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Scheme 1-1. Mechanism of the silane water-crosslinking reaction in polymer system.

Scheme 1-2. Reported catalytic mechanism of the OTC-catalyzed silane water-

crosslinking reaction.
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Scheme 1-3. Different mechanisms for catalyst performance in silane water-crosslinking 

reaction: (A) Lewis acid catalyst and (B) Lewis base catalyst.
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the two-

component acid and base co-catalyst system previously reported, the 

complexes present two types of catalytic active sites within the same molecule
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The newly developed one-component 

catalyst possessed two types of catalytic active sites in one molecule. Therefore, we 
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determined that the synthesized acid base hybrid catalyst exhibited bifunctional behavior 

as the silane water-crosslinking catalyst in the  system. 
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Scheme 3-2. Chemical structures of the curcuminoid and acetylacetone ligands used in 

this study.
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Table 3-1. Properties of the ethylene propylene copolymer used in this study. 

M w
a / kg mol-1 M n/M w

a

27.7 2.3
a Number (M n)- and weight (M w)- averaged molecular masses.
b Determined by wide-angle X-ray scattering
c Determined by 13C NMR

crystallinityb / wt % ethylene contentc / mol %
34.9 10.1
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a catalyst concentration: 5.0 × 10 4 mol/100 g EPR 
b determined using ATR FTIR spectroscopy 
c aged in 80 °C water for 24 h
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hyd s = TE  - TE  E  ............................................................... 
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Figure 3-11. Dependence of the hydrolysis activation energies of the EPR-g-MTMS 

systems containing various Cu(II) 2 complexes on the stability constants of the 

corresponding complexes. 
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Figure 3-12. Final optimized structures of the (A) Cu(curc{Ph}2)2 and (B) 

Cu(curc{Ph}2)2 hydrate complexes.
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Catalysta Atomic charge on the O atom of 
the P=O group 

Activation energy [kJ mol-1] 
Average molecular weight  

between crosslinks  
Mc

e [g mol-1] Ea, hyd
c Ea, crk

d

Phosphoric 
acids 

PA -0.608 38.8 ± 0.5 43.1 ± 1.2 (4.55 ± 0.09) × 104

MPPA -0.625 35.4 ± 1.5 40.7 ± 1.0 (3.69 ± 0.08) × 104

DPPA -0.652 28.4 ± 0.2 38.4 ± 0.5 (3.49 ± 0.15) × 104

Phosphoric 
esters 

MPPE -0.598 39.2 ± 1.1 44.7 ± 0.8 (4.58 ± 0.37) × 104

DPPE -0.602 38.3 ± 0.6 43.6 ± 1.8 (4.62 ± 0.20) × 104

TPPE -0.602 39.9 ± 0.2 43.8 ± 1.2 (4.65 ± 0.11) × 104

Phosphine 
oxides 

TPPO -0.822 15.6 ± 0.8 31.4 ± 0.8 (1.20 ± 0.08) × 104

Cl-DPPO -0.733 24.0 ± 0.2 36.9 ± 0.3 (1.40 ± 0.10) × 104

H-DPPO -0.776 19.7 ± 0.2 34.6 ± 0.6 (1.27 ± 0.05) × 104

CH3-DPPO -0.900 13.7 ± 1.2 30.4 ± 0.4 (1.11 ± 0.08) × 104

Phosphine TPP --- 45.5 ± 0.8 64.0 ± 1.5 (10.09 ± 0.75) × 104

no catalyst  --- 46.5 ± 0.9 66.4 ± 1.2 --- 
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Catalyst 

Hydrolysis Condensation 

Hini
a Hinter

a H Hprod
a Hini

a Hinter
a H Hprod

a

[kJ mol-1] [kJ mol-1] 

CH3-DPPO -4370.77 -4344.28 26.48 -4357.28 -5336.81 -5289.66 47.15 -5304.84 
TPPO -4871.53 -4844.31 27.22 -4857.32 -5839.45 -5787.04 52.41 -5805.04 

H-DPPO -4272.75 -4242.32 30.44 -4257.37 -5250.58 -5187.70 64.98 -5204.94 
Cl-DPPO -5474.26 -5441.50 32.76 -5459.67 -6455.02 -6386.85 68.17 -6407.24 
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Table 4-4. Calculated activation energies of the hydrolysis reactions (Ea,hyd) in the EPR-

g-MTMS systems and average molecular weight between crosslinks (Mc) for the water-

crosslinked EPR-g-MTMS.

a catalyst concentration: 0.15 phr  
b aged at 80 °C for 24 h
c determined using ATR FTIR spectroscopy 
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The chemical structure of the RNH2 M(II)(acac)2 complexes was investigated 

using FTIR spectrometry. For convenience, the FTIR spectra of the C8NH2 Cu(II)(acac)2

and C18NH2 Cu(II)(acac)2 complexes, C18NH2, and Cu(II)(acac)2 are presented in Figure 

5-2. We determined that the structures of all the RNH2 M(II)(acac)2 complexes were 

similar and presented features of both the M(II)(acac)2 complexes and RNH2 compounds. 

The peak at approximately 3280 cm  in the FTIR spectrum of the C18NH2 Cu(II)(acac)2

complex was attributed to the stretching vibration of the N H bonds.9-11 This peak was 

redshifted by 10 cm  in the FTIR spectra of the RNH2 M(II)(acac)2 complexes compared 

with that of the pure RNH2 compounds, indicating that the RNH2 compounds coordinated 
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with Cu(II) via NH2 groups. In addition, the peak ascribed to the stretching vibration of 

the N H bonds in the FTIR spectrum of the C8NH2 Cu(II)(acac)2 complex exhibited a 

stronger red shift than that of the C18NH2 Cu(II)(acac)2 complex. The red shifts of the 

absorption peaks toward lower wavenumbers indicated lower bonding energies and the 

formation of longer bond. Therefore, the red shift of the peak associated with the N H 

bonds suggested that the structure formed in the C18NH2 Cu(II)(acac)2 complex was 

tighter than that formed in the C8NH2 Cu(II)(acac)2 complex. Several researchers 

demonstrated that the coordination complexes formed with M(II)(acac)2 complexes via 

the N atoms of n-alkylamine compounds and the electronic density of the N atoms were 

the most important factors for coordination with M(II)(acac)2 complexes.12,13 The 

spectrophotometric data indicated that the changes in electronic density with the alkyl 

chains were probably responsible for the differences in the Kcpx values of the RNH2

M(II)(acac)2 complexes. These results indicated that coordination of the RNH2

compounds to the metal ions in the acetylacetonate complexes stabilized the 1:1 

complexes. 
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ATR FTIR spectra of the C18NH2 Cu(II)(acac)2 and C8NH2 Cu(II)(acac)2

complexes and C18NH2. 

determined using UV vis spectroscopic titration

2000250030003500

Wavenumber / cm -1

3342 cm-1

3330 cm-1

3325 cm-1

C18NH2

C8NH2-Cu(acac)2
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The typical ATR FTIR spectra obtained for the water-crosslinking of EPR-g-

MTMS using the C18NH2 Cu(II)(acac)2 complex as the catalysts are presented in Figure 

5-3. The ATR FTIR spectra of the systems catalyzed by the other RNH2 M(II)(acac)2

complexes were similar (data not reported). Two new peaks at 1060 and 1120 cm

emerged, and their intensities increased gradually with aging time (Figure 5-3). The 

absorption peaks at 1060 and 1120 cm  were assigned to Si O Si  and Si=(O)2=Si

or 3  linkages, respectively. Correspondingly, the intensities of the peaks at 

1095 and 1193 cm , which correspond to the Si O stretching and Si C stretching 

vibration, respectively, of the methoxysilane groups (C Si OCH3), decreased with aging 

time. These spectral changes suggested that the water-crosslinking reaction (hydrolysis 

followed by condensation reaction) in the EPR-g-MTMS system in the presence of the 

C18NH2-Cu(II)(acac)2 complex proceeded gradually with aging time under the
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Figure 5-4. Time evolution of the A1095/A1460 ratio of the water-crosslinked EPR-g-

MTMS systems in the presence of (A) C18NH2 Cu(II)(acac)2, (B) C14NH2 Cu(II)(acac)2, 

and (C) C8NH2 Cu(II)(acac)2 at
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Figure 5-5. Dependence of the logarithmic hydrolysis rates on the reciprocal absolute 

temperature for the EPR-g-MTMS systems in the presence of the (A) RNH2

Cu(II)(acac)2 and (B) RNH2 Zn(II)(acac)2 complexes. The solid and dotted lines were 

obtained using Eq. (5.4). 
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Table 5-2. Calculated activation energies for the hydrolysis and overall water-crosslinking reactions of EPR-g-MTMS (Ea,hyd and Ea,crk, 

respectively) and average molecular masses between crosslinks (Mc) for the water-crosslinked 

a) catalyst concentration 5.0 × 10-4 mol/100g EPR; b) determined using ATR-FTIR spectroscopy; c) determined using gel fraction 
measurements; d) aged in 80 °C water for 24 h; e) mixtures of M(II)(acac)2 complexes and C18NH2.

Metal(II) acetylacetonate 
complex 

n-Alkylamine 
compound  

Activation Energy [kJ mol-1] 
Average molecular weight 
 between crosslinks Mc

 c 

Ea,hyd
 a Ea,crk

 b [g mol-1] 

Cu(II)(acac)2

C18NH2 16.6 ± 1.2 46.3 ± 0.8 (7.48 ± 0.5) × 104

C14NH2 21.9 ± 0.8 46.8 ± 0.2 (6.48 ± 0.2) × 104

C8NH2 25.9 ± 0.6 47.3 ± 1.2 (5.98 ± 0.8) × 104

no ligand 27.4 ± 1.2 46.9 ± 0.5 (4.22 ± 1.0) × 104

Zn(II)(acac)2

C18NH2 19.1± 1.0 50.5 ± 0.8 (5.40 ± 0.5) × 104

C14NH2 25.0 ± 0.9 51.2 ± 0.2 (3.88 ± 0.2) × 104

C8NH2 26.1 ± 1.2 51.9 ± 0.5 (3.61 ± 0.1) × 104

no ligand 30.2 ± 1.5 50.3 ± 0.6 (1.72 ± 0.8) × 104

Cu(II)(acac)2 + C18NH2 
d 26.4 ± 0.9 48.1 ± 0.6 --- 

Zn(II)(acac)2 + C18NH2 
d 27.1 ± 0.8 51.7 ± 0.2 --- 

C18NH2 26.8 ± 1.0 56.1 ± 1.0 --- 
without catalyst 46.9 ± 0.9 71.8 ± 1.2 --- 
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Dependence of the logarithmic overall crosslinking rates on the reciprocal 

absolute temperature for the EPR-g-MTMS

complexes. The solid and dotted lines were 

obtained using Eq. (5.6). 
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for the water-crosslinking reaction in the EPR-g-
MTMS systems containing the RNH2 M(II)(acac)2 complexes 

Using the aforementioned UV vis absorption and ATR FTIR spectroscopy 

results and gel fraction measurement data, we evaluated the catalytic activities of the 

RNH2 M(II)(acac)2 complexes for the water-crosslinking reaction in the EPR-g-MTMS 

system. The following conclusions were drawn. (i) The ATR FTIR spectra for the 

hydrolysis reactions of the EPR-g-MTMS systems containing various RNH2 M 

M(II)(acac)2 complexes were similar; however, the corresponding Ea,hyd values were 

significantly different. (ii) The axially coordinated n-alkylamine compounds played a 

critical role in the remarkable catalytic activities of the RNH2 M(II)(acac)2 complexes 

for the hydrolysis step of the water-crosslinking reactions of the EPR-g-MTMS systems. 

(iii) The Ea,crk values for the EPR-g-MTMS systems containing various RNH2 M 

M(II)(acac)2 complexes were independent on the alkyl chain lengths of the axial amine 

ligands; however, the metal ions of the RNH2 M(II)(acac)2 complexes significantly 

affected the catalytic activities of the complexes for the overall water-crosslinking 

reaction of the EPR-g-MTMS systems.  

To date, several studies have been conducted on silicate sol gel systems using 

acid and base catalysts.14-16 Despite their shortcomings, one-component acid base 

catalysts possess two types of catalytic active sites in one molecule, unlike their two-

component counterparts comprising acid and base co-catalysts. Therefore, acid base 

hybrid catalysts can exhibit bifunctional behavior. The RNH2 M(II)(acac)2 complexes in 

this study presented dual catalytic active sites. In particular, the metal ions of the 

M(II)(acac)2 complexes and the N atoms of the n-alkylamine compounds served as the 

acidic and basic sites, respectively. According to the associative substitution mechanism 

based on the Eigen Wilkins model, the free water molecule initially present in the 
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coordination sphere of each anhydrous RNH2 M(II)(acac)2 complex in the EPR-g-

MTMS system would immediately enter the first coordination sphere of the RNH2

M(II)(acac)2 complex. Typically, hydrates are more widely used as nucleophilic reactants 

to attack the Si atoms of alkoxysilanes. Therefore, during the hydrolysis step, the basic 

amine groups of the hydrated RNH2 M(II)(acac)2 complexes would react with the Si 

atoms of the methoxysilane groups of the EPR-g-MTMS systems, forming silanol groups. 

During the condensation step, the Lewis acid metal sites of the nucleophilic hydrated 

RNH2 M(II)(acac)2 complexes would attack the resulting silanol groups, subsequently 

generating siloxane structures.  
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This thesis reported the specific effects of the building blocks on the catalytic 

activities of the Lewis acid and base catalysts for the silane water-crosslinking reaction 

in polymer systems, and the 

There are many inconsistent reports to develop new general catalytic systems 

to expand the applications of silane water-crosslinkable polyolefins. Among the 

developed systems, metal complexes with Lewis acid catalytic active sites and 

organocatalysts with Lewis base active sites have recently attracted increasing attention 

owing to their high catalytic efficiencies and unique properties. Furthermore, it was 

reported that judicious design of the building blocks of these compounds can enhance 

their Lewis acidity and basicity. However, to date, the specific effects of the building 

blocks on the catalytic activities of these compounds for the silane water-crosslinking 

reaction in polymer systems have not been elucidated and should be further investigated. 

In this thesis, I investigated the effects of the building blocks on the catalytic 

performance of three catalytic systems for the water-crosslinking reaction of an 

alkoxysilane-grafted polyolefin system. Chapter 3 and Chapter 4 focused on the effects 

2 complexes and 

those of substituents on the activity of organophosphorus catalysts, respectively. In 

Chapter 3 and Chapter 4, the effects of building blocks on the catalytic activities were 

estimated experimentally and theoretically. The results in Chapter 3 and Chapter 4
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consistently demonstrated that the catalytic performance of Lewis acid and base catalysts 

could be finely controlled by judiciously selecting the coordinate ligands and substituents, 

and developed more efficient crosslinking catalysts than the previously reported catalytic 

system. 

(II)

the two-component acid and base co-

catalyst systems, the (II)  complexes presented two types of catalytic 

active sites within the same molecule
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Appendix 1 Silane grafting onto the EPR copolymer 
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Appendix 2 NMR spectrum of curc{Ph}2

Appendix 3 NMR spectrum of curc{Ph(OH)2}2


