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Calorimetric Properties of Diphenyl Ether From 0 ° to 5700 K 
George T. Furukawa, Defoe C . G innings, Robert E. McCoskey, and Raymond A. Nelson 

The heat capacity, enthalpy, and entropy of diphenyl ether from 0° to 570° K are cal­
culated from experimental heat capacities obtained. by using an ad~abatic.vacuum calorimeter 
and a Bunsen ice calorimeter. The heat of fU SIOn and the tnple-pOlnt temperature are 
given as 17,216 ± 17 absolute joules mole- I and 300.03 ± 0.01 ° K, respectively. Heat of 
combustion experiments in a bomb calonmeter gave the value - 6,135.64 ± 0.88 absolute 
kilojoules mole- I for the standard heat of combustion of the l iquid at 30° C. The standard 
heats of combustion and formation are computed for both liquid and solid at 25° C. The 
standard entropy and Gibbs free energy of formation for the solid at 25 °. q are given as 
- 590.1 ± 0.5 absolu te joules deg- I Illole- I and 143.8 ± 0.9 absolute ktlo)oules mole- I, 
respectively. 

1. Introduction 

Frequently in calorimetry it is desirable to have 
access to standard substances whose thermal prop­
erties are accurately known to calibrate and test 
calorimeters under conditions of actual use. ' Vater 
has been used quite extensively as a standard s.ub­
stance in heat capacity and latent hea~ of val?Or.lza~ 
tion calorimeters, but it has a relatIvely lImIted 
temperature range of application due to its rather 
rapid vapor pressure increase above] 00 ° C and its 
large change in volume on freezing. Ofte.n the 
choice of a standard is dictated by the calol'lmcter 
design, consequently there should be a lH.lmber of 
standards from which to select the most sUlted. In 
heat-capacity calorimet!"' , as well as in other types 
of calorimetry, the basic requi.rements .. for a;ny 
standard substance are high chemIcal stn:bIltty; h:gh 
purity, which can be attained and retamed ~aslly; 
reproducibility or: phy~ical state; and eas:y manwula­
tion in the calornnetnc apparatus. It IS advIsable 
Lo test heat capacity calorimeters lmder conditions 
such that the heat capacity of the calorimetric system 
is closely the same whether it contains the stal:d~rd 
material or the test material. If a tandard of hIgh 
heat capaci ty pel' unit. . volume. is .avn:ilable, t~is 
condition can be met easIly by adJusLmg ItS quantIty 
in the calorimeter. 

Diphenyl ether has been lmown to be relativ~ly 
stable and to be obtainable in a high state of punty 
by fractional distillation followed by crysta llizatio~. 
As this material melts close to room temperature, It 
is beiner developed at this Bureau for use in triple­
point c~lls, as a thermostatic medium ~t its melting 
point and in a modified Bunsen calonmeter .. The 
accurate measurement of the thermal propertles of 
diphenyl ether is desirabl~ for ~hese applications as 
well as for improvement III deslgn of hIgh-tempera­
ture heat-transfer equipment in which diphenyl ether 
is being used in the form of diphenyl-diphenyl ether 
eutectic mixture. 

The heat capacity of diphenJ:l ether was m~asured 
between 18° and 573° K , usmg two calonmeters 
widely different in design. An adiabatic vacuum 
calorimeter was used from 18° to 360° K, and a 
"drop" method was used from 273° to 573.° K with 
an accurately thermostated furnace and an lmproved 

Bunsen ice calorimeter. The two methods overlap 
in the t.emperature range between 273 ° to 360 0 K , 
where they serve to check each other. The triple 
point and lleat of fusion were measured in the 
adiabatic vacuum calorimeter. An isothermal jacket 
water calorimeter was used for the determination of 
heat of combustion. 

II. Low-Temperature Calorimetry 

1. Apparatus 

The melting-point studies and heat-capacity 
measurements from 18° to 3600 K were made with 
an adiabatic vacuum-type calorimeter essentially 
the same as that described in the paper on 1,3-
butadiene by Scott, et al [1].1 Briefly, the apparatus 
and procedure were as follows. The diphenyl ethel', 
freed of air and water, was scaled in a copper con­
tainer, which in turn was suspended inside an 
evacuated adiabatic shield system. The copper 
sample container had a volume of about 60 ml and 
was provided with a central well for a thermometer 
and heater. For rapid dissipation of heat to the 
sample, copper vanes radiated out from this well. 
No part of the sample was more than 2 mm from 
the copper vanes. A thin coating of pure tin wa 
applied to the inner surfaces of the container to 
provide an inert surface to the sample and to solder 
the vanes in place. The outer surface of the con­
tainer, as well as the adjacent surface of the adiabatic 
shield , were polished to cut down the effect of heat 
transfer by radiation. The heat transfer by con­
vection was made negligible by pwnping the vacuum 
space to 10- 5 mm Hg or better. During an experi­
ment the shield temperature was kept, at all time , 
equal to that of the sample container surface by 
controlling the shield heaters, using constantan­
chromel P thermels to integrate surface temperatures . 
One set of three-junction thermels and another of 
two-junction thermels were used. In the melting­
point studi es and heat-capacity experiments, the 
electrical energy introduced into the sample and 
container was determined by means of a precision 
potentiometer in conjunction with a volt box and a 

1 Figures in brackets indicate the literature references at the end of tbis paper. 
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standard resistor. The time was measured by using 
a precision interval timer operated on standard 60 
cycles furnished by the Radio Section of this Bureau. 
This timer was compared periodically with time 
signals from the Time Section and found not to vary 
by more than 0.02 sec for any heating period, which 
was never less than 2 min. The initial and final 
t empera tures of a heating interval were measured by 
means of a platinum resistance thermometer and a 
G- 2 Mueller bridge. The platinum r esistance ther­
mometer was calibrated at this Bureau above 90° K 
on the Interna tional T empera ture Scale [2] and 
between 10° to 90° K on a provisional scale [3], 
which consists of a set of platinum r esistance ther­
mometers calibrated against a gas thermometer . 
The resistance of the thermometer was frequently 
checked at the ice point, and the small fluctuations 
observed were too insignificant to affec t the results 
of the measurements . The volt box, standard 
resistor, potentiometer , and bridge were calibrated 
recently at this Bureau . 

2. Purity and Triple-Point Temperature 

The diphenyl ether used in this investigation was 
purified by F. L . Howard of this Bureau by means of 
a frac tional distilla tion followed by 25 frac tional 
crystallizations. A por tion of this diphenyl ether 
was treated by the following procedure in order to 
remove the dissolved air and wa ter. The material 
was slowly frozen in a glass bulb during evacuation ; 
then af ter mel ting, this process was repeated. After 
distilling the sample completely in to a second bulb , 
the process of slow freezing while evacua ting was 
repea ted again. A por tion (36.7724 g in vacuum) 
of this sample was transferred to the copper container 
by gravity, and the container was sealed with solder . 

The purity of this air-free diphenyl ether was 
determined calorimetrically from the mel ting-poin t 
s tudies. In this method the equilibrium tempera­
tures are measured at various increasing liquid-solid 
ratios as determined from the electric energy input, 
heat of fu sion, and heat capacity of the sys tem . 
The experimen tal data are treated on the assump tion 
that R aoul t's law is obeyed and no solid solu tion is 
formed in the concentration range under inves tiga­
t ion. The simplified equation, N 2= A !J.T, is used 
to represen t the relation between mole fraction im­
purity, N 2 , and the depression, !J.T, of the triple point. 
The cryoscopic constan t, A, is calcula ted from 
A = L ,fRT;, where L, is the heat of fu sion, R the gas 
constant and T t the triple-point tempera ture. The 
observed equilibrium tempera tures are plotted 
against l fF , the reciprocal of the fraction of ma terial 
in the liquid state. This curve is extrapolated to 
l /F = O to obtain the triple point of the pure sub­
stance, and the slope of this curve is multiplied by 
the cryoscopic constan t to ob tain mole fraction 
impurity. 

The puri ty of diphenyl ether was determined before 
and after the hea t-capacity measurements to as­
certain whether any chemical change had taken 
place under the conditions inside the calorimeter 
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sample container. T able 1 and figure 1 show the 
results of these measuremen ts_ Although the in­
side of the con tainer is completely covered with purr, 
t in, which is considered to be inert, the results show 
that the liquid soluble-solid insoluble impurity hll,s 
increased from 0.000013 to 0.000074 mole fraction. 
This is ra ther surprising compared to only 0.00002 
mole frac tion increase indicated in the high-tempera­
ture measurements men tioned in a later section_ 
P erhaps the inner surface of the sample container 
used with the adiabatic calorimeter has a cataly tic 
effect on the decomposition of diphenyl ether even 

. as low as 360° K . As the absolu te purity is s till 
high , the impurities would have only a negligible 
influence on the heat capacities_ 

T ABLE 1. l'ol elting points of diphenyl ether 

N ,=0.0230dT 

Defore the heat-eaoacity measure-
m ents 

I I F T obft . T eale. 

----
17.01 300.0231 300. 0219 
9.33 300.0264 300.0262 
4.90 300.0285 300.0287 
3. 93 300.0292 300.0293 
2.01 300.0308 300. 0304 
1. 79 300.0306 300.0305 
1.50 300.0306 300.0307 
I. 26 300.0.308 300.0303 
1.00 - -- ---- - 300.0309 

Temperature in tercept, 300.03 15° K. 
Impuri ty, 0.000013 mole fraction. 

After tbe heat-capacity 
mcasuremen ts 

I IF T ob!. T ea le. 

---
21. Il 2:19. 9531 299. 960:3 
to. 25 299. 9951 29°. ge52 
5.03 300.0122 300.0118 
4. 02 300. 0151 300.0153 
200 300. 0219 30~. 0217 
I. 79 300. 0223 300.0223 
1. 50 300.023 1 300.0234 
1. 27 300.0210 300.0211 
I. 00 - - ------ 300. 0250 

T em perature intercept, 300.0282°K. 
I mpuri ty, 0.000074 mole fract ion. 
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The difference in the two temperature intercepts, 
300.0315° and 300.0282° Ie,2 amounting to 3.3 mdeg 
is believed to have been caused by small changes in 
the resistance thermometer and bridge between 
periods of the measuremen ts. This change, how­
ever, does not affect the slope of the melting curve, 
as it only causes a parallel displacement in tempera­
ture. For a given set of measurements the tem­
peratures agreed to within a few tenths of a 
millidegree. Considering the calibration uncer­
tainties in the bridge and platinum resistance 
thermometer and un certainty in the absolute tem­
perature scale, Lhe triple point of diphenyl ether is 
taken to be 300.03 ± 0.01 ° K. 

The third column of table 1 gives temperatures 
obtained from the equation T 1- TCRIC= N2/AF. 
Here N2 is the mole fraction impurity calculated 
from the experimental data. The relation between 
the results in the second and third columns shows 
that RftOult 's law was followed quite closely. The 
value of the cryoscopic const-ant A used in all the 
calculations is 0.0230 deg- I. 

3. Heat of Fusion 

The laLent heat of fu sion of diphenyl elher wa 
determined by adding electric energy continuously 
from a temperature a few degrees bclow the triple 
poin t to a tempera ture above the tripl e point. The 
quantity of energy was corrected for the heat 
capacity of the material plus the container on both 
sides of Lhe triple point and for a small amount of 
premelting caused by the pre ence of impUJ'ities. 
The heat of fusion wa determin ed soon after the 
first purity measurements, thus the premelting cor­
rections have been calculated on the basis of 
0.0000U3 mole fraction impurity. The result and 
corrections are tabulated in table 2. J CdT is t.he 
sum of the heat capaciLy corrections above and 
below the triple poin t . The mean value obtained 
for three determinations is 17,216 abs j mole-I, 
and the mean deviation is ± 2 abs j mole-I. Con7 
sidering the arbitrariness involved in the heat-

TABLE 2. H eat of f usion of di phenyl ether 

M nic weigh t, 170.20 g; mass of sam ple., 30.7724 g 

Defined calorie=4.1840 a bs j. 

T emperature inter val 

OJ( 
298.4668 to 305.2408 __ _ 
296.1288 to 303.6634 __ _ 
295.5214 to 303.0956 __ _ 

Total 
ener:;!y 

abs j 
4357. 49 
4404. 12 
4401. 96 

f CdT 

abs j 
639. 47 
685.48 
6~2. 00 

Premelting 
correction 

aDs j 
1. 34 
0.54 
. 30 

(tb ., j 
3719.36 
3719. 18 
3720. 26 

MeRn ________ .. __ _ __ _ _ _ _ _ _ __ _ _ _ _ ___ _ ___ __ _ ___ __ ___ __ _ _ _ __ _ _ _ 3719. 60 
Mean deviation .. ____ ______ ___ ____ . _ _____________________ ___ ± O. 11 

Heat of fusion{ 101. 152±0. 012- abs i "-1 
17, 216 ±2- abs J mole-1 

& These values are mean deviations. 

o~ !1Id+"::7i~~~es expressed in degrees Kelvin were obtained from the relation 

capacity correction a probabl e error 3 of ± 0.1 per­
cent is a signed . The valu e for the hea t of fusion 
is taken as 17,216 ± 17 abs j mole- I. 

4. Heat Capacity 

The heat capacity of the diphenyl ether sample 
(36.7724 g mass) plus the container was measured 
from 18° to 360° K in the adiabatic vacuum calorim­
eter. Between 18° and 80° K solid and liquid hydro­
gen were used to cool the material and above 80 0 K 
liquid air, solid carbon dioxide, and ice were used. 
During heat-capacity experiments in the temperature 
range 18° to 30° K , where the heat-capacity curve 
chall:ges l~apidly in slope, the temperature change pel' 
heatlllg lllterval was about 2 deg. The interval 
was increased to 4 or 5 deg up to 100° K , and above 
this temperature intervals of 6 to 10 degrees were 
used. 

Nine series of experiments were made on the full 
container in the solid range, and the temperature 
ranges covered were 20° to 98° K , 15° to 29° K , 13° 
to 100° K, 88° to 234° K , 215° to 295° K , 125° to 
295° ' Ie, 105° to 216° K , 90° to 105° K , and 101 ° to 
205° K. ~ive series of exp.eriments in the liquid 
range conslsted of the followmg Lemperature ranges: 
302° to 367° Ie, 304° to 370° K , 305° to 367° K , 303 ° 
to 320° K , and 321 0 to 348° Ie. Six serie of experi­
ments were made on the empty container , and the 
temperature ranges were 13° Lo 35° K , 15° to 31° Ie, 
28° to 60° K , 90° to 370° K , 50° to 119° K , and 279° 
to 342° K . Curvature corrections were applied to 
thes~ measurement wh erever significant, using the 
relatIOn gIven by 0 borne, et al. [4] : 

(1) 

ZTon is the corrected heat capacity at the mean 
temperature, T"" of the interval Ll T; Q is the electrical 
energy added; and (o2Z/oT2)7' is the second deriva­
tive of the heat capacity with ;espect to temperature 
at T",. The observed results (corrected for CUl'va­
ture) were plotted on a large scale as deviations from 
an approximate empirical equation and a smooth 
curve was drawn through the deviation points. The 
smooth deviation curve and the empirical equation 
were then used to obtain smoothed heat capacities 
at equally spaced integral temperatures. Similar 
heat-capacity experiments were made with the empty 
container, and the results were treated in the same 
manner. The weight of the container was different 
for the experiments with and without the sample. 
This arose from small differences in the weights of 
the copper filling tube and solder for the two experi­
men ts. Corrections for these differences in weights 
were applied to the smoothed heat capacities for the 
empty container from known heat capacities of 
copper and solder. The deviations of experimental 

3 For these experiments a true probable error cannot be statistically computed . 
The values given are estimates arrived at by examining contributions to the in­
accnra~y from all known sources, 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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FIGURE 2. Deviations of experimental heat capacities (conected 
for curvattlre) from smoothed values for the container plus 
diphenyl ether. 

The experiments in a single series of measuremc.nts are connected by lines. 

heat capacities from the smoothed values for the full 
and empty container are shown in figures 2 and 3. 
Most of the points lie within 0.1 percent of the net 
heat capacity. The net heat capacities were calcu­
lated, using th e equation given by Roge [5], 

Csst . 
(2) 

where Z2 and ZJ are th e tabulated heat capacities 
for th e full and emp ty container, respectively, at 
the sam e temperature T; p is the vapor pressure; m 

.O)~--,---,---,---,---,---r--,-, 

TripilpoiM L --- -

EMPTY CALORIMETER 

-""')I----j---+---+---+----+---+---~ 

---- -
-.o~);-O ---.l",.---- -;;\',o '----",,!;;;-o- - '!;,o'"o ----"d,.o,.----,"'bo,.----d,.~o -J 

Temperature I oK 

FIGURE 3. Deviations of experimental heat capacities (cor­
rected for curvature) from smoothed values for the .empty 
container. 

The experi ments ill a single series of measurements arc connected by lines. 
~n 

! f 1 \)~.i 

is the mass of sample; 111 is the molecular weigh t of 
diphenyl eth er ; V is th e volume of the container; 
and Vc is the specific volume of the condensed phase. 
The term involving the vapor correction was not 
actually used, for: it does not contribute significantly 
to the results obtained with the low-temperature 
adiabatic calorimeter . At 360° K this vapor cor­
rection amounts to only 0.002 percent. The values 
of heat capacity listed in table 4 from 18° to 300° K 
are those ob tained from these calculations. The 
hea t-capacity values b elow 18° K in this table were 
obtained by extrapolation, using the Debye equation, 

(112) Csa t .= 59.9 1D T ' (3) 

fitted to the heat capacity at 18°, 20°, and 22° K . 
The values tabulated between 300° and 360° K 
were obtained by adjusting th e slight differences 
between the results wi th the low-temperature 
adiabatic calorimeter and th e ice calorimeter. The 
m ethod of adjustment is discussed in a later section . 

5 . Reliability of Heat-Capacity Results Obtained 
With the Low-Temperature Adiabatic Calorim­
eter 

The precision of the heat-capacity experimen ts is 
shown in figures 2 and 3 of the previous section, in 
which th e r esults (corrected for curvature) of th e 
individual m easuremen ts are plotted as deviations 
from smoothed heat-capacity values for sample plus 
container and for container alone. As the experi­
m ents were m ade over a wide temperature range 
instead of a series of experiments over the same 
temperature interval, it is believed that a statement 
of average devia tion is misleading in this situation. 
The conditions, particularly the heating rate, in the 
calorimeter were made as close as possible in the 
two series of experimen ts, so that certain system atic 
additive errors would cancel out. As a further 
check th e heat-capacity experiments were made at 
heati~g rates of 0.9 and 1.5 deg/min. Under th.ese 
conditions large heat 1 aks dependent upon heatmg 
rate should be detectable, but the results obtained 
with the two heating rates showed no obvious dif­
fer en ces on the large-scale deviation plo t. In th e 
two sets of m easurements, although precaution was 
tak en to install th e sample container in the same 
position within the adiabatic. shield sy.stem , i t ~s 
possible that there were some drfl'crences m th e P OSi­

tioning of the thermels and leads. Any error from 
this source is indeterminate, but it is b elieved that 
the probable error is not greater than ± 0.05 p ercent. 

The effect of impurities on the h ea t-capacity 
results is considered to b e n egligible. 

Upon consideration of the above uncertain ties th e 
probable error of ± 0.2 percent is assigned to the 
heat-capacity values above 50° K in table 4 . B elow 
50° K th e accuracy is less, increasing to about 1 
percen t at 18° K . 
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III. High-Temperature Calorimetry 

1. Method and Apparatus 

The enthalpy measurements at higher tempera­
tures, which supplem ent the heat-capacity measure­
ment made from 18° to 360° K , covered the range 
273° to 573° K (0° to 300° C). These were carried 
out by essentially the ame m ethod and apparatus as 
used previously in m easurements on sodium up to 
900° C [6). In brief, the method is as follows. The 
sample, sealed in its container, is suspended in a 
furnace un til i t comes to the chosen constant tempera­
ture, as measured b y a platinum resistance ther­
mometer . It is then dropped into a Bunsen ice 
calorimeter , whi ch m easures the beat evolved by the 
sample plus container in cooling to 0° C. A similar 
experiment is made with the empty container at the 
same temperature. The change in en thalpy of the 
sample between 0° C and the temperature in the 
furnace is computed from the difference in t be two 
values of heat. The heat capacity can be derived 
from en thalpy values of the sampl e so determined 
for a series of temperatures. 

The sample wa taken from Lhe same supply as 
that used in the low-temperature measurement. A 
sample of about 8 g of the solid wa melted and 
transferred to a monel container (volume, abou t 11 
ml), whieh was similar to the container used in earlier 
measuremen ts on p-xylene [7). In order to remove 
most of the a ir and water in the sample, the conLainer 
was heated to about 100° C while evacuating tbe 
space above the sample. The method of ealing 
the con tainer while s till evacuating is hown in figure 
4. One end of the container i made 'with a threaded 
projection, which can be temporarily sealed to a 
connecting fitting b means of a tin gasket, C. The 
container can be evacuaLed and filled through the 
filling tube, B . Th e acLual sealing of the container 
is at the gold gasket, D, which i attached to the 
bottom end of the monel screw inser t. R otation 
of the screw insert for sealing is accomplished by 

A 

D - -----"I 

I em 

FIGURE 4. Filling device and the seal for the capsule. 

A, Screw driver; B, filling tube; C, tin gasket; D, gold gasket. 

I the crew driver , A, which is sealed from the atmos­
phere by a packing no t hown. In th is way, it is 
possible to retain all the advantages of a valve with a 
packing, but reduce the mass and thereby Lhc heat 
capacity, of the sealed con tainer to a minimum. 
Also, the mass of the metal con tainer is defini te and 
not dependent on a soldered seal, as in Lh e low tem­
perature adiabatie calorimeter. 

2. Results 

The results of the individual experiments are given 
in columns 2 and 3 of table 3. The meas ured heats 
listed are obtained from the mass of mercury drawn 
in to the ice calorimeter , using the calorimeter cali­
bration factor [6) of 270 .46 abs j/g of m ercury. 

About 100 m easuremen ts were made, of which 56 
were made with 7.8152 g (in vacUlun) of sample in 
the container and the remainder with the emp ty 
container . The diphenyl ether was fOLLlld to be 
solidified at 0° C in all experimen ts. H ence , every 
en thalp. calcula ted from a drop experiment sLarting 
with the liquid includes the heat of fusion. T he 
sample was initially in th e liquid tate in all experi­
men ts excep t a few at fu rnace temperature of 
25.00° and 26.60° C (jus t below Lhe Lriple poinL). 
In these experimen ts, Lbe sample was solidified by 
dropping into the icc calorimeter prior Lo holding 
the solid sample in the furnace. By also making 
experimen ts with the upercooled liquid at Lhe same 
temperatures a with the solid, there was obLained 
by difl'erences the heats of fusion of 17,059 and 
17,071 abs j mole- 1 at 25 .00° and 26.60° C, respec­
tively. Upon extrapolation to the t ripl e point , 
26 .87° C, using the heaL capacities of solid ancl liquid 
found wiLh Lhe low-temperature ad iabat ic vac uum 
calorimeter, these values y ield respecLivel. 17,154 
and 17 ,085 for the heat of fusion at Lhe Lriple point. 
Th ese value are lower by 0.3 and 0.7 percenL, 1"e­
spec lively, tha n the co rresponding value of l7 ,216 
abs j mole- 1 found with tbe adiabatic calorimeter, 
and are considered much less reliable tha n the latter 
value. T his is par tly because of the small absolute 
uncerLainty inherent in all meas urements of heat by 
the . ice calorimeter and partly because th e sample 
used in the ice-calorimeter mea uremenLs was much 
smaller , so that a trace of impurity soluble in the 
diphenyl ether may have caused eno ugh prem el ting 
at these temperatures to explain part of the dis­
crepancy. 

The difference between the measured heaLs for the 
empty container and the con tainer with sample 
(columns 2 and 3 in table 3) gives essentially the 
enthalpy change in the sample between 0° C and the 
temperature involved. Actually, to get the true 
enthalpy change, this difference was corrected by an 
equation given by Osborne [8), 

[Qli = [q - pV + mH +(V - m v)L/(v' - v)ji, (4 ) 

where [Qn is the heat evolved in cooling a closed 
COD tainer in which there is a liquid in eq uili brium 
with its vapor from temperature 2 to temperature 1; 
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TABLE 3. Experimental l'esults with the furnace and ice 
calorimeter 

Measured heat • Enthalpy change of the 
(C,R,),O 

FurnacE' tempera· 
tur{'. 

---------------~-----.-----I 
Observed 

Empty With Observed ~dl~~~~. minus 
container (C,R ,loO equation 5 cal~~la. 

alJl! j nbs j ab.1f j mole-1 abs j mole-1 aL1sj mole-1 

b 366. S 

1
132.8 
132.5 
131. 8 

,0' 131. 9 "0.00 (soM ) __ . . __ 131. 6 
129.9 
132.1 
132.0 

b 367. 4 
b 3fi7. 9 

370. I 
368.9 
368.4 
366.7 
368.3 
368.1 
368.2 
368.2 
368. 6 

1150.3 
1151. 0 
1148.2 
U50. I 
1154. 4 
ll50.0 
1152. 7 

' 25.00 (liquid) . ____ . _____ .__ 1153.2 
U53. 5 

5.146 ....... ___ . _ . ____ ..• _ 

22,206 22, 209 -3 

1 mn 

' 26.60 (solid) .. - .. - _. ______ ._ j]H -.-- -.---.. ---- ------ ---.- -- .--
d 397. 7 
d 397. 2 
d 397. 2 

' 26.60 (liquid) . -. - -.--.----. { mu }_. ___ . __ __ _____ . __ . ________ __ . 

50.00. ___ ... __ . _ .. _ 

'(258. 2) . __ ____ ._ 
262.3 
264.2 
263.8 
264.1 
263.5 
204.2 
262.6 
263. 4 

1600.4 
1597. 5 
1598.9 
1598.5 

264. 6 _________ _ 

29,078 29, 012 +36 

75. 0o..- - ·-- ----·-- 1 ·(~~H) \ .------. ------.- - - - --- -- --.- - . -------- .-

1 
~~~: ~ ---253i~2 - ) 
534. 9 2531. 0 

100.00 ... __ • ____ .. _ ~34.0 2536.0 43, 484 
536. 8 2528. 6 

. 534.2 ._._ .. __ .. 
534.6 __ ......• _ 

43,548 -64 

{ 
809. 1 3528.7 } 

150.00 • • _ •• •. _. __ .__ ~~: i ~~~U 59,203 
809.1 '(3521. 0) 

59, 176 

11089.8 4578.6 \ 
1084. 9 4574.5 

200.00 .... _ .. _._... 1092.3 4575. 6 75, 922 
1039. 2 4574. 6 
1089.7 _ ..... __ . . 

75, 927 -5 

{ 
1372. 1 5687. 6 } 

250.00-. ..... __ .. _. mu ~~U 93,856 
__ .. _._.. 5679.8 

93,799 

{ 
1660.4 6837.4 } 

300.00_ ........ . . __ 1660.3 6837.2 112,754 
1658.9 6837.8 

112, 794 -40 

• The contribution from vaporization has been eliminated. 
b Not included in the mean because for these experiments the diphenyl ether 

was frozen rapidly, using dry ice . 
• State of the sample at the furnace temperature. 
d Experiment made after the higher· temperature experiments. The preceding 

three experiments of this set were made before the dipbenyJ ether had been heated 
above 1500 C. 

• Rejected by Ch.uvenet's criterion. 

. q is the contribution to Q made by the empty con­
tainer, shields, and suspension wire ; p is the vapor 
pressure of the liquid; V is the volume of the con­
tainer; m is the total mass of liquid and vapor; 
H is the enthalpy per unit mass of the "saturated" 
liq uid (i. e., at pressure p) i v' and v are the specific 
volumes of saturated vapor and liquid, respectively; 
and L is the enthalpy of vaporization per unit mass. 
The maximum value of each of the two correction 
terms that convert measured heats ([Q-qJi) to get 
true enthalpy [Hn amounted to only 0.05 percent 
at the highest temperature, 300° C. The mean 
values of enthalpy listed in column 4 of table 3 have 
been corrected in this way and converted to molal 
basis. 

The mean values of enthalpy of the liquid diphenyl 
ether at each temperature (26.87° to 300° C) were 
fitted by an equation whose constants were deter­
mined by least squares: 

Ht(liquid) - H o(solid) = 15657.2 + 256.4649t+ 
0.224409t2, (5) 

where Ht(liquid) - Ho(solid) is the enthalpy difference 
in abs j mole-1 (mole wt = 170.20) between the liquid 
at to and the solid at 0° C. In evaluating the con­
stants, equal weight was given to values of enthalpy, 
and at each temperature a weighting factor was used 
to correspond to the number of determinations made 
at that temperature.4 The values calculated from 
eq 5 are given in column 5 of table 3. 

Values of G.at . the heat capacity of the "saturated" 
liquid (in equilibrium with its vapor), were calculated 
from the thermodynamic relation 

Gsat . =(~~) - V.at . (~~), (6) 
sat. sat. 

where V.at . is the molal volume of the liquid and p 
the vapor pressure. The values of (oH/oT)sat. were 
determined by differentiating eq 5. The maximum 
contribution of the last term in the temperature range 
studied is at 300° C, and amounts to 0.15 percent of 
the h eat capacity. The values of heat capacity 1'0 

calculated may be represented by the equation 

Gsat . = 0.448818(T-273. 16) + 256.4649- Vsat. (~f) . 
sa.t . 

(7) 

The values of heat capacity listed in table 4 at tem­
peratures of 370° K and above are those calculated 
from this equation. 

, Actually, the weIghting factor used was (l/a+!lb)-l, where a and b are the 
number of runs on the empty and the fllJed container, respectively, as it Is the 
difference between the enthalpies of these two, which determines the uet enthalpy 
of the sample. 
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TABLE 4. Heat capacity, enthalpy, .and entropy of solid and 
liquid diphenyl ether at saturation pressures 

T I Cut. ! (I r,,,.-E,) I (8 .. ,.-80) 

SOLID 
----------- ------

I 
(Ibsj deg-I abs j <leg -I 

o 1( mole -\ a'M j mole -I mole -1 

2 0.027 0.014 0.009 
4 .213 .213 .068 
6 .718 1. 077 .240 
8 1. 699 3. 401 .567 

10 3.283 8.272 1.105 

12 5.497 16.952 1.889 
14 8.272 30.670 2.941 
'16 11. 52 50.413 4.255 
18 14.91 76.845 5.807 
20 18.06 109.83 7.542 

22 21. 17 149.08 9.409 
24 24.29 194.54 11. 386 
26 27.33 246. I I 13. 451 
28 30.30 303.8 1 15.585 
30 33.16 367.29 17.769 

32 35.88 436.39 19.998 
:34 38.48 510.77 22.262 
36 40.95 590.25 24.526 
38 43.28 674.50 26.806 
'10 45.44 763.18 29.087 

42 47.45 856. 11. 31. 351 
44 49.34 952.95 33.597 
46 51. 13 1053.4 35.827 
48 52.85 ll57.4 :l8. 040 
50 54.53 1264.8 40. 235 

55 58. 41 1547.3 45.614 
60 61. 92 

I 
1848.2 50.856 

65 65.14 2166.0 55.928 
70 68. 11 2499.2 60.881 
i5 70.97 2846.9 65.663 

80 73.77 3208.8 70.344 
85 76.52 3584.6 74.888 
90 79.19 3973.8 79.3'17 
95 81.80 4376.4 83.704 

100 84.35 4791. 8 87. 959 

105 86.90 52 19.9 92.129 
110 89.49 566 1. 0 96.231 
11 5 92.15 6115.0 100.28 
120 94.82 6582.5 104.25 
125 97.53 7063.3 108. 18 

130 100.26 7557.7 112.06 
135 103.04. 8066.0 11 5.89 
140 105.88 85 .3 lI 9.68 
145 108.77 9124.9 123.46 
150 II i. 72 9676.2 127.19 

155 114. 68 10243 

I 
130.90 

160 1]7.64 1082~ 134.59 
165 120.64 11 419 138.25 
170 123.70 12030 Hi. 91 
175 126.80 12656 145.54 

180 129.98 13298 ]49. 15 
185 133.20 13956 152.75 
190 136.45 14632 156.35 
195 139.75 15321 159.94 
200 143.09 16028 163.53 

205 146.47 16751 167. 10 
2]0 149.88 17493 170.68 
215 153.35 ]8251 174.23 
220 156.86 19027 177. 81 
225 160.41 19820 181. 37 

230 164.00 20630 ]84.94 
235 167.65 21459 188.50 
240 171. 32 22306 192.07 
245 175.05 23173 195.65 
250 178.83 24058 199. 22 

255 182.64 24962 202. 79 
260 186.49 25884 206.37 
265 190.37 26825 209.96 
270 194.25 27787 213.55 
275 198.15 28769 217.1 6 

280 202. 04 29770 220. 77 
285 205. 98 30789 224.38 
290 209. 94 31829 227.98 
295 213.98 32888 231. 61 
298.16 ZI6. 56 33569 233.91 

300 218. 06 33969 

\ 

2.15.25 
300.032 218.25 33975 235.27 

TABLE 4. Heat capacity, enthalpy, and entropy of solid and 
liquid diphenyl ether at saturation pressw'es-Co nt inued 

7' I Cut. 1(1[ .... - 1,;) I (8", . - 'G) 
I 

LIQ UID 

a.~8 j dey -I IIbs j dey -I 
o J( mole -1 rIbs j mole -I mole -I 

300.032 268.42 51188 292.61 
310 272. 71 53884 301. 45 
320 277.17 56634 310.18 
330 281.71 59428 318.78 
340 286.25 62268 327. 25 

350 290.79 65J53 335.62 
360 295.35 68084 343.87 
370 299.90 71060 352.03 
380 304.39 74082 360.08 
390 308.86 7i148 368.05 

400 313.33 80259 375.93 
410 317.89 83415 383.72 
420 322.36 86617 391. 43 
430 326.84 89863 399.07 
440 331. 30 93155 40G.64 

450 335. 77 96491 414.13 
4(i0 340.32 99872 421. 56 
'170 344.71 103298 428. 93 
480 349. 16 106769 43G. 23 
490 353.60 .1 10284 443.48 

500 :l58.04 113845 450. 66 
5W 362.48 11 7450 457.80 
520 366.92 12J 100 464.88 
530 371. 35 124794 471. 91 
54e 375.7 128534 478.89 

550 380.19 1323 18 485.83 
560 384. 63 

I 
136148 492. 72 I 

570 :l89.05 140022 499. 57 
I 

3, Relia bility of Results With~Ice Calorimeter 

In order to check the over-all aCCl.ll·acy of opera­
Lion of the apparatus, heat-capaciLy experiments 
were made at temperaLllres of 25° and 250° 0 with 
water sealed inLhe container. In these te L, it 
was convenient for comparison of the results to 
make two series of measuremenLs similar to those 
described in the measurements with water [9]. One 
series was made with the conLainer mostly full of 
water, while the oLber series was made with a small 
amount of water. The results of the experiment 
compare very favorably with the results of the earlier 
work [9] with an adiabatic calorimeter. The av­
erage heat capacity from 0° to 250° 0, a measured 
with the present apparatu , is about 0.02 percent 
lower tban that measured with the earlier apparaLus, 
with a reproducibili ty of about ± 0.02 percent. This 
is well within the accuracy ofLhe earlier work. At 
25° 0 the reproducibility of the pre ent apparatus 
was relatively poor, giving a value of about ± 0.14 
percent for t he average deviation of the mean. In 
spite of this, the measured average heat capacity 
from 0° to 25° 0 was only abou t 0.05 percent lower 
than the accepted accurate value [9]. 

The reliability of the results ma be considered in 
two ways. First, tbere is the reproducibility or 
precision of the experiments. The average devia­
tion of a single experimen t from the mean at a given 
temperatul'e was ± 0.19 percent in the case of the 
empLy con tainers and ± 0.09 percent in the case of 
Lbe con tainers with the sample. As the enthalpy 
of Lhe sample Ims abo ll t two to thl"ee Limes as great 
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as that of the emp ty container , the larger deviations 
wi th th e empty container are not so important. 
At a given temperature the calculated probable 
errol' of the mean of the net enthalpy of liquid 
diphenyl ether, referred to that of the solid at 0° C, 
is about 0.04 percen t. This error is about the same 
at all furnace temperatures. 

In addition to the reproducibility of the results, 
there must be considered the sources of systematic 
errors. M any such errors have already been con­
sidered in other measuremen ts wi th this apparatus 
[10] and will no t be reviewed here. The ice-point 
reading of the platinum resistance thermometer was 
freq uently redetermined during the meas urements. 
On the basis of the small changes thereby noted, 
small corrections were applied to the heat meas ure­
ments for deviations from the nominal temperatures. 
As these corrections were alwavs less t han 0.01 
percent of the heat measured, i"t is believed that 
errors in the temperature scale did not appreciably 
afl"ect the values of heat capacity. 

Another so urce of systematic error is the efl'ect 
of impurity in the sample. The measurements wi th 
t he low-temperature adiabatic calorimeter indicat­
ed that the impurities in the sample amounted to 
only about 0.00001 3 mole fraction. However, in 
t hese measurements, considerable effor t was made 
to remove both ail" and wa ter. In the measure­
ments with the ice calorimeter , some solid sample 
was melted and quickly transferred to the sample 
container, which was heated while pumping before 
sealing the capsule. Under these conditions, it 
seems improbable that the impurities amounted to 
more tha,n 0.00005 mole fraction, a value that may 
be neglected insofar as efl'ect on the heat-capacity 
values reported . However , small impurities affect 
greatly the measuremen ts on the heat of fusion wher e 
t he enthalpy of the solid is measured at temperatures 
close to the triple point. .For example, in the 
measurements at 26.60° C (triple point= 26 .87° C) , 
t he meas urements with the ice calorimeter gave a 
value of the enthalpy of the solid that corresponded 
to a heat of fusion value about 0.7 percent lower 
than that obtained with the adiabatic calorimeter. 
This difference could be ~xplained by an impuritv 
of about 0.00005 mole fraction in the sample. It is 
b elieved t hat the heat of fusion value obtained with 
the adiabatic calorimeter is the more accurate value. 

Another factor affecting the r eliability of the 
results is th e question of the chemical stability of the 
diphenyl ether at the higher temperatures. The 
rate of spontaneous decomposition of diphenyl ether 
at 300 0 C · does no t seem to have b een estimated 
previously. As this is the highest temperature to 
which the sample was subj ected, a number of en­
thalpy determinations were made on the solid at 
26 .600 C (0.27 deg below the triple point) before and 
after several hours of heating to the higher tempera-
tures. . 

Considering only the mean results of these two 
sets, it appe~rs tha t the apparent relative enthalpy 
was greater m th e second set of experimen ts by 47 
abs j mole-I. This corresponds to 0.3 percent more 

of the sample melted. It can readily be shown that 
this would b e caused by an increase in impurity of 
only 0.00002 mole fraction . H ere again, this im­
purity would no t affect the reliability of the h eat­
capacity results, although i t would have some sig­
nificance in the heat of fusion value calculated from 
the measurements on the solid at 26.60° C. 

Another source of systematic error lies in the 
uncertainty in th e mass of the sample. The mass of 
the emp ty container was 0.0033 g less during the 
experimen ts with th e emp ty con tainer than it was 
before introducing the sample. The mass of the 
sample was taken to be the difference in weight of 
the full con tainer and th e con tainer after removing 
the sample. It is possible that some material o ther 
th an the sample was removed in this process, in 
which case, an uncertainty of as large as 0.04 percen t 
might exist in the mass of the sample. The other 
so urces of error, such as temperature measurement, 
calorimeter calibration factor, variation in heat loss 
on dropping t he sample from the furnace, and possible 
slightly inaccurat.e correction for condensation of 
vapor inside the container , are estimated each to 
contribute an uncertainty to the en thalpy and heat 
capacity of from 0.01 to 0.02 percen t. 

Considering these various sources of error, it is 
believed that th e values of rela tive enth alpy repre­
sen ted by eq 5 have th e probable error of ± 0.15 
percent, except below 1000 C, where the probable 
error must be considered greater. Similarly , it was 
estimated that the values of heat capacity of the 
liquid as determined by the ice calorimeter (eq 7) 
have the probable error of ± 0.25 percen t, except 
near 25° and 3000 C, where the course of the enthalpy 
curve is more uncer tain. 

IV. Tabulated Heat Capacities 

In the temperature range 300 0 to 360° Ie, values of 
heat capacity are obtained with both the low­
temperature adiabatic calorimeter and the ice 
calorimeter. The values, excep t between 300° and 
320° Ie, are displaced almost parallel from each 
other, the displacemen t being about 0.45 abs j deg-I 
mole-I. This difference between the two sets of 
values, however , is smaller than the estimates of 
absolute error claimed with the two methods. The 
results with the two methods were adjusted so that 
continuity exists in the heat capacity curve between 
the overlap range and th e range above 3600 Ie. The 
problem of continuity at 300 0 Ie does not arise 
because the heat-capacity curve is discontinuous at 
the t riple-point temperature (300 .03 ° Ie). The 
results from the two me thods were adj us ted with 
the following considerations. The enthalpy experi­
m ents with the ice-calorimeter method decrease in 
sensitivity with approach to th e ice point; fur ther­
more, derivatives of the enthalpy eq nation become 
less accurate toward the end of the experimental 
temperature range. The shield control in th e 
adiabatic vacuum calorimeter becomes a little un­
wieldy at higher temperatures, and at the same time 
heat transfer by radiation can be significant if any 
unknown th ermal gradients exist in the calorimeter. 
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FrG HE 6. Comparison of the values of heat capacity given 
i n table 4 with the results of Smith and And1·ews. 

The base line represents the values from tho Lablo. 

The result from the ice calorimeter were given 
progressively greater weight toward 360° K and 
the results from the adiabatic vacuum calorimeter 
greater weight toward 300 0 K . A comparison of 
the results from these two calorimeters with the 
adjusted tabulated values from table 4 is given in 
figure 5, which shows that the maximum differen 'e 
is about 0.13 percent. 

The survey of literature revealed only one pub­
licat ion on the h eat capacity of diphenyl eth er . 

mith and Andrews [ll] measured the heat capacity 
from 100 0 to 300° K , using a heat conduction 
calorimeter. In figure 6 these results are compared 
with the tabulated values of table 4. In general, 
the values given by these authors are higher below 
246° K and lower above this temperature. The 
over-all discrepancy amounts to about ± 1 per cent; 
the maximum discrepancy amounts to 1.2 percent. 
The e authors claimed an accuracy of 1 percent for 
their apparatus. 

V. Combustion Calorimetry 

1. Apparatus a nd Procedure 

The apparatus and procedure used in measuring 
the heat of combustion, with the exception of the 
'iiVheatstone bridge used in measurement of tempera­
ture have been described in several previous publica­
tion~ [12 , 13, 14] . The bridge used is a special 

Mueller type instrument wiLh gold-chromium alloy 
resistance coils, which have negligible Lemperature 
coeffiCient of resi tance 0 that Lhe bridge does not 
need to be thermostated. The energy equivalent of 
th e calorimetric system was determined by six exper­
iments with NBS Standard Sample 39f, benzoic acid, 
using the value 26,433.8 abs j ig mas (weigh t in 
vacuum) previously obtained in this la boratory 
[1 5, 16, 17], for the heat of combustion of this sub­
stance under the standard condition of the bomb 
process. The mean value obtained for the energy 
equivalen t is 13,976.42 abs j deg- I , and the tandard 
deviation of the mean is ± 0.64 abs j deg- I . (ee 
foo tnote a, table 5 for the defini tion of standard de­
viation.) 

The observed heat of combustion in each experi­
men t was corrected for the heat of stirring and the 
beat transfer between tbe jacket and calorimeter, for 
tbe energy used in firing th e charge and for th e energy 
of format ion of nitric acid in the bomb . The ob-
erved values of the h eat of combustion of diphenyl 

eth er were reduced to - t::. U~ [18] , the decrease in 
int rinsic energy accompanying the combu sLion reac­
tion 

CI2H 100 (1 ) + 1402 (g ) = 12002 (g ) + 5 H20 (1) 

with the component 1ll their thermodynamic 
standard states at 30° O. In tbe above reaction the 
standard tate for diphenyl ether was Laken as that 
of the liquid at 1-atm pres ure. 

Three combustion experiments were made with Lhe 
samples of diphenyl ether in an open p latinu,? cruci­
ble , and three with the samples enelo ed III Lh 1Il­
walled glass bulbs [19 , 20] flattened on opposite sid es. 
The method for filling the bulb i described in the 
references given_ The weight of the gla s in each 
bulb was about 0.05 g. There was no significan t 
difference in the results obtained by the two methods. 

The carbon dioxide fOlmed in the combustion was 
absorbed in A cal·ite and ,veighed, following the pro­
cedure de cribed by Prosen and Rossini [21] . The 
absorption train, however , did not contain any pro­
vision to oxidize and ab orb produ cts of incomplete 
combustion. When the escaping bomb gases in each 
experiment were tested for carbon monoxide, using a 
NBS colorimeter method [22], only negligible traces 
of carbon monoxide were fOWlcl . 

2. Results 

Table 5 gives the res ults of th e heat of combustion 
measurements, where - t::. Un is the ob erved heat of 
combustion under the conditions specified by the 
volume of the bomb (381 ml), the mass of water (1 g) 
placed in the bO~lb and the data given in. colu~ns. l 
and 3; and - t::. Uc represents Lne decrease lllllltnnslC 
energy accompanying the co r~l.bustio~ react~on when 
the components of the reactlOn are III thmr appro­
priate thermodynamic standard states at 30° C. 

Except for the first experimen t, in which the 
weigh t of the sample was apparently in elTo~' , the 
values ob tained for the masses of carbon dlOxlde 
formed in the combustion are lower than the corre­
sponding values calculated stoichiometrically from 
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TABLE 5. Heat of combustion of diphenyl ether 

Defined calorie=4.1840 abs j 

Heat of combustion 
Mass of Initial 0, Mass of at 30° C 
sample pressure CO, at 30° C 

I -t\.Us -t1U~ 

Burned in platinum crucible 

q aim q abs j/q CO, nbs ii, CO, 
1. 13560 :n.l 3. 5260' 11613.33 11606.00 
1. 08319 30.4 3.3,\893 11616.98 11609.84 
1. 09104 30.4 3.38367 11620.74 11613.59 

Burnerl in glass bulb 

1. 12596 

I 
31. 4 

I 
3.49271 

I 
11613. 26 

I 
11605.87 

1. 10658 30.3 3.43144 11616.85 11609.68 
0.90321 30. 2 3.08082 11612.05 11605.06 

Mean .--- --- ------- - --------- --- _____ 1 11608.06 
Standard deviation of the IDP:8 n & __ __ ±1. 34 

kilmole keal/ mrle 
---

-A U~ (l. 30° C) , 6130.60 ±O.88 ' 1465.25 ±0.21 
- AH~ (t, 30° C) '6135.64 ±0.1l8 ' 1466.45 ±O.21 
-Am (I, 25° C) '6 1 3~.36 ±0.8~ , 11M.53 ±0.21 
-MIg (c, 25° C) '6119.24 ± 0.88 , 1452.53 ±0.21 

• Standard deviation of the mean as used above is d efi ned as [2:d'/n(n - l )J" ; 
where d is the difference between a Single observation and the meall, and n is the 
number of observations. 

, The value following the ± sign is a m easure of the precisio n of tbe result, 
which is defined as follows [23) : 

s= Q ..; (7'Cs'E/CT'E"') '''+' (''=-Q/''O''') '''+'(8-:-0'/ B"')""+""""(S'R/"'R"") '. 

In this express ion, SE is the s tandard deviation of t be mean of the results of 
the series of experiments witb benzoic acid to determine E, the energy equi valent 
of the calorimetric system ; SQ is the standard deviation of t he mean of the results 
of the series of experiments to determine the heat of combustion , 0 , olthe cliphenyl 
ether; 8B/B is an allowance of 5X IO-' for the standard deviation of the value used 
for the heat of combustion of benzoic acid ; 8R/R is an allowance of 5X IO-' for the 
standard deviation associated with tbe determination of the a moun t of the 
combustion reaction from tbe m ass of carbon dioxide formed . 

the masses of the sample burned. Excluding the 
first experiment, the average difference between the 
observed and calculated masses of carbon dioxide is 
0.05 percent. The masses of carbon dioxide formed 
in the combustion of NBS Standard Sample 39f, 
benzoic acid, before and after the work with diphenyl 
ether agreed with the calculated values on the average 
within 0.010 percent. The low experimental value 
for the carbon dioxide formed in the combustion of 
diphenyl ether is probably due to air and water 
absorbed by the sample before the combustion experi­
ment was made. These impurities have practically 
no effect on the value obtained for the heat of 
combustion per gram of carbon dioxide formed. 

In table 5 are listed the values obtained for the 
heat of combustion per mole of liquid diphenyl 
ether at 30° C and of both liquid and solid at 25° C. 
The calcula tions were based on the mass of carbon 
dioxide formed in the combustion reaction, using 
the mean -!1U~ per gram of carbon dioxide given 
in the same table and the value 44 .010 g for the 
molecular weight of carbon dioxide. The results at 
25° C were obtained, using the values of heat capa­
city and heat of fusion of diphenyl ether obtained 
in this work, together with the values of the heat 
capacity of gaseous carbon dioxide and oxygen and 
liquid water given in references [9, 24] . 

VI. Derived Thermal Properties 

1. Enthalpy and Entropy 

In tal.,le 4, columns 3 and 4, the values of enthalpy 
and entropy, respectively, are tabulated at integral 
temperatures for intervals of 2 deg from 0° to 50° 
K, 5 deg from 50° to 300° K, and 10 deg from 300° 
to 570° K. For most purposes any intermediate 
values can be obtained by linear interpolation or 
more accurately by quadratic interpolation. These 
properties were obtained by evaluating the thermo­
dynamic relations 

, _ { T ( T (dp) 1 

H.at.-Eo - Jo Csat.dT+ L f + Jo V.at . dT .at.d1 ,(8) 

8 - s: - { T C.at.dT+ L f 
sat . 0 - Jo T T/ (9) 

where E~ is the internal energy of the solid diphenyl 
ether at absolute zero to which the enthalpy values are 
referred. 8 0 is the entropy of the solid at absolu te zero, 
which is considered to be zero for diphenyl ether. 
The other symbols have the same significance as 

previously indicated. The term loT Vsat.(dp/dT)sat.dT 

in the enthalpy equation was not applied up 
to 360° K; even at 570° K, the contribution from 
this term is only 0.03 percent . The term L f (heat of 
fusion) in both expressions obviously is not applicable 
below the triplc point. Below 180 K eq 8 and 9 
were evaluated analytically, using the Debye heat 
capacity function given in eq 3. Between 18° and 
570 0 K these equations were evaluated by tabular 
integration, using Lagrangian four-point integration 
coefficients. vVhen the enthalpy values from tabular 
integration were checked in the interval from 370° 
to 570° K by evaluating the enthalpy eq 5, the dis­
crepancy was found to be only 3 abs j mole- I. No 
attempt was made to fit the tabulated values of 
heat capacity, enthalpy, or entropy between 18° 
and 370° K to an equation. The internal consist­
ency of tabular integration in this lower tempera­
ture range, however, was checked by evaluating the 
thermodynamic identity: 

Considering the accuracy claimed for the heat­
capacity values and the uncertainty involved in the 
Debye extrapolation, a probable error of ± 0.2 per­
cent is assigned to the tabulated values of enthalpy 
above 50° K and a probable error of ± 0.4 abs j deg- 1 

mole- 1 to entropy in the whole temperature range. 

~2. Standard Heat of Formation 

The standard heat of formation for both liquid and 
solid diphenyl ether at 298.16° K was calculated from 
the values of standard heat of combustion for this 
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material listed in table 5 and from the"'-accepted 
standard heat of formation for liquid water 
(- 285,840 ± 42 abs j mole-I) and carbon <;Iioxide 
(- 393,513 ± 45 abs j mole-I) [24] by evaluatmg the 
relation:! 

l1.H;='2:,l1.H; (products) -l1.H~, (11) 

where l1.H; is the standard heat of formation; and 
'2:,l1.H; (products) is the sum of the standard. heats of 
formation for the products of the combustJOn reac­
tion. The results so obtained are given by 

Solid Ml"j =- 32.11 ± 0.93 abskj mole- Is 
, 298 .1 6° K 

Liquid Ml"j =- 14.99 ± 0.93 abs kj mole-16 
, 298. 16° K 

3. Standard Entropy of Formation 

The standard entropy of formation for solid di­
phenyl ether a t 298.16°Ie was computed from Lhe 
standard entropies of diph enyl ether (table 4), 
graphite (5.720 ± 0.050 ab j deg-I mole- I), gaseou 
hydrogen (130.574 ± 0.01O abs j deg- I mole- I), gas­
eous oxygen (205.073 abs j deg- I mole- I) [25] by 
evaluating the expression: 

(12) 

in which l1.S; is the standard entropy of formation ; 
and the subscripts C and E indicate the compound 
and the element, r espectively. The standa~'d eI?-­
tropy of formation for diphenyl ether so obtamedls 

l1.S jO = -590 .1± 0.5 abs j deg-I mole- I. 
298. 16° K 

Th e assigned probable elTor was estimated f1:om the 
probable errors in the standard entropy for dlphenyl 
ether and the elements. 

ACLually, in carrying out the above ~alculati?n Lhe 
tabulated entropy (table 4) was used dlrectly wlthOl~t 
correctino- to tandard state. The amount of thls 
cOlTectio~ can be obtained using the following ther­
modynamic expression: 

(13) 

There are no data for the temperature coefficient of 
expansion for solid diphenyl ether around 298° Ie, 
consequen tly the densities of solid diphenyl ether at 
20° C and the liquid at 30° C [26] were used to cal­
culate the maximum possible correction. This cor­
rection amounts to 0.02 abs j deg-1 mole- \ which 
does not significantly affect the value of standard 
entropy of formation. 

05 "-rho preciSion was determined by evaluating the expression: 

8= .J (1281)'+ (582),+ (8a)' 

where 81 and 8, are the standard deviatiom of the mean of the beat of co mbusti on 
values for rarbon dioxide and water, respecti vely. 83 IS tbe preCISIOn 8 gi v en 111 
footnote b, table 5. 

4 . Standard Gibbs Free Energy of Formation 

The standard Gibbs free energy of formation for 
solid diphenyl ether at 298.16° Ie wa obtained 
from the values of standard heat and entropy of 
formation given in previous section by evaluating 
the relation : 

(14) 

The value so obtained is 

l1.F;298 .160K= 143.8 ± 0.9 abs kj mole-I. 

The probable error of ± 0.9 abs kj mole- I ws,s 
obtained from statistical combination of the prob­
able errors assigned to the various data. used in the 
calculation. 

VII. Discussion 

The r esults of the purity determination indicate 
that diphenyl ether can be prepared in a state <?f 
extremely high purity. This . material Cal~ be. pun­
£ied quite easily by slow fractIOnal cr:ystalltzatI01~ at 
room temperature. There is the qu estIOn of chemlCal 
stability with the adiabatic v~cuum c~lorimet~r , but 
tbe heat of fusion r esults wlth the Ice calonmeter 
indicate that even after several hours at 570° Ie in 
contact with monel the impurity increased by only 
0.00002 mole fraction. No conclusion can be drawn 
without additional data in Tegard to the chemical 
reactivity of diphenyl ether with different me.tals. 

There is implied in one set of enthalpy expenmen ts 
(table 3) with the ice calorimeter that pe~'haps c~m­
clitioning of tb e diph enyl ether crystal mlg~t 3:fIect 
the results of the experiment . The re ults lllchca: te 
that the enthalpy is slightly lower for the maten al 
when cooled in dry icc. This difference is, however , 
so small that it is diflicult to ascertain whether the 
effect is r eal or not. The experiments in the solid 
ranO"('. with the adiabatic vacuum calorimeter do not 
indicate any unu sual discrepancy in the results, 
although the material ':ras su~j ected. to. ex~re~e 
treatments such as freezmg rapldly WIt~ lIgUld au' 
and freezino- slowly across a vacuum WIth ICC. In 

b . d the melting-point studies the diphenyl ether ~'?ql~ll'e 
relatively long periods for tempera.ture eqUlllbrlUm. 
'This bowever IS not uncommon WIth compounds of , , 
high molecular weight. . . .. 

The results of the heat capaCIty expenments llldl­
cate that diphenyl ether is a uitable standard to be 
used in heat capacity calorimeters below 600 ° Ie. 
It might be possible to. use this .material above t)1is 
temperature, but the 111Cl'ease 1l1. vapor correctIOn 
would be undesirable. The matenal should be pro­
vided freed of air and water in ampoules of suit­
able volume. 

As indicated by the 0.05-percent l1iscrep~ncies ~n 
the weighed carbon dioxide from the st~lChl<?metnc 
value the solubility of air and water m dlphenyl 
ether' is relatively high, for there is incomplete 
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combustion. Considering the difficulties involved in 
preventing the test material from bejng exposed 
to the atmosphere in combusiton calorimetry, 
diphenyl ether is undesirable as a combustion 
standard. 

The authors express their indebtedness to several 
members of the Bureau- to F. L. Howard for puri­
fying the diphenyl ether, to R. B . Scott for many 
helpful suggestions in the use of the adiabatic 
vacuum calorimeter, to T. B . Douglas and Anne F. 
Ball for help in taking the measurements and calcu­
lating the results with the ice calorimeter, and to 
R . S. Jessup for many suggestions and help with 
the combustion bomb calorimeter. 
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