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- ABSTRACT
The thermodynamics of pc;Sitivé ions in the gas phase and the techniques
emploved to measure ionization energies are rev-iewed. The heat of formation of
these iogs. is shown to be represented'by an equation of the form, JE¢(Ion)
=X - Bn + C/n, whére A, B and C are empirically-determined constants n
the total number of atams. Values for A, B and C are presented for linear

including; - alkanes, alkenes, alkynes, alkanols, ethers,

ions, secondary carbonium ions, tertiary carbonium ions,
alkvlbenzenes,. and qrciic ketones.

"It is shown that chain branch.in‘g, substifuent position and cis-trans
isomerism ean be acconmodateé in the above nodei by correction constants. These
corrections have been determined for.availablg da;ta in the above haml/csgous
series. | 3 » .

It is also shown that a simple plo;:‘of log n, where‘-r_l_/is again the total
nutber of atoms in the molecule, and the ionic heats of %\s;.rmation is sufficient
to yield dat}a oorrelation up to carbon number 8. .

The recipm_cal equation, AHg(Ion) = A - Bn + C/n, is shown to function
by a correspondence to the thernbdyﬁamic relationship, AHé(Ion) =
AHg (Neutral Molecule) + Ionization Energy. It is shown that the

reciprocal term, C/n, corresponds to the ionization energy and that the linear

term, Bn, corresponds to the heat of forfmation of the neutral molecule.
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CHAPTER 1
INTRODUCTION



1 INTRODUCTION

1.1 General Survey

Basic thermochemical data such as heats of formation are necessary to
understand a number of processes such as the unimolecular fragmentation of ions
in mass spectrometerslor the reactions in the upper atmosphere or in outer
space. These heats of formations are derived from experimental measurements of
the ionization energy of a molecule and from the heats of formation of the
molecule in its neutral state. Until the publishing of results:of this studj, it
has noE'Been possibie to_gccurate1y predict the heats of formation of ions nor
has it been possible to'ana1yse the ionic heats of formation by means of a
mathematfc?l relationship. This thesis describes these heats ,of formations, how -
they are ﬁeasured and introduces a p%edictive method for obtaining the heats of

formation using mathematical relationships. =~ . -



1.2 THERMOCHEMISTRY

1.2.1 ‘Heat of Formation

The item of ir_xterest in this studv is the heat of formaticn of the
ion. The heat of formation of a compound is the enthalpy change in the fore
mation of the compound in its standard state from the elements in their standard
states. By convention, the heat of formation of an element is assigned the °
value of zero when it is in its standard state (the Stable physical and chemical
form at 298 Kelvin and 1 atwosphere pressure). The heat of formation of an
. ion then includes the heat of formation (enthalpy) of the neutral campound plus
the minimum energy required to produce the ion fram the ccmpound,. This latter
energv is referred to as the ionization energ\ and will be discussed below.

The heats of formation referred to in this paper will be given in Kilo—

caleries per mole at 298 Kelvin and 1 atzrosohere-

1.2.2 Ionization Energv

Ionization Energy is defined above. Thus it is the minimm energy required
to remove to infinite distance a valence electren from the lowest occupied
molecular orbital of the neutral molecule to form the corresponding atomic or

molecular ion ie.

e or hv 5
M > M te . (1)
' _'_/\’ ..
\ ~



The process can be performed by the interaction of a molecule with an
electron or photon to produce a positive ion and an electron. The heat of
formation of the ion then can be written as:

-

i

IHe(Me) AHe(M) + IE - (2)
Where: JARe(M-*) is the heat of formation of the molecular
ion
AHg(M} is the heat of formation of the neutral
molecule

IE.is the ionization energy

Note that the heat of formation of the electron is not included since by

convention it is zero.
1.2.3 Appearance Energy

Appearance energy is a term analogous to ionization energy and applies to
an ion ;ndergoing unimglecular fragmentatiop. The appearance eneréy of a given
fragment ion is the minimum energy required to produce that fragment jon from a
given molecule. The.process can be represented as:

e or hr
M > At + 8 + e (3)




N ~ e e e -

" .
- The heat of formation of the fragment ion (A**) can be written as:
SHE(A*) = OHe(M) + AR - JHe(B) .. (4)

Where: 3He(A-¥) is the heat of formation of the fragment ion

3He(M) s the heat of formation of the neutral precursor

‘molecule

‘AE is the appearance energy which is the enthalpy of

'reaction (3)

JH¢(B) 1is the heat of Formation of the neutral fragment



1.3 Ionization at Threshold

The tlme for the transfer of energy from an electron beam to a nolecule is
very short, of the order of 107 16 seconds.1r2 This gives rise to a
Franck—Condén tvpe transition where no change occurs in inter-nuclear
separations because the transfer time is much shorter than typical vibrational
frequencies (10712 to 10713 seconds).3 Transitions of this type are
kno&n as vértical transitions and may involve the energy of one or more
vibrational modes. When an electron is removed from a neutréifgpecies the
eéuilibrium distances may increasg as shown in Figure 1, where I illustrates
various equilibriﬁm distances.

It should be noted that a vertical ionization is one in which an unknown
amount of vibrational energy is involved. This energy (vertical ionization
energy) is then‘aboﬁe the minimum or adiabatic lonization energy which includes
© no vibrational—modé energy. An, adiabatic transition is one from the 0,0
{electronic,vibrational) state to the 1,0 stéte. Thus, in measuring iconization
energies it is the adiabatic energy which is of greatest value since since the

_vertical relates to unidentifiable vibrational levels in the ion depending on .

nuclear separation as shown in Figure 1. .
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In situation A where the change of nuclear separation between the two states
is small we see that the vertical transitién would not involve vibrational-mode
transitions ang there is a high transition probability for the adiabatic
pfocess..Tﬁus the adiabatic and vertical ionization energies are nearly
identical and appear at the threshold of the curve shown. When nuclear
separation is increased the difference betwegn the vertical and adiabatic
gnergies inéreases. Note that the adiabatic ionization energy appears at the
threshold of the curves shown in IIl, where the threshold is the point at which
the curve departs from the 0O-level. This effect then enables experiment; to
prévide an "adiabatic" (threshold) ionization energy or potential in all cases,
although fhe position of the vertical ionization energy would not be known in
some experimental methods. In this thesis, only thosé values which were reported
to be. adiabatic or threshold values are employed except in a few cases where
this will be clearly noted. .

.In situation B, of Figure 1, the nuclear separation in the ionized state
differs from that of the neutral mglecule. The transition probabilities are
greater for the vertical ionization process than those for the adiabatic
process. However, as illustrated in B,III, the adiabatic jonization energy
appears at thg threshold of the ion current/energy curve. In situation C, the
nuclear separation is increased with increasing ‘'separation between the adiabatic

=

and vertical jonization energies.



1.4 Measurement Techniques

1.4.1 Spectroscopic Methads

The most precise method for the determination of ionization energies is by
spectroscopy. The method involves the measurement of transitions in the vacuum
(9)%) spectrum,‘énd assigning the transitions to determine the term value.4
" The atom or molecule with one excited electron can be considered hydrogen-like

and accordingly can be described by the Rydberg formulas:?

T, = IE - RZ2 | (5)
n2
Where: Tp is n;h energy value or the term value
from the spectrum (em 1)
IE is the ilonization energy (here in cnrl)
R 1s the Rydberg constant (cm‘l)
Z is the net charge of the nucleus and
core electrons (dimensionless)

n is the principal quantum number (dimensionless)

Most spectroscopy measurements vield data accurate to 0.001 eV or 0.02 kecal.
Polyatomic'molecules vield vacuum UV spectra which are cbscured by the overlap
of several vibrational transitions. Thus it is impossible to perform such

measurement on these species.6 Spectroscopic data exist for a few ions
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such as CHy™ or ions of highly symmetric mo]ecq]es such as Pyridine.

Despite the limitations, the high accuracy of the data has enabled their use in
ca1ibratfng other methbds. For exanple, spectréscopic.data for Ne and Ar, which
are accurate to 0.0001 eV are of;en used jonization energies to calibrate the

anergqy scale of other instrumental methods.’
1.4.2 Electron Impact

Much of the currently-available data derives from electron impact sgudies.
The basic method employs a modified:mass speétrometer. Figure 2,A, illustrates
such an. instrument. The procédure b} which the icnization energy is measured is
straight-forward. The reactant is introduced into the apparatus via a
controliable gas leak. For reactants having low vapour pressures, the inlet
system can be heated to permit their introduction as a gas. Solids can be
admitted to the ionization chamﬁér via a heatable probe which is directly
inserted. into the ion source.

The molecules of the reactant are impacted by electrons to produce positive
igns. Charged electrodes accelerate the ions into a mass selector, which in
Figuré 2 is taken as_;g; typical electric sector and then a magnetic sector.
The jons then strike a detector from which the ion current is amp]ifigd and
read. If the energy of the ionizing electron beam is raised {rom zero the jon

current will first be at the noise Tevel; as the energy is increased to the

ionization energy, ions are formed ang if the mass selector is tuned to the mass
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Figure 2 Generalized Schematic of a Mass Spectrometer-used to
Measure Iornization and Appearance Energies
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of this ioh, the ions will drift to the detector a;g vield an ion current. The
results are plotted to yield an "ionization efficiency curve" similar to those
depicted in Figure 1,C. The i@nization energy then, is that which jdst causes
the ion current to rise above-the noise level.

Because of the difficulty of accurately measuring potentials in a high

vacuum, it is necessary to calibrate the eﬁergy scale as read by a voltmeter

using a "standard" such as Argon QEfknown lonizadtion energy.9

The fundamentai problem with the:basic electron impact met:.hodl is the broad
range of electron energies in a typical electron source. These typically range
fram 1 to 2 eb at half peak height. Thelvo;tmeter will be providing average or
RMS (root mean square) readings. Thus, a significant rmumber of electrons have an
energy greater than the actual reading. Despite calibration with a “standard"
gas, electron impact measurements without correction may be as high as 0.20 eV
ovef measurements by other means. This is accentuated in appearance energy
measurements where the values may be as high ;g 0.50 -eV over other

measurements,
a. Quasi-Monoenergetic Electron Impact -

A number of workers have proposed mathematical means to oorrect for the
large electron energy spread from an electron gun.10 Many of these assume
that the energy distribution.of the electrons from the filament is
Boltzmann-like. Thus the mathematics becomes an effort to “De;Boltzmannize" the
ionization efficiency curves. Other techniques are based on emirical findings
that a particular technique will result in an ionization or appearance energy

very close to that of spectroscopic or other metheds.
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One of the methods that was extensively used in the past and still appears
an occasion is known as the “semi-log plot® method.ll  The method was based
“on the finding that plots of the logarithm of the ion current versus electron
energy for the molecular ions of many substances gave parallel straight lines in
the region of about 1% of the 50 eV jon current. Reproducibility of ionization
energy was achieved in the range of 0.05 to 0.25 eV which is an improvement over
the uncorrected method. ' N
Another method with a similar history is known és RPD or "Retarding
Potential Difference".l2 The method involves the placement of an additional
electrode in the electron gun. The potential of this electrode is rapidly varied
between two values intended to repel electrons below the energy of these values.
Thus the electrons that actually enter the ijonization chamber have-an energy
between that of the two rgtarding potentials. The reproducability of ienization
energy results were generally better but similar to the semi-log pTPt techniquer

noted above.

b. Mono-Energetic Electron Impact

The excelléat solution to the problem of elect}on-energy spread fs to
‘design an electron gun from which the electron beam-will be monochromaty c.
One “instrument designed and built by Dr F. P. Lﬁssing of the National Research
Council tcurrent1y at the University of Qttawa) employs a doubie-hemisphere
electron morochromator.i3 The unit has a beam-width at half height of ;he

order of 50 meV [approximately one kcal/mole) or less.
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The double-hemisphere monochromator functions by the princjple that an
e1ect%on beam entering a reéion of unifdrm charge (the hémisphere) will be
deflected and spread out according to the energies of the electrons. Figure 2,C,
illustrates thehoberation of this monochrowator. The electrons of the desired
energy are selected by g]]owing the beam. to paﬁs through a hole in the base of
the hemisphere. Electrons having other energies will strike the base plate and
be Tost. Electrons passing through the second stage interact with molecules in
the ioﬁization chamber of a mass spectrometer in a manner described above. The
energy of the transmitted eTectrons'cam be varied by changing the potential of

the hemispheres.
‘1.4.3 Photoionization

In this method a beam of photons is employed to ionize the molecules.ld
The Tight sources are typically a hydrogen or helium dischat%ajamp. Tpe
photons are then selected for energy with a Seya-Namioka or near-normal |
incideﬁée monochromator. The high energy resolution of the jhcident beam permits
an energy resolution of about 5 meV or about 0.1 kcal/moie. Desp%te the high
energy resolution, measurements by photoionization are not as common as those by
electron impact or by photoelectron spectroscopy (described below) becaﬁse of
problems with low photon intensity, the greater iength of time required to

perform an experiment and the high cost and unavailability of the equipment.

-



1.4.4 Photoelectron Spectroscopy’

Photoelectron spectrosooéic data are becoming a very common source of
ionization energies. Several instruments of sufficient preciéion are available
cammercially and with their ease of'cperation, a large amount of data is being
generated. Photoelectron spectroscopy is different from both the
photoionization and electron impact methods in that ionization at threshold is
not the directly-cbserved phenomenon, rather the energy of eJected electrons
(the photoelectron effect) is measured.l5r16 The electrons from molecules
are ejected with monocnromatic light; almost always the helium resonance line,
Hel, at 584 A°(21.22 eV). A generalized photoelectron spectrometer is presented

in Figure 3. The principle of cperation is as follows; a reactant gas is

o~

o
admitted to the ionization chamber and photons from the helium I source cause

photoelectrons to be ejected. the ejected pho;oelectrons pass into an energy
selector which is scanned across the range of Interest. Those photoelectrons of
the "correct" energy pass into the detector and the counts/second (comparable no
ion current in electron impact and photoionization methods) are recorded as a
function of the electron energv. A typical photoelectron spectrum is shown in
Figure 3B. Threshold behaviour is analogous to other methods and the minﬁmxn

energy is taken as the adiabatic ionization energy.
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Figure 3 Generalized Schematic of a Photoelectron Spectrometer
and_a Typical Photoelectron Spectrum

{after Eland, ref. 15)
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_The energy of the ejected electrons is not directly the energy of the

molecular orbitals. The kinetic energy of the electrons is given by:

K& = hv =15 - Eyip,rot (6)
Where: KE 1is the kinetic energy of the photoelectron
hv is the energ; of the exciting photon
which is 21.22 eV-for a Hei Tamp
I; is the energy of the molecular orbital
from which the photoelectron is ejected
Eyib,rot - 15 the vibrational and/or rotational

energy above threshold

For adiabatic or threshold jionization energy measurements this expression

becomes:

1€, = hv(21.22 eV) - KE (7)

Where: IE, 'is the adiabatic or threshold

ionization energy



The accuracy of photoelectron measurements varies from 0.05 eV to 0.50 eV
{the same difference between photoionization and monochromatic electron impact
respectively). Thus the data represents é good source of ionization energies.
One problem has been tha; many experimenters do not pmovidé'the threshold data
but only provide the bandhead potentials (equivalent to vertical ionization
energies). Another problem with the data from chotoelectron spectroscopy is that
there is no mass analysis. Thus one rmust be careful with data on no%gcules that
fragment at internal energies at Or very close to their ionization energies. In
these cases the spectrum although presuméd to be that of the molecular ion, may
in actual fact be that of a fragment lon or even a oonmbined spectrum of both

species.

1.4.5 Proton Affinity Methods .
Proton affinity methods for neasuring‘heats of formation of ions are
relatively new; published results began to appear in the early 70's. These
methods rely on.the use of mass spectrometers to measure the equilibria of
‘proton transfer between two bases and then by performing standard thermochemical
calculations derive a "proton affiﬁity“ value and subéequently a heat of
formation.t7-21  The procedure is simple; two reactant gases,B] and
By, are admitted into a mass spectrometer and the proton exchange between

them is-measured at various reactant concentrations.



The reaction can be written:2l
BlH+ + B> @BzH*' +8y . (8)

or can be considered to be the sum of the two half-reactions where B;

is the reference base:

’
By + H'<&SBH* (9)
By + HY <&>ByH* (10)

The equilibrium constant for reaction (8) is given by:

i (Bo) (B1HT)

‘and all terms are measured in the experiment provided that

Keq = [ (81) (BéH*)] - \

equilibrium is reached.

Then the Gibbs free energy change can be given by standard thermochemical

procedures as follows:

To obtain the heat of the reaction (8) one can correct for entropy as

follows:
0(82H+) a(Bl)
~ Where o¢is the rotational entropy number

t
o
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[

Thus we have the heat of reaction (8) and by defini%ion the heat of
".reaction (3Hpeac) is the negative of the proton affinity of Base 2

(-PA(B)) relative to Base 1 {by considering (8) to be made up of the
half-reactions (9) and (10)). Thus if we have thé proton affinfty of Base 1
(relat%ve to the heat of formation of hydrogen) it can be used to obtaiﬁ the

heat of formation of the protonated Base 2 (BoHT):

AHg(BoHT) = 3He(Bp) + SHe(HY) - PA(Bo)  (14)

-

The major problem with this method is that it depends upon thé availability
of an accurate absolute proton affinity of'one base. Historically the proton
affinity of ammonia was used as the standard.22 The proton affinity of
ammonia was taken to be 207 kcal/mole until about 1975 when'202 kcal/mole was
suggested.22 Several other values have 2lso been proposed in recent years.

The dif%erence of 5 kcal/mole as noted has increased the uncertainty of the
data. ‘ : . | /

Jhe method does have some advantage in that species which cannot

be examined by othér means can now be studied, examples of these being

protonated alkanes and saturated alkanols.
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1.4.6 ° The Heats of Formation of Neutral Species
LS
As noted in section 1.2 above, heats of formation of the neutral species
are requ{red to calculate ionic heats of formation. Fortunately, this is a
we]i-gstab]ished field and several extensive collections of reliable data exist

- such as that by Cox and Pilcher 2% and that by Pedley and Ry]ance.25

In addition to collections of experimgntal values, an additivity scheme has
been devised by S.W. Benson.2® This scheme allows the calculation of a very
large number of heats of formation which have not been experimentally measured -.
as well as providing confirmation where only one experimental determination'has
been performed. The agreement between "selected" experimental values and
"Benson" values is good - usually differences do not exceed 0.20 kcal/mole.

. This value {s well within the generall}-accepted experimental errors fo; the ion
heat of formation, = 1 kcal/mole at best or more genera]&y +2 kcal/m;qé. Thus
the heat of formation of the neutral would not in most cases contribute a
significant error. Table 1 illustrates the use and accuracy af the Benson scheme

-. as applied to the homologous alkane series.
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TABLE I USE OF THE BENSON ADDITIVITY  SCHEME TO CALCULATE THE HEAT OF
FORMATION OF THE n-ALKANES

' ) Selected
Compound | . Benson Calculation®  Me(Neutral)d E;perimenta11VaIUEC
Methane CHy caﬁnot be done DL EEEE -17.89
Ethane H3CCH3 ' (—10.08)+(-10.08)- -20.16 . .-20.24
Propane H3CCHpCH3 (-10.08)+(-4.95)+(-10.08) ~25.11 -24.83
Butane H3C(CHZ)2CH3 2(-10.08)+2(-4.95) -30.06 - -30.36
Pentane H3C(CHp)3CHy 2(-10.08)+3(-4.95) -35.01 -35.10
Hexane H3C{CHp)aCHy 2(-10.08)+4(-4.95) -39.96 -39.92
Heptane H3C(CHy)gCHz 2(-10.08)+5(- 4 95) -44,91 -44.,85
®

fu

Ref. 28, The addftivity factors which are applicable here are:
C-(H)3(C) = -10.08
C-(H}»(C)p = -4.95

Values in kcal/mole throughout this table.

o

¢ TRef. 24, The Cox and Pilcher Collection, it should bg,noted that

the values for Ethane,Propane and Butane are not selected values.
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CHAPTER 2

STUDY METHODOLOGY
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Chapter 2  Study Methodology

The central aim of the study was to find a correlative and/or predictive
cchome for evaluating the heats of formation of positive ions. in the gas phase.
Initial work in this study using a compilation of data showed them to e {\
insgfficient to yield any type of co;:relation; these data were published as a
National Bureau of Standards collection.?? This wllection contains
approximately 1,500 data points, vielding reliable data on about 150 different
jons. Since .thé above—noted data collection covered literature published up to
the end of 1971, work was therefore begun o collecting data from this time
onwards. At the time of writing, this new data collection has vielded
approximately 8,000 data points, yielding acceptable data on approximately 800
ions — all in addition to that noted for the NBS data collection above.

' In many cases more than one data point was available for an ionization
ens¥gy of a particular molecule. In these cases the following criteria were
applied in the given order of priority:

a. Only adiabatic or threshold values were used except in one or two cases
and this fact will be noted in the tables. As noted above, vertical ioniza-
tion energles include an unspecified vibrational energy and thus can not be ‘

used to provide a consistent scheme.
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b. The concensus of values was used where such a concensus exists. In many
" cases there-is generally good agreement among available values and the nost
v .
recent value was quoted.
¢c. The accuracy of each experimental method was oonsideréé ih the selection
of data. Photoionization, spectroscopic, monoenercgetic electron inpact and
?hotoelectron spectroscopic methods were considered to be of equivalent
precision for this study. This criterion leads to no significant choice-
problem. "Normal" electron impact data, for reasons roted in the
experimental section, are significantly less accurate than the above
methods and no results from this method were adopted.

d. Wnere values do not agree well (for no apparent reason), the average

was taken.

>
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Chapter 3 Results

3.1 Review of Eérlier Methads

Only two correlation schemes for ions in the gas-phasé have been found in
the literature and both of these are additive schemes. The one method known as
"isodesmic substitution" was first suggésted by Pople and coworkers 30 and
later extended by Williams and coworkers.31 The method is based on the
hypothfsis that the heat of formation of an ion can be determined from the known
heat of formation of one ion, which is used as the comparison point, and the
difference between the heats of formation of the neutrals. The methed was
claimed to be applicable only to those ions where the charge and the substituent
groue were widely separated (greater than 5 methylene gro;ps) along the
molecule. Figure 4 ghows examples of the use of the method. The immediate

" problem with this method is. that it is not widely applicable. In the examples

shown in Figure 4, the predicted values are Erﬁm 1 ﬁo 35 kecal/mole different
from the experimental values. This difference would be considered to be
unacceptable for use in any quantitative manner.

The other scheme for the prediction of heats of formation of ions was

:;,éroposed by J.L. Franklin in 1953.35 This method used the hypothesis that

the charge on an ion is localised and therefore the heat of formation of any ion
can be determined by adéitivity as in the neutral molecules except that the
‘charge-bearing substituent required a valqe particular'to that group. Table 2
illustrates the use of this prediction systemigAs can be seen from this table,
the difference between the predicted value and the experimental value can be as
large as 17 kcal/mole. It is rot surprising that this system did not become

widely used.
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FIGURE 4 ILLUSTRATION OF THE USE OF THE "ISODESMIC SUBSTITUTION" METHOD

. REFERENCE ICN : . ION WHOSE HEAT OF FORMATION
IS DESIRED

/\/\ R ) //\/\/\
AHg(Ion) = 213 }f:c:alémn::lea \ predicted aHg(Ion)=233 keal
JAHg(neutral)= -4.94 _ ‘\ PO .= 213 + (15.2-(-4.94))

. . AHg(neutral) = 15.20
. Whereas experimental value
N\ is 234 kcal/mole€
N In this case the method works
\ , because both double bonds are
. external and thus have the same
}( ionization energy.

predicted AHg(Ion)=225 1/mole
= 213 + (7.67 —-(—4.94))
AHg(neutral) = 7.670
whereas the experimental value
is 221 kcal/moled
The methodology does not work as in
the previous example because there -
are now two functional groups, one
of which, the 3-ene, has a lower
ionization energy.

NS T NN N

Mg (Ton)=229 keal/mole? .  predicted AHg(Ion)=229 keal/mole
Afg(neutral)=4.77° . \ . = 229 + (4.7 —-(4.77))
s AHg(neutral) = 4.70
TN whereas the experimental value
\ is 206 kcal/mole®
N The large difference is due to the
N larger ionization of the terminal
N double bond than those of the
N\ example above.
o ‘
a Reference 32 : - Predicted AHg(Ion)=229 kcal/mole
b Reference 26 ' = 229 + (4.5 -(4.77))
c Reference 33 ABg(neutral) = 4.59
d Reference 34 Whereas the experimental value
e F.P. Lossing, unpublished is 194 kcal/mole®
results The same problem as noted in the

above example is also cbserved
here, but the difference is
larger because of the conjugation
which the isodesmic substitution
methoed ignores.



- TABLE 2 ILLUSTRATION OF THE USE OF THE FRANKLIN ADDITIVITY SCHEME

EXAMPLE
ION

P

CHy CH, >

CHy Ch, CH, CHy

RELEVANT FRANKLIN
ADDITIVITY TERMS

(values in kcal/mole)

a

29

-éHZ 212

-CH,  -10.1
G4, 212
-CHy  -10.1
~CH,- ~5.0
-CHy  -10.1
-C-+ 195
~CHy  -10.1
~C=CH, 240

._\Hf(ION)

(kcal/mole)

AHf(Ion)

BY ADDITIVITY FROM EXPER.

DIFFERENCE

DATA (kcal/mole)

p- |
a Reference 35

b Reference 36
¢ Reference 36
d Reference 36

e Reference 37

202

165

230

219b

201¢

1674

226%

-2

+4 ‘ o
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Tﬁeifailure of both systems, both of which are additivity schemes,
indicates that additivity is not a promising methed. Table 3 illustrates the
AHg differences betwebn homologs in the alkane ion series. It is interesting
to note that in the neutral, the JHg differéncé between each successive

hamolog is -4.95 kcal/mole. Clearly then, an additivity scheme will fail.
3.2 Principal Findings

_ The principai £inding of this study is that the heats of formation for
hamologous series of ions can be represented by an equation of the
form (hereafter referred to as the reciprocal equation): |
AHeM-¥) = A - Bn + C/n (15)

' @
Where: AHp(M*T) 1is the heat of formation ef
an ion in the homologous series

A,B and C are empirically-determined constants

n is the total number of atoms in the ion
This finding is illustrated by Figure 5. The heats of formation of the-
l-alkenes are plotted against the multiple parameter, 1.61ln-+ 110/n, which was
derived empirically by_regression. Initial regressions were performed using a
Hewlett—Packard programmable calculator and standard regression packages as
supplied.?8 Regressions presented later in this thesis were performed using
tﬁe University of Ottawa computer and the SPSS standarc package.29 The
latter package was employed to perform calculations according to a standard

S

multiple-linear regression method.
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TABLE 3 HEATS OF FORMATION OF THE IONIZED n-ALKANES‘

10N HEAT OF FORMATION(kca1/mof€)a DIFFEﬁENCE BETWEEN

ADJACENT HOMOLOGS

CHg"* 273

CoHgt 245 28
CHge* . 228 17
Cahroet 213 15
CsHyzet 204 i
CeHyat 195 9
CyHig-* _ 186 9

K‘ Y

a Heats of formation from Reference 27
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Figure 5 Plot of Ionic Heats of Formation of the 1-, 2- and 3-alkenes
versus -1.61n+110/n , where n is the Total Number of Atoms *

AHfgion) kcal/mole

230 4
220 |
210__ ~
1-alkenes
200 2?91kenes
190 | :
3-alkenes
180 |
170 |
-1.61n + 110/n
-5 -10 -15 -20 -25 -30. -35 -40 45 -50 -55 -60

160~ ! r 1 | | 1 1 1 i 1 L [ A

C ¢ ¢ . &t ¢ c

3 4 5 6 7 8 10 13

*data from Table 6
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In Figure 5, the heats of formation of jons of 2- and 3-alkenes are also

\

p]ottéd on the same scale. The figure illustrates that the aHg¢ for a given
homologous series, such as the l-alkenes, can be- described accurately using a
relationship of the type (15). Verification of this finding appears in
subsequent chaptérs of this thesis by app]iéation to a large number of
homologous series. B |

1t is proposed that when one examines the components of the heat of
formation by the relationship presented earlier in this thesis:
- AH¢(Ion) = AHg(Neutral) +. Ionization énergy- {16)
that this corresponds to the 3-term feciprocaT formula.

It has been noted that the heat of formation of the neutral molecule can be

Fd

accurately predicted by a linear or additive relationship as shown by Benson and
coworkers.26 Also, in this study, it has been fdund that the ionization
potenti&] can be accurately represented using a relationship of the type:

- P = A + B/n ' (17)

This is shown in Figure 6.

Thus it is proposed that the following correspondence applies:

AHe(Ion) = aHe(NeUtral o+ Ionization Ener 17
£(lon) SHe (petitrg ) 220 gy (17)
\ \ P \
\ \ - \
\ \ -7 \ (19)
\ A 2 \ o,
v _ o\ \
\%g \ \
AHg{Ion) = A -8n + C/n (15)

That is, the constant over n term (reciprocal term) corresponds to the
ionization energy. The:-8n term corresponds to the 1inear prediction of the heat

~of formation of the neutral.
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Figure 6 Ionization Energies of the n-alkanols *

C2H50H

1

10 59 05 .07 .08 | .05 .08

1/n n is the total number of atoms

* Ionization energy data- from Table 8
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3.3 Anciliary Finding

As can be seen in Figure 5, the graphical analysis of heats of formauion by
equat1on_15m1é d1ff1cu1t, in that the x-axis is a composite scale, -Bn + C/n.
swmp]g,!ﬁ1str1but1on was sought to allow for graphical presentation. The finding
1s that a simple p1ot.of the heat of formation of an ion versus the Togarithm
(base 10) of the totai number of atoms yieids good linear plots up to about
carbon number 8. An illustration of the "log-plot" appears in Figure %, where
the accuracy achiéved Is well within the limits of experimental error, * 2

kcal/mole, for the size of the molecules presented here.
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Figure 7 Plot of the Heat of Formation of the n-alkane Molecular Ions
: Versus_the Log of the Total Number of Atoms f

Ionic Heat of
Formation kcal/mole

270

260
250

240 4
230

220
210

200

190

180

: — — -
75 .95 ' 1.15 1.35
log of the total number of atoms ‘

* data from Table 5 “
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3.4 Cdmparison of The 3-term Reciprocal Determination and The Log-Plot
Determination
As noted in ghé above_sectioﬁs, two schemes have been proposed to correTate
and predict the heats of formétion of ions. The 3-term reciprocal equation (15)

reproduces accurately the experimental data on all molecules found in the .

present data ,collection! The simpler log-plot method is useful for graphical

analysis and applies up to about carbon number 8. Figure 8 presents a compari§on
of the prediqtion capability of both gystémg for the n-alkanes ub to Ciz-
The log-plot system provides predictions within experimental error (& 2
kcal/mole) up to about carbon number 8 whereafter it produces values
progressively below the experimental value as the size of the ion increases.

Two values derived from quantum mechanical ca]cu;;tions (referred to as
theoretical calculations in Figure 8) have also been plotted. It is interesting

to note that these particular calculations do not fall within the
general]y—accepte& experimental error. .

The reason for the fall-off of the log-plot can be found in the behaviour
of the ionization energy. This can be illustrated by examining the ionization
energies of the l-alkynes, as shown in Table 4. Despite the data gap at C7s
one can see thet the ionization energy has essentially become stationary at
carbon number 3, whereas a formula of the type:

AHg(Ion) = A - _ B Logn (18) |
predicts that the heat of formation will continue changing as the logarithm of

n, the total number of atoms.
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Figure 8 . Comparison of Prediction Methods: the Log Plot and Reciprocal
Methods applied to the 1-alkynes

-

deviation from experimental value
' kcal/mole

normally-accepted
6 4 - ‘ experimental ervor

0 4-—=-

. \ : - . ) .
-6 L ®theoretica1 &{og plot pr§d1 ction
calculation \

84 (ref. 27) \C\

-104 LT N

124 ,‘ | \

carbon number

* data from Table 7
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TABLE 4 BEHAVIOUR OF THE IONIZATION ENERGIES OF THE 1-ALKYNES

MEMBER CARBON NQHBER . IP{ev)d DIFFERENCE BETWEEN
‘ .HOMOLOGS (ev)

1-Propyne 3 10.36

1-Butyne | 4 10.18 ' 0.18
1-Pentyne 5 10.05 - | 0.13
1-Hexyne B 9.95 0.10
l-Heptyne' ‘ 7 N ? -—-
1-Octyne | 8 9.95

l—Noﬁyne 9 . 8.93 0.02
1-Decyne 10 9.91 0.02
1-Undecyne 11 8.90 0.01
1-Dodecyne 12 9.90 - 0.00
1-Tridecyne 13 9.90 ’ 0.00 .
1-Tetradecyne 14 9.89 0.01

a2 Ionization energies from Table 7
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It is noted that the term, logn, Tust correspond to both .the heat }
formation of the néutral and the lonization energy. We have also seen in Table 1
that the difference between homologs m the neutral is _a constant difference.
We have also seen in Table 4 and Figufe B that the: ionization energy decreases
as a reciprocal,l/n, where n is the total number of atams. It is then cbvious

that the logarithm of n will be unable to predict both of these behaviocurs over

the full range of possible values of n.

3.5 PDefinition of Hemologous Series and Incfeasing Substitution Around

| A Charge—bearing Site )

In the above sections, it has been noted. that the. proposed equations are
applicable to homologous series of ions. For this studvy and the schemes proposed |
herein, a hamologous series of ions is one in which the adjacent members are
characterized by increasing methylene substitution to form an in;:reasingly-
longer chain. For example, the following seriles of alkanol ions; methanol,
ethanol, propancl, butanol, pentancl, etc., 1s a homologous series. The series;
benzene, toluene, xylene, tri-methyl benzene, etc., is ot a honblogous- series,
whereas the seriés; toluene, ethylbenzene, propylbenzene, butylbenzene, etc., is
2 homologous series.. The forrrller is considered to be an example of "increasing
substitution around a dnarge—bearing site" (benzer}e is the charge-bearing site
in‘the example given above). The former can also be predicted by the methods
described in this studv, however, because these series end rapidly (one can only
insert 3 méthylene groups arocund a charge-bearing carbon, eg. in CH3+)r

they were not considered as part of this study. Examples of the difference

between these two types of series is illustrated in Figure 9.
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Figure 9 ITlustration of the Difference between a "Homologous Series"
. and "Increasing Substitution Around a Charge-bearing Site" ;
Alkyl-substituted Benzene =

in(Ion) kcal/mole

©

-

Homologous Series
,(chain Tengthening)

Increasing Substitution

Around Charge-bearing Site
(Benzene is charge-bearing
site herF)

o8

1.2 1.3 1.4 1.5
log of the total number of atoms

—
]
—

* data is from Table 20
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s
- Another feason for making the above distinction between the two types of
series is illustrated by Figure 9. This is the effect that the slopes of the
hamwologous series are always less than for those which represent increasing
substitution around a charge-bearing site. It is proposed that this is due to .
the greater and increasing delocalization caused by placing substituents
directly around the chargé—béaring Site. This delocalization of the charge
results in lower heats of formation than ions in homologous series having the
same number of atams. | .‘ %
The definition of homologous series leads to the explanation of another .
phenomenon‘that is cbserved, the "first-member effect" as dubbed here. Again
with refegence to the aroﬁatic hydrocarbons in Figure 9, it is cbserved that
benzene does not form part of the homologous series with toluene, ethyl
benzene, etc. By the definition that a homologous series is one formed by
‘increasing methylene substitution to result in chain-lengthening, we see that
'benzene does ﬁot form part of the homologous series. This effect is further
~iilustrated in Figure 10. This figure also illustrates the difference between
homologous series and increasing substitution around a charge—bearing site. The'
need for and the utility of the log-plot method is illustrated by Figure 10 also
because such a cross-correlation could mot be readily discerned without such a

plot.

fiee
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- Figure 10 Illustration of the "First Member Effect", "Homologous Series",
and “Increasing Substitution Around a Charge-bearing Site"

1

AHf “kcal/mole

290 _
270 |
ions on this )
+ line are not
= members of the
250 - A homologous
e TP series
230 1
*~-=~..homologous series

210 (1-alkenes)
160+
170

increasing substit dﬁ
150 L on double bond by homologous

hydroxyl group =—— el series

~ (enols)
1304
1104

QH -+
OH
'-/-...__homo'ldgous
80 I ! ‘ ! 1 Lseriss
0.7 0.8 0.9 T:0 1.1 1.2(enols of
carboxylic
."109 of the total number of atoms acids)

* data from Table 15 and ref. 48
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3.6. Effect of Branching or Substituent Position

The series presented in the above examples illustrate only those homologdues

that were unbranched - that is those series that represent the straight-chain or

normal species of their series. In this study, "branched" ions or molecules are

defined as those that possess a methyl, ethyl, propyl, etc. “branch" or

side—chain from the main chain of the compound. The definition is analogous to

the IUPAC system of nomenclature.

The finding of this study as illustrated in Figure 11, is that branching

yields constant displacements from the line of the unbranched members.

Furthermore, the constant displacement is dependent upon two factors only; if

the branching is on the substituent-bearing carbon (the double-bond in the case

of the 1Fa1kenes) or elsewhere on the molecule. It can also be seen from Figure

11 that the correction is additive, ie..that two branches of the same type yield

twice the correction as one branch. The mathematical model for the heat of

formation of the ion can then be written as:

AHg(Ion)

where:

A - B + C/n - a) - bE (20)

A,8,C are again the empirically~determined constants.

n

D

is the tota] number of atoms
\ -

“is the empiricallgsdetermined constant for branching on

=

a substituent—ﬁearing carbon

is the number of branches on a substituent-bearing carbon
is the correction for branching elsewhere than on the
substiuent-bearing carbon

is the number of branches elsewhere on the molecule
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Figure 11  Effect of Branching on the Heat of Formation of the Iom *

—

kcal/mole

description of the Tines
(data is forthe 1-alkenes)
a normal or unbranched 1-alkenes

b those members with a methyl or other

branch remote from the double bond
€g. /Y M

¢ those members with a methyl 6r other
branch on the double bond-bearing carbon
eg.. ’ : .

d those members with a branch on the
doubie bond and one elsewhere

those members with a branch on the
double bond and two elsewhere

carbon number

* data from Table 6

-1.6Tn 110/n n.is the total number
of atoms :
5 10 -5 -2 . -25 30 -35. -40 -45 -50 -55 60
] i ] 1 L ! | i |
. G G G L G 0 Ci3
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The effect of substituent position {s analogous to that of branching - as

can be seen by Figure 12. The

effect of substituent position is again a constant

displacement from lines representing the heats of formation of fons with a

different substituent position.

.

3.7. The Effect of Geometric Isomerization

The effect of geometr1c isomerization -specifically that of c1s trans

1somer1zat10n was also examined. It was found that ¢is-trans isomerization is

again a constant displacement

correction. An example of this appears in Figure

13 as applied to the cis and trans 2-alkenes. This yields a generalized model

for the heat of formation of an ion:

AH¢ = A - Bn

+ C/n -aD -bE -F - - {21)

Where: A,B,C are again the empirically-determined constants for a

given series

n ‘is the

D s the

carbon

) a 1is the

E ié'the

b is the

Fis the

G is the

¢ is the

total number of atoms '

correction for branching on a substituent-bearing
~ .

number of branches on a substituent-bearing carbon

correction for branching elsewhere than above

number of branches elsewhere on the molecule

correction for substituent position

correction for geometric isomerism

number of geometric isomers present
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Figure 12 The Effect of Substituent Position on lonic Heats of Formation

kcél/moTe

-=--- l-alkenes

2-alkenes----

3-alkenes----

_I

7 G 10 G2 O3

carbon number

* data from Table § °

w*
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Figure 13 The Effect of Geometric Isomerism *

Al (Ion) kcal/mole ' -

210 — ’
[ [ v, N cis-2-alkenes
200 |
190 ——
180 r I {
! | |
Cq Cs Cs

carbon number

* data{ from Table 6
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CHAPTER 4

v

APPLICATIONS OF THE CORRELATION SCHEME TO |

SPECIFIC SERIES
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CHAPTER 4 APPLICATIONS OF THE CORRELATION SCHEME TO SPECIFIC SERIES

The-genera%ized result§ as presented above are applied to specific series
Of ions in this chapter. The data as found in the literature are summarized in
‘tables and graphs (using the log-plot technique in some cases for Sme11c1§yl,=\\\H‘
This will enable the constructlon of a general model for each series and the

generation of a specific equation using regression.

4.1 ODD-ELECTRON TONS

4.1.1 Alkanes ‘

The available data for the.heats of formation of ionized alkénes-are
presented in Table 5 and graphically in Figure 14. As can be seen from the
latter, unbranched speéies correlate well along one line and the only remaining
correction is for branching. The correction is mot specific here since ‘there is
no identifiable charge-bearing site.

The equation that applies is:

Mg = A - Bn + C/m  -a8 | (22)
Where: A,B,C are empirically-determined constants
n is the total number of atams

d  is the total number of branches

lﬂ

E is the empirically-determined correction for a branch
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TABLE 5

Experimental and Calculated Data for the Alkanes

s is Spectroscopy

DATA] FORMULA PARENT MOLECULE | PARENT STRUCTURE T AH{(NEUTRAL) | TONTZATION [ ARfCIONY |
NO. NAME l tkeal /mole) ENERGY  (eV) tkeal /mole)
: _ REF. | [METROD]REF » |[EXF.  |CALC.
] ‘ |
1 [CHs Methane -17.89 24 |12.615 |P1 |27 | 273 274
2 {CQHG E+hane ‘ -20.24 24 |11.52 PES |27 | 245 244
l ! l
3. fCsHg Propane ~ -28.43 24 [10.93 Pt |27 | 228 | 227
|
& |Catyo n-Butane o~ =30.36 24 110.55 1 |27 | 213 | 214
- a ! ! | l
5 I1so-Butane A -32.41 | 23 [10.57  Jp1 |27 § 211 ] 211 |
| l |
6 |CsHy2 n=Pentone A -35.10 24 [10.35  |P1 [27 | 204 | 204
7 Iso-Pentane A -36.85 24 |10.20 |PES |27 | 198 | 200
. : | | 1
8 neo-Pertane 4\ -40.27 24 [1¢0.21  |PES |27 | 195 | 197"
s I
9 |CgHis n-Hexzne | s ~39.92 24 J1oas [P (27 | 195 | 195
| ' - | [ -
10 | 2-methy | pentane PN =41.77 24 [10.12° |P1 27 [ 192 | 192
I P - | |
1] I-methy | pentane | ~N -41.13 24 [10.08 Pi [27] 191 ] 19
| ' l | I
12 | 2,2-dImethy | butane ~ -24.48 | 24 [10.06 |PI |27 | 187 | 188
13 2,3=dimethy| butane >_< -42.61 24 ,10.02 Pl |27 | 188 188
} . !
14 |CqHg n-Heptane PN -44.85 24 1 9.95 [Pt |27 | 186 | 186
g | [ |
15 |CgHyg 2,2,4—4rimethy | pentane ALK -56.80 24 | 9.86 et |27 1171 | 169
. ’ ’ [ |
l
|
| |
I R
I [ ‘
I |
: l [
I | |
|
|
P A |
METHODS: PES Is photoalectron
spectroscopy
Pl is phatolenizetion
. EM Is Electron monochromator
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Figure 14 Analysis of the Alkanes
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in Table 5



A regression was performéd as described in Chapter 2 above and the

following is the resulting equation:

JH¢(Alkane lon) = 219.5 - 2.06n + .324/n - 3.22 | (32)
Where: n is the tota% number of atoms in the fon under
consideration
a is the number of branches on the ion or molecule
It should be noted that the significan£ figures are chosen to yield a
total accuracy of JHg(lon) of %71 kcal/mole.

The correlation coefficient (Rz) achieved in this regression is 0.998.

4.1.2 Alkenes

The available data on alkenes are presented in Table 6 and graphically in
Figure 15. The large number of cotrelations which this series shows cannot be
shown on this graph so only the major lines are presented. The general eguation

chosen to represent the heats of formation of the alkenes is:

AHg(lon) =A-Bn+C/n-E-F-G-H-d -eK+fL+gM+hN (24)
Where: A,B,C are empirically-determined constants for this series
n 1is the total number of atoms \
£ is the correction for the 2-alkenes
F is the correction for the 3-alkenes

G- is the correction for the 4-alkenes
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 TABLE 6
EXPERIMENTAL AND CALCULATED DATA ON THE OLEFINS
DATA FORMULA PARENT MOLECULE T PARENT STRUCTURE | ART(REUTRAL) | TONTZATTON T ARTCIOND
NO. - NAME | (keal/mole) ENERGY  (eV) (keal/mole)
| | |REF |METROD|REF-1EXP.  |CALC.
| Linear 1=Clefins
1 |CsHg Propene 2 4.88 24 | 9.73  |P1 |27 | 228 | 229
: | . | [
2 |CaHg 1-Butene { o~ -0.20 24 | 9.625 |PES |4t | 222 | 221
l. !
3 |SsMho 1-Pentene } PN | -5.33 24 \ 9.524 |PES |41 | 214 | 214
4 |CgHy2 1-Hexane D ~0,95 | 24 | 9.478 |PES |41 | 2090 | 200
. . | | |
5 1CoHi4 1-Heptene PN -14.81 | 24 | 9.4¢2 IPES |41 | 203 | 20%
| l | l
- NW
6 [CsMis 1-Octene ) -19.43 24 ‘ 9.43 [P1 127 | 198 | 197
I NN
7 1S10H20 1-Decene -29.7 26 \ 9.48 |em la2 | 189 | 186
8 |Ci3H2s 1-Tr1 decene NN A -44.5 26 1 9.3 Jem laz [ 172 ! an
! f
Linear 2-Olefins | [ |
9 [CaMg ¢Ts-2-Butenc N -1.86 24 | 9,124 |PES [41 | 200 | 208
! ' | | P s
10 |Cso cis-2-Pentene A -7.00 24 | 9.0% |PEs |41 | 201 | 202
: ) | | ]
11 |CeH12 cis-2-Hexene | PN -11.7 | 26 | 8.969 IPES [41 | 195 | 196 |
! [ ! | | | | ! I
12 |Gy cis=2=Heptene | hmn | -16.64 | 26 | 8.84 |PES |43 | 187 | 190
| ) I l I ]
13 |Catg trans-2-Butene | Py -2.99 24 || 9.122 |Pes |41 | 207 | 207
! ! |
12 |CsHyg trans=2-Pentene A | -7.93 | 24 | 9.0% |PeS 141 | 200 | 200
! | ] ! ! [ l
15 [CgHi2 [ trans-2-hexene AN | =12.7 | 26 | 8.966 [PES [41 | 194 | 194
! } |
16 [CoHg | +rans-2-Heptene PN -17.64 26 | 8.84 |PES 43 ] 186 | 188
I , I ’ [
! Linear 3-Olefins | [ .
17 |Ce2 cis-3-Hexene A -11.5 26 }l 8.954 |PES 41 | 195 | 195 {
[
18 %2 trans=3-Hexene NN -12.5 26 \ 8.965 |PES Ja1 | 194 163
i i
19 107"'14 cis=3-Hep+ane | A -16.5 26 ]| 8.77 Ipes 143 | 186 | 189
I l
20 lC'IHM | +rans-3-Heptene | AN I =17.5 126 | 8.92 l[EM [42 | 188 | 187 I‘
' | | | | |
METHODS: PES is photoalectron
spectroscopy
Pl is photoionlzation -
£M s Electron monochromator
S ts Spectroscopy

]
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) TABLE 6 contlnued
EXPERIMENTAL AND CALCULATED_ DATA-ON THE OLEFINS

[OATA]

FORMULA

PARENT STRUCTURE |

AH£CION)

—

T PARENT MOLEGULE T AH{(NEUTRALI| 1ONTZATTON 7 |
NO. I NamE | tkeat/motle) ' ENERGY  {eV) (keal /mole)
| I A |REF. [METHOD|REF « | EXP. | GALC.
Linear I-Qletins ctd. 1 [ . |
21 |CgHyg c1s=3=Octene AN =21.4 26 | 5.849 |Pes &1 | 183 184
| I ' l 1 I
| Linear 4~ ond 5-Olefins [ |
22 |Cgtre . cls=2-Octene ~—— A~ [ =21.4 26.] 8.841 IPES [41 | 183 |T183
= !
23 |Cghe | t+rans=4=Octene P~ -22.4 26 | 8.830 |PES |41 [ 181 181
: . ] | -
2a |CyoH20 cls-5-Decene NN -31.3 | 26 | 8.766 |[PES |41 [ .71 7
| I I I |
25 |C10t0 trans=-5-Decene | S -32.3 26 | 8.760 |PES |41 | 170 | 170
! | |
. Sranched 1-Olefins | | |
26 |CsHg {sc-Butens Py -4.26 24 | 9.239 |egs |41 | 209 | 209 |
I | | | I
27 [CsMyg 2-me+hy 1 -1-butene Ao 8.55 _ | 24 | 9.148 -|pes {41 | 202 | 203 |
I I I - | ] I [
| 28 | | 3~methy |=1=butene’ I N -6.61 2¢ | 9,533 (PEs lav | 213 | 212
I I ’ | |
29 [CgHi2 2-methy |-t =pentene PN -13.3 26 | 9.076 |PEs |41 | 196 | 197
| .- I | ‘
30 | I~methy |-1-pentene At -11.7 26 | 5.44  |em |42 t 206 | 206
| I - - ] o |
| 31 ] | 4-methy|-1-pentene ]~ PN -12.0 26 | 9.452 |PEs fa1 [ 206 ! 206
| | [ I
32 | 2,3-dimethy I -1-butene ;‘Y -14.7 26 | 9.072 |PES |41 | 194 | 194
| N | . | I
33 ] | 3,3-dimethyi-1-butena | 4—11, =137 26 | 9.450 [PES |41 |-20= 204
| | | : | |1 I
] 34 | - | 2-athy I-1-butene ,C o131 26 | 9.061 |PES [41 | 196 197 |
I ! - ‘ | . [ I
35 164H) 4 | 2-methy I=1=hexene I Ao -18.2 | 26 } 9.039 |pEs |41 I 190 | 191
I I
36 | 2,4-dimethy I -1 -pentene AL -20.3 26 | 9.025 |pes |41 | 188 | 189
NE ‘ | |
37 | 2,3, 5=*rimethy [=1- /,H/ ~20.9 26 | 9.016 pES |41 | 187 186
| v | butene ] ] | | ]
38 |CgMe . | z,4,4rtrimethyl-1- - | ¢5\«+\ [ -26.5 | 26 | 8.909 |PES la1 [ 179- | 181 |
| pentene | | | | [
19 |Ciptag 2et=buty -3, 3-+r.me+hy1l :i;, | -%8.5 26 | 8.795 [PES |41 | 164 165
} =1=-butene } - . } :
P I | | ! | I || | |
METHCOS: PES  is photoelectron
spectroscopy
. Pl s photoionization
‘ EM Is £le¢tron monochromator
S Is Spectroscopy
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TABLE 6 continued

EXPERIMENTAL AND CALCULATED DATA FOR THE CQLEFINS

<

TCATA] FORMULA PARENT MOLECULE PARENT STRUCTURE AH¢(NEUTRALY] TONTZATION [ AHzCIONT |
NO. | NAME keal/mole) | ENERGY eV} (keal /mole) |
! [ I REF .} [METHOOTREF . JEXP.  JCALC.
7 | Branched 2=Olefins ] | ] [ ] !
40 | CgMyp 2=methy =2-Gutene A -10.3 26 | 8.682 [PEs [41 [ 190 | 190
. : ]
41 Cetya 2-mathy | ~2-pertene I &/\ =15.07 26 | 8.58 EM |44 | 183 184 |
‘ ) 1R | I
42 cis=3-mothy I -2-pentene N -14.07 26 | 8,58 [EM J4a ) 182 184
43 cis—2=methy |=2=pentene /—\( ' -13.54 26 | 8.976 IPES |41 193 193
44 { | 4-methy 1-2-pentene AN ~14.54 26 | 8.972 [PEs [41 ] 192 l 102
45 2,3=dImethy |=2-butens | /I\j/ ~16.64, | 26 | 8.271 llpss lu 174 | 173
46 1. CoMyg 2-methy [~2=hexene } Ao -20.0 26 | 8.62 |eM |42 | 175 | 178 |
: I
47 | - cls-S-methy|~2-hexene | /'\/k | -18.72 26 | 8.917 |rEs |41 [ 187 | 187 |
[ A I I ool | I
4g | [ 4-methy -2-hexene A [ =19.40 26 | 8.912 [Pes |41 | 186 ] 186 |
I | | !
49 ] S-methy [ -2-hexene N -19.72 26 | 8.919 Ires l41 | 186 | 186 |
f'F ' I
50 | 2,3=dimethy | =2-pentene ’J\j/\ -21.4 26 | 8.213 |pEs |41 168 167 |
|, ] . | : I I ]
51 | | cis=2,4~dimethy | -2-pentene /ﬂ( 1 o-17.46 26 | 8.522 |PES |41 | 188 | 187 |
I ‘ I [ 7. I I
52 | 4,4=dimethy | =2=pentene AL ~21.46 26 | 8.908 [PES [a1 ] 184 ] 185
|- ~
5% Catyg 2,3-dimethy 1=-2-haxene /&[/v . l -26.35 26 | 8.186 [rPEs |41 ‘ 162 162
54 | 2,3,4-trimethy I =2-pentene )\\)\ ' -28.2 26 | 8.165 [PES |43 | 160 | 160
| N
S5 2-methy 1 =3=athy | =2-pentens P =%6.12 26 | 8.170 |PES |41 ‘ 162 162
56 | CgHyg 2,3-dimethy 1-2-heptene =\ -31.2 26 | 8.145 lPES a1 I 157 1157
57 CioHa2g 2,3=dimethy | -2-octene | . /g’/\/\/ -3.3 26 | 8.132 [PES J41 | 151 151 I
! |
| 58 | | 2~methy [~3-ethy I-2-heptene )TV\ =%6.1 [ 26 ! 8.101 IPES [41 | 151 | 151 |
I I . I I |1 [ !
59 2,3,5,5-tetramethy -2-hexene M —41.1 26 I 8.097 |PES [|41 { 136 | 146 |I
] I ' | I [ I
I I | I f f [ I I
ME;I'HCDSE PES Is photoelectron
spectroscopy
Pl Is photolonlzation
EM Is Electron monochromator
- s Is Spectroscopy
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TABLE 6 contTnued

Proin

[N

EXPER IMENTAL AND CALCULATED DATA FCR THE CLEFINS

et e e

[OATA] FORMULA | PARENT MOLEGULE I PARENT SIRUCIURE | BAHT(NEUTRALY] TONTZATION I ARFCIONY |
NO. | NaME | ‘ {keal/mole) m_[ ENERGY  (eV) (kcal/male)
] | |REF. [METROD|REF « |EXP.  |CALGC.
‘ o Branched 3=Qlefins —i { | }
60 816 T=athy |- 3-hexene ~24.59 26 | 8.480 [Pes [41 | 171 [ 172
| | 295 BB
| &1 | | eTs=3,4=dImethyl-3= />,.<\ -26.16 26 | 8.172 |PES Jat | 162 | 161
| hexene | . ! | . |
62 [l 3,4-dImethy 1=-3-hexane | % -26.16 26 || 8.156 |PES |41 I1 162 \ 161
63 | cis=2,5~dimethy =3~ /|\=/l\ -2%5.16 26 \ 8.845 |PES |41 \ 179 1178
1 hexene
} 64 l| | 2,5-dImethy 1=3-hexene "\4\( -26.1 26 || §.8% |PES |41 l] 178 | 177 I
: |
65 |1 Cathg 1 3,4-dIimethy | -3-heptens W =3t.1 26 | 8.077 |PES |41 |I 155 155
] .
66 | T-methy | ~4=athy | =3= Ar,l:/\ -30.92 26 | 8.128 |PES [41.] 157 156
| hexene T | | |
67 | Cr1oH20 clis-2,2,5,5-tetramethy | 5\} =293 26 | 8.695 |PES [417] T 170
\ | =3=hexene ! | - [ . ]
68 | 2,2,5,5-tetramethy | =3~ )l%\}/ | -%.3 26 | 8.741 |Pes l&1 [ 162 | 161 |
‘ l hexene ' l |
69 Ci1H22 { 3,4=diethy [ =3=heptene | AfE’\ -240.5 26 |l 8.041 ipPes |41 | 145 -] 145
E : v l
70 | Ci2fas | 2,2,4,6,6=pentamethyl= | I A K -50.4 26 | 8.346 |pes a1 | 142 | 143
l | 3=heptene ' | ’ ! |
71 | Ci3ts | S=+=buty1-2,5,5=+rimethy 1= A -55.8 26 | 8.307 |pes la1 | 136 {136
! | s-hexene ﬂ ] | | l
72 | CraMes | 3=+-buty1-2,2,5,5- , )\_ =56,.8 26 | 8.160 |PEs |41 | 132 | 133
| | tetramethyl-3=-hexene | ’
| s A %
I
I
‘ .
I
|.
l l l
| |
| l
|
|
! l | I | { | |
METH(DS: PES is photoelectron

spectroscopy

ls photolonization,

is Electron mnochromater
is Spectroscopy
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H is the correctioﬁ for the é—élkenes
d is the number of branches on doub1;-bond-bearing carbon
J- is the correctioq_for branching on a substituent-bearing
carbon ‘ . .
. é' i§g$he nuhber of branches not on a substituent~-bearing
ca?Bon ) |
~ K 1is the co}rgction for branching'elséwhere )
f is the number-of cis corrgctions
L is the correction term for cis isomers
g is;ihe number of cis methyl to t-butyl isomers .
M is.fhe correction féh cis‘meﬁhy1;t4buty1
. ,H is the nuhber of cis t-butyl to t-butyl isomers

N 1s the correction for cis t-butyl-t-buty]

~
The correlation was performed rgsulting in the following relationship:
AHf(ION) = 232.2 ~1.64n +107/n -14.5pos2 -15.3pos3 -16;25054 -17.0pos5
. -11.92 -2.4b +1.5¢ +4.0d +8.7e o o (25)

- Where: n Js _the total number of atoms
~N

, PosZ to pos5 are the‘éérreé{ions for thé‘Z— to 5-a]ke&es
a {s.the.numbér of branchéé on'the double bond
b is the number of branches é]sewhere
¢ is the number of cjs‘isomeré |

-d s the numbe;.of'methyT-t;bufyI cis isomers s

fe 3% the number of t-butyl-t-butyl cis isomers
. -

‘The correlation coefficieht (R2) for this regression is 0.998.

o
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carbon number * data fronnTaﬁle 6

- Figure 15 Analysis of the Alkeres *
AH.(Ion)
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190 L
180 +
170 4
160 T
double branch on substituent o
3-alkenes------____% .
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.5 410 15720 -25° -30  -35 -40  -45 -850 -55
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“Z.1.3 Alkynes
The available data for the a]kyﬁeé are pﬁésenfed in Table 7 and graphically
in Figure 16. The.correlation of this series is more simple than the previous
one in that only a few branched compounds have Been measured and the remaining
corrections 'are for substituent position. Tﬁe model chosen to néﬁresenf this
series and the regression coefficients obtainéd are: ’ '
AH£(ION) . 277.6 -1.57n +1l16n -18.0p092"-19.§p053 . =21.1pos4 .
-21.7pos5 --4.la B _ (26)
Where: = n is the total numbetr of atohs
pos2 to posS are the correction terms- for substithent position

a2 s the total number of branches ' -

The correlation coefficient (RZ) for'this model tis.0.998.

N

3
- ) -

4.1.4 Alkanols
_ The available data for the alkanols are presented in Table 8 and
’ gfabhica11y in Eigure‘l?. }he data set is straight-forward in that there are
corrections for branching and corrections f?r substituénf position. Two of the
corrections derived will be based on one data point, that for branching on the
hydroxyi-bearing carbon and that for the 4-alkanols. The model chosen and
subsequently derived by regression is:
AHe(ION) = 176.3 -1.64n +214/n -6.9pos2 -8.7pos3 -9.0posd
| -3.8a -2.5b | (27)
Where: n is the total number of atoms
pos2 to bos4 are the corrections for substituent position
a is the number of branches on hydroxyl-bearing carbon
b is the number of branches elsewhere

The correlation coefficent (RZ) achieved 15.0}997
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.

TABLE 7

EXPERIMENTAL AND CALCULATED DATA ON THE ALKYNES

DATA] FORMULA PARENT MOLECULE PARENT STRUCTURE AHf (\EUTRALI| IONTZATION [~ ARfCIONY !
NO. | T NAME kcal/mole) | ENERGY (o) | tkeal /mote) |
l ) REF.| |METHOD[REF . TEXP._[CALC. |
[ T=ATkynes 7 T I ] |
: | | |
1 .| CsHg Propyne "=- 44.4 26 | 10.36 |pt |27 | 283 283
| [ EM J27 . |
2 | CaMg 1-Butyne N 36,7 26 | 10,18 [P1 |27 | 274 | 27a |
[ ' . | | EM |27
3 | Cohg 1-Pentyne e 34,72 | 26 [ 10.05 |eM (42 | 266 | 266
f f |
4 | methy I-1-butyne 4\( 32.6 26 | 9.97  |eM a2 | 2673 | 262>
! . ) | [ T
5 | CgHig 1=-Hexy ne L N 29.77 26 19.95 em |as | 259 | 260
I | - l l l l
& | 3=methy |~1=pentyne ’j/\ 27.7 .| 26 | 9.79 EM |25 | 253 255
l : ‘
7 l’ d=methy |=1-pentyne | PN 27.7 26| 9.85 [EM |45 | 254 | 255
8 | 3, 3~dImethy =1=pertyne 2N 25.7 26 [ 980 |eM a5 [ 252 | 252
[ ! |
! 9 ] CBng ]—ch-yne W/ 19.87 26 9.6% Pl 456 249 248 I
- J
10 [ CgMig T-Nonyne et A 14.92 26 | .93  |pr [46 [ 244 243
l J |
11 | $roMs 1-Decyne NN 9.97 261991 p1 [46 | 230 | 238
| . ) ' ' l [ [ -] I
12 | Cyqbye 1-Undecyne BN A A 5.02 1 26| 9.80 [P1 jas | 233 | 233 |
| |
13 | CigMp2 1-Dodecy ne e VP 0.07 26 | 9190 [P a6 | 228 | 228
l : . ’
14 | CysHag 1=Tr decyne FENANANAAA ~4.88 26 [ 9.90 |p1 a6 | 223 | 293
[ . |
15 |~ Crahas 1-Tetradecyne FENANA A -9.83% 261 9.8 [Pi |as | 218 | 218
- . [
| 2-Alkynes | ]l
! ‘ ! C ]
16 | CaHg 2-Butyne R 34.9 26 | 9.56  [em |27 | 255 || 255
17 | CsHg 2-Pentyne AN 30.2 26 | 9.65 [em 127 | 268 ! 24
18 _ 9.439 [PES [47 | | o
19 [ CgHyp 2-Hexy ne AR 25.3 | 26 [ 9.37  Jem |45 | 261 | 242 ]
20 . I [ 9.366 |pes |47 I
21 4=mathy | -Z-pentyne AN 23.1 | 26 | 9.31 EM |45 | 238 | 238
22 [ 9.346 |PES |47 |
! l l
. METHOS: PES . Is photoslectron
spectroscopy
Pl is phetolenization
EM s Electron monochromator
S is Specfroscopy
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TRBLE 7 contlnued

EXPERIMENTAL AND CALCULATED DATA ON THE ALKYNES

DATA

-
PARENT MOLECULE 7

At (NEUTRAL) |

TONTZATTON I

FORMULA | T~ PARENT STRUCTURE AFECIOND |
NO. [ NAME theal/mole) ENERGY  (aV) {kcal/mole)
| - : | |REF. |METHOD|REF « | EXP- = |CALC.
2=-Alkynes contlnued
23 | Cothy2 '] 2-Heptyne 5 20.4 | 26 | .326 |PES [47 | 235 | 236
» - I I . .
24 | CgHys 2-Octyne AN 15.36 26 | 9.51 [Pt |46 | 230 | 230
25, : | 9.302 |PEs |47 ! |
] .
26 | Cahg 2-Nony ne P N 10.41 26 | 9.32  [P1 a6 | 230 | 230
27 9.286 |PES |47 ]
28 | Cioths 2-Decyne A A 5.46 26 | 930 |P1 |46 L 220 | 220
29 | b | 2-Undecyne AAAA A 0.51 26 | 9.28 |P1 |46 | 215 | 215
30 €y2H22 2-Dodecyne A A -4.44 26-] 9.29 Pl |46 | 210 210
31| Crsfas 2-Tri decyne \ AR A A -9.39 26 | 9.28 'lP1 146 | 205 | 205
. ! ]
32 | Crahag 2-Tetradecyne AR A A A A -14.34 26 | .26 [P Jas | 199 | 200
| l | I
I-Alkyhes }
. : I
33 | CeHio 3-Hexyne NG 25.5 26 | 9.3¢  |em |45 | 240 | 240
34 | 9.325 |PES 147 |
I | |
35 | CoMyz I-Heoty ne - e~ 20.6 _ 26 | 9.260 fP1 |46 | 234 | 234
! : ' ! | !
36 | CaMis 3-0ctyne AN 15%6 26 | 9.222 [Pt a6 | 228 | 228
[ ] | .
37 | Cofie 3~Nonyne | A~ 10.71 26 | 9.202 |P1 |46 | 223 | 223
l l l
38 | Ciots 3-Decyne NGNS 5.76 26 1 9.19 Pl 46| 218 | 218
‘ |
39 | CyiHo I-Undecyne | AN 0.81 26 b 9.7 P a6 | 212 | 233 > :
50 | Cr2y 3-Dodecyne A | -ta1a 26 | 917 IP1 (46 | 207 | 208~
] N
41 |- CrsHas 3-Tridecyne . | AE~A~sSASASA -5.09 26| 9.14  |P1 a6 [ 202 | 203
] , 7 1
42 | Cyakae 3-Tetradecyne A NASNAA A | =14.04 26 |9.17  |P1 |46 | 157 | 198 |
| .
| . |
l | b
METHORSL PES s photoelectron
R spectroscopy
Pl Is photolonization
EM Is Electron monochromator
S e ls Spectroscopy

.
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TASLE 7 continued
EXPER|IMENTAL "AND CALCULATED DATA ON THE ALKYNES

DATA FORMULA PARENT MOLECULE PARENT STRUCTURE AHT(NEUTRAL}] 1ONTZATION [ AH(ION) |
NO. , NAME . (kcal/mole) ENERGY - {eV) {keal/mole) |
| | | REF « | [METHODIREF . EXP. |CALC.
K [ 4=Alkynes
a3 | CgHyg 4-Octyne : AR 15.66 26 1 6.20 |1 |46 | 228 | 227,
a4 . 9.196 |PES |47
|
45 \ Cotig 4=Nonyne : RSN 16.7 26 | 9.17 [Pt |46 | 222 | 222
|
46 | CioMis 4-Decyne | AN 5,76 26 | 9.7 Pt |48 | 217 | 217
) : L .
47 \ Cy1Hap 4=Undecyne AAAL A 0.81 26| sas |P1 |as | 211 | 212
| .
ag | Cr2Ma2 4-Dodecyne AR A A -4.18 26 ] 914 [P1 l46 |207 | 207
I ‘ .
49 CisHaa 4=Tr1 decyne P N -3,09 } 26 l 9.07 Pl |46 | 200 202
50 l Cr4Has a-Tetradecyne AR A | -18,04 26 ‘ 9.11  |P1 |46 | 196 ] 191
P 5=Alkynes
| 5 . .
51 Ciotha 5-Decyne SINNE NN J s5.76 - 26 | 9.14 Pl l46 | 216 216
52 9.125 |pES |47
53 1 CiiMao 5-Undecyne - 1 A~ 0.81 26 | 911 [Pt las | 211 | 213
o . ! [ I I
54 | Cy2ta2 S=Dodecy ne | o~ A A -4.14 26 19.09 |Pp1 |46 | 206 | 206
I ‘ ! - |1 | [
55 | Cy3Has 5-Tridecyne s~ -9.09 | 26 | 9.090 [Pt lés | 201 | 200 |
! . ' l
56 | Craf2s | 5-Tetradecyne A~ | -14.06 T 26 | 90 [P1 [46 | 196 | 196
’ |
| . ! I |
I I | Pl
I I
!
| | |
| : . | I
‘ METHCOS: PES  is photeelectron
spectroscopy
Pl is photoionlzation
- EM is Electron monochromator

S 1s Spectroscopy
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Figure 16 Analysis of the Alkynes ' &
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Figure 17  Analysis of the:Alkanols
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TABLE 8
EXPERIMENTAL AND CALCULATED DATA ON THE ALKANOLS .
DATA| FORMULA | PARENT MOLEGULE I PARENT SIRUGTURE | . AH f(NEUTRAL)| TONIZATION [ AR (TON) |
NO. | | NamE ‘ | | keal/mole) I ENERGY ' (eV) (keal /mole)
| | [REF. [METHOOREF . |[EXP. |CALC.
1 CHz0 Mathono! —on -48.07 24] 10.84 —|PES 27 | 202 | 202
PI (27
2 | CaHgl Ethanol ~OH -56.24 24 |l 10.47 |PES |27 | 185 | 185
. PI (27
3 | Cshgo Propanal M -51.24 26 | 10.22 |pes |27 | 174 174
! | Pr |27 |
4 | Cahyoo Butanol ANH 6.4 26 ‘ 10.07 |Pes [27 | 166 | 166
) . PI |27 N
5 | CgHy20 Pentanol A~OH T =71.3 26 I 10.00 |res |43 | 159 | 159
6 | CgMaO Hexanol PP T 76.26 26 | 9.89 |PES |43 | 152 [ 152
| | |
7 | Cyte0 | Heptano! AN -81.21 26 ‘ 9.84 |PES |43 | 146 | 146
. |
g | CsHgO I sopropanc! " -£5.15 26 | 9.88 |PES |27 | 169 | 168
>° PI |27
o | CqHyol sec~Butanol N -69.88 26 ‘ 9.88 |em |42 | 158 | 159
10 | 1so-Butanc| OnoH 8.5 _ 26 [ 10.09 IPES (27 [ 165 | 164
1| : | 10.12  |em |42 | '
[ I ‘ . | R
12 | | tert-Butanal o -74.72 26 | 9.9% |pes [27 | 155 | 158
I I
13 | CsHy20 2-methy 1 =butanol o | 734 24 | 9.86  |em |42 | 154 | 156
I : - I !
14 ] tert=-Pentano! N ~75.21 26 | 9.78  |em Je2 | 151 150
15 { OH I 9.73  |PES |43 Il S
H - I
16 } sec—Pentanol A-i -75.18 26 ‘ 9.78  |PES |43 ll 150 | 152
17 | CgHia® Hexan-2-o1 . HNI/H -79.89 26 l| 9-80  |PeEs |43 ‘ 146 | 145
) ]
18 | | Hexan-3=31 ‘ /\j\/ oH -79.89 26 ! 9.63 |PES [43 | 145 | 143
19 | C7Hy60 Hep+an=2-ol [ —84.84 . | 26 [ 9.70 |pes |43 | 139 | 139
- | I .
20 | Heptan-3-ol /\r -84.84 26 | 9.68 |PES (43 ‘ 138 | 138
: : H : I
21 Hep+an-4-o! /\j\,\ -84.84 P26 | 9.61  |PES [43 | 137 | 1%y
I I I ! |
I I I !
| - | | . I
I | | | I | Y |
. METHODS: PES  Is photoelectron
spectroscopy
Pl Is photolonlzation
M is Electron monochromator
. S Is Spectroscopy

—




-67-

4.1.5 Ethers
The available data for the ethers are presented'in Table 9 and graphically
in Figure 18. Only two correction§ are needed; one for branching on a
substituent-bearing carbon and a ocorrection for substituent position. The latter
can be treated as a correction for asymetry which is equivalent to substituent
| bosition, but results in a simpler model. The model choséh and the valueé
subsequently obtained by regression are:
He(ION) = 148.3 -1.18n +443/n -4.3a +2.4b o . (28)
Where: . n 1s the total number of atbmé -
’ a 1is the number of branches cn a substituent-bearing carbon
b is the number of carbon atams that would have to be
rearranged for the molecule to be In its most symmetrical
state

The correlation coefficient (RZ) for this model-is 0.996;

e e . P P WS BT T [ - . B T

AN

4.1.6 Aldehydes
The available data for the aldehydes are presented in Table 10 and
graphically in Figure 19. Since the aldehydes have é fixed substituent position
| only corrections for branching are required. The model chosen and the-vaiues
subseguently derived by regression are:
He(ION) = 187.3 -1.63n +140/n ~5.0a -3.0b (29)
Where: n is the total nurber of atoms
a is the number of branches on the carbonyl-bearing carboen
b 1is the ﬁumber of branches elsewhere in the noledule

The correlation coefficient (R2) for this model is 0.996
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TABLE 9
‘ EXPERIMENTAL AND CALCULATED DATA ON THE ETHERS
DATAT FORMULA™ [  PARENT MOLEGULE T PARENT STRUCTURE ] AH¢(NEUTRALY] IONTZATION [ AHeIONY |
NO. | | NAME ! ] keal/mole) | ENSRGY  (oV) | (keal/mole)
- | | I |REF- [METHOD|REF . JEXP.  |CALC-
1| “2HgV | Oimethy | Ether | PN =43.2 126 T 9.95 s J27 [ 186 [ 187 |
| ' : PES |27 | |
2] CsHg® Methy! Ethy! Ether O -51.7 26 19.72 lem a2 172 1172
|l |- ' I [ | -
30| CqHye0 ! Diethy! Ether Ao~ -60.2 26 | 9.52  |PES [27 | 156 | 159
8 ! | P1 (27 ] |
4 Iscpropy | Methy! Ether | A ! =60.0 26 | 9.42  |em [42 1 157 ] 158
I | [ [ |
5 Il CgHy 20 Ethy| Preey! Ether Ao~ —£5.2 26 | 9.45 EM ]2 | 153 | 152 |
] .
6 I] Buty! Methy! Ether - ~51.7 26 [ 9.5¢  [em |42 | 158 157
. ) [ [
7 I CgHy 40 Di-n-propy| Ether P L [ =70.1 26 | S9.30 IPES |27 | 144 144
| P )27
8 | Di=isopropy! Ether Yo | -76.8 26 1 9.20 [p1. |27 | 138 136
s Butyl Ethy| Ether PPN -70.2 26 | 9.3 Jem (42 | 146 | 146
- | |
10 | Ethyl sec-butyl Ether | A~ =74.5 26 | 932 [em |42 | 140 | 142
| ' | !
11 |, CgHig® | Di-secbuty! E+h -85.7 26 | 911 |eM Jaz | 124 124
| 8718 ecbuty er 2 2
i 8N | N |
i2 Il Di=tert-buty| Ether ,}.o_(\ 7.2 26 | 8.81 EM 50 [ 116 [ 116
| | - . ]
; | | .
| [
II I I [ !
| ! I [ .
| I I [
| |
. [ I !
! | |
- I
. ) . I \
. | I
| ! [0 I
I I [ ]
METHCDS: PES s photoelectron
- spectroscopy
Pl is photolonization
EM Is E)ectron monochromator

5 Is Spectroscopy
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Figure 18 Analysis of the Ethers
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TASLE 10
EXPERIMENTAL AND CALCULATED DATA ON THE ALDEMYDES :
DATA FORMULA ™ PARENT MOLECULE | PARENT STRUCTURE AH ANEUTRAL) [ [ONTZATION I AHLTONY {
NO. NAME ™ . ! tkeal/mote) ENERGY  (eV)  |(kcal/mole)
| - REF. | [METHOD|REF . [EXP. | CALC.
1 | V204F Acetaldshyde ~p -39.68 24 | 10.23 s 27 | 196 196
I - |
2 | CsHgl Proplonal dehyde AR, -45.45 I 24 | 9.95 |PEs |51 | tea | 185
. 52 =
3 | CaHg0 Butanal PN -43.94 24 ll 9.83 IlPes |52 | 178|177
53
4 Isobutanal Y% ~52.25 24 | 9,70  |PES Is2 | 17 172
5 CsH g0 Pentanal AT ~54.58 241 9,74 |PES [52 1 170 | 170
6 9.72  |EM |42
7 2-methy! Butsnal ~Yv - P -56.5 26 | 9.59 |PES (52 { 165 | 165
8 Jemethy | Butanal A -56.7 26 | 9.69 |rEs |52 } 167 | 167
9 | . ] {*9.72 IEM lazl! |
I I . ‘ _ | ! |
10 | 2,2~dimethy| Propanal 4\" -58.3 26 |I 9.50 [PES Is2 ll 161 | 160 |
] ~ |
11 ] CgHy20 Hexanal A~ -59.53 26 | 9.72 |PeS [52 | 163 | 164
12 | N - | 9.62% |PES |43 |
| N | e ]
13 | S-methy! Pentansl [ N 1. -61.6 | 26 1 9.68 |em [42 ] 162 | 161 |
l - ' | I l
14 | - 2=ethy! Butanal "(‘o -61.5 26 | ¢.54 |EmM J42 | 159 159
’ l o ] ‘
15 | - | 3,3~dimethy! Butanal g -64.29 26 | 9.61 |pes !s2 | 157 | 158
! - }'\ ’
16 | CaHy1a0 Heptanal ! NN -64.7 26 | 9.65 |PES |52 1™1s8 | 158
[ [ [ | l
17 | 2=-ethy [, 3-mathy | Butanal . J\(% ~68.5 26 1 9.44 EM a2 ! 149 150 |
{ .
L | |
l |
- I [
| [ I l | | ] |
METHODS: PES Is photoelectron
spectroscopy
P1 Is photolonization
M Is Electron monochromator
S Is Spectroscopy
r ) R %_
. . .
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Figure 19 Analysis of the Aldehydes
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4.1,7 Ketones
" The ava11a51e_data for the ketones. are presented in Table 11 énd
graphically in Figure 20. As evidenced in-the Figure only three correctjons'are .
_ecessary; branthing on a substituent-bearing carbon, branching e]sgﬁhere, and a
corﬁectioﬁ for substiiuent position. The quel chosen énd the values
subsequently obtained by regression are:

.

~ AHg(ION}Y = 165.9 -1.73n +238[n -3.8a -2.2b -l.5¢ (30)

L

Where: . n is the t5t§1 number of atoms

a is the number of b}anches_on a carbony1-beariné ¢carbon

b is tﬁe'qumber of branches elswhere |

c is the ﬁpmﬁer of carbon. atoms that would be r;arranged_tg
produce the most symmet}icaI ketone |

The correlation coefficient (RZ) for this model is 0.989.

-
r

»

.4:1.8 Carboxylic Acids . .
The‘availabie data for the carboxylic acids are presented in Table 12‘and'
- Figure 21. Al daté points 1ie along the straight_T}ne except for one braqched

mémber. The model chosen and coefficients obtgjned are:”

AHf(ION) = 124.4 -1.40n f237/ﬁ<\ -a. ) (31)
whére: ;n is the total number of atoms in the molecule

L4

a 1is the branching correction-which in the case of this model
was not gvailable due io eréor suppressionin the SPSS

§ t\ computer package used ) , N

.'The correlation coéffiﬁient obtained -for this model is 0.963.
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TASLE 11~

.EXE’ERIMENTEE\-N\D CALCULATED DATA ON THE KETONES

[DATAY

PARENT STRUCTURE |

FORMULA PARENT MOLECULE T AHf(NEUTRAL) | TONIZATION T _
NO. ' NAME . | tkeal/mola) ENERGY  (eV) (keal /molal
. . REF . [METHOD |REF - |EXP. | CALC.
1| C3Me® Acetone iR L o519 l2e (905 |s sa 172 [ 172
- ) " =] . .
2 | CahHgO Methyt Ehyl Ketone A -57.02 |26 [ 9.52  |pes [52 | 163 | te2
. e | . |- :
3| CsMol Diethy | Ketone . NA- ~61.7 26 [ 9.30 |Pes (52§ 153 | 153
- b - . - EM 42 ' T
4 - Methy| n-Propy! Ketone j:(v -61.7 |26 | 938 IPes [s2 [ 155 | 155
5 - Methy| Isc-Propy! Ketone 1’4 -63.6 26 | 9.29  IPes |52 | 151 [ 151
R & . : i toa ’ ko
6 | Cghi20 Ethy! n-Propy| Ketone ’}N -£6.6 26 | 912 [PEs {43 | 146 | 146 |.
7 . : : . ) | 30 IEM |42 | ]
. . . i ]
8 Methy | n-suwt\qtoge j\/v : ~66.6 26 | 9.33. |PES {52 | 147 | 1247
9 .. . -] 5.24  |EM a2
10 Efhy T isoépropyl Ketone /*g*j\ . =68.6 26 [ 9.09 |Pes !s2 | 141 7| 142
‘ ' | .
11 Methy | Iso-Buty! Ketane fk ( - ~68.6 \\3\6 | 9.29 |Pes |52 | 146 | 145
: . | |
12 | Methy ! sec—Buty! Ketone| - j\r\ ~68.5 26 | 9.20 |pes |52 | 142 | 143 |
13 o : ‘ 9.22 |em 4
14 | Methy| tert-Buty| Ketone j\{_ -70.2 26 ] 9.1t |pes |s2 | 140 | ta0 | -
| ’ I | | b
15 | C7M40 Di-n-propy.| Ketone : Aj\/\ -71.6 26 | 9.10 [Pes |52 113 [ | -
16 | A . . : .02 PES {43 | I
l : . . :
17 | Ethy! nButy! Ketone . : ! -71.6 26 | 9.04 |PES |52 | 139 139
18| AQAA ' 9.26 |em |42} - -
l . o ' . -
19 | Methy! n-Penty! Ketona A -71.5 26 | 9.29  |Pes |52 ! 142 | 142
20 ) - - ) 9.18 " |PES |42 I |
‘ |
21 Methy| IsoPropyl Ketone j\/\( g -73.6 26 [ 9.28 |Pes |52 | 120 | 140
!
- . X l
| | . .
: . . l [
1 MY 1 | [ |
3 ) )
e . - METHODS: PES Is photoelectron
- ’ spectroscopy
P1 s photolionlzation
EM Is Electrof monochromator
v ' S is Specfr‘csc.opy .
L} - N ) /
t . - » -

AHECIONT |
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. TABLE 11 continued
EXPERIMENTAL AND CALCULATED DATA ON THE KETOMES

LY
»

DATA FORMULA PARENT MOLECULE l PARENT STRUCTURE . AH(NEUTRALY] TONIZATION AH{(TONY |
NC. NAME tkeal/mole) ENERGY  (eV) {kecal/mole) |
: | REF .| [METHOD|REF. |EXP.  |CALC.
; ~ T - g
22 | Cy%140 Methy! sec-Penty| Ketone ,%,V =73.5 26 ‘ 9.22 |em Jaz t 13 | 138
23 Methy! neo—Penty! Ketone l_(_ =76.3 ° 26 19.22 |pEs |52 1 1% | 137
24 | Methy !l tert—Penty| Ketone if\ -75.2 26 | 9.01 PES |52 | 13% 134
l - . . . : )
25 : Di-Isopropy | Ketone )—ﬁ—( : -75.5 26 1 8.96 |PES [27 | 131 | 131 |
26 i 8.94 |PES |52
27 | CgHyg0 tert-ButylisoPropy! | >_ﬁ_<‘ -82.1 26 | 8.79  [PES |52 | 121 | 121
[ Ketone | [ l )
28 | CoMg® Di-n-buty! Ketone | V\jw -81.5 | 26 | 9.07 |em |42 | 128 | 127
| e ;
29 ‘ Methyl n-Heptyl Ketone | - Java~ 81.4 - | 26| 9.16 [Em [a2] 130 ! 129
. a
30 | / Di-Tso=buty | Ketone ' Y‘g’Y -85.6 26 7 s.98 - |Pes |52 [ 121 | 122
| | !
3| . Di-tert-buty! Ketone -}Ké ' -88.9 26 | 8.67 PES |52 L 111 | 111 |
. '
] ’ . [
E ; l
o= = -
? [
.\,’ , .
I
> |
| - :
. | .
| l , | r [
.I : | ! | (.
/\ « METHODS: PES s photoelectron
' spectroscopy
oL . ./ Pl Is photoionlzation
L EM is Electron monochromator
: S is Spectroscopy




Figure 20 Analysis of the Ketones
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EXPERIMENTAL AND CALCULAT

TABLE 12

ED DATA ON THE CARBOXYLIC ACIDS

DATA] FORMULA PARENT MOLEGULE BARENT STRUCTURE AH$(NEUTRAL) | TONTZATION T AHCIONT |
ND. | NAME . (keal/mpole) ENERGY  (aV) (kcal /mo1s)
REF « [METHOD|REF « | EXP.  |CALC.
1| CaHa02 Acetlc acid -{ -103.26 | 24 | 10,70 [PeEs [55 | 143 | 143
2 * " ‘ 10.63 |PES |56
3 . 10.66 |EM a2
4 | C3HgO; Propanoic acid A{ -108.4 24 [ 10.51 |PeES |56 | 131 | 131
.5 M 10.24 |P1 |27
6 10.41 |EM |42
7 CaHgls Butyric. acid \/-f; . -112.8 12611016 et |27 | 122 | 122
8 . . 10,24 [Pr |27
§ | CsHio% Plvallc acid _)_< -122.4 26 | 10,08 [em |42 \ 1o | 112
" .
CeHy 2@ \ ’
10 612%2 Hexarolc acid =122.7 24 | 10.12 [eM [s2 [ i 110
. - H
. ].?. ) |
|
|
|
l
II . .
“
\1\.\"\
\ . e
1, . :
; '-$A‘ : .
7 | |-t
METAOBS:” PES  is photeslectron
- spectroscopy
Pl Is photolonization
EM is Electron monochromator
S is Spectroscopy
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F?g%re 21  Analysis of the Carboxylic Acids

g
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,‘4.1}9 Chloroalkanes
The avai1ap1e data for the chloroalkanes are presented in Table 13 and in
Figure 22. The model proposed and-coefficienté obtained 1in tﬁe regression are:
AH(ION) = 238.8 -2.24n  +52/n - -3.4a -6.1b -4.0c Q32)
Whefe: - n is the total number of atoms |
a is the number of branches not on a ch]oriné-béaring carbon
b is the number of bnanches-én a chlorine-bearing carbon

¢ 1s the correction applicable to a secondary chloroalkane

_The correlation coefficient (R2) obtained is 0.998.

4.1.10 Bromoalkanes
The available data for the bromoaikanés are presented in Table 14 and in
Figure 23. THe model chosen and the coefficiéqts obtained are:
AHg = 220.5 -1.40n  +102/n  -4.5a ;3.2b -5.4¢ (33)

whére: n s the total number of atoms
a 1is the number of branches on the bromine-bearing'carbon
b is the number of branches elsewhere
¢ 1is the correction applicable to A secondary bromoaTkane‘

The correlation coeffic%ent obtained is 0.§§7
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TABLE 13

EXPERIMENTAL AND CALCULATED DATA ON THE CHLOROALKANES

o

[DATA] FORMULA | BARENT MOLECULE T BARENT STRUGTURE | ARt (NEUTRAL) | TONTZATTON T AR (100 |
NG. 1 NAME | tkeal/mole) ENERGY (eV)} |(kcal/mole)
[ | |REF. | [METHOO | REF- JEXP. JCALC.
‘ ]
1 - | CHsCl Chloromethane _— -20.55 26 | 11.22 1s {27 ] 238 | 238
I i. [ I |
: ! ‘ | | I !
2 | CoHsCl | Chiorcethane I N | =261 26 | 10.97 |Pes Is7 | 227 | 227
) I | =Pl‘ |27 |
~ | 3 | CsHE | chiloropropane PN, -31.0 26 | 10.82 |P1 127 ] 219 | 219
s | : - ) | 10.88 |pes |58 | |
| ! I E I I
5 || Isopropy Ichlor| de | )—C' ~33.6 26 I1 10.78 [Pt |27 ] 215 | 215
. I : ‘ I | I |
6 | CaMoCl n=Butylchloride | A -35.1 26 | 10.67 =Pl_ 27| 211 |l 2n |
| ] - | - I |
7 | 1so-Butylchioride ! }"t: -38.1 26 | 10.66 [Pt |27} 208 | 208 |
| I ! I - [ |
[ 1 ) J
8 - | sec-Butylchlorlce | /T -38.6 26 | 10.65 {F’I 27 | 207 } 207
. |
. | | I
9 | tert+-Butylchloride 9‘0 ~43,7 ] 26 | 10.61 Ip1 f27 1 z00 ] 201 |
| I . | l | P | |
I | ! ! !
I | | | |
| | ! | | |
| | I ! I
I | { I [ |- |
I I ! I | | |
I f I | P |
] | ! | P I
I I | I [ I
| I ! Pl |
! [ g I
! ! [ | I |
! I b I I
I I [ |
| | I [ |
) - I | . | |
i . I | [ I
[ I | I
! I { ! | I | { | ! |
METHODS: PES  Is photoelectron
spectroscopy
Pl Is photolonization
EM 1s Electron moncchromator
S 1s Spectroscopy

[ PP _
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Ay

lFigure 22 Analysis of the Chloroalkanes -
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TABLE 14

EXPERIMENTAL AND CALCULATED DATA ON THE SROMOALKANES

DATAT — FORMULA | PARENT MOLECULE I PARENT STRUCTURE AH(NEUTRALY | TONIZATION I AH{(I0N) |
NO. : | NAME ! tkeal/molae) ENERGY  (a¥) {keal /mole)
REF » JMETHOD|REF . [EXP.  [CALC.~
1 CHeBr " Methy tbrom! d& —8r 2.1 24 | 10.54 s 27 | 234 234
2 o : 10.53 P11 27
| - . 10.53 JEmM |42
3 | CoHsBr Ethy Ibrom] de #~Br ~15.2 24 | 10.29 |s 127 ] 222 | 222
el |27
. PES |27 .
4 CsH,8r Propy | bromi de S —Br -20.5 24 | 10.13 [Pes |27 | 214 ! 212
: L |27
5 10.18 |PES |59
6 . Isopropy | bromi de )“5’ =23.5 24 \ 10s08  |PES (27 | 209 209
7 . 0.2 [P |27
e
8 | CaHgBr n=Buty Ibromi de A8 -25.4 26 | 10.18 |Pes |27 | 209 | 208
. | - : P |27
. | _
9 Iso-Buty Ibromi de )’“ﬂr -27.5% 26 | 10.09 |PES |27 | 205 | 205
: : g Pl |27 )
1 : : ) f |
0| sec—Buty Ibromi de “~N -2B.5 26 | 9.8 [P |27 | 202 | 20%
. Br ’
| 11| tert=-Suty Ibromi de e -30.6 26 | 9.89 IP1 -|27 | 198 | 198 |
12 . - 9.95 lpes l27 { !
’ : ! N |
CsHyqBr n=Penty Ibromi de AN ~30.3 26 | 10.10 P1 |27 [ 203 | 203 |
14 | tert—Penty | broml de y‘*" =35.1 26 | 10.04 [PES f27 [ 196 | 196
l | | ) l . l l -
l !
! ,
|
.
| ot
B . . |
I 1 l [ | [ T |
o ' "METHODS: PES 1s photoslectron
spectroscopy
Pl Is photolonization e
- EM Is Electron monochromator
g Is Spectroscopy +”

Cx

wv
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Figure 23 Analysis of the Bromoalkanes
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4.1.11 [odoalkanes

The availabld data for the iodoalkanes are presented fn Table 15 and-in
Figure 24. The series is similar to the chloroalkanes and brqmoaTEanes jn that
there are sufficient data to calculate corrections fof‘Eoth"forms of branching
and corrections for secondary lodoalkanes. The model chosen and the coefficients
obta1ned upon regression are: -

AHe(ION) = 219.4  -1.66n +60/n © -5.3d -2.6b" -5.0¢c (34)

Where: n° is the total number of atoms | .

2 is the number of_branches on lodide-bearing carbon

b is the numbe; of brancﬁes elséwhere‘

c *is the correction applicable to secondary iodoalkanes

The correlation coefficient (RZ) for this model is 0.999.

4.2. APPLICATION TO EVEN EIECTRON IONS

4.2.1 Primary Carbonium Ions '

-The available data for the primary carbonium jons ar® presented in Table
16 .and graghicaIIy in Figure 25. The data are available for the unbrénched
members and thus no corrections are obtained. The modef chosen and the
coefficients obtained upon regression ard: — ] ,
| M= 2006 -L23n 4175/m . | (35)

" Where:  n is the total number of atos

The correlation coefficient for this model is 0.999.

P

'Y/
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TABLE 1% ) .
EXPERIMENTAL AND CALCULATED DATA ON THE |CDOALKANES
DATA] _ FORMULA PARENT "MOLECULE PARENT STRUCTURE AH{(NEUTRAL) | IONTZATION [ AH{(IONY -
NO. . - NAME (keal/mole) ENERGY  (eV) (kcal/mole)
N |- REF.] [METHOD]REF . [EXP. |CALC.
| I | ! , -
1 [ CHsl Methy | lodl de — . bR 24 { 9.53  |PES L'Llr_gzs__, 223
. . l ' /H
Cotls ! e S b 3ve
2 275 1 Ethyliodide bt =2.0 24 | 9.35 S,P1|27.47214 214
{ \ | PES 165
. , y ] _ o
30| CsHel Propynodsde\-l A =741 24 | 9.26 Pe§ 27 | 208 | 207
i ) i PI |27 '
l N I [ I
4 | Isepropy | lodi ) -9.8 24 | 9.18 PES |27 | 202 201
\ .
. i PI |27
. > - \.
5 | Cafg! n=Buty | 1odi de A -12.1 26, 9.22  |pes |27 | 200 | 200 °
_ g : PI {27
6 [ Isobutylliodlde o )’\! . / -14.0 261 918 |Pes |27 | 198 198 |
’ o : PI |27
I ' ~ _
7 sec-Buty 1 lodi g ’T —14.4 26 | 9.00 [P1 |27 | 195 | 196"
g ! tertzButy | lodi de | Na -17.2 261 9.02 P (27 | 191 | te9
! PES |27
9 | CsHyyl n=Penty ! 1od! de R -17.1 26 [-9.18 [Pt {27 ] 195 | 195
. PES |27 |-
| _ !
10 |- Iso—-Penty | 1od] de ! -19.1 26 [ 9.7 ees |27 | 192 | 192
1 | neo-Penty | iodi de LA -22.2 26 ] 8.93 |Pes [27 | 184 | 185
; | - ;
12 | CgHys! n-Hexy | lodi de AN -22.0 26 | 9.17 -lpes |26 | 189 | 189
: I I I
- I | | |
| I
: - I | ]
. |
: I [ |
X ’ METHCDS: PES  is photoelectron
¢ - . spectroscopy
Pl is photoionization '
. EM . Is Electron monochromator
"8 Is Spectroscopy ’
“k
1
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Figure 24 Analysis of the Iodbalkanes
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- . ‘ TABLE 16

EXPERIMENTAL AND CALCULATED DATK ON THE PRIMARY CARBONIUM IONS -
DATA FORMULA PROCESS [ AH (NEUTRAL)| TONIZATION (AE} AF CIONT |
NO. (kcal/mole) ENERGY  (aV} (kcal/mole)
. |REF. ]| [METROD|REF . |EXPa  |CALC.
.- I |
1 | C2s 4 lontzed from the radical 25.7 27 1 8.4 Pt 27 | 219 | 219
2 . 8.3 |em |27
3 ] SsHy lonlzed from the radical ' 20.7 27 | 84 Pl |27 | 208 | 208
4 g.10  |em 27
. : | ‘
s | C4hg lonlzed from the radlca! -~ - 15.7 27 | 8.01 [em |27 [ 200 |'200
] ‘ .
6 | Csti -] Tonlzed from the radlical . : 1 ] et f 7.8 M |6t | 194 | 194
7 CGH']} iontzed from the radlical 6.0 61 7.92 EST |61 189 188
|
8 | Cytrs Tonlzed -from the radical - 1.0 61| 7.90 st |61 | 183 | 184
}’ .
. .
| b
’ {
| -
! }
| .
l |
I l I | | |

l - | |1 I I A B

METHOOS: PS5  [s photoelectron

spectroscopy
Pl is photeoionization
EM is Electron monochromator
S is Spectroscopy

EST is an estimation
HT is Hydride Transfer
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Figure 25 Analysis of the Primary darbonium Ions
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4.2.2 Secondary Carbonium Ions
The available data for the secondary carbonigm jons are presented in Table
17 and graphically in Figure 26. This series is similar to that of the primary
carbonium jons in that data are available for the unbranched members anly. The
model chosen andlthe coefficients obtained upon regression‘aré:
AHg(ION) = 191.4 -1.34n +131/n (36)
Where: n s the total number of atoms

The correlation cogfficient (Rz) obtained for this model is 0.997.

4.2.3 Tertiary Carbonium lons

The available data for the ter;ia?y carbonium ions are presented in Table
18 and graphically in Figure 27. This series includes one branched member which
provides an estimate of the correction term for branching. THe model chosen énd
the coefficients obtained upon regression are: )

AHe(ION) = 183.2 —i.66n 7+66/n -2.3a — (37}

Where: n 1is the total number of atoms

a is the number of branches

‘The correlation coefficient ogtained for this regression is 0.998.

An interesting point to note is that two recent-papers put forth the
‘proposal that 3Hg(CgHg™) = 162 or 163 keal/mole.62,63 This is
noted in Table 18 and Figure 27. These values could only be valid if the scheme

proposed in this thesis is not applicable to this series'or if the heats of

formation of the higher homologues were lowered by the same amount (4,5 ﬁca1).
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_ TABLE 17
+ EXPERIMENTAL AND CALCULATED DATA ON THE SECONDARY CARBONIUM {ONS
[DATA) FORMILA PROCESS - AH{(NEUTRALT| 1ONTZATION (AE)’ AHFCION]
NC. - (keat/mole) ENERGY {eV) (keal/mole)
REF . [METHOO]REF. |EXP-  |CALC.
. . | SN
i C'SH’I lonized from the radical 17.6 27 | 7.5 4 27 191 191
2 . 7.55  |em [27
S
3 | Sshg | Tonlzed from the radica! 12.6 27 | 7.41 |EM |27 | 188 | 184
: I
4 | CsHyy . ionlzed from the radicsl 7.4 36 | 7.41 lem |36 ] 178 | 178
5 | Csbrs Tonized from the radical 3.0 61 [ 7.38 |eM [&1 | 175 | 173
I I
6 { Cts Tonlzed from the radlical =2.0 61 [ 7.35 £ST 161 | 168 168 |
{- v
‘ |
|
_ I
J./ |
|
- i
l ' * . l
R |
I I
| ! !
|
B
I I
I ! | I |t [ |
! e 1 1 : I
)
METHODS: PES  is photoelectron
spectroscopy
=3 is photoionizatian
M Is Electron monochromator
S 1s Spectroscopy
EST is an estimation
HT Is Hyerlde Transfer
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Figure 26  Analysis of the Secondary Carbonium Ions
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P - TABLE 18
. . " EXPERIMENTAL AND CALCULATED DATA ON THE TERT!ARY CARBONIUM IONS .
DATA] - FORMULA PROCESS A H ("EUTRAL)| TONTZATION <(AET] AN (TON) |
NO. | | L . (kecal/mole) ENERGY ~ {aV) " |(kcal/mole)
- . : REF. [METHOOTREF . |EXP.  |CALC.
1 [Cafg Tonlzed from the radical . 6.8 27 | 6.93 [em |27 | 167 Iw?
2 . _ 8.4 621 6.70° P1 |62 |163 comment
3 b from tert-Butane through loss of H =-32.07 63 | 10.68 [Pl |63 | 162 only
" : 52.10 6% -
3 .
I | . | ! !
4 | SsHyp fonized from the radlcaf 3.4 36 | 6.85 |em i3 | 161 | 161
. . EM a1
5. equilibrium measurement of t=buty! and Isooen?ylv[ (6.85)*|HT |64
|
6+ | Cet13 lonlzed from the radica! -1.9 61 | 6.80 |eEM |61 | 155 | 156
7 . equilibrium measurement of t=buty! and ischexyl (6.80)*[HT |64
. | . . l
8 [CeMs 2,2-¢imethy! butane——equil- mess. of t=buty! and 2,2 specles (6.6)%|HT |64 | 153 | 153
|
o | CqMys | tonlzed from the radical 6.6 61 | 6.79 |em |&1 [ 150 | 149
| I
*Values In brackets =re calculated from the heat of formetion
to produce an artificial ionlzation potential for calculation
I
I Y I
| I /1 I
| | | |1 I
METHCDS: PES |s photoelectron
spectroscopy
Pl Is photoionlization
- - ’ . EM Is Electran monochromator
S 1s Spectroscopy

. EST Is an estimation
. HT is Hydrlde Transfer
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Figure 27 Analysis of the Tertiary Carbonium Ions
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4.3 APPLICATION TO CYCLIC AND AROMATIC SERIES
- 4.3.1 Alkyl Benzenes i ‘ | :
The available Gata for the alkyl benéenes are preéenteé in;Table 19 angd in
Figure 28. The corrections required are for branching at the carbon atom
‘adjacent‘to the benzene and for branching elsewhere. The model chosen and
.coefficients determined by regression are:
AHe(ION) = 233.7 ~-1.73n  +ll4/n  -1.9a -1l.lb (38)
ﬂhere{ n is the total number of atoms |
| a is the number of branches not adjacent to the bénzene
b is the number of branéhes adjacent to the benéene-

The correlation coefficient cbtained for this model is 0.999.

4.3:2 Cvclic Ketones

Available data for the cyclic ketones are presented in Table 20 and. in
Fighre 29. This series has been included to demonstrate the versatility of the
scheme proposed in this thesis. The data in Table 20 include three values that
are vertical ionization energies, which are the only data available. Figure 29
shows that when the heats of formation of the cyclic ketones are plottea against
the total number of atams, no correlation is achieved. If, however, the heats of
formation minus the ring strain of the neuatral alkyl ring is plotted a
correlation is achzéved This 1ndlcates that the ring strain in the ion is
similar to the ring strain of the neutral alkyl ring. Accqrdlngly a regression
was performed using this scheme vielding the following model:

AHf(ION') = 198.6 -2:47n +8/n +a . . "i39')
Where: *© n is the total number of atoms
a is the ring strain applicable to the neutral alkyl ring

The correlation coefficient applicable to this medel is 0.901
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TASLE 19

EXPERIMENTAL AND CALCULATED BATA ON THE ALKYLBENZENES

DATA|

FORMULA

PARENT MOLECULE PARENT STRICTURE AHTNEUTRAL) | TONIZATION ARTTON
NO. NAME ’ (kcal/mole} ENERGY  (aV) (kcal/mole)
. REF.| w |[METHODIREF- |EXP. J|CALC.
¢ ! "
1 Mg Toluene @— 11.99 24 | 8.82  s,pi|zr | 215 | 215
PES |27
2 . Pl |65
y ‘ , Pl |66
3 | S Ethy | Benzene @/\ : 7.15 2¢ | 8.76  |P1 |65 | 209 | 208
. - e‘;\' - “
s | SMa n-Prcoy | Benzene @N 1.89 24 1 872 Pt |27 | 203 | 20%
5 ' 8.1 Pl |65
6 i so-Propy | Benzene @—( 0.96 2a | 8.69 Pt |27 | 202 | 202
7 g8.72  |P1 |65
8 | S1ota n-Suty | Benzene @A’\ -3.28 26 | 8.69 |P1 |27 | 197 ‘ 197
9 ; 8.68 [P \65
s
10 iso-Buty | Senzene .14 24 | 8.69 PI |27 | 195 195
1 8.68 [P |65
12 sec-Buty | Senzene @)\/ .15 264 | 8.68 [P |27 1196 | 196
Pl |65
13 tert-Suty | Benzene 5.4 24 | 8.68 Pl 27 | 195 195
14 8.69 |PI |65
l | [ | [ I
a METHOOS: FES  is photoelectron
spectrescoy
P is photoionization
£M is Electron monochremator
S is Spectrescopy
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Figure 28 Analysis of the Alkylibenzenes
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 TABLE 20
EXPERIMENTAL AND CALCULATED DATA ON THE CYCLIC KETONES
DATA FORMULA PARENT MOLECULE PARENT STRUGTURE AFf (REUTRAL) | TONIZAT [ON [ AR CION) |
NO. NAME (kcal/mole) ENERGY (eV) (keal /mole)
REF « |METHOD|REF « [ EXP s CALC.
o ;
1 CyHqO Cyclopropancne A -13.9 26 | 9.63v |PES |67 | 208 208
- (27.6)* 26 I
I
2 C4H60 Cyclobu‘ran'one Dé’ =20.25 26 | 9.47° . |Pes |68 | 198 197
(26.2) 26
|
2 l
3 CsHg0 Cyclopentanone d =463 27 | 9.26 Pl |27 | 168 168
(6.7} 26 PES 127
4 | Ceto® Cyclchexanone l do -55.0 27 | 9.5 [P1 |27 | 156 | 156
» I 26 PES |27
5| Gth2® Cycloheptanons” 6 -54.1 26 | 949 |ees |27 | 160 [ 160
(6.4)° 26 | :
6 9.14v |PES [69
7 | CgHya® Cyclooctanone - d -61.1 26 | 9.00v [PES |69 ] 147 | 148
(9.9} 26
. |
I I l
: * Values In brackets \gre v refers to vertical
l/ ) the ring streins of the\_l lonization energies
/ neutral alky!l rings g
- [
| | l
METHC(DS: PES Is photoelectron
spectroscopy
Pl is phcﬂ'oioulﬁ_ﬂcn
QEM is £lectron " &nochromator
J is Spectroscopy
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- Figure 29  Analysis of the Cyclic Ketones
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CHAPTER 5 DISCUSSION o | | R

" The scheme for the correlation 2f the.hea}s of formation has been applied
to a'Iarge variety of homologous series. Table 21 is a summary of the regressioh
» formulae ereeented in this thesis. The correlation coefficients obtained in
these regressions range from 0.910 to 0.999 and average 0.997. The predicted
values in most cases are identical to that of the experimental values. In view
: of the wide app]icab%]ﬁty of the model and of the accuracy achieved, it is
concluded that a model of the type--AHf(ION)' = A -Bn +C/n ) (15}
(where n is the total number of atoms}, 1s an appropr1ate model for the
pred1ct1on of ionic heats of formation. The application of this model to the
heats of formation of various homologous series has also shown that the -
fo]10w1ng variations in molecule or ion structure can be corrected for by a
constant factor from the formula (15) above: _"" : -
1. substituemt pesition, |
2. branching,
3. cis-trans isomerism, and

4. ring strain.

The-Teciprocal formula, (15), has beefi™demonstratfed to function by merit of

fact that it is a combination of a linear terzmy (-Bn), corresponding to the

\

~~ heat of ‘formation of the neutral and a reciprocal term, (+C/n), corresponding to
/ the ifonization energy of th® molecule.
It has also been demonstrated that a simple plot of ionic heats ef
formation against the log of the total number of atoms provides reasonably

accurate correlations up to about carbon number 8.

-
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—~ , TABLE 21 .
SUMMARY OF REGRESSION FORMILAE )
(all values In keal/mole, n s the total number of ztoms) '
HOMOLOGOU S FORMULA l CORRECTION FOR CORRECTION FOR '} OTHER CORRECTIONS
SERIES ) SUBSTITUENT POSITICN BRANCHING .
1 <
, )
Alkanes 219.5 =2.06n +324/n \ | any branch =3.2 >
Alkenes 232.2 =1.64n +107/n 2-alkenes =-14.5 on double bond =11.9 cis +1.5
3~alkenes =15.7 olsewhare =2.4 cls +=butyl +4.0
4=alkenes -16.2 cls t=bu/t-bu 8.7
S-alkenes =17.0
1 .
Alkynes 277.6 -1.57n +116/n | 2-alkynes -18.0 any branch t=2.1 v
J=alkynes =19.9 - , :
4-alkynes =21.1 -
S5=alkynes =21.7 )
Alkanols 176.3 =1.64n +214/n | 2-alkanols =6.9 - on hydroxyl =3.8
. . 3=alkanols 8.7 elsewhere =2.5 .
4-3lkanols =9.0
Ethers 148.7 =1.18n +443/n for each C atom out of| on oxygen-bearing =2.4 .
symmetry +2.4 :
’ F]
Aldehydes 187.3 =1.6%n +140/n on carbonyl =5.0
e lsgwhere =-3.0
Ketones 165.9 =1.73n +238/n for each C atom cut of oﬁ carbonyl =3.8
' symmetry +1.5 olsewhere =2.2 "
Carboxy lic Aclds, 124.4 =1.40n +237/n -
- o I _ | =5
Chioroalkanes 238.8 =2.24n +52/n 2-chlero =4.0 | on chliorine=hearing =6.1
T alsewhere =3.4
L
Bromoa Ik anes 220.5 =1.40n +102/n ‘E2-bromo  =5.4 on bromine-bearing =4.5
elsewhere =3.1
. ! ' )
lodoa 'k anes 219.4 -1.66n +60/n | 2=fodo  -5.0 on lodine-bearing =5.3
‘ elsewhere =2.5
Primary Carbonlum 202.6 -1.23n +175/n \
Secondary Carbenium 191.4 =1.34n +131/n |
I
Tertlary Carbonium 18%.2 =1.66n +66/n branching =2.3
Alky | benzenes 233.7 ~1.73n +114/n | on benzene-bearing =l.1
elsewhere =-1.9
Cyclic Ketenes 168.6 =2.47n +8/n plus ring strain
applicable o neutral
- z2ikyl compound

I | |
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CLAIMS TO ORIGINAL RESEARCH N

Predittive‘mode1s for‘thé fonic heats of formation for the following series
have been derived:

1. ATkanes:

2. Alkenes

3. Alkynes

4. Alkanofs

5. Ethers

6. Aldehydes

7. Ketones v

8. Carboxylic Acids

g. bﬁ]oroa]k;nes

10. Bromoalkanes

11. Iodoalkanes

12. Primary Carbonium Ions

13. Secondary Carbonium lons

14. Tertiary Carbonium Ions

15. Alkyl Benzenég

. 16. Cyclic Ketones | | *

It has been shown that a relationship of type, A -Bn +C/n, can faithfully
reproduce the heats of formations of homologous series of fons.

It has also been shown that a simple relationship of the type, A -B Togn,
reprbduces heats of formation of homologous series of ions up to about carbon
number 8.

" A predictive scheme for ionization energ%es, IE = A +B/n, has also been

described.
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