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PREFACE

This thesis is divided into four parts., Parts
1 and 2 deal with experimental studies of the thermo-
chemistry and kinetics of polymerization. Polymers
arising from polymerization of 1l,l1-disubstituted ethylenes
are known to exist in a state of strain if polymerization
proceeds in a "head to tail" arrangement. The strain in
a polymer, if sufficlently great, causes the substituent
groups to be compressed. Information regarding the energy
required for compression can be obtained from heat of
polymerization studies. In the present work the heats
of polymerization of monomeric acrylates and methacrylates
were studled to determine if there was any dependence of
heat of polymerization on small structural changes in the
ester group.

While this thermochemical work was in progress,
it became apparent that relative rate constants for the
propagation steps of the polymerization of the different
monomers could be determined. Determination of these
rates could be obtained from the avallable thermochemical
data with no further experimental work necessary.

The results of the thermochemical and kinetic
studles are reported in Parts 1 and 2. The results are

interpreted 1n terms of steric hindrance and inductive

effects in the monomers and polymers.



Part 3 deals with'the experimental determination
of heats of vaporization. In view of the lack of literature
data on this property, it was decided to adept the Czalvet
microcalorimeter to the measurement of heats of vaporizatilon
at 25°C. The heats of vaporization data obtained, on the
homologous series of aliphatlic alcohols studied, were
fitted to an additivity scheme previously devised by
Laidler. This work has been published in the Canadian
Journal of Chemistry 41, 1867 (1963).

Part 4 of the thesis 1s concerned with the
development of an empirical bond-energy scheme for the
calculation of several physico-chemical properties of
different families of compounds. The properties treated
are molar volume , molar refraction, entropy of formation
heat of atomization, magnetic susceptibilities and molar

sound velocifies.
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tieat of Polvmerization

With the use of a Tian-Calvet microcalorimeter,
the heats of poiymerization of a number of monomers have
been measured in aqueous‘emulsion systems; the emulsify-
ing agent was cetyltrimethylammonium bromide, and initiation
was by Fenton's reagent (Fe™ + Heog). The monomers employed
were acryilc aclid, methyli, ethyl and butyl acrylates,
hydroxyethyl methacrylate, 2-hydroxypropd methacrylate,
methacrylic acid, and methyl, ethyl, butyl and hexyl
methacrylates, The heats of polymerization [i2 in the range
Socu 13 To 19 kcal per moie, the experimental standard
deviation beilng 40 to 110 cal per mole. A steady increase
was observed for acryilc acic. and its CH3, Colg and Cy diq
esters, and for methacrylic acid and its CH3, CQHS, Cy-ig
CgH13 esters. This change 1s attrlbuted to a steady increase
in the proportion of head to head, tall to tall polymers,
ieading to a decrease in sterlc hindrance in the polymer,.
Abnormally low heats observec with hydroxyethyl metha-
crylate and 2-hydroxypropyl methacrylate are attributed to
the solvation of the moncmer, less solvation belng possible

in the polymer as a result of shieliding.

Kinetics of Polymerizatilon

The microcalorimeter has been used to obtain

rates of polymerlzation of a number of monomers in emulsion
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systems, The rates with the acrylates are consistently
higher than those wlth the methacrylates, and this is
attributed to there belng less steric hindrance in th
acrylate polymerization. Low rates found with fhe monomers
containing a hydroxyl groups are explained as due to
solvation in the initial moncmer state. In both the
acrylates and methacrylates the rates go through 2

maximum as one goes up the series methyl: ethyl: butyl-
hexyl. This is discussed in terms of inductive and steric

effects,

Heats of Vaporization

Heats of vaporizatlon of fourteen alcohols,
having from one to five carbon atoms, have been determined
in a Calvet microcalorimeter, using a special technique.
The method consisted of allowlng the alcohol to vaporize -
into a vacuum, the neat required for the vaporization
belng provided by passing a current through a resistance
wire which was immersed in oil in a U=-tube surrounded by
the alcohol. The additivity scheme previously devised by
Laidler for heats of formation and related properties was
applied to the results, and the agreement with experiment

was within a few tenth of a percent.

Additivity

An empirical bond energy scheme has been
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derived and applied %o several physico-chemical properties
of several families of ccmpounds. The scheme proposed is a
modification of Tatevskil's scheme., It defines three types
of C-H bonds and several {ypes of C-C bonds depending on
their multiplicity and their environment. Other functional
groups (e.g. =-CHO, -CCH) have been considered as a group
and have been treated as such, They are assigned group
symbols and their contribution to the physico-chemical
property 1s a group contribution,

The scheme has been applied to alkanes, alkenes,
dienes anc¢ cyllc hydrocarbons for the following properties;
molar volume, molar refraction, entropy of formation and
heat of atomization, all at 25°C. Molar sound velocities
and diamagnetic susceptibllities are two other properties

treated for several families of compounds,
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PART I

HEATS OF POLYMERIZATION

INTRODUCTION

Considerable interest in the last twenty years has

been focussed on the heats of polymerization of monosubstituted

(CHp=CHX) and 1,1-disubstituted (CHo=CXY) ethylenes. Heats
taH) of polymerization calculated from heats of formation of
monomeric anologues of the structural units of the polymers
are close to 20 kcal. per mole (la). While the heats of
polymerization of the monosubstituted ethylenes are in agree-
ment with this value, the dicubstituted ethylenes have heats
of polymerization that are cmaller by from 3 to 9 kcal., per
mole.

The discrepancy between the calculated heats of
polymerization, from heats of formation, and the experimental
heats of polymerization of disubstituted ethylenes has been
zttributed to the energy of repulsion between the neighboring
units (2,3) in the polymer formed. Prevalence of the head=-
to-tail arrangement in vinyl polymers has been abundantly

confirmed by determinations of polymer structures (4).
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These polymers, especially in the 1,1=-disubstituted
ethylenes, exist in a state of strain. Steric hindrance
in polymers arising from 1,1« disubstituted monomers arises
from substituent groups on the same carbon atom interfering
with those on adjacent monomer residues. If steric hindrance
is severe the substituent groups are compressed, and this is
reflected in the values of the heats of polymerization. This
has been shown convincingly by 3axendale (5) 1in studies on the
heats of copolymerization of a disubstituted ethylene and a mono-
CH3

substituted ethylene, CH2=ECOOCH3 and
(CHp=CHCN). It seems apparent that steric hindrance in 2
polymer composed entirely of a 1,1~ disubstituted monomer
might be reduced by the incorporation of a monosubstituted
monomer into the growing chain, thereby separating the mutually
interfering substituents of adjacent monomer units. As the'mole
fraction of acrylonitrile in the copolymer increases above
0.4, the heat of polymerization increases, confirming the
existence of strain in the polymer and its relief by separat-
ing the interfering groups.

The present studies were carried out to measure
some heats of polymerization of acrylate and methacrylate
monomers, under constant experimental conditions. The literature
data avallable to date on heats of polymerization show only

that the heats evolved in the polymerization of methacrylates
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are lower than those of the acrylates. In n2ither case has
any systematic attempt been made to study the effect of
changes of the ester group on the heats of polymerization.
The observed heats of polymerization of t-butyl and cyclohexyl
' methacrylates are lower than the heat of polymerization of
methyl methacrylate, a result that has been attributed to

steric hindrance caused by these bulky groups. (6).

General Characteristics of Polymerization

The process by which unsaturated monomers are
converted to polymers of high molecular weight exhibilts the
characteristics of typical chain reactions. They are readily
susceptible to catalysts, photoactivatlion and inhibition. The
quantum yield in a photoactivated polymerization in the liquid
phase, expressed as the number of monomer molecules polymerized
per quantum absorbed, may be of the order of 103 or more (7).
The efficiency of certain inhibltors 1is of a similar magnitude,
thousands of monomer molecules belng prevented from polymeriz-
ing by a single molecule of the inhibitor (8).

Another common feature of the so called vinyl
polymerizations suggests that the active center of the kinetic
chain is retained by a single polymer molecule throughout the
course of 1ts growth. At any instant during the polymerization
process the reaction mixture consists aimost entirely of

unchanged monomer and high polymer; materlal at intervening
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stages of zrowth 1s virtually zbsent. The proportion of
active growing chains is so smz2ll as to be immeasurable by
ordinary chemical methods (Q). If the active centers
responsible for execution of the conversion of monomer to
polymer were transferred indiscriminately at almost every step
from one molecule to another, 2ll molecular specles would
participate in the process of chemical combination with other
species at all stages of the process. All polymer partlcles
would thus grow more or less simultaneously; lower species,
such as dimers, trimers and tetramers would be prevalent at
early stages of polymerization and these would advance irn size
as the process 1s continued; these iniernediates are
generally undetectable. Such considerations, together with
the Tact of extremely high molecular welght of the polymer
molecules produced, ieads inescapably to the conclusion that
a glven molecule 1s formeG by consecutive steps of a singlé
chain process set off by the creation of an active center.
Evidently the actlve center 1s in some way retained by a
growing polymer chalin from each addition of a moncmer
molecule to the next. The following free radical chain
mechanism, first suggested by Bates (10) for licuid-phase
polymerization, offers an explanatic: for the general
charazcteristics of vinyl polymerizations:

CHy= CHX X CH = CHX X ete.
R* —> R-CH,~ (x5 Ci

X
5 CE — CH-CHz-CH' _—

™
il

hY
7
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. mere X is asubstituent CEHS: Ci, Br, OCOCH3 or H. Disub-
stituted monomers such as vinylidene chloride and methyl
methacrylate are to be included. The chain-propagation step
consists essentlally of free-radical attack at one of the
doubly-bdnded éarbon atoms of the monomer. One electron of the
double bond pairs with the odd electron of the free radical
to form a bond between this free radical and this carbon atom;
the remaining electron of the double bond shifts to the other
carbon atom, which then becomes a free radical. In this way,
the active center shifts uniquely to the newly added monomer,
which 1s thereby rendered capable of adding another monomer.
Final and conclusive evidence for the free radical
mechanism is afforded by detection in the polymer of radical
fragments from the initiator. Polystyrene and (polymethyl—
methacrylate) prepared with bromobenzoyl peroxide, contain
bromine which cannot be removed by repeated Precipitation of
the polymers (11). Poly(methylmethacrylate) (12, 13) and
polystyrene (14) prepared in an aqueous medium using hydrogen
Peroxide and ferrous ion contain hydroxyl end groups, as

expected on the basis of mechanism of free-radical generation.



Inltiation of Polvmerizztion

Polymerizatlons are readily initiated by free
radicals. In the present study the free radicals were generated
by means of Fenton's reagent {15). The chemical formation
of free radicals necessarily involves electron transfer,
znd therefore & reduction of one component and arn oxidation
of the other, i.e. a redox reaction between the components
of a redox systen.

The detalled mechanlisms of the reaction between
ferrous lon an¢ hydrogen peroxide has been elucidated {(15),

and the pricipal steps are known to be:

Fe"'++H202 > Fet**LOoE™ —oH- (a)
Fett 4 CH. > Fett*t . OH™ {b)
OH* +H202 —  Hy0 +HO, (c)
Fet * +HOy > Fe+++-LH05 (d)
Fe’“’”+HOé > Fe't +H +02 (e)

n the presence of sufficient monomer only step
(a) will be operative since all OH* radicals liberated in
this process will initiate polymerization. This mechanism
zccounts for the fact that if the ferrous lon 1s initially
present in excess over the hydrogen peroxide, the reaction is
stolchiometric, while 1f the hydrogen peroxide is initially

resent 1n large excess, some of 1t decomposes to oxygen and

T

ater (17).

=

nitiation of the polymerization of several monomers

k-1

in aqueous solutions by the redox couple hydrogen peroxide-

Tferrous ion has been reported by Baxendale et al. (12),.
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That the active initilating agent 1s the same as that involved
in the induced decomposition of hydrogen peroxide or in the
Fenton reaction was demonstrated by showing that : (1) oxida-
tion of glycollic acld by the redox couple was suppressed by
addition of the monomer, (1i) oxygen evolution, which normally
takes place 1f the peroxide is in large excess over the
ferrous ion, was likewise suppressed by the additlon of
monomer. However, 1f the hydrogen peroxide was 1n extremely
large excess over the ferrous ion (1M vs IO‘HM), so that all
of the HO® radicals were replaced with HO3 radicals according
to step (c), no polymerization of acrylonitrile took place (16);
thus Hoé radicals cannot be inlitiating species. The mechanism
of the initiation and propagation was therefore postulated as:
HO. + CH2 =CHX ———HOCHpCHX (£)
HOCHoGHX + CHp= CHX ———>HOCHoCHXCHoCHX  (g)
If the growing polymer chain reacts only with monomer molecules
or with another growing chain, the hydroxyl radical is in
effect removed from the system by reaction with the monomer.
Considering now the stolchlometry of the primary
(H202-Fe++) reaction, with both reactants initially present in
comparable concentrations, we see that in the absence of
monomer one mole of peroxide oxidizes two gram-ions of
ferrous iron, by reactions (2) and (b); whereas on the addition
of increasing amounts of monomer, reaction (b) is increasingl:
replaced by (£ ), so that in the limit one mole of hydrogen

peroxide should oxidize only one gram-ion of ferrous iron by
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rzaction (a). This behavior was actually observed (12) for
each of the four monomers studied (ethylene, acrylonitrile,
methyl ecrylate and methacrylic acid ). From acuantitative
study of the competition between steps (b) and (£), it was
shown that the hydroxyl radical attacks methyl acrylate about
five times as fast as 1t attacks ferrous ion.

A great number of polymerization reactions have

been studied using Fs — HpOo initiation. (13, 18, 19, 20, 21)

Emulsion Polymerization

The polymerizations of the monomers in this study
were carried out in emulsified systems. In emulsion reactions,
the rates and degrees of polymerization are very much higher
than those found in bulk polymerization. Another important
advantage of the emulsion polymerizations over those in bulk
or suspension 1is that the products are obtained as agueous
dispersions rather than single polymer masses.

The emulsifying agent used in this study was
cetyltrimethylammonium bromide. It was selected initially as
an emulsifying agent in polymerizations by RPaxendale (18),
because of 1ts stability in acid solutions, and because it
did not give an unstable iron compound, was not oxidized by
the hydrogen.peroxide-ferrous System and was not attacked by
bromine during estimation of the monomer.

Mention should be made of 2 possible complication

arising from the use of cetyltrimethyiammonium bromide.



“axendale (18) used this emulsifier because it was ‘'not
oxidizable by the ferrous iron system." Subseguent work
(22,23) has shown that the bromide ion is attacked by the
hydroxyl radical aporoximately 22 times as fast as is the
ferrous ilon. Xolthoff (24) has more recently stated that this
value may posslbly be inaccurate. It seems most probable that
the reaction

HO+ + CHp=CHX —>HOCH,CHX
would be largely replaced by

HO- + Br —— Br. -+ 0H™
in the presence of 0.03M bromide ion (25). Unfortunately no
attempt to identify bromine in the polymer has been made.

The preclse course of emulsion polymerization has
been established by McBaln (26) and Harkins (27,28,29), and
thelr evidence and conclusions about the mechanism are
presented in Part 2. Conclusive proof of Harkins's theory is
found in the quantitative considerations evoked by his
hypothesis, which has been treated by Smith and Ewart (30)

and is presented in Part 2.

Heats of Polymerization

For a2 polymerization reaction which may be
represented exactly by the chemical equation

nM; —— My
the heat of polymerization is usually equated to-AH, where

the overall enthalpy increase is nAH,
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Numerous approaches and methods are available for
obtaining heats of polymerization. Some of the more important
are outlined below,

1) Combustion Methods

‘Heats of polymerization have been obtained indirectly
by measuring the heat of combustion of the moncmer and that of
the polymer, the difference between the two being the heat of
polymerization. Since heats of combustion are many times
greater than heats of polymerization (10 to 100 times),
this method requires high precision combustion measurements
if reasonably accurate heats of polymerization are to be
obtained (31, 32, 33). Purity of monomers and polymers is
very important if reliable heats of polymerization are to be
obtained. Vinyl monomers, as supplied, usually contain traces
of inhibitors to statilize them agalnst premature polymeriza-
tion. This must be completely removed before combustion of
left in the monomer and a correction applied for the inhibditors
contribution to the heat of combustion. Polymers must be
carefully purified to remove traces of catalysts used in
their preparation (34). Some polymers tend to be slightly
hygroscoplic and must be carefully dried if the result is to
be based on the weight of polymer (35). The polymer should also
be characterized by molecular-weight measurements before

combustion,
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2) Direct Calorimetry
a) Non-isothermal methods
1) Integral Method

This method involves the measurement of the amount
of heat cdrresponding to the formation of a certain welght of
polymer. Evans and Tyrrall (18) have employed this method for
the measurement of heats of polymerization. They ucsed a
calorimeter of the Dewar-vessel type with moderate success.
The amount of polymer formed was determined by bromination of
The initial monomer solution and of the monomer remaining in
the solution after polymerization.

11) Differential Method

This method involves the measurement of heat evolved,q,
and of a physical property related to the extent of reaction,
measured at convenlent time intervals. Often the physical
property measured is the volume, V; in this case dq/av,
corrected for the effect of the temperature (36), need only
be combined with the yleld-contraction ratio dw/dV to give
dq/&w. This method has the advantage that a less rapid rate
of reaction is required than in method (1). The yleld-
contraction ratio must be known at a series of temperatures
and may be found by three methods: (a) by recovering and
weighing the bolymer after different extents of contraction:

(b) by measurement of the density of appropriate polymer-



monomer-solvent solutioné; (c) when no solvent is used it
is fairly reliable to calculate the yileld-contraction ratio
from the densities of pure monomer and polymer, assuming no
volume change on mixing.

The change of vclume which accompanles polymer-
1zation 1s observed fhrough a ftransparent strip in the Dewar
vessel, which serves as the calorimeter (6).

111) Self-heating Method:

Originally devised by Bengough (37) this method
depends on the fact that when a reaction is initlated photo-
chemtcally the conditions at the center of the 1lluminated
volume may remain adlabatic sufficlently long after irradiation
has begun for the central volune element to be used as 1its
own adiabatic calorimeter., Thus, a polymerization reaction
cccurring at the centcr of a dilatometer constructed from
25- nm, diameter soda-glass tubing 1s adliabatic for at ieast
10 sec. from commencement, and often for periods of 30 sec.
Eence the heat of reaction may be obtalned by equating the
rate of temperature rise under adiabatic conditions (i.e.
over the first 20 sec. following the onset of polymerization)
to the rate of reactlion measured dilatometrically.

b) Vaporization Calorimetric Method:

Tbng and Kenyon (38,39,4C,41) have used this

method for the measurement of heat of polymerization. Tong

and kenyon's calorimeter 1s 1in effect an all-glass refluxing
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apparatus, in which the ﬁeat of a given polymerization reaction
1s used to evaporate 2 liguid in equilibriun +ith itc vapor
at the boiling point. One measures the weight of liquid
evaporated, to which the heat is directly proportional.
c) Fuéion Calormetric Method
Dainton et al. (42) have used the isothermal
calorimeter, with diphenyl ether as the working substance.
There are virtually no heat losses, and the calorimeter is
capable or recording small rates of heat evolution over long
periods of time.
3) Other Methods
a) Thermodynamic Method
A long-chain polymer can be in thermodynamic
equilibrium with monomer onliy at a certain activity, similar
to the fact that a solid or 11quid has a definite equilibrium
vapor pressure at a given temperature. Measurement of this
activity at different temperatures permits the evaluation of
the heat of polymerization by application of the isochore (43).
This method has been applied to methyl methacrylate (44,45)
and ethyl methacrylate (46) as well as other monomers. Where
calorimetric and thePmodynamic methods are Doth available,
the agreement 1s usually within experimental error.
b) Semi-E&pirical Methods
When experimental heats of polymerization are not
available 1t 1s sometlimes possible to make estimates by means

of a semi-empirical group method such as that of Anderson (47).



Janz (48) has outlined the methods. They depend on the
experimental fact that heats of formation are approximately
additive, the introduction of a given group intoc different
compounds having about the same effect on the heat of formation
of each compound so long as the substitution is at a structurally
similar point. The additivity methods make no allowance for
interaction between substituents on alternate carbon atoms in a
nmolecule such as polyisobutene. Considerable diiference

exists between the calculated 17.1 kcal/mole (42) znd the
observed 12.6 kcal/mole (49) values of the heat of polymer-
1zation of isobutene and this is attributed to steric strain

in the polymer arising from the repulsive interactions of

the methyl side groups.

Semi-emplirical methods were first applied to
polymerization reactions by Flory (50) who calculated A Hgg
values for various aliienes. Roterts (32) revised these values
on the basls of lmproved thermochemic.l dzta, and Daintoh (51)
extended the calculations to vinyl and vinylidene monomers.

Values of heats of polymerization (-AH) have
been recorced of between G and 22 kcal.mole'l, appreciably
less heat being evolved with most monomers than in the case
of ethylene. The =tructure factors influencing heats of
poliymerization are: (52)

1) Change of boné type, e€.2. the formation of
single bonds from double bonds.

2} Change of energy of stabilization by conjugation

or nyperconjugation.



3) Steric strain in the polymer.

L) Steric strzin in the monomer.
In the case of ethylene derivatlives all four effects are
exhibited., The heat of polymerlization of ethylene
-ASHgg-:2é.35 kcal mole=t (53) may be taken as due to the
change of bond type. Here -AlHgg is the heat of polymer=-
ization of monomer to poiymer, both being in the giseous
state, Substitutlon of a2 hydrogen atom by a methyl group
in ethylene lowers -AHgg to 20.7 (42) keal mole™t or by
2 kecal.mole=l as a result of hyperconjugation. A second
methyl group produces a further lowering by approximately
2 keal mole~t (42). For isobutene a further decrease of
about 3-4 kcal. mole~l 1s attributed to strain in She polymer
caused by interaction of the pendant methyl groups. The
loss of conjugation energy( ~—= 5 kecal. mole'l) causes
the - A H for styrene to be lower than that for vinyl
acetate. A combination of the effects of conjugation and
hyperconjugation in the monomer and strain in the polymer
causes 2 low heat of polymerization of 8.4 kcal. mole=2
for o« -methylstyrene. A case of stralned ethylenic monomer
appears to be the* of acenephthylene (5) where polymeriza=-

tion through the
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double bond must reliev
membered rinz, giving it 2 high heat of poimerizaticn of
cL kcal/hcle. Straln in the polymer has been attributed as
the cause of low heats of poliymerization of the

methacryliates (52).

The Calorimefer

The heats of reaction were measured with a
differential microcalorimeter of the Tian-Calvet type (54).
It consists essentially of a large block of metal, held at
constant temperature, in which are mounted two metal reaction
vessels, {(Figure I). Each reaction cell 1is surrounded by a
thermopile which has one set of junctions in thermal contact
with the reactlon cell, and the other set in contact with the
i1sothermal heat sink, common to both cells. In operation, the
reaction %o be measured 1s carried out in one reaction
vessel, and a sultable blank reactlon in the cther, the
reagents flrst being allowed to reach thermal equllibrlum
with the block. The thermopiles are connected 1n electrical
opposition (see Figure 2) to each other, and a voltage will
therefore aﬁpear in the thermopile circult only if there I1s

a temperature difference between the r2action cells.
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n Figure I, A represents the heat sink which
consists of 2 cylindrical sixty-pound block of aluminum.
There are two holes, B, in the top of the block, the centres
of whlch lie on a diameter of the block, and at an equal
distance from 1ts centre. A silver thimble, C, 1s suspended
in each hole by means of a plastic susport ring, E. The
thermopiles, D, are instzlled in the space between the
eluminum block and the silver thimbles. Each thermopile is
composed of sixteen iron-constantan Junctions. The Junctions
are attached to the thimbles and the block by Glyptol
cemant. This insulates the junctions electrically from the
block and the thimble, but gives reasonably good thermal
contact. The reaction vessels, to be described later, fit
snugly into the silver thimbles,

The central 2luminum block 1s surrounded by five
concentric aluminum cans, The innermoct can 1s made of twb-
inch thick aluminum, the remaining four cans of one-quarter-
inch aluminum. The four innermost cans are insulated by dead
alr spaces, there teing an increase in radius of about
fifteen centimeters for each succeeding can. The space
between the outermost two cans is packed wi*h cotton. The
second outermost can carries an adiabatic shield made up of
several heating resistors distributed evenly around it.
Control of the temperature is accomplished by a temperature-

controllir:; unit manufactured by Polyelectronics Company of
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Canada., Access to the silver thimbles is provided through
long bzkelite tubes which lead from the outside of the
apparatus through the insulating cans to the silver thimbles.

The output from the thermopiles is fed to an
electronic amplifier, which in turn is connected %o 2a recording
potentiometer. This arrangement gives a record of the
amplified thermopile E.M.F. as a function of time. An
electronic integrator is also connected to the amplifier,

8o that a direct measure of the area under the voltage=~time
curve is obtained.

The amplification and integration circults have
been described by Attree et al. (55). A schematic drawing
of the amplification and integration circuits is shown in
Firure 2a and Figure 3b respectively.

The output from the thermopiles is fed into a
modiflied commercial unit, the Liston-Becker breaker amplifier,
Model 14, Overall feedback has been incorporated in the circuit
to improve stability of gain and to increase the input impedance.
Output from the low pass filter, after passing through a
calibrated resistor, is used to drive a Leeds and Northrup

recording potentiometer,
The integrating circult used is conventional in

its basic arrangement. A resistance-capacitance network 1s
connected to a2 high-galin, high-impedance, direct-current

amplifier as shown in Figure 3b. The amplifier used 1is a



c
Ground

o BN

L1 e

) J—

wier s nmered s e f e e g

~
~

e
- =
o
s o N
<<

t

=
ot
A
ANV
AN D)

= T,

~ am e e mreve sz ety

SRR SOV MO

n.
P
{
.
‘
.
.
b
O
)
<,
*

~

Cly
et

A

A




- 22

Cary Modei 31 vibrating-feed electrometer, manufactured by
Applied Physics Corporation. It can be shown (56) that for

2 circuit of this type:

' T
e 1 ey dat

0= e

RC
°

where ey is the input voltage and e 1s the output voltage, R
is the value of the resistance, C 1is the capacitance, and
t 1s the time. The input voltage is the amplified thermopile
voltage. The output voltage, €os> is used to drive a Leeds
and Northrup recording potentiometer, so that a curve of
area versus time 1s obtained.

The calorimeter was locat:d in a small cabin,
the temperature of which is controlled at 25 6.2°(C. This
protects the calorimeter from large temperature fluctuations,
aiding in the thermostating of the calorimeter at 25°C.
The zabln temperature is controlled by bimetallic strip
thermo-regulators, acting through mercury relays. The relays
actlvate elther a heating element in the cabin or = pump
which circulates cold anti-freeze through a2 coil 4n the

cabln, depending on whether the cabin 1s to be heated or

cocled.
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The Reaction Cell Assembly.

The reactlon cell 1s capable of keeping the react-
ants and Initiator separated until thermal equilibrium with
the calorimeter has been attained. It provides a convenient
method of adding the initiator to the reactants and a method
of effective gentle stirring. A schematic drawing of the
reaction cell assembly 1s given in Figure 4. Two reaction
cells of the type shown in Pigure 4 and described below were
built.

The reactlon cell (A) 1s completely made of glass;
it is equipped with a female-%g-ground glass Joint (C) which
unites it to the upper part of the assembly (B). One of the
reactants 1s put directly into cell(Al. The initiator is held
in a one-cubic-centimeter syringe (D) in the upper part of the
assembly.

The syringe needle (E) passes through the grouhd
glass Jjolnt, as does a small dlameter glass tube (F) and a
glass tube (G) carrying insulated electrical leads; these are
sealed in with epoxy resin. The glass tubing, with the
electrical leads, ends in a bulb (H) containing a calibrated
resistor immersed 1n oi1l. The helght of this bulb is such that
it is submerged in the middle of the 1liquld in the reaction
cell. The other glass tube (F) is used to stir the reactants
in the following manner. Regular alternations in the pressure,
between small 1limits, are imposed on the tube. The liquid in

the reaction cell 1s thus caused to osclllate a short distance
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in the tube, giving smooth effective stirring. The regular
alternations in the pressure were caused in the following
manner. A glass U-tube was partially filled with vacuum-pump
0il, One side of the U-tube was connected to the glass tubling
in the reaction cell by means of a short length of tygon tubing.
A small piston was snugly fitted into the other end of the
U-tube. The plston was driven by a geared-down electric motor
at about 60 cycles per minute. Stirring by this method was
gentle and reproducible. The syringe (D) is used to contain
the initiator; its plunger was extended by a glass rod (J)
out of the top of the assembly so that the initiator could

be injJected into the reaction cell by merely depressing the

pPlunger.

The Relationship Between the Heat Liberated in the Calorimeter

and the Integral of the Voltage-Time Curve.

The treatment glven here is a modification of that
due to Calvet and Prat (54).

A reaction occurring in one cell of the calorimeter
increases the temperature of that cell from Ty, 1ts initial
temperature, to the temperature T, at time t. Let

AT =(T-Tg) (h)

The rate of heat loss from the reaction chamber to the heat
sink,—%% is proportional to T. Newton's law of cooling for
the reaction cell is

49 - nart (1)

where h 1s a constant.
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The thermoplle éircuit E.M.F. 1s also directly
proportional to the temperature increase AT, so that
E = KAT (N
where k is another constant. Substituting equation (J) into
equation (i) yields:
$ep

Integration over all time ylelds

where Q is the total heat liberated in the reaction cell.

In practice %—15 determined by calibration of the apparatus.

Calibration of the Calorimeter

Calibration of the calorimeter was carried out by
generating different quantities of electrical heat in the
reactlion cell and measuring the area of the voltage-time
curve for each of these r . 2tings. The electrical heat was
generated by passing a known current (I) through a measured
resistance (R) for a definite period of time (t). The heat
produced (J) was then calculated from J==12Rt Joules. The
calories used are defined calories, the conversion factor
for Joules to defined calorles being division by 4.1840.
The area of the voltage-time chart was read directly from

the integrating circuit chart.
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The current fiowing through the calibrating resistor
in each calibration was determined by measuring the voltage
across a known resistance in serles with the calibrating
resistor. The voltage across thils known series resistor
was measured by a Tinsley potentiometer, Type 3589-R. The
series resistor and the calibrating resistor were both
precisgion resistors, the values of which did not change
over long periods of time or with small fluctuations.in
temperature. These resistances were checked periodically
cn a2 Tinsley Wheatstone Bridge, Type 497C. The current of
about 0.1 amperes was drawn from a six-volt battery, and it
remained essentially constant during the calibration.

It has been shown (57) that equal quantities of
heat generated 1n each reaction cell gives a net area of
zero under the voltage~time curve. As a check on the
calibration, the heat of a known reaction was redetermined
(57). The reaction chosen was the solution of anhydrous
l1ithium sulphate crystais in water. The reaction 1is:

LipsOy (c) + 220 Hy O (1) 5L15504.220 HpO
The measured value for the heat of reaction was 6.547F 0.10
kcal. per mole, compared with the literature value (58,59)
of 6.61 kcal per mole. The agreement was within experimental

error, and the electrical calibration considered satisfactofy.
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Purity of Materials

Chemicals used in the polymerizations consisted of
moncmer, emulsifier (cetyltrimethylammonium bromide), initiator
(Ho0p, FeS0,.TH,0) and catalyst (HoSOy). The monomers used
in this study were supplied by the Rohm and Haas Company.
Table I lists the assay of each monomer as reported by
Rohm and Haas Company.

When recelved, all monomers contained a few parts
per million of hydroquinone as ’inhibitor. Just prior to
polymerization of a monomer, the inhibitor was removed by
distillation under a reduced pressure of nitrogen. The
middle fraction of the distiliate was collected and kept
under refrigeration except for short intervals when monomer
was removed from thls stock for polymerization studies.

The water used 1n making up all the solutions was
distilled water. It was boiled, and then cooled in a stoppered
bottle Just before use. l

The emulsifying agent was cetyltrimethylammonium
bromide, technical grade, manufactured by Eastman Kodak,

It was purified by recrystallizing it twilce from acetone.

The hydrogen peroxide and the ferrous sulphate
were reagent-grade chemicals,

For the vclumetric determination of the monomers the
following reagents were used: bromine, chloroform, potassium

bromide, potassium lodide and sodium thiosulphate.
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Zpecifications and Typicel Properties of the Monomers

Specifications Typical Properties

- Farsty
Methacrylic acid $h.5% QL O
ethyl methacrylate GG 56 0% .B%
ithyl methacryiate 8,05 0Y.1%
Butyl wethacrylate <2,5% S
Hexyl methacrylate 556 05 0G4 37
2-¥ydroxyethyl methacrylate 66.45%
2-Hydroxypropyl methacrylate .55
Acrylic acid 49,05 55. 3%
sethyl acrylate 58.5% 08,83
thyl acrylate 98455 5% o OF

Butyl ecrylate 09,57 00,65
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The potassium lodide was éhown to be lodate free. The
sulphuric acid, potassium bromide, bromine, potassium lodide,
and sodium thiosulphate were Fisher certifled reagent chemicals,
The bromine solutlion was made up by dissolving 30
grams of potassium bromide in 400 ml. of water, and then
adding approximately 5.5 ml. of bromine.
The sodium thlosulphate solution was made up to
approximately 0.15N using proportional quantities to those
given in Kolthoff (60), and standardized against potassium
iodate according to the procedure in Kolthoff (60).

Experimental Procedure

A similar procedure was used to measure the heat of
reaction in every case and thlis may be described generally
as follows, The syringes in the reaction assemblies were
loaded with the appropriate amount of dilute Ho02 to givé
a 10'3M solution when inJjected into 1C 1 of solution.in the
reaction cell, Thirty-five ml., of distilled water was placed
in a 100 ml. glass stopper volumetric flask. A stream of
nitrogen was passed through the water for fifteen minutes
to reduce the oxygen content. The appropriate amount of
cetyltrimethylammonium bromide was weighed to give a 1%
solution of‘emulsifier and this placed in the water, followed
by enough dilute sulphuric acid to give a 10-2N solution. A

carefully weighed quantity of ferrous sulphate, to gilve a
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10'3 M sclution, was then dissolved in the solution. Intc one
cell ten ml, of this solution was placed and this cell Joined
to the rest of the reaction assembly and placed in the
calorimeter. This is the blank experiment. To the remaining
twenty-five mls., of the emulsion solution was added the
appropriate amount of monomer and stirred vigorously. Ten
ml, of this solution were then placed in the other reaction
cell, Joined to the assembly and placed in the calorimeter.
Both cells were allowed to remain in the calorimeter for
sufficient time to reach thermal equillbrium with the heat
sink. When thermal equilibrium had been attained, the charts
on the amplifier and integrator were started, and the amplifier
and integrator controls set. The plungers on the syringes
were depressed, the reactlion belng in this way initiated,

and the stirring motor turned on. The stirring motor was
allowed to run for the duration of the experiment. Wheﬁ

the reaction had essentlally stopped, 35 indicated by a zero
voltage on the thermoplle circuit, the heat evolved 1n the
reaction was estimated, and approximately the same quantity
of electrical heat was introduced into the reaction cell in
the nmanner previously described. At the conclusion of this
calibration the exact heat evolved in the reactlon was
calculated from the ratio of the two curve heights on the

integrator and the electrical input.
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Immedlately foilowing the completion of the

calibration the amount of monomer in the initial solution

and in the final partially polymerized solution was determined
by titration. The blank cell in the calorimeter was used to
determine the concentration of the bromine when no monomer
was present. These determinations were carried out in the
foliowing manner. The procedure 1s a modification of that
described in (6). Ten ml. of the bromine solution had been
placed in each of three stoppered iodine-number flasks and
had all been cooled in 1ce water to prevent volatilization

of the bromine. Into one flask was pipetted five milliliters
of the initial monomer solution and 5 ml. of CHCl3 were added.
Into one of the remaining flasks the partially polymerized
monomer solution was poured, the reaction cell being rinsed
twice with 2 ml. of water and twice with 2.5 ml. of CHCl3.

In the remalning iodine flask the contents of the other’
reaction cell was poured with similar washings as above.
Immediately following the completion of additions of reagents
to each lodine-number flask it was placed on an oscillating
shaker. After the lodine flasks were shaken for one-hour
periods each was removed in turn and subjected to the following
procedure. The lodlne-number flask was again chilled in
ice-water and then 25 ml. of a 10% KI solution added by

allowing the reduced pressure inside the flask to draw the
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solution into 1t. The flésks were shaken by hand for two
minutes and then titrated with standardized NapS203 solution,
from a2 graduated 50 ml. burette, to a clear layer of CHCl3.
The amount of monomer polymerized was then
calculated by the following method. The amount of bromine
&dded to the 5 ml, of initial monomer was calculated by
subtracting the titer of this solution from the titer of the
blank, Vg - m1 : thls is the amount of bromine reacting with
5 ml. of monomer solution. The amount of bromine which would
add to 10 ml. is therefore 2(Vg =-Vgy). The amount of monomer
adding to the partially polymerized solution was obtained by
subtracting the volume used in 1ts titer from the volume used
in the blank, (Vg - V,

mp
tc the amount of monomer polymerized 1s therefore

). The volume of NaySp03 corresponding

2(vg = Vpq) - (Vg - Vmp) or Vg - 2Vpy + Vinp Multiplica@ion
of thls volume by the normality of the Na28203, and the
equivalent welght of the monomer, divided by the molecular
welght of the monomer, glves the number of moles of monomer

polymerized 'n the reaction for which the heat was measured:

(ieay X Eg. wt. monomer
{g=al 1nEnS A =
B m1+Vmp) X he2 233 *  M.W. Monomer

1C00

Numbper of moles polymerized

oince Eq. Wt, onomer _ M,W. jjoncmer
2

the expression has the form

O

N
V_=2V, 3
( B mi+vmp) X Nazbe 3

= Number of moles polymerized
2000
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Division of this quantity.into the heat observed during the
calorimetric measurement gives the heat of polymerization.

Duplicate titrations of monomer solutions were in
agreement to better than 1% with one another. Titrations on
weighed Quantities of monomer showed that the gravimetric
and volumetric determination agreed to better than 1%.

To confirm that the reaction of the ferrous ion
and the hydrogen peroxide were effectively cancelled by the
use of the differential calorimeter, the following arrangement
was used., Both syringes were loaded with the same quantity
of Hp0,. Emulsifier, ferrous sulphate and sulphuric acid
were added to degassed water and 10 ml. of this placed 1n
each reaction cell, When thermal equilibrium had been
attalned the amplifier, integrator and recording charts were
started. The plungers on the syringes were then depressed
and the stirring motor was started. That any heat effects
were cancelled by the differential nature of the calorimeter
was exhiblted by the fact that no area appeared on the E.M.F.
vs time chart and hence no area on the integrator chart.

This shows that neither the initiator reaction nor the

stirring contributed to the heat measured by the calorimeter.

SXPERIMENTAL RESULTS

The experimental results are presented in Tables

II to XII. For each reaction studied several results are'given.
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The average heat of reactior is given for every monomer
along with the standard deviation of the measurements.
For the sake of convenlence the results are summarized

ir. Tzhle XIiI.

A11 polymerizaticns were carried out at 25.0

cdegrees centlgrade.
Zxcept where unoted one per cent of
cetyltrimethylammonium bromide (emulsifier) and 10'3

molar ferrous sulphate and nydrogen peroxide {irltiator)

were used.
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"TABLE XIII

Summary of Heats of Polymerization

Temperature 25°C.
Monomer Number Table
of Number
Experiments
Acrylic acid 5 IX
Methyl acrylate 5 X
Ethyl acrylate 5 X
n-Butyl acrylate 5 par
Hydroxyethyl methacrylate 5 vt
2-Hydroxypropyl
methacrylate VIi
Methyl acrylic acid 6 VIiIT
Methyl methacrylate 21 If
Ethyl methacrylate Q 11z
n-Butyl methacrylate 12 Iv
n-Hexyl methacrylate 5 v

Heat of
rolymeriza-
tion
Calories
per mole
18,580
18,790
19,070

11,840

12,100
13,460
13,570

Standard
Devia-~
tion
Calories
per mole
40
50
40
50
80

70
70
60
50
110
80
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DISCUSSION

Comparison with Previous Results

Heats of polymerization reported in the literature

have a2 number of different standard states. Frequently, there

are insufficient data to convert a measured heat of polymeriza-

tion to the value for some arbitrarily chosen standard state

common to all systems. Dalnton and Ivin {(43) used the following

subscripts to

being made:

define the value of AH to which reference 1is

gas (usually hypothetical)

amorphous sclid)

amorphous solid)

Subscript Monomer State Polymer State
12328 gas
gc gas condensed (1liquid or
le liquid condensed (liquid or
1s liquid solution in monomer
ss solution solution
sc solution

condenced {iiquid or

amorphous solid)

Our values as best compared to those of A Hgy where

avallable. A considerable number of investigators have mernurcs

the heats of poiymerization of some of the monomers studied

in this work. Table XIV presents the experimental data avail-

able to date on the heats of polymerization of these monomers.
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TABLE XTIV

Summary of Heats of Polymerization Available

in the Literature

Monomer Standard Heat of Temperature Reference
States  Polymeriza- of
tion Polymeriza-
kilocalories tion
per mole
Acrylic acid ss 18,5 * 0.3 20°¢ (18)
Methyl acrylate 1c 18.7 + 0.2 76.8%C (62)
ss 20.2 ¥ 1.0 20°¢c (18)
Methyl L
acrylic acid ss 15,3 T 0.2 20°C (18)
Methyl . o
methacrylate 1c 13.0 = 0.2 76.87¢C (39)*
lc 13.9 * 0.3 76.8°C (63)
1s 12.8 £ 0,2 25.5°¢C ( 5)
1c 13.4 * 0.5 130°%¢ (4h)(45)
1lc 12.9 £ 1.1 20°C (18)
Ethyl .
methacrylate 1lc 4,4 £ 0.6 120°9¢C (45)
1s 13.8 £ 0.2 26.5°¢ ( 5)
n-butyl
methacrylate 1lc 13.5 £ 0,2 76.8°C (39)*
is 14,3 + 0.3 26.¢9¢C ( 5)
n-hexyl . - .0
methacrylate 1s 4.4 = 0,3 26.57°C ( 5)

*Not corrected for unreacted monomer
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Th2 standard deviations in the present studies onm
the heats of polymerization are all within 0.8% and nine of
them are in the range of 0-0.6% of the average heat of polymer-
ization. The technique employed therfore seems to provide
a very reliable method of measuring heats of polymerization.

Agreement between the heats of polymerization of
acrylic acid and of the acrylates with availlable experimental
data is fair. Certainly the value of 18,53 (18) 1s in
excellent agreement with our value of 18,40 * .04 for acrylic
acld. The value of the heat of polymerization of methyl
acrylate of Tong and Kenyon (62) 1s in good agreement with
our value, but that of Evans and Tyrrall (18) is considerably
higher. However, thelr estimated error of 1 kcal.per mole
is approximately a 5% error and indicates a large degree of
uncertainty in their result.

The value of methylacrylic acid given by Evans
and Tyrrall (18) 1s consideradbly higher than that reported here.
For methyl methacrylate the value we have obtained is 1in good
agreement with the results of most investigators. The value of
Tong and Kenyon (39) may be too low because they assumed
conplete polymerization.

The heats of polymerization of ethyl methacrylate
are within the 1limits of the estimated experimental errors.
The value we obtained for butyl methacrylate,13.86 kcal/mole,
is intermediate in value between the values in the literature

and outside their estimated experimental error . The result for



hexyl methacrylate was slightly lower than indicated by the
previous experiments of Dainton (6).

No literature values are available for hydroxyethyl
methacrylate, 2-hydroxypropyl methacrylate, ethyl acrylate or
butyl acrylate.

Interpretation of the Results

As seen earlier, addition of a free radical to a

vinyl monomer mray occur in one of two ways;

R +HoC = CXY > R=-CHp~CXY-
R +XYC=CHp ? R~CXY~CHp-

The former process leads to a head-to-tail (HT) polymer,
the latter to 2 head-to-head, taill-to-tail (HHTT) polymer.
The relative rate of the two processes depends on the energles
of the corresponding complexes, and the following two factors
are of primary importance:

1) In the radiczal R-CHQ-CXY the substituents X and
Y provide the possibility of resonance structures in which the
unpaired electron resides on the radical, and this has the
effect of stabllizing the rzdical. This resonance stabiliza-
tion will also enter to some extent into the activated
complex. No such resonance stabllization is possible in the
case of the radical R-CXY-CHo- or 1ts corresponding
activated comulex. This factor therefore favors the formation
of HT polymers, and structural studies (64,55) in fact indicate

that these are the most common.
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2) Steric effects, on the other hand, tend to favorp
the HHTT arrangement, as is shown schematically in Figure 5.
There is more steric interference in the case of an HT polymer
than 1n a HHTT polymer, and this is also true in the case of
the activated complexes. A polymer radical in which the cdd
electron is on the =CHo- group (I and II in Figure 5) will
therefore prefer to add on to the --CH2 end (I) rather than
the -CXY end (II). Similarly a polymer radical with the end
electron on the -CXY group will prefer to add on to the CXY
end of the monomer {IV) rather than to the CHpy end (III). As
a result, the HHTT polymers tend to be prefered if there is
much steric hindrance. In agreement with this Marvel and

Cowan (66) have shown that the monomers

Cq Br

cH, = CCooCH.. 2nd CH = CCOOCH
2 3 2 3

where considerable steric effects are expected, lead
predominantly to the HHTT arrangement,

These considerations lead to an interpretation of
the apparently paradoxical results that in both acrylate and
methacrylate series the change from methyl to ethyl to n-butyl
esters leads to a steady increase in the heat of polymeriza-
tion. It must be supposed khat the increased steric hindrance
leads to an increase in the proportion of HHTT polymer, so
that in the products there is actually less steric hindrance

with the more bulky substituents than with the smaller ohes.
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Hydroxyethyl méthacrylate and 2-hydroxypropyl
methacrylate both exnlbit lower heats of polymerization than
do the monomers having no hydroxyl groups. The difference
seems too large fo explain on the basis of changes in the
bond stréngths, or by steric hindrance, brought about by the
hydroxyl groups. The most llkely explanation appears to be
that in solution the nydroxyl group in the monomer is
solvated, but that in the polymer chain the hydroxyl groups
are only partially solvated. The heats of solvation of
alcohols are in the range of 2.5 to 4 kecal per mole (67), so
that the effects observed could be explained if only part

of the solvation shell 1s removed on polymerization.
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KINETICS COF POLYMERIZATION

INTRODUCT ION

Xlnetlcs of Emulsion Polymerizztion

McBaln (26} and Harkins {27,28) studied strong
socap solutions by means of X-ray diffraction, obtaltning
good diffraction patterns which tended to show that lamellar
micelles are present in strong scap soluticne. These micelles
v...-28% of & piie of three or more doudle layers of orlented
BO2p melecules; each double layer 1 held together by the
reliatively weak atiractive forces between ihe aethyl groups
of the soap, and are separated by layers of iiquié water
approximetely 2C A, U, thick,

If a hydrocarbon 18 added to this system, it
Penetrates the micelle and 8;1its the double layer of scap.
Consequently the micelles conesist of soap separated by water
and oil, McBaln coined the term 'solubilized'to describe the
ctete of the oil within the micelle, Thiz incerporation of
tne 011 has the effect of increasing the distance between
adjecent soap layers and this waes refllected in & shift of

the -ray ciffracticn lines, If the zcunomer is not completely
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solubilized some of it rémains as suspended droplets in the
agueous phase.

Tne characteristics of emulsion polymerization
led Harkins (29) to propose two principal loci of polymeriza-
tion, Ohe locus operative initially, when the monomer is
present in the solubilized condition and in the form of
droplets; and the other locus later on, when the character
of the emulsion has been materially altered. The monomer
droplets are orders of magnitude greater in mean radius than
the micelles; but the latter present an immensely larger
interfaclal area; almost all of the radicals generated in
the aqueous phase are therefore captured by the micelles.
Polymerization 1s initiated in the micelles by the capture
of the radical, and monomer is supplied to the growing
radicals from the droplets in the surrounding solution.
The original micelles containing monomer, through initiation
of polymerization, become polymer particles, and these
polymer particles rapldly grow larger than the original
micelle due to the entrance of monomer from the droplets.
Soon all the soap 1s absorbed on these polymer particles,
the micelles disappear (2 - 3 % conversion), and from this
point on the locus of polymerization is the polymer particles.

Smith and Ewart (30) provided a quantitative
check on the mechanism of emulsion polymerization proposed

by Harkins. Thelr argument 1s most easlly developed by
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considering the steady étate portion of the polymerization
brocess after the micelles have disappeared and the number
of polymer particles has become constant. Under normal
emulsion polymerization conditions the number of pclymer
particles amounts to 1013 - 1025 particles per cubic
centimeter. We will take 1014 as an average value.

The rate of radical production depends on the
temperature, amount and nature of the initiator employed,
but 1013 radicals per cubic centimeter per second 1is a
representative value. Therefore if all the initiator radicals
enter polymer particles, a particle will aquire a radical
once 1in about 10 seconds, on the average. Once in a particle,
a radical proceeds to grow by adding monomer units at a rate
equal to the rate constant for pPropagation process k?’
multiplied by the monomer concentration in the particles.

If a radical enters a particle that already
contains a radical 1t willl at once combine with it, and
from this 1t follows that at any time one half of the
polymer particles will contain one radical and the other half
no radicals. If N is the total number of polymer particles

the rate of polymerization is therefore given by
Rz []<
T D [ ] 2

Thls expression has been confirmed for styrene systems by

Smith (68, 69) and also by Morton (70, 71, 72), employing



"seeded" systems in which fresh initiator ang styrene is
added to a performed latex, containing no free scap, and in
which the particle concentration is known by electron
microscoplc measurements or other means.

It is evident from the zbove expression thatg 1f.§$¥3
N and [M] are known kp can be calculated., With styrene the
result 1s in reasonable agreement with the measurements in
homogeneous systems (68,69,70,71,72) and provides additional
confirmation of the scheme.

The number of particles, N, in the rate expression,
is shown by the Smith-Ewart theory to be proportional to the

concentration of the emulsifier to the 0.6 power and the

concentration of the initiator to the 0.4 power.

4

no¢cl-6 0
Ho(eleC e

A more recent theory of emulsion polymerization has
been put forth by Medvedev (73). His assumption is that the
initial formation of the polymer raises the viscosity of the
interior of the monomer-polymer particles preventing radical
penetration and therefore most polymerization takes place on
the surface of the particles. He also assumes that the water-
soluble initiator radical reacts with an emulsifier molecule
in the water phase. This activated emulsifier molecule then
enters the absorbed layer on the surface of the particle

initiating a2 chailn reaction. From these assumptions he finds



O\
()

thet the number of particles is proportional to the
concentration of the exnulsifier and of the initiator both

to the 0.5 power. That is

O

e D

Neld C

=
(@]
= O
i

Recent investigations of the effect of emulsifier
and initiator on the rates of polyrerization {74) indicates
this latter expression may indeed apply. This investigation
(74) also shows that the water solubility of the monomer is
relatively unimportant in determining the rate dependence
and the part.cle number dependence; methyl methacrylate,
butyl methacrylate and other monomers have the same
dependence of rate and particle number on emulsifier, initilator
and monomer concentratlions over the range of variables
investigated.

In the present studles the monomer concentration
was approximately 0.2M and it 1s assummed that at this low
concentration of monomer and a one percent emulsion, 211 the
monomer 1s solubllized.

This 1s equlvalent to saying that the monomer
concentration in the particle 1s proportional to the overall
monomer concentration. In comparing the rate constants for
propagation.of different monomers one must assume that N is
the same in 21l cases. Recent work (74) has indicated that

several monomers have the same dependence of the particle
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number on emulsifier, initiztor and noncmer. Since 211
experiments were under identical conditions, the assumption

of 2z constant N does not appear dangerous, especially since

¢t

he nature of the monomers is not altered greatly from one

monomer to another.

Thermal Method for Determining Rate Constants

The thermal method of following the kinetics cof a
reaction by the temperature change 1s particularly important
where the reactions are too fast to use the usual chemical
methods. As carly as 1923 a thermal method of determining
rate constants was suggested by Har:ridge and Roughton (75)
for a flow system. For reactions in non-flowing systems, Bell
and Clunie (76) have given a theoretical treatment of first-
order and second-order reactions and have verified their
treatment experimentally., Thelr treatment requires that‘the
heat of reaction and the coolling constant of the reaction cell
be known. Their method also involves a knowledge of To, the
temperature (or E.M.F. of the calorimeter) that would result if
the reaction took place under adiabatic conditions; this is
not convenlently obtalined from the calorimeter data available.
Other investlgaetors have aiso focused attention on th
relationship of temperature to time (77,78,79).

A method due to Baumgartner and Duhaut (80) 1is

ideally suited to the problem and the experimental information

i
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avziladble, It 2llcws dedﬁction of the first-order rate
constant from readily available experimental data. It has
been used by Lovering and Laidler (81) in the determination
of alcohol-isocyanate rate constanis.

 Lueck, Beste and Hall (82) have described a
method of determining reaction kinetics in solution similar
to that of Baumgartner. Their apparatus consisted of a
constant temperature bath in which a2re immersed two
I1dentical glass reaction vessels. Each glass reaction cell
is equipped with an efficlent stirrer and a thermister. Each
cell contains the same amount of reagent solution. One cell
serves as the reaction cell and the other as a reference
calorimeter cell, The thermisters are connected through an
amplifier and a2 bridge to a recording potentiometer, which
provides a measure of the temperature difference between’the
two calorimeter cells as the reaction proceeds. “hen the
reagent 1s Injected into the reaction cell, a plot of
temperature difference against time resembles curve A of
Figure 6. The initial sharp rise in temperature at time zero
when the reagent is injected is caused by: a) the difference
in temperature of the added reagent from the cell contents,
and b) the heat of mixing of the reagent with the solvent.
The reactioﬁ begins and heat 1s generated causing a further
rise in temperature. However, heat is also being lost from
the reaction cell to the bath., After a maximum temperature is

reached, a gradual decline of AsTt, the temperature difference

il
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between reaction and reference cells at any time ¢, to zero
occurs. Th:y give the following derivation for the calculation
of a first-order rate constant. Curve A will depend on kl, the
rate constant of the chemical reaction, and on the rate of
coo}ing. The rate constant can be extricated from the curve A
in the following manner. At any time t, the followling heat
balance equation holds
CpAT€=Qﬁ+Qr~Qd (x)

where

Cp 1s the heat capaclty of the reaction cell and
contents in calories per temperature unit. It is assumed
constant during the run.

A T¢ 1s the temperature difference between the
reaction and reference cells in appropriate units of time.

Qm 1s that heat in calories which would be Just
sufficient to cause the rapid temperature rise, & T;, which
is observed when the given quantity of reagent at any
temperature is mixed with the solution in given amount and
concentration,

A T4 18 the value of &~ Tg reached almost instantly
after the injection of the reagent.

Qriis the heat in calories evolved by the reaction
of the given amount of reagent by time ¢t.

Qg is the heat in calorles which has been dissipated

from the reaction cell into the bath by time ¢t.
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Heat is now being lost to the bath throughout the
run, ard 1f Newtonlan behavior is followed the heat lost can

be expressed as

p 4t dt
where K, in reciprocal minutes is a constant characteristic
of the particular cell, stirrer and cell contents., That
Newtonian behavior is indeed followed was demonstrated by
plotting the logarithm of Zth against t, as expressed in
the following equation
AT, = Ar, &kt (m)
t i
Where K can be evaluated from the slope.
Integration of equat%?n (1) gives
A
-o/de:-Qd:KCpa/ATtdt (n)
The term Q, can be evaluated from the value of ATy (see
Figure 6),.
- (o)
Q= CAT, (o)
Substituting terms in equation k from their
equivalents in equations (n) and (o)_gields
Qr—.- CpATt- C,OT, + ch[ATt dt (p)
Qr 1s proportional to the concentration of product [P)t

formed at time t.

Q]

Cg— 2 (q)
Qr(az [Mjo
in which Qp(es) 18 the total heat in calories formed by the
complete reaction of the a2dded reagent under the specific

conditions and (M]O is the 1nitial concentration of reagent.
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By eliminatin%m%r between equations (p) and (g).
C oo
[?] 2 ° xlaT-AT.+ X[ AT, at (r)
t ) t i t
r(==) %
Here the bracketed term involving experimentally accessible
quantities is directly proportional to the product concen-
tration., The values of ATy and AsTi are read directly from
the potentiometer tracing at various times and Just after
injJection,

To calculate the fraction reacted, f, at any time

we let t = oo in equation (r) and we obtain (s).

¢, [l =2

[B.7 -B {6-A’I‘1+ K ﬂyr dt} (s)
Q t
i) A

Dividing (r) by (s) and letting £= (P), /[F__we obtain (t)
z

AT, / K+ AT, / X+/oT, at
F - t i 2 t - (t)

—ATi /K+0ATt dte
In our case z>T1=O; since the reactants were at thermal_
equilibrium and any heat of mixing on adding the initiator

cancels because of the differential nature of the calorimeter.

Therefore (t) has the form

T
_ATt / K+ [ATt dat
- od
gATt dt
The numerator is the sum of the heat evolved in attaining

temperature t (area A Figure 7a), and the unevolved heat for
the cooling from temperature t to the initial temperature
(area B Figure 7c). The denominator is the total heat

evolved.,
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The usual form of the first-order expression is

in —%-= kt

where
a = initial concentration
¢ - concentration at time t
k - rate constant
t = time
but ¢ = a - a_f

P
where ap is the amount polymerized when the reaction has

essentlally stopped. Therefore from

a

In——— = xt (1)
a- g f
a plot of 1,2 . velBus t gives a line of slope k, a and
a=-

ap are determine analytically and f is calculated from the

above expression from the data available on the recorder
charts. the pate expression for emulsion pol:~erization has

been shown to be alM]

5 7k [M]—g’ (x)

Since 1n our experiments the majority of
polymerizations were carrled out with a constant concentra-
tion of initiator and emulsifier, N would be approximately
constant in all cases, and since N 1is very large the above
expression (x) corresponds to pseudo-first-order inetics,

We can, by the previously described thermal

methods determine rate constants for the polymerizations.
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These rate constants are proportional to kp, the rate constant
for propagation.

The method of Lueck et al has been used to
determine the rate constants, for the polymerization
reactions studied, from the calorimetric charts. These
charts record the E.M.F. due to the heat produced by a
reaction or by electrical heating as a function of time,
and also the integral of the E.M.F. versus time curve as a
function of time. Schematic curves of this type appear in
Figure 7: curve 7a shows the variation of the E.M.F. with
time due to a chemical reaction, and 7b is the integral of
the curve 7a, also as a function of time; curve 7c¢ shows
the E.M.F. variation with time due to electrical heating,
and 7d is the integral of this curve.

The procedure of extracting the rate constants
from these charts 1s as follows. If the chemical reaction
could be stopped at any time t, the reaction cell would cool
off exactly in the manner it cools off after the current is
turned off in an electrical calibration. The area under this
curve 1s proportional to the amount of material reacted from
time t = o to t = ¢.

Imaginary curves of thils type can be obtained from
the E.iM.F. vérsus time plots for the chemical reaction, and
for an electrical heating. The shaded area A in Figure Ta

1s a measure of the heat evolved from time t = o to t = t.
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Stopping the reaction at.t, would mean the reaction cell
would cool down according to 1ts characteristics, as
measured by a simple cooling curve, such as is obtained
when an electrical heating is discontinued. Hence, the area
of a simple cooling curve between E.M.F, = a and E.M.F. = o
1s a measure of the unevolved heat in the reaction cell
when the reactlon 1s stopped at time t. This is shown as

the shaded area B in Figure 7c. The sum of area A in

Flgure 7a and area B 1n Figure 7c gives the total heat of
reaction up to time t. This i1s a direct measure of the amount
of reactant which has reacted at time t. The ratio of the
heat evolved up to time t to the total heat evolved is a
measure of the fraction reacted, f, up to time t. From this
value of f and the analytical results of initial monomer and
final monomer in the solution, we can calculate the rate

constant from equation (u).

EXPERIMENTAL

Calculation of the Rate Constants from Calorimetric Data

The rate constants were obtained from the calorimetric
charts in the followlng manner. The charts from a chemical
reaction and the electrical calibration were arranged on a
drawing boafd in the order shown in Figure 7. A series of
times were selected at fixed intervals covering the initial

part of the reaction, up to 50% completion.
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The magnitude df the area & is obtzined by reading
The area directly from the curve of arez versus time (see
Flgure 7b). Area B is obtzined by constructing a iine from
& to b and then from b to c as shown in Figure 7. The
magnitude of area B is obtained by subtracting area C
(Figure 7d) from the total area d, of the electrical heating
curve, The fraction, f, polymerized is then determined from
the ratio of the sum of area A and area B to the total area e,
(Figure Tb) due to the chemical reaction. The left hand side
of equation (u) was then plotted against the appropriate
time, for a number of different times, the rate constant is

then given by the slope of this curve {see Figure 8).

EXPERIMENTAL RESULTS

The values of the rate constants obtained by the
above method are given in Table XV. The average values with
the standard deviation, for the constants are summarized in
Table XVI.

The slope of the line in Figure 8 is ko=

T8 0f
Since N 1s assumed constant in the case of different
monomers, comparison of the slopes of the lines for different

monomers is proportional to a comparison of the kp's.
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Zorimetric Data T 25YL.

letheasrlic acid

iethyl methacrylate

Ethyl methacrylate

Butyl methacrylate

Hexyl methacrylate
Acrylic acid

Methyl zcervlate

Ethyl acrylate

Butyl acrylate
dydroxyethyl methacrylate

2-HEydroxypropyl methacrylate

aate Constant x i
sec, &

2.15% 0.1¢
1.8310.14
2.84 to.28
2.66 10,23
1.3510.18
4,19 70,43
8.8310.60
12.64 % ¢. 41
c.52t0.10
1.24 20,19

1.67=¢C.3¢
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DISCUSSICN

Comparison with Previous Results.

The rate constants available for the propagation
step of polymerization from the literature are derived from
bulk polymerization studies, and are not directly comparable
to the present studies., However they do exhlblt a2 maximum in
the propagation rate constant between methyl and butyl
methacrylate. The available data include 310 at 24% for
methyl methacrylate (83), 467 at 30%°c for n-propyl methacry-
late (84) and 362 at 30°c for n-butyl methacrylate (85) all
in units of liters mole™l sec™I.

For the acrylates, only values of 720 liters mole”
sec™! at 30°% for methyl acrylate (86) and 13 liters mole™t

1 at 25% for butyl acrylate (87) have been reported.

sec”
These are also rate constants for the propagation step in
bulk polymerizations. In our studies the rate constant for
propagation is lower for methyl than for butyl acrylate.
This 1s in contrast to the values mentioned above., However,
1t should be pointed out that in bulk polymerization
of methyl acrylate the high value for the propagation rate
constant may be die to auto-acceleration(88).

In order to compare our first order rate constant

to a second order rate constant of similiar units to the

values mentioned above we must assume [Nj is of the order

1
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o nl5 .- - - i s s X
of 10 5-;0 16 molecules per cc. Tizis is in the proper range

for [ﬁ] found by other investigations {68,89,70,71,72,74).

b-

Interpretation of the Hesuits

From Tablie XVI 1t can be observed that propagation
rate conétants of the acrylate esters are consistently
higher than those of tne corresponding methacrylate esters.
There 1is considerably liess steric hindrance to polymerization
in the case of the acrylates (mono-substituted ethylenes)
than in the methacrylates (di-substituted ethylenes). This
has been shown in Part I, where the heats of polymerization
of the acrylates are considerably higher than those of the
methacrylates. Since there is less steric hindrance in the
polymers of the acrylates than that 1in the methacrylates,
one would indeed expect thelr rates of propagation to pe
higher than those of the methacrylates.

In the acryliate series, the rate propagation
constants increase from acrylic acid to methyl acrylate
through ethyl acryiate, but then decrease to butyl acrylate,
similar behavior is also exhibited by the methacrylates.

The rate constants for methacrylic acid and methyl
methacrylate seem to show a deviation from this, but the
values for the rate constants are within experimental error
of one another. Tne decrease in rzte of polymerization from
ethyl to butyl to hexyi methacrylate is similar to the

observed decrease in rates observed on going from etnyl

to butyl acrylate.



The rates ol polymerizatlion show an increase in
the razte of propagation on proceeding from methyl to ethyl
esters of the monomers. The electron donating power of the
ethyl greup 1s greater than tThat of the methyl group; this

v

seems to.be responsible for the increase in Kp. Increased
steric hindrance on proceeding from methyl to the ethyl
ester must be less important than the electron donating
power,

The kp's for the butyl esters are lower than those
of the ethyl esters. The effect of the electron-donating
power on the double bond would be similar with both ethyl
and butyl since the electrons must be shifted along a2
considerably longer chaln in the butyl ester; steric effects
tnow become the determinlng factor on the kp's, and the
kp's decrease.

This 1s carried through to the hexyl esters where
the electron donating power is approximately the same as
wilth the ethyl and butyl esters, but where the ilncreased
sterlc hindrance causes the kp's t0 decrezse with increzsing
length of the alkyl ester chain., Thils fendency is exhitited
in both the acrylate and methacrylate monomers.

Hydroxyethyl methacrylate and 2-hydroxyprooyi
methacryl ate both exhidbit low rates of polymerizztion. This
is further confirmation of the explanation, given in Zart I,

or the low heats of polymerization of these two monomers., If,

L)

on polymerization these :monomers must 1lose part of the



soivatlon snhell avout thne aydroxyl group, this would be a
slow step in their doiymerization ané would be refiected

in Iow rate constants.,
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A phase change suci as the vaporization of a liquid

-

i

(=3

& heat change 1s referred to as the

vaporization., This latent
trhe difference in heat corntents of
the two phases under consideration
pressure at which the vaporization

A considerable amount of

neat of vaporization repres

invariably associated with a change in heat content. Such

“latent heat® of

ents

one gram or one nolzs of
at the temperature and

takes place.,

experimental work has

been done on heats of combustion of compounds in the 1liguld

and solid states, but relatively little work has been done

on heats of vaporization. Such hezt
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Several types of calorimeters have been described
(90), for the measurement of heats of vaporization. Tha
calorimeters used are often similar to those used for
determining heat capacities, the important modification
being a méthod of measuring the amount of material
vaporized. Most calorimeters operate at a temperature other
than 25°C., and therefore the heats of vaporization obtained
must be recalculated to 25°C. to be of the most use.
Unfortunately these temperature correctlions, when appliled
to heats of vaporization, reduce the accuracy of the
calorimetric measurements.,

It was decided to adapt the Calvet micrcalorimeter
for the direct measurement of heats of vaporization at 25°C.
It was considered of particular interest to attempt to inter-
pret the heats of vaporization in terms of additivity

schemes, such ac the one previously developed by Laidler (91),

EXPERIMENTAL

Materials

The alcohols used were Fisher certified reagents.
They were dried by refluxing over freshly ignited calcium
oxide for 4 hours, followed by fractionation through a 40«-cm
column packed with short lengths of 4-mm glass tubing. Only the

middle fractions were retained.
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timing device was used to record the duration of the passage
of the current; the current was passed for 100 to 200
minutes, depending on the vapor pressure and the coolant.
It was possible, by means of the elevating device, to
control the rate of evaporation so that 1t would closely
match the rate of heat delivered by the coil; in this way
the amount of heat measured in the calorimeter was kept to
a minimum, and the accuracy of the measurements was thereby
greatly increased. The rates of evaporation ranged from
about 2x10” mole/min to 5:107% mole/min.,

When sufficlent alcohol had been vaporized, so
that the surface of the liquid was in the calibrated capillary
tube, the coolant was lowered sufficiently to stop vaporization
but only to such an extent that the alcohol in the receiver
did not distill back into the U-tube., The heater was then
turned off and the calorimeter allowed to come back to thermal
equilibrium. During this period part of the alcohol 1n‘the
calorimeter was vaporized, with the result that the conditions
in the U-tube were the same as the initial conditions. The
coolant was then lowered and the alcohol in the receiver
allowed to return to 25°C; this was done 1n the thermostatted
cabin, the temperature of which was controlled to O.1°C.
The volume was then recorded, and from a knowledge of its
density it was then possible to calculate the welght of alcohol
distilled.

The conditions were always adjuste so that there was

a positive amount of heat evoclved, indicated by a positive area
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on the record., This area was reproduced by passing an
electric current through the resistance in the cell for a
known period of time. This excess heat was usually less
than 1% of the total heat absorbed in the vaporization
process,

Experiments with the U-tube empty and evacuated
showed that there was negligible conduction of heat along
the U-tube when the coolant was placed around the receiver.
Experiments in which the amcunt of alcohol in the U-tube
was varied showed no effect on the calculated heat of vapor-
ization, indicating that there was negligible heat loss from
the tube. Experiments in which the rate of vaporization was
varled, using a different coolant and varying the potential
across the resistance, gave results in good agreement with
one another. This indicates negligible entrainment of liquid
during the vaporization.

RESULTS

The results for each experiment are presented in
Table XVII, and the results are summarized in Table XVIII.
An estimate of the overall accuracy of the heat determinations
may be arrived at as follows. The error in the measurement of
time can be ignored as being much smaller ( 1 in 10,000) than
the other errors. An average current was 0.0750 amp, and the
uncertainty in this is 0.0001 amp. The total reslistance was

73.675 ohms, and the uncertainty in this is about 0.010 ohms.
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These figures lead to an uncertainty of 2.9 cal in the
electrical aeat, or of 0.3%. The volume vaporized was
approximately 5 ml, and the uncertainty 0.01 ml or 0.2%.

The heat of vaporization per mole is the ratio of a measured
heat to the volume, and this leads to an overall uncertainty
of 0.5%.

The calculated heats of vaporization were obtained
by the use of an additivity scheme of the same kind as
previously given (91) for heats of formation. The contribu-
tlons for the various bonds, obtained on the IBM 650

computer by the method of least squares, are as follows:

P (primary C H bond) 606 cal/mole
S (secondary C H bond) 53C cal/mole
T (tertiary C H bond) 0 cal/mole
al (C 0 H, in which C 1s primary) 7196 cal/mole
I (C 0 H, in which C is secondary) 6894 cal/mole

43 (C.0 H, in which C 1s tertiary) 5250 cal/mole

There 1s no contribution for a C-C bond.

DISCUSSION

The standard deviations of the experimental
heats of vaporization are in all cases less than 0.3%, and
in most cases are 0.1 to 0.2%. The technique employed
therefore seems to provide a very reliable method of

measuring the heats of vaporization.

i



The values obtained for methanol, ethanol, and
n-propanol may be compared with the values glven by Green (92)
which are 9,070 *10, 10,180 * 20, and 11,360 * 10 cal /mole
respectively. For higher members of this straight-chain
serles of aliphatic alcohols Green suggests the same
increment per CH2 unit for the heat of vaporization as is
found per CHp unit in the straight-chain aliphatic hydro-
carbon series, This value is 12007 50 cal/hole per CH2 unit;
our value for the CH, unlt increment is 1060 cal/mole.

Parks and Barton (93) obtained values for the
heats of vaporization of 1-propyl alcohol and t-butyl
alcohol at 25°C from vapor pressure measurements; application
of the Clausius-Clapeyron equation gives the values
10,600 % 150 and 10,900% 200 cal/mole respectively, in
good agreement with our experimental values.

Two methods most frequently employed in the
calculation of the heat of vapor’zation at one temperature
from the heat of vaporization at another temperature are
due to Su (94) and Watson (95). These two methods have been
applled to the data of Mathews (96), Ingle and Cody (97),
Williamson and Harrison (98), and Weltner and Pitzer (99);
the critical constants from the "International Critical
Tables" (100) were used. The resulting values for the
heats of vaporization at 25°C are shown in Tables XIX

and XX,

it



TABLE XIX

Calculated Heats of Vaporization at 25°C (Cal. per mole)

Data of:

Method of:
LH3OH
CQHSOH

n-C3H70H

i-C3H70H
n-CuHQOH
1'04H90H

Mathews
Su Watson
9,070 9,100
10,240 10,310
10,700 10,770
12,130 12,340
11,780 12,020
11,290 11,490

Su
9,310
10,510
11,220
10,490
11,970

Cody

Watson

9,350
10,590
11,330
10,550
12,180
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TABLE XX

Calculated Heats of Vaporization at 25°C {Calories per mole)

Temperature of Calculated values at 25°C
measurement sSu wWatson

Data of Weltner and Pitzer (99)
for methahol

o 8,97 2,010
55 8,980 9,090
65 g,080 9,130

Data of Williamson and Harrison {98)
for n=-propanoi

60 11,310 11,420
73 11,310 11,390
31 11,30C 11,420

Data of Williamson and Harrison (S8)
for i-propanol

51 10,800 10,810
70 10,790 10,840
80 10,690 10,380
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Pitzer and williamson have determined the heats
of vaporiza:ion of certain zaiiphatic alcohols at several
temperatures. Results of the application of the method
of Su and Watson tc their data are given in Table XX.

For the lower-bolling aliphatic alcohols both
temperature-dependent relationships predict heats of
vaporization which are too high. The data of Pitzer lead
to a value 1n better agreement with our value when the
temperature of the measurement l1ls closer to 25°C, that is,
when the amount of correction is small., This is not the
case wlth the data of Williamson and Harrison, where the
predicted heat of vaporization is too high for both n-propyl
and i-propyl alcohol, and the predicted value at 25°C is
independent of the temperature of the measurement. For the
higher-bolling alcohols both approximation methods give
values that are too low. Adjustment of the exponent in
Watson's equation allows one to 71t different members of
the serles, but one cannot predict the heats of vaporization
of a number of aliphatlic alcohols using a constant exponent.

The agreement between our observed and calculated
heats is very satisfactory, and is usually well within the
standard deviapion. This can be taken as confirming the
accuracy of the measurements, and shows that the additivity
scheme 1is as good as can be developed on the basls of the

nresent experimental results,
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Strictly speaking; an additivity scheme in terms
of atoms or groups, rather than of bonds, would be
preferable In the case of heats of vaporization. Simple
atom schemes can, however, be shown to be equivalent to
bond schemes. The use of the present bond scheme has the
practical advantage that 1t is equivalent to the scheme used
for heats of formation (91), so that gases and liquids can

be treated in a uniform manner.
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PART IV
ADPITIVITY

INTRODUCTION

The properties of chemical substances are
convenlently classified as:

1) Colligative

2) Additive

3) Constitutive

The colligative properties, such as osmotic
pressure and freezlng polnt depression, are those that
depend only on the number of molecules and not at all on
thelr nature. The additive properties are those that depend
only on the atoms or chemical bonds present in the molecule;
strictly speaking, the only addi“:ve property 1is the
molecular weight. Constitutive properties are those that
depend not only on the number of atoms but on the way they
are arranged in the molecule.

There are many properties, such as heat of forma-
tion and molap refraction, that show a certain degree of
additivity but which also show constitutive effects. To
a first approximation one can predict these properties on

the basls of a pure additivity scheme, but if more accurate



predictions are required, account must be taken of the
constitutive effects., It has become the practice to refer
%0 these propertles as additive even though they are not
strictly so.

Experimental determination of all the physio-
chemical properties of lsomers of alkanes of practical
interest would be a huge task, demanding a2 large expenditure
in capital and time., Naturally, therefore, a great interest
1s taken in the development of theoretical, semi-empirical
or even purely empirlical methods of calculating the physico-
chemical properties of alkanes and especially of the
higher alkanes.

Rossini and his co-workers (101, 102) developed
linear relationships between the heat of combustion of the
n-alkanes and the number of carbon atoms. The linear
variations were made a 1little more accurate (103) by the
introduction of a small quadratiz term.

Zwell (104) proposed that the heats of combustion
of alkanes of branched structure are subject to an empirical
law, based on the fact that each simple branching of the
chain (producing a tertiary atom) changes its heat of
combustion, as compared to the normal structure, by 1.8
kilo calorieaﬁnole. A complex branching (producing a
quaternary C atom) changed the heat of combustion by 4.7

kilo calories/mole compared to a chain of the normal



structure. These change: were supposedly independent of the
nuntber or the relative positlon of the branches. This
empirical rule met with limited success. Ewell also nut
forth an epproximate empirical rule concerning the variation
of the entropy of the alkane with the number of simple 2nd
complex branchings.

Other investigators studied other properties of
the alkenes with respect to their structures and gave a
series ol empirical equations (105,106,107,108,109) for
calculation of these properties.,

Bernstein (110) set up a scheme for calculation
of the energy of formation of the hydrocarbons and obtained
Interesting results, but the scheme is extremely unwileldly.

Tatevskii (1131) progosed a scheme similar to that
of Bernsteln but which was more couveniently employed.

Laidler (91) proposed a scheme in which a fewer
number of terms were used to express the structure of the
molecule, and the calculated values compared reasonably well
with experimental quantities,

A fuller survey of the fundamental methods of
calculation of physico-chemical properties is given by
Tatevskil (111). A comparison and an anzlysis of the
discrepancies setween the different methods is given zlong

with an analysis of the theoretical questions concerned.
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THE EMPIRICAL SCHEME

The scheme proposed here is closely related to that
of Tatevskll, Bendarskii and Yarovoi (112). We define three
types of carbon-hydrogen bonds P, S, and T, according to
the number of other carbon atoms to which the carbon atom
of the bond is attached.

For the saturated hydrocarbons we define six types
of carbon-carbon (C-C) bonds, depending on the number of
carbons attached to the two carbons involved in any such
C-C bond. Table XXI glves a pictorial description of the
bonds. In any type of compound the same terminology is used
for C-H bonds, but new definitions are included for other
functional groups.

The properties treated, all related to 25°C,
include: molar volume, molar refraction, entropy of forma-
tlon and heat of atomization. The hydrocarbon families to
which the treatment has been applied include: saturated
hydrocarbons, olefines, dilenes and cyclic hydrocarbons.

Molar sound veloclty and diamagnetic suscepti-
bllity are two other properties treated for the following
famllies of compounds: saturated hydrocarbons, olefins,
aromatics, aldehydes, ketones, alcohols, esters, and chloro
derivatives. Alkynes have also been treated for molar sound
velocity, but olefins and aldehydes have not been treated

for this property because of the lack of experimental data.

B
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TABLE XXI

Plctorial Description of the Bonds Invoived in the Additivity

Scheme
Bond Symbol

Saturated Hydrocarbons

C-H Bonds
H
c-c::E-H p
H
i
C-?-C S
H
H
C-?—C T
C
C-C Bonds
! 1
H C-C-C C
3 Id
f | .
H C-C-H or C-CH.=-CH.-C C
3 | 2 2
C
iC iC
' 3
H_CZc-C or C-CH,=C-H c
3 ¢ C
C ¢ % M
FH-?H or C-CHQ-?-C C
C ¢
Cle
?HL?‘C 5
cC ¢ c
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TABLE XXI CONTINUED

QOlefines
C~-C DBonds
H20==CH-C
H|
?::?-C or C=HC—=CH-C
H C
¢| ¢
?::? cis
H H
5 ¢
?:? trans
¢ H
i,
6=g-c
c C
H)
C='C cls
¢ ¢
K| ¢
(|3=§ trans
¢ C
¢l ¢
0=
C ¢
CECH&CH
3
C::CHQCH-
C
c=tZc-c



HC=C=CH
2
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TABLE XXI CONTINUED

C Lc
or(—C—CH=C

Dienes

n

Alkyne
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AxI CONTINUED

Hydrocarpons
X - .
CH-—CH C;{2——CH2
or |
/CH- -CH CH=-
\CH_ ~ CH

\

n
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TABLE XXI CONTINUED

Aromatics

CH, CH CH
N AR /A
CH C= CE C- CH CH
Il I or | or | /
CH C- ~C CH -C C-
N 7 NUPZ N\ 7
CH CH CH

16

2.6
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TABLE XXTI CONTINUED

CH C- CH
N 7\ 7N\
cH C- CH cn CH C~
Il } or | | or | !

CH C-CH .~

i l
CH CH

Ketones

%

C;C;C

H
c-g-éébﬂ
[ 3
H
0 H
c-&-¢~CH2-c

o ¢

-C-CH,_ -CH=C
C=C Ch2 H

Pcl

e

N

=
o
O

- el
N



W

7N s
CH  C<C-(
I J v
CH CH cy
N
CH
Aldehydes
g/
CCzH a1
b 9 041
v‘ - - -H C -
H3C CH,-C N
cH JCH g H cial
2 o 1
¢ 0
Ci=CH_~C-H cehl
) ol 1
C
J, Alcohols
1
CH,,~0H A
J 2
CH=0H A
i
C
C
C-élbﬁ A3
C
cy in -OH AcO
3 2 “1
C-CH éCH -0H or CH QEH-OH Aol
o27o 1
C f
-CLJEH -0H 2.2
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TABLE XXI CONFINUED

ot

> =CH,~OH
¢
¢Ic
C-C¥CH-CH
c

Formates
%
f
chfgc
0

J

n
H-C—O-CH2-0H3

0
H-C-0-CH kCH -C
HoTlH,
O c

h

H-C-O-CH2-CH-C

Esters

O/
ciéféfé

0 b 9
C-C-O-CHE-CH or CH3-C-O-C

. 3
; b
L-C-O-CH2-Cd2~

7
C=C~0-CH '~CH~C
2
Chloro Derivatives
-CH2-01

-CHékaQ-Cl
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TABLE XXI CONTINUED

¢ v

C-CH-CF -Cl

¢y

C- C-Ch -Cl
C

¢ )¢
C-C=CH-C1

cIC

CH CH
CH C-Cl

CH
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PHYSICO CHEMICAL PROPERTIES TREATED

Molar Volumes

According to Glasstone (113a), Kopp (1855) was
the first to discover that the molar volume was an additive
property. The molar volume is equal to the broduct of the
molecular welghts M, and the specific volume v; the latter
is equal to the reciprocal of the deunsity 4, and so it
follows that:

Molar volume - Mv..-—EL

£
-~
-

If the molar volumes of i1someric compounds of
simllar constitution or compared at their respective bolling
polnts the values are found to be almost identical., Also in
a homolgous series of organic compounds, a constant
difference of about 22.2 cc (1132) 1s found in the molar
volume at the bolling points for each additionzl CH2 group.
Molar Refraction:

The property of molar refraction is characteristic
of both gaseous and liquid states, but it is usually
measured on the liquid. When light passes from one medium
to another, 1t almost invariably suffers refraction,

Theoretical work of Lorentz (113b) indicated that

the molar refraction of a compound could be expressed as

= .
nH 2 g

where M 1s the molecular weight, d is the density, n is the
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refractive index and (M.R.) is the molar refraction. The

presence of the factor-%- shows that the molar refraction
is a type of molar volume, Molar refraction exhibits

additive and constitutive properties.

Entropy of Formation

Entropy of formation has been fitted by 2 number
of empirical schemes (114,115) with varying degrees of
success,

1t is important to realiize that both elements
and compounds have entropies which are greater than zero at
298°K, and that the absolute entropy of a compound is not
its entropy of fcrmatlion from i1ts elements. The entropy of

formation of a compound is calculated by

‘Asi = S?compound) - Su(elementﬁ
L

where the quantities on the right hand side of the equation

are absolute entropies.

Heats of Combustion, Formation and Atomization

The heat of atomization, Qa, used here can be
defined as the energy required to dissociate one mole of a
compound in the gaseous state at 25°C into its constituent
atoms in their ground state at 25°C. Thermochemical data is
generally given in terms of heats of formation, Qp, which

are the heats liberated when one mole of the substance is
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produced from the elements in their standard states of
gaseous hydrogen, oxygen and nitrogen, and carbon in the
form of graphite., The data avallable at 25°C are considerably

more abundant than any other temperature. Values at 25°C,

therefore, are selected for the determination of the parameters

for the additivity scheme. The calculation of heats of
atomization from heats of formation, requires a knowledge
of the heats of atomization of the relevant elements in
standard states.
Considerable controversy has been asscciated with
the heats of atomlzation of carbon. Cottrell (116) in a
review of the subjJect, supports the value of 170 kcal./mole;
the JANAF tables (117) gives a value of 170.89 kcal./mole,
which has been used here.
Spectroscopic studies have established unequivogally
the value for the heat of atomization of hydrogen.
The heats of atomlzation of hydrogen and carbon
at 25°C. are as follows:
C (graphite) = C (g,3p) - 170.89 kcal.
3Hp(g) = H(g) - 52.10 keal.
It 1s common practice in thermochemistry to
assoclate a negative sign wlth exothermic processes. EHere
the usual proéedure is reversed to avold dealing with negative
numbers; heats of combustion in this part are given with

positive signs.
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From the heat of'atomization data given above, it
is obvious that the heat of atomization, Qa, is related to
the heat of formation, Qf, by the following equation:

Qa = G + 170.89 ng + 52.10 ny (1)
Here ng and Dy are the numbers of atoms of carbon and hydrogen
respectively. If the products of combustion of compounds of
carbon and hydrogen are carbon dioxide and water, then the
heat of formation is related to the heat of combustion, Qc,
by the followling equation:

Qf = Q¢ * 94.05 n, + 34.16 ny (2)

This relationship is based upon the heat of
formation values for carbon dioxide and liquid water of
94,05 and 68,32 kcal.mole~1 respectively (118).

Substitution of equation (2) into equation (1) glves
the following relationship between the heat of combustion and
the heat of atomization at 25°C.:

Qa = =Q¢ + 264.c4 nc'+ 86.26ny (3)

In view of the relationship between heats of combustion,
formation and atomization it 1is necessary to devlse a scheme
for only one of the quantitles. Here the quantity chosen is
the heat of atomization.

Diamagnetic Susceptibility
Diamagnetlc susceptibility arises from the fact that

an electron in an orbital produces a magnetlc fleld; the
application of an external magneti: field glves rise to a

magnetic fleld which opposes the external field. The orbital
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field is eguivalent to that produced by an electron moving
in a circular orbit. The gram atomic susceptibility

can be shown to be:

. 1 2

3 $ — = -(e.822x10 95 ”
[

£ omeT L TS

where r® 1is the mean square radius of the orbit of the
i-th electron. Since radil are of the order of 10-8 cm.,
Aj,values are of the order of 10-5 cc. These values show
that roughly speaking susceptibilities of atoms and ions fall
in line with the radii.

On the basis of this type of explanation a certain
amount of additivity in molecular susceptibilities is to be
expected. Thils matter was originally treated by Pascal,
empirical additive constants are usually known as the "Pascal
constants”. He showed that diamagnetic susceptibilities may
be expressed as:

where n4 1s the number of atoms of the i-th kind, x4 1s the
additive contribution for an atom of the 1-th kind and

i1s a correction factor for certain special structures such as
double bonds, aromatic rings etec.

Molar Sound Velocity

A considerable number of measurements of ultrasonic
sound velocity have been made in recent years, and attempts

have been made to interpret the results in the light of
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molecular structure. An important advance was made by Rao (119)
who recognized the significance of the property /é:)b/é

where V is the ultrasonic velocity, M the molecular weight

and (° the density. He showed that this quantity, which

is conveniently referred to as the molar sound velocity, can
be expressed additively in terms of contributions for the a2toms
and types of bonds. Lagerman (120) proposed an alternative
additivity scheme in terms of individual bond contributions.
Another bond additivity scheme was proposed by Weissler (121).
Various similar relationships have been suggested, such as

that of Lagermann and Dunbar (122), who showed that molar
sound velocity is a linear function of the parachor and the
molar refraction, both of the latter properties being

expressible in terms of atom and bond additivity schemes.

CALCULATIONS

Table XXII gives the contribution of each bond to
the value of the properties discussed above. The contributions
where determined by a least squares procedure on an I.B.M.

1620 Computer.

Table XXII gives the contribution of each defined
tond to the value of the property of the molecule. Multiplil-
cation of each bond involved in a structure by its
multiplicity and summation of these values, yields the

predicted value of the property for the molecule.



Table XXIII gives 2 npunber of compounds a code
number. Tables XXIV and XXV give the experimental and
calculated values of the different properties, along with
arithmetic difference between the experimental and
calculated values. Table XX gives a comparlison of experi-
mental and calculated values for molar volume and molar
refraction, while Table XXI gives a comparison of
experimental and calculated values for entropliles and nezts
of atomization.

Tables XXVI to XXXIX give a comparison of
calculated and experimental data for a number of different
fanilles of compounds for the properties of dlamagnetic
susceptibility znd molar sound velccity.

The source of experimental data for the propertiles

Lot

c¢f molar volume, molar refracticn, entropy and heat o

]

3)

The source of experiment.’ data for =olar sound

[
1+

$-3

atomization wius from a tabulation of Rossini et 2

velocity and diamagnetic susceptidility is indicated by
< (=] v

& superscript affce: tre value of the property quetad in
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TARLE XXII

Bond Contributions to the Properties

Symtol Property Contribution at 25°C
Molecular Molecular Entropy Heat of
wijmole mijmele /%68 mole  itomizetion
P 15.111 1.8529 12,871 $8.013
S 15.971 1.9277 15.363 96.848
T 15.505 1.8697 18.301 85.196
cd -18.577 0.5946 -21,369 86.252
c2 -16,184 0.7630 -21,469 86.388
c3 -15.059 0.8437 -19,918 85.895
c*  -16.537  0.7951 -19.062 84,693
c? -18.804 0.7123 -13.942 82.319
c® -22,768 0.4654 - 9.403 77.602
cé 14,965 3.7478 -61.,660 77.117
cga 21,428 3.5712 -111,.442 2.148
cgb 27.230 4,2721 -117.866 3.'+28
cgc 27.927 4.3921 -119.116 4,428
c3? 35.224 4,2502 -167.210 -72.209
c3P 34,427 4.1329 -169.633 -72.469
cgc 34,197 4,1230 -168.824 ~72.469
cg 40.714 %4, 0000 -220.,000 -150.000
ch -28.176 0.5457 40, 44l 159.996
2l -25.534 0.8439 38.055 160,156
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TABLE XXTI CONTINUED

Symbol Property Contributions at 25°C
Moégiﬁizr gg%igz%izn ca%?gggpgole Atigizagion
ml/mole ml/n0le kcal/mole
2c2 -23.356 0.9594 38.089 159.926
3 -22,543 1.0115 39.528 155.115
23 -23.830 0.9409 - . 156.675
23 2.240 3.850 1.853 119,000
fc;  17.539  4.530 -58.558 95.463
2c§ 26.749 4,290 -109.517 19.184
22cg -37.127 2.266 ¢2.239 238.08
22¢1 -35.442 2.312 c2.121 237.11
22c2 32,592 2.090 - -
Og> 15.923 0.052 23.715 -6.51
12 19.370  0.258 27.134 -5.31
20° 24,235 0,448 - -
15 -17.370 0.633 -23.096 86.767
2c? -15. 464 0.786 -21.417 86.323
066 +14.152 0.907 15.738 ~0.5
lo6 18.82¢c 0.312 18.697 1.15
1.6 -13,257 0.574 -22,897 85.54
2.6

-15,425 0.7E5% -21,466 86.33

{2
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TABLE XXTI CONTINUED

Preperty Contributions at 25°C

Magnetic Molar Sound
) §uscep§}p;lity:, ‘~/'eﬁlor.-i'cy1/,3
C.g.8. units x 10 Lec., Ty

miole ‘sec
L, 224 111,558
4,174 114,637
4,691 106,346
1.956
2.921 -53.061
3.097 -42.335
3.188 ~42,142
3.431 -40,874
4,587 -68.247
-4.596 -
4,000 -
4,604 -
5.648 -
1.700 -
1.789 -
2.128 -
1.766 -
5.331 -
5.396 -
- 736,28
- -22,C04

3 har s e B b
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Symbol Property Ceatributions at 25°C
Magnetic Molar Scund
Ty SR,
| mole sgc)

¢ 26.704 339.2
ot 27.000 373.5
5;;2 28.116 400.8
¢3 - 410.1

9 2.433 -70.8

% 3.227 -67.9
92 3.101 -86.3

K 8.616 108.9
ch 3.299 b4, 7
Kei 3.722 -27.2
2 3.724 -56.9
5%11< - -b,2
Al 10.778 -

c?Al 2.522 .

cim 2.782 -
c%“*l 3.610 | -

al 8.c4 85.82
a2 | 3.35 60.65
A3 - 23.07
A0 3.61 -26.88

ot R A LTS R e Mt e 8 e



Symbol

LR
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TABLE XXTII CONTINUED

Property Contributions at

Magnetic
Susceptibility
CegeSe units x 10

3.78
4,21
4.10
18.23
3.24
3.83
4,01
16.91
3.51

25%¢

Molar Scund
Velocity
C:C.( E )

mole ‘sec

-15.38

J

~14,17

n
\Ji
(o)

el
-ile

-
[

-17.
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 TABLE XX111

Code Numbers and Bond Contributions Assigned to

Molecules

Code
Number

1
2
3
i
5
6
7
8
9

10
11
12
13
14

[
wm

17

18

15

Molecule
n- propane
n- butane
n- pentane
n- hexane
n- heptane
n- octane
n- nonane
n- decane
n~ undecane
n- dodecane
n- tridecane
2=methylpropane
2-methylbutane

2,2-dimethyl-
propane

2-nethylpentane
3-methylpentane

2,2-dimethyl-
butane

2,3-dimethyl-
' butane

2-methylhexane

Bond Symbols

6P+ 25+ 2¢1

6P+ 4s+2¢l:c2
6P+ 65+ 203+ 2¢2
6P+ 8s+2ct+ 3¢2
6P+ 105+ 2ct+ 4¢2
6P+125+2¢t+ 5¢2
6P+14s:2¢L.6¢2
6P+16s+2c1+7¢2
6P+18s+2¢1.8¢2
6P+205+2c1.9¢2

1,10c2

6P+225+2C
9P.T+3¢2

9P+ 2S+T+Cli0c2, 03

12P 4¢3
SP+454T+C1+3024c3

SP+45+7+2¢L 402 0c3
12p+2s+cle3c3 .t

12P +27 +4c2.ch
GP.68.T +C1 4.-1§-C2 .c3



Code
Number

20
2l
22

23

24

25

26

TABLE XX111 CONTINUED
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Molecule
3=methylhexane
3=ethylpantane

2;2-dimethyl-
pentane

2,3-dimethyl-
pentane

2,4-dimethyl-
pentane

353~-dimethyl-
pentane

butane

2-methylheptane
3-methylheptane

L-methylheptane

3J=cthylhexane

2,2=dimethyl-
hexane

2,3-dimethyl-
hexane

2,4-dimethyl=-
hexane

2,5=-dimethyl-
hexane

3,3~dimethyl-
hexane

3,4-dimethyl-
hexane

Bond Symbols
9P+ 6S+T+ 2¢ L 202+ 2¢3
GP+68+T+ 301+ 3¢3

12P+ 45+ L 02 303, c*
12P+ 25+ 2T+ ¢+ 302 ¢ 3+ g
12P+ 25+ 2T+ 4¢3 2¢3

12P 45+ 2034 ¢34 00t

15P T+ 2¢2: 363, ¢°
9P 85+ T+ 1+ 5¢2 ¢3
9P+ 88+T+2¢1, 362, 2¢3
op. 8.7+ 2¢L, 3¢2, 23
9P+ 85+T+ 301, ¢2, 3¢3

12p+ 68 1+ 202, 363, ¢

12 +45 427 +¢ % 12 3, ¢t

12P+ 45+ 20+C1 4305 3¢3
12P+45+2T+5¢%,2¢3

hi b
12P+65+2C+C24 203, 2C"

12P+45+2T+2Cl+202+2c3+c4



Code
Number

37

38

40
41
42
43
45
1€

47
48

49

50

51

52
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TABLE XX111 CONTINUED

Molecule

pentane

3-methyl-3-ethyl-
pentane

2,2,3=trimethyi-
pentane

2,2,4=trimethyl-
pentane

2,353~-trimethyl-
pentane

2:3,4-trimethy1_
bentane

2-methyloctane
3-methyloctane
4-methyloctane
3-ethylheptane
4-ethylheptane

2,2-dimethyl-
heptane

2,3-dimethyl-
heptane

2,4-dimethy1-
heptane

heptane

2,6-dimethy1-
hertane

Bond Symbols

2,3

. L
12P+4S+2T+2C1f20 oCo+ ¢

12P+63+3¢++co+ 3¢

15P+2S+T +C +C +LC3 5

3, 4

15P+2S+T7+2C +4C

1

159,37 50220

9P 4108 4 ¢ 1+ 603 ¢3
9P+108+T+ 1+ 4¢3 2¢3
9P+108+T+ 27+ 4¢ 2+ 263
9P+IOS+T+301+202+3C3
9P+10S+T+3C+20°+ 307

12P+85+ Y+ 3¢24 3¢ 34 gt
12p-65+21+c 502 ¢3¢
12P+63+2T+¢ Tt +4c24 363
12P+6S+2T+Cl+402¢3c3

12P+6S‘23+6c2+2c3




R Wz ot o -

56

57

58

63
64

65
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TABLE XX111 CONTINUED

#olacule

2,3-dimethyl-
heptane

3,4=-dinethyl-
heptane

3,5~dimethyl-
heptane

4,4-dimethyl-
heptane

2~methyl-3-ethyl-
hexane

2-methyl-4-ethyl-
hexane

3-methyl-3=-ethyl-
hexane

3-methyl-dethyl-
hexane

hexane

2,2,4-trimethyl-
hexane

2,2,5=trimethyl-
hexane

hexane

2,3,4=trinethyl=~
hexane

2,35,5=trimethyl-
hexane
2,4,4=-trimethyl-
hexane

Bond Symbtols

3. ank

;
12P+8S+2C‘+202+2C +2C

12P: 68+ 2T+ 201+ 3C2+ 2C3+ CLL

12P; 6S: 21 2¢L. 2¢2. 4¢3

12P+88+20} 2Cz+2C3+2C4

12P+ 65+ 27+ 2C™+ 302+ 203+ ¢

1

12P+65+2T+ 20T+ oc2+ 43

12P+8s+3¢1+ ¢+ ¢3+3¢”

12P+6S+2T+3cl+02+3c3+c4

15P+4S+T+C 202+ 4¢3+ 00

15P+45+7-cLec2e5034ct

15P+4S+T+3¢2 43 ¢
15P-45:7+C e 3024003 scMecD
15P+25+37+ct4c2 3, ¢
15928 37502203,

15P+45.T+cti2c®, 3¢3,2¢7



Code
Number

68

69
70

71

T2

73

74

75
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TABLE ¥X111 CONTINUED

Molecule

3,3,4-trimethyi-
hexane

3,3=dilethylpentane

2,2~dimethyl=3=~
ethylpentane

2,3~dimethyl=3=-
ethylpentane

2,4~dimetyl=-3-
ethylpentane

2’ 2,3’ 3-tetra-
methylpentane

2,2,3,4=tetra~
methylpentane

2,2,4,4-tetra-
methylpentane

2’ 3’3,4-tetra-
methylpentane

l-propene
l-butene
l-pentene
l-hexene
l1-heptene
l-octene
l=-nonene
l-decene

cis=2=butene

Bond Symbols

15P 4SS -7 +2Cl +5C3 +05

2..3.,-4..5

.
15P A4S T +2¢" +2Cc~ ¢’ +2C +C

15P 425 -37 ¢ a2 +c3 +act

18P +25 "Cl 503_041_ C6

3. .4 .5

18B.2T+3C2+3C +C+C

18P 2S+6¢ +2¢&

18P+2T+40%-2ci~gc5

0 1
3p-28+m FokC f
!
3P-4S+7+ C + C
1 221 1
3p-65 mic- 2 - ¢y ¢,
3P+85+T+cl+2c2 .2 }c;
1 ,02.2-,1 01
=101 5 'T' +
108 -7+ct+3¢2-2c1 -7
3p-125-7-ctouc? <2elecl
3?1148-‘4!%(;145(32 2 1?00

3p 1657602 Belecl



Code
Number

m
N

(9e]
~
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TABLE XX111 CONTINUED

Holecule
trans-2«butene

2=-nethyl=1-
propene

cls=-2=pentene
trans-2=pentene
2-methyl-l-butene
2-metyl=2=-butene
cis-2-hexene
trans-2-hexene
cis=3=-hexene
vrans-3-hexene
2=-methyl-l-pentene
3-methyl=l-pentene
L-methyl-l-pentene
2-methyl-2-~pentene

3=-methylecis=2-
pentene

3-methyl=-trans-2-
pentene

Le-methyl-cis=-2-
pentene

f-methyl-trans=-2-
) pentene

2-ethyl-l~butene

Bond Symbdols
6p+21+2°¢0+c2°
cnq.n2~1. 22
6p+25+2°c1+c3
6P+23+2T+Cl+2co+2cl+cgb
1 1 72
6P+2S+2T+C}+209+2C%+CS°
6p+u5+cte02.2c1,2c2, 22
oP+T+2c9. 221,032

6p.4s. 21, ct.c2,%cf, Bcd, o3P

6p+us+2r+clec? 20, 8cl. c3e

6P+4s+2T+201+22c%+c§b

6P+45+2T+2C1+220%+C§°

6P+ 65+ c1+c2. %1+ 22, 032

6P+4$+2T+Cl+02+c3+2C%+C%

6P+4$+2T+202+C3+20%~C%
9P+25+T+c1+32c%+c§a

1,209,2.1, 2.2, o3
9P~ 28+ T+ C*+ “C1+ “Cy+ °C5+ €3

9P+2S+Tuc1+20§+2ci+2c§ch°

| 2, 2.0, 2,2 ~2b

2 2.0 2.2 2¢
2C -+ (Jl'T' Cl"' C2

6P+65+2C1+22C§+C§a

SF+ 2T+
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TABLE XX111 CONTINUED

Code
~umber Molecule Bond Symbols

03 2’3-Cimetgg$;§; 9P+28+T+2C2+2C%+QC§+C§a

1Chk 3,3-cimethyl-1- ‘ 223 4

butene gp-25.7-3¢3+°C5 -c3
iCT7 2;3~dimethyl-2~ V2.1 il
butene 12P+2 C1+CE

108 cis-2-heptene §p-65+2r+¢” +202200-201 2P
109 trans-2-heptene 6p+65 -27-c*-202.209.Zc1 ¢3¢
110 cis-3-heptene 6P 65 -27 20" 102 22¢T 2P
111 trans-3-heptene 6P+6S;2T+201+C2+22C%+C§c
112 P-methyl-l-hexene  6P.85.c*.202.%c}.2c2, 22
113 3-mathyl-l-hexene 6P*6S+2T+C1‘202+C3+2C§+C%
114 hemethyl-l-nexene  6p+65+21+cl+c2rac3+2ci+cd
115 5-methyl-l-hexene  6P+55-27+30%+¢3-2clc]

116 o-methyl-2-hexene  9P+hs+T-cl+c2-3%c}-c3?

117 2-ethyl-l-pentene 6P+83 2Cl+02+2205*cga

118 3-ethyl-l-pentene  6P-6o-27-2ct+203+2c2+c)

4- Tl w
e B e tone op s -1-¢1-c23:809.%c 3. 2
120 3-etnyl-2-pentene  oP-45.7.2¢% 200.2%c2.c3
1z1 2,3=0lmethyl=2- 1 .23 22 1
pentene 12P+25+C +3%C= - C1-Cq
. g e
e 2’4’aime§2g%;§; 12P+2T*2C2+22C§~20§»02a
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Code
Number

123

124

125

126

127
128
129
130
131

132

133
134

135

136
137
138

139

TABLE XX111 CONTINUED

Molecule

4,4~gimethyl-cis-
2-pentene

4,4-dimethyl-trans-
2-pentene

3-methyl-2-ethyl-
l-butene

2,3,3-trimethyl-1-
butene

1,2=-butadiene
1,3~-butadiene
1,2-pentadiene
1l,clis~-3-pentadiene

1,trans-3-penta-
diene

1,4-pentadiene
2,3-pentadiene

3-methyl-i,2-
butadiene

2-methyl-l,3-
butadiene

1,2=-hexadiene
1,cis-3-hexadiene

1,trans-3-hexa=-
diene

1,cis-l4-hexadiene

Bond Symbols

2b

20

12p+27+3¢3+ 20+ 203 c2

1 4

o2,
+202: 22, Bc3.c7

OP+4S+T+C
3P+ 25+1+ 269. 269 23
AS+2T+2cé+ 2260

L. 267+ %3 2]

3P+28+3T+acg+cé+cgb +22¢9

3P+ 43+T+C

2.0, ~1 ~2¢c . 22,0
3P+ 2S+ 31“!- C1+ 02+ C2 + Cl
2.1 1

65+ 27+ 2 C1+ 2C2

6P+2T+2208+22cé

2-1 2.0 2
6P+ 25+ 2 C1+ (;2 _?Cz

3P 65 T+ ct C2+ 2C%+2Cg +2Cé

3P+4$+3T+cl‘2ci-+2208+Cé+cgb

3P+ 45+ T4 2C

‘ 121 22,01 ,2¢
3P+4S+3T-C™ 4 Cy Cl _ch +02

* 0. 520~ ol o2b
3P+ 45+31 #9227 c5 €3
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Code
Number
140

141
142
143

144

145

150

151

152

153

154

TABLE XX111 CONTINUED

Molecule

1l,trans-4-hexa-
dlene

1,5-hexadiene |
2,3-hexadiene

cis=2-cig-l~hexa-
diene

cis-2=trans-4-
hexadiene

trang=-2-trans-4-
hexadiene

3=-methyl-1,2~penta-
diene

4~methyl-1,2-penta-
diene

2-methyl-l,cis=-3-
pentadiene

3-methyl-1l,cis-3~
Pentadiene

3-methyl-l,trans-
3=-pentadiene

4-methyl-l,3-penta=-
diene

2-methyl-l,4~penta=~
diene

3-methyl=-1,4~-penta-
dlene

2-methyl-l,3-buta-
diene

Bond Symbols

2374200, 5201, a1, 2c
3P+4S+3T+ ci+2°cy 02+C2

88+2T+20%+2203+C2
ES

1 .21

-+ + + 14-2 02 :
6P+23+27+ ¢+ “0y+ “c1-2°C5

25200 .22.0...2b

2.0 22,0 2b
6B+41+20] +“%c7+c5 4 c2e

6p+4r+2°00. 280, o2

6P+45.c*.2c1. 262,260, 2:2

N 229209 O¢2 1
6P+28+2T+2C%+ Cl+ C2. C2

2b

6P+2$+2T+2CS+2C%+ 2201+Cea+C2

172

2,021 221 4 3p
6P+28 127 Clv Cy+ C1+p2+C2

6P +25 42720+ 2c1. 22c1civc3e

1 22
+

2 0 01 n32
6P +2S+2T .2 Cl Cl+C2+C2

3P+6s+T+22ci+2c§+c%+c§a

2
3P+4$+3T+02+2"C§+2Cé

9P#T+2c§&2c1+202+220%

2 72
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Code
Number

155
156

157
158
159
160

161
162
163
164
165
166
167
168

169
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TABLE XX111 CONTINUED

Molecule

2=-ethyl-1l,3=-buta-
diene

2,3-dimethyl=1,3-
butadiene

cyclopentane
methylcyclopentane
ethyleyclopentane

n-propylcyclo-~
bentane

n-butylcyclo-
Pentane

n-pentylcyclo-
pentane

n-hexylcyclo-
pentane

n-heptylcyclo-
pentane

n-octylcyclo-
Pentane

n=nonylcyclo=-
pentane

1,l-dimethylcyclo-
pentane

cis=l,2-dimethyl-
cyclopentane

trans-1l,2-dimethyl-

cyclopentane

Bond Symbols

3P+6S+T+C1+ cT+C5res c1

o Heen2nl. 222 . 22
6p+45+2%¢}+ 222+ 202
10S+5¢2+0D
3P+8S +P +4¢2+2¢3+105
3P+10S +T +3¢°+3¢3+1¢5 4145

3P+128 +7+3¢2+3¢3 +2¢P42c5 .10
3P 248 7 +36243¢3.2¢2 422c5 105
3P+165+T+3¢2.3¢3+ 12,3265, 205
3P+185+T43¢2:3¢3, 1¢5,42¢5,105
3P+208+T+3¢2.3¢3, 2¢5, 52¢5, 10?
3P+228+T+3¢2+ 363+ 12, 6265, 1P
3P+2U4S+T+ 302 3034 162, 72:5, 165
6P+8s+ 3¢2. 203, 2¢*. 207

6P+ 65+ 21+ 42, 2¢3, ¢¥, 20>

6P+654+ 2T, 4c2, 2¢3, . 207



B e

Code
Number

170

177

178

179

180
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TABLE XX121 CONTINUED

Molecule

isopropyleyclo=-
pentane

‘lemethyl-l-ethyl-

cyclopentane
cyclohexane
methylcyclohexane
ethyleyclohexane

n-propylcyclo-
hexane

n=-butylecyclo-
hexane

n=pentylcyclo-
hexane

n=hexylcyclo=-
hexane

n=heptylcyclo-
hexane

n=octylcyclo-
hexane

Bond Symbols
5p+85+21+302+ 03+ ¢t 2205+ 105

6P+105+3c2+ 4¢3+ 1¢54 305
125+6¢2+900

106
1C6+106

3P+105+T+5¢2+2¢3+
3P+125+T+4%+ 3¢5+

3P+ 145+7+ 402 303+ 166, 2¢6, 1P

3P+ 168+ T+1¢ 2 303+ 16652266, 108

3P+183+T+402+3c3+1c6+3206+105

6,,2,6,1,6

3P+ 205+ T+ 4¢%+ 303+ 2¢0: 42¢0. 1o

3P+ 225+ T+ 12+ 363+ 1664 52¢6, 1P

3P+ 245+ T+ 4C 2+ 303+ 166, 6206, 106
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TABLE XXIV

Comparison of Experimentzl znd Caleculated Values for lolar

Code
Number

1

WO 0O N O Ul =W D

e
£ W NN = O

)
U

16

15

Volume and Molar Refractior at 25°C

Molar Volume

Experi=-
mental

8¢.48
101.43
116,104
131.598
147.46

163.57

195.01
212,21
228.58
244,89
105.48
117.38
123.31

132.883

ml/mole
Calcu=-
lated
85.45
101.21
116,97
132,728
148,49
164,24
180,00
195.76
211.52
227.28
243.03
1c2.55
117.44
121.10
133.20
131.83

132.98

Differ-
ence

4.03
0.22
-0.87
-1.13
-1.03
-.71
-0.33
0.15
0.6¢
1.3C

2.53
-0.0¢
2.21
-0,.32
-1.32
0.73
0.0%
-0.38

YMolar Refraction

Experi-
mental

25.780
23.962
29.81¢8
29.947
26.E31
9

34.5

O

ml/mecle
Calcu-
lated

20.78

25,399
30.017
34,636
39.254

Jia £
43,872

(W]

viffer-
ence

-0.%4
-0.113
-0.089
-0,071
-0.045
-0,017
0.012
0.031
0.054
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TARLE XXIV CONTINUED

Molzr Veclume Molar Refraction
nl/mele ml/mole
Code Experi- Calcu- Differ- ZIZxperi- Calcu- Differ-
Number mental lated ence mental lated ence
20 146,71 147.69 -0.98 34,469 34,515 =-C,046
21 144,39 146,42 -2.03 34,292 34,427 =0.135
22 149,65 148,74 C.91 34.62¢ 34,62¢ -
23 145,03 145,55 -0.53 34.335 34.352 -0,017
o4 146,93 149,43 0.5C 34,632  34,.56% 0.063
25 145,41 144,87 0.54 34.3U45 34,412 -0,067
26 146.09 145.82 0.27 34.387 34.433 -0.046
27 164,61 164,72 «0.11 39.243 39.221 0.027

29 163.05 163.45 ~0.40 39.136 39.133 0.003

30 161.00 162,18 1.18 38.:50 35.045 ~0.085
31 165.27 164.50 0.77 39.271  3G.248 0.023
32 161.31  161.32 -0.01 39.002 38,970 0;030
33 164.07 163.92 0.15 39.149 39.100 0.049
34 165.70 165.19 0.51 39.283 39.187 0.096
35 161.30  160.63 1.17 39.035 35.031 0.004

36 159.72 160.05 0.33 38.873 38.883 -C.010
37 159,70 160.05 -0.3% 38.859 38.883 -0.024
38 157.87 156.76 1,11 38.73% 38,814 -0.080
39 166.41 160.31 c.10 38.s44 38,963 ~=0.019



Code
Number

10
43
42
43
1Y
45
16
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

-137-

TABLE XXIY CONTINUED

Molar vVolume

ml/mole

Experi- Calcu-

ment
166,08
158.14
159.75
180,76
178.92
179.12
177.4
146.7
181.50
177.61
180.1
180.4
181.94
177.90
176.29
178.40
177.9
176.4
178.4
174.0
173.8
176.8

al 1lated
164,97
157.71
159.19
180.47
179.21
179.21
177.9C
177.94
180.26
177.08
179.63
179.63
180.95
176.39
175.81
178.41
176.39
175.81
178.41
172.52
174,54
176.07

Dlrfer-
ence

i.11
0.43
0.56
0.29
-0.29
-0.09
-0.50
-1.24
1.24
0.53
0.42
Cc.72
0.99
1.51
0.48
-0.01
1.51
0.59
-0.01
1.48
0.74
0.73

Molar Refraction

ml/mole
Experl- Calcu-
mental lated
39.280 39,215
38.777 38.834
38.896  38.808
43,90 43,84
43.75 43.75
43.79 43.751
43.7 43,66
43.5 43,66
43.93 43.87
43.65 43.59
43.7 43.72
43.9 43.72
43.94 43,806
43.7 43.65
43.57 43.501
43.70 43.63
43.6 43.65
43.7 43.50
43.7 43.63
43.3 43.43
43.4 43,42
43,63 43,58

Differ-
ence

0.065
-0.057
0.088
0.06
0.039
0.0k
-0.16
0.06
0.06
-0.02
0.18
0.134

| 0.05

0.069
0.07
-0.05
0.20
0.07
- .]_3
-0.01
0.05



ml/mole ml/mole

Code Experi~ Calcu=- Differ- Experi- Calcu=- Differ-
Number mental lated ence mental lated ence
62 180.18 179.46 0.72 43,78 43.75 0.03
63 182.38 180.73 1.65 43.95 43,83 0.12
64 1747 173.47 1.23  43.5 43,45 0.05
65 174.39 173.68 0.71  43.39 43,34 0.05
66 178.65 177.55 1.10 43.65 43.56 0.09
67 178.108 176.858 1.250 43.665 43.62 0.048
58 172,98 172.20 0.78  43.35 43,36 =0.01
69 171.00 168.64% 2.36 43,13 43,22  -0.09
70 175.44 174,80  C.7h 43,49 43,49 -

71 171.00 169.60 1.4C 43.0 43.24 -0.24
72 174.70 173.68 1.02  43.42 43,34 0.08
73 170.321 170.763 =0.442 143,228 43,28 =C.052
74 174.433 173.938 -C.4G5 43.446 43.42  0.026
75 179.213 180.512 -1.299 43.886 43.86 10.026
7€ 170.743 170.546 ©.197 43.211 43,256 -0.044
7 83.273  79.569 3.704 - - -
78 95.285 95.476 -0.291 - - -
79 110.384 111.334 -0.950 24.868 24,944 -0.076
80 125.892 127.092 ~1.200 25.504 29,562 =0.058
81 141,744 142,850 -1.106 34,134 34,181 -0.037
82 157.85C 158.608 -0.758 38.790 38.789 -0.009
83 174,041 174.369 -0.325 43,429 43,418 0,011
34 160.330 150.1i24 0.206 48,073 45,036 0.042

- 138 =

TABLE XXINV. CONTINUED

Molar Volume

Molar Refraction



Code
Number

- 13G =
TABLE XXIXAZ CONTINUED

Molar Volume

ence

-1.38
~0.51
2.45
~0.78
-0.20
0.20
=0.74
-0.98
-0.12
0.12
-0.13
0.06
-0.38
0.07
0.86
0.24
-1.14
0.70
-0.70

ml/mole

Experi- Calcu- Differ-
mental lated
91.17 92.55
93.76 93.25
95.43 92.97
107.78 108.56
105.05 109.25
108.71 108.51
106,74 107.48
123.34 124,32
124,90 125.02
124,69 124,57
125.14 125.27
124,33 124,27
126,97 127.3C
127.63 127.56
123.49 123.49
121.23 121.23
122,00 122,00
126,70 125.84
126.78 126.54
122.91 124,05
125.03 124,33
126.82  130.59
119.64 119.91

=0.27

Folar Refraction

Experi-

mental

24,95
25.03
24,86
2b.o7
29.56
29.65
29.69
29.77
29.26
29.51
29.56
29.78
29.51
29.50
29.68
29.77
29.41
29.46
29.59
29.60

ml/mole
Calcu=-

lated

24,569
25,089
24,827
25.030
29.587
29.708
29.717
29.837
29.446
29.506
29,52¢
29.778
29,508
29.498
29.618
29.738
29.423
29.354
29.692
29.610

Differ-

ence

-0.019
-0.059

0.033
~0.060
-0.027
-0.058
-C.027
-0.067
-0.086

0.004

1=

. 0.03
0.002
0.002

-0.002
0.062
0.032

-0.013
0.106

-0.102

-0.010



- 10 -

TABLE XXIX. CONTINUED

Molar Volume

ml/mole

Experi-

Calcu= Differ=

mental lated

132.50
140,88
140,52
141,51
140,54
142,1

141,43

139.50
139.50
141,94
140,10
137.15
135.72
142,05
141,23
143.44
138.1
140,16
83.7
87.95
¢9.06
99.30

140,08
140,08
140,32
141,02
140.03
143.11
142,05
143.32
139.25
139.81
141,84
136.18
138.2 )
135,45
140,77
143,58
144,27
139.87
137.51
84.38

87.70
100,39
100.69

ence
-0.58
0.8¢
0.20
0.49
0.51
1.01
-0.62
-0.53
0.25
-0,31
0.10
3.92
-1.42
0.27
1.28
-2.35
-0.83
~1.77
2.65
-C.68
G.26
-1.33
-1.39

Molar Refraction

ml/mole

Experi- Calcue-

mental  lated
34.0 34.205
34.30 34.325
34.31 34.335
34.43 34.455
34.12 34,064
34,0 34.125
34,08 34,06
34,16 34,147
34,41 34,396
34.00 34.041
34,06 34,037
34,02 33.586
34,14 34.221
34,22 34.206
34.54 34.428
34.22 34.335
34.41 34.455
34,0 33.949
33.98 33.679
24.550 24,958
25.8c4 25,855

Differ=
ence

-0.205
-0.025
-0.025
-0,025
0.056
-0,125
0.020
C.013
C.014
~0.041
0.023
0.434
-0,081
=-0,014
0.112
=0.115
~0.045
0.051
0.301



Code
Number

131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

- 141 -
TABLE XXIN CONTINUED

Molar Volume Molar Refraction
al/mole ml/mole
Experi=:~Calcu~ Differ- Experi- Calcu- Differ-
mentai lated ence mental lated ence

101,51 101.38 0,13 26.046 26,855 -0.809
103.88 105.7C ~1.82 24,367 24,489 -0,182

96,72 100,40 =-1.68 25.246 25,008 0.238
100.9  100.53 0.37 24,8 24,801 -0.,001
100,78 100.14 0.64 25,425 25,614 -0,189
115.66 116.15 0.49 29,59 29.576 0.014
117.3 116.69 0.61 30.60  30.603 ~0,003
117.3 117.39 =0.09 30.6 30.723 =0.123
116.2 116.68 <-0.48 29.4 29.132 0.268
118.2  119.38 =1.18 29,4 29,252 0.148
119.42 121,46 -2.04 29,01 20.107 =0.097
121.,7  116.41 5,29 29,0 29.756 =0.756
114.9  113.67 1,23 30.7 30.498 0.202
114,9 114,36  0.54%  30.7 30.618 0.082
114.9 115,06 =0.16 30.7 30.738 =0.038
115.7  116.07 =0.37 29.4 29.396 -0,0%4
116.8 117.67 -0.87 29.6 29.608 -0,008

115.0 113.13 1.87 30.5 30.257 0.243
11lz.5 112,86 ~0.36 30.2 30.296 -0.095
112.5 113.63 «1.13 30.2 30.285 -0,085

115.0 115,61 =0.61 30.8 30.664 0.136
119.2 116.63 C.57 29.0 26.991 C.009



T T I

Code
Nunmber

- 142 -

TABLE XXIX CONTINUED

Molar Vclume

Experi-
mental

11¢.0
1116.3
115.4
113.74
S4.713
113.122
128,819
145.2¢2
161.67
173.15

. 194,62

211,11
227.60
244, 0¢
130.925
127.823
131.46
145,236
144,468
108.74
128.33
143,14

159.84

nl/aole
Calcu-
laved
122.78
116.55
115.58
113.75
S4.713
113.122
128.8172
145,312
161.75
178.25
1ch.7
2l11.21
227.68
244,17
130.925
130.345
130.346
142,675
143,588
108.74
128.33

143,14

W

Differ-
ence

~-3.78
-0.25
-0.28

-C.01

Molar Refraction

ml/mole
=xperi- Calcu- Differ-
mental lated ence
25.0 28.13 0.87
25.% 2¢.5¢<c¢ 0.001
20.50C 30.210 0.2¢1
2¢.75 2L.748 0.002
23.144 23,144 -
27.847 27.347 -
32.416  32.416 -
37.067  37.057 C.01
41.70 41.70 -
4€.35 46.34 c.01
5C.5¢% 50.353 0.01
55.64 55,62 0.02
60.28  60.26  0.02
64.92 64.gc 0.02
32.45 32.55 -0.06
32.30 32.41  -0.11
32.51 32.41 0.01
37.02 36.88 0.14
35.92 37.1¢  =0.27
27.72 27.72 -
32.52 32.52 -
37.03 37.C3 -
b1, 69 41.67 0.02
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- 143 -
TABLE XXIV CONTINUED

Molar Volume Molar Refraction
ml/mole ml/mole
Experi- Calcu- Differ- Experi- Calcu-~ Differ-
mental iated ence mencal iated ence
176.31 178.17 C.14 46.33 46,32 ¢.C1
192,82 162.6S5  0.13 50.¢8 50.96 0.02
209.32 209.20 C.i2 55.52  55.61 c.01
225,82 225.72 0.01 50.26 £0.25 0.01

242,32

242.24 0.08 64.¢0 64.8g .01
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TABLE XXV

Comparison of Experimental and Calculated Values for Entropy

and Heat of Atomization,Q , at 25°C

cal?gggoggle
Code  Experi-
Number mental
1 64,51
2 74,12
3 83.40
4 92.83
5 102.24
6 111.55
7 120.86
8 130.17
G 139.48
10 148.79
11 158.09
12 70.42
13 82.12
14 73.23
15 50.95
16 90.77
17 85.62
18 37.42
13 100.35

Calcu-
lated

65.21

T4 AT

83.72
92.99
102.24
111.50
120,76
130.06
139.27
145,53
157.78
69.73
8G.64
T4.78
89.90
G1.55
8L4.99
86.12

96,6

a4

Differ-
ence

-0.70
-0.35
-0.32
-0.16
0.05
0.10
0.1l
c.21
G.26
¢.31
G.69
1.48
-1.55
1.05
-0.78
0.63
1.30

0.75

Exoeri-
mental

954,30
1234.71
1514,66
1794.71
2074.73
2354.75
2634.76
2914.78
1236.71
1516.58
1519.33
1796.41
1795.77
1799.11
1797.24
2CT6. 44

kca%?mole
Calcu-
lated
954,28
1234.35
151445
1794.53
2074.61
2354.70
2634.78
2914.87
1236.48
1515.93
1519.74
1796.02
1795.39
1798.48
1796.79
2076.10

Differ-
ence

0.02
0.35
0.21
0.18
0.12
0.05
-0.02
-0.09

0.23
0.65
-C.41
0.39
0.38
0.63
0.45
0.34
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calsgzgoggle
Code Experi-
Number mental
20 101,37
21 98.30
22 93.85
23 68.96
24 94,80
25 95.53
26 91.60
27 108,81
28 110.32
29 108.35
30 103,51
31 103.06
32 106,11
33 106.51
34 104,93
33 104,70
36 107.15
37 105.43
38 103.48
39 110.62
ity 101.15

= 145 -

TABLE XXV CONTINUED

Calcu~-
izlad

100.81
102.46

94,25

S7.02

96.08

g5.21

94.73
108.41
110,06
110,06
111.71
103.51
106.28
106,98
105.33
104,46
107.93
107.93
105.42
105.64

1CC.52

Differ-
ence

0.56
-4,16
-0, 40

1.94
-1,28

0.32
-3.13

0.40

0.26
-1.71
-2,20
-01i45
-0.17
-0, 47
-0.40

0.24
-0.78
-2.50
-1.94

.48
0.63

Q
kcal/ﬁole

Experi-
mental

2075.80
2075.18
2079.13
2077.46
2078.14
2078.01
2078,80
2356.44
2355.76
2355.63
2355.33
2358.64
2356,07
2357.37
2358.15
2357.55
2355.84
2355.41
2356.32
2357.54
2358.51

Calcu-
lated

2075.47
2074 .84
2078.57
2076.25
2077.59
2077.23
2078.17
2356.18
2355.56
2355.56
2354.53
2358.65
2356.33
2357.04
2:57.67
2357.31
2355.70
2355.70
2357.94
2357.63
2360.14
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TABLE IV CONTINUED

cal?gzgoggle kcalshole

mxperi- {(aliu- Differ- Experi- C(alcu-

mental lated  ence mental lated
103.i4 104,95 -.81 2356.€6 2356.92
102.31  102.50 -0.19 2356.91 2353.21
63.80 66.42 -2.62 820,27 820,04
73.04 73.29 -0.35 1100.29 1100,1%
82.65 82.65 1380.45 1380.24
91.93 01.91 0.02 1660.50 1660.32
101.24 101.16 0.08 1940.53 1940,43
110.55 110,42 0.13 2220.55 2220.49
115.86 119.68 0.18 2500.56 2500.57
129.17 128.94 0.23 278¢.58 2780.66
71.90 76.85 -4.95 1102.03 1101.89
70.86 75.60 -4.74 1103.03 1102.89
70.17 72.62 -2.45 1104.41 1104.23
82.76 83.82 -1.06 1381.96 1382,00
81.36 82.57 -1.21 1383.04 1383,00
81.73 82.01 -0.28 1384,13 1383,95
80.c2 83.48 -2.56 1385.62 1385,41
02.37 92.08 -0.71 1662.10 1662,08
90.97 91.33 0.86 1663.10 1663.08
90.73 gC. 79 -0.06 1662.10 1662.11

Differ-
ence

-0.26
~0.20
0.35
0.24
0.21
c.18
9.13
0.06
-0.01
-0.08
0.14
0.14
0.18
~0.04
0.04
0.18
0.21
.02
0.02
-0.01
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Entropy
calfieg mole

Luperl-

s b T

LALCU~

icted
BS54
32

a7
Y

-

88.95
38,82
90.45
20.45
91.26
88,47
87.22
91.40
88.07
82.98
86.67

"0.93

0.76
0.30
-1.39
~0.63
-0,82

1665,.50¢
1604,86
1664,80
1653.80
1604,80
16063,46
1665,32
1664,79
1664 ,45
142,13
1343,13
1%42,12
16552,13
1644 ,14
1641 ,50
141,60
1e42,28

1505, 54

19432,17
1042,1¢
1843,1¢
1944,12
1481 .52
1941,26
241, 4%

1G45,00

Tt
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TARLE XXV CONTINUED

cal?gzgogzle kcal>hole

Code Experi~ (alcu=- Differ- Differ- C(Caleye

: Number mental lated ence mental lated
117 - - - 193.50 1943.75
é 118 - - - 1940.98 1540.90
j 119 - - - 1945.16 194k4.50
120 - - - 1944.28 1944.85
g 121 - - - 1946.76 1946.50
122 - - - 1o47.24 1947.35
123 - - - 1046.53 1946.77
124 - - - 1947.53 1947.77
125 - - - 1645,16 1944,92

126 - - - 1946.50 1946.36

127 70.03 71.38 -1.35 957.39 957.39
128 66.62 66.97 -0.35 969.83 970.10
129 79.7 78.35 1.35 1236.47 1237.50

130 77.5 77.40 -(,10 1252.57 1251.94
131 76.4 76.15 0.25 1252,67 1252.94

12 7S5.7 1.587 -1.87 1246.07 1246,03

133 77.6 77.€0 - 1238.17 1238,18

134 76,4 76.4C - 1l24c.27 1240.27

135 75.44 75.44 - 1253.17 1253.16

157 70.0C 70.00 - 13%2.01 1393,91

158 81.24 81.24 - 1675.04 1676.0L

Differ~
ence

-0.25
0.08
0.66

-0.57
C.26

~0.11

-0.24

-0.24
0.24
0.14

-0.27

~1.03
0.63

-0.27
0.04

-0.01



R

Code
Nuniver

TABLE XXV _CCONTINUED

cal?gzgoggle
Experi- (Calcu=-
mental lated
g0.42 c0.42
99.73 89.73
109,04 109,04
118.35 118.35
127.65 127.66
136.96  136.97
146.27 146,28
155.58  155.59
71.28 71.28
82,06 82.06
ol.44 0l.44
100.27 1C0.70
102.59 109,96
118,89 119,22
128,20 128,48
137.51  137.74
146,82  147.00

Differ-
ence

-0.01
-0.01
-0,01

-0.43
-0.38
-0.33
-0.23
-0.23
-0.18

e

kcal/mole

Experie-

mental
1656.01
2236.12
2516,04
2796.06
3076.07
3356.09

1962.63
2241,78
2522,02
2801,.801
3081.68

3361,8¢

Calicu~
lated
1956.01
2236.03
2516.05
2796.07
3076.09
3356.11
3636.13
3916,15
1672.97
1062,63
2241,78
2521,81
2801.84
3081.87
3361.90
3641,63
3921.96

Differ-
ence

0,0¢
-0.01
-0.01
-0.02
-0.02
-0.02
-C.03

0.21
-0;03
0.01
-0.01
-0.02
-C.03
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DISCUSSION

The success of the additlivity scheme liies 4in its
ability to reproduce known physico-chemical properties, and
to predict propertlies which have not been subjected to
experiment. Comparison of the predicted properties and the
experimental properties has been shown in the preceeding
Tables XXIV to XXXIX. Agreement is favorabie in most cases
for all properties, Often the lower molecular weight members
of a2 family exhilbit large differences between calculated
and experimental values indicating the unreliability of the
additivity scheme for these compounds. The agreement
improves as one proceeds to higher molecular weight
members,

Differences between calculated and experimental
values of molar volume are greater than one percent in only
a few cases,

Calculated molar refraction values are generally
closer than 1% tc the experimental values; there are only
three compounds in wnich the discrepancy 1s greater than
1%. Generally the deviation is only a few tenths of one
percent.

Calculated and experimental values of entropy
agree to spproximately l%. However scme large discrepanciles
appear, casting doubt on tne experimental data.

Heats of atomization are accurately predicted



by the additivity scheme. The calculated and experimental
values differing by approximately one-tenth of a percent.

Molar sound velocity data available are
adequately explained by the scheme employed here. Calculated
values are generally within the experimental errors. In
those cases where there are large deviations between the
experimental and calculated values, 1t is likely that the
¢xperimental results are in error.

The additivity scheme employed here also
ddequately predicts the dlamagnetic Susceptibility within
experimental error. Again large discrepancies in calculated
and experimental data cast doubt on the experimental data
availabdble,

The additlvity scheme proposed is a reliable
method of predicting the properties of compounds not yet
subjected to experiment. The scheme is generally applicaﬁle
to other properties and to new series of compounds with the

addition of sultable parameters.



1)

2)

3)

)

5)

6)

7)

- 182 -

CLAIMS TO ORIGINAL RESEARCH

A reaction cell assembly suitable for the determination

of heats of polymerization has been constructed.

A satisfactory procedure for determining unsaturation

quantlitatively by bromination has been developed.

A number of heats of polymerization of acrylate and

methacrylate monomers have been determined.

A study of the relative rates of propagation of
polymerization has been carried out for some acrylate

and methacrylate monomers,

A reaction cell assembly has been constructed for the

measurement of heats of vaporization at 25°C.

The heats of vaporization of a series of aliphatic
alcohols have been determined by means of the Calvet

microcalorimeter.

A& sultable additivity scheme for prediction of heat
of vaporization of aliphatic alcohols at 250C has

been developed.,



(9]
]

8) An additivity scheme has been developed and applied
to molar volume, molar refraction, entropy of formation

and heats of atomization at 25°C.

9) An additivity scheme has been applied to diamagnetic
susceptibllities with satisfactory results.

10) An additivity scheme has been applied to molar sound
velocity with satisfactory results.
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