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ABSTRACT

The infrared spectra of mixtures of HC1 and the following 
have been recorded in the gas phase and low temperature 
matrices: argon, ethene, ethyne, de-benzene, fluorobenzene, 
CO, CO2 , SOz, CC1*, CHCls, de-acetone, ethanal, HCN and 
acrylonitrile. The features which have been measured are: 
firstly the changes in the integrated intensity of lines in 
the rotation-vibration spectrum of the fundamental HC1 band 
as a function of interactions with other components of the 
mixture, and secondly bands associated with specific 
interactions forming hydrogen-bonded complexes.

The enhancement of HC1 is generally found to vary linearly 
with the pressure of added gas over a limited pressure 
range. Assuming that line enhancement is caused by 
collisionally-induced rotation-translation energy exchange 
to or from the HC1 molecule, a combination of expressions 
derived from Ehrenfest's Adiabatic Principle and the "rigid 
rotor" approximation leads to a model which qualitatively 
predicts the enhancements observed. The model also 
rationalises the enhancement of HCN and SOa absorptions by 
HC1.

Examination of the experimentally determined data leads to 
the conclusion that the total intermolecular force between 
the monomer base and HC1 controls the degree of enhancement 
but it is concluded that there is no general connection 
between the degree of HC1 enhancement and hydrogen-bond 
strength.

Hydrogen-bonded complexes were examined in the gas and argon 
matrix phases and the shifts in the modified hydrogen 
chloride stretch compared for various bases. The spectra of 
pi-complexes formed between HC1 and ethene, ethyne and 
benzene were found to be detectable by low-resolution 
infrared spectroscopy at room temperature. Complexation of 
HCN, he-acetone and de-acetone with HC1 caused CN and C=O 
band shifts.

The Chem-X molecular modelling program was evaluated by 
using it to predict the geometry of simple complexes for 
which experimental data is already available. It is 
concluded that the program requires more development before 
it can be confidently used as a theoretical aid with which 
to study hydrogen-bonded dimers.
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CHAPTER 1 

INTRODUCTION 

1. 1 Overview

This work evolved from a long standing programme of research 

established at the Polytechnic of Wales in which infrared 

spectroscopy has been used to investigate hydrogen-bonded 

dimers.

In retrospect the project can be divided into two parts. The 

first, concerned with infrared band enhancement, is detailed 

in chapter 3. The second, concerned with further studies of 

hydrogen-bonding, is dealt with in the remaining chapters.

The purpose of this chapter is to briefly state the purpose 

and scope of the investigations and to outline the main 

features of both pressure-broadening and hydrogen-bonding 

which are relevant to later discussions.

1. 2 Band enhancement of HC1

Fig 1. 1, provided by Dr J. Corbett (collaborating 

establishment M. 0. D), shows a set of spectra which 

illustrates the dramatic enhancement effect of buffer gas 

pressure on the fundamental infrared absorptions of 0. 13 

torr carbon monoxide gas in a 40m cell.

The research outlined in chapter 3 was specifically 

initiated by the related observation whereby HC1 infrared



bands were seen to be enhanced during experiments designed 

to spectroscopically identify hydrogen-bonded complexes. In 

this project the effect was subjected to greater scrutiny, 

though still at medium resolution (ca. 2 cm- 1 ). This 

involved quantitative analysis of HC1 band areas in the 

presence of relatively unreactive buffer gases (such as C02 

and Ar) and also in the presence of known hydrogen bond 

complexing gases and vapours, such as HCN and CHaCHO.

Since linear plots of enhancement versus p<«<a.<a.«.a g=. > were 

obtained, the gradient of such plots was used as a 

measurement of the enhancement effect. Eventually it was 

concluded that the enhancement effect is probably collision 

induced pressure-broadening, a subject which has generated 

numerous papers, covering empirically or theoretically a 

wide range of interdisciplinary problems and concerns 

including astronomy, atmospheric gas analysis and the 

elucidation and verification of potential surfaces.

In HC1, the Pi and R0 peaks are selectively enhanced. 

Elaborate theoretical models have been previously used to 

explain these observations but as chapter 3 shows, a 

combination of both the expression for the energy of a rigid 

rotor and Ehrenfest's principle of energy transfer produces 

a very simple rationalisation of this effect.



FIG.1.1 SPECTRA OF THE 2143cm"1 BAND OF A CONSTANT 

PARTIAL PRESSURE (0.13 torr) OF GO IN N^
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If there were a connection between the degree of 

pressure-broadening of HC1 caused by a species, and the 

strength of the hydrogen bond formed between the species and 

HC1, it might be possible to estimate the relative stability 

of a complex even if the v. shift could not be determined 

because the infrared absorptions were too weak to observe or 

were obscured by interfering species. This question is 

addressed by comparison of enhancement data with parameters 

usually taken as indicators of hydrogen bond strength.

1. 3 What are hydrogen bonds ?

Hydrogen-bonding is the main concern of chapters 4 and 5. 

An operational definition of a hydrogen bond is that it 

exists when a hydrogen atom is bonded to two or more atoms 

(1). This definition implies that the hydrogen bond cannot 

be a simple covalent orbital overlap since the hydrogen atom 

has only one orbital at sufficiently low energy to engage in 

covalent bonding. Macroscopically, the effects of hydrogen 

bonding are seen directly in the increased melting points 

and boiling points of species such as water, ammonia and 

hydrogen fluoride and microscopically in changes in dipole 

moment and in monomer bond length and vibrational frequency.

There have been many attempts to assign special 

distinguishing properties to the hydrogen bond (2). Perhaps 

the most important feature is the small size of the hydrogen 

atom itself and the absence of inner shells of electrons,



since these factors reduce the exchange repulsion 

contribution to the bond energy.

The hydrogen bond may be regarded as a kind of dipole-dipole 

interaction. Complexes such as Ar. . . HC1 and Kr. . . HF are then 

viewed as both hydrogen-bonded complexes and also as Van der 

Waals' complexes.

According to R. P. Bell (3) the formation of a hydrogen bond 

may be viewed as an example of a reaction of a Lewis acid 

(AH) and a Lewis base (B):

AH + B = AH. . . B

In this sense a hydrogen bond may be thought of as 

consisting of a proton shared between two electron pairs 

located on A and B respectively. A is an electronegative 

atom. The acceptor group B is often another electronegative 

atom but it may contain a pi-bond system.

A weakly bound complex may be usefully defined as one which 

has a hydrogen bond dissociation energy of less than about 

50 kJ mol- 1 . In these complexes the geometry of A-H and B 

are little changed upon complexation. This is the logic 

behind attempts to express the hydrogen bond energy in terms 

of monomer parameters. For example, Alien (4) has proposed 

an empirical formula based on molecular orbital calculations



and experimentally determined bond energies in which the 

hydrogen bond energy is proportional to the A-H bond dipole 

(which estimates the partial charge on the H atom) and 

to the difference between the ionisation energy of the Lewis 

base and the ionisation energy of a specified noble gas atom 

(which estimates the basicity of B).

It is generally found that in the gas phase the atoms making 

up the hydrogen bond AH. . . B are linear. The geometry of 

complexes is further discussed in Chapter 6.

1. 4 Spectroscopic investigations of hydrogen-bonded

complexes

UV and visible spectroscopy is applicable to studies of

complex formation where the acid or base contains a

chromophore which is appreciably perturbed by hydrogen bond

formation (5).

X-ray diffraction has been used to study solids, such as 

hydrated salts, which contain hydrogen-bonding (6). The 

position of the hydrogen atoms cannot be located accurately 

and the technique yields overall r(A. . . B) separations rather 

than r(H. ..B). If the sum of the Van der Waals' radii for A 

and B (rA^<a~ and rB^<a-w respectively) exceeds r(A. . . B) a 

hydrogen bond is assumed to be present, although the 

relationshup r^^-a™ + rBv<a.-w -2= r (A. . . B) applies for weak 

hydrogen bonds (7).



The neutron diffraction of solids (1) locates the hydrogen 

atoms accurately and enables r(H...B) distances to be 

determined directly. The data of Hamilton and Ibers (1) 

shows that while r(H.. . B) generally decreases with 

increasing electronegativity of A and B this trend is not 

universal. This is partly because the polarity of a 

(reactant) molecule is determined as much by the type of 

bonding as by the nature of A and B (an extreme example is 

provided by CO which possesses a small dipole moment despite 

the presence of the highly electronegative oxygen atom). 

Perhaps more importantly, and anticipating the conclusions 

of chapter 3, the presence of considerable polarity in the 

reactant molecules does not appear to provide an adequate 

qualitative index of hydrogen bond strength.

Proton magnetic resonance spectroscopy (PMR) identifies 

hydrogen-bonded dimers by the shift of the proton signal to 

higher magnetic field upon complexation (8). A limited 

number of studies have involved the effect of 

hydrogen-bonding on nuclei other than hydrogen, including 

deuterium, carbon, nitrogen and oxygen (9).

Microwave, infrared and (to a lesser extent) Raman 

spectroscopy have been applied to many hydrogen-bonded 

systems in the gaseous phase (10). Although the use of 

static mixtures remains commonplace, both molecular beam and



supersonically expanded mixtures have been widely used. The 

use of supersonically expanded mixtures produces very low 

effective temperatures under near collisionless conditions, 

and this results in relatively strong and highly resolved 

absorptions which belong exclusively to the vibrational 

ground-state of the species in the mixture. Typical 

operating conditions (11) include an upstream pressure of 

100 atm, a nozzle diameter of 0.025 mm and a downstream 

translational temperature in the collision-free zone of as 

low as 0. 05K.

Conventional infrared spectrescopic sources have often been 

replaced by tunable infrared lasers which provide a high 

energy throughput with a bandwidth of < 0. 0001 cm- 1 . The 

lasers can be used directly in absorption studies or simply 

to excite dimers which are then detected by microwave 

spectres copy.

Infrared spectroscopy has also been used with matrix 

isolated samples, and this is further described in chapter 

2. The chief disadvantage of this (older) technique compared 

to the supersonic nozzle is that complex interactions often 

occur between the reagents and the matrix itself, and that 

polymeric species often obscure the absorptions of the 

complex.

Both conventional and FT microwave spectroscopy has been



used with Stark modulation, and this has produced accurate 

measurements of dipole moments, bond length and 

spectroscopic constants for several prototype dimers, 

including HCN. . . HF (12) and CH 3 CN. . . HF (13). Microwave 

spectroscopy has been the main tool in establishing dimer 

geometry, and to date the shape of about 100 gaseous dimers 

have been determined in this way.

Recent developments in the study of hydrogen-bonded dimers 

also include the detection of complexes by vibrational Raman 

spectra using the CARS technique (14), and the use of 

photoionization and photodissociation mass spectrometry 

(15).
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1. 5 The infrared spectroscopy of gaseous hydrogen-bonded 

dimers

Studies of gaseous hydrogen-bonded complexes provide the 

clearest information about the properties of isolated dimer 

molecules (free from solvent or lattice interactions), but 

because of the low concentrations of such dimers in the 

gaseous phase at room temperature this area of research has 

only fully developed in the last twenty years.

The application of infrared spectra to investigate 

hydrogen-bonded dimers is directly relevant to this study. 

The assumption that the stoichi°metry of complex formation is 

1: 1 appears to hold good in most cases, but the use of low 

resolution i. r spectroscopy to identify dimer formation is 

considerably more complicated if polymers are present in 

detectable concentrations. A cautious tale is provided by 

the work of Smith (16). He made a detailed infrared study of 

pure HF vapour at different temperatures and pressures and 

found absorptions that were proportional to the 2nd, 4th and 

6th powers of HF pressure, suggesting the presence of dimer, 

tetramer and hexamer respectively. However, Redington (17) 

on the basis of laser absorbance measurements, showed that 

these inferences are probably erroneous. A new model for HF 

vapour was proposed in which there are many oligomers 

possessing similar absorption coefficients whose narrow 

vibrational spectra overlap the spectra of the (HF) n 

complexes under study.
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The value of infrared spectroscopy to probe hydrogen-bonded 

complexes has been greatly improved by two developments. The 

first is the availability of high resolution infrared 

spectrometers, which can now resolve the rotational fine 

structure due to the complexes themselves, even though the 

complex molecules have ground-state molecular constants 

which are <lcm- 1 . (For example, in the case of the linear 

complex HCN. . . HF B0 = 0.36 cm- 1 (12)).

Second, since complex formation is exothermic the 

examination of Lewis acid/base mixtures at low temperatures 

increases the concentration of complex at equilibrium. 

Experimentally the low temperatures may be achieved by 

simple cooling of the sample or, as noted in s 1. 4, by rapid 

adiabatic expansion of the mixture through a nozzle. A 

complementary technique, that of matrix isolation, is 

discussed in chapter 2.

1. 6 The vibrations of hydrogen-bonded complexes A-H. . . B 

The vibrations of molecules are strictly those of the whole 

molecule although in many cases we can approximate and 

assign vibrations to specific groups. The spectrum of a 

linear molecule containing a hydrogen bond may be 

interpreted in terms of a low wavenumber hydrogen bond 

(H. . . B) stretch (v^.) and bend (v^) and also a higher 

wavenumber stretch (vs ) and bend (VB) which roughly 

correspond to motion of the hydrogen atom alone. VB and v^

12



are degenerate for linear and symmetric rotor dimers. For 

asymmetric rotors, such as H^O. . . HF, the double degeneracy 

of VB and Vp is removed to give in and out-of-plane modes. 

The low wavenumber modes have been studied by far infrared 

spectroscopy and also by Raman spectroscopy (18).

For HCN. . . HF, the most closely studied dimer, there are 3N-5 

= 10 vibrations. This comprises of 4 vibrations associated 

with the HCN monomer and v^ = 155 cm- 1 , v» = 3710 cm- 1 , v» = 

70 cm- 1 and VB = 555 cm- 1 .

vs is often referred to as the modified A-H stretch, and due 

to the closeness of AH to the hydrogen bond the wavenumber 

shift of the A-H stretch upon complexation is often more 

than 100 cm- 1 . The shift in VB :

ve (complex) - v«, (monomer)

has become an important parameter in both liquid, gas and 

matrix isolation studies of hydrogen-bonded complexes. In 

particular, Ave is generally regarded as a measure of the 

strength of the hydrogen bond. This is examined further in 

chapter 5.
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1. 7 Investigations of hydrogen-bonded complexes in this 

project

In this project, static gas and matrix mixtures were 

investigated by infrared spectroscopy. The reproducibility 

of FT-IR spectra and the software facilities available led 

to the identification of several gaseous complexes (chapter 

4) including Ar...HC1 (previously identified either by using 

long pathlength cells or very high resolution), HCN. . . HC1 

and possible pi-complexes CeDs. . . HC1. C 2 Hz. . . HC1 and 

CaH*. . . HC1.

An abbreviated notation is used in labelling spectra. For 

example, a spectrum labelled [350 ethyne + 350 torr HC1] 

- [350 ethyne + 350 torr HC1] means that the spectra of 

isolated samples of 350 torr ethyne and 350 torr HC1 have 

been subtracted from the spectrum of the mixture. A straight 

line spectrum would then indicate that no interactions are 

occurring. If the enhancement effect has a predictable 

influence on the contour of the spectrum the appearance of 

novel absorptions suggests that a complex has been formed.

The matrix spectra reported (chapter 5) include those for 

HCN. . . HC1 and also for (CH 3 ) 2 C=O. . . HC1 and (CD 3 ) 2 C = O. . . HC1 

where the C=O absorptions shift appreciably and differently 

upon complexation.

The VB matrix data are particularly valuable in assessing



hydrogen bond strengths, and a comparison, where available, 

is made of other parameters for the complexes studied. 

Chapter 6 includes an attempt to adapt a commercial 

molecular modelling package to predict hydrogen-bond dimer 

geometry. Comparison with experimental data on bond lengths 

and angles enables an evaluation of the program to be made.
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CHAPTER TWO 

EXPERIMENTAL TECHNIQUES AND INSTRUMENTATION

2. 1 Introduction

This study involves the preparation of samples of 

hydrogen-bonded or pressure-broadened species and the 

scanning of these samples in an infrared spectrometer.

For gases, the preparation of samples is relatively 

straightforward and details of the purification and mixing 

procedures are outlined below. The production of matrix 

isolated samples is more involved, and both the principles 

and practice of this technique are so different as to merit 

separate discussion.

The gas samples were analysed using a Fourier Transform 

Infrared (FT-IR) spectrometer, the principles of which are 

detailed below.

2. 2 Purification of gas samples

Hydrogen chloride, argon, carbon dioxide, carbon monoxide, 

ethene and ethyne were used directly from cylinders after 

preliminary infrared examination to check purity. Liquid 

samples, such as acetone and de-benzene, were de-gassed 

under liquid nitrogen and purified by distillation.
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2. 3 Preparation of HCN

Hydrogen cyanide was cautiously prepared by the action of 

stearic acid on NaCN at 120°C (19). Stearic acid was dried 

by storing in a desiccator and by extended pumping at ca. 

100°C before use.

The procedure used was as follows. An equimolar mixture of 

stearic acid and sodium cyanide was placed in a round 

bottomed flask connected, via the manometer and gas line, to 

an isolated and evacuated 5-litre bulb with a cold-finger 

immersed in liquid nitrogen. Upon initial heating of the 

reaction mixture using an electric mantle, the reaction 

vessel was maintained under vacuum until the manometer 

indicated considerable HCN production, at which point the 

pump was isolated and the tap to the 5-litre flask opened. 

When no more HCN appeared to be condensing in the cold 

finger, the HCN was isolated and subsequently purified by 

bulb to bulb distillation. Infrared spectra revealed very 

little water impurity. The reaction vessel and contents were 

allowed to completely cool under vacuum before disposal.

2. 4 Preparation of gas mixtures

Gas spectra were taken in a 10 cm glass cell with KBr 

windows. Gas pressure was measured with a mercury manometer. 

Gases were transferred using a conventional gas line. The 

gas which was to form the minor constituent of the mixture 

was first added to the gas cell until the required pressure

18



(pi) had been reached, at which point the cell was then 

isolated from the gas line. The previously evacuated 

manifold was then pressurised with the second gas and the 

gas slowly fed into the gas cell with pm«ni *?<=,:!. <* > pi 

throughout. A background spectrum (evacuated cell) was taken 

before each mixture scan.

2. 5 Matrix isolation

Matrix isolation is a technique for trapping isolated 

species in an inert solid in order to investigate their 

properties, usually by spectroscopic methods. The technique 

was originally applied by G. N. Lewis in 1941 (20), who used 

a glass-like medium in which to suspend and study 

phosphorescing aromatic molecules. The use of argon and 

nitrogen at low temperatures as matrix supports for 

photochemical studies was simultaneously proposed by Porter 

(21) and by Pimental (22). The extension of the technique to 

study hydrogen bonding was pioneered by Hallam (23).

2. 6 Advantages of matrix isolation infrared spectroscopy 

Matrix isolation enables the isolation and investigation of 

species, such as short-lived radicals, which are too 

reactive to be detectable in the gas phase without high 

intensity photolysis, by effectively restricting the rate of 

bimolecular collisions. The low temperature, ca. 10K, also 

prevents chemical reactions with measurable activation 

energies.
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In the context of investigating hydrogen-bonded complexes by 

infrared spectroscopy, matrix isolation usually produces 

sharp absorption bands since pressure-broadening of the 

solute is greatly reduced. In addition, bands due to 

complexes are more intense at 8K than in the gas at ambient 

temperatures since the equilibrium concentration of complex 

increases with decreasing temperature. The low temperature 

of the matrix also ensures that only the lowest rotational 

states are accessible to molecules, so that the spectra of 

solutes in the matrix are generally much simpler and easier 

to analyse than those obtained in the gas.

2. 7 Disadvantages of matrix isolation

There are two obvious disadvantages of the technique. First, 

very rigorous standards of sample purity, vacuum and 

temperature stability are required to produce reproducible 

and meaningful results.

Second, in matrix isolation it is assumed that the 

composition of the gas mixture is reproduced in the matrix. 

In fact, the assumption that very little equilibration 

occurs at liquid helium temperatures is difficult to prove. 

The deposition from the gas is also complicated by the 

different freezing points of the solutes and matrix gas, 

which may result in preferential deposition of one or more 

of the components. Since it is difficult to know how much of 

a gas sample ends up being deposited on the window,

20



quantitative intensity measurements are not usually 

attempted.

Less obviously, it cannot be assumed that the molecular 

energy levels of the trapped species are insignificantly 

perturbed by the matrix, so that the description of the 

matrix environment as "pseudo-gas" needs to be used 

cautiously. Slight shifts in the frequencies of fundamentals 

in the gas and matrix, analogous to solvents shifts in 

solution, suggest that these effects are important.

The vibration-rotation spectra of matrix isolated solutes 

has been theoretically explained by a model in which the 

major perturbation between the matrix and solute molecule is 

rotational-translational coupling (24). HC1 has been studied 

extensively (25). However, the spectra of matrix isolated 

HC1 cannot be described using a simple combination of a 

constant gas-matrix shift and the gas phase relationship 

(26).

Perhaps the most serious drawback of the technique is the 

occurrence of extensive self-association and the formation 

of multimer hydrogen-bonded species. This is, of course, 

simply a reflection of the the greater thermodynamic 

stability of species at lower temperatures.
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2. 8 Requirements of a matrix material

The material to be used as a matrix should be available in a 

high degree of purity, be chemically inert, rigid, 

relatively volatile so as to enable easy manipulation on a 

gas line in the mixing stage, and should not absorb in the 

same frequency region as the solute absorptions of interest.

Chemical inertness implies that the matrix does not react 

with the solute. At the low temperatures involved in matrix 

isolation even argon forms a weak complex with (for example) 

HC1, but fortuitously this effect has little influence on 

the more interesting reactions of HC1 with other solutes in 

the matrix.

The requirement that the matrix be rigid means that the 

material must act as a genuine "cage" for the solute 

molecules and prevent diffusion of solute molecules which 

might eventually result in the extensive solute association 

that typifies frozen solute. A guide to the diffusion 

properties of a matrix is provided by the lattice energy 

since this allows an estimate to be made of the energy 

needed to remove a particle of the matrix material to 

another location in the lattice. For the noble gases this 

parameter is favourably small.

Once the matrix lattice has been formed it must not be 

reformed or diffusion will take place. Since a condensing
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material gives out heat this implies that the matrix 

material should not possess a high latent heat of fusion. A 

low thermal conductivity for the crystal is also favourable 

to forming an effective matrix, since this makes localised 

warming in the lattice less likely.

The noble gases are generally regarded as the best matrix 

materials. As well as meeting the above requirements, noble 

gas crystals are highly symmetrical, reducing the 

possibility of multiple bands from one vibrational mode 

produced by the presence of solvent molecules in different 

symmetrical locations in the matrix ("site effects" (27)).

2. 9 Deposition of the solute

In this project mixtures of solutes(s) and argon (usually 

1:1: 1000) were mixed in a bulb, allowed to mix and slowly 

sprayed, via a needle valve, onto a Csl window maintained at 

8K by a cryogenic pump.

Successful deposition should result in a matrix which is not 

too thick so as to severely reduce transmission. This is a 

function of the amount of matrix deposition (even argon 

causes some scattering of the incident spectrometer beam) 

and the concentration of absorber. Self-association of the 

solute depends upon the ratio of matrix to solute and this 

must be set to a compromise value, a high ratio reducing 

both the probability of self-association and the absorption
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of the monomer bands.

The rate of deposition controls the rate at which heat is 

released to the matrix already constructed. A high rate 

imposes a load upon the cooling capacity of the cryostat, 

causing local heating and therefore diffusion and 

self-association.

2. 10 The cryotip and cryostat

The cold end of the cryotip assembly is shown in fig 2. la. 

Made of stainless steel, it contains an inner sample holder 

surrounded by a vacuum shroud capable of evacuation to below 

10- 6 torr. The shroud contains two KBr windows and a 

stainless steel capillary tube through which the sample 

passes before being deposited on the 'cold window' , made out 

of Csl. The temperature of the cold window is monitored and 

maintained by two thermocouples and a small heating element, 

both linked to a temperature control unit.

The cryostat used in this study was an Air Products Cs-202 

Displex system, a closed-cycle cryostat which operates using 

helium in a Stirling refrigeration cycle (fig 2. Ib).

2. 11 Infrared spectrometer for matrix isolation studies 

A Perkin-Elmer 580B infrared spectrometer, maximum 

resolution ca. 0. 5 cm- 1 , was used for the investigation of 

matrix isolated samples. Air in the spectrometer beam
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FIG.2.la COLD END OF CRYQTIP ASSEMBLY WITH Csl WINDOW

\
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compartments was purged of water by drying using a molecular 

sieve.

2. 12 Fourier Transform Infrared Spectrometers 

In principle, the production of a Fourier Transform (FT) 

spectrum may be achieved by direct sampling and digital 

recording of a complex (intensity/time) waveform 

corresponding to the resonance of all the oscillators 

(nuclei in NMR, vibrational modes in IR) and the subsequent 

interference of their individual signals. This signal is 

then transformed into a conventional intensity/frequency 

spectrum.

A requirement of this method is that the rate of sampling be 

at least twice the highest spectral frequency present. 

Electronic devices can cope with sampling at approximately 

10 9 Hz (NMR frequencies are typically 10 3 Hz) but their 

operation in the 'optical' frequency of 10 1:L -10 16 Hz is 

currently impossible. Therefore an alternative method, using 

an interferometer, is used in the infrared. This produces 

the same information but not in real time and is more 

limited by the quality of the optics.

2. 13 Generation of the FT signal: Michelson' s interferometer 

The data (transmission intensity v. wavelength) contained in 

spectra produced by FT-IR scan is identical to that 

generated by dispersive spectrometers, but is achieved
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without the use of a prism or grating monochromator. Whereas 

a dispersive spectrometer produces a spectrum which is, in 

effect, the result of a series of radiometric measurements, 

a FT-IR spectrometer transforms the polychromatic signal in 

its entirety, analyzing the intensity/wavelength information 

without dispersion.

The FT technique in the infrared is based on the Michelson 

interferometer (28), shown in diagrammatic form in fig 2. 2a. 

Details of the components for the Digilab FTS-50 are given 

in s 2. 14.

The interferometer operates as follows. Considering a 

monochromatic infrared beam for simplicity, the beam becomes 

divided into two equal components at the beamsplitter. Each 

of the two rays is reflected at a mirror and then returned 

to the beamsplitter where, according to pathlength 

difference dictated by the moving mirror, their amplitudes 

will add and be subsequently detected. The addition may be 

completely constructive (corresponding to the peak amplitude 

of the interferogram), partly constructive, or completely 

destructive (no energy reaching the detector). The variation 

of the detector signal, I(X), at displacement 'X' represents 

the ' interferogram' .

If we imagine that the mirror is moved at constant velocity, 

and is taken through an infinite range of displacements,
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then the interferogram loses its saw-tooth edges (fig 2. 2a) 

and becomes a smooth and infinitely long cosine wave whose 

frequency is proportional to the frequency of the incoming 

radiation. If I(X) is the intensity of the detector signal 

at displacement 'X', and I (v) is the intensity of the source 

at wavenumber v then:

I(X) = I(v) cos (2TT Xv) ...(1)

For polychromatic radiation consisting of n frequencies the 

interferogram will be the sum of n such equations. For a 

infrared source which is continuous in wavelength (such as a 

heated coil):

400

I (X) = I (v) cos (2tT Xv) dv ... (2)

-06

The complement of equation (2) is the single-beam spectrum 

of the source, I(v):
•fOO

I (v) = I (X) cos (2-rr vX) dX ... (3)

-ee>

An interferogram for a polychromatic source is shown in fig 

2. 2b. As we move outward from the centre (the "centreburst") 

the cosine waves begin to reinforce or cancel each other, 

and the intensity of the interferogram dies off rapidly in a 

series of lower amplitude oscillations which, nevertheless, 

contain intensity and frequency information which is unique
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for that source and for the absorbing material present in 

the infrared cell.

It is found that the less spectral structure in the 

radiation entering the interferometer the more rapidly the 

oscillations die out, so that the higher resolution 

information is contained in the wings of the interf erogram, 

corresponding to greater mirror displacements. The 

theoretical limiting resolution of the spectrometer is given 

by l/X(max) where X(max) is the maximum displacement of the 

mirror. For the Digilab FTS-50, with a maximum resolution of 

2 cm- 3- this corresponds to a mirror movement of 0. 5 cm. For 

commercially available spectrometers with sub-Doppler 

resolution the mirror can move as much as 1 m.

In summary, the FT technique used in the infrared is based 

on the fact that the signal (interferogram) produced by a 

detector of a two-beam interferometer and the 

intensity/wavelength distribution of the radiation source 

entering the interferometer are Fourier Cosine Transforms. 

In practice sine and cosine components appear in the 

interferogram but mathematically, using similar equations to 

(2) and (3), it is still possible to convert interferograms 

(such as fig 2.2b) into single beam spectra of the sample. 

Such computations were first carried out by Peter Fellgett 

is 1949, and in 1965 Cooley and Tukey developed an algorithm 

that speeded up the transformation. Computers are needed to
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ensure that these conversions are carried out in a 

reasonably short time.

The production of an absorption spectrum requires the 

ratioing of the single-beam spectrum and the background 

spectrum (for liquid samples pure solvent, or for gases an 

evacuated cell). Most commercial FT-IR spectrometers operate 

in single scan mode, and this requires exceptional source 

stability, mirror movement reproducibility and a constant 

level of purging in the optical chamber.

2. 14 Components in the Digilab FTS-50

A brief description of the components as found in the

Digilab FTS-50 is as follows.

The moving mirror is mounted on an air bearing moved by an 

electromechanical transducer similar to that of a 

loudspeaker. The mirror motion is controlled by a constant 

velocity servo.

The beamsplitter used is a layer of Ge deposited on KBr. An 

equal thickness of KBr is mounted on the other side of the 

beamsplitter to equalize the pathlength. The centre of the 

beamsplitter is coated with iron oxide to provide a good 

beamsplitting surface for the 632. 8 nm emission line from a 

He-Ne laser, which operates along a slightly different 

optical path and is used is used as a reference for the
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interferometer retardation.

The IR source, which provides a broadband emission source 

for the spectrometer, consists of a ceramic coil at 1250°C.

The infrared detector consists of a single crystal of 

Triglycine Sulphate (TGS) deposited on two electrodes within 

a protective case. Infrared radiation enters through a small 

KBr window. TGS detectors are roughly uniform in sensitivity 

over a wide spectral range and although less sensitive than 

InSb or GeCu detectors, require no cryogenic cooling.

2. 15 Truncation

In the above considerations it has been assumed that the 

mirror in the interferogram is capable of movement from + to 

- infinity. The fact that the mirror retardation is limited 

has the effect of truncating the interferogram and 

ultimately of losing some of the high resolution information 

in the wings. There are two common impositions. In 'boxcar 

truncation' the truncation is carried outside of two mirror 

displacement values Xa and X2 . It turns out that this 

produces small negative lobes in the interferogram. If a 

triangular function is imposed on the interferogram the 

negative lobes vanish (an effect known as apodisation) but 

resolution suffers further. Triangular apodisation is used 

in this study.
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2. 16 Advantages and disadvantages of FT-IR spectroscopy 

Important advantages of a Fourier Transform Spectrometer 

(FTS) over a dispersive instrument originate from the way 

that scanning takes place. In a prism or grating 

spectrometer each wavelength point is scanned in succession 

and the spectrum built up gradually. To increase the 

resolution of the instrument we have to reduce the slit 

width. This decreases the energy throughput of the 

instrument so that the signal to noise is lower, and it also 

means that resolution is dependent upon the wavelength at 

each point in the scan. In a FTS scan the whole wavelength 

range is scanned at once, and the resolution depends only 

upon the mirror displacement. Reduction in the energy input 

to the interferometer is unnecessary and the FTS achieves 

even greater energy throughput because its optics are less 

complicated than in a dispersive instrument and less energy 

is lost. These considerations mean that an FTS instrument 

can produce a satisfactory signal to noise ratio (one of the 

characteristics of a good spectrum) in a fraction of the 

time it takes a dispersive instrument to complete a scan.

FTS instruments also have the advantage of greater frequency 

precision, based on the internal He-Ne laser, which is 

independent of electromechanical movements of gratings and 

slits. More recently, FTS instruments have gained the 

advantage of higher resolution and, through microscope 

accessories based on reflectance, of being usable with
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intractable solid samples.

Disadvantages of common FTS instruments include a greater 

initial cost and the requirement for an effective purging 

system, although the production of FT-IR spectrometers with 

sealed optical tracks restricts the purging to the cell 

chamber. The operation of FTS instruments in single beam 

mode is not usually troublesome because of the availability 

of highly reliable optics, sources and detectors and because 

of the rapidity of the scanning. Double beam spectrometers 

have recently become available (29).
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CHAPTER THREE 

EFFECT OF ADDED GASES ON HC1 ROTATION-VIBRATION BANDS

3. 1 Introduction

In this chapter the enhancement of the HC1 infrared 

fundamental by gases was studied using the Digilab FTS-50 

spectrometer and Quant32 software to determine peak areas. 

The results for various gases, including those which form 

hydrogen-bonded complexes with HC1, are then compared. The 

measurement of enhancement as a potential probe into the 

molecular properties of the added gas is then considered and 

a simple model is used to explain the enhancement data.

3. 2 Enhancement of HC1 by Argon at different resolutions 

The effect of instrumental resolution on the observed 

enhancement of HC1 was studied using argon gas as buffer. 

Two samples (50 torr HC1 and a mixture of 50 torr HC1 and 

710 torr Argon respectively) were scanned at 2,3,4,5,6,7 and 

8 cm- 1 resolutions.

(a) Pure HC1 at 50 torr pressure

The spectrum of 50 torr HC1 at 2 cm- 1 resolution is shown in 

fig 3. 1, in which the rotational transitions are also 

indicated. The Cl isotopes are unresolved. The relative 

areas and peak absorbances of the P branches are shown in 

table 3. 1. This data was used to plot fig 3. 2 which shows 

that peak height falls systematically with decreasing

38



resolution. In contrast, the peak areas are largely 

independent of resolution. Many infrared spectrometers 

operate within the resolution range 2-8 cm- 1 , and it follows 

that the measured area is a meaningful parameter under these 

conditions.

(b) Mixture of 50 torr HC1 and 710 Argon

Fig 3. 3a shows the spectrum of 50 torr HC1 and 710 Argon at 

2 cm- 1 resolution. Subtraction of fig 3. 1 from fig 3. 3a 

yields fig 3. 3b. Considerable enhancement of the HC1 

absorptions occurs and the effect is most pronounced for the 

Pi and Ro peaks. This is further emphasized in fig 3. 3c 

(subtraction factor = 1.65). Table 3.2 shows the percentage 

increases in absorbance and area for the HCl peaks in the 

mixture when compared to 50 torr HCl. For a particular peak 

the percentage enhancement calculated using peak absorbances 

agrees well with that calculated using peak areas. The 

standard deviation for variation in peak area with 

resolution was better than 2%.

Tables 3. 1 and 3. 2 lead to the conclusion that the 

measurement of line enhancement under conditions of 

resolution much lower than required for achieving true 

Doppler profiles provides meaningful values of relative 

enhancement by either peak or peak area measurements. 

Furthermore, since area measurements are independent of 

resolution over the interval 2-8 cm- 1 they should be
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transferable between different instruments operating in the 

same resolution range.

3. 3 Variation of HC1 enhancement with total pressure 

The variation of HC1 enhancement (at two pressures of HC1) 

with argon pressure was studied in the range 0-180 torr 

using the Pi peak (for which enhancement is greatest). The 

results are plotted in fig 3. 4. At an HC1 pressure of 100 

torr the enhancement gradient (in units of % increase in Pi 

area per torr of added argon) was 0. 12 compared with 0. 41 at 

50 torr HC1 in the linear region.

3. 4 Enhancement of HC1 by Argon: high resolution studies 

The HCl/Ar system was further studied using a Mattson Sirius 

FT-IR spectrometer at 0. 125 cm- 1 resolution. Fig 3. 5a shows 

the H 3SC1 and H 37C1 peaks making up the Pi band in the 

spectrum of 50 torr HC1. Addition of 450 torr argon (fig 

3. 5b) causes the area under the peaks to increase. No 

wavenumber shift is detected. The area of each isotopic peak 

increases by 238% upon the addition of argon, a greater 

enhancement than observed in the linear and 710 torr argon 

regions using the Digilab FT-IR spectrometer at 2 cm- 1 

resolution. This suggests that while table 3. 2 shows that 

nearly identical data is obtained using spectrometers in the 

resolution range 2-8 cm- 1 , data obtained at a order of 

resolution higher is not directly comparable.
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TABLE 3. 1
Peak absorbances

Resolution / cm- 1

Pi 2865 cm- 1
2
3
4
5
6
7
8

Pa 2844 cm- 1
2
3
4
5
6
7
8

Ps 2822 cm- 1
2
3
4
5
6
7
8

P 4 2799 cm- 1
2
3
4
5
6
7
8

and relative peak areas for HC1
Sample scanned: 50 torr HC1

lines

Peak Absorbance Peak area

0. 0471
0. 0467
0. 0447
0. 0427
0. 0412
0. 0397
0. 0335

mean
standard deviation

0. 0666
0. 0641
0. 0632
0. 0603
0. 0578
0. 0551
0. 0531

mean
standard deviation

0. 0726
0. 0691
0. 0685
0. 0649
0. 0614
0. 0592
0. 0568

mean
standard deviation

0. 0704
0. 0677
0. 0659
0. 0626
0. 0599
0. 0579
0. 0568

mean
standard deviation

50. 391
50. 642
50. 888
50. 359
50. 434
49. 922
50. 664
50. 471
0. 306

51. 919
51. 666
51. 733
51. 731
51. 970
50. 664
51. 616
51. 616
0. 438

51. 329
50. 939
51. 774
51. 675
51. 399
51. 369
51. 956
51. 492
0. 338

51. 364
51. 148
51. 727
51. 268
51. 302
51. 520
51. 956
51. 469
0. 285
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Resolution / ctn-1

2776 cm- 1
2
3
4
5
6
7
8

TABLE 3. 1 (CONTINUED)
Peak Absorbance

0. 0586
0. 0563
0. 0553
0. 0522
0. 0500
0. 0482
0. 0422

mean 
standard deviation

Peak area

50. 921
50. 611
51. 231
50. 752
51. 350
51. 388
52. Ill
51. 195
0. 502

2752 cm- 1
2
3
4
5
6
7
8

0. 0427 52. 502
0. 0410 49. 920
0. 0402 50. 479
0. 0386 50. 243
0. 0371 51. 254
0. 0350 51. 010
0. 0334 51. 714

	mean 50. 875
standard deviation 0. 674

TABLE 3. 2 PEAK ABSORBANCES, PEAK AREAS AND % ENHANCEMENT 
Sample scanned: 50 torr HC1 +710 torr Argon

Resolution / cm- 1 Peak Absorbance

2865 cm- 1
2
3
4
5
6

0. 1040 (121%)
0. 1007 (116)
0.0987 (121)
0.0946 (122)
0.0917 (123)

7 0.0885 (123)
8 0.0707 (111)

mean % 119. 6
standard deviation of % 4. 50

Peak Area

109.
111.
111.
110.
111.
110.
110.

95
34
59
69
34
87
77

(118%)
(120)
(119)
(120)
(121)
(122)
(119)
119. 9

1. 35

P 2 2844 cm- 1
2 0. 1187 (78%)
3 0. 1145 (79)
4 0. 1118 (77)
5 0. 1072 (77)
6 0. 1027 (78)
7 0.0982 (78)
8 0.0951 (79)

mean % 78
standard deviation of % 0. 82

90.
91. 
91. 
91. 
90. 
90.

53
15
27
25
67
99

90. 49

(74%) 
(76) 
(76) 
(76)
(75)
(76) 
(76) 
75. 6 
0. 79
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TABLE 3. 2 (CONTINUED) 
_______________ _____________ Peak Area

Pa
86. 13 (68%) 
86. 59 (70) 
85. 71 (66) 
86.40 (67) 
86. 25 (68) 
86. 21 (68) 
85. 42 (64) 

67. 3 
1. 89

P 4
83. 33 (62%) 
83. 71 (64) 
83. 52 (62) 
83. 69 (63)
83.81 (63)
83.82 (63) 
83. 46 (60) 

62. 4 
1. 27

Resolution

2822 cm
2
3
4
5
6
7
8

standard

2799 cm
2
3
4
5
6
7
8

standard

/ cm- 1 Peak Absorbance

_!

0. 1225
0. 1180
0. 1133
0. 1083
0. 1027
0. 0968
0. 0950
mean %

deviation of %

- 1
0. 1155
0. 1107
0. 1083
0. 1029
0. 0981
0. 0945
0. 0831
mean %

deviation of %

(69%)
(71)
(65)
(67)
(67)
(64)
(67)
67. 1
2. 30

(64%)
(64)
(64)
(64)
(64)
(63)
(63)
63. 7
0. 49

2776 cm- 1
2
3
4
5
6
7
8

standard

2752 cm
2
3
4
5
6
7
8

standard

0. 0954
0. 0923
0. 0892
0. 0855
0. 0817
0. 0781
0. 0686
mean %

deviation of %

- 1
0. 0696
0. 0668
0. 0654
0. 0627
0. 0591
0. 0551
0. 053
mean %

deviation of %

(63%)
(64)
(61)
(64)
(63)
(62)
(63)
62. 9
1. 07

(63%)
(63)
(63)
(62)
(59)
(57)
(59)
60. 9
2. 48

Ps
82.69 (62%) 
82.45 (63) 
82.62 (61) 
82. 77 (63) 
82. 55 (61) 
82. 58 (61) 
83.51 (61) 

61. 7 
0. 95

Pe
83. 40 (62%) 
82. 26 (65) 
81. 71 (62) 
82.02 (63) 
82. 47 (61) 
81. 99 (61) 
81. 94 (59) 

61. 9 
1. 86
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FIG.3.3 SPECTRA OF HCl/Ar MIXTURES 

(a) HC1 (50 torr) + Ar (710 torr)

V.00.6 2800 0 2b99

B. 06-1 (b) HC1 (50 torr) + Ar (710 torr) - HC1 (50 torr)

2P.BC E

0.0,:

a. 00-

(c) KC1 (50 torr) + Ar (710 torr) - 1.65 HC1 (50 torr)
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FIG.3.5 ENHANCEMENT OF HC1 (50 TORR) BY Ar (450 TORR) 

RESOLUTION = 0.125 cm' 1

(a) HC1 (50 torr)
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(b) HC1 (50 torr) + Ar (450 torr)
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3. 5 Enhancement of HC1 by other gases

Argon gas has the advantage that it does not absorb in the 

infrared and it is also relatively chemically inert. 

Enhancement gradients for 50 torr HC1 in the presence of 

gases other than argon were determined using the Digilab 

FTS-50. The variation of the Pi area (which undergoes the 

greatest enhancement) was studied and graphs (similar to fig 

3.4) constructed. Most of the gases used had some absorption 

in the region of the HC1 fundamental. Where the absorption 

of the added gas was appreciable (e. g deuterated benzene), 

the background absorption was corrected for by computer 

subtraction of the absorption of the pure additive.

The choice of added gas was limited by vapour pressure (in 

several cases the vapour pressure of the added substance 

limited the total pressure of the mixtures to under 150 

torr) and availability. One interesting feature of the 

measurements is that they involve added gases many of which 

form identifiable hydrogen-bonded complexes with HC1. 

However, the equilibrium constants for such complex 

formation are small and therefore the depletion of HC1 

during complexation may be neglected so that no correction 

to the peak areas is necessary.

3. 6 Acrylonitrile

The variation of enhancement with the partial pressure of

acrylonitrile is shown in fig 3. 6. The approximate initial
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gradients (% increase in Pi per torr of acrylonitrile) were:

2. 75 (30 torr HC1)

2.26 (50 torr HC1)

1. 39 (100 torr HC1)

confirming the greater enhancement effect of acrylonitrile 

compared to argon.

3. 7 Acetone

Preliminary studies of the acetone/HCl system indicated an 

enhancement gradient of ca. 1. 9 % per torr, sufficiently 

close to the more accurate value for (CD 3 ) 2 CO (corrected for 

a smaller background absorption) of 1. 64 to suggest that 

enhancement is unaffected by deuteration.

The enhancement graph for de-acetone is shown in fig 3. 7. 

Also shown are graphs for fluorobenzene (fig 3.8), ethene 

(fig 3. 9) and tetrachloromethane (fig 3. 10).

DISCUSSION 

3. 8 Introduction

Table 3. 3 includes the enhancement data for fourteen gases 

added to HC1 which were measured using the conditions 

described. Where identifiable hydrogen-bonded complexes are 

formed the shift in the HC1 fundamental in the gas and 

matrix phase is also recorded. Data have been obtained from 

this work and from reference (30).
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The effect of enhancement has usually be interpreted in 

terms of line broadening. Every influence on an absorbing 

molecule affects its spectral lines. The finite width of 

each of the two energy levels involved in the optical 

transition is responsible for the natural width of the 

spectral line. The effect of the molecule' s own thermal 

motion, which broadens the lines statistically, is known as 

the Doppler effect. The influence of other molecules upon 

the absorbing molecule causes spectral lines to broaden and 

shift; this is termed collisional or pressure broadening.

3. 9 The natural line widths in the infrared 

Natural broadening may be quantitatively treated using 

either classical or quantum mechanics (31). Classically, the 

radiative emission after absorption is regarded as a simple 

harmonic motion of a characteristic frequency but with 

amplitude falling (corresponding to the energy being 

radiated away). The quantum mechanical picture involves the 

specification that both energy levels involved in the 

transition cannot, by the Uncertainty Principle, be 

infinitely narrow. If the wavenumber spread of the upper and 

lower energy levels is d^i and d^2 respectively, the natural 

width of the spectral line is d^i + d^ 2 . If an excited state 

spontaneously decays to a stable ground state then dv2 is 

extremely small. The Uncertainty Principle then gives the 

full width of the line at half-height as:



where h = Planck constant and f is the radiative lifetime 

of the upper state. In the infrared natural line widths are 

so small (« 10-= cm- 1 ) that the observed width is dominated 

by the Doppler width.

3.10 Doppler broadening

Doppler broadening is a consequence of the random motion of 

absorber molecules away from (resulting in a longer 

wavelength) and towards (resulting in a shorter wavenumber) 

the detector (32,33) Assuming a Boltzmann distribution of 

velocities in the gaseous sample the full line width (in 

wavelength units) at half-height, W, is:

W = 2 Wo (2kT In 2/>) l / 2

c

where W0 is the centre of the line, c the velocity of light 

in a vacuum, T the temperature of the sample, and p the 

reduced mass of the species. This gives the ratio of line 

width at half-height to the line centre (both in 

wavenumbers) for HC1 at 298K as:

w / w0 = 2. 055 X 10- 6 

For HC1 Wo = 2886 cm- 1 , giving w = 5. 937 X 1Q- 3 cm- 1 .

3. 11 Pressure broadening

Even under high resolution the individual rotational peaks 

in the infrared spectrum of HC1 are very much wider than the 

expected natural and Doppler widths. This may be explained 

by assuming that the lines have been broadened by
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interaction of the absorber molecule with its neighbours. 

This effect is believed to be the major source of the 

broadening of infrared lines at the sample pressures used in 

this study.

Since collisionally induced line broadening is caused by 

interaction of molecules it results from intermolecular 

forces and (unlike the natural and Doppler broadening) is 

therefore expected to be strongly dependent on the density 

of molecules in the sample. Collisional effects on the 

absorber molecule in a gaseous sample are known to cause 

line broadening, line shifts and even the appearance of 

previously forbidden features as when Q-branches appear in 

the infrared spectra of diatomics at very high (> 100 atm) 

pressure (23). The packing of molecules in liquids and 

solids is so great that the spectral lines overlap 

completely.

3. 12 General theoretical approaches to pressure broadening 

Two main theories have been used to treat pressure 

broadening (31). The first, known as the impact theory and 

originally developed by Lorentz, regards pressure broadening 

as the result of a perturbation which abruptly quenches the 

wave train from the radiating molecule. This closely 

resembles the classical treatment of natural broadening and 

yields a similar (Lorentzian) line profile. The second 

theory, known as the statistical theory, attempts to
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calculate the change in the energy of the absorbing molecule 

as a result of interaction with the perturber (which is 

considered as stationary). The statistical average of the 

energy shifts for each molecule/perturber then yields a line 

profile. An attempt to combine the impact and statistical 

theories has been reported by Hirono and Nakazawa (34).

Early tests of theories of collision broadening were 

provided by absorption and emission spectra of the alkali 

metals in the visible and UV regions. Measurements were 

carried out at very high pressure so that the pressure 

broadened line profile could be fully resolved (35). The 

problem of achieving a true line profile, free of the 

distorting effect of the instrument (the "finite slit 

effect") is more acute in the infrared. Working at high 

pressure often causes the bases of the absorptions to start 

to significantly overlap and it is necessary to resort to an 

extrapolative procedure, usually based on the Wilson-Wells 

method (36), to convert the experimental widths to true line 

widths from which pressure induced shifts can also be 

determined. Such procedures are not always reliable (37). In 

the present study the shifts are negligible and no attempt 

was made to treat the observed spectral profiles.

3. 13 Previous experimental work on the pressure-broadening

of molecular bands, especially HC1

The pressure-broadening of simple molecules has been studied
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for two main reasons. The first was part of a long standing 

attempt to determine accurate and reproducible "absolute" 

values of band intensity in the infrared for analytical use. 

This required bands to be pressure-broadened so that they 

could be fully resolved. The development of high resolution 

spectrometers has now made the determination of absolute 

intensities almost routine but the pressure-broadening 

studies are still of interest.

The second purpose of such studies has been to provide 

reliable data with which to test theoretical models of 

collisional broadening. Accordingly, workers have 

concentrated upon relatively simple systems, especially 

HC1/noble gas mixtures, and most workers have avoided 

studying mixtures which might result in obvious chemical 

reaction. Broadening has been demonstrated by measuring 

increases in line widths and also by the size of spectral 

shifts. The separation of self-broadening and foreign gas 

broadening effects also been reported for a limited number 

of systems.

An early quantitative study of the effect of various gases 

on the intensity of the CO fundamental was made by Cross and 

Daniels (38) and subsequently by Penner and Weber (39) but 

the rotational bands were not resolved.
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Kortum and Verleger (40) studied the effect of added gases 

on the 0-3 vibration-rotation overtone of HCN and found that 

a plot of the mean half-widths of the rotational lines 

against the dipole moment of the added gas was crudely 

linear for polar diluents. The self-broadening of the 0-3 

band was observed to follow the Boltzmann distribution.

Benedict, Herman, Moore and Silverman (41) studied the line 

widths and intensities of the 0-1 band in pure HC1. 

Self-broadening peaked at J = 3 (the maximum of the 

Boltzmann distribution) and within experimental error was 

the same for both HC1 35 and HC1 3 "7 . Less accurate results 

were reported for the broadening of HC1 by Na but the 

broadened widths were observed to peak at J = 1 and were 

smaller than the self-broadening widths by a factor of 

between 0.43 (J=l) and 0.25 (J = 8).

Babrov, Ameer and Benesch (42) reported self and added gas 

broadening of the HC1 fundamental. Line widths were based on 

the measurement of "equivalent widths" which were defined as 

the area under an absorption line (the line profile as 

modified by the instrumental function) normalized for 

observed intensity in the absence of absorption. Again, 

self-broadening was observed to be greatest for the P 3 line 

while broadening brought about by added gas was greatest for 

the Pi line although the precise form of the line width/J 

profile was seen to be dependent on the nature of the added
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gas. Of the buffer gases used only HBr and CO were polar and 

these caused the greatest broadening.

Rank, Eastman, Birtley and Higgins (43) reported similar 

results for the 2-0 HC1 band and for the pressure-broadening 

of ethyne. No induced asymmetry in the R and P branches was 

observed. These workers have also generalized that the 

degree of pressure-broadening is proportional to the 

polarizability of the noble gas (44).

In contrast to the measurement of absolute line widths the 

determination of line shifts is not compromised by using 

instruments of moderate resolution provided that the 

broadening of lines does not cause the lines to be 

asymmetrical. Ben-Reuven, Kimel, Hirshfeld and Jaffe 

monitored the line shifts of the 1-0 and 2-0 bands of HC1 

perturbed by noble gases (45). The shifts (of the order of 

0.01 cm- 1 ) were larger in the 2-0 band than the 1-0 band. 

The J-dependence of shifts was complex, Krypton and Xenon 

(and in the R branch, Argon) showing the least shift for low 

J-values with the reverse effect being observed for Neon and 

Helium and the P branch of Argon.

Rank, Eastman, Rao and Wiggins (46) report a comprehensive 

study of pressure-broadening by examining the perturbation 

of the molecules HC1, DC1, HBr by noble gases and CF 4 . Much 

of the work agrees with that of Babrov et al (42) and a
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linear dependence of line width upon gas density was 

confirmed.

Levy, Piollet-Mariel and Boulet used a high resolution 

spectrometer to study the pressure-broadening of the first 

overtone in HC1 (47). Pressures of up to 10 atmospheres were 

used which enabled line widths to be measured directly. The 

J-dependence of the 2-0 band was very similar to that 

observed for the HC1 fundamental but the determined 

lineshifts do not agree well with previous studies.

Crane-Robinson and Thompson (48) measured the 

self-broadening and buffer gas broadened line-widths of CO 

and DC1. These results are interesting because both 

molecules have about the same fundamental frequency and 

roughly similar moments of inertia but very different dipole 

moments. The self-broadening lines of DC1 were about four 

times wider than those of CO. From the line-widths of CO 

broadening by NO, HC1, COz, SOz. CH 4/ noble gases and several 

hydrocarbons it was concluded that the most important factor 

in determining optical collision diameters was the magnitude 

of the interaction energy between the colliding partners. 

The J-dependence of broadening was interpreted as indicating 

that rotational transitions were being ' induced' by the 

colliding molecule, the probability of such energy transfer 

depending on the distance apart of the rotational energy 

levels.



The pressure-broadening of HC1 by cyanides was briefly 

mentioned by Thomas and Thompson (49), and this appears to 

be the first reference to pressure-broadening in systems 

where the constituents form recognised hydrogen-bonding 

complexes.

The vibrational dependence of pressure-broadening has been 

identified as particularly pronounced with buffer gas 

molecules which show substantial anharmonic behaviour. A 

model of the broadening and shifting of HC1

vibration-rotation lines by SF 4 supports the idea that this 

effect is due to a modification of the isotropic part of the 

intermolecular potential (50).

The importance of methane in telluric and planetary 

atmospheric cycles has prompted detailed studies of the 

pressure-broadening of its bands. Interestingly the 

pressure-broadening of the 3v 3 band shows very little 

J-dependence (51). The temperature dependence of broadening 

of the 2v 3 band has also been reported (52).

There has been several attempts to empirically assess the 

effect of pressure on infrared spectra without measuring 

line widths.

Burch, Singleton and Williams (53) adopted a method (first 

used by Goody and Wormell (54)) based upon comparing the
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(low resolution) absorbances of one cell containing the pure 

absorber with that of a second cell containing the absorber 

and nitrogen. This led to a value of the self-broadening of 

the gas compared to the foreign gas broadening brought about 

by nitrogen. Relative foreign gas broadening values were 

similarly obtained. Values for specified bands were reported 

for N2 O, CO, CO2/ C 2 He and CH 4 .

Corbett (55) studied the enhancement of low pressures of 

infrared absorbers by inert gases at low resolution using a 

40m gas cell. He attempted to correlate enhancement with a 

number of related parameters and reported the following 

expression for the enhancement factor (F):

F = [B / (In^A - In Sv2 ) ] - C

where A = 4. 75 X 10 s for Ar, and B and C are general 

constants (B = 18. 5 and C = 1. 5 respectively), yU is the 

reduced mass of the colliding pair, S the number of symmetry 

elements in the molecule and v the vibrational frequency 

(cm- 1 ) of the absorber.

Pressure-broadening has also been extensively studied in the 

microwave region and results have been reviewed by Birnbaum 

(56). Gebbie and Stone (57) pressurized HC1 (< 4 torr) with 

noble gases (up to 40 atm) and observed that the 0-1 

rotational line was broadened the most. Width/gas density 

plots were linear. Induced widths and shifts were 

considerably smaller than those reported in the infrared.
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Van Aalst, Schuurman and van Der Elsken used the temperature 

dependence of the broadening of HC1 rotational lines by Ar 

to evaluate the reaction crossection on the relative kinetic 

energy of the colliding pairs, and their results emphasize 

the importance of high energy collisions (58).

3. 14 Interpretation of the pressure-broadening effects of 

this study

(a) The proposition that collisions are responsible for the

enhancement effect

The dependence of enhancement upon buffer gas pressure, and

the linearity of such graphs at low pressure, strongly

suggests that the enhancement is brought about by

collisions.

(b) Explanation of the J-dependence of enhancement in HC1 

The enhancement of HC1, displayed in fig 3. 3, qualitatively 

supports previous work carried out on HCl/noble gas mixtures 

in which the Pi and R0 bands are preferentially broadened. 

The rotational population of a diatomic is maximised at a J 

value given by the expression:

Jm~~ = 0.5896 { (T/B) 1 / 2 - 0. 5 } 

where T is the temperature and B is the rotational constant

(59). For HC1 at room temperature this yields Jm«^ = 3. This 

makes it clear that the greatest enhancement does not simply 

occur for the HC1 upper state produced from the most
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populous ground state.

The statistical theory of pressure broadening interprets the 

collision broadening of HC1 as a perturbation in the energy 

levels of HC1 by the added gas. According to Buckingham (60) 

the foreign gas splits the energy of the HC1 molecule into 

different rotational levels within the vibrational manifold; 

the spectral lines are not observed to be split because the 

change in energy level is not the same for each absorber 

molecule. The final result will be a a line broadening. A 

shift in mean frequency is also expected, although this is 

too small to be observed for HCl/Ar in this study. The 

dependence of broadening on the rotational state of the HC1 

molecule may then be rationalised by making the interaction 

energy an inverse function of the rotational quantum number.

The theoretical model used by Piollet-Mariel, Boulet and 

Levy (61) to simulate pressure broadening in Ar/HCl assumes 

that the J-dependent rotational wave-functions corresponding 

to the vibration-rotation states are deformed by the 

intermolecular forces that make up the Ar/HCl collision. The 

matrix elements that depict the intensity of each rotational 

line should then be modified to an extent that depends on 

the strength of the anisotropic interaction potential.

A qualitative explanation of the J-dependence of enhancement 

is obtained by picturing the collision between an added gas
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molecule and a rotating HC1 molecule in the upper 

vibrational state. Classically the collision is more 

effective in slowing down the rotating HC1 molecule if the 

HC1 enters the collision in a lower rotational state. 

Alternatively, the impact theory may be modified so that the 

quenching of the absorber molecule is interpreted in terms 

of the Heinsenberg Uncertainty Principle. The effect of a 

collision is to reduce the life-time of the 

vibration-rotation state produced by absorption of the 

photon from the spectrometer beam, with a resultant increase 

in the uncertainty (and therefore the breadth) of the 

absorption frequency. This approach may be successfully used 

to explain the observed J-dependence of HC1 enhancement 

following the early ideas of Crane-Robinson and Thompson 

(48). Since the energy gaps between successive rotational 

energy levels in HC1 become larger as J increases, energy 

transfer between the upper HC1 state and the buffer gas 

becomes less probable for HC1 molecules in higher rotational 

states. Since the Crane-Robinson paper the field of 

molecular dynamics and energy transfer has greatly expanded 

and the relaxation of the HC1 excited state by collision 

with a second species (e. g Argon) can now be attributed to 

rotation-translation (R-T) energy transfer.

What evidence is there for this mechanism ? Firstly, studies 

of relaxation in gases have demonstrated that V-T 

relaxation, although very much faster than V-V transfer, is
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much slower than R-T transfer (62). This confirms that the 

relaxation of the vibrational state can be neglected over 

the time scale that rotational energy transfer occurs. 

Secondly, our model of line broadening in HC1 also requires 

that R-T energy transfer is itself J-dependent and this 

pattern has been confirmed by independent molecular 

dynamical studies of the relaxation of HC1 gas itself. The 

long lifetime of vibrationally excited HC1 (ca. 2. 8 X 1Q- 2 s 

for the fundamental transition, (63)) makes direct 

observation of infrared fluorescence complicated because of 

collisions with vessel walls, but Polanyi and Woodall (64) 

have studied rotationally resolved emission from vibrational 

excited HC1 produced by the reaction:

H + C1 2 = HC1 (V , J' ) + Cl

in which a considerable fraction of the reaction 

exo-ergicity goes into rotational excitation. Although the 

interpretation of the results is complicated, the data is 

consistent with a selection rule of J = 1 and a simple 

energy gap law in which the probability, P, of R-T transfer 

decreases as the amount of energy (AE) transferred increases 

according to the expression:

P = N exp - (C.AE) 

where N and C are constants.

More straightforward studies of related relaxation processes 

were carried out on HF/Ar mixtures by Lang, Polanyi and 

Wanner (65). A HF chemical laser was used to excite
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specific rotational states of HF into v=l. The steady state 

fluorescence was then measured. From Stern-Volmer plots of 

populations in specific rotational states relative rate 

constants for specific J to J' transitions were obtained. A 

plot of rate constant against the change in energy for the 

transfer was linear, suggesting a Polanyi-Woodall 

relationship.

Studies of rotational energy transfer are unable to directly 

distinguish between R-T and R-R (rotation-rotation) transfer 

but since addition of buffer gas (which favours R-T 

transfer) slows down the overall depletion of a rotational 

state (62) it is believed that R-R transfer is the faster 

process. The expectation that the self-relaxation of pure 

gases proceeds predominantly by R-R transfer (single quantum 

transitions between molecules which possess resonant energy 

levels) explains why the corresponding J-dependence of 

self-broadening follows the Boltzmann distribution of ground 

rotational states. This has been demonstrated by high 

resolution line width measurements in pure HC1 (66), and in 

pure HCN (67).

Hinchen and Hobbs studied the self-relaxation of HF by 

infrared double resonance (68) and assumed a Polanyi-Woodall 

relationship in analysing their results. Their work suggests 

that the selection rules governing J changes are 

j-dependent. It is clear from these experiments that
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rotational relaxation by HF-HF collisions is very rapid with 

collision rates several times above gas kinetic, A similar 

resonance study of rotational energy transfer in pure HC1 by 

Menard-Bourcin et al (69) concluded that R-R transfer occurs 

every kinetic collision. The comparably high rates of energy 

transfer in both HF and HC1 is an expected consequence of 

the "energy gap law" since although HC1 is less polar than 

HF this is partly counteracted because it has a smaller 

B-value and its rotational states are therefore closer 

together.

A novel theoretical approach has been detailed by DePristo 

(70) and Depristo and Rabitz (71) in which pressure 

broadening data obtained using a high resolution FT-IR 

spectrometer is used directly to obtain detailed energy 

transfer rates without recourse to perturbation theory. One 

interesting outcome is that it appears that the variation of 

linewidths and lineshifts with J depends on different 

dynamical factors. An application of this "energy corrected 

sudden" (E.C.S) theory has been reported for studies of 

inelastic rotation-rotation collision rates in vibrationally 

excited HC1 (66) and in the free radical CH (72).

(c) The contribution of self-broadening

A calculation based on the modified impact theory enables an 

estimate of the self-broadening and added gas contributions 

to the total line broadening to be made. The collision rate,
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Z, between two different species (A and B) is given by the 

equation:

Z = 3.349 X 10 i0 dAB2 (HiT)- 1 / 2 P B

where PB is the pressure of gas B (atm), T the temperature 

of the system (K), dAB the average collision diameter (in 

Angstrom) and m the reduced mass of the collision pair in 

11 a. m. u" (63). Where A = B the calculated collision rate 

should be reduced by half. For pure HC1 at 50 torr (0. 0658 

atm) at 298K this corresponds to 1. 638 X 10 s collisions per 

second. Use of the Uncertainty Principle, and assuming that 

every collision is effective in quenching the state produced 

by photon absorption, gives a self-broadened full width of 

1. 737 X 10- 3 cm- 1 . The broadening of HC1 in an Ar/HCl 

mixture with argon at the same temperature and also at a 

partial pressure of 50 torr is expected to be simply double 

the self-broadening value since the reduced masses and 

average molecular diameters of the HC1/HC1 and Ar/HCl pairs 

are fortuitously almost equal. If the buffer gas is in 

excess (as in this study) the self-broadening contribution 

to the total broadening is expected to be reduced as the 

probability of HC1/HC1 collisions becomes smaller.

These calculations need to be qualified. Firstly, the 

assumption that every collision transfers energy with equal 

efficiency clearly contradicts the experimental results of 

this study which demonstrate that the rotational state of 

the HC1 molecule involved in the collision is important.
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Secondly, the generated line widths (ca. 3. 5 X 10- 3 cm- 1 

with Ar = 50 torr) ) are actually smaller than the 

calculated Doppler widths (ca. 6 X 10~ 3 cm- 1 and pressure 

independent) whereas experiments (54) confirm that pressure 

broadening is more important than Doppler broadening above 

about 5 torr total pressure. For this to be true the 

collision crossection would need to be about 20 times 

greater than gas-kinetic.

It remains true however that the (pressure induced) width of 

the HC1 rotational lines is less than 0.01 cm- 1 . Can 

therefore, measurements at spectral resolutions an order of 

magnitude poorer be meaningful ? The comparison of peak 

height and area absorbances for the Ar/HCl system have 

suggested that in the resolution range (2-8 cm- 1 ) band area 

is a consistent parameter and the enhancement data should 

therefore be valid when compared to results obtained under 

similar conditions. The reasons can be understood for a 

dispersive instrument in which a narrow band is scanned 

across a wide slit. Although the measured peak energy 

absorbed is much changed with slit-width the integrated 

energy absorbed by the sample as measured at the detector is 

little changed. Further, the apparent bandwidth is 

determined by the true slitwidth when the true band width is 

much smaller than the true slit-width. It follows that 

unless limiting spectral resolution is achieved a broadening 

effect appears as an enhancement effect.



The effect of self and buffer gas broadening can be further 

examined using the Beer-Lambert relationship. In using the 

Quant32 software to analyse peak areas (absorbances) in the 

HC1 spectrum we are, in effect, treating the HC1 system as a 

mixture of many different molecules (corresponding to 

different ground rotational states) each of which gives rise 

to a single (non-overlapping) peak. To illustrate this, 

consider the HC1 monomer in the v=0 J=l level, which gives 

rise to the Pi line (fig 3. 1). Application of the 

Beer-Lambert law gives:

A' pl = E' pa Ppi 1

where A' pi is the absorbance of the line, E' pi it' s 

absorption coefficient, PP i the partial pressure of the 

species and 1 the cell pathlength. For pure HC1 we assume 

that Pj?i is proportional to the total pressure, P, of the 

HC1 in the gas cell, and that A' ^i is proportional to the Pi 

peak area Api. Thus:

Api = Epi P 1

where Epi is the modified absorption coefficient which 

includes both proportionality constants. In our experiments 

self-enhancement of HC1 (resulting from HC1/HC1 collisions) 

will make an additional contribution to the area of the Pi 

line (B) which is proportional to HC1 pressure, P:

B = Kpi P 1 

so that the total Pi area is proportional to HC1 pressure:

Api + B = (Epi + Kpi) P 1 

Hence self-broadening can be regarded as simply involving an
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enhancement in the absorption coefficient because the 

transition moment has increased. The equation shows that 

self-broadening is not expected to cause any curvature in 

plots of peak absorbance or peak area against gas pressure 

for pure HC1. An example of such a "Beer Lambert plot" is 

shown in fig 3. 11. The plot is linear over the pressure 

range studied (0-150 torr). Interestingly, the 

self-broadened linewidths of the first overtone of HC1 are 

reported by Boulet, Piollet-Mariel and Levy (73) to be 

non-linear with HC1 pressure and a corrective P 2 term was 

required.

The presence of an added gas at partial pressure P^ causes 

further broadening of lines. If the contribution of this 

broadening (C) to total line area is proportional to P^ at 

low pressures:

C = K' j,i Pw 1 

The total Pa area is then given by:

AJ.I + B + C = [ (Epi + KE.I) P + K'pi Pg ] 1 

This equation explains why, despite the combination of self 

and added gas broadening, enhancement plots are 

approximately linear. The contribution of self and added gas 

broadening cannot be extracted from absorbance studies of 

HC1 and HCl/buffer gas mixtures since both effects are 

expected to vary linearly with gas pressure.
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(d) Enhancement of molecular spectra by HC1

In this chapter considerable attention has been paid to the 

influence of added gases upon the HC1 fundamental. Where the 

added gas is infrared active does the reverse effect occur ? 

This was investigated in a further series of experiments 

using carbon monoxide whose fundamental does not overlap 

with that of HC1. Comparable observations for HCN and SO2 

are discussed in chapter 4.

Fig 3. 12a shows the spectrum of 50 torr CO at 2 cm- 1 

resolution. Fig 3.12b shows the spectrum of a mixture of 50 

torr HC1 and 50 torr CO. Comparison of the absorbance values 

of the peaks in these spectra show that a general 

enhancement of the CO fundamental has taken place. Although 

it is difficult to decide whether the R0 and Pi peaks are 

preferentially enhanced because the fundamental is not 

completely resolved it is evident (and in accordance with 

previous work (48)) that this effect is less pronounced than 

in the case of HC1 itself.

That line enhancement in CO shows less J-dependence than 

observed in HC1 may be explained using the line broadening 

mechanism based upon R-T energy transfer referred to in 

section 3. 14(b). A consequence of this theory is that R-T 

transfer (and therefore the broadening of the associated 

spectral lines) becomes less likely as the rotational energy 

levels become more spaced. CO has a smaller "B" value than

78



FIG.3.12 ENHANCEMENT OF CO FUNDAMENTAL BY HC1
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HC1 and it may be that the differential R-T relaxation rates 

of the P and R states become less pronounced as the energy 

barrier is reduced.

(e) Curvature of enhancement plots

The curvature of the enhancement plots shown in Figs 3. 4 and 

3. 6 is greatest for the mixture with the highest mole ratio 

of HC1 to base. This implies that above a certain pressure 

the collisions are quenching the excited spectroscopic 

states as soon as they are formed.

However, the suggestion that the pressure-broadening of 

(say) HC1 will effectively level off at higher gas pressures 

assumes that the mechanism of broadening is itself 

independent of pressure. Experiments confirm that at very 

high pressures new regimes of behaviour are observed where 

new selection rules apply (23).

3. 15 A simple model of rotational energy transfer 

The following more detailed model of rotational energy 

transfer is obtained by adapting Ehrenfest' s principle and 

by assuming that the selection rules obtained from the rigid 

rotor approximation still apply.

Consider a diatomic molecule "A" which does not translate 

through space and which rotates about a fixed point in 

space. It is required to derive a condition which may be
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used to predict efficient rotational energy transfer between 

"A" and an approaching molecule " B" . Ehrenfest' s adiabatic 

principle (74) states that energy transfer (to or from "A") 

is favoured where the duration of the collision, "Yo, is much 

smaller than the period of the oscillation T ̂  (here the 

rotational period of the "stationary" molecule):

T 0 < t r

TO may be taken as a/v where a is a molecular constant whose 

magnitude may be correlated with the steepness of the 

intermolecular potential (a is small for strong 

intermolecular forces) of the perturbing molecule ("B") and 

v is the relative velocity of approach of the molecule " B" . 

Hence the condition for NO energy transfer becomes:

aV/v » 1 ... ( 1 ) 

where V is the rotational frequency (

The rotational energy, E, of "A" may be assumed to follow 

the expression for a linear rigid rotor:

E = B J(J+1) = B (J 2 + J)

where J is the rotational quantum number of molecule "A" and 

B the rotational constant. If J increases to J + 1 (as 

allowed by the selection rule) then the new energy, E' , 

becomes:

E' = B (J + 1) (J + 2) = B (J 2 + 3J + 2)

During this processs the gain in rotational energy by the 

"stationary" molecule is:

E' - E = 2B (J + 1) ... (2)
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If the stationary molecule loses rotational energy so that J 

changes to J - 1 similar expressions can be set up; the loss 

in rotational energy then becomes:

E - E' = 2BJ ... (3) 

The expression for the molecular constant B (in joules) is:

B = h 2 / 8-n 2 pr2

where r is the diatomic bond length, y its reduced mass and h 

the Plancks constant. Substitution of this expression into 

equation (3) gives

E - E' = h 2 J / 4ir 2 f/r 2

Since E - E' = hV (V is the rotational frequency) this 

leads to:

V = h J / 4tr 2 pr2 ... (4)

Maxwell-Boltzmann statistics provides the following 

expression for the relative velocity (v) of the two gas 

particles:

v = (8kT /TTM) 1 / 2 ... (5)

where k is the Boltzmann constant, T is the temperature (K) 

of the gas mixture and M is the reduced mass for the 

colliding system (i.e it is the reduced mass of a "diatomic" 

comprised of two particles of masses equal to that of 

molecules "A" and " B" respectively).

Substitution of (4) and (5) into (1) reveals the condition

for NO ENERGY LOSS on collision to be:

a h J / 4 it 2 pr2 (8k /TT J 1 / 2 (T/M) 1 / 2 » 1 ... (6)
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Example calculation

In the following calculation equation (6) was used to 

estimate the probability of rotational energy loss from the 

J = 1 level in HC1 by collision with Argon at 300K. Taking 

/w(HCl) = 1. 624 X 10- 27 Kg, r(HCl) = 0. 127 X 10~ 9 m and M = 

3. 187 X 10- 26 Kg leads to the simplified energy transfer 

conditions as:

aJ [ 1. 08 X 10 23 / (T / M) 1 /* ] » 1 

or J [1. 1 X 10 9 ] a » 1 ... (6a)

for loss in rotational energy 

and (J + 1) [1.1 X 10 9 ] a » 1 ... (6b)

for gain in rotational energy

Lambert (74) suggests that the parameter "a" is of the order 

of 10- 10 m. Substitution of this value into equation (6a) 

suggests that energy loss (corresponding to the transition J 

= 0*— J = 1) is highly probable. Equation (6) also predicts 

that the probability of energy transfer falls as the J value 

of the HC1 molecule involved in the collision increases. 

Assuming a direct relationship between the probability of 

energy transfer and line broadening this offers a 

qualitative explanation of the observed variation of the 

degree of HC1 enhancement with J. The case of a 

vibrationally excited HC1 molecule in the J = 0 state 

(corresponding to the Pi spectral line) is interesting since 

its rotational energy can only increase and equation (6b) 

predicts that the probability of such energy gain should be 

equal to the probability of energy loss by the J = 1 state.
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States other than J = 0 can gain or lose rotational energy 

in collisions and both process will shorten the lifetime of 

the original excited state which lead to the particular 

absorption line in the HC1 spectrum.

Equation (6) also predicts less probable energy transfer as 

the buffer molecule gets larger. How important is this 

parameter ? Table 3. 4 shows the probability tabulated as:

1.08 X 10 23 / (T / M) 1 / 2 ... (7)

at 300 K. It is clear that the variation of probability with 

M is fairly small so that the considerable variation in 

enhancement of a particular J state of HC1 with the nature 

of the added gas must result from very different "a" 

factors.
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TABLE 3. 4

Relative probability of energy transfer between HC1 and a

second molecule at 300K

Gas [ 1.08 X 10 23 / (T/M) 1 / 2 ] X 10- 9

Argon 1.114

Ethene 1.014

Carbon Monoxide 1.014

Carbon Dioxide 1.138

Tetrachloromethane 1.347

Ethyne 0. 993

d6-benzene 1. 285

Trichloromethane 1. 347

Sulphur Dioxide 1. 229

Fluorobenzene 1.310

d6-acetone 1. 206

Hydrogen Cyanide 1. 004

Ethanal 1. 138

Acrylonitrile 1. 185
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3. 16 The "a" factor and the intermolecular force 

The "a" factor reflects the nature of both colliding 

molecules. In the case of collisions of HC1 and other 

molecules it will expected that the existence of an 

intermolecular potential will cause the collision 

crossection to be above that expected for non-reacting 

particles.

The intermolecular forces between real molecules can only be 

fully described by a multi-dimensional hypersurface and, in 

practice, empirically determined intermolecular potentials 

are usually used. In the absence of more precise 

calculations it has been assumed that the factor "a" is 

inversely proportional to the total interaction energy 

between a molecule of HC1 and a molecule of the added gas. 

The interaction energy was calculated as the sum of the 

dipole-dipole, induced-dipole-dipole and London dispersion 

contributions using the standard expressions (75) listed in 

table 3. 5. These expressions are themselves simplified 

because they imply that the intermolecular potential is 

isotropic and depends simply upon internuclear separation. 

Such "central" potentials strictly only apply to 

structureless particles (76).

Molecular parameters were obtained from literature sources 

except for de-acetone and d 6 -benzene where the 

polarizability volumes of the vapours were calculated from
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TABLE 3. 5 

Expressions used to calculate the interaction energies

Dipole-Dipole

V(R) = - 2 [ (Pi p a ) / 4-rrEo ] 2 1/R6 l/3kT 

= - A/R6

where V(R) = force between the particles (of dipole 

moments Pi and P 2 ) respectively) at separation R and 

temperature T(K) and E0 is the permittivity of a 

vacuum.

Dipole-induced dipole

V(R) = - [ (Pi 2 X 2 + P 2 2 xi) / 4trEoR6 ] 

= - C/R6

London

V(R) = - [3Ii la / 2(Ii + la)] [(xi x 2 / R« ) 

= - B/R6

where Ii and 12 are the ionisation energies of the two 

molecules and xi and x 2 their polarizability 

volumes.
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the refractive index and density of each liquid using the 

ionisation energy of the hydrogenated molecule.

The R-independent components of these contributions (A, B and 

C respectively) are listed separately in table 3. 6. The 

total intermolecular interaction energy F, is then defined 

as A + B + C.

In this model it has been assumed that "a", the parameter 

from equation (6), is inversely proportional to F. One test 

of the model is provided by comparing the expression:

[ 1. 08 X 10 23 / F (T/M) 1 / 2 ] ... (8) 

with the enhancement gradients for each gas / HC1 mixture. 

Fig 3. 13 shows a plot of enhancement of HC1 versus the value 

of this expression for each system. The enhancement changes 

very rapidly as equation (8) decreases to about 6 X 10~ 5 

(corresponding to polar molecules) and there is a crude 

linear correlation below this value. Fig 3. 14 shows a plot 

of enhancement versus the dipole moment of the added gas; 

such a plot was first suggested by the pioneering work of 

Kortum and Verleger (40). This graph confirms that the 

dipole moment of the added gas is probably the most 

important factor in deciding the size of the enhancement 

effect. Expression (8) additionally incorporates molecular 

parameters that influence broadening by both polar and 

non-polar gases and provides a more satisfactory theoretical 

base simply because it represents an attempt, however crude,
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TABLE 3. 6

Interaction enerqy between HC1 and added gases

( Energy / kJmol-

Molecule

Argon

Ethene

Carbon Monoxide

Carbon Dioxide

A

Dipole

0

0

1. 89

0

Tetrachloromethane 0

Ethyne

d6-benzene

Trichloromethane

Sulphur Dioxide

Fluor obenzene

d6-acetone

Hydrogen Cyanide

Ethanal

Acrylonitrile

0

0

10. 75

17. 17

16. 86

30. 35

29. 50

28. 66

40. 88

B

Induced

1.

2.

1.

2.

7.

2.

7.

7.

6.

11.

17.

14.

15.

29.

17

99

44

05

38

34

25

62

82

29

60

24

00

51

- 1 ) X

c

London

0.

0.

0.

0.

2.

0.

2.

2.

0.

2.

1.

0.

1.

1.

46

97

52

76

50

79

18

02

92

17

38

68

03

85

10*

F

Total

1.

3.

3.

2.

9.

3.

9.

20.

24.

30.

49.

44.

44.

72.

63

96

86

81

88

13

43

39

92

32

34

42

64

24

89
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to connect the macroscopic phenomena of broadening to the 

probability of energy transfer processes that accompany 

individual collisions.

3. 17 Concluding remarks

This study of line enhancement under limited resolution has 

yielded similar experimental results to previous workers who 

measured line widths instead of peak areas. Treatment of the 

data in terms of RT energy transfer and the subsequent 

broadening of energy levels using the model developed in 

s3. 15 rationalises the dependence of enhancement upon the 

intermolecular forces and upon J, the rotational quantum 

number of the HC1 molecule involved in the collision. It is 

doubtful whether the model is useful in interpreting 

bandshapes in solution since collision rates are expected to 

be extremely high; more elaborate theoretical treatments are 

necessary (79).

The extension of pressure-broadening studies to cases where 

hydrogen-bonds are formed has not been extensively reported 

although the effect was noted by Thomas and Thompson for the 

system HCN/HC1 (49). Many of the gases listed in table 3. 3 

form hydrogen bonded complexes with HC1. Are the best 

complexers (as shown by the shift in the centre of the HC1 

stretch) also the best enhancers ? Table 3. 3 suggests that 

this is not always the case. Of all the gases used, ethanal 

forms the strongest complex with HC1 yet its enhancement is
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about the same as acrylonitrile. This suggests that dipole 

moment, the chief factor in controlling pressure-broadening, 

is not necessarily the most important factor in making 

strong complexes. A related case has been noted by Murrell 

(2) where amines form stronger complexes than the 

corresponding (and more polar) nitriles. It is concluded 

that enhancement measurements cannot be used as indicators 

of hydrogen bond strength.

The enhancement of monomer absorptions due to 

pressure-broadening and the instrinsic dipole-induced 

enhancement of the spectra of hydrogen-bonded complexes, 

proceed by different mechanisms. The pressure broadened 

spectral lines of a monomer are caused by collisions between 

the absorber molecule and its neighbours, whereas although 

the equilibrium concentration of complex is itself pressure 

dependent the degree of dipole-induced enhancement of its 

spectrum is controlled solely by its dipole moment.

The infrared bands of hydrogen-bonded complexes are 

themselves expected to be pressure-broadened by their 

environment and this complicates estimates of the lifetimes 

of the spectroscopically excited states of the complex even 

where very high resolution spectra are available. Kyro et al 

(77) studied the 3707-3724 cm- 1 region of the H-F stretch in 

HCN. . . HF at a resolution of ca. 0.005 cm- 1 and they report 

that the full linewidths of the fine structure (typically
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0.06-0.09 cm- 1 ) were invariant within the range 25-0.5 torr 

total pressure and between 300-213K. This suggests that the 

pressure-broadening contribution is small. Kyro et al 

estimate that at 0.5 torr total pressure and 213K the 

pressure-broadening contribution is less than 3% for all the 

lines but it is unclear how this value was arrived at. The 

Doppler contribution is precisely calculated as 0.0054 cm- 1 

at 213K and the residual linewidth (assuming negligible 

overlapping from neighbouring lines) corresponds to a 

lifetime of ca. 1. 8 X 10- 10 s. The corresponding lifetimes 

for similar excited states (vi) in DCN. . . DF are ca. 5. 7 X 

10- 10 s (78). These values are extremely short and could be 

a consequence of rapid intramolecular energy transfer or of 

predissociative relaxation. The predissociative mechanism is 

supported by the fact that the vibrationally excited states 

(in this study 3707-3724 cm- 1 but similar lifetimes are 

expected for other states within vi) possess more energy 

than the determined dissociation energies (D« = 2180 cm- 1 , 

Do = 1581 cm- 1 ).

Could the hydrogen bonded complexes, with their enhanced 

dipole moment, themselves act as perturbers of the HC1 

molecule ? The tiny ambient equilibrium concentrations of 

such complexes in the gas phase suggest that this is 

unlikely to be an important source of broadening.

Finally, we may briefly consider the importance of



pressure-broadening to analytical determinations based on 

infrared spectroscopy.

The presence of enhancement effects in spectra has 

potentially serious implications for (say) the analytical 

determination of samples containing HC1 and other gases 

using calibrations based on pure HC1. The simple additive 

rule of spectroscopy, whereby an absorbance at a particular 

frequency is assumed to be the sum of the absorbances of the 

pure components at that frequency, is rendered inapplicable 

by enhancement in the same way that the rule fails when the 

components react chemically. Even if the absorption being 

monitored is broad there is no guarantee that the contour is 

insensitive to the diluent because the lines making up the 

substructure of the contour may individually be subject to 

considerable enhancement. The only condition where pressure 

induced enhancement would be patently negligible would be 

where the total pressure is considerably less than 1 torr 

(as in many stellar clouds) in which case the Doppler line 

width predominates.
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4.21 Detection of weakly bound hydrogen-bonded complexes 

Figures:

4. 1 Infrared spectrum of [350 HC1 + 350 Ar] - 1.06 [350HC1]

at 2 cm- 1 resolution showing bands due to the complex

Ar. . . HC1 

4. 2 Spectra of an acrylonitrile/HCl mixture at 2 cm- 1

resolution

4. 3 Spectra of ethanal and ethanal/HCl at 2 cm- 1 resolution 

4. 4 Spectra of de-benzene and de-benzene/HCl at 2 cm- 1

resolution

4. 5 Spectra of ethyne and ethyne/HCl at 2 cm- 1 resolution 

4.6 Spectrum of [350 torr ethyne + 350 torr HC1 ] - [350

torr HC1 ] at 0.5 cm- 1 resolution

4. 7 Spectra of ethene and ethene/HCl at 2 cm- 1 resolution 

4.8 Spectrum of [350 torr ethene + 350 torr HC1 ] - [350

torr HC1 ] at 1.0 cm- 1 resolution

4. 9 Spectra of SO2 and SO2 /HC1 at 2 cm- 1 resolution 

4. 10 Spectrum of [350 torr SO2 + 350 torr HC1 ] - [350 torr

SOa ] at 2 cm- 1 resolution, showing the enhancement of

4. 11 Spectra of HCN and HCN/HC1 at 2 cm- 1 resolution 

4. 12 Spectra of de-acetone and ds-acetone/HCl at 2 cm- 1

resolution (HC1 stretch region) 

4. 13 Spectra of de-acetone and de-acetone/HCl at 2 cm- 1

resolution (C=O stretch region)
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CHAPTER 4

SPECTRQSCOPIC INVESTIGATIONS OF GASEOUS HYDROGEN-BONDED 

COMPLEXES BY INFRARED SPECTROSCOPY

4. 1 Introduction

Whether hydrogen-bonded complexes can be detected in the 

gaseous phase depends upon the the concentration of dimer 

under the experimental conditions and the sensitivity of the 

technique. The concentration of dimer may be estimated from 

Ko using elementary statistical mechanics. This calculation 

requires the rotational constants, vibrational frequencies 

and the hydrogen-bond dissociation energy to be known. Such 

detailed information is only available for a few complexes. 

In this chapter K0 is evaluated for the dimer HCN. . . HF and 

the result used to estimate the upper level of concentration 

for less thermodynamically favourable complexes.

The second half of the chapter is concerned with the 

infrared spectra of dimers at room temperature. Most of the 

absorptions are weak and they severely test the sensitivity 

of the infrared spectrometer system. Nevertheless, it is 

established that even under ambient conditions, and using 

relatively low pressures of reactant gases, dimers can 

indeed be detected by FT-IR in short pathlength cells.

4. 2 Equilibrium constants and bond energies

For a hydrogen bonded complex formed between an acid HA and
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base B:

B(g) + HA(g) = B. . .HA(g) ... (1) 

we may write

AH* = -D« (B. . . HA)

where DH (B. . . HA) is the hydrogen bond dissociation energy 

of the complex at 298K. Do (B. ..HA), deduced from 

spectroscopic data, is the energy required to decompose the 

complex in its zero point vibrational energy into monomers 

in their zero point energy vibrational states.

For ideal gases:

DH (B. . . HA) = D0 (B. . . HA) + RT 

hence AHf = -D0 (B. . . HA) - RT

4. 3 Previous determinations of bond energy and K0 for 

gaseous complexes

The determination of AHt (or D0 ) is a major goal of many 

experimentalists. Since the hydrogen bond is relatively weak 

the enthalpy change is often comparable with the 

unfavourably negative T AS* term.

Govil, Clague and Bernstein (80) obtained thermodynamic data 

at 298K for the dimethyl ether (DME) / hydrogen chloride 

complex:

(C 2 H=) 20 . . . HC1

by monitoring the proton magnetic signal of HC1 in gaseous 

mixtures of the acid and base at different temperatures. The
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effect of hydrogen bonding is to deshield the HC1 proton and 

the observed chemical shift was used to calculate the 

partial pressure of the complex (P^) at equilibrium from 

which Kj? was calculated according to the equation:

Kp = Px / (PKCI - Px ) (PoME - P~)

Values of KP at different temperatures were fitted to the 

standard expression:

Kjp = exp (AS/R) exp (-AH/RT)

to yield values for &S* and AH*. They reported AS £ = 

-0.102 kJ mol- 1 K- 1 . Their value of &He (-29.7 kJmol- 1 ) 

agrees well with the value (-31.8) determined from vapour 

pressure measurements (81) but conflicts with the results 

( AHf = -23.4 kJ mol- 1 ) of an early infrared spectroscopic 

study (82) in which the depletion of reactants on complex 

formation was used to provide KE, directly.

As this example illustrates, the determination of 

equilibrium constants by the spectroscopic monitoring of 

concentration is both difficult, due to low concentrations 

of complex at room temperature, and (particularly at low 

resolution) complicated because we need to be sure that we 

are unambigously monitoring a transition due to the complex.

Further, if the Doppler widths of the acid and base 

absorptions are not resolved, pressure broadening may need 

to be taken into account. Mettee, Del Bene and Hauck (83) 

ignored this when they used the temperature dependence of
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the "complexed C=O" shoulder to evaluate K*, for the gaseous 

acetone/HCl complex, but their results ( &Gn = -4. 9 kJ 

mol- 1 , Kj>(298) = 0.14 atm- l ) are very reasonable, possibly 

because the broadening of monomer and complex fortuitously 

cancels out.

Similar reservations apply to studies of Van der Waals' 

complexes. Miziolek and Pimental (84) used infrared 

spectroscopy in the "missing" Q-branch region of HC1 to 

determine AH* for the Ar. . . HC1. The temperature dependence 

of very weak absorbances (attributed to the complex) at 2887 

and 2879 cm- 3- yielded data for a ln(optical density) v 1/T 

plot of slope - £Hf/R. Since AHf is exceptionally small, 

errors from the assumption that both AHf and £Sf are 

temperature independent were considerable and the slope of 

the graph was corrected by introducing empirical expressions 

for the variation of the reactant and product heat 

capacities with temperature. The authors reported 

AHf = -5. 0 kJ mol- 1 (Do = 2. 5 kJ mol- 1 ) in agreement with 

the earlier (and less sophisticated ) work of Rank (85) 

which gave AHf = -4. 6 kJmol- 1 . It is unlikely that these 

results are accurate. Molecular beam experiments (86,87), in 

which scattering angle/impact parameter data is fitted to 

explain the observed "Rainbow" effect, give Do = 1.4 kJ 

mol- 1 . More recently, Howard and Pine (88) used the high 

resolution infrared spectrum of Ar. . . HC1 to estimate Do as 

1. 4 kJ mol- 1 , in agreement with the molecular beam studies.
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The corroboration of equilibrium data for gaseous complexes 

has usually been provided by ab initio calculations of the 

potential surfaces which are often unreliable. In solution 

the position is different. Arnett et al (89) have developed 

a range of calorimetric methods for directly determining 

AH* for hydrogen bonded complexes in solution. Such values 

provide an independent test for AG values obtained from 

equilibrium constants obtained, for example, by infrared 

studies. Thus when AH* values for a variety of complexes 

are plotted against AGf a crudely linear plot is obtained 

as expected from the relationship £>G = £H-T£sS. 

Unfortunately insufficient data have been collated to enable 

a similar test to be applied to gaseous complexes.

More recently, D0 values for gaseous complexes have been 

directly extracted from absolute (high resolution) intensity 

measurements of rotational transitions of complexes at a 

single temperature. The general procedure in the microwave 

has been outlined by Curl (90,91). In the infrared, Pine and 

Howard (92) monitored the rotational structure of the 

fundamentals of the dimers (HF) 2 and (HC1) 2 using a tunable 

laser at low temperature and a long path length cell. 

Calculating the transition moments for the complexes using 

the geometry determined from microwave studies, the 

computations gave D0 = 12. 4 kJ mol- 1 and 5. 2 kJ mol- 1 for 

(HF) 2 and (HCl)a respectively. The calculation of D0 from 

absolute microwave intensity measurements is possible
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where the transition moment is obtained independently via 

the Stark Effect. Using this method Legon and Millen (93,12) 

obtained Do =18.9 ±1.1 kJ mol- 1 for the complex HCN. . . HF 

with the errors dominated by measurements of the pressure 

broadened line profiles on the Stark spectrometer and 

uncertainties in the partial pressures of HCN used. The 

change in zero point energy (AE0 ) was calculated as: 

AE0 = L Z. 1/2 hv. (B. ..HA) - L 1.1/2 hv. (B) - L ?. 1/2 hv. (HA)
C <- i. <• L <•

where vj. is the band centre for each vibrational mode 

(assumed to be harmonic). This calculation gives D« = 26. 1 

kJ mol- 1 . This result has recently been confirmed by high 

resolution FT-IR measurements by Wofford et al (94), who 

report D« = 28. 8 kJ mol- 1 .

4. 4 Calculation of Kg from spectroscopic data 

In the following calculation KP has been estimated for the 

complex HCN...HF using spectroscopic data to evaluate 

standard expressions for the partition functions (95). A 

value of the dissociation energy of the complex is needed 

for this computation. The electronic partition functions are 

assumed to be unity.

Q(Dimer)

A rotational constant (B) of 0. 1197 cm- 1 has been reported 

for the linear complex (12). This value is close to that 

calculated for the dimer when considered as a diatomic 

molecule with "atoms" [H + C + N] and [H + F] respectively.
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The vibrational frequencies of the hydrogen bond are well 

characterised (12). In addition it is assumed that the 

complex displays the following 3 (unchanged) vibrational 

modes (cm- 1 ) due to HCN:

712 (HC bend)

3311 (HC stretch)

2097 (CN stretch)

as reported by Nakagawa and Morino (96). Since these "HCN" 

vibrations are present in the complex and reactant the 

corresponding vibrational partition function contributions 

cancel out and can be ignored.

Q(HCN) and Q(HF)

A rotational constant of 1.478 cm- 1 for HCN is reported by

Burrus and Gordy (97) corresponding to a H-C bond distance

of 107 pm and a CN bond distance of 115 pm (98). B0 (HF) was

taken as 20. 559 cm- 1 and the HF fundamental as 3960 cm- 1

(99).

AEo is defined as:

£>Eo = -Do [Products] + D0 [Reactants]

where D0 is the energy required to dissociate the species 

(in its ground vibrational state) into completely separate 

atoms.
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In the case of the hydrogen bonded complex:

HCN ... HF

AE0 = -Do [Dimer] + D0 [HCN] + D0 [HF]

We may assume, by analogy with the vibrational modes, that 

the dissociation energy of the complex includes terms 

corresponding to D0 [HCN] and D0 [HF] as well as D0 

[H-bond], Hence:

A Eo = -D0 [H-bond]

4. 5 Results of calculation

Substitution of the total partition functions (Q) in the

expression (95):

K = Q(Dimer) exp (-AE0/RT) / Q(HF) Q(HCN) 

using the reported value of D0 = 18.9 kJ/mol (12), and 

correcting K to KP by multiplying by

101325 x L / RT

yields Kp (298 K) = 0.0425 atm- 1 and therefore AGf(298 K) = 

7.825 kj mol- 1 , A S* = -0.0981 kJ mol- 1 K- 1 and K0 = 1.039 

mol- 1 dm 3 at 298K.

For the generalized reaction:

HA + B = B. . . HA

Ko = [complex]/[HA][B]

where brackets denote equilibrium concentrations. If the 

depletion of reactants is small the initial reactant 

concentrations may be taken as the equilibrium 

concentrations. Considering the formation of HCN. . . HF, and
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taking the starting pressures of reactants as 50 torr each 

(2. 655 X 10~ 3 mol dm- 3 ) leads to an approximate 

concentration of complex of 7. 3 X 10~ 6 mol dm- 3 . This 

corresponds to the conversion of 0. 28 % of reactants.

The calculation cannot be repeated for the particular 

complexes studied in this chapter (such as HCN. . . HC1) since 

accurate values of D0 are unavailable and not all the 

vibrational frequencies for the complexes are known. In 

particular, the low frequency modes have a dramatic effect 

on the value of the partition function of the complex. 

However, since the hydrogen bond in HCN. . . HC1 is weaker than 

than in HCN. . . HF we may estimate the molar consumption of 

HC1 as about 0. 2%.

4. 6 Experimental

In the following experiments mixtures of specific bases and 

HC1 gas were prepared and the static sample examined by 

FT-IR spectroscopy usually between 3100-2600 cm-1 and at 2 

cm- 1 resolution for 64 scans. Subtraction spectra revealed 

bands due to the complex. The choice of base was influenced 

by availability, its volatility and the intensity of its 

absorptions in the range 3100-2600 cm- 1 .
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FIG.3.3 SPECTRA OF HCl/Ar MIXTURES 
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FIG.4.1 INFRARED SPECTRUM OF (350 HC1 + 350 Ar) - 1.06 (350 HC1) 
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4. 8 Acrylonitrile/HCl complex

Acrylonitrile has no strong absorptions in the region of the 

HC1 fundamental. Fig 4.2a shows the spectrum obtained after 

the subtraction:

(30 torr HC1 + 60 torr acrylonitrile) - (30 torr HC1) 

The monomer HC1 bands are clearly enhanced, and this is a 

feature of most of the spectra discussed in this chapter. 

The absorption band peaking at 2750 cm- 1 , attributed to the 

modified HC1 stretch in the complex:

CH2 = CH - CN . . . HC1

is clearer in fig 2. 2b (subtraction factor 1.5). A peak of 

2745 cm- 1 is reported by Thomas and Thompson (49).

Any shift in the cyanide group frequency in acrylonitrile 

due to complexation is obscured by the alkyl absorptions, 

but in gaseous ethyl cyanide slight increases in frequency 

have been observed (100).

4. 9 Ethanal/HCl complex

Fig 4. 3a shows the spectrum of 50 torr of ethanal in the

region 3100-2600 cm- 1 . Addition of 50 torr HC1 (fig 4. 3b)

does not yield an obvious complex band. Fig 4. 3c shows the

subtraction:

(50 torr ethanal + 50 torr HC1) - (50 torr HC1) 

A broad band is now observed which peaks at 2641 cm- 1 and 

which may be attributed to the complex:

CHaCHO. . . HC1
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This complex has not appear to have been previously studied. 

A study of a series of complexes formed with oxygen 

containing bases by Couzi et al (101) report v«, = 3550 cm- 1 

for CH3CHO. . . HF but no further details were given.

4. 10 de-benzene/HCl complex

Identification of a gaseous benzene/HCl complex using FT-IR 

spectroscopy is severely hampered by the strong alkyl 

absorptions in he-benzene. As fig 4. 4a shows, the background 

absorptions in the region 3100-2600 cm- 1 are considerably 

reduced for the chemically nearly identical de-benzene 

molecule. Fig 4.4b shows the spectrum for the mixture (60 

torr de-benzene + 50 torr HC1). Subtraction of 50 torr HC1 

and 60 torr de-benzene yields fig 4.4c, which shows (in 

addition to the enhanced monomer HC1 bands) a weak 

absorption band centred at 2810 cm- 1 . This is believed to be 

one of the few observations of a gaseous pi-system/HCl 

complex using infrared spectroscopy.

4. 11 Fluorobenzene

Studies of mixtures of HC1 gas and fluorobenzene vapour 

showed no new absorption peaks, indicating that the 

hydrogen-bonded complex is present in too low a 

concentration to be detectable.

4. 12 Ethyne/HCl complex

Identification of a gaseous hydrogen-bonded complex in

111



FIG.4.3 SPECTRA OF ETHANAL AND ETHANAL/HC1 AT 2cm RESOLUTION
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ds-benzene/HCl mixtures prompted investigation of ethyne. 

Although the hydrogenated form was used, the resulting 

spectra is considerably less congested than benzene in the 

HC1 region. Since ethyne is a gas, higher sample pressures 

could be used than in the benzene/HCl experiments.

Fig 4. 5a shows the spectrum of 350 torr ethyne, again at 2 

cm- 1 resolution. Most of the features are attributed to 

combination bands based on the stretch of the C-H and C=C 

groups and on the C-H bend. The absorptions are quite weak: 

fig 4. 5b shows the spectrum of the mixture (350 torr HC1 + 

350 ethyne) and it is evident that the ethyne absorptions 

are largely obscured by the monomer HC1 bands.

The power and reproducibility of the spectral subtraction 

facility is further indicated by fig 4. 5c. As in fig 4. 4c, 

the monomer HC1 R-branch bands (which are closer together 

than the P-branch bands) appear packed together at this 

resolution but an additional feature is again observable, 

here centred at 2834 cm- 1 . This absorption is attributed to 

the ethyne/HCl pi-complex.

An attempt was made to study the complex at higher 

resolution (0. 5 cm- 1 ) on the Sirius 100 FT-IR spectrometer 

since the effect of higher resolution should be to reduce 

the packing of the bases of the R-branch bands. Fig 4. 6 

shows the subtraction spectrum:
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(350 torr ethyne + 350 torr HC1) - (350 torr HC1) 

at this resolution. The increased resolution has been partly 

achieved at the expense of signal noise, and spectral 

subtraction is also incomplete because of small wavenumber 

shifts. Nevertheless, the absorption at about approximately 

2834 cm- 1 remains, and it is slightly more prominent 

compared to the R-branch than is the case in fig 4. 5c, 

supporting its assignment as a complex band.

4. 13 Ethene/HCl complex

The strong absorptions of ethene in the HC1 fundamental

region (fig 4. 7a) make it a less favourable case to study.

Fig 4. 7b shows the spectrum of the mixture (350 torr ethene

+ 350 torr HC1). The R-branch is completely overlapped by

ethene absorptions. Fig 4. 7c shows the subtraction:

(350 torr ethene + 350 torr HC1) - (350 torr ethene)

- (350 torr HC1)

A weak absorption is noticeable at 2830 cm- 1 which may be 

identified as the modified HC1 stretch by analogy with the 

case of ethyne. Fig 4. 8 shows the subtraction: 

(350 torr ethene + 350 torr HC1) - (350 torr HC1) at 1 cm- 1 

resolution using a Perkin-Elmer 580 spectrometer. The 

monomer P-branch is now considerably better resolved but the 

complex band appears only as a slight background absorption.

4. 14 Sulphur dioxide/HCl complex

Fig 4. 9a shows the spectrum of 350 torr SO2 . SO2 shows
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FIG.4.5 SPECTRA OF ETHYNE AND ETHYNE/HC1 AT 2cm * RESOLUTION 
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FIG.4.6 SPECTRUM OF (350 TORR ETHYNE + 350 TORR HC1) 

- (350 TORR HC1) AT 0.5 cm" 1 RESOLUTION
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FIG.4.7 SPECTRA OF_ETHENE ANn ETHF.NF./HC1 AT 2cm 1 RESOLUTION
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FIG.A.8 SPECTRUM OF (350 TORR ETHENE + 350 TORR HCI) 
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numerous weak absorptions in the 3100-2600 cm- 1 region. 

Traces of residual HC1 are also evident. A mixture of 350 

torr sulphur dioxide and 350 torr HC1 (fig 4. 9b) shows an 

underlying absorption at approximately 2854 cm- 1 , clearer in 

the subtraction (350 torr SO2 + 350 torr HC1) - (350 torr 

SO2 + 350 torr HC1) shown in fig 4. 9c.

No previous infrared studies of this complex have been 

reported. Microwave spectra are consistent with a planar-cis 

geometry (102) for the complex and confirm the presence of a 

O. . . H bond. The strong enhancement effect of sulphur dioxide 

upon HC1 is clearly observable in fig 4. 9c, but the spectrum 

of sulphur dioxide is itself perturbed by HC1 in an 

analogous way to that of carbon monoxide (chapter 3). The 

symmetric S=O stretching fundamental of sulphur dioxide 

(centred at 1150 cm- 1 ) is a convenient band to monitor. 

Fig 4. 10 shows the subtraction:

(350 torr S02 + 350 torr HC1) - (350 torr SO2 ) 

and reveals that HC1 considerably enhances the SOz 

fundamental.

4. 15 Hydrogen cyanide/HCl complex

HCN has three fundamental absorptions, at 3311 cm- 1 (C-H 

stretch), 2097 cm- 1 (CN stretch) and 712 cm- 1 (degenerate CH 

bend) (96).

Fig 4. lla shows the infrared spectrum of a mixture of 50
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FIG.A.9 SPECTRA OF SO, AND SO,/HC1 AT 2cm i RESOLUTION
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torr HCN and 50 torr HC1. The CN stretch is not observed, 

presumably because it is too weak to be detected in the 

gaseous phase. The strong band at 1411 cm- 1 is the second 

overtone of the CH bend. Fortunately, the only appreciable 

monomer HCN absorption within the HC1 fundamental region is 

a strong combination band centred at 2805 cm- 1 (fig 4. lib).

The spectrum of the HCN/HC1 mixture is shown in detail in 

fig 4. lie, where an underlying absorption, which may be 

attributed to the complex HCN. . . HC1, is visible at about 

2825 cm- 1 . Fig 4. lid shows the subtraction spectrum: 

(50 torr HCN + 50 torr HC1) - (50 torr HC1) 

The broad absorption makes an accurate measurement of the 

band centre difficult. Thomas and Thompson (49) report a 

band centre of 2806 cm- 1 for the complex, suprisingly close 

to the combination band at 2805 cm- 1 . The geometry of this 

complex is discussed in chapter 6.

The enhancement of HCN bands by HC1 is illustrated by 

subtraction spectra for the C-H stretch band (fig 4. lie) and 

the C-H bend band (fig 4. llf) respectively. The relatively 

small rotational constant for HCN would, according to the 

energy gap model discussed in chapter 3, suggest that the 

central rotational peaks in the C-H stretch would not be so 

preferentially enhanced as is the case of HC1. Unfortunately 

the rotational peaks are not sufficiently resolved to verify 

this prediction. Curiously, the combination band at 2805
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FIG.4.11 SPECTRA OF HCN AND HCN/HC1 AT 2 cm RESOLUTION
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cm l does not undergo enhancement in the presence of HC1.

4. 16 de-acetone/HCl complex

de-acetone has fewer interfering bands in the region of the

HC1 fundamental than he-acetone and, while chemically nearly

identical, enables a more accurate determination of the

modified stretching frequency for the (CH 3 ) 2 C=O. . . HC1

complex.

Spectra between 3100-2600 cm- 1 are shown in fig 4. 12. The 

subtraction: (40 torr HC1 + 40 torr de-acetone) - (40 torr 

HC1 + 40 torr de-acetone) indicates the presence of a 

complex with a very wide (ca. 200 cm- 1 ) absorption contour 

peaking at ca. 2665 cm- 1 . Surprisingly, the only published 

data on acetone/HCl complexes in this region is a brief 

reference to a band centre at 2671 cm- 1 in an early paper by 

Bertie and Millen (103).

The effect of complexation on the C=O band in de-acetone is 

shown in fig 4. 13. The C=O band in the pure de-sample has 

two peaks which result from unresolved rotational structure, 

at 1743 and 1729 cm- 1 respectively. The centre of the band 

contour is at 1732 cm- 1 . Complexation with HC1 modifies the 

C=0 band. The difference spectrum of the C=O band (fig 4. 13 

spectrum C) suggests a shift downfield of some 20 cm- 1 , to 

1712 cm- 1 , but this result is very dependent on the band 

centre used.

126



The effect of complexation on the C=O band in he-acetone has 

been used by Mettee et al (83) to determine the equilibrium 

constant for gaseous acetone/HCl complex formation. 

Inspection of spectra included in this paper shows that in 

he-acetone there are C=O peaks at 1740 and 1730 cm- 1 

respectively, with a band centre at approximately 1735 cm- 1 , 

wavenumbers practically identical to that observed for 

ds-acetone in this study. Without a true subtraction 

spectrum the shift is not easily defined, but their spectra 

suggest a shift upon complexation of about 5 cm- 1 . This data 

was rechecked by carrying out experiments by adding 300 torr 

HC1 to 10 torr he-acetone. The he-acetone carbonyl group 

absorption showed two bands at 1738 cm- 1 and 1726 cm- 1 with 

a band centre at approximately 1738 cm- 1 . Complexation 

shifted the centre of the absorption to 1727 cm- 1 , a shift 

of only 11 cm- 1 and suggesting that there is indeed a 

smaller shift for the hydrogenated complex. This is further 

discussed in chapter 5, where the corresponding matrix C=0 

shifts are tabulated.
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FIG.4.12 SPECTRA OF d ,-ACETONE AND d .-ACETONE/HC1 AT 2 cm ————————————————§————-—————^———————_____-—
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FIG.4.13 SPECTRA OF d ,-ACETONE AND d .-ACETONE/HC1 AT 2 cm'—————————————————————————————£,—————————————————£,———————————:—————-——-
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DISCUSSION

4. 17 The Ar. . . HC1 complex

In complexes such as Ar. . . HC1, (HC1) 2 and C 2 H 2 . . . HC1 the 

dissociation energy of the hydrogen bond is considerably 

less than in dimers such as HCN. . . HF, and the bending and 

hydrogen bond stretch frequencies lie well into the far 

infrared, typically 10-100 cm- 1 .

The geometry of the complex Ar. . . HC1 is crucial to our 

prediction of its likely infrared spectrum. Geometry is 

partly controlled by bonding. In this case, hydrogen-bonding 

and dispersion forces contribute to the bonding. 

Experimentally, the hydrogen-bonded unit B. . . H-A has 

generally been found to be co-linear in gaseous complexes, 

suggesting that the equilibrium geometry of the dimer 

Ar. . . HC1 is also likely to be linear.

If the bonding is dominated by dispersion forces the 

position is less clear. For a diatomic molecule, the 

polarizability parallel to the bond is usually larger than 

the polarizability perpendicular to the bond but for 

complexes like Ar. . .HC1 shorter range forces may also be 

important. It has been experimentally verified that some Van 

der Waals' complexes, such as ArOCS and ArCO2 (no hydrogen 

bonds), are non-linear and this has now been rationalized 

theoretically (104).
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If Ar. . . HC1 is linear, it should undergo four fundamental 

vibrations, the modified H-C1 stretch (near to the monomer 

HC1 fundamental) and, at low wavenumbers, two degenerate 

bending modes (corresponding to the bend of the HC1 unit 

against the hydrogen bond) and the hydrogen bond stretch.

This description of the vibrations of the complex turns out 

to be unrealistic. Molecular beam resonance spectroscopy 

(105) has established that while the equilibrium geometry of 

the dimer is linear the bending motions are so severe that 

the average ground state geometry is 41. 5 degrees from the 

linear. It is true that the equilibrium and average 

structures are different for any molecule, but for most 

chemically bound molecules in their lowest vibrational 

states the amplitude of their zero-point vibrational motion 

is sufficiently small that the difference between the 

average and and equilibrium structure is not so significant. 

The weak forces responsible for Van der Waals' complexes 

allow very large zero-point motions, and the average and 

equilibrium structures may be quite different, as with 

Ar. . . HC1. An important consequence for this molecule is that 

there now exists the possibility that the HC1 subunit will 

undergo hindered rotation within the complex itself.

Evidence for such rotation is provided by a study by Boom

and van de Elsken of the far infrared spectrum of the

Ar. . . HC1 complex using a Michelson interferometer of
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resolution 0. 3 cm- 1 and a cell pathlength of 200 cm at 168K 

(106). Six bands were reported between 30. 5 and 45. 4 cm- 1 . 

These bands are very close to the HC1 monomer and (HC1) 2 

dirtier pure rotational lines, and since the moment of inertia 

for end-over-end rotation of the whole complex is much 

greater than that of HC1, these bands cannot be attributed 

to the rotations of the complex itself. Although no detailed 

assignments were made, Boom and van de Elsken concluded that 

these absorptions are part of the rotational spectrum 

generated by the angular motion of the HC1 subunit within 

the complex.

Marshall et al (107) used a far infrared laser-Stark 

spectrometer to excite the bending fundamental of Ar...HC1, 

which was then analysed using microwave double resonance 

spectroscopy. The centre of this fundamental was located at 

33. 87 cm- 1 . Measurement of the perpendicular bend by Ray et 

al (108) using intracavity far infrared laser spectroscopy 

gave v0 = 33. 96 cm- 1 .

The high resolution spectrum of the modified HC1 stretch and 

a combination of this stretch and the perpendicular bend has 

been reported for Ar.. . HC1 by Howard and Pine (88). They 

used a tunable i.r laser to monitor the absorptions of the 

dimer under thermal equilibrium at 127 K. Subtraction of the 

monomer HC1 wavenumber from the combination gives the 

perpendicular bend centre as 33. 9 cm- 1 in close agreement
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with Marshall et al (107). Examination of the modified HC1 

stretch band centred at 2884 cm- 1 shows that rotational 

predissociation occurs above J = 60. Howard and Pine 

estimate that Do = 1. 4 kJ mol- 1 and vv<a-w = 31. 3 cm- 1 .

Such experiments improve the picture of a vibrating Ar...HC1 

molecule. The Ar. . . HC1 potential well is deep enough to 

severely restrict free rotation (and thereby prevent 

rotational predissociation) of the HC1 subunit in the 

complex, and it may be more useful to think of the hindered 

internal rotation as a large-amplitide bend ("libration") as 

in a conventional triatomic.

The most recent frequencies for vibrations in Ar. . . HC1 are 

provided by Nesbitt and Lovejoy (109). They report high 

resolution far infrared spectra for three combination bands 

involving the modified HC1 stretch in the complex (at 

2884.208 cm- 1 ) and the other fundamentals, using tunable i. r 

laser spectroscopy and a supersonic jet. This study gives 

the Van der Waals' fundamentals (cm- 1 ) as:

hydrogen bond stretch 32. 44 

perpendicular bend 33. 98

The first bending overtone lies at 23. 66 cm- 1 , below the 

fundamental bending frequency.

Higher complexes of Ar and HC1 have also been studied. 

Microwave studies have identified Ar2 HCl and Ar 3 HCl and
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predictions have been made of the Van der Waals' bending and 

stretching frequencies for Ar^HCl (110).

Returning to fig 4.1, what do the absorptions at 2887 and 

2879 cm- 1 represent ? The most likely explanation is that 

they represent the substructure of the modified H-C1 stretch 

under low resolution. Examination of the high resolution 

spectrum of Howard and Pine (88) does indeed show that the 

maximum of the R and P branches of the HC1 stretch occurs at 

2887 and 2880 cm- 1 respectively. This assignment also 

explains the relative narrowness of the bands making up the 

substructure in fig 4.1, in sharp contrast to the band 

widths (typically >100 cm- 1 ) observed in the modified HC1 

stretch region of complexes such as HCN. . . HC1.

4. 18 The breadth of the absorption bands 

The spectra which have been produced in this study show 

broad absorptions which are typical of hydrogen-bonded 

complexes in the gas phase. The position of the absorptions 

above 2000 cm- 1 indicates their assignments are related to 

Vm, the modi fed H-C1 stretching frequency.

Previous low-resolution infrared studies in the region of 

the HX stretch have often been carried out using HF as Lewis 

acid. Since the wavenumber shifts of the HF stretch are 

greater than that of the HC1 stretch in HC1 complexes, 

slightly more detail is visible under the same conditions
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and in many cases the complex absorption close to the HF 

stretch shows some unresolved substructure, with subbands on 

the left and right shoulders of a central peak. The 

interpretation of the three subbands has preoccupied both 

experimentalists and theoreticians for several years. The 

accepted explanation, summarized by Millen (18), is that the 

subbands are the result of progressions (sum and difference 

bands) in the low-frequency mode v^ based on the 

high-frequency stretching mode VB .

In this study the peak of the absorption has been taken to 

be VB itself. This assumption is thought to hold good except 

(perhaps) for the complex (CH 3 ) 2 O. . . HC1 (18).

The subbands themselves have fine structure which has been 

assigned by Thomas (111) to closely spaced hot bands based 

on the doubly degenerate low-frequency bending mode v« . 

Finally, the hot bands possess rotational structure which is 

only fully revealed with high-resolution (sub-Doppler) 

infrared spectroscopy conducted at low pressures so that 

pressure broadening is umimportant. Such studies have been 

reported for only a few complexes, such as HCN. . . HF (77) and 

DCN. . . HF (78), complexes very similar to some of those 

studied in this investigation. Generalising, the 

rotational-vibrational states of the complexes discussed in 

this work are unlikely to be shorter lived than 10- 10 s, 

corresponding to a spectral line fullwidth at half maximum
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of 0. 1 cm- 1 or less, well below the resolution (2 cm- 1 ) used 

in most of this study.

4. 19 Why should the complex absorptions be detectable ? 

The very low concentrations of dimer under ambient 

conditions calls into question whether any spectral feature 

associated with the hydrogen bond formation should be 

observable in this investigation. The observation of bands 

due to the complex is aided by any enhancement of the 

infrared bands. It is generally agreed that the intensity of 

VB increases because the dipole moment of the complex 

increases upon complexation and the intensity of an infrared 

active vibration is proportional to the rate of change of 

electrostatic dipole moment with internuclear distance

(112). Studies of this effect have usually been restricted 

to hydrogen-bonding in solution, and it is often difficult 

to decide whether the increase is real or due to the 

presence of sub-bands. Comprehensive studies in solution

(113) suggest that the degree of enhancement is proportional 

to the hydrogen bond strength. This may also apply to 

gaseous complexes.

The enhancement of dipole moment upon complexation is itself 

well documented. For example, in HCN. . . HF the dipole moment 

increases by about 14% (114) and in HCN. . . HC1 by about 22% 

(115) compared to the sum of the monomer dipole moments. 

This data suggests that the enhancement would be
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considerable. However, the prediction is complicated because 

this type of spectral enhancement depends not only upon the 

increase in A-H bond polarity but also upon the charge 

redistribution in the whole complex (116). For example, for 

acid dimers Boobyer and Orville-Thomas (117) have proposed a 

model (known as the pulsed charge cloud model) in which OH 

groups interact with opposing lone pairs on the oxygen atoms 

forming additional dipoles.

Van der Waals' complexes, including Ar. . . HC1, have very low 

absorbances in monomer mixtures at room temperature because 

of the weakness of the hydrogen bond, but there may be also 

a secondary contribution to the weakness of the absorption 

bands. Since the Ar...HC1 ground state is, on average, 

considerably bent from the linear the molecule does not 

benefit from the increase in dipole moment recorded for 

complexes such as HCN. . . HF. Ray et al (108) report the 

dipole moment for the complex as approximately 0. 26D, 

compared with 1. 11D for monomer HC1. Thus the spectral 

enhancement associated with hydrogen bond formation would be 

expected to severely reduced, with a corresponding decrease 

in band intensities compared to the hypothetical linear 

case. Thus it seems likely that the identification of 

Ar. . . HC1 bands in this study depends, fortuitously, not upon 

enhancement but upon the optical transparency of argon in 

the HC1 infrared spectrum region.
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Is any degree of spectral enhancement of v» needed so as to 

make complexes such as HCN. . . HC1 detectable ? A crude 

estimate may be made for the HCN. . . HC1 complex as follows. 

Under the same conditions as used in the investigation of 

the complex, the strongest HC1 bands have an absorbance of 

ca. 0. 1. Calculations, discussed earlier in this chapter, 

suggest that the ratio of the equilibrium concentration of 

dimer to HC1 is roughly 2 X 10- 3 . Assuming that the dimer in 

the absence of spectral enhancement has an absorption 

coefficient of the same order of magnitude as for HC1, the 

non-enhanced VB peak should have an absorbance of about 2 X 

10- 4 . Spectra (fig 4.11) indicate that vs for the complex 

peaks at an absorbance of about 5 X 10~ 3 , corresponding to a 

spectral enhancement of roughly 30 times. The assumptions 

made in this estimate make it possible that, under the 

conditions used in this study, the complexes may be 

observable without enhancement. Studies of the enhancement 

of the N-H stretch in solution indicate an enhancement of up 

to 40 times (112) but in gases the pressure-broadening of 

the complex absorption may also be significant.

4. 20 Effect of base deuteration: the acetone complexes 

In the present study, the observation that deuterated and 

non-deuterated acetone yield complexes which possess 

spectral features which are nearly identical confirms that 

we are monitoring the reaction of the carbonyl group with 

the HC1 molecule, so that both forms of acetone form
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virtually identical hydrogen bonds.

No clearly defined substructure is visible in any of the 

modified HC1 stretch bands studied in this work. Other 

studies of the spectra of acetone/HF mixtures leave open the 

possibility that the spectrum is not simply due to a complex 

formed between the the oxygen atom and the hydrogen as 

indicated by the written description C=O. . . HX. One 

suggestion is that both lone-pair and pi-complexes are 

formed (18).

Microwave studies indicate the principal geometry of 

complexes but surprisingly few equilibrium geometries have 

been determined for hydrogen-bonded complexes involving 

carbonyl groups in organic compounds. One example is the 

methanal/HF complex which has been found to be trigonal 

planar, supporting a lone pair O. . . H bond (118). Several 

geometries have been determined for carbon dioxide dimers. 

The CO2 /HF (119) and C02 /HC1 dimers (120) are linear as 

expected but, curiously, the HCN/COa dimer is T-shaped with 

the N atom hydrogen bonded to the carbon of the CO2 molecule 

and not to one of the oxygens (121).

4. 21 Detection of weakly bound hydrogen-bonded complexes 

The failure to observe a complex between fluorobenzene and 

HC1 may be rationalised using the inductive effect. The 

strongly electronegative fluorine atom reduces the electron
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density in the aromatic ring, reducing the strength of any 

possible hydrogen bond. Unfortunately, chlorobenzene, 

presumably representating an intermediate case, could not be 

studied because its vapour pressure is too low at room 

temperature.

Gaseous complexes involving pi-systems and HC1 have been 

previously studied by microwave spectroscopy. The shapes of 

these complexes are generally consistent with the hydrogen 

bond being formed between the hydrogen halide and the point 

of maximum electron density in the pi-centre. For example, 

the ethyne/HCl and ethene/HCl complexes are T-shaped 

(122). The ethene/HCl complex has also been studied using a 

dissociative photoionization technique and again a T-shaped 

geometry is established (123). The probable structure of the 

benzene/HCl complex is similar, with the hydrogen atom of 

the HC1 molecule being perpendicularly bonded to the centre 

of the planar ring (124).

The weakness of Van der Waals' bonds makes the infrared 

detection of the corresponding complexes more difficult than 

in hydrogen-bonded complexes like HCN. . . HC1. The question 

"how strong a Van der Waals' bond is needed to allow a study 

of the complex at room temperature ?" is in part a question 

of how sensitive a probe is being used in the investigation. 

At any temperature and gas density there is some finite 

concentration of Van der Waals' molecules whether Ar. . . HC1,
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C2 H 2 . . . HF or Ar. . . OCS. The current work has demonstrated 

that pi-complexes involving HC1 may, in the absence of 

severe spectral congestion, be detected by infrared 

spectroscopy at ambient temperatures using short cell 

pathlengths. Nature aids the detection through the unusual 

sensitivity of infrared absorption spectroscopy to the large 

infrared transition probability of the monomers. 

Experimentally, low signal to noise is more important to 

successful detection than high spectrometer resolution.

It is also true that where the monomers are available at 

high enough density a detectable concentration of any Van 

der Waals' complex will be produced, but for a successful 

and detailed analysis of a spectrum at high resolution the 

pressure-broadened width must not be less than the spacing 

between the spectral lines themselves. At room temperatures 

the problem is aggravated by the small rotational constants 

and low-frequency modes of the complexes, which produce 

heavily populated rotational-vibrational states and a very 

dense spectrum. These considerations make it likely that 

spectroscopic investigations of Van der Waals' complexes at 

room temperature will be limited to a few favourable cases.

Studies of low-temperature static gas mixtures have been 

reported by several research groups. Results from an 

extensive infrared study of molecular hydrogen complexes at 

77-97 K are summarised by by McKellar (125). In general,
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low-temperature static studies are limited to cases where 

the monomers do not readily condense out. Noble-gas/HF Van 

der Waals' complexes have been investigated by Pine et al 

(126) but to avoid condensation of HF they could not use a 

temperature below about 2UK.

The most likely avenue of further research using infrared 

spectroscopy into Van der Waals' complexes lies in the 

supersonic expansion of mixtures to generate the sample of 

complex (11,127). Although the supersonic expansion 

technique has been widely used in the microwave region the 

development of free-jet infrared spectroscopy has been 

rather slow, partly because of the lack of adequate tunable 

laser sources, and the application to Van de Waals' 

complexes is even more recent (128). While the low 

temperature of the gas stream favours complex formation, the 

low pressure of the emerging gas produces near collisionless 

conditions. This virtually eliminates pressure-broadening 

but also produces a non-Boltzmann distribution of energy 

causing the energy state populations to be very different 

from those existing in static temperatures mixtures. The 

overall effect is to simplify spectra and to suppress hot 

bands and high J-rotational lines.
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CHAPTER 5

SPECTROSCOPIC INVESTIGATIONS OF MATRIX ISOLATED 

HYDROGEN-BONDED COMPLEXES BY INFRARED SPECTROSCOPY

5. 1 Introduction

In this chapter the infrared spectra of the following matrix 

isolated complexes is discussed: HCN. . . HC1, CC1*. . . HC1, 

(CH 3 ) 2 C=O. . . HC1, (CD 3 ) 2 C=O. . . HC1 and CH 3CHO. . . HC1. Of 

particular interest are the hydrogen cyanide and acetone 

complexes where the effects of complexation on some base 

frequencies is reported.

5. 2 Matrix isolated spectrum of HC1

The infrared spectrum of HC1 in an argon matrix at 8K is 

shown in fig 5. I, and the accepted assignments (27) are 

indicated. This is a very different spectrum from that of 

frozen HC1 (129), where much broader absorptions (typical of 

a condensed state) are seen. In fact, infrared absorptions 

in the matrix are usually narrower than those found in the 

corresponding gas samples.

Comparison of fig 5.1 with the infrared spectrum of gaseous 

HC1 at low pressure (fig 3. 1) reveals two outstanding 

features.

First, unlike the gaseous sample, the matrix spectrum shows 

only one monomer band, the R0 band, confirming that at these
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FIG.5.1 INFRARED SPECTRUM OF HC1 IN AN ARGON MATRIX AT 8K
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low temperatures only the lowest rotational states are 

populated. The R0 band occurs at 2888 cm- 1 , slightly shifted 

from the gas band at 2906 cm- 1 . Matrix spectra at higher 

ratios HCl/Ar also show the weak Pi and Ri bands, but the 

rotational envelope characteristic of a sample of gaseous 

diatomic molecules remains absent.

Second, new bands appear in the matrix. Bands due to HC1 

dimer (2819 cm- 1 ), trimer (2787 cm- 1 ) and tetramer (2761 

cm- 1 ) are observed, the intensity of these bands depending 

on both the HCl/Ar ratio and the rate at which the matrix is 

assembled (100). In contrast, the concentrations of (HCl) n 

is the gas are tiny, and only the dimer has been firmly 

identified (130).

The Q-branch in HC1, centred at 2886 cm- 1 , is forbidden in 

the gas phase although it is observed at very high buffer 

gas pressures (23). In the matrix the Q-branch occurs at 

2871 cm- 1 .

Common impurities are readily identified in the matrix, and 

include water (from imperfectly dried materials), and 

nitrogen (from air ingress via the vacuum equipment). These 

impurities are revealed as a HC1. . . H 2 O complex band at 2665 

cm- 1 and as a HC1...N2 complex band at 2865 cm- 1 . It follows 

that examination of a matrix spectrum of HC1 provides 

information on temperature, extent of isolation, moisture
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level and vacuum quality.

5. 3 Previous studies of molecular complexes by matrix

isolation

The study of molecular complexes by infrared spectroscopy

has been reviewed by Barnes (30) and also by Andrews

(131). For HF, HC1 and HI, spectroscopic data (particularly

H-X shifts caused by the complex) have been accumulated for

complexes involving about 100 different bases, including

alkanes, alkenes, alcohols, ethers, haloalkanes, nitriles

and amines.

The general procedure used in these studies is, in 

principle, very simple. First, the base is studied alone in 

the argon matrix so as to pick out complicating infrared 

bands due to the base monomer and its oligomers. Literature 

infrared assignments obtained using gaseous samples are 

often useful here, since spectra obtained in the matrix 

environment are usually closer in appearance to the gaseous 

phase than to the solid phase.

Next, a sample of base and acid is studied in the matrix and 

the spectrum scrutinised for shifts of previously recognised 

bands. Such shifts confirm that complexation has taken 

place. As a starting point the "submolecule model" (131) is 

used to assign spectra, which presumes that the base 

submolecule modes in the complex will only be slightly
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perturbed by interaction with the acid submolecule. This 

assumption holds better for complexes in the gas than in the 

matrix, but remains a good approximation for weakly bound 

complexes. The existence of shifts in frequency upon 

complexation may sometimes help confirm the site of attack, 

and this may assist in assigning molecular shape. For 

example, alkene/HX complexes all show C=C stretching modes 

shifted to lower frequency but there are no shifts for the 

in-plane bending modes (131,132), strongly suggesting a 

T-shaped complex with the HX attacking the pi-centre of the 

alkene.

The warming of matrices (typically from 8K to 30K) has 

proved useful in identifying 1: 1 and 1: 2 complexes. The cold 

matrix helps to stabilize the weakly bound complex by 

holding the acid and base molecules together while internal 

energy is removed by the condensing matrix. Warming 

increases both diffusion and collision rates and the 

multimer complex bands therefore become relatively stronger.

5. 4 Experimental

Details of the matrix isolation equipment have already been 

described. Gaseous mixtures of base and/or HC1 and argon 

(usually 1: 1: 1000 dilution) were slowly sprayed onto a Csl 

window maintained at about 8K within an Air Products Cs-202 

Displex cryogenic system, using a needle value as flow 

regulator. After about 20 minutes the spectrometer
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(Perkin-Elmer 580B) was placed in position around the cell 

and the degree of deposition assessed by the strength of HC1 

dimer and base absorptions, low depositions being favoured 

to avoid excessive polymerisation.

5. 5 Matrix studies of HCN and HCN. . . HC1

Fig 5.2 shows the matrix infrared spectra of HCN: Ar (1:200)

at 8K and 1 cm- 1 resolution between 4000-1400 cm- 1 and

900-600 cm- 1 (inset). The groups of bands at about 3700 cm- 1

and 1600 cm- 1 are due to water in the Csl crystal. Fig

5. 3(a) shows the expanded spectrum in the region of the CN

stretch. The wavenumbers of relevant prominent peaks are

listed in tables 5. 1 and 5. 2. For comparison, the momomer

fundamentals (cm- 1 ) of HCN in the gas phase are 3311 (v 3/ CH

stretch), 2097 (vi, CN stretch) and 712 (v 2/ CH bend) (96).

For solid HCN, v 3 = 3130, vi = 2099 and V2 = 824 (133).

The infrared spectrum of matrix isolated HCN: Ar has been 

studied by a number of research groups. King and Nixon (134) 

characterised many bands by the variation of the band 

intensity with increasing HCN: Ar ratio, the intensity of 

monomer bands increasing with HCN/Ar and the intensity of 

dimer bands peaking at HCN/Ar = 500. There is no evidence of 

molecular rotation.

A detailed study of HCN monomer in Ar has been made by 

Pacansky and Calder (135). Pacansky has also reported an
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FIG.5.2 INFRARED SPECTRUM OF HCN:Ar (1:200)



FIG.5.3 INFRARED SPECTRUM OF (a) HCN:Ar (1:200) 
(b) HCl;HCN;Ar (1:1:500), IN REGION OF CN STRETCH
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TABLE 5. 1 matrix isolation spectrum of HCN: Ar

prominent peaks in the CH stretch and bend regions 

This work/cm- 1 Walsh et al (137 >/cm- 1 Assignment

3307 3304 M (v 3 )

3297 3297 o. c T

3219 3219 c D

3203 3203 o. c. D

3182 3187 o. c Te

1423 1425 2v 2

810 810 o. c Te

797 797 o. c D

736 736 o. c T

722 722 M (v a )

TABLE 5. 2 matrix isolation spectrum of HCN: Ar

prominent peaks in the CN stretch region 

This work/cm- 1 Walsh et al< 137 >/cm- 1 Assignment

2116 2116 o. c T

2109 - P ?

2104 2105 P

2099 2099 s

2095 2093 ? ?

2092 ? ?

M = momomer, D = dimer, T = Trimer, Te = Tetramer,

P = high Polymer, o. c = open chained, c = cyclic, s = solid
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elegant study in which the HCN dimer was generated in an 

argon matrix by photolysis of s-tetrazine (136). In this way 

the spectrum was obtained free from interference from 

monomer or higher multimer species. Walsh et al (137) 

re-investigated the HCN: Ar matrix and re-assigned some of 

the bands of King and Nixon as trimers. This work has been 

used to assign the bands in tables 5. 1 and 5. 2. It appears 

that the tautomer HNC is only generated by photolysis of 

matrix isolated HCN (138) and can therefore be neglected in 

these assignments.

Inspection of table 5.1 confirms that there are considerable 

shifts upon self-complexation for both the CH stretching 

(which shift downfield, to lower frequency) and bending 

modes (which shift upfield).

Assignment of the six bands near to the CN stretch (fig 5. 3a 

and table 5. 2) is difficult. King and Nixon assign vi = 2093 

cm- 1 but Pacansky and Calder showed that this assignment 

could not be correct, although they failed to identify vi 

itself. The profile of the CN absorptions obtained by Walsh 

et al is very different from that of fig 5. 3a. They note 

four peaks, only two of which consistently increased in 

intensity as the HCN/Ar ratio was increased. The strongest 

of the two peaks was located at 2089 cm-1 and accordingly it 

was assigned to the vi mode. This band is absent in this 

study. The closest is a band at 2092 cm- 1 . It is possible
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that vi is too weak to observe, but this seems unlikely at 

the HCN/Ar ratio used in this study.

Figure 5.4 shows the matrix infrared spectrum of HCN: HC1: Ar

(1: 1: 500), again at 8K and 1 cm- 1 resolution. Fig 5. 3b shows

the CN region in detail.

Comparison of fig 5. 4 with fig 5. 2 shows that there are 

slight downfield shifts in the C-H stretch frequencies. For 

example, the monomer band at 3307 cm- 1 has developed a 

shoulder which overlaps with the trimer band of uncomplexed 

HCN at 3297 cm- 1 and the tetramer band at 3182 cm- 1 has 

split, presumably reflecting uncomplexed and complexed CH 

vibrations.

The insets of figures 5. 4 and 5. 2 confirm shifts for bending 

frequencies, with the 736 cm- 1 band being augmented by a 

complex band, possible due to HCN...HC1 itself. Several new 

minor absorptions are also apparent.

Table 5. 3 shows possible assignments for the main bands in 

the HC1 monomer and multimer region. The outstanding feature 

is the strong absorption at 2701 cm- 1 which we may assign to 

VB for the 1: 1 complex.

The six original absorptions present in the CN region are 

changed due to complexation (fig 5. 3b). The absorptions
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TABLE 5. 3 matrix isolated spectrum of HCN/HCl/Ar: 

prominent peaks in the HC1 stretch region

This work/cm- 1 

2890

2870

2864

2818

2780(broad)

2701

2629

Literature/cm- 1

2888 (H 35C1)

2886 (H 37C1)

2869

2866

2818

2780

2703*

2632*

Assignment 

Ro HC1

Q HC1 

Q HC1 

HC1 (D) 

HC1 (T) 

complex 

complex

* ref (139)

all other literature values from ref (27)
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originally at 2116, 2109, 2095 and 2092 cm- 1 are slightly 

shifted downfield by about 0. 5 cm- 1 , the shifts for the 

bands originally at 2104 and 2099 cm- 1 being difficult to 

determine. The relative intensity of the bands has also 

changed indicating multimer/HCl complexes are formed, with 

the original 2116 and 2092 cm- 1 bands showing a dramatic 

increase and decrease respectively. Assuming that the HCN 

monomer is present in greater amounts than any single 

multimer, these changes support the tentative assignment of 

the 2092 cm- 1 peak as the monomer CN stretch band and of the 

2116 cm- 1 band as the CN stretch in the 1: 1 complex, 

corresponding to a shift of 24 cm- 1 .

5. 6 Matrix studies of he-acetone and hs-acetone. . . HC1 

Fig 5. 5 shows the infrared spectrum of a h 6 -acetone/Ar 

(1: 1000) matrix at 8K and 1 cm- 1 resolution between 

4000-1300 cm- 1 . Some water is present on the Csl window. The 

C=O region is of particular interest in this study and is 

shown in greater detail in fig 5. 6a.

The spectrum of he-acetone in the matrix is considerably 

simpler than that of the HCN/Ar system. The main features 

are the weak C-H stretch bands (at 3020, 2970 and 2930 

cm- 1 ), the C=0 stretch bands (1767, 1746 and 1721 cm- 1 ) and 

the CH 3 deformations (1442, 1428, 1413, 1405, 1360 and 1352 

cm- 1 ), in excellent agreement with assignments made by 

Novak, Szczepaniak and Baran (140).
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FIG.5.5 INFRARED SPECTRUM OF h,-ACETONE:Ar (1:1000)
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FIG.5.6 INFRARED SPECTRUM OF (a) h^- ACETONE:Ar (1:1000) 

(b) HCl;h.-ACETONE:Ar (1:1:1000)
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The spectrum of HCI: he-acetone: argon (1:1:1000) is shown in 

fig 5. 7. Close examination shows that the C-H stretch bands 

are unaffected by complexation. A CH 3 deformation band (not 

reported by Novak et al), probably a complex band, appears 

at 1368 cm- 1 .

Fig 5. 6b shows the carbonyl group region after complexation. 

The three original bands are unshifted and not obviously 

reduced in intensity. An intense new band has appeared at 

1706 cm- 1 [Novak, 1708 cm- 1 ] which may be reasonably 

assigned to the C=O stretch in the (CH 3 ) 2 C=O. . . HCI complex, 

giving a shift of 15 cm- 1 from the most intense C=O band at 

1721 cm- 1 .

The 4000-1000 cm- 1 h 6 -acetone/HCl/Ar spectra show, in 

addition to the usual HCI monomer and multimer bands a 

reasonably broad band centred at 2395 cm- 1 , attributed by 

Novak et al [2393 cm- 1 ] to the modified HCI stretch in the 

1: 1 acetone/HCl complex.

Additional (weaker) features occur at 2545 [2545] cm- 1 and 

at 2495 [2496] cm- 1 . Novak et al suggest that these 

absorptions may be due to 2: 1 complexes, or that they 

represent v« bands for 1:1 complexes with different 

geometries. The peak at about 2660 cm- 1 is probably due to 

the H 2 O. . . HCI dimer.
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INFRARED SPECTRUM OF HCl:h.-ACETONE:Ar (1:1:1000)



5. 7 Matrix studies of de-acetone and de-acetone. . .HC1 

Similar experiments were conducted using de-acetone and 

de-acetone and HC1 in an argon matrix. Complexation resulted 

in a broad band at 2396 cm- 1 (attributed to v» ). The 

carbonyl region (fig 5.8a) in the de-acetone/argon matrix 

shows a very intense band (1730 cm- 1 ), a doublet (1705, 1701 

cm- 1 ) which was consistently observed in different samples 

of spectroscopic grade de-acetone, and a weak band at 1711 

cm- 1 . Complexation (fig 5. 8b) produced a new peak in the 

carbonyl region at 1697 cm- 1 , indicating a shift of 33 cm- 1 

from the most intense C=0 band at 1730 cm- 1 .

5. 8 Matrix studies of ethanal and ethanal. . . HC1

The infrared spectrum of a second compound containing a

carbonyl group, ethanal, was also studied in an argon matrix

at 8K (fig 5.9). The peaks around 2800 cm- 1 are due to air

ingress.

The spectrum of a mixture of ethanal and HC1 in argon 

(1: 1: 1000), shown in fig 5. 10, shows that has been no 

significant shift in the C=0 group. The absence of even a 

weak complex absorption in this region is surprising since a 

C=O shift of 10 cm- 1 has been reported for the complex 

HCHO. . . HC1 (141). There are several new absorptions close to 

2500 cm- 1 . Tentatively, the band at 2493 cm- 1 is assigned to 

VB for the complex CH 3 CHO. . . HC1.
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FIG.5.8 INFRARED SPECTRUM OF (a) d.-ACETONE:Ar (1:1000)——————————————————————————i—t——5————————-——i——————
(b) HC1: d^-ACETONE:Ar (1:1:1000)——— (-j .———————.——————————————————
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FIG.5.9 INFRARED SPECTRUM OF CR,CHO:Ar (1:1000)
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5. 9 Matrix studies of CCli and CC1*. . . HC1 

Tetrachloromethane is expected to form very weak 

hydrogen-bonded complexes but detection of the complex is 

favoured by the simple infrared spectrum of CC1*. Fig 5. lla 

and 5. lib show the matrix spectra of CCl 4 :Ar (1: 1000) and of 

CCl«:HCl:Ar (1:1:1000) respectively in the region 4000-1400 

cm- 1 . The peak at 2841 cm- 1 is assigned to v» for the 

complex CC1 4 . . . HC1.

The existence of this complex in the matrix prompted studies 

of the corresponding CC1 4 /HC1 gas mixtures. A very weak 

absorption was discernible within the HC1 rotational bands, 

centred at approximately 2850 cm- 1 and this is also 

tentatively assigned to vs for the complex CCl*...HC1.

DISCUSSION

5. 10 The HCN. . .HC1 complex

Johnson and Andrews (139), as part of a study involving

mainly HF. . . HCN, report two complex frequencies for the

HCN. . . HC1 dimer, ve = 2703 cm- 1 and a secondary band at 2687

cm- 1 (not observed in this study) with no evidence for the

complex HC1...HCN. No 1:1 complex nitrile or CH frequencies

were reported. These authors also briefly studied the matrix

spectrum of DCl/HCN/Ar mixtures and analysis of the polymer

band shifts suggested that polymers of the type

HCN. . . HC1. . . HC1 may also be forming. Several bands
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FIG.5.11 INFRARED SPECTRUM OF (a) CCl,:Ar (1:1000)

rttW: .(b) HC[L:CCl / ;.Ar (1:1::• HH
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attributed to this trimer were also listed without comment, 

including a band at 2616 cm- 1 . The existence of such trimers 

as well as complexes of the type (HCN) n. . . HC1 considerably 

complicates the interpretation of the matrix spectrum.

A microwave study of HCN...HC1 complex has found it to be 

linear with no evidence for a pi-bond between the nitrile 

and the HC1 (142).

George et al (100) have studied the infrared spectra of 

nitriles other than HCN in both the gaseous and matrix 

state. They note similar shifts in VB and in the CN stretch. 

Their data is reproduced in table 5. 4 to which has been 

added the CN and ve shifts determined in the present work. 

The inclusion of VB for R=H follows the pattern established 

in the series whereby VB increases with the base size. 

The nitrile shifts listed in table 5.4 are less meaningful 

since it is required that the monomer CN stretch is 

unambigously identifed, a task which is very difficult in 

the matrix even if the base/Ar matrix spectrum is as well 

studied as the HCN/Ar system. However, the data confirms 

that the effect of complexation is to move the nitrile 

absorption to higher frequency.

The frequency change of the nitrile absorptions indicates a 

strengthening of the CsN bond but there appears to be no 

convincing explanation of this change. An upfield shift in
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has also been noted for CO (131) in CO. . . HF. The nitrile 

band in the related complex HCN. . . HF is probably located at 

2119 cm- 1 (139), confirming the greater upfield shift as the 

hydrogen bond becomes stronger.

The other frequency shifts encountered in the present study 

of HCN. . . HC1 are as follows. Monomer C-H stretch bands and 

H-C1 stretch bands move downfield (to lower frequency) upon 

complexation, whereas many of the monomer C-H bend modes 

move upfield.

The movement downfield reflects the slight increase in 

(stretching) C-H and H-C1 bondlength as electron 

re-distribution takes place during hydrogen bond formation. 

A simple explanation of the upfield shift for the C-H bend 

is that formation of the hydrogen bond constrains the 

movement of the H atom and increases the C-H bond force 

constant.
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TABLE 5. 4 Comparison of Spectra of Gas and Matrices before

and after complexation with HC1

RCN + HC1 = RCN. . . HC1

(a) HC1 stretching mode cm- 1

R

H

CzHs

CHa=CH

CH 2 =CHCH 2

GAS MATRIX

HC1 Complex shift HC1 Complex

2886 2825

2886 2726

2886 2750

2886 2738

(b) CN

GAS

-61 2871 2701

-160 2871 2630

-136 2871 2671

-148 2871 2646

stretching mode cm- 1

MATRIX

shift

-170

-241

-200

-225

Base Complex shift Base Complex shift

H - -

C 2 H S 2256. 5 2267. 5

(2265.5) (2270)

2274. 5 2273. 5

CH 2 =CH 2249 2258

(2256) (2261)

2263 2264

CH 2 =CHCH 2 2264 2273

4. 5

2092 2116 24

2251 2260

2236 2242 6

2258 (2258) 22

(2275) 2280

172



JL 11 The HC1 complexes of he and de-acetone and the effect 

of base deuteration

The spectra of gaseous de-acetone and he-acetone HC1 

complexes, referred to in chapter 4, indicate that 

deuteration of the base does not greatly affect the 

frequency of the v» band. The breadth of hydrogen-bonded 

complex bands in gaseous spectra make it difficult to 

establish frequency shifts accurately. Even though v- bands 

remain rather broad in the matrix, the absence of 

pressure-broadened HC1 bands makes it easier to establish 

the band centre. Further, any differences in shifts between 

the deuterated and hydrogenated base complexes would be 

expected to be exaggerated in the matrix. Matrix frequency 

shifts reported in this chapter show that the deuterated and 

hydrogenated complexes display the same VB centre within 1 

cm- 1 , supporting the observation that any differences in VB 

for the two gas complexes is small.

Deuteration did substantially increase the shift of the 

complexed C=O band to lower frequency in gaseous and matrix 

he and de-acetone HC1 complexes (table 5.5). There is no 

reported data for the corresponding HF complexes.

Previous work has shown that deuteration of either the base 

or acid submolecule in the complex may cause changes in the 

vibrational frequencies. The direction and magnitude of the 

change upon base deuteration is difficult to predict. In
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ethene/HF complexes the frequency of some bending modes is 

increased and others decreased, while v> is reduced by 

0. 5-3.0 cm- 1 depending on the number of hydrogen atoms 

replaced by deuterium (143). The considerable C=O shift 

caused by base deuteration reported in the present work may 

suggest that the effect is substantial and general to all 

carbonyl compounds, but measurements by Bach and Ault 

(141) on the methanal/HCl and deuterated methanal/HCl matrix 

systems reveal a downfield shift of only 1 cm- 1 .

Maillard et al (144) report an interesting investigation in 

which the effect of base deuteration is studied in the 

(HCl)z dimer in an argon matrix. The dimer bands were 

observed to be split by about 2 cm- 1 and the authors 

suggested that this was because the two dimers, HC1...DC1 

and DC1. . . HC1, were not exactly equivalent.

Johnson and Andrews (145) report that v«, for the 

de-acetone. . .HF complex is 2 cm- 1 greater than va for the 

he-acetone. . .HF complex in the matrix. Interestingly, the 

shift of VB, downfield from the monomer frequency, is 

greater for the acetone. . . HC1 complex than that of 

acetone...HF complex in both gas and matrix, inferring that 

the HC1 complex contains the stronger hydrogen bond. This 

suggests that for the HC1 complexes studied in this work the 

frequency difference, (v»h6 complex - vs de complex), should 

be greater than 2 cm- 1 , in conflict with this study.
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The v» shifts of. h-ethene and d-ethene. . . HF complexes have 

been rationalised as follows (143). Analysis of rotational 

spectra has shown, perhaps surprisingly, that DF binds more 

closely to the pi-bonds in ethene than does HF (146). 

Accordingly, deuteration of the alkene itself would be 

expected to allow the HF molecule to approach more closely, 

forming a stronger hydrogen bond as evidenced by the lower 

frequency HF stretch. It is unclear whether this explanation 

applies only to pi-complexes or whether it could be applied, 

for example, to the carbonyl shifts observed in this study.

TABLE 5. 5 C=O frequencies and shifts (cm- 1 ) in h6 and 

ds-acetone before and after complexation with HC1

GAS MATRIX 

base complex shift base complex shift

he 1738 1727 11 1721 1706 15 

d 6 1732 1712 20 1730 1697 33
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JLJj The strength of hydrogen-bonds in complexes 

There are many parameters which have been used to measure 

the strength of the hydrogen bond in complexes. In this 

section relevant parameters for the complexes studied in 

this project are discussed and their usefulness assessed.

5. 13 Thermodynamic measurements

Values of D0 , AH and (at specific temperatures) AG and Ko

for complex formation are available for only a few

complexes.

Although a knowledge of AG and AH, and at one temperature, 

Ko, is experimentally useful, these parameters refer to the 

formation of the whole complex and not just the hydrogen 

bond. Steric factors (particularly with large monomers) may 

therefore give different AG, AH and K values with different 

monomers even if the atoms forming the hydrogen bond are the 

same.

5. 14 Parameters related to the vibrations of the complex 

These include k (the force constant for the hydrogen bond 

stretch) and v^. (hydrogen-bond stretch) and r (length of 

hydrogen bond), and the frequency shift Avs .

Values of k are calculated (using several models) from v^ 

but this frequency is available for relatively few 

complexes. A low vr corresponds to low k and indicates a
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weak bond. Limited data for B.. . HC1 complexes, reported by 

Legon and Millen (122) suggests that VB, is approximately 

proportional to D0 . Better linearity is obtained for a plot 

of k against D0 .

The simplest derivation of r is from B (the rotational 

constant) via the pseudo-atomic model. Experimentally the 

extension of the H-X bond upon complexation has been 

accurately determined from the hyperfine coupling constants 

observed in microwave spectra. Legon and Millen (147), using 

data for complexes B...HF, show that the increase in HF bond 

length increases roughly linearly with the force constant, 

k.

vs shifts have occupied a position of great importance in 

earlier studies of hydrogen-bonding (148), and are available 

in great numbers for gas and matrix complexes since they are 

readily observable in the mid infrared. Bellamy, Eglington 

and Morman (149) point out that, unlike K0/ vs shifts are 

largely independent of entropy changes such as steric 

effects due to the size of the base molecule, and are 

therefore better indicators of hydrogen bond strength.

5. 15 Other parameters

Enhancements of the dipole moment of the complex (calculated 

with respect to the value expected by simple vectoral 

addition of the monomer dipole moments) have been reported

177



for a range of complexes, mainly involving HF (12). An order 

of hydrogen bond strength is obtained which agrees 

qualitatively with other parameters.

The use of base proton affinities in looking at bond 

strengths in hydrogen-bonded complexes reflects an attempt 

to incorporate hydrogen bonding into the mainstream of 

acid/base theory. For a fixed acid, HA, hydrogen bond 

strength would be expected to increase as PA(base) 

increases. Ault, Steinback and Pimental (150) go further and 

predict that hydrogen bond strength increases as the 

difference PAB - PAjv- increases. Barnes (30) notes that the 

application of the concept of proton affinity to 

hydrogen-bonding is suspect because the exchange repulsion 

term in the molecular energy expression for hydrogen-bonded 

complexes is not generally zero for other reactions in which 

PA is determined. In this sense the proton affinity of a 

base is, to some degree, dependent on the type of reaction 

used to generate the value of the parameter.

Data for complexes involved in this study

Table 5. 6 shows relevant data, where available, for the

complexes studied in this project.

5. 16 VB shifts

Fig 5. 12 shows a plot of Avs (gas) against AVH (matrix) for

the complexes studied in this project. A crudely linear
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TABLE 5. 6 Data for complexes studied

Complex Shift Proton

<Ws

Ar. . . HC1 4

C2H4 . . . HC1

CO. . . HC1

OCO. . . HC1

CC14 . . . HC1

HCCH. . . HC1

C6D6. . . HC1

CHC1 3 . . . HC1

OSO. . . HC1

C6H5F. . . HC1

(CD3 ) 2CO. . .HC1

HCN. . . HC1

CH3CHO. . . HC1

CH2=CHCN. . . HC1

(gas)

(av),

56

-

-

36?

52

76

-

32

-

215

41

245

140

Avg (matrix)

cm

2 (88) Q

118

55

17

30

107

95tt

43

63

91

479tt

170

371

199

affinity 
kJ mol

-

669

593

531

-

644

770tt

669

657

-

820#

717

782

799

14

13.3

(88) 

(123)

20. 1 (83)

Unless referenced all data has been taken from table 3. 3
*
calculated from v,,. using pseudoatomic model

# data for hydrogenated form

cm

32

84

69

(109) 

(153)

(153)

Nm

6.6 

4.45

88 (153) 6.94

11.28

90 (49) 10.33
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relationship suggests that both parameters are consistent. 

In general, the matrix shifts are not only greater than the 

corresponding gas shifts but more reliable, since the matrix 

bands are sharper and the band centres easier to locate.

Matrix vs shifts indicate that the HC1 complexes involving 

acetone and ethanal contain the strongest hydrogen bonds of 

those complexes studied. Barnes (30) has noted that 

pi-complexes often involve a smaller Av» than for bases of 

comparable proton affinity, suggesting that these complexes 

should, if enough data is available, be treated separately.

One series of pi-complexes is that between substituted 

benzene molecules and HC1. AVB (matrix) for the complex 

C 6 Hs. . . HC1 has been reported as 2776 cm- 1 (151). Modified 

HC1 stretching frequencies for three more aromatic/HCl 

complexes in the matrix have recently been determined in 

this laboratory (152):

CsHsF...HC1 vs = 2780 cm- 1 

CsHsCHs. . . HC1 2760 

CeHsCN. . . HC1 2630 

These values may be rationalized as follows. In 

fluorobenzene, the F atom reduces the electron density in 

the ring so that the hydrogen bond is weaker than in the 

benzene complex. Presumably, this effect is so pronounced 

that no significant vs shift could be detected in the gas 

phase (chapter 3). In the case of methyl benzene, the methyl
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group directs electron density into the ring,making the 

hydrogen bond stronger. The matrix shift for benzonitrile is 

too great to be due to a simple pi-complex and it seems 

likely that complexation occurs at the CN group itself.

5. 17 base frequency shifts

Can other frequency shifts be used as indicators of hydrogen 

bond strength ? Tables 5. 4 and 5. 5 list the CN and C=0 

stretching frequencies for several complexes involved in 

this study. The data shows that the nitrile shifts are 

positive while the corresponding v. shifts are negative, and 

that while the v«, shifts are the same for the d6 and 

he-acetone/HCl complexes there is a substantially greater 

C=O shift for the de-complex. Further, in the case of 

ethanal ( &VB (matrix) = 371 cm- 1 ) there was no significant 

change in C=0 frequency upon complexation with HC1. A 

similar observation has also been made by Bach and Ault 

(141) who report that while the HCHO. . . HF complex has the 

greatest VB shift of the HCHO. . . HX series, it also involves 

the smallest shift in C=0 frequency.

It may be concluded that there is no obvious correlation 

between shifts in base frequencies and the shift in the HC1 

stretch. Substantial shifts in base frequencies do not 

necessarily confirm the presence of a strong hydrogen bond.
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5^18 Other parameters

The limited data enables only a few comparisons of other 

parameters to be made. Fig 5. 13 shows the correlation of 

proton affinity with Avs (matrix). Fig 5.14 shows a plot of 

AvB (matrix) against vr with the uncertainty in v r values 

probably contributing the greatest error.

5. 19 Summary

Both fig 5. 13, 5. 14, and 5. 12 roughly confirm the same order 

of hydrogen bond strength in the complexes studied. There 

is, of course, no requirement that any of the parameters 

listed in table 5. 6 be linearly related to each other. Any 

of the parameters, such as D0 , k , v,-, and Avs , could by 

convention be taken to quantitatively define bond strength. 

The obvious candidate is D0 , the bond dissociation energy, 

but few reliable values of Do are available for this 

parameter to be widely used.
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CHAPTER 6 

CALCULATIONS USING THE Chem-X MOLECULAR MODELLING SYSTEM

6. 1 Introduction

Chem-X is a molecular modelling program which has the 

facility to make energy calculations of molecules in 

different conformations and relative configurations. The 

system is widely used for studying large molecules of 

biochemical importance assembled from molecular fragments 

contained in the computer memory, but it may also be adapted 

for interactions between smaller molecules which are created 

using the ' sketch' routine.

In this study the interaction energy was computed at various 

bond angles and bond distances (the distance between the two 

atom centres making up the bond) leading to an assignment of 

the most favoured geometry for several hydrogen-bonded 

dimers. These results are then compared with those produced 

by other calculations and with experimentally determined 

values.

The methods used to analyse the dependence of energy upon 

molecular geometry depend on the expertise and time 

available. The Van der Waals' (VDW) Chem-X option used in 

this study is an empirical force-field calculation (154) 

which assumes that the energy is dependent only upon 

non-bonded interactions (including ' 1, 4' interactions where
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the bond is between atoms 2 and 3). Entropy effects are 

ignored.

6. 2 Potential energy

The form of the potential used by the Chem-X program is 

analogous to the familiar Lennard-Jones ' 12-6' expression, 

except that the the potential function for a range of atom 

types has been determined analytically from non-bonded 

contact distances in crystals. The expression adopted (155) 

takes the following form:

V(PE) = [A exp(-B. r)] / r° - C / r 6 (1) 

where r = the separation distance. A,B,C and D are constants 

for a range of possible atom-pair interactions stored in the 

parameter file.

There are three main assumptioms made about the 

applicability of equation (1) to energy calculations.

First, it assumed that potential energy functions derived 

from intermolecular interactions faithfully apply to 

intramolecular interactions involved, for example, in 

conformational analysis.

Secondly, equation (1) regards the interaction of two atoms 

as the same regardless of what other atoms are in the 

vicinity of the atom pair.
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Thirdly, equation (1) assumes that the potential energy is 

spherically symmetric.

Equation (1) is augmented by an electrostatic term which 

treats monopole-monopole interactions only:

V(el) = (KQQ')/e.r (2)

where r is the interatomic separation and K a conversion 

constant. Q and Q' are the atomic charges (the ratio of the 

electronic charge on the atom to the charge of a single 

electron i. e 1. 6 X 10~ 19 C). e is the dielectric constant 

for the entry (or for entries, the arithmetric mean of the 

dielectric constants).

Atomic charges are easily calculated for diatomics (156). 

For example, in HC1 r = 127 pm and the dipole moment = 1. 05 

D (3.44 X 10- 30 C m). Then:

Q = (3.44 X 10- 30 Cm)/ (127 X 1Q- 12 m . 1. 6 X 10- 19 C)

= 0. 17

Thus the charges on the atoms (ignoring hybridisation 

effects) are +0.17 (H) and -0.17 (Cl) of an electron charge.

Atomic charges within polyatomic molecules are more 

difficult to assign. Two options are available in Chem-X. In 

the first, developed by Skorczyk (157), the program 

redistributes charge by associating a charge shift (based on 

electronegativity differences betwen the linked atoms) with 

each bond. No account is taken of bond order and the results
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are crude. For example, when the program is set to evaluate 

Q and Q' for the diatomic HC1 the results were +0. 344 (H) 

and -0. 344 (Cl).

More acceptable distributions are obtained using an 

iterative procedure reported by Gasteiger (158) based on the 

partial balancing of orbital electronegativities. For HC1 

the generated charges are +0. 15 (H) and -0. 15(Cl).

6. 3 Chem-X calculations and hydrogen bonding

In VDW energy calculations the hydrogen-bond is treated as a 

special non-bonded interaction. The charge interaction 

usually accounts for most of the hydrogen bond energy, but 

the VDW repulsion would normally result in a high energy 

because of the close approach of the atoms. To overcome this 

the attraction and repulsion are rescaled in Chem-X. While 

the separation distance, r, used in the charge term is the 

true separation distance between the atoms, the distance 

used in the repulsion and attraction terms is the product of 

a constant (default value 1.31) and r. As a consequence of 

this scaling the repulsion energy is reduced and the 

hydrogen may be considered to be tunnelling into the 

hydrogen-bonded atom.

6. 4 Notation

In the computations that follow V(I) represents the total

intermolecular force of the assembly excluding
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hydrogen-bonding and V(H) the total intermolecular force 

including hydrogen-bonding in the specified direction. The 

listed components of V are atom/atom interactions (AA), the 

repulsion term (RT) and the attractive term (AT). Chem-X 

operates using the units of Angstroms for bond distance and 

kcal mol- 1 for energy respectively.

6. 5 HC1 dimers

The (HC1) 2 is one of the simplest type of dimer and its

study is useful in evaluating the Chem-X package.

In these calculations r(H-Cl) = 1.28 A. In order to speed up 

computations it was assumed that all the (HC1) 2 dimers were 

planar. In addition, for case I (below) it was assumed that 

the Cl. . . H-C1 atoms remained co-linear irrespective of 0. 

These assumptions are briefly discussed later.

Computations were first made on the following dimer which is 

referred to as case 1:

Case 1

Cl
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hydrogen-bonding (9 =

r/A

5. 0

4. 0

3. 5

3. 0

2. 8

2. 6

2. 5

2. 4

1. 3

TABLE

0 degrees )

Energy / kcal mol- 1

V(I)

-0. 0717

-0. 2109

-0. 3243

-0. 3447

-0. 1464

0. 4597

1. 0599

2. 0082

228. 63

6. 2 Interaction

hydrogen-bondi nq (0 =

r/A

5. 0

4. 0

3. 5

3. 0

2. 8

2. 6

2. 5

2. 4

1. 3

AA

-0. 0500

-0. 0856

-0. 1168

-0. 1657

-0. 1930

-0. 2271

-0. 2470

-0. 2696

-0. 9081

energy for

0 degrees )

RT

0. 0203

0. 0093

0. 0629

0. 4270

0. 9190

1. 9790

2. 9030

4. 2590

289. 34

HC1. . . HC1

AT

-0. 0420

-0. 1346

-0. 2704

-0. 6060

-0. 8724

-1. 2922

-1. 5961

-1. 9812

-59. 800

with

Energy / kcal mol" 1

V(H)

-0. 0781

-0. 1673

-0. 2643

-0. 4310

-0. 5152

-0. 5868

-0. 5983

-0. 5769

58. 984

AA

-0. 0500

-0. 0856

-0. 1160

-0. 1657

-0. 1930

-0. 2271

-0. 2470

-0. 2696

-0. 9080

RT

0. 0003

0. 0011

0. 0063

0. 0492

0. 1080

0. 2440

0. 3690

0. 5608

75. 623

AT

-0. 0284

-0. 0828

-0. 1546

-0. 3145

-0. 4302

-0. 6037

-0. 7203

-0. 8681

-15. 731
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Tables 6. 1 and 6.2 show some of the computed interaction 

energies at various r(H. . . Cl) distances for the completely 

linear assembly (0=0 degrees).

A comparison of the two sets of energy is shown in fig 6. 1. 

This shows energy minima at 3. 3 A (V(I)) and 2. 5 A (V(H)) 

respectively. As expected, the curves approximately merge 

at large r.

Similar computations were made for case 1 hydrogen-bonded 

dimers with 0 = 30, 60, 71 and 90 degrees respectively 

(Table 6. 3). This data suggests that the bond angle has 

remarkably little effect on dimer stability with the linear 

configuration just being preferred. The separations yielding 

minimium energy are seen to be independent of 0 with r(min) 

= 2. 5 A.

Another possibility for the planar (HCl)a hydrogen-bonded 

dimer is:

Case 2

Cl

H————Cl. ........ H' 0'

in which the H-C1...H atoms remain co-linear. Case 2 reduces 

to case 1 when 0' = 0. Computations were carried out at r = 

2. 5 A (Table 6.4). Inspection of the repulsion terms (RT) 

confirms that the repulsion is much greater than in case 1,
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TABLE 6. 3 

Separations which minimise V(H) for HC1. . . HC1 (case 1)

0/deq

0

30 

60 

71 

90

r(min)/A 

2. 5 

2. 5 

2. 5 

2. 5 

2. 5

V(H) / kcal mol- 1

-0. 598

-0. 592

-0. 573

-0. 558

-0. 513

TABLE 6. 4

H
\

Interaction energy for Cl. . . HC1 hydrogen-bonded dimer

(Case 2) at r = 2. 5 A

0' /deg Energy /

V(H)

0

30

45

60

80

90

110

-0.

-0.

-0.

-0.

1.

5.

30

5983

5651

4660

1288

8548

0638

i. 533

-0.

-0.

-0.

-0.

-0.

-0.

0.

AA

2470

2360

2210

1975

1469

1096

0048

kcal

0.

0.

0.

1.
4.

8.

38

mol- 1

RT

3690

4921

7336

3489

1971

3246

. 540

-0.

-0.

-0.

-1.

-2.

-3.

-8.

AT

7203

8212

9785

2802

1954

1512

0122
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presumably because the chlorine atoms are now closer. This 

explains why even modest changes in 0' greatly affect the 

stability of the configuration. Fig 6. 2 summarizes the bond 

angle dependence of V(H) for case 1 and case 2 dimers. The 

plotted angle = 0' for case 2 and 0 for case 1.

6. 6 Discussion of (HC1) 2 dimers

The Chem-X computations have been based on an isolated 

(HC1) 2 dimer. The success of the predictions for cases 1 and 

2 may be judged by comparing the results with experimental 

data for the gaseous complex and with other calculations. In 

the following sections the Chem-X bond angle and bond 

distance data for case 1 are first considered and this is 

followed by a discussion of the angular dependence of the 

hydrogen bond for case 2.

(a) Hydrogen bond angle

Chem-X data suggest that a linear case 1 dimer will

marginally be favoured.

The geometry of simple molecules can usually be predicted by 

assuming that the molecular shape is entirely determined by 

repulsion between the electron pairs (159). Applying this to 

the (HC1) 2 dimer suggests a bond angle of 0 = 71 degrees, 

the exact value depending on the relative repulsion of the 

bonding and non-bonding pairs of electrons.
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Curiously, no microwave spectra have been obtained for the 

(HC1) 2 spectra. Ohashi and Pine (130), extending previous 

work, report the high-resolution infra-red spectra of the 

gaseous dimer under thermal equilibrium conditions, using a 

low temperature (130K) to produce a detectably useful dimer 

concentration. They assume a planar structure. 

The spectroscopic data suggests, but does not prove, a near 

orthogonal configuration i. e 0 = 90 degrees.

The detailed computations of Maillard, Schriver, Perchard 

and Girardet (144), which apply to rare-gas matrices as well 

as to gases, predict that the complex is indeed planar with 

the Cl. . . H-C1 atoms co-linear, supporting the two 

assumptions made in the Chem-X computations. Inspection of 

their geometric drawings shows 0 (defined as for case 1) = 

84. 5 degrees.

Buckingham and Fowler (160) report a method of calculating 

the geometry of complexes in which the momomer charge 

distribution is depicted by points on the atoms and, in some 

cases, additionally at midpoints. The points (termed 

"multipoles") represent the atomic dipoles for bonding pair 

and single lone pair electrons and the quadrupoles for 

pi-bonds and atoms which have several lone pairs. The value 

of the multipoles is determined by a simplified treatment of 

an ab initio wavefunction. The equilibrium structure of the 

hydrogen-bonded complex is then predicted by the
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minimization of point multipoles, subject to the condition 

that no atoms are allowed to be closer than the sum of their 

hardsphere radii.

Buckingham and Fowler tabulate the predicted geometry of 

some thirty complexes. For (HC1) 2 they predict that although 

the dimer is planar, the Cl...H-C1 atoms are not exactly 

co-linear and two angles are needed to define the geometry 

of the complex:

H

----Cl————

Buckingham and Fowler predict # = 87 degrees and ft' = 5 

degrees. This structure was simulated on the Chem-X, using 

r(Cl. . .H) = 2. 5 A. It was found that V(H) = -0. 5387 kcal 

mol- 1 , a slightly less favourable value than for the 

completely linear complex.

Ab initio calculations have also been made. Votava, Ahlrichs 

and Geiger (161) give -^=83 deg, #'=2 deg, making the 

Cl. . . H-C1 unit almost perfectly co-linear.

In conclusion, Chem-X is of little help in predicting bond 

angles. This should not be too surprising, since the program
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does not recognise the existence (and therefore the 

directionality) of spare pairs of electrons in atoms, and in 

this sense it is inferior to even the simplest electron 

repulsion theory. Since the Cl...H-C1 atoms are maintained 

co-linear the C1/C1 repulsion is fixed, and there is very 

little to discriminate one angle from another.

(b) Cl. . H bond length

The Chem-X results suggest that for the case 1

hydrogen-bonded dimer HC1. . . HC1, r(Cl...H) = 2. 5 A.

For a hydrogen bond X. . . H-Y the simplest way of predicting 

r(X. . . Y) is to sum the Van der Waals' radii of the atoms X 

and Y. This method makes surprisingly accurate predictions 

even when the complex is non-linear (160). The Van der 

Waals' radius for the chlorine atom is 1. 8 A (162), yielding 

r(Cl. . . Cl) = 3. 6 A. Assuming that the monomer bond length 

remains unchanged in the complex gives r(Cl. . . H) = 3. 6 - 

1. 28 = 2. 3 A.

Experimental data is again provided by the high resolution 

dimer spectrum of Ohashi and Pine (130). For the 

H 3SC1. . . H 35C1 dimer they report B = 0.06481 cm- 1 . 

Incorporating this value into a pseudo-diatomic model for 

the complex (linear by definition) leads to a zero-point 

centre-of-mass separation of 3. 8 A. Correction for the radii 

of the two pseudo-diatomic HC1 molecules gives r(Cl. . . H) =
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2. 5 A. Ohashi and Pine, using a slightly different 

calculation and assuming planarity, also report r(Cl. . . H) = 

2. 5 A.

Inspection of the predicted dimer structure in the paper of 

Maillard and Perchard (144) indicates r(Cl...H) = 2. 2 A.

In conclusion, Chem-X is able to make a reasonable 

prediction of the hydrogen bond length, r(Cl...H), and 

therefore of r(Cl...Cl). The failure of the program to 

significantly favour one bond angle implies that the main 

factor in deciding r(Cl. . . H) is simply the sum of the 

interaction terms for the co-linear unit Cl...H-C1. This 

program deficiency also means that the Chem-X system is 

unable to successfully predict the distance between the 

non-hydrogen-bonded H and Cl atoms, since this is very 

dependent on 0.

(c) Angular dependence of V(H) for case 2 

A considerable difference in the angular dependence of 

energy terms, comparable with cases 1 and 2 (fig 6.2), has 

been reported for the linear complex CH 3 CN. . . HF by Millen

(163). The available bending force constants and bending 

frequencies for this complex were used to calculate the 

energy required to bring about a particular angular 

distortion.
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Such distortion energies are not precisely comparable with 

the Chem-X data. Nevertheless both sets of data should give 

the same qualitative trends.

Millen' s results show that even a change in 0 (as defined 

for case 1) from 10 to 30 degrees requires the molecule to 

acquire only an extra 15% energy. The Chem-X data (table 

6.3) indicates an even smaller sensitivity to distortion for 

the (HC1) 2 dimer - a reduction in energy of about 1% when 0 

changes from 0 to 30 degrees.

For case 2, Millen reports that a change of 0' from 0 to 30 

degrees (corresponding to the bending of the HF monomer from 

the hydrogen bond axis) requires a extra 53% energy to 

achieve distortion. Chem-X data for the (HC1) 2 dimer (table 

6. 4) indicates a reduction in stability of 5. 5% when 0' 

changes from 0 to 30 degrees.

This data shows that the ratio of the energy changes in case 

2 to case 1 is about 3. 5 for Millen' s data and 5. 5 for the 

Chem-X data. Both sets of data support the idea that bent 

hydrogen bonds are unlikely to be found in gaseous 

complexes. This qualitative agreement also applies to Chem-X 

studies of the HCN. . . HC1 dimer discussed later.

While the distortion in case 2 is explicable in terms of the 

closeness of the halogen atoms as 0' increases, it might be
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thought that the lone pairs on the halogen atoms would also 

heavily resist distortion beyond the optimum bond angle in 

case 1. To explain this Millen (163) has referred to 

electron density diagrams of molecules such as HF and water. 

These show that lone pairs do not dramatically affect the 

electron density distribution (there are no ' rabbit ears' ) 

but merely cause a slight increase in the steepness of the 

density profile around the electronegative atom. A low 

resistance to bending is then understandable. Presumably, 

the exact electron profile around the F or O atom still 

results in a marginal but definite preference for the 

observed hydrogen bond geometry.

6. 7 Linear head to head configurations with r = 2. 5 A 

Calculations using the linear ' head to head' assembly:

Case 3

Cl-H H-C1

at a separation of 2. 5 A gives V(I) = 0.071 kcal mol- 1 , 

making this configuration much more stable than the case 1 

linear Van der Waals' assembly (table 6. 1) due to the 

reduced repulsion of the smaller H atoms. This makes it 

clear that in forming a hydrogen bond between Cl and H in 

case 1 it is necessary to overcome increased intermolecular 

repulsion.
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The configuration:

Case 4

H-C1 Cl-H

is, as expected, the least stable Van der Waals' linear 

assembly with V(I) = 20.10 kcal mol- 1 .

6. 8 Right-angled closed configurations

The two possibilities for the right-angled assemblies are:

Case 5 H-C1 Case 6 Cl-H 

Cl-H Cl-H

Structure (5) gives V(I) = 8. 13 kcal mol- 1 at a separation 

of 2. 5 A, confirming the relatively high repulsion term. For 

(6), V(I) = 20.87 kcal mol- 1 ; the Cl Cl repulsion would be 

expected to severely distort the dimer geometry.

Case 5 offers the possibility of two distinct hydrogen bonds 

being formed:

Case 5 H-C1————— i i 
i i 
i i 
i i i t Cl-H

Chem-X calculations were made at a variety of separations
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(table 6.5). The lowest energy of the hydrogen-bonded dimer 

corresponds to r = 3. 5 A which compares to about 2. 5 A for 

case 1. At shorter bond distances the repulsive term 

dominates.

6. 9 Discussion of head to head and of closed configurations 

The probably geometry of the (HC1) 2 dimer, previously 

discussed, does not allow for two hydrogen bonds. The V(H) 

values for case 5 (table 6. 5) are less negative than for the 

dimer containing single hydrogen bonds (table 6.1), 

supporting this conclusion. It appears that although there 

is some advantage in forming two hydrogen bonds this is more 

than outweighed by the repulsion of the Cl atoms.

6. 10 HCN. . . HC1 dimers

The Chem-X calculations were now extended to the dimer:

HCN. . . HC1

The following bond lengths (A) were used:

r(HC) = 1.07 r(CN) = 1.15 r(HCl) = 1.28 

By analogy with the (HCl)a dimer we identify two cases, case 

1 (in which the N. . .HC1 unit is linear and at an angle 0 

with respect to the HCN axis) and case 2 (in which the 

HCN. . . H unit is linear with the H-C1 bond at an angle 0' 

with respect to the HCN...H axis). Preliminary computations 

showed that the optimum bond distance was 2. 3 A (table 6. 6).
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TABLE 6. 5

Interaction energy for cyclic (HC1) 2 with hydrogen-bonding

r/A

5. 0 

4. 0 

3. 7 

3. 6 

3. 5 

3. 4 

3. 0 

2. 5

V(H)

-0. 1138

-0. 3242

-0. 4038

-0. 4222

-0. 4295

-0. 4194 

0. 0760 

4. 8118

Energy / kcal

AA

-0. 0459

-0. 0867

-0. 1083

-0. 1169

-0. 1266

-0. 1374

-0. 1946

-0. 3197

RT

0. 0166 

0. 0545 

0. 1516 

0. 2134 

0. 3002 

0. 4218 

1. 6250 

8. 5170

AT

-0. 0845

-0. 2920

-0. 4471

-0. 5186

-0. 6031

-0. 7038

-1. 3544

-3. 3855
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TABLE 6. 6

Interaction energy for HCN. . . HC1 with hydrogen-bonding 

0=0 degrees

Energy / kcal mol- 1

V(H)

2.

2.

2.

2.

2.

9

5

4

3

2

2.

2.

1.

1.

1.

1742

0072

9758

9651

9965

-1.

-1.

-1.

-1.

-1.

AA

2370

3175

3439

3736

4072

4.

4.

4.

5.

5.

RT

7587

8916

9757

1061

3117

-1.

-1.

-1.

-1.

-1.

AT

3475

5667

6559

7674

9081

TABLE 6. 7

Angular dependence of the interaction energies for HCN. . . HC1 

r = 2. 3 A

V(H) / kcal mol- 1

Angle/degree Case 1 Case 2 

0 1. 9605 1. 9605 

30 1. 9566 1. 9924 

45 1. 9545 2. 0768 

60 1. 9623 2. 3547 

90 2. 3764 2. 9402 

120 13. 0936 113. 8860

208



The data in table 6.7 (illustrated in fig 6.3) summarizes 

the variation of V(H) with angle (0 and 0' respectively) for 

the two cases. A very slight angular dependence is shown for 

case 1 but only when 0 > 90 does V(H) increase rapidly. V(H) 

increases more sharply for case 2, but not as sharply as in 

the case of (HCl) a dimer.

The presence of different momomers in the complex introduces 

two alternative configurations:

Case 6 Case 7

HCN. . . C1H HC1. . . HCN

The presence of a pi-bond also suggests the possibility of a 

T-shaped complex with the H atom of the HC1 molecule 

perpendicular to the HCN axis, but this cannot be tested on 

the Chem-X programme.

Computations on cases 6 and 7 with 0 = 0 involved the 

determination of the most stable separation (r(min)) and the 

energy at this separation. Comparison with case 1:

Case r(min)/A V(H) at r(min) / kcal mol- 1

1 2. 3 1. 9605

6 2.9 2.5164

7 2. 5 2. 0522
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shows that case 6 is the least stable configuration on the 

basis of V(H) and also on r ("short bonds are strong 

bonds"). In case 6 a hydrogen bond has been imposed (it not 

easy to see why such a bond should be formed between N and 

Cl), and repulsive forces still dominate. 

Case 7 involves HCN acting as a Lewis acid towards HC1. 

These computations suggest, quite reasonably, that the most 

likely structure is one where HC1 acts as the acid.

6. 11 The HCN. . . HI dimer

The case I dimer, with r(HI) = 1. 6 A and 0 = 180 degrees:

Case 1

HCN. . . HI 

yielded a minimum V(H) of 1. 95 kcal mol- 1 at r = 2. 3 A.

Calculations on the stability of linear HCN/HI complexes: 

Case 6 Case 7

HCN. ..IH HI... HCN

are interesting because, compared to the Cl (in HC1), I is 

less electronegative and also much bulkier. As before, the 

computations involved the determination of the most stable 

separation (r(min)) and the energy at this separation. The 

following data allows a comparison with case 1:
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Case r(min)/A V(H) at r(min) / kcal mol- 1

1 2. 3 1. 9554

6 3. 0 2. 3721

7 2. 7 2. 0370

and confirms that it is most likely that HI will act as the 

Lewis acid.

6.12 Discussion of HCN. . . HC1 and HCN. . . HI dimers

(a) Bond angle

Electron repulsion theory predicts that the HCN. . .HC1 dimer 

will be linear or T-shaped, according to the whether the 

hydrogen bond is formed between the N and HC1 or the 

pi-system and the HC1. Legon, Campbell and Flygare (142) 

studied the microwave spectrum of the HCN. . . HCl dimer at the 

very low temperatures obtained in a pulsed nozzled 

expansion. Arguments based on the spectroscopic evidence 

prove that the molecule is linear. This precludes the 

T-shaped complex. Buckingham and Fowler also predict a 

linear complex (160)

The Chem-X computations on HCN. . . HCl suggest a bond angle of 

45 degrees ! The limitations of these calculations have 

already been discussed.
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Additional arguments using the experimentally determined 

spectroscopic constants suggest that the order of the atoms 

is indeed HCN. ..HC1 (142), confirming both electronegativity 

arguments which propose that HC1 will act as the Lewis acid 

and HCN as the Lewis base, and the relative stability of 

possible structures as established by the Chem-X program. 

In support of this conclusion the matrix isolation studies 

of Johnson and Andrews (139) show no evidence for the 

formation of HC1. . . HCN although they have identified the 

complex HF. . . HCN in the matrix.

As yet there is no parallel experimental evidence for the 

HCN. . . HI complex.

(b) Hydrogen bond length

The Chem-X programme yields r(N. . . H) = 2. 3 A for both 

HCN. . . HC1 and HCN. . .HI complexes. The sum of the Van der 

Waals' radii for N and Cl, when corrected for r(HCl), gives 

r(N. . . H) = 2. 0 A, in modest agreement with the Chem-X 

result. When the calculation is repeated for N and I and 

similarly corrected r(N. . . H) = 2. 4 A, in good agreement with 

the Chem-X prediction.

The experiments of Legon et al (142) report B(HCN. . . HC1) = 

0.06695 cm- 1 . Use of the pseudo-diatomic model gives 

r(N. . . H) = 2. 1 A, in modest agreement with the Chem-X 

result. No spectroscopic data is available for HCN. ..HI.
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.6. 13 Summary of program evaluation

One noteworthy feature of table 6. 6 is that all the V(H) 

values for HCN. ..HC1 are positive, implying that HCN...HC1 

is less stable than (HC1) 2 (table 6.1). However one chooses 

to define hydrogen bond strength, all the available evidence 

(including Do values and matrix frequency shifts) suggests 

that the reverse is true.

For HCN. . . HI the minimum value of V(H) suggests that the 

complex HCN...HI contains a hydrogen bond of about the same 

strength as contained in the complex HCN...HC1, whereas 

matrix shifts (30) confirm that complexes involving HX as 

Lewis acids contain hydrogen bonds which are stronger when X 

= Cl than when X = I. This casts doubt on the comparative 

value of the Chem-X results. It seems likely that the 

program overestimates the repulsion terms and this limits 

the applications of the current program for large molecules 

or for molecules containing bulky substituents.
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CONCLUSIONS AND FURTHER WORK

Infrared spectra (under conditions where many spectral 

features are not measured under limiting resolution) have 

been reported in this thesis in order to provide 

measurements of two phenomena. Firstly, measurements have 

been made on the changes in the integrated intensity of 

lines in the rotation-vibration spectrum of the fundamental 

HC1 band as a function of non-specific interactions with 

other components of the mixture; these have been used to 

provide a quantitative index of HC1 enhancement by added 

bases. Secondly, bands associated with specific interactions 

forming hydrogen-bonded complexes have been identified in 

the gas and matrix phase.

Line enhancement may be interpreted as a manifestation of 

the pressure-broadening of lines which is observed using a 

low resolution spectrometer. In this way the results 

reported in this study are directly linked to the large 

volume of previous work on line shifts and line broadening. 

The approximately linearly relationship between line 

enhancement and the pressure of added gas and the selective 

enhancement of the Pi and Ro branches makes the explanation 

of pressure-broadening by Crane-Robinson and Thompson (48) 

very convincing. The molecular dynamics of these molecular 

transfer processes are predictably very complex, and HC1 

molecules in particular rotational states behave
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differently, but the wealth of kinetic data obtained by 

studies of energy transfer in related systems since the 

Crane-Robinson paper confirm that vibrational energy 

transfer is the rate limiting step in energy degradation 

during collision; R-T transfer plays the key role in 

line-broadening and confers the dependence of broadening 

upon the rotational quantum number. The model explored in 

the present work is a simple development of these ideas. 

Examination of the data determined in the present work leads 

to the conclusion that the total intermolecular force (F) 

between the monomer base and HC1 controls the degree of 

enhancement. For polar bases F is often dominated by the 

dipole-dipole interaction, but since the hydrogen-bond 

strength of the complex AH. . . B does not always correlate 

with the dipole moment of the base it is concluded that 

there is no general connection between the degree of HC1 

enhancement and hydrogen-bond strength. It remains true that 

the bases showing the greatest enhancement of HC1 form 

relatively strong hydrogen-bonds, but the reverse 

proposition, that the best enhancers are the best 

complexers, is not qualitatively correct.

In previous centuries chemists recognised chemical change by 

the evolution of gases, the appearance of products or by 

colour change. The detection of spectra (for example, due to 

hydrogen-bonded complexes) by the infrared spectroscopy of 

static mixtures is the modern equivalent of this classical
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procedure. New substances are detected directly by the 

appearance of novel features in the spectrum of the mixture. 

The most intense new bands have been attributed to the v» 

absorptions. As this study has demonstrated, the 

identification of weak absorptions in the gas, including 

those due to pi-complexes at room-temperature, is greatly 

aided by the reproducible computer aided subtraction of 

spectra.

It has long been realised that almost all substances will 

complex with HC1 in the matrix. In this study the HCN/HCl/Ar 

system was restudied. The main features of original studies 

have been confirmed, but the effect of complexation upon the 

cyanide stretch in HCN (unobservable in the gas) is reported 

in detail for the first time. The shift in CM, to higher 

wavenumber. agrees with the pattern reported by George et al 

(100).

For the de-acetone and ethanal complexes the shift in C=O is 

of particular interest. Ethanal showed no appreciable C=O 

shift but the C=O shift in de-acetone was substantial. For 

the acetone/HCl system base deuteration does not affect ve 

for the complex A-H. . .B but does affect the C=0 base shifts. 

Although some other previous work has been done in this area 

there is obvious scope for an extended comparison of 

deuterated and non-deuterated bases which show shifted base 

absorptions, including those which contain the cyanide group

T\ 7



such as HCN and DCN.

Instrumental developments also make it likely that the 

hydrogen-bond vibration (v,) will be measured for a greater 

number of complexes. In the meantime, as discussed in 

chapter 5, v« shifts can continue to be used as satisfactory 

indicators of hydrogen bond strength.

In the evaluation of the Chem-X program it is concluded that 

the program requires more development before it can be 

confidently used as a theoretical aid with which to study 

hydrogen-bonded dimers. In principle the program can be 

improved by including lone pair repulsion terms in the 

calculation of the potential energy of the assembly. 

Theoretically, it is much more difficult to modify the 

program to give reasonable estimates of hydrogen bond 

strengths.

In summary, vibrational spectroscopy of gases, and to a 

certain extent in matrix isolation, reveals information on 

two highly dynamic processes. Firstly, the lifetime of a 

rotational or vibrational state is determined by the 

physical process of relaxation of that state. Secondly, the 

reaction of a proton-donor and acceptor to form a 

hydrogen-bonded complex is a chemical process in which the 

lifetime of the complex is determined by thermodynamic and 

kinetic considerations. Further information on the lifetimes
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and structures of these systems are likely to be understood 

from advances in instrumentation leading to various forms of 

time-resolved spectroscopy and leading to improved 

resolution. The ability to simulate these interactions with 

modern molecular modelling and computer graphic programs can 

provide a better theoretical basis for understanding the 

fundamental interactions associated with chemical, physical 

and biological change.
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