INFRARED AND RAMAN SPECTROSCOPIC

STUDIES OF MATRIX ISOLATED AMINES -

by

Colin James Purnell

A thesis submitted to the
University of Salford
‘for the degree of

Doctor of Philosophy

November 1974



Declaration

This thesis is a record of research work carried out by me

in the Department of Chemistry and Applied Chemistry of the
University of Salford during the period 1970 - 1974 and has
not, to my knowledge, been currently submitted in part or in -
total in candidature for any other degree of this or any

other University.

Signed: -cC.‘:;t'lPQMQOQOQOCOOGOOl

Signature of Supervisor: DJ:&.})??§S;u;..................

w—%owwu- Mo e
pate: .19 v Nevewder 19774

98 04 000048 RSB ROBRELEOIECETPOE LI I



Acknowledgements

The work described in this thesis is the outcome of a
scheme of research suggested by Professor W. J. Orville-Thomas
and Dr. D. F. Ball to whom I would 1like to express my gratitude
for their constant encouragement and advice. I am also grateful
to Dr. A. J. Barnes for devoting considerable time to discussing
this work and for his many helpful suggestions.

My thanks go also to:- Dr. S, Suzuki for the u#e of
certain computer program§ and advice on the force constant
calculations of chapter 5; Mr. R. Whitehead for many stimulating
discussions of the group theoretical considerations presented
in chapter 7; Mr. J. C. Bignall for his interest and assistance
during the development of the Raman matrix isolation system and
~ for running many of the spectra.

I am also grateful to:- Mr. P. J. Walkden and the
technical staff at the University of Salford; to the Science
Research Council for the provision of a grant for the period
1970-1974; and finally to Mrs. A. Foster for the typing of this

thesis.



SUMMARY

This thesis describes the infrared and Raman spectroscopic
studies on ammonia, methylamine and ethylamine in‘low temperature
argon and nitrogen matrices.

The initial aim was to classify qualitatively and
quantitatively the matrix isolated spectra of these molecules
and subsequently to evaluate whether the method would prove
sufficiently sensitive for the subsequent analysis of these
malodorous substancés in polluted atmospheres, and fo conpare
the results with those already available from gas liquid
chromatography and mass spectrometry. These results are
discussed in chapter 8.

In practice anomalous intensity variations were discovered
in the spectrum of methylamine (chapter 4) whicﬁ complicated
the quantitative work. No such intensity variations were
observed for ethylamine or ammonia (chapters 6 and 7). The
abnormalities justified a thorough infrared and Raman spectroscopic
analysis of the three molecules.

Chapter 1 gives an outline of the project and introduces
the matrix isolation technique.

Chapters 2 and 3 deal with the experimental techniques
employed for the infrared and Raman spectroscopic studies along
with additional data analysing techniques.

Chapter 4 presents the results and a complete spectral

assignment for methylamine and methylamine-d These results

2‘
are used in a normal coordinate analysis (chapter 5). The resulting
force field is used to predict the spectrum of the methylamine-—d1

molecule, enabling a more positive assignment to be made for the

previously unobserved NH, and ND2 twisting frequencies.



In chapter 6 information concerning the confprmational
isomerism of ethylamine is obtained. Although there is some
conflict between the infrared and Raman‘results for the CCN
symmetric stretching vibration, the evidence is generally in
favour of both conforme;s being’present in argon and only the
more stable trans conformer in‘nitrogen.

The spectroscopic stﬁdies of ammonia in argon and nitrogen
matrices are presented in chapter 7. Agreement is obtained with
previous work for the argon matrix in the inffared, namely that
the tempefature dependence of the bandé could be explained aé
being due to the rotational freedom of the molecule in the |
substitutional site. However, the Raman results are completely
incompatible with the theory that relatively free rotation in
the matrix site is occuriing. Using a’group theoretical treat- -
" ment the results are explained, at least qualitatively, as
due to a constrained orienta:ional motion rather than a rotational
one, |

Further information was obtained concerning the dimer’
species of ammonia in the matrices. The ev{dence leads to the
conclusion that the open chain dimer predominates in the argon
matrix but that both open chain and cyclic dimers are preseﬁt
in reasonable quantities in the nitrogen matrix. A detailed

assignment of the open chain dimer frequencies is presented.
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‘CHAPTER 1.

. ‘ INTRODUCTION

1.1 Aim of project

The original purpose of the investigation described in
this thesis was to examine the feasibility of using matrix
isolation infrared spectroscopy to analyse quantitatively}mixtures :
of aliphatic amines. If this proved successful; it was then t6
be applied to determining atmospheric concentfations of these
malodorous substances in polluted areas, During the coﬁtsa of
the quantitative study (described in chapter 8) unusual intensity

variations were discovered in the spectrum of methylamine. A
thorough spectroscopic investigation of methYlaﬁine in argon and
nitrogen matrices wasvcdnsequently undertaken, which is’diBCusSed
in chapters 4 and 5. The nearest members of the aliphatic amine
homoiogous series - ammonia and ethylamine - were also examined
to determine whether the effect observed for methylamine also
occurred for these molecules. These studies provided néw ’
information concerning the rotation of a@monia in argon matrices
(chapter 7) and the conformational isomerism of ethylamine

(chapter 6).

1.2 Matrix isolation method

Matrix isolation is a technique for trapping molecular
speéies in an inert solid (matrix) at low temperatures to btudy
their spectroscopic properties. An ideal matrix;iat éhekexpetiﬁ
mental temperature, must be a solid which is chemically'inert;

rigid (to prevent molecular diffusion),of low volatility and



transparent in the spectral region of interest, .

The type of matrix material employed must have a high
vapour pressure at rooﬁ temperature and hence is usually a gas
although high vapbur pressure liquids are occasionally used.
The cryogenic liquids which are employed as refrigerants are
nitrogen, hydrogen and helium with boiling points of 77, 20 Anq
4 K respectively. Nitrogen is not normally used as a réftigeraﬁt
by itself since materials that can be used forﬁmatrices at 77 X
usually have complex infrared or Raman spectra. However, most
' materials-with the exception of hydrogen and helium will form
rigid matrices at 4 and 20 K. The inctéasing availability of
commercial open cycle and ciosed cycle miniature cryostats has |
facilitated the increasing use of the matrix isolation technique.
The rare g;ses and nitrogen are the most commonly used matrix
materials for infiared and Raman work. |

The production and trapping of free.radicals at lbw
temperatures was first applied by Lewiq et al {1.2) in the'eatiy
1940's. The early development of m;trix isolation was directéd
principally to the study of unstable sﬁecies.y Norman and Porter o
{3} and independenciy Whittle et al (4} ﬁroposéd what is now H |
_called the matrix isolation method for studying free radicals
or highly reactive molecules. Pimentel and his coworkers {4,5}
developed the matrix isolation technique into its present form
in order to investigate unstable’molecules and radicals by\
infrared spectroscopy. | |

Since thenvthe scope bf the matrix isolation technique hasi:
grown and it has been applied with great adVantage to thé specttoi-
copy of stable molecules, The iéolatién of monomeric aoluﬁe' .k’

molecules in an inert environment reduces intermolecular



interactions, resulting in sharpening and simplification of
solute absorptions. Matrix isolation has been successfully
applied to many problem; including molecular association, mole=-
cular rotation, vibrational analysis, gas mixture analysis, high
temperature molecular species and noble gas compounds.

Recent developments in laser-Raman spectroscopy have
resulted in this technique taking its place alongside infrared
spectroscopy as a complementary way of observing vibrational
spectra, although Raman matrix isolation investigationé are

unlikely to become as routine as infrared matrix isolation studies.

1.3 Experimental technique

In,matrix.isolation experiments, the temperatqre required
depends upon the matrix being used. The matrix must be condensed
at a sufficiently low temperature to prevent diffusion of
molecular species. Provided these two criteria have been fulfilled
matrix formulation is as follows:

The absorbing sbecies (A) is mixed with a large excess of matrix
material (M) in a known molar ratio (M/A). This gas ﬁixture is
then allowed to‘condense onto a cold tdréet; Two methods are
available for deposition, |

(i) Slow spray‘on (5.58.0.)

This technique involves the flow of the gaseous mixture
.through a controlled leak., The gas flow charaéteriatics depend
on the orifice size which is usually variable wifh'tha‘;id of a
needle valve. :

(ii) Pulsed matrix isolatién (P§M.I;)

Originally develobéd by Rochkind {6}'fof gas analysis,

thio‘technique involves the deposition of a matrix mixture in

2



discrete pulses.

Whichever technique is used there are several factors
which influence the spe;tra. AFor a solute moleéule to be isolated
it has ﬁo be compietely surrounded by the host material in order
to minimise solute-solute interactions or>to st#bilise reactiﬁe
molecular speciés. Although true isoiation, as seen from Tablg 1.1{
is only achieved at high M/A ratio, succesafﬁl,matrix isolation |
experiments may be performéd ét M/A‘ratios of 500-1,006.'kThe
actual M/A ratio required for complete isolation Qill;dépend
upon the type of molecular species present. ‘ |

Thé higher the‘M/A ratio the gréate:‘the amouht of material
which may need to be deposited to obtain a solute spectruﬁ.‘ -
However, a‘thick layer of matrix material will ogien cause appre=
ciable light scattering. Highly scgttering matrices limit the
amount of energy passing through the sample for detection in the
infrared technique and increase the amount of backgtoﬁnd scatter-
ing in the Raman matfix isolation technique. LTheae‘losseé will‘
therefore limit the total thickness of matrix which ﬁ#y be
deposited.aﬁd hence set an upber limit to the M/A ratio. |

The cooling capacity of the refrigerator has to be adequate
to remove the heat released by the condensing gas. The matrix
must be at the temperature of the rgfrigerant and 8o thermal
conduction befween the condensing surface and the refrigerant is
critical. As the th{ckness of the matrix increases conduction of
heat from fresh matrix condensing must be removed and unless the
thermal conductivity of the matrix is good; local heaﬁihg ﬁill

occur resulting in loss of isolation. The rate of deposition will

therefore depend on the thermal conductivity of the matrix material i

and the cooling capacity of the refrigerator.



'

Table 1.1
Porcentage of completely isolated molecules for a given

M/A ratio for various crystal lattices {7}

M/A Percentage isolation
ratio '
Simple cubic | Body centred .| Face centred
lattice cubic lattice | cubic lattice
10,000 99.8 . | 999 99.8
5,000 9.6 9.7 | 996
2,000 99.1 99.3 99,1
1,000 98.2 . . 98.6 98.2
500 | 96,5 97.2 96.5
200 91.4 93.2 9.4
100 83.5 | 86.9 " 83,5
50 |  69.5 | 75.4 69.5
20 39,7 48.8 ‘ 39.7
10 15.0 22.9 ‘ 15.0

‘g_,q‘ ‘



1.4 GCeneral applications of the matrix isolation technique

The generation and isolation of reactive species received
a large amount of attention in early work. One of the first
polyatomic free radicals to be stabilised in the matrix in
sufficient quantity for direct observation by infrared spectrbs- '
copy was HCO produced by the photolysis of a mixture of HI and
CO in argon {8}, | |

Generation of these reactive spegiea and radical systems
may be achieved by a variety of methods {9,10,11}, These fall
into two main groups: |

(i) generation in situ, e.g. photolysis of matrix—
isolated parent molecules.

(ii) generation at ambient or high temperatures in the
gas phase followed by rapid quenching with excess inert gas.

Photolysis continues to be the favourite method for
producing free radicals, although the pyrolysis nathbd has been
successfully used by many workers, including Snelson {12} in
I and

stabilising CH, from the thermal decomposition of CH

3 3
«CH3)2H3, and Current and Burdett {135 in producing CCI3 by
pyrolysis of CCl,Br. . |

‘The reactive species are normally produced by photolysis,
in situ, of a single molecule. The first such ﬁpeciea to be
‘charactetised was HNO, produced by tﬁe photolysis of nitromefhane'
in argon {14}. |

Photolysis of an isolated molecule may be followed by
reaction with adjacent molecules, or with the matrix itselfAﬁh;n' :
a reactive matrix is éﬁhloyed.'to produce ‘a new speciéa,’fdt o
" example, HCO from the phbtolysis of HI,'HBr,'o:jﬂés'in4a.co \

matrix {15,16}. Photolysis of HI or HBr and 02 ihian argoﬁtmattix':




produced HO, {17,18}.

Andrews and Pimentel {19} developed a technique for the
codeposition of a beam ;f alkali-metal atoms produced in a
Knudsen furnace, with a gsuitable molecule, at high dilution in
a rare gas matrix. Using this technique species such as CH3‘{20}.
CCI3'{21}, OF {22}, and C10 {23}, have been produced by halide
extraction. However, the alkali-metal halide molecule necessarily
produced may perturb the rédical and so complicate the observed
vibrational spectrum; such is the‘case apparently with CHB.V;

The above technique has been utilised’to trap simple
molecular derivatives of metals, the alkali metal 6xide systems -
M0, and MOM (i = Li, Na, K or Rb), binary détivativeé of mole-
cular nitrogen, LiN, and NzLiNz, Ni(Nz)x, and Cr(Nz)x, etc. {24},
Andrews and Carver have produced trichloromethyl {20} and tribromo-
methyl {25} radicals as the primary products of the matrix reaction
of lithium atoms with the appropriate carbon tetrahalide using
this technique.

Although a Knudsen cell is most commonly favoured as the
source of.the metal atoms, Shirk and Bass {26} used microwave-
discharged gases to "sputter” metal atoms, e.g., Cu, Fe or Ag,
from filaments into Ar, Kr, and Xe matrices. CuO molecules were
successfully isolated by the action of a microwave'discﬁarged
Xe-O2 mixture on a copper target. ’

Milligan and Jﬁcox {27} combined both the photolytic and

alkali-metal atom téchniques to provide a photoelectron'source :

within a matrix and succeeded in stabilising negative ion, rather

-

2
from a Ar-NO, sample codeposited with an alkali-metal atom beam.-

than free radicals, in an inert non-ioniec environment, e{g. NO

Linevsky'{zs} adapted the matrix technique to the difficﬁitf" b



problem of measuring the infrared spectra of metal oxides &nd
halides. A molecular .beam of the gaseous species produced bj ‘

the vapourisation of a’refractory solid at high tempétatures
(1,000-2,700 K), is allowed to diffuse from a Knudsen cell into

a vacuum and is then simultaneously condensed with a stream of
matrix gas (nobie gas or nitrogen) onto a cold window. The
first systems examined were the vapour species of natutally‘
occurring {29} and isotopically enriched lithium halides (30).,
Other studies {31,32)} include the halides of Zn, Cd, Hg and the
iron chloride system {33}, L

| The small bandwidths obtained in low tempeiature matrices
‘make matrix isolation useful in investigating shch problems’as
conformational isomerism. A study of ethanol {34} and ethanethiol
{35} in an argon matrix provides a good example in this tespect.
For ethanol ghere are two distinguisable conformers with the

OH group trans or gauche with respect to the methyl group, A
comprehensive study of ethanol in its various phaées as vell as
in inert solutions failed to establish conclusively the presence
~of both cénformers, suggested by a slight asymmetry of the absorp-
tion of the OH stretching frequency. However, the small spiitting ﬂQ‘

of 4.6 cm“1

and the similar intensity of the two OH stretching
frequencies for ethanol in’an argon maﬁrix at/ZO K explaiﬁs the:
controversy. Since the sample is rapidly cooled to 20 K, the rela~
tive intensity of the bands reflects the proportion of the two
conformers in the vapour phase at approximately room temperature.
Ethanethiol has also been successfully analysed and evideﬁde:
found for the existence of the trans and gﬁﬁche conformers., - From

the results the ratio of the trans and gauche’in the Vapour phade~

at room temperature was estimated to be 0.811 for ethanethiol



and 2:1 for ethanol,

Quantitative analysis of multicomponent mixturéa'wés
carried out by Rochkin& {36-39}. His method, althoﬁgh basically
the same as the sfandard technique, replaces continuous flow
deposition with condensation of the sample mixture at 20 K in a
nitrogen matrix by controlled-pulse depositipn; Rochkind was |
able to apply the technique to the quantitative analysis of a
mixture of (1,1), cis (1,2), and trans (1,2) isomers of deutetQ
ated ethylenes {39}, 1In this respect the technique has

superiority over conventional gas chfomatography.
| The matrix isolation technique has been inéréasingiy
applied to the vibrational analysis of stablé molecules. Ehe -
general principle is that molecules in an inert matrix at very

low temperatures have a simpler spectrum than inkoth;r phases.
Using this method the vibrational spectrum of the‘species is
obtained from which the band frequencies can be identified with-

a particular vibrational motion and from this knowledge structural
data and force constants for the species or molecule can bde
,obtained.' The small bandwidths at the low temperatures employed
give‘a better chance of resolving bands close in frequency and -
the symmetry of the environmental interactions often cause the
degeneracy of some bénds to be lifted. However, since the spectral,
of a particular goleéule or molecular species may not have pre-;"
viously been known it4in important té know the ﬁarioua poséible

effects the matrix host environment may have on the guest species.

1.5 Environmental effects

1.5:1 Matrix shifts

In order to explain vibrational frequency’nhifta in liquid
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media several theories have been put forward, one of the most
successful being the Kirkwood-Bauer-Magat {40,41} relationahib
relating the vibrationai shift Av to the dielectric constant of
the medium for both polar and non-polar systems {42,43} ,
Analogous to the solvent shift in room temperature solution
spectra is the matrix shift of matrix isolated molecules. The '
frequency shift in this case, measured relative to the accepted
gas phage value may be related to the intermoleéular_interactiohs
(I.M.I.)vbetweén the vibrating molecule and the shrrounding
lattice cage.

| Many attempts have been made to give quantitative des-
criptions of matrix induced frequency shifts, especially for the
two body problem, as a function of the polar properties of the
guest and host molecuies and the nature of the matrix. The
matrix~induced shift is an overall sum of dielectric effects,‘
dispersive forces and specific solute-matrix interactions. How=
ever, in solid solution repulsive forces can play an impoftant
part and must be taken into consideration. Intermolecular
potentiallenergy may therefore be expressed as a summation over
energy terms arising from dispersive, inductive, electrostatic,

repulsive and dynamic forces, The frequency shift is given by

€

AV # v matrix = v gas = Av dis + Av‘ind + 4v elec + Av rep + AV dyn

The individual contributions may be calculated separately
using a number of models. The disperaiverand repulsive forces
are usually calculated using the semi-empirical Lénnard-Jones'

potential {44}, The electrostatic term represents the interaction

Bgtween the permanent charge distribution of the bolute,and;matrixrsﬁ



molecules. For the noble gases it is zero. The dynamic contri-
bution arises from the constrained translational motion of th§
solute molecule; it is ;mall and relatively unimportant.

The inductive forces can be explained by either (i) point
polarisable model (p.p.a.) {45} which assumes the interaction as
being between a point non-polarisable dipole and a point polaris-
able atom, or (ii) cavity model {46} which assumes that the
change in potential energy of the oscillator is attributable to
the potential of a point dipole moment in its own reactionkfiéld.

However, both models suffer from oversimplification of
'the interaction. The p.p.a., model underestimatés short raﬁge‘~
interactions with nearest neighbours actudllykin contact with

~ the solute molecules and the latter model overestimates them.

Calculations have been made using both modela”(47¥SO} and

although calculated and experimental rarely agree the theory does

seem to be able to predict the general trend.

As described above, in a dilute matrix in which allysolﬁte--~

solute interactions have been eliminated, the guest molecule is
only subjected to solute-matrix interactions. These interactions
~will perturb the solute's vibrational energy levels and will be

reflected in the frequency shift Av, It is generally found that

the shift tends to become more positive as the frequencies decrease,

~ Pimentel and Charles {51} gave a qualitative discussion of the
factors which influence vibrational shifts of polyatomic solute

- molecules in matrices. They argue that a matrix isolated mole-

cule in a site will be expected to adopt the lowest ‘energy. position

which has to be a compromxse between the optimum positions for
each of the points of contact between the molecule and the matrix

environmentgl cage. There is a tendency for the lattice to

11
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distort the matrix isolated molecule to fit the available site.
The extent to which a-given coordinate will distort is a function
of the force constant associated with that coordinate. Thus low .
force constant coordinates are more likely to be in a tight
environment than high force constant coordinates and hence the
former are 1ikeiy to be more perturbed in a matrix site than the
lattice.

The stretching vibrations usually exhibit shifts to lower
frequency than the gas phase values, while lowkfrequéhcy béndihg ‘
modes are shifteh to higher frequency {51}, The shift will
depend oh the polar nature of thg molecules and the type of lite

occupied.

1.5.2 Rotational effects

In general most matrix isolated molecules will bé 80
tightly held in the matrix cage as to prevent rotation and at
the low temperatures attained the vibrational modes will appe&r
as very sharp absorptions. However, where the matrix cavity is

sufficiently large and the molecule is small enough (but not

small enough to diffuse out) the isolated molecule is comﬁaratively

unperturbed by neighbouring molecules. It is anticipated that

the rotational energy levels pf the small guest molecule would onlj

be slightly perturbed and thus rotation be relatively unhindefed;v
At the low témperatures employed in matrix iaolation
~experiments (4-20 k) only the lowest rotational levels will be
appreéiably populated. The characteristic of rotational structufé
on an absorption band is that it exhibits reversible intensity i
changes on temperature cycling due to Boltzmann population and

depopulation of the low-lying rotational energy levels of the

12




matrix isolated molecules.

A number of small molecules have been reported to rotatg :
in inert gas matrices;'theae include HX (X = F, Cl, Br or I),
{47,52,53}, H,0 {54-581, NH3' {58-65}, NHZ' {66}, 0,, so,, CH,
and CH3. However, the spectra of ammonia are complicated by
inversion effects, and those of water and methane by nuclear
spin species conversioﬁ. If indeed rotation does occur in
ﬁatrices. in addition to vib:acion - rotatiohal structure
pure rotational transitions should also be observable in both the
infrared and Raman = although the selection ruies mst of
Acoutue be considered. |

Although rotational motion has been obséfved in mattik‘
environments other than those of thé rare gas systems’no mole*’
cule has been shown to rotate in nitrogen. The general conclu=
sion is that small molecules may rotate in matrices offering
spherical sites whilst rotation does not occur for molecules
in unsymmetrical sites.

Numerous attempts have been made to provide a quantitative
deacriptidn of the rotational energy level perturbations of a
diatomic solute molecule in inert gas matrices. Two approaches
have been discussed in the literature and the models employed
have involved either (i) rotational motion limited by a potehiinl
energy barrier = érystal field model {71}, or (ii) perturbation -
of the rotational motiéns by'the conatrained translational
motion of the rotating molecule in the lattice site, = R.T,C.
model {44}, |

Although the crystal field hindered’totor model is success=
ful in predicting the general trend of totatibnal spacings in

noble gas matrices and the splitting of the J = 2 level, it fails L

rorspsimiat g ot



to predict that the spacing for DX should decrease less ffom
gas to matrix than those for HX. The rotational-tranalationa;'
coupling model neglect; any effect due to the anisotropy,of

the crystal field.but removes the constraint of rotation aBout
'a fixed point, and gives much closer agreement with the observed
spectral effects for HCl and DCl in the noble gas matrices.
However, it is not consistent with the matrix shifts foundbfor
HF and DF, which with other anomalous features.‘Are bétter
served by conéiderations of the anisotropies in the rotational
potential function. That the J = 1 level of HCl apéears to be
'split by 0.8 cm-1 when the molecule is isolated in argon at 4 K
has been explained by the fact that the noble gas'atoma may

adopt an h.c.p. structure, instead of their normal b.c.c. struc—

ture, in the neighbourhood of the HCl impurity. A recent study _:/

{72} has extended the scope of theoretical treatment to take
account of a tetrahedral guest molecule, the vibration-rotation
states having been determined fqr Vs and 7 of CH& entrappéd in
a noble gas matrix to give results in good agreement with -
experimenﬁal findings.

~ An extengion of the crystal field model has been put
forward by Miller and Decius {73} in which the necessary group

k theory has been developed and applied to molecules of any

~ symmetry, matrix isolated at a site in a crystal field of any
symmetry., As the poténtial barrier to rotation of the molecule

relative to the host crystai is increased, certain symmetry

operations become decreasingly feasible. qufelation methods
are used to determine the symmetry npecieé of the rotational -
states from the free rotation limit to any Of'the possible

vibrational limits.
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1.5.3 Aggregation

~ For isolation of a solute molecule to be cdmpléte very .
high M/A ratios are re&uired usually greater than 1,000. Tha
1imit of the M/A ratio for complete isolation will depend on
the size and nature of the guest molecule and to a certain
extent upon thé type of matrix gas used as the host. The degrea
of isolation is therefore dependent on the M/A ratio. At low'
M/A ratios molecular aggregates are formed and ;rapped'in'the
matrix in addition to monomers, giving rise to solute~solute
interactions. These interactions result in the appearance of
new absorptions in the spectrum attribucable tokdimér. trimer
end higher multimer molecular species. Molecular association
will be greatest for solutes capablevof forming hydrogen bonds,
These multiple features due to association are usually readily o
identified from their M/A dependence and from conttolled warm
up experiments in which monomers diffuse to form the multimer
species.

By plotting relative optical densities of bands as a
function of M/A ratio it is possible to show which bands arise
from a particular species i.e. monomer, dimer, trimer or higher
multimer. Diffusion experiments, where possible, can be used

to aid the assignment of multimer speciea.',

1.5.4 Multiple trapping sites

The effects associated with the more intimate properties
~ of the matrix enclosing the guest species can cause complicatiéﬁall‘
in the spectra. Thus the observation of a multiplet Qhere ouly‘5
.a ‘single spectroscopic feature is anticipated’is commonly |

attributed to variations in the matrix environment experienced



by the guest. The most commonly used matrix materials, the
noble gases, have spherical atomsvand in the solid state adherg
generélly to the princ{ple of closest packing. Three typés of
trapping sites are.possible in these matrices; interstitial,
dislocation and substitutional sites. interstitial sites
befween layers of close packed spheres are of two kinds, tetra-
~ hedral and octahedral. Tetrahedral sites are too small but
octahedral sites may possibly accommodate the smaller diatomic
molecules not polyatomics, which leaveé dislocation and
substitutional sites to be considered. . |

The variations in the matrix environment reflect

(i) different orientations of the guest within a particular_matrix,_

cage, (ii) population of more than one type of cage because éf
the opportunities offered by substitutional, multiple substitu-
tional and dislocation sites within the host lattice and |
(iii) occupation of cages which include guest, as well as hoét
molecules as nearest or next nearest neigbbourp; this is the
so~called aggregation site effect, The intérmolecular forces
between the solute species and its environment will differ
slightly for each site and hence will cause different pertu}ba;’.
tions of the energy levels which may generate discernable .
umultiplet strﬁcture in the spectra‘of the guest,.

The spectra of matrix isolated molecules are generally
reproducible from one'experiment to anothe: indicating that the
guest molecules are all in similar ﬁites. This would auggest
that the most likely sites are substiCutibnal‘sitea whiéﬁ are,i"
large enough'to accommodate a normal size diétomic guesf.: Multi-
.ple éitea may also occur due to the fact thét twd,or more matrix

~atoms or molecules may be remove& to form the substitutional site

i
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in more than one way. Altering of the symmetry of the site
occurs and hence the perturbations of the isolated molecule.
Adjacent vacancies may’also alter the sige symmetry and latfice
dislocations may pfovide further trapping sites but these would
be expected to be nonreproducible. |

Large guést molecules would be expected to occur in
sites in which two or more lattice molecules have been displaced;

Leach {74} supposes that for molecular solids, in which the , 

intermolecular forces are weak, the presence of extrinsic impuri- '

ties e.g. solute molecules can induce particular and varied
‘forms of short range or long range order in the surrquﬁdihg
matrix. This éan lead to & number of metastable minima of free

energy and so to the coexistence of a number of different local

structures in the matrix. 1In some cases, the different structures

may simply reflect the existence of misoriented solute or solvent
- molecules., Annealing experiments would tend to modify the number

of these structures prebent in the matrix and so cause varia-

tions in the number of multiplet bands observed and their relative |

intensitieé. The persistence of multiple sites after thorough
‘annealing of the solid solution ﬁould indicaté'eithef that the
potential barrier to the conversion of'the different structures
with the most stable one is very high or. the various minima of
free energy have substantially the same Valug. Finally the
stabilishtion of a pafticular site would depend on the relative
disorder in the surrounding matrix, the more host molecules
around a particular solute molecule in a given site thg greatéi
;the’opportunity for the strain caused by the solﬁtekmqlecule |

to be taken up. It would therefore be expeéted that the number .

‘bf ﬁﬁltiplet structures should increase with incfaasing M/A tatio;f

3
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As previously described multiple bands can arise from
other effects viz. rotation and aggregation. However, bands. ‘
due to multiple sites,'unlike those due to rotatidn,'do not
show a reversible temperature dependence and providing temper—
ature cycling is carried out at temperatures which preclude

diffusion mechanisms,the matrix can be annealed so that the

- multiple site bands disappear.

Multiple site effects have been observed in other matrices

viz. N,, CO

2

2 and CO offering unsymmetricalfaites {69)\“




CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1 Introduction

The aim in a matrix isolation experiment is the deposition of
a gas mixture onto a refrigeratcd cupport for sufficient time
to study the spectroscopic properties at ease. The fopdameotal
problems in achieving this aim are outlined below.

A cryostat must be capable of generating sufficient
refrigeration at a temperature low enough to condense the sample
mixture and to prevent sample diffusion. The temperature reQuired
will depend on the matrix gas involved. The aampie\must'be |
protected by an evacuated shroud (or vacuum cell) at a 1ow
enough pressure (107 torr”) to act as a radiation shield to
minimise heat losses and to prevent atmospheric contamination
of the matrix. A means of introduction of the gas mixturet
usually an injection needle is required to direct the gas\atreom
onto the cooled support withln the ce11. The outer windows of
the cell will depend on the type of spectroscopic instrument being
used to study the matrix sample.

Since both infrared and Raman studies were undertaken,

this chapter will be divided into two sections based on these

two techniques,

Since all the vacuum pressure and sample measuring devices
were calibrated in units of torr it was reasonahle to use thelo

units in the text in describxng vacuum pressure noting that

1 torr = 133.3 Nu 2.




SECTION 1

2.2 Infrared matrix isolation system

2.2.1 The spectrometer

The infrared spectra in this work were recorded on a
Perkin Elmer model 225 infrared spectrophotometer. This instru—
ment is an automatic recording double beam grating spectrophoto- -
meter with a drum recorder and using the optical null system.
The model 225 has two monochromators which cover the whole
spectral range of 5000-200 cmfl. A resolution of better than
0.5 cm"1 at all wavenumbers is épecified. | /

Ordinate presentation is transmittance‘on a linear scale
with a reproducibility within noise level. Abscissa ptesentaﬁidn
of the spectrum is iinear.in wavenumber with facilities for
scale éxpansion. The accuracy of the abscissa scale is +0.02%
with a reproducibilityvbetter than accuracy. The wavenumber’
calibration was made for all ranges using gtandard‘calibration
gases and the I.U.P.A.C. values {75}, From a paper tape output
of the calibration gas spectra from the apectrophotométer data |
logger (see chapter 3) SRCH 2A comﬁutet'ptograﬁ wvas used to aia
the caiibration.

Fifteen slit programs are available, simultaneous indica?
tion of the geometric slit width and dispersion allows for rapid

determination of the spectral slit width,

2.2,2 Vacuum system
When designing a vacuum system suitable for éample

preparation and shroud evacuation several points must be considered.

. To reduce the length of cooldown times due to a heat leak from :




the surroundings the cell must be evacuated to a pressure’of;

< 10-4 torr at room temperature. Once the cryostat cold finge:
reaches cryogenic température any remaining gas in the cell is
condensed onto it and the pressure will drop to < 10'-5 torr.

To enable high pumping speeds to be attained, wide bore
glass tubing was used wherever possible in both sample and cell
evacuation lines., Large bore taps were therefore required;
these were of the greased type in the main manifold lines to the

cryostat and sample preparation system.

The sample preparation system (Fig. 2.1) congists of a

manifold onto which are connected large bulbs to enable btoragek"

of the matrix mixture once prepared. Each s#mple line has its
own pressure measuring device, a condensing finger, and an exit
point for the introduction of gas mixture to the cryostat cell
via the injection port. Two sample preparation systems were
available as a precaution against vacuum failure in one system.
One system could be used while the other was Eeing repairedkand
cleaned so as not to interrupt experimgntation. |

Since it was sometimes necessary toztﬁach additional
apparatus, (such as sample bulbs, drying tubes, cold traps, etc.)
outlets ending in cones and sockets wefe included in the system;
Taps were included in line for isolation purposes. The sample
and cryostat manifold lines both have an oil rotaty'pump acting
as fore pumps for water cooled mercury diffusion puhﬁs. Both

systems have an ultimate vacuum of ld-§ torr. Liquid nitrogen

cold traps were used on each side of the mercury pumps to prevent'"

back diffusion of vapOurs into the vacuum lystem and to hold

any pumped off samples.:

\
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2.2.3 Pressure measurement

Pressure measurements in the range 2 torr =~ 760 torr on
the gas mixing manifold were determined with a differential

mercury manometer; variations in the mercury levels were measured

using a cathetometer.

The most convenient way of measuring absolute pressure
wag the McLeod gauge. One was built into the systeﬁ to éheck
the ultimate vacuum which was calibrated dowm to 1073 torr.

The disadvantages of a McLeod gauge are that merCUry’han
an appreciable vapour pressure at room temperature and that ;
although the McLeod gauge is capable of measuring a standing
vacuum it is not capable of seeing changing pressﬁtes over
short periods of time. To overcome these problems Penning éauges'
were installed in both the infrared and Raman systems and situated
directly on the evacuation cell Af each cryostat. Two different
makes of gauge were employed althdugh they each had the same
principle of operation.

These gauges were calibrated for nitrogen orkair'prior

to use. Their response to pressure changes within the aystem

was immediate.

2.2.4 Temperature measurement

Temperature measurement for the infrared cryogenic system
was a chromel vs constantin thermocouple. A reference of 273.2 K
was used and the output in millivolts was measured using a
potentiometer. During experimentation the mV readings were
-converted difectly to temperature by the use of a calibration

graph supplied by the manufacturers.



2.2.5 AC - 3L = 110 Cryo-tip

This is a three-stage Joule-Thomson open cycle cooler
for operation at liquia helium or liquid hydrogeh temperatures. .
High pressure helium and hydrogen gases are used with liquid
nitrogen as the precoolant. The unit operates in the range
3.6 to 70 K giving from 500 mW at 4.4 K to 4 W at 20 K, tempera-~
ture stability is 20.1 K to 0.5 K depending on the temperature
of usage. The basic components are a sample support window,
which is connected to a heat exchanger, a radiation shield
around the sample area, a vacuum shroud around the whole and
injection ports for introducing the gaseous samplé mixtures A

schematic diagram of the system used is shown in Fig. 2.2,

(i) Heat exchanger

The heat exchanger (Fig; 2,3) providing the refrigeration
h#s two separate gas circuits, oné for hydrogen and one for
helium. It also contains a liquid nitrogen reservoir in which
the cold trap coils for both gas circuits are Idcated.

Refrigeration, which is obtained by the Joule~Thomson
éycle, occurs when a non-ideal gas expands withqut doing ﬁork
(isenthalpic expansion). Before Joule-Thomson cooling will
occur, however, the gas must be cooled below its inversion
 temperature. The main purpose of the liquid nitrogen reservoir
is to cool the hydrogen below its inversion point, which ié
160 K, precooiing of the helium gas in the helium circuit alao‘k

occurs to some extent. The liquid hydrogen produced by Joule=-
Thomson expansion cools the helium below its inversion point.

(40 K).

Each gas circuit consists of a coil of paired tubing. Tﬁe,
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colder heat exchange circuits éonsist of coiled finned tubing
wound around a mandrel to form efficient counter-current heat
exchangers. Because of the recuperative effect from the heat
exchangers, all gas lines leading to and from the heat exchanger
are essentially at room temperature.

The copper tip, into which the sample holder is fastened,
is the oniy part of the heat exchanger which is at liquid helium
temperatures. A fadiation shield, attached to the liquid
nitrogen reservoir, surrounding the sample holder, greatly
reduces the heat leak. It was found, however, that although
this shield was effective in reducing radiation losses it also
reduced the incident radiation falling on the sample from the
spectrometer. To overcome this a new radiation shield was made
to allow greater transmission of incident radiation through the
cell without any obvious deteriéracion in heat shielding.

The exact temperature of the tip and sample holder will
depend on the boiling point of the tip reservoir at the bottom
of the heat exchanger. It is possible to vary this temperature
since this is a function of the gas (i.e. the helium or hydrogen).
This gas pressure is referred to as the back pressure. Since
the liquid refrigerant is normally boiling at atmospheric pressure,
it is required that the back pressure is increased above or |
lowered below atmospheric pressure to raise or lower the boiling
point of the liquid. The various operational modes for the

different teﬁperature‘ranges are shown in Fig. 2.4.

(ii) Control panel

The ancillary equipment for handling and controlling the

high pressure gases consists of a control panel, gas clean up
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units, to protect the heat exchanger, and flex lines for the
gases- (Fig. 2.2). |

The heat exchanéer is connected to the cylinder gas
supplies through valves and high pressure tubing mounted on a
control panel onto which are built the pressure regulators for
hydrogen and helium and flowmeters for monitoring the flow.

The high pressure flex lines, which carry the gases to
the exchanger, are of the bronze metal bellows type with a
woven cable reinforcement. For safety purposes these have been
strapped down as far as possible to avoid.any dangerous lashing
of the lines should a fitting fail. The outgoing gases are
vented out of the laboratory whgre rapid diffusion of the gas with
the atmosphere takes place. | |

The gas clean up units contain molecular sieve at ambient
temperature to remove water and carbon dioxide from the gaaes;
an additional cold trap has been added to the hydrogen line to

remove nitrogen impurity to avoid blocking of the cryostat

Joule~Thomson nozzles.

(ii1) Vacuum shroud

The vacuum shroud (Fig. 2.5)has four ports, two of whiéh
are required for the infrared beam,one confains a ?enning gauge
for pressure monitoring and the fourth is connected fo the
vacuum system pumping line for evacuation of the cell. There
are two injection ports at 4§° to the infraréd beam ports. The
relative orientation of these can be changed since the top half
of éhe heat exchanger can rotate, |

Two pumping lines are used to evacuafe the cryostat

vacuum shroud, each utilising a mercury diffusion pump backed by

et
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a mechanical rotary pump. One pumps the top outlet, whilst the .

other pumps from the bottom shroud port.

2.2.6 Positioning of the Cryo-tip

The Cryo-tip was mounted on a rigid aluminium arm bolted
at one end to the framework housing the vacuum equipment .
‘The upper part of the Cryo-tip was fitted to a shaped moulding
and held in position by a curved metal band to lend stability
to the structure and to allow for rotation of the heat exchanger,
The base of the Cryo-tip fitted into a small well on the metal
| ’bar to prevent the possibility of dislodging it from the
supporting bar. |

Thié arrangement of the Cryo-tip allowed the spectfometer,
which was mounted on a trolley, to slide easily into position'so
that the sample beam was in line .with the Cryo-tip’windows. The
maximum transmission through the cell was then achieved by
ensuringvthat the deposition and shroud windows were parallel,
the spectrometer being manoeuvred so that the sample beam was’
perpendicular to these windows. A small jack was then placéd
between the remotevend of the bar and the spectrometer to raise
the bar slightly to give maximum transmission. Iﬁ also aéted
as an anchor to prevent any movement of the Cryo~tip relative to
the spectrometer during operation. Maximum transmission values
of 807 could be gchievéd with an empty cell.. With a matrix .
deposited, cell transmission depended on the matrix thickness,
diluent gas, deposition tecﬁhique and deposition temperature.
It was normal to attenuate the reference beam tb give a valﬁe

‘of between 60-80% transmission while recording a spectrum.



" 242.7 Dismantling and cleaning procedures

It is necessary to dismantle the cryocooler and gaﬁges :
occasionally to clean fhe sample deposition surfacgs. replace
worn "O" ring seals and polish the optical windows. o

To clean the AC-3L-110 Cryo-tip the following procedure
was adopted. The Cryo-tip was isolated from the vacuum system
and the injection needles and optical windows removed. The
flex~1lines and flexible couplings to the vacuum system are
dismantled. After loosening the restraining strap the Cryo-tip
may be completely removed from its mount and diémantled.~f

The sample window (KBr or CsI) is removed for cleaning
or replacement, and refitted with fresh indium wire gaskets in
the grooves provided in each half of the sample holder. After
tightening the five screws holding together the two parts of the
sample holder it had to be left for at least 24 hours and theh
retightened to ensure good thermal contact. This was because °
the indium tended to "flow" under pressure. The Cryo-tip could
then be reassembled, tha "0" ring grooves being cleaned of old

grease and the "0" rings either cleaned or replaced as necessary.
6

A light smearing of Apierzon "N" grease (vapour pressure < 10 ° torr

at room temperature) was used on the "0" rings to give a good
vacuum seal. The spectroscopic windows were polished and replach
on the "0" rings and held there while the Cryo-tip shroud was
pumped out. Once this had been achieved atmospheric preasure

held the windows in place and the windows could be centralised

by carefully moving them on the "0" rings while under vacuum.

The whole system was pumped out with the backing pump for at

least 24 hours before use to outgas water vapour from the metallic '

sides of the vacuum shroud. If after this time, when using the



diffusion pumps on the top and bottom of the Cryo-tip shroud,

a pregsure of 10-4 torr was not achieved then there was likely

to be a leak.

2.2.8 Vacuum testing

Leak testing was achieved by the modification of a
V.G. Micromass § portable mass spectrometer as a helium leak
detector. A flexible lead was connected from the mass spectrometer
to the lower pump-out pipe fhrough a 12 mm greased tap ﬁrovided.
The Cryo-tip was isolated from the pumping line and helium gas
was sprayed round each joint and "O" ring seal in turn. The
mass gpectrometer was tuned to helium (mass range 4). If helium
was 1eakidg in, a corresponding increase in the reading of the :
mass spectrometer could be seen and the leak isolated to a |

particular part of the Cryo-tip shroud or couplings.

2.2.9 Manufacture of samples

The basic aim was to prepare a diluted sample of sample
gas and transfer this 'to the low temperature cell., The partial
pressures of the sample and d11uent gas must be known accurately
and the mixture must be free of any impurities, since the alightest
trace of impurity in the gas sample could give rise to induced
bands in the matrix. After ample time has been allowed for
mixing, the gas mixture is then deposited onto the cold window
for subsequent spectroscopic analysis. .

Two methods of deposition are availabie, (1) Slow Spray On
(5.5.0.), (ii) Pulsed Matrix Isolation (P.M.I.). |

In the first technique, the gas mixture is slowly leeked :

onto’'the cold window. The rate of depositioﬁ is controlled by

e
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means of a needle valve which allows the rate of flow of sample

mixture to the cfyostat cell to be varied accurately as requirgd.

The normal method of cglibrating is to assume a constant pressure
head behin@ the needle valve. Hence for a known volume of gas

the drop in pressure can be related to the flow through the

needle valve and therefore the amount of matrix material deposited;
on the cold window. The volume of sample mixture preparation
system had to be kept large (3 1) ﬁo avoid a drastic fall off in
pressure of the mixturé supply as the sample is used. This

would cause a concomitant fall off in deposition rate for a

given needle valve setting. The volumes of the sample mixing

bulbs were calibrated with water and the manifold volumes found

by gas expansion technique at constant temperature. The sample

size in terms of reagent is calculated directly.

The lead off from the needle valve to the cell was -

originally made of copper pipe. An epoxy resin adhesive "Araldite"

-~ -

was used to bond the injection needle and control valve connection
to the copper pipe. One disadvantage to this was that the copper
pipe was not very flexible and if strained occasionally caused
a leak. An alternative method was sought for tranéferring the
gas mixture to the cryostat cell. Polytetrafluorethylene (p.t.f.e.)
tubing was used, this is light, extremely'flexibleiaﬁd non~porous
(slightly porous to helium).

Howevef under normal circumstances there is no adequate

adhesion of any material (including "Araldite") to such fluoro~

'carbons as p.t.f.e. this characteristic is inherent in the

chemical nature of the fluorocarbon. The use of a chemical

1

etchant such as "Bondaid" treats the fluorocarbon so that a

‘ cafbonaceous film is created on the surface. This film is now




the anchor for any applicable adhesive. Full details of surface
pretreatment and use of epoxy resins are given in Appendix 1.

A considerable émount of the sprayed sample (mainly
diluent gas) will bounce off the cold window and either condense
onto;the other cold surfaces or be pumped away. Too high a
flow rate may therefore raise the pressure in the cryostat,
indicated by the Penning gauge, sufficiently to cause an
appreciable heat leak causing a temperature rise of the deposition
window with a consequent warming of the matrix. 'Too high a flow
rate will also cause badly scattering matrices and a possible
increase 'in aggregation of solute speciés, too low a flow rate
also results in badly scattering matrices. : It was found that a
flow rate of between 6-10 mmol/hr corresponding to a depositin
bressure of between 8 x ?LO"5 torr and 2 x 10-4 torr gave k
satisfactory matrices using this method.,

However, despite keeping the M/A ratio, initial preasuré
head of sample, and needle valve settings constant for different
experiments of the same sample, consistent results could not
be achieved in terms of quantitative estimates of the émount of
" solute deposited in relation.to spectroscopic absorbance of a
particular solute band. Furthermore, whenever it was necessary
to let the manifold system up to atmospheric preaéure to regrease
the taps a strong odour of amineswas apparent from the greéae
- residyes. It was believed therefore that a certain unknown
percentage of theksolute (amine) was being removed from th§

k sample mixture.

Although the S.S.0. technique afforded itself well for

4

kqualitative spectroscopic work, the problem of the amine absorption

on the grease in the iystem necessitated its tebuildiﬁg_andktt'




the same time an alterative method of deposition was sought

for the quantitative work envisaged.

2,2.9.1 Pulsed matrix isolation system

Rochkind {36} has shown that good matrices can be obtained
by depositing the gas phase mixture in discrete pulses at 20 K.
Rochkind used nitrogen gas as the support matrix. This avoided
the possible complication of absorbance measurements due to the
appearance of rotational fine structure for small trapped mole=-
cules since no molecules have been found to rotate in nitrogen.
However, if rotation is not a problem then there is no reason
why other matrix gases cannot be used. |

The apparatus (Fig. 2.1)consists of a measured volume
between two stopcocks connected to a reservoir bulb (cohtaiﬁiﬁg

" the mixture to be analysed) and a pressure measuring device,

The measured volume is pressurised with gas and deposited on the

cold window by manual control of the stopcocks. Since the pres=

sure, volume, temperature and M/A ratio are known, an accurate
estimate of the number of molecules of solute gas being con-
" densed on the window can be calculated. Moreover because the
pressure of gas is ﬁeasured directly before deposition, the
concomitant fali of the pressure i§ of no consequence and the
total voiume of the sample preparation system can be made 1/10 th
thét of the 5.5.0. system and hence less solute need be required
for sample preparation. |

Rochkind reported that aithough the substrate temperature
does appear to rise during deﬁosition of each pulse the tempera=-
ture attained is not aufficiently'high to cause diffﬁsion'and

hence aggregation of the solute species. This anneaiing has the |
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effect of reducing the possibility for solutes to be isolated in
alternative trapping sites and also prdvides matrices which do
not gcatter the infraréd radiation significantly.

It was therefore decided to add onto the existing pumping
line a pulse matrix isolation system with its own sample prepéra*
tion manifold(Fig. 2.). Tﬁe taps were of the greaseless type
namely 6 m.m. Young's p.t.f.e. taps and a pressure transducer
was used instead of a differential mercury manometer. The
greaseless taps required no mairtenance other than occasionalv
replacement of the "“0" rin; seals. The pressure transducer
(Appendix 2) converted the gas'pressures expefienced by the
diaphragm of the instrument to a controlled strain in an excited
Wheatstone bridge of strain gauge wiﬁding in which all four |
arms were active., The thermal and mechanical symmetry of the
unit and precise construction ensured that the output was a

* linear function of the pressure applied to the diaphragm of the
instrument.

The transducer circuit was excited by a qtabiliaed voltage
of 10 volts and the output measured by a potentiometer and'mbni-
tored on a digital volt meter (D.V.M.).

Connection fo the vacuum system was facilitated by means

"of a compressed{"o" ring fitted onto a length of 5 mm glass thbing.
(Care was taken to ensure that the tubing did not tom:hvtf\e
delicate diaphragm.) The connection was helium leak tested dnd
supported a vacuum of 10_6 torr. |

The transducer was caliﬁrated and found to be linear
over the range required for experimentation (0~1 atmosphere),
Specifications are given in Appendix 2 and calibration graph

given in Fig. 2.6.
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Fig. 2.6 Calibration Graph for Transducer Type 4-366-0002-01.
Serial No. L48797. |
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A measured volume of 15 ml was used an& was calibrated
with mercury (all traces of'mercury weré temOVed'aftef caliii '
bratidn), the reservoif bulbs were calibrated with water prior

" to glass—blowing to the manifold, the volume of which was .
kept as small as possible. The manifold was subsequently
calibrated by gﬁs expansioh technique and pressures read by

the transducer.

Experimentation was carried out td decide the best pulse
préssure and a pressure of 300-400 torr wés found to give
satisfactory results (chapter 8). After each pulse the temp=-
erature drops to its original value before the ﬁext pulse is
allowed to condense on the cold window, approximately 15 secs for

a 400 torr pulse, pulsing being carried out at one minute intervals,

2.2.10 Experimental procedure

' - The experimental technique has been described in reasonable
detail to emphasize the precautions necessary during the cperafion
of the equipment for satisfactory results to be obtained. This
aeétioﬁ will briefly describe thé procedure followed in this
work.

With the backing pump operative only, a swall,atorage baldb
containing the sample gas to be used in the experiment wab‘ ‘ |
attached to the sample preparation manifold, Apiezon "W'" was
used to seal the ground glass joint and the volume in the joint
pumped out. A cylinder containing the matrix gas to be usedb‘
was attached to the low pressure inlet line. The pressure trans-

 ducer exciting unit was switched on, the potentiometer and D.V,M.
were attached to the output from(fhe transducer, The inlet line -

was ‘pumped out and flushed once or twice with matrix gas to



remove any air and finally pressurised to alightly’above \
atmospheric pressure up to the tap of the cold trap. 'This'vy
ensured no air leaks c;uld enter the flexible line to the sample
preﬁaration manifold,

The system was then pumped down using the diffusion pump
and the vacuﬁm‘checked on the Mcleod gauge before continuihg.
~ the lowest reading on the scale was 107> torr and sincekthe
mercury usually filled the bulb completely the vacuum used in
thig work was estimated at < 10"5 torr.

The output of the -pressure transducer at vacuum was
measured with the potentiometer, atmospheric préssure was
measured with a barometer and a calibration graph constructed,

(The output of the transducer at atmospheric pressure did not

vary from experiment to experiment and was taken as constant.)

The pumping system was isolated from the sample prepara-

tion manifold by closing the teflgn tap, sample gas was then
carefully admitted to the sample manifold only uﬁﬁil the réduired
nV reading appeared on the D.V.M. this reading was then read
using the potentiometer. The manifold tap to the sample bulb

was closed and the sample gas allowed to expand into the mixing
bulb, A liquid nitrogen Dewar vas placed under the cold trap

in the matrix gas inlet line. The matrix gas was allowed into
the sample mixing bulb to the required’mv reading and the tap

to the bulb closed. This voltage was then measﬁred on the
poteﬁ;iometer. The matrix gas cylinder was turmed off and liquid
nitrogen Dewar removed and the pressure released by opening the
tap to atmosphere. Care has to be taken to allow any liquified |
matrix gas to boil off before closing this tap again to avoid

dangerous build up of pressure in the line. :
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The partial pressure of the two gases in the‘mixing bulb
was known so the M/A ratio could be calculated. The error io )
the M/A ratio was eatimoted as 17,

The sample was allowed to stand for at leasc 12 hours
to pérmit natural mixing of the sample and diluent gas in the

mixing bulb.

2.2, 11 Operation of the AC-3L-110 Cryo-tip

Prior to any series of experlmente very thorough checks
were carried out on all parts of the apparatus.

The Cryostat vacuum shroud was pumpeﬁ on at the top and

, . . -
bottom vacuum connections to approximately 10

torr or better,
~ pumping was continued throughout the experiment.

Cylinders of hydrogen and helium, previouslj attached’v
to the gas~handling manifold were tested for leaks., All valves
on the control panel were closed‘except the valves on the flow=-
meters which were always kept open. With the helium ond hydrogén
shut off valves closed the helium and hydrogen evacuato valveo
were opened and evacuated for a few minutes to remove air from
the lines. (A mechanical pump was permanent1y>attached'to the
vacuum pump connection for this purpose.) Once evacuation was
completed the evacuate valves were closed. yoo |

The high pressure gas lines were now checked for leaks.
The manifold gas regulation valves were closed and one cylinder
opened carefully thus pressurising the section of line to full
cylinder pressure. All joints were then tested for leaks by’d
brushing soap solution over the couplings to the cylinders and

looking for bubbles. If bubbles occurred the connections were

retightened and tested again, The préssura in the other lines



was slowly increased to the maximum working pressure 7.0 MNmm2 ,’ ‘-‘
(1,000 psi) and the connections checked as before. If noyleékg
were found the cylindefa were closed until required, the gases
were allowed to bleed off and all valves (including the high
‘pressure inlet valves on the control panel) were closed.
The sequence of operations was then as follows. The
high pressure inlet lines were pressurised to 1.7 MNm.z (250 psi)up to
the inlet valves. These valves were then opened, the indicators
on the control panel flowmeters read (in arbitrary units) 0.5 and
2.0 for hydrogen and helium respectively. The small thermal
' ~syphon tube was purged out with dry nitrogen gas to avoid
moisture freezing in the tube causing long cooldown times. The
lines were purged for at least half an hour prior to cooldown.
After this time the reservoir in the heat exchanger was
- filled with liquid nitfogen after which the purging of the syphon
tube was vterminated by carefully removing the néoprene tubing
attached to the top of the steel tﬁbe.
| The hydrogen pre-purifier unit was filled with liquid
nitrogen and about five minutes after this the hydrogen pressure
'was raised to 7.0 MNm"2 (1,000 psi), the flow read 1.5 on the
flowmeter, and the vacuum was now usually 5 x 10°> torr or less.
;It hormally required forty minutes from this point for liquid
hydrogen to be formed, when the hydrogen flow read 4.3, The
_hydrogen pressure was now turned down to 5..5!41‘1111-2 (800 psi)
corresponding to a flow of 3.7,
The helium pressure was now increased to 4.1 MNm-z (606 psi)‘.
.(flow reading 4.0) and required a further Ewenty minutes for - }
liqgid hélium to be formed. The temperature was checked using

& N -

the potentiometer before reducing the helium pressure to-



2.8 MNm'-2 (400 psi) the flowmeters usdally registered 4.0 and
6.5 for hydrogen and helium respectively and the pressure in the
- cell was less than 5 x 10"6 torr, Cooldown time was dgpendent

on mass load, for a tip mass of 40 g the time takén to reach 4 K

was usually 60 mins.

Table 2.1
Refrigeration load He pressure -~ H, pressure
Very light 7.0 x 102 kNm 2 (100 psi) 3.5 MNm 2 (500 psi)
Light (100 mW) 2.1 M¥m 2 (300 psi) . 5.6 M¥m 2 (800 psi)

" Medium (200 mW) 2.8 MNm 2 (400 psi) 6.3 MNmfz‘{QOO psi)
Heavy (500 mW) 3.5 Mvm 2 (500 psi) 7.0 Mvm 2 (1,000 psi)

The sample deposition plate wa; rotated 45° to,the
" direction of the infrared beam. Thié put the face of the sample
plate at right angles to the injection needle. However, depending
' on the technique used and the rate of deposition of gaseous mixture
it waé'sometimes necessary to increase the refrigeration by
increasing the helium pressure to 5.5 MNm-2 (800 psi) to ensure
: adequate temperature control. This was reduced once deposition
was completed. The sample plate was then rotated back and
spectroscopic information of the matrix sample recorded.

| The only maintenance during operation was the occasionai
replenighing of the liquid nitrogen reservoir.\‘A temperature
" sensitive resistor, kept in the reservoir, was connected to a
relay which operated an audio alarm. When the level of liquid
nitrogen dropped below the sensor it activated the alarm and the

reservoir was filled manually. Only one cylinder oflgach cipcﬁit

was connected to the Cryo~tip at a time to enable quick,isolatiohf'~"



of the gas supplies should a fitting fail. As the cylinders
ran down new ones were switched on in their placé.

After running tﬁe spectrum the temperature of the cell
was raised up so that all the condensed gas could évaporate off.
The gas éupply from both the hydrogén and helium cylinderslwas
shut off (all other valves were left open), the liquid nitrogen -
Dewar in the hydrogen linevwas removed. When the pressure had
fallen to one atmosphere all valves were closed including the
high pressure hydrogen and helium valves on the control panel,
The temperature in tﬁe cell slowly rose, the sample normally
( ‘evaporated off the sample deposition window in about thirty
minutes and was pumped away. The warm up was,spéeded up by
blowing the liquid nitrogen out of the reservoir. The easiest
way was to use a rubber bung with a copper tube through it
pushed onto the reservoir opening, this forced the liquid nitrogen
_out of the reservoir in about tﬁo minutes.,

Once warm up had taken place the diffusion pumps were
switched off and the vapour traps removed, the cell continuing to
be evacuated by the backing pump until the next experiment,

If temperatures no lower than 15 K were desired it was a
simple matter to operate the AC-3L-110 with liquid nitrogen énd '
.gaseous hydrogen only. o

The hydrogen gas was piped thro&gh its normél circuit
exéepf that the high preésure hydrogen was comected to the helium
inlet on the exchanger which was the tip circuit.. Thekaystem ‘
was purged as previously described. After the liquid nitrogen
reservoir had been filled the hydrogen preéaure was raised to 
7.0 MNm-z (1,000 psi) (3.8 on the flowmeter). The hydroggn flow

usually stepped » 10 after approximately twenty minutes and the




pressure throttled back to 1.7 MNm“'2 (250 psi) (5.0 on the
flowmeter). This mode of operation produced about 2 W of net
refrigeration at 20 K Qith an inlet pressure of 1.7 MNm-2 (250 psi).

It Qas sometimes desirable to run the spectrum with the
matrix sample at a higher temperature than that of the boiling
ﬁoint of the particular refrigerant used in thektip circuit.,

This was done by carefully raising the helium or‘hydrogen back
pressure above the level of the boiling refrigerant to raise its
boiling point and hence the temperature of the sample.

A back pressure of 1.2 MNm-2 (180 psi) produced a tempera-
ture of approximately 13 K and 30 K for helium and hydrogen
tespectively, the exact temperature was measured by the thermocouple.

A pressure release valve fitted at the back of the control

panel limited the maximum pressure to 1.4 MNm-z (200 psi).

2.2.12 Diffusion operation

For successful diffusioh of sample molecules throughrthe
matrix to be obtainable it was often néceasary to raise the
temperature of the matrix above that attainable by back pressure
increase. This was carried out by reducing the flow of gas
through the tip circuit so that the temperature slowly rose. ‘The
spectrometer was used to monitor a monomer band and tﬁe Penning |
gauge used to monitor the pressure in the cell. As the tempera-
ture rose the matrix vapour pressure rose, the maximumktemperature
that’can be used without total loss of matrix being about AO‘K.
The temperature was kept constant by controlling the flow of
réfrigerant gas. When the monomer band had halved its original
absorbance, (taking account of any temperatﬁré dependencevor

spectral shift of the monomer band), the temperature of the



*

matrix was then lowered back to its original value gnd the

spectrum was rerun.

SECTION 2

2.3 Raman cryogenic system

2.3.1 Introduction

Tﬂere are considerable practical difficdlties in Réman
spectroscopy of matrix isolated species but although the field
of Raman studies is growing rapidly there is limited published
work dealing with experimental details. However, from the }
available literature {76~89) se§era1 experimental pointq vere
noted, ;

(i) The weakness of the Raman effect (approximately
10-6' of the intensity of the Rayleigh scattering) neceési*
tates the use of matrix to absorber ratios of 500~100 : 1 and |
",sample deposits of approximately 10 times those for the
corresponding infrared investigations. |

(ii) The necessity for clear matrices, éinca frosty
matrices tended to.give high background scattering:

(iii) The prevention of diffuéion éump vapours (such as
| mercﬁry and oil) from condensing on tﬁe sample suppoft causing
fluorescent problems.

(iv) The necessity of working at reduced laser power,
~large enough to obtain a useful signal but low enough to prevent

+

local heating of the matrix and a subsequent rise in temperature



to a point when unwanted diffusion may occur.

(v) To achieve an acceptable signal to noise ratio
greater spectral slit w1dths than those generally used in infrared
spectroscOpy were sometimes necessary, and hence high resalution |

will invariably be difficult to achieve.

2.3.2 The spectrometer

The Raman spectra in tﬁis work were recorded on a Cary 82
laser Raman spectrophotometer. The model 82 ihcprporates a
triple monochromator laser filter system and pulsé rate detectioq
system, |

A Coherent Radiation Model 52 B argon ion laser with a
maximum output of 1.4 W at 488 nm is uaed as the excitation
source.,

The laser beam passes through the laser filter system
which eliminates non lasing plasma lines. This system is
actually a premonochromator with Brewster's angle prism which is
| adjustable for use with the different laser excitati&n lines of
the argon ion laser. The triple monochromator has three 1,800
lines/mm gratings, six parabolic collimators and curved invariant,
slits. The radiation passing through the monochromators is
detected by a cooled I.T.T. FW 130 photomultiplier with extended
§ 20 response.

The ordinate presentation ip linear between 105-50 counts/sec,
the full scale of which is variable’on\the chart phpér. The
abscissa presentation ig linear‘in wavenumber which iskachieQe&
by a cosecant grating mechanism.driving a precisionliead screw,

-1

Wavenumber accuracy is 0.3 cm ~ with a repxbducibility of 0,1 ém_l

or better.  Variable scale expansion is pfovided by"ihterchangeablo'




gears on the chart paper drive mechanism. |

The Cary 82 monochromator slits may be ptpgrammed to
function in a constant’slitwidth or constant spectral bandwidth
mode.

Polarization measurements may be easily carried out by
means of the polarization analyser comprised of a Pbl&roid

analyser and a calcite wedge scrambler.

2.3.3 Vacuum system

The same vacuum integrity as in the infrared system was

aimed for in designing the Raman matrix isolation system.

Owing to the lack of space around the specﬁrometer and its

many other research commitments a permanent vacuum rig could not
be bﬁilt. It was therefore decided to purchase a commgrci§1
vacuum pumping system which was compact and could be easily
moved should the need arise. 7

The portable pumping unit (Fig. 2.7) for evacuating the
Cryodyne evacuation cell took the form of a watercooled three
stage fractionating oil diffusion pump backed by a mechanical
rotary pump, fully interconnected by "Vac Lok" coupled copper

pipework and four manually operated valves for sequencing of the

pumping operation. The diffusion pump was surmounted by a liqhid

nitrogen vapour trap above which was the baffle/isolation valve.
Connection to the Cryodyne shroud sample compartment was facili-
tated by means of a flexible metal coupling, isolation of the |
‘pumping system from thé‘ahtoud was by means of an in line 25 mm
Sanderson valve., The original "yeeco" valve at‘fhe'top of the
- shroud was kept permanently closed and sealed off under vacuum.

All electrical components of the pump'were wired to"a‘centtél‘
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control box,

The diffusion pump was filled with "Saﬁtavac s" diffuﬁion
pump oil, this had ver; low "creep" properties and a vapour
pressure of 10 *} torr at room temperature. All the "O" rings
of the high vacuum side were greased with Apieion'"L",grease.

11

vapour pressure 10 torr at room temperature.

2.3.4 Positioning of the Cryodyne

The Cryodyne unit was clamped into an XY translator which
was supplied with the unit for this purpose. Thé translator
with the Cryodyne unit was bolted to a 6 mm thick aluminium
plate with a hole thrqugh wﬁich the Cryodyne unit passed. This
aluminium plate could bé raised or loweréd by means of four
bolts which were screwed inﬁo the spectrométer sample compértment.
Once the Cryodyne unit was in position the sample compartment of
the Cryodyne could be attached and evacuated. Lines to the
Vacﬁum gauge and injection ports wére allowed to leave the
Spectrometer compartment through another hdle in the aluminium
plafe., When the Cryodyne sample block had been positioned level
~ with the collecting lens of the spectrometer final'adjustmenc

was made by use of the XY translator micrometer screws. ‘Rotation

of the Cryodyne unit could easily be performed by slackening the

translator clamping screws and bodily rotatingithevunit,,once
rotation had been achieved, the clamp being retightened. The
- flexible metal coupling allows rotation of the Cryodyne unit

without causing any strain on any part of the nyitem;

2,3,5 ﬁodel 21 Cryodyne

" The model 21 Cryodyne (Fig. 2.'8).13 an extremely efficient :
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refrigerator, helium gas is used as the refrigerant, the only
consumable is electrical power so the running costs are much.
lower than for the opeﬂ cycle systems.

The C.T.I. Cryodyne cryocooler is designed to provide
reliable refrigeration without maintenance or adjustment for
iong'continuous periods. The principal components of the system
are a cold head, a compressor unit, an absorber and interconnecting
piping (Fig. 2.9).

- The compressor unit has three functions;it supplies
* helium gas to the cold head at the required pressure and flow
rates, secondly it removes from the helium gas both the entrained
heat (the small amount of heat from the load being cooled) and
the heat of compression, thirdly it removes oil fr@m the helium
atre;m by passing it through an oil separator.

" The helium stream leaving the oil separator which is
essentially free of oil drops is passéd through an absorber to
remove the hydrocarbon vapours still present in the helium gas.,
This_adsorber is replaced after each 3,000 hours of operation.
The helium gas then flows to the cold head., The function of the
cold ‘head is to produce continuous refrigeration at temperatures
depending on the heat load in the range 12-300 K. |

The model 21 utilises the Gifford-McMahon cycle - a
vmodified Stirling refrigeration cycle. The out-of-phase operation
of two pistons causes the refrigeration gas to pass to and fro
between a number of interconnectiﬁg sections.

The cycle begins with compression of the helium gas at
ambienf temperature, the gas being transferred through a cooler,
(which dissipates the heat of compression) fo the regenerator

(whigh tools the gas nearly to the refrigerating températute)
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where heat is temporarily stored as the gas moves on to the
freezer. This gas then expands into the first stage expansién
space hence becoming sgill colder as a result of work done
against a pair of expansion pistons. The upper piston is
éushed back mechanically, moving the gas to a second sﬁage
expansion chamber where it does work against the lower expansion
pisgon. This piston is not mechanically driven, Being returned
by the gas expanding at the first stage. The\returning cold gas
on passing through the freezer absorbs heat from the system
_being cooled (i.e. heat load) and as it passes through the
regenerator it picks up the previously stored heat and is returned
to the ambient temperature for the coﬁmencement of a new cycle,
Onto the lower cold station of the Cryodyné cold finger is
attaéhea the sample mount with an angled copper or aluminium
deposition block. Good thermal contact is achieved by the usé‘ .
of indium gaskets compressed between the separate components,
The cold finger is surrounded by a vacuum shroud, the lower half
of which is rotatable. This vacuum shroud haé four ports two of
whicﬁ are required for the incident and scattered laser radiatidn,
one contains a Penning gauge for pressure monitoring and the
fourth is connected to the vacuum aystem: There are two injection

- ports on either side of an inspection window and at an angle to it.,

2.3.6 Temperature control and measurement

For obtaining the temperature of a localised area in a
- small cell, enclosed within a vacuum, with sufficient #ccuracy.
‘sensitivity and speed of response thermocouples are the most
suitable devices. Negligible heat losses occur through the long )

’

thin wi;es and rapid response is obtained to changes in local ..

¥




'temperature. However, they produce a slightly non-linear
millivolt output directly increasing according to the differénce
between the temperaturé of the measuring junction and that of
the reference junction. The precise temperature controller (P;T.C;)
(Fig. 2.9)used in conjunction with the Cryodyne overcomebythe
problem of non-linearity over tﬁe whole working range of
temperafure i.e. 300-12 K. . |

The instrument is designed for closed-loop control of
température and at the same time is able to provide linearised
read out of the measurement values in real physical units, in
this case Kelvin., These features are achieved primarily by
comparing the incoming measured value immediately with a precise
linearised set point voltage, so that subsequent Smélification‘
is of an error signal only.

The thermocouple provides a voltage that is non-linear
with the actual measurement units (K). However, characterisation

.of the set point voltage or meASuremeht produces an immediate
improvement. This characterisation conéista of altering the
shapé of the temperature setting/mV relationship in a hﬁmbér of
segments, in this case three are quite adequate. ) |

 The thermocouple used in the Cryodyne unit is aniron/0.07%X
gold vs chromel, the characteristics of which were measured
against a Cryogenic Linear Temperature Sensor (C.L.T.S.) device;
accurate to 0,01 K, by Oxford Instruments. ‘The P.T.C. segments
were then matched up with these calibration figures. |

The thermocouple is referenced at 293.2 K. To avoid the
inconvenience of a 293.2 K reference bath, a device is used to
generate a reference voltage for thiq temperatgre. The device is‘

fed with a highly stable constant current and the voltage




generated acts as a reference junction of 293.2 K. The effect
of room temperature variations on this cold junction is compen-

. sated ﬁy a correction introduced by a temperature sensitive diodev
which is located in the device.

Although the P.T.C. had been matched up to the Cryodyne
thermocouple calibration at the manufacturers, it was decided |
fhac an independent check would have to be made since the P,T.C.
was the only indication of the temperature. The most suitable
check that was found was the Raman spectrum of solid a-nitrogen.

1 and 36.5 cm"1 were extremely temperature

Two bands at 32 cm
dependent. Cahill and Leroi {90} have published data concerning
this temperature dependence and from our results it appeared
that tﬁe aétual temperature of our solid u-nitrogén sample was
'apptoximately 13 K higher than that indicated by the P.T.C. To'
check this the thermocouple was immersed in liquid nitrogen and

the read out of the P.T.C. was 88.6 K.

The P.T.C. was recalibrated on the figures supplied by

the manufacturers. The thermocouple was again immersed in liquid

nitrogen and a reading on the P.T.C. was 77.5 K.

As a final check a sample of solid nitrogen was prepared
at 14 K and the Stokes and anti-Stokes bands‘obtained for the
transitions at 32 cm-1 and the intensities in counts/bec. The

‘temperature was calculated using eqn. 2.1 below!:

4
I Yo " Vm| hv/kT

- v ' (201)
o m

188

where k is the Boltzmamconstant

"h 18 Planck's constant

o6




v, is the Raman excitation frequency

Vo is the frequency of the vibrational transition

T is the temperature (K).

The temperature was found to be 15 K but since there is
' ‘some error (approximaﬁély 1 K) involved in the calculation of

‘the temperature the P.T.C. was taken to be reading correctly,

2.3.7 Cleaning procedures for the Cryodyne
The same cleaning methods of "0" rings are applied to

the ﬁaman system as the infrared cryocooler. The copper or
aluminium block, depending which is to be used, is polishéd to a
mirfor finish by using a polishing cloth (a metal polish should
not be used as this may lead to contamination of the block).
Two éhicknesses of 0.05 mm indium gasket are used between the
kblock and the sample holder, the six screws are tightened, left
for a few hours and then retightened to ensure good thermal
contact.

| On reassembly of the vacuum shroud the whole unitkwas

pumped to outgas water vapour prior to cooldown.

2.3.8 Experimental technique

From the experience gained in the use of the infrared
system it was decided to adopt P.M.I. as the deposition proceduté.
since the method tended to give clearer matrices than S.S.O;E‘
Only a simple sample deposition system(Fig. 2.7)was needed,
namely a one litre bulb (containing the matrix mixture), a
measured volumé between two.p.t,f.e. tapé, connected to a length

of flexible p.t.f.e. 4 mm tubing with an injection needle. The

' only parameters needed for calculation of deposited material were 5 
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the initial pulse pressure of the bulb, temperature of the
gaseous mixture and the M/A ra;io.

The samples were made up in the same way as préviously
described in section 1. The sampling system was then discon-
nected from the infrared sample preparation system‘and transferred -
to the Cryodyne unit for connection into the cell. This had

the advaﬁtage of being able to run both infrared and Raman spéctra

of the same sample., The volumes of the bulb and volume between .

the taps were accurately calibrated.

The method of calculation of deposited sample was as'v

follows:

Let P be the pressure of gas in the bulb of volume Vl'

and let V2 be the measuredvolume between the taps,
i
1
'When the gas in V, is allowed to expand into the measured
: P.V . A

o' 1
volume the pressure will drop to AR AN
T ; , ;(vl + V2
CV . - ;
. 1 . ) .
Let x = :
V1 + V2
.‘s New pressure, P1 - Po-x o o ’ ‘ ‘ (2.2)

The tép from the bulb is closed and the pulse is allowed to
deposig onto the refrigerated support. When the bulb tap is

 ngain 6pened to £fill the measured volume the pressure will be

P, m P_.x . | oo : f C(2.3)

YV oop, m o N ¢ 1))

~+'s The final pulse pressure after n pulses will be

n
Pn, - Po.x

Since relatively large_ambunts of saﬁple were deposited

the error in this method is small. A small computer program was

%
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written to calculate the total amount of deposited material

and the gize of each pulse (Appendix 3).

From the work cérried out on solid a-nitrogen it was
immediately apparent that several modifications in the technique
would have to be made. |

The samples were deposited using the pulse technique onto
the polished surface of a copper block with the injection needle
- ® 20 mm away from the block. When the first pulse was admitted,
rings were seen to move out from the centre of the block surface

(observed in monochromatic laser ligﬁt). If the evacuation cell
was rotated the centre of the solid sample could be placed in
the centre of the block. However, this effect could only’ba
seen on the first pulse and only lasted about 10 seconds.

| There was no apparent increase in temperatutebduring

deboaition aﬁd the temperature could be maintained to 0.2 X
‘provided the base temperature was at least 2 K belpw the depbnitiop
temperature, |

| Because the a-nitrogen was -completely transparent the
-reflected laser beam hit the top of the collecting lens and a
piece of black tape had to be used to prevent this. According
to Nibler and Coe {80} variation of the tip angle was desirabie’
(10—300). The original block had an angle of,35° 80 a new one
was made, this time out of aluminium. This had an angle of 20°
and was polished to a mirror finish before installation. The
lasef beam was now reflected up into the shroud of the Cryodyne
out of the way. o

In the first exper1ments with a sample gas, nitrogen was
used as the matrix gas at an M/A ratio of 100. After the first

4 or 5 pulses had been depouited serious cracking of the matrix

+



occurred. The condition of the matrix deteriorated as more
pulses were deposited. Under the same conditions no ¢racking
occurred with pure nit;ogen, 80 ﬁhe cracking effect was believed
due to the addition of the sample molecule causing distortion of
the nitrogen lattice (borne out by the broadening of the phonon
band of a-nitrogen). The thermal conductivity of the condensed
matrix mixture was considered. Upon condensation of the gas,
the heat is removed from the sample area (via the coéper or
aluminium block). Initial thermal conductivity through the
matrix is good, since the matrix is thin, however, as the layer
of matrix material gets thicker, conduction of the heat being
supplied by the fresh condensing gas must take place through tSis
layer, A temperature gradient will be formed but although not
sufficient to cause loss of isolation, is sufficient to strain
the matrix layer as it is quickly cooled down hence cause cracking.,
To overcome this effect in subsequent experiments a needle

valve was put in the injection line. For each pulse the setting

on the needle valve was slowly altered to let the gas mixture

deposit on the block, then opened wider, the actual shroud depoai;v

tion being held constant until all the pulse had been deﬁosited.
"This hgd the desired effect and perfectly clear matrices were
obtained with only limited cracking patterns for around 100 pmol
of sample gas.

Several other pointsappeared to affect the quality.of the
matrices. | |

(i) Distance of needle from block.

(ii) ;nitiﬁl'pulse pressure of the bulb.

(iii) Matrix host gas used.

(iv) Temperature of deposition.
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The best position of the needle was * 20 mm from the
block, initial pulse pressures above 500 torr tended to causé
sefious cracking, 400 éorr was found to be the most satief#ctory.
Of the two matrix gases used argon gave the worst matrices. A
deposition temperature of between 17 and 20 K was found to give
the clearest matrices for both gases, above 20 K gave very
frosty matrices and below 17 K resulted in very serious cracking
and on several occasions the matrix actually dropped off the
“block.

Once the matrix had been deposited, provided that only

temperature changes at a rate of < 1 K/min were carried out no

deterioration of the matrix occurred. However, a rate of tempera=.

" ture change of 4 K/min caused excessive shattering of the

matrix.

Since deposition was carried out using the P.T.C. to

control the depositing temperature, it was found important to

have thevdeposition temperature at least 2 K above base temperature.

This was because if base temperature varied, a change in tempera-
ture occurred more rapidly than the P.T.C. could react and a
corrésponding rise or fall in temperature would result in crack=-
ing the matrix. The best conditions were found to be a deposition
temper;ture o« 2 K above base temperature, and using th; P.T.C. on
"auto" controiler ;et to a fast response to any pudden changes in

refrigeration.

2.3.9 Operation of the Raman system
The sample bulb containing the gas mixture to be analysed
was connected to the sampling system prior to cooldown. The

Cryodyne vacuum shroud and the connection between needle valve

61



and sample bulb were evacuated to a vacuum better than 10'“ torr

registered on the Penning gauge.

Prior to start up, it was ensured that the charge pressure
was 9.3 x 102 +34 l(Nm'm2 (135 5 psi) on the suction pressure
gauge and that the oil level was correct. The P.T.C. was switched
on and the thermocouple and heater leads checked.  The controller
was switched to "manual", a "get" value of 300 was fixed and'on

switching to "measure" room temperature was displayed.

The system on-off switch was act uated and cooling began

immediately.

Pumping was continued during cooldown until the temperature
reached approximately 40 K when cryopumping began. At this stage
the vacuum shroud was isolated from the pumping system by means
of the 25 mm Sanderson valve. This prevented the possibility
of the cryopumping and subsequent deposition of any vacuum pump
oil on the cold surface of the block.

Immediately after cooldown the base temperature monitored
by the P.T.C. should be less than 14 K, the Cryodyne was left
for 30 minutes to stabilise at a base temperature of less than
13 K. (The actual base temperature of 12 K takes approximately
one houf.)

The actual cooldown time depended on the heat load i.e. for
a mass of 8 g cooldown time was 45 mins with an average cooldown
rate of 6.5 K/min, for a mass of 40 g cooldown time was 50 mins

with an average cooldown rate of 5.9 K/min.

It should be noted that although cooldown time is dependent

on mass load, base temperature is not, thus a small vacuum leak
will result in higher than normal.operating temperatures and a

gradual increase in température. A larger leak may brevent

3
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‘system cooldown. If the final pressure immediately after cooldown
to base temperature (12-14 K) is not:'lo-5 torr or less a Ieak
should be suspected. ﬁeak testing was carried out using the V.é.
micromass § as previously described in section 1.

Temperature control of the model 21 was achieved either
manually or aufomacically by off setting the capacity of the
refrigeration with an electrical resistance heater mounted on
the second cold station directly above the block., For a particu= A
lar set value of temperature, the heater power was adjusted.by
means of the feed-back controller. As the cold head tried to
cool below the set point of the controller, the power to the
heater was automafically increased, thus maintaining constant 7'
temperature. This automatic control was available over the
entire range of the model 21 i.e. 12-300 K.

After cooldown the sample mixture was transferred to fhé
Cryodyne via the injection ;ystem as previously described. Deposi=
tion time varied depending on the M/A ratio used but beﬁween
60~100 uymol of sample gas had to. be deposited in the Raman work
to obtain a spectrum. |

Once deposition was completed, the Cryodyne unit was
rotated, lowered and the block aligned with the colleé:ing Ieﬁs.
To facilitate initial sample alignment for the most efficient
energy collection; a built-in tungsten lamp operated by the pénel
switch on the spectrometer, provided a well defined slit 1mage
at‘the;sample point. This slit image was projected out onto the
matrix and the laser beam carefully aligned with the image. A
suitable band was chosen in the spectrum to allow final "peaking
up” to obtain maximum signal from the matrix. This was done by

careful adjustment of the kinematic prism and the XY trgnalator"

+

63




until maximum signal had been obtained. Usually a low laser
power of between 300-400 mW was used which corresponded to
150-200 mW at the sampie. Occasional "peaking up" was necessary
to check whether maximum signal was still being obtained. The
slightest movement of the Cryodyne can cause complete loss of
signal and care should be taken to avoid any unnecessary vibration
or movement during the funning of the spectrum.

Upon completion of ﬁhe experiment the Cryodyne can be
switched off. Warm up to room temperature can be speeded up by’
use of the auto controller to heat up the matrix and the block.

Once the pressure inside the vacuum shroud had increased to

3

approximately 10 ° torr the 25 mm Sanderson valve was opened to

the pumping system and the sample gases pumped off. Warm up

using the auto controller set at room temperature takes approximately

15 minutes.

2.4 Miscellaneous topics k

2.@.1 Cooling gases for air pro&ucts AC-3L-110 Cryo-tip
| (1) Helium |

Helium was supplied by‘Gardener Cryogenic Ltd,, at a
purity of 99.998% having less than 3 ppm of'water and 6 ppm of
nitrogen. Each cylindéf contained normally 9,1 ms'of gas at an.

2

initial pressure of 20 MNm -, Three cylinders gave approxima:oly

"~ twelve hours of operation before renewal was required.

(ii) Hydrogen

Hydrogen was supplied b& B.0.C.Ltd., as white spot grade
with a purity of 99.99Z. This gas contained less than 10 épm of
‘water and 1 ppm of nitrdgen.. Each cylinder.containqd normaily

2

6.9 ﬁa of gas at an initial pressure of 17.5 M¥m - Five cylinders



o
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gave approximately 10.5 hours of operation at 20 K and 16.5 hours

at 4 K.

2.4.2 Working gas for C.T.I. model 21 Cryodyne

Helium is supplied by Matheson Gas Products at a purity
of 99.9999%. Impurities are quoted as < 0.1 ppm for argon,
nitrogen, oxygen, neon, hydrogen, carbon dioxide and hydrocatbon
(as CHb). |
2.4,3 Matrix gases

The matrix gases were all supplied by B.0.C. Ltd.. Grade X
nitrogen was used as sﬁpplied without further purification. High
purity grade argon and white spot nitrogen were both passed

through a liquid nitrogen trap before use. o .

2.4.4 WiAdow materials
(i) AC-3L-110 Cryotip
The outer windows of the Cryo-tip remained at room
temperature during all stages of operation and 5 x 45 mm KBr
or Csl windows were used. The deposition window was CsI,
3 x25 mm.~ Csl was used rather than KBr since the latter tended
to shatter at low temperature and required frequent replacement,
| (ii) Model 21 Cryodyne
' The outer windows of the Cryodyne remained at room

temperaiure during all stages of operation and 3 x 50 mm glass

windows were used.

2.4,5 Purification of sample éaaes

The methylamine and ethylamine were supplied in gas



cylinders by B.D.H. Ltd., at a purity of = 98%,

The ammonia used was supplied in a cylinder by Matheson

Gas Products.

The methylamine—d2 was supplied by Merck and was used

without further purification.

The ammonia gas was introduced into the vacuum system
from the cylinder, condensed over sodium metal to remove any -

water that might be present and then vacuum distilled into a

storage bulb.

The methylamine and ethylamine which were known to contain
impurities weie purified in the following manner:

A sample of each gas was taken from the cylinder for
subsequent chromatographic analysis. A Pye Series 104 chromatograph
with a flame ionization detector head was used for the analysis,

A suitable colum was prepared which consisted of a 4 m x 5 mm id
stainless steel column which was packed with 15 per cent diglycerol,

5 per cent tetraethylenepentamine and 2 per cent'polyethylenimine,

(the latter to act as an ant1taxling agent) on 60-80 Chromosorb "w".

The column was operated at 313.,2 K with a nitrogen carrier gas

flow of 20 ml min 1.

From the analysis of methylamine it appeared that approxi-
mately 0.5% ammonia and a small amount of methanol was presenﬁ.
The ethylamine confainedrapproximately 0.52 aﬁmon{a. Water could
not.be detected with a flame ionization detector. | o

Méthylahine was dried by passing it through freshly
prepared potassium hydroxide/calcigp qxi@e‘qnderzyacuum. The
gas was then liquified at 223 K aﬁ&jdistiiigd und;f vacuum at
this temperature. The first port{on of the distillate was

discarded as containing ammonia and only the middle fraction was

¥
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collected in a storage bulb. This was repeated until the ammonia

and methanol peaks had been eliminated from any subsequent

chromatographic analysis.

The same method was adopted in the purification qf'

ethylamine,



CHAPTER 3

DATA ANALYSIS

3.1 Introduction

This chapter has been divided into two sectidﬁs. Section 1:
deals with the acquisition of data from the Perkiﬁ Elmer 225
spectrophotometer by means of a digital data recorder and subse-
quent computational analysis; Section 2 deals with the increase
of the signal to noise ratio and resolution for weak bands'in
the Raman spectrum of matrix isolated molecules using an

automatically controlled time averaging computer.

- SECTION 1

3.2 Infrared digital data analysis

3.2.,1 Introduction

A large amount of information is obtainable from a spectrum,
much of which is never utilised due to the tediousness of its
extraction. A calculation such as an {ntegrated band inteﬁsity
'iﬁ usually performed very inaccurately simply as a result éf
insufficient data collection. The availability of digital
computers nowadays enable vast quantities of data to be handled
at high speeds.

Two requirements are necessary for data analysis.

(i) The data must be in a convenient form for imputting



into the computer, namely on paper tape.

(ii) The data must be transformed by a computer program ,

into a meaningful result.

An Elliot 903 computer was used which in its basic con~
figuration has an interqai memory of only 8,192 wo:ds. Pro-’k
gramming in 903 Algol immediately consumed 4,573 words of;the‘
store space due to the Algol interpreter. This ieaves approxi=
mately 3,500 words for the program and data handling space.
However, this was not regarded as being a significant problem
in the analysis of matrix bands which are generally sharp and
symmetric having half bandwidtiB of < 4 cm-l, a properly digitised
matrix band would contain upto 100 dataxpointa which was regarded

‘a8 gufficient for the type of analysis problem envisaged.

3.2,2 The data recorder

The Perkin Elmer DDR~1C digitalkdata recorder produces a
computer compatable paper tape record pf data generated by single
brush absolute position shaft encoders directly coupled to the
225 spectrophotometer. Up to sixteen characters can be punched '
in one data word and the DDR-1C is capable of recording data at
a rate up to 50 characters per second. Commands to record data
may be generated manually by the operator using the '"record"
push button or automatically by the trigger commutator, mounted
on the shaft of the wavenumber data source, this automatically

generates 100 record commands per revolution of this shaft, a

rate switch controls the actual recording rate (i.e. 1, 2,‘5,'10;'

20, 50 or 100 commands per revolution), The data characters are
transmitted to a patchboard which allows the format of the data

word to be compatable with the input requirements of the



Elliot 903 computer. A keyboard allows manual entty of informatioﬁ

onto the punched tape,

A P.E. 345/1,006 shaft encoder consists of a 1,000 count
disc that resolves th; 1,000 countsvin a 345° rétation of the
encoder shaft, it is coupled to the optical attenuator cam and
provides the phbtometric information. The wavenumber.informatioh
is provided by a P.E. 1/100 T.C. shaft encoder which resolves
100 counts per revolution with a trigger commutator generating
100 record commands per revolution. This encoder is directly
coupled to the Littrow cam drive of the spectrophotometer,

The purpose of the encoders is to transmit changes ‘in
posi;ional information which basically set and reset flip flops
. in the encoder registers which store the posiéional informatioh.
This information ié transferred to a data tape every time a record
| signal is generated, the rate switch selects these record
commands at intervals from the trigger commutator. -

Each time a record command is generated an eleven character
data word is punched on a tape consisting of two parta;k. |

(i) Wavenumber word

The up-down counter in conjuction with the 100 count encoder
provides a five digit data number proportional to the abscissa
reading on the spectrometer. The 106 count encoder provides the
two least significant data digits, the up-down counter counts the
number of revolutions of the 100 count encoder, provides the three
most significant digits. Logic circuits monitor the output
signals of the 100 count encoder register and generates a count
pulse every time the encoder changes from 99 to 00 of 00 t§ 95
and also supplies the direction of rotatioalinformation. .

With the instrument linked to the spectrometer and the
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power turned on, the up;down counter modules have to be preéet
corresponding to a calibration wavenumber reading of the speétro- :
- meter. For the model 225 this value is 4000 em » corresponding
to a reset value of 927 for the up~down counter. The last two
digits being supplied by the angular ?osition éf the 100 count
encoder making a total of five digits for the wavenumber data
word. l

(ii) Transmittance word

The 1,000 count encoder provides a three digit data number |
proportional to the ordinate reading on the specttophotometer._

Both data numbers are punched on a record command, ea;h

data number having its own terminator so that it is accepted

separately into the computer for decoding.

3.2.3 cCalibration of the DDR~1C oo - ~ .

Difficulty was initially experienced in obtaining a
consistent reset value for the calibration at 4000 cm-l. Thig
was'eventually traced to the fagt that the 100 couht encoder was -
slipping on the Lithrow cam drive shaft. The screws were tightened
and consistent readings for the reset value obtained.

Calibration of the wavenumber and transmission encoders
weré made using the following procedure!

The power switches of the spectrophotométerkand the
DDR-1C were turned on. The spectrophotometer was scanned to
about 4 008 c:m-1 then scanned slowly forward (to take up any
sacklash in the gears) to exacciy 4 000.0 cm.l. The punch was
turned on followed by the "data" button. The reset button'

‘mounted on the spectrophotometer facia was pushed, this forced

digits of 9, 2 and 7 into the up-down counter moduleo. With the

¥
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DDR-1C switched to "manual" the "record" button was pushed and |
a reading of 92752 punched for the wavenumber part of the data

word. The rate switch 'was then set to 100 and with the DDR-1C
set to "auto" the spectrometer was siowly scanned forward, .The
first wavenumber data word punched was 92699 correspon&ing to a

wavenumber reading on the spectrometer of 3992.4 cm-l.

""Manual" readouts were obtained at the exact beginning and
end of each range and at one thiid intervals of each range. Theae.
" are given in Table 3.1. It can be seen that there are 21,000
figures in each range and 4,200 figures per transitional rahge.

. Data points were obtained at 0%,50% and 100% transmission
valués on the chart paper. Although the encoder is off set at
0%, the number of encoder counts from midscale to 100Z equals
that from midscale to O% within a tolerance of a few counts,
~This ﬁas taken into account in the computer software for pro-
ces;iﬁg tAn smittance data. A calibration graph‘ia giveh in
Fié. 3.1, Once the calibration of abscissa and ordinate Scales
had been affected, only resetting at 4 000 em ! was necessary
in_subsequent experiments, Pto?ided chét (1) the link between
the spectrophotometer and the DDR-iC is not interrupted, and
(ii) the spectrophotometer is not scanned forward over the
tranéition between the ehd of range 4 and the beginning of
range 1, calibration will be correct over all the ranges for
repeatéd scans, If (i) or (ii) occurs the DDR-}C will have to
be reset at '4000 cm-1 again.

Data will be punched during forward scan only provided
a punch rate'of 50 characters per second is not excéeded.‘

Maximum scamning speed will therefore depend on the rate owiﬁch

setting,



Table 3.1 |

Calibration figures for the DDR-1C

Range Drum -1 Wavenumber | Wavenumber (cmfl)
J reading (em ") | Encoder interval at -
' : Figure rate 100
% 5000.0 99752
] . 4000.0 92752
1y ’ 1/7
3000.0 85752
2000.0 78752
2500.0 74552
- 2000.0 67552
2 ' ‘ 1/14
1500.0 60552
1000.0 53552 -
. 1000.0 49352
! !
o 800.0 42352 |
3 1/35
600.0 35352
400.0 28352
i / '
i 500.0 24152
%f 400.0 17152 ‘
4 1/70
' 300.0 10152 '
~200.0 3152
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Fig. 3,1 Calibration Graph for the DDR-IC Tranamiafion Encodgr.
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In order for the computer to decode the encoder counts

it requires:

(i) the tranamission calibration

(ii) the encoder figure and the starting wa#enumber‘for
the beginning of each range and its corresponding wavenumber
interval at ra;é 100 between encoder figures. These are given‘
in Table 3.1.

A computer procedure was written in 903 Algol code to
decode the encoder figures for any range; This is given'in
Appendix 4, This procedure may be included in any subsequent

program. A schematic diagram of the system is given id'Fig.ia.z.

3.2,4 DeVelopment of computer programs

(i) Band Search Program SRCH 2A

Matrix bands are generally very sharp and close fogether‘
requiring expansion on the chart paper for the bﬁnd structure
to be obtained in reasonable detail for subsequent'analysis.
However, although the chart paper may be accurately marked,
slight stretching often occurs én the drum. When scanning over
a few hundred wavenumbers using the whole léngth of the chart
paper this slight stretching will therefore result in a

progressive error from the beginning to the end of the paper.

To overcome this problem a program was deveioped (AppendixVS)\ =

yfo give accurate values for peak centres. Included in the program
was an Approximate definition of a band. The approximate Values
of the band peaks from the ehart paper were entered into fhe
’compute: and the data tape searched within set limitu either side
.of the search value until a band was founﬁ; 2

To ensure that a band had in fact been found, a section .




Fig, 3.2 Schematic Diagram for (a) Raman Signal Averaging and
(b) Infrared Digital Data Recording Systems, B e
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of the band was plotted. The output was a span of wavenumbers

containing the actual band centre, each wavenumber having its
corresponding point pletted. Scaling was automatic. Pro#iding
the search value was reasonable a span of twenty points was
snfficient to obtain the band peak., Where there were aevetal
adjacent bands the span had to be sufficiently sﬁall to ﬁrevent
inclusion of neighbouring peaks. The more points considered in
a span the greater the time taken to search the data tape., Using
thia program the band peak for a particular matrix band at a
particnlar temperature from one data tape to another was repro=-
| ducible to within 0.1 cmbl. Shifts of < 1 cmm1 could be
accurately measured for matrix bands during temperature cycling
- experiments., A typical output ia given in Fig. 3.3.
(ii) Band Integration Program COL 1B ~ o
The second program COL 1B was developed, Appendix 6, for
‘integratlon of matrix bands to check that relative 'peak"
absorbance was a good enough approximation to relative "integrated"
absorbance.

- Two parts of the program‘were already available in this
lanoratory for use with another instrument {92}, these were a
convolution technique and a transposition of background data
technique, and were rewritten in procedure form. All the above
procedures were designed to operate on arraya{ Owing to the
limitations of the storage space in the computer up to 400 points
may be integrated.

The program was designed to be flexible. the varions

procedutea could be called to analyse the data in a number of

different ways.
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Fig' 3'3

(a) Typical Output from SRCH 2A
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796v7]£, - .
79(;.5”1 ‘ *
79505&6 *
79(01/.3 *
19e. 0004
195.u57 %
795-'[14 *
79503']1 *
1950409 .

BANL 41 7894571 WAVENUMBEK
SEARGH VELUE = T 9. 700WAVENUNMBEK,
(.‘L',Et’b .
7'36.14(3 *
790.&@@ *
7&‘9'557 *
7'(;";'.7!4 *
1895714
Y, s0g %
7:90286 *
~/69n1]3 ) ‘* :
To9. 00y
?L& ‘E‘b‘/
165471 4

(b) Typical Output from COL 1B

SANL FUINTS UNSMUUTHEL . ,
SASEL e pLINTS ONSMUUTHED
MEXVAL BRlubin FUlilSs «285714

Slany INTReRATIUN= B26.00UCN -]

ENL b INTECRATIONS 806.000CN -1 -
Mol Up BUINTS 10 BE INTECKAIEDS 1 _
?]Lb“ﬁ1tb FEAK ApSurFIIUN FrUY 26.000CK~1 U0

MLAT 8164 000WAVENUNBER . s
Ftag HE1GiT AbdurFTIUN AT 61€.000CH~1= 468640

-3

¢06.000CK=1= +90etbt
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3.2.5 Method of operation | B

A background tape was obtained for each region of the
spectrum to the analyséd prior to any experiment. The'desired
regions of the matrix isolated sample spectrum were run and a
data tape output was obtained. The sampling raﬁe was usually
set.to give at least thirty points for each matrix band which o
- was regarded as sufficient for successful integrétibn. The

initial parameters were typed into the computer via the teletype.
The data tape output from the spectrometer was  then fed into
the computer.

Any region of‘the spectrum may be selected’for ihtegratioﬁ,
smoothing and’transposition may be performed if required, ‘The
program starts and ends an integration at specified wavenumbef
limits initially set by the operator, Once one infegration~has
been completed the computer then searches for the starting
wavenumber of the next integration to be carried out. The pfogram ‘
automatically decodes the raw data from the data logget‘ag’each
point is read into the computer using the déche proéeduté; A
typical output for COL 1B is gi#en in Fig. 3.3. 4

| It should be pointed out that the integration is only
of an area of absorbance and was not intended to be regardad
a8 an absolute value of intensity, since absolute intensities

cannot be measured for matrix isolated molecules.

v




SECTION 2

3.3 Raman data analysis

- 3.3.1 1Introduction

In chaptef 2 reference was made to the weakness of the
Raman effect and to the necessity of working at low laser power.,
High resolution was invariably difficult to achieve for the‘v
matrix isolated samples., vL:érge spectral alit widths were often
'necessary and a resultant sacrifice of resolution had to be made
in an effort to achieve an acceptable signal to noise ratio from
the matrii signal. In some cases the Raman effect was so weak
that only with high sample concentratioﬂs and maximum sensitivity .
could some bands be observed and then the spectral bandwidth wés‘
too large to resolve close bands. Often in this apﬁlication,'
relatively weak signals from the dilute samplekof,interest arek
measured with large amounts of backgréund scatter'from the,ﬁatrix
material; under these conditions the signal to noise ratio becomes
the limiting factor. The criterion for high resolution ié
invariably related to the quality of the matrix;”the iight
écattering properties of the matrix sample molecules and the
degree of sophistication of the Raman detection system.

A method was therefore sought for’increasing the signali
to noise ratio for analysis of these weak bands of the matrix

isolated molecules,

'3.3.2 Signal averaging computef
A Varian Model C-1024, time averaging computer was used in
conjunction with the Cary 82 spectrophotometer to increase the o

signil to noise ratio. This was accompiished by = sweeping

88
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'through the spectrum of interest many times and adding information
iﬁto the ferrite~core memory of the computer. | N

When a spectrum of interest was swept ;epeatedly, signal
information was added into the memory channels in directlbropor-
tion to the number of sweeps {93}, The information a;ored in
'the memory may be displayed on the frontpanel oscilloscope, or
. read out through a recorder. The computer sweep of:the memory
channels may be triggered internally by the operator or externally
by the Cary 82 (see later). There are a maximum of 1,024 memory
locations, - It is equipped to accept analog signals of 1, 3, 10
or 30 voits and pass the signal through an analog-to-digital
converter and store the signal in its mémory. The sweep time
can be varied over a variety of time iﬁtervals from 0.025 to
1,000 seconds.

The ordinate spectrai information is subplied byVa'vefy
linear ten turn potentiometer difectly coupled to the pen servo
motor shaft. This potentiometer is supplied with a stabilised
10 volts power supply and gives‘a 0 to 10 volts output directly
proportional to the signal incident on the detector., Fig. 3.4
illustrates how this system provided an improvement to final
spectral results and a schematic diagram is givén‘in Fig. 3.2.
3.3.3 Operation of the Time Averaging System

The spectrum was scanned repeatedly over a fixed number. -
.of wavenumbers from a fixed wavenumber starting point. The
speed of scanning over the spectfal region depended on the pen
period, spectral bandwidth and the sweep time of the computgt.‘
Once thede parameters had been fixed they vere not altered., The

computer was triggered manually for sweeping to begin at the same

5.




Fig. 3.4

Improvement of Signal to Noise Ratio by use of the Time

Averaging Computer for Matrix Isolated Molecules

Turn- Round Time = 250 secs

Number of Scans = 16

"

Recorder Output
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time as the forward scan was manually switched., At the‘end ef
eacﬁ sweep the spectrometer was reversed scanned passed theﬂ
éweep starting wavenumﬂer. Alteration of the scan speed was not
possible since this would caﬁse an error in the wavenumber sweep
of the computer. The spectrometer was then acanned slowly forward
" to the atartlng wavenumber ready for trlggering ‘of the next
sweeping operation of the computer.

The above operations required a certain amount of coordina=-
tion of ﬁovement as well as being tedious and requiting'constantk
attention for long periods of time. Thus although results were
obtainable modification was necessary.

The system was therefore automatéd b& means of microswitches ;
which were triggered by the movement of the cosecant drive |
mechanism of the Cary 82 spectrophbtometer. The microswitches
energ1sed relays to control the operating modes of the apectrometer.
Accurate alignment of these microswitches enabled any spectral
region > 10 cm"1 to be repeatedly scanned. The computer was.

- triggered by one of the microswitches to within an accuracy of

10,1 cm“1 each scan.




CHAPTER &

METHYLAMINE IN ARGON AND NITROGEN MATRICES

4,1 Introduction

Durig et al {94} studied the infrared spectra of methylamine
and its deuterated analogues (CH3ND2, CD3NH2 and CD3N02) in .’
argon matrices. They presenf or assign most of the monomer
fundamentals of each isotopic species on the basis of the matrix
and condensed phase infrared and Raman spectra. Recently
Hirakawa'et‘alyf95} have carried out a detailed force constant

analysis of methylamine using their own .spectra of methylamine

15
and CH3 NH2

{96} for the deuterated species. There are a number of dis-

in the gas phase and Gray and Lord's gas phase data

agreements between these asaignments and those of Durig et ai.
Wolff et al {97-102} have examined the Raman spectra of CH,NH,
CH,NHD and CH.ND, in the gas, liquid and solid phase. They

3 32
~ observe the NHD twisting mode of,CH3NHD at 878.0 cm ) in the

gas phase which is at a considerably lower frequency than previous

assignments.

In order to resolve these disagreements, and‘gs a necessary

precursor to carrying out quantitative studies of the amines
(discussed in chapter 8), infrared and Raman matrix studies of
methylamine, methylamine-dl and methylamine-dz were undertaken

in this work. The first and last isotopic speciés belong to the
point group, Cs, consequently, the normal vibrations divide into
only two symmetry species, symmetric to the plane A and‘anti—
symmetric to the plane A*Y Of a toﬁal of fiftéen normal modes
for the monomer species, nine are of species A” and six are of

species A”“, all are infrared and Raman active. However,



depending on tﬁé isolation of the molecules in a matrix;:the
type of matrix used, the temperature and M/A ratio, additional
absorptions due to mulfimer species and molecules trapped in |
different sites affected the complexity of the spectra. Careful
experimentation and comparison of results obtained in both the
infrared and Raman for argon and nitrogen maﬁtices éf the |
methylamines was necessary to aid the frequency dssignnenté‘Ofv
the monomer species in each fundamental region. In general,
frequencies for the monomeric species were taken from the infrared
resulté since these frequencies are more accurate because of
' ‘the higher resolution used in obtaining the infrared spectra
than for the Raman. Mulﬁimer specieg vere apparent in thé infra=-
red gpectra at low M/A ratios but although multimer species
 were observable in the Raman results they did not appear to be
- strong scatterers., Clearer spectra free of mulﬁimer ftequencies
were obtained at lower M/A ratios than would ﬁorﬁally be ﬁsed in
- the infrared. The effects of M/A ratio changes, temperature
- and diffusion are discussed where applicable in each fundamental
region. Unless otherwise state& all matiix samples vere deposifed
at 20 K.

Experimentation carried out for the molecules described

~ in this chapter is given in Tabie 4.1, ' R

4,2 Monomer assignments

4.2.1 .NHZ stretching region

: The NH stretching frequenéiea of methylamine were extremely
weak in the infrared and were only observable at low M/A rqtidur
where ‘spectral assignment of the monomer bﬁnds‘was hindefed by

the overlapping bands due to multimer absorptionsQ Attempts

e A YNNI RA  HT



Table 4.1

t

Experimentation carried out for me thylamine and methylamine-d2

INFRARED

Molecule Matri:s M/A |Technique Temp'%x;?t‘ure g;x;tggiﬁzgi;
CH NH, Nitrogen| 100 8.5.0. 20 60.0
' " 100 " " 20,0
w | 200] " 20.0
. " 500 (- " 20.0
w1040 10.0
n 2140 " w 10.0
" 530 u . 10.0
w . |1060] " 20,0
. " 1080 " 3.5
" 100 | P.M.T. 20 18.0
’ " 10| w "o 13.0
" 100 " " 13.0
T 200 " " 12.0 ‘
n 220 " " ‘ 15.0
n 400 " M - 5.0
" 450 " T n 5.0
" 5100 " 15.0
" 970] " 6.5
" 1650 n 1.0
Argon 180{'S.8.0. + 20 31.0
" 490 o w 10.0
" 1000 " 10.0
" 50| P.M.I. 20 13.0
" o " 42,0
" 120 " " w 7.5
" 180 ‘ 30,0
I R 200 u " 42
' " 250 .« " 7.1
" 550 w 7.1
" 1050 . o " 7.0 A
" 2050] « w " 7.1 \
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Table 4.1 (contd.)

Amount of sample

Molecule Matrix | M/A |Technique Temp?;;“ure deposited (umol)
) , \
CH,NH, Argon 200| P.M.I. 4 15.4
" 200 " . 9.9
" 540 T " 13.4
CH,NH,,/H,0 INitrogen| 200 20 21.0
woom Argon 500] w 20 10.1
CH NHZ/N Argon 540 " i 20 7.5
CH3ND2 Nitrogen| 90 " oo 14.0
" 100 . n 26.5
" 300 " " 6.0
) * 850 " n 4.0
" 11500 " " 10.0 '
Argon 110 " X 18.0
" 240 n’ " '14.0
" 580 " " 7.0
" 860 W 7.0 -
" 1030] " 7.0
" 1040} " 10.0
CH NH /CH 2 Nitrogen| 1000 " " 10.0
i gury /G, [begon _[1000] 1 100
RAMAN
CH,NH, - |Nitrogen| 55| P.M.I. 20 100
1" 100 ", Al 81
" 100| 12 60
u 100 " 17 89 -
" 100 wo. 20 76
" 200 " 52
" 520 " - ' n 10
't lArgon ' 50 T " 120
' W j100| . 100
" 200 " “ " | 50
CH:;ND‘2 Nitrogen| 100} " 90
Argon 100f -, " 86
CHBNH2/CH3ND2 Nitrogen| 100| " . 90
CH3NH2/CH3ND Argon 100 ';..‘ " '32 :

2
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Fig. 4,3 1Infrared and Raman Spectra of the CH3 Stretching Region
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Fig, 4,4 Infrared and Raman Spectra of the CH,

of CH,ND, in a Nitrogen Matrix,
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Fig. 4.5 Infrared and Raman Spectra of the CH, Deformation Region

of CH,NH, in a Nitrogen Matrix.
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Fig. 4.6 1Infrared and Raman Spectra of the CH3 Rocking and cN Stretching

Regions of CH,NH, in a Nitrogen Matrix,
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‘Fig, 4,7 Infrared Spectrum of the NI,,NHD,ND, Wagging Mode of ‘a
CH,NH, /CH,ND, Mixture in a Nitrogen Matrix,showing NHD Twist,

M/A= 1500
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Fig, 4.8 Infrared Spectra of theNH2 Wagging Region of CH3NH2 in an
Argon Matrix deposited and recorded at 20K showing diffusion effects,
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Table 4.2 " T

Infrared and Raman bands observed for‘CH3NH2 in an argon: matrix -

Frequency cm - Species ‘Assignment

Infrared | Raman

3410 '3414,8|MONOMER }>NH2 asym. stretching (A")

%3389 dimer '

3346 | 3352.2 [MONOMER | NH, sym, stretching (A")

~3300 ) : .

n3282

’93256 multimer

~3236 f -

~3199 |

3180 ) | |
2990.8 [~2988 [MONOMER CH, asym. stretching (4")

. 2982.8 multimer :
2978.2 myltimer B ‘
2967.1 2967 .4 |MONOMER : CH3 asym. stretching (A')
2959.8 | 2962.6|Monomer 2 x 1480.8 = 2961.6 (A') -
2954.8 -  |multimer '

12934.1 | 2932.0|Monomer 1480.8 + 1463.8 = 2944.6 (A")
2916.6 | 2914.6|Monomer 2 x 1463.8 = 2927.6 (A')
2901.5 | 2902.8|Monomer . 1463.8 + 1449,8 = 2913.6 (A')
2893.5 |~2894 [multimer | | o
2878.8 | 2877.2|Monomer 2 x 1449.8 = 2899,6 (A')
2870.6 |~2873 |[multimer . | |
2819.3 2819,0 |MONOMER CH, sym. stretching (A')
2815,0 -~ {multimer : :
2797.3 | 2714.7|dimer
2792.8 |dimer 8 EE
2784.8 |"2790 |multimer
2779.4 multimer
1636 . multimer
1630 multimer | NHZ a;issots (AY)

1623.0 MONOMER |
1480.8 | 1482,2|MONOMER - CH asym. deformation (A")
1 , | *




Table 4.2 (contd.)

o

Frequency cm-l Species Assignment
Infrared | Raman
1478.9 ' mul timer
1465.3 | . multimer : o
1463.8 1465.3 |MONOMER CH3 asym, deformation (A')
1456.5 multimer ' . '
1449.8 | 1451.5 |[MONOMER cH, sym. deformation (A')
1429.8 o | '
- 1423.1;
1395.8 ‘ smultimer .
' 1376.8
1368.0
N1148 fultimer - |
.‘1139.7 - MONOMER CH3 rocking (A')
: ~1130 . multimer *
Y 1117.4 - [voNoMER CH, Tocking (A")
1086 multimer S
1082 dimer
. | 1053.8 - |multimer | |
1052.2 | 1053.1|MONOMER - CN stretching (A')
1045,8 |~1045 |multimer |
1041.8 site
11039.2 |~1040 | [ monomer
1034 |multimer ,
~ 972  |MoNOMER NH, twisting (A")
926 | ) ‘
R 915 ‘
? 836 L multimer
~ 888 .
- 868.7 .
859.2 )
J




Table 4.2 (contd.) | 1

Frequency cm-:L Species - k Assignmentt
Infrared| Raman
840.4
833.1 | |
. 827.3 multimer : I
. 824.7
- 818.6 - |dimer
(‘806) - (N2 i‘nduce'd) ‘
796.1 - - MONOMER NH, wagging (A') -
789.7 monomer Y 2 , ,
786.4 monomer ‘ '
782.4 monomer ’ N ,
- 77642 monomer rsite bands
766.8 monomer (SSO)
. 764.2 monomer (SS0) )
~ 370

- dimer




Infrared and Raman bands observed-foi“CH3NH2 in a nitrogen matrix

. Table 4.3 s » ‘

Frequency cm ‘ Specigs ‘Assignments
Infrared | Raman
. . h . . ’
v3410 3411.0 | MONOMER rNH2 asym. stretching (A")
v3392 - mul timer - . : ‘
3350 3349.2 |MONOMER ] .
~3340 - | ' | |
~3283 ~3305 PNH, sym. stretching (A')
n3200 - multimer -
2991.3 - [fultimer il |
2985.3 2985.0 {MONOMER - fCH3 asym. stretching (4“)
12976.1 | 2976.3|multimer )
2969.8 | 2966.0 [multimer 5
" 2963.1 | 2963.2 |MONOMER | CH, asym. stretching (A')
2956.8 | 2956.9 |Monomer 2 x 1480.5 = 2961.0 (A')
2950.1 | 2950.5|multimer |
2933.6 | 2933.2|Monomer 1480.5 + 1462.5 = 2943.0 @y
2912.6 |~2914 |Monomer 2 x 1462,5 = 2925.0 (A")
2895.1 | 2895.8|Monomer (1462.5 + 1449.6 = 2912.1 (A')
2874.6 | 2874.8|Monomer 2 x 1449.6 = 2899.2 (A")
2866 128643 |multimer
2849 2851.5 |multimer
2819° | 2821 |multimer ‘ |
12816.0 | 2815.8|MONOMER CH3 syn. stretching (A')
~2797 2812,8{multimer
n2785 2787.3 |multimer
n1655 = |multimer NH2 sci88°rs @
1642.0 - |MONOMER
1480.5.' 1481.2 |[MONOMER .. ~ CH, asym. deformation (A") .
1471.7 =  |multimer ' o
1462.5 14632 |MONOMER ‘ CH, asym. deformation (A')
1456.3 - multimer ‘
1449.6 | 1451.0 |MONOMER CH, sym. deformation (A')

<=



Table 4,3 (contd.)

Frequency cm Species Assignﬁent
Infrared | Raman
1433.6 - multimer
1152.0 multimer .
1144.0 1143 |MONOMER CH3 rocking (A')
1126.6 multimer
1125.0 | 1121 |MONOMER CH, rocking (A")
~1090 multimer o
1085.8 ‘ dimer
1055.7 1061.6 |dimer .
1052.0 monomer? .8ite band
1049.5 | 1049.5|MONOMER CN.gretching (A')
1043.0 1043.5 |monomer ‘
~ 966 )
v 945 :
~n' 907 \ multimer |
~ 885 | .
'868
 840.4 dimer
8364 multimer
832.0 , multimer
816.0 -  |MONOMER NH, wagging (AY)
795.2 multimer
792.8 multimer
- 365.5 |dimer -

vy



Table 4od

\ .

Infrared and Raman bands observed for CH,ND, in 'an argon matrix

,Frequency cm-1 | Species ..Assignment
Infrared | Raman
n2995 ' mltimer :
2991.1 | ~2991 |MONOMER CH, asym. stretching (A")
2985.0 2983,0 {multimer
2969.8 -~  |monomer - ‘site band
2966.0- 2966.0 |MONOMER CH3 asym. stretching (Af)
2962.4 2960, 5|Monomer 2 x 1479.3 = 2958.6 (A')
2957 - |oultimer | |
V2943 - multimer | L
2933.0 - |Monomer: 1479.3 + 1462.2 = 2941,5 (A")
2917.3 | 2916.5|Monomer 2 x 1462.2 = 2924.4 (A')
"2909.3 - multimer ‘
2899.1 | 2902.5[Monomer 1462.2 = 2924.4 (A')
2892.8 .- multimer
2877.8 2880. 5| Monomer 2 x 1456.0 ‘= 2912,0 (A')
2870.7 - |multimer o
2818.7 | %2819.0|MONOMER [CHy sym. stretching (A')
2811.8 = . |multimer :
2809.3 - multimer
¢2554' - multimer
2548 * | 2548.0|MONOMER ND2 asym, stretching (A")
2545 - ‘
2534 T |'bmultimer
2527.8 -
2518 -
2478 - |
&2462' 2461.0 QONOMER ' ND2 sym. stretching (A')
2456.5 | - | | ‘ SRR -
2432 - 7 : ~ :
2416 - fﬁultimer‘
n2390 - o
v2340 - - . \
o y . TS B




Table 4.4 (contdo)

Frequency cm Species Assignment
Infrared | Raman

1487.6 mul timer . ‘
(1479.3 1479.0| MONOMER CH, asym. deformation (A")
V1476 - multimer ; ,
1462,2 1462,0 | MONOMER cH, asyn. deformation (A')
1456,0 | 1456.0 |MONOMER" : CH3 sym, deformation (A')’
1245 multimer '
';41225 multimer

1218.6 multimer

1207.6 | dimer -

1203.0 | %1200 |MONOMER' ND, scissors

1189 - |wvowEr c, rocking (A')
V1134 mul timer |

1125.5 -  |MONOMER CH, rocking (A")

1120.5 multimer
v1035 dimer :

1011.1° multimer | .
1006.1 | 1006.0 [MONOMER CN stretching (A')
1001.1 |~1000 {multimer ' ' |

994.9 site monomer
n 758 - I;{ONOMER ‘ ND, twisting (A")

683.4

668.6 >multimer

1663.0

659.6

. 656.6 dimer

654.2 dimer

(644.8) . (N2 induced)

638.6 - MONOMER 'NDz wagging

634.2 monomer

632.2 monomer site bands

630.4 monomer '

4 .
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Table 4.5

\

~ Infrared and Raman bands observed for CH, ND, in a nitrogen matrix

Frequency cm ' | Species ‘Assignment.... . ..
Infrared| Raman
2993.4 | ~ - |wmultimer |
2987.2 | 2987 |MONOMER - CH3 asym. stretching (A")
2976.6 - multimer ' o
) 2965.3 - multimer . :
St | 2962.2 | 2962.8|MONOMER CH, asym. stretching (A')
2959.7 - |Monomer 2 x 1479.6 = 2959.2 (A')
2950.6 | 2950.8|multimer - | |
2932.6 | 2933.0|Monomer ©1479.6 + 1462.2 = 2941.8 (A")
2919.0 - |multimer [ o e
2913.3 - |Monomer | 2 x 1462.6 = 2925.2 (A')
' 2907;0 | - multimer ‘
2898.8 | 2901.4|multimer ‘
RPN 2894.6 | 2894.8|Momomer | 1462.2 + 1456.0 = 2918.2 (A')
2889.7 - |multimer | ‘ | o
2882.6 |~2882 |multimer .
2873.8 | 2874.0|Monomer 2 x 1456.0 = 2912,0 (A')
2869.7 - multimer ' : o ' ¢
2818.3 - |multimer
'2814.5 | 2814.7]MONOMER - CH, sym. stretching (A") |
2809.7 | 2810.2|multimer .
2545.8 | 2545.8{MONOMER | ND, asym.stretching (A")
2532 - |dimer = i
o 12524 - multimer
: : 2476 - monomer? ; o
@2456 2458.1| MONOMER * v' ND, sym. stretching (A')
n2453 - | o T
v416 | - R ]
.‘2402. - rmultimer R - \
2385 -
n2344 - | ‘ | | |
1479.6 | 1480.5|MONOMER CH, asymdeformation (A") |
‘147644 - multimer - : e




Table 4.5 (contd.)

MONOMER

Frequency cm Species: Assignment

Infrared| Raman

1471.7 - |multimer
,1466.9 | ~1466 [multimer
1462.6 ‘1462.6 MONOMER CH, asym. deformatiop a")

1456.0 ~1456 - |MONOMER = CH, sym. deformation (A')

1226.3 -  |multimer I

1222.4 - |dimer

1218.2 - - |dimer

1211 - -

1207.1 ~1208 MONOMER “ND, scissors (A')
_1128.0 - MDNOMER;. CH3 rocking (A") .
~1035 1039.7(dimer |

1007.3 1008,5|multimer :

1004.1 | 1005.0|MONOMER . CN stretching (A')

999,0 999,5|multimer SR ‘ '
~ 700 - .

691.6 -

690. 6 - | pmultimer

687.6 - |

684.2 -

670.2 - |dimer

668.0 - |multimer
. 663.4 - multimer |

653.6 | 654 ND, wagging (A')

LETN
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were made to obtain spectra at high dilution but the large
amounts of matrix maégrial wvhich were required to obtain a
spectrum caused excessive scattering of the incident radiation
from the infrared source. No satisfactory spectra wére obt#ined
to enable an accurate frequency assignment of thé bands, How~
ever, in contrast, aé shown in Fig. 4.1 in the Raman the monomer
NH stretches were much stronger and therefore easily identified.
The two groups of bands in this region for methylamine showed

the presence of multimer bands which disappeared as the M/A ratio
was increased. The monomer NH stretches consist of two bands, ;
' 1

' The strong band at 3352.3 em © in argon and 3349.2 cm'1 in nitrogen

corresponding to the 3360 cd-l band in the infrared gas phase
is clearly the symmetric NH stretch and the weaker band at
3414.8 cm-1 in argon and 3411.0 o::mm1 in nitrogen is assigned to
tﬁe antisymmetric stretch. On deuteration thé ND stretcheé are
slightly strongér in the infrared but again are more easily
identified in the Raman spectra. For methylamiﬁe-dz (Fig. 4.2)

the ND symmetric stretch is at 2461 cm_1 in argon and 2458.1 t:un'.1

1

in nitrogen and the ND antisymmetric stretch is at 2548 cm - and

2545.8 o::mm1 for argon and nitrogen matrices respectively. 1In

‘the Raman spectra of a mixture of methylamine and methylamine~d2
the stretching frequencies of the CH3NHD molecule have been
recognised. The NH and ND oscillators in this molecule are
essentially indeﬁendent and the NH and ND stretching frequehéiea .

1

have been identified at 3382 cm and 2498 cm ! respectively in

Qrgon and 3373.7 cm-1 and 2495.5 cu\-1 in nitrogen.

4,2,2. CH stretching region

A complex series of stfong and medium intensity bands occurs



'in the CH stretchiﬁg region of methylamine in argon or nitrogen
for both the infrared.and Raman (Fig 4.3)s The effect of
’changing the MfA ratio'for both matrices only slightly affected
the spectral features in this region. A shgrpening of the main
' bands was observed with increasing M/A ratio as a resu1t of a
decreasing in the intensity of the shoulders on these bands,
These shoulders are due to multimer species having frequencies
vety close to those of thg monomer bands.

Comparison of the infrared and Raman monomer spectra in the
CH stretching region allowed positive assignments for the CH
stretching fundamentals to be made for each of the isotopic
species studied.

The Raman spectra of methylamine show clearly that the
strOngesﬁ feature is the CH3A“symmetric stretch at 2819.3,::11\"1
in argon and 2816.0 cm-l in nitrogen corresponéing with 2826 cm
foﬁnd in the infrared and Raman gas phase. The Cﬂs A*’ anti=-
symmetric stretch will be expeqted to be weaker in the Raman

than the infrared and hence leads to the assignment of the band

at 2990.8 cm-.1 in argon and 2985.3 cm.'1 in nitrogen to this

fundamental (Fig. 4.3). The‘CH3A‘ antisymmetric stretch corres- \

ponds to 2967.1 cm-; in argon and 2963.1 cm"1 in nitrogen. The
‘remaining monomer bands are due to overtones and combinations of

the CH, deformation modes intensified by Fermi resonance with

3
the A” fundamentals. Tentative assignments are given in Tables

4,2 ana 403.

‘The spectrum of methylamine-d2 is very similar (Fig. 4.4)

the CH3

The aséignments'are given in Tables 4.4 aﬁd 4.5,

-

1

fundamentals of the molecule being essentially unahifted.yu

167
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4.2.3' CH3 deformations{regioﬁ

There are three methyl deforﬁations, again multimer
absorptions overlap orJappear as shoulders on the monomervbands.
Thése shoulders disappear with increasing‘M/A ratio. Thé ﬁonomet ‘
CH3 deformation region of methylamine in argon cbmprises,banda |
©at 1480.8 cm !, 1463.8 cm - and 1449.5 en’! in both the infrared
-and Raman (Fig. 4.5. The very weak band at 1450 »cm-1 corresponds
to the symmetric deformation which is considerably shifted from |
the apparent gas phase value of 1430.6 em {96}, A band was
observed at 1428 cm-1 in the matrix but the symmetric deformation °
vwould not be expected to shift appreciably for the methylamine-dé:
molecule. This is the case the band at 1456 ctnm1 being assigned
to this mode. Confirmation that any shift on deuteration is
small is provided by the CH3 stretching region since the overtone

and combination bands are not shifted appreciably from the

values for CH3NH2

The A” and A”” CH3 antisymmetric deformations are‘assignéd
in agreement with the gas phase assignment and ﬁavq frequencies L
of 1463.8 em - and 1480.8 em b corresponding to the gas phase
valﬁes of 1473.6 cm-1 and 1485.1 cm—1’{96}. These frequéﬁciag
along with those obtained for these molecules isolated in a

"nitrogen matrix are given in Tables 4.2, 4.3, 4.4 and 4.5, Again

the shifts from argon to nitrogen are slight.

b2, 4  NH,(ND,) bending modes (scissors) |

- For the CH,NH, molecule the assignment is the same as that
iof previous workers {96}, but due to the presence of atmospheric
water vapour in the inftated spectrometef housing aribing ftom |

the absence of adequate dry #ir flushing equipment the amouht of



energy available in this region was limited. Only two bands

were observed in the infrared. The main spectral feature (a

broad band at 1623 cm-l), present at high M/A ratios, was taken

as being due to monomer and agrees well with the ghs phase

value also of 1623 cm.l. This band shifts up to 1642 cm-l‘for

. CH,NH, in a nitrogen matrix. No Raman band could be obtained
in this region for CH3NH2 in argon or nitrogen matrices even

at the lowest M/A ratio, largest amounts of matrix deposited

and highest spectral bandwidths practicable. Although "C.A,T."

1085

facilities were available for the Raman work, it was not envisaged

‘that additional data over the results already obtained in the

infrared would be gained by using this method.

1

In CH.ND, the ND2 bending mode moves down to 1203 em - in

372
argon and 1207.1 cm-1 in nitrogen. On the basis of the above
frequency assignment, the coiresponding band for CH3NHD would it
be expected to be around 1440 em ! but no band was decectea'in
either the infrared or Raman in either matrix. Since this is

the region of the CH3 deformation modes, the NHD bending mode

may overlap with one of these bands.

4.2.5 CH3

These modes were very weak in both the infrared and the

rocking modes

Raman (Fig. 4.6). Durig et al {94} assign both the A~ and A**

1

- CH, rock to a band they observed at 1140 cm = for CH NH, and

3 32

1128 cm"1 for CH3ND2 in an argon matrix. In the gas phase of

CH3NH2 Gray and Lord {96} observe the A’ component at 1130 cm

and assign the antisymmetric A*” CH3 wagging vibration to an

- assumed value of 1195 cm-l, although they did not observe a bahd

in this region. Hirakava {95} calculates this vibration and

1 N
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gives it a value of 1120 cm-l.

In this work in the infrared two bands appear to be due

1 1

to monomeric absorptions they are 1139.7 cm- and 1117.4 em

for CH3NH2 in argon, but owing to the weakness of these bands
the M/A ratio dependence is not clear. However, fhey are‘still
present at high dilution at wﬂich multimer species have disap4
peared from the spectra. Confirmation of these bands in the
Réman was not_possible for the,argoh matrix, but good agreeﬁent.
was obtained between the infrared and Raman spectra of CH3NH2
isolated in a nitrogen matrix (nitrogen gives clearer matrices
‘than argon). Bands at 1144 cm"1 and 1125 c:m.1 in the infrared
. corresponding to 1143 cm.—1 and 1121 cm—l‘in the Raman were assigned
to the A’ CH3 rock and A** CH3 rock respectively. | :

| For CH3ND2 in argon the CH3 A’and A** modes wgte found at

1125.5 cm-1 and 1189 cm"1 no corresponding bands were able to be -

. found in the Raman and only the CH3 A’ mode was found in the

nitrogen matrix at 1128 em 1,

4.2,6 CN stretching region

The CN stretching mode has a strong absbrption in ﬁhe
infrared for all the isotopic species studied in argon and nitfogeﬁ
- matrices (Figs. 4.6 and 4.7). The structure of the CN stretching
-absorption is complex for each isotopic species there are several
bands'in this region exhibiting different concentration depen=-.
dence.‘ Additional monomer bands appear to be present at higher

~ M/A ratios and disappear on annealing the matrix at a temperature

which makes diffusion unlikely. These absorptions have therefore :

been assigned to monomer occupying alternative trapping sites,

. The disappearance of the bands on annealing parallels similar

i
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| intensity changes in the NH2 wagging regibn - botﬁ régioné appear k

g | to be sensitive to the environment. A fuller diaéuasion of |

these effects will be éiven later in this chapter. The CN ,

stretch of CH3NH2 and CH3ND2 in argon w;s found to‘be 1052.3'¢§F1
and 1006.1 cm-1 respectively. The identification of the CN
“stretch at 1042.0 cm  for CH ,NHD in argon was made possible

by ﬁsing 50350 mixtures of CH3ND2 and CH3NH2 and allqwing iso-
topic exchange to take place (Fig. 4.7). The values for the

CN stretch for the molecules isolated in a nitrogen matrix are

given in Tables 4.3 and 4.5.

4,2.7 NHZ wagging mode

The NH, wag is the strongest absorption in the spectrum

2
‘of the methylamines in the infrared in both argon and nitrogen

matrices, Figs. 4.7, 4.8 and 4.9, but was too weak to be obse¥ved,_
in the Raman. | |
The structure of the NH2 wag monomer absorption in CH3NH2
in argon is complex due to the presence of alternative trapping’
gites (see later); The strongest abso:ption (f96.1 cm-l) at
"high M/A ratio that changed least in intensity aftér annealing:
was taken as the mondmer band in the most stable site,
~ The correqunding absorption fqr thig mo@e‘fo: Cﬁannz is
1 .

identified at 639.0 em © in argon. Mixtures of CHSNHz‘and

CH3NDZ isolated in an argon matrix produced an additional series

of bands of which an absorpfion at 702.0 cm-‘1 is asaigned to the '
NHD wag. '

| Methylamine in a nicroéén matrix shows less éOmplex spectfalfi
features at high M/A, and the monomer speéies‘iskmofe easiiyp B

.identifiable at 816 cm-l. Assignments for CHBNR2 and CH3 2;‘




are given in Tables 4.2, 4.3, 4.4 and 4.5,

4.2.8 NHz twist

The frequency for the NH2 twist has been under dispute
{94,95,96,102,103}. Lord and Gray observed a band in the gas
phase spectra of methyl--d3 amine at 1416 em ! which they assigned

to the NH, twist for this molecule, and calculations showed that

2

the NH2 twist of CH3NH2 should be at 1455 cm-l. Crawford‘{103}
1

calculated the NH2 twisting motion as being 977 cm 1

and 744 cm ‘

for CH3NH2.and CH3ND2 respectively., Later Hirakawa {95} in his
’calculations took the NH2 twisting frequency for CH3NH2 to be‘at
1419 cm“1 but found that his force constant calculations gave
no‘informatipn as to the frequency of this mode. Durig et al
{94} report that the NH2 twist is absent from the matrix isolgted
but is present in the solid spectra. |

In this work in the infraréd spectra 5f matrix isolated ‘
CH,NH, and CH,ND, in argon weak bands were observed at 972 em !
and 758 cm-1 respectively but they are too weak for the M/A
dependence to be studied in detail., However, the ppecfra of
CH3NH2 and CH3ND2 mixtures in argon and nitrogen'(Fig. 4.7)‘
show bands at 885.7 cm-1 and 892 cm"1 respectively which parallel
the absorption of the NHD wagging mode even at high M/A ratio.

| Siﬁce it is present at M/A ratios where multimer species have
vdisappesred fromAthe spectra this band must be assigned t&
monomer and hence to the NHD twisting vibration in agreement
with Wolff's {97} gas phase Raman observation. The apparent
intenaificacion of this vibration relative to NH, ahd ND, is

’ due/tofifs close proximity to the Very atrbng NHD wagging. I; !

the case of the NH, and ND, species the twisting and wagging
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vibrations are still close together, but interaction cannot
take place because one vibration is A“” and the other A®. In
the case of CH3NHD,,which has no symmetry, the interaction is

allowed.

4.2.9 Torsion

Gray and Lord {96} assigned the torsion in the gas phase

for methylamine at 263.4 em L. Durig et al {94} claimed to

1

have observed this fundamental at 370 cm - for methylamine

isolated in an argon matrix. However, although a band is
obgerved'at this frequency in this work it only appearé htylow
‘M/A ratio and is not present at high M/A ratio. Therefore it
is reasonably assigned to the torsion mode of{a multimer, most
_probably dimer. The torsion would not be expected’to shift a
great déal from the gas phase value and certginly not 100 cmfl.

" No band was found for the torsion in either nitrogén or afgon‘in'
the inf:afed for the experiméntél fréquenéy rénge (down to

250 cﬁ-l) dnd no band was observable in the Raman spectra.

A comparison of the gas and matrix CH,NH, and CH3ND2

fundamentals in the infrared and Raman is giveﬁ in Table 4.6,

4.3 Product rule ratios ‘ S i
The monomer frequencies for the isotopic species of -
methylamine in an argon matrix are summarised and comﬁared with
the cotre;ponding gas phase fréquencies in Table A;7g' |
In order to check that these aasignméntl were reasonable
the Teller-Redlich product rule was applied. The genefal fnrmulak‘

for ani molecule is:

L a 8 i/ i ing/ ie
1Y e | (™ <m2) VARV (S i
—

———— ——
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e L]
where m, MWy, etc. are the masses of mndividusal atoms in sets of -

equivalent nuclei.
M is the total mass of the molecule.

a, B etc. are the number of vibrations contributed by

‘each set of atoms to the symmetry type considered. | ‘
t is the number of translations of the symmetry type considered.
I is a moment of inertia and x, y and z = 1 or 0>depending

on whether or not rotation‘aboﬁt that axis is of the symmetry"

type considered.

The superscript i designates an isotopically substituted

molecule.’

The observed and calculated Teller-Redlich product rule
ratios are given below., The moments of inertia for the various
isotopic species of methylamine were calculated using computer

program GCCC (chapter 5).

Molecule Species Calculated Observed
t
CHND, /NH, A ~ 0.406 . 0.436
" i .
 CHND,/NH, A ’, 0.444 0,495
CHSNHD/NH2 - 0.427 0.491

From the aréon matrix spectra of both the infrared and
Raman, the fundamental frequencies of CHBNH2 apdkCHsNDZ atgkknownﬁ;‘
with reasonable confidence and agreement between the observed and . -
calculated product rule ratios is good. | f

The differences between the observed and calculated values ;

are small and are in the diréction expected'ai a cbhséquence‘of




anharmonicity (since v,  w, the observed values are higber).

In the case of the CH3NHD molecule, the NHD scissoréﬁis
unobserved, the value u;ed is calculated from the other isptopic’
species scissoring frequencies using the sum rule. The torsion
for the CH3NHD molecule is also estimated using the s#me method.'
The agreement between the observed and calculated product rule

ratios is reasonable in view of these approximationa.
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Table 4.6

t

- Comparison of the gas. and matrix methylamine fundamentals

CHBNH

Sym. | Mod;e . . 2
Gas |Argon matrix |Nitrogen matrix
I.R. +Re Raman | I.R. Raman
A' |NH, sym. stretch. | 3360.0 n3346 3352.3 ~3350 ' [3349.2 |
CH, asym. stretch.| 2962.0| 2967.1/2967.4| 2963.1)2963.2
’ cu3 sym. stretch. -.2820,0] 2819.3}/2819.0| 2816.0{2815.8
NH, scissors | 1623.0) 1623 | - | 1642 | -
CH, asym. def. 1473.6 1463.8|1465.3| 1462.51463.2
|cHy sym. def. '1430.6] 1449.5|1451.5| 1449.6]1451.0
| | CH, rock. 1129.8) 1139.7[ - | 1144.0{1143
& stretch. 1044,1| 1052,3/1053.1 1049.5/1049.5
NHz(wag. 780.1( 796.3] = 816.0| -
A" |NH, asym. stretch.| 3423.6[13410 [3414.8|r3410 |3411.0
CH3 asym. stretch.| 2895.0| 2990.8/2991.0{ 2985.3}2985.0
CH, asym. def. 1485.1( 1480.8)1482,2| 1480.5/1481.2
NH, twist. 419) |vor2 | - | - -
GH, rock. (1195)" | 1117.4] = | 1125.0[1121
cH, torsiopi \263.9 - ~ - -




Table 4.6‘(contd.)

Sym. Mod; CH3ND2
Gas |Argon matrix |[Nitrogen matrix
I.R.’ I.R. Raman | I.R, Raman
A" [WD, sym. stretch. [ 2479 | -  |2461.0 n2456 2458.1
CH, asym. stretch.| 2961 | 2966.0{2966.0| 2962.4]2962.8
© |cH, eym. stretch, | 2817 .| 2818.7|2819 . | 2814.5(2814.7
ND, scissors | 1234 | 1203.004200 | 1207.1ja208 |
|cu, ssym. def. | 1468 | 1462.2|1462 | 1462.6|1462,8
| CH3.sym.‘deff'A; 1430 | 1456.01456 | 1456 -|1457.5
cH, rock. (;117 | u2ss) - |2 |-
CN .stretch. | 997 . | 1006.1|1006.0 1004.1{1005.0
WD, vag. 625.4| 639.00 - | 653.6] 654
A" ¥, asyn. streteh.| 2556 | 2548 |2548.0| 2545.8|2545.8
CH, asym. stretch. 2085. | 2991.1]2991 | 2987.2/ 2987
Gl asym. def. (1485 | 1479.3(1479 " | 1479.6 1480.5
ND, twist. (820) | 758 | - | - -
CH, rock. 1187 | 1189 | - - |-
CH torsiqﬁ- 224.5| = - - -

Ve



. Table 4.7

Comparison of the gas and matrix‘CHBNHZ, CH3NHD and CH3ND2 fuq#amgntals ;

J .‘MOde CH3NH2 CHBNHD . CH3ND2‘
Gas® maﬁiix Gasb maﬁzix Ggsa maﬁzix

vy Nuz(ﬁun)unz sym. stretching | 3360.0/3352.3 | 2506 |2478 | 2479 |2461.0
'vz CH,  asym. stretching 2962.0[2967.1 (2962)12966.5 | 2961 12966.0
Yy | CHy sym. stretching 2820.0(2819.3 {(2818) | 2819.0 | 2817 [2818.7
94' NH, (NHD)ND, scissors 1623.0|1623 | 1469 | = | 1234 |1203.0
Vs | ci, asym. deformation 1473.6|1463.8 [(1471) |1464.3 | 1468 [1462.2
Ve CH, sym. deformation 1430.6 |1449.5 |(1430) | 1456 1439 1456.0
Yy CH, rocking 1129.8{1139.7 | 1143 [1130.4 | 1117 {1125,5
Vg | CN stretching [ 1044.111052.3 1032 |1042.0| 997 {1006.1
Yy NHZ(NHD)NDZ wagging 780.1| 796.1| 688 | 702.0 | 6254/ 639.0
¥ 10| NH, (NHD)ND, asyn. scr;cchipg 3423.6[3414.8 | 3388 3376 | 2556 (25480
V., G asym. stretching | 2985.0(2990.8 (2085)(2991.3 | 2985 |2991.1
V14| CHy asym. deformation 1485.1]1480.8 [(1485)]1484.1 |(1485) |1479.3
V) 4| NH, (NHD)ND,, twisting (n980)° [v972 | 878 | 885.7 {(v820) |v7s8
Y14 i, ;acking % h (1195) [1117.4 (1174)| = | 1187 1189
V14 CH, torsion 263.9| - |@w)| - | 2245 -

‘a. Ref. 96

b.. Ref. 97



4ot Multimer band assignments .

The number of possible multimer species of methylaﬁine,'
_that could be formed due to aggregation of molecules in a matrix
environment is very large. For a multimer éonsisting of'a,
given number of molecular units the number of possible strué-
tures of these units may be limited by the nature of the
environment itself and only the more stable multimer species
will be present in signifiéant numbers., These multimer species
may be divided into two classes; opén chain and cyclic. |

The effects of hydrogen bonding on the N-H sttetching
frequencf is well known. Several attempts have been made to
calculate the value for the enthalpy of'hydtogen bond formati&h
but the results of the various methods used"{104,105,106} are
inconsistent. HoweQer, there is a certain amount of evidence
that methylamine is associated even in the gas phase {105},

The presence‘of bands due to multimer species, which drej
highly dependent on the M/A ratio, are apparent in both the

infrared and Raman spectra of methylamine in argon and nittdgen.

4,4,1 NH stretching region

Due to the weakness of the NH stretch in the infrared a

detailed study of the concentration dependence of this region
was not possible, Tentative assignments are made in Tables 4.2."v
4.3, 4.4 and 4.5. A band at® 3305 cm } in the Raman spectra of
; CH3NH2 in a nitrogen matrix disappears rapidly with increaainév
M/A ratio and is reasonably assigned to a dimer absorption.

' For the NH stretching region bands are still présent aﬁ
high M/A to much lower frequency than the ﬁonémet bands. .Thii‘
excludes the possibility of these befﬁg due to diff;rent‘iitcl

i
;g ‘ i « - - L L LRI
|



since the expected shift woﬁld not be so great, Since there
is>still dimer band present in the NH2 wagging region éQen aé"
high M/A it is conclud;d that these bands are due to the NH
stretch of this dimer. | |

On deuteration a similar pattern of absorptions is
observed in the infrared for both argon anq nitrogen but again,;

the bands are too broad for their concentration dependence to

be studied in detaii.

2 wagging region

4.4,2 NH
| Fig. 4.8 shows the spectral changes that occur with

increasing M/A ratio for methylamine isolated in an'argon‘matrix

| and also demonstrates the effects of monomef diffusion, The

‘,highest frequency multimer bands (A) disappear very quickly'with

increasing M/A ratio but do not appear after the diffusion

6pefation has been carried out. These bands coUld well Bé -

assigned to cyclic multimer‘species which although trapped on

7 depoétion would be unlikely to be formed due to diffusion of

monomer species. |
For the bands of region (B), only one band at 818.6 cm

remains at high M/A ratio. Since, generally, the pulse deposi~=

" .tion technique was adopted (since it gave clearer matrices) it

could be argued that this band is due to monomer diffusion |

. caused by the p&ssible heating effect of the pulse technique.

If this is true the most likely diffusion operation during

deposition would be expected to be local surface diffusion,

' Due to the size of the methylaﬁine molecule it is unlikely that

true diffusion will occur on carrying out an anﬁealihg opera:idﬁ-

~ Surface aggregation, due to'evaporation of the argon matrii.il_

1 .

- :

Latel
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the most likely mechanism to produce multimer species. Since

this band at 818.6 cmfl is present in the S.S.0. éxperiments ét
high M/A ratio and thié band does not increase appréciably after
‘diffusion this may well be due to an‘;ssociated gas phhse’multimer 7
spécies isolated in the matrix and is most proBably an open |

chain dimer.

Fig. 4.9 demonstrates the effect of increasing the MfA
_ratio on the NH, wagging region of methylamine iéolated in a
nitrogen matrix. Multimer bands to high frequen;y of the main
monomer band disappear quickly with increasing M/A ratio which
‘may_refléct on the greater isolation capabilities of nitrogen.
The band at 840.8 cm © is assigned to open chain dimer, However, '
the intensity of the 816 em * band proved troublesome in
studying the M/A ratio dependence of the multimer species‘in .
the spectra of methylamine. It appeared to increase its reiativé
inteﬁsity with increasing M/A ratio compared to every band
"including other monomer bands. It appears that sdme‘kind L
of long range interaction of this mode with the ﬁitrogen matrix
was occurring, A detailed disgussion of this effect‘ii'délayed
until chapter 8 owing to the importance of this effect in the
discussion of the quantitative results.

Fig. 4.9 shows the effect of diffusioﬁ on the spectra of
matrii isolated methylamine in a nitrogep matrix. Crystalline
.nitrogen has two stable forms o and B with a transition teﬁp*
erature at 35.6 K {107}, The low temperature o form,,whicﬁ is
the one that will be formed in this seriés of‘experiments;
crystallises as f.c.c. It is hoc expected that @ethylamine
monomer will diffuse thrbugh the matrix below 36 K but since

appreciable evaporatidn of the matrix is occurring the increase
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in the multimer species will again be due to surface aggregation.
. At temperatures above .the trapsition temperature rearrangement

of the lattice structure causes excessive dislocations allowing

rapid monomer diffusion to take place.

Fig. 4.10 shows that for the same M/A ratio and ambuﬁt, A
deposited, depoéition at 20 K apparently produces more multimer
'abaérption than deposition at 4 K. This would be expected due
to increased isolation efficiency at the lower témperature.f

However, an intereéting effect is the apparent increase
in intensity of the dimer band on raising the temperature of
thé matrix to = 20 K and then decreasing again to 4 K. ‘As'can'
be seen from Fig. 4.10 this effect is not completely reverdiﬁle
but it does take place at temperatures well below Td' The |

reason for this effect is not quite clear., .

4.,4.,3 Other modes

The CN stretching mbde for methylamine exhibité a series
of bands shifted to higher frequency than the monomer. The
bangs do not change their intepsity when anneaiing of the matrix
is carried out but do disappear from the spectra on ihcteasing
'-the'ﬁ/A ratio. Controlled experimentation at temperatures wherq
"diffusion" could take place does not appreciably change the
appeafance of the bands in either argon 6: nitrogén mhtriéea
. although bands Eo’higher frequency appear. (Due to high multimer
species forméd as a result of surface aggregation.) Thus the
series of bands ihitially observed’and present in very dilﬁte
m#tricea are iherefore reasonably due to low multimers most
ptbﬁably open chain dimer.

The CH3 stretching modes, and NH2 bending all exhibit



Fig. 4.10 Temperature Dependence of the Bands in the NH2 Vagging
Region of Methylamine in a Nitrogen Matrix
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| 8

shoulders (Tables 4.2 and 4.3) which may be assigned to muitimar :
lspecies. Due to theiricIOse overlap with the monomer bands a
detailed study of the ﬁ/A ratio dependence was not attempted.

The same pattern was observed for all the isotopic species

studied. The remaining CH3 deformation modes are little affectadk

by association effects.

4,5 Site effects

4.5.1 Methylamine in an argon matrix

This discussion of site effects will be concentrated on

the NH, wagging region since this region appeared to be the

2
most sensitive to the matrix environment from this respect.

At a M/A fatio‘of 2,000 there are fivejbands in,therNHz
region which appear to be due to monomer absorptions. The
 effect of temperature cycling was carried out tb investigate the
possibility of rotation of the me thylamine molecﬁle in the afgon
. matrix, Fig. 4.11 shows the effect of temperature change of the
.absorptiona in the NH2 wagging region. From the resulte'thel
effect of temperature change on the spectra were not reveisibie
and excluded the possibility that methylamine is rotating and
indicated the possibility of multiple trapping sites,
~ If the isolated molecules were indeed distributed in
several alternative trapping sites or could exisﬁ in different>
~orientations wighin a site’without exchange between them then
the environment of the matrix isolated molecules and thus the
force field surrounding the molecule would be different in each
case. The presence of two or more force fields will effectively

modify the force constant for a particulaf normal vibiatiou which

would bc reflected in its vibrational sﬁectrum. It would be
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- Fig, 4,11 Teméerature Dependence of the pénds in the NH, Wagging

RegionkoffMethylamine'in an Argon Matrix,
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, v , “h
expected that these effects should be observed in all the funda=-
mental regions. The énvironmental effects appear to pérturb‘

’ more strongly than other fundamentals although multiple monomer
Bands do appear in other specéral regiéns particularly the’CN |
qtretch. N | |

The solid’matrix formed in a typical matrix isolation
experiment would be expected to be imperfect because of the

nature of the deposition prbcesa (rapid congensation). It is 
known {108} that argon deposited at # K has a high density of
dislocations which would tend to.provide additional trapéing
sites. It would therefore be expected that‘there'shoula.be
an increase in the number of trapping siiea at 4 K than at 20 K
and this is in fact the case. Fig. 4.1l shows the effect of
deposition at 4 K and aubsequent annealing and cooling to 4 K
again, and also demonstrates the effect of depbsition technique
on the spectrum, bands at 766.8 and 764.2 cm~1 for tha S.S;O;4£ééhni~
que are entirely missing for the pulsed deposit{qn experiment
possibly due to th;‘annealing effect of the l#ttet technique,’

Leach {74} discusses multiplet structure of crystallineA
organic solutions. Leach's argument may’also be applied to |
matrix isolated molecﬁles.’ It implies that the presence of
impurities i.e. solute molecules, may induce particular and varied"
forms of short range or long range order in‘the,surroumding

.matrix; the greéter the amount of matrix host material present
the greater the possibility of stabilising a partichlar ﬁaéking
structure of the matrix around the solute molecule. This effect
can be seen in Fig. 4,12 by iﬁcreasing the M/A ratio the reiatiﬁev
absor?;ion of the band at 776.2 em * increases but this band |

di:appéars quickly when an annealing experiment'il carried out
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Fig, 4,12 Infrared Spectra of CHSNH2 in an Argon Matrix showing the

M/A Ratio dependence of the Site Bands in the NHZ Wagging Region.
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“and would therefore be regarded as the least stable trapping sites -

.The annealing of the ﬁatrix would modify the number of these
multiple trapping sitee and so give rise fo variations in the
number of multiplet structures reflected in the relatiVe inten-
sity of the fundamentale of the molecules isolated ln them. The
' peraistence of multiple sites after thorough annealing implies

- .that the potentlal barrier to conversion of the diffetent struc-
. tures into the most stable one is very high or that the various
sites have closely similar stabilities. From the spectral evi-
dence for methylamine in argon on annealing it appears that the
main monomer band doee not increase its absorption and so it

must be implied that none of the sites 1nterconvert to the main

monomer site but simply.lose their identity as a aite through

aggregation.

4.6 Impurity effects on the matrix isolated spectrum of methylamine

It is well docummented {109-113} that the presence of trace"'
amounts of nitrogen impurities will be sufficient to suppreser
rotational features in the matrix isolated spectra of the ;
hydrogen halides and induce bands not present in‘the abseece of
this impurity. However, water and oxygen do not appear to affecé

‘the hydrogen halide bands.

It is therefore necessary to know what effect amallyquanti- L
~ ties of atmospheric or sample impurities could have upon the
- matrix isolated spectra of a solute molecule.

The most likely impuritles to occur in the sample of
methylamine are ammonia, water {113,114}, oxygen and nitrogen.
Mo spectrum of matrix isolated methyIamine was found to contain

ammonia impurity. However, owing to the difficulty of efficient
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- drying of the methylamine several of the’observed.spectra did
have small traces of the matrix isolated water bands. Coﬁpa:iQ
son of these spectra with ones determined under aimilar.
experimental conditions but free from watér impurities aﬁqwéd

| no detectable differences in the spectra except for the absence
of the impurity bands. | |

Oxygen and nitrogen are very easily:ﬁentifiéd in an Qrgon
matrix in the Raman, ﬁaving‘characteristic frequencies at
1552.0 cm'-1 and 2327.2 ém-l respectively. Howgver,‘no mattii
isolated spectra of methylamine run on.the Raman equipment

 contained any sign of bands in these regions and it was @onéludedt
that oxygen and nitrégen impurities were absent and also that‘

no atmqspheric contamination was occurring.

‘The presence of oxygen and nitrogen cannot be detected
in the infrared since they have no infrared active'gbsorpfibns.

Only one band at 806 cm_l in the NH, ﬁagging regioﬁfh
obéervedvin the infrared spectra of CH3NH2 in argon was ifrépro-
ducible, occasionally appeatiné at high M/A ratio or after a
diffusion operation, This behaviour is inconsistent with

. either monomer or multimer species.

The effect of a 0.57% nitrogen doped argon matrix (M/A
ratio = 200/1/1 Ar/CH3NH2/N2) on the NH, wagging region is
shown in Fig. 4.13 compared to an undoped'matrix shows the .

"‘,appearance of A new band at 806 cm-l. ‘The gener#l effectrof ’
nitrogen doping on the spectra gives the appearance of an undoped R
CHNH, matrix isolated spectra in argon except for the appearance'

of the imphrity band at}806 cm-l. The nitrogen impﬁrity does

" not appear to affect the monomer bands by giving'risé io additionhi'

trapping sites, Thus it is demonstrated that small quantities bf\

L}




Fig, 4,13
'.Argon Mhtrix at 20K showing Nitrogen impurity effects,

Infrared Spectra of the NH Wagging Region of CH3NH2 in an
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.nitrogen do modify the spectrum of CH3NH2 in argon matrices but
do not affect the monomer bands. A possible appearance of the

l pand after diffusion is that redeposition of matrix gas

806 cm
on recooling may trap nitrogen gas not present initially on
depositon. | | |

There are two possible sources of oxygen impurityk(l) from
the sample and (2)‘from air leaks into the systeﬁ. The latter
can be eliminated since this would cause a nitrbgen impurity
at the same time which could be identified by the band at 806 cmhl;
The former can be eliminated because before preparation bf thé
vgaseous matrix sample mixture, the sample gas was solidified
3 ﬁorr.

5

and pumped on at liquid nitrogen temperatures to < 10
The vapour pressure of oxygen is greater than 10 ° torr

at liquid nitrogen temperatures., On this basis the matrii |

. sample will be free of oxygen impurities.

¢



CHAPTER 5 R

NORMAI, COORDINATE ANALYSIS OF METHYLAMINE

5.1 Introduction

The normal coordinate treatment of methylaming has been
carried out by several workers {95,103,115}. However, the
assignment of the NH, twisting mode has remained‘unresolved, ‘
as this is not definitely located in the gas phaae.spectta'{QG}
for methylamine and its deuterated analogues. Dellepiane and
'Zerbi'{IIS} carried out a normal coordinate treatment using
the Urey-Bradley fdrce field (U.B.F.F.). They calculated the
NH2 twisting frequency of CH3ﬁH2, CD3NH2, CHBND2 and CDSND2 at
995, 1100, 766 and 713 cxn“1 reapective1y§ these values were in
reasonable agreement with Crawfsrd'{103} in a previous calcula;
tion. However Hirakawa et al. {95} removed the Urey-Bradley
assumption and in its place used the local symmetry field. 1In
their calculations they were able to show that there were aevﬁra1
sets of force constants which reproduced the other observed
frequencies bit gave agreatly different twisting frequency.
Hirakawa et al. were also able to include the gas phase values
for the frequencies of the CH315NH2 molecule in thei: data but
found that although the 1SN isotope shifts were useful for
/ eatimating force constants whiéh took part in the vibration of
"the N atom they were still unable to obtain any definite inform;é

tion as to fhe position of the twisting mode to which he gave
 zero weight in his calculations. They‘suggested the twisting

frequency could be in the 1200-'1450 cm-l'region by a comparison

with similar compounds leaving the assignment undetermined,
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Wolff and Ludwig {97} presented data concerning the
frequencies of the CH3NHD molecule and in particular they
assigned a band they oseerved at 878 cm-1 in the gas phase to
the NHD twisting mode. They'estimatgd (using the sum rule) the
values for the twisting‘frequencies of CHaNﬂzyAnd CH,ND, to be
983 cm-1 and 819 cm,-1 respectively, which were in agreement
withvthe values they previously obtained in the crystalline
state {100} of 991 cm“1 and 824c:m-1 respectivel}.

In chapter 4 the infrared and Raman spectra of CHBNHD was
measured in argon and nitrogen matrices and an assignment made
" for the molecule. Bands were definitely observed at 885.7 ::m-1
and 892.0 cm ! respectively for each matrix which we assign to
the NHD twisting mode. These values along with the matrix values -

obtained for the CHBNH2 and’CHSND2 molecule Table 4.7 were used
in a normal coordinate treatment. Three assumptions vere madefk

1) all vibrations are assumed to be harmonic

2) the matrix environment does not appreciably perturb
the ﬁolecular force constants and hence the frequencies |
| 3) inférmolecular integactions are negligible for monomer
band frequencies measured at high M/A ratio. |

This chapter describes a normal coordinate analysis carried

out for the observed frequencies of CH3NH2 and CH3ND2 in argon
matrices and then extended to the CH,NHD molecule., It was
hoped to obtain a more definite assignment in this way for thér
twisting mode for CH3NH2 and CH3ND2f Argon matrix (rather than
nitrogen) frequencies were dsed since perturbations are smaller
in this symmetric#l matrix and thus the values obtaiﬁed should

apprbximate to the gas phase vibration.

K Force constant calculations were made using the Wilson



- Fig. 5.1 Coordinate System for Methylamine.
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G F matrix method {116} and employed the R F.F. The theoreticai h

treatment is described'below.

5.2 Theotz

5.2.1 Introduct1on

The frequencies of a molecule which we observe in inftared
or Raman spectra are determined by the kinetic and potential
energies of the molecule. The potenfial energy is a function

of the forces between the atoms constituting the molecule, while

~the kinetic energy is determined by the mass and coordinates of

the atoms. Therefore it is poss1b1e to obtain information
about the molecular field by analys1ng the vibrational spectra
when we know the geometry of the molecule.

In diatomic molecules, the vibrétion 6f the atoms occurs
along the line connecting them. For polyatomic molecules the

motions of the atoms are much more complex but they can be

shown to be represented as a superposition of a number of

normal vibrations.

For an N atom system the position of the atoms at any
instant in time may be deséribed by their "Cartesian" displace-
ment coordinates relative to a fixed point in space. The
coordinates of an atom A are given as. the components x,, yA and

A’ the diatance of A from the orxgin 0 is given by -

(0A)2 = xi + yi + zi S (5.1)

If there are N atoms, 3N coordinates are needed to describe
thair ﬁotion completely although only 3N = 6 (non linear molecule)

coordinates will be required for describing the relative motion

13
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.of the atoms with fixed orientation of the system as a whole.,
Internal coordinates may also be used in describing the

relative atomic positions of the atoms e;g. changes in bond

length and bond angles.

5.2,2 Potential and kinetic energy equations

The restoring forces are usually assumed ptoportionalk'
to the distortion of the valence bonds and anglés, the propor=-
tionality constants relating the two quantities are called
"force conqtants". The vibrational frequencies may be related
to the atomic masses, molecular geometry and restoring forces
using the general expression for the kinetic and potential
energies of the molecule, The potential energy of a‘molecule
referred to the equilibrium position is a fUnction‘ofrall the

coordinates involved, and provided the displacementa of the

atoms are small, this function may be expanded in a Taylor

series as

i,j

v( yavo s DALY 4 #4150 aya, o ..
qlqz foo. q3N o ¢ Gq. o qi . E—i's'a_j' qiqj +* seeoe
(5.2)

where . denotes any kind of displacement coordinate. The term

" Vo i{s independent of q and can be ignored. The <§§-) terms
i/o

~also become zero, since V must be a minimum at the equilibrium
position., Terms in q?qf etc. give rise to anharmonic force
constants and are neglected since these terms are small compared
to qz.; The neglect of these terms is known as harmonic

approximation and thus V may be represented by



- (q Ty l (5.3)

""" The force constants can be deflned by

where fij - fji' (5.4)

If iand j are the same coordlnate the force constant is the
principal force constant. If i # j the force constant is

called an interaction force constant.

The potential energy of the molecule may be written
. (5.5)

where the summation extends over all combinations of coordinates.'
The kinetic energy may be written by expressing the

displacement of each atom relative to its equilibrium position

in terms of Cartesian coordinates and masses of atoms (my).

Thus from equation (5.1)

- il [t e G e G’ (5.6)
N
In matrix notation this equation becomes
2T = X*°MX : 5.7)

where X is a colum matrix with N components , (xly1 292 2 v
ceee *NyNzN) and M is a diagonal matrix whose elements are the
masses of the atoms. ' |

The kinetic energy, when expressed in terms of the general
coordinates ey seves .qN, and their time detivativesﬁl.ﬁz. .

oo ’QN' becomes a homogeneous quadratic function of ﬁl.ﬁz, N ,&N.

Lk
i
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which can be written in the same form as equation (5.6) such that

3N
‘ T = i_z. aijﬁidj : (5.8)
1] ’

Although the kinetic energy is more easily expressed in
terms of Cartesian displacement coordinates it is more convenient

to express both the kinetic and potential energies in terms of

internal coordinates R.

The potential energy may thus be expressed

2
2V = (& V/GRiR.j)RiRj (5.9)

in which case the force constants may be defined by the general

relationship:
2 S ,
£f,., = § V/GRiGRj (5.10)

1]
and so the potential energy expression becomes
2V = i% £ 5RRy | ’ (5.11)

Here the summation is over all coordinates.

The kinetic energy may also be expressed in a similar form

to equation (5.11) where

21 = § k;.RR T (5.12)

where k is a function of the atomic masses of the i and j ﬁuclgi
~ and their equilibrium configuration. Equation (5.11) may be

expressed in matrix notation such that



vhere F is a symmetric square matrix of the order 3N = 6 (3N « 5

for linear molecules) whose elements are the force constants.
Internal coordinate displacements are given by the column
matrix R and its transpose R*. . - T R

Similarly equation (5.12) is given by

2T = R°“KR | o (5.14)

where K is of the same order as F and whose elements are given

by k A matrix G is defined as the inverse of K and where G

ij’
is symmetric.,

It is important at this point in the discussion to know

the physical meaning of G.

Equation.(&S)isexpfessed in the forh
014 -1. ; | E . ) R | ’ ;
T = 14°6q "4 (5.15)

’ . a a oo.nbn . ) ‘
vhere Gg'! - 11 12 : (5.16)
?1 ?2 [N NN ] . .

» .
’ .
. .

by definition, momentum Py conjugate to qi'ia

8T :
pi - -ga-i - aliqi + aziqi + .o-n‘oo ‘ (5017)

in matrix form this may be represented by

P = Gq-lq p | ; - (5. 18)
therefore
' -1 | | |
therefore '

T = |p7odeq loqp | (5.20)

1

J

3



since Gq-IGq - E (5.21)
T = {p°G’qp . ip“Gqp | (5.22)
Accordingly equation (5.14)>is expressed as R
2r = P°GP (5~23)

where P is momentum conjugate to R.

Therefore the G matrix is a kinetic energy matrix in
 the momentums which are conjugate to the coordinates.

The introduction of symmetry to normal coordinate analysis
at this stage can simplify the problem by the use of group theory.
Using this theory the F and G matrices are factored into blocks
fheteby reducing the order of the matrices.

To make use of the simplifications afforded by the uée\of
group theory it is necessary that the 3N = 6 coordinates describ=
ing the vibrational degrees of freedom of a non-linear N atom
molecule be symmetry adapted coordinates which are linear
combinations of the intern#l coordinates. It is also convenient
to construct these symmetry coordinates‘from equivalent internal
coordinates only. The choice of the linear combinations is noc:
érbitrary but must be made in such a way that the new symmetry
coordinates transform in accordance with the character of the
vibrational species concerned {121}. '

| The symmetry coordinates must be normalised and orthogonﬁl.

The symmetry coordinates are of the form
s, = Ju, B
37 Dk | | (5.24)

or in matrix notation -
S = R S e ©(5.25)
. or R = U’s ] : : : (5026)

140
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In equation (5.24) Sj is the j th symmetry coordinate and Ujk is
the'coefficient of the k th internal coordinate T The summation
is over all the equivalent internal coordinates. The elements

Ui' of U must satisfy the relationships
Z(Ujk)2 = 1 . (normalisation), , (5.27)
k - o ,

and E(Ujk'uik) - 0 (orthogonality). ; (5.28)

where i and j‘refer to two different symmetry coordinates which

need not be in the same symmetry class.

An expression for the aymmétric G and F matrix can be

obtained from matrix equations (5.13), (5.14) and (5.25) combinéd

, such that .

2V = RFR = SUFU’S = SFS (5.29)
where Fg = U‘FU | | o (5.30)
similarly 21 = S°C;'S | o (5.31)
where Gs - u‘c'lu | . ' (5.32)

When the potential and kinetic energies are expressed in

terms of normal coordinates Q
T = 400} - HQEQ | (5.33)

V- JZAiQf = Q7 ,  (5.34)

We find these coordinates by solving the secular equation given

in ¢quation
,lcsrs - A IL -0, (5.35)

Since there are no cross tefms in equation (5.33) and(5.34)
i
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application of Lagrange's equation in the.form

F

s (ﬁi!{)' AR < (5.36)
se\soy) e

is possible, in which case

| Qi‘+ AQ - 0. B (5.37)
the solution is given as i equations of thevfofm
, 0 4 . | .
Qi. = Qi COB((Xi) t + ¢i) (5'38)

where Qg and Ai are properly chosen constants, t is time. The

roots of these equations are
apt =ty Bl o O (5.39)

and the frequency vy - (Ai)i/Z". , | (5.40)

Al
By golving the secular equation (5.35) we can find the matrix L
provided the detefminant GSFs - EA = 0. This is iq fact a |

transformation matrix between S and Q.
§ = LQ or s = QL’ (5.41)

The proof is as follows:

Substituting equation (5.41) into equations (5.29) and >

(5.31) | . | =
T .- é‘cglé\ = qr¢lq = QEQ C
 vhere LG L = E B R " S (5.42)
ad 2V = SFS = QLELQ = Q°AQ | |
where L°FL = A (5
Now 1."1%1."'1 - gl = g , ' | | (5.445‘

‘Multiplying equations (5.43) ‘and (5.44) we obtain



-1 ~1 . ) -1‘ - - ! : L
Ule Il el = LTGEL = AE = A (545

- This is the secular equation which we solve.

Considering again equation (5.41) in the form
'S = 1Q . (5.47)

lg

E or Q_‘- L™
In a normal vibraﬁion in which the normal coordinate QN
changes with frequency Yy o* all the symmetry coordin#tes Sl’sz’ .s
see ,Si change with the same frequency but the amplitude of
oscillation is different for each symmetry coordinate. The
‘relative ratios of the amplitudes of the symmetry coordinates

of a normal vibration associated with QN are given from

: equation (5.47) by

Lyt Log? Lgyt eveeees Ly ' : '

" If one of these elements is relatively large compared to the
| ‘others, the normal vibration is said to be predominantly due

 to the vibration caused by the change of this symmetry coordinate,

_ For the assignment of vibrational modes the potential |
‘energy distribution matrix is more convenient than the L matrix
itself., ‘ |
| ~ The potential energy is given by eqqacion (5.36) as

L]

Vo= {Q°AQ

v ftherefore
LFL = A B ¢ MY

If we express this equation for a single frequéncy'v‘ the'folloﬁing 37

relation is obtained. R

Mt IVaTsbi t LTsylily, 0 Gan)

i
!
g
i
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" This gives the pofential energy distribution among the aymmggty
coordinates and these are given in Tables '5.8.and 5.9 for

_each molecule.

' 5.2.3 G matrix construction

The G matrix depends on the relationship between the

internalﬁéoordinétes expressed as a vector R and the Cartesian
"coordinates expressed as a vector, X.
R = BX or x = B IR (5.50)

B is a rectangular matrix of order .. 3N.(3N = 6) if there are

no redundancies.

From equation (5;7)

2T = X“MX | | | | ;

e ke he™h o (5.51)
Since from equation (5.29) | | ‘ ! -

2T = Rk = RG™IR : ,J : - (5.52)
therefore : o ‘

¢! - 37l - o (5.53)

the inverse and hence the G matrix is given by -

G = BM B (5.54)
For large molecules with low symmetry calculating the“

G matrix is lengthy. The method used in ﬁhia work developed

by Decius {116} was to specif& the geometry of the molecules

"in terms of bond lengths and anglea betweén the bonds, and the
-atomic masgses and\calculate from these the B and M matrices: The

geometry used is given in Fig. 5.1, and the G matricea derived

are given in Tables 5. 2 - 3 and 5. 6.



Table 5.1

Symmotry coordinates for methylamine {95}

Al s 'll/b(Arl + Arz)" | NH, sym.’str.
S, = 1//3(8rg + br, + bry) . CHy sym. str.
S, 1//6(2Ar3 - Ar, -‘Ars) S o CH, deg. str.

5, = AR o ‘ ~ ON str.

S5 ;//B(ZAal - Aﬁl Q‘ABZ) - - NH2 scissor.,
S¢ 1//3(Aa1 + 4B ¥ 48,) ' . : NH, vag.
s, 1//6(2Aa3 - ba, = bag) | - CH, deg. def.
SB 1//6(Aa3 + Aa4‘+ Aas - AB3:f.AB4 - ABS) CH3 sym. def.
S 1//3(2As3 - Aa4'¢ 435> | :f CH, deg. rock.
10 1//6(A(13 + B0, + dag+ ARy + 4B, +AB)=0 Redundant

A" '
s1 ,1//2(Ar1 - Afz) NH2 antisym. str.
5, = 1//2(41, -‘Ars). CHy deg. str.
55 1/72(88; = 88,) . , NH, twist.
S, = UV2(ba = bay) . cH, deg. def.
ss 1//2(88, = 88,) | CH5 deg. rock.
86 A6 LT torsion,



- 5.2,4 F matrix const:uétion
The F matrix may be writéen by assuming a suitable

starting set of force constants and theag will depend on the

type of field to be used. There ére several of these, the

most common being the generalised valence force field (G.V.F.F.)

which consists of stretching and‘bending force constants as well

as the interaction force constants between them, HoﬁeVer, the

" number of independent fofce constants usually ekceeds the_number
of vibrational frequenﬁies from which theée force constants can
be calculated directly. One method used to overcome this
-difficulfy'is to calculate the vibrational frequencies of-

isotopic molecules assuming the force constants are unaffected

'kby the isotopic change but that G and A(observed) change. This

is satisfactory for sﬁall molecules but as the molecules becbme
‘more coﬁplex the number of interaction force constants in the i
‘G.V.F.F. becomes too large to allow reliable‘evaluation.

Too many parameters in the ppténtial function méy to some
extent be overcome by taking only selected cross terﬁavéuch as
in the case of the Urey-Bradley force field (U.B,F.F.)‘{117,118}.
In this field all the interaction force constants arekintrodﬁced
thfough the repulsive force between non-bonded atoms, The

latter represent Van der Waals interactions.

The number of force constants in the U.B.F.F, is generally

' mdch smaller than for other fields but has the advantége thatV

"; the force constants have a clearer phyaical‘meaning and are often

ﬁransferable from one molecule to another‘{119,120}.
The’potential field may be represented generally by
[}K.(Ar) + K’ ri(Ari)] Z[iH ria(Aai) + Hi in(A )]

E[hi“qi) + ?1‘11““1)]; | - " | | o (5.55)3
o

4
H
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B ’ ,:*"L
Ari, Aai and Aqi are the changes in the bond lengths, bond angles,’

and distances between.non-bonded atoms respectively. The symbols

o

and q; are the values of the distances at the equilibrium
- position and are inserted to make the force constants dimensionally

T Ty
similar and K, Ki, H, H{, Fi and F{_represent the stretching,
bending, and repulsive force constants respeétivgly. Furthermore ;

through the relation ‘ | ‘ o ekt

M

) ) - ; | , ‘
{ 2rirj cos aij (5.56)

. ®w T, + 7Y,
43 j

.the’terﬁs of Aqij can be'represeﬁted by Ari, Arj and Auij.
The linear constants K” and H” disappear as these are the first R
- order terms leaving K, H, F and F*. Although U.B.F,F. has four
distinct types of force constants, F” is usually taken as -0.1 F,
with the assumption that the tefulsive energy'betveéﬁ noh-Bonded
.atoms is proportional to i/rgo Thus only K, H and F are hééded’
to construct the F matrix. |
’_ The force field in this work is derived from equation
(5.55). Numerical calcﬁlationa were made on a CDC 7600 computet
by use of ﬁrograms GCCC, BGLZ and LSMB‘(IZZ} written bybl
iT. Shimanouchi and converted by Dr. S. Suzuki, The progtéms
are based on general methods Qs in féf. 121, The adjustment of
(the force constants were.made according'ﬁo,the least dquafe_ |

method by use of the equation . = S
J°WI Af = J°WAX | o (5.57)

where W is a weight matrix
AN is a vector whose elements are lk obs.b Ak cale.

CAf is also a vector whose elements are f = £° where fO is

the set of force constants to be refined and £ is the rafiuéd

O




set of force constants.

. J is know as the Jacohian matrix; its elements are given by

J.. = AX,/JAf,
ij i J

The elements of the Jacobian matrix are used to refine
the force constants. Since the initial force constants are
usually only approximate values, the corrected force constants
may still deviate from the true values and the perturbations
must be repeated using the revised force field. The cyéle is
repeated until the calculated frequencies converge to the

observed frequency parameters within a set limit.

5.3 Results and discussion

The molecule CH3NH2 (Fig. 5.1) considered for the force
. constant analysis belongs to the point group Cs. This molecule
has 15 fundamental vibrational modes of which 9 are of the A”
species and 6 of the A”” species, The internal coordinates
chosen for the molecule are the changes in the bond lengths
ri and R, and bond angles, a, énd Bi' |

A suitable set of ortﬁonormal symmetry coordinates {95}
which can be interpreted by reference to Fig. 5.1 are given in
Table 5.1 along with their approximate descriptions.

The numerical values for Gij‘elements of'CH3NH2, CH3ND2
and CH NHD for each symmetric block calculated‘by equation (5.5)

3
are given in Tables 5.2, 5.3 and 5.4.

There were 26 frequencies assigned with reasonable con-
fidence for the CH NH, and CH,ND, molecules in the argon matrix,
plus two tentatively assigned frequencies. The remaining

(torsional) frequencies werc not observed therefore the gas phase’



SYMMETYRTIZED G MATRIX
PROMLIFM NN, 4

1Sorope w0, 1

ROW 1
ROw 2
g0y 3
ROW 4
/0w S
ROW 6
ROW 7
ﬁOuv a
RDU‘ o
R0W 190

SYMMETRIZFD G MATRIX

1,062818
a.000000
n.000000

-.n37823

. = . CRADZL

.. NL%610

n_ 000000
00100CH
.03RR02

«.AN0000
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180700 NO, 1

RO
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ROW
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R0w
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a.Nnon000
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-_no000n
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.n0an000

.. N0NAO0
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n_060000
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_O7OR7A
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-.01317%

Numerical values of the CS matrix for CI

RELNCY NO.- 1
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f.0on0090
-.NN0000
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-, a00000
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LDLR? 24
2.7A1959
.6nnann
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1,N 5

.0nn0NA
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L1759
.0nA000

-.00000n
.0r0000
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Table 5.3

Numerical values of the Gs'matrix for CH_ND

r~

3772

SYMMETRTIIED G MATRIX » .

pPROMLFM NO, 1 » .

18070 NO, 2 SYM_ RLOCY nO. 1

ROW L847250 0_000000  N_0NOOND «,N37823 . _ORAN3ZL e 043L9N 0, 00N0OND .0n000N 038802 & n00n0OD
ROW 2 n.n00000 1.019845% -. 000000 “,0LR06R .CoGo0n e . n0NROY -.ABAONG - 10156% L00000n ., 000000
PCU 3 a.000000 -_00H000 1.1034n9 L020000 . N24626 .n3745S LT4%43 I LLLLE - 118787 00000
ROV 4 -:N37R23 e NLBOGR _hatong © 156680 .111328 o 034354 - 0O0NN0 178912 .000009 060000
LIV - 086034 000000 = _N266264 .14v4328 1.359447 RAAYAT) -, 0%4451 _0annon -, N0&S514 - 000000
RO0W & -, 04%410 - 000000 037458 -, 0354354 RLAYA Y 466795 LALR72Y e 0nnnnn -. 11738, 000000
fow 7 6000000 - Q00000 .143634 «,.000000 -, 036651 LNERT24 2.761959 .0nn0on .2654n0 000000
ROV 78 _.P0n000 = 1013643 - 000000 <17%012 .005000 -_000an0N0 .neancg 2.0325an L000000 0000014
ROV © .N3RA02 000000 = 115787 000000 -.N0ASTE  =_ 1172354 .265400 _0n00AA  41.000500 «.000000
ROY 10 - 000000 = _N0aonn .000n00 LOL00N0 -_ 0023000 .nnncnn 0onnnn 0an004 - 000006n Langnon
SYMVETRTIZFD 6 MATPIX

PROALEM NN, 1 ;

150TO0PF N0, 2 SYM_ 2LOCK nO, D

pOW ¢ .SBASER n.nonoon - 10L0LE 0.030000 067363 . 054227

ROWw 0.000000 1.103404 _N79R7A e 1463431 -.115787 - n1347%

0w 3 - 104068 NT9R7A .A8797% .1i8%8353 - 1859447 @ OATO76A

ROW 4 0.000000 L1434A%9 103353 2.261988 L26841h - N17047

ROW & NET73ES - 157R7 - 489447 2205440 1.000509 053424

RCw 4 .054227 - N1317% -, 070766 - 017047 082424 .A25791

067



SYMMETRIZED G MATRIX
PROBLEM ND, 1
ISOTOPE NO, 1

RUw
RUw
RUw
ROW
RUW
wa
RUW
ROw
. RQwW
ROw
L
- ROw
- RUR
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. RUw

©Row

1
2
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¥.enuean
B,e0¢000
C.00nBeed
-, 837823
v, 00000
., UB6E34
- 2BDER0
- GOVeBD
¢,00¢000
v, Cerved

LBLENe
-, B2UNENA

,036692
-, 388294
., 200000

OB UCa
..247784

8363872
., Bovrrpe
Reveorpe
-, 0eCBes
- 104846
0,0008¢0
8, 0eneeR

220170
,667363

W PrTrT
$054227

2,herepn
LT ELT)
t,.21984%
ROBUEN
- HU20AY
VLRI
., 048068
JOeReRe
OraYaY
-, 000116
-, 020D
82164
v, BeCRey
0vCRRR
-, 1061563
Y PLLT,
Ty

B AL

- Ceenen
-, 084000
9.88¢008
8,000
BRPMEY
1,1e3101
LT
279878
YY)
«143634
-, B02Y0Y
e, 115787
-, 009000

e, 013175

Table 5.4

Numerical values of the Gg matrix for CH._NED

Sym, BLOCK NO, 1
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MOLECULE ND, 1  ISOTOPE NO, 1

MOLECULE NC, 1 ISOTOPF -NO, 1

F MATRIX
ROw
ROw. 2
RCw 3
ROw 4
ROW 9
ROW 6
ROw 7
ROw 8
®Ow 9
ROw lmk

F MATRIX
ROW

- ROwW 2
ROW 3
ROW. 4
ROwx 5
ROW ©

6,4v043
¢,20000
€,0e0e0
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034827
g, eveee
8,0eueo
2, 200ve

2,80008
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e,eee02

26232
2,0e8¢ee
e,cae0e
8,000¢0

Table 5.5

Numerical values of the F matrix for C

SYM, BLOCK ND, 1
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F MATRIX

MOLECULE NO, 8

ROW
ROW 2
ROW 3
ROW 4
ROW S
ROW &
ROW 7
ROw 8
ROW 9
ROW 10
F MATRIX
MOLECULE NO, I
ROW  }
ROw 2
~ ROm .3
ROw 4
ROW %
ROW 6

6,61915

2,.20¢00
2,000060
262593
«03818

e 34827
é.mummw
2,020
o,e0029

g,0eece

"6,55599
¢,02270
e26232
2,00000
2,00200
2.,0000Q

1SOTOPE NO,

e,eeece
4,61935
g, oeevd

+063427

e,ceenn

2,00000

¢, 2000

-, 24286

2,00000

.o 30318

ISOTOPE NO,

e,00000
4,82426
e,4eR20
-~ 09274
24327
B 0veine

Table 5.6

Numerical values of the F matrix for CH3ND2

2 , . SYm, BLOCK NO, 1
?.PL0R8 62593 - ,23818
,00000 263427  @,000v9
4,75166 A, @00c0  #,00000
e,000r0  5,12163 =,28841
P,00008 . =, 28841 64367
0,0000D 40788 =, 17612
09274 @,00009 P,P0000
B,00000 e« 38364 B,00000

24327 B,090¢0 . ©,00¢00
2,02000 «38564 @, 0Q¢¢0
2 . SYM, BLOCK NO, 2
026232 R,0u800 . @,2072C0
R, R0208  ~,29274 .24327
98295 B,008P0  ©,80080
f,nBeE0 «57883  ~,07849

P.OBVRE =, 27849 ,86212

N RURPR. . B,R00PE B,00000

e 34827
A,00020
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A dd i
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F MATRIX

MOLECULE NO,

ROW
ROW
RO%
ROwW
ROwW
ROW
ROw
ROW

} ROW

RON-

RCw
ROw
ROW
ROnW
ROwW

ROW

b W N =

(3

10
11
12
13
14
15

16

O o N O

6,42849
+25169

@,0020009 -

e,ee¢s0
P,200¢0
2,000092

064904
2,02000

«23258 -

G LT

035618
2,00222
2,02200
2,08002
B,20200
2,20000
8.02200
e,reee0
¢,00202
0,00200

125169
6,38250
0,02400
2,00000
“,000¢0

027200
8,002¢C0
2,02202
2,00202
e.,ceo20
8,20000

. B,20000

ISOTOPE NO,

e.,2eee0
2,00000
8,619¢6
¢,00000
2,00009
e,e0ed0
,646810
2,02000
0,22000
e,z0ea0
2,00020
2,22000
2,20092
e,022¢9
., 84461
e.00020
e,00200
2,20220

$32693
2,00800
2,00000
2,08002
2,00002
4,82611
2,200020
0,00208
2,20209
.,29274
2,00220

024857
P,20000

'8,00200

2,00000
g,eecee
p,e0ee0
N LLL
4,75206
9,00000
@, P0008
2,00300
e,00023
8,0¢e00
P B0AED
e,2002d
., 89274
e,02228
0,00020
0.,0¢200

«24857
e,eveen
¥.P¢ee0
2,00000
P, P0RRR

027200
2,00000
8,20202
2,70028

263923
P.2e2¢0
P,2¢200
6,00208
©,80202
0,200¢0
e.2e200

464904

. P9,00000

64810
¢.,0202¢00
2.00000
@,ccen
5.11636
B,2ee2e
@,00000

042294
Q.,82228
e.,ee0e8
g.,8¢020
-, 39201
A, 00008
e,h2200
2,a2228

039201
e.,02000
g,00000
4,000080
¢,8¢2200
-, 89274
,20222
2,20028
d,B2228

+H6685

‘,00208

0,00¢00

2,00000

Table 5.7

Numerical values of the F matrix for CH,NHD

SYM, BLOCK NO, I

.83258
2.,20000
0,22000
P,220u0
@,20000
8,00020
w,29907
0,00000

465651
B,00200
*,21364
2,00000
2,00000
2,e¢ee0
¢.,00200
2,e0a00
2,00220
8,00200
2,00¢¢0
2,200800
0,¢0020
8,002020
8,pu2e0

024857

8,00020

8,000¢0
@,0v800
., 87849
8,00000

,86952
®.,e0020

?,000080

«35618
B,00009
2,000e0
8,20200
9,00000
2,000¢0

.42294
a,000008
., 21364
®,20208

65343
8.20022
8,00040
?.20208
e.co000
09,2002
@,00020
8,000028
?,20008
9,00200
¥,00000
0,00200
0,008002
g,00000
9.,00000
@,02880
P,00000
8,00002
?,000200
e,re000
e,2v008

248020

3

@,00000
@,00000
.,09274
9,00000
0,00000
o.c00e0

,47271
2,00000

04292
¢.00000
0,80000
8,00000
P.00000
?,00200
?,00000

g,02000

R,00000
*,044061%
e,08e000
e.39201
8,20000
@,00800
Q,20800

« 64875
A, 00000
»,23593
0,00000
A, 00000
2,00000
2.,e0200
©,80202

0,0820009

v,00000
8,0000¢

,24857
2,00028
8,00000
8,200¢0

.04090
¢,00000

094458
0.,00029
e,200¢@
?,00028
P,000080
0.,2¢008

?,00000

2.,02020

a.00000
<3693
¢,20000
39201
e,0¢0L0

2,0veve

2,00008

‘®,23593

G.C02¢00

T 50415

e,20000
e,00000
e,0e000
@,00000
@,00009

e,c00¢0

8T



POTENTIAL ENERGY DISTRIBUTION
MOLECULE NO,

e inuanc

-

ECANOT LB UN-

FREQUE
NH § STR
CHS SSTR
CH3 DSTR

Cn SR
NH2 SCSR
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Observed and calculated frequencies for C

Table 5.10

H,NH,, CH,NHD and CH,ND

372

o rode ‘ CH3NH2 CHBNHD CHBND2

Obs, .Calec. [|AVZ Obs. Cale. | AvVZ - Obs, | Calc. [AVZ

(cu™l) (cm~1) ‘ ~(em ) | (em D) (cm ) | (eml)
vy NH2 sym. stretch. 3352.3 | 3352.3 | 0.0 | 3376.0 | 3376.0 | 0.0 |2461.0 | 2461.0 | 0.0
v, CH3 asym. stretch. 2967:1 2966.5 | 0.0 | 2966.5 | 2966.5 | 0.0 | 2966.0 | 2966.6 | 0.0
v, CH3 sym. stretch. 2819.3 | 2818.6 | 0.0 2819.0 2819.0{ 0.0 |2818.7 | 2819.4 | 0.0
vy NHZ scissors 1623.0 1621.0 | 0.0 |(1469.0)| 1490.2 |-1.4 }|1203.0 | 1205.5 |-0.2
Vg CH3 asym, def. 1463.0 | 1463.2 | 0.0 | 1464.3 | 1464.5| 0.0 | 1462.2 | 1462.9 { 0.0
Ve CH3 sym. def, 1449.,5 | 1449.9 0.9 1456.0 | 1435.0 | 1.4 | 1456.0 | 1455.7 0.0
vy CH3 rock. 1139.7 1136,0 | 0,3 1174.0 1201.9 {-2.4 | 1125.5 | 1129.2 |-0.3
Vg CN stretch. 1052.3 1047.8 | 0.4 | 1042.0 1044.7 | -0.2 | 1006.1 | 1010.9 {-0.5
Vg | NH, wagging 796.1 796.2 | 0.0 702.0 708.6 | -0.9 | 639.0 638.8 | 0.0
le- NH2 asym. stretch. 3414.8 | 3414.8 ] 0.0 | 2478.0 2478.0{ 0.0} 2548.0 | 2548.0 | 0.0
vll CH3 asym. stretch. 2990,8 2990.8 |- 0.0 | 2991.3 2991.3 1 0.0} 2991.1 | 2991.1 | 0.0
2P CH3 asym. def., 1480.8 | 1480.3 | 0.0 | 1484.1 | 1465.0} 1.3 |1479.3 | 1479.8 | 0.0
Vi3 NH2 twist. (972.0)f{ 996.4 | -2.5 885.7 " 885.8} 0.0 | 758.0 758.0 | 0.0
Y14 CH3 rock. ; (1117.4)}| 1214.9 | -8.7 | 1130.4 | 1135.2 | -0.4 |1189.0 | 1189.0 | 0.0
Vs CH3 torsion (263.9)] 270.4 | -2.5 | (244) 241.1 | 1.2 | (224.5)| 223.5 | 0.4

4

* the order of the frequencies is the same as in reference 95

LGT




values were used for these frequencies. This vibration is not
expected to mix with the others, as cén be seen from the
potential energy distributions in Tables 5.8 and 5.9 calculated
from equation 5.49.

The initial set of force constants, which were taken
from reference 95, were.iterated until a reasonable fit of

the calculated to the observed frequencies was obtained. The

final F matrices for CH3NH2 and CH3ND2 are given in Tables 5.5

and 5.6, The observed and calculated frequencies for the two

molecules are given in Table 5.10, The degree of miking of

symmetry coordinates (shown in Tables 5.8 and 5.9) was not
regarded as serious indicating that the symmetry coordinates
used (Table 5.1) were good descriptions of the normal coordinates,

The Gg matrix was calculated for the CH3NHD moleculé
(Table 5.4) and using the F matrix obtained from the prévious
calculation of the CH3NH2 and CH3ND2 molecules, a set of
frequencies was calculated. These are given in Table 5.10.

It is a general convention to use empirically different
force constants for NH and ND‘stretching vibrations as the
anharmonicity for these vibrations is large. In order to obtain
a reasonable fit for methylamine it was necessary to use dif-
ferent values for the NH2 and ND2 wagging (and the NHD wagging)
vibrations {95}. This is reasonable as the amplitudes of
these vibrations, which correspond to the "umbrella" motion of
the ammonia molecule, are large compared with other frequencies,
This is the reason why the F matrices are siightly different for

each isotopic species.

One further point which must be made is that as the CH3NHD

molecule has no symmetry, the G matrix cannot be factored into



blocks. However the local symmetry of the CH3 group remains
the same so although the molecule has no overall symmetry, for
the convenience of the calculation and transferability of the

force field, the same symmetry coordinates as for the Cs

symmetry are used.

The results of the calculation indicate that wifh a
definite assignment for thé NHD twist at 885.7 cm-l the
corresponding values for the NH2 and ND2 twisting motions must
be around 996 cm—1 and 758 cm_1 respectively. This result is
in agreement with the tentative assignment made in chapter 4
from the observed spectra of CH3NH2 and CH3ND2 at 972 cuf_1 and
758 cm—l. The assignment of the CHBA“ roék at 1189 cm-lvfor
CH,ND, is confirmed by the calculations, but the CH3NH2 modgk

372
cannot correspond with the band observed at 1117 cm_1 in the

' argon matrix. It must occur at about 1200 cm-l, but no absorption

was observed at this frequency in the matrix,

159
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CHAPTER 6

ETHYLAMINE IN ARGON AND NITROGEN MATRICES

6.1 Introduction

Wolff and Ludwig {97,100,102} have studied the infrared
and Raman spectra of g;seous ethylamine and its deuterated
analogue <CZH5ND2)'. Théy present an approximate assignment for
the bands they observe and in particular they observe splitting
of the CCN symmetric stretching vibration which they attribute
to rotational isomerism around the C-N bond. Two conformers of
the ethylamine molecule may exist, with the NHZ group trans (i)
or gauche (II) with respect to the methyl group. Ethylamine in
the trans configuration belongs to the point group Cs and 6f the
24 fundamental vibrations , 14 are of the A' species and 10 are

of the A" species. In the gauche conformation there is no y

element of symmetry.

~H.\\\\\.C’/’/,rH | H-\\\\\C'e”’,,ﬂ

H/

H Ho. H
~ N
"“N”/” - Ny

C/N. .

. N

trans=-form (I) gauche~form (I1) = .



Experimentation carried out for ethylamine

INFRARED

Molecule ‘Matrik M/A |Technique Tem?tzlt;a)\ture gzggzittzg s(:u":gig
C,H,NH, Nitrogen| 10| 5.5.0. - 20 30,0
"o “n 1010 " N 12,0
" " 1000] - " 12.6
" T w 100} P.M.I, " - 35.9
" " 100 " " 8..k7
" " 100 n " 17.9
" ’ " 220 " o - 13.8
" - " 300 n " 14,9
" B 1000 " "y 6.0 -
" Argon 106| 8.5.0. 20 54.0
"o " 995 " " 220, 7
l.l " 1000 n " 18.6
RAMAN
CZHSNHZ Nitrogen| 100} P.M.I. . 20 80.0
w Argon 100 " n 60.0

N
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 Flg, 6,1 Infrared and Raman Spectra of the NH, Stretching Region of - . ‘

CZHSNHZHin'an Argon Matrix deposited and recorded at 20K,
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Fig. 6.2  1“ftdred and Raman Spectra of the CH, St?etchipg Region of
Matrix deposited and recorded at 20K, ,

CyHgNH, in .an Argon
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;Fig, 6.3 Infrared and Raman Spectra of the CH3 'Deformation, CH2 Rocld.nuglﬁd
Twisting Regions for CZHSNH2 in an Argon Matrix recorded at 20K,
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o0 Fig, 6,4 Infrared ‘and’ Raman Speccra of the CH3 Rocking and the CCN

Y Asymmetric Stretching Regions‘,,for’C2HSNH2 in-an Argon Matrix at 20K.~ .
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ARGON MATRIX AT 20K.

Fig. 6.5 1Infrared Spectra of the 'CH, Rocking, NH, Twisting,

s for C,H_NH
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Fig. 6.6 Infrared and Raman Spectra of the CCN Symmetr%c Stretching
Region for C,H/NH, in Argon and Nitrogen Matrices at 20 K
B e
= . g =
1 ’ g
° 0
.té <
e =
<
~
=

INFRARED

. RAMAN

=
=
=

\

' — NOISSIWSNVYL %

=~ RITSNIINI

M/A Ratio = 1000

INFRARED

M\Aﬂ

8 - -:S'-

i

" xR

< .

z - "
.ef-t

h

L\.J_
.~ NOISSIKSNWAL %

a———XLISNAINT

880

900

920

840

860

880

900



Infrared and Raman

Table 6.2 : ‘ ‘

bands observed for CZHSNHZ in an argon matrix

Frequency cm Species Assignment’

Infrared Raman

3435 - multimer v .

3398 3402, 6 [MONOMER - NH, asym. stretching (")

~3390 - multimer

nv3364 - multimer. .

n3334 . 3334.9 |[MONOMER NH2 sym. stretching (A')
- ~3330 |multimer -

'3300.5 | - |multimer

3274 - |multimer |
3236 - |Monomer 2 x 1620.6 = 3241.2 (A")
3207.5 - multimer

3196 - - 1620.6 + 1374.5 = 2995.1 (A')

3172 - - S -
2986.2 | 2986 |MONOMER CH, asym. stretching (A')
2978.0 2976.0 |MONOMER CH3 asym. stretching (A")
2972.8 | 2972 |multimer ;
2969.0 2969 |MONOMER - CH, asym. stretching (A")
2965.3 2960.0 |monomer or 2 x'1483.5 = 2967.0 (A')

f multime: . ‘ ,
2948.6 | 2948.5|Monomer 1460.4 + 1374,5 = 2834.9 (A')
2934.0. | 2934.5|MONOMER CHy sym. stretching (A')
2925.8 | 2923.7|Monomer 2 x 1460.4 = 2920.8 (A")
2912,4 | -  |Monomer 1460.4 + 1451.2 = 2911.6 (A")
2905.8 | 2907.2|Monomer 2.x 1451.2 = 2902.4 (A')
2888.1 | =  |monomer | 1394.6 + 1374.5 = 2769.1. (A')
2879 - multimer ;
2876.0 | 2877.0|MONOMER CH, sym. stretching (A')
2871.2 . - monomer second site :
2858.8 - monomer

-2842,1 - multimer : _ :
2839.8 - Monomer | 1483.5 + 1374.,5 = 2858,0 (A')
2823.8 - Monomer 1394.5 + 1460 = 2854.9 (A')

>

A



Table 6.2 (concd;) ' o ‘

Prequency cm _ Species Assignment
Infrared | Raman '
2814.8 - multimer ;
2775 - Monomer 2 x 13946 = 2789.2 (A')
2748 - |Monomer 1394.6 + 1374.5 = 2769.1 (A")
2724 | ~2722 |Monomer 2 x 1374.5 = 2749.0 (A')
2714 2712.3|multimer | B |
1646 | -  |multimer
1636 - |dimer |
1620.6 - MONOMER NHz scissors (A') ‘
1483.5 | 1483.6|MONOMER | .CH, deformation (A')
1481.3 | - | - o
1476 1478.5|| 1 yiner
. 1473 1473.8 -
1469.3 | - | |
1460, 4 1461.8] MONOMER CH, asym. deformation (A')
1456.3 | 1455.2 L Coltimer ‘
1454.3 | - o e
1451.2 | 1451.6] MONOMER | CH, asym. deformation (A")
1w | - ] 3
1418.8 - y multimer
1398 - ) ‘ '
1394.6 | ~1400 | MONOMER CH, sym. deformation (A')
1376.5 " - multimer o
1374.5 | ~ = | MONOMER CH, rocking (A")
1368.6 - multimer
1351.3 | - ? impurity
1347.8 | = ?
1303 - | multimer | o
1298 - | MONOMER CH, twisting (Aﬁ);‘
1290 - | -
1235 - nultimer
n1128 -
n1118 1118. 6 MONOMER CH, Tocking (A")
~1115 - | multimer

vy
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Table 6.2 (contd.)

Frequency cm Species Assignment |
Infrared | Raman -
1086.1 | 1088 |multimer
1082.2 | .1082.0|MONOMER CON asym. stretching (A')
1080.0 - S
1076.7 - multimer
1064 -
1052,0 | - , .
1049.3 | 1050.8|MONOMER - ci, rocking A"
1034.6 1039 |[monomer ~ site band
1032.7 | = | multimer '
1013 - |multimer
v 998 | - |multimer ;
991.7 991 |MONOMER NH, twisting A"
989.8 - ‘
v 921 - multimer
n 900 - N
889.1 889. 6 MONOMER CON sym stretching (A') LETaRS
878.8 "880.4\MONOMER e gan:he_
~ 854 - ‘ ’ ‘ =
842 " T multimer '
- 835.7 - f ‘
~ 820 -
817.0 | -  [MONOMER CH, rocking (A")
. 797.6 - Monomer ‘second site}— '
(795.4) | - R .::T" NH, vagging (gauche)
793.2 - |MonOMER - 13— B
~ 790 - monomer ?k |
782.0 - Monomer "NHZ wagging (trans) (A') SR
776.2. | = MONOMER | R
410,0 | =  |MONOMER CCN bending (A') -
n 349 - |dimer o




Infrared and Raman

. Table 6.3

bands observed for

25

C.H NH2 in a‘hitrogen matrix -

Frequency cm Species Assignment
Infrared { Raman .
~3399 ‘ ~3399 |MONOMER } NH2 asym. stretching (A")
~3392 ' | - multimer B
3368 3; 3341.2|MONOMER - } NH, sym. stretching (A')
~3308 - multimer : .
n3275 - [Monomer "2 x 1640 = 3280 (A')
3210 - nultimer
2985.5 2984, 2 | MONOMER ' CH, asym. stretching (A')
,2979.% 2978 MONOMER'. CH3 asym. stretching (A")
2976.0 - multimer (
2970,5 | 2970.4 |MONOMER CH, asym. stretching (A")
2966.9 - Monomer 2 x 1485.6 = 2971.2 (A'")
n2957 © | - |multimer | SR
2947.3 | 2948.0|Monomer 1462.8 + 1396.0 = 2858.8
~2937 i| = |multimer | |
2933.5 2934 .5{ MONOMER CH, sym. stretching (A')
2924.9 - Monomer 2 x 1462.8 = 2925.6 A'
2917,1 | 2918.8|Monomer 1462,8 + 1451.4 = 2914,2 (A™)
2908,5 | 2908 |Monomer 2 x 1451.4 = 2902.8 (A") |
2895.3 | - Monomer 1403.2 + 1396.0 = 2799,0 (A')
2878.6 | 2878 |MONOMER' CH, sym. stretching (A')
2874,6 - multimer
2868.2 | 2867.8
2857 - multimer
2852,6 | 2850 |Monomer 1485.6 + 1396,0 = 2881.6 (A')
~2843 | - |multimer | '
2830,3' - multimer
2823.1 - Monomer 1403.2 + 1462.8 = 2866.0 (A')
2816.3 - multimer
2786.8 - multimer ,
2779.0 Monomer 2 x 1403.2 = 2806.4 (A")




Table 6.3 (contd.)

Frequency cm-l Species Assignment
Infrared | Raman
1640 - MONOMER - NH, scissors (A"
1485.6 | ~1486 |MONOMER CH2 deformation (A')
1481.5 - multimer : S
1462.8 1462 .5 MONOMER ‘CH3 asym, deformation (A')
1458 |multimer
1451.4 | 1452,5|MONOMER | CH, asym. deformation (A")
. 1403,2 - MONOMER CH3 sym. deformation (A')
11396.0 | ~1391 |MONOMER ~ CH, rocking (A")
11387.2 -
1378.5 - multimer
1375.0 -
1365.2 - '
1303.0 | 1311 |MONOMER ‘CH, twisting (A")
1238.0- | 1239.2
- j 1226.5 multimer
1143.7 - -
1127.0 | 1126.5
1123.2 | ~1124 | MONOMER CHy rocking (A')
- ~1092 |multimer:
1086.9 | 1086.9| MONOMER CCN asym. stretching (A')
1056.7 | 1053.2| MONOMER | CH, rocking(A") |
1050.3 - multimer
21043.5 | - |multimer
997.0 | "= | MONOMER | NH, twisting (A")
~ 935 - .
~ 911 - nultimer ‘
- 895.8 L
890.8 892,4] MONOMER CCN sym. stretching (A') (trans)
- 881,5/ multimer ' ' o




1%

Table 6.3 (contd.)

Frequency em ¥ Species Assignment
infrared Raman .

879.0 - .
~.870 - fmuitimer ~

864.0 | = B ST E LY

8s8.0 | - | R

849.0 - dimer

 845.0 - dimer

836.8 - monomer | site band

832.3 | -  [woNouER | CHp rocking (A")
n~ 824 - |multimer

(816)' - . CH.NH, impurity -

802 i - nultimer '

795.0 - Monomer L S -

‘ | 793.2 - |MONOMER Nszwagging (A') (trans)

v 791 - multimer ‘ :

788.8, - multimer

417.0 | - MONOMER | CCN bending (A")

413.0 -  |monomer site band

A o St e




Table 6.

4

Comparison of the gas and matrix fundamentals of ethylamine

in the infrared and Raman

174

Sym. Mode Gas Argon matrix Nitrogen matrix
| IR/R| Infrared Raman Infrared Raman
A" NH, sym. stretch. |3345[+3334 3334.9 - 3341.2
CH3 asym. stretch.|2978]| 2986.2 2986 2985.5 2984,2
CH3 sym. stretch. |2936]| 2934.0 2934.5 2933.5 2934.,5
CH2 sym. stretch., |2897| 2876.0 2877.0 2878.6 2878
NH2 scissors 1622 1620.6 - 1640 -
CH2 def. 1480] 1483.5 1483.6 1485.6 1486
CH3 asym. def, 1460] 1460.4 '1461.8 1462.8 1462.5
CH3 sym. def. 1400f 1394.6 1400 1403,2 s
CH2 rock. 1381 .1374.5 - 1396.0 ~1391
CH3 rock. 1118|~1118 1118.6 1123f2 ~1124
CCN asym. stretch.|1088] 1082.2 1082.0 - 1086.,9 1086.9
CCN sym., stretch. ggg g?g:éggg ggg:zgg) 890.8(T) | 892.4(T)
NE, wag. 75| 19220 793.2(1)| -
CCN bend. 408| 410.0 - 417.,0 -
A" NH, asym. stretch. 3411|3398 3402.6 i ~3399 n3399
CH3 asym. stretch,|2978] 2978.0 2976.0 2979.5 2978
. CH2 asym, stretch.| = 2969.0 2969 2970.5 2970.4
CH3 asym, def. 1460] 1451.2 1451.6 1451.4 1452.5
CH2 twist, 1297 1298.0 - 1303.0 V1311
CH; rock. 1055| 1049.3 1050.8 1056.7 1053.2
NH, twist 9931 991.7 991 997.0 -
CH2 rock. - 817.0 - 832.3 -
CH3 torsion - - - - -
NH2 torsion | - - - - -
T = Trans

G = Gauche
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A complete spectral assignment has not previously‘been
attempted and this work was updertaken to £fill in the gaps in
the assignments and also as a precursor for the quantitative
experimentation of chapter 8. All matrix samples were deposited

at 20 K. Experimentation carr1ed out on ethylamine is given in

Table 6.1. ! L - Y

6.2 Monomer assignments - : ‘ : e e Bt

6.2,1 NH, stretching region

2
The monomer absorptions in the NH stretching region of

ethylaﬁine in the infrared are weak in both argon and nitrogen.

" The bands in argon at high M/A ratio do display asymmetry but

it is difficult to conclude whether this is due to the conformers
-igolated in the matrix or the presence of monomer ethylamine'in
alternative trapping sites. The Raman bands are much stronger,

' the freduencies of the NH stretches being easily»identified for
both argon and nitregen matrices (Fig. 6.1) and are given in

. Tables 6.2 and 6.3. The NH, symmetric stretch for the argon
matrix displays a shoulder to lower frequency of the main monoﬁer

~band at ~ 3330 cm-.1 at 1.5 cm-l resolution but at the M/A ratio’ -

studied is most likely due to multimer.

6.2.2 CH stretching region

s

| The spectra of ethylam1ne in the CH stretching tegion are'
bkcomplex for both matrices in the 1nfrared and Raman (Fig. 6, 2).

In thxs region there are five fundamentals, thtee due to the ‘
methyl group and two due to the methylene group. By comparison .
with the gas spectrum, the Raman matrix spectra and their M/A .

ratio dependence. the bands at 2986 2, 2978 0 and 2934.0 cm -1




are assigned to the monomer CHa‘streqching'fundamentals and
-the bands at 2969.0 and 2876.0 in the infrared in an argon
matrix are assigned to the monomer CH2 stretching fundamentals.

The CH, and CH, symmetric stretches are readily identified

3 2
since they are intense in the Raman spectra. The remaining
monomer absorptions are bands due to combinations and overtones
of the CH deformation region. Tentative assignments for argon

and nitrogen are given in Tables 6.2 and 6.3':espective1y’along ;

- with the correspohding Raman frequencies.

6.2.3 NH2 scissors

The NH, scissors region is weak and in a region of strong

2
1

atmospheric absorptions. Only one band at 1620.6 cm - and
1640 cm-1 in argon and nitrogen matrices respectively is pfesent

at high dilution and assigned ;o'thii fundamental,

- 6.2.4 CH deformation region

The CH deformation region of ethylamine (Fig. 6;3) is
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very similar to that of ethanol {34}, There are four CH deforma-

- tions fn this region; one due to the methylene group and three
'Que to the methyl group. The former fundamental is iocated”at
'1483.5 cm L and 1485.6 em ! in argon and nitrogen respectively.
The remaining deformations are located at 1460.4, 1451,2
and 1394.6 cm © in an argon matrix and at 1462.8, 1451.4 and
14603.2 cm * iﬁ a nitrogen matrix. The bands for the argon ‘
matrix at 1460.4 em L and 1451.2 em b are assigned to‘the A'j‘
‘and A" asymmetric deformatign respectively and the b#nd at’
.1394.6 cm-1 ié assigned to the symmetric deformation, the

| cofreaponding bands appear for the nitrogen matrix ind'ara given



1

in Table 6.3.

6.2.5 Other CH2 and CH3 modes

The three remaining CH2 modes are the CH2 rocking A'_and

A", and the CH, twisting A", Figs. 6.4 and 6.5, The CH2 Al

2
rocking is located at 1374.5 cm_'1 and the CH2 A" rocking is at

817 crum1 for an argon matrix. For nitrogen these modes are at

1396.0 cm.-1 although the CH2 A" rocking mode is split at

836.8 and 832.3 cm-'1 most probably due to site effects, .There

are two CH3 rocking modes which are at 1118 cmm1 and 1123.2 cm,f1
for the‘A' mode in argon and nitrogen respectively and 1049,3 crn”1
aod 1056.7 cm.-1 for the A" mode in argon and nitrogen respectively,
in the infrared. The CH2 A" fwisting is identified in the infrared
at 1298.0 cm..'1 and 1303 cm_1 in argon and nitrogen matrices, it is

" weak in the Raman and only observable in a nitrogen matrix at v1311 cm-l.

6.2.6 Skeletal vibrations (CCN stretching and CCN bending)

The CCN stretches are ea;ily identified in argoo'and
nitrogen matrices in both the infrared and Roman results (Fig, 6.6).
The CCN asymmetric stretch A' is at 10822 e b and 1086.9 cm! for
argon and nitrogen matrices for both the infrared and Raman.
The CCN symmetric stretch in argon is a doublet which can be
assigned to the two conformers, the band at 889,1 em ! being
ass1gned to the trans and lower frequency component at 878 8 em -1
~be1ng assigned to the gauche conformer in the 1nfrared results.
However, in nitrogen only one band is observed being at 390 8 cm -1
and is presumably the trans conformer. The Raman results agree

for ethylamlne in an argon matrix but confllct w1th the infrared

results for nitrogen. The CCN symmetric stretch appears to be



a doublet, as for the argon matrix. However, due to the weakness

" of the Raman effect it was necessary to work at higher M/A ratios

than in the infrared and it may well be that the lower frequency

component of the doublet in the Raman:results for nitrogn may

coincide with a multimer band of the CCN symmetric stretch. The

same argument can of course be applied for the Raman spectra
doublet of ethylamine in an argon matrix. The infrared results’
imply that the ratio of the trans:gauche for the nitrogen matrix

is much higher than in the argon matrix.

6.2.7 NH2 wagging region

Two groups of bands are observed in argon which must bpe

assigned to monomer ethylamine. The bands at776.2 and 782.0 cuf1.7

-are assigned to the trans conformer and the bands at 793,.2 cm'l

~and 797.6 cm-1 to the gauche conformer (Fig. 6.5).‘ The splitting =

is explained as being due to ethylamine existing in.alternative

trapping sites. Temperature cycling does not affect the_relatiVekf'

intensity of the two bands due to the trans conformer but does

_cause changes in the intensities of the gauche bands. However

. these changes are reversible, Since ethylamine must be regarded -

" as being too large to be rotating some kind of site effect ig

occurring on temperature cycling which appears to affect the

gauche conformer (the least stable) more than the trans conformer,

For nitrogen (Fig. 6.5), only one group of bands can be -

assigned to the NH2 wagging mode of ethylamine and this must bé‘.  el

due to the trans conformer, it being the more stable form at 20 K.

Shoulders appear on the main monomer band (793.2 cmfl) at high

M/A ratio indicating the presence of altérnative trapping sites. : ~

Owingvto the sensitivity of this mode to thg'matrix ehvironmantv~ )

.
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they are more apparent here than’in the other regions. Assignments

for this region for both matrices in the infrared and Rgmmn:are

given in Tables 6.2 and 6.3.

6.2.8 Torsional modes

“No bands were found.for the torsions in either nitrogen or
argon in'the’infrared for the experimental frequency range (down
to 250 cm-l) and no bands were observable in the Raman spectra.

The monomer frequencies for ethylamine invargon and'hitrdéén
matrices in the infrared and Raman are summarised in Table 6.4
aloﬁg with their approximate descriptions.

[

6.3 Multimer assignments

6.3.,1 vIntroduction

There is a certain amount of evidehce'{IOS} to auépoée
:that ethylamine is associated in the gas phase as in the cgsé'of
methylamine (see chapter'é) in which case the most likely *k
associated species would be open chain dimer, | |

6.3.2 NH, stretching region’

2
Multimer species of ethylamine are weak in the infrared

and large amounts of matrix material had to be deposited to
obtain a spectra so their concentration dependence was difficulti f
to study in detail. Tentative assignments are giveh'in Tables 6;i  -

1 and 3207.5 cm"l. ‘

and 6.3, Only two multimer bands at 3236 cm
in the argoﬁ matrix are present at high M/A ratio indicating

that the extent of hydrogen bonding in dilute matrices is limited,
':Theae are most probably due to open chain dimer. Simii,r o L

" are observed for the nitrogen matrix,



2 wagging region

Several bands here are concentration dependent but this

6.3.3 NH

: reéion is complicated by the presence of multimer species of the
CH, A" rocking vibration (Fig. 6.5). However, a band at

2
-1

835.7 cm © in argon and 845.0 cm * in nitrogen in the infrared

is most probably due to open chain dimer since it is still ;
'present at high M/A ratios. Bands to higher frequency at

n 850 ¢:1n-1 in both matrices which would imply fhat‘they are due -
to hfgher multimers formed as a result of diffusion along
dislocation sites during the annealing process. No band# vere

‘obgserved in this region in the Raman.

6.3.4 bther modes

There is evidence of multimer specieg présént in the NHZ
scissors region. The band at n~ 1636 cm - and n 1650 cm L in argon
and nitrogen is assigned‘to the open chain dimer of etﬁylamine;n :
The CH étretching region exhibits shoulders to lowgrkfrequéhcyv i
than the monomer bands but these disappea: quickly as the H}A

ratio is increased. Likewise bands in the CH3'deformation and

CH rocking regions have shoulders all of which are due to the

2.
:multimer species.‘ The CH3 A" rock has a broad shoulder to .
-1

" higher frequency at v 1123 em .l This is too high for a multimer
band of the CCN asymmetric stretch and so iavassigned to the
multiner of the CHy A" rock. The CHy A' rock is broad at low
M/A ratio but sharpens at high M/A ratio with a multimer shouldef
at 1052,0 cm* A baﬁd at 1086.1,cm-1 changea its relative ingen-
sity with increasing M/A ratio but is still present at high

M/A ratio and is assigned to the Open chain dimer species. A



- 6.4 Conclusion

+

Several anomalies have arisen as a result of the matrix

‘isolated spectra of ethylamine. If Wolff's gas phése assignment

for the CCN symmetrlc stretch is correct, his Raman resulta "
indicate the presence of the two conformers in the gas phase fi

_ and also in the liquid at 153 K. It would also be expected

thaé a splitting of the NHz'symmetric stretch should also be
observed, since in the gauche conformation the NHZ group w111 :
interact with the methylene group in this conformation, but no
splitting is reported in this work., The gas phase Raman spectrum
of ethylamine was reinvestigated and the NH2 symmetric sttetch.
examined at 0.6‘§ur1 resolution (C,A.T;)z no splitting was

observed. The Raman matrix results for this region also showed

‘no splitting of the strong NHZ symmetric stretch of ethylaminé
in argon at fhe.highest ;esoiution achievable for the conditidns
(1.5 e )y, | |

 The cCN symmetric stretch'in the infrared resulta (Fig. 6 6)
indicate clearly that this fundamental is a doublet in argon
| but a singlet in nitrogen. The doublet being assigned to the
presence of the two conformers, The Raman resultn for nitrogen
4conf1ict with the evidence for the results in the infrared.

However, this additional band observed, not present for the

" infrared results at high M/A ratio, could be due to the‘présence>

of multimer species.

The strongest evidence is éuppliéd in favour of the two
conformers by the NH2 wagging region. Onif one group of bands
can be feasodably assigned to the NH2 wdggingymode 1n'n1£rogen,;
whereas for argon two groups of bands appaar being aaaigned to ]

the two conformera.



" on the whole

Although complications arise in this region for the argon

matrix due to the presence of multiple trapping sites (wﬁich

'are apparently reversibly temperature sensitive), the evidence

Since the gaseous mixture is deposited and condensed very .
rapidly, it is reasonable to suppose that the relatlve intenst—
‘tles at the highest M/A ratlo reflect the propottions of the two

conformers in the gas phase at room temperature. - This would
appear to be the case. The ratio of trane}gaeche'in the gas
phase Raman is 2.7:1'{102}. The value for argon for the relative
~ optical densities of ehe two conformers is 2.6:1. L :
Silvi et al {123} undertook a study of allyl fluoride,‘

“allyl alcohol and allyl amine isolated in argon and nitrogen'
matrices. They observed both’isomers for ellyl fluoride in.
argon and nitroéen. However, for allyl alcohoi’and allyl &ﬁine
only one‘conformer is present in argon whereas the results for
nitrogen show the presence of both conformefs. Anhealing e
experiments indicated a temperature dependence of the‘bands ‘
suggesting that interconversion was occurring.

The conclusion from these results would therefore be that

’ the shape of the argon gite is such as to allow the correct

equilibr1um of the two conformers to be attained at the temperature

is in favour of the presence of the two conformers.
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of deposition i.e. one conformation predominant at 20 K, Hovever

for the nitrogen matrix the barrier to interconversien at 20 K
is too high and only at elevated matrix temperatures is there
sufficient energy to allow interconversion to take place. o

In the light of the above discussion the result for

~ ahylamine, which indlcates the opposite effeet, is rather surprising.

" Further investigation would be advantageous, a study of czusunz



should help to resolve the problem, but from the gvidence of‘i

this work it is felt that the above tenta:ive‘conclusidns are

Teasonable.

e b
-
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CHAPTER 7

AMMONTIA IN ARGON AND NITROGEN MATRICES

7.1 1Introduction

Over the past 18 years several authors.(58,59;62,64,124,'
' 125} have reported examinations of ammonia isolated in both -
argon and nitrogen matrices., The investigations héve‘béenA
only in the infrared and have been primarily concerned with

the v, (umbrella motion) region where the reasons for the fine

g (
structure observed have been disputed for both matrices,

The examination of ammonia in solid matrices is of inter=
est firstly because the small size of the amonia molecule may

permit the possibility of rotation and inversion taking place

in the matrix site and secondly at low M/A ratios the hydrogen

bonding of the multimers of ammonia may be useful in distinguish-

ing the different types of multimer species ptesent.ia-the
métrix. - |

Becker and Pimentel {124} firsf examined ammoﬁia Quspended
in argon, Xenon. and nitrogen. This work was repeatéd by
.Milligaﬁ et al {59} for ammonia isolated in argon and nitrogen
matricgs from which they concluded that rotation and inversion
of ammonia was occurring in both matrices due to the temperature

_dependence of the fine structure they observed for the v, region,

However the iﬁterpretation was contradicted by Pimentel et a11{125}

~ for the nitrogen matrix. From thei: diffusion and temperature
dependence experiments they could assign only one band in the

v, region at 970 cmfl to monomeric ammonia, which implied that

2
the matrix site in nitrogen effectively restricts the motional

4



co
ot

. freedanof the trapped ammonia molecules. They did not negate‘

the interpretation of Milligan for ammonia in an argon matrix,
Hopkins et al {58} studied the time dependence of the

lines they ébserved for ammonia in an argon matrix to investi~
gate the possibility of nuclear spin conversion affeéting the .
population of the energy levels and heﬁce the 1n£ensity of the

- lines. However from the lack of time dependence they concluded
that most of the fine structure was not due to_totation and -

certainly that nuclear spin conversion was slow below 20 K.

This conclusion was supported from their results by the lack of

. temperatdre dependence of the lines in question. They offered

' the fact that the population of the J = 2 level_at 4,2 X vouidb
be lowfregardless of whether nuclear spin conversion was taking
place and hence the line that Milligan {59} assigned to R (2)
should have been much smaller. |
Abouaf-Marguin et al analysed the molecuie under the D3 :
rotational subgroup. They presented the allowed tf&nsitiohs {62}'kjt

from v, = 0 to v, = 1 for the first rotational levels, They

were able to conclude that if deposition of thebammonia/argon

gas mixture is fast enough no spin convetsiqn can take placé.rr
“therefore the E symmetry level, lt, will be‘appréciably popdlated" k
even at 4 K. However they were able to show thgt-spin con=
version could take place if deposition was slow, 'borne out.by 3
ﬁhg reduction of the number of observed lines. »'?

More reéently Cugley and Pullin {64} took the argument of .

_nuclear spin conversion still further by presenting computed' $
- relative intensities of‘vibration-rotation transitionsas a |
function of temperature for (a) no spin conversion modél and '

(b) total spin conversion model. They were able to,nhbw that,

.t
ettt e <



+ from their temperature dependent results for the monomer bands
in the v, region, the no spin conversion model closely resembles

the experimental results. As a check thelrelatlve inten51ties
of the vibration-rotation transitions as a function of temperQQ
ture were computed (Fig. 7.1) and were in:agreement with Cugléy
and Pullin's graphs {64}.

Thé observed temperature detendence of these lines corrgl— |
ntes reasonably well with that predicted. However the stretching
modés are weak in the inftéred. and the degenerate Bending mode 
v, lies in the water bendiné absorption region, so these bands‘
.{have not been studied in any detail.

P1mente1 et al {125} reported a study of the hydrogen=-
bondLng of ammonia in a nltrogen matrix and concluded that the
 ‘dimer bands they observed were most probably due to an open
chain structure. However, Rosengren and Pimentel‘{126} reported
" a triplet 4>/15N splitting pattern for the 986 cm."1 (92) dimer

: band of ammonia in the n1trogen matrix which would be consiatent

with a cyclic dimer structure.

'In a nitrogen matrix there is a second band at 1004 Cm-l

apparently due to dimer whereas for ammonia in an argon matrix :

"there i 18 only one band that could be aselgned to dimer at 1000 cm 1.
‘It was therefore felt advantageous toextendthe work to the

Raman in the stretching region where the symmetric stretch vl'is

expected to be strong and hence confirm or reject the idea of

rotation of ammonia in the argon matrix since the Raman rotational g:

transitions will be different to the infrared {127}, It was tlso' kn;;

hoped to obtain additional information as to the structure of

the dimers observed in both matrices.

" The experimentation carried out invbnth thn‘inftaréd and
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Table 7.1

Experimentation carried out for ammonia

INFRARED

Temperature

Molecule Matrix |M/A. Technique ® g:;ﬁ‘;;;:ﬁ ;:ﬁg%‘;
NH, | Nitrogég 980| S.5.0. l‘20 20,0
w o " 55| PuM.I. " .29.0 .
" " 1100  » " 37.4 ‘
" " 530 " o 13,0

" " 990 " u‘ 5.0

" Argon 1028| S.5.40. " 68.0

" " 1910 " 9.9

" " '110| P.M.I. " 16.3

"w N 210 w o " 9.9

" " 350 u " 8.9

" " 760 -; " 6.6

" " 980 n " 9.3

" " 1530 " ﬁ 5.8
NH3/ H,0 Argon 350 " 20 8.5

RAMAN

NH, Argon 52 .?..M.I- - 16 101 v
"wo " 99 " .20 ’ 101

|v| " 100 " " 60

" " 100 " " 81

" " o " n 99

"o . .n 100 " n 105

" w w0f " " 10

n n 100 " 17 90

" " 100 " . W 100

" . " 110 " 16 99

" " 10| " Cn 61 .
u n 460 " |;§ 40 .

" Nitrogen| 52 " 17 100

105 " 16 98




Fig., 7.2 Comparison of the Observed and Predicted Infrared and
Raman Spectra of the \)1/\)3 Region of NH3 in Argon at ZOK.
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Fig, 7.3 Infrared and Raman Spectra of the \)1/\73- Region of NH3 in an
Argon Matrix at 20K, showing'diffusioq effects. ‘ :
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Fig. 7. 5 Infrared Spectra of the Vv, Reglon of NH, 1“ A"’8°“”\: “FA,Z.‘?,K"“;“
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Fig. 7.6 Infrared and Raman Spectra of the‘v1/03 Region of NHj in a Nitrogen Matrix at 20 K, showing
diffusion effects : . ‘
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Fig, 7,7  M/A Ratio depenaence of the Bands in the V

in a Nitrogen Matrix deposited and recorded at 20K.
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Table 7.2 o - o

Infrared and Raman bands observed for ammonia in.an argon matrix

Frequency cm Species  Assignment,§;, ......

Infrared | Raman

3446,6 T - ? o

3434.8 | 3434.3[MONOMER ) - R
3421 3424, 4 |trimer ,

3404 - |tetramer S
3400.0 3400.3|0o.c. dimer [ ‘ . o | Lo é
3389.8 - ltrimer v R R %

3376.0 - tetramer - NH asym. stretchlng

3360 - 3351 |multimer
3344 3338.6| ?
.3328.8 | 3327.6|MONOMER
3325 3324.6}0.c. dimer

o+ | 3309.8 | 3310.5[0.c. dimer }

'NH 4 8y, stretchlng (Al)

'3304.0 - 3301.6|trimer NH sym., stretchlng

A3296 | 3294 |tetramer |
3241 | 3242 |o.c. dimer §
3235 3231.4 |trimer NH stretchlng |
3228 - 3327.6|tetramer i
3210 | 3213.0(trimer ?

, - 3206.§ MONOMER 2 v, in Fermi Resonance wzth v1 i
3202 - tetramer NH stretchlng ' : : . f
1654 - multimer } NH bend1ng ‘ ‘ §
1643.2 - o.c. dimer , :
: 1638.4 | =~ = |[MONOMER NH, asyn. bending (£) l
1635 - ? 5

1620 - monomer second site monomer




Table 7.2 {(contd.)

v ,
Frequency cm Species Assingment;v .....
Infrared | Raman
1089.0 - mul timer \
1065.0 - multimer
1055.0 - tetramer -
1046.6 |~1050 |tetramer
v1041 1041 o
(1035.0) | - - H,0/NH, dimer
1027.5 1027,.5|trimer
1017.8 - trimer l NH, sym. bending (monomer) or
1014.0 - |MONOMER | ( NH bending (multimer)
- 999.7 1002.4|o.c. dimer
9908 | -  |MONOMER
'&(989) - cyclic dimer
978.6 -  |MONOMER
oy 974.0 | -  [MONOMER
~ ‘ and ,
' o.¢., dimer :
961.2 - |wNoMEr
1 955.0 - |MoNOMER / | .
- 222.,3|0.ce dimer N=-H e N stretch
- 1105.0 0.co dimer | NH3 rocks
- ~ 60 {o.c. dimer torsion




Infrnfcd and Raman bands observed for

Table

7.3

]

Froquency cn Species Asgignment
Infrared [Raman
3446.8 3443,5| ? .
3438.3 | 3438.8 |MONOMER }NH3 deym stietehing (&)
3426.8 - 0.¢. dimer '
3402,3 . | .3402.1}0.c. dimer s
3394 - trimer , :
3389 - tetramer NH2 asym. stretching
3380 - |multimer } |
$3329.5 | 3330.4 HONOMER }NH3 sym. stretching @)
- 3327.5|0.c. dimer : =
3310.7 | 3312.7|o.c. dimer
3308.0 | 3310.2]|trimer ? }‘ sym. stretching
3250 3249.2 |trimer or
: : cyclic dimer
| 3243 3242.2|o.c. dimer }-NH stretching
3234 - . |trimer ,
3215 3212,0 [MONOMER in Ferni Resonance with v,
3210 3209.4 |trimer }NH strotehing "
- 3200.6 jmultimer
1668  |~1659 |multimer
1647 - muitimer NH bendlng
1638 -  |dimer
1630 - MONOMER NH asym. bending (E)
1619.0 - monomer second site monomer
1616 - |oultimer
1143 - |Monomer v, + 1
1056 - tetramer ) .
(1045) - H,0/NH, dimer
1042 - tetramer
11033 - |tetramer
1026 - trimer i
1014.5 - trimer | >NH3 sym. bending (monomer) or
1004.0 - o.c. dimer NH bending (multimer)
986.0 - cyclic dimer | '
(972) - o.c, dimer

969.8

MONOMER

ammonia in a nitrogen matrix

197

y




Raman for ammonia isolated in argon or nitrogen matrices along -

‘ B

with the temperature of deposition is given in Table 7.1,

7.2 Monomer assignments v '

The NH stretching region (Figs. 7.2,7;3 and 7.6) is.
complicated by multimer absorptionsvin both argon and nitrogen
at low M/A ratios. However at high M/A ratios the number‘cf‘
| bands in this region decreases and from the M/A‘fatio dependence
andvéomparison of both the infrared and Raman spectra it is
clear that the very higﬁ intensity Raman band at 33216:5;1'(atgon)
- or 33304:351 (nitrogen) is the NH symmetric stretch vl corres=
pon&ing to the weaker absorptions in the infrared at 3328.8 cﬁrl-
and 332&5(351 in argon and nitrogen respectively.. A band is
also oBsefved at 3206.6 cm-1 in the Raman spectfa due to 2 VAV
intensified by interaction with vy

‘The NH antisymmetric stretching vibration Vq is more easily’
observable in the infrared at 3434.8‘cm-1 and 3438.3 cmﬁl in':'
argon and nitrogen respectively. This region in the Raman is :
very weak and onlf observable at low M/A ratios Qheré it is
complicated by the presence of close lying multimer bands. The
 cotresponding monomer Vq bands of the Raman résults'are‘assigned
at 3434.3 cm ! and 3438.3 cufi for argon and nitrogen matricesk
iespéctively.l ‘

. The degeqeratg bending v, is difficult to anal&se aince’
it lies in the water bending region in the infrared and is too
weak to be>observab1e in the Raman,. Howeﬁer,bands‘at’1638.4 cm'l
vdand 1630.0 cm”1 in argon and nitrogen respectively are assigned
1to‘this mode. In both matrices a "second site" mcnomer'absorﬁticn}

is observed at 1620.0 cm »s ' o oo



For the symmetric bending regidn v, (Figs;‘7.5 and 7.7)
only one band in nitrogen at 969.8 (:mml is present at high M/A
ratio and is assigned to this mode. However six bands at
1014.0, 990 8, 978.6, 974,0. 961.2 and 955 0 cm -1 are stili o
present at high M/A ratio in the argon spectra and it must be
concluded that they are all due to monomeric ammonia. No monomer

bands were observable in the vi region at any M/A ratio in the

Raman results.

A band at 1143 r.:m-1 iﬁ the infrared in nitrogen present at
'hlgh M/A ratio is also assigned to monomeric ammonia .although it
is not observed in the infrared for an argon matrix and it is
not observable in the Raman for either matrix. This has been

assigned to a combination of v, with a librational mode of thé‘ o

ammonia in the nitrogen matrix {125},

7.2.1 Discussion of ammonia in an argon matrix

The symmetric gtretchiug mode v (which hag the same symme:ry‘

A1 as the symmetric bending mode vz) is extremely strong in the

' . Raman spectra for ammonia isolated in the argon matrix. Spectra
‘have been observed at M/A ratios as high as 500 where’bandéﬁdue

, to multimer species are negligible. The observed Raman spectrum
is compared with that predicted on the rotational model previ=
ously used to fit the infrared data in Fig. 7.2 and it can be

~ clearly seen that there is no agreement between the observed and

predicted spectra. Only one band due to monomer is observed in

" the Raman for this mode even at the maximum sensitivity available.

This frequency is-coingidentwith ;he infréfed.resulté for the ”1'

mode in argonm.

For ammonia to be rotating in the argon matrix,theory.

v
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predicts the strongest Raman band will be S(0) and the strongest
infrared band to be R(0). It would also mean that the pure
rotational transitions (observed in the gas phase using a

mercury arc source){128} should also be observable in the low

frequency region of the Raman spectra.

From the coinéidence of the infrared and Raman bands for
the v, vibration and the lack of pure rotationa; transitions in
the Raman spectra it must be concluded that ammonia is not
rotating in the matrix.v The presence of the apparent rotational
- lines in the infrared of‘the v, region is confusing.

Attempts were made to observe bands in the v, region in
the Raman spectra to provide further information but despite
repeated experimentation which included "C.A.T.ting" the region
over 30 hour periods to bu{ld up the aignalyto noise ratio, no

_bands were observable. | |

In an attempt to explain the discrepancy between the
infrared v, results and the Raman v, results the poasibility was
congsidered that althéugh ammonia may not be rotating it may be
.undergoing some other motional activity within the matrix, éuch

as a reprientatioﬁ of the molecule within the site which would

lead to a similar potential barrier to that of inversion

Miller and Decius {73} have set out a formal group theoreti-
cal'approach té this type of problem and this.wa; aﬁplied to
“ammonia (Csv) in a substitutional site (Oh) in an argon matrix:
\An autiine of the important points of the theory are given below

along with the solution to the above problem.
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7.2.2 Theoretical considerations

The approach to the problem uses the methods of group
theory developed by Longuet-ngglns {129} and ut1llses the fact
that the Hamiltonian is invariant to interchanges of the
position and spins of any set of identical nuclei, an‘inversion
of the positions pf all particles in the cenpre of mass, and
the product of such a permufation and an inversion. Let P stand
for a permutation, E for the identity, E* for an inversion of all
particles, and P* for the product PE* = E*P,

For a molecule iéolated in a matrix not all the operations
are feasible. This method will be used to determine which
operations are feasible and which are not. The symmetry group
for the problem then, is the set of all feasible operations.

However,before continuing there are several definitions which

"need to be mentioned.

A permutation or permutation-inversion for a rigid molecule
is equivalent to a point group operation on the internal coordi-
nates followed by a bodily rotation of the molecule about an

axis through the centre of the mass. This can be represented

as P(r) = Q(re - RP) . ' ' ‘ 7.1

where R is a point group operation, Q is a rotation, r, is the

3n dimensional vector describing the equilibrium positions of
the atoms, p is the corresponding diéplacenent vector, and
r=r, +p. Once the 1 to 1 mapping between P apd R is estab=-
liéhed it can be shown that the group {R} is isomorphié‘to the
group {P}. The operation R for each P and P will determine
the symmetry of translatiop and rotation and therefore y and a.
The group Q is important in classifying the rotational

states since it consists of bodily rotations of the molecules.



The group Q is isomorphic to the permutation group unleéa the
molecule possesses a centre of symmetry in whichkcaae'fQ} is
isomorphic to the subgroub of {P} which is just the permutations.
Therefore for any group {P} the symmetry of u and & can be
found from {R} and the transformation of the rotational coordinates
can be found frém fQ}; |

For a molecule isolated in a matrix site let us assume
that the guest molecule has the symmetry of the point group M
and it occuﬁies a substitutional éite in the host matrix which
' has the symmetry of the péint group S. |

Operations in M are related to the crystal and'space-fiied
axes, The point grOup§ ¥ and S can be divided into the rotational
subgroup of permutations plus the set of permutation inversiﬁna.

These are denoted as follows:
M = M(P) + M(P*) and S = S(P) + S(P*) (7.2)

If M or S is a rotational group then there are no operations

‘of tﬁe type Px,

The elements of a group.which are appropriate for a guest
‘molecule inﬁa host crystal consist of products of operations in
S(P) with operations in M(P) and operations in S(P*) with
.operations in ﬁ(P){ ‘The symmetry of the vibrational, rotational
and nuclear spin states .can therefore be'determingd from the 3
. combined group.‘ As the movement of the molecule may be expected
to be restricted by the host molecules interest is centfed on theb
rotational states and multiplet étructure near the high barrier

limits, where the motion may be regarded as librational but with

the splittings being due to cuhnelﬁng between equivalent potential

minima., Correlation methoda'{116} can be §mployed to aid the .
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solution of the group theoretical analysis and will enable the

description of the splittings of states near the librational

limit for any assumed orientation of the molecule at its poten-.

tial minima with rehpect to rotation. From the aymmetry of
the dipole and polarizability tensors, aeiection rules can be
applied to predict the infrared and Raman spectra.

The appropriate group will depend on the freedom of the
molecule to rotate with respect to the crystal. The largest
possible group is the combination of all operations of S(P)
with M(P) and all combinations of S(P*) with '}-{'(P*), This group
will be denoted by G = (S.M). Some operations in G become less
feasible (physically) as the barrier to rotation increases and

at the high barrier or librator limit, rotation of the molecule

‘with respect to the crystal is not feasible. The problem

necessitates the correlation between the free rotation group G
and the high barrier subgroup ﬁ, the motional energy levels will

then be given as a function of the barrier height. Whether $

or M is a rotational group or not determines how the group G is

formed, For example, if both S and M are rotational groups then

the order of C is given by g = s.m, where g, 8 and mkrepresent
the order of their respective groups, since all combinations are

allowed. If either S or M is not a rotational group, then

?

g = {s.m since combinations of P's with P*'s are not allowed,

At the liﬁic of no rotation the appropriate subgroup of
H i; -isomorphic (&) to the highest common subgroup of S and M
if the molecule is orientated to the crystal in the highest
symmetry possible. |

An operation in H consists of the product of an OpQratioh‘

in 8 w'i‘th an operation in M so g:fxac there is no rotation of the

]

]
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increased by the factor g/h (h is the order of H) and this

with respect to rotation. In certain cases there may be signi-

. ficant groups which lie in between the limits for G and Has a

9
Lo
e

molecule relative to the crystal when the molecule is at an

equilibrium position.

The librational states in H have a degeneracy which is

factor is also the number of equivalent minima in the potential

result of the fact that'some'relatiye rotations may be feasible

but not all., In this case 'the group would be a subgroup of

G = (S,M) but the problem would be essentially no different than

that for G and H.

7.2.3 Application of the theory to a 5;; molecule in an Oh field,

We are now in a position to solve this problem with the

aid of the above group theory.

For this problem M = T, and § = Oh. Since neither § nor M

is a rotational group but S is a direct product group (with {E,i}) .

S = §(P) x {E,i} | o (7.3)

whereas M is not a direct product group, then G will be the direct

‘product

G = 'S'(®) x "M o aw

_where 'S'(P) % S and 'M' - M.

This amounts tolsaying that operations in ;S'(P) are pro-
ducts of E in M with an operation in S(P), operations in 'M' (P)
are products of E in S with aﬁ operation in M(P), and operations
in "M' (P*): are products of i in S with an operation in M(P*).

The. character table can now be found from those of M and S(P),

'an,d the symmetry species are products of those in M and 5(P). '

‘
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It follows that from equation 7.4

¢ = t0'x T @5
, The‘{Q}group for O is 0 and the {Q}group for c3v is
'n {73}. o a ‘ RO
' -Thenefore the group'for the rotat1ona1 problem is
‘G = 0xD, | , . (7“.6
This group is given in Fig; 7.8. ‘
A C3v molecule such as NH, in an Oh field may have a poten-f
tial minimum if the H atoms point toward the'cornersof thekcube,
'i.e. aligned along a C3'axis of the cube. This is the poeition
‘thatvammonia is thought to occupy in the Oh substitutional site
ef‘an argon matrix, in which case the greatest ccmmbn subgroup'

‘for Oh and C, .is C3 . So at the librator limit it is assumed

v
that H = C3 , where the order (h) of H -6,

‘The character table and correlation between G and H is ‘given

in Fig. 7.8. °
It is seen that H = {EE, C3C3, CZCZ} since it is clear
that EE, C3C3, and 0202 are rhe only Eroducrs from G= (Oh, C3v)
'whlch leave the molecule unchanged with respect to rotation
relative to the crystal, '
Since neither § or M is a rotational group the order (g)
-of G is given by | '
| g = fem
- §.48.6 - S, -
- 144 R - .

Therefore, the 11brat10na1 states in H have a degeneracy

increased by. a factor of g/h = 144/6 = 24. This . is in fact the -

case as geen from Fig. 7.8.
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Fig. 7.8 RN

Character table for <Oh'c3v) and correlation to the group 03v

------------
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The first excited librator states in E;v are of aymmetrj‘
Al + E but before the number of transitions from the A1 level
can be worked out,the selection rules for the various'types of
transitions that are possible must be found.

Since neitherls‘nor.ﬁ'is a rotétional group but S is é
direct product grouﬁ all the molecular symmetries have their |
usual symmetry species from M, including the electric ténsora
in internal coordinates, multiplied by the totally symmetric’
_species from S(P). Therefore in internal axes the symmetry of
pis Alxi + Alﬁ'and the symmetry of a is Alzi + Aif. :

The symmetry species for a quantity in external axes
‘has the symmetry species in S(P), times either the totélly
symmetric species or antisymmetric species from M (= C3V)
ldepending on whether the symmetry species in S was symmetric or
‘antisymmetric‘fo'the operation involved‘iﬁ the direct product
(i or h). Since S (= Oh) contains i then u(exterﬁal)has the f.
antisymmetric species in M; this is Because ¥ iswungerade and

- o is gerade with resbect toi.

Therefore in external axes thq.symmé:ry of ¥ is FlAz an

vthe symmetry of o is AlAl + EA1 + F2A1.

20 ¢

Before discussing the possible types of transitions involved

it is important to distinguish between two classes of transitions
involving the librational modes. In the first category the

librational quantum number (which becomes an,oécillator quantum

number in the high barrier limit), does not change, but a transi~

tion between levels for a single librational state éplit by
tunnelling occurs. These can be regarded as tunnelling transitions,

- but they will be described here conveniently.as "orientation -

1

transitions".



In the second category there are changes in the librgtional
quantum numbers? Thege wiil be described simply as "librational
transitions. Thus we may spéak about pure orientation, pure
libration, vibration-orientation, or vibrAtion—libration trangi=-
itions, reéerving the'lattef two terms for cases in which an ihter~
ndal vibration undergoes‘a transition simultaneously with changes
in the”rotational states".

We must first consider the librational tt&nsitions from

the n = 0 (A)) level to then = 1 (A, + E) level in both the

infrared and Raman. The correlation in G as seen from Fig. 7.8

- is

A1 ‘- _AlA1 + A2A2 + EE + F1A2 + FIE + FzA1 + FZE

'E = AIE + AZE + EA1 + EA2 + EE + FlAl + FlAz + 2F1E *,FZAI
+ F2A2 + 2F2E
The allowed infrared and Raman librational 6r orientation

transitions are determined by the selection rules in external

axes.

i.e. T'(u) = FlAZ |

and T(a) = A1A1+ EAl + F2A1

If the product of the transition contains one of the
irreducible representations for the infrared and Raman given
above then that transition willbe allowed.

The nuclear spin wave function for ammonia (Iﬁ Qv;) is .

4Ai§1 + 2A1E'{13O}. The ovérall wavefunction must be‘Pxé (as

H is a fermion) where I' = Al' A2, E, F1 or Ez. |
Assuming the vibronic symmetry is Ki. it follows that for

L, =- { only PK% or TE librational states can exist.
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Frig. 7.10 SRR .
.~ Vibration~libration transitions in the infrared and Raman

for the n = O tdvnr- 1 librational mode
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Fig- 7,10
v
(b) RAMAN
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Vibration-oriontation transitions in the infrared and Raman :

(a) INFRARED

For an A/A) vibration

Selection rule ?.s AIAI x I‘(u)(’ext)“ - FIAZ o

A235-—4+ ‘F2A1' '
FE ==t FI'E‘, FZE
FlA,— AR
FIE'--+ EE, Féﬁ.
FZE'--f EE, FIE'-

For an Al'i:' vibration

Selection rule is Alf x I'(u)(ext) = Flf ,

and FzEt . S : e

F.%, EE, F,E, FZE’
F.E— F &, I|E, F,E, P&, AK
F,E — F\Ay, FiE, FoE, FA), AR,



Fig. 7,11
(b) RAMAN

For an A1K1 vibration

Selectlon rule 18.A1A1 x I’(a)(ext) AIA + ml .+,F2A1

A= FihA)

"'For an AIE vibration

' Selection rule is»Alf x T(n) (ext) | - Al'f;‘ + EE + FZE‘

‘ AZAZ-—-* - EE, FIE
EE FIAZ,’ FZAI’ FIE’ FZE

s g
~— 3F E, 2F2'E,~E'1«:‘
————p

>

F
F

1]
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1 AzAz’ Fl 2! 2 A, FE, FzE
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The vibrational activity in the infrared and Raman effect

L]

follows the selection rules of the internal axes. The'overall'

transitions are governed by the selection rules in the externmal
axes and some vibration-orientation or vibration-libration
transitions may be formally allowed. From the symmetry of u -

‘and o in internal axes AjA; and A/E vibrations are allowed in

the infrared and Raman.

The selection rule for vxbratlon-orientation or vibration=-
libration is given by P(u)(lnt) x P(u)(ext). For an A1A1 :
vibration in the infrared this is I'(y) = F1A2 and for an AIE

vibration the selection rule is I'(u) = FIEZ

| In the Raman the selection rule for vibration—orient#tion'
or vibfation-libration is I'(a) (int) x r(a)(ext) so for an Alxi
vibration this is I'(a) = A1K} +‘ﬁxi +;F2Ki and for an Alﬁ
'vibration it is T(a) '§A1E.+ EE + Fif.

It must bé noted that a transition to the gggg internal'
level is only allowed if all the selection rules are includédf
in the product. | |

Using these selection rules vibration-liﬁration aﬁd
vibration-orientation transitions in the infrared and Raman can
" be obtained with the aid of the multiplication table givenrin

Fig., 7.9. These are given in Figs. 7.10 and 7.11,

7.2.4 Conclusions , ' Sy

There are three types of motion (apart from vibration)

that ammonia might be undergoing in the substitutional site of

the argon matrix,
1) Rotation (and inversion) =— low barrier.

2) Libration-Orientation =— medium barrier.
. / '

RU——,



3) Libration = high barrier.
! The rotational possibility has already been discussed in
detail in 7.2.1 above, the main points in the argument against

rotation taking place being the coincidence of the infrared
~ and Raman bands of the v symmetric stretch and the lack of

pure rotat1ona1 transitions in the Raman.

Orientation may be 1nterpreted phy31ca11y as a movement of
 the molecule within the matrix site through successive potential
minima (24 altogether). This should therefore result in fine

structure being observed on the v1brat10nal bands provided the

splitting is large enough. The size of the splitting would depend

on the potential barrier.

~ also be observable, in principle. In the high barrier limit

21

Vibration-libration transitions should =

‘1ibration is the only possible motion. No librational transitions - -

were observed in the low frequency region, and the fine structure
of the v, vibration in the infrared spectrum is too complex to

2
be explained on a purely.librational model = which predicts

only‘a vy * Y14y band.

From Fig. 7.11 it can be seen that for an AR vibration
the vibration-orientation transitions in the infrared approximate
" to those in the Raman. Since there is obvious structure in the

Yy region in the ipfrated for the argon matrix and coincidehce o
_between the infrared aﬁd Raman for Vi the vibration-orientation
model fits the'results<reaaonab1y if one assumes that these
J."tunnelling"'transitione‘will cause appteciable.splitting on ”2
and not on v It also has to be assumed that the vibration-‘

1°
libration transitions are too weak to be observed. The first

'assumption is not too unreasonable since for inversion"tunnelllng' -

transitions which occur in the gas phaae spectrum of ammnnia the

&
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splitting of v, is much greater than that for Vye Since the

3

L ~ vibration-libration transitions will also have a complex structure
. the resulting broad absorptions may be too weak to observe.

Verification or contradiction of the hypothesis that the structure

of the vy absorption in the infrared is due to vibration-orienta-

tion can only be achieved by obtaining a spectrum of the v, region

in the Réman, which is not poasible with the present equipment,

" 7.3 Multimer assignments

From the M/A dependence and controlled diffusion experiments
for ammonia in argon and nitrogen matrices many bands due to

multimer species have been identified in this work. Assignments

are given in Tables 7.2 and 7.3.

Fig. 7.3 'demonstrates the effect of changing the M/A ratio
‘of ammonia in an argon matrix on the NH strétéhing“region and -

a

also thé effects of the diffusion operation.

7.3.1 NH antisymmetric stretching (E)
In the NH antisymmetric stretching v, region there are

several bands displaying different M/A ratio dependence in the o
' This band
1

" infrared relative to the monomer band at 3434.8 cm
is asymmetric at low M/A ratio having a shoulder at 3429 cm.
whose closeness to the monomer band would imply that it is due  =‘
to an open chain dimer, This dimer also has an absofption at
3400.0 cm-l, trimer and tetfamer absorbing to loﬁer frequency
at 3389.8 cm © and 3376.0 em ! respectively. The latter two
bands are the first to disappear on increasing the>M/A ratio bgt
always increase their intensity after a diffusion experiment rélati&a

1

to the dimer banq'a:‘aaoo.o cm ©, A similar pattern of bands is .
. . ’ 7 . . . o . )

(3
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obnchcd in this region for ammonia isolated in a nitrogen matrix
(Pig. 7.6), but there is much less trimer and tetramer present '

for the same M/A ratio. (This would reflect on the greater

“isolating efficiency of nitrogen.)

7.3.2 NH symmetric stretching (Al)

For the NH symmetric stretching v, region again multimer
species absorb here to a lower frequency than the weak monomer
band at 3328 cm.1 for the ergon matrix. This bana has a shoulder
at 5325 cm-1 which is resolved in the Raman spectra at 3324.6 ch_I
and is reasonably assigned fo open chain dimer along with the
band at 3309.8 cn ', ‘The band at 3304.0 cnt parallels intensity
changee with the band at 3389 8 cm'-1 and is assigned to trimer.;

‘It is very weak in the Raman spectra at 3301 6 cm 1.‘ o

7.3.3 N=—H (... N) stretching

The previous d15cussxon of the NH stretches were of nultimer
bands arising from the NH stretches of the free NH3 and an ,
groups of the multimer species. However several bands are also :
.;qﬁserved at low M/A ratio due to the NH stretches of the NH bond
of the ammonia molecules directly involved in the formation of
the hydrogen bond of the multimer species, The latter are found
, in the 3250-3200 cm'.1 region and their intensity changes pafallelx;
‘banda in the vy and vy regions, On the basis of the M/A ratio |
dependence and diffusion experiments for the argon matrix a band
at 3241 cm is assigned to dimer and bands at n3235 cm 1 aﬁd
3210.0 ew ! are assigned to trimers. A band at 3202 em } isidua
to tettaﬁer. The trimer and tetramer bands are obearvable (but

weak) in the Raman results for argon. -



A similar pattern of bands occurs for the nitrogen matrix .151

" in the infrared and Raman but there is 1ess trimer and tetramer};,'j.

- compared to the dimer bands. Diffusion experiments vere

carried out for the mitrogen matrix results,

7.3.4 NH antisymmetric bending (E)

The NH antisymmetric bending \ region was not studied in
great detail in the infrcred for either matrix due to its-iying
ic a region of atmospheric absorption. However, tentative assign=~
hents have been made for both matrices and are given in Tables .
- 7.2 and 7.3. No bands were observable for the argon mctrix in =
the Raman, and only one band at 1659 ctu-1 was observable in the :
Raman for the nitrogen matrix. This band was weak and only

observable at low M/A ratio and is presumably due to multimer

speciess

~7.3;5 NH symmetric bending A1

Fig. 7.5 shows the effect of the M/A ratio dependence and
fdiffusiqn experiment on the bands of the NH symmetric bending v,
region in an argon matrix. There is a certain amount of overlap
‘occurring between monomer and multimer species, which makes St
idantification of the multimer species difficult.

The bands at 1027.5 cm and 1017.8 em -1 are cssigned to
. trimer bands whereas the band at 999,7 cm -1 is |
assigned to a dimer species. This is because the trimer bands :
’disappear from the spectra more quickly on increasing the M/A
ratio and increase their inten81ty on carrying out a diffusion

_experiment at the expense of the band at 999,7 cm -1 and the

monomer bands. This is presumably as a directlfasult of‘diffugion
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-of monomer to join up with dimer. Bands to higher frequency .

are agsigned to high multimer. Tentative assignments for these

bands are given in Table 7.2.

In addition, from the relative intensities of the monomer
bands in the argon matrix before and after the diffusion opera~ !
tion there ‘appears to be a multimer band lying under the monomer

band at 974 cm 1., This multimer band is extremely close to the

monomer bend frequency which would’ imply that it has an open

vchain structure,most probaBly open chain dimer.

There are fewer bands 15 thev2 region for ammonia isolated
in a nitrogen matrix (Fig. 7.7) but all display M/A ratio depen-
dence relative to the monomer band at 969.8 cm‘l. The bands at .

; 1026 and 1014.5 cmm1 are assigned to trimer (correeponding to the
‘trimer bands of argon at 1027.5 cm.-1 and 1017.8‘cm—1) and dig=
appear relative to the dimer band at 1004.0 cm -1 in nitrogen
(correspond1ng to the dxmer band at 999.7 cm -1 for argun)aa the
M/A ratio is 1ncreased.,-There(1s however an add{tional band at
986.0 cm-1 for the nitrogen matrix results which at firsﬁ sight

- ~appears to behave similarly to the band at 1004,0 em L assigned i' 
eo open chain dimer. However this band, if present in the argon
results, mustlbe considerably weaker, From the results'of
’diffusion experiments it may well‘be underbthe monomer band at -

990.8 cm-l. The ‘second band due to open chain dimer lies ‘cloge

| to the monomer band (see below) thus the band at 986 0 cm lkig

" due to a different dimer speciee of which a cyclic structure is

-the most likely,

vFor the nitrogen matrix the'monomer Sand at 969.8 ¢ﬁ‘1 ig
highly asymmetric at Iow M/A ratio implylng that " there is another

band overlapping but not reeolved. By the use of a8 curve analyois.




technique (Fig, 7.7), the band is estimated to have a frequency ' -
of v 972 cm-l. Its close proximity to the monomer band‘implie8 1>‘i
that it is due to open chain dimer corresponding to.the band at u

1

974 cm ! for the argon matrix.

7.3.6  Hydrogen bond vibrational modes .-

The Raman spectra of ammonia in an argon matrix at low
M/A ratios show the presence of three bands at 222.3, 105.2 and
n 61 cm_l. These bands were'observed for differén: Raman lase; \ 
excitation'frequenciee 80 afe not due to laserhlines; Sinée
fhey are only present at 10@ M/A ratios they are believed-tq bé“
due to;the ammonia open chain dimer, which is the most prominent

i

multimer species at these M/A ratios. The 222.3 cm-'1 band is -
! : - o
assigned to the hydrogen bond stretching mode and the bands at

{ : , ,
102.5 and 61 cm 1 to deformation modes, - o

7.3.7 Impurity bands

Cugley and Pullin {64} reported anomalous bands for‘ammoﬁia
‘isolated in an argon matrix which they suspected of being due
'vto oxygen and nitrogen impurities in the argoﬁ. By doping ﬁhé
argon with oxygen or nitrogen'they were able to ahow that the ﬁaﬁdéi“,‘

lﬁwere due to oxygen and

they observed at 968 cm-1 and 972 cm
nitrogen impurities respectively. In this work only one spectfum».,'
contained a shoulder at 972 o:m-'1 due to nitrogen impufitiea, the

other spectra were free of these impurity bands,

Only'one band in the infrared spectra of ammonia in argoﬁ‘v
was irreproducible and this was the band at 1035.0 cm !, This
was suspected to be due to water impurity in the nmmdnia sample

giving rise to an ammoqia-wafer mixed dimer. B
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To confirm this an experiment was made usingka 1:1 NH3/H20; ‘kk

mixture. Fig. 7.12 éhows the effect of this mixture cbmpared to

an undoped sample. Clearly the band at 1035 cm -1 is due to ammonxa

complex1ng with the water to form a mxxed dxmer. Abouaf*Marquin

reported a similar 1mpu:1ty band for ammonia isolated in a neon

‘matrix- {62},

7.3.8 Conclusions '

Fig.‘7.13 shows the two possible types of dimer that can

‘be formed; the open chain structure (C,) and the cyclic structure

Cyp)e | |
The bands observed for the dimers in argon include bands

at frequencies close to those of the monomer bands which strongly

'suggest. an open chain structure.
A normal coordinate analysis has been cérried out byi

Dr S. Suzuki forvthe open chain dimer in argon {131}, The ca1~r
culated frequenc1es are given in Table 7.4 and are in good
- agreement with those observed. The force field obtaxned was
applied to calculate the frequencies of the cyclic dimers and

" the results suggest'that the stretching region dimer bands for
. this structure would be close to the open chain structure dimer
bands., The cyclic dimer band of the v, region of ammonia in a;l,'
nitrogeﬁ matrix is obseryed at'986 gm-l(and cdrresponds to a
vefy weak ban&‘at 990 Cm-l in the argon matrix. It is also

_observed that the dimer absorptions in the nitrogen matrix fof

‘the stretching region at low M/A ratios are rathe;(broader thaﬁ ;,:

‘their argon matrix counterparts which would suggest that the
~ conclusion from the normal coordinate analyqia is reasonable. -

It appears therefore that in nitrogen both typea;of-diﬁér vi
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Table 7.4 o

Anmonia open chain dimer frequencies

w24

Approximate description Obs, Cale.
NH3 degen. stretch A', A" 3428 3432
NH2 asym. stretch A" 3400 3402
NH, sym. stretch Al 5325 3326
NH, sym. stretch A' 3310 3310
NH.stretch Al o .3241 3240
NH, twist A" 1645

: 1643 ‘

NH, scissors Al 1640
NH3 degen., deformation A', A" (1638) 1638
NH2 wag A' | | 1000 1013
NH, sym. deformation A' , (974) | 975
N ... H stretch A' | 223 223
NH, rock A', A" 05 | 103
torsion A" - 60 .60

L3



exist but for argon the dimer is predominantly open qhain;"This ~‘“7g'\

‘may be explained as being due to the differences in the nature
of the trapping sites. For nitrogen the site would have a
cylindrical shape which may be better suited for accOmﬁodatihg"'

the cyclic structure rather than the more spherical argon

trapping site.
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CHAPTER 8 o

QUANTITATIVE STUDIES OF AMINES IN ARGON AND NITROGEN MATRICES

8.1 Introduction

Odour pollution is a regular accompaniment of industrial~
ization though until recently it has received less public1ty
" than many other forms of pollution. Monitoring of atmospheric
' pollutants ﬁodai is aimed toward systematically collecting and .
evaluating aerometric and related data to provide information
- concerning pollutant.concentrations in ambient air, emissions
from polluting 80urce§ and meteorological ¢onditions.' These S
mbniforing activities are’importan; from a legalistic point of
.view in order to produce usable information which when collectéd o
aﬁd structured may be presented for épplication to problem |
. solving efforts by the researcher, the poll@tion cohtrol;offiéialggf
the industrialist and the concerned community, e
Although the concentration of malodorous substances in} -
" waste gases is very low, even minute concentratjons may cause
considerable annoyance to the community and hence controlling
éuch odours is a complex and often frustratingyprobiem.

Odour is a phy81ological response of the individual. In
.. all cases, the odorant ‘will be in the vapour state or have an-
appreciable vapour pressure at ambient tempgratures in order to\

| have been detected. The olefactory detection threshold in humans

8

is very low e.g. 10° to 109‘m01ecu1es of odorant in the noée is o

. sufficient for detection {131} (1 v mol of ethyl mercaptan con=

tainq approximately 10™" molecules). - Instruments which measure

‘the physical or chemical ghargcteristics of a malodorous gas
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cannot be used to measure odour - only the amount of édorous

- substance present. It may be argued therefbre :hac,‘tb déte,k %
" the only reliable and accuraé; instrumenté fot measuring odour
are the olefactory cells in human nasal tissue.
Odour thresholds for pure compounds vary wideiy as can be |
‘seen from Table 8.1 showing threshold values for a few familiar
materials {132}, o
» Techniques for sambling‘ana analysing malodqrous gases are -
inherently difficult and requirgyhigh sensitivity of equipment-"
because these gases are only present in small quantitiés of £hb
order‘i ppm = 1 ppbe The development of gas chromatography'
utilising sensitive detectors, such as the flame ionizationv. <
~detector, has increased the possibilities of determination of
trace quantities of such gases‘and much pioneering work haﬁ |
alreéd§ met with success {133-136}.' However,separgtion of the
pollutants is often complicated by the presence of constituents
which the detecting system was not designed to anaiyse. One v
method of overcoming this probiem is to desigﬁ a sampling’systemk_'
té remqu particular types of pollutants from the atmosphere
’i;e. suiphides, amines, mercaptahs or olefins ete. which could
| 'theﬂ be:analysed on chromatogfaphic equipment with colums"
5pecificall§ suited for that type of pollutan£‘{136)- In the case
_of the amines two prébiema arise.
(i) When dealing with basic nitrogen-cbntaininé compounda\,'

‘such as the primary aminea. therebis a "peak tailing effect"
’due to the adsorption of the sample on the chromafogtaphic |

~support and leads to the formation of asymmetric peaks making

proper quantitative evaluation of the separated compounds

difficult, éeveral workers'{13?-140} have tried‘to ovetcdme thi§ R

(eSS



Table 8.1

Odour Thresholds in Air (PPM Volume) {132}

Compound ul ppm Compound ppm -
Acetic acid - | . 1.0 ’Butyric acid © 0,001
Acetone 100 Carbon disulphide | 0.21
Methylamine | ',;0.021 .Diméthyl sulphide 0.001
Diemthylamine "0.047; Ethyl mercaptan 0.001
Tr%methylamiﬁe '~ 0.00021 Methyl mercaptan - 0.0021
Amﬁonia 46.8 Nitrobenzene 0.047
Beézene 4,68 Sulphur dioxide 0.47

-~

e

T

e g —— |~
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bprobiem by devtloping colums which have "anti-tailing" agent’,

treated supports and found them.satisfactory for their réquirements; ,
(ii) The lower aliphatic‘amines have similat tetention

times and serious overlap of the peaks octurs'making quantitétive'

analysis difficult. - ‘
Sééoqdary an& tertiary amines bresent less peak tailing-

effectskand so the discﬁssion following will be;centtgd’onktta

‘jprimary amines which appear to cause the most thuble,namély

"ammonia,-methylamine and ethylamine.

8.2 Development of technique

The use of mattix isolation as a research tool in the
qﬁantitative analysis of gaéeous mixttres has already been applied
.'by Rochkind‘{6,36,38,39,141}. Hetéuccessfully appiigd it to |
'the ‘analysis of hydrocarbon mixtutés‘{6} and deute:ated‘ethylenes.

using a modifiéd matrix isolation technique known as Pﬁis¢d Matri§
Isolation. It retains the main characteristics of conventionai '
matrix isolation technique but teplaces the slow cqntinﬁous con=
densation by a controlled pulse deposition process., Nitrogen was.
- choéeﬁ as the matrix diluent gas which avoided the ﬁoésibilityv
.0f complicated rotational structure for small molecﬁles, since

no molecule is knoﬁn'tofrotate in a nitrogen ﬁatrix., Rochkind
~diluted his sample gases to a pressure of épptoiimatély 700 torr
l with’nitrogen, and usedla pulse volume of 16 mls and’reported
‘ f{36}.thtt pulses of this size, condensed onto a cooled window i

" at 20 K, gave transparent, low scattering matrices. More recently

' Perutz and Turner {142} have shown that the technxque may be

,'adopted for other matrix gases and they put forward many advantages

over the more conventional §.5.0. technique. It was also found
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' during experimentatioﬁ that P.M.I., tends to give better matrices

)

than §.5.0. '

Application of the tecﬁnique to quantitative analyeia‘
’ﬂepends upon the application of the Beer-Lambert law to the hatrixwx
isolated molecules ebserption bands. The accepte&ilaw reeﬁiree-f o
thats L :

I

Absorbance . = log (—%l)f = a.c.l.
where
I_ = ‘incident radiation intensity
1 = transmittance at peak frequency »
= absorption coefficient for the transition

the concentration of the absorbing speciesk

= the path length.

H__a._@ .
'

Heece ¢l for matrix purposes equals the number of absotbieg
ﬁolecules trapped in the matrix thtough vhich the incidentb o g
tadiation from the spectrometer can pass. However, the actual
number of micromoles depqsited‘wiilvdepend on theigeometry of
the apparatus aﬁd on the sticking coefficient of the substance
under tte conditions used. Thue the amount actually condensed‘
| will be{effected by several‘fhcters; these will be‘the rate at
) : ]g‘i ﬁhich the material is deposited, the temperature of the support
wiﬁdow, the distance of the injection needle from the window and
the rate at which uncondensed sample is pumped out of the ce11.
'vthought to be negligible because of the efficiency of cryopumping.
However,prov1ding experimental conditione are kept constant,‘
resulta should be reproducible on a particular piece of eqnipment. 'ph
As already mentioned in chapter 2 the exiuting system J,i é .

‘ proved inadequate for the quantitative analysia of the amines -

5

i
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'_for the following reasons;

]

(i) The S.S5.0. equipment required relatively 1srge amounts
of sample to keep the flow rate approxlmstely constant. | '

(11) The small changes in pressure of the storage bulb L
during calibration expenments for the amine samples were e
d1ff1cu1t to measure accurately w1th the mercury manometer.

(iii) The amines themselves became adsorbed into the -
"Apiezon "N'" grease of the vacuum taps which meant that a certain
‘unknown quantity of am1ne was being removed from the sample
mlxture bulbs and this was obv1ously undesirable.

The resultant Beer's law plots when using the S.S.0. tech-y |
nique werevunsatisfactory when duantitative estimates cf theh |
amines were made, being non reproducible from experiment to
'experiment. To overcome these problems, a new sample pteparatrcn
and deposlt1on system was built on simllar 11nes to Rochkind'

system already mentioned. A pulsed matrix 1solat10n syscem was

- built in whlch all the taps were of the greaseless type (Young 8

ps.t.f.e.) and the mercury manometer was replsced by a pressure
transducer (the calibration of which is given in chapter 2, | N
Fig. 2.6). The main storage bulb was only 500 mls and the totaly
' 'vo1ume of the sampllng system necessary for deposition was onev
tenth of that of the S.S;O..system. ' |
vOnce the’sample had been made up atanbUA.ratio of 109‘-
‘with nitrogen,deposition was carried out'by'pressurising the -
- measured volume and allowing tnis volume to condense on the
‘cooled CsI window of rhe ceil ar 20 K; The pressure of‘each
pulse was measured by means of the pressure transducer. The
'actual micromoles of sample of each pulse was calculsted using

the followxng relationship:
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Number of u moles per pulse = (16.036.Vm;?m)/( Tm.MA)‘
where Vm; = measured volume f '
. ,‘ P - pressure of gas mixture
fm = temperature o{ gas (room temperature)
MA = M/A ratio.
" Rochkind ﬁad shown that good matrix spectra could be
' ;   ' obtained by depositing the gas phase mixtures by'this method,
| Using ﬁydrécarbons'in nitrogen at M/A ratio ofl100 and pulée:
kpressure of 700 torr, he obtained sharp inffared spectra whicﬁv
_ obeyed Beer's law (i.e. peak intensity was propbrtional té the . “
émounttof hydrocarbons deposited).‘ However he did not report .
on the?degree of isolation achieved and it was felt that in the
case oé amines that investigatién of this point was necessary.;

!

ﬁulse pressures of 700-100 torr were used and it was
N found Jhat between 400 torr and 100 torr nokapﬁréciable diffe:- .
‘ence in isolation was observable at M/A ratio 100.'1A130 at‘ i
high pulse pressures tailing of the Beer's law graph was expéfi*,  e
ihénced, which was believed to be occurring due to excessive o
annealing of the matrix. As the matrix layer built up the heat
of cond e nsation of successive'pulses had to be renioved through
this layer whose thermal conductivity was not as good as that
o “, S of the CsI window, hence excessive annealing occurred. Howéver,ﬁ
with pulse pressures below 400 torr.tailiﬁg of the Beer's law
gfaph did not occur even for considerable ﬁhicknésses‘bf matrix, =
The angle at ﬁhich the gas sample was deposited ontokthe
cooled window was varied.’ No difference was observed between
~ 45° and 90° but deposition norﬁal‘to the window waskaddpted.
The following conditioﬁs were adherred to during the‘quénti:;tivp_ v 

®

.. experimentation. S R S

o g .. .
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(i) A depositioﬁ temperature of 20 K. -
i (ii)' Initial pulse size of approximately 400 torr.
(i1ii) Pusing at one minuté‘intervals.
(iv) The injection peedle was placed justyoufside thé:
radiation shield which had been modified to allow maximum .
- transmission oflenergy through the CsI deposition window. ‘ﬁsing

e

this method good Bégr'p'law plots were obtained (Fig. 8.1)¢

8.3 Results

 Experimentation was carried out iﬁitially usingbmetﬁyiamige
‘as the sample gas to test the reproducibility of the téchnique; y

An M/A ratio of 100 was used with nitrogen as the matrix ‘
gas. Pulsing was carried out as previously deécribed\and the
'spedtrum run over the stronge;t‘absbrbing region (at‘816 curl)
between each pulse. A calibration graph was drawn of micromoles 
"dépoaited against peak height absorbancé. The\experimént was |
repeated and using the'ptevious calibration graph to caldulatei
amount deposited from peak height absorbance, the érrbr ofvt
kestimaﬁed and calculated was 137 (Fig. 8.2).

. Calibration experiments for ammonia, méthylamiue and
ethylamine were carried out for 511 the strong bands in thé~=
“apectrum of each isolated molecule (Figs. 8.3(a) -'8.3(:)).‘

Good Beer's law plots were obtained in each case.: ané the

’calibfation grﬁphs had been made for each mblecule, mixtures df_: 

- the amines were made.up with an overall M/A ratio of 100, ﬁen&é

with a known ratio of methylamine/ethylamine in‘nitrogen:an

’, experiment was carrled out to eatlmate the amount of the two
vmolecules present by the P. M.I. technique using the calibration

‘ graphs of each molecule.»
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Fig. 8.1 Beer's Law Graph for some Bands in the Spectrum of
Methylamine in a Nitrogen Matrix at 20 K

- 2,0 ‘ . ‘ NH, wag. (A")
] 816 cm..1

(ordinate x 2)

.4
l.s CN str. (A")
- . 1050 cm -
d
™
]
f
[
Q E
.3 -1 e
“ X - 2816 cm
&

Pt
o
(J

1

[ ]
[o]
1463 cm !
0'5 o ) .
] & Py
@
0 : ’
0 ~ lb 20 : ; jb

» moles of CH éeposited M/A = 100)

3

Nl;lz




o9
(e

Fig. 8.2 Graph of OYtical Density of the NH_ Wagging Mode at
: versus y moles of Methylamine deposited
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Fig. 8.3 (a) Calibration Graphs for Ammonia in Nitrogen at 20 K
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Fig. 8.3 (b)
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From the resoltsAit was immediately apparent rhat alrhonéh
;he'correct amount of erhylamine could be estimated from its
‘calibration graph, there appeared.to be less nethylamine then‘}
calculated for the pulse size. This result was confirmed for’
several other experiments nsing fresh samples of methylamine/
ethylamine mixtures at overall M/A ratios of 100 in‘nitrogen.
Since the frequency of the caiibration band for methxleminev
4did not shift it is unlikely thar hydrogen bonoing between
ethylamine and methylamine affected the inteneity_of the‘methyl- '

amine calibration band and not the frequency. However ethylanine

,'mlght affect the apectrum of the methylamine moleeule by diatortion

of the matrlx.
! ; .
A series of experiments were carried out to investigate |
| . , . ) :

llthe‘effecr of changing the M/A ratio on the monomer bands of
methylenine, ethylamine and ammonia (ehapters 4, 6 and 7).
Theoretically the relative intensities of all the monomer 3  o
bands for a particular’molecule isolated in a site in a matrix |
-should remain the same no matter what M/A ratio is used._ :
Figa. 8.4, 8.5 and 8.6 show the results of these experiments.‘.’
The intensity of the strongest monomer band at 816 cm % for a
nitrogen matrix (corresponding to the NH, wagging‘vibration).rie,w
'relative to other monomer bands appears to be extremely M/A
dependent, while other monomer bands studied for nethylamine
k’Abehave normally. Fig. 8. 7 demonstrates that the calibration
plot of a “normal" monomer band of methylamlne is independent i
| of the matrix ratios. No a1m11ar effect for the monomer banda;f
r'ofammonia or erhylamine was found on changing the M/A ratioq:,i
These experiments were repeated for an argon matrix

o (chapters 4, 6 and 7) but no effect a1milar to that in the .

A
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Relative Optical Density (compared to the CHé Asymmetric Deformation A" at 1451 cmﬁl)

Fig. 8.5 Plot of Relative Optical Density of some Monomer Bands
of Ethylamine in Nitrogen versus M/A ratio
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Relative Optical Density (compared to the NHj Asymmetric stretch (E) at 3434 cm—l)

Plot of Relative Optical Density of some Monomer bands
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" nitrogen matrix was observed. Fig. 8.8 shows the comparison

mot be measured, Fig. 8.9 clearly shows that both integrated e
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of nitrogen results with those of argon for methylamine.

It would appear that some kind of interaction of the

methylamine molecule in the nitrogen matrix is affectihg'the~ o
- intensity of the NH, wagging mode without causing a shift in

. frequency.

As a check, instead of using peak height absorbance as a

" measure of intensity, the area of absorbance under the M/A ratio

dependent band for methylamine (816 cm-l) was measured. Since

datalogging facilities were available it was a straight-forward

matter to obtain a tape output of the region of interest and

. 'integrate the separate bands by using progfem COL 1B. o y |

Although absolute intensities of the isolated bands could

‘and peak height absorbance shoﬁ that intensification of the

816 em ! band is occurring as the M/A ratio is increased.

- There seems the;efore some kind of interaction which is

occurring between methylamine and the nitrogen molecules increas~

'ing the intensity of the NHZ wagging vibration without shifting

the frequency. Unfortunately, no bands were observable in the

Raman for this region and no apparent increase in intensity of

the Raman bands for the NH, stretching vibration was observable -

‘over the range of M/A ratios studied.

An increase in {ntensity ' of the NH2 wagging vibration

;\necessarily implies a corresponding increase in the change of *

‘dipole moment with the appropriate normal coofdinate. It is

surpr1s1ng that such a large change can occur without any apparent

,’effect on the frequency of this mode or on the intensities of

other modes associated with the NH2 group. . 'VF{
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Fig. 8.10 Infrared Spectra of a Mixture of Ammonia, Methylamine and
Ethylamine in Nitrogen at 20 K compnared to the corresponding
gas-liquid Chromatograpbic Analysis

950 900 850 qmacnfl
|
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\/,,\,,\ , ' 20 U moles depoéited |
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M .
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E L ,
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~ - .. operated at 343 K with
M - Nitrogen carrier ga
0,000 823
n (x 20, ) flow of 1.7 ml sec °.
A

T 1 { , I i ~
b 120 240 360 480 600 secs




For methylamine in nitrogen the intensity increase for ',

' the monomer band associated with the NH2 wagging mode as a
function of M/A ratio cannot be directiy associated with adja~ g
cent guest interactions (i.e. ammonia, hethylamine, ethylamine -
‘interactions) since this effedc would be expected to perturb

the frequency or cause splitting of the band and this is nét
,:observedi It is thought that théleffect of M/A ratio‘changes is |
to var& the degree of distortion of the nitrogén lattice and .
hence'the interactioné between the nitrogen molecules and the

methylamlne molecule. Further investigation of this phehomena

was not undertaken since no theoretlcal considerations for the

effectgcould be applied.,
o ;

!
:

8.4 Conclusion

fhe pulse deposition method for analysis of ﬁrimary‘amines i
is satisfactory for vibrational transitions of unnoﬁer.speéieé'
which are not affected by the dégree of dilution or By inter-
molecular interactions. Unfortunately these transit£;ns ﬁay
- not be %est suited to quantitative studies since they may not

give th; strongest bands.’ Niﬁrogen gives better isolation and

avoids the complications of rotational and multiple site sélitting'”‘"
"of the bands of the amines. '

Comparison of the observed intensities of the bands in the .

spectrum with calibration sensitivities for the partf;ular bands

" enabled estimates to be made of the concentrationg of the idén-
. tified components of a mixture:of thé amines btpdied.;'Using this'
~method, comparison of the monomer bands which‘were not affeétédk |

by the M/A ratio in nxtrogen allowed in the case of the methylamine/

,ethylamine mixtures the number. of umolea deposited for each mnlecula  ‘<_‘:

i e gy



to be estimated to within 5% using thevapproprigtekcalibfation S
graphs,’ | | |

| Qualitatiie analysis of a gaseous mixture of’amines can

‘be carried out by comparison of the P.M.I., spectrum of the
mixtﬁre with those of the‘suspected coﬁponents. Oh éhis afgu*,‘
. ment the P.M.I, technique has obﬁiqus applications as a supple- |
ment to gas chromatography since‘the three amines in‘this wntkk'
: héve similar retention times and only one peak is‘avéilablé’

for identification whereas several absorptions occur in the
nitrogen matrix for each molecule. Fig. 8.10 demonstrates the
qualitative use of thé P.M.I. technique; A spectrum of a mixtupe
of ammonia, methylamine and ethylamine in ﬁitrogen at M/A ratio
of 1000 at 20 K is compéred to the'corresponding gas-liquid :

chromatographic analysis.

t
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“APPENDIX 1

!

Surface pretreatment prior to "Araldite" bonding

The Araldite resins adhere firmly to most materials and
bonds of considerable stréngth may be obtainéd solely aftérithe
removal of grease and surface‘deposits. :

(a) Glass and metal s@rfaceé

The surfaces to be boqded are degreased with acetone
rougﬁened-with emery cloth and washed again with acetone.v

(b) Polytetrafluoroethylene tubing

.The surface to’ bonded is degreased with acetone and allowed
to dry. The tubing is then dipped into "Bond Aid" etchant for
30 secs (preferably under an atmosphere of nitrogen to avoid

unnecessary oxidation of the etchant). After this time, the

tubing is removed and washed with ethanol, to remove any traces

of the etchant. The tubing is‘then washed in acetone aﬁd allowed

The premixed Araldite resins may now be applied to the

| . surfaces. The Araldite usually cures in 24 hours forming

excellent vacuum tight bonds.

250
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APPENDIX 2

Fo Specifications for the Type 4-366 General Purpose Pressure Transducer,

o . |
Jiput Parameters High Pressure Range :-I:)::v aP (r esg,'“)"’ —
o - in* (p.s.i.
Pressure Ranges g)_f'/;g ﬁt(()pds_.% 000 (8}_1 OdtO:oESO
‘ . . tandar anges are.:
Standard Ranges are: 0-10,15,25,50

0-75, 100, 150, 250. 600, 1,000, 1,500,
2.500, 3,500, 5,000 and 10,000

Absolute and Sealed Gauge Absolute and Vented Gauge

N ——

Pressure Limits ' Two times rated pressure when ea;(%%g%dofgr% 3ant'g:tes shall not cause a zero set to
o Armco 17-4PH and 15-7MO

Pressure Media

Armco 17-4PH stainless steel '
stainless steels

10 V. D.C. or A.C. r.m.s. carrier frequency 0~20,000 Hz

‘ ;:q“\\e_g_Electrical Excitation
. ximum Electrical

12 V. D.C, or A.C. r.m.s, without damage

Seitation

: 'mpedance

3500 nominal, 3302 minimum

0
Qutput

40 mV+20% -10% open circuit at rated excitation and +25°C

%ge Output

Within £5% of F.R.O, at zero pressure and +25*C

esidual Unbalance -
Natural Frequency

Above 15,000 Hz Above 10,000 Hz

| Electrical Connection

( echani .
~_2Chanical) i
%’@w\ance 3500 T1f99§ 8t 26°C
\8solution _ v nfinite -
Non. Combined effects of non-linearity ombined effects of non-linearity
Hinearity & Hysterssls ar?é“ r'wsteresis shall not exceed and hysteresis shall not ' exceed
N ~ +0.5% F.R.O. +1.0% F.R.O. - :
Mmmental
‘ g"mpensated Temperature 0 to 120°C
Operational Temperature -54°C to +120°C
Thermal Zero Shift Within® 0.035% F.R.0./°C over Within - 0.050% F.R.O./°C over
e " compensated temperature range compensated temperature range
Th Within_ 0.035% F.R.0./°'C  over “Within  0.050% F.R.O./°C over
\T o Sensltlvity Shift .| compensated temperature range compensated temperature range
| Ste At 100g the response will not exceed At 100g the response will not exceed
‘\:dv Acceleraﬂon 00K ERO o, ; O e E e espons ot excee
Un i At 35g sinusoidal vibration from At 35g sinusoidal vibration from
sar Vibration 6§ to 2,000 Hz (limited by half-inch 5 to 2,000 Hz (limited by half-inch
: double amplitude) the response is double amplitude) the response’ is
N ! less than 0.06% F.R.0./g. less than 0.08% F.R.0./g. -
Al Ambient pressures of 2xF.R., or Ambient pressures of 2x F.R. will
fude 180 p.s.i., whichever is less, will not damage tge transducer by ’not
N damage the transducer -
Humldity 100% Relative Humidity Absolute units 100%; vented gauge
' units also 100% if cable end is protec-
— - _ted from moisture. . :
Mechanical Shock 1,0009 half sine wave pulse for a duration of one millisecond will not damage the
N — transducer. .
\Physical e B R . _
Integral sealod cable assembly in standard lengths of Tm or 3m, Other lengths

to special order, Maximum continuous operating temperature 100°C, -

(

L Insulation Resistance

6500 M@ minimum &t 85 V, D.C. over compensated temperatura range.

{ Weight

142 gms, with 1m cable assembly,




APPENDIX 3

CALC 1B

J

This program calculates the amount of matrix sample
deposited from the Raman:rhlse‘matrix isolation sampling system.
Input parameters.
1) Number of pulses requ1red.
'2) ’In1tlal pressure in therﬁample bulb’(torr).
3) Temperature (K). |
4) M/A ratio used.
5); Volume of bulb (mls).
6) Volumebof‘"measured volume" (mls),
Output. |
The program calculates the amount of sample depos1ted

after each pulse, and the total amount deposxted.

. CALCI1B3 , v
"BEGIN' : : ' E
"INTEGEK" I3

CUREAL' XaXXaKo MA N:P:T:VIJVZJ

"PRINT"

*N P TEMP M/A . V1 va’Ltt;
"READ" NsP»TsMASVILV23S

"BEGIN' '

"ARRAY'" AsBC1:NI3 o S - 2
XX:=AC(13:=Bl1Js=13 X:=VI/CVI+V2)3 K: =c235 SA*P)/(T*MA)J il .
"PRINT' ‘L2 TORRe.. UM. TO0T UMe‘L*‘3

CUMFOR™ 13=2 "“STEP' 1'UNTIL' N DO

“BEGIN'" S :

' XX $=XX*X3 Lo : , |
BLIJ:=XxXx3 ° ‘ SRR
ALIJs=XX+AlI-113 ce ; 1 "
. ”ENU”J

"ROKY D=1 “STEP" 1 "UNTIL" N "bO" O
"PRINT' SAMELINE., ALIGNED(S;Z):P*BEIJaALIGNED(QaS);K*BCIJaK*A[I3;"L“J
nz‘:gu’ ) ) ' ' B - . : .



"PRUCEDURE'" DECUDECWNUM, TRANS) 3

APPENDIX 4

Procedure decode (Wnum, Trans)

Each data word from the DDR-1C consists of:
(i) A coded wavenumber value.
(ii) A coded transmission value.

(1) becoding of the wavenumber value depends on,which

Zfia

range of the spectrometer is in operation. The computer decides

in which range the point lies and decodes it accordingly.,

(ii) The transmission scale is linear over a smaller

- range than the scale on the spectrometet,'the computer decodes

the transmission value to.correspond with the reading on the

chart paper.

A procedure.for decoding the data words from the DDR-1C

N

in the Elliot 903 computer is givén below.

"REAL' WNUM,» TRANS3 ‘ e
"BEGIN' _ . . ,

0uts

. '"BEGI N"

Y

"BEGIN"

VEND™

- "REAL'" R»S,113,
S MSWITCH"ZZ e =UUT

“IF' WNUM '"LE"™ 99800 'AND' WNUM "GE'" 78000 "THEN"

500015 =997523Re=0.1428571433
| "GDTD" outs |
YEND'; . .
"If'." wNUM lOLEIQ 75000 I'AND" wNUM OCGE" 52000 ""IHENI'
"BEGIN' ,

. 11¢=250035:=745523R3=0.0714285713
, "6OT10" OUls :
“UEND' 3 B . . . .
"IF'" WNUM 'LE'" 50000 '"AND' WNUM '"GE'" 28000 "THEN"
"BEGIN" . ‘ . "
=100035:=493523R:=0.0285714293

“6OT0" ULTS ’ '
"E—ND"’ .
“IF' WNUM "LE" 25000 “ANU" WNUM "GE" 3000 "THEN“

T1:=50035: =24152)R2-0 0142857141
"GUTO" U3

VEND' ‘

WNUM:=T1T-CCS=-WNUMI*K)3 .
TKANS : =CTKANS=35)/9+33 '



APPENDIX 5

SRCH 2A

Input parameters

1) - Number of bands to be searched.

2) Number of poinﬁq to be écannedt(usually 10-20 is.
éufficient).

3) Wavenumber limit of the band search (usually 2 cm-l).

4) 1f plot of scanned points required then 1 otherwise 2,

5) Approximaté wavenumber value of the band centres to be

searched in descending magnitude.

Output
1) Prints the search values (cmnl) and the band centres
found (cm-l). o

1; 2) Plot of scanned points if required'in 4.



SRCH 2A3;
“"BEGIN' - .
"REAL" MAXsMICsMINSSET,DWW>TTs
"INTEGER'" I15JsNUMsXsSTUPLPRINTS
~"COMMENT' DECLARATION OF DECODE3
"PROCEDURE" DECDDE(WNUM:TRANS))'
"REAL'" WNUM»TRANS3
"BEGIN"
: "KEAL' R,S,TT3 ,
S""SWITCH"ZZ:=0UT3;
'IIF" wNUM 'lLE'. 99800 "AND" wNUM llGE'l 78000 'U’IHEN"
C"BEGIN" ' e ' ‘ ,
TT:=50003S:=997523R1=0.1428571433 -
' "GO10" OUTS , '
TEND' 3. 4 : ) , .
“IF' WNUM "LE'" 75000 '"AND'" WNUM "GE'" 52000 " THEN"
"BEGIN" : S
' TT:=250035:=745523Rt=0.0714285713
"60T0" OUTS e
. “END"; o |
- - "IF" WNUM ”LE" 50000 HANDH WNUM HGEH 28000 "THEN"
"BEGIN" | TR
o 11:=100055:=493525R3=0.0285714293
, "60T0" OUTs o e
o ""END".' ! . . Sl 4 }
C"IF' WNUM "LE" 25000 "AND" WNUM "GE'" 3000 '"THEN'" . e
"BEGIN” ) S ' : . ; .
TT:1=5003S:=241523R:=0. 0142857143
. reOTO" 0UTs
"'ENU"’
QuTs . :
-WNUMs=TT=-C(S-WNUMI*R) 3
" TRANS:=(TRANS~-35)/9.33
"END' 3 .
"SWITCH'" Z:=LO,L,LL,LLLS , , Loy
"READ",NUM:X:SET:PRINTJ . , S ' V.
VYBEGIN" ; _ S ST
"ARRAY" WsTC18X3sSC1sNUMIS ' ; o
' "FOR'™ Is=1 "STEP" 1 "UNTIL"™ NUM "DC]""'READY”SCIJ:I
C ST10Ps=NUM3 NUMs=13 : ;
L ' . , e : :
‘ “"READ" WW,TT3 R -
DECODECWWLTT) ’ , ‘
"IF'" ABS(WW=SINUM1)>2xSET "THEN" "cO0T0' L3
"FOKR" 13=1 "STEP" 1"'UNTIL" X "DO"™ "“BEGIN"
o ' ; "KEAD'" WW,TT3
DECUDEC(WWLTT)Y 3 s ,
WCIds=WW3 TCIJs=TT3 .
"END"J . : ’



LOs

, o 'l'IHENl' 19_6 "E-LSEH ’ ‘ e : ": &

"FOR' Is=1 "STEP'" 1 "UNTIL" X-1 Tppe "BLGIN""

WCIJ:*WCI+1]J

TCI1s=TUI+133

) "'END..J .

"KEAD" WW,TT3
DECUODECWWLTT) 5 '

"IF' ABS(WW-S[NUM1)>2%SET ' THEN" "GDTD" L3
WEXJe=WWs TLX1:=1T3 |
YIF"  ABSCSCNUMI-WIX"DIV'"21)<SET

"BEGIN" ‘
IR (SINUMI=-WLX'"DIV'"21)>SET1 "THEN" "BEGIN"

“PRINT' *°’L2°N0 BAND FUUND,SET. VALUE EXCEEDED

FOR BAND ‘SEARCH VALUE DF‘,bAMELINE,FREEPDINl<6>.5tNUMJ,
, 'WAVENUMBER.'LZ“J

LL¢

"“GOTO" LLLs .

‘. "END"J i ) :
S UGUTOT LOs N ' o

" END'. ,

"IF" I=X-5 "THEN" "GDTD" LO3

"IF' TLI3<TCI+2] "AND'" TLIJ<TLI+31 "AND" TCI1<10I+4]
"AND'™ TCIJ<TCI+S] "AND" TILII<TCI-2] "AND" TLIJ<T(I=-3]

 “ANDY TC13<TCI-4) “AND' TLI1<TCI-5]
. .” "THENI' .'BEGIN" .

MAX:=10003 MIN:=03 :
HPOR!I ‘J:=1 l'STEP!l 1 l'UNTILII x HDD’I

“BEGIN'

CeIFY TCJI<MAX MTHEN' © “BEGIN" :
- L ; MAX1=TLJ13
MIC:=WIJ1s
o VEND" 3
"IF" TLJI>MIN "THEN" MIN$=TC(J)3
QILNDIQ J

SEARCH VALUE: =* ,SAMELINE,FREEPUINT(6),SINUMI» *WAVENUMBER +*

LLLs

. D'END" -

“IF" PRINT=1 "THEN" “FOR" I1:=1 “"STEP" 1 "UNTIL" X DO

MBEGIN"
Ds=ENTIERCCCTLI I-MAX) %62/ (MIN= “MAX3)+0+5)3

“PRINT" FREEPOINTC6),WLI3

"FUR" Js=1, “STEP" 1 “UNTIL" D "DO" "PRINT" *’B160°*;

NERINTY % 3
YEND' 3
! "ENDY
YELSE' "BEGIN" .
SR I:=1+13
;6070 LLs
llENDllj )

NUMt=NUM+1 3

STOPt=STOP~13

"IF" STOP>0 "THEN" "GDTD" LDI
HENDH’

Vol
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T OUPRINT' “°L2°BAND AT ,SAMELINE,FREEPOINT(6), MIC:'WAVENUMBER.



APPENDIX 6

“,

coL 1B
. Input parameters ' . ; S .

1) - Maximum num?er of points to be integrated.(<k00),

12) 2 times thé number of péirs of wavenumber values forw
each integration. - | ‘. TN .

~3) If smoothing required for
'(a) The band points then 1 otﬁerwise 0.
(b) ‘The baéeline points then 1 otherwise 0.‘

4) 1If repeat of,(3) required then 1 otherwise 0.

5) ‘If dummy baseline required thgnll otherwise 0. If
(5) is 1 then input required baseline Eransmi;;ion'i”i
valﬁe. | | | |

,6) Wavenumber limits for each integfation.
7) Band points’terminated by -1000. *
8) If (5) is O-thgn’input baseline poinfs~terminétéd’by
1000, . - |
9) LIf {4) is 1 then repeat (3) and (4) inpugs only.
- 10) If (5) is 1 then-input baseline ;ransmiésion §a1ue
for next integration. o .

11) If (5) is O then (7) to (11).

The program Qorking is goVerned by the initial parameters,
these can be altered after each'set of conditions has been.
car;ied out, | | | | s

The prégram calculates the integrated absorptibné between

4

the wavenumber limits specified for separated matrix bands, -



COL 1B3

"BEGIN'" ‘
" "INTEGER'™ I,NsXsNUM, CHLCK:RPTJSMA:SMAA:SMB:SMBB STDP;SETJ

- "REAL"™ BJHJW:]:IN'IE.G:MAX MIC.BASE.BL3

- "SWITCH'™ 2: =L2:L3:L4:L5)LLJ:L6:FINISH.’

"CUMMENT' DUECLARATIONS OUF PROCEDURES NOW FDLLDWSJ

"PROCEDURE' DECUDECWNUM. 1RANS)3t .

"REAL" WNUM:TRANbJ

"BEGIN"

. MKEAL" RsS»1T3

'jf"SWITCH"ZZ =0UTs ‘ :

U UMIFT WNUM O MLE! 99800 "AND" WNUM "GE" 78000 “MTHEN"
UBEGIN' o

113-500015’=997523R=-0 1428571433 | |

: "euTO” UUT!

"LND"’

UIF WNUM ULE" 75000 "AND" WNUM "GE" 52000 "THEN"

""BEGIN"
' TT:=2500)S:=745521R:=0-0714285713
, "GOTO" OUTs “ .o
- "END"3 e ‘ -
- 7 U“IF' WNUM "LE" 50000 "AND" WNUM "GE'" 28000 "THEN"'
) YBEGIN' e
TT:'IUOOIS.—A?35&3R:=O 0285714291 .
. "GUTO" OUTs o
. .."END"I : )
S OIEY WNUM MLE' 25000 "AND" WNUM "“GE'" 3000 "1HEN"
. “BEGIN' . :
g T1:=50035:=2415R3R3=0. 0142857143 , [
"GOTO" OUTS ‘ . R
. "'END",
outs’ ; Co
‘ WNUMs=TT=C(S-WNUMI*R)
TRANS : =(TRANS=35)/9+33
"E-NU"J
"PRUCEDURE" SMUDTHINC,AY 3
"VALUE'" NC3 “INTEGER' NC3 "ARRAY'" A3
VBEGIN' Lo ' :
T YINTEGER'™ 1,JsNsG3 “REAL"SUM3  "ARRAY" IN1., 7:1:;13,
- "SWITCH"2Z2Z:=L1,FINJ :
“FOR' I:=1 "STEP' 1 “UNTIL" 10 "DD" T[IJ:-A[IJ:
‘Q2=429; . ‘ ,
INTCQJ:=INTC1113s=-363
T INTL23:=IN1C103:=93
INTL31:=INTL[9)s=44])
INTL4):=INTLB]:=693
INTLS):=INTL7)8=2843
INTL6):=89;
Ne=53 Jt=113

Vo
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Ll
TL112:=ACLJ)3 . ' -
Ne=N+13 SuM:=0.03 : . "

"FOR'™ T:=1 "STEP" 1 "UNTIL"™ 11 "DO"

SUMs=INTLII*TCI)+SUMS .

ACJ-513=T06135=SUM/Q;

IR N=NC-5 'THEN'" GOTU" FIN;

"FOR' 1s=1 "STEP' 1 ‘UNTIL" 10 "DD" ICIJ:-TCI+XJJ
=J+1; o : ,

"GUTO" L1

FIN:

"END''3

 “PKOCEDURE" TRANSPUSECNC A B)J
~"VALUE" NC3 “INTEGER" NG5 "ARRAY' A,Bj

"BEGIN" ,
"INTEGER' I,X3 “REAL'" MA,NMBsF, G:AA:
MA =(AINCI-AL110/C(NC=1)3 '
_ =(BINCI-BL1J)/(NC=1)3
; X:=-11 AA:=AL115
"FOR' Is¢=1 "STEP'" 1 "UNTIL" NC "DO"
"BEGIN'" : o :
. ' =X+13
Fs=MA*X+AA;
Gs=MBxX+BL11];
. ACIJ:-G+(ACIJ Fds
'CEND" .
“END' 3
"PRUCEDURE" IN]EGRATE(K;L:J;A:B)J

C"YALUE' Ls,J3  "INTEGER"™ Js "REAL"™ KoL} “ARRAY" A,B3

~ "BEGIN' | ’
"INTEGER" I,M3 "KEAL" SUM; g e
SUM3=LNCACSI/BLII)- -LNCALJI/BLID) S

MizJ-13
"F O 1:=2 "STEP" 2 "UNTIL" M "'DD"
su: 5UM+4*LN(A£IJ/BEIJ>+2*LN(A[I+1J/B[I+IJ)J
- =SUM*L/3 403 ‘
CvENpg
- "PRUCEDURE" "SEARCH(NsA,B,CsXsY22)3

"VALUE" N3 "INTEGER" N3 "REAL"X»Y,Z3 "ARRAY" A,B.C} o

/‘"BEGIN"
"INTEGER" J}
X:=10003
"F‘DR!' J:=l 'ls'IEP" l "UNTIL" N OUDDI'
“"BEGIN'
"IF" A[JJ<X "THEN" "BEGIN' L _ s
Xe=AlJIs , o g : -,
Y:=BlJI} ‘ S
2:=ClJls
. HENDH }
PEND 3 '
'lENU"’

"READ' NsX»SMA,SMBsKP1,SET}
o "IF'™ SET=1 "THEN'" "KEAD'" BL3
- ST10P:=RFPT3 SMAA:=SMA3;SMBBS=SMBJ

©. "BEGIN"

"ARRAY" AW,AT,BTL1:NI,S[1:X13 , :
"FOR™ Ig=f "STEP" 1 "UNTIL"™ X "DO" "READ" sc1],
N:=NUMs=13 CHECKs=1} '

A

LIS



L2

L3

"ELSE".
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CKEAD' Wo13 o | ,
DECODECW,T1)3 | . S
"IF" W>SINUMI "THEN" "GUTO" L23 e
AWINI:=W3 o o

ATINI:=T; -

"READ"W»T3

DECUODE(CW,T)Y 3 :

YIF" W "GE"‘-_S[NUM"‘IJ‘"THEN"» YBEGIN' ‘ ’

CNi=N+135 . B wo |

AWLNI:1=W3 o o

ATINI:=T3

"GO10" L33 l -

HENDH : ' o )

"BEGIN' S S

"IF' (N DIV 2)*2=N "THEN'" "BEGIN'" . ‘ I
=N+13 ' ‘

" U AWIDNI:=W3 ATINI:=1T3

"END'O} . v
"END' 5 g

“IF' SET=1 "THEN" "BEGIN" h
"FOR™ I:=1 “STEP" 1 "UNTIL™ N "DO" BTLIl:=BLJ
Hi=CAWC1I-AWINI) Z(N=1)3 L R
"GOTO" LLS: :

" END",

"READ" B3 ‘ : ‘ '
"IF" B=-1000 "THEN" “GOTU" LS “ELSE" “GOTO" Laj

"READ" W,T;

' DECUDE(Ws1)3

CIF" W>SCNUMI "THEN" “GOTQ" LS:

. "FUR'U I x ”sTEP'l x ‘lIUNTILl' '.DD" ’ . . " “.‘ . i:’

LL5t

© "BEGIN'" | - o FRRR TN S h

"READ" W»T3
DECUDECW,T) 3

B1CI11:=T3

O'E‘NDH
H:-(AWCIJ*AW[NJ)/(N 193

"IF'" CHECK>1 "AND" RPT=1 "THEN" "READ" SMASMB 4 RPTJ

"IF' SMA=1 '"THEN' "BEGIN"

SMOOTH(NLATY 3
"PRINT “°L1*BAND POIN1S SMODUTHED.®

"END" "ELSE' "PRINT"™ °*°L1*BAND PDINTb UNSMDDTHEDo

B ‘ IOIF'I bMB 1 !"[HEN" 'lBEGIN"

SMOOTHCNSBT) 3 ‘ ‘ v |
MPRINT" #°L1°BASELINE POINTS SMUOTHED.® | S e

"END" "ELSE" "PRINT” *“L1*BASELINE POINTS UNSMOOTHED.
"IF" SET=1 "THEN'" "PRINT" XINE TRANSPDS * -
wELSEN “BEGIN' . ITION NOT REQUIRED-
TRANSPUOSEC(NsSBTLATY3 '

- SEAHCH(NaAT:AWaBT:MAX)MIC:BA&E)J
 "PRINT" ‘Lt TRANSPDSITIDN DF BAbELINE PDINTS.

’ "E.ND"J
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CINTEGRATECINTEGs,HsNsBT,AT) 3 ‘ ' . -
CUMPRINT" “°L1° INTERVAL BETWEEN POINTS=*,SAMELINE,FREEPOINTC(6) sHo»

**L1*STAKRT OF INTEGRATION=* ,SAMELINE,FREEPOINTC6),AWL1 1, *CM=1
END UF INTEGRATIUN=® :bAMELINE:FREEPUINT(é)aAWENJ:'CM 1
NUMBER OF POINTS TO BE INTEGRATED=* »SAMELINE,Ns* -
_INTE.GRA'IEU PEAK ABSORPTION FRDM‘;.SAME.LINE.:FREEPDINT(6)JAWCXJo B
| “CM=1 10 *, SAMELINE,FREEPUINTC6) s AWINI, CM- 1=*,SAMELINE, =~
FREEPUOINTC6)»INTEGS '
v l'IF" SET "NE" 1 "'IHE‘NQU
PRINT" *°L1°BAND AT‘abAMELINE,FREEPDINT<6);MIC;‘
*WAVENUMBEK »
PEAK HEIGHT ABSURPTION Al‘;bAMELINE:FREEPDINT(&)aMICo‘CM 1=
LNCBASE/MAX ), * *L2" * 5 | AL B
| CHECK$=CHECK+13 ‘
"IF" kPT=1 "THEN" "GOTO" LLS3

-Lés
~ 7 U - "“READ" B3 . : i
WIF" B=-1000 '"1HEN'" NUM:=NUM+2 "“ELSE" "GOTO" Lé&3
“IF' NUM>X "THEN'" "GOTO" FINISH3 -«
© URQOR' I:=1 "STEP' 1 "UNTIL'" N."DO"
 BTINI:=AWINI:=ATINI:=0.03 -
“IF" SET=1 "THEN'" "KEAD" BL3 O _
CHECK:=13 RPT:=ST0OPs N3=13 SMA:=SMAA3 SMB:=SMBB3
"GOTO" L23 ‘ f . S
B "EVND"} .
FINISH: L

"END"' ‘
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