
The Use of Raman Spectroscopy in Pharmaceutical 

Analysis 

A thesis submitted to the University of Southampton in support of 

candidature for the degree of Doctor of Philosophy 

by Anne TG De Paepe Drs. M.Res. 

Department of Chemistry, July 2001 



l IN%\rEI lSrTi r ( )F S(}irrHL4A4Frr()Rr 

ABSTRACT 

FYU:UlJirC%PSCTE}M]E 

DEPARTMENT OF CHEMISTRY 

Doctor of Philosophy 

][][[;% trs i is (ZNf iis[ 

PHARMACEUTICAL ANALYSIS 
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In this thesis, the use of Raman spectroscopy in pharmaceutical analysis is 
evaluated. Sample rotation in FT-Raman spectroscopy is studied. Sample rotation is 
particularly important when analysing heat sensitive samples such as polymorphs. By 
rotating the sample, laser heating by the near infrared laser is reduced. However 
modulation and double modulation in the FT-instrument might induce spurious lines 
into the Raman spectrum. Therefore it is essential that rotational speeds are kept 
reasonably low. Another important reason to rotate samples is to avoid sub sampling. 
Especially when performing quantitative analysis, this is of major concern. 

An attempt is made to further develop FT-Raman spectroscopy into a 
quantitative technique with the aim to make it applicable for analysis of pharmaceutical 
tablets. A study into FT-Raman intensity reproducibility of both liquids and solids is 
performed. Subsequently different sets of tablets were prepared and the correlation 
between concentration and Raman intensity evaluated. In addition, a comparison 
between internal and external standardisation is made. 

In another chapter, a study into a local anaesthetic system is performed. 
Vibrational spectroscopy is used to assess the extent of interactions between the two 
active ingredients in the formulation. In addition, interactions between the two actives 
and an aqueous solution of two block copolymers, in which they are present, are 
evaluated. On increasing the temperature, this aqueous solution of block copolymers 
goes into the gel state. Therefore the conformation changes of an aqueous solution of 
block copolymers with and without the two active components were studied. 

A last chapter deals with the polymorphism of sulfathiazole. Sulfathiazole, an 
antibacterial agent, can exist in five different polymorphic forms. Polymorph I is 
thought to display unusual large anisotropic lattice expansion. This phenomenon is 
studied by vibrational spectroscopy and an attempt is made to correlate the NH 
stretching frequencies with the available X-ray data. 



ACKNOWLEDGEMENTS 

I would like to express my gratitude to the following people for all their help and 

support while completing this research: 

First of all my thanks goes out to my supervisors Prof. Patrick Hendra and Dr. 

Andrea Russell for making it possible for me to study for this degree and for all their 

help and support throughout the years. Also many thanks goes out to my advisor Dr. 

Bill Maddams. 

I also want to thank my external supervisors at AstraZeneca, Sweden. Firstly I 

am greatly indebted to Dr. Astrid Arbin who has given me such wonderful support. 

My gratitude also goes out to Dr. Lynne Taylor, Prof Frans Langkilde and Ulrika 

Eriksson for all their help and support. 

Also a special thanks to Dr. Terry Threlfall, Prof Mike Hursthouse, Dave 

Hughes and Ann Bingham for all their help with the polymorphism work. Thank you 

Ed Blayden for your help and wonderful support. 

A warm thank you to George Tame at Perkin Elmer Ltd. for his invaluable 

help. Also thanks to everyone at Renishaw pic. 

To the past and present members of the Hendra/Russell group: Fabrice, Jun, 

Stephanie, Chris, Abbe, Fabrizio, Linda, Becky, Colm and Andy. Thank you Gmjit 

and Juergen for the extra help in the last stages of finalising this thesis. To the present 

members of the Russell group, I wish them good luck. 

I should not forget to thank 'min fantastiska chef Ulf Appelgren and all my 

new collegues at AstraZeneca Sweden for giving me so much support in writing this 

thesis. A special thanks to Anita, Viveka, Helena and Jan. 

I want to thank my parents and Wim, Leen and Birte for being there when I 

needed them. 

A very special thank you goes out to you, Ron. Thank you for always helping 

me out. Thank you for always being there for me. 

Lastly, I am greatly indebted to AstraZeneca, Sweden for their generous 

financial support. 



CONTENTS 

C H A P T E R 1 I N T R O D U C T I O N 

1.1 BACKGROUND AND AIMS OF THE THESIS 1 

1.2 SOLID STATE REACTIONS 3 

1.3 A LOCAL ANAESTHETIC BLOCK COPOLYMER SYSTEM 4 

1.4 VIBRATIONAL SPECTROSCOPY IN PHARMACEUTICAL ANALYSIS 5 

1.5 INFRARED SPECTROSCOPY 6 

1.6 THE RAMAN EFFECT 7 

1 .7 CONVENTIONAL RAMAN SPECTROSCOPY 11 

1.8 FOURIER TRANSFORM RAMAN SPECTROSCOPY 12 

1.9 VIBRATIONAL SPECTROSCOPY AND PHASE CHANGES 17 

1 .10 RAMAN INTENSITIES 18 

1 .11 RAMAN SAMPLING 2 0 

1 .12 X - R A Y DIFFRACTION 2 1 

1 .13 REFERENCES 2 2 

C H A P T E R 2 S A M P L E R O T A T I O N I N R A M A N S P E C T R O S C O P Y 2 4 

2 .1 INTRODUCTION 2 4 

2 .2 EXPERIMENTAL 2 4 

2 .3 MINIMISING SAMPLE HEATING BY THE LASER 2 5 

2 . 4 AVOIDING SUBSAMPLING 2 7 

2 . 5 ROTATION IN FOURIER TRANSFORM INSTRUMENTS 2 9 

2 .6 ROTATION IN DISPERSIVE INSTRUMENTS 3 5 

2 .7 CONCLUSIONS 3 6 

2 .8 REFERENCES 3 6 



C H A P T E R 3 Q U A N T I T A T I V E A N A L Y S I S U S I N G F T - R A M A N 

S P E C T R O S C O P Y 3 8 

3 .1 INTRODUCTION 3 8 

3 . 2 EXPERIMENTAL 3 9 

3 .3 REPRODUCIBILITY OF RAMAN BAND INTENSITIES 4 0 

3 . 4 INFLUENCE OF PACKING DENSITY ON FT-RAMAN INTENSITIES 5 0 

3 . 5 QUANTITATIVE ANALYSIS 5 3 

3 .6 CONCLUSIONS 72 

3 . 7 REFERENCES 74 

C H A P T E R 4 S T U D Y O F A L O C A L A N A E S T H E T I C S Y S T E M 75 

4 .1 INTRODUCTION 75 

4 .2 EXPERIMENTAL 75 

4 .3 CHARACTERISATION OF A LOCAL ANAESTHETIC SYSTEM 76 

4 .4 INTERACTIONS BETWEEN LIDOCAINE AND PRILOCAINE 90 

4 .5 INTERACTIONS BETWEEN ACTIVES AND EXCIPIENTS IN THE LOCAL 

ANAESTHETIC SYSTEM 106 

4 .6 INFLUENCE OF TEMPERATURE ON THE VIBRATIONAL SPECTRA OF THE 

FORMULATION AND ITS COMPONENTS 109 

4 .7 CONCLUSIONS 119 

4 .8 REFERENCES 120 

C H A P T E R 5 P O L Y M O R P H I S M 121 

5 .1 INTRODUCTION 121 

5 .2 EXPERIMENTAL 122 

5 .3 SULFATHIAZOLE 122 

5 .4 SULFATHIAZOLE SOLVATES 134 

5 .5 SULFATHIAZOLE POLYMORPHS AND ANISOTROPIC LATTICE EXPANSION 138 

5 .6 CONCLUSIONS 149 

5 .7 REFERENCES 150 

11 



C H A P T E R 6 C O N C L U S I O N S A N D F U T U R E W O R K 1 % 

I*LfB]LI(CL4;iI()]\;S 157 

111 



Chapter 1 Introduction 

1.1 Background and Aims of the thesis 

Before the launch of a new drug, many years go into the research of potential drug 

candidates. Important factors that are studied are potency, bioavailabilty, stability and 

toxicity of the drug. Excipients are usually mixed with the drug to produce the final 

dosage form, hence research into possible interactions between the active component 

and excipients is required. 

The present work focuses on two different dosage forms of a drug. One chapter is 

dedicated to the development of Fourier Transform (FT) Raman spectroscopy as an 

analytical tool for the analysis of tablets. The use of sample rotation in combination 

with FT-Raman analysis is discussed. In another chapter the emphasis lies on the 

composition and stability of a local anaesthetic system. In a last chapter the 

implications of polymorphism (the existence of more than one crystal modification of 

a compound) are studied. 

In Chapter 2, the effect of sample movement in FT-Raman spectrometers is 

discussed. As sample rotation proved to be essential in the experimental work of all of 

the following chapters, a study into the advantages and disadvantages of sample 

rotation was performed. Important topics that were discussed include; 

• reducing sample heating by the laser 

• avoiding subsampling 

• avoiding spurious lines in the spectra due to sample rotation 

Chapter 3 deals with the characterisation and temperature dependent 

structural changes of a local anaesthetic system. This system consists of two active 

components, lidocaine and prilocaine, that form a eutectic mixture [1]. In addition, 

two polymers in aqueous solution are added as excipients so that an easily applicable 

thermogelling system is formed. 

The aims for this subsection are to use vibrational spectroscopy 

• in the characterisation of the local anaesthetic system and its components 

e to study the possibility of interactions between the active substances 



• to study the possibility of interactions between the actives and excipients 

® to study the influence of temperature changes on the structure of the different 

components in the formulation 

Furthermore, the pharmaceutical industry is interested in reproducible, accurate and 

rapid quantitative analyses of their active compounds. It has been usual to apply 

HPLC\ but this technique suffers from the disadvantage that a time consuming 

sample preparation is necessary. Raman spectroscopy, on the other hand, has the 

advantage that little or no sample preparation is necessary. Near-infrared spectroscopy 

[2] also avoids the problem of lengthy sample preparation, but the spectra are often 

difficult to interpret. 

Chapter 4 is dedicated to the development of quantitative FT-Raman analysis 

on tablets, a study critics have always regarded as difficult due to the 'uncontrollable 

nature' of the recording of Raman scattering. 

The aims for this subsection were to determine: 

® the reproducibility of FT-Raman spectra 

• the feasibility of the use of an internal/external reference 

• the quantitative analysis of tablets 

• the quantitative analysis of actives in a local anaesthetic system 

Another important topic in the pharmaceutical industry is polymorphism. 

Polymorphism can cause major problems because the different forms of the same 

molecule display different physico-chemical properties like rate of dissolution, 

melting point, hardness, etc. Since polymorphs have different conformations in their 

unit cells hence different intermolecular interactions, their vibrational spectra will 

differ and this makes infrared and Raman spectroscopy good techniques for studying 

polymorphs. 

hi Chapter 5, the antibacterial agent sulfathiazole was studied. Sulfathiazole is 

known to have five polymorphs. 

The aims for this subsection were; 

• to characterise all polymorphs with vibrational spectroscopy 

• a study of the anisotropic lattice expansion of sulfathiazole polymorph I 

• to correlate the hydrogen bonded NH stretching frequencies with the various bond 

lengths, obtained from X-ray crystallography 

HPLC: High Pressure Liquid Chromatography 



Chapter 6 contains the overall conclusion of the work and sets out some 

suggestions for future work. 

1.2 Solid State Reactions 

An important aim for the formulator in the pharmaceutical industry is to find a drug 

formulation with the best bioavailabilty. Nowadays, the vast majority of medication is 

in solid dosage forms, therefore it is important to know the common types of solid 

state reactions. The most important ones are solid-solid interactions, solid-gas 

interactions and solid transformations. Examples of solid-solid interactions are 

interactions between the excipient and active component or between active 

components. For example Carstensen has reported aspirin-codeine and aspirin-

phenylephrine interactions [5]. 

Oxidation is a typical example of solid-gas interactions. Oxidation is the prime cause 

of product instability. In addition to the oxidation product, often a whole chain of 

other degradation products is formed. The interaction of solids with water is also very 

common. Whether this reaction should be classified as solid-gas reactions or as 

solution reactions, is not clear. 

The solid transformations include polymorphic transitions, phase changes and 

decomposition. 

The present study was focussed on the last type of solid state reactions, the solid 

transformations, more specific the polymorphic transitions and phase changes. 

Polymorphism 

The term polymorphism is used when a molecule can exist in several different crystal 

forms. The problem lies in the fact that these different crystal forms display different 

physical properties like melting and sublimation temperatures, rate of dissolution, 

volume, density and many more. As a consequence the bioavailabilty of the 

compound is variable, depending on what crystal form is present [6,7]. 

The term pseudo polymorphism is used when a molecule can exist as a solvate, with 

the most common being the hydrates. One example is the change in hydration state of 

theophylline in tablets. As water is adsorbed and desorbed with changes in 

temperature and humidity, theophylline is present in either the crystalline anhydrate or 

monohydrate [8]. 



A wide range of techniques is available to study polymorphism. DSC^ and TGA^ 

allow a quick interpretation of thermodynamic and kinetic transformations [9-11]. 

However, quantitation with these techniques is difficult and not recommended. X-ray 

diffraction (XRD) [11-14], vibrational spectroscopy [15-17] and solid state Nuclear 

Magnetic Resonance (NMR) spectroscopy [18-19] are the other techniques commonly 

used and are preferred for quantitative analysis. 

Phase changes 

The main properties of the substance and of the final product are derived from the 

thermodynamic phase diagrams under influence of temperature and pressure. But not 

all systems show ideal phase change behaviour. Super-cooling or -heating and 

crystalline to amorphous transformations or vice versa also fall under this subsection. 

Detailed knowledge of these equilibration curves enables one to predict best storage 

conditions, stability and compatibility of certain products. 

Thermal analysis, for example DSC measurements, is frequently used to study such 

processes. Vibrational spectroscopy as a function of temperature is another technique 

that can identify these phase changes. 

1.3 A Local Anaesthetic Block Copolymer System 

The local anaesthetic system studied was made up of two active components lidocaine 

and prilocaine and an aqueous solution of two block copolymers as excipients. 

The two actives are present in the thermogelling system as a eutectic mixture. The 

word eutectic comes from the Greek words for 'easily melted'. When two liquids are 

mixed, their freezing point usually lies below the freezing points of the pure 

components. That composition which has the lowest melting point is called the 

eutectic. A eutectic liquid made up of A and B will therefore freeze at a single 

temperature, at that composition, without previously depositing solid A or B. The 

eutectic mixture of lidocaine and prilocaine therefore has its melting point at 18°C, a 

lower temperature than both melting points of the pure substances. 

The two polyethyleneoxide-polypropyleneoxide-polyethyleneoxide triblock 

copolymers as the excipients are well known non-ionic surfactants, hence their 

' DSC : differential scanning calorimetry 
' TGA : thermogravimetric analysis 



applicability in detergency, dispersion, stabilization, foaming and emulsification. The 

required characteristics can be monitored by the architecture of the triblock, i.e. 

molecular weight and relative size of the copolymer blocks. 

1.4 Vibrational Spectroscopy in Pharmaceutical Analysis 

Spectroscopy is an important tool for the characterisation of both drug substances and 

final products. The characterisation techniques most commonly used in the 

pharmaceutical industry include XRD, NMR, infrared (IR) and also increasingly 

Raman spectroscopy. In the present study the emphasis was placed on the use of 

vibrational spectroscopy. 

The infrared part of the electromagnetic spectrum can be divided into three major 

areas. The most commonly used area is the mid-infrared (MIR) area, which expands 

from 4000 cm"' to 400 cm"'. Here we find the fundamental molecular vibrations and 

vibration-rotations. The region between 4000 and 14000 cm"' is known as the near-

infrared (NIR) region. In this region we find the overtones and combination bands of 

the hydrogenic vibrations in the MIR. The lattice vibrations can be found in the region 

extending from 400 cm"' to 100 cm"'. One of the advantages of vibrational 

spectroscopy over other techniques is that it is possible to study compounds in any 

state of matter: crystalline, amorphous, liquid, gas or plasma. MIR spectroscopy is the 

most widely used, but both Raman and NIR spectroscopies are rapidly expanding. 

They both offer advantages over MIR analysis in that they are non-destructive and 

virtually no sample preparation is required. However, the recent sample handling 

techniques based upon ATR'' infrared spectroscopy are closing this gap. 

Minimal sample preparation is an important advantage in the study of polymorphism 

where grinding a compound might induce a polymorphic transformation. 

Both NIR and Raman spectroscopy allow the collection of spectra through blister 

packs and glass, which is advantageous when studying samples that are moisture 

sensitive. Aqueous solutions can be studied as well. One of the advantages of Raman 

spectra over the NIR equivalents is that Raman is essentially a fingerprint technique. 

Interpretation of the NIR spectra can be very difficult due to the broad and featureless 

bands due to overlapped overtones and combination bands. 

ATR: attenuated total reflection 



1.5 Infrared Spectroscopy 

Both infrared and Raman spectroscopy measure the molecular vibrations (and 

vibrational-rotational transitions). Whereas infrared spectroscopy is concerned with 

the absorption of the radiation, the latter relies on scattering. 

Infrared spectroscopy can be used as a transmission as well as a reflection technique. 

Transmission Infrared 

Transmission infrared spectra can be recorded of most types of samples, but some 

samples need careful sample preparation. Most gases and liquids can be measured 

directly whereas solids often need preparation into mulls, alkali halide discs or films. 

The reflection techniques, like DRIFT^ and ATR minimize this sample preparation. In 

these techniques, the infrared beam is directed at the sample at an angle different from 

the normal. The attenuated radiation, reflected back from the surface, is then detected. 

Attenuated Total Reflection 

ATR is a so-called Internal Reflection technique. When radiation strikes a surface it 

may be reflected, transmitted or absorbed. Whether the incident beam gets transmitted 

or reflected is dependent on the refractive indices of the two media and the angle of 

incidence. 

As the infrared radiation hits the interface of two materials at an angle greater than the 

critical angle, reflection will take place, provided that the material through which the 

radiation has passed has a higher refractive index than that of the material at the other 

side of the interface (the sample). This concept is shown in Figure 1.1. 

Sample 

Figure 1.1 As the infrared beam hits the sample/crystal interface at an angle greater 
than the critical angle, reflection occurs. In addition, the beam will penetrate the 
sample over a small distance, hence collecting absorption characteristics as well. 

5 DRIFT : diffuse reflectance infrared Fourier Transform 



The critical angle can be written as % = ni/ni with ni and na being the refractive 

indices of material 1 and 2, where material 1 is the high refractive index medium. 

When a sample is placed in contact with a higher refractive index material and the 

infrared beam is directed at the sample at an angle higher than the critical angle, 

internal reflection will occur at the boundary of the two materials. 

In addition, the infrared beam penetrates the sample over a short distance before 

returning back through the higher refractive medium. Hence, some absorption 

characteristics from the sample are also collected. The penetration depth is given by 

the following formula : 
A 

2;F(sin 

Where A, is the wavelength of the radiation, oris the angle of incidence 

and »2i is na/ni. 

The most commonly used materials are KRS-5, Ge and ZnSe, but diamond crystals 

are becoming more and more popular. The high refractive index of diamond ensures 

that for incidence angles of 45 degrees, a typical infrared penetration of around 2 

microns is achieved. Also, the inertness and hardness of the material makes it a 

popular choice. 

1.6 The Raman Effect 

The Raman effect was predicted in the early 1920s [20,21] and subsequently 

demonstrated in India in 1928 by C.V. Raman [22], and almost simultaneously, by G. 

Landsberg and L. Mandelstam in the Soviet Union [23]. 

When a sample is exposed to a light source, radiation may be absorbed, reflected, 

refracted and scattered. Most of the incident radiation that is scattered will do so 

elastically, so-called Rayleigh scattering. In addition, some of the radiation will be 

inelastically scattered, which is called the Raman scatter. Scatter which has lower 

energy than the incident radiation gives rise to Stokes scatter and that with higher 

energy is known as anti-Stokes scatter. The various types of scattering processes are 

shown in Figure 1.2 
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Figure 1.2 The various types of scattering are displayed. The central band is the elastic 
(Rayleigh scatter) and the bands left and right are inelastic scattering (Stokes and anti-Stokes 
scatter). Reproduced with permission from Fourier Transform Raman Spectroscopy by 
Hendra, Jones & Warnes. 

The frequency of the incident radiation is modified by its interaction with the inter-

atomic motion of the sample. Analysis of the Raman scattering provides us with 

information about molecular vibrations and vibration-rotations and is therefore as a 

technique complementary to infrared spectroscopy. The shifts in frequency observed 

in Raman spectroscopy do not always correspond to observable IR absorption bands, 

because the two processes obey different selection rules relating to the interaction of 

the normal vibration of the molecule with the oscillating electric field of the 

electromagnetic radiation. Infrared absorption occurs when the radiation interacts with 

a normal mode of vibration in which the dipole moment of the molecule varies with 

time. Raman scattering occurs when the molecular motion produces a change in the 

polarizability of the molecule. Hence we can say that symmetric vibrations give rise to 

intense Raman lines, where non-symmetric ones are usually weak and sometimes 

unobservable. In infrared spectroscopy, the opposite effect is observed. If a molecule 

has a centre of symmetry, the rule of mutual exclusion becomes important. It states 

that if a molecule has a centre of symmetry, then Raman active vibrations are infrared 

inactive and vice versa. If there is no centre of symmetry then some, but not 

necessarily all, vibrations may be both Raman and infrared active. 

Classical Description of Raman scattering 

According to the classical theory, the Raman scattering can be described as follows. 

The electric field E associated with an incident beam of frequency Vq fluctuates with 

time t as shown by Equation. (1-1): 



E = EocoslTtVot (1-1) 

Where Eq is the amplitude of the wave. 

When this oscillating field interacts with the polarizable electric field, an electric 

dipole P is induced: 

p = CKE = aEQCoslTtVot (1-2) 

Where oris the polarizability of the material. If the molecule is vibrating (or rotating) 

with a frequency Vvib, the nuclear displacement from the equilibrium position q is 

given by; 

q = qoCO^lTtVyi^t (1-3) 

where qo is the vibrational amplitude. If the distortion is likely to cause a change in the 

polarizability, where for a small amplitude of vibration, oris a linear function of q, we 

can write: 

a = aQ + 
da 

q -l-... (1-4) 

Where % is the polarizability at the equilibrium position and (8o/8g)o is the rate of 

change of the polarizability with distortion from the equilibrium position. Combining 

(1-2) with (1-3) and (1-4), we obtain: 

aEocoslnvot 

= cos + 
da 

qE^ cos iTTV t̂ 

^0^0 cos(2m/,^/)cos(2;n/of) 
) 

By using the Simpson rules, we can rewrite this equation as follows: 

P= a^E^ cos + 
j, 

q^E„[cos{2n(v^ +1-,,,)/}+ cos{2%'(|/g - v,^)l}] 



The first term represents an oscillation dipole that radiates light of frequency Vo 

(Rayleigh scattering), while the second term gives the Stokes and anti-Stokes Raman 

frequencies of Vo - Vvib and VQ + Vvib respectively. 

The Quantum Mechanical Theory of the Raman Effect 

The difference in intensities between the Stokes and anti-Stokes lines cannot be 

explained by the classical theory of Raman scattering. A simple quantum mechanical 

approach is used to clarify this. When a photon of energy hvo collides with a 

molecule, either elastic (Rayleigh scatter) or inelastic (Raman) scatter will occur. In 

the latter case, the molecule will undergo a transition to a virtual excited vibrational 

state and after relaxation will either have gained energy (Stokes scatter) or lost energy 

(anti-Stokes scatter). Therefore, the intensity of Raman scatter is related to the 

population of the initial state of the molecule. The ratio of Stokes to anti-Stokes lines 

is governed by the temperature. At thermal equilibrium this ratio can be determined by 

the Boltzmann distribution. 

1 

Where N, and Nj are the number of molecules in the lower and upper vibrational 

levels, gi and gj are the degeneracies of these states, AE is the energy difference 

between these levels, k is the Boltzmann constant and T is the temperature. 

Figure 1.3 shows in detail the origin of Stokes and anti-Stokes scatter. 

10 
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Figure 1.3 An energy level diagram displaying the origin of Rayleigh, 
Stokes and anti-Stokes scatter. Reproduced with permission from Fourier 
Transform Raman Spectroscopy by Hendra, Jones & Warnes. 

Thus, the Stokes lines are stronger than the anti-Stokes lines because the population of 

the ground state is higher than that of the first vibrational level. Although the intensity 

of the anti-Stokes scatter is lower compared to the Stokes scatter due to the population 

difference in the ground-state, the frequency of the light being scattered is higher and 

thus the scattering occurs more efficiently. It is known that the Raman scattering 

intensity depends on the fourth power of the frequency of the light being scattered. 

1.7 Conventional Raman Spectroscopy 

The sun was used as a source in C.V. Raman's first experiments [22], whereas 

Mandelstam and Landsberg used the mercury lamp as a source [23] and thus 

established the technique used through the 1930s and '40s. 

Nowadays, lasers are used as the excitation source. The Argon, Krypton and Helium-

Neon lasers offer a variety of excitation frequencies and tuneable dye lasers can be 

used to cover a considerable spectral range. 

For the analysis of the Raman scattering a monochromator system is used, either in a 

scanning mode or as a spectrograph. 

11 



Until the mid 70s photomultiplier tubes (PMT) were the most practical electronic 

detectors available for the Raman detection. Various types of multichannel detectors 

have been developed over the years. A multichannel detector can be seen as the 

electronic equivalent of a photographic plate, but with a finite number of spectral 

elements. These multichannel detectors have advantages over the older PMT in that 

they can analyze many optical frequencies simultaneously, the so-called multiplex 

advantage. In recent years the CCD® detector has become very popular [24]. The CCD 

detector consists of a two-dimensional array of semiconductors the so-called pixels. 

When these pixels are hit by photons, a charge is developed by the photoelectric 

effect. These charges are then transferred to a charge sensitive amplifier by changing 

the potential over the CCD device. 

1.8 Fourier Transform Raman Spectroscopy 

Chantry et al [25] in 1964 were the first to suggest the idea of performing Raman 

spectroscopy by using a near-infrared excitation source and an interferometer. They 

demonstrated the feasibility by performing measurements on solutions of iodine in 

carbon tetrachloride and a carbocyanine dye in methanol. The use of near-infrared 

excitation as a means of minimising fluorescence was also discussed. Unfortunately 

spectroscopists did not take notice of this new method of Raman spectroscopy. It was 

not until commercial FT-IR instruments became available, when the multiplex and 

throughput advantages of a Michelson interferometer over a standard dispersive 

instrument had become established, that the possibility of performing FT-Raman 

measurements was reconsidered [26]. But it was not until the next decade (1974 -

1984) after new technological developments, like the CW^ Nd:YAG laser and high 

sensitivity detectors for the visible and near-infrared, that FT-Raman spectroscopy 

began to take off. 

The source 

The Nd:YAG laser is commonly used in near-infrared-FT Raman spectroscopy. It is a 

solid state device consisting of a crystal of yttrium aluminium garnet, doped with 

about 3% Nd^^ ions. The pump is either a broadband source like a high pressure 

® CCD: Charge Coupled Device 
^ CW : Continuous Wave 

12 



xenon arc lamp or a tungsten quartz lamp, or a near-infrared power source provided 

by a set of optically coupled arsenide injection lasers. 

Nd:YAG lasers emit at 1.064 fxm (9398 cm "') with a line-width of about 0.6 cm ' at 

powers up to several Watts. A great advantage of near-infrared excitation is the 

reduction in fluorescence compared with excitation in the visible [27-29]. 

Tuneable lasers (dye or Ti Sapphire) have been used mainly in the study of resonance 

Raman. 

The interferometer 

FT-IR and FT-Raman spectrometers are usually built around a Michelson 

interferometer. The Michelson interferometer consists of a beamsplitter and a fixed 

and a moving mirror. The scattered light enters the interferometer through a circular 

entrance, the J-stop. It then hits the beamsplitter which reflects half of the beam to one 

mirror and transmits the other half to the other mirror. As stated above, one of the 

mirrors is fixed whilst the other moves. Both the fixed and moving mirrors reflect the 

radiation back to the beamsplitter. But since one mirror is moving, a path difference 

between the two beams is created. There will be a phase difference when they 

recombine at the beamsplitter. 

When both mirrors are at an equal distance from the beam splitter, the so-called Zero 

Path Difference (ZPD), there is no path difference between the two beams and the 

maximum possible of the input light exits from the interferometer. This is the so-

called centreburst, the most intense signal in the interferogram. 

After passing the interferometer again, half of the light will go to the detector and the 

other half returns to the source. Thus, the theoretical maximum efficiency of an 

interferometer is 50%. As the mirror moves, the two beams recombine with different 

path difference and we get constructive interference or destructive interference, 

depending on the value of n in the following equation : 

d = nX/4 

Where n is an integer, X is the wavelength of the light and d is the distance the moving 

mirror has translated. If n is odd, destructive interference will result. At all other 

distances the two rays are not completely out of phase and a signal will be observed at 

the detector. 

13 



The concept of the Michelson interferometer is shown in Figure 1.4. 

FIXED MIRROR 

DETECTOR 

RE-COMBINED UGHT OUT 

BEAMSPUTTER 

MOVING MIRROR 

UGHT IN 

Figure 1.4 Schematic diagram of a Michelson interferometer. Reproduced with permission 
from Fourier Transform Raman Spectroscopy by Hendra, Jones & Warnes. 

Hence we get a signal as a function of optical delay (mirror distance), known as the 

interferogram. When an ideal monochromatic source passes through the 

interferometer and the optical delay is varied, the signal detected is a cosine wave. If 

two ideally monochromatic sources of different wavelength should pass through the 

interferometer, we would obtain the sum of two cosines. As the source becomes more 

polychromatic, the beat frequency becomes longer and longer. This is shown in Figure 

1.5. 
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Figure 1.5 Fourier transformation of a single frequency pulse (top), of two single frequency 
pulses (middle) and of a multifrequency pulse (bottom). Reproduced with permission from 
Fourier Transform Raman Spectroscopy by Hendra, Jones & Warnes. 

The Fourier Transform process is then used to deconvolute this signal into different 

superimposed cosine functions, which is then presented as a signal as a function of 

frequency. Hence the interferogram is transformed into the spectrogram. 

The detector 

Since photomultipliers are insensitive beyond 1 |im, soUd state detectors are used in 

near-infrared experiments. Two popular detectors are the InGaAs detector and the 

Germanium detector. The former, operates at room temperature and to slightly longer 

wavelengths (and hence higher shifts). The latter, the Ge detector, needs cryogenic 

cooling but has a better signal to noise ratio. 
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Filters 

As the Raman signal is very weak compared with the elastic scattering (Rayleigh 

scattering), a good filter arrangement to block this frequency is essential. The filter 

system should 'cut in' as steeply as possible to allow Raman scattering to be recorded 

as close to the laser frequency as possible. 

Optical filters may be used to block unwanted frequencies. The two most common 

types of optical filters are absorption or interference filters. Holographic optical filters 

are now common components in new Raman instrumentation. 

In Fourier Transform systems electronic filtering may also be used. 

Comparison between dispersive and Fourier Transform Raman spectroscopy. 

The use of an interferometer shows several advantages over a dispersive system: 

The Jacquinot Advantage 

Because Raman scattering is such a weak process, it is important that the scattered 

light is collected as efficiently as possible. The light enters via a large circular hole 

instead of a narrow slit in a dispersive instrument, thus allows more light to fall onto 

the interferometer. This means that the optical conductance will be larger by two 

orders of magnitude compared to grating spectrometers [30-32]. 

The Felgett Advantage 

Both the interferometer and the spectrograph have an advantage compared with a 

monochromator when it comes to the amount of Raman scatter being analysed at the 

same time. A scanning monochromator is very inefficient in that only a small range of 

wavelengths of the light falls onto the detector, therefore each spectral element is 

measured sequentially. In the interferometer and the spectrograph every spectral 

element is measured simultaneously; the whole frequency range is scanned 

simultaneously. This is also known as the multiplex advantage [33]. 

The Cannes Advantage 

The signal to noise of spectra will improve as spectra are averaged. Dispersive 

systems are sensitive to mechanical wear, which will have an effect on the frequency 

accuracy, influencing the co-adding of the spectra. FT-instruments make use of a 

HeNe laser to monitor the change in optical path difference. The interferogram is 

digitised at the zero-crossings of the HeNe interferogram. The accuracy of sample 

data spacing is solely determined by the precision of the HeNe wavelength. This built-

in, high precision is known as the Connes advantage [34]. 
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In FT-Raman spectroscopy, one usually makes use of a Nd: Yag laser with an 

excitation at 1.064 |im. The use of such a near-infrared (NIR) laser suffers from a 

reduction in signal (Raman intensity) compared to a visible laser, because the Raman 

intensity is related to the fourth power of the excitation frequency. However, low 

photon energies in the near infrared are less likely to cause fluorescence of the sample. 

This allows the spectroscopist to use higher laser powers which partially compensates 

for the reduced efficiency. 

A problem in FT-Raman spectroscopy is that most samples absorb to some extent in 

the NIR [35], resulting in sample heating [36]. Self-absorption of the Raman 

scattering [35, 37] is another problem especially when attempting quantitative 

analyses. There are also difficulties in studying samples at temperatures greater than 

150 °C due to thermal blackbody emission from the sample [35]. Additionally, near-

infrared detectors are much noisier than photomultipliers and CCD detectors, but in 

comparison an FT-instrament offers the multiplex advantage, which means faster 

scans, and the availability of higher powered lasers. 

1.9 Vibrational Spectroscopy and Phase Changes 

The reason for using vibrational spectroscopy to study different crystal structures is 

not immediately obvious. Most low level descriptions of the vibrational spectrum of a 

molecule start from the concept that the vibrating molecule is isolated. Thus group 

frequency analyses used in the infrared totally ignore intermolecular interactions. 

Even full co-ordinate analyses consider an isolated molecule in a vacuum. Now, the 

spectrum can be divided up into the section below 150 cm'̂  shift where we find the 

crystal lattice modes, the rest of the spectrum from 150 cm'^ to around 3600 cm'^ 

consists of internal modes and less apparent, overtones and combination bands. When 

comparing the Raman spectrum of a melt with that of the solid state, the bands in the 

melt are broader and of different relative intensity to those of the crystalline solid. The 

vibrations of a crystal are those of the unit cell, not of an isolated molecule hence the 

selection rules depend on the unit cell rather than the molecular point group. The 

component molecules are exposed to a rigid strictly defined but intense intermolecular 

force field hence a sharp spectrum is produced for the perturbed molecule, each band 

splitting due to the crystal effects. The melt produces broad bands characteristic of the 
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molecule but perturbed by the continuously varying intermolecular force field in 

which it finds itself Thus, we have spectra due to: 

: Raman 

I Infrared 

Isolated molecular vibrations 

Liquid phase 

Crystal 

So the crystalline spectrum is more complex and much sharper than the relevant melt 

(or solution) and is dependent upon the crystal structure. In infrared spectra the same 

theory applies, but unfortunately the bands tend to be broader. 

1.10 Raman Intensities 

The study of Raman intensities enables us to make quantitative measurements by 

comparing the relative strengths of the spectra of the various samples. In theory, the 

intensity of Raman bands depends on a complex expression involving the 

polarizability tensor of a molecule. In practice, a simplified model is used so that 

Raman intensities can be studied in a way similar to absorption spectroscopy. The 

intensity can be expressed in an equation analogous to the Beer-Lambert law. 

18 



lRaman = XKVCIo 

where iRaman : intensity of Raman band 

lo : intensity of exciting radiation 

V : volume of sample illuminated by the source and viewed by spectrometer 

C ; concentration of the sample 

K : absolute Raman scattering cross section 

X : a constant that includes experimental factors like spectrometer efficiency, 

change in focus,... 

A big problem lies in the determination of V and K, for which values in the literature 

have varied considerably. In addition, the overall intensity of the whole recorded 

spectrum is determined by many experimental factors (X). Optical efficiency, method 

of illumination, wavelength response and the skill of the operator are important 

variables when comparing the absolute intensities of spectra recorded on different 

Raman spectrometers. 

When sampling solids, even more parameters become important like particle size [38] 

and packing density. This is the reason why in theory quantitative Raman analyses are 

regarded as being impractical. 

There are several methods to overcome these problems. Use of an internal or external 

reference are the most common. Cutler [39] and later Petty et al. [40] describe a 

method for correcting near-infrared emission spectra for variations in spectrometer 

response with wavelength. The method describes the use of the spectrum of a 

blackbody emitter as the correction curve. In a second paper. Petty et al. suggested the 

use of a standardised intensity scale for liquid spectra [41], where the recorded Raman 

spectra are standardised against the 1170 cm"' band in the external reference 

hexachlorobuta-1,3-diene. The effects of alignment, laser power and resolution on the 

appearance of the Raman spectra were demonstrated and the advantages of using a 

standardised intensity scale were proven. 

Unfortunately, the use of the standard intensity scale has not taken off. 
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f . f f R a m a n S a m p / m g 

Raman sampling has a tremendous advantage compared to IR sampling in that there is 

virtually no sample preparation required. One can take a Raman spectrum while the 

sample is still in the sample bottle (provided it is transparent) and the presence of 

water is not a problem either. This is one of the advantages that makes Raman 

spectroscopy a popular technique. 

The cells described here were used with the FT-Raman instrument, but it is possible 

the use them with a dispersive Raman instrument with a macropoint accessory. 

The spinning cell 

Two types of spinning cells were used in this work. The first cell holds standard NMR 

tubes. The tubes are held at the bottom and they are rotated along their vertical axis. 

This cell is ideal for analysing solids and liquids. 

A second type of spinning cell was used to analyse tablets. Tablets of different 

diameters can be held in the sampleholder. This cell also enables the user to use an 

external reference. The external reference slides into the path of the laser without 

disturbing the alignment of the sample. A photograph of the cell is shown in Figure 

1.6. 

1. Motor controlling the translation 

2. Lifting arm for translation 

3. Reference cell 

F i g u r e 1.6 Photograph of the tablet analyser. 

4. Motor controlling the rotation 

5. Rotating sample holder 

6. Hole through which the laser 

beam enters 
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The cold cell 

For several experiments below room temperature, the cold cell was used. The user can 

perform measurements ranging from about -150°C to 60°C, depending on the 

refrigerant that is used. Since the system is temperature controlled, it is easy to 

monitor reactions. The samples are held in NMR tubes and it is therefore possible to 

analyse both solids and liquids. 

The hot cell 

The hot cell is used for experiments ranging from room temperature up to around 

150°C. Again, the system is temperature controlled. The cell holds different sizes of 

sample bottles and it is therefore practicable to study liquids and solids. 

1.12 X'Ray Diffraction 

As radiation with a wavelength comparable to bond lengths is bombarded onto a 

crystal, diffraction occurs. Hence, this diffraction of waves by atoms and molecules 

can be used for structure determination. 

Single crystal diffraction 

With X-Ray wavelengths comparable to the separation of lattice planes in a crystal. 

Max von Laue suggested that they might be diffracted when passed through a crystal. 

In these early experiments, the crystal was seen as stacks of reflecting lattice planes, 

separated by a distance d. It was found that bright reflection (constructive 

interference) occurs when the glancing angle follows Bragg law: 

nX. = 2dsin6 where 6 is the glancing angle. 

In practice, the experiment is performed by mounting a single crystal in the apparatus 

and rotate it until a reflection is detected. 

The powder method 

This alternative technique was developed by Debye and Scherrer and relies on the fact 

that in a powder sample, some of the crystals will always be orientated so that they 

will satisfy Bragg's law. Hence different crystallites will have different planes 

complying to Bragg's law and as a result each will give rise to a cone of diffracted 

intensity with a different half-angle (29). 
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Chapter 2 Sample Rotation in Raman Spectroscopy 

2.1 Introduction 

In this chapter we evaluate the use of sample rotators in Raman spectroscopy. 

Rotation of samples in Raman spectroscopy has become normal practice since the 

early 1990s. Commercial rotators, initially only able to hold powders but now also 

tablets, have been available since early 1996. 

Brienne et al. reported in 1993 of a Spinning-Cell used to avoid decomposition of 

Co2(CO)g by the laser [1], The rotational speeds used in this work were fairly high 

(2000 rpm). Especially in FT-instruments, where a near infrared laser is used to probe 

the sample, sample heating will inevitably occur. Rotating of the sample will reduce 

this effect of sample heating, but in FT-instmments this periodic change in intensity of 

the scattering and background could lead to spurious lines appearing in the spectra. 

Salzer et al. [2,3] suggested the use of step-scan FT-NIR^ Raman to avoid these 

problems of modulation and double modulation. However, the solution does not need 

to be as costly as this. When rotational speeds are kept reasonably low, good quality 

FT-spectra from rotating samples can be obtained. A good example is given in an 

article by Langkilde et al. who successfully performed quantitative analyses on a 

mixture of polymorphs while slowly spinning the samples [4], Another article by 

Taylor and Langkilde describes the use of sample rotation to study the composition of 

several commercial pharmaceutical tablets [5]. 

2.2 Experimental 

All FT-Raman spectra were acquired on a Perkin-Elmer System 2000 FT-Raman 

spectrometer which was equipped with a quartz beam splitter and an InGaAs detector, 

operating at room temperature. A Spectron continuous wave Nd^^:YAG laser 

(1.064p.m) provided the NIR excitation. 

' NIR : near Infrared 
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The dispersive Raman spectra were obtained using a Renishaw Ramascope with HeNe 

excitation at 632.8 nm and CCD detection. Rotation in this instrument was performed 

after fitting a Ventacon Macropoint accessory. 

Two types of rotator were used. One, designed to examine samples held in NMR 

tubes, the other to analyse tablets. The first, a prototype model SR-6 Ventacon system 

rotates the NMR tube held from above and at the same time moves the tube upwards 

and downwards. The periodicities of the two movements are independently controlled 

from the power supply, a model D-1 Ventacon Universal Power supply. 

The second rotator used, was the prototype model T-1 Ventacon Pharmaceutical 

Tablet Analyser. The tablet, held in a cup, is rotated about a horizontal axis by one 

motor, whilst another motor controls the speed with which the tablet cup is moved up 

and down. Again, the periodicities are independently controllable from the power 

supply. Tablets may be firmly held in the cup or are allowed to tumble. Figure 2.1 

shows how the tablet is sampled as the sample holder rotates and translates. 

Tablet 

Scattering 

Figure 2.1 The picture shows the movement of the tablet while recording 
the Raman spectra. One motor controls the vertical movement (shown by 
the vertical arrow), whereas another motor controls the rotational speed 
(shown by the other arrow). 

2.3 Minimising sample heating by the laser 

Sample heating by the laser has always been a problem in Raman spectroscopy, but 

since the availability of the near-infrared lasers this has become worse. The problem 

lies in the fact that all samples more or less absorb in the near infrared. In addition, in 

comparison with the higher energy visible lasers, higher laser powers are required. 
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An example is found in a compound used in a local anaesthetic formulation, 

prilocaine. An FT-Raman spectrum of the compound was recorded. The melting point 

of prilocaine is 38°C, thus it was transferred in the solid state into the sample holder. 

But after 10 scans at moderate laser power (200mW), the spectrum started to decrease 

in intensity. Bands broadened and after 2 minutes it was decided to halt the scanning. 

The sample had clearly started to melt. 

It is difficult to estimate the degree of heating by the laser since it depends on certain 

characteristics of the sample in question like thermal conductivity, reflectivity and 

other variables like sampling time, laser power and the optics of the instrument. 

In an attempt to measure the increase in temperature due to laser heating. Pope and 

West [6,7] used a phase transition in sodium molybdate known to occur at 112°C as a 

reference point. The Raman spectra of the two forms are easy to differentiate. In their 

experimental set-up a temperature rise of 40°C was measured when 125mW of laser 

power was used. However, in another experiment, performed on PTFE^ by Lehnert 

[8], an increase in temperature of only 1°C per lOOmW was found. Taylor and 

Langkilde reported of a temperature increase of at least 20°C when they recorded the 

spectrum of theophylline monohydrate using BOOmW of laser power [5]. 

In 1995, Dent [9] made the suggestion to surround a heat sensitive sample with a good 

thermal conductor. In the same issue, Pope and West published a paper where several 

possibilities of using such good thermal conductors were explored [7]. Amongst 

others, NIR FT-Raman spectra were recorded of KMn04, graphite, CUSO4.5H2O and 

NiS04.xH20 as nujol mulls between KBr, Quartz or Pyrex flats or as KBr or KCl 

discs. 

A less time consuming solution would be to rotate the sample. The effect is shown in 

Figure 2.2 where the FT-Raman spectrum of prilocaine is recorded. The top spectrum 

was recorded while the powder was held stationary. The bottom spectrum was 

recorded whilst rotating the powder. 

® PTFE: Polytetrafluoroethylene 
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Figure 2.2 The effect of heating by the laser on prilocaine. The top spectrum displays 
prilocaine, held in a solid sample holder. Because of constant heating by the laser, the sample 
has started to melt. In the bottom spectrum prilocaine is rotated in an NMR tube. Both spectra 
were recorded using 200mW of laser power. 

The poor quality of the top spectrum of prilocaine is due to the component starting to 

melt. 

Thus, avoiding sample heating by the laser is essential in order to get a good quality 

crystalline spectrum. Another class of samples where avoiding sample heating is 

important are compounds displaying polymorphism. Where samples display 

polymorphism, changing temperatures can induce phase changes. 

But there is another advantage to rotating samples. A second reason why 

spectroscopists choose to rotate their samples is to avoid sub sampling. 

2.4 Avoiding subsampling 

Especially in the pharmaceutical industry where formulations in tablet form are being 

analysed, avoiding sub sampling is of major concern. Since the laser spot diameter is 

only small, varying from 0.1 to 1 mm, averaging over an area as large as possible is 

essential to avoid erroneous conclusions, hi addition, the degree of subsampling will 

depend on the particle diameter of the components and the composition of the tablet. 
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An example of subsampling by recording stationary spectra is given in the following 

spectra of a tablet containing KzCrO^ and Na2S04. Two FT-Raman spectra are 

recorded whilst the tablet is stationary. A third was recorded as the tablet was rotating. 

The spectra are displayed in Figure 2.3. 

i q C r O ^ 

Int 

Na^SO^ 

i u 
2000 1200 1000 

Raman Shift / cm-1 

Figure 2.3 FT-Raman spectra of a tablet containing KgCrO^ and Na2S04. The spectra B and C 
were recorded from different points on the tablet whilst it was stationary. Spectrum A was 
recorded while the tablet was rotating. Laser power: 200mW, 4cm'' resolution, 20 scans. 

Two regions, typical for one specific component within the tablet are enhanced in the 

figure. The band region specific for K2Cr04 expands from 900 cm'^ to 820 cm"' and 

for Na2S04 the band between 1005 cm"' to 980 cm"' was chosen. 

Spectra B and C were recorded whilst keeping the tablet stationary. Spectrum B would 

suggest that there is more K2Cr04 than Na2S04 present in the tablet compared with 

spectrum C. Spectrum A however shows an increased intensity of the Na2S04 band 

compared with the K2Cr04 band, in accordance with spectrum C. 

Therefore recording a single stationary spectrum would lead to erroneous 

interpretation of the composition of the tablet. 

But there are risks associated with rotating samples both in FT and dispersive Raman 

instruments. 
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2.5 Rotation in Fourier Transform Instruments 

The concept behind Fourier Transform instruments is as follows. An interferometer, 

often a Michelson interferometer (see the Introduction section, page 13) is used to 

split the collected light into two equal beams which recombine after one of them is 

subjected to an optical delay. This results in a complicated interference pattern as a 

function of optical delay. This is known as the interferogram. The Fourier Transform 

algorithm is then used to convert this time dependent interferogram into a frequency 

dependent signal, which we see as the spectrum. 

Spurious frequencies in FT-Raman spectra 

As a sample is rotated, its scatter intensity will vary with rotational speed. Other 

factors influencing the intensity fluctuations are the particle size of the components 

and scan speed. This periodic change in intensity itself will produce a different beat 

frequency and if it happens to be in the frequency range in which the detector 

operates, it will be Fourier Transformed into a spurious signal. 

Due to the characteristics of the detectors and mechanical limitations it is normal to 

restrict the rate of scan of the interferometer so that the bandwidth of the detector 

output lies in the audio frequency range. Scan speeds can be adjusted over fairly 

considerable limits but the detector output from the interferogram is normally kept 

within the range 250-5000 Hz in an FT Raman instrument and it is this audio signal 

that is subsequently transformed using the Fourier Transform algorithm. 

This concept is made clear with the following example. Let us assume that the tablet 

rotates at 1500 rpm (or 25 Hz). If the instrument scan speed is set to 0.1 cm/s, this 

frequency translates to 25 s"' / 0.1 cm/s equals 250 cm'\ This frequency (in 

wavenumbers) lies well below the detector cut-off which is around 5000 cm ' in our 

NIR instrument. If the rotational speed were to increase to 51 000 rpm (or 850 Hz), 

this frequency would translate to 8500 cm"' absolute wavenumbers, which would give 

a spurious line in the actual spectrum at around 900 cm"' frequency shift. 

An example of the appearance of these spurious frequencies is given in Figure 2.4. 
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Figure 2.4 FT-Raman spectra of maleic acid. The top spectrum is the stationary one, whereas 
the bottom spectrum is of maleic acid while rotating. Rotational speed is around 1600 rpm. 
The X-axis is in absolute wavenumbers. 

The spurious lines in the bottom spectrum are clearly visible below 1500 cm"\ Hence 

they do not disturb the actual Raman spectrum between 9394 cm^ and 6000 cm' \ 

In Figure 2.5 the effect of increasing the rotational speed on the frequency of the 

spurious lines is demonstrated. A tablet containing metoprolol succinate is rotated at 

two different speeds (1690 rpm and 6760 rpm) and the FT-Raman spectra are 

recorded. For comparison, the stationary spectrum is also included. 
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Figure 2.5 Unshifted FT-Raman spectra of a tablet containing metoprolol succinate at 
different rotational speeds. The appearance of spurious bands in the spectra is clearly visible. 
At higher rotational frequency, the frequency of the spurious bands shifts towards higher 
wavenumbers. All spectra were obtained by co-adding 20 scans with 4 cm"̂  resolution. 
Reproduced with permission from [13]. 

Figure 2.5 shows that more than one spurious frequency band appears for each 

rotational speed. This is probably due to harmonics of the rotational frequency. These 
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harmonics are dependent on the particle size of the components, their composition, the 

laser spot size and on the quality of the rotator (off-axis tubes might induce spurious 

frequencies etc.). 

Appearance of side bands in FT-Raman spectra 

It is known that modulation of the Raman scattering will produce side-bands to the 

main scattering bands, particularly if these are sharp and intense. R. Bennett 

specifically used modulation to remove thermal backgrounds [10,11], By modulating 

the laser, the Raman spectrum was 'repeated' in the side bands, but this 'new' Raman 

spectrum was translated outside the region where thermal backgrounds are visible 

(from about 2000 cm"' to the detector cut-off at 3550 cm"'). Hence it was possible to 

discriminate between the long lived, slow response thermal emission and the 

instantaneous Raman scattering. This shift of the Raman spectrum (or put differently 

as the side band frequency shift from the 'real' spectrum) depends on the modulation 

frequency. Bennett used a 526 Hz laser modulation hence the spectrum was repeated 

at V + 526 Hz. 

Rotation of a sample in FT-instruments can be seen as a similar type of modulation. 

Cutler and Petty [12] pointed this out in their paper where again, they used pulsed 

lasers to reject long-lived backgrounds. 

Since the surface of a tablet is never perfectly homogeneous (especially not in tablets 

containing more than one component), many frequency modulations will occur, 

resulting in side bands close in frequency to the main bands of the Raman spectrum. 

An example is shown in Figure 2.6 where an FT-Raman spectrum of KMn04 powder, 

whilst the sample is rotated, is displayed. This particular powder was chosen because 

as an inorganic powder, it has very sharp and very intense bands in its Raman 

spectrum. Therefore it would be easier to distinguish between peaks resulting from the 

Raman scattering and those resulting from rotation. From our previous arguments 

many side bands are expected to appear in the Raman spectrum, but Figure 2.6 shows 

that they are not as problematic. Overall, the noise level has only slightly increased. 
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Figure 2.6 Appearance of side bands in the FT-Raman spectrum of KMnO^ powder. The top 
spectrum is that of KMnO held stationary. The bottom spectrum is that of KmnO^ whilst 
rotating. The side bands are clearly visible in the bottom spectrum, but their intensity is only 
0.5% of the most intense peak in the spectrum. Both spectra are the result of 10 
accumulations. 

In addition to this sample of KMn04 powder, other powders and also tablets were 

studied while rotating. More specifically, the appearance of side bands was 

investigated as well as the possibility of increased noise levels. The results are 

summarised in Table 2.1. 

Table 2.1 Observations of the FT-Raman spectra of rotated samples with regards to the 
appearance of side bands and the increase of the overall noise level. 

Compound Physical form Appearance of side bands Increase of noise level 

KMnO^ powder yes yes 

Na,SO, powder yes yes 

Maleic acid powder no yes 

Na2S04 tablet yes yes 

Maleic acid tablet no negligible 
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The spectrum of maleic acid whilst rotating is shown in Figure 2.7. As mentioned in 

Table 2.1, when rotating maleic acid powder in an NMR tube, no sidebands were 

visible, but a slight increase in the background noise level was observed. 
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Figure 2.7 Effect of sample rotation on the FT-Raman spectra is shown for maleic acid 
powder. The top spectrum is that of maleic acid held stationary. The bottom spectrum is that 
of maleic acid whilst rotating. There are no side bands visible in the spectrum of the rotating 
powder. Both spectra are the result of 10 accumulations. Note that the X-axis is in absolute 
wavenumbers instead of wavenumber shift. 

In three papers by Salzer and Roland [1-3] a solution to the appearance of these 

spurious bands is presented. They suggest the use of step-scan spectrometers. But this 

solution is a very expensive one. The rotational frequency they used to show the 

appearance of spurious bands in the FT-Raman spectra was very high (up to 667 Hz). 

From our calculations, it is clear that simply by decreasing the rotational speed, the 

low wavenumber spurious lines can be avoided. In addition, the sidebands that are 

expected to show up in the actual Raman spectra are not always there. Most probably 

there will be a slight increase in the overall noise level, but by simply co-adding more 

scans this can be reduced. 

Therefore, rotation of samples in FT-instruments at well below 1500 rpm can be 

considered as perfectly acceptable [13]. 
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2.6 Rotation in dispersive instruments 

In dispersive instruments, no interferometer or Fourier Transformations are used to 

generate the spectra. Therefore, it would be tempting to conclude that rotating samples 

in dispersive instruments poses no problems, but one has to be careful. 

There are other factors that influence the quality of the spectra in dispersive 

instruments. A first factor is fluorescence. Since dispersive instruments use higher 

energy lasers (usually visible lasers but UV lasers are also getting more common) than 

their FT- counterparts, the possibility of sample fluorescence is very real. In our 

experiment, a tablet containing Na2S04 was rotated as the Raman spectrum was 

recorded. The compound is an inorganic white powder, not particularly prone to 

fluorescence. The spectra recorded while the tablet was stationary and rotating are 

shown in Figure 2.8. 
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Figure 2.8 Dispersive Raman spectra of a Na2S04 tablet, both 
stationary (top) and rotated (bottom). The spectrum was recorded 
on the Raman microscope with the macropoint accessory fitted. 
The effect of fluorescence bleaching is shown in the top 
spectrum. 
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In the bottom spectrum, a fluorescent background is clearly visible, while it is absent 

in the stationary spectrum. The problem arises from fluorescence bleaching. Whilst 

keeping the tablet stationary, the fluorescence is bleached out of the spectrum. 

When these experiments were repeated with other samples (both freshly prepared and 

old tablets), it was not possible to get any spectrum at all. Whether this was due to the 

fluorescence or the sensitivity of the pixels in the CCD detector not properly 

responding to the changes in the spectra with rotation is unclear, but it is quite clear 

that slow rotation can be problematic when using these instruments. 

2.7 Conclusions 

This work shows that it is perfectly acceptable to rotate samples in Fourier Transform 

Raman spectrometers as long as rotational speeds are kept reasonably low (below 

1500 rpm). A small increase in the overall noise level is detected, but this can easily 

be reduced by increasing the number of co-added scans. In addition side bands can 

appear in the spectra but these have rather low intensities. 

Rotation is acceptable in dispersive Raman instruments as long as one accepts that 

fluorescence is a limiting factor in the choice of samples. 

In addition, one can opt for the step-scan interferometer. 
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Chapter 3 Quantitative Analysis using FT-Raman 

Spectroscopy 

3.1 Introduction 

Problems associated with reproducibility in the Raman experiment have resulted in 

quantitative analysis using FT-Raman spectroscopy being regarded as difficult. 

However, despite the difficulties, Raman spectroscopy as a tool for quantification is 

gaining more and more popularity. The problems associated with reproducibility arise 

from sample properties e.g. refractive index, colour and scattering coefficients as well 

as instrumental variables like detector response and laser stability. 

When analysing solid samples even more variables need to be controlled if repeatable 

intensity measurements are to be generated e.g. particle size [1,2], packing density and 

preferred orientation. 

As a result using internal or external standardisation has become common practice. 

Back in the early 1990s, Hendra et al proposed the use of a standardised intensity 

scale for liquid spectra [3,4]. Schweinsberg and West used this external reference in 

the quantitative analysis of liquid mixtures [5]. 

Since these early experiments, many papers have appeared using Raman spectroscopy 

as a quantitative tool. Especially in the area of polymorphism, Raman spectroscopy 

has proved to be very useful. The use of some sort of chemometrics has been the core 

in most of the examples [6-8]. However simply the ratioing of two band regions 

within the spectrum has also proved successful [9]. 

Another area in which quantitative Raman spectroscopy is gaining much popularity is 

in the analysis of tablets. The usual method of tablet analysis is HPLC, but since this 

method is destructive and very time consuming, new alternatives have been 

investigated. Again, both the use of band ratios [10-12] and chemometrics [13] have 

been used in this area. 

In this chapter the use of FT-Raman spectroscopy as an analytical tool is carefully 

evaluated. In the first stage, reproducibility of the intensity of the FT-Raman spectra 

was studied both for liquids and solids. In a second stage, calibration curves were 
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constructed for quantification of the composition of different sets of tablets. A 

considerable number of problems were encountered because we had to prepare the 

calibration sets of tablets ourselves. The biggest problem was that of sample 

inhomogeneity arising from mixing problems. The reasons for what seems to be a 

trivial requirement are explained. 

hi this work simple band ratios were used. A comparison is made between the results 

from internal standardisation with those from external standardisation. 

3.2 Experimental 

FT-Raman spectra were acquired on a Perkin Elmer System 2000 FT-Raman 

spectrometer, equipped with a quartz beam splitter and an InGaAs detector operating 

at room temperature. Two different lasers were used; a Spectron continuous wave 

Nd^^:YAG laser and an Optomech solid state Nd^^zYAG laser. Both lasers provide 

near infrared excitation at 1.064 )Lim. The Optomech device is of contemporary design 

and is solid state driven. Its output is steady and known to be noise free. The 

alternative laser, from Spectron is of much older design uses a xenon arc lamp as 

source and is water-cooled. The device incorporates a stabilisation system but its 

output does fluctuate over a seconds and minutes time scale. On the other hand its 

beam properties (divergence and phase) are far superior to the solid state device. 

The use of either laser will be clarified in the experimental description. 

In addition, as a comparison, the Bmker RFSlOO FT-Raman spectrometer at 

AstraZeneca Sodertalje was used to repeat some of the results. This system uses a 

solid state Nd^^:YAG laser giving near infrared excitation at 1.064 }xm. As a detector 

system, a liquid nitrogen cooled Ge detector was used. 

Unless otherwise stated, throughout this report, the Perkin Elmer System 2000 was 

used. 

To analyse the tablets, a prototype model T-1 Ventacon Pharmaceutical Tablet 

Analyser was used. 

To determine Raman band intensities both the height and area of the specific bands 

were estimated. Perkin Elmer Spectrum software was used for a first 'quick' 

estimation of heights and areas. In addition. Grams software was used to curvefit the 

bands before calculating the areas and heights. 
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3.3 Reproducibility of Raman band intensities 

A series of averaging experiments were performed, both on the external reference and 

a moving (rotating and translating) tablet. This means that several FT-Raman spectra 

were recorded. Then, the reproducibility of areas and heights of certain bands were 

calculated by measuring the average intensity, standard deviation and coefficient of 

variance. As stated above, two software packages were available to us to estimate 

peak heights and areas. In the Perkin-Elmer Spectrum software the 'calculate 

area/height function' was used on the raw data. In addition, GRAMS software was 

available to us. Before using the 'calculate area/height function', the bands were curve 

fitted using a combination of Gaussian and Lorentzian peak shapes. Curvefitting the 

bands before calculating areas and heights would be expected to be more accurate. In 

order to test this hypothesis, a repeatability experiment was performed on the external 

reference used in this work, hexachlorobuta-1,3-diene. The results are discussed at a 

later stage. 

The Ventacon tablet analyser used with the Perkin-Elmer spectrometer, incorporates 

an external reference sample. This consists of a sample cuvette holding 

hexachlorobuta-1,3-diene which can be placed between the tablet and the collection 

lens of the spectrometer. The rear face of the cuvette is silvered. A picture of the 

Tablet Analyser is shown in the Introduction section Figure 1.6 on page 20. The 

reason for choosing hexachlorobuta-1,3-diene as our external reference is threefold. 

Firstly, it is a liquid, hence we don't expect variations in Raman intensities due to 

particle size, packing density, preferred orientation,.. Secondly, since this compound is 

non-hydrogenic, there are no near-infrared absorption bands. Thirdly, this compound 

is a good Raman scatterer and there are non-overlapping bands that are easy to use as 

standard. 

Comparison between two software packages used for area and height 

calculations 

As was mentioned above two different software packages were available to estimate 

Raman band areas and heights. To compare the applicability of the two packages to 

our experiments, a reproducibility test was performed on the external reference. Sixty 

spectra, consisting of one scan, were recorded and afterwards the two different 

packages were used to estimate the area and height of the 1220 -1120 cm"' band. The 
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question we tried to answer is whether it is necessary to perform a time consuming 

curve fit before estimating band areas and height. 

The FT-Raman spectrum of the external reference is shown in Figure 3.1. 
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Figure 3.1 FT-Raman spectrum of our external reference hexachloro-1,3-butadiene. The band 
region within the dotted box is the region used in our calculations. 200mW, 10 scans, 4 cm"' 
resolution. 

The results of this reproducibility experiment are presented in Table 3.1. 

Table 3.1 Comparison of two different software packages used for height and area estimations 
of our FT-Raman bands. Coefficients of variance obtained from the reproducibility 
experiment on the Raman spectra of the external reference are presented. Sixty repeat 
measurements on hexachloro-1,3-butadiene were performed. 

Coefficient of variance values 

Curve fitted data before calculation of 

area and height 

Calculation of area and height without 

curve fitting 

Area 

&25 

Height 

4.70 

Area 

4 3 6 

Height 

4 3 9 

From the table of results, it is clear that for these spectra curve fitting before 

estimation of areas and heights does not give better results. One reason could be that 

41 



the band is relatively intense and the background noise is low. For low intensity and 

overlapping bands, curve fitting before estimation of band areas and heights is 

expected to give better results. 

From these results, it was decided that no curve fitting is needed for our experiments 

where bands are usually intense and reasonably sharp. 

Liquid samples 

In a first set of experiments, mixtures of cyclohexane and hexachlorobuta-1,3-diene 

were prepared. The sample holder used in these experiments allowed collection of FT-

Raman spectra of this mixture, as well as the collection of FT-Raman spectra of an 

external reference (same principle as the tablet analyser described in the Introduction 

section of this thesis). The mixture, held in a cuvette, was left undisturbed as spectra 

of the external reference were recorded. As in the previous experiments, the external 

reference was hexachlorobuta-1,3-diene. This type of experiment allows us to evaluate 

both internal and external standardisation. 

Several variables were changed in order to get the best reproducibility. The tested 

variables were: 

• Scan speed (0.1 cm/s and 0.5 cm/s) 

• Number of co-added scans per spectrum (10, 20 and 100 co-added scans) 

• Laser power (200mW, 300mW and 400mW) 

• Internal versus external standardisation 

® Ratioing of single bands versus the use of the total spectrum 

The reproducibility increases with increasing laser power, slower scan speed and 

increasing the number of co-added spectra, all as expected. 

To enable the use of all the datapoints in the spectrum, a programme, called Polyfit' 

was written by Dr. West. By introducing spectra of the pure components, it estimates 

the composition of a spectrum that is supplied by the user. 

The best results obtained from the different experiments are displayed in Table 3.2. 
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Table 3.2 The reproducibility of FT-Raman intensities of a mixture of 
cyclohexane and hexachlorobuta-1,3-diene (50:50 %v/v) is presented. A 
comparison of the results, using external and internal standardisation and 
using a special spectrum recognition programme (uses the total spectrum in 
the calculations), is given. For the band ratios, only the results from heights 
are displayed. 

Coefficient of variance (%) 

Ratios of single bands 

Internal reference < 1 . 5 

External reference < 1 . 0 

Use of the whole spectrum < 0.5 

From Table 3.2, it is clear that very good reproducibilities can be obtained from liquid 

samples, within 1.5 % coefficient of variance. The use of the entire spectrum gives 

better results than when a single band region is used, again as expected. 

From the table, one would be tempted to suggest that the use of an external reference 

gives superior results to an internal reference. With the exception of where there are 

interactions between the two components, an internal standardisation should in theory 

always give better results. This somewhat surprising result is probably due to the 

overall relatively low quality of the spectra recorded. 

In the next evaluation of liquid spectra, the quality of the spectra is higher, by using a 

better laser. Unfortunately the spectrum recognition programme Polyfit' that was used 

previously and that performed calculations using the entire Raman spectrum, was not 

available anymore. 

It is important to have an idea of the reproducibility of the spectra of the external 

reference before we decide to effectively use it as an external reference in our 

quantitative analyses. 

The different repeatability experiments performed on the external reference, using two 

different lasers, are described in Table 3.3. In some of the experiments, the external 

reference was moved in between recording of the different spectra. This means that 

the external reference was moved out of the path of the laser beam and then back 

again. This was done to mimic a real experiment where the external reference is 

moved out of the path of the laser beam in order to record the spectrum of the tablet. 
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Table 3.3 A description of the different reproducibility experiments performed with the 
external reference is given. In the different experiments, the number of averaged spectra and 
the number of co-added scans per spectrum is varied, as well as moving the reference in 
between spectra as a complement to keeping it stationary. All spectra recorded with 200mW 
laser power. 

External reference 
Number of averaged 

spectra 

Number of co-added scans 

per spectrum 

Optomech laser 

Undisturbed 

Moved in between spectra 

10 10 

20 1 

20 1 

10 1 

10 10 

10 100 

10 1 

10 10 

10 100 

Spectron laser 

Undisturbed 

To calculate the repeatability of the Raman intensities, from all the spectra recorded, 

the average height and area were calculated for specific band regions, as well as the 

standard deviation and the coefficient of variance which is a good measure of the 

repeatability. 

From the results of the experiments described in Table 3.3, the following conclusions 

can be drawn: 

• the effect of sample movement on the reproducibility 

• the influence of co-adding spectra 

Co-adding spectra means reducing the noise hence better reproducibility is to be 

expected. The reproducibility of one scan spectra (time scale 12 seconds) are 

compared with spectra after co-adding 10 scans (time scale 2 minutes) and also after 

co-adding 100 scans (time scale 20 minutes). 

The relative standard deviations of the different averaging experiments are presented 

in Table 3.4. 
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Table 3.4 Coefficients of variance obtained from reproducibility experiment on the Raman 
spectra of the external reference are presented. The results reflect the reproducibility of the 
FT-Raman band heights. 

External reference 
Number of 

averaged spectra 

Number of 

scans/spectrum 

Relative standard 

deviation (%) 

Optomech laser 

10 10 < 1.5 
undisturbed 

20 1 < 1.5 

moved in between 20 1 < 1.5 
spectra 

Spectron laser 

10 1 1.5 

10 10 2 

10 100 6 
undisturbed 

10 1 1 

10 10 2.5 

10 100 20 

For all the experiments on averaging of the external reference, we obtained relative 

standard deviations for 1 scan and 10 scan spectra of around 2%. From these results, 

we can conclude that the reproducibility of the external reference poses no problems. 

Even 1 scan spectra are sufficiently reproducible for our purpose. 

Increasing the number of co-added scans per spectrum should improve the intensity 

reproducibility. From the table however we notice that 100 scan spectra, using the 

Spectron laser, show the worst reproducibility. This must be caused by the laser 

slowly decreasing its power output. This is shown in Figure 3.2 where the variation of 

the HCBD^° area is given with time. 

10 HCBD ; hexachlorobuta-l,3-diene 
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Figure 3.2 The decrease in laser output with time shown by plotting the area of the external 
reference HCBD (1220 cm"' - 1120 cm"' band) against time. [Spectron laser] 

When performing the quantitative analysis on different sets of tablets (see Section 

3.5), 10 repeat spectra were recorded of the external reference. This allowed a further 

evaluation of the reproducibility of the external reference. This means that in between 

the spectra recorded of the tablets, a spectrum of the external reference was recorded. 

This spectrum consisted of 10 co-added scans and was usually recorded with 200mW 

laser power and 0.1 cm/s scan speed. The coefficients of variance tend to vary 

considerably. With a stable laser, coefficients of variance of less than 1% are 

obtainable. But a stable laser can become 'unstable' at any time of the day, resulting in 

coefficients of variance of more than 5%. 

Tablets 

In a similar way as for the external reference, the repeatability of the FT-Raman 

spectra of tablets was studied. 

Since it was impossible to obtain a set of commercial pharmaceutical tablets with a 

wide range of concentration of active material, it was decided to gravimetrically 

prepare the standard sets of tablets. This proved to be far more difficult than first 

anticipated. Because no specialist mixing equipment was available, the powders were 

simply mixed by hand with a mortar and pestle for a fixed timespan. A KBr tablet 

press was then used to compress the powders. A problem arose from inaccurate 

selection of the pressure for each tablet. The error on the press was around 500 kilos 

46 



on each selected weight. Hence the tablets used in our quantitative analyses were not 

compacted to an exactly similar degree. 

Tablets with different components and varying composition (0 to 100% w/w%) were 

prepared. The following mixtures were selected: 

® maleic acid and Na2S04 

• K2Cr04 and Na2S04 

• maleic acid and K2SO4 

The advantage of using inorganic salts containing complex anions with high 

symmetry is the occurrence of strong bands corresponding to totally symmetric 

vibrations of the anion. 

To avoid the problems related to sample inhomogeneity, while recording the spectra, 

the tablets were spun and moved along the vertical axis to obtain the best average 

sampling. The tablets were rotated (240 rpm) and translated (5 rpm) while scanning. 

The tablets were not fixed in the sample holder, i.e. they were tumbling. The different 

experiment performed on the tablets, using two different lasers, are summarised in 

Table 3.5. 

Table 3.5 The different reproducibility experiments performed on different tablets are 
described. In the different experiments, the number of averaged spectra and the number of co-
added scans per spectrum is varied. 

Components in tablet 
Number of averaged 

spectra 

Number of co-added scans 

per spectrum 

Optomech laser 

K2Cr04 and Na2S04 
10 

10 

1 

10 

Spectron laser 

Na2S04 

K2Cr04 

10 

10 

10 

10 

10 

10 

1 

10 

100 

1 

10 

100 
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Peak areas and heights were estimated, more specifically the regions of interest were 

• 1005-980 cm"'for Na2S04 

The results on reproducibility from the tablets are shown in Table 3.6. In addition, the 

results using the two different lasers are compared. 

Table 3.6 Coefficients of variance obtained from reproducibility experiment on the Raman 
spectra of the different tablets are presented. The results reflect the reproducibility of the FT-
Raman band heights. 

Components in tablet 
Number of 

averaged spectra 

Number of co-

added scans per 

spectrum 

Relative standard 

deviation (%) 

Optomech laser 

10 1 3 - 1 0 
K2Cr04 and Na2S04 

10 10 1 - 5 

Spectron laser 

10 1 <1 

Na2S04 10 10 3 

10 100 8 

10 1 1.5 

KzCrO^ 10 10 1 

10 100 2 

From the reproducibility experiments on the tablets it is clear that there are differences 

in reproducibility when using the two different lasers. The Optomech laser shows 

better reproducibility when increasing the number of scans per spectrum. Co-adding 

10 scans per spectrum should be sufficient to get reproducible results. The Spectron 

laser shows good short-term stability. The reproducibility of 1 scan spectra is very 

good, better than 98%. For longer scan times, it shows again reduction in power 

output. 
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As with the external reference, the most important test of reproducibility was 

performed when recording spectra of the calibration set for later quantitative analysis. 

Using the Perkin-Elmer FT-Raman system, in between the spectra of the tablet, a 

spectrum of the external reference was recorded. For the Broker system, no external 

reference was used. 

Our observations are the same as from the reproducibility experiments on the external 

reference. When the laser is stable, the reproducibility of the tablets is very good with 

a coefficient of variance of less than 1%. But when the laser is unstable, the 

coefficient can be as high as 10%. It is expected that the reproducibility figures would 

improve when the entire spectrum is used in the calculations instead of a small part of 

the spectrum. 

In addition, since the tablets were loose in their mounts, increased noise levels are to 

be expected, resulting in lower reproducibility. 

Reproducibility after external standardisation 

The reason for using an external reference is so that the spectra of the tablets can be 

corrected for laser instability and other instrumental factors. Hence it is expected that 

correcting the Raman intensity from a tablet by ratioing it with the Raman intensity of 

the external reference will improve the reproducibility. This was tested by calculating 

the coefficient of variance of the Raman spectra after recording a series of 10 spectra 

(each spectrum contains 10 co-added scans). 

Our results are based on band heights calculations. When the laser is stable 

(reproducibility of the tablet with a coefficient of variance varying from 1 to 1.5 %) 

ratioing with an external reference will reduce the reproducibility. 

When the reproducibility of the Raman intensity of the tablet has a coefficient of 

variance of between 1.5 and 2.5 %, ratioing with the external reference will result in 

better reproducibility most of the time but the improvement varies (up to 50%). 

Correcting with an external reference when the reproducibility of the external 

reference has a coefficient of variance of 1 to 1.5% gives best results. 

With a tablet Raman intensity reproducibility smaller than 97.5 %, ratioing usually 

decreases the coefficient of variance, probably because the low reproducibility is 

caused by another effect. 

So it is very difficult to assess the best practice and hence the validity of the external 

reference in our quantitative experiments. 
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Reproducibility after internal standardisation 

The reproducibility of the ratio of band intensities (of the analyte over that of the 

internal reference) really allows one to assess the feasibility of quantitative analysis 

using FT-Raman spectroscopy. The reproducibility of the two band regions (1 for the 

analyte, the other for the internal reference) should be the same unless one is of low 

intensity and the other of high. 

Unfortunately if the intensity of a peak of one component has a deviation with time 

towards lower values and the variation of the intensity of the other component drifts 

towards higher values, then the deviation from the average value of the ratios will be 

larger than that of both components. One component drifting towards lower intensities 

with time, while the other drifts towards higher intensities would suggest non-linearity 

of some sort. However when one component is present in high concentrations, while 

the other is present in a very low concentration, the noise on the lower intensity band 

could well result in an 'apparent' non-linearity. 

Other causes of non-linear effects could be like detector sensitivity changes with 

frequency and the non-linearity of the detector. In the whole analysis presented so far 

and following, it is assumed that the output of the detector versus signal is linear. The 

InGaAs and Ge detectors used in these instruments are on the limit of practicability 

and hence the linearity is relatively poor. The most difficult characteristic to cope with 

is that the dark impedance of good detectors can exceed 200 MOhm. Detecting and 

amplifying in this current range is extremely difficult particularly as the frequency is 

raised. 

3.4 Influence of packing density on FT-Raman intensities 

Before quantitative analysis on tablets using FT-Raman spectroscopy could be 

attempted, a determination of the influence of packing density on the Raman intensity 

was performed. 

Three sets of four tablets were prepared. For each tablet 1 gram of maleic acid was 

weighed and transferred into a 16 mm KBr die. The different sets were prepared by 

varying the pressure used for compression. A first set was compressed with 3 tons of 

force. The other sets of four tablets were compressed with 6 and 9 tons of force 

respectively. All tablets were compressed for 2 minutes. The accuracy of the force 
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measurement of the tablet press was not very good (error of 0.5 tons) and the force 

tended to decrease after a while. 

FT-Raman spectra were recorded while the tablet was rotating and translating. For 

each tablet, 10 repeat spectra were recorded in order to monitor reproducibility of the 

spectra. In addition, an external reference was used, as described in the 

'reproducibility section'. It proved to be quite a challenge to keep the laser stable to 

record all twelve tablets in one day. Subsequently, the experiments were repeated on 

the Broker FT-Raman instrument. 

As with the reproducibility measurements, a specific band region in the spectrum was 

selected and the area and height of the bands were estimated. The results from both 

instruments are presented in Table 3.7. 
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Table 3.7 The influence of the packing density on the Raman intensity is presented. The 
results obtained from two different spectrometers are compared. The Bruker values are the 
average of the measurements on 4 different tablets. The Perkin Elmer values are the average 
of 3 different tablets. (*only two different tablets) 

Bruker instrument Perkin Elmer instrument 

External reference 
Absolute Raman Absolute Raman corrected Raman 

Intensity Intensity Intensity 

height Area height Area height Area 

3 tons Average 13.6 721.0 55.4 2667.0 1.8 3J 

Standard 

deviation 
0.4 19.0 1.4 64.4 0.1 0.1 

Coefficient 

of Variance 
3.3 2.6 2.6 2.4 4.2 2.8 

6 tons Average 13/3 707.7 503 2414.8 1.7 2.6 

Standard 

deviation 
0.4 19.3 2.2 106/1 0.1 0.1 

Coefficient 

of Variance 
3.2 2.7 4.3 4.4 4.9 3.5 

9 tons Average 13.0 689.0 52.7* 2537.8* 1.7* 3.1* 

Standard 

deviation 
0.3 15^ 1.0 48.5 0.0 0.2 

Coefficient 

of Variance 
2.4 2.2 2.0 1.9 0.6 7.6 

At first sight, on increasing the packing force, there seems to be a decrease in Raman 

intensity. But this conclusion might be erroneous since the error bars on the average 

values for the different weights overlap for all values. This means that a slight 

deviation from the chosen compression weight does not have a profound effect on the 

Raman intensity. On the other hand, many of the relative standard deviations are 

rather high (> 2%). Even on the newer Bruker spectrometer, where laser stability 

would still be expected to be very good, none of the values are below 2%. 
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Whether the low reproducibility is due to rotation of the tablet or due to the 

differences in packing is not clear. From these results it is clear that the reproducibility 

from tablets that are supposed to be 'identical', varies with at least 2%. 

The use of chemometrics might be able to give us a better insight into the problem i.e. 

it might be possible to contribute the low reproducibility to the differences in packing 

or to the limitations in the technique itself. 

3.5 Quantitative Analysis 

In this section, the results on quantitative analysis using FT-Raman spectroscopy on 

both tablets and a formulation containing local anaesthetics is presented. 

A Local Anaesthetic Block Copolymer System 

Different formulations with different amounts of a eutectic mixture of lidocaine and 

prilocaine were prepared, ranging from 3% to 7% (w/w%) in aqueous solution. In 

addition, 22% (w/w%) of block copolymers are present in the solution as excipients. 

Four different sets of formulations in this concentration range were prepared. FT-

Raman spectra were recorded on the Broker RFSlOO spectrometer. The samples were 

rotated while scanning. For each spectrum, 1000 scans were co-added, 700mW laser 

power was used and the instrument was set to 4 cm'* resolution. 

Different band areas in the spectra of the formulations, due to the various components 

were used in the calculations. Figure 3.3 shows a typical spectrum of the formulation 

where the areas of importance are highlighted. 
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Figure 3.3 FT-Raman spectrum of the formulation. The peaks selected for calculations are 
shown. P: prilocaine, L: lidocaine and E: excipients 

Two of the bands chosen, representative of the excipients, at 1286 cm ' and 1475 cm"' 

are very sensitive to intermolecular interactions [14]. It was therefore essential to 

rotate the formulations in order to minimise sample heating which could in turn 

induce micellization. 

Since most of the bands shown in Figure 3.3 consist of overlapping peaks, curve 

fitting the bands before area and height estimation was essential. 

As might be expected, the absolute areas and heights of the different components are 

not linearly related to the amount of sample present due to instrument variables. Using 

an internal reference (the band regions of the excipient) showed improved linearity, 

but only for one particularly chosen ratio of bands. Out of the following combinations 

tested; 

» 706 cm ' (lidocaine)/ 1286 cm"' (excipient) versus w/w% eutectic mixture 

• 706 cm"' (lidocaine)/ 1475 cm ' (excipient) versus w/w% eutectic mixture 

• 619 cm"' (lidocaine)/ 1286 cm"' (excipient) versus w/w% eutectic mixture 

® 619 cm"' (lidocaine)/ 1475 cm"' (excipient) versus w/w% eutectic mixture 

® 1606 cm"' (prilocaine)/ 1286 cm"' (excipient) versus w/w% eutectic mixture 

• 1606 cm"' (prilocaine)/ 1475 cm"' (excipient) versus w/w% eutectic mixture 

9 1046 cm"' (prilocaine)/ 1286 cm"' (excipient) versus w/w% eutectic mixture 
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® 1046 cm ' (prilocaine)/ 1475 cm"' (excipient) versus w/w% eutectic mixture 

• 706 cm ' (lidocaine)/1130 cm ' (excipient) versus w/w% eutectic mixture 

• 619 cm"' (lidocaine)/ 1130 cm"' (excipient) versus w/w% eutectic mixture 

® 1606 cm"' (prilocaine)/ 1130 cm"' (excipient) versus w/w% eutectic mixture 

• 1046 cm"' (prilocaine)/ 1130 cm"' (excipient) versus w/w% eutectic mixture 

only 1606 cm"' (prilocaine)/ 1286 cm"' (excipient) versus w/w% eutectic mixture 

showed a linear relationship in all four sets of formulations with a correlation 

coefficient of 0.99 or better. In three of the sets of formulations, the following plot 

1606 cm"' / 1475 cm"' versus w/w% component also had a correlation coefficient of 

better than 0.99. 

These results are presented in Table 3.8. 

Table 3.8 Calibration lines were constructed and the correlation coefficients (R^) are displayed 
for the different sets of formulations. Only the heights of the Raman bands were used in the 
regression analysis. All values below 0.98 are omitted. * 1 datapoint was rejected 

Correlation coefficient after linear regression for 

formulation 

Ratio of bands Setl Set2 Set3 Set4 

619 cm" 
1130 cm" 

1606 cm" 
1130 cm" 

619 cm"' 
1286 cm" 

619 cm"' 
1475 cm" 

1606 cm 
1286 cm 

1606 cm 
1475 cm 

(lidocaine) / 
' (excipient) 

' (lidocaine) / 
' (excipient) 

(lidocaine) / 
' (excipient) 

(lidocaine) / 
' (excipient) 

' (prilocaine) / 
' (excipient) 

' (prilocaine) / 
' (excipient) 

1046 cm"' (prilocaine) / 
1286 cm"' (excipient) 

1046 cm 
1475 cm 

(prilocaine) / 
(excipient) 

0.99 

0.98 

0.99 

0.99 

0.998 

0.998 

CX9998M 

CX9984 

0.998 

0.998 

0.99* 

a999* 

(198 

0.996 

0.997 

(19993* 

0.98 
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As was found before, band heights give better correlation than when the areas are 

used. The linear relationship of the prilocaine region over a band region of the 

excipients is shown in Figure 3.4. 

k. 
> 0.60 
o 
0) s 0.50 
c c 

.2 0 .40 
g .9-

0 .40 

"C X 0.30 
a o 
•D 
c 

T3 
C 0 . 2 0 

ns rs 
JQ 0 .10 

O 
1 0.00 

R" = 0 .9956 

R" = 0 . 8 7 8 4 

• a r e a 

• h e i g h t 

percentage eutectic in gel 

Figure 3.4 Calibration graph from the quantitative analysis on the formulations. The ratio of 
the band of prilocaine (1606 cm"') over that from the excipients (1286 cm'') is plotted against 
the percentage eutectic mixture in the formulation. Linear regression is applied and the 
correlation coefficients (R^) are presented. 

The fact that a linear correlation of the band height with concentration is found seems 

promising. However, the linear relationship shows a different slope and intercept in 

the different sets of formulations. The relative standard deviation of the average slope 

is2 9L 

This error of 2% is too large an error for the concentration range we have studied. One 

possible explanation for the changes in slopes for the different sets of formulations 

could be due to errors in integration or changing instrument response. 

Tablets 

Many different sets of tablets were prepared. The specifications of each set are 

presented in Table 3.9. 
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Table 3.9 The different sets of tablets used in our quantitative analyses are 
presented below. In addition to the components of the tablets it is also indicated 
when the powders were sieved prior to compaction. 

Component A Component B Restricted particle 

size 

Set 1 Maleic acid Na2S04 Yes 

Set 2 Maleic acid Na2S04 No 

Set3 N%,S04 No 

Set 4 Maleic acid K2SO4 No 

(in triplicate) 

The composition of all sets of tablets varied from 0% to 100% w/w%. The powders 

were hand mixed for 2 minutes and then compressed, using a KBr die. The pressure 

used to make the tablets was in all cases 5 tons on an 8 mm diameter dye (about 10 

Kbar). FT-Raman spectra were recorded and areas and heights of some selected bands 

were estimated. Bands within the spectra used for quantitative analyses were chosen 

with the following comments in mind : 

• The band should be reasonable strong in the spectrum 

• The sample should not have a near infrared absorption band at the same frequency 

• The band should be due to one component only, the avoidance of band overlap 

The average of 10 spectra (ten scans each) was calculated and the band heights and 

areas were plotted to construct the calibration curve. 

Tablets containing mixtures maleic acid and Na2S04. 

Spectra of the different tablets containing maleic acid and Na2S04 were recorded, 

peak areas and heights were estimated, more specifically the regions that were used in 

our calculations are 1800-1500 cm"' for maleic acid and 1005-980 cm"' for Na2S04. 

The region 1220-1120 cm ' in the spectrum of the external reference was used as a 

reference. 

Details of the peak regions used in our calculations are given in Figure 3.5. 
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Figure 3.5 Raman spectrum of a mixture maleic acid/Na2S04. The peaks selected for 
calculations are 1800 - 1500 cm"' for maleic acid and 1010 - 980 cm"' for Na^SO/. 

The different experiments performed are described in Table 3.10. It will be noted that 

mixtures of sieved and unsieved powders are included in the experiments. The number 

of averaged spectra per tablet and the number of scans per spectrum are also defined. 

A spectrum of the external reference was recorded before and after each spectrum of a 

tablet. The number of scans of the external reference was also varied. Note that the 

time to record 100 scans (equal to 10x10 scans in previous experiments) takes about 

20 minutes when 0.1 cm/s interferometer scan speed is used. 

Table 3.10 Summary of the different experiments performed in order to construct the 
calibration curves for the quantitative analysis. 

Tablet External 
reference 

No. of No. of averaged No. of CO-added No. of co-added 
tablets spectra per tablet scans per scans per 

spectrum spectrum 

7 10 10 10 
Unsieved 

11 1 100 3 

Sieved 11 10 10 10 
210-300 
Vim particle 

13 10 size 13 10 10 3 

13 1 100 3 
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Peak areas and heights were estimated and the intensity ratios against the external 

reference and then internally were calculated. All spectra were recorded using 200mW 

of laser power. 

Internal reference 

The results when using internal reference procedures are summarised in Table 3.11. 

Table 3.11 Calibration lines were constructed and the correlation coefficients (R )̂ are 
displayed for the different experiments. (*1 tablet rejected in the calibration curve) 

A 

No. of spectra per No. of scans per Correlation Coefficient (R ) 
tablet spectrum when using internal standardisation 

Area Height 

Non Sieved 

10 10 0.9998 0.9999 

1 100 0.994 0.994 

Sieved 

10 10 0.997* 0.994* 

10 10 (1984* (1985* 

1 100 0.997* 0.996* 

From Table 3.10, it is clear that experiments 2 and 5 are identical except that sieved 

powders were used in the latter experiment. Experiments 1 and 3 are also clearly 

related and we see that sieving reduces the quality of the data. 

When comparing experiments 3 and 4, it is clear that reducing the signal to noise ratio 

of the external reference by reducing the number of co-added scans per spectrum 

appears to ruin the results in experiment 4, but this does not happen in experiments 2 

or 5. Why experiment 4 should be so poor in output is not clear. 

External reference 

Peak areas and heights, ratioed with the external reference were plotted against the 

absolute weight of the corresponding component. Linear regression and curved 

regression were then applied. The correlation coefficients, when 2"*̂  order regression 

was applied, were in 3 of the 5 experiments better than 0.995, compared with values 
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below 0.98 for linear regression. The results when using an external reference are 

summarised in Table 3.12. 

Table 3.12 Calibration curves were constructed and the correlation coefficients (R )̂ are displayed 
for the different experiments. (* 1 tablet was rejected in the calibration curve) 

Correlation Coefficients (R^) when using external standardisation 

Experiment Maleic Acid Na2S04 

Non Sieved 

1 Area (1981 (1997* 

Height 0.982 (1997* 

2 Area (1968 (1998* 

Height 0.967 (1998* 

Sieved 

1 Area 0.943 0.994* 

Height 0.942 (1995* 

2 Area 0.949 0.964 

Height 0.952 (1965 

3 Area (1978 (1983* 

Height 0.979 (1981* 

Table 3.12 reveals that in all the calibration experiments the correlation for maleic 

acid is worse than that for Na2S04, almost certainly because the Na2S04 is so strong a 

scatterer introducing sharp bands whilst the band for maleic acid is broad and weaker. 

The regression curves for both Na2S04 and maleic acid, corrected by an external 

reference, are displayed in Figure 3.6. 

60 



height Na2S04 

height mablc add 

Weight anatyte (g) 

Figure 3.6 Calibration graph, displaying the FT-Raman heights Na2S04 and maleic acid 
against their weight. The band heights of Na2S04 and maleic acid were corrected by an 
external reference. 

The reason for obtaining a second order regression line is dependent on the difference 

in densities and compressabilities of the two components in the tablets. Tablets with a 

higher concentration of maleic acid are thicker compared to the lower concentration 

ones (due to the lower density and a compressibility factor). Corrections were made to 

allow for the reduced mass per unit of volume viewed by the instrument, but this did 

not give a linear regression. Therefore for correcting this curved regression, more 

parameters should be included e.g. compressability and the scattering properties 

versus particle size. 

In order to reduce this deviation from linearity of the calibration curve, two 

components of similar density were then chosen. 

Tablets containing mixtures Na2S04 and K2Cr04. 

A new set of tablets was prepared from Na2S04 and K2Cr04 powders. These two 

particular powders were chosen because they are both strong Raman scatterers and 

they have a similar density, (2.68 for Na2S04 and 2.732 for K2Cr04). Spectra were 
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recorded, peak areas and heights were estimated, more specifically the regions of 

interest were 934-742 cm"' and 425-200 cm"' for K2Cr04 and 1005-980 cm"' for 

Na2S04. More details of the peak regions used in the calculations are given in Figure 

3.7. 
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Figure 3.7 Raman spectrum of a mixture K2Cr04 and Na2S04. The peaks selected for 
calculations are 1: 1005-980 cm"', 2: 934-742 cm"' and 3: 425-200 cm"'. Laser power : 
200mW 

A set of 14 tablets was prepared. For each tablet, 10 spectra, consisting of 10 co-added 

scans each, were recorded. In between these spectra, those of the external reference 

were recorded, again using co-addition of 10 scans in each spectrum. 

Internal reference 

Results from internally ratioing the two components are summarised in Table 3.13. 

The ratio of band regions K2Cr04 over Na2S04 were plotted against the ratio of 

weights of K2Cr04 over Na2S04. Linear regression was applied and the correlation 

coefficients calculated. The tablet with the second largest K2Cr04 concentration was 

left out of the calculations. 
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Table 3.13 Calibration curves were constructed and the correlation coefficients (R )̂ are displayed 
for the different experiments. 

Correlation Coefficient (R^) 

when using internal standardisation 

Areas 

Heights 

Ratio band regions 

425-200/1005-980 cm"' 

0.995 

0.997 

Ratio band regions 

934-742 /1005-980 cm"' 

0.996 

0.994 

Figure 3.8 shows a calibration graph when the internal ratio 425-200 c m'Vl005-980 

cm"' was plotted against the weight ratio K2Cr04 over Na2S04. 
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Figure 3.8 Calibration graph, displaying the ratio of FT-Raman heights of KgCrO^ (425-200 
cm"̂ ) over Na2S04 (1005-980 cm"') against the ratio of their weights K2Cr04 over NazSO* 
(internal standardisation). 

External reference 

In the spectrum of the external reference, the following two peak regions were used in 

our calculations: 1220-1120 cm"' and 1700-1500 cm"'. Band areas and heights from 

the tablet components were ratioed with the band areas and heights of the external 

reference. These figures were plotted against the weight of the particular component. 

Calibration lines were constructed and the correlation coefficients calculated. 
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In this experiment, there seemed to be no correlation between the Raman intensity and 

the concentration. It must be said that the reproducibility of Raman intensities was 

low, even for the external reference, relative standard deviations below 2% were rare. 

It is thought that this is mainly due to the laser being unstable. 

A first glance at the regression line reveals that the deviations get larger as the 

concentration of K2Cr04 increases. The correlation coefficients for linear regression 

are low 0.84 to 0.89 for K2Cr04, from 0.89 to 0.91 for Na2S04. Therefore it was 

decided to focus on that part of the calibration curve, showing more linear behaviour. 

The results are given in Table 3.14. Tablets displaying very poor reproducibility 

(RSD^' > 5%) were rejected. 

" RSD; relative standard deviation 
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Table 3.14 Calibration lines were fitted, correlating the ratio of the tablet Raman intensity 
over that of the external reference with the weight of the compound in the tablet. The 
correlation coefficients (R^) are given for the different band regions used. For the regression 
lines regarding NaiSO^ intensities, 8 tablets were used, for K2Cr04 6 tablets were used. 

Correlation Coefficients (R ) when using external standardisation 

Correlation of ratio of bandregions against the following values : 

Correlation Linear region 

coefficient (R^) (%w/w K2Cr04) 

Band region of the external reference 1220-1120 cm"' 

Na2S04 

Area 

Height 

0.940 

0.924 
0 - 9 0 

K2Cr04 

934-742 cm' Area 0.992 

Height (1991 

425-200 cm'̂  Area (1987 

Height 0.986 

Band region of the external reference 1700-1500 cm -1 

0 - 7 0 

Na2S04 

Area 

Height 

().918 

0.902 
0 - 9 0 

K2Cr04 

Area (1991 

Height (1988 

Area (1985 

Height (1984 

0 - 7 0 

The calibration line showing the weight K2Cr04 plotted against the ratio of the height 

of the K2Cr04 band over the height of the external reference is shown in Figure 3.9. 
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Figure 3.9 Calibration graph, displaying the ratio of FT-Raman heights of K2Cr04 (425-200 
cm"') over the external reference (1220-1120 cm"') against the weight of K2Cr04. 

From Figure 3.9, it is clear that the excessive curvature of the correlation graph in 

Figure 3.6 has decreased. 

By replacing maleic acid by K2Cr04 we succeeded in reducing the curvature, but at 

the expense of acceptable internal standardisation. Hence it was decided to use maleic 

acid again in the next set of tablets, but NaiSOi was replaced by K2SO4 powder since 

this component is less sensitive to hydration. 

Tablets containing mixtures maleic acid and K2SO4. 

Three new sets of tablets was prepared from maleic acid and K2SO4 powder. 

To avoid incomplete mixing of the powders before compression into tablets, the next 

sets of tablets were carefully mixed (for 10 minutes) by adding the compound in the 

largest amount to the compound in the smallest amount in steps, as described by 

Langkilde et al. and Taylor and Langkilde [9,15]. 

Another factor expected to give bad results could be due to the compression of the 

tablets. Even when the mixing of the powders has been done thoroughly, when 

transferring the powders into the KBr die, separation could occur. The amplitude of 

the error introduced in this way was evaluated by recording FT-Raman spectra of both 

sides of some of the tablets. 
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To assess the error due to laser instability, in addition to the spectra recorded with the 

Perkin Elmer System 2000 FT-Raman spectrometer, the experiments were repeated on 

the Bruker FT-Raman spectrometer. In this system, the laser is expected to be more 

stable because it is newer. 

Spectra were recorded, peak areas and heights were estimated. Details of the peak 

regions used in the calculations are given in Figure 3.10. 

K2SO4 

maleic acid 

3500.0 1500 
Raman Shift/ cm-1 

100.0 

Figure 3.10 Raman spectrum of a mixture maleic acid and K2SO4. The peaks selected for 
calculations are 1790 - 1490 cm"' for maleic acid and 1000 - 970 cm"' for K2SO4. 

For each set, 9 tablets were prepared; 7 tablets containing mixtures and 2 tablets 

consisting of 1 pure component. For each tablet, 10 spectra, consisting of 10 co-added 

scans each, were recorded. In between these spectra, those of the external reference 

were recorded, again using co-addition of 10 scans in each spectrum. For the 

experiments using the Bruker system, no external reference was used. 

Internal reference 

The ratio of band intensities of K2SO4 over maleic acid (area and height) was plotted 

against the ratio of weights of K2SO4 over maleic acid. For each set of tablets, a linear 

trendline was fitted. The correlation coefficients, using the two different Raman 

spectrometers are displayed in Table 3.15. 
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Table 3.15 Calibration curves were constructed and the correlation coefficients (R )̂ are displayed 
for the different experiments. 

Correlation Coefficient (R^) 

when using internal standardisation 

Height Area 

Perkin-Elmer system 

Set l (1995 (1991 

Set 2 (1999 0.995 

Set 3 0.994 (1996 

Broker system 

Set l (1986 (1962 

Set 2 0.997 (1983 

Set 3 (1997 (1997 

For all three sets of tablets, 1 tablet of each set was left out of the calculations as an 

outlier. It is surprising that the 3 tablets left out all had the same concentration. 

Both sets 2 and 3 show good results for both spectrometers. However it is strange that 

for internal standardisation, different slopes are found for the linear regression. This is 

to be expected when comparing the results of the two different spectrometers, but we 

would expect a similar slope for the sets recorded on the same spectrometer. The 

different slopes for correlation of bandheights with concentration are displayed in 

Table 3.16. 

Table 3.16 Comparison of the different slopes from the calibration lines for the different 
spectrometers. The calibration tablets were made up from K2SO4 and maleic acid. 

Slope from trendline 

Perkin-Elmer system 

Set l 0.748 

Set 2 0.909 

Set3 

Bruker system 

0.874 

Set l (1635 

Slet2 (1828 

Set3 0.705 
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The reason for different slopes could be detector response, instrumental factors, 

changing scattering properties with slight misalignment of the tablet analyser. 

External re ference-Perkin Elmer system 

As for the previous experiments, in the spectrum of the external reference, the 

following peak region was used in our calculations: 1220-1120 cm"'. Band areas and 

heights from the tablet components were ratioed with the band areas and heights of the 

external reference. These figures were plotted against the weight of the particular 

component. Calibration lines were constructed and the correlation coefficients 

calculated. 

There is no relation between the Raman intensities from maleic acid and the 

concentration. The reason for this is unclear since the reproducibility of the tablets 

was around 98%. For K2SO4, it is clear from the graphs that a second order curve fits 

the data best. As with the internal reference results, the same tablets were left out of 

the calculations. Results when an external reference was used, are summarised in 

Table 3.17. 

Table 3.17 Calibration lines were constructed and the correlation coefficients (R )̂ are given 
for the different experiments attempted. External standardisation of the Na2S04 Raman 
intensities versus the weight of K2SO4. 

Correlation Coefficient (R^) 

when using external standardisation 

Height Area 

Perkin-Elmer system 

Setl 0.991 (1987 

Set 2 (1996 (1983 

Set 3 (1978 (1973 

The calibration curve showing the weight of K2SO4 plotted against the ratio of the 

height of the K2SO4 band over the height of the external reference is shown in Figure 

3.11. 
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Figure 3.11 Calibration graph, displaying the ratio of FT-Raman heights of K2SO4 over the 
external reference against the weight of K2SO4. 

Evidence of de-mixing before compression 

As was mentioned before, the powders that were carefully mixed might de-mix during 

or after being transferred into the KBr die. FT-Raman spectra recorded of both sides 

of a tablet should provide evidence for this. From 5 tablets, spectra were recorded 

from both sides using the Broker spectrometer. The differences in intensities 

(presented as band heights) of the different components in the tablets are shown in 

Table 3.18. 

70 



Table 3.18 Comparison of heights and the ratio of heights (of the 2 components in a tablet) 
for the two sides of the tablet. Average means that an average value from 10 spectra was 
taken. 

Concentration Concentration Side A of Side B of Approximate 
K2SO4 maleic acid in tablet tablet variation between 

in tablet tablet both sides (%) 

12 88 

Average height band K2SO4 0.18 0.14 30 

Average height band maleic acid 1.3 1.17 10 

Average ratio of heights 0.14 0.12 15 

13 87 

Average height band K2SO4 0.15 0.21 30 

Average height band maleic acid 1.37 1.34 2.5 

Average ratio of heights 0.11 0.16 30 

37 63 

Average height band K2SO4 0.70 0.74 5 

Average height band maleic acid 1.34 1.02 25 

Average ratio of heights 0.52 0.72 30 

75 25 

Average height band K2SO4 2.68 2.25 20 

Average height band maleic acid 0.67 0.88 25 

Average ratio of heights 4.00 2.56 35 

106 0 

Average height band K2SO4 4.63 4.8 5 

These differences in spectral intensities between the different sides of the tablets are 

proof of de-mixing of the powders before compression into tablets. 

Since the FT-Raman systems have a penetration depth less than 1.5 mm and the tablet 

thickness varies from 3 to 5 mm, it is impossible to obtain good quantitative results. It 

is expected that, at best, only half of the tablet is sampled in these experiments. This 

would have been sufficient if no de-mixing had occurred. 
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3.6 Conclusions 

Several conclusions can be drawn from these results. 

Reproducibility 

Provided that the laser is stable, the Raman spectra of liquids (including the 

external reference used in the quantitative analyses) are reproducible within 98.5%. 

The reproducibility of the FT-Raman spectra of the tablets varied considerably, from 

99% to 95%. The reason for this variation is probably due to the fact that the tablets 

were not fixed into the sample holder, this made the tablet 'tumble' instead of 'smooth', 

stable rotation. 

Use of external standardisation 

The value of using external standardisation to correct for instrumental 

variables is questionable. It was found that when the instrument is stable (relative 

standard deviation < 1.5%), external standardisation is not necessary. When the 

reproducibility from tablet to tablet is around 98%, our external reference enhances 

the reproducibility. But when the tablet reproducibility falls below 97.5%, ratioing 

against an external reference only makes the results worse, because either the laser is 

very unstable in the short term, or other factors become important like the tablet 

moving in and out of focus,... 

Quantitative Analysis 

a) Internal standardisation 

The results obtained from the construction of the calibration curves for the 

different sets of formulations containing local anaesthetics are promising. When 

plotting the ratio of the 1606 cm"' band from prilocaine over the 1286 cm ' band of the 

excipients against the percentage of eutectic mixture present in the formulation, a 

correlation coefficient higher than 0.99 was obtained in all 4 sets of formulations. One 

problem that needs to be solved is the fact that the slopes for these regression lines 

varied from one to the other. This could be due to integration errors or some other 

instrument variables. It is expected that the use of chemometric procedures will 

improve these results. 

For the quantitative analyses on the different sets of tablets, correlation 

coefficients were usually higher than 0.99. 

For some sets of calibration samples a tablet was rejected. The reason for these outlier 

values was thought to be due to mixing problems when preparing the tablets. 
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b) External standardisation 

The values of the correlation coefficients after external standardisation of the 

band intensities are much lower than those when using internal standardisation. This is 

not surprising. The values of the correlation coefficients vary considerably depending 

on the composition of the tablets. Tablets containing a hard inorganic compound and a 

softer organic compound give better correlation between the FT-Raman intensities and 

the concentration than the tablets made up from two hard inorganic compounds. For 

the inorganic-organic mixtures, tablets prepared from non sieved powder gave better 

results in terms of correlation coefficient than those prepared from sieved powder. On 

average, correlation coefficients higher than 0.99 were obtained for the inorganic-

organic mixtures. For the set of tablets made up from two inorganic compounds there 

was no linear relation over the total concentration range. It seemed that there was a 

linear relation over the concentration range up to 70% w/w% K2Cr04. Correlation 

coefficients of 0.99 were obtained. 

It seems that good correlation coefficients are obtainable from external 

standardisation. But the reproducibility of these graphs is still questionable. 

Band area versus band height 

It seems that for these experiments, band height gave better results both in the 

reproducibility experiments as in the construction of the calibration graphs. 

Exceptions were found in the set of tablets made up from K2Cr04 and Na2S04. Here 

band areas clearly gave better results than the use of band heights. The reason for this 

is that the bands in K2Cr04 are very intense and sharp hence increasing the effect of 

integration errors on the calculated height. 

Influence of packing density 

There was an influence of packing density on the FT-Raman spectra of maleic acid 

tablets. Tablets compressed using 9 tons on a 16 mm KBr die showed around 5% 

reduction in Raman intensity, compared with the tablets compressed using 3 tons of 

weight. This value is only an average value and could vary because the relative 

standard deviations for the average Raman intensities at the different compressions 

tend to be rather high (2% or more). 

73 



3.7 References 

[1] M.V. Pellow-Jarman, P.J. Hendra and R.J. Lehnert, Vibr. Spectrosc., 12, 

(1996), 257 

[2] P. Ascarelli, E. Cappelli, G. Mattel, F. Pinzari, S. Martelli, Diamond and 

Related Materials, 4, (1995), 464 

[3] C.J. Petty, P.J. Hendra and T. Jawhari, Spectrochim. Acta, 47A, 9/10, (1991), 

1189 

[4] T. Jawhari, P.J. Hendra, H.A. Willis and M. Judkins, Spectrochim. Acta, 

46A, 2, (1990), 161-170 

[5] D.P. Schweinsberg and Y D. West, Spectrochim. Acta, 53A, (1997), 25-34 

[6] T.M. Hancewicz and C. Petty, Spectrochim. Acta, 51 A, (1995), 2193-2198 

[7] CM. Deeley, R.A. Spragg and T.L. Threlfall, Spectrochim. Acta, 47A, 

(1991), 1217 

[8] A.M. Tudor, S.J. Church, P.J. Hendra, M.C. Davies and C.D. Melia, Pharm. 

Res., 10,12, (1993), 1772 

[9] F.W. Langkilde, J. Sjoblom, L. Tekensbergs-Hjelte, J. Mrak, 

J.Pharm.Biomed.Anal., 15, (1997), 687 

[10] C.G. Kontoyannis, J.Pharm.Biomed.Anal., 13, 1, (1995), 73 

[11] C. Wang, T.J. Vickers, C.K. Mann, J.Pharm.Biomed.Anal., 16, (1997), 87 

[12] S.E.J. Bell, D.T. Bums, A.C. Dennis, L.J. Matchett and J.S. Speers, Analyst, 

125, (2000), 1811 

[13] I. Jedvert, M. Josefson and F. Langkilde, J. NIR Spec, 6, (1998), 279 

[14] C. Guo, L. Huizhou, W. Jing, C. Jiayong, J. Colloid Interface Sci, 209, 

(1999), 368 

[15] L.S. Taylor & F.W. Langkilde, J. Pharm. Sci., 89, 10, (2000), 1342 

74 



Chapter 4 Study of a Local Anaesthetic System 

4.1 Introduction 

In the pharmaceutical industry it is very important to make sure that the drug is 

administered in the most suitable way. Not only is the amount of active substance very 

important, but also its bioavailability, stability and solubility which in turn will affect 

how the drug will be formulated and subsequently administered. In our study of a 

local anaesthetics system, the dosage form is carefully chosen. The two active 

materials prilocaine and lidocaine form a eutectic mixture [1] that results in a melting 

point lower than that of either of the two actives. Since the eutectic mixture is liquid at 

room temperature it has been possible to formulate an effective local anaesthetic 

preparation for topical application. As excipients, two polymers in aqueous solution 

are added, which results in an easily applicable gel. It is important to know what the 

effect is of the excipients on the two actives and that is why we have made a start in a 

study of the possible interactions using vibrational spectroscopy. 

The effect of changes in conformation on vibrational spectra has been extensively 

studied in the Polymer [2,3] and biological fields [4,5]. Since both lidocaine and 

prilocaine possess a secondary amide group, it was interesting to compare our findings 

with those from the literature on e.g. proteins [6-7]. The most powerful tool to study 

protein structures is X-ray diffraction. However, practically all protein molecules in 

biological systems are in aqueous solution and it is questionable whether the 

conformational structure of the protein determined by X-ray diffraction is similar to 

that of the protein in solution. Therefore techniques like Raman and fluorescence 

spectroscopy have gained much popularity. 

4.2 Experimental 

FT-Raman spectra were acquired on a Perkin Elmer System 2000 FT-Raman 

spectrometer, equipped with a quartz beam splitter and an InGaAs detector operating 
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at r o o m tempera ture . A n O p t o m e c h cont inuous w a v e Nd^'^rYAG laser ( 1 . 0 6 4 ^ m ) 

p rov ided the N I R exci ta t ion. 

Fo r the m a p p i n g exper imen t s , a R e n i s h a w R a m a n m i c r o s c o p e , w a s used. A H e N e 

laser p rov ided vis ible exci ta t ion at 632.8 nm. A C C D d e t e c t o r is incorpora ted in the 

spec t rometer . 

T h e absorp t ion in f ra red spec t ra w e r e recorded on the P e r k i n E l m e r Sys t em 2 0 0 0 FT-

IR and Pa ragon spec t rometers . T h e Sys t em 2 0 0 0 was e q u i p p e d wi th a M I R T G S 

detector and an op t imised K B r beamspl i t te r . T h e Pa ragon s y s t e m uses a L I T A 

detec tor and a K B r beamspl i t t e r . 

T h e A T R inf ra red spect ra w e r e r ecorded on a B i o - R a d F T S 135 spec t rometer , 

equ ipped wi th the 'Golden G a t e ' accessory. T h e de tec tor w a s a D T G S detector . S o m e 

addi t ional expe r imen t s w e r e p e r f o r m e d on a B i o - R a d F T S 3 0 0 0 spec t romete r at 

A s t r a Z e n e c a in Molnda l , S w e d e n . This ins t rument was e q u i p p e d wi th a Specac hot 

s tage 'Golden Gate ' accessory . 

A Ven tacon R a m a n hot cell w a s u sed to record h igh t e m p e r a t u r e R a m a n spectra, h i 

addi t ion a Ven tacon i n f r a r ed ho t cell was used fo r the h igh t e m p e r a t u r e in f ra red work . 

For t he l o w t empera tu re w o r k a Ven tacon C - 1 cold cel l w a s u sed . 

4.3 Characterisation of a local anaesthetic system 
T h e local anaes thet ic s y s t e m s tudied consis ts of t w o ac t ive subs t ances in an aqueous 

solu t ion of b lock copo lymers . T h e t w o act ive c o m p o n e n t s a r e l idoca ine and pr i loca ine 

and their chemica l s t ructures are d isp layed in F i g u r e 4 .1 . T h e y f o r m a eutect ic mix tu re 

that mel t s at 18°C. 

/V -NH 

\ / 
Figure 4.1 Chemical structures of lidocaine (left) and prilocaine (right) 
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T h e t w o b lock c o p o l y m e r s in this fo rmula t ion are P lu ron ic F 6 8 and F127 . T h e y are 

po lye thy leneox ide -po lyp ropy leneox ide -po lye thy leneox ide t r i -b lock copo lymers . M o r e 

spec i f ica t ions a b o u t these b lock c o p o l y m e r s are g iven at a l a t e r stage. 

T h e F T - R a m a n and in f ra red spect ra of the t w o act ives and b l o c k copo lymers 

separa te ly and in the fo rmula t ion w e r e r ecorded and are d i s c u s s e d be low. 

A s m e n t i o n e d in the in t roduct ion , the t w o ac t ive mate r i a l s c o n t a i n a pep t ide group in 

their mo lecu l a r s t ructure . Th is g roup shows a n u m b e r of charac te r i s t i c vibrat ional 

f r equenc ies . In addi t ion it is very suscept ib le to h y d r o g e n b o n d i n g . 

A pep t ide g roup gives r ise to m a n y d i f f e ren t v ibra t ional f r e q u e n c i e s , such as the 

a m i d e I to I I I b a n d s that ar ise f r o m in-p lane v ibra t ion of t h e pep t i de bond . In addit ion, 

there is the a m i d e IV f r e q u e n c y that is d u e to the b e n d i n g m o d e of the C O N H group. 

T h e a m i d e V to V I I b a n d s ar ise f r o m the ou t -o f -p l ane v ib ra t ions . A m o n g these , the 

a m i d e I (ca rbonyl s t re tching) and a m i d e III b a n d s are m o s t o f t e n corre la ted wi th the 

s t ructural p roper t i es of the p ro te ins s ince they are qu i te d i s t inc t ive in the R a m a n 

spect ra [6]. 

Lidocaine 

Lidoca ine is a whi te , crys ta l l ine mater ia l wi th a m e l t i n g p o i n t of 67°C. T h e F T - R a m a n 

and in f r a red spec t ra of the crys ta l l ine mater ia l and the m e l t e d mater ia l w e r e recorded, 

and are d i sp layed in F igures 4 .2 and 4.3. 
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Figure 4.2 FT-Raman spectrum of lidocaine in the molten state (top) and as a crystalline 
material (bottom). The regions in the spectrum of particular interest are boxed in. 

O n m e l t i n g of l idocaine, the b a n d s in the spec t rum get less i n t ense and tend to 

b roaden . T h e N H s t re tching f r equenc i e s (above 3 1 0 0 cm" ' ) a n d the ca rbony l s t re tching 

f r e q u e n c i e s (above 1620 cm"') h a v e sh i f ted towards l ower w a v e n u m b e r s in the solid 

s ta te spec t rum of l idocaine . T h i s cou ld be an indica t ion of h y d r o g e n bond ing . Fo r 

compa r i son , the absorp t ion in f r a red spect ra are d isp layed b e l o w in F igu re 4 .3 . 
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Figure 4.3 Infrared absorption spectra of lidocaine in the molten state (top) and as a 
crystalline material (bottom). The spectra of lidocaine were recorded as a powder between 
KBr flats. The regions in the spectrum of particular interest are boxed in. 

T h e conc lus ions f r o m the R a m a n data wi th regard to the f r e q u e n c y shif ts of the 

s t re tching v ibra t ions sensi t ive to hydrogen b o n d i n g on m e l t i n g a l so app ly to the 

in f ra red spect ra . In the spec t rum of the crystal l ine mate r ia l , t h e r e is a low intensi ty 

b a c k g r o u n d at the h igh f r e q u e n c y s ide of the 3255 cm"' b a n d . T h i s cou ld wel l b e an 

indica t ion of h y d r o g e n bond ing . 

T h e A T R spec t ra of l idoca ine (not d isp layed here) s h o w s imi l a r c h a n g e s in the spectra 

on mel t ing . 

In T a b l e 4 .1 , the m o s t impor tan t vibrat ional f r equenc ie s of c rys t a l l i ne l idoca ine are 

l is ted. 
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Table 4.1 Tentative assignment of the vibrational frequencies in the Raman and infrared 
spectra of crystalline lidocaine. v: stretching, s; strong, m: medium, w: weak, vw: very weak, 
br: broad 

In f r a r ed f r e q u e n c y R a m a n f r equency T e n t a t i v e ass ignment 

(cm"') (cm') 

3 4 4 4 v w br v N H h y d r o g e n b o n d e d 

3 4 1 4 v w Free v N H 

3255br 3243 v N H b o n d e d in t rans f o r m 

3185 O v e r t o n e of C - N 

1669s 1663 + 1673w C = 0 b o n d e d (amide I) 

1630w C = 0 

1618w B e n z e n e C = C 

1593ni 1594s B e n z e n e C = C 

1492 1488 C - H in p lane bend ing 

1264 1265 C - N s t re tch ing ( amide l l l ) 

1035 1037 C - H in p lane b e n d i n g 

765 C H out of p l ane b e n d 

1,2,3 t r i - subs t i tu ted b e n z e n e 

W h e n e x a m i n i n g the solut ion in f ra red spectra, it can b e d e d u c e d f r o m the N H 

s t re tching v ibra t ions that the a m i d e g roup in l idoca ine is in t h e t rans fo rm . T h e 

f r e q u e n c y of the N H s t re tching shi f t s towards h igher f r e q u e n c i e s w h e n d i sso lved 

(3255 cm"' crys ta l l ine to 3 3 1 9 cm"' in solut ion) , c o m p a r e d w i t h t h e crys ta l l ine 

spec t rum. 

In addi t ion , the ca rbony l s t re tching f r equency has sh i f t ed to a h ighe r f r e q u e n c y in the 

so lu t ion spec t rum (1669 c m ' in the crystal l ine mater ia l to 1 6 9 0 c m ' in solut ion) . 

Prilocaine 

Pr i loca ine is a whi t e p o w d e r wi th a mel t ing point of 3 8 ° C . A s wi th l idoca ine , the 

in f ra red and R a m a n spect ra of the crysta l l ine mater ia l a n d t h e m e l t e d mater ia l w e r e 

recorded . T h e F T - R a m a n and in f ra red spect ra are d i sp l ayed in F igu re s 4 .4 and 4 .5 . 
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Figure 4.4 FT-Raman spectrum of prilocaine in the molten state (top) and as a crystalline 
material (bottom). The regions in the spectrum of particular interest are boxed in. 

T h e spec t ra of l idoca ine and p r i loca ine are qui te s imilar in a p p e a r a n c e , wh ich is wha t 

w e w o u l d expec t . H o w e v e r , in the N H stretching region t he s p e c t r a are ve ry d i f ferent . 

P r i loca ine has a ve ry sharp b a n d at 3 3 0 2 c m ' ' . In addi t ion, t h e r e a re t w o rela t ively 

w e a k b a n d s a round 3 4 1 4 c m ' and 3 2 1 9 cm"' . In the reg ion a r o u n d 1600 cm" ' , w e 

not ice t w o double ts . T h e h ighes t f r e q u e n c y bands are due t o t h e c a r b o n y l stretching, 

the o thers to t he a romat ic r ing sys tem. 

T h e absorp t ion in f ra red spec t ra are d i sp layed in F igure 4 .5 . 
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Figure 4.5 Infrared absorption spectra of prilocaine in the molten state (top) and as a 
crystalline material (bottom). The spectra of prilocaine were recorded between KBr flats. The 
regions in the spectrum of particular interest are boxed in. 

In the sol id s ta te s p e c t r u m of pr i locaine , the re are t w o dis t inc t N H st re tching 

f r equenc ies . T h e h ighe r f r e q u e n c y b a n d is very sha rp and w o u l d sugges t that there is 

no h y d r o g e n b o n d i n g to this N H group. A second , b roade r , l o w e r f r e q u e n c y b a n d is 

obse rved at 3251 cm"' and this is expec ted to b e d u e to a h y d r o g e n b o n d e d N H group . 

In T a b l e 4 .2 , the m o s t impor tan t vibrat ional f r equenc ies o f c rys ta l l ine pr i loca ine are 

l isted. 
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Table 4.2 Tentative assignment of the vibrational frequencies in the Raman and infrared 
spectra of crystalline prilocaine. s:strong, vs: very strong, m: medium, wrweak 

In f r a red f r e q u e n c y R a m a n f r e q u e n c y 

(cm') 

T e n t a t i v e ass ignment 

3370wbr 

3304s 

3251 

±3166 

3106 

1664s 

1654vs 

1647vs 

1 6 1 8 m 

1606s 

1587 

1526 

1491 

1038 

760 

751s 

3 4 1 4 w 

3302s 

3219br 

3109 

1660s 

1642s 

1607s 

1587 

1477 

762 

755s 

H - b o n d e d t rans amide v N H 

S e c o n d a r y amine 

vNH 

C i s a m i d e v N H 

O v e r t o n e of the 1550 band 

c=o 
C = 0 ( a m i d e I) H - b o n d e d 

C = 0 ( a m i d e I) H - b o n d e d ? 

B e n z e n e C = C 

B e n z e n e C = C 

B e n z e n e C = C 

N H b e n d ( a m i d e II) 

C - H in p l a n e b e n d i n g 

S h o u l d b e doub le t 

C - H in p l a n e b e n d i n g 

S h o u l d b e doub le t 

C H o u t of p l a n e b e n d 

N H w a g or C H out of p l ane 

b e n d 

Aga in , the ev idence fo r a t rans a m i d e conf igura t ion can b e f o u n d in t he N H st re tching 

reg ion of the solut ion in f ra red spectra . In F igu re 4 .6 three s o l u t i o n i n f r a r ed spectra , 

us ing a non po l a r solvent , are d i sp layed wi th d i f fe rent c o n c e n t r a t i o n s . O n increas ing 

the concen t ra t ion , the t r an s -NH s t re tching f r e q u e n c y is e x p e c t e d to sh i f t t owards 

l ower w a v e n u m b e r s , whe reas the c i s - N H stretching f r e q u e n c i e s s h o u l d r e m a i n 

cons tan t . F r o m the solut ion in f r a red spec t ra at d i f fe ren t c o n c e n t r a t i o n s , a f r e q u e n c y 

shi f t is obse rved there fore the a m i d e g roup is in the trans c o n f o r m a t i o n . 
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Figure 4,6 The upper three infrared spectra are those of prilocaine in CCI4, the top spectrum 
being the lowest concentration one. The concentration increases in the second spectrum and 
the highest concentration is found in the third spectrum. T h e bottom spectrum is the 
absorption infrared spectrum of crystalline prilocaine. As the concentration of prilocaine 
increases, the NH stretching frequency moves towards lower frequencies. 

In addi t ion, the ca rbony l s t re tching f r e q u e n c y has sh i f t ed t o w a r d s h ighe r 

w a v e n u m b e r s in solut ion ( f r o m 1654 c m ' ' in the crys ta l l ine ma te r i a l to 1694 cm"' in 

solut ion) . It is m o r e d i f f icu l t to ass ign the amide II b a n d ( a r o u n d 1550 cm" ' ) in 

pr i loca ine even w h e n c o m p a r i n g the spec t rum wi th the so lu t ion in f r a red spectra . On 

increas ing the concen t ra t ion of pr i locaine , this b a n d is e x p e c t e d to sh i f t t owards 

h igher f r equenc i e s as the h y d r o g e n b o n d i n g increases . 

Eutectic mixture of lidocaine and prilocaine 

T h e F T - R a m a n spec t rum of the eutect ic mix tu re in the m o l t e n s tate is s h o w n in F igure 

4.7. E v e n t hough the me l t ing poin t of the eutect ic m i x t u r e i s n o t p rob lema t i ca l ly low, 

at 18°C, it p r o v e d imposs ib l e to get the eutect ic m i x t u r e so l id i f i ed . E v e n af te r 

quench ing it in l iquid ni t rogen, in the t ime requ i red (± 10 s) t o t r ans fe r it in to a cryo-

cell, it had m e l t e d again. Never the less , a spec t rum w a s r e c o r d e d at - 100°C and is 

d isp layed toge the r wi th the spec t rum of the me l t in F i g u r e 4 . 7 . 

84 



Int 

3600.0 3000 2000 1500 
Raman Shift / cm-1 

1000 500 lO&O 

Figure 4.7 FT-Raman spectrum of the eutectic mixture of l idocaine and prilocaine in the 
molten state (top) and as a more crystalline material at -100°C (bottom). The regions in the 
spectrum of particular interest are boxed in. 

The re are s o m e c lear d i f f e rences b e t w e e n the t w o spectra in F i g u r e 4.7. T h e m o s t 

p r o m i n e n t d i f f e r ences are d isp layed in T a b l e 4 .3 . 

Table 4.3 The changes in the FT-Raman spectra on cooling the eutectic mixture of 
lidocaine and prilocaine are presented. The frequencies are compared with those f rom the 
spectra of pure crystalline lidocaine and pure crystalline prilocaine. 

In tens i ty decreases 

on coo l ing 

v ibra t iona l f r equenc ies 

L idoca ine 

v ibra t ional f r equenc ies 

(cm"') 

Pr i loca ine 

v ibra t iona l f r e q u e n c i e s 

(cm"') 

1500 

1096 

992 

753 

706 

618 

in tens i ty increases 

198 

1096 

990 

753 

705 

616 

197 

994 

754 

616 

197 me l t 
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W h e n the eutect ic s a m p l e is t ransfer red into the cold cell v e r y rap id ly and a one scan 

spec t rum is recorded , a sha rp b a n d in the N H st re tching r e g i o n a round 3478 cm"' is 

apparent . Th is f r e q u e n c y is m u c h h igher than the sharp b a n d in crystal l ine pr i locaine 

(3302 cm"^) and m u c h h igher than the h ighes t f r e q u e n c y in l i doca ine (3414 cm"') . This 

h igh f r e q u e n c y is a s ign of a ve ry s t rong N H bond , w h e r e n o w e a k e n i n g b y hydrogen 

b o n d i n g occurs . A n o t h e r very w e a k fea ture is p resen t at 3 4 4 1 c m ' \ A g a i n this is a 

ra ther h igh f r e q u e n c y wh ich sugges ts that there is no w e a k e n i n g of the N H stretching 

th rough h y d r o g e n bond ing . A s m o r e scans are accumula t ed , t h e s e b a n d s disappear . 

T h e r ea son fo r this cou ld be hea t ing b y the laser. 

A n o t h e r ques t ion o n e needs to ask is whe the r the eutect ic s p e c t r u m at -100°C is a 

crys ta l l ine o n e or that of a g lass? 

Fo r compar i son , the in f ra red re f lec t ion spectra are s h o w n in F i g u r e 4 .8 . 

tT 

4000.0 3000 2000 1500 1000 600.0 

cô l 

Figure 4.8 ATR spectra of the eutectic mixture of lidocaine and prilocaine. The top spectrum 
is that of the melted eutectic, whereas in the bottom spectrum the eutectic has been cooled 
down to around 7°C. 

T h e m o s t p r o m i n e n t d i f f e r ence b e t w e e n the t w o A T R spec t r a is t he a p p e a r a n c e of 

s o m e h y d r o g e n b o n d i n g ( indicated b y the a r row in F igu re 4 . 8 ) in the s p e c t r u m of the 

coo led eutect ic . 
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A b s o r p t i o n in f ra red spectra w e r e also recorded of the eu tec t i c mix tu re . It was 

surpr i s ing that in s o m e of the spec t ra s igns of h y d r o g e n b o n d i n g at h igh f requencies 

( - 3 5 0 0 cm" ' ) appear but not in others . 

In T a b l e 4 . 4 the R a m a n and in f ra red vibrat ional f r e q u e n c i e s in the eutect ic mixture of 

l i doca ine and pr i loca ine are c o m p a r e d . 

Table 4.4 Tentative assignment of the vibrational frequencies in the Raman and infrared 
spectra of the eutectic mixture of lidocaine and prilocaine be low its melting point. 
s:strong, m: medium, br; broad, v; stretching 

In f r a r ed f r e q u e n c y R a m a n f r e q u e n c y T e n t a t i v e ass ignment 

(cm'^) (cm') 

3470br v N H s e c o n d a r y a m i n e 

3294br (3314 + 3260)br v N H t r a n s m o n o subst i tuted 

a m i d e s 

3080 3080 

1683sbr (1690 + 1671)br C = 0 ( amide I) 

1607s B e n z e n e C = C 

1587s 1589s B e n z e n e C = C 

1525s 1 5 2 4 m N H b e n d s e c o n d a r y a m i n e 

1292m C N s t r e t c h i n g ( amide III) 

769 785 t r i - subs t i tu ted b e n z e n e 

755 754 di- o r t r i - subs t i tu ted b e n z e n e 

Excipients in the formulation containing local anaesthetics 

T h e exc ip ien t s in the fo rmula t ion are P luronic F 1 2 7 and F 6 8 (a l so k n o w n as L u t r o l ® 

F 1 2 7 and F68) . P lu ron ic is the f a m i l y n a m e for a g r o u p of p o l y e t h y l e n e o x i d e -

p o l y p r o p y l e n e o x i d e b lock copo lymers , also cal led p o l o x a m e r s . T h e s e b lock 

c o p o l y m e r s s h o w reverse gel l ing e f f ec t s in water , w h i c h m e a n s tha t they are l o w 

viscos i ty f lu ids at r o o m t empera tu re and r igid elast ic gels a t b o d y t empera tu re [8,9]. 

Th i s revers ib le sol-gel p roper ty a l lows cool solut ions to f l o w o n t o the skin or in to the 

w o u n d b e f o r e w a r m i n g to f o r m a gel . O the r advan tages of t h e s e exc ip ien t s are their 

capac i ty to so lubi l ize hyd rophob ic c o m p o u n d s in wa te r [ 8 ,10 ,11 ] and their l o w 

toxicity. 
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S o m e phys i co -chemica l proper t ies of the t w o b lock c o p o l y m e r s are g iven in Table 

4.5. 

Table 4,5 Physico-chemical properties of the block copolymers F68 and F127. 

Proper t ies F68 F127 

A v e r a g e M o l e c u l a r W e i g h t (g /mol) 8400 12600 

Percen tage of E O ( w / w % ) 80 70 

M e l t i n g p o u r poin t (°C) 52 56 

M a n y s tudies h a v e b e e n p e r f o r m e d on c o n f o r m a t i o n c h a n g e s in aqueous solut ions of 

these po lye thy leneox ide -po lyp ropy leneox ide b lock c o p o l y m e r s [12-14] . C h e n - C h o w 

and F r a n k s h o w e d ev idence that the gel-s ta te of P lu ron ic F 1 2 7 cons is t s of a l a rge 

popu la t ion of mice l les , f o r m i n g a v i scous i so t ropic l iquid c rys ta l [15]. 

F T - R a m a n spect ra of the b lock copo lymer s a lone and in a q u e o u s solu t ion are shown 

in F igu re 4 .9 . T h e total concent ra t ion of these b lock c o p o l y m e r s in the a q u e o u s 

solut ion is 2 2 % w / w % . 

bit 

Lutrol F68 

Lutm F127 

Lutrol F68 + F127 m aqueous solution 

35000 3200 2800 2400 2000 1600 1400 1200 1000 800 600 400 2000 

Ranao ShiA/cm-1 

Figure 4.9 FT-Raman spectra of the block copolymers alone and in aqueous solution. 
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F r o m Figure 4.9, it is clear that dissolving the two po lymers in wate r has a large effect 

on the spect rum. At the h igh f r equency region, we see clear e v i d e n c e of the water O H 

stretching. T h e band in this region looks quite asymmetr ic w h i c h indicates the 

p resence of d i f ferent states of solubi l ized water molecules [16] . Fur thermore , in the 

f ingerpr in t region, bands have decreased in intensity and h a v e broadened . M o r e 

details of the conformat ion of these block copolymers in a q u e o u s solution are given at 

a later stage. 

The formulation containing local anaesthetics 

The anaesthet ic sys tem that was s tudied consists of a eutect ic m i x t u r e of l idocaine and 

pr i locaine in an aqueous solut ion of t w o P E O ' ^ - P P O ' ^ - P E O b l o c k copolymers 

(Pluronic F 1 2 7 and F68) . T h e R a m a n spect rum of the f o r m u l a t i o n is shown in Figure 

4.10. 

In t 

3000 2000 1500 

Raman Shift/cm-1 

1000 500 100.0 

Figure 4.10 FT-Raman spectra of the eutectic mixture of lidocaine and prilocaine (top), of the 
formulation (middle spectrum) and of the two block copolymers in aqueous solution (bottom). 

W h e n compar ing the spec t rum of the formulat ion with that o f the aqueous solution of 

b lock copolymers , it is clear that the spectrum of the b l o c k copo lymer sys tem 

' PEO: polyethyleneoxide 

' PPO: polypropyleneoxide 
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conta in ing local anaes thet ics is domina ted b y the exc ip ien ts . In order to b e able to 

s tudy in terac t ions wi th the eutectic mixture , bands speci f ic to l idocaine and pr i locaine 

in the fo rmula t ion need to be ident i f ied. T h e band reg ions in the fo rmula t ion due to 

the eutect ic mix tu re of l idocaine and pr i locaine are d i sp layed in Table 4.6. 

Table 4.6 Band regions in the formulation that are due to the actives 
lidocaine and prilocaine. V-shift means that the band could be a band 
of the active that shifted. 

B a n d reg ion (cm"') due to l idocaine d u e to pr i locaine 

1606 V 

1591 V - shift V - shift 

1382 ^ - shift 

1096 V - shift 

1048 V 

992 V - shift V - shift 

706 V 

619 V V - shift 

554 V 

229 V - shift 

4.4 Interactions between lidocaine and prilocaine 

As w a s men t i oned above , w h e n l idocaine and pr i loca ine a r e m i x e d together they f o r m 

a eutect ic mix ture . B y s imply br inging the t w o powde r s in con t ac t at r o o m 

tempera ture , they start to f o r m this l iquid oil wh ich is the eu tec t i c mixture . B u t wha t 

in teract ions are there b e t w e e n l idocaine and pr i locaine? W h e n s tudying the molecu la r 

s t ructures, hyd rogen bond ing be tween the t w o is m o s t l ike ly . There fore , i n f r a red and 

R a m a n spectra were recorded f r o m mel ted l idocaine , p r i l oca ine and their eutect ic 

mixture . W h e n there are no interact ions be tween l idoca ine a n d pr i locaine, the s u m of 

their v ibra t ional spectra should b e identical to the spec t rum o f the eutect ic mix ture . 

S ince it p roved imposs ib le to crystal l ise the eutect ic m i x t u r e , the spectra w e r e 

c o m p a r e d in the l iquid phase (melts) . 
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Infrared Data 

B o t h absorp t ion and re f lec t ion ( A T R ) in f ra red spect ra w e r e r eco rded . 

Abso rp t i on in f ra red spec t ra 

T h e spec t ra of l idocaine , pr i loca ine and the eutect ic m i x t u r e w e r e all r ecorded whi le 

mel ted . T h e subs tances w e r e d ispersed on to K B r f la ts a f t e r w h i c h they w e r e 

t ransfer red in to an in f ra red hot-cell . 

T h e spec t ra of l idoca ine and pr i loca ine w e r e added toge ther a n d c o m p a r e d wi th the 

in f ra red s p e c t r u m of the eutect ic mixture . T h e absorpt ion i n f r a r e d spectra a re shown 

in F i g u r e 4 .11 . 

4000.0 3000 2000 1500 1000 400.0 

cm-1 

Figure 4.11 Absorption Infrared spectra of the eutectic mixture of lidocaine and prilocaine 
(top spectrum) and the sum of the spectra of lidocaine and prilocaine (bottom spectrum). All 
spectra were recorded above the melting point of the components. 

T h e r e are m a n y d i f f e r ences be tween t he t w o spectra, e spec ia l ly in t he f inge rp r in t 

region. C h a n g e s in re la t ive intensi t ies be ing the m o s t c o m m o n c h a n g e s obse rved . 

In addi t ion a b road b a n d due to h y d r o g e n b o n d e d N H g r o u p s is obse rved in the 

spec t rum of the eutect ic mixture . T o s tudy the e f fec t of h y d r o g e n bond ing , b a n d s 

involved in h y d r o g e n bond ing , l ike the N H s t re tching and c a r b o n y l s t re tching bands , 

need to b e c o m p a r e d . S ince these b a n d s m a y h ide u n d e r l y i n g b a n d s , it w a s essent ia l to 

curvef i t the data . T h e d i f f e rences b e t w e e n the absorpt ion i n f r a r e d s p e c t r u m of the 
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eutect ic m i x t u r e of l idoca ine and pr i loca ine and the s u m o f t h e separa te spectra of 

l idoca ine and p r i loca ine are s u m m a r i s e d in T a b l e 4.7. In t h i s t ab le on ly the bands 

direct ly invo lved in h y d r o g e n b o n d i n g h a v e been inc luded . 

Table 4.7 Comparison of the sum of the absorption infrared spectra of lidocaine and 
prilocaine with the spectrum of the eutectic mixture. All the spectra are in the melt phase, s: 
strong, br: broad, m: medium 

S u m spec t ra l idoca ine and pr i loca ine Eutect ic m i x t u r e At t r ibuted to 

v ibra t ional f r equenc ie s vibrat ional f r e q u e n c i e s 

(cm"') 

- 3491br H y d r o g e n bonded 

N H stretching 

3312s 3307s N H stretching 

3 2 6 7 m 3267m N H stretching 

1692 1691 C = 0 

1666 1670 c=o 

A f t e r curvef i t t ing the N H s t re tching bands , the absorp t ion I R d a t a s h o w s increased 

N H h y d r o g e n b o n d i n g in the spec t rum of the eutect ic m i x t u r e , in c o m p a r i s o n wi th the 

s u m of the t w o c o m p o n e n t s . A ve ry b road background is p r e s e n t a round 3491 cm"' in 

the spec t rum of the eutect ic mix tu re . In addi t ion the N H s t r e t ch ing b a n d a round 3312 

cm"' in the s u m of the spect ra of l idoca ine and pr i loca ine h a s sh i f t ed t owards lower 

f r equenc ie s in the eutect ic mix ture . Th i s is expected as the N H g r o u p b e c o m e s 

invo lved in h y d r o g e n b o n d i n g [17]. 

A f t e r curvef i t t ing the ca rbony l s t re tching band , t w o u n d e r l y i n g b a n d s a re found . O n e 

of t h e m is sh i f t ed to h igher w a v e n u m b e r s in the eutect ic m i x t u r e ( c o m p a r e d wi th the 

s u m of the spect ra of l idoca ine and pr i locaine) . This w o u l d s u g g e s t that there is less 

hyd rogen bond ing . T h e o ther b a n d on ly shif ts over 1 w a v e n u m b e r t owards l ower 

f requenc ies . A sh i f t in the ca rbony l s t re tching f r e q u e n c y to l o w e r w a v e n u m b e r s is 

expec ted w h e n the g roup gets i nvo lved in hydrogen b o n d i n g . 

It was also f o u n d that there is a var ia t ion in the absorpt ion s p e c t r a of t he eutec t ic 

mix tu re f r o m o n e expe r imen t to the other . In s o m e spectra, t h e b r o a d b a c k g r o u n d in 

the N H s t re tching reg ion was absent . Th i s w o u l d imp ly that i f t he re is h y d r o g e n 

bond ing , it is qu i te weak . 

92 



A T R spect ra 

T h e A T R spec t romete r u sed w a s equ ipped wi th a ho t s t age . T h e r e f o r e it was poss ib le 

to record the A T R spect ra of the samples in the mel t p h a s e . 

T h e A T R spect ra r eco rded f r o m the eutect ic mix tu re l i d o c a i n e and pr i locaine and the 

s u m of the spectra o f l idoca ine and pr i locaine, all in the m o l t e n state are shown in 

F igu re 4 .12 . 

tT 

4000.4 3000 2000 1500 1000 535J 
cm-1 

Figure 4.12 ATR Infrared spectra of the eutectic mixture of l idocaine and prilocaine (top 
spectrum) and the sum of the spectra of lidocaine and pri locaine (bottom spectrum). All 
spectra were recorded above the melting point of the components. 

A f t e r curvef i t t ing the N H and ca rbony l s t re tching bands , s o m e ev idence of h y d r o g e n 

b o n d i n g in the eutect ic m i x t u r e appeared . T h e shi f t s in f r e q u e n c y c o m p a r e d wi th the 

s u m of the spec t ra of l idoca ine and pr i loca ine w e r e at m o s t 2 w a v e n u m b e r s . 

In the f ingerpr in t reg ion , s o m e d i f f e rences in re la t ive i n t ens i t i e s w e r e observed . T h e 

c h a n g e in re la t ive in tens i ty of the t w o b a n d s at 1521 cm"^ a n d 1493 cm'^ is the m o s t 

obv ious change , m o r e spec i f ic the intensi ty of the 1493 cm'^ b a n d has inc reased w h e n 

f o r m i n g the eutect ic mix tu re . Th is b a n d is d u e to skeletal d e f o r m a t i o n s , m o r e spec i f i c 

the N-a lky l de fo rma t ion . A n o t h e r poss ibi l i ty is that this b a n d i s d u e to the a m i d e I I 

b e n d i n g f r e q u e n c y , at l o w e r f r e q u e n c y than usual . 

S o m e in teres t ing conc lus ions can be d r a w n f r o m the A T R d a t a o f the eutect ic m i x t u r e 

b e l o w its me l t i ng poin t . A t lower t empera tu res (7°C) , it s e e m s l ike a h y d r o g e n 
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b o n d i n g b a c k g r o u n d starts to appea r (see a lso F igure 4.8). T h e r e is no sign of H-

b o n d i n g b a c k g r o u n d in the spec t ra of the crysta l l ine c o m p o n e n t s l idocaine and 

pr i loca ine . 

T h e sh i f t s in ca rbonyl and N H s t re tching f r equenc ies in t h e s p e c t r u m of the eutect ic 

mix tu re , c o m p a r e d wi th the s u m of the spectra of its c o m p o n e n t s in the me l t phase are 

s u m m a r i s e d in Tab le 4.8. 

Table 4.8 Comparison of the sum of the ATR infrared spectra of lidocaine and prilocaine with 
the spectrum of the eutectic mixture, s: strong, m: medium, w: weak 

S u m spec t ra l idocaine and p r i loca ine Eutec t ic m i x t u r e At t r ibu ted to 

v ibra t iona l f r equenc ies v ibra t ional f r e q u e n c i e s 

(cm') (cm') 

3310w 3309w N H stretching 

3 2 8 0 m 3278m N H stretching 

1684s 1683s c=o 
1660w 1659w c=o 

B o t h t he N H and carbonyl s t re tch ing f r equenc ie s are lower i n t h e A T R spec t rum of 

the eutect ic mix tu re of l idoca ine and pr i loca ine than in the s u m of the spec t ra of the 

t w o c o m p o n e n t s . T h e vibra t ional f r equenc i e s of bo th g r o u p s i n v o l v e d in h y d r o g e n 

b o n d i n g are expec ted to sof ten as the h y d r o g e n b o n d b e c o m e s s t ronger . 

So lu t ion In f r a red da ta 

T h e ac t ive c o m p o n e n t s separa te ly as wel l as their eutect ic m i x t u r e w e r e d i sso lved in 

CCI4 and t ransfer red to a so lu t ion in f ra red cell . T h e solu t ion i n f r a r e d spec t ra of the 

eutec t ic m i x t u r e and of the s u m of the spect ra of l idoca ine a n d p r i l oca ine are s h o w n in 

F i g u r e 4 .13 . 
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Figure 4.13 Absorption Infrared solution spectra of the eutectic mixture of lidocaine and 
prilocaine (top spectrum) and the sum of the spectra of l idocaine and prilocaine (bottom 
spectrum). All spectra were recorded in CCI4. 

W h e n c o m p a r i n g the s u m of the solut ion spectra of l i d o c a i n e and pr i loca ine wi th that 

of the eutect ic in solut ion, there are a f e w m a r k e d d i f f e r e n c e s . T h e largest d i f f e r ence is 

f o u n d in the N H s t re tching reg ion . B o t h l idoca ine and p r i l o c a i n e in CCI4 h a v e a 

re la t ively in tense b a n d a round 3 3 1 9 cm"' . T h e eutect ic m i x t u r e of the two , on the other 

hand , s h o w s cons ide rab le b a n d b roaden ing at the h igh f r e q u e n c y s ide of the 3 3 1 8 cm"' 

band . Th is cou ld b e an ind ica t ion of hydrogen bond ing b e t w e e n l idoca ine and 

pr i locaine . T h e r e are o ther d i f f e r ences b e t w e e n the t w o s p e c t r a in F igu re 4 .13 , bu t 

s ince w e are m o s t in teres ted in s tudy ing hydrogen b o n d i n g , t hese h a v e been ignored at 

this stage. T h e d i f f e r ences in the N H and carbonyl s t r e t ch ing f r e q u e n c i e s b e t w e e n the 

d i f fe ren t spect ra are s u m m a r i s e d in Tab le 4.9. 
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Table 4.9 Comparison of the sum of the solution infrared spectra of lidocaine and prilocaine 
with that of the eutectic mixture, s: strong, w: weak, br; broad 

S u m spec t ra l idoca ine and 

p r i loca ine 

Eutec t ic mix tu re At t r ibuted to 

3319s 

3289wbr 

1693 

3 5 5 5 w br 

3318s 

3211wbr 

1693 broader and less i n t e n s e 

H y d r o g e n bonded 

N H stretching 

N H stretching 

N H stretching 

C = 0 

C o m p a r e d wi th the s t re tching f r equenc ies ob ta ined f r o m t h e absorp t ion and A T R 

in f ra red spect ra , the f r equenc ies f r o m these solu t ion i n f r a r e d s tudies l ie m u c h higher . 

A s these c o m p o u n d s go into solut ion in a n o n po la r so lven t , thei r v ibra t ional 

f r equenc ie s wi l l sh i f t m o r e towards va lues o f the f r ee m o l e c u l e . 

The sh i f t of the N H st re tching f r e q u e n c y t o w a r d s lower f r e q u e n c i e s in combina t ion 

wi th the b a n d b r o a d e n i n g sugges ts that the re is hyd rogen b o n d i n g in t he eutect ic 

mix ture . 

Raman Data 

F T - R a m a n spec t ra w e r e recorded of the eutect ic mix tu re o f l i doca ine and pr i loca ine 

and of the separa te componen t s . A R a m a n ho t cel l w a s u s e d to record the spec t ra of 

the c o m p o u n d s in the mel t phase . 

T h e R a m a n spec t ra of the eutect ic mix tu re of l idoca ine and p r i loca ine and the s u m of 

the spec t ra o f l idoca ine and pr i locaine are c o m p a r e d in F i g u r e 4 .14 . 
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Figure 4.14 FT-Raman spectra of the eutectic mixture of l idocaine and prilocaine (top 
spectrum) and the sum of the spectra of lidocaine and prilocaine (bottom spectrum). All 
spectra were recorded above the melting point of the components. 

Curve f i t t i ng the N H and c a r b o n y l s t re tching b a n d s revea ls t h e p re sence of t w o 

under ly ing bands fo r bo th g roups , h i the eutect ic mix ture , t h e b a n d s have sh i f ted to 

h igher f r equenc i e s in c o m p a r i s o n wi th the s u m of the spec t r a o f l idoca ine and 

pr i loca ine . Th i s wou ld sugges t that there is less h y d r o g e n b o n d i n g in the eutect ic 

m i x t u r e c o m p a r e d wi th the separa te c o m p o u n d s . T h e s e sh i f t s a re s u m m a r i s e d in Tab le 

4.10. 

Table 4.10 Comparison of the sum of the Raman spectra of l idocaine and prilocaine with the 
spectrum of the eutectic mixture, br: broad, w: weak 

S u m spect ra l idoca ine and pr i loca ine 

v ibra t ional f r equenc ies 

(cm*) 

Eutec t ic m i x t u r e 

vibrat ional f r e q u e n c i e s 

(cm*) 

Att r ibu ted to 

3313 3315 N H s t re tch ing 

3227br w 3263br N H s t re tch ing 

1689 1690 C = 0 

1668w 1670w c=o 
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E v e n though the spec t ra l ook very similar , o ther d i f f e r e n c e s a r e visible. For example, 

the R a m a n da ta s h o w s a sh i f t of 4 cm"' f r o m 1492 cm"' in t h e s u m of the spectra of 

l idoca ine and p r i loca ine to 1496 cm"' in the spec t rum of t h e eu tec t i c mix ture . The 

1492 cm"' b a n d is m o r e p r o m i n e n t in l idocaine than in p r i l o c a i n e . 

T h e fac t that there are d i f f e r ences be tween the spect ra s u g g e s t s that there are some 

k ind of in teract ions . 

It is surpr i s ing h o w e v e r that the in f ra red data w o u l d s u g g e s t i nc reased hydrogen 

b o n d i n g in the eutec t ic mix tu re , whereas the R a m a n da ta w o u l d sugges t less hydrogen 

b o n d i n g in c o m p a r i s o n wi th the s u m of the spect ra of the t w o c o m p o n e n t s l idocaine 

and pr i locaine . 

T h e R a m a n da ta su f f e r s f r o m the s a m e p rob l em that the N H s t r e t ch ing is weak . This 

m a k e s it m o r e d i f f icu l t to obse rve changes in this reg ion . 

O n e m u s t b e ca re fu l w h e n d r a w i n g conc lus ions f r o m t h e s e v ib ra t i ona l spectra . There 

s eems to be a con t rad ic t ion in the resul ts f r o m the R a m a n d a t a c o m p a r e d wi th the 

resul ts f r o m the in f r a red data . H o w e v e r , the in f ra red e x t i n c t i o n coe f f i c i en t is very 

sensi t ive to c o n f o r m a t i o n a l changes and other in f luences , w h e r e a s the R a m a n 

scat ter ing c ross sec t ion r e m a i n s fa i r ly unchanged . T h e r e f o r e w h e n the ev idence of 

h y d r o g e n b o n d i n g w o u l d h a v e b e e n observed in the R a m a n spec t r a , it w o u l d have 

been m o r e s igni f icant . T h e increased h igh f r e q u e n c y b a c k g r o u n d , obse rved in the 

in f ra red spec t ra cou ld b e an indica t ion of hyd rogen b o n d i n g , b u t it wil l b e a very w e a k 

e f fec t . Th i s exp la ins w h y th is apparent ly hyd rogen b o n d i n g w a s no t observed in all 

the absorp t ion spec t ra r e co rded of the eutect ic mix ture . 

S ince these resu l t s dea l ing w i t h the possibi l i ty of i n t e r ac t ions b e t w e e n l idoca ine and 

pr i loca ine w e r e inconc lus ive , it was dec ided to s tudy the c o m p o n e n t s in their 

crys ta l l ine state. E v i d e n c e f o r h y d r o g e n b o n d i n g shou ld b e m o r e clear ly seen in the 

crys ta l l ine state. 

ATR data from the crystalline materials 

In this expe r imen t , A T R spec t ra were r ecorded f r o m s i m p l e m i x t u r e s of crys ta l l ine 

l idoca ine and pr i loca ine . A t the start of the exper iment , s o m e so l id pr i loca ine was 

t rans fe r red on to the d i a m o n d crystal , a f ter wh ich l idoca ine p o w d e r w a s added . A s t he 

eutect ic m i x t u r e started to f o r m , the inf rared spectra w e r e r e c o r d e d . A f t e r each 

spec t rum, m o r e l idoca ine w a s added and a n e w spec t rum w a s r eco rded . 
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T h e A T R spectra of pr i loca ine , l idocaine, the mix tu res ( a f t e r add ing m o r e and m o r e 

l idoca ine p o w d e r ) and the eutect ic mix tu re are s h o w n in F i g u r e s 4 .15 and 4 .16 . 

Fo r clar i ty , the spect ra h a v e been split into t w o separa te s p e c t r a . A first spec t rum 

f o c u s e s on to the h igh f r e q u e n c y region that con ta ins C H a n d N H stretching 

f r equenc ies . T h e second set of spect ra shows the f i nge rp r in t reg ion . 

Iidocame 

prilocaine 

eutectic mixture 

3W0 3400 3200 3000 2800 2eoo 2K&0 
cm-1 

Figure 4.15 ATR spectra of lidocaine, prilocaine, their eutectic mixture and 'other mixtures' 
A1 to A5. The spectra are displayed in absorbance units. From spectra A1 to A5, more and 
more lidocaine was added to prilocaine powder on the ATR crystal. The band of particular 
interest is the NH stretching around 3250 cm \ 

In addi t ion, the f ingerpr in t r eg ion is s h o w n in the fo l l owing se t o f spectra . 

9 9 



A 

l idocaine 

pn locame 

A5 

eufectic mixture 

-| 1 I ' ""I 1 1 I I I I 1 1 I I 
1950.0 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700648.4 

cm-1 

Figure 4.16 ATR spectra of lidocaine, prilocaine, their eutectic mixture and 'other mixtures' A1 
to A5. From spectra A1 to A5, more and more lidocaine was added to prilocaine powder on the 

ATR crystal. The band of particular interest is the carbonyl stretching around 1680 cm 
- 1 

F r o m these A T R spectra it is c lear that there are in te rac t ions b e t w e e n l idoca ine and 

p r i loca ine as they f o r m the eutec t ic mix tu re . A s w e are m o s t in te res ted in t h e changes 

in h y d r o g e n b o n d i n g be tween the d i f f e ren t in f ra red spec t ra , t h e s e spec i f i c b a n d s were 

curvef i t t ed . T h e shi f t s of the A T R b a n d s that are sensi t ive t o h y d r o g e n b o n d i n g on 

add ing m o r e and m o r e crys ta l l ine l idoca ine to the mix ture , a r e d i sp layed in T a b l e 

4 .11 . 
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Table 4.11 Changes in NH and carbonyl stretching ATR frequencies as crystalline lidocaine 
is added to crystalline prilocaine (spectra A1 to A5). The figures f o r pure lidocaine, prilocaine 
and the eutectic mixture are added as a reference, s: strong, w: weak , br: broad, sh: shoulder 

S p e c t r u m N H s t re tching f r equenc ies C a r b o n y l s t re tching f requenc ies 

(cm*) (cm"') 

L i d o c a i n e - 3242br - 1662 1650 

Pr i loca ine 3305s 3235br - 1666 1645 

A 1 3304s 3248br 1693 1659 -

A2 3303s 3246br 1686 1665 1646 

A3 3304s 3251br 1686 1665 1647 

A4 3309sh 3255br 1689 1662 1660w 

A5 - 3254br 1688 1662 -

Eutect ic mix tu re (3309W+3278) 1683 1659 _ 

(mel t ) 

If there w e r e no in terac t ions b e t w e e n l idocaine and p r i loca ine , t he spect ra obta ined by 

s imply add ing l idoca ine p o w d e r to pr i loca ine p o w d e r (A1 t o A 5 ) shou ld be equal to 

the s u m of the sol id state spect ra of l idoca ine and pr i loca ine . A s the t w o sol ids are 

added together , the eutect ic m i x t u r e fo rms . S ince the e x p e r i m e n t w a s p e r f o r m e d at 

r o o m tempera ture , it is l ike ly that the eutect ic mix tu re was m e l t e d . E v e n so, it is clear 

that in spect ra A 1 to A 5 , N H s t re tching f r equenc ies a re f o u n d tha t are in be tween 

t hose of l idoca ine and pr i loca ine on o n e h a n d and the eu tec t i c m i x t u r e on the other . 

It is d i f f icu l t to d r a w conc lus ions f r o m the t w o lower f r e q u e n c y ca rbony l s t retching 

f requenc ies , s ince their va lue l ies in b e t w e e n those f r o m l i d o c a i n e and pr i locaine. 

T h e h igher ca rbony l s t re tching f r e q u e n c y (~ 1686 c m ' ) in t h e ' m i x t u r e s ' i s h igher than 

that in the eutect ic mix tu re . Solubi l i ty of a l idoca ine or p r i l o c a i n e in to their eutect ic 

mix tu re is suspec ted . T h e va lues f o r the ' f ree ' ca rbonyls ( f r o m so lu t ion in f ra red data) 

are 1690 c m ' and 1694 c m ' respect ive ly . 

T h e sh i f t s in s t re tching f r equenc ies of the N H and ca rbony l g r o u p s are no t l inear wi th 

the a m o u n t added in this exper imen t , p robab ly b e c a u s e on a d d i n g l idoca ine to the 

p r i loca ine on the d i a m o n d crys ta l it w a s imposs ib le to e s t i m a t e to w h a t ex ten t any of 

the c o m p o n e n t s w e r e be ing p robed . 

T o s tudy the poss ib i l i ty of solubi l i ty of l idoca ine and p r i l o c a i n e in the eutect ic 

mix tu re , s imi lar expe r imen t s were p e r f o r m e d b y p lac ing the eu tec t i c m i x t u r e on the 
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d i a m o n d c rys t a l a n d a d d i n g p r i l o c a i n e o r l i d o c a i n e in t he c r y s t a l l i n e f o r m . A g a i n , a f t e r 

e a c h a d d i t i o n an A T R s p e c t r u m w a s r e c o r d e d . 

T h e s p e c t r a o b t a i n e d a f t e r a d d i n g a m o u n t s of p r i l o c a i n e t o t h e eutec t ic m i x t u r e of 

l i d o c a i n e a n d p r i l o c a i n e a re s h o w n in F i g u r e 4 . 1 7 . 

prilcxajne 

3000 2000 1500 1000 64&4 
cm-1 

Figure 4.17 A T R spectra of prilocaine, the eutectic mixture a n d 'other mixtures ' A1 to A4. 

Moving downwards f rom spectra A1 to A4, more and more pr i locaine powder was added to the 

eutectic mixture of lidocaine and prilocaine on the A T R crystal. T h e bands of particular interest 

are the N H (around 3300 cm"') and carbonyl stretching (around 1680 cm"'). 

T h e r e g i o n s of in te res t , the N H a n d c a r b o n y l s t r e t ch ing r e g i o n s , w e r e c u r v e f i t t ed a n d 

the s h i f t s f r o m the f r e q u e n c i e s f r o m t h e p u r e m a t e r i a l s a re d i s p l a y e d in T a b l e 4 . 1 2 . 
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Table 4.12 Changes in NH and carbonyl stretching ATR frequencies as crystalline prilocaine 
is added to the eutectic mixture of lidocaine and prilocaine (spectra recorded are A1 to A4). 
The figures for pure prilocaine and the eutectic mixture are added as a reference, s: strong, br: 
broad 

Spectrum NH stretching frequencies 

(cm') 

Carbonyl stretching frequencies 

(cm"') 

Eutectic mixture - (3293+3244wr)br 1684 1663 -

A1 3303 3269br 1686 1664 1646 

A2 3302 3254br 1686 1665 1646 

A3 3303 3256br 1686 1665 1646 

A4 3303 3246br 1688 1665 1646 

Prilocaine 3305s 3235br 1666 1645 

On adding the solid prilocaine to the eutectic mixture, we notice that a high frequency 

carbonyl stretching appears. This carbonyl group is not hydrogen bonded and has a 

frequency even higher than in its melt phase (which lies at 1684 cm"'), which would 

suggest that the compound is in solution. In the NH stretching region, we find 1 sharp 

peak around 3303, which is only a little bit lower than in the solid material, but the 

second NH stretching frequency (around 3255 cm''), which is broad, has shifted 

towards higher values in comparison with the solid prilocaine. This frequency is lower 

than that of the eutectic mixture. 

The shift in the highest carbonyl stretching frequency suggests that prilocaine has 

dissolved into the eutectic mixture. Unfortunately, it is unclear to whether the NH 

stretching frequency shift supports this idea. 

Also it seems that the carbonyl stretching frequency remains fairly constant whereas 

the NH stretching frequency moves more up and down. 

In a similar experiment crystalline lidocaine was added to the eutectic mixture and 

subsequently the ATR spectra were recorded. The spectra are shown in Figure 4.18. 
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Figure 4.18 ATR spectra of lidocaine, the eutectic mixture and 'other mixtures' A1 to A5. 
Moving downwards from spectra A1 to A5, more and more lidocaine powder was added to the 
eutectic mixture of lidocaine and prilocaine on the ATR crystal. The bands of particular interest 
are the NH (around 3300 cm"') and carbonyl stretching (around 1680 cm^). 

The following shifts in NH and carbonyl stretching frequencies were observed. They 

are summarised in Table 4.13. 
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Table 4.13 Changes in NH and carbonyl stretching ATR frequencies as crystalline lidocaine 
is added to the eutectic mixture of lidocaine and prilocaine (spectra recorded are A1 to A5). 
The figures for pure prilocaine and the eutectic mixture are added as a reference, br: broad 

Spectrum NH stretching 

frequencies (cm'^) 

Carbonyl stretching frequencies 

(cm'i) 

Eutectic mixture 3293br, 3244br 1684 1663 

A1 3250 1692 1662 

A2 3259 1689 1663 

A3 3259 1690 1662 

A4 3258 1691 1662 

A5 3257 1694 1662 

Lidocaine 3242br 1662+1650 

On adding lidocaine powder to the eutectic mixture of lidocaine and prilocaine, higher 

NH stretching frequencies are observed, in comparison with that of crystalline 

lidocaine. The frequencies are lower than those from the eutectic mixture. 

The higher carbonyl frequency on the other hand shifts towards values that are higher 

then the infrared stretching frequency observed when lidocaine was dissolved in a non 

polar solvent. This is very odd. The lower carbonyl stretching frequency remains 

practically unchanged. 

It seems that the NH and carbonyl stretching frequencies are not always coupled. 

When comparing the highest carbonyl stretching frequencies from Tables 4.11 and 

4.12, we notice that the values, obtained from adding lidocaine powder to prilocaine 

powder are similar to those of prilocaine in solution in the eutectic mixture. This is 

what we would expect 

The fact that both the carbonyl and NH stretching frequencies in these 'solution' 

spectra are lower than those obtained from the solution infrared spectra recorded in a 

non polar solvent suggests that some sort of interactions between prilocaine and the 

eutectic mixture are taking place. 
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4.5 Interactions between actives and excipients in the local 

anaesthetic system 

To study the possibility of interactions between the eutectic mixture of lidocaine and 

prilocaine and the aqueous solution of block copolymers Poloxamer F127 and F68, 

Raman spectra were recorded using a Raman microscope. As the only interactions to 

be expected are hydrogen bonding or weaker van der Waals interactions, vibrational 

spectroscopy provides a promising method for studying these interactions. 

Raman mapping of eutectic mixture-aqueous solution of block copolymers 

interface 

Several mapping experiments using the Raman microscope were performed. The aim 

was to perform a mapping of the interface between the eutectic mixture and the 

aqueous solution of block copolymers. The microscope was in its confocal mode. A 

few droplets of aqueous solution of block copolymers were transferred into a special 

designed sample holder, after which a few droplets of the eutectic mixture of lidocaine 

and prilocaine were added. A very clear boundary between the two phases occurred, 

which made it possible to study the interface. A picture of the interface is shown in 

Figure 4.19. 

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

I I 

Aqueous solution of block 
copolymers 

_l I I I 
I p m 

Figure 4.19 Picture of the interface between the aqueous solution of block 
copolymers and the eutectic mixture of lidocaine and prilocaine. The line shows the 
direction of the mapping and the dots show the approximate positions where a 
Raman spectrum was recorded. The unit of the scale is in micrometers. 
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Since no variable temperature microscope stage was available to us, some 

improvisation was needed. A makeshift cold stage was made by using a Peltier 

element, which was cooled by attaching a metal block with flowing water to it. The 

temperature was controlled by using a thermistor coupled to a controller unit. To 

ensure good thermal contact, heat sink compound was used. The spectra were 

recorded at 16°C. 

The mapping was performed so that every 70 |xm a Raman spectrum was recorded 

over a distance of 500 pm. For every spectrum 10 scans were co-added, with each 

scan taking about 20 minutes collection time. With this experimental set-up, a typical 

mapping takes about 24 hours. 

Unfortunately, the spectra are of poor quality due to the high water content and low 

laser power (20mW). Nevertheless it has been possible to discover some changes in 

the spectra. 

In Figure 4.20, the different spectra are presented as the laser scans across the 

interface. For reference, the spectra of the eutectic mixture and that of the aqueous 

solution of block copolymers are included as well. 
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Figure 4.20 Raman spectra of the aqueous solution of block copolymers (top spectrum), the 
eutectic mixture of lidocaine and prilocaine (bottom spectrum) and in between the Raman 
spectra obtained by mapping the boundary between the two. As one moves down in the 
spectra, a change of focal point from the aqueous solution towards the eutectic mixture is 
performed. As a sudden change in the spectra is observed between A4 and A5, the boundary 
between the two phases is expected to be found in between. The band of particular interest is 
the carbonyl stretching around 1680 cm'\ The bands in the top spectrum that are boxed in 
should be neglected since they are spurious. 

There are three regions in the spectra where we would expect changes in vibrational 

frequencies if there were any interactions between the two phases. The first region is 

that of the NH stretching frequencies from the eutectic mixture, but this region is 

overloaded by the water OH stretching bands. The second region of interest is that of 

the C-O stretching frequencies from the aqueous solution of block copolymers around 

1140 cm' \ Unfortunately, the spectra were too noisy in this region to perform any 

curvefittting. The last region of interest is that of the carbonyl stretching frequencies 

from the eutectic mixture around 1680 cm' \ The peaks under this particular band were 

curvefitted. The frequencies are summarised in Table 4.14. 
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Table 4.14 Changes observed in the Raman spectra when a mapping is performed 
going from the aqueous solution of block copolymers into the eutectic mixture. 
w:weak 

Spectrum carbonyl stretching frequency 

(cm'^) 

A1 1673w 

A4 1677W 

A5 16%) 1672 

/ J 1686 1664 

Eutectic mixture 1690 1677 

From the frequencies displayed in Table 4.14, some shifts in the carbonyl stretching 

frequencies have been observed, hi spectrum Al , it seems that hydrogen bonding has 

increased, compared with the carbonyl frequency in the eutectic mixture. In the 

following spectra (A4-A7), it decreases again (shifts of the carbonyl frequency 

towards higher values). Why in spectrum A7 (now we are clearly probing the eutectic) 

the hydrogen bonding appears to be stronger again (lower frequencies) is unclear. 

Since it was impossible to comment on the C-0 stretching frequency, these results 

with regards to the possibility of interactions between the eutectic mixture of lidocaine 

and prilocaine and the aqueous solution of block copolymers are inconclusive. 

4.6 Influence of temperature on the vibrational spectra of the 

formulation and its components 

The aim of this subsection was to study the structural changes in the local anaesthetic 

block copolymer system induced by varying the temperature. Infrared and Raman 

spectroscopy are very good techniques to study structural changes hence spectra of the 

block copolymer system containing local anaesthetics and its components separately 

were recorded at different temperatures. 

Raman spectroscopy is a good technique to study conformational changes in 

molecules. There are several regions in the spectrum that are particularly sensitive to 

conformational changes. A first region expands from 1200 cm"' to 1000 cm"' and 

contains the C-C and C-O stretching frequencies and the CHg wagging modes. 
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Another important region in this study is that of the CH stretching frequencies, 

between 3000 cm'^ and 2800 cm' \ 

This study into conformation changes in the block copolymer system with variable 

temperature was focussed mainly on those two regions in the vibrational spectrum. 

Influence of temperature on the vibrational spectra of the block copolymers 

When heated, these block copolymers in aqueous solution start to form micelles. In 

forming those micelles, some conformation changes have to take place. Therefore 

some variable temperature Raman spectra were recorded from both the poloxamer 

alone and the mixture of the two poloxamers F127 and F68 in aqueous solution. The 

variable FT-Raman spectra of poloxamer F127 are displayed in Figures 4.21 and 4.22. 

For clarification, the Raman spectra were split up in two regions, the CH stretching 

region and the fingerprint region. 

Int 

2587.9 3206.0 2900 
Raman Shif t /cm-1 

Figure 4,21 Variable temperature FT-Raman spectra of poloxamer F127. 

The melting point of poloxamer F127 lies above 50°C, but we see clear changes in the 

spectra already at the lower temperatures. The changes in the spectra with temperature 

are presented in Table 4.15. 
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Table 4.15 Tentative assignment of the changes in vibrational frequencies in the variable 
temperature Raman spectra of poloxamer F127s: symmetric, as: asymmetric, v: stretching 

Changes in the spectra on heating 

Shift towards lower frequencies Relative Intensity decreases 

Tentative 

assignment 

2972 2972asvCH3 

2880 2880/2935 2935 svCH3 

2880asvCH2 

2850 2850/2935 2850svCH2 

The relative intensities of the following bands 2880 cm ' / 2935 cm"' and 2850 cm"' / 

2935 cm"' are so-called order/disorder parameters. As the disorder increases these 

ratios of intensities will decrease. The effect is more pronounced for a poloxamer 

containing a higher polypropylene-oxide content. Guo et al. showed the effect of 

heating on the Raman spectra of a range of poloxamers [3]. For the poloxamers 

containing a high percentage of polypropylene-oxide, these ratios of intensities 

decreased by a large amount until the spectra appeared almost identical to that of 

polypropylene-oxide. 

In addition to the CH stretching region many changes in conformation can be 

followed in the fingerprint region of our Raman spectra. The FT-Raman spectra of 

poloxamer F127 at varying temperatures is shown in Figure 4.22. 
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Figure 4.22 Variable temperature FT-Raman spectra of poloxamer F127. The regions in the 
spectrum of particular interest are boxed in. 

The vibrational frequencies of importance and their tentative assignments are 

displayed in Table 4.16. 

Table 4,16 Tentative assignment of the changes in vibrational frequencies in the variable 
temperature Raman spectra of poloxamer F127. s: symmetric, as: asymmetric, v : stretching 

Wavenumber (cm"') Relative intensity changes Assignment 

860 &4%%a)>i methyl rocking 

845 methylene rocking 

1142 vC-0 

1127 vC-C s trans 

1064 vC-C as trans 

1090 vC-C gauche 

1281,1234,1064,845 Helical structure 
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Within the polymer chains it is possible to assign different bands to either trans or 

gauche conformations. Bands typical for a trans conformation are the 1062 cm"̂  and 

1127 cm"^ C-C stretching frequencies. The 1090 cm'^ band is typical for the gauche 

segments. In addition, the 1284 cm"' band has been assigned to the out-of-phase CH2 

bending motion of trans conformers, while 1350 cm'^ and 1300 cm"' are typical for the 

bending motions of gauche conformers. At low temperatures, a shoulder at the high 

frequency side of the 1281 cm'' band is present. At higher temperatures the two bands 

'melt' together, as the gauche conformation increases. This is in accordance with the 

literature from which it is known that on melting polyethyleneoxide, the ethyleneoxide 

configuration changes from a trans-gauche-trans sequence to a gauche-gauche-trans 

sequence [3]. 

The thermodynamically stable structure of polyethyleneoxide is a 7/2 helix structure. 

It takes a planar zigzag structure in the molten state or in aqueous solution. 

Influence of temperature on the vibrational spectra of the aqueous solution of 

block copolymers 

The same principle on conformation changes for the crystalline block copolymers, 

applies to an aqueous solution of the poloxamers. The variable temperature FT-Raman 

spectra are presented in Figures 4.23 and 4.24. 
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Figure 4.23 Variable temperature FT-Raman spectra of a mixture of the two poloxamers F127 
and F68 in aqueous solution. 
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A first thing that catches the eye is the broad bands at high frequency. This is due to 

the different states of water in this system [16]. Decon volution of the bands under this 

broad area would allow us to assign the different vibrational frequencies to the 

different types of water. As the temperature increases, the structure of the water will 

change as micellization starts to set in. 

Similarly to the temperature variations on the pure poloxamer, some changes in the 

CH stretching region can be assigned to conformational changes in the polymers. The 

changes are displayed in Table 4.17. 

Table 4.17 Tentative assignment of the changes in vibrational frequencies and intensities in 
the Raman spectra of the aqueous solution of block copolymers F127 and F68 with varying 
temperature, s: symmetric, as: asymmetric, v ; stretching 

Changes in the spectra with heating 

Tentative 

Shift towards lower frequencies Relative Intensity increases assignment 

(cm"') 

2934 2934 is vCHg s 

2885 2934/2880 2880isv(3H2as 

2850 2934/2850 2850is\<:H2S 

In aqueous solution the relative intensities of the bands 2934 cm"V 2880 cm ' and 

2934 cm"V 2850 cm'^ are already larger than 1 at room temperature. This indicates 

that there is more disorder in comparison with the pure poloxamer. Even at -30°C the 

structure is not a very ordered one. 

When heating the aqueous solution, the methyl and methylene stretching frequencies 

shift towards lower values. When deconvoluting the bands, it is expected that the 

methyl group displays the largest shift in frequency. This is due to the dehydration of 

the more hydrophobic propyleneoxide groups as micellization takes place. 

Dehydration of the more hydrophilic ethyleneoxide group will occur to a lesser 

extend. The largest shift in stretching frequencies towards lower wavenumbers can be 

seen between 0°C and 25°C. In accordance with the literature [18], this is where the 

micellization temperature lies. 

In Figure 4.24, the variable temperature Raman spectra of the poloxamer in aqueous 

solution in the fingerprint region are displayed. 
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Figure 4.24 Variable temperature FT-Raman spectra of poloxamers F127 and F68 in aqueous 
solution. The regions in the spectrum of particular interest are boxed in. The arrows indicate 
bands that are spurious. 

As with the poloxamer, a similar tentative assignment was done on the vibrational 

frequencies of the mixture of poloxamers in aqueous solution. The results are shown 

in Table 4.18. 
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Table 4.18 Tentative assignment of the changes in vibrational frequencies and intensities in 
the Raman spectra of the aqueous solution of block copolymers F127 and F68 with varying 
temperature, br: broad band, v : stretching 

Wavenumber (cm'^) Relative intensity changes Assignment 

853 br Methyl and methylene 
rocking 

1064 vC-C trans 

1096 vC-C gauche 

1140 vCX] 

113iri)r arul vC-O 

i:25()br, i:28()br 1295 / ISLSC) (ZH: harust 
disorder parameter 

As expected, we were not able to assign as many bands as in the spectrum of the 

poloxamer alone, but when the two spectra are compared it is clear that the bands have 

shifted and broadened. 

As was mentioned before, the bands that are typical for a trans conformation are the 

1062 cm"' and 1127 cm"' C-C stretching frequencies. The 1090 cm"' band is typical 

for the gauche segments. In comparison with the variable temperature spectra of the 

pure poloxamers, the clear peaks at 1064 cm"' and 1127 cm"' have vanished. 

The spectrum recorded at -30°C shows the 1064 cm"' band, typical of a trans 

conformation. 

There is less of a structure in these spectra in aqueous solution, which is what we 

would expect. 

Influence of temperature on the vibrational spectra of the formulation 

containing local anaesthetics 

As with the experiments with the aqueous solution of block copolymers, FT-Raman 

spectra were recorded at different temperatures, ranging from -90°C to 70°C. 

FT-Raman data 

On heating the formulation from -90°C to 70°C several changes in the FT-Raman 

spectra were observed. Unfortunately since the formulations are in aqueous solution, 

the most interesting bands with regards to hydrogen bonding are hidden under the 

water bands. So the observed changes can only be explained in terms of conformation 
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changes in the block copolymer chains. The FT-Raman spectra of the formulations at 

different temperatures are displayed in Figures 4.25 and 4.26. 

Int 

3600.0 3400 MW 3mo 
Raman Shift / cm-1 

2800 2600 2500.0 

Figure 4.25 Variable temperature FT-Raman spectra of the formulation containing local 
anaesthetics. 

From these spectra it is clear that changes in the conformation of the block copolymer 

occur on heating. This is observed in the changes in relative intensities of the CH 

stretching bands (region below 3000 cm '). In addition, information on the different 

states of bound and 'free' water can be obtained from the underlying bands in the 3500 

cm'' to 3150 cm ' region. 

The changes observed in the spectra upon heating are summarised in Table 4.19. 
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Table 4.19 Tentative assignment of the changes in vibrational frequencies and intensities in 
the Raman spectra of the formulation containing local anaesthetics with varying temperature, 
s; symmetric, as: asymmetric, v : stretching 

Changes in the spectra on heating 

Shift towards lower frequencies Relative Intensity decreases 

Tentative 

assignment 

2972 2972 is vCHs as 

2880 2880 / 2935 2935 isvCHsS 

2880 is vCH2 as 

2850 2850/2935 2850 isvCHzS 

The variable temperature FT-Raman spectra of the formulation in the fingerprint 

region are shown in Figure 4.26. 

Int 

1135 1041 

1138 104g 
1096 

1800.0 1600 1400 1200 1000 800 

Raman Shif t / cm-1 

600 4 0 0 190.0 

Figure 4.26 Variable temperature FT-Raman spectra of the formulation containing local 
anaesthetics. The regions in the spectrum of particular interest are boxed in. The arrows 
indicate bands that are spurious. 
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The observed changes are similar to those observed from variable temperature Raman 

spectra of the aqueous solution of block copolymers, which is to be expected. 

Except for the spectrum at -90°C, which shows evidence of higher order in the 

polymer chains. 

4.7 Conclusions 

A comparison of the vibrational spectra of lidocaine and prilocaine with that of the 

eutectic mixture in the molten state provided inconclusive proof of interactions. 

The ATR spectra recorded when adding the two crystalline materials together in 

different stages, clearly shows that there are interactions between lidocaine and 

prilocaine on forming the eutectic mixture. The observed interactions involve the NH 

and carbonyl stretching frequencies, which suggests that on adding the two 

compounds in the crystalline state hydrogen bonding occurs. In addition, solid 

solubility of lidocaine and prilocaine in their eutectic mixture was observed. 

The results on whether there are interactions between the eutectic mixture and the 

aqueous solution of block copolymers are not yet complete. Raman mapping of the 

boundary between the two phases showed an initial increase in hydrogen bonding, 

compared with the frequencies of the pure eutectic mixture. But since it was 

impossible to study the functional groups in the block copolymers sensitive to 

hydrogen bonding, it was difficult to judge the validity of these results. Repeating 

these Raman mapping experiments with increased scanning time would allow 

conclusive results to be obtained. 

It is important to know what conformation changes happen in the aqueous solution of 

block copolymers as the temperature is varied. The Raman spectra recorded at 

different temperatures showed less variation compared with the variable temperature 

spectra of the poloxamers alone. The variable temperature FT-Raman spectra of the 

formulation containing local anaesthetics were similar to those without the active 

components. Except for the spectra recorded at -90°C where a very high order in the 

poloxamers was observed. The use of chemometric procedures could be advantageous 

in revealing many more changes with temperature. 
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Chapter 5 Polymorphism 

5.1 Introduction 

Polymorphism in a material means that it can exist in different crystal forms. These 

crystal forms have the same molecular structure but differ in the way the molecules 

are packed within the crystal. The various forms also display different physical and 

thermodynamic properties such as their melting point, density, rate of dissolution, 

conductivity, heat capacity, etc. This is why the understanding of polymorphism is so 

very important to the pharmaceutical, food and specialty chemical industries where 

their specific products often involve structurally dependent properties. 

In addition there is pseudo-polymorphism. The title is confusing because we speak 

about pseudo-polymorphism when the material can exist as different solvates. An 

example of pseudo polymorphism is Glucose. Glucose exists in the anhydrous form as 

well as in the monohydrate, but the two materials are quite different species with 

different molecular formulae. 

The key question researchers have tried to answer is whether it is possible to predict 

the number and relative stability of a set of polymorphs of a chosen compound. The 

question is crucial because if the marketed polymorph is not the stable one, inevitably 

it will transform. 

The techniques most used to study polymorphism are optical microscopy [1-3], X-ray 

diffraction [4-6], thermal analysis like DSC [7-9], solid-state NMR [10-12] and 

vibrational spectroscopy [13-16]. 

In this research, sulfathiazole and its polymorphic forms were studied with vibrational 

spectroscopy. For a long time it has been thought that sulfathiazole has four 

polymorphic forms [17,18], but recently papers have reported the existence of a fifth 

polymorph [19-21]. The different forms of sulfathiazole are distinguished by 

variations in the packing modes rather than in the molecular conformation. In 

addition, the least stable of the sulfathiazole polymorphs, form I, is thought to display 

unusual anisotropic lattice expansion on heating. This phenomenon was studied by 

infrared and FT-Raman spectroscopy. 
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5.2 Experimental 

The FT-infrared spectra were recorded on a Perkin-Elmer Paragon 1000 system 

equipped with a KBr beamsplitter and LITA detector. 

All FT-Raman spectra were acquired on a Perkin-Elmer System 2000 FT-Raman 

spectrometer that was equipped with a quartz beam splitter and an InGaAs detector, 

operating at room temperature. A Spectron continuous wave Nd^^iYAG laser 

(1.064ijm) provided the NIR excitation. 

For the heated Infrared spectra, a Ventacon infrared hot cell was used. As window 

material KBr was used. 

A Ventacon Raman hot cell was used to collect high temperature Raman spectra. For 

the low temperature work, a Ventacon cold cell was used. 

For the rotated Raman spectra a Ventacon Rotator was used. This enables the user to 

rotate samples held in NMR tubes. 

5.3 Sulfathiazole 

Recently, a fifth polymorph of sulfathiazole has been reported [19-21]. The different 

forms of sulfathiazole are distinguished by the differences in the packing modes rather 

than their conformations in the unit cell. All five polymorphs of sulfathiazole have 

been assigned to monoclinic spacegroups with polymorphic forms IV and V having a 

single molecule in the asymmetric unit and the forms I, II and III with two molecules 

in the asymmetric unit. The molecular structure of sulfathiazole is shown in Figure 

5.1. 

0 — s = = o 

NHg 

Figure 5.1 Molecular structure of sulfathiazole. 
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Hydrogen bonding in sulfathiazole 

There are many different possibilities for hydrogen bonding in a sulfathiazole 

network. Our goal is to assign the vibrational frequencies to the different NH groups. 

This will in turn allow us to correlate the X-ray data on unusual large anisotropic 

lattice expansion of polymorph I with temperature, with our shifts in vibrational 

frequencies with temperature. The discussion about anisotropic lattice expansion 

follows in a later paragraph. 

The packing arrangements of the different sulfathiazole polymorphs, as well as the 

clathrates have kindly been supplied to us by D. Hughes (a member of Prof. 

Hursthouse's X-Ray group at the Chemistry Department of the University of 

Southampton). They are displayed with the correct atom numbering in Figure 5.2 
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Figure 5.2 Consistent atom numbering and connectivities of the different sulfathiazole 
polymorphs and clathrate. Where there are 2 molecules per unit cell, the first number 
corresponds to either of the molecules 1 or 2. The second number corresponds to the atom 
numbering within the molecule. The figures were supplied by D. Hughes. 

As is clear from the recent obtained X-ray data 'translated' in Figure 5.2, there is a 

whole spectrum of hydrogen bonds in the different sulfathiazole polymorphs. 

The most obvious hydrogen bonds are those between the amine NlHl and the S=0 

:roup. The second 'obvious' hydrogen bond would be between the thiazole amine 
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N3H3 and the S=0 group. In addition, Minceva-Sukarova et al. have discussed weak 

hydrogen bonding between ammonia hydrogen atoms and the 7i-electron cloud of 

benzene molecules in the clathrates they studied [22]. 

In Table 5.1 the moderate to strong hydrogen bonds within the different polymorphs 

are presented. The classification is based on that used by Jeffrey [23], in that strong 

hydrogen bonds have a distance between the hydrogen and the acceptor atom ranging 

from around 1.2 to 1.5 A . In moderate hydrogen bonds this distance increases from 

around 1.5 to 2.2A. As mentioned before, the X-ray data on hydrogen bond lengths 

was kindly supplied by D. Hughes. 

125 



Table 5.1 Details of the different types of hydrogen bonds and their lengths in the different 
sulfathiazole polymorphs. A and B are used to differentiate between the twofferent molecules 
in the unit cell. The data was supplied to us by D. Hughes. 

Group 
hydrogen bonds 

to 
d(hydrogen.. .acceptor) 

(A) 
Polymorph 

Amine in thiazole ring B amine N22 B 1.9867 I 

Primary amine A S=OA 2.0049 

Amine in thiazole ring A amine N12 A 2.0409 

Amine in thiazole ring B S=0 A L938 II 

Amine in thiazole ring A S=OB 2.0365 

Primary amine A S=OB 2.0871 

Primary amine A amine N12 A Z1378 

Amine in thiazole ring B Primary amine A 1.9129 III 

Amine in thiazole ring A Primary amine B 2.0605 

Primary amine A S=OB 2.0674 

Primary amine B S=0 A :L1636 

Primary amine B S=0 A 2.1675 

Amine in thiazole ring A Primary amine A 2.0099 IV 

Primary amine A S=0 A :L1897 

Amine in thiazole ring A Primary amine A 2.0633 V 

Primary amine A S=OA :L1437 

Within the sulfathiazole polymorphs, the amines are most capable of hydrogen 

bonding. Therefore it is important to know what happens to the amine vibrations when 

they hydrogen bond. 

In aromatic amines the infrared frequencies of the NH stretching are usually higher, 

compared to their aliphatic counterparts. Compared to the hydroxyl group, hydrogen 

bonding has a less pronounced influence on the amino group. Generally, hydrogen 
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bonding leads to a decrease in the NH stretching frequency and an increase in the NHg 

bending frequencies, band broadening and an increase in intensity. 

As the environment of the amine group varies, where the two NH bonds are affected 

in a similar way, the stretching frequencies will shift without affecting their 

separation. In fact, in several systems, the symmetric and asymmetric stretching (Vg 

and Vas) frequencies are related according to the following formula first proposed by 

Bellamy and Williams [24]. 

Vs = 345.5 + 0.876 Vas 

This separation between the symmetric and asymmetric stretching frequencies is a 

measure of the difference in strength of the hydrogen bonds but also of the coupling 

between the two bonds [25]. Therefore, unlike with a secondary amine where the 

strength of the hydrogen bond can be assessed by measuring the frequency shift, it is 

more complicated for primary amines because of the overlying effect of coupling. 

In another paper by Bellamy two solutions to eliminate the coupling of the bands are 

proposed [26]. A first solution is based on partially deuteration of the amine. As one 

hydrogen is replaced by a deuterium atom, the coupling of the two bands disappears 

and one sees the frequencies of the separate bonds. 

A second solution is also based on partially deuteration, but simply looks at the 

mathematics behind it. It concludes that the sum of the shifts of the symmetric and 

asymmetric bands from a reference value (the vibrational frequencies from the 'free' 

molecule) provides a good measure for the strength of the hydrogen bond. 

A=6Vas + 6Vs (5-1) 

where A is the frequency shift due to hydrogen bonding of one of the NH bonds, 6 is 

the shift from the frequency of the free NH2 and Vas and Vs are the asymmetric and 

symmetric NH stretching frequencies. In our further calculations, this second solution 

is applied to the data. 

As was mentioned before, polymorph I, II and III have two molecules in the 

asymmetric unit. In polymorph I, the two frameworks are connected by a weak 

hydrogen bond between the two primary amines in the two sulfathiazole molecules. 
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The two molecules per unit cell are not very different, hence we see only one pair of 

NH2 stretching frequencies (symmetric and asymmetric). However, the appearance of 

a weak shoulder at the low frequency end of the two bands reveals a second pair of 

NH stretching frequencies. 

The infrared NH-stretching frequency regions of the five different polymorphs are 

shown in Figure 5.3. The sulfathiazole polymorphs were kindly supplied to us by Dr. 

T. Threlfall from the Chemistry Department of the University of York. 

3500.0 3400 3300 3200 3100 302&0 

cm-1 

Figure 5.3 Infrared spectra of the NH stretching region of the different polymorphs of 
sulfathiazole. 32 scans, 4 cm"' resolution 

In polymorph II the two molecules are bonded differently in the unit cell, hence we 

see a doubling of the asymmetric NH stretching. The symmetric NH stretching is still 

a singlet but in theory it should be a doublet as well. Again, a weak shoulder at the 

lower frequency side reveals the existence of a second band. 

128 



Polymorph III is a combination of polymorph IV and V. X-ray data has shown that the 

structure of this polymorph is made up by alternating the structures of polymorphs IV 

and V, linked by hydrogen bonding. 

When one of the NH bonds in the amine is weakened, then the lower frequency band 

will move downfield more than the higher frequency band resulting in an increase in 

the separation between the two. It appears that in polymorph V only one of the NH2 

hydrogens is bonded to the SO2 group, which would create changes in the separation 

between the two frequencies when comparing to form IV where both NHa hydrogens 

are hydrogen bonded to a S=0 group. In fact, in polymorph V the difference in 

frequency between the symmetric and asymmetric stretching has increased from 67 

cm"' in polymorph IV to 76 cm"' in polymorph V. However, from the X-ray data, one 

hydrogen bond has strengthened and the other has weakened in polymorph V. The 

hydrogen bond lengths for the primary amine in Polymorphs III, IV and V are shown 

in Table 5.2. 

Table 5.2 Hydrogen bond lengths from the primary amines in sulfathiazole polymorphs III, 
IV and V. 

Sulfathiazole polymorph III D(H.. .A) Strength of the hydrogen 

(A) bond 

N11-H10...N22 2^478 weaker compared with 
form IV 

N11-H11...021 2.0674 stronger compared with 
form r v 

N21-H20...011 21636 

N21-H21...011 21675 

Sulfathiazole polymorph IV 

N11-H10...011 2.2041 

N11-H11...011 21897 

Sulfathiazole polymorph V 

N11-H10...N12 2.4347 weaker compared with 
form IV 

N11-H11...011 21437 stronger compared with 
form IV 
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In polymorph III, the NH asymmetric stretching frequency has shifted even further 

downfield, suggesting even stronger hydrogen bonding to the primary amine. This 

strong hydrogen bond should accordingly give the shortest hydrogen-hydrogen 

acceptor distance, which is true for the hydrogen bond towards S=0 (Nll-

H11...021), but not for the other one (Nll-HlO...N22). 

In these crude comparisons, it is assumed that the coupling between the two NH bonds 

in the primary amine remains the same in the three polymorphs. 

Even when coupling between the two NH bonds was taken into account, a comparison 

of the hydrogen bond strength with the bond lengths from the X-ray data did not show 

any correlation. 

A simpler relation to study is that between the (hydrogen) bond strength of the 

thiazole NH and the vibrational frequency shifts. But again no relation between the X-

ray data and shifts in vibrational frequencies was observed. 

From the X-Ray data, it has become clear that the hydrogen bonding network is more 

complicated and that it might be impossible to correlate the NH stretching frequencies 

to the specific hydrogen bonds between the functional groups in these polymorphs 

without vibrational spectra of partially deuterated primary amine compounds. 

An attempt is made to assign the vibrational frequencies of the functional groups 

involved in hydrogen bonding. The assignments are presented in Table 5.3. 
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Table 5.3 Tentative assignment of the most important infrared absorption frequencies in 
the different forms of sulfothiazoie. w: weak 

Frequency region of 
infrared absorption 
(cm'^) 

Frequency assigned to 

Polymorph I/II 

3462-3237 

3250 very broad 

1629 (I) or 1644 (11) 

1325 

1143 

NH2 stretching 

thiazole NH stretching - hydrogen bonded 

NH2 scissor 

Asymmetric SO2 stretching 

Symmetric SO2 stretching 

Polymorph III/IV/V similar frequencies, except for : 

3354-3277 NH2 stretching 

Around 3280 thiazole NH stretching - hydrogen bonded 

1628w NH2 scissor 

1322 or 1323 Asymmetric SO2 stretching 

1137 S ymmetric S O2 stretching 

In Figure 5.4 and 5.5, the NH scissor frequency region in the infrared and Raman 

spectra of the different sulfathiazole polymorphs are shown. 
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Figure 5.4 Infrared spectra of the NH scissor frequency region in the different sulfathiazole 
polymorphs. 32 scans, 4 cm ' resolution. 
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Figure 5.5 FT-Raman spectra of the NH scissor region in the different sulfathiazole 
polymorphs. 500 scans, 4 cm"' resolution, 200mW laser power. 

From the spectra, some clear differences between the different polymorphs are 

immediately apparent, e.g. the high frequency NH deformation is very weak in 

polymorphs III to V. It is not clear what the reason could be for this. 

In polymorphs I, II and III, there are two different molecules per unit cell, hence we 

should see two different NHa scissor frequencies. A second scissor deformation 
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frequency is found in polymorphs I and II, but not in polymorph III. A tentative 

assignment of the vibrational frequencies is presented in Table 5.4. 

Table 5.4 Tentative assignment of the vibrational frequencies of the 
NH2 scissor in the different sulfathiazole polymorphs, w: weak 

Polymorph No. Infrared frequency 

(cm*) 

Raman frequency 

(cm*) 

I 1634v^l629 1634v^l625 

II 1644,1630w 1646,1636w 

III 1629w 

IV 1628w 

V 1628w 

There was no correlation found between the frequency shifts of the NH scissor 

deformation and (hydrogen) bond distance. 

Another region in the vibrational spectra, susceptible to hydrogen bonds is the SO2 

stretching region. The asymmetric stretching appears to be more sensitive to hydrogen 

bonding, than the symmetric stretching. The asymmetric stretching frequency is found 

in the region 1380 cm'^ to 1310 cm' \ while the symmetric stretching frequency lies in 

the region 1180 cm"' to 1140 cm '. The approximate ratio of the wavenumbers of 

asymmetric stretching frequency over the symmetric stretching frequency is 1.16. 

A tentative assignment of the S=0 stretching frequencies is given in Table 5.5. 
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Table 5.5 Tentative assignment of the vibrational frequencies of the SO2 asymmetric and 
symmetric stretching frequencies in the different sulfathiazole polymorphs, v: stretching, br: 
broad, asym: asymmetric, sym: symmetric. 

Infrared frequency Raman frequency 

Polymorph No. (cm"^) (cm"') 

asym vS=0 sym vS=0 asym vS=0 sym vS=0 

I 1325 1143 1129 

II 1325 1143 1326 1129 

III 1322 1138br 1327 1133 

IV 1323 1137br 1327 1132 

V 1322 (1146,1135)br 1326 1135 

From the X-ray data it seems that the shortest hydrogen bond lengths are found in 

polymorphs I and II (see Table 5.1), but it is odd that the hydrogen bonds %/ith these 

S=0 groups seem weaker (higher frequencies). The reason for this could be due to 

difficulties in assigning the bands since they are not well-defined singlets. In addition, 

the symmetric SO2 stretching could be buried under the C-N-C stretching. 

5.4 Sulfathiazole solvates 

There are two types of so-called guest molecule (here a solvent) which can reside in 

the structure of the sulfathiazole [27]. The first type is the clathrate where the guest 

molecules are enclosed within a cavity in the sulfathiazole network. There can be 

weak hydrogen bonding present. In the second type, the guest molecule forms 

hydrogen bonds with sulfathiazole and becomes a part of the primary network. In 

addition, in each class, structures where the guest is a base and abstracts a proton from 

sulfathiazole to form an ionic salt, have been found. 

Before studying the anisotropic lattice expansion of sulfathiazole polymorph I, it was 

important to know whether a change in size of the unit cell produces considerable 

shifts in the Raman bands and more specifically, the NH stretching frequencies. Dr T. 

Threlfall of the Department of Chemistry, University of York kindly supplied us with 

seven iso-structural solvates of sulfathiazole: 

• Sulfathiazole plus propylene carbonate (I) 

® Sulfathiazole plus cyclopentanone (II) 
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» Sulfathiazole plus B-butyrolactone (III) 

• Sulfathiazole plus y-valerolactone (IV) 

• Sulfathiazole plus y-butyrolactone (V) 

® Sulfathiazole plus a-angelicalactone (VI) 

• Sulfathiazole plus a-methyl-y-butyrolactone (VII) 

The chemical structures of the corresponding solvents are given below: 

V 
/ 

\ 

(I) (n) (in) (IV) (V) 

(VI) (VD) 

As the term iso-structural already reveals, the structures of these solvates are very 

similar. It is known that these solvates all form clathrate type structures. From the data 

obtained from D. Hughes (Figure 5.2) it is clear that the sulfathiazole network in these 

clathrates contains one molecule per unit cell. These molecules form a 3-dimensional 

network similar to that of sulfathiazole polymorph I in that the molecules form a 

dimer structure where the guest molecule resides and only the primary amines 

hydrogen bond to the S=0 groups. 

Even though clathrates usually mean that the guest does not become part of the 

sulfathiazole network, there are still interactions like weak hydrogen bonding or van 

der Waals interactions between the guest and host. Since all the guest molecules 

possess a carbonyl group, weak hydrogen bonding to the amines in sulfathiazole is 

likely. Our aim is to compare the different solvates in terms of volume and draw 
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conclusions from the vibrational spectra, which in term will help in the study of 

anisotropic lattice expansion of sulfathiazole polymorph 1. 

D. Hughes kindly supplied X-ray data on the solvates from which we extracted the 

following data. All the solvates have P2(l)/n symmetry. In addition to the lattice 

parameters (a, b and c), the volume, lengths and angle of the hydrogen bonds were 

given for all the solvates. As for the sulfathiazole polymorphs, the moderate to strong 

hydrogen bonds are listed below: 

• N11-H10...011 

• N11-H11...012 

. N13-H17...N12 

The atom numbering is similar to that used in Figure 5.2. 

The infrared and FT-Raman spectra were recorded and the bands in the spectra due to 

sulfathiazole were compared. The spectra are all similar in appearance as we would 

expect. 

Although the solvates were prepared from commercial sulfathiazole (usually 

polymorph III, but likely to be a mixture) they all show evidence of sulfathiazole 

polymorph I, as was expected from the structure determinations. The spectra of one of 

the solvates and sulfathiazole polymorph I are shown in Figure 5.6. 

Int. 
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Figure 5.6 FT-Raman spectra of the 6-butyrolactone sulfathiazole solvate (top) and 
sulfathiazole polymorph I (bottom). 
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When studying the NH-stretching region, it was noticed that the stretching frequency 

is shifted towards higher wavenumbers in the solvates. This would imply that the NH 

bond is getting more rigid, which means that hydrogen bonding is reduced. This is not 

surprising, since from the X-ray data on the solvates, it is clear that the volume of the 

unit cell has increased when the guest molecule was introduced. 

Deviations of the NH-stretching frequency from those of sulfathiazole polymorph I 

are displayed in Table 5.6. Unfortunately, the asymmetric NH stretching was not 

visible in the Raman spectra. 

Table 5.6 The vibrational frequencies of the NH-stretching for the different sulfathiazole 
solvates are presented. For comparison, the NH-stretching frequency for sulfathiazole 
polymorph I is included in the data. When frequencies are printed in bold, it means that they 
are the lower intensity peak of the doublet. 

NH-stretching 
Raman Infrared 

Frequency (cm"') 
Symmetric Asymmetric Symmetric 

Sulfathiazole 
Polymorph I 3350 broad 3463 3356 

Sulfathiazole plus 
propylene 
carbonate 

3365 3462 3365 

Sulfathiazole plus 
cyclopentanone 3378 3476 3377, 3357 

Sulfathiazole plus 
B-butyrolactone 3367 3464 3368 

Sulfathiazole plus 
y-butyrolactone 3376 3473 3376 

Sulfathiazole plus 
a-methyl-y-
butyrolactone 

3374 
+ shoulder 3363 3474,3448 3375,3356 

Sulfathiazole plus 
y-valerolactone 3370 3465 3371 

Sulfathiazole plus 
a-angelicalactone 3369 - 3368 

Bellamy's rule [30] that predicts a linear relation between the asymmetric and 

symmetric NH stretching frequencies was applied to these solvates. But only for the 
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a-angelicalactone solvate, the rule gave a valid answer. This would suggest different 

strengths hydrogen bonds with the two NH bonds in the primary amine. 

To discover whether there was a correlation between the NH stretching vibrational 

frequencies and the hydrogen bond strength or length in the different solvates, the 

following relationships were studied: 

Possible correlation of the sum of NH asymmetric and symmetric frequency shifts 

from an arbitrary unit with: 

• all hydrogen bond lengths and angles in the solvates 

• all parameters of the unit cell 

These are the calculations proposed by Bellamy [26] to eliminate the coupling 

between the two NH bands in order to study the strength of the hydrogen bond. 

Of all these possible correlations (10 in total) none was valid. 

5.5 Sulfathiazole polymorphs and anisotropic lattice 

expansion 

The least stable of the sulfathiazole polymorphs, form I, is thought to display 

unusually large anisotropic lattice expansion on heating [21]. 

A. Bingham from Prof. M. Hursthouse's X-ray group supplied us with data on bond 

lengths and angles of sulfathiazole at the different temperatures studied. It would be 

interesting to see if it is possible to couple this data with changes in the vibrational 

spectra with temperature. 

From the data kindly supplied to us by A. Bingham, there is evidence of unusual 

anisotropic lattice expansion in sulfathiazole polymorph I. The X-ray data were 

collected at four different temperatures, 150 K, 193 K, 295 K and 370 K. On 

increasing the temperature, the lattice parameters stay virtually constant, lattice 

parameter b increases by 2 %, lattice parameter a decreases by a lesser amount. The 

volume of the unit cell increases linearly with temperature. But the largest anisotropy 

is seen in the change of beta angle with temperature, from 107.77 at 150 K to 107.93 

at 193K and 108.141 at 370 K. 

The anisotropic lattice expansion was studied using infrared and FT-Raman 

spectroscopy. 
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Infrared experiment 

For the infrared experiment, the sulfathiazole powder was held in between two KBr 

flats. The windows were then transferred to an infrared hot-cell. The temperature was 

increased by 15°C increments and at each temperature a spectrum was recorded. The 

temperature was varied between room temperature (24°C) and 120°C. Spectra were 

also recorded as the sample cooled down again. To check reversibility of the 

anisotropic expansion, after cooling down the temperature was increased again as in 

the first phase of the experiment, hifrared spectra were recorded with 4 cm"' 

resolution, co-adding 32 scans. 

As expected, the symmetric NH stretching showed the largest wavenumber shift 

towards higher wavenumbers. The infrared spectra in this region with varying 

temperature are shown in Figure 5.7. 

35363 3500 3400 3300 3200 3100 3K%j 
cm-1 

Figure 5.7 FT-Infrared spectra of sulfathiazole polymorph I varying from 54°C (top spectrum) 
to 120°C (bottom spectrum). 32 scans, 4cm"̂  resolution. Nujol mull spectra 

On heating sulfathiazole, most of the vibrational frequencies shift downward over 1 or 

2 wavenumbers. Some exceptions are the frequencies around 1577 cm ' \ 1540 cm"' 

and 1419 cm"' that shift over 5 wavenumbers. In contrast to the other vibrational 

bands, the NH stretching frequencies shift towards higher frequencies on heating and 

the shift is considerably larger (up to 10 wavenumbers for the NH sym stretching). 
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The vibrations, showing the largest frequency shifts with temperature are summarised 

in Table 5.7. 

Table 5.7 On heating and cooling down of sulfathiazole polymorph I, shifts in the frequency 
of certain vibrations are observed. Wavenumbers obtained from infrared experiments, v: 
stretching, as: asymmetric, s: symmetric 

Temperature (°C) 

heating cooling heating cooling Assignment 

24 120 45 120 28 

vibrational frequencies (cm"') 

3458 3464 3463 3464 3459 vNH as 

3354 3364 3359 3364 3355 vNH s 

1577 1571 1571 1571 1576 

1540 1535 1534 1535 1540 

1143 1141 1143 1141 1143 vS=0 s 

1087 1086 1087 1086 1087 

On heating, one expects the lattice to expand and hence the X-H.. .B distance to 

increase i.e. the X-H frequency will move towards its isolated frequency. 

To check whether the frequency shifts with changing temperature are reversible, 

several heating and cooling curves were applied to sulfathiazole polymorph I. The 

response of the symmetric NH stretching vibration with temperature is shown in 

Figure 5.8. 
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Figure 5.8 Variation of the vibrational frequency of the symmetric N-H stretching with 
temperature. As the sample was heated, at several temperatures infrared spectra were 
recorded. Subsequently, the sample was cooled down, after which it was subjected to a second 
heating and cooling cycle. 

From Figure 5.8 it is clear that the changes with temperature are more or less 

reversible. 

In anisotropic lattice expansion, the lattice expands unevenly in different directions. It 

would be possible to link the shifts in NH stretching frequency to the anisotropic 

lattice expansion if it was possible to determine whether these hydrogen bonded NH 

bonds lie along a particular axis in the sulfathiazole network. 

Figure 5.9 shows the sum of the NH stretching frequency shifts (asymmetric and 

symmetric) versus temperature. Because of the lack of data on the symmetric and 

asymmetric NH stretching frequencies of the isolated sulfathiazole, to which the shifts 

with temperature are compared, these frequency values were chosen arbitrarily. In fact 

rearranging Bellamy's rule (5-1) eliminates the frequencies of the free molecule, hence 

these frequency values are not needed when comparing hydrogen bond strengths of 

compounds with a similar gas phase spectrum. 
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Figure 5.9 Plot of the sum of the infrared symmetric and asymmetric NH stretching frequency 
shifts against temperature for sulfathiazole polymorph I. A second order trendline is fitted to 
the data and the correlation coefficient (R^) is shown in the graph. The different data points for 
each temperature indicate that several spectra were recorded at that temperature, depending on 
whether the sample was being heated or subsequently cooled down again. 

The plot in Figure 5.9 is not a linear one, indicating that the strength of the hydrogen 

bond is not linearly related to the change in temperature. The graph suggests that at 

higher temperature the frequencies will only produce a small shift compared with the 

lower temperature differences. This result is to be expected since the hydrogen bond 

will become weaker and weaker on heating. 

Molecular modelling performed by Prof. M. Hursthouse's group suggests that the 

hydrogen bonds lie along all 3 axes throughout the sulfathiazole network. Therefore 

we expect that some of the NH stretching frequencies are buried underneath the other 

bands or they are too weak to be observed. These results suggest that it is difficult to 

link these shifts in vibrational frequency with an anisotropic lattice expansion. 

Raman experiment 

FT-Raman spectra of sulfathiazole polymorph I with varying temperatures were 

recorded. The temperature was varied between -75°C and 90°C. All spectra were 

recorded with 200mW laser power and the co-addition of 50 scans. 

Figure 5.10 and 5.11 show two Raman spectra of sulfathiazole polymorph I, recorded 

at room temperature and at a lower temperature. 
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Figure 5.10 FT-Raman spectra of sulfathiazole polymorph I at two different temperatures. 
The top spectrum was recorded at room temperature (20°C). The bottom spectrum was 
recorded at -75°C. 200mW laser power, 50 scans, resolution: 4 cm '. 

From Figure 5.10, it is clear that the NH stretching frequency shows a very large shift 

with varying temperature. Unfortunately, the asymmetric stretching frequency is only 

visible in the low temperature Raman spectrum. 

For comparison, in Figure 5.11 the fingerprint region of the spectrum of sulfathiazole 

polymorph I is shown. Again the two spectra were recorded at two different 

temperatures. 
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Figure 5.11 FT-Raman spectra of sulfathiazole polymorph I at two different temperatures. 
The top spectrum was recorded at room temperature (20°C). The bottom spectrum was 
recorded at -75°C. 

As with the infrared spectra, most vibrational frequencies shift to higher values on 

cooling the sample. Over the temperature range from -75°C to 90°C, most bands show 

shifts less than 4 wavenumbers. However, the symmetric NH stretching band shows 

the largest shifts upon changes in temperature, 35 wavenumbers. The bands that 

showed the largest wavenumber shift with temperature are displayed in Table 5.8. 
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Table 5.8 On heating and cooling down of sulfathiazole polymorph I, shifts in the frequency 
of certain vibrations are observed. Wavenumbers obtained from Raman experiments, v; 
stretching, as: asymmetric, s: symmetric 

20 

cooling 

-75 

Temperature (°C) 

heating 

20 30 

heating 

90 

Tentative 

assignment 

vibrational frequencies (cm"') 

3458 3452 3462 - - vNH as 

3355 3332 3355 3358 3367 vNH s 

1424 1429 1424 - -

1278 1283 1279 1278 1275 

1256 1260 1256 1256 1253 

To check whether these shifts are reversible, the shift of the vibrational frequency of 

the symmetric N-H stretching as a function of temperature is shown in the following 

graph. Figure 5.12. 
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Figure 5.12 Variation of the vibrational frequency of the symmetric N-H stretching of 
sulfathiazole polymorph I with temperature. As the sample was heated, at several 
temperatures Raman spectra were recorded. A second order trendline was fitted to the data. 
The correlation coefficient (R^) is presented. 
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It seems that the frequency shift with variable temperature is reversible. Other shifts in 

frequencies with heating or cooling sulfathiazole polymorph I were also reversible. 

As for the infrared data, the sum of the symmetric and asymmetric NH stretching 

frequency shifts, as an indication of hydrogen bond strength, was plotted against the 

temperature. The result is shown in Figure 5.13. 

R =0.978 

Temperature (Q 

Figure 5.13 Plot of the sum of the Raman symmetric and asymmetric NH stretching 
frequency shifts against temperature for sulfathiazole polymorph I. A first order trendline is 
fitted to the data and the correlation coefficient (R^) is shown in the graph. 

When this figure is compared with the same plot of the infrared frequencies, one can't 

but notice the non linearity of the infrared data in Figure 5.9 and the linearity of the 

Raman data. An explanation would be that they are showing different temperature 

ranges. The change in hydrogen bond strength is expected to be linear at low 

temperatures and then asymptotes off at higher temperatures as the hydrogen bond 

becomes very weak. The Raman spectra at higher temperature are available but the 

asymmetric NH stretching is too weak to be distinguished. 

In Figure 5.14, both the infrared and Raman data are plotted against the temperature. 

A straight line was inserted as trendline connecting the Raman data. However, some 

curvature is observed and for fitting both the Raman and infrared data, a second order 

trendline was preferred. 
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Figure 5.14 Plot of the sum of the symmetric and asymmetric NH stretching frequency shifts 
against temperature for sulfathiazole polymorph I. A first order trendline is fitted to the 
Raman data. 

It is unclear why the Infrared data shows such large deviation from the Raman data at 

room temperature. In order to correlate this data with the variable temperature X-ray 

data, a second order trendline, correlating both the infrared and Raman data with the 

temperature, was fitted to the data. From this equation the 'sum of the NH stretching 

shifts' for the temperatures at which the X-ray data were recorded were calculated. 

This will give us an estimation of the hydrogen bond strength for those particular 

temperatures based on NH stretching frequency shifts. Correlating these calculated 

hydrogen bond strengths with the X-ray data on hydrogen bond lengths gave no 

matches for any of the hydrogen bond lengths. The correlation with the shortest 

hydrogen bond gave a correlation coefficient of 0.95. 

One key question, we need to ask ourselves is what do these shifts with temperature 

mean? As one compares the vibrational spectra of a molecule in the different states, 

undoubtedly many bands will shift, hence a shift in band frequencies would be 

expected on heating a sample over almost 150°C. But when do we speak about a very 

large anisotropic expansion ? 
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For comparison, the B-butyrolactone sulfathiazole solvate was heated from -60°C to 

20°C and FT-Raman spectra were recorded at regular intervals. Shifts in vibrational 

frequencies on heating the solvate are presented in Table 5.9. 

Table 5.9 On heating and cooling down of the 6-butyrolactone sulfathiazole solvate, shifts in 
the frequency of certain vibrations are observed. The frequencies were obtained from the 
Raman experiments, v; stretching, as: asymmetric, s: symmetric 

-60 

Temperature (°C) 

20 

Assignment 

vibrational frequencies (cm"') 

3467 3464 vNH as 

3369 3370 vNH s 

1817 1818 

1423 1421 

1287 1287 

1265 1262 

On heating the solvate, most bands shift only over 1 or 2 wavenumbers towards higher 

frequency. Even the symmetric NH stretching only shifts downwards over 1 

wavenumber. 

In the same experiment performed on sulfathiazole polymorph I, most bands produced 

a 4 or 5 wavenumbers shift towards higher frequencies, with exception of the NH 

stretching frequency which produced shifts over 20 wavenumbers. The effect of 

heating on the NH stretching frequencies of the B-butyrolactone sulfathiazole solvate 

is shown in Figure 5.15. For comparison, the carbonyl stretching region is also 

included in the spectrum. 
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Figure 5.15 FT-Raman spectra of the B-butyrolactone sulfathiazole solvate at two different 
temperatures. The top spectrum was recorded at room temperature (20°C). The bottom 
spectrum was recorded at -60°C. 1 W laser power, 100 scans, resolution: 4 cm"̂  

Unfortunately the symmetric NH stretching frequencies were not observable at each 

temperature. Therefore it was not possible to compare the plot of the sum of the NH 

symmetric and asymmetric shifts with variable temperature with that obtained from 

the variable temperature experiments on sulfathiazole polymorph I. 

5.6 Conclusions 

The results from our study into the sulfathiazole solvates are disappointing. There 

seems to be no correlation between the observed shifts in our vibrational spectra and 

the hydrogen bond lengths for the different sulfathiazole polymorphs. 

An unusual large shift in the vibrational frequencies with varying temperatures for 

sulfathiazole polymorph I were observed. The largest shifts are noticed in the NH 

stretching region. Other conclusions that can be drawn from the variable temperature 

data is that the hydrogen bond strength is linearly related to temperature variations at 

low temperatures. At higher temperatures the linearity vanishes. 
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Chapter 6 Conclusions and Future Work 

The Southampton Raman group under supervision by Prof. Patrick Hendra, has been 

involved with the development of FT-Raman spectroscopy right from the beginning. 

Therefore many new applications in a wide range of areas have been investigated over 

the years. The work I have done continues from the basis laid out over all those years. 

In Chapter 2, Raman sampling by means of rotation was studied. The advantages of 

rotating a sample are twofold. Firstly, by rotating a sample heating of the sample by 

the laser is reduced. This is particularly important in heat sensitive samples like 

polymorphs. The concept was shown by comparing two FT-Raman spectra of 

prilocaine. In the stationary spectrum, the sample had clearly started to melt, whereas 

in the spectrum while rotating, a crystalline spectrum was obtained. 

The second advantage of rotating samples is the avoidance of sub-sampling. 

Especially when analysing multi ingredient tablets with uneven surfaces (due to logos 

being imprinted) the possibility of subsampling when recording stationary spectra is 

of real concern. A comparison was made between two random spectra of a two 

component tablet, both recorded while the tablet was stationary. A third spectrum was 

recorded while the tablet was rotating. It was shown that the spectrum of the rotating 

tablet gave a more realistic estimate of the tablet's composition. 

However, rotation of samples in FT-instruments can lead to problems. When a sample 

is rotated too rapidly, spurious lines can start to appear in the lower frequency range of 

the spectrum. When rotating faster and faster, these spurious lines move towards 

higher wavenumbers in the spectrum. The reason for these spurious lines appearing in 

the spectra stems from modulation and double modulation and the Fourier Transform 

process. Other parameters that influence the position of these spurious lines is particle 

size of the sample probed and the laser spot size. 

It is demonstrated that when rotational speeds are kept reasonably low (below 1500 

rpm), that the increase in noise is not too problematic and that the induced spurious 

bands stay well away from the actual spectrum. 
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For future work, it would be interesting to use chemometric procedures to try to 

reduce the movement induced noise. Development of such a 'correction' algorithm 

would be advantageous for quantitative Raman analyses as well. 

Chapter 3 dealt with the feasibility of using FT-Raman spectroscopy as a quantitative 

technique. 

The reproducibility of FT-Raman spectra in terms of band height and area for both 

liquids and solids was assessed. For reasonably good scatterers, spectra recorded and 

averaged as we described are reproducible within 98% provided the laser and 

measurement equipment are stable. This in turn leads us to conclude that formulations 

with reasonable high concentrations of most actives can be monitored reliably and 

rapidly even if the tablets are inhomogeneous. 

Turning to our experiments in more detail, it is clear that although internal 

calibration would be ideal, the use of an external intensity standard is feasible. Using 

external standardisation is not always favourable for reproducibility values. When the 

instrument is stable (Relative Standard Deviation < 1.5%), external standardisation is 

not necessary. When the reproducibility from tablet to tablet is around 98%, our 

external reference enhances the reproducibility. But when the tablet reproducibility 

falls below 97.5%, ratioing against an external reference only makes the results worse. 

For the liquid formulations, correlation coefficients from our regression lines 

display values of over 0.99 in all 4 sets of calibration samples. 

Calibration curves were generated for tablets made from Na2S04 or K2SO4 and 

maleic acid. These were compared with others fabricated from sodium sulphate and 

potassium chromate. It was found that the organic/inorganic mixtures produced better 

results suggesting that the softness of the organic is advantageous. 

For the tablet calibration sets, correlation coefficients over 0.995 are possible 

when internal standardisation is used. External referencing reduces the linearity and 

correlation. The correlation coefficients are still better than 0.99 for the K2S04/maleic 

acid mixtures. Since I had to gravimetrically prepare the calibration sets myself, the 

biggest problem arose from de-mixing as the powders were transferred into the KBr 

press. Hence, for some tablets intensity variations up to 30% from one side of the 

tablet to another were observed. Therefore, it was decided to leave clear outliers out of 

the calibration set. 
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There seems to be no correlation over the entire concentration range (0 to 

100%) for the tablet mixtures made up from two hard crystalline materials, K2Cr04 

and Na2S04. But for a restricted region (up to 70% w/w%) correlation coefficients 

better than 0.99 have been obtained. 

There was a influence on the Raman intensities as the packing density was 

varied. It appears that the Raman intensity decreases around 5% for tablets 

compressed with 9 tons of weight, compared with tablets compressed with 3 tons of 

weight. The relative standard deviation was rather large, 2% on the average intensities 

at the different pressures. 

There is one problem left unsolved though. That is the fact that different slopes 

for the correlation graphs are obtained for similar sets of tablets. One explanation 

could be day to day variation of the instrument response. Unfortunately, our external 

reference as it stands is not able yet to correct for this. But in the recommendations for 

future work, some suggestions are lied out. 

Finally, we compared the use of peak heights and peak areas. To our surprise, 

height measurements were more satisfactory. We suspect that the explanation lies in 

the noise. Noise in the background makes it very hard to define the background line 

for integration. This, of course, is disastrous because the background line affects the 

root of the band and hence its position has a disproportional large effect on the area. 

Peak height, on the other hand is also affected by the noise in the background but the 

effect is less apparent when broader bands are studied. Thus, our conclusion that the 

use of band height is more satisfactory than band areas in quantitative Raman 

spectroscopy. 

Recommendations for future work are to: 

® cut the tablets in half and analyse these by HPLC to confirm our suspicion of 

sample inhomogeneity being the major cause of the flaws in the analysis 

• prepare a new set of 'thinner' calibration standards, so that the whole tablet is 

probed and de-mixing does not cause such a big problem anymore 

• find a new external reference that is a stronger Raman scatterer which will 

improve its reproducibility 

• modify the tablet analyser so that the tablet stays perfectly in focus 
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• use chemometrics to reduce the influence of noise on the calibration curves and to 

study the possibilities for correcting the differences in slopes for the calibration 

curves 

In Chapter 4 a local anaesthetic system was studied. The two active ingredients 

lidocaine and prilocaine form a eutectic mixture. In addition, two block copolymers in 

aqueous solution are present in the formulation. 

Interactions between the two active components were studied. Some evidence 

of hydrogen bonding was evident from the infrared spectra, but this was not observed 

in the Raman spectra. In addition solubility of the components in their eutectic 

mixture was observed. 

The possibility of interactions between the eutectic mixture and an aqueous 

solution of block copolymers was investigated. Again a change in hydrogen bonding 

in the eutectic mixture was observed, as the boundary between the eutectic mixture 

and the aqueous solution was probed. Unfortunately, due to overlapping water bands 

and overall low signal to noise, the other regions in the spectrum significant for 

hydrogen bonding could not be studied. Therefore the results on the possibility of 

interactions between the actives and excipients in the formulation are inconclusive. 

The aims for future work should be to improve the experimental set-up so that a 

vibrational spectrum of the eutectic mixture in the solid state can be recorded. This 

way, the spectra of the eutectic mixture and its components can be compared in the 

solid state where hydrogen bonding is stronger. 

To study the possible interactions between the eutectic mixture of lidocaine 

and prilocaine and the aqueous solutions of block copolymers, new Raman mapping 

experiments are needed. It took considerable time to get the experiment to work, but 

now it is at the stage where, given enough time, conclusive results can be obtained. 

From the variable temperature experiments performed on the formulation 

containing local anaesthetics, a lot of data on conformation changes in the polymer 

system can be extracted. Especially the use of chemometrics would give a 

considerable advantage over simply curvefitting. As a result, more conclusions will be 

drawn with regards to thermal stability. 

In the last chapter, Chapter 5, sulfathiazole and its polymorphs were studied. In the 

literature, it was shown that sulfathiazole polymorph I displays a rather large 
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anisotropic lattice expansion on heating. It is also known that the change in hydrogen 

bond lengths can be related to shifts in the vibrational frequencies. 

Both infrared and Raman spectra of a series of iso-structural solvates of sulfathiazole 

were recorded. The changes in the different bond lengths and unit cell parameters 

were related to the shifts in vibrational frequencies of specific groups, but no 

correlation could be found. 

Variable temperature vibrational spectra of sulfathiazole polymorph I were 

recorded and an attempt was made to relate the observed shifts in the NH stretching 

frequencies with the changes in hydrogen bonds and unit cell parameters. But again, 

no correlation was found. 

Recommendations for future work would be to include a wider range of solvates with 

clear differences in hydrogen bonding capacities into the study. 

Deconvolution and curve fitting procedures to reveal underlying bands would 

be beneficiary to be able to correlate the shifts in frequencies with the X-ray data on 

bond lengths. 
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