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Abstract: Fully water-blown polyisocyanurate-polyure-
thane (PIR-PUR) foams with improved mechanical proper-
ties have been prepared using aqueous solutions of metal-
ammonia complex, Cu(Am) or Zn(Am), as gelling/blowing 
catalysts and potassium octoate (KOct) solution in diethy-
lene glycol as a trimerization catalyst. Two catalyst mix-
tures, Cu(Am)+KOct and Zn(Am)+KOct, were obtained as 
homogeneous aqueous solutions. In comparison to com-
mercial catalyst system, DMCHA+KOct (DMCHA = N,N-
dimethylcyclohexylamine), Cu(Am) and Zn(Am) could 
be miscible with KOct solution and water easier than 
DMCHA. This miscibility improvement led Cu(Am)+KOct 
and Zn(Am)+KOct to show faster catalytic reactivity in 
PIR-PUR foam reactions than DMCHA+KOct. All obtained 
PIR-PUR foams showed self-extinguishing properties and 
achieved HF1 materials. However, PIR-PUR foams prepa-
red from Cu(Am)+KOct and Zn(Am)+KOct at NCO:OH ratio 
of 2:1 had suitable density for industrial applications and 
showed higher compressive strength than that prepared 
from DMCHA+KOct. These foams have high potential to 
apply as insulations for constructions, core laminates in 
wall panel or storage tanks.
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.

Keywords: Leonard pair, tridiagonal matrix, self-dual

Classi�cation: 17B37, 15A21

1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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1  Introduction
Polyisocyanurate (PIR) foams are recognized as the 
efficient thermo-insulations utilized for constructions. 
Manufacturing processes of PIR foams are similar to 
those of rigid polyurethane (RPUR) foams. Isocyanurate 
linkages are formed by cyclotrimerization of excess 
isocyanate compounds using suitable trimerization 
catalysts. The outstanding properties of PIR foams over 
conventional RPUR foams are inherent thermal stability 
and low flammability (1-4). Meanwhile, unmodified 
PIR foams with too many isocyanurate crosslinks 
are extremely fragile and unable to use in practical 
applications (2,5). Several attempts have been made 
to reduce the brittleness of PIR foams by substituting 
some isocyanurate linkages with other linkages, such as 
oxazolidone, urethane and carbodiimide linkages (6-8). In 
the case of polyisocyanurate modified with polyurethane 
(PIR-PUR) foams, attention has been paid to improve their 
properties. The modification methodology for PIR-PUR 
foams includes a choice of polyols (9-12), catalysts (13) and 
blowing agents (14). Typical blowing agents for PIR-PUR 
foams are hydrochlorofluorocarbons (HCFCs), pentane 
or their mixtures with water. Meanwhile, the use of only 
water for fully water-blown PIR-PUR foams have the 
advantages due to no ozone depleting potential and lower 
costs than HCFCs (2,14). The good dimensional stability 
of fully water-blown PIR-PUR foams can be reached with 
foam density ≥ 43.2 kg/m3 (2).

In the production of PIR-PUR foams, catalysts serve 
as important components in determining the final foam 
properties. Catalyst mixtures between trimerization 
and gelling/blowing catalysts are required to balance 
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the reaction rate of isocyanurate formation, urethane 
formation and CO2 generation. This results in PIR-PUR 
foams with desirable properties (15). Typical trimerization 
catalysts used for isocyanurate formation are carboxylic 
acid salts, namely potassium octoate (KOct) and 
potassium acetate (KOAc), and quaternary ammonium 
salts. Tertiary amines, which are commercial catalysts 
of RPUR foam, have been used as co-catalysts with 
trimerization catalysts for PIR-PUR foam preparation. 
For examples, Gao et al. (16) used the catalyst mixture 
between the KOct solution in diethylene glycol and N,N-
dimethylcyclohexylamine (DMCHA) in the preparation 
of PIR-PUR foam nanocomposites. Lövenich et al. (17) 
investigated starting material effects on trimer formation 
of PIR-PUR foams, whose reactions were accelerated by 
KOAc and DMCHA. Modesti et al. (18) prepared PIR-PUR 
foams with different charring agents using KOct and 
pentamethyldiethylenetriamine as catalysts.

DMCHA is a good gelling/blowing catalyst. However, 
for fully water-blown PIR-PUR foams, the drawback of 
using DMCHA is its non-homogeneous mixture with 
KOct in diethylene glycol. Therefore, we proposed to use 
gelling/blowing catalysts as aqueous solutions, which 
should be easily miscible with KOct in diethylene glycol. 
In this case, the aqueous solutions of copper- and zinc-
ammonia complex [Cu(Am) and Zn(Am), respectively] are 
good candidates as the gelling/blowing catalysts.

Addition of an ammonia solution to copper(II) and 
zinc(II) aqueous solutions results in successive replacement 
of coordinated water in Cu(H2O)6

2+ and Zn(H2O)6
2+ by NH3 

to give copper-ammonia complex [Cu(NH3)n(H2O)6-n]2+ 
(19) and zinc-ammonia complex [Zn(NH3)n(H2O)6-n]2+ 
(20), respectively (Scheme 1). The applications of metal-
ammonia complexes have been reported as follows: in 
the preparation of rayon fibers, which are the regenerated 
cellulose fibers and have their similar texture to natural 
silk, cellulose fibers were dissolved in [Cu(NH3)4(H2O)2]
(OH)2 solution or Schweizer’s reagent, ripened, extruded 
from a spinneret and precipitated in order to obtain the 
silk-like textile fibers (21). In hydrometallurgical process, 
ammonia leaching has received great interest since 
metals, such as copper and zinc, can be recovered through 
the formation of metal-ammonia complexes. Extraction of 
copper(II) and zinc(II) in an ammonia solution leads to 

the investigation of copper- and zinc-ammonia complex 
structures in an ammonia solution (22-25). The chemistry 
of metal-ammonia complexes was applied to prepare 
hollow copper- and zinc-oxides/nitrogen doped graphene 
hybrids using metal–ammonia complexes as precursors 
(26). The [Cu(NH3)x]2+ form of heulandite (CuammHEU) 
was prepared by the treatment of the Na-form of natural 
heulandite crystals with the copper-ammonia complex 
solution. The structure of the complex contained in the 
A channel of CuammHEU was disordered square planar 
[Cu(NH3)4]2+ having two axial H2O ligands to give the 
elongated octahedron structure (27). Copper–substituted 
ZSM-5 catalysts were obtained from the ion exchange 
process of H–ZSM-5 in the solution of copper-ammonia 
complex, [Cu(NH3)n(H2O)6-n]2+. The composition of the 
complexes in the solution related to copper:ammonia ratio 
and pH of the solution. The [Cu(NH3)4(H2O)2]2+ complex 
was predominant at pH 8.5–10.5 and appeared as the most 
stable form (28).

To the best of our knowledge, aqueous solution of 
metal-ammonia complexes has never been reported as the 
catalyst in PIR-PUR foam preparation. Therefore, the aims 
of this study are to synthesize metal-ammonia complexes 
[Cu(Am) and Zn(Am)] in aqueous solution form for using 
as gelling/blowing catalysts of fully water-blown PIR-PUR 
foam and to investigate their catalytic activity effects on 
PIR-PUR foam properties. These catalyst solutions were 
expected to have improved miscibility with KOct solution 
in diethylene glycol to obtain the homogeneous catalyst 
systems composed of Cu(Am)+KOct or Zn(Am)+KOct. 
Physical, mechanical and flame retardant properties 
of PIR-PUR foams catalyzed by Cu(Am)+KOct and 
Zn(Am)+KOct were investigated and compared to that 
accelerated by DMCHA+KOct. 

2  Experimental 

2.1  Materials

Starting materials used for synthesis of Cu(Am) 
and Zn(Am) were copper(II) acetate monohydrate  
[Cu(CH3CO2)2·H2O, Sigma-Aldrich, St. Louis, MO, USA], 

Scheme 1: Formation of metal-ammonia complexes.
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Zinc(II) acetate dihydrate [Zn(CH3CO2)2·2H2O, Nacalai 
Tesque, Kyoto, Japan] and ammonia (NH3) solution with 
30 wt% of concentration (Carlo Erba, Val de Reuil, France). 

Starting materials used for foam preparation were 
supplied by IRPC Public Company Ltd. as follows: 
Polimaxx® 4221 polyether polyol, B9001® PMDI 
(%  NCO = 31.0 wt%), Tegostab® B8460 surfactant, N,N-
dimethylcyclohexylamine (DMCHA), potassium octoate 
(KOct, Dabco® K-15, 70 wt% in diethylene glycol). 

2.2  Experimental design

The catalytic activity of Cu(Am) and Zn(Am) in gelling/
blowing reactions was initially screened in RPUR foam 
system. Then, fully water-blown PIR-PUR foams were 
prepared using Cu(Am)+KOct and Zn(Am)+KOct as 
catalysts. Their experimental data were compared to those 
accelerated by DMCHA+KOct (the commercial catalyst 
system).

2.3  Synthesis of Cu(Am) and Zn(Am)

A 25.0 wt% aqueous solution of Cu(Am) was prepared as 
follows: distilled water (3.21 ml) was added to 30 wt% 
ammonia solution (1.27 ml, 19.91 mmol). The total volume 
of distilled water is 4.0 ml. Then, Cu(CH3CO2)2·H2O (0.662 g, 
3.32 mmol) was added. All chemicals were stirred for 3 h 
in order to obtain the clear-blue Cu(Am) solution without 
precipitate (Figure S1).

A 25.0 wt% aqueous solution of Zn(Am) was 
synthesized using the same procedure as Cu(Am) 

synthesis by employing reactants as follows: 
30  wt% ammonia solution (1.19 ml, 18.66 mmol), 
Zn(CH3CO2)2·2H2O (0.682 g, 3.11 mmol) and distilled water 
(3.26 ml). A clear-colorless Zn(Am) solution was obtained 
without precipitate (Figure S1).

2.4  Characterization of Cu(Am) and Zn(Am)

The pH of Cu(Am) and Zn(Am) aqueous solutions was 
measured using an Ohaus starter 2100 pH meter. The 
complex formation of metal acetate and ammonia was 
comfirmed by UV-vis and MALDI-TOF mass spectra 
obtained from a Varian Cary-50 UV-vis spectrophotometer 
between 200-900 nm and a Bruker Daltonics mass 
spectrometer, respectively.

2.5  Preparation of RPUR and PIR-PUR foams

Reference RPUR foams and series of PIR-PUR foams were 
prepared with various equivalent ratios of isocyanate to 
hydroxyl groups (NCO:OH ratios) and catalyst types. All 
chemical compositions and abbreviation of the foams are 
summarized in Table 1. For the abbreviation, RPUR/X-1:1 is 
defined as RPUR foams catalyzed by the catalyst X [where 
X = Cu(Am), Zn(Am) or DMCHA] using NCO:OH ratio 
of 1:1. PIR-PUR/Y-2:1 and PIR-PUR/Y-2.5:1 are defined as 
PIR-PUR foams catalyzed by the catalyst mixture Y [where 
Y = Cu(Am)+KOct, Zn(Am)+KOct or DMCHA+KOct] using 
NCO:OH ratios of 2:1 and 2.5:1, respectively. All foams were 
prepared by cup test and molded methods as reported in 
the literature (29).

2.6  Characterization of foams

Reaction times of RPUR and PIR-PUR foams, namely the 
start time (the beginning time of foam rising), the gelation 
time (the starting time of polymer network formation), 
the tack-free time (the completing time of crosslinking 
reactions) and the expansion time (the terminating time 
of blowing reaction), were recorded according to ASTM 
D 7487-13ε1 using the method described in the literature 
(29). The description of foam appearances used in 
recording the reaction times is given in Table S1. PIR yield 

Table 1:  Chemical compositions and abbreviation for RPUR and PIR-PUR foam preparation (pbw = parts by weight).

Composition (pbw) RPUR foam            PIR-PUR foam

NCO:OH ratio 1:1 2:1 2.5:1

PMDI (B9001®) 166.0 337.5 421.9

Polyether polyol (Polimaxx® 4221) 100.0 100.0 100.0

Gelling/blowing catalyst [Cu(Am) or Zn(Am) or DMCHA] 1.0 0.5 0.5

Trimerization catalyst (KOct) - 3.0 3.0

Surfactant (Tegostab® B8460) 2.5 2.5 2.5

Blowing agent (water) 4.0 4.0 4.0

Abbreviation RPUR/X-1:1 PIR-PUR/Y-2:1 PIR-PUR/Y-2.5:1
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and NCO conversion of the foams were studied using 
the method given in the literature (30). The peak area 
of corresponding ATR-IR spectra was obtained from a 
spectrometer (Nicolet-6700, 4000-500 cm-1 range, 16 scans 
and 4 cm-1 resolution). The density measurement of the 
cubic foams (30 × 30 × 30 mm3) was carried out following 
ASTM D 1622-08. Compression test was performed 
through a Hounsfield H 10 KM universal testing machine 
following ASTM D 1621-16. Compressive strength was 
collected at 10% deformation. Morphology of foam cells 
and char residue of burnt foams were investigated using 
a JSM-6480LV scanning electron microscope (SEM) with 
5 kV acceleration voltage. Thermogravimetric analysis 
(TGA) data of the foams were obtained from a Perkin–
Elmer Pyris Diamond TG/DTA. The foams were heated 
from 35 to 800°C (10°C/min) under N2 atmosphere. 
Flame retardancy was investigated by UL-94 horizontal 
burning test following ASTM D 4986-03. Specimen bars 
(150  ×  50  ×  13  mm3) were marked positions at 25, 60 
and 125 mm along foam length and were placed on wire 
cloth. The free end of specimens was exposed to flame in 
a horizontal position. Ignition length, burning rate and 
afterglow time were recorded. %  Limiting oxygen index 
(LOI) measurement was conducted according to ASTM D 
2863-06 using specimen dimension of 125 × 10 × 10 mm3. 

3  Results and discussion

3.1   Structural determination of Cu(Am) and 
Zn(Am)

The complex formation between metal acetate with 
ammonia could occur in water to give copper- and zinc-
ammonia complexes [Cu(Am) and Zn(Am)] in aqueous 
solution form (Scheme 2). The Cu(Am) solution without 
precipitate was obtained at the molar ratio of copper 
acetate:ammonia = 1:6. At this molar ratio, the pH of 

Cu(Am) solution was 10.63. The synthesis of Zn(Am) 

solution used the same molar ratio as Cu(Am). The pH of 
Zn(Am) solution was 10.38.

The structural determination of Cu(Am) and Zn(Am) 

in aqueous solution was performed using MALDI-TOF 
mass spectrometry (Figure 1). The result indicates 
that the structures of Cu(Am) and Zn(Am) are mainly 
[Cu(NH3)4(H2O)2](CH3CO2)2 and [Zn(NH3)4(H2O)2](CH3CO2)2, 
respectively. Copper and zinc atoms in Cu(Am) and 
Zn(Am), respectively, have six coordinations with 
four ammonia and two water molecules. Two acetate 
groups are counter ions. For Zn(Am), the further ligand 
exchange of NH3 by H2O was observed as the peak of  
[Zn(NH3)2(H2O)4](CH3CO2)2. The DFT theoretical study 
of copper(II)-complex in ammonia-water environment 
showed the copper-ligand distances as follows: the 
distances of Cu-NH3 (ligand 1 to 4) were equal and had the 
value of 2.06 Å, while the distances of Cu-H2O (ligand 5) 
and Cu-H2O (ligand 6) were 2.58 and 2.60 Å, respectively. 
This suggests that [Cu(NH3)4(H2O)2]2+ can easily lose two 
H2O molecules to give the square planar [Cu(NH3)4]2+, 
which can catalyze the reaction between NCO and OH 
groups (24). The excess NH3 in metal-ammonia complex 
aqueous solutions can react with NCO of PMDI.

The Cu(Am) aqueous solution was also characterized 
by UV-vis spectroscopy. Zn(Am) and Zn(CH3CO2)2 are 
colorless since the d-shell electron configuration of Zn2+ 
is full (3d10). Therefore, they did not show the absorption 
peak in UV-vis spectra. The UV-vis spectra of Cu(Am) and 
Cu(CH3CO2)2 were compared (Figure 2). The λmax of Cu(Am) 

shifted to 240 nm, while the λmax of Cu(CH3CO2)2 appeared 
at 245 nm. The spectrum of Cu(Am) also showed two new 
shoulder peaks at 287 and 334 nm and a very small peak at 
620 nm with small ε value of 49. This agrees with the data 
reported in the literature (22). UV–vis spectroscopy was 
employed to study solutions of copper-ammonia complex 
prepared using CuCl2·2H2O, NH4Cl and NaOH (for pH 
control). The solutions were prepared at various pH under 
the specific conditions. The complex solutions showed the 

Scheme 2: Synthesis of metal-ammonia complex [M(Am)] aqueous solutions.
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peaks of Cu(NH3)4
2+, which were the predominant species, 

at ≈ 240 and 605 nm. The peak at 605 nm had much lower 
ε as compared to that of 240 nm.

3.2   Catalytic activity of Cu(Am) and Zn(Am) in 
gelling and blowing reactions

In the first step, the potential of Cu(Am) and Zn(Am) to 
catalyze urethane formation (gelling reaction) and CO2 

generation (blowing reaction) was evaluated in RPUR 
foam system by comparing their experimental results to 
those of commercial DMCHA catalyst (Table 2). Tack-free 
time and expansion time relate to the ability of catalyst for 
completing gelling and blowing reactions, respectively. It 
was found that RPUR/Cu(Am)-1:1 showed longer gelation 
time, but shorter tack-free time in comparison to RPUR/
DMCHA-1:1. This revealed that Cu(Am) could delay the 
reaction and viscosity buildup at initial stage, then it 
increased acceleration rate latter and completed the 
gelling reaction faster than DMCHA. This result indicates 
the good catalytic activity in gelling reaction of Cu(Am). 
Zn(Am) showed lower activity in gelling reaction than 
Cu(Am) and DMCHA. For blowing reaction times (start 
time and expansion time), Cu(Am) and Zn(Am) appeared 
less active in blowing reaction than DMCHA. However, 
the catalytic activity of Cu(Am) and Zn(Am) for blowing 
reaction was probably sufficient as the density of RPUR/
Cu(Am)-1:1 and RPUR/Zn(Am)-1:1 was very close to that 
of RPUR/DMCHA-1:1. Catalytic characteristic of Cu(Am) 
and Zn(Am) was different from that of DMCHA. Cu(Am) 
and Zn(Am) gave slightly shorter tack-free time than 
expansion time, whereas DMCHA gave longer tack-free 
time than expansion time. This result revealed that the 
rate of polymer network formation obtained from Cu(Am) 
and Zn(Am) was slightly faster than the rate of foam 
rise. This could help to strengthen foam cells during the 

Figure 2: UV-vis spectra of Cu(Am) and Cu(CH3CO2)2.

Figure 1: MALDI-TOF mass spectra of (A) Cu(Am) and (B) Zn(Am) aqueous solutions, where OAc = CH3COOˉ.
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foam rising process (31). Therefore, permanent structures 
without collapse and desirable dimensional stability 
(Figures S2-5) of RPUR/Cu(Am)-1:1 and RPUR/Zn(Am)-1:1 
could be obtained.

3.3   Preparation of PIR-PUR foams using 
Cu(Am)+KOct and Zn(Am)+KOct as 
catalysts

Reaction times of the foams are presented in Table 2. 
All PIR-PUR foams showed slight change in start time in 
comparison to that of RPUR foams. The small difference 
values of start time between both foams were less than 
10 s. For other reaction times, PIR-PUR foams accelerated 
using Cu(Am)+KOct and Zn(Am)+KOct showed the 
reduction in gelation time, expansion time as well as tack-
free time in comparison to those of their corresponding 
RPUR foams. For example, the gelation time, the tack-free 
time and the expansion time of PIR-PUR/Cu(Am)+KOct-2:1 
decreased from RPUR/Cu(Am)-1:1 by 40 s, 127 s and 117 s, 
respectively. The reduction in gelation time and tack-free 
time of PIR-PUR foams was resulted from the increase 
of isocyanurate crosslinks, which were more rigid than 
urethane crosslinks (32). This made PIR-PUR foams 
having viscosity buildup and reaching gel point faster 
than RPUR foams. The reduction in expansion time might 
be influenced by shorter tack-free time of PIR-PUR foams. 
In case of DMCHA+KOct, the gelation time of PIR-PUR 
foams catalyzed by DMCHA+KOct was slower than that of 
RPUR foams catalyzed by DMCHA alone. This suggested 
that DMCHA might lose partial reactivity in gelling 
reaction when using for PIR-PUR foam preparation. The 
similar incident can be found when using tertiary amine 
as the catalyst (33). Likewise, DMCHA partially dissolves 
in diethylene glycol (solvent of KOct) in the presence of 
water as a blowing agent (34). This can lead to inadequate 

miscibility between DMCHA and KOct solution and 
affects its reactivity. In contrast, metal-ammonia complex 
aqueous solutions and KOct solution in diethylene glycol 
were miscible due to the hydrogen bond association among 
water, ammonia and diethylene glycol. This leads to 
suitable homogeneous catalyst system of PIR-PUR foams, 
whose reaction mechanism catalyzed Cu(Am)+KOct and 
Zn(Am)+KOct is proposed in Scheme S1.

The increase of NCO:OH ratios slightly affected start 
time and gelation time, but prolonged tack-free time 
and expansion time. The reactions of PIR-PUR foams 
were gradually occurred after gel point due to the high 
crosslink density of polymer (30). Therefore, the duration 
for completing all reactions of PIR-PUR foams at higher 
NCO:OH ratios were extended. Foam density increased 
with higher NCO:OH ratios owing to the increase of 
isocyanurate crosslink density (35). The fully water-
blown PIR-PUR foams prepared from Cu(Am)+KOct 
and Zn(Am)+KOct had the density in the range of  
39.9-52.7  kg/m3, which was comparable to the density 
of PIR-PUR foams prepared using another commercial 
catalyst system and blowing with the mixture of water 
and hydrofluorocarbon (36).

3.4   PIR yield and NCO conversion of PIR-PUR 
foams 

PIR yield and NCO conversion of reference RPUR and 
PIR-PUR foams were calculated (Figure 3). The peak area 
ratios of isocyanurate (1415 cm-1) to urethane (1220  cm-1) 
and the peak area reduction of isocyanate (2277 cm-1) 
of foams were used to calculate PIR/PUR ratios and 
NCO conversion, respectively. All data were normalized 
with the peak area of phenyl (1595 cm-1), which was 
constant and independent from all reactions. It was 
found that the PIR/PUR ratios of PIR-PUR foams were 

Table 2: Reaction times and density of RPUR and PIR-PUR foams.

Catalysts Start time (s) Gelation time (s) Tack-free time (s) Expansion time (s) Density (kg/m3)

RPUR/DMCHA-1:1 21±1 35±2 196±3 125±3 34.7±0.7

RPUR/Cu(Am)-1:1 26±1 76±2 176±6 187±4 38.1±0.7

RPUR/Zn(Am)-1:1 25±1 98±1 202±2 232±3 33.4±0.9

PIR-PUR/DMCHA+KOct-2:1 25±1 46±1 97±2 141±2 42.6±0.6

PIR-PUR/DMCHA+KOct-2.5:1 28±1 53±1 122±2 181±2 51.6±0.7

PIR-PUR/Cu(Am)+KOct-2:1 25±0 36±1 49±1 70±1 43.6±0.9

PIR-PUR/Cu(Am)+KOct-2.5:1 28±1 43±1 70±2 98±2 52.7±1.3

PIR-PUR/Zn(Am)+KOct-2:1 24±0 37±1 68±1 97±2 39.9±0.9

PIR-PUR/Zn(Am)+KOct-2.5:1 27±0 46±0 92±1 125±2 50.4±0.8
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higher than those of RPUR foams for all catalyst types. 
At the same NCO:OH ratio, Zn(Am)+KOct gave lower  
PIR/PUR ratio in comparison to that of Cu(Am)+KOct 
and DMCHA+KOct. Variation of NCO:OH ratios also 
affected PIR yield (1,2,17,30). As expected, higher PIR/PUR  
ratios were obtained with increasing NCO:OH ratios. 
However, the slight drop of NCO conversion was observed 
at higher NCO:OH ratios. PIR-PUR foams obtained 
from Cu(Am)+KOct, Zn(Am)+KOct and DMCHA+KOct 
at the highest NCO:OH ratio of 2.5:1 showed the NCO 
conversion of 96.8%, 96.8% and 93.5%, respectively. 
Although this NCO conversion decreased from that of 
RPUR foams, it was still quantitative with more than 90% 
of the conversion. The slightly lower NCO conversion of  
PIR-PUR/DMCHA+KOct-2.5:1 did not affect its PIR yield, which 
still increased along with the increase of NCO:OH ratios.

3.5  Morphology of PIR-PUR foams

Figure 4 compares the cell morphology between 
RPUR/Cu(Am)-1:1 (Figures 4a and 4b) and PIR-PUR/

Cu(Am)+KOct-2:1 (Figures 4c and 4d) in different foam rise 
directions. The cell morphology of the foams catalyzed 
by Zn(Am), DMCHA, Zn(Am)+KOct and DMCHA+KOct is 
shown in Figure S6. It was found that all PIR-PUR foams 
showed well-defined closed cells regardless of catalyst 
types. The cell morphology showed anisotropic structures 
appearing elongated and spherical structures in parallel 
and perpendicular directions, respectively, to foam rise. 
Figure 5 presents the average cell diameter of RPUR and 
PIR-PUR foams in perpendicular direction to foam rise. In 
comparison to RPUR foams, PIR-PUR foams showed the 
large decrease in average cell size until the NCO:OH ratio 
reached to 2:1. The smaller average cell size of PIR-PUR 
foams could be attributed to the faster gelation time and 
the increase of isocyanurate crosslink density, which 
decreased the cell wall elasticity for bubble expansion 
and suppressed the growth of foam cell during foam 
rise (31,37,38). The slight increase of average cell size at 
NCO:OH ratio of 2.5:1 related with the viscosity reduction 
of starting materials and the retarded polymerization rate 
when increasing PMDI content in foam recipe. This result 
revealed the complex relation between crosslink density, 

Table 3: TG/DTG data of RPUR and PIR-PUR foams.

Samples T5% (°C)
1st Stage 2nd Stage Char 

residue 
at 800°C 

(%)Tmax1 (°C) Weight 
loss (%)

Ea (kJ/
mol) R2 Tmax2 (°C) Weight 

loss (%)
Ea (kJ/

mol) R2

RPUR/Cu(Am)-1:1 259 314 76.1 256.0 0.9995 466 11.9 306.1 0.9975 12.0

RPUR/Zn(Am)-1:1 238 307 76.0 254.3 0.9993 465 12.4 331.7 0.9995 11.6

PIR-PUR/Cu(Am)+KOct-2:1 266 314 61.6 357.7 0.9981 488 12.4 384.0 0.9975 26.0

PIR-PUR/Zn(Am)+KOct-2:1 260 311 64.4 350.9 0.9981 480 15.2 380.2 0.9982 20.4

Figure 3: PIR/PUR ratios and %NCO conversion of RPUR and 
PIR-PUR foams. Figure 4: SEM images of RPUR and PIR-PUR foams.
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viscosity and polymerization rate, which competed to 
each other to control the final cell size of the foams. 

3.6  Mechanical properties of PIR-PUR foams

PIR-PUR/Cu(Am)+KOct-2:1, PIR-PUR/Zn(Am)+KOct-2:1 and 
PIR-PUR/DMCHA+KOct-2:1 were investigated compressive 
properties because they had suitable apparent density 
in the range of industrial foams (30-50 kg/m3) (39). 
Figures 6a and 6b present compressive curves of reference 
RPUR and PIR-PUR foams in different foam rise directions. 
Figures 6c and 6d present their compressive strength as 
the function of foam density and catalysts. All PIR-PUR 
and RPUR foams exhibited anisotropic behavior. Their 
compressive strength in parallel direction showed superior 
in comparison to that in perpendicular direction, which 
originated from the different cell morphology in different 
foam rise direction (40,41). PIR-PUR foams showed 
higher compressive strength than RPUR foams due to the 
stronger isocyanurate crosslink that could lead polymer 
matrix to withstand better with compressive stress (30). 
The compressive strength of all RPUR foams, PIR-PUR/
Cu(Am)+KOct-2:1 and PIR-PUR/Zn(Am)+KOct-2:1 increased 
with increasing their foam density in both foam rise 
directions. For example, The apparent density of PIR-PUR/
Cu(Am)+KOct-2:1 and PIR-PUR/Zn(Am)+KOct-2:1 were 43.6 
and 39.9 kg/m3, respectively. Therefore, the compressive 
strength in parallel and perpendicular directions of 
PIR-PUR/Cu(Am)+KOct-2:1 was 239.9 and 151.4  kPa, 
respectively, which was higher than that of PIR-PUR/
Zn(Am)+KOct-2:1 (218.5 and 141.8 kPa, respectively). 

However, PIR-PUR/DMCHA+KOct-2:1 showed the different 
results. PIR-PUR/DMCHA+KOct-2:1, which had middle 
foam density between PIR-PUR/Cu(Am)+KOct-2:1 and 
PIR-PUR/Zn(Am)+KOct-2:1, showed the lowest compressive 
strength in parallel direction in comparison to PIR-PUR/
Cu(Am)+KOct-2:1 and PIR-PUR/Zn(Am)+KOct-2:1. Foam 
rupture in parallel direction of PIR-PUR/DMCHA+KOct-2:1 
was observed during compression test resulting in the 
brittle feature of its stress-strain curve (Figure 6a) and the 
lowest compressive strength (Figure 6c). Both PIR-PUR/
Cu(Am)+KOct-2:1 and PIR-PUR/Zn(Am)+KOct-2:1 appeared 
to be tough materials since the foam rupture was not 
observed during compression test.

3.7   Flame retardant properties of PIR-PUR 
foams

Experimental data from horizontal burning test and % LOI 
(Figure 7) indicates the flame retardancy of the foams. 
Digital images of burnt foams after horizontal burning 
test as the function of catalysts and NCO:OH ratios are 
presented in Figure S7. All RPUR foams, especially RPUR/
Zn(Am)-1:1, were easily ignited and drastically burnt owing 
to their highly flammable feature of cellular polymers 
(4,42). Flame blaze rapidly propagated and totally covered 
150 mm of the specimen length. Many small holes and 
crack surface were observed throughout of burnt foam. 
Among RPUR foams, RPUR/Zn(Am)-1:1 had the poorest 
flame retardancy due to the lowest foam density and  
PIR/PUR ratio. Generally, the flame retardancy of cellular 
polymers probably depends on the foam density. The 
foams with lower density can be readily ignited and have 
poorer fire resistance (42). This result pointed out that 
the gelling/blowing catalysts, namely DMCHA, Cu(Am) 
and Zn(Am), also affected flame retardancy of the foams 
through the density adjustment, which depended on the 
catalytic activity of each catalyst. 

PIR-PUR foams distinctly showed better flame 
retardancy. Shorter ignition length and self-extinguishing 
were observed. Ignition length (Figure 7a), afterglow time 
(Figure 7b) and burning rate (Figure 7c) of all PIR-PUR 
foams prepared at the NCO:OH ratio of 2:1 decreased from 
those of their corresponding RPUR foams. For instance, 
RPUR/Cu(Am)-1:1 showed 150.0 mm of ignition length, 
63.0  s of afterglow time and 145.2 mm/min of burning 
rate, while PIR-PUR/Cu(Am)+KOct-2:1 showed 38.4 mm of 
ignition length, 19.0 s of afterglow time and 42.1 mm/min  
of burning rate. The ignition length of PIR-PUR foams 
prepared at the NCO:OH ratio of 2.5:1 was approximately 
sevenfold decrease from that of related RPUR foams. 

Figure 5: Average cell diameter of RPUR and PIR-PUR foams in 
perpendicular direction to foam rise.
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Figure 6: Compressive properties of RPUR and PIR-PUR foams; (a,b) are stress-strain curves in parallel and perpendicular directions, 
respectively, to foam rise, (c,d) are compressive strength in parallel and perpendicular directions, respectively, to foam rise.

Afterglow time and burning rate could not be obtained 
as these foams almost instantaneously extinguished 
after removing ignition source. According to the material 
classification of ASTM D4986-03, all RPUR foams cannot 
be classified to any rating of fire-resistant materials due to 
their low flame retardancy. All PIR-PUR foams prepared at 
the NCO:OH ratios of 2:1 and 2.5:1 can be classified to HF1 
rating (the highest classification) defined as the cellular 
materials having afterglow time ≤ 30s and ignition length 
< 60 mm. 

Figure 7d shows %LOI of the foams. It was found that 
%LOI of PIR-PUR foams were higher than those of their 
corresponding RPUR foam. Reference RPUR foams had 
low %LOI of 18.3-18.5%, which indicated that all RPUR 
foams were ready to burn in air when exposed to fire. 
%LOI of PIR-PUR foams prepared at the NCO:OH ratios 
of 2:1 and 2.5:1 were in the range 20.6-20.9 and 21.2-21.5%, 
respectively. The increase of %LOI is in agreement with 
the results of horizontal burning test. The improvement 
in flame retardancy of the foams correlates with the 

enlargement of PIR crosslinks, which are inherent  
fire-resistant structures, accompanying with more char 
content generated during the combustion of PIR-PUR 
foams (16). 

Therefore, SEM images of the char layer on burnt foam 
surface were observed (Figure 8). The char amount and the 
burnt surface morphology between RPUR and PIR-PUR 
foams were quite different. All RPUR foams had small char 
formation (Figures 8a-c). Many microholes were observed 
on their surface and incessantly permitted heat and oxygen 
transferring to participate in the combustion cycle of 
internal polymer resulting in destroyed cellular structures 
(43). On the contrary, dense char layers deposited on the 
burnt surface of PIR-PUR/DMCHA+KOct-2:1, PIR-PUR/
Cu(Am)+KOct-2:1 and PIR-PUR/Zn(Am)+KOct-2:1 were 
observed (Figures 8d-f). These dense char layers 
produced  by PIR structures, which facilitated to form 
carbonaceous char during thermal-oxidative degradation 
(4,32), could enhance flame retardant behaviors of the 
foams by suppressing the volatile fuel produced from 
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(16,32). Experimental data from TG/DTG thermograms are 
tabulated in Table 3.

Initial degradation temperature (T5%) can be 
designated as an index indicating the thermal stability 
of materials (44). RPUR/Cu(Am)-1:1 and RPUR/Zn(Am)-1:1 
showed T5% at 259 and 238°C, respectively, while PIR-PUR/
Cu(Am)+KOct-2:1 and PIR-PUR/Zn(Am)+KOct-2:1 showed 
higher T5% at 266 and 260°C, respectively. The presence 
of isocyanurate linkage can increase overall crosslink 
density of PIR-PUR foam. This leads PIR-PUR foams 
to require more thermal energy for initiating polymer 
chain movements at the onset of degradation process. 
Tmax1 and Tmax2

 are temperature at the highest weight 
loss rate of each degradation stage. There were barely 
significant differences of Tmax1 between RPUR and PIR-PUR 
foams. However, Tmax2 of PIR-PUR/Cu(Am)+KOct-2:1 and 
PIR-PUR/Zn(Am)+KOct-2:1 shifted to higher temperature 
at 488 and 480°C, respectively, in comparison to those of  
RPUR/Cu(Am)-1:1 and RPUR/Zn(Am)-1:1 at 466 and 465°C, 
respectively.

polymer degradation, providing the insulating layers for 
decreasing heat and mass transfer between combustion 
phases and acting as the barriers to protect further 
diffusion of oxygen into underlying combustible polymer 
(4,16,32).

3.8  Thermostability of PIR-PUR foams

Thermostability of PIR-PUR/Cu(Am)+KOct-2:1 and 
PIR-PUR/Zn(Am)+KOct-2:1 was further investigated 
because of their proper mechanical properties without 
the brittleness as discussed in the previous  section. 
Figure 9 presents TG/DTG thermograms of the foams. All 
foams had two thermal degradation stages. The first stage 
showed the weight loss between 250 to 400°C, which is 
attributed to thermal decomposition of urethane bonds 
as well as polyol segments. The second degradation stage 
took place between 450 to 600°C, which is corresponded to 
the degradation of isocyanurate and aromatic compounds 

Figure 7: Results of horizontal burning test and % limiting oxygen index.
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Figure 8: SEM images of char residue on burnt surface of RPUR and PIR-PUR foams after horizontal burning test.

Determination of char residue by TGA is the relative 
method for evaluating the flame retardancy of polymer (4). 
The char residue at 800°C of PIR-PUR/Cu(Am)+KOct-2:1 
and PIR-PUR/Zn(Am)+KOct-2:1 increased to 26.0 and 
20.4%, respectively, in comparison to their reference 
RPUR foams. It can be deduced that isocyanurate can act 
as a charring agent to endow the char formation, which 
is advantageous to enhance not only the thermal stability 
but also the flame retardancy of PIR-PUR foams.

Activation energy (Ea) of each thermal degradation 
stage was calculated according to Horowitz-Metzger 
method using Eq. 1 (45):

             ln[ln(W W ) / (W W )] E / RT
0 t

f
t
f

a s
2− − =  θ                 (1)

Where W0 and W
t
f
 are the weight before and after 

each thermal degradation. W is the weight at reference 
temperature (T). θ is the difference of T and Ts, when Ts 
is Tmax1 or Tmax2. The plots of ln[ln(W W ) / (W W )]

0 t
f

t
f− −  

versus θ (Figure S8) provide straight lines, whose slope 
can be used to calculate Ea of each thermal degradation 
stage (Table 3). The slope data for Ea calculation could be 
obtained with suitable correlation coefficients (R2) > 0.99. 
It was observed that Ea values of the second degradation 
stage (isocyanurate degradation) were higher than those 
of the first degradation stage (urethane degradation) for all 
foam samples. Isocyanurate structures are thermally stable 
than urethane structures and therefore need more energies 
for bond scission (2,4,32). PIR-PUR/Cu(Am)+KOct-2:1 and 
PIR-PUR/Zn(Am)+KOct-2:1 had higher Ea than RPUR/ Figure 9: (a) TG and (b) DTG thermograms of RPUR and PIR-PUR foams.
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Cu(Am)-1:1 and RPUR/Zn(Am)-1:1, respectively, for both 
degradation stages. This result indicates the higher 
thermal stability of the modified PIR-PUR foams.

4  Conclusions
Two systems of homogeneous catalyst in aqueous 
solution, Cu(Am)+KOct and Zn(Am)+KOct, were used to 
prepare PIR-PUR foams and the results were compared 
to that prepared from DMCHA+KOct. The in situ complex 
formation of metal acetate with ammonia could occur 
in water to give Cu(Am) and Zn(Am). At the optimum 
molar ratio of metal acetate:ammonia = 1:6, major 
species in the aqueous solutions of Cu(Am) and Zn(Am) 
were [Cu(NH3)4(H2O)2](OAc)2 and [Zn(NH3)4(H2O)2](OAc)2, 
respectively. Both Cu(Am) and Zn(Am) showed their 
ability to catalyze both blowing and gelling reactions of 
RPUR foams. Cu(Am) showed higher catalytic activity 
than Zn(Am). PIR-PUR foams prepared from Cu(Am)+KOct 
and DMCHA+KOct had close PIR yields and flame 
retardancy, while those prepared from Zn(Am)+KOct had 
slightly lower flame retardancy due to less PIR yield and 
foam density. During compression test, PIR-PUR foam 
prepared from DMCHA+KOct was brittle and foam rupture 
was observed, while those prepared from Cu(Am)+KOct 
and Zn(Am)+KOct did not show foam rupture. TGA results 
showed that initial degradation temperature, activation 
energy for thermal degradation and char residue of 
PIR-PUR foams were higher than those of RPUR foams, 
which indicated the enhancement in thermal stability of 
PIR-PUR foams. 
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