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Abstract of Ph,D, Thesis by D.H, Robertson
entitled "Studies in the Mass Spectrometry
of Organic Compounds"

A general historical introduction begins the thesis}
there follows a survey of the various types of mass spectrometers
and their component parts,

In order to place in perspective the main work of the
thesis, which is the application of data processing to mass
spectrometry, a brief introduction to this field is included.

Next a review of some of the earlier efforts by R,I. Reed
are discussed and the necessary background in probability and
set theory is presented prior to treatment of the data processing
techniques per se,

Since one of the major problems of mass:spectrometry is that
of the vast amounts of information which must be processed in
order to achieve meaningful answers, the eim of this work has

been the creation and applicatlon of methed: for reducing this

information to manageable proportions. ;

The first of the three methods utilizes a prineiple borrowed
from the discipline of information theory which is commonly called
the Khinchine enfropy function, This »rinciple allows ereation of
& single-valued fraction for each chemical:compound uider
investigation., The utility of this function is discussed with
illustrations of its uniqueness

The second principle comes from the field of mathematics
and is referred to as the divergence function. It allovws
comparisons to be effected between spectrea iliercby expressing
their similarity or dissimilarity. In practice, it has been
used to advantage to resolve those cases in use of the Khinchine
entropy vhich involve two values that are not sufficiently
different to be diagnostic,

The third and most widely applicable principle involves
coding of mass spectra in octally coded binary formatj hence
it has been called octal coding.

Use of a code based on binary representation is most
appropriate for data processing with a digital computer, The



—2“

code has the special advantages of being capable of creation
on-line in real=~time during operation of the mass spectrometer;
it also displays insensitivity to intensity factors and the
presence of impurities,

Examples are shown from each principle in tabular form
in the body of the thesis and supplementary data is presented
in the appendix. Also included there are copies of the computer
programmes and releted publications by the author,



We do not have a simple event A causally connected

with a simple event B, but the whole background of

the system in which the events occur is included in
the concept, and is a vital part of it.

Bridgman




INTRODUCTION

Mass spectroscopy has a close analogy in optical
spectroscopy; separation of charged particles in an ion
beam compares favourably with the frequency analysis of
a light beam. The earliest insfruments for ion beam an-~
alysis utilised photographic.methods of recording pheno-
mena and as such were truly spectroscopic in nature. With
the . development of electronic means of detection to re-
place the photographic ones, the more commonly used term,
mass spectrometry, came into use. Although photopiate
detection is employed in numerous instruments today,
especially for recording high resolution spectra, the
use of mass spectrometry as a descriptive term is still
appliéd, even if for the purist, there is slight mis-
use of terminology.

The earliest appearance of work that may be con-
sidered related fo development of mass specirometry
was in 1886 when Goldstein (1) reported the discovery of
positive rays in a low pressure discharge tube. Sub—
sequently W. Wién (2) proved conclusively that the rays
were positive by observation of their deflexion in
magnetic and electric fields.

In, the meantime, J.J. Thomson (2a,3,4) had shown
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the eiistence of electrons, thereby providing coherance to
a theory of cathode tube behaviour. His book, (6) " Rays of
Positive Electricity ", puﬁlished in 1913, summarized the
researches in which he used what was to be the forerunner
of all mass spectrometers, the so-called parabola apparatus;
with it he pioneered the mass analysis of ion beams.

Such an analyser had first been used in 1901 by
Kaufman (5) as a means of stﬁdying cathode rays; In his
apparatus a beam of ions of varying mass and energy
ﬁasses through uniform parallel electric and magnetic
fields, after which traversal the ions describe a
family of parabolas upon stfiking a fluorescent Screen
or photographic plate. Each parabola corresponds to
2 given m/q rztiog the lengths of the parabolas are
a function- of energy spread in the incident ions; It
was witn this apparatus that Thomson proved the existence
of two stable isotopes of neon.

The true founder of modern mass spectrometry was
F.W. Aston, originally a student of Thomson at Cambridge.
The arrangement of electrical and magnetic fields which
he employed in his first design of a mass spectroscope,

demonstrated a velocity focusing property. The first

iﬁstrument built by Aston was capable of a resolution
of 1 part in 130; later refinements in design made
possible the attainment of a resolution of 1 part in

2000. Optically speaking Aston used his deflecting



platés as prisms. An important discovery made with this
instrumentation wés that of the isotopés of chlorine.

During the same peridd A. J. Dempster (8) was develop-
ing another version of the mass spectrograph which pro-
vided for separation of charged particles by varying
the accelerating potential of the ions prior to their
entry into a 180 degree uniform magnetic field. Such =a
field possesses directional'foqusing of the ion beam;
as OppOSed‘tO velocity focusing where a monoenergetic
source of ions is}not important, such a requirement
exists here. Since detection in Dempster's instrument
was electrical, it constituted historicélly.the first
example of a mass spectrometer. This design was bést
suited for problems of intensity measurements such as
those concerned with ions produced by electron bombard-
ment anq therefore represents the prototype of the most
common present-day commercial  -analytical instrumentation,
By analogy with optics, the magneti¢ field is being used
here as é lens. |

From this point onward development of the deflexion-
‘type instruments involved variations on a theme already
established. Thus it was that Bainbridge (9) obviated the
need for a monoenergetic ion source by employing a Wien
filter between the ion source and the entry point’of the
ion beam into the magnetic field. This filter consisted of

crossed co-terminous electric and magnetic fields which to-



gether provided monoenergetic ion beams to the main magnetic
analyéer. Addition of the Wien velocity filter to the basic
Dempster design allowed a greater variety of ions to be an-
alysed; a not unimportant result from these extended capa-
bilities was the first experimental proof of the Einstein

mass-energy relationship.

Single Focusing.

Barber (10) and Stephens_(ll) showed that operation of
a mass spectroscope with a 180 degree magnetic sector was
only a special case of‘fdcusing action for any wedgéd—shaped
magnetic field. Nevertheless, it was not until 1940 that

the tradition of using 180 degree fields was broken by

"A. Nier (12,13) who designed a 60 degree angular deflexion

instrument; since then it has served as a protdtype for
many commercial units. Owing to the great effectiveness

of a small sector ( smaller than 180 degrees ) the resulting
instrument can be smaller. Perhaps of the most importance

is the almost complete freedom of source and detector from

mass discrimination influence from the field of the magnetic

analyser. For purposes of electrical detection the fact that

all masses are brought to focus on the sémé point is of con-

siderable importance.

Double Focusing

In the early thirties the idea of combining velocity
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and directional focusing appeared. Hence, the double-
focusing instruments. Such a combination was suggested
by Bartly and Dempster in 1929 (14); however, their design
had a limited mass range and no commercial exploitation
followed.

A certain amount of investigation into the focusing
properties of magnetic and electric fields ( ion optics )
was a necessary prerequisite to practical éevelopment
of the double-focusing instrument. Those Whose investigations
in the field of ion optics substantially aided this develop-
ment include Hughes and Rojansky (15), Barber (16), Henne-
berg (17), Stephens (11), Bruche and Scherzer (18), Smythe (19),
Herzog (20) and Herzog and Mattauch (21). Especially Herzog
is important in this list for his studies inm the derivation
of general focusing equations for radial electric and/or homo-
geneous magnetic fields. These equations have made it readily
possible to design instrumentation with a minimum of velécity
focusing and a maximum of directional focusing. |

In very close succession double-focusing instruments
were developed by Dempster (22), Bainbridge and Jordan (23),
Mattauch and Herzog (24) and Mattauch (25). During ensuing
years nume}ous refinementé and modifications have been intro-
duced which impraved the performance and range of usefulness
of these instruments.

For purposes of study, double-focusing instrumentation

may be classified under four headings:
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1. Trochoidal Instruments (26)

Development of this design arose from the fact that
360 degree. homogeneous fields cannot Be used for mass
analysis; the focal point in this géometry is not mass
dependent, albeit perféct double-focusing is achieved.
~ If, however, an electrostatic field is imposed perpen-
dicular to the magnetic fiéld,'the ioné are made to
follow a2 trochoidal path. This combination ‘of fields
results in mass dispersion and perfect double-focusing
vin the plane normal to the magnetic field.
2. ﬁémpster and Jordan-Bainbridge Design (23)

The basic design created by Bainbridge and Jordan
(based on the original des1gn of Dempster) utlllses an
electrostatic field with focusing properties. - :
corresponding to those in a semicircular magnetic field
i.e. image and object images are zero. The mass scale
in this spectrograph is linear and the lines produced
by the ions on the photographic detection plate are
sharply focused over a wide region of mass. It is double-
focusing for one mass only.

3. Mattauch and Herzog Instruments (24,25)

Owing to its ability to detect all masses simultaneously
by using photographlc plates, this deS1gn has proven very
popular as a commerc1al 1nstrument The mass scale in
this instrument is .quadratic, its focusing properties

first order for all masses.



4. Nier-Johnson Design (27)

Peak matching techniques available in commercial
versions of this instrument enable one to do precise mass
measurements. A combination of 90 degree electrostatic
aﬁalyser and 60 degree magnetic analyser in tandem results
in first order angular focusing, second order angular focus-
ing and first order energy foéuSing.

.Otﬂéf_Types of Mass Spectrometer

o Althoﬁgh the vast majority of mass spectral data use-
ful “for qualitative and quantitative analyses has been
obtaingd on magneti; deflexion instruments, there are
gseveral distinct types of mass spectrometer which are in
common use owing to some special characteristic which
satisfies the need of the experiment.

-The magnetic deflexion instfuments which have already
been described are static mass'spectrometers; that is, there
is no time-dependent factor which is fundamental to mass
analysis. Essentially all other mass spectrometers may be
classified as dynamic instruments in which a time-dependent
parameter is essential to analysis of mass. Within this
claésificétion are four subdivisions which are convenient
for further classification. These‘éubdivisions are:

1. energy balance 2. time-of-flight 3. path~stability
and 4. characteristic frequency generator spectrometers.
Many of the instruments which Blauth discusses in his

book on dynamic mass spectrometers (28) have mostly academic
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interest since theif use is not widespread and their
spectra are not usually considered for standard compound
identification. A brief description of the four major
classifications of dynamic spectrometers and mention of
the most widely used representatives of each class will
suffice. -

Some of the requirements of mass spectrometry research
which could not be satisfaotorily met by static instruments
include very rapid analysis 6f component variation in fast
reactions, residual gaéranalysis, pfecise deterﬁihaﬁion of
large masses as well as the additional faéfor of compactness
and light weight which makes'dynamic units so useful for space
research studies. '

1. energy balance - the mass spectrum is obtained by varying
mass-dependent resonance conditions; separatioﬁ-of ions is
based on energy analysis; ion energies are obtained by energy
exchange with a radio frequenéy field.

2. time-of-flight -~ ions of varying mass are caused to leave
the source at uniform erergy or momentum, under which con-
dition their traversal of a field free distance effects a
mass dependent separation.based on time of flight or timé of
traversal,

3. path stability - the path of ions is controlled by radio
frequency fields such that selection is possible, based on
velocity, phase or mass. The range of " stability " conditions

can be made very narrow, thus effecting a filtering action—on
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the ions. If stability is made contigent upon m/q, mass
analysis is possible. .
4, characteristic frequency generator - oscillation fre- .
gquencies characteristic of specific ion masses are measured
and presented as a fregquency spectrum.

Probably the most common of these dynaﬁic types is
the Time-of-Flightmass spectrometer which was pioneered
by the Bendix Corporation (29,30). It was originally de-
signed for study of fast reacﬁions for which it is well
adapted owing to the capability of rapid scanning which
allows 10,000 or more épectra to be generated per second.
Numerous advances have been made to the basic instrument, most-
ly owing to the efforts of Damoth (31). Currently the instru-
ment is finding appliication in the technigue of combined
gas chromatography - mass spectrometry (32,33,34) where its
rapid scanning capzability is useful for monitoring the
continuously changing composition.of effluent gas from a
chromatographic column. |

Another important commercial dynamic mass spectrometer
is based on the quadrupéle design (35), which is an example
of the path stability category. Features which ére considered
favourable in this type of instrument are fast scanning capa-
bility, high transmission rate for the ions and lack of de-
pendence upon energy distribution of the ion beam. A more
complete descriptive term is quadrupole mass filter.

Other applications of radio-freaquency techniques have
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been made for the purpose of mass separation by Bennett (36),
and Redhead (37). The omegatron(38,39), chronotron ( 40,41)

and mass synchrometer (42-46) are examples of instrumentation
'in which a éombination of radio frequency and magnetic fields

is utilised for mass separation.

Ion Sources

Roboz (47) cites siX characteristics which are important
in design of an ion source:
1. energy of the ions it produces
2. sensitivity or per cent of ions.produced based on amount
of neutral materiai providea.
3. nature of the ionic species produced;
4. background and memory effect.
5. mass discrimination.
6. ion current stébility and noise. ‘

The electron bombardment source or electron impact éource
is the most common design. The performance characteristics of this
source have made it well suited to use with numerous types of
analysers. A standard setting of 70 eV has been used in gathering
the | majorit& of recorded spectra. This source is widely used
in analytical applications owing to the uniformity of the spectra
which it produces; it is the pattern of the ionization and dis-
sociation by electron bombardment which has been the basis for

mass spectral identification of organic compounds. That is,
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the " finger print " pattern thus produced serves to character-
ise SPectra based on the functional groups‘they contain.
Hisiorically, most present day sources ( especially for
analysis of organic compounds ) of this type are based upon
the design proposed by Nier (48). Other references to this
important design are to be found in work of Bleakney (49) and
Barnard (50). ' " ' P
Within the ion gun of such an.electr%n bombardment
source there is some degree of velocity focusing, thus
allowing its use wifh.instruments which éxhibit only di-
reétional focusing prbperties. Sample handling and operation
are easy. Depending upon specific application there are
several other ion production technigues which are rather
commonly employed in mass épectrometric investigatioﬁs.
1. thermal ionization source (51) - a highly selective
source with ionization efficiencies approaching 100% for
samples within the appropriate volatility range; sample
volatility is the limiting factor. It produces a spectruﬁ
composed almost exclusively of singly charged ions which
show a very narrow energy spread (0.2eV). Additionally,
electrical noise is miﬁimél allbwing use of electron multi-
pliers. The chief applicétion is to the analysis of the
elements and as such the technique has low applicability to
organic mass spectrometry.i
2. vacuum breakdowﬁ (spark source) (52,53) whereby a

potential is built up between a pair of electrodes of-
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the material to be analysed; its principal merits are high
sensitivity and applicability to allbelements. Formation of
multicharged species is a disadvantage for most applications.

3. ion bombardment source (54,55) - if the surface of a ?olid
sample is bombarded with positive ions, sputtering or vapor-
isation of the surface occurs, producing positiﬁe and nega-

tive ions diagnostic of the sample. Utility of the technique

is subject toldoubt for analyticzal épplicétions but it is use-
ful for the study of ﬁolecular energy states.

4, field ionizationp (56,57) - in this technique ions are for-
med as the result of an intense electrostatic field set up at
the end of a fine metal tip. Energy spread of the ions thus
formed is narrow. Thus, single focusing analysis is satisfactory.
The principal analytical feature is the fact that essentially
only parent'ions are formed. Recent developments suggest highly
useful applications to organic structure determination. Commercial
sources are now évailable, a fact suggesting even more extensive
application to organic chemistry. A

5. photoionization (58-61) - this process provides for ioniza-
tion to be achieved by electromagnetic radiation of short wave- .
- length, thereby allowing more efficient extraction of ions from
the ion source. In additi;n, investigation of the fine structure
of ionic species is possible. The principal.objection to this
method, namely, lack of sufficiently monochromatic radiation
throughout a rangé of energies has been somewhat overcome owing

t0o introduction of the laser as an ionization device.
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6. ion-molecule reactions and chemical ionization. (62,63)

‘The former, exemplified by the equation X'+ YH = XH'+ ¥,

which represents an abstraction of H, is the only significant
ion-molecule reaé%ién in ordinary mass spectrometry. By its

use, mechanisms of higher order have been studied, also the
nature of reaction intermediates and a wide range of simple
Aorganic molecules, including reactions which produce substan-
tial amounts of negative ions. Study has been motivated by
requirements in many fields including physics of the iono-
sphere and radiation-induced chemistry. Insomuch as peak in-
tensities résulting from ion-molecule reactions are proportional
to sample pressure itvis easy to detect ions formed in this
manner by observing if their intensity varies with sample con-
centration (pressure). A very special case of the ion-molecule
reaction which is rapidly developing importance in mass speciro-
metric - research is chemical ionization (64). In this technique,
reactant ions are produced in the source ( to date, methane is
the most common origin of the reactant ions ) from a pure
material which is introduced for.that purpose; these ions react
with molecules of the substance the spectrum of which one
chooses to obtain. There are differenceslbetween chemical
ionization spectra and those obtaiﬁed from electron bombard-
ment and field ionization. As such, fhese spectra are an aid

to moleéuiar strﬁcture determinations and compound type analysis

of organic mixtures.
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Analysis by Mass Spectrometry

The widespreéd application of mass spectrometry today
is a direct result of devélopment work that provided highly
reliable instruments capable of careful éontrol of analysis
parameters. In-turn, the development itself was due in éreat
pdrt to the acceleration of electronics research concurrent
with World War II. Initial appliéafions were in the petroleum
industry where much of the'eariy wdrk was carried out.

There are several assumpfions_upon which the use of a
mass spectrometer for analytical purposes is founded:
1. each component of a mixture acts as if it were alone; i.e.
ion intensities are linearly additive.
2. each pure component has a uniqge spectrum
3. ion beam intensities for individual components are pro-
portional to partial pressures (concentrations) of the com-
ponehts.
4, masé spectral cracking patterns are reproducible under con-
stantly maintained experimental conditibns. A

At first, sample iﬁlet systems were available for hand-
ling only gaseous material. Subsequently the development of
heated inlet systems (65,66) allowed the range of compounds
. which could be analysed to be extended, although it is ob-
viously possible to encounter thermal decomposition among
unstable (heat labile) compounds. The use of a sintered glass
disc covered with gallium (65,66), which is a liquid over a

range of 30-1983 degrees C, was a standard heated inlet design

14



for readily volatilised liquids @uring a long period of
popularity. |

The development and improvement of air locks (67,68),
whereby the ion source may be isolated from the atmosphere
by>a suitable arrangement of valves, have made possible the
diréct insertion of a sample of low volatility. The availability
bf these solid inlet systems on a commercial basis has stimunlg-
ted a vast area of investigation in the field of organic mass
spectrometry.

- Although some elaborate methods have been developed for
analyéis of complex mixtures, methods involving solution of
simultaneous equations and matrix.algebra methods (69,70), the
analysis of multi-component mixtﬁres is still not'an‘easy task.
More recently there_have been some elegant methods and tech~
niques applied to mixtﬁre analysis (7L ). Of these methods,
probably the most important is common availability of facilities
for gomputer processing of daté.

wfhe most significaﬂt milestone in mixture analysis has
beenrthé # line combination of gaé chromatography and mass
spectrometry which has had-an enormous success in the analysis
of multicomponent mixtures contained in small samples.
Coupling the‘two technigues in#olves a combination of prin-
ciples of operation which are mutually contra&ictory. The gas
chromatograph must be opérated at high pressures relative to
the vacuum required in the source of the mass ‘spectrometer.

Initially, sample splitting devices were used to void to-atmos-
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phere all but a tiny amount of sample, thereby maintaining
ion source pressure low enougﬂ for dperation. More sophisti--
cated devices in the form qf molecular separators were devel-
oped by éuch people as Ryhage (72), Watson and Biemann (73),
and Lipsky (74). They preferentially diffuse or otherwise ex-
clude the carrier gas molecules (low molecular weight) thereby
effecting a many-fold enrichment of the sample molecules.
It is well known that the technique of gés chromatography can
separate ( assuming proper selection of parameters ) complex
mixtures, providing in the ideal case, mono-component elution
from the chromatographic column. As each component is eluted
it passes through a molecular separator of some type Whereby
the contaminating éarrier gas is removed. The major considera-
tion of a mass Spectrométer for operation with a gas chromato-
graph is a rapid scanning capability owing to multiplicity |
and rapidity of peak elution as well as for scanning during
elution of a "single " peak to determine its purity.
Theory

Interpfetation of mass spectra per se has been principally
based upon correlation studies whereby the nature of a compound
is deduced from similarities of its spectrum with spectra of
known.compounds. As such, mass spectromeitry has been eminently
useful for a wide variety of applications. These correlations
are based upon the assumption that a given molecule will frag-
ment under controlled conditions in a reproducible manner. A

deficiency in any 'integrated study of mass spectra is the lack
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bf a completely successful theory to describe the phenomena
that are observed.

Historically, two theoretical approaches have been
presented: both have their own validity and usefulness,
neither is entirely satisfactory. The first of these is the
quasi-equilibrium - theory developed by Rosenstock et al. (80,81).
The basic assumptions of this theory are:

1. +the initial ionization process involves vertical
Franck-Condon transitions within the parent moiecule—ion;
fhe latter is generélly ih an electronically excifed state.

2. most pgrént molecule-ions will have low symmetry,
_an'pdddglectron and a mulfiplicitj of low-lying states; the
energies of whicﬁhconstitute a continuum.

| 3. a time délay occurs before dissociation of the
parent molecule-ion during which most excess electronic
energy becomes randomly distributed as vibrational energy
over the entire molecule.
. 4. rates of dissociation are related to the probabili-
. ties of random ehergy distribution. |

5. rearrangements of the parent molecule-ion and of
-the fragment ions therefrom occur in a mammer similar to
that described in 4. i.e. random distribution.

6. dgcomposition of the parent molecule-ion is based
on the initial energy of the ion. '

Criticisms of this theory have been based on a) lack of
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its applicability to large molecules b) discontinuities in
ité'quantitative aspects and ¢) failure to describe the
system accurately in the vicinity of the ionization threshold.

The second theoretical épproach for which McLafferty (77)
is chiefly responsible utilizes physical-organic theory and
therein assumes analogies with organic solution chemistrys
it.is basically an empirical interpretation. The specific
proposal is that "the unimolecular degradation reactions
of the energetic ions demonstrated in the mass spectrum are
similar to, and controlled through much the same energy
effect as ordinary chemical reactions (78)." The means of
explanatiop invoked are the saﬁe as those used by organic
chemists to explain and predicf chemical reactivitiés.
Among these are inductive and steric effects, resonance and
ion stability.(79). There have been several strong advocates
of this general approach, most notable of whom are Djerassi
et 21. (80) and Biemann (81).

The school of Djerassi has been the chief proponent of
charge localization as an explanation or "rationalization"
of meny fragmentation patterns. It would seem that such use
of charge localization as well as the assumption imﬁlicit
in the McLafferty - school that the shape of the parent ion
as a precursor to fragmentation of the parent molecule-ion
is the same as that of the original molecule are both suspect (82).

However, both approaches have had high levels of success and
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certainly have not been rigorously challenged to date.

| The oldest technigue in use for study of mass spectro-
metric reaction mechanisms is that of isotope labelling which
'allows identification of specific ions, whereby a proposed
mechanism may be supported or discounted. Isotopic effects
manifest themselves most markedly in the cases of carbon,
silicon, sulphur, chlorine and bromine; the most commonly

2 130, 15N and 17O. Certain problems

used isotopes are “H,
such as specific but incomplete or non-specific deuteration
make interpretation of 2H substituted compounds subject to
great care. |
Types of Ion

The ions which may be formed in the source of a mass
spectrometer are qualitatively assigned to the following
categories:

1. parent or neutral ion

2. fragment ions

3. meta-stable ions

4. rearrangement ions

5; ions pfoduced by intermolecular or ion-molecule reactions

6. mnmultiply-charged ions ‘ |

7. ions formed with excess kinetic energy

8. mnegative ions

Although all types of ions would be taken into consider-

ation in a rigorous study of a mass spectrum, -it is the

first four categories which find most active use in conven-
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tional correlation studies. Two categories of these, meta-
stable and negative ions, deserve. additional comments based
upon the ﬁrominenCe of research pertaining to them. Study
of the former has been accepted practice for some time. In
éupport of arguments favouring controversial fragmentation
explanations, renewed interest has been generated in meta-
stable ion study. Jennings (83) has shown that it is pos-
sibie to obtain a pure spectrum free from sther ions in the
normal spectrum. The expansion of double-focusing mass spectro-
metry as an analytical tool has provided further incentive
for understandiné these ions, owing to the possibility of
observing meta-stable ions in three distinct regions of the
instrument: '

a) Dbetween the source exit plate and the electrostatic
sector (a field-free region)

b) between the monitor and the start of the magnetic
sector

¢) in the region below the midpoint of the magnet to-
ward the collector

Becauée of the delayed dissociation characteristic of
a meta-stable ion (i.e., it dissociates outside the ion source)
theré is some doubt that they should be necessarily related
to the normal fragmentation which occurs in the source.
Nevertheléés, meta-stable ion investigations have been
enormously helpful in organic chemistry studies, as exém—

-plified especially by Beynon et al. (84).
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Although negative ions are generally agreed, based
on investigation in the discipline 6f organic chemistry,
to have no wide range applications, their study does promisé
much in explanation of ionization phenomena which occur in
the source of the mass spectirometer. Extended interest in
negative ions has been of recent vintage; reports have
however appeared embracing topics of negative ion research
such as ion-molecule reactions, double-charged ions, kinetic .
energy distributions and electron affinity studies. There
is application of negative ions to organic chemistry in the
study of hydroxylated steroids and alkaloids as well as
polyfluorinated and other halogenated compounds which unlike
their positive ion spectra display a molecular ion when studied
vie negaetive ions. In 1970 a book appeared which was devoted
entirely to the subject of negative ions (85).
Data Processing

Manual processing of mass spectra, from whatever origin,
is a long and detailed task. As interest in mass spectfometry
éﬁreads and increasing numbers of spectra become available,
the need for high-speed automatic processing of these data
becomes very desirable; in many cases, essential; The
mass spectral information explosion in recent years has
produced spectfa of so many different compounds that m/q
versus intensity values as a means of recording data have

become unwieldy and impractical., Thé introduction of rapid
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scanning capability for most types of instrument makes it
possible 1o amass thousands of sﬁecfra in a few minutes
or in some cases in a few seéonds. |

One can now send the mass spectfal data signal directly
to a computer for on-line processing. This on-line capability
leads to the generation of dfamatically increasing amounts
of raw data which must be reduced and compared with tabulated
spectra of known compounds for purpose of identification.
There is a serious problem in determining which method of
known data storage is most useful in terms of the ease
with_which comparison’can'be'made with similar data for an
unknown compound. Maximum benefit would accrue from a system
which would be universally acceptable to all workers in the
field. Great potential exisis for data banks and spectral
searching techniques using modern electronic equipment;
however, these techniques will remain only partially success-
ful as long as the standardization of mass spectral data
is not achieved on a universal basis. Good examples of the
effectiveness of high speed data processing can be found
in a tabulating system for the high resolution of organic
compounds and fast-scanning high resolutions studies (85,87).
The main substance of this work deals with a mathematical
approach to thé processing of mass spectral data which was
realised for the purpose of providing better use of data
files through simplification of spectral representation

in the file itself.
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AAnalysis of Structure

The proliferation of mass spectrometric investigations
has produced a massivexaﬁount of data, the classification
of which has been recognized as an important prerequisite
to its effective utiliiation. Techniques fbr storage of thesé
data have proceded from simple tabular listings of m/g
ﬁersus intensity tb more §ophisticated storage media such as
magnetic tape and other common peripheral computer storage
devices i.e. discs or &rums. However, storage on these
‘latter devices has been essentially in the same format as
that ufilized for tabular representation on punch cards or
other hard-copy media. A perusal of the recent literature
will suggest that a wide range of approaches have been tried
for purposes‘of establishing a practical method of storage
‘and search of such dafa files (88, 89, 90, 91, 92, §3 and gg).
' “The traditional method has been that of acquiring a large
amount of data in numeric form(tables of m/q versus intensities).
It was rationalized that if cracking or fragmentation patterns
were obtained for a sufficient number of known compoundsA
it would follow that any'unknown could be identified.
Although this approach works reasonably well and there have
been numerous tabulations of this type of data, two serious
defects mitigate against ité adoption as a universal system
of identification.

These are:

1) 1lack of reproducibility in the spectrum of the same
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compound run on the same instrument and

2) different characteristics of spectra from instruments
of different design. In neither case has there been enough
investigation done to determine firmly how important these
differences actually are. When one proceeds to the actual
task of matching_spectra, there are two queries to be made:

- a) how‘prgcisely does one go about matching spectra
and k '
b) what criteria should be established to define a
good match. -

Thg answer fo the first question has been selection of
varying numbers of peaks from the spectra of the known and
unknown compounds which are subsequently compared mass by
mass. Investigations by Kelley, Ridley et al. (795) have
-been carried out in this area.

However, the question of what constututes a good match
is much more difficult to define in a éualitative and quan—‘
titative way. It has been the assumption of the authof that
one should start at the beginning, unhempered by prior
assumptions and attempt to develop a statistical basis for
spectral matching wﬂich would answer this question.' Along
the lines already suggested in this section (i.e. mathematical
approach) the investigations which are subsequently presented
mayAbecategorized within the general area of information

theory.
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¥athematics is a science in which we never know what
we are talking about nor whether what we say is true.

Bertrand Russell



*
-

PROBABILITY AND THE GENERAL TREATKENT OF SET THEORY

Modern mathematical analyses héve been applied to
the interpretation of some very important problems in com-
munication theory. As such the broad classifica%;on into which
these studies might be placed is that of cybernetics.

Louis de Broglie (1) defined cybernetics as the science
"of trigger effects,"” that is, of small scale actions in-
volving negligible quantities of energies but unleashing
appreciably larger phenomené. .

It is not necessarily planneé to eguate the analysis
of mass spectra with an exercise in cybernetics. However,
de Broglie's definition readily lends itself to the approach
to anglysis which has been adapted for this presentation,
i.e., creation of single-valued diagnostic functions which‘
are capable of representing a2 large amount of data within”
fheir outward simplicity. 7

One of the principal bfanches‘bf,cybernetics can thus
be considered that of information and communication. In
turn, information theofy itself may be defined as 2 branch
of probability theory, concerned with the likelihood of the
transmission of messages within a specified range of accuracy,
considering the fact that the transmission is subject to
various types of transmission and reception failure.

The basic problem in information theory is that of

finding methods of coding information which make for the

31 .



moét efficient use of a channel. .Great sophistication has

been achieved within the confines of artificial intelligence (2)
which is the study of learning machines. The major feature

of such a machine (usually a computer used in special mode)

is its ability to improve performance based on its own
experience in solving a class of problems. It is concerned

thus with inductive ability and the evaluation of prior

results. |

Technically, the ergodic theorenm * of information
theory is obtained from two of the most well kpown theorems
in probability, i.e., the individual ergodic theqrem and
the martingale convergence theorem. The process x (t),
which represents a stobhastic process is called a mar-
“tingale if the expectation is finite for all +. That is,
the expected value of what is to take place next (tn+1)
is the value of what has just occurred (tn). ’

The cornerstone of information theory is the concept
of redundancy, wherein a measure of the informafion content
is expressed as entropy. For purpos;s of quantifying this
sometimes elusive principal, the relative entropy is ex-

pressed as a ratio of what the value is to what it may be

*¥A random process generating x(t) is ergodic if and only
if the probability associated with every stationary suben-
semble is either O or 1. Here lies the basis for a bi-
nary coding classification which has special importance :
in reference to computer processing of data.
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at a2 maximum value. In this case l-relative entropy =
redundancy.
The ultimate classification has been achieved by Louis
Fein (3) who objects seriously to use of the term artificial
intelligence on the grounds that there is no comparable term
for this field when applied to animate processors (the field
which corregponds to natural intelligence has been dubbed,
of course, psychology). By analogy with biota and biology
he proposes noeta and noology as more appropriate terms for
description of cognitive func%ions of inanimate structures
such as computer, i.e., computer noology is that branch
of ngology which deals with inanimate intelligence functions.
For purposes of codifying mass spectra in a manner
which renders them easier to interpret, especially when
used with small-medium sized 1aﬁoratory systems; two con-
cepts, namely the Khinchin entropy function and divergence
have been developed both of which treat of probabilities.
Basic to both classifications is the concept 6f set. There
thus follows a brief non-rigorous presentation of probability
and its relation to the above functions.
\ The application of probability in the classical sense
involves a frequency of "events" per se, with no consideration
being assigned to existing conditions which may influence
the way in which the events take place.

In approaching probability as utilized in these pages,
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a cohsideration of types of probability'will be worthwhile
owing to the multiplicity of terms wﬁich are commonly used
when the subject is ﬁnder discussion.

Physicél probability is synonomous with material probab-
ility and intrinsic probability in which propensity for an
event to occur is equated with chance. There is no "a -
priori" consideration about the‘nature of the system being
sfﬁdied and/or its influende on the probability values.

Logical probability treats of a credible event or
occurence, i.e., the likelihood of the event taking place
is strengthened by theée fact that the event is a logical or
credible one. . .

A. purely mathematical probability (tautological) is
generally specified by definition for the cirecumstances
or "model" with which it deals.

It is when an attempt is made to define the somewhat
more difficult concept of personal or psychological probab-
ility that semantic difficulty may be encountered. This
latter classification is subjective rather than objective,
intuitive rather than deductive in the formal logical sense.

Applicéfion of personal probability is made in a formal
manner in the discipline currently referred to as Bayesian (4)
statistics. In éhorthand notation, a joint probability,
connected with the intersection of two ejgnts is written

P(AnB) or P(AB) = P(A)P(B). Conditional probability is the
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probability which is associated with the occurrence of a
. particular event, given the fact that another event has

already occurred. This notation appears as follows:

P(AlB) = 2%%%%1 '

In the special case where the occurrence of B precludes
the occurrence of A, P(AIB) = 0. If A and B are independent,’
the occurrence of B has no effect on the likelihood of A
occurring:

P(al8) = P(a)

When the two events, A and B, are dependent, joint

probability is expressed\by the formulai

P(AB) = P(4)-P(BfA).-
or
P(AB) = P(B)-P(alB)

Bayes' theorem expresses the general condition for
Al, A2......An being mutually exclusi?e and exhaustive.
This formula is also called the probzbility of causes, a
verbal statement of this theorem follows:

P(Hypothesis|Datum) = P(DatumlHyoog?sziié?(Hypothe51s)

The theory of probabiiity deals with certain objects
which possess a mathematical structure. Insomuch as the
approach to analysis of mass spectral data which has been
utiiized for this study deals with set theory, it is con-
sidered feasible to provide a non-rigorous development of

probability from set  theory.
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The concept of a set is frequently referred to as one
of the most basic in all mathematics. This concept; namely
a well-defined collection of objects, is widely applicable
owing to the high prevalence of such collections of objects
in the real wofld. Contrary to certain popular thought,
mathematics is not solely concerned with numbers, thus,
it is that non-numeric objects (such as sets) can be manip-
wlated by specific rules which " in toto " form an algebra
of sets that in turn leads to the subject of logic. The
latter gives rise to one way of formulating certain concepts
of probability. Thus, it is possible to define relations
and functions in terms of sets, use of both of which is
duite essential for the translation into mathematics of
real problems.

The specific branch of probability with which one is ~
concerned is information theory. Both the Khinchin entropy
function and the divergence calculation, which have already'
been mentioned, convey a certain amount of information about
the mass spectrum which they represent. Both are treated in
later sections wherein examples of the information distribu-4

tion are given.
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Notes on Set Theory.

The basic principles of set theory are few in number.
A statement of these principles is necessary as use has been
made of them in the discussions on mass spectral infterpre-
tation. |

A set or class may be defined as a collection of ob-
jects called the elements of. the set. Specifying the elements
in a set defines that set. Set theory is the study of the
relations of sets to one another and'to their subsets;
the application of set_theory provides a means of defining
classes of objects in a very pfecise manner and of éstab—
lishing those relationships which exist between various
groups of objects, i.e.,.the ions.of a mass spectrum.

A1l sets, regardless of what other elements they may
contain, have as a member the null or empty set which is
designated by the symbol @; this is quite different from
the set which contains zero as an element.

Two sets are equal when they contain exactly the same
elements or members; the order in which the elements are
arranged in the two sets undergoing compérisonris not in-
portant. Subset may be formally defined as any set which
is contained in a given set. Any set may be a subset of
itself; however, the special case of pf;per subset is de-
fined as a subset which>contains fewer members than the

parent set. The number of possible subsets in a set is
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given by 2n, where n is equal to the number of elemeﬁts
in the parent set.

The universal set (the set containing all possible
subsets or elements in a given category) is differént for
each specific set of conditions which we describe.

The complement of a given set Z, designated as Z‘,
contains all those elements in the universal set of which
Z is a member which are indeed not members of the set Z
itself. The complement of the universal set U is seen to
be the null set ¢ and - is designatea as U'., Any fw? sets
under consideration are said to be disjoint if they do not
have any elements in common. ' .

. Two further categories of sets may be defined in the
following simple términology:

1) equivalent sets -~ séts which contain the same number

of elements although not necessarily the same ones.

2) ordered set - a se%.in whicy the elemenfs thereof

are arranged in a serial relationship based on
- some pre-defined rule.
ﬁhese latter two categéries are particularly suitable

to application in the treatment of mass spectral data.
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Whatever the instrument, or the compound being
studied, a basic knowledge of all parameters
influencing the mass spectrum is important to
successful interpretation of the information
(that) mass spectrometry provides.

F. W. Karasek



The Approach to Data Processing

The esnalysis of mass spectral data has never been an easy
task, even with the advent of sophisticated data reduction and
analysis techniques., Much of the difficulty in obtaining new
insights lies in a reluctance to look at spectral information
other than the traditional ones of maés and intensi£y. Certain
diagnostic features of a mass spectrum sucﬁ as doubly-charged
ions, metastable transitions and isotope ratios provide ﬁeans
of distinguishing one spectrum from another. High resolution
provides the determination of exact masses which can in turm
lead to absolute identification of a compound. |

In every instance, it is necessary to compare the analyficalk
data for an unknown material with a catalogue of standard refer-
ence values; a satisfactory match of data leads to identification,
either tentative or positive.

Particularly with development of cohputer technology for
commonplace use ‘in the research laboratory, the potential
for automated data processing has been increased many-fold and

the capability now exists for looking at these data with an eye
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on the elucidation of relationships which may.be too complex
or obtuse to be readily deduced without extensive data reduction
and processing capability.

The problem of looking at these data may be arbitrarily
assigned two subdivisions:

a) relationships concerning data in a spectrum per se
b) comparison for identification purposes with a file
of known data

Techniques exist for searching mass spectral filés
whereby all peaks in the known spectrum are compared for
neérﬁess of fit, utilising the individual peak intensities.
In a typical case, tolerances are essigned for the "fit"
criterion and from the catalogue of known components, the
computer is made to éelect all those compounds which satisfy
this criterion. A suitable analogy is the :superposition -
of two nearly-idenfical planar figures; a percentage of
non-congruence is allowed in the computer programme, thus
resulting in rejection of all figures which do not coinéide
with the model figure within these tolerance levels.

The selection of a probability model for the experlment
must consider two factors: ' |

1) choice of a set to represent the possible outcomes
2) alloceting probabilities to these possible Qutcomes

If conditions are held constant in the mass spectrometer
there is probability for each pattern of ions (the mass spectrum)
produced that the ions under consideration came from a specific

arrangement of atoms in the sample molecule, In the practical
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approach to the problem one searches fqr a probability model
(mathematically defined) which most accurately approximates the
real system. A .

For defining such a model, one needs to develop an
expression. To formulate this expression, one musé measure
something. The availability of large amounts of tabulated
mass spectral data in various formats has provided a good start-
ing point to check out various theories of probability for large
amounts of data.

Specifically, one must consider the choice of a probability
model which will effect this superimposition in a mathematical
way that is smenable to progrgmming on a-mini computer system.

Once a sample has been introduced iﬁto a mass spectrometer,

a sequence of steps follows which involves: T . -

1. measurement of the spectra (1 or more)
2. processing of the data in some meaningful way

3. interpretation of these data with the idea of making an
identification of the ~sample. A

In this three step summary of what happens, a great deal is
agsumed, Possibly the most important assumption is that the>épectra
which are recorded représent:those of pure compounds. |

There has already been extensive developmenf of techniques
which in one or more ways aid the recording and interpretation
of‘mass spectra. _

Combined gas ehrqmatography/mass~Spectrometry has proven

a very powerful technique for analysis of mixtures of compouhds
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‘which are readily volatilised. Owing to its applicability to

a wide range of problems, this technique has been highly
developed through commercial exploitation. Of course purifica—’
tion of mixtures is the most significant contribution made by
the gas chromatograph. . '

Specially designed inlet systems currently make possible
the recording of spectra of compounds of widely varying vapour.
pressure by means of ion source temperatures covering a range
from ~100"to0 +500°C.

In quite another area, at least for data processing, high
resolution mass spectrometry allows'determination'of the empiri-
cal formulae of molecules and their fragments by means of precise
mass determination. '

Sophisticated computer applications have been made in high
resolution mass spectrometry. Host of the succeésful work (for
example, production of element maps) would be hopelessly time
consuming without computer assistence. :

There are many less genuihe requirements for high resolution
spectra than for the standard low rééoiution spectra which have
been traditionally the basis pf mass speciral data libraries,
representing all the fragmenté given by a compéﬁna ﬁnder electron
bombardment. |

Because of such an expansion in capability of mass spectrom-
etry,'much interest has been shown lately in methods of data
handling, both with regard to construction of a data file and to

development of search algorithms for identification of a compound
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within a file.( 1-15)

A logical and ultimate outcome of detailed investigations
in these areas will be the establishment of computer routines
which allow "ab initio" identification (3,4).. of a compound
on the basis of its mass spectrum alone i.e. without the restric-
tion that the compound be in the data file. However; this area
is too ill-defined at the present to merit discussion.

In the general case, data manipulation in an analytical
mass spectrometry laboratory has been traditionally a matter of
careful consideration; advent of the computer for use on a rou-
tine basis in processing these data has allowed great increase
in the output of such laboratories.

However, the general problem of data reduction and
processing continues to persist in the area of mass spectrom-
etry. ‘To.dake, ,there have been no clear-cut indications that
any particular method of dta—handling is superior. Especially
intractable is the problem of searching a data file or a data
bank of mass spectra for the purpose of comparing these daté
with an unknown spectrum. What work has been reported in general
utilised iterative processes which require the use of large com-
puter systems in order to effect the calculations in a practically
finite period of time. There is no doubt that large scale
processing, such as pattern classifier and artificial intelligence
calculations, should continue, owing to the high likelihood that
worthwhile relationships will emerge that could never be visualised

from traditional data processing techniques.
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vAlso required is some attention to the simpler_téchniques
which demand less powerful computing capability. In terms of
rendering a practical service to present day mass spectrometry,:
three approaches to the classification of mass spectral data
which have both a theoretical and practical interést have béen
investigated as an outcome of the earlier work of Reed (16,17)
and Reed and Robertson (18). .

1) the Khinchin entropy funcfion

2) the divergence function

3) octal coding

Application of ruéimentary set theor& was originally made
by R.I. Reed for the purpose df giving clues to the solution
of the mass spectral data processing problem within the confines
of calculations which could be performed on a small laboratory
computer system. For this purﬁose, analogies have been’taken
from the field of information theory, which theory may be con-
sidered as a branch of probabiiity theory that is concermed
with the likelihood of transmission ofrmessages when the infor-
mation comprising the messages are subjecf to varying probabili-
ties of transmission failure.‘In mass spectrometry. the analogy
is that of the absolute qualitative and gquantitative relation-
ship among ions formed in the ion source being distorted by
the analyser and detector stages of mass spectrometer operation.
In a more advanced treatment it is reasonable to assume
that the source of the spectra under consideration would become

less important, especially the relative intensities of the diag-
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nostic ions. Optimum use of a data bank would arise from a diag-
nogtic system wherein simply the presence or ébsence of a peak

in the spectrum would serve, in combination with presence or
absence of other possible peaks in a spectrum, to define uniquely

the compound being analysed. More will be said of this approach

undexr the title of octal coding.

T AT

46



10,
1l1.

12.

13.
14,
15,

16.

GENERAL BIBLIOGRAPHY

S. Abrahamsson, S. Stallberg-Stenhagen, and E. Stenhagen,
Biochem. J., 92, 2 (1964)

B. Petersson and R. Ryhage, Arkiv. Kemi, gg, 293 (1967)

L.ﬁ. Crawford and J. D. Morrison, Anal. Chem.vig, 1464 (1968)
L.R. Crawford and J. D. ¥Morrison, Anal, Cheﬁ. 43, 1790 (1971)
R.A. Hites and K. Biemann, Advan. Mass‘Spectrom.LJQ;, 37 (1968)

B.A. Knock, I.C.Smith,D.W.Wright, R. G Ridley, and W. Kelly, Anal.
Chem., 42, 1516 (1970}

F.E. Lytle and T.L. Brazie, Anal. Chem. 42, 1532 (1970)

S.L. Grotch, Anal. Chem., 43, 1362 (1971)
Ibid. 42, 1214 (1970)

Ibid. 45, 2 (1973)

( L.E. Wingen, W.S.Woodward and T.L.Isenhour, Anal.Chem. 43, 1605,
1971

H.S.Herz, R.A.Hites and K.Biemann, Anal. Chem., 43, 681 (1971)

R.G.Ridley, in " Biochemical Applications of Mass Spectromet
G.R.Waller, Ed., Wiley-Interscience, New York, Chap. 6 (197§¥

D.H.Robertson and R.I.Reed, Proc. of 19th Annual Conference on
Mass Spectrometry and Allied Topics, Atlanta,Ga., p.6d (1971)

D.H.Robertson, J.Cavagnaro, J.Holz and C. Merritt,Jdr., Proc. of

the 20th Annual Conference on Mass Spectrometry and Allied Topics,

Dallas, Texas, p.359 (19712)
R.I.Reed, Rev. Port., Quim., 10, 129 (1968)

SR |



- GENERAL BIBLIOGRAPHY (cont.)
17. R.I.Reed, Rev. Port. Quim., 12, 16 (1970)

18. R.I.Reed and D.H.Robertson in " Recent Topics in Mass Spectrometry ",
R.I.Reed,Ed., Gordon and Breach, New York (1971)




e

Mathematicians have never been in complete .
agreement on their science, though it is
said to be the science of self-evident

verities - absolute, indisputable and = -
definitive. They have always been in
controversy over the developing aspects
‘of mathematics, and they have always
considered their own age to be a period

of crisis.

" ‘Henri Lebesgue




Prior to a specific treatment of the three major diag-
- nostic functions with which the author has experimented for
facilitating mass spectral:file coding and search, & prelim-
‘inary treatment of the antecedent investigations of R.I. Reed
~ should be cited. (1,2) "’

There has already been a firm basis established in the
use of mathematical analysis in the fields of communication
theory and data reduction. A considerable amount of expertise
has been developed in application of this kind of information
to practical problems Qf transmission and receipt of "messages".
R. I. Reed has been concerned with the possibility of develop-
ing straightforward methods of manipulating mass spectral data.
The most extensive of these investigations, based on elementary
set theory, has been referred to as raive analysis. (1,2)

In this application, “naive“ is taken to mean "non-rigorous"
in the mathematical sense.

The problem of identification of an unknown by comparison
with a data bank of known Spéctra has received considerable
attention. The specificvtechnique employed for the retrieval
generally depends on whether one is working with high or low
resolution data. A promising beginning has been made with respect
to low resolution spectra ( 3 ' )jthe situation with high resolu~
tion is considefably more difficult to define and will not be
considered in this presentation., Most recently, the principle
of artificial intelligence ( 4 ) has been applied to these low

resolution analyses. In the latter, the computer is provided
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with a programme which allows it to estimate the agreement
of the unknown spectrum when'it is.compared against a so-called
training set of spectra; in essence the computer is thus able
to decide to which classification the unknown belongs. Inherent
herein is the concept of set; that is, the concept of belonging.

Insomuch as modern mathematical techniques are highly depen-
dent upon the use of computers for the purpose of reducing and
processing gross quantities of otherwise unwieldy data, it has
been considered desirable to develop methods of mass spectral
analysis and/or codification which would incorporate the binary
principle. Appropriate use of set theory allows this to be re-
alised. It has already been showvm that a simple basis for prbb-
ability may be derived from set theory and as such give founda-
tion to entropy,divergence and octal codification concepts as
-presented subsequently.

In its simplest form, naive analysis allows one to con-
sider the ions produced in & mass spectrometer as subsets or'
( in the case of an individual ion ) as a member of the univer-
sal set of all possible ions which may arise from the fragmen-
tation of an organic molecule. With this basic premise, naive
theory has been used successively to examine alkanes, alkenes
and cycloalkanes. As the work has progressed it has been found
that the simple-criterion which was assumed for alkanes does
not completely satisfy the latter two classifications for
hydrocarbons. The problem of criteria upon which to base a mass

spectral analysis has not been solved with complete satisfaction.
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Since one can freely define what constitutes the member-
ship of a set, the potential inherent in the use of naive set
analysis is great. In the simplest situation which can be imagin-
ed, one could select a subset from the universal set which would
embody all the ions necessary to provide a unique diagnostic for.
a given class of compound, i.e., set A is composed of all the
ions which are required to identify unambiguously the class,
hydrocarbons. The set A will likewise be subject to subdivision
into further subsets, which reprgsent, in the casefof the above
example such classifications as alkanes, alkenes, alkynes and
cycloalkanes and cycléalkenes. It is further possible {to indicate
points of branching within the molecule by set manipulation. (1)

In retrospective consideration of the effectiveness of the
Khinchin entropy function, the divergence calculation and octal
coding in simplifying the identification of mass sﬁectra of di-
verse types of compounds, especially with regard to the extreme
simplicity of their calculation, the approach as presented in the
formal treatment for hydrocarbons (see Appendix A ) becomes cum-
bersome. Although well grounded in mathematics, the practical
applications of this latter approach vis-a-vis cbmputer pro—-
cessing of data, seems to.be limited.

Reference to the reprint in Appendix A will show that the
initial concept of naive analysis (through means of probability
and set theory) is more theoretical in attitude than the practi-
@l utility of the techniques suggests is advisable for immediate

application to in-house production problems.
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The current method of mass spectrum interpretation is semi-
intuitive and as such tends to be time-consuming as well as un-
certain in results., Especially in consideration of developlng -
new methods which rely heavily upon the use of computers, a'
systematic approach is desirable. It was with such’an idea in’
mind that the functions presented in this section were developed.

It seems reasonable to say thet the average man who is con-
fronted with a massive data reduction task in the field of mass
spectrometry has less use for philosophy than for results from
his researches, ' .

It is recognised that only a sﬁall portion of mass spectral
information, most particularly in the case of a high resolution
spectrum, is utilised effectively, in great part because of the
time~consuming nature of data acquisition and reduction. Wide-
spread availability of high-speed computer systems for processing
analytical data such as those from mass‘spectrometers has encour-
aged development of novel and basic ways of manipulating them so

that greater utility may be made of the data which is available.
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Khinchin Entropy Function

The first of these three approaches which concern them-
selves with probabilities is the so-called Khinchin entropy

..

function.

Let us consider an event the probability of which, based
upon information available, is designated as p. The desired
goal is the application of a basic numerical definition which
represents the amount of information that it conveys about
the event of interest. Good (5.), in his treatise mekes two
demands on such a definition:

1) it should be a decreasing function of p and

2) the amount of information provided by two or more
independent events should be the sum of their se-
parate amounts. The events are the individual ions
produced in the mass spectrometer.

These conditions are satisfied by functions of the type,
-log p or -1n p. From the standpoint of information theory,
the expression in figure 1 is defined as the entropy of the
experiment; that is, the probability that the information
transmitted by the sender is received by the receiver. |
Iﬁ‘slightly different terms, it is possible to consider en-

tropy as a representation of likelihood that a "message"

will be transmitted, within certain specified ranges of
accuracy, when the information is subject to certain proba-
bilities of failure in transmission, owing to such factors as

distortion and contamination with noise, either random or
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periodic. This function*y\is the Khinchin entropy function (6)
just mentioned and named after the Russian mathematician of

the same name. Qhe equation defining the function appears in
the work of C.E. Shannon on communication theory (7 );'i'is

the index of message units or number of ions in the spectrum
under consideration. The p; values represent a ratic A/B where
A is the igdividual intensity ofia single ion and B is the sum
of 2ll ion intensities for a given compound.

Entropy of the experiment, as defined by Shamnon (7') is
without dimension and may be considered as analogous with
entropy as it is customarily defined in statistical mechanics.
More sPecifiéally it is the statistical mechanical equivalent
of ordinary entropy divided by the Boltzman constant. Thus is
Abeing expressed a set of relative weight factors supporting the
probability of the occurence of a specific collection of events.

Within the framework of consideration for this discussion
the events are the ions appearing in a given mass spectrum. For
these calculations the probabilities represent the ratios of in-
dividual ion currents to total ion currents, This is generally
equivalent to relative intensity of each ion divided by the total
ion current as a sum of individual ion intensities. .

In this equation, as mentioned above, *if is'the! index of
units corresponding to the individual i&ns and 'p'is the individ-
ual probability for each ion in the spectrum. If only one event
has atprobability of unity and all others are zero, the value

of the entire function is zero; if all probabilities are equal,
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Rélative

Intensities A/B'.‘Pi in p; piln; P;

38 .1180 -2.1369 -.25215

100 .3106 -1.1694 -.36316

89 27639 -1.2859 -.35541

68 .21111 - =1,5550 -.32827

23 .07142 -2.6390 -.18847

-4 .01242 -4.3882 -.05450
322°= B B -1.54196 = 2

A = individual relative intensities for each ion

B
—1\: total of individual Khinchin functions

1

total of relative intensities for all ions

Khinchin function = -1.54196 (1n) or -0.66976 (log)
0.43429 x 1n ;Loglo

it

* Subsequent tables of Khinchin functions are in baselo
Ratios among values are independent of base, however.

Table 2

Detailed Calcglation of Khinchin Function
for l-hexene

56



COMPOUND

n-butane
2—gethylprppene
t=2-butene
3—methy1—1,2;butadieﬁe
1,3,5-hexatriene
1,5~hexadiyne

3=-heptyne

.Table 3
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KHINCHIN FUNCTION (K)

0.9266
0.8121

1.0418

1.2160

1.3396

1.6053 ..

-1.3791
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the function will have a maximum value. Thefe lies in the con-
Yinuum between zero and maximum value, a collection of walues
which has been showm to have certain diagnostic nature for a
variety of organic compounds, most especially alkanes, alkenes
and alkynes

A detailed example of a calculation is given in table 2,
indicating how the individual probabilities vary from ion to
ion. Probability of Khinchin function for the molecule as a
whole is the sum of the individual values. This function;
represented by the sum for all the ions,reflects a net prob-
ability for a particular collection of ion-current values to
occuf. In the case of figure 2 the sum is <1.54¥96. This sum for
all the ions of a spectrum will be henceforth designated as K.
In this regard, K values are diagnostic for specific ranges
of probability which correlate with group classification of
compounds. For these calculations, individual probabilities
represent the ratios of jndividual ion currents to total ion
cufrent for each ion. In other words,relative intensity of
each ion divided by total ion current.

Table. 3 1ists a group of hydrocarbons whose Khinchin
functions serve to identify the compounds when comparison
is made between and among members of the alkane, alkene and
alkyne families of hydrocarbons.

These compounds have been selected to show the typical
variation in the entropy value which is expected for the

variation in degree of unsaturation in the molecule. In a
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search of a file of precalculated Khinchin values, a matching
index may be used to establish the corieSpondence of the value
for an unknown compound with the library value.

‘When the mass spectra are cqnverted to their corresponding
entropy functions in this way, a data file can be cégstructed 
consisting of these members.

There is contained in table A a listing of K values for a
large classification of organic cémpounds. The distribution of
" values is in general such that the X value (Khinchin entropy
function) may be used for diagnostic purposes. Such a single-
valued function is highly desirable when considering computer
search of an unknown. Utilising this concept, it is only necessary
to calculate a Khinchin function for an unknown compound when
its "tabulated" spectrum is presented and to compare ithe single
valwe thus obtained with a library file of wvalues which have
already been determined for a collection of compounds. Computer
search routines under these conditions are extremely fast; in
addition, a minimum amount of library storage is required; bqth
of which are highly useful for small mini-computer systems, which
currently entertain especial pgpularity in analytical chemistry
lgboratories.

In actual practice,it has been possible to utilise this
function for libraries up to approximately 200 compounds and
8till retain unique diagnostic characteristics. When expansion is
effected to extensive data libraries (e.g. The Atlas of HMass

Spectral Data) the non-wiiformity of recorded spectral data in
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. TABLE A

Compound S ' Khinchin Function

methane . ) 0.4921
methane '0.4128
methane - 0.5183
methane - 0.4274
ethane o ~ 0.6861
ethane .t 0.7457
ethane : 0.6729
ethane E 0.7294
.ethéne . 0.7111
ethene 0.6389
ethene 0.7579

‘1,2, trans-dideuterothene 0.8253

1,1, trans-dideutercethene 0.8344

tri-D-ethene : . Qf8655
. ethylene-D4 ‘ 0.7869
~ tetra-deuteroethene 0.6935
ethane . . 0.7055
ethane 0.7418
ethane ' 0.7549
" propane - 01,0130
propane ‘ ' 1.0009
propane 0.9767
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TABLE A cont.

Compound

propyne

_propane

propane

propane

propane

2=-butyne

1,4, dideuterobutane
allene(propadiene)
allene(Propadiene)
propene

propene

propene

propene

propene
propene-2D
propene-1,1-D2
propene 3,3,3,-D3
Al,2-butadiene
1,3-butadiene
1,3-butadiene
1,2-butadiene
1,3-butadiene

trans-2-butene
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Khinchin Function

0.6883
0.9362
- 0.9549
0.8466 -
- 0.9605
1.0127
. 1.0713
0.6856
0.8663
0.8837
0.9626
0.8539
0.9707
0.9574
0.9258
1.0738
1.0942°
1.0840
1.0106
0.9959
1.0036
1.0686
1.0418-



TABLE A cont.

Compound

trans-2-butene
cis-2-butene
2-methylpropene
n-butane
2-methylpropane
n-butane
n-butane
n-butane
n~butane .
n-butane
2-methylpropane
isobutane
isobutane
ethanamide
isopropylamide
n-propylamine
2-deuterobutane

'n-butane-ZD

2-D-2-methylpropane °
2-D-2-methylpropane

l-deuterobutane
n-butane-1,1,1-D3
ethanethiol

n-butane-1,1,1,3,3-D5
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Khinchin Function
10,9366
1.0132
1.0393
10.9803
0.8038
0.9460 °
0.9266
0.9769
0.9313
0.9520
0.8121
0.8864 .
0.8953
1.0808
0.4278
0.7511
1.0435
0.9926
0.8626
0.9771
1.1228
1.1438
1.1245
1.2042



TABLE A cont.

Compound . Khinchin Function

n-butane-1,1,1,2,2,3,3-D7 1.2043

1,2-butadiene ' 1.0833
" 1l-butene : '1.0149
‘1-butene | 0.9955
l-butene ' 1.6560
l-butene 1.020é
1-butene ’ 1.0411
cic-2-butene . | 1.0607
l-butene L 0.9836
trans-2-butene 1.0643
2-butene 1.0280
1-butene » 1.0459
2-methylpropene ) 0.9913
cis-2-butene 1.0646
'3-penten—l-yne 1.1208"
2-methyl-l-buten-3-yne 1.1373
1l,2-pentadiene 1.2707
2-pentyne . 1.2092
l-pentyne - - 1.0633
2,3-pentadiene | 1.2512
2-pentené ‘ 1.0864
cis-2-pentene 1.0734
" l-pentene 1.0634

63



TABLE A cont.

Compound
3-methyl-1l-butene

cis~-2-pentene
2-methyl-2-butene
trans-2-pentene
l-pentene
2-methyl-1-butene
3-methyl-l-butene
2-methyl-2-butene
2-methylbutane
cyclopentadiene
trans—2—pentene—4—yne
1,3-cyclopentadiene
cyclopentene
3-methyl-l-butyne
2¥pentyne
2-methyl-1,3-butadiene
2-methyl-1,3-butadiene
l-cis-3-pentadiene
2—pentyné -
cyclﬁpentene
cyclopenténe
l-pentyne
3-methyl-1,2-butadiene

spiropentane
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Khinchin Function
0.9944
1.0922

1.0002
1.0902
0.9843
0.9971
1.0761
1.1049
1.2251
0.9651
1.1270
1.0487 ~
1.0821
1.2092
1.1812
1.1923
1.1829
1.2319
1.2637

©.lY. 0719

1.0751
1.2075
1.2160
1.1418



TABLE A cont.

Compound ) Khinchin Function
1,4-pentadiene 1.2137 , !
2-methyl-1,3-butadiene "1.1298
l-trans-3-pentadiene 1.2327
l-pentyne | 1.2084
n-hexane 1.0510 °
n-hexane . 1.0470

" n-hexane _ ' 1.,0940
2,2-dimethylbutane 1.0858
2,2-dimethylbutane 1.0317
2-methylpentane 0.9916
2-methylpentane ‘ 1.0553 - o
2,3-dimethylbutane 0.9462
2,3-dimethylbutane 0.8689
3-methylpentane | 0.9814
3-methylpentane ‘ 1.0344
1,5-heptadiene-3-yne 1.2449
l-hexyne _ 1.2353
2-hexyne C 1.2923
l-hexyne ' 1.2280 .
3,3-dimethyl-l-butyne 1.0637
3-hexyne » 1.3308
3-hexyne - 1.2994
2-hexyne 173019

65



TABLE A cont.

Compound
2,3—dimethy1—l,3—bufadiene
2-methyl-1,3-pentadiene
cis-2-hexene
2-methyl-2-pentene
2,3-dimethyl-2-butene
4—methyl-cis-2—pentehe
cis-3-hexene
3,3-dinethyl-l-butene
4-methyl-l-trans-2-pentene
3-methyl-cis-2-pentene
2,3-dimethyl-l-butene
2-methyl-l-pentene
3-methyl-trans-2-pentene
3-methyl-l-pentene
2;ethyl-l—butene
2-ethyl-l-butene
4—methyl-l—pentehe
l-hexene

trans-2-hexene
trans-3-hexene

l-hexene

1,5—hexadiéne
2,4-hexadiyne
1,5-hexadiyne
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Khinchin Function

1.2647
1.2866
1.2165
1.0875
1.1051
1.1051
1.2064
1.0769
1.0931
1.1834
1.0518
1.1818
1.1578
1.1664
1.1902
1.2014
1.0763
1.1661
1.1624
1.1760
1.1749
1.1193
1.1390
1.1605



TABLE & cont.

Compound

1;3,5—hexatriene‘
1,5-hexadiene
1,6-heptadiyne -
1,6-heptadiyne
4-methyl-2-hexyne
3-heptyne
2-methyl-l-hexene
2—methy1-1,5-hexadiene'
5-methyl-l-hexyne
1,6-heptadiene
5-methyl-2-hexyne

2, 4-dimethyl-1,3-pentadiene
l-heptyne -
H5-methyl-l-hexyne
2-heptyne

3-heptyne

l-heptyne
trans-3-heptene
l-heptene

+ 4~methyl-l-hexene

~ 4,4-dimethyl-cis-2-pentene
3-methyl-2-ethyl-l-butene
2,3,3-trimethyl-l-butene
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Khinchin Function
1.3396
1.0917
1.1126
1.1378
1.3154
1.3791
1.1166
1.2457

'1.3109

1.2136
1.3607
1.3190
1.3195
1.3109
1.3523
1;3791
1.3195
1.2181
1.2032
1.0833
1.2016
1.2520
1.1390
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TABLE A Cont.

Compound
2,4—dimethyl-1-pentene

"”Symethyl-trahs-Z—hexene
2-methyl-2-heptene
n-nonane
3,3-diethylpentane
2,4-dimethyl-3-ethylpentane
2,2,5-trimethylhexane '
2,2,4-trimethylhexane
4,4-dimethylheptane
3,3-dimethylheptane
2,2—dimethylﬁeptane
3-ethylpentane
2-methyloctane
3-methyloctane

. 4-methyloctane

2,2,5,5-tetramethyl-
trans-3-hexene

2,2,5,5-tetramethyl-
cis-3-hexene

chloroethane
~1,1,1-trichloroethane
1,1,2-trichloroethane
5—-nonanone

2-thiapropane

68

Khinchin Function

1.1600
11.2043
1.2008
0.6661
0.6993
0.9187
0.7167
10.7190
0.7257
0.7190
0.7934
0.7524
0.7903
0.7560
0.7615

'1.3587

1.3480
0.9782
1.0573
1.2098
1.1749
1.0787



TABLE A Cont.

Compound
2-thiabutane

2-thiapentane
3-thiapentane
3-methyl-2-thiabutane
l;pentanol
1-peﬁtanol
2-pentanol
3-pentanol
2-methyl-l-butanol
3-methy1-1-5utanol
3-methyl-l-butanol
3-methyl-l-butanol
2-methyl-2-butanol
2-methyl-2-butanol
3-methyl-2-butanol
2,5-hexanediol -
2-hexanelhiol
n-butyl formate
isobutyl formate
sec. butyl formate
n-propyl acetate
ethyl propanoate
ethyl propanoate
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Khinchin Function
1.1774
1.2079
1.235T
1.2321

1.1396
1.1348
0.8982
0.9245
1.1770
1.1714
1.2397 =
1.2604
1.1983
1.0904
0.8831
0.9850

1.1817
1.2257
1.1980
0.9387
0.9462
0.9442



TABLE -A Cont.

Compound
methyl butanoate

methyl isobutyrate
2-hexanone
4-methyl-2-pentanone
2-pentanone
3—methyl—2—butanoné
- 2-butanone
1,2-dichloroethane
3-pentanone
cis-l,z;dichloroethane
2-propanone
chloromethane
3-hexanone

t-1,2~dichloroethene’
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Khinchin Function

1.1541
1.1533
0.9632
1.0064
0.8906
0.7244
0.7579
1.0669
0.8664
1.0702
0.7892
0.7665.
1.0635
1.0832



these libraries results in inéonsistencies among Khinchin
values which render them less than ideally useful for the
unique identification of every compound in the library. Al-
though not universally applicable, this approach is eminently
practical with limited libraries, especially those'%hich ha%e
been generated under the same instrumental cbnditions as data
for the unknown compounds. A file of single valued functions,
one for each compound -in the library, can thus be stored in
the minimum configuration of éore storage for most currently
produced mini-computer systemé. Search glgorithms are extremely
gimple for the comparison of an unknown with the ﬁembers of
the library; in total, the coqification aﬁd search process is
essentially trivial in nature and canbe easily executed on an
ihexpensive mini-machine.

Summary _

In this exposition, a development of set theory and prob-
ability, namely the XKhinchin entropy function, is shown to pro-
vide diagnostic values when applied to classification of mass
spectral data.

Because of great vériatipn in mass spectral data from one
laboratory to another, a set of values may not be definitive in
every case. Such variation is well demonstrated with Khinchin
values for the list of compounds in table A, the data for which
came from the standard A.P.I. collection of spectra.

Current techniques in instrumentation and data processing
by mini-computer allow calculation of the Khinchin function from

mass and intensity data which may be acquired on-line in real-time.
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In this way, individual laboratories can "construct" data files
of Khinchin functions as they obtain the spectra for pure com-
pounds. Especially with small files of compounds for specific
applications, a high degree of success may be anticipated.

It was the lack of sufficient uniqueness whenf%pplied fo
large mass spectral data files from various sources, i.e, the
standard A.P.I., data, which directed investigations %o more
"unique" classification methods. The next section deals with
one of these investigations for developing a unique classificationg
namely, tﬁe divergence function. It has been used successfully
10 resolve ambiguities- arising from'those cases where Khinchin
function values for a pair of compounds wére to0 close to pro-
vide for unique identification.
NCTE:

Appendix A contains an extensive listing of Khinchin values
which were made possible by the generosity of S. Groich at the
Jet Propulsion Laboratories in Pasadena, Célifornia, U.S.A..The
~library used is essentially the Atlas of Mass Spectral Data to
which has been added a collection of spectra from the laboratory
of K. Biemann at Massacﬁusetﬁs Institute of Technology, Cambridge,
Mass, U.S.A. It was this opportunity to calculate Khinchin functions
for a library of 6680 compounds that confirmed their lack of uni-
versal uniqueness for a multi-source data file.

Owing to space restrictions, only a portion of the total list-

ing is given here.
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Divergence

Also associated with the searching of a data file for estab-
lishing nearness of match between any two spectra is the calcule-~
ion which is referred to as divergence. This calculation allows
one to compare two spectra with a single value resulting from
the calculation which indicates by its magnitude how different
it is from the "reference" compound. In the comparison of two
spectra, one is always chosen as the "reference" spectrum.

Thus, a measure of the divergence between two spectra is calculated,
using the equation in figure 1 which has found application in
information theory. In this equation, J(1,2) is the divergence (g,9)
between an unknown spectrum and a spectrum from a data file of
known compounds; Nl and N2 are the total ion currents of the mass
spectra in question (the general assumption is made that‘thé sum '
of individual ion intensities in a normalised mass spectral tabu-
lation is approximately equivalent to their ion currents).

Pli and P2i represent the probabilities of the i'th ion in samples
1 and 2; P, is defined as % the sum of Py, ané P,;+ The equation
comes from a general statistical approach (8 ) to the comparison

of populations. Two mass spectra are considered as iwo independent
random samples N, and N, .

In table 1 the divergence values resulting from compéfing in
seven different cases, two spectra of the same compound chosen at
random from the A.P.I. files are shown. That is, a total of four
methane spectra have been calculated and a total of six ethane
spectra. In each instance, if the two spectra were identical, the

value of J would be zero. Hence, the small values of J here reflect

the slight differences present in spectra of the same compound
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Compound Name Av_erage Divergence

methane (1) .- 0.06772
methane (2) : 0.27666
ethane (1) 0.01339
ethane (2) 0.31431
ethane (3) k 0.36150
propane 0.57211
cyclopropane : '0.03 265

Table 1
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Compound Pair R ;' : Average Divergence

2-methyl-l-ene vs; P e e e e e
3-methyl-l-ene - 0.95724

cyclohexane Vs, : , _
hex-l-ene © 1,170

2,3-dimethylpentane vs.
2,4-dimethylpentane ' 1.46830

n-heptane vs.

2,4~-dimethylpentane . 2.61200

2-thiapentane vs.

3-thiapentane | 10.23720

l-butanol vs.

2-butanol o 17.44280

Table 2.
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because of operating conditions in the méss spectrometer on which
the spectra have been obtained.

Table 2 is concerned with comparison of a group'of pairs of ~
compounds which ere different in structure. The trend within the
first four pairs which are hydrocarbons is for a higher value'of
Jd to reflect a greater difference in structure. The last two pair
show much increased values for position isomerism in hetero-atom
systens. \

All compounds listed in.table 3 in the comparison compound
column have been compared with hexane as a "template" (i.e. the
fully saturated straight chain C-6 compound). Agaiﬁ, the J values
are indicative of the degree of difference from the compounds
with which the comparison is made.

It has been found convenient to refer the calculation of
‘divergence of a given compound in the aliphatic hydrocarbon
series to thai of the hormal alkgne of the same carbon ﬁumber.
Thus, in a library file of divergence values, a group of sub-
sets is established, corresponding to the values for compounds
having the same carbon number. This greatly reduces the number of
values t§ be searched and cérrespondingly the time to execute
the search.

In table 4 , a detailed accounting for a typical diver-
gence calculation is given. It would seem likely from a prelim—~
inary standpoint that a consideratién of these peak by peak
divergence values would enable one to locate points of structural

differences between any two compounds being compared.
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Comparison Compound L;' Divergence (J)

o
.0

n-hex-l-ene ‘ 4,2269
2-methylpent~2-ene - ) 7.7805
cyclohexane 10,0238
3-hexyne | . 11.8302
2-methylpentene ' 12.50545'
l-hexyne 18.7163
2-hexyne E 25.8092
Table 3

Comparison of Divergence Calculations,
Relative to n-hexane as reference compound.
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Individual Accumulative

m/q Intensity (A) intensity (B) Divergence Divergence

21 37.9 © 163 95.87 95.87

39 13.0 " 10.3 3.7 99.59

41 28.4 36.0 7.54 107.13

42 12.4 33,0 96.33 203.46

43 100.0 100.00 . 0.2;!. 203,67
Table 4

Detailed divergence calculations of the pair of
_ compounds A vs., B
A = n-butane; B= 2-methylpropane
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However, time did not favour such ah investigation. It was
thus necessary to focus attention on fhe utility of divergence
calculations for estéblishing single-valued diagnostic functions.
Two tables follow which list a number of compounds for which this
function has been calculated. Table A represents values which were
calculated from all the peaks in a spectrum, whereas table B was
- calculated for the five most intgnse peeks only. In both cases,

a range of values is obtaine& which are generally diagnostic for
the chemical compounds which they represent. Probably the most
obvious feature is that the magnitude of divergence values is
greater for values of table A than thoseé of table B. This is a
function of the number of mass Spectral,ﬁeaks used in the calcu-
lation and should not be considered diagnostic wheﬁ intercompar-
ing tables A and B.

In the framework of implementing this calculation and the
Khinchin entropy function calculation on a small computer system,
the general aim of the techniques discussed in this work, it can
be seen that the divergence is considerably more time consuming
in so much as a full study of a library file of mass spectra im-
plies a calculation for each member of the library against the
"reference" cémpound or “"template",

The individual calculation of divergence, although much more
laborious when performed manually, does not involve appreciably
more central processor time on a mini systém.

Very significant use has been made of this calculation, how-
ever, to resolve situations such as those illustrated in table 5 3

namely, the case where the Khinchin values are not sufficiently
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Divergence Caiculations, Utilising All Peaks in Spectrum
n-heptane is the reference compound

Compound

2-heptyne

3-heptyne
t-1,3~dimethylpentane
2-methylhexane
2-methylhexane
3-ethyl-l-pentene
ethylcyclopentene
2,3-diethylpent-2-ene .
1-t-2-dimethylcyclopentene
3-methyl-t-hex~3-ene
l-c-2-dimethylcyclopentene
2,3-diméthylpentane
2,2,3-triethylbutane
2,4-dimethylpentane
2-methylhexane
2-methylhexane
2,2-dimethylpentane
2,4-dimethylpentane
n-heptane
2,2-dimethylpentane
3-methylhexane
3-methylhexane

Table A
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Divergence
202,205
471.685
93,042
22.224.
26,797
32.501
218.361
305.315
89.364
80.311
92.786 -
67.343
69.342
5.205.
22,224
33.889
54,189
6.443
30.319
57.838
0.142
0.545



.Divergence Cglculations, Utilising All Peaks in Spectrum

n-heptane is the reference compound (cont.)

Table A

Compound bivergence
2,2,3-trimethylbutane 62.578
2,3-dimethylpentane ] 69.791
3—-ethylpentane | . ' 50.664
3-ethylpentane < 59.973
3, 3~dimethylpentane 36.095
3,3-dimethylpentane 26.483 °
2-methyl-l-hexene | -25.153
3-methyl-cis-3-hexexe : 233;464‘
cycloheptane - ' 55.551
l-cig=-3-dimethylcyclopentane . 55.575
2-methyl-2-hexene ' 48.450 :
3,4~dimethyl-cis-2-pentene - 399.831 -
3,4-dimethyl-l-pentene 177.750
2-methyl-trans-3-hexene 89;794
1,1,2,2-tetramethylcyclopropane : 155.91‘3 ‘
3,4-dimethyl-trans-2-pentene 1 387.142
S5-methyl-l-hexene 33.866
3, 3~dimethyl-l-pentene 54,007
3-ethyl-2-pentene 246.568
4-methyl-trans-2-hexene 56.115
2,3-dimethyl-l-pentene 57.180
3-methyl-l-~hexene | 92.779
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Divergence Calculati;;E?\ﬁ%i};gigg\ﬁ}l Peaks in Spectrum
> a e REE

n-heptane is the reference compound {Co=%.)

Table A
Compouni ) D;vergence
3-methyl-cis-2-hexene - 174.482
4 ,4~dimethyl-l-pentene 27.504
2,4-dimethyl-2-pentene ' 130.658
4,4~dimethyl-trans-2-pentene 346.985
cycloheptane ‘ : | - 60ﬂ419
trans-2-heptene - ‘ _ 94.951
1,1-dimethylcyclopentane . 194.856
2,3, 3-trimethyl-l-butene 326.876
' 2,4-dimethy1—1—péntene 57.336
5-methyl-trans-2-hexene A ' 131.262
4-methyl-l-hexene : 11.664
4,4-dimethyl—cis—2-pentene_ ' 102.513
3-methyl-2-ethyl-l-butene ' 243,065
l-heptyne 52.260
l-heptyne ‘ . 52.260
trans-3-heptyne 37.417
l-heptene 29.661.
2,4~dimethyl-1,3-pentadiene - 424,824
5-methyl-l-hexyne. : : 49,939
1,6-heptadiene 335.286
5-methyl-2-hexyne 373.344
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Divergence Calculations, Utilising All Peaks in Spectrum
n-hexane is the reference compound

Table A
Compound : Divergence
cyclohexane 10.0238
2,4-hexadiyne 26,2104
1,5-hexadiyne N 29,8075
n-hex-l-ene 4.2269
o-methylpent-l-ene ' 12,5054
2-hexyne 25.8092
3-hexyne ’ 11.8302
2-methylpent-2-ene . | 7.7805
hex-l-yne R 18,7163
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Divergence Calculations, Utilising All Peaks in Spectrum

n-pentane is the reference compound

Compound

2-methylbutane
2,2-dimethylpropane
2-methylpentane

n-pentane

Table A
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Divergence

17.8871
62.2172
18,9821
*5.8080



Divergence Calculations, Utilising All Peaks in Spectrum
| n-butane is the reference compound

Table A
Compound Divergeﬁce Value
2-methylpropane 40,6926
n-butane . : 15.1075
n-butane . 16.8479
n-butane ' 15.0465
n-butane - ' 24,9250
n-butane . 14.5552
2-methylpropane v 43.4982
© 2-methylpropane 23.5398
2-methylpropane T.4067
2-deuterobutane 76-5472
n—butéﬁe—ZD -0 235.1620
2-D-2-methylpropane 126.7840
2-D-2-methylpropane 134.5390
l-D-butane ' s 72.3092"
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Divergence Calculations, Five Most Intense Peaks in Spectrum

Reference compound is n-butane

Table B

Compound - . Divergence
n-butane , 0.0000
2-methylpropane ' _ 1.1100
n-butane - 041157
n-butane : o 0.5059
n-butane h 0.2706 -
n-butane ~0.0129
n-butane : ‘ ’ 9.4718
isobutane . i v 0.1798
isobutane | Q0.1561
isobutane - » 0.9622
1l-buten-3-yne . ' 1.9753
l-buten-3-yne .1.9041
1,3-butadiene s 2;6054
1,3-butadiene C 2,7042
1,3-butadiene | A 2.2764
1,2-butadiene ' : | 0.0602
1,2-butadiene . 0.1713
1,2-butadiene 0;186§
1-butyne ) - 1.0467
2-butyne - : - 0.,2946
cyclobutene v . 2.0796
isobutene ’ : : " 0.5676
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Divergence Calculations, Five Most Intense Peaks in Spectrum

Reference compound is n-butane

Table B

Compound » S v ‘Divergence
l1-butene 0.0629
1-butene ‘ . 0.1327
l-butene f ' 0.1279
1-butene o | 0.0679
l-butene- - . 0.3907
l-butene ' 0.4413
trans-2-butene : 0.0424
trans-2-butene 0.0488
trans-2-butene » . 0.0488
trans-2-butene . ;- - "~ 0.5493
cis-2-butene 0.5942
cis-2-butene ' 0.0561‘
cis—2-buéene . 6.0542
isobutene ‘ 0.5877
2-butene : : 0.3968"
2-methylpropene ‘ . ‘0.7732
1-deuterobutane ' o 2.2662
2-deutero-2-methylpropane o 1.1874
2-deuterobutane 0.1586
n-butane~2-D | ‘ v 1,1791
1,4-dideuterobutane 10.2897
n-butane-1,1,1-D3 . ‘ 1.9439
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Divergence Calculations, Five Most Intense Peaks in Spectrum

Reference compound is n-pentane

" Compound

isopentane
isopentane
neopentane
1,3-cyclop¢ntadiene
3-penten-l-yne
2-methyl-1-buten-3-yne
cyclépentadiene
cyclopentane
cyclopentane
trans-2-penten~4-~yne
1l,4-pentadiene
l-cis-3-pentadiene
l-trans-3-pentadiene
2,3~pentadiene
1l,2-pentadiene
3-methyl-1-butyne
l-pentyne

l-pentyne
cyclopentens
cyclopentene

spiropentane

83,

Table B

Divergence

1.4173
1.2925
1.5213
0.2119
0.2612
0.7823
0.3690
1.3410
1.3163
0.3219
12,4509
2.4987
2.8911
0.70281
4.2457

- 0.2565

2.7697
1.3645
0.5487
0.5742

2.7470



Divergence Calculations, Five Most Intense Peaks in Spectrum

Reference Compound is n-~pentane (cont.)

Tablie B
Compound , ' Djivergence
2-methyl-1,3-butadiene ' .~ 3.0803
2-methyl-1l,3~butadiene 3.7703
2-pentyne ' " 0.5428
2-pentyne . : © 0.5428
2-pentyne : - 0.9036
methyleyclobutane - j 2.2872
ethylcyclopropane - ‘ - 0.6368 .
ethylcyclopropane ) . 0.1982
l-pentene 0.0586
1-pentene ' ' 0.0377
2-methyl-2-butene A 0.6841
3-methyl-1l-butene . 1.4291
2-methyl-l-butene o . 0.6635
3-methyl-1l-butene ‘ 1.3904
cis-1,2-dimethylcyclopropane 043959
trans-1,2-dimethylcyclopropane 0.2249
2-methyl-2-butene 0.7536
ciséz-pentene | 0.3258
cis-2-pentene ‘ o 0.2332
trans-2-pentene : S : 0.3007
2-pentene 0.5437
2-methyl-l-butene _ ‘ 0.7532
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Divergence Calculations, Five Most Intense Peaks in Spectrum

. Reference compound is n-propane

Table B
Compound Divergence
propyne 1.3389
propyne : ' . . .1.2555
propadiene 121617
~allene (propadiene) ' 1.4852
propene : 1.1209
propene : o o 1.1066
propene 0.7896
propene—z-ﬁ 0.2613
propylene A 1.0855
‘eyclopropane ' : 1.1653
cyclopropane 1.4013
propane , ‘ 0.0253
propane o . o 0.0880
propane  “" ; ,:; ?“ ;>.;_ O.C631»
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Compound Entropy ’ Divergence v

2,4-hexadiene - 0.473 10.97
3-methyl-1,3- L .
pentadiene 0.474 . 26,19
2-ethyl-1,3- -~ - - '
“butadiene 0.497 ’ 7.79
1,3-hexadiene 0.498 9.17
Table 5

Use of Divergence to Resolve Non-unigue Xhinchin Functions

In each case the divergence value is calculated 'using
n~-hexane as the reference compound.
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different to be considered diagnostic.

In the scheme of computer 0peratiohs, a subroutine is in-
voked at the point whefe a search of the library file for a
unique Khinchin function fails, There is then performed a diver-
gence calculation on the daté just used in calculation of the
Khinchin values. Wheq dealing with a limited library for specifig
use, such as those already described with respeect to Khinchin
'functions, a high degree of succeés was reached in resolving
“ties" which resulted from Khinchin calculations.

Work on more advanced forms of the divergence calculation,
i.e. intercomparison among more than two spectra is in progress

in the group of R.I. Reed at Glasgow University .
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It is always easier to explain the presence of a
particular peak in a mass spectrum than to predict
the main peaks to be expected in the spectrum of a
particular compound and it is only when this latter
problem is attempted that the naivety of our present
level of understanding is fully realised. ‘

John Beynon




Octal Coding

The initizl concept of this dissertation was based
on mathematical manipulation of mass spectral data with
little specific consideration of the nature of the compounds
whose spectra were being studied. Mathematical manipulation
is a more purely aca@emic exercise; consideration of the
-compound type being studied stands a somewhat better chance
of being immediately useful, especizlly in applications
which utilise on-line real-time data acquisition technigues.
It was with this more practical approach in mind that a
special codification scheme wes created; it has been named
octal coding.

“A~basic-problem in the processing of any type of
spectroscopic data by computer is that of daté file manage-
ment. This involves coding of data for storage in the file
and technique of searching the file for purposes of finding
a match among file data for an unkmown spectrum. Thus, there
has been conceived and tested a codification procedure for
use with low resolution mass spectral data banks which :allows
gignificant compression of the library file through selective
binary coding of characteristic peaks and use of variable-length
logical records.

The searching of mass spectral libraries, when‘these
libraries consist of a full tabulation of mass and intensity

pairs for every ion produced by each compound, is time- and
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core storage-consuming in operation. Because not every
laboratory using mass spectrometry as a diagnostic tool

has access to a large computer system and because the so-
called mini computer systems are becoming increasingly more
available, the consideration of methods whereby“use;bf,core
storage is reduced and the time of library search for component
identification is likewise reduced is most important.

The concepts of Khinchiﬁ entropy function and divergence
which have already been discussed were investigated with the
aim in mind of providing a unique diagnostic wvalue for each
member of a spectral library. File searches for such single
valued functions (i.e. Khinchin and divergence) satisfy the re-
quirement for small core storage and/or peripheral storage re-
quirements as well as reducing file search time.

However, in the real world of data acquisition from such
common devices as a tandem gas chromatograph/mass spectrometer,
as well as from conventional mass spectrometer operation with
rapid scanning capability, the production of mass spectra .
reaches a rate which renders processing all mass and intensity
data so generated impractical, if not indeed impossible.

It will be remembered that the Khinchin entropy function
and the divergence calculation require, in the first stage, all
values of mass versus intensity, although the final result is
a single-valued function in each case.

In the case of octal coding, the values rgquired may be ex-

tracted readily during on-line data acquisition, thereby leading
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/ _
directly to on-line creation of a library without a requirement

for storage of all mass and intensity data.

In actual practice a library would be created by coding the
mass spectra for a group of compounds expected in a certain
'analysis. Subsequently, during mass spectrometric analysis of
unknown compounds, codification of the spectrum would occur
under conditions much more likely to reproduce those utilised
in creating the original library of known spectra.

In the general case, identification of unknown compounds by
spectroscopic means assumes the existence of a file of data for
a large number of known components and the ability to search the
contents of the file in a manner which facilitates component
identification. Although the general problems of data file man-
.agement and the design of information retrieval algorithms are
common to all areas of spectroscopy, the field of mass spectrom-
etry offers perhaps one of the greatest challenges in terms of
the complexity and quantity of data. As such, much attention
has been given to the problem of data manipulation in this field.

The traditional approach has dealt with the basic tables of
m/q versus intensity values that consfitute digitised mass spectra.
These tables have been managed in numerous ways. (1~-16)In general,
jdentification of an unknown mass spectrum involves testing the
unknown =against a known spectrum to observe their similarity.

A matching index is calculasted whereby a numerical value may be
agsigned to similarity or dissimilarity of the two spectra as
dictated by the criteria of the test. By comparing the unknown
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to each known spectrum in the library file, computing a matching
index for each examination and selecting the compounds in the
file whose matching indices indicate a high probability that they
are the same as the unknown compound, it is possible to achieve
identification.

Because of time and space requirements in computer process-
ing of mass spectral data when they are represented by the con-
ventional tébulation of mass and intensity for ali ions, con-
siderable attention has been given recenfly to condensed codié
fication. L

In a system developed by Petterson and Ryhage (17)a pre-
liminary filtering was performed, based on molecular weight,
followed by search for the six highest peaks from the total
mass spectrum. An alternate approach searched for the highest
peaks between certain mass numbers, i.e. six peaks for molecular
weight up to 200 and 10 peaks for molecular weights above 200.

The searching procedure developed by Hites and Biemann (18)
utilised an abbreviated spectrum which retained the two most
intense peaks in consecutive regions of 14 mass units. Ratios
are calculated for these selected masses using respective inten-
sities from unknown and known compounds; those ratios of 1 or
more were weighted according to an intensity scale.

Crawford and Morrison (19)based a searching system on the
six strongest peaks in 3200 A.S.T.M. spectra; normelisation
techniques were employed.

.Still another extensive study (8000 standard spectra) was

performed by Knock, Smith, Ridley and Kelly ( 20). Varying num-
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bers of peaks were used, both in normal and decreasing intensity
arrangements; provision was also made to account for possible
maess discrimination effects. Counting similar isomers, the re-
trieval record was 97 per cent, |

An early exercise by Abrahamsson, Haggstrom and Stenhagen (21)
utilised . all m/q and intensity values for each spectrum; it
was possible to select the search mode used by the computer,
i.e. five4strongest intensities, five strongest weighted inten-
sities or the most intense masses in selected m/q intervals of
the spectrum. Spectra chosen by any of these search technigues
or modes were compared with the unknown.

The techniques cited above treat data which is represénted
alphanumerically or numerically in decimal format (base 10)
i;e., input for m/q and intensity value is in base 10; the com-
ﬁound name is in alphanumeric format. Insomuch as a digital com-
puter operates in the binary representation or base 2, there is
much wasted time involved in the sequence: decimal input - con-
version to binary for internal processing and back to decimal
for output formatting. Such a procedure is wasteful of time and
. core memory of the computer.

A novel approach to the problem of coding and searching
of library files, which is closely related to machine level
digital computer operations, has been provided by Grotch (22,23 )
In this approach, mass spectral intensity data is systematically
vquantitised to binary levels related to the preéence or absence

of a peak for each m/q value within a specified range (typically
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12-200 amu). Extensive statistical testing, using each binary
spectrum in the library file as an unknown and comparing it to
all other members of the file, was carried out to show that a
binary pattern representation was indeed a unique representation
of the data. A mismatch criterion was developed, using Boolean
functions for "exclusive or" and "and", for which a value of 0

is an index of a perfect match. Uniform logical record lengths
for each binary mass spectrum were used to construct the library
file.

Most recently (23), Grotch has extended the concept of one
bit coding to an "abbreviated" mass spectrum, wherein the mass
position of the single most intense peak in each 14 amu group-
ing is encoded. Elimination of encoding words for peak heights
results in greatly increased search speeds as well as providing
for the obvious reduction in amount of computer storage required.
Results are comparable to those found with the original one bit
encoding procedure. o

The variability in the values of relative ion zbundances
with variation in mass spectrometer design and operation pro-
duces considerable uncertainty in the reliagbility of a diagnostic
based on measurement of spectral intensity factors, and strongly
points out the efficiency of using a coding technique'which does
not depend upon the reproducibility of an intensity factor.

Along these lines, a codification procedure has been recent-
ly conceived and tested for use with low resolution mass spectral
data banks; such codification was based on the octal or base 8

numerical system. Extremely rapid rates of library search result
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from use of octal coding for the following reasons:

1. A binary code whereby the octal codification is repre-
sented allows highly efficient use of core storage in a digital
computer

2. The computation of matching indices by logical opera-
tions is more suited to basic computer design than the standard
computations, excepting the work 6f Grotch, already described.

In actuality a compression of data oceurs in two instances:
a) by use of initial coding in octally coded binary to obviate
conversion from decimal code and b) by use of variable word
length based on the number of peaks appearing in the spectrum.
Figure 1 indicates the procedure for encoding a mass spectrum.
Selective binary coding of characteristic peaks is accomplished
by arbitrarily dividing the mass range of interest into multiplé.
groups of seven. The number corresponding to the spectrum peak
having the highest intensity is then encoded as a three bit bi-
nary number. Thus, the fourth peak is encoded in the first group-
ing, the seventh peak in the second and so on; zero is used to
denote the absence of a peak within the grouping, thereby giv-
ing a total of eight possible values, hence the name octal coding.

Representation of an octal number within the computer re-
quires three bits; thus, in a 16 bit machiﬁe such as the Hewlett-
Packard 2116B used first in setting up this system, five octal
characters can be stored in each computer word, with one bit
left over. Thereby a single computer word is capeble of storing
information which covers a range of 35 atomic mass units (m/q
units). Compounds requiring a greater range of masses to be en-

coded require an additional number of computer words. As many
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Mass ranges

m/q to be
“encoded

Position of m/q
in octet

Binary code

Octal code

23-29.  30-36

o4 32

2 3.

010 011

2 3
~Table 1

37-43

43

111

- 44-50




are used as are needed to encode the spectrum. The last word is
then designated by setting a flag in the 16th bit; fhat is, bit
16 is “on".

If consideration is given to the m/q values which occur
most often in the spectra of organic compounds, a series of oc-
tal ranges beginning with the group of 7 masses, 23-29, serves
‘to provide greater diagnostic character for this method of coding.
Subsequent mass rangesAwould be 30-36, 37—43, etc. (see Tgble 1),
The first octade, containing masses 12~14-15-16-17-18-19 was in-
cluded in the original codification procedure but when if was
learned that no additional information was gleaned from using
these m/q values, the entire octade was dropped from considera-
tion.
‘ The efficiency of a coding procedure is reduced by the need
%0 use "O" for coding, i.e. coding which leads {0 a large number
of zeros. If one codes in octades (or some larger sized grouping)
there is more likelihood of a peak appearing and thus, accord-
ing to the basic principles of information theory, greater en-
tropy, as reflected by more efficient transmission of information.
Iﬁ general, the encoding and :etrieval of data from a number
‘system such as this is predicated primarily on the principle
-of simple menipulation of the numbers. As suggested by Smith's (28
use of compound classifier, selecting the mass ranges so that
eertain ions fall characteristically in particular octades, it
is possibvle to develpp gualitative information content as well,
that may relate to the functional group structure of the molecule.

However,sufficient computer power was not available at the time

103 o ,




2970 1097 164 P-ALPHAALPHA-TRIMETHYLPHENETHYL 52777216 16171224 06101000 ¢0000000 00000060 00000000
e 2971 4969 _94 2,3-DITHIABUTANE (DIMETHYL DISUL ___ 53021427 16200000 00000000 00000000 00000000 00000000
2972 4947 94 2,3-DITHIABUTANE {DIMETHYL DISUL 53121427 16200000 00000000 00000000 00000000 00000000
, 29731703 220_1,2-DIBROMOCHLOROETHANE 53140400 36161072 72354004 00004100 000COCO0 00C00CO0 .
2974 1855 252 TRIMETHYL TRIMESATE 53261514 36615606 16161620 30203050 610C0060 00C00000
L B e coe-- i ) LB L v
,...._2975 603 132 1,1,1-TRIFLUORO-3-CHLORO-PROPANE 53261656 72466165 17720720 00000000 00000000 06CO0000
2976 2553 164 2,3-DIMETHYL-5-1SOBUTYLPYRAZINE 53313126 27272727 16162C00 00000000 C0C00000 CO0OCT00
. 2977 4973 112 2,3-DIMETHYLTHIOPHENE 53321236 71516100 00000000 000000C0 000C00CO 0CO00000 "
2978 4975 112 2,5-DIMETHYL THIOPHENE 53321256 11515100 0C000006 CO000000 000COCCO 00000C0O0
._.._2979 5395 112 2,5-DIMETHYLTHIOPHENE 53321256 17515100 00000000 00000000 000C00CO 00000G00. R
T 2980 5174 126 2,3,4-TRIMETHYLTHIOPHENE 53321256 76515161 00000000 C000C000 0000000C 00000000 ¢
\ 2981 5440 124 (1-THIAETHYL)-BENZENE (METHYL PH___ 53321517 16173041 07000000 00000000 00000000 00G0000Q .
2982 6388 192 192435495464 7+8-0CTAHYDRO=-9-THIA 53321616 16545231 26162617 20200000 00CCOCCO 06000000
R 2983 6395 262 8,9-DIMETHYL-11-THIABENZO(B)-FLU 53321654 43254434 54271766 55443726 15212000 00000000 .
2984 6397 264 9,10-DIMETHYL-6,7-D[HYDRO~11-TH! 53321654 43254435 54471726 55443726 35416000 00000000
Marmr e - “mm e . - - - e u
. 2985 6391 248 8~METHYL-11-THIABENZO(B)FLUORENE _ 53321654 43524347 54271716 55443716 2000000C 00000000 eV .
2986 6329 188 13243,4-TETRAHYDRODIBENZOTHIOPHE 53321656 17237271 56451275 10000000 000006CO 00000000 .
. 2987 6327 190 2-ETHYL-5,T7-DIMETHYLBENZO(B)THIO 53321656 22237271 76451617 1000C000 00000C00 06000€00 . m“ .
2988 6322 176 2-METHYL~7-ETHYLBENZO(B)THIOPHEN 53321656 23137271 16161710 C0O0G0000 00000000 00000000
N 2989 6325 176 2+5,7-TRIMETHYLBENZO(B)THIOPHENE 53321656 23137271 76161710 CO000000 000C0CCO 0000CO00 mw R
. I
' 2990 6319 162 2,5-DIMETHYLBENZO(B)ITHIOPHENE (2 53321656 26132271 16171000 00000000 00000000 00000000 = '
e 2991 6320 162 2,7-DIMETHYLBENZO(B)THIOPHENE (2 53321656 26132271 16171700 00000000 00000000 00000000 _ _
2992 6318 162 7T-ETHYLBENZO(B)THIOPHENE (T7-ETHY 53321656 34142217 161710C0 G0000000 00000060 0GO00000
... 2993 6354 136 1-THIA-(2,3-DIHYDROINDENE} (1-TH _ 53321656 46132617 1630C000 00000000 00000000 00000000 .
2994 4630 98 2-METHYLTHIOPHENE 53323151 40510000 0000C000 00000000 00GCGCCO 00000000
" S _ e .
e 2995 4631 98 3-METHYLTHIOPHENE 53323151 47510000 00000000 00000000 00000C00 00000000 .
2996 5385 98 2-METHYLTHIDPHENE 53323151 47510000 00000000 00000000 000000CO 00000C00
— 2997 5386 98 3-METHYLTHIOPHENE 53323151 47510000 0000C000 000C0000 00000000 00000CO0 .
2998 5330 112 3-ETHYLTHIOPHENE 53323156 61516100 00000000 00000000 000C0000 00000000
h—— 2999 4972 112 2-ETHYLTHIOPHENE 53323156 71516100 00000000 00000000 00CC0C0Q 00000000 -
"TTT73000 5411 154 TRICYCLO(3.3.1.103,7))-2-THIADEC ~ 53323237 16565761 50610000 00060000 000006CO 00000000 A-: .
oo !/ UNLCAD SYS002 _ v o
/¢
02 001 _DCODE33 08 45 40 08 56 51 "SLG 8 1 R

......................... )

S0 LN

104

Jevani mvie ShauR 8 DINYD



of this study to test this principle on a statistically signi-
ficant level with an extensive library.

It was possible recently, through the cooperation of Dr.
Grotch at the Jet Propulsion Laboratories in Pasadena, California,
U.S.A. to encode a library of 6880 compounds ( basically the so-

~called Wiley tape of mass spectral data) in the octal format.
A sample printout is shown in figure 2. It should be pointed
out that a 16 bit coﬁputer word enables 64 thousand compounds
to be coded uniquely ( 216= 65,536). Using the 6880 compound
library, there was printed out a listing of all compounds with
the same octal coding. In more than 90% of the cases compounds
with identical codes represented duplicates in the library or
isomers which are not readily differentiated by the mass spec-
trometer.

A highly significant feature of octal coding, as already
cited, is that it may be easily achieved from digitised mass
and intensity data acquired on-line in real-time from the detec-
tor of a mass spectrometer. A normal sequence of data processing
would involve the following on-line operations.

1. Conversion of the analogué mass spectrometer output
to digital format, i.e. mass and intensity data. -

2. Condensation of the data to octal format by means of a
routine which determines the most intense peak in each octal
grouping and}provides the binary equivalent as the "spectrum"
for which the data library is searched.

3. When binary "1" is sensed in the 16th bit, the number

of words to encode the "spectrum" is kmown; thus, it is not
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necessary to search the entire library but only the subset or
éub-library collection of spectra which require that number of
words for coding.

A flow chart for the routine to effect octal coding is
found in figure 3.

While it is useful to devise varieus coding schemes,
particularly those which may be readily manipulated with Boolean
functions, the practical advantage to the analysis process is
limited unless the library file is properly organised for sub-
sequent searching. With this selective coding technique, it is
possible to divide the total file into a series of sub-files
based on the number of computer words necessary to selectively
code the spectrum to its highest observed m/q. This particular
-organisational form appears to be of ‘special utility as suggested
earlier in fully automated gas chromatographic/mass spectrométric
analysis systems, since the highest observed m/q is a quantity
readily extracted during the data reduction process. In actugl
use, such a file organisation implies pre-filtering of the data
tables, since only those sub-files having the same number of
words as the unknown must be searched. As has been indicated,
the sub-files, as constructed in this work, use the 16th bit of
the word to signify the end of the logical record. The word
immédiately following the end of the logical record thereby con-
tains an integer pointer to a separate file containing the alpha-
numeric characters of the compound name. The division into sub-
files of variable logical record length and creation of a name

file were designed to meke maximum use of random access mass
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Number of words
to code in octal

1
2

Name of
compound

methanol

acetaldehyde

2—butanone

diacetyl

1,4-dimethyl-
benzene

Octal
Code

- 100372 -

000371
100710

000370
000717
100071

000370
000710
000000
100010

000350
000371
000616
000160
100700

Table 2 - Subsets of octally coded spectra
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storage devices such as disecs, which have recently been reduced
in price to the point that they may be included in a modest com-
yuter system.

As an example, the comparison of the octal code of com-
pounds with spectra of varying complexity is given in table 2.
This table also serves as an example of the subset‘files for
classifying octally-coded library files. Appendix A contains a
more extensive list of examples of octally-coded compounds.

If vniform record lengths are utilised, in the case where
21l m/q values are coded for each spectrum, the number of records
ntilised in the library will be that number required to code the
-compound whose spectrum displays the greatesi number of m/q
values, i.e. the greatest number of ions. For a library in
which ‘the maximum molecular weight occurs at m/q 250, this will
be sixteen, i.e. 16 words of 16 bits each will allow encoding
16x16 or 256 m/q values.

In the case of an octal codification procedure wherein
variable record length is employed, a single word suffices for
coding the spectrum of methanol, whereas 5 words aré needed for
coding the spectrum of 1,4-dimethylbenzene.

Sipce one computer word is capable of representing 35
mass positions, five computer words are needed to encode to a
mass of 175. Since the average molecular weight of 6652 com—
pounds contained in the Atlas of lass Spectral ‘Data ( the so-
called Wiley file ) is 167, it is seen that five computer words
is the average number required for the total collection of data.

For each unknowvm being searched for in’the library, a matching
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index is calculated; the five best matches, in decreasing order
of goodness of match, are printed. This feature is expected to
be most useful in future cases when much expanded library files
.are being searched and the possibility exists for the same match-
ing index to be calculated for more than one compound.

Although it is possible to code approximately 64K compounds
with 16 binary hits, one must expect, because of non-uniform
production of spectra, that identification will not in every
case be that of a ﬁnique compound.

In the direction of minimising such non-unique cases, it
has been noted that octal coding pfovides a dampening effect on
variations in spectral characteristics because of its relative
insensitivity to errors in digitisation. For example, errors
“which may occur in the initial codification of an unknown spectrunm,
caused for example by a spurious signal or the additive effect
of impurities upon peak intensities, have significant influénce
upon correct identification of the compound in question. ILike-
ﬁise, in the case where the spectrum of an unknown compound is
incorrectly coded because of variation in relative'intensity
values caused by mass spectrometer instabilities, it is shown
that correct identification may result even in cases where a-
coding error occurs in each word of the'spectrum. Examples of

this behaviour pattern are depicted in table 3 below.

Compound - 2-pentanol

Corfect code Incorrect code
052725 ' 052726
106200 106100
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In general, a single mistake in coding may occur in each
computer word used to represent the compound without in-
correct identification resulting.

The coding system has proven practical in the processing
of data for projects which involve a small library of octally
coded specira of compounds known from previous experience to
be commonly present in certain types of samples. In the current
hardware configuration these compounds are determined by a com-
bined gas chromatography/mass spectrometry system. Figure 4
indicates the structure of a data file for compounds determined
in the course of protocol development for studies in the whole-
someness of strawberries; organisation is based on the sub-file
category already presented, i.e. on the increasing nﬁmber of
words required to represent the spectrum.

The code on line one of this figure identifies the library
which it contains; the format for the remainder of the library
is as follows: The value on the next line is the number of com-
puter words needed to encode the spectrum and the number on the
third line is the number of compounds in the subfile. The names
of the compounds in the subfile are printed immediately below
in each case with the molecular weight appearing immediately
to the left of the name.

In figure 5, appear the actual octal codes for some mem-
bers of the library already listed in figure 4. The numbers
on £he two lines prior to each octal represenfation have the

same meaning as in figure 4.

Figure 6 shows a reproduction of the printout indicating
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SCAN NO.: 10 START TIME: 626.  SEC
COMPOUND NAME MATCHING INDEX
TRIDECANE 9
N-TETRADECANE ‘ 25
1 -TETRADECENE 43

Figure 6

Printout for a typical computer identification
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the identification of the component found for mass spectrum no.
10 in g typical chromatographic analysis. The octal code sub-
file which was searched was for a compound represented by 9 com~
puter words. Only three compounds wére found in the file and the
best match was given by tridecane (see figure 7) which is & name
file of compounds for another special library - this time for
beef wholesomeness studies. The formatting here is slightly
different from that utilised in figure 4. In particular, the
molecular weight is not shown. In each case the first number
represents the number of computer words required to encode the
spectrum in octal format, the second number indicates how many
compounds requiring that number of words will be found in the
subfile. In this particular case ( as indicated by the arrow

in figure 7 ) the subfile requiring 9 words to encode contains

3 compounds:
n-tetradecane, l-tetradecene and tridecane

In summary, octal coding provides for utilisation of
analogue mass spectra in a binary format which facilitates ‘the
file search for identification purposes. The overall size of
the data files to be searched may be substantially reduced
and the need for searching the entire file is avoided by using
variable record lengths to provide subfile classifications.

In actual practice this method of coding and searching of
data files for the identification of compounds in gas chromato-
graphy/mass spectrometry has greatly expedited the time re-
quired to complete the analysis and has as well reduced the
emount of time a skilled spectroscopist must devote to routine

interpretation.
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START MASS

20
21
22
23
24
25
26

.01
17.5
17.5
17.5
17.4
17.2

17.0
16.

Table 4

Number of ones coded

(average per spectrum)
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TRANSITION
i. 5.
13.0 5.9

13.3 6.3
13.3 6.4

12.6 5.8 .

12.2 5.7
12:0 5.5
12.5 5.9

10

8.1
8.6
8.7
7.9
T.7
7.4
8.0



Although the assignment of mass for the octal groupings
utilised in the this work is based upon a start mass of 23 for
the first "octade", it has not been established with complete
certainty that this mass distribution is the best one to use.

It would seem axiomatic that the a@plication of specific mass
spectral information to the codification process would result
in more highly diagnostic binary patterns which may be recog-
nised by the computer and correlated with like patterns in the
similarly coded library. For example, a practicing mass spectros-
copist would feel that starting mass for the groups or octades
‘would affect the success of the search algorithms in differenti-
ating among spectra, insomuch as there exists a series of ions
which are routinely used as diagnostics for specific functional
groups. The need to consider statistical data in light of the
basic character of the discipline producing them is illustrated
in table 4. o

Since the number of binary bits or "ones" coded in the
library represents its information content, such representation
is frequently employed. Considering a range of starting masses
for the first group from 20-26, it can be seen for the intensity
found at each transition level (threshold level) the number of
ones coded remains essentially constant. The information content
of the spectrum as an entity remains constant. Such a conclusion
is obvious; but also misleading because it imputes to the code
the ability to select the most diagnostic mass in each group of
seven when it is actually selecting the most intense mass in each

group of seven amu. A look at some statistical values based on
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a 6880 compound library illustrates the point as suggested in
table 5.

Each pair of masses in this table (selected from the statis-~
tical distribution of ones when the starting mass is 23) represents
respectively the last mass or position 7 in one window and the
first or position 1 mass in the next higher adjacent window or
group. It can be ;eadily appreciated that if the scale is moved
left or right to accomodate any starting mass that any one of
these mass values would be moved into an adjacent window where
it might or might not be coded as the most intense pezk, depen-
ing of course upon the intensity of the other peaks in the window
under consideration. In other words, for this group of adjacent
mass pairs or indeed for any adjacent mass pair, a shift of start-
ing mass used in the code may eliminate the boundaries which‘allow
each mass to be coded in a separate window. Appearance of adjacent
masses is in many instances a highly diagnostic feafure. Commonly
known examples would be the P and P-1 peaks and the isotope distri-
bution peaks.

In terms of practicality as regards computer power needed to
do the job and ease with which the chosen technique provides for
on-line real-time processing of mass spectral data, it certainly
need nét be a unique compound. In most practical cases, the invest-
igator is in possession of some ancillary information about the
compound or compounds he expects to identify; so the fact that
more than one answer is given by a search algorithm does not

mitigate against its utility.
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There has been, in the practical applications of this work,
a higher degree of success when working with special restricted
libraries of compounds expected to appear in particular sample
types; these libraries contain spectra coded from the mass spec-
trometer on which the "unknown is being'run. Therefore greater
internal self-consistency of data is achieved. When one goes to
larger libraries, the spectra in which come from numerous sources,
the internal self-consistency factor is reduced, often dramatically.
If progress in purification of data libraries can be encouraged
at a rate near that at which codification and search techniques
are proliferating at the present time, there is indeed promise
for major advance in the general area of mass spectral data

processing.
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COMPOUND

methane
ethane
n-propane
methanol
ethanol
l1-propanol

n-butane
n-pentane
l-butanol
l-pentanol
2-propanol
2=butanol
l—buﬁene
cis-2-butene
iso-butene
t-2-butene
l—pentene
t-2-pentene
c-2-pentene

benzene

OCTAL CODE

150000
147300
147475
140600
141606
106000
047274
105000

040274
174050

007672
173071

000673-
172030

041276
160000

000676

..146060

047272
143000

047272
173000

047272
143000

040272
103000

040273
172730

040473
172730

047273
172730

047170
150374

~ COMPOUND

n-hexane

~n-heptane

n—ocfane
l-hexanol
l-heptanol
l-octanol
2-pentanol

2-hexanol

2-heptanol

3-pentanol
3-hexanol

3-heptanol

cyclohexanol

OCTAL CODE

040474
074040
150000

040474
074040
140500

040474
074040
140005

041674
073720
130000

071402

003737
120300

071472

072727
137203

000276
002060
170000

071206
004020
160500

041276 -
072030
120307

000672
076000
170000

071614
006060

1140500

041672
076727
160307

071405

004747
110500



COMPOUND OCTAL CODE COMPOUND OCTAL CODE

cyclopentyl- 041272 1,2-dimethyl-040272
methanol 074717 benzene 050573
110500 . _ 103740
o-methyl- 071202 1,3-dimethyl-040272
cyclohexanol 004717 benzene 050573
140105 103740
m-methyl~ 071202 1,4-dimethyl-040272
cyclohexanol 004747 benzene 050573
110103 103740
p-methyl~ 071402 -
cyclohexanol 004737
, 110105
2,5~dimethyl-007271
pyridine 041575
164050
2,6-dimethyl-007273 ' '
pyridine 051615 - L o
: 104050 . ' ’
3,4-dimethyl-007273
pyridine 051615
104050
3,4-dimethyl-007272 o B ‘
pyridine 051515 ‘ e
104050 . o
3,5-dimethyl-007272 R
pyridine 051575 ¢
104050
c-1,2-di- 027130 R
chloroethene 027130 ) BY Ay
107100 Cohee
t-1,2-di~ 027130
chloroethene 017130
107100
methyl- 040276
benzene 050573

153000



COMPOUND

n-nonane

n-decane

l-nonanol

2-octanol

3-octanol

3~-nonanol

2, 3-dimethyl-

pyridine

2,4-dimethyl-
pyridine

l-hydroxy-2,3-
dimethyl-
pyridine

OCTAL CODE

000474
074040
040400
105000

000474
074740
040404
100050

071402
003727
020300
103000

071276
072720
030203
107000

071404
006747
020603
106000

071404
006727
040206
103000

007271
051615
004050
150000

000051
061515
014451
150000

007272
052573

. 053750

161000

COMPOUND

l1-hydroxy-2,3-
dimethyl-
pyridine

l1-hydroxy-2,5-
dimethyl-
pyridine

l-hydroxy-2,6-
dimethyl-
pyridine

l-hydroxy-3,4-~
dimethyl-
pyridine

.1—hydroxy—3,5-

dimethyl-
pyridine

o~chloro-
toluene

40

p-chloro-
toluene

m-chloro-
toluene

1,2-dicyano-
benzene

OCTAL CODE

007272
052573
053750
161000

000272
052573
013750
161000

007272
057573
053750
161000

000272
052573
003750
160000

007375
051614
005050
160000

037276
057361
053451
173000

077276
047361
053422
173010

047276
057361
053431
173000

007350
047471
071610
105000



COMPOUND

n-undecane -

n-dodecane

n-tridecane

l-decanol

l-undecanol

OCTAL CODE

040474
074740
040304

- 040000

150000

000474
0T4TAT
040404
004040
100500

040474
074740
040404
004040
140005

071472
072737
027273
005010
170000

071404
002720

020203
007000
130000



Qualitative Analysis of Gas Chromatographic Eluates by

Means of Vapor Phase Pyrolysis
Il. Classification by Set Theory

Charles Merritt, Jr., and D. H. Robertson

Pioneering Research Laboratory, U.S. Army Natick Laboratories, Natick, Mass. 01760

Development of a simple diagnostic function which is
easy to calculate and manipulate in a data bank or
data storage file has been achieved. The function,
taken from the discipline of information theory, is
designated as the Khinchine entropy functicn. Al-
though originally conceived for the special data file
?roblems associated with mass spectrometry, the
nction is highly useful in differentiating structures
on the basis of their pyrolysis patterns alone. .

THE AUTHORS of a recent book (/) on the subject of identifica-
tion techniques in gas chromatography have predicted that
pyrolysis gas chromatography (pyrograms) will become a
standard method of identification of gas chromatographic
peaks. Their optimism is not unfounded, since prior reports
(2—4) demonstrate both that pyrograms are uniquely repre-
sentative of the parent compound, and may be obtained in a
reproducible manner by appropriate control of operating
conditions. The complexity of the pyrograms as well as a
great similarity in their characteristics has tended to discourage
the use of the method as a means of identification. One ap-
proach toward simplification of the problem is to employ a
combination of retention volume data and ‘“‘small molecule
pyrograms™ as described in Part I of this paper (5). This part
describes a second method which utilizes a mathematical ap-
proach to aid in the interpretation of the pyrograms.

In prior work, patterns relating component abundance and
peak number or Kovats index (6) have been established in the
manner of mass spectra (2, 4) to aid in the comparison of py-
rograms of known compounds with those of unknowns.
Likewise, correlations of pyrograms with the structure of
molecules (3, 7, 8) have helped to improve the interpretation of
pyrograms. As with mass spectrometry, however, a method
of data processing which provides for classification of the
data in a systematic manner is an important prerequisite to its
efficient use. In the fields of mass spectrometry and gas
chromatography, in particular, a need has been generated
for data file searches to accomplish the selection of the correct
compound from a collection of many similar data. The man-

(1) D. A. Leathard and B. C. Shurlock, “Identification Techniques
in Gas Chromatography,” John Wiley and Sons, Ltd., London,
1970, p 123.

(2) C. A. M. G. Cramers and A. 1. M. Keulemans, J. Gas Chro-
matogr., 5, 58 (1967).

(3) E. J. Levy and D. G. Paul, ibid., 5, 136 (1967).

(4) D. L. Fanter, J. W. Walker, and C.J. Wolf ANAL. CHEM., 40,
2168 (1968).

(5) C. Merritt, Jr., and C. DiPietro, cbxd., 44, 57 (1972); “Ad-
vances in Chromatography 1971, A. Zlatkis, Ed., Chromatog-
raphy Symposium, University of Houston, Houston, Texas,
1971, p 174,

(6) E. sz. Kovats, in *“Advances in Chromatography,” Vol. 1.,
J. C. Giddings and R. Keller, Ed., Marcel Dékker, New York,
N.Y., 1965, p 229,

(7}1\;&'. D. Dencker and C. J. Wolf, J. Chromatogr. Sci., 8, 534

70).
(8) L. P. Turner and W. R. Barr, ibid., 9, 176 (1971).

ner of this search and the processing of data from the resultant
selection has been the subject of several different investiga-
tions (9-11).

Recently set theory classification has been used for pur-
poses of solving problems of data reduction and processing of
mass spectra (/2-14) especially with the aim of deriving the
type of calculation which may be easily performed on a small
laboratory computer system.

In this study, a development of set theory—namely, the
Khinchine entropy function—is shown to provide diagnostic
values when applied to quantitative distribution of pyrolysis
products resulting from gas chromatographic separation of
these products. With these distribution data, from each
pyrolyzed compound, a function may be calculated which
shows unique diagnostic characteristics.

Because of the great variation in results from pyrolysis
studies, particularly those due to the wide choice of tempera-
ture and other operating parameters employed, a st of values
obtained in one laboratory is not necessarily equivalent to that
obtained in another. However, if the acquisition of data is
accomplished with a view toward standardization of operating
conditions among laboratories, the utility of statistically de-
rived diagnostic values in providing easily calculated and
easily searched files offers great promise when a compound is
characterized by intensity values.

The Khinchine entropy function is developed from the
specific branch of probability which is concerned with in-
formation theory (75). In statistical terms, the sum of all the
independent probabilities must be equal to the certainty that
an event will occur, i.e.,

So=1 ‘ 0

This is achieved in relation to a pyrogram by expressing the
abundance of a single chromatographic component as a frac-
tion of the total quantitative abundance of peaks eluted from
the gas chromatographic column.

Let us consider an event the probability of which, based
upon information available at the time of consideration, is

(9) B. Knock, D. Wright, W. Kelly, and R. G. Redley, 17th
Annual Conference on Mass Spectrometry and Allied Topics,
Dallas; Texas, 1969, p 398.

(10) P. C. Jurs, B. R. Kowalski, T. L. Isenhour, and C. Nhgeilley,
ANAL. CHEM., 42, 1387 (1970).

(11) S. L. Grotch, ibid., p 1214,

(12) R. I. Reed and D. H. Robertson, in “Recent Topics in Mass
Spectrometry,” R. 1. Reed, Ed., Gordon and Breach, New York,
N.Y., 1971, p 301.

(13 R. L Reed and D. H. Robertson, in “Recent Developments in
Mass Spectrometry,” K. Ogata and T. Hayakawa, Ed., Uni-
versity Park Press, Baltimore. Md., 1970.

(14) D. H. Robertson and R. I. Reed Proceedings of 19th Annual
Conference on Mass Spectrometry and Allied Topics, American
Society for Mass Spectrometry, Atlanta, Ga., May 1971.

(15) C.E.Shannon, Bell Syst. Tech.J.,217, 379—423 623456(1948)
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Table I. Detailed Calculation of
Khinchine Entropy Function for 2-Methyl-1-Pentene®

Intensity

values from
Pyrogram, 4 AlB = p; In p; piln p;
60.16 0.23593 —1.44392 0.341
15.14 0.05937 —2.83022 0.168
25.49 0.09996 —2.31264 0.231
100.00 0.39252 —0.93395 0.367
0.8 0.00314 —5.80914 0.003
24.7 0.09686 —2.34341 0.227
24.7 0.09686 —2.34341 0.227
3.2 0.01250 —4.42285 0.055
0.8 0.00314 —5.80914 0.003
254.99 z1.622

Total = B

7 = (1.622) (0.43429) = 0.7044
0.43429 In = logy

s Data from Reference 7. ,

Table II. Khinchine Entropy Values for Selected Alkanes®

Compound Khinchine
n-Hexane 0.572
2-Methylpentane 0.632
3-Methylpentane 0.664
Methylcyclopentane 0.285
2,2-Dimethylbutane 0.475
n-Nonane 0.666
3,3-Diethylpentane 0.699
2,4-Dimethyl,3-ethylpentane 0.919
2,2,5-Trimethylhexane 0.717
2,2,4-Trimethylhexane 0.775
4,4-Dimethylheptane 0.726
3,3-Dimethylheptane 0.719
2,2-Dimethylheptane 0.793
3-Ethylpentane 0.752
2-Methyloctane 0.790
3-Methyloctane 0.756
4-Methyloctane 0.761
n-Decane 0.762
n-Heptane 0.634
n-Octane 0.681
2,2,3-Trimethylpentane 0.796
2,2,4-Trimethylpentane 0.594
2,3,4-Trimethylpentane 0.784
2,3,3-Trimethylpentane 0.841

@ Data from Reference 4.

designated as p. In this case the event, p, is the probability
of an individual component appearing in the pyrogram. The
desired goal is the application of a basic numerical definition
that represents the amount of information which it conveys
about the event. Good (/6) makes two demands on such
a definition: It should be a decreasing function of p, and the
amount of information provided by two or more independent
events should be the sum of the separate amounts. These
conditions are satisfied by functions of the type —In p.
According to the principles of information theory we are
following here, the expression

n
n=—2 pnp @
2

is defined as the entropy of the experiment; or the Khinchine
entropy function. The p, values represent a_fraction 4/B

(16) L. J. Good, “Probability and the Weighing of Evidence,”
Charles Griffin, London, 1950. .

(17) C. A. Cramers. in “Gas Chromatography, 1968,” C. L. A.
Harbourn, Ed., Institute of Petroleum, London, 1969, p 395.

Table III. Repeatability of Khinchine
Entropy Function for 1-Hexener

(1) 0.668
(2) 0.672
(3) 0.667
(4) 0.668
(5) 0.670
(6) 0.672
(7) 0.672
(8) 0.674
Av. 0.671

¢ Data from Reference 4.

o = 0.003

Table IV. Khinchine Entropy Function
Values for Selected Normal Alkenes®
Compound Khinchine
1-Hexene 0.670
2-Hexene? 0.694
3-Hexene? 0.560
1-Heptene 0.688
trans-2-Heptene 0.691
trans-3-Heptene 0.825
1-Octene 0.697
trans-2-Octene 0.759
trans-3-Octene 0.887
trans-4-Octene 0.829
1-Nonene 0.810
trans-2-Nonene 0.724
trans-3-Nonene 0.765
trans-4-Nonene 0.751
1-Decene 0.802
trans-2-Decene 0.765
trans-3-Decene 0.794
trans-4-Decene 0.787
trans-5-Decene 0.927

< Data from Reference 4.
8 Compounds of unknown geometric structure.
values are seen in Table X.

More precise

where A is the individual intensity of each component being
considered and B is the total of all the intensities. Entropy
of the experiment is without dimensions and may be con-
sidered analogous with entropy as it is customarily defined in
statistical mechanics—i.e., the property of the system which is
related to probability of state. More specifically, it is the
statistical mechanical equivalent of ordinary entropy divided
by the Boltzmann constant. A set of relative weight factors
is thus expressed which represents the probability of the oc-
currence of a specific collection of events. Again, the events
are the relative intensities of the chromatographic peaks re-
sulting from chromatography of pyrolysis products from pure
compounds. When the data showing quantitative distribu-
tion of components separated by the chromatographic process
are subjected to treatment as a probability distribution (the
Khinchine entropy function calculation), the resulting values
fall into categories which are diagnostic for the material, the
chromatographic profile of which was used for the calculation.
- An example of the calculation is presented in Table I.
Individual values of —p; In p; are calculated and summed;
the total is the Khinchine function for the compound in ques-
tion. The data are taken from pyrograms reported by
Cramers (/7) and the value of » is computed by means of an
appropriate program written for a Hewlett-Packard Model
2116B computer (The calculation is trivial and may. if desired,
be performed on a programmable desk calculator.).

The utility of the entropy function for evaluation of pyroly-
sis patterns is illustrated in the following examples. The data
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Table V. Khinchine Entropy Function
Values for Selected Branched Alkenes:

Compound Khinchine
Cyclohexene 0.568
3-Methyl-1-pentene 0.758
4-Methyl-2-pentene 0.692
4-Methyl-1-pentene 0.579
3-Methyl-2-pentene 0.351
2-Methyl-2-pentene 0.601
3-Methylcyclopentene 0.843
2-Ethyi-1-butene 0.661
2,3-Dimethyl-1-butene 0.666
3,3-Dimethyl-1-butene 0.648
3,3,5-Trimethyl-1-hexene 0.888
3,5-Dimethyl-3-heptene 0.786
2,3-Dimethyl-2-heptene 0.889
2,6-Dimethyi-3-heptene 0.885
2,2-Dimethyl-3-heptene 0.841
2-Methyl-3-octene 0.792
2-Methyl-2-octene 0.737
2-Methyl-1-octene ‘ 0.768

% Data from Reference 4.

Table VI. Khinchine Entropy Function
Values for Selected Alkynes-

Compound Khinchine
1-Hexyne 0.822
2-Hexyne 0.615
3-Hexyne 0.511
4-Methyl-1-pentyne 0.684
4-Methyl-2-pentyne 0.698
1-Nonyne 0.914
2-Nonyne 0.954
3-Nonyne 0.884
4-Nonyne 0.919
7-Methyl-3-octyne 0.865

o Data from Reference 4.

Table VII. Khinchine Entropy Function
Values for Selected Alkadienes”

Compound Khinchine
1,3-Hexadiene 0.498
1,4-Hexadiene 0.853
1,5-Hexadiene 0.766
2,4-Hexadiene 0.473
1,3-Cyclohexadiene 0.688
2-Methyl-1,3-pentadicne 0.603
3-Methyl-1,3-pentadienc 0.474
4-Methyl-1,3-pentadiene 0.289
2-Methyl-1,4-pentadicne 0.538
2,3-Dimethyl-1,3-butadiene 0.629
3-Ethyl-1,3-butadiene 0.497
2,7-Nonadiene . 0.678

* Data from Reference 4.

-

from which the computations are made are primarily selected
from the work of Fanter, Walker, and Wolf (4) because of the
:availability .of pyrograms for a large number of compounds
. having a variety of structural relationships and because of the
apparent close control of the parameters by which they were
obtained.

Table II shows the values for the Khinchine entropy func-
tion for a variety of alkanes. In general, a widé range of
values js obtained reflecting the differences in structure. An
indication of the reproducibility of the values may be deduced
from the repeatability data shown in Table III. Using this
criterion, one may assert that the compounds listed in Table
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Table VIII. Portion of 2 Khinchine Function
Search File for Hydrocarbon Compounds-

Compound Khinchine
Methyleyclopeatane 0.285
3-Methyl-2-pentene 0.351
2,4-Hexadiene 0.473
3-Methyl-1,3-pentadiene 0.474
2,2-Dimethylbutane 0.475
3-Ethyl-1,3-butadiene 0.497
1,3-Hexadiene 0.498
3-Hexyne 0.511
2-Methyl-1,4-pentadiene 0.538
cis-3-Hexene . 0.545
trans-3-Hexene 0.551
3-Hexene 0.560
Cyclohexene 0.568
n-Hexane 0.572
4-Methyl-1-pentene 0.579
trans-2,trans-4-Hexadiene 0.587
2,2,4-Trimethylpentane 0.594
2-Methyl-2-pentene 0.601
2-Methyl-1,3-pentadiene 0.603
2-Hexyne 0.615
2,3-Dimethyl-1,3-butadiene 0.629
2-Methylpentane 0.632
n-Heptane 0.634
3,3-Dimethyl-1-butene 0.648
2-Ethyl-1-butene 0.660
3-Methylpentane 0.664
n-Nonane 0.666
2,3-Dimethyl-1-butene 0.666
1-Hexene 0.670
2,7-Nonadiene 0.678
n-Octane "0.681
4-Methyl-1-pentyne 0.684
1,3-Cyclohexadiene 0.688
1-Heptene 0.688
4-Methyl-2-pentene 0.692
2-Hexene 0.6%4
4-Methyl-2-pentyne 0.698
3,3-Diethylpentane 0.699

= Data from Reference 4.

II may be distinguished from one another. The entropy
function values for the series of normal and branched alkenes,
and for alkynes and alkadienes are given in Tables IV through
VII, respectively. Again, the values are found to cover a wide
range. It may be observed that occasionally there is a cor-
respondence between values for an alkane, or an alkene and
one of the other functional classes, but within a given class the
values differ sufficiently to provide identification of most of the
individual members.

It is expected that the Khinchine function values will be
utilized in a computer search file as a single valued diagnostic
number to identify unknown compounds. A representation
of a portion of such a search file covering the Khinchine
values from ~0.2 to ~0.7 is presented in Table VIII. Within
the limits of precision established from the reproducibility
data (Table III), in most cases a single compound will be
identified by thenumber. In six cases a pair of compounds
would be selected, but the structure of the compounds is
sufficiently different in these instances to permit the identifica-
tion to be made from the correlation with component com-
position of the pyrogram.

It is most impressive to observe the wide divergence of
values which represent compounds of very close similarity in
structure. This may be observed for certain pairs or groups
such as the 2-methyl- and 3-methyl-pentanes or, the 2-, 3-,
and 4-methyl octanes (Table II); the 2 methyl-, 1-, 2-, or 3-



Table IX. Pyrogram Patterns for cis- and trans-2-Hexenes
Retention number®

Compound 1 2 3 4 6 8 10
trans-2-Hexene 70 100 24 78 9 69 9
cis-2-Hexene 71 100 17 82 10 Ut 10

e Data from Reference 4. ]
5 Adapted from retention index interval 4.

Table X. Khinchine Entropy Function
Values for Selected Cis/Trans Hexenes and Hexadienes®

Compound Khinchine
trans-2-Hexene 0.734
cis-2-Hexene 0.727
trans-3-Hexene 0.551
cis-3-Hexene 0.545
trans-2-trans-4-Hexadiene 0.587
cis-2-trans-4-Hexadiene . 0.631
cis-2-cis-4-Hexadiene 0.607

e Data from reference 4.

Table XI. Khinchine Entropy Function Values for
Selected Nucleosides, Nucleotides, and Related Compoundss

Compound Khinchine
Adenine 0.859
Guanine 0.752
p-Ribose 0.794
Uracil 0.928
Cyclosine 0.856
Thymine 0.949
Adenosine 0.862
Guanosine 0.849
Cytidine 0.969
Uridine 0.904
Thymidine 0.911
51-AMP 0.880
5.GMP 0.871
5.CMP 0.876
5.UMP 0.932
Adenylyl (3’ — 5’) adenosine 0.887
Uridylyl (3’ — 5') adenosine 0.929
Cytidylyl (3’ — 5’) adenosine 0.864
Cytidylyl (3’ — 5) uridine 0.923
Uridylyl (3’ — 5') cytosine 0.867
Guanylyl (3’ — 5’) adenosine 0.861
Adenylyl (3’ — 5') guanosine 0.850
Adenylyl (3’ — 5‘) uridine 0.791

¢ Data from Reference 8.

octenes (Table V); and the 1,3-, 1,4-, and 1,5-hexadienes
(Table VII).

The capability to discern geometric as well as positional
isomerism is likewise impressive. The cis/trans hexenes, for
example, are seen to have very =similar pyrogram patterns
(Table 1X) and according to Fanter, Walker, and Wolf (4)
cannot be identified. In Table X, however, the value of the
Khinchine function is seen to distinguish easily between the
"two isomers. Further examples of the identification of cis/
trans isomers are also seen in Table X.

The Khinchine entropy function may also be applied to
pyrograms resulting from the pyrolysis of solids. Values
calculated from data obtained for some purine ba_ses, nucleo-

Table XII. Khinchine Functions for Data from
Different Laboratories (Calculated from Pyrolysis Patterns)

Compound
a

n-Hexane

0.432 0.399 0.441
Hexene-1

0.670 0.656
Hexene-2

0.695 0.759
Hexene-3

0.560 0.604
2,3-Dimethylbutene-1

. 0.669

3,3-Dimethylbutene-1 :

0.6476 0.679
Heptene-1

0.583 0.536
Octene-1

0.604 0.586

s Reference 4.
b References 2, 17.
< Reference 3.

sides, nucleotides, and related compounds are given in Table
XI. As with the pyrograms obtained from vapor phase
pyrolysis, the values are unique and likewise diagnostic.

Obviously the value of 5 as a diagnostic value cannot by its
calculation from the original data improve their reproducibil-
ity. An enhancement is achieved which enables closer dis-
tinctions between compounds with very similar pyrogram
patterns. Most data reported herein are based on hydro-
carbon pyrograms. It is questionable that, without modifica-
tion, this diagnostic function will be equally useful for study
of compounds of other functionality. Preliminary investiga-
tion with other special functions suggests that their use in
conjunction with the Khinchine function will provide a very
powerful diagnostic tool.

Entropy function values derived from pyrograms obtained
in different laboratories may be expected to vary because of
the difference in temperature and other operating conditions
employed in the pyrolysis device. The extent of this variation
is seen in Table XII. If data are to be compared from one
laboratory to another, reliable, reproducible, standardized
pyrolysis procedures must be employed. As the values of
pyrolysis patterns, expressed in terms such as the Khin-
chine entropy function, become better appreciated for
the identification of GC eluates, the incentive to develop the
required standardization should appear. The efficacy of a
single valued diagnostic criterion to employ in search of data
banks will then not only be valid for analyses conducted
within one laboratory, but for many laboratories.

The approach as presently conceived suffers one serious
limitation—namely, the inability to cope with any but pure
components. In addition to the obvious solution of im-
proving GC separations, it is expected that further considéra-
tion of information theory may provide for deconvolution
and subsequent identification of partially resolved eluates.

REecelveD for review July 16, 1971, Accepted September 3,
1971.
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Naive Analysis of Structurex

R. I. REEp and D. H. RoOBERTSON

Depariment of Chemistry, University of Glasgow,
Scotland, U. K.

Modern mathematical analysis has been used to advantage in the area of com-
munication theory and in processing and reducing large amounts of data from vari-
ous fields of analysis.

In this presentation, rudimentary set theory has been applied to interpretation
of the mass spectra of alkanes; its utility for alkenes and alkynes has also been de-
monstrated. The ions produced in a mass spectrometer may be considered as sub-
sets or (in the case of an individual ion, as a single member) of the universal set of
all possible ions which may arise from the fragmentation of organic molecules.

For the sake of simplicity, initial studies have dealt with saturated hydrocarbons
and for the purpose of introducing the concept, only the simple case of the saturated
hydrocarbons is considered.

Modern data processing is of course greatly dependent upon the use of computers;
because most computers operate in a binary code, it was desirable to develop a
method of analysing mass spectra which would incorporate the binary principle.

For this purpose an index has been developed which is 1" if the ion under consid-
eratioh has diagnostic value in the spectrum and "0" if it does not. In addition,
the principles of set theory are sufficiently well developed to allow a much fuller
application to mass spectral analyses than has been presented in these pages. A
systematic development of these concepts relative to mass spectrometry is not
possible within the scope of this article.

Therefore it is intended to introduce two approaches to naive analysis of structure:
one dealing with the analysis of existing spectra; the other with synthesizing spectra
from a known structure.

Before we actually apply set theory to the analysis of existing spectra, certain
assumptions must be made, relevant to alkane analysis.

1. Fragmentation of a parent ion is favored at points of chain-branching with pre-
ferred elimination of the largest branch.

2. Ions of even mass often arise in association with such fissions, due to concom-
itant hydrogen rearrangements.

3. The parent molecular ion of a branched-chain alkane is less abundant than that
of the isomeric straight-chain alkane.

It is intended to investigate, within the confines of set theory, how far these rules
can be used to determine the overall structure of an unknown alkane. Within this
framework, it is necessary to cite three problems which must also be considered:

1. Isomeric ions may be formed, in which case the observed ion-current for the
given mass will be the sum of the individual isomeric ions.

2. Since the use of set theory implies a collection of all possible ions which can
be formed from a given structure, regardless of whether or not they are actually
Produced in the mass spectrometer, suitable operations must be employed to remove
undesirable or unacceptable structures.

3. Complications may arise owing to the occurence of sequential reactions; how-
ever, allowance for them cannot be made without some assumptions about the struc-
ture which is sought.

* Presented by D. H. Robertson.
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The treatment of saturated hydrocarbons is based on the observation that the major
differences among their spectra occur in the branched-chain compound of a given
carbon number. Therefore, one is provided with a means of picking out the branch-
ing points in an isomeric alkane by comparing its principal ions of the form C nHon+i
with its counterpart in the straight-chain compound. A similar comparison is made
in the case of alkenes and alkynes where ions of the form CHy, and CHpp_g re-
spectively, have diagnostic significance. Based on the assumption that total ion
current is the same for each isomer, intensities of ions formed by fragmentation
at a branch will be greater than the same empirical ion from the straight-chain re-
ference standard.

A binary oriented ratio (already mentioned) is employed which works out to be "1"
or "0, depending upon whether the ion does or does not have diagnostic value.
Ratios with a value of '"1"" are found to have a symmetrical distribution around the
center of the molecule; this center is n/2 for even-numbered carbon compounds and
between (n-1)/2 and (n+1)/2 for odd-numbered compounds.

The ionization process for the molecule XY will be considered as:

XY+e—X+ Y+2 or X Y+ +2

It is 'assumed that bond dissociation energies of the carbon-carbon bonds in neutral
alkane molecules occur in decreasing order; primary, secondary, tertiary and
. thus the concentration of X and Y radicals would be greater for the branched-chain
structure, assuming concentrations of straight- and branched- chain species to have
been the same before ionization. Abundances of the branch-chain structure are re-
presented by [Xg 7, those of the straight-chain reference compound by[xg]. Based
on bond energies we may say.

[x]

(]

The same expression may be written for Y:
]
=1
[x¢]
Thus, ‘ion abundances ratios which are greater than unity will appear in pairs, and
the sum of their masses will equal the mass of the parent molecular ion. For pur-
pose of developing a notation system, two further points must be considered:

1. Ionization cross section depends to a great extent upon constitution of a molecule
rather than upon its structure.

2. Total ion current represents a reasonable approximation of the ion cross sec-
tion.

As the ion cross section and total ion current in the isomeric alkanes would be the
same, for the purposes of the argument the observed values are treated as if they
were mathematically exact. We therefore, in the case where differences are ob-
served, scale the ion currents of the branched-chain alkanes up or down to bring
them into line with those of the n-alkanes; in other words, the branched-chain mole-
cules are normalised to the straight-chain molecule having the same number of car-
bons.

For a general analysis, the series of alkyl ions and their assoc1ated abundances
have been cons1dered the most useful. Not only can they be assigned in pairs by
the relationship P** = xt+ v, but they are usually the most important of all the

ions associated with a given carbon number.
The following notation.is hereby adopted:

CoHF,\p = P¥ " =(CfHolt1+ CrHomt1) =¢+m
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which in the shorthand nomenclature becomes

[C/H7y, ;;BRANCHED) (3 ;STRAIGHT) _ (53K

X =T -— X
(Z;BRANCHED) [C,HZHI,STRAIGHT] TN

Finally, we adopt the index q, which is assigned the value of unity if r is equal
to or greater than one and a value of zero if r is less than one.

A condensed form of the nomenclature for 3-methylheptane appears in the follow-
ing figure where the straight-chain reference compound, | is n-hexane and the
branched-chain hydrocarbon is represented by /p.

Table 1
CnHon+1 / ‘g ZK r, q,
15 1 3.90 3.00 1.08 1o
29 3 42,50 34.50 1.02 1
43 § 100. 00 100. 00 -0.83 0
57 é 67. 30 34.20 1.64 1
71 5 3.05 28.30 0.09 0
85 6 48.60 29.50 1.37 1
99 7 0.176 0.07 9.03 1
114 (8) 2.99 6.74 0.37 (1)
z 485,26 403.171
r, = {E x 2K - LB X 403. ';1
‘K g ‘x 485.26

Distribution of q values is now further developed. If molecular species of the
general form CpHapn+1% are arranged equidistantly along an axis they should group
in pairs: :

=1 and n-1
=2 and n-2 etc.

The ¢ values which are equidistant from the center of the molecule should have
the same q values. In the case of 3-methylheptane, for instance:

“~
n

2, q2=1
£=86, qg=1

both of which are equidistant from the center of the molecule at carbon number four.
In the determination of the structure of the molecule, one derives ¢ + m, where
1<¢, m<n/2 or (n- 1)/2. In the case of 3-methylpentane, there are three such
pairs: 4, 4; 2, 6; 1, 7 each pair of which represents q, values of unity or "1."
The critical operation in this approach to mass spectral analysis appears to be
the selection of the reference compound (i.e. the n-hexane in the example just.
given) with which the "unknown'' is compared. Although reasonable success has
been achieved by using reference compounds corresponding to the straight-chain
compound of the same carbon number, it is not completely appreciated how close
in structure the "unknown'" and reference compounds must be to allow a satisfactory
analysis,



1284 R. I. Reed and D. H. Robertson

Application of set theory also allows one to generate the possible structure of ion
groupings from an unknown. These groups in the case of the alkanes are of the
form -CHg, -CgHg etc. and shall be represented by the arabic numerals 1, 2 etc.
If a radical appears more than once in a single molecule, it is given a separate
notation for each time it appears.

For example, in 2, 2', 3-trimethylpentane, there are four different methyl groups
which may be uniquely identified as 1, 1', 1", 1™, This collection of symbols re-
presents subsets of the complete or universal set represented by P or the appro-
priate carbon number; this number would be '8' of course in the case of the octanes.
In addition, a null or empty set containing no elements, must be considered. Each
symbol (1, 1', 1'', 1™ etc.) represents a proper subset of the universal set and
there are also two improper subsets, the null set and the universal set itself.

With the exception of the null set, each set, or subset contains elements which are
identified with the number of carbons contained in the radical under consideration.

Thus, trimethylpentane is represented by the universal set 8 as well as by at
least one subset 4; these sets contain 8 and 4 elements respectlvely In a system
of finite order, an important relationship exists between sets and subsets.

A Bereereeen VN=2A— E"Cz( A—~B)
A AB

LMN 1
+3, "C3(A—~B—~C)-eeee (=17 A~B-e-eee ~N]
ABC

Capital letters represent sets or subsets, — represents union of sets and —~ repre-
sents the intersection of sets.

Again, referring to 2, 2', 3-trimethylheptane in which the methyl group occurs
four times, we depict in Fig. 1 a set representation of this compound:

|
s

=
]

Fig. 1

automatically, four distinct heptyl groups are generated, represented by 7, 7', 7",
and 7", In the figure on the right, the solid line represents the portion of the struc-
ture which is common to each of the heptyl groups; i.e. a butyl chain. 7 represents
the total structure less the methyl indicated by the dotted line; 7', the total structure
less the methyl group indicated by the dashed line etc.

In order to make further analysis easier, we introduce the concept of set intersec-
tion. Since it is clear that none of the subsets 1, 1', 1", 1" can intersect with each
other, we may say that the intersection of 1 with 1' for instance, is the null set.

However, this condition does not apply to members of the subset which is repre
sented by the numeral 7 because the intersection of 7 with 7' will include all of the
molecule which is common to both.

Dealing with the methyl radicals can be simplified by considering the property of
sets which states that the intersection of any set with the null set is itself the null
set. Since all intersections of the subsets 1, 1', etc., taken two at a time, yield
only the null-set, any intersection of three or more subsets will be equivalent to
intersection of an individual set with the null set.

The situation with the heptyl radicals is different; taken three at a time, the in-
tersection of 7, 7', and 7'' yields a subset with five carbon atoms. An illustration
of this application follows:

‘Consider a set A which is associated with a family of subsets, By, Bg, etc., hav-
ing the following properties:
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a. A is a union of sets, By, By, etc.

b. for a given pair of subsets, say B; and By, either B; = B, or the intersection
of By and By = 0.
Such a family of sets is called a partition of A. In octane, for instance, the subsets
4 and 4' are a partition of P for 4 intersection 4' equals 0 and one of these is branch-
ed at the point of attachment.

Since subsets 1 and 2 were observed in the actual analysis, we may write:

1VY2 Ye=1+2+4— 2"02(12) 1214 =7—¢—114—214+ ¢

1L,2
and since 1:2=¢ ..4=7-114—24o0r3=014+24

The intersection of 1 with 4 contains one element only; therefore the intersection
of 2 with 4 contains two elements and the structure for the butyl group appears.
Other possible subsets may be deduced in a similar way.

Detailed investigation of several aspects of set theory are at present in progress
at the University of Glasgow; further development will be pubhshed as they are
available.




Some considerations of the naive analysis
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3

It is alw.., .usier to explain the presence of a p.rizular petk in & mass }
spectrum ... o oredict ‘noemain oo isto beexpericdinthe spocirumofa
particular ¢.. . 0 oI i lL on v aeds this lanes croblem s itempted

that the nai. C ei v aw.oo o understand.o. s fully readised.

JoHEN BEYNON

The woc of mathemiwiica. w....uysis - . .il established in the fields of com-
mu. ..iontheory and data reduction; computer programmes are available
for naudiing this kind of information and the expertise whereby the tech-
nique may be applied to practical problems has reached a highly developed
state. The authors of this presentation have been concerned with the possib'il-\_\
'ty of applying one or ;5. of these mathematical iethods to the analysis of \
mass spectra. Using <.c.. .7y set theory as a siarting point, a straight-

orward method is deve.. . .J whereby mass spectral data can be mani-
-ulated to provxde diagno: o criteria for the various ions in the spectrum
under consideration.

The probicm of identification of an unknown by comparison with « data
bank . ... = spectra has received considerable attention. The specific
techr  .c «.._..oyed for the retrieval depends whether one is working with
high ¢i ... tosolution data. A promising beginning has been made with
respec. .- ... . .solution spectral; the situation with high resolution is con-

¥ . 301




302 Topics in mass spectrometry

sidcrably more difficult to define. Most recently the principle of artificial -
intelligence has been applied to these analyses®. In the latter case thecom~———
puter is provided with a programme which allows it to estimate the agree-
ment of the unknown spectrum when it is compared against a L so-called
tramnw sct of spectra; the computer is thus able to decide to which classifica-
tion the unknown belongs. - T
Inasmuch as modern mathematical techniques are hlghly dependent upon ’
the use of computers for the purpose of reducing and processing gross quan-
tities of otherwise unwieldy data, it has been considered desirable to develop
a method of mass spectral analysis which would incorporate the binary
principle. Appropriate use of set theory allows this to be realised. Some of
the investigations, especially those involving cycloalkanes, suggest that strict
adherence to a binary classification may not be feasible.
In its simplest form, naive analysis allows one to consider the ions pro-
duced in a mass spectrometer as subsets or (in the case of an individual ion)
as a member of the universal set of all possible ions which may arise from
the fragmentation of an organic molecule. With this basic premise we have
used naive set theory successively to_examine alkanes, alkenes and cyclo- ¢ _
alkanes. As the work has progressed it has been found that the simple cri- -
terion which was assumed for alkanes does not completely saiiféfywthe Iaﬁep/ -
two classifications of hydrocarbons. The problem of a criterion or criteria__
upon which a mass spectral analysis is based has not been solved with com- T~
plete satisfaction; however, the development of these applications will be
presented as they have occurred in the laboratory. How they may be used
at present in spectrum analysis will be indicated and areas for future in-
vestigation will be suggested, whereby application of the technique may be
extended to further classes of organic compounds. |
The source of data in each case is the A.P.I.2 file of mass spectra,the use of . -~ —-
which assumes the comparison of an unknown with one or more reference
compounds. The comparison is made ion for ion between unknown and/l;efe’r"- ‘
ence compound. In the ideal case, the structure of the unknownfrfxay be
deduced by determining whether or not it hasa p051t1ve correlatxon withan ——
ion in the reference compound. (It is 1mphc1ﬂr assumed that each ion
“which appears in the spectrum of the reference compound has a particular
relationship to the structure of the molecule from which it comes.) There
is variable success in “‘predicting’ an unknown’structure depending on which
reference compound is used and what criterion (criteria) is (are) employed.
The reference compound which has been selected for the initial analyses is
~ |
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the straight-chain alkane containing the same number of carbons as the
*“unknown” structure with which it is compared. Although some experi-
mentation has been made with the use of different compounds, the results
are far from definitive. A somewhat more detailed discussion of this prob-
lem is treated in the section on alkenes. ~__
Inasmuch as we can frecly define what constitutes the membership of a
sct, the potential inherent in the use of naive set analysis is great. The uni-
versal set may be Jooked upon as containing all the possible ions resulting
from ragmentution in the mass spectrometer of ali the known organic com-
pounds (we tacitly assume that the treatment is restricted to the realm of
organic chemistry). In the simplest situation which can be imagined, one
could select a subsct from ihe universal set which would embody all the ions
necessary to provide a unique diagnostic for a given class of compound i.e.
set A is composed of all the ions which are required to identify unambiguously
the class, hydrocarbons. The set A will likewise be subject to subdivision
into further subsets, which represent, in the case of the above example, such
classifications as alkanes, alkenes, alkynes, cycloalkanes and cycloalkenes.
There are some pitfalls which one may fall into when making the trans-
lation from naive set theory to more rigorous considerations. Among these
are the axiom of choice, Zorn’s lemma and the well-ordering theorem. How-
ever, at the present point of development there is need for little more than
an awareness of these pitfails. As the set theory approach is formalised in
future work mere awareness will not be enough. ‘

|
|
ALKaANES J
Befcis the actual manipuiation of data is begun, it is necessary to provide a
series of assumptions which in this initial case are applicable to alkanes in
particular. Later in this article we shall discuss their application to the alkenes
and cycloalkanes. -
These initial assumptions (relative to alkanes) are: . —
. . - . ! X . \‘v\
1. fragmentation of a parent ion is favoured at points of chain branchmg\
with preferred elimination of the largest branch, | ~

2. ions of ¢ven mass often arise in association with such fissions, due to P

i o

concomitan. hydrogen rearrangements, and ——— =

. . . \
3. the parent molecular ion of a branched chain alkane is less abundant™  __
than that of the isomeric straight-chained alkane. ‘

R

~
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It is also necessary to considet the fact that Ji,som/eric ions mavy be formed, in
which casc the observed ion currents (as obtained in these calculations by the
addition of the individual normalised ion intensity values taken directly from
the A.P.I. data sheets) for any given mass will be representecL by the sum of
the individual isomeric ions. !

In so for as the use of set theory implies a collection of ‘all possible
ions which can be conceived as being formed from a given strL;cture, regard-
less of whether or not they are actually produced in the mass spectrometer,
a criterion must be adopied for rejecting unacceptable ions i.e. those which
do not actually appearinthelist of sin/g* ratios in the A.P.1. taples of spectra.
in acdition there is also the possibiiity of sequential reactions occurring;
however, itis obviously not possible to make any allowances for this pheno-
menon without first assuming some information about the structure which
one is atiempting to determine. In the case of an actual analysis, structural
information about the unknown would of course be absent. As the rationale’
behind the technique is to provide a means of comparison between reference
compound and unkr.own which will allow identification of tje latter, such
a possibility shall not te considered in this treatment. Thus itis that the ions
which result in a given spectrum are used for analysis withaut scrupulous
consideration of their origin.

Theapproach to saturated hydrocarbons (aikanes) is based on the observa-
tion traf the major differences which occur among their respective spectra
wii. be found in the branched chain compound of a given carbon number.
itis in uils manner that o means of locating the branching point in an iso-
meric alkane Is obtained i.e. by corparing its principal ions of the general
formule C,Fi, ., with the comparable ions in the straight chain compound.

Zased on the assumption that toialion current is the same for each isomer,
irioasites of ions formed by fragmentation at a branch will be greater than

;;w same empirical ion from the straight cha.n reference standard. Analogous

behaviour has been observed with regard to the alkenes.
A binary oriented ratio is employed which works out to be ““1°” if the ion
has a diagnostic value reiative to the reference compound and “0” if it does
" not. In terms of our sef theory treatment, it is observed that ratios with a
value of *1” are found to have a symmetrical distribution around the centre
of the molecule; this centre (again in terms of set theory and for the n — 1
ion, wiicre # = number of carbons) is at #/2 for ions from odd numbered

* The usc o7 m/q follows :ne suggestion of the American Institute of Physics.
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carbon compounds. It should be noted in regard to the f values, which are
subscquently developed, that their distribution is likewise symmetrical around

the centre of the molecule. (Please see note in Table 1.) 5
The ionization process for the molecule XY is considered as: !

XY+e—-sXt+Y+2 or X+Y*+ 2e

i

Table 1
C,Hzpn { Ig X Ik ¥y ; ft\
15 1 3.90 3.00 1.08 I 1 ~_
29 2 42,50 34.50 1.02 (1 . ;
43 3 100.00 100.00 0.83 ) ‘ B
57 4 67.30 . 34.20 _ L4 j 1
71 5 . 305 - 28.30 005 . o
85 6 48.60 29.50 1.37 I 1 ~—~
99 7 0.76 0.07 9.03 A1 i el
114 8) 2.99 6.74 0.37- f [@)) :
xz . 485.26 V1) U T T e
ool Ze I 40371 el
YT Zp o Ix 48526 I
K = tie known reference standard; in this case it is n-octane.
E = -~ : unknown compound whose structure is sought; here, it is 3-methylheptane.
X =" .alion current taken as the sum of normalised individual ion intensities.
[ = . .o intensity (unknown). o

Ix = a:o lon intensity (reference compound).
Values for #; which arc diagnostic for the ions are distributed symmetrically around the

vaite 2or Cs, wiich represents both Cg4 fragments arising from bond cleavage between C,
ana Cs {n-octanc) and/or C;~C. (3-methylheptane). :

\

A e >

Itis assumec thas oond dissociation energies of the carbon~carbon bonds in—"""
neutral aikane molecules occur in decreasing order: primary > secondary

> tertiary and thus the concentration of X and/or--Y radicals would be7’4¥,ﬂ
greater for the branched chain structure, assummg the concentration of
straiziit- and branched chain species to have/been the same before ioniza-
tion. Abundance of the branched-chain ion is represented by [XZ], that of
the suraign: chain reference compound by [X <] Based on bond energies,
we gy say that the ratio oi"" ranched--to straight-chained structures is
equal to or sreater than “17, 1. X7 /X = 1. The same type of expression
may be written for the “Y” ion, i.e. Y5/Yx = 1. Thus, in general, ion

20 Reed
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abundance ratios which are greater than unity will appear in palrs and the
sum of their masses will of course equal the mass of the parent molecular
ion (sce Table 1). -

For the purposes of this investigation it shall be assumed that ionization
cross scction depends to a greater extent upon constitution of a moleculethan —
uponiis structure and that total ion current represents a reasonable approx-
imation of the ion cross section. Otvos and Stevenson* suggest that there is
simply a proportionality between cross section and total ion current. It will
be pointed out in the discussion of cycloalkane analysis that for the purpose - -
of obtuining diagnostis values, tic original approximation is satisfactory.

{deally, the ion cross section (¢) and total ion current (X) for the isomeric
hydrocarbons would be the same. For the purpose of the argument the
obscrved values arc treated as if they were mathematically exact, although
in actual fact ¢ is only approximately so for different isomers. Therefore, in
the case where difierc.ices are observed, the ion currents of the branched-
chain alkanes are sciled dowa to bring them into line with those of the
n-alkanes; in other words, the branched chain molecules are normalized to
the straight chain molecuic havinz the same aumber of carbons.

For z general anulym, the series of | azkp ions and their assoc:1ated abun-

in pairs oy the relaiionsiip P X t 4 YT but they are usuaJy»the most
Hpor

~
ortant of all the ions associated with a given carbon ‘number. ~~
~ae following simple notation is hereby adopied which underlies the con-
~.cxion between the ion formed from the parent: T

CoHzner = P+ = (CilHypr + Cullaus )t =14+ m

e 3
The shorthand nomenclature for normalizing to the straight chain compound
is as follows: .

e o . . 7
ZF .J {C,fi4. -y (branched)] " 2 (straight chain) *;/r
= ; ==
Le) X% Z (brunched) [CH3 41 (straight chain)] -
» R

T v
.Finally, we = Zopt one additional index f; which is assignecf the value of “1”
ir r,is equs: o or greater than “1” and a value of “0” if r, is less than “1”.

A condensed form of the nomenclature, siﬁﬂ 3-methylheptane as an
example is given in Table I. Again, only-the “I” ion is represented The

reference compound, denoted by subscmpt K, is n-octane.

i
{
i
|
i
!
i

«
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Distribution of the f; values is now further developed. If ionic species of
the general form C,Hj, ., are arranged equidistantly along an axis, they
should group in pairs e.g.

I=1 and I=n-1
l=2 and I=n-2 ,

oased on the fact that a compound of carbon number # produces an ion of
carbon number / and an ion of carbon number z — I. The values of / which
are equidistant from the centre of the molecule should have the same f, values.
In the case of 3-methylheptane,

L

Figure 1

both of which are equidistant from the centre of the molecule which is at

carbon 4. (See note in Figure 1.) In the determination of the structure of the

molecule, one derives / + m, where 1 < I, m <n/2 or (n — 1)/2 and-

m =n — . Again referring to 3-methylheptane, there are three such pairs:
4,4; 2,6 and 1,7

t
§

The use of set theory also allows one to generate the possible s_tructﬁre of
ici: groupings from an unknown. These groups are of the form -CHj;,
-C. Hs, ete. and are represeated by the arabic numerals 1, 2 eic., correspond-
ing io the carbon number, If a racical appears more than once in a single.
molccule, it must be given a scparate notation each time it appears. For
example, in 2,2’ 3-trimethylpentane, there are four different methyl groups

(as indicated in Figure 1) which may be uniquely identified as 1, 1/, 17, 1”\

Tils colicction of symbols represents subsets of the complete or universal
sei . aicais iwself represented by P or the appropridte carbon number; this
nu...2r would of course be & in the case of the octanes. In addition, a null
or simpty set which contains no elements must be considered.
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Each symbol (1, 1', 1", 1", 2, 3, etc.) represents a proper subset of the uni-
versal set; there are also two improper subsets, the null set and\he‘umycrsal
set itself. With the exception of the null-set, each set or subset contains el -
ments which are identified with the number of carbons contained in the
radical under consideration. Thwejylpentmeimmsente& by the .
universal set 8 as well as by at least one subset 4; these sets contam 8and 4
elements respectively. *

AUB\ - \UN-= zA §c A/'\Bj/

LMN

LSelansnc -

8¢C

>

- )M[A/\B -- NN]

Figure 2
/

o

in a system of finite order, an importzant relationship ¢ CXiStS‘b’CtWEC/n/SCtS
and their subsets. Capital letters represent sets or subsets, U represents the.:= s
union of sets and N represents the intersection of sets. Again referrmo to
2,2’ ,3-trimethylpentane in which the mei:yl group occurs four times, we
depict in Figure 3 a set representation’oi the compound. Automatically,
4 distinct hentyi groups can now be generated ; these are represented by 7, 7,
7" and 7". {Since there are four distinct metiiyl groups, there will be an equal
number of heptyl groupsi.e. groups ofthe form P—CH;, where P denotes the
parent. In Figure 3, the solid iine represents the portion of the structure
which is common 0 each of the heptyl groups; i.e., a butyl chain. The
numeral 7 represents the total sizucture less the methylindicajed by the dotted
line; 7', the total structu.e {ess the methyl group indicated by the dashed
line, ctc.

In order to make further anzliysis easier, we introduce the concept of set
intersection. Since it is clear that none of the subsets 1, 1/, 17, 1” can inter-
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sect wiih each other, we may say that the intersection of 1 with 1’, for in- _—"
stance, is the null set. However, this condition does not apply to members of
the subsct represented by the numeral 7 because the intersection of 7 with 7/
will include that part of the molecule which is common to both.

Consideration of the methyl radicals can be simplified by considering the
property of sets which states that the intersection of any set with the null
set is itself null. It is clear that the subsets 1, 17, 1” and 1" cannot intersect

one with the other, so that 1 : 1’ = @ for all intersections of methyl groups; "
Lo

znc2 (1n1)=0

The situation with the hepiyi {C7) radicals is different; taken three at a ,
time, Lhe n*zcrsvctxou of 7, 7 as.2 7" yields a subset with 5 carbon atoms, as 4,,/'//’4
8%
seen in ~igure 4. An illustration of this application lOHOWS T
TONTNT ]
Figure 4 -

Consider a set 4 which is associated with a family of subsets b — 1,5 —2,
etc., having the following properties:
1. A is a union of sets, for instance, b and c.

2. For any given pair of subsets & and ¢, either b equals c or b N cequals @.
Such a family of sets is called a partition of 4. In octane, for instance, the _

subsets 4 and 4’ are the partition of P since 4 n 4’ equals o. . f'#" -
Inasmuch as subsets 1 and 2 were observed in the .:.ctual analysm we may o
write: - . L ; E : RO * )
1u2u4=1+2+4—Z"C2(17)124 - —
_ ‘ X =7-0—-1:4- 2:4 +90 ~v-»-\~—T'—\\' C :
Since = li2=@ 4=7-1:4-2:4 LTS

or ' 3=1:42:4

Figure 5
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The intersection of 1 with 4 contains one element only, therefore 2 M 4 con-
tuins two elements and the structure for the butyl or C, group emerges.
Other possible subsets may be deduced in a similar way.

ALXENES - | —

| —

When olefines are considered, two features of the molecule become /important
from the standpoint of naive analysis: the points of chain branching and the
location of the double bond. The foilowjpg,r_ules_may«/‘be‘?ﬁsed-with'b‘dth
alkanes and/or alkenes: e

1. the parent molecular ion is biggest for the e ;uawht chain isomer
2. loss of a C, fragment is hkely only for'a CHj side chain
3. fragmentation is in general mostlikely at highly branched carbons

4. C; and C, fragments are always prominent in alkane spectra.

Owing principally to the presence of the unsaturation, ions from an alkene
are more stable than and occur with greater relative intensities than ana-
logous ions from alkane structures. Itis also observed tiat the abundance of
the parent peak in an alkane, relative to its fragment peaks, is greater than
in the case of saturated hycrocarbons. It is unfortunate for the purpcses of
establishing rules for alkenes, that the latter trend is found to reverse itself
above Cg; this may be related to the observation that low mass unsaturated
ions are more stable than the saturated ions of comparable mass (i.e. com-
parable ions from paraifins). Generally speaking, one may say that the .
preferred point of fragmentation in the olefine molecule is allylic to the
double bond. In addition iere exists a greater tendency for rearrangement
to occur in the mass spectrometric analysis of unsaturated hydrocarbons
with the net result that their mass spectra are less sensitive to variations in
molecular structure. Given these considerations, a series of olefine spectra
will be studied (olefines which are structually similar) w1th attention to the
41 and 55 peaks and the two series:

a) 41, 55, 69, §3, etc.
b). 42, 56, 70, 84, etc.
The series of ions of the form C,H.,-: {a, above) predominates but with a

decrease in magnitude with increasing molecular weight; there is at the same
1ime an increase in prominence of the molecular ion.
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Table 2

Compound A -
(APLnoy TAIR a b )
T 99 ‘1,5 i+ % . e
2,4 +, 4. — + R
3,3 073,073 0.53,0.53
100 1,5 o+ -
2,4 +, + +, + ;
3,3 +, +, +
101 1,5 o+ +, +
2,4 e ,+
3,3 +, + +, + -
- 102 1’5 +,.+ +, + '
24 0.86, + 0.77, -
33 T, T +, +
103 15 +, + +, +
2,4 - 4 - - .
3,3 +, + .
104 1,5 +, +
2,4 0.88, +
3,3 T+
276 1,5 +, +
2,4 0.85, +
3,3 +, +
278 1,5 +, o+
’ 24 -+
3,3 +, +
279 1,5 +. Tt /
2,4 -+ T o, - |
3a3 +, + +’ 4 !/
399 1,5 ++ TTFF -7}—————-—/
2,4 0.99, + 0.8, ‘h// !
3,3 +, + ++ l
2,4 -+ - - -
3’3 +! + +, +
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Table 2 (cont.)

Compound
(A.P.I no.) PAIR 2 b ‘
525 1,5 +, + +, +
2,4 . -, + s —i
33 - +, +

99 — trans-hex-2-cne
100 - trans-hex-3-cne
101 - 3-methyipent-1-ene :
102 — 4-methylpent-1-ene
103 - 2-methylpent-2-cne
104 - 3-methyl-cis-pent-2-ene
276 — 2-methylpent-1-cne
278 - 4~-methyl-trans-pent-2-cne
79 — 4-methyl-cis-pent-2-cne
99 — cis-hcx-3-cne
324 - 2,3-dimethylbut-1-ene

el

L 1o

Column « represents data for n-hexane; column b data for hex-1-ene

-+ indicates that a correlation exists; — that a correlation is absent; where decimal frac-
tions are given, the intention is to suggest that values of the ratios which are less than 1
(see iz 17 or “0” criterion in text) may have diagnostic value, especially when they are
near 1.50 in value

It must be noted <iat the even mass peaks may be confused with those
formed by double {ragmentation in paraffins unless a metastable transition
is observed. The hydrogen rearrangements which are so very prevalent in
alkenes result in migration of radical sites along the chain; therefore thelogca-

tion of the double bond has very littie infiuence upon the spectrum except -

in those instances where the double bond has undergons tetrasubstitution.
Another basic problem in the use of the naive analysis of spectra lies in
theselection of the reference compound (see treatment of alkanes) with which
an unknown is compared for purposes of getting diagnostic ions. Thus it is
that the question again arises: How close in structure to the unknown com-
pound must the reference compound be in order to provide such ions as
occur in the observed spectra? 7
As a means of comparing reference compounds, the diagnostic pairs re-

5 - 2,3-dimethylbut-2-enc i
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suiting from a C, hydrocarbon (see alkane deate) are listed in Table 2
namely: 1,5; 2,4 and 3,3. Each Cg mcroalkene has been compared for these
pairs using (&) n-hexane and (b) hex-1-erc as reference compounds. Based -
on our carliecr comments as regards tac general lack of influence which
saturation hasin alkene specira, it would not be supposed that any significant
diflerence in diagnostic value of the various C,H,,_; ions would manifest
itself when the reference compound is changed. The data in Table 2 indicate
that such a difference does exist {specifically with respect to the 2,4 pair of
ions) dcm.mnuv upon whk of tizc two reference compounds is used. The
i nasses 27 and 55 respectively, both of which
pwu& sinnce aicy are of the form C,H,, g .
t nes in the L&uxb indicates that if the molecule is
cymmetsical with respect to d
chained (consider compounds D

oution of side chains or is straight
10-;, and 399) thesame diagnostic value

ST
Nt
i

:5 outained ror the 2,4 jon pair from both reference compounds. Howevpr/

i the case of unsymmetrical molecules (see compounds 102, 103, 278, 279, ™~
524 ©.nd 323) one fails to obtaixn diagnostic value for tiie 2,4 lon pair when

hex-L-:cnc is used as the reference compound; this Xzilure cccurs specifically - -

1

wits . .o Oy mizmber of tae puir. One is thus led to postulate that in the treat-
ment oy neive analysis the wisaturzied function assumes a degree of im-
portance in esiablishing the clagnostic value of celtain fons. it is further
observed that tiose componads with & low intensity in their mass spectra for

the ¢ .on oo mmass 53 are the same compounds which fail to give diagnostic —_
val.. .o:ihe O lon when the reference compound is changed from n-hexane /,-‘-'
to r.o -i-onc. ‘ T

In aemnpiio o apply set theory to analysis of mass spectra, there is an
aws.oi2es of dio s Ao:tcommgsm general applicability-of-this cmxcept~to~a~ll—'~f”
YDPen o coaa o nes, It was felt indtially that nydrouaroons offer ‘ed the sim-

] s ol »zzctra with which to test the theory. Par cularly after the
observi..on sos been made that the olefine spectra, when subjected to set
theory analysis, are sensitive to structural variation, it seems p0531ble that
the simplicity of structural elements (C and H) conceals much more than
was expected from the early investigations concerning alkanes. '

CYCLOALXANZS :

In the preceding treatment of alkanes and alkenes, the basis of ana.lysm was
the cwcurrence of preferred fragmentation at a point of chain branchmg, to
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yicld ions of the forniula C,HJ, ., and C,HJ,_, respectively. Use of these
1ons has been shown to be satisfactory for generation of a structural formula,
at least under those conditions imposed upon the analysis in this early stage
of development.
When dealing with alkanes, chain branching constituted the only possible
difference in structure between the reference straight chain hydrocarbon and
the unknown alkane being considered. In the case of the alkenes, position .
and extent of unsaturation becomes a second factor in combarisollwith th/e/
reference compound and hence the need for more exhaustive. mvestxgzctxon
of thu cficct upon analysis of a change in reference compound. ~
As only the simplest case of an alkyl substituted fully saturated ring
system is studied (in the initial approach to cyciic hydrocarbons) the types
of ions which must be considered for an anzlysis are still only two: a) the
alkyl ions which arise from the zikyl chains in the original cyclicstructure
and b) an alkenyl series, resulting from any seguence containing analicyclic
ring. In the earlier work, if , was grezter than or equal to unity f=1, .
otherwise f = 0.
In the present sciies, {iiwsmuch as the reference compound of choice is—~ Ta
stiil :Ixc straight chain zixane of the same carbon number as the cyclic-molet
cuie being analysed) one is comparing the abundance of the corresvpondiZg
o yl ions from a cyclo- and a normal alkane,—— )
"Tne eocenylion from a cycloalkane is formed by simple ﬁss1on however,
-.sGistrizulon of positive charge between the resultant moieties is not equal.
C.ier considerations being the sane, the cyclic portion of the molecule will
;.*;; ¢ Lhe prcpox.\.; -unce of e fragment ions, if only because of its lower
tization potendal, Sormation of an alkenyl ion from the reference alkane
5. ;,uzd invo.ve 1oss of two hydrogen atoms from the alkyl ion, which is
ol w0 oo formed first and thus the process does not lend itself to
zatforward thermochemical arguments.
ven il both ions have the same ionic formula, it cannot be assumed

&)

E
nriori” that nere is any value in tie ratio of their abundances.
Thusitisthat we alter our test for diagnostic requirement of a ratio value

2y siven ionic species; the 07 or ““1” criterion is abandoned and the
ceoursence of alocai maximum in theratiois taken asthe new criterion. How-
ever, the seneral conclusion that /i increases at a branch point is unimpaired.
.. .i.in a survey of ratios a local maximum may be considered in the same
naoner i.e. a local maximum rather than the “0” versus “1” evaluation is
ovserved to reveal a branching point. o







































































































