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Abstract:

Polyurethane is a synthetic polymer with a wide range of applications due to its unique
structure and properties. This review highlights the chemistry of polyurethane and its several
types. Polyurethanes are classified according to their chemical structure into polyether
polyurethanes and polyester polyurethanes. Polyurethanes are also classified according to
their shape into flexible polyurethanes and rigid polyurethanes. These polymers are produced
by the reaction of polyisocyanates and polyols, and other additives are also added during their
preparation, including catalysts, chain extenders and crosslinkers, surfactants, and blowing
agents. The physical and chemical properties of polyurethanes have given them numerous
industrial applications, including (coatings, adhesives, sealants, plastics, automotive, medical,
textiles and apparels, marine, and wood-based polyurethane composites.
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1. Introduction:
Polyurethanes are materials that are widely employed in many different applications.
Polyurethanes, sometimes known as urethanes, are also written as PUR or PU. Their urethane

bond (-NH-CO-0-) is what distinguishes them. In 1937, Otto von Baeyer and associates made
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the discovery of polyurethanes at the I.G. Farben laboratory in Leverkusen, Germany [1-5].

The characteristic structure of urethanes is shown as:
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Figure 1. structure of polyurethanes [2].

Polyurethane research has advanced
significantly over the past few decades,
with research focusing on whether
polyurethanes are biostable or
biodegradable form. They have been used
in a variety of applications, including
functional medical devices, drug delivery
systems, tissue engineering structure, and
more. Polyurethanes are currently one of
the most versatile materials in the world.
These days, polyurethane may be found in
many different applications, such as stiff
foam for walls, flexible foam for
upholstered  furniture,  thermoplastic
polyurethane for footwater and medical
gadgets, adhesives, coatings, sealants, and
synthetic rubber for floors and car interiors
[6,7]. Over the past 30 years,
polyurethanes have become more widely
used in a wide range of applications due to
their comfort, affordability, energy
efficiency, and possible environmental
friendliness. What are some of the reasons
polyurethanes are so popular? The lifespan
of various goods is influenced by the
resilience of polyurethanes. This quality is
an important environmental consideration
that often favors the choice of
polyurethane. Due to its  cost-
effectiveness, convenience, environmental
friendliness, energy saving, polyurethane
has seen its use increase over the past 30
years in a variety of applications, what are
some of the factors that make
polyurethane so desirable? Polyurethane's
durability significantly contributes to the
longevity of many products. This quality
is an important environmental factor that
favors the choice of polyurethane [8-10].
2. Classification of Polyurethanes:

2.1.Classification by Chemical
Composition:

a- polyester  urethane  (ester-type
PUR):

Ester polyurethane was developed in the
1940s. Due to its flexible and soft
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properties [11], it is primarily used in
clothing, However, ester polyurethane is a
biodegradable plastic due to the presence
of ester bonds that degrade when exposed
to microbial attack. Therefore, it is
unstable [11-14]. To degrade ester PUR,
several microorganisms that degrade it
have been isolated, and the degradation
mechanisms have been analyzed [15-17].
Therefore, ester PUR has recently been
defined as a biodegradable plastic [18,19].
b- Polyether Urethane (ether-type
PUR):

PEU is recognized by its poyether polyol
repeat unit with good spinnability and low
cohesive energy, due to presence of
polyether diol in its soft segment. This
gives PEU good flexibility at low
temperature and excellent resistance to
hydrolysis [20].
2.2.Classification
structure

There are two varieties of polyurethane
foam: stiff foam and flexible foam. Based
on their intended use, these foams are
further separated into several categories.
The right isocyanate and polyol
components are used to synthesize all
types of polyurethane foams [2].

a- Flexible polyurethane foam:

Flexible polyurethane foams are made by
slab stock or molding. They are classified
based on the polyol base production
method. Slab stock polyurethane foam,
also known as viscoelastic foam, high-
resilience foam, energy-absorbing foam,
super-soft foam, polyether foam, and
flexible polyester foam are among its
several varieties. Hot-formed foam and
cold-molded foam are the two categories
of molded foam [2,22-29].

b- Rigid polyurethane foam:

Rigid polyurethane foam consists of a
closed-cell structure. At room temperature,
the production of rigid foam requires no
heating. This type of foam has differing

by shape and
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density values. Unique processes are Polyurethane is produced in several ways
utilize to manufacture this type of foam, [31], the best of which is through the
such as single-component foam and spray reaction of polyol and diisocyanate [32-
foam. Rigid foam is further classified into 34], as shown in Figure 2. Some materials
laminates, sandwich panels, slab stock can also be added as catalysts to produce
rigid foam, and high-density rigid foam polyurethane, such as pigments, fillers,
[2,21]. Cup foam may also be used to flame retardants, cross-linkers, surfactants,
create stiff and flexible foam on a lab size and blowing agents. When the quantity of
[30]. the materials used in the preparation
3. Synthesis of Polyurethanes: change, the properties of the typical

polyurethane vary, as shown in Table 1.

=N@CH2©—N=C=0 +  HO—CH,-CH,—0OH

Di-isocyanate Polyol

o
%e NHO —@NH—C —O0—CH,- CH2—04—

Poly urethane

Figure 2: Synthesis of a typical PU.
Table 1: Variation of polyurethane properties with material quantities

Material Concentration Primary Effect on | Secondary Influences
Component Range (%) Properties
Diisocyanate 35-55 Mechanical Thermal stability,
strength and chemical resistance
rigidity
Polyol 40-65 Flexibility and Processing
elasticity characteristics, adhesion
Catalyst 0.05-1.5 Reaction kinetics Cell structure, cure
profile
Surfactant 0.2-25 Foam stability and | Surface characteristics
cell structure
Blowing Agent 0.5-8 Density and Dimensional stability
insulation
Flame Retardant 5-25 Fire resistance Mechanical properties,
processing

3.1. Isocyanate:

Isocyanates are a functional group with the general formula N=C=0-, and are an isomer of
the cyanate group, with the general formula O—C=N-. The isocyanate group consists of a
nitrogen atom double-bonded to a carbon atom, which in turn is double-bonded to an oxygen
atom. The organic residue R, via nitrogen readily bonds with amines, water, thiols, alcohols,
urea groups, urethanes, epoxides, carboxylic acids, and cyclic anhydrides, or self-reacts with
other isocyanates [35,36] as shown in Figure 3. The effectiveness of isocyanates in reacting
with hydrogen-bonded groups explains their widespread use in polyurethane chemistry.
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Figure 3: An overview of the primary chemical reactions that occur between hydrogen and

isocyanate groups, taken from [37].

The structural properties of polyisocyanate polyisocyanates ~ compounds  display
compounds  might be  polycyclic, bifunctional properties. They are also all
cycloaliphatic, aromatic, or aliphatic. The produced using phosgene-based chemistry
following are the main diisocyanate and are obtained from petroleum [38,39].
molecules used in PU chemistry: Aromatic diisocyanate compounds such as
Commercially available as mixtures of 2,4 TDI and MDI constitute approximately
and 2,6 isomeric forms are (i) 1,6- 95% of the diisocyanate marketplace due
hexamethylene diisocyanate (HDI), (ii) to the accessibility and economic
toluene diisocyanate (TDI), (iii) 4,4- advantages of aromatic diamine precursors
methylenediphenyl diisocyanate (MDI) [40]. The electron delocalization within
and polymeric 4,4'-MDI (pMDI), (iv) 4,4'- the aromatic ring systems of isocyanate
dicyclohexyl diisocyanate (HMDI), and compounds enhances their effectiveness
(v) isophorone diisocyanate (IPDI). Table [41]. The stability characteristics of
2 presents their molecular structures. aromatic isocyanate compounds result in
Except for pMDI, which has an average improved thermal properties and flame-
functionality of 2.7, all  these resistant characteristics. Aliphatic
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isocyanate compounds provide advantages
for UV resistance and oxidation stability
[42]. In

molecules,

symmetric
both - NCO functionalities

exhibit equivalent reactivity. However, the

diisocyanate

reactivity of the remaining unreacted NCO
group decreases once a nucleophilic
molecule is added to one isocyanate group
to form the first urethane connection. This
process is caused by the produced

urethane group's electron-donating impact

of MDI and HDI, for example, show
reactivity that is 2.9 and 2.0 times higher

than that of the second functionality,

respectively. With asymmetric
diisocyanate molecules, this reactivity
difference is more noticeable. For

instance, the first OH group added to 2,4-
TDI is incorporated twelve times faster
than the second addition. The selectivity
of OH groups for isocyanate functionality
is decreased by high temperatures and

[40,43,44]. The first isocyanate functions catalytic systems [44].
Table 2: Chemical structure of common isocyanates [43,44].
Isocyanate Chemical Structure k; kyk
O.. _0O
2,4-TDI Sc. /E:( _c” 400 12121
N N
_N N
o
HDI SC N 1 2.000
~o
HMDI O““*c% ,O/\Q ¢c¢o 0.57 1.425
N N
_O
IPDI e NZC 0.62 2.695
0/
3.2.Polyols:

Polyols are used to prepare polyurethanes by reacting with isocyanates. Polyols are classified
into two main classes: ether polyols and ester polyols. Ether polyols are characterized by their
low production cost, resistance to degradation, uniform weight equivalent, and low viscosity.
However, one of the disadvantages of ether polyols is their lower resistance to oxidation than
polyester polyol foam. Polyester polyols are highly polarized and produce polyurethanes with
high cohesive and adhesive strength, consequently, high strength and corrosion resistance.
The most often used preparation agents, ethylene glycol, propylene glycol, ethylene oxide,
propylene oxide, and THF, react with an epoxide (ethylene oxide) to produce ether polyols

(figure 4) [2].
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Figure 4: Example of anionic polymerization of alkylene oxides.

Polyester polyols can be made via ring-opening polymerization of lactone with a polyol
(figure 6) or by the poly condensation reaction of polyols with multifunctional carboxylic
acids (figure 5). Examples of substances used in the production of polyester polyols include
azelaic or adipic acid as carboxylic acids and glycerol, Tri methylpropane, and diethylene

glycol as polyols [2].

0
I

Il
{(n+*1)HO—R—0OH +n HOOC—R'-COOH—=HO R—O—C—R'—C—R)BOH + (n+1) H;0

Alcohol Carboxylic acid

Polyester (polyol)

Figure 5. An illustration of the polycondensation procedure used to produce polyester

polyols.
O
(o d cnge)
R—OH +n = R T O C—(':th m OH
o o
Alcohol Lactone Polyester (polyol)

Figure 6. Example of the ring-opening polymerization of lactones to obtain polyester polyols.

n is the number of moles of lactone molecules.

Catalyst:
Catalytic agents often incorporated into
PU materials may be categorized into two
primary  groups: metal complex
compounds and amine-based compounds.
Triethylenediamine (TEDA), 1,4-
diazabicyclo[2.2.2]octane (DABCO),
dimethyl cyclohexylamine (DMCHA), and
dimethylethanolamine ~ (DMEA)  are
examples of tertiary amine compounds
that are typically found in amine catalytic
systems. The capacity of tertiary amine
catalytic systems to ease isocyanate
trimerization processes, urea synthesis, or
urethane creation determines which ones
are chosen. Bismuth, lead, zinc, tin, and
mercury-derived metal complex
compounds may also function as catalytic
agents in the urethane production process.
Mercury carboxylate compounds have
shown exceptional efficacy in the
production of PU sealant materials,
coating systems, and elastomeric goods.
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Their higher selectivity for reactions
involving polyols and isocyanates is the
cause of this. However, carboxylate
compounds made from zinc and bismuth
have recently been used as substitute
materials due to their known toxicity.
Additionally, alkyl tin carboxylate,
mercaptide, and oxide compounds are
used in a variety of application kinds.
Because tin carboxylate compounds may
experience unfavorable hydrolytic effects,
tin mercaptide compounds are usually
added to formulations that have water.
Selective use of catalytic systems is
common; for example, new
CuCo204/graphitic carbon nitride
nanohybrid materials are used to lower
carbon monoxide emissions and fire risks
[45]. The chemical makeup of catalytic
systems also affects how successful they
are. For instance, aqueous polyurethane
materials based on isophorone
diisocyanate molecules were successfully
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prepared using zirconium and tin catalytic
systems. While the effectiveness of
zirconium catalytic systems was constant,
the effectiveness of tin catalytic systems
varied with various isocyanate compounds
[46].

3.3.Chain extenders and cross linkers.
These compounds perform major and
significant  roles in  polyurethane
morphology: chain extension agents (f =
2) and cross-linking agents (f = 3 or
higher), which typically end with amino
and carboxyl functionalities and possess
low molecular weight characteristics.
These materials effectively improve the

morphological characteristics of
polyurethane adhesive systems, fiber
materials, synthetic elastomers, and

various other cellular and leather micro
foam applications [47,48]. The copolymer
interface between soft and hard segments
inside the polymer structure gives these
compounds their elastomeric properties.
As a result, the soft segment amorphous
polyester (or polyether) domains cross-
link with the hard segment urethane
domains.  The incompatibility and
immiscibility (when both phases stay
amorphous) between the hard segments
(high melting temperature) and the soft
segments (low melting temperature and
non-polar nature) cause this interfacial
separation. Thus, phase separation events
are not influenced by crystallization
processes.

Covalent bonding between hard segments
(isocyanate-derived) and flexible segments
(polyol-derived) prevents plastic flow
within  polymer  chains, producing
elastomeric resilience. Mechanical
deformation also causes soft segment
uncoiling, resulting in hard segmental
alignment along the stress direction. The
presence of strong hydrogen bonding
produces tear resistance, high tensile
strength, and excellent elongation
characteristics [49-51]. The flexural,
thermal, and chemical resistance of PU
materials can all be affected by the choice
of chain extension agents. 1,4-butanediol
(BDO), cyclohexane dim ethanol, ethylene
glycol, hydroquinone bis(2-hydroxyethyl)
ether (HQEE), and 1,6-hexanediol are a
few of the often-used chain extension
agents. Figures 7 and 8 show examples of
biodegradable PU materials and their
synthesis processes using ethylene glycol
and water as chain extension agents.
Thermoplastic polyurethane (PU) products
may be made using these glycol
compounds. They may also be treated in
the molten stage and generate well-
organized hard segment domains that
separate efficiently. Ethylene glycol is the
only exception, since its generated bis-
phenyl compound is prone to undesired
breakdown as hard segment levels rise
[52].

OCNQ—CHQONCO + HoJr(CHz;.sl:—o{ﬁH + OCNQ—CH;_O—NCD

0
OCNO—CHQ—Q—H—'%—U-HCME

H,0

E—o%ﬁ—“@—tﬁ—@mco

0

Jro AD_CHEO_HE—G{—(CHE)S—E—O)H—Q—HOCHEO—H#m + '3031

Figure 7: Example of biodegradable PUs and their synthetic routes using water as chain

extenders.
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Figure 8: An illustration of biodegradable polyurethanes and their production processes that

use ethylene glycol as a chain extender.

3.4. Surfactant

Surfactants (foam stabilizers) are used in the preparation of polyurethane foam. These
compounds consist of copolymers [53]. The most used surfactants are polydimethylsiloxane-
polyoxyalkylene copolymers (figure 9). These copolymers are linear or branched, and the
hydrophilic (oxyalkylene chain) and hydrophobic (water-repellent) ends significantly

influence the functionality of surfactants [2].

Si(CHa)s

o)

[-CHy—si—cH, |

O

chnz—s.—CszLeoHPo{y—on j[m

o)

Si(CH3);

Silicone Surfacant

Figure 9: Chemical structure of polydimethylsiloxane-polyoxyalkylene copolymers.

Surfactants work in three ways: first, by
forming bubbles that cause foam cells by
lowering the surface tension of the
polyurethane-air interface. Second, by
preventing collapse and organizing
subsurface voids by stabilizing the foam
structure. Third, by increasing the
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concentration of available reagents by
creating emulsions for the components,
which influence the rate of reactions [53-
56]. Although the cell structure of the end
rigid and flexible foams and the
compatibility of the initial ingredients
vary, surfactants often behave similarly for
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both types of foams. Flexible foams have
homogeneously ~ miscible  beginning
ingredients and open cells, while stiff
foams have incompatible starting materials
and fully closed cells [54].

3.5.Blowing agent

Expansion in polyurethane foam occurs
through a physical or chemical blowing
agent, or both. The foaming methods of
polyurethanes are presented graphically in
Figure 10. The gas that causes the
polyurethane foam to expand by
evaporation during the foam
manufacturing process is provided by the
physical agent through an endothermic

reaction. Low-boiling solvents like
acetone, hexane, pentane,
hydrofluoroolefins, or

hydrofluorochlorocarbons are examples of
physical blowing agents [57]. HFOs and
CFCs were widely used as physical
blowing agents until recently, but their
destruction of the ozone layer led to their
eventual restriction. Chemical blowing
agents, which are substances that release
gas during foam formation because of heat
breakdown or chemical reactions, like
water, are crucial to the manufacturing of

hydrofluoroolefins, and cyclopentane are
often utilized. However, the CP could
become clogged because of the heat
produced during foaming. The CO,
produced during exothermic processes in
the  manufacture  of  water-blown
polyurethanes shows how water functions
as a chemical blowing agent to expand
polyurethane (Figures 11, 12, 13). The
quantity of the resultant agent determines
the foam density, cellular microstructure,
and polymer morphology of polyurethane.
As a result, the agent is involved in:
Blowing agents are crucial to the
manufacture  of  polyurethane  [58].
Polyurethane foams must have closed
rings or keep the blowing agent inside
their cellular structure since thermal
conductivity is a crucial consideration in
thermal insulation applications. Therefore,
using blowing agents with low thermal
conductivity or ones that efficiently stay in
the foam for extended periods of time is
essential to enhancing the thermal
characteristics of polyurethane [58]. For
instance, CO, leaves the foam in less than
a month, while HCFCs or CP stay in the
foam for longer [59].

polyurethane [58]. In industrial
applications,  environmentally  benign
substances including water,
Fomaing Methods
Chemical Physical
I I 1 I I |
Chemical Thermal Gas Introduced Volatile
Reaction Decompostion under Pressure Liguid

Formation of blowing Decomposition of
agent during the blowing agent in
reaction higher temperature

Evaporation under
heating

Expansion under
pressure drop

Figure 10: Division of foaming methods of polyurethanes
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i r
R (iso )™N=C=0 + H;0 —= R ;50 1)"N-C-OH —"R (j50 )"NH, + CO;

Isocyanate Water Unstable Carbamic acid Amine Carbon dioxide

e}
H H
Rise1)™NHy R jso 9 N=C=0 —— R{iscﬂ_N_&_N_R (is0 2)
Amine Isocyanate Urea

Figure 11: The process by which isocyanate and water combine to produce urea and carbon
dioxide is known as the "foaming" or "blowing" reaction. The structures of the polyol and
isocyanate are denoted by polyol and Riso, respectively.

2 R (jgo) N=C=0 R (iso 1) R (is02) + c02T
Isocyanate Carbodiimide Carbon dioxide

+
R “sal_N:CZO

N—R (is0 1)—NCO
/C
OCN—R (jso3—N \N—R (iso 2 —NCO
N
T
O
Uretonimine

Figure 12: Isocyanate dimerizes to create carbon dioxide and carbodiimide, which then react
to form uretonimine using carbodiimide. The structure of isocyanate is called Riso.

1 T 9w
R (iso))—N=C=0 * R—C—0OH—>R—C—0—C—N—R 59
Isocyanate Carboxylic acid Intermediate anhydride

I H T
R—C—N—R 5, * CO;

Amide Carbon dioxide

Figure 13: The process by which isocyanate and carboxylic acid combine to produce the final
amide and the intermediate anhydride. Riso is the isocyanate's structure.
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4. Application of polyurethanes:

The physical and chemical properties of
polyurethane depend on the polyol and
isocyanate used. The type of polyurethane
used figures out between 60% and 70% of
its properties. Polymer properties can be
significantly modified by varying the
chain length, molecular structure, and
function of the polyol chain using
elements such as fluorine, acrylic, and
rubber. This customization has given
polyurethanes an advantage in many
industrial applications, including coatings,
adhesives, sealants, and elastomers
(CASE) [60-63], automotive [64,65],
medical [66-75], textiles and apparels [76-
81], marine [82-91], and Polyurethane
wood composites [92-97].

Conclusions:

From this review, it is concluded that the
diverse  structural ~ composition  of
polyurethane gives it great flexibility in
design and wide-ranging application.
Furthermore, its preparation agents,
polyisocyanates and polyols, and the
possibility  of introducing variable
additives such as chain extenders, blowing
agents, and catalysts, provide a wide scope
for modification and customization to suit
the various requirements of the era. The
unique physical and chemical properties of
polyurethane, such as chemical,
mechanical, and thermal resistance,
flexibility, and stiffness, have enabled its
rapid spread in various applications, such
as plastics, coatings, adhesives, the
automotive industry, and textiles. This
confirms its importance as a material
capable of outperforming and adapting
many other polymers in industrial uses.
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