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HCN =
constant

(HCN), + 1 with the same equilibrium

K = Cn+l/cncl (1)

for all, where C, is the concentration of #z-mer.
If Cy is the gross concentration as monomer, one
obtains the well-known equilibrium expression
C/(1 — KG)?2 = (G (2)

The dielectric constant ¢ in Kirkwood’s theory
is related to the dipole moment ug of the free mole-
cule by the expression

3e (em -+ 2)27411\7 .
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where e, is the dielectric constant for induced
polarization, N, 2T and V have their usual mean-
ing, and the factor gu = gle= -+ 2)uo/3 is the
average moment of the single molecule and its local
environment. In the simplified model, this is the
average over values nu, for each molecule of an z-unit
straight chain, weighted by the number #C, of such
molecules. This gives

€= €x + (3)

_ 1+ KG
1T TKG

gu = (u/Co) D *Ca

n=1

on using (1) for the C,. From eq. 2, one then has
KC = (g8 —1)/4 (4)

From this result, equilibrium constants XC, can be
calculated for ‘“experimental’”’ correlation factors
g obtained by using measured values of dielectric
constant and dipole moment in eq. 3. Using uo =
2.96 debye and dielectric constant data from refer-
ence 2 gives the values in Table I.

TABLE I
DieLECTRIC CONSTANT AND ASSOCIATION PARAMETERS
¢, °C. -13.3 -5 5 15 25.7
(f.p.) (b.p.)
€ 205.5 173.7 144.8 123.5 105.7
g 4.04 3.52 3.04 2.68 2.38
KC, 15.6 11.4 8.26 6.20 4.65
¢ Calculated using ¢, = 1.60 and molar volume V =
39.8 cm.3.

The model may be tested by a rate plot of log
KCy versus reciprocal temperature, which should
give a straight line with a reasonable heat of
association from the slope. This plot is shown in
Fig. 1, and the slope of the straight line corre-
sponds to the figure AH = —4.6 kcal./mole.
This is interestingly close to the values 3.3 and
4.4 kcal./mole deduced by Long, Hildebrand and
Morrell* for dimer and trimer formation in the
vapor phase. The results are, however, not im-
mediately comparable because of the difference in
molecular environment and our simplifying as-
sumption of identical equilibrium expressions for
all degrees of association. Such refinements as
including a distinct coustant for dimers, which
have been made in analyzing infrared absorption
of alcohol solutions,® hardly seem warranted in
view of the other approximations in the dielectric
constant expression (3) and association model
employed.

(4) R. W. Long, J. H, Hildebrand and W. E. Morrell, TH1S JOURNAL,

65, 182 (1943).
(5) N. D. Coggeshall and E. L. Saier, b:d., 73, 5414 (1951).
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Fig. 1.—Correlation function from eq. 4 as a function of
reciprocal temperature.

The temperature dependence of the dielectric
constant is thus satisfactorily represented by the
model, which is naturally inferred from the known
arrangement of parallel linear chains in the solid.
The regular arrangement of chains in the solid is
not expected or assumed for the liquid; rather, the
treatment is a simplified representation of fluctuat-
ing directed codrdinations by hydrogen bonds of
otherwise randomly oriented molecules. A similar
discussion of hydrogen bonding in pure alcohols by
an extension of Oster and Kirkwood’s develop-
ment? to include finite extent of molecular correla-
tion gives a simple basis for understanding varia-
tions in the magnitude and temperature de-
pendences of the dielectric constants for different
aliphatic alcohols. This analysis will be presented
elsewhere.
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Methods of Obtaining Rate Constants for Reac-
tions of Half Order and of Mixed Half Plus First
Order Followed Manometrically

By DeLos F. DETAR
REeceIvEp NOVEMBER 20, 1954

In the course of manometric studies of the rates
of the thermal decomposition of benzenediazonium
salts in methanolic solutions in the presence of ace-
tate buffers, complex pressure—time curves were
obtained.! Most of these reactions proved to be
of half order, of first order, or of mixed half plus
first order. A number of methods of treating these
data were investigated from the standpoint of con-
venience, accuracy and evidence of correctness of
the assumed kinetic order. The most reliable
method was found to be the least squares proced-
ure. Useful first approximations to the constants
of reactions of mixed half plus first order can be ob-
tained graphically.

Equation 1 is the differential expression for a re-
action of mixed half plus first order.

(1) D. F. DeTar and M. N. Turetzky, in preparation.
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dp/dt = ki(pe — 2) + kiplpe — p)V2 (1)
In (yo + kva/k)/(y + kys/kr) = kat/2
¥y =(fa — 2)V1 30 = (P — p0)/1 (2)
P = a + bet + deiet (3)
¢ =po = (bip/k)%d = —[(po — po)'/2 + kip/Ri]%,
b =@QkN/k) (pe — pO)Vi+ kip/b], ¢ = —1a/2
and & = —2¢, ki, = —cb/(—=d) s, P =a — b2/(4d)

This integrates to eq. 2, which can in turn be re-
arranged to give eq. 3. Nozaki and Bartlett? de-
veloped a method for obtaining rate constants for
a reaction of mixed first plus three halves order, and
the same principle can be applied to eq. 2. The
procedure is to carry out two reactions using dif-
ferent y, values but with the same set of ¢ values for
each. Since the series of ki#/2 values is the same
for both reactions, the ¢ term can be eliminated and
logs removed to give eq. 4, ¥, and y referring to one

(kryo + ki) /(Bay + krp) = (awe’ + k) /(kay’ +
By =g (4)

reaction and y," and y’ referring to the second reac-
tion. Equation 4 rearranges to eq. 3; and a plot
of y vs. y" gives a straight line with &.,/k; equal to

y=gq + (Bp/la)g — 1) (6)
the intercept divided by the (slope —1). By eq. 2
a plot of In(y + k1./ky1) vs. £ gives a straight line of
slope k1/2.

For reactions followed manometrically, volumet-
rically or dilatometrically there is a convenient
way to get both the y and the y’ values from a single
run. Pressure readings are obtained at ¢4 and ¢/,
tyand &', etc., with 4 — 4’ constant; pressure read-
ingsat#, &, ¢ . . . 4 are used in calculating y values
for the “first reaction” and pressure readings at
t', &' ... & are used for the corresponding ‘‘second
reaction” y’ value calculations. Usually the #’
readings conveniently refer to the last 15259, of
the reaction and the # readings to the first part of
the reaction. Unfortunately, the k1/,/k; ratio is
sensitive to errors in the slope and in the intercept
and the above method is not very accurate.

Somewhat better results are obtained from the
differential equation (eq. 1) used in the form given
in eq. 6 by plotting the left-hand side against

(dp/dt)/(pe — p)Ve = klp, — p)/2 + k2 (6)

(po — p)'/* to give a straight line with slope %, and
intercept k:/,. The problem with this method is to
obtain sufficiently accurate values of dp/d:.
Graphical methods give rather erratic results.
Numerically? dp/dt = (1/7)[Alp — (Y/2)AY +
(}/3)A% — . .. ] where Alp refers to the first
differences of a table of p values taken at even inter-
vals (7) of time, A% is the second difference and
A%p is the third difference. Applications of this
formula to data smoothed by the method of Whit-
taker and Robinson® using ¢ = 1 gave suitable
values of dp/d¢ for plotting. This method is illus-
trated in Table I; a plot of the values in col. 6
against those in col. 5 gives a line of slope 0.0315
and intercept 0.341. These values may be compared
with the least squares values £; = 0.0298 and %/, =
0.374. The excellent agreement is somewhat for-

{2) K. Nozaki aud P. D. Bartlett, THis JoUrRNAL, 68, 1686 (1946).

(3) . Whittaker and G. Robinson, *The Caleculus of Observation,”’
4tlt Ed,, Blackie and Sou limited, Loundon, 1444, p. 62, 315,

Notes

Vol. 77

tuitous, for the plotted points show some scatter
and the correct position of the line is accordingly
uncertain. The main disadvantage of this proced-
ure for obtaining rate constants is the need for an
accurate p, value.

General directions for making the least squares
calculations for any functions are given by Dem-
ing.* For a reaction followed manometrically,
volumetrically or dilatometrically, the reading er-
ror of p or v is independent of the magnitude of p or
v. The correct least squares procedure is to mini-
mize the sum of the squares of the residual Z(pobs —
beate)?.  This is most easily accomplished if p is ob-
tained as an explicit function of time. Equations 7,
8 and 3 are the expression for half-order reactions,
first-order reactions, and mixed half plus first-
order reactions, respectively.

p=a+ b+ ct? @ = po,
b= (po — po)/kis, ¢ = —(Yoki? (7)
or ki, = (—4c)Vs, pe = a — b2/4c
P =a+ bet ¢ = bo,
b= —(pa — o) c= —k (8)

In carrying out the least squares adjustments,
good approximations are obtained for the parame-
ters. Then correction terms are computed for
these initial values. For the two expressions in-
volving exponentials the most convenient method of
obtaining these initial estimates is to use one of the
above-mentioned procedures for calculating the
best possible estimate of the exponential constant c.
Then using these “known’’ exponential terms for
two corresponding p values one has two equations
in two unknowns, ¢ and b, and one can obtain good
preliminary values for these parameters for eq. 8.
For eq. 3 the corresponding procedure is to obtain

TaABLE I

ILLUSTRATION OF TREATMENT OF DATA FOR A REACTION
FOoLLOWING MIxED HALF PLUS FIRST-ORDER KINETICS

. grl;:g Smoothed dp/d? - (%Il/d_t) .
il A O - A D Y

10 104.6 194.475 8.457 11.938 0.7084

11 202.7 202.752 8.109 11.586 6998 202.623

12 210.7 210.669 7.728 11.239 .6876

13 218.2 218.227 7.375 10.898 L6767 218.273

14 225.3 225.461 7.103 10.561 6725

27 203.5 293.487 3.579 6.596 .5426 293.313

28 206.9 296.961 3.557 6.328 5304

29 300.1 300.230 300.064

30 303.4 303.302

31 306.1 306.147 306.025

39 323.1 323.077

41 325.9 325.885

43 328.1 328.203

45 330.1 330.054

s Preliminary equation: p = 205.925 + 613.697 ¢~0.018
— 734.931¢~0.0818¢ b Bquation after first adjustment: p =
174.124 + 718.185¢0.014161t — 8(5,727¢~0.02622¢ ¢ Equa-
tion after second adjustment: p = 176.016 4 710.024-
e~0.014018t _ 709 744,-0.02826¢  Std. deviation of pressures
= 0.106 with 14 D. F. over 202.7-330.1 mm. range.
0.0298 with std. deviation 0.0008. ki, = 0.374 with std.
deviation 0.030.

1 =

(4) W.E. Deming, “’Statistical Adjustment of Data,” John Wiley and
Sous, Ine., New York, N. Y., 1943,
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three equations in the three unknowns, ¢, b and d.
1t has been our practice to use ten points for eq. 7
and 8 (7 degrees of freedom) and eighteen to twenty
points for eq. 3. The result of such an adjustment
is given in the last column of Table I. The three
equations at the foot of the table give an illustration
of the rapidity of convergence. Usually a three
parameter equation such as eq. 8 requires only a
single adjustment if the original value for ¢ is in er-
ror by no more than 10%.
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The Thermal Decomposition of Nitrate Esters.
III. #n-Propyl Nitrate!

By JosErH B. LEVY AND FRANK J. ADRIAN
REceEIvED DECEMBER 9, 1954

Previous papers in this series®® have described a
study of the thermal decomposition of ethyl nitrate
using the infrared spectrometer as an analytical
tool. The thermal decomposition of #n-propyl
nitrate has been examined in the same way and
the results are reported here.

Ezxzperimental

The details of experimental procedure were the same as
those used earlier.? #-Propyl nitrate was prepared from ni-
tric acid and n-propyl alcohol. It was vacuum distilled at
150 mm. and a middle fraction taken. #n-Propyl nitrite
was prepared from nitrous acid and n-propanol, distilled
and the fraction boiling at 56-58° used.

Results

The results obtained by the decomposition of
samples of »-propyl nitrate at 191° for varying
periods of time are shown in Table I. The initial
pressures of zn-propyl nitrate were of the order of
20 mm. Analyses for the n-propyl nitrate, #-
propyl nitrite and nitroethane were made using the
infrared absorption peaks at 11.68, 12.55 and
6.31 u, respectively. Nitrogen dioxide and nitric
oxide were analyzed colorimetrically as before.?
The presence of formaldehyde in the products was
indicated by its odor and by the deposition of a
white deposit assumed to be paraformaldehyde*
on the reaction bulb walls. No analyses were
carried out for it however.

The effect of various additives on the rate of
reaction and on the product distribution is shown
in Table II.

Discussion

The above reaction products are analogous to
those found for the ethyl nitrate decomposition and
fit in well with the mechanism proposed.? The #z-
propyl nitrate case differs from the ethyl nitrate
case in that (a) the nitro compound is a much more
important product and (b) the kinetics obey a
simple first-order law and are virtually unaffected
by the addition of substantial amounts of nitric

(1) Full experimental details of this work including infrared spectra
can be found in the reference, J. B. Levy and F. J. Adrian, Navord, 2608,
1952.

(2) J. B. Levy, THIS JoURNAL, 76, 3254 (1954),

(3) T. B. Levy, dbid., 76, 3790 (1954).

(4) E. W. R. Steacie and G. T. Shaw, Proc. Roy. Soc. (London),
A146, 388 (1934).
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TABLE 1
THE THERMAL DECOMPOSITION OF 7#-PROPYL NITRATE AT
181°
Moles per mole of n-propyl nitrate initially present.
Time, Przi)yl Prgl;yl Nitro- I\{glgl(» Nitric Total 10%*
min. nitrate nitrite ethane dioxide oxide nitrogen sec.™!
3.80 0.767 0.064 0.100 0.014 0.041 0.985 115
7.57 .581 .150 .164 .018 .059 0.973 119
10.55 .455 .249 .191 .040 .062 1.008 124
15.10 .371 .300 .263 042 .070 1.048 110
22.57 .192 .380 .314 .042 .131 1.060 122
30.06 .122 .427 324 .098 .103 1.078 117
50.10 .028 .455 .357 .014 .131 0.985 122
60.01 .005 .433 .404 .010 .149 1.000
75.00 .005 .420 .400 .020 275 1.120
bloskav. = 118
Av.dev. = 4

¢ First-order rate constant. ° From the data obtained
manometrically by Phillips® the rate constant calculated at
this temperature was 0.00093 sec.™!

TABLE II

Tue EFFECT OF ADDITIVES ON THE THERMAL DECOMPOSI-
TION OF #-PROPYL NITRATE AT 181°
Initial pressure

mm, Reac- Yield,® 9,

Addi- CiHr»-  Addi- Time, tion, Hr- 1 Hi-

Expt. tive NO, tive min. % ONO NO:
1 .. 22.5 10.6 52.5 47.4 36.4
2 NO, 22.0 18.1 30.0 54.0 84.0 23.4
3 Os 22.2 32.0 30.1 33.3 23.0 52.6
4 O 18.5 70.2 60.7 39.4 20.5 42.5
6 NO 22.8 23.3 10.0 52.2 97.5 10.9
7 NO 22.5 50.1 10.0 55.0 100.0 4.8

¢ The fact that the yields exceed 1009, for runs 2, 6 and 7
is attributed to the experimental error of the analysis.

oxide (expts. 1, 6 and 7 of Table II). Both of
these differences may be attributed to the fact
that the #n-propoxyl radical is less stable than the
ethoxyl radical toward decomposition zia

RCH;0: —> R + CH,0

This is in line with the general effect of structure on
the stability of these radicals.®

The effects of the additives on the product distri-
bution offer further support for the reaction
mechanism.? The effect of added nitric oxide in
boosting the yield of n-propyl nitrite at the ex-
pense of nitroethane is especially striking. The
similar effect of nitrogen dioxide probably arises via
its reduction to nitric oxide. The increase in the
nitroethane yield at the expense of the n-propyl
nitrite effected by the addition of oxygen may be
explained by the oxidation of some of the nitrite
ester back to the nitrate ester by the oxygen and
the nitrogen dioxide formed in the decomposition.
Ogg" has shown that ethyl nitrite is converted to
ethyl nitrate by a mixture of nitrogen dioxide and
oxygen although neither oxidant is effective alone.

The explanation of the effect of the additives on
the kinetics follows that used for the ethyl nitrate
case.’

(5) L. Phillips, Thesis, University of London, 1949.

(6) F. F. Rust, F. H. Seubold, Jr., and W. E. Vaughan, THIs
JourNaAL, 73, 338 (1950).

(7) R. A. Ogg, Jr., at ““The Chemistry of the Oxides of Nitrogen,”

symposium sponsored by the Office of Ordnance Research, Chicago
llinois, September 3 and 4, 1953.



