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The recent changes in the European laws about pollutants are forcing the Aerospace 
industry to find new formulas for the sealants used in the aircraft fuel tanks. The current 
formulas contain chromium, which is a very dangerous pollutant for the environment. 
The first aim of this thesis is to design an accelerated ageing test to help in screening the 
new formulae that will be used in the future. The use of an ultrasonic heating bath reveals 
itself to be of great advantage compared to other devices in which the sealant is enclosed 
fbr the time of the experiment. The several techniques, including hardness testing, mini-
peel testing, mass spectrometry coupled with gas chromatography and UV/Visible 
spectroscopy are assessed and give invaluable clues to validate a new formula. 
In another chapter, the microscopic point of view is investigated. The Surface Enhanced 
Raman Scattering (SERS) technique is thus used to investigate the behaviour of the 
polysulfide molecules used in the Aerospace industry when they adsorb onto the metal 
surface. First, various smaller molecules, a disulfide and a collection of thiols and 
dithiols, will be studied to create a model. Using this model it will be possible to interpret 
the spectrum of the liquid polymer molecule. Moreover, some calculations will be used to 
decide, between two remaining possibilities, on the most credible behaviour of the 
molecule. 
There will finally be two aims in the last chapter. The first one will be to look at the 
coupling agents used to promote the adhesion of the polysulfide sealants in the 
aeroplanes, using the same SERS technique. Because of the commercial sensitivity of the 
product and because of its complexity, a model will be created to help understanding 
what happens at the surface neighbourhood. The second aim will be to combine the two 
model systems to study the interactions between the polysulfide and the adhesion 
promoter, at the microscopic level, when they are both adsorbed on the same metal 
surface. 
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The research project presented in this thesis was funded by BAe System / Airbus and 

involves the study of the polysulfide sealants used in the Aerospace industry. In this 

introduction, polysulfide sealants will be introduced and the motivation behind the 

thesis project described. 

Sealants are widely used in the aerospace industry because of their high resistance to jet 

fuel. They are mainly composed of a liquid polysulfide polymer that was first 

discovered by Patrick [1] who obtained the first of a series of patents. He mixed 

ethylene dichloride and sodium polysulfide to produce a material similar to natural 

rubber. The most interesting property of these polymers was their unusual inertness to 

solvents and aliphatic hydrocarbons in contrast to the easy swelling of natural rubber. 

They had, however, some less desirable properties: they were difficult to process, had a 

bad odour that remained even when fully cured, and gave off irritating fumes during 

processing. It was subsequently found that the polymers prepared from 6 ^ (2-

chloroethyl) ether were free of this problem, were more readily processed and gave 

improved physical properties. Later on, the dichloro monomer of the greatest general 

utility was found to be Az'j' (2-chloroethyl) formal. It polymerised to high yields of 

polymer, having excellent solvent resistance, very low odour and higher flexibility at 

low temperatures. At the present time, almost all the polysulfide polymers produced use 

this monomer as the m^or organic reactant. In most cases it is used in combination with 

a small amount of 1,2,3-trichloropropane, the function of which is to produce branching 

in the polymer chains [2]. 

In early 1942 work began that led to the invention by J.C. Patrick and H.R. Ferguson of 

a polymer with thiol ( -SH) chain terminals, called Liquid Polysulfides. The liquid 



polymers were to become the most widely used of the polysulfide polymers and had the 

trademark designation LP [3]. The ^ e i n g properties and excellent weather resistance of 

the cured LPs have expanded their use well beyond their original applications based on 

solvent and fuel resistance, fbr example, sealing the joints of aircraft in the integral 

wing fuel tanks. 

Sealants based on polysulfide liquid polymers originally found wide acceptance fbr 

applications requiring flexible, adherent, chemically resistant compositions of matter. 

Since they were the first liquid polymers available that could be cured at room 

temperature, they were soon specified for a number of military applications. Their use 

as aircraft sealants fbr fuel tanks still remains a m^or outlet. Other military applications 

included a quick hose repair compound, a sealant fbr bottled steel tanks fbr quick 

assembly on the battle front, electrical potting compounds, caulks fbr wooden flight 

decks which were designed as a stop gap in the early days of aircraft carriers, sealing 

and adhering methacrylate bubbles on aircraft, sealing cocoons in the mothballed fleets, 

adhering aluminium strips on wings fbr reducing air turbulence during the flight, and 

many others. Most of these were emergency measures adopted for immediate use during 

the early 1940s and covered by quick-issue military specifications [4]. The use of 

polysulfide is at present largely restricted to their application as sealants. 

As will be seen later, polysulfide sealants may be cured using a chromium oxide salt. 

However, the changes in environmental legislation introduced in the early 1990's 

following the Montreal agreement and the growing public awareness of environmental 

and health issues, has resulted in the need fbr sweeping changes in the surface 

treatments used in the aerospace industry [5,6]. M^or changes have been forced upon 

this particular industrial sector, which if not rapidly addressed, will make it increasingly 

difficult fbr the European based aerospace companies to remain competitive this 

century. The main areas affected by the recent environmental legislation and growing 

public concern include [7]: 

# o/- m /Ae wj'e q/orgoM/c j'oZveMf aj-

2 



# rAe g/f/MmaffOM q / fAe foxzc Aexorva/gMr cAro/Mzw/M zoM^o/M 

corroj^zoM jom^gc^zoM OMcf 

* fAe r̂ Zacg/MgMf̂  ĉ câ f/Mzw/M o j a j^mfgcfzvg coafzng. 

It is also well-known in the aerospace industry that minor formula changes in sealants 

often result in m^or property changes such as: chemical compatibility and permeability, 

mechanical properties, adhesion, dynamic performance, colour, stability, flammability, 

toxicity, reparability, ease of application, surface preparation, cost, consequences of 

joint failure, and so on [8]. These changes take all their importance when one realises 

that 27 meter long wing may flex 5 meters vertically under operating conditions, thus 

the sealant must have the flexibility to facilitate this movement [9]. 

The following literature review deals with the structure, the curing, the ageing, the 

adhesion and the techniques used to study liquid polysulfides. The literature on liquid 

polysulfide is quite extensive. The present work will be limited to the curing process, 

the adhesion to a metal and to the various spectroscopic techniques used to study these 

polymers. 

Liquid polysulfide polymers are produced by the aqueous polymerisation of short chain 

of dichloro-hydrocarbons with sodium polysulfide. The most common polymers are 

based on 6z.y-(2-chloro ethyl) formal (CICH2-CH2-O-CH2-O-CH2-CH2CI), which 

following polymerisation and molecular weight reduction yields linear polymers of 

type: 

HS-(CH2-CH2-0-CH2-0-CH2-CH2-SA); ,-CH2-CH2-0-CH2-0-CH2-CH2-SH 

Where, 

^ i s the average degree of polysulfidity and is typically between 1.9 and 2.2 

M can vary from 6 to 42. 



Cross-linking or branching sites are produced by small additions of 1,2,3-

trichloropropane (TCP). The TCP is normally added at levels of 0.5 to 2 % by weight of 

the 6zj'-(2-chloro ethyl) formal [10]. The molecular weight of produced LPs can vary 

fi-om 600 to 4000 (See table 1) 

Table 1: Thiol terminated polysulfide polymers [2] 

Polymer Mole % of TCP Molecular Viscosity Approx. % of 
Weight (poise) SH 

LP-8 2 600 3 11 
LP-3 2 1000 13 6.6 
LP-5 2 2500 100 2.6 
LP-2 2 4000 400 1.6 
LP-3 3 0.5 1000 13 6.6 
LP-32 0.5 4000 400 1.6 
LP-31 0.5 7000 1100 0.9 
LP-12 0.1 4000 400 1.6 
Rubber 2 80,000 30 N/A 

Todorova and Oreshkov developed, in 1999, a method to calculate the average 

molecular weight of polysulfide polymers using IR spectroscopy [11]. They were also 

able to ratio the S - S stretching band situated at 492 cm ' to determine the degree of 

polysulfidity ̂  of the polymer. 

Over the years, it has been found that a wide variety of materials are capable of 

affecting cure in poly sulfide polymers. The main products used for curing agents are 

metal peroxides and other metal oxy- salts which make use of the reducing properties of 

the thiol group to cause cross linking. Such materials include the dioxides of lead, 

manganese, calcium, barium, sodium and zinc (the letter M used in the equations below 

represents these metals) together with chlorates, dichromates and permanganates. Other 

oxidising agents, including organic peroxides and hydroperoxides, have been used 

commercially and many others have been tried experimentally. An extensive but not 

exhaustive list is given by Lucke [12]. 

A simplified curing mechanism has been suggested to be as follows [13]: 



4 RSH + MO2 

R - S - M - S - R + MO2X 

R—S—M—S—R + R—S—S—R + 2 H2O 

—> R—S—S—R + M2O2X-8 

(1) 

(2) 

The cure of the sealant begins on the surface with the formation of a cured skin. Full 

cure of the bulk of the sealant will then follow as the catalysing agents 

(moisture/oxygen) diffuse through the body of the material. This model is, however, 

quite a naive view of what is happening during the curing. The following model 

probably represents a more realistic approach to the problem. 

Lowe [10] showed that the curing process is preceded, as described below (equation 3 

through 9), by a more complex mechanism. Many different parameters are taking part in 

this process, such as the presence of water and addition of base, both used as catalysts 

for the reaction or presence of acid or mono mercaptans which can have severe 

retardation effects on the cure. 

RSH 

2 R S 

RSH 

Mn02 ^ RS + H 

Base 
RSSR 

RS" + H^ 

(3) 

(4) 

(5) 

RS" + RS 

RSSR +O2 

RSSR - + O2H 

RSSR - + H2O2 

RSSR-

RSSR + O2 

RSSR + H2O2 

RSSR + HO +HO-

(6) 

(7) 

(8) 

(9) 

Parallel to metal oxides, other organic agents can be used to cure LPs and 

modify sealant performance. For example, hydroxymethyl groups of phenolic resins, or 

the epoxide rings in epoxy resins, both introduced to improve adhesion, can interact 

with thiols [14]: 



.CHzOH 

+ HRSS~̂ <-̂  H,0 

.CHgRSS'ww 

(10) 

'wvRS" ' w w RS C -
H2 

H 
-Cwxr (H) 

However, these resins, present in sealant formulation, only work as a long-time curing 

system and cannot be used on their own as a full curing system. 

In 1999, Matsui and Miwa [15] used the Intensive Nuclei Enhanced by Polarisation 

Transfer (INEPT) method to determine new sites of cross-linking in polysulfide 

polymers. According to the toughening theory, OH terminals in LP are removed and 

their concentration decreases during the toughening period [2]. The authors found that 

during their study OH terminals did not change or even increased slightly. This 

inconsistency suggested to them that additional cross-linking sites concerning tertiary 

carbon atoms were produced during polymerisation in addition to those related to the 

TCP. Those new cross-linking sites are as follows: 

SCHzCHzOCHOCHpCH^iSH'w^ 2on3v 

SR'XArv 

SCHzCHOCHzOCHzCHsSH"^ 

SRojtj-U-

SCHCHpOCHpOCHgCHsSH'w^ 

SR'wru-

Research is still carried out on curing rates and how to improve sealants and their 

resistance to solvents. In 1989, Hanhela gf a/. [16] found that nitrile oxides reacted quite 

rapidly with thiols. They then tried to use these organic compounds as curing agents. 



They assessed that both terephtalonitrile oxide and 4,4'-sulfonylbisbenzonitrile dioxide 

cured liquid polymer LP-2 at 90% in under 4h. These materials exhibited hardness and 

elasticity properties close to the existing sealants. Unfortunately, a year later the same 

authors [17] published an article reporting that these new sealants degraded under heat. 

This then leads to another widely studied aspect of LPs and LP sealants: degradation. 

There are different kinds of possible degradation mechanisms for these polymers, 

afkcting various part of the cured sealant (see Table 2 for the composition of the 

sealants used in the aerospace industry) and the first one is called ageing. Ageing 

materialises mainly as hardening and lost of elasticity. In 1971, Stargel [18] proposed 

that the hardening could be caused by ozone attack, chemical spills, solvent 

evaporation, ultraviolet attack, migration of plasticisers and "many other factors". He 

also suggested that hardening could occur due to the cyclic loads of tension and 

compression. 

Table 2 Formulation of Crl and Mnl sealants, respectively chromium and 
manganese cured (data obtained 6om BAe Systems) 

Base Activator 

Crl Sulphide 59.2% Water 21.3 % 

Water 0 .6% DMA 30.0% 

Toluene + MEK 1.5% Bichromate 25.1 % 

Phenolic resin 7 .5% Clay 22.6% 

CaCOs 31.2% Carbon black 1.0% 

Ti species Nil 

Mnl Sulphide 60.1 % Acid soluble MnOz 55.0% 

Water 0.3 % Carbon black 12.4% 

Toluene + MEK Nil Hydrogenated terphenyls 29.7% 

Phenolic resin 4 . 0 % NN'-diphenyl guanidine 1.7% 

CaCOs 35.6% Sodium stearate 2.1 % 

Ti species V. small Water 0 .4% 



Now we know that the main causes of degradation are heat, water and fuel [19]. 

Different methods have been developed, through the years, to assess the effect of these 

agents on the curing rate and the properties of the polymer. Hardness, viscosity, glass 

transition, thermogravimetric methods, NMR and IR are the most commonly used. 

Wilkie and Mittleman [20] in 1994 described a new technique to study the thermal 

degradation of polymers; Infrared Spectroscopy coupled with thermogravimetric 

analysis. This new technique was shown to be very useful in providing information 

about degradation process and details of degradation pathways. Nevertheless, TGA/IR 

is not a solution to all problems in the study of polymer degradation and the authors 

advise the reader not to neglect other techniques, which are required to completely 

identify the reaction scheme. 

In 1987, Paul a/. [14] compared the effect of the environment on manganese and 

chromium cured sealants. The critical changes that occurred at high temperatures on 

uncured sealants were in viscosity (eventually accompanied by skinning and a drop in 

thiol concentration) and in the rate of cure. Mn(IV) curing agents did not lose activity 

although Cr(VI) ones showed a loss of solvent. They also showed that the higher the 

relative humidity, the faster the curing time. They carried out work on cured sealants as 

well, finding that the use of dichromate and manganese dioxide curing systems had 

produced sealants with stability up to 120 °C (continuous exposure) and in some cases 

up to 180 °C (short-term exposure) and that thermal failure was often indicated by 

embrittlement, cracks and weight loss. Three years later, the same authors [21] repeated 

their experiment over a wider range of sealants. They found that the uncured sealant 

lifetime could be extended to 2 to 3 years (although the manufacturers advise 9 months) 

by lowering the storage temperature to 2 °C. 

As seen above, another important property of the sealants is their high resistance to jet 

fuel. Stout [22] described how some polysulfide sealants used by U.S. Air Force in 1981 

were chalking when in contact with fuel. He examined this "chalk" using X-ray analysis 

and found it was mainly composed of calcium carbonate. He arrived at the conclusion 

that this material was left as the sealant polymers were gradually extracted by the 

chemical action of fuel and that this phenomenon was accelerated by the presence of 

mercaptans and metal ions in the fuel. He also found that when sealants were in contact 



with tiiel (or water) and high temperatures (-150 °C), the sealants were "sponging", i.e. 

they were absorbing the liquid and swelling. 

Continuing with the difference between chromate cured and manganese dioxide cured 

sealants, Hanhela [23] described how adhesion problems were ascribed to water 

swelling rather than thermal efkcts. He also showed that chromate cured sealants are 

much more effective in hot water than those cured with manganese dioxide. The 

manganese cured sealants expanded to a high level of swell (80-120 %). Water was then 

transported through the matrix with little resistance and chemical attacks on the sealant-

primer interface caused adhesion failure. The authors decided then to compare these 

results with the cross-linking ratio in these sealants [24]. However, no relationship 

between stability and cross-linking was observed. They were able to show that the 

significant swell diGerences between dichromate- and manganese dioxide-cured 

sealants derive &om the respective abilities of these sealants to counter autoxidation. 

Sealants prepared from LP-2 for which the manganese dioxide-cure is used afford an 

acidic solution, whereas the materials cured by dichromate do not. 

In 1993, Eimis [25] studied the influence of moisture ageing on the cross-linking 

density of an epoxy resin used in the aerospace industry. He found that small amounts 

of hydrolysis could lead to an effective reduction in cross-linking density. He also 

assessed that a modified network structure and reduced cross-link density gave a cured 

material of an inherently lower strength, and lower Tg. According to him, the 

measurement of flow or softening point of the uncured adhesive, and the Tg of the cured 

adhesive would appear to offer the best assessment of the quality of this particular 

material, when the more demanding formation and testing of joints is not required. 

Recently, Choi [26] showed that the degradation process resulting in the ageing of 

vulcanised rubbers was due to an increase of the cross-link density. Apparently, the 

origins of the change of the cross-link density are the dissociation of the existing 

sulphur cross-links and the formation of new cross-links. The new cross-links are 

formed by the reaction of curing agents remaining in the vulcanizates and the 

combination reaction of the pendent sulfide groups. 



Adhesion at polymer interfaces is a complex problem. Various types of bonding 

interactions - chemical, electrostatic and mechanical, with the possible formation of 

weak boundary layers - contribute to the uhimate adhesion strength between two 

materials and must be considered in explanations of cohesive and adhesive failure 

modes. In terms of the chemical component, the macroscopic adhesive bond is 

comprised of an aggregate of microscopic interactions in an interface region that can be 

morphologically and structurally complex. Part of the complexity of the metal-polymer 

interface arises A-om the fact that polymer surfaces are not usually as well characterised 

as the metal surface. Furthermore, chemical reactions might dissociate the polymer, 

breaking bonds and making available free radicals as additional source of reaction sites 

with the possible formation of residual reaction products. The connection to be made 

between microscopic surface chemistry and macroscopic adhesion lies in the fact that 

chemically reactive metal-polymer systems generally result in strongly bonded 

interfaces. Modification of the surface of the polymers by roughening, sputtering or 

reactive etching can enhance adhesion [27]. 

A thermodynamic study of the effect of a liquid environment on polymer-metal 

adhesion has been carried out by Carre and Schultz [28]. They found that in the case of 

an adhesive failure, the decrease of the adhesive strength due to the presence of a liquid 

environment could be quantitatively predicted by taking into account the surface 

characteristics of the solids and liquid; whereas in the case of cohesive failure in the 

elastomer, the contributions of both physical and chemical interactions to the cohesion 

energy of the cross-linked elastomer should be considered. The values they obtained 

experimentally were in good agreement with those calculated using network models. 

Vibrational spectroscopy of polymer interfaces is far more complex than studying 

organic molecules adsorbed on single crystal metal surfaces due to the difficulty in 

assigning the variety of modes observed, particularly if they are not well-resolved due 

to instrumental limitations. 

Watts, in 1988, [29] showed that the best techniques to study the degradation of 

polymer-to-metal adhesion are as presented in Table 3. 

10 



DiNardo described a large number of techniques appropriate to different cases [27]. It 

would be too long to develop each case in here. The most important techniques he 

recommends for the study of interfaces are Electron Energy Loss Spectroscopy (EELS), 

Infrared reflection spectroscopy (IRAS) and Surface Raman Enhanced Spectroscopy 

(SERS). 

Table Techniques presented by Watts to study the interface polymer - metal 

Technique Schematic of the 
technique 

Sample preparation 

Resolution 

(spatial and 

chemical) 

1. 

SEM^EDXA^ 
Easy 

(cross section) 
Poor 

2. 

TEM' / EELS' 

Very difficult 

(microtome or ion 

thin) 

Good 

J. 

XPS' ^ ̂  ^ ̂  

Varies 

(mechanical 

electrochemical 

or chemical 

separation) 

Very good 

4. 

AES^ 

J air 

(ball cratering 

or angle lapping) 

good 

SEM: Scanning Electron Microscopy 
^ EDXA: Energy Dispersive X-ray Analysis 
" TEM: Transmitting Electron Microscopy 

EELS: Electron Energy Loss Spectroscopy 
^ XPS: X-ray Photoemission Spectroscopy 
^ AES: Auger Electron Spectroscopy 

11 



In surface chemistry, EELS has been used principally to measure vibrations of atomic 

and molecular adsorbate species on single crystal surfaces [30]. Not only can 

Vibrational modes be determined, but bonding sites, symmetries, and molecular 

orientations can be obtained. The disadvantage of this technique is that it must be 

carried out in ultra high vacuum. InC-ared and Raman spectroscopy, if giving less 

information about the orientation or symmetries work very well in air or even in 

solution. 

Boeirio ef a/ [31] used Reflection - Absorption In&aRed Spectroscopy (RAIRS) to 

determine the mechanisms responsible for adhesion at the Natural Rubber (NR)/ primer 

interface. They also tried to determine the structural changes in the model rubber 

compounds during cross-linking using Fourier Transform Infrared (FTIR) spectroscopy. 

They simulated NR using a mixture of mainly either squalene (C30H50) or squalane 

(C30H62) and N,N-dicyclohexyl-benzothiazole-sulfenamide (DCBS), carbon black, 

sulphur and stearic acid. They found that although poor reactions occurred between 

squalane and DCBS, the squalene reactions were interesting. They concluded that an 

intermediate formed in the reaction that was responsible for cross-linking between 

squalene and the primer in the model system and for adhesion at the NR/primer 

interface in a chemical bond. 

To summarise, many techniques are available to study the liquid polymer either in the 

bulk or at a microscopic level. They have also been extensively studied. However, no 

work has been done to study how the long chains of liquid polysulfide adsorb onto the 

surface of metal and what orientation they adopt. This is thus the aim of this thesis, as 

well as the interaction of the liquid polymer with the adhesion promoter molecules. The 

principal technique will be Surface Enhanced Raman Scattering because of the 

information it gives on what is happening close to the surface of the metal used. 

Chapter 1 is dedicated to the development of Raman spectroscopy as an analytical tool 

and discusses the various advantages of FT Raman spectroscopy and Conventional 

Raman spectroscopy. It also introduces the Surface Enhanced Raman Scattering (SERS) 
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technique with a literature review on the subject. The second part of this chapter deals 

with the Mass Spectrometry technique that has also been used in this work. 

Part of this project was to design an accelerated ageing test to enable the testing of new 

formulations of sealants. The ageing test will be based upon immersion of the sealants 

into different solvents and some evaluation techniques, such as mass spectrometry, 

UV/Visible spectroscopy, mass uptake, hardness testing and mini-peel testing. These 

techniques will be introduced / discussed in Chapter 2. 

After looking at the macroscopic point of view, it will then be interesting to look closer 

and to study what happens at the interface between the polymer and the metal. To do so, 

the Surface Enhanced Raman Scattering technique will be used, as it provides 

spectroscopic information on the molecules adsorbed onto the surface of the metal. 

These results are presented in Chapter 3. 

Also used in aerospace industry, adhesion promoters are quite an important part of the 

joint / adhesion system. The way they work is, however, unclear. For this reason the 

adsorption of adhesion promoters onto the surface of a metal and how their interaction 

with the liquid polymer molecules was also investigated, see Chapter 4. 

Finally, a general conclusion will be proposed at the end of this manuscript. It will also 

set out some suggestions for future work. 
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1990, 109. 

[18] Stargel, S. Jbz/maZ q/E/aa^fqp/aj:^zc^ 1971, j , 222. 

[19] Comyn, J.; Day, J.; Shaw, S. J. 7Mfema/̂ zoMa/Jbz^rMaZ q/y^^^g^zoM a W 

/((/Ag^zvg^ 1997, 77, 213. 

[20] Wilkie, C. A.; Mittleman, M. L. S'erze^ 1994, j87, 116. 

14 



[21] Barber, J. W.; Hanhela, P. J.; Huang, R. H. E.; Paul, D. B. 

rg^fmgl990, P,291. 

[22] Stout, R. J. Service sensitivity of polysulGde sealants. In J jf/ ; 

TecAMfcaZ 1981; Vol. 13; pp 64. 

[23] Hanhela, P. J.; Huang, R. H. E.; Paul, D. B. & EMgrngez-mg 

a W Devg/op/MeM^ 1986, 2J, 321. 

[24] Hanhela, P. J.; Huang, R. H. E.; Paul, D. B.; Symes, T. E. F. JowrMaZ o/" 

v4^7ze6;^fo^/Mgr5'c/gMcg 1986, ^2, 5415. 

[25] Ennis, B. C.; Pearce, P. J.; Morris, C. E. M. JbwrMaZ f o r m e r 

5'c/eMcg 1989, j7 , 15. 

[26] Choi, S. S. BwZ/efm q / M o r g a n C/ig/MicaZ 5'ociefy 2000, 27, 628. 

[27] DiNardo, N. J. f mcgga^mg^y q/^/zg TM ĝrMâ omaZ C o ^ r g n c g OM Facww/M 
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1 Vibrational spectroscopy 

In any molecule, the atoms are in continual motion, vibrating or oscillating around their 

equilibrium position. When exposed to electromagnetic radiation the molecule may 

experience a force. The study of this interaction between the incident radiation and the 

molecular vibrations, as a function of the energy of the radiation, is known as 

vibrational spectroscopy. To interpret vibrational spectroscopic data, an understanding 

of how molecules vibrate, and the type of properties of the vibrations that can measured, 

is required. 

1.1 Molecular vibrations 

The energy of a molecule is divided between translational, rotational, vibrational and 

electronic forms. All four of these are said to be quantized. The translational energy 

levels are extremely close together and translational energy can be regarded as 

continuous for all practical purposes. However, rotational, vibrational and electronic 

energy levels are well spaced and transitions between these levels can be observed using 

various forms of spectroscopy in different regions of the electromagnetic spectrum. 

Molecules can be thought as collections of point masses (atoms) coimected by 

weightless springs (chemical bonds) which follow simple harmonic motion when they 

oscillate. Each spring obeys Hooke's law and has a force constant according to the 

fbllovying equation (the units are given in parenthesis): 

F-k.x (N) (1-1) 

where, 

A: = force constant (N.m'') 

X = extension (m) 
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A diatomic molecule can thus be viewed as two point masses Mi and M2 connected by a 

spring of force constant k. The resonant vibrational frequency of such arrangement is 

given by: 

A 
2;r Aj/z 

( s ' ' ) (1-2) 

where 

( k g ) <.-3) 

// is known as the reduced mass. The potential energy function for a harmonic oscillator 

is a parabola, and when this is used to solve the Schrodinger equation, a series of 

allowed energy values are obtained according to the following equation: 

f 1 
V + — 

V 2 y 
(J) (1-4) 

where 

= Planck's constant (J.s) 

V = vibrational quantum number 

= vibrational frequency (Hz) 

In this model the vibrational energy levels form a regular ladder spaced 1̂ ,6 apart. The 

vibrational quantum number is a positive integer (including zero), and transitions are 

allowed between levels such as Av = ±1. The vibrational ground state still has an energy 

of yzhM'fA and thus molecules undergo constant vibration, even at 0 K. The simple 

harmonic model however fails on two main counts. Firstly, the parabolic potential 

function does not allow bonds to break. Secondly, in reality transitions can be observed 

for which Av > +1 and these reveal that the energy levels are not equally spaced but 

instead converge, i.e. an anharmonic oscillator model is needed. A more realistic 

potential energy function was suggested by P.M. Morse [1]: 

^=Zk?[l-exp(a(%,-r))P (J) (1-5) 

where 

Dg, = Dissociation Energy (J) 

fg, = Equilibrium bond length (m) 
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r = intemuclear distance (m) 

a = constant for a particular molecule (m'^) 

When this is used to solve the Schrddinger equation the vibrational energy levels are 

given by: 

^ V -I— 
2y 

-

f 1 
V 4 

I 2y 

\2 

(J ) (1-6) 

Where 

Xg = anharmonicity constant 

I 
HI 

Figure 1-1 

2 3 4 
Inter-nuclear distance / Angstroms 

The Morse potential energy curve for 'H^^Cl with the total vibrational 
energy levels superimposed. 

The Morse curve is not thought to be an exact description of the inter-atomic potential 

function and others have been suggested, but it is much more realistic than the parabolic 

function of the harmonic oscillator model. Equations 1-4 and 1-6 determine the total 

vibrational energy which is the sum of potential and kinetic energy of the vibrating 

molecule. The intersection of the horizontal energy levels (total energy) with the 

potential curve represents the turning point of a classical oscillator where all the 

vibrational energy is potential and none is kinetic. For a given value of the vibrational 

quantum number there is a range of possible values of the intemuclear distance. If 
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molecules behaved exactly as classical oscillators, this range vs^ould be defined by the 

locus of points v^hich lie on the horizontal lines of total vibrational energy between the 

two points of intersection with the potential energy curve (figure 1-1) 

It is at this point that another aspect of the quantum mechanical nature of molecular 

vibrations become apparent. In addition to the vibrational energy levels, solutions of the 

Schrodinger equation also yield to the vibrational wavefunctions, Yv, which provide 

fiirther information about the oscillator. In particular, the square of the vibrational wave 

function, determines the probability of a molecule having a particular value of 

intemuclear distance at any instant and is knovm as the probability density distribution. 

Figure 1-2 shows the vibrational wavefunction for a harmonic oscillator for several 

values of the vibrational quantum number. 

I c 

v===4 

v=3 

eq 
Inter-nucleaf distance 

Figure 1-2 The vibrational wavefunctions Yv (solid lines) and probability density 
distributions (dashed lines) for a harmonic diatomic oscillator 
superimposed on a parabolic potential function, req indicates the 
equilibrium position for the inter-nuclear distance. 

19 



By examining for the v = 0 level it is clear that the oscillator spends most of its time 

around the equilibrium bond length. This is completely opposite to a classical harmonic 

oscillator which is most likely to be found at its turning points. However, as the 

vibrational quantum number increases the quantum mechanical oscillator approaches 

the behaviour of a classical harmonic oscillator. Also evident is the fact that there is a 

finite probability of having a bond length outside the region defined by the potential 

energy curve. The probability density distributions for anharmonic oscillators are 

asymmetric with the position of greatest probability lying close to the maximum bond 

length as defined by the potential curve. 

1.2 Classical Explanation of the Raman Effect 

When a molecule is placed in an electric field of strength E, the molecular electron 

cloud becomes distorted and an instantaneous dipole p is induced. Thus, 

f = (V.m' ) (1-7) 

Where 

^ = Electric field (V.m ') 

a = polarisability 

Polarisability can be visualised as the "ease' with which a molecular electron cloud is 

distorted by an applied electric field. Polarisability is a tensor. The polarisability of a 

molecule tends to be anisotropic. It is easier to distort the electron cloud along the bond 

axis than perpendicular to it. The variation in the polarisability of a molecule, as a 

function of direction is usually represented in the form of a polarisability ellipsoid. This 

is a three dimensional surface whose distance from the electrical centre of the molecule 

is 1/Vax, where a* is the polarisability in that direction. 

If a molecule is exposed to a beam of radiation, the oscillating electric field, which it 

experiences, is given by 
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^ = ^0 cos(2;ryor) (l-g) 

Where 

^0 = maximum electric Geld strength (V.m ') 

= frequency of light (Hz) 

f = time (s) 

Thus, it can be seen that the induced dipole will also oscillate with the frequency v. This 

is shown in Equation 1-9. 

f = or.E = cos(2;rv/Qf^) (1_9) 

Such an oscillating dipole will emit radiation at a frequency v; this is Rayleigh 

scattering. As we have seen the molecule will be undergoing constant vibration wherein 

the progress through the vibration can be described in terms of q, its distortion from the 

equilibrium position. 

9 - 9o cos(2;z-y„,/) (l-lO) 

Where 

g'o = maximum displacement 

= vibrational frequency (Hz) 

The molecular polarisability may change as the vibration proceeds. This can be written 

in terms of a Taylor series: 

^ ^ 1 9 ' + " (l-H) 

Where 

- polarisability at the equilibrium position 

and the first and second differentials of the polarisability with respect 

to distortion around the equilibrium structure. However, for most purposes only the first 

two terms of equation 1-11 are significant. Hence the variation in polarisability as the 

molecule vibrates will be of the form, 

a = OTg + 
(5̂  

grg cos(2;z-v,,^r) (1.12) 
V ^ Vo 
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The variation in polarisability is very slight and the second term of the equation 1-12 is 

very much smaller than the first. Substituting for a from equation 1-12 into 

equation 1 -9 we obtain: 

V ' 
f=a;o^cos(2;z'Ko^)+ ^ g'ocos(2;rvv/A^)cos(2;rM)f) 

^ Vn 
(1-13) 

However, since 

cosv^cosB = ^(cos(v4 + B ) + c o s ( ^ - ^ ) ) (l-H) 

We can rearrange equation 1-13 to give, 

f = orgEo cos(2;ryo^) + g ' o ( c o s ( 2 ; r [ y o + y , , J r ) + c o s ( 2 ; z - [ v o - y , , J f ) ) (1-15) 

Ji) 

The induced electric dipole will have components oscillating at frequencies Vo, Vo+Vyib 

and vo-Vvib. An oscillating electric dipole will emit electromagnetic radiation of its own 

frequency, and thus light at these three frequencies will be scattered. The vast m^ority 

of light will be elastically scattered at a frequency of vo and this is known as Rayleigh 

scattering. However, a small fraction of the incident radiation will be inelastically 

scatterd at frequencies Vo-Vyib and Vo+Vvib- This radiation is known respectively as 

Stokes and anti-Stokes Raman scatter and is very weak, of the order of 10"̂  of the 

intensity of the excitation radiation. As can be seen from equation 1-15, for Raman light 

to be emitted ^ must be non zero. i.e. there must be an asymmetric change in 

molecular polarisability as the vibration occurs. This criteria is investigated for the 

vibrational modes of CO2 in figures 1-3 and 1-4. 

4 - 0 c o — - # ^ 0 c o - ^ 

t t _ + . 
o c o o c o 

Figure 1-3 The fiindamental vibrational modes of carbon dioxide 
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Figure 1 -4 Graphs of polarisabihty a fbr the vibrational modes of carbon dioxide as 
a function of normal coordinates. The plain line corresponds to the 
symmetric vibration, the dashed line is the antisymmetric stretching 
vibrationand the dotted line is the antisymmetric bending vibration. 

Raman scattering can also be explained in relation to the quantised nature of vibrational 

energy levels. When a photon of light interacts with a molecule with a given set of 

vibrational quantum numbers, one of each mode (most probably v=0), it places it in a 

polarized 'virtual state' with a lifetime of the order of femtoseconds. From here it can 

relax back to its original state by emitting a photon with the same energy as the incident 

one, thus giving rise to the elastic Rayleigh scattering. Alternatively, the relaxation can 

be accompanied by a positive change in one or more vibrational quantum number, 

emitting a Stokes Raman photon. This is most likely to be a change of Av=+1 from v=0 

to v=l, although for an anharmonic oscillator other changes are possible but far less 

probable. If there is a significant population of the v=l level or higher, relaxation can 

occur with a negative change of vibrational quantum number giving rise to an anti-

Stokes Raman photon. An energy diagram summarising these possibilities is shown in 

figure 1-5. A schematic Stokes and anti-Stokes spectrum is also given in figure 1-6. The 

polarisability, a , is not a vector quantity but a tensor linking the three Cartesian 

components of the incident electric field to those of the induced dipole. Consequently, 

the spatial distribution of Raman scattering is complex. 
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Figure 1-5 An energy level diagram for Rayleigh and Raman scattering 

A J[ 
Stokes Rayleigh anti-Stokes 

Figure 1-6 A schematic Stokes and anti-Stokes spectrum 

1.3 Raman Intensities 

The classical interpretation of the Raman effect informs us about the energies of the 

scattered light but does not account for the intensity of the Raman signal. To evaluate its 

intensity, the following relation has been used: 
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/ = ' (1-16) 

Here, ± e Stokes process is considered, involving the tensor component azz and where K 

is a constant, lo is the incident light intensity and r the distance separating the m, and mz 

nuclei. Equation 1-16 demonstrates that the intensity of the Raman scattering is 

proportional to the fourth power of the frequency of the scattered light. This gives rise 

to the so-called law and shows that there is a natural barrier to extending Raman 

studies towards the in&ared region of the optical spectrum since the factor becomes 

small with diminishing values of v. Additionally, it is apparent that the intensity 

depends on the change in polarisability with the change in r, caused by the molecule 

vibrating along the bond linking m, and mi. 

In the quantum mechanical treatment of the Raman intensity, the factor , (oi' 

(/or. 
more general terms , where a^p is one of the nine elements of the tensor andq is 

a normal coordinate) is replaced by the transition polarisability tensor | . Thus, the 

total intensity of the scattered light is resulting from a molecular transition between 

states k and n given by: 

Ay? 

where. 

In these expressions the molecule is considered to be in the molecular state k. It is 

perturbed by an electromagnetic wave of fi-equency vo and intensity lo, causing the 

transition to a state n and scattering light of frequency vo ± v^k. The sum over index r 

covers all the quantum mechanical eigenstates of the molecule, h is Planck's constant 

and Fr is a damping constant which takes into account the finite lifetime of each state of 

the molecule. The , etc. are the amplitudes of the electric dipole transition 

moments, where Hp is the electric dipole moment operator operating along direction p. 

Immediately, it can be seen &om Equation 1-18 that as vo approaches the energy of an 
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allowed molecular transition, v^k, the term -i/,, +zr^ becomes small; consequently 

one term in the sum becomes very large. This is the resonance condition. 

In practical experiments, the Stokes scattering is more intense than the anti-Stokes. The 

classical approach cannot indicate this nor the intensities of the Raman lines. On the 

other hands, simple quantum mechanical theory can give a clearer interpretation of this 

phenomenon as shown in Figure 1-5. 

According to the Boltzmaim distribution, at room temperature, the population of 

molecules is much larger at v=0 than at v=l . Hence, the ratio of intensities of Stokes 

lines to the anti-Stokes lines is given by: 

(1-19) 

Where, 

go and g/ - Degeneracy factors of levels V=0 and V=1 respectively 

A = Planck's constant (6.63x10'^'^ J.s) 

= Boltzmann's constant (1.38x10'^^ J.K'') 

r = Temperature (K) 

/IE = Energy difference between levels v=0 and v=l 

In general, Rayleigh and Raman scattering are relatively inefficient processes; only 

about 10'^ to 10'^ of the intensity of the incident radiation will appear as Rayleigh 

scattering, and about 10'^ to 10"'^ as Raman scattering. However, the Raman scattering 

efRciency can be improved by factors as high as 1 o r even 10^ times when a 

resonance condition exists [2]. 

Resonance Raman scattering occurs when the frequency of the incident radiation falls 

within an electronic absorption band of the sample (see Figure 1-5). This process then 

lead to a great increase of the population density of the relevant excited state. In 

resonance Raman scattering, the term in Equation 1-18 dominates all the other 

terms and results in a great enhancement of the Raman signals. The intensities still 

follow the term but this is not dominant in this case. Three of the m ^ o r problems in 

using the resonance Raman effect routinely are the restriction to molecules exhibiting a 
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strong resonance effect, the great amount of fluorescence (see next paragraph) 

associated with this effect and also the interpretation of resonance Raman spectra. The 

polarisability tensor becomes asymmetric and the analysis of the symmetry properties of 

resonance Raman lines is much more complicated. In fact, quite frequently, the 

resonance gain is shown only by one or two molecular vibrations; therefore molecular 

orientations deduced from relative band intensities can be completely misleading. 

1.4 Fluorescence 

In addition to higher vibrational levels, molecules also possess excited electronic states 

whose existence can present difficulties when recording Raman spectra. Aromatic 

molecules and conjugated hydrocarbons have to electronic transitions which can lie 

between the near infrared and the ultraviolet. Transition metal complexes also have 

strong electronic absorptions over the same range as a result of d to d transitions. The 

intense laser illumination sources used in Raman spectroscopy frequently promote 

sample molecules 6om the electronic ground state, E, to some electronically excited 

state E . The force constants and equilibrium bond lengths of this state will be different, 

and hence the shape of the Morse curve and the spacing of vibrational energy levels will 

also be altered. In transition between electronic states there can be any change in 

vibrational and rotational quantum numbers, and the electronically excited molecule 

may also be in an excited vibrational state as well. The excited state E is unstable and 

the molecule will rapidly return to the electronic ground state. Transitions to the 

vibrational ground state of E usually occur without the emission of radiation, but 

instead by exchange with other vibrational modes and with nearby molecules through 

collisions. These are known as radiationless transitions. If several electronic excited 

states lie close together, the molecule will usually fall to the lowest lying state by 

similar means. From here transitions occur to any vibrational level of the electronic 

ground state with the emission of a photon. This process is known as fluorescence and 

is summarised in Figure 1-7. 
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f 

Inter-nuclear distance / Angstroms 

Figure 1 -7 The origin of fluorescence as a result of electronic excitation and 
subsequent relaxation, (a) is the absorption process, (b) the radiationless 
decay and (c) the fluorescence. 

As mentioned in section 1.2, Raman scattering is very weak indeed. Unfortunately, the 

intensity of fluorescence emission can be several orders of magnitude more intense, and 

this is one of the principal failings of conventional Raman spectroscopy. In condensed 

phases electronic absorptions are broad and this, coupled with the existence of many 

electronic excited states and vibrational modes, results in a large number of possible 

transitions all with a significant bandwidth. As a consequence, the fluorescent emission 

is broad and featureless, and small Raman bands superimposed on this background can 

be very difGcult to observe. 
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