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Calorimetric Properties of Normal;Heptane
From 0° to 520°K

Thomas B. Douglas, George T. Furukawa, Robert E. McCoskey, and Anne F. Ball

Precise measurements of the heat capacity of solid and liguid n-heptane from 20° to
523° K are desceribed.  An adiabatie calorimefer, with which were determined also the triple
point and the heat of fusion, was used from 20° to 370° K, whereas a drop method was used
with a Bunsen ice calorimeter from 273° to 523° K. These two series of heat-capacify
measurements and three other series of independent values show a maximum difference ef
approximately 0.25 percent in the range 50° to 370° K. Besides the heat capacity, the
enthalpy, entropy, and Gibbs free energy of the solid and liquid at saturation pressures
from 0° to 520° K are derived and tabulated. The same properties of the ideal gas from
2087 to 4707 K also are derived by making use of published precise measurements of gaseous
heat eapacity, heat of vaporization, and the normal boiling point. Interconsisteney in the
values of the various thermal properties is shown by the faet that the vapor pressures
caleulated from these values agree with those precisely measured by other investigators
between 209° and 372° K to within £ 0.1 percent,

| urements with a high-purity n-heptanesample from a

1. Introduction re : :
' different source. Both samples, however, were of

|

Normal heptane is one of the naturally abundant l
hydrocarbons, and in fact is one of the most abundant
components of some fuels for internal-combustion
engines. Its thermal properties are, therefore, of |
corresponding practical importance,

This substance was recommended recently, at the
Fourth Conference on Low Temperature Calo-
rimetry ' [1]% as one of several materials suitable as
standards for the intercomparison of precision heat-
capaecity calorimeters. There are at present many
lnboratories condueting high-precision heat-capacity
measurements on various substances.  In view of the
laborious nature of this work it seems desirable that
all work be compatible. At the time of the April
1947 meeting of the American Chemical Society in
Atlantic City, N. J., a group of representatives from
different laboratories engaged in heat-capacity calo-
rimetry met informally to discuss ways of comparing
heat-capacity measurements made m different lab-
oratories and of improving calorimetric technigues.
At the time of this meeting the group agreed upon a
plan to distribute to participating laboratories iden-
tical samples of several substances for comparative
measurements. Such substances were to have suf-
ficient purity so that the impurities present would
have insignificant effect upon the heat-capacity
value. At the Fourth Conference on Low-Temper-
ature Calorimetry n-heptane, along with benzoic acid
and synthetic sapphire (a-aluminum oxide) was
selected as a standard for the intercomparison of heat-
capacity calorimeters. The Bureau undertook and
subsequently completed the task ol preparing and
packaging these materials in suitable quantities for
distribution. The results of measurements with the
low-temperature adiabatic calorimeter, given in this
paper, were obtained on this Calorimetry Conference
n-heptane sample, whereas the results of the Bunsen
ice calorimeter are based on the heat-capacity meas-

e
Hhe Conference on Low Temperatore Calorimetry was venamed the Cal-
orimetry Conference at the meeting held on September 5; 1930, in order to include
other fields of calorimetry.
? Figures in brackets indieate the literature referenees at the end of this paper.
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sufliciently high purity that the effect of the impuri-
ties on the results is believed to have been negligible.
[t is hoped that other laboratories will also make
heat-capacity measurements on the Calorimetry Con-
ference n-heptane, so that calorimeters of various
design and the results obtained with them may be
compared and a more general agreement may be
reached on the heat-capacity values of this substance.

Advantages of using p-heptane as a standard in-
clude the following: It can be readily purified (espe-
cially with respect to nonhydrocarbon impurities),
it 1s chemically stable up to its critical temperature
(540° K), and it can be easily distilled into or out of
a calorimeter, A discussion of its use as a heat-
capacity standard was recently published and values
at even temperatures were given [2].% The present
paper deseribes the basic experimental measurenents
in considerably more detail.  Although the Calo-
rimetry Conference recommended rn-heptane as a
heat-capacity standard from 10° to 300° I, the re-
sults of the measurements presented here indicate
that with proper care the substance can be used for
this purpose to 400° K.

The heat capacity of n-heptane was measured be-
tween 20° and 523° K, using two calorimeters widely
different in design. An adiabatic method was used
from 20° to 370° K, and a “drop” method was used
from 273° to 523° K with an accurately thermo-
stated furnace and a Bunsen ice calorimeter. The
two methods overlap in the temperature range 273°
to 370° K, where they serve to check each other.
The triple point and heat of fusion were measured in
the adiabatic calorimeter. Vaporization corrections,
which become very important in the region of the
critical temperature, were derived, using precise
measurements of vapor pressure and liquid density
made elsewhere.

Several series of precise measurements already
published have been combined with the data reported

3 Some of the values were later corrected [2a).
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here to give eritically adjusted values of the thermal
properties of the saturated solid and liquid and of
the ideal gas. Heat-of-vaporization and wvapor-
pressure data from 298° to 371° K were used to cal-
culate the second virial coeflicient, as well as the
entropy, of the real gas at one temperature. Data
on gaseous heat capacity and its variation with pres-
sure, at temperatures from 357° to 466° K, were
used to evaluate the variation of the second virial
coefficient with temperature and the derivation, up
to 470° K, of thermal properties of the ideal gas
consistent with the best vapor-pressure measure-
ments up to the normal boiling point (372° K.

2. Low-Temperature Calorimetry
2.1. Apparatus and Method

The low-temperature series of heat-capacity meas-
urements was made from about 20° to 370° K, using
an adiabatic calorimeter similar to that described by
R. B. Scott, et al. [3]. The readers are referred to
this reference for details of the design and operation
of the calorimeter. The calorimeter used in this
investigation differed only in one respect from that
deseribed, in that it did not have a filling tube.
The container was suspended within the shield sys-
tem by means of a linen string. Brieflv, the appa-
ratus and the procedure were as follows: The normal-
heptane sample, about which details will be given
in the next section, was sealed in a copper container
and suspended within the adiabatic shield system.
The copper container had a volume of about 100 ml
and was provided with a central well for a thermom-
eter and heater assembly. Vanes, spaced about 4
mm apart, radiated out from the well to the con-
tainer wall. A thin layer of pure tin was applied
to the inner surface of the container to provide an
inert surface to the sample and to solder the vanes
in place. The outer surface of the container and
the adjacent shield surface were gold plated and
polished to minimize the heat transfer by radiation.
The space surrounding the container was pumped to
a pressure of 107° mm Hg or less.  During the heat-
capacity experiments the shield temperature was
controlled manually to be the same as that of the
container surface by means of shield heaters and
constantan—chromel-P differential thermocouples.

The electric power input was measured by means
of & Wenner potentiometer in conjunction with a
standard cell, volt box, and standard resistor, A
precision interval timer, operated on 60-cycle stand-
ard, was used to measure the time. The timer was
periodically compared with standard second signals
and was found to vary not more than 0.02 sec for
a heating period, whizh was never less than 2 min,
The temperatures were measured by means of a
platinum-resistance thermometer and a high-preci-
sion Mueller bridge. The platipum-resistance ther-
mometer was calibrated above 90° K in accordance
with the 1948 International Temperature Secale [4],
and between 10? and 90° K with a provisional scale
[6], which consists of a set of platinum resistance

thermometers calibrated against a helium-gas ther- | table 1 and are plotted in figure 1.

mometer. The provisional scale is based upon the
value 273.16° K for the temperature of the ice
point and 90.19° K for the temperature of the oxy-
gen point.  All eleetrie instruments and accessory
equipment were calibrated at the Bureau.

2.2. Sample, Purity, and Triple-Point Temperature

The normal-heptane sample was a part of the
high-purity material prepared for the Calorimetry
Conference. The material was synthesized and
purified by distillation under the direction of F. 1.
Howard of the Engime FFuels Section of the Bureau
[5a]. The distilled produet had a purity of 99.98
mole percent. R. T. Leslie of the Pure Substances
Section purified this material further by fractional
erystallization.  The process involyed slow erystal-
lization in a vacuum-walled flask immersed in liquid
nitrogen. A single-walled flask was attached mouth-
to-mouth to the vacuum flask by means of a ground
joint.  During the freezing process, this assembly was
rotated around the axis joining the two flasks with
periodic reversal of the direction of rotation to
agitate the mixture. When 50 to 75 percent of the
liquid was frozen, the assembly was inverted to
drain unfrozen liquid into the single-walled flask.
This procedure was repeated until the material was
found to be sufficiently purified, as determined
calorimetrically from its melting curve. The ma-

| terial was passed later through purified silica gel to

remove water.  In order to obtain the highest pos-
sible degree of identity in all samples, the n-heptane
was subdivided in the liquid state without distilla-
tion. The material was siphoned into  800-ml
flasks, which in turn were subdivided into 100-ml
ampoules. The contents of one (sample O-E) of
these ampoules were used in the low-temperature
heat-capacity measurements.

All of the sample contained in the break-seal
ampoule was transferred under vacuum by distilla-
tion into the sample container and sealed. The
purity of this material was determined calorimetric-
ally from the equilibrium melting temperatures at
various liquid-solid ratios as determined from the
enerey input, heat of fusion, and heat capacity of
the system. The system was assumed to follow
Raoult’s law of solution and to form no solid solu-
tion. The simplified equation, N;=AAT, was used
to represent the relation between the mole-fraction
impurity, N, and the depression, AT, of the triple-
point temperature of pure n-heptane. The crvo-
scopie constant, A, was calculated from A=L/RT/,
where Ly is the heat of fusion, £ the gas constant,
and 7', the triple-point temperature. The ob-
served equilibrium  temperatures were plotted as
the function of 1/F, the recripocal of the fraction
ol material melted. The product of the slope of
this curve and the eryseopie constant was taken to
be the mole-fraction impurity. As N, is propor-
tional to 1/F, the curve extrapolated to 1/F=0 was
taken to give the triple-point temperature of pure
n-heptane.

The results of the measurements are given in
The purity
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Fravwe 1. Equilibrivm melting temperatures of n-heptane.
computed from the curve is 99.999 mole percent
with an uncertainty of about 0.002 in this figure.
The temperature intercept is 182.5619° KX on the
basis of the value 273.16° K for the temperature of
the ice point; and the triple-point temperature, con-
sidering calibration uncertainties of the bridge and
platinum resistance thermometer and the uncer-
tainty of the temperature secale, is taken to be
182.56 £0.01° K.

Tavve 1. Fguiibrivm melting temperatures of n-heplane

Na=0.0506 AT

1/ # Tobin.®

b 4T 1% T
& 15 G

A 15

1. 80

182, 6617
1,32 182, 514
105 182, 5617
1. 00

Temperature intercept, 182.5019° K.
Purity, 899900002 mole perecnt.

& These temperatures were obtained from the relation K ="C4-273.1600° and
Are o ite to =001 deg K, The last two decimal places are sig cant only
in the measurement of small temperatore differences.

Columm 3 of table 1 gives temperatures caleulated
from the relation 7,— Toare. =1

LIAF, in which N is
the mole-fraction impurity as obtained from the
experimental data. The comparison of calculated
and observed equilibrium temperatures shows that
the material followed closely Raoult’s law of solution
and formed no solid solutions, In all caleculations
the value used for the eryoscopic constant, /1, was
0.0506 deg".

2.3. Heat of Fusion

The heat of fusion of n-heptane was determined
in the usual manner, in which electric energy was
added continuously from a temperature shghtly
below the triple point to a temperature above it,
The total added energy was corrected for the heat
capacity of the container and sample below and
above the triple point, and for the premelting of the

sample due to the impurities, In table 2 are given
heat-of-fusion measurements made with sample O-E
and with another sample, 7-F.  Sample 7-I¢ is from
another ampoule of n-heptane prepared for the
Calorimetry Conference.  The purity of this sample
was found to be 99.997 +0.002 mole percent, The
heat-of-fusion results with sample 7-F are generally
lower, and the difference is considered to arise largely
from the uncertainty in the heat-capacity correc-
tions and not from the slight difference in purity.
The heat of fusion obtained is probably accurate to
about 0.1 percent, and this quantity is taken to be
14,022 414 abs j mole™,

Tasue 2. Heat of fusion of n-heptane

| T
| | Corrections
= Telmlii————i——
Femperatura Vinaicas AHy,
intervil Ililllliiii“ | Heat Fre- total ALl
i capue- | melt-
[ | ity ing |
—_— [ I E—
| =
i s | abej ahs J | alw j ahs | ahs j mole=t
178.7994 to 185,808 s___| 0201.1 | S44.3 0.8 8447. 6 14014. 2
177.4225 to 184.2878 a__ | O315.9 | 8678 N S448. 7 140160
1804110 to 1859838 »___| 346 | 5867 1.5 444 4 14017, 1
179.6455 to 187.5300 b___| 9300.8 | 1,155.3 0.5 L4600 14034, 6
150.8642 to 1851144 5| B750.6 | G16.8 ) H144, 7 14050, 7
|
L 14022.1

Standarddexiation = o

o Sample 7-F, mass 60,3084 g.

b Bample O-F, mass 58.1570 g. . .

s Standard de fon as used here is defined as [Bd/(n—1)13, where d is the
differenee belween a single observation and the mean, and a s the number of
ohservations.

2.4. Heat Capacity

The heat capacity of the n-heptane sample was
measured from about 20° to 370° K. Both high-
and low-filling runs were made under calorimetrie
conditions as nearly identical as possible. The
high-filling experiments contained 58.1570 g and the
low-filling, 2.0196 g. In order to minimize the
curvature ecorrection in the temperature range where
the heat capacity has a large curvature, the tempera-
ture change per heating interval was generally
smaller than 2 deg below 35° K and from 2 to 5 deg
between 35° and 80° K. Above 80° K, the tem-
perature change was made from about 5 to 10 deg.
Curvature corrections were applied to those measure-
ments wherever significant, according to the relation
given in a different notation by Osborne, et al. [6]:

AT?

n 24- .

- 3 1)

in which Z,_is the corrected heat capacity of the
sample container plus its contents (solid or liquid
and vapor) at the mean temperature, 7, of the
heating interval, AT'; ) is the elecirical energy added ;
and (0°2)/(07%)s, 1s the second derivative of the
heat capacity with respect to temperature at 7).
The principal data from the high- and low-filling
heat-capacity experiments are given in table 3.
The heat-capacity data given are “raw’ and do not
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Tasun 3.

Data from the low-temperature heal-capacity experiments with n-heplane®

|
T 7 ’ [ [ T 7 ( AT | ‘ T ‘ 7 ‘ AT ‘ T | 7 AT
THgh-filling experiments; mass of sample—58.1570 ¢ Tigh-filling experiments; mass of sample—a8.1570 g—Cantinued
Run 1 Run 7 Hun 13 | Run 15
| . | . .
e o o g K rtbﬂj deg-t K ahs j deg=! 20 | K ahs Jdeg=t K
potel et Ll I 286, 1581 | 17H.H0 | 10,5287 1466258 | 108, 4633 0, 3105 18,0888 | 6623 0. 6523
B08.5919 | 180, 1*3 3 3808 206, 6081 | 177,073 10, 3616 155.8804 | 112,736 0, 1968 || 18. 8562 0), 8825
53"'5' "é‘l)(! 189, 244 - 9"5:‘3 A0, 8R46 179, 766 10, 1944 165, 4900 117,399 10,0225 189 8244 1. (1538
.‘}{,5‘ 3%52 184, 860 "f" 4,3'}.2 3153503 18476 {h 7108 172, 3144 120, 916 3. 6262 21445 | 1. 3Rk
S50, ;'qu 1R7. 768 10, 2021 4224615 183,014 7. 4620 175. 9090 123, 087 SE029 || 225367 | 1. 5080
A16.3218 | 190670 | 10,1318 e | ] AT8:6HT | Dk Bt 4-7p4h oo B
pg srdn: || (1 bos 90718 Ba0. 7407 | 191,800 . 7104 7. 84056 21257
365,658 | 196,293 B, 5089 e g o SieBl T
360, 2010 104, 718 4, 3812 | Run 14 30, 1142 2,493
a6, t042 167, 525 1, 2452 325786 2.4370
Run 2 25 6501 13,989 1. 3118
o7 4w | 15028 29171 Funds !
Run § 29 5008 18, 215 I, 368
83, 5302 Td. M7 . 0007 31, 5001 20, B3 2.2507 173, 18 121431 4, 5405
), BE1 78.311 8. 2002 33 l;}.lﬂ 22, ;IE& 1 H:‘Dg 1;’;‘? Hﬁﬁ% 124, 58 4,601
0. 1662 53, 700 8. 6480 47306 s 4 8500 35, 5168 25,156 1. B! L 571 126, 997 0. 501
107,060 | 53,800 | 81519 it B i R
| 165173 | 03.807 9. 8606 65.7830 | 57,800 5, (228
126, 3223 08, 811 o, (204 21,1395 72 T30 1884 Low-filling experiments; mass of sample —2.0106 £ 0.2427 £ more solder
1366000 | 104,349 8. M71 SR 7 s T (Sn/ Ph=63{37)
14,2574 | 107.207 9. 3807 SL4408 | 71450 e iy
{”-3 ;ﬁgg n‘l;@g g gggi 815, 1744 75, 767 5. 8618 : Sian'E
12, D529 i, 15 . Bt o = e 0 119 tun 1 un
172, 7290 121,25 o (743 42, 7i6d 79, 640 1192 .
192, 3538 159. 372 4, 9404 === — |
108, 5635 159, 579 ARG | A5, 8719 16,514 | 05, 0400 31000
Run 9 A.1715 15. 020 104 0518 Ad. 344
fil. K145 19,242 113, 2810 356, 381
Run 3 — e ik, 3616 20.34 | 1228148 47,221
7. 7752 21,778 132, 7276 38, 882
H8, 1493 L4778 T2 0080 23. 440 1438 2104 40, 4064
202, 1632 159, 785 86710 4, 2722 . THEL Tho3628 | 25008 153, 4330 A1, 085
211, 5120 140, 5869 10, 26 fith, 1500 A st £8P L g 20, 978 164, 8138 42 857
221, 4841) 161, 756 . 0373 736702 A, 01 B7. 36t 28,023 175, TS 44, 175
231, 30003 163, 196G B. 846 78, 7274 FORLL e |04, 1708 $, 605 186, 9104 A4, 1060
164, R48 W, 7465 B4, 0442 o s | 185, 5106 46, (43
166, 763 11. (063 8. 4368 B 2488 Run 2 206, 5182 47,408
| 169, (28 10. 8557 115, (62 B, 0100 1 218, 0234 47,908
171461 10,7012 100, 9718 B80S 228, hugs 48, 451
173, 48 10, 529 | .27 14, 000 4. 2164 239, 01431 48, U
17k, 623 10, #3801 a4 6asl 1A, 900 5. G276 21K, 0366 49; 40}2
179.231 10. 2221 1. BTN 15, il . 1223 20 ier 44, 739
Run 10 138, 32000 2197 ot 200, 5, 1.
| o = 0. 8806 éf 1{:[:3 a0, 747
| 75, 0750 i &l 343
B d . - . 70 50R3 | 26, 282 51, 062
ot B i 8320 | 27630 52 0@
RT. (0867 75.764 5. 8664 393‘ El?n? Hl;l Eﬂ;@ :'il 45'»‘48 R TH50 211 42 -"3-! 217 |
4. 1360 80, 562 8, 2342 10115 | 55180 & 0098 &3, a2 |
025472 | 85523 5. 5002 s ao0e | To.46e i 3103 Run § : Sl
10.828 | 50,652 8.1010 53,3012 | 45,361 T S
119, 9577 5, 578 10, (287 57‘ 82398 50' 031 492102 ’ ; e 359 r‘ml i, 470
120,762 | 100,507 . 5283 Bidos | stisy i fnes 90.0021 | 29,716 #7200
1390688 | 104,952 91162 ? 4. 4504 32.225 A.0007
148, 4451 100, 311 0. G571 108, 1482 34, 280 5. 4818 Run &
157, 0138 113,671 9. 2804 i }}?. H?ﬁ :il'r. é?ﬁ Ei} E’J“:in'(.i“[il
170, 276 i 1), 264 26, 42¢ #7. 8t
1?7, i'ﬁ# };‘j %2}1 14_-‘2;3’?; Hundl 136, 1844 30, 411 10, 4229 ‘ 283, 4277 | E101 10, 7312
146, 5647 400 84S 10.3458 || 2040822 61812 10. 5078
— = 157, :ﬁ.ﬁ 'ﬁ }S; }: 1;(:3\‘!;! || I:I:l); ::J"ﬂi 62, 18 T, 48403 |
49,170 a1, 23 2807 1604136 | 4348 6405 || 315050 S4.078 10,3401
Run 5 L }L;':‘sﬁ 2%] ﬁ; {j 53‘4’7 190. 0446 46,4311 10,8261 || 825.4872 5. 702 10,5338 |
= 35, 7605 25 449 a 0704 2)[1K11. 1;3‘.;1 _:Ei. Q?g 10, ﬂl’\gl: | 345, 7315} il -I:Ié 10. 3:212 |
e : 281 e 211, 7. 5t 1), 5287 446, 045 55,2 10, 2570
e B #aHB i L omiomss | axie | 10.720 | B0l | BGST | d0.0820
78, 2031 124, 701 22168 AL g e Sun # iee ann Qe g e 1
1801178 | 126, 343 1 q0er 45, 7026 26,072 4. 7804 232, HZaR 4R. bas 10,2067 || 366, 3432 . 49 10, 1445 |
AL ik X i’ 50, BOOR 49, 448 5. (065 242, Th05 449, 150 10, 1776
= 55, 4880 47,578 4, 5405 | 1
Run @ 0. 5212 52080 40799 Run 4 !| Run 7
287, 8577 48, 904 10. 2812 221752 2.208 16617
190, 2470 159, 417 1. G256 Rumn 12b 248, (648 44, 400 10, 1330 2, BhRh 2972 1. 9252
192, 5642 159, 381 38,2512 258, 7514 49, 917 112401 | 25,8462 3. 331 1. 8300
7, BRTH 1534, 512 £, GG L 266, 9162 O, 404 11 0807 27, G380 3,908 17543
2004, 4228 156, 954 . 4735 S 280, 9424 51, 054 10, 9626 20, 5144 4. 55 1. whfs
211, 926 160, 626 5. BG4 184. 2073 154, 470 1. 7476 201, 8347 Ol hE2 10, 8220 A1, 7702 w420 2.5240
221, 2004 161,727 10, 1472 180, 5183 1549, 376 2.7044 302, 57492 52. 828 10, 5493 B4, 4385 i 508 2, 8014
3L R0 163, 182 0RIGL 184, 3652 160, 356 2. 7054 J18. 7007 52, 9R0 10, 8012 35, 5427 o418 8. dRhd
241, 1030 164, 822 SoR2TT || 121586 154, 3467 2. 7855 324, 242 . hind T 36740 43, fis1 1, 681 1, 7446
248, 7745 166, 251 &, 5154 104, 9534 150, 438 2. 7041 434 712 a1 420 10, B0 480516 12,807 4. 1623
254, 3081 1647, 738 O, G0ds 197, 2231 159, 534 1. 7452 345, 1500 55, 213 10, 3407 H2. 1308 14,855 4, (42
2036, 4640 164, 908 10, 751 200, 0135 159, BA6 B, 8350 403, 2012 i, (639 9. 0145 St 2870 1. 706G 4, 2820
277. 1451 172, 348 101, GHH0 207. T304 160, 185 11. 5081 365, 1253 Gith. B20 . 7538 | Bil), 3557 18,665 3. 8546
1
o The data given have not been corrected for premelting near the triple-point temperature or for enrvature,
b The heat-capaeity results from the measurements of this run, spaced at close temperature intervals, le either on or very close to the base line of figare 2.

avoid confusion they have not been plotted in the figure,
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contain corrections for premelting near the triple-
point temperature or for curvature.

In both series of measurement the observed results
(corrected for ecurvature) were plotted on a large
seale as deviations from approximate empirical equa-
tions, and smooth curves were drawn through the
deviation points. The deviation curves and the
empirical equations were used to obtain smoothed
heat eapacities at equally spaced integral tempera-
tures. The deviations of the experimental values
from the smoothed heat capacities are shown in
ficures 2 and 3. The points in the high-filling
experinients are in general well within 4-0.1 percent
of the net heat capucity below 182° K and within
-+ 0.05 percent in the range 182° to 370° K, whereas
those of the low-filling experiments are within --0.03

percent.
precision errors introduced
capacity values.

The heat capacity of n-heptane along the satura-

These give the measure of the respective
into the final heat-

tion eurve, (., was computed by the relationship
Zyw—2Z d dP i
) = Ll o 7 A 4 2 D)
Co=pprtit T ar (v ar @

Zw and Zy, are the smoothed heat capacities at” the
corresponding temperature, 7, for the high and low
fillings, respectively, corresponding to M, and M,
grams of n-heptane. In the term 7'(d/dT)[o(dP/dT)],
v is the specific volume of the condensed phase, and
P is the vapor pressure. Below 235° K, the last
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term amounts to less than 0.001 percent; conse-
quently, 1t was not applied below this temperature.
In arriving at the final heat-capacity values (table
5), those obtained in the manner outlined above
were compared in the range from 270° to 370° K
with the results from the high-temperature calorim-
eter and with previously published values [7].
The discussion conecerning the comparison and the
final values in this range will be given in section
4.1 of this paper. The heat-capacity values up to
270° K, however, were based entirely upon the
results obtained with the low-temperature adiabatic
calorimeter. These values are given in table 5 along
with those in the range 270° to 370° K and higher.
For a considerable range above the triple-point
temperature the heat-capacity curve shows a negative
slope. The heat-capacity curves of many other
substances also exhibit this behavior.

The heat-capacity values below 20° K in the final
table (table 5) were obtained by extrapolating the
lowest experimental results by means of a Debhye
function, The equation used was

15811)
j—' 7

which was obtained by fitting to the experimental
values at 20° and 30° K. 1) symbolizes the Debye
function and 138.15/7 its argument.

Cpr =60 n( (3)

2.5. Reliability of the Heat-Capacity Results Ob-
tained With the Low-Temperature Calorimeter

The precision of the heat-capacity measurements
is shown in the deviation plots of figures 2 and
The two series of measurements, high and low
filling, were made under conditions as nearly identical
as possible so that certain systematic additive errors
would ecancel out. The rate of temperature rise and
the positioning of the sample container, of the leads,
and of the thermocouples in the two series of experi-
ments were made as nearly identical as possible.

The mass of the sample container was slightly
different for the two experiments because of a small
difference in the masses of solder used in sealing the
container., A correction was applied for this differ-
ence from known heat capacities of lead and tin. The
heat-capacity correction for the lead-tin solder was
made on the assumption of additivity of the heat
capacities of lead and tin, and the maximum total
correction for the differences in the mass of the
rontainer was 0.15 percent of the net heat capacity,
which occurred at the lowest temperature of the
measurements.

In the test of a similar calorimeter used in the
heat-capacity measurements of benzoic acid [8], the
heat capacity of water was determined from 274°
to 332° K, and the results in general were within 0.02
percent of the very accurate values previously
published [9].

Upon consideration of the various sources of error,
it is believed that the heat capacities of these meas-

urements have from 50° to 370° K a probable
error * of 0.1 percent. Below 50° K the probable
error is believed to increase to 1 percent largely due
to the decrease in the sensitivity of the the rmoreter,
the smaller temperature intervals of the measure-
ments, and smaller eneregy input.

3. High-Temperature Calorimetry

3.1. Method and Apparatus

The enthalpy measurements at higher tempera-
tures, which supplement the heat-capacity measure-
ments made from 20° to 370° K, covered the range
273° to 523° K (0° to 250° C), extending to 17 deg
below the eritical temperature. These were carried
out by essentially the same method and with the
same apparatus used n recent years for measure-
ments on numerous other substances. The method
and revised apparatus have been deseribed in con-
siderable detail [10]. In brief, the method was as
follows: The sample, sealed in its container, was
suspended in a furnace until it came to the chosen
constant temperature, as measured by a platinum
resistance thermometer. It was then dropped into
a Bunsen ice calorimeter, which measured the heat
evolved by the sample plus container in cooling to
0° C. Between 150° and 250° C such measurements
were repeated on a much smaller sample in the same
container, so as to check the vaporization corrections
that are especially important at these higher tempera-
tures. As the same container was used earlier with
diphenyl ether [11], no repetition of measurements
on the empty container were made. The change in
enthalpy of the sample between 0° C and the tempera-
ture in the furnace was computed from the difference
between the value of heat with the sample present
and the earlier value of heat for the empty container.
The heat capacity was derived from enthalpy values
of the sample so determined for a series of furnace
temperatures,

The sample of n-heptane used for these high-
temperature measurements (NBS Standard h.l,mplo
216a), unlike the sample used in the adiabatic calorim-
eter, had neither been synthesized nor reerystal-
lized, but had been obtained by fractional distillation
from natural petroleum. Tts content of lm]mnl,\ as
determined at the Bureau by cryoscopic measure-
ments, was 0.01 £0.01 mole percent. When the
sample was cooled to the temperature of dry ice,
there was observed no cloudiness, such as would oceur
by crystallization of water. This n-beptane was
boiled to remove all air from the container while the
latter was being sealed for the enthalpy measure-
ments. A detailed deseription of the monel con-
tainer and of the method of filling and sealing the
sample in it were published in connection with the
work on diphenyl ether [11].

! For these measurements a true probable error eannot be compufed statisti-
eally. The values given are estimates arrived at by examining various sources
of error and they are to be considered (unless stated otherwise) as the authors’
best estimate of the error, which is just as likely to be exceeded as not.
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3.2. Results

The results of the individual measurements are
given in columms 1, 2, and 3 of table 4. The meas-
ured heats listed were obtained from the masses of
mercury drawn into the ice calorimeter, using the
calorimeter calibration factor of 270.48 abs j/g of
mercury.” The values in column 4 were obtained
by qmoulhmrf the mean values of measured heat for
the same t_'.mpi.y container determined and reported
earlier [11].  The value at 230° € was obtained by an
interpolation of the heat divided by the furnace
temperature (in deg (). This quotient varies
almost linearly with temperature.

In addition to the usual very small corrections for
calorimeter heat leak, two additional corrections
were necessary in the case of the largest sample
(3.7679 g) beeause of small changes in the mass of
material entering the calorimeter. The container
proved to be not absolutely tight when this sample
was run, and at the higher temperatures the large
vapor pressures of the n-heptane gave rise to small
accumulative losses of mass, aggregating to a few
hundredths of 1 percent of the total mass during the

5 This factor, differing slightly from the previously published[ 10] value of 27046
was arrived at by o correction of the cireuit constants applicable in all the nu-
merous ealibration experiments.
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measurements. At the same time it was assumed
that the long times of standing at room temperature
permitted the originally evacuated gas space of the
container to fill with air, and corrections for the
contribution of this, amounting to between 0.1 and
0.15 percent of the total heat of each experiment,
were applied.

After conversion to a molal basis, the difference
between the mean measured heat for the empty
container and that for the container with sample is
recorded in column 5, taking 100.20 as the molecular
weight of n-heptane. This difference would bhe the
enthalpy change if the vapor pressure were negligible.
Actually, to get the true enthalpy change of the
liquid alone, this difference was corrected by an
equation given by Osborne [12], modified by sub-
stitution from the exact Clapeyron equation for the
heat of vaporization.  This equation may be written

Hs=[Qls—qls +MPV fm]y—M[{ (Vm)—0 ) TAP/dT),
4,

where Hf is the enthalpy inerease from 0° to (° C
per mole of the “saturated’” liguid (i. e., maintained
at its eorresponding vapor pressure P at each tem-
perature); [/ is the heat evolved, per mole of
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liquid and vapor, in cooling from t° to 0° the closed
container filled with the liquid and vapor maintained
in equilibrium; [¢f; is the contribution to [(/]j made
by the empty container, shields, and suspension wire
(per mole of liquid and vapor); M 1s the molecular
weight of the Liquid; Vis the volume of the container;
m 1s the total mass of liquid and vapor; » is the
spectiic volume of the saturated liquid; 7" is the
absolute temperature; and the superseript ¢ and the
subseript 0 denote the value at £° minus that at 0° C.

The enthalpy of the liquid at each furnace tempera-
ture relative to that at 0° C' was further converted to
the heat change of the saturated liquid alone, be-
tween the same two temperatures, by use of the
llmrmnc!_\'mlmiv relation

=T uj (dP/dT)dl,

(5)

L1
where (' i3 the heat capaecity of the saturated
liquid. The resulting values are recorded in column
9, and their means in column 10, of table 4. In
arriving at these from the values of net heat de-

livered by the whole sample and recorded in column |

5, the emploved values of the three separate cor-
rection terms indicated by eq (4) and (5) are those
listed in columns 6, 7, and 8. These various quan-
tities are all given per mole of sample in order that
the magnitudes of the corrections relative to the
final heat values may be noted, espeetally to permit
an estimate of the relative seriousness of uneertain-
ties in them. It will be noticed that the second
correction, —M[{(V/m)—e} TdP[dT],, whose nu-
merical magnitude equals the heat evolved in the
condensation of vapor as the temperature changes
from £° to 0° C, is enormously larger for a given
furnace temperature in the case of the smallest mass
of sample. This is so, partly because the total
number of moles of sample is smaller and partly
because the fraction of the total container volume
not occupied by liquid and henece available to hold
vapor is many times greater,

The internal volume, V', of the container at room
temperature was determined by weighing it filled
with water, and, from consideration of the thermal
expansion and modulus of elasticity of monel, this
volume was assumed to vary almost linearly with
temperature from a value of 10.74 em® at 0° to
10.87 em?® at 250° C. The specific volumes » of
liquid n-heptane were obtained by extrapolation of
the precise values of Smith, Beattie, and Kay [13],
measured at several temperatures between 30° and
250° C and at a number of pressures, to the corre-
sponding vapor pressures. The values of vapor
pressure and its temperature derivative used in the
corrections were computed from the equation

—22.06549—1 :'19(;.{'.32;' i
+14.72529 logy, 7—0.02811435
+1.53130(10-5) 7%,

log;, ’(mm Hg)

(6)

whose coefficients were determined from the vapor
pressures given at the five temperatures 22.352°,
08.427°, 123.41° [14], 267.01°, and 250° C [15].

Equation (6) undoubtedly does not represent the
vapor pressures below the normal boiling point
(98.427° () as well as precisely measured values
cited later in this paper. However, the present cor-
rections are sufficiently small at these lower tem-
peratures to make these errors of negligible conse-
quence. At 150°, 2009, and 250° C the present
calorimetric measurements cover at least two masses
of sample (so-called “high” and “low™ fillings) at
each temperature, and separate corrections were
made for each filling. As an alternative pr ﬂ((t]lil{‘
the thermal data for the two sample masses at
given temperature may be substituted sn;m.mlely
into eq (4), with elimination of dP/dT as the least
aceurately known auxiliary datum. This was tried,
and simultaneous solution of these two equations
vielded values of dP/dT, which agreed within 1 or 2
percent with those caleulated from eq (6). How-
ever, this alternative procedure of treating the data
was not adopted.  As the values of dP/dT caleulated
from eq (6) were believed to be at least as accurate
as those calculated from the thermal data alone, the
former were used. This permitted the caleulation
and comparison of separate corrected thermal values
from the data on the different sample masses. The
mean for each temperature listed in column 10 of
table 4 was obtained by applying to the values of
column 9 a weighting factor proportional to the
sample mass and the number of determinations
made on it, and inversely proportional to the average
deviation of single measurements from the mean for
the set.,

3.3. Formulated Heat Capacity Based on High-
Temperature Results

Undoubtedly the most accurate measurements
available of the heat capacity of liquid n-heptane
between 280° and 358° K are those made at the
Bureau by Osborne and Ginnings in 1941, and
Osborne, Stimson, and Ginnings in 1939 [7]. The
1939 values were determined in the same large
adiabatic calorimeter that had been used in precise
measurements on water [9]. The 1941 results, on a
different sample, were obtained using a different
smaller adiabatic calorimeter. Osborne and Gin-
nings [7] gave a quadratic function of temperature to
represent. the 1939 values of the heat capacity
(Ciar) from 280° to 358° K.  The average devi iation
of the 1939 observed values from that equation is
0.028 percent, whereas the average deviation of the
1941 observed values from the same equation is
0.037 percent.

Because the present authors wish to give what
they believe to be the best values available, they
| express the heat capacity of the liquid above 273°
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I by an equation based from 273° to 358° K on only
the foregoing adiabatic-calorimeter values of the
Bureau, and based above 358° K on only the ice-
calorimeter values. This equation, in mtegrated
form and in terms of abs j mole™ at 7° K, is

v
Jf"ls,lﬁ

The first four terms are equivalent to the equation
of Osborne and Ginnings; the last term, which con-
tributes no more than 0.01 percent below 358° K,
was derived by least squares to fit the ice-calorim-
eter observed values at 423° K (150° C) and above.
Values given by this equation are listed in column
11 of table 4. The discrepancies in the results
observed with the ice-calorimeter, which are listed in
column 12, are within the precision of these measure-
ments,

Postponing until section 4.1 an inclusion of the
measurements reported in section 2, the heat capace-
ity from 273° to 523° K can be obtained by differ-
entiation of eq (7) (abs j mole ™ deg K'):

Coar dt=—50907-+173.73297—0.0157297"

1.2.2685(10~973-10,973(10- 08 Vas0ar=1y_ (7)

Cear,=173.733— 0.0314587+6.8055(10~H)T"

-+3,790(540.17—T)—i(10-03Y#017-1)  (g)

As the constant 540.17% I in eq (7) and (8) is the

critical temperature of n-heptane [15], this formula- |

tion gives at that temperature a finite value of the
enthalpy, but the heat capacity O, and dfi,, /[dT
become infinite. As the properties of this form of
term are believed to hold for all ordinary liquids,
the form of the exponential term was in fact selected
to possess these trends; although as the temperature
exceeds that of the range of the thermal measure-
ments and approaches the eritical, the actual values
given by eq (7) and (8) rapidly become of little
|'|-|izl.i|i|ila_\‘.

3.4. Reliability of High-Temperature Results
vidence as to the probable accuracy of the heat-

capacity values given by eq (8) can be obtained
from three sources: (a) the 1_'1'1;)]‘oducllnlll._\' Or precision

of the measurements, (b) an examination of the
likely systematic errors, and (¢) the agreement
among the various values of the more precise

observers in the temperature regions of overlap.
Considering the precision of the mean heat capaci-
ties as determined by heat measurements at inter-
vals of 50 deg, the probable error of the unsmoothed
\'Il|1|l_‘:~‘|‘ determined by measurement with the ice
calorimeter of the empty v.onln.invr and of the con-
tainer with caumplc averaged -£0.2 percent below
100° € and £0.15 |1L41r=e11t, above 100° C. The
subsequent ranmmlung of these results with respect

to temperature, which may be considered 1o have
altered the individual unsmoothed heat capacities
by amounts averaging 0.2 percent, would normally
be expected to inerease somewhat the reliability of
as smooth a function with temperature as the heat
capacity of a liquid.

Various sources of syvstematic error with the iee
calorimeter were examined. Krrors may have oe-
curred in temperature measurement, in mass of n-
heptane, and in the ealibration factor of the ealorim-
eter.  Also, the heat lost during the drop from the
furnace may have been slightly different between
runs with the empty container and those with the
container plus sample. However, no one of these
factors is believed to have contributed to the heat
capacity and error of more than £0.02 or £0.03
percent.  As for the correction of 0.1 to 0.15 percent
necessitated by the assumed presence of air inside
the container in one series, this is somewhat uneertain
onlyv because the speeifie heats of air and n-heptane
are considerably different, for the sum of the masses
of the two substances was accurately known.
Over-all cheeks on the aceuraey of the ice calorimeter
have been deseribed previously [11]. These check
runs for the average heat capacity of water between
0° and 25° (', and between 0°and 250° (!, gave values
lower by only 0.05 -£0.14 percent and 0.02 40.02
percent, respectively, than earlier precise results
with an adiabatie ealorimeter [9].

The correetions given by eq (4) and (5) become

lareer, and, no doubt ecaused a greater source of
error, the hicher the temperature. The most

uncertain quantity in these corrections is probably
dP/dT.  One approach is to investieate the effects
of making such changes in this factor in order that
the observed mean corrected heat changes of liquid
n-heptane become identical at each furnace tempera-
ture for the series with large and small sample masses.
It ean be found readily from table 4 that the heat
capacity above 400° li would in this way be changed

by amounts up to 0.3 pereent.
In addition to llu- foregoing considerations, it
can be seen from figure 4 that the heat-capacity

values of Osborne and Ginnings, who elaimed an
acceuracy of 0.1 percent and on whose values eq
(8) depends almost entirely up to 370° K, do not
differ from those of the other investigations by more
than 0.2 pereent. Some consideration must  be
given to the deviations below 370° K of the ice-
calorimeter values from those of the other investi-
cations, as eq (8) depends almost entirely on the
former above 370° K.

Clonsidering  these various data on  reliability,
the estimated accuracy of eq (8) may be considered
to correspond to a |J|uhnh](' error of 0.1 })tlunl be-
tween 280° and 360° K and inereasing to = 0.5 pereent
at 500° K. Above the last temperature the uncer-
tainty must be considered still greater in view of
the added uncertainty of the course of the heat-
capacity curve near the end of the region of measure-
ment.
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Firauvre 4. Comparison of the heat capacities by various observers with the final values in table 4.

. == Oshorne and Ginnings [7]
. == lee calorimeter
—_—— = Adinbatic calorimeter

4. Derived Thermal Properties of Crystalline
and Liquid n-Heptane

4.1. Tabulated Heat Capacities

In the temperature range 280° to 360° K, three
series of heat-capacity values of liquid n-heptane
measured at the Bureau are available: those obtained
with the adiabatic calorimeter that was employed
down to 20° K (section 2), those obtained with the
ice calorimeter (section 3), and those with two other
adiabatic calorimeters (Osborne and Ginnings [7]).
Of these three sets of values, the first are consistently
the lowest and the second are consistently the
highest, the differences being smaller than the esti-
mates of absolute error eclaimed with the two
methods, The “final” tabulated values from these
three series of data are given in table 5. These
values were arrived at with the following consider-
ations. The values of Osborne and Ginnings (in-
cluding those of Osborne, Stimson, and Ginnings)
are considered the most accurate. The ice-calorim-
eter method gives less aceurate heat capacities as
the temperature approaches 273° K, the end of its
working range, where the derivative with temperature
becomes indeterminate. The shield control in the
adiabatic elaorimeter becomes a little unwieldly at
higher temperatures, and at the same time heat
transfer by radiation ecan be significant if any
unknown thermal gradients exist in the calorimeter.
From 280° to 360° K the values of Osborne and
Ginnings were given greatest weight, with the re-
sults of the adiabatic calorimeter used in the present
investigation being given increasing weight with

® H L.

Finke, M. E. Gross, and J. F. Messerly [20]

8. Pitzer [18]

Parks, H. M. Huflman, and 8. B, Thomas [17]
. Richards and J. H. Wallaece [19]

deereaging temperature varying from none at 360° K
to about half as much as those of Osborne and Gin-
nings at temperatures just above 280°, to full
weight at and below 270° K. The ice-calorimeter
values were given no weight below 350° K but
increasing weight above this temperature and full
weight where extrapolation of the equation of
Oshorne and Ginnings is no longer reliable, as
discussed earlier in connection with the derivation
of eq (8).

Several additional investigators have measured
the heat capacity of solid and liquid n-heptane.
With the exception of the results of the Petroleum
Experiment Station, U. S. Bureau of Mines, there
are the following other less precise determinations.
Williams and Daniels [16] used an adiabatic calorim-
eter from 310° to 350° K. Parks, Huffman, and
Thomas [17], using an aneroid calorimeter, covered
the temperature range from 90° to 299° K. Pitzer’s
[18] heat capacities were measured at approximately
15° to 318° K; and Richards and Wallace [19]
determined the heat capacity from 293° to 313° K
from the adiabatic temperature-pressure coeflicient.
No heat-capacity measurements on the liquid above
358° K, other than those reported in this paper,
were found.

A comparison of the results of the various investi-
gations with the adjusted “final” values of table 5
is given in figure 4. Included also in the figure are
recent precise values determined on a Calorimetry
Conference sample of n-heptane in an adiabatic
calorimeter by the Petroleum Experiment Station,
U. 8. Bureau of Mines, Bartlesville, Okla. [20]
These values show excellent agreement with those of
the present authors.

148



ree enerpy of
ity, enthalpy, entropy, and free « e
‘ T 0 5. Heal capaeity, enthalp, it essures—Con.,
ol weity, enthalpy, entropy, and free energy of :”;:;:!I;h:“ and liguid n-heplane at saturation pressur
L &l "8 HLE 6 e o oy ’ e = & DIessures e 1 . : — —— —
ll:-?;:;;s;‘."-m{ :fe nil i’!;q wid n-heptane at saturation pres S B >
4 ———— A . ¢ S RS g
: — . : G Haon—E) | (San=8) | =(Fuu—FE |
= . . 1Y |~ aw—ED £ =
i Come | (Hu—E) | Ssm=S) | ’ — . |
| T E e = LIQUID—Continged |
| ' CRYSTALLINE — — o . |
. i . i abs j deg- iy j mole-!
S abe j deg ahs § mofe-t mole-i
. ahs | deg whe j mole-! K miole
- abs j deg! abs j imole! | molet | fid, 700 365, 63
X ote ‘ 0 ' 350 [ 24800 87 .
= ) 300 i Y
0 i, (174 {h 062 370 b i
2 feess )l 0. 541 L4 380 [ Aenzke 78, 340
10 iU 1 967 29 ot 390 | 23500
15 5. T18 | il 77,708 i
20 (Ied ea 53,01 400 %0, 145 | S0, e
' - 18. 30 L. 4 I‘!‘{'.‘_{' 101, 3 [ 15:: | s3, ‘_":H |
25 5% Ok 248, B el 70, |z i, (158
50 0 301, 1 071 202 3 e 8, 098 |
- 38,17 ol ‘ 25. 56 3774 [ s p—— 103,061
45 44,17 i Ao 450 95,005 410,01 :'11]»;“}2
- 1, 007, 3 831 4;_1: a8, 104 ij,'i' E:I 115, 200
at 1,970, 2 799 47 101, 286 464, 24 20 702
55 1,."..:41 7 |::;;:j“ 480 | 104 544 | 450,87 120, 741
i) | 1,874.4 1 320, 1 450 | 125, 372
i <5t B ' 500 435 65 107, 893 | 130, 011
| 2.4 Lae | it Wos | lsom e
% -l 2199, 1 540 o B = -
' 7 2, 5379
84 .4 3 oan &
}:r—} j1:1“4- 2 ‘ #400.5 s Extrapoluted.
i 3, 286, 7
1, 669, 7 3 G, i ree Ener
100 G400 | e I 4.2. Enthalpy, Entropy, and Gibbs F: gy
05 | A, 620, 4 1, AR, () =
110 6, 132. 7 i | 1 5. the values of rela-
15 651, 2 R . s 3, 4, and 5, the v :
120 e | 5, 558. 8 In table 5, (.olumnh’ 5-’ 41 relative Gibbs free energy
125 i 106, 25 6,079, 4 tive 91111-11211[1'_\'1 ('.nl-l'{'l‘D_\' 3. B | L!'. ne are tabulated at
|50 110 LA of erystalline and hquid zn-hep "‘11 s yeratures from
|1 T 7,768 1 ration pressures and at round temperaf i
145 Ll ' satiira IOLII]* Lir rmost purposes intermediate values
145 _ 372, 6 o 520% K. or = i . i o
. 122, 4 8,872, 8 07 to 52 g S or tion or mor
150 10, 01 127,02 o542 % can be obtained by linear 'mtlmlli)?:llul Thos e
155 11, 425 L pt 10, 308 s tely by quadratie interpola 011, o
160 11, 482 135, 0 10, 994 accurately by ined by evaluatine the therm:
163 12, 653 130, 10 || erties were obtained by : S
170 ) i 3 i
5 e 147 1 12,425 dynamic relations
175 14,051 Al 12804 -
180 ; 14, 430 149, 18 - | : ey ; {
182 562 w14 - = | r1 4 2dT) dT;  (9)
| Hua—Fi= | Cos dT+Lot | Vo, (PJT) dT;
].«'(!l‘“) | LEnl. 0 ]
- b .
e | 2% 12, 804 | _ Ty dTLL.T.: 10
184, 562 » 203, 15 | ﬁ;- 111;:, .;:1 6 ;1 J.;\T (H;-mt _S’m= [i('nnl-"j ) n‘ff‘f— I,l', p.r, ( )
35 20258 i 234, 06 4, 515 | S FEDE 0
185 : 20, 157 2 5 G
|10 2)1. 86 el 234), 30) 15, 694
| 5 2011 45 My L 244 40 16, SO8 o C 11
e 201, 31 31,072 | v | 1s1m | — (Foar. —E5) =TS — (H oo — ). (11)
301, - | 32079 [ 248.47 10, 403 [ K
205 et | 3% 86 254. 23 Fid z g
: 20168 55 bag 258, 08 20, 685 S v n-heptane at
05 202, 13 38,003 263, 61 w3 | | s the internal energy of crystalline ]‘ s e
o= 204 1 37,02 S L e bsolute temperature of the triple
| B B o 24,673 B R s e ut: ~crystalline n-heptane is
= 979, 24, 67: , F; I'VRL = R
|2 204.30 2%, 003 | 26, 048 point. T]“’l entmmt Uno 1\51'\' The terms containing
[ 2 205. 37 ' 097 8L42 | 27,44 rd to be zero at 0° K. The t . oy
| 3 Wrer | 4118 |l JHiec o fusion, are obviously to be omitted
245 s B 2090 | 300300 Ly, the heat of usgnt, } .
2 3L, 760  the triple point. . = val-
® | pE | gm | me | um > Betow 205 K the abiove D
260 | 2i8 || 4w 302, 19 3, 742 Tetioaile wmns the Debye heat-c 1L)
27 il Mo1s | o so uated *“m'[%t;fzf:lé;,{l 90° and 270° K the m_falua;-twﬂ
5 216 51 e o " funetion, el sing Lagrangian four-
. 218.23 57 35 o 0. i was by tabular integration, rovh J\'[% att%&mllt was
280 i 44, 670 317,14 5 a1 . . ation coeflicients [..l] 4 4
6 BL7 | 0o s R point 1ntegratior bulated values of these properties
: 22175 a1 488 325, 50 44, 101 = ; ' ;
| 2 23,57 ' 51, 888 27, 8 45,195 made to htu u“dtélnglo Bi{ el,o sanintione, Dotven 270°
208, 16 224.7 52, | = between 20° and 27 ? ; Canalte
| . 320,37 | 45,801 yetwel d . were carried out ¥t
| | o295 4 53, 010 396, 89 49, 124 =9()° the evaluations 4 i
300 5 o | mew | e and 520° K he heat capacity eq (8), making in
330 ' ot 39141 | o cally by using for the hes
BT a5 59, 952 5 ol
a0 | et o2 94 | das. 60 &t
340 I
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the enthalpy, entropy, and free energy the proper
small adjustments graphically arrived at by use of the
differences between the tabulated heat capacities and
those represented by eq (8) in the temperature range
from 270° to 370° K.

Because of its the

J‘ Vs, (dP/dT)dT was not applied up to 255° K.

Above 273.16° K the following empirical equation
(in terms of 1 abs | per mole) was used:

1og.nJ'T S (P

273. IG

small magnitude term

JdT)dT=0.00747297—1.2633

—7.049 (1075 (540.17—T)%, (12)
in each case, of course, adding the value of the
integral from 0° to 273. 16° K. 'This equation repro-
duces the values directly ealeulated from the data
within 2 j per mole. In the substitution of eq (8)
into eq (10) to evaluate the greater part of each
entropy value above 270° K, the exponential term
was replaced according to the following identity:

f(:s,mnﬂ‘) (540.17—T)~3 (10~%-3 Va0 17=T) g

=21.102 (10~ 3017~ 7)+ﬁ,790 (1/T—1/520)

X (540.17—T)—% (10-%3¥&40-17-7) 4T (13)
In this way the part requiring graphical integration
was reduced to the last term of eq (13), which is very
small at all the temperatures involved.

5. Derived Thermal Properties of Gaseous
n-Heptane

5.1. Equation of State

A number of observers ® have measured the heat
of vaporization of n-heptane at various temperatures,
For the comparison of these values, an equation of
state of the real gas is needed. At low pressures
the form involving so-called virial coeflicients no
higher than the second (F) may be used,

PV=RT+BP, (14)
where 7, which is assumed to be approximately
independent. of pressure, may be taken to have a
temperature dependence of the form [22

B=b—¢e"7, (15)
a, b, and ¢ being empirieal constants,

W .ulduwton. Todd, and Huffman [23] have made
precise measurements, in a flow calorimeter, of the
heat capacity of n-heptane vapor at different pres-
sures below 1 atm and at temperatures from 357° to
466° K. On the basis of eq (14) and (15), the vari-

E5ee table 7.

ation of heat capacity with pressure is given by the
relation

(QU,/0P) p=c(a®/ T*+2a/TH eV, (16)
The best approximation arrived at to a fit of their
data to eq (H}) [24] gave a=1,400° K and ¢=18.71
em? mole ', The agreement is shown in table 6.
Equation (15) now becomes (in em® mole™)

B—b—18.71¢h 100/ (17)

Tanre 6. Varietion of heal capacity of n-heptane gas with

pressure

D, PPr

Temperature |
Ax 0 0 1 5
ObRarrad Calc ulnlnd__[_u q-13,

| 1, 17)

abg j deg=1 alm =1

o ‘ male! mole-1
35710 607 i 21
474,15 1. 81 4, 67
A0, 403 2.97 .00

1. 88 1. 84
406, 10 | 1.13 1. 28

‘ 434,85

The constant b in eq (17) was evaluated by cal-
culating values of ¥ from the exact equation
B=[L./T(dP/dT))—RT/P+V;, (18)
obtained by substituting eq (14) into the Clapeyron
equation. The molal volume of the liquid 17, at the
vapor pressure P, was interpolated from the values
of Smith, Beattie, and Kay [13]. The necessary
values of \'n,pm pressure and its temperature deriva
tive were computed from the equation (with 7 in
atmospheres and ¢ in degrees () [14]
log;,P=4.02159—1,268.115/(1+216.900), (19)
which appears to be based on precise measurements
from 299° to 372° K at the Bureau [25]. Table 7
lists the employved observed values of L,, the heat of
vaporization, as well as the resulting values of b
obtained by use of eq (17), (18), and (19).
Tavre 7. Observed heals of vaporization, and values of the
second vivial coefficient of n-heptane caleulated from heat-of-
vaporizalion and vapor-pressure dala

| Heat of yvaporization
| B ”
- ey ) (from eq 17,
Temperature Meun Number of 18, and llU'J
ohserved mensure- Referpnee
value ments
R abs j mole=t cmid mole~t
288,16 37,164 1 71 —3,138
208,16 5 ¥ —1;511
308,16 RIS | 1 7 —004
831,22 34 ,-ﬂ}i‘i:l:-‘i 4 [23 =776
A460.4% 13+21 | 3 (23 —83
0364 32 4 | 23] —&iG
370,349 5’ LES by 8 |26 — 48
a71.481 32,000L85 2 118 —a37
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At small vapor pressures this method of determin-
ing the second virial coeflicient becomes much less
accurate owing to the large magnitudes of the first
two terms in the second member of eq (18) and the
ordinarily smaller percentage accuracy of low vapor
pressures.  Assigning to cach value of the last col-
umn of table 7 a weight inversely proportional to
the standard deviation 7 as determined statistically
from the factors in eq (18), and directly proportional
to the square root of the number of determinations
of the heat of vaporization at that temperature, a
mean value of —776 em® mole™' was found for b.
The final equation for the second virial coeflicient
thus becomes (in em?® mole™)

B=—T776—18.71e"*0/T, (20)

Smith, Beattie, and Kay [13] measured the densi-
ties of n-heptane gas at temperatures of 548°, 5737,
5989 and 623° K and at densities of from 1 to 5
moles per liter (pressures above 25 atm). Hirsch-
felder, MeClure, and Weeks [22] extrapolated these
data to zero pressure and gave the equation of state
(in em® mole™)

B=T49—418.69£%2%7, (21)
A comparison of the values of the second virial coeffi-
cient at several temperatures as caleulated by eq
(20) and (21) is afforded by table K. Considering
the widely different temperatures and pressures
under which the data determining the two equations
were measured, the agreement at the lower tempera-
tures is good. At the higher temperatures eq (21)
undoubtedly gives much better values. However,
the constants of eq (21) in eq (16) give very poor
agreement with  the observed wvariation of heat
capacity with pressure below 400° K, the disagrec-
ment being decidedly outside the experimental error.
It seems likely that at the lower temperatures eq (20)
is considerably more reliable, not only beeause the
use of eq (21) would invelve extrapolation over wide
temperature and pressure ranges from those in which
the supporting P17 data were measured, but also
Tapue 8. Second virial eocflicient of n-heplane gas ealeulated

Jrom eq (20) and (21)

i B

Temperature
Caleulatod
{rom cq (21)

Calenliated
from eq (20)

o
A
50
400
4560
A0
540
0
HAL

7 It was subsequently pointed out to the authors that the square of the stand-
ard deviation should have been used in arriving ot the welehting factors. The
resulting value of & would then have been —789 emd mole~!, with which the value
actually used agrees well within its uneertainty.

|

beeause of the likely appreciable variation with
temperature of the “constants” of eq (15), as pointed
out by Hirschlelder, MeClure, and Weeks [22].

5.2.%Heat Capacity

Waddington, Todd, and Huffman [23] extrapolated
their values of the heat capacity of the eas (357° to
466° K) to zero pressure. Their equation, when
converted to abs j deg™" mole™ (taking 1 cal=—4.1840
abs j) and expressed as a function of the absolute
temperature, is

0 =—0987-0.62191 T—2.3256(107") 7=, (22
All their experimentally derived points are fitted by
this equation to 40.05 percent, the precision of the
measurements themselves being given as 0.1 per-
cent.

In order to compare the values of heat of vaporiza-
tion in table 7 at some one temperature, it is desirable
to have heat capacities of the gas between 288° and
3579 K as well. The use of eq (22) extrapolated
over this temperature region was found to lead to
vapor-pressure—temperature coefficients between 298°
and 370° K that are rather consistently about 0.4
pereent less than indieated by eq (19). As the
latter equation is thought to be considerably more
necurate than this, much better agreement with it
was secured by assuming  slightly  higher heat-
capacity values below 370° KK than given by eq (22).
The equation adopted between 2882 and 370° K (in
abs j dee™ mole™') is

Co=197.28-0.4498(7—370). (23)
This gives the same value at 370° K as eq (22), but
eliminates the small curvature of that equation by
assuming as a constant temperature coeflicient that
of eq (22) at 370° K.

5.3. Standard Enthalpy and Entropy at 298.16° K

In preparation for caleulating the thermal proper-
ties of gaseous n-heptane at various temperatures in
its hypothetical standard state (the ideal cas at a
pressure of 1 atm), the velues of enthalpy and
entropy at some one temperature, relative to the
crystalline solid at 0° K, may now be caleulated
[rom the values for the liquid at this same tempera-
ture, the heat of vaporization, and the equation of
state.

From considerations of both the accuracy and the
precigion of the values of heats of vaporization in
table 7, the most relinble value is probably that of
Osborne and Ginnings measured at 298.16° K.
They claimed an aceuraey of 0.1 percent. A
direct comparison of the other seven values in the
table with this value was made after calculating
from each of them the heat of vaporization at
298.16° K by means of the following steps:

(a) Saturated liquid at 298.16° K-ssaturated
liquid at 7.
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(b)

Saturated liquid at T—saturated gas at 7.

(¢) Saturated gas at T—gas at T, zero pressure.
(d) Gas at T, zero pressure—gas at 298.16° K,

ZeT0 pressure.
(e) Gas at 298.16° K, zero pressure—saturated
oas at 298.16° K.
The enthalpy change of step (a) was obtained from
table 5. That of step (b) is the heat of vaporization
measured at 7, and that of step (d) was caleulated
from eq (23). The enthalpy changes of steps (¢) and
(e) were found after substitution of eq (19) and (20)
into the thermodynamic relation

f " AH—(B—TdB/AT)P. (24)

The resulting values are given in table The
deviations, also listed, are within the uncertainties
claimed by the various investigators.

Tasrue 9. Comparison of experimental values of heats of
vaporization of n-heptane extrapolated to 258.16° K

| Ex]!l’,rlmt‘ntul! |

| heat of Deviation |
| Tempgral.ure vaporization | from value
| nisasnremient| M takle 7 | measured at

corrected to 208.16° K

208.16° K

| abs § molet
i, 541

| a6, 547

| 36,862
30, 455
36, 504

, 432

a6, 612

T8

The enthalpy of the saturated liquid at 298.16° K
(relative to the erystalline form at 0° K), from table
5, 18 52,596 abs j mole™'. The value 36,547 abs j
mole™" was adopted as the heat of \.lpnnz.\llnn, and
the increase in the enthalpy in converting the satu-

rated vapor to zero pressure was caleulate |l from eq
(19), (20), and (24) to be 76 abs j mole~!. Hence,
the enthalpy of the ideal gas at 298.16° I, relative
to the erystalline form at 0° K, 1s 89,219 abs j mole™

The absolute entropy of the saturated liquid
298.16° K, from table 5, is 327.98 abs j deg™! mole~.
From the adopted wvalue for the heat of vaporiza-
tion the entropy of vaporization is 122.57 abs j
deg=! mole='. The entropy of the ideal gas at 1-atm

pressure is less than that of the saturated vapor at |

the same temperature by — /7 In P—PdB[dT, where
R is the gas constant, and 7 is the vapor pressure in
atmo»p]mu' dB/dT was evaluated from eq (20),
and for the vapor pressure a value 0.15 percent higher
than given by eq (19) was used, in order to secure
better agreement between that equation and vapor
pressures calculated from the thermal functions near
the normal boiling point (372° K), where eq (19) is
probably more accurate. The last correction to the
standard state thus becomes —23.16 abs j deg™
mole™, giving for the standard entropy of the gas at
208.16% K the value 427.39 abs j deg™! mole™.

4, and

5.4. Enthalpy, Entropy, and Gibbs Free Energy

In eolumn 2 of table 10 are tabulated the values
of heat capacity of n-heptane in the ideal-gas state
caleulated over the range 298.16° to 370° K from
eq (23) and above 370° from eq (22). In columns 3,
appear the values of relative enthalpy,
entropy, and relative Gibbs free energy, respectively,
caleulated from the equations

7o o f ot 25)
s“’:f (/)T (26)
_(P‘O ¢ r SO (I{D "B)- L?T}

For the heat capaecity, eq (22) and (23) were substi-
tuted over the temperature ranges of applicability
indicated above, with determination of the inte-
gration constants of eq (25) and (26) from the values
at 208.16° K of enthalpy and entropy, respectively,
derived in the preceding section. The values of
entropy and free energy are those at the standard
pressure, one atmosphere,

5.5. Comparison With Observed Vapor Pressures

By equating the Gibbs free energies of saturated
liquid and vapor, the thermal functions for the two
states may be used to derive values of vapor pres-
sure, which may be compared with the directly de-
termined values. With vapor pressure /7 in atmos-
pheres, the resulting equation is

RT In P=[F:. (lig)—Hg|—[F° (cas)—H;|—PB. (28)
Substituting values of relative free energy from
tables 5 and 10 and values of B from eq (20), eq (28)
was solved between 300° and 370° K, approximately
the temperature range of the direct measurements,

Tanrw 10,  Standard heat capacity, enthalpy, entropy, and free
energy of n-heptane in the ideal-gas state at 1-atm pressiure

T e (7= (S°=589) —(E5=25)
oK ahs § deg=! mole=) | als jmole=t | abs § deg=! mole=t | ahs j mole
208. 16 164. 07 84, 218 }2a ag 38, 213
00 ] 349, 000
410 43, 312
420 47, 674
330 42,100
340
Aa0
A6
470
AR |
390 | 206, 1% 100, 266 79, 759
400 | 210. 57 108, 350 84, 556
410 | 214. W) 110, 477 89, 404
420 219, 1% 112, 648 | 04, 306
430 223, 4: 114, 861 ag, 259
440 117, 116 503, 14 104, 265 |
450 3 GOR. 30 108, 322
460 513. 44 L4, 431 |
470 \ A1, 56 1149, 5t




The deviations from eq (19), which are within 0.1
percent and near 370° K become much smaller, are
probably within the accuracy of the directly measured
values,

In the derivation of the thermodynamic properties
of the gas relative to those of the solid and the
liquid, the observed precise vapor pressures were
actually used. However, greatest weight was given
to the highest observed vapor pressures, those near
the normal boiling point. Thus the results are
practically the same as if only the normal boiling
point had been used, it being necessary to assume
at least one vapor pressure value. Consequently,
the close agreement between eq (19) and (28),
noted above, is essentially a test of the compatibility
between the observed thermal properties and the
variation with temperature of the observed vapor
pressures,

Though eq (28) may be used to ealeulate from
the tabulated thermal properties of this paper
reasonably accurate values of vapor pressure from
370° to 470° K as well, these are not listed here.
The inereasing magnitude of the vapor pressure as
the temperature rises rapidly inereases the contribu-
tion of the last term in eq (28), with the result that
the uncertainties in the values of the second virial
coeflicient rapidly become more important,

The authors express their indebtedness to several
members of the Bureau: to D. (',
and advice in ||ni[\'in,=: the measurements with the
ice calorimeter; to F. L. Howard and his colleagues
for wntlummnir the Calorimetry Conference mmph--
and to R. T. Leslie for its purification.
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