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PREFACE

Before beginning an experimental investigation
into some of the thermodynamic properties of compounds and
reactions of importance in the manufacture of polyurethanes,
it was decided to devise, if possible, an empirical bonde-
energy scheme which would enable certain thermodynamic
properties of the materials concerned to be calculated,

In view of the lack of thermodynamic dats
concerning alcohol=-isocyanate reactions, it was decided to
measure the heat of reaction for a series of simple reactions
of this type. While this work was in progress it became
apparent that kinetic rate constants could be calculated
from the data obtained during the course of the heat of
reaction measurements. In order to verify the rate constants
80 calculated the rates of these reactions wers also measured

using an analytical technique.
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The Bond Additivity Scheme

The bond additivity scheme developed by Laidler
has been extended to include certain sulphur and oxygen
containing compounds. The compounds trested are the
alkanethiols, the thisalkanes anga the dithiealkares., The
bond ene: -7 scheme enables reliable values for the heats
of formation, atomigzation, combustion, and vaporization to
be caloculated for thege compoundse. A similer treatment hag
been applied to the data for alcohols, ethers, and alkyl
peroxides enabling heats of formetion, atomigetion and

gcombustion to be calculated,

The Heat of Algohole=Isocyanate Reactions

The heats of various alcoholeisgosyenate raactions
have been measured at 2500. under atmospheric pressure.
The alcohols involved were normal, iso, and secondary butyl, ;
end the isocyanates were phenyl, o-tolyl, m~tolyl, and ;
p=tolyl, as well ag 2,4=tolylene diisocyanate. The heat of
the reaction between each alcohol and each isocyanate was i
measurede In certaln cases, the reaction wgs catalysed with
dimethyl cetyllamine or ferric scetylacetonate. The reaction
product was analysed toascertain thet 1+ wes in fact a

urethane, ané that there were no ma Jor gide resctions.
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Haking use of the messured hesgts of reacticn, and
the heats of combustion of ethyl isocyanate snd the butyl
alcobols repcrted in the litersture, heats of formation of
the reasctant isocyanate snc the procduct uretinsnes were

egtimeted,

¥inetics of Alcokol-Isocyanate negctions

The rate constants of some of the abovee-mentioned
reactions were determinad from the calorimetric datas In
order tc verify the accuracy of the method used to calculate
these constants, the kinetics of the reactions were studied
by an analytical tschnique. The reactions were studied at
@ series of temperatures sc that activation energies could
be culculated. It was found thet rate constants determined
by the two methods were in 5004 agreement. In addition, a
review of the kineties of the alcohol=-1socyanats rsasiicns
has been given. The experimental data reported here sare

shown to support the previously suggested reaction mechanism,



PART I

A BOND ADDITIVITY SCHEME FOR SULPHUR AND OXYGEN COMPOUNDS

IRTRODUCTION

It has been known for many years that the heats
of combustion of compounds in a homologous series are

additive; that is, if the heat of combustion of one member
of a homologous series is known, then the heat of combustion
of lower or higher members is readily calculated by
subtracting or adding an appropriate smount to the known
heat of combustion. W®When good expoarimental data are
available additivity schemes can Yield calculated hesats
of combustion which are nearly as accurate as those
determined experimentally. Ultimatsly, as more z00d data
become available, it will be possible to develop a scheme
such that the neat of combustion of any organic compound
can ba calculated witk confidence.

Esrly empirical schemes for the calculation
of heats of combustion were given by Clark (1),
Swietoslawski (2), and Kharasch (3, 4). The treatment of
Ebarasch and Shur is interesting. They postulate that thb
heat of combustion is due to the change in the position of
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the electrons, relative to-the nuclei, which cccurs upon
combustion. They alsc postulate that each such change
liberates the same amount of heat. Hence one should be
able to count the number of electrons which chenge position
when a compound undergoes combustion, multiply by the
proper factor, and obtain the heat of combustion. Svecial
terms were calculatsd for functiongl grouns.

In 1939, Pauling (S) suggested the uss of bonds
in an additivity scheme for the calculstion of heats of
combustion. From an empirical pecint of view this scheme
is the seme as Kharasch's, but it hag the advantege that
bonds are much easier to count than electrons. though
Eharasch attributed the heat effect of combustion to

electron movement, his schemeo ig empirical and is

equivalent to a scheme which considers ell bonds between
the same atoms to make an equal comtribution to the heat
of combustion, regardless of their environment. This 1s
algso true of Swietoslawski's treatment. Schemes of this
type, which will be referred to as first-order schemes,
Yield calouleted heats of combustion within one or two
percent of the experimentel velue. Acouracy of this order
in a heat of combustion is not adequate.

Better results are obtained if the scheme used
has more than one or twc variables. For example, in s
bond scheme, allowance should ve made for the environment

of the bond, as well as its nature. When this is done
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calculated heats of combusfion ére in very good agreement
with the values determined experimentally. Tatevskii (6,7,8)
bas shown that heats of combustion in good agreement with
experimental values can be calculated for the paraffins
using three different types of carbon~hydrogen bonds, and
ten types of carbon-carbon bonds.

A theoretical treatment of interactions bvetween
non=bonded atoms has been given by Bernstein (9), from the
point of view of their effect on additive molecular
properiies of homologous series. The treatment, although
very elegant from a mathematical peint of view, is probably
over-sophisticated for the amount of data available in
the ma jority of cases.

An empirical scheme giving bond contributions to
certain additive properties of hydrocarbon homologous series
has been given by Laidler (10). This scheme, which is a
simplification of Sernsteint's treatment, makes allowance
only for near-neighbour interactions. One type of single
carbon=-cerbon bond is recognized, along with three types
of carbon-hydroczen bonds, primary, secondary and tertiary.
The presence of a double or triple bond is considered to
affect the strength of the carovon-hydrogen bonds on the
carbon sharing.the double bond, and on the carbon ad jacent
to 1t. 4ll other interactions are neglected. Double and

triple carbon-carbon bonds ere assioned different values.
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A method for avplying the écheme to homologous series
containing a functional group is also described,

An extension of this scheme to inelude certain
organic compounds of sulphur and oxyzen will now be

described; this work has already been published (11).

THERYODYNAMICAL AND EMPIRICAL CONSIDERATIONS

Heats of Combustion, Formation and Atomization

The heat of atomization, Qgs 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 states at 25°C. The heat of formation
is the heat change when one mole of a compound in its
standard state is formed from its constituent elements in
thelr standard states. Here the standard state is taken to
be the stable form of the compound or element at 25°C, under
atmosoheric pressure. Of the four elements involved in the
homologous series considered here, oxyszen and hydrogen are
distomic gases, carbon is in the form of grapnite, and
sulphur is in the rhombic crystal modification in the
standard state. In order to calculate heats of atomization
from heats of formation it is the?efore necessary to know
the heat of atomization of these four elements in their

standaré states.



4 coniroversy evér the hest cf stomization of
carbon bas existed for meny yeers. Cottrell {(i2), in a
review of this aul ject, states thst zll the direct evidsnce
is now in accord sith the value of 170 KCcsi.e &cle’l, andé
thel there is no thoToughiy established evidence in conflict
with this velue. There are some anomsliies which remain,
however, and this guestion cannot be said te Do finelly
settled. The value used hero is 171.7 kesi.

Tke hoat of atomiezstion of rhombic sulphur hss
not been esteblished deyond doubt. Cottrell {12) has
recently reviewed the available cata from which he suggests
the vsive of 57 kesle. mole-l. 7his velue has been used here.

The hests of atomigation of hydrozen and oxyzen
have been unequivooslly established by spectroscepic studies.
The heats of atomizetion of these four elesments at 25°C. are
as followus:

C (graphite) = C(3g, °P) =17L.7 icals,

gty (i) m (g} =52.00 kcal.,

é02 (3} = “{g} ~59.l16 kcal.,

5 (rhombic) = (g, OP) =57 koole

It is common practice in thermochemisiry to
associste a negative sin with processes which evolva heat.
“gre the usual procedure 1s reverssd to svoid deslinz with
nezative nunbers, KXencse neats Of.combusiion in Part T

are given with nositive signsa,
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From the beat of atomization data given sgbove,
for the elements in their standard states, it is obvious
that the heet of atomization, Qa’ is related to the heat

of formation, Qr, by equation ().
Q = Qpt 17L.7 n.+ 52,09 nH‘i‘ 57 a_+ 59.16 n, (1)

Here nc, na, ns, and n, are the numbersof cerbon, hydrogen,
sulphur and oxygen stoms per molecule respectively. If the
products of combustion of compounds contalning cartvon,
hydrogen, sulphur and oxyzen asre carbon dioxide, water, end
rhombic sulphur, then the heat of formation 1s'related to

the heat of combustion, Qc’ by equation (2).

. {2)

Qf - ‘Qc+ 94,05 ne+ 34.16 np

Thls relationship is based upon heat of formation
values for carbon dioxide and liquid water of 94,05 and
68.32 keal. mole respectively (13). Substitution of
equation (2) into equation (1) zives the following

relationship between the heat of combustion and the heat

of atomization:

& = @ +265.75 n + 86,25 n +59,16 n+57n (3)
a [+] C H O S



in view of the relationships between negts ¢
combustion, formation, and atomigation it is necessary to
devise s scheme for only one of these quantities. The

quantity chosen is the heat of atomization.

The Empirical Schene

The compounds to be treated are the alkanethiols
(R=s=q), the thiamalkanes (R=S=R) snd the dithiaslkanss
(R=S=S=<R) as well as their oxygen analogues. Bond energy
contributions to the heat of stomization of the sulphur
and oxyzen compounds and to the heat of vaporization of
the sulphur compounds are calculated,

The empirical scheme 1s based upon the following
considerations. The contribution to the heat of atomization
of all carbon=-carbon, carbonesulphur, sulphur-hydrogen,
sulphur~sulphur, carbon-oxyzen, oxygen=hydrogen, and oxygene
oxygzen bonds 1s independent of the enviromment of the bond.
There are two classes of carbon-hydrogen bonds, the first
of which consists of bonds not ad jacent to a sulphur or
oxygen containing functional group. Contributions to the
heat of atomization from these bonds, which may be primary,
secondary, or tertiary, are the same as for the unsubstituted
paraffins. ABonds of the second class have a sulphur or oxygen
atom bound to the same carbon stom and have values different

than the unsubstituted paraffins.



Bend energles for oonds of the first class heve
already been calculated by Laidler {10). Since this work
is an extension of his scheme, Laidler's values will be
vsed hers, The three types of cerbon=hydrogen bond in the
paraffins are the primsry, secondery, and tertiary bonds,
denoted by p, 8, and t respectively. The onergies of these

bonds (10), as well as of the carbone-carbon bond, C;s are:

cl = 85.40 keal., S = 97.380 kcai.,
P = ©98.457 kecsnl., t = 9G.727 keale

Bond enerzles of the second class sre to be calculated heree.
There are three types of carbon-hydrozen bonds in which a
suiphur atom is joined to the same carbon, as are the
hydrogens. These are primary, secondary, and tertiary bonds,
denoted by Pes 8,s and ts’ respectively., In addition there
are sulvhur-hydrogen bonds of enersy sh, sulphur-carbon
bonds of energy se¢, and sulphur-sulphur bonds of energsy ss
present in these compounds,

The same bonds are used in obtalning bond energies
for the cslculation of heats of vaporization. The bond
energy contributions calculated by Laidler (10) for the heets

of vaporizafion are:



C; = C.0C keal,, s

0,579 keal.,,

L+
]
"

0e4d94 kca}..’ ¢t Ce5l8 kcal.

For the oxyzen snalozues of the sulphur compounds
the carbon-hydrozen bonds are the primary, Py the secondary,
8, &nd the tertiary, toe the carboneoxyzen bond is denoted
by oc, the oxXysen=npydroacen bend by ok, and the OXyzen=oxygen

bond by oo,

CALCULATIONS

lieats of Atomization ané Vaporization of Sulphur Compounds

Hdeat of formation data for seventeen suiphure
containing orsanic compounds wore gssembled, From these data
six quantities, sh, 8¢, ss, Pgs 8g7 and t8 must be determined.
This could have been done by selecting aix of tnessa compounds,
80 that sech type of bond is represented at least once,
aritin; down the tonds present in ezch compound, setting
trem equal to the heat of atomization, and scliving the six
resulting equations simulteneousiye. A better way however
is to use 8 least squares procedure, cerried cut on a
computere This was done usin. an I. 3. 'ie 550 computer,

In this say the vslues in Teble I were obtained.



TABLE I

Bond Strenzths for Sulphur Compounds

sh = 81,80 P, = 98.14
8C = 668,36 8, = 97.63
Ss = 54,46 t, = 97.14

S
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Heats of stomiietion calculeated Trom the valuss 4n
Table I, slong with the previously given vaiuce of Cy Dy 8,
anc¢ ¢ are ziven in Tableo II, aslonz with the donds preszent in
each compound, the experimentel hest of formation and
etomization of the compound, snd reference o the
experimontal work.

Sond contribuvtions to the heat of vaporigzation
of these co:pounds were otbtained in an snalogous fashion.
Table III gives the bond contributions tc the heat of
vaporization,

in Yable IV the celculated heat of veporizastion
is cozpared to the sxperimental value., reference to the

exporimontal work for each compound is given in Table IX.

Heatls of Atomization of Oxycen Compounds

The data availlable for the oxygen anslogues ot‘
the above sulphur compounds are not as reliabls. The gix
vondeener:y terms were eveluated Ly carrying out the least
sqQuares mothod on the compnter. 7The results of the
calculation are -iven in Teble V.

The bonda present ir each compound, the hast of
formetion, the experimental end calculated hest of

atoxmizatisn, and the reference to the experimental work are

ziven in Table Vi,
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TABLE III1

Bond Centributions to the Heat of Vanorization

of Sulphur Corpounds

sh = 2.209 Py = 0.877
8C = 0,735 Sq 3 1,002
38 = 2.349 t - 10117



TARLE IV

Seats of Vaporizeticn of Sulphur Coxmpcunds

(kcal molo.l)
AL, (obs,e)=
AE, (cbse) af,{celes) A E,{calc,)

Ethanethiol 5,58 .68 =010
2«Thispropane Get3 873 =C.07
2,3-Dithisbutane P.18 2.08 0.10
l«Propanethiol 7.65 7.59 0.08
2«-Propanethicl 7.08 7.03 0.05
2-Thigbutane 7.81 7.59 C.02
1-Butenethiol Be.74 86,75 «0.01
2-Butanethiol 8413 8.18 =0,05
2-¥ethyl=l=propanethiol 830 8.43 «0el3 -
2-Methyle2=prepancthiol 7T e38 Te39 0,00
3«Thispentane 8457 8.44 Oel3
2<Thiaspentane 84,67 8474 «0,07
S=ilethyl-2-thiabutane 8,18 8.18 0.00
3y4~Pithiashexane 10.856 10,79 0,07
l=Pentaneothiol 9,83 9.90 =C.07
4,5-Dithisoctane 12,94 13.11 “Q417
S=Thisnonane i2.4. 13.1 =07



The Bond

Strengths for Oxygen Compounds

oh
o¢

00

= 109,79 po = 96.24
= 90.99 8, = 895.42
= 47.72 t. = 94.54

(o]



pus (1) ¥y WOXJ PejeTnoTvo swm (082 ‘8) Juv

pusg AHV &zﬂ woxy pojeTNOTBO SYM AOOQN

"(0T) 'T 3% uy UeAY3 poyjom oyy £q pegwnores s Ay

*8) Jyv feoussogou

{00ULIOJOI Y] UT UGATE Sum (Dg82 ‘1) Fuv y

*(82) ®3®p eanseead Jodea

°u3 UT ueATS mem (9 gz 1) e p

1e

oe
8a
ac
e
oge

63

va
88

P°0=  9°PI98  3°BIGE  Li°%@ Yog+dg1+00+003 3,818,

ovﬁn0honﬁdha=£oaheavqa
PO-  B°u9¥z  8'Lavs  Speu Tou+3+8g+dg+®egsootyo 0®Tu®) tousxey~tetiysu-z
0°0  e°¥eBT  gowesT ,99°aL ‘op+dg1+°3z+003 0" ™% aeyse TAdosdosyrq
€°0  0°RLET  QUQuRT  £ub Toz+d89+%8y4 004007 80T evyxoued 1Ay3etq
L°0  BUCPST  aereT  0°Ll Togedgiootuo  OTy¥, vousdoadmge 1hugomez
670 0°0ERT  4veeT .pacus Tog+ap+dg +%83+004yo0 CW?¥s touugngey
0°0  6°9%0T 69301 s6°ap Tog+dg +"3100 0 %1%y tousdoageg
0°0  wv*asos °694 gopp Cdg+oog %4%0 aoure teuzex
T veauL S° L va°99 To4dg +%sg+00+yo 0925 tousyay

*Jou (*oyeo) (9790} (*®qo) —(*wqo) spuog punoduion
-(*8q0)p  p " %

AA|oaos * 180X)

GOTIWETwOIV JO 63veq]

IA 374VL

unﬂﬂﬁomaco SO&NHO



|-

- 18 -

Heats of Formation end Combustion

From the bond energy contributions to the hesat of
atomization it 1s possibie to calculate bond energy
contributions to the hsats of formation and combustione.

Let us first consider the problem of calculating bend
energies for the heat of formation.

The heat of formation 1s related to the heat of
atomization by equation (1).

Q = Q‘ - 171.7 n_ - 52.09 n, - 58,16 n, = 57 n {1).

c S

For a general compound contsining carbon, hydrogen, oxygen,
and sulphur, the heat of atomization can be calculated

using the bond energy terms already obtained. If C1 is the
number of ¢ bonds, P the number of p bonds, So the number

of 8, bonds, and so forth, then we can write

Q, ® 85.40 C, +98.47 P +97.65 S+ 98,60 T+81l.90 SH
+ 86436 SC+54.46 SS +98.14 P+ 97,63 S_+ 97.14 T,

+ 109,79 OF +90.99 0C+47.72 00 +96.24 P,
+95.42 S +94.54 T, (4).

In'order to obtain an expression for Qf containing
only the number of bonds present in the compound, we must

relate the number of bonds to the number of atoms. These
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relationships, tozether witk equation (4) can then be
substituted into equation {1) to zive an expression
for Qf.

Each carbon-hydrogen bond accounts for +of a
carbon atom (since all the cerbons here are tetrahedral),
43 does each OC and each SC bond. Esch caerbon~carbon bond
accounts for % of a carbon atom; % of each of the carbons

it joins. BHence, we can say that

- A g
DC iy (P+S+'I+Ps+ Ss+ 'l’s+Po+So+ T°+ CC+sC)
kécl. (5)0

Zach bond involving a hydrogen atcm accounts for one

hydrogen atom,
- S ‘ T S . e
0, = P+S+T+P8+ o=+rs+ P°+s°+;°+UH+OH {6)

Each SH bond and each SC bond accounts for 3 of a sulphur
atom, and each S=S bond eccounts for one sulphur atom,

glving:

ns = % (SE+SC)+5S. (7)e
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Analcgousliy, for the oxygen bonds,

n, = £ {0H+ 0C) +00. (8)e
Subsiituting equations (4) to (3! inelusive intc equation

{1}, and coileeting terms gives

Qf 8 = 0445 Cl*‘3.45P4-2.63 S+1.,78 T-+5.12Ps+-2.61 Se
+2.12 T8+1.22 Py + 0.40 30—0.48 '1'°+l.31 SH
—~5.07 SC— 2,54 SS +28.,12 0¥ +18,.,48 CC

"11044 00. (9)0

The coofficients of equation (9) ere the bond-energy
contrivutions to the heat of formation for a compound
¢ontaining carbon, hydrogen, oxyzen, and sulphur when that
compound is in the vapor state at 25° C. The addition of
these bond~energy contributions to the corresponding
contributions to the heat of vanorization yields hond
enerzies pernitting the calculation of the nezat of
formetion in the liquid state. Thesc bond enargiss are
given in Table VII.

The calculation of bond-energy contributions to
the heat of éombustion from those contributing to the heat
of atomization proceeds in an analogous manner, The heat

of atomization is related to the heat of combustisn by




sguation (3), waich upon resrrangsment gives

Q = - . . . ] .
e 3 Qa+-265 75 nc+-86.25 nH+-59 18 n0+-57 nq (Lo}
Supstituting equations {(4) to {38} inclusive into equation

{19) zives, after collecting terms,

Qc = 47,48 Cl+-54.22 2+ 55404 S+ 55,89 P+ 54,55 Ps
+ 55,08 Ssﬁ'SS.SS T + 56045 P + 57.27 S
s o) o
T 38,15 To+-32.85 SH+ 28458 SC+ 2,34 S8

+65.04 OH+ 5,03 0C +11,.44 00, 1),

The coeflficients of squation (11) are the bond energy
contributions to the heat of combustion of a compound in

the vapor state at 25° C. In order to obtain the bond
contributiong for & compound in the liquid state at 25°C.,
the bond centributions to the heat of veporization must be
subtract=d from the coecfficients of equetion {11)., These
bond eontributions are given in Table VII. I will be

noted that bond contributions for oxyien=-containing compounds
in the liquid state are not given. This is so because the
experimental data avaliable do not permit bond contributions
to the heat'cr vaporization of_oxygan-containing compounds

tc ve calculated with the desired accuracy.



Bond Contributicns to ieats of Atomization

TABLE VII

—ﬁ
Formation, and Combustion of Sulphur- and Oxygzen=-containing

Liquids and Gases

Q Qp Q,
Bond Symbol  Gas _ Liquid Gas Liquid _Gas—  Liquid
C=C ¢ 85.40 85.40 =0.45 <C.45 47.48 47.48
c-f p 98.47 98,96 3445 3.94 54422 53.73
C-E s 97.65  98.23 2463 3.21 55,04 54.48
C-E & 96.80 97.32 1.78 2,30 55.89 55,37
S  gh 81.90 84,11 1e3l 3,52 32.85 30.54
S=C  sc 66435 67.10 “5.07 <4.33 28,58 27.84
S=S  gs 54.45 56.81 -2.,34 0.01 2,34 0
C-¢  p, 98.14 99,02 3.12  4.00 54.55 53.67
C=E s 97.63 98.63 2.6l 3,61 55,06 54.06
C-H ¢, 97.14 98.26 2.12 3,24 55.55 54.43
0«H  oh  109.79 28,12 6.04
0-C  oe 90.99 18.48 5.03
=0 o0 47.72 ~ll.44 11.44
C-E  p, 96.24 1.22 56445
C=F s, ' 95.42 0.40 57.27
C-E t 94,54 -0.48 58415
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Discussion

The success of the calculations is tested by
comparing c¢-leulated heats of atomigation to heats of
atomlzation dotermined experimentally. This has been done,
with the results presented in Table II for the sulphur
compounds and in Table VI for the oXyzen compounds. The
average absolute difference between the experimental and
calculated quantities is 0.3 kcal. mole™* for the sulphur

and 0,5 kcal. molezl

for the oxygen compounds.

Since the publicatiorn of this work (11) a modern
determination of the heat of combustion of the four butyl
alcohols has been made by Skinner and Smelson (33). It is
of interest tc compare their experimental heats of formation
of the four butyl alcohols with the heats of formetion
calculated using the bond energies in Table VII. The 4
experimental results, with the calculated heat of formation

irn brackets are as felilows:

n=butyl alcohol (gz) =56.1 0,35 (=66.9),
1=butyl sleohol (g) =67.9 % 0,35 («=68.5),
s=butyl alcohol (g) =701 20,35 (=70.7),
t-butyl alcohol (g) «74,9% 0,35 (=7643)

The differences between the calculated and experimental heats
of formation are appreciable. These differences point to the

need for more good experimental data on homolozous series

containing functional groups.



PART II

FEATS OF REACTION

INTRODUCTICRN

In recent years pclyurethanes have played an
increasingly important role in modern plastiecs technology.
Polyurethanes are formed by the reaction of a diisocyanate
with a dihydroxy alcohol, usuvally a polyol. The reaction
of 2,4~tolylene diisocyanate with ethylene glycol is an

example of polyurethane formation.

3 CH,
NCO / NCO
+HOCH,CH,0E —— «

NCO NH-COO-CH20H20H

CH

The difunctionel product of this reaction will continue to
react, ultimately ziving long poclyurethane chainse.

A search of the literature reveals that there is
a lack of thermodynamic data concerning reactions of this
type, as well as data coneerning the lsocyanate reactants
and the urethane productse. In view of our nearly complete

ignorance of the thermochemistry of these reacticns 1t weas
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declded to study the heafs of reaction between some simple
alcohols and isocyanates, rether than investigate the more
complicated reactions glving rise to polyurethanes. The
heats of reacticn meesured were those between each of nermal,
iso, and secondery butyl alecchol, andé eszch of pkenyl, the
three tolyl isocyarates, and 2,4=~tolylens diisocyanate,

Since heats of rescticrn are resdily calculated
from heats of formation it was necessary to survey the
literature not only for heat of resction dsta, but also for
cdata concerninz the heat of formation of tke isocyanates,
alccholg, anc urethesnes involved. The only dete svailable
concerning isocyanates are thos due to Lemoult (34) who, in
1899, measured the heat of cormbustion of methyl and ethyl
isocyanates 1In the case of ethyl isocyanate his final
result, obtained by averaging three determinations, was
424.5 keal mole™l, Lemoult does not assizn an experimental
error to his work, nor does he define the calorie he used.

No analysis of the combustion procducts is reported. In view
of these uncertainties, no attempt was made to convert %the
reported value into defined calories.

Fe heat of formation data are aveilsble for any
urethane of the type E=NH-CO=0=R', although Kharasch (4)
gives the héat of formation of urethane itself. In addition,
the heat of formation of a few di-K=-gubstituted urethanes are
given by Sckmidt (35). Zowever, ncne of these data are of

lmportance to the present work.
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Recently new dats fe~ tlie heat of formaticn of the
Tfour butyl alcohols hawe been published by Skinner and Snelson

(33)e The resuits they obtained were ziven in Part I.

EXPERIMENTAL

The Calorimeter

The heats of reaction were measured with a
differential microcalorimeter of the Tian<Calvet type (38).
In essence the calorimeter consists of two reaction cells,
each surrounded by a thermopile which has one set of
Junctions in thermal contact with a reaction cell, and the
other set in contact with an isothermal heat sink, common
to voth cells, The thermopiles are connected in electrical
opposition to each other. FHence a voltage will appear in
the thermoplle circuit only Af there is a tempersture
difference between the cells. If the temperature of the
heat sink is changed, there will be no voltage in the
thermopile circuit.

A schemetlc diagram of the microcalorimeter used
in thls work appears in Figure l. The heat sink, A, consists
of & cylindrical sixty-pound block of aluminium. Thers are
two holes, B, in the top of the block, the centers of which
lie on s diameter of the block, and at an equal distance
from its center. A silver thimble, ¢, is suspended in éach
hole by means of a plastic support ring, E, The thermopiles,

D, are installed in the space between the aluminium block



Figure 1 Schematic diagram of the calorimeter,

hﬁmma.m..v.muur e e B berie 2 Ty et s A S
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and the silver thimbles, lEach thermopile consists of

15 iron=-constantan junctions. The Junctions are sttached
to the thimbles and the block by Glyptol cement, which
ingulates the junctions electrically from the block and
the thimblie, but which gives reasonably gocd thermal
contect. The reaction vessels, to be described later, fit
snugly into the silver thimbles.

In orcder to protect the sluminium block and its
fittings from externsl tempersture fluctuations it is
surrounded by five concentric aluminium cans. The space
between the outer can ancé the first inside can is packed
with cotton. There 1s dead air space between all the other
canse Access to the silver thimbles is provided through
long bakelite tubes which lead from the outside of the
apparatus through the insulating czns to the silver thimbles,

The thermopiles are connected to en electronic
smplifier which, in turn, is connected to s recording
potentiometer. This arranzement ;ives a record of the
amplified thermopile E. M. e 85 & function of time. An
electronic integrator 1s slso connected to the ampiifier,
sc that a direct measure of the area under the voltaze~time
curve can be obtained. It will be shown iater thst the
difference bétween the heat pro@uced in the two calorimeter
cells is directly proportionsl to this area.

The amplification and integrsation circuits ha#e

been described by Attree, Ladd, Cushing, anc Pieroni (37).
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The basic amplifier circuit is shown in Pigure 2a. The
output from the thermopiles ig fed¢ into s modified
uiston-Becker Wodel 14 dec, - breaker amplifier. All-over
feedback has been incorporated to improve the stability

and to increase the impedance of the circuit. The output
from the low pass filter, after passing through a calibrating
resistor, 1s used to drive g weeds and tdorthrup recording
potentiometer,

The integrator circuit congists of a resistsnce-
capacitance network connected to a high gein, hizh impedance
direct current amplifier. The amplifier used is a Cary
Model 31 vibrating reegd electrometer, manufactured by
Applied Physics Corporstion. A schomatic diagram of the
basic circuit is ziven in Figure 2b. It can be shown (38)

for a circuit of this type that

where ey is the input and e, the output voltage. The input
voltagze 1s the amplified tbermoﬁile voltege. The output
voltage,eo,is used to drive a Leeds and Xorthrup recordihg
potentiometer, so that s curve of ares versus time is

obtained,



e

ST

1
t

TSR BT RTINS SR A L, L -

[T S e

LOW

_—
D.C.
BREAKER
AMPLIFIER

PASS
FILTER

'RECORDING
POTENTIO —

Y

Figure 2a Schematic diagram of the basgic

]
ol |

| L
LI
R
ANAA—
f VIBRATING
l'l REED
ELECTOMETER

amplifier circuit.

4}...

RECORDING
POTENTIO~—

METER

Figure 2b Schematic diagram of the basic integrator circuit.
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The calorimeter is placed in = small cabin, the
temperature of which is kept at 25.0%*6,2°C. This is done
to protect it from larze rsndom temperature chznges, gnd
a8lso to thermostst the calorimeter st 25°C. The cabin
temperaturé is controlled by bimetsilic strio thermo=
reguletors, acting through mercury relays. The relays in
turn gctivate cither a heating element in the cabin, or s
pump which circulates cold entifreesze through a coil in the
cabin, dependingz upon whether the cabin is to be warmed or

cooled,

The Reaction Cell Agsembly

Ths reection cell is capabdble of containing both
resctants until temperature equilibrium with the calorimeter
has been attained. It provides a means of brinzing the
reactants together at the proper time, and alsc a method
whereby thc reacting mixture csn be stirrsc gently. A
schematic diagram of the resction cell is siven in Pizure 3.

The reaction cell itself is made of glass, on to
which & thin layer of copper has been plated to imorove its
heat conductivitye. One of the reactants is put directliy
into this cell. The other resctant is put into a capsulse
which consists mainly of a pilece of stainless steel tubinge

The ends of the tubinz ere covered with small pieces of

aiuminium foil, eld tightly in place by tefion sleeves., In

addition, the upper teflon sleeve fits snugly over glass
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picce of glass tubinge At the upper end of the assembly the
plercing rod pesses tircusgh z rubber policemen which holds
it Tirmly in plece and, a2z well, clcses the reaction ceil
off from the stmosphere,

“he reacting mixture in the cell can be stirred
in two ways. The simplest method is to ettech a rubber
squeaze bulb to the side tube, s&nd squeeze it, thereby
¢érawing the rescting mixture intc gless tube "A" through ithe

nocw plercac cepsulee Jtirring ln this way nowever is not

-

cencrell

b

; satisfactory Lecawse it is nol roprocucitle, and
becauze the resetln; mixture must be stirred for lon:; poriocds
of time, Ingtesd, the followin; method wae used. A iZlussg
U=~tube wes partlislly filied with vecuum puwp oll. 2ne sicde
of the U=tube wes connccted to Lhe slice tute of the reaction
cell eesembly Ly v short piece of rubber tubinse. » smail
piston, mede of glass with a snusly fitting teflon disk cn
trhe enc ves placoec in the otrer srm of the Uetubes, This
piston wes criven by & ;cered down elcctric moter st a rate
of about 50 cyeles peor wi:utce ptirrin; Uy this metncd is
wentle and reprocducible.

The reactlon cell conteins a cslibratin- resistor,

eneath the stainless sieel capsule. It is neid in

placed ©
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piace by its electricel leads. Thesze leads, of fine cenper
wire, extend cut the top of the cell assemtly, so that they

can te connected to a current source.

Tre Eeleticnship Eetween the Heat Litversted in the Calorimeter

anc the Integrsl of the Voitaze-Time Curvee.

Tke treatment tc be given is a mocificaticn of thst
ziven by Calvet enéd Prat (36).

Consicer the case of & rezction teking plece in sne
cell of the cclorimeter, which increases the temperature of
thet cell from To, the tempersture of the heat sink, to some

temperature T, at time t. Let
AT = (T - TO).

The rste of heat loss from tne reaction chamber to the hest

sink, dg, is proportional to T. If we assume that the
dat

reactlion cell ccols in &ccordasnce with Fewton's Law of

Cooling, then

'—:hAT, (12)0
dt

wnere h is a constant,.
The . e Fe produced in the therccpile circuit

is elso proportional to the temperszture incresse T, so that



Lz rdT, (13).
wnere X is another constant. Suzstitsting ecuation (13}
into equstion (12} vields

-

ag b}
Se (r4).
¢t ¢

Separating ths variables, and intezraeting over all time zives

5 = at (18).

where Q 1s the total hest liberzted in the reaction csll,

et us write h/k = A; equation {15} now vecomes

In practice # is determined by cslibration of the apparatus.

Calibration of the Celorimeter

The celorimeter wes calibrated by messuring the
integral of the voltage-time curve for various amounts of
hest liberated in the reactlon cell by electriesl heating.
The electrical heat was produced by passing a known current
throuzh a meesured resistance in the resction ceil for s
definite period of time. The hest produced, in joules, is
then obtained from J z I°Rt. The calories used throushout

this thesis are defined calories; joules were converted to
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defined calories by dividing by 4.1840. The into~pal of
the voliege~time curve wss obtainzd directly from the
integrating circuit chart.

The current flowing tnrough ithe celivrating
resistor was cetermined by measuring the voltege across
a uncwn resistance in series with the callibrating resistore.
The voltage over the series resistor was measured on &
Tinsley potentiometsr, Type 3539-R. The series resistance
and the ealibrating resistance were toth Precision resistors,
the value of which did not change over long periods of time,
nor with smell temperature fluctuations. These resistors
were pericdicelly checked on a Tinsley Vheatstone Sridge,
Type 4070. The current of ebout J.04 amperes uged in the
calivrating ¢ircult was drawn from a 200 ampere-nour lead
eccumulator; it remained essentially constant éuring each .
calibration. The standard cell in the potentiometer circuit
was checked by ccuparing it to a cell which was known to be
200d .

Before proceeding witkh a calibraticn of the
apparstus, It wss necessary tc te sure that equal amounts
of heat, introduced into each reasction cell, would zive &
net area of zerc under the voltage<time curve, This was
done by dissolving equal amounts of lN=-phenylen-butyl uretaane
in cqual amounts of nebutyl elcohol. iithin the experimental

error, the net integral was found to be zero.
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In order to be sure that the calibration procedurs
was correct, the heat of a known reaction was meassured. The
reaction chosen waz the solution of anhydrous lithium sulphate
crystals in water. Lithium sulphate monohydrate was heated
to redness in a platianum digh and cooled in a deslceator., It
wag then pulverized, and 0.2775 grams were weighed into a
stainless steel capsule. In the reasctlion cell it was dissolved
in 10 mls. of distiiled water., The reaction is:

Li 504 (e} 4+ 220 E

2 0 (1) = L12804-220 g0

2 2

The measured heat of reection for this process was 6,54 % 0.10
kcal. mole-l, compasred with the litersture value (13,39) of
6.61 kcal. mole-l. Since these two fizures are in agreement,
within the experimentsl error, the electricel callbrstion

process was deemed to be satisfactory.

Purity of Materials

The normal and iso butyl slcohols used in the
experiments were Fisher Certified Heagent chemicalse. The
secondary butyl alcohol was a Fisher "Eighest Purity" reagent.
The alcohols were dried by refluxing l.5 liters of alcchol
over 20 grams of freshly ignited celecium oxide for four hourse.
The alcohol was then distilled off through a frectionating
column, about 40 cm long, and packed with 1 cm lengths pf
4 mm gless tubing. The fractionating rate was such thst

about 30 drops of liquid were returned to the distilling



flasi for every drop thet'entered the receiver., Oniy the
glcohol distiliing &t the boilinc point of the alcohol wus
collected. For normel, 180, and secondary butyl slcohcls,
the bolling points ere 117.7°, 108.4°%, sna 98,5 0,
respectivély. These alconols can be dried by fractionation,
&s the ezeotropes formed with water by normal, isc, and
secondary butyl alcohoi boll 26°, l8°, ané 11° lower re-
spectively than doss the pure aleohcl (40). Usuelly 1t was
necessery to discerdé the first 40C mi of distillste, and
SC0 ml of mlcohol were elways left in the distilling flask.
The alcohols were stored in a dGesiccator over silica gel
until used,

Each new bstch of alcohol was tested for the
oresence of wator by the method ziven by Dyer, Taylor, ifeson,
and Semson (4l). ©One or two érops of phenyl isocyanate were
gcdeé to ten mls. of the alcohol, If water 1s present ih
the alcohol, then s precipltate of the very insoluble
i,f'-diphenyl ures will forme. If no such precipitste formed,
the slcohol was deemed to “e suitable for the oxperiments.
The insolubility of g,ﬁ'-diphenyl ures in each of the three
alcohols was checked oy putting one or two small crystals of
this meterisl into 50 mls. of each slcohol. The orystels
¢id not diséolve gfter Z4 hourse. The phenyl end wono toiyl
isocyanates usec were manufactﬁred vy Lestmen Organic Chemlicaise

kech isocyanste was distilied, undsr vacuum, and only the



middle portion of the disfillate wes retained. ETach
isocyanate was sgsin distillied immediately prior to use,.
The déistilletion temperatures, zné prescsures, are given in
Table VIII for thesc isocyanates.

The 2,4-toiylene Giisocysnate used was obtained
from the Canedian Armement iescarch snd Levelopment
Zsteblistment. It was treated as were the other isocyanates,
It distilled at 155°C. under a pressure of about 50 mm
of mercury.

The normgl, isoc, and secondsry butyl urethsnes of
phenyl isocyanate were prepared by causing dry alcohol, in
107 excess, tc react with freshly distilled phenyl isocyanate.
After the reaction mixture had cooled the product was
dissolved in petroleum ether and filtered hot. The solution
wag cooled in en ice-water mixture end the product filtered
off. It was recrystallized once more from petroleum ether,
sucked dry, end then warmed =t SOoc. to drive off the last
of the petroleum ether. The meltin- points of the urethanes,
and the accepted melting vpoints (42) are ziven in Tsble IX.

The urethanes of o-tolyl lsocyanate were prepered
by rescting an excess of alcohol with o-tolyl isocyanate.
it was necessary to cetalyse the recction with ferrie
acetylacetonéte, and to warm the‘solution to zet the resction
started. Seversal recrystallizations were necessary tc remove
all treces of the catalyst. The products .ore sucked dry

ané warmed in an oven st 30°C. to drive off the last traces



Boilingz Points end Prsssures of Isocvanates

TABLE VIII

Isoczanate
Phenyl

o=tolyl
m-tolyl

p~tolyl

Boiling Point (°C)

Pressure (mm of Hg)

46°
57°
62°
66°

5
10
5
10



TABLE IX

K-Phenyl Urethane ¥elting Points

Urethsane Melting Point Literature Melting Point
¥-phenylen=butyl 57.5%C, 57°C.
Nephenyl-i-butyl  85.5 = 22°C, 85°¢c.

Nephenyl-g-butyl 64 - 65 °C, 65°.



of petroleum ether. ?nly'gfo-tolyl-n-butyl urethene ls
listed in Beilstein (42)s £ meltinz point of 45.5%°C. is
reported; the meltinz point of ths prepareé urethane waos

45.5 to 48°C, The nelting points of Fep=tolyl=i~butyl end
i-o-tolyles=butyl urethanes are 41 o 42°C. ana 42,5 to 43°c.
respectively. A carbon-hyérogen anslysis of these compounds
was cesrriec out. The thecretical percentazes ere, for cardon
§3.52% and for hydrogen, 8.27%. The results obtained were
70.05% snd 8.27% for F-o-tolyl-i-butyl urethane, 69.58¢ and
8.18% for Neo=tolyles=butyl urethsanc.

The urethsnes of m=-tolyl isocyanste were prepared
in the usual way, without a catalyst., Vigrming was necessary
to start the reaction. The product waa purified by vacuum

istillation, oniy the middle fraction being eollscted. This
fraction was again distilled, and again only the middle
portion collected. These urethanes are liquids at room
temperature, The results of the carbon-hydrogen analysis
are given in Teble X, alon: with the distillation

temperaturse and pressure.

The normal and iso butyl urethanes of p=-tolyl
isocyenate were preparsd in the usual way. The melting
point of Jep-tolyl-n~butyl urethane is reported, in Seilstein
{42), to be 53°C. The recrystallized procduct meited st this
teapersture. l=-p=tolyl-i-butyl urethsne, meltin; at 52.,5° to
53°C., analysed to 70.0L% carbon and 8,25 hydrogen. The

theoretical percentazes of carbon ané hydrocen are 359.56%



= 43 -

TABLE X

Hem=-tolyl uretheneg: Boiling Points and Analytical Results

Boiling
Ursthane £ C ¢ H Point Pressure
N-m=tolyl-n~butyl 69.75%  8.61%  185°C., i oma
N-m-tolyl-i~butyi 62.47%  g.27¢  18z%%, 15 mm
Nem=tolyles=butyl 69,52 8.672  17¢°%, 20 mm

Theoretical , .
composition 69.52% Be27%



and 8,27% respectively. in order to prevent the formation

of a disubstituted ures, the formaticn of H-p=tolyles=butyl
urethans was carried out in & larze excess of s~butyl alcohol.
The excess slcohol wes removed by vaouum distillation, and
the produét recrystallized from petroleux ether. The
elemental enalysis revealed 69.89% carbon and 7.957 hydrogen,
compared to calculated percentazes of 63.55 and S.27
respectivelye.

The diurethanes of 2,4~tolylene diisocyanate were
made in the usual way, with recrystallizations from petroleum
ether. They were sucked dry, and warmed in an over at 80°C.
The results of the carbon-hydrogen anelysis, and the melting
points are clven in Teble XI.

Di-n-butyl amine, used in the analysis of isocyanate
groups, was prepared ty drylng over potassium hydroxide
pellets for three days, with occasional shaking. It wes then
cdecanted and fractionated. The middle fraction, distilling
at 158-160°C., was reteined. It wes stored in a desiccator
in a dark cupboard.

Toluene was dried over calcium oxide and
fractionated. The materlal distilling at the litersture
boiling point of 110.6°C. was collected.

Thé hydrochloric acid was C. P, rea-ent,
xanufactured by Cenadlan Industries Limited.s It was used

¥ithout purification.
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TABLE XI

Melting Polnts and Anaivtical Resultis

]
for N,N «2,4-tolylens Diisocyanate Urethansg

Diurethane % C < B deiltinz Point
N,: -2,4-tolylenc di-n~butyl 63.56 7.94 73°¢C,

A, =2,4=tolylene di-i-butyl 63.07 7,90  122-12.°:.
N,N' =2,4-tolyicno di-s=butyi 53457  7.95 90-21%.

Theoretlicsl composition 53 &3 8.1
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Ixperimentsl Procedurs

The experimental drocedure used to measure the
heat of reaction was the same for every reacticn. is an
example, let us consider the formation of Ne-phenyi-n-butyi
urethane from nebutyi alcohol ané phenyli isocyanate. The
procedure was 83 follows.

A stalniess steel czpsuls, cne end of which was
covered wit: a plece of aiuminium foll, was weizhed, packed
with Hephenylen=butyl urethene, and reweighed. The other
and was covered with a viece of siuminium feil and then
the loaded capsule was attached to the end of zlass tuve "A",
(Figure 3), which protrudes into the rescticn ceil. The
volume of phenyl isocyanste necessary to precduce this amount
of urethane wes calculatec¢ and the required amount loszded
into & tared second capsule. This capsule was closed with
a2 piece of sluminium foll and ezsin wel:hed. The oapsule'cf
isocyanate was then attached to slass tute "AY, of the
second ceil assembly. Ten ml of nebutyl alcohol were pipetted
into esch resction celi, and the cells were fitted to the
reasction cell sssembly, over the capsules containing
isocysnate in one case, snd urettane in the other. The two
assemblies were then loaded into the calorimeter, and silowed
to equilibrate overnlchte.

The following morning‘the charts on the amplifier
and the intezrator were started, anc the amplifier and

interrator contrcls set. The aluminium foll end pieces of
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the capsules were punctureé by means of the piercing

rod, anc the stirrinz motor turnsd on. %he stirring motor
was ellowed to run for thirty minutes, when the resctisn
wez commlete, zs indicsted By zerc wvoltage in the thermonilis
circuit, the hesct of the chemicrl reaction was estimated;
without removing the cells from the microcalorimeter, s
caiibraetion wes ecarried out, according $o the method
previnusly descrivec. At the conclusion of the caiibration
run, the now known heet due to the chemicel reaction was
uzad Lo calculals the hest of the resction A'zrr, in

veaie mole™L,

molecular weisht of pkenyl isocvanate heat due to
A = X the chemical
by woizht of phenyl isccyenate resction.

Bach reaction wes messured at lesst three times;
more measurements were mace if taoe first ceterminstions wmere

‘ne final heet of resctiorn is en

(%

not entirely satisfsotory,.

average of tha experimsntel values,

There 1s 8 tendency for resctions cetween isccysnates
snd secondsry alcohols to yleld symmetricsily substitutad ures,
6s well ss urethane. f%ertiaery aslcohol resctions exnibit this
feeture guite strongly. For this reason it wes necessary to
gnglyse the pfoduct of sach resction in order to ve cevtain
that tre hesat of resciticn messured wes thst due ©to the
formetion of urethanee '“his wass done Irn the folliowin. waxy:

the resctlon mixture wzs exemined f{or the oresence of
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ingoluble erystsls, which,'if present, weuld probably
irdicate 2 symmetrically sudstituted xrees DBy &istiiling
off tha exczss aleobol uncer vacrisl, tne zclid product wau
obtained. Thz infra-ragd 3pectruim of the nroduet was
¢ompared Yo the known infraered spectrum of the expactsd
ursthane odtained from the Proviously orewvesred urethane,
Snly in the case of the reaction beiwsen p*tolyl isocyanate

and s=butyl sleohol was thers a datectable amount of other

L]
product, This materilal w=ng prodedbly I,d -di~p=-tolyl urea,

EXPERIMSNTAL RESULTS

In the czse of certsin resctions a cataliyst was
used to shorten the reaction time end decremse the
experimental error due to Arift in the electronic couwponents
cf the ealorimeter over lonz periods of time., The reactlions
studled in the presence of g catalyet sre clesrly marked in
the tatles. In order to te certein that the eccition of o
cataiyst did ret effect the wmeesurcd heat of regction,
certsin reszctions we:e¢ messured with end without s catalyst,
As cone wouléd expcct, there war no cizane in the heat of
rezction upen the gddition of a cstalysts The catalysts
vsed were eitber ferric acetylacetonate or dimethylcetyl
amine.

It wili e noticecd thet the heats of resction

involvinz metolyl 1isocyanates ({Table XIV) are seversli kcsl.



less than those for the other monoisocyanatcss. 7This is
because N-m~{olylen=-butyl, Nem=-tolyleiedbuiyi, and
Hemetolyleg=butyi urethanes are in the liguid state at 2500.
The experimental roesults sre presented in
Tabies XII to XVI. For each reamction studied, the results
of seversl measurements sare given. The weight of isocyanats,
the hezt observed, and the calculated heat of resction per
mole are ziven for each rune. The meen hest of reaction is
also given in each case. In every csse the tabulsted welgint
of isocyasnate was lntroduced into ten mis. of the
appropriate alcohel., The (1nal state of the reaction
product was a solution of the urethane in alcohol. For the

sake of convenience the data are surmarizec¢ in Table XVII.
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sSummery of Hects of qeszction

{kxcaie mole )

Isocyanate ne=tall i=2ul4 g=Culd
phenyl - 2841F 0.8 2401 0,3 2344 F 03
oetoiyl 23e5 X 543 22,1% 0,3 21e72 03
mwtolyl 1952 C03 1212 0,3 1365 063
p=tolyl 24,71 G.3 2369203 2345 X045
2y4=toiylane 4540 X 0,8 425 0,9 41e3% 0o
diisocyanate

This heats of reaciior rreserted ir this tanle are

evolved

heatse



LISCUSSION
L BACA NS T UL

There are not sufficient dste availadle in the
literature tc permit the caiculation of the heat cof formsticn
of esch or.the reactants inveived in the resctions under
investizetion. ¥However, it is possitle to obtain an estimate
of the heat of formstion of the isocyesnates by using an
empirical bonc¢ energy scheme coupled with the heat of
combustion value for ethyl isocyanate as cetermined oy
Lemoult (34). From the estimated heat of formation of %he
isocyanstes and the measurcd heats of reaction, the heat of
formation of the urethanes can be approximated,

Lemoult reports the heat of combustion of oathyl
isocysnate as 424.4 kecal. mole-l. This value is the resuit
of three determinations; tne experimental precision 2f his‘
determinations was about 0.2%. The combusticn »roducts were
not enalysed nor was the calorie he used Gefined. o
corrections have been appiied tc this heat of combusticn
because the subsequent cslcuvlations do not warran: such
accurecy.

wemoult's vaiue for ethyl isocyanate is used to
obtaln a Yond contridution to the heat of stomizatison for tre
=00 groupe. ﬁsing equation (3} o; Part I, the heet cf
stomization of ethyl isocyanate is calculated to -e
97545 kcale mole-l. wettiny n represent the contriruticn of

the -ICO zrcup to ithe heat of atomizetion, and with the
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other bonds &s in Psrt I,dne-obtains
+ 3p+ st n = 975,3,

°1

Tse of the knmown values of ¢ s Py and s from Laidler {10}

yields
n = 397.6 keal,

Preliminary work on a bond energy scheme for

aromatic compounds indicates that special values shouid be

assigned to carbon=carbor bonds in an aromatic ring, and to

carbon~hydrogen bonds, where the cazrbon is part of such a
rinz. Preliminary csloulations su. iest, for compounds in
the liguid state, & value of 124,29 kcal. for the carboen-

carbon bond, denoted DY C1» and & value of 87,55 kesle for

the carbon-hydrogen bond, tb. These velues, plus the
contribution of the isocyanate zroup, n, yleld, for tThe
heat of atomization of phenyl 1socysnate;

6 0,+5 t,+n = 1631.01 keal. mole™L,

From thils héat of stomization, the heat of formation, Qf

phenyl isocyanate can be cslculated using equation (1) of

Part 1.

?

of
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Qr = Qa - 171,77 o, - 52,09 D = 59416 n - 113 nN (1)

From this equstion Qf is foundé to be « 3.5 keal, mole.l;

hence A% = 3.5 kcal. mole-l. Similarly, for the tolyl

T
isocyanates, AH; is calculated to bs = 5.3 keal. mole te
It is expscted that two isocyanate zroups on an srcmatic
ring would lesd to consicderable interaction; this wouid
affect the heat of formation, which therafore has not been
calculated for 2,4~tolylene diisocyanste,

Only one heat of formation can bte esiculaisd for
the three tolyl isocysnates becevuse there are insufficiernt
data to cslculste a correction due to the position of the
methyl zroupe. The differences sre not lisble to be large;
for example, the heats of formsation of ortho, mets, and
para xylens ere = 4,5, -~ 4.1, and - 4.3 keal. mole.l
reapectivelye.

The most recent determination of the heets of
formation of butyl alcohols was msde by Skinner znd
Snelson (33). Por normsl, iso, and secondery butyl alcohols,
in the liquid state at 25%, tney renort values of
~ 78.49%0.20, - 80,002 0.20 anc - 81.86 *0.22 keal. mola™>
respectiveliye.

Thé meagured hest of reaction dsta appiv to
vrethanes Iin the scllid stete, except for the urethanes {ormed
from metolyl isocyanate which are liquids at 25°C. Using

the measured hests of formation of the alcohols, the



meegsured hezats of resction, gsnd the cslcoulsted heats of
formation of the isocyanates, the hests of formation of the
product vrethanes at 25%°C, can be calculated. The reaction

under considerstion is,
R-N°C=0 (L) +BudE (1) z X-HN-C0-0-Bu (s) +BbE .

As &n example, consider the resction betwesn

normel butyl alcohol end phenyl isccysnete. The messured
1

heat of this resciion i1s 251 0.2 kcal. mole .
Ph-¥=C=0 (1} + BulE (1)

= Ph-NH-CO-0-Bu (s) AE, ¥ -25.1 kcal. mole

1

7C¢ (¢) > B, ( )*-1.0 (g) llq )
+ «um B o +—
ot e B T eEl v Thale

= Ph-112C=5 (L) AT~z 3.5 koale molet

'Y
4G (e) + 57, (g) + 405 ()
1

s BudH (1) DH,. = =78.5 kcale mole

o

15 .
116 (e)+ ZHp (g)+ 05 (2) + 205 (g)

= Ph=NH-CO=0-Bu (s) 195 «100.1 kcal, mcle:l

T

The heats of formsticn of the other urethanes
produced in these experiments are jiven in Table XVIII,

Using the calculated hegts of formation of
urethanes, the contribution to the hest of atomizaticn cf a
urethane group (=¥HCOO-) cen te calculated. Since the vond
scheme is for Liquicds Lem-tsiylen-btutyl urethane is uvsed to
calculate the urethene group contribution to the heat of

atomization because this compound is a liquid at 25°C.
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Calc{zia*\;ed Eeuts of ¥ormeticn of Urethanes at 25°C.

Trethane State AH; (keaie mole™r)
’g._T-phonyl -n=butyl c «100
5 ' =phenyl=iebutyi e -101
N’ =phenyl-s=tutyl c -102
B i =p=tolyl-n~butyl o =107
31" ~petolyl-f=butyl e -107
8 epetoryles-butyl c ~109
5’ ~m=tolylen=butyl 1 ~103
E'-m-tolyl-iobutyl 1 =104
ﬁ' -metolyles-butyl 1l =105
N =pe=tolyl-nebutyl s =108
3 '=p=toiyle=i=tutyl c -109
%' ep-tolyi-s-butyl s “111



The caleulated heat of atomization of iiguid E=metoiylen-butyl
urothane is 5280.8 kcal. mole Y. The sum of the bonds is

8 cb+4 tb+ 4 cl+6 p+8 s+ ue 3280,.8

where uis the contributicn of the urethane zroup to the
heat of atomization. The value of u is found to be 525.5
kcale for urethanes in the liquicd state,

It must be borne in mind that the heats of
formation of the isocyanates calculated from Lemcult's
determination of the heat of combustion of ethyl isocyanste
may be @nd probably are) in error by several kilocslories.
Nevertheless, it is vetter toc have approximete vslues for
the heat of formation of isocyanates and urethanes than no
values at all,

The heats of reaction for reamctions involving
m~tolyl isocysnate are narkedly different from those
invoiving p=tolyl isocyanate, to which the mete compound
should ve comparable, This is because the urethmes formed
from metolyl isocyanate are liquids in their standard state,
while those formed from p-tolyl isocysnate are solids in the
standaré stete. To sse why this shouid »lve & larze difference
in the hest of reaction, consider a reection at 25°C, ziving
rise to a solid urethsne, gné then the szme reaction at the
same temperature, yileldins a supercocied liguid urethane.

In goinz from solid urethamne at 25°C. to superccoled liquid

at the ssme tewpersture the following steps are teken:



urethsne (s, 25"} = urethsne {s, wp®) Cp. {mp“=25")
< 1
e .
urethane {3, mp | = urethane {1, =p°) AR

urothane (1, mp )} = urethsne (1, 2587) -032 5330-250)

urethane (s, 25°) = urethane (L, 25°) (Gpl-sz)(mpo-Zsc)

Here Aﬂf l1s the heat of fusion of the urethsns at the
melting polnt, Cpl end sz are the heat capacities of the
80lid end liquld urethsnes regpectively, snd mp is the
melting point of the ursthsne. The heat change in going

from solid to liquid urethane at 25°C. is
o.
AR, + (mp -25) (Cpl-sz).

The heat of a reaction cen boe calculated by
subtracting the heat of formation of the reactants from the
heat of formstion of the products. Since, in the case under
consideration, the heat of formaticn of the reactants is the
same in both cases, the change in the heat of formation of
the urethané must be reflected as a chanze in the heat of
the reaction. The main difference between the heat of
formetion of the liquid and solid urethene is due to the heat
of fusion. ‘ence, if the heat of fusion of the metelyl
isocyanate urethanes were known, and added to the measured
heat of reaction, direct comparison vetween the pars and
mete tolyl isocyanate rerciiong could be mace, ne-lecting the

difference in hest canecity of the two states. The heats
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of Iusion of the urethsnas do 2ot appear tc be knowne
Accurate absolute values for the heats of formation
of the wrethanes cannot be obtained frox the date presently
vailable. However, for a particular isccyanzte, accurste
relative values of the heats of formstion can be obtain=g.
Thus from Eess's law of heat summation, the heats of

formation for phenyl Asocysnate reactions are:

H~phenyl=n-butyl urethanz - 10346 + 2
H-phenylei~butyl urethane - 10Le1 + &
Nephenyl-s=hutyl urethane e 1053 + A

whereo A ‘g tze hent of formatlion of rhenyl isocyanate. The
differences in these heats of formation are smeller than
would be expected from conslderation of tho differerces in
the noat of formetion of the three butyl aleohols eoncermade.
For example, the difference in heat of formation of Nephenyle
n=tutyl urethone minus that of Jephenvleiebutyl urethane is

-1 . ; .
whereae the heat of formation of ne=butyl

alconol minus that of i-butyl alcohol 15 1.° kcql.mole-l.

O.S kealemole

Similarity, the heat of formation of Iephenylen=-butyl
urethene minus that of Nerhenyle-s-butyl wrethorne 1= 1.7 ken
mole'l whereas the heat of formation of n-butyl alcchol

nminus thnt of s=butyl alcokol 1is 3.l kcal.nole'l. Urethanes



fornmet from l-butyl and s-tutyl aleshols are not as sizbie
a8 one would cxrect from congideration of the heats of
formation of the ziechols alore.

The docreased stability of the iso and secondary
butyl uretheones as compared to the normnl urethane can bo
accounted for bty the Increase in steric hirdrance in going
from normal to is0 to secondery tutyl wrsthanes. There is
in additior, & smell inductive effect cdue Lo the dbuiyl sroup
which tends tc push clectrons into the urethene croup, and
thereby decrcases its stabllity. The inductive effect 2180
increases in going from normal to iso to secondary butyl
urethanes. Frox the approximate heats of formation in Table
XVIII it is seen that these conclusions aprly In the case
of every isocyanato. The largest difference in the hoat of
formation of a2 normal butyl wrethane minus a socondary butyl
urethane is 3 kcal.mole"l, whereas tho heat of formation of
n-butyl alconol minus s-butyl alcohol 1s 3.l kcal.mole-l.

The effects of a methyl group in the aromatic ring
of the urethane can be predicted in t-»—r of resonance, staric
and indvctive effectse Upon substitutlon of o methyl group
intc an gromatic nucleus partiel nega ive charges uaprear in

the ortho and para ring positions duc v hypercon:

chorge on the ring, wiich will decresse in oin: from the
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crihs U5 meta to rara mositlonz, The oha 111ty of ortho
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uretianass will te decreaszed L gieric hindravcc. From theze

" iy . e e A . ,
considerat’ons one would exsect the Resi of forrmmtion of thas

ta
]

X’ 4 s - S 3 5 T - = ~ry Y A
urethnnes of a raerticular aleshol to ceeraoaze zoing from

Y

s seen from

ot

Orilio to par: Lo mela substitubed corpoundse It
Table XVIII that this Ig the cace. Tre conclusions érawn

concerning metolyl urethanes cannot be verirled because the
heats of formation for “i~re compounds reicr to the liculd

atntce
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The kinetiecs of the resctions setwsen vhenyl and
ortno, meta, and para tolyl isocyanetes and each of normel,
iso, and se-ondary butyl slcohol have been studies 2t a
serias of tompersturese Two techniques were uced to foilow
these reactions: ths usuel snaelyticsl met-od of moesuring
the co-centration of one of the reactsnts (isccyanate) at
varlous timea during the course of the reaction; and a
therzal method, bssed on the rolationsizin beltween tne mmount
of hest produced at g given time, und the extent of reaction
up to that timee Those techniques of fcllowing tie rsaction

will be discussed, followed by e discussion of the

isocyanate~alconol reanctiocnse.

Yate Consients by Chexicai Anaelivsie

The lacoyanatee=glcohol regctions are {irate-srder
in isocyanate ancé firsteorder in wlcoaol. fowaver in &
lar.se excess of aicohkol, as uas.the ccucition vere, Lho
@lcoirsl conceatration remsing essentisll;y consinnt cuyin g

the rezction, &nd the resctlicn &pprars 10 e PirsiecrieP.



Such a reaction is calied a pseudc firste-ordsr reaction {43),

and can ve descrived by the equstion

B - ¥ {a=x) ‘

= -X 1é
at ! A )
where b is the concentration of alcecohol, a is the initial
concentretion of isocyanate, x is the concentration of
product at time t, and k is the rzte eonstant. Upon

integration, setting x = O when t = 0, equation (16) becomes

where (a=x) snd t ere measured experimentally, and & is
known from the initial conditions; k cen be celculated
directly from the experimental data.

Experimental data may also be treated by the
differential method. The resction rate is proportional to

the concentration of the reactant, so that

- f;ﬁ = ke, (18)

whers ¢ 1s the concentretion cf reactant ard n is the order

of the reaction. Taking logaerithms zives

log (=dc/dt)} 2 log k+n lo3z ce (19)



if log {-dcfat) is plottedAagainst log {¢) a straight line
will result if there are nc compilcating features about the
reaction. The siope of the line will zive the order of the
regction and the interceprt will gzive the rate constant. If
8 curved line is obtained the initial rate constant czn be
obtained by extrapolation.

The diifferentiai method is probadbly the better of
the two methods since it doez not constrain the detz to fit
a preconceived idea of what the kinetics of the reascticn
ought to be, However, if the order of the reaction is cefe
initely estabvlished, then mere 2ceurate values for the rate
constsnt can be caloulated from equation (17). Both methods

heve been used here.

Tnarmel Method

The method of following the kinetics of a rcaction
hy the temperature change produced as the reaction procesds
has been doveloped primerily for use with reactions which
‘are too fast to permit employment of the ususl chemicsl
methods. It appears thet the use of a thermal method wes
first suggested by Hartridie and Roughton (44) in connection
with a flow gystem technique. TFor reactions in ncn=flowing
systens, Bali and Clunie (45) have ziven e thecretical
tregtment of first ané seconde-order reasctions, and have

verified their trestment experimentelly, The treaiment cof



3ell and Ciunie relates the maximum tempcrsture obtained
during the reaction to the rate constant of the resctione
The method requires that the heat of resction for the
reaction in question, and the cooling constant of the
reaction vessel, be knowne.

For the first-order case Bell and Clunie give, for

the rate of change of texperature, T, with tiums, t,

de 1o 2 (20)

where kl is the first-order rate constant of the reaction
and To is the temperature change which would be produced by
the reaction under adigbatic conditions. The rate of heat
exchangze with the surroundings is zoverned by kz, which 1s
@ssumed to be a first-order constant. Integrafion of

equation (20) with T = Ti when t = o gives:

T =

*‘Tie (21)

Kok

Maximizing equation (21) and setting T = Tm and t =t at

the maximum zlves

2=z - R+ 18 -R°) (22)
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shepe R = \kg'kl) anc/o 'Aifi/TQ). 3y the proper choice of
experimental conditions, or by compensating for the hest of
mixing, Ti can be made zerc, in which casc equation (22)

beconmes

4

ka/(kz-kl)
) (23)

e

‘k
= -
2 (kg

Tm and k2 are measured experimentaliy, and To ias calculated
from the heet o5f the resction, permitting k1 to te obtained
from equation (23},

The application of this method tc the data cbtained
from the calorimeter is not convenlent because of the
difficulty of obtaining To’ the temperature {or in the cazeo
of the calorimeter the E. ii. F,) that would result if the
reaction took plasce under adlabatic conditions. |

Fortunately, a simpler method of treating the
calorimetric dats, to odbtain the firsteorder rate constant,
does existe This method, cue to Baumgartner and
Tuhaut (46), 1s idealliy sulted to the problem at hand; with
it ths firsteorder rate constant can be deduced from the
calorimeteric data obtained during heat of resction measure-
ments with ﬁo further experimental work. Baumgartiner's
method has been used to odvtain Eate constants for several
reactions from the calorimetric charts. These charts record

the B. e Feo due tc the heat produced by a rcacilen or by

-
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electrical heating as a function of time, and also the

intezral of the Te Yo Fo v3rsus tize crvrve as 2 functisn of

1

tize, Schemetle curves of thilz tgpz adzz2er in Tloure 4
cunva 4g showe the veriztion with tiwe 27 the T, Y. Fo due
to s caomical roacticn and 4b is the intezral of the curve
in 4g, =l3n 23 3 functicn cof time; curve 4¢ shows the E. %e Fe
variation with time due Lo elactrical heating, end 44 is
the Integrasl of this curve,

The wethod of extracting the firsteorder rate
constant Irom thesze data ls as follows. Ixazine that the
Cuemical reasction can be stopred at any time t. If this
were done, the rsacticn cell would cool down in exactly
the ssme wey that it cools down when the elsctric current
1s cut off after an electrical heating, andé the area under
thils ima:zinary curve would be a measure of the amount of
material rescted from t T 0O to t s t, |

Izazlnary curves of this kind can be constructed
from the E. e Fo versus tims plots for chemical reaction,
and for electricsl hesting. The shaded area A in Figure 4a
is a measure of the heat evolved by & chemical reaction
fromt ®0tot 8 te Ths recction is thought of as being
stopped at time t. The heat remaining in the rezction cell
at time ¢ evblves according to ths heat evolutlon
characteristics of the reaction.cell, as measuraé by a
simple cooling of the csll, such as is obtained when an

electricel heating 1s discontinued. Hence, the area of @
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Figure 4b Integrator chart for Figure 4d Integrator chart for
& chemical regction. an electrical heating,

t TIME TIME

Figure 4a Amplifier chart for Figure 4c Amplifier chart for

& chemical reaction. an electrical heating,
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simple cooling curve ‘oetweén Fe ¥o Fo a g and Be ¥e Fo = 0

is & measure of the unevelved heat in the resction cell

waen the reaction is stonned st time t. This area is shewn

ar shoded ares B in Filgure 4c. The sum of frea 2 in

Fizvre 4& ané sres 2 in Fipure 4c zives the total hest of

reaction »p to time t, This is a direct measure of the
smiunt of reactant which has regseted at time t. The ratic
£ the totel keat evolved br the resction at infinite time

tc the total heet prcdvced at time t iz a direct measure

of a/x, where 2 is the initisl concentration of reactant,

anc x ig the amount rencted at time t,. Usin~ the ratio

8/% and tho time, which is obtsined directly from the known

chart speed, the rate constant k is readily calculated

using equation {17).

The finetics of Alcohol Isocvsnate Feections

The kinetics of the well known resctiocn bestween
alcokols snd isocyanates ha e been studied by several
investigetors. A mechenism for the reaction has been
proposed, snd sutsecuent investications bave yilelded
results supcorting thils mechenism, while none of the dsta
presently svailzlle are incompatible with it,

It ;;;esr: thet the first measurement of alechole

isoeyznate reactlion retes wes mades »y Davis and Farnum (47).

~8Cking o mepns to anslysc for either reactant, they
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2asured relastive rezction rztes v Toreins two 2leokols to

7]

4

coxpete for 2 iimited 2mcunt of isnevansts,., The retio of

b

tie two product urethsnes was obiained bwy referring the
melting peint of the mixture tc a freezingepoint diazram of
the uretlsnes.

Shortly after t+tc seccnéd Vorléd Viar a methoé for

the direct determinetion cf isocyanate mroups becane

available (43!. ¥skinc use

5]

f this snelytical procedure

b

Taker end cldsuerth, gl

A
I3}
%

ceker, Gaunt, and

-~ -t ~ $o -
T and Crunt, an:

f

3
-

MH

Tavies (49, &80, 51) ecar out extengive studies of slcchole

H

isccyanate regctionse Their work consisted mainly of studies
concerning the reection tetween thenyl isscyanste znd methyl,
otiyl, and Isopronwzl slcochols. The rates of these srnme
woectiong In the presenme of variovs tertiary smines were
arsc ztudlisde.

Tzged wnon their experimentsl abservations, Zeker
ané his coworkoerz nronosad ths folleovwiny mechaniam for the

uncestalysed slecholeisceyanate rerctione

ky
$-11=C=0 + ROF —— q:-:-z:i:.-o' {24a)
K %03
+
$-=c-2" ko ‘
| +r0e —= (P-NH-ﬁ-OR + ROH (24b)
BOH |

+ 0
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Toe alcobosl is believed to funetinon a3 a2 catalyst through
its bssic oxygen 2tom, as well =s & resctant., Apvlication
of the steady-state treatment to this mechanizm vields the

follewing relstionship:

(E’JE}
+ (25)

L

(ROH) L

[\Y]

where kb is the experimentszl secondecrder rats constant.
Because of catalysis by the rescticn product, equution {(25)
wili kold only during the initisl stages of the reaction.
The velidity of the mechznism can be tested by
plotting (R0H)/k, vs. (ROH). If the proposed mechanism is
correct, then a straight lins, with a slope of l/kl ané an
intercept of kz/klka,will be obtainad. This has been done
for the reactions betwesn phenyl isocyanate and methyl,
ethyl, and isopropyl alcohols at 20° anc SOOC., in die-n-
butyl ether sclution, yielding straizht line relaticnships
at both tomperstures. At low alechol concentrations wren
there is insufficient slcohol ic suocnly veth staes of the
weckunism, there is some deviation from tie sitraizhe llne,
As 1s seen from the proposed mechanism, the
reaction is velleved to taks place oy azddition to the
cervonyl grcup of the isceyanate. If this is the case, the

unshared electrons on the a2djacent nitrozen atom will %end
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#ill be hindered by incressing bssicity and increasing steric
cffects. These considerations indicate the existence of a
maximm velocity in 2 gradsd polar series. Such g naximm

does eoxist; the vslocities are in the arder Mo < ELP1-Cr ) t-Bu,

The sesconde~order rste ccustent dependence upon the
alcohole~isocyanate ratioc is Ltoought to be due to zolvation
offocts, That is, solvation of the activated complex by polar
aloohol molecules will help stabiligze the conplex, and
incresase the reaction rats.

The alcoholeisocyanate reactions are found to be
conslderably fastor in bonzenc solution than in dibutyl eihar
solution. The ssme mechanism 1s believed to apply, since a
plot of (BOH)/kO vs. (ROH) giwesa straight line, It is found
that the values of kl are slightly largsr in bengene solution,
but that ks/k2 is mueh larger. The small increase in k1 nay
be due to moreo effective solvation of the activated complex
Uy monomeric glcohol volecules. The large increase in kssz
ig attridbuted to an inorease ia k3’ brought avbout by the
Presence of unassociated alecohol molecuies whichcan react

more sasily with the gotivated complex, becauze of their

greeter ease of epproach to it, and because no energy is
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required toc break hydrogen bonds. These conclusions are
supported by infraered studies which show the presence of
conslderable unassociatsd alcohol in bengene sclution, dut
not 1in dibutyl ether solution.

Baker et al. have shown that El’ the activation
energy &ssociated with kl, and the frequency fsctor le
incresse together as the size of the alcohol molecule
incresses. They point out that such changes usuelly oceur
in reactions when solvation energy and entropy are
important.

The mechanism sugzested for reactions catalysed
by tertiary smine is similar to that for the uncatalysed

reaction,

k1

1 -
b-x=C=0 + RN —= ¢-N§=C-0 (262)
k2 l
MR,
+ Q
k_
- ]
¢-v=¢-0 4+ BROH — @-NE-C-0R + ki {26b)
_ i
 J
¥R 2
+ O

Applying the stesdy-state treatment, the following

relationship is obtained,



49 L
P n ] e
o ¥ & ~1 ! O g
Q 8 a e G 4 %
hdd (41} =4 (o} A 4 (5} fel b9 o 73 § !
&1 g +? o ] o 0 Y] 47 ) D Py &
43 4] € A (o] 3 vl & i3 f O 3
2 T 4 %] i £3 4 0] O (3] ©
g " 9} 5} > 3 9] o 2 ot
5} > A o) §4 o 4 = -4 P o
= Q Gy K 4] be s | * bf . ry
4l P 0 L4 O 43 s ] f o o~f 3 v
(ST~ B 4+ 9 > 0 5 . ] N0
v- 4 o) o O L ) o] T -~
&9 o + (2 ~d [0} 2 [A) + [4] s L]
] .ﬂ ] o o4 [ ZH £2 i#] £ Q
o psi o7 fa o I3 P e < o 4
O £ o 0 £ X £ 3 4 3
o0 R 2] [4] ~t £y Q) i 3 2 2 ; ]
Ko v <) O Q o 0y 1] i Fe) S
) = Ga 2 )] e G4 e [»] ty
[ 4] &y L% el & £y
i L S T B B oY ~ £ i o) "
Y O T o] e ] c. vt 9] P <) Y
o 1% (SIS | 13 o 3] Vo 3 & e
ot +9 L < 9] W 473 B ] -3 v? W po L s
e o e 4 1} o] ot s e 4 e ¥ s R
) AL © ER) [< [N B - o~ 43 & i
i) o G4 ot ¢} e 5 ~4 ] i
£ e w > 3] o -4 1 - o © .3 3 R g
9] — o~ rd v 4] 4] ) ] 2 8 e | o
£ £ g 3 a . ; DD 42 =
kG (%] w (3] w4 T4 [9) 0 > [n] [ @ o
o : 0 e A 3 5 0B ™ a3 £ 7 t3
i 181 ie ) ] t o 5] =] = 3 = PR 42 i
A * 0 300 A - g 0 o ! )
(3] wd F3) 33 o /4] 4 ] o T o] Y e Pt o -4
I A o » P < ) N
N9 D o 3 K¢ o A S v} 2] % . ol " b od
n o ] o B (8] S 0 . A e ) < =
- O A BN e 4 £ 5 v oo 5] i ©
b T4 o 0 3 S S R ) S = O
12 B oed 00M g (v I o ) i ' I P
I N GO o o N0 1> N & BN § B 3 g« S )
o o] S ¥4 ) RS S DS B v g @i
i e 43 [0} e 4] 3 3 4] W = 3 4 & %) o
RS R R B TR > S - SRS S A S S
&) 1] (o} © o £1 o Se 0 -4 [
43 £2 Q n o Q U ) O [3] o & W o
i () ] [ o4 z K 0. 3 D = a
Al D ot 0 v 5} (u] I <L a8 " o] =4 e ) S .
+3 o e s fq Q <2 P 1 Es] <) R 42 k&
o> v 2 a) (3] 3] [+ o o
5 ~ & = e o o © ) 22 Q Gt ] £y
B2 -4 £ o vi ~q [4] () ~ 7 4 [ Gy o o
< ¢ 2 Q wd ] -y > S Pl ta A ey
S % T 4 LI wl L i 2 e
O O 42 43 O 53 oq o~ ¢ 3 Il O v
o o9 5] © 3 7 ¥4 +3 f1 " <) 8 3 P
i ~ . A M al d ko) [ D ) ] g 4 5 .
4 42 ) Y & 4 W 3 © 7] 3 1) v 4 3]




[
6}]

P
< s

il

7
&

sue

[e1s N Pplel } ¥s 18R]

L=zmine combinge

>f ar zlecho:

st

5 ]

icur

connv

Tristhyi

for examn

£ it is,

Tnan

niiinz

)

LY

dizl

amlne.

sed reactions are, 1

aly

<3¢

3

.
1LY

nzene scLul

oe

-~

'~

f;i'?.'hQX’ in

Pt

e

1@ vneataclyasd resc

i

28t

I
154

it kuie i

4
v

Fur

cther.

P

.

Ivutwy

w@n in &6

o

s inereases more ra-zidiy in benzeno than in

tration

=)
o}

=34

cohol cone

al

tine

]

()
<

éibutyl ether

v

€ Ovel=gl !

-4

o

uticns.

~
e

s

1L in bengzenc s

vhe alcol

by t

»
.

golvatior

increass

rave

[329]

s

N

RV

ERaTel

>

TR

%

=

o,

V)" 1

e

o

~
L2



-

e

&G

(@]

tni
RPN

»inen

expe

A
Vor
[E P -4

é$-

v
4§

e D

th

ient on

P,
[9340

(G524

o
L4

abhl

2menN

staav

*
-

arc

2s alonz.”®

-

studi

«inetic

§

of

the

v

20°%¢

alcohsl at

sthyl

Hé

&
Aq
o4

2
-
]

r

o

i ey

in varicus sclve

£

<]

(5]
S
s}

o
<@l

.
LR

.
-

3 -
"

3
.

501K

%

rosen

Ve

the 7

a3

A
“.

ive éavistions,

L

nirtril

1@t

-
v

oY
‘e

Sel oS

Coam e g )

1'_\ Y e
Dy LTS e

re GO

viv

A

> &
2 -

WL

~

42

SRR 5.4

_—
<

ve ?}.9..

-~ H
AR

+



LOG RATE

- 87 -
-2 0o}
-2 2 O TOLUENE
- 2'_4 R
—2 gl O NITROBENZENE
-2.8F
-3 0k O n-BUTYL ACETATE
-3.2F
-3.4f
O METHYL ETHYL
-3 6l KETONE
-3 8l O DIOXANE
ACETONITRILE
-4.0- 2 ' ' ' !
0) 0.1 0.2 0.3 0.4 0.5

1/D

Figure 5 Ephraim's data: "log rate constant plotted against
the reciprocal of the dilelectric constant for the
reaction of phenyl isocyanate with methyl glcohol

in a series of solventa,
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Reactions of l=alkenyl isoeyana

have been studied vy Sato (55:.

EXPLRIGENTAL

The rate of rescticn Ptetween phenyl and the three
isomers of tolyl isocyanate with normsl, isc, ard seccndary
outyl alcohol was measured at a series of temperatures. In

every case the alcohol was present in larze excess, so thst

the reactions fall into the pseudo first-~order classe

Purity of iaterials

The methods used to purify ihe rez-ents were

descrived in Part II of this thesise

Analysis of Isocyanate Groups

ke igsocyanate yroups were deterwmiasd oy a wmodi-

f3tazg's technigue (438). The method consists of

2.5

Tication

[}

allowin: the unlmown isceyanete tc¢ react with an excess of

standard di-n=butyl amine in toiuens, snd tack titrating the

¢Xcess amine with stsndard aycrochloric szcid golution.
Solutions of amine Iin dry toluene were made upto

be approximately O.l¥. Tho hydrochloric acid soiution,

approximately 0.02 normal, was standardized by a gravimeirie
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2ath was beld conmstant f¢ within 2 temi: of 2 dzzToc,
Por tamperatures telow 287C, 3 relrizerated bais
manufactursd by ihe American Instruzent Cowpany was veed.

A bimetallic strip thermoreculator uss used ag @ teuperature

o

sensing cevicee Thls Ceth also hold a constent temperzturs

tn within a teath of a ceurse,

Experimental Procedurs

The kinetic experimsonts were casrried out so as o

o

e cirectly compzrable te the r2actionz studied in the microe
cslorimeters 7The rutes of the reactions wers mecoursd at o
scriss of temperatures, engb®linz the frrienius activation
energy to bte calculated ~8§ an examle, consider the reaction
setwesn phenyl isocyanate anc aecutyl alecoi.

hpproximately 35 wl of nebuiyl sicolwiwere nlascsd
i a tered L00 nl round veincin Jiask witia a ©4/40 sround
slass nescke Thie flask and slcochol were welzhed to obitain
the wel:ht of the alschole IThe [lusk was vaen tithily
stosperad and placed In the constant tenperasure Sebhe

fpproximetely & ml of phenyl isocyanate, snd a ZypoduIsaic

S ke e . R '

Tlees stocoper, The stO‘:'pel’“:C. STET Sute Won wWeished ang
- . N
nlaced ir o Chornostele T lenet o rwll couwr s gllsood
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virorously for a Iew
tube containing the syrine waz romoved from Lhe bath, dricsg
alloved to come to rcos temserature, and wieirhed, ¢ obtain
the wei:ht of isocysw.i@ odued L6 tre alechol,
it regular intervsls durinz the courso of the

reaction 5 1zl samples of the reaction nmixture were withdrawm
by means of u pipettes The rescting mixture was diechar-cd
frem the sipstte Into an Erleumeyer flask containing 10 mi
of & golviion of dibutwvl anmine In Loluenee The Lime atd
which the nivette waa telf ompiy wea recorded., The phon vl
isoeysnate rcacts rapidly witn the amine, therevn: stonpin
the reccticne Yuring the ecocuree 47 thae resstinn 5 wmi of tiac

reactiny mixture was out into 2 tersd weirzhins soitle,

zllowed %o come to rocik LemdEraiure and welrhede This wze
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¢one co that the subsequent cz

entirely on & wel:ht basise
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Upon withdrawsl of the required number of samples

(usually five for sach rur) isopropyi elcohol g d vromphenol

sx, ancé the

-
3

blue indicater were oddsé tc czach Er

enreye:r 1

£

txcess amins was tltrated with hydzeehloric acice
The rate cf ezch reacticon was measured st three or
four temperatures, end ususlliy twe runs were msde for each

reaction at each tempersture,

vutculation of the Rate Constant from Chemical Analysis Data

Zhe expsrimental results were used $5 caleulste

the rate constant from equation (17); the integrated expression

for a first-order reaction. This oquation is:

1 a
K = o In == , (17)
tb a=x ‘

where t is the time (seconds), b is the alcohol concentration,
@ 1is the initial concentration of isocyanate, calculated
from the weight of alcohol and the welght of isocyanate,
(a=x) is the concentration of isocyanate at time t, and k

is the rste constant.

In addition, the dsta were trested so as to obtsain
the differential rate constant. This is done by plotting log
4 (a=x)/at versus log (a=x)e If the reaction is simple, the
slops of the line will give the order, and the intercept will
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zive the rale counsteante. The slones, d(a-x)/&t, were found
©y plotting {a=x) versus t. 4 cubic pewer series in £ was
Titted te this curve ®y meansg of 2 Carher Eguanster, and

d{e~ij/é% =2t time t wuz found oy differentiging the power

seriese. DbXtrapolziion of ths curve of log & {a=x}/Gt worsus

Calculation of the Tate Constant from Calorimetric Tata

The rate coustant wes obtained from the calorimetric

charts in the foliowing manner. Cherta describins z chemieal

-

eaction and an electrical calibration uere arranged on 2

[N

£
Ly

rawing beard in the order shewn in Figure 4. A series of

o
(W3
=

ct
o

]

4

n

.—l
42}

L ]

times were arbiirarily sclectied, usuvally at fixe
and covering ebout 75% cf thc totel rezctlone
The magnitude cf arsza £ is obteined by reasding the

area cirectly from the curve of arsa versus time for the

i1 chemicel resction at time t {fizure 4v). Areca ¥ 1s obbtaired
2 by constructing a line from e to b, =2¢ then from » to ¢

2g choun in Figure 4. The magritude of uree B is obtalned

Ly subtracting aren ¢ Figure 4&) Zrom the total arvea, 4, of
; the electrical healing curve. The ratio x/a is cbtainecd b

s “ - . M L - 2 K . s - RN 3 - - - oA B
Using the rotio x/a ond the fime at vhich it holée LTUE, Lis

Iirste~order constant van hbe caleculszted Irom cguation {(17)

[ o2 s S R F
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This procedure is repsatad at other values of + 4o obtain a
séries of velves for the rave Coustant, whichk can then te

averazed,
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Phenyl Isocyeuatie Heacvivna

ihe klnetls data determined by chomiosl analysis
are presenied graphlicaily in Fizuro 6, shwere 1og rato i3
plotted againgc log condcsavration of padaydi isvcyakaaie ior
normai, 180, &aé sescondary vutyi aleohvia &¢ & s&riss of
vemperaturese Jaiy replessntutive points aprear la the
figure. 1ins reie constants for these resctisns 2t s series
Ol LempeTALUrss are prasenied in iavles XIX. Tho abulztsd
rave coastant 13, in =moal cases, the avarase sf tus or more
dietinst determinstiens, Ths expsrimental errer in the
tabuleted rate constants i3 estimated to te approximastely 3%

The raic comstanis czleulaied from ihe calorlzeirie
data at 25%. are giver in Tgtle XX,

Fer eaoch ol ths ihree &lcohols, the lozaritlm of
Lie ratd consiant is ploited .« .inal the¢ reciprocal gbsclute
Leapersiuces ia Figure 7. The Arrhenius getivetlon enmer:ies
ovteined from the slopes of these curves ars 1l,S5, 11,5,
anc 12,5 kcaie mcls-l for nor=mel, ieo, ané seecndary butyl

sloohocl respectivelyes The sxrorimertal ong

[=h

n
\

~J

.

rts Iir WUipure

-~ 3 - . * e P .. 5 -~ - 3y .
G, 17 an® 12 ara, Tm o mocth coeeg, thh averasss A R0 Ar mame

axrariments,
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TARLEY ¥IX

hate Constants for Phenvl Igsocyenate Reactions

Temp. Rate Constant (l. mole™t sec..l)
. n=2usHE 5 -BuOHE s=Bu0H
25 4,57 x 1074 2.99 x 10™% 1.44 z 1074
15 2,35 x 10™% 1.5¢4 x 1074 6,97 x 10™°
5 1,15 x 100 7435 x 21070 3.4 x 10 0
TABLE XX

Calorimetric Rete Constants for Phenyl Isocvanate Heactions

Alcohol Calorimetric Pete Cornstent Analytical Rate Constant

(1, mole ™+ sec.‘% (1. mole ™t aec..%
-d

i=BugH 2.98 x 10 2.99 x 104

8 =Buon 1,20 = 107¢ 1.44 x 10°%
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Figure 6 Phenyl isocyanate resctions: log rate plotted against

log isocyanate concentration st 250, 150, and SOC.
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Figure 7 Phenyl isocyanate reactions: log rate constant plotted

against the reciprocal of the absolute temperature
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o=Tolyl Isocyanate Reactions

Data for the o=toiyl isccysnate resctions with
each aleokol at 2 series of temperatures sre presgented in
Figure 8, where log rate is given ss e function of lcg
o=tolyl isoeyanate concentration, Again only representative
points are given. The rate constant for each reaction at
each temperature is given in Teble XXI.

Log rete constent pictted sgsinst the reciprocal
ol the absolute temperaiwrc is . iven in Pizurc 9. The
Arrhenius activation energies, calculated from the ~lones of

these curves, are 12.9, 12.9, and 13.1 koel. mole™t for

normal, iso, and secondsry butyl alcohols respectively,




TABLE XXI

Rate Constants for o-Tolyl Isocyanste Reactions

Temp. Rete Constant (1, mole-l sec.-l)

°c. n=BuOH 1=Budd s =Bu0H

35 9.0L x 10~ 5422 x 10 ° 3,05 x 10~
25 4049 2 1070 5,07 x 10°° 1.51 x 1072
15 2,08 x 10" 1443 x 10°° 6.82 x 100



O m-BuOH A 35¢°
-42} DO i-BuoOH o/ .
A s-BuOH s /3
—4.4_
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LOG (o—TOLYL |ISOCYANATE CONCENTRATION)

Figure 8 o-Tolyl isocyanste reactions: log rate plotted against

o)
log isocyanate concentration at 35 R 250, and 15°C.
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Figure 9 o0-Tolyl isocyanate regctions: log rate constant plotted

against the reciprocal of the absolute temperature
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m=Tolyl Isocyanate keactiong

The davs for thece zecctions ere given in Pigurs 10,
whore log rate is plottod szwinzt log m=tolyl isocyanate.
concentrutions Th¢ second=ordzr rate constent at ssch
tempereture for each rescuion is procanted in Table XXIT.

Ths logarithm of the r.te constant 1s plotted
&32inat Lthe peeinrocul oI the sbscliuts {empsrature in
Figure 11. The Arrbenius activaiion eunsrgiss, calcuimied
from tis slopes ol thesu curves, are 11,7, ile.7, and 12,5
keel, molo°l for rerawi, isc, aad seccadary butyi alcshol
regpectivelye.

Fato constants calculstec czlorimetrically ave

compared t¢ those cltalned Uz chemic:zl ecnalysis in
 d ”

Teble XXIII. These apply at 25°C.




TABLE XXIT

Rate Constants fer m-Toly) Isccysncte Rezctlions

Temp. Rate Constant (1. mole.l sece )

%, n=-tuoH L=DBuly s=CuOH
- - -5

25 2,50 x 1077 1.73 x 1070 7434 x 10

1t 129 x 10 332 x 10 2,08 x 10
-s - - -5 =

7 7.72 x 10 .48 x 10 2418 x 10
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p=~Tolvl Isocyanate Reactions

The data for the resctions of p=tolyl isocyanate
with the three alcohols st & zeries of temperetures are
given in Figure 12, The second-order rate constant at each
temperature for each reaction 1s ziven in Table XXIV,

In Figure 13 the logarithm of the rste constant
is plotted agzainst the reciprocal of the absolute temperature,
The Arrhenius activetisn energies for these regctions,
obtained from the slopes of the curves in Pigure 13, for
normal, 1so, and secondsry butyl aleohols are 11,9, 12.0,
and 12,3 keal, molo-l respectively.

ke second~order rate constants obtained
cslcrimetrically sre ccmpsred to those obtained by anglysis

in Tadble XXV,

Caleulstad Regnlte

The frse energy of sctivstion, the sntrovy cof
activation, snd the fregquszuey fistor for esch reactinn hag
besn celculated frcyw the rst® coenstert at 2500. and the
firrhenius activation enercy. The results of these

calculations ere preserted in Tuble XXVI.
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TABLE XXIV

Rate Constants for p=Tolyl Isceyanete Resctions

Temo. Rate Constant (1. molo-l sec.-l)
°c. n=BuQH 1-BudH 8 =BuOH
25 2.46 x 10 1.65 x 10 7e64 x 10 °
15 .21 x 10 8.21 x 10" 3066 x 10~
0 .86 x 16> 2.57 x 107" 1,13 x 107"
TABLE XXV

Calorimetric Rete Constants for r-Tolyl Isccysnate Pesstions

Alcohol Calorimetric Rete Comstant Analytical Tete Constant

(1, =clsz 1 ses, l) {1, mole sec, )
- -4
1 =3u0E 1.84 x 10°¢ 1.65 x 10
-5 =5
g-BuNH 8.40 x 17 764 x 10
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DISCUSSION OF THE RESULTS

Tae rate constants ottained from the calorimetric
data using the method suggested by Baumgsrtner and Duhsut
are discusssd {irst, followed bty & dlscussion of ths kinetics

of the alcohol-isccyanate reactions,

Calorimetric Rate Constants

For the sake of convenience the calorimetric rate
constants are summarized anc ccmpared to the anslytical rate
constants for a series of reactions in Table XXVII. |

It is seen from Table XXVII that all the rate J
constents cetermined calorimetricaily are within 10 percent
of those determined by chemical analysis. These results are
a3 good as can be expected, since there are important sources
of error in determining the celorimetric rate constant.
Attempta werc made ¢ correct the resulis for the time lag
between an event occurring in the reaction cell, and the
E. M. F, produced by this event appesrins as a signal on the
recorder. Attsmpts were also made to correct for the rate
increase due to the temperature rise in the reaction cell,
due to the heat of reaction.

The iapse in time between a heat change occurring
in ths reasction cell, and the appearance of this change as
2 signal on the racordes is estimated to be approximstely

50 to 100 seconds, This time lag, which is really &n srror
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TABLE XXVII

summary of Cslorimetris Rate Constants at 25°C.

Rate Constants

Rats Constarnts

Q. more ™ mcll) (1. mole™t sec..l)
Alcohol Isocysnate Calorimetrie Analyticel Difference %
1-butyl phenyl  2.98 x 10~% 2,99 x 1077 0.3
s~butyl phonyl 1.60 x 10°° l.44 x 100 «10,0
nebutyl m-tolyl  2.28 x 10 2.50 x 10+ 10.0
i=butyl metolyl  1.57 x 10+ 173 x 10 ° 10.0
s-butyl metolyl 8,02 x 10 > 7,94 x 1070 =047
1-butyl petolyl  1.84 x 10 - 1.65 x 10°° =10.4
s=butyl petolyl  8.40 x 10 > 7.64 x 1070 -5.0
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in the messurement of the~time, will introcduce a consideradle
error inte the ceaiculation of the rate constant, partiocularly
during the initial stazes of the reaction. In ader to see
if an empirical correction could be &pplied to the time
messurenent the following procedure was empioyed. It was
assumed that the rate constant messured by chemical snalysis
was correct. This rate constant was then divided by ln{a/k=-x)
as determined from the calorimetric charts, to obtain a
corrected time. The differencc betwesn tne corrected time,
and the time read from the charts wes found; this difference
was plotted as a2 function of time. A few typicsl time versus
timo difference curves are gziven in Figure 14, Althouzh the
resulting curves are straight liines, they Lave neither the
same s8lopg nor the same intercept. It is not possible,
therefore, Lo apply a simple empirical correction to the tine
read from the calorimeter charis,

A second socurce of error is that the temperature
of the reection cell increaces ss the reaction proceeds,
resulting in a smell increzse in ths rste constant. However,
it 1is scen from Table XXYII that some of the calorimetric
rate constants are larzer than the corresponding rate
constant found by chemicsl analysis, and some are smaller.

It dees not,'therefore, seem possible to epply & correction
to the rate consztant based on this source of error.

The rcason for the failure of an empirical tihe

lag correction may be due to small differences in thermsal
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conductivity between the reaction cell end the calorimeter
from one run to the next, Thsse diffarsnces would csuse

changes in the magnituda of the time lage.

The Xinetlics of Alcchol=Isccyanats Resctlons

The experiaental results ars in accord witn
praeviously determined data concerning resctions of this
type, snd fit ths mechanism suggestoec by Beker and co-
workers (48, 50, 51). Host of the reactiona exhitit a
deviation from psuedc first-order kinstics, as is sesen
from Pigures 6, 8, 10, and 12, Thesge deviations are atiributed
to the catalysias o the reaction by the produot urethsne,
acting 23 & weak Dbase.

The only previovs wori which is directly comparable
t3 the results obtained hcre is that of Dyer et al. (41),
who msasured the reacticn ratces and activation energies of
phcnyl isocyanate reacting with normal and secondary butyl
alconols in xylene soluticne Thsy report activatlon encrgles
of B4l ané 9.¢ kecal. mols-l for normal ard sscondary butyl
aloohols, respectively. The values obtained here are ll.5
and 1243 kcal,s mole.l respectively., This change in
activation energy confirms the observations of Baker that
the activation energy increzses as the ratioc of alcchol to
lsocyanete increases. The reactions reported here were
carried out in & large excess of alcohol, whils Dyor'u'work

was in xylsns solution.



In Ploure 14
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ne arrznenius activation ensargy has
besn plotted as a funciion of the free energy of sctivation,

genersl tendency

R

It i3 seen from the fisure thet tizere is o

Tor the sctivstlicn enerygy 1o inercss: ge the frze energy of

0

activaticn inceressess This type of relasticnship skhows thet
the entropy of ectivation 1is very approximetely the same for
each regctlion, &s ic evident frcm: the walues of the
activation entropy in Tabic Xi{VI, 7This means that the

sctlvetion entropy is indspendent 2f +hs posilion of the

o

.

izocysnste zroup o2n tos aromavic ring iy, the solvation

Y )
<
B
¢t

¢n1d charge separaitlon of the activeted compizx are similar
in each cuse,

Tha actlvatica entronice for the reactions
investigsted provide a lergec mewsurs of sucport for the
‘aKer mechali8we Usuaily lairye napgative aczivetion entropies
aye an i.dicsticm . un astivated cowplex having onpositely
charsad centers, soparuted ircr: cuch oither, The activated
complex of Zaker's mccheniswe ls jus:c such a srecles; it 1is
dountful thet tie formation of :m slesholeazl ant, or
alconolealconol complex would producs such a larze necetive
activation ontropy.

It 1s of interest tc not., at least for the reaction
betwsen n=vutyl sloohol and -henyl isocyznate, that ths free
aner.y of activstion appears tc ce incdependent of the reaction

W

conditions, whereas the onergy ané entropy of activation are
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strongly dependent con theﬁ. Dyer et al, {41) report wvalues
Of =48 Geuey 7.5 and 22.0 keal, mole-l for the entropy,
energy, end free energy of activation respecilively. These
vealues apply to the wncatalysed reaction in xylene solution
et 25%, For the same reaction in toiuense catalysed by
triethyl amine Burkus and Eckert (54) report =80.7 Gl.lle, Jel
&nd 2l.3 kecsle mole.l for entropy, energy, and free enersy
of activatione The vaiues found in this WOTK &re =96.9 ..,
1C.9 and 21.9 kecal, mole-l. The entropy of activation
decreeses as the energy of activation decreases, in rzreement
with Beker's findings. The incresse in the sactivation energy
#8 the aloochol concentration increasses is probably an
indication that more anc more bydrogen bonds wust be ruptured
befors tne activated complex c«n forme. 7The irneressc in The
entropy of activstion prousdly Lluulceles @ decressing awrcunt
of $0ivéni Irealrangeémeni &8 the activated COMDLOX ix rormed,
That iz, the reactants are proucdly already weil solwated
wlth alconol, and the formation ui <the aciivaied complex
I'equiiss 30LVenab yeullungomont, ather tihen the addition of
new wolecules to the solvation sueli of the activated complex.
The .ouwer entropy of accivation Jor ihe amine catalysed
reaction is probably an indication that Lihe activated complex
centains the Qmine molecule,

The sxperimental work of Ephraim et al. does not
zive adequate support to the mechanism they have preposed,

In addition, Baker et g1, have ziven evidencs to support
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their claim that the reaction does not proceed by way of
the mechanism suggested by Ephraim et al, The dielectric
constant-loz rate work of Ephraim et al, is of doubtful
significance tecause ol the extreme cependence of the
regction fate on the polarity of the golvent and cn its
steric properties. In conclusion it seems best not %o
attach much siznificance to the dsta of Enhraim ot ale,

and none to their conclusions as to mechanism,
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A tondeonergy scheme vermitting/certein thermcdynamic
proporties cf the thisalkenes, the aliksnethicis, ané
the dithiaalkanes has been devised,

A new treatment of the bondeenergy scheme for szicohois,

ethers, and alkyl peroxides has been devised,

The heat of resctlon for fifteen alcohole=isocymnate

reactions has been messured at 2506.

An estimate of the hegt of formation of certain
urethanes and isocyanates has bsen made, usin: hesnts
of reaction cats measured here, and deta cbtained

fron the litersture.

“inetlic rate constants have bsen successiully
calculated using data obtsined from heast of resction

nessurenonts.

The kinetics of twelve slecholeiscecyanaie razciions in
8 lorze excess of slcohol have veen studied, and the
regults shown to be in agreement with a mechaniss

2iven elsewhers,
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