest of the samples, therefore,

less urethane, and thus a smaller absorbance band, is expected in Hyperlite® E-
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848. The free urea absorbance band is smaller in Hyperlite® E-848 despite a
high amount of urea bonds. This likely implies that a significant fraction of the
hard segments in Hyperlite® E-848 are participated in the formation of ordered
hard domains. The ureas formed during foaming either remain free, not
participated in the hard domain formation, or hydrogen bond to form hard
domains, thus a lower absorbance band of free urea in Hyperlite® E-848 gives
indication of a higher volume fraction of hard domains. For comparison, the
areas under the absorbance bands of interest are tabulated in Table 2.3, and an
example of the peak deconvolution is shown in Figure 2.9 for Hyperlite® E-848

sample.

Table 2.4: Normalized peak areas under the IR bands.

Free H-bonded Free Mono- Bi-
urethane urethane urea dentate dentate
Wavenumber 1640-
(cm‘l) 1732 1695 1713 1776, 1662 1645
RG]
Hyperlite™ E- 0.31 0.32 0.71 0.39, 0.26 0.33
848
U-1000 0.36 0.30 1.08 0.31, 0,15 0.11
Castor oil 0.32 0.30 0.89 0.49, 0.09 0.35
SBOP 0.34 0.29 1.06 0.32,0.12 0.1
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Figure 2.9: An example of peak deconvolution showing the Gaussian fit for the
absorbance bands in Hyperlite® E-848.

Among these samples, the amounts of urethanes, either as free or
hydrogen-bonded, differ very little. The urea species, on the other hand, vary
significantly. In the case of free urea, Hyperlite® E-848 foam clearly has the least
amount of free urea, whereas U-1000 and SBOP has the most amounts. For
hydrogen-bonded ureas, the monodentate urea concentrations are all close in
values but the bidentate urea concentrations vary substantially. For SBOP foam,
the FTIR data support the observation in SAXS experiments by showing the
highest concentration of free urea and the lowest concentration of bidentate urea
in sample. The polyurea-based hard segments are clearly not as associated in
SBOP as in Hyperlite® E-848. Phase mixing is rather pronounced in SBOP. The
U-1000 foam shows a similar IR absorbance in the hydrogen-bonded urea region

(< 1680 cm™) to SBOP indicating phase mixing in this sample as well. The IR
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spectrum of castor oil is somewhat different from either the U-1000 or the SBOP.
A slightly more pronounced bidentate absorbance band (at 1640 cm™) is seen in
castor oil, which is less visible in either U-1000 or SBOP. Recall the SAXS
results on these foams, both U-1000 and SBOP shared nearly the same
scattering profiles, while castor oil foam showed slightly higher intensities. It
could potentially be the molecular-level differences that gave rise to the minor

differences in SAXS profiles.

Another important issue needs to be addressed is the fact that as the
molecular weight of polyol changes and the hard segment concentration remains
the same, the segmental length of polyureas that comprises hard domains
varies. A higher molecular weight polyol would allow longer hard segments to
form while a lower molecular weight polyol would connect hard segments that are
shorter in length. The difference in polyurea segmental length could provide an
explanation to the observed differences in the effective volume fraction of hard

domains among the samples.

2.5 Conclusion and Outlook

In this study, we synthesized four PU foams from different polyols, two
petroleum polyols with different molecular weights and two natural oil polyols. It
was found that other than the high molecular weight (M, = 6700 g/mol) petroleum
polyol, all polyols used in this study produced foams with T4 > 0 °C. Among all
samples, SBOP foam has the highest T4 of 70 °C and is a rigid sample, while
both U-1000 and castor oil foams have T4's around 5 °C. The differences in
foam T4's were attributed the differences in crosslinking densities of their soft
segments. Although U-1000, castor oil or SBOP is not ideal for flexible foam

formulations, the results did identify that the Ty of foam is the key parameter in
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determining the flexibility of PU foams. Therefore, our future investigations will

aim to find ways to lower the T4 of a PU through natural oil polyol designs.

Mechanical property of the foams also varied as indicated by the DMA
study. The plateau modulus is the highest for Hyperlite® E-848 foam synthesized
using the high molecular weight petroleum polyol and the lowest for the foam
synthesized using the low molecular weight petroleum polyol. SAXS and FTIR
results show that the volume fraction of phase-separated hard domains plays an
essential role in determining mechanical properties and is believed to be
dependent upon polyol used through its influence on the segmental length of

polyureas.

In the following chapters of this thesis, we took two separate approaches
to better understand these natural oil polyols, their potentials and the limitations.
The first route, as SBOP is not suited as the sole polyol component in flexible
foam, we partially substituted a petroleum polyol in flexible foam using SBOP and
explored the potentials of SBOP as a substituent component. The second route,
different from the partial substitution route, was aimed to find ways to lower the
Ty of a PU and thus making natural oil polyol a potential candidate as the sole
polyol component in flexible foams. A series of model polyols based on natural
oils were synthesized and studied to establish a structure-property relationship

for natural oil polyol-based PUs.
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3.1 Chapter Overview

Natural oil polyol emerged in recently years as a potential alternative to
petroleum resources for polyurethane synthesis. This research started by
synthesizing a series of partially substituted polyurethane flexible foams using
styrene-acrylonitrile copolymer filled, crosslinker and soybean oil-derived polyols.
A variety of characterization techniques were used to study and compare the
morphology differences between samples. It is believed that the use of soybean
oil polyol changes the hard domain ordering as well as adds a second soft
phase, which has a higher modulus and glass transition temperature, to the
flexible foam. Different mechanism in increasing flexible foam modulus is

discussed and compared here.

3.2 Introduction

Polyurethane (PU) is one the most versatile polymeric materials with
regards to processing methods and mechanical properties. By proper selection
of reactants, the resulting PU can range from flexible elastomers to high modulus
plastics. This wide range of achievable properties makes PU an indispensable
material in construction, consumer products, transportation, and medical devices
[4, 90]. Similar to many polymeric materials, PU relies on petroleum oil as the
feedstock for its major components, hydroxyl-containing polyol and isocyanates.
Over the last decade, as the price of petroleum oil escalated, the stability and the
sustainability of the petroleum market have become growing concerns. Costs of
polymeric raw materials have since risen steadily as a result of rising feedstock
[31]. In contrast to the less predictable petroleum market, agriculture products,

such as vegetable oils, have maintained relatively stable price and supplies [91].
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Developing bio-renewable feedstock for PU manufacturing and polymer
industry as a whole becomes highly desirable for both economic and
environmental reasons [92]. For PU manufacturing, natural oils, such as natural
oils, can be potential replacements for petroleum polyols. However, with the
exception of castor and lesquerella oils, natural oils do not bear hydroxyls
needed to react with isocyanate to form PU. In Chapter 1.3, a number of known
methods for converting natural oils to polyols are listed. There are structural

variations among natural oil polyols based upon the conversion method used.

The largest PU production goes into flexible foam, thus the use of natural
oil polyols in flexible foam production will have a substantial impact on the PU
industry as a whole. A straightforward approach is to use the naturally occurring
polyol, such as castor oil. Foams made solely from castor oil have been found to
be in resiliency and a temperature dependent modulus [64]. In Chapter 2, we
also made a flexible foam using castor oil and the results indicate a close-to-
room temperature glass transition temperature (Tg) making the foam less
attractive for low temperature (< 25 °C) applications. The narrow range of
achievable properties along with the relatively high cost of castor oil have turned
researchers to processed oils for polyols. John and coworkers synthesized
flexible foam using entirely soybean oil-derived polyol and the data indicated that
improvements in both surfactant efficiency and polyol reactivity were needed
[60]. In our investigation documented in Chapter 2, foam made from SBOP
alone is not in any case a flexible foam but rather a rigid sample. To use
processed natural oil polyol, such as SBOP, in flexible foam manufacturing,
partial substitution is a potential route and has been proven quite successful [61,
62, 93]. Not only have good quality foams been made, but also higher resiliency
has been achieved with these foams. Among all partially substituted foams,

higher hardness/compressive modulus has been consistently observed. In the
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study done by Herrington and Malsam, they replaced up to 30 % of the total
polyol with SBOP and did not encounter common issues associated with similar
oil-derived polyols, such as odor, density control, and SBOP reactivity. More
remarkably, a significant load bearing increase measured by indentation force
deflection (IFD) was reported [61].

In this work, we aim to uncover the reason why partial substitution using
natural oil polyol is viable in flexible foam synthesis and how increases in
compressive modulus are consistently achieved in these foams. A series of
flexible foams were prepared by replacing up to 30 % of petroleum-derived
polyether polyol with three substituent polyols: styrene-acrylonitrile (SAN)
copolymer-filled, crosslinker, and SBOP polyols. A number of experimental
techniques were applied to characterize the samples both macroscopically and
morphologically. The effects of substituent polyols on both cellular structure and
polymer phase morphology were compared. SAN copolymer-filled and
crosslinker polyols were included in this work because use of either polyol is
known to increase compressive modulus of flexible foam and are served as
comparison basis for understanding different mechanisms in increasing

compressive modulus [4].

3.3 Experimental

3.3.1 Materials

Three commercially available petroleum-derived polyols, Hyperlite® E-848
(Bayer Corporation), Hyperlite® E-849 (Bayer Corporation), and Voranol® 446
(Dow Chemical Company) were selected. These are typical molded flexible
foam polyols. Hyperlite® E-848 is a propylene oxide-based, ethylene oxide

capped polyol with a number average molecular weight (M,) of 6700 g/mol and a
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functionality (f,) of 3.8 [73]. Approximately 85% of the hydroxyls in Hyperlite® E-
848 are primary. Hyperlite® E-849 is a copolymer-filled polyol, based upon
Hyperlite ® E-848. It contains an estimated 43 wt% stabilized styrene acrylonitrile
(SAN) particles that are approximately 0.5 um in size. Voranol® 446, referred to
as a crosslinker polyol, is a low molecular weight (M, = 570 g/mol) propylene

oxide-based polyol with a f, of 4.5 [41].

SBOP used in this study was synthesized by epoxidizing soybean oil
followed by an oxirane ring-opening reaction using a mixture of water and
methanol. Detailed synthesis procedures are described in reference [43]. An
idealized structure of SBOP shown in Figure 2.1 has a M, = 1058 g/mol and f, =
5. The actual molecular weight of SBOP used in this study was measured by gel
permeation chromatography (GPC) at room temperature using known molecular
weight polyether polyols as standards. Figure 3.1 shows the GPC trace of
SBOP. The calculated M, of SBOP used in this study is 1060 g/mol,
polydispersity index (PDI) = 1.04 for the large peak in figure and f, = 3.8. The
lower f, in the actual SBOP is due to both variations in fatty acid substituent and
oligomerization of a small fraction of SBOP during modification evidenced by a

second broad peak in GPC.
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Figure 3.1: GPC trace of SBOP used in this study.

The toluene diisocyanate (TDI) used is an 80/20 mixture of 2,4 and 2,6
isomers (Grade A Mondur® T-80, Bayer). Isocyanate in excess of that needed to
react with the OH groups on the polyols reacts with distilled water to form CO,,
which acts as the only foam blowing agent. Gelling and blowing catalysts,
Dabco® 33LV and Dabco® BL-11, were obtained from Air Products and were
used as received. Dabco® 33-LV, which accelerates the reaction of NCO with
OH, is a solution of 33 wt% triethylene diamine in dipropylene glycol. Dabco® BL-
11, which accelerates the reaction of NCO with water is a solution of 70 wt% bis
(2-dimethylaminoethyl) ether in dipropylene glycol. Diethanolamine (DEOA,
Huntsman) was used in small quantities as a foam stabilizing cross-linking agent.

Three surfactants were employed in this study: Niax® Y-10184, Dabco®

DC-5169, and Tegostab® B-4690. Niax® Y-10184 (Momentive Performance
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Materials, formerly GE Silicones) is a silicon-based, molded foam surfactant and
was used in the foam formulations not containing SBOP. Dabco® DC-5169 (Air
Products) and Tegostab® B-4690 (Degussa AG) were used together in SBOP

foams at a weight ratio of 1:3.

3.3.2 Foam synthesis

Table 3.1 gives the formulations used to prepare the foam samples. The
amount of each component was based on 100 parts by weight of total polyol and
a total mixture weight of 500 g. The amounts of TDI stoichiometrically balance

NCO and reactive hydrogen species, i.e. isocyanate index = 100.
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Table 3.1: Foam formulations used in sample synthesis, all formulations are
based on 100parts by weight of polyol*. Foam density: 32 kg/m®.

Component control 300/2* 10% 10% 30%
SAN crosslinker  SBOP SBOP
Hyperlite® E-848 100 70 90 90 70
Hyperlite® E-849 - 30 - - -
Voranol® 446 -- -- 10 - -
SBOP - - - 10 30
(g’Tl%évfif%o) 156.9 155.5 170.4 161.5 172.4
HS/SS ratio 0.44 0.49 0.50 0.46 0.52
HS (%) 30.0 29.7 33.0 31.1 334

*All formulations contain distilled water (4.2), DEOA (1.2), Dabco® 33-LV (0.35),
Dabco® BL-11 (0.08) and surfactant (1.0). Surfactant used in SBOP-containing
foams is a mixture of Dabco® DC-5169 and Tegstab® B-4690 at 1:3 by weight; all
other foams used Niax® Y-10184.

** 8.5 wt% SAN particles in foam.

All ingredients, except TDI, were weighed into a 33-ounce paper cup
(Model DMC-33, International Paper Company) and mixed using a 10-inch shop
drill (Delta ShopMaster, Model DP-200) equipped with a 3-inch diameter mixing
blade (ConnBlade Brand, Model ITC) for 24 seconds at 1100 RPM. At the end of
the mixing period, pre-measured isocyanate was added to the cup and the
mixing continued for additional 6 seconds. The contents were then quickly

transferred to a preheated aluminum mold (38.1 cm x 38.1 cm x 11.4 cm)
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controlled at 66 °C + 1 °C. The foam was allowed to rise and cure for six
minutes, after which the foam was removed from the mold and hand crushed to
open the cell windows and prevent shrinkage of the foam. Further tests were
done after the foam had aged at 25 °C in 50% relative humidity for a minimum of

seven days.

The differences in polyol functionality and molecular weight lead to
variations in hard-segment (HS) and soft-segment (SS) contents and will be
discussed further in later sections. The HS and SS contents were calculated

using equations (3.1) and (3.2).

1
EM,, o (EW, o +EW;p, - 3 Weo, J¥EMpeon (EWip, +EWpeo0 )JFEM g (EW,p,))

%HS= 1 (3.1)
WTot -EM H,0 (E Wcoz)

E'\/lOH (EWOH )

%SS= 1
WTot -EM H,0 (E Wco2 )

(3.2)

Where EM is moles of functional group, EW is equivalent molecular weight, W is
molecular weight, and subscripts H,O, TDI, CO,, DEOA, OH and Tot refer to
water, TDI, carbon dioxide, diethanolamine, polyol and total respectively. It is
assumed that HS are formed via the reaction of TDI with water, DEOA, and OH
on polyol, corrected for carbon dioxide loss. SS are comprised of polyols. Both
HS concentrations and HS-to-SS ratios are tabulated in Table 3.1. Note that for
the 30% SAN sample the weight of the SAN particles, 8%, is considered neither
as HS nor SS.
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3.3.3 Characterization
Solvent Extraction

Small cubic samples were cut from the center of foam buns, dried at 60 °C
for 24 hours and weighed (0.1 to 0.2 grams). The dry samples were then
immersed in 20 ml dimethyl formamide (DMF) for 7 days at room temperature
followed by drying in a vacuum oven at 60 °C for 10 days. The weight loss after

solvent extraction is reported based upon an average of 6 samples per foam.

Scanning Electron Microscope (SEM)

Foam was frozen in liquid nitrogen and cut with a razor blade into
rectangular slices: 7 x 10 x 2 mm. The top surface of each slice was sputter
coated with 50A grain-sized platinum. Cellular structure images were obtained
using a scanning electron microscope (JSM-6500, JEOL) operated at 5 kV. An
average of 6-8 images were collected on each foam. The perimeters of cells
were manually traced from the SEM micrographs using UTHSCSA ImageTool
software (Microsoft Corporation). Individual cell size was then calculated by
approximating the cells as circular shapes [94, 95]. Average cell diameter and
cell size standard deviation were calculated from a survey of over forty cells.

Dynamic Mechanical Analysis (DMA)

Same procedures were used as in Chapter 2.3.3.

Differential Scanning Calorimetry (DSC)

Same procedures were used as in Chapter 2.3.3.
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Small Angle X-ray Scattering (SAXS)

Same procedures were used as in Chapter 2.3.3.

Atomic Force Microscopy (AFM)

A two-platen hydraulic press (Carver, Auto Series, Model 3895) capable of
a maximum pressure of 60 MPa was used to compress 10 x 10 x 5 mm foam
samples into solid elastomeric sheets that are ~ 200 pm thick. The foam
samples were placed between two 30 x 30 x 0.2 cm highly polished (grain size <
1 um) stainless steel plates (type 304), then held under 1.2 MPa plate-pressure
at 110 + 1 °C for 3 hours [96]. The resulting elastomer sheets are semi-

transparent.

Tapping mode images were obtained using an AFM (Nanoscope Il
Multimode, Digital Instrument) equipped with an optical microscope (Nikon) and a
charge-coupled device camera. The cantilever is a standard Si cantilever with a
tip radius about 100 A and resonance oscillating frequency of ~275 kHz. All AFM
images were acquired at ambient conditions. Cantilever was operated within the

repulsive regime and images were collected at a resolution of 512 x 512 pixels.

Fourier Transform Infrared with Attenuated Total Reflectance (FTIR-ATR)

An FTIR (Nicolet Series Il Magna-750, Nicolet/Thermoelectron) equipped
with a single bounce ATR attachment (Profilir™, SpectraTech) and a mercury-
cadmium-telluride detector was used to collect spectra at foam surfaces. Two
sets of samples, 5 x 5 x 1 cm, were cut from the center of foam buns and each
set was comprised of five different foam samples. The first set was dried under

vacuum at 60 °C for 48 hours prior to measurements while the second set was
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measured as is. Sample drying was to ensure no water adsorbed on the foam
surface after curing in 50% humidity conditions. The sample was pressed
against the zinc-selenium (ZnSe) ATR crystal to ensure complete contact. A
total of 512 scans were taken on each sample over the wavelength range from
4000 cm™ to 400 cm™ at a resolution of 4 cm™. For each foam, three ATR-IR
spectra were collected at different locations of the sample to verify sample
uniformity. All spectra were normalized with respect to the absorbance of the
aromatic C=C stretching at 1600 cm™. Comparison between the FTIR results of
two sets of foams, pre-dried and not dried, showed no difference. Deconvolution
of spectrum was performed in the carbonyl region (1550 cm™ to 1800 cm™) using
Thermo-Galactic’'s GRAM32 software. Each peak was fit to a Gaussian curve at

a series of fixed wavelengths given in Table 2.3.

Indentation Force Deflection Test (IFD)

One of the crucial properties of PU flexible foam is its ability to provide
support under compression, commonly known as load bearing capability. This
load bearing capability is measured using an indentation force deflection (IFD)
test. Foam samples of 38.1 x 38.1 x 11.4 cm were tested in accordance with
standard procedures described in ASTM D-3574 test B1. The sample was
compressed at 5 cm/min until it reached 65% deflection. While holding the
deflection constant, the foam was allowed to equilibrate for 60 seconds before

the force was recorded. IFD test results are shown in Table 3.2.
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3.4 Results and Discussion
3.4.1 Solvent extraction

The solvent extraction was conducted to determine polymer network
connectivity in foams. The measured sol fractions of the foams are tabulated in
Table 3.2. All of the foams, with the exception of 30% SAN, have less than 2%
extractables. The low extractable content is remarkable in both SBOP foams.
Since SBOP contains a small amount of saturated fatty acid that cannot be
functionalized, one would expect an increasing sol fraction with an increasing
concentration of SBOP [55]. Furthermore, SBOP is a less reactive polyol due to
its secondary hydroxyl groups. However, a low sol fraction was observed
consistently in both SBOP-containing foams. It appears that the concentration of
non-functional polyol in SBOP is not significant and the secondary hydroxyls are

reacting fast enough to incorporate SBOP into the PU network.

Table 3.2: Measured foam properties.

control 30% 10% 10% 30%

SAN** crosslinker SBOP SBOP

Sol Fraction 1.31 < 475 < 1.31 < 1.38<

(%) 0.20 037 125017 o7 018

Air Flow (scfm) 25 3.1 24 4.3 3.1
Acp
(J/g/°C) 0.33 0.25 0.23 0.16 0.14
G at 25 °C

(10'3Pa) 10.5 17.7 23.2 23.5 51.8
65% IFD

(kPa) 8.0 11.1 10.6 10.3 18.6
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Foam made with SAN copolymer polyol has the highest extractable
content and similar observations have been reported elsewhere [97]. The total
concentration of SAN copolymer in 30% SAN is approximately 8 wt%. The
4.75% extractables observed can represent up to 60% of all the SAN in the foam.
The extractable fraction is likely comprised of SAN particles and the soluble
components in SAN copolymer polyol. This is because SAN copolymer is
synthesized via dispersion polymerization of styrene and acrylonitrile monomers
in the presence of unsaturated polyether polyol as a stabilizing precursor [14,
15,98]. Polymerized poly(styrene-co-acrylonitrile) forms discrete particles in
foam while un-grafted and un-reacted monomers remain in the polyol mixture.
Although the polymerized SAN particles are stabilized, no literature has reported
chemical bond formation between the particle and the polyurethane network.
The un-grafted copolymer and un-reacted monomers are incapable of chemical

bonding and thus can be easily extracted [99].

3.4.2 Foam cellular structures

Performance of flexible foam requires high open cell content. Airflow
(ASTM standard D3574 Test G) is the standard method measures cell openness.
Sample foams were tested and the airflow data are shown in Table 3.2. All
airflow values are within the standard range of open cell flexible foam [4].

Replacing base polyol with substituent polyols has little effect on cell openness.

The important parameters that affect mechanical properties of foams are
cell strut thickness and length [4, 90, 100, 101]. Because direct measurements
of either parameter, strut thickness or length, can be subjective, we adopted the
approach of measuring cell size [102-104]. Cell strut thickness and length can

be estimated from measured cell size by using equations found in Reference
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[100]. Generally, in open-cell PU foams increased cell size increases foam

modulus.

Figure 3.2: SEM images of the foam samples: (a) control, (b) 30% SAN, (c) 10%
crosslinker, (d) 10% SBOP and (d) 30% SBOP.

SEM micrographs like those shown in Figure 3.2 were examined and the
average cell diameter and standard deviation obtained are shown in Figure 3.3.
The control foam has the largest average cell size and narrowest cell size
distribution. With replacement of polyether polyol with crosslinker or SBOP, foam
average cell size decreased and cell size distribution widened. Although it is
seen in both SEM images and cell size analysis that SBOP and crosslinker
foams have smaller cells, the size difference between either foam and control is
not statistically significant. The change in SAN copolymer-containing foam is
significant: the average cell size is 30% smaller than the control and cell size

distribution is the broadest. However, the literature indicates that mechanical
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properties, such as compression modulus, will only change slightly by such
change in size [102, 105]. Thus the SEM study and cell size analysis suggest
that partial substitution of polyols used here does not significantly alter cellular
structure of the foam, and thus the observed foam mechanical properties

changes are unlikely to be due to cell size changes.
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Figure 3.3: Average cell diameter and standard deviation for foams.

3.4.3 Polymer phase characterization

The polymer phase in a PU flexible foam is comprised of segmented block
copolymer commonly denoted as (A-B),. The two blocks are a polyol and a
polyurea. The incompatibility between the two blocks leads to a phase separated
morphology consisting of polyol-rich soft domains and polyurea-rich hard
domains [23, 27, 106]. Both domains have a distinct T4 and mechanical

stiffness.
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Dynamic mechanical analysis (DMA)

A direct approach to study the thermal and mechanical properties of the
polymer phase is via DMA. Figure 3.4 shows the modulus profiles of control,
30% SAN and 10% crosslinker foams. All three G' curves are similar up to their
Ty's. At low temperatures, foams behave as a solid showing high G' values of
10° Pa. As temperature goes through Tg, @ dramatic increase in molecular
motion causes G’ to decrease by nearly two orders of magnitude and reaches a
plateau. Interestingly, the tan (8) curves of all three foams (see Figure 3.5)
exhibit peaks at the same temperature. Thus, the soft phases in all three foams
are polyether polyol based soft phases with a T4 of -56 °C. At temperatures
higher than the soft phase Ty, plateau moduli of the foams show appreciable
differences. The plateau G’ values of 30% SAN is 60% higher than the control,
while the plateau G' values of foam with 10% crosslinker is 80% higher.
Although increases of plateau modulus are seen in both SAN and crosslinker-
substituted foams, the mechanisms for the increase are different. In both Figure
3.4 and 3.5, 30% SAN foam clearly shows a second T4 at 113 tC and beyond
this transition, improvement in the plateau G' vanishes. As alluded to earlier,
SAN copolymer forms discrete particles and the T4 of polymerized SAN is
approximately 120 +C [107]. SAN particles act as fillers in the polymer phase,
and thus improve foam plateau modulus. The observed increase in G, even
after SAN particles soften, can be explained by a higher HS-to-SS ratio, shown in
Table 2, in 30% SAN. In 10% crosslinker-substituted foam, improved plateau
modulus extends over nearly the entire temperature range and is attributed to a
higher concentration of HS [108]. This behavior will be further discussed in later

sections.
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Figure 3.4: DMA results of partially substituted foams (I) showing G’ as a
function of temperature: (a) control; (b) 30% SAN and (c) 10% crosslinker.

- 68 -



Morphology of Partially Substituted Foams - 69 -

0.8
0.6 1

0.4 -

Tan &

0.2 -

-120 -70 -20 30 80 130 180
Temperature (°C)

Figure 3.5: DMA results of partially substituted foams (lI) showing tan(3) as a
function of temperature: (a) control; (b) 30% SAN and (c) 10% crosslinker.

Substitution with  SBOP polyol, rather than simply elevating plateau
modulus, alters the DMA profiles. A slow decay of G' over a wide range of
temperatures is seen in Figure 3.6. Soft phase Ty of both SBOP foams
determined from tan (8) peaks remains the same as the control (Figure 3.7),
however the tan (8) peak heights are significantly reduced. In both SBOP foams,
a large portion (70 and 90%) of the soft phase is comprised of polyether polyol-
based SS; the smaller tan (3) peaks indicate that these polyether polyol SS do
not soften at their T4. Especially in the case of 30% SBOP, the tan (5) peak
height is only one-third of the control, implying a large population of polyether

polyol SS is mixed with a higher T4 component, such as SBOP polyol. In Figure
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3.7, 30% SBOP foam shows a very broad tan (6) peak around 75 zC; this could
indicate a second, SBOP-containing soft phase. In addition to the loss of
polyether polyol-based SS, the absence of plateau regions in both SBOP foams
indicates the lack of defined distance between domain spacing. Both the
continuous decrease in G' and the tan(d) increase above 0 °C observed in SBOP

foams argue for a distribution of phase sizes.

log (G', Pa)
N
(@)

3.5 1

-120 -70 -20 30 80 130 180
Temperature (°C)

Figure 3.6: DMA results of partially substituted foams (Il) showing G’ as a
function of temperature: (a) control; (d) 10% SBOP and (e) 30% SBOP.
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Figure 3.7: DMA results of partially substituted foams (ll) showing tan(é) as a
function of temperature: (a) control; (d) 10% SBOP and (e) 30% SBOP.

Differential Scanning Calorimetry (DSC)

DSC heating curves in Figure 3.8 reaffirmed that all four substituted foams
share the same soft domain T4 as that of the control. The DSC measured Ty is -
60 tC (Figure 3.9), very similar to the temperature of the tan (5) peaks. As
discussed above the DMA results indicate that polyether polyol-based SS may
have mixed in with other components. DSC can quantify this. Since Ac, scales
with the total weight of polyether polyol-based SS undergoing a transition from a
solid to a softened state, the weight fraction of pure polyether polyol soft phase
can be estimated. The method for determining Ac, is shown in the insert of

Figure 3.8 and the results are tabulated in Table 3.2.
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Figure 3.8: DSC traces of partially substituted foams: (a) control, (b) 30% SAN,
(c) 10% crosslinker, (d) 10% SBOP and (e) 30% SBOP. The curves were shifted
vertically to avoid overlapping of curves. Insert illustrates the method used to

determine Ac, and breadth of Tj,.
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Figure 3.9: DSC results showing T4 and the breadth of glass transition. The dots
indicate the glass transition temperatures. Upper and lower bars indicate the
breadth of the transition.

Both SAN and crosslinker-substituted foams show a slight loss of the
polyether polyol-based soft phase. The Ac, values scale to 76% and 70% of
control for crosslinker and SAN foams respectively. Given the formulations in
Table 3.1, 30% SAN should contain approximately 87% polyether polyol SS in its
soft phase, while 10% crosslinker foam should contain 90% polyether SS in its
soft phase. Clearly, substitution of crosslinker has more impact on the purity of
the polyether polyol-based soft phase than SAN, but the impact is far less
significant when compared to SBOP-substituted foams. The 10% and 30%
SBOP foams contain 90% and 70% polyether SS in their soft phases

respectively, however, the measured Ac, are only 48% and 42% of the control.
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Polyether SS in SBOP foams are not all phase-separated; a significant fraction of

them is in a phase-mixed state with SBOP and/or HS.

To better understand the loss of polyether SS fraction, we also measured
T4 of each pure polyol. The Tg's of control, SAN-containing, crosslinker, and
SBOP polyols are -68, -68, -51, and -35 :C respectively. SBOP obviously has a
much higher T4 than the other polyols.

Small-Angle X-ray Scattering (SAXS)

SAXS was used to determine interdomain spacing, as well as, probe the
degree of phase separation. SAXS profiles of foam samples are shown in Figure
3.10. The interdomain spacing of 10% crosslinker (127 A) is notably greater than
that of control (115 A), while other samples’ remain similar to the control.
Scattering signal intensity is notably different between foams. 30% SAN clearly
has an enhanced signal intensity, while the two SBOP-containing foams show

great reductions in signal intensities.
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Figure 3.10: Scattering profiles of foams obtained using SAXS: (a) control (o),
(b) 30% SAN (+), (c) 10% crosslinker (¢), (d) 10% SBOP (A) and (e) 30% SBOP
(o). Inverted triangles indicate average interdomain spacings.

Normalized SAXS intensity is affected by two main parameters: (1) the
number of scattering objects, which is related to the volume fraction and also
weight fraction of hard domains (electron dense phase) and (2) the inherit
electron density contrast between the hard and soft domains [109, 110]. The
observed increase in intensity of 30% SAN is attributable to the former, a higher
volume fraction of hard domains/scattering objects. This is because the HS-to-
SS ratio is higher in the 30% SAN polymer phase than the control. On a per

volume basis, there are more scattering surfaces in SAN-containing foam than in
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the control. Crosslinker and SBOP foams all have higher HS concentrations

compared to control, however, SAXS intensities are much lower.

Crosslinker foam, in addition to signal intensity loss, showed a visible
interdomain spacing increase of over 10 A. Since the bulk of the soft domains
are still polyether polyol-based, the interdomain spacing change is likely
achieved via an increase in hard domain size. Low molecular weight crosslinker
polyols can mix with the HS and form swelled hard domains, consequently, a
larger hard domain size gives rise to a larger interdomain spacing [86, 111-113].
In addition, hard domains swelled with crosslinker polyol are lower in electron
density than un-swelled hard domains. Therefore, the electron density contrast
between soft and hard domains is reduced and 10% crosslinker foam shows a
reduction in SAXS intensity.

Substitution of SBOP has the most significant impact on SAXS intensity.
Both scattering profiles of SBOP-containing foams show a slight decrease in
interdomain spacing (higher q value) and great reductions in signal intensity.
The reduction in intensity also increases as concentration of SBOP and HS
increase. Implicitly, substitution of SBOP reduces the electron density difference
between the hard and soft domains. Three possible scenarios are considered.
First, the SBOP could mix into the hard domains, thus “diluting” electron density
contrast. However, unlike in the case of 10% crosslinker foam, SBOP samples
showed no signs of an increase in interdomain spacing (low q values). In fact, a
small shift of the scattering profile to higher q values is observed. Thus, SBOP
does not seem to swell hard domains like the crosslinker does. A second
possibility is that HS are phase mixed with SS, where the hard domain is
replaced by non-hydrogen bonded HS. In such a case, it would reduce the
SAXS intensity. However, the results of a FTIR study, presented in a later

section, indicate HS in SBOP foams are well associated through hydrogen
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bonding. A third possibility is that rather than forming well-defined large hard
domains, smaller hard domains may have replaced these large ones in the
SBOP foams. A wide distribution of interdomain spacing could lead to a
reduction in SAXS intensity. Additionally, smaller hard domain size equates to
more interfacial areas per unit volume, which may explain the loss of SS

observed in SBOP foams.

Atomic Force Microscopy (AFM) Images

So far, all experiments are indirect measures to the polymer phase
morphology. It is desirable to “see” the hard and soft domains and thus
understand the changes in morphology due to substituent polyols. This is

possible using AFM.

Phase images of foams acquired via AFM are shown in Figure 3.11. Hard
and soft domains are indicated by different colors. Yellow-to-white (light) colored
areas correspond to high modulus regions, i.e., hard domains and brown-to-black
(dark) colored areas correspond to low modulus regions, i.e., soft domains. The
hardness difference between two domains is correlated to a phase scale
expressed in degrees [114, 115]. For each image, the overall phase scale was
adjusted to clearly illustrate foam morphology; as indicated in the captions of
Figure 12. During tapping mode image acquisitions, the AFM tip was controlled
to indent the sample surface by approximately 15 nm. By controlling the distance
of tip-sample interaction, comparison of phase images can be made more

consistently.
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Figure 3.11: Tapping mode AFM images. Images on the right side are higher
magnifications of the indicated regions on the left side. Colored bars in (b) are
100 A in length:

Control (@) 1 x1 um, 25°-scale (b) 250 x 250 nm, 25°-scale
30% SAN (c)2x2 pum, 90°-scale (d) 1 x 1 um, 90°-scale

30% SBOP  (e) 1 x 1 um, 25°-scale (f) 500 x 500 nm, 25°-scale
30% SBOP  (g) 1 x 1 um, 10°-scale (h) 500 x 500 nm, 10°-scale
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Control foam in Figure 3.11(a) clearly shows a two-phase, well-separated
morphology. Each phase is distinguishable by color and the boundaries are
visible. The image is displayed at an total phase scale of 25°, which is similar to
previous findings by other studies [114, 116]. A higher magnification image of
the control sample in Figure 12b showed an estimated interdomain spacing of
100-150 A, which is in good agreement with interdomain spacing measured in
SAXS, 115 A.

Phase images (not shown here) of SAN-containing sample exhibited the
same phase-separated morphology and domain spacing as the control. In
addition, 30% SAN foam also exhibits a unique feature — SAN particles
dispersed within the polymer phase as shown in Figure 3.11(c) and 3.11(d).
These are SAN particles because they are: (1) spherical in shape, (different from
the hard domains seen in the control) (2) large in size and (3) high in modulus.
The measured diameters of these particles range from 0.2 to 0.7 um, consistent
with the known composition and specification of Hyperlite® E-849 copolymer
polyol. The hardness difference between these particles and soft domains is
much higher than that between hard and soft domains. The overall image phase
scale is 90° for Figure 3.11(c) and 3.11(d). It is interesting to note that samples
compressed at 120 °C lost this large-scale morphology presumably due to flow of
the SAN particles.

Phase images of 30% SBOP display quite different morphology from the
control. Figure 3.11(e) and 3.11(f) were taken at two different regions of the
same sample, showing morphology variation within 30% SBOP. The most
noticeable feature is that the domain boundaries in Figure 3.11(e) to 3.11(h) are
blurry. In addition, a size variation of hard domains can be seen in these images.
In Figure 3.11(e) and 3.11(f), some hard domains have slightly more

distinguishable boundaries while the rest do not. From a sampling of different
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regions on 30% SBOP foam and previous results in DMA, the slightly better
phase-separated areas could be polyether polyol-based soft domain rich region.
Figure 3.11(e) and 3.11(f), are displayed with an overall phase scale of 25° and
the measured average phase hardness difference is only 10°. This signifies that
the modulus of the soft domains increased. A similar, but more pronounced drop
in phase hardness difference is observed in Figure 3.11(g) and 3.11(h). The
overall phase scale is 10° and measured phase hardness difference is less than
8°. The boundaries here between the two phases are even less detectable.
More importantly, hard domains appear to be smaller in size than those seen

previously, especially in control.

The AFM images of 30% SBOP foam show that hard domains are smaller
in size, in close proximity, and have no clear boundaries. The hardness
difference between the soft and hard domains is significantly less in SBOP
foams. It is expected that the 30% SBOP foam has a higher overall room
temperature modulus than other foams because the soft domains in SBOP foam
are relatively harder. Two possible reasons may contribute the higher modulus
in SBOP foam. First: the reduced hard domain size and loss of domain
boundaries. This may influence the soft phase by increasing HS/SS interface
thus trapping SS at interfaces and reducing the amount of SS participating in soft
domains. Second: the SBOP-based soft domain is harder. In the DMA section,
we speculated that there may exist a second soft phase rich with SBOP-based
SS and a Tg around 75°C.

The blurred boundaries between hard and soft domains in 30% SBOP
foam also raise a question whether the amount of hydrogen bonding between HS
has been altered. The following section of FTIR-ATR examines the amount of

hydrogen-bonded species and molecular differences between substituted foams.
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Fourier Transform Infrared (FTIR) Spectroscopy with Attenuated Total

Reflectance (ATR)

FTIR-ATR spectra of the foams’ carbonyl regions (1550 to 1800 cm™') are
shown in Figure 3.12. Two particular absorbance regions are of interest: free
species region, > 1700 cm’', comprised of both free urethane and free urea, and
H-bonded species region, < 1700 cm™. Details of spectra interpretation and

band assignments can be found in [74-76]. These bands are listed in Table 3.3

along with the peak areas.

Ester
carbonyl

l

H-bond bidentate
urethane urea

Intensity (a.u.)

0
0

Free
urea

Free
urethane

1825 1775 1725 1675 1625 1575 1525 1475

Wavenumber (cm™)

Figure 3.12: FTIR-ATR spectra of the carbonyl region: (a) control (o), (b) 30%
SAN (x), and (c) 10% crosslinker (A), (d) 10% SBOP (o), and (e) 30% SBOP (*).
Spectra are offset vertically.
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Polyurea HS that does not participate in hard domain formation remains in
the polymer as free, i.e., non-hydrogen bonded urea. These free ureas have an
IR absorbance at 1713 cm™. Among all foam samples shown in Figure 3.12,
10% crosslinker shows the highest free urea absorbance band while very little
variation in free urea absorbance band is seen in the other foams. These free
ureas are likely the result of swelled hard domains, which agrees with the

increase in interdomain spacing observed by SAXS (Figure 3.10).

Table 3.3: IR band assignments in C=0 region and peak area under the bands.
All areas are normalized.

Ester Free Free Monodentate Bidentat

Cabonyl®  urethane urea urea e urea

Wa‘z‘zrr:]‘f{;‘ber 1745 1732 1713 1676, 1662 1645
Control 0.031 0.55 0.32 0.48 0.20
30% SAN 0.024 0.54 0.31 0.47 0.22

0,
10% 0.020 0.57 0.42 0.42 0.16
crosslinker

10% SBOP 0.025 0.54 0.31 0.46 0.23
30% SBOP 0.080 0.60 0.31 0.44 0.25

@ Calculated beand area under ester carbonyl absorbance.

The state of urethane bond provides less information on phase
morphology, nevertheless, urethane still participates in hydrogen bonding via its
carbonyl group. In general, more than half of the urethane bonds remain free

[28]. Our foam samples show some variation in free urethane content. 30%
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SAN and 10% SBOP has the least amount of free urethane followed by control,
10% crosslinker and 30% SBOP. Other than the 10% SBOP sample, the free
urethane amount increases with increasing molar concentration of hydroxyls in
the formulation. Note that 30% SAN and 10% SBOP closely resembles each

other in the urethane composition.

Hydrogen-bonded ureas, including both monodentate and bidentate, are
indications of hard domain ordering. The structure of monodentate urea is less
ordered than that of bidentate urea. From control, 30% SAN, 10% SBOP to 30%
SBOP, the absorbance bands shift from monodentate to bidentate urea. The
shift in hydrogen-bonded urea region is in agreement with HS concentrations
tabulated in Table 3.1 and is possibly a result of concentration effect. However,
10% crosslinker has the second highest HS concentration, and its IR spectrum
shows the lowest bidentate urea absorbance. HS in 10% crosslinker are
evidently not well associated and ordering in hard domains has been disrupted.
The two SBOP-substituted foams are quite unique. The spectrum of 10% SBOP
foam, as with the urethane spectrum region, resembles 30% SAN in the urea
species composition. The similarity between the two spectra, 30% SAN and 10%
SBOP, indicates that substituting copolymer filler or SBOP may have a similar
effect on morphology. In 30% SBOP foam, the hard domains are more ordered.
The peak at 1645cm™ is more evident in the spectrum of 30% SBOP than in the
others. Although the AFM and SAXS indicate that hard domains are smaller,
FTIR indicates that the HS ordering within these domains is improved over the
control. The bidentate urea peak in SBOP foam elucidates that SBOP plays a

different role in polymer phase morphology from crosslinker.
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Indentation Force Deflection (IFD)

The compressive properties of foams were evaluated using IFD tests and
results are both plotted in Figure 3.13 and tabulated in Table 3.2. All substituent
polyols have improved compression pressure considerably over the control.
Conventional approaches to improve foam compression properties using
copolymer-filled polyol and crosslinker showed approximately 35% increase in
compression pressure. A similar amount of increase was achieved with 10%
substitution using SBOP. When the amount of substituent SBOP increased to
30%, a startling 131% increase is observed. The more-than-doubled increase in
compression pressure is a result of higher modulus of the foam polymer phase.
A side-by-side comparison of foam shear modulus G’ at 25 °C and compression

pressures measured in IFD tests is shown in Figure 3.13.
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Figure 3.13: Compression properties of foams. Column data show the pressure
required to achieve 65% compression (ASTM D 3574-95, test B1), and the line
data show shear modulus, G, measured at 25 °C. All samples showed
increases of compression pressure over control (dotted line).

3.5 Conclusion

The experimental results demonstrated that the substituent polyols used in
this study are all capable of improving mechanical properties, specifically
compressive properties. However mechanisms, through which the increases

were achieved, are different.

Substituting SAN copolymer-filled polyol results in slightly smaller cell size

and does not change phase-separated morphology in the polymer phase. The

- 86 -



Morphology of Partially Substituted Foams - 87 -

increase in IFD test is correlated to a higher polymer phase modulus as a result

of SAN particles acting as reinforcement.

The use of the crosslinker polyol alters polymer phase morphology,
especially that of hard domains. This low molecular weight polyol mixes into the
hard domains, disrupts hard domain ordering and alters interdomain spacing.
Significant loss of HS to free ureas has been shown to result in reduction in
modulus [28,117]. However, the overall concentration of HS in 10% crosslinker
foam compensates for its loss of hard domain ordering. The improved modulus

thus higher IFD is a result of higher HS concentration.

SBOP foams have the most interesting results. Although it is a low
molecular weight polyol, the SBOP-substituted foam is morphologically different
from its petroleum counterpart, crosslinker foam. The thermal analysis, DSC and
DMA, shows that SBOP foams have much less than the expected amount of
polyether soft domains. The DMA results further suggest that there may exist an
SBOP-rich region in SBOP foams, which has a higher T4 than the polyether
polyol-based soft domains. AFM images verify the possibility of two types of soft
domains. In addition, AFM images show that 30% SBOP has smaller hard
domains with a distribution of interdomain spacings. The observed broad peak in
SAXS is, therefore, due to lower electron density contrast between hard and soft
domains and a broad interdomain spacing distribution. The FTIR results indicate
that SBOP-containing foams have the most ordered hard domain structures,

implying a well phase-separated hard phase.

The improved polymer modulus in SBOP foam is attributed to a
combination of factors: a high Tq SBOP-rich phase, high HS concentration, and

improved hard domain ordering.
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4.1 Chapter Overview

The SBOP used in this work represents a family of natural oil polyols that
contain only secondary hydroxyls. In addition, these hydroxyls are located at the
mid point of polyol chains making them sterically hindered, and thus, low in
reactivity. = Compared to petroleum polyols, which contain either primary
hydroxyls or secondary hydroxyls near chain ends, natural oil polyols are at a
disadvantage kinetically. Replacing petroleum polyol with natural oil polyol in
flexible foam formulation is expected to change the kinetic balance and may even
affect processing. However, a 30 wt% SBOP-substituted foam, documented in
Chapter 3, surprisingly showed no signs of kinetic issues. This chapter continues
the investigation on partially substituted foam systems by exploring the kinetic
aspect of these samples. Two sets of experiments were performed: (1) hydroxyl
reactivity comparison, and (2) foaming kinetics comparison. The experimental
results confirmed that the hydroxyls on natural oil polyol are at least two times
less reactive than a primary hydroxyl on petroleum polyol. During foaming, the
slowed urethane formation delayed the onset of phase separation in natural oil

polyol-substituted foams.

4.2 Introduction

Polyurethane (PU) flexible foam formation is an intricate process involving
two major competing reactions: gelling and blowing reactions (see Chapter
1.2.1). A kinetic balance between the two reactions is vital in making foams with
desired cellular structures as well as producing consistent products. In this
research, petroleum polyols are substituted with natural oil polyols giving rise to

changes in gelling reaction kinetics and the overall kinetic balance.

Natural oil polyols are significantly different from petroleum-derived

polyols. Aside from chemical nature, natural oil polyols’ hydroxyls are located in
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the mid point of polyol chains with the exception of those synthesized through
ozonolysis route. For a natural oil polyol converted from a single oil molecule, its
hydroxyls are most likely to be 5-8 covalent bonds removed from the chain ends.
Such hydroxyls are sterically hindered. In addition, a significant fraction of the
commercially viable natural oil polyols, such as soybean oil polyol (SBOP) used
in this work, have only secondary hydroxyls. Compared to petroleum-derived
polyols, which have either primary hydroxyls or secondary hydroxyls that are only
one covalent bond removed from chain ends, natural oil polyols are at a

disadvantage with respect to gelling reaction.

As briefly discussed in Chapter 1.2, an extreme case of a slow gelling
reaction could cause foam to collapse during curing. In the previous chapter, two
SBOP-substituted samples were made at 10 wt% and 30 wt% SBOP content of
the total polyol without changes made in catalysts. Neither foam collapsed nor
showed signs of kinetic issues. The foaming process evidently did not change as
a result of substituting in the slow-reacting SBOP, however, the final morphology

did change as unveiled by the characterization study in Chapter 3.

In PU flexible foam, the resultant morphology is closely associated with
reaction kinetics and is determined by a complex system of reactions and phase
evolution events [24, 79]. When all reactants are mixed, water and isocyanate
quickly react to form ureas and polyureas, also known as hard segment (HS),
while polyol and isocyanate react at a slower rate to form urethanes and polyol-
based soft segments (SS) [118, 119]. At low degrees of polymerization (N), both
HS and SS are soluble in the foaming mixture. As reactions proceed, the value
of N increases so does the interaction parameter (y) between the HS and the SS.
At a critical reaction conversion, yN becomes large enough to drive the foaming
mixture across the thermodynamic boundaries transitioning from a single-phased

mixture to a phase-separated system comprised of HS-rich hard domains and
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SS-rich soft domains [118-120]. Within the hard domains, hydrogen bonds are
formed rapidly between neighboring HS resulting in physical crosslinks in the
network [28, 74, 121]. The reactions continue after the initial phase separation
as more ureas and urethanes are formed and both soft and hard domains grow
in concentration and size [122]. The dynamic process of phase separation and
growth comes to a halt when the hard segments vitrify. The final morphology is,
therefore, a result of the dynamics among reaction kinetics, phase separation,
and vitrification. The use of a slow-reacting polyol, such as SBOP, will

indisputably have an effect on foam’s final morphology.

A number of techniques are available to follow reaction kinetics and phase
evolutions during foaming [25, 26, 74, 79, 122-124]. Among all, Fourier
transform infrared spectroscopy (FTIR) emerges as method of choice because it
provides information on both kinetics and phase evolution. In our experimental
setup, a mid-infrared transmitting fiber was adopted in place of a conventional
attenuated total reflectance (ATR) crystal to provide IR laser-sample interface.
The use of IR transmitting fiber eliminates the need for a heating protocol, which
is necessary, if ATR is used, to counteract the heat loss from foaming mixture to
the ATR crystal [24, 80]. The substantially small mass of transmitting fiber
leaves the temperature profile during foaming undisturbed and yet still provides a

large surface-to-volume ratio for accurate absorbance measurements.

Four foaming experiments were followed using FTIR-fiber setup. A control
foam was made entirely from a petroleum (base) polyol and three substituted
foams were made by replacing 30 wt% of base polyol with crosslinker polyol,
SBOP, and castor oil.

Prior to the foaming kinetics study, the reactivity of hydroxyls of small
molecule alcohols was tested. Natural oil polyols are less reactive than their

petroleum counterparts for two main reasons: (1) steric hindrance effect, and (2)
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inherent reactivity of the hydroxyls. The small molecule hydroxyls reactivity study
sheds some light on the inherent reactivity of hydroxyls and potential ways to
affect their reactivity through chemical modifications. A series of low molecular
weight alcohols with structural similarity to either petroleum or natural oil polyols

were selected.

The hydroxyl-isocyanate reaction has been well established as a second
order irreversible reaction [125-127]. However, deviations from the theoretical
model have been reported on di-functional isocyanates due to substitution effect
[128-130]. To avoid changes in isocyanate reactivity and stay structurally similar
to toluene diisocyanate used throughout this research, a mono-functional phenyl
isocyanate was selected to react with the alcohols. The reactants were pre-
dissolved in a high dielectric constant solvent, N, N-dimethylformamide (DMF) to

ensure a homogeneous mixture of reactants and products formed.

4.3 Experimental
4.3.1 Materials

Alcohol-isocyanate Reaction

Phenyl isocyanate, >99% purity, for reaction with alcohols and amines,
was purchased from Sigma-Aldrich, and dried using activated molecular sieve for

12 hours before use.

Model hydroxyl-containing alcohols used for this study are listed in Table
4.1 along with purity and manufacturer information. All alcohols were dried using

activated molecular sieve for 12 hours before use.
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Table 4.1: Alcohols used in hydroxyl reactivity study.

Alcohol Corresponding Polyol

Source

HO\/\O/\/OH Petroleum, ethylene oxide-
capped polyol

Petroleum, propylene oxide

J\ polyol
/O OH Natural oil polyol, epoxidized,

oxirane opened with methanol

OH Natural oil polyol, epoxidized,
HO oxirane opened with water

OH

Natural oil polyol, naturally
/\)\/\ occurring (e.g. castor oil)

>99.5% (GC)
Sigma-Aldrich

>99.7% (GC)
Sigma-Aldrich

>99% (GC)
Sigma-Aldrich

>98%
Avocado

Heptadeutero-N,N-dimethylformamide (DMF-d;), 99.5 atom% D, contains

1% tetramethylsilane (TMS) (Aldrich) was selected as solvent and dried using

activated molecular sieve for 24 hours prior to use.

Polyol-TDI Reaction

Polyol isocyanate reactions were run on three polyol samples. They are
Hyperlite® E848, Castor oil and SBOP. Dabco® 33-LV is the gelling catalyst used
in this study at 0.25 pph loading. Details on polyols, catalyst and TDI used can

be found in Chapter 2 and 3.
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Foaming Kinetics

Three commercially available and one experimental polyols were used for
foaming experiments: Hyperlite® E848 (Bayer Corporation), Voranol® 446 (Dow
Chemical Company), Castor oil (Aldrich), and SBOP. Details on all polyols can
be found in Chapter 2.3 and Chapter 3.3.

All other reactants, including toluene diisocyanate, catalysts and

surfactants are fully documented in Chapter 3.3.

4.3.2 Procedures and Characterizations

Alcohol-isocyanate Reaction

The formulations used for small molecule alcohol-isocyanate reaction
study are given in Table 4.2. Alcohol or phenyl isocyanate solution was prepared
by measuring either reactant into a pre-dried glass vial and diluting with the
proper amount of pre-dried DMF-d;. The hydroxyl concentrations of the alcohol
solutions are in the range of 0.2-0.3 mol/L. When stoichiometrically balanced
amounts of alcohol and phenyl isocyanate solutions were mixed in an NMR tube
the reaction time was started. The reacting mixture was then quickly transferred
into a NMR apparatus for data collections. A nuclear magnetic resonance, 'H
NMR, (VI-500, Varian Inova) operated at 500 MHz was used to follow the
hydroxyl-isocyanate reactions. All reactions proceeded inside NMR probe at 20
°C and 1 atmosphere pressure. The §-scale was calibrated to TMS. 'H NMR
spectra were collected every 5 minutes for the first hour and every 30 minutes or
more thereafter, pending reactant conversion. To determine the chemical shifts
of groups of interest, the '"H NMR spectra of alcohols both before and after

complete conversion were collected.
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Table 4.2: Formulations used for hydroxyl reactivity study.

Reactant Quantity (mg)
Diethylene glycol 18.20
1-methoxy-2-propanol 37.07
2,3-butadiol 49.77
1-hepten-4-ol 41.20
Phenyl isocyanate 48.54 45.32 65.20 59.83

Polyol-TDI Reaction

Formulations used for polyol-isocyanate reaction are shown in Table 4.3.
The amount of TDI used was stoichiometrically balanced. All reactants were first
dried in a vacuum oven at 40 °C, under full vacuum for 6 hours before use. Vials
used for mixing were also dried by baking them in a 120 °C oven for 3 hours and

cooled to room temperature under nitrogen gas flow.

All reactants, except TDI, were mixed by hand in the pre-dried glass vial
and then appropriate amount of TDI was added and hand mixed for ~ 10

seconds.
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Table 4.3: Formulations used for polyol-TDI reaction study. Values in
parenthesis are actual amounts of reactants used, unit: g.

Component Hyperlite® E-848  Castor oil SBOP
Hyperlite® E-848 100 (14.98) - -
Castor ol -- 100 (7.45) --
SBOP -- -- 100 (7.97)
Dabco® 33-LV 0.25 (0.037) 0.25 (0.019) 0.25 (0.020)
TDI (0.74) (1.88) (2.48)

The reactions were taken place under an isothermal condition at 20 °C.
Data were collected using an FTIR-ATR. Details on the equipment can be found
in Chapter 2. Sample was taken from the mixing vial directly without quenching
and placed on ATR crystal for spectra collection. A total of 16 scans were
performed on each sample in the wavenumber range of 4000 to 600 cm™. The
reason that only 16 scans were taken on each sample was to avoid changes in
spectra due to reaction time. Data collections were terminated after isocyanate

had reached a conversion of 60% or higher.

Data analysis software used was the same as documented in Chapter 2
and the peak area corresponds to the isocyanate stretching band (2270 cm™)
was integrated to produce conversion data. Internal standards used in each
sample were: ether stretching band (~ 1100 cm™) for Hyperlite® E-848, and
alkane (CH.) bending band (~ 1465 cm™) for castor oil and SBOP.
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Foaming Kinetics

Foaming kinetics study was performed on four foam formulations. Table

4.4 gives the formulations used.

Table 4.4: Sample formulations for foam kinetics study

Component Control crossglj/r(;ker cassg)of)oil 30% SBOP
Hyperlite® E848 100 70 70 70
crosslinker -- 30 - -
castor oil -- - 30 -
SBOP - - - 30

TDI weight (g)

(index=100) 78.44 97.21 86.18 84.39

All formulations contain distilled water (4.2pph), DEOA (1.2pph), DABCO® 33-LV (0.35pph),
DABCO® BL-11 (0.08pph), and surfactants (1.0pph). Surfactant used in control and 30%
crosslinker foams was Niax® Y-10184 and in the rest of the foams was a mixture of DABCO® DC-
5169 and Tegostab® B-4690 at 1:3 weight ratio.

The amount of each component was based upon 100 parts by weight of
polyol and total mixture weight of 250 g. The amounts of TDI used is in

stoichiometric balance with active hydrogen species, i.e. TDI index = 100.
Details on mixing procedures can be found in Chapter 2.3.2.

The FTIR-fiber set up is comprised of an IR interferometer (MIDAC
Corporation), a Mercury-cadmium-telluride (MCT) detector (Model HCT-12.5-
0.50, Grasby Specac) cooled by liquid nitrogen, a pair of fiber holders for
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positioning, and a 250 um-diameter and 30 cm-long chalcogenide glass fiber
(Amorphous Materials) composed of tellurium, selenium, germanium and

antimony. A simplified depiction of the FTIR-fiber system is shown in Figure 4.1.

MCT

detector 0
Foam

Interferometer
Liquid
nitrogen Optical fiber

Figure 4.1: FTIR set-up used for foaming kinetics study.

Background spectrum was taken immediately before each experiment and
the reaction spectra were collected every 2 seconds over the range of 4000 to
800 cm™ in wavenumber at 2 cm™ resolution. Data analysis was performed
using Grams/Al software (Thermo Scientific). Due to the temperature rise during
foaming, the baseline at 980 cm’' shifted upward to an intensity of approximately
14 % of the intensity of ether (C-O-C) absorbance at 1100 cm™ at reaction time, t
= 5 minutes. The spectra were baseline corrected by fitting a quadric equation to
five data points, where no infrared absorbance should be observed: 4000, 3750,
2500, 1800, and 980 cm™. The spectra were then normalized with respect to the
area of the C-O-C stretching band, 1026 and 1127 cm™.

Temperature rise during foaming was measured by placing a type J

thermocouple (0.25mm diameter, Omega Engineering Inc., details are available
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in Chapter 2.3.3) in the center of a foam bun and recording the analogue signals

at a frequency of 1 Hz.

4.4 Results and Discussion
4.4.1 Hydroxyl-isocyanate Reaction

The 'H NMR spectra were taken of both reactant and product to
differentiate and assign chemical shifts. Figure 4.2, as an example, shows the
spectra of diethylene glycol and its urethane product. The characteristic
chemical shift at 6 = 3.6 ppm, a triplet assigned to the a-hydrogen on diethylene
glycol, shifts up field to 6 = 4.2 ppm as its hydroxyls react with phenyl isocyanate.
Chemical shifts selected to monitor the other hydroxyl-isocyanate reactions are:
CH3(OH)CH2CH,OCH3 (6 = 1.08 ppm, singlet) shifts to 6 = 1.20 ppm after
reaction; CH3;CH(OH)CH(OH)CH3; (& = 3.46 ppm, multiplet) shifts to 6 = 4.68 ppm
after reaction, and CH,=CHCH,CH(OH)CH>CH,CH3 (6 = 3.56 ppm, multiplet)
shifts to & = 4.87 ppm after reaction. The time evolution of the '"H NMR spectra
for diethylene glycol-phenyl isocyanate reaction is shown in Figure 4.3. The
peak areas under the chemical shifts were measured for conversion, X,
calculations. Diethylene glycol-phenyl isocyanate reaction, as the example, the
integrated area between 6 = 3.4 and 3.8 ppm were measured as well as the area
between 6 = 4.2 and 4.4 ppm. The expression used for calculating conversion, p,

is shown in Equation 4.1:

2A
A+B

4.1)
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where A is the area under 5 from 4.2 to 4.4 ppm and B is the area under 5 from
3.4 to 3.8 ppm.
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Figure 4.2: "H NMR spectra of diethylene glycol (bottom) and the urethane-
derived thereof by reaction with phenyl isocyanate (top).
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Figure 4.3: "H NMR spectra of diethylene glycol-phenyl isocyanate reaction at
different times.

Since hydroxyl-isocyanate reaction follows a second order reaction, its

kinetic expression can be written as:

9P K[OH]INCO] (4.2)

dt
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where P, [OH] and [NCO] are the concentrations of urethane product formed,
hydroxyl and isocyanate groups, respectively, Kk is the reaction constant, and t is
reaction time. For a stoichiometrically balanced hydroxyl-isocyanate reaction, as

in all the cases here, Equation (4.2) can be further simplified to:

P _koH],t (4.3)
1I-p

where p is conversion of either reactant at any given time and [OH], is the initial

concentration of hydroxyls.

Using conversion, p, obtained from integration of the peak areas, one can
calculate the reaction rate constant by plotting the left-hand side of the equation
4.3 with respect to time, t. In Figure 4.4, the experimental data were plotted for
all four reactions. The calculated reaction constant, k, for each reaction is
tabulated in Table 4.5.
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Figure 4.4: Second order kinetic plots used to calculate reaction constants:
diethylene glycol-phenyl isocyanate (e), 1-hepten-4-ol-phenyl isocyanate (m), 2,3-
butadiol-phenyl isocyanate (o), 1-methoxy-2-propanol-phenyl isocyanate (A).
Solid lines are the linear fit to the experimental data.
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Table 4.5: Reaction constants for hydroxyl-isocyanate reactions in DMF.

Reaction constant, k,

Alcohol (L-mol™min™)
HO g OH 0.099
0 J 0.049
-~ OH
OH
HO 0.045
OH

/\)\/\ 0.061
=

It is not surprising that the primary hydroxyl in diethylene glycol is more
reactive than the secondary hydroxyls. Davis and Farnum have shown that a
primary hydroxyl is three times as reactive as a secondary hydroxyl, and is one-
hundred times as reactive as a tertiary hydroxyl [131]. In the tabulated data, the
primary hydroxyl in diethylene glycol is only twice as reactive as the secondary
hydroxy! alcohol, 1-methoxy-2-propanol, which is lower than the difference Davis
et. al. have reported. The reason a smaller reactivity difference is obtained here
can be attributed to a solvent effect. Dyer and coworkers synthesized urethanes
in a xylene solution by reacting either n-butanol or s-butanol with phenyl
isocyanate [132]. The observed reaction rate of n-butanol is slightly over two-
times that of s-butanol, lower than the three-time reactivity difference seen by

Davis et. al. [133]. Later studies suggested that solvents, especially aprotic
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solvents change the apparent reaction rate by solvating the hydroxyl-isocyanate
complex formed, and allowing a fast urethane bond formation [134, 135]. The
rate-determining step was found to be the rearrangement of the hydroxyl-
isocyanate complex, thus, solvent effect does not change the relative reactivity of
the alcohols. The reactivity data obtained are valid indication of relative reactivity
of the hydroxyls. The reactivity ranking is, therefore: diethylene glycol > 1-hepten

4-ol > 1-methoxy-2-propanol > 2,3-butadiol.

Among the three secondary hydroxyl alcohols, both 2,3-butadiol and 1-
methoxy 2-propanol are the same in reactivity, which suggests that the oxirane
opening agent, either water or methanol, has little to no effect on the reactivity of
SBOP. A slightly surprising result is the reactivity of 1-hepten-4-ol. The reaction
rate constant, k, of this alcohol is approximately 24 % higher than the other
secondary hydroxyl alcohols and is only 38 % lower than the primary hydroxyl
alcohol in diethylene glycol. This improved reactivity in 1-hepten-4-ol is likely due
to the presence of the double bond. Since a hydroxyl reactivity is largely
determined by the electron-withdraw tendency of the substituent group attached,
the presence of a double bond stabilizes the electrons, thus making the

neighboring hydroxyl more reactive [136].

From the reactivity data of the four selected alcohols, it is clear that the
natural oil polyols will be, at least, two times less reactive than the primary
hydroxyls in petroleum polyols. In the following section, we will further explore
the reactivity change as polyols are reacted with TDI and the last section of this
chapter will focus onto foaming kinetics change in partially substituted flexible

foams.
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4.4.2 Polyol-TDI Reaction

The isocyanate conversions as functions of time for the three reactions of
TDI with different polyols are plotted in Figure 4.5. Each formulation contains

0.25 pph dibutyltin dilaurate as a catalyst, details on the formulation can be found

in Table 4.3.
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Figure 4.5: Isocyanate conversion (p) as a function of time during hydroxyl-
isocyanate reaction at 25 °C by FTIR-ATR: Hyperlite® E-848 (N), castor oil (D),

and SBOP (0).
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The Hyperlite® E-848 reaction with TDI shows the highest NCO
conversion rate over the first 500 seconds, followed by the reaction of SBOP with
TDI, and castor oil reaction with TDI has the lowest NCO conversion rate. The
differences in rates can be explained by both steric hindrance effect and the
presence of only secondary hydroxyls in natural oil polyols. In the case of
Hyperlite® E-848, 85% of the hydroxyls are primary hydroxyls making a relatively

high isocyanate conversion rate expected.

Early study on polyether polyols reaction with TDI showed that a para-
isocyanate is 2-3 times more reactive than an ortho- isocyanate [129]. However,
as either catalyst is added or the reaction temperature is raised to greater than
100 °C, the reactivity difference between ortho- and para- isocyanates diminishes
[137-139]. The kinetics of a polyol reaction with TDI can be expressed as
Equation 4.4.

_d[NCO]

= k,JOH ][0~ NCO]+k,[OH][p— NCO]

_%: k[OH](0.6)[NCO] + k,[OH](0.4)[NCO] (4.4)

_d[NCO]
dt

= (0.6k, +0.4k,)[OH][NCO]

where ki and ky are the reaction constants of hydroxyl reactions with ortho- and
para- isocyanate, respectively. In commercial TDI, 40 mol% of isocyanates are
on the para- position while the rest 60 mol% are on the ortho- position [73].
Thus, the expression in Equation 4.4 could also be written explicitly as a function
of [NCO]. For a stoichiometrically balanced reaction, as for all the polyol-TDI

reactions performed here, Equation 4.4 can be solved to give isocyanate
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conversion as a function of reaction time, shown in Equation 4.5, where p is

conversion of isocyanate and [NCOY], is the initial concentration of isocyanate.
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Figure 4.6: Plots for obtaining reaction constants of polyol reaction with TDI.
Dashed lines are linear fits to the experimental data. Left plot shows Hyperlite®
E-848 (N), and right plot shows both castor oil (D), and SBOP ().

The experimental data were plotted as suggested by Equation 4.5, shown
in Figure 4.6. A linear relationship between the reaction time (t) and the
isocyanate conversion function is observed for Hyperlite® E-848 reaction with
TDI.

of Hyperlite® E-848 polyol reaction with TDI.

Thus, a single reaction constant sufficiently describes the reaction kinetics
For the two natural oil polyol
reactions, instead of a single linear fit, two linear fits were used to fit the
experimental data, as shown in Figure 4.6 (right). One may speculate the two
rates represent ortho- and para- isocyanate reaction with polyol. However,
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based on Equation 4.5, the difference between k4 and k; will not give rise to a
deviation away from a linear relationship. The apparent decrease in reaction rate
is likely due to substitution effect. As one isocyanate on TDI is reacted, the
reactivity of the other isocyanate group is expected to decrease by approximately
3 times [124]. In addition, the change in line fit slopes occurred between 45-55
mol% isocyanate conversions suggesting most of the TDI molecules are partially
substituted. Slopes of the linear fits are tabulated in Table 4.6, where k is slope

of the first linear fit, and k’ is the slope of the second linear fit.

Table 4.6: Reaction constants for polyol reactions with TDI.

k (L molts™ k' (L mol?ts™ k/k
Hyperlite® E-848 70.7 70.7 1.0
SBOP 6.7 1.2 5.6
Castor all 4.4 2.6 1.7

The overall reactivity of un-substituted TDI reaction with Hyperlite® E-848
is over 10 times higher than that TDI reaction with SBOP, and nearly 16 times
higher than TDI reaction with castor oil. Between the two natural oil polyols, we
expected castor oil to be more reactive than SBOP based on previous small
molecule study. However, SBOP is shown to be 50% more reactive than castor
oil with TDI. Steric hindrance played a significant role in changing polyol
reactivity not only between the primary and secondary hydroxyls but among
secondary hydroxyls in different chemical environment as well. For the natural
oil polyols, a reduced secondary reaction constant, k', was also observed. The k’
value for castor oil reaction with substituted TDI is more than 2 times the

constant of SBOP reaction with substituted TDI. This is a rather important finding
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because the reactivity of polyol with substituted TDI directly determines whether
the polyol will be participating in the network formation. During foaming, water
reaction with TDI is faster than polyol reaction with TDI, converting TDI to
partially substituted TDI for reaction with polyol. Hyperlite® E-848 is thus
kinetically advantageous as its reaction constant remains the same in case of
both substituted and un-substituted TDI. In addition the reaction constant is the
highest in Hyperlite® E-848 polyol among all three polyols tested making it highly
likely to participate in PU network formation. Both natural oil polyols, castor oil
and SBOP, on the other hand are at least 10 times less reactive than Hyperlite®
E-848. In addition, the reaction constant of either natural oil polyol reaction with
substituted TDI is more than 30 times lower than Hyperlite® E-848 making it
crucial to examine their reactivity during foaming. Between the two natural oil
polyols, castor oil reacts nearly two times faster with substituted TDI than SBOP.
During foaming, castor oil could have an advantage over SBOP and will be

examined in the following section.

4.4.3 Foaming Kinetics

Figure 4.7 shows the chemical structures of important species involved in
kinetic reactions and phase separation. The ureas generated from the blowing
reaction can remain as (1) free urea, or evolve to (2) mono-dentate urea, single
hydrogen bonded, or (3) bidentate urea, double hydrogen bonded. At the onset
of phase separation, the concentration of bidentate urea increases considerably,
and is generally used as an indication of phase separation [140, 141]. Most of
the urethanes generated from the gelling reaction are likely to remain as free
urethanes while a small portion of them evolve to hydrogen-bonded urethanes
[28].
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Figure 4.7: Chemical structures of a bidentate urea, shown as double hydrogen-
bonded (dashed lines), a monodentate urea, shown as single dotted line, and
free ureas, indicated by arrows. The reactions illustrated are the blowing reaction
(top) and the gelling reaction (bottom).

Adiabatic Temperature Rise

The overall reaction progress is indicated by the consumption of
isocyanate as both the blowing and the gelling reactions deplete isocyanate to
form urea and urethane, respectively. Foam formulations can be found in Table

4.2. Figure 4.8 shows the typical three-dimensional FTIR spectra obtained in the
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-112 -

absorbance range of 2150 to 2350 cm™. The asymmetric stretching of the NCO

group has a strong absorbance peak at 2270 cm™ as seen in Figure 4.8. As

reactions proceed, the peak intensity decreases. A second method for

monitoring the isocyanate conversion is through the temperature rise monitoring

and was employed here as well. Details on calculating isocyanate conversion

from the temperature rise during foaming can be found in Chapter 2.3.
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Figure 4.8: Three-dimensional surface of the isocyanate absorbance band for
control foam.

The isocyanate conversions obtained using both FTIR and the

temperature rise method are plotted in Figure 4.9. Both curves are in a good
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overall agreement and captured the fast consumption of the isocyanate at the

early stages of foaming. Later data analysis will primarily use the FTIR data.
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Figure 4.9: Isocyanate conversion calculated from temperature rises (open
symbols) and extrapolated from FTIR data (solid line). The plot shows control (¢)
and 30% crosslinker (o).
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Figure 4.10: Isocyanate conversion during foaming: control ('), 30% crosslinker
(x), 30% SBOP (0), and 30% castor oil (A). Bottom enlarged scale of the first 50
seconds of foaming.

- 114 -



Reaction Kinetics -115 -

Figure 4.10 shows that initial rates of isocyanate conversion in control and
crosslinker are nearly identical, whereas the rates in SBOP and castor oil are
lower, by approximately 15 %, but identical between these two foams. At longer
times, the crosslinker shows the highest conversion of isocyanate followed by

SBOP, where castor oil and control share nearly an identical conversion.

The higher isocyanate conversion rate as well as a higher overall
isocyanate conversion observed in 30% crosslinker sample is somewhat
expected, since 30% crosslinker has the highest concentration of active
hydrogen species, which include both water and polyol. The apparent rate of
depletion rate of isocyanate is directly related to the content of active hydrogen
species. Succeeding 30% crosslinker, 30% SBOP and 30% castor oil foams
have the second and third highest active hydrogen species contents, and control
has the lowest content of active hydrogen species. If only considering the
reactant concentration differences, both natural oil polyol-containing samples are
expected to have higher isocyanate conversion rates than control. However, the
observed rates in both 30% SBOP and 30% castor oil foams are lower than
control, which could be a sign of a slowed water-isocyanate reaction or a
significantly slowed polyol-isocyanate reaction, or a combination of the two. By
examining the isocyanate conversion alone is not adequate to draw conclusions,

thus we will focus attention to the IR spectra in the carbonyl region for an answer.

One notable characteristic of the conversion data plotted in Figure 4.10 is
all samples have an isocyanate conversion lower than unity. Among all, 30%
crosslinker has the highest isocyanate conversion of 85 % at 250 seconds of
reaction time, while the rest of foams all reached approximately 80 % conversion.
Vitrification of the hard domains has likely hindered the isocyanate conversion in
foam [74].
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The carbonyl region (1630 to 1750 cm™) of the IR spectra is rich with
information on urethane, urea formations as well as phase morphology
evolutions. Two general regions are of interest: Region I, 1775-1700 cm™ and
Region IlI, 1700-1625 cm™. Region | is comprised of the absorbance bands of
free species, both free urethane and free urea. Region Il is comprised of the
absorbance bands of hydrogen-bonded species. Detailed IR band assignments
can be found in Table 2.3 in Chapter 2 [80]. Morphology development during
foaming can be associated with changes in the characteristics of the hydrogen-
bonded species, especially the ureas. Figure 4.11 shows the typical FTIR

spectra evolution as a function of time for control sample.

Region | of the FTIR spectra shows the earliest increase in the intensity,
which starts as soon as the reactants are mixed. Region Il of the FTIR spectra
shows a later rise in the intensity, which lags by approximately 30 seconds. As
reactions continue, the absorbance bands in Region |lI, where hydrogen-bonded
species are, shift towards lower wavenumber indicating changes in morphology.
All four foams are similar in the respect that the aforementioned characteristics

are seen in all samples, however, differences in species formation rates exist.
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Figure 4.11: Time resolved FTIR spectra of control foam. The three-dimensional
plots show only the carbonyl regions (1775-1625 cm™) and the dashed lines are
indicative of the positions of free urethane (1732 cm™) and free urea absorbance
bands (1713 cm™).

From Figure 4.11, it is clear that both free urethane and free urea were
formed at the early stage of foaming as the dashed lines tracing both 1713 and
1732 cm™ absorbance bands show the rises of the band intensities [26, 80]. The
band intensity changes of the free urethane (1732 cm™) and free urea (1713 cm’

1) formation are compared among samples. From the previous NMR study, we
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have demonstrated that natural oil polyols are at least two times less reactive

than the base polyol. The free urethane formation is analyzed and the intensity

as a function of time is plotted in Figure 4.12.
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Figure 4.12: Free urethane absorbance (1732 cm’™') change as a function of time
for: control (N), 30% crosslinker (x), 30% SBOP (¢), and 30% castor oil (D).

During the first 20 seconds of reaction time, Figure 4.12, a linear rise of

the free urethane absorbance is observed for all four samples, which indicates a

constant rate of free urethane formation. The rates at which the free urethanes

are formed vary somewhat. Two distinct rates are seen: the rate shared between

control and 30% crosslinker is lower than the rate shared between the two

natural oil polyol-containing foams.

As stated earlier that natural oil polyols,

SBOP and castor oil, are slow-reacting polyols, a higher slope, thus a higher free
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urethane formation rate observed in natural oil polyol-substituted foams is
counter-intuitive. The matter of the fact is that the hydroxyl concentrations
among the four formulations vary quite some due to the difference in substituent
polyol’s molecular weight and f,. The free urethane formation rate is not only a
function of the reactivity constant more importantly a function of the reactant
concentrations. The apparent initial rates of free urethane formation as well as
the rates that are normalized with respect to hydroxyl concentrations are
tabulated in Table 4.7. Control sample containing mostly primary hydroxyls, as
expected, has the highest free urethane formation rate after normalization, while
the two natural oil polyol-containing foams have slightly lower rates with castor oil
showing slight kinetic advantages over SBOP polyol. 30% crosslinker foam,
surprisingly, has the lowest free urethane formation rate after normalization,
which is only 28% of the free urethane formation rate in control. This surprisingly
low rate could be attributed to a high concentration of secondary hydroxyls. As
the crosslinker used is a poly(propylene oxide) polyol, its hydroxyls are all
secondary. Replacing 30 wt% of base polyol with crosslinker polyol leads to an
88-mol% secondary hydroxyl content, which is the highest among the samples.
The significantly low free urethane formation is likely a reflection of high
secondary hydroxyl content. The linear free urethane formation rate continues in
30% crosslinker foam for an additional 20 seconds after control has already
reached a plateau. The overall free urethane in 30% crosslinker is the highest
among all foams, which is expected as this formulation has the highest hydroxyl

content as well.
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Figure 4.13: Free urethane absorbance change as a function of isocyanate
conversion for 30% SBOP (¢) and 30% castor oil (D).

The two natural oil polyol-containing foams have an interesting
characteristic that after the first 20 seconds of reaction a second slope in the free
urethane absorbance is observed. The presence of a second slope in the free
urethane formation is not observed in either control or 30% crosslinker foams
and is attributed to the reaction of natural oil polyol with TDI. The two slopes are
more distinct as the same data is plotted as a function of isocyanate conversion,
shown in Figure 4.13. The second slopes in 30% SBOP and 30% castor oil are
0.3x 102 and 0.5 x 10 s™, respectively, without normalization. Compared to the
free urethane formation rate during the first 20 seconds in control, the second
rate in 30% SBOP is approximately one-sixth of the rate in control, while 30%
castor oil is merely one-third of the rate in control. There is an apparent
difference between the free urethane formation rates in castor oil and SBOP

containing foams. The second free urethane formation rate in castor oil is nearly
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twice that of SBOP, which agrees with the polyol-TDI study before, where castor

oil showed a more-than-two-time higher reaction constant than SBOP.

Table 4.7: Extrapolated relative reactivity data in the unit of Intensity/s.

Relative reactivity (x 103, s™))

Free urethane ® Free urea ® Bidentate urea °
Control 1.7 (47)° 2.5 (8.3)° 0.04
30% crosslinker 1.8 (13) 2.3 (8.9) --
30% SBOP 2.5 (26) 2.5 (8.8) 0.06
30% castor oil 2.8 (36) 2.5(8.7) 0.08

@ Only the first 20 seconds of reaction data was used to extrapolate the relative reactivity.

® Data were extrapolated from the linear growth region of bidentate ureas.

° The number in parenthesis indicates the rate after normalization with respect to the initial
concentration of hydroxyl or water.
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Figure 4.14: Free urea absorbance (1713 cm™) change as a function of time for:
control (N), 30% crosslinker (x), 30% SBOP (©), and 30% castor oil (D).

The reaction rate of water with isocyanate is not significantly affected by
substituting in different polyols as shown in Figure 4.14. Over the first 20
seconds of reaction, the free urea absorbance bands all increase at nearly the
same rate. Even after normalization, the difference between the free urea
formation rates is less than 10%. One notable fact is that the substituted foams
all have higher free urea formation rates than control, and 30% crosslinker foam
has the highest free urea formation rate. This is an encouraging result because it
indicates that substituent polyols, especially natural oil polyols, do not hinder
water-isocyanate reaction. On the other hand, the lower free urethane formation
rates in substituted foams imply a shift in the reaction balance between the

gelling and the blowing reactions as base polyol is replaced.
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30% crosslinker foam stands out in Figure 4.14 as its free urea
absorbance continue to rise, whereas the same absorbance of the other three
foams begin to level off at approximately 20 seconds. The morphology evolution
in flexible foam involves phase separation and the formation of hydrogen bonds
between polyurea hard segments. The continuous rise of the free urea
concentration in 30% crosslinker implies that most of the polyurea hard segments
formed in this foam do not participate in the formation of hydrogen-bonded
species. Thus, phase separation is likely hindered. In the following section, we
will examine the bidentate urea formation to detail the morphology development

differences among the foams.
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Figure 4.15: Bidentate urea absorbance (1640 cm™) change as a function of
time for: control (N), 30% crosslinker (x), 30% SBOP (¢), and 30% castor oil (D).
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Figure 4.15 shows the changes in absorbance of bidentate ureas. For
control, as the free urea absorbance band reaches a plateau at approximately 20
seconds, seen in Figure 4.14, a significant rise in the bidentate urea absorbance
band is observed in Figure 4.15. The same phenomenon, exchanging between a
rise of free urea absorbance and a rise of bidentate urea absorbance, is seen in
30% SBOP and 30% castor oil as well. However, 30% crosslinker shows only
minor change in bidentate urea concentration. As suggested by the free urea
formation profile in Figure 4.14, there is little phase separation in 30% crosslinker
foam. Among the three samples that did phase separate, a timing difference is
noticed. For comparison purposes, Figure 4.16 re-plotted the bidentate urea

absorbance as a function of isocyanate conversion.
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Figure 4.16: Bidentate urea absorbance change as a function of isocyanate
conversion: (a) control, (b) 30% crosslinker, (c) 30% SBOP, and (d) 30% castor
oil.

The onsets of phase separation, marked by a rapid rise in bidentate urea
concentration, are labeled in Figure 4.16. In control, the phase separation occurs
at approximately 30 % isocyanate conversion. When either SBOP or castor oil
was substituted into foam formulations, the phase separation is delayed by 15

seconds to nearly 40% isocyanate conversion.

Phase separation varied significantly as different substituent polyols were
used. In the case of 30% crosslinker foam, the phase separation seems to be
eliminated, whereas the two natural oil polyol foams delayed the phase

separation. At the onset of phase separation in control, t = 20 seconds, all four
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foams had nearly the same concentrations of free ureas, shown in Figure 4.14,
and the concentration of free urethane is the lowest in control. Because phase
separation is determined by the value of yN, thus the difference in the timing of
phase separation could be an indication of lower miscibility between the hard
segments with control soft segments than either SBOP or castor oil soft
segments, and crosslinker soft segments are likely the most miscible with hard
segments. For the crosslinker polyol, previous studies have suggested that it is
the low molecular weight of this polyol makes it soluble among hard segments

and hinders hydrogen bond formation and phase separation [63, 86, 111-113].

An addition issue was not touched upon is the cell opening in these foams
as it is an important aspect in foam processing. Zhang and coworkers have
proposed that cell opening is triggered by urea phase separation [142]. In both
30% SBOP and 30% castor oil foams, the delayed phase separation could have
a significant implication on cell opening. Therefore, foams made with high

content of natural oil polyols may require additional assistance in cell opening.

4.5 Conclusion

The small molecule alcohol reaction with phenyl isocyanate showed
secondary hydroxyls is approximately two times less reactive than the primary
hydroxyls. Among all secondary hydroxyls, 1-hepten 4-ol, which is structurally
similar to castor oil, showed a higher reaction constant than 1-methoxy 2-

propanol, which is structurally similar to SBOP.

Polyol reaction with TDI further extended the understanding of urethane
formation during foaming. Among the polyols tested, Hyperlite® E-848 showed
the highest reaction constant that is more than 10-time higher than either natural

oil polyol. Furthermore, the reaction constant remains the same up to 80%
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isocyanate conversion suggesting negligible change in reactivity for Hyperlite® E-
848 reaction with substituted TDI. For the two natural polyols, not only the
reaction constants were found to be much lower than Hyperlite® E-848, but a
decrease in reaction constant was also observed at 45-50 mol% isocyanate
conversion. The second reaction constants in both natural oil polyol reactions

with TDI were attributed to reactions with substituted TDI.

Foaming kinetics study focusing on different species formations and
morphology development showed that substituting base polyol with SBOP, castor
oil, or crosslinker polyol did not change the free urea formation rate, however, the
urethane formation as well as phase morphology development were significantly
altered. Free urethane formation rate were seen to have slowed as a result of
adding in slow-reacting polyols. When 30 wt% of base polyol was substituted
with either SBOP or castor oil, the phase separation was delayed for 15 seconds
or 10% addition isocyanate conversion. The delay in phase separation was
attributed to the low molecular weight of the natural oil polyols, which requires a
higher conversion to obtain sizeable SS. Nonetheless, the presence of phase
separation as well as higher bidentate urea formation rates in natural oil polyol-
containing samples suggest that the interaction parameter y between HS and
natural oil-polyol based SS is higher than between HS and petroleum SS. The
absence of phase separation in 30% crosslinker foam was attributed to both its

low molecular weight effect as well as its miscibility with the HS.
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5.1 Chapter overview

In Chapter 2, castor oil and SBOP were used as the sole polyol
component in flexible foam formulations. Instead of the intended flexible foams,
semi-flexible and rigid foams were obtained. We attributed the loss of flexibility in
either sample to its unusually high glass transition temperature (T,) and
hypothesized that the polyol molecular weight played an essential role in
determining the T4. In this chapter, we expanded on our previous hypothesis by
investigating the effect of polyol molecular weight on foam thermal and
mechanical properties. A series of natural oil-based polyols with increasing
molecular weight were synthesized and evaluated to assess the hypothesis. A
relationship between the polyol structure and PU T4 was developed based on
experimental results. The focus of latter parts of this chapter was shifted onto
the effect of molecular weight distributions on PU properties, as natural olil
polyols have a higher polydispersity index (PDI) than their petroleum
counterparts. Understanding the effect of molecular weight distribution will allow

effective use of natural oil polyols in formulations.

5.2 Introduction

Polyurethane (PU) flexible foam, as alluded to in early chapters, is a family
of crosslinked polymers. The gelling reaction of di-functional isocyanates with
multi-functional polyols creates covalent crosslinks in a PU network, while the
blowing reaction of isocyanate with water produces polyurea segments that can
associate through hydrogen bonding to form physical crosslinks. A block of PU
flexible foam is, in fact, one single molecule with infinitely high molecular weight.
Properties of a crosslinked polymer, such as PU, are dependent upon its degree
of crosslinking and hard segment concentration [82].
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In Chapter 2, foams synthesized from castor oil and SBOP were semi-
flexible and rigid samples leading to the conclusion that neither polyol is an
appropriate candidate as the sole polyol component for flexible foam synthesis.
The unusually high Tg's measured from both samples provided the explanation
for the observed rigidity in these foams. In SBOP foam, the measured Ty is 45
°C above room temperature making it a glassy polymer at 25 °C. The high T4 of
PU foam is hardly unique to natural oil polyol samples. The foam synthesized
from a 1000 g/mol polypropylene oxide-based polyol, Softcel® U-1000, also
showed a Ty of 3 °C, which is close to the Tg4 of castor oil foam, as detailed in
Chapter 2. Compared to the Hyperlite® E-848 foam, which was synthesized from
a 6700-molecular-weight polypropylene oxide-based polyol, and have a T4 of —
60 °C, the polyol molecular weight is seemingly a key factor that influences the
T4 of a foam, and more importantly, a critical parameter needs to be fine-tuned
for designing natural oil polyols suited as the sole polyol component in flexible

foam synthesis.

5.2.1 Theoretical Models

The presence of crosslinks in a polymer is believed to restrict segmental
mobility of the polymer network and thus cause an increase in Tq. Fox et. al.
examined a series of crosslinked polymers and suggested that there is a linear

dependency of T4 and crosslinking density, as shown in Equation 5.1 [81, 143].

T,(n)=T, (oo)+% (5.1)

- 130 -



Effect of MW & MWD -131 -

where Tg(n) and Ty(ql) are the glass transition temperatures of crosslinked and
un-crosslinked polymers, respectively. K is a constant and M is the average
molecular weight per crosslink. Literature data obtained on rubber vulcanizates
and vinyl-divinyl copolymers systems with low crosslinking density agreed well
with the model proposed by Fox, however, deviation from the linearity was
observed in systems with higher crosslinking densities [144, 145]. In these
cases, DiBenedetto’'s equation was shown to be a more accurate model,
Equation 5.2 [146].

& G
T,(N) =T, ()22 x+1] (5.2)
1—(1—:::")x

0

where ¢ and c are the lattice energy and segmental mobility, respectively, x is the
crosslinking density, defined as the fraction of all segments that are crosslinked
and is associated with crosslinking density of the network (x < 1), and the
subscript 9 and o are indicative of un-crosslinked and fully crosslinked polymers.
Stutz et. al. further explored the DiBenedetto model by taking into account the

effect of losing chain ends to crosslinks and proposed Equation 5.3 [147].

K, X
1-x

T, (n) =T, (@) (—=+1) (5.3)

where K; is a constant, associated with lattice energy in DiBenedetto’s model.
Another model developed based on the work of Gibbs and DiMarzio was

proposed by Hale et. al., which takes into account for non-Gaussian distribution
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in polymer chain configurations [148]. This model for a fully cured system can be

rewritten as Equation 5.4.

KX Loy (5.4)
1-K,x

Ty (n) =T, (e0)(

where K3 is a fitting parameter dependent upon the polymer system used, and x

is a measure of the crosslinking density and x < 1.

Because crosslinking systems can be formed by different types of
reactions, Shefer et. al. examined the different models for predicting T4 and
concluded that for networks formed by the copolymerization of di- and
multifunctional monomers, such as in PU flexible foams studied here, both Hale
and Stutz models produced good agreements between theoretical predictions
and experimental results [149]. Later, Bicerano and coworkers surveyed a series
of crosslinked polymers and proposed an equation based upon previous study
findings to describe the relationship between the number of repeating units
between crosslinks and network T4, shown in Equation 5.5 [150]. This equation
is the model used in this chapter to better understand the relationship between

natural oil polyols and their Tg's.
a
T,(n)=T, (oo)(1+F) (5.5)

where o is an empirical fitting parameter, and n is the number of monomer units

between crosslinks. In systems that compositional differences need to be

- 132 -



Effect of MW & MWD -133 -

accounted for, authors further proposed that the o term in Equation 5.5 can be
replaced by c/Ny: term, where Ny is the number of free rotating bonds in a
monomer unit, a composition dependent term, and c is an empirical fitting

parameter.

As indicated by all models, an increase in the number of repeating units
between crosslinks, or a decrease in crosslinking density, lowers the T4 of a
network. Therefore, increasing the distance between hydroxyls offers a potential
route to lower the T4 of PU synthesized from natural oil polyols. To examine the
effect of crosslinking density on Ty, a series of model polyols with varying
distance between the hydroxyls were synthesized through esterification reaction
of ricinoleic acid following procedures described by Petrovic et. al. [151].
Ricinoleic acid is a hydroxyl-bearing fatty acid found in castor oil. The Tg's of

resultant collapsed foams were measured thereof.

Another issue we focused our attention on is the molecular weight
distribution effect on foam properties. The reason that the molecular weight
distribution effect becomes of interest is because the synthesis scheme of
esterification yields polyols with wide molecular weight distributions. The
measured PDIs of the experimental polyols synthesized for this study are 1.3 or
higher. Putting the values in perspective, commercially available petroleum
polyols generally have PDIs of 1.05 or lower, as measured in our GPC
experiments. More importantly, to obtain high molecular weight (MW > 2000
g/mol) natural oil polyols economically, a wide distribution of molecular weight
(PDI > 2) and a wide distribution of the number of covalent bonds between polyol
hydroxyls will likely accompany. As aforementioned molecular weight of polyol
plays a critical role in determining polymer properties, a high PDI value in natural
oil polyol will inevitably have an effect on foam properties. Understand how PDI

may alter the properties of a PU foam can aid in natural oil polyol selection during
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the formulation step. For this study, we purposely mixed two different molecular
weight natural oil polyols to alter the PDIs. PU samples synthesized from these
polyols mixtures were evaluated using DMA, DSC, and X-ray scattering

techniques.

5.3 Experimental
5.3.1 Material

Medical grade castor oil purchased from Walgreen was used as the
source for monomers. Trimethylol propane (TMP), used as the initiator for
polyols, was purchased from Sigma-Aldrich. Methanol, ACS reagent, was
purchased from Fisher Scientific (Pittsburg, PA). Potassium methoxide (CH30K),
purity 95-99%, was purchased from Alfa Aesar (Ward Hill, PA). Diethyl ether,
ACS reagent, was purchased from Sigma-Aldrich and was used as received.
Fascat® 4350, a proprietary butyltin compound used as transesterification

catalyst, was obtained from Arkema Inc. (Philadelphia, PA).

A commercially available Arcol® F-3022 (Bayer Corporation) was obtained
from Bayer and used as a comparison basis to the natural oil-based polyols.
Arcol® F-3022 is a glycerol-initiated, polypropylene oxide-based tri-functional
polyol. Arcol® F-3022 has a molecular weight (M,) of 3000 g/mol and a
functionality (f,) of 3. TDI used is an 80:20 mixture of 2, 4 and 2, 6 isomers
(Grade A Mondur® T-80, Bayer Corporation). Gelling and blowing catalysts used
were DABCO BL-11 and DABCO 33-LV and were both obtained from Air
Products and Chemicals (Allentown, PA). Details on the catalysts can be found
in Chapter 2. Distilled water was reacted with TDI to form polyureas within the

PU network.
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5.3.2 Synthesis
Model Polyol Synthesis

Model polyol synthesis was carried out at Cargill research labs in
Wayzata, MN by Wei Zhang and was observed and recorded here by the author.
Monomer units of methyl ricinoleate were first obtained by transesterification
reaction of castor oil with methanol. A total of 500 grams of raw materials, 30:1
molar ratio of methanol to castor oil, was charged into a 1000ml round-bottom
boiling flask and the large amount of excess methanol was used to ensure the
completion of transesterification reaction. CH3OK in the amount of 1 wt% of
castor oil, ~ 2.45 gram, was added to the flask as the catalyst. The reaction was
carried out under refluxing conditions for 3 hours with temperature controlled at
65-70 °C. After the flask was cooled to room temperature, water was charged
into the reactor to remove the catalyst, CH3;OK. The wash was repeated several
times as the water layer was discarded each time and the pH value of the
mixture finally reached 7. The residual water was then removed via a rotary

evaporator operated at room temperature.

The captured methyl esters were purified by fractional distillation to obtain
only the ricinoleic acid methyl esters (RME) for further synthesis steps. The
methyl ester mixture was heated to 230 °C and a one-atmospheric vacuum was
applied to the distillation column. Because castor oil is comprised of different
types of fatty acid esters, the methyl ester mixture obtained above contained
approximately 3% saturated fatty acid methyl esters, such as palmitic and stearic
acids esters, 90% ricinoleic acid methyl esters, and 7% unsaturated fatty acid
esters, such as oleic and linolenic acid ester [52, 152, 153]. Due to the
differences in boiling temperature between the functional (ricinoleic acid) and the
non-functional (the rest) methyl esters, where the ricinoleic acid methyl ester has

a higher boiling temperature than the rest, the distillates were divided into three
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fractions [154, 155]. The first fraction, approximately 15-wt% of the total methyl
esters, was comprised largely of non-functional methyl esters and some methyl
ricinoleate, and was collected and discarded. We controlled the first fraction of
distillates to be 15 wt% of the total methyl esters for it ensures the second
fraction, approximately 65-70 wt% of the total methyl esters, contains only the
desired ricinoleic acid methyl ester. Based on literature data, 97 wt% or higher of
the second fraction is comprised of ricinoleic acid methyl ester [156]. And the
second fraction of the distillates was collected and kept for further uses. The
remaining mixture, approximately 15-20 wt%, of the methyl esters was discarded

as it contained undesired oligomers and some remaining methyl ricinoleate.

The poly-condensation reaction was carried out in a 1000ml round-bottom
boiling flask equipped with a fractional distillation column. Approximately 150
grams of the ricinoleic acid methyl ester obtained previously was first charged
into the flask and then a specified amount of TMP, as shown in Table 5.1, and
approximately 0.75 grams of catalyst, Fascat® 4350 were added to the reactor.
The amount of TMP used was calculated based upon the targeted molecular
weights of 1000, 2000, 3000, 4000 and 5000 g/mol, and the amount of catalyst
used was 0.5 wt% of the total reaction mixture. Table 5.1 details the reactants
used and the properties of the polyols synthesized. The reaction mixture was
heated to 220 °C with continuous stirring under atmospheric pressure. Methanol
formed was collected via distillation column and was used as an indication for
reaction conversions. For all polyols, the polycondensation reaction was allowed
to take place at 220 °C under one atmospheric pressure for one hour followed by
applying a vacuum slowly to remove methanol byproduct and promote polyol
formation. The reaction time under vacuum were 1 hour for the 1K and 2K
polyols and up to 3 hours for the 5K polyol [151, 157]. The final vacuum reading

on the reactor was approximately 2-3 mmHg. The model polyols synthesized
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were titrated using ASTM standard test D4274 method A (testing method details
see next section) to determine their hydroxyl numbers and both gel permeation
chromatography (GPC) and vapor pressure osmometry (VPO) experiments (see
next section) were run to determine the molecular weights. The GPC traces of
polyols are shown in Figure 5.2. There are notable differences between f,
measured experimentally and the theoretical value of “3”. The reason that the
measured f, is lower than expected can be attributed to dehydration, especially in
the case of 2K and 3K samples, where polyols have a similar molecular weight to
the theoretical value but lower f,. The rest of the polyols, besides dehydration,
may also contain small amounts of mono-functional alcohols produced by
polycondensation reaction between methyl ricinoleate. This is because not only
the f, is lower than expected, the molecular weights are also lower in these
samples.
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Table 5.1 A: Reactant details and polyol properties.

Sample 1K 2K 3K 4K 5K
Molar ratio
RME/TMP 3.1 6.7 10 14 17

Theoretical My 1002 2010 2034 4054 4894

(g/mol) @
OH number
(mg KOH/g) 144.6 66.9 41.2 34.1 23.0
M, by GPC (g/mol) 1512 2322 2978 3400 4395
(fn) ® (3.90) (2.77) (2.19) (2.07) (1.80)
Mn by VPO (g/mol) 1090 2046 2967 3565 B
(fn) (2.81) (2.44) (2.18) (2.17)

(0]
Polyol Tq (°C), .67.8 -70.8 722 725 745
Tg(e)
AC, (J/g/°C) 0.74 0.68 0.71 0.65 0.68

% The value was calculated based on TMP-to-RME ratio in reactor.
® The f, of a polyol was calculated using both OH number and M,, measured.
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Table 5.1 B: Properties of additional polyols: castor oil and Arcol® F3022.

Sample Castor oil Arcol® F3022
Mn (g/mol) 930 3000
fn 2.7 3.0
Polyol T4 (°C),

-64 -70
Tg(w)
AC, (3/g/°C) 0.88 0.74
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Transesterification
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Figure 5.1: Synthesis scheme for natural oil-based model polyols, where m is
approximately 1, 2, 3, 4 and 5 for 1K, 2k, 3K, 4K and 5K polyols, respectively,
and n represents the appropriate molar amount of RME used [151].
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Figure 5.2: GPC trace of model polyols synthesized (top). From right to left in
the top figure are: 1K (»), 2K (0), 3K (0), 4K (¢), and 5K (x). Bottom GPC traces
are those of, from right to left: RME, castor oil and Arcol® F3022.
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Collapsed Foam Sample Synthesis

Sample formulations are shown in Table 5.2 and 5.3. The formulations
were based on 100 parts of total polyol and a total reactant weight of 20 grams.
Hard segment content in each sample was within the range of 28.1-28.8 wt%. All
ingredients, except TDI, were weighted into a 50mL polypropylene beaker and
hand mixed with a metal spatula for 1 minute in a 55 °C silicone oil bath. The
pre-measured TDI was then added into the beaker and mixed by hand
continuously and vigorously to rupture gas bubbles formed. The mixing was
continued for an additional minute or up to 7 minutes until the mixture became
viscous and the rate of bubble formation had slowed. The viscous mixture was
then transferred to a rectangular mold (80 x 20 x 2mm) sandwiched between two
Teflon sheets backed by steel plates. The mold assembly was placed in a two-
platen hydraulic press (Carver, Auto Series, Model 3895) and held under 700 Ibf
(~ 15 psi) at 70 °C for 2 hours. Sample was then placed in a curing oven at room

temperature cured for an additional 48-hours before further testing.
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Table 5.2: Collapsed foam formulations for single-polyol systems.

®
oK 3K 4K Castor Arcol

oil F3022
1K - - - - -
2K 100 - - - -
3K - 100 - - -
4K - - 100 - -
Castor oil -- -- -- 100 --
Arcol® F3022 - - - - 100
Water 3.5 4.0 4.15 1.84 3.75
TDI (g, index =100) 5.98 6.04 6.07 5.94 6.05
Dabco® BL-11 0.06 0.06 0.06 0.06 0.06
Dabco® 33-LV 0.08 0.08 0.08 0.08 0.08
Ty (n) by DSC -52.33  -65.77  -69.11 9.24 -57.22
AC,, (J/g/°C) 0.30 0.32 0.27 0.47 0.46
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Table 5.3: Collapsed foam formulations for molecular weight distribution study.

1K OK-4K Cast50Kr oil-

1K 100 - -
2K - 50 -
3K - -

4K - 50 -
5K - - 50
Castor oll -- -- 50
Arcol® F3022 - - -
Water 2.2 3.5 4.0
TDI (g, index =100) 5.99 5.98 6.04
Dabco® BL-11 0.06 0.06 0.06
Dabco® 33-LV 0.08 0.08 0.08

5.3.2 Characterization
Polyol characterization

Hydroxyl Determination was carried out at Cargill research labs in
Wayzata, MN by Wei Zhang and was observed and documented here by the
author. The hydroxyl determination followed ASTM standard test D4274, Method
A. Acetic anhydride, purity > 99.5 %, was purchased from Sigma-Aldrich and
diluted with pyridine, purity of 99.8% anhydrous, purchased from Sigma-Aldrich.
The concentration of the acetic anhydride solution was 1.02 mol/L. Hydrochloric
acid, ACS reagent, was purchased from Sigma-Aldrich and dissolved in pyridine

to make a solution of 0.5 mol/L concentration. Phenolphthalein indicator solution
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was prepared by dissolving 1 gram of phenolphthalein in 100 mL of pyridine.
Sodium hydroxide, ACS reagent, was purchased from Sigma-Aldrich and
prepared to a solution by dissolving sodium hydroxide in pyridine. The final

solution of sodium hydroxide had a concentration of 0.5 mol/L.

A sample of approximately 200 mg of polyol was taken from the reactor
and reacted with 1mL of the pre-prepared acetic anhydride solution. The
residual anhydride was reacted by adding 2 mL of the hydrochloric acid solution
to the sample. Titration of the entire solution was performed by first adding 1 mL
of the pre-prepared phenolphthalein indicator solution and titrating immediately
with the pre-prepared sodium hydroxide solution. The hydroxyl number was then
determined using Equation 5.6. A blank solution was also titrated using the

same method aforementioned.

(B— A)N x56.1
W

HydroxylNumber = (5.6)

where A and B are the amounts of NaOH required for titration of the sample and
the blank, L, respectively. N is the molar concentration of NaOH solution, mol/L,

and W is the total weight of polyol measured, g.

Gel Permeation Chromatography (GPC) was performed onsite at the
University of Minnesota, Minneapolis, MN. All model polyols as well as RME,
castor oil, and Arcol® F3022 were tested. Approximately 2-3 mg of a polyol was
dissolved in 3 mL of tetrahydrofuran (THF), ACS reagent, purchased from
Sigma-Aldrich. The polyol molecular weight and PDI were measured via a
Waters 590 GPC (Milford, MA, USA) equipped with three phenomenex

ITI\/I

Phenogel'™ columns that contains 5-um sized beads. An internal refractive
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index detector (Waters 410) was used to measure the polyol molecular weights
and PDIs. Five commercial polyols were used as the standards, and they were
Arcol® 31-28, Arcol® LHT-42, Arcol® LG-56, Arcol® LHT-112, Arcol® LHT-240,
and Arcol® LG-650 with respective molecular weights of 6000, 4100, 2950, 1500,
700, 260 g/mol, as provided by the manufacturer.

Vapor Pressure Osmometry (VPO) measurements were performed at
Pittsburg State University at Pittsburg, KS on 1K through 4K polyols using a
vapor pressure osmometer (Osmomat 070, UIC Inc., Joliet, IL, USA).
Approximately 10-50 mg of a model polyol was dissolved in 10 mL of anhydrous
toluene, ACS reagent purchased from Sigma-Aldrich. For each polyol, four
samples were prepared with varying polyol concentrations. The sample solutions

were allowed to stabilize overnight before measurements were taken.

VPO experiments were performed at 60 °C and the equilibration time was
set at 3 minutes. Two syringes filled with blank toluene solvent and four syringes
filled with the prepared polyol solutions were loaded into osmometer. All
syringes were then warmed up to 60 °C before experiments were started. All

measurements were taken after 3 minutes of equilibration time.

For molecular weight determination, standard solutions of Benzil were
prepared in anhydrous toluene with concentrations of: 20, 40, 64 and 88 gI/L.
The standards were allowed to stabilize overnight before any measurements. A
calibration curve was generated by running the standards with two blank toluene
samples in the osmometer following the procedures described above.

Dynamic Mechanical Analysis (DMA)

DMA experiments were performed on the collapsed foam samples. A
rectangular piece of sample (10 x 50 x 2 mm) was cut from the collapsed foam.
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Torsion test attachments were used to fix either end of the rectangular sample to
the rheometer and testing parameters and conditions can be found in Chapter
2.3.3.

Differential Scanning Calorimetry (DSC)

Same procedures were used as in Chapter 2.3.3.
Small-Angle X-ray Scattering (SAXS)

Same procedures were used as in Chapter 2.3.3.
Fourier Transform Infrared Spectroscopy (FTIR)

Same procedures were used as in Chapter 2.3.3.
Tensile Tests

Tensile experiments were carried out on sample cutouts (10 X 7 X 2 mm).
For each sample, three test specimens were measured. The tensile test
apparatus used was a Minimat miniature mechanical testing device (Model MMT-
2000, Rheometric Scientific, Piscataway, NJ, USA). Cyanoacrylate adhesive
(KrazyGlue®, Elmer’'s Products, Inc., Columbus, OH) was used to attach either
end of the sample to the grips. The extension rate was set as 5 mm/min and the

stress-strain curve was recorded.

5.4 Results and Discussion
5.4.1 The Effect of Molecular Weight
Model Polyols

The purpose of this study is to establish a relationship between the
crosslinking density of a natural oil-based PU and its Tg. Such relationship will

aid polyol selections and shed light on whether natural oil polyols could be
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potentially used as the sole polyol component in flexible foam synthesis. Based
on studies of crosslinked polymers, altering crosslinking density, or equivalently
the number of covalent bonds between crosslinks, offers control over the network
Tq [81, 147, 158, 159]. For this work, our main objective is to lower the Tq4 of a
natural oil polyol-based PU. Therefore, to achieve this objective, we increased
the number of covalent bonds between crosslinks in the PU and examined its

effect on the Ty's of resultant PU.

The model polyols synthesized have different number of covalent bonds
between hydroxyls and based upon the measured molecular weight and
functionality, the calculated number of covalent bonds between two hydroxyls are
detailed in Table 5.4. There are some differences in molecular weights
measured using GPC or VPO, and thus disagreements on the calculated number
of covalent bonds between hydroxyls are seen in the table. Between the two
sets of measurements, the VPO data was believed to be more accurate than the
GPC data. This is because GPC measurements rely on hydrodynamic volume of
a molecule to determine its molecular weight and using petroleum polyols as
standards to estimate natural oil polyol molecular weights could lead to
inaccuracy due to solubility differences. Furthermore, polyols are branched
polymers, making GPC measurements even less reliable. VPO measurements,
on the other hand, are associated with the number concentration of a solute
making the measurements less ambiguous. Additionally, the f, calculated from
GPC results for the 1K model polyol is 3.90 greater than the theoretical value of
3.0 (Table 5.1), reassures the decision to consider only the VPO data. Due to a
low functionality of 1.8, the 5K model polyol was not included in parts of this
study as the PU produced is a un-crosslinked polymer. The 1K polyol, although
has a functionality greater than 2, its multi-modal molecular weight distribution,

seen in Figure 5.2, makes the results ambiguous. Castor oil was, therefore,
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included in the molecular weight effect study as a replacement to the 1K model
polyol.

Table 5.4: The number of covalent bonds (n, in Equation 5.5) between two
neighboring hydroxyls.

n, by n Crosslinked n Crosslinked
theoretical based on Fraction based on Fraction
M, 2 GPC M, ° (%) © VPO M, ° (%) ©
Castor oil 27 -- 90 -- 90

1K 30 46 129.9 32 93.6

2K 65 73 92.3 64 81.3

3K 97 95 72.9 94 72.6

4K 135 109 68.9 114 72.2

& Calculated from TMP:RME ratio by assuming f, =3.0.

® Calculated by assuming the crosslinked fraction of a polyol is comprised of ricinoleic acid
repeating unit.

° The ratio of measured functionality (Table 5.1) over theoretical functionality of 3, which
estimates the fraction of polyol that is in a crosslinked network.

Differential Scanning Calorimetry (DSC)

Equation 5.5 suggests that the T of a crosslinked polymer is related to the
Ty of its un-crosslinked form. Therefore, DSC results on both un-crosslinked
polyols and crosslinked PU collapsed foams are shown in Figure 5.3 and 5.4.
Included also in the figures are the DSC curves of Arcol® F3022 polyol and its
resultant PU collapsed foam. Arcol® F3022 is a petroleum polyol and was used

as a comparison basis for this study.
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Figure 5.3: DSC curves of model polyols. From bottom up: castor oil (solid line),
1K (2), 2K (0), 3K (0), 4K (o), and Arcol® F3022 (solid line). The curves were
shifted vertically to avoid overlapping.

- 150 -



Effect of MW & MWD -151 -

v Arcol F3022
- 4K
& v
o 3K
2
- v
= 2K
S
o v 1K
@)
-'c—Ul v
O castor oil
= v
-120 -70 -20 30 80 130 180 230

Temperature (°C)

Figure 5.4: DSC curves of collapsed foams. From bottom up: castor oil (solid
line), 1K (»), 2K (O), 3K (0), 4K (¢), and Arcol® F3022 (solid line). The DSC
curves were shifted vertically to avoid overlapping. The inverted triangles are
indicative of the Ty's.

The Tgy's of the un-crosslinked polyols, although are seen to be inversely
related to the molecular weight, do not vary significantly, see Table 5.1. Castor
oil, among all polyols, has the highest Ty of — 64 °C followed by 1K with T4 of —
67 °C, 2K with Ty of — 71 °C, and the rest of the polyols share a Ty of — 72 °C.
The T4 of collapsed foam, on the other hand, varies substantially. Low molecular
weight polyol PU, such as castor oil, shows a high Ty of 9 °C; while high
molecular weight polyol PU, such as 4K, has a low T4 of 69 °C. An inverse
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relationship between the polyol molecular weight and the T4 of PU is evident. To
verify whether Equation 5.5 adequately describe a natural oil polyol PU system,
the term, T4(n)/T4(91)-1, was plotted against 1/n. T4(n), T4(9T) and n data were
taken from Table 5.1, Figure 5.4 and Table 5.4, respectively. From the
mathematical expression, a linear plot with an intercept at (0,0) is expected.
Figure 5.5 shows the Ty data points used to generate the plot and the quality of a
line fit that was forced through the origin of coordinates. The 1K model polyol
was not plotted in this graph as briefly discussed earlier that its wide distribution
in molecular weight makes the data ambiguous and will be discussed in the later

parts of this chapter.
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Figure 5.5: A line fit to the Ty data of castor oil, 2K, 3K, and 4K samples forced
through the origin of coordinates.
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Figure 5.6: Plots of Ty values for different crosslinked polymers, showing the
validity of Equation 5.1. These crosslinked polymers are: polyethylmethacrylate
(), polystyrene divinylbenzene (*) [147, 150], polymethylmethacrylate (a) [160],
polyurethane (m) [150], and natural oil polyol-based polyurethane (®) (this work).

Figure 5.5 shows that by forcing a line fit through the origin of coordinates,
the fit is a low quality description of the data. To substantiate Equation 5.5, the
T4 data of a number of different crosslinked polymers were plotted in Figure 5.6,
along with the model polyol PU data. All crosslinked polymer systems, other
than the model polyol PUs, show a good agreement between the theoretical

model and the experimental results.
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The reason that model polyol results deviate from Equation 5.5 can be
associated to the structural characteristics of these natural oil polyols. Compared
to the crosslinked polymers listed above, natural oil polyols are crosslinked in the
midpoints of the polymer chains leaving a 6-carbon chain ends free of covalent
bonds. Zlatanic and coworkers studied PU elastomers based on a triolein polyol
with and without its dangling chains, and found a 6.5-°C difference in the T4's of
PUs [161]. Based on the experimental data on the model polyol systems used in
this work, we believe that these dangling chains on natural oil polyols are acting
as a plasticizer to lower the T, Mathematically, this hypothesis can be
expressed as Equation 5.6, where the T,q is added to the Bicerano model to
account for the plasticizing effect of dangling chains.

T (n)=T, (oo)<1+%)—Tad,- (5.6)

Fitting the modified equation, Equation 5.6, to the experimental data, a
better fit is found in Figure 5.6 and the T.q term was determined to be
approximately 13.8 °C. Compared to the 6.5 °C difference in the triolein-based
PUs, the plasticizer effect observed in the model polyol system is more
pronounced. There are two possible reasons. The first reason is that the Tg's of
un-crosslinked triolein polyols with and without dangling chains are unknown.
Therefore, the 6.5 °C observed by Zlanatic is not equivalent to the term, Tag. In
addition, the systems studied by Zlanatic et. al. are elastomers based on
methylene di-phenyl diisocyanate (MDI) making them less comparable to the
flexible foam systems studied here. The second reason that the plasticizer effect

is more pronounced in the model system could be due to the un-functionalized
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fraction of polyols. The measured functionalities of model polyols are lower than
the theoretical value of “3”, Table 5.1, suggesting a small fraction of the polyol
chains do not bear hydroxyls. The un-functionalized polyol chains can act as

plasticizer more effectively, thus has led to the observation of a 13.8 °C T,q; term.

One may question the necessity of a Taq term here for data fitting and
recommend the model of Bicerano, Equation 5.5. As the values of Ty4(«) are
somewhat ambiguous, we used both n and Ty4(n) terms obtained in this study and
allowed the value of Ty4(x) to vary. To obtain a linear fit in the form of Equation
5.5, the Ty() term was determined to be —89.5 °C, which is nearly 20 °C lower
than the Ty4(c0) measured. Based on our knowledge of polyols, it is unlikely to
obtain a polyol with such low Tg, thus we believe the term T.qj is necessary to
describe the experimental results.

Between the crosslinked polymers listed in Figure 5.6, the slope of the line
fit also varies, which indicates flexibility difference between the polymer chains,
as mentioned earlier. The T4 data of PU flexible foam systems based on Voranol
polyols not only fits the model Equation 5.5, but also has a slope that is 22%
lower than the model polyol PUs. Voranol polyols are petroleum-derived polyols,
comprised of polypropylene oxide. Potentially, a difference in free volume
between the two types of polymer chains, propylene oxide (Voranol) and
hydrocarbon (model polyol), has caused the observed difference in the line fit

slope.

The model polyols are at a disadvantage in terms of polymer chain
flexibility. For every one-degree decrease in the PU T4, 28% more number of
covalent bonds between crosslinks is required in the model polyol system than in
a Voranol polyol. However, the plasticizing effect found as a result of dangling
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chains lowers the Ty systematically by 13.8 °C giving model polyols some

advantage in controlling Ty.

Dynamic Mechanical Analysis (DMA)

Aside from lowering T4, mechanical properties of PU is another significant
aspect in determining whether natural oil polyols can be used as the sole polyol
component in flexible foam. All collapsed foam samples were tested in DMA

experiments and the results are shown in Figure 5.7 and 5.8.
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Figure 5.7: DMA curves of collapsed foam samples. From top down: Castor oil
(solid line), 2K (0), 3K (0), 4K (), and Arcol® F3022 (solid line).
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Figure 5.8: tan (8) curves of collapsed foam samples: 4K (¢), 3K (0), Arcol®
F3022 (solid line), 2K (O0), and castor oil (solid line, peaked at 30 °C)

The G’ data on collapsed foams are similar to the G’ data on foamed
samples, seen in Chapter 2, where the polymers are glassy at low temperatures
and rubbery at high temperatures. The difference between a collapsed foam and
a foamed sample is that the absolute G’ values are higher in collapsed foam due
to an increase in density [162]. To put this into perspective, Figure 5.9 shows the
DMA results on both castor oil foam and castor oil collapsed foam. The shifted

G’ values nearly overlap each other in the bottom figure of 5.9.
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Figure 5.9: DMA curves of both collapsed foam and foamed sample based on
castor oil. The top figure shows the un-shifted data while the bottom figure
shows the matching between the G’ values after shifting the data vertically.
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The DMA results on samples differ in two areas. First, the temperature, at
which the transition from glassy state to rubber state, Ty, decreased with
increasing model polyol molecular weight. Three model polyols, 2K, 3k and 4K,
even show lower Ty's than the Arcol® F3022 sample, which was made from a
3000 g/mol petroleum polyol. Castor oil having the lowest molecular weight and
thus the lowest number of covalent bonds between crosslinks shows the highest
T4 of 23 °C, which was taken as the peak position of tan (8) curve, Figure 5.8.
The Tg4 results seen here in DMA tests are consistent with the results seen in
DSC experiments, and suggest an increasing number of covalent bonds between
crosslinks has a negative effect on the Ty. Both the 2K model polyol sample and
the Arcol® F3022 sample share nearly the same T, making model polyols with
higher number of covalent bonds between hydroxyls promising candidates for
flexible foams. The second difference among the samples is the plateau
modulus. Arcol® F3022 foam shows the lowest plateau G’ values, followed by
castor oil foam. The three model polyol-based foams shared similar plateau
modulus and are higher than either Arcol® F3022 or castor oil. As discussed in
Chapter 2, plateau modulus is largely determined by the properties of the hard
domains, such as hard domain volume fraction and/or segmental length of the
polyureas that comprises the hard domains, and may to a lesser extent
influenced by the crosslinking density of the soft domains [83, 83, 86]. Between
castor oil and Arcol® F3022 samples, the segmental length of polyureas is
shorter in castor oil making the volume of each hard domain in castor oil small.
The higher plateau modulus in castor oil than Arcol® F3022 can hardly be
explained by smaller hard domains leading us to consider the effects of
crosslinking molecular weight in these two samples (27 and 103 in castor oil and
Arcol® F3022, respectively). Interestingly enough, the number of covalent bonds
between crosslinks in the three model polyols spreads over the value found in

Arcol® F3022, ranging from 64 to 114, and yet the modulus observed in these
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samples are at least two times that of the Arcol® F3022 (at T = 100 °C).
Evidently, neither the crosslinking density nor the hard domain packing alone can
adequately explain the results. It is rather the combination of both hard domain
properties as well as crosslinking density in the soft domains that influenced the
plateau modulus. In the following sections, we will turn the attention to molecular
level details, using both X-ray scattering and FTIR techniques, to further explore

the source of property differences.

Small Angle X-ray Scattering (SAXS)
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Figure 5.10: Scattering profiles for collapsed foams. From bottom up: castor oil
(solid line), Arcol® F3022 (solid line), 2K (00), 3K (0), and 4K ().

Figure 5.10 shows the scattering profiles of samples. Castor oil collapsed

foam shows a low scattering profile, as have been reported in Chapter 2 on a
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foamed castor oil sample as well. Arcol® F3022, although has a more
pronounced scattering peak than the castor oil sample, shows comparably low
scattering intensity than the model polyol samples. Among 2K, 3K and 4K
sample, the scattering intensity increases with increasing polyol molecular
weight. Because all samples were formulated to contain the same amount of
hard segments, the change in scattering intensity must be associated with the
electron density distribution or the degree of phase separation. It could be that
the model polyols have produced more phase-separated samples than Arcol®
F3022 polyol, since all model polyol samples show higher scattering intensity
than the Arcol® F3022 sample.

The scattering intensity change might provide an explanation to the
differences in plateau modulus. For a better phase-separated sample, a higher
volume fraction of hard domain is expected, therefore, the higher plateau
modulus in 2K through 4K samples could be attributed to an increase in the
volume fraction of hard domains compared to Arcol® F3022. The high plateau
modulus in castor oil, however, cannot be explained by hard domain properties,
as the sample barely shows any scattering patterns. For castor oil, it could be

the crosslinking density that gives rise to the high plateau modulus.
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Fourier Transform Infrared Spectroscopy — Attenuated Total Reflectance
(FTIR-ATR)
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Figure 5.11: FTIR-ATR results on collapsed foam samples. From bottom up:
Arcol® F3022 (solid line), castor oil (solid line), 1K (»), 2K (0), 3K (0), and 4K (o).

In Figure 5.11, the FTIR-ATR results are plotted and the molecular-level
differences among samples are further investigated. The absorbance band
assignments can be found in Chapter 2, Table 2.3. Castor oil sample in Figure
5.11 shows very little amount of hydrogen-bonded ureas (from 1680 to 1640 cm’
1y, whereas Arcol® F3022 sample shows a small peak at 1640 cm™ indicating the
presence of bidentate ureas. For the model polyol PUs, the bidentate urea peak

at 1640 cm™ continues to increase as molecular weight of the polyol increases
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and suggests a bidentate urea concentration increase as a function of polyol
used. Considering both the X-ray results in the previous section and FTIR data,
the volume fraction of hard domains is higher in the model polyol samples than in
Arcol® F3022 and increases with increasing model polyol molecular weight.
Between the 3K and 4K samples, not only that the peak of bidentate urea
increases with increasing polyol molecular weight but also a rise in the intensity
of monodentate urea (1670-1650 cm™) is observed, which are associated with
loosely packed hard domains [28]. The high plateau modulus observed in DMA
for the model polyol PUs, Figure 5.7, is, therefore, a result of increased volume

fraction of hard domains.

Tensile Properties

Tensile tests on collapsed foam samples were performed to examine their
elongation/tensile properties. Figure 5.12 shows the test results. Among all
collapsed foam samples, the extrapolated tensile moduli are close in values for
2K, 3K, 4K, and castor oil samples, whereas Arcol® F3022 has the lowest tensile
modulus. This result is consistent with the observations made in DMA tests,
where at room temperature Arcol® F3022 has the lowest G’ modulus. Detailed
tensile/elongation properties are tabulated in Table 5.5, which averages the

results of three specimens per sample.
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Table 5.5: Tensile/elongation properties of collapsed foams.

Sample Tensile Mogulus Stress at bbreak Elongation éalt
(MPa) (MPa) break (%)
Arcol® F3022 9.8 4.16 +0.3 52 + 6
Castor oil 17.0 6.79+£0.7 93+5
2K 16.7 58+1.2 59.2+10
3K 15.8 6.2+0.8 69.2+7
4K 155 48+15 40.2+t4

% Tensile modulus values reported is the average value of three samples.

® Stress at break shows the average value of the three samples and the variation term is
reflective of the largest deviation from the average.

° Data taken is the average of three samples and the variation term is reflective of the largest
deviation from the average.

Castor oil sample is unique for it shows the longest extension at break as
well as a string hardening at approximately 80% strain. This strain hardening
behavior is not seen in any other samples, which likely broke before the stain-
hardening state was reached. The extrapolated tensile modulus of 4K collapsed
foam is found to be nearly 60% higher the tensile modulus of Arcol® F3022,
which agrees, to some extent, with the G’ data, where 4K sample has a G’ value
twice of the Arcol® F3022 sample. All model polyols and castor oil samples
share similar tensile modulus and order of their tensile modulus is consistent with
the order of their G’ values found in DMA. Elongation properties vary
substantially among the samples. Castor oil sample broke at the highest
elongation with the highest stress at elongation, followed by 3K, and 4K has the

lowest elongation and stress at break. There is not a clear trend in properties at
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break, however, the relatively poor elongation in 4K could be attributed to its low

functionality, which provides less crosslinks and thus poor performance in tensile

tests.
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Figure 5.12: Stress-strain curves of collapsed foams measured at 25 °C: Arcol®
F3022 (), castor oil (*), 4K (¢), 3K (0), and 2K (O).

5.4.2 The Effect of Molecular Weight Distribution

The second focus of this study is the molecular weight distribution effect
on PU samples. Two sets of samples were examined. The first set of PUs were

synthesized from 1000-moleuclar weight polyols, castor oil and 1K-model polyol,
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and the second set of PUs were synthesized from three 3000-average molecular
weight polyols, (1) 3K model polyol, (2) 50/50 by weight of castor oil, 5K model
polyol, and (2) 50/50 by weight 2K, 4K model polyols. From the GPC traces
shown in Figure 5.2, 1K model polyol is comprised of different molecular weight
species and has a PDI of 1.4. Compared to castor oil, which has a PDI of 1.03,
there is a significant difference between the two polyols in their molecular weight
distribution. The second set of PUs, the molecular weight distribution was
broadened even further. From 3K to 2K-4K to castor 0il-5K, the PDIs are 1.30,
1.40, and 2.18, respectively.
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Figure 5.13: DMA curves of collapsed foams showing G’ and tan (8) traces:
castor oil (solid line), and 1K (x).

Figure 5.13 shows the DMA results of PUs synthesized from castor oil and
1K model polyol. The most visible differences between the two samples are the
distribution and the peak position of the tan (8) curves. The low PDI polyol-
derived PU, castor oil, has a sharp tan (6) peak with narrow distribution, whereas
the high PDI polyol-derived sample, 1K, has a less pronounced tan (3) peak.
The broadening in tan (3) peak in 1K is the result of a distribution in the number
of covalent bonds between crosslinks. In the case of 1K polyol, it is comprised of

polyols with different molecular weight, thus PU derived from 1K model polyol
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has a distribution of the number of covalent bonds between crosslinks. As
temperature increases, in Figure 5.13, different polyol segments become mobile
at different temperatures resulting in broadening of the tan (3) peak and a slower
decrease in G’ values than castor oil sample over Ty. The tan (8) curves also
differ in their peak positions, where 1K sample shows a tan (5) peak
approximately 10-°C lower than the castor oil sample. Comparing the differences
between the two polyols, a fraction of the 1K polyol has higher molecular weight
than castor oil, Figure 5.2. The lower Tg4 in 1K is likely associated with the
fraction of high molecular weight species, which has a higher number of covalent

bonds between crosslinks, thus lowered the overall Ty,.

The other noted difference between the two samples is the G’ plateau
modulus. Castor oil has a slightly higher plateau modulus than the 1K PU by
approximately 15% of 1K plateau G’ value. Although the difference is minor, it
could indicate the effect of molecular weight distribution on plateau modulus, and
foam hardness. This change in plateau modulus will be further examined in the

next set of PUs.
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Figure 5.14: DSC curves of collapsed foams. From bottom up: 3K, 2K/4K (),
and castor 0il/5K (00). The curves were shifted vertically to avoid overlapping.

The DSC curves of the second set of PUs are shown in Figure 5.14. All
three samples show similar Ty4's around — 56 °C. The presence of low molecular
weight polyols, especially in the castor 0i/5K sample, did not seem to increase
the Ty of resultant PU, which is consistent with the results seen in 1K and castor
oil PUs, where high molecular weight fraction of the polyol seems to have a
greater impact on the T4 of sample. The heat capacity change (AC,) at Ty, on the
other hand, was altered as molecular weight distribution changed. In 3K PU, the
AC, at Ty is the most visible. As the molecular weight distribution increased, the

AC,, decreased slightly in 2K/4K sample scaling to 95 % of the 3K AC,. Recall in
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Table 5.1, the AC,, values are close among the model polyols. As the molecular
weight distribution broadened even further, as in castor oil/5K sample, the AC,
scaled to 50% of the 3K, showing a significant change in the fraction of polyol
chains that are mobile at Tg.
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Figure 5.15: DMA and tan (8) curves of collapsed foams: 3K, 2K/4K (x), and
castor 0il/5K (O).
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The DMA results, in Figure 5.15, vary substantially among the three PU
samples. The relative low PDI polyol-derived sample, 3K, shows a drop in the G’
value at approximately — 55 °C and quickly reaches a plateau at T = 0 °C. As
PDI of the polyol increased slightly from 1.30 in 3K polyol to 1.40 in 2K/4K (50/50
wt) polyol, the sample shows a similar drop in G’ value at about — 55 °C and the
decay in G’ value has a similar rate to that in 3K. However, two features in
2K/4K sample differentiate this sample from 3K PU. First, the sample does not
reach its plateau region until a much higher temperature of 100 °C. Second, the
G’ plateau region modulus of 2K/4K sample is nearly one-forth of the 3K PU. For
the highest PDI polyol-derived sample, castor o0il/5K, the G’ curve shows a drop
in value at slightly lower temperature of approximately —-57 °C and decays at a
visibly slower rate than the other two samples. The castor 0il/5K sample reaches
its plateau region at T = 100 °C and has the lowest plateau modulus of all
samples, which is nearly one-tenth of the 3K sample. By broadening the
molecular weight distribution, the G’ decay rate is reduced and plateau region
modulus is lowered, which is also seen in the previous set of PUs, 1K and castor
oil.

Aside from the G’ curves, tan (8) curves of the samples also show large
variation. In the 3K PU, a single peak is observed indicating Ty of a 3K polyol-
based soft domains. The 2K/4K sample, not only shows the Ty at approximately
-52 °C, which is the same as 3K, but also shows a second peak in its tan (d)
curve with corresponding temperature of 80 °C. From Figure 5.8, a pure 2K
model polyol based PU has a T4 of — 52 °C, significantly lower than the observed
80 °C. This high T4 phase, which is different from either 2K or 4K-rich soft
domains or even hard domains, could be caused by the low molecular weight
fraction of the polyols. As seen in Figure 5.2, the low molecular weight fraction of

the polyol has a molecular weight below 600 g/mol, and soft domain resulted

-172 -



Effect of MW & MWD -173 -

from such could be the reason a second high temperature Ty, at 80 °C, is
observed. Alternative phase mixing between the hard and soft segments may
also raise the Ty. Similar observation is made in castor 0il/5K sample, where a
second even a third peak in tan (8) curve is seen. In Figure 5.8, castor oil-based
PU has a T4 around 25 °C making the second peak in tan (5) curve in Figure 5.15
a possible indication of castor oil-rich soft domains. However, the third peak in
tan () curve, which corresponds to a Ty of 65 °C, is unlikely the T4 of 5K or
castor oil-based soft domains. Similar to the 2K/4K sample, the high T4 of 65 °C
in castor 0il/5K could be either phase mixing or low molecular weight polyol-
based soft domains. However, if it were a low molecular weight polyol
component effect that caused the high Ty, one would not expect changes in
plateau modulus, which is an indication of loss in the volume fraction of hard
domains. Therefore, the additional high T4's observed in both 2K/4K and castor

0il/5K are potentially caused by phase mixing.

5.5 Conclusion

In this study, a series of model polyols with varying molecular weight were
synthesized by polycondensation reaction wusing ricinoleic acid and
trimethylolpropane. The goal is to investigate the effect of the number of
covalent bonds between crosslinks on Ty of a PU. Thermal-mechanical study
indicates that by increasing the number of covalent bonds between crosslinks,
the T4 of a PU can be systematically lowered. However, the model polyol system
differs from a petroleum polyol flexible foam system in two ways. First the polyol
segments that participate in the formation of PU network were found to be
“stiffer” than the petroleum polyol segments; second, the presence of dangling

chains in natural oil polyol lower the Ty of a PU through plasticizing effect.
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Molecular weight distribution effect was also studied using the model
polyol systems. The results show that by increasing the PDI of a polyol, the
sample modulus is lowered at high temperatures and was attributed to phase
mixing between the soft and hard segments. The sample T4 was found to be
determined largely by the high molecular weight fraction of the model polyols.
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6.1 Conclusion

In this work, we investigated natural oil polyols as a potential replacement
to petroleum polyols and the goal of this work is to understand the potentials and
the limitations of such polyols. In an early attempt, both an experimental polyol
derived from soybean oil, SBOP, and a naturally occurring polyol, castor oil, were
formulated as the sole polyol component in flexible foams. The samples
produced were rigid and semi-flexible for SBOP and castor oil, respectively.
Characterization results indicated that both SBOP and castor oil foams had
phase mixed morphology and high Tg's, which was believed to be the

predominate factor giving rise to the rigidity in SBOP foam.
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As neither SBOP nor castor oil is an appropriate candidate as sole polyol
component in flexible foam, we took the approach of partially substitution. A
series of flexible foams were synthesized by replacing part of a petroleum polyol
with different substituent polyols including SBOP, copolymer-filled and
crosslinker polyols. It was found that SBOP-containing foam has a high Ty
second soft phase, which increased foam modulus giving rise to a high
loadbearing sample. Characterization study found that by using SBOP a change
in hard domain morphology also occurred, and the hard domains were smaller in
size and broader in domain spacing distribution. The mechanism, through which
the SBOP-containing foam achieved higher modulus, was shown to be different
from either filler or crosslinker effect. A separate kinetic study was performed to
examine the changes in foaming reactions as a petroleum polyol is substituted
with natural oil polyols. The results showed that the use of substituent polyol,
such as SBOP or castor oil, did not interfere with the reaction of water with
isocyanate. However, the reaction of polyol with isocyanate was substantially
altered. The initial rate of free urethane formation was increased in formulations
containing natural oil polyols, and a second, lower, free urethane formation rate
was observed. We attributed the increase in the initial free urethane formation
rate to an increase in hydroxyl concentration and associated the second, lower,
free urethane formation rate to the reaction of natural oil polyol with isocyanate.
Morphology development comparison unveiled that the use of natural oil polyol
delayed the onset of phase separation by approximately 15 seconds (~ 8%
isocyanate conversion), which could result in delays in cell opening as thus
leading to a higher content of closed cells. An important finding of the kinetics
study is that although natural oil polyols are slow reacting, they are still involved
in the formation of PU network.
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Although partial substitution using natural oil polyols was proven
successful, the amount of natural oil polyols can be added is limited. To increase
the content of natural oil polyol in flexible foam formulations and ultimately
achieving the goal of making flexible foam from entirely natural oil-based polyols,
lowering the T4 of natural oil-based PU was determined to be the most important
issue. We speculated in Chapter 2 that the reason high Tg4's were observed in
castor oil and SBOP foams was the low number of covalent bonds between
neighboring hydroxyls, which leads to high crosslinking density in these samples.
Therefore, to lower Ty, we synthesized a series of natural oil-based model polyols
with increasing number of covalent bonds between hydroxyls to examine its
effect on Tq. Thermal-mechanical study on PU collapsed foams made from the
model polyols showed that the sample Ty and the number of covalent bonds
between crosslinks were inversely related. Compared to a number of crosslinked
polymers, the model polyols was found to have a plasticizing effect and this
effect was attributed to the presence of dangling chains. DMA experiments on
model polyol systems as well as a 3000-molecular weight petroleum polyol
sample suggested the plateau modulus was controlled mainly by the volume
fraction of hard domains, and to a lesser extent by the crosslinking density.
Molecular weight distribution in the model polyol systems was found to lower the
plateau modulus through phase mixing, and the high molecular weight fraction of

the polyol was found to control the T.

Through this work, natural oil polyols are shown to be potential
replacements to petroleum polyols. In the case of low molecular weight natural
oil polyols, such as SBOP, partial substitution is a viable route for implementing
natural oil polyols into flexible foams. To increase the content of natural oil
polyols in flexible foams, higher molecular weight polyols are required to achieve
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desired Tg. Modulus tuning can be achieved by changing the molecular weight

distribution of a natural oil polyol.

6.2 Future Work

Replacing petroleum feedstock with renewable resources in PU has
benefits far beyond economic advantages and, over the last few years, has
gained tremendous amount of attention from the industry [67, 68, 163, 164]. In
this work, we explored the potentials and the limitations of natural oil polyols as
either a substituent polyol or a sole polyol component in flexible foams. From the
results, we concluded that by proper control of the polyol structural parameters
flexible foam can be potentially synthesized using entirely natural oil polyols.
Therefore, an immediate effort recommended to further this work is (1)
optimization of additives, namely catalysts and surfactants. In addition, a number
of other areas are also worthy of exploring: (2) compatibility/miscibility of polyols,
(3) understanding the role of natural oil polyol in other PU applications, and (4)

alternative synthesis route for natural oil polyols.

Additive optimization is of great importance for foaming natural oil polyols.
As we demonstrated in Chapter 5, model polyols, 2K, 3K, and 4K, are potential
candidates as sole polyol component in flexible foams, however, attempts made
to foam either the 3K or the 4K model polyol were unsuccessful as cellular
structure control proved challenging. Finding or developing the appropriate
surfactants for natural oil polyol-based flexible foams can be a critical step
towards commercial success of natural oil polyols. Catalyst optimization is
another area needs attention. Since natural oil polyols are slower reacting than
petroleum polyols, high loadings of gelling catalyst becomes inevitable. Both
catalyst development and alternative polyol synthesis route could be considered

to alter the gelling reaction rate.
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The polyol compatibility/miscibility issue rose to attention as neither SBOP
nor castor oil produced satisfactory flexible foams, and partial substitution
approach requires a natural oil polyol be mixed with a petroleum polyol. In foams
synthesized by partially replacing a petroleum base polyol with natural oil polyol,
we found little evidence of incompatibility between SBOP and Hyperlite® E-848.
However, the later kinetics study showed two distinct free urethane formation
rates in both SBOP and castor oil-containing foams and led us to speculate
potential polyol miscibility issues on the micro-scale level. A systematic study
examining the miscibility between petroleum and natural oil polyols will shed light
on this issue. Since polymer blend compatibility are determined by Gibbs free

energy of mixing, the following equation applies:

AG, ¢ I3
LY N, In(g;) + N, In(¢,) (6.1)

where ¢ and N are volume fraction and degree of polymerization of a polyol, y is
the polymer interaction parameter, AG, is Gibbs free energy of mixing, T is the
temperature, R is the gas constant and the subscripts are indicative of different
polyols. For a natural oil polyol to be miscible with a petroleum polyol, the value
of AGn, has to be less than “0”. A number of parameters should be considered
for studying the polyol miscibility. Molecular weight is the foremost parameter as
it determines the value of N and influences the value of y. Another parameter
deserving the attention is the type of repeating unit that comprises the polyol. In
the case of the model polyol system in Chapter 5, ricinoleic acid was used as the
repeating unit, however, in most natural oils, ricinoleic acid is not present, oleic

and linoleic acids are far more common. Natural oil made from either oleic or
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linoleic acid repeating unit could be included for the study. Methods for
examining miscibility could include FTIR and NMR, especially in mixtures
containing close refractive indices polyols, where visual inspection will be

insufficient.

The third area for future study is the use of natural oil polyols in
applications other than flexible foams, such as rigid foams and elastomers.
These areas are by no means new research frontiers, and there are a number of
publications on natural oil polyol-based rigid foams and elastomers [47, 48, 56].
However, most of the studies have been focusing on thermal stability of natural
oil polyol-derived PUs leaving the much desired information on thermal and
mechanical properties largely un-examined [47-49, 56, 165, 166]. An in-depth
study on thermal-mechanical properties of natural oil polyol-based rigid foams
and elastomers is evidently needed.

The last area worthy exploring is alternative synthesis route for natural oil
polyols. Among the five known methods, documented in Chapter 1, for deriving
polyols from natural oils, only three are commercially viable. There is still room
for alternative synthesis route. It would be desirable to selectively functionalize
the terminal methyl groups of a triglyceride molecule and produce polyols with a

higher number of covalent bonds between the crosslinks.
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Polyol Structure Effect on PU

A.1l Introduction

Petroleum-based polyether polyols are synthesized from alkylene oxide
monomers in the presence of active hydrogen-containing initiators. The most
commonly used alkylene oxides are propylene oxide and ethylene oxide [1, 4].
The natural oil polyols appeared in recent years as potential replacements to
petroleum polyols, are structurally different from the alkylene oxide polyols. One
of the emerging questions is whether the hydrocarbon rich polyol chains found in
natural oil polyols will result in PUs processing unique properties, different from

petroleum polyol-based PUs.

To examine the effects of polyol structure on PUs, a series of tri-functional
polyols with similar molecular weight but different repeating units were

investigated.
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A.2 Experimental

Materials

Three polyols were used in this study to examine the effects of polyol
structures on PU. Two commercially available polyols, Jeffox® WL-440
(Huntsman Corporation., The Woodlands, TX) and Voranol® 270 (Dow Chemical
Co., Midland, MI), were obtained from the manufacturers and used as received.
A third polyol, which is an experimental polyol, was synthesized by Pittsburg
State University (Pittsburg, KS), tri-nonoate glyceride polyol (TNG). Jeffox® WL-
440, denoted as EO in this study, is a tri-functional polyol based on ethylene
oxide only and the initiator used is glycerol. Voranol® 270, denoted as PO in this
study, is a tri-functional polyol based on propylene oxide only and the initiator
used is glycerol. Structures of the polyols are shown in Figure A-1.

a) b)

o
BOSAUYN

o]
o
R e N O/ﬁ/o\)\o/ﬁ/
O\/\O/\/O\/\OH ° o © OH
’ )(L/\/\/\/\
o] OH
o

Figure A-1: Chemical structures of polyols. (a) Jeffox® WL-440, (b) Voranol®
270, and (c) TNG.
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Sample preparation

All samples were made into collapsed foams following the formulations
shown in Table A-1 and procedures documented in Chapter 5. The formulations
were based on a total of 20 grams of materials and a 100-parts total of polyol.
The functional groups were stoichiometrically balanced, namely the molar

amounts of active hydrogen equal the molar amount of isocyanate.

Table A-1: Formulations used for sample synthesis.

EO PO TNG
Jeffox® WL-440 100 - -
Voranol® 270 - 100 -
TNG -- - 100
Water, distilled 0.8 2.8 1.9
Dabco BL-11 0.08 0.08 0.08
Dabco 33-LV 0.1 0.1 0.1
TDI (g, index=100) 7.56 7.7 7.66
HS% 37.5 37.6 37.6

Characterization

Differential Scanning Calorimetry (DSC)

Same procedures were used as in Chapter 2.3.3.

Small Angle X-ray Scattering (SAXS)

Same procedures were used as in Chapter 2.3.3.
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A.3 Results and Discussion

The thermal properties of pure polyols were measured using DSC and the

results are shown in Figure A-2. Both petroleum derived polyols have low Tg's.
The EO

Voranol® 270

Jeffox® WL-440

Heat Capacity (J/g/°C)

-100 -50 0 50

Temperature (°C)
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Figure A-2: DSC traces of polyols. Both traces of Jeffox® WL-440 and Voranol®
270 (first figure) have been shifted vertically to avoid overlapping. DSC trace of
TNG is shown in the second figure.

Distinctively, both polyether polyols have low T4's: EO, —69 °C, and PO, -
65 °C, while a Ty is absent in TNG polyol. Instead, a melting temperature of 46
°C is observed in TNG polyol. Collapsed foam samples synthesized from these
three polyols were found to be relatively inflexible. As discussed in Chapter 2
and shown in Chapter 5 that molecular weight has a significant impact on PU
properties, especially Tq. DSC traces of collapsed foams synthesized from the
three polyols are shown in Figure A-3 and the glass transition temperatures of

both polyol and collapsed foams are shown in Table A-2.
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Table A-2: Transition temperatures of polyols and their corresponding PUs.

Polyol Collapsed Foam
EO -69 29
PO -64 37
TNG (Tm = 46) 51
TNG
g ,
ke) PO
2
Py
o EO
©
o
©
@)
©
O
I
-100 0 100 200 300

Temperature (°C)

Figure A-3: DSC traces of collapsed foam samples. The curves were shifted
vertically to avoid overlapping.

Clearly EO sample has the lowest Tq4 following its lowest T4 of polyol
shown in Figure A-2. PO, although has a T4 about 8 °C higher than EO
collapsed foam, the 5 °C difference in the respective polyols made the 8-degree

difference rather less significant. In the case of TNG, the crystallinity in the
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polyol did not translate into crystallinity in its PU suggesting either the bulkiness
of TDI unit or the irregularity of the hard segments have disrupted crystal

structure formation. The T4 of PU derived from TNG is the highest of all samples.

Because all the polyols used here have a similar molecular weight, and
thus similar crosslinking density, the difference in their Ty's is likely a result of
structural differences between these polyols.

Small angle X-ray scattering technique was applied to examine the degree

of phase separation in the collapsed foam samples. Scattering profiles are
shown in Figure A-4.

1.E-01

TNG
PO

Intensity (a.u.)

EO

1. E-02 T T T T T T T T

q (nm™)

Figure A-4: Small angle X-ray scattering profiles of the samples.
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Unlike the foam samples we have seen the previous chapters where the
domains spacings are on the order of 10-nm range. The largest domain spacing
we have observed in these low molecular weight polyol PUs is on the order of 1
nm. The scattering profiles themselves show very minor differences in the
overall shape. Thus among the three PUs, the degrees of phase separation are
rather similar, with EO-derived PU have the lowest degree in phase separation.
This is expected, as EO is more compatible with polyurea-based hard segments
than the other two polyols. The T4 difference observed in DSC results is less

likely related to differences in degree of phase separations.

A.4 Conclusion

By examining a set of three polyols with similar molecular weight but
different chemical structures, we found that hydrocarbon-based polyol chain have
a profound effect on raising soft domain glass transition temperature. In the case
of using either ethylene oxide of propylene oxide as repeating unit for polyol
synthesis, the Ty of their resulting PUs is less influenced. X-ray scattering data
showed that by decreasing the molecular weight of polyol, the spacing between
hard domains is reduced, however little is changed in terms of the degree of

phase separation among the three polyols used.
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Model Polyol Viscosity

B.1 Introduction and Experimental details

The model polyols used in Chapter 5 were also tested for their viscosities
as a function of temperature to gather more information on the physical
properties of the materials. Viscosity testing was performed using ARES Il (see
Chapter 2.3.3 for details) under dynamic mode using two 25-mm parallel plates.
Data were recorded at a frequency of 1 s™* and the strain rate used was 0.1 s™.

The temperature dependency of viscosity is often described by Andrade-
Eyring equation in the following form [167]:

E

n = AeRT (B-1)

where E is the activation energy, R is the gas constant, and T is temperature in

Kelvin.
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B.2 Results

Table B-1 tabulates the viscosity of polyols at 25 °C, and Figure B-1
details the viscosity-temperature relationship for the model polyols 1K through 4K

(same as in Chapter 5) as well as castor oil.

Table B-1: Viscosity of polyols at 25 °C (unit:: Pa s).

Castor oil 1K 2K 3K 4K

Viscosity (1) 0.525 1.119 1.516 2.695 2.188

2.5

n (Pa-s)
H
ol

0 T T T
0.0026 0.0028 0.003 0.0032 0.0034

1T (K™Y

Figure B-1: Temperature dependence of polyol viscosity.
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From Table B-1, the viscosity is lowest for castor oil and increases as
molecular weight of the polyol increases. To put these values into perspective,
the petroleum polyol used in this study have viscosity values of 1.10 Pa s for
Hyperlite® E-848 and 0.48 Pa s for Arcol® F3022, at 25 °C.

Figure B-1 plots the temperature effect on viscosity and shows that high
molecular weight model polyols are more susceptible to temperature change,
which could provide latitude for processing. The synthetic polyols, 1K through 4K
samples, consistently have higher viscosity than the naturally occurring polyol,
castor oil, even in the case of 1K polyol, which has a similar molecular weight
with castor oil. Table B-2 tabulates the viscosity-temperature relationship and

the activation energy extrapolated from data fitting.

Table B-2: Temperature-viscosity relationship equations

Sample  Temperature-viscosity Equation E (kJ/mol)

. 6.21x10°

Castor oil n=472x10"% 1 51.63
4.88x10°
5.11x10°

2K 77:5.46><10_8e T 4248
4.45x10°

3K 77:3.26X10_7e T 3700
451x10°
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