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Heats of Combustion and Formation of the 1-Bromoalkanes

from C, through C

LARS BJELLERUP

Department of Organic Chemistry, University of Lund, Lund, Sweden

The heats of combustion of highly purified samples of five 1-
bromoalkanes have been determined with a moving-bomb calori-
metric method.

The purification of samples of the following compounds is de-
scribed: l-bromobutene, 1-bromopentane, 1-bromohexane, 1-bromo-
heptane and 1-bromooctane. Data on density and refractive index
for the spectral lines D, Hq and Hg, at 20 and 25°C, of the purified
samples are given and compared with corresponding data from
previous investigations.

The following values, in kecal/mole, are reported for the heat of
combustion, —A4Hc®, at 25°C, of the liquid sample in gaseous oxygen
to form gaseous carbon dioxide, liquid water and liquid bromine, with
reactants and products in their thermodynamic standard states:
1-bromobutane 649.17 4+ 0.30, l-bromopentane 805.30 4 0.34, 1-
bromohexane Sample I 962.82 4 0.36, l-bromohexane Sample II
961.91 + 0.38, 1-bromoheptane 1118.52 4 0.38, l-bromooctane
1274.52 + 0.54.

Combination of these values with the known standard heats of
formation of carbon dioxide and water and with values for the heats
of vaporization of the various bromine compounds yields the following
values, in kecal/mole, for the heat of formation, —A4H{°, at 25°C, of
the gaseous compound from carbon(graphite), gaseous hydrogen and
liquid bromine, with reactants and products in their thermodynamic
standard states: l-bromobutane 25.67 + 0.40, 1l-bromopentane
31.02 £ 0.46, 1-bromohexane 34.97 + 0.48 (Sample I)and 35.88 + 0.49
(Sample II), 1-bromoheptane 40.69 + 0.52, l-bromooctane 46.26
+ 0.65.

The derived heat of formation data are discussed and found to
be internally consistent with the possible exception of the heat of
formation value derived from the heat of combustion of Sample I
of 1-bromohexane.

Modern experimental data from which heats of formation for monobromo-
alkanes can be calculated, are available only for ethyl bromide !, the two
propyl bromides % and sec.-butyl bromide 5. Experimental data on other
members of this class of compounds are therefore needed and, as a first step
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in this direction, heats of combustion have been determined, with the moving-
bomb method, for carefully purified samples of the C,—Cq 1-bromoalkanes.
The observed bomb-calorimetric data have been reduced to standard heats
of combustion and the latter then combined with heats of formation for carbon
dioxide and water to yield standard heats of formation for the given
compounds.

This paper describes the purification of the samples and the heat of com-
bustion experiments and presents the observed and derived heat of com-
bustion and formation data.

MATERIALS

Benzoic acid. The benzoic acid samples used in the calibration experiments with the
calorimeters A and B were National Bureau of Standards standard sample 39g” and 39f®,
respectively.

Paraffin oils. The paraffin oil samples used as auxiliary material in the combustion
experiments with the bromine compounds were the same as those described in Ref.®

Bromine compounds. The bromine compound samples were all obtained by careful
purification of commercial products. The latter were first treated chemically and then
purified by successive fractional distillations at two or more different pressures, using
the same apparatus and technique as described in Ref.5 Details of the purification of
the various samples follow.

1-Bromobutane. The commercial sample (Columbia Organic Chemicals) was treated
with phosphorus pentoxide. The resulting 180 g were purified by two successive fractional
distillations at pressures 750 and 340 mm, respectively. In the final distillation 80 9,
(63 g) of the distillate was collected over a density range of 0.0003 g/ml. The second
half (27 g) of this distillate, all of which was collected at constant density, was treated
with calcium sulfate and subjected to simple distillation at atmospheric pressure. The
middle fraction from this distillation was used in the heat of combustion experiments.

1-Bromopentane. The commercial sample (Columbia Organic Chemicals) was treated
with phosphorus pentoxide. The resulting 83 g were purified by two fractional distilla-
tions at pressures 760 and 41 mm, respectively. In the final distillation 80 9, (23 g) of
the distillate was collected at constant density. This product was treated with calcium
sulfate and distilled at 64 mm. A middle fraction from this distillation was used in the
heat of combustion experiments.

1-Bromohexane Sample I. After treatment of the commercial sample (Columbia
Organic Chemicals) with phosphorus pentoxide the product (100 g) was fractionally
distilled at 160 mm, and 90 9, (85 g) of the distillate was collected over a density range
of 0.0004 g/ml. Several fractions were discolored. Therefore, all fractions of the 85 g
of distillate collected were combined and treated first with 10 9 sodium bicarbonate
solution and then with water, and then dried with calcium chloride and finally with phos-
phorus pentoxide. The dry sample was purified by successive fractionations at pressures
20 and 60 mm, respectively. All the distillate (16 g) in the final distillation was collected
over a density range of 0.0002 g/ml. This product was treated with calcium sulfate
and subjected to simple distillation at 8 mm. A middle fraction from this distillation
was used in the heat of combustion experiments.

1-Bromohexane Sample 1I. The commercial sample (Kebo) was treated successively
with 48 9 hydrobromic acid, water, 10 % sodium carbonate solution and water. The
product was dried with calcium chloride and with calcium sulfate and the resulting 1 000 g
were fractionated by successive distillations at pressures 200, 100, and 50 mm. In the
final distillation 77 9, (240 g) of the distillate was collected over a density range of 0.0002
g/ml (the whole distillate was collected over a density range of 0.0005 g/ml). The frac-
tions making in all 240 g were combined into one sample. A vapor phase chromatographic
test on the sample did not indicate the presence of any impurities. Part of this sample,
after treatment with calcium sulfate and simple distillation, was used in the heat of com-
bustion experiments.

1-Bromoheptane. The commercial sample (Columbia Organic Chemicals) was treated
in order with cone. hydrochloric acid, water, 10 9% sodium bicarbonate solution and water,
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Table 1. Comparison with earlier data of density and refractive index data for the samples
prepared in the present investigation.

Refractive index

Compound Dz;l;ilt y
and D H HE
reference 1 i

20° 25° 20° 25° ] 20° } 25° 20° 25°

1-BROMOBUTANE

Present investigation 1.2758 (1.2686 |1.4398 |1.4374 [1.4371 |1.4347 |1.4463 (1.4438
Tschamler, Richter and

Wettig ° 1.2694 (1.43981

Skau and McCullough ° 1.2686

Lucas, Dillon and Young 1! (1.2756 [1.2686 |1.4403
Timmermans and Martin 12 |1.27568{1.26844{1.43975/1.43725|1.43690(1.43440(1.44615|1.44355
1-BROMOPENTANE
Present investigation 1.2186 (1.2123 |1.4444 1.4420 |1.4418 |1.4394 |1.4509 |1.4485
Skau and McCullough ° 1.2121
1-BROMOHEXANE
Present investigation

Sample I 1.1745 [1.1688 |1.4475 |1.4452 [1.4449 [1.4426 |1.4539 |1.4516
Present investigation
Sample II 1.1745 {1.1686 |1.4475 |1.4454 [1.4446 [1.4425 |1.4537 |1.4513
Tschamler, Richter and
Wettig ° 1.1690
1-BROMOHEPTANE
Present investigation 1.1402 (1.1348 {1.4503 |1.4481 (1.4477 |1.4456 |1.4566 1.4544
Deffet 12 1.1399 11.1345 1.4477 |1.4456 1.4568 |1.4546
1-BROMOOCTANE
Present investigation 1.1129 (1.1077 |1.4526 |1.4505 (1.4499 |1.4478 11.4588 |1.4567
Deffet 13 1.1129 |1.1078 1.4501 |1.4481 1.4592 |1.4572

and then dried first with calcium chloride and finally with phosphorus pentoxide. The
resulting 83 g were purified by successive fractional distillations at pressures 105 and 45
mm, respectively. In the final distillation all the distillate was collected over a density
range of 0.0001 g/ml. Part of this distillate was used in the heat of combustion experi-
ments without further treatment.

1-Bromooctane. The commercial sample (Kebo) was treated in order with conc. sulfuric
acid, water, 10 9, sodium carbonate solution and water. The product was dried with cal-
cium chloride and the resulting 515 g were fractionated by successive distillations at
pressures 100 and 40 mm. In the final distillation 89 9 (318 g) of the distillate were
collected over a density range of 0.0002 g/ml. Part of this distillate was dried with
calcium sulfate and distilled at 2 mm. A middle fraction was taken for the combustion
experiments.

Table 1 gives the densities, at 20 and 25°C, and refractive indices for the spectral lines
D, Hg and Hg, at 20 and 25°C, of the samples used in the heat of combustion experi-
ments. The density measurements were made with a standard Ostwald-Sprengel pycno-
meter to an accuracy estimated at 4 0.0001 g/ml and the refractive indices were measured
with a calibrated Pulfrich refractometer, giving refractive index values within estimated
error limits of 4 0.0001. :

For comparison with earlier data on density and refractive index of highly purified
samples of the various compounds, the results from certain selected previous investiga-
tions *°13 are also listed in Table 1.
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HEAT OF COMBUSTION MEASUREMENTS

Apparatus and procedure

The same calorimetric systems, A and B, and the same experimental
procedures used in the work reported in Ref.> were used in the present heat
of combustion measurements. Calorimeter A was used for the measurements
on the samples of 1-bromohexane Sample II and 1-bromooctane and calori-
meter B for 1-bromobutane, 1-bromopentane, 1-bromohexane Sample I and
1-bromoheptane.

Results

The results of the combustion experiments are presented in Tables 2—4.
The symbols have the same significance as in corresponding tables of Refs.5,14.
It should be noted that, (i) the results listed in Table 2 were obtained in
experiments with calorimeter B and those in Tables 3 and 4 in experiments
with calorimeter A; and (ii) the reference temperature, t,, was 20.0°C in experi-
ments with calorimeter B and 25.0°C in experiments with calorimeter A.

Calculation of results. The results were calculated as given in Ref.4 by
use of eqns. 3—5 of Ref.5

Unit of energy. Auxiliary quantities. The results are given in terms of the
defined thermochemical calorie equal to 4.1840 abs. joules. The —AEc° /M
values refer to the reaction represented by eqn. 1, in which all reactants and
products are in their thermodynamic standard states 1 at the temperature t:

CoHpy14Br(liq) + (6n +-1)/4 O,(g) » n CO,(g) + (2n +1)/2 Hy0(liq) +

+ $Br, (liq) (1)
For both samples of benzoic acid used in calibration experiments with the two
calorimeters the certified value 7,8 for the heat of combustion under certificate
conditions is 26.4338 4 0.0026 abs. kj/g mass which is equal to 6 317.83 +
0.62 cal/g mass. This value is recalculated, as given in Refs.5:!8, to give the
values 6 312.92 4- 0.62 and 6 314.12 4 0.62 cal/g mass for the standard heat
of combustion per gram mass of the sample, —AEc’/M, at 25°C and 20°C,
respectively.

In addition to the numerical quantities given in Ref.® (Table 8) the values
listed in Table 5 were used in the calculation of the results. The symbcls in
Table 5 denote: p the density, ¢, the specific heat, and (3E£/0P), the energy
of compression of the substance. The density values are from the present
paper. The specific heat values for 1-bromobutane, 1-bromopentane and 1-
bromohexane were obtained from data given in Ref.? by plotting and extra-
polation, and the specific heat values for 1-bromoheptane and 1-bromooctane
were estimated by analogy with the three lower homologues. The (0E/0P)
values were calculated from the corresponding density data using the approxi-
mate relation (0E/0P), = —T(dV/dT), as discussed in Ref.18 (p. 34243

Uncertainties. The standard deviations of mean given in Tables 3 and 4
were calculated in the conventional way1®(® 43 Because of the small
number of experiments on each of the compounds listed in Table 2 the stan-
dard deviations of mean in this table were calculated by the method given in
Ref.20 (- 18-7) ytilizing all 13 individual experiments of the table.

Acta Chem. Scand. 15 (1961) No. 2
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Table 5. Auxiliary quantities for calculation of results 2,

[4 cp (0E[0P)r

Coml(’l‘i’“)“d g/ml cal/g deg | cal/g atm

a 20°C 25°C 25°C 20 —26°C
1-Bromobutane 1.2758 1.2686 0.27 —0.0064
1-Bromopentane 1.2186 1.2123 0.28 —0.0081
1-Bromohexane 1.1745 1.1687 0.30 —0.0060
1-Bromoheptane 1.1402 1.1348 0.31 —0.0060
1-Bromooctane 1.1129 1.1077 0.32 —0.0060

28 See text for comments.

The final over-all standard deviations 1% (- %2) given in Table 6 were cal-
culated by the method described in Ref.® (- 139) uging the following values for
the ratios &/g;:

8 /g, = 0.5 X 107%; s8,/q, = 0.7 X 10* (Table 2), 0.6 X 10™* (Table 3) and
0.8 X 107* (Table] 4); 83/g; = 0.6 X 10 (Table 2), 1.0 X 10~* (Table 3) and
0.8 X 10™* (Table 4); s,/q, = 350 X 107%; s5/gs = 13 X 1074,

Derived standard heats of combusticn

The —AEc°/M mean values given in Tables 2—4, cn recalculation by
conventional methods 2! (P 108—4)  ogqve the values listed in Table 6 for the
standard energies of combustion, AEc°, at 20°C and 25°C, and the standard
enthalpies of combustion, 4Hc°, at 25°C for the various compounds.
The data refer to the combustion reaction represented by eqn. 1, in which all
reactants and products are in their standard states. The uncertainties were
calculated as described in the preceding section.

Table 6. Derived standard heats of combustion.

1-Bromooctane(liq)

193.140

1272.0040.54

Compound Molecular| —4Ec°at 20°C | —AEc®at 25°C | —4Hc®at 26°C
d stat ight 8
and stato welg kcal/mole keal/mole keal/mole
1-Bromobutane(liq) 137.032 | 648.08+0.30P 649.174-0.30b
l-BromoEentane(liq) 1561.059 | 803.974-0.34 805.30+0.34
1-Bromohexane(liq)
Sample I 165.086 | 961.26+-0.36 962.824-0.36
Sample II 959.99+0.38>' 961.914-0.38
1-Bromoheptane(liq) 179.113 (1 116.724-0.38 1118.52+0.38

1274.562+0.54

8 Computed from the 1957 table of atomic weights?3,
b The uncertainties in this column are equal to twice the final over-all standard deviation;

see text for comments.
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Table 7. Derived standard heats of formation.

AHf°(liq) at 25°C| AHvaat 25°C | AHf°(g)b at 256°C
Compound
kcal/mole kcal/mole kcal/mole

1-Bromobutane —34.47 4 0.31¢ 8.80 + 0.256d | —25.67 4 0.40¢
1-Bromopentane —40.72 4- 0.35 9.70 + 0.30 —31.02 4 0.46
1-Bromohexane Sample I —45.57 4+ 0.37 10.60 + 0.30 —34.97 + 0.48
Sample II —46.48 + 0.39 10.60 + 0.30 —35.88 + 0.49
1-Bromoheptane —52.24 4 0.39 11.55 + 0.35 —40.69 4 0.52
1-Bromooctane —58.61 + 0.55 12.35 4+ 0.36 —46.26 4- 0.65

2 For the process CaHy,Bry(liq) - C,HyBry(g), at saturation pressure at 25°C.

b See text for comments.

¢ The uncertainties in this column are equal to twice the final over-all standard deviation?®.

d The uncertainties in this column are estimates.

¢ The uncertainties in this column are equal to twice the final over-all standard deviation
(including the estimated unceitainties assigned to the AHv values in column 3)19.

HEATS OF FORMATION

Standard heats of formation, 4Hf®, at 25°C, referring to reaction 2,
n C(c, graphite) + (2n+1)/2 Hy(g) + § Bry(liq) - C Hp,+,Br(liq)  (2)

were calculated from the —AHc® values given in Table 6 and the selected
values ® for the standard heats of formation of gaseous carbon dioxide 4,
—94.0539 4 0.0108 kcal/mole, and liquid water 2, 68.3174 + 0.0096 kcal/
mole. The value for carbon dioxide is corrected to the present atomic weight
of 12.011 for carbon. The derived standard heats of formation for the liquid
compounds are given in column 2 of Table 7. In column 3 are listed heats
of vaporization, AHv, at 25°C for the various compounds, calculated from
data in Refs.28,27. Resulting standard heats of formation, at 25°C, of the com-
pounds in the gaseous state are listed in column 4. Actually, the values given
in this column apply to the compounds at their saturation pressures at 25°C.
It can, however, be estimated 27 that reduction of the values to apply to the
compounds in a state of unit fugacity (1 atm) will change the values by less
than a few hundredths of a kcal/mole. Therefore the given values have been
listed as standard heats of formation.

DISCUSSION OF RESULTS

The internal consistency of the derived heat of formation data in
Table 7 can be checked in the following way.

It has been shown 28 that for several homologous series of hydrocarbons
the standard |heats of formation of the gaseous compounds can be expressed
by the following relation:

AHf315 [Y—(CH,),—H, gas] = A + Bm + 6 (3)

Acta Chem. Scand. 15 (1961) No. 2
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Table 8. Values of & in the relation AHf s [CH,Br —(CH,), —H,gas] = A + B x m
+ 6 for the standard heats of formation, in the gaseous state at 25°C, of the 1-bromoalkanes

0 = AHf 45—

o A+Bxm AH{C 5 15 (A + B x”n;‘;

kcal/mole kcal/mole keal/mole

= —11.164 kcal/mole, B = —4.926 kcal/mole
4 —30.87 —31.02 + 0.46 —0.15 + 0.46
5 (Sample T) —35.79 —34.97 + 0.48 + 0.82 + 0.48
5 (Sample II) —35.79 —35.88 .- 0.49 —0.09 + 0.49
6 —40.72 —40.69 + 0.52 + 0.03 + 0.52
7 —45.65 —46.26 4+ 0.65 —0.61 + 0.65

= —11.364 kcal/mole, B = —4.926 kcal/mole
2 —21.22 —21.98 + 0.402 —0.76 + 0.40
3 —26.14 -25.67 + 0.40 + 0.47 £+ 0.40
4 —31.07 —31.02 + 0.46 + 0.05 + 0.46
5 —35.99 —35.88 + 0.49 + 0.11 4 0.49
6 —40.92 —40.69 + 0.52 + 0.23 4 0.52
i —45.85 —46.26 + 0.65 —0.41 + 0.65

2 Ref.t

where (CH,),—H is a n-alkyl group bonded to any end group Y (methyl,
vinyl, phenyl, cyclopentyl, cyclohexyl), A is a constant characteristic of the
end group, B is a constant for all n-alkyl series, independent of Y, and ¢ is
a term which has a small finite value for the lower members of a series and
becomes zero for the higher members, beginning near m = 4. Choosing the
bromomethyl group as end group for the 1-bromoalkanes, CH,Br—(CH,),,—H,
and using the same relation 3 and the same numerical value of B, —4.926 kcal/
mole, as for the various hydrocarbon series, a value for A can be calculated
from the derived heat of formation values for 1-bromopentane, 1-bromohexane
Samples I and I, 1-bromoheptane and 1-bromooctane, for which compounds
m > 4 and for which ¢ in eqn. 3 therefore can be assumed to be zero. The
value obtained for A is —11.164 kcal/mole. Using this figure the & values
given in the upper part of Table 8 are obtained. It is seen that only in the
case of Sample I of 1-bromohexane does the value of § differ significantly
from zero. Preference may therefore be given to the heat of formation value
obtained for Sample IT of 1-bromohexane. Accordingly a different value for
A can be calculated from the same heat of formation data as above with exclu-
sion of that for Sample I of 1-bremohexane. The value —11.364 kcal/mole is
thus obtained for A. Corresponding é values are given in the lower part of
Table 8.

The given discussion has thus shown that the heat of formation data de-
rived from the heat of combustion values obtained in the present investigation
are internally consistent when the heat of formation derived from the heat
of combustion of Sample I of 1-bromohexane is excluded. It has also been
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shown that the standard heats of formation at 25°C of the C;—Cg 1-bromo-

alkanes can be expressed by the relation:
AHfg315 [CHBr—(CH,),,—H, gas] = —11.364 — 4.926 X m kcal/mole
(m = 4, 5, 6, 7).
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