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ABSTRACT 

The heats of reaction of normal-, iso-, and secondary-butyl alcohols reacting with phenyl 
isocyanate, the three tolyl isocyanates, and 2,4-tolylene diisocyanate were measured a t  25' C, 
using a differential calorimeter of the Tian-Calvet type. The results are interpreted in terms 
of substituent effects. 

From bond energy considerations the heats of formation of phenyl isocyanate and tolyl 
isocyanate have been estimated. 

INTRODUCTIOX 

Polyurethanes, formed by the reaction of a diisocyanate with a dihydroxy alcohol 
or polyol, are playing an increasingly important role in plastics technology. There is a 
lack of heat of reaction data for reactions of this type, and heats of formation for aryl 
isocyanates and urethanes do not appear to be available. In view of this situation it 
was decided to measure the heats of reaction of some simple alcohol-isocyanate reactions, 
since these are relevant to the more complicated reactions giving rise to polyurethanes. 
The reactions studied were those of normal-, iso-, and secondary-butyl alcohols with 
phenyl isocyanate, the three tolyl isocyanates, and 2,4-tolylene diisocyanate. 

The only heats of formation available concerning isocyanates are those of Lemoult 
( I) ,  who measured the heat of combustion of methyl and ethyl isocyanates. He reported 
the heat of combustion of liquid ethyl isocyanate to be 424.4 kcal mole-', but reported 
no analysis of the combustion products. Meats of formation do not appear to be available 
for any urethane of the type R-NI-I-COO--R', although Kharasch (2) gives the heat 
of formation of urethane itself. The heat of forination of a few di-N-substituted urethanes 
are given by Schmidt (3). Recently Skinner and Snelson (4) have deter~ninecl the heats 
of coinbustion of the four butyl alcohols a t  25' C. The heats of formation of normal-, 
iso-, and secondary-butyl alcohols in the liquid state were given as -78.40f 0.20, 
-80.00f 0.20, and -81.88f 0.22 kcal mole-' respectively. 

Pz~rifccation and Prcparalion of dfalericzls 
The normal- and iso-butyl alcohols used \l7ere Fisher Certified Reagents. Secondary-butyl alcohol was 

a Fisher "Highest Purity" grade material. The alcohols were dried by refluxing over freshly ignited calcium 
oxide for 4 hours followed by fractionation through a 40-cm column packed with short lengths of 4-mm 
glass tubing. Only the middle fractions (collected a t  117.i0, 108.4", and 99.5' C for normal-, iso-, ;mcl 
secondary-butyl alcohols respectively) were retained. The alcohols were tested for dryness using the method 
suggested by Dyer, Taylor, Allason, and Sarnson (5). One or two drops of phenyl isocya~iate were added 
to  a sample of the alcohol; if IIO crystals of insoluble S~IIL-diphenyl urea for~iied the alcohol \\.as considered 
to  be suitable for the experime~~ts.  

The phenyl and tolyl isocyanates used were ~nan~~fac tu red  by Eastman Organic Chemicals. They were 
purified by double vacuum distillation, the last distillation taking place immediately prior to use. Analysis 
of the distilled isocyanate ~lsing the Stagg technique (6) indicated that  the isocyanates were between 99.5% 
and 100.570 pure. The boiling points and approximate boiling pressures for the isocyanates were phenyl: 
46' C, 5 mm; o-tolyl: 57' C, 10 nim; fn-tolyl: 62" C, 5 m m ;  P-tolyl: 6G0 C, 10 mm.  The 2,4-tol>.lene diiso- 
cyanate was obtained from the Canadian Armaments Research and Developmeilt Establishment a t  Val- 
cartier, Que. I t  was treated as  were the other isocyanates; the boiling point was 165' C a t  approximately 
50 mm. 
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Urethanes were prepared by causing isocyanate to  react with a small excess of alcohol; in certain cases 
the reaction was catalyzed with ferric acetylacetonate. The urethanes were purified by recrystallization 
from petroleu~~i ether. The urethanes of m-tolyl isocyanate are liquids a t  room temperature; they were 
purified by a d o ~ ~ b l e  vacuum distillatio~l, only the middle portiorl being retained in each case. 111 cases 
where the  iret thanes have been previously reported the melting point of the prepared material was com- 
pared with that  giver1 in the literature. In the cases of previously unreported urethanes a carbon and 
hydrogerl analysis was carried out. For each urethane prepared, the meltitig or boiling point and, where 
appropriate, the literature melting point arid the results of the elemental analysis are given in Table I. 

TABLE I 

Urethanes: melting points and analytical results 

yo carbon % hydrogen 
Literature 

Urethane M.p. ("C) m.p. (OC) Exptl. Theory Exptl. Theory 

N-Phenyl-TZ-bu tyl 57 .5  
N-Phenvl-i-butvl 85.5-86.0 "s !;! 

Calari~itetry 
The heats of reaction were measured using a differential microcalori~neter of the Tian-Calvet (9) type. 

The instrument was fitted with electronic amplifier and integrator circuits a s  described by Attree, Cushing, 
Ladd, and Pieroni (10). I t  can be shown (9) that  the area under the curve of amplified thermopile voltage 
vs. time is directly proportional to  the amount of heat ivhich produces the thermopile voltage. I t  was 
found experimentally that  equal amounts of heat, liberated simultaneously in each cell of the calorimeter, 
gave rise to  a net area of zero, indicating that the two opposing ther~nopiles are properly balanced. 

The calorimeter was calibrated electrically; a curve of total area against heat was constructed by 
liberating various amounts of heat in the reaction cell of the calorimeter, and recording the resulting area. 
Because of a tendency for the electrol~ic compo~~en t s  of the system to  drift, the calibration was checlced 
after every measurement. This was done by duplicating, by electrical heating, the area due to  the chemical 
reaction. The electrical calibration procedure was chcc1;ed by measuring the heat of solution of anhydrous 
l i t h i ~ ~ m  sulphate crystals in water. The heat of solution for the process 

Li2S04 (c.) + 220H20 (1.) = Li2SOd.220 (aq.) 

was found to  be -6 .54f  0.10 1;cal mole-I. This is in good agreement with the value of -6.61 kcal mole-' 
obtained from the N.B.S. tables (11). 

In order to  compensate for the heat evolved on mixing the alcohol and isocyanate reactants, an  amount 
of urethane equivalent to  the amount of isocyanate was dissolved in one cell of the calorirnetcr, while 
the reaction took place in the other cell. Since the calori~neter is a differential one, the net heat measured 
was that due to the heat of reaction. 

The reaction cell assembly consists of a stainless steel capsule, with ends of aluminum foil, containing 
either the isocyanate or the urethane. I t  is s~~spended  in a glass cylindrical cell which contains the alcohol. 
The reaction is initiated by piercing the ends of the cylinder with a length of wire held in place directly 
above the capsule. Thcre is a calibrating resistor ill the cell containing the isocyanate. The cells are stirred 
gently during the initial period of the reaction by a mechanical suction device; stirring was necessary 
to  obtain reproducible results. 

There is a tendency towards the formation of disubstituted ureas instead of urethanes during alcohol- 
isocyanate reactions. The tendency increases on going from normal to  secondary to tertiary alcohols, and 
also as  the temperature increases (5). Dyer et al. (5) report urea formation during the reaction between 
phenyl isocyanate and secondary-butyl alcohol a t  25' C. None was observed under our reaction condi- 
tions. Because of the possibility of side reactions, however, the product of each reaction was examined 
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in the following way. The solution of the product in alcohol (the final state after reaction) was examined 
for the presence of crystals of the disubstituted urea (these ureas are insoluble in the b ~ ~ t y l  alcohols). The 
excess alcohol was removed under vacuum and an infrared spectrum of the solid product was taken. This 
was compared with the spectrum of the expected urethane, obtained from the previously prepared material. 
Only in the case of the reaction between p-tolyl isocyanate and secondary-butyl alcohol was there evidence 
of appreciable side reaction. Since only a few insoluble crystals were seen in the reaction vessel, the side 
reaction was estimated to  involve less than 5y0 of the isocyanate. No correction to  the observed heat 
was made; such a correction will be small since the reaction involving tertiary-butyl alcohol, which yields 
considerable urea, gives approxin~ately the same heat of reaction a s  do the reactions which yield only 
urethane as product. 

The calories used in this paper are defined calories, equal t o  4.1840 joules. 

EXPERIMENTAL RESULTS 

The heats evolved per illole when normal-, iso-, and secondary-butyl alcohols react 
with phenyl isocyanates, the three tolyl isocyanates, and 2,4-tolylene diisocyanate, are 
given in Table 11. In the table the weight of isocyanate used is given, as well as the 
heat measured experimentally. The measured heat is the heat evolved when the given 
weight of isocyanate is introduced into 10 ml of the given alcohol, less the heat evolved 
when a weight of urethane equivalent to the isocyanate is dissolved in 10 ml of the 
alcohol. The heat of reaction in kcal mole-' calculated froill the measured heat is also 
given in the table. The inolecular weights of the isocyanates were taken to be for 
phenyl, 119.12; for tolyl, 133.14; and for 2,4-tolylene diisocyanate, 174.06. 

In the case of certain reactions, a catalyst was used to shorten the reaction time and 
decrease the experimental error due to drift in the electronic compoileilts of the calo- 
rimeter over long periods of time. The heats of reactioil measured in the presence of a 
catalyst are clearly marked in the table. In order to be certain that the added catalyst 
did not affect the heat of reaction, certain reactions were measured with and without 
a catalyst. As expected, the presence of catalyst does not affect the heat of reaction. The 
catalysts used were either ferric acetylacetonate or dimethylcetylamine. 

Although the experimental deviation is usually less than +yo for each reaction, we 
have attached a somewhat larger experimental error to our work because of our inability 
to detect side reactions, unless they are appreciable. The estimated error for each reaction 
is given in the table. 

DISCUSSION 

The heats of alcohol-isocyanate reactions do not appear to have been previously 
measured, and there are insufficient heat of formation data to perinit their calculation. 
Consequently no comparison with previous measurements is possible. The heats of 
formation of the isocyanates can, however, be estimated using an empirical bond energy 
scheine. The scheine used is that devised by Laidler (12) together with certain modifica- 
tioils to it which are applicable to aromatic ring con~pounds. 

Lemoult's value for the heat of combustion of ethyl isocyanate (424.4 kcal mole-') 
has been used without correction to calculate the heat of atomization of ethyl isocyanate 
as 976.3 kcal mole-l. The bonds contributing to this value are 

where, following Laidler, the carbon-carbon bond energy is cl, primary carbon - hydrogen 
bonds are represented by p ,  and secondary carbon - hydrogen bonds by s. The contri- 
bution to the heat of atomization by the isocyanate group is denoted by n. Laidler 
gives values of 85.40, 98.96, and 98.23 kcal for the contributions to the heat of atomiza- 
tion of a compound in the liquid state for cl, p ,  and s respectively. From these values 
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and the heat of atomization of ethyl isocyanate, the value of n, the bond energy of 
the isocyanate group, is calculated to be 397.6 1;cal. Preliminary work on a bond energy 
scheme for aromatic compomnds indicates that carbon-carbon bonds in an aromatic 
ring should have a special value, denoted by cb, as should carbon-hydrogen bonds, 
denoted by t b ,  when the carbon atoll1 is part of the ring. Values of 124.29 and 97.55 kcal 
for cb and tb respectively have been used. The heat of atoinizatioin of phenyl isocyanate 
is given by Gcb+Stb+n, yielding a value of 1631.01 kcal mole-' for the heat of atomiza- 
tion of liquid phenyl isocyanate; from this, AHmO (I., 25" C )  = 3.5 1;cal mole-' is obtained. 
Similarly, for the tolyl isocyanates, AHiO (I., 25") is found to be -5.3 lccal mole-l. There 
are insufficient data available to attempt to make allowance in AHiO for the ring positions 
of the three tolyl isocyanate isomers. I t  is expected that two isocyanate groups on an 
aromatic ring would lead to considerable interaction; this would affect the heat of 
formation which, therefore, has not been calculated for 2,4-tolylene diisocyanate. 

The heats of formation of the urethanes are readily approximated using the heats of 
formation of the alcohols, the estiinated heats of formation of the isocyanates, and the 
appropriate heat of reaction. 

The results of the heat of reaction ineasureinents can be interpreted in terms of 
substituent effects. As far as the effect of changing the alcohol from normal- to iso- to 
secondary-butyl is concerned, a decrease in stability of the resulting urethane (the heat 
of reaction being a measure of the stability of the resulting urethane) would be expected 
on the grounds of steric hindrance. The inductive effect will act in  the same direction, 
tending to put a partial negative charge on to the urethane group. This will decrease 
the resonance stabilization of the urethane group with tlne aroinatic ring to which it is 
attached. I t  is observed in the case of every isocyanate that the heat of reaction decreases 
in the order normal > iso > secondary. Turning to the effects of a inethyl group sub- 
stituted into the aromatic ring of the urethane, it is expected that partial negative 
charges would appear ortho and para to the methyl group, due to tlne resonance effect. 
There will be, in addition, a sinall charge on the ring due to the inductive effect, which 
decreases in the order ortho > nneta > para. Steric effects will also be of importance 
in cases of ortho substitution. From these considerations phenyl isocyanate should show 
the largest heat of reaction, m-tolyl isocyanate would be expected to yield a smaller 

a 1011 value, followed by 9-tolyl isocyanate. Because of the steric effect, the heat of form t' 
of ortho urethanes should be considerably less than for the others. These predictioils are 
substantiated by the experimental results; because of the difference in state the predicted 
behavior of nz-tolyl isocyanate reactions cannot be verified. 

This work was supported by Grant S o .  1028-28 Defence Research Board. 
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