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weights. This shift of the intrinsic viscosity-
molecular weight curves is summarized graphi
cally in Fig. 6. The theoretical expressions of 
Huggins16 and of Hulburt, Harmon, Tobolsky 
and Eyring17 represent the viscosity as propor
tional to inverse powers of the weight per chain 
atom so in this respect at least they are ap
proximately valid. 

I t is interesting to note that of the various 
theories only that of Haller18 predicts accurately 
the dependence of the viscosity on the two-thirds 
power of the molecular weight.19 
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The kinetics of the reactions of d-carvone with 
semicarbazide and other carbonyl reagents have 
been investigated previously by Stempel and 
Schaffel2 and Mariella3 using a polarimetric 
method. It is the purpose of this investigation to 
examine the kinetics of semicarbazone formation 
with para substituted acetophenones by a com
petitive method in which d-carvone and aceto-
phenone react simultaneously with semicarbazide, 
present in sufficiently low concentration that the 
carbonyl reagent distributes itself between the 
two ketones. The extent of reaction of the d-
carvone is determined polarimetrically. 
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Fig. 6.—Viscosity-molecular weight relations for toluene 
solutions of various polymers. 

Summary 

Measurements on six different high polymers 
have shown that the intrinsic viscosity of the 
solutions depends on approximately the two-
thirds power of the molecular weight. De
pendence of the viscosity on the weight per chain 
atom of the polymer is indicated. 
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Experimental Technique 
Preparation of Compounds.—d-Carvone was obtained 

from Magnus, Mabee and Reynard. I t was purified by 
preparing the solid hydrosulfide.46 After several re-
crystallizations of the hydrogen sulfide compound, d-
carvone was recovered by treating the compound with 
concentrated sodium hydroxide solution and steam dis
tilling the mixture. Following extraction of the carvone 
with ether, the extract was vacuum distilled several times 
and a fraction collected boiling at 78° at 3 mm. The 
physical constants of our sample agreed with those found 
by Stempel and Schaffel.2 Semicarbazide hydrochloride 
(an Eastman Kodak Co. product) was recrystallized from 
hydrochloric acid solution. Acetophenone was purified 
by the method of Flexser, Hammett and Dingwall.6 The 
sample of acetophenone used boiled at 193° at 743 mm. 
/>-methoxyacetophenone and ^-chloroacetophenone were 
prepared by the method of Adams and Noller.7 The 
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former compound melted a t 38° and the latter boiled a t 
85° at 5 mm. ^-Methyl and £-bromo acetophenone 
were Eastman chemicals. The p-bromoacetophenone was 
recrystallized several times from hot ethanol to give a sam
ple with a melting point of 50.5°. ^-Methylacetophe-
none was distilled several times at reduced pressure. The 
fraction used boiled at 94° at 10 mm. 

Physical Measurements.—Rotations were measured 
with a Hilger M-8 polarimeter using the mercury green 
line a t 5461 A. Readings could be made to 0.01°. The 
polarimeter tube, 5 decimeters long, was provided with a 
water jacket, insulated with magnesia-asbestos, through 
which thermostatted water was pumped. Beckmann 
thermometers were placed a t the inlet and outlet water 
connections and the thermostat adjusted so that the mean 
temperature of the polarimeter tube was 30, 40 or 50°. 

Two general types of experiments were made. In the 
first type of experiment rf-carvone reacted with semi
carbazide, while in the other type rf-carvone and an aceto-
phenone reacted with semicarbazide. For the experi
ments with carvone alone the reactants were brought 
to the temperature of the experiment and mixed in a volu
metric flask kept a t the temperature of the experiment. 
Sufficient solvent (83% ethanol in water) was then added 
so that the starting concentrations of semicarbazide, semi
carbazide hydrochloride and rf-carvone were all equal to 
0.015 mole/liter. After thorough mixing, the solution was 
transferred to the polarimeter tube and the rotations 
measured a t definite time intervals taking zero time as the 
instant when the reactants were mixed. In the second 
type of experiment the reactants were mixed in a volu
metric flask kept a t the temperature of the experiment and 
sufficient 8 3 % ethanol added so that the starting concen
trations of carvone, substituted acetophenone, semicarba
zide, and semicarbazide hydrochloride were all equal to 
0.015 mole/liter. After mixing the solution was allowed 
to remain in the thermostat for a period of approximately 
twenty, ten or five hours depending on whether the tem
perature of the experiment was 30, 40 or 50°, respectively. 
These periods of time correspond to the time interval 
necessary for 99% of the reaction to take place when car
vone alone is reacted with semicarbazide. 

Calculation of Velocity Constants 
In the experiments with ^-carvone a first order 

plot of —log (1 — / ) against time fits the experi
mental data for values of/ (fraction decomposed) 
up to 0.5. For the experiments at 30°, / values 
of about 0.5 were the highest that could be ob
tained in reasonable reaction times. At 50°, how
ever, / values up to 0.93 were obtained. For the 
higher temperature experiments the experimental 
points corresponding to / values greater than 0.5 
were above the straight line first order plot. The 
experimental points at these higher values of / 
diverged more and more from the first order line 
as / increased in value. The direction of the drift 
indicates that in the later stages the reaction is 
approaching zero order. However, in view of the 
fact that we are dealing with a complex system 
and a reversible reaction in which the points ob
tained at low/values should be stressed to mini
mize the effect of the reverse reaction, it does not 
seem desirable to stress fitting of the experimental 
points at high /values. Consequently, the experi
mental data for the experiments with (/-carvone 
alone were calculated on the basis of the first order 
equation, kt --• — 2..'> log(l —/). 

In the experiments where two ketones re
acted simultaneously with semicarbazide, it ap

pears possible to ignore the reverse reactions. 
Experimentally it is known that the semicarba-
zones of either carvone or acetophenone do not re
act appreciably, in the time intervals used here, 
with acetophenone or carvone, respectively. 
The equilibrium constant for the formation of 
carvone semicarbazone is known to be large. 
The equilibrium constant for the formation of 
acetophenone semicarbazone is also believed to be 
large. A value for the latter equilibrium constant 
is not cited because in the periods of time (weeks) 
necessary for equilibrium the solutions darken 
even if protective nitrogen atmospheres are em
ployed. The darkening of the solution interferes 
somewhat with the measurement of the rotation 
and might be indicative of slow side reaction 
which would influence the equilibrium but would 
have little or no influence on the kinetics because 
of their slowness. In the kinetics measurements 
reported here all solutions were colorless at the 
end of the time intervals used. Until the origin 
of the darkening of the solutions is discovered it 
does not seem desirable to list numerical values for 
the equilibrium constant. With regard to substi
tuted acetophenones it is fairly certain that the 
substitution of groups on acetophenone will 
change the numerical values of the equilibrium 
constant for semicarbazone formation but will not 
change its order of magnitude. 

Accordingly we assume following Grazzi8 that 
each ketone follows a rate equation of the form 

dxi/'dl- = k\{a; — *i)/(*i) 

where a is the starting concentration of the ke
tone, Xi the concentration of ketone which has re
acted at time /, and f(x\) a function of the concen
trations of all the other reactants involved. Un
der the experimental conditions employed it is 
assumed that /(XJ) has the same value for all ke
tones so that we may write 

dX] _ Ax% 
ki{ai — X1) ki(ai — x~) 

where the subscripts 1 and 2 refer to ^-carvone 
and the other ketone, respectively. Integration of 
this equation together with the use of the bound
ary condition that at zero time the concentrations 
of rf-carvone, other ketone, semicarbazide and 
semicarbazide hydrochloride are all equal gives 
the equation 

where/ ' is the fraction of (f-carvone which has re
acted at the given time interval with the other 
ketone present, relative to the amount of reac
tion undergone by <i-carvone at infinite time when 
the other ketone is absent. 

Experimental Data 
For the experiments with d-carvone alone the 

following average values of k representing the 
(S) C,rn7z\. Gar,?., rh!m ,tat.. 38, S2 (SUOH): 40, 140 091O j 
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mean of three determinations at each tempera
ture were obtained: 30°, 3.74 X lO-'min."1; 
40°, 7.68 X lO-'min.-1; and 50°, 1.6 X ICT8-
min. - 1 . 

With experiments using two ketones a mini
mum of five experiments were made at each tem
perature for each ketone. The average values of 
the velocity constants were plotted on a typical 
Arrhenius plot and the constants in the Arrhenius 

equation, log k = A — ^ , were evaluated. 

EA is the energy of activation. The values of the 
constants are collected in Table I. 

TABLE I 

ARRHENIUS EQUATION CONSTANTS 
Ketone 

p-Methoxyacetophenone 
^-Methylacetophenone 
Acetophenone 
p- Chloroacetophenone 
£-Bromoacetophenone 

A1 m in . - 1 

- 0 . 5 7 
1.38 
2.33 
4.44 
5.00 

-EA, cal. 

4,000 
6,540 
7,800 

10,330 
11,040 

Discussion 
Reference to Table I indicates that the activa

tion energy of semicarbazone formation varies 
with the nature of the substituting group in 
the para position and that in order of decreas
ing activation energy the substituting groups 
would fall in the sequence Br > Cl > H > 
CH3 > CH3O. It is obvious that the above 
sequence is the same one that would be ob
tained if the substituting groups were ar
ranged in the order of their ability to with
draw electrons from the ring. As semicar
bazone formation only involves the carbonyl 
group, it is apparent that the charge density 
on the carbon atom is the determining factor 
and that the influence of the substituting 
group is due to its effect upon the charge 
density of the carbonyl carbon. A number F;g 
of reactions are influenced by substitution 
in this manner and to these Hammett has 
applied the equation, log k — log k" = pa. In 
this equation k is the rate constant for the sub
stituted compound, k0 is the rate constant for the 
unsubstituted compound, a is a constant depend
ing upon the nature of the substituting group, and 
P is a constant characteristic of the reaction. If 
the values of <J evaluated by Hammett are used, a 
plot of log k versus a gives a straight line of slope p. 
The slope and value of p for the semicarbazone 
formation turns out to be 0.91. Another method 
of illustrating the effect of the substituting groups 
is to plot log î (dissociation) which is proportional to 
the free energy of dissociation of the correspond
ing substituted benzoic acid, against the energy of 
activation of the corresponding substituted ke
tone. Such a plot is illustrated in Fig. 1. Refer

ence to Fig. 1 shows that the carbonyl carbon 
having the highest charge density as exemplified 
by the highest positive free energy of dissociation 
of the corresponding substituted benzoic acid also 
has the lowest activation energy. This behavior 
suggests that the rate-determining step in the 
semicarbazone reaction is a reaction involving the 
transfer of a proton to the reaction complex. 
However, the suggested mechanism for semicar
bazone formation is quite complicated as will be 
seen by reference to Stempel and Schaffel.2 Since 
for such a mechanism the experimental velocity 
constant is the product of the velocity constant 
of the rate determining step and a number of 
equilibrium constants, the activation energy ob
tained from the experimental velocity constant is 
a composite term in the sense that it includes heats 
of reactions for the various equilibrium reactions. 
Consequently the effect of a substituting group 
might be due in part to changes in heats of reac
tions caused by such groups. 
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1.—Energy of activation for semicarbazone formation of 
acetophenone series. 

Summary 

1. The rate of semicarbazone formation of 
acetophenone and substituted acetophenones has 
been determined by a competitive method using 
<2-carvone as the competing ketone. 

2. The effect of para substitution upon the 
experimental activation energy of the semicarba
zone reaction with acetophenone is given by the 
sequence, Br > Cl > H > CH3 > CH3O, with 
^-bromoacetophenone showing the highest activa
tion energy. 

3. It is suggested that the rate determining 
step is a reaction involving transfer of a proton to 
the reaction complex. 
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