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Abstract 

Liquid polysulfide polymers (LPs) H(SCH2CH20CH20CH2CH2S),, H are of wide 
commercial importance in the sealants industry. Chemical oxidation of the mercaptan 
groups, by inorganic and peroxide catalysts, leads to the formation of durable, flexible 
and adhesive elastomers. 

Terminal modification of the prepolymers, by substituting a wide range of carbonyl- 
containing groups for the thiol protons, has led to the creation of ph otopolymeri sable 
oligomers with certain of the desirable properties mentioned above. UV irradiation of 
all the modified polysulfides, which exist as viscous oils, resulted in the development 
of a solid elastomeric material with considerable powers of adhesion. 

The acylation process involves the addition of a slight excess of an acyl halide to the 
prepolymer in solution, followed by the addition of an amine to neutralise the HCI 
formed. This procedure has been adapted to react di- and polyfunctional termini with 
LPs to produce block copolymer polysulfides. 

When exposed to UV irradiation, the oligomers slowly photocrosslink, forming an 
insoluble elastomer. The increase in degree of polymerisation has been successfully 
monitored by 1H NMR spectroscopy; this was achieved by irradiating the oligomers in 
NMR tubes containing a thin capillary tube containing a deuterium-lock solvent. 

These new materials were characterised by IR, 1H and 13 C NMR, GPC, viscometry 
and, particularly electrospray and FAB-mass spectrometry. FAB spectra have also 
been obtained for the first time for the parent polysulfide as well as the modified 
forms; these enable characterisation of the polysulfide backbone and its irregularities. 

Characterisation of these cured products has been made by hardness testing, solvent 
resistance, flexibility and tensometry. Lap shear measurements have been made of all 
of the functionalised cured polysulfides; adhesion is greatly enhanced by the addition 
of an adhesion promoter (optimum level 2%). All the systems slowly 
photopolymerise without sensitisers or additives, but the addition of radical 
photoinitiators shortens the cure time considerably. The modified Us can be 
combined with commercially available polyurethane systems to make a fast curing 
photosystem yielding products with excellent adhesion and flexibility. 

Each of the modified LPs contains a carbonyl group, which has photoactive potential, 
thus excitation of the carbonyl group leads to an n---> ji* transition to form a reactive 
triplet state which then attacks another LP chain to crosslink the polysulfide. 

Monitoring of 1H NMR linewidths shows a gradual broadening of lines as 
120 Hz , illustrating the polymerisation proceeds, reaching a plateau value of AHI/2 

elastomeric properties of the polysulfide. 

Addition of plasticisers eases the uniform spreading of the oligomers onto sheets 
before irradiating, which gives a potential application as a surface coating. Photoresist 
imaging agents are another potential application as the modified oligomers act as 
negative resists. 

xxii 



Chapter 1: Introduction 

Chapter 1: Introduction 

1.1 Polysulfides 

1.1.1 Historical 

The first evidence for the formation of an aliphatic polysulfide was in 1839, when K. 

L6wig and S. Weidmann experimented with aliphatic-alkylene derivatives and 

inorganic polysulfides'. This work was extended, which allowed the reaction of 

ethylene dichloride and potassium sulfide to produce a rubbery precipitate 2. The 

significance of the work was not recognised at the time, but L6wig and Weidmann had 

created the first synthetic rubber. Their work was developed in 1840 by Berzelius, 

who studied the effect of ethylene dichloride on potassium sulfide 3. The impoitance 

of these various findings was not recognised until 85 years later when the results were 

rediscovered and patented by J. Baer in 1926 4. 

J. C. Patrick made the next significant observation in the development of aliphatic 

5 
polysulfides in 1924 . Patrick's work was targeted at developing an inexpensive 

antifreeze compound. His aim was to convert 1,2-dichlorethane into ethylene diglycol 

by using substances which acted hydrolytically, for example a sodium polysulfide, 

such as Na2S4. However, instead of forming the desired ethylene diglycol product, 

Patrick always obtained an opaque material. When he attempted to pour away the 

rubbery residue, the product blocked the pipe. When this pipe was subsequently 

opened up, a rubber-like material similar to that of coagulated natural rubber was 
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found. This failed attempt to make an antifreeze component constituted a rediscovery 

of the previous work by L6wig and Weidmann and gave Patrick a patent in 1927 

which described the synthetic rubber as a 'new' plastic, a product which was found to 

have excellent chemical resistance 6. 

More information on the historical development of polysulfides can be found in the 

7 
one monograph dedicated to the topic, i. e. 'ALIPS' by Lucke 

1.1.2 Manufacture 

The synthesis of LPs begins by the reaction of sodium polysulfide with a 

dihalogenated aliphatic monomer, to produce a polysulfide 'raw rubber'. This first 

step requires the addition of 1,2,3-trichloropropane , the purpose of which is to 

crosslink the polymer. The process is conducted under basic conditions (usually pH 

11). The polysulfide raw rubber is then subjected to the following depolymerisation 

process 
8: 

1) addition of sodium hydrogen sulfide, which is used as a chain splitter. This breaks 

disulfide linkages, forming reactive -SH and -SNa termini, 

i. e. R-S-S-R + NaHS -> R-SNa + HS-R 

2) addition of sodium sulfite, used to strip sulfur atoms from any chains containing 

two or more adjacent sulfur atoms, 

e. g. Na2SO3 + R-SSS-R -> 
Na2S203+ R-SS-R 

The variation in the number of consecutive sulfur atoms arises from the value of x in 

the starting material, Na2S,,. Any remaining -SNa groups are then converted to thiol 

(-SH) groups by the addition of ethanoic acid The resulting material is a liquid 

2 
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polysulfide polymer (LP) with a molecular weight of between 1000 and 8000 and 

known as a prepolymer. 

LPs as manufactured by Morton International are of the general type 

HS-(C2H4-0-CH2-0-C2H4-Sx)n-C2H4-0-CH2-0-C2H4-SH 
or, as described by Morton 

International (now known as Rohm & Haas), 9 

",... mercaptan terminated polymers of diethyleneoxymethane with Sx linkages... " 

The term Sx refers to the average number of neighbouring sulfur atoms present in the 

polymer. Each repeat unit differs in the value of x, depending on whether 

monosulfide, disulfide or trisulfide linkages are present. The disulfide linkage is by 

far the most common (estimated as 94% by Morton) and the commercially accepted 

value of x is 1.88, which can be approximated to 2, hence simplifying the empirical 

structure to: 

H-(S-C2H4-0-CH2-0-C2H4-S),, -H where n=7 to 43. 

Some of these LPs are referred to as "C 19 grade (for example LP977Q. This notation 

is given to polysulfides which are 'clarified' (Morton International). This process of 

clarification involves filtration, followed by the addition of water, in order to reduce 

levels of additives. 

1.1.3 Oligomeric Polysulfides 

All LPs have a characteristic amber colour, possess the distinctive mercaptan odour, 

and exist as viscous oils. 

3 
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Table 1.1 Characterisation of LPs as Supplied by Morton International 10. 

LP 

Polymer 

Number 

Chain 

Length 

(n value) 

Average 

Molecular 

Weight Mn 

% Cross- 

linking 

Agent 

Average 

Thiol Content 

mol kg-1 

Average 

Viscosity 

@25'C / Pa s 

1400C 7 1000 0.0 2.06 1.15 

33 7 1000 0.5 1.75 1.75 

3 7 1000 2.0 2.06 1.15 

977C 16 2600 2.0 0.91 12.5 

980C 16 2600 0.5 0.91 12.5 

12C 24 4000 0.2 0.53 46.5 

32C 24 4000 0.5 0.53 46.5 

2C 24 4000 2.0 0.6 46.5 

541 24 4000 0.0 0.53 46.5 

31 42 8000 0.5 0.38 62.5 

1.1.4 Curing and Applications 

Viscous LP oligomers have no workable applications in their liquid state so they are 

further polymerised or 'cured' to higher molecular weight elastomers. The curing 

process involves the addition of an oxidising agent, which allows the terminal thiol 

groups to form disulfide bridges. The general oxidation process can be expressed as: 

2-RSH +0 --> R-S-S-R + H20 

The most commonly used oxidising agents are manganese dioxide, lead dioxide, 

sodium perborate, and calcium dioxide. Alternatively, organic peroxides (such as tert 
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butyl hydroperoxide) can be used as curative oxidants; the latter agents lead to slower 

cure times and produce less effective products, 

2 HS-R'-SH + R202 
--> HS-R-S-S-R'-SH + R20+ H20 

All of the above oxidants work under basic conditions, so amine and water are added 

to the curing systems. 

The most effective curing agent is manganese dioxide; this agent has been 

experimentally proven to convert the thiol termini into thiyl radicals (which have been 

spin-trapped") which then dimerise, further extending and crosslinking the 

12 
polysulfide . 

Mn02 

RSH --> RS- thiyl free-radical formation 

2RS9 --> RSSR 

R-SH + Base --> RS- + H+ 

RS- + RS- ---> (R-SS-R)-* 

(R-SS-R)-- + 02 
---> R-SS-R +02-* 

disulfide formation 

deprotonation 

dimer-radical anion formation 

disulfide formation 

It has been estimated (by Morton) that a polysulfide oligomer needs to reach a 

molecular weight of 18 - 20,000 before it starts to exhibit elastomeric properties. 

The primary use for these cured polysulfides is in the IG (insulated glass) unit industry 

as a sealant 
13,14,1 5. The oligomer is mixed with the oxidant just prior to application, and 

after a short pot-life (20 minutes), a hard black rubber is formed, sealing the glass to 

the frame. The outstanding properties of the polysulfide, which make the product 

ideal for its purpose, are its flexibility, durability and excellent weatherability. These 

5 



Chapter 1: Introduction 

benefits arise from the extensive combination of methylene and formal linkages in the 

backbone and the high percentage of sulfur bridges in the cured product. These 

sealants also have good adhesion to a range of substrates, which can be enhanced by 

the addition of an adhesion promoter' 6. 

Table 1.2 Beneficial Properties of Polysulfides 

Functional Group Property Benefits 

Formal Linkage Provides molecular flexibility even at low 

-0-CH2- temperatures. 

Tg's in range of -50'C to -60'C 

Methylene linkage Contributes to molecular flexibility. Provides 

-CH2CH2- chemical resistance to polar solvents and barrier 

properties to fluid including water, water vapour, 

and many gases. 

Polysulfide linkage Provides chemical, solvent, and fuel resistance. 

-SX- Contributes to low temperature flexibility. Sx 

linkages are flexible and provide good stress 

relaxation properties to coatings, sealants, and 

adhesives. 

No chemical unsaturation Provides outdoor durability with resistance to 

and few tertiary oxygen, ozone, and UV exposure. 

hydrogen atoms 

Mercaptan/thiol group Reactive termini allow chain extension and 

-SH crosslinking. 
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These properties have led to the extensive development of LP-based sealants, in which 

a number of additives are added to the raw Us. A typical formulation of an LP-based 

sealant is as follows: 

Table 1.3 A Typical Chemically-curable Polysulfide Sealant Formulation 17 

Component Weight % Function 

Blend of LPs 15-60 (of base) Binder 

Calcium carbonate 30-60 (of base) Filler 

Titanium dioxide <10 (of base) Pigment 

Silanes, titanates <I 0 (of base) Adhesion promoter 

Phenyl-2-naphthylamine <I 0 (of base) Antioxidant 

Diphenylguanidine <10 (of base) Accelerator 

Cabosil, Ircogel <I 0 (of base) Thixotropes 

Stearic acid, stearates <10 (of base) Retarders 

Toulene, methyl ethyl ketone <10 (of base) Solvents 

Manganese dioxide 50-60 (of catalyst) Catalyst 

Dibutyl phthalate 40-50 (of catalyst) Plasticiser 

Cured polysulfide polymers have other uses in industry such as in rocket propellants, 

18,19,20 
dentistry and as additives to existing formulations 
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1.1.5 Degradation 

Cured LP elastomers are prone to degradation like any other polymer, particularly 

those containing activating groups such as ether linkages, C=C bonds, etC21. When IG 

units receive prolonged exposure to UV light and humidity, the sealants slowly lose 

their adhesion to their glass substrate. The mechanism of degradation is thought to be 

via one of two pathways, either by photo-autoxidation or by photohydrolysiS22,23 

Manganese dioxide-cured elastomers degrade very slowly due to the oxide acting as a 

light filter. Other measures to minimise degradation have included the addition of a 

stabiliser, such as HALS (hindered amine light stabiliser)24 , and the modification of 

the polymer backbone (Mahon et. al. ) 

1.2 Characterisation of LPs 

1.2.1 Viscometry 

Liquid polysulfide polymers exist as viscous gels, ranging in viscosity from 10 to 120 

Pa' s (see table 1.1). Their viscosities can be measured by studying their rheological 

behaviour (i. e. studying the flow and deformation of materiaIS)25. 

The viscosities are dependent firstly on the quantity of crosslinking agent used in the 

raw polysulfide blend, secondly, on the extent of the branching in the monomer 

backbone, and finally on the degree of polymerisation of the oligomer. 

8 
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1.2.2 Thiol Content 

The thiol (mercaptan content) of a polysulfide is expressed as the percentage of -SH 

groups by mass. Us have mercaptan contents of between 0.5 and 3.0 %, which are 

measured by titration of the thiol groups with iodine and thiosulfate standardS26. When 

the degree of polymerisation and the quantity of 1,2,3-trichloropropane added are 

known, then the thiol content can be roughly calculated. 

When polysulfides are modified, their -SH groups often react to give new termini, 

which can lead to chain extension; in these cases the thiol content can be monitored 

during an experiment to deten-nine the extent of the reaction 27 
. It is also possible to 

monitor the degree of reaction of such a functionalised oligomer by simply smelling a 

sample of the polymer. This method is only acceptable as a qualitative test, being 

based on the malodorous nature of thiol groups (the distinctive 'rotten eggs' smell) 

which is evident even at very low concentrations. 

1.2.3 Gel Permeation Chromatography (GPQ 

The most common technique in polymer science to determine molecular weight 

averages is to separate samples on a GPC (or SEC - size exclusion chromatography) 

column. The ratio of the number average to the weight average gives an indication of 

the polydispersity of a sample. 

Liquid polysulfides have been analysed by GPC but the results are generally not very 

accurate or reproducible due both to the broad dispersities of these oligomers and the 
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lack of accurate calibrating standards. The recent introduction of a combined 

GPC/viscosity technique allows the problems of inaccurate molecular weight averages 

to be addressed 28 
. The technique of GPC has also been used to follow the 

redistribution of a mixture of two different LPs over a period of time, which when 

catalysed, can result in a single specieS29. 

1.2.4 Infra-red Spectroscopy (IR) 

Liquid film IR experiments for LPs give typical spectra, which feature a sharp 

characteristic band at 2560 cm-1 representing the S-H stretching vibration 30 
. 

A summary of the other observed bands is displayed in table 1.4. 

10 
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Table 1.4 Characteristic IR Frequencies of Polysulfides 

Frequency / cm-1 Intensity Assignments and Comments 

--3600 Weak Free water. Broad. 

=3500 Weak Intramolecular bonded hydroxyl. Broad. 

2921 

2869 

Strong Asymmetric and symmetric CH2 stretch. Sharp. 

2560 Weak S-H stretch. Sharp. 

2360 Weak AtmosphericC02 in background. 

1467 Medium CH2-0, CH2 scissoring deforination. Sharp. 

1413 Medium CH2-S, CH2 stretch. Sharp. 

1197 Strong C-C-0 stretch. Sharp. 

1155 Strong Symmetric C-0-C stretch, (C-0 stretching). Sharp. 

1114 Strong Asymmetric C-0-C stretch, (C-0 stretching). 

Sharp. 

Thin film IR spectroscopy has been used for degradation studies of polysulfides. This 

method involves recording the IR spectrum of a thin cured film before and after 

exposure to either UV irradiation or extreme temperatures 
31,32 

. As the sample 

degrades, the carbonyl bands are measured and normalised against the intensities of 

the (unchanging) C-H bands to find the 'carbonyl index'. The rate of carbonyl growth 

can then be compared to the time and level of exposure. 
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1.2.5 Nuclear Magnetic Resonance Spectroscopy (NMR) 

Several reports have been made of the 1H and 
13 C NMR spectra of LPS33. 

34 The results are generally consistent and are surnmarised in Tables 1.5 and 1.6 . 

Table 1.5 Characteristic LP shifts in 1H NMR Spectra 

Shift / ppm Multiplicity J/ Hz Assignment 

4.71 Singlet - CH2-CH2-0-CH2-0-CH2-CH2 

3.80 Triplet 6.38 CH2-0-CH2-CH2-SS 

2.89 Triplet 6.38 CH2-0-CH2-CH2-SS 

4.79 Singlet - CH2-0-CH2-0-CH2-0-CH2 

3.68 Triplet 6.31 O-CH2-0-CH2-CH2-SH 

3.75-3.63 Multiplet - Irregularities in polymer backbone 

2.76 Triplet 6.51 CH2-S-CH2-CH2-0-CH2-0-CH2 

2.72 / 2.68 Doublet triplet 6.32 / 6.32 O-CH2-CH2-SH 

1.56 Triplet 
I 

8.22 
I 

CH2-SH 
II 
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Table 1.6 Characteristic LP Shifts in 13 C NMR Spectra 

Shift / ppm Assignment 

95.30 CH2-CH2-0-CH2-0-CH2-CH2 

66.00 O-CH2-0-CH2-CH2-SS 

38.68 O-CH2-0-CH2-CH2-SS 

91.83 CH2-0-CH2-0-CH2-0-CH2 

69.57 O-CH2-0-CH2-CH2-SH 

32.10 CH2-S-CH2-CH2-0-CH2-0 

24.45 O-CH2-0-CH2-CH2-SH 

1.2.6 UV-Visible Spectroscopy 

The UV-visible spectra of LPs are rather featureless and show a cut-off near 260 nm. 

1.2.7 Mass Spectrometry 

Polysulfides exhibit a low vapour pressure and decompose upon heating, so soft 

ionisation methods are required for mass spectral analysis of these polymers, as 

described below. 

Electrospray lonisation (ESI) 

Mahon et al. fully characterised the polysulfide prepolymer family by extensive work 

13 



Chapter 1: Introduction 

using (particularly) ESI and also matrix -assisted laser desorption ionisation mass 
35,36 

spectrometry (MALDI) 
, although a few earlier results had also been achieved by 

37 
using field desorption mass spectrometry . 

The electrospray lonisation technique involves an experimental layout as depicted in 

figure 1.1 

Figure 1.1 Schematic Diagram of lonisation Technique used in ESI_MS38 
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The ESI process involves a series of stages as follows: 

I Sample molecules in solution reach the end of a highly charged steel capillary. 

2 On leaving the capillary the liquid forms a spray of highly charged 

microdroplets. 

3 The droplets then lose solvent molecules by evaporation to leave behind 

charged analyte molecules. 
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4 These pass through a counter electrode to enter the pre-vacuum of the analyser. 

Skimmers pump away additional solvent molecules. 

5 Only charged analyte ions enter the high vacuum of the mass spectrometer. 

Mainly singly-charged molecular ions are formed for analyte molecules with M< 

10,000. Usually a salt such as NH4Cl or KI is added to the analyte solution to 

cationise the LP, e. g. LP. NH4+ or LP. K+. 

Each LP mer unit has a mass of 166. Spectra of LPs can be analysed in terms of a 

number of series with regular structures but an occasional irregular feature in the 

backbone. 

The main series detected in prepolymeric Us are shown below with extra groups 

denoted in bold, following the nomenclature of Mahon et aP9. 

Series A: Expected structure of LP (i. e. no variant mer) 

Series B: Variant ýý (C2H40CH2OC2H4S) (one S atom missing) 

Series C: Variant= (SC2H4OC2H40CH2OC2H4S) (an extraC2H40group) 

Series D: Variant = (SC2H40CH20CH2OC2H4S) (an extra CH20group) 

Series E: Variant= (SC2H4OC2H40CH2OC2H4S), 

Variant'=(SC2H4OC2H40CH2OC2H4S) (two extraC2H40groups) 

Series F: Variant= (SC2H4OC2H40CH2OC2H4S), 

Variant' : -ý (SC2H40CH20CH2OC2H4S) (one extra CH20in one mer and 

one extraC2H40group in another) 
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Series G: Variant : -- (SC2H4OC2H40CH2OC2H4S), 

Variant'--": (C2H40CH2OC2H4S) (an extraC2H40group in one mer and 

one S atom missing in another) 

Series H: Variant :::: (SC2H4OC2H40CH2OC2H4S)2, 

Variant'=(SC2H40CH20CH2OC2H4S) (3 variant mers) 

Series 1: Variant"::::: (C2H4OC2H40CH2OC2H4S)2 (2 groups lacking an S atom) 

1.2.7.2 Matrix Assisted Laser Desorption lonisation (MALDI) 

MALDI is another soft ionisation technique 40. The sample is dissolved in a suitable 

matrix which absorbs light of the same wavelength of the laser emission. Evaporation 

transfers the sample into the gaseous phase and ions derived from it are then detected. 

An example of the layout of a MALDI spectrometer is illustrated in figure 1.2. 

Figure 1.2 Schematic Diagram of a MALDI TOF Mass Spectrometer 41 
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The technique is relatively modem, although 

characterisations have been made 
42,43 

many successful polymer 

LPs have previously been characterised by MALDI-TOF (time of flight) mass 

spectrometry 44,45 
. The more commonly used matrices did not produce a detectable 

number of ions, but the use of 9-nitroanthracene containing silver trifluoracetate as a 

cationising agent yielded some results interpretable as adducts of the LP to Ag+ ion, 

although at high laser fluences and silver ion concentrations, AgSy+ clusters were 

formed 46 
.A general problem occurring with MALDI is that there is an intrinsic bias 

towards lower molecular weight species, so that a distorted molecular weight 

distribution is sometimes recorded 
47,48 

. 

1.2.7.3 Fast Atom Bombardment (FAB) 

A typical FAB probe is illustrated in figure 1.3. 

Figure 1.3 Schematic of FAB Probe 49 
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The principal features concerning the FAB technique are: 

I liquid matrix is used, in which the analyte is dissolved or dispersed. 

2 the matrix protects the sample molecule (so it is not destroyed) and allows a soft 

ionisation to take place. 

3 Finally bombardment involves highly energetic neutral atoms (Ar, Xe), the 

kinetic energy of which is transferred to the matrix to induce a sputtering of 

aggregates of matrix molecules, each of which will contain a fraction of analyte. 

Previous attempts at recording FAB mass spectra of LPs have proved unsuccessful, 

due to poor sensitivity and relatively low ion yield. 

1.3 Functionalisation of End Groups of Polymers 

General 

The reactivity of polymers can be altered by the introduction of reactive end groups. 

This is particularly the case when seeking the introduction of photochemical activity. 

1.3.2 Previous Attempts at Modifying LPs 

A number of attempts have been made over the years to develop variants of traditional 

polysulfides. Morton International manufacture several functionalised oligomers 

which are formed by capping the terminal thiol groups with acrylate end groups (as in 

the cases of ZL-2244 and ZL-2559). The properties of these products have been 
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investigated in recent years and improved by Hughes'". We ourselves attempted 

further improvement of this synthesis by systematically varying the rate of the 

monomer feed, (see section 3.1). 

Figure 1.4 Diagram Showing the Synthesis of ZL-2244 
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A problem with this type of polymer is that the termini are comparatively large in 

comparison with the LP mass, which reduces the characteristic LP properties. 

Mahon et al. characterised the properties of a polysulfide with an extra methylene 

linkage in its backbone with the potential to enhance the polymer's resistance to UV 

induced degradation5l. 
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1.4 Conferral of Photoactivity in Polymers 

1.4.1 Existing UV-curable Polymer Systems 

There are four distinct types of UV-curable systems; these are free radical, cationic, 

anionic and cycloaddition reactions5'. 

1.4.1.1 Free Radical UV-curable Systems 

This category of UV-curable coatings features initiation, propagation and termination 

steps. A chain reaction synthesis dominates the polymer growth during the 

propagation stage. A well-known example is the AIBN-initiated polymerisation of 

poly(methyl methacrylate) 53. Other common free radical UV-curing polymerisations 

include those of thiol-enes and vinyl ethers 54 

Figure 1.5 Free Radical Polymerisation Mechanism 

Initiation 
Rw+ CH2=CHX 

Propagation 

0 
R(CH2CHX)n-CH2CHX + 

Termination 

311 RCH2ýHX 

CH2=CHX 30. 
0 

R(CH2CHX)(n+l)-CH2CHX 

0m 

-CH2CHX + CHXCH2- 310 -CH2C-CHX-CHX-CH2- 
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1.4.1.2 Cationic UV-curable Systems 

Cationic polymerisations occur when the active site is a carbonium ion". Reaction of 

the monomer with a Lewis acid (for example HF) generates these cations. A 

simplified chain growth step is illustrated in figure 1.6. 

Figure 1.6 Cationic Polymerisation Mechanism 
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Epoxides and vinyl ethers are other examples of monomers which undergo cationic 

polymerisation. 

Anionic UV-curable Systems 

In comparison to cationic polymerisations, anionic polymerisations differ in that the 

initiating species produces an anion. There are several examples including a ring- 

56 
opening polymerisation , which is illustrated in figure 1.7. 

Figure 1.7 Mechanism of Anionic Polymerisation 
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Cycloaddition UV-curable Systems 

The most common example of a coating being formed via cycloaddition is the 

cinnamate monomer 57 
. This polymer one of the most popular choices for photoresist 

imaging agents, (see section 1.6.1). Poly(vinyl alcohol) is esterified with cinnamic 

acid to produce a photosensitive polymer. UV exposure leads to the cinnamate 

residues photocrosslinking (via a [2+2] cycloaddition) to forrn an elastomeric film. 

This crosslinking is illustrated in figure 1.8. 

Figure 1.8 [2+2] Cycloaddition of Cinnamate Monomers 
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1.4.2 UV-curable Polysulfide Systems 

'Traditional' LPs have no recorded photochemistry. Previous work has shown that 

photoelastomers based on curing acrylate-terminated LPs (see above) lack the normal 

polysulfide rubber propertieS58. (A thermal cure for acrylic-terminated LPs is also 
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possible, which is achieved by mixing a traditional LP with, for example, ZL-2244 in 

stoichiornetric quantities to complete vulcanisation). 

1.5 Coating Systems 

1.5.1 Applications of Coatings 

Coatings are extensively used commercially 59 
, and all have the common purpose of 

protecting the substrate that they cover. There is a vast range of coating types for 

every possible substrate. Most coatings are tailor-made polymers which are used to 

provide properties such as fire retardancy, wear resistance, shatter resistance and also 

aesthetic properties such as reflective surfaces or matted, glossed or imaged finishes. 

The method by which a coating is applied is dependent on the nature of the coating 

and the required thickness of the laminate. The three most common techniques for 

application of liquid coatings are spraying, electrolysis and printing. 

In most cases the drying of a coating either involves the evaporation of water or 

solvent molecules or the crosslinking of a resin induced either thermally or 

photochernically (see section 1.5.3) 

1.5.2 Additives in Coating Systems 

Many additives are used in polymeric coating systems, which determine the properties 

of the dried coating. 
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Plasticisers 

Plasticisers are added to a system to lower a polymer's glass transition temperature, 

and to reduce the viscosity of a formulation 60 
. Plasticisers can either be built into the 

monomers or added separately. The most common type are phthalate esters, while 

others include adipates, epoxidised oils and azeleates. Commercially, the most 

important use of plasticisers is in the manufacture of PVC. In this application, up to 

50% by weight of plasticiser may be used which provides excellent flexibility. On the 

other hand, many physical properties of polymer systems are weakened, such as 

tensile strength, adhesive strength, density and modulus. 

Chemically, a plasticiser functions by lowering the aggregation of polymer molecules. 

In particular, for use in coating systems, the additive chosen is one that is common to 

both coating and substrate in terms of their hydrophi Ii cities and dynamic surface 

compatabilities. 

Some commercially available polyester films are now coated with a plasticiser as well 

as an adhesion layer 61 
, and a variety of multi-layer systems have been devised, such as 

the example in figure 1.9. 

Figure 1.9 Construction of Layered Melinex Film 

plasticiser layer 

polyester film adhesive layers 
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1.5.2.2 Adhesion Promoters 

Polymer coatings can function as adhesives if they have good cohesive strength. Their 

adhesion to a particular substrate can be enhanced when a small quantity of an 

adhesion promoter is added. These promoters act as coupling agents and are normally 

silane based. The inclusion of adhesion promoters into commercial formulations 

allows the products to function as adhesives, printing inks and binder resins 62 
. 

Silane coupling agents 63 with the general structure R'Si(OR)3 (where R' is a group 

containing a reactive organic substituent and OR is an alkoxy group) have the ability 

to improve the bond between inorganic substrates and organic polymers. The 

inorganic substrates can take the form of glass fibres, mineral fillers, metallic powders, 

plate glass, sheet metal and concrete 64 
. These promoters work for then-nosetting, 

thermoplastic and elastomeric polymers. 

There are several types of adhesion promoter including: amino-, epoxy-, sulfur-, 

methacryloxy- and isocyanato-functionalised silanes. The present work incorporates 

the inclusion of sulfur-based silanes into various coating formulations. Polysulfides 

can coupled with epoxy resins so that each component acts as an adhesion promoter 

for the other component 
65,66 

. In nature there are many physical and chemical sources 

of adhesion from van der Waals forces to surface adhesion. These adhesive attractions 

are taken into consideration in Chapter 7 
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1.5.2.3 Crosslinking agents 

A 'crosslink' can be defined as a covalent bond between macromolecules. The classic 

example of a crosslinked system is in the vulcanisation of rubber. Crosslinking agents 

are often added to oligomeric polymer systems to allow the cure depth and degree of 

branching to be extended and controlled. 

Different types of crosslinking agents cause different types of crosslinking 67 
, and a 

summary of these classes is given in table 1.7. 

Table 1.7 List of Different Classes of Crosslinking Agents 

Class of Agent Example of Agent Applicable Polymer 

Bridging Polyamines Epoxy resins 

Initiator Peroxides Unsat. Polyester 

Catalytic (i. e. no attachment) Acids Phenoplasts 

Active site Generators Organic peroxides Polyalkenes 

Reversible Metal ions Ionomerics 

Raw liquid polysulfides have a crosslinking agent added to their formulation. This is 

usually 1,2,3-trichloropropane, which acts as a bridging agent. 
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1.5.2.4 Fillers 

A major component of a coating formulation is the filler, the purpose of which is to 

add bulk volume to the system, to introduce greater wear resistance and to produce a 

desired viscosity. These materials are usually chemically inert and can be classified 

under the following types 
68 

: 

i) Metal-based (e. g. Ni) 

ii) Metal oxides (e. g. T102) 

iii) Silicas and glasses 

iv) Carbon-based (e. g. graphite) 

The latter class has particular importance for plastics and rubbers, but the use of fillers 

is not investigated in this work. 

1.5.2.5 Oxidation Inhibitors 

Oxidation inhibitors function as radical scavengers for polymer systemS69. One of the 

most common types for rubber-based formulations is phenolic antioxidants which can 

be used in conjunction with aromatic amine antioxidants. The simplified reaction of 

such a scavenger is given below in figure 1.10, where the reactive R02 radical is 

converted to the relatively inert phenoxyl radical, which is incapable of extending the 

propagation chain reaction. 
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Figure 1.10 Radical Scavenger Reaction 
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Although these additives protect, and in some cases can be used to colour modem 

formulations, they can also have the effect of lowering the efficiency of the 

photoprocesseS70 

1.5.2.6 Radical Photoinitiators 

In those cases where no functional group is present in the monomer or prepolymer 

which is capable of absorbing a photon of near UV or visible light then a 

photosensitiser is added to initiate photopolymerisation (see section 1.5.3). There are 

two distinct types of photoinitiator, these are Type I and Type 1171. 

Type I initiators undergo a cleavage reaction to fonn two radicals whilst Type 11 

involve excitation and subsequent energy transfer. An example of each of these 

categories is illustrated in figure 1.11. 
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Figure 1.11 Photoinitiator Mechanisms 

Type I 

OR hv 
Ph 30- 

Ph Ph 
+ 

OR 

w Ph 
H 

Type II 

hv abstraction m Ph2CO 31- P h2CO* ý, - P h2COH 

Type 11 are by far the most common in modem polymer formulations. Another 

popular choice of initiator is AlBN, but upon excitation it liberates N2which is often 

difficult to remove from a viscous polymer system. The present work involves the use 

of photoinitators to attempt the accelerated curing of modified polymer formulations. 

1.5.3 Coating Technology using Photosysterns 

1.5.3.1 History of Photocurable Coatings" 

The first experiments to attempt the UV cure of a polymeric system involved oil 

drying mixtures with free-radical generators such as CBr4, but these proved 

unsuccessful. In the 1960s, unsaturated polyester resins were reacted with vinylic 

monomers (e. g. styrene), aided by photoinitiators; these produced slow-curing wood 

varnishes. Several years later, the first acrylate groups were substituted into monomer 
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derivatives to produce a UV curing system which enabled very fast free-radical 

addition polymerisations. 

1.5.3.2 Commercial Photocoatings 

Today, many UV coating fon-nulations are acrylate-based. The essential factor in 

current practice is the ease and speed of cure. Industrially, a conveyor belt apparatus 

is used whereby a liquid sample is passed under a mercury lamp for the order of 

milliseconds, by which stage it has become fully photocured. (see figure 1.12) 

Figure 1.12 Photograph of Modem UV-Curing Apparatus 

There is a vast range of UV curable formulations which can be used, for example, for 

lamination of glass, inks on beverage cans, or protective films on electrical equipment. 
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The different types of UV-curable systems are outlined in section 1.4. A typical 

formulation for a UV curable coating is given in table 1.8. 

Table 1.8 A Typical Urethane-based UV-curable Coating Formulation 

Component Mass (in parts) 

Ebecryl 605/20 30 

TPGDA 30 

TMPTA 20 

Ebecryl P 115 8 

Irgacure 500 5 

(N. B. for details on these components, see section 2.1.4) 

1.5.3.3 Photocoatings versus Thermal Coatings 

There are many advantages of using UV curable coatings over thermally drying 

systems, the main factors being the speed of cure, small loss of coating volume upon 

cure, and the avoidance of solvents. These factors are summarised in figure 1.13. 
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Figure 1.13 Comparison of Thermal- and Photo-curable CoatingS73 
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Since solvent-based thermal drying evaporates solvents, Uw initial laydown is 
typica, Uy reduced by more than 5A UV curing uses no solvents, so chemicals in the 
coating cure instantly with no toss offUm, thickness. 

1.5.4 Physical Testing of Coatings 

Many cured coatings are insoluble, which means that physical testing methods are 

those mainly used in the analysis of coatings. The main properties measured usually 

relate to factors affecting the surface of the laminate, but some mechanical tests on 

deeper-cured systems are also common. Below are a few of the more common 

techniques. 
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Scratch Resistance 

This test consists of gouging the polymer film with a sharp implement to observe the 

surface strength of the coating. One variation of this technique involves scratching a 

film with pencils of increasing hardnesS74, (see pencil test sections 2.5.2 and 5.4.4). 

1.5.4.2 Surface Adhesion 

There are many standard tests used to test the adhesive properties of a film. One 

method involves sticking adhesive tape to the cured polymer film, which is then 

peeled off quickly. The percentage of film remaining on the substrate is then 

calculated. 

1.5.4.3 Flexibility 

The flexibility of a coating is measured by bending the sample with steel bars (K-bars) 

of differing thickness until 'folding' or 'creasing' is observed. 

1.5.4.4 Tack Test 

Tack can be defined as the joint strength that develops when two objects are contacted 

for a short time under little or no pressure 75 
. 

The measurement of tack depends on 

another qualitative test which involves touching a film sample with a finger to observe 

whether it is fully dry, and viewing the imprint, if any, made on removal. 
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1.5.4.5 Solvent Resistance (see sections 2.5.4 and 2.4.5) 

The test here is either to rub onto, or submerge, the sample in a solvent or range of 

solvents or to monitor any decolourisation or lack of adhesion to the substrate. 

1.5.4.6 Lap Shear Strength (see sections 2.5.1 and 7.3) 

Using a tensometer, the effectiveness of a coating as an adhesive can be tested by 

measuring the lap shear strength The resistance to shear of a polymer sample between 

76 
various substrates is measured, for example a metal-polymer-metal sandwich . 

1.5.4.7 Depression Testing (see sections 2.5.3 and 5.4-3) 

When measuring surface hardness and depth of cure, a durometer can be used to test 

the Shore value of the coating. There are several Shore scales of hardness which can 

used, the choice being dependent on the type of polymer tested. The two major scales 

used are Shore A, for use on elastorners, and Shore D, for use with plastics. 

Experiments involve depressing a needle into a sample; the indentation acts on a 

calibrated spring, which gives an indication of the surface hardness of the sample 77 
. 
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1.6 Photoresist Imaging 

History 

The first research using polymers as imaging agents was in 1852 when Talbot patented 

the use of bichromated gelatin 78 
. The product was initially used for graphic art but 

became a popular material for photolithography 79 
. The coated plates were firstly 

exposed and then developed in warm water. It was not until a century later that Kodak 

experimented using cinnamoyl groups to crosslink vinyl polymers. Minsk then 

patented the product as the first synthetic photoresist, namely poly(vinyl cinnamate)80. 

The resist worked almost perfectly and produced a clear crisp pattern which was 

unaffected by the etchant. The disadvantage of this resist was that it showed poor 

adhesion to a silicon substrate. This problem was resolved by creating a new type of 

photoresist, which was produced by grafting azides to hydrocarbons. As the 

photoresist market advanced, the desired line width was reduced to 2 itm so newer 

formulations were required to give a more precise and defined product. 

Today UV-active photoresists are most commonly cinnamate- or methacrylate-based 

which undergo 2+2 cycloadditions to crosslink (and dry) the polymer imaging agents. 

A recent study described the synthesis of polysulfides containing a triazeno group, 

which had potential as photoresist agents 81 
. 
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1.6.2 Technology and Methods 

A photopolymer resist is a light-sensitive organic material82, which is applied to a 

board as a thin film. There are two categories of resists; positive and negative. A 

negative resist is one which when exposed to light, elastomerises and renders itself 

soluble or insoluble, with respect to the unexposed prepolymer. The techniques 

adopted to produce, photocure, etch and strip photoresiStS83,84 are very advanced. 

However a diagram of the fundamental process is given below in figure 1.14. 

Figure 1.14 Schematic of PCB Imaging Process 
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This imaging principle can be applied to a huge range of polymer systems. Below is a 

typical example of an ink coat imaging process: 

1. Photo irradiation through the template. 

Wash with solvent to remove unexposed prepolymer. 

3. Use HCI to etch the zones of metal left bare on removal of the prepolymer. 

4. Strip off elastomer with a stronger solvent. 

5. Coat the plate with ink. 

6. Apply to paper to produce an image. 

It is essential that uniform curing takes place so that there is no deformation in the 

produCtS85 
. Figure 1.15 displays the different types of wall produced on resist imaging 

tracks, with only the top pattern being acceptable. 

Figure 1.15 Types of Wall Produced by Photoresist Imaging 
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It is also essential to produce a uniform coating with no pinholes in a short exposure 

time 86. Other factors such as the use of non-toxic developers and solvents have also 

played a part in the development of photoresist imaging agents. 

1.7 Objectives of this work 

* Liquid polysulfide polymers are conventionally used as a commodity material in 

sealants. This work aimed to find new LP applications whilst incorporating the 

beneficial properties of polysulifide polymers, namely their excellent chemical 

resistance, weatherability, flexibility, and strength. 

9 The introduction of suitable new ten-nini in LPs which allows these polymers to 

incorporate photoactivity and thereby potentially cure to a photoelastomeric state. 

e Full characterisation of these modified prepolymeric LPs to be made by both 

spectroscopic and physical testing methods. 

0 These novel polymers to be tested for their suitability as photocoatings in one-part 

formulations, and tested as an enhancing additive in commercially available 

systems. 

9 To test potential use of these modified oligomers as photoresist agents for use in 

printed circuit board manufacture. 

0 To characterise the cured materials in terms of their materials properties. 
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Chapter 2: Experimental 

2.1 Materials 

2.1.1 List of Liquid Polysulfide Polymers (LPs) 

A full list of commercially available polysulfides, as supplied by Morton International 

Ltd., is given in table 1.1. The LPs used in the current investigations are listed in table 

2.1: 

Table 2.1 LP Names, Batches and their Respective Mercaptan Contents used in 

this Work (The mercaptan contents given were measured as described in section 2.2) 

LP Code Lot Number Mercaptan Content 

LP3 719M 7.4% 

LP977C 373M 3.3% 

LP32C 348M 1.7% 

2.1.2 

2.1.2.1 

End-group Modifiers 

Monofunctional Acid Chlorides 

acetyl chloride 98%, Aldrich 

acryloyl chloride 96%, Aldrich 
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benzoyl chloride 97%, Aldrich 

cinnarnoyl chloride 97%, Aldrich 

I-naphthoyl chloride 99%, Aldrich 

para-toluene sulfonyl chloride, Aldrich 

2.1.2.2 Polyfunctional Acid Chlorides 

oxalyl chloride 98%, Aldrich 

terephthaloyl chloride 99+%, Aldrich 

1,3,5-benzenetricarbonyl chloride 98%, Aldrich 

2.1.2.3 Other End-group Precursors 

dichloromethylvinyl si lane 97%, Aldrich 

epichlorohydrin, Aldrich 

2.1.3 Solvents 

THF (hi-dry), Romil 

toluene (hi-dry), Romil 

MeOH, Sigma 

2.1.4 Coating Fonnulations 

TPGDA (tripropyleneglycol diacrylate), UCB 
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TMPTA (trimethylolpropane triacrylate), UCB 

Ebecryl 605/20 (epoxyacrylate in TPGDA), UCB 

Ebecryl P 115 (reactive tertiary amine), UCB 

2.1.5 Chemicals used in Thiol Titrations 

pyridine 99+%, Aldrich 

sodium thiosulfate pentahydrate 99.5%, Aldrich 

potassium iodide 99+%, Aldrich 

2.1.6 Adhesion Promoters 

A 187 (gamma - glyc idoxypropyltrimethoxysi lane), Silquest OSi Ltd. 

A 189 (gamm a-mercaptopropyltrim etho xy si lane), Silquest OSi Ltd. 

2.1.7 Photoinitiators 

AIBN (azo bis-isobutyronitrile) Sigma 

Irgacure 500 (benzophenone / 1-hydroxycyclohexyl-phenyl 

ketone 50: 50), Ciba 

2.1.8 Plasticisers 

Santicizer 160 (butyl benzyl phthalate), Monsanto 

Santicizer 261 (benzyl octyl phthalate), Monsanto 
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2.1.9 Other Chemicals 

triethylamine, Aldrich 

sulfuric acid 98%, Sigma 

hydrochloric acid, Aldrich 

benzene-d6 100.0 atom % D, Aldrich 

2.1.10 Commercial Materials 

Melinex 723 films (PET), Dupont 

Melinex 725 films (PET), Dupont 

printed circuit boards, Morton Electronic Materials. 

pencils (for pencil test) 6B-6H (inclusive), Staedtler 

2.2 Titrimetric Determination of Thiol Content 

Before attempts were made to modify polysulfides, it was necessary to determine 

chemically the thiol content of each LP used. The standard procedure used by Morton 

was followed' 

The LP (0.5-1 g, depending on the molecular weight of the oligomer) was weighed 

into a conical flask (250 cm 3) and then dissolved in pyridine (50 CM). This sample 

was then titrated against a standardised 0.1 M solution of iodine in aqueous KI. A 

colour change from transparent to yellow was observed at the end-point. The 

mercaptan content was then calculated using the following formula: 
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Mercaptan Content = (cm 3 
Of 12)x (normality0f 12 x 3.307 

mass of LP 

The 0.1 M iodine solution was prepared by dissolving KI (50 g) in distilled water (100 

cm 3), then adding 12.69 g of iodine crystals. The resulting mixture was made up to I 

dM3 and standardised against a 0.1 M solution of sodium thiosulfate. Starch was used 

as the indicator, which turned the solution light blue at the equivalence point. 

The normality of the iodine was calculated using the following equation: 

Normality0f 12 = 2.5 
cm 

3 
Of 12 

2.3 Instrumentation 

2.3.1 NMR Spectroscopy 

2.3.1.1 1H and 13 C NMR: Prepolymeric and Modified Oligomers 

Spectra were obtained using a Bruker ACF 250 MHz Spectrometer. Chloroform-d 

was used as the solvent. Runs of 2 hours were used for 13 C experiments. 

2.3.1.2 lH NMR Photoelastomerisation Experiments 

Modified polysulfides render themselves insoluble on curing and so an alternative 

NMR method was adopted to allow the curing to be monitored. This method involved 

the use of the sample tube illustrated in figure 2.1. 
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Figure 2.1 NMR Linewidth Broadening Apparatus 

stopper 
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h., I 
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The NMR tube was filled with a polysulfide oligomer, and a thin sealed capillary 

containing deuterated benzene was positioned in the centre of the tube. C6D6was used 

as an anti-lock marker, which was isolated to prevent contact with the polymer. The 

whole system was then irradiated in the QUV apparatus (see section 2.4.1) and NMR 

spectra were recorded periodically for a total of 700 hours. The NMR spectrometer 

used was a Bruker ACF 400 MHz. 

The linewidth at half height of a standard strong peak (at a shift of 4.67 ppm) in the 

proton NMR spectra was measured and then converted into frequency units by 

multiplying the linewidth by the frequency of the spectrometer. 

2.3.2 FTIR Spectroscopy 

- 

Recordings were made on a Bruker 'Vector 22' FTIR spectrometer fitted with a 

golden gate diamond ATR (attenuated total reflectance) sample platfon-n; 32 scans of 

each sample were made for both solid and liquid samples. 
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2.3.3 UV-Visible Spectroscopy 

Measurements were made on a Perkin-Elmer 'Lambda 15' UV/vis spectrophotometer. 

THF was used as the solvent and reference material and 16 scans were recorded for 

each sample. The data were analysed in absorbance mode and values were 

recorded. 

2.3.4 GPC 

GPC data were obtained by RapraTM on a combined GPC/viscosity instrument and 

analysed using Viscotek 'Trisec 3.0' software. Sample solutions were prepared by 

adding THF (ca. 7 cm 3) to an accurately weighed mass (ca. 40 mg) of sample and 

leaving it ovemight to dissolve. A small amount of 1,2-dichlorobenzene in THF was 

added as an internal marker and the solution made up to 10 cm 3. After thorough 

mixing, the solutions were filtered through a 0.2 micron polyamide membrane prior to 

chromatography. 

Solvent: THF 

Columns: PLgel 2x mixed bed-D, 30 cm, 5 microns 

Flow-rate: 1.0 ml/min (nominal) 

Temperature: 30'C 

Detector: refractive index and differential pressure 

Intemal marker: 1,2-dichlorobenzene 
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2.3.5 Rheology 

A Carri-med 50 CSL Rheometer was used with a cone and plate attachment to 

measure the viscosities of the prepolymeric and modified polysulfides. Measurements 

were repeated three times and the Newtonian mode was used to analyse the stress- 

curve. 

2.3.6 Mass Spectrometry 

2.3.6.1 ESI-MS 

The initial set of electrospray experiments was carried out using a Fisons 'Quatro 11' 

triple quadrupole mass spectrometer. The electrospray needle voltage was set at 4 kV 

and the extraction voltage at 55 V. THF/MeOH (1: 1) was the mobile phase mixture. 

The approximate concentration of LP was 0.5 [tg/ýtl. 

The second set of electrospray experiments was carried out in nanospray mode using 

a Bruker 'Biotof time of flight instrument with the following specifications: 

calibration standard: 'HP mix' (902-2121 Da) 

capillary potential: - 1200 V 

mobile phase: acetone/KI (0.5 mg / ml) 

concentration: 0.5 ýtg/ýtl 
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2.3.6.2 FAB-MS 

The prepolymers were analysed on a Micromass Autospec instrument that comprises a 

magnetic sector and orthogonal time of flight. The accelerating voltage was 8 kV and 

helium was used as the inert gas. 

2.4 Irradiation Sources 

2.4.1 QUV Source 

The instrument used was a 'Q-Panel' accelerated weatherometer. The device is 

essentially a UV radiation tank. 8 bulbs (313B) selected atUVBwavelength are fitted 

inside the apparatus. Thin film samples were mounted onto the faces of the QUV and 

larger samples were placed at the base of the machine, but received less irradiation due 

to reflection and scattering. This irradiation source was able to house many samples 

simultaneously but produced a fairly low ultra-violet intensity. A photograph of the 

QUV weatherometer is displayed in figure 2.2. 
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Figure 2.2 Photograph of QUV Weatherometer 

2.4.2 Stama Source 

The Stama light system used was a 'Hispec' HH2000D model, fitted with three 100 W 

mercury bulbs and a parabolic reflector. The light source was positioned 1.3 in above 

the base of the instrument where the samples were mounted. This system gave a 

relatively high intensity of directed and reflected UVB light compared to the 

weatherometer. A photograph of the lamp is displayed in figure 2.3. 
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Figure 2.3 

2.4.3 

Photograph of Starna Lamp System 

Fusion UV Source 

The Fusion UV light source was the most intense lamp system used. The unit used 

was an F600 light box fitted with an 'H bulb'. The power level was 240 W/cm, which 

is typical of modem UV curing lamps. A conveyor belt set up was used at a focus 

distance of 53 mm, moving at speeds between I and 10 m/min. A 'power puck' was 

used to calculate the dose and intensity of the irradiation (the values for particular 

experiments are given in the corresponding results chapters). Another set of 

2 
experiments used the same apparatus in a nitrogen-inerting environment . 
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2.5 Physical Testing Methods 

As well as using all of the physical testing methods described below, visual and 

manual tests were made on the cured modified polysulfides and coating formulations. 

These include testing for tack, colour and texture of cure, smell of products, shrinkage 

and any other relevant observations. 

2.5.1 Tensometry 

Instrumentation 

The instrument used was an InstronTM universal tensile testing machine, model 

number 1026. The equipment was interfaced with Picoscope Tm data acquisition 

software, which allowed digital interpretation of the data. A 100 Newton crosshead 

load was used at a testing speed of 5 cm/min. A photograph of the equipment used is 

displayed in figure 2.4. 
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Figure 2.4 Photograph of Tensometer Jaw Set-up 

9, 

ý. 

The property measured in these tensometry experiments was the lap shear strength of 

the adhesive (containing a polysulfide component) which held two microscope slides 

together. The resistance to pulling these two slides apart was recorded as a voltage 

output signal, which allowed the comparative strengths of the adhesive bonds to be 

determined. 

2.5.1.2 Sample Preparation 

The set-up for the lap shear experiments is illustrated in figure 2.5. The chosen 

formulation (2 drops) was applied between the two slides with a 10 mm overlap. The 

sample was then irradiated in the Stama lamp system until fully cured (the time of 

cure was dependent on the polymer blend used; exposure times of particular 

experiments are given in the relevant results sections). Cork pads were stuck to the 
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slides, with commercially available glue, and then left to dry. The purpose of the cork 

pads was to prevent cracking of the glass by providing a compressible surface on 

which to clamp the Instron jaws. 

Figure 2.5 Schematic of Sample Construction and Lap-shear Testing 

cork pad 
glue containing 

cork pad polysulfide 

x 

PULL PULL 

top glass slide bottom glass slide 

These tensometry experiments were carried out to ascertain the effect on the properties 

of the cured coating of substituting in increasing quantity a modified polysulfide for 

one of the major components of commercial formulations, for example in the case of 

TPGDA, the difunctional monomer. 

2.5.2 Scratch Resistance 

The scratch resistances of the cured coatings were measured and compared by 

performing the pencil teSt3 . The samples were presented and cured on glass 

microscope slides and then tested by the method illustrated in figure 2,6 and the 

standard procedure as described below. 
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Figure 2.6 Schematic of Pencil Test Method 
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Pressure and Rate 
I 
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t 
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The coated slide was placed on a firm horizontal surface. The pencil was held firmly 

against the film at a 45' angle and pushed away in a smooth stroke with uniform 

pressure. The process was started with the hardest pencil and continued down the 

scale of hardness until the pencil used did not gouge or scratch the film. The range of 

pencils used in order of increasing hardness was as follows: 

6B-5B-4B-3B-2B-B-HB-F-H- I H-2H-3H-4H-5H-6H 

The films were all made of roughly the same thickness and received equal exposure in 

the Starna lamp system or the QUV source. Duplicate experiments were carried out 

for all of the scratch resistance experiments. 
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2.5.3 Depression Testing 

The surface hardness of cured UCB formulations was measured using a DurotechTM 

MD- I durometer, fitted with a Shore D module with the following apparatus: 

Figure 2.7 Schematic of Durometer Hardness Testing 

4- Durometer 

Shore D Module 

--ý Depression Needle 

114 Substrate 

Samples of conventional and modified formulations were poured into plastic vial lids 

and then irradiated in the Starna lamp system for I hour. The cured urethane-based 

plastics were then removed from the lids and tested for their depression hardness. The 

durometer was held vertically above the sample. The presser foot was then pushed 

into the sample with a constant force. The hardness values were recorded within I 

second after the maximum indentation had taken place 4. All measurements were made 

in triplicate. 
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2.5.4 Solvent Resistance 

UCB formulations were applied to glass microscope slides before being cured by the 

Starna lamp. These samples were then submerged into a solvent (acetone or 

methanol) for one hour, to observe any discolouring or loss of adhesion to their glass 

substrate. 

2.6 Application Techniques 

2.6.1 Meyer Bar CoatingS5 

The apparatus displayed in figure 2.8 was set up to produce coated PET films. 

Figure 2.8 Photograph of Meyer Bar Apparatus 

A Melinex film was secured to the apparatus with a bulldog clip. A Meyer bar (a bar 

with a helical-coiled surface) was then placed adjacent to this clip at the top of the 
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Melinex film sheet. The polysulfide (ca 0.5 g), containing all of the necessary 

additives, was then added to the top of the film so that the oligomer formed a pool 

across the substrate next to the Meyer bar (12 ttm thickness). The bar was then 

pressed down firmly onto the film and then pulled along the length of the Melinex 

film. At the bottom of the film the bar was then pulled up and down again. The liquid 

laminated film was then irradiated. 

2.6.2 PCB Lamination 

Firstly, a copper panel (ca. 80 mm x 40 mm) was washed in 5% sulfuric acid, at 40- 

50 C for 2 minutes, to remove the deactivating chromate layer. The functionalised 

polysulfide was then coated onto the copper substrate using a wooden applicator. A 

steel template was then mounted parallel to, and 8 mm above, the copper board to act 

as a resist mask. (A cross-shaped hole was cut into the steel, which allowed interior 

and exterior comers to be produced onto the PCB. ) The board and mask were secured 

to each other and irradiated with UV light for two hours. 

Subsequently the prepolymeric material was washed off with methanol before the 

PCB was etched with concentrated hydrochloric acid. 

2.6.3 PET Lamination of Glass 

Several sets of experiments were perfon-ned to see whether polysulfide derivatives 

could function as glues to stick PET film to glass. The coating formulation was 

applied generously to the Melinex substrate and then a glass microscope slide was 
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pressed down on top, sandwiching the polysulfide-based oligomer. The sample was 

then irradiated in the Starna lamp system until it had fully dried. 

2.7 Syntheses of Modified LPs 

2.7.1 Acylation with Monofunctional Acid Chlorides 

The LP (10 g) was placed into a round-bottomed flask (250 CM) .A magnetic 

follower was placed in the flask before sealing it with a suba-seal. The vessel was 

flushed with dinitrogen gas. The LP was dissolved by adding toluene (hi-dry) (100 

cm 
3) 

. The vessel was then flushed with N2 gas and then left to stir for 5 minutes. 

Triethylamine (5 CM3 ; approximately 2.5 equivalents) was added, and the mixture 

flushed again with N2gas, and then stirred for a further 15 minutes. The solution was 

cooled in ice before dropwise addition of the chosen acid chloride (5 CM) . The 

mixture was stirred for approximately 24 hours. The pressure in the vessel was 

released and the seal removed. The white precipitate (quaternary ammonium salt) was 

filtered off using a Buchner funnel. The resulting pale yellow solution was reduced on 

a rotary evaporator to remove excess solvent and excess amine. A vacuum was applied 

to the mixture (by means of a vacuum pump) to remove trace solvent and residual 

unreacted acid chloride. 

2.7.2 Acylations with Difunctional Acid Chlorides 

The experimental procedures performed for these block copolymerisations were 

identical to those described in section 2.7.1, with the exception of using THF instead 
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of toluene as the solvent. This allowed the ammonium salts to be solvated and hence 

no filtration was necessary. These syntheses were again terminated after 24 hours, but 

methanol was added to quench the reactions by converting any remaining termini into 

carboxylic acid end groups. 

2.7.3 Effect of Varying Monomer Feed on Modified LPs 

A set of experiments was carried out to study the effect of monomer feed rate on the 

nature of a modified polysulfide oligomer. The reaction of LP3 with TPGDA to forrn 

an acrylate-terminated polysulfide (ZL2244) is well established 7, and accordingly the 

Morton International synthetic procedure was followed. The apparatus set-up is 

displayed below in figure 2.9. 

Figure 2.9 Photograph of ZL-2244 Synthesis Apparatus 
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For the control experiment the formulation was as follows (table 2.2). 

Table 2.2 Fonnulation for Conventional ZL-2244 Synthesis 

Chemical Function Mass /g 

LP3 oligomer 206.2 

TPGDA monomer 120 

DABCO amine (catalyst) 0.20 

4-methoxyphenol stabiliser 
1 

0.31 
11 

LP3 (200 g) was weighed into a2 litre reaction vessel, TPGDA (120 g) and DABCO 

(0.2 g) were added and the vessel was flushed with nitrogen. The mixture was heated 

to 80'C whilst receiving overhead stirring. Samples of the reaction mixture were 

removed and tested for thiol content. Once the thiol content had reached < 0.5%, 4- 

MOP (0.3 g) was added to stabilise the product (normally after 10-12 hours). The 

reaction vessel was then slowly cooled before the dinitrogen gas was released. 

The second synthesis involved the addition of TPGDA in 16 cm 3 aliquots every hour 

until completion. (The total volume added was equal to that of the control). The 

techniques of NMR and GPC were used to analyse the two products (these data are 

given in section 3.1). 
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Chapter 3: Results and Discussion - Characterisation 

of Modified Polysulfides 

3.1 Effect of Monomer Feed Rate on Polysulfide 

Modification 

The aim of these experiments was to test the effect of the mode of reaction of LP3 

with an acrylate monomer to generate an acrylate-terminated LP, denoted ZL-22441. 

In the control procedure the acrylate monomer (TPGDA) was added in its entirety at 

the beginning of the synthesis, whilst in the second procedure, the addition was by 

aliquots. Full details of the methods are given section 2.7.3. Analysis of these two 

batches of ZL-2244 was made by consideration of the proton NMR shifts, which are 

displayed below in table 3.1. 
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Table 3.1 'H-NMR Shifts of Differently Produced ZL-2244 Batches 

TPGDA 

Addition in 

single lot 

TPGDA 

Addition by 

aliquots 

Solvent CDC13 7.24 7.24 

Vinylic Protons 6.4,6.3 

6.116.0 

5.8,5.7 

6.4,6.3 

6.1 (t) 6.0 (s) 

5.81 5.7 (m+m) 

Broad 5.07(s) 5.06(s) 

O-CH2-0 4.71 (s) 4.69(s) 

CH2-0-CH2-CH2 3.81 (m) 3.80 (m) 

CH2-0-CH2-CH2 2.89 (m) 2.8 8 (m) 

Unassigned 1.63 

Monomer Protons 1.2 (t), 1.1 (m) 1.2 (t), 1.1 (m) 

From these shift values the two batches of ZL-2244 are seen to be virtually 

indistinguishable, suggesting that the structure of the product is independent of the rate 

of monomer feed. 

The two samples of acrylate-terminated LPs were also analysed by GPC to determine 

whether their degrees of polymerisation differed. The corresponding mass averages 

and PDI values are given below in table 3.2, together with those of the LP3 itself for 

comparison. 
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Table 3.2 Molecular Weight Averages and Polydispersities of ZL-2244 Samples 

TPGDA addition 

in single lot 

TPGDA addition 

by aliquots 

mw 15,000 900 

Mn 7,100 5,300 

PDI 2.22 1.84 

The distributions of the two acrylate-terminated samples are somewhat different, 

especially with regard to their weight average molecular weights, indicating some 

influence of the rate of monomer feed on the character of the product. 

The final characterisation of these polymers was achieved by titration of the final 

products with iodine to determine their residual thiol content. The syntheses were 

successful because the values of the residual thiol content for the 'bulk' and 'aliquot' 

additions were 0.052 % and 0.213 % respectively. Based on the 'in-house' forraula, 

the efficiencies of reaction of the terminal thiol groups are respectively 99.3 % and 

97.1 % for the 'bulk' and 'aliquot' procedures. These data are consonant with the 

GPC data. From all of these results on the effect of rate of monomer feed, it was 

decided that in this type of procedure, the monomers should be added slowly, to 

completion, at the beginning of each synthesis, rather than in stages. 
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3.2 Acylation of LP Polymers 

The acylation of an LP is essentially a substitution reaction. A simplified mechanism 

of this reaction is illustrated in figure 3.1. 

Figure 3.1 Mechanism of Acylation of LPs 
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The functionalised LPs were synthesised, as described in section 2.7.1, by the reaction 

of the combinations of LP and acid chloride given in table 3.3. 
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Table 3.3 List of Successful Modifications and their Corresponding Reactants 

(N. B. MC refers to the code number of the resulting material) 

Code Name Prepolymeric LP Acid Chloride 

MCI LP3 Acetyl chloride 

MC3 LP3 Acryloyl chloride 

MC4 LP32C Acryloyl chloride 

MC5 LP977C Acetyl chloride 

MC6 LP977C Acryloyl chloride 

MC8 LP977C Benzoyl chloride 

MC14 LP977C Naphthoyl chloride 

MC17 LP977C Cinnamoyl chloride 

Difunctional acyl chlorides were also reacted with polysulfide oligorners, which 

produced block copolymers. The list of these combinations is given in table 3.4. 

Table 3.4 List of Polyfunctional Acylations and their Corresponding Reactants 

Code Name Prepolymeric LP Acid Chloride 

MC9 LP977C oxalyl chloride 

MCIO LP977C Terephthaloyl chloride 

MCI I LP3 oxalyl chloride 

MC12 LP3 1,3,5-benzenetricarbonyl chloride 

MC13 LP3 Terephthaloyl & benzenetricarbonyl 

chloride (50: 50) 
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The polyfunctional acyl chlorides have the possibility of reacting to form bridges 

between prepolymeric LP chains. An example of the bridging effect is shown in 

figure 3.2. 

Figure 3.2 Product of Reaction of LP977C with Oxalyl Chloride 
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The MC II synthesis was performed using the low molecular weight LP3 to produce a 

polysulfide with lower viscosity than MC9 and MCIO; the polymers derived from 

LP977C were unworkable because of their high molecular weight. Several other 

chlorine-terminated monomers were reacted with LP977C to produce more 

functionalised derivatives; these included dichloromethylvinyl silane, epichlorohydrin 

and tosyl chloride. 

Due to the high viscosity of the prepolymers, reactions in solution were preferred in 

order to ensure complete dispersion of the reactants. Initially THF was used, but its 

high polarity allowed the quaternary ammonium salt to be solvated and not precipitate 

from solution. LPs are also soluble in toluene, so virtually all reactions were 

performed with this solvent, when the quaternary ammonium salt was fully 

precipitated. 
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An excess of acid chloride was used in most of the syntheses. When this acid chloride 

was aromatic or non-volatile, it was difficult to remove trace amounts from the 

modified LP product. Furthermore, the higher the RMM of the prepolymer, the more 

difficult it was to handle and process. LPs with lower RMMs are less useful 

commercially due to the greater level of crosslinking being necessary for 

elastomerisation. It should be possible however, to react any combination of the 

forenamed acid chlorides and LPs successfully. 

All of the modified oligomers were characterised by the techniques discussed in this 

chapter but the simple loss of the characteristic thiol odour was evident upon 

substitution in all of the modified polymers. 

The other qualitative method of characterisation after synthesis was the change in 

colour. The aromatic ten-nini produced products that were darker in colour (orange to 

brown) than the amber-coloured prepolymer. The block copolymer syntheses resulted 

in lighter coloured products (white to yellow). 

3.3 Effect on Viscosity upon Modification 

On acylation of an LP, the viscosity increases due to the larger mass of the new 

substituent, relative to the mercaptan group of the prepolymer. The average viscosity 

measurements for some of the modified LPs are given in table 3.5. 
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Table 3.5 Viscosity Values of Modified and Unmodified Polysulfides 

LP3 LP977C 

Viscosity with thiol 1.08 12.2 

termini / Pa s 

Viscosity with acetyl 1.07 37.5 

termini / Pa s 

Viscosity with 2.2 33.8 

acryloyl termini / Pa s 

These data indicate that if a heavier LP were to be used then the product might prove 

to be unworkable. LP977C offered the best possibilities for modification due to its 

ease of elastomerisation from its functionalised derivatives, combined with a relative 

ease of handling and processability. 

3.4 Gel Permeation Chromatography (GPQ 

3.4.1 Analysis of Results 

The GPC-viscosity system used for these experiments was calibrated with polystyrene. 

The calibration is expressed as Log [MW x IV] (molecular weight x intrinsic 

viscosity) versus elution volume. Although combined GPC-viscosity should give a 

true molecular weight, the apparatus used relied on the response from two detectors, 

often leading to a quite poor agreement in repeat readings. The polysulfide oligomers 

are also on the lower threshold of molecular weight required when using the combined 
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technique. RAPRA describe the reproducibility of their system as not always reliable 

when analysing numerical weight averages, so it is recommended that the results 

should be analysed comparatively in terms of differences in molecular weight 

distributions. The subsequent sets of results refer to experiments run on the same day 

in order to reduce errors in reproducibility. 

3.4.2 Effect of Acetylation on Molecular Weight 

The GPC traces of LP977C and its acetylated derivative (MC5) are given below in 

figure 3.3; (note that the y-axis corresponds to a function of weight fraction) 

Figure 3.3 GPC Traces of Prepolymeric and Acetylated LP977C 
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It can be observed that the two traces are almost inseparable in terms of the molecular 

weight distributions. The weight averages are given below in table 3.6. 
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Table 3.6 Molecular Weight Averages for LP977C and its Acetylated Derivative 

Sample MW Mn PDI 

LP977C 5,800 2,600 2.2 

MC5 
1 

51600 
1 

21400 
11 

2.3 
1 

The experimental value for the number average molecular weight of LP977C is very 

close to the 'true' value of 2,600, as provided by Morton International. The small 

apparent reduction in molecular weight on acetylation is insignificant when comparing 

such similar polymers. The main conclusion that can be drawn from these data is that 

the distributions are very similar, which implies that the ma ority of the polymer (i. e. i 

its backbone) has not been altered upon substitution. 

3.4.3 GPC Results for Block Copolymers 

The GPC trace of oxalyl-terminated LP977C (MC9) was recorded and the weight 

averages and PDI value were as follows: 

Mý,: 5,000 M,: 16,000 PDI: 3.2 

These values would be associated with a very undeveloped polysulfide rubber, which 

corresponded to the material produced, which resembled chewing gum in texture. 

3.4.4 GPC Characterisation of Other Modified LPs 

The GPC traces of samples produced by reacting LP977C with dichloromethyl vinyl 

silane using different molar ratios of reactants are given in figure 3.4. These samples 

79 



--r 

are labelled MC15i, MC15ii and MC15iii for LP977C reacted with 2,1.5 and I 

equivalents of dichloromethylvinyl silane respectively. It can be deduced that the 

molar ratio added has little effect on the weight distribution of the functionalised 

product. It was predicted that if more than one equivalent of the monomer was added, 

then a multifunctional polymerisation would be possible. 

The GPC traces of acetyl-, benzoyl- and naphthaloyl-terminated LP977C are also 

plotted in figure 3.4 (denoted by MC6, MC8 and MC14 respectively). MC6 has a 

higher molecular weight than expected but the viscosity of this sample is also 

particularly high which may suggest some extensive chain extension upon 

substitution. 

Figure 3.4 GPC Traces for a Selection of Modified Polysulfides 
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The GPC results for the prepolymeric and modified LP977C polysulfides are given in 

table 3.7. 

Table 3.7 Molecular Weights and Polydispersities of Modified Polysulfides 

Ten-nini mw Mn PDI 

Thiol 51800 2,600 2.2 

Acetyl 5,600 21400 2.3 

Acryloyl 5,300 1900 3.8 

Benzoyl 3,300 15900 1.8 

Naphthaloyl 23400 15200 1.7 

Methyl-vinylsilyl 75000 25700 2.6 

Tosyl 5,600 1,600 3.4 

Epoxy 4ý500 9,300 2.1 

Cinnamoyl II NO 45700 2.4 

3.5 NMR Spectra of LPs and Modified LPs 

Nuclear magnetic resonance spectroscopy is a useful tool to characterise modified 

polysulfides. The 'Hand 13 C NMR spectra of LP977C are shown in figure 3.5. 
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Figure 3.5 1H (bottom) and 13C (top) NMR Spectra of LP977C 
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The NMR shifts recorded on the above spectra have been interpreted and are given in 

tables 3.8 and 3.9. 

Table 3.8 Interpretation of 
13 C NMR Spectrum of LP977C 

Shift / ppm Assignment 

95.26 CH2-CH2-0-CH2-0-CH2-CH2 

77.00 CDC13 (Solvent) 

65.98 O-CH2-0-CH2-CH2-SS 

38.66 O-CH2-0-CH2-CH2-SS 

32.06 CH2-S-CH2-CH2-0-CH2-0 

24.39 O-CH2-0-CH2-CH2-SH 

Table 3.9 Interpretation of 1H NMR Spectrum of LP977C 

Shift / ppm Assignment 

7.25 CDC13 (solvent) 

4.70 CH2-CH2-0-CfI2-0-CH2-CH2 

3.79 CH2-0-CH2-CH2-SS 

2.88 CH2-0-CH2-CH2-SS 

1.54 CH2-SH 
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The most obvious parameter to monitor the effect of substitution is the 13 C-NMR shift 

of the acyl carbonyl group upon addition to the LP. For example, acetyl chloride has a 

C=O shift of 170.14 ppm but on addition to LP3 this value changes to 194.8 ppm. 

This change indicates that all of the acid chloride had reacted and acetyl chloride was 

absent in the product. Proton NMR spectra have also been recorded for all of the 

modified Us. The proton shifts for vinylic protons in acryloyl chloride and its 

product when reacted with LP3 are given in figure 3.6. This provides further evidence 

for the reaction of the acid chloride with no change to the unsaturated terminal groups. 

Figure 3.6 
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The highly crosslinked polysulfides are very difficult to dissolve in any solvents. 

MC9 and MCI I were soluble in chloroform-d and so 1H NMR experiments could be 

obtained for these materials. 

Oxalyl chloride contains no protons, hence the NMR spectrum of one of the resulting 

LP block copolymers should essentially resemble that of the prepolymer. A very 
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weak, broad peak is observed at a shift of 11.6 ppm due to the carboxylic acid 

resonance from the termini of the polysulfide chains. 

3.6 FTIR Spectra of Modified Polysulfides 

Infra-red characterisation is another method of demonstrating the successful addition 

of acyl groups to the polysulfide termini. It can be seen from table 3.10 that the 

carbonyl frequency of the acid chloride differs from that of the acylated polysulfide, 

often by 101_102 CM-1. 

Table 3.10 IR Carbonyl Frequencies Corresponding to Modified Polysulfides and 

their Acid Chloride Precursors 

C=O stretch in acid C=O stretch in 

chloride / cm-1 modified LP /cm-1 

MC3: acetyl 1818 1691 

chloride + LP3 

MC4: acryloyl 1754 1727 

chloride + LP32C 

The carbonyl stretching band from the acid chloride and the thiol stretching frequency 

at 2560 cm-1 are both absent from the infra-red spectrum of the functionalised LP. 

The infra-red spectra for oxalyl and terephthaloyl terminated copolymers were also 

recorded and their corresponding carbonyl frequencies are given in table 3.11. 
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Table 3.11 IR Carbonyl Frequencies of Difunctionalised Polysulfides and their 

Acid Chloride Precursors 

C=O stretch in Bridging C=O Terminal C=O 

acid chloride / cm-1 stretch / cm-1 stretch / cm -1 

MC9: LP977C 1770 1684 174'8 

+ oxalyl chloride 

MCI 0: LP977C + 1724 1662 1715 

terephthaloyl chloride 
II I I 

From the results above, there is a noticeable shift to lower wavenumbers of the 

carbonyl groups upon addition to the LP. The tenninal C=O stretches are weaker due 

to their lower abundance in the block polysulfides. 

A full list of the characteristic IR bands for typical LPs is displayed in table 1.4. A list 

of the carbonyl stretching frequencies for all of the modified polysulfides is given 

below in table 3.12. 

Table 3.12 FTIR Carbonyl Frequencies of Acyl-functionalised LP977C Polymers 

Termini Carbonyl Frequency / cm- I 

Acetyl 1691 

Acryloyl 1736 

Cinnamoyl 1738 

Benzoyl 1740 

Naphthaloyl 1695 
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3.7 UV-Visible Spectrophotometry 

UV spectra were obtained (as described in section 2-3.3) for all of the prepolymeric 

and functionalised polysulfides. The corresponding values are listed in table 3.13. 

Table 3.13 List of Values for Modified Polysulfides 

Tennini Prepolymer Xma, Value(s) nm 

Thiol LP3 256.0 

Acetyl LP3 290.6 258.6 

Acryloyl LP3 288.0 258.8 

Thiol LP977C 256.4 

Acetyl LP977C 288.0 258.4 

Acryloyl LP977C 287.6 258.0 

Benzoyl LP977C 280.8 241.6 

Naphthaloyl LP977C 330.4 259.6 

Methyl-vinylsilyl LP977C 288.8 258.8 

Tosyl LP977C 299.6 260.0 

Epoxy LP977C 251.6 

Cinnamoyl LP977C 317.6 258.8 

The UV-visible spectra of an LP and its cinnamoyl-terminated derivative are displayed 

in figure 3.7. 
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The figure shows the spectrum of LP977C, which features a shoulder at 258 nm. The 

bottom spectrum clearly highlights the increase in spectral range and intensification of 

the principal absorption band upon modification. Thus the modified polysulfides can 

absorb photons strongly in theUVB-region of the electromagnetic spectrum, giving 

them clear photoactive potential. The nature and mechanisms of photoactivity of the 

modified polysulfides are discussed fully in Chapter 4, 
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Figure 3.7 UV-visible Spectra of LP977C (top) and its Cinnamoyl-terminated 

Derivative (bottom) 
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3.8 Iodine Titration 

The mercaptan contents of the prepolymeric polysulfides were measured 2 and are 

listed in table 2.1. A selection of the modified polysulfides was titrated against iodine 

and each sample was found to have no residual thiol groups present. This supports the 

view that all of the thiol groups had reacted to completion 

3.9 Mass Spectrometry 

3.9.1 Electrospray lonisation 

Each LP mer unit in the conventional range of LPs has a mass of 166. Spectra of LPs 

can be analysed in terms of series with regular structures but an occasional irregular 

feature in the backbone. 

The five main series detected both in prepolymeric LPs and modified LPs, are shown 

below, with extra groups denoted in bold: (Mahon nomenc ature 3 

Series A: Expected structure of LP (i. e. no variant mer) 

Series B: Variant =(C2H40CH2OC2H4S) (one S atom missing) 

Series C: Variant =(SC2H4OC2H40CH2OC2H4S) (an extraC2H40group) 

Series E: Variant =(SC2H4OC2H40CH2OC2H4S)x 2 (two extraC2H40groups) 

Series H: Variant =(SC2H4OC2H40CH2OC2H4S)x 2 (two extraC2H40groups) 

(SC2H40CH20CH2OC2H4S) (an extra CH20) 
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The ESI spectra of an LP and its acetylated derivative are displayed in figure 3.8 and 

have been 'lettered' using the nomenclature described above. 

Figure 3.8 ESI Spectra of LP977C (top) and its Acetylated Derivative (bottom) 
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Potassium (K) binds to each prepolymer molecule adding 39 Daltons to its mass. The 

two ESI spectra (displayed above) show similar molecular weight distributions, 

although ESI generally shows a considerable bias towards low molecular weight 

species. The spectrum of the acetyl-ten-ninated LP has peaks 35 Daltons above those 

corresponding to the thiol terminated material. This result confirms that successful 

substitution of the end groups has occurred with no modification evident in the 

polysulfide backbone, (i. e. no appreciable bond scission or in-chain rearrangement had 

taken place). 

The spectra for the thiol-, acetyl- and acryloyl-terminated LP977C derivatives were 

fully analysed and the peaks were assigned to the five major series listed above. The 

calculated and experimental masses are given in table 3.14. 
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Table 3.14 ESI Characterisation of Prepolymeric, Acetyl-terminated and Acryloyl- 

terminated LP977C. Calculated and Experimental m/z Values (left and right columns 

respectively) for the Five Main Series 

Termini n Series A Series B Series C Series E Series H 

Thiol 11 1867 1867.5 1835 1834.6 1911 1910.9 1955 1954.4 1985 1982.5 

10 1701 1700.4 1669 1669.2 1745 1743.2 1789 1788.2 1819 1817.4 

9 1535 1533.9 1503 1503.1 1579 1577.2 1623 1623.3 1653 1652.8 

8 1369 1368.1 1337 1337.2 1413 1411.2 1457 1455.1 1487 1485.1 

7 1203 1202.0 1171 1171.1 1247 1245.1 1291 1289.2 1321 1319.1 

6 1037 1036.1 1005 1005.1 1081 1079.1 1125 1123.1 1155 1155.0 

5 871 869.0 839 838.9 915 913.0 959 957.1 989 987.0 

4 705 703.0 673 673.1 749 747.0 793 791.1 823 821.1 

3 539 536.8 507 507.0 583 581.0 627 625.0 657 655.0 

2 373 371.0 341 341.0 417 414.9 461 459.02 491 489.0 

1 207 204.9 175 251 295 293.0 325 323.1 

Acetyl 11 1951 1919 1918.5 1995 1995.0 2039 2069 

10 1785 1753 1753.1 1829 1829.2 1873 1873.1 1903 

9 1619 1587 1587.1 1663 1663.2 1707 1707.1 1737 

8 1453 1421 1421.1 1497 1497.1 1541 1541.0 1571 

7 1287 1255 1255.1 1331 1331.2 1375 1375.1 1405 1405.3 

6 1121 1120.9 1089 1089.1 1165 1165.0 1209 1209.0 1239 1239.2 

5 955 955.0 923 923.0 999 999.0 1043 1043.0 1073 1073.0 

4 789 788.9 757 757.0 833 833.1 877 877.1 907 907.1 

3 623 623.0 591 591.0 667 667.0 711 711.0 741 741.0 

2 457 457.0 425 425.0 501 501.0 545 545.0 575 575.0 

1 291 290.9 259 335 334.9 379 409 409.0 

Acryloyl 11 1975 1943 1942.9 2019 2063 2093 

10 1809 1777 1776.9 1853 1897 1897.5 1927 1926.9 

9 1643 1643.8 1611 1610.9 1687 1687.2 1731 1761 1761.2 

8 1477 1476.8 1445 1521 1520.9 1565 1565.2 1595 1595.1 

7 1311 1310.7 1279 1278.9 1355 1354.9 1399 1398.9 1429 

6 1145 1144.8 1113 1112.9 1189 1189.1 1233 1263 

5 979 978.9 947 946.9 1023 1023.0 1067 1097 

4 813 813.0 781 780.9 857 857.0 901 901.0 931 

3 647 646.9 615 615.0 691 691.0 735 734.9 765 

2 481 480.8 449 525 524.9 569 569.0 599 

1 315 283 359 403 433 
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There is a good correlation between the calculated and experimental masses for each 

series. In some cases there were peaks recorded at 2 Daltons lower than that of the 

calculated value, this is thought to be due to the loss of molecular hydrogen upon 

ionisation 

3.9.2 Nanospray 

Some electrospray results were also recorded by use of the nanospray module with the 

'Biotof instrument. The technique proved to be very sensitive and often fragmented 

the polymer samples. An example of a successful experiment is given in figure 3.9. 

The spectrum is of ac etyl -terminated LP977C and the 'A' series (i. e. the regular mer 

backboned-polysul fide) is indicated. 

Figure 3.9 
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3.9.3 FAB 

For the first time, FAB has been used successfully to characterise LPs and modified 

LPs. The sensitivity of the 'Autospec' instrument yields spectra of reasonable quality. 

The FAB spectra of a prepolymeric polysulfide and its acetylated derivative are 

displayed in figure 3.10 and have been analysed using the Mahon nomenclature 3. The 

retention of structure of the polysulfide backbone can again be confirmed. 
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Figure 3.10 FAB Spectra of LP977C (top) and its Acetylated Derivative (bottom) 
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3.10 Summary of Characterisation 

This chapter provides much evidence to demonstrate that the prepolymeric 

polysulfides had been successfully modified in high yield. 

There are physical changes, such as the loss of thiol smell and increase in viscosity to 

show that a change has taken place. The GPC results, which show similar 

distributions for the modified and unmodified polysulfides, suggest that the 

modification had taken place at the polymer termini, rather than in the polymer 

backbone. 

The spectroscopic characterisation provides a comparison of the modified polysulfides 

and their acyl chloride precursors in terms of changes in shifts and wavenumbers (for 

NMR and IR techniques respectively). The UV data show how these modified 

polysulfides have photoactive potential. 

Finally, the mass spectrometry results provide finn evidence that the LP's thiol termini 

have been substituted by various end-groups and the whole oligomeric chains, 

including their new termini, have masses which are confirmed by the spectra. 
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Chapter 3: References 

I Morton International report, Hughes C, titled 'Synthesising, characterising and 
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Chapter 4: Results and Discussion - Photoactivity 

of Modiried Polysulrides 

4.1 Introduction 

The photoactivity of each functionalised polysulfide was determined by performing a 

series of experiments. Samples were presented in various ways, i. e. on cardboard, on 

and between glass slides, in sample vial lids and on PET films, so that the photocuring 

and photoadhesive properties could be monitored. 

In the most general case, irradiation of the modified polysulfides results in the 

formation of a light visco-elastomer. The cured (or partly cured) polymers are not 

liquids, in the sense that they do not exhibit cold flow or deformation characteristics, 

but on the other hand do not resemble traditional LPs, which have been cured 

(thermally) with transition metal oxides. It can be said though, that the exposed 

oligomers have undergone some transformation to a more dense and presumably 

further polymerised state. 

It was not assumed that the properties of a photocured-modified polysulfide should 

match those of a Mn02-cured formulation. The potential applications of such a 

product would also be different, because a chemical cure is three-dimensional, whilst a 

photocure may well be restricted to the irradiated surface and be relevant to thin-film 

and coating technology. This difference is illustrated in figure 4.1. 
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Figure 4.1 Comparison of UV- and Mn02-Cured systems 
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4.2 Potential Photoactive Functional Groups in Modified 

Polysulfides 

The modified polysulfide oligomers all contained at least one chromophoric group 

capable of absorbing a UV or near-UV photon. The choice of termini used to end-cap 

the functionalised LPs was largely governed by the potential photoactivity that the 

products should possess. The initial modification synthesis involved the acetylation of 

the LP, which produced an oligomer with a potentially photoactive terminal on each 

end. Subsequent syntheses involved the addition of end groups with a greater number 

of chromophores, which aimed to enhance the photopotential of the modified 

oligomers. The termini chosen were mainly either highly conjugated molecules or 

aromatics which are known to be excellent light-absorbers. A list of the termini 

substituents is given below, together with the number of active sites on each terminal 

and the nature of the conjugation, (see table 4.1). 
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D ichloromethylvinyl si lane was chosen as an end group modifier because silanes are 

renown for their adhesive strength to a range of substrates' and the molecule contains 

an unsaturated site available for further photopolymerisation. 

In another synthesis, epichlorohydrin was reacted with prepolymeric polysulfide to 

produce an epoxy-terminated LP. Epoxide groups usually enhance a polymer's 

adhesion and Morton International currently use similar formulations for I- and 2- part 

coating systems 2. It was later disclosed that Morton International manufacture an 

epoxy-terminated oligomer almost identical to the one synthesised in this project, but 

no previous research into its photoactivity had been made. 

Other than the forenamed examples, all the functionalised Us contain carbonyl 

chromophores (one, two or three per end group) which are positioned adjacent to LP 

chains so they should exhibit similar scope for photoexcitation. 
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Table 4.1 Termini Utilised in this Project and their Levels of Unsaturation 

Termini Structure Double Bond Other Functional Group 

Equivalents Advantages 

Acetyl 0 
ALP 1 

Acryloyl 0 
_ýýKLP 

2 

Cinnamoyl 0 
ý11ý ýA 

5 Aromatic, stable, spectral 

" LP 
range 

Benzoyl 0 
A 4 Aromatic, stable, spectral 

LP 
range 

I -naphthaloyl 0 LP 6 Aromatic, stable, spectral 

range 

Oxalyl 0 ý 2 Disubstituted 
LP 

LP 
y 

0 
Para-toluene 0 LP 

- 
5 Aromatic, stable, spectral 

Sulfonyl S\ \ 0 range 

Terephthaloyl 0 ' 5 Aromatic, disubstituted, 

LP" 
LP spectral range 

0 
1,3,5-benzene- LP 0 

A 6 Aromatic, trisubstitutedý 
tricarbonyl LP 0 y 

spectral range 

- - LP 0 

Methyl-vinylsilyl I Adhesion enhancing, 
S 1'ý 

LP LP disubstituted 
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4.3 Properties of Photocured Polysulfides 

Each polysulfide was spread onto various substrates including, glass, cardboard and 

PET film and subsequently exposed to UV irradiation from both the QUV and the 

Stama lamp sources. The textures and appearances of the cured products observed are 

recorded in table 4.2. 

Table 4.2 Summary of Properties of Photocured-modified Polysuffides on 

Various Substrates (cured in Starna Lamp System for 100 hours) 

Termini On Glass slide On PET sheet On cardboard 

Acetyl Flaky and cheesy Flaky Flaky and cheesy 

Acryloyl Cheesy, Shrinkage Cheesy, Shrinkage Flaky and cheesy 

Benzoyl No full cure No full cure Powder formed 

Naphthoyl No full cure No full cure Powder fort-ned 

Cinnamoyl Flaky and cheesy No full cure Flaky and cheesy 

Terephthaloyl Lumpygum Cheesy gum Lumpygum 

Epoxy Shrinkage No full cure Shrinkage 

Tosyl No full cure No full cure No full cure 

Methylvinylsilyl Cheesy, Shrinkage Shrinkage Shrinkage 

Oxalyl Sticky gum Sticky gum Sticky gum 

Tricarbonylbenzyl Lumpygum Lumpy gum Lumpygum 

The descriptions in the table above are based on a qualitative comparison of the 

texture and appearance of the exposed modified polysulfides. 
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The natures of the functionalised polysulfides given above can be divided into three 

categories. 

1. Some of the samples formed a crinkled surface upon curing; this effect is known 

as 4shrinkage' and arises when a coating reduces in volume upon curing. 

Shrinkage should not occur significantly in UV-curing systems, and is normally a 

factor for thermally drying formulations, where solvent is lost upon curing. These 

polysulfides produced a flaky product, (which can be compared to similar 

attempts at photocuring experiments 3); these systems do form a definite tack-free 

elastomer and are best described as 'cheesy' in nature. 

2. Some of the polysulfides with aromatic termini were very slow to cure and 

produced smelly, thickened products, which had not elastomerised. 

3. The final set of polysulfides, namely the polyfunctional derivatives, produced 

highly crosslinked elastorners, which exhibited rebound and snap properties. 

These polysulfides resembled chewing gum in texture. 

4.4 Mechanism of Photocuring Modified Polysulfides 

4.4.1 NMR Linewidth Broadening Experiments 

Having observed that the novel polysulfides undergo a physical transformation when 

exposed to UV light, it was important to investigate the curing process and possibly 
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suggest a mechanism of cure. The oligomers render themselves insoluble upon 

irradiation so conventional spectroscopic methods could not be used readily to study 

the cure profile. An alternative NMR method was found to be applicable, which 

monitored the proton NMR linewidth broadening as the cure progressed. (The 

experimental set up is described in section 2.3.1.2) The chosen NMR peak to be 

monitored was at 4.7 ppm corresponding to a methylene proton. The linewidth at half 

height was measured and converted into frequency units (Hz) by multiplying it by the 

frequency of the NMR spectrometer. 

During most polymerisations, linewidths increase rapidly and massively until a solid is 

produced. Elastomers, however, still retain residual molecular motion even in the 

fully vulcanised state so this technique can be used to study the cure patterns. 

The polysulfides were photocured slowly in the QUV weatherometer over the order of 

hundreds of hours, which allowed sufficient time to allow the process to go to 

completion. 

Linewidth broadening data are tabulated in table 4.3 and the corresponding cure 

profiles for selected modified LPs are given in figure 4.2. 
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Table 4.3 Linewidth Measurements during Photo elastomeri sati on 

Acetyl-terminated Acry I oy I -terminated Acrylate-terminated 

Exposure 
(hours 

Linewidth Exposure 
(hours) 

Linewidth 

_ 
(Hz) 

Exposure 
(hours) 

Linewidth 
(Hz) 

0 27 0 _ 56 0 32 

5 28 6 63 5 43 

10 28 18 67 10 50 

16 31 40 82 16 120 

28 32 90 95 28 153 

50 34 205 107 50 200 

100 35 325 117 - - 

215 35 690 118 

335 35 - - 

700 35 
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Figure 4.2 CLire Profile for Acetyl, Acryloyl and Acrylate-terminated LPs 
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The cure profiles indicate the rate and extent of polymerisation. The three examples 

given above all have quite different rates of polymerisation. In the acetyl-terminated 

oligorner, there is an initial delay before the linewidth broadening is observed, but 

after this period there is a sharp increase in linewidth until a plateau is reached. It is 

expected that this is the elastornerisation point after which no further crosslinking or 

chain extension takes place no matter how much more UV light is absorbed by the 

sample. A final datum was recorded at 750 hours (not plotted on the graph) which 

was consistent with the two previous data points in magnitude. The overall increase in 

linewidth was 29%. 

The second profile corresponds to the NMR data obtained from the acryloyl 

functionalised polymer. The gradient of this curve is fairly uniform, suggesting that a 

long exposure time is necessary in order to reach a full cure; thus there was a rise of 

110% in linewidth over the duration of the experiment. These results mean that the 

acetyl oligomer exhibits greater chain mobility than the acryloyl derivative. 

The third experiment relates to ZL2244, an LP derivative end-capped with TPGDA 

monomers. This system proved to be not very elastic and gelled after only 50 hours to 

end the experiment, and a vast line broadening was observed in this short time, i. e. an 

increase of 534% was recorded. 

The data for the three systems could not be plotted together due to the differing initial 

frequencies, but can be compared in a qualitative manner to try to understand the 

mechanism of cure. 
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4.4.2 Proposed Mechanism of Photo eI astomeri s ation 

Each of the modified LPs contains a carbonyl group, which has photoactive potential, 

thus excitation of the carbonyl group leads to an n--> e transition to form a reactive 

triplet state. Figure 4.3 represents the energy levels associated with this carbonyl 

excitation. 

Figure 4.3 Jablonski Diagram for the Excitation of a Carbonyl Chromophore 
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The excited species then abstracts a hydrogen atom from another LP chain, which can 

then lead to further hydrogen abstraction and eventually crosslinking of the 

polysulfide. Figure 4.4 exemplifies these possibilities. 
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Figure 4.4 Mechanism of Excitation and Hydrogen Abstraction of Carbonyl- 

containing Modified Polysulfides 
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Figure 4.5 Mechanism of Further Hydrogen Abstraction and Crosslinking of 

Carbonyl-containing Modified Polysulfides 
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Figure 4.4 shows the primary steps involving the excitation of the carbonyl groups and 

figure 4.5 shows the early secondary steps, which lead to the crosslinking. This is 

achieved by dimerisation and ten-nination steps. Further secondary steps are likely, 

but are not displayed above. 

In addition to each modified polysulfide having a photoactive carbonyl group, other 

functionalised oligomers have further unsaturation and aromaticity (see table 4.1). 

The potential photoreactivity of any C=C groups present would be via a (2+2) 

cycloaddition. A simplified mechanism for this photoinduced process is given in 

figure 4.6 

Figure 4.6 Cyclobutane Formation via (2+2) Cycloaddition 
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Further conjugation in the photoactive termini, for example aromaticity, leads to the 

extension of the spectral range available for excitation. The diagram below is a 

simplified UV-visible spectrum of a polysulfide. When a photoactive terminus is 

added, the excitation wavelength is extended into the ultra-violet region, which then 

allows absorption of UV photons and hence photocro s slinking can take place. 
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Figure 4.7 UV-visible Absorption Spectrum of a Polysulfide, Illustrating the 

Extended Spectral Range (shaded region) obtained upon Modification 
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4.5 Conclusion 

The lamp system used, the period of exposure, and the substrate on which the 

polysulfide is presented, all affect the nature of the cured products. 

In most irradiation experiments, shrinkage was observed due to evaporation of trace 

solvent or residual monomer. This factor would be a disadvantage if the systems were 

to be used as coatings but may be an advantage for an application involving slow 

precision artwork (see Chapter 6). 

A positive feature of these novel systems is that they photoelastomer'se without the 

need for an initiator, (use of initiators is discussed in section 1.5.2.6). 
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In summary, these functionalised oligomers have potential on curing as films or as 

laminates but show no real use for thicker bulk samples due to the thin penetration of 

the UV light into the samples. Full descriptions of their applications as thin films for 

coatings, photoresists and adhesives are given in chapters 5,6 and 7 respectively. 
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Chapter 5: Results and Discussion - Photocured 

Modified LPs as Coatings 

5.1 Objectives 

This chapter explores the possibilities of using modified polysulfide oligomers as 

coatings, both on their own and as part of existing UCB-based formulations. There are 

many commercially available photocurable-coating formulations and each type 

produces a film with specific properties for its purpose. The object of these coating 

experiments was to incorporate the useful LP properties, namely their strength, 

durability, weatherability and flexibility, into a coating formulation to enhance the 

product's physical properties and range of applicability. 

5.2 Coating Melinex Films with Modified Polysulfide 

In the simplest case, the functionalised oligomers were applied to the Melinex film (as 

described in section 2.6.1) and then exposed in the Starna lamp system. The highly 

viscous oligomers failed to remain dispersed over the Melinex substrate due to 

incompatible hydrophilicities. It became clear that it was necessary to add a plasticiser 

to the polymer to lower its viscosity and to provide an interface that was common to 

both substrate and laminate. Industrially, plasticisers are added to polymer 

formulations at anything up to 40 % by weight, but clearly an excess of plasticiser 

would lead to very slow curing and a weak film coating. It was therefore important to 

determine the optimum plasticisation level and the most appropriate plasticiser to use. 
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5.3 Coating Melinex Film with Modified Polysulfide 

Incorporating Plasticisers 

5.3.1 Choice of Plasticiser 

The two plasticisers used in this research were Santicizer 160 (butyl benzyl phthalate) 

and Santicizer 261 (benzyl octyl phthalate). Santicizer 261 is less volatile than 

Santicizer 160 and is also more compatible with polysulfide systems; coincidentally, 

the Melinex substrate used contains Santicizer 261 in its fon-nulationi. 

5.3.2 Experiments with Santicizer 160 

In the first experiment, various levels of Santicizer 160 were added to the acetyl- 

terminated polysulfide; these samples were then applied onto Melinex film (as 

described in section 2.6.1), and then irradiated in the Starna lamp system for 5 hours. 

The quantities used, and the results, are summarised in table 5.1. 
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Table 5.1 Investigating Plasticiser Levels for Acetyl-terminated 

LP977C/Santicizer 160 System. 

Polysulfide 

Termini 

Santicizer 160 

Added /% 

Exposure Time in 

Starna / Hours 

Properties of 

Photocured Coating 

Acetyl 2 5 Cheesy, tacky 

Acetyl 5 5 Cheesy, tacky 

Acetyl 10 5 Cured, but not to a film 

Acetyl 20 5 Cured to a film 

These results show that a relatively large quantity of Santicizer 160 must be added to 

the highly viscous polysulfide in order to produce an evenly spread film. The 

photocrosslinked film produced, when 20 % Santicizer 160 was used, was glossy and 

almost colourless. It was also very slightly tacky when touched with a finger. 

The above experiment was repeated using the acryloyl-terminated polysulfide to 

determine whether 20% is the optimum plasticisation level for all LP-based systems, 

and up to a 30% loading was used. The results are given in table 5.2. 

Table 5.2 Investigating Plasticiser Levels for Acryloyl-terminated 

LP977C /Santicizer 160 System. 

Polysulfide 

Termini 

Santicizer 160 

Added /% 

Exposure Time in 

Starna / Hours 

Properties of 

Photocured Coating 

Acryloyl 10 5 Tacky and non-uniform 

Acryloyl 20 5 Low tack and patchy 

Acryloyl 
I 

30 5 Not fully cured 
II 
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It can be concluded from the experiments that 20 % Santicizer 160 appears to offer the 

optimum plasticisation level. The coating produced at this level was again glossy and 

pale in colour but had lower tack. Unfortunately the surfaces of both successful 

coatings were not uniform. Shrinkage had occurred across the sample, which left the 

films slightly patchy and rippled when held up to the light. The films were also 

slightly tacky, which meant that a different fonuulation was necessary. In order to 

solve these physical defects, the alternative plasticiser was introduced. 

5.3.3 Experiments with Santicizer 261 

S -I .. 

anticizer 261 is known to be more compatible with polysulfides, which should reduce 

the crazing pattern produced upon photocuring the modified polysulfide films. 

This experiment involved adding various quantities of Santicizer 261 to the acetyl- 

terminated polysulfide. The results are summarised in table 5.3 (note that the 

increments of plasticiser level have been reduced in case the optimum level was found 

to be, for example, 15 or 25 %). 
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Table 5.3 Investigating Plasticiser Levels for Acetyl-terminated 

LP977C/Santicizer 261 System. 

Polysulfide 

Termini 

Santicizer 261 

Added /% 

Exposure Time in 

Starna / Hours 

Properties of 

Photocured Coating 

Acetyl 5 5 Matt finish 

Acetyl 10 5 Matt finish 

Acetyl 15 5 Non-uniform finish 

Acetyl 20 5 Uniform film 

Acetyl 25 5 Tacky finish 

Acetyl 30 5 Tacky finish 

These data agree with the previous results using Santicizer 160 in giving the optimum 

plasticiser level as 20 %. However, replacement of Santicizer 160 with Santicizer 261 

had the effect of producing more evenly dispersed films and it is reasonable to suppose 

that this is due to the enhancement of surface compatibilities. The film was also tack- 

free. For these reasons, nearly all of the subsequent experiments involved the use of 

Santicizer 261 rather than the less effective Santicizer 160. 

All of these experiments utilised an exposure time of 5 hours. This was chosen 

arbitrarily but gave enough time for full cures to take place. Incidentally, where there 

was an experiment that produced a film that was not fully cured after this time, the 

film was further irradiated using the Starna lamp system to observe whether any 

further cure took place. 
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5.3.3 Addition of Santicizer 261 to other Modified Polysulfides 

Polysulfides with differing ten-nini, not already mentioned above, were spread onto 

Melinex sheets and irradiated in the Starna lamp box until they had reached a full cure. 

The required periods of exposure and the details of the coatings, are given in table 5.4. 

The plasticiser type (Santicizer 26 1) and quantity were kept constant. 

Table 5.4 Details of Coatings Produced with Various Functionalised Polysulfides 

Polysulfide 

Termini 

Santicizer 261 

Added /% 

Exposure Time in 

Starna / Hours 

Properties of Photocured 

Coating 

Benzoyl 20 6 Chalky finish 

Methylvinylsilyl 20 2 Slight shrinkage, tack-free 

Cinnamoyl 20 4.25 Glossy, tack-free 

These results show that each modified polysulfide produces a coating with different 

properties and at a different rate of crosslinking. This variety may reflect both the 

reactivities of the termini and the different viscosities of the functionalised oligomers. 

The fastest cure time was only 2 hours, which represents an improvement, but in 

commercial terms is very slow compared to existing photocurable coating systems. 
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5.3.5 Properties of Cured Modified Polysulfide Coatings 

Containing Santicizer 261 

5.3.5.1 Application of Modified Polysulfide Oligomers onto Various 

Substrates. 

The spreading of functionalised oligorners onto and between different substrates 

(including paper, glass, Melinex film and copper) is discussed in this section. The 

curing of a coating is often dependent on the substrate on which it cures. The adhesive 

properties of the coatings (with glass and Melinex film) are described in chapter 7 and 

the spreading of polysulfide onto copper circuit boards is covered in chapter 6. 

Ten different terminated LP977C derivatives were coated onto glass and paper, and 

then exposed in the Stama lamp system for 2-hour intervals to a total of 10 hours. The 

textures of the products are described in table 5.5. 
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Table 5.5 Properties of Irradiated Modified Polysulfide Samples Coated on Glass 

and Paper Substrates. 

Termini Glass Substrate Paper Substrate 

Acetyl Gelled, clear Gelled, clear 

Acryloyl Cures with major shrinkage after Formed yellow film with 

6 hrs shrinkage after 8 hrs 

Benzoyl No cure, clear Soaked straight through paper 

Cinnamoyl Cures after 6 hrs to form a yellow Crusty yellow coating after 

film, became crusty 8 hrs 

Methylvinyl Shrinkage but not fully cured, Shrinkage but not fully cured, 

silyl (Ieq. ) turned yellow after 6 hrs turned yellow after 6 hrs 

Methylvinyl Cures to white coating with Cures to white coating with 

silyl (1.5eq. ) shrinkage after 8 hrs shrinkage after 8 hrs 

Methylvinyl Cures to white elastic with Cures to white coating with 

silyl (2eq. ) shrinkage after 8 hrs shrinkage after 8 hrs 

Naphthaloyl Hardened but not cured after 10 Soaked straight through paper 

hrs, tan coloured and formed salty powder 

Epoxide Thickened, not fully cured at 10 Thickened, not fully cured 

hrs; shrinkage observed after 2 hrs 

Tosyl No cure after 10 hrs 
, 
bright No cure after 10 hrs, bright 

I 
orange paste 

I 
orange paste 

I 
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These descriptions show that each modified oligomer behaves differently, but a 

comparison of the photocuring of these oligomers on a glass substrate can be made. 

The following sequence puts the polymers into their order of increasing speed and 

extent of cure when exposed to UV light in the Starna lamp system for a 10-hour 

exposure. 

tosyl, benzoyl, naphthaloyl, epoxy, acetyl, acryloyl, methylvinylsilyl, cinnamoyl. 

Increasing Speed and Extent of Cure 

5.3.5.2 Colour 

The colour of a photocured product is obviously important in deciding the end-use of 

the product. All LPs and their derivatives are amber in colour to a greater or lesser 

extent, which can limit their uses. Most of the functionalised oligomers synthesised in 

this project are also amber in colour, though some samples are yellow or brown. Upon 

curing, these LPs become less intense in colour. 
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5.4 Experiments Incorporating Modified Polysulfides 

in UCB-based Formulations 

5.4.1 Introduction 

This section explores the inclusion of modified polysulfides in existing UV-curable 

systems. The formulation chosen is a typical blend used by UCB as a coatings and is 

listed in table 5.6. 

Table 5.6 Composition of UCB Fon-nulation 1. 

Component Function Parts 

Ebecryl 605/20 Urethane base 30 

TPGDA Difunctional monomer 30 

TMPTA Trifunctional monomer 20 

P1 15 Catalytic amine 8 

Irgacure 500 Photoinitiator 5 

The above formulation comprises a urethane base with di- and tri-functional 

monomers added to give 2- and 3-dimensional crosslinking respectively. The aim of 

the experiments in this section was to replace differing quantities of the difunctional 

TPGDA with functionalised polysulfides (which are also difunctional) and to observe 

the trends in physical properties of these modified formulations (the full description of 

these systems is given in sections 2.1.4 and 2.6.1). Each different formulation was 
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spotted onto a glass microscope slide, poured into a sample vial lid and sandwiched 

between various substrates (for adhesive measurements -see Chapter 7). These 

samples were then cured in the Starna lamp system. 

5.4.2 Tack-Free Time 

The quantity of modified polysulfide in each coating formulation was varied to 

determine the effect on the tack-free time of the altered formulation. Small quantities 

(10-20 parts) of the polysulfide were added to replace part of the TPGDA component 

and then all of the samples were irradiated together in the Starna lamp system. These 

samples were checked for tackiness every minute until a consistent state was reached. 

The samples with added polysulfide reached a tack-free state after only 3 minutes 

whilst the standard UCB-based coatings took 4-5 minutes. When the samples were 

further exposed, it was observed that the overall cure time was also somewhat 

reduced, i. e. from 25 minutes to 15 minutes. These effects may be due to an increase 

in viscosity or possibly due to the polysulfide acting as a gelling agent. 

5.4.3 Depression Testing 

Formulation I was modified by replacing 0,10,20 ... 80,90 & 100% of the TPGDA 

component with acetyl-terminated LP977C. Each formulation was poured into a 

sample vial lid and photocured in the Starna lamp system for 0.5 hours. The 

depression hardness values were measured with a durometer. The aim of these 

experiments was to establish how the strengths of the cured formulations were altered 

by the presence the terminal groups. Average Shore D values were plotted against the 
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quantity of modified polysulficle substituted for TPGDA in the UCB formulation, as 

illustrated by figures 5.1 and 5.2 for acetyl- and acryloyl-substituted LP977C 

respectively. 

Figure 5.1 Plot of Shore D Hardness versus Amount of Acetyl -term I nated LP977C 

Added to Replace TPGDA after Photocuring 
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Figure 5.2 Plot of Shore D Hardness versus Amount of Acry I oyl -terminated 

LP977C Added to Replace TPGDA after Photocuring 
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It had been hoped that addition of modified polysulfide to the UCB formulation might 

not adversely influence the hardness parameters. However, the addition of the acetyl- 

terminated polysulfide had the effect of weakening the urethane-based system. By 

contrast, the addition of acry loyl -terminated LP977C strengthened the Shore D 

hardness of the formulation when up to a 50% replacement of the TPGDA component 

was utillsed. 

Another set of formulations was made up to test whether any of the other modified 

polysulfides would affect the coating's properties. The formulations used are listed in 

table 5.8: 
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Table 5.7 UCB Formulation used Incorporating Modified Polysulfides 

Component Parts 

Ebecryl 605/20 30 

TMPTA 20 

Modified LP 15 

TPGDA 15 

PI 15 8 

Irgacure 500 5 

The modified polysulfides used in these experiments were LP977C-based, with the 

following termini: acryloyl, methylvinylsilyl, benzoyl, epoxy and cinnamoyl. 

The graph below (figure 5.3) shows the average Shore D measurements of various 

modified UCB formulations. 

Figure 5.3 Bar Chart Showing Average Shore D measurements for other Modified 

Polysulfides as Replacements for TPGDA in Formulation I 
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As a reference, the average Shore D hardness value of an unmodified formulation was 

recorded as 72. The hardness of the acryloyl -terminated system exceeds this value. 

Other termini lead to slightly lower hardness values. 

5.4.4 Scratch Resistance by Pencil Test 

The UCB formulations containing increasing amounts of polysulfide were spotted 

onto glass microscope slides and photocured in the Starna lamp system for one hour. 

The scratch resistances were measured using the pencil test (described in section 

2.5.2). The aim of these experiments was to observe the effect of substituting 

polysulfide into a known system and whether the resulting system would prove 

tougher or more resilient to degradation. Another, identical set of these samples were 

irradiated in the QUV weatherometer for 168 hours (I week) and a further set were 

exposed to 60'C temperatures for 24 hours, to observe whether the characteristic 

chemical resistance of polysulfides could be incorporated into the UCB-based 

fon-nulation. Typical results for the acetyl-terminated oligomer are displayed in figure 

5.4. 
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Figure 5.4 Pencil Scratch hardness Versus % Acetyl-terminated Polysulfide for 

Cured Coatings (not exposed to UV light or heat) 
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Figure 5.5 Pencil Scratch hardness Versus % Acetyl -terminated Polysulfide for 

Cured Coatings Undergoing UV Exposure for 168 Hours in Starna Lamp System 
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Figure 5.6 Pencil Scratch hardness Versus % Acetyl-terminated Polysulfide for 

Cured Coatings undergoing Then-nal Exposure at 60 'C for 24 Hours 

Pencil Scratch Hardness (heat treated coating) 
% LP Added 3B 2B IBI HB IF I- HI 
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The scratch resistance of a coating refers to the hardest pencil that will not gouge the 

film. It is evident from these results that the more polysulfide that is used to replace 

TPGDA, the weaker becomes the scratch resistance. Another trend is that after 

exposure to further UV and heat, the pencil grade becomes at least one level lower, 

both for the photo- and thermally irradiated samples. The durability and weathering 

resistance properties evident with conventional polysulfide forinulations are not 

apparent in these urethane-based blends. 

The pencil test was performed on each of the formulations to compare relative scratch 

resistance values with the other formulations and with the standard UCB blend. The 

results are compiled below in figure 5.7. 
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Figure 5.7 Scratch Resistance Values of UCB Formulations Containing Modified 

LP Oligomers as a Partial Replacement of TPGDA 

Termini HB FH 2H 3H 4H 
No polysulfide 
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The results show that there is a variation in the scratch resistance of modified UCB 

formulations. The methylvinylsilyl- and epoxy-containing formulations have the same 

scratch resistance as that of the standard UCB formulation, and the addition of 

acryloyl-ten-ninated LP977C actually enhances the scratch resistance by one level. 

These results are promising because if a modified polysulfide were to be incorporated 

into a commercially available system, it must not be at the expense of any desirable 

physical properties of the photocured product. 

By combining the scratch resistance data and the hardness measurements, it can be 

concluded that an addition of a 10 % quantity of acryloyl-terminated LP977C to 

replace part of the TPGDA component, enhances the strength properties. Other 

derivatives have little or the reverse effect on strength properties. The adhesion 

properties of these blends are given in Chapter 7. 

5.4.5 Solvent Resistance of Polysulfide-based UCB Formulation 

Eacb of the formulations containing modified polysulfide was coated onto glass 

microscope slides, cured and then submerged in acetone and in THF to find the 
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solvent resistance of polysulfide-based UCB blends. The samples were left in solvents 

for 2-hour intervals and then scrutinised. Every sample under these conditions became 

discoloured and lost its adhesion to its glass substrate, but these effects became more 

evi ent with increasing polysulfide content. It had been hoped that the excellent 

chemical resistance of traditional LP formulations could be incorporated in these novel 

systems but instead the effect was the opposite. 

5.5 Experiments using Fusion UV Light Source 

The vast majority of experiments described and recorded in this chapter were 

photocured by use of the Starna lamP system. However, in commercial terms the cure 

time of these experiments still exceeds practical limits, especially with regards to the 

non-UCB-based formulations. The Fusion-UV source was used to attempt to achieve 

faster cures for all types of photocuring experiments. (The specification of the lamp 

and details of the exposures are given in section 2.4.3) 

Unfortunately only the UCB-based formulations became fully cured under these 

conditions, even after multiple exposures and the use of the nitrogen-inerting lamp 

system 2. The UCB-based systems cured after only one exposure with both coating and 

adhesive experiments. 

5.6 Conclusions 

Due to the observed slow UV curing of polysulfide-based oligomers, and the fairly 

poor quality of the coatings produced, it can be concluded that it is necessary to use 
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the modified LP as a component of existing UV-curable systems rather than as a 

photocurable system in its own right. 

Addition of the acryloyl -terminated oligomer to the standard UCB formulation has the 

effect of enhancing the physical strength properties of the coating produced; the other 

terminal groups have some weakening, or a marginal effect, on the strength properties. 

The lap-shear strength properties of these materials are described in Chapter 7. 
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Chapter 6: Results and Discussion - Photoresist Imaging 

with Polysulfide Oligomers 

6.1 Objectives 

The aim of the photoresist imaging experiments was to test modified polysulfide 

oligorners as potential photoresist agents. It is known that copper has an affinity for 

sulfur so it was thought that a reasonable approach would be to test whether a 

polysulfide polymer, which has a high sulfur content, would form a particularly strong 

bond with a copper substrate such as on a printed circuit board (PCB). 

There are certain criteria, which must be met in order to photocure successfully and 

then strip a polysulfide-based circuit board image, which are as follows: 

1) The polymer must be spreadable onto the PCB substrate; this can be helped by 

the addition of a plasticiser. 

2) The polysulfide must adhere well to the PCB whilst the elastomer is being 

formed in the curing process. 

3) The template (mask) and the circuit board must be as close together as possible 

during irradiation so that the image has optimum definition. 

4) The time of cure must not be too long and the product should be of uniform 

consistency. 
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The experiments described in this chapter are designed to find the optimum photoresist 

formulation using modified polysulfides and various additives including; plasticisers, 

adhesion promoters and photo initiators. 

6.2 Application and Photocuring of Modified 

Polysulfide Oligomers on Copper Substrates 

6.2.1 Laminations using Pure Modified Polysulfides 

The printed circuit boards were prepared and laminated as described in section 2. x and 

then exposed to UV irradiation. A slow, controllable cure would be desirable in order 

to produce a well-defined image. Hence initially, the less intense QUV 

Weatherometer was used to cure the oligomeric laminates. Unfortunately these 

experiments required an exposure time of the order of tens of hours and so the Starna 

lamp system was then used to photocure the resist images onto the circuit boards. The 

cure time using the latter UV source was reduced greatly, that is to several hours, 

depending on the samples exposed. 

The photocured-modified polysulfides appeared to be bonded well to the copper 

boards but were not uniformly dispersed over the surface of the substrate. It was 

deduced that these systems required the addition of a plasticiser to make the oligomers 

more spreadable onto the copper boards to achieve uniformity in layer thickness. 
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6.2.2 Laminations of PCBs with Modified Polysulfides 

Containing Plasticiser 

6.2.2.1 General Effect of Adding Plasticisers 

Santicizer 160 had proved to be the most appropriate plasticiser for the coating 

forinulations described in Chapter 5 and accordingly was chosen again in view of its 

excellent compatibility with polysulfide oligomers. A loading of 20% Santicizer 160 

was added to the functionalised oligomers before their application to the copper 

substrate and photocuring in the Starna lamp system. 

The acetyl- and acryloyl-terminated LP977C derivatives were applied and exposed as 

described above using a mask featuring a cross-shape (section 2). After 2 hours, both 

samples had photocured, forming a cross-shaped elastomer on the copper boards. The 

cured polysulfide was surrounded by prepolymeric polysulfide, which had been 

masked from the UV irradiation by the steel template. The plasticiser had successfully 

thinned the viscous LP derivatives and allowed a uniform elastomerisation to take 

place. Some of the crosslinked products had undergone shrinkage, which ideally 

should be minimised. In order to overcome this problem, another set of formulations 

was tested to optimise the type and levels of plasticiser. Both Santicizer 160 and 

Santicizer 261 were used in up to a 20% loading to find the most suitable blend in 

terms of the photocured products' properties and their rates of cure. 
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6.2.2.2 Variation in Type of Plasticiser 

Acetyl- and acry I oy I -terminated polysulfides were used to test the effect of variation 

of the type of plasticiser on the cure time and properties of the photocured products. 

The observations are given below in table 6.1. The samples were all irradiated in the 

Stama lamp system for 2.5 hours. 

Table 6.1 Effect of Variation in Plasticiser Type for Laminating PCBs with 

Acetyl- and Acry loyl -terminated LP977C 

20% Plasticiser Added to 20% Plasticiser Added to 

Acety I -terminated Polysulfide Acryloyl-terminated Polysulfide 

Santicizer Patchy film with shrinkage Great shrinkage had occurred, 

160 and blurred edges good definition along edges 

Santicizer Uniform film with poor A little shrinkage, good 

261 definition definition 

These results suggest that Santicizer 261 is more compatible with LP-based systems 

coated onto a copper substrate. This agrees with the results in Chapter 5, which 

discusses the spreading of polysulfide-based coatings onto Melinex substrates. It was 

therefore decided that subsequent experiments should involve the addition of 

Santicizer 261 rather than the less effective Santicizer 160. 
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6.2.2.3 Variation in Plasticiser Levels 

The optimum plasticiser level was determined by adding different quantities of 

Santicizer 261 to acetyl- and acryloyl -terminated polysulfides. The rates of cure and 

properties of the photocured products are given in table 6.2. The samples were 

irradiated until a full cure had taken place in the Starna lamp system. 

Table 6.2 Effect of Variation in Plasticiser Level for Laminating PCBs with 

Acetyl- and Acryloyl- functionalised LP977C; Cure times and Properties of Cured 

Films 

Santicizer 261 Ac etyl -terminated LP977C Acryloyl-terminated LP977C 

added (%) derivative derivative 

5 Patchy, cheesy film produced Patchy film produced after 

after 2.0 hours 1.75 hours, shrinkage occured 

10 Patchy film formed Reasonable quality film 

after 2.5 hours produced after 2 hours 

15 Uniform film with reasonable A little shrinkage, very good 

definition after 2.5 hours definition after 2 hours 

20 Uniform film with poor A little shrinkage, good 

definition after 2.5 hour definition after 2 hours 

These results demonstrate that a relation exists between the quality of an irradiated 

coating on a PCB substrate and the plasticiser level used. Addition of Santicizer 261 

had the marginal effect of slowing down the polymerisation, which was probably due 
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the lowering in viscosity of each sample when the plasticiser was added (hence greater 

crosslinking is required for photoelastomerisation). The best definition of the films 

occurred when 15 % of Santicizer 261 was used, though an increase of 5% has a very 

s ig te ct on the film. 

The other deduction, which can be made from these results, is that the acryloyl- 

terminated LP produces a better quality of film than the acetyl-terminated derivative. 

6.2.2.4 Variation in Modified Polysulfide on Photoresist Properties 

Initially, only acetyl- and acryloyl -terminated polysulfides were applied onto printed 

circuit boards. This section covers the results of testing the remaining functionalised 

oligomers as photoresist agents. Each system was loaded with the optimum plasticiser 

level, spread onto a circuit board and then exposed to UV in the Starna lamp system 

(15 % of Santicizer 261 was added). The cure-times and properties of the product are 

surnmarised in table 6.3. 
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Table 6.3 Cure-times and Properties of Other Fuctionalised LP-based Photoresist 

Formulations 

Polysulfide Termini Cure-time / hrs Properties of Photoresist 

Benzoyl 5 Patchy, no full cure 

Cinnamoyl 2.5 Clear film 

Naphthaloyl 5 Skin but no full cure 

Methylvinylsilyl 1.75 Slight shrinkage, cheesy film 

Epoxy 2.5 Extreme shrinkage 

Tosyl 3 Glossy film produced 

Each different modified polysulfide requires a different cure time and produces a film 

of different nature to any other. However, the purely aromatic tennini, namely 

benzoyl and naphthaloyl, seem unreactive compared to termini which possess extra 

chromophores, for example cinnamoyl. Even though aromaticity is expected to 

increase the spectral range of the functionalised oligomers, if there is no other 

unsaturation then the polysulfides are less reactive and in some cases have no apparent 

p otoactivity. 

Most of these systems slowly photocrosslink, forming an elastomeric image on the 

copper substrate. This slow photocuring involves a certain degree of shrinkage but at 

the same time produces an elastomer with good definition. The need for well-defined 

artwork in photoresist imaging has already been emphasised (section 1.6.2)1, so te 

oligomer which photo elastomerises relatively quickly to produce a clear-cut image 

would be the most appropriate to use. 
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From all the experiments and data listed in the above tables, the methylvinylsilyl- and 

the cinnamoyl -terminated derivatives are probably the best polysulfides to use in an 

LP-based photoresist. 

An example of the successful photoelastomerisation of a modified LP on a copper 

substrate is presented as a photograph in figure 6.1. The modified polysulfide was 

first spread onto the PCB using a wooden applicator (bottom right). Secondly, a steel 

mask featuring a cross was then mounted above the copper board and the system then 

subjected toLNB irradiation in the Stama lamp system (left). Finally the mask was 

removed from the PCB and a negative image of a cross was observed on the copper 

plate (top right). It can be clearly observed where the modified polysulfide had been 

subjected to the light and where it had been eclipsed. The clear-cut boundaries 

between the elastomeric and oligomenc polysulfide are prominent, i. e. the film has 

good definition. 

Figure 6.1 Photograph of PCB Manufacture 
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6.3 Effects of Addition of Adhesion Promoters 

In an investigation to enhance photoresist properties, small quantities of adhesion 

promoters were added to the novel polysulfides. Silanes A187 and A189 were added, 

at 1-2 % loading, to the polysulfides containing the optimum plasticiser level. 

Every sample cured slower than the adhesion promoter-free sample and the films 

produced were of much poorer quality. From these observations it can be assumed 

that the po lysul fide- copper interface is strongly bound and the use of an adhesion 

promoter has the effect of retarding the rate of cure. 

6.4 Addition of Photoinitiators to Attempt Reduction 

of Cure-time of Photoresists 

These modified polysulfides have been successfully demonstrated to function as 

negative photoresist imaging agents, and the films produced are of good quality and 

exhibit good definition. The major drawback of these resists is their slow rates of 

cure. An investigation was carried out to test whether the addition of a photoinitiator 

would accelerate these cure rates and make the resists more effective. 

Irgacure 500 was added to acryloyl-, cinnamoyl-, and methylvinyl silyl-terminated 

LP977C at a 2.5-5 % loading. Unfortunately the films produced showed extreme 

shrinkage and formed fairly cheesy films, even though the cure times were reduced by 

up to 20 minutes. The addition of the photoinitiator had the desired effect of 
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quickening the cure time, but was at the unacceptable expense of the quality of the 

cured film. The reason for this poor film texture is possibly due to the initiation of 

many short polysulfide chains, so that little extensive crosslinking can take place. 

6.5 Stripping and Etching of Modified Polysulfides 

from PCBs 

After photocuring the oligomer, the next step was to wash off all of the oligomeric 

polysulfide (unexposed photoresist) from the board. This was achieved by rinsing the 

coated board with methanol. The acetyl and methylvinylsilyl derivative coatings were 

removed successfully, leaving a photocured cross-pattern on the printed circuit board, 

surrounded by the naked copper metal. 

The next step was to etch the bare copper from the PCB to leave a polymer-coated 

copper cross in the centre of the circuit board 2,3 
. Typically, etching agents are acid- 

based. The commonly selected concentrated hydrochloric acid was chosen to etch the 

boards. The copper boards were immersed into a beaker of HCl acid for several hours 

but no etching took place. After further consultation with an industrial contact, it was 

decided to add iron(III) chloride to the HCI to assist the etching process; this salt reacts 

with HCI to produce HFeC14 

Le. FeC13 + HCl ---> H+ FeC14- 

Unfortunately this stronger etching agent not only removed the copper metal from the 

board but also started to strip the elastomeric polysulfide; this stripping process is 

supposed to be delayed until the final stage where a suitable strong acid is used to 
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leave the bare copper image on the board. Clearly, an acid etchant of intermediate 

reactivity needs to be identified and tested. 

6.6 Summary of Best Polysulfide-based Photoresist 

Formulation and Process 

The work discussed in this Chapter was targeted at finding the optimum formulation 

and curing conditions required to produce a polysulfide-based negative photoresist. In 

terms of the best quality film produced in a reasonably short exposure time, the 

cinnamoyl-functionalised derivative proved the most appropriate. For a shorter cure, 

the methylvinyl silyl-terminated polysulfide was the fastest, but the quality of the film 

produced was relatively poor. Taking everything in to consideration, the optimum 

formulation and curing conditions are listed in table 6.4. 

Table 6.4 Optimum Fon-nulation and Curing Conditions for a Modified 

Polysulfide-based Photoresist 

Factor / Condition Optimum Component or Amount 

Modified polysulfide Cinnamoyl-terminated LP977C 

Plasticiser type and level Santicizer 261 (15 %) 

Photoinitiator None 

Adhesion promoter None 

Cure Conditions UVBirradiation for 2.5 hours 
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Unfortunately it was not possible to design an etching and stripping procedure which 

was wholly effective and further research is required to optimise the photoresist 

imaging process for polysulfide-based resists. Polysulfides have been successfully 

used for the first time in PCB imaging, but the formulations discussed in this work 

cure too slowly to be of use in the conventional PCB imaging industry. 
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Chapter 7: Results and Discussion - Modified 

Polysulfide-based Adhesives 

7.1 Potential of Modified Polysulfides as Adhesives 

This Chapter explores the potential application of modified polysulfides as adhesives. 

The adhesive properties of the photocured polysulfides have already been described in 

Chapters 5 and 6, but the experiments in this Chapter test the functionalised systems as 

glues between glass contacting glass or glass contacting Melinex film substrates. 

Traditionally, liquid polysulficle polymers, as supplied by Morton International Ltd., 

have on curing a very effective adherence to glass and between glass sheets when part 

of an IG unit formulation involving an adhesion promoter. In order for the modified 

polysulfides to effectively stick given substrates together they must be strong in both 

adhesive and cohesive terms'. 

The methods used to determine the effective adhesion of a system are tensometry and 

a qualitative 'peel test'. The tensometry experiments were all performed as described 

in section 2.5.1 and measured the lap-shear strength of a sample. The spectra in this 

Chapter (picoscope spectra) are displayed by giving the voltage output which 

corresponds to the resistance to motion (lap-shear) of each sample. (The overlap area 

between the glass slides, the testing speed, the film thickness and the UV exposure 

times were all kept constant and are specified in section 2.5.1). 

The peel test involves a manual operation of testing how well the substrates are 

bonded together. The use of the modified polysulfides as part of coating formulations 

150 



Chapter 7: Results and Discussion 

and as adhesives in their own right are examined. The effects of using adhesion 

promoters and photoinitiators are also covered. 

7.2 Adhesion of Glass to Melinex Film 

The aim of these adhesion experiments was to produce a polysulfide-based adhesive, 

which was capable of sticking glass to a Melinex film. In order to apply these 

oligorners to the substrates, it was necessary to add Santicizer 261 (20% by weight), to 

allow the polysulfides to be of optimum working viscosity. 

7.2.1 Unaided Adhesive Strength of Polysulfides 

Each LP977C functionalised derivative was mixed with plasticiser and spread onto a 

glass microscope slide. A piece of Melinex film was then placed on top of the 

oligomeric sample and pressed down firmly before being placed in the Starna lamp 

system and exposed to UV irradiation. The details of the cure times, products' 

properties and adhesive strengths (by the peel test) are given in table 7.1. 
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Table 7.1 Cure-times, Nature and Adhesive Properties of Polysulfide-based Glues 

for Sticking Glass to Melinex Film (by Peel Test) 

Termini of 

LP977C 

Exposure 

time 

Extent of 

cure 

Colour Adhesive 

strength 

Acetyl 2 hours Partial Clear Poor 

Acryloyl 40 mins Full Clear Good 

Benzoyl 3 hours Incomplete Clear Poor 

Cinnamoyl 2 hours Partial Yellow Fair 

Methylvinyl silyl I hour Full Light yellow Very good 

These results show that it is possible to stick glass to Melinex film with the derivatised 

polysulfides to produce a reasonably strongly bonded sample. The methylvinyl silyl- 

terminated polysulfide cured the fastest and produced a highly adhesive bond when 

measured by the peel test. The acryloyl-terminated derivative also produced a fairly 

strongly bound sample and had the added benefit of photocuring to a clear adhesive. 

7.2.2 Addition of Photoinitators to Quicken Cure-times 

In an experiment to attempt to increase the rate of photocuring, the two fastest curing 

formulations were loaded with 2 and 4% AlBN and Irgacure 500. The results of the 

cure times and properties of the cured products are given in table 7.2. 
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Table 7.2 Effect of Adding a Photoinitiator on Cure-time and Quality of Glue 

Produced with Acryloyl- and Methylvinyl Silyl-terminated LP977C 

Initiator 

name 

Initiator 

level % 

Cure-time and quality of 

glue produced with 

acryloyl-ten-ninated 

LP977C 

Cure-time and quality of 

glue produced with 

methylvinyl silyl- 

terminated LP977C 

None 0 40 minutes, good quality I hour, very good quality 

AIBN 2 50 minutes, macrofoaming I hour, macrofoaming 

AIBN 4 50 minutes, macrofoaming I hour, macrofoaming 

Irgacure 500 2 40 minutes, patchy I hour, good quality 

Irgacure 500 4 40 minutes, patchy I hour, reasonable quality 

The addition of AlBN had the effect of producing films that foamed. The reason for 

this is that AlBN photolytically cleaves to produce two tertiary radicals and 

dinitrogen. The dinitrogen gas becomes trapped in the glass-Melinex film sandwich 

and produces foam when the polymer crosslinks under UV irradiation. This effect was 

also observed in bulk exposures where the N2molecules were unable to escape from 

the viscous polysulfide. 

The addition of Irgacure 500 also had the effect of lowering the quality of the adhesive 

film even though the cure times were not shortened. These results agree with the 

results given in previous Chapters in that photoinitiators provide no beneficial effect 

on polysulfide-based photosysterns. 
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7.2.3 Addition of Adhesion Promoters to Strengthen Cures 

Each of the modified polysulfide oligomers was loaded with 2 and 4% A 187 (adhesion 

promoter) together with the optimum plasticiser type and level (i. e. 20% Santicizer 

26 1). These formulations were then exposed toUVB irradiation in the Starna lamp 

system together with each novel polysulfide with only plasticiser added. 

The only samples which cured and formed well-bonded glass-to-Melinex film, were 

the same as those which were successful in the previous experiments. The nature of 

the cured glues and the cure times were identical for the formulations with and without 

addition of adhesion promoter. 

The peel test was perfon-ned on all of the samples; unfortunately the method is only a 

qualitative test so it was difficult to compare the relative strengths of the formulations 

with and without the adhesion promoter added. The tests all gave similar results but a 

more sophisticated approach is necessary to determine whether the addition of an 

adhesion promoter significantly alters the strength of cured polysulfide samples. 

7.3 Adhesion of Glass to Glass 

The sticking of glass to glass with a modified polysulfide was expected to be 

successful because the adhesive strength of polysulfides to glass is an essential 

criterion for a conventional sealant. It was not known if these modified polysulfides 

would function as adhesives in their own right or would enhance the properties of an 

existing formulation. Analysis of the adhesive capabilities was made by tensometry. 
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7.3.1 Modified Polysulfides as Adhesives in their Own Right 

Initially the polysulfides containing plasticiser were sandwiched between glass slides, 

exposed to UV light and then tested for their lap-shear strength. Each sample failed to 

produce a voltage output on the picoscope detector. This suggested that they formed 

weak bonds when no additives were added. 

During the research Morton International disclosed that the fact that commercially 

available polysulfide-based sealants have a small quantity (1-4%) of A187 adhesion 

promoter added to their fon-nulations in order for them to form a strong bond to a glass 

substrate. It was decided to add differing amounts of adhesion promoters to the 

formulations to determine whether they would form bonds strong enough to register 

on the picoscope equipment. Both A187 and A189 were added to the polysulfide and 

Santicizer 261 blends, but still the voltage outputs failed to reach measurable levels. 

However, it was observed that the addition of up to 3% A187 produced more strongly 

bound samples. 

7.3.2 Inclusion of Modified Polysulfides into UCB Formulations 

These experiments tested the same UCB formulations, which were modified and tested 

in Chapter 5. The first point to mention is that the UCB formulation chosen is not 

conventionally used as an adhesive. The aim of incorporating modified polysulfide 

into this formulation was to test how it affects the adhesion of a coating. 
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The TPGDA component of formulation I (specified in table 5.6) was substituted with 

various modified polysulfides in increasing quantities (0,10,20 
... 90,100%). The two 

functionalised polysulfides chosen were the acetyl- and acryloyl-terminated LP977C 

derivatives (the reason for this choice was that both of these functionalised 

polysulfides had been synthesised in batches so there was plenty available for making 

blends and the acyl chloride precursors were inexpensive). The formulations already 

contained Irgacure 500 so no experiments were necessary so monitor the effect of 

adding a photoinitiator. 

Initially, each set of formulations (featuring the replacement of TPGDA with 

polysulfide in increasing quantities) was made up for both of the forenamed modified 

polysulfides. Our normal procedure for application, UV exposure and tensometry 

testing was followed (described in section 2.5.1). The acetyl-terminated LP977C 

derivative was incorporated into the forinulation and the resistance to lap-shear (in 

volts) was monitored as the glass-polysulfide-glass sandwiches were sheared apart. 

The percentage of polysulfide added was plotted against the voltage output, which was 

recorded on the picoscope equipment. The graph is displayed below in figure 7.1. 
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Figure 7.1 Graph Showing the Effect of Replacing TPGDA with Acetyl- 

terminated LP977C in Formulation I on Lap Shear Strength 
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These data show an overall steady increase in lap-shear strength when the fraction of 

modified polysulfide is increased. The data points on the graph are not perfectly 

linear, probably due to a number of factors: 

1) It was difficult to apply exactly the same quantity of adhesive to each glass slide 

sandwich. 

2) Whilst the tensometer was starting each shear experiment, it occasionally let the 

sample slip for a short duration whilst a firin grip was being achieved. 

3) The tensometry experiments were not very sensitive because a large crosshead 

load had to be used. 

157 

0 10 20 30 40 50 60 70 80 90 100 
Amount of TPGDA Replaced with Acetyl-terminated Polysulfide % 



Chapter 7: Results and Discussion 

Despite these imperfections it is reasonable to state that a 3-fold lap-shear increase 

was achieved when the difunctional UCB component was replaced with the acetyl- 

tem-iinated polysulfide. 

The lap-shear traces for three of the different samples are displayed in figure 7.2. The 

graphs clearly show the increase in lap-shear strength when polysulfide was added to 

replace the TPGDA component. The graphs also show a delay after the tensometer 

jaws began to move apart before the shearing took place (the detector was set to run 5 

seconds before the jaws began to move) 
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Figure 7.2 Typical Tensometry Spectra Analysed by Picoscope Equipment: UCB 

Formulation I with TPGDA being Replaced by Acetyl -terminated LP977C - 0% (top), 

50% (middle) and 100% (bottom) 
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The acryloyl-terminated derivative was also tested on in the same manner and a 

similar trend was observed. The lap-shear strength increased 2-fold, reaching an 

output voltage reading of 3.3 Volts. 

The addition of an adhesion promoter to these formulations made the blends separate 

slightly, so that a uniform mixture could not be applied to the glass slides. 

The last polysulfide, which was added to the UCB formulation, was the prepolymeric 

LP977C. This was done to check that the change in the adhesive properties of the 

UCB blends was due to the addition of a photoactive oligomer, rather than one which 

simply increased the viscosity of the system. The addition of LP977C had no effect on 

the lap-shear strength when up to 30% was added to replace TPGDA, and had an 

adverse effect above this level. These systems also possessed the characteristic thiol 

odour, which makes their use as an additive commercially unacceptable. 

7.4 Conclusion 

Modified Polysulfides can be used successfully to stick Melinex film to glass. The 

most suitable functionalised oligomers to use are the methylvinyl silyl- and acryloyl- 

terminated LP977C derivatives (containing plasticiser). These adhesives have the 

added bonus of photocuring to a clear film. The addition of a photoinitiator hinders 

the cure but the addition of an adhesion promoter may possibly strengthen the 

elastomeric glues. A more sensitive method is required to quantitate these effects. 
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Tensometry experiments have been applied to show that the addition of a modified 

polysulfide to an existing coating formulation can enhance the lap-shear strength. 

This is thought to be due to conferral to the formulation of the well-established 

bonding properties of LPs to glass. It would be more useful to monitor the adherence 

of a commercially available formulation whose main function is to act as an adhesive. 

A more sophisticated experimental approach would allow more accurate bond 

strengths to be recorded. 
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Chapter 8: Conclusion 

The primary aim of this work was to chemically modify liquid polysulfide polymers in 

order to increase their product range. Conventionally these LPs are chemically cured 

to form durable elastomeric sealants, but after modification, we have made 

photochemical cures possible. This was achieved by substituting the mercaptan 

protons on prepolymeric LPs by photoactive termini. These termini were capable of 

absorbingUVB light and photocuring the polysulfide to an elastorneric state. The 

polysulfides were successfully acylated with the following end-groups. 

LP LP 

0 LP 0 
\\ ,, 

LP 
s 

0 LP 

LP 

0 
0 

LP"*"Y 
LP 

0 

0 

ALP 

LP 

0 LP 

LP LP 

The functionalised oligomers were fully characterised by a range of physical and 

spectroscopic methods; these included viscometry, GPC, IR, 1H & 13 C NMR and, 
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particularly, FAB and ESI mass spectrometry. The FAB spectra were the first to be 

obtained for LPs. 

The photocuring of the modified polysulfides was monitored kinetically by NMR 

linewidth broadening. These cure profiles featured a gradual broadening of a chosen 

proton peak, which represented the slow photo-induced crosslinking of the oligorners 

to form a more highly polymerised state. Possible mechanisms of photocuring have 

been suggested. 

The polysulfides were successfully coated onto Melinex film following the addition of 

a plasticiser, and then exposed to UV irradiation. While all the Us underwent 

photopolymerisation, the rate was disappointingly slow. However, it was possible to 

enhance some of the strength properties of existing UCB coating formulations by 

adding a significant proportion of a modified polysulfide. These modified polysulfide- 

based coatings were tested physically by the following physical techniques: depression 

testing, scratch resistance, tack test and solvent resistance. 

Experiments were run to investigate the potential of our modified polysulfides as 

negative photoresist agents. After a plasticiser had been added, these systems made a 

strong bond to a copper substrate and allowed an image to be formed when part of the 

film was masked from the UV light source. The resulting images formed good quality 

films and showed a good definition between the oligomeric and elastomeric interfaces. 

The final possible application of the modified polysulfides we examined was as an 

adhesive, which was capable of sticking PET film to glass. The adhesive strengths of 
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glass surfaces sandwiched by polysulfide were detennined physically by tensometry. 

Additions of additives were made to accelerate the photocure and to form stronger 

bonds. 

Further work needs to be targeted at reducing the cure times of all of these modified 

polysulfide-based systems in order to make the processing of the oligomers 

competitive with that of commercial photopolymerisable formulations. Even though 

these novel oligorners are relatively slow in curing, if the products' properties are 

enhanced, then they may find a use as a durable photoresist agent or a UV-resistant 

glass adhesive. 

165 


